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I. INTRODUCTION

Water is one of the most abundant molecules in the Universe. It is found everywhere, in the most distant galaxies, among the stars, on planets and their moons and ring systems, in asteroids, in comets. 1 Water has also been discovered in interstellar clouds and on dust grains at the surface of which water is located, among other molecules, in what is called "ice mantles". 2 Although water is widely present in the Universe, elsewhere than Earth, water found so far is mainly in the gaseous or solid states. [START_REF] Encrenaz | Searching for Water in the Universe[END_REF][START_REF] Encrenaz | [END_REF] . Indeed, liquid water seems to be extraordinarily rare, although the presence of liquid water has been, for instance, inferred in the interior of Saturn's moon Enceladus 5 and, very recently, suspected just below the surface of the polar regions of Mars 6 .

Solid water in the Universe can be found as crystalline or amorphous ices, according to the local thermodynamic conditions. Besides, solid water can also exist in the form of clathrates hydrates when water molecules are mixed with other gases. Clathrate hydrates, also known as gas hydrates, are crystalline solids consisting of a water network encaging small guest molecules. [START_REF] Sloan | Clathrate Hydrates of Natural Gases[END_REF] These compounds are ubiquitous on Earth with methane being the most frequently encaged species, and they have also been suspected to be widely present in various astrophysical environments. [START_REF] Dartois | [END_REF]9 More than 15 different solid forms have been experimentally identified in the water's phase diagram, differentiated by the range of pressure and temperature at which they are stable or metastable, and by the way water molecules are arranged at the atomic scale. 10 Some of them are crystalline structures corresponding to fully connected tetrahedral networks of water molecules, in which each molecule donates hydrogen bonds to two neighbors and accepts two hydrogen bonds from two others. 11 Among these structures, ice Ih is the normally experienced form of crystalline ice on Earth. Moreover, some other solid forms of water exhibit non-crystalline structures, although they are also essentially made-up of four-coordinated water molecules. These non-crystalline arrangements of water molecules are known as amorphous ices, and they may exhibit different densities, leading to the formation of low density (LDA), high density (HDA) and very high density (VHDA) amorphous ices. 11 Finally, emptying clathrate hydrates by removing the guest species recently allowed the stabilization of new ice polymorphs 10 .

The relevance of solid water in astrophysics research is associated with the role that ice may play in interstellar chemistry. Interstellar chemistry has been recognized for several decades as an important pathway for the synthesis of molecules in space, indeed 12 . However, most often, only exothermic and barrierless reactions can proceed in the gas phase and some species, especially organic molecules, cannot be efficiently produced without invoking surface reactions. 2 Given that water is abundant at the surface of dust grains, heterogeneous chemical processes due to ice surfaces seem to play a major role in producing molecular species. 13 Namely, an important question linked to astrophysical ices is the origin of the prebiotic materials and, henceforth, the origin of life. [START_REF] Meierhenrich | Amino Acids and the Asymmetry of Life[END_REF] Water may organize molecules using its structure, the structure of its ices and the structure of the interfaces between its different solid phases and various solids and gases. As an example, following the initial formation of methane (from H 2 and CO 2 ) clathrate hydrates under pressure, reactions within the clathrate shells with phosphate and nitrate can, under certain circumstances, form ribonucleic acids. [START_REF] Kadyshevich | [END_REF] Henceforth, a thorough characterization of the surface processes on interstellar ices appears to be of fundamental interest for enhancing our understanding of the interstellar formation of prebiotic molecules, in connection with their possible delivery to early Earth, and with the possible emergence of Earth-like life elsewhere in the Universe 16 .

In this astrophysical context, interactions of gaseous compounds with solid water surfaces have been widely studied in the laboratory during the past decades. 17,18 To gain more insights regarding the details of the adsorption processes, such as the sites where the molecules are trapped at the surface, how do they bind to water molecules, and how strong is the corresponding adsorption energy, numerical simulations can well complement the results of the experimental investigations. 19 The grand canonical Monte Carlo (GCMC) method [START_REF] Allen | Computer simulation of liquids[END_REF] , which is particularly suitable for studying adsorption phenomena, has thus been successfully applied in the past two decades for characterizing the behavior of various small molecules at the surface of crystalline and amorphous ices (see the recent review by Picaud and Jedlovzky 19 ), as well as for studying the trapping of various species in clathrate hydrates. [START_REF] Tanaka | [END_REF][22][23][24][25][26][27][28][29][30] Among the various molecules of astrophysical relevance, CO and N 2 are of particular interest.

In circumstelllar and interstellar environments, these molecules are major gas-phase reservoirs of nitrogen and carbon, respectively. These atoms are essential ingredients for building prebiotic organic molecules via chemical reactions. Such chemistry is, however, hardly possible if nitrogen and carbon are locked up in stable N 2 and CO molecules. While photodissociation is a primary destruction route of these molecules in any region where UV photons are present, 31,32 the trapping of N 2 and CO on ice may hamper the photodissociation processes and preserve the molecular forms for a while. On the other hand, direct hydrogenation of CO via surface-tunneling reaction has been proven to be the main route for the formation of formaldehyde and methanol molecules on the ice mantles covering dust grains, at very low temperature. 33 Another particularity of N 2 and CO molecules, is their relative abundance in comets, implying strong constraints on the formation conditions of comets. 34 Surprisingly, N 2 has never been detected in comets before the recent direct in situ measurement in the Jupiter family comet 67P/Churyumov-Gerasimenko made by the ROSINA mass spectrometer aboard the Rosetta spacecraft. 34 On this comet, a small N 2 /CO ratio of (5.70 ± 0.66)10 -3 was measured, corresponding to depletion by a factor of ∼ 25.4 ± 8.9 compared to the protosolar value. 34 A possible interpretation of this low N 2 abundance in 67P is that the comet agglomerated from grains consisting of clathrates, that preferentially incorporate the CO with respect to the N 2 molecule, at very low temperature and for CO/N 2 ratios typical of the protosolar nebula. 27 . This ansatz was developed in recent GCMC simulations performed between 52 and 100 K and complemented by thermodynamic extrapolation below 52 K 27 .

Because of its strong astrophysical interest, here we characterize, at the molecular scale, the trapping of CO and N 2 molecules by solid water at various pressures and temperatures. Specifically, we use the GCMC simulation method to compare the adsorption properties of these two molecules at the surface of four water ices typical of astrophysical environments, namely the Ih crystalline ice, the LDA amorphous ice, and the two structures I and II of clathrate hydrate. Thus, we simulate the corresponding adsorption isotherms at three temperatures, 50, 100 and 150 K, that fall into the temperature range corresponding to various astrophysical contexts, including cold regions of the interstellar medium, comets and some planets of the Solar System 11 , and we investigate exhaustively the adsorption geometries and binding energies in large pressure ranges.

