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This numerical simulation paper focuses on the adsorption / desorption of water in disordered mesoporous silica glasses (Vycor-like). The numerical adsorbent was previously obtained by off lattice method, and was shown to reproduce quite well the micro-and meso-textural properties of real Vycor, as well as morphological (pore size distribution) and topological (pore interconnections) disorder. The water-water interactions are described by the SPC model while water-silica interactions are calculated in the framework of the PN-TrAZ model. The water adsorption/desorption isotherms and the configurational energies are calculated by the Grand Canonical Monte Carlo simulation method. The low pressure results compare well with experiments, showing the good transferability of the intermolecular potential. It is shown that if the hysteresis loop observed in the adsorption / desorption isotherm is considered as a true phase transition (which is actually still an open question in the case of disordered porous materials), then it is possible to calculate the grand potential by applying the thermodynamic integration scheme. The grand potential is shown to be multi-valued for low (subcritical) temperature, and continuous for high (supercritical) temperature. A coexistence point is found within the hysteresis loop, actually close to the vertical desorption line. Below the equilibrium chemical potential, the gas-like branch is stable whereas the liquid-like branch is metastable. The situation is reversed above the coexistence point.

INTRODUCTION

The adsorption of fluids in porous materials exhibits very interesting features. [1][START_REF] Gregg | Adsorption, Surface Area and Porosimetry[END_REF][START_REF] Rouquerol | Adsorption by Powders and Porous Solids[END_REF] For instance, fluids condensate in dense liquid-like state in mesoporous adsorbents. This well know phenomenon called " capillary condensation" has focused the attention of experimentalists as well as theoreticians for one century. Despite the numerous efforts to give a comprehensive analysis of the adsorption phenomenon, there is still open questions, as for instance whether the observed hysteresis loop in adsorption / desorption isotherms is related to true first-order phase transition. The development of molecular simulation allows to consider more and more realistic systems, with possible direct connections to industry or other applications. These realistic systems, as opposed to ideal models as cylindrical or slit pores, have to include the topological and the morphological disorder, as surface roughness, chemistry, large pore size distribution, interconnections between pores, etc.

In this molecular simulation study, we focus on the adsorption of water in mesoporous Vycor-like silica glass, which is of great interest due to large field of applications: geophysics, pharmaceutics, industry, or environment. The evoked processes, like water infiltration, de-pollution, phase separation, or catalysis, take advantage of the effect of confinement of water on nanometric scale. [START_REF] Dore | [END_REF][5][6] Most of the previous studies focused on the dynamical or structural properties of confined water. [7][8][9][10][11] However, the thermodynamic properties are also interesting, and actually sometimes essential: a molecular dynamics run should always be started from a thermodynamically representative (stable) initial configuration which reproduces, for instance, the correct density for the confined fluid. The Grand Canonical Monte Carlo method allows to simulate a real adsorption experiment where the temperature and the chemical potential of the fluid (or the pressure of the gas) are maintained constant. The adsorbent was previously constructed by off-lattice methods to mimic the micro-and meso-textural properties of real Vycor. The water adsorption isotherms at 300 K and 650 K are calculated in this numerical mesoporous glass sample, as well as the configurational energies, the isosteric heat of adsorption, the free energies, and the entropy. All these quantities are compared to experiments when possible, and differences are commented. The nature of the hysteresis loop observed at 300 K is also discussed.

NUMERICAL DETAILS

The atomistic Vycor-like mesoporous structure considered in this study has been generated by offlattice reconstruction algorithm. Portions of an initial cubic crystal of cristobalite (106.95 Å of edge) are cut out by applying the off-lattice functional (shown in Fig. 1) representing the gaussian field associated to the volume autocorrelation function of the studied porous structure. 12,13 It has been shown [14][15][16] that this numerical sample reproduces quite well micro-and meso-textural properties of real Vycor, and constitutes an improvement of the topological description of silica mesoporous glasses, because of the presence of disordered and interconnected pores. In order to have a realistic description of the surface chemistry, all silicon atoms in an incomplete tetrahedral environment are removed, and all oxygen dangling bonds are saturated with hydrogen atoms placed 1 Å from oxygen perpendicular to the surface.

