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ABSTRACT:

Porous materials are known to adsorb fluid, andbeaoharacterized by measurement of fluid
adsorption isotherms. Many nanoporous materialgbéxdimear pores, like MCM-41, porous

silicon or alumina, etc. In such systems, data gudiem analysis is considered to be
straightforward within the approximation of indepgent domains. This paper, which reviews
previous molecular simulation works, aims at shgwihat the presence of heterogeneities
within the pores actually invalidates this hypoteeswith consequences for porosity
characterization. To enlighten the effects, stgrtirom perfect cylinders, the number of
heterogeneities is progressively increased, uprigelnumbers, for which specific simulation
tools are used to take into account the interdegrerel between the domains. The
adsorption/desorption isotherms are calculated, emdelated to the appearance of an

exponentially large number of metastable states.



1. INTRODUCTION

Essentially all surfaces adsorb fluids, due to maker interactions [1-4]. These interactions
may be weak (van der Waals or electrostatic) or msiconger. For strong interactions,
chemical bonds may be broken in the adsorbed mlele@nd/or established between the
adsorbent and the adsorbate: this is chemisorpBonthe other hand, for weak interactions,
the adsorption process occurs reversibly withoaaking any molecule: this is physisorption.
The paper will focus on this situation. Despite kethe fluid/substrate interactions induce
observable modifications of the fluid propertieghie vicinity of the surface. Stronger effects
may be induced when fluids are confined in porowdenials, because the local curvature
associated to porosity enhances fluid/substragzdntions. As an example, one observes that
porous materials condense gases below their samrabint. The measured adsorption
isotherm (giving the amount of fluid adsorbed ver8uid pressure) thus provides a powerful
experimental tool for porous materials charactéioma[3, 4]. In practice, it is not a
straightforward task to assess the pore geometry the isotherms. For instance, the local
surface chemistry may enhance or disfavor adserptofamous example is given by the
hydroxyl groups OH which influence the hydrophilicoperty of silica [5-17]. Another
important case for environmental purpose regardsattsorption of condensable gases like
carbon dioxide or methane on porous carbon-basddriala. See for example the recent
work by Wilcox et al.[18-22] on the influence ofrface chemistry and pore network on
adsorption.

An important feature of such adsorption isothermbich increases the difficulty of their

analysis, is their possible irreversibility: desoyp do not coincide with adsorption (existence



of a hysteresis, to be discussed later). Furtheptbe size of the reservoir used to perform
adsorption experiments has to be chosen carefidlyiarge enough to avoid spurious effects,
a condition which is not so frequently fulfillechse “large” should be understood in terms of
number of molecules between the system and thevesand not in terms of volumes [23-
25]. Data analyses also have to take into accoamections arising from an accurate re-
consideration of physics of adsorption [26-28].

Focusing on heterogeneous surfaces, we show hdacsewhemistry and geometry influence
the adsorption properties of a condensable fluid haence its liquid/vapor coexistence
diagram. In most cases, molecular simulation [2R-&king into account the fluid/substrate
interactions at atomistic scale, has proven to peveerful tool to understand adsorbed fluid
properties in the vicinity of a surface. In partaaufor studying the effect of surface chemistry
or corrugation [32, 33], local curvature, pore mimiogy [34, 35], or any other nanometer-
scale property of the surface [36].

We show that, increasing the surface heterogereligs drastic effects on coexistence
diagram. Not only a shift of the critical pointgi. quantitative changes), but also the
appearance of many metastable states that introguaktative changes [37-41]. A multi-
scale approach has been used to explore this issheying the importance of the
interdependence between the various heterogendiireshe adsorption and desorption
mechanisms, the observed hysteresis, and thebdistm of the underlying metastable states
[42, 43]. Such approach, including both an atomiafid a large-scale description (i.e. from
interatomic forces to large scale domain netwoskpxpected to offer a powerful tool for

experimental data analysis.



