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Introduction

Calcium oxalates are a common family of minerals found in natural environments, such as the soils and plants of marine and lake sediments (lignite, algae, lichens and fungi). [START_REF] Echigo | Crystal Chemistry and Genesis of Organic Minerals: A Review of Oxalate and Polycyclic Aromatic Hydrocarbon Minerals[END_REF][START_REF] Dutton | Oxalate Production by Fungi: Its Role in Pathogenicity and Ecology in the Soil Environment[END_REF][START_REF] Giordani | Determinant Factors for the Formation of the Calcium Oxalate Minerals, Weddellite and Whewellite, on the Surface of Foliose Lichens[END_REF] They can form through biomineralization processes in living organisms and have been extensively studied within kidney stone disease. [4][5][START_REF] Daudon | Comprehensive Morpho-Constitutional Analysis of Urinary Stones Improves Etiological Diagnosis and Therapeutic Strategy of Nephrolithiasis[END_REF] These minerals are present in nature as three crystalline hydrated phases: whewellite (CaC2O4 . H2O, calcium oxalate monohydrate, COM), [START_REF] Leavens | New Data on Whewellite[END_REF][START_REF] Cocco | La Struttura Della Whewellite[END_REF] weddellite (CaC2O4 . (2+x)H2O, calcium oxalate dihydrate, COD) [START_REF] Sterling | Crystal Structure Analysis of Weddellite, CaC2O4 . (2+x)H2[END_REF] and caoxite (CaC2O4 . 3H2O, calcium oxalate trihydrate, COT), [START_REF] Deganello | The Crystal Structure of Calcium Oxalate Trihydrate: Ca(H2O)3(C2O4)[END_REF] where the dihydrate and trihydrate phases are known to be less stable and transform to the monohydrate phase over time. [START_REF] Conti | Stability and Transformation Mechanism of Weddellite Nanocrystals Studied by X-Ray Diffraction and Infrared Spectroscopy[END_REF][START_REF] Conti | Phase Transformation of Calcium Oxalate Dihydrate-Monohydrate: Effects of Relative Humidity and New Spectroscopic Data[END_REF][START_REF] Tomažič | The Kinetics of Dissolution of Calcium Oxalate Hydrates[END_REF][START_REF] Daudon | Respective Influence of Calcium and Oxalate Urine Concentration on the Formation of Calcium Oxalate Monohydrate or Dihydrate Crystals[END_REF] Other phases, like amorphous calcium oxalates, have also been observed in synthetic samples, [START_REF] Ruiz-Agudo | A Non-Classical View on Calcium Oxalate Precipitation and the Role of Citrate[END_REF][START_REF] Gehl | Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite[END_REF][START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF][START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF][START_REF] Hajir | Stable Amorphous Calcium Oxalate: Synthesis and Potential Intermediate in Biomineralization[END_REF] and recently, their role in kidney stones has been investigated. [START_REF] Sherer | A Continuum of Mineralization from Human Renal Pyramid to Stones on Stems[END_REF] Moreover, synthetic anhydrous forms are known, which tend to rehydrate quickly to reform the monohydrate phase under ambient conditions. [START_REF] Gehl | Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite[END_REF][START_REF] Hochrein | Revealing the Crystal Structure of Anhydrous Calcium Oxalate, Ca[C2O4], by a Combination of Atomistic Simulation and Rietveld Refinement[END_REF] Overall, studies on the hydration/dehydration transformations (Figure 1a) between calcium oxalate minerals all show that the monohydrate is the most stable form, which can explain why it is the most prevalent component of oxalate-based kidney stones. [START_REF] Echigo | Crystal Chemistry and Genesis of Organic Minerals: A Review of Oxalate and Polycyclic Aromatic Hydrocarbon Minerals[END_REF]5,[START_REF] Zhang | Urinary Stone Composition Analysis and Clinical Characterization of 1520 Patients in Central China[END_REF][START_REF] Daudon | Épidémiologie Actuelle de La Lithiase Rénale En France[END_REF][START_REF] Izatulina | Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability, and Phase Evolution[END_REF][START_REF] Wiedemann | Kinetics of the Formation of Whewellite and Weddelite by Displacment Reactions[END_REF][START_REF] Frost | Thermal Treatment of Weddellite-a Raman and Infrared Emission Spectroscopic Study[END_REF] While the investigations on the phase transitions highlight the importance of water in the crystallization processes, its exact role in the formation and the mechanisms of phase convergence are still unclear, meaning that further structural analysis is still needed.

