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RECEIVED DATE

ABSTRACT (Word Style “BD_Abstract”). A computer simulation study has been carried out, using an
extended Gibbs Ensemble Monte Carlo technique, to examine the influence of so-called geometric and
chemical disorder on the thermodynamic behavior of simple fluids confined in porous media. The
technique allows to calculate in a single run the equilibrium coexistence of gas and liquid phases. The
phase diagram of Lennard-Jones fluid has been calculated in a perfectly cylindrical pore as a reference.
Some disorder is then introduced in the porous material. Firstly by spatially modifying the external
potential of the initially cylindrical pore, to imitate the geometric disorder of a more realistic pore

(undulation, constrictions...). Secondly by modulating the amplitude of the same initially cylindrical
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potential to reproduce the energetic disorder of realistic pores due to chemical variations along it. It is
shown that the chemical disorder as a much stronger effect on the phase diagram of the confined fluid.
The complete adsorption / desorption isotherms are aso calculated to help in understanding the large

effects of chemical disorder.

KEYWORDS (Word Style “BG_Keywords”). Lennard-Jones, Phase diagram, Adsorption, Desorption,

Isotherm, Hysteresis, Confinement, Disorder, Constrictions, Gibbs Ensemble, Monte Carlo.



INTRODUCTION

The effect of confinement on phase behavior of ssimple fluids is still an area of intensive research. In
between experiment and theory, molecular simulation is a powerful tool to study the confinement effect
in realistic porous materials, since it allows for the introduction of some degree of disorder in the
substrate model. Most of previous simulation studies™ which aimed at establishing the phase diagram of
confined Lennard-Jones like fluid, were restricted to simple pore geometries (dits or cylinders). The
development of the Gibbs Ensemble Monte-Carlo technique by Panagiotopoulos™®’, greatly favored the
study of such simple systems. The technique is very efficient to calculate the phase diagram, since each
run (at a given temperature) converges directly to the equilibrium state (if it exists) between a gas-like
and a liquid-like phase. However, due to volume exchange procedure between the two phases, at least
one invariant direction of space is required for applicability of this method, which is the case essentially
(but not exclusively) for dlits or cylinders. Generally, the introduction of some disorder in such simple
pores breaks the initial trandlation invariance in one of the space directions, and prevents to work in the
Gibbs Ensemble. The molecular simulation techniques for such disordered systems are numerous
(Grand Canonical Monte Carlo, Molecular Dynamics, NPT + test particle method, histogram
reweighting, gauge cell method, etc)®, but all require the calculation of full isotherms and lengthy
integration procedure to calculate the free energy which gives the equilibrium, and finaly the phase
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diagram™®*. The case of a symmetric Lennard-Jones mixture in a disordered solid matrix” has been

treated in the Gibbs Ensemble thanks to symmetry considerations, as well as the case of disordered
porous solid in the limit of very low density (few percent)® *.

In this work, we focus on two weakly-disordered pores, for which the Gibbs Ensemble Monte Carlo
technique can till be applied. One of the pore is geometrically undulated, whereas the second is
cylindrical but presents a chemical variation which gives rise to a modulation of the wall potential. In

the first case, amost no change in the phase diagram is observed, whereas in the second, strong
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modifications are reported. The adsorption-desorption isotherms are also calculated. They show also the

strong influence of chemical disorder compared to geometrical disorder.

PORE GEOMETRIES, INTERACTION MODEL AND COMPUTATIONAL DETAILS

The aim of thiswork is to establish the phase diagram of fluids adsorbed in slightly disordered porous
substrates. The system represents fluid argon in various porous CO, solids. The pores are approximately
2.7 nm in diameter, and they are supposed to be rigid and structureless. This smooth wall approximation
consists in integrating localy the fluid wall interaction, which minimizes the memory required to save
the external potential felt by the fluid, and accelerate the calculations during the course of the
simulation. Nevertheless, the size of the pore is thought to be large enough compared to the smoothing
length (few inter-atomic distances), so as to catch the physics of the adsorption phenomena. The
peculiar choice of argon adsorbed in solid CO, pores has been motivated by the fact that this system has
already been chosen to study phase diagrams of fluids confined in cylindrical pores™ * *. This makes
thiswork a natural continuation of previous studies, and allows for fruitful comparison between ordered
(previous work®®) and disordered pores (this work). The advantage of this system is that the depth of the
inter-atomic potentia is relatively low, which involves strong modifications of phase diagram due to

confinement.