The porosity of the sample is 0.28, the density 1.56 g/cm [START_REF] Rouquerol | Adsorption by Powders and Porous Solids[END_REF] , the specific surface area 210 m 2 /g, the mean pore diameter 36 Å (from chord distribution), and OH surface density 7 OH/nm 2 , all in agreement with experimental values: 0.28, 1.50 g/cm [START_REF] Rouquerol | Adsorption by Powders and Porous Solids[END_REF] , 200 m 2 /g, and around 7 OH/nm 2 if out-gassed around 400°C 15,16 , except for the pore size slightly smaller in our pseudo-vycor compared to real one (40 Å). It has been shown that this numerical sample reproduces quite well micro and meso textural properties of real vycor. 12,13 The adsorbed water is described with the SPC model [START_REF] Berendsen | Intermolecular Forces (B. Pullman[END_REF] , because it is a fast computable model well suited for very large systems (the completely saturated system contains more than 12000 water molecules). This model reproduces well the thermodynamic and structural properties around ambient temperature, like vapor pressure, enthalpy of vaporization, and radial distribution functions. [START_REF] Jorgensen | [END_REF] The interaction of water with Si, O and (surface) H Vycor species is assumed to remain weak, in the physisorption energy range. In this work, we have used a TrAZ form of the original PN-type potential function as reported for adsorption of rare gases and nitrogen in silicalite-1. 19 The PN-TrAZ potential function is based on the usual partition of the adsorption intermolecular energy restricted to two body terms only: it includes a dispersion interaction term, a repulsive short range contribution and an induction term. Three body dispersion (XYY) terms (where X is the adsorbate and Y an adsorbent species) can be obtained in principle from the same approach 20 but are neglected in the present study since they are expected to be significant for water molecules in contact with the silica surface (which is a small number of the total adsorbed amount). The choice of this particular model to describe the water/adsorbent potential was motivated by the good degree of parameter transferability. Indeed, in a previous study 21 , we found that using a set of potential parameters previously derived for adsorption in silica zeolite 19 augmented to take into account hydroxyl groups, the TrAZ model allows reproducing both low coverage experimental adsorption isotherm (amount adsorbed versus pressure at constant temperature) and isosteric heat curve with no further adjustment. In the TrAZ model, the adsorbatesurface energy (

A k i u ∈ ) of the k
th atom of molecule A at a position i in the simulation box, is given by
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Where r ij is the distance between the matrix species j and the position i of the k th atom of a given molecule, f 2n are the so-called damping functions that depend on interspecies distance and on a repulsive parameter (see below) and finally E is the electric field created at adsorbate position i due to the inorganic species ; all other symbols are physical parameters that depend on electronic properties of interacting species only. The sums runs over all (j) atomic sites in the matrix that are oxygen, silicon and hydrogen atoms. The first term in the sum is a Born-Mayer term representing a two-body form of the short range repulsive energy due to finite compressibility of electron clouds when approaching the adsorbate at very short distance of the pore surface. There is one such a term per pair of interacting species. The repulsive parameters (A kj and b kj ) are obtained from mixing rules of like-atoms pairs (see below). The second term in the above equation is a multipolar expansion series of the dispersion interaction in the spirit of the quantum mechanical perturbation theory applied to intermolecular forces. [START_REF] Stone | The Theory of Intermolecular Forces[END_REF] It has been shown that two (and three body) dispersion C 2n coefficients for isolated or in-condensed phase species can be obtained from the knowledge of the dipole polarizability and the effective number of polarizable electrons N eff of all interacting species 19,20 which are closely related to partial charges that can be obtained from ab initio calculations. The f 2n terms in the above equation are damping functions of the form:
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The role of these damping functions is to avoid divergence of the dispersion interaction at short distance where the wave functions of the two species overlap (i.e. when the interacting species are at contact). [START_REF] Tang | [END_REF] They allow taking into account the possible electronic exchange which has a non zero probability at short distance even for two close shell structures. For each pair of interacting species, they are parametrized with the single b kj repulsive parameter. The damped dispersion multipolar expansion can be seen as a convenient way to make the perturbation theory valid at short inter-atomic separations.

