Joël Puibasset 
email: puibasset@cnrs-orleans.fr
  
J.-M Pellenq 
  
  
  
Grand Canonical Monte Carlo simulation study of water structure on hydrophilic mesoporous and plane silica substrates
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The radial distribution functions obtained by Grand Canonical Monte-Carlo simulations (GCMC) of water adsorbed on disordered mesoporous and ordered plane silica surfaces at 300 K are investigated. The plane surfaces are crystallographic faces of cristobalite.

The disordered mesoporous Vycor-like glass was previously obtained by off-lattice reconstruction known to reproduce in a realistic way the geometrical complexity of the real Vycor of high specific surface, in terms of surface area, chord distribution, and correlation peak in small angle neutron scattering spectra. The SPC model is used for water, and water/substrate interactions are described by the PN-TrAZ model without any adjustment of parameter. It is shown that the water confined in Vycor is slightly more structured than bulk water, mainly due to the interaction of the first layer with the substrate. The vapor pressure is reduced so as to obtain a mono-layer coverage for each surface. On ordered crystalline faces, the water mono-layer has long range correlations, that are absent in the case of a disordered silica (Vycor-like sample): the main change being the displacement of the second peak towards larger distances (4.5 Å in bulk, 5 Å in mono-layer), characteristic of bi-dimensional structure of water.

INTRODUCTION

The water-silica system is widely studied due to its relevance to geophysics, pharmaceutics, industry, and environment (transport, phase separation, catalysis, …). The intense experimental, theoretical and computer simulation works deal with the nanometric scale, since silica is most of the time divided in fine powder or elaborated to exhibit very large surface area in industrial applications, for instance. It is also the scale at which thermodynamics, dynamics, and structural properties of the fluid differ considerably from bulk characteristics, in a way not completely well understood. [1][2][3][4][5][6][7][8][9][10][11] Ten years ago, Bellissent-Funel et. al. 12 have shown, by neutron scattering studies, that the structure of water is slightly modified when water is confined in Vycor, possibly explaining why water supercools in Vycor down to -18°C, and freeze in the cubic structure.

More recently, Soper et. al. 13 have shown how neutron diffraction experiments with isotopic substitution are able to give improved site-site radial distribution functions for water confined in Vycor Glass. The results show that water is still hydrogen bonded, but the network is distorded compared to bulk. Molecular simulation studies have been developed to understand these results.

Previous simulation work on water confined by silica focused on simple geometric confinement, slit-like 5,6 or cylindrical 7,9 pores, supposed to mimic real porous solids. Such ideal pores constitute a rough modeling of real pores, by introducing only one characteristic pore size and missing the pore size dispersion and interconnections between pores, or in other words the topology of the system. Lee and Rossky 5 have shown, by molecular dynamics, a modification of the structure of TIP4P water adsorbed on the plane ordered (100) face of cristobalite. On the other hand, Rovere et. al. [7][8][9] have also evidenced, by molecular dynamics too, perturbations in the radial distribution function of SPC/E water in cylindrical pores of amorphous silica. The present work aims at addressing the structure of water confined in mesoporous silica glasses, presenting both a morphological (pore size distribution) and a topological (interconnections) disorder. The statistical ensemble that we explore (Grand Canonical Ensemble) differs from previous studies (Molecular Dynamics), but is expected to produce complementary results.

The numerical Vycor like sample has been shown to reproduce quite well the geometrical complexity of real Vycor (surface area, chord distribution and correlation peak in small angle neutron scattering spectra). The water-water interaction is given by the SPC model, and the water-substrate interaction is derived from the PN-TrAZ potential. It has been shown in a previous study that the adsorption properties at 300 K in the reconstructed mesoporous silica can be mainly understood in terms of adsorption on different crystallographic plane surfaces, except, on the one hand, at very low pressure due to the surface roughness, and on the other hand, above capillary condensation, characteristic of the mesoporosity. In this work, we focus on structural properties of water in a Vycor-like silica, for different amount of water adsorbed on the surface. A complementary study on ordered crystallographic faces of cristobalite enables fruitful comparison.