As fas as clathrate is concerned, we also characterize the competition between trapping at the surface and incorporation in the bulk of the system.

II. SIMULATIONS DETAILS

Four different surfaces of solid water relevant for astrophysical environments are considered here (Figure 1).

In preparing the Ih phase of ice (Figure 1a), the algorithm of Buch et al. 35 has been used which yields a proton disordered hexagonal structure with the overall dipole moment close to zero and that fulfills the Bernal-Fowler rules 36 . The water molecules in this structure have been arranged in 18 layers (containing 160 molecules each), along the interface normal axis (Z), in such a way that Note that big blue spheres show the positions of the incomplete interfacial cages, the so-called semi-cages. adsorption on the (0001) surface of crystalline ice is considered. The LDA phase (Figure 1b) has been created as described in Refs. 37,38 , i.e., by thermalizing first the Ih phase at 300 K with 10 8 Monte Carlo (MC) steps long followed by a 2 × 10 8 MC steps at 350 K, and another 10 8 MC steps again at 300 K. Finally, the system has been quenched to 200 K, and equilibrated for another 10 8 MC steps at this temperature.

To simulate a clathrate surface, both structures I (sI) and II (sII) of clathrate hydrate have been considered, their unit cells being formed by 6 large and 2 small cages, containing 46 water molecules, and by 16 large and 8 small cages, containing 136 water molecules, for the structures sI and sII, respectively. The water positions and orientations in these unit cells have been taken from Takeuchi et al. 39 and 2 × 2 × 2 unit cells have been considered for filling the simulation box along the x and y directions, only. Hence, these clathrate structures form a finite slab, the two interfaces of which being located along the z axis and containing incomplete (semi-)cages (Figure 1c).

For Ih and LDA ices, the edges of the rectangular basic simulation box are 35.926 Å and 38.891 Å along the x and y axes, respectively, whereas for the clathrate system, these values are 24.06 Å and 34.62 Å for sI and sII clathrates, respectively. Thus, the basic simulation box contains 1880 water molecules when simulating both crystalline and amorphous ices, whereas it contains 368 and 1088 water molecules when characterizing adsorption on sI and sII clathrates, respectively.

For each system, periodic boundary conditions have been applied to the simulation box in the (x, y) directions, and a large vacuum above the surface along the z direction has been created, with three-dimensional periodicity. Thus, the simulated systems are made of a stack of non-interacting slabs of infinite surface area. For both Ih and LDA ices, the edges of the rectangular basic simulation box are 100 Å along the z axis, whereas for the clathrate systems, the corresponding values are 60.15 Å and 86.55 Å for structures I and II, respectively.

The trapping of CO and N 2 molecules by these solid water systems has been investigated by performing Monte-Carlo simulations in the grand canonical (µ,V, T ) ensemble (GCMC) at three temperatures of astrophysical interest, namely, 50, 100 and 150 K. In these simulations, while the number of water molecules in the simulation box is kept constant, the number of CO and N 2 molecules fluctuates in function of the chemical potential, µ, of the gas phase in contact with the solid water surface. These molecules have been subjected to grand canonical MC moves, i.e., not only translation and rotation but also insertion and deletion in the system have been permitted.

In an insertion/deletion trial either a randomly chosen CO (N 2 ) molecule has been removed from the system or an extra CO (N 2 ) molecule has been added. The probabilities of the different MC moves have been set to 10% for translation, 10% for rotation, 40% for insertion and another 40% for deletion, when dealing with CO or N 2 adsorbates. However, when considering a mixed gas phase containing both CO and N 2 molecules together, these probabilities have been changed to 10 % for translation, 10 % for rotation, 40 % for insertion/deletion with equal probabilities, and 40 % for identity change move, wich consists in substituting a molecule of a certain type by a molecule of another type, at the same position. Note that no bias has been considered to increase the acceptance ratio of insertion/deletion moves. Meanwhile, the water substrates have been treated as flexible systems in the MC simulations, where rotational and translational degrees of freedom of the water molecules have been taken into account. As a result of these simulations, trapping isotherms have been calculated, giving the average number of molecules interacting with the solid water systems in the simulation box as a function of the chemical potential values.

The interactions between water and the CO and N 2 molecules have been represented by classical potential models, as the sum of pairwise dispersion-repulsion and Coulomb contributions of all pairs of various interaction sites located on the interacting molecules, which have been considered as rigid bodies.

On the basis of previous works devoted to trapping of CO and N 2 in clathrates, 44,45 , the water molecules have been modeled by the TIP4P-Ew model, 40 whereas the model proposed by Potoff and Siepmann on the basis of the TraPPE force field, 41 has been used for N 2 . When considering the CO molecules, two different force fields have been considered, on the basis of their ability for describing CO-water interactions in various contexts. They are both based on a combination of Lennard-Jones and coulombic charge-charge contributions. The first model (hereafter named model A) has been proposed by Piper et al. 42 . It has been recently used in combination to the Potoff's model for N 2 , 41 to investigate the trapping of CO and N 2 molecules inside the small and large cages of sI ans sII clathrates at 150 K, and it has been proven to represent qualitatively well the experimental observations. 44 The second force field (hereafter named model B) has been developped by Straub and Karplus, 43 in their molecular dynamics simulations of biomolecular systems, in which the interaction between CO and water molecules needs to be explicitely taken into account. The parameters of the aforementioned models are given in Table I.

The Ewald summation technique has been used to calculate the Coulomb interactions whereas the dispersion-repulsion contributions to the interaction potential have been computed by using a cut-off equal to half the simulation box and by taking into account long-range corrections [START_REF] Allen | Computer simulation of liquids[END_REF] . The usual Lorentz-Berthelot mixing rules have been used to derive the cross-interactions between two different LJ sites.

Our simulations have been performed by using the GIBBS general purpose simulation code [START_REF] Ungerer | Applications of Molecular Simulation in the Oil and Gas Industry : Monte Carlo Methods[END_REF] .

In the GCMC simulation results, the chemical potential has been expressed in terms of the fugacity.

In most part of the pressure range considered here, one can assume that the fugacity is equal to the pressure for the CO and N 2 molecules which behave as ideal phases 30 .

When considering clathrates, equilibration has been performed during 2.5 × 10 7 and 7 × 10 7 MC steps, for sI and sII clathrates, respectively, whereas for crystalline and amorphous ices, the systems have been equilibrated during 1 × 10 8 MC steps due to the larger number of water molecules in the simulation box. These considerable numbers of simulation steps have been required to ensure that both the number of the trapped molecules in the simulation box and the total energy of the system stopped showing any significant deviation from their average value. The equilibration phase has been followed by a production stage of 10 8 steps during which data have been collected, at given values of the fugacity, for statistical analysis. No bias has been introduced in the choice of the insertion sites for the CO and N 2 molecules and, as a consequence, uniform probability of insertion has been used for the gas and solid regions.

