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Adsorption/desorption hysteresis of simple fluids confined in realistic heterogeneous silica mesopores of micrometric length: a new analysis exploiting a Multiscale Monte Carlo approach

Adsorption/desorption isotherms in porous materials are commonly used for characterization.

In order to analyze the data, accurate calculations of fluid adsorption in various complex pore models are required. The reversible, low adsorption portion of the isotherm is generally well described by molecular simulation, since the relevant fluid/substrate interactions are described

at molecular level. This molecular approach is however ineffective in the hysteresis region because the large scale spatial distribution of heterogeneities in the pore network is beyond the computer capabilities. On the other hand, coarse grained approaches are more suited to take into account this porous network complexity at large scale and discuss the hysteresis nature, but the molecular description is lost. In this paper, a multiscale approach is introduced which allows both a molecular description of fluid/substrate interactions, and taking into account the connectivity between the various domains in a porous material. The case of argon confined in heterogeneous tubular silica mesopores (MCM-41 or oxidized porous silicon) is considered. Comparison with the simple independent domain theory shows the strong influence of quenched disorder. It is also shown that the independent pore model significantly overestimates the hysteresis width. The effect of pore ends open at only one or at both ends is addressed.

I. INTRODUCTION

In the last decade, many efforts have been focused on the synthesis and characterization of inorganic mesoporous materials of well-defined geometry, because of numerous potential applications in modern science like phase separation, catalysis, chemical sensors and nanotechnologies. 1,2 Among the numerous mesoporous materials reported so far, the MCM-41 silica molecular sieves 3,4 and porous silicon 5 are probably one of the most widely studied, due to their simple structure and ease in preparation. They are interesting for industrial applications as well as for fundamental studies on adsorption phenomena, hysteresis and criticality [6][7][8][9][10] owing to exceptional properties like cylinder-like pore shapes with a high aspect ratio (pore diameter of few nanometers for a pore length of few micrometers), narrow pore size distribution, negligible interconnections between pores, etc. For these reasons they are considered as model materials suitable for comparison between theory and experiment. See for instance Ref [ 11 ] for a review on theoretical and simulation investigations in cylindrical pores and comparison with experiments. Molecular simulations and nonlocal density functional theory methods developed in cylindrical geometries have been shown to significantly improve the predictions of simple fluids adsorption and position of hysteresis over macroscopic Kelvin equation. [12][13][14][15][16][17] However, there is still room for improvement. Several issues have been proposed. The first one concerns the effect of pore ends which have theoretically proven to have a great influence on hysteresis width. [18][19][20] Another point concerns the possible roughness of the silica walls. It is not yet clear whether the silica surface is rough or not. [21][22][START_REF] Berenguer-Murcia | Studies in Surface Science and Catalysis[END_REF][START_REF] Fenelonov | [END_REF][25] However, the development of Monte Carlo simulations and reconstruction methods allows taking into account this possible roughness in order to improve the MCM-41 and porous silicon models. See for instance the recent work by Coasne et al. 26,27 on pore morphology and realistic reconstruction of MCM-41 pores at atomistic level. The last point concerns the long wavelength characteristics of the pores. It has early been recognized that, despite a quite regular pore shape along micrometer scale, the MCM-41 or porous silicon pore walls are not perfectly straight 9,22,28 which results in modulation of pore size and wall thickness along its axis. As a consequence of these long wavelength heterogeneities, the fluid/substrate interactions are modulated along the pore axis. The importance of such nanometer scale physico-chemical heterogeneities was recognized early in literature, 29,30 but studies focused on slit pore geometry until a recent work [31][32][33] showed the importance of such nanometer scale heterogeneities in cylindrical geometry. However, these studies did not focus on silica pores, and did not take into account their atomic roughness. Furthermore, only a limited number of heterogeneities could be considered due to the limitation in computer capabilities, and extrapolation to a realistic distribution of heterogeneities has to take into account their spatial distribution along the pore, which has never been considered yet in a molecular simulation approach.

