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Stern Layer Structure and Energetics at Mica-Water Interfaces

The screening of surface charge by dissolved ions at solid-liquid interfaces-in the region of interfacial fluid known as the electrical double layer (EDL)-plays a recurrent role in surface science, from ion adsorption to colloidal mechanics to the transport properties of nanoporous media. A persistent unknown in theories of EDL-related phenomena is the structure of the Stern layer, the near-surface portion of the EDL where water molecules and adsorbed ions form specific, short-range interactions with surface atoms. Here, we describe a set of synchrotron X-ray reflectivity (XRR) experiments and molecular dynamics (MD) simulations carried out in identical conditions, for a range of 0.1 M alkali chloride (Li-, Na-, K-, Rb-, or CsCl) solutions on the basal surface of muscovite mica, a mineral isostructural to phyllosilicate clay minerals and one of the most widely-studied reference surfaces in interfacial science. Our XRR and MD simulation results provide a remarkably consistent view of the structure and energetics of the Stern layer, with some discrepancy on the fraction of the minor outer-sphere component of Rb and on the adsorption energetics of Li. The results of both techniques, along with surface complexation model (SCM) calculations, provide insight into the sensitivity of water structure and ion adsorption to surface topography and the type of adsorbed counter-ion.

INTRODUCTION

The electrical double layer (EDL) at solid-water interfac-esthe layer of interfacial water and electrolyte ions that screen surface chargeis a ubiquitous feature of natural and engineered systems containing water and colloids, nanoparticles, or nanopores. It plays important roles in nanofluidics, 1,2 nanofiltration, 3 molecular biology, [START_REF] Honig | Classical Electrostatics in Biology and Chemistry[END_REF][START_REF] Boda | Ions and Inhibitors in the Binding Site of HIV Protease: Comparison of Monte Carlo Simulations and the Linearized Poisson-Boltzmann Theory[END_REF] colloidal mechanics, [START_REF] Israelachvili | Role of Hydration and Water Structure in Biological and Colloidal Interactions[END_REF][START_REF] Shin | Size-Dependent Control of Colloid Transport via Solute Gradients in Dead-End Channels[END_REF] catalysis, [START_REF] Ding | Porous Clays and Pillared Clays-Based Catalysts. Part 2: A Review of the Catalytic and Molecular Sieve Applications[END_REF] cement degradation, [START_REF] Arnold | Solution of the Nonlinear Poisson-Boltzmann Equation: Application to Ionic Diffusion in Cementitious Materials[END_REF] aquatic geochemistry, [START_REF] Brown | How Minerals React with Water[END_REF][START_REF] Zachara | Internal Domains of Natural Porous Media Revealed: Critical Locations for Transport, Storage, and Chemical Reaction[END_REF] the phase transitions of water near solid surfaces, [START_REF] Dash | The Physics of Premelted Ice and Its Geophysical Consequences[END_REF] and the poro-mechanics and transport properties of soils and sedimentary rocks. [START_REF] Liu | Prediction of Swelling Pressures of Different Types of Bentonite in Dilute Solutions[END_REF][START_REF] Tinnacher | Ion Adsorption and Diffusion in Smectite: Molecular, Pore, and Continuum Scale Views[END_REF] The EDL is often conceptually subdivided into two regions: a Stern layer located within two water monolayers (~6 Å) of the interface in which ions adsorb as inner-and outersphere surface complexes (ISSC, OSSC) and a diffuse layer located beyond the first two water monolayers in which a diffuse cloud of ions screens the remaining uncompensated surface charge. [START_REF] Sposito | The Surface Chemistry of Natural Particles[END_REF][START_REF] Henderson | Insights from Theory and Simulation on the Electrical Double Layer[END_REF] The diffuse layer has been extensively studied and is relatively well understood: there, water has bulk-liquid-like properties [START_REF] Lee | A Comparison of the Structure and Dynamics of Liquid Water at Hydrophobic and Hydrophilic Surfaces-a Molecular Dynamics Simulation Study[END_REF][START_REF] Wander | Structural and Dielectric Properties of Quartz-Water Interfaces[END_REF][START_REF] Bourg | Molecular Dynamics Simulations of the Electrical Double Layer on Smectite Surfaces Contacting Concentrated Mixed Electrolyte (NaCl-CaCl 2) Solutions[END_REF][START_REF] Botan | How Electrostatics Influences Hydrodynamic Boundary Conditions: Poiseuille and Electro-Osmotic Flows in Clay Nanopores[END_REF] and the distribution of ions is consistent with the Poisson-Boltzmann equation with corrections for specific ion-ion interactions. [START_REF] Henderson | Insights from Theory and Simulation on the Electrical Double Layer[END_REF][START_REF] Bedzyk | Diffuse-Double Layer at a Membrane-Aqueous Interface Measured with X-Ray Standing Waves[END_REF][START_REF] Tournassat | Comparison of Molecular Dynamics Simulations with Triple Layer and Modified Gouy-Chapman Models in a 0.1 M NaCl-montmorillonite System[END_REF] Detailed understanding of the Stern layer remains more elusive, [START_REF] Israelachvili | Role of Hydration and Water Structure in Biological and Colloidal Interactions[END_REF][START_REF] Perkin | Dynamics Properties of Confined Hydration Layers[END_REF][START_REF] Watkins | Role of Water in Atomic Resolution AFM in Solutions[END_REF][START_REF] Lee | Changes in Adsorption Free Energy and Speciation during Competitive Adsorption between Monovalent Cations at the Muscovite (001)-Water Interface[END_REF][START_REF] Ricci | Water-Induced Correlation between Single Ions Imaged at the Solid-liquid Interface[END_REF] because the behavior of water and ions in this layer can be exquisitely sensitive to details of the surface topography, surface charge distribution, ion-ion correlations, and interfacial hydrogen bonding arrangement. [START_REF] Ricci | Water-Induced Correlation between Single Ions Imaged at the Solid-liquid Interface[END_REF][START_REF] Torrie | Molecular Solvent Model for an Electrical Double Layer: Asymmetric Solvent Effects[END_REF][START_REF] Merlet | The Electric Double Layer Has a Life of Its Own[END_REF][START_REF] Siretanu | Direct Observation of Ionic Structure at Solid-Liquid Interfaces: A Deep Look into the Stern Layer[END_REF] The major challenge in developing a predictive understanding of the Stern layer is the difficulty of characterizing with Å-scale resolution the inter-related distributions of water molecules and electrolyte ions within 1 nm from a solid surface. Experimental studies of the EDL structure have relied extensively on indirect or aggregate measures such as co-ion exclusion, [START_REF] Sposito | The Surface Chemistry of Natural Particles[END_REF] electrokinetic, 30 electrochemical, [START_REF] Henderson | Insights from Theory and Simulation on the Electrical Double Layer[END_REF] and second harmonic or sum frequency generation (SHG/SFG) measurements, [START_REF] Gonella | Second Harmonic and Sum-Frequency Generation from Aqueous Interfaces Is Modulated by Interference[END_REF] the interpretation of which is sensitive to the choice of EDL model. The EDL structure also has been examined using high-resolution mechanical measurements including surface force apparatus (SFA), [START_REF] Perkin | Dynamics Properties of Confined Hydration Layers[END_REF][START_REF] Goldberg | Breakdown of Hydration Repulsion between Charged Surfaces in Aqueous Cs + Solutions[END_REF] three-dimensional scanning force microscopy, [START_REF] Fukuma | Atomic-Scale Distribution of Water Molecules at the Mica-Water Interface Visualized by Three-Dimensional Scanning Force Microscopy[END_REF] atomic force microscopy (AFM), [START_REF] Ricci | Water-Induced Correlation between Single Ions Imaged at the Solid-liquid Interface[END_REF][START_REF] Siretanu | Direct Observation of Ionic Structure at Solid-Liquid Interfaces: A Deep Look into the Stern Layer[END_REF] and frequencymodulated atomic force microscopy (FM-AFM) measurements. [START_REF] Kilpatrick | Directly Probing the Effects of Ions on Hydration Forces at Interfaces[END_REF][START_REF] Kobayashi | Visualization of Hydration Layers on Muscovite Mica in Aqueous Solution by Frequency-Modulation Atomic Force Microscopy[END_REF][START_REF] Kumar | Characterization of the Surface Charge Distribution on Kaolinite Particles Using High Resolution Atomic Force Microscopy[END_REF] Unfortunately, the EDL features revealed by these techniques are inherently disturbed by the measurement, particularly at very short (< 1 nm) distances from the surface. [START_REF] Watkins | Role of Water in Atomic Resolution AFM in Solutions[END_REF][START_REF] Kobayashi | Molecular Dynamics Simulation of Atomic Force Microscopy at the Water-Muscovite Interface: Hydration Layer Structure and Force Analysis[END_REF] Direct, non-invasive measurements of the EDL structure have been achieved using synchrotron X-ray