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The adsorption properties of water adsorbed on various silica substrates are investigated by way of Grand Canonical Monte Carlo simulations (GCMC). The SPC and PN-TrAZ potential are used to describe water-water and water-silica interactions. The numerical sample of mesoporous silica glass (pore size: 3.6 nm) was obtained by off-lattice reconstruction, known to reproduce in a realistic way the geometrical complexity of high specific surface Vycor. The chemistry of the surface is made realistic by hydroxylation.

The simulated adsorption isotherm and isosteric differential enthalpy of adsorption compare well to experimental data for Vycor, showing the ability of the PN-TrAZ potential to describe the hydrophilic properties of silica surfaces. This study was extended to several crystallographic faces of cristobalite. Their adsorption properties differ widely from each-other. It is shown that the hydrophilic properties are not simply related to surface hydroxyl density but are also related to local structure of the silica surface. In spite of these large variations, it is possible to reproduce the adsorption isotherm of the mesoporous disordered sample by applying a natural average procedure. The distribution of energy of sites can help to understand these results.

INTRODUCTION

Previous simulation work focused on dynamical and structural properties of water confined in geometrically simple pores (slit 1,2 , or cylinders [3][4][5] ). S. H. Lee and P. J. Rossky 1 have shown that the water-silica interaction largely compensates the loss of hydrogen bonding of water close to the walls and that the influence of the substrate on the water structure do not extend to more than two layers. Another molecular dynamics study [3][4][5] shows strong layering of water close to the surface of a cylinder of 4 nm in diameter cut in an amorphous silica. Such perturbations from bulk properties are also shown to disappear after the second layer.

The present work investigates the effect of silica curvature and disorder on the thermodynamics and structure of adsorbed water. The technique used is the simulation in the Grand Ensemble, where temperature and chemical potential are imposed. This way, structure properties, as well as thermodynamic quantities can be evaluated, which makes this technique complementary to molecular dynamics. The systems considered are a set of ordered plane silica substrates and a disordered mesoporous silica glass.

THE PLANE AND MESOPOROUS SILICA SUBSTRATES

The mesoporous and plane silica substrates have all been cut in the same initial crystal of cristobalite. The Vycor-like structure has been generated by an off-lattice reconstruction algorithm. [6][7][8] The off-lattice functional representing the gaussian field associated to the volume autocorrelation function is shown in fig. 1. It reproduces quite well micro and meso textural properties of real Vycor. 9 The chemistry of the substrate is made realistic by hydroxylation of all dangling bonds. 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 diameter 36 Å, and OH surface density 7.0 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 10,11 , except for the pore size slightly smaller in our pseudo-Vycor compared to real one (40 Å).

The ordered plane substrates are cut following different crystallographic directions. The resulting 4 nm thick slabs are shown in fig. 2. As previously, the bare surfaces obtained after cutting are hydroxylated. The fig. 2 gives the four different faces obtained by choosing the 6 directions of cut normal to ±x, ±y, ±z (111 face, fig. 2a, characterized by a hydroxyl surface density of 7.8 OH / nm 2 , see table 1) the 12 directions normal to ±x±y, ±x±z, ±y±z (100 face, shown in fig. 2b, 5.5 OH / nm 2 ), and the 6 directions normal to ±x±y±z. In this last case, depending on the depth of cut, each face can present two very different aspects shown in fig. 2c and 2d, with, respectively, 13.5 OH / nm 2 (HD stands for High Density) and 4.5 OH / nm 2 (LD stands for Low Density). A real silica surface which do not reconstruct should be represented by these four perfectly plane surfaces with weights for a particular direction equal to the probability for any arbitrary point of the unit sphere to be closer to this direction than to any other, ie respectively 0.28, 0.44, 0.14 and 0.14 for the faces represented in fig. 2a-d respectively. Any physical property for an arbitrarily oriented plane silica surface will be obtained by averaging the corresponding quantity for the four planes of fig. 2 with the corresponding weights. For instance, the average hydroxyl surface density is 7.1 OH / nm 2 (see table 1). The agreement with the hydroxyl surface density of the Vycor-like structure previously described validates the procedure.

INTERACTION MODEL

The water adsorbed on the surface is described by the SPC model [START_REF] Berendsen | Intermolecular Forces[END_REF] , which reproduces quite well the thermodynamic properties around ambient temperature, like vapor pressure and enthalpy of vaporization [START_REF] Jorgensen | [END_REF] . The water-water contribution to energy is calculated directly using the so called minimal image convention (cutoff distance equal to half size of the box) to keep high precision.