The aim of this paper is to propose a multiscale Grand Canonical Monte Carlo (GCMC) simulation study which takes into account these requirements. The substrate is modeled by a tubular pore 1 micrometer long, 3nm in diameter, described at atomic level, made of 140 segments of equal length (roughly 7 nm) with various fluid/wall affinities to model physico/chemical heterogeneities along its axis. The main difficulty in such a study is the four orders of magnitude between the atomistic level description (Å) and the pore length (1µm).

The saturated system is expected to contain roughly 1.5×10 5 adsorbed argons. A multiscale approach is then required, which allows to take into account the interconnections between the 140 domains. Comparison with the independent domain theory of Everett 34 where the 140 domains are treated as independent pores, shows that their spatial interconnection is of greatest importance to understand the hysteresis shape. The paper is organized as follows:

Simulation details concerning the atomic description of each domain is given in section 2, as well as intermolecular potentials and GCMC details. The multiscale approach to perform the adsorption/desorption calculations in the entire 1 micrometer long pore made of 140 domains is then introduced in section 3. It is shown that the calculations may be performed separately in each domain taking into account the influence of the two neighboring ones. The corresponding results are given in section 4. They are finally exploited to generate the full pore adsorption/desorption isotherm, with comparison to published experimental data.

II. SIMULATION DETAILS

In order to perform accurate calculations of the adsorption/desorption properties of argon confined in mesoporous cylindrical MCM-41 or oxidized porous silicon pores, the system is described at the atomistic level. The mesopores are essentially modeled by heterogeneous cylinders of various characteristics, drilled in an initial substrate made of pure silica. The atomic positions of silicon and oxygen species are taken from a silica crystal, the cristobalite, because its density is close to that of the amorphous silica which constitutes the pore walls of the real mesoporous substrate. 22 The fluid/wall interaction intensity is then well reproduced since the density of interacting sites is correct. However, amorphous silica presents natural local density fluctuations which necessarily modulate the effective fluid/wall interaction along the pore. We can also mention the amorphous structure of silica which produces a natural corrugation of the pore surface, and, most importantly, the wall thickness which is expected to have non negligible variations along the pore. These characteristics are taken into account as follows. The pore is drilled in a random direction not parallel to the crystal axis to avoid excessively regular atomic ordering at the pore surface. All silicon species with dangling bonds are removed, which introduces a moderate roughness (the cylindrical shape is preserved). In this context, simulation results show that such smooth corrugation does not introduce drastic changes in adsorption/desorption isotherms. On the other hand, the possible silica density fluctuations and variations of the pore wall thickness are expected to introduce stronger effects. It is not possible to modulate the silica density by simply removing or adding some atoms without producing unrealistic silica structures. Performing simulation runs in order to relax the silica structure was also out of the scope of this paper. It was then decided to adopt the simplest solution which consists of modulating randomly the fluid/substrate interaction intensity along the pore axis around its nominal value to mimic the physicochemical heterogeneities previously mentioned. The modulation is typically around 10 to 20 percent, and limited to 30 percent. This generates an effective heterogeneous pore which is exploited to calculate the adsorption properties of the confined fluid. The pore diameter is taken to be 3 nm, and pore length of roughly The Grand Canonical Monte Carlo (GCMC) algorithm [START_REF] Nicholson | Computer Simulation and the Statistical Mechanics of Adsorption[END_REF][START_REF] Allen | Computer Simulation of Liquids[END_REF] is used to calculate the adsorption/desorption isotherms of confined argon. The chemical potential of Argon is imposed and related to the gas pressure in the reservoir using the ideal gas relation since it is a good approximation at the temperature at which the simulations are performed ). During the simulation runs, the amount adsorbed in the substrate fluctuates. For each point of the isotherms (see below), the calculations are performed until the statistical uncertainty is lower than few percent, taking into account the correlations between successive configurations in a refined statistical analysis. Generally, a total of 10 8

Monte Carlo steps per particle are enough. Figure 1 shows a typical Monte Carlo run performed for a given value of the chemical potential, and starting from an initial configuration given by the previous Monte Carlo run at lower chemical potential (adsorption).

