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I. Introduction

In the last decades, solid/liquid interfaces were the subject of numerous experimental 1,2 and theoretical [START_REF] Henderson | Fundamentals of Inhomogeneous Fluids[END_REF][START_REF] Cygan | Molecular Models and Simulations of Layered Materials[END_REF] studies since confinement greatly modifies the structural and dynamical properties [START_REF] Jobbagy | Interplay of Charge Density and Relative Humidity on the Structure of Nitrate Layered Double Hydroxides[END_REF][START_REF] Lee | Hydrated Cation Speciation at the Muscovite (001)-Water Interface[END_REF][START_REF] Ferrage | Hydration Properties and Interlayer Organization of Water and Ions in Synthetic Na-Smectite with Tetrahedral Layer Charge. Part 2. Toward a Precise Coupling between Molecular Simulations and Diffraction Data[END_REF][START_REF] Boily | Water Structure and Hydrogen Bonding at Goethite/Water Interfaces: Implications for Proton Affinities[END_REF][START_REF] Ho | Aqueous NaCl and CsCl Solutions Confined in Crystalline Slit-Shaped Silica Nanopores of Varying Degree of Protonation[END_REF][START_REF] Briman | Impact of Pore Size and Pore Surface Composition on the Dynamics of Confined Water in Highly Ordered Porous Silica[END_REF][START_REF] Gates | Neutron Time-of-Flight Quantification of Water Desorption Isotherms of Montmorillonite[END_REF][START_REF] Malani | Relaxation and Jump Dynamics of Water at the Mica Interface[END_REF][START_REF] Michot | Anisotropic Features of Water and Ion Dynamics in Synthetic Na-and Ca-Smectites with Tetrahedral Layer Charge. A Combined Quasi-Elastic Neutron-Scattering and Molecular Dynamics Simulations Study[END_REF] of fluids. In that context, clay/water interfacial systems were frequently investigated for two reasons. Firstly, from a theoretical point of view, clay platelets are ideal models for studying solid/liquid interfaces since they have an atomically smooth surface with well-characterized structure and atomic composition. Secondly, natural and synthetic clays are employed in many industrial applications (drilling, waste storing, ionic exchange, heterogeneous catalysis) exploiting their various physico-chemical properties [START_REF]Handbook of Clay Science[END_REF] (swelling, thixotropy, large specific surface area and surface charge density, adsorbing power, surface acidity). Monitoring and predicting the mobility of confined molecules in the porous network of clay aggregates is thus of prime importance for optimizing a large class of such industrial applications. As a consequence, numerous experimental studies have been performed to determine the mobility of confined fluids over a broad range of diffusing time.