The last term in equation ( 1) is the induction interaction as written in the context of the quantum mechanical perturbation theory applied to intermolecular forces. [START_REF] Stone | The Theory of Intermolecular Forces[END_REF] It represents an attractive energy arising from the coupling of the polarisable electronic cloud of the adsorbate atom of polarizability α k at position i with the electric field E i induced by the charges carried by framework species (O, Si and H) that result from the bonding process within the inorganic matrix itself. In the case of water interacting with vycor, one has to parametrize six different adsorbate/adsorbent-species potentials; all atomic parameters and coefficients are given in Tables 1 and2. Note that repulsive parameters for like-pairs are taken from a previous work on the simulation of rare gases in silicalite 19 using Bohm and Ahlrichs 24 combination rules based on ab initio results at the Hartree-Fock level approximation which only describes the repulsive energy term in the case of non charged and polar species. This type of potential function based on the PN-TrAZ parameterization method was used in various studies of molecular and covalent fluids at interfaces from open surfaces 21,25,26 to microporous zeolites [27][28][29][30][31][32] and more recently in the case of mesoporous vycor-like materials 14,21,26,[33][START_REF] Puibasset | 6th Int. Symp. on the Characterization of Porous Solids[END_REF][35][36] .

Minimal image convention is adopted to calculate all interactions. Long range mean-field correction to dispersion terms cannot be precisely calculated because the density is not uniform. Actually, the size of the box is large enough (107 Å) so that large distance contributions are negligible. The electrostatic contribution is evaluated by summing on neutral subgroups of atoms of highest symmetry (tetrahedral silicon SiO 4 and surface hydroxyls OH). Implementation of Ewald summation procedure 37,38 has proven to be of little improvement, probably due to the large box size, absence of isolated charges, and negligible total dipolar moment of the substrate (due to isotropy in normal orientation on Vycor surface). Calculations show that the largest part of the substrate contribution to electrostatics comes from the surface dipoles (hydroxyls), the tetrahedral SiO 4 giving rise to weak quadrupolar term only.

Considering the polarization contributions (last term of equation 1), one has to take into account the fact that the SPC model already contains some polarization effects (treated as effective contributions in the bulk phase parameterization). It is then impossible to simply add the surface polarization contribution (the local electric field from surface and water molecules have to be added instead). However, since the surface contribution term was shown to be small, it was decided to neglect this contribution.

In order to save computing time, the water/substrate interactions have been calculated in advance and saved on a grid. This is possible because the substrate is kept rigid in this study. The grid mesh has been chosen equal to 1 Å. Due to memory constraints it could not be made thinner. However, close to the silica surface, this mesh is not fine enough for small dipolar molecules like water. This is why the contribution of the substrate has been divided in two parts, inside and outside a sphere of 6.5 Å in radius, centered on the grid cell to be evaluated. Only the contribution from outside is saved on the grid, the rest being calculated directly during the course of the simulation. A neutrality constraint has been added so as to avoid fast oscillations of electrostatic contributions due to isolated charges coming in and out of the 6.5 Å radius sphere: for instance O and H atoms from the same surface hydroxyl group are considered together. The choice of the radius is a compromise between CPU time saving and grid smoothness. Three different grids are necessary: two dispersion-repulsion grids for both O and H atoms of water, plus one for electrostatic potential. Since there are eight corners for each cubic cell, and since the 6.5 Å radius sphere has to be centered on the cell, the total number of grid used is 8 time 3, and interpolation in each cell is made between 8 grids. All grids are defined everywhere in the simulation box due to the short distance cutoff. The result obtained with this method for the whole interaction is always within 4% of the value obtained by a completely direct calculation with all the atoms of the simulation box. Our method is then very accurate, and very fast (few tens of atoms taken into account instead of the 60 000 species that are present in the silica texture of our vycor numerical sample). This procedure is well suited to study adsorption properties of polar molecules and allows considering large systems.

The water-water interaction calculations become excessively slow at low temperature when the substrate is almost completely filled (more than 10000 water molecules). It was then decided to implement a hierarchy method 39 . The simulation box is divided in a 3-dimensional array of 5 Å wide cells. The total interaction energy of a water molecule with the others is the sum of the individual contributions of the molecules contained in the neighboring cells (within a distance of 15 Å) and the multipole representation for the other cells. The uncertainty introduced by this method does not exceed few percent. Let us first focus on the adsorption isotherm obtained at 300 K and for pressure lower than the water saturating vapor pressure. The Fig. 3 shows our numerical results (circles), as well as two experimental data found in the literature for comparison. The first one (solid line) is a gravimetric measurement by T.

