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Introduction

Clay minerals, rich in silicon and aluminium, are the breakdown products of minerals formed in greater depths of the Earth's crust and which, at the Earth's surface, come into contact with an acidic environment (carbon dioxide dissolved in water), active atmosphere and temperature fluctuations. This so-called weathering process is the main source of sediments and soils on the Earth's surface, on which the biosphere heavily relies. Clays are charged, layered porous materials and give to soil the crucial capabilities of water retention, ion exchange and pH buffering. A vast number of clay applications has been developed by mankind, beginning with their use in the production of ceramic ware, paper, tiles, damns, in the removal of impurities from air or water, de-colouring, as well as in the field of medicine (treatment of infections) and, understandably, in agriculture (clays act as nutrient / pollutant retention sites). Many modern technologies are also based on clay exploitation, for instance in the field of molecular sieves, catalysis and in the design of disposal sites for radioactive waste [START_REF]Clay Minerals: Their structure, behaviour and use[END_REF][START_REF] Velde | Introduction to clay minerals[END_REF][START_REF] Giese | Surfactant science series[END_REF][START_REF] Andra | Les Recherche de l'ANDRA sur le stockage géologique des déchets radioactifs à haute activité et à vie longue[END_REF][START_REF] Bergaya | Handbook of clay science[END_REF].

In this review, we are concerned with the mobility of water and ions in clays which give rise to their above-mentioned water retention and ion exchange properties. Water and ion mobility on clays has been studied intensely by a variety of techniques, spanning a wide range of length and time scales. The most macroscopic measurements are the tracer experiments, dealing with mobility on the scale of metres and hours or days, e.g. [START_REF] Molera | [END_REF]7,8]. More mesoscopic/microscopic measurements include those of dielectric spectroscopy, e.g. [9], and nuclear magnetic resonance, e.g. [10,11]. Most relevantly for this review, microscopic picture of dynamics in clays has been intensely studied by quasi-elastic neutron scattering studies, e.g. [12,13,14,15,16], and, for the past two decades or so, as summarised in two recent reviews [17,18], also by microscopic simulations of the type Molecular Dynamics (MD). As in the case of other complex systems, it is very difficult to establish the link between the dynamic/transport information obtained for the very different time and length scales. The complexity of the task arises from the multi-scale structure of the clay system, which presents, at any given scale, a different picture of the porosity in which the ions and water molecules can move. Their motion is possible not only in a two-dimensional microscopic porosity between individual clay layers ( Å to nm in size, i.e. the same scale as to the actual size of the water molecules and ions), but also in mesoscopic pores between individual stacks of clay layers (pores of tens of nm in size or bigger). The short-time behaviour of mobile species in this latter type of pore is similar to diffusion in a bulk solution. On longer time scales, molecules therefore explore several types of pores, and its overall (macroscopic) diffusion coefficient depends on the connectivity between pores, i.e. the geometrical organisation of the porous medium. Quantifying such effects necessarily involves an averaging of properties on a given scale in order to define a set of parameters, which are inserted into the larger-scale description [START_REF] Whitaker | The Method of Volume Averaging[END_REF][START_REF] Torquato | Random Heterogeneous Materials : Microstructure and Macroscopic Properties[END_REF]. One such parameter is the so-called tortuosity, defined as the ratio between the distance effectively covered by a tracer through the porous medium and the distance it would have covered following a straight line. The choice of the relevant parameters to describe a given property on larger scales is a key issue, since it implies a loss of information that might exclude some important features from the resulting simplified description. This active field of research, generally referred to as coarse-graining (from microscopic to mesoscopic models) and homogenisation (from the pore scale to the sample scale), is out of the scope here. In this review we concentrate on the dynamics of species in the microscopic porosity of clays. The review is structured in three parts:

(1) a reminder of clay structure and hydration, (2) technical aspects of neutron scattering and MD simulations as applied to clays (3) an overview of information on water and ion dynamics in clays obtained by combining the two techniques.
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Clay structure and hydration

Clays are composed of micrometric particles, each of which is a regular stack of negatively charged crystalline alumino-silicate layers (approx. 10-100 layers, each 1nm thick). The structure of clay layers, depicted in Figure 1 for a montmorillonite clay, has been established from X-ray diffraction studies for almost all types of common clays [START_REF] Bergaya | Handbook of clay science[END_REF]. The overall negative charge on each layer is compensated by cations such as Na + and Ca 2+ inbetween them, in the microscopic porosity called the interlayer. Under increased humidity, the compensating cations become hydrated, the interlayer spacing increases and the system is said to swell, e.g. [START_REF] Norrish | [END_REF]22]. This phenomenon and the resulting increased mobility of the compensating ions is at the origin of water retention and ion exchange properties of clays. In general, clay swelling occurs in three stages. It begins in a stepwise manner, called crystalline swelling: discrete layers of water appear in the interlayer, forming the first few hydration shells of the compensating cations. These states are referred to as monolayer/monohydrated, bilayer/bihydrated. Thereafter swelling becomes continuous and in the extreme a colloidal suspension of clay particles (< 10 aligned layers) is formed [23,24,25,26]. The stage of crystalline swelling (order of 100mg of water per 1g of clay), is the subject of this review. This region of swelling is of particular interest for the design of disposal sites for radioactive waste, as low-hydrated clays are to act, in a highly compacted form to minimise mesoscopic porosity between clay particles, as barriers for both water and ions between the waste package and the surroundings. This leads us to consider clays with Cs + , a potential radio-nuclide, as the compensating cation, as well as a natural cation, Na + . We consider however non-compacted clays, unlike other studies reported upon in the literature, e.g. [27,15]. The detailed characteristics of crystalline swelling (interlayer spacing as a function of relative humidity) depends critically on the balance between the clay-cation and water-cation interaction, which is itself determined by the nature of the cation together with the magnitude and localisation of the clay charge [28,[START_REF] Bergaya | Handbook of clay science[END_REF]. The degree of clay hydration is best characterised using a combination of water adsorption isotherms and X-ray / neutron diffraction. Figure 2 features this type of data for a synthetic Na-(fluoro)hectorite (a 2:1 trioctahedral clay), which has exceptionally welldefined swelling characteristics and which shall be discussed throughout this review alongside natural montmorillonite [29]. The monohydrated and bihydrated states for synthetic Na-hectorite appear at around 40% and 80% relative humidity and correspond respectively to approximately 4 and 7 water molecules per interlayer Na + ion. This is somewhat lower than the values for natural Na-montmorillonite of a similar charge per unit cell (0.75 e), which are 5-6 and 9-11 water molecules per compensating cation [START_REF] Malikova | Dynamique de l'eau et des ions dans les argiles de type montmorillonite par simulation microscopique et diffusion quasiélastique des neutrons[END_REF][START_REF] Cadène | Etude expérimentale multiéchelle du transport ionique et aqueux en milieu poreux chargé: argile[END_REF].

In natural clays, the inhomogeneity in clay layer charge is the principal cause of interstratification (coexistence of different hydration states at a given relative humidity [START_REF] Weaver | [END_REF]), as well as variable water contents for a given interlayer spacing. This results in a more gradual water uptake seen by water adsorption gravimetry [33] and in broad peaks and irregular spacing in the series of the 00L reflections in diffractograms [34]. A detailed analysis of the irregularity in X-ray diffractograms can be modelled and the proportion of monohydrated, bihydrated etc. layers deduced, for a given relative humidity [34]. Understandably, this inhomogeneity of hydration in natural clays renders the study of water and ions dynamics more difficult than in the case of synthetic clays. However, in light of the applications of clays, which are used almost exclusively in their natural form on the industrial scale, there is certainly the need for parallel studies of model synthetic clays and their natural counterparts.