At short time-scale (between 10 -12 and 10 -7 seconds), Inelastic [START_REF] Jiménez-Ruiz | Anisotropy on the Collective Dynamics of Water Confined in Swelling Clay Minerals[END_REF][START_REF] Cygan | Inelastic Neutron Scattering and Molecular Simulation of the Dynamics of Interlayer Water in Smectite Clay Minerals[END_REF][START_REF] Michot | Influence of Layer Charge, Hydration State and Cation Nature on the Collective Dynamics of Interlayer Water in Synthetic Swelling Clay Minerals[END_REF][START_REF] Jiménez-Ruiz | Combination of Inelastic Neutron Scattering Experiments and Ab Initio Quantum Calculations for the Study of the Hydration Properties of Oriented Saponites[END_REF] and Quasi-Elastic [START_REF] Michot | Anisotropic Features of Water and Ion Dynamics in Synthetic Na-and Ca-Smectites with Tetrahedral Layer Charge. A Combined Quasi-Elastic Neutron-Scattering and Molecular Dynamics Simulations Study[END_REF][START_REF] Michot | Diffusion of Water in a Synthetic Clay with Tetrahedral Charges by Combined Neutron Time-of-Flight Measurements and Molecular Dynamics Simulations[END_REF][START_REF] Marry | Water Dynamics in Hectorite Clays: Influence of Temperature Studied by Coupling Neutron Spin Echo and Molecular Dynamics[END_REF] Neutron Scattering were frequently used to obtain information on the local mobility of the confined fluids. By contrast, the long-time mobility (above milli-seconds) of fluids is generally probed by using pulsed gradient spin echo (PGSE) NMR spectroscopy [START_REF] Callaghan | Principles of Nuclear Magnetic Resonance Microscopy[END_REF][START_REF] Kimmich | Self-Diffusion Studies by Intra-and Inter-Molecular Spin-Lattice Relaxometry Using Field-Cycling: Liquids, Plastic Crystals, Porous Media, and Polymer Segments[END_REF] . But under confinement, the large enhancement of the NMR relaxation rates [START_REF] Korb | Relative Role of Surface Interactions and Topological Effects in Nuclear Magnetic Resonance of Confined Liquids[END_REF][START_REF] Korb | Multiscale Nuclear Magnetic Relaxation Dispersion of Complex Liquids in Bulk and Confinement[END_REF] generally prohibits the use of PGSE NMR spectroscopy. Recent 2 H NMR relaxations measurements [START_REF] Porion | Structural and Dynamical Properties of the Water Molecules Confined in Dense Clay Sediments: A Study Combining 2 H NMR Spectroscopy and Multiscale Numerical Modeling[END_REF] have illustrated the large enhancement of deuterium NMR relaxation rate of heavy water confined within dense clay sediments. In that context, NMR relaxometry [START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF] provides an interesting alternative way to obtain information on the long-time mobility of confined fluids. For that purpose, we performed 2 H spin-locking relaxometry measurements, because a broad frequency domain may be probed by quadrupolar nuclei (with spin 2 / 1 > I ) under p. 4 confinement [START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF][START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Porion | Structural and Dynamical Properties of Water Molecules Confined within Clay Sediments Probed by Deuterium NMR Spectroscopy, Multiquanta Relaxometry, and Two-Time Stimulated Echo Attenuation[END_REF][START_REF] Porion | 133 Cs Nuclear Magnetic Resonance Relaxometry as a Probe of the p. 24 Mobility of Cesium Cations Confined within Dense Clay Sediments[END_REF] . By contrast with spin-locking NMR relaxometry [START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF][START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Porion | Structural and Dynamical Properties of Water Molecules Confined within Clay Sediments Probed by Deuterium NMR Spectroscopy, Multiquanta Relaxometry, and Two-Time Stimulated Echo Attenuation[END_REF][START_REF] Porion | 133 Cs Nuclear Magnetic Resonance Relaxometry as a Probe of the p. 24 Mobility of Cesium Cations Confined within Dense Clay Sediments[END_REF] , both PGSE-NMR spectroscopy [START_REF] Callaghan | Principles of Nuclear Magnetic Resonance Microscopy[END_REF][START_REF] Kimmich | Self-Diffusion Studies by Intra-and Inter-Molecular Spin-Lattice Relaxometry Using Field-Cycling: Liquids, Plastic Crystals, Porous Media, and Polymer Segments[END_REF] and field-cycling NMR relaxometry [START_REF] Kimmich | Self-Diffusion Studies by Intra-and Inter-Molecular Spin-Lattice Relaxometry Using Field-Cycling: Liquids, Plastic Crystals, Porous Media, and Polymer Segments[END_REF][START_REF] Kimmich | Field-Cycling NMR Relaxometry[END_REF] require incompressible time-delays necessary either to create stable magnetic field gradients, in the case of PGSE, or switch the strength of the static magnetic field, in the case of field-cycling relaxometry. These inherent time-delays strongly limit the applicability of these experimental procedures for investigating the dynamical behavior of strongly confined fluids because of the enhancement of their NMR relaxation rates induced by confinement [START_REF] Korb | Relative Role of Surface Interactions and Topological Effects in Nuclear Magnetic Resonance of Confined Liquids[END_REF][START_REF] Korb | Multiscale Nuclear Magnetic Relaxation Dispersion of Complex Liquids in Bulk and Confinement[END_REF] .

In that study we selected to use a synthetic clay sample (fluoro-hectorite) in order to avoid the tremendous enhancement of the NMR relaxation induced by paramagnetic impurities generally present in natural clay [START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF] . Furthermore, substitution of the structural hydroxides at the clay surface by fluorine atoms greatly simplifies the interpretation of 2 H NMR spectra since all the deuterium atoms detected by [START_REF] Bowers | Alkali Metal and H 2 O Dynamics at the Smectite/Water Interface[END_REF] H NMR spectroscopy pertain to the added water molecules. The 2 H NMR spectra are first recorded to quantify the degree of ordering of confined water molecules. The influence of surface hydrophobicity on the organization of confined water molecules is clearly demonstrated by comparing the measured residual quadrupolar splitting to values previously reported, under the same experimental conditions, for classical hectorite with hydroxides in the clay layer. Multi-quanta 2 H relaxation measurements are performed for various orientations of the clay film by reference with the static magnetic field 0 B in order to quantify the contributions of the quadrupolar and heteronuclear dipolar couplings responsible for the relaxation of confined water molecules.

Finally, spin-locking relaxometry measurements are performed to determine the frequency variation of the NMR relaxation rates. This dynamical information gives direct access to the average residence time of the water molecules confined in the interlamellar space of clay platelets. Such analysis of the 2 H NMR relaxation measurements requires a complete analysis p. 5

of the time evolution of the components of the spin=1 nuclei under the influence of the NMR relaxation mechanisms in addition to the residual quadrupolar splitting and the irradiation pulses.

