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Despite their promising use in electrochemical and electrokinetic devices, ionic-liquid based electrolytes often exhibit complex behavior arising from a subtle interplay of their structure and dynamics. Here, we report a joint experimental and molecular simulation study of such electrolytes obtained by mixing 1-butyl 3-methylimidazolium tetrafluoroborate with lithium tetrafluoroborate. More in detail, experiments consisting of X-ray scattering, pulsed field gradient NMR, and complex impedance spectroscopy are analyzed in the light of molecular dynamics simulations to probe the structural, dynamical and electrochemical properties of this ionic-liquid based electrolyte. Lithium addition promotes the nanostructuration of the liquid as evidenced from the appearance of a scattering prepeak that becomes more pronounced. Microscopically, using the partial structure factors determined from molecular dynamics, this prepeak is shown to correspond to the formation of well-ordered positive/negative charge series but also large aggregates (Li n (BF 4 ) 4-m ) (4-m+n)-which develop upon lithium addition. Such nanoscale ordering entails a drastic decrease in both the molecular mobility and ionic conductivity. In particular, the marked association of Li + cations with four BF 4 -anions and long ion pairing times, which are promoted upon lithium addition, are found to severely hinders the Li + transport properties.

Introduction

Most common salts are made up of inorganic ions leading to melting points much above room temperature (e.g. NaCl melting point is 801°C). In contrast, ionic liquids (ILs), which are obtained by combining organic cations and organic/inorganic anions, display melting points below 100°C or even below room temperature; the latter being coined as room temperature ionic liquids (RTILs). [START_REF] Marcus | Ionic Liquid Properties : from Molten Salts to RTILs[END_REF] Such low melting points are a direct consequence of the cation molecular architecture which involves a delocalized electrostatic charge linked to a flexible organic moiety (in contrast, the anion is either a simple species such as a halogen or a more complex species such as BF 4 , PF 6 , N(CF 3 SO 3 ) 2 , etc.). [START_REF] Hayes | Structure and nanostructure in ionic liquids[END_REF] As a result, the subtle balance between ion attractive forces and segmental mobility explains the liquid character of these salts even at temperatures where the thermal energy k B T is much smaller than the characteristic Coulomb interaction. The chemical bonding between the two conflicting moieties 3,4, -i.e. charged center and flexible component of the cation -also induces some local segregation leading to self-organization inside the ionic liquid phase. This nanoscale organization is experimentally evidenced by the presence of a first sharp diffraction peak (also called prepeak) in the wide/small angle X-ray/neutron scattering experiments. [START_REF] Wilson | Prepeaks" and "First Sharp Diffraction Peaks" in Computer Simulations of Strong and Fragile Ionic Liquids[END_REF][START_REF] Triolo | Nanoscale Segregation in Room Temperature Ionic Liquids[END_REF] Typically, this prepeak falls in the range Q ~ 0.3-0.7 Å -1 corresponding to a correlation distance l ~ 2/Q between 0.9 and 2.1 nm. It was recently reported that such nanoscale organization has a strong impact on the dynamical properties inside these compounds. [START_REF] Martinelli | Insights into the Interplay Between Molecular Structure and Diffusional Motion in 1-Alkyl-3-methylimidazolium Ionic Liquids: a Combined PFG NMR and X-ray Scattering Study[END_REF] In particular, the detailed molecular arrangement resulting from Coulomb interactions between positive and negative charges combined with ion specific van der Waals and steric interactions leads to unanswered questions regarding the ion pairing mechanisms and the ionic strength in these electrolytes. [START_REF] Hollócki | On the Origin of Ionicity in Ionic Liquids. Ion Pairing versus Charge Transfer[END_REF] It is estimated that millions of ionic liquids compositions can be achieved because of the huge number of cations and anions that can be combined. Such a nearly infinite versatility has raised significant interest in the physical chemistry community as this allows -at least in principletuning their properties at will (viscosity, density, conductivity, etc.). [START_REF] Smiglak | Ionic Liquids for Energy, Materials, and Medicine[END_REF][START_REF] Welton | Ionic Liquids: a Brief History[END_REF][START_REF] Vioux | From Ionogels to Biredox Ionic Liquids: Some Emerging Opportunities for Electrochemical Energy Storage and Conversion Devices[END_REF] In particular, because they are liquids in a broad range of temperatures, many applications can be envisaged in which these salts are used as solvent; tuning their structure allows one to dissolve more selectively apolar or polar molecules and even salts up to high concentrations. Moreover, owing to their low flammability as well as good thermal and electrochemical stabilities, solutions of alkali or alkaliearth salts in ionic liquids are also considered as promising electrolytes for batteries [START_REF] Watanabe | Application of Ionic Liquids to Energy Storage and Conversion Materials and Devices[END_REF][START_REF] Armand | Ionic-Liquid Materials for the Electrochemical Challenges of the Future[END_REF] despite the following weaknesses: (1) their rather low ionic conductivity compared to solution of alkali salts in electrochemically suitable solvents (e.g. carbonates) and (2) a deceptively low transference number of the alkali cation. There is already strong experimental evidence based on multitechnique/multiscale approaches pointing to a strong coupling between these structural and dynamical peculiarities. Yet, key microscopic information such as data about ion coordination shell and ion pairing lifetime is still lacking because these observables are very difficult to access experimentally (despite indirect probing techniques available such as nuclear Overhauser effect in NMR [START_REF] Le | Structure-Properties Relationships of Lithium Electrolytes Based on Ionic Liquid[END_REF][START_REF] Castiglione | Molecular Environment and Enhanced Diffusivity of Li + Ions in Lithium-Salt-Doped Ionic Liquid Electrolytes[END_REF][START_REF] Martin | Correlating Intermolecular Cross-Relaxation Rates with Distances and Coordination Numbers in Ionic Liquids[END_REF][START_REF] Gabl | From Short Range to Long Range Intermolecular NOEs in Ionic Liquids: --Frequency Does Matter[END_REF]18 , Raman [START_REF] Chen | Na-Ion Solvation and High Transference Number in Superconcentrated Ionic Liquid Electrolytes: a Theoretical Approach[END_REF][START_REF] Lassègues | Lithium Solvation in Bis(trifluoromethanesulfonyl)imide-Based Ionic Liquids[END_REF] or infrared spectroscopy [START_REF] Paschoal | Vibrational Spectroscopy of Ionic Liquids[END_REF] or from X-Ray structural determination in the solid state [START_REF] Zhou | Phase Behavior of Ionic Liquid-LiX Mixtures: Pyrrolidinium Cations and TFSI -Anions -Linking Structure to Transport Properties[END_REF] ).

In this context, classical molecular dynamics (MD) is a powerful complementary approach as it allows describing at the microscopic scale the structure and dynamics of such ion assemblies.