ADSORPTION / DESORPTION ISOTHERMS AND CONFIGURATIONAL ENERGIES adsorption/desorption isotherms

Takei, et al. [START_REF] Takei | [END_REF] in a 7930 Vycor sample characterized by nitrogen adsorption (pore size around 4.72 nm in diameter). The other one (dashed line) has been obtained by Markova, et al. 42 with a double twin microcalorimeter, in a 7930 Vycor glass (pore size between 4 and 7 nm). Since the geometric characteristics of the experimental and numerical Vycor are not exactly identical, the choice of the normalization slightly influences the comparison. The best normalization to compare low coverage adsorption isotherms would be to divide it by the geometric surface area of the sample. However, due to the uncertainties in its experimental determination, this normalization has been discarded, and two other are proposed. In the upper figure, the adsorbed water mass has been normalized to the mass of the Vycor sample, and plotted as a function of the pressure, related to the chemical potential by assuming that the water vapor is ideal, which is a good approximation up to the saturating vapor pressure 43 . The pressure is actually normalized to the saturating vapor pressure P 0 = 0.044 bar at 300 K for the SPC model 43,44 . In the lower figure, the amount of adsorbed water has been normalized to its maximum (full saturation) for each case. This normalization seems to be less sensitive to morphological details of the sample.

However, it is very sensitive to the choice of the saturating coverage. In our case, since the denser the liquid, the less effective the insertion of a new molecule by GCMC, the complete saturation might not be reached due to the possible incompleteness of the convergence of the simulation run. The first normalization is then probably more reliable. The calculated isotherm (circles) shows a rapid increase at low pressure (below 10% of the saturating pressure) characteristic of high adsorbate-substrate interaction, as expected for hydrophilic silica surfaces. The agreement of simulation results, which fall in between the experimental determinations up to the mono-layer coverage (around P/P O = 0.6) in both normalization cases, validates the good transferability of the potential model used in this study.

Let us now consider the whole adsorption / desorption isotherms at 300 K and 650 K. The results are now normalized to the surface area of the substrate exposed to water vapor (in µmol / m 2 ), and plotted in Fig. 4 as a function of the chemical potential of water imposed by the GCMC simulation. It is important to note that this chemical potential contains only both the ideal translational and excess contributions:

the ideal rotational contribution -kT(-4.09+3/2lnT), with T in Kelvin, is not taken into account. [START_REF] Frenkel | Understanding Molecular Simulation[END_REF] As can be seen, the high temperature (650 K) isotherm is reversible, whereas the low temperature (300 K) case presents a large hysteresis. The ambient temperature adsorption / desorption curve is of type IV in the IUPAC classification. The steep rise around µ=-45.5 kJ/mol is associated to the capillary condensation of water in the mesoporosity of the vycor glass. The rather large pore size distribution explains why this " condensation" branch is not vertical, in agreement with experimental observations. As can be seen, the desorption branch does not follow the adsorption branch. It is probably due to the energetic barrier necessary to nucleate a gas bubble into the adsorbed liquid-like water prior to the desorption of water.

However, once a low enough chemical potential is reached to nucleate the gas-like phase, the desorption proceeds in one step (vertical desorption branch). These simulation results are in qualitative agreement with experimental data, with an asymmetric adsorption / desorption hysteresis characteristic of disordered and interconnected pores. 1,[START_REF] Takei | [END_REF]47 However, in our simulations the capillary condensation occurs for a chemical potential higher than expected. The hysteresis loop extends beyond the bulk saturating chemical potential. An energetic study of the surface of Vycor during the adsorption process allows to propose explanations.

The energetic characteristics of the adsorbent has been measured by evaluating the distribution in energy of interaction of a water molecule with the substrate in the vicinity of the surface. From a technical point of view, the position and orientation of the water molecule are generated randomly within a fixed volume containing the adsorbent surface. The water/substrate interaction energy is calculated. After a large sampling in positions and orientations is acquired, one can extract the distribution of the interaction energy with the substrate. In other words, it corresponds, in the six dimensional positional and orientational coordinate space of one particle, to the volume density for a given value of interaction energy. This distribution has been calculated in three cases. Firstly, in our numerical Vycor sample, where the position of the water molecule is chosen arbitrarily in the simulation box. Secondly, the same energetic distribution has been calculated for the same Vycor sample hydrated by one monolayer of water and considered as the whole " substrate" . Finally, the same calculation has been carried out for half a space filled with bulky water previously equilibrated at 300 K by canonical Monte Carlo run. This allows to compare the energetic characteristics of the surface of dry Vycor, hydrated Vycor, and water liquid/gas interface. The results obtained are given in Fig. 5. As can be seen, the three curves follow the same general feature which can be described as follows. Firstly, the long tail in the positive values of energies (up to infinity), corresponds to positions chosen very close to the surface or inside the substrate (repulsive interaction). Secondly, the large peak around zero (weak interaction) corresponds mainly to contributions from regions of space far from the substrate, which is not of our interest. Finally, the negative energy part of the distribution is the most important since it concerns the attractive sites created by the substrate. The question of the normalization has to be raised.