The Lennard-Jones (6,12) potential
u;(5 ) =4[ (ai/r; y>~(05/%;)°] (N
Is used to model all interactions in the system. No distance cut-off is used, and minimal image
convention is applied’. We did not perform long-range corrections either, since they cannot be easily
calculated for inhomogeneous phases as in cylinders. Furthermore, Panagiotopoul os has shown that this
correction would have minimal influence on the calculations”. The parameters describing fluid-fluid and

fluid-solid interactions are given in table 1, and correspond to those used in previous works” * . The
4



fluid-fluid parameters are those chosen to normalize al thermodynamic quantities. The density of the

solid is taken equal to 1530 kg/m’, which gives a reduced particle density pgo,id=pso,idaf_f3:0.8265.

The reference pore is a cylinder of 2.724 nm in diameter, which corresponds to a reduced diameter
of 8. The potential inside the cylindrical pore is calculated by considering that the wall sites are
distributed uniformly inside the wall. With such a prescription the external potential has a cylindrical

symmetry, and can be expressed as a function of the radia distance only. The reduced potential

W=y /e~ isshownin figure 1, versus the reduced radial distance.

The thermodynamic properties of the fluid confined in this cylindrical pore have been calculated as a
reference. The pore has then been modified in two different ways: the first one mimics geometric
disorder, while the second one mimics chemical disorder. In both cases the potential is now dependant
on the axial direction z, by introducing some sinusoidal undulation in the position (geometric disorder),

or in amplitude (chemical disorder), as follows:

wro=(r,2)=y+r fl-acog2=)) )
z/f*cha“(r,z)z{1+acos(2T”2)}z/J*°V' (r) ©)
where (*9%(r,2) (resp. ¢ <em(r,z)) are the reduced potentia in the geometrically (resp. chemically)
disordered pores, ¢/*¥(r) isthe potential in the perfectly cylindrical pore (see figure 1), a isameasure

of the amplitude of the heterogeneity, taken equal to 0.25 in this work, and L is the length of the

simulation box, equal to 120, _; . The radius of the geometrically undulated pore varies between 30, _;

for z=0 and 50;_; for z=xL/2. In this system, the disorder consists in an enlargement of the pore size

distribution up to 25% of its average value. For the second system the pore radius is constant, but the
intensity of the fluid/wall interaction varies within 25% of its average value: this mimics some chemical

disorder with more attractive sites and less attractive sites distributed along the pore.



The geometric undulation produces a potential which is not very redlistic since it deforms the potential
well in the narrowest region of the pore. However, the aim of this study was to produce a geometrically
deformed pore which has exactly the same volume distribution of externa potentia as the perfectly
cylindrical one. In other words, a unique particle moving in the pore has to experience statistically
exactly the same external potentiad in both the cylindrical and the geometrically deformed pore. The

geometric deformation of equation (2) naturally satisfies such arequirement.

The state of the fluid in the pores is described by the adsorbed quantity or coverage equal to the

number of particles in the simulation box divided by the reduced volume V* :V/af_fs

* =V_1* ﬁ LL//; f “r p(r,2)drdz (4)

The quantity V is defined as the volume of space where the potential is not infinite. In the case of the
cylindrical pore of reduced radius 4, the volume is VQ”:16nLaf_f2. The volume of the chemically
heterogeneous pore is exactly the same since both potentials are infinite in the same region of space:

Vchem:16nLaf_f2. The volume of the undulated pore is calculated by integration of the sinusoidal

modul ation: Vge°:16.5nLaf_f2. It islarger than the cylindrical volume.