DESCRIPTION OF THE PLANE AND MESOPOROUS SILICA SUBSTRATES

The different silica substrates have all been generated from the same initial crystal of cristobalite, chosen for its simplicity and ability to reproduce, on the one hand, the oxygen density in the material, giving the main contribution to dispersion interaction, and on the other hand, the hydroxyl density on cut surfaces mainly responsible for the electrostatic contribution.

The atomistic Vycor-like structure is obtained by off-lattice reconstruction algorithm. This structure (see Fig. 1) was cut out by applying the periodic functional reproducing the experimental autocorrelation function of Vycor. [14][15][16] It has been shown 17,18 that this numerical sample reproduces quite well micro-and meso-textural properties of real Vycor, and constitutes an improvement in the topological description of silica mesoporous glasses, because of the presence of disordered and interconnected pores. A chemically realistic surface is obtained by removing all silicon atoms in an incomplete tetrahedral environment, and saturating all oxygen dangling bonds with hydrogen atoms positioned 1 Å from oxygen perpendicular to the surface. The porosity of the sample is 0.28, the density 1.56 g/cm 3 , the specific surface area 210 m 2 /g, the mean pore size 36 Å, and OH surface density 7 OH/nm 2 , all in agreement with experimental values : 0.28, 1.50 g/cm 3 , 200 m 2 /g, and around 7 OH/nm 2 if outgassed around 400°C 19,20 , except for the pore size slightly smaller in our pseudo-Vycor compared to real one (40 Å).

The plane surfaces are cut in the same initial crystal of cristobalite. In order to establish the local crystalline order influence on the structure of adsorbed water, several crystallographic directions have been considered. Actually, the surfaces are not semi-infinite but 40 Å thick, which is large enough to introduce no finite size effect. Periodic boundary conditions are applied in the two directions parallel to the plane. The size of the box in these directions is chosen close to 35×35 Å 2 , with small variations between faces due to the crystal periodicity. The height of the box is 100 Å, with no periodic boundary condition perpendicular to the faces. A realistic surface chemistry is obtained as previously by hydroxylation of the surface. four crystallographic faces with weights proportional to their occurrence in a randomly oriented face. Any physical property for an arbitrarily oriented plane silica surface will be obtained by averaging the corresponding quantity for the four planes of figure 1 with the corresponding weights. For instance, the average hydroxyl surface density is 7.1 OH/nm 2 , in close agreement with the hydroxyl density found in the Vycor-like structure.

INTERMOLECULAR POTENTIALS

The SPC model [START_REF] Berendsen | Intermolecular Forces[END_REF] is used to describe the water-water interaction, because it is a fast computable model, well suited for very large systems (our mesoporous Vycor-like structure contains more than 10000 water molecules at full saturation). This model reproduces quite well the thermodynamic and structural properties around ambient temperature, like vapor pressure, enthalpy of vaporization [START_REF] Jorgensen | [END_REF] and radial distribution functions.

The water-silica substrate interaction is described in the framework of the PN-TrAZ model 23,24 which has proven to model successfully the adsorption of water on silica glasses. 24,26 In this model, the pair potential decomposes in two parts: the repulsion term due to electronic clouds and the attractive dispersion terms. The charges for electrostatic contributions are taken from SPC model for water molecule, and taken equal to those used to calculate the dispersion terms in the framework of the PN-TrAZ model for the silica species (q O = -e, q Si = +2 e, and q H = 0.5 e).

For all interaction calculations, the minimal image convention is adopted with a cut off equal to half the size of the box: 5 nm in Vycor and 1.7 nm for plane surfaces. This is large enough for large distance contributions to be negligible. The electrostatic contribution is evaluated by summing on neutral subgroups of atoms of highest symmetry (tetrahedral silicon and surface hydroxyls). With such prescriptions, the correction due to Ewald summation procedure 27 has proven to be of little improvement, probably due to the large box size and cut off, absence of solvated ions, and negligible total dipolar moment of the substrate.