The total surface below the curve corresponds to the volume of the six dimensional space defined by the positional and orientational coordinates of the test-water molecule. Its value depends on the total volume of the sampling box, and is not an intrinsic surface property. Then it cannot be used for normalization.

Furthermore, the relative amplitudes of the three portions of the curve, as previously described, depend on the relative spatial extension occupied by the substrate and the voids in the simulation box, and are again not surface properties. Then the absolute amplitudes cannot be normalized or compared. The two quantities which are characteristic of the surface are the lower limit in the energy distribution (most energetic site) and the slope of the curve in the negative region, which gives the relative abundance of the sites according to their energy. As can be seen, for dry Vycor, the site population decreases at a rate of a factor 3.66 for a decrease in energy of 10 kJ/mol, down to a low energy limit of -80 kJ/mol which is the absolute minimum in the energy landscape of our numerical mesoporous Vycor glass. The surface energy distribution of the water liquid/gas interface decreases by a factor 4.7 every 10 kJ/mol, down to -50 kJ/mol. The third curve shows that the site population of a water monolayer adsorbed on the Vycor surface decreases by a factor 11.5 every 10 kJ/mol down to an absolute minimum of about -40 kJ/mol.

As shown by the Fig. 5, the dry Vycor surface is much more attractive than the bulk liquid water flat surface, and explains the hydrophilic properties of the mesoporous glass. On the other hand, the water monolayer adsorbed on Vycor presents much less attractive sites than the flat liquid/gas water interface.

This hydrophobicity of the water/Vycor monolayer for the next incoming water molecules explains why capillary condensation extends beyond the saturating chemical potential. The strong distortion of the tetrahedral structure of water in the vicinity of the silica surface 7,[9][10][11]26 may explain this relative hydrophobicity.

configurational energies and isosteric heat of adsorption

The Fig. 6 gives the molar configurational energy (in kJ per mol of water molecules) at 300 and 650 K as a function of the chemical potential. The 650 K curve is reversible. For very low coverage, the configurational energy per particle decreases with an increase in coverage. The first molecules adsorb on the most energetic sites, which explains the low initial value for the configurational energy. The subsequent molecules probably adsorb on sites almost as energetic as the first ones, and close enough to allow the molecules to establish hydrogen bonds with the first ones. The strength of the interaction with the silica maintain the molecules close to each other, despite the high temperature. It is the onset of such hydrogen bonds between water molecules which could explain the decrease in energy. Then, the most energetic sites are finally occupied. The next molecules have to adsorb on less and less energetic sites.

Furthermore, at this high temperature (higher than bulk supercritical temperature) the hydrogen bonds are destabilized (gas-like structure), the interaction with the substrate becoming too weak at large coverage to confine the molecules in a liquid-like structure. This results in an increase of the configurational energy per molecule. Finally, as the Vycor fills up, the water density increases, and the structure is more and more liquid-like. This enable more and more hydrogen bonds to be established, which makes the configurational energy go through a maximum and finally decrease again to reach a plateau for high chemical potential. At 300 K, the configurational energy per molecule shows a hysteresis loop, which is a consequence of the hysteresis in adsorption isotherms. For very low chemical potential, the configurational energy decreases down to a plateau at -75 kJ/mol, which corresponds to the most energetic sites in the porous glass. This very hydrophilic character of the Vycor explains why the amount of adsorbed water increases very rapidly for low relative pressure (P/P O < 0.1, or µ < -50.8 kJ/mol) (see Fig. 3). On the other hand, for the highest chemical potential values, the configurational energy per particle reaches a maximum (around -50 kJ/mol) close to the bulk water cohesive energy. The fact that the energetic characteristics of water saturating the Vycor tend to the bulk properties shows that the substrate interaction does not extend beyond few layers. This relatively short range interaction is not an artefact in the potential calculation since no distance cut-off (except the minimal image convention) has been used for electrostatic calculations. On contrary, it is thought that the dipolar character of the hydroxyl groups attached to the surface induces actually relatively short range interactions in a polar fluid like water. For intermediate chemical potential values, the configurational energy increases with chemical potential. The water-substrate interaction is significantly stronger than the water-water interaction. As the quantity of adsorbed fluid increases, the configurational energy per particle increases too, ranging from water-substrate intensity to water-water intensity.

