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Accurate structure of calcium carbonate hemihydrate using DFT and solid-state NMR spectroscopy.
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Résumé

Ce travail de doctorat est basé sur la résonance magnétique nucléaire (RMN) à l'état solide et la polarisation nucléaire dynamique (DNP) pour étudier le carbonate de calcium (CaCO 3 ), l'un des matériaux les plus abondants sur terre. Le carbonate de calcium joue notamment un rôle important dans le phénomène de la biominéralisation et le cycle global du carbone. Cependant, son processus de cristallisation n'est pas entièrement compris. En effet, plusieurs polymorphes et hydrates de CaCO 3 sont aujourd'hui connus, mais la structure de certains d'entre eux est encore inconnue. Par exemple, à ce jour, la structure cristalline du carbonate de calcium hemihydrate (CCHH) reste approximative. L'objectif de cette thèse était d'étudier la structure cristalline de cette forme métastable de CaCO 3 . Plus spécifiquement, une stratégie a été développée pour synthétiser, piéger et étudier le carbonate de calcium hémihydrate. La méthodologie développée ici est basée sur des expériences RMN réalisées à température ambiante ou cryogénique. En outre, une série d'expériences RMN sophistiquées a été réalisée pour établir le tenseur de déplacement chimique des différents noyaux de spin de CCHH. Ces résultats ont été comparés aux déplacements chimiques calculés pour différentes structures probables du carbonate de calcium hémihydrate à l'aide de la théorie de la fonctionnelle de la densité (DFT). La comparaison entre les tenseurs de déplacement chimique expérimentaux et calculés a permis de proposer une structure cristalline du carbonate de calcium hémihydrate. 

Introduction

Crystallization has been studied for centuries. Yet, this phenomenon remains illunderstood and it is still complicated to fully understand the processes of formation and transformation of crystals, and in particular, of polymorphs. Moreover, the metastable phases are know to be the key steps of the polymorph crystallization pathways and need to be better understood. One of the solution to simplify our comprehension of this processes is to accurately determine the structure of the crystalline phases of interest.

NMR crystallography is a powerful combination of SS-NMR, X-Ray Diffraction (XRD) and Density Functionnal Theory (DFT) computations that permits the determination and refinement of structures. These are generally determined by either XRD or powder XRD. Then, several candidate structures are created and optimized and their computed NMR parameters are compared with the experimental ones.

Calcium carbonate (CaCO 3 ) is one of the most abundant materials on Earth and plays an important role in many fields, including geology and biology. It is the main component of natural materials such as shells and skeletons of many marine organisms, or rocks, like limestone and marble. The study of CaCO 3 formation in biomineralization processes is one of the keys to improve our understanding of phenomena, such as ocean acidification and rock formation. Moreover, CaCO 3 plays a major role in the global carbon cycle. Notwithstanding its importance, the crystallization pathway of CaCO 3 remains the subject of intense debate. In the last decade, numerous studies showed that crystallization of CaCO 3 does not follow the classical nucleation theory, and rather relies on the formation of transient amorphous phases playing the role of intermediates between the nucleation stage and the crystalline forms. The complexity of this system also arises from the rich polymorphism displayed by CaCO 3 .

Five different crystalline phases of CaCO 3 have been reported and characterized: three anhydrous polymorphs (vaterite, aragonite and calcite) and two hydrated phases (monohydrocalcite and ikaite). Another hydrated polymorph of CaCO 3 was discovered only recently and identified as a hemihydrate form (CCHH). However, the structure of this newly discovered polymorph, essentially determined by PXRD, remains still uncertain. Probably due to its highly metastable character and peculiar crystallization pathway, no NMR study of this polymorph was reported so far.

Chapter 1 of this manuscript offers a detailed description of the phenomenon of crystallization, from the nucleation to the crystal growth. The thermodynamics and kinetics basis of nucleation are presented, with the distinction between the classical nucleation theory and the non-classical pathways. The phenomenon of polymorphism is also discussed, with the example of the polymorphism of calcium carbonate.

Chapter 2 gives a global description of solid-state NMR principles, and in particular of the different anisotropic interactions that can be studied in order to extract structural information. The different NMR experiments used in this work to extract information from these interactions are presented. In addition, dynamic nuclear polarization (DNP) is described, and its principle and requirements explained.

Chapter 3 shows that CCHH's published protocol does not permit to form CCHH. The latter has therefore been modified in order to trap CCHH. Despite our efforts, CCHH synthesis remains uncertain, and several experimental parameters have been optimized in order to improve the reproducibility of this protocol.

Finally, Chapter 4 discuss the study of CCHH's published structure. Its discrepancies are exposed, and the methodology to create different candidate structure for CCHH is explained. Then, experimental NMR parameters are extracted using the different experiments presented in Chapter 2. In particular, 1 H and 13 C isotropic chemical shifts, chemical shift anisotropy and dipolar coupling are studied. These experimental parameters are then compared with the same parameters, computed for the different Models created in the study.

Crystallization and polymorphism of molecular solids

Crystallization is the physical transformation (phase transition) of a liquid or a gas to an ordered solid, with internal arrangement of molecules, ions, or atoms. Crystals are solid compounds with well organised structures. They are naturally present all around the world and have many applications. For example, calcium carbonate crystals are produced by marine organisms to create their shell, and hydroxyapatite crystals are produced by vertebrates to form their bones. One of the most common way to produce crystals is crystallization in solution, which will be discussed in this chapter. A lot of efforts have been devoted in the past century to improve our understanding of crystallization processes. [1,2,3,4] Thanks to these recent achievements, crystallization in solution became one of the most widely used technologies for purification and optimized separation [5] of solid forms and has now many applications in industrial and fundamental research. Molecules do not always crystallize through the same molecular structure and can sometimes exhibits several different molecular organisations. This phenomenon is called polymorphism and is of a particular interest because this structural differences between each polymorphs of the same molecule can induce differences in the physicochemical properties of these polymorphs.

To improve our control over polymorphism and more generally crystallization it is of a particular importance to better understand the mechanisms involved in the different steps of these phenomena. Figure 1.1 schematically represents the different steps of crystallization. Starting from a supersaturated solution, nucleation occurs, involving the formation of ordered or disordered nuclei, that will then grow to give the final crystal.

In this chapter, the three main steps of the crystallization process will be discussed: supersaturation, nucleation and crystal growth. This chapter will also describe the phenomenon of polymorphism, discuss the importance of polymorph selectivity and finally the interesting case of the polymorphism of calcium carbonate will be introduced.

Addition of monomers

Addition of monomers Addition and ordering of aggregates Supersaturated solution Crystal Formation of an ordered nucleus = a primary crystal Formation of a disordered aggregate Crystal growth solution, the nucleation step takes place by addition of monomers (atoms, molecules or ions) with the formation of either a small crystal or the formation of amorphous nuclei that will aggregate to form a small crystal. Finally, the small crystal will grow by addition of monomers.

Supersaturation

For crystallization to start in a system, the latter needs to be in a metastable state. In the case of crystallization in solution, the metastability is achieved by supersaturating the system i.e. by increasing the concentration of the solute in solution above the solubility limit. [6] There are several ways of inducing supersaturation in solution: by use of an anti-solvent [7,8,9], by evaporation [START_REF] Shahidzadeh-Bonn | Salt crystallization during evaporation: Impact of interfacial properties[END_REF] and by temperature variation. [1] Considering a solution containing a pure compound C and a solvent S.

As solubility depends on temperature, it is possible to induce supersaturation of a compound in aqueous solution by either increasing or decreasing the temperature of the aqueous solution.

In the majority of the cases, the solubility increases with temperature: the compounds have a direct solubility. In a few cases, the compounds have a retrograde solubility, meaning that their solubility decreases when temperature increases. The blue arrow on Figure 1.2.A represents the supersaturation by temperature variation in the case of a direct solubility. The supersaturation is here then induced by a cooling of the system.

Supersaturation can also be induced by evaporation of the solution, because the evaporation will induce an increase of the mole fraction x C . This is represented by a pink arrow on Figure 1.2.A.

Finally, the supersaturation by anti-solvent is represented by an orange arrow on Figure 1.2.B. In the case of an undersaturated solution containg C and S, a progressive addition of a solvent S ps in which C is poorly soluble will progressively decrease the solubility of C in the whole solution, until the supersaturation. 

Nucleation

Nucleation is the very first step of crystallization. It is the initiation of the phase change from liquid to solid. Nucleation is often considered as the most decisive step in determining the polymorph selectivity and properties, [START_REF] Davey | Nucleation of organic crystals -A molecular perspective[END_REF] which means that a better control of the nucleation step leads to a better control of the produced crystal. However, the nucleation process is still ill-understood and subject to intense debates. For a long time, only one nucleation model was considered, the so called Classical Nucleation Theory (CNT), but other models [START_REF] Vekilov | The two-step mechanism of nucleation of crystals in solution[END_REF][START_REF] Gebauer | Prenucleation clusters and non-classical nucleation[END_REF] have started to emerge since the the 1990s, [START_REF] Ten | Enhancement of protein crystal nucleation by critical density fluctuations[END_REF] the Nonclassical Nucleation Theories.

Classical Nucleation Theory

The Classical Nucleation theory was first inspired by the work of Fahrenheit in the early 1700s on the supercooling of water. In the late 1800s, the work of Gibbs [START_REF] Gibbs | On the Equilibrium of Heterogeneous Substances[END_REF] added the thermodynamic foundations by defining the Gibbs free energy G and some 1. Crystallization and polymorphism of molecular solids of the thermodynamic aspects that will be discussed later on.

G = H -T S (1.1)
Where H is the enthalpy, T the temperature and S the entropy. In the early 1900s, Volmer [START_REF] Volmer | [END_REF] added the kinetics aspects of CNT by defining in particular the nucleation rate that will also be discussed in this subsection.

The general mechanism of CNT only involves two-steps [START_REF] Nývlt | The kinetics of industrial crystallization[END_REF][START_REF] Sear | Nucleation: Theory and applications to protein solutions and colloidal suspensions[END_REF] and is schematically presented on Figure 1.3. Starting from a supersaturated solution, molecules will form aggregates called nuclei with relatively small sizes and limited lifetimes. These nuclei are unstable and can either lose or earn molecules. Once a nucleus reaches the critical size i.e. the minimum size for the nucleus to be stable, it will then grow and become a crystal. Two cases of nucleation need to be differentiated, the homogeneous and the heterogeneous nucleations. Homogeneous nucleation corresponds to the nucleation of a nucleus in a clear solution, without any contact with external phases such as impurities, crystallisation vessel, etc... In contrary, heterogeneous nucleation takes into account the presence of an external phase in contact with the nucleus. [START_REF] Sear | Nucleation: Theory and applications to protein solutions and colloidal suspensions[END_REF][START_REF] Kelton | The Encyclopedia of Materials : Science and Technology[END_REF] This is illustrated on Figure 1 The general formula (including both homogeneous and heterogeneous nucleations) of the free energy change of formation of a nucleus ∆G can be expressed as: [START_REF] Volmer | [END_REF][START_REF] Sear | Nucleation: Theory and applications to protein solutions and colloidal suspensions[END_REF][START_REF] Liu | Heterogeneous nucleation or homogeneous nucleation?[END_REF] 

∆G = (∆G v + ∆G s ) f (φ) (1.2)
Where ∆G v is the bulk term which describes the free-energy change involved in creating a sphere of radius r of the new phase and ∆G s is the interface term which is the free-energy cost of the interface at the surface of this sphere. Equation 1.2 can then also be expressed in function of r : [START_REF] Sear | Nucleation: Theory and applications to protein solutions and colloidal suspensions[END_REF] ∆G = (-4 3

πr 3 ρ n ∆µ + 4πr 2 γ) f (φ) (1.3)
where

f (φ) = 1 4 (2 + cos φ)(1 -cos φ) 2 (1.4)
Here, ρ n is the number of nucleation sites per unit volume, ∆µ is the difference in chemical potential between the nucleus and the solution, and γ is the interfacial tension between the nucleus and the surrounding phase. Finally, f φ (with φ the contact angle between the nucleus surface and the external phase) is the correction applied for heterogeneous nucleation that takes into account the presence of two new interfacial tensions between the solution and the external surface and between the nucleus and the external face. In the case of homogeneous nucleation, there is no contact with the external surface so φ = 180°and therefore f (φ) = 1. In the case of heterogeneous nucleation, φ varies in the range ]0°;180°[ and therefore f (φ) <1. The free energy changes calculated in the case of heterogeneous nucleation are therefore lower than those for homogeneous nucleation.

∆G v decreases with the particle volume, and hence when r increases. In the contrary, ∆G n increases with the particle surface, and hence when r decreases.

∆G is then r dependent as shown on Figure 1 The free energy barrier ∆ G* is reached when the nucleus reaches its critical size r* (see Figure 1.5). It means that a nucleus smaller than r* will tend to dissolve to minimize its free energy, and a nucleus larger than r* will continue to grow in order to stabilize. The formation of a critical size nucleus is possible due to the density fluctuations that exist in a supersaturated system. [START_REF] Kashchiev | Nucleation: Basic Theory With Applications[END_REF] Whether it be for homogeneous or heterogeneous nucleation, the unavoidable condition for a crystal to form is to overcome the free energy barrier as shown on Figure 1.5. [START_REF] Filobelo | Spinodal for the solution-to-crystal phase transformation[END_REF] The critical radius r* can be calculated by setting to zero the first derivative of ∆G with respect to r .

d ∆G d r = (-4πr 2 ρ n ∆µ + 8πr γ) f (φ) = 0 (1.5)
We therefore obtain:

r * = 2γ ρ n ∆µ (1.6)
We can see from Equation 1.6 that the higher the difference between the chemical potential of the nucleus and that of the solution, the smaller the critical radius of the 1. Crystallization and polymorphism of molecular solids nucleus. Finally, we discuss the kinetic treatment of CNT introduced by Volmer in 1939 [START_REF] Volmer | [END_REF]. This analysis allows the nucleation rate per unit volume of a system, R, to be estimated in the case of homogeneous and heterogeneous nucleation. In the case of homogeneous nucleation: [START_REF] Sear | Nucleation: Theory and applications to protein solutions and colloidal suspensions[END_REF] 

R = ρZ j exp [- ∆G * k B T ] (1.7)
Where ρ is the number density of molecules i.e. the number of possible nucleation sites per unit volume in m -3 . j is the rate at which molecules attach to the nucleus in s -1 . k B is the Boltzmann constant and Z is the Zeldovich factor, which gives the probability that a nucleus at the top of the nucleation barrier will evolve to a crystal. The Zeldovich factor is dimensionless and defined by: [START_REF] Sear | Nucleation: Theory and applications to protein solutions and colloidal suspensions[END_REF] Z ≈ (

δ 2 (∆G/k B T ) δn 2 ) 1/2 (1.8)
where ∆G is a function of the number of molecules in the nucleus, n.

In the case of heterogeneous nucleation, the rate formula needs to be corrected to take into account the presence of impurities: [START_REF] Sear | Nucleation: Theory and applications to protein solutions and colloidal suspensions[END_REF] 

R = ρ I Z j exp (- ∆G * k B T ) (1.9)
where ρ I is the number of possible nucleation sites per unit volume, here including the sites at the nucleus/solution interface. Equations 1.7 and 1.9 show that the nucleation rate increases with temperature.

CNT is an approximate theory which relies on several assumptions such as a sizeindependent surface free energy, an unvarying spherical shape for the nucleus or a smooth and flat interface. As a consequence, it cannot give an accurate description of all kinds of nucleation processes. In the case of proteins or minerals such as calcium carbonate (CaCO 3 ), new approaches need to be considered. Importantly, the CNT states that the formation of a crystal occurs through particle-by-particle attachment of basic monomers, which can be atoms, molecules or ions. Moreover, following CNT, the structure of the solid nuclei that are formed resemble that of the final crystal. That gives rise to solid nuclei that are already ordered, small crystals. The introduction of nonclassical nucleation theories tackled several of these limitations. A general description of these approaches is given in the following subsection.

Nonclassical Nucleation Theories

In the past decades, it turned out that a lot of systems could not be reasonably described by CNT such as proteins, or some organic and inorganic compounds. [START_REF] Vekilov | The two-step mechanism of nucleation of crystals in solution[END_REF][START_REF] Filobelo | Spinodal for the solution-to-crystal phase transformation[END_REF][START_REF] Galkin | Control of protein crystal nucleation around the metastable liquid-liquid phase boundary[END_REF][START_REF] Gliko | A metastable prerequisite for the growth of lumazine synthase crystals[END_REF][START_REF] Colfen | Mesocrystals and Nonclassical Crystallization[END_REF][START_REF] Avaro | Stable Prenucleation Calcium Carbonate Clusters Define Liquid-Liquid Phase Separation[END_REF]. Indeed, several non classical nucleation pathways have emerged [START_REF] De Yoreo | Crystallization by particle attachment in synthetic, biogenic, and geologic environments[END_REF] that describe the formation of non crystalline metastable intermediates before the formation of crystals. Depending on the studied systems, different pathways describe the formation of aggregates, [START_REF] Lupulescu | In situ imaging of silicalite-1 surface growth reveals the mechanism of crystallization[END_REF][START_REF] Habraken | Ion-association complexes unite classical and nonclassical theories for the biomimetic nucleation of calcium phosphate[END_REF] dense liquid-like phases, [START_REF] Galkin | Liquid-liquid separation in solutions of normal and sickle cell hemoglobin[END_REF][START_REF] Zryd | Phase separation, crystallization, and structure formation in immiscible polymer solutions[END_REF][START_REF] Bewernitz | A metastable liquid precursor phase of calcium carbonate and its interactions with polyaspartate[END_REF] amorphous precursors [START_REF] Rieger | Precursor structures in the crystallization/precipitation processes of CaCO3 and control of particle formation by polyelectrolytes[END_REF][START_REF] Han | Calcium carbonate storage in amorphous form and its template-induced crystallization[END_REF] or poorly crystalline nanoparticles. [START_REF] Li | Growth mechanism of highly branched titanium dioxide nanowires via oriented attachment[END_REF][START_REF] Nielsen | In situ TEM imaging of CaCO3 nucleation reveals coexistence of direct and indirect pathways[END_REF] Among all these theories, the two main ones will be described in this section, the two-steps mechanisms and the prenucleation cluster pathway (prenucleation cluster).

Two-steps mechanism

The two-steps mechanism was first observed in 2002 by Peter G.Vekilov on human hemoglobin [START_REF] Galkin | Liquid-liquid separation in solutions of normal and sickle cell hemoglobin[END_REF] and then expanded to other proteins and small-molecule crystals in 2004, [START_REF] Vekilov | Dense liquid precursor for the nucleation of ordered solid phases from solution[END_REF]. The two-steps mechanism states that the formation of the nucleus is preceded by the formation of a dense liquid-like aggregate. (See Figure 1 Therefore, there are in this case two nucleation barriers to cross for a crystal to form, the free energy barrier for the formation of a dense liquid-like aggregate (∆ G * 1 ) and the free energy barrier for the formation of an ordered crystal (∆ G *

2 ). This is summarized in Figure 1 2 represents the free energy nucleation barrier to induce the transformation from the liquid-like aggregate to the crystal. ∆G L-L represents the free energy of formation of the dense-liquid. This curve represents the case of an unstable dense-liquid, i.e. ∆ G L-L >0. The case of a stable dense-liquid, i.e. ∆ G L-L <0is not represented here.

Going through an intermediate state permits to drastically reduce the total free energy needed to go from a supersaturated solution to an ordered crystal.

Prenucleation cluster pathway

Several studies evidenced the occurence of prenucleation clusters in many systems such as calcium carbonates and phosphates, silica, and also organic molecules such as amino acids. [START_REF] Gebauer | Prenucleation clusters and non-classical nucleation[END_REF][START_REF] Lupulescu | In situ imaging of silicalite-1 surface growth reveals the mechanism of crystallization[END_REF][START_REF] Navrotsky | Energetic clues to pathways to biomineralization: Precursors, clusters, and nanoparticles[END_REF][START_REF] Gebauer | Stable prenucleation calcium carbonate clusters[END_REF][START_REF] Gebauer | Prenucleation clusters as solute precursors in crystallisation[END_REF][START_REF] Baumgartner | Nucleation and growth of magnetite from solution[END_REF][START_REF] Dey | The role of prenucleation clusters in surface-induced calcium phosphate crystallization[END_REF] Prenucleation clusters are highly dynamic, generally nanometric stable entities that form in solution prior to nucleation. These entities often evolve towards amorphous aggregates that constitute the precursors of the final crystal. It has been proposed that prenucleation clusters may have structural order similar to the corresponding amorphous precursor and/or final crystal. [START_REF] Sun | Distinct Short-Range Order Is Inherent to Small Amorphous Calcium Carbonate Clusters (<2 nm)[END_REF] The probable pathways of formation and retransformation of the prenucleation clusters are still debated. According to Gebauer et al [START_REF] Gebauer | Prenucleation clusters as solute precursors in crystallisation[END_REF], prenucleation clusters are formed from agglomerations of particles that are subjected to concurrent accretion and dehydration, eventually leading to the formation of amorphous solid particles that possibly later evolve into crystalline forms. Solid amorphous particles are then formed and these particles can in some cases crystallize. In the case of calcium carbonate, the importance of prenucleation clusters in amorphous calcium carbonate's nucleation have been evidenced. [START_REF] Gebauer | Prenucleation clusters and non-classical nucleation[END_REF][START_REF] Gebauer | Stable prenucleation calcium carbonate clusters[END_REF][START_REF] Gebauer | Prenucleation clusters as solute precursors in crystallisation[END_REF] 

Crystal growth

Once the nucleus reaches its critical size, it will start growing to become the final crystal. Many crystal growth theories have been proposed then modified or completed since late 1800s. [44] The main one is the Gibbs surface energy theory which states that the stability of a crystal depends on its surface free energy. [START_REF] Gibbs | On the Equilibrium of Heterogeneous Substances[END_REF] More precisely, the smaller is the total area of the crystal's facets, the higher is the stability of the crystal because the smaller is the surface energy. Following this theory, crystals will grow to reach an "equilibrium" shape which limits as much as possible the total surface free energy. Moreover, the growth's velocity of the different crystal facets will depend on the free energy of the facet, and hence on its size. In particular, a small facet has a higher free energy and will evolve faster than a large facet. As a consequence, it will disappear more rapidly than a larger facet. This is illustrated on Figure 1.8 [44] A 

Polymorphism

Some crystalline materials can crystallize in different crystalline forms called polymorphs. Each crystalline form has a different structure, leading to distinct physicochemical properties. [START_REF] Bernstein | Polymorphism in molecular crystals : Second edition[END_REF] Polymorphism has been observed for the first time by the german chemist Martin Heinrich Klaproth who identified the three anhydrous phases of calcium carbonate(i.e. calcite, aragonite and vaterite) but it is only in 1822 that Eilhard Mitscherlich described the phenomenon of polymorphism as the property of a material to have different crystalline forms with the same composition. [START_REF] Bernstein | Polymorphism in molecular crystals : Second edition[END_REF] The understanding of polymorphism mechanisms is of major interest to improve our comprehension of many chemical and biological phenomena. Indeed, polymorphism is a phenomenon which is present and has an impact in a wide range of fields like mineralization (rocks) and biomineralization [START_REF] Von Euw | Bone mineral: new insights into its chemical composition[END_REF] (shells, bones,etc) but also in foods, [START_REF] Declerck | Characterisation of fat crystal polymorphism in cocoa butter by time-domain nmr and dsc deconvolution[END_REF] pharmaceutical science, [START_REF] Raumer | Polymorphism in the Pharmaceutical Industry[END_REF] material science, dyes, [START_REF] Matsumoto | Molecular and Crystal Structures of Polymorphic Organic Dyes and Coloured Organic Compounds[END_REF]etc.

Importance of polymorph selection

The different polymorphs of a given compound will have different thermodynamic stabilities. Therefore, transformations between polymorphs will occur, depending on the physico-chemical conditions of the system, e.g. the temperature, the pressure, the pH... [START_REF] Tang | Glycine's pH-dependent polymorphism: A perspective from self-association in solution[END_REF][START_REF] Shen | Temperature Controlling Polymorphism and Polymorphic Interconversion in Sublimation Crystallization of 5-Methoxy-salicylaldhyde Azine[END_REF][START_REF] Lai | Control of Polymorphism in Continuous Crystallization via Mixed Suspension Mixed Product Removal Systems Cascade Design[END_REF][START_REF] Dunitz | Disappearing Polymorphs[END_REF] It is then crucial to be able to determine the relative stabilities of the different polymorphs and to understand under which conditions a polymorph can transform into another, more stable, one.