Typically, motion modes from molecular vibrations up to self-diffusion processes can be probed from 10 -15 s up to 10 -7 s while geometry/coordination shell up to local nanostructure can be explored on length scales from 10 -2 to a few nm. Time/space information such as ion correlation modes and ion pair lifetime can be also estimated from MD trajectories. [START_REF] Wang | Microstructural and Dynamical Heterogeneities in Ionic Liquids[END_REF][START_REF] Zhang | Direct Correlation Between Ionic Liquid Transport Properties and Ion Pair Lifetimes: a Molecular Dynamics Study[END_REF] However, to ensure that meaningful information is obtained at such level, it is mandatory to select a robust and accurate force field combined with appropriate analysis methods and approximations. [START_REF] Dommert | Force Fields for Studying the Structure and Dynamics of Ionic Liquids: a Critical Review of Recent Developments[END_REF][START_REF] Bhargava | Modelling Room Temperature Ionic Liquids[END_REF] In the specific context of ILs, many approaches and force fields are available with a satisfactory match between experimental and simulated data. [START_REF] Köddermann | Molecular Dynamic Simulations of Ionic Liquids: a Reliable Description of Structure, Thermodynamics and Dynamics[END_REF][START_REF] Köddermann | What Far-Infrared Spectra Can Contribute to the Development of Force Fields for Ionic Liquids used in Molecular Dynamics Simulations[END_REF][START_REF] Annapureddy | What is the Origin of the Prepeak in the X-Ray Scattering of Imidazolium-Based Room-Temperature Ionic Liquids?[END_REF] This has led to a boost in molecular simulation study on these electrolytes for electrochemical systems (i.e batteries and supercapacitors). In particular, such molecular tools appear as well suited to investigate electrolytes made up of lithium salt dissolved in ionic liquid. [START_REF] Kashyap | Temperature-Dependent Structure of Ionic Liquids: X-Ray Scattering and Simulations[END_REF][START_REF] Huang | Solvation Structure and Dynamics of Li + in Ternary Ionic Liquid-Lithium Salt Electrolytes[END_REF]32,[START_REF] Solano | A Joint Theoretical/Experimental Study of the Structure, Dynamics, and Li + Transport in Bis[END_REF][START_REF] Tong | The Effect of Concentration of Lithium Salt on the Structural and Transport Properties of Ionic Liquid-Based Electrolytes[END_REF] Of particular relevance, molecular dynamics can be used to unravel the motion modes of the Li + cation and its association with other ions [START_REF] Monteiro | Transport Coefficients, Raman Spectroscopy, and Computer Simulation of Lithium Salt Solutions in an Ionic Liquid[END_REF][START_REF] Fujii | Unusual Li + Ion Solvation Structure in Bis(fluorosulfonyl)amide Based Ionic Liquid[END_REF] which are essential to tune ionic conductivity as well as coordination sphere modifications at the active electrodes and during electrochemical processes. [START_REF] Mao | Self-Assembled Nanostructures in Ionic Liquids Facilitate Charge Storage at Electrified Interfaces[END_REF][START_REF] Merlet | On the Molecular Origin of Supercapacitance in Nanoporous Carbon Electrodes[END_REF][START_REF] Osti | Microscopic Dynamics in Room-Temperature Ionic Liquids Confined in Materials for Supercapacitor Applications[END_REF] In this paper, we report a joint experimental and molecular simulation study on the intermediate structural and dynamical range (0.1 -10 nm/0.001 -100 ns) of an ionic liquidbased electrolyte containing lithium ions: a liquid mixture of 1-butyl 3-methyl imidazolium tetrafluoroborate (BMIMBF 4 ) and lithium tetrafluoroborate (LiBF 4 ) salts. This work aims at providing a microscopic description of the molecular structural and dynamical mechanisms for all different species inside the ionic liquid electrolyte including ion association. It also intends to gain insights into the nanostructuration of the ionic liquid and the influence of replacing a large, flexible and charge delocalized cation (BMIM + ) by a small cation (Li + ) with low polarizability.

More in detail, as illustrated in Fig. 1, we focus on the properties of electrolytes obtained by dissolving a lithium salt, LiBF 4 , into an ionic liquid, BMIMBF 4 . These electrolytes are probably not optimal candidates for advanced battery technologies and electrochemical systems; in particular, we are aware of the reduced stabilty of the BF 4 -anion, the strong viscosity of these systems, their high hydrophilicity, and relatively poor ionic conductivity. Yet, they can be regarded as prototypical systems to study the behavior of such materials because both the cations and anions have simple geometries (among those leading to RTILs) and large amounts of Li cations can be introduced. In practice, an experimental multitechnique approach is combined with an all-atom molecular simulation method to probe the structure and dynamics of these electrolytes. On the one hand, experimentally, their structure is probed using wide angle X-ray scattering (WAXS) while their self-diffusivity and ionic conductivity are investigated using pulsed field gradient NMR (PFG-NMR) and impedance spectroscopy (EIS), respectively. On the other hand, molecular dynamics is used to probe the same properties and gain insights into the microscopic mechanisms responsible for the structure and dynamics of these ionic liquid-based electrolytes containing Li ions. The experimental and molecular dynamics results are compared for BMIMBF 4 + LiBF 4 systems with a broad composition range: 0 ≤ Li/BMIM ≤ 0.5 (throughout this paper, the mole ratio f = [Li/BMIM] is used to distinguish the different systems under study). First, the ability of our MD approach to reproduce fairly well the experimental results in terms of dynamical and structural properties is discussed. Second, the experimental data are analyzed in the light of our molecular dynamics simulations to decipher the origin of the preapeak in IL scattering curves but also to identify the slow diffusion mechanisms of the lithium cation inside these mixtures.

Methods

Experimental methods

Material preparation. 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF 4 ) and lithium tetrafluoroborate (LiBF 4 ) were provided by Aldrich and used as received. The electrolytes considered in this study were obtained by weighting and mixing defined amounts of LiBF 4 and BMIMBF 4 . Dissolution was obtained under vigorous stirring at 70°C for 24 hours. The solutions were then dried under vacuum (10 -1 mmHg, 60°C, 24h). In this paper, the composition of the different electrolytes is described using the mole ratio f. Data will be reported for f = 0, 0.1, 0.3 and 0.5 as the apparent solubility limit was observed around f ∼ 0.6 -0.7.

Pulsed Field Gradient Nuclear Magnetic Resonance. Pulsed Field Gradient NMR (PFG-NMR) measurements were performed on a 9.4 T spectrometer developed at Laboratoire de Physique des Solides, equipped with a Doty 5 mm diffusion probe with a z-axis gradient and a temperature controller. NMR resonance frequencies are 400.1 MHz, 376.5 MHz and 155.5 MHz for 1 H, [START_REF] Chen | Na-Ion Solvation and High Transference Number in Superconcentrated Ionic Liquid Electrolytes: a Theoretical Approach[END_REF] F and [START_REF] Martinelli | Insights into the Interplay Between Molecular Structure and Diffusional Motion in 1-Alkyl-3-methylimidazolium Ionic Liquids: a Combined PFG NMR and X-ray Scattering Study[END_REF] Li nuclei, respectively. 4 mm NMR tubes, used to avoid convection phenomena, were sealed after filling to avoid any water uptake. The self-diffusion measurements were performed with a stimulated echo sequence. [START_REF] Price | NMR Studies of Translational Motion: Principles and Applications[END_REF] The gradient pulse duration, δ was set between 1 ms and 3 ms while the diffusion delay Δ was set at 25 ms. Gradient strengths up to 1200 G/cm were used to record the data. The absence of convection in the samples of lower viscosity was checked by verifying that similar diffusion coefficients were obtained when using longer Δ (100ms). These experimental conditions enable the spin echo attenuation over a range of at least 1 decade, leading to a good accuracy (< 10%) in the self-diffusion coefficient determination. Typically, the self-diffusivity D s was determined from the classical relationship: (1) where G is the magnitude of the gradient pulses and γ the gyromagnetic ratio of the nucleus under investigation. I and I 0 are the area of the signal obtained with and without gradient pulses, respectively.

Complex impedance spectroscopy. Ionic conductivities were determined by means of electrochemical impedance spectroscopy (EIS) using an HP 4192A Impedance Analyzer in the frequency range 5 Hz -1 MHz. The samples were placed in a dip-type glass cell with the measuring probe consisting of two Pt electrodes fixed at a constant distance. Cell constants were determined using a 0.1M KCl solution. Measurements were performed under argon in the temperature range 25°C -80°C during heating and cooling ramp (to probe the reproduciblity of the measurements). The temperature was equilibrated at each step for 30 min prior to each measurement.

Wide-angle X-ray scattering. Wide-angle diffraction X-Ray scattering (WAXS) patterns were measured on the MOMAC LPS laboratory instrument at the Mo K α wavelength (0.711 Å) in the Q scattering vector range 0.1 Å -1 < Q < 3.2 Å -1 . A detailed description of the experimental setup can be found in Ref. [START_REF] Taché | MOMAC: a SAXS/WAXS Laboratory Instrument Dedicated to Nanomaterials[END_REF] ; 2 mm capillary tubes were used to record the scattering patterns. The raw scattering signal was subtracted from the signal of an empty capillary tube.

Computational Methods

The structure and dynamics of the LiBF 4 /BMIMBF 4 electrolytes were simulated by means of classical Molecular Dynamics (MD) using an all-atom description. All molecular simulations were performed using LAMMPS package. [START_REF] Plimpton | Fast Parallel Algorithms for Short-Range Molecular Dynamics[END_REF] The classical force field developed by Canongia Lopes et al. [START_REF] Lopes | Modeling Ionic Liquids using a Systematic All-Atom Force Field[END_REF] with its new parameterization by Köddermann et al. [START_REF] Bhargava | Modelling Room Temperature Ionic Liquids[END_REF] was used for BMIM cations.