Note that, because LDA ice and clathrate hydrates exhibit porosity that can favor trapping of the gas species, not only at the surface but also inside the solid water substrate, we calculated three different types of isotherms to characterize the trapping of gaseous species by solid water. Thus, the total isotherm represents the average number of molecules found in the simulation box as a function of the fugacity, whereas the surface adsorption and the incorporation isotherms accounts for the molecules that are directly attached to the surface water molecules or that are incorporated into the water substrate, respectively.

Whereas the determination of the incorporation isotherm is an easy task, the calculation of the surface adsorption isotherm requires to discriminate molecules that are in contact with the water surface. In other words, it requires a careful determination of the truly interfacial water molecules. This is particularly crucial when considering the corrugated surfaces of the LDA and clathrate phases for which the z position of the CO or N 2 molecules cannot be used as the unique criterion to determine the location of the molecule with respect to the water surface. For this, we used the ITIM method [START_REF] Pàrtay | [END_REF] to analyse the sample configurations. In these analyses, a probe sphere of radius R sphere between 1.0 and 2.0 Å (depending on the system) and a grid lines spacing of 0.5 Å have been used. Then, a CO or N 2 molecule is considered as being adsorbed at the surface of the water layers if it is located at less than 5 Å from the interfacial water molecules, a distance that corresponds to the first minimum of the pair radial distribution functions between the centers of mass of the adsorbed molecules and the water molecules. and for both hydrate structures, with data from Raman spectroscopy. This comparison is made at the temperature of 150 K and at the total fugacity of 60 bar. The Raman spectroscopy data as well as the selectivities for model A, were reproduced from our previous work. 44 

III. RESULTS AND DISCUSSION

A. Preliminary tests of the interaction models for CO First, the accuracy of the two models selected to represent the interactions between CO and H 2 O molecules has been checked, in the context of bulk clathrates, for which recent experimental results are available in the literature. 44,48 Two series of GCMC calculations have thus been performed, both of them considering the competitive trapping of CO with respect to N 2 when the gas phase in contact with clathrates contains mixtures of CO and N 2 molecules.

In the first test, the molecular selectivity parameter α CO/N 2 inside the cages of sI and sII clathrates has been calculated as a function of the gas phase composition, in the experimental conditions, i.e., for a total fugacity of 60 bar and a temperature of 150 K. As in our previous work, the selectivity parameter α CO/N 2 is defined as the molar fraction ratio of the CO and N 2 molecules in the gaseous and hydrate phases : 44

α CO/N 2 = x CO x N 2 y CO y N 2 (1) 
where x A and y A are the molar fractions of A in the hydrate and gaseous phase, respectively.

Worthwhile to point out, is that the higher the value of α CO/N 2 is, the more the system favors the incorporation of CO at the expense of N 2 . Note that, at the fugacity value of 60 bar, the gas phase actually does not behave as an ideal mixture, and the molar fractions cannot be determined from the partial fugacities. Rather, the real composition of the gas phase is determined directly from GCMC simulations of the CO-N 2 mixture at conditions imposed to the clathrate. 44 The corresponding variations of α CO/N 2 values as a function of the CO molar fraction in the gas phase (y CO ) are given on Figure 2, together with the experimental data for comparison. As it can be seen on this figure, the selectivity calculated by using model A seems more accurate than the one calculated with model B, when y CO < 0.2, i.e., in the range of CO molar fraction where the clathrate is supposed to form a sII structure. 44 By contrast, for values of y CO greater than 0.2, where the clathrate is supposed to from a sI structure in the experimental conditions, 44 both models A and B appear to perform quite well, with respect to the experimentally determined values of the selectivity.

The second test has been specifically focused on bulk sI clathrate, for which we have calculated the corresponding incorporation isotherms from GCMC simulations, in a situation where the gas phase contains an equimolar mixing of CO and N 2 molecules at both 50 and 150 K, in a fugacity range corresponding always to an ideal CO-N 2 gas mixture, in constrast with the situation evaluated in the first test. It can be seen on Figure 3, that models A and B give rather similar results, especially at 50 K, exhibiting thus a preferential trapping of CO inside the clathrate, at the expense of N 2 , although the difference between N 2 and CO molecules is less pronounced when using model B at 150 K. These conclusions are enlighted when calculating the selectivity α CO/N 2 inside the clathrate, at the saturation of the cages (i.e., at a total fugacity value corresponding to the plateaus of the isotherms). Indeed, in this situation, the results indicate that the selectivity obtained with both models A and B is always greater than 1, showing a preferential trapping of CO with respect to N 2 . This preferential trapping is even more pronounced with model A, as shown by the larger values of α CO/N 2 . To conclude, the results of the two tests show that both models A and B tend to favor the preferential enclathration of CO at the expense of N 2 , in accordance with the experimental conclusions regarding the clathrate selectivity in various conditions. 44,48 Thus, it appears that these two models of interaction potentials can, a priori, be used to characterize the trapping of CO by solid water systems. 

Γ γ CO = < N CO > 2L γ x L γ y (2) 
where L γ x and L γ y are the edge sizes, along the x and y directions of the simulation box used to model the γ solid phase of water. The factor two in the denominator accounts for the two surfaces of the solid water slab. Notice that this normalization has been chosen to directly compare the surface adsorption isotherms. This approach has been used since the main purpose of this study is determining the adsorption properties of different solid water surfaces. Notice however, that such a normalization does not allow a direct comparison between the other types of isotherms since incorporation isotherm also depends on the thickness of the solid water phase.

In the case of CO, irrespective of the temperature, the total isotherms (top row of Figure 4) gradually increase with the fugacity up to a certain value, at which they exhibit an abrupt jump, and above which they remain approximatly constant at 50 K, but are increasing at 100 and 150 K.

Moreover, an increase of the temperature leads to a significant shift of the isotherms towards higher values of the fugacity. The sudden jump of the Γ γ CO curves indicates the condensation of the CO molecules and, above the corresponding fugacity value, the basic box is filled with CO molecules.

Notice that, for a given temperature, the different values of Γ γ CO obtained at condensation is directly related to the accessible volume between two periodically replicated water slabs in the simulated systems. At lower fugacity values (i.e., before the jump in the isotherms), which corresponds to the most interesting part of the isotherm when dealing with adsorption, the CO molecules are progressively trapped by the solid water systems. In other words, they are either adsorbed at the surface, or incorporated inside the bulk of the water substrates (with the exception of Ih ice, see below).