In the course of crystallization, several polymorph transformation can occur, in which metastable solid forms transform into increasingly stable forms. (See Figure 1.9)

Metastable polymorph

Thermodynamically stable polymorph The majority of polymorphic solids will naturally tend to transform into their thermodynamically stable forms. However, thermodynamically stable forms are not necessarily the most interesting in terms of properties. Metastable crystalline (or amorphous) phases can also display relevant properties for specific applications, and therefore need to be stabilized. An interesting example is the famous case of Ritonavir. [START_REF] Bauer | Ritonavir: An extraordinary example of conformational polymorphism[END_REF] Ritonavir is a drug used in the treatment of HIV. This drug was commercialised for the first time in 1998 in a crystalline form now known as Form I. After a few months on the market, this form unexpectedly started to transform into another, more stable crystalline form, known as Form II. Unfortunately, this new form displayed a dramatically lower solubility, and hence couldn't reach the desired level of solubilization of the active pharmaceutical ingredient of the drug into the human body, decreasing the drug efficacy. It resulted in a withdrawal of Ritonavir from the market and a huge loss of time and money for the company. Finally, researchers found a way to stabilize Form I by using a refrigerated gelcap, leading to Ritonavir being commercialized again. This example illustrates the importance of polymorph screening and selectivity, because polymorphs of the same species are chemically identical but each one of it can be a material with completely different properties.

G Reaction coordinates

Polymorph screening is a mandatory step in every work involving a new molecule or compound. Having a precise idea of the polymorphic behavior of the molecule of interest in many different conditions is a key to know how to control the formation and stabilization of hypothetical interesting properties. Polymorph screening generally starts with a study of the thermal behavior of the material. Changes in temperature can induce phases transitions by melting, recrystallization, decomposition, etc. After this first step, a larger screening is carried out, which requires to vary the method chosen for crystallization (e.g. crystallization by evaporation, temperature variation, or antisolvent), as well as other experimental parameters, such as solvent, pH etc. [START_REF] Bernstein | Polymorphism in molecular crystals : Second edition[END_REF] A polymorph screening as complete as possible improve the knowledge and understanding of the studied system, and therefore improve the degree of control that can be achieved on the polymorph selectivity.

Polymorph selectivity is therefore a challenge of particular importance. There are several ways to stabilize metastable polymorphs. First, using a phase diagram, the physico-chemical parameters of the system can be set to fit the stability zone of the polymorph we want to stabilize. In the case of Ritonavir discussed above, decreasing the drug shelf temperature was used to stabilize Form I. Another method to stabilize metastable forms is to allow crystallization to occur under confined conditions. Indeed, it has been shown in several works by Michael D. Ward, Fiona Meldrum and others [START_REF] Hamilton | Manipulating Crystal Growth and Polymorphism by Confinement in Nanoscale Crystallization Chamber[END_REF][START_REF] Ward | Perils of Polymorphism: Size Matters[END_REF][START_REF] Meldrum | Crystallization in Confinement[END_REF][START_REF] Liu | Confined Crystallization of Polymers within Nanopores[END_REF] that allowing crystallization to take place in nanosized chambers can modify the relative stability between polymorphs. For instance, the formation of polymorphs with larger critical radius could be inhibited, in favor of polymorphs with smaller critical radius (in some cases: metastable polymorphs). Moreover, it has been recently shown in a work from our lab that it was possible to stabilize the metastable β polymorph of glycine over a year by confining it in mesoporous silica. Thanks to these different methods, it is possible to stabilize transient states in order to characterize them. [START_REF] Juramy | Monitoring Crystallization Processes in Confined Porous Materials by Dynamic Nuclear Polarization Solid-State Nuclear Magnetic Resonance[END_REF] 

Polymorph's identification and characterization

To identify and characterize crystalline phases, several analytical techniques are used such as Raman, differential scanning calorimetry, microscopy, infrared spectroscopy, single crystal (XRD), powder XRD or NMR. Among these techniques, XRD is one of the most common in the study of crystals and in particular of polymorphism as it usually permits the determination and refinement of the unit cell. [START_REF] Harris | Powder diffraction crystallography of molecular solids[END_REF] However, the limitation of XRD is that it cannot be applied on a powdered crystal, and powder XRD will be used instead. It works with X-rays that are generated by a cathode and filtered to produce a monochromatic radiation at a specific wavelength λ. These X-rays are directed toward the sample, which produces constructive interferences when the Bragg's law is satisfied:

nλ = 2d sin θ (1.10)
n is the order of reflection, λ is the wavelength of the radiation, d is the interplanar spacing of the crystal and θ is the angle of incidence of the X-ray. The sample is scanned through a range of 2θ angles to get through all possible directions of the lattice. The diffracted X-Rays are then detected and give the diffraction pattern.

Depending on the nature and the arrangement of the atoms, the beam is reflected differently and will give different patterns. In other words, crystals with different lattice arrangements like polymorphs will give different powder XRD patterns and it is then easy to distinguish them. The limitation of the powder XRD technique is that it only applies to ordered solids and cannot give useful information on liquids or amorphous solids. Other X-ray techniques can be used to study amorphous phases, such as Pair Distribution Function which is a scattering technique.

Another interesting technique for the study of polymorphism and crystallization in general is SS-NMR. [START_REF] Keeler | Understanding NMR Spectroscopy[END_REF] This powerful technique permits the study of ordered solids, amorphous solids and liquids. The sample is put in a strong magnetic field of several hundreds of megahertz where the spin nuclei will interact with the magnetic field. The spin nuclei are then perturbed by smallest applied magnetic fields and observed. We obtain spectra where the intensities of signals are represented in function of the chemical shift in ppm. As the chemical shift in NMR depends on the chemical environment of the studied nucleus, it will vary between two nuclei of same nature but different chemical environement. It is therefore easy to identify and distinguish polymorphs [START_REF] Harris | NMR studies of organic polymorphs solvates[END_REF] as they all have different structural arrangements i.e. chemical environments and will then exhibit different chemical shifts (i.e. different NMR spectra).

In addition to the identification of polymorphs, SS-NMR also permits the structural characterization of these crystalline phases as it can give atomic level information with an isotopic sensitivity. The other advantage of using NMR to study crystallization is that it can also be used to identify and characterize solid amorphous phases, which is of a particular interest in the case of calcium carbonate whose crystalline phases form from amorphous precursors. Finally, NMR crystallography can be used for the refinement of crystalline structures. NMR crystallography is the combination of NMR and computational methods such as DFT to compare the experimental NMR parameters with the same parameters computed for different candidate molecular structures. More details on the theory of NMR and it is applied to the study of polymorphism are given in the next chapter.

Calcium carbonate

Calcium carbonate (abbreviated CaCO 3 • nH 2 O, which comprises pure calcium carbonate, CaCO 3 , and its hydrated phases, with n an integer) is one of the most abundant material on Earth. [START_REF] Weiner | Design strategies in mineralized biological materials[END_REF][START_REF] Politi | Sea urchin spine calcite forms via a transient amorphous calcium carbonate phase[END_REF][START_REF] Addadi | Control and Design Principles in Biological Mineralization[END_REF][START_REF] Morse | Calcium carbonate formation and dissolution[END_REF] It is found in several rocks such as limestone, marble and chalk. It is also the main constituent of limescale, which can damage heaters and pipes. CaCO 1. Crystallization and polymorphism of molecular solids improve our understanding of phenomena like ocean acidification, rocks formation... Calcium carbonate's crystallization pathway does not follow the Classical Nucleation theory as it is based on the formation of prenucleation clusters and amorphous precursors and is still ill-understood. [START_REF] Gebauer | Prenucleation clusters and non-classical nucleation[END_REF][START_REF] Nielsen | In situ TEM imaging of CaCO3 nucleation reveals coexistence of direct and indirect pathways[END_REF][START_REF] Gebauer | Stable prenucleation calcium carbonate clusters[END_REF][START_REF] Gebauer | Prenucleation clusters as solute precursors in crystallisation[END_REF][START_REF] Addadi | Taking advantage of disorder: Amorphous calcium carbonate and its roles in biomineralization[END_REF][START_REF] Beniash | Amorphous calcium carbonate transforms into calcite during sea urchin larval spicule growth[END_REF][START_REF] Gebauer | Proto-calcite and proto-vaterite in amorphous calcium carbonates[END_REF]] Calcium carbonate's crystallization is one of the most studied because of its importance in all the fields mentioned above, and because of its rich and complex polymorphism. Nowadays, six crystalline phases are known for calcium carbonate [START_REF] Weiner | Design strategies in mineralized biological materials[END_REF][START_REF] Sekkal | Nanoscale analysis of the morphology and surface stability of calcium carbonate polymorphs[END_REF][START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF][START_REF] Pauly | Ikaite", a New Mineral from Greenland[END_REF][START_REF] Marschner | Hydrocalcite (CaCO3•H2O) and nesquehonite (MgCO3•3H2O) in carbonate scales[END_REF], which relative stability and crystallization conditions will be presented in the following subsections. All these reasons make calcium carbonate an interesting candidate for the study of crystallization and in particular for the study of polymorphism.

Calcite

Calcite is one of the three anhydrous polymorphs of calcium carbonate. It is the main constituent of many sedimentary rocks and in particular of marble or limestone, which is formed from the shells of dead marine organisms. Biologically speaking, calcite is the main constituent of the shells of many marine organisms such as oysters, plankton or corals for example. [START_REF] Politi | Sea urchin spine calcite forms via a transient amorphous calcium carbonate phase[END_REF][START_REF] Politi | Structural characterization of the transient amorphous calcium carbonate precursor phase in sea urchin embryos[END_REF][START_REF] Falini | Control of aragonite or calcite polymorphism by mollusk shell macromolecules[END_REF] It is also the main constituent of birds' eggshells and snails' shells. Calcite is the thermodynamically stable polymorph of calcium carbonate at ambient conditions. It generally forms from the transformation of amorphous calcium carbonate (Amorphous Calcium Carbonate (ACC)) via the formation of other calcium carbonate crystalline phases, [START_REF] Yoshioka | Transformation of aragonite to calcite through heating[END_REF][START_REF] Rodriguez-Blanco | The kinetics and mechanisms of amorphous calcium carbonate (ACC) crystallization to calcite, via vaterite[END_REF] but can be formed directly from ACC at basic pH (pH>11.60, reached by addition of NaOH) or using magnesium additives at ratio Ca/Mg = 9/1. [START_REF] Tobler | Effect of pH on Amorphous Calcium Carbonate Structure and Transformation[END_REF][START_REF] Rodriguez-Blanco | The role of pH and Mg on the stability and crystallization of amorphous calcium carbonate[END_REF] Other studies have shown that higher magnesium concentrations could inhibit the formation of calcite . The unit cell of calcite has a trigonal geometry with the space group R 3c [START_REF] Casano | Polarizing agents: Evolution and outlook in free radical development for DNP[END_REF] and is composed of two CaCO 3 groups.

Aragonite

Aragonite also is one of the three anhydrous polymorphs of CaCO 3 . It is the thermodynamically stable polymorph of CaCO 3 at very high pressures and low temperature [START_REF] Zhao | The stability and melting of aragonite: An experimental and thermodynamic model for carbonated eclogites in the mantle[END_REF] and generally forms in metamorphic rocks. [START_REF] Belcher | Control of crystal phase switching and orientation by soluble molluscshell proteins[END_REF] Aragonite is biosynthesized by many marine organisms such as mollusks and corals, [START_REF] Krinsley | Magnesium, strontium, and aragonite in the shells of certain littoral gastropods [California and Washington][END_REF] despite its metastability at ambient conditions. It has been recently suggested that formation of aragonite could be favored under confined conditions. [START_REF] Zeng | Confinement generates single-crystal aragonite rods at room temperature[END_REF] It has been shown that aragonite tends to transform into calcite at temperatures higher than 250 °C. [START_REF] Yoshioka | Transformation of aragonite to calcite through heating[END_REF] It has also been shown that the presence of magnesium or sulfate ions in seawaters could induce a transformation of calcite into aragonite. [START_REF] Bots | The role of SO4 in the switch from calcite to aragonite seas[END_REF] Transformation pathway from an hydrated phase of calcium carbonate (monohydrocalcite) to aragonite has also been evidenced in aqueous solutions at ambient conditions. [START_REF] Munemoto | Transformation kinetics of monohydrocalcite to aragonite in aqueous solutions[END_REF] Aragonite has an orthorhombic geometry with the space group Pnma (62) with four CaCO 3 groups per unit cell.

Vaterite

Vaterite is the third polymorph of anhydrous CaCO 3 and is less stable than either calcite and aragonite, tends to transform into calcite and sometimes aragonite. [START_REF] Rao | Kinetics and Mechanism of the Transformation of Vaterite to Calcite[END_REF][START_REF] Zhou | Controlled crystallization of unstable vaterite with distinct morphologies and their polymorphic transition to stable calcite[END_REF][START_REF] Cherkas | On the kinetics of phase transformations of dried porous vaterite particles immersed in deionized and tap water[END_REF] It therefore has less natural occurences than calcite and aragonite, but can still be found in some seashells or plants. [START_REF] Wightman | Leaf margin organisation and the existence of vaterite-producing hydathodes in the alpine plant Saxifraga scardica[END_REF] Despite its high metastability, it has been shown that it was possible to stabilize vaterite in laboratory conditions with the help of additives [START_REF] Kai | Vaterite stabilization in CaCO3 crystal growth by amino acid[END_REF][START_REF] El-Shahate | Formation and Stabilization of Vaterite Calcium Carbonate by Using Natural Polysaccharide[END_REF][START_REF] Wang | Role of ovalbumin in the stabilization of metastable vaterite in calcium carbonate biomineralization[END_REF] or in confined conditions. [START_REF] Wang | Using confinement to study the crystallization pathway of calcium carbonate[END_REF][START_REF] Cavanaugh | Crystallization kinetics of amorphous calcium carbonate in confinement[END_REF] The crystal structure of vaterite is still uncertain and a subject of debate and the existence of multiple isoenergetic structures is considered. [START_REF] Burgess | On the crystal structure of the vaterite polymorph of CaCO3: A calcium-43 solid-state NMR and computational assessment[END_REF][START_REF] Demichelis | The multiple structures of vaterite[END_REF] 

Ikaite

Ikaite is an hydrated crystalline phase of calcium carbonate of formula CaCO 3 •6H 2 O. It is a highly metastable phase that rapidly transforms into calcite at ambient conditions. [START_REF] Marland | The stability of CaCO3•6H2O (ikaite)[END_REF][START_REF] Bischoff | The solubility and stabilization of ikaite (CaCO3.6H2O) from 0°to 25°C: environmental and paleoclimatic implications for thinolite tufa[END_REF] However, ikaite forms and is stable in near-freezing water up to 3 °C and in the presence of phosphates [START_REF] Bischoff | The solubility and stabilization of ikaite (CaCO3.6H2O) from 0°to 25°C: environmental and paleoclimatic implications for thinolite tufa[END_REF] which are known to inhibit calcite formation. [START_REF] Stockmann | Control of a calcite inhibitor (phosphate) and temperature on ikaite precipitation in Ikka Fjord, southwest Greenland[END_REF] Ikaite has been observed in nature in seawater environments such as Greenland's fjord [START_REF] Pauly | Ikaite", a New Mineral from Greenland[END_REF] where it decomposes into monohydrocalcite, [START_REF] Dahl | Monohydrocalcite in the Arctic Ikka Fjord, SW Greenland: First reported marine occurrence[END_REF] Antarctica, [START_REF] Suess | Calcium carbonate hexahydrate from organic-rich sediments of the antarctic shelf: Precursors of glendonites[END_REF] Siberia, [START_REF] Greinert | Glendonites and methane-derived Mg-calcites in the Sea of Okhotsk, Eastern Siberia: Implications of a venting-related ikaite/glendonite formation[END_REF] etc. It has been recently shown that ikaite could be formed and stabilized in confined conditions. [START_REF] Rodríguez-Ruiz | Transient calcium carbonate hexahydrate (ikaite) nucleated and stabilized in confined nano-and picovolumes[END_REF] Ikaite has a monoclinic geometry with space group C2/c (15) with a number of formula units Z=4. [START_REF] Lennie | The structure and thermal expansion behaviour of ikaite, CaCO 3 . 6H 2 O, from T = 114 to T = 293 K[END_REF] 

Monohydrocalcite (MHC)

Monohydrocalcite (MHC) is a hydrated crystalline phase of calcium carbonate of formula CaCO 3 •1H 2 O. In nature, MHC is generally found in the form of deposits in caves and lakes. [START_REF] Swainson | The structure of monohydrocalcite and the phase composition of the beachrock deposits of Lake Butler and Lake Fellmongery, South Australia[END_REF][START_REF] Taylor | The occurrence of monohydrocalcite in two small lakes in the south-east of South Australia[END_REF] MHC usually forms from amorphous calcium carbonate in the presence of magnesium additives [START_REF] Rodriguez-Blanco | The role of Mg in the crystallization of monohydrocalcite[END_REF][START_REF] Wang | Transformation of amorphous calcium carbonate into monohydrocalcite in aqueous solution: a biomimetic mineralization study[END_REF][START_REF] Kimura | Monohydrocalcite in comparison with hydrated amorphous calcium carbonate: Precipitation condition and thermal behavior[END_REF] and also in the presence of other seawater's ions. [START_REF] Dejehet | Magnesium and occluded water in calcium carbonate monohydrate[END_REF] MHC is a metastable phase that generally transforms into aragonite in air and solution, [START_REF] Munemoto | Transformation kinetics of monohydrocalcite to aragonite in aqueous solutions[END_REF][START_REF] Kralj | Dissolution kinetics and solubility of calcium carbonate monohydrate[END_REF][START_REF] Kamiya | Aragonite formation through precipitation of calcium carbonate monohydrate[END_REF] but a direct transformation into calcite has been reported in the case of dehydration at 150 °C or more. [START_REF] Taylor | The occurrence of monohydrocalcite in two small lakes in the south-east of South Australia[END_REF] The reported structure of monohydrocalcite presents a trigonal geometry with space group P3 1 [START_REF] Sakellariou | Homonuclear dipolar decoupling in solid-state NMR using continuous phase modulation[END_REF] with a number of formula units Z=9. 

Amorphous calcium carbonate (ACC)

Analogous to polymorphism, polyamorphism is the ability for a compound to form different amorphous phases. [START_REF] Poole | Amorphous polymorphism[END_REF] Indeed, even if amorphous solids have no long range order, their short range (i.e. at atomic scale) structure may differ from one phase to another, and therefore different amorphous phases might also exhibit different physico-chemical properties. It is the case for calcium carbonate which, depending on the preparation method, can form different amorphous phases (amorphous calcium carbonates ACCs). [START_REF] Politi | Structural characterization of the transient amorphous calcium carbonate precursor phase in sea urchin embryos[END_REF] Indeed, it has been shown that different experimental conditions such as the use of additives during the synthesis [START_REF] Lam | Synthesis-dependant structural variations in amorphous calcium carbonate[END_REF][START_REF] Clarkson | Role of metastable phases in the spontaneous precipitation of calcium carbonate[END_REF][START_REF] Goodwin | Nanoporous structure and medium-range order in synthetic amorphous calcium carbonate[END_REF], the temperature, the initial concentration [START_REF] Han | Factors affecting the phase and morphology of CaCO3 prepared by a bubbling method[END_REF] or the pH, [START_REF] Gebauer | Stable prenucleation calcium carbonate clusters[END_REF] play a crucial role on the formation of different ACCs. Moreover, recent studies [START_REF] Clark | The nano-and meso-scale structure of amorphous calcium carbonate[END_REF][START_REF] Sun | Distinct Short-Range Order Is Inherent to Small Amorphous Calcium Carbonate Clusters (<2 nm)[END_REF] suggest that ACCs exhibit a local structural order, similar to the local structural order of the CaCO 3 • nH 2 Ofinal crystalline phase. [START_REF] Cartwright | Calcium carbonate polyamorphism and its role in biomineralization: How many amorphous calcium carbonates are there?[END_REF] It has been shown in naturally occuring systems [START_REF] Addadi | Taking advantage of disorder: Amorphous calcium carbonate and its roles in biomineralization[END_REF][START_REF] Marxen | Early mineralization in Biomphalaria glabrata: Microscopic and structural results[END_REF][START_REF] Raz | The transient phase of amorphous calcium carbonate in sea urchin larval spicules: The involvement of proteins and magnesium ions in its formation and stabilization[END_REF] and also in synthetic systems [START_REF] Lam | Synthesis-dependant structural variations in amorphous calcium carbonate[END_REF] where some amorphous phases exhibit short range structural order similar to those of calcite, aragonite and vaterite. [START_REF] Gebauer | Proto-calcite and proto-vaterite in amorphous calcium carbonates[END_REF] The possibility that amorphous phases exhibit a short range structure similar to that of the crystalline into which they wil eventually transform has been hypothesized. However, studies have shown that the structure similarities are only one factor that influence crystallization from amorphous to crystalline phases. [START_REF] Gebauer | Proto-calcite and proto-vaterite in amorphous calcium carbonates[END_REF] Therefore, having a better understanding on the structure of these amorphous calcium carbonate phases and how they form and retransform could be one of the key for polymorph control and selection.

Calcium carbonate hemihydrate (CCHH)

In 2019, decades after monohydrocalcite and ikaite were discovered, Zou et al [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF] reported the discovery of a new hydrated crystalline phase of calcium carbonate. Identified as calcium carbonate hemihydrate (CCHH), whose chemical formula is

CaCO 3 • 1 2 H 2 O.
CCHH is a metastable phase that forms in solution from an amorphous precursor and gradually transforms into monohydrocalcite in a few minutes. However, it is stable for a few months when dried and store in vacuum. As it is the case for monohydrocalcite, the presence of magnesium ions is mandatory for CCHH to form, otherwise the calcite formation will be favored. CCHH forms as needlelike crystals of diameter ≈200 nm and length between 1 and 5 µm. These crystals are too small to be analysed by single-crystal X-ray diffraction (XRD) and therefore powder X-ray diffraction (powder XRD) was used instead. The CCHH' structure reported by Zou et al. has a monoclinic geometry with space group P2 1 /c [START_REF] Ten | Enhancement of protein crystal nucleation by critical density fluctuations[END_REF]. The unit cell parameters are a = 9.33 Å, b = 10.44 Å, c = 6.16 Å, α = 90°, β = 90.5°and γ = 90°with a cell volume V = 600 Å 3 .

A recent computational study (using DFT) from R. Demichelis et al. [START_REF] Aufort | Magnesium Impurities Decide the Structure of Calcium Carbonate Hemihydrate[END_REF] proposes an orthorombic geometry with space group Pbcn [START_REF] Harris | Powder diffraction crystallography of molecular solids[END_REF]. The unit cell parameters proposed for the FF method are a = 9.38 Å, b = 10.51 Å, c = 5.90 Å, α = 90°, β = 90°and γ = 90°with a cell volume V = 581 Å 3 . The unit cell parameters proposed for the DFT method are a = 9.32 Å, b = 10.48 Å, c = 6.06 Å, α = 90°, β = 90°and γ = 90°with a cell volume V = 592 Å 3 . In the same article, [START_REF] Aufort | Magnesium Impurities Decide the Structure of Calcium Carbonate Hemihydrate[END_REF] Demichelis et al. suggests that the presence of magnesium impurities causes a structure distortion of CCHH leading to a monoclinic geometry with space group P2 1 /c [START_REF] Ten | Enhancement of protein crystal nucleation by critical density fluctuations[END_REF], which is consistent with the experimentally determined structure of Zou et al..

Inconsistencies in Zou et al.' CCHH structure

If CCHH structure could indeed have a monoclinic geometry, it still presents inconsistencies. These inconsistencies have been evidenced and are presented in this subsection.