Microscopic techniques -neutron scattering and molecular dynamics

Our studies on clays and this review are concerned with dynamics in clays under low levels of hydration, i.e. the crystalline swelling regime. As seen in the previous section, in this regime water is found almost exclusively in the interlayer porosity, where it forms the first few hydration shells of the compensating cations. The dimensions of the interlayer porosity is only of the order of Å to nm, therefore on the same scale as the actual size of the water molecules and ions. In order to describe the motion of species in this highly confined space, the atomic detail of the diffusing species and of the confining clay layers plays a crucial role. From the need of atomic resolution stems the choice of the techniques used -quasi-elastic neutron scattering and molecular dynamics simulations. Both of these techniques give access to the relevant length scale, and allow to probe motion on the scale of ps to ns, which matches very well the timescale of diffusive motion in condensed matter over these nanometric distances.

In this section, we introduce some general features of neutron scattering and molecular dynamics as applied to clays. We mention on one hand the practical details of neutron data acquisition and the issues related to the experimental resolution, and discuss briefly the development and testing of model clays and force fields for MD simulations on the other. Finally, we illustrate the nature of the dynamic data obtained by these techniques and link them to analytical models of motion.

In neutron scattering, diffusion of individual atoms or molecules is contained within the incoherently scattered signal. Due to the exceptionally large incoherent neutron scattering cross-section of the 1 H isotope of hydrogen, as compared to all other atoms in clays (atoms of O, Si, Al mainly), the incoherently scattered signal from a hydrated clay is dominated by the contribution of water molecules, through their constituent H atoms. An entire field of neutron scattering, dealing with mobility of H-containing molecules (water and other molecular liquids, organic and biological molecules) confined in all types of matrices (clays, zeolites, metal-organic frameworks, carbon nanotubes etc.), has been built upon the exceptional sensitivity of neutrons to the signal from H atoms [35,36,37].

The two principal techniques of quasi-elastic neutron scattering are the so-called time-of-flight (TOF) and neutron spin echo (NSE). They measure, respectively, the full scattering function, S(Q, ω), and the intermediate scattering function, I(Q, t). The respective incoherent contributions, S inc (Q, ω) or I inc (Q, t), which are of interest here, are isolated from the total (coherent and incoherent) signal by a careful choice of the scattering wavevector, i.e. away from peaks of coherent scattering. In theory S inc (Q, ω) and I inc (Q, t) are related by a Fourier transform in time/energy and thus the information they contain is strictly equivalent. Under real experimental conditions, there are several factors that make the comparison between data obtained by different techniques or spectrometers difficult, the first one of which is the experimental resolution. In broad terms, TOF achieves energy resolutions in the range of 10meV to above 1µeV (corresponding time range: 0.1ps to 1ns), with the extension of the backscattering (BS) technique (also measuring in the (Q, ω) domain) below 1µeV, therefore equivalently up to 10ns in time. NSE has been conceived as a technique extending the accessible correlation times, its dynamic range is 1ps-100ns (equivalent energy resolution of 1meV to 10neV). Both TOF and NSE have been used in the past to study dynamics of water in clays. In general, all the initial clay studies dating from the 1980s and early 1990s use TOF [38,[START_REF] Poinsignon | Proc. Int. Clay Conf[END_REF][START_REF] Tuck | [END_REF]41], while the more recent NSE [42] has been the technique of choice for an increasing number of studies throughout the past decade or so [43,12,13]. Up to now, dynamics in clays by BS has been reported upon only once [15]. In general, all the neutron scattering experiments on clays sofar, be it in the time or energy domain, have been used to probe dynamics on a similar time/energy range (approximately 1ps to 1ns). In other words they have been used under such conditions of resolution to be almost equivalent. As shall be seen, even in this case, the comparison between them is not always trivial.

A brief note is in place on the practicalities of acquiring neutron scattering data on water dynamics in clays by the two main techniques, TOF and NSE. One of the principal differences is the rate of data acquisition, which is significantly higher on TOF than on NSE. This is primarily due to the multi-detector nature of the TOF spectrometers, which allows the measurement of the S inc (Q, ω) function at a whole range of scattering angles and thus a range of wavevectors, Q, simultaneously. Due to technical issues related to the NSE technique, which relies on the use of polarised neutron beams, the majority of the currently available NSE spectrometers are so-called single-detector spectrometers and thus measurements of I inc (Q, t) are carried out at a single angle, and thus Q, at a time. The second difference is the signal intensity for the case of incoherent scattering as seen by the two techniques. In NSE, the less standard of the two methods, I inc (Q, t) is measured via the polarisation of the scattered neutron beam. Due to the spin flip of an incoherently scattered neutron (occurring with a probability of 2/3), the measured polarisation is thus proportional to -1/3 of the incoherently scattered intensity [START_REF] Squires | Introduction to the theory of Thermal Neutron Scattering[END_REF]. This inherent decrease in the intensity is another reason for the slower data acquisition with NSE. For a few grams of a hydrated clay, our neutron scattering experiments usually take 2-3 days with TOF, though more than 1 week with NSE. These durations apply to the MIBEMOL (TOF) and MUSES (NSE) spectrometers at the Laboratoire Léon Brillouin (Saclay, France), which have incident neutron fluxes of 10 4 neutrons cm -2 s -1 and 10 7 neutrons cm -2 s -1 respectively. Detailed clay sample preparation and purification prior to neutron scattering experiments can be found elsewhere, e.g. [13].

While the signal of interlayer water molecules in clays is easily obtained from the incoherently scattered neutron signal, the signal from the other mobile species in the porosity of clays, the compensating counterions (usually the alkali or alkaline Earth metal cations), is negligible. This has lead to many attempts at exchanging the natural cations with ions containing non-exchangeable H atoms, such as monomethyl-or tetramethylammonium ions and hydrating the system with heavy rather than light water. This should result in a system with H atoms present only in the ions themselves. Several problems have been encountered on the way however. Apart from possible incomplete exchange of heavy and light water, the major problem stems from the new ions themselves. While still relatively small, they are inevitably larger than the simple inorganic cations and, together with their more complex structure, this is already sufficient to radically change the system, including the swelling properties of the clay and of course also the dynamics in the interlayer. Overall, all these ion-exchange attempts have so-far lead to a very limited set of information. If seen at all, such ions appear to be immobile [START_REF] Cadène | Etude expérimentale multiéchelle du transport ionique et aqueux en milieu poreux chargé: argile[END_REF].