Contrary to the previous case, the configurational energy does not go through a maximum. This is essentially because at low (sub-critical) temperature the fluid adsorbed on the surface adopts approximately a local liquid-like structure whatever the coverage.

The configurational energy is not a directly accessible quantity, from an experimental point of view.

The measurable quantity is the isosteric heat of adsorption, which measures the heat released by the adsorption of a given amount of fluid, as a function of the total amount of fluid previously adsorbed in the substrate. Numerically, this quantity is deduced from cross-fluctuations in energy (U) and adsorbed quantity (N) through the formula:
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The results are given in Fig. 7 for both temperatures, as a function of coverage in g/g for comparison with experimental data. Generally, the low chemical potential value of the isosteric heat of adsorption gives information on the strength of the adsorbate/adsorbent interaction. The low coverage isosteric heat of adsorption at 650 K and 300 K are close to 55 kJ/mol and 80 kJ/mol respectively. The numerical results at 300 K are in good agreement with experimental values. 42 At 300 K, the curve shows that beyond one monolayer coverage (around 0.06 g/g), the isosteric heat reaches 44 kJ/mol, that is to say the latent heat of vaporization of water (horizontal line). The strong influence of the silica surface has then disappeared in the second and subsequent layers, which shows again that the surface interactions are actually relatively short range in a polar fluid.

GRAND POTENTIAL, HELMHOLTZ FREE ENERGY AND ENTROPY CALCULATION grand potential calculation

The hysteresis obtained by GCMC could be seen as the envelope of a van der Waals loop. In such an analysis the system should have a stable equilibrium within the loop. From a general point of view, such an issue can be discussed if the system is completely characterized from a thermodynamic point of view, that is to say if one calculates the appropriate thermodynamic potential. More precisely, since our simulations are performed in the Grand Canonical Ensemble, the thermodynamic potential to be considered is the grand potential
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, where E is the total internal energy, T the temperature, S the entropy, µ the chemical potential, and N the number of particles in the system. However, this quantity is not a direct output of the GCMC simulation. A way to circumvent this problem was proposed by Peterson and Gubbins 48 . In their method, they take advantage of two differential equations to calculate the grand potential along reversible paths, from a reference point up to both the vapor and liquid branches. The two differential equations link the grand potential Ω to the number of particles and the total energy of the system which are given by the GCMC simulation. The first equation is the Gibbs adsorption isotherm, obtained by differentiating Ω along constant temperature paths:
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where N is the number of particles in the simulation box of volume V. The second equation is obtained along paths of constant chemical potential µ:
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where E is the total energy of the system, which is the sum of the configurational energy U and the kinetic energy taken equal to 1/2 kT per degree of freedom (3 for position and 3 for rotation if the rotational contribution is taken into account). This set of equations allows to calculate the difference in the reduced grand potential between any two states of the system. More precisely, the integration has to be performed along a reversible path: the supercritical adsorption isotherm (650 K) is then used to connect the gas-like and liquid-like phases. Additional points have been simulated in the liquid-like phase to increase the precision in the integration along constant µ paths.

To get absolute values for Ω, one has to know at least one point. For µ low enough so that the adsorption isotherm is proportional to the activity
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), and follows essentially the ideal gas approximation, one can perform analytically the integration of equation 4 from minus infinity up to the value of the chemical potential of the first GCMC point to get the ideal gas value for the grand potential:
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This ideal gas approximation has been used for each adsorption isotherm. As previously mentioned one has to take care of the degrees of rotational freedom. Since the chemical potential entering the GCMC method does not contain the ideal rotational contribution, the integration procedure gives the translational ideal gas plus the excess contributions only, without the ideal rotational contribution.

However, it is straightforward to show that the ideal rotational contribution to the grand potential is exactly zero for all temperatures. Thus, the calculations actually give the complete grand potential.