The structures of calcium oxalates and even kidney stones have been studied extensively using X-ray diffraction (XRD), [START_REF] Leavens | New Data on Whewellite[END_REF][START_REF] Cocco | La Struttura Della Whewellite[END_REF][START_REF] Sterling | Crystal Structure Analysis of Weddellite, CaC2O4 . (2+x)H2[END_REF][START_REF] Deganello | The Crystal Structure of Calcium Oxalate Trihydrate: Ca(H2O)3(C2O4)[END_REF][START_REF] Conti | Stability and Transformation Mechanism of Weddellite Nanocrystals Studied by X-Ray Diffraction and Infrared Spectroscopy[END_REF][START_REF] Izatulina | Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability, and Phase Evolution[END_REF][START_REF] Daudon | Type 2 Diabetes and Uric Acid Stones: A Powder Neutron Diffraction Investigation[END_REF][START_REF] Echigo | Re-Investigation of the Crystal Structure of Whewellite [Ca(C2O4)•H2O] and the Dehydration Mechanism of Caoxite [Ca(C2O4)•3H2O[END_REF][START_REF] Tazzoli | The Crystal Structures of Whewellite and Weddellite: Re-Examination and Comparison[END_REF] scanning electron microscopy (SEM), [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF][START_REF] Daudon | Type 2 Diabetes and Uric Acid Stones: A Powder Neutron Diffraction Investigation[END_REF][START_REF] Gay | Nanoscale Analysis of Randall's Plaques by Electron Energy Loss Spectromicroscopy: Insight in Early Biomineral Formation in Human Kidney[END_REF][START_REF] Daudon | Examination of Whewellite Kidney Stones by Scanning Electron Microscopy and Powder Neutron Diffraction Techniques[END_REF] infrared (IR) and Raman spectroscopies, [START_REF] Conti | Stability and Transformation Mechanism of Weddellite Nanocrystals Studied by X-Ray Diffraction and Infrared Spectroscopy[END_REF][START_REF] Conti | Phase Transformation of Calcium Oxalate Dihydrate-Monohydrate: Effects of Relative Humidity and New Spectroscopic Data[END_REF][START_REF] Gehl | Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite[END_REF][START_REF] Petit | Vibrational Signatures of Calcium Oxalate Polyhydrates[END_REF][START_REF] Shippey | Vibrational Studies of Calcium Oxalate Monohydrate (Whewellite) and Anhydrous Phase of Calcium Oxalate[END_REF][START_REF] Bazin | Hyperoxaluria Is Related to Whewellite and Hypercalciuria to Weddellite: What Happens When Crystalline Conversion Occurs?[END_REF][START_REF] Petrov | Infrared Spectrum of Whewellite[END_REF] and more recently solid-state NMR spectroscopy. [START_REF] Gehl | Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite[END_REF][START_REF] Hajir | Stable Amorphous Calcium Oxalate: Synthesis and Potential Intermediate in Biomineralization[END_REF][START_REF] Colas | CaC2O4 . H2O: Structural Study by a Combined NMR, Crystallography and Modelling Approach[END_REF][START_REF] Leroy | A Novel Multinuclear Solid-State NMR Approach for the Characterization of Kidney Stones[END_REF][START_REF] Bowers | Natural Abundance 43 Ca NMR as a Tool for Exploring Calcium Biomineralization: Renal Stone Formation and Growth[END_REF][START_REF] Bonhomme | Pushing the Limits of Sensitivity and Resolution for Natural Abundance 43 Ca NMR Using Ultra-High Magnetic Field (35.2 T)[END_REF][START_REF] Bak | Solid-State 13 C and 31 P NMR Analysis of Urinary Stones[END_REF][START_REF] Leroy | Oxalates de Calcium et Hydroxyapatite: Des Matériaux Synthétiques et Naturels Étudiés Par Techniques RMN et DNP[END_REF] Moreover, computational studies have been carried out to help understand the polymorphism of anhydrous and monohydrate phases, and to rationalize the shapes of the crystallites. [START_REF] Debroise | Morphology of Calcium Oxalate Polyhydrates: A Quantum Chemical and Computational Study[END_REF][START_REF] Zhao | Anhydrous Calcium Oxalate Polymorphism: A Combined Computational and Synchrotron X-Ray Diffraction Study[END_REF][START_REF] Shepelenko | Order and Disorder in Calcium Oxalate Monohydrate: Insights from First-Principles Calculations[END_REF] The XRD studies of COM have shown that this phase has low-and high-temperature structures, denoted as LT and HT, respectively. The most stable and known form, the LT phase, has a monoclinic P21/c space group composed of two alternating layers -one consisting of calcium and oxalate ions, and the other of oxalate ions and water molecules; both layers are linked by ionic interactions and hydrogen bonds (Figure 1b). The crystal structure consists of two crystallographically non-equivalent Ca 2+ cations, two oxalate anions and two water molecules (noted W1 and W2). These water molecules form dimers, where W1 is hydrogen-bonded to two oxalate oxygens, and W2 to one oxalate oxygen and the W1 molecule (see the crystal structure in Figure 1b). IR spectroscopy has further confirmed the presence of two kinds of water molecules, where five well-resolved bands in the O-H stretching region (3500 -3000 cm -1 ) have been observed. [START_REF] Petit | Vibrational Signatures of Calcium Oxalate Polyhydrates[END_REF][START_REF] Shippey | Vibrational Studies of Calcium Oxalate Monohydrate (Whewellite) and Anhydrous Phase of Calcium Oxalate[END_REF][START_REF] Petrov | Infrared Spectrum of Whewellite[END_REF] The HT form of whewellite is induced during a temperature increase between 55 -75 0 C, where slight atomic positional shifts are observed, and the lattice type changes from primitive to I-centered. [START_REF] Izatulina | Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability, and Phase Evolution[END_REF][START_REF] Deganello | The Structure of Whewellite, CaC2O4 . H2O, at 328[END_REF] Through computational studies, it has been proposed that HT-COM possesses a statistical I2/m space group symmetry, where the water molecules' positions are considered disordered and can occupy four orientations. [START_REF] Shepelenko | Order and Disorder in Calcium Oxalate Monohydrate: Insights from First-Principles Calculations[END_REF] It is worth noting that a novel metastable phase has been recently observed for COM, with a symmetry space group of C2/c, which was formed by heat-treatment of the trihydrate precursor between 40 and 55 0 C. [START_REF] Izatulina | Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability, and Phase Evolution[END_REF] This structure is then lost once the material is cooled to room temperature and the most stable phase of COM is recovered (with P21/c space group). All aforementioned temperature transitions are summarized in Figure 1a, highlighting the structural flexibility of calcium oxalates. [START_REF] Izatulina | Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability, and Phase Evolution[END_REF] Abbreviations "LT" and "HT" refer to low-and high-temperature structures. (b) Crystal structure of calcium oxalate monohydrate (COM, CaC2O4 . H2O), with two different water environments highlighted in the structure as W1 and W2, and shown clearly in (c). The images of crystal structures were produced using the VESTA software, [START_REF] Momma | VESTA 3 for Three-Dimensional Visualization of Crystal, Volumetric and Morphology Data[END_REF] and the neutron diffraction crystallographic data reported by Daudon et al. (CCDC: 1428017). [START_REF] Daudon | Examination of Whewellite Kidney Stones by Scanning Electron Microscopy and Powder Neutron Diffraction Techniques[END_REF] Since solid-state NMR can provide detailed information on the local environment of atoms, it has recently been used to look at calcium oxalate structures via [START_REF] Zhao | Anhydrous Calcium Oxalate Polymorphism: A Combined Computational and Synchrotron X-Ray Diffraction Study[END_REF] Ca, [START_REF] Echigo | Crystal Chemistry and Genesis of Organic Minerals: A Review of Oxalate and Polycyclic Aromatic Hydrocarbon Minerals[END_REF] H and [START_REF] Tomažič | The Kinetics of Dissolution of Calcium Oxalate Hydrates[END_REF] C NMR. Calcium-43 is a particularly insensitive quadrupolar nucleus (I = 7/2), due to its low natural abundance (~0.14%), and low gyromagnetic ratio ( = -1.8028 × 10 7 rad s -1 T -1 ). Therefore, (ultra-) high fields and large amounts of sample are required to study it by NMR at natural abundance, [START_REF] Bonhomme | Pushing the Limits of Sensitivity and Resolution for Natural Abundance 43 Ca NMR Using Ultra-High Magnetic Field (35.2 T)[END_REF] which can be an issue, especially when it comes to analyzing more complex compositions of minerals of pathological relevance, like renal stones. [START_REF] Leroy | A Novel Multinuclear Solid-State NMR Approach for the Characterization of Kidney Stones[END_REF][START_REF] Bowers | Natural Abundance 43 Ca NMR as a Tool for Exploring Calcium Biomineralization: Renal Stone Formation and Growth[END_REF] Nevertheless, natural abundance [START_REF] Zhao | Anhydrous Calcium Oxalate Polymorphism: A Combined Computational and Synchrotron X-Ray Diffraction Study[END_REF] Ca MAS NMR spectra have been recorded for all three crystalline hydrates, where two calcium sites have been observed for the LT-COM phase and one for the COD and COT phases, as expected from their crystal structures. [START_REF] Colas | CaC2O4 . H2O: Structural Study by a Combined NMR, Crystallography and Modelling Approach[END_REF][START_REF] Leroy | A Novel Multinuclear Solid-State NMR Approach for the Characterization of Kidney Stones[END_REF][START_REF] Bowers | Natural Abundance 43 Ca NMR as a Tool for Exploring Calcium Biomineralization: Renal Stone Formation and Growth[END_REF] In contrast to calcium-43, [START_REF] Echigo | Crystal Chemistry and Genesis of Organic Minerals: A Review of Oxalate and Polycyclic Aromatic Hydrocarbon Minerals[END_REF] H is a highly sensitive spin-1/2 nucleus for NMR ( = 2.6752 × 10 8 rad s -1 T -1 ), but it can suffer from a lack of resolution in the solid-state, especially in cases of strong [START_REF] Echigo | Crystal Chemistry and Genesis of Organic Minerals: A Review of Oxalate and Polycyclic Aromatic Hydrocarbon Minerals[END_REF] H-1 H dipolar couplings. For COM, using a homonuclear decoupling pulse sequence (DUMBO), the [START_REF] Echigo | Crystal Chemistry and Genesis of Organic Minerals: A Review of Oxalate and Polycyclic Aromatic Hydrocarbon Minerals[END_REF] H NMR spectrum was recorded, showing only one signal centered at 5.26 ppm at room temperature, which was attributed to an averaging of the water molecules' 1 H resonances. [START_REF] Leroy | A Novel Multinuclear Solid-State NMR Approach for the Characterization of Kidney Stones[END_REF] However, when the temperature was lowered to 100 K, four proton environments could be resolved using a heteronuclear NMR experiment (FSLG-HETCOR 1 H-13 C), which is consistent with the crystallographic data (i.e., two inequivalent water molecules). [START_REF] Leroy | A Novel Multinuclear Solid-State NMR Approach for the Characterization of Kidney Stones[END_REF] Recently, 1 H NMR has also been used to analyze crystalline phases of the calcium oxalate minerals present in kidney stones. [START_REF] Leroy | A Novel Multinuclear Solid-State NMR Approach for the Characterization of Kidney Stones[END_REF] It was demonstrated that T2* edited 1 H, and 1 H-1 H doublequantum (DQ) NMR experiments can be used to separate the organic and inorganic parts within kidney stones, showing it to be more insightful than the routinely used IR spectroscopy. [START_REF] Leroy | A Novel Multinuclear Solid-State NMR Approach for the Characterization of Kidney Stones[END_REF] Lastly, [START_REF] Tomažič | The Kinetics of Dissolution of Calcium Oxalate Hydrates[END_REF] C NMR (spin-1/2 nucleus of moderate receptivity,  = 6.7281 × 10 7 rad s -1 T -1 ) studies on COM have shown that the NMR signature of this nucleus is particularly sensitive to temperature, as attested by the changes in resolution of the four peaks belonging to the two inequivalent oxalate ions. [START_REF] Colas | CaC2O4 . H2O: Structural Study by a Combined NMR, Crystallography and Modelling Approach[END_REF][START_REF] Leroy | Oxalates de Calcium et Hydroxyapatite: Des Matériaux Synthétiques et Naturels Étudiés Par Techniques RMN et DNP[END_REF] A tentative assignment of all carbon signals has been proposed with the help of density functional theory (DFT) and gauge including the projector augmented wave (GIPAW) calculations of NMR parameters. [START_REF] Colas | CaC2O4 . H2O: Structural Study by a Combined NMR, Crystallography and Modelling Approach[END_REF] Furthermore, as the [START_REF] Tomažič | The Kinetics of Dissolution of Calcium Oxalate Hydrates[END_REF] C nucleus is sensitive to its surroundings, NMR spectroscopy has also shown to be a useful technique to follow the structural transformations from COT to COM, and temperature effects on the monohydrate phase. [START_REF] Leroy | Oxalates de Calcium et Hydroxyapatite: Des Matériaux Synthétiques et Naturels Étudiés Par Techniques RMN et DNP[END_REF] To date, X-ray diffraction has been the main analytical tool used to follow the different temperature phase transitions of calcium oxalates: [START_REF] Conti | Stability and Transformation Mechanism of Weddellite Nanocrystals Studied by X-Ray Diffraction and Infrared Spectroscopy[END_REF][START_REF] Conti | Phase Transformation of Calcium Oxalate Dihydrate-Monohydrate: Effects of Relative Humidity and New Spectroscopic Data[END_REF][START_REF] Hochrein | Revealing the Crystal Structure of Anhydrous Calcium Oxalate, Ca[C2O4], by a Combination of Atomistic Simulation and Rietveld Refinement[END_REF][START_REF] Izatulina | Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability, and Phase Evolution[END_REF] for example, the LT to HT structural change was shown to induce the disappearance of two peaks at 2θ ≈ 30 o in the recorded XRD pattern (Co K radiation). [START_REF] Izatulina | Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability, and Phase Evolution[END_REF] However, as mentioned before, the involvement of water in the formation of the oxalate crystal structures and the mechanisms of phase transitions are still unclear. Therefore, suitable tools to study these molecules within the structure are needed, and in this context, solid-state NMR studies of [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H nuclei naturally appear as an attractive approach to gain more structural insights into water molecules within COM. To the best of our knowledge, none of these two nuclei have been used before to study the structure of calcium oxalate phases by NMR, despite the fact that both nuclei have been shown to potentially provide excellent insight into the local environment and dynamics of water molecules in hydrated minerals. For example, 2 H NMR studies of water molecules within the Ba(ClO3)2 . H2O phase have provided evidence that the H2O molecule undergoes a tetrahedral jump. 47- 54 Moreover, [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O solid-state NMR studies of water molecules within various crystalline hydrates have been carried out, allowing a 'fingerprint' [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O spectral region to be established for the water molecules coordinated to metal ions in hydrated metal salts, [START_REF] Nour | Oxygen-17 NMR Spectroscopy of Water Molecules in Solid Hydrates[END_REF][START_REF] Keeler | High-Resolution 17 O NMR Spectroscopy of Structural Water[END_REF] and in crystalline hydrated amino acid phases. [START_REF] Michaelis | Structural Insights into Bound Water in Crystalline Amino Acids: Experimental and Theoretical 17 O NMR[END_REF] More importantly, these results have shown that the [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR signature can be very sensitive to minor variations in local water environments. Yet, deuterium and oxygen-17 are quadrupolar nuclei ( 17 O is spin-5/2 and 2 H is spin-1, with  = -3.6264×10 7 and 4.1065×10 7 rad s -1 T -1 , respectively), with very low natural abundances (0.037 % for [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 0.0115 % for 2 H a ), [START_REF] De Laeter | Atomic Weights of the Elements. Review 2000[END_REF][START_REF] Hagemann | Absolute Isotopic Scale for Deuterium Analysis of Natural Waters. Absolute D/H Ratio for SMOW[END_REF] making high-resolution NMR analysis 'ineffective' under standard NMR acquisition conditions. Therefore, isotopic enrichment (i.e., in [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H) is essential to study them via high-resolution solid-state NMR spectroscopy.

The first part of this manuscript focuses on the development of a cost-effective and user-friendly isotopic enrichment protocol for labeling the [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H nuclei of the water molecules within the COM structure. Isotopic enrichment of water in hydrated minerals, so far, has mainly been achieved via the recrystallization process. [START_REF] Nour | Oxygen-17 NMR Spectroscopy of Water Molecules in Solid Hydrates[END_REF][START_REF] Keeler | High-Resolution 17 O NMR Spectroscopy of Structural Water[END_REF][START_REF] Michaelis | Structural Insights into Bound Water in Crystalline Amino Acids: Experimental and Theoretical 17 O NMR[END_REF][START_REF] Keeler | O NMR Investigation of Water Structure and Dynamics[END_REF] However, recrystallization can be time-consuming and requires large quantities of labeled water, consequently being very expensive, particularly in the case of oxygen-17, due to the high cost of [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O-labeled water (from 1800 -2900 EUR for 1 mL of 90% oxygen-17 enriched H2O, as of publication date). In this manuscript, we decided to explore if mechanochemistry with mild milling conditions and involving microliter quantities of water could be used to achieve isotopic enrichment of water molecules within the COM structure, without affecting the crystallinity of the starting material. Building upon our recent demonstration that mechanochemistry can be a very powerful technique for enriching in [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O various inorganic materials [START_REF] Métro | Unleashing the Potential of 17 O NMR Spectroscopy Using Mechanochemistry[END_REF][START_REF] Chen | Labeling and Probing the Silica Surface Using Mechanochemistry and 17 O NMR Spectroscopy[END_REF][START_REF] Špačková | Unveiling the Structure and Reactivity of Fatty-Acid Based (Nano)Materials Thanks to Efficient and Scalable 17 O and 18 O-Isotopic Labeling Schemes[END_REF][START_REF] Chen | Direct 17 O Isotopic Labeling of Oxides Using Mechanochemistry[END_REF] and organic molecules. [START_REF] Špačková | Unveiling the Structure and Reactivity of Fatty-Acid Based (Nano)Materials Thanks to Efficient and Scalable 17 O and 18 O-Isotopic Labeling Schemes[END_REF][START_REF] Špačková | Cost-Efficient and User-Friendly 17 O/ 18 O Labeling Procedures of Fatty Acids Using Mechanochemistry[END_REF][START_REF] Chen | Looking into the Dynamics of Molecular Crystals of Ibuprofen and Terephthalic Acid Using 17 O and 2 H Nuclear Magnetic Resonance Analyses[END_REF] Here, we will demonstrate for the first time that ball-milling methods are also very well suited for the 17 O-labeling or deuteration of hydrated biomimetic minerals like hydrated calcium oxalates.

a There are two values reported for natural abundance of 2 H isotope, where 0.0115% corresponds to terrestrial natural abundance of deuterium and 0.0156% corresponds to mean ocean water composition (referred to as VSMOW). For isotopic composition calculations, the VSMOW value was used.