The need for information on ion mobility in clays leads us to the introduction of the other technique reviewed here in relation to dynamics in clays, classical Molecular Dynamics (MD) simulations. By way of construction, MD simulations give access to the motion of all atoms in a given model system, through real time atomic trajectories [START_REF] Frenkel | Understanding Molecular Simulations, From Algorithms to Applications[END_REF][START_REF] Allen | Computer simulation of Liquids[END_REF]. For our purposes, both ion and water dynamics in the clay interlayer is therefore accessible from MD. The crucial and non-trivial part of classical MD is of course the development of the empirical force fields, or interaction potentials, on the basis of which the motion of all atoms in the system is calculated. For a given system, the empirical force fields are tuned to reproduce experimentally available information, thus closing the circle of interdependence between experiments and classical MD. MD simulations on clays appear in the literature ever since the late 1980s. Concurrently, increasingly more accurate interaction potentials for clays have been developed, for the latest refer to [START_REF] Cygan | [END_REF]. Throughout this review we shall refer mainly to simulations on model clays developed by Skipper et al, in which the interaction force fields were initially tuned to reproduce the experimentally measured adsorption energies of water molecules on a surface of a talc clay [48,49]. The model clays used in MD simulations are of course simplified versions of real clays, both in terms of the chemical composition (rare elements cannot be taken into account due to the size of the simulation box) and the regularity of the interlayer spacing (by construction all interlayers are at the same degree of hydration, in contrast to the interstratified natural clays such as montmorillonite). See Figure 3 for the model montmorillonite, referred to in this review. We note that in this particular model, the clay layers and water molecules themselves are treated as rigid. As a first test of the model clay used, it has been shown that the experimentally observed interlayer spacing of monohydrated Na-and Cs-montmorillonite is reproduced for a water content of 6 water molecules per counterion, while that of bihydrated Namontmorillonite corresponds to 12 water molecules per counterion [50]. (Note that Cs-montmorillonite is considered only in the monohydrated state, the only stable state observed experimentally.) In addition, the experimental hydration energies have been successfully reproduced [51], as well as the interlayer atomic distributions as seen by detailed analysis of high order reflections in X-ray diffractograms [52]. This type of information is also available from neutron diffraction studies [53,54]. This comparison of static information from simulations and diffraction experiments is necessary, prior to any attempts at exploiting MD to predict the dynamics of the atoms in the clay interlayer.

Having outlined the general strengths and weaknesses of the two techniques used to study microscopic dynamics in clays, we continue with a brief overview of the dynamic quantities measured by neutron scattering and MD. The overall approach is to relate these quantities to an analytical model of atomic motion, with the help of which we can characterise the atomic motion using a small set of simple parameters, such as the diffusion coefficients, residence times in preferential sites etc. Schematically, the relationship between the three poles (scattering functions, atomic trajectories and model parameters) is depicted in Figure 4. The connection between atomic trajectories (obtained by MD) and the intermediate scattering function (measured by NSE) can be expressed mathematically as

I inc (Q, t) = 1 N N j=1 e iQ•Rj (t) e -iQ•Rj (0) (1) 
where R j (t) is the position of scatterer (atom) j at time t, Q is the wavevector and N is the total number of scatterers in the sample. An additional Fourier transform in time is necessary to arrive at S inc (Q, ω) (quantity measured by TOF). I inc (Q, t) is thus a time-correlation function of the positions of individual atoms in the sample, in the reciprocal space of the wavevector. It can be easily calculated from simulated atomic trajectories, R j (t). (Note that in the vast majority of neutron scattering studies on clays, we deal with powder samples and thus the vector nature of the wave-vector in the measured scattering functions can be ignored.)

The rate of decay of I inc (Q, t), determined with the different techniques (MD or neutron scattering), provides a first assessment of the rate of dynamics seen by each of them. In general, the faster the decay, the faster the motion seen. This type of comparison is presented for water dynamics in clays at the beginning of section 4.

In order to arrive at an I(Q, t) function from raw NSE and TOF data, for comparison with MD, the effect of experimental resolution has to be eliminated (refer back to Figure 4). For raw NSE data, in (Q, t) form, a simple division is needed. For raw TOF data, in (Q, ω) form, a deconvolution is necessary, which is not trivial. In practise, we carry out a numerical inverse fourier transform of the raw TOF data and the TOF resolution function, and divide the resulting sets in the (Q, t) domain. This path leads to uncertainties, primarily due to the energy cut-offs in the measured S inc (Q, ω), which affect the inverse fourier transform. At the end, the introduction of an arbitrary normalisation parameter is usually necessary to align the height of the TOF data sets in the (Q, t) domain with those of NSE and MD [55,56,[START_REF] Malikova | Dynamique de l'eau et des ions dans les argiles de type montmorillonite par simulation microscopique et diffusion quasiélastique des neutrons[END_REF].

To extract any more detailed information from the measured dynamic quantities, they have to be interpreted within a well-defined analytical model of motion, which quantifies the characteristic decay or relaxation time of the motion, τ , and ultimately leads to parameters such as the diffusion coefficient. In the language of Figure 4, we need to link the MD trajectories and the neutron scattering functions to the third, remaining pole of analytical models. As MD gives us access to trajectories of atoms in real time and space, which is experimentally unavailable to us, the analytical models of motion can be tested on the trajectories in a more direct way. Sometimes viewing the raw trajectories can provide the answer immediately and exclude a certain model.

The development of analytical models of atomic motion starts from the assumption that it is possible to de-couple the different modes of motion (vibrational, rotational and translational) on the basis of their different characteristic time-scales and works within the classical approximation for both momentum and energy transfers [START_REF] Bée | Quasi-elastic neutron scattering[END_REF][START_REF] Hempelmann | Quasielastic neutron scattering and solid state diffusion[END_REF]. Under these assumptions, the overall I inc (Q, t) can be factorised into the contributions of each motion type (factorisation in the (Q, t) domain being equivalent to a convolution in the (Q, ω) domain). The simplest isotropic model for each of these types of motions is vibrations in a harmonic well, free rotation on a sphere and continuous isotropic translation. The exact mathematical expressions for I inc (Q, t) and S inc (Q, ω) for these models can be found elsewhere [START_REF] Bée | Quasi-elastic neutron scattering[END_REF][START_REF] Hempelmann | Quasielastic neutron scattering and solid state diffusion[END_REF]. Let us consider their application to water and ion dynamics in clays. For monoatomic species, such as the natural cations in clays considered here, the only relevant model is that of continuous isotropic translation and its derivatives. For water dynamics, we need to consider all three types of motion. Starting with vibrational motion, on the timescale of ps to ns (or equivalently in the region of small, quasielastic energy transfers -meV to µeV), the effect of this highly energetic motion is not resolved in time and is reduced to a time-independent (but Q-dependent) pre-factor, e -u 2 Q 2 /3 , with u 2 as the sole parameter, the vibrational mean squared displacement [START_REF] Bée | Quasi-elastic neutron scattering[END_REF]. The easiest path for its determination is from the Q-dependence of the scattered intensity integrated over the quasi-elastic energy transfers in the TOF technique. In case of water, this parameter represents primarily the amplitude of librational motion of H atoms around a hydrogen bond joining two molecules [START_REF] Teixeira | [END_REF]. The effect of librational motion is seen clearly in the current TOF and MD data on water in clays, however not as well in the NSE [60,61]. For rotational motion of water, the model of rotation on a sphere is often applied. It works well in the case of bulk water, however its applicability to water confined in clays is rather doubtful. This is further discussed in section 4.3. For translational motion of water, we shall discuss, as for the case of ions, the model of continuous isotropic translation (section 4.2) and its derivative, continuous translation under the confinement between two planes (section 4.4). These two models lead, respectively, to the determination of an isotropic diffusion coefficient, D tr , and a two-dimensional diffusion coefficient in the plane of the clay layers, D . It is important to point out a very general difference between translational and rotational type motion. The first type is a long-range diffusive motion, which leads to a dynamic signal all the way to large spatial scales (low Q region) and its relaxation times show a Q-dependence. The second type is a local non-diffusive motion, which leads to a dynamic signal only in the high Q region (at low Q, it gives rise to a static signal) and the corresponding relaxation times show no Q-dependence [START_REF] Bée | Quasi-elastic neutron scattering[END_REF][START_REF] Hempelmann | Quasielastic neutron scattering and solid state diffusion[END_REF].