The calculations are made in an extension of the Gibbs Ensemble Monte-Carlo method” ® which
allows to equilibrate in a single run the pressure and the chemical potential of two different phases. The
simulation ensemble is made of two independent boxes, each containing one of the two coexisting
phases adsorbed in the pore. Random displacements are performed in each boxe to ensure thermal
equilibrium. The maximal amplitude of the displacement is modulated to ensure 50% acceptance ratio.
Every ten displacement trials in each box, it was decided to perform particle interchange to ensure
chemical equilibrium, and volume change to ensure mechanical equilibrium. The maximal amplitude for

the volume exchange is adjusted to give an acceptance ratio equal on the average to 50%. The volume



exchange consists in varying, on the one hand, the volume of one of the simulation boxes, containing
the first phase, and, on the other hand, the volume of the second simulation box so as to keep the total
volume constant. In systems presenting a translation invariance, like perfectly cylindrical cylinders,
Panagiotopoul os” has proposed to perform volume variations by changing the size of the simulation box
in the axial direction of the pore. However, in pores presenting heterogeneities in the axia direction it is
impossible to expand the size of the simulation box in this direction without changing the intrinsic
geometrical characteristics of the pores (curvature, pore size distribution, surface heterogeneities...).
This is why we use instead the rotational invariance. This idea derive from a thermodynamic formalism
similar to the classical one which can be developed by using rotational invariance, in the same spirit as
the spherical invariance is used in the case of a droplet.” See also the work of Nishioka™ > for a recent
application of this thermodynamic formalism to surface tension calculations of spherical interfaces. To
better illustrate the procedure of interest, let us focus on the 2-Dimensional case, where the system
would be a disk containing adsorbed 2-D molecules (the edge of the disk would be the substrate) (see

figure 2a). The position of each particle is identified by its radial coordinate r and its angular coordinate
@ defined from a given reference axis x. Let us cut the disk along a radius (for instance chosen at 6=T1),
raise one of the edges and lower the other one to form the beginning of an helix (figure 2b). An infinite
helix can then be constructed by simply repeating this initial portion of helix, the final result being the
periodic helix of figure 2c, which shows the periodic images (1°, 1°’, etc.) of the initial particles. Note
that the images of a given particle at radial distance r from the center and angular coordinate 6 from a
given origin (in cylindrical coordinates) are at the same radial distance r from the center and angular
coordinates 8 + 2krtwhere k is an integer. Let us now focus on the interactions between these particles:
if one considers that two particles can interact only if the absolute difference between their angular
coordinates is less that 1t then each molecule sees exactly one image of each of the other molecules

(minimal image convention). Then, the configurational energy (and actually all thermodynamic
properties) of the infinite periodic system per period is exactly the configurational energy of the original

system (which is 21t periodic). This helix (exact) representation can be easily generalized to the 3-
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dimensional case, the helix being now a 4-D object. The application of the periodic boundary conditions
in the third direction (along the axia coordinate in the 3-D undulated pore) follows the usual procedure:
a particle moving out of the box through one side is re-injected through the opposite side at the same
radial and angular coordinates. We have now an infinitely periodic and exact representation of our
system which enables continuous volume variations. These volume variations are carried out simply by
applying an expansion to the angular coordinates, or in other words we simply change the period of the
helix which is now not necessarily equa to 2t radians any more. The successive replica of a molecule
are then not aligned any more parallel to the helix axis. Of course, the minimal image convention is still
applied in the same spirit, so that each molecule will still experience the same forces as if the system
was not made helix-periodic. If the period is exactly 21, then the system can be easily represented on the
paper (which is 2t periodic). If the period is exactly 47, it can also be represented on the paper by two
systems equivalent to the original one (the volume has then been multiplied by 2, without changing any
geometric characteristics like the radius of the pore), etc. The strength of the helix representation is that
it actually alows any period to be considered, not necessarily an integral multiple of 2, which cannot
be easily represented in our geometric space. However, in al cases it can always be locally represented
since the helix is locally flat everywhere from atopologica point of view. The loca flatness is actually
required: the space has to be flat on any extension corresponding to the range of the interactions (short-
range Lennard-Jones-like in our case) so that the local structure of the fluid, or the spatial pair
correlation function g(r), is not distorted by the topology of the helix.