The interaction between the water molecules and silica substrate is described in the framework of the PN-TrAZ model 14,15 which has proven to model successfully the adsorption of simple adsorbates on various zeolites 16 and mesoporous glasses 17,[START_REF] Puibasset | Proceedings of the 6 th Int. Symposium on the Characterization of Porous Solids[END_REF] . In this model, the pair potential decomposes in two parts : the repulsion term br Ae -between electronic clouds, and a damped attractive dispersion multi-pole extension term : Minimal image convention is adopted to calculate all water silica species interactions.

Long range mean-field correction to dispersion terms cannot be accurately calculated because the density is not uniform. Actually, the box size is large enough (107 Å for Vycor and 35 Å for plane surfaces) so that large distance contributions are negligible. The electrostatic contribution is evaluated by summing on neutral subgroups of atoms of highest symmetry (tetrahedral silicon and surface hydroxyls). Implementation of Ewald summation procedure 19 has proven to be of little improvement, probably due to the large box size and absence of isolated charges.

To save computer time, most of the interactions terms between water molecules and the 80 000 atoms of the substrate are calculated in advance and saved on a cubic grid, the rest being calculated during the course of the simulation. 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. 20 It has been shown that this procedure is well suited to study adsorption properties of polar molecules in large systems, since it is fast and accurate.

RESULTS AND DISCUSSION

An equal number of trial for translation, rotation, and creation or destruction of molecules has been chosen for each run in the Grand Canonical Ensemble at fixed chemical potential and temperature. After equilibration has been reached, 10 5 trials per molecule were run to accumulate data. The chemical potential of water is related to its pressure by assuming that the gas is perfect.

The adsorption isotherms obtained are normalized to the surface area of the substrate exposed to water vapor (in mol / m 2 ). The pressure is normalized to the saturating vapor pressure as estimated from Gibbs Ensemble simulation for bulk SPC water: P 0 = 0.044 bar at 300 K 20,21 .

The water adsorption isotherm at 300 K in the Vycor-like structure is shown in fig. 3 (circles), normalized to surface area. The isotherm is of type IV in IUPAC classification, showing a rapid increase at low pressure characteristic of high adsorbent-substrate interaction, as expected for hydrophilic silica surfaces. The adsorbed water monolayer is reached for a pressure equal to 0.58 times the vapor saturating pressure of water at 300 K. The faster rise in adsorption starting at a pressure close to 80% of the saturating pressure is related to capillary condensation in the mesoporosity of the sample. As shown in a previous paper [START_REF] Puibasset | Proceedings of the 6 th Int. Symposium on the Characterization of Porous Solids[END_REF]20,22 , the simulation results are in good agreement with experimental data 23, , specially at low pressure where water/substrate interactions are predominant. This shows the ability of the PN-TrAZ potential to describe the water silica interactions with no need of adjustment of potential parameters, the PN-TrAZ model allowing for a good degree of transferability 24 .

The adsorption properties on ordered plane surfaces have been determined on the four crystallographic faces shown in fig. 2. All surfaces present some affinity for water, but differences are rather large. For instance, the (111) and ( 111) faces (see fig. 2a and2d), which have high surface hydroxyl densities (7.8 and 13.5 OH/nm 2 ), present strong affinity for water.

The monolayer coverage is reached for pressure (relative to the saturating vapor pressure of water at 300 K) equal to 0.11 and 0.1 respectively (see table 1). However, the correlation between affinity to water and hydroxyl surface density is not straightforward, since the (100) and ( 111) faces (see fig. 2b and2d) have similar OH densities (5.5 and 4.5 OH/nm 2 respectively) but very different affinity for water. The monolayer of adsorbed water is reached for a relative pressure of 0.4 on the (100) face and 0.8 on the (111) face of low hydroxyl density.

Despite the large differences in the adsorption isotherm obtained on the different crystallographic faces of cristobalite, a meaningful isotherm for randomly oriented plane faces can be obtained by averaging the different isotherms according to the weights defined previously.