Results: Water and ion dynamics in clays

After a direct comparison of the simulated and experimentally measured scattering functions obtained for water confined in clay, this section further presents three aspects of modelling of water dynamics in clays: (1) long-range motion within the simplest isotropic model -continuous translation, (2) evidence for local motions such as rotation and jump diffusion, (3) long-range motion within the powder-averaged two-dimensional translational model. In the last part of this session, we describe ion dynamics in clays as seen by MD simulations and finish with a selection of other information on clays obtained by microscopic simulation, such as ion-exchange.

Simulated and experimental scattering functions

Figure 5 gives an example of a direct comparison between the simulated and experimental (NSE) intermediate incoherent scattering functions (from now on referred to simply as I(Q, t) without the subscript for incoherent) for monohydrated Na-montmorillonite. The agreement is good, the same applies to monohydrated Cs-montmorillonite, less so to bihydrated Na-montmorillonite [62,12]. For the monolayer systems simulation shows a somewhat faster decay (faster dynamics), in the Na bilayer system the difference reaches a factor of approximately 2 between the experimental and simulated relaxation times. A major factor leading to the disagreement for the bihydrated system is the difference between experimental and simulated water contents and water distribution (interstratification in the natural montmorillonite). Depending on the actual montmorillonite sample and its preparation, the average water content per ion was found to vary between 9-15 H 2 O/ion, while the simulated water contents was 12 H 2 O/ion. The monohydrated state in the natural clay is better defined. In view of this, we treat the agreement simulation-NSE as satisfactory. Rather than in modifications of interaction potentials for model montmorillonite to reproduce the observed neutron data, further improvement lies primarily in the choice of a better defined experimental system, such as the synthetic hectorite. It is realistic to assume that the corresponding atomic model and interaction potentials for hectorite could be derived from those of montmorillonite.

Apart from the technically straight-forward comparison between the NSE and simulated I(Q, t) data for water confined in clays, a comparison including the TOF data sets, transformed from the (Q, ω) domain, is presented elsewhere [62].

Long-range motion -the isotropic diffusion model

The most basic type of analysis of neutron scattering data on water in clays, and the most common one seen in the literature, is the modelling of the incoherent scattering functions in the low-Q region (usually considered as Q < 1.0 Å-1 ) within the isotropic continuous translation, with the translational diffusion coefficient of water, D tr , as the outcome. Let us quote the simplest mathematical form with which low-Q scattering functions can be modelled:

I(Q, t) = Ae -(t/τ ) + B (2) S(Q, ω) raw = A[Res(ω) ⊗ Lor(ω, 1/τ )] + BRes(ω) (3) 
where τ is the relaxation time, Lor(ω, 1/τ ) stands for a Lorentzian function in ω with a half width half maximum of 1/τ , Res(ω) is the resolution function in the energy domain. Parameters A and B reflect, to a first approximation, the relative intensities of the mobile and immobile H atoms in the clay system, which are often used as free parameters, but ultimately need to lead to a reasonable ratio, see later on. Note that data in the (Q, t) domain is interpreted in its resolution-corrected form, which is not the case for the (Q, ω) domain due to the necessity of de-convolution as discussed earlier. By using the above expressions we assume that in the low-Q region (large length scales) and within the time-scale of the measurement, we probe a single type of relaxation, corresponding to a free isotropic translation. The relaxation time and the translational diffusion coefficient within this model are related via 1/τ = D tr Q 2 [START_REF] Bée | Quasi-elastic neutron scattering[END_REF][START_REF] Hempelmann | Quasielastic neutron scattering and solid state diffusion[END_REF]. The diffusion coefficient is extracted from the slope of the inverse relaxation times, 1/τ , versus Q 2 , in the limit of small Q. For scattering functions measured on real systems however, a few constraints in the above equations need to be lifted, as the simple mono-exponential decay or purely Lorentzian broadening is rarely seen. A very common generalisation is to assume a range of relaxation times, τ . This seems at first sight rather reasonable for a system such as water confined in clays, due to the various water-clay surface interactions. However, the currently available mathematical formalism for dealing with a range of relaxation times is controversial. It relies, in the (Q, t) domain, on the use of a stretched exponential, I(Q, t) = e -(t/τ ) β , with the stretch exponent, β, ranging from 0 to 1. Apart from the case of β = 0.5 [63], a stretched exponential is not derived from a well-defined analytical model of motion. Moreover, analysis with a stretched exponential can give erroneous results, mostly in the high-Q domain, as shall be discussed in section 4.3. The second generalisation of the above equations is to include a Q-dependence in the parameter A. In the (Q, t) domain this is more easily understood by considering that the normalised I(Q, t) function does not depart from 1, but below this value.

This is due to a fast relaxation of the type of water librations, which is not resolved properly by the experimental measurement [60].

Figure 6 shows room temperature I(Q, t) data, together with the curves of best fit, for the three montmorillonite systems considered, at a single Q value (1.0 Å-1 ), as well as data at a series of Q for bihydrated synthetic Na-hectorite. While for synthetic hectorite the I(Q, t) can be modelled by a mono-exponential, for the natural montmorillonite it was necessary to use a stretched exponential [13,62,12]. This can be accounted for in part by the significantly more homogeneous water distribution in the synthetic clay, as opposed to the natural montmorillonite, as already discussed in section 2. At the same time, even if a single relaxation is ascribed to the motion of interlayer water molecules in a model clay such as hectorite, some departure from the mono-exponential decay can be explained on the basis of the geometry of the diffusive motion. In other words, the model of isotropic translational diffusion, applied in this most basic analysis, is not the most appropriate. Extensions to a geometrically more applicable model are discussed in section 4.4. Note that the I(Q, t) data for hectorite in Figure 6 descend to zero, as there are no structural OH groups in this clay. A non-zero background is observed for the montmorillonite clays and compares well with the relative proportion of H atoms in the structural OH groups of montmorillonite (static) and those in interlayer water (mobile) [12]. For the corresponding TOF data from the two clay systems, refer to [13,62,12]. In general, the data were satisfactorily fitted with a Lorentzian broadening.

Figures 7 feature the extracted inverse relaxation times, 1/τ , plotted versus Q 2 for the monohydrated and bihydrated synthetic Na-hectorite systems. For analogous data corresponding to natural montmorillonite, refer to [62,12]. Table 1 summarises the extracted isotropic translational diffusion coefficients, D tr , for both clay types, while both experimental and simulation data are included for the montmorillonite clay. Viewing first the comparison NSE-TOF, a much better agreement is achieved for the hectorite system. This is due to its significantly better and reproducible hydration characteristics. Throughout the course of our investigations it was concluded that the resolution used in the TOF technique (HWHM = 7.5 µeV) was insufficient for the determination of diffusion of the monohydrated clays. The analysis predicted incorrect proportions of mobile and immobile H atoms in the system [12]). Some slow-moving H atoms were considered simply as static, which lead to an overestimation of the diffusion coefficient extracted. As a general rule, the proportion of H atoms in these two families (parameters A and B in equations 2 and 3) should be determined as accurately as possible from the structure of the clay itself and the amount of water adsorbed, as determined by adsorption mass gravimetry. Modelling of scattering functions very often gives a series of possible results depending on the relative values of A and B and this type of simple, preliminary and independent information can then decide which of these results are indeed plausible. This difficulty is most marked in case of the TOF neutron scattering technique, in which ascribing intensity around the zero-energy transfer to either a quasi-elastic or an elastic contribution becomes often impossible to decide, in the absence of other independent information. From our experience, the data in the (Q, t) domain are less likely to suffer from this misinterpretation and we treat the data from NSE as more reliable in this respect. Understandably, the absence of immobile H atoms in the synthetic hectorite clay simplified greatly the corresponding analysis, especially of TOF data [13].