Since the substrate is rigid, the interaction of adsorbate with the wall can be calculated in advance and saved on a 3D grid, representing the external potential felt by the adsorbate. However, since water molecules are small and dipolar, the grid step has to be taken very small and exceed computer memory. A technique has been developed, consisting in pre-calculating on a grid (with a step of 1 Å) only the contribution from distant substrate species (> 0.65 nm), the rest being calculated directly during the course of simulation. It has been shown that this method is very efficient : it is as fast as if the interaction cut-off was 0.65 nm, and as precise (within 4%) as if the cut off was 1.7 or 5 nm for plane and Vycor-like systems respectively. In conclusion, our procedure is well suited to study adsorption or structural properties of polar molecules and allows considering large systems, since it is fast and as accurate as for a complete calculation.

RADIAL DISTRIBUTION FUNCTIONS OF WATER CONFINED IN VYCOR

The molecular configurations used to compute structure properties of water adsorbed at 300 K on a silica substrate are obtained by standard Grand Canonical Monte Carlo simulation [START_REF] Nicholson | Computer Simulation and the Statistical Mechanics of Adsorption[END_REF] (GCMC). This statistical ensemble is justified since it reproduces the conditions of neutron scattering experiments. [START_REF] Brovchenko | [END_REF] The saturated sample is indeed under water saturating vapor pressure, the extra pressure due to the air being negligible concerning thermodynamics or structure of water (kilobar are generally required to see effect on the structure 30 ). An equal number of trial for translation, rotation, and creation or destruction of molecules has been chosen for each run at fixed chemical potential (or pressure). No bias procedure was introduced. This slows down convergence at full saturation, as discussed later, but is acceptable for pressure less than saturating pressure since the density is generally relatively low in this case. After equilibration has been reached, 10 5 trials per molecule were run to acquire data. At full hydration, the acceptance level for creation or destruction is quite low, around 1% of trials. The chemical potential is related to the pressure by assuming that the gas is perfect. The pressure is normalized to the saturating vapor pressure P o = 0.044 bar at 300 K, previously determined by us by Gibbs Ensemble Monte Carlo 31 run for bulk SPC model and in agreement with other authors 32 . The amount of water adsorbed in our Vycor-like structure for relative pressure ranging from 0 up to 0.6 has been shown to be in good agreement with experimental data, which validates the potential used to describe the water silica interaction. [START_REF] Puibasset | Proceedings of the 6 th Int. Symposium on the Characterization of Porous Solids[END_REF]26 In this work, emphasis is put on water structure by way of site-site radial distribution function. To evidence the effect of the silica surface, the distributions have been determined for three different pressures (P/P o = 0.23, 0.56, 1.0), corresponding to less than the mono-layer coverage, the mono-layer coverage, and full saturation (20%, 35%, 100% respectively). Normalized to the surface, the 35% filling at P=0.56 P o corresponds to 15.10 -6 mol/m 2 . To enable comparison, the data have to be normalized in a consistent way. In all cases, the first step consists in calculating the number n(r) of sites at a distance r from a given site. It is then normalized to the number of molecules of an ideal gas at the same density and at the same distance r from the fixed site. In the case of plane surfaces, the normalization can be easily calculated due to the simple geometry. By contrast, it is not straightforward in the disordered Vycor-like structure. In this case the normalization was computed numerically. Indeed, the normalization is actually the density of the fluid time the accessible volume at a distance r from a given site, which is evaluated by assigning hard core potential to the atoms of the substrate and considering only the volume where the potential is not infinite. This procedure is adopted to normalize the radial distribution function in Vycor-like silica saturated with water. In the case of mono-layer coverage, the water is confined in a pseudo bidimensional film. In this case, the normalization has to be done in comparison to the ideal gas confined in the same geometry, i.e. an ideal bi-dimensional gas existing on the surface. The number of these ideal gas sites at a distance r from a given origin is proportional to its density and to the length of the one-dimensional intersection of a sphere of radius r and the silica surface. Such a normalization has been used for low pressure normalization where water is adsorbed essentially in the form of a thin film. In this way, all normalized radial distribution functions have been found to converge to unity at large distances. These differences in normalization due to dimensionality prevent direct comparison of radial distribution functions in terms of peak intensity for instance. Instead, the coordination number (integral of the first peak) which is independent of normalization will be used for quantitative comparisons.