The result for the grand potential obtained along all isotherms is shown in Fig. 8. Since the grand potential is an extensive quantity, very small values are expected for one simulation box. In order to obtain more natural values, it was decided to consider the grand potential divided by the volume of the simulation box. Inspection of Fig. 8 shows differences between the two branches: at 300 K the grand potential is multi-valued, whereas it is a smooth function at 650 K. This behavior is typical of a first order phase transition with a critical point between 300 K and 650 K. The intersection of the two branches at 300 K for µ = -45.63 gives the equilibrium or coexistence point between the gas-like and the liquid-like " phases" . As can be noted, this coexistence point is found close to the vertical desorption line (µ = -46.1 kJ/mol). The lowest portions of the branches, or absolute minimum of the grand potential, give the stable phase for a given chemical potential, the other branches corresponding to metastable states. For µ<-45.63 kJ/mol, the gas phase is the stable one, whereas the liquid-like phase is metastable (-46.1 < µ < -45.63) or unstable (µ <-46.1 kJ/mol). On the other hand, for µ>-45.63 kJ/mol the liquidlike phase is the stable one whereas the gas-like phase is metastable up to µ = -44.3 kJ/mol and instable above.

The discussion of the real nature of this " transition" is probably one of the most difficult. [49][50][51][52] The previous analysis would tend to argue in favor of a first order phase transition. However, this conclusion actually relies on the hypothesis that the observed adsorption / desorption branches correspond to welldefined thermodynamic phases. It is definitely not established in this work that the observed hysteresis is the envelope of a van der Waals loop. However, within such a framework, it was possible to calculate a coexistence point.

Helmholtz free energy and entropy calculation

The knowledge of the grand potential enable to calculate all thermodynamic functions of interest. For instance, the Helmholtz free energy and the entropy which are conceptually very important quantities, are not so commonly calculated in simulation works. The molecular Helmholtz free energy f (in kJ per mole of water molecules) is calculated according to the formula

µ + Ω = = N N F f (7)
and plotted as a function of the amount of adsorbed water in Fig. 9. Here again, the ideal rotational contribution to molecular free energy -kT(-4.09+3/2lnT), with T in Kelvin, is not taken into account. As can be seen, the free energy increases with coverage, as expected since the grand potential is negative and
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Furthermore, the molecular free energy diverges for zero coverage, following the ideal gas behavior.

The free energy is a continuous (reversible) function of the coverage for supercritical temperature (650 K), and presents a discontinuity for subcritical temperature (300 K).

The entropy of the system is conceptually very interesting since it measures the number of accessible states for a given state of the system. However, this quantity is rarely directly calculable, except by means of very sophisticated methods. Nevertheless, it can be deduced from the molecular Helmholtz free energy f and the molecular configurational energy u, according to the formula:
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where R is the ideal gas constant, arising from the kinetic part of the internal energy of water molecules.

The rotational ideal gas contribution (3/2-4.09+3/2lnT)R (J mol -1 K -1 ) is included. The Fig. 10 shows the entropy as a function of the chemical potential µ. For supercritical temperature, the entropy decreases with chemical potential, due to excluded volume effects: the larger the density, the lower the accessible volume for each water molecule. The 300 K case presents interesting features. For low chemical potential, the entropy decreases with coverage for the same reason as for supercritical temperature.

However, it should be noted that the absolute value of entropy for equivalent coverage is lower for the low temperature case. This expected result is simply the consequence of confinement of water molecules close to the silica surface at low temperature. More interestingly, the entropy per particle steeply increases around the capillary condensation, and then continues to slowly decrease along the liquid branch. In terms of number of accessible states, it means that during capillary condensation the accessible volume in phase space increases. This can be interpreted by considering that at low temperature, the molecules are confined close to the surface up to the monolayer. Their entropy then slowly decreases with chemical potential (increase in density). Above this coverage, the newly added molecules are free to move in a much larger space since the interaction with the Vycor hydrated by one monolayer of water is significantly weaker, as shown previously in Fig. 5. This explains the steep increase in entropy. However, as the pores are completely filled, the entropy decreases again with coverage due to excluded volume effects.