The corresponding incorporation isotherms, given in the middle row of Figure 4, show that incorporation into the clathrate is always higher than on LDA ice, irrespective of the fugacity and temperature, as expected. However, whereas the number of CO molecules that are incorporated within the LDA phase gradually increases with the fugacity value, i.e., with the total number of CO molecules that are created in the simulation box, it clearly appears limited to a maximum value inside the clathrate, as indicated by the presence of a plateau in the corresponding isotherms. This plateau can be related to the complete filling of all the cages in the corresponding clathrates.

Interestingly, note that for sII clathrates, a double plateau is obtained, which is clearly associated to the double occupancy of the large cages of sII as observed and explained in previous experimental and simulation studies 49,[START_REF] Patt | Simulation moléculaire d'hydrates de gaz mixtes en conditions astrophysiques[END_REF] . It is worth mentioning that the number of CO molecules that are incorporated inside Ih ice remains always vanishingly small, irrespective of the fugacity.

For better understanding the behavior of CO with respect to enclathration, the corresponding incorporation isotherms simulated at 50 K for both hydrate structures (sI and sII) are compared with those simulated for the bulk clathrate (data taken from Ref. 30 ) and depicted in Figure 5. For sake of simplicity, in this comparison, the isotherms are given on the form of the incorporation fraction as a function of the fugacity. First, it is worth noticing that, when considering finite systems with interfaces, the corresponding isotherms are shifted towards lower fugacity values when compared to bulk clathrates. This suggests that the interface favors the enclathration of the CO molecules. This interesting result can be associated with the dilation of the hydrate structures along the direction z perpendicular to the interface. Indeed, compared to the bulk case, relaxation of the clathrate structure when creating the interface leads to a size increase of about 17 % and the shape of the incorporation isotherms exhibits an inflection, characteristics of an adsorption process with two different energetic sites corresponding to a preferential loading of the small cages first, then followed by the enclathration into the large cages at higher fugacities. 30 Hence, for sII clathrates, a change of the incorporation fraction corresponding to the inflection, between systems with and without interfaces is also related to the fact that creating the interface increases the ratio between small and large cages in the bulk part of the clathrate, from 66 % for a 3D clathrate to about 70.5 % for the clathrate of finite size.

The surface adsorption isotherms for CO are given on the bottom row of Figure 4. They show the surface concentration of CO molecules that are located at a distance less than 5 Å from the interfacial water molecules at the surface of the four types of solid water considered here, as a function of the fugacity. As it can be seen, the isotherm obtained on Ih ice (green circles) at 50 K rises continuously up to a given value of the fugacity. Above this value, a plateau is obtained in a large fugacity range and corresponds to the formation of a stable adsorption layer. This plateau is followed by a steep rising part of the isotherm, and again by a smoothly rising part before the isotherm ends by a sudden jump corresponding to the condensation. Increasing the temperature leads to a gradual disappearance of the plateau, disappearing almost at 150 K. The isotherm obtained on LDA ice (blue circles) is quite different, because the plateau observed on Ih ice is only evidenced at 50 K and is, so to speak, almost missing at higher temperatures. Instead, the isotherm on LDA ice rises more or less continuously up to the condensation point.

At the gas/clathrate interfaces, the adsorption isotherms for CO start to rise in the same range of very low fugacity values than on Ih and LDA ices, and then continuously rises up to the condensation point, without any noticeable plateau at 100 and 150 K. However, such a plateau can be observed in a narrow range of fugacity values around 10 -9 Pa at 50 K and only for the sI clathrate.

Moreover, the amount of adsorbed CO is always larger at the surface of sII than at the surface of sI clathrates, irrespective of the temperature. An interesting feature observed when comparing incorporation and surface adsorption isotherms on clathrates is that, at 50 and 100 K, and low fugacity values, the CO molecules start to be adsorbed at the surface before than being incorporated inside the clathrate systems considered, whereas the inverse situation is obtained at 150 K. Moreover, at large fugacity values, the CO molecules are concomitantly adsorbed at the surface and trapped inside the bulk (i.e., incorporated) of the clathrates. Finally, it is worth mentioning that up to the condensation point, negligible fraction of the CO molecules stay isolated from the water sytems in the vapor phase.

To understand the behavior of the CO molecules adsorbed at the surface of solid water, as revealed by the adsorption isotherms decribed above, we have analysed 10 4 sample configurations of the system simulated at 50 K and at two fugacity values, namely 10 -9 and 5 × 10 -2 Pa, corresponding to very different amounts of adsorbed CO molecules. These results are given in Figure 6. For analyzing the arrangement of the CO molecules, their number density profile along the surface normal axis z has been calculated and shown in the left panels of Figure 6. For reference, the density profile of the interfacial water molecules is also indicated on this figure. In addition, the orientation of the adsorbed CO molecules has been characterized by the analysis of the polar angle φ CO formed between the surface normal and the molecular axis, in such a way that the value φ CO = 0 corresponds to an orientation of the CO axis parallel to the surface normal axis, the O atom being closer to the water surface than the C atom. Finally, we have also calculated the adsorption energy of the CO molecules, defined as the energy E CO-H 2 O of their interaction with the water molecules. The corresponding angular and energy distributions P(φ CO ) and P(E CO-H 2 O ) are given in the middle and right panels of Figure 6, respectively.

At the surface of Ih ice, and for a fugacity value of 10 -9 Pa corresponding to the plateau of the CO adsorption isotherm at 50 K, the number density profile of the CO molecules exhibits one main peak. It indicates that most of the CO molecules are located at about 2 Å above the water molecules of the surface. For this fugacity value, all the CO molecules point their C atoms toward the water surface, the CO molecular axis being tilted with respect to the surface normal axis, as shown by the single peak of the corresponding angular distribution function obtained at the value φ CO ∼ 140 • . Similarly, the single peak calculated in the energy distribution function indicates that the adsorption energy in this configuration of the CO molecules is equal to about -25 kJ/mol. At the higher fugacity value of 5 × 10 -2 Pa corresponding to the rising part of the adsorption isotherm observed after the plateau, a second peak is observed in the number density profile, located approximately 1 Å higher than the first one, that can be related to the peaks observed at the values φ CO = 90 • and E CO-H 2 O = -10 kJ/mol in the corresponding angular and energy distributions, respectively. Worthwile to emphasize is that, at this fugacity value, two adsorption sites are then clearly evidenced, the first one being closer to the surface than the second one. In this second adsorption site, the CO molecules are adsorbed perpendicular whereas in the first adsorption site, they are adsorbed nearly parallel to the surface normal axis, respectively, as indicated by the shift from 140 to 165 • of the corresponding peak in P(φ CO ). Note that, whereas for this site close to the surface a slight reorientation of the CO molecules is observed with respect to the situation obtained at lower fugacity values, the corresponding adsorption energy does not change by more than 1 kJ/mol (see P(E CO-H 2 O )).