Moreover, it will be shown how information on the actual enrichment-mechanism of this mechanochemical labeling procedure can be obtained by using two complementary mass spectrometry methods (one for bulk and one for surface) and analyzing the isotopic compositions of COM phases with water molecules enriched in 2 H, [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O, or [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O (the latter being prepared for these mechanistic studies).

In the second part, this manuscript will focus on presenting the results of an extensive [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H NMR analysis of labeled COM phases. It will be shown how the combination of high-resolution NMR carried out at different magnetic fields, and GIPAW DFT calculations of NMR parameters can explain the spectral features related to the two water molecules. Further, it will be demonstrated how variable temperature [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H NMR experiments enable unprecedented insights into the dynamics of the water molecules within the COM structure, and exploration of the LT to HT transition by shedding light, for the first time, on the potential role of the water molecules in these phase transitions.

Experimental section a. Materials and methods.

Reagents.

Calcium oxalate monohydrate (COM, CaC2O4 . H2O, 99%, Alfa Aesar), sodium oxalate (Na2C2O4, 99%, Sigma-Aldrich), calcium chloride dihydrate (CaCl2 . 2H2O, 99%, Sigma-Aldrich), H2 [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O (~90% [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O enrichment, CortecNet), H2 18 O (99.3% [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O enrichment, CortecNet), D2O (≥ 99% 2 H enrichment, Sigma-Aldrich) and HPLC grade water (Acros Organics) were used as received.

Synthesis of calcium oxalate dihydrate (COD).

Synthesis was carried out using HPLC grade water. COD was prepared by adding an aqueous solution of Na2C2O4 (0.1 mol L -1 ) dropwise to a CaCl2 solution (1.0 mol L -1 ), under magnetic stirring, while cooling the medium using an ice bath (< 7 o C), as previously described in the literature. [START_REF] Leroy | A Novel Multinuclear Solid-State NMR Approach for the Characterization of Kidney Stones[END_REF][START_REF] Leroy | Oxalates de Calcium et Hydroxyapatite: Des Matériaux Synthétiques et Naturels Étudiés Par Techniques RMN et DNP[END_REF] The mixture was left stirring in the ice bath for one hour before filtration, and then washed with cold water. Finally, the white solid was dried and stored under vacuum until further use. 17 O, [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O and 2 H isotopic enrichment procedures of COM using mechanochemistry.

All milling experiments described here were carried out in a Retsch Mixer Mill MM400 apparatus operated at room temperature (22 ± 4 °C). Milling jars and beads were dried under vacuum prior to use. First, one polytetrafluoroethylene (PTFE) ball with a steel core (10 mm diameter) was placed in a 10 mL stainless steel grinding jar (with a screw-top lid). On top of the ball, non-labeled CaC2O4 . H2O (60 mg, ~0.4 mmol, ~1 eq) was added. Isotopically enriched water (7 L, ~0.4 mmol, ~1 eq) was then deposited to the reactor's wall. The jar was closed, sealed with parafilm and subjected to grinding for 5 minutes in the mixer mill operated at 25 Hz. Three types of experiments were performed: (1) milling with the sample being collected directly after the reaction, abbreviated as COM-BM; (2) milling followed by an additional ageing step, during which the sample was left in the closed grinding jar for 72 hours at room temperature, abbreviated as COM-BM-AGED; (3) milling with no PTFE ball and sample collection straight after the reaction, abbreviated as COM-SHAKE. The given abbreviations used herein were modified further in this manuscript by adding either -2 H, -17 O or -18 O at the end to indicate the enriched nuclei in the material (Scheme 1). Scheme 1. Schematic representation of the mechanochemical labeling strategy, together with all samples prepared in this study: (i) deuterium-enriched COM samples for IR (using 99.9% D2O) and IR-MS (using 0.1% D2O) analyses; (ii) [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O-enriched COM samples for IR-MS analyses (using 0.5% H2 18 O); and (iii) [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O-enriched COM sample for NMR and LG-SIMS analyses (using 90% H2 [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] 

O).

Once all reactions were completed, the grinding jar was opened, and the white powder was recovered by gently scraping the edges of the reactor with a spatula (the ball was not scraped as no traces of material were observed on it). For COM-BM-AGED, the mass recovered was 54.0 ± 5.5 mg (n = 2, where 'n' represents the number of independent experiments). For COM-BM and COM-SHAKE samples, an additional drying step (vacuum for ~5 minutes) was introduced straight after scraping the jar (as further detailed in the main text). The mass of the materials recovered were then 54.6 ± 4.8 mg (n = 10), and 55.8 ± 4.7 mg (n = 5), respectively. All samples were stored in a parafilmed glass vial placed in a container with molecular sieves at -16 0 C until further use. Prior to any characterization by IR, pXRD, SEM, IR-MS, 2 H and [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR spectroscopy, samples were taken out of the freezer and left thawing for 30 minutes.

Regarding the [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O and 2 H enrichment procedures for IR-MS analyses, it should be noted that two isotopically-diluted water solutions, enriched in [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O or 2 H, were first prepared. H2 18 O (99.3% 18 O) was diluted to ~0.5 % in volume and D2O (≥ 99% 2 H) to ~0.1 % in volume using HPLC grade water. As described in the previous paragraphs, the COM precursor was then milled using either of these diluted waters. Three replicates per sample were prepared in view of the analyses. Further information on the sample preparation for IR-MS and examples of calculating the exchange yield can be found in the supporting information (SI) section. The enrichment procedure was performed in the same way as it was described for COM in the previous section. Pre-synthesized and dried CaC2O4 . (2+x)H2O (60.7 mg, ~0.35 -0.37 mmol, ~1 eq) and 90 % H2 [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O (13 L, ~0.7 mmol, ~2 eq) were used, and milled together for 5 minutes at 25 Hz. The white powder was recovered by gently scraping the jar, and dried under vacuum for ~5 minutes to remove excess water; the mass of the final product was 54.5 mg. The sample was characterized using pXRD, IR spectroscopy and [START_REF] Tomažič | The Kinetics of Dissolution of Calcium Oxalate Hydrates[END_REF] C NMR (Figure S3), and stored under an inert atmosphere when not in use.

Preparation of a highly deuterated COM phase by soaking.

A highly deuterated COM phase (noted COM-SOAKED) was also prepared as part of this work by mixing CaC2O4 . H2O (80.7 mg, 0.55 mmol) with D2O (1 mL, 55.5 mmol, ~100 eq) in a 2 mL Eppendorf tube, and leaving the suspension to set at room temperature for three days. Excess water was then removed by centrifuging the sample at 20 000 rpm for 10 minutes, and the sample was then dried under vacuum for six hours. The recovered mass was 69.4 mg. The material was further characterized by IR, pXRD, SEM and 2 H solid-state NMR spectroscopy.

b. Characterization techniques.

Throughout this manuscript, deuterium nuclei are noted both as 2 H or D, and hence the molecules/bonds in which they are engaged employ both notations. This article deals with isotopic compositions and isotropic chemical shifts, where both use by convention the  notation. In order to differentiate between the two, here, when it is the isotopic composition that is discussed for oxygen and deuterium, the following notations are used:  17 O,  18 O and  2 H (expressed in per-mil (‰), as defined in SI). In contrast, when it is the NMR chemical shifts for 17 O and 2 H which are discussed, the following notations are used: ( 17 O) and ( 2 H) (expressed in ppm).

Moreover, iso( 17 O) and iso( 2 H) notations refer to the corresponding isotropic chemical shifts.

1) General characterization of the samples

Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum 2 FT-IR instrument. The attenuated total reflectance (ATR) measurement mode was used (diamond crystal). Measurements were performed in the 400 -4000 cm -1 range by averaging 4 acquisitions per measurement, with an optical resolution of 0.5 cm -1 .

Powder XRD analyses were performed on an X'Pert MPD diffractometer using CuK1 radiation ( = 1.5406 Å) with the operating voltage and current maintained at 40 kV and 25 mA, respectively. Diffractograms were recorded between 5° and 60° in 2θ, with a step size of 0.017° (with count time per step of ~50 s).

SEM analyses were carried out on a Zeiss Evo HD15 scanning electron microscope equipped with an Oxford Instruments X-MaxN SDD 50 mm 2 EDXS detector. Before the SEM analyses, samples were deposited on double-sided conducting carbon tape and then metallized with carbon.

2) Mass spectrometry analyses by IR-MS and LG-SIMS

Isotope Ratio Mass Spectrometry (IR-MS)

Solid, powdered samples were analyzed at the AETE-ISO analytical platform of OSU OREME, at the University of Montpellier, using a Thermo DELTA V Plus gas source mass spectrometer connected to a TC/EA Elemental Analyzer. The instrumental precision was estimated to be ± 3 ‰ and ± 0.4 ‰ for  2 H and  18 O, respectively, on solid samples. The samples were pyrolyzed at high temperatures (~ 1400 o C) in the presence of a high excess of glassy carbon, and converted to H2 and CO gases. The molecular isotopic ratios of the gases produced (CO and H2) were then measured by comparison with monitoring gases of known composition. IR-MS is a destructive technique that provides information on the bulk isotopic composition of the material. The IR-MS results of [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O and 2 H enriched COM samples are presented in Table S2, and an example of the calculation of the exchange yields of both isotopes within the material is included in SI. The unenriched starting material of COM (COM-SM) and a benzoic acid chemical standard were also run at the beginning and in between measurements of isotopically enriched samples to ensure there was no drift in the isotopic measurement as a result of improper pyrolysis.

Large Geometry Secondary Ion Mass Spectrometry (LG-SIMS)

Secondary Ion Mass Spectrometry is a "non-destructive" method that allows in-situ isotopic analysis using a primary ion beam to sputter a few atomic layers of sample for their isotopic analyses in a high-resolution mass spectrometer (Large Geometry). LG-SIMS analyses were carried out at the French national facility of the CRPG in Nancy on a CAMECA IMS 1280 HR ion microprobe. A 133 Cs + primary ion beam was used, and secondary ions were extracted, allowing [START_REF] Gehl | Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite[END_REF] O, [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O, and [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O to be quantified simultaneously with a mass resolution of > 2000. The instrument has been recently upgraded with high sensitivity Faraday cups (FC 10 12 Ω amplifiers). [START_REF] Bouden | Triple Oxygen Isotope Measurements by Multi-Collector Secondary Ion Mass Spectrometry[END_REF] In order to proceed with LG-SIMS measurements, COM-SM and COM-BM-AGED- [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O samples were first pelletized and then embedded into indium alloy using a hydraulic press, together with a standard reference sample, calcium carbonate. The embedded materials were sputtered with a thin layer of gold before being placed into the high vacuum chamber of the LG-SIMS instrument.

For each sample, average 17 O/ [START_REF] Gehl | Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite[END_REF] O ratios were determined by analyzing a minimum of three different zones of the surface by performing 30 independent measurement cycles for each zone. The isotopic ratios reported herein (together with the standard deviations) correspond to an average over the different surface points that were analyzed, as shown in SI Table S5.

3) Solid-state NMR experiments.

Oxygen-17 NMR spectra were recorded at multiple magnetic fields (B0 = 9.4, 14.1, 18.8 and 35.2 T) at different NMR facilities (ICGM in Montpellier, UCCS in Lille and MagLab in Tallahassee). [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O chemical shifts were referenced using tap water at 0.0 ppm (or to D2O at -2.7 ppm). All detailed experimental conditions are summarized in Table S6.