II. Materials and Methods

II.1. Sample Preparation

The clay sample used in that study is a synthetic hectorite with the general formula Si 8 (Mg 5.2 Li 0.8 ) O 20 F 4 Cs 0.8 . It results from the sandwiching of one octahedral layer of magnesium oxides between two tetrahedral layers of silica [START_REF]Handbook of Clay Science[END_REF] . The hydroxide atoms generally located within the hexagonal cavity of the two silica layers are replaced by fluorine atoms, strongly modifying the water affinity for the clay surface [START_REF] Dazas | Smectite Fluorination and Its Impact on Interlayer Water Content and Structure: A Way to Fine Tune the Hydrophilicity of Clay Surfaces ?[END_REF][START_REF] Dazas | Influence of Tetrahedral Layer Charge on the Organization of Interlayer Water and Ions in Synthetic Na-Saturated Smectites[END_REF] . The negative charge of the clay platelets results from substitutions, in the octahedral layer, of some magnesium by lithium.

These negative charges are neutralized by cesium cations localized in the interlamellar space between clay platelets. As determined by transmission electronic microscope [START_REF] Porion | 133 Cs Nuclear Magnetic Resonance Relaxometry as a Probe of the p. 24 Mobility of Cesium Cations Confined within Dense Clay Sediments[END_REF] , the average size of the individual clay platelet is (0.3 ± 0.1) µm. More details on the synthesis and characterization of that clay sample are given in the literature [START_REF] Breu | Charge Homogeneity in Synthetic Fluorohectorite[END_REF] . Oriented clay membranes (10 µm thickness) were prepared by sedimentation of a dilute dispersion (~ 20 g/L) and airdried on a flat surface. Successive deposits were stacked to form a macroscopic film with a 3 mm thickness [START_REF] Porion | 133 Cs Nuclear Magnetic Resonance Relaxometry as a Probe of the p. 24 Mobility of Cesium Cations Confined within Dense Clay Sediments[END_REF] . As a consequence, the macroscopic clay film exhibits multi-scale structure since it results from the superposition of numerous individual membranes each composed from partially oriented clay aggregates (see Figure 1). As determined by X-ray diffraction [START_REF] Dazas | Smectite Fluorination and Its Impact on Interlayer Water Content and Structure: A Way to Fine Tune the Hydrophilicity of Clay Surfaces ?[END_REF] , the thickness of these clay aggregates roughly corresponds to 20 clay platelets. The macroscopic clay film was equilibrated with bulk heavy water at a relative humidity close p. 6 to 97%, leading to the formation of one hydration layer [START_REF] Dazas | Influence of Tetrahedral Layer Charge on the Organization of Interlayer Water and Ions in Synthetic Na-Saturated Smectites[END_REF] . As measured by water adsorption/desorption isotherms [START_REF] Porion | 133 Cs Nuclear Magnetic Resonance Relaxometry as a Probe of the p. 24 Mobility of Cesium Cations Confined within Dense Clay Sediments[END_REF] , the total water content of this Cs + /fluorohectorite sample is 3.9 mmol of water per gram of dry clay, corresponding roughly to four water molecules per cesium cation. Obviously, the first hydration layer of cesium cation immersed in bulk water contains more than four water molecules [START_REF] Neilson | Chapter 7. Neutron and X-Ray Diffraction Studies of Concentrated Aqueous Electrolyte Solutions[END_REF] . In our case, strong confinement results from the formation of a single hydration layer [START_REF] Dazas | Influence of Tetrahedral Layer Charge on the Organization of Interlayer Water and Ions in Synthetic Na-Saturated Smectites[END_REF] . As a consequence, ions and water molecules are located in the equatorial plane at the center of the interlamellar space between the clay platelets, thus restricting hydration of the confined counterions. A fragment of the clay film (20 mm length, 3 mm width) is cut and inserted in a glass tube fitting the inner cavity of the homemade NMR detection coil. To avoid clay desiccation during NMR experiments, a droplet of heavy water is deposed in the sealing cap of the glass tube, i.e. at a position as far as possible from the NMR detection coil.

II.2. NMR Measurements

2 H NMR spectra and relaxation measurements of confined heavy water were recorded on a DSX360 Bruker spectrometer operating at a static magnetic field 0 B of 8.465 T. On this spectrometer, typical pulse duration for the total inversion of the longitudinal magnetization is equal to 9 µs by using a homemade detection coil. Spectra were recorded using a fast acquisition mode with spectral width of 1 MHz with a numerical spectral resolution of 125 Hz.