techniques including the combination of X-ray reflectivity (XRR) and resonant anomalous XRR (RAXR) [START_REF] Park | Hydration and Distribution of Ions at the Mica-Water Interface[END_REF][START_REF] Schlegel | Cation Sorption on the Muscovite (001) Surface in Chloride Solutions Using High-Resolution X-Ray Reflectivity[END_REF][START_REF] Zhang | Structure of Rutile TiO 2 (110) in Water and 1 Molal Rb + at pH 12: Inter-Relationship among Surface Charge, Interfacial Hydration Structure, and Substrate Structural Displacements[END_REF][START_REF] Luo | Ion Distributions near a Liquid-Liquid Interface[END_REF] and X-ray standing waves (XSW). [START_REF] Bedzyk | Diffuse-Double Layer at a Membrane-Aqueous Interface Measured with X-Ray Standing Waves[END_REF][START_REF] Fenter | Electrical Double-Layer Structure at the Rutile-Water Interface as Observed in Situ with Small-Period X-Ray Standing Waves[END_REF][START_REF] Zhang | Ion Adsorption at the Rutile-Water Interface: Linking Molecular and Macroscopic Properties[END_REF][START_REF] Nemšák | Concentration and Chemical-State Profiles at Heterogeneous Interfaces with Sub-Nm Accuracy from Standing-Wave Ambient-Pressure Photoemission[END_REF] Resonant anomalous XRR, in particular, has played a key role over the last decade in revealing sub-Å-scale resolution views of the vertical density distributions of certain electrolyte ions (e.g., Rb + , Sr 2+ ) adsorbed at the negatively charged surfaces of mica, [START_REF] Lee | Changes in Adsorption Free Energy and Speciation during Competitive Adsorption between Monovalent Cations at the Muscovite (001)-Water Interface[END_REF][START_REF] Park | Hydration and Distribution of Ions at the Mica-Water Interface[END_REF][START_REF] Lee | Hydrated Cation Speciation at the Muscovite (001)-Water Interface[END_REF][START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] quartz, [START_REF] Bellucci | Rb + Adsorption at the quartz(101)-Aqueous Interface: Comparison of Resonant Anomalous X-Ray Reflectivity with Ab Initio Calculations[END_REF] and rutile. [START_REF] Kohli | Rb and Sr Adsorption at the TiO2 (110)-Electrolyte Interface Observed with Resonant Anomalous X-Ray Reflectivity[END_REF] Concurrently with the experimental studies highlighted above, molecular dynamics (MD) simulations have emerged as a useful tool for predicting the distribution and dynamics of ions and water molecules on charged surfaces. [START_REF] Bourg | Molecular Dynamics Simulations of the Electrical Double Layer on Smectite Surfaces Contacting Concentrated Mixed Electrolyte (NaCl-CaCl 2) Solutions[END_REF][START_REF] Predota | Electric Double Layer at the Rutile (110) Surface. 2. Adsorption of Ions from Molecular Dynamics and X-Ray Experiments[END_REF][START_REF] Wang | Structure, Energetics, and Dynamics of Water Adsorbed on the Muscovite (001) Surface: A Molecular Dynamics Simulation[END_REF][START_REF] Sakuma | Structure and Dynamics of Water on Li + -, Na + -, K + -, Cs + -, H3O + -Exchanged Muscovite Surfaces: A Molecular Dynamics Study[END_REF][START_REF] Bonthuis | Beyond the Continuum: How Molecular Solvent Structure Affects Electrostatics and Hydrodynamics at Solid-Electrolyte Interfaces[END_REF] Molecular dynamics simulations are well suited for examining EDL properties, because they probe the range of length and time scales (up to tens of nanometers and hundreds of nanoseconds) on which the behavior of individual molecules gives rise to collective structure and dynamics near charged surfaces. Molecular dynamics and ab initio MD simulations powerfully complement synchrotron X-ray techniques by providing an atom-by-atom view of the time-and spaceaveraged coordination structures revealed by X-rays. [START_REF] Wang | Structure, Energetics, and Dynamics of Water Adsorbed on the Muscovite (001) Surface: A Molecular Dynamics Simulation[END_REF][START_REF] Ohtaki | Structure and Dynamics of Hydrated Ions[END_REF][START_REF] Peña | Mechanisms of Nickel Sorption by a Bacteriogenic Birnessite[END_REF] Comparisons of XRR and MD simulation results have the potential to help quantify the accuracy of both techniques: in the case of MD simulations, the main source of uncertainty is the choice of inter-atomic potential parameters; [START_REF] Marry | Water Dynamics in Hectorite Clays: Influence of Temperature Studied by Coupling Neutron Spin Echo and Molecular Dynamics[END_REF][START_REF] Skelton | Simulations of the Quartz (1011)/Water Interface: A Comparison of Classical Force Fields, Ab Initio Molecular Dynamics, and X-Ray Reflectivity Experiments[END_REF] in the case of XRR analyses, challenges are associated with the finite resolution of the experimental measurement, the difficulty of creating atomically smooth surfaces, and the challenge of interpreting XRR data in the context of atomic-scale density profiles due to the phase problem of crystallography. [START_REF] Fenter | Hydration Layer Structure at Solid/water Interfaces[END_REF] To date, few direct comparisons of XRR and MD simulation results have been carried out, so that the absolute accuracy associated with each technique has not been quantitatively assessed through stringent cross-validation of the two methodologies. [START_REF] Predota | Electric Double Layer at the Rutile (110) Surface. 2. Adsorption of Ions from Molecular Dynamics and X-Ray Experiments[END_REF][START_REF] Skelton | Simulations of the Quartz (1011)/Water Interface: A Comparison of Classical Force Fields, Ab Initio Molecular Dynamics, and X-Ray Reflectivity Experiments[END_REF][START_REF] Park | Structure of Water Adsorbed on a Mica Surface[END_REF][START_REF] Sakuma | Structure and Dynamics of Water on Muscovite Mica Surfaces[END_REF][START_REF] Sakuma | Structure of Hydrated Sodium Ions and Water Molecules Adsorbed on the Mica/Water Interface[END_REF][START_REF] Fenter | Is the Calcite -Water Interface Understood? Direct Comparisons of Molecular Dynamics Simulations with Specular X-ray Reflectivity Data[END_REF] Here, we present new MD simulation and XRR results on the structure of the EDL formed by alkali chloride solutions on the basal surface of muscovite mica, an atomicallysmooth surface isostructural to many clay minerals [START_REF] Sposito | Surface Geochemistry of the Clay Minerals[END_REF] and widely used as a reference system in interfacial science. [START_REF] Ricci | Water-Induced Correlation between Single Ions Imaged at the Solid-liquid Interface[END_REF][START_REF] Goldberg | Breakdown of Hydration Repulsion between Charged Surfaces in Aqueous Cs + Solutions[END_REF][START_REF] Kilpatrick | Directly Probing the Effects of Ions on Hydration Forces at Interfaces[END_REF][START_REF] Wang | Structure, Energetics, and Dynamics of Water Adsorbed on the Muscovite (001) Surface: A Molecular Dynamics Simulation[END_REF][START_REF] Israelachvili | Molecular Layering of Water at Surfaces and Origin of Repulsive Hydration Forces[END_REF][START_REF] Hu | Imaging the Condensation and Evaporation of Molecularly Thin Films of Water with Nanometer Resolution[END_REF][START_REF] Loh | Visualization of Ion Distribution at the Mica-Electrolyte Interface[END_REF] Our MD simulations were carried out using inter-atomic potential parameters known to accurately describe the structure and dynamics of water and ions in clay and silica nanopores. [START_REF] Marry | Water Dynamics in Hectorite Clays: Influence of Temperature Studied by Coupling Neutron Spin Echo and Molecular Dynamics[END_REF][START_REF] Skelton | Simulations of the Quartz (1011)/Water Interface: A Comparison of Classical Force Fields, Ab Initio Molecular Dynamics, and X-Ray Reflectivity Experiments[END_REF][START_REF] Bourg | Connecting the Molecular Scale to the Continuum Scale for Diffusion Processes in Smectite-Rich Porous Media[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] Bourg | Molecular Dynamics Simulations of Water Structure and Diffusion in Silica Nanopores[END_REF][START_REF] Holmboe | Molecular Dynamics Simulations of Water and Sodium Diffusion in Smectite Interlayer Nanopores as a Function of Pore Size and Temperature[END_REF] Synchrotron XRR measurements were carried out at the Advanced Photon Source (APS) using well-established methodologies. [START_REF] Lee | Changes in Adsorption Free Energy and Speciation during Competitive Adsorption between Monovalent Cations at the Muscovite (001)-Water Interface[END_REF][START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] Our experimental and simulation results were obtained at identical conditions, namely for 0.1 M MCl aqueous solutions (M = Li, Na, K, Rb, or Cs) on the basal surface of muscovite mica at ambient conditions. The present study, to our knowledge, is the first to show that MD simulations can accurately predict XRR data for ion adsorption at charged mineral-water interfaces. Our results provide a detailed view of the structure of the Stern layer at mica-water interfaces and its dependence on the type of adsorbed cation.