CONCLUSION

The adsorption of water in disordered mesoporous silica glass (Vycor-like) has been analysed by GCMC simulation method at two temperatures: 300 K and 650 K. The results show a hysteresis loop in the adsorption/desorption data at low temperature, while the high temperature curve is reversible. The configurational energy has also been calculated, showing hysteresis at low temperature, and reversible but non monotonic behavior at high temperature. The amount adsorbed at low pressure, as well as the isosteric heat of adsorption are in good agreement with published experimental data, which validates the good transferability of the interaction model used. However, close to the saturating pressure the amount of water adsorbed in simulation in significantly lower than expected. The analysis of the distribution in energy of the attractive sites of the system shows that the simulated monolayer of water adsorbed on

Vycor is less hydrophilic than the bulk water liquid/gas interface. This effect is related to the strong distortion in the structure of the adsorbed monolayer. This explains why the capillary condensation fails to occur for pressures lower than the saturating vapor pressure of bulk water. Even if it is expected that the hydrated Vycor be less hydrophilic than the dry Vycor, the simulation results are certainly exaggerated. It is thought that allowing mobility of the surface hydroxyl groups (the whole substrate is kept rigid during this exploratory study) could enable the first water monolayer to recover partially the bulk water structure, and therefore some hydrophilicity.

The hysteresis loop observed in the adsorption / desorption is analyzed within the hypothesis of a true phase transition: each branch is considered as a real " phase" with thermodynamic quantities associated, like coverage, and configurational energy. The thermodynamic integration scheme can be applied, which allows to calculate the grand potential, the Helmholtz free energy and the entropy for instance.

The grand potential is shown to be multi-valued for low (subcritical) temperature, and continuous for high (supercritical) temperature. A coexistence point is found within the hysteresis loop, actually close to the desorption vertical line. Below the equilibrium chemical potential, the gas-like branch is stable whereas the liquid-like branch is metastable. The situation is inverted above the coexistence point.

However, as pointed out, this first order transition behavior relies on the hypothesis that the observed 

For a given

  temperature, starting from low chemical potential and an empty initial configuration, and then increasing the chemical potential step by step, the Grand Canonical Monte Carlo (GCMC) technique[START_REF] Nicholson | Computer simulation and the statistical mechanics of adsorption[END_REF] allows to calculate the water adsorption isotherm in the mesoporous silica sample. An equal number of trial for translation, rotation, and creation or destruction of molecules has been chosen for each Monte Carlo (MC) step at fixed chemical potential. The configurations are considered for visual examination and statistical calculations every block of 10 4 Monte Carlo steps (4.10 4 MC trials) along the Markov chain, so that they are de-correlated. The Fig.2shows a typical equilibration run at a relative pressure of 0.236 from an initial configuration at relative pressure 0.075. The number of particles is drawn as a function of the number of blocks of 10 4 MC steps. As can be seen equilibration is reached after approximately 3.7 10 4 blocks, that is to say around 8.10 5 trials per water molecule. To acquire data, another 10 6 trials per molecule were run, where the number of particles fluctuates around a constant value. Actually, The higher the coverage, the larger these numbers to compensate the decrease in insertion acceptance level. After the complete saturation of the Vycor sample is reached for high chemical potential µ, one can start decreasing µ to acquire the desorption branch (hysteresis).
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Table 1 :

 1 PN-TrAZ parameters for water and vycor species

	a 0 =0.529177Å, 1E h =3.1578 10 5 K

Table 2 :

 2 Dispersion and repulsion parameters obtained in the framework of the PN-TrAZ model.

						water		vycor
	Atoms			Ow	Hw	Si	O	H
	q (e)			-0.82	0.41	+2	-1	+0.5
	A (E h )			247.7	1.338	6163.4	1543.5	1.338
	b (a 0 -1 )			2.075	2.11	2.395	2.19	2.11
	Polarizabilities (a 0	3 )	7.56	2.655	2.36	8.03	2.25
	N eff			4.476	0.414	1.52	4.656	0.324
	Water	Silica					
	species	species	C 6 (E h a 0	6 )	C 8 (E h a 0 8 )	C 10 (E h a 0 10 )	A(E h )	b (a 0 -1 )
	H	O	8.3157	151.22	2668.6	45.444	2.149
	H	Si	2.4874	32.919	-	90.811	2.243
	H	H	1.7340	22.983	-	1.338	2.11
	O	O	34.850	735.319	13540.4	618.3	2.131
	O	Si	10.513	172.72	-	1235.5	2.223
	O	H	6.4843	116.27	-	18.2	2.092

Configurational energy during water adsorption / desorption in Vycor, versus chemical potential at 300 K and 650 K. Lines are guides to the eyes.