2. MOLECULAR MODELS

The main objective of this simulation work is tosdebe trends in adsorption due to the
presence of heterogeneities, ranging from one eihgterogeneity to a large number. The
model needs to be simple to catch the main featfradsorption, avoiding unnecessary (and
possibly misleading) details. This is why the iatdions are chosen to be extremely simple,
with however the realistic orders of magnitude. i&irty, the heterogeneities will be

generated in the simplest possible way, as destinibihe following sections.

All (fluid-fluid and fluid-wall) interactions are abcribed by the (12-6) Lennard-Jones
interatomic potential cut at 2.8 (interactions are not calculated beyond that dista and
shifted (the potential reaches zero at cutoff). @deorbate is chosen to be argon, a simple
fluid commonly used for porous materials charaztgron. The parameters for argon ake
alk = 119.8 K wherek is Boltzmann’s constant, ands.ar = 0.3405 nm. The fluid-fluid
parameters provide natural units to measure thaigdlyquantities introduced in this paper
(the unit for distances i¥ar.ar; for energies it istar-ar; for temperatures it iSar.ar /k; for
pressures it iSa.ar /0arar; €tc). The reduced quantities will be denoted byasterisk. The
parameters for argon/wall interactions apew/k = 100 K andoa.w = 0.333 nm. These
parameters are typical for argon-oxygen interasti@morresponding to the main contribution
for argon/silica interaction. The adsorbent (pae)chosen to be a cylinder of 3 nm in
diameter. The smooth wall approximation may be ugemnsists in averaging the fluid-wall
interaction over the atomic roughness (the poteigtipurely radial in this case). Differences
in adsorption isotherms are negligible (small défeces at low pressure only), but it allows to

save computing time.



We focus on simple fluid adsorption in the freqiemncountered silica-based nanoporous
materials like MCM-41 or oxidized porous silica. e materials exhibit parallel and non-
interconnected tubular pores with a high aspedb (@w nanometers in diameter and few
microns of length) [44-46]. Such materials are oéagest fundamental interest since they
exhibit unexpected hysteresis shapes [47-49]. [udabrication procedure, one expects
heterogeneities at nanometer scale along the pase[%0-54]. These heterogeneities result
from variations of local surface chemistry (the signof surface hydroxyls groups may vary
for instance) or from variations in geometric cludégastics (constrictions in pores). These
heterogeneities essentially result in a modulaiotine affinity of the adsorbed fluid (argon in
our case) with the wall. We have in particular shotliat pore size variations actually
predominantly result in variations of fluid/wall teractions, with moderate “purely
geometric” effects [55-58]. As a simplification, ethcorresponding heterogeneities are
characterized by a simple parameter which correldieectly to the local intensity of the
fluid/wall interaction. More precisely, this parar@e is an extra factor applied to the
fluid/wall interaction. Values less than 1 (downQd in our model) produce domains with
lower affinity for the fluid. Values larger than(ip to 1.3 in our model) produce domains
with higher affinity for the fluid. This parametés varied along the pore axis to produce
heterogeneities. Several cases will be consideredheterogeneity, one single heterogeneity,
two heterogeneities with different amplitudes, andarge number of heterogeneities with
random amplitude taken from a given (Gaussian)ildigion. The first case corresponds to a
perfectly cylindrical pore, chosen to be of diamé&em and length =4.086 nm = 1.4
(see Fig. 1-a). For the second case, the heteritgenproduced by modulating the fluid-wall

potential of the perfectly cylindrical pore by tegtra factor{1+ 025005(?)} , WhereL is the

pore length and z is the coordinate along the potis. This corresponds to a sinusoidal



modulation along the pore axis of 25 percent marimiihe pore is thus a chain (due to