Carbonates geometry

The structure proposed by Zou et al. is displayed using the MagresView software and shown on Figure 1.12. The CCHH' structure reported by Zou et al. has a monoclinic geometry with space group P2 1 /c [START_REF] Ten | Enhancement of protein crystal nucleation by critical density fluctuations[END_REF]. The unit cell parameters are a = 9.33 Å, b = 10.44 Å, c = 6.16 Å, α = 90°, β = 90.5°and γ = 90°with a cell volume V = 600 Å 3 and a number of formula unit Z=8. This structure will be called Model 00 in this manuscript. First, it must be noted that carbonates should have almost the same C-O bond lengths and O-C-O bond angles. However, we can see that the carbonate groups have incorrect geometries because they present one or two long bonds with two or one short respectively, as well as large differences in the bond angles. Table 1 We can see that MHC presents three carbonate geometries. All geometries have the same bond lengths and all three bond lengths are really close, but different bond angles in short range from 118.9°to 121.7°. In the case of Zou et al.CCHH structure, there are two carbonate geometries. The bond lengths vary from one to another within the range from 1.23 Å to 1.41 Å. Moreover, the bond angles fluctuate between 113.2°to 129.3°for the first carbonate, and between 100.8°to 135.0°for the second one. These deformations increase the global energy of the molecule and are not optimal. This will be discussed later in this chapter.

powder XRD discrepancies

To explore possible discrepancies in the published structure due to incorrect carbonate geometries, the experimental powder XRD pattern from Zou et al. has been compared with the powder XRD pattern of the published structure simulated using the Mercury software. The powder XRD comparison is shown on Figure 1 Experimental pattern was obtained with the Bragg-Brentano scattering geometry, using a Bruker D8-Advance X-ray powder diffractometer (Cu K α radiation, λ = 1.54 Å) As these raw data couldn't be obtained, the CCHH powder XRD pattern on Figure 2D of reference [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF] have been peakpicked manually, and baseline corrected. The orange pattern has been simulated from the published CIF file from the same reference, and using the mercury software with a wavelength of 1.54 nm. Several differences between these two patterns are observed in Figure 1.13. The two peaks at 20.5°and 21.7°on the experimental pattern are a little bit shifted on the left on the simulated pattern. Moreover, the peaks at 24.3°and 31.0°are way more intense on the simulated pattern than on the experimental one. In contrary, the peak at 27.2°is really weak on the simulated pattern in comparison with what is observed experimentally. Finally, we observe other less obvious discrepancies, such as small shifts at 33.4°, 38.7°, 42.3°and 49.2°on the simulated pattern, or small intensity differences at 25.6°, 36.0°, 40.3°, 45.6°and 52.6°on the simulated pattern. All these discrepancies prove that the structure which has been published by Zou et al. for CCHH, is different from the actual structure, and therefore needs to be refined.

Nuclear Magnetic Resonance applied to solid samples

NMR is a powerful analytical technique with many applications that can access precise structural and dynamical information. [START_REF] Lecoq | Solid-state NMR for studying the structure and dynamics of viral assemblies[END_REF] The theory of NMR is based on the fact that most of elementary particles (and then most nuclei) have a spin property. In simple words, spin is a physical quantity that gives a particle an angular momentum and a small magnetic moment. The spins of particles are generally randomly oriented. When put in a strong external magnetic field B 0 , the sum of all magnetic moments will generate a net magnetization along the direction of B 0 . In the presence of B 0 there is a small preference for alignment with B 0 and the averaged magnetization will point in the same direction as the latter.

Quantum mechanics helps us define the quantization, and every nucleus of spin I has 2I+1 possible energy levels noted with a quantum number m (spin angular momentum direction). Figure 2.2 shows that all these possible orientations have the same energy, until an external magnetic field is applied, which splits the energies. The examples of spin 1 2 , 1 and 3 2 are presented. When put in an external magnetic field, there are 2I+1 energy levels. In NMR, the selection rule is ∆m ± 1 and therefore spin 1 2 will exhibit only one transition, while spin 3 2 exhibits three transitions (one central and two satellite) and spin 1 only exhibits 2 satellite transitions and no central one. More generally, all quadrupolar nuclei exhibit satellite transitions, in addition or not with the central one, for half-integer spins and integer spins respectively.

The energy E of the energy levels depends on the gyromagnetic ratio of the nucleus γ (given in rad.s -1 .T -1 ), on the magnetic spin quantum number m, on the reduced Planck constant ℏ (in J.s) and on the external magnetic field B 0 (in T).

E = -mℏγB 0 (2.1)
The allowed transitions between the different energy levels give rise to single lines at frequencies:

ν = ∆E h = γB 0 2π (2.2)
With ν the Larmor frequency in Hz.

The goal of NMR is to detect the nucleus by detecting the perturbation of the bulk magnetization alignment with B 0 . To do so, weak (compared to B 0 ) oscillating magnetic fields (usually called Radio Frequency (RF) pulses) are applied to the nuclei using a special coil situated near the sample. The flip angle of the magnetization α depends on the nucleus gyromagnetic ratio and on the strength and duration of the RF pulse, respectively γ and τ such that:

α = γB 1 τ (2.3)
For a nucleus to be reactive to a RF pulse, the latter frequency ν RF needs to match the Larmor frequency ν, i.e. the frequency of precession of the nucleus magnetic moment about B 0 .

By carefully choosing the used RF pulses, it is then possible to selectively excite and detect the desired nuclei. In the absence of applied RF pulse, the magnetization tends to return to its equilibrium on the z axis. This phenomenon is called the longitudinal relaxation of the magnetization and is characterised by the time T1. The build-up of the magnetization follows an exponential curve with T 1 corresponding to the necessary time to recover (1-1e) (63%) of the equilibrium magnetization. When performing an NMR experiment with several repetitions, it is of a particular importance to know the T1 of the studied nucleus to determine how much time to wait between repetitions. This time is called the recycle delay and is chosen by the operator. Usually, a recycle delay of 1.3T1 is chosen to maximize the signal over time ratio and a recycle delay of 5 times T1 is chosen for quantitative experiments. In addition, it should be noted that the transverse component of the magnetization also tends to exponentially decay towards its equilibrium value. This phenomenon is called spin-spin relaxation and is characterized by the T2 time.

The strength of NMR lies in the fact that distinct chemical moieties of a molecule can be distinguished, and therefore give insights in the structure of molecules. This is due to the fact that the nearby electrons of nuclei provide shielding or deshielding of the external magnetic field. This means that the local magnetic fields of the nuclei are modified by the presence of surrounding electrons, hence reflecting the local chemical environment. The resulting resonance frequency ν is then modified depending on the nuclei, and the different nuclei can be distinguished.

SS-NMR

As explained above, Edward Mills Purcell and Felix Bloch initially described NMR on both liquids and solids. The main difference between solution and solid-state arises from the fact that the liquid motion performs a time-average of the different NMR interactions, affecting the resolution of spectra and therefore complexifying their interpretation. [START_REF] Apperley | Solid-state NMR Basic principles and practice[END_REF] It should be noted, however, that structural information can be obtained by the study of these interactions. NMR interactions are anisotropic, i.e. have a dependence on the orientation of the individual molecules with respect to the external magnetic field. Indeed, in a liquid sample molecules are in constant motion and therefore the inter-molecular and intra-molecular interactions are averaged to their isotropic value. In contrary in a solid, as there is almost no motion of the molecules, the molecular interactions are not averaged and are observed.

First, it should be noted that the spin-spin J-coupling interaction, which is an indirect interaction between two nuclei and which takes place through the chemical bonds, will not be discussed in this manuscript. Indeed, the J-coupling is a weak interaction (10 to 100 Hz) and the broad lines usually encountered in SS-NMR hide the J-coupling information within the signal linewidths, which makes it mostly neglected in solid studies.

Chemical shift anisotropy (CSA)

Secondly, depending on the local symmetry around the nucleus, the magnitude of the chemical shift will vary depending on the orientation of the molecule with respect to the external magnetic field. This orientation dependence of the chemical shift is called the chemical shift anisotropy (CSA). Mathematically, the chemical shift anisotropy is described by the chemical shift tensor. In the Principal Axis System (PAS), the chemical shift tensor is fully described by the three diagonal elements δ P AS(xx) , δ P AS(y y) and δ P AS(zz) .

σ P AS =   δ P AS(xx) 0 0 0 δ P AS(y y) 0 0 0 δ P AS(zz)   (2.4) 
where δ xx , δ y y and δ zz are called the principal components of the tensor. a representation of an arbitrary tensor in the laboratory frame and in the principal axis system is given on and in the principal axis system (x P AS ,y P AS ,z P AS ).

In the Haeberlen convention, δ xx , δ y y and δ zz are chosen such that:

|δ zz -δ i so | ≥ |δ xx -δ i so | ≥ |δ y y -δ i so | (2.5)
with δ i so the isotropic chemical shift that can be calculated by taking the average of the three principal components of the tensor (expressed in its PAS):

δ i so = δ xx + δ y y + δ zz 3 (2.6)
The isotropic chemical shift is what is generally observed in solution-state NMR, because the fast molecules' motions average the anisotropic components. On the contrary, in a solid the three components are unequal and the Larmor frequency depends on the orientation. Therefore, we do not observe only one signal at the isotropic chemical shift but a distribution of chemical shifts which give the "powder pattern" as shown on The chemical shift anisotropy (CSA) describes the distribution of orientation dependent frequencies. If we keep the Haeberlen convention, we can define the chemical shift anisotropy with two notations i.e. ∆δ and δ which describe the separation from the centre of gravity of the powder pattern and the most separated tensor component i.e. δ zz . The anisotropy formulas are:

δ = δ zz -δ i so (2.7)
and

∆δ = δ zz - δ xx + δ y y 2 = 3 2 δ (2.8)
It is also possible to determine the shape of the distribution by calculating the asymmetry parameter η.

η = δ y y -δ xx δ (2.9)
In the case of a tensor with δ y y =δ i so , η=1 and the powder pattern will be symmetric. In all cases, 0 ≤ η ≤ 1.

The study of the chemical shift tensors parameters can give accurate structural and dynamical information and is therefore of particular interest. For instance, it has been shown that determining the tensor values could permit to identify the protonation state of carboxyl groups and determine the hydrogen bonding strength to carboxyl oxygens.

[129]

Dipolar coupling

Another interaction that have an importance in SS-NMR is the dipolar interaction, which is the interaction between two magnetic dipoles i and j . This interaction is averaged to zero in liquid samples because the dipolar tensor is traceless. Hence, it generally does not contribute to liquid-state NMR spectra. r is the distance between the barycenters of the dipoles (i.e. the atomic nuclei) and θ is the angle between the magnetic field and the vector connecting the dipoles.

The magnitude of the dipolar coupling D i j is inversely proportional to the cube of the distance r between these two dipoles.

D i j = b i j ( 3 cos 2 θ -1 2 ) (2.10)
with D i j the dipolar coupling constant between i and j (in Hz), and where b i j is expressed as:

b i j = µ 0 γ i γ j ℏ 4π 2 r 3 i j . 1 2π (2.11)
In Equation 2.11 , µ 0 the magnetic constant (equal to 4π.10 -7 H.m -1 ), and r 3 i j the distance between the two dipoles (in m). The dipolar coupling is anisotropic as it has a dependence to the Legendre polynomial 3cos 2 θ-1 and we can notice that for an angle θ ≈ 54.73°, D i j is equal to zero. This angle θ ≈ 54.73°°is called the magic angle and can be used to remove intrinsic solid-state interactions as it will be explained later.

Quadrupolar interaction

The last main solid-state interaction is the quadrupolar interaction. Nuclei with spin I> 1 2 have a nuclear quadrupole moment Q. The quadrupole moment can also interacts with the electric field gradient formed by the asymmetric distribution of the surrounding electrons. This interaction is called the electric quadrupole moment or quadrupole interaction. This will cause a perturbation at first and second order of the nuclear energy level. For simplicity, only the first order perturbation is represented on 3 2 nucleus when we take into account the quadrupolar interaction at first order. This scheme refers to a single molecular orientation.

The energy levels will be modified depending on the quadrupolar moment Q and also on the electric field gradient tensor, which varies from a nucleus to another and can reach hundreds of megahertz, which can make the NMR spectrum difficult to study. Moreover, the NMR spectrum will exhibits satellite transitions corresponding to the allowed transitions between levels separated by δm = ± 1 (i.e. single quantum transitions). The satellite transitions make the study of quadrupolar nuclei even more tricky.

Magic-Angle Spinning

The different interactions that have been discussed are troublesome for the study of solid samples in NMR. In 1959, E.R. Andrew have demonstrated that the anisotropic part of almost all these interactions could be suppressed by using the Magic-Angle Spinning (MAS) technique. [START_REF] Andrew | Removal of dipolar broadening of nuclear magnetic resonance spectra of solids by specimen rotation[END_REF] The MAS technique is based on the fact that the interactions presented abovei.e. the CSA, the dipolar coupling and the quadrupolar coupling (at first order only) -all have an orientation dependence due to the Legendre polynomial 3cos 2 θ -1. When the tensor interaction is physically inclined at a specific angle θm ≈ 54.73, the anisotropy effects vanish. Obviously, in a polycrystalline sample, all the nuclei and all the internuclear vectors cannot be all set to the magic angle, but rotating the sample around the magic angle axis produces the same effect. The condition for an interaction to completely vanish using MAS is to set a spinning frequency superior to the interaction's constant. Usual spinning speeds used are between 0 and 30 kHz even though spinning speeds superior to 100 kHz can be now achieved with modern MAS probes. While the CSA and dipolar constants are of the order of kHz and can be almost totally averaged by MAS (except for 1 H-1 H dipolar couplings), this is not the case for quadrupolar coupling constants that can reach orders of megahertz and can only be partially averaged by MAS. The MAS technique is therefore of a particular interest in SS-NMR and is then used for almost all the experiments.

NMR can access structural information 2.2.1. SS-NMR for the study of crystallization

During the past decades, SS-NMR turned out to be a powerful technique for the study of crystallizing systems (and in particular of polymorphic systems) as it permits the identification and structural and dynamic [START_REF] Szell | Taming the dynamics in a pharmaceutical by cocrystallization: Investigating the impact of the coformer by solid-state NMR[END_REF] characterization of crystalline phases. [START_REF] Juramy | Recent progress in nuclear magnetic resonance strategies for time-resolved atomic-level investigation of crystallization from solution[END_REF] As previously explained in this chapter, the NMR chemical shifts depend on the chemical environment of the observed nuclei. Moreover, a molecule can exhibit several different crystal structures, which can come from conformation differences, a different number of molecules in the asymmetric unit, or differences due to intermolecular contacts or interactions. Therefore, differences in the crystal structures lead to differences in the chemical environments of the nuclei i.e. in the chemical shifts. Hence, it is possible to distinguish and identify different crystal compounds, and even different crystal packing of the same compound (i.e. polymorphs) by using only their isotropic chemical shifts as a "fingerprint". In addition to the identification of different phases, the study of isotropic chemical shift can also lead to structural and dynamical information. Indeed, thanks to the nuclear isotope selectivity of NMR, many 1D and 2D experiments have been developed and many others can be imagined, providing a wide range of information. Structural information such as bond lengths, bond angles or atom distances can be obtained using 2D experiments such as the Heteronuclear Correlation (HETCOR) sequence for example. Dynamic information can also be obtained by performing relaxation time experiments or studying the incomplete averaging of anisotropic interactions, due to dynamics in solids. Several interactions usually averaged by MAS can be recoupled, which means that they can be reintroduced in order to be studied, such as the chemical shift anisotropy that gives information about the tensor symmetry, or dipolar couplings that can probe the internuclear distances. Moreover, one of the advantage to use SS-NMR to study crystallization is that it permits the observation and study of solid crystalline phases, but also the study of solid amorphous phases and liquid phases. As explained in Chapter 1, a crystallization system starts from a supersaturated solution (liquid phase) to reach a crystal (solid phase), with the formation in certain cases (calcium carbonate for example) of amorphous precursors before crystalline phases. Structural and dynamical information on amorphous phases can then also be obtained. That is, it is possible to follow the phase transitions during the crystallization process within the NMR rotor. This can be done by either in-situ [START_REF] Harris | NMR Crystallization': In-situ NMR techniques for time-resolved monitoring of crystallization processes[END_REF][START_REF] Hughes | A technique for in situ monitoring of crystallization from solution by solid-state13C CPMAS NMR spectroscopy[END_REF] (inside the spectrometer) or ex-situ [START_REF] Juramy | Monitoring Crystallization Processes in Confined Porous Materials by Dynamic Nuclear Polarization Solid-State Nuclear Magnetic Resonance[END_REF][START_REF] Vioglio | A Strategy for Probing the Evolution of Crystallization Processes by Low-Temperature Solid-State NMR and Dynamic Nuclear Polarization[END_REF] (out of the spectrometer). Some of these experimentally obtained NMR parameters can be compared with NMR parameters computed using computational methods such as DFT for several candidate structures determined by powder XRD or predicted by crystal structure prediction. For instance, NMR crystallography by 1 H chemical shift can be used for structure determination of amorphous and crystalline drugs [START_REF] Baias | De novo determination of the crystal structure of a large drug molecule by crystal structure prediction-based powder NMR crystallography[END_REF][START_REF] Cordova | Structure determination of an amorphous drug through large-scale NMR predictions[END_REF], as well as NMR crystallography using quadrupolar coupling could be used to obtain structural and dynamic information. [START_REF] Ashbrook | Application of NMR Crystallography to Highly Disordered Templated Materials: Extensive Local Structural Disorder in the Gallophosphate GaPO-34A[END_REF][START_REF] Bryce | NMR crystallography: Structure and properties of materials from solid-state nuclear magnetic resonance observables[END_REF] The level of accordance between the experimental and computed parameters permits to probe the accuracy of the candidate structures. This method is called "NMR crystallography" and will be used in the study of the CCHH phase.

Sequences used for CCHH' study

As explained above, on biogenic samples, SS-NMR offers many possibilities when it comes to study the structure of solid materials such as polymorphs. In the framework of the study of the CCHH phase, some of these sequences have been used and are presented below.

Direct excitation and cross-polarization at magic-angle spinning (Cross-Polarization Magic-Angle Spinning (CPMAS))

The direct excitation experiment is the simplest SS-NMR experiment as it only involves one 90°pulse on X then the acquisition of the signal under high power 1 H decoupling.

The pulse sequence for the direct excitation experiment is presented on In this experiment, the acquired magnetization comes from X and therefore the recycle delay will depend on the spin-lattice relaxation time of X in the laboratory frame, which is usually longer than the proton's relaxation time. For this reason, the most common experiment in SS-NMR is the CPMAS [START_REF] Pines | Proton-enhanced nuclear induction spectroscopy. a method for high resolution nmr of dilute spins in solids[END_REF] experiment, which is an addition of the Cross-Polarization (CP) technique and the MAS technique. The CPMAS sequence is presented on Regarding now the CP technique, the aim is to transfer the polarization of an abundant spin (usually 1 H) to a surrounding dilute spin X ( 13 C for example) through the 1 H-X heteronuclear dipolar interaction. Thus, the recorded magnetization originates from the 1 H instead of the X, which has two advantages. First, it leads to a signal enhancement of a factor γ H γ X due to the difference in equilibrium populations. Secondly, the longitudinal relaxation time T 1 of 1 H in solids is usually much shorter than the T 1 of some of the most studied spin 1/2 like 13 C or 15 N, which means that the time we need to wait between two scans i.e. the recycle delay, will be much shorter. For these reasons, the CP technique is of a tremendous interest when it comes to increase the signal to noise ratio and reduce the experimental time. The 1 H magnetization initially on the z-axis is tilted on the x-y plan using a 90°RF pulse. Then, two so called "contact pulses" are applied simultaneously on both 1 H and X with a certain duration called the contact time, in order to transfer the polarization of 1 H to X. During the contact time, the two spins are "spin-locked", their magnetization is locked on the transverse plan and the magnetization will build up gradually during the contact time. For the spins to be in the same rotating frame and the transfer to be effective, Hartmann-Hahn condition needs to be matched, i.e.:

γ H B 1 ( 1 H ) = γ X B 1 (X ) ± nν R (2.12)
or

ν 1 (H ) = ν 1 (X ) ± nν R (2.13)
With n an integer and ν R the MAS spinning frequency. Usually, a ramped cross-polarization is used. Instead of having a constant RF field applied to both channels, one of the applied RF field intensity is varied to get through the matching conditions. In this case, we are sure that the Hartmann-Hahn conditions will be fulfilled at some point of the ramp. This is a more robust way to do the magnetization transfer in comparison with a constant CP. After the contact pulse, the X signal is acquired and a heteronuclear proton decoupling is applied during the acquisition to increase the resolution of the obtained spectra.

It is important to notice that for an efficient CPMAS transfer, a dipolar interaction is needed between 1 H and X, otherwise the magnetization transfer do not happen. Therefore, there is no interest in studying a sample that does not contain any proton or other abundant nuclear spin with the CPMAS experiment. In the case of the study of CaCO 3 and as discussed in the previous chapter, three polymorphs of CaCO 3 are anhydrous and therefore do not contain any proton in their structure. It is the case of the calcite and aragonite polymorphs. To study a molecule that does not contain any proton or other abundant nucleus (such as 19 F for example), the CPMAS experiment cannot be used and we therefore need the direct excitation experiment.

The use of the CPMAS and direct excitation experiments presented above represent an interesting solution for the identification of the different amorphous and crystalline CaCO 3 phases. These techniques have been recorded many times in order to identify the composition (qualitatively or quantitatively) of the synthesized samples. More complex sequences have then been set up and used to obtain structural information on the samples of interest.

The HETCOR sequence

If common experiments permit to routinely obtain 13 C structural information in SS-NMR ( 13 C direct excitation and CPMAS experiments), it is not the case for protons. Indeed, 1 H spectra in SS-NMR usually suffer from poor resolution, due to the strong 1 H-1 H dipolar couplings united to the fact that 1 H forms multispin networks, that make the elimination of 1 H-1 H couplings difficult. An usual way to try to overcome this issue is to use high spinning speeds to average out the dipolar couplings. However, even fast MAS NMR (≈ 100 kHz) is often not enough to average out the 1 H homonuclear interactions and decoupling sequences can therefore be used. However, in a sample containing multiple phases, it is not possible to attribute each proton signal to its corresponding phase, even with a good resolution. The use of 1 H-X 2D experiments can help overcome this limitation. One of them is the heteronuclear chemical shift correlation experiment (HETCOR), which permits to obtain 1 H and X isotropic chemical shifts along with the heteronuclear correlations. The main limitation of this experiment is its lack in 1 H resolution, so HETCOR experiments are usually coupled with multiple pulse decoupling schemes such as frequency-switched Lee-Goldburg [START_REF] Ladizhansky | Multiple-spin effects in fast magic angle spinning Lee-Goldburg cross-polarization experiments in uniformly labeled compounds[END_REF][START_REF] Bielecki | Frequency-switched pulse sequences: homonuclear decoupling and dilute spin NMR in solids[END_REF], phase modulated Lee-Goldburg [START_REF] Vinogradov | Phase modulated Lee-Goldburg magic angle spinning proton nuclear magnetic resonance experiments in the solid state: A bimodal Floquet theoretical treatment[END_REF] or decoupling using mind-boggling optimization [START_REF] Sakellariou | Homonuclear dipolar decoupling in solid-state NMR using continuous phase modulation[END_REF]. Here, the Frequency Switched Lee-Goldburg (FSLG) decoupling scheme will be used as it provides complementary information that will be described below.

The LG conditions provide the suppression of homonuclear 1 H dipolar couplings, leading to an increased resolution. Interestingly, these LG conditions can be applied during the cross-polarization, which suppresses 1 H homonuclear couplings during the contact time, and therefore limits the spin diffusion. By modulating the contact time, it is therefore possible to select correlations between more or less close heteronuclei.