The resulting adsorption isotherm is shown in fig. 3 (dashed line). In order to compare this isotherm to the one obtained in the Vycor-like structure, it has to be corrected for a geometrical artifact. This correction takes into account the local mean curvature R in the mesoporous substrate which imposes, for the same adsorbate thickness, less molecules in a sphere of radius R compared to a plane surface of the same area. This geometrical correction factor is the ratio, for the same area and thickness, of the volume of fluid adsorbed on plane and spherical surface. The mean curvature radius in our numerical porous sample is 18 Å, leading to a maximal correction of 0. water density over the surface, with some accumulation of molecules in the most hydrophilic parts of Vycor and depletion in the less hydrophilic parts (where the OH surface density is lower). According to this, for relative pressure lower than 0.7, the numerical mesoporous Vycor can be represented by a set of isotropically oriented plane surfaces. However, for higher relative pressure the two isotherms are in disagreement, the adsorption of water in Vycor being larger than on plane surface. This is the confinement induced capillary condensation expected to happen at pressure lower than saturating pressure in a mesoporous material.

The interaction properties of water with silica surfaces can be analyzed through the isosteric heat of adsorption q st which has been calculated from cross-fluctuations in energy and adsorbed amount of water [START_REF] Nicholson | Computer Simulation and the Statistical Mechanics of Adsorption[END_REF] . The values obtained at low coverage for the Vycor and the four faces are presented in table 1. The value for Vycor (78 kJ/mol) is well above the heat of liquefaction of bulk water (44 kJ/mol) as expected for hydrophilic surface, and explains the low pressure at which monolayer coverage is reached. In the same way, the heat of adsorption on (111) face, (100) face, and (111) face of high OH density are above 44 kJ/mol, signature of their hydrophilic character. On the other hand the q st value on the 111 face of low OH density is close to 44 kJ/mol, which explains that the water monolayer on this surface is reached for relative pressure as high as 0.8. The average isosteric heat of adsorption deduced from the four planes, taking into account the natural weight of each face and the amount of water adsorbed on each surface, is 68 kJ/mol (see table 1). This value is significantly lower than for the mesoporous sample, showing some confinement effects at very low pressure in Vycor. Inspection of molecular configurations of hydrated Vycor at very low pressure unambiguously shows that the water molecules preferentially adsorbs on sites of high local curvature, or defects like steps or holes in the surface. In such adsorption sites, the water molecules manage to establish more than two close interactions (hydrogen bonding like) with the substrate. The hydrophilic character of the surface at very low pressure is due to locally very favorable arrangement of hydroxyls groups which maximizes the number of hydrogen bonding 20 , rather than simply the average surface hydroxyl density. The fig. 4 shows the heat of adsorption as a function of the amount of water adsorbed. The calculation has been realized for the mesoporous sample as well as for the four planes and averaged using the same procedure as before which takes into account the amount of water adsorbed on each surface. For all except very low pressure (or water coverage) discussed previously, the average heat of adsorption is very close to that of Vycor, showing no confinement effect for water coverage larger than 2 µmol/m 2 (or relative pressure larger than 10 -2 ), as previously deduced by inspection of adsorption isotherms. The isosteric heat of adsorption has its bulk value (44 kJ/mol) when monolayer coverage is reached. It explains why it can be considered that the thermodynamic and structural properties of the second and subsequent adsorbed layers of water are essentially the same as the bulk ones.

RADIAL DISTRIBUTION FUNCTION

The structure of the monolayer of water has been studied. To get the site-site radial distribution function, 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. Since we are interested in the oxygenoxygen radial distribution function of the monolayer of adsorbed water, the ideal gas used in the normalization is confined in a layer of the same thickness as water. 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 numerically computed. 22 This way, all normalized radial distribution functions have been found

to converge to unity at large distances. The oxygen-oxygen radial distribution function for a monolayer of water adsorbed at 300 K in Vycor and on the four crystallographic faces of cristobalite considered in this study are shown in fig. 5. The curves are labeled according to the nature of the substrate. All curves converge to unity, validating the normalization procedure described above. As a general observation, the radial distribution functions differ significantly from the one for bulk water, which shows that the structure of water is strongly distorted by the substrate. The first peak of the O-O radial distribution is almost at the same position within errors (2.77 Å) for all crystallographic faces and Vycor, except on the (111) face of high hydroxyl density where the first maximum is slightly displaced to larger distances (2.84 Å). The length of the hydrogen bond is distorted to accommodate the substrate geometry. The coordination numbers, given by the integral of the first O-O peak, are equal, respectively, to

, respectively, bulk water, and monolayer adsorbed on vycor-like silica and the faces (111), (100), (111) of high hydroxyl density, and (111) of low hydroxyl density (see table 1).