Most of the [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR experiments were performed at 9.4 and 14.1 T on Varian VNMRS spectrometers (ICGM in Montpellier, France), using 3.2 mm HX or HXY probes operating at [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O Larmor frequencies of 54.18 and 81.31 MHz, respectively. The corresponding 1 H Larmor frequencies were 399.68 and 599.82 MHz. Samples were spun at the magic angle (MAS-Magic angle spinning), at a frequency of 18 kHz, and with temperature regulated at 0 o C. The 1D [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS (Bloch decay) NMR experiments were performed using a 1.0 s excitation pulse (which would be a 30° tilt angle on a liquid). The doublefrequency sweep (DFS) [START_REF] Kentgens | Advantages of Double Frequency Sweeps in Static, MAS and MQMAS NMR of Spin I=3/2 Nuclei[END_REF] enhancement scheme was used in some of the experiments. The experimental parameters were as follows: DFS pulse of 500 s (RF of ~10 kHz), with a sweep width between 80 and 200 kHz, followed by excitation pulse of 1.0 s. SPINAL-64 [START_REF] Echigo | Crystal Chemistry and Genesis of Organic Minerals: A Review of Oxalate and Polycyclic Aromatic Hydrocarbon Minerals[END_REF] H decoupling was applied in all experiments. [START_REF] Comellas | Effective Calibration of SPINAL-64 Decoupling Results in the Enhancement of Sensitivity and Resolution of Biomolecular Solid-State NMR[END_REF] Other details, such as the RF power used for decoupling, recycle delays, and the number of transients, are reported in Table S6. Additional oxygen-17 T'2 measurements were recorded using a Hahn echo experiment at 14.1 T, using a 1.6 mm HXY Varian probe with a spinning frequency of 35 kHz with temperature regulated at 0 o C. Echo delays were varied from 1 to 100 rotor periods, with π/2 and π pulse lengths of 1.0 and 2.0 s, respectively. At 18.8 T, [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS NMR spectra were recorded on a Bruker Avance NEO NMR spectrometer (UCCS in Lille, France) equipped with a 3.2 mm HX probe operating at frequencies of 108.46 MHz and 800.12 MHz for [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 1 H nuclei, respectively. The spinning frequency was controlled at 16 kHz, with the temperature regulated at 0 o C. The 1D [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS (Bloch decay) NMR experiment was performed using a 1.0 s pulse for excitation (which would be 22.5° tilt angle on a liquid). SPINAL-64 [START_REF] Echigo | Crystal Chemistry and Genesis of Organic Minerals: A Review of Oxalate and Polycyclic Aromatic Hydrocarbon Minerals[END_REF] H decoupling was applied in all experiments. The RF power used in each experiment is specified in Table S6, with the recycle delays and number of transients acquired. At 35.2 T, [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS NMR spectra were acquired using the SCH magnet [START_REF] Gan | NMR Spectroscopy up to 35.2 T Using a Series-Connected Hybrid Magnet[END_REF] at the NHMFL (Tallahassee, FL, USA) on a Bruker Avance NEO NMR spectrometer equipped with a 3.2 mm single-resonance MAS probe operating at a 17 O frequency of 203.36 MHz. The spinning frequency was set to 18 kHz with temperature control at +10 o C. The 1D [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O Hahn echo experiment was recorded using one rotor period with a π/2 and π pulse lengths of 5.0 and 10.0 s, respectively. No 1 H decoupling was applied for this experiment.

Static 2 H NMR experiments were recorded at 14.1 T on a Varian VNMRS spectrometer, using a 3.2 mm HX probe operating at the 2 H Larmor frequency (92.08 MHz). Spectra were collected using a quadrupolar echo pulse sequence with a 90 o pulse length of 2.25 s and with delays of 30 s between the pulses. Measurements were performed at different temperatures, ranging between -40 and +80 °C. The recycle delays and number of transients acquired for each spectrum are provided in Table S6.

Chemical shifts were referenced with respect to D2O at 4.6 ppm.

c. Computational studies.

Geometry optimizations for COM and COD structures were carried out on the crystallographic data reported by Daudon et al. [START_REF] Daudon | Examination of Whewellite Kidney Stones by Scanning Electron Microscopy and Powder Neutron Diffraction Techniques[END_REF] and Tazzoli et al., [START_REF] Tazzoli | The Crystal Structures of Whewellite and Weddellite: Re-Examination and Comparison[END_REF] respectively. The missing protons for the COD were added to be consistent with the expected structure. Three compositions of the COD (general formula: CaC2O4 . (2+x)H2O) were studied for the calculations, where the value of the "zeolitic" water (x) was set to 0.25, 0.375 and 0.5, to evaluate the potential effect on the calculated oxygen quadrupolar NMR parameters. Atomic positions were relaxed using the Vienna ab initio simulation package (VASP), [START_REF] Kresse | Efficiency of Ab-Initio Total Energy Calculations for Metals and Semiconductors Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | Ab Initio Molecular Dynamics for Liquid Metals[END_REF] based on the Kohn-Sham density functional theory (DFT), and using a plane-wave pseudopotential approach with an energy cut-off of 400 eV and 4 × 2 × 3 k-point mesh. During the geometry optimization, unit cell parameters were kept fixed to ensure consistency between the experimental and optimized structures. Structural optimizations were performed in three steps: first, the proton positions were relaxed within the structure, then this optimized structure was used as a starting point to relax further the H and O positions of the water molecules, and finally, all atomic positions were relaxed. The calculations were carried out using 80 atoms per COM structure relaxation, and 110, 113 and 116 for COD (for x with 0.25, 0.375 and 0.5, respectively). NMR parameters were calculated for all structures using the QUANTUM-ESPRESSO code, [START_REF] Giannozzi | QUANTUM ESPRESSO: A Modular and Open-Source Software Project for Quantum Simulations of Materials[END_REF] keeping the atomic positions equal to the values previously determined using VASP. The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation was used, [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] and the valence electrons were described by norm-conserving pseudopotentials [START_REF] Troullier | Efficient Pseudopotentials for Plane-Wave Calculations[END_REF] in the Kleinman-Bylander form. [START_REF] Bylander | Efficacious Form for Model Pseudopotentials[END_REF] The shielding tensor was computed using the GIPAW approach. [START_REF] Pickard | All-Electron Magnetic Response with Pseudopotentials: NMR Chemical Shifts[END_REF] The wave functions were expanded on a plane wave basis set with a kinetic energy cut-off of 80 Ry. The calculations were done using a k-space mesh density of ~0.04 Å -1 .

The isotropic chemical shift iso is defined as iso ≈ -(-ref), where  is the isotropic shielding and ref is the isotropic shielding for the same nucleus in a reference system. [START_REF] Kutzelnigg | The IGLO-Method: Ab-Initio Calculation and Interpretation of NMR Chemical Shifts and Magnetic Susceptibilities[END_REF] A selection of different hydrates was used to establish a relevant reference chemical shift for [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O (Table S7 and Figure S4). For these hydrates, the maximum deviation between experimental and DFT-calculated [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O isotropic shifts was found to be 6 ppm. The quadrupolar moments (Q) used to calculate the CQ were -2.558 and 0.286 fm -2 for [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H, respectively. 82

d. Terminology and definitions of NMR parameters
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O NMR line-shapes reflect the presence of the quadrupolar interaction, which can be described by the principal quadrupolar parameters:

𝐶 𝑄 = 𝑒𝑉 𝑧𝑧 𝑄 ℎ (1) 
𝜂 𝑄 = 𝑉 𝑥𝑥-𝑉 𝑦𝑦 𝑉 𝑧𝑧 (2)
where CQ is the quadrupolar coupling constant and 𝜂 𝑄 the asymmetry parameter; e is the fundamental electronic charge, Q is the quadrupole moment of the nucleus of interest, h is Planck's constant and

Vii are eigenvalues of the electric field gradient (EFG) tensor sorted as

|𝑉 𝑧𝑧 | ≥ |𝑉 𝑦𝑦 | ≥ |𝑉 𝑥𝑥 |.
More detailed information on quadrupolar interactions in solid-state NMR can be found elsewhere. [START_REF] Mackenzie | Multinuclear Solid-State NMR of Inorganic Materials[END_REF][START_REF] Taulelle | NMR of Quadrupolar Nuclei in the Solid State[END_REF] Chemical shift anisotropy (CSA) can also influence the appearance of the oxygen-17 line-shape, especially at high magnetic fields or under static conditions. [START_REF] Nour | Oxygen-17 NMR Spectroscopy of Water Molecules in Solid Hydrates[END_REF] Thus, it was taken into account in some of the fits. Using the Herzfeld-Berger convention, [START_REF] Herzfeld | Sideband Intensities in NMR Spectra of Samples Spinning at the Magic Angle[END_REF] the overall width of the shielding tensor can be described by the span, Ω, and the relative magnitude of the components by the skew, κ:

𝛺 = 𝛿 11 -𝛿 33 (3) 
𝜅 = 3(𝛿 22 -𝛿 𝑖𝑠𝑜 )/𝛺 (4) 
where 𝛿 11 , 𝛿 22 and 𝛿 33 are the principal components of the chemical shift (CS) tensor, which according to the Standard convention are sorted as 𝛿 11 ≥ 𝛿 22 ≥ 𝛿 33 . [START_REF] Mason | Conventions for the Reporting of Nuclear Magnetic Shielding (or Shift) Tensors Suggested by Participants in the NATO ARW on NMR Shielding Constants at the University of Maryland, College Park[END_REF] The isotropic chemical shift 𝛿 𝑖𝑠𝑜 is defined as follows:

𝛿 𝑖𝑠𝑜 = (𝛿 11 +𝛿 22 + 𝛿 33 ) 3 (5) 
The relative orientation between CS and EFG tensors can be described by Euler angles (,,). Other conventions for CSA parameters and conversions with the definitions shown here are given in the SI.

e. Spectral processing and simulations.

All spectra which had been recorded on a Varian VNMRS console were converted to TOPSPIN software (https://www.bruker.com/en.html) and further processed there. Exponential line broadening between 0 -250 Hz was applied to the spectra, depending on the experiment. [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS NMR spectra were then fitted using DMFIT [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] or SOLA (available within TOPSPIN) software packages, in order to extract quadrupolar and chemical shift parameters. The static [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR spectra were used to determine CSA parameters and Euler angles; corresponding values were extracted using the dual-field fitting mode available in DMFit.

2

H line-shapes, including a 180 o flips of water molecules, were simulated using the NMR-WEBLAB software (https://weblab2.mpip-mainz.mpg.de/weblab66/). [START_REF] Macho | Applied Magnetic Resonance The NMR-WEBLAB: An Internet Approach to NMR Lineshape Analysis[END_REF] Further motionally averaged quadrupolar parameters with rotational vibrational distributions in addition to 180 o flips were simulated using a MATLAB 89 script written by Z. Gan.

Results and discussion

Establishing an enrichment procedure for water molecules in hydrated biomimetic minerals by deuteration under ball-milling.

Due to the very low natural abundance of [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H, isotopic enrichment is a necessary first step to be able to analyze the local environments of water molecules in hydrated minerals by high-resolution solid-state NMR spectroscopy. However, concerning oxygen-17, to the best of our knowledge, hydrates have mainly been isotopically enriched by recrystallization using large quantities of H2 [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] Olabeled water, ranging from 0.15 to 0.60 mL, for sample masses ranging between 80 and 300 mg. 55- 57,60 Moreover, depending on the materials studied, the enrichment procedures described typically took between 3 and 21 days. The level of the isotopic enrichment in these materials was not reported; however, it was sufficient to record 1D NMR spectra [START_REF] Nour | Oxygen-17 NMR Spectroscopy of Water Molecules in Solid Hydrates[END_REF][START_REF] Michaelis | Structural Insights into Bound Water in Crystalline Amino Acids: Experimental and Theoretical 17 O NMR[END_REF][START_REF] Keeler | O NMR Investigation of Water Structure and Dynamics[END_REF] with good sensitivity and, in some cases, higher resolution two-dimension (2D) multiple-quantum magic-angle spinning (MQMAS) NMR spectra. [START_REF] Keeler | High-Resolution 17 O NMR Spectroscopy of Structural Water[END_REF] Nevertheless, these enrichment procedures were generally lengthy and/or expensive due to the high cost of [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O-enriched water. Therefore, we first focused on developing an efficient and userfriendly isotopic enrichment strategy for water molecules present in biomimetic minerals like calcium oxalate monohydrate using mechanochemistry.