The graph represents the amount of adsorbed argon as a function of the number of blocks of 10 4 Monte Carlo trial steps per adsorbed argon. Such blocks are usually required to generate uncorrelated configurations. As can be seen, the amount adsorbed increases, and seems to "converge" after 500 blocks. The Monte Carlo procedure is then run beyond this point to acquire statistical data. It is generally admitted that another 500 blocks would give average values with uncertainty around 5 percent (500 -1/2 ), provided that the 500 new configurations are independent. In most cases, this hypothesis is however not fulfilled, and the uncertainty is actually much larger. This would not be important for qualitative results. However, as shown later, quantitative calculations are required in this study, and the uncertainty has to be smaller than 5 percent. Thus, the correlation between the data has to be evaluated. Let us consider the amount adsorbed N(n) as a function of the block label n. The relative auto-correlation function

is (<N(n+t) N(n)>-< N(n)> 2 )/(<N(n) 2 >-<N(n)> 2 )
where <> denotes the average, and t is the delay in the number of blocks. The auto-correlation is 1 for no delay (t = 0) and decreases to zero for large delay. It is assumed that two configurations separated by t are almost independent (de-correlated) if the auto-correlation function has decreased to 0.10. In the example shown in Fig. 1, the de-correlation delay is around t = 50 blocks. As a consequence, at least 10 4 blocks of 10 4 Monte Carlo trials per adsorbed argon are required to reach an uncertainty of 7 percent (shown in the inset of Fig. 1).

III. PORE MODEL AND MULTISCALE APPROACH

The pore considered in this study is a cylinder, of diameter 3 nm, and 1.03 micrometer long.

As previously explained, the MCM-41 or porous silicon pores are certainly not perfectly (discrete Gaussian-like distribution). The total number of segments or domains is taken to be 140, and their spatial extension is 7.36 nm. The step function used in this study to modulate the fluid/substrate interaction along the pore axis is shown in Fig. 2a as a function of the segment label. The simplest approach to treat the adsorption problem would be within the context of the independent domain theory of Everett. 34 However, it is shown in this paper that this is a crude approximation, due to obvious mutual influence of the adsorbed fluid between the domains. However, due to computer limitations, it is impossible to treat the adsorption problem in a single simulation run for such a long (one micrometer) pore. A multiscale approach is then proposed where the heterogeneities are treated separately, but taking into account the possible influence of their immediate neighbors. It is proposed to divide the long pore (micrometer scale) in several elemental units, called segments, of length compatible with computer capabilities. For instance, in our pore model, the segments correspond to the different domains (see Fig 2b). For segment length larger than the range of the interactions, the calculations in each segment only require the knowledge of the fluid state in the two neighboring segments. In this perfectly exact approach, the calculations could be performed on a multi-processor computer where each processor focuses on one segment and retrieve information concerning the molecular configurations of neighboring segments from other processors at each simulation step. However such an exact approach is quite demanding and can be greatly simplified by a reasonable approximation: the adsorption properties of an elemental pore are essentially determined by the density of the neighboring fluid, and its thermal fluctuations. The molecular configurations generated in the neighboring segments may then be replaced by any set of molecular configurations sampling the same statistical ensemble. The advantage is that the calculations in the elemental pores can be made separately, while taking into account the influence of the fluid adsorbed in the neighboring segments. In other words, the two neighboring segments are treated as refined boundary conditions for the studied segment (see Fig. 2c). Note that, due to hysteresis phenomena, the fluid state in the neighboring pores is not uniquely defined: several possibilities for the boundaries have then to be considered. However, a maximum of two fluid states are actually possible in our segments (see section The last point to be mentioned is that the first and the last segments of the 1 micrometer long pore merit special attention. Two cases are possible depending on whether the long pore is open at both ends to the gas reservoir or closed at one end. In the first case, the boundary condition at both ends of the long pore is simply the gas state, because the chemical potential in the reservoir is always below the saturation point. In the second case, the boundary condition for the pore is the gas state for the open side. The closed side has to be treated separately as a segment closed at one side.