Each molecule has essentially two neighbors instead of four. The missing neighbors are replaced by the silica surface hydroxyls which participate to complete the tetrahedral structure of water.

The values for a water mono-layer adsorbed on the crystalline faces are higher than on the Vycor surface. Indeed, on the crystalline faces, the underlying structure of the cristobalite stabilizes hexagon-like loops of water molecules, giving a coordination number close to 3. On the other hand, on disordered surface, like our numerical Vycor sample, most of the molecules are grouped in chains, giving a coordination number close to 2. Another interesting point is to note the displacement of the second maximum to larger distances (5 Å) compared to bulk water (4.5 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]27 and also reported by Gallo et. al. 5 . It is related to the quasi bi-dimensional character of the adsorbed film. 27 It can also be seen that the oxygen-oxygen correlations of water adsorbed on crystallographic faces extend to much higher 

  distances compared to water adsorbed on disordered Vycor surfaces. The extension of correlations 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 a periodic network of very attractive sites. These correlations obviously disappear in the mesoporous Vycor (fig.5), because of its intrinsic disorder4. CONCLUSIONIn this work, the adsorption properties of water adsorbed on various silica substrates have been investigated by way of Grand Canonical Monte Carlo simulations (GCMC). The SPC and PN-TrAZ potential were used to describe water-water and water-silica interactions. The adsorption isotherm, isosteric differential enthalpy of adsorption and oxygen-oxygen radial distribution function have been calculated, on the one hand, in a numerical sample of mesoporous silica glass (pore size: 3.6 nm), (obtained by off-lattice reconstruction), and on the other hand, on several crystallographic faces of cristobalite. It is shown that the hydrophilic properties of crystallographic faces are not simply related to surface hydroxyl density but are also related to local structure of the silica surface. In spite of the large differences between faces, it is possible to reproduce the adsorption isotherm of the mesoporous disordered sample by applying a natural average procedure. This is because the distribution of energy of sites in the mesoporous sample is reproduced by the collection of the four crystallographic faces considered in this study. However, the radial distribution function in Vycor cannot be reproduced by the crystallographic faces because the intrinsic disorder of Vycor embeds long range correlations, that are nevertheless present in the case of periodic crystallographic faces.
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 22345 FIG. 2 : Vertical view of the four 3.5×3.5 nm 2 faces showing only the first layer of tetrahedral silicon for clarity. black: silicon, gray: oxygen, white: hydrogen. d and e are parallel but cut at different depth. The hydroxyl surface densities are respectively 7.8, 5.5, 13.5, and 4.5 OH / nm 2

  

  7 at P/P 0 = 0.8. It corresponds to an adsorbate thickness of about 4 Å. The corrected result is shown in fig.3(solid line) and can be compared to the adsorption isotherm of our numerical mesoporous silica. Both isotherms are almost identical. The general slope of the averaged plane isotherm is in good agreement with the continuous increase in the amount of water adsorbed on Vycor between 0 and 0.7 bar, prior to capillary condensation. The relative pressure at which the averaged adsorbed monolayer is reached is 0.59, in agreement with the value obtained in Vycor-

like structure (see table

1

). Of course, this value is an average over the four planes showing very large individual differences. But such a diversity is meaningful since inspection of molecular configurations of water monolayer on the mesoporous sample shows large variations in local

Table 1 :

 1 Surface hydroxyl density, Isosteric heat of adsorption at low coverage, relative

	pressure for monolayer coverage and number of coordination of water molecules in the
	monolayer for different silica substrates.				
		(111) face (100) face HD (111) LD (111) random plane	Vycor
	OH / nm 2	7.8	5.5	13.5	4.5	7.1	7.0
	P/P O monolayer	0.11	0.4	0.1	0.8	0.59	0.58
	q st (kJ/mol)	61	50	68	45	68	78
	nb coordination	2.7	3.0	3.0	2.0	--	2.2

Table 2 :

 2 PN-TrAZ parameters used for the simulation. 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.

		water			vycor	
	atoms	O	H	Si	O	H
	q (e)	-0.82	0.41	+2	-1	+0.5
	A (hartree)	247.7	1.338	6163.4	1543.5	1.338
	b (bohr radius -1 )	2.075	2.11	2.395	2.19	2.11
	Polarizabilities (bohr rad. -3 )	7.56	2.655	2.36	8.03	2.25
	N eff	4.476	0.414	1.52	4.656	0.324
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