Referring back to Table 1 and concentrating on the NSE technique, the diffusion coefficients for the montmorillonite and hectorite seem to be very similar, though one must not forget the slightly different hydration values for each system, refer back to section 2. The last important point regarding Table 1 is the difference between the diffusion coefficient determined from simulation using a direct method (MSD, from particle trajectories) and the indirect method (via the I(Q, t) function and extraction of relaxation times, identical treatment to the neutron data). Remembering that the same particle trajectories are at the beginning of both methods, the differences should be taken as an indication of the errors and distortions introduced during the isotropic averaging of the simulated scattering functions and their subsequent modelling with a stretched exponential [START_REF] Malikova | Dynamique de l'eau et des ions dans les argiles de type montmorillonite par simulation microscopique et diffusion quasiélastique des neutrons[END_REF]. These distortions are non-negligible.

Adding values of isotropic diffusion coefficients from other studies on clays, we can arrive at the following generalisation. The range of diffusion coefficients, at room temperature, for monohydrated clays is 0.5-4 × 10 -10 m 2 s -1 , in other words not reaching above a fourth or a fifth of the bulk water diffusion coefficient. For bihydrated clays, at room temperature, the range becomes 5-10 × 10 -10 m 2 s -1 , i.e. reaching about half of the bulk water diffusion coefficient. This includes data on three types of clays (hectorite -both natural and synthetic, montmorillonite, vermiculite) and both mono and bivalent counterions. We are doubtful of results suggesting water diffusion very close and even exceeding that of bulk water, as reported in some neutron scattering studies [17] and suspect a problem related to the overestimation of elastic intensity, i.e. proportion of immobile H atoms, as outlined above.

Local motions -rotation and jump diffusion

The treatment in the previous section was concerned with modelling the scattering functions in the low-Q region, where they are dominated by the signal from the long-range, diffusive motion. When analysing scattering functions in the high-Q region (approximately Q > 1 Å-1 ), in other words on the atomic length scale, the details of any localised motions come into play. For water dynamics in clays, we shall mention here two types of localised motion that have been considered in the past studies, more precisely rotation and jump diffusion. The first type of local motion necessary to model in the high-Q region is the rotation of the probed H atoms around the centre of mass of the water molecule. The model that has been applied for rotational motion of water in clays is the rotation on a sphere [START_REF] Bée | Quasi-elastic neutron scattering[END_REF], which leads to an infinite series of terms in the expression of the scattering functions and in practise only the first two or three of these terms are considered. The combination of this rotational model with a translational diffusion model leads to a first term which contains only the translational motion (important at low Q) and a second combined term, called the trans-rotational term (important at high Q). For more details, the reader is referred to [START_REF] Bée | Quasi-elastic neutron scattering[END_REF]64,14]. Rotation on a sphere has been used successfully in the description of the rotational motion of bulk water molecules [START_REF] Bée | Quasi-elastic neutron scattering[END_REF][START_REF] Teixeira | [END_REF], however it does not describe well the rotational dynamics of water confined in clays. This has been seen in our molecular dynamics simulations and does not seem surprising, in view of the clear orientational structuring of the water molecules with respect to the clay surfaces [65,66]. At the same time, a more appropriate model for water reorientation/rotation between two confining (and interacting!) planes is difficult to develop and is currently not available. We have attempted to analyse our data on water in clays using the model of rotation on a sphere combined with translational motion, however the increased number of parameters did not lead to a conclusive set of results. The jump diffusion model is an extension of the model for free continuous translational diffusion for high-Q, or short distances. At this local scale, diffusion is considered to occur by jumps between sites of a mean three-dimensional separation r 2 (various distributions of site separations can be applied, here we shall refer to the commonly used Gaussian distribution) and residence time τ res in each site. This leads to a different relationship between the observed inverse relaxation times versus

Q 2 : 1 τ = 1 τres [1 -e -Q 2 r 2 /6
]. For small Q, this model coincides with continuous diffusion, i.e. 1/τ = D tr Q 2 with D tr = r 2 /(τ res 6) [START_REF] Bée | Quasi-elastic neutron scattering[END_REF]. In the high-Q limit, 1/τ versus Q 2 tends to an asymptotic limit of 1/τ res as opposed to continuing to increase linearly. This departure from linearity at high-Q is taken as the primary evidence for jump diffusion as opposed to continuous diffusion. In the majority of studies on clays using the TOF technique, evidence of a plateau at high Q is commonly seen and the data are thus analysed using the above jump-diffusion model with the Gaussian distribution of jump lengths [41] [40] [38]. Our TOF data also suggest a plateau. Appearance of the plateau has been seen when TOF data are analysed both including and excluding the rotation on a sphere model, in addition to the translational model. The observation of a plateau from the NSE data sets has not been convincing in some studies or completely absent in others [43,62,12]. Also modelling the simulated I(Q, t) in our studies with Equation 2(or the more general stretched exponential) has provided no evidence for this plateau. Even more convincingly, no jump diffusion between well-defined sites was observed in water trajectories, directly available from our MD simulations [66]. (Simulated water tra-jectories contrasted greatly with the trajectories of ions in the interlayer, especially for the Cs + ion, which was seen to move by jumps between well-defined sites on the clay surface, as is shown later on in section 4.5.) Similar linear dependence of inverse relaxation times versus Q 2 , without the appearance of a plateau, has been reported in other modelling studies on neighbouring clays [67] [68] which used the simple translational model function at high Q.

For bulk water itself, the situation is not entirely clarified. While a plateau at high Q has been observed for water in many quasi-elastic neutron scattering studies, especially for water under super-cooled [69] [70] or confined [71] [72] conditions, simulation data do not reproduce this behaviour [73] [74]. At the same time, slightly different descriptions emerge regarding jump diffusion of water (surface water on zirconium oxide [75]), introducing fixed jump-lengths and thus a slight maximum in the inverse relaxation time versus Q 2 curve, before a plateau is reached. We conclude that the currently available evidence for jump diffusion, as opposed to continuous diffusion, for water confined in clays is insufficient. Direct viewing of water trajectories does not show any such behaviour, while indirect evidence via the emergence of a plateau of inverse relaxation times at high Q is not always observed. We note that the basic analysis of scattering functions using a single stretched exponential can lead incidentally to the emergence of this plateau and thus should not be taken by itself as evidence for jump diffusion. We have demonstrated this on the data for a synthetic Na-hectorite [13].

In summary, the interpretation of high-Q data for water confined in clays remains limited, due to the lack of an appropriate model for local rotational motion. Any approximative models, such as the stretched exponential, can lead to erroneous conclusions in the high-Q region, especially regarding jump diffusion.