To conclude, the aim of the FSLG-HETCOR experiment is then to highlight the correlations between an abundant spin (generally 1 H) and a dilute spin X while the homonuclear 1 H dipolar couplings are averaged. It is a 2D experiment in which the direct dimension is the isotropic 13 C spectrum and the indirect dimension is the isotropic 1 H spectrum. The pulse sequence is separated on two channels, the 1 H channel (f2) and the 13 C channel (f1). Its pulse sequence is represented on Figure 2.9. First, a 90°pulse is applied on the 1 H channel to put the magnetization on the xy-plan. Then a magic-angle pulse is applied on the same channel to align the magnetization at the magic-angle in comparison to the external field B 0 . Putting the magnetization at the magic-angle and making it precess through this angle will increase the dipolar decoupling effect of the magic-angle spinning. The power used for the magic-angle pulse is the same than for the 1 H 90°pulse and its duration is function of the 1 H 90°pulse's duration such that its duration is (547•p 90°) /900. During the evolution time t 1 , the magnetization will precess around B 1 which is aligned with the magic angle in order to average the 1 H homonuclear dipolar couplings. This is done using a FSLG pulse train composed of four 2π pulses at specific offset frequencies (±ω 1 / 2 with ω 1 the nutation frequeny in the RF field B 1 ) such that every 2π cycle, the sense of precession is reversed. After a variable evolution time t 1 , the magnetization is put back on the xy-plan by a magic-angle pulse of the same power and duration that the first one but whose phase is reversed. The evolution time is incremented by an increment I N which depends on the RF field under which the proton chemical shifts evolve and the chemical shift scaling related to the pulse train used (FSLG has a scaling factor of 0.578). A Cross-Polarization Lee-Goldburg (CPLG) is then applied to transfer the 1 H magnetization to X. The particularity of this CPLG is that it follows the same principle as the FSLG pulse train but without the frequency switches, which is useful to suppress long-range 1 H-13 C correlations.
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The Separation of Undistorted Powder patterns by Effortless Recoupling (SUPER) sequence

As mentioned earlier in this chapter, the study of CSA patterns can be of a particular interest. An easy solution to obtain a CSA pattern seems to be to record an experiment without spinning the sample, so the MAS does not average the anisotropic effects of the chemical shift. However, in the presence of an isotropic spectrum containing multiple isotropic signals, the CSA patterns will certainly overlap, which makes their distinction only possible by deconvolution and therefore delicate. To overcome this issue, 2D experiments have been developed which allow to separate the isotropic and anisotropic contribution of chemical shift interaction in the two dimensions of a 2D spectrum. In this way, it is possible to assign each isotropic signal its CSA pattern. One of these experiment is the SUPER [START_REF] Liu | A robust technique for two-dimensional separation of undistorted chemical-shift anisotropy powder patterns in magicangle-spinning NMR[END_REF] which can be used to obtain the CSA pattern of the 13 C. The sequence for the SUPER experiment is shown on The sequence starts with a 90°pulse applied on the 1 H channel followed by a crosspolarization. The aim of the sequence is to recouple the CSA hamiltonian during the evolution time t 1 by applying periodic RF field irradiation in synchrony with the sample rotation. In addition, a heteronuclear decoupling on the 1 H channel is advised at a RF field of 25ω R . It must be noticed that here, the increment in evolution time t 1 is equal to one rotor period t R . As the t 1 pulses power have a spinning frequency dependence, low spinning frequencies up to 6.5 kHz should be chosen to avoid the use of too high pulse powers. In order to obtain an isotropic spectrum without spinning sidebands in the direct dimension, a four-pulse suppression of the sidebands is applied using a total supression of spinning sidebands [START_REF] Dixon | Spinning-sideband-free and spinning-sideband-only NMR spectra in spinning samples[END_REF] (total suppression of sidebands TOSS) block.

Dipolar recoupling

Another structurally relevant NMR interaction which is possible to study is the dipolar coupling. Equation 2.10 shows the dependence of dipolar coupling over the internuclear distance. It is then possible to estimate nuclear distances by measuring nuclear dipolar couplings. As mentioned previously in this chapter, the dipolar coupling interaction is averaged by MAS, it is therefore mandatory to recouple the dipolar couplings in order to observe it. One of the most efficient ways to do it is to use the so-called symmetry-based sequences. [START_REF] Lee | Efficient dipolar recoupling in the NMR of rotating solids. A sevenfold symmetric radiofrequency pulse sequence[END_REF][START_REF] Brinkmann | Symmetry principles in the nuclear magnetic resonance of spinning solids: Heteronuclear recoupling by generalized Hartmann-Hahn sequences[END_REF][START_REF] Levitt | Symmetry-Based Pulse Sequences in Magic-Angle Spinning Solid-State NMR[END_REF][START_REF] Thureau | Reducing the computational cost of NMR crystallography of organic powders at natural isotopic abundance with the help of 13 C-13 C dipolar couplings[END_REF] These sequences are based on a synchronization between the rotor (space) and RF (spin) rotations. Based on the kind of synchronization and the symmetry properties of the different nuclear spin hamiltonians, it is possible to selectively recouple certain interactions, while others are suppressed. A full description of these sequences is out of the scope of this thesis. The reader can refer to numerous articles appeared on the subject. [START_REF] Levitt | Symmetry-Based Pulse Sequences in Magic-Angle Spinning Solid-State NMR[END_REF] For the sake of the discussion of this thesis, we will focus on the RN n ν pulse sequences, and in particular on the R20 2 9 sequence because it permits a broadband recoupling of the homonuclear dipolar interaction without requiring 1 H decoupling during the sequence. [START_REF] Marin-Montesinos | Heteronuclear decoupling interference during symmetry-based homonuclear recoupling in solid-state NMR[END_REF] The general scheme of the RN n ν pulse sequences is shown on Figure 2.11.

Usually, R denotes the symmetry class of the rotor-synchronized pulse sequence, and N , n and ν are integers specifically chosen depending on the interaction we want to recouple. n represents the number of full rotor rotations that corresponds to ν complete RF phases sets. N is the number of identical interval during the n rotor rotations, each interval containing a pulse sequence that achieve a 180°rotation of the nuclear spins with a phase increment. In the case of the R20 2 9 sequence, the phase increment will be:

± πν N = ± π9 20 = 1.41 r ad = 81 °(2.14)
The pulse sequence for the R20 This pulse sequence generates both Double Quantum (DQ) and Zero Quantum (ZQ) coherences. Double-quantum coherences are created by coupled spins, it is therefore possible to go back to the dipolar coupling between these spins. [START_REF] Tycko | Double-Quantum Filtering in Magic-Angle-Spinning NMR Spectroscopy: An Approach to Spectral Simplification and Molecular Structure Determination[END_REF] It should be noted that some ZQ terms are also dipolar coupling dependent. As shown in Figure 2.12, phase cycling is used to filter the experimental NMR signals through either Zero Quantum Coherences (ZQC) or Double Quantum Coherences (DQC) at the junction of the excitation and reconversion blocks. The amplitudes of the zero-quantumfiltered signals and double-quantum-filtered signals are obtained for several values of recoupling duration. The ratio s DQF (tau)/s ZQF (tau) is compared with theoretical results to obtain an estimate of the internuclear coupling strength. This estimate is highly insensitive to incoherent relaxation effects causing signal decay during the evolution interval. 
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DNP as a tool for signal enhancement

Despite the high-quality information NMR can access, the main issue of this technique remains its lack of sensitivity. Indeed, when in the case of small quantities of analyte or low sensitivity spins, long experimental time is required or is simply impractical.

To overcome this issue, hyperpolarization techniques have been theorized and set up. Before presenting the hyperpolarization techniques, we need to introduce the concept of polarisation. The excess of spins in the direction of the magnet is called the polarization and is directly proportional to the NMR signal. In principle, it corresponds to the maximum signal measurable. The spin polarization P can be expressed as: [START_REF] Lilly | Dynamic nuclear polarization for sensitivity enhancement in modern solid-state NMR[END_REF] 

P = tanh γℏB 0 2k B T (2.15)
With k B the Boltzmann constant and T the temperature. We clearly see that a decrease in temperature, or an increase in magnetic field could increase the spin polarization. Moreover, we can notice that an electron will have a higher polarization than a 1 H or a 13 C due to its higher gyromagnetic ratio γ e ≫ γ H > γ C (with P e /P H ≈ γ e /γ H ≈ 660). This characteristic is the starting point of the DNP [START_REF] Overhauser | Search for negative[END_REF] technique presented below.

In addition to DNP, many other hyperpolarization techniques exist such as spin exchange optical pumping [START_REF] Walker | Spin-exchange optical pumping of noble-gas nuclei[END_REF], parahydrogen induced polarization [START_REF] Green | The theory and practice of hyperpolarization in magnetic resonance using parahydrogen[END_REF], etc. [START_REF] Eills | Spin Hyperpolarization in Modern Magnetic Resonance[END_REF] The spin exchange optical pumping technique is applied on gas, and the parahydrogen induced polarization technique involve an hydrogenation reaction. They therefore both cannot be applied for a calcium carbonate polymorphism study. MAS DNP is therefore the technique of choice to study the polymorphism of CaCO 3 and in particular of CCHH.

Dynamic nuclear polarization (DNP)

One of the most used hyperpolarization technique is dynamic nuclear polarization DNP, that has been theorized by Albert W. Overhauser [START_REF] Overhauser | Search for negative[END_REF] in 1953 and demonstrated by T. R. Carver and C. P. Slichter the same year. [START_REF] Carver | Polarization of nuclear spins in metals [15[END_REF] The aim of DNP is to transfer the polarization of stable unpaired electrons (introduced by adding to the sample a stable radical species, referred to as polarizing agent) using microwave irradiation produced by a gyrotron to the nearby protons, followed by a spontaneous spin diffusion process, transfer this polarization to the nearby nuclei of interest (See Figure 2.13). It should be noticed that gyrotrons are microwave sources capable of irradiating samples at the frequency of electron spin transitions. They then should reach high frequencies (≈ 100 to 500 GHz) and high power. As the polarization of the electron spin is much larger than the polarization of the proton spin, this will result in an enhancement of the nuclear spin polarization, hence an increase in the NMR signal intensity. Several mechanisms have been theorized to explain the DNP effect, depending on the experimental conditions. In addition to the Overhauser effect mentioned above, the solid effect was theorized first by C. D. Jeffries in 1957, the cross-effect was first proposed by A. V. Kessenikh and A. A. Manenkov in 1963 and the thermal mixing. Among these mechanism, the Cross-Effect (CE) is the most popular in DNP MAS NMR, and it is the one involved in the experiments performed in our study, its mechanism will be presented.

The cross-effect involves a three-spins system i.e. two coupled electrons and one nucleus, usually a 1 H (see Figure 2.14A). [START_REF] Corzilius | Theory of solid effect and cross effect dynamic nuclear polarization with half-integer high-spin metal polarizing agents in rotating solids[END_REF][START_REF] Thurber | Theory for cross effect dynamic nuclear polarization under magic-angle spinning in solid state nuclear magnetic resonance: The importance of level crossings[END_REF][START_REF] Ni | High frequency dynamic nuclear polarization[END_REF][START_REF] Corzilius | Solid effect in magic angle spinning dynamic nuclear polarization[END_REF] When we consider a threespins system, we observe a splitting of the energy levels of the two electrons system by an order of the Zeeman energy of the nuclear spin. For the cross-effect to work, the essential condition to fulfill is that the difference in electron paramagnetic resonance frequencies of the two unpaired electrons needs to be equal to the Larmor frequency of the nucleus of interest, typically 1 H.

ω 0 (e 1 ) -ω 0 (e 2 ) = ±ω 0 ( 1 H ) (2.16)
When this condition, called CE matching condition, is fulfilled, the energy levels α1β2α and β1α2β are degenerated and microwave induced transitions are then allowed (Figure 2.

14).B.

The microwave irradiation of the sample induces a single electron spin flip (for example transition β1β2α to β1α2α). Then the system relaxes, involving a double electron-nuclear spin flip-flop (for example transitions β1α2β to β1β2α). These transitions correspond to an energy difference of either ω 0 (e 1 ) or ω 0 (e 2 ). Phase-shifted signals will arise from these two kind of transitions, which leads to either negative or positive DNP enhancement. By carefully selecting the microwave frequency, it is then possible to select only one type of transition in order to obtain a positive DNP enhancement. However, it is hard to fulfill this condition at all times. Fortunately, the cross-effect mechanism is way more robust under MAS conditions. Indeed, there are anisotropic interactions which play a role in the electron frequencies. Thus, when the rotor containing the sample is spinning, the energy levels are modulated depending on the rotor angle. Therefore, there are during the rotor period many energy level crossings that take place and that will progressively build up the DNP polarization. [START_REF] Mentink-Vigier | Efficient cross-effect dynamic nuclear polarization without depolarization in high-resolution MAS NMR[END_REF] Experimentally, this three-spins system is created thanks to a special sample preparation, that involves the use of specific radicals or biradicals. These biradicals are created and synthesized to specifically fulfill the condition of equation 2. [START_REF] Volmer | [END_REF]. These radicals that are introduced in the sample and permit the polarization enhancement of the nuclei are called Polarizing Agent (PA) and are discussed in subsection 2.3.2.

Specific sample preparation

For the DNP effect to be maximized, the sample preparation needs to be optimized. In this subsection, we will focus on the importance of polarizing agents (PAs) and the solvent in which PAs are solubilized.

Polarizing agents

As explained in the previous subsection, the use of polarizing agents is essential for the DNP effect to take place. There are many types of PA that are designed by many different laboratories. The PA efficiency depends on experimental factors such as its solubility in the used solvent, the temperature of experiment, the strength of the external magnetic field used, etc.

Regarding the cross-effect and as mentioned above, two radical groups are needed and they need to be coupled. Historically, nitroxide monoradicals were used in high concentration to reduce the electron-electron distance, and it is only two decades ago that the better efficiency of biradicals has been showed using two linked TEMPO radicals. [START_REF] Hu | Dynamic nuclear polarization with biradicals[END_REF] Since then, many radicals and biradicals have been designed to meet specific experimental requirements, and obtain the best DNP enhancement possible for different samples.

In two decades, many polarizing agents have been developed, [START_REF] Mathies | Efficient Dynamic Nuclear Polarization at 800 MHz/527 GHz with Trityl-Nitroxide Biradicals[END_REF] with varying DNP efficiency. Popular PAs are TEKPOL, TEMPOL, AMUPOL, BDPA, etc. [START_REF] Casano | Polarizing agents: Evolution and outlook in free radical development for DNP[END_REF] The structure of AMUPOL [START_REF] Sauvée | Highly efficient, water-soluble polarizing agents for dynamic nuclear polarization at high frequency[END_REF] is presented on Figure 2.15 as it is the polarizing agent used in this study. In addition to those, another family of PAs has been developed recently, the polarizing matrices. [START_REF] Besson | Silica materials with wall-embedded nitroxides provide efficient polarization matrices for dynamic nuclear polarization NMR[END_REF] These materials consist on porous matrices with wall-embedded TEMPO radicals. Such matrices are loaded with the sample of interest through impregnation. The sample of interest then fills the matrix pores. Because the radical is contained within the matrix wall, the sample to be analysed cannot be in contact with the radical. It has been shown recently that mesoporous silicas could also be used to monitor crystallization in a confined environment while providing a good DNP efficiency. [START_REF] Juramy | Monitoring Crystallization Processes in Confined Porous Materials by Dynamic Nuclear Polarization Solid-State Nuclear Magnetic Resonance[END_REF] It has also been shown that porous polymers could be used to generate and transport hyperpolarized mixtures of metabolites in dissolution-DNP. The PA's concentration in the sample also is an important parameter. Indeed, if the PA's concentration is too low, only a few nuclei will be in contact with the polarizing agent and it will take time for the whole sample to get polarized by spin diffusion. On the contrary, if the PA's concentration is too high, the signal will decrease due to a reduced number of detectable nuclei. This is due to the fact that PAs induce paramagnetic relaxation effects that quench the nearby nuclei. [START_REF] Corzilius | Paramagnet induced signal quenching in MAS-DNP experiments in frozen homogeneous solutions[END_REF][START_REF] Lange | The effect of biradical concentration on the performance of DNP-MAS-NMR[END_REF] 

Solvent

To be introduced in the sample, PAs are usually solubilized in a solvent (except for matrices). The solvent used depends on the nature of the studied sample and will therefore determine which PA will be used. The solvent needs to fulfill several conditions. DNP experiments are usually performed at 100K as we need longer electron T 1 to efficiently saturate electron spin transitions using microwave irradiation, which is a requirement for CE to be efficient. In addition, it should be noted that performing experiments at 100 K also sometimes permits the stabilization and study of metastable phases such as CCHH, which would not be possible using standard SS-NMR. Moreover, at this low temperature, most solvents such as water would instantly freeze and have a high tendency to crystallize. Ordered solid structures of solvent exclude the radicals, that will aggregate, which would result in PA's clusters and therefore a heterogeneous distribution of the PA in the sample and hence a reduced DNP efficiency. To avoid this, the solvent used need to contain a good glass-forming agent such as glycerol (used in the so-called "DNP-juice" which is presented below) or DMSO for example. [START_REF] Rosay | Two-dimensional 13C-13C correlation spectroscopy with magic angle spinning and dynamic nuclear polarization[END_REF] In addition to this glass-forming ability, it is also mandatory to control the concentration of protons in the whole sample. Indeed, it has been shown in several works that the density (and therefore concentration) of protons had an impact on the final 1 H's polarization. [START_REF] Kagawa | Optimization of 1H spin density for dynamic nuclear polarization using photo-excited triplet electron spins[END_REF] Indeed, it has been shown that the less number of 1 H spins are to be polarized, the faster the 1 H polarization should be built up. However, a too low 1 H density would slow down the spin diffusion effect, and an optimized proton density needs to be determined. [START_REF] Kagawa | Optimization of 1H spin density for dynamic nuclear polarization using photo-excited triplet electron spins[END_REF][START_REF] Akbey | Dynamic nuclear polarization of deuterated proteins[END_REF] Thus, it is mandatory to adapt the concentration of PA (the optimal concentration will depends on the nature of the PA) and the concentration of the 1 H in the sample. It has been shown that the optimal concentration of protons could be obtained by using partially deuterated solvents. [START_REF] Kagawa | Optimization of 1H spin density for dynamic nuclear polarization using photo-excited triplet electron spins[END_REF][START_REF] Akbey | Dynamic nuclear polarization of deuterated proteins[END_REF] this is the case of the so-called "DNP juice", which is a mixture of [d8]-glycerol, D 2 O and H 2 O with precise volumic ratios (60%,30% and 10% respectively). This mixture has been presented first in an article by Robert G. Griffin in 2013 [START_REF] Ni | High frequency dynamic nuclear polarization[END_REF] and has shown really good DNP sensitivity enhancement factors (up to ε=226) on a 13 C-urea sample doped with the TOTAPOL polarizing agent at a temperature of 84 K.

The PA and solvent addition to the sample is a key step in the preparation of the DNP sample. Several techniques have been developed and improved in order to get the most homogeneous sample i.e. the better DNP efficiency. For example, the incipient wetness impregnation [START_REF] Le | Optimizing sample preparation methods for dynamic nuclear polarization solid-state NMR of synthetic polymers[END_REF] is one of the most commonly used technique for the study of samples as powders or porous materials and consists on the impregnation of the sample with the minimum amount of radical and solvent. Three other examples are the film casting, glass forming [START_REF] Le | Optimizing sample preparation methods for dynamic nuclear polarization solid-state NMR of synthetic polymers[END_REF] and supercritical CO 2 [START_REF] Le | Supercritical CO2 impregnation process applied to polymer samples preparation for dynamic nuclear polarization solid-state NMR[END_REF] techniques that are usually used on polymers. All these experimental aspects make of DNP a sample-preparation dependent technique, but the results obtained on DNP experiments these past decades have proved useful for samples that could not be investigated with standard NMR and can therefore be of a particular help for a wide range of study.

Measure of the DNP sensitivity enhancement factor

There are several ways to measure the sensitivity gain due to DNP. The most common one is the enhancement factor ε, which represents the intensity ratio between spectra recorded with and without microwave irradiation of the sample, all the other experimental conditions remain the same. The issue with the enhancement factor ε is that it is incomplete since it does not really compare the sensitivity gain between a DNP experiment and a non-DNP experiment because it does not take into account the sample changes due to the addition of the PA. To obtain a more precise and complete measurement of the sensitivity gain due to DNP, the sensitivity per unit time is usually measured by comparing a standard NMR experiment with a DNP experiment on the same sample. SS-NMR is a powerful tool that can be used in the structural study of crystalline materials. The different anisotropic interactions provide different structural information that can be obtained using a wide range of 1D and 2D experiments. Dynamic nuclear polarization sensitivity gain can provide a precious help in obtaining high-quality 2D spectra on dilute species, and the low temperature required for DNP experiments can

Synthesis of CCHH and experimental details

The polymorphism and hydrated crystalline phases of CaCO 3 • nH 2 O have been intensively studied for decades. Yet, the calcium carbonate hemihydrate phase has only been discovered in 2019 by Zou et al.. [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF] It can probably be explained by its metastability at ambient conditions, and also by the very specific synthesis conditions that are needed to favor its formation over the formation of more stable phases. In order to characterize CCHH with SS-NMR, it was first necessary to trap this form. In this chapter the experimental details concerning the powder XRD and NMR experiments along with the DFT-D methodology will be presented. In addition, the synthesis used to trap CCHH will be presented along with the reproducibility issues of the protocol used. The TopSpin software has been used in both cases to record and process the experiments. The Matlab software has been used to extract the NMR data, post-process the 2D experiments and plot the data into figures.

Experimental details

The 13 C direct excitation experiments were recorded with varying numbers of repeti-tions (MAS frequency, 8 kHz; recycle delay, 180s; 13 C 30°pulse at 100 kHz).

The room temperature and 253 K 1 H- 13 C CPMAS NMR spectra were recorded with varying numbers of repetitions (MAS frequency, 8 kHz; CP contact time, 4 ms; recycle delay, 2s; H 90°pulse at 100 kHz). 1 H decoupling was carried out using SPINAL64 with a 1 H nutation frequency of 100 kHz. The contact pulse on 1 H was linearly ramped from 50 kHz to 100 kHz and the 13 C CP spin lock r.f. field amplitude was 55 kHz. The 100 K 1 H- 13 C CPMAS NMR spectra were recorded with the same parameters except for the recycle delay which was set at 10 s.

Chemical shift anisotropy (CSA) powder patterns were recorded with the SUPER pulse sequence. The experiment has been performed at room temperature with 64 repetitions. It has been recorded with a MAS frequency ν RF = 5.5 kHz, using for the cross-polarization, ν RF ( 1 H) = 100 kHz (ramp.100) and ν RF ( 13 C) = 47 kHz. For recoupling 360°pulses, a nutation frequency ν 1 = 12.12.ν R = 66 kHz was used. Refocusing of CSA Hamiltonian occurs together with 1 H heteronuclear decoupling switching from 65 (during delays) to 25 (during pulses) kHz during 13 C irradiation. The states-TPPI procedure was used to achieve pure Lorentzian lineshape in the direct dimension. The acquisition of 13 C signal was performed with 60 kHz proton decoupling. The spectral width is determined by the scaling factor of the sequence (0.155) and by the spinning frequency. A MAS frequency ν R = 5.5 kHz is therefore used to provide a 5500/0.155 = 352 ppm. The resolution that can therefore be expected here is around 2.7 ppm. Indeed, it should be noted that the number of points in the indirect dimension is limited. This is due to the fact that 1 H- 13 C decoupling is applied during the t 1 evolution time. Indeed, t 1 is an integer of the rotor period, so at 5.5 kHz spinning frequency, the t 1 duration of the 256th point will already be 46 ms, which is close to the maximum pulse duration that can be handled by the probe. Data were Fourier transformed with TOPSPIN software, line broadening of 50 Hz was applied in the indirect dimension.

Proton spectrum was obtained using the 1 H-13 C HETCOR sequence. The experiment was recorded at 100 K with 16 repetitions, and a size of fid of 256 complex points in the indirect dimension and 2048 points in the direct dimension (MAS frequency, 8 kHz; recycle delay, 3 s). Homonuclear FSLG 1 H decoupling was applied with ν 1 ( 1 H) = 96 kHz during t1 and a contact time of 4 ms was used under Lee-Goldburg conditions. Pure absorption 2D spectra were obtained by using the States-TPPI procedure. Acquisition was performed with proton decoupling ν 1 ( 1 H) = 89 kHz. The 13 C chemical shift calibration has been performed before recording the HETCOR experiment, using a sample of powdered glycine alpha. The 1 H chemical shift calibration has been performed using the MHC proton signal present in the sample, calibrated at 5.43 ppm. [START_REF] Nebel | On the structure of amorphous calcium carbonate -A detailed study by solid-state NMR spectroscopy[END_REF] The dipolar coupling was obtained using the R20 2 9 experiment. The experiment has been performed with a MAS frequency ν R = 10 kHz, at room temperature. The rf field strength for the 1 H 90°pulses was 78 kHz, and the cross-polarization has been performed with ν RF ( 13 C) = 99 kHz and ν RF ( 1 H) = 89 kHz with a 50-100 ramp. The 13 C 90°pulses before and after the excitation and reconversion blocks respectively had a rf field strength ν 1 = 100 kHz. No decoupling is applied during the excitation and reconversion blocks. The (τ DQ ) delay corresponds to the excitation/reconversion blocks duration, equal to four times the rotor period i.e. 0.4 ms. The rf field strength for reconversion and excitation block pulses was ν 1 = 100 kHz. To extract the dipolar coupling, we can plot DQf/ZQf in function of τ DQ , and this curve is insensitive to incoherent relaxation effects. [START_REF] Saalwächter | Robust NMR approaches for the determination of homonuclear dipole-dipole coupling constants in studies of solid materials and biomolecules[END_REF] This experimental curve is fitted with the theoretical curves for DQf and ZQf and given by:

DQ f (τ) = 1 2 - π. 2 8 .J -1/4 ( 3 2 .b i j τk)J 1/4 ( 3 2 .b i j τk) (3.1)
and

ZQ f (τ) = 1 2 + π. 2 8 .J -1/4 ( 3 2 .b i j τk)J 1/4 ( 3 2 .b i j τk) (3.2)
respectively, where b i j is the dipolar coupling constant between the dipoles i and j determined by Equation 2.11. k is the recoupling scaling factor of the sequence and is equal to 0.174 and the symbols J ±1/4 are quarter-integer-order Bessel functions. The error bars on the experimental data points for DQf/ZQf in function of time are calculated using:

δ(s ±2 /s 0 ) = s ±2 s 0 . δs ±2 s ±2 2 + δs 0 s 0 2 (3.3)
With s 0 and s ±2 the amplitudes of the zero-quantum-filtered signals and doublequantum-filtered signals, respectively.