METHODOLOGY

Molecular dynamics (MD) simulations were carried out on the supercomputers at the National Energy Research Scientific Computing Center (NERSC) using the code LAMMPS. [START_REF] Plimpton | Fast Parallel Algorithms for Short-Range Molecular Dynamics[END_REF] Briefly, we simulated a 60-Å thick slab of mica in contact with a 120-Å thick slab of liquid water in a 52.1 × 45.2 × 180.0 Å 3 simulation cell with periodic boundary conditions (Fig. 1). A muscovite mica crystal of the 2M1 polytype with unit cell formula KAl2(Si3Al)O10(OH)2 was constructed based on neutron diffraction data. [START_REF] Catti | Powder Neutron Diffraction Study of 2M1 Muscovite at Room Pressure and at 2 GPa[END_REF] Isomorphic substitutions of Si by Al were randomly distributed in the mica structure with the constraint that substitutions did not occur in neighboring tetrahedra. Interatomic interactions were described using the SPC/E water model, [START_REF] Berendsen | The Missing Term in Effective Pair Potentials[END_REF] the CLAYFF model for mica, [START_REF] Cygan | Molecular Models of Hydroxide, Oxyhydroxide, and Clay Phases and the Development of a General Force Field[END_REF] and the Dang model of chloride and alkali metal ions. [START_REF] Dang | Development of Nonadditive Intermolecular Potentials Using Molecular Dynamics: Solvation of Li + and F -Ions in Polarizable Water[END_REF][START_REF] Dang | Mechanism and Thermodynamics of Ion Selectivity in Aqueous Solutions of 18-Crown-6 Ether: A Molecular Dynamics Study[END_REF] Interatomic interactions were resolved in real space up to a distance of 12.0 Å. Long-range Coulomb interactions beyond 12.0 Å were resolved in reciprocal space using the particle-particle/particle-mesh (PPPM) technique with an accuracy of 99.99 %. The mica slab was modeled as a rigid entity with the exception of structural H atoms and interlayer K ions. The number of water molecules in the simulation cell was such that pressure equaled zero in the bulk-liquid-like water region in the simulation with adsorbed Na. Each system was equilibrated for 2 ns, and then simulated for 10 ns with a 1 fs time step in the NVT ensemble at T = 298 K. In addition to our standard MD simulations, we used the thermodynamic integration (TI) technique to examine the energetics of cation exchange at the mica-water interface. [START_REF] Frenkel | Understanding Molecular Simulation[END_REF][START_REF] Rotenberg | On the Driving Force of Cation Exchange in Clays: Insights from Combined Microcalorimetry Experiments and Molecular Simulation[END_REF] Briefly, our TI calculations consisted in modeling a Csbearing mica at zero ionic strength (no chloride co-ions). Then, we slowly morphed the adsorbed Cs ions into Rb, K, Na, and eventually Li by linearly adjusting their Van der Waals interatomic potential parameters in a series of 75 small transformations. Each small transformation step was followed by 0.2 ns of equilibration and 0.8 ns of simulation in the NPzT ensemble at T = 298 K and Pz = 0 bar. The free energy change associated with each small transformation was calculated using established methodologies as described in the Supporting Information (SI). The resulting free energies (∆F) are not strictly equivalent to measured Gibbs free energies (∆G), because our TI simulations were carried out in the NPzT ensemble (constant pressure in the z direction, but fixed simulation cell size in the x and y directions). Nevertheless, our predicted values of ∆Faq Cs/Rb = -26.6 ± 0.2 kJ mol -1 , ∆Faq Cs/K = -42.5 ± 0.3 kJ mol -1 , ∆Faq Cs/Na = -113.4 ± 0.9 kJ mol -1 and ∆Faq Cs/Li = -242.8 ± 1.4 kJ mol -1 are close to the experimental values of ∆Gaq Cs/i (-25, -45, -115, and -225 kJ mol -1 , respectively) [START_REF] Marcus | Thermodynamics of Solvation of Ions. Part 5. Gibbs Free Energy of Hydration at 298[END_REF] except in the case of Li.