Towards a more appropriate translational model: Diffusion between two parallel planes

Taking into account the geometry of the clay interlayer, it becomes clear that a two-dimensional translational diffusion model for water is more appropriate than the simple isotropic translational model referred to in the previous sections. This is especially true in the low-Q region, where the length scale probed, approximately 2π/Q, is greater than the height of the clay interlayer. Simulated trajectories of water molecules in the clay interlayer can be easily projected along the direction perpendicular or parallel to the confining clay layers. From these projections, the effect of confinement is clear, with the mean square displacement of the atoms in the direction perpendicular to the clay layers reaching a constant value at the end of a few ps, which is equivalent to a zero diffusion coefficient in this direction. Diffusive motion is observed only in the plane of the clay layers [START_REF] Malikova | Dynamique de l'eau et des ions dans les argiles de type montmorillonite par simulation microscopique et diffusion quasiélastique des neutrons[END_REF]66]. Probing the anisotropy of water motion in clays is therefore trivial in the case of simulation, however the experimental equivalent is not easy. It has been tackled in two different ways, depending on the type of the clay system used in experiments. Some groups have investigated oriented clay samples by neutron scattering, for which the motion parallel and perpendicular to the clay layers can be probed separately by careful orientation of the sample with respect to the incoming neutron beam. The production of oriented clays samples is not a trivial process for clays forming small particles, it can be achieved to within a small angular dispersion [34,14,[START_REF] Poinsignon | Proc. Int. Clay Conf[END_REF]. Some experiments have been carried out on a particular type of a vermiculite clay, which forms macroscopic particles [43,76], for which orientation is simple. All neutron scattering data on oriented clay samples show an absence of measurable diffusive motion in the direction perpendicular to the clay layers. We note however that several issues in these studies are not yet sufficiently investigated or explained, such as the choice of only two sample orientations, which seems insufficient to decompose the motion parallel and perpendicular to the clay layers in the wide Q-range covered [43,[START_REF] Poinsignon | Proc. Int. Clay Conf[END_REF], and probably insufficient time/energy range probed, as suggested by the unreasonably high static signal obtained in [14].

While we feel there is a great potential in studies on clays forming macroscopic particles, such as vermiculite, as a natural clay it retains all the disadvantages highlighted previously such as inhomogeneous charge distribution, interstratification and, for large particles, also very slow hydration kinetics. In order to probe anisotropy of water motion in clays, we have therefore chosen an alternative way and concentrate on the synthetic hectorite clay in a non-oriented form, in which the orientation of clay particles is isotropically distributed. If such a system is studied by neutron scattering, the appropriate model is then a continuous translation in a plane (two-dimensional diffusion), but averaged over all possible orientations of this plane, a model referred to as the powder-averaged 2D model. The corresponding expression of I(Q, t) is well-known,

I 2d (Q, t) θ = 1 2 π 0 e -D Q 2 [sin 2 (θ)]t sin θdθ (4) 
where D is the diffusion coefficient parallel to the clay layers and θ is the angle between the wave-vector Q and the direction perpendicular to the clay layers [77,78,79,[START_REF] Bée | Quasi-elastic neutron scattering[END_REF]. For a direct comparison of the experimental NSE data with this model, it was necessary to eliminate, by rescaling, a short-time decay (< 1ps), corresponding to the previously mentioned librational motion, as seen in our and other MD simulations. The details can be found in ref [61,13,60]. Figure 8 shows the resulting rescaled I(Q, t) curves for hectorite bilayer, together with the best fit of the data within the powder averaged two-dimensional model, as well as the simple stretched exponential fit. The data shown are for the low Q region, most appropriate for this purely translational model. As can be seen the powder-averaged 2D model can describe well the observed data with the diffusion coefficients in the plane parallel to the clay layers D of 7.7 ± 1.0 × 10 -10 m 2 s -1 . For hectorite monolayer data treated in the same way, refer to [60]. At the same time, the fit with the stretched exponential function (in this Q region a simple exponential gives a similar result) provides just as acceptable a fit of the data. In other words the difference between the two models cannot be made considering the experimental uncertainty. This has been observed for clays ever since the first TOF studies, [38], and is a recurring theme in the analysis of scattering functions for powder systems: the powder averaging obscures the features of a possibly low-dimensional motion. It has been observed in the case of diffusion of surface water on zirconium oxide [75] or in the three-dimensional network of channels of zeolites [80,35]. Overall, in case of water motion in clays, if we aim for a better description of translational motion than what is achieved with a simple exponential (refer back to Figure 6), we come to a choice between the stretched exponential or a powder-averaged 2D model. The first model contains two adjustable parameters, its implementation is simple, however the interpretation can be often misleading. The second model is a one-paramater model with a complex integral form, but has a physical meaning for the system of interest, which in our opinion brings more useful information. We note that the main part (except the tail at long times) of a theoretically generated I(Q, t) data for a powder averaged 2D model (by definition corresponding to a single relaxation time) can be fitted with a stretched exponential, with a very reasonable relaxation time and the β exponent close to 0.7. This quantifies mathematically the deviation of such a curve from the purely exponential behaviour and shows that a decrease in the β exponent can have low-dimensional motion at its origin, not only a range of relaxation times. More on this topic is discussed in [13,60].

Concentrating on the above problem of powder-averaging obscuring the signal from a low-dimensional motion, we have recently used an alternative analysis of the scattering functions measured for water confined in synthetic hectorite. This analysis was carried out for data collected in the (Q, ω) domain. It is at zero energy transfers, or equivalently the long time tail of an I(Q, t) curve, that a powder averaged 2D (or 1D) motion should feature the most markedly increased intensity in comparison to a signal from an isotropic motion. This is equivalent to some atoms appearing as static, as their motion is being probed perpendicular to the clay layers [81]. Our approach is based on analysing in detail the scattered intensity at zero energy transfers (ω=0), along with the broadening of the S(Q, ω) function, collected at a constant Q and at a wide range of energy resolutions. The mathematical relationship between these two quantities follows, for a given shape of the resolution function, a universal Master curve, independent of the diffusion coefficient itself, but strongly dependent on the dimensionality of the motion [82,81]. Figure 9 summarizes the findings of this type of analysis, where data from water confined in synthetic hectorite are compared to bulk water acting as a reference for isotropic motion, for details refer to [81]. Briefly, for each experimentally measured S(Q, ω), only a set of three values is retained: the half-width half-maximum of the resolution function (H), the wave-vector (Q) and the intensity of the normalised measured scattering function at ω = 0, i.e. S(Q, 0). The scattering function is normalised such that its integral over the quasi-elastic region is equal to 1. After an initial estimate of the diffusion coefficient in 2D (D 2D ) or isotropic (D 3D ), the quantity

S(Q, 0)πD nD Q 2 is plotted versus α = D nD Q 2 /(D nD Q 2 + H).
The resulting curve is then compared to the Master curves for a given shape of the resolution function (Gaussian or Lorentzian in most cases) and a given dimensionality of motion. Note that the Master curves are indeed independent of D nD and Q as both α and S(Q, 0)πD nD Q 2 are functions of the ratio D nD Q 2 /H and thus are dimensionless quantities. The master curve reflects the overall relationship between the maximum and the width of the resolution-broadened scattering function as the experimental resolution increases. A clear divergence is seen in the Master curve corresponding to powder-averaged 2D motion, as opposed to the saturation in case of isotropic motion. The data for water confined in a bihydrated hectorite clay fall very well on the Master of the 2D motion, with a twodimensional diffusion coefficient of D 2D =0.75 10 -9 m 2 s -1 , in agreement with the previous modelling of the I(Q, t) curves. Overall, this approach provides a clear and convincing determination of the low-dimensionality of motion, it is based on a multi-resolution set of measurements.