The first experiments were performed using D2O to help establish an initial working protocol for the subsequent H2 [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O enrichment of COM, due to the lower cost of the deuterated water. The overall goal was to find a procedure enabling the exchange of a sufficient fraction of the non-labeled water molecules of COM by labeled ones while using a minimal amount of enriched water during the reaction, and without significantly changing the crystallinity of the initial phase nor forming byproducts. The progress of the exchange was probed using infrared (IR) spectroscopy (Figure 2) since, upon deuteration, the intensity of the O-H stretching bands (3000 -3500 cm -1 ) decreases, while new bands appear in the 2200 -2600 cm -1 range due to O-D stretching vibrations of incorporated D2O. [START_REF] Gehl | Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite[END_REF][START_REF] Carmona | On the Hydrogen Bonding of Whewellite[END_REF] First, a reference sample (COM-SOAKED-2 H) was exchanged using large quantities of D2O (~100 eq) to enable a reference IR spectrum of the heavily deuterated sample to be obtained, and to identify all O-D stretching bands. The resulting IR spectrum is shown in Figure 2 in purple, with the five O-D stretching bands clearly visible in the 2200 -2600 cm -1 range, mirroring the O-H stretching pattern. In addition, a weak band is observed at 𝜈 ̃ = 1215 cm -1 , corresponding to a DOD bending mode, and the signals corresponding to libration modes of H2O at 𝜈 ̃ = 591 and 659 cm -1 have decreased in intensity [START_REF] Shippey | Vibrational Studies of Calcium Oxalate Monohydrate (Whewellite) and Anhydrous Phase of Calcium Oxalate[END_REF] (see Figure 2, and for the complete assignment of the IR spectrum Figure S5 and Table S9).

Next, experiments were performed using much smaller quantities of D2O (~1 eq with respect to COM, which corresponds to 7 L of D2O for 60 mg of starting material). Here, in order to enable the efficient mixing of the COM precursor with the small volume of D2O, experiments were carried out using mechanochemistry. This type of synthetic approach using small amounts of liquid (typically ~0.1 L/mg) during ball-milling is known as liquid assisted grinding (LAG). [START_REF] Bowmaker | Solvent-Assisted Mechanochemistry[END_REF] Generally speaking, using LAG rather than dry milling in mechanochemistry can impact the reaction by increasing the reaction rate, enhancing the yield, and, in some cases, improving the product crystallinity. [START_REF] Bowmaker | Solvent-Assisted Mechanochemistry[END_REF] Here, enriched water was actually used to play the role of both a liquid grinding assistant and a reagent to introduce the isotopic label, in line with our previous work on isotopic labeling using ball-milling. [START_REF] Métro | Unleashing the Potential of 17 O NMR Spectroscopy Using Mechanochemistry[END_REF][START_REF] Chen | Labeling and Probing the Silica Surface Using Mechanochemistry and 17 O NMR Spectroscopy[END_REF][START_REF] Špačková | Unveiling the Structure and Reactivity of Fatty-Acid Based (Nano)Materials Thanks to Efficient and Scalable 17 O and 18 O-Isotopic Labeling Schemes[END_REF][START_REF] Chen | Direct 17 O Isotopic Labeling of Oxides Using Mechanochemistry[END_REF][START_REF] Špačková | Cost-Efficient and User-Friendly 17 O/ 18 O Labeling Procedures of Fatty Acids Using Mechanochemistry[END_REF][START_REF] Chen | Looking into the Dynamics of Molecular Crystals of Ibuprofen and Terephthalic Acid Using 17 O and 2 H Nuclear Magnetic Resonance Analyses[END_REF] Three different experimental conditions were compared for the deuteration of COM. The first experiment adopted a very gentle approach: shaking without a milling ball, allowing the reagents to be mixed at the frequency of 25 Hz for 5 minutes (COM-SHAKE-2 H), and without any risk of affecting the crystallinity of the COM starting material. The second experiment was performed using the same quantities of reactants and under the same reaction conditions, but with one PTFE milling ball added to the reactor (COM-BM-2 H). Both samples (COM-SHAKE-2 H and COM-BM-2 H) were dried under vacuum for 5 minutes after the reaction to remove excess surface water, as the presence of residual enriched/mobile water was evident from the IR spectra (Figure S6). Finally, using the aforementioned reaction conditions, a third experiment was performed, in which the reaction mixture after 5 minutes of milling was then aged in a closed milling jar for 72 hours (COM-BM-AGED-2 H). This process is referred to as accelerated aging, [START_REF] Mottillo | Advances in Solid-State Transformations of Coordination Bonds: From the Ball Mill to the Aging Chamber[END_REF][START_REF] Huskić | Accelerated Ageing Reactions: Towards Simpler, Solvent-Free, Low Energy Chemistry[END_REF] and was performed to investigate if exposure to the humidity of enriched water in a sealed reactor could further increase the enrichment level. The resulting IR spectra are presented in Figure 2. All three samples show the expected O-D stretching bands in the 2200 -2600 cm -1 range. COM-SHAKE-2 H and COM-BM-2 H show weaker O-D bands compared to the COM-BM-AGED-2 H sample. This result confirms that the aging step favours an increase in the number of enriched water molecules in the isolated COM phase.

Further, the crystallinity of deuterated COM samples was assessed by powder X-ray diffraction (Figure S7). No significant change in crystallinity was observed. Moreover, no diffraction peaks attesting to the formation of the other calcium oxalate hydrates (COD and COT) could be detected. Only a slight increase in the relative intensity of the diffraction peak at ~24.5 o was observed for the COM-BM-2 H and COM-BM-AGED-2 H samples. This small change may be related to the alteration in the particle morphology of the COM crystals upon grinding using the PTFE ball. This observation was further confirmed by examining the SEM images of the samples, where the overall particle size and shape, and the agglomeration degree between particles, were observed to vary after milling (Figure S8).

Hence, overall, the labeling conditions used here are (i) mild enough to avoid any significant phase change of COM (or transformation into other hydrates), and yet (ii) sufficiently efficient to enable the deuteration of some of the crystallographic water molecules within the COM structure. 

Quantification of the mechanochemical enrichment by mass spectrometry: insight into the labeling mechanism

As mentioned above, the IR analyses of deuterated materials indicate a variation in the enrichment level between the samples presented. Therefore, to go one step further, the enrichment level was then estimated quantitatively using isotopic ratio mass spectrometry (IR-MS) and large-geometry secondary-ion mass spectrometry (LG-SIMS). In the former case, isotopic ratios are measured after pyrolysis of the sample (meaning that the ratios are representative of the average bulk composition of the samples). In contrast, in LG-SIMS, the isotopic composition within the first few atomic layers of the surface is analyzed, after the bombardment of the surface by a primary ion beam.

In this study, we use two terms for describing and comparing the amount of enrichment within the samples prepared: enrichment yield and enrichment level. The enrichment yield depends on the given reaction conditions. Here, as the labeling reaction is reversible and performed by reacting 1 equivalent of enriched water to 1 equivalent of non-labeled COM, the equilibrium is reached when 50% of the water molecules are exchanged within the COM material, which thus corresponds here to an enrichment yield of 100%, regardless of the actual isotope enriched (when neglecting isotopic fractionation effects between bound water and remaining free water). Because of the type of labeling reaction involved, the enrichment yield will also be referred to as exchange yield in the rest of this manuscript. On the other hand, the enrichment level corresponds to the absolute percentage enrichment in 2 H, [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O or [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O achieved within the sample (without considering the reaction mechanism).

IR-MS measurements were performed on freshly-prepared samples on an instrument capable of resolving and quantifying minimal changes in 2 H/ 1 H and [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O/ [START_REF] Gehl | Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite[END_REF] O ratios (the 17 O/ [START_REF] Gehl | Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite[END_REF] O ratios not being accurately measurable using the CO molecule as analyte). As IR-MS is optimized for the accurate measurement of isotopic ratios close to natural abundances, especially in natural water, biological matrices and minerals, [START_REF] Werner | Referencing Strategies and Techniques in Stable Isotope Ratio Analysis[END_REF] the COM enrichment procedure had to be adjusted by using enriched waters containing only ~0.1% D2O or ~0.5% H2 [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O in volume for the labeling, in order to avoid any oversaturation of the detectors or contamination of the machine. Samples for IR-MS were prepared using the same ball-milling procedure as described previously, by reacting ~1 equivalent of the diluted labeled water with ~1 equivalent of COM, and isolated immediately, or after aging.

IR-MS analyses on fresh samples showed that the exchange yields of water molecules were 7.8 ± 0.3 and 7.3 ± 0.1 % for COM-BM-2 H and - [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O samples, and 27.6 ± 1.0 and 34.1 ± 0.6 % for COM-BM-AGED-2 H and - [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O samples, respectively (see SI for further details and analysis of the IR-MS data). BM samples enriched using [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O-labeled water showed very similar exchange yields to those enriched using 2 Hlabeled water, and slightly higher exchange yields after the aging step. The lack of preferential incorporation of deuterium suggests that the exchange of the enriched water molecules does not stem from a simple "diffusion" into the crystal structure (e.g., via hopping mechanisms for 2 H), [START_REF] Cukierman | Grotthuss! And Other Unfinished Stories[END_REF] as a much higher incorporation rate of 2 H compared to [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O would have been expected in this case, even after 5 minutes of LAG. The absence of long-range H-bonded water networks within the COM structure actually supports the fact that such diffusion mechanisms are unlikely to be predominant: indeed, the water molecules are essentially associated as dimers in the lattice (Figure 1b). Moreover, subsequent 2 H NMR analyses also showed the absence of significant 2 H exchange between the two water sites, even at high temperatures (as further detailed below). Hence, here, the relatively similar 2 H and [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O exchange yields in COM-BM-2 H and - [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O samples suggest that the isotopic labeling in this material is rather arising from a mechanism enabling the exchange of the full water molecules, such as a rapid "dissolution-recrystallization" process occurring at the surface and interfaces of the crystallites during the 5 minutes of LAG, leading to the progressive formation of a COM phase incorporating enriched water molecules. This is further supported by the results shown for the aged samples, where ~4 to 5 times higher exchange yield is detected, indicating that in this case, the enrichment of the COM water molecules occurs more extensively within the bulk COM material, thanks to the prolonged "dissolution-recrystallization" processes in the sealed vial (see Scheme 2). The slightly lower 2 H-exchange yields after the aging step can be suspected to arise from the faster 1 H/ 2 H back-exchange within the surface layers of COM, due to much more rapid diffusion of the water protons inside/ outside the surface of the materials (compared to the water oxygen atoms), when the sample is exposed to the ambient atmosphere (e.g., when the sample is recovered from the reactor, or when other techniques are used to analyze it). The observation of a facilitated back-exchange for surface water could be in line with recent computational studies, which have shown that the COM surface contains defects where water molecules can easily penetrate. [START_REF] Debroise | Morphology of Calcium Oxalate Polyhydrates: A Quantum Chemical and Computational Study[END_REF] Because back-exchange leads to a loss of isotopic enrichment, which can be problematic for NMR analyses, the deuterium-enriched samples were further used to evaluate the stability of the labeling in the COM material under different storage conditions. First, using IR spectroscopy, it was found that after 2 months of simple storage of COM-BM-2 H samples in a sealed vial in a freezer, the relative intensity of the O-D stretching bands in the 2200 -2600 cm -1 range had decreased, while the O-H bands concomitantly had re-increased (Figure S9b), indicating a partial back exchange of deuterated water molecules, despite the low temperatures. Furthermore, IR-MS analyses of 2 weeks old COM-BM-2 H samples showed a decrease in the enrichment level from 7.8 ± 0.3 % to 1.0 ± 0.1 % (Table S2). All these results clearly show that proper storage is essential for maintaining the maximum enrichment of water molecules in the COM samples.