Dipolar coupling are measured for different structures. The different Models are loaded into the Mercury software, where a feature permits the internuclear distances measurement. The unit cell is then packed, and we manually measure and list the distances between the most central carbon and all the surrounding carbons up to 9 Å. Distances longer than 9 Å are not taken into account because their contribution to the total effective dipolar coupling of the structure is negligible. Indeed, a 13 C- 13 C distance of 9 Å between the central chosen carbon and another carbon corresponds to an increase in the total dipolar coupling of approximately 0.15 Hz i.e. a decrease in the effective 13 C- 13 C distance of approximately 0.004 Å. Distances higher than 9 Å therefore have even less effect on the effective distance and are neglected. The distance list is converted into a dipolar coupling list using Equation 2.11 page 47.

The 13 C relaxation time T 1 ( 13 C) of CCHH has been measured at 253 K using a saturation recovery experiment. 13 C signal build-up has been recorded at 100 K (with microwave irradiation) for CCHH using a saturation recovery 1 H- 13 C CP pulse se-quence. In both experiments, relaxation time was measured by fitting the data points with a mono-exponential function following Equation 3.4.

y = a 1 -exp -t T 1 (3.4)

SIMPSON simulations

NMR spectra were simulated using the SIMPSON software. [START_REF] Bak | SIMPSON: A General Simulation Program for Solid-State NMR Spectroscopy[END_REF] The simulations are performed by detecting at the Ix spin operator and taking into account 28656 crystal orientations (zcw28656.cry file). To obtain simulated CSA patterns, a zero spinning frequency is used to simulate static spectra, and a line broadening of 500 Hz is applied to the spectra. The input files used to simulate 13 C isotropic and anisotropic spectra are given in annexes of this manuscript.

Ssnake fitting

The Ssnake software (Version 1.4) was used to fit the CSA pattern of CCHH. The 1r file from the Topspin experiment is loaded into Ssnake, then the different CSA parameters are relaxed and fitted by the software.

DNP experiments

A CCHH sample has been impregnated using a DNP-juice with glycerol, D 2 O and H 2 O with volumic ratio of 60%, 30% and 10% respectively, and 10 mmol.L -1 of AmuPol.

All DNP experiments have been performed on the Bruker 9.4 T wide-bore magnet in Marseille facility, presented in the previous subsection. To allow the microwave irradiation of the samples, the spectrometer is equipped with a 4.8 T gyrotron (frequency, 263 GHz; power 4 W).

Powder XRD experiments

Part of the powder XRD was recorded at the Cardiff facility using a Bruker D8 instrument operating in transmission mode using CuK α 1 radiation (Ge-monochromated) and a 1D detector. The other part of powder XRD experiment was recorded at the Marseille facility using a device built on a high brightness rotating Cu anode, Rigaku RU-200BH. A double reflexion focalizing optic, OSMIC, permitted to select the Cu K α radiation only (λ = 1.5418 Å). The device was equipped by a 2D, flat image type detector, Mar345. The work power was 50 kV and 50 mA and the beam size was 0.25 mm 2 .

DFT-D computations

In the past decades, many works in Chemistry and Physics have been assisted by DFT. DFT is a quantum mechanical calculation method that studies the electronic structure of a given system, whether it be small (a few atoms) or huge (a few hundreds of atoms). In DFT, the electronic structure is determined by using functionals of the electron density. [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] DFT found its basis in the late 1920s with the pioneering work of L. Thomas and E. Fermi [START_REF] Thomas | The calculation of atomic fields[END_REF] on the electronic structure of materials. However, it is only since the 1960s than several theorems have started to emerge, improving the understanding and the possibilities of DFT.

NMR chemical shifts computation

DFT is a powerful tool that can give the precise molecular structure of a given structural model. Therefore, it can also probe the local environment of a given atom in this model. As the NMR magnetic shielding tensors depend on the local chemical environment, DFT can be used to extract the NMR chemical shift parameters of a nuclei of interest. This useful functionality of DFT has been used to compare different NMR parameters from the models obtained by geometry optimization with the experimental NMR parameters that have been obtained with the different experiments performed. These comparisons will be used to compare and discriminate the different model we have in order to find the most accurate one.

For the chemical shift computations, the Cambridge Serial Total Energy Package (CASTEP) software uses the Perdew-Burke-Ernzerhof (PBE) functional with the Gauge Including Projector Augmented Waves (GIPAW) method [START_REF] Pickard | All-electron magnetic response with pseudopotentials: NMR chemical shifts[END_REF] to increase the accuracy for the magnetic resonance computations. Both geometry optimization and chemical shift tensors computations coupled with NMR experiments form a powerful combination for the refinement of the molecular structure of a solid.

Geometry optimization

DFT also permits the geometry optimization of molecular structures of solids, by minimizing the energy of the structure will atom displacements.

The exchange-correlation functional used for the geometry optimizations of CCHH's structure is the Perdew-Burke-Ernzerhof (PBE) functional with a Tkatchenko-Scheffler (TS) dispersion correction. The cut off energy and k-point spacing parameters were optimized on the aragonite polymorph of CaCO 3 for the calculation to converge with a reasonable computational time/cost. Specifically, using cut-off energy of 770 eV and k-point spacing of 0.05 Å -1 guaranteed convergence. These two values were used for all the geometry optimizations carried out on the candidate structures.

Chemical shift reference

It is possible to compare the computed δ( 13 C) with the experimental ones. To do that, a chemical shielding reference σ r e f needs to be determined. Indeed, it should be noted that DFT predicts the absolute chemical shieldings σ i , while the experimental measurements give the relative chemical shift δ i . The relation between them is:

δ i = σ r e f -σ i (3.5)
It exists several ways to determine σ r e f . One of the most common is the linear regression. Using a set of compounds chemically close to that of interest, the computed σ i are compared with the experimental δ i . This corresponding points should form a regression straight line of slope equal to 1. The y-intercept of this line is σ r e f and can be used as a reference for the sample of interest. A linear regression has been plotted using calcite, aragonite, ikaite and monohydrocalcite (See Figure 3.1). The y-intercept is equal to 170.6 ppm and this value could be used for referencing the computed 13 C chemical shifts. However, the slope coefficient of this fitted curve is 0.7. This is probably due to the fact that we only use four points to fit the regression. Moreover, this set of molecules couldn't be used to determine the 1 H reference as only two of the four phases contain protons. Therefore, this method cannot be used in our study for the 13 C chemical shift. Another method to determine σ r e f is to use a single, well known, reference compound. In our case, nahcolite (of formula NaHCO 3 ) has be used. The geometry of the more recently published nahcolite structure [START_REF] Sharma | Sodium bicarbonate and its hydrogen atom[END_REF] has been optimized and σ i have been computed with the exact same parameters as for the computation on the different CCHH Models. The obtained σ i are compared with the published experimental δ( 1 H) and δ( 13 C) and the references for 1 H and 13 C are displayed in Table 3.1. 

Trapping CCHH

Synthesis of CCHH

Our first approach for the synthesis of CCHH was to reproduce the protocol of Zou et al.. [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF] This protocol relies on the preparation of two solutions, a calcium/magnesium solution and a carbonate solution. All chemicals and ultra pure HPLC water were purchased from Sigma-Aldrich. The calcium/magnesium solution (solution A) is prepared by dissolving various amounts of CaCl 2 •2H 2 O and MgCl 2 •6H 2 O for a total amount of 0.05 mol into 50 mL of ultra pure water. For simplicity, we will use ζ(i ) to describe the ratio between the cation i with respect to the total cation amount:

ζ(i ) = n i n C a 2+ + n M g 2+ (3.6)
The addition of magnesium ions enable the formation of CCHH over calcite. The carbonate solution (solution B) is prepared by dissolving 2 mmol of Na 2 CO 3 into 48 mL of ultra pure water. Then, 2 mL of solution A are added with a syringe to solution B in approximately 10 s. Calcium carbonate precipitates instantly after the beginning of the addition and we observe a white precipitate. The final solution containing 2 mmol of cations Ca 2+ +Mg 2+ and 2 mmol of Na 2 CO 3 in a total of 50 mL of ultra pure water evolves during a crystallization time of approximately 4000 s to let crystallization occur in solution. At the end of the crystallization time, the final solution is filtered under vacuum using nylon membranes filters of 0.2 µm pores and the white product obtained is stored in a freezer to increase CCHH's lifetime. Depending on the synthesis result, the obtained product could vary from a white dried powder to a white viscous paste. These differences are probably due to the amount of water in the structure of the obtained phase.

Despite our efforts, we could not reproduce hemihydrate using the Zou et al.'s protocol and the latter has therefore been modified in order to produce CCHH. The different optimizations that have been applied to Zou et al.'s protocol are described in the next subsection and are summed up on Figure 3.2, which shows the differences between Zou et al.'s protocol (blue) and our protocol (red). Our protocol will be called the conventional protocol in this manuscript. The main differences between both protocols are the stirring of the final solution during crystallization, and the crystallization kinetics in solution, which will be discussed in the next subsection. In addition to those changes, various ζ(Mg 2+ ) have been used to explore the reproducibility issues of this synthesis. These reproducibility issues are discussed further in this chapter. No direct excitation spectrum was recorded on these samples directly after synthesis and therefore the presence of anhydrous polymorphs of CaCO 3 has not been established. We observed that in the case of the protocol involving stirring, the sample does not only consist of CCHH, but also of ACC and MHC. It should be noted that obtaining 1 H- 13 C CPMAS spectra as pure as possible in CCHH will simplify the interpretation of future more complex NMR experiments. Moreover, obtaining pure samples will also simplify the interpretation of powder XRD patterns meant to confirm or not that the synthesized form is indeed CCHH. In this sense, different crystallization times have been tested and analysed using SS-NMR. Interestingly, the same crystallization pathway have been found, with the successive presence of ACC, CCHH and MHC respectively. However, a different kinetic has been observed in comparison with that of Zou et al. , which indicates that CCHH formation starts after approximately 33 min and CCHH transformation into MHC starts after approximately 75 min. In order to explore the kinetics and try to determine which crystallization time would give the purest CCHH sample, several synthesis with increasing crystallization times have been performed. The results are displayed on Figure 3.4. Three crystallization times have been tested by keeping all experimental parameters the same, and by performing the synthesis with the same batch of precursors and the same day (to avoid any precursor evolution by hydration or dehydration due to contact with air). Indeed, as the precursors used are hydrated salts, repeated contacts with air will modify the hydration level of the salts. The samples have been prepared with ζ(Mg 2+ ) of 20%. After 10 min of crystallization in solution, only ACC is observed in . After 33 min, the NMR spectra exhibits an intense CCHH signal and a small ACC signal, meaning that CCHH formation already started. The spectrum of the sample prepared with a 75 min crystallization time exhibits the presence of ACC, CCHH and also MHC. At this moment, the transformation of CCHH into MHC has started, but is not complete. Moreover, the presence of remaining ACC is observed. This can lead to two possible conclusions. First, this could explain the fact that the transformation from CCHH to MHC starts before the end of the transformation of all ACC into CCHH. Secondly, this could mean that not all ACC will transform and some will remain as it is. A possible explanation is that the broad ACC signal observed does not consist of only one ACC signal but a combination of different ACCs, with only one phase meant to transform into CCHH. Further experiments would be needed to explore this possibility. In the case of both possible conclusions, this explain why this protocol does not permit the obtaining of completely pure CCHH samples. It should be noted here that the same crystallization kinetic has been observed for samples prepared with ζ(Mg 2+ ) of 15%.

Modification of Zou et al.'s protocol

The use of magnesium impurities

The addition of magnesium impurities is known to favor the formation of metastable crystalline phases of calcium carbonate [START_REF] Rodriguez-Blanco | The role of Mg in the crystallization of monohydrocalcite[END_REF], and this is also the case for CCHH. [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF][START_REF] Aufort | Magnesium Impurities Decide the Structure of Calcium Carbonate Hemihydrate[END_REF] In Zou et al.'s protocol, the ζ(Mg 2+ ) ratio is fixed at 20%. In our conventional protocol, various ζ(Mg 2+ ) have been used, to explore the reproducibility of CCHH formation in function of the magnesium molar fraction used in the precursors. For that purpose, the success rates of CCHH synthesis have been measured, including all the syntheses that have been performed with the aim to form CCHH (i.e. with the conventional protocol, stirring and 33 min of crystallization time). The success rates are displayed on Figure 3 The number of trials for 10% is insufficient to conclude over the statistical success rate of the protocol. In the contrary, despite several trials for a ζ(Mg 2+ ) of 25%, no synthesis permitted to trap CCHH. Finally, CCHH has only been successfully synthesized for ζ(Mg 2+ ) of 15% and 20%, with success rates around 50%. Therefore, most CCHH synthesis should be synthesized with ζ(Mg 2+ ) between 15 and 20%.

The chemical reactions involved in the conventional protocol in the presence of magnesium impurities are presented on Figure 3.6. This hydrated ACC will then undergo a crystallization process along with a dehydration process to form CCHH of formula Mg x Ca 1-x CO 3 • 1 2 H 2 O with x=0.02. This result has been obtained using inductively coupled plasma-optical emission spectroscopy and thermogravimetric analysis/differential scanning calorimetry analysis. [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF] In order to verify this result, and explore the effect of the initial ζ(Mg 2+ ) on the final magnesium molar fraction in CCHH, elemental analyses were performed on two CCHH samples prepared using the conventional protocol on an Agilent AA 240F atomic absorption spectrometer driven by the SpectrAA software. Table 3.2 shows the elemental analysis results obtained on magnesium and calcium. It should be noted that the mass percentage in Table 3.2 are given for the whole samples. Therefore, elemental analysis does not give any information whether the magnesium atoms are included in the structure of CCHH or co-precipitated with CCHH.

CaCl 2 •2H 2 O + MgCl 2 •6H 2 O Na 2 CO 3
It is possible to calculate the expected calcium and magnesium molar fraction in a pure CCHH sample with a magnesium mass percentage equal to 0.67% and 0.47% in CCHH structure. We have two equations with two unknown variables, x for the magnesium molar fraction in CCHH structure, and y for the total molar mass of the Mg x Ca 1-x CO 3 • 1 2 H 2 O sample.

x.M(Mg) with z the magnesium molar percentage equal to either 0.47 or 0.67%.

+ (1 -x).M(Ca) + M CO 3 • 1 2 H 2 O = y (3.
In the case of z = 0.47%, we obtain a magnesium molar fraction x of 0.021 and in the case of z = 0.67%, we obtain x equal to 0.030. Our sample prepared with ζ(Mg 2+ ) equal to 20% presents a magnesium mass percentage of 0.47%, and therefore a magnesium molar fraction x equal to 2% in pure CCHH.

In the hypothesis that our sample is pure in CCHH, this result is convenient with the magnesium molar fraction measured by Zou et al.. Our sample prepared with ζ(Mg 2+ ) equal to 15% presents a magnesium mass percentage of 0.67%, and therefore a magnesium molar fraction x equal to 3% in pure CCHH. These results show a higher magnesium molar fraction in CCHH structure for lower ζ(Mg 2+ ) used, which seems counter-intuitive. Therefore, we can expect the samples (at least the second one) not to be pure in CCHH and may contains other species, such as remaining precursors MgCl 2 , CaCl 2 and Na 2 CO 3 or new formed species such as NaCl for example. The becoming of most of the different ions remains unclear, and we do not know if they stay solubilized in water and get evacuated during filtration, or if part or all of them remain in the sample. Elemental analysis experiment has been performed on sodium and a mass percentage of 0.14 ± 0.007% has been measured for Na in both sample previously studied by elemental analysis. Sodium species are then present in the sample, probably under the form Na 2 CO 3 or NaCl. Other analytical techniques could be used to explore the becoming of the different species.

Different ζ(Mg 2+ ) have been tested and the resultant magnesium molar fraction in CCHH structure have been explored. However, no ζ(Mg 2+ ) permits a total reproducibility of CCHH synthesis. It is possible to improve the success rate of CCHH synthesis, by performing seeding. Crystal seeding consists in the addition of crystals of interest in the crystallization system, in order to favor the formation of the polymorph of interest. Seeding can take many forms as the crystals can be added on the vessel walls, in the precursors or directly in the crystallizing solution. To produce CCHH samples through seeding, around 5 mg of a former as pure as possible CCHH sample were added in solution B at the exact same time as the solution A 2 mL addition.

To estimate the influence of seeding on CCHH crystallization, the success rates of the different synthesis performed with the aim to produce CCHH are displayed on We can see that the use of seeding increases the success rates of ζ(Mg 2+ ) equal to 15% and 20%. Moreover, it permits the production of CCHH at ζ(Mg 2+ ) of 10% and 25%, which wasn't observed without seeding. Finally, we see that the use of seeding did not permit to trap CCHH for ζ(Mg 2+ ) of 50% and 75%. nevertheless, it is important to notice that only a few trials have been performed for each ζ(Mg 2+ ) with seeding, and probably more would be necessary to improve this statistical model. However, we can undoubtedly conclude that seeding facilitates the obtaining of CCHH samples. However, it still does not permit a total reproducibility and moreover, a former CCHH sample is needed to perform the seeding.

Reproducibility issues

We have seen that the conventional protocol used wasn't fully consistent, despite the different improvements that have been made, and even despite the use of seeding.

Three different hypothesis that could explain this non-reproducibility have been explored.

First hypothesis

The first hypothesis is that the air temperature and humidity may have an impact on CCHH formation as it is the case for ikaite for example which only form at really cold temperature as mentioned in chapter 1. Indeed, air temperature and humidity may highly differ from summer to winter, leading to different synthesis result. Figure 3.8 shows the air temperature and humidity measured for all CCHH and MHC samples that have been prepared. We can see on this graph that CCHH has been synthesized in large conditions of temperature and air humidity, from 16.8 °C to 26.7 °C, and from 22.7% humidity to 71.9%, which represents the conditions for 95.7% of all synthesis. At this point, it seems that the differences in air conditions of a reasonable order as shown in this graph are not a total hindrance to CCHH formation, even if the latter has been observed more often at less than 22 °C and 50% humidity.

Second hypothesis

Another hypothesis for the non reproducibility of the protocol could be the changes in the hydration levels of the precursors. Indeed, the precurors salts quantities used here are calculated for a precise hydration level. The magnesium chloride is bought hexahydrated, the calcium chloride is dihydrated and the sodium carbonate is anhydrous. However, the contact with air during the opening of the recipients may induce hydration or dehydration of the salts and therefore change the quantities added to the prepared solutions. Figure 3.9 shows the chronology of all synthesis that were carried out during the CCHH's project's period. We observe that when CCHH is obtained successfully, it can be synthesized successfully during periods that can last months. In the contrary, we observe periods when CCHH cannot be synthesized for many samples in a row. This could support the hypothesis of the different salts hydration levels. Asterisks on Figure 3.9 indicate the date of changes in precursor batches. We see that the batches changes on August 2020 and January 2022 again permitted the synthesis of CCHH after periods of non-obtention, while the batches change on May 2022 "prevented" the synthesis of CCHH after months of good consistency. We could imagine that the hydration levels of the precursors slightly differ from one batch to another, which could have an impact on CCHH synthesis.

Third hypothesis

Another hypothesis that has not been explored in details is related to the pH of the crystallizing solutions. Indeed, the ultra pure water pH could change due to repetitive opening of the jar. Indeed, the carbon dioxyde present in the air will dissolve in water and produce H + and HCO 3 -ions, and pH will decrease. Moreover, due to the changes in the hydration levels of the salts and therefore change the actual quantities added, the final solution pH could also be modified. The pH of a final solution used in the conventional protocol has been followed and is displayed on Figure 3.10 and compared with the pH for the final solution of Zou et al.. Before the 2 mL addition of solution A into solution B, the latter's pH is around 11.4, which is approximatively 0.3 higher than Zou's one. This could be explained by differences in the hydration level of the sodium carbonate used as precursor. Once the addition is done, the pH instantly decreases, then slowly decreases during ACC's formation. Then the pH increases during transformation of ACC into CCHH, and then decreases again during transformation from CCHH to MHC. The differences of kinetics between Zou et al.'s reaction and ours is evidenced here, and we clearly see that the point of highest CCHH purity is reached in approximatively 2000 s instead of approximatively 4000 s for Zou et al.. Despite the difference in kinetics, we see that both curves follow the same trajectory, with a difference in pH of approximatively 0.3. it would be necessary to systematize this study for all the syntheses, and to correlate the measured pH with the obtained species.

Isotopic enrichment of CCHH samples

13 C isotopic enrichment

We have shown that CCHH conventional protocol was semi-reproducible with success rates of around 50%. If 1 H- 13 C CPMAS and non-quantitative 13 C direct excitation experiments are performed routinely on CCHH samples, this is not the case for more complex 2D experiments as those presented in Chapter 2, or for quantitative direct excitation experiments. Indeed, these experiments are quite long as it takes time to acquire both dimensions in 2D experiments and as the used recycle delays in quantitative direct excitation are of 2000 s. In order to decrease the number of repetitions needed, and therefore shorten these experiments, several samples have been isotopically enriched in 13 C. More importantly, the full 13 C enrichment of CCHH samples allowed 13 C- 13 C dipolar recoupling experiments, such as the symmetry-based R20 2 9 sequence presented in Chapter 2 to be carried out.

As the only source of carbons in the synthesis was sodium carbonate, the 13 C enrichment was performed using anhydrous Na 2 13 CO 3 . As no 13 C labelled sodium carbonate decahydrate can be bought, the protocol was modified to use anhydrous sodium carbonate. Both protocols permitted to obtain CCHH with the same kinetics.

43 Ca isotopic enrichment

An interesting point of the project that couldn't be studied was the study of the quadrupolar nuclei, and in particular of 43 Ca. However, due to its low natural abondance (0.135%) and low gyromagnetic ratio (approximately 14.29 times lower than proton's gyromagnetic ratio), 43 Ca is a highly insensitive quadrupolar nucleus. Therefore, 43 Ca NMR studies often use labelled calcium. In the context of this study, 43 Ca isotopic enrichment of CCHH samples was planned and to do so, two steps need to be taken into account. First, due to the high cost of labelled calcium, a scale down of the synthesis need to be performed and optimized. Indeed, the CaCl 2 mass used for the conventional protocol with a ζ of 15% is of 6.25 g for one sample, which wouldn't be affordable. The synthesis was thus scaled down step by step as shown on Figure 3.11.

Scale down factor: All the syntheses performed for this scale down study were realized during the same week and with the same precursors batches. Increasing the scale down factor by keeping the ζ constant didn't permit the synthesis of CCHH. Increasing the ζ to 20% permitted the synthesis of CCHH at a scale down factor of 4 and increasing it to 25% permitted to reach a scale down factor of 8. With a scale down factor of 8 and a ζ of 25% (and therefore calcium molar fraction of 75%), the CaCl 2 mass used now is of 0.68 g, which is more affordable.