The spectra and relaxation measurements were performed at various orientations of the clay film as described by the LF β Euler angle between the direction of the static magnetic field 0 B and the macroscopic film director F n r (see Figure 2). A complete basis set [START_REF] Müller | Relaxation-Induced Violations of Coherence Transfer Selection Rules in Nuclear Magnetic Resonance[END_REF][START_REF] Van Der Maarel | The Relaxation Dynamics of Spin I=1 Nuclei with a Static Quadrupolar Coupling and a Radio-Frequency Field[END_REF] , with eight independent operators is required to fully describe the time evolution of the magnetization of spin I=1 nuclei under the influence of pulse sequences, residual quadrupolar coupling and relaxation mechanisms (see the Supporting Information (SI) ). A possible basis set is given by the irreducible tensor operators ] also called coherences. The first three coherences describes the components of the longitudinal IR T 10 and transverse ( )

s a T IR , 11 magnetization,
while the next five coherences are required to describe quadrupolar coupling. Each of these coherences have their own time evolution which may be independently measured by multiquanta filtering to fully characterize the contributions of the competing quadrupolar and heteronuclear dipolar relaxation mechanisms [START_REF] Porion | Structural and Dynamical Properties of the Water Molecules Confined in Dense Clay Sediments: A Study Combining 2 H NMR Spectroscopy and Multiscale Numerical Modeling[END_REF][START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF][START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Porion | Structural and Dynamical Properties of Water Molecules Confined within Clay Sediments Probed by Deuterium NMR Spectroscopy, Multiquanta Relaxometry, and Two-Time Stimulated Echo Attenuation[END_REF] (see the SI).

II.3. Numerical simulations

The LAMMPS package [START_REF] Plimpton | Fast Parallel Algorithms for Short-Range Molecular Dynamics[END_REF] (http://lammps.sandia.gov) was used to perform numerical simulations of Molecular Dynamics (MD) of the clay/water interface by exploiting the classical CLAYFF force field [START_REF] Cygan | Molecular Models of Hydroxide, Oxyhydroxide, and Clay Phases and the Development of a General Force Field[END_REF] adapted to fluoro-hectorite [START_REF] Marry | Water Dynamics in Hectorite Clays: Influence of Temperature Studied by Coupling Neutron Spin Echo and Molecular Dynamics[END_REF] . The interactions between water molecules are described by using the TIP4P/2005 model of bulk water [START_REF] Abascal | A General Purpose Model for the Condensed Phases of Water: TIP4P/2005[END_REF] 

III. Results and Discussion

III.1. 2 H NMR Spectra

As displayed in Figure 3, 2 H NMR spectra of the hydrated clay sediment exhibit the coexistence of two spin populations characterized by a broad doublet and a thin central resonance line corresponding to confined and bulk water, respectively. As previously detected for clay sediments [START_REF] Porion | Structural and Dynamical Properties of the Water Molecules Confined in Dense Clay Sediments: A Study Combining 2 H NMR Spectroscopy and Multiscale Numerical Modeling[END_REF][START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF][START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Porion | Structural and Dynamical Properties of Water Molecules Confined within Clay Sediments Probed by Deuterium NMR Spectroscopy, Multiquanta Relaxometry, and Two-Time Stimulated Echo Attenuation[END_REF] , the quadrupolar splitting obs Q ν of confined water molecules results from specific orientation of their OD director by reference to the director, noted F n r , pertaining to their confining clay platelets, in agreement with results obtained by numerical simulations [START_REF] Porion | Structural and Dynamical Properties of the Water Molecules Confined in Dense Clay Sediments: A Study Combining 2 H NMR Spectroscopy and Multiscale Numerical Modeling[END_REF][START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF][START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Porion | Structural and Dynamical Properties of Water Molecules Confined within Clay Sediments Probed by Deuterium NMR Spectroscopy, Multiquanta Relaxometry, and Two-Time Stimulated Echo Attenuation[END_REF] . As a consequence, the detected quadrupolar splitting obs Q ν varies as a function of the orientation LF β , into the static magnetic field 0 B , of the macroscopic clay film according to the relationship (see the SI):

( ) ( ) ( ) kHz 210 2 1 cos 3 2 1 cos 3 2 2 × - β × - β = β ν FD LF LF obs Q (1)
where the first second order Legendre polynomial ( ) ( ) The Journal of Physical Chemistry p. 9 molecules are localized either in the cap of the glass tube (see Section II.1) or within the micro-porosity between the aggregates of clay platelets. By contrast with confined water molecules, bulk water molecules are randomly oriented and exchange slowly, at the NMR time-scale [START_REF] Woessner | Nuclear Transfer Effects in Nuclear Magnetic Resonance Pulse Experiments[END_REF] , with the confined water molecules leading to a thin central resonance line fully independent of the film orientation within the static magnetic field 0 B . By contrast with fieldcycling NMR relaxometry, the stability and homogeneity of the static magnetic field induced by the supraconducting magnet (see Section II.2) lead to a experimental spectral resolution of the 2 H NMR spectra of the order of a few 100 Hz, i.e. largely sufficient to distinguish the contributions of the confined and bulk water molecules to the total detected magnetization (see Figure 2).