The situation appears somewhat more complex at the surface of LDA ice, at least when analysing the number density profiles. Indeed, for the two fugacity values considered here, the CO number density profiles are characterized by a wide distribution of peaks, even located in the z range where the water density does not drop to zero. This could be related to the strong corrugation of the LDA ice surface. The wide peak obtained in the angular distribution function at the fugacity value of 10 -9 Pa indicates that, although many orientations are calculated, most of the CO molecules are adsorbed with their C atom preferentially located closer to the water surface than their O atom. These configurations correspond to an adsorption energy value of about -25 kJ/mol. At the higher fugacity value of 5 × 10 -2 Pa (corresponding to a larger number of adsorbed CO molecules), the additional CO molecules are characterized by a higher value of the adsorption energy of around -12 kJ/mol, with orientations corresponding to φ CO ∼ 50 • as indicated by the second, wide peak evidenced in P(φ CO ).

At the surface of sI clathrate at 50 K, and for the fugacity value of 10 -9 Pa corresponding to the region where a plateau is calculated in the adsorption isotherm of CO, the analysis of the configurations issued from the simulations show that all the CO molecules have a similar tilted orientation (around φ CO = 130 • , see middle panel of Figure 6) corresponding to an adsorption energy of about -25 kJ/mol (right panel of Figure 6). These configurations look like those observed at the surface of Ih and LDA ices. Moreover, the number density profile given in the left panel of Figure 6 shows that most of the CO molecules are located outside the region where the water density drops to zero. Taking into account that the surface of the clathrate contains full and semi-cages (see Figure 1), this indicate that, at low fugacity values, the CO molecules preferentially adsorb on top of the full cages of the sI clathrate, where they can form a layer before other sites at the surface are occupied. Then, at the higher fugacity value of 5 × 10 -2 Pa for which much more molecules are adsorbed, the additional CO also bind to the surface of the semi-cages, as indicated by the growing peak obtained at around 39 Å in the number density profile of CO. In these new positions, the CO molecular axis is now tilted by φ CO ∼ 40 • , with a corresponding adsorption energy of ∼ -12 kJ/mol. The situation is different at the surface of sII clathrate where, for the two fugacity values considered here, the CO molecules can adsorb on full and semi-cages, without any noticeable preference, as shown by the multiple peaks in the number density profile of CO, that are located both outside and inside the range where the water density drops to zero. In these positions, the CO molecules exhibit two preferential orientations (φ CO ∼ 60 • and φ CO ∼ 120 • ), corresponding to a wide range of adsorption energies, as shown by P(E CO-H 2 O ). Indeed, three main peaks located at around -30, -25 and -17 kJ/mol, and five peaks at around -35, -27, -22, -15 and -10 kJ/mol are evidenced in the energy distribution functions of CO, for the fugacity values of 10 -9 Pa and 5 × 10 -2 Pa, respectively. Interestingly, whereas the CO behavior seems quite similar at the surface of sI clathrate and Ih ice, it is rather different at the surface of sII clathrate where the binding energy with the water environment appears stronger and the number of possible adsorption sites larger. This can explain the larger amount of CO molecules adsorbed at the surface of sII clathrate, irrespective of the fugacity value, as exhibited by the corresponding isotherm (Figure 4).

C. Trapping isotherms of CO at the surface of solid water with the model proposed by

Straub and Karplus 43 (model B)

The total, incorporation and surface adsorption isotherms simulated by the GCMC method when the CO -H 2 O interactions are represented by model B are given in Figure 7. Although these isotherms exhibit shapes roughly similar to those calculated with model A, noticeable differences are however obtained. First, both the fugacity values at which the isotherms depart from zero and at which condensation is observed are shifted to higher values when using model B irrespective of the temperature. This is particularly true when considering Ih and LDA ices. Moreover, the incorporation into LDA ice appears less favored with this model than with model A, because as the fugacity increases, the number of CO molecules that are trapped into the bulk of LDA ice is smaller. In addition, model B leads to a preferential incorporation of CO into sI clathrate, as indicated by the smaller value of the fugacity at which the corresponding isotherm starts to rise in this case, with respect to what is calculated for the isotherm of sII clathrate (this is specifically observed at 50 and 100 K). Note that the inverse situation is observed when model A is used. Similarly, the values of the fugacity at which the incorporation isotherms for clathrates depart from zero are in the same range than those at which the corresponding isotherm start to show CO adsorption at the clathrate surfaces. This indicates that bulk incorporation and surface adsorption may be competitive processes for clathrates when the CO-water interaction is described with model B. Furthermore, in the case of the sII clathrate at 50 K, the lack of any inflection at intermediate values of the fugacity indicates that there is no difference between incorporation into small and large cages when model B model is used in the simulations, in contrast to what is calculated with model A. Finally, it is interesting to focus on the adsorption behavior at the surface of the four solid water systems considered here. The corresponding adsorption isotherms are thus much more similar when model B is used than when the CO-water interactions are represented by model A, with the noticeable exception of the adsorption isotherm on Ih ice at 50 K. Indeed, this isotherm still exhibits a well-defined plateau before condensation is obtained, indicating the formation of a stable monolayer at the ice surface. Notice however that the corresponding isotherm is characterized by two plateaus at intermediate and high values of the fugacity when using model A (see Fig. 4), a feature which has been related to two different values of the adsorption energy (i.e., two different adsorption sites) at the surface of ice with this model.

As in the previous paragraph, we have thus analysed the adsorption configurations of the CO molecules that are adsorbed at the surface of solid water, by calculating their number density profile and the distributions of both their polar angle and interaction energy with the water molecules (Figure 8). These analyses have been performed at 50 K and at only one fugacity value of 1 Pa, i.e., in the fugacity range where the plateau is observed in the adsorption isotherm, that could correspond to the formation of one stable, adsorbed layer of CO molecules on Ih ice. For this fugacity, the number density profile of the CO molecules exhibits one single peak, only, indicating that the CO molecules are located at about 2 Å above the water molecules of the surface of Ih ice. At this distance from the ice surface, two peaks are obtained in the corresponding angular distribution function, indicating that the CO molecules point either their C atom (φ CO = 120 • ) or their O atom (φ CO = 60 • ) toward the water molecules, this second orientation being less favored.