The site-site radial distribution functions for water at 300 K in Vycor are shown for the three pressures in Figs. 345. For comparison, the bulk water under saturating pressure at 300 K is also shown. All curves converge to unity, validating the normalization procedure above described. For bulk water, the three radial distribution functions (O-O, O-H, and H-H, in Fig. 3, 4 and 5 respectively) are in agreement with literature. The first O-O maximum is at 2.77 Å, the second maximum at 4.5 Å and the integral of the first peak gives a coordination number of 5.3. This is in close agreement with what is expected for bulk SPC water: 2.77 Å, 4.6 Å, and 5.1 respectively. [START_REF] Jorgensen | [END_REF] The first O-H maximum is at 1.8 Å, the second at 3.3 Å, and the number of hydrogen bonding per molecule is 3.8, as also expected for bulk SPC water 22 :

1.9 Å, 3.3 Å, and 3.9 respectively. The H-H first peak at 2.4 Å is also expected. This agreement validates our implementation of the water model. Let us now focus on how these values are modified when water is confined in our numerical pseudo-Vycor. As a general comment on the curves (Figs. 3, 4 and5), it can be said that confined water in Vycor is slightly more structured, in qualitative agreement with experimental data 12 . As can be seen on Fig. 3, the positions of the first and second maximum and the first minimum of the O-O distribution function are almost identical to the bulk water. However, the peaks are more intense in the case of confined water, whereas the minima are almost identical (the first minimum for confined water is slightly displaced to lower values compared to bulk). It can also be seen on O-H and H-H radial distribution functions that the peaks are not displaced but slightly more pronounced. This is the signature of higher order in presence of confinement.

The integral of the first peak gives a coordination number of 5.0, slightly lower than in the case of bulk water. This value being closer to the ideal tetrahedral value of 4 suggest that confined water is slightly less disordered. This remark is compatible with the small decrease in density observed in the simulation. The density of the confined fluid in our numerical simulation is between 0.92 and 0.95 g/cm 3 , the uncertainty coming from the slow convergence at full saturation due to low insertion acceptance level for water in Monte-Carlo run. This value is around 4% lower than the density of bulk water at the same saturating pressure given by SPC model and Gibbs Ensemble Monte Carlo method: 0.97 g/cm 3 at 300 K. This small decrease of the density enables a larger order (the perfectly tetrahedral structure is less dense) which is compatible with the fact that the radial distribution functions show more pronounced peaks. The study of this low density state (compared to the bulk value) against very long Monte-Carlo run as well as a fine H-bond analysis are underway to address the question of whether the hydrogen bond network is distorded or not. Note that the hydrogen bond network can be distorded whereas the radial distribution function looks more structured, for instance close to a very attractive surface. This effect is made visible by turning on and off the interaction of water with the silica substrate. 7 To emphasize the direct influence of the silica surface on water structure, we have computed the radial distribution functions for a water mono-layer (15.10 -6 mol/m 2 ) adsorbed on the Vycor-like surface, obtained for a relative pressure equal to 0.56 (Figs. 3, 4 and5). It has to be noted that the direct comparison of the distribution functions is not straightforward since the normalizations are not identical, and take into account the three-or two-dimensional character of the confined fluid. Nevertheless, as a general trend, the peaks look more pronounced. The oxygen-oxygen first and second peak are slightly higher than in bulk while the first minimum is much deeper. This increase of the first O-O peak with decrease of water filling in Vycor is qualitatively in agreement with neutron scattering measurements by Bellissent-Funel et. al. 12 : the Fig. 4 These values show that the local structure of water is probably strongly distorted, and actually, each molecule have only two neighbors instead of four. The missing neighbors are replaced by the silica surface hydroxyls which participate to complete the tetrahedral structure of water. These observations are in agreement with previous simulation study. 5,[7][8][9] Another interesting point is to note the broadening of the first minimum without change in position and the displacement of the second maximum to larger distances (5 Å). It corresponds to the formation of chains of water molecules each having two neighbors. Such a displacement was first observed by Brovchenko et. al. [START_REF] Brovchenko | [END_REF]33 and also reported by Gallo et. al. 9 . Furthermore it has been shown 33 that the intensity of this displaced second peak depends on the strength of the water-substrate interaction. The higher the interaction, the stronger the peak. This suggest that the second peak at 5 Å is related to the quasi bi-dimensional character of the adsorbed film.