As displayed in Figure 3, the maximum residual splitting (57 ± 3) kHz detected for a parallel alignment between the film director F n r and the static magnetic field 0 B is much larger than values previously measured at room temperature for heavy water confined within a large class of clays [START_REF] Porion | Structural and Dynamical Properties of the Water Molecules Confined in Dense Clay Sediments: A Study Combining 2 H NMR Spectroscopy and Multiscale Numerical Modeling[END_REF][START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF][START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Porion | Structural and Dynamical Properties of Water Molecules Confined within Clay Sediments Probed by Deuterium NMR Spectroscopy, Multiquanta Relaxometry, and Two-Time Stimulated Echo Attenuation[END_REF][START_REF] Reddy | Water Structure and Dynamics in Smectites: X-Ray Diffraction and 2 H NMR Spectroscopy of Mg-, Ca-, Sr-, Na-, Cs-, and Pb-Hectorite[END_REF] . One may be tempted to attribute this surprisingly large splitting to the exchange between deuterium atoms of confined heavy water and protons from the clay structure. Such interpretation is not plausible since hydroxylates on the basal surface of the clay platelet are totally replaced by fluorine atoms (see Section II.1). Furthermore, the total number of hydroxylates localized on the edge surface of clay platelets is two orders of magnitude smaller than the number of deuterium atoms pertaining to confined water molecules. As a consequence, the large residual splitting reported here is the fingerprint of a strong organization of confined water molecules since the corresponding order parameter (i.e.

the averaged Legendre polynomial of Eq. 2) must be equal to (0.36 ± 0.02). By contrast, previous 2 H NMR measurements lead to much smaller order parameter (0.10 ± 0.01) for water molecules confined within hydroxylated hectorite neutralized by sodium counterions p. 10 under the similar hydration conditions [START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Reddy | Water Structure and Dynamics in Smectites: X-Ray Diffraction and 2 H NMR Spectroscopy of Mg-, Ca-, Sr-, Na-, Cs-, and Pb-Hectorite[END_REF] . By contrast, the order parameter of water molecules confined within the same hydroxylated hectorite increases slightly to 0.15 when sodium counterions are replaced by cesium [START_REF] Reddy | Water Structure and Dynamics in Smectites: X-Ray Diffraction and 2 H NMR Spectroscopy of Mg-, Ca-, Sr-, Na-, Cs-, and Pb-Hectorite[END_REF] . As a consequence, the high value reported here for the order parameter of confined water molecules is not induced by the chemical nature of the neutralizing monovalent cation but illustrates the large influence of the fluorine atoms located at the center of the ditrigonal cavity on the organization of the water molecules confined within the interlamellar space between the clay platelets.

The residual order parameter evaluated by MD simulations, 

III.2. 2 H Multi-Quanta NMR Relaxation Measurements

The relaxation of the IR T 10 coherence (also called longitudinal relaxation rate

10 1 R R ≡ )
of bulk water present in the sample was measured by using a classical saturation-recovery pulse sequence [START_REF] Fukushima | Experimental Pulse NMR: A Nuts and Bolts Approach[END_REF] . The average longitudinal relaxation rate measured here for bulk water

( 10 R = 25 ± 5 s -1
) is one order of magnitude larger than the longitudinal relaxation rate previously reported for pure D 2 O ( 10 R = 2.5 ± 0.1 s -1 ) [START_REF] Petit | Theory of Nuclear Spin Relaxation in Heterogeneous Media and Application to the Cross Correlation between Quadrupolar and Dipolar Fluctuations of Deuterons in Clay Gels[END_REF] . In order to selectively measure the longitudinal relaxation rate of confined water molecules we used a saturation-recovery pulse sequence followed by a double-quanta filtering (see Figure 6a). As displayed in Figure 6a, the duration of the first detection pulse was selected to optimize the transfer of magnetization between the IR T 10 and ) ( 22 a T IR coherences, see Eq. S5d in the SI. In the same manner, the duration of the second detection pulse optimizes the ) ( 22 a T IR to ) ( 11 s T IR transfer of coherence p. 12 (see Eq. A5b in the SI). As previously reported for other clay/water interfaces [START_REF] Porion | Structural and Dynamical Properties of the Water Molecules Confined in Dense Clay Sediments: A Study Combining 2 H NMR Spectroscopy and Multiscale Numerical Modeling[END_REF][START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF][START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Porion | Structural and Dynamical Properties of Water Molecules Confined within Clay Sediments Probed by Deuterium NMR Spectroscopy, Multiquanta Relaxometry, and Two-Time Stimulated Echo Attenuation[END_REF] , the longitudinal relaxation rate of confined water molecules ( 10 R = 130 ± 30 s -1 ) is significantly enhanced by reference with the relaxation rate of pure water ( 10 R = 2.5 ± 0.1 s -1 ) [START_REF] Petit | Theory of Nuclear Spin Relaxation in Heterogeneous Media and Application to the Cross Correlation between Quadrupolar and Dipolar Fluctuations of Deuterons in Clay Gels[END_REF] .