X-ray reflectivity measurements were carried out at beamline 6-ID-B, Advanced Photon Source (APS), Argonne National Laboratory. Gem-quality muscovite crystals (Asheville-Schoonmaker Mica Company) in a dimension of 25  25  0.2 mm 3 were cleaved using tape to expose fresh basal planes. The cleaved crystals were rinsed with deionized water and then mounted in an X-ray thin-film cell. [START_REF] Schlegel | Cation Sorption on the Muscovite (001) Surface in Chloride Solutions Using High-Resolution X-Ray Reflectivity[END_REF][START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] Aqueous solutions (0.1 M MCl, where M = Li, Na, K, Rb, or Cs) were prepared by dissolving ≥99% alkali-metal chloride salts in deionized water. One of these experimental solutions was injected into the thin-film cell containing a mica crystal, which was allowed to react with the solution for about 30 minutes. After the reaction, the extra solution was drained by gravity, and the cell maintained a several-μm-thick solution film on top of the mica surface. [START_REF] Schlegel | Cation Sorption on the Muscovite (001) Surface in Chloride Solutions Using High-Resolution X-Ray Reflectivity[END_REF][START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] The sample cell was mounted in a 6-circle Huber diffractometer for X-ray reflec-tivity experiments. A monochromatic X-ray beam [at a photon energy of either 16 keV (for Li, Na, K, and CsCl experiments) or 17 keV (for the RbCl experiment)] reflected from the mica surface was collected using an X-ray CCD detector [START_REF] Fenter | On the Use of CCD Area Detectors for High-Resolution Specular X-Ray Reflectivity[END_REF] as a function of momentum transfer q, defined as q = 4πsin(2θ/2)/λ where 2θ is the angle between the incident and reflected X-ray beams and λ is the wavelength of X-rays (λ = 0.775 and 0.729 Å at 16 and 17 keV, respectively). Resonant anomalous X-ray reflectivity measurements are reported for a 3 mM RbCl solution. Briefly, the elastic reflectivity signal measured as a function of photon energy near the Rb K-absorption edge energy (Eo = ~15.21 keV) at selected q provides additional sensitivity to the elementspecific distribution of the adsorbed Rb ions. [START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] The XRR and RAXR data were analyzed following methodologies described in the Supporting Information (SI).

RESULTS AND DISCUSSION

Vertical density profiles of the electrical double layer.