The corresponding adsorption energy for these two configurations appears similar, as shown by the single broad peak calculated in the energy distribution function at around -12.5 kJ/mol. Similar conclusions are obtained at the surface of the other solid water systems, where only one adsorption site is also evidenced (at least, from an energetic point of view), characterized by similar adsorption energy when considering clathrates, and by slightly weaker CO-water interactions (around -8.0 kJ/mol) on LDA ice. Notice that this feature can explain why the isotherms for these four solid water systems are similar when model B is used. These results are very different from those obtained with model A, for which different adsorption sites are obtained, corresponding to a large range of adsorption energies (as detailed above).

D. Trapping isotherms of N 2 at the surface of solid water

When considering the situation of N 2 in contact with the various solid water sytems studied here, the corresponding isotherms (Figure 9) show that the trapping of this molecule starts at higher fugacity values than for CO, especially when considering the results obtained with model A for the CO-water interaction (Figure 4). Moreover, the comparison between the incorporation and surface adsorption isotherms indicates that the N 2 molecules are preferentially incorporated inside the bulk of the sI and sII clathrates rather than being adsorbed at their surface, irrespective of the temperature. In addition, non-negligible amount of N 2 can be dissolved inside LDA and this dissolution becomes even more pronounced with increasing temperature. When focusing on the adsorption process at the surface of solid water, only the adsorption isotherm on Ih ice at 50 K exhibits a plateau in a very narrow range of fugacity values. This indicates that the formation of a stable layer of N 2 at the surface of solid water is a rather unfavorable phenomenon.

Nevertheless, we have performed a detailed analysis of the N 2 adsorption at a fugacity value of 10 Pa corresponding to the region of this plateau in the adsorption isotherm of Ih ice at 50 K. The corresponding number density profile, angular (P(φ N 2 ), and energy (P(E N 2 -H 2 O )) distributions are given in Figure 10. For this fugactiy value of 10 Pa, the N 2 molecules form a single layer at the surface of Ih ice, as indicated by the single peak observed in the number density profile of N 2 , at about 2.25 Å above the water molecules of the surface, indeed. Within this layer, the N 2 molecules are oriented in such a way that their molecular axis is tilted by about 70 • with respect to the surface normal axis (in fact, P(φ N 2 ) exhibits two peaks at 70 • and 110 • , that correspond to the same tilt angle due to the symmetry of the molecule), and this configuration is characterized by an adsorption energy value of about -8 kJ/mol. Similar weak values of the adsorption energy are calculated at the surface of LDA ice (around -7 kJ/mol) and of sI clathrate (between -5 and -11 kJ/mol) . Nonetheless, above sII clathrate, the corresponding energy distribution for N 2 is rather characterized by a wide peak ranging between -5 and -15 kJ/mol. This indicates that stronger adsorption sites, probably located at the surface of semi-cages, may exist on sII clathrate. However, the adsorption of N 2 at the surface of solid water appears less favorable than for CO on the same surfaces.

E. Competitive trapping between CO and N 2 when considering a mixed gas phase

The adsorption phenomenon at the surface of solid water systems in contact with a gas phase containing an equimolar mixture of CO and N 2 has also been investigated by using GCMC simulations. Note that for these simulations, we have restricted the explored fugacity range to values that are below those for which 3D condensation is obtained. Thus, in this fugacity range, the CO-N 2 mixture behaves as an ideal mixture, 30 allowing to fix the composition of the mixture by imposing given partial fugacities. Let us first comment the adsorption isotherms, simulated at 50, 100, and 150 K and that are given on Figures 11 and12, for the models proposed by Piper et al. (model A) 42 and by Straub and Karplus (model B), 43 respectively. A general feature for the four solid water surfaces considered is the clear preferential adsorption of CO, with respect to N 2 , for both models, irrespective of the fugacity value and temperature. Only a small, although non negligible, amount of N 2 can be adsorbed at the highest fugacity values and at 150 K, when model A is used, and from 100 K with the other model. In addition, the maximum amount of N 2 molecules that can be adsorbed does not depend on the model used to describe the CO-water interactions. The main differences between the two CO-water models are observed when looking at the surface adsorption isotherms of CO, as expected. These isotherms are in fact very close to those calculated when the gas phase contains only CO molecules, due to the negligible adsorption of N 2 molecules, and thus, the corresponding outcomes are similar to that has been already discussed in the preceding paragraphs. Anyway, the main conclusion of these analyses is that the adsorption phenomenon at the surface of solid water is highly selective, and strongly favors the trapping of CO at the expense of N 2 .

When considering now the competitive incorporation inside the bulk of solid water, neither CO or N 2 molecules are significantly incorporated into ice Ih, irrespective of the model used to calculate the CO-water interactions. In the same way, only a vanishingly small number of N 2 molecules are dissolved inside the bulk phase of LDA ice. However, when using model A (results not shown), LDA ice can incorporate a small number of CO molecules. On the contrary, when using model B, LDA ice can incorporate rather significant, and similar, numbers of CO and N 2 molecules, even at 50 K, a temperature at which no N 2 molecule is adsorbed at the surface of LDA ice. Moreover, increasing the temperature strongly favors the dissolution of N 2 into LDA ice at the expense of CO, at 150 K. Thus, with model B, LDA ice appears selective for CO at its surface, at the expense of N 2 , and selective for N 2 in its bulk, at the expense of CO.

Finally, the incorporation into the clathrates has been simulated and the corresponding isotherms are shown on Figure 13 for GCMC calculations performed with the two models used to described the CO-water interactions. The corresponding molecular selectivities α CO-N 2 44 are also given in Table II.

In general, the incorporation into both sI and sII clathrates appears as a selective process that favors the CO molecule, irrespective of the fugacity and of the temperature, when model A is used. Indeed, in this case, the number of N 2 molecules that can be incorporated into the clathrate cages remains always much smaller than the corresponding number of CO molecules. This is also observed with model B, for the sI clathrate, although the values of the selectivity are much lower in this case. In addition, when using this model, the selectivity value for sII clathrate at 100 and 150 K becomes less than one, indicating in this situation, a (slighlty) preferential incorporation of N 2 with respect to CO (at least, in the conditions of the present simulations).

To quantify the influence of the cage relaxation processes on the competitive adsorption of CO with respect to N 2 , we have also performed similar GCMC simulations by considering rigid slabs of clathrates. The results are given here in terms of selectivity (see Table II), the values of which showing that the influence of flexibility on the results appears much stronger when using model A, than when using model B to calculate the CO-water interactions. Thus, rigid slabs of clathrates are much less selective with respect to CO than the corresponding flexible systems, when using the former model, whereas no significant difference is observed when using the latter one. Note that when using model B to calculate the CO-water interactions, the selectivity values for rigid sI clathrates are however slightly higher than for the flexible ones. They also remain less than one for sII clathrates at 100 and 150 K, indicating a favored incorporation of N 2 in these cases.