The only available precursor is labeled calcite, but the Ca source in CCHH synthesis is powder calcium chloride dihydrate CaCl 2 •2H 2 O. To label CCHH in 43 Ca, we therefore need to be able to synthesize CCHH from CaCl 2 formed from calcite. For that purpose, HCl is poured on calcite to produce CaCl 2 , as well as H 2 O and CO 2 . HCl is added drop by drop until no CO 2 bubbling can be observed anymore, meaning that all CaCO 3 has transformed. A CaCl 2 solution is obtained and is then let to remove water and get a powder that is supposedly anhydrous CaCl 2 . The conventional protocol to form CCHH is then applied using the formed CaCl 2 and the result is checked with NMR. These tests have been done using natural abundance calcite. Figure 3.12 shows the chemical reaction involved along with the NMR results of the two tests performed. We can see that the two tests performed did not permit to synthesize CCHH and only ACC is observed. The reason why CCHH couldn't be obtained is still unclear, and one hypothesis could be that the produced CaCl 2 is not totally anhydrous and therefore the CaCl 2 quantity used could differ. Moreover, a chemical shift difference of 1.3 ppm is observed between the amorphous phases observed at 253 and 100 K. This difference could be explained by either the difference in NMR experiment temperature or by the formation of two different ACCs. As all precursors batches (except CaCl 2 which has been prepared) and used protocol were the same for both experiments, the producing of two different ACCs could only be due to different hydration levels of the two CaCl 2 samples formed.

The production of CCHH from calcite has not been successful yet, and additional experiments are needed to estimate the hydration level of the CaCl 2 produced to optimize the formation of CCHH from it and be able to 43 Ca label a CCHH sample.

NMR characterization and structure refinement of CCHH

In the case of hydrated crystalline phases, such as CCHH, the crystalline transitions go along with phenomena of hydration or dehydration. [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF] One of the keys to better understand these phenomena is to have an accurate representation of the structure of these crystalline phases. Having a structure as accurate as possible for CCHH is therefore the first step to understand the mechanisms involved in its formation and transformation, and more generally in its crystallization pathway. Zou et al. [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF] describe CCHH structure with a monoclinic geometry, of space group P2 1 /c. This chapter will introduce the crystal structure of CCHH reported in the literature as long with its discrepancies with experimental data, and will present the advances made by powder XRD and NMR crystallography to refine the structure of CCHH.

NMR study on calcium carbonate

Prior to the work described in this manuscript, many NMR studies have already been carried out on calcium carbonate phases, except for CCHH that has never been studied by NMR, yet. 13 C isotropic chemical shifts have been reported for the three polymorphs of CaCO 3 [START_REF] Nebel | On the structure of amorphous calcium carbonate -A detailed study by solid-state NMR spectroscopy[END_REF][START_REF] Michel | Structural characteristics of synthetic amorphous calcium carbonate[END_REF] and for the hydrated phases ikaite, [START_REF] Nebel | On the structure of amorphous calcium carbonate -A detailed study by solid-state NMR spectroscopy[END_REF] monohydrocalcite (MHC) [START_REF] Nebel | On the structure of amorphous calcium carbonate -A detailed study by solid-state NMR spectroscopy[END_REF][START_REF] Michel | Structural characteristics of synthetic amorphous calcium carbonate[END_REF] and amorphous calcium carbonate (ACC) [START_REF] Nebel | On the structure of amorphous calcium carbonate -A detailed study by solid-state NMR spectroscopy[END_REF][START_REF] Michel | Structural characteristics of synthetic amorphous calcium carbonate[END_REF]. These chemical shifts all are different and therefore permit an easy identification of the crystalline and amorphous phases of calcium carbonate. Interestingly, both references relate that vaterite is the only phase to exhibits two distinct carbon sites. Moreover, we can notice a ≈0.6 ppm difference between Nebel's and Michel's chemical shifts, suggesting a 13 C chemical shift's reference mistake for one of them. The 1 H chemical shifts have been measured by Nebel et al. only. Among the studied hydrated phases of calcium carbonate (i.e. MHC, ikaite, ACC), only MHC's and ACC's 1 H chemical shifts are reported. Surprisingly, a 1 H chemical shift is also reported for vaterite, an anhydrous polymorph and is explained in the article by the presence of water traces in the sample. 43 Ca NMR experiments have also been carried out on calcite, aragonite, vaterite and ACC [START_REF] Bryce | Calcium-43 chemical shift tensors as probes of calcium binding environments. Insight into the structure of the vaterite CaCO3 polymorph by 43Ca solid-state NMR spectroscopy[END_REF] and reported by Laurencin et al.. [START_REF] Laurencin | Development of 43Ca solid state NMR spectroscopy as a probe of local structure in inorganic and molecular materials[END_REF] The 43 Ca isotropic chemical shift, quadrupolar constant C Q and quadrupolar asymmetry parameter η q are reported in Table 4.2. Table 4.2.: 43 Ca isotropic chemical shifts and quadrupolar coupling tensor parameters C Q and η q for the three anhydrous polymorphs and for ACC reviewed by Laurencin et al. [START_REF] Laurencin | Development of 43Ca solid state NMR spectroscopy as a probe of local structure in inorganic and molecular materials[END_REF] and measured in multiple articles. [START_REF] Dupree | Natural abundance solid state 43Ca NMR[END_REF][START_REF] Bryce | Calcium-43 chemical shift tensors as probes of calcium binding environments. Insight into the structure of the vaterite CaCO3 polymorph by 43Ca solid-state NMR spectroscopy[END_REF] 43 Ca chemical shift (ppm)

Quadrupolar constant C Q (MHz) η q Calcite ≈ 22 ≈ 1.4 ≈ 0 Aragonite ≈ -26 < 0.68 X Vaterite
12.6± 2 3.7 ± 0.5 0.55 ± 0.1 ACC ≈ -0.80 to 4.4 X X

These results have been obtained on different spectrometers from 8.45 T up to 21 T. The 43 Ca reference used in both articles was a saturated CaCl 2 solution, even though it is now known that concentration affect the chemical shift so saturated CaCl 2 solution present deshielding up to ≈ 5 ppm with respect to 0.1 to 1 M CaCl 2 solutions, and a 1 M CaCl 2 solution should then be used for precise referencing. [START_REF] Trokiner | Solid state and solution 43Ca NMR of calcium peroxides involved in the disproportionation of hydrogen peroxide by calcium hydroxide[END_REF] The chemical shifts coming from different works and presented by Laurencin et al. [START_REF] Laurencin | Development of 43Ca solid state NMR spectroscopy as a probe of local structure in inorganic and molecular materials[END_REF] have therefore been re-referenced so all the datas appear as if they were referenced by a 1 M CaCl 2 solution. Other articles report similar 43 Ca isotropic chemical shifts for CaCO 3 • nH 2 O's phases, based on computational and experimental measurements. [START_REF] Singer | Structure and transformation of amorphous calcium carbonate: A solid-state 43Ca NMR and computational molecular dynamics investigation[END_REF][START_REF] Bryce | Calcium binding environments probed by 43Ca NMR spectroscopy[END_REF] These studies show that it is possible to identify phases by their 43 Ca chemical shift. Another study from Bryce [START_REF] Bryce | Calcium-43 chemical shift tensors as probes of calcium binding environments. Insight into the structure of the vaterite CaCO3 polymorph by 43Ca solid-state NMR spectroscopy[END_REF] showed that SS-NMR could be used to probe the environment of calcium sites in terms of the quadrupolar parameters and the chemical shift tensor.

Recently, SS-NMR experiments have been carried out on urchin samples containing spines or coronal plates. [START_REF] Albéric | Interplay between Calcite, Amorphous Calcium Carbonate, and Intracrystalline Organics in Sea Urchin Skeletal Elements[END_REF][START_REF] Ajili | Inorganic phosphate in growing calcium carbonate abalone shell suggests a shared mineral ancestral precursor[END_REF] Thanks to the referenced 13 C chemical shifts, the presence of calcite and ACC have been evidenced in these urchins. Moreover, the study of the 13 C signals width in both samples revealed a higher local disorder in calcite from the plates than from the spines. A 2D HETCOR experiment has also been recorded to explore the 13 C-1 H correlations, revealing that ACC's carbonates were strongly correlated with water for both samples. These results demonstrate how powerful NMR is for the study of crystallization, and in particular of calcium carbonate.

Solid-state NMR and powder XRD identification of CCHH

CCHH has been synthesized according to the experimental protocol described in Section 3. Figure 4.1 shows the comparison between the PXRD pattern reported by Zou and coworkers [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF], and the one acquired on the sample synthesized with the procedure used in our study. Powder XRD raw data reported in Zou et al.could not be analysed as the authors refused to share them with us. We hence resorted to manual analysis of the image. Both powder XRD patterns exhibit the same peaks and intensities. Small discrepancies for peaks intensities might be induced by differences in baseline correction. For an easier comparison, both patterns have been baseline corrected and normalized. Indeed, they both presented a bumpy baseline, probably due to the presence of ACC in the samples studied.

To confirm the sample purity, we compare the experimental powder XRD obtained with the simulated powder XRD patterns of other phases (simulated using Mercury). We can see that all phases present different powder XRD patterns, which make them identifiable by powder XRD. However, we see on Figure 4.1 that it is difficult to conclude over the purity of a sample, because of the lack of sensitivity. Moreover, it is not possible by powder XRD to obtain useful information on ACC and therefore, NMR will be used. To make sure that the phase we observe in NMR is indeed CCHH, stability of CCHH was also monitored with the help of powder XRD experiments before and after NMR, and are shown on As the relaxation time of all phases are not known, direct excitation spectrum has been recorded with recycle delay of 180 s and 30°1 3 C pulses, in order to estimate the relative quantities of every phases in the sample. We can see that both powder XRD are similar, which proves that this patterns correspond to the phase observed in 13 C NMR at 166.1 ppm. We observe intense peaks at 2θ = 16.7°, 29.5°, 36.0°, 42.3°, 45.1°, 45.8°and 49.1°, which are also observed on the powder XRD pattern on Figure 4.1 which means that the phase observed here is indeed CCHH. These peaks are less intense than the one presented on Figure 4.1 because of the use of a 1D detector (instead of a 2D detector for Figure 4.1). The bumpy shape of the patterns is due to the use of scotch tape to hold the sample in the diffractometer and also to the presence of ACC in the sample (broad and weak signal around 168 ppm observable in Figure 4.3.A). Moreover we observe that the pattern recorded after performing the NMR experiments displays less intense peaks, which could indicate that CCHH already undergo phase transformation within the NMR spectrometer. Finally, we note that the powder XRD patterns recorded either in Cardiff or in Marseille facilities with a 2D detector are of poor quality (in terms of intensity and resolution). This can be explained by the poor crystallinity of CCHH crystals, i.e. their particle size (needle-like crystals with a few µm length and ≈200 nm diameter [START_REF] Zou | Solid-state chemistry: A hydrated crystalline calcium carbonate phase: Calcium carbonate hemihydrate[END_REF]).

Regarding the NMR spectra, we can see on the 1 H- 13 C CPMAS spectrum an intense signal at 166.1 ppm, which corresponds to CCHH, and weak signals at 171.7 ppm and 168.3 ppm that correspond to MHC and ikaite, respectively. Because these three phases correspond to hydrated phases, their 1 H- 13 C CPMAS spectrum signals are enhanced by the cross-polarization. On the direct excitation spectrum, MHC and ikaite are barely detectable which, assuming quantitative conditions, suggests that they are present in low amount in the sample, although we do not know if the 13 C spectrum is quantitative. Moreover, we observe the appearance of a signal at 168.0 ppm which remains unidentified. Nevertheless, this signal has a very low intensity in comparison with CCHH, which means that CCHH is the main species in the sample. Except CCHH, no other phase is observed on the powder XRD pattern shown in To facilitate the identification of possible calcium carbonate forms in the samples and permit their structural characterization, experiments were systematically used as a quick verification tool of the presence or not of CCHH.

Because of a stability issue of CCHH at room temperature, both 1 H- 13 C CPMAS and 13 C direct excitation experiments were recorded at either low temperatures (between 253 K and 273 K) or very low temperatures (100 K). This stability issue will be discussed later on in this subsection.

In the context of our study, several crystalline and amorphous phases of CaCO 3 • nH 2 O have been synthesized and observed by either 1 H- 13 C CPMAS or 13 C direct excitation NMR experiments. Indeed, 13 C direct excitation NMR spectra were recorded to observe the anhydrous phases of calcium carbonate, which cannot be observed with 1 H- 13 C CPMAS experiments. The NMR 13 All the CaCO 3 • nH 2 O phases can be identified by their chemical shift and linewidth. Indeed, crystalline phases in NMR are known to lead to narrow lineshapes. On the contrary, amorphous phases are known to lead to broad lineshapes. Therefore, despite the small difference in chemical shift between ACC and calcite, the two phases can be differentiated by measuring their linewidth at half height. The linewidth at half height and 13 C chemical shifts of the different phases presented in Figure 4.4 are given in Table 4.3. It has been shown that it was possible to identify the different CaCO 3 • nH 2 O phases present in a specific sample using 1 H- 13 C CPMAS and/or direct excitation. However, the carbon relaxation times can reach hundreds of seconds and it requires hundreds of repetitions to obtain a reasonable signal in direct excitation experiments, which make them relatively long to acquire (a few hours minimum) in comparison with 1 H- 13 C CPMAS experiments (a few minutes). Thus, experiments only have often been recorded on the different samples to identify the presence or absence of CCHH and optimize the synthesis parameters.

In order to perform quantitative experiments on CCHH, it is necessary to measure its carbon longitudinal relaxation time T 1 ( 13 C). For that purpose, a saturation recovery experiment has been performed on a CCHH sample. The result is displayed in Figure 4.5. The collected data points are fitted using a monoexponential function and a 13 C longitudinal relaxation time of 80 s ± 4 s was measured for CCHH.

To estimate the disappearance rate of CCHH within the spectrometer at room temperature, a series of 13 C direct excitation experiments was carried out on a sample containing CCHH to study the intensity decay of CCHH signal. Temperature measurements using KBr [START_REF] Thurber | Measurement of sample temperatures under magic-angle spinning from the chemical shift and spin-lattice relaxation rate of 79Br in KBr powder[END_REF] have shown that in the case of a 20°C air temperature, the sample temperature would be 62°C in a 3.2 mm rotor spinning at 8 kHz. The first spectrum exhibits mainly ACC (purple area), but also CCHH (pink area) and aragonite (green area). We can observe on Figure 4.6.B that the CCHH signal integration in direct excitation follows a decreasing linear function. Based on the 13 C T 1 value measured for CCHH at 253 K, a quantitative spectrum could only be acquired by applying a recycle delay equal to 5 times the T 1 , i.e. 400 s. This signal evolution is therefore not fully quantitative for CCHH. However, Figure 4.6 shows that CCHH transformation in the spectrometer at room temperature and 8 kHz spinning speed only takes a few tens of hours. Similar tests have been performed at 253 K, showing that CCHH is stable for approximately 48 h, with no degradation. The use of a cooling system is therefore mandatory to study CCHH through long NMR experiments. The evolution of the ACC signal integration is also studied and we do not observe a significant variation in the signal intensity. Finally, aragonite signal seems to grow, following a linear increasing. The error bars are determined with the signal over noise ratio, which explains the large error bars for aragonite. Similarly to MHC [START_REF] Munemoto | Transformation kinetics of monohydrocalcite to aragonite in aqueous solutions[END_REF], we can imagine a crystallization pathway from CCHH to aragonite, which is more stable. This transformation would be driven by the dehydration of CCHH with the loss of a half water molecule, possibly due to the moderate temperature in the spinning rotor. It should be noted that the relaxation time of aragonite and ACC are not known, and therefore these direct excitation experiments are probably not quantitative because the recycle delay is 180 s. In other words, it is not possible to certify that CCHH is transformed into aragonite because other phases could be present in the sample without being observed due to long relaxation times. These potential non-observed phases could be the precursors of the observed aragonite or the products of CCHH transformation and should be investigated in the future.

Ikaite as a precursor to CCHH ?

As explained in Chapter 1, having a better understanding of the crystallization pathway of a polymorph is the key to understand how to control its formation and stabilization. In the context of this study, the hypothesis emerged that ikaite (CaCO 3 •6H 2 O) could be present in the crystallization pathway of CCHH as a precursor species. Indeed, ikaite has been observed in several CCHH samples. Since ikaite has almost the same chemical shift as ACC, it can be tricky to observe the NMR signal of ikaite. Therefore, we can only observe it in samples that almost do not contain ACC. Some CCHH samples present a small amount of ACC, and the existence of a potential sharp ikaite signal underneath the broad ACC signal has been explored. Both spectra of Figure 4.7 mainly exhibit CCHH, but also a weak signal for MHC. In addition, we also observe two signals at 168.1 ppm and 167.1 ppm that seems too sharp to be amorphous phases, and which remain unidentified. Reference [START_REF] Nebel | On the structure of amorphous calcium carbonate -A detailed study by solid-state NMR spectroscopy[END_REF] gives a 13 C isotropic chemical shift of 167.8 ppm for ikaite at 253 K, it is possible that the signal at 168.1 ppm could correspond to ikaite. However, the chemical shift observed is different of 0.2 ppm from the one observed for the sample of ikaite on Figure 4.8, and it is therefore complicated to certify that the signal observed is indeed ikaite. Interestingly, the signal at 167.1 ppm does not correspond to a signal of a known phase of calcium carbonate.

In order to explore the possibility of ikaite as a precursor species to CCHH, the conventional protocol has been applied at low temperature (278 K), because it has been shown that ikaite could be formed artificially at temperatures up to 12 °C. [START_REF] Purgstaller | Control of temperature and aqueous Mg2+/Ca2+ ratio on the transformation of ikaite[END_REF] A experiment and a powder XRD pattern were recorded on the synthesized phase. The powder XRD pattern for the synthesized phase is compared with the powder XRD pattern from reference [START_REF] Hesse | Refinement of the structure of Ikaite, CaC03 • 6 H20[END_REF] and they show no significant differences. It should be noted that attempts to record the 13 C NMR spectrum of ikaite at 253 K were unsuccessful. Therefore, this spectrum was recorded at 100 K. We observe a single signal at 168.3 ppm, which differs by 0.5 ppm from the chemical shift reported by reference [START_REF] Nebel | On the structure of amorphous calcium carbonate -A detailed study by solid-state NMR spectroscopy[END_REF], which might be explained by the difference of temperature (∆ = -150 K for our measurement). Interestingly, CaCO 3 • nH 2 O chemical shifts reported in the only paper characterizing ikaite by NMR present chemical shifts differences up to 0.5 ppm in comparison with chemical shifts observed in our study. We can therefore imagine that the chemical shift reported for ikaite may differ by up to 0.5 ppm. As mentioned in Chapter 2, ikaite usually forms at low temperature in the presence of magnesium and therefore its formation could have been favored by the use of the ice bath and the addition of magnesium species. However, the low temperature may have slowed down the kinetics of the reaction and permitted to trap ikaite within our sample. A series of tests using the same ice bath temperature and increasing crystallization times needs to be performed to explore this hypothesis.

DFT-D

Candidate structures

The DFT geometry optimization methodology has been applied to refine CCHH structure from Zou et al., using the CASTEP software. This structure will be called Model page 69.

In Model 00, the hydrogen atom positions were not determined and therefore the water molecule present in the crystalline structure of CCHH is represented as a single oxygen atom. To carry out Dispersion Corrected Density Functional Theory (DFT-D) calculations, it is necessary to create models containing complete water molecules.

Proton addition

Using the CRYSTAL software, [START_REF] Erba | CRYSTAL23: A Program for Computational Solid State Physics and Chemistry[END_REF] We can note first that the change of the β angle and the small contraction of the unit cell in Model 12 is hardly visible, at least from this point of view. However, we can see that all atoms position have been changed by the geometry optimization. In particular, calcium and carbon atoms present reasonable displacements, in comparison with the oxygen displacements whether it be for the water oxygens of for the carbonate oxygens. It seems therefore that the geometry optimization modified the carbonate geometries of Model 00, that were suspected of being incorrect. Table 4.5 shows the carbonates geometry differences (bond lengths and angles) between Models 00 and 12. We can see that Model 12 only presents one carbonate geometry, while Model 00 presents two. Moreover, we see that the differences between the bond lengths and between the bond angles are significantly smaller in Model 12 than in Model 00. This high carbonate symmetry is of the same kind that the one observed in the well-known using DFT as described in Sections 4.5.1 and 4.5.2, and 13 C-13 C dipolar couplings were determined. These values were then compared to the corresponding experimental values in order to identify the most probable CCHH crystal structure.

Isotropic chemical shift

The probably easiest NMR parameter to obtain is the isotropic chemical shift. In this section the 1 H and 13 C isotropic chemical shifts (δ( 1 H) and δ( 13 C) respectively) recorded experimentally are presented and compared with the ones simulated from DFT.

13 C isotropic chemical shift

The computed chemical shieldings σ i of the different Models are converted into computed chemical shifts δ i using the chemical shift reference presented in Table 3.1 page 71. Figure 4.13 compares the 13 C isotropic chemical shifts computed for the different structural models that have been generated in the context of this study, with the experimental chemical shifts measured for the CCHH sample at 273 K. We observe a 1.3 ppm difference between δ( 13 C) expt and δ( 13 C) Mod el 12 . The same difference is observed for measured and computed calcite. More generally, we observe that all phases show differences between experimental and computed 13 C chemical shifts up to 1.3 ppm. Nevertheless, all δ( 13 C) expt presented here are contained in the computed chemical shift's confidence intervals (represented by the error bars on each point). The confidence intervals determination has already been explained above, and we predict a 1.47 ppm confidence interval for Model 12 CCHH and a 1.38 ppm confidence interval for other phases.

1 H isotropic chemical shift

Besides the 13 C isotropic chemical shift, it is also possible to measure 1 H chemical shift using the HETCOR experiment (presented in Chapter 2), compared with the computed 1 H chemical shift from the different Models of this study. Figure 4.16 shows the 2D HETCOR spectrum recorded on a sample containing CCHH, ikaite and MHC, along with the 1 H projections of these three phases. [START_REF] Nebel | On the structure of amorphous calcium carbonate -A detailed study by solid-state NMR spectroscopy[END_REF], MHC should present an intense 1 H signal at 5.4 ppm corresponding to the H 2 O protons, and a weak signal at 1.6 ppm corresponding to the protons of the hydroxide ions HO -coming from a mobile water fraction. The signal intensity only allows the observation of the signal at 5.4 ppm. In the case of ikaite for which no 1 H chemical shift have been reported in literature, we observe an intense signal at 5.3 ppm and what seems to be a weak signal at 2 ppm. We can imagine the intense signal to possibly be ascribable to the H 2 O protons and the weak signal to the protons of the hydroxide ions HO -coming from a mobile water fraction. Finally, in the case of CCHH, we can only see one intense signal at 3.7 ppm possibly corresponding to the H 2 O protons. This experimental 1 H chemical shift is compared with the computed chemical shift of the different structures in Figure 4.17.

shift values (4.4 and 4.6 ppm). The difference between these two values lies within the 1 H chemical shift confidence interval, meaning that they would not be differentiated on an experimental spectrum. Finally, in the case of Model 12, we compute only one chemical shift at 4.8 ppm. Both Model 10 and 12 agree with the experimental spectrum showing a single isotropic chemical shift. However the experimental chemical shift lies outside of the confidence interval of the computed chemical shift value for Model 12.

The study of both 13 C and 1 H chemical shifts permitted to observe the influence of geometry optimizations on the structure proposed by Zou et al.. It is clear that both Models 00 and 07 do not give an accurate representation of CCHH' structure, neither in 13 C or 1 H. Considering only δ( 13 C) results, both Models 9, 10 and 12 could all provide a fair description of the CCHH structure, but could not be discriminated by only relying on 13 C data. However, when we include the 1 H computed chemical shift data, Models 09 and 10 only provide a good agreement with the experimental spectrum, suggesting that, overall, these are the models providing the best description of CCHH crystal structure. Importantly, it should be reminded that all Models presented discrepancies in the PXRD patterns. It therefore seems that the conclusions do not converge between PXRD and NMR isotropic chemical shift. We then decided to include additional NMR parameters to study the validity of the Models.