A key output of both XRR experiments and MD simulations is the electron density profile in the direction normal to the interface. [START_REF] Fenter | Is the Calcite -Water Interface Understood? Direct Comparisons of Molecular Dynamics Simulations with Specular X-ray Reflectivity Data[END_REF] In Fig. 2, we compare our predicted (MD) and measured (XRR) electron density profiles for 0.1 M alkali chloride solutions on the mica basal surface. Distances are normalized such that z = 0 corresponds to the average height of basal surface O atoms. [START_REF] Schlegel | Cation Sorption on the Muscovite (001) Surface in Chloride Solutions Using High-Resolution X-Ray Reflectivity[END_REF][START_REF] Wang | Structure, Energetics, and Dynamics of Water Adsorbed on the Muscovite (001) Surface: A Molecular Dynamics Simulation[END_REF] The expected location of the first, second, and third water monolayers (zW1 ≈ 3.0 ± 1.5 Å, zW2 ≈ 6.0 ± 1.5 Å, zW3 ≈ 9.0 ± 1.5 Å) are indicated on the figure based on the known thickness of a water monolayer in the interlayer nanopores of swelling clay minerals (≈3.0 Å). [START_REF] Holmboe | Molecular Dynamics Simulations of Water and Sodium Diffusion in Smectite Interlayer Nanopores as a Function of Pore Size and Temperature[END_REF][START_REF] Wilson | An in-Situ Time-Resolved XRD-PSD Investigation into Na-Montmorillonite Interlayer and Particle Rearrangement during Dehydration[END_REF][START_REF] Holmboe | Porosity Investigation of Compacted Bentonite Using XRD Profile Modeling[END_REF] The curves shown in Fig. 2 reflect a weighted sum of the atomic density distribution of all atoms, with a weighting factor of the atomic number to reflect the profile that is probed by XRR. The curves primarily reflect the density profile of water O atoms and of the heaviest adsorbed ions (Cs, Rb, K). The XRR and MD simulation results shown in Fig. 2 agree on several features. Both techniques indicate that water density layering extends roughly three water layers from the mica surface, in agreement with previous studies of micawater [START_REF] Park | Structure of Water Adsorbed on a Mica Surface[END_REF][START_REF] Cheng | Molecular-Scale Density Oscillations in Water Adjacent to a Mica Surface[END_REF] and other solid-water interfaces. [START_REF] Lee | A Comparison of the Structure and Dynamics of Liquid Water at Hydrophobic and Hydrophilic Surfaces-a Molecular Dynamics Simulation Study[END_REF][START_REF] Bonthuis | Beyond the Continuum: How Molecular Solvent Structure Affects Electrostatics and Hydrodynamics at Solid-Electrolyte Interfaces[END_REF][START_REF] Toney | Distribution of Water Molecules at Ag(111)/electrolyte Interface as Studied with Surface X-Ray Scattering[END_REF] In the second water layer (z = 4.5 to 7.5 Å), both techniques predict similar density profiles in the case of Li, Na, and K counterions. In the first water layer (z < 4.5 Å), both techniques roughly agree on the regions of greater electron density, but the MD simulations systematically predict a more structured electron density profile, partly because the experimental curves are inherently broadened by the finite resolution (~0.6 Å) of the XRR measurements. [START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF][START_REF] Sakuma | Structure and Dynamics of Water on Muscovite Mica Surfaces[END_REF] To compare more directly our XRR and MD simulation results, we used our MD simulation results on the structure of interfacial water (black lines in Fig. 2) to calculate the associated XRR data. [START_REF] Fenter | Is the Calcite -Water Interface Understood? Direct Comparisons of Molecular Dynamics Simulations with Specular X-ray Reflectivity Data[END_REF] The relaxation of the mica structure near the interface was modeled using standard XRR data analysis methodologies (SI). The resulting comparison provides a stringent test of the ability of the inter-atomic potential models used in our MD simulations to accurately predict the structure of interfacial water. The comparison between measured and MD-predicted XRR data is shown in Fig. 3. The results are consistent across the full range of momentum transfer for all five counter-ions with quality of fits that are commensurate with that obtained with the fitting routine used in our previous XRR studies [START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] as described in the Supporting Information. The good agreement between our XRR and MD simulation results in Fig. 3 provides a strong crossvalidation of the consistency of our experimental and simulation methodologies. Structure of the Stern layer. Our MD simulation results, validated by our XRR data, provide a detailed view of cation adsorption in the Stern layer. All alkali metals adsorb predominantly (90 to 99 %) as two types of inner-sphere surface complexes (ISSC1, ISSC2). The height of each ISSC species above the mica-water interface increases with ionic radius, as expected if this height is controlled by short-range repulsion between the adsorbed ion and surface O atoms. [START_REF] Lee | Hydrated Cation Speciation at the Muscovite (001)-Water Interface[END_REF] The only exception is in the case of the ISSC1 species of lithium (Fig. 4). The first type of complex (ISSC1) is strongly favored by large cations (Cs, Rb, K), but not by small cations (Na, Li). To determine the identity of the two types of ISSC, we calculated two-dimensional maps of the distribution of ISSC1 and ISSC2 species on the mica surface. The results (illustrated in Fig. 5 in the case of Cs) indicate that the first type of surface complex, ISSC1, corresponds to cations located at the center of the ditrigonal cavities of the siloxane surface, particularly those cavities that are bordered by two or more isomorphic substitutions of Si by Al. The second type of surface complex, ISSC2, corresponds to cations that sit directly above a structural charge site, on a so-called "triad" of surface O atoms. [START_REF] Loh | Visualization of Ion Distribution at the Mica-Electrolyte Interface[END_REF][START_REF] Bourg | Ion Exchange Phenomena[END_REF] The two types of complexes have previously been noted in studies of K and Cs in smectite interlayers [START_REF] Bourg | Ion Exchange Phenomena[END_REF] and of K on mica surfaces. [START_REF] Park | Structure of Water Adsorbed on a Mica Surface[END_REF] Our finding that Li and Na prefer the triad site (ISSC2) whereas larger alkali metals prefer the cavity site (ISSC1) is consistent with AFM maps of the distribution of adsorbed alkali metals at the mica-water interface. [START_REF] Ricci | Water-Induced Correlation between Single Ions Imaged at the Solid-liquid Interface[END_REF][START_REF] Loh | Visualization of Ion Distribution at the Mica-Electrolyte Interface[END_REF] The preference of Li and Na for the triad site likely reflects the preference of the small alkali metals for an oxygen coordination number NO smaller than six. 86 Density maps of Li ISSC1 (Fig. SI2) confirm that lithium does not fit snugly in the center of the cavity: instead, it adopts an off-center position near an edge of the cavity. Our MD simulation results also provide insight into the structure of water in the Stern layer. In Fig. 6, we show the density profiles of water O atoms as a function of distance from the surface for mica in contact with Na-, K-, Rb-, and Cs-containing solutions. With all five counter-ions, water exhibits a strong density layering at the mica surface with a periodicity of 3.02 ± 0.03 Å. This periodicity is identical to that derived from our XRR data in conditions where the XRR signal most directly reflects the water structure (2.81 ± 0.28 Å, on average, for mica with adsorbed Li and Na). It also agrees with the values obtained from MD simulation studies of water on the surfaces of other minerals including quartz (3.0 ± 0.4 Å) [START_REF] Wander | Structural and Dielectric Properties of Quartz-Water Interfaces[END_REF] and smectite (3.1 ± 0.3 Å). [START_REF] Tinnacher | Ion Adsorption and Diffusion in Smectite: Molecular, Pore, and Continuum Scale Views[END_REF] However, it is significantly larger than the values indirectly derived from the mechanical properties of water films confined between mica surfaces (2.5 ± 0.3 Å by SFA [START_REF] Israelachvili | Molecular Layering of Water at Surfaces and Origin of Repulsive Hydration Forces[END_REF] and 2.65 ± 0.25 Å by shear force microscopy). [START_REF] Antognozzi | Observation of Molecular Layering in a Confined Water Film and Study of the Layers Viscoelastic Properties[END_REF] Water density between z = 3 and 7 Å is significantly affected by the type of adsorbed cation, with no clear trend, whereas water density layering beyond the first two monolayers (z > 7 Å) becomes insensitive to the choice of cation. This observation is consistent with experimental results showing that ions have little impact on the structure and dynamics of liquid water beyond their first solvation shell [START_REF] Omta | Negligible Effect of Ions on the Hydrogen-Bond Structure in Liquid Water[END_REF] and, also, with the suggestion that the Stern layer can be viewed, to some extent, as a distinct fluid phase. [START_REF] Merlet | The Electric Double Layer Has a Life of Its Own[END_REF][START_REF] Laird | Relationship between Cation Exchange Selectivity and Crystalline Swelling in Expanding 2:1 Phyllosilicates[END_REF][START_REF] Teppen | Hydration Energy Determines Isovalent Cation Exchange Selectivity by Clay Minerals[END_REF] The first water monolayer contains three well-defined sublayers at different distances from the surface: zW1.1 = 1.73 ± 0.04, zW1.2 = 2.62 ± 0.01, and zW1.3 = 3.1 to 3.9 Å. In the case of sub-layer W1.3, distance from the surface increases with the size of the adsorbed cation. Snapshots of the interfacial water structure show that the three sub-layers correspond to first-layer water molecules that donate two, one, or no hydrogen bonds to the siloxane surface, respectively, as previously noted for water on mica and smectite surfaces. [START_REF] Bourg | Molecular Dynamics Simulations of the Electrical Double Layer on Smectite Surfaces Contacting Concentrated Mixed Electrolyte (NaCl-CaCl 2) Solutions[END_REF][START_REF] Wang | Structure, Energetics, and Dynamics of Water Adsorbed on the Muscovite (001) Surface: A Molecular Dynamics Simulation[END_REF][START_REF] Park | Structure of Water Adsorbed on a Mica Surface[END_REF][START_REF] Leng | Hydration Structure of Water Confined between Mica Surfaces[END_REF] The existence of at least two sub-layers within the first water monolayer on mica, at least one of which has an epitaxial relation with surface O atoms, is consistent with scanning polarization force microscopy (SPFM) studies of submonolayer water films adsorbed at mica-air interfaces. [START_REF] Hu | Imaging the Condensation and Evaporation of Molecularly Thin Films of Water with Nanometer Resolution[END_REF] The peak positions (z values) and relative amplitudes of layers W1.1 and W1.2 are close to those measured by neutron diffraction with isotopic substitution (NDIS) for the interlayer nanopores of Li-vermiculite (where zW1.1 = 1.93 and zW1.2 = 2.85 Å). [START_REF] Skipper | Direct Measurement of the Electric Double-Layer Structure in Hydrated Lithium Vermiculite Clays by Neutron Diffraction[END_REF] Maps of water O density in planes parallel to the surface (Fig. 6) show that first layer water molecules are strongly templated by the O atoms of the siloxane surface: W1.1 molecules occupy ditrigonal cavities that are not occupied by ISSC1 cations, W1.2 molecules sit directly atop basal O atoms, and W1.3 molecules are loosely localized above rings of surface O atoms, in agreement with highresolution AFM and FM-AFM images [START_REF] Kobayashi | Visualization of Hydration Layers on Muscovite Mica in Aqueous Solution by Frequency-Modulation Atomic Force Microscopy[END_REF][START_REF] Hu | Imaging the Condensation and Evaporation of Molecularly Thin Films of Water with Nanometer Resolution[END_REF] and previous MD simulations. [START_REF] Kobayashi | Molecular Dynamics Simulation of Atomic Force Microscopy at the Water-Muscovite Interface: Hydration Layer Structure and Force Analysis[END_REF][START_REF] Wang | Structure, Energetics, and Dynamics of Water Adsorbed on the Muscovite (001) Surface: A Molecular Dynamics Simulation[END_REF] The first two peaks of the water O density profile are almost identical in the case of the mica surface with adsorbed Na, K, Rb, and Cs, indicating that the struc-ture of W1.1 and W1.2 water is primarily dictated by the surface (more precisely, by surface O atoms), not by adsorbed cations. With adsorbed Li, the first density peak is significantly taller, because Li has a much smaller tendency than other cations to occupy the hexagonal cavities. Our results confirm previous findings that hydrogen bonding with surface O atoms plays an important role in controlling near-surface water structure. [START_REF] Wang | Structure, Energetics, and Dynamics of Water Adsorbed on the Muscovite (001) Surface: A Molecular Dynamics Simulation[END_REF][START_REF] Rotenberg | Molecular Explanation for Why Talc Surfaces Can Be Both Hydrophilic and Hydrophobic[END_REF] They also indicate that this hydrogen bonding can be patchy, because of heterogeneous charge distribution in the mineral structure, and sensitive to the type of adsorbed counter-ion, because the preferred coordination structures of different ions are unequally accommodated by the surface topography. SI3) indicates that the coordination of adsorbed ions is particularly sensitive to surface topography and to the extent of delocalization of the negative charge arising from isomorphic substitutions. The first point is illustrated by the difference between our MD simulation results and those of other studies that used the CLAYFF model. [START_REF] Wang | Structure, Energetics, and Dynamics of Water Adsorbed on the Muscovite (001) Surface: A Molecular Dynamics Simulation[END_REF][START_REF] Teich-Mcgoldrick | Molecular Dynamics Simulations of Uranyl Adsorption and Structure on the Basal Surface of Muscovite[END_REF][START_REF] Dequidt | Confined KCl Solution between Two Mica Surfaces: Equilibrium and Frictional Properties[END_REF][START_REF] Kerisit | Molecular Simulation of Cesium Adsorption at the Basal Surface of Phyllosilicate Minerals[END_REF] Previous simulations with the CLAYFF model used a flexible mica structure and are known to predict an unphysical relaxation of the ditrigonal cavities. As shown in Table SI3, this relaxation causes ISSC1 ions to penetrate more deeply into the cavities, particularly in the case of the smallest ions, Li and Na. The second point is illustrated by the difference between our results, those obtained with the Skipper force field (SFF), [START_REF] Park | Structure of Water Adsorbed on a Mica Surface[END_REF][START_REF] Leng | Hydration Structure of Water Confined between Mica Surfaces[END_REF][START_REF] Meleshyn | Aqueous Solution Structure at the Cleaved Mica Surface: Influence of K + , H3O + , and Cs + Adsorption[END_REF][START_REF] Meleshyn | Potential of Mean Force for K + in Thin Water Films on Cleaved Mica[END_REF][START_REF] Leng | Hydration Force between Mica Surfaces in Aqueous KCl Electrolyte Solution[END_REF] and those obtained with the Kawamura force field (KFF). [START_REF] Sakuma | Structure and Dynamics of Water on Li + -, Na + -, K + -, Cs + -, H3O + -Exchanged Muscovite Surfaces: A Molecular Dynamics Study[END_REF][START_REF] Sakuma | Structure and Dynamics of Water on Muscovite Mica Surfaces[END_REF][START_REF] Sakuma | Structure of Hydrated Sodium Ions and Water Molecules Adsorbed on the Mica/Water Interface[END_REF] The relative stability of ISSC1 species is greatest in the KFF model, whereas the relative stability of ISSC2 species (where the cation is located further from the bulk solid structure, but closer to the nearest isomorphic substitution) is greatest in the SFF model. These differences reflect the increase (from 0.15 to 0.525 and 1.0 on the KFF, CLAYFF, and SFF models, respectively) in the fraction of negative charge arising from isomorphic substitutions that remains localized on the metal site.