For enhancing our understanding of these processes, we have also performed simulations with infinite, 3D, bulk clathrate systems with model A, as in our previous works. 30,44 The corresponding selectivity values (see Table II) are then very similar to those obtained with rigid 2D systems.

Moreover, considering thicker slabs of clathrates in the simulations (namely, 2 × 2 × 3, 2 × 2 × 4 and 2×2×5 unit cells, instead of the original 2×2×2 one) does not have any significant influence on the clathrate selectivity in this case. These features confirm than the main influence of the gas/clathrate interface on the clathrate selectivity comes from the cage relaxation following the creation of the interface. Indeed, as already mentioned above, the size of the clathrate cages is larger in the relaxed 2D than in infinite 3D systems, a difference that reinforces the selectivity for CO at the expense of N 2 .

F. Discussions

Adsorption of N 2 and CO molecules on crystalline and amorphous ices, in particular in low temperature conditions, has been investigated, especially at the beginning of the 2000s, using both experimental and theoretical approaches [START_REF] Allouche | [END_REF][52][53][54][55][56][57][58][59] . In these studies, N 2 was found to weakly adsorb at the surface of ice with adsorption energy values ranging between 8 and 9.5 kJ/mol 2,53,55,59 , in good agreement with the GCMC results reported here.

By contrast, when considering adsorption of CO on ice, some differences are evidenced between the present simulation results and previous conclusions, especially when using the model proposed by Piper et al (model A). 42 Indeed, it has been experimentally shown that the CO molecules can form a stable monolayer at the surface of crystalline ice, corresponding to an enthalpy of about 10 kJ/mol. 2,54,58 Similar results were also evidenced at the surface of amorphous ice, with an adsorption energy of 11.3 kJ/mol. 2,52,54,55,58 These conclusions are supported by quantum calculations which showed, in addition, that although the CO molecules can exhibit different adsorbed configurations at the surface of ice, the corresponding calculated adsorption energies always remain around 10 kJ/mol. [START_REF] Allouche | [END_REF]52,54 Therefore, we can conclude that the present GCMC results support the existence of adsorption sites corresponding to an adsorption energy of about 10 kJ/mol, at the surface of both Ih and LDA ices. However, the second, much more attractive site around 25 kJ/mol evidenced by our GCMC simulations when using model A, has neither been observed by experiments nor in the results of quantum calculations. Undoubtedly, GCMC results, as for any sort of simulation calculations, are model dependent and, this second adsorption site is related to the tendency of model A to favor strong electrostatic binding between CO and the dangling H atoms at the ice surface. Then, model A certainly leads to an overestimation of the CO-H 2 O interactions at the surface of ice, especially of the electrostatic contribution, due to the charge distribution of the model. However, it is worth noticing that this model has been shown to accurately represent experimental results when used to simulate CO clathrate hydrates 30,44 . More specially, it has been proven to always favor the enclathration of CO at the expense of N 2 when considering a gas phase that contains mixtures of these two gases, in accordance with experimental conclusions. 44,48 An explanation could be that, inside the clathrate cages, water H atoms are involved in the H-bonding network of the water molecules and thus, not directly available for pairing with the CO molecules. In this situation, the enclathrated CO molecules remain farther from the water molecules than at the ice surface, thus likely lowering the interaction. These features seem thus to indicate that, although well-suited for modeling CO incorporation into clathrates, model A may not be transferable to accurate simulations of the CO adsorption at the surface of solid water.

On the contrary, when using the model proposed by Straub and Karplus (model B) 43 for calculating the CO-water interactions at the surface of ice, only one adsorption site is evidenced, with adsorption energy values of about -12.5 kJ/mol and -8 kJ/mol, on Ih and LDA ices, respectively. These values agree quite well with those determined from both experiments and quantum calculations. 2,54,58 Moreover, the prefered configurations for the adsorbed CO molecules on ice determined in the present GCMC calculations with this model are also in accordance with the results of quantum calculations. 54 Thus, model B appears well-suited for an accurate description of the CO adsorption at the surface of solid water systems. The situation is a little bit more complicated when considering the incorporation into clathrates in the case where the gas phase contains a mixture of CO and N 2 molecules. Indeed, although model B 43 performs qualitatively well for clathrates forming sI structures, it does not reproduce the experimentaly measured selectivity at 150 K at low CO molar fractions, i.e., when the corresponding clathrates are supposed to form a sII structure. 44 We can thus conclude that whereas one of the model used in the present simulations seems accurate enough to characterize the incorporation of CO into clathrates (model A) 42 , it fails at reproducing the previously measured and calculated adsorption energies at the surface of ice (unfortunately, no experimental measurements nor quantum calculations are available for the adsorption energy of CO and N 2 at the surface of clathrates). The inverse situation is obtained with the other model (model B) 43 which gives accurate results when considering adsorption at the surface, and more controversial conclusions inside clathrates. This could be related to the subtle balance between the attractive and repulsive parts of these interaction potential models. Indeed, when incorporated into the clathrate cages, the CO molecule is located at larger distances from the water molecules than when being adsorbed at the surface of solid water. Thus, this molecule explores rather the long-range attractive part of the interaction potential in the former situation, whereas it is very sensitive to the short-range, repulsive part of the potential in the second one.

IV. CONCLUDING REMARKS

In the present paper, we make use of GCMC simulations to characterize the adsorption of CO and N 2 molecules at the surface of four different solid water systems, namely Ih and LDA ices, and sI and sII clathrates, at temperatures relevant for astrophysics.

The present GCMC calculations evidence the influence of the CO-water interaction model on the results, as already previously shown for N 2 . 45 Anyway, the results of the simulations show that the adsorption of CO on solid water surfaces is energetically more favorable than that of N 2 , in accordance with previous experimental conclusions. Also, in general, adsorption at the surface appears more likely than incorporation into the bulk of these systems, although for clathrates the situation may depend on the temperature. As a consequence, when considering a gas phase that contains mixtures of CO and N 2 molecules, the water substrate appears strongly selective for CO at the expense of N 2 . This information could be useful to complement our understanding of the formation conditions of some comets, for which the N 2 /CO ratio has been used to infer the temperature at which they have been built from agglomeration of icy grains. 34,60 It is noteworthy to mention that in real environment, incorporation of CO and N 2 molecules should also be considered in cages of clathrate structures that have been stabilized by some other guest molecules. 61 Further works in that direction are thus currently in progress .
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FIG. 1 .

 1 FIG. 1. Visualization of the four molecular structures of solid water used in the present work. Oxygen and hydrogen atoms are represented as red and white balls, respectively. Panel (a) displays the structure of type Ih crystalline ice, while the amorphous structure of the LDA ice is shown on panel (b). The two clathrate hydrates structures are given on panel (c), with sI on the left and sII on the right hand sides of the figure.