Considering that IR-MS analyses only provide an averaged isotopic composition of the materials, the studies presented above cannot inform on how the labeling within a COM crystallite varies from the surface to the core. Hence, as a first step towards probing in more detail the surface and sub-surface isotopic composition of the enriched materials, LG-SIMS analyses were carried out. Here, measurements were performed on an instrument capable of resolving and quantifying the isotopic contents of the three stable isotopes of oxygen ( 16 O, [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 18 O). The COM-BM-AGED- [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O phase, which had been enriched using ~90% H2 [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O water, was analyzed (Table S5). The resulting exchange yield was found to be 4.2 ± 1.5 %, which is ~8 times lower compared to what had been measured by IR-MS. Such difference in the exchange yields can be related to the fact that IR-MS measures the isotopic composition of the whole sample, whilst LG-SIMS only the surface, and that partial loss of the enriched surface water molecules may have occurred prior to LG-SIMS. Indeed, LG-SIMS measurements were performed under ultra-high vacuum on a 4-week-old sample, which, despite the precautions made in its preparation and storage, may have undergone surface back-exchange. This hypothesis was further confirmed by [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR analyses performed on the same sample ~6 weeks after its preparation (Figure S10): a decrease by only half in the [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR signal intensity was observed in the spectrum (and not by a factor of 8). Thus, overall, these measurements clearly confirm that the much larger decrease in exchange yield measured by LG-SIMS is indicative of the back-exchange processes occurring at the surface. More importantly, as it is a surface-sensitive technique, this shows how LG-SIMS is uniquely suited to probe changes in the surface composition of hydrated biomimetic materials, and, as a consequence, the kinetics of back-exchange (which was beyond the scope of the present work).

Based on all the above analyses, it appears that (i) the water molecules in COM can be easily enriched in just 5 minutes in 2 H, [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O using ball-milling, and microliter quantities of isotopically labeled water without any significant change in crystallinity of the material; (ii) a higher labeling level is readily achieved by simple aging of the enriched material in a closed milling jar (with a maximum exchange yield ~28 -34 % under the conditions tested here); and (iii) the storage conditions of the sample are essential to avoid any loss in isotopic label from back-exchange reactions with atmospheric humidity at the sample surface. Considering the aforementioned points, a [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O-enriched COM sample was prepared using ball-milling followed by an accelerated aging process as described previously (COM-BM-AGED-17 O). This sample was first characterized using IR and X-Ray diffraction (Figures S7 andS11).

The results of these analyses were consistent with those obtained for the deuterated sample. The exchange yield of the [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O-enriched sample is assumed to be ~28 -34 % according to the IR-MS studies on similarly enriched 2 H and [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O samples, which is suitable for high resolution [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR analyses, as shown further.

Analysis of local water environments using high-resolution 17 O NMR

Oxygen-17 NMR spectra of COM-BM-AGED- [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O were recorded at multiple fields (9.4, 14.1, 18.8 and 35.2 T) in order to extract quadrupolar parameters. The resulting one-dimensional (1D) spectra are shown in Figure 3a. All spectra were recorded in less than 20 minutes using a single pulse experiment, except for the experiment performed at 9.4 T, which was recorded in 6 hours due to the lower field strength and the poorer performance of the probe. The given spectra at all fields showed well-defined line-shapes indicating the presence of crystalline water. Furthermore, a 2D MQMAS experiment allowed two water environments to be resolved (Figure 3b). This result is fully consistent with previous powder neutron diffraction [START_REF] Daudon | Examination of Whewellite Kidney Stones by Scanning Electron Microscopy and Powder Neutron Diffraction Techniques[END_REF] and IR [START_REF] Shippey | Vibrational Studies of Calcium Oxalate Monohydrate (Whewellite) and Anhydrous Phase of Calcium Oxalate[END_REF][START_REF] Carmona | On the Hydrogen Bonding of Whewellite[END_REF] studies, where two crystallographically inequivalent water sites have been shown to be present within the COM structure.

The 2D [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MQMAS NMR spectrum was used to extract initial values of both water sites' isotropic chemical shifts and quadrupolar parameters. Using these values, the 1D [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS NMR spectra recorded at different fields were then further fitted. The resulting fits are presented in Figure 3a, with average experimental [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR parameters summarized in Table 1. All experiments were recorded under temperature control; however, it was not possible to obtain precisely the same temperature at the sample for the measurements at different fields. As a result, minor variations in the fitted quadrupolar parameters were observed. Average quadrupolar coupling constants (CQ) were found to be 6.5 ± 0.1 MHz for both sites, with asymmetry values (Q) of 0.83 ± 0.02 and 0.97 ± 0.02 and isotropic chemical shifts (iso) of 18.9 ± 1.0 and 9.2 ± 1.1 ppm, respectively. The measured values are consistent with other types of water molecules found in hydrated solids that have been previously studied by [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR, where CQ values ranged from 6.6 to 7.4 MHz, ηQ from 0.7 to 1.0, [START_REF] Nour | Oxygen-17 NMR Spectroscopy of Water Molecules in Solid Hydrates[END_REF][START_REF] Keeler | High-Resolution 17 O NMR Spectroscopy of Structural Water[END_REF][START_REF] Michaelis | Structural Insights into Bound Water in Crystalline Amino Acids: Experimental and Theoretical 17 O NMR[END_REF][START_REF] Keeler | O NMR Investigation of Water Structure and Dynamics[END_REF] and iso covering a nearly 48 ppm range, from -17 ppm in sodium perchlorate monohydrate [START_REF] Nour | Oxygen-17 NMR Spectroscopy of Water Molecules in Solid Hydrates[END_REF] to 31.0 ppm in L-cysteine HCl monohydrate. 57 1. Detailed experimental parameters are given in Table S6. (c) Static experimental [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR spectra recorded at 18.8 T (left) and 14.1 T (right), with simulated line-shapes shown in red. All resulting quadrupolar and CSA parameters are summarized in Tables 1 andS10. The line-shape recorded at 18.8 T was also tentatively fitted without CSA using quadrupolar parameters reported in Table 1; the result is shown in Figure S12, clearly showing the effect of the CSA on the lineshape. (d) [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O Hahn-echo NMR experiments, performed under MAS at 14.1 T, show that the two sites have different T'2 values.

Table 1. Average experimental [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR parameters for the two water molecules in COM, as extracted from measurements performed at different fields. See Figure 3 for experimental spectra and their fits and Table S6 for experimental acquisition parameters. parameters. [START_REF] Michaelis | Structural Insights into Bound Water in Crystalline Amino Acids: Experimental and Theoretical 17 O NMR[END_REF][START_REF] Keeler | O NMR Investigation of Water Structure and Dynamics[END_REF] By examining closely the static [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR spectra recorded (Figure 3c), it is clear that there is a CSA contribution to the line-shape (see Figure S12 for simulations of static data with or without CSA at 18.8 T). Therefore, the span and skew (noted  and , respectively), as well as the Euler angles, were determined by fitting static [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O line-shapes recorded at 14.1 and 18.8 T (Figure 3c), using as starting parameters the values taken from the GIPAW DFT calculations (see below and Table S11). All fitted parameters were then adjusted to find the best fit for both line-shapes. The resulting spans for the two sites were found to be equal to 53 ± 15 and 47 ± 9 ppm, with skews of 0.4 ± 0.1 and 0.0 ± 0.2, respectively, and with Euler angles as reported in Table S10. Although resulting CSA values still contain significant uncertainties (up to 30 % in span), these results are consistent with those reported for the other experimentally fitted [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O static spectra of hydrates reported in the literature, where the span is observed to vary between 20 to 80 ppm, with error bars up to 30 %. [START_REF] Nour | Oxygen-17 NMR Spectroscopy of Water Molecules in Solid Hydrates[END_REF][START_REF] Keeler | High-Resolution 17 O NMR Spectroscopy of Structural Water[END_REF][START_REF] Michaelis | Structural Insights into Bound Water in Crystalline Amino Acids: Experimental and Theoretical 17 O NMR[END_REF][START_REF] Keeler | O NMR Investigation of Water Structure and Dynamics[END_REF] To help assign the two water sites, GIPAW calculations of NMR parameters of COM were performed.

Experiment

Atom positions were taken from the reported neutron diffraction structure, [START_REF] Daudon | Examination of Whewellite Kidney Stones by Scanning Electron Microscopy and Powder Neutron Diffraction Techniques[END_REF] and progressively optimized. The results are summarized in Table S11, with additional computational details given in the SI. From the calculations, the site with the highest iso corresponds to W1 (20.39 ppm) and the lowest to W2 (14.09 ppm). The other calculated [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR parameters are comparable to the experimental values, with CQ being overestimated by ~20 %. This difference can be explained by the fact that GIPAW calculates the NMR parameters without accounting for molecular motion, treating molecules and materials at 0 K. As a result, any motional averaging observed in experimental NMR would not be considered in the calculation. Previous studies of oxygen-17 for bound water in solids observed a similar discrepancy in the calculated CQ parameters, and it was proposed that dynamics likely cause the differences. [START_REF] Michaelis | Structural Insights into Bound Water in Crystalline Amino Acids: Experimental and Theoretical 17 O NMR[END_REF][START_REF] Keeler | O NMR Investigation of Water Structure and Dynamics[END_REF] Interestingly, a difference in T'2 relaxation rates was observed here for both water molecules (Figure 3d). When performing a 17 O Hahn-echo experiment, only the W2 site was still observed after an echo delay of ~2.8 ms. More precisely, T'2 values were estimated to be 0.336 ± 0.037 ms and 1.702 ± 0.087 ms for W1 and W2, respectively (Figure S13). For a quadrupolar nucleus like [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O,

These two contrasting relaxing rates may suggest that the dynamics of both sites are somewhat different. Thus, variable-temperature NMR experiments were performed to investigate the dynamics of water sites more closely.

Analysis of the dynamics of water molecules in COM using variable temperature [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H NMR As mentioned in the introduction, previous studies had shown that the COM lattice changes symmetry between 55 -75 0 C, and it had been proposed that this change is related to the appearance of a positional disorder on the water molecules and on some of the oxalate oxygen atoms. [START_REF] Izatulina | Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability, and Phase Evolution[END_REF][START_REF] Shepelenko | Order and Disorder in Calcium Oxalate Monohydrate: Insights from First-Principles Calculations[END_REF][START_REF] Deganello | The Structure of Whewellite, CaC2O4 . H2O, at 328[END_REF] Variable temperature [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H NMR experiments were thus carried out, to look into more detail at this phase transition, from the water molecules' perspective (Figures 4a andb).

In the reported high-temperature structure of COM, to enable an I2/m symmetry, the water molecules were proposed to statistically occupy four symmetry-related configurations, as shown in Figure 4d. If this were the case, then the resulting line-shape of the [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O nuclei at high temperatures should still maintain the same order of quadrupolar coupling and the same type of line-shape as shown at lower temperatures (i.e., below +40 0 C, Figure 4a). However, a very different and much narrower line-shape is actually observed at high temperature. This suggests that with increasing temperature (starting from +40 0 C), the water molecules undergo rapid motions, changing their orientations within the lattice.