Sensitivity of interfacial structure to MD simulation parameters. Comparison of our simulation predictions with those of previous MD or Monte Carlo (MC) simulations (Table

With regard to the structure of Stern layer water, all models predict the existence of three ordered water layers, with the first layer consisting of two or three sub-layers. The locations of individual water peaks are broadly consistent between these studies, the main difference being the disappearance of the W1.3 peak in SFF model predictions. The relative amplitudes of the first-layer water peaks, however, are highly sensitive to the choice of water model. In particular, surface coverage associated with the main water O density peak (sub-layer W1.2) ranges from about 0.05 to 0.13 atoms per Å 3 , depending on the choice of force field, for mica with adsorbed K. The amplitude of this peak tends to increase with the similarity between the partial charges of O atoms in water and on the siloxane surface, in agreement with the expectation that the surface may have less tendency to disrupt the hydrogen-bond network of water if surface O atoms are more similar to water O atoms.

Energetics of Stern layer adsorption.

To further crossvalidate our XRR and MD simulation methodologies, we compared measured and predicted energetics of ion exchange at the mica-water interface. Experimental data on the Gibbs free energies of cation exchange at the mica-water interface were reported by Lee et al. [START_REF] Lee | Changes in Adsorption Free Energy and Speciation during Competitive Adsorption between Monovalent Cations at the Muscovite (001)-Water Interface[END_REF] based on resonant anomalous X-ray reflectivity (RAXR) measurements of ion exchange isotherms on a mica basal surface using Rb as a probe ion. Our predictions of the free energy of exchange (relative to Cs) between the solution and the mineral surface are remarkably consistent with the measured values for all ions except Li (Fig. 7). In the case of Li, our simulations overestimate the relative affinity of Li (vs. Cs) for water vs. the mica-water interface by 20.3 kJ mol -1 . This discrepancy is close to that by which our simulations overestimate the free energy of hydration of Li relative to Cs (17.8 kJ mol -1 ), suggesting that the Li-water interaction potential parameters used in our simulations may be a significant source of error.

The relatively worse prediction of the solvation and adsorption energetics of Li compared to the other alkali metals is not entirely surprising for two reasons. First, the coordination structure of Li + in water is known to be challenging to reproduce in classical MD simulations. 100 Second, the Liwater interatomic potential parameters used in the present study were initially developed for use with a polarizable water model. [START_REF] Dang | Development of Nonadditive Intermolecular Potentials Using Molecular Dynamics: Solvation of Li + and F -Ions in Polarizable Water[END_REF] Nonetheless, the Li potential parameters used here are routinely used in conjunction with the nonpolarizable SPC/E water model and this combination is known to give a reasonable prediction of the four-fold coordination structure of Li + . 101,102 The stronger adsorption of large alkali metals (K, Rb, Cs) relative to smaller metals (Li, Na) was previously interpreted as reflecting the formation of different types of surface complexes (e.g., inner-vs. outer-sphere surface complexes) controlled by the hydration free energy of cations. [START_REF] Lee | Changes in Adsorption Free Energy and Speciation during Competitive Adsorption between Monovalent Cations at the Muscovite (001)-Water Interface[END_REF] The present study, instead, reveals that significant adsorption selectivity can result from small differences in the ability of different ions to fit the topographic features of the siloxane surface, associated with adsorption as ISSC1 vs. ISSC2. Our results, as noted above, are broadly consistent with the conceptual view of ion exchange as a partitioning between bulk liquid water and a "sub-aqueous" Stern layer water phase that selectively adsorbs cations of lower hydration energy. [START_REF] Teppen | Hydration Energy Determines Isovalent Cation Exchange Selectivity by Clay Minerals[END_REF] However, the non-monotonic nature of the simulation predictions in Fig. 7 paints a more complex picture in which selectivity is significantly modulated by the ability of surface sites to accommodate the preferred coordination number of each ion.

Figure 7.