By contrast with bulk liquids, the relaxation rates of liquids confined within 2D interfacial systems vary as a function of the orientation of the interface by reference with the direction of the static magnetic field 0 B [START_REF] Porion | Structural and Dynamical Properties of the Water Molecules Confined in Dense Clay Sediments: A Study Combining 2 H NMR Spectroscopy and Multiscale Numerical Modeling[END_REF][START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF][START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Porion | Structural and Dynamical Properties of Water Molecules Confined within Clay Sediments Probed by Deuterium NMR Spectroscopy, Multiquanta Relaxometry, and Two-Time Stimulated Echo Attenuation[END_REF] . As a consequence, it becomes crucial to extract from the angular variation of the apparent relaxation rates the contributions of the various relaxation mechanisms to the intrinsic relaxation rates evaluated in the frame of the confining lamellae. This may be performed by using the Wigner rotation matrices [START_REF] Barbara | A Determination of Individual Spectral Densities in a Smectic Liquid-Crystal from Angle Dependent Nuclear Spin Relaxation Measurements[END_REF] that relates the apparent spectral densities

( ) ω app X m J ,
measured in the laboratory frame to the intrinsic spectral density

( ) ω int X m J ,
evaluated in the frame attached to the clay film, where X stems for the relaxation mechanisms

{ } D Q X , ∈ and { } 2 , 1 , 0 ∈ m
, see Eqs S9 and S12 in the SI:
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)
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)

) ( cos 1 2 1 ) ( cos 4 cos 3 1 2 1 ) ( sin cos 2 3 ) , ( , 2 4 , 1 4 2 , 0 2 2 , 1 ω β - + ω β + β - + ω β β = ω β int X LF int X LF LF int X LF LF LF app X J J J J (2b) ( ) ( ) ( 
) The same approach was used to simultaneously analyze the time evolution of the ) ( 22 a T IR coherence (see Figure 8) measured by the pulse sequence displayed in Figure 6c.

) ( cos cos 6 1 8 1 ) ( cos 1 2 1 ) ( cos 1 8 3 ) , ( , 2 4 2 , 1 4 , 0 2 2 , 2 ω β + β + + ω β - + ω β - = ω β intrinsic X LF LF int X LF int X LF LF app X J J J J (2c)
The whole set of experimental data displayed in Figures 7 and8 function weighting the contribution of ( )

0 , 1 int Q J
in the derivation of the apparent transverse relaxation rate (see Eq. 2a). In the same manner, the smallest transverse relaxation rate is always detected for a perpendicular orientation of the film director (i.e. LF β =90°) by reference with the direction of the static magnetic field 0 B 25-29 .

III.3. 2 H NMR Spin-Locking Relaxometry

As a consequence, spin-locking relaxation measurements were performed for a perpendicular orientation of the film director, i.e. °= β 90

LF

, in order to optimize the signal/noise ratio of the doublet describing the dynamical properties of confined water molecules. Figure 9 illustrates the pulse sequences used for these spin-locking relaxation measurements: after a first excitation pulse, the irradiation power is applied for variable evolution time before acquisition of the transverse magnetization. In the so-called ρ

2

T spinlocking relaxation measurement, both excitation and irradiation pulses have the same phase [START_REF] Hwang | 2 H T 2ρ Relaxation Dynamics and Double-Quantum Filtered NMR Studies[END_REF] while for ρ 1 T spin-locking relaxation measurement, they are shifted by 90°4 p. 17

densities. The resulting law, displayed in Figure 10, is used to determine the characteristic angular velocity c ω below which all spectral densities are equal to their value at zero angular velocity and above which they all decrease according to the same logarithmic law. Figure 10 first illustrates the theoretical spectral density used to fit the spin-locking relaxation measurements displayed in figures 11a-h. As noted in the insert, this unique normalized spectral density (see the black line in Figure 10) is used to determine the six spectral densities monitoring the contributions from the quadrupolar and hetero nuclear dipolar couplings (see the SI). The only crucial parameter is the characteristic angular velocity (noted c ω )

corresponding to transition between the low frequency plateau and the high frequency logarithmic decrease of the spectral density. In addition, Figure 10 also displays the distribution laws of the angular velocities respectively probed during the performed spinlocking relaxation measurements by the quadrupolar coupling, leading to the set of ( 1 k ) angular velocities and the hetero nuclear dipolar coupling, leading to the set of ( 2 k , 3 k ) angular velocities. While the quadrupolar relaxation mechanism probes here angular velocities varying between 10 5 and 3×10 5 rad/s, the hetero nuclear dipolar relaxation mechanism covers a broad dynamical range varying between 10 2 and 2×10 5 rad/s. Since the characteristic angular velocity is localized in the middle of that probed dynamical range, we may be quite confident on the reliability of the extracted parameter ( c ω ). The evaluation of the average residence time of the water molecules confined within the clay interlayer

( c c ω = τ / 1
) is the main purpose of that NMR study.