A closer analysis of the changes in [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O line-shapes as a function of temperature was performed. First, by decreasing the temperature down to -100°C (in order to try to freeze molecular motions), the experimental spectrum shows a broadening of the line-shape, where the CQ of both sites increases by ~0.4 MHz, with little change observed for 𝜂 𝑄 (Table S12 and Figure S14). However, the experimentally acquired CQ values are not yet close to the calculated ones, suggesting that residual motion is still present at -100 0 C. Conversely, with increasing temperature, the features of the quadrupolar line-shape gradually disappear between +40 and +60 0 C, with further averaging observed at +80 0 C. The symmetric signal at high temperature is centered at 1.4 ppm, with a width at half maximum of ~1400 Hz, which is both shifted and broader than what would have been detected for free "liquid" water. [START_REF] Hung | Second-Order Quadrupolar Line Shapes under Molecular Dynamics: An Additional Transition in the Extremely Fast Regime[END_REF][START_REF] Ba | Water Molecular Reorientation in Ice and Tetrahydrofuran Clathrate Hydrate from Lineshape Analysis of 17 O Spin-Echo NMR Spectra[END_REF] The observed averaging of the quadrupolar line-shape, and the apparent decrease in the CQ values with increasing temperature are indicative of water molecules' motions within the COM lattice, where the local environments of oxygen atoms are affected by the movements of the surrounding H atoms, which result in rapid changes in the electric field gradient (EFG). [START_REF] Ba | Water Molecular Reorientation in Ice and Tetrahydrofuran Clathrate Hydrate from Lineshape Analysis of 17 O Spin-Echo NMR Spectra[END_REF] As expected, this temperature effect on the [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O line-shape is reversible, i.e., after cooling the sample back to +20 0 C, the initial quadrupolar line-shape of COM is recovered, due to the reformation of the LT form (Figure S15). Hydrogen bonding is highlighted with grey dashed lines. The previously proposed four possible orientations of the water oxygen atoms in the high-temperature structure are emphasized with partial white/red coloring; the latter structure was adapted from the reference. [START_REF] Shepelenko | Order and Disorder in Calcium Oxalate Monohydrate: Insights from First-Principles Calculations[END_REF] Further analysis was performed on the COM-SOAKED-2 H sample using 2 H solid-state NMR to gain information on the dynamics of the water molecules. Deuterium line-shapes are known to be sensitive to the molecular motions' nature and rate, [START_REF] Long | 2 H NMR Line Shapes and Spin-Lattice Relaxation in Ba(ClO3)2 . 2H2O[END_REF][START_REF] O'hare | Solid State Water Motions Revealed by Deuterium Relaxation in 2 H2O-Synthesized Kanemite and 2 H2O-Hydrated Na + -Zeolite A[END_REF][START_REF] Tobar | Water Dynamics in Deuterated Gypsum, CaSO4⋅2D2O, Investigated by Solid State Deuterium NMR[END_REF][START_REF] Kolokolov | Water Dynamics in Bulk and Dispersed in Silica CaCl2 Hydrates Studied by 2 H NMR[END_REF][START_REF] Benesi | Room Temperature Solid Surface Water with Tetrahedral Jumps of 2 H Nuclei Detected in 2 H2O-Hydrated Porous Silicates[END_REF][START_REF] Wittebort | Observation of Molecular Reorientation in Ice by Proton and Deuterium Magnetic Resonance[END_REF] and even provide information on the hydrogen bonding strength in crystalline hydrates. [START_REF] Chiba | Deuteron Magnetic Resonance Study of Some Crystals Containing an O-D•••O Bond[END_REF]100 Figure 4b shows the 2 H NMR quadrupolar echo spectra of COM-SOAKED-2 H, recorded at 14.1 T in static mode between -40 0 C and +80 0 C. As in the case of [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR, changes in the recorded deuterium line-shapes are also observed over the whole temperature range.

The resulting spectra cannot be fitted by only considering the DFT calculated quadrupolar parameters (CQ and Q), as illustrated in Figure S16: molecular motions and their rate must be included to account for the different features in the recorded line-shapes.

At -40 0 C, the spectrum is a result of water molecules undergoing a 180 o jump around the bisector angle of the D-O-D bonds (Figure 4c, left). Using the bisector angles of the DFT-relaxed structure of COM (which are 52.2 o and 54.2 o for W1 and W2 water molecules, respectively), and the 2 H quadrupolar parameters calculated with the GIPAW method, a simulation of the resulting line-shapes as a function of the jump rate was performed for each water molecule (Figure S17). Based on the changes observed, it appears that in COM, at -40 0 C, the jump rate of the water molecules is in an intermediate regime ~10 6 s -1 (with quadrupolar parameters CQ and Q between 200 -210 kHz and 0.0 -0.2, respectively). At higher temperatures, the recorded spectra show that the water molecules enter into a fast exchange regime (>10 6 s -1 ), as suggested by the simulation in Figure S17. The 2 H NMR spectra between -20 and +80°C were fitted considering two water sites, leading to the motionally averaged deuterium quadrupolar parameters in Table S13 and Figure S18. Both CQ and Q parameters for water sites revealed a trend, with a small progressive decrease of 18 kHz between -40 and +60 °C, followed by a more significant change when transitioning to the HT-COM structure between +60 to +80 0 C, where CQ values were found to decrease by ~20 kHz and Q by ~0.3 for both sites. Moreover, it was noted that while the averaged CQ values for both sites were similar, the Q values were different for both sites, and varied differently with temperature: for one site, the decrease in Q was ~0.23 between -40 and +60°C, while for the other it was ~0.09. Such changes cannot be accounted for by only considering 180° flips of the water molecules. The effect of a twisting vibration of the water molecules needs to be accounted for (Figure 4d, right). Simulations were carried out to see the effect of this motion on the quadrupolar parameters, where the amplitude of the motion was varied, and the effect of changes in the size of the bond angle for the water molecule was investigated (Figure S19). Including this motion can help rationalize the changes in averaged CQ values extracted from the experimental spectra. The amplitude of the twisting was found to have a more significant effect on the apparent CQ parameter, while the change in bond angle on the Q parameter. The quadrupolar parameters extracted from the static 2 H line-shapes show that one water site experiences a bigger variation in the bond angle compared to the other site (up to +60 0 C), namely the site where the bigger variation in Q parameter is observed. Yet, both sites experience the same change in the averaged CQ values, meaning that the amplitude of the twisting motion increases with temperature in the same manner for both sites. Lastly, measurements at +80°C show that further transitioning to the HT-COM phase results in an increase in the bond angle for both sites, and also in the twisting amplitude, as attested by bigger change in the averaged quadrupolar parameters (Table S13).

The dynamics of the water molecules in COM and their importance in the phase change from the low to the high-temperature forms could not have been simply derived from a careful analysis of their crystal structures nor from previous solid-state NMR studies of water movements in other hydrated biomimetic minerals. Indeed, a great diversity of motions of water molecules within crystalline hydrates and water have been reported, mainly via 2 H NMR, and to a lesser extent, via [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR. [START_REF] Long | 2 H NMR Line Shapes and Spin-Lattice Relaxation in Ba(ClO3)2 . 2H2O[END_REF][START_REF] O'hare | Solid State Water Motions Revealed by Deuterium Relaxation in 2 H2O-Synthesized Kanemite and 2 H2O-Hydrated Na + -Zeolite A[END_REF][START_REF] Tobar | Water Dynamics in Deuterated Gypsum, CaSO4⋅2D2O, Investigated by Solid State Deuterium NMR[END_REF][START_REF] Kolokolov | Water Dynamics in Bulk and Dispersed in Silica CaCl2 Hydrates Studied by 2 H NMR[END_REF][START_REF] Benesi | Room Temperature Solid Surface Water with Tetrahedral Jumps of 2 H Nuclei Detected in 2 H2O-Hydrated Porous Silicates[END_REF][START_REF] Wittebort | Observation of Molecular Reorientation in Ice by Proton and Deuterium Magnetic Resonance[END_REF][START_REF] Takeda | Restricted Rotational Motion of InterlayerWaterMolecules in Vanadium Pentoxide Hydrate, V2O5•D2O, as Studied by Deuterium NMR[END_REF][START_REF] Bowers | Alkali Metal and H2O Dynamics at the Smectite/Water Interface[END_REF] While some structures have shown a 'rigid' 2 H NMR line-shape (and hence the absence of movement) even at elevated temperatures (up to +100 0 C), as in the case of K2C2O4 . D2O, 101 in most cases, a characteristic line-shape that reflects the presence of molecular motions was observed (at rates ≥10 6 s -1 ). The most common movement reported for water molecules in crystalline hydrates has been a 180 o flip of the water molecule about the C2 symmetry axis, [START_REF] Tobar | Water Dynamics in Deuterated Gypsum, CaSO4⋅2D2O, Investigated by Solid State Deuterium NMR[END_REF][START_REF] Kolokolov | Water Dynamics in Bulk and Dispersed in Silica CaCl2 Hydrates Studied by 2 H NMR[END_REF]100 as shown here for the LT-COM (at -40 0 C). However, other motions, such as vibrations, have been previously shown to have an effect on the resulting apparent quadrupolar parameters, like a decrease in the experimentally measured CQ of 17 O nuclei in Ba(ClO3)2 . H2O due to the librational motion. [START_REF] Keeler | O NMR Investigation of Water Structure and Dynamics[END_REF] Here, we were able to show through variable-temperature 2 H NMR experiments and simulations that besides the C2 symmetry jump, additional twisting motions take place, leading to changes in the appearance of the 2 H line-shape, and that variations in the averaged bond angle of water molecules can also have an effect on the resulting spectrum. Notably, the well-resolved 2 H powder patterns recorded between -40 °C and +80 °C reveal that two distinct water sites are still present, even in the HT-COM structure, with no measurable exchange occurring between both sites.

These 2 H and [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR results thus provide the first direct insight into the dynamics of the water molecules within the different forms of COM structure. Overall, these variable temperature studies clearly show that in addition to the changes in lattice symmetry and positional disorder when transitioning from the LT to HT structure, the water molecules are locally undergoing more pronounced molecular motions in the HT form. In order to go even deeper in understanding the motions taking place in the high-temperature form of COM, further detailed variable temperature studies and relaxation measurements of 2 H (including additional T1, T'2 relaxation experiments) would need to be performed, which is beyond the scope of the current work.

Outlook: extension to the study of water dynamics in calcium oxalate dihydrate (COD)

The present study has clearly shown that good [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O-isotopic enrichment of the crystallographic water molecules of COM can be achieved using mechanochemistry under mild milling conditions, and that thanks to this labeling, information on the dynamics of the water molecules can be reached by NMR. Therefore, we further explored whether a similar approach could be used to enrich water molecules within the less stable COD phase.

The formula of COD is generally written as CaC2O4 . (2+x)H2O, where x varies between 0 and 0.5, and corresponds to the so-called "zeolitic" water molecules (Figure 5a). [START_REF] Tazzoli | The Crystal Structures of Whewellite and Weddellite: Re-Examination and Comparison[END_REF][102][103][104] This phase is known to clearly suggests the presence of the dynamics of the water molecules within the COD phase. To the best of our knowledge, this is not a point that has yet been studied for COD, despite the fact that the water molecules are trapped within cavities, in which they would be prone to rapid reorientations as hinted by recently reported 1 H NMR data. [START_REF] Leroy | A Novel Multinuclear Solid-State NMR Approach for the Characterization of Kidney Stones[END_REF] Hence, complementary variable temperature experiments and 2 H NMR studies would need to be performed to shed further light on the nature of these movements, as detailed studies of water motions may help understand better the phase transition from COD to COM. [START_REF] Tazzoli | The Crystal Structures of Whewellite and Weddellite: Re-Examination and Comparison[END_REF] Crystallographically equivalent water molecules are highlighted with purple, blue and green ellipsoids. "Zeolitic" water is highlighted in green. The image of the crystal structure was produced using the VESTA software. [START_REF] Momma | VESTA 3 for Three-Dimensional Visualization of Crystal, Volumetric and Morphology Data[END_REF] (b) 1D [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS NMR spectra of COD-BM- [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O, recorded at 14.1 T using DFS single-pulse sequence (top) and the DFS-echo sequence with an 0.5 ms of echo delay (bottom; signal increased in intensity by a factor of four for a better comparison). Further NMR parameters are given in the SI Table S6. (c) Simulated [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS NMR at 14.1 T line-shapes using the GIPAW DFT-calculated NMR parameters for 3 models of CaC2O4 . (2+x)H2O, with x = 0.25, 0.375 and 0.5, with values from different types of water molecules averaged together. The integrated signal intensity of the "zeolitic" water was adjusted to match the overall water ratio within the COD structure. The content of "zeolitic" water (value of x) was varied to see the effect on the chemical shift and the quadrupolar parameters. The results of all calculations are summarized in the SI Figure S20.