The parameters by Wu et al. [START_REF] Wu | Molecular Dynamics Simulation of Room-Temperature Ionic Liquid Mixture of [bmim][BF4] and Acetonitrile by a Refined Force Field[END_REF] were used for BF 4 -anions and those by Jensen et al. [START_REF] Jensen | Ammonium and Alkali Metal Ion Parameters for Modeling Aqueous Solutions[END_REF] for Li + cations. In all these force fields, the overall cation and anion charge is unity (q = +/-1) with each atom X in the ion carrying a partial charge (|q X | ≤ 1) (Table 1 in the Supporting Information).

Interactions between the different atoms were calculated as the sum of the dispersion interaction with a repulsive short-range contribution and the Coulombic interaction. The repulsiondispersion interactions were described using a Lennard-Jones potential in which the cross parameters σ kj and ε kj between atom types k and j are obtained from the Lorentz-Berthelot mixing rules of like-atom pairs. The like-atom parameters for the IL were taken from Ref. [START_REF] Coasne | Loading-Controlled Stiffening in Nanoconfined Ionic Liquids[END_REF] . The electrostatic interactions were calculated using the Ewald sum technique to correct for the finite size of the simulation box (the parameters were chosen so that the accuracy is 10 -5 ). More details are provided in the supplementary material (Table S1 and Figure S1).

Simulation boxes containing 124 ion pairs (box size L ~ 35 Å) were used to determine several quantities such as dynamical parameters (self-diffusion coefficients, ionic conductivity). In addition, much larger systems containing 3348 ion pairs (box size L ~ 100 Å) were also considered for the structural studies as they allow probing characteristic sizes larger than the observed heterogeneities. In particular, such large system sizes allow probing length scales compatible with the scattering vector range measured using WAXS experiments (0.1 Å -1 < Q < 3.2 Å -1 corresponding approximatively to distances in the range 2 Å < r < 60 Å). The temperature and pressure were controlled using a Nosé-Hoover thermostat and barostat (relaxation time parameter: 0.01 and 0.1 ps, respectively). [START_REF] Nosé | A Unified Formulation of the Constant Temperature Molecular Dynamics Methods[END_REF] The simulations were integrated using the Verlet algorithm with a timestep of 1 fs. Sampling times were set to 10 fs and 1000 fs to get short and long trajectory data, respectively. For all these calculations, a first 1 ns equilibration run was performed in the NPT ensemble (P = 1 bar, T = 500 K) to bring the system to equilibrium. The use of higher temperature compared to experiments will be discussed in detail at the beginning of the next section. Then, another NVT equilibration run (~ 1 ns) was performed before acquiring data in a final production run. For the short dynamical trajectories used to obtain very accurate mean square displacements at short times, 0.1 ns trajectories were recorded with a 10 fs sampling timestep. For longer dynamics, up to 200 ns trajectories with a 1 ps sampling timestep were used. For the larger boxes used for the structural study, 50 configurations were used in the NPT ensemble and a large sampling timestep of 1 ps was considered to ensure that the different configurations are statistically uncorrelated.

Results

The aim of this section is to compare real world versus in silico experiments. To do this, the objective is to establish that an adequate molecular simulation methodology allows retrieving most semi-quantitative aspects of the experimental findings (both in terms of structural and dynamical quantities). It should be recalled that all MD calculations were performed at a larger temperature (T = 500 K) in order to reach a Fickian diffusion regime with a decent trajectory duration (Fig S2) following previous works. [START_REF] Merlet | On the Molecular Origin of Supercapacitance in Nanoporous Carbon Electrodes[END_REF][START_REF] Merlet | New Coarse-Grained Models of Imidazolium Ionic Liquids for Bulk and Interfacial Molecular Simulations[END_REF] Even if some ionic liquid MD studies are already performed at 300K, [START_REF] Osti | Solvent Polarity Governs Ion Interactions and Transport in a Solvated Room-Temperature Ionic Liquid[END_REF] strong ionic correlations between ions with high charge density (BF 4 -, Li + ) lead to liquid with strong interionic correlations and longer trajectories and/or higher temperatures are required to obtain valuable results. 32,[START_REF] Ray | Molecular Dynamics Simulations of Lithium-Doped Ionic-Liquid Electrolytes[END_REF] This is important to note that this trick necessarily affects the quantitative comparison established between our experimental and simulation approaches. Yet, in practice, this does not affect the qualitative picture that emerges from the comparison between the experimental and simulation datasets. Such temperature shifts between experiments and molecular dynamics are not unusual in such comparative studies. [START_REF] Annapureddy | What is the Origin of the Prepeak in the X-Ray Scattering of Imidazolium-Based Room-Temperature Ionic Liquids?[END_REF][START_REF] Araque | How is Diffusion of Neutral and Charged Tracers Related to the Structure and Dynamics of a Room-Temperature Ionic Liquid? Large Deviations from Stokes-Einstein Behavior Explained[END_REF][START_REF] Rey-Castro | Transport Properties of the Ionic Liquid 1-Ethyl-3-methylimidazolium Chloride from Equilibrium Molecular Dynamics Simulation. The effect of Temperature[END_REF] 

Structure factor S(Q)

Fig. 2 presents the experimental X-Ray scattering data for BMIMBF 4 /LiBF 4 electrolytes in the range 0.1 Å -1 < Q < 3.0 Å -1 which corresponds to typical intermolecular correlation distances. In the case of ionic liquids, this scattering vector range allows probing the nanoscale structuration which results from the competition between coulombic ordering and entropic disordering forces. [START_REF] Hayes | Structure and nanostructure in ionic liquids[END_REF][START_REF] Triolo | Nanoscale Segregation in Room Temperature Ionic Liquids[END_REF] Fig. 2 also presents the total scattering function S(Q) of BMIMBF 4 /LiBF 4 electrolytes (from f = 0 to 0.5) as calculated from molecular dynamics. These molecular simulation data are fully consistent with the experimental data, therefore indicating that our MD approach is a reasonable strategy to decipher structural aspects. For all compositions, two scattering peaks are observed; the strongest peak around Q = 1.5 Å -1 is very weakly composition-dependent while the smallest peak around Q = 0.5 Å -1 significantly depends on composition.

The strong and broad peak around Q = 1.5 Å -1 , which is observed in all ionic liquids, is known to correspond to inter-and intra-molecular contributions mainly related to neighboring molecules. [START_REF] Hayes | Structure and nanostructure in ionic liquids[END_REF][START_REF] Martinelli | Insights into the Interplay Between Molecular Structure and Diffusional Motion in 1-Alkyl-3-methylimidazolium Ionic Liquids: a Combined PFG NMR and X-ray Scattering Study[END_REF][START_REF] Aguilera | The Effect of Lithium Salt Doping on the Nanostructure of Ionic Liquids[END_REF][START_REF] Araque | Modern Room-Temperature Ionic Liquids, a Simple Guide to Understanding their Structure and How it May Relate to Dynamics[END_REF] This peak is slightly shifted towards larger Q upon Li + salt addition (1.52 Å -1 for f = 0 and 1.57 Å -1 for f = 0.5) without modification of its shape and intensity. This contrasts with what is observed in other systems such as LiTFSI/Pyrrolidinium TFSI systems where a shift towards smaller Q was measured upon Li ion addition (this effect being related to the size of Li(TFSI) 2-anion [START_REF] Pilar | Investigation of Ion Aggregation in Ionic Liquids and their Solutions with Lithium Salt Under High Pressure[END_REF] ). As already mentioned, the smaller peak at smaller Q is very sensitive to the amount of Li salt being added to the electrolyte. It appears as a shoulder around Q = 0.55 Å -1 for pure BMIMBF 4 , and as a peak around 0.46 -0.47 Å -1 when Li salt is added. This peak becomes more pronounced upon increasing the Li content (while its position remains nearly constant). In pure ionic liquid, this peak observed in the low Q domain is sometimes referred to as prepeak (or first sharp diffraction peak). Such a low Q peak is often measured in pure ionic liquid when a long alkyl chain is linked to the ionic moiety (e.g. imidazolium). It is a typical feature of the selforganization corresponding to a real space distance d ~ 2π/Q in the 1-2 nm range (a distance comparable to the size of the cation which is about 0.7 -1 nm depending on its configuration). This correlation peak, which is therefore representative of the size of the heterogeneous nanodomains in the ionic liquid, also indicates that this repetition structure occurs over few domains (i.e. the liquid is rather well-organized and the anion coordination shell well-defined). This allowed some authors to propose structural models where the nanoscale structuration of the liquid is the consequence of strong segregation between polar and apolar moieties. [START_REF] Triolo | Nanoscale Segregation in Room Temperature Ionic Liquids[END_REF][START_REF] Martinelli | Insights into the Interplay Between Molecular Structure and Diffusional Motion in 1-Alkyl-3-methylimidazolium Ionic Liquids: a Combined PFG NMR and X-ray Scattering Study[END_REF][START_REF] Osti | Solvent Polarity Governs Ion Interactions and Transport in a Solvated Room-Temperature Ionic Liquid[END_REF] To our knowledge, this is the first evidence of structural IL reorganization upon salt addition. In previously published studies, [START_REF] Huang | Solvation Structure and Dynamics of Li + in Ternary Ionic Liquid-Lithium Salt Electrolytes[END_REF][START_REF] Méndez-Morales | MD Simulatons of the Formation of Stable Clusters in Mixtures of Alkaline Salts and Imidazolium-Based Ionic Liquids[END_REF] the effect of LiBF 4 salt addition inside IL was depicted only from an MD approach to investigate only the short range organization (first coordination layer) from the analysis of radial distribution functions G(r). 