Free energy of cation exchange at the mica-water interface (relative to Cs), plotted as a function of the free energy of hydration (relative to Cs). Yellow circles are experimental Gibbs free energies. [START_REF] Lee | Changes in Adsorption Free Energy and Speciation during Competitive Adsorption between Monovalent Cations at the Muscovite (001)-Water Interface[END_REF] Large red squares are free energies predicted with the thermodynamic integration (TI) technique. Small red squares show intermediate stages of the TI calculation. Red crosses are potential energies at each stage of the TI calculation.

Importance of OSSC on mica.

A long-standing question in studies of the EDL on mica is the relative importance of inner-sphere surface complexes vs. longer-ranged adsorption mechanisms (outer-sphere surface complexes, diffuse layer adsorption) in screening the surface charge of mica. As noted in Table SI3, MD simulations with a range of force fields (including those obtained in the present study) predict that alkali metals adsorb predominantly as ISSC. This prediction is consistent with FM-AFM data obtained with Li-and Nabearing mica [START_REF] Loh | Visualization of Ion Distribution at the Mica-Electrolyte Interface[END_REF] and with water vapor adsorption measurements showing that adsorbed ions influence only the first water monolayer. 103 However, electrokinetic measurements in alkali chloride solutions, when extrapolated to the conditions of our study (0.1 M), yield a zeta potential ζ ≈ -60±20 mV in the case of Li-and Na-bearing mica and ζ ≈ 0±20 mV in the case of K-and Cs-bearing mica, 104 indicating a weaker screening of surface charge by the smaller alkali metals. Measurements of the swelling properties of alkali-metalexchanged vermiculite, as well as atomistic-level structures determined by NDIS, suggest that Li has a significant tendency to form OSSC in vermiculite interlayer nanopores, whereas other alkali metals form primarily ISSC. [START_REF] Skipper | Direct Measurement of the Electric Double-Layer Structure in Hydrated Lithium Vermiculite Clays by Neutron Diffraction[END_REF] Surface force apparatus measurements of the normal and shear forces across thin water films between parallel mica surfaces showed a similar behavior between Na-and K-bearing micas 105 but a very different behavior between Na-and Csbearing mica [START_REF] Perkin | Dynamics Properties of Confined Hydration Layers[END_REF][START_REF] Goldberg | Breakdown of Hydration Repulsion between Charged Surfaces in Aqueous Cs + Solutions[END_REF] and between Li-and Cs-bearing mica, 106 results interpreted as indicating that Cs forms primarily ISSC, whereas Na, Li and, by extension, K form primarily OSSC. [START_REF] Perkin | Dynamics Properties of Confined Hydration Layers[END_REF]106 Finally, RAXR results suggested that Rb adsorbs 85-90 % ICCS from a 3 mM RbCl solution, the rest being adsorbed as OSSC species. [START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] In short, different observations provide sharply differing views of the importance of alkali metal OSSC and diffuse layer species at mica-water interfaces.

In an attempt to shed light onto the disagreements outlined above, we compared the vertical density profile of Rb derived from our MD simulations with that from elementspecific in-situ RAXR data measured in a 3 mM RbCl solution. [START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] Both results show that Rb adsorbs dominantly as ISSC, whereas the experimental data also show a minor fraction (10-15%) of Rb OSSC (Fig. 8a). The RAXR spectra calculated from the MD-derived Rb profile are compared with the experimental data in Fig. 8b. Overall, there is good agreement between the simulated and measured values. Some differences are observed at several q values, including q = 0.85 and 1.76 Å -1 . Variations of the amplitude (AR) and phase (ΦR) of the element-specific structure factor of Rb 46,107 more clearly show the differences as a function of q (Figs. 8c andd). The calculated AR values are larger than the measured values at low q. This indicates that the calculated Rb coverage is larger than the measured coverage, which can be in part due to the difference in Rb concentration (100 mM vs. 3 mM). From the phase plot, the ΦR/q at low q corresponds to the average height of adsorbed Rb distribution. The calculated ΦR values at low q are smaller than the measured values, indicating that the simulation underestimates the fractional coverage of OSSC determined by our previous RAXR measurements. [START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] and from MD simulations (this study). The MDderived profile is resolution-broadened and shifted by ΔzMD of 0.32(2) Å from the original profile, as described in the Supporting Information. (b) RAXR data analyses using a conventional model fit [START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] and the Rb distribution derived from MD simulations. The data are offset vertically (see the dotted lines as the reference) for clarity. Variation of the amplitude, AR, (c) and phase, ΦR, (d) as a function of q for the element-specific structure factor of Rb adsorbed at the muscovite (001) -3 mM RbCl solution interface.

One potential source of this discrepancy is the exact composition of the mica samples used. For example, the mica used by Scales et al. 104 was reported to have a unit cell formula of K0.84Na0.12(Al1.93Fe II 0.06Mg0.04)(Si3.04Al0.96)O10(OH)2, i.e., 9 % of the structural charge resulted from isomorphic substitutions in the octahedral sheet. Molecular dynamics simulation studies of smectite clay minerals indicate that Li and Na form ISSC on tetrahedral charge sites and OSSC on octahedral charge sites, whereas K, Rb, and Cs form ISSC on all charged surface sites. [START_REF] Sposito | Surface Geochemistry of the Clay Minerals[END_REF][START_REF] Bourg | Ion Exchange Phenomena[END_REF]108 The mica crystals used for both our previous [START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] and current X-ray studies also have a chemical composition that deviates slightly from an ideal mica crystal. [START_REF] Schlegel | Cation Sorption on the Muscovite (001) Surface in Chloride Solutions Using High-Resolution X-Ray Reflectivity[END_REF] While the good agreement between our simulations and experimental results provides strong evidence that Rb adsorb predominantly as ISSC, it does not preclude the possibility that a fraction of the other metal ions adsorb as species other than ISSC at natural mica-water interfaces.