The last point to be checked is that the extensive thermodynamic quantities are actually proportional
to the length of the period of the helix (at constant density), or in other words, proportional to the size of
the system. We illustrate this point by considering the configurational energy of a Lennard-Jones fluid
confined in a cylindrical pore. The external potential produced by the pore is described in the next
section. The number of particles is chosen to keep the density at the constant value of 0.52 in reduced
units, which corresponds to a dense phase. The temperature is fixed, and the total energy alowed to
fluctuate in the canonical ensemble. The average vaue of the configurational energy is reported in
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figure 3 (circles) as a function of the length of the period of the helix (size of the system) in radians. As
can be seen, the energy is essentialy proportiona to the size of the system except for values of the
period significantly lower than 2mt which certainly introduces over-correlations in the system. The
square corresponds to the same quantity calculated in the original pore, without using the helix
representation. The value coincides exactly with that obtained in the helix representation. This exact
correspondence and the proportionality of the configurational energy with the period of the helix for
values not necessarily multiple of 21t meets exactly the requirement for such extensive thermodynamic
quantities. The period of the helix is thus a good parameter to modulate continuously the size of the
system while keeping al geometric and physico-chemical characteristics constants (pore size
distribution, chemical heterogeneities ...). We have then an exact representation of the original system
which enables continuous variations of volume without distorting any intrinsic geometric parameter of
the porous system. Such continuous variations allow to implement the Gibbs Ensemble Monte-Carlo
method®. The new method has been checked in the special case of the perfectly cylindrical pore, where
both this new extended and the conventional® techniques can be applied. The phase diagrams are

identical, which validates the technique.

INFLUENCE OF GEOMETRIC AND CHEMICAL DISORDER ON PHASE DIAGRAMS OF

CONFINED FLUIDS

The confined fluid phase diagram is obtained by reporting the reduced densities of the coexisting
phases as a function of the reduced temperature T*=kgT/&;_;, where kg is Boltzman’'s constant. The
first calculations were performed in the cylindrical pore, that is to say by using the potential (**'(r)

previously defined. Thus, the results can be directly compared to phase diagrams previously obtained by
other authors. The results for the cylindrical pore correspond to the circles shown in figure 3. For

comparison, independent results found in literature® for the same system are deferred in the form of



squares on figure 4. As can be seen the agreement is quite good, specially in the liquid phase. This last
point shows that our calculation of the pore volume (in this work, it is defined as the volume where the
potential is not infinite, asin ref. 2) is consistent with previous work, since the liquid density in the pore
is very sensitive to the definition of the empty volume of the pore. On the other hand, while in
agreement, the points in the gas phase show some discrepancies, essentially at high temperature.
However, inspection shows that the three reported points from literature present an upward curvature,
whereas a downward curvature is expected. The uncertainty on these points is then probably a bit larger,
and al results are certainly compatible. This agreement validates our implementation of the extended
Gibbs Ensemble method in cylindrical geometries. The bulk Lennard-Jones coexistence curve from
ref. 2 and 6 is aso reported. As a general comment, one can see that confinement strongly affects the
thermodynamics of the adsorbed fluid. Essentially, the gas phase is denser, probably due to the external
potential which traps some molecules. We shall come back to this point while discussing the adsorption
isotherms. On the other hand the liquid phase has alower density, due partly to the depletion (hard core
repulsion) very close to the wall. Note that this decrease of the liquid density is aso partly due to the
definition of the empty volume. However, the lowering of the critical temperature is independent of
such definitions, and corresponds physically to the disappearance of phase coexistence. In the confined

geometry, the critical temperatureis 1.05, against 1.3 in bulk.