The above analysis is based on analysing the signal from mobile scatterers which never-the-less appear static on a given spatial scale, due to their confinement. This is directly linked to the Elastic Incoherent Structure Factor, EISF (Q), a static quantity measurable by both NSE and TOF, available also from MD, and can lead to the determination of the size of a confining volume [START_REF] Bée | Quasi-elastic neutron scattering[END_REF]. Briefly, EISF (Q) measures the percentage of scatterers that appear as mobile, as a function of the wavevector (inverse spatial scale). There are however several issues, which make the interpretation of EISF (Q) difficult. The first is connected to some scatterers appearing as immobile, not due to confinement, but due to insufficient energy/time resolution. This leads to a completely erroneous EISF (Q), as well as to an overestimation of the dynamics, as already mentioned in section 4.2. Further, for a system such as clays, the confinement is only in one direction and thus its effect is greatly diminished in comparison to a system confinement in all three directions, i.e. spherical pores. All these issues, particularly in connection to clays, are discussed in detail in [12].

Ion dynamics and other information on clays obtained by MD simulations

As mentioned earlier, neutron scattering is insensitive to the signal from interlayer ions in clays, the path to ion dynamics on the microscopic scale is thus primarily built on MD simulations (and also NMR out of the experimental techniques, though the definition of a spatial scale probed in NMR is much more indirect than in MD or scattering techniques). Having established a reasonable agreement between neutron scattering and MD results on water dynamics in montmorillonite, this gives us confidence in the predictions of the presented MD simulations for this clay, regarding ion dynamics and other types of information. This section features some examples in which MD has been particularly useful in the study of clays. MD has shown a marked difference between the modes of diffusion for Na + and Cs + ions in montmorillonite. The latter diffuse with a specific site-to-site hopping mechanism along preferential sites on the clay surfaces, as depicted in Figure 10. These sites allow a co-ordination to three oxygen atoms of the adjacent clay layer [50,66]. We note that this is also seen in MD on more hydrated pores where the distance between the clay surfaces is large (approx. 35 Å) and the cation is influenced only by a single surface [83]. There is no evidence for such a behaviour with Na + counterions, be it in the less (monolayer and bilayer) or more hydrated clays. These ions are more strongly hydrated and hence less influenced by the clay surface. In the Na monolayer state, there is strong evidence for four molecules of water hydrating the Na + ion, at higher hydration states the co-ordination approaches the bulk co-ordination of six [66]. Diffusive motion for ions is seen only in the plane of the clay layers, as in the case of water molecules. Self diffusion coefficients of cations in the monolayer and bilayer montmorillonite are of the order of 10 -10 m 2 s -1 and 10 -9 m 2 s -1 , respectively, therefore of the same order of magnitude as interlayer water [50,66]. The ion diffusion coefficient in bihydrated states is approximately 80 % of the bulk one for the sodium ion and 50 % for the cesium ion [50]. It is again an indication that Na + are less influenced by the presence of the clay surface. The temperature dependence of these diffusion coefficients has been also investigated [66].

More details on water motion have also been obtained from MD simulation on the highly hydrated clays (interlayer height approx. 35 Å), differentiating between water molecules linked to the clay surface by hydrogen bonds and the remaining ones. It has been shown that H-bond formation and breaking with the oxygen atoms of clay surfaces are respectively faster and slower than the same processes between water molecules in bulk solutions [83]. This suggests a stronger hydrogen bonding with clay surfaces, probably because of the presence of an electric field, originating from the charge of the clay surface, which orients the water dipoles towards it. Simulations can also distinguish between water molecules close to the surface and water molecules in the middle of the highly hydrated pore, and quantify the diffusion coefficient as a function of the distance from the clay surface. This is not possible with the neutron scattering techniques used, which are bulk techniques and would inevitably measure average properties of all water molecules in the system (the residence time of mobile species near the surface does not exceed a few picoseconds). As expected, diffusion coefficients along the surfaces are lower than for the bulk, they are close to those obtained in bihydrated states. This suggests that the presence of another clay surface or layer of water seems irrelevant already beyond a few layers of water. A single clay layer influences the adjacent solution in its structure and dynamics parallel to the surface only up to 10 Å. For dynamics perpendicular to the surface, the effect extends to distances larger than 20 Å [83].

Beyond the behaviour of water and ions inside the clay interlayer, we have also been interested by the exchange of ions (both positive and negative) between the clay interlayer and a more mesoscopic pore filled with an aqueous solution, e.g. pores between individual clay particles. We have computed the rates of exchange between the two types of pores [84,85]. They are fast for water and cations and much slower for anions, which are excluded from the interlayer spaces because of their negative charge. These exchange rates, like the diffusion coefficients, can be used as input parameters in macroscopic transport models of clays, which take into account the global geometry of the clay sample. Molecular simulations have also clarified the microscopic origin of ion exchange selectivity in clays: It is well known experimentally that the exchange of the natural Na + counterion with larger alkaline ions such as Cs + is thermodynamically favourable. Simulations allowed to demonstrate, in conjunction with experimental thermodynamic data, that the driving force for this exchange is not found in specific, favourable interactions between Cs + , as was thought previously, but in the higher hydration energy of the Na + ions released into the solution [86,87].

Conclusion and Perspectives

In this review we have shown the breadth of information that can be obtained regarding dynamics of simple ions and water in the interlayer of clays using a combination of neutron scattering and MD simulations. Natural clays are usually highly inhomogeneous materials and studies on synthetic counterparts play a very significant role in understanding complex experimental data, such as scattering functions. Even for synthetic clays, the analysis of neutron scattering data requires a prior detailed characterisation of the system, especially in terms of water content and a careful consideration of the available experimental resolution. In the literature we see a general consensus regarding the measured water (translational) diffusion coefficients in clays. As far as details on local water motion are concerned, a clear agreement has not been reached. There is a lack of appropriate analytical models, such as those for rotational motion. A faithful model has to be consistent with the data from the scattering functions, but also with information from the real space, i.e. particle trajectories available from MD, which is an independent route to its testing. Ionic motion in clays as seen by MD shows very distinct types of motion for different cations. This has to be compared with experimental data, such as NMR, though the link to the measured quantity is not as straight forward as in the case of scattering functions.

Beside the simple ions and water, other species in the clay interlayer have been increasingly studied, such as small hydrocarbons or other organic molecules. This is indeed an important issue considering the role of clays in the soil as a reservoir of organic nutrients or pollutants. It is of concern even to other clay applications, such as to the stability of wells drilled through clay sediments for the extraction of crude oil. Even in the scenario of radioactive waste disposal, it is thought that heavy radioactive ions can escape from the waste package through the clay barrier by binding to organic molecules. Aside from organic species, the suggestion of storing carbon dioxide in former underground reservoirs of crude oil, has incited studies into the behaviour of this gas in the clay interlayer. As mentioned earlier, the dynamics of species in the clay interlayer as reviewed here cannot provide directly the answer to the above issues. This microscopic description is a necessary building block, to be inserted into a more macroscopic model of transport through the multiple porosity of the clay material. 
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Figure 1 :

 1 Figure 1: Structure of a montmorillonite (2:1 dioctahedral clay) layer. The side (left) and top (right) view are shown (green: Al, yellow: Si, red: O, white: H atoms). A central sheet of octahedra of Al 3+ oxide (in green) is fused on each side with a sheet of tetrahedra of Si 4+ oxide (in purple).From the top, the layer presents a network of hexagons made of Si and O atoms, with an OH group (part of an Al octahedron) buried in its centre (also called the hexagonal cavity). The overall negative charge on clay layers arises from the substitution of Al 3+ or Si 4+ with lower valence cations.