f = 0.5 f = 0.3 f = 0.1 f = 0.0 Experiment Simulation

Self-diffusion coefficient D s

The self-diffusion coefficients D s of lithium cation (Li + ), imidazolium cation (BMIM + ) and tetrafluoroborate anion (BF 4 -) were measured experimentally by means of [START_REF] Martinelli | Insights into the Interplay Between Molecular Structure and Diffusional Motion in 1-Alkyl-3-methylimidazolium Ionic Liquids: a Combined PFG NMR and X-ray Scattering Study[END_REF] Li, 1 H and [START_REF] Chen | Na-Ion Solvation and High Transference Number in Superconcentrated Ionic Liquid Electrolytes: a Theoretical Approach[END_REF] F PFG-NMR experiments respectively. In parallel, molecular dynamics simulations were performed to estimate numerically the self-diffusivity D s of these different species. As shown in Fig. 3, both the experimental and simulated self-diffusivities as a function of the Li content in the ionic liquid-based electrolyte follow the same qualitative behavior. Without Li salt addition, the selfdiffusion coefficients obtained here are comparable to those already published for BMIMBF 4 using PFG-NMR [START_REF] Tokuda | Physicochemical Properties and Structures of Room Temperature Ionic Liquids. 1. Variation of Anionic Species[END_REF][START_REF] Harris | Revised and Extended Values for Self-Diffusion Coefficients of 1-alkyl-3-Methylimidazolium Tetrafluoroborates and Hexafluorophosphates: Relations Between the Transport Properties[END_REF] or field cycling NMR relaxometry [START_REF] Kruk | Determining Diffusion Coefficients of Ionic Liquids by Means of Field Cycling Nuclear Magnetic Resonance Relaxometry[END_REF] measurements. These data show that the cation diffusion coefficient is close to that for the anion (1.5×10 -11 vs. 1.4×10 -11 m 2 /s). Upon Li salt addition, a strong decrease in the self-diffusion coefficient is observed for all ions as the apparent viscosity of the system increases (not measured in this work). This mobility decrease is more pronounced for the anion than the cation. Moreover, despite its small mass, the self-diffusion of the Li + ion is slower than for the other ionic species. This behavior, which was already reported [START_REF] Le | Structure-Properties Relationships of Lithium Electrolytes Based on Ionic Liquid[END_REF][START_REF] Huang | Solvation Structure and Dynamics of Li + in Ternary Ionic Liquid-Lithium Salt Electrolytes[END_REF][START_REF] Hayamizu | Ionic Conduction and Ion Diffusion in Binary Room-Temperature Ionic Liquids Composed of [emim][BF4] and LiBF4[END_REF] for several other lithium electrolytes based on ionic liquid, was shown to be related to ion pairing between the Li + cations and the anions (as it was also unambiguously depicted from heteronuclear NMR correlations measurements [START_REF] Le | Structure-Properties Relationships of Lithium Electrolytes Based on Ionic Liquid[END_REF][START_REF] Castiglione | Molecular Environment and Enhanced Diffusivity of Li + Ions in Lithium-Salt-Doped Ionic Liquid Electrolytes[END_REF] ). Such a strong association scheme explains also the consequent decrease in the anion mobility. Throughout this manuscript we refer to the concept of ion pairing but other expressions such as Li complexation could also be used as it is relevant to many chemistry subfields.

Ionic conductivity 

Fig. 3 also presents the change in ionic conductivity as Li salt is added to the BMIMBF 4 ionic liquid. Again, both the experimental and simulated data are found to follow consistently the same behavior, therefore confirming that our molecular dynamics is a reasonable strategy to probe the microscopic mechanisms involved in the structure and dynamics of these complex salts. The experimental value obtained at room temperature for pure BMIMBF 4 (σ = 2.5 mS/cm) is in fair agreement with those reported in the literature around 3.5 mS/cm. [START_REF] Wang | BMIMBF4 Ionic Liquid Mixtures Electrolyte for Li-Ion Batteries[END_REF] Such a discrepancy may be explained by the purity of the ionic liquid (i.e., the purification process used prior to its use in experiments), the amount of water (i.e., the procedure of drying used prior to experimental measurements), or even the degradation of chemicals (BF 4 may be altered by hydrolysis, oxidation, dismutation and other ageing processes). Addition of lithium salt also leads to a significant decrease of the ionic conductivity (as was already observed for other lithium salt/ionic liquid electrolytes. [START_REF] Le | Structure-Properties Relationships of Lithium Electrolytes Based on Ionic Liquid[END_REF][START_REF] Huang | Solvation Structure and Dynamics of Li + in Ternary Ionic Liquid-Lithium Salt Electrolytes[END_REF][START_REF] Méndez-Morales | MD Simulatons of the Formation of Stable Clusters in Mixtures of Alkaline Salts and Imidazolium-Based Ionic Liquids[END_REF][START_REF] Hayamizu | Ionic Conduction and Ion Diffusion in Binary Room-Temperature Ionic Liquids Composed of [emim][BF4] and LiBF4[END_REF] This conductivity decrease is related to the strong decrease of ion mobility and the higher viscosity of solutions upon lithium addition. This will be discussed in the following sections where MD will be used to gain microscopic insights into the molecular mechanisms involved.

Discussion

Structure

Partial pair distribution functions G ij (r). The total structure factor can be calculated from MD trajectories as a weighted sum of all partial structure factors S ij (Q) between each pair of atoms i,j (eq. 2): [START_REF] Keen | A Comparison of Various Commonly Used Correlation Functions for Describing Total Scattering[END_REF] (2)

In this expression, are derived within the Ashcroft-Langreth formalism [START_REF] Ashcroft | Structure of Binary Liquid Mixtures[END_REF] from the partial radial distribution function, , between each atom pair i and j:

(

) 3 
where δ ij are the Kronecker delta function, c i = N i /N the mole fraction of atom type i, b i the scattering length of atom type i (which is directly related to the number of electrons in the atom for X-ray scattering). These calculations make it possible to analyze the liquid organization from an atomic site-to-site perspective, but also to group/add a series of partial structure factor S ij (Q) to highlight the contributions and interactions of specific chemical groups or species. ). These two distances are consistent with a coordination shell of BF 4 -around the alkali cations and the formation of 'Li(BF 4 ) n (n-1)-' clusters [START_REF] Seo | Solvate Structures and Computational/Spectroscopic Characterization of LiBF4 Electrolytes[END_REF] inside the BMIM-BF 4 IL matrix. The average number of the different neighbors around Li + ions, which can be estimated by integrating the G ij (r) functions between the ion centers of mass, are summarized in Table 1 (see also Figure S6 in the Supporting Information where we show the integrated functions). These values suggest that the Li + ions are surrounded by about 4 BF 4 -anions in their coordination shell. Moreover, the presence of Li + second neighbors around Li + cations, which is already non negligible even at low concentration, increases in a monotonous fashion with the alkali content. Structure factors. Fig. 5 shows the total structure factor S(Q) and its partial contributions S ij (Q) between ion centers of mass (the different cation/cation, anion/anion, cation/anion contributions are shown). Both the data for the pure ionic liquid and the ionic liquid containing Li + ions are considered. The structure factor for BMIMBF 4 presents a broad peak centered at about Q ~ 1.4 -1.5 Å -1 and a small and broad shoulder around Q ~ 0.6 Å -1 . In contrast, the different ion/ion contributions present sharp correlation peaks around Q ~ 1 Å -1 . Like with other ILs, [START_REF] Araque | Modern Room-Temperature Ionic Liquids, a Simple Guide to Understanding their Structure and How it May Relate to Dynamics[END_REF][START_REF] Kashyap | SAXS Anti-Peaks Reveal the Length-Scales of Dual Positive-Negative and Polar-Apolar Ordering in Room-Temperature Ionic liquids[END_REF] the cation/cation and anion/anion partial structure factors display a positive peak which is counterbalanced by a negative peak -also called anti-peak -in the anion-cation correlations.