The second calculation, for the geometrically undulated pore, is performed by simply changing the
external potential from ¢*¥(r) to ¢*%°(r,z), and changing the tota volume to V% in the
normalization of the amount of adsorbed fluid. The results for the undulated pore are shown as triangles

in figure 5, as well as the perfectly cylindrical pore (circles) for comparison. As can be seen, the phase

diagrams are surprisingly identical. Panagiotopoulos has shown the influence of the pore diameter on
the shape of the phase diagram.” He has shown that the coexistence curve for pores of radius 3o0,_; is
significantly displaced to lower values, with a reduced critical point around 0.95. On the other hand, for

pores of radius 50 _; , the phase diagram is closer to the bulk limit, with a critical point a bit lower than
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1.1. It is surprising that for the undulated pore considered in this paper, which presents a lowest radius

of 30,_; and a largest radius of 50;_; the coexistence curve seem to follow an intermediate path
between the coexistence lines of pores of radius 3o0;_; and 50;_¢, that is to say very close to the

coexistence line of the pore of radius 4o0;_;. This discussion will be completed later, when the

adsorption isotherms are cal culated.

The third calculation concerns the chemically disordered pore. The external potential is switched to

rerem(y 7). and the normalization volume to Veen | The results are shown in figure 5 (squares). As can

be seen, the phase diagram for the chemically disordered pore is strongly distorted compared to the
perfectly cylindrical pore. For very low temperature, the differences between coexistence curves are not
so evident. Concerning the liquid phase, since it has a very low compressibility the density is not much
affected by a 25% increase of the external potential in some region of the pore and 25% decrease in
other regions. On the other hand, the effect on the gas density cannot be clearly seen on this diagram due
to itslow value. This point will be re-discussed later on the basis of adsorption isotherms. Nevertheless,
above a reduced temperature of 0.7, the density of the saturated gas-like phase starts to become much
higher in the chemically disordered pore, probably due to large adsorption in the most attractive regions
of the pore. On the other hand, the density of the liquid-like phase is not affected by the externa
potential up to higher temperature, which explains the unusual shape of the coexistence line. As a matter
of fact the critical temperature in the heterogeneous pore is relatively close to the one in the
homogeneous pore, whereas the critical density is significantly displaced to higher values. This has
aready been observed on lattice systems by Pitard and coworkers®, and in molecular systems by

Reszko-Zygmunt and coworkers®.
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ADSORPTION ISOTHERMS IN GEOMETRICALLY AND CHEMICALLY DISORDERED PORES

To get more insight on the reason why the phase diagram is more influenced by the chemical disorder
than the geometric disorder, we have calculated both the adsorption and desorption isotherms in the
different pores. The numerica method used in this calculation is the Grand Canonical Monte-Carlo
agorithm (GCMC)®. The volume of the simulation box, the temperature, and the chemical potential are
kept constant during the simulation: therefore, it mimics areal adsorption experiment where volume and
temperature are controlled and the chemical potential is fixed through the pressure of the gas reservoir.
From a technical point of view, the simulation consist, on one hand, in therma equilibration of the
simulation box through molecular displacements with acceptance probabilities determined by the ratio
of the difference in energy to the external temperature, and on the other hand, in chemical equilibration
with a particle reservoir through addition or removal of particles in the simulation box with probabilities
determined by the imposed chemical potential. For a complete and detailed explanation of the technique,
see ref °. Note that in a real adsorption experiment, the adsorbate is introduced progressively to get
adsorbed in the previously out-gassed porous sample. Similarly, the initial molecular configuration is an
empty pore, used as the starting point of the simulation at very low pressure. The pressure of the gas
reservoir is then increased by steps to calculate the whole adsorption isotherm. For each step, the initial
configuration is the final configuration of the preceding step. At least 10° Monte-Carlo trials per
molecule are performed to reach equilibrium, and then at least twice as many to acquire statistics. When
the saturation of the sample is reached, one can start to calculate the reverse path by decreasing the
pressure. The obtained so-called desorption branch is generally not identical to the adsorption branch
(hysteresis). The adsorption and desorption isotherms have been calculated in the geometrically
undulated and the perfectly cylindrical pore at two reduced temperatures. 0.60 and 1.20, and in the
chemically heterogeneous and the perfectly cylindrical pore at three reduced temperatures. 0.60, 0.90,
1.20. This choice corresponds to one supercritical temperature and one or two subcritical temperatures
of specia interest (see phase diagrams figures 5). The isotherms are presented as a function of reduced