13 C Chemical shift anisotropy

We have seen that δ( 13 C) and δ( 1 H) do not permit to discriminate structures as close as Models 10 and 12 which have two different symmetries. Nevertheless, it should be reminded that the only differences between these two structures are the volume of the cell (0.54% smaller for Model 12) due to relaxation of the unit cell during optimization, and the β angle (90°and 90.52°for Models 12 and 10 respectively). To gain additional information, we recorded and analysed the 13 C chemical shift anisotropy, and compared the experimentally measured principal components of the shielding tensors, with the computed ones. The experimental CSA pattern of CCHH was recorded using the SUPER experiment presented in Chapter 2. The advantage of SUPER is that it is a 2D experiment allowing the two-dimensional separation of the chemical shift anisotropy powder patterns corresponding to the signals observed in the isotropic 13 C spectrum obtained in the direct dimension. By selecting the projection of the isotropic spectrum comprised between 165.8 and 166.3 ppm, we can extract the CSA pattern corresponding to the sole CCHH phase. This pattern is shown on Figure 4.18.B. To extract the CSA parameters, the experimental CSA patterns were analysed with the help of the ssNake software [START_REF] Van Meerten | ssNake: A crossplatform open-source NMR data processing and fitting application[END_REF] (see Section 3.1.3 page 68. The experimental CCHH's CSA pattern is compared with the CSA patterns simulated for the relevant candidate structures considered in our study, i.e. Models 00, 09 and dipolar coupling of CCHH have been measured using a symmetry based recoupling sequence (R20 2 9 ) and compared with the simulated C-C dipolar coupling of the different Models of this study. The 2D spectrum obtained from the R20 A R20 2 9 experiment has been carried out on a fully 13 C labelled sample containing CCHH, MHC and ACC. We can see in the direct dimension the 13 C isotropic spectrum, and in the indirect dimension the alternating double quantum filtered and zero quantum filtered signals.

Several theoretical curves are then plotted using Equations 3.1 and 3.2 with different b i j (dipolar coupling between the chosen central carbon i and all the surrounding carbons j ) and compared with the experimental one, as shown on The plotted error bars on the experimental points are plotted using Equation 3.3 on Page 67. It seems that the theoretical curve with b i j equal to 311.5 Hz gives the better agreement. This experimental dipolar coupling can be converted into a C-C distance of approximately 2.90 Å.

Importantly, it should be noted that we do not measure the dipolar coupling between two dipoles, but the effective dipolar coupling i.e. the sum of dipolar couplings in a multiple-spin system, which can be calculated using the Equation 4 Effective dipolar couplings and corresponding effective 13 C- 13 C distances are calculated for all Models, and compared with experimental value. It should be noted that the carbon positions are the same in Models 00 and 07 so only Model 07 is represented here. We see a decrease in effective dipolar coupling (i.e. an increase in effective 13 C- 13 C distance) when we optimize the positions of carbons, and the positions of carbons and other atoms. Moreover, the values for Models 09, 10 and 12 seem really close to the experimental one. It should be noted that even if the differences in dipolar couplings for the different Models seem significant, they corresponds to differences of less than 0.1 Å. As a matter of fact, even the most different Models are only separated by 0.07 Å. Therefore, it seems that dipolar coupling is not sensitive enough to discriminate Models having similar structures.

However, it could be interesting to explore the capacity of dipolar coupling to discriminate different crystalline phases of the same molecule. The same procedure as the one used for CCHH structures has been used to extract the effective dipolar couplings and effective 13 The different phases are displayed in the graphic in function of the number of water molecules in their respective structures. We can see that ikaite, which has six water molecules in its structure, presents a low effective dipolar coupling , and hence a longer effective 13 C-13 C distance. This can be explained by the fact that the high number of water molecules in the structure occupies a large volume and "spread" the carbon atoms. However, it seems that calcite, MHC and CCHH (Model 12) all present similar effective 13 C- 13 C distance within a range of 0.11 Å. This can maybe be explained by the fact that their number of water molecules are close (0, 0.5 and 1). However, in the case of aragonite we observe a short effective 13 C- 13 C distance of about 2.5 Å, which is significantly different from what is observed for the other anhydrous polymorph calcite. This means that the number of water molecules in the structure is only one factor impacting the 13 C-13 C distances. From these results, it seems that both ikaite and aragonite can be discriminated using dipolar coupling, but none of the other phases can. As dipolar coupling isn't sensitive enough to discriminate CCHH, MHC and calcite which have high structural differences, it makes sense that it is not sensitive enough to discriminate several candidate structures of the same crystalline phase.

According to these theoretical results, dipolar coupling is not sensitive enough to discriminate CCHH over calcite and MHC. The NMR results permitted the discrimination of the non optimized Models and therefore allow the structure proposed by Zou et al.to be discarded. However, they cannot discriminate Models 10 and 12, which have similar structures. For that purpose, it may be possible to discriminate these similar structures through the quadrupolar interaction.

13 C DNP preliminary results

As explained in Chapter 2, the quadrupolar interaction is much more sensitive to the chemical environment that the other NMR interactions. [START_REF] Lee | Interfacial Ca2+ environments in nanocrystalline apatites revealed by dynamic nuclear polarization enhanced 43Ca NMR spectroscopy[END_REF] However, quadrupolar nuclei are much more difficult to observe, and therefore DNP can be of a particular help in their study. Using DNP to enhance quadrupolar nuclei signals is a particularly tricky challenge though, as it is known that the polarization transfer from 1 H to quadrupolar nuclei is more complicated than for 13 C. [START_REF] Wang | Population transfer HMQC for half-integer quadrupolar nuclei[END_REF] In this subsection will be presented the preliminary DNP results on CCHH. The spectra were recorded at 100 K, with a spinning frequency of 8 kHz.

Microwave irradiation has been applied during the experiment for the orange spectrum only. The blue spectrum intensity has been multiplied by 5 for more clarity.

These spectra have been recorded at 100 K with (orange) and without (blue) microwave irradiation during experiment. We observe an enhancement of the CCHH signal by a factor ϵ=102 when microwave irradiation is applied to the sample. In the case of the MHC signal however, the measured enhancement is only of a factor ϵ=50. This difference means that the DNP effect is more efficient for CCHH than for MHC. An hypothesis that could explain this difference would be the size of the particles. Indeed, CCHH particles are needle-like particles of length around 1 µm while MHC forms through dumbell-like aggregates of several µm 2 . [START_REF] Liu | Crystallization and oriented attachment of monohydrocalcite and its crystalline phase transformation[END_REF] Smaller particles would be polarized more easily, and would give rise to a higher DNP enhancement.

To study the difference of polarization between CCHH and MHC, both DNP proton relaxation times with microwave irradiation of the sample (Tb on ( 1 H)) are measured by a saturation-recovery experiment and shown in The experiments have been done on a sample containing both phases, at 100 K and with a microwave irradiation during experiment. Note that the errorbars are smaller than the data points.

We can see that the polarization time is longer for MHC than for CCHH.

These preliminary DNP results show that it is possible to obtain a good DNP signal enhancement on a 1 H- 13 C CPMAS experiment on CCHH. The same impregnation method can therefore be used in a future study to facilitate the observation of quadrupolar nuclei such as 43 Ca or 17 O.

Conclusion

This manuscript summarizes the main part of my PhD work, meant to study a recently discovered metastable phase of calcium carbonate: calcium carbonate hemihydrate.

Chapter 3 explores the synthesis conditions of CCHH. Despite our effort, CCHH could not be synthesized following the published protocol. A new method is suggested here, which has enabled the formation of CCHH. In particular, the influence of several synthesis parameters such as solution stirring, magnesium molar fraction or crystallization time have been probed and discussed. It has been shown that some of these parameters were essential for CCHH to form, such as the stirring of the solution, and a crystallization time around 33 minutes. In addition, it has been shown that several precursor magnesium molar fraction could permit the formation of CCHH, with various synthesis success rates. Moreover, the use of seeding during the synthesis has proved to be of a particular help when it comes to improve the synthesis reproducibility. Despite our effort, this new protocol remains uncertain and only approximately 50 % of synthesis effectively produce CCHH. However, many additional information could be gathered on the system to improve the protocol (pH, salts hydration levels, etc) and to improve our understanding of CCHH's crystallization pathway. In particular, the presence of ikaite in CCHH's pathway has been explored but no conclusion has been made yet.

In Chapter 4, the study of CCHH' structure is presented. Published structure's inconsistencies have been pointed out in terms of molecule geometry and PXRD pattern. Zou et al.' structure (of monoclinic representation) has been geometry optimized following different pathways and these different models are presented. As CCHH is a metastable phase, all optimizations start from Zou et al.' structure, otherwise it would converge to another, more stable crystalline phase. We then performed the first NMR study of CCHH and obtained several experimental NMR parameters. They are compared with the NMR parameters computed for the different created models, to test their validity. The results confirm that Zou et al.' structure is not an accurate representation of CCHH. On the contrary, the model created by optimizing all atoms positions gives parameters values in agreement with experiments. This model is close to an orthorhombic symmetry, which has a higher order of symmetry than the monoclinic one. A model of orthorhombic geometry (space group Pbcn) of higher symmetry has therefore been created, and this model also satisfies the experimental NMR results. However, none of the created models present a fully corresponding PXRD pattern and therefore offer a perfect representation of CCHH' structure. These results tend to the conclusion that CCHH' structure is in a potential well that is inaccessible from our optimization starting point.
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Figure 1 .

 1 Figure 1.1.: Scheme of the crystallization process. Starting from a supersaturatedsolution, the nucleation step takes place by addition of monomers (atoms, molecules or ions) with the formation of either a small crystal or the formation of amorphous nuclei that will aggregate to form a small crystal. Finally, the small crystal will grow by addition of monomers.

Figure 1 . 2 .

 12 Figure 1.2.: A: Phase diagram in the case of a solution containing a solvent S and a compound C. The blue arrow represents the supersaturation induced by temperature variation (here, by cooling) and the pink arrow represents the supersaturation induced by evaporation of the S. The dashed curve is the solubility curve of C in the solution. B: ternary phase diagram for a solution containing C, S and a solvent in which C is poorly soluble S ps . The orange arrow represents the supersaturation induced by anti-solvent addition. The dashed curve is the solubility curve of C in the solution.

Figure 1 . 3 .

 13 Figure 1.3.: Scheme for the Classical Nucleation Theory

Figure 1 . 4 .

 14 Figure 1.4.: Scheme of the φ angle between the nucleus and the external surface. In the case of homogeneous nucleation (left), φ is equal to 180 • . In the case of heterogeneous nucleation, φ is inferior to 180 •

Figure 1 . 5 .

 15 Figure 1.5.: Evolution of the free energy of formation of the nucleus ∆ G in function of the size of the nucleus radius r. The total free energy variation is the sum of a bulk contribution (orange) and an interface contribution (blue).

Figure 1 . 6 .

 16 Figure 1.6.: Scheme of the two-steps mechanism.

Figure 1

 1 Figure 1.7.:The evolution of the free energy for the nucleation of a crystal from a solution in the case of a two-steps mechanism. ∆ G * 1 represents the free energy nucleation barrier to induce the transformation from the solution to a dense liquid aggregate.∆ G * 2 represents the free energy nucleation barrier to induce the transformation from the liquid-like aggregate to the crystal. ∆G L-L represents the free energy of formation of the dense-liquid. This curve represents the case of an unstable dense-liquid, i.e. ∆ G L-L >0. The case of a stable dense-liquid, i.e. ∆ G L-L <0is not represented here.

Figure 1 . 8 .

 18 Figure 1.8.: Scheme of the growth of a crystal with facets of different sizes. The growth's velocity of the facets decreases from A to C and is inversely proportional to the facets' sizes. The smallest faces tend to disappear and at the end of the growth, facet A has totally vanished.

Figure 1 . 9 .

 19 Figure 1.9.: Evolution of the free energy G during the transformation of a metastable polymorph into a stable polymorph.
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 3 nH 2 O can also have biological origins as it is the main constituent of eggshells, snail shells and the shells and skeleton of many marine organisms. Calcium carbonate also has many uses in different fields. It is a constituent of cement and concrete, and some calcium carbonate-based rocks such as marble are used as building materials. It is also used in the medicine field as a calcium supplement, in the agricultural field as soil additive, etc. The different occurrences and uses of calcium carbonate are displayed on Figure1.10.
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 1 Figure 1.10.: Scheme of the different occurrences and uses of calcium carbonate CaCO 3 • nH 2 O

Figure 1 .

 1 Figure 1.11 shows the unit cells for calcite, aragonite, ikaite and monohydrocalcite, in addition with the cell sizes.

Figure 1 .

 1 Figure 1.11.: Unit cells for calcite (A), aragonite (B), ikaite (C) and monohydrocalcite (D). The cell sizes are given for phase for comparison. The numbers of formula units are 2, 4,2 and 9 respectively.

Figure 1 .

 1 Figure 1.12.: CCHH' structure published by Zou et al. and displayed using the Ma-gresView software. The origin of the unit cell is represented by o. The unit cell dimensions are a, b and c. The angles of the unit cell α, β and γ are specified on the figure.
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Figure 1 .

 1 Figure 1.13.: Experimental powder XRD pattern from Zou et al. recorded with a 1.54Å wavelength, (blue) compared with the simulated powder XRD pattern for CCHH's published structure (orange). The orange pattern has been simulated using the Mercury software using a 1.54 nm wavelength.
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 21 Figure 2.1.: Representation of the orientation of spins without the presence of a large external magnetic field (A) and in the presence of a large external magnetic field B 0 (B). Without an external magnetic field, spins are randomly oriented.In the presence of B 0 there is a small preference for alignment with B 0 and the averaged magnetization will point in the same direction as the latter.

Figure 2 . 2 .

 22 Figure 2.2.: Representation of the energy levels with and without an applied magnetic field for nuclides with: A. I= 1 2 (red) B. I=1 (orange) C. I= 3 2 (blue). Nuclei with I=1 and I= 32 (blue) exhibit satellite transitions in addition (or not, in the case of I=1) to the central transition, which is not the case for nucleus with I= 1 2 (red). These nuclei, and more generally all nuclei with I> 1 2 are called quadrupolar nuclei.

Figure 2 Figure 2 . 3 .

 223 Figure 2.3.: Representation of the chemical shift tensor in the laboratory frame (x,y,z)and in the principal axis system (x P AS ,y P AS ,z P AS ).

Figure 2 Figure 2 . 4 .

 224 Figure 2.4.: Example of powder pattern that can be obtained on a solid sample. The three tensor components δ xx , δ y y and δ y y are indicated as well as the isotropic chemical shift δ i so and the anisotropy ∆δ.

Figure 2 . 5 .

 25 Figure 2.5.: Magnetic interaction between dipoles i and j , also called dipolar coupling.r is the distance between the barycenters of the dipoles (i.e. the atomic nuclei) and θ is the angle between the magnetic field and the vector connecting the dipoles.
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 22 Figure 2.6.: Pertubation of the energy levels for a I=3 2 nucleus when we take into account the quadrupolar interaction at first order. This scheme refers to a single molecular orientation.
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 22 Figure 2.7.: NMR sequence for the direct excitation experiment. The black pulse represents a 90°pulse.
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 22 Figure 2.8.: NMR sequence for the CPMAS experiment.

Figure 2 . 9 .

 29 Figure 2.9.: Pulse sequence of the 1 H-13 C FSLG-HETCOR. Black pulses are 90°pulseswhile white pulses are 360°pulses. Grey pulses are the magic-angle pulse (pma) pulses to put the magnetization at a the magic-angle compared to B 0 .
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Figure 2 .

 2 Figure 2.10.: Pulse sequence of the 13 C SUPER experiment. Black pulses are 90°pulseswhile white pulses are 180°pulses. Heteronuclear decoupling is represented as grey squares. The evolution time t 1 is equal to a rotor period τ R times the number of increments N.

Figure 2 .

 2 Figure 2.13.: Scheme of the three steps DNP enhancement of X nuclei's polarization

Figure 2 .

 2 Figure 2.14.: Representation of the energy levels in the case of a two spins (i.e. two electrons e1 and e2 (A), system three spins system i.e. two electrons and one nucleus (B).

4 Figure 2 .

 42 Figure 2.15.: Structure of the AMUPOL polarizing agent.

Figure 3 . 1 .

 31 Figure 3.1.: Linear regression curve obtained on a set of calcium carbonate phases.

Figure 3

 3 Figure 3.2.: CCHH' synthesis protocol by Zou et al.(blue) compared with the conventional protocol (red) used in Marseille. In the conventional protocol, quantities are given in function of the ζ ratio defined earlier in this chapter.

  Despite our effort, Zou et al.'s protocol did not lead to the production of CCHH but to the systematic formation of ACC. The protocol proposed by Zou et al.has been modified by adding solution stirring. In this case, CCHH, MHC and ACC could be obtained, as displayed on Figure 3.3.

Figure 3 .

 3 Figure 3.3.: 1 H-13 C CPMAS spectra for a sample prepared with stirring of the final solution during crystallization time (blue) and without it (orange). All other experimental synthesis parameters remain the same for both samples. Both spectra have been recorded at room temperature with a spinning speed of 8 kHz.
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Figure 3 . 4 .

 34 Figure 3.4.:13 C CPMAS spectra recorded for three samples with crystallization times of 10 min (orange), 33 min (yellow) and 75 min (blue). All other experimental conditions remain the same for all samples. These spectra were recorded at 263 K with a spinning speed of 8 kHz. The arrow with color gradient is a chronological representation of the crystallization pathway in solution.

BFigure 3 . 5 .

 35 Figure 3.5.: A. Number of synthesis trials with the will to form CCHH for various ζ(Mg 2+ ) with the conventional protocol. B. Success rates of CCHH synthesis, depending on the ζ(Mg 2+ ) with the conventional protocol. All synthesis have been done over the three years period of the project, and with the same experimental parameters except for ζ(Mg 2+ ).
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 36 Figure 3.6.: Chemical reactions for the formation of solutions A and B and for the mixing of both solutions. Part of the Mg 2+ ions substitute to Ca 2+ ions in CCHH's structure leading to a Mg x Ca 1-x CO 3 •aH 2 O structure.[125]
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 337 Figure 3.7.: A. Number of synthesis trials with the will to form CCHH for various ζ(Mg 2+ ) with the seeding protocol. B. Success rates of CCHH synthesis, depending on the ζ(Mg 2+ ) with the seeding protocol. All syntheses have been done over the three years period of the project, and with the same experimental parameters except for ζ(Mg 2+ ).
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 38 Figure 3.8.: Air temperature and humidity measured for all CCHH and MHC synthesis, including all ζ tested.

Figure 3 . 9 .

 39 Figure 3.9.: A. Chronology of all synthesized samples. The color pattern distinguish the periods when CCHH has been produced successfully (green), has not been obtained (red), and the period when no synthesis have been performed (grey). Asterisks indicate the changes in precursor batches. B. Number of samples prepared by month, as a function of time.

Figure 3 .

 3 Figure 3.10.: pH measurement as a function of time for the final solution of the conventional protocol (orange, with errorbars), compared to Zou et al.,s pH curve (blue). pH values have been measured each 60 s until 3600 s, with a final point at 17100 s. According to Zou et al.[73], the beginning of the transformation of CCHH into MHC is indicated by a black arrow.

Figure 3 .

 3 Figure 3.11.: 13 C CPMAS spectra for samples prepared with different scale down factors. the quantity for all precursors and water have been divided by either 1, 2, 4 or 8. The protocol used doesn't change and all experimental conditions remain the same except the Mg molar fraction that may change as precised by the different colors used. Spectra were recorded at 100 K with a spinning speed of 8 kHz.

  2.1 page 71. The synthesis has been checked by powder XRD, and the result is displayed on Figure 4.1. The powder XRD data shown in Figure 4.1 confirms that the CCHH phase has been successfully obtained with the experimental protocol used in this study.

Figure 4 . 1 .

 41 Figure 4.1.: CCHH powder XRD pattern published by Zou et al.(red)[73] compared with powder XRD pattern recorded on a sample prepared with conventional protocol (yellow). Yellow data were recorded at Marseille powder XRD facility.

Figure 4 Figure 4

 44 Figure 4.2.: Comparison between the experimental CCHH PXRD pattern (Marseille facility) (yellow dashed line) and the theoretical powder XRD patterns computed for the different crystalline phases of calcium carbonate.

Figure 4 .

 4 3.B. A 1 H-13 C CPMAS spectrum and a direct excitation spectrum have been recorded on a CCHH sample. These spectra are shown on Figure 4.3.A.

Figure 4 . 3 .

 43 Figure 4.3.: A. 1 H-13 C CPMAS and13 C direct excitation experiments recorded in Cardiff facility on a sample prepared with the conventional protocol. Spectra were recorded at 265 K with a spinning frequency of 8 kHz. Recycle delays were 4 s for 1 H-13 C CPMAS and 180 s for direct excitation. B. Powder XRD patterns recorded in Cardiff facility on the same sample than in A before recording the NMR spectra in A (green) and after it (purple). Both patterns have been denoised by applying a decreasing exponential apodization function on the FID of both patterns.

Figure 4 . 3 .

 43 B. This contrasts with the NMR spectrum shown in Figure 4.3.A, which displays signals arising from other CaCO 3 phases.

  C spectra of the synthesized phases are shown on Figure 4.4.

Figure 4 . 4 .

 44 Figure 4.4.: 13 C direct excitation (a and b) and 1 H-13 C CPMAS (c to g) experiments recorded for different CaCO 3 • nH 2 O phases synthesized in the context of this work. All the spectra were recorded at room temperature except for CCHH (253 K) and for ikaite (100 K). The 13 C chemical shift referencing was carried out using the α polymorph of glycine at 176.5 ppm. The spectra were recorded with a spinning frequency of 8 kHz.

Figure 4 . 5 . 4 .

 454 Figure 4.5.: CCHH signal evolution recorded with a Saturation-Recovery 13 C pulse sequence at 253 K. The build-up curve has been fitted with a monoexponential function following Equation 3.4 on page 68 with T 1 ( 13 C) = 80 s ± 4 s. The errorbars are smaller than the displayed data points.
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 446 Figure 4.6.: A. First and last 13 C direct excitation experiments recorded on a sample initially containing CCHH and ACC. The spectra are recorded at room temperature (62°C of sample temperature, calibrated using a KBr sample) with a spinning frequency of 8 kHz. The ranges have been determined through a suitable deconvolution of the peaks. B. Signal integration decay for the CCHH signal as a function of time spent within the NMR spectrometer. C. Signal integration evolution for the signal at 170.8 ppm that could correspond to aragonite. D. Signal integration evolution for the ACC signal.

Figure 4 .

 4 7 shows two deconvolution performed on the spectra of two different CCHH samples prepared years apart.

Figure 4 .

 4 Figure 4.7.: Deconvolution of two spectra recorded at 100 K for two samples prepared years apart and both containg CCHH, MHC, a small amount of ACC and which presents two unidentified sharp peaks.

Figure 4 Figure 4

 44 Figure 4.8.: A. Powder XRD pattern, on a sample prepared with the conventional pro-tocol in an ice bath at 278 K (blue) compared with the ikaite powder XRD pattern from reference[START_REF] Hesse | Refinement of the structure of Ikaite, CaC03 • 6 H20[END_REF] (orange) (recorded in Marseille facility). B. 1 H-13 C CPMAS spectrum of the phase observed in A (blue pattern). Spectrum was recorded at a temperature of 100 K and a spinning frequency of 8 kHz.

  hydrogen atoms were added to the single oxygen atom in Model 00 in six different arrangements corresponding to the formation of plausible O-H•••O hydrogen bonds to the oxygen atoms of carbonate anions as the hydrogen-bond acceptors. The hydrogen atoms were placed with O-H bond distances of 0.96 Å along vectors pointing towards neighbouring carbonate oxygen atoms, anticipating the formation of O-H•••O hydrogen bonds as discussed above. The six Models created in this way are summarized in Table 4.4, where they are referred to as Model 01 to 06. Table 4.4.: Geometric features of the six models representing plausible intermolecular hydrogen bonding for the water molecule. O(w)•••O(c) is the distance between the water oxygen O(w) and the carbonate oxygen O(c) toward which the hydrogen bond is aligned to. O(c)•••O(w)•••O(c) is the angle between the water oxygen O(w) and the carbonate oxygens O(c) toward which the hydrogen bonds are aligned to. Models O(w)•••O(c) / Å O(c)•••O(w)

Figure 4 .

 4 Figure 4.11.: Overlay of structures for Model 00 and Model 12. This figure has been provided by Dr Colan E. Hughes using a homemade Mathematica code.

Figure 4 .

 4 Figure 4.13.: 13 C isotropic chemical shifts calculated for the main models of this study (shades of orange) and comparison with the 13 C isotropic chemical shift measured experimentally on CCHH at 273 K(blue). The error on the experimental value (represented by the two blue horizontal lines) was determined by the width at half height measured on the experimental signal.

Figure 4 .