These features, which are rather narrow, nearly perfectly compensate each other when they are summed. This reflects the high degree of organization in these salts which involves a well ordered sequence of alternating positive and negative charges. As a result of this compensation, the total structure factor displays mostly a single scattering peak at about Q ~ 1.4 Å -1 which corresponds to cation/cation and cation/anion correlations (while the shoulder at Q ~ 0.6 Å -1 arises from anion-anion correlations).

The decomposition of the structure factor for BMIMBF 4 /LiBF 4 with f = 0.5 into partial ionic contributions allows identifying the significant structural changes upon Li + salt addition. Due to the small Li mole concentration and small molecular mass/X-ray scattering length, all contributions arising from correlations with Li ions contribute only little to the total stucture factor S(Q). Therefore, like for pure IL, the prevailing partial structure factors are those for the cation/cation, anion/anion (peaks) and cation/anion (anti-peak) at about Q ~ 1 Å -1 . These peaks are broader in the Li-IL electrolyte than in pure IL, which provides evidence for a lower degree of organization in the mixed system. However, like for the pure ionic liquid, when these contributions are summed, they vanish as a consequence of alternating charge sequence. The feature at Q ~ 1.4 Å -1 is still a combination of positive contributions of these different ion pairs.

In fact, the most significant modification appearing upon Li + addition is observed in the low Q range for the anion/anion and anion/cation contributions (which display peak and anti-peak features, respectively). Because these peaks/anti-peaks have different amplitudes, a resulting peak is observed at Q ~ 0.4 -0.5 Å -1 . This indicates that Li + addition to the IL leads to a second series of alternating charges between BMIM and BF 4 ions with a larger coherence length.

Moreover, the increase in the anion/anion correlations as seen in the total S(Q) upon adding Li + suggests a reorganization of the BF 4 -anions with the formation of more structured ionic clusters involving BF 4 -. Experimentally, the change of BF 4 -coordination sphere is also depicted from the variations of [START_REF] Martinelli | Insights into the Interplay Between Molecular Structure and Diffusional Motion in 1-Alkyl-3-methylimidazolium Ionic Liquids: a Combined PFG NMR and X-ray Scattering Study[END_REF] Li and [START_REF] Chen | Na-Ion Solvation and High Transference Number in Superconcentrated Ionic Liquid Electrolytes: a Theoretical Approach[END_REF] F NMR chemical shifts (Fig. S7). 

Dynamics

Mean square displacements and self-diffusivities. range and correspond to localized atomic fragments such as rotation, translation and/or chain conformation rearrangement. As an example, the MSD corresponding to the methyl group at the end of the butyl chain (H but ) is larger than that of the methyl linked to the imidazolium core (H met ). Experimentally, this regime is usually probed by means of Quasi-Elastic Neutron Scattering and Neutron Spin Echo [START_REF] Osti | Solvent Polarity Governs Ion Interactions and Transport in a Solvated Room-Temperature Ionic Liquid[END_REF][START_REF] Ferdeghini | Nanostructuration of Ionic Liquids: Impact on the Cation Mobility. A Multi-Scale Study[END_REF][START_REF] Berrod | Ionic Liquids: Evidence of the Viscosity Scale-Dependence[END_REF][START_REF] Kofu | Heterogeneous Slow Dynamics of Imidazolium-Based Ionic Liquids Studied by Neutron Spin Echo[END_REF][START_REF] Jafta | Ion Dynamics in Ionic Liquid Based Li Ion Electrolytes Investigated by ---Neutron Scattering and Dielectric Spectroscopy[END_REF][START_REF] Panesar | Selective Deuteration Reveals Interference Caused by Sidechain Dynamics on Measurements of Self-Diffusion in Ionic Liquid Cations[END_REF] , Nuclear Magnetic Resonance (NMR) through relaxation or dipolar coupling measurements [START_REF] Le | Structure-Properties Relationships of Lithium Electrolytes Based on Ionic Liquid[END_REF][START_REF] Castiglione | Molecular Environment and Enhanced Diffusivity of Li + Ions in Lithium-Salt-Doped Ionic Liquid Electrolytes[END_REF][START_REF] Hayamizu | Multinuclear NMR Studies on Translational and Rotational Motion for Two Ionic Liquids Composed of BF4 Anion[END_REF] and from local rotational diffusion of fluorescent probes. [START_REF] Prabhu | Rotational Diffusion of Nonpolar and Ionic Solutes in 1-Alkyl-3-methylimidazolium Tetrafluoroborate-LiBF4 Mixtures: Does the Electrolyte Induce Structure-Making or Structure-Breaking Effect?[END_REF] The self-diffusion coefficients D s for the different ions can be obtained readily from the MSD using (1) the velocity autocorrelation method or (2) Einstein formula in the Fickian regime:

Δr 2 (t) ~ 6D s t . However, in practice, the former method was found to lead to poorly converged values because of the limited statistics and the heterogeneous structure of ionic liquid electrolytes. In contrast, the latter method is more robust but requires to compute trajectories on a large time-scale. Fig. 7 shows that, even if a temperature of 500 K is considered in the molecular dynamics simulation, the Fickian regime is not reached before t ~ 10 3 ps. In additon to plotting MSD versus t in a log-log scale, it is instructive to plot the log derivative ∂ log(Δr 2 (t))/∂ log t to check the time dependence of Δr 2 (t). As shown in Fig. 7, three regimes are clearly identified when considering time scales spanning from 10 -2 to 10 4 ps. Up to ~0.1 ps, the system is in the ballistic regime Δr 2 ~ t 2 while the Fickian i.e. diffusive regime Δr 2 ~ t is obtained for t > 1 ns. In between these two asymptotic limits, Δr 2 ~ t α with large, continuous variations between  = 2, 0.5 and then 1 in the time range 1 -10 ps. This large temporal domain corresponds to the crossover between molecular mobility mechanisms and nanoscale diffusion. [START_REF] Casalegno | From Nanoscale to Microscale: Crossover in the Diffusion Dynamics within two Pyrrolidinium-Based Ionic Liquids[END_REF] As shown in Fig. 7, the behavior of BMIM + , BF 4 -and Li + is rather similar to that observed for the pure ionic liquid with the exception of the short time regime for the alkali ion Li + which displays some oscillations. This behavior, which is clearly seen in the log derivative, corresponds to wobbling and rattling effect inside the Li coordination shell [START_REF] Harris | Revised and Extended Values for Self-Diffusion Coefficients of 1-alkyl-3-Methylimidazolium Tetrafluoroborates and Hexafluorophosphates: Relations Between the Transport Properties[END_REF][START_REF] Hayamizu | Ionic Conduction and Ion Diffusion in Binary Room-Temperature Ionic Liquids Composed of [emim][BF4] and LiBF4[END_REF][START_REF] Schmidt | Rattling in the Cage: Ions as Probes of Sub-Picosecond Water Network Dynamics[END_REF][START_REF] Postupna | Microscopic Structure and Dynamics of LiBF 4 Solutions in Cyclic and Linear Carbonates[END_REF] corresponding to far-IR spectroscopic modes. [START_REF] Chang | Far-Infrared Spectrum of Solvated Lithium Cations in Dimethyl Sulfoxide[END_REF] Another important difference between the Li-free ionic liquid and its counterpart containing Li lies in the fact that the Fickian regime for the BF 4 -and Li + ions in the salt mixture is reached at much longer times (> 5 ns). The MSD for the BMIM + and BF 4 -nearly overlap in the Fickian regime for pure BMIMBF 4 while they differ when Li + is added. In the latter situation, the MSD for BF 4 -is lying between those for BMIM + and Li + . This reflects the strength of association/ion-pairing between anions and the alkali cations.