activity z-=e“""//\*3. This choice is motivated by the fact that this quantity is probably more intuitive
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than chemica potential, and more directly comparable to experiments. Furthermore, the adsorbed
amount is related to the activity independently of the vaue attributed to the mass of the particle, which
is not the case for the chemical potential. The adsorption branches are shown in figure 6 in logarithmic
scale to enlarge low densities. They are compared to their perfect-gas approximation, calculated in the
external potential created by the porous solid according to the formula:

—eu*/T* 1 * W/ T* — 1 % Wi/ T*
p*—W WJ’dr e =z WJ’dr e )

1127

obtained by integrating the “barometric law”*, where p* is the reduced density of the perfect gas, u*

the reduced chemical potential, A* is the reduced de Broglie’s wave length, and the integral of the
exponential of the external potential ¢/*«: is performed over the accessible reduced volume V *. The

values obtained as a numeric calculation of the space integral in equation 5 (normalized to the volume)
for the cylindrical, the geometrically and chemically disordered pores are given in table 2. As can be
seen, the space integral in the undulated pore is exactly the same as in the perfectly cylindrical one. This
is due to the fact that the undulation is created by a simple geometric deformation of the cylindrical
potential. It can then be concluded that these pores are energetically exactly identical. They only differ
from a topological point of view. This point justifies the construction of this pore by simply deforming
the initially cylindrical potential instead of recalculating the real potential in an undulated pore: the
energetics is kept constant in the first case, whereas the second construction, although more realistic,
would introduce both geometric and energetic disorder. The figure 6 shows that all GCMC adsorption
branches converge to their respective perfect gas approximation at low density. Let us now focus on the
comparison of the results for the geometrically disordered and the perfectly cylindrical pore. For a given
temperature, the isotherms look very similar, showing the weak influence of the geometrical disorder.
This is expected since the topology cannot influence the low density part of the adsorption isotherm. In
other words, the isolated molecules adsorbed at low pressure cannot feel the geometrical disorder at a
given instant since they are punctual. This would not be the case for dynamical quantities like diffusion

process because in this case one would look at spatial or temporal correlations. Let us now focus on the
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effect of the chemical disorder and compare the GCMC simulation results for the adsorption isotherms
in the chemically disordered pore and the cylindrical pore for the three reduced temperatures: 0.60, 0.90
and 1.20 (see figure 6). In this case the branches are not identical, even at the supercritical temperature
of 1.20 where close inspection shows disagreement at low pressure. For every temperature, the low
pressure adsorption branches are different. This difference is directly related to the values of the space
integrals given in table 2. The 25% modulation of the external potentia creates some regions of space
where the potential is lower, which contributes to the integra. As a consequence, the complete
integration gives a value which is 50% higher at the temperature of 0.60. Furthermore, the higher the
temperature the lower the difference. This explains the fact that the low pressure differences in
adsorption branches are less pronounced at higher temperature. Moreover, one can see that at low
temperature the effect of the chemical disorder becomes stronger when the chemical potentia is
increased, whereas at high temperature the influence of chemical disorder disappear when the chemical
potential increases. At supercritical temperature, k,T =1/, which appears in the Monte Carlo
probability ratio, becomes larger than the difference in energy between the different configurations of
molecules in the pore. As a consequence, the whole pore can be explored by the molecules. In other
words, the kinetic energy is high enough for the particles to explore the whole pore. They are less
sensitive to the external potential, and then to the 25% chemica disorder. On the other hand, at low
temperature (T* = 0.60), particles concentrate in regions of low external potential, which results in an
increased coverage. This increase actually triggers the fluid condensation (end of the gas branch) at