fluid/pore interaction fluid/pore interaction
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Figure 1: Presentation of the four pore modelqaxg O: fuid/wall potential in reduced un
for the perfectly cylindrical pore (length @#.a¢); r* is the reduced radial coordinate arfd
is the reduced coordinate along the pore axis;obg fx fluid/wall potential in reduced un
for the pore with one single sinusoidal heterogigndeduced from pore 0 by sinuso
modulation along* (length 120x.4;); c) pore llI: fluid/wall potential in reduced units fte
pore with two sinusoidal heterogeneities of différstrength, giving rise to éo domains wit
different fluid/wall affinities (length: 2di..ar); d) pore Il (many heterogeneities): modula
factor along the domains (140 in this example, esponding to a 1 micrometer long pore)
the values are taken from the Gaussian distribugimwn below.
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Figure 2:Adsorption/desorption isotherms for argon confimedhe three systems with f
heterogeneities obtained by Grand Canonical MomidoGimulation (symbols)lhe reduce
temperatures are given in the inset. Lines aregytodhe eye. The v&cal lines materializ
the system jumps when the metastability limits exeeeded.The large circles conte
schematic representation of the fluid distributiorthe pores (black: high density liquidl
fluid; white: low density gaslike fluid).

periodic boundary conditions) of more or less attva regions (see Fig. 1-b). In the third

case, the modulation factor{ﬂs+ a(z)sin(%)} where a = 0.3 for z<0 and a = 0.2 for z>0, and

L =8.172 nm = 240x..ar IS the pore length. This produces four regionsgagiod in the pore
with high, medium high, medium low and low fluidivaffinities (see Fig. 1-c). In the last
case, many modulations are introduced in the gewe.simplicity a step function has been

used: the modulation factor is constant within edomain (of length 7.36 nm = 24a..ar),



and takes uncorrelated values between two adjaoenins. Its value is supposed to follow a
Gaussian distribution (see Fig 1-d).

The simulations are performed using the grand daabMonte Carlo (GCMC) algorithm
[29-31]. The chemical potential of argon is imposed and related to the gas pressuthe
reservoir using the ideal gas relation since i igood approximation at the temperature at
which the simulations are performed (for instandé =Tk/&,,_, =06 corresponds
approximately to 70 K). The adsorption/desorptisotherms are given as a function of the

reduced chemical potential* = y//&,,_, . Long simulations are performed in order to reduce

the uncertainties down to 7% fllonte Carlo trials per argon where required).

3. PORES WITH FEW HETEROGENEITIES: SIMULATION RESUSE

Figure 2 shows the adsorption/desorption isothdondluid adsorbed in a cylindrical pore
containing 0, 1 or 2 sinusoidal heterogeneities.lodt temperature (below the hysteresis
critical temperature) the isotherms exhibit hystereThe points actually group into branches
along which the adsorption/desorption is reversibleese branches correspond to deep local
minima in the system’s free energy landscape (stablmetastable states), separated from
other minima by energetic barriers larger than rtf&rfluctuations. The system evolves
reversibly upon adsorption or desorption along bihanches, at least within thelimits
beyond which the energetic barriers become smadugm to be overcome by thermal
fluctuations (i.e. the stability limit of the metable state has been reached and the system
jumps into a deeper adjacent local minimum). Theicad lines in Fig 2 indicate the new

local minima reached by the system. An importanseogation is that the number of



metastable states is higher at low temperaturejramndases significantly with the number of

heterogeneities.

Let us now give a molecular picture for these locahima. The lowest density branch
corresponds to gaslike fluid filling the pores witholecules adsorbed at the walls. The
highest density branch corresponds to pore coniplélied by liquidlike fluid. These states,

observable in the three systems, are reminiscetiteobulk fluid. New metastable states are
stabilized by the chemical corrugation. Visual iesion of molecular configurations in the
pore made of a single heterogeneity shows thataited minimum of intermediate density

corresponds to a liquidlike meniscus located in strengly attractive domain of the pore.
This local minimum is the analog in heterogeneogmdrical pores of the bridgelike phase

observed in corrugated slit pores [32]. See schiemgiresentations in Fig. 2.