Figure 3 :

 3 Figure 3: Simulation box of a model montmorillonite clay (unit cell: Na 0.75 [Si 8 ](Al 3.25 Mg 0.75 )O 20 (OH) 4 ) for Molecular Dynamics simulations -for colour code refer to the legend of Figure 1. It consists of two halflayers (hs), central layer (cs) and two interlayer spaces (int) with numbers of ions, Na + or Cs + , and water molecules in a predetermined ratio, corresponding to a given hydration state. Periodic boundary conditions applied in all three directions result in a model clay system consisting of infinite parallel equally-spaced clay layers. The inter-atomic pair potentials are the Lennard-Jones and Coulombic potentials representing the Van derWaals/steric repulsion and electrostatic interactions respectively. Atomic charges and Lennard Jones parameters for each atom were taken from Smith et al[88] for the clay and Berendsen et al[89] for the model of water (SPC/E model). Further details of these MD simulations can be found in refs[62,12,66]. Figure reprinted from Chemical Physics 2005, ref [62], with permission from Elsevier.

Figure 4 :

 4 Figure 4: Overview of the dynamic information available from MD and neutron scattering and their link to analytical models and parameters. Particle trajectories and scattering functions are related via a timecorrelation relation and Fourier Transforms (FT). Within a proposed analytical model of motion, we can determine model parameters from MD and neutron data. Using the example of the model for continuous translational diffusion (based on random walk), the translational diffusion coefficient, D tr , is calculated from MD trajectories using the mean square displacement (MSD) or the velocity auto-correlation (VACF) relations. For the scattering functions, D tr is determined via the characteristic decay or relaxation time, τ .

Figure 5 :

 5 Figure 5: Intermediate scattering functions, I(Q, t), from simulation (full lines) and NSE experiments (symbols) for monohydrated Namontmorillonite at room temperature. Figure reprinted with permission from Journal of Physical Chemistry B, ref [12]. Copyright 2006 American Chemical Society.

Figure 6 :

 6 Figure 6: Intermediate scattering function I(Q, t) at a single Q (1.0 Å-1 ) for three natural montmorillonite systems (top), I(Q, t) data for bihydrated Na-hectorite at a series of Q values (bottom). All data refer to room temperature. The lines of best fit shown are stretched exponentials for montmorillonite data and mono-exponentials for hectorite data. Figure reprinted in part with permission from Journal of Physical Chemistry C, ref [13]. Copyright 2007 American Chemical Society.

Figure 7 :

 7 Figure7: Inverse relaxation time, 1/τ or 1/ τ , versus Q 2 for monolayer and bilayer of Na-hectorite at room temperature. Monolayer: black triangles (NSE). Bilayer: black circles (NSE), green squares (TOF, high resolution), red diamonds (TOF, medium resolution). Full symbols -data from mono-exponential analysis, empty symbols -data from stretched exponential analysis. Figure reprinted with permission from Journal of Physical Chemistry C, ref[13]. Copyright 2007 American Chemical Society.

Figure 8 :

 8 Figure8: Experimental I(Q, t) curves from NSE for bilayer of Na-hectorite (black data points) with the corresponding isotropic (stretched exponential) fits (black line) and curves generated using a powder averaged 2D model with D = 7.7 × 10 -10 m 2 s -1 and D ⊥ = 0 (red lines). Inverse average relaxation times, 1/ τ , and stretch exponent, β, as a function of Q from a fit of the experimental data points and the curves generated using the powder averaged 2D model with a single stretched exponential (black circles and red plus respectively). Data refers to room temperature. Figure reprinted from Journal of Physics -Condensed Matter 2008, ref[60], with permission from IOP Publishing Ltd.
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 9 Figure 9: SM (Q, 0) (=S(Q, 0)πD nD Q 2 ) versus α (=D nD Q 2 /(D nD Q 2 + H)), for 3D (isotropic) and powder-averaged 2D motion, where D nD denotes the diffusion coefficient for n-dimensional motion. For 3D motion, we show the theoretical prediction (master curve) in case of Gaussian resolution (black line) and a corresponding experimental data set collected for bulk water (blue * ). For powder-averaged 2D motion, the master curve in case of Gaussian resolution (red line) is accompanied by a set of experimental data for water confined in a synthetic clay (green ×). The analogous master curves in case of 3D and powder-averaged 2D signal combined with Lorentzian resolution are shown as dashed lines. All experimental data refer to room temperature. Figure reprinted from Physical Review Letters, ref[81]. Copyright 2008 by the American Physical Society.

  Figure 9: SM (Q, 0) (=S(Q, 0)πD nD Q 2 ) versus α (=D nD Q 2 /(D nD Q 2 + H)), for 3D (isotropic) and powder-averaged 2D motion, where D nD denotes the diffusion coefficient for n-dimensional motion. For 3D motion, we show the theoretical prediction (master curve) in case of Gaussian resolution (black line) and a corresponding experimental data set collected for bulk water (blue * ). For powder-averaged 2D motion, the master curve in case of Gaussian resolution (red line) is accompanied by a set of experimental data for water confined in a synthetic clay (green ×). The analogous master curves in case of 3D and powder-averaged 2D signal combined with Lorentzian resolution are shown as dashed lines. All experimental data refer to room temperature. Figure reprinted from Physical Review Letters, ref[81]. Copyright 2008 by the American Physical Society.

Figure 10 :

 10 Figure 10: Simulated trajectories of Na + (top) and Cs + (bottom) ions in monohydrated montmorillonite, projected onto the plane of the clay layers. In this projection, each clay layer presents a network of hexagons formed of Si (yellow) and O (red) atoms. The trajectories correspond to a temperature of approximately 400K. The same mode of diffusion for each ion is observed at room temperature: site-to-site jumps for Cs + and more diffuse motion for Na + [66].

Table 1 :

 1 m 2 s -1 NSE TOF Sim indirect Sim direct Isotropic diffusion coefficients (D tr ) of water for the montmorillonite (Mte) and synthetic hectorite (Hte) clay studied. Sim indirect refers to simulated diffusion coefficients determined via the calculation of the I(Q, t) function and subsequent fitting with stretched exponential decay. Sim direct refers to diffusion coefficients determined directly from the simulated trajectories via the MSD method. Data refers to room temperature. The error is ± 0.1-0.3 × 10 -10 m 2 s -1 . Na x ] inter [Mg 6-x Li x ] oct [Si 8 ] tet O 20 F 4 with x=0.8.Charge per unit cell is 0.8e and Na + is the interlayer cation. The material is fluorated, i.e. the OH -groups in the octahedral sheet of the clay are replaced by F -atoms. Figure reprinted with permission from Journal of Physical Chemistry C, ref[13]. Copyright 2007 American Chemical Society.

	Na-monolayer Mte	2.5	(8.0)	2.5	3.8
	Cs-monolayer Mte	1.5	(11.0)	1.5	2.8
	Na-bilayer Mte	5.0	10.0	10.0	8.1
	Na-monolayer Hte	1.5	-	-	-
	Na-bilayer Hte	4.6	4.3	-	-
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