Conclusion

In this work, a new approach for isotopically enriching water molecules in oxygen-17 and deuterium within hydrated biomimetic minerals has been presented, via the use of mechanochemistry. The enrichment protocol used small quantities of labeled water (~7 -13 µL for 60 mg of starting material) and very short milling times (~5 min), making this method very efficient compared to conventional recrystallization techniques. This methodology was tested and optimized on the calcium oxalate monohydrate phase, and then extended to the less stable calcium oxalate dihydrate form. In both cases, the characterizations performed using powder X-ray diffraction and IR spectroscopy showed no significant changes in the material after the milling procedure, with notably no loss in crystallinity of the mineral nor formation of any by-products. Hence, this labeling strategy should enable highresolution NMR analyses to be performed on other hydrated biomaterials.

The efficiency of the enrichment protocol was extensively studied in the case of the COM phase, using

LG-SIMS and IR-MS methods. The average exchange yield of labeled water molecules was estimated to be ~30 % by IR-MS, while LG-SIMS provided the first insight into the surface isotopic composition of the COM crystallites. Here, we demonstrated how both analyses can complement one another by analyzing materials with water molecules enriched in [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O, [START_REF] Ihli | Precipitation of Amorphous Calcium Oxalate in Aqueous Solution[END_REF] O or 2 H, thereby giving a better insight into the isotopic composition of the enriched materials and the labeling mechanism. In the case of COM, both LG-SIMS and IR-MS analyses showed that the enriched material experienced back-exchange of the water molecules at the surface, upon exposure to the ambient atmosphere. Furthermore, results of IR-MS analyses showed that water molecules belonging to the bulk of the crystal structures also become enriched, most probably via a dissolution-recrystallization pathway occurring during the milling. From a more general perspective, such a high level of insight on the labeling mechanism is important for future developments in enrichment procedures based on mechanochemistry.

Thanks to the highly-enriched phases prepared herein, the solid-state NMR analysis of [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H nuclei allowed for the first time to gain structural and dynamic insights into the water molecules within the COM lattice. The 17 O NMR spectra could be recorded in short time, enabling to perform a 2D MQ MAS experiment in just a few hours, from which the two crystallographically inequivalent water sites could be resolved. Additional GIPAW DFT calculations of NMR parameters, in conjunction with T'2 relaxation experiments, permitted both water sites' assignments. More importantly, subsequent [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H variable temperature studies enabled to follow the dynamics of the water molecules when transitioning from the low to the high temperature structure. The NMR analysis provided insight into the movements of the water molecules within the COM structure. It was found that the water molecules are undergoing C2 symmetry flips, where the jump rate of the water molecules is in an intermediate regime ~10 6 s -1 below -40 0 C, and in the fast exchange regime (> 10 6 s -1 ) at higher temperatures. In addition to 180 0 flips, it was shown that with increasing temperature, a twisting motion comes into play, with its angular amplitude increasing up to ~25 , as shown by the 2 H lineshape of HT-COM. Furthermore, it was found by 2 H NMR that the water molecules are still inequivalent within the HT-COM structure, and not exchanging their respective positions. In the previous analysis of these LT-to HT-COM transformations, which had been performed using X-ray diffraction and computational studies, it had been proposed that the water molecules within the HT-COM structure are occupying statistically disordered positions. Here, the variable-temperature [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H NMR analysis clearly shows that the water molecules are actually undergoing fast molecular motions, as a result averaging the positions with more pronounced movements and water distortions occurring in the HT form. Hence, overall, this study shows how solid-state NMR analyses of nuclei like [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O and 2 H can be critical to the structural and the dynamical studies of the water molecules within hydrated biomimetic minerals like COM, and may help shed light on the details of their phase transitions. Along the same line, preliminary [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR experiments of the COD phase also point to motions in the water molecules, which would deserve to be more thoroughly investigated in future work to better understand the poor stability of this phase and its transition into COM.

Figure 1 .

 1 Figure 1. (a) Schematic representation of chemical and structural evolutions between calcium oxalate minerals. The red arrows indicate heating, and the blue arrows cooling. The evolution shown for the oxalate minerals is based on what has been proposed by Izatulina et al.[START_REF] Izatulina | Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability, and Phase Evolution[END_REF] Abbreviations "LT" and "HT" refer to low-and high-temperature structures. (b) Crystal structure of calcium oxalate monohydrate (COM, CaC2O4 . H2O), with two different water environments highlighted in the structure as W1 and W2, and shown clearly in (c). The images of crystal structures were produced using the VESTA software,[START_REF] Momma | VESTA 3 for Three-Dimensional Visualization of Crystal, Volumetric and Morphology Data[END_REF] and the neutron diffraction crystallographic data reported by Daudon et al. (CCDC: 1428017).[START_REF] Daudon | Examination of Whewellite Kidney Stones by Scanning Electron Microscopy and Powder Neutron Diffraction Techniques[END_REF] 
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  -labeling of COD by mechanochemistry.

Figure 2 .

 2 Figure 2. IR spectra of various COM samples as detailed in the figure legend with O-H and O-D stretching bands highlighted. The signals at 593 and 660 cm -1 correspond to libration modes of water, and at 1215 cm -1 DOD bending mode. Signals highlighted with dark grey arrows (at 1156 and ~1210 cm -1 ) belong to PTFE, 94 which comes from the partial shedding of the PTFE ball during the milling.

Scheme 2 .

 2 Scheme 2. Schematic representation of two possible pathways for the isotopic enrichment of water

Figure 3 .

 3 Figure 3. 17 O MAS NMR spectra of the COM-BM-AGED-17 O sample. (a) Experimental MAS spectra at 9.4, 14.1, 18.8 and 35.2 T (spinning side-bands highlighted with an asterisk) with simulated line-shapes shown in red. (b) 2D 17 O MQ MAS NMR spectrum at 18.8 T with two distinct water sites resolved, and the extracted slices shown on the right together with their fit. The resulting quadrupolar parameters are summarized in Table 1. Detailed experimental parameters are given in Table S6. (c) Static experimental 17 O NMR spectra recorded at 18.8 T (left) and 14.1 T (right), with simulated line-shapes shown in red. All resulting quadrupolar and CSA parameters are summarized in Tables1 and S10. The line-shape recorded at 18.8 T was also tentatively fitted without CSA using quadrupolar parameters reported in Table1; the result is shown in FigureS12, clearly showing the effect of the CSA on the lineshape. (d)[START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O Hahn-echo NMR experiments, performed under MAS at 14.1 T, show that the two sites have different T'2 values.
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 417 Figure 4. (a) Variable temperature[START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR measurements of COM-BM-AGED-[START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O, performed under MAS conditions at 14.1 T. (b) 2 H NMR spectra of COM-SOAKED-2 H recorded at different temperatures under static conditions. The soaked sample was chosen here rather than the BM phase due to its higher enrichment (see Figure2), enabling to obtain a better signal in a shorter time. Further 2 H and 17 O NMR experimental parameters are given in SI in Table S6. (c) On the left: representation of the 180 o jump (or C2 symmetry jump) of the water molecule using a cone model. The cone angle is half of the D-O-D bond angle of the water molecule (noted θ), and the 180 o flip is noted with the angle φ. On the right: representation of the twisting motion of the deuterons in the water molecule. (d) Representation of the low-temperature (left) and high-temperature (right) structures of COM.Hydrogen bonding is highlighted with grey dashed lines. The previously proposed four possible orientations of the water oxygen atoms in the high-temperature structure are emphasized with partial white/red coloring; the latter structure was adapted from the reference.[START_REF] Shepelenko | Order and Disorder in Calcium Oxalate Monohydrate: Insights from First-Principles Calculations[END_REF] 

Figure 5 .

 5 Figure 5. (a) Crystal structure of COD (CaC2O4 . (2.375)H2O) shown obtained after relaxing all atoms as described in main text using VASP software. The crystal structure by Tazzoli et al. was used as a starting point (CCDC: 1293029).[START_REF] Tazzoli | The Crystal Structures of Whewellite and Weddellite: Re-Examination and Comparison[END_REF] Crystallographically equivalent water molecules are highlighted with purple, blue and green ellipsoids. "Zeolitic" water is highlighted in green. The image of the crystal structure was produced using the VESTA software.[START_REF] Momma | VESTA 3 for Three-Dimensional Visualization of Crystal, Volumetric and Morphology Data[END_REF] (b) 1D[START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS NMR spectra of COD-BM-[START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O, recorded at 14.1 T using DFS single-pulse sequence (top) and the DFS-echo sequence with an 0.5 ms of echo delay (bottom; signal increased in intensity by a factor of four for a better comparison). Further NMR parameters are given in the SI TableS6. (c) Simulated[START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O MAS NMR at 14.1 T line-shapes using the GIPAW DFT-calculated NMR parameters for 3 models of CaC2O4 . (2+x)H2O, with x = 0.25, 0.375 and 0.5, with values from different types of water molecules averaged together. The integrated signal intensity of the "zeolitic" water was adjusted to match the overall water ratio within the COD
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transform to the monohydrate phase over time under ambient atmospheric conditions, but a more rapid transformation is observed when the dihydrate is immersed in water. [START_REF] Conti | Phase Transformation of Calcium Oxalate Dihydrate-Monohydrate: Effects of Relative Humidity and New Spectroscopic Data[END_REF] Therefore, performing the isotopic enrichment of COD by immersion in enriched water would be highly expensive (due to the large quantities of enriched water used) and very likely to lead to the formation of an impure product (containing both COD and COM). Thus, proposing alternate strategies for labeling the water molecules appeared necessary to be then able to study the water dynamics.

Here, we tested the mechanochemical enrichment protocol presented above. The procedure was performed without the ageing step to avoid unnecessary exposure to the water vapor, which could potentially transform dihydrate into monohydrate. The milled phase was first characterized using Xray diffraction, IR and 13 C solid-state NMR (Figure S3), showing the purity of the COD product and the absence of formation of the monohydrate form. The resulting [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O solid-state NMR spectrum was thus recorded. As for COM, the data could be acquired in a short time (~4 hours at 14.1 T), confirming the efficiency of this labeling strategy (Figure 5b).

The [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR line-shape of COD shows fewer features than for COM, when comparing spectra recorded under similar acquisition conditions and at the same temperature. Yet, evidence of the presence of several different labeled water environments appeared clearly when comparing the spectra recorded using direct excitation (Figure 5b, top) or a Hahn-echo experiments (Figure 5b, bottom). In order to further interpret the [START_REF] Zhang | Role of Hyperoxaluria/Hypercalciuria in Controlling the Hydrate Phase Selection of Pathological Calcium Oxalate Mineralization[END_REF] O NMR data, GIPAW DFT calculations were performed on structural models of COD, corresponding to different substitution levels of the zeolitic water (x = 0.25, 0.375 and 0.50). Spectral simulations of the calculated data were then performed in two ways, either by adding the contributions of each water molecule in the lattice (Figure S20e), or by pre-averaging those corresponding to the same types of water sites (Figure 5c). In both cases, comparisons between the simulated data and the experimentally recorded spectrum show that (i) more features are visible on the DFT-calculated spectra, while experimentally observed features are "smoothened"; (ii) the DFTcalculated quadrupolar parameters are once more over-estimated as it was for the COM phase. This
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