As displayed in Figure 11, fair agreement with experimental data is obtained by setting the characteristic angular velocity c ω equal to 10 4 rad s -1 (see Figure 10). Such procedure was already used successfully to analyze 2 H spin-locking relaxation measurements of heavy water 

- - - - ⋅ × ± = × × ± = τ ≈ c L D ( 3 
)
where L is the average size of the clay platelets (see Section II.1). Whatever the dimensionality of the diffusion space, the self-diffusion coefficient is defined by the ratio between the mean squared displacement and the diffusion time, leading to Eq. 3. For 2D diffusion one would rather expect:

τ + = ∞ → τ d dy dx D 4 ) ( ) ( lim 2 2
(4) However, Eq. 3 simply formulates the derivation of the order of magnitude of the selfdiffusion coefficient, in agreement with previous numerical simulations of Brownian Dynamics [START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF] . The resulting mobility is compatible with experimental data obtained by QENS [START_REF] Michot | Anisotropic Features of Water and Ion Dynamics in Synthetic Na-and Ca-Smectites with Tetrahedral Layer Charge. A Combined Quasi-Elastic Neutron-Scattering and Molecular Dynamics Simulations Study[END_REF][START_REF] Marry | Water Dynamics in Hectorite Clays: Influence of Temperature Studied by Coupling Neutron Spin Echo and Molecular Dynamics[END_REF][START_REF] Malikova | Water Diffusion in a Synthetic Hectorite Clay Studied by Quasi-Elastic Neutron Scattering[END_REF][START_REF] Marry | Anisotropy of Water Dynamics in Clays: Insights from Molecular Simulations for Experimental QENS Analysis[END_REF] for water molecules confined within clay sediments under equivalent conditions. The water mobility of the confined water molecules evaluated by Equation 3 fully matches the radial component of the water self-diffusion tensor evaluated by MD simulations ( D ≈(6.6±0.5)×10 -10 m 2 /s ). This water mobility determined by 2 H NMR spin-locking relaxometry is at least ten times larger than the cesium mobility previously evaluated by 133 Cs NMR spin-locking relaxometry [START_REF] Porion | 133 Cs Nuclear Magnetic Resonance Relaxometry as a Probe of the p. 24 Mobility of Cesium Cations Confined within Dense Clay Sediments[END_REF] within the same sediment of fluoro-hectorite. Such a large increase of water mobility by reference to ionic mobility is not surprising because the interaction of water dipole with the charged interlayer is significantly smaller than the strong electrostatic coupling between negatively charged clay surface and the neutralizing counterions. The water mobility reported here by 2 H spin-locking relaxometry is twice as large as the value previously measured by QENS [START_REF] Marry | Water Dynamics in Hectorite Clays: Influence of Temperature Studied by Coupling Neutron Spin Echo and Molecular Dynamics[END_REF] and 2 H spin-locking relaxometry [START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF] within either fluorinated or hydroxylated hectorite neutralized by sodium counterions and under the same hydration condition, i.e. when confined water molecules form a single hydration layer with a characteristic period of 12.2 Å [START_REF] Dazas | Influence of Tetrahedral Layer Charge on the Organization of Interlayer Water and Ions in Synthetic Na-Saturated Smectites[END_REF] . That difference originates from the significant increase of the ion/water interactions after the exchange of cesium counterions by the smaller [START_REF] Enderby | The Structure of Electrolyte Solutions[END_REF] and more hydrophilic [START_REF] Rashin | Reevaluation of the Born Model of Ion Hydration[END_REF] sodium cations. (a) ( ) (a) ( ) p. 32 

IV. Conclusions

2 / π × n 22 10→ ψ 11 22→ ψ ε L pulses train saturation +2 +1 p = 0 -1 -2 +2 +1 p = 0 -1 -2 τ opt δ +2 +1 p = 0 -1 -2 time Acq. (b) ( ) 2 / π × n 11 22→
2 / π × n 22 10→ ψ 11 22→ ψ ε L pulses train saturation +2 +1 p = 0 -1 -2 +2 +1 p = 0 -1 -2 τ opt δ +2 +1 p = 0 -1 -2 time Acq. (b) ( ) 2 / π × n 11 22→
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  Figure4a, the oxygen atoms of the water molecules are predominantly localized in the

Figure 5

 5 Figure 5

  coherences are thus measured as a function of the orientation of the macroscopic clay film into the static magnetic field 0 B probed by the Euler angle LF β , in order to extract the relative contributions of the quadrupolar and heteronuclear dipolar relaxation mechanisms (see the SI). These relaxation measurements are again performed by using an initial saturation pulses train followed by multi-quanta filtering (see Figure 6b-c). As detailed in Eqs S6b-c in the SI, the angular velocities 2 k and 3 k , monitoring the time evolution of the various coherences (see Eqs.S5b-d in the SI) vary as a function of the residual quadrupolar coupling Q ω . Because of the large residual quadrupolar coupling detected here, the durations of the filtering pulses are thus specifically selected for each orientation of the clay sample according to the set of Eqs S5b-d (see the SI) in order to optimize the coherence transfers implied in these relaxation measurements. These settings of the pulse durations may reasonably neglect the contribution from the NMR relaxation mechanisms to the time evolution of the coherences since the pulse durations (typically a few µs) are short enough compared to the NMR relaxation times. In order to remove the contribution from the central resonance line, our analysis focuses on the frequency domains covered by the satellite. Figures 7 and 8 illustrate typical spectra measured during the time