significantly lower activity or chemical potential (z*=1.93 104) compared to the perfect cylinder case
(z* =3.66 104). It is interesting to note that both adsorption branches end when the same value of the

coverage is reached: 7™* =0.050 for the perfect cylinder, I™* = 0.054 for the chemically disordered
pore. It is proposed that this correlation is a direct consequence of the fact that both pores are
geometrically identical. It seems that the gas instability which controls the “capillary condensation”
jump is essentially controlled by geometric considerations. The chemical disorder simply displaces the

jump to lower chemical potential. On the other hand, the comparison of the adsorption branches for the
14



cylindrical and the undulated pore shows that the geometrical disorder has almost no influence on the
value of the coverage at a given pressure, except that the gas instability happen at alower density in the

geometrically disordered pore (/7™* =0.032) and consequently at a lower pressure and chemical

potential (z* =3.5010*) compared to the perfect cylinder (I7* =0.050, z*=3.6610*). This

comparison shows that, despite the fact that both pores are energetically equivalent (superimposable
adsorption branches), the geometrical disorder displaces the gas instability to lower chemical potential
by destabilization of lower coverage configurations. It is proposed that the nucleation of the liquid-like
phase, origin of the instability, is favored by the geometric disorder, more precisely in the narrowed
portions of the pore. Such a mechanism has already been observed by Coasne and Pelleng.*

In the case of the chemically disordered pore, the phase diagram is strongly distorted around
T =0.90 (see figure5). This feature is adso visible in the adsorption isotherm (see figure 6). The
coverage in the chemically disordered pore rapidly increases just above the gas instability point due to
enhanced condensation of gas in the pore. Contrary to the preceding case, the gas instability points are
not characterized by identical coverage. In this case, the adsorbed phases are probably not comparable,
and the chemical disorder seems able to favor a denser phase, probably due to regions of lower potential.
However, this denser phase is less stable with respect to the capillary condensation since the gas
instability point in the chemically disordered pore is displaced to lower chemical potential compared to
the perfectly cylindrical pore.

Thefigures 7 and 8 show the complete adsorption-desorption isotherms at the reduced temperatures of
0.60 and 0.9. The logarithmic scale is used in figure 7 to enlarge the very low density gas branches. The
high (supercritical) temperature (1.20) isotherms are reversible: the desorption branches are identical to
the adsorption ones of figure 6, and therefore not represented. On the other hand, the low temperature
isotherms present a hysteresis. In all cases the loop is limited by the adsorption and desorption branches
and two vertical lines of various length. In no case the adsorption or desorption branches meet at some
point. At fixed temperature, there is no continuous path joining the gas-like and liquid-like branches,

which allows one to consider them as two distinct “phases”. The figures 7 and 8 show that, as a general
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trend, the higher the temperature, the smaller the hysteresis loop, which actually disappears in the
vicinity of the critical temperature. The figures7 and 8 show that all liquid branches are
superimposable; the geometrical and chemica disorder does not affect much the dense phase. This
explains why the position of the saturating liquid branch of the phase diagram is not affected by
disorder. At low temperature (T* = 0.60) the liquid instability point (Ieft vertical line) is not influenced
by geometric disorder, but displaced to higher pressure by chemical disorder. This last point is also
visbleat T =0.90 (figure 8). It is proposed that the local density of the fluid is not much affected by
geometric variations, but strongly affected by chemical disorder. In the less attractive regions of the
pore, the fluid density is probably lower, which acts as a nucleation center of the gas phase. A density

profile study is underway to clarify these questions.