FIG. 2 .

 2 FIG.2. Comparison of the molecular selectivities α CO/N 2 obtained by GCMC simulations for both models,

FIG. 3 .

 3 FIG.3. Comparison of the incorporation isotherms of CO (in grey) and N 2 (in red) in the case of a sI mixed clathrate hydrate (3D bulk clathrate without interface) obtained with the two different interaction potentials used for CO (see text): model A (circles and full lines), and model B (triangles and dotted lines). These comparisons are made at two temperatures : 50 K and 150 K. We recall that a value of 0 in an incorporation isotherm means that the hydrate is empty while a value of 1 indicates that the hydrate hosts as many guest molecules as the number of cages composing its structure. The molecular selectivities α, displayed for each model in the bottom left corners, have been determined at the saturation of the clathrate hydrates. The gaseous phase corresponds to a equimolar mixture of CO and N 2 .
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  . Trapping isotherms of CO at the surface of solid water with the model of Piper et al. 42 (model A) The various trapping isotherms for CO, obtained from the GCMC simulations at 50, 100 and 150 K performed with model A, are shown in Figure 4. In this Figure, we have normalized the number of CO molecules created in the simulation box, by the geometrical section of the box (perpendicular to the z axis). The isotherms give the surface concentration Γ γ CO of the CO molecules trapped by the γ solid phase of water (γ = Ih ice, LDA ice, clathrates) as a function of the fugacity, rather than the average number < N CO > of molecules in the simulation box :

FIG. 4 .

 4 FIG.4. Trapping isotherms obtained in the GCMC simulations when using model A (CO Piper ). These isotherms are represented as the surface density, Γ γ CO , in the simulation box as a function of the imposed CO fugacity. The results for the four systems considered are represented: sI clathrate in grey, sII clathrate in red, LDA ice in blue, and Ih ice in green. The isotherms are calculated at three temperatures: 50, 100, and 150 K. Note that the top row shows the total isotherms whereas the middle and the bottom rows give the incorporation and surface adsorption isotherms, respectively (see text for the definition of these isotherms).

  FIG. 5. Comparison of the incorporation isotherms of CO molecules inside the sI and sII clathrate hydratespresenting interfaces, with those simulated for bulk clathrate hydrates, at 50 K and when using model A for calculating the CO-H 2 O interactions.

  Indeed, whereas the model of Piper et al. (model A) 42 appears well-suited for characterizing incorporation of CO molecules into clathrates, the one proposed by Straub and Karplus 43 (model B) seems more accurate for characterizing adsorption at the surface of solid water. This enlightens the need for an interaction potential model between carbon monoxide and water molecules that could be transferable to different environments. Such a model should take explicitely into account the polarizability of the interacting molecules. More generally, an in-depth evaluation of the force field model for CO and N2, ombined with the selected water model, could be based on the reproduction of the experimental hydration free energy.
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 67 FIG. 6. Results of the statistical analyses performed on the CO molecules (model A) adsorbed at the four different surfaces of solid water, at 50 K. The left column shows the number density profiles, ρ CO (z), along the interface normal axis (for reference, the number density profiles of H 2 O are also displayed, in blue). The middle column gives the distributions of the polar angle, φ CO , formed between the molecular axis and the surface normal. The right column displays the distributions of the interaction energy between CO and H 2 O, E CO-H 2 O . From top to bottom, the results are shown for Ih ice, LDA ice, sI and sII clathrates, respectively, and for two CO fugacity values: 10 -9 Pa in black, and 5 × 10 -2 Pa in red.
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 82910111112 FIG. 8. Results of the statistical analyses performed on the CO molecules (model B) adsorbed at the four different surfaces of solid water, at 50 K and for a CO fugacity value of 1 Pa. Panels (a, b, c, d) show the density profiles, ρ CO (z), along the interface normal axis for each solid water structure (for reference, the number density profiles of H 2 O are also displayed, using dashed blue lines). Panel (e) gives the corresponding distributions of the polar angle, φ CO , formed between the molecular axis and the surface normal, while panel (f) displays the corresponding distributions of the interaction energy between CO and H 2 O, E CO-H 2 O .

1 FIG. 13 .

 113 FIG. 13. Incorporation isotherms of CO and N 2 inside clathrate hydrates of structure I and II, in the case of the two interaction potentials used to represent the CO-H 2 O interactions: model A (left panel) and model B (right panel). The results are shown for an equimolar mixture of CO-N 2 in the gas phase, and for 50, 100, and 150 K. The isotherms for CO and N 2 are shown in grey and red, respectively.

TABLE I .

 I Parameters of the interaction potentials used in the GCMC simulations, for the water40 , N 2 41 ,

	Water	r OH	r OM ∠ HOH σ	ε	q
		0.9572 0.1250 104.52 •		
	O				3.164 0.681
	H						+0.524
	M						-1.048
	N 2	r NN			σ	ε	q
		1.10				
	N				3.31 0.299 -0.482
	center of mass						+0.964
	CO Piper (mod. A) r CO	r CQ 1	r OQ 2	σ	ε	q
		1.1282 0.4374 0.158		
	C				3.385 0.332 +0.831
	O				2.885 0.512
	Q 1						-0.636
	Q 2						-0.195
	CO Straub (mod. B) r CO	r CQ		σ	ε	q
		1.1282 0.6446			
	C				3.83 0.109 -0.75
	O				3.12 0.666 -0.85
	Q						+1.60

). Calculations have been performed thanks to the computational resources of the Centre de Calcul from the UBFC (Dijon-France). Prof. Jedlovszky (Department of Chemistry, Eszterházy Károly University, Eger, Hungary) is gratefully acknowledged for sending us the initial coordinate files of water molecules in LDA ice.

TABLE II .

 II Molecular selectivities α CO/N 2 calculated for sI and sII clathrate hydrates, and for the CO-H 2 O interaction models A and B. Two situations are compared: the clathrate hydrates are considered as being flexible or they are kept rigid. Additionally, for model A, the selectivities corresponding to bulk clathrates (without explicit interface) are also given. The selectivities are calculated at 50, 100, 150 K and for a fugacity value corresponding to the saturation of the clathrates (i.e., when single occupancy of all the cages is obtained).

			50 K		100 K		150 K	
	α CO/N 2	sI	sII	sI	sII	sI	sII
		Flexible	35,87	40,71	7,51	9,44	4,37	4,96
	MODEL A	Rigid	19,80	21,59	4,47	5,93	2,95	3,65
		Bulk	20,65	23,21	5,52	6,67	3,50	4,09
		Flexible	3,94	1,26	1,73	0,95	1,26	0,83
	MODEL B	Rigid	5,35	1,31	1,97	0,89	1,37	0,81