The last relative pressure 0.23 corresponds to less than one mono-layer coverage. At this pressure, it is observed that the water molecules are grouped in large-size patches containing several tens of molecules. The corresponding distribution functions are shown in Figs. 345. The first and second peaks are more pronounced compared to the mono-layer case, and higher peaks corresponding to the second shell appear. The integration of the first O-O peak gives a coordination number 1.6, slightly lower than for mono-layer coverage. This decrease is due to the presence of isolated molecules on the surface, and to the contribution of water molecules in the periphery which have only one neighbor. The second O-O peak is located at 5 Å, as expected for bi-dimensional water layer. The appearance of second shell structure, visible on the three distribution functions, shows that the patches of adsorbed water are extremely well organized, or at least partially frozen. This second shell structure is also visible in experimental data (see Fig. 4 in Ref. 12) as peaks appearing between 4 and 6Å in partially hydrated Vycor.

RADIAL DISTRIBUTION FUNCTIONS OF WATER ADSORBED ON PLANE

SILICA

In a previous work, it was shown that it is possible to understand the adsorption properties of water in the mesoporous silica by analyzing the same properties on different plane silica surfaces. We propose such an analysis for the structure of a mono-layer of water adsorbed on the plane surfaces previously described (see Fig. 2). Since the affinity of the crystalline faces for water are rather different, the equilibrium pressures corresponding to mono-layer coverage are not equal. The relative pressures are 0.11, 0.4, 0.1 and 0.8 for, respectively, the faces (111), (100), (111) of high hydroxyl density, and (111) of low hydroxyl density. It is then possible to compare the observed structure in these water mono-layers, the differences arising from the substrate geometrical characteristics. The oxygen-oxygen radial distribution functions for the four water mono-layer are shown in Fig. 6. They are labeled according to the crystallographic faces. HD and LD are for High and Low hydroxyl Density respectively. The oxygen-hydrogen and hydrogen-hydrogen radial distributions are shown in Figs. 7 and8. All normalizations are bi-dimensional, as previously described for Vycor.

The four radial distribution functions show a first peak at almost the same position within errors, except for the water mono-layer adsorbed on the (111) face of high hydroxyl density which has its first maximum slightly displaced to larger distances. The position of the first peak is at 2.77 Å for the (111), (100), and LD(111) faces, as for bulk water. This means that the oxygen-oxygen distance, or in other words the hydrogen bond network, is unperturbed on these faces. On the other hand, the first O-O peak on (111) face of high hydroxyl density is shifted to larger distances: 2.84 Å. The length of the hydrogen bond is distorted to accommodate the substrate geometry. The integrals of the first peaks give coordination numbers equal, respectively, to 2.7, 3.0, 3.0, 2.0 for, respectively, the faces (111), (100), (111) of high hydroxyl density, and (111) of low hydroxyl density. These values are higher than for a water mono-layer adsorbed on the Vycor surface. On the crystalline faces, the structure is partially imposed by the ordered substrate. Visual inspection shows interconnected portions of hexagon-like loops of water molecules. The molecules at the center of such interconnections contribute to a coordination number 3. Such non favorable energetic configurations are stabilized by the ordered substrate. On the other hand, on disordered surface, like our numerical Vycor-like sample, such structures are not so frequent. Most of the molecules are grouped in chains, giving a coordination number close to 2.