Let us now suppose that we know the adsorption/desorption isotherms calculated at the molecular level (depending on the boundaries conditions) for the 7 elemental pores (the results are given in next section). The multiscale approach which allows to calculate the adsorption/desorption isotherm for the entire 1 µm long pore is now explained. The initial state is the empty pore at very low pressure. All segments are then almost empty, and the boundary conditions for all domains are G-G. The total amount adsorbed is given by the sum of the elementary adsorption in the domains with the given boundaries. The chemical potential of the fluid is then increased (adsorption), and the amounts adsorbed in the elemental pores increase. The boundaries conditions of the domains are still all gaslike (G-G) until fluid condenses to liquidlike state in one of the segments. The neighboring segments are then reconsidered with the new condition (G-L) since one of their boundaries is now liquidlike. If the fluid state in these segments jumps to the liquid state, the next neighbors are also reconsidered, and so on until the fluid state remains unchanged in all segments and the total amount adsorbed is converged. This corresponds to an avalanche where the condensation in a domain propagates to several domains. The pressure is then increased again, and the same procedure is applied to calculate the new adsorbed amount. Finally, for large chemical potential values, complete saturation is reached (at this point, all segment boundaries are liquidlike except for the segments open to the reservoir for which the gaslike boundary is maintained). The same convergence algorithm is then applied for desorption.

IV. ADSORPTION/DESORPTION ISOTHERMS FOR ELEMENTAL DOMAINS

As previously mentioned, the simplest calculation of the adsorption phenomenon in the heterogeneous pore is to consider the domains as independent. The results given by this simple approach are first given. In this case, the properties of each domain are calculated without taking into account the influence of the neighboring pores, and it is generally assumed that the molecular simulations in each domain or elemental segment should be performed with the usual periodic boundary conditions (PBC). To do so, the boundaries as previously defined are removed, and PBC are imposed in the axial direction. We performed the calculations for the nominal interaction intensity Let us now consider our multiscale approach. In this case, the adsorption/desorption isotherms have to be calculated in each elemental pore with the imposed G-G, G-L or L-L boundary conditions. Figure 5 gives the confined argon results for a domain with the nominal interaction parameter
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. The amount adsorbed is calculated by integrating the fluid density within the central segment (between z* = -10.78 and + 10.78, see Fig. 3). As can be seen, the two isotherms obtained with symmetric boundary conditions (G-G and L-L) present a hysteresis, while the dissymmetric boundary conditions (G-L) produce reversible results. In this last case, when the chemical potential reaches the coexistence point between the gaslike and liquidlike states, 14,15,31 the liquid/gas meniscus simply goes through the pore from its initial position imposed by the dense fluid condition at one boundary to the opposite side. Conversely, when decreasing the chemical potential from complete saturation, the same meniscus recedes from the gaslike condition imposed to the fluid on the opposite boundary.