The ion self-diffusivities obtained by means of MD are compared in Table 2 with their experimental counterparts obtained using NMR measurements at 298 K. As discussed above, due to methodological constraints (trajectory duration to reach Fickian regime), the MD results were obtained at T = 500 K so that comparison against experimental results is only qualitative. Yet, as shown in Table 2, the change observed in the simulated ion self-diffusivities upon increasing the Li content is consistent with the experimental results. First, in the absence of Li + , D s BMIM ~ D s BF4 ; this can be rationalized by the strong correlations between individual displacements in such molten salts which lead to unified motion. Second, upon adding Li + , the ion self-diffusivities decrease and become different from each other; D s BMIM > D s BF4 > D s Li . The diffusion coefficient for all ions decreases as Li + content increases. This effect is less pronounced in the simulated data than in the experimental data; this is thought to be due to the larger temperature used in the MD approach. The different ion self-diffusivities can be used to estimate the transference number t Li for Li + -a key quantity in electrochemistry as it is directly linked to process efficiency:

where N Li , N BMIM and N BF4 are respectively the molar fraction of Li, BMIM and BF 4 in the electrolyte. increases with f as a consequence of the increasing number of Li + carriers. However, quantitatively, we note that the change in D s Li upon increasing f differs between the simulated and experimental data. Experimentally, D s Li decreases faster with increasing f in the low fraction range than in the high fraction range. In contrast, with the simulated data, D s Li is nearly constant for f = 0.1-0.3 and then decreases faster upon further increasing f. Such discrepancies between the experimental and molecular simulation data are believed to arise from the selected force field which is not perfectly accurate in describing the effect of Li salt addition on the behavior of the ionic liquid considered here.

C IM = H met = H but = F BF4 = COM = COM = ~t ~t
Conductivity and ion pairing. The ionic conductivty σ was also assessed from MD using the two following methods: (a) the Green-Kubo formalism where σ GK is obtained by integrating the electrical current autocorrelation function [START_REF] Rey-Castro | Transport Properties of the Ionic Liquid 1-Ethyl-3-methylimidazolium Chloride from Equilibrium Molecular Dynamics Simulation. The effect of Temperature[END_REF][START_REF] Picálek | Molecular Dynamics Study of Conductivity of Ionic Liquids: The Kohlrausch Law[END_REF] and (b) the Einstein formalism where  E is determined from the time dependence of the charge-weighted collective mean square displacement (the so-called collective charge transport). 32,80 However, in practice, the ionic conductivity determined from the Green-Kubo approach was found to lead to poorly converged values because of the limited statistics obtained using available MD trajectories. In contrast, the ionic conductivity σ E obtained using the second approach was found to lead to reasonable values (even if very long trajectories are required to reach convergence). Fig. 8 presents for both the pure ionic liquid and the ionic liquid containing a given amount of Li (f = 0.5) the time evolution of the collective charge transport MSD coll of the n ions contained in the electrolyte:

(5)

Comparing the results obtained for different simulation lengths -results not shown -showed that trajectories of at least a few 100 ns are required to obtain accurate data. In particular, even 50 ns long MD simulations were found to be insufficient to obtain very accurate values for collective quantities (such as MSD coll and the corresponding ionic conductivity). This illustrates the difficulty to obtain reasonable statistics due to the large uncertainty in cross-correlations (correlated ion motions). Indeed, in contrast to self-contributions, such cooperative effects have to be considered when dealing with collective phenomena such as ionic conductivity.

The ionic conductivity  E can be assessed from MSD coll : (6) where e is the electron charge, V the system volume, k B Boltzmann constant, and T the temperature. As shown in Table 3, both the experimental and simulated data show that the ionic conductivity σ E decreases significantly upon increasing the ratio f of added Li + . Due to the use of different temperatures in the molecular simulation and experimental approaches, the ionic conductivities in Table 3 cannot be compared directly. Yet, the ionic conductivity drop observed upon increasing the Li + concentration is of comparable amplitude. Fig. 8 also shows the chargeweighted collective transport MSD NE if cross-correlations are neglected. [START_REF] Liu | An MD Study of the Applicability of the Walden Rule and the Nernst-Einstein Model for Ionic Liquids[END_REF] This quantity allows defining the so-called Nernst-Einstein ionic conductivity σ NE which can be assessed as :

(where the second equality holds because the ion charges are unity so that z 2 = 1 for all ions).

The dimensionless dissociation ratio, Λ d = σ E /σ NE , is an important measurement of the ionicity of charge transport in a given electrolyte. 

Conclusion

Ionic liquid-based electrolytes are considered as promising candidates for electrochemical and electrokinetic devices. Yet, in spite of being composed of ions only, they exhibit an intriguing low ionic conductivity which remains to be rationalized. [START_REF] Xu | Ionic Liquids: Ion Mobilities, Glass Temperatures, and Fragilities[END_REF][START_REF] Lee | Are Room-Temperature Ionic Liquids Dilute Electrolytes?[END_REF][START_REF] Macfarlane | On the Concept of Ionicity in Ionic Liquids[END_REF][START_REF] Ueno | Ionicity in Ionic Liquids: Correlation with Ionic Structure and Physicochemical Properties[END_REF] In order to get insights into the complex interplay of the structure and dynamics in these electrolytes, this paper presents a microscopic study using a prototypical ionic liquid-based electrolyte obtained by dissolving LiBF 4 in BMIMBF 4 . More in detail, our strategy relies on a dual approach that includes a combination of experimental techniques (WAXS, PFG-NMR, EIS) and an all-atom MD approach to decipher the structural and dynamical properties in these complex fluids. Our analysis provides evidence that replacing a large BMIM cation by a small alkali cation leads to significant nanostructuration inside the liquid (with the appearance of a prepeak in the wide angle scattering data that becomes more pronounced upon increasing the Li concentration). Such significant positional ordering at the nanoscale is concomitant with a strong mobility hindering together with an unexpected low lithium transference number.

The force field parameters used in our our molecular dynamics are found to qualitatively capture the overall behavior of these complex mixtures. However, to reach relevant and accurate results with reasonably available CPU times, these molecular simulations are performed at higher temperatures than real-life experiments. Yet, our attempts to get results at room temperatures indicate that the qualitative picture emerging from our approach in terms of structural and dynamical aspects is virtually unchanged (as was also reported in previous studies) [START_REF] Kashyap | Temperature-Dependent Structure of Ionic Liquids: X-Ray Scattering and Simulations[END_REF][START_REF] Merlet | On the Molecular Origin of Supercapacitance in Nanoporous Carbon Electrodes[END_REF][START_REF] Merlet | New Coarse-Grained Models of Imidazolium Ionic Liquids for Bulk and Interfacial Molecular Simulations[END_REF][START_REF] Araque | How is Diffusion of Neutral and Charged Tracers Related to the Structure and Dynamics of a Room-Temperature Ionic Liquid? Large Deviations from Stokes-Einstein Behavior Explained[END_REF][START_REF] Rey-Castro | Transport Properties of the Ionic Liquid 1-Ethyl-3-methylimidazolium Chloride from Equilibrium Molecular Dynamics Simulation. The effect of Temperature[END_REF] as it is shown for the MSD (Fig. S2) and the total structure factors (Fig. S8) of BMIMBF 4 /LiBF 4 (f=0 and 0.5). On the other hand, in agreement with previous works [START_REF] Picálek | Molecular Dynamics Study of Conductivity of Ionic Liquids: The Kohlrausch Law[END_REF][START_REF] Tsuzuki | Molecular Dynamics Simulations of Ionic Liquids: Cation and Anion Dependence of Self-Diffusion Coefficients of Ions[END_REF] , the dynamical properties inferred from our molecular simlation approach underestimate the experimental data. Such a drawback could be compensated by using ion charge lower than unity, i.e. +/-0.7 [START_REF] Schröder | Comparing Reduced Partial Charge with Polarizable Simulations of Ionic Liquids[END_REF] , a polarizable forcefield [START_REF] Cazade | Molecular Simulation of Ion-Specific Effects in Confined Electrolyte Solutions using Polarizable Forcefields[END_REF] which includes polarizability contributions [START_REF] Bedrov | Molecular Dynamics Simulations of Ionic Liquids and Electrolytes using Polarizable Force Fields[END_REF] at the cost of drastically larger computing times (or a coarse grained approach which is then lacking details of the atomic molecular description). [START_REF] Salanne | Simulations of Room Temperature Ionic Liquids: from Polarizable to Coarse-Grained Force Fields[END_REF] However, in all cases, dimensionless transport numbers (lithium transference and dissociation ratio) are found to be well reproduced by our numerical approach.