Figure 7 and Figure 8

 8 Figure 7 and Figure 8

15 OD

 15 is fairly well reproduced by using a limited number of parameters quantifying the maximum residual splitting corresponding to a parallel orientation of the clay film max Q ν = (57 ± 2) kHz , the intrinsic contributions of the quadrupolar (see Eq 2a with Q X = ): addition to the width of the Gaussian distribution of the individual clay directors F n r in the macroscopic film with β σ = (17 ± 3)°. By contrast with bulk liquids, both sets of intrinsic contributions to the quadrupolar as a function of the index m , leading to angular dependent transverse relaxation rates (see Eqs 2a). That behavior is induced by the water confinement within the clay interlamellar space, breaking down the isotropy of the distribution of the Euler angles ( directors of the water molecules into the static magnetic field 0 B . As a consequence, in the case of confined water molecules the average values of the second order spherical harmonics derivation of the quadripolar and dipolar Hamiltonians (see the SI) differ significantly. In that context, corresponding increase of the transverse relaxation rate for orientations of the film director close to LF β = 45° by reference with the static magnetic field 0 B . That specific angle corresponds indeed to the maximum value of the

Figure 10 and 11 Figure 11 illustrates the free induction decays typically recorded for both ρ 1 T and ρ 2 T

 111112 Figure 10 and 11
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 37 Paragon Plus EnvironmentThe Journal of Physical Chemistry p. 18 confined within various clay sediments[START_REF] Porion | Structural and Dynamical Properties of the Water Molecules Confined in Dense Clay Sediments: A Study Combining 2 H NMR Spectroscopy and Multiscale Numerical Modeling[END_REF][START_REF] Porion | Influence of Confinement on the Long-Range Mobility of Water Molecules within Clay Aggregates: A 2 H NMR Analysis Using Spin-Locking Relaxation Rates[END_REF][START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF][START_REF] Porion | Multiscale Water Dynamics within Dense Clay Sediments Probed by 2 H Multiquanta NMR Relaxometry and Two-Time Stimulated Echo NMR Spectroscopy[END_REF][START_REF] Porion | Structural and Dynamical Properties of Water Molecules Confined within Clay Sediments Probed by Deuterium NMR Spectroscopy, Multiquanta Relaxometry, and Two-Time Stimulated Echo Attenuation[END_REF] . As shown by numerical simulations of water relaxation induced by diffusion within clay interlamellar space[START_REF] Porion | Long-Time Dynamics of Confined Water Molecules Probed by 2 H NMR Multiquanta Relaxometry: An Application to Dense Clay Sediments[END_REF] , the characteristic time c τ defined by the inverse of the characteristic angular velocity of the confined water molecules. It may be used to evaluate the order of magnitude of the self-diffusion coefficient of the confined water molecules, with c τ =10

2 HFigure 1 .

 21 Figure 1

Figure 2 .Figure 3 .Figure 4 .

 234 Figure 2. Schematic view of the film orientation within the NMR tube used to insert the clay sample into the detection coil within the static magnetic field 0 B (see text).

Figure 5 Figure 5 .
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  Figure 6

Figure 6 .

 6 Figure 6. Pulse sequences and coherences transfer pathways used to measure (a) the relaxation rate 1 10 / 1 T R = of the coherence IR T 10 by a saturation-recovery pulse sequence followed by a double-quanta filtering. The multiquanta relaxation rates (b) 21 R and (c) 22 R of the IR T 21 and IR T 22 coherences are respectively measured using pre-saturation pulses sequence and double-quanta filtering (see text). In all sequences, the evolution time τ is varied to sample the relaxation rates. The delay ε inserted between the two filtering pulses, for (a) and (b) sequences, is set equal to its minimum values (i.e. 5 µs). Finally for (b) and (c) sequences, the delay opt δ is set to 40 ms in order to recover the maximum magnetization from the confined water molecules and simultaneously minimizes the magnetization from the bulk water by exploiting the difference of their longitudinal relaxation rates 10 R (see text).

Figure 7 .

 7 Figure 7. 3D plots illustrated the comparison between the experimental (top) and simulated (bottom) time evolution of the IR T 21 coherence performed for parallel, LF β =0° (left), and perpendicular, LF β =90° (right), orientations of the clay directors F n r into the static magnetic field 0 B (see text).

Figure 8 .

 8 Figure 8. . 3D plots illustrated the comparison between the experimental (top) and simulated (bottom) time evolution of the IR T 22 coherence performed for parallel, LF β =0° (left), and perpendicular, LF β =90° (right), orientations of the clay directors F n r into the static magnetic field 0 B (see text).
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 912 Figure 9. Pulse sequences and coherence pathways used to perform ρ 1 T and ρ 2 T spin-locking
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