This reversible isotherm is also the "equilibrium" isotherm in the sense that it minimizes the grand potential. 31 On the other hand, for gaslike fluid imposed at both ends (G-G), no meniscus preexists: as a consequence, when the chemical potential is larger than the coexistence value, the new liquidlike state has to nucleate from the gaslike state in the pore (eventually at the wall), which is accompanied by a free energy barrier which delays the capillary condensation. After saturation has been reached, desorption occurs at coexistence without nucleation barrier since liquid/gas menisci are present at both ends due to the gaslike conditions imposed at the boundaries. In the last case where two liquidlike boundaries are imposed (L-L), the condensation occurs at coexistence since liquid/gas menisci preexist at both ends, while desorption is delayed since a nucleation barrier has to be overcome, associated to the nucleation of the new gaslike state in the pore in the absence of preexistent liquid/gas meniscus. This shows that the boundary conditions have large impact on hysteresis loop. However, it is emphasized that boundaries do not change the relative stability of the adsorbed fluid state because the grand potential minima are unchanged: above the coexistence chemical potential, the gaslike (respectively liquidlike) state is always metastable (respectively stable), whereas below, the gaslike (respectively liquidlike) state is always stable (respectively metastable). The boundaries only influence the path followed by the system. In other words, the boundaries affect the nucleation barriers, but not the grand potential values of the local minima. Note that, despite some similarities, these results do not deal specifically with the effect of pore ends. 19 The last point to be mentioned is that, far from the hysteresis loop, the simulation data obtained for the three boundary conditions are identical, as expected since in this case only one stable state exists. This actually shows that the procedure does not introduce artifacts. On the other hand, within the hysteresis loop, where two metastable states exist, the boundary conditions have a large influence.

As a validation of the method, it is proposed to recover the PBC results of given by the fluid state on the other side. The system being homogeneous, the fluid state, and as a consequence the boundary conditions, are identical at both ends. One starts with G-G for low chemical potential, up to capillary condensation (which is delayed beyond the coexistence). At this point, the boundary conditions switch to liquidlike (L-L), and the pore is completely saturated. The chemical potential may then be increased to bulk saturation (around 8 in reduced units), and the amount adsorbed is deduced from the isotherm in the elemental pore with the imposed L-L boundary condition. Upon desorption, the same liquidlike branch given by the L-L boundary condition is described in the reverse direction. Note that according to this, pore emptying is delayed below the coexistence point. When the pore empties, the boundary conditions switch back to (G-G), and the initial gaslike isotherm is recovered. In conclusion, the PBC result is expected to be given by the gaslike branch with G-G condition at boundaries, and the liquidlike branch with L-L at boundaries. The result is given in Fig 6

(circles), as well as the results previously given in Fig. 4 obtained with PBC implemented directly in the code (triangles). As can be seen the agreement is excellent within uncertainties.

Our approach slightly underestimates the adsorbed amount very close to the capillary condensation, and slightly underestimates the chemical potential at which pore emptying occurs. However this is not believed to be significant. For instance, the pore emptying occurs via a stochastic nucleation phenomenon, and, very close to the transition, the probability is such that it may or may not have time to occur within a simulation run. Hence, the positions of the two desorption branches might have been reversed. However, for a slightly lower chemical potential, the probability increases drastically, and transition has time to occur in both simulation runs.

Figure 7 presents the same results (adsorption/desorption isotherms in the elemental pores) for the seven values of the fluid-wall interactions considered in this study. For clarity, the gaslike and liquidlike branches are given in separate figures, and logarithmic scale is used for gaslike branches to enhance low adsorption region. As can be seen, the stronger the interactions the larger the amount adsorbed along the gaslike branch (formation of a monomolecular adsorbed layer). Conversely, for weak interactions, few atoms adsorb on the substrate. The liquidlike branch is also higher for larger fluid/wall intensity. However, the effect is less pronounced for this dense liquidlike state. The last point concerns the position of the vertical adsorption and desorption branches. For stronger fluid/substrate interaction, these positions shift to lower chemical potential, accompanied by a narrowing of the hysteresis.

V. ADSORPTION/DESORPTION ISOTHERMS IN DISORDERED SILICA

MESOPORES

The adsorption/desorption properties of argon confined in the 1 micrometer long silica pore made of 140 elemental segments are now evaluated. The calculations are first performed within the independent domain theory. The isotherms for each domain with PBC are then required. They could be obtained directly in a periodic simulation box. However, we showed previously that these data can also be deduced from the isotherms already calculated with imposed boundary conditions (shown in Fig. 7), which saves computing time. The differences are quite small. The advantage in doing so is that we are using the same set of Monte Carlo data to calculate the isotherms within the independent domain theory and our multiscale approach, and hence we are sure that the possible differences between the results are intrinsic to the models and not due to statistical differences between two Monte Carlo runs. The adsorption/desorption isotherm obtained within the independent domain theory is given in ). The second noticeable point is that the "equilibrium" curve never meets the steep portions of the adsorption or desorption branches. On the other hand, the adsorption occurs at equilibrium just above the lower closure point of the hysteresis (µ* = -9), and desorption occurs at equilibrium just below the highest closure point (µ* around -8). The last point to be mentioned in that in this model the effect of the 1 micrometer pore ends cannot be addressed.

Let us now calculate the same adsorption/desorption isotherms in the framework of our multiscale approach in the pore model previously presented (see Fig. 2a). The results are given in Fig. 8b in the two cases where the 1 micrometer long pore is open at only one (dashed line) or at both ends (dotted line). As can be seen, the adsorption/desorption curves present a hysteresis which is much smaller than for the independent pore model (Fig. 8a). As previously, small steps are visible due to the discrete number of fluid/wall interactions used in this preliminary approach. These steps are expected to disappear in a continuous model. The results show that the adsorption branch is not vertical due to the presence of the heterogeneities. The argon uptake is quite important and smooth between µ = -8.55 and µ = -8.22). On the other hand, the desorption branch is almost vertical (pore emptying occurs essentially between µ = -8.67 and -8.70). The value µ = -8.55 corresponds to the limit of stability of the G-G branch in the most attractive pore. This means that rapid adsorption starts to occur in the heterogeneous pore when the most attractive domains have switched to liquidlike state. This creates a meniscus. Upon chemical potential increase, this meniscus can propagate to neighboring pores according to the gaslike branch limit values obtained with G-L boundaries in the various domains (see Fig. 7). The rapid adsorption stops at µ = -8.22, which corresponds to the coexistence between the gaslike and liquidlike states in the less attractive domain. This confirms the picture of meniscus propagation in the pore. Note that this does not necessarily mean that adsorption occurs at equilibrium, since the meniscus propagation may be delayed by the less attractive regions of the pore. ), but remains trapped by the most attractive region of the pore. As a consequence, the less attractive domains do not desorb. However, when the chemical potential is slow enough, the meniscus propagates freely through all domains, which induces a rapid emptying of the pore. This is reminiscent of a pore blocking effect. Note that in the pore open at both ends, the initial desorption step is slightly enhanced because two menisci start to recede at both ends. The main features are however unchanged. Figure 8b also shows the " equilibrium" isotherm calculated in our interconnected pore model. The grand potential in the 1 micrometer long pore is the sum of the grand potential in the elemental pores (extensive quantity). As a consequence, its global minimum (or global equilibrium) is given by the minimum value for each domain (local equilibrium).

As a consequence, the equilibrium curve shown in Fig. 8b (thin solid line) is actually the same as for the independent domain theory (Fig. 8a). The main difference with the previous case, is that the equilibrium curve meets the steep adsorption branch before the highest closure point, and meets the rapid desorption curve at the lowest closure point. This means that adsorption never occurs at equilibrium, even just above the lowest closure point, and desorption never occurs at equilibrium even just below the highest closure point. This result shows that, despite the presence of menisci in the picture previously given to explain adsorption/desorption phenomena, the system is not at equilibrium. Furthermore, it is frequently admitted that at least one of the adsorption or desorption branches occurs at equilibrium; which can then be used to evaluate the pore size distribution. This study shows that none of the branches is at equilibrium, and hence the standard methods to obtain pore size distributions are poorly justified. It is however shown by Fig. 8b that the adsorption branch finally meets the equilibrium curve above µ = -8.45. At this point, the most attractive domains have switched to the stable liquidlike state, and essentially all remaining domains have at least one neighbor in the liquidlike state. These domains then switch to their equilibrium state, given by the G-L or L-L boundary condition isotherms.

Experimental data exhibit qualitatively quite different results between MCM-41 and porous silicon mesopores. Generally, the hysteresis in MCM-41 is made of parallel adsorption/desorption branches (see for instance the work of Morishige et al. 6,7 ), while porous silicon exhibit strongly dissymmetric branches. 8,9 Furthermore, experimental studies on porous silicon have shown that the hysteresis is quite similar in pores open at only one or at both ends, in contradiction with usual theoretical predictions. 8,9 Inspection of Figs. 8a and8b shows that the independent pore model is in poor agreement with porous silicon data, while the model taking into account the interdependence between domains is in good qualitative agreement. This shows that the H 2 type hysteresis observed in porous silicon is in no way the signature of complex pore interconnections similar to Vycor glass, but, as proposed by Wallacher et al., 9 the consequence of a strong disorder in the porous material (presenting or not interconnections). This picture was first proposed in the pioneering work by Kierlik et al. [START_REF] Kierlik | [END_REF][40][41] . Note that Wallacher et al. 9 propose that the quenched disorder is imposed by some variations of the pore diameter along the pores. This work shows that any variation in the fluid/wall interaction along the pore (variations in pore size or shape, in silica density, chemical nature of the surface, etc.) produces the same effect. On the other hand, the MCM-41 experimental data do not exhibit H 2 type hysteresis. This indicates that the MCM-41 pores are probably weakly heterogeneous along their axis, but present a non-negligible size distribution. Further investigations with a distribution of 1 micrometer pores of various sizes presenting weak heterogeneities are underway to confirm this hypothesis. The last point to be addressed concerns the effect of pore ends on adsorption/desorption hysteresis. It was early recognized that pore ends should have a great influence on hysteresis width. [18][19][20] Homogeneous pores open at both ends are expected to exhibit a hysteresis, while the same pores closed at one end are expected to exhibit reversible isotherms. Experimental data do not confirm these predictions since similar hysteresis are observed in both cases. 8 On the other hand, this experimental fact is well reproduced by our simulations taking into account the pore heterogeneities and their interdependence. This suggests that the quenched disorder is much more relevant than the exact nature of pore ends concerning the hysteresis. Our molecular approach then confirms a conclusion of Wallacher et al. 9 that " […] the large number of minor [diameter] variations along the [pore] is a more effective source for metastable states and hysteresis than the single bottle neck even though the change of the diameter is larger than the [minor] variations […]" .

VI. CONCLUSION

A multiscale approach is proposed to address the issue of adsorption/desorption phenomena in heterogeneous tubular pores. The example of argon adsorption in MCM-41 or oxidized porous silicon pores has been chosen because of the four orders of magnitude between the typical pore length (1 micrometer), the pore size (few nanometers) and the atomic scale. In such a situation, the classical macroscopic approaches are unsatisfactory because macroscopic quantities like surface tension are not valid at nanometer scale, and usual molecular simulations approaches are intractable due to the huge number of particles at full saturation (1.5×10 5 ). This multiscale approach consists of dividing the pore in elemental segments of then the liquidlike meniscus has propagated to the corresponding neighboring domains. The meniscus may propagate further, but finally stabilizes, which give the adsorbed amount. The chemical potential in then increased again, and a new adsorbed amount is calculated. After complete saturation is reached (adsorption branch), the desorption branch may be calculated using the same procedure. This multiscale approach has the great advantage to allow for a molecular description of the system while keeping into account the interconnection between the various domains. To evidence the strong effects of domain interdependence, the isotherms are also calculated in the framework of the independent domain theory. Both models exhibit hysteresis. However, the independent domain theory significantly overestimates the hysteresis width, because each elemental pore has its own nucleation barrier, whereas in a real heterogeneous tubular pore with interdependent domains, a liquid meniscus may appear in the most favorable regions of the pore (lowest nucleation barrier) and then propagate to neighboring pores as soon as the chemical potential allows it, without introducing larger delay. In other words, the presence of neighbors has a significant influence on the energetic barrier between the metastable states. Concerning the hysteresis shapes, it is observed that the interdependence between the domains produces a dissymmetry between the adsorption and desorption branches (type H 2 ), in contradiction with the independent domains prediction. This

shows that the H 2 hysteresis is not the signature of a complex Vycor-like network of interconnections but the consequence of a strong disorder in the porous material. This is in agreement with experimental work on porous silicon. It is also noted that for pores open at both ends, adsorption and desorption are slightly favored since two menisci can propagate in the pore. However, the effect is not so important because of the strong disorder which dominates the effect of pore ends, as confirmed by experimental observations. Further work is in progress for a quantitative comparison of predicted isotherms with experimental data. 

  uniform along their axis, and present a distribution of heterogeneities or domains. To generate long wavelength heterogeneities, 230, p (1.1) = p (0.9) = 0.205, p (1.2) = p (0.8) = 0.140 and p (1.3) = p (0.7) = 0.040

  Fig. 2d) where an extra contribution is added to the external potential to maintain the fluid in

  are given in Fig.4. Note that in the transition regions, more points are calculated to reduce the uncertainty. However, for clarity, only the most important ones are shown. As can be seen, adsorption increases with the chemical potential. A hysteresis is observed, with vertical (within uncertainty) adsorption and desorption branches, as expected for homogeneous cylindrical pores. These well-known results also show that a simple fluid confined in cylindrical pores exhibits essentially two states: gaslike and liquidlike, corresponding to the two branches of the isotherm. This is why in the fully interconnected problem, only gaslike and liquidlike boundaries are considered.

  Fig 4 with the results of Fig 5 with imposed boundary conditions. In this case, the neighbor segments are the segment itself (by definition of PBC): as a consequence, the boundary condition on one side is

Fig. 8a (

 8a Fig.8a(solid thick curve). As can be seen, the isotherm presents a large hysteresis between µ* = -9 and -8. The lowest value corresponds to the desorption pressure of the most attractive

  Figure 8b also shows small differences during adsorption between open (dotted line) and closed (dashed line) pores. The adsorption in the closed pore is slightly larger because an additional meniscus appears in the first segment. However, since the next two domains are not so attractive ( meniscus rapidly stops, and does not play a role more important than the others. This is a consequence of the strong disorder in our pore model. Let us now focus on desorption isotherm in the pore closed at one end. Desorption starts (slowly) at µ = -8.57, and rapid pore emptying occurs µ = -8.67. The first value corresponds to the desorption branch in the domain -L boundary conditions, while the second value corresponds to the liquidlike branch limit in the most attractive domain with G-L boundary conditions. This shows that, upon desorption, the meniscus starts to recede from the open pore end (the segment open to the gas reservoir has label 140, with 1

  length compatible with computer capabilities (few nanometers long). For each segment, the adsorption/desorption properties are determined, taking into account the fluid state in the neighboring segments. Hopefully, in the case of cylindrical segments, the fluid may exist in essentially two states: gaslike (G) or liquidlike (L). Four boundary conditions are then possible for each segment, to characterize the neighboring fluid state: G-G, G-L, L-G and L-L. This set of isotherms is then used to calculate the adsorption/desorption isotherms in the 1 micrometer long pore, as follows: At low chemical potential, all pores are almost empty, and the total adsorption is given by the sum of elementary adsorption in each domain with gaslike boundary conditions. While increasing the chemical potential, the amount adsorbed increases, until argon condenses in one of the domains. As a consequence, the boundary conditions for the two neighboring domains change (one of the boundaries switches to liquidlike), which may affect the fluid state in this domain (which may switch to liquidlike). If this happens,
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