Another interesting feature on the O-O radial distribution functions shown in Fig. 6 is that the second peak is displaced to higher distances (around 5.2 Å) compared to bulk water (4.5 Å). This displacement is compatible with what was observed in the Vycor-like substrate, and seems to be a characteristic of bi-dimensional water layer. The Figs 6-8 also show that the site-site correlations in the mono-layer of water extends to much higher distances on ordered substrate compared to disordered surfaces. This shows the influence of the crystalline face order on the water structure. The Figs. 6-8 also show that this influence is larger for highly hydrophilic faces. For instance, the most hydrophilic (111) face of high hydroxyl density shows well-defined third and fourth peak. The not-so-hydrophilic (111) face shows only third peak, whereas the less hydrophilic faces show almost no structure after 7 Å. The water molecules adsorbed on highly hydrophilic faces are almost frozen in very attractive periodic sites. Their low mobility explains the long range correlations, which reflect the correlations between energetic sites of the surface. Such correlations obviously disappear in the mesoporous Vycor (Figs. 345, dashed lines), because of its intrinsic disorder.

CONCLUSION

A Grand Canonical Monte-Carlo simulation study of water structure in disordered Vycor and on ordered crystalline silica planes is presented. The mesoporous Vycor-like structure was previously obtained by off-lattice reconstruction method. The geometric complexity of real Vycor, like its specific surface area, chord distribution and correlation peak in small angle neutron scattering spectra are well reproduced. The surface chemistry was made realistic by saturating all dangling oxygen bonds with hydrogen. This gives 7 OH/nm 2 , in agreement with experiment. The water is described by the SPC model, and the interaction with the silica substrate is derived in the framework of the PN-TrAZ model with the intrinsic parameters for silica.

This work shows that the water in completely saturated Vycor is slightly more structured than bulk water. The density is a few percent lower, and the coordination number is closer to the tetrahedral expected value of 4 corresponding to perfectly ordered molecules This effect is accompanied by a modification of the structure of the first layer of water. In effect, we have shown that at low coverage, the structure of water is strongly influenced by the presence of the substrate. For example, for crystalline faces, the order of the substrate is partially transferred to the water mono-layer, inducing long distance correlations. On the other hand, when the substrate is disordered, like in Vycor, the long range correlations are absent, but there is still a clear effect: the displacement of the second peak towards larger distances (4.5 Å in bulk, 5 Å in bi-dimensional layer). In a previous work, it was shown that the adsorption properties of Vycor for relative pressure between 0 and 0.6 could be mainly explained in terms of adsorption on crystallographic faces of silica (cristobalite). This is because the energetic properties are essentially local. On the other hand, the structure of the mono-layer of water on disordered Vycor-like surface is very different from mono-layer structures on crystallographic faces due to correlations between adsorption sites on crystalline faces. 

FIGURES CAPTIONS

  Fig 2(c) (HD is for High Density) and Fig 2(d) (LD is for Low Density). Their hydroxyl surface density are, respectively, 13.5 OH/nm 2 and 4.5 OH/nm 2 . It has been shown in a previous work that the Vycor-like surface described above (Fig 1) can be represented by these

  in Ref.12 shows that for partially hydrated Vycor a shoulder appears around 2.8 Å, corresponding to an increase in O-O contribution. This deepening of the first minimum can also be seen on O-H and H-H distribution functions, although less marked. The coordination number obtained as the integral of the first O-O peak is 2.2, and the integration of the first O-H peak gives 1.7 hydrogen bond per water molecule.

FIG. 1 .

 1 FIG. 1. 3D representation of the numerical sample of Vycor used in this study. The porosity is represented in gray. The mean pore size is 36 Å.
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