In the pore with two sinusoidal heterogeneitiesge flocal minima are observed, which
correspond respectively to: a gaslike fluid adsdripethe pore; one liquidlike meniscus in the
most attractive domain of the pore; two liquidlikeenisci in the two attractive regions of the
pore; one single large meniscus bridging the twibactive domains; a liquidlike fluid
completely filling the pore (Fig. 2). This systerhosvs very interesting features. As an
example, for a reduced temperature of 0.8, statftiogn the empty system and gradually
increasing the chemical potential results in cardirs filling of the system up ta = -10.84
where the system jumps into the second local mimmlncreasing further the chemical
potential makes the system jump successively imathird, fourth and finally the fifth local
minimum. Upon desorption, the system does not W&tlocal minima in the reverse order.
After the first step, which consists in the formoatiof a bubble in the less attractive domain

(i.e. the system jumps from the fifth into the fibutocal minimum), further decrease in



chemical potential makes the system jump direatlp ithe first local minimum (gaslike
branch) without visiting the third and second miairihis is an important point which shows
that it is possible to miss metastable states vgeforming simple adsorption or desorption

cycles [59].

This simple model shows that the hysteresis loopelated to a complex free energy
landscape, and may present a dissymmetry in adsor@bd desorption. It is also shown that
the main adsorption and desorption isotherms ardenw several branches with small
discontinuities. Furthermore, a simple picture déaption/desorption subloops (scanning

curves) arises, as irreversible paths betweenaheus local minima.

4. PORE WITH A LARGE NUMBER OF HETEROGENEITIES: MUISCALE

APPROACH

Let us now consider pores with a large number ofa@os. Such systems are too large to be
treated as a whole with usual molecular simulatmois. Let us introduce the multi-scale
molecular simulation approach, which enables taystpores with a large number of
heterogeneities. As introduced by Evefedt62] a porous material can be seen as a collection
of domains corresponding to elemental subdivisidnthe porous network (elemental
cavities). Most of the time, the domains are cogrg@d to be independent to simplify the
calculations (see Fig. 3). The global thermodynamioperties are thus obtained as an
average over the domain distribution. Moleculardation is able to treat separately each
domain of nanometric scale, and thus provides aepiolvanalysis of fluid adsorption after

averaging over the appropriate distribution of domaThis approach leads to an extremely



accurate description of the low pressure regiontha adsorption isotherm, where the
hypothesis of independence between domains isjugtified. But the hysteresis region is not
well described by this approach because the disaadsociated to the complex porous

network plays an important role [43, 63-69].

As a matter of fact, in the hysteresis region,almmunt of fluid adsorbed in any domain is not
a single valued function of the chemical potentibklso depends on the fluid state in the
neighboring domains (this is closely connectechtéxistence of multiple metastable states).
It is possible to approximately rationalize thigpdedence from a classical thermodynamic
analysis of fluid adsorption in pores. However ngigant improvement can be achieved if
one uses molecular simulation to extract them, appropriate explicit boundary conditions

to take into account the presence of neighboringados [70, 71].

domains treated independently, interdependence between domains
with taken into account, with
periodic boundary conditions explicit boundary conditions

PBC

Figure 3: Schematic representation of a heterogeneous poréhé center; four differe
domains labeled A to [@an be seen). The system may either be treateflths domair
where independent (left, all domains are treatedependently with periodi boundar
conditions, PBC) or as a whole (right, the intefegence between domainstaken int
account by means of explicit boundary conditioeg, text).



This is possible because interactions and coroglatare short range: as a consequence, only
the (two) nearest neighboring domains need to Insidered. Actually, only the portions of
the neighboring domains within interaction ranged& be considered for the calculations
(the remaining part beyond the interaction rangs ha direct influence on the central
domain). Furthermore, the main effect of the negyiiyg domains does not originate in their
detailed physico-chemical properties: the relevafdrmation is essentially the absence or
presence of fluid in the neighboring domains, ogrenquantitatively, the corresponding
density. Therefore, these neighboring domains mayadken as homogeneous cylindrical
pores with the same fluid/wall interactions asc¢batral domain to be studied. The simulation
box then contains the central domain (length: 8% = 21.6 ga.ar) and two adjacent
portions of domains (taken to be & