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Grand Canonical Monte Carlo simulations are performed to determine the adsorption / desorption isotherms at different temperatures of a Lennard-Jones fluid confined within a simple model of cylindrical pores presenting chemical heterogeneities. A complex hysteresis loop is observed, showing hysteresis sub-loops (scanning curves). This is shown to be consistent with the existence of several metastable states (local minima in the system free energy). A recent extension to the Gibbs Ensemble technique is then used to calculate the complete coexistence diagram of these local minima.

Porous materials are ubiquitous in nature and industry. Their structure enhances physical properties involving confinement or interfacial phenomena. As a consequence, the thermodynamic, dynamic and structural properties of the adsorbed fluids are strongly distorted. These effects are widely studied in order to understand many natural phenomena, or to optimize industrial processes and porous materials characterization methods. Computers greatly helped such studies, and allowed the development of molecular models for adsorption complementary to theoretical approaches. The first studies focused on simple Lennard-Jones fluids confined in cylindrical or slit pores. 1,2 See Ref [ 3 ] for a recent review and refs [ [4][5][6][7][8][9] for recent studies. In such models, the amount of adsorbed fluid is known to increase with the fluid chemical potential µ. Depending on the pore size and the fluid / fluid and fluid / substrate interaction intensities, a steep rise in adsorption (capillary condensation) may occur below the bulk saturating point. The phenomenon is generally not reversible, that is the (rapid) desorption occurs for a lower chemical potential, leading to a hysteresis loop in the adsorption / desorption isotherm. The density of the adsorbed fluid above the capillary condensation point is generally almost constant and liquidlike, while at low chemical potential, the fluid is essentially adsorbed at the surface, with a gaslike component in the core of the pores. In slit pores, the capillary condensation is known to be a first order transition, with a critical temperature above which the hysteresis vanishes. In cylindrical pores, no true first order transition can occur (the transition is rounded). 10 However, deep local minima of the free energy exist, which can produce metastable states compatible with experimental observation times (pseudo-phases). A coexistence diagram may be built, showing a pseudocritical temperature.

The surface heterogeneities, even weak, play an important role, and constitute the main issue of this letter. Previous studies concern essentially slit pores. The surfaces are divided into strips of strongly and weakly attractive regions, or made of isolated chemical groups. [11][12][13][14][15][16][17][18] A new phase of intermediate density between gaslike and liquidlike values (so called bridge phase) has been shown to be stabilized by the chemical corrugation. Such systems exhibit complex phase diagrams with two critical points. However, very few are known about the influence of heterogeneities in cylindrical geometry which is believed to model real systems like MCM-41 mesoporous silica or porous silicon. The aim of this paper is to show that, despite a true phase transition cannot occur in cylinders, the metastable pseudo-phases help to understand the complex experimental hysteresis loops. The Grand Canonical Monte Carlo simulation method is used to calculate the complete adsorption / desorption isotherms including the scanning curves (i.e. adsorption / desorption subloops). The next step is the calculation of the coexistence diagram of the associated metastable states by using a generalization of the Gibbs Ensemble Monte Carlo method. The results drastically alter the simple capillary condensation picture described in introduction because the heterogeneities generate a complex free energy landscape with several local minima.

The system is chosen to be the argon gas confined in porous carbon dioxide, which exhibits enhanced confinement effects. 2,19 The Lennard-Jones potential
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is used to model all intermolecular interactions in the system. Argon-Argon interaction parameters (used to normalize all physical quantities) are ε Ar-Ar /k = 119.8 K where k is Boltzmann's constant, and σ Ar-Ar = 0.3405 nm. The fluid-substrate parameters are ε Ar-CO2 /k = 153 K and σ Ar-CO2 = 0.3725 nm. The substrate is supposed to be rigid and structureless (smooth at atomic scale), which is meaningful since we are considering large pores (2.724 nm in diameter). Furthermore, we are mainly interested in this study by large wavelength chemical heterogeneities. For more details on the effect of surface atomistic-scale roughness see, for instance, a recent work using atomistic pore models. 20 The interacting sites are supposed to be a continuum of uniform density ρ solid σ Ar-Ar 3 = 0.8265. 2,19 The external potential calculated by integrating the Lennard-Jones potential over the substrate sites in this cylindrical homogeneous pore depends on the radial distance only, due to symmetry (see Fig. 
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where the pore length L equals 12σ Ar-Ar = 4.086 nm (see Fig. 1b).

In the second heterogeneous model, four domains with different fluid affinities are introduced:
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where a = 0.3 for z<0 and a = 0.2 for z>0, and L = 24σ Ar-Ar = 8.172 nm is the simulation box length (see Fig. 1c). In the heterogeneous pores II and III all domains have the same spatial extension of a few molecular diameters along the axial direction. It is emphasized that the heterogeneities considered in this study are weak (<30%).

The standard 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 sample the Grand Canonical ensemble (µ, V, T) which corresponds to a real adsorption experiment.

Technical details are given elsewhere. [START_REF] Puibasset | [END_REF] The simulation results are shown in Fig. 2. As can be seen, for each pore, the highest temperature isotherm is reversible. By contrast, below the socalled pseudo-critical temperature (by analogy with a first order transition) the isotherms show a hysteresis. This is in agreement with experimental observations. [START_REF] Everett | The Solid-Gas Interface[END_REF][START_REF] Morishige | [END_REF] In this case, the amount of adsorbed fluid is a multi-valued function of µ. The points group into branches along which the adsorption / desorption is reversible. These branches or pseudo-phases are not true phases, but deep local minima in the free energy landscape describing the system (the grand potential). The energetic barriers separating these minima are generally large compared to thermal fluctuations: the system is then trapped, which explains the reversibility of the adsorption / desorption along these branches. However, for some particular values of µ, the barriers may become small enough so that thermal fluctuations allow the system to jump into a deeper adjacent local minimum. These values define the limit of stability of the pseudophases. The vertical lines indicate the new local minimum reached by the system (see Fig. 2).

Let us now give a molecular picture for these local minima. This local minimum is the analog in heterogeneous cylindrical pores of the bridgelike phase observed in corrugated slit pores. 12 In the chemically heterogeneous pore III, the five local minima correspond respectively to: a gaslike fluid adsorbed in the pore; one liquidlike meniscus in the most attractive domain of the pore; two liquidlike menisci in the two attractive regions of the pore; one single large meniscus bridging the two attractive domains; a liquidlike fluid completely filling the pore (see schematic representations in Fig. 2). This simple tubular model with four chemically different regions shows very interesting features.

For instance, for a reduced temperature of 0.8, starting from the empty system and gradually increasing µ results in continuous filling of the system up to µ = -10.84 where the system jumps into the second local minimum. Increasing further the chemical potential makes the system jump successively into the third, fourth and finally the fifth local minimum. Upon desorption, the system does not visit the local minima in the reverse order. After the first step, which consists in the formation of a bubble in the less attractive domain (i.e. the system jumps from the fifth into the fourth local minimum), further decrease in chemical potential makes the system jump directly into the first local minimum (gaslike branch) without visiting the third and second minima. Note that for the lowest reduced temperature isotherm (kT/ε Ar-Ar = 0.6) the third local minimum can never be reached from another one by isothermal increase or decrease of the chemical potential. This state has been attained starting from the same local minimum at kT/ε Ar-Ar = 0.8 and slowly decreasing the temperature and increasing the chemical potential in order to keep the average number of particles around the same value. As a partial conclusion, this simple model shows that the hysteresis loop is related to a complex free energy landscape, and may present a dissymmetry in adsorption and desorption. Furthermore, it is shown that the main adsorption and desorption isotherms are made of several branches with small discontinuities. As a consequence, the Gibbs equation
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fails to give the grand potential Ω by simple integration of the amount adsorbed N along the isotherms.

This model also gives a simple picture of adsorption / desorption subloops (scanning curves) as irreversible paths between the various local minima.

Let us now focus on the possible coexistence between the pseudo-phases. Many algorithms exist to perform the calculations. The integration procedure developed by Peterson and Gubbins 26 is, in principle, able to give the grand potential Ω for each pseudo-phase. A preliminary study showed that this procedure results in lengthy calculations in pore II [START_REF] Puibasset | [END_REF]27 and appeared intractable in pore III. Histogram reweighting methods, useful around pseudocritical points, appeared also intractable. A direct procedure is then required, like the Gibbs Ensemble Monte Carlo (GEMC) method. 28,29 It consists in considering two separated simulation boxes, containing two arbitrarily chosen pseudo-phases. Each simulation box is thermalized during the course of the simulation by canonical Monte Carlo displacements. The systems being in equilibrium, they are expected to have the same chemical potential and thermodynamic pressure (minus the grand potential density). The former is performed by particle exchange between the simulation boxes. The latter has been shown to be realized by the exchange of an extensive quantity which generalizes the volume in the case of an axially symmetric heterogeneous system. 30 For more details, the reader is referred to the original GEMC method for systems with translation invariance 28,29 and its recent generalization to systems with axial symmetry. 30 The complete coexistence diagram is obtained as follows. Starting from two initial configurations representative of two given pseudo-phases, the GEMC algorithm is run until equilibrium is reached. At low temperature, such equilibration was always possible in our system. The temperature is then increased, and the GEMC algorithm is run to reach a new equilibrium. This allows constructing the whole diagram up to singular points. Their nature is twofold. Firstly, one has pseudo-critical points where both coexistence branches merge continuously (the energetic barrier vanishes and then the coexisting local minima tend to merge into a single one). Secondly, one has discontinuities in the branches, which correspond to the limit of stability of one of the two pseudo-phases. In this case, the unstable pseudophase jumps irreversibly into a third one, and the system reaches a new equilibrium. The envelope is not strongly affected by the chemical heterogeneities, whereas its inner part becomes rapidly more and more complex with an increasing number of pseudo-phases. Such heterogeneous cylindrical pores are expected to be realistic models for MCM-41 mesoporous silica. This work shows that in such a case, the adsorption / desorption hysteresis and the coexistence diagram are expected to be filled by local minima, in agreement with experimental observations. A theoretical coarse grained approach developed by Kierlik et al. 
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  We are now in a position to introduce chemical heterogeneities by modulating this external field. The simplest model is a sinusoidal modulation mimicking a series of more and less attractive domains:

  The lowest density branches correspond to gaslike fluid filling the pores with adsorbed molecules at the walls. The highest density branches correspond to pores completely filled by liquidlike fluid. These pseudophases, observable in the three models, are reminiscent of the bulk fluid. New pseudo-phases are stabilized by the chemical corrugation. Visual inspection of molecular configurations in the chemically heterogeneous pore II shows that the local minimum of intermediate density corresponds to a liquidlike meniscus located in the strongly attractive domain of the pore.

  consistency of the procedure is confirmed by the fact that the different branches of the coexistence diagram are reproducible with different initial conditions. The results are shown in Fig. 3. The first panel shows that confinement distorts the bulk fluid coexistence diagram, with a reduction of the (pseudo-)critical temperature. Note also that in the bulk case, the critical point is reached when the surface tension equals zero, while in cylindrical confinement the pseudo-critical point is reached when the energetic barrier between local minima becomes smaller than thermal fluctuations. The second and third panels show the effect of chemical heterogeneities which increase the number of possible coexistences. Pore II shows three curves, two of them ending in pseudo-critical points, while the third one (gaslikeliquidlike coexistence) ends up at kT/ε Ar-Ar = 0.77 because the gaslike state becomes unstable and turns into bridge state. Note that at kT/ε Ar-Ar = 0.75 the three local minima coexist. Pore III shows ten coexistences. Four of them end up in pseudo-critical points, while six are limited by the stability of one of the local minima. As can be seen, the external envelope of the diagram does not dramatically change with the number of heterogeneities. However, an increasing number of pseudo-phases of intermediate densities appear and progressively fill up the diagram, which drastically departs from the simple capillary condensation picture. As a conclusion, this molecular simulation approach has shown that in cylindrical pores, chemical heterogeneities introduce strong distortions in the adsorbed fluid properties. Several local minima or pseudo-phases appear in the free energy, giving rise to complex adsorption and coexistence properties which drastically departs from the simple capillary condensation picture. Dissymmetric hysteresis loops are observed, showing subloops (scanning curves) which correspond to various paths in the free energy landscape. Adsorption or desorption are shown to proceed in several steps (jumps from one local minimum to another), questioning the validity of the thermodynamic integration procedure along the external envelope of the hysteresis. Concerning the coexistence diagram, it is shown that its
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  31, 32 in disordered systems, arrives at similar conclusions. Note that our work is complementary since it is based on a molecular approach, and thus gives a molecular picture of the local minima. Furthermore, it focuses on realistic chemical heterogeneities disregarding interconnections, and thus constitutes a good model to describe independent-pore systems like MCM-41 or porous silicon. My colleagues Drs. A. Delville and P. Porion are gratefully acknowledged for fruitful discussions and careful reading of the paper. The simulations were performed locally on workstations purchased thanks to grants from Région Centre (France).
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