 4 Figure 4.15.: Comparison between experimental and simulated 13 C isotropic chemical shifts for different CaCO 3 • nH 2 O phases. The chemical shift reference for the simulated datas has been obtained on nahcolite (see Section 3.1.6.3)

Figure 4 .Figure 4 .

 44 Figure 4.18.: A. 2D spectrum recorded on a sample containing CCHH, ACC and MHC. The experiment has been recorded at room temperature with a spinning frequency of 5.5 kHz. B. CCHH's CSA pattern extracted from the projection between 165.8 and 166.3 ppm.

Figure 4 .

 4 Figure 4.19.: Experimental CCHH CSA pattern (blue) extracted from the SUPER experiment compared with the fitted curve (pink).

Figure 4 .

 4 Figure 4.19 shows the comparison between the experimental and best-fitted13 C CSA profile of CCHH, corresponding to the isotropic peak appearing at 166.1 ppm. The pattern was fitted by relaxing ∆δ, η and δ i so . The best fit of the CSA pattern of CCHH is obtained for ∆δ=-47.6 ppm and η=0.45. 

Figure 4 .

 4 Figure 4.21.: R20 2 9 experiment recorded on a fully 13 C labelled sample of CCHH. Experiment has been recorded at room temperature and 10 kHz spinning frequency.

Figure 4 Figure 4 .

 44 Figure 4.22.: Experimental DQf/ZQf points in function of τ DQ (blue points), compared with several theoretical curves plotted with different dipolar coupling values b i j (shades of blue and pink).

Figure 4 .

 4 Figure 4.23.: Effective dipolar couplings (and corresponding effective 13 C-13 C distances) calculated for the different Models, compared with the experimental dipolar coupling for CCHH, measured using the R20 2 9 sequence.

  C-13 C distances for different crystalline phases of calcium carbonate. The results are displayed on Figure4.24.

Figure 4 .

 4 Figure 4.24.: Theoretical effective dipolar couplings (and corresponding effective 13 C-13 C distances) computed for different calcium carbonate crystalline phases.

A

  CCHH sample has been impregnated with glycerol/D 2 O/H 2 O and AMUPol as explained in Chapter 4. The DNP enhancement has been measured on this impregnated sample. Two identical 1 H-13 C CPMAS experiments have been recorded. One of them with microwave irradiation and the other one without. These two spectra are shown on Figure 4.25.

Figure 4 .

 4 Figure 4.25.: 1 H-13 C CPMAS spectra recorded on a sample containing CCHH and MHC.The spectra were recorded at 100 K, with a spinning frequency of 8 kHz.Microwave irradiation has been applied during the experiment for the orange spectrum only. The blue spectrum intensity has been multiplied by 5 for more clarity.
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 44 Figure 4.26.: DNP relaxation time (Tb on ) measurement for MHC (A) and CCHH (B).The experiments have been done on a sample containing both phases, at 100 K and with a microwave irradiation during experiment. Note that the errorbars are smaller than the data points.
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Table 1 .

 1 .1 gives the bond lengths and angles in the case of the carbonate C 1 O 1 O 2 O 3 shown on Figure 1.12 as well as the general range of bond length and angles for Zou et al.CCHH structure. The values for the carbonate groups in monohydrocalcite (MHC) also are given for comparison. 1.: Values of bond lengths and angles in Zou et al.'s CCHH' structure and in MHC. These datas are extracted using the Mercury software on structures determined at room temperature. The nomenclature CO 1 O 2 O 3 for the carbonate is used.

		Zou et al.CCHH	MHC (Z=3)
		(Z=2)	
	C-O 1 / ± 0.01 Å	1.29 / 1.41	1.28 / 1.28 / 1.28
	C-O 2 / ± 0.01 Å	1.35 / 1.24	1.30 / 1.30 / 1.30
	C-O 3 / ± 0.01 Å	1.38 / 1.23	1.31 / 1.31 / 1.31
	O 1 -C-O 2 / ± 0.1°129.3 / 122.2	119.6 / 121.7 / 121.9
	O 2 -C-O 3 / ± 0.1°113.2 / 100.8	118.9 / 118.9 / 119.0
	O 3 -C-O 1 / ± 0.1°116.1 / 135.0	121.4 / 119.3 / 119.0

  It has been described first by Isidor Rabi in 1938 on molecular beams and by Edward Mills Purcell and Felix Bloch in 1946 on liquids and solids. They received the Nobel Prize in Physics for their work, in 1944 and 1952 respectively.

  2 9 pulse sequence is represented on Figure2.11.

	R20 2 = 9	Rφ	R-φ
					10
		90 81	270 261	90 279	270 99
					10
			2τR
	Figure 2.11.: R20 2	9 scheme. It should be noticed that all phases are written as positives
	for convenience, a -81°phase is therefore written as a 360-81=279°phase.

  DQf) and Zero Quantum filtered (ZQf) coherences. Black pulses represent 90°pulses while white pulses represent 270°pulses. Phases of the pulses for the excitation and reconversion parts are described in the text. No 1 H decoupling is applied during these two parts.

		Excitation of	Reconversion		Excitation of	Reconversion
		DQ and ZQ	of DQf		DQ and ZQ	of ZQf
		CP			CP	
		φ3 φ5 φ5 φ3	φ7 φ9 φ8 φ6		φ3 φ5 φ5 φ3	φ7 φ9 φ8 φ6
		φ1 φ2 φ4 φ4 φ2	φ6 φ8 φ9 φ7	φ10	φ1 φ2 φ4 φ4 φ2	φ6 φ8 φ9 φ7	φ10
	¹³C	CP			CP	
				Acquisition		Acquisition
		2τR	2τR	of DQf	2τR	2τR	of ZQf
	Figure 2.12.: Pulse sequence of the R20 2	9 experiment used to obtain Double Quan-
		tum filtered (			

The phase cycling is φ1 = { ȳ, ȳ, ȳ, ȳ, ȳ, ȳ, ȳ,

ȳ, ȳ, ȳ, ȳ, ȳ, ȳ, ȳ, ȳ, ȳ, y, y, y, y, y, y, y, y, y, y, y, y, y, y, y

, y} ; φ2 = {81°} ; φ3 = {261°} ; φ4 = {279°} ; φ5 = {99°} ; φ6 = {171°} ; φ7 = {351°} ; φ8 = {9°} ; φ9 = {189°} ; φ10 = {y}. Phases 6 to 10 are incremented by 90°.

Table 3 .

 3 1.: 1 H and13 C computed chemical shieldings and experimental chemical shifts for nahcolite, along with the resulting chemical shift references.

		1 H	13 C
	Computed σ i (ppm)	15.91	5.13
	Experimental δ i (ppm)	14.1[184]	164.56[185]
	σ r e f (ppm)	30.02	169.69

Table 3 .

 3 2.: Elemental analysis results for two CCHH samples with magnesium and calcium mass percentage and the ζ ratio in the whole samples. Both samples have been prepared using the conventional protocol with various magnesium molar fraction in solution A: 15% for sample 1 and 20% for sample 2.

	Sample	Mg mass	Ca mass	ζ(Mg 2+ ) /%
		percentage /%	percentage /%	
	1	0.67 ± 0.03	31.36 ± 1.57	1.28 ± 0.09
	2	0.47 ± 0.02	33.56 ± 1.68	0.88 ± 0.06

  Figure 3.12.: A. Chemical reactions involved for the formation of CCHH from CaCl 2formed from calcite. B. 1 H-13 C CPMAS spectra for two samples prepared with conventional protocol and using CaCl 2 formed from calcite. Spectra were recorded using a 8 kHz spinning speed at either 253 K (blue) or 100 K (orange).

						168.7	167.4
	CaCO 3 + 2HCl		CaCl 2 + H 2	O + CO 2
	CaCl 2 + Na 2 CO 3	+	H 2	O	CaCO 3 H 2 O + 2NaCl

Table 4 .

 4 1 H chemical shifts also have been reported using direct excitation experiments with moderate spinning speeds (15 kHz).[START_REF] Nebel | On the structure of amorphous calcium carbonate -A detailed study by solid-state NMR spectroscopy[END_REF] The13 C et 1 H isotropic chemical shifts reported in the literature are displayed in Table4.1. 1.:13 C and 1 H isotropic chemical shifts reported in literature for different anhydrous and hydrated phases of calcium carbonate. All data reported have been collected on abiogenic samples.

		13 C chemical	1 H chemical shift	Reference
		shift (ppm)	(ppm)	
	Calcite	168.7 168.2	X X	Michel[186] Nebel[177]
	Aragonite	171.0 170.5	X X	Michel[186] Nebel[177]
	Vaterite	170.7 ; 169.6 170.1 ; 169.0	X 5.6	Michel[186] Nebel[177]
	MHC	171.7 171.0	X 5.4	Michel[186] Nebel[177]
	Ikaite	168.0	X	Nebel[177]
	ACC	169.0 168.0	X 5.0 ; 2.3	Michel[186] Nebel[177]

Table 4 .

 4 3.: Linewidth of the different 13 C signal displayed in Figure 4.4.

		Calcite Aragonite ACC Ikaite MHC CCHH
	Linewidth at half height / Hz (± 10)	40	50	170 270	30	50	40
	13 C chemical						
	shifts at room temperature /	168.6	170.9	169.4 168.7	/	171.7 166.1
	ppm						
	13 C chemical shifts at 100 K / ppm	No data No data	169.0 168.4	168.3 171.5 165.9

Table 4 .

 4 5.: Values of bond lengths and angles in Zou et al.'s CCHH' structure (Model 00) and in our optimized orthorhombic structure (Model 12). The nomenclature CO 1 O 2 O 3 for the carbonate is used.

		Model 00	Model 12
	C-O 1 / ± 0.01 Å	1.29 / 1.41	1.28
	C-O 2 / ± 0.01 Å	1.35 / 1.24	1.30
	C-O 3 / ± 0.01 Å	1.38 / 1.23	1.31
	O 1 -C-O 2 / ± 0.1°129.3 / 122.2	123.6
	O 2 -C-O 3 / ± 0.1°113.2 / 100.8	118.1
	O 3 -C-O 1 / ± 0.1°116.1 / 135.0	118.3

  Figure 4.14.: Simulated13 C spectra for Models 00 (yellow) and 12 (red) compared with experimental 1 H-13 C CPMAS spectrum recorded on a sample of CCHH (blue). Both simulated spectra were obtained with the Simpson software, applying a line broadening of 50 Hz and a spin rate of 8 kHz. The experimental spectrum was recorded at 273 K with a spinning frequency of 8 kHz, and postprocessed with a line broadening of 50 Hz.13 C chemical shift was referenced using a sample of powdered alpha glycine as described in Section 3.1.1 page 65.The difference between the experimental chemical shift and the computed one for Model 12 can be compared with the difference for the other CaCO 3 • nH 2 O crystalline phases. The difference between computed and experimental13 C chemical shifts for calcite, aragonite, ikaite and MHC are displayed on Figure4.15.

			173			Measured CCHH		
			172			Simulated Model 00	
			171			Simulated Model 12	
		ppm	170							
		/								
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		13 C	166							
			165							
					CCHH Model 12				
			164							
			163							
			164	165	166	167	168	169	170	171	172	173
						Experimental		
						13 C chemical shift / ppm	

  .1.[START_REF] Zorin | Quantification of homonuclear dipolar coupling networks from magic-angle spinning 1H NMR[END_REF][START_REF] Thureau | Selective internuclear coupling estimation in the solid-state NMR of multiple-spin systems[END_REF] This experimental effective dipolar coupling can be compared to theoretical effective dipolar couplings computed for different Models of CCHH, as explained in Section 3.1.1 page 65.The effective dipolar couplings are compared with the experimentally measured effective dipolar coupling. The comparison is shown on Figure4.23.

		D =	j	(b 2 i j )	(4.1)
	C distance / Å	2.88 2.9 2.92 2.94		318.1 311.5 305.2 299.0	13 C-13 C dipolar
	Effective 13 C-13	2.8 2.82 2.84 2.86		346.1 338.8 331.7 324.8	\ Hz coupling
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A. SIMPSON 

Geometry optimizations with space group Pbcn and relaxed unit cell

In Model 10, the two carbonate anions are very similar in molecular geometry and are related to each other by a crystallographic symmetry element that is not expected in space group P21/c, to which Model 00 belongs. Furthermore, the water molecule (including the hydrogen atoms) appears to lie on a 2-fold rotation axis parallel to the c-axis. These high-symmetry crystallographic features, together with the fact that the β angle of the monoclinic unit cell (β = 90.52°) is close to 90°, suggest that the structure may actually have an orthorhombic symmetry. To assess this hypothesis, the β angle was changed to 90°to generate an initial structure in Pbcn space group, together with re-ordering of the unit cell axes. This initial structure was then subjected to full DFT-D geometry optimization using CASTEP (assuming space group Pbcn) including relaxation of the unit cell, which converged to a final structure indicated as Model 12. As expected, this calculation led to a contraction of the unit cell (with a reduction in volume of 0.54%), but with no significant changes in atomic positions with respect to Model 10, from which this structure was derived.. Figure 4.9 sums-up all the models that have been created and optimized in the context of our study. 

Structure comparison for the Models of interest

Once the different candidate structures were generated and optimized, we assessed their structural properties. We can directly compare Models 00 and 12 by rotating them in the same direction to see the atoms displacements. and MHC crystal structure. However, assessing the main geometry modifications occurring among the different candidate structures considered in this manuscript does not allow to conclude on the goodness of the different Models. In the rest of the chapter, I discuss how X-ray diffraction and NMR data can help identify the best candidate structure.

Powder XRD comparison

Powder XRD was used to assess differences between the generated models. The powder XRD patterns corresponding to the generated model structures, simulated as described in Section 3.1.5 page 68 are displayed in Figure 4.12 where they are compared to the experimental powder pattern acquired on CCHH. The parameters used for recording the experimental pattern have already been presented in Section 3.1.5 page 68. The powder XRD patterns for the different Models were generated using the Mercury software with a wavelength of 1.5418 Å and plotted using Matlab. Figure 4.12.B. shows that significant discrepancies exist in all patterns in comparison with the experimental one. In particular, we see that all simulated patterns present intense peaks at 2θ=24.3°, about 31°and about 40°. Interestingly, experimental pattern present a semi-intense signal at 27.1°that is only present for Models 00, 07 and 08. The differences between experimental pattern and simulated ones have been measured to give a quantitative comparison. The pattern intensities need to be normalized in order to be compared. A normalization by maximum intensity only would put all the weight of the comparison Root-Mean Square (RMS) on the most intense peak. In order to normalize all peaks of the pattern with the same weight, a normalization vector has been used. The first step is to normalize the simulated pattern maximum intensity to the maximum intensity of the experimental pattern. In the second step, the new simulated pattern intensities are multiplied by a normalization vector from 0.1 to 10 with 0.01 steps. This will produce for each simulated pattern a list of patterns with different intensities. The last step consist to measure the RMS between the experimental pattern and each one of these various intensities patterns. Only the lower RMS is kept for each simulated pattern, and the normalization factors leading to these smallest RMS are extracted. Both the RMS values and normalization factors are given in Table 4.6 for each Models. Quantitatively, the orthorhombic optimized structure (Model 12) seems not to fit well the experimental powder XRD pattern. In contrary, it seems that the best fitting pattern is that of Model 00 i.e. Zou et al.'s structure. According to these results, monoclinic structures seem to be of a better agreement with experiment than Model 12. However, the interpretation of these powder XRD results is complicated and therefore NMR will be used to investigate the different Models.

NMR crystallography

In view of refining the crystal structure reported for CCHH, candidate crystal structures were generated from this structure as described in Section 4.3.1. Then, on the generated crystal structures, isotropic and anisotropic chemical shifts were calculated To assess which among the proposed candidate structure could represent relevant crystal structure, it is necessary to assess the confidence interval on the computed chemical shifts. As discussed by Emsley and coworkers, [START_REF] Baias | De novo determination of the crystal structure of a large drug molecule by crystal structure prediction-based powder NMR crystallography[END_REF] confidence intervals can be estimated considering several parameters, including the level of theory used, the atom studied and the quality of the crystal structure used for the computation. The σ i are computed with a confidence interval, which depends on several parameters such as the level of DFT theory used for the computations, the nature of the atom studied and the geometry optimization conditions that have been used before the NMR computations. The confidence interval has been determined using Reference [START_REF] Hartman | Fragmentbased 13 C nuclear magnetic resonance chemical shift predictions in molecular crystals: An alternative to planewave methods[END_REF] which states that a 13 C isotropic chemical shift computed on a GIPAW-PBE optimized structure using the Tkatchenko-Scheffler (TS) dispersion correction presents a confidence interval for 13 C chemical shifts of either 1.5 ppm or 1.4 ppm (for geometry optimizations with with relaxed unit cell or fixed unit cell respectively), where this value refers to the root mean square deviation between the chemical shifts calculated for all the 13 C nuclei of the considered molecular compound (i.e. here the carbons belonging to the carbonate groups present in each candidate crystal structure) and the experimental ones. It follows that for crystal structures in which a sole carbonate group composes the asymmetric unit, the confidence interval coincides with a simple difference between the calculated and computed 13 C chemical shift of the carbonate group. We can see that Model 00 presents two different δ( 13 C) which demonstrates the presence of two different carbon sites in the unit cell. These chemical shifts of 167.8 ppm and 177.7 ppm show a difference of nearly 10 ppm. This result is not consistent with CCHH's experimental chemical shift. Indeed, and as shown previously in Chapter 3, the experimental 13 C NMR spectrum of CCHH exhibits only one signal, with a chemical shift of 166.1 ppm (at 273 K). The computed δ i for the different optimized models are also compared with the experimental result. When only the protons are relaxed (Model 07) i.e. when only the proton positions are optimized, we still observe two different carbon sites, and the chemical shift difference between them is almost the same (168.6 and 178.7 ppm) suggesting that the proton positions cannot account for the large discrepancy between the experimental and computed 13 C in Model 00. We observe that when the proton and carbon positions are optimized (Model 08), the difference between the two 13 C signals decreases of almost 3 ppm (170.6 and 176.9 ppm). Importantly, optimizing the structure by relaxing H, C, and O (Model 09) leads to a difference of only 0.3 ppm between the computed and the experimental chemical shifts, well within the confidence intervals previously discussed. It wouldn't be possible to distinguish these two signals on an experimental spectrum. Therefore, Model 09 could be an accurate representation of CCHH' structure. This indicates that the optimization of the oxygen positions have a huge influence on the goodness of the structure, confirming the hypothesis that the carbonate geometries in Model 00 might be incorrect.

Then, we see that the optimization of the calcium positions (Model 10) almost have no impact on the 13 C chemical shifts in comparison with the optimization of oxygens and we observe for Model 10 two chemical shifts of 164.5 and 164.7 ppm. Once again, Model 10 could be an accurate representation of CCHH' structure, because this chemical shift difference couldn't be seen experimentally, and the confidence interval comprises the experimental value. Finally, we consider the 13 C chemical shift computed for Model 12 i.e. for the structure obtained by relaxing all the atoms and the unit cell, only fixing the beta angle to 90 to induce an orthorhombic symmetry, which could be compatible with the highest symmetry observed experimentally. Because of this symmetry, Model 12 only presents one 13 C chemical shift i.e. only one carbon site, which is in agreement with the experimental result. Moreover, the computed chemical shift (164.8 ppm) is close to that observed experimentally, within the confidence interval. Importantly, this error range is induced by the temperature difference between simulated and experimental δ( 13 C) . Indeed, computations assume a temperature of 0 K. The experimental CCHH δ( 13 C) of 166.1 ppm shown on Figure 4.13 has been measured at 273 K. In the context of our study, the δ( 13 C) of CCHH has been measured at both 273 K and 100 K, and we observe a small decrease of the chemical shift at 100 K (165.9 ppm), which is consistent with the theoretical δ( 13 C) at 165.7 ppm.

The 13 C chemical shift difference between Model 00 and Model 12 is illustrated on Figure 4.14 to provide a visual comparison, where they are compared with the experimental 1 H- 13 C CPMAS spectrum recorded for CCHH. A confidence interval of 0.43 ppm was considered here, as suggested in Reference [START_REF] Hartman | Benchmark fragment-based 1H, 13C, 15N and 17O chemical shift predictions in molecular crystals[END_REF]. This confidence interval is shown in Figure 4.17 as the error bar on the computed 1 H chemical shift values for the different model structures considered here. The computed shifts have been referenced using the computed chemical shielding of nahcolite (NaHCO 3 ) which provided a σ r e f ( 1 H) of 30.02 ppm as described in Section 3.1.6.3 page 69. As Model 00 does not contain protons, it cannot be compared directly to the experimental 1 H chemical shift. Model 07 will be compared instead as it was obtained from Model 00 after relaxing the hydrogen atoms added to the structure. We can see that two different 1 H chemical shifts are computed for Model 07. This is not in agreement with the experimental 1 H spectrum of CCHH extracted from the 1 H- 13 C HETCOR experiment, where only one signal is observed. In Model 08, two different 1 H chemical shift signals are obtained, too. In this case, a even larger deviation from the experimental chemical shift value is observed. Interestingly, the optimization of hydrogen, carbon and oxygen atoms (Model 09) generates a structure providing a single chemical shift value, at 3.7 ppm. This value coincide with the experimental value, suggesting that Model 09 could be an accurate representation of CCHH' structure. Surprisingly,for Model 10, we observe once again two slightly different 1 H chemical 12. The CSA parameters are first computed for these model structures using CASTEP. Then, the parameters are used within SIMPSON to simulate the corresponding CSA patterns. The comparison is shown on Figure 4.20.A. Importantly, it should be noted that both simulated spectra for Models 10 and 12 present very similar shape and resonances, which makes them difficult to distinguish. For more clarity, only Model 12 is represented here. Figure 4.20 shows the comparison between experimental and simulated patterns. Model 00 presents remarkable differences with the experimental pattern, and in particular we can see that its pattern exhibits the superposition of two different CSA patterns, since Model 00 has two different carbon sites. These two different patterns along with their sum are shown on Figure 4.20.A. Similarly to δ( 13 C) , chemical shift anisotropy suggests the non-agreement of Model 00 with the experimental structure. Secondly, it seems that Model 09 CSA pattern shape is different from the experimental one, and in particular discrepancy coming from η as shown in Table 4.8. Finally, we can see that Model 12 provides an accurate representation of CCHH's CSA pattern.

Importantly, it should be noted that the experimental pattern is affected by dynamic effects due to the temperature used, while the simulated patterns are not.

For a more quantitative comparison, the experimental CSA parameters obtained by fitting the experimental CSA pattern of CCHH with ssNake are compared in Table 4.8 to the CSA parameters computed using CASTEP on the different candidate structures considered in this study. As previously discussed, Models 00 to 10 contain two carbon sites while Model 12 has a single carbon in the asymmetric unit. The difference between the experimental value of the anisotropy (∆δ) and the anisotropies calculated for the different model structures ranges between 1.3 ppm and 7.9 ppm, while the difference in the asymmetry parameter (η) reaches 0.39 for one of the two carbons of Model 08. In the case of Models 00, 07 and 08 the two different carbons sites present significant differences in the anisotropy and asymmetry parameters. On the contrary, the two carbons sites of Model 09 are only slightly inequivalent also in terms of their CSA parameters. However, the asymmetry values of the two sites of Model 09 differ from the experimental value by almost 50%. The analysis of the CSA parameters extracted for Models 10 and 12 confirms the similarity of the chemical environment of the carbon sites in the two structures, which present very similar anisotropy and asymmetry parameters. Interestingly, these values are also very similar to the values of anysotropy and asymmetry extracted from the experimental 13 C CSA pattern of CCHH, which only differ by 3.5 ppm and 0.1 from the anysotropy and asymmetry values, respectively, of Model 12.

From the chemical shift anisotropy results, it seems that Model 09 is not an accurate representation of CCHH structure. On the contrary, Models 10 and 12 provide very similar CSA parameters, both in agreement with the experimental values measured for CCHH. However, it seems that the analysis of the CSA pattern doesn't allow to eliminate one of these two models. In the next subsection, we will discuss the ability of dipolar coupling to discriminate among similar structures.

13 C-13 C dipolar coupling

Here, the capacity of dipolar coupling to discriminate different structures of CaCO 3 • nH 2 Oand different structures of CCHH is explored. Dipolar coupling is the direct interaction between two spins. Dipolar coupling strength is proportional to the inverse third power of the distance between these particles (See Equation 2.10). Therefore, depending on the particles distances in a structure, the effective dipolar coupling will differ, which could permit to distinguish structures between them. The experimental effective C-C 
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