Surface complexation modeling. As a final test of the consistency of our XRR and MD simulation results, we developed a surface complexation model of alkali metal adsorption at the mica-water interface based on a simplified version of the three plane model (TPM) formalism. 109,110 Briefly, we modeled alkali metal surface complexes as forming in three planes at z = 1 Å (plane 0), 2 Å (plane 1), and 4 Å (plane 2). We assumed that the dielectric constant in the stern layer equals about half of that of bulk liquid water (εStern = 39.2). [START_REF] Wander | Structural and Dielectric Properties of Quartz-Water Interfaces[END_REF]109 Based on this assumption, the capacitances of the inter-plane regions were estimated as Cp = εSternε0/∆xp, where ε0 = 8.85419 × 10 -12 F m -1 is the permittivity of vacuum and ∆xp is the distance between planes p and p-1, which yields C1 = 3.47 F m -2 and C2 = 1.74 F m -2 . The fraction of mica structural charge screened by counter-ion adsorption and co-ion exclusion in the diffuse layer (beyond plane 2) was arbitrarily set to 0.05. The resulting TPM (described in the Supporting Information) has 15 unknown parameters: the equilibrium constants KM,p for the adsorption of the five alkali metals M in the three planes p. We determined the values of these constants by fitting the model to two datasets: MD simulation prediction of the fraction of alkali metals adsorbed at z ∈ [0 Å; 1.5 Å], z ∈ [1.5 Å; 2.5 Å], and z ∈ [2.5 Å; 6 Å] in 0.1 M alkali chloride solutions (Fig. 4); and XRR data on the adsorption of Rb in 10 -3 M RbCl-MCl solutions (M = Li, Na, K, or Cs) with a range of Rb:M ratios. [START_REF] Lee | Changes in Adsorption Free Energy and Speciation during Competitive Adsorption between Monovalent Cations at the Muscovite (001)-Water Interface[END_REF] Model predictions show that the TPM formalism is able to describe our XRR data on the cation adsorption selectivity and our MD simulation results on the cation density profiles in a mutually consistent manner (Fig. 9a,c-f). Our surface complexation model predicts that the coexistence of several adsorption planes makes cation exchange on mica non-ideal (Fig. 9b), a finding consistent with the nonideal behavior observed during ion exchange reactions be-tween Na, K, and Cs on micaceous minerals (reactions that control the global biogeochemical cycle of potassium and the migration of cesium radioisotopes in the environment). [111][112][113] As an additional constraint on our surface complexation model, we attempted to fit our MD simulation predictions on the fraction of mica structural charge screened by the diffuse layer in 0.1 M MCl solutions. This attempt was unsuccessful, because within the framework of the TPM, stronger charge screening in the Stern layer invariably implies stronger adsorption, whereas according to our MD simulations the most weakly adsorbed cations (Li, Na) have the strongest tendency to screen the mica structural charge within the Stern layer (Fig. SI4). This discrepancy suggests that charge screening at the mica -0.1 M alkali chloride solution interface may be significantly impacted by specific ion-ion interactions in the EDL (e.g., the formation of adsorbed metal chloride ion pairs), in agreement with the existence of a pronounced chloride density peak at z ~ 4 Å for all counterions except Li (Fig. SI4).

Concluding remarks. Our XRR and MD simulation results provide a mutually consistent view of the structure and energetics of the Stern layer at mica-water interfaces that also agrees with high-resolution AFM data. [START_REF] Ricci | Water-Induced Correlation between Single Ions Imaged at the Solid-liquid Interface[END_REF][START_REF] Kobayashi | Visualization of Hydration Layers on Muscovite Mica in Aqueous Solution by Frequency-Modulation Atomic Force Microscopy[END_REF][START_REF] Hu | Imaging the Condensation and Evaporation of Molecularly Thin Films of Water with Nanometer Resolution[END_REF][START_REF] Loh | Visualization of Ion Distribution at the Mica-Electrolyte Interface[END_REF] Overall, our results show that the first water monolayer is primarily structured by its interactions with the surface (it contains three types of water molecules that donate two, one, or zero hydrogen bonds to the mica surface). The second water monolayer is significantly impacted by its interaction with adsorbed ions. Water beyond the first two monolayers exhibits density layering (up to ~10 Å from the surface), but no evidence of sensitivity to short-range interactions with either the surface or adsorbed ions. Alkali metals adsorb primarily as two types of inner-sphere surface complexes, the relative stability of which is determined by the ability of the surface to satisfy the preferred coordination number of each metal.

ASSOCIATED CONTENT Supporting Information

Additional detail on the XRR, MD, TI, and surface complexation modeling methodologies and on the comparison with previous MD simulation results, are provided in the Supporting Information (PDF).

Figure 1 .

 1 Figure 1. Snapshot of our MD simulation of a 0.1 M NaCl solution in contact with mica. Atoms in the mica structure are shown as yellow (Si), pink (Al), red (O), white (H), and light blue spheres (K). Water molecules are shown as transparent red and white sticks. Ions are shown as dark blue (Na) and orange spheres (Cl).

Figure 2 .

 2 Figure 2. Electron density profile (normalized to the value in bulk liquid water) as a function of distance from the mica surface as determined by a conventional model fit to our XRR data (blue lines) or predicted by MD simulation (black lines).

Figure 3 .

 3 Figure3. In-situ XRR data at the muscovite (001) -0.1 M alkali chloride solution interfaces. The solid lines are calculated using the MD-derived water profiles,[START_REF] Fenter | Direct and Quantitative Comparison of Pixelated Density Profiles with High-Resolution X-Ray Reflectivity Data[END_REF] as described in the Supporting Information. Each dataset is scaled vertically for clarity.

Figure 4 .

 4 Figure 4. Left: MD simulation prediction of the density profile of the five alkali metals at the mica-water interface. Right: zcoordinate of ISSC density peaks, plotted as a function of the first-shell metal-oxygen distance in liquid water rM-Ow.

Figure 5 .

 5 Figure 5. Graph: electron density profile as a function distance from the mica surface (black line) and contribution from the counter-ion (purple line) predicted by MD simulation in the case of Cs-bearing mica. The figure on the left and inset on the right show xy density maps of ISSC1 and ISSC2 species on one of the mica surfaces (purple), overlaid on an image of surface O atoms (red spheres) and underlying Si and Al atoms (yellow and blue spheres). Regions where Cs atomic density ρCs > 0.5 × ρOw,bulk and > 3 × ρOw,bulk (ρOw,bulk being the density of O atoms in bulk liquid water) are shown in light and dark purple, respectively.

Figure 6 .

 6 Figure 6. Top left: water O density profile as a function of distance from the mica surface for Na-, K-, Rb-, and Cs-bearing mica. Bottom left: MD simulation snapshot of the mica-water interface (same color scheme as in Fig. 1, except that water molecules in sub-layers W1.1, W1.2, and W1.3 are shown as red, orange, and yellow spheres). Right: xy density maps of water molecules in sub-layers W1.1, W1.2, and W1.3 on a portion of one of the mica surfaces (red: ρOw > ρOw,bulk; black: ρOw > 3 × ρOw,bulk).
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Figure 8 .

 8 Figure 8. (a) Vertical density profile of Rb counter-ions derived from the conventional model fit of our previously obtained RAXR data[START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] and from MD simulations (this study). The MDderived profile is resolution-broadened and shifted by ΔzMD of 0.32(2) Å from the original profile, as described in the Supporting Information. (b) RAXR data analyses using a conventional model fit[START_REF] Lee | Monovalent Ion Adsorption at the Muscovite (001)-Solution Interface: Relationships among Ion Coverage and Speciation, Interfacial Water Structure, and Substrate Relaxation[END_REF] and the Rb distribution derived from MD simulations. The data are offset vertically (see the dotted lines as the reference) for clarity. Variation of the amplitude, AR, (c) and phase, ΦR, (d) as a function of q for the element-specific structure factor of Rb adsorbed at the muscovite (001) -3 mM RbCl solution interface.

Figure 9 .

 9 Figure 9. Triple plane model (TPM) calculations compared against XRR and MD simulation results. (a) Fraction of the mica surface charge compensated by counter-ion adsorption in Stern layer planes 0, 1 and 2 in 0.1 M MCl solutions (M = Li, Na, K, Rb, Cl). (b) Free energy of M-Cs exchange (from the TPM prediction of the ion exchange selectivity coefficient, Kv = aMΓCs/aCsΓM, where ai is the activity of species i in solution and Γi is the mole fraction of species i on the surface) plotted as a function of ΓCs. (c-f) Fraction of the mica surface charge compensated by Stern layer Rb in 0.003 M RbCl-MCl aqueous solutions (M = Li, Na, K, Cs), plotted as a function Rb concentration in solution [symbols: XRR measurements; 25 lines: TPM].
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