From a general viewpoint, this study illustrates how molecular simulation tools provide essential insights to help rationalize experimental results. In particular, X-ray or neutron scattering data in the form of S(Q) curves can be deciphered using pair correlation functions G ij (r) and partial structure factors S ij (Q) available using molecular dynamics. Other microscopic features that can be unraveled using molecular dynamics include special coordination frames of Li + cations by BF 4 -anions but also Li-based dimers, trimers and bigger aggregates that form in the electrolyte upon increasing the Li content. Such insights also provide key information about the Li solubility limit inside these mixed salts as the result of hindered ion mobility. This is also a direct consequence of the desired Li coordination (4 anion per lithium) with respect to the number of available BF 4 -anion (1 anion per lithium). Our molecular dynamics approach also allows studying the dynamical aspects over a large time scale to probe mutiscale mobility processes. Of key relevance to the present study, MSD data from ps to ns are related to non-Gaussian mobility mechanisms. [START_REF] Araque | Ionic Liquids-Conventional Solvent Mixtures, Structurally Different but Dynamically Similar[END_REF] Such mechanisms have been already identified by means of short-time dynamical experiments such as inelastic neutron scattering (density of states, vibrational dynamics) and longer time experiments such as quasielastic neutron scattering and neutron spin echo (translational mobility). [START_REF] Osti | Microscopic Dynamics in Room-Temperature Ionic Liquids Confined in Materials for Supercapacitor Applications[END_REF][START_REF] Osti | Solvent Polarity Governs Ion Interactions and Transport in a Solvated Room-Temperature Ionic Liquid[END_REF][START_REF] Ferdeghini | Nanostructuration of Ionic Liquids: Impact on the Cation Mobility. A Multi-Scale Study[END_REF][START_REF] Berrod | Ionic Liquids: Evidence of the Viscosity Scale-Dependence[END_REF][START_REF] Kofu | Heterogeneous Slow Dynamics of Imidazolium-Based Ionic Liquids Studied by Neutron Spin Echo[END_REF][START_REF] Jafta | Ion Dynamics in Ionic Liquid Based Li Ion Electrolytes Investigated by ---Neutron Scattering and Dielectric Spectroscopy[END_REF][START_REF] Panesar | Selective Deuteration Reveals Interference Caused by Sidechain Dynamics on Measurements of Self-Diffusion in Ionic Liquid Cations[END_REF] Finally, beyond a semi-quantitative description of experimental results, molecular dynamics allows gaining fundamental insights into molecular aspects such as elementary dynamical steps, cross-correlated motion modes, molecular ion pairing, etc. Such dual approaches are thought to be essential in the design of ionic liquid-based electrolytes with optimal properties.

Supporting Information Available

The supporting information is available free of charge at http:// -Details of molecular dynamics mehodology : nomenclature used for identification of atoms, partial charge and Lennard Jones used for each atoms in the force field parameters and composition of the simulation boxes.

Fig. 1 .

 1 Fig. 1. Typical molecular configuration at T = 500 K of an ionic liquid-based electrolyte made up of BMIM cations and BF 4 anions containing a fraction f = [Li/BMIM] of Li + cations (here, f = 0.5). The box size in each direction is L ~ 35 Å. Each ion type is shown on the right: (top) BF 4 , (middle) Li, and (bottom) BMIM. The cyan and magenta spheres are the F and B atoms in the BF 4 anion, the yellow sphere the Li cation, and the grey, white and blue spheres the C, H, and N atoms in the BMIM cation.

Fig. 2 .

 2 Fig. 2. WAXS diffraction patterns at room temperature for BMIMBF 4 /LiBF 4 electrolytes with 0 ≤ f ≤ 0.5 (f, which is indicated in the graph, denotes the mole fraction of lithium dissolved into the ionic liquid): (top) Experiments at room temperature and (bottom) molecular dynamics at T = 500 K. Note that the curves for the different f values have been shifted up for the sake of clarity.

Fig. 3 .

 3 Fig. 3. Self-diffusion coefficient D s and ionic conductivity  for ionic liquid-based electrolytes as a function of the cation mole fraction f of Li + : (top) experimental values measured at T = 298 K by means of PFG-NMR and complex impedance spectroscopy and (bottom) molecular dynamics at T = 500 K. The red, blue, and yellow circles correspond to the self-diffusifivities D s for the BF 4 anion, BMIM cation and Li cation, respectively. The grey squares denote the ionic conductivity  as measured experimentally and using molecular dynamics. The black squares correspond to the Nernst-Einstein conductivity predicted from the cation and anion selfdiffusivities. Error bars estimated to ± 10% are smaller than symbols.

Fig. 4 Fig. 4 . 4 (

 444 Fig.4presents a series of the most representative pair radial distribution functions G ij (r) and the corresponding pair scattering functions S ij (Q) for different compositions f. For this purpose, the BMIM cation behavior was found to be well described by choosing specific sites: nitrogen atoms N on the ionic imidazolium moiety and the C s carbon on the alkyl chain (see FigureS1in the Supporting Information for atom labelling). While the two N atoms in the imidazolium cation are chemically different (partial charges and local geometry), they possess identical or nearly identical scattering cross-sections. As a result, in terms of neutron or X-ray scattering, such N atoms contribute similarly to the structure factor S(Q) and, hence, to the radial distribution functions G(r) (since the latter is related to the former through inverse Fourier transformation).As a result, while these two N atoms possess slightly different electrostatic charges, they contribute to the same extent to the features of the total and partial structure factors. In particular, in our detailed analysis of the origin of the prepeak in the structure factor, splitting the partial structure factors involving the N atoms into the two subpopulations would lead to the same picture. On the other hand, the anion can be simply described using the central B atom. The first peak in the different G ij (r) functions allows one to get microscopic information on the nearest neighbor distribution (i.e. coordination shell) while oscillations at larger distances r correspond to the mid-to-long range correlations (which are often more easily visualized in the G ij (r) functions than in the S ij (Q) functions). Even if the relative contribution of some of these partial scattering functions in the total scattering function S(Q) may be negligible (due to the small concentration c i of the atoms and/or the intrinsic values of the scattering lengths b i ), the features in these curves provide key information on the structural correlation at the atomic scale. In the pure ionic liquid, oscillations at distances up to 40 Å are observed in the G ij (r) curves, therefore providing evidence for strong structural organization inside these ionic liquids (this long range ordering is 3 -5 times the characteristic ion size). This is also reflected by the narrow linewidth

Fig. 5 .

 5 Fig. 5. Structure factors S(Q) at room temperature for (left) BMIM/BF 4 ionic liquid and (right) for the same ionic liquid containing a Li cation fraction f = 0.5. The magenta data show the total structure factor while the different contributions are shown in green, blue, and red as indicated in the graph. Note that the total structure factor curve has been shifted up for the sake of clarity. For the electrolyte containing Li, the dashed lines show the contributions involving Li ions. The Li-Li contribution has been multiplied by ×100 for visualization purpose as the Li scattering length and concentration are too small to significantly contribute to the total scattering function.

Fig. 6 .

 6 Fig. 6. Typical molecular clusters as identified in molecular dynamics simulations of a BMIM/BF 4 ionic liquid containing a Li cation fraction f = 0.5. The yellow spheres are Li cation while the purple and cyan spheres are B and F atoms in BF 4 ions (the BMIM ions are not shown for the sake of clarity). The molecular configurations in (a), (b), (c), and (d) display a monomer, dimer; trimer, and 13-mer, respectively.