CONCLUSION

More and more molecular simulation studies on fluid adsorption in porous solids direct towards
realistic pores presenting some degree of disorder. In this work, simple examples of disorder have been
considered. This disorder has been produced by modulating the external potential of an initially
perfectly cylindrical pore. The geometric disorder is reproduced by a spatial deformation of the
potential, and the energetic or chemical disorder is mimicked by a modulation of the amplitude of the
external potential. The phase diagrams of the fluid adsorbed in the two disordered pores have been
calculated in the framework of the modified Gibbs Ensemble Monte-Carlo method, and the adsorption
isotherms have been determined in the Grand Canonical Ensemble. The main conclusion that can be
drawn after this study is that the geometrical disorder has almost no influence on the thermodynamics of
the confined fluid, whereas the chemical disorder strongly modifies its adsorption properties. More
precisely, the geometric disorder dlightly shortens the gas adsorption branch by destabilizing the
adsorbed gas at high pressure, without modifying the amount of adsorbed gas. On the other hand, the
chemical disorder induces a strong increase of the adsorbed amount, specially just below the critical
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point, which shortens the gas adsorption branch, but aso displaces the saturated gas branch of the phase
diagram to higher densities. The rest of the phase diagram is essentially the same as for the perfectly
cylindrical pore. It is to be noted that despite the strong displacement of the saturating gas branch of the
phase diagram towards the saturating liquid branch, the critical temperature is not much affected.

However, the critical density isincreased.
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FIGURE CAPTIONS (Word Style “VA_Figure_Caption”).

FIGURE 1:

Reduced potential ¢/ inside the perfectly cylindrical pore, versus the reduced radial distance.

FIGURE 2:

a: 2-D disk-like pore showing 3 particles and the cylindrical coordinates for particle 1. b: same system
after radial cut along the radius opposite to the angular reference axis x. c: stacking of identical systems
as “b”; showing the first 21t periodic images of each particle; the “dilatation” along the helix axis is for

clarity of the figure.

FIGURE 3:

Circles: reduced configurational energy of the helix representation of the system as a function of the
angular size (or period of the helix), in the canonical ensemble. Square: same quantity for the original

system.

FIGURE 4:

Phase diagram of Lennard-Jones fluid confined in perfectly cylindrical pore (circles: this work, squares:

ref 2). The crosses correspond to the bulk phase diagram (from ref 2 and 6).
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FIGURE 5:

Phase diagram of Lennard-Jones fluid confined in perfectly cylindrical pore (circles), geometrically

undulated pore (triangles), and chemically undulated pore (squares).

FIGURE 6:

Adsorption branches at three different temperatures for the perfectly cylindrical pore (circles), the
geometrically undulated pore (triangles), and the chemically undulated pore (squares). The solid lines

correspond to the perfect gas approximation calculated from the space integral (see table 2).

FIGURE 7:

Complete adsorption (empty symbols) / desorption (filled symbols) isotherms at T* = 0.60 for the
perfectly cylindrical pore (circles), the geometrically undulated pore (triangles), and the chemically
undulated pore (squares). The solid lines correspond to the perfect gas approximation. Dotted lines are

guidesto the eyes.

FIGURE 8:

Complete adsorption (empty symbols) / desorption (filled symbols) isotherms at T* =0.90 for the
perfectly cylindrical pore (circles), and the chemically undulated pore (sguares). The solid lines

correspond to the perfect gas approximation. Dotted lines are guides to the eyes.
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TABLES.

TABLE 1: Argon/solid CO, interaction parameters

elk, (K) o (A)
fluid-fluid (f-f) 119.8 3.405
wall-fluid (w-f) 153.0 3.725

TABLE 2: Normalized space integral V_l* J’dr*e‘“’*m”* for the perfectly cylindrical, the geometrically and

chemically disordered pores for different temperatures.

perfect geometrically chemically
T* cylinder disordered disordered
0.60 49.5 49.5 775
0.90 8.35 8.35 10.0
1.20 3.77 3.77 4.11
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