Fig. 7

 7 presents individual mean square displacements (MSD) computed at T = 500 K for various sites i of the BMIM and Li cations and BF 4 anions: (in addition to the different atomic sites i, the center of mass of these ionic species is also considered). In this formula, the brackets denote statistical average over representative configurations of the system in the NVT ensemble. Such trajectories allow us to decipher various motional modes. (a) At shorter time scales (1 fs -100 fs), individual MSD involve motions in the picometer range which correspond to Debye Waller and localized vibration modes. This domain therefore provides information that can be compared to broad band dielectric, Raman, and infrared spectroscopies. (b) For time scales longer than 5 ns, displacements are in the nanometer range, i.e. much larger than the hydrodynamic ion radius, so that all atoms display the same MSD (because individual displacements are merged into the same ion motion mode). This regime will be specifically studied in the next section to estimate the different ion self-diffusivities and ionic conductivity. (c) In the intermediate regime, the MSD for the different atoms differ from each other as the underlying motions are in the ~0.1 nanometer

Fig. 7 .

 7 Fig. 7. (left) Mean square displacements r 2 as a function of time t for BMIM/BF 4 ionic liquid at T = 500 K. The red and blue solid lines denote the results for the center of mass (COM) of the BF 4 anion and BMIM cation, respectively. As indicated in the graph, the dashed lines correspond to the mean square displacements for different atomic sites in the cation and anion. (right) Same as left but for the BMIM/BF 4 ionic liquid containing a Li cation fraction f = 0.5. The red, blue and yellow solid lines correspond to the results for the center of mass (COM) of the BF 4 anion, BMIM cation, and Li cation. In both panels, the black solid segment indicates the expected

Fig. 8 .

 8 Fig. 8. Charge normalized correlations in ionic displacements as a function of time t for BMIM/BF 4 ionic liquid (blue data) and for the same ionic liquid containing a Li cation fraction f = 0.5 (red data). The solid lines correspond to direct calculations while the dashed lines correspond to the prediction assuming an ideal conductivity where cross-correlations between different ions are neglected. For each system, the dotted line corresponds to the ratio of the simulated Einstein σ E ionic conductivities and Nernst-Einstein σ NE (right axis).

Fig. 8

 8 Fig.8presents Λ d = σ E /σ NE as a function of time t. Despite a large error bar, Λ d = σ E /σ NE can be estimated as 0.85 ± 0.1 for the pure ionic liquid and the ionic liquid-based electrolyte containing lithium. As expected, these values are lower than 1 as the Nernst-Einstein conductivity is an upper bound since it assumes no correlation between the anion/cation displacements. However, if the computed value is rather similar to those measured experimentally (see Fig.3), the discrepancy between the experimental and simulated values increases upon increasing the lithium amount. Indeed, a noticeable decrease in Λ d is observed experimentally, indicating that

Fig. 9 .

 9 Fig. 9. Time correlation function P(t) of ion/ion aggregation dynamics as estimated using molecular dynamics for a BMIM/BF 4 ionic liquid containing a Li cation fraction f = 0.1 and f = 0.5. Different typical pairings are shown as indicated in the graph: Li/BF 4 (orange), BMIM/BF 4 (red), and Li/Li (blue). Ion pairing is defined for ions within a distance of 4.6 Å for Li-BF 4 and 7 Å for BMIM-BF 4 and Li-Li couples. The insert shows the evolution of the pairing time  P as a function of the ratio f.

Table 1 .

 1 Li + coordination and molecular environment in an ionic liquid-based electrolyte LiBF 4 /BMIMBF 4 as a function of the Li mole fraction f. The values (*) and (**) were determined by integrating the corresponding G(r) as shown in the Supporting Information.

	Property	f = 0.1	f = 0.3	f = 0.5
	number of BF 4 -ion around Li + (*)	3.9	4.0	4.1
	Number of Li + ≤ 7 Å (**)	0.6	1.8	2.8
	Mean Li-Li statistical distance	15.4	10.7	9.2
	% Li + inside clusters (d Li -d Li ≤ 7 Å)	21	53	78

Table 2 .

 2 Transport properties of ionic liquid-based electrolytes LiBF 4 /BMIMBF4 as a function of the Li cation fraction f. Both experimental and simulated data are reported for the selfdiffusion coefficients of the different species (BMIM, BF 4 and Li) and the lithium transference t Li . For each quantity, the technique and temperature used are indicated. While the transference is a dimensionless number, the self-diffusivity D s is given in units 10 -12 m 2 /s (experimental errors on D i determined from NMR and MSD are ± 10% ).Such dimensionless transport numbers can be used to compare experimental and simulated data in terms of ionic transport efficiency. As shown in Table2, the molecular simulation and experimental approaches lead to very consistent qualitative trends. In particular, both approaches show very low Li + transference numbers, which arise from the small Li self-diffusivity D s Li . On the other hand, despite the decrease in D s Li upon increasing f, the transference number t Li

	Property	f = 0	f = 0.1		f = 0.3		f = 0.5
		BMIM BF4	Li	BMIM BF4	Li	BMIM BF4	Li	BMIM BF4
	D s NMR (298 K)	14.5 14.0 3.5	11.8 8.51 1.9	6.58 4.45 1.4	4.61 2.7
	D s MSD (500 K)	410 370 120 330 260 110 300 210 57	240 110
	t Li NMR (298 K)	n/a	0.02		0.04		0.08
	t Li MSD (500 K)	n/a	0.02		0.05		0.10

Table 3 .

 3 Charge transport properties of ionic liquid-based electrolyte LiBF 4 /BMIMBF4 as a function of the Li mole fraction f. The experimental ionic conductivity and Nernst-Einstein conductivity at 298 K are compared with their simulated counterpart at 500 K (all ionic conductivities σ are given in units 10 2 S/cm). The dissociation ratio  d is also reported. The different datasets correspond to cation/anion pairing (Li-BF 4 and BMIM-BF 4 ) as well as the Li/Li homo pairing. While the former provides information on the typical anion/cation association lifetime, the latter sheds light on typical Li cluster lifetime. For each ion pairing type, Fig.9 alsoshows the typical pairing time τ P which is obtained as the time for which P(t) = 0.5. For a given f, τ P is much longer for Li-BF 4 than BMIM-BF 4 , therefore revealing a stronger association with the alkali cation. This result is consistent with the limited Li + mobility as can be inferred from the experimentally measured and simulated self-diffusion coefficients (see discussion above). The stability of Li based aggregates Li n [(BF 4 ) m ] (m-n)-is responsible to the longer lifetime observed for Li-BF 4 ion and Li-Li ion pairing. The stability of such negatively charged multianions was also recently discussed in the frame of apparent negative effective Li transference numbers in similar systems.[START_REF] Gouverneur | Negative Effective Li Transference Numbers in Li Salt/Ionic Liquid Mixtures: Does Li Drift in the "Wrong" Direction[END_REF][START_REF] Harris | Can the Transport Properties of Molten Salts and Ionic Liquids be Used to Determine Ion Association?[END_REF] For BMIM-BF 4 the pairing time τ P increases with the amount f of Li + as a consequence of the slower dynamics as reflected from the decrease of coefficient diffusion (i.e.

	Property	f = 0	f = 0.1 f = 0.3 f = 0.5
	σ EIS (298 K)	0.254	0.240	0.137	0.0813
	σ NE NMR (298 K)	0.289	0.381	0.208	0.140
	 d EXP (298 K)	0.88	0.63	0.66	0.58
	σ E MD (500 K)	6.6	5.8	5.2	3.4
	σ NE MD (500 K)	8.5	6.6	6.6	4.1
	 d MD (500 K) (MD)	0.78	0.88	0.78	0.83
	To further shed light on the microscopic mechanisms involved in the dynamics of the ionic
	liquid-based electrolyte LiBF 4 /BMIMBF4, the ion cross dynamics was estimated by measuring
	pairing time between two ions. 83 More in detail, we used the correlation function P(t) =
	<θ(t)θ(0)> where θ(t) = 1 if both ions are aggregated at time t and < θ(t) > = 0 otherwise. 84 As
	introduced above, two ions are considered aggregated if they are separated by a distance smaller
	than the first minimum in the G(r) pair correlations presented in the Supporting Information. The

distance criterion corresponds to 4.6 Å for Li-BF 4 ion pairing and 7 Å for Li-Li and BMIMBF 4 ion pairing. The pairing time distributions P(t) are shown in Fig.
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for various Li contents f. viscosity, not determined in this study). Conversely, the stability over time of lithium association schemes (LiBF 4 and Li-Li based clusters) decreases as a function of Li content. This result can be explained by the fact that Li clusters appear and disappear with a frequency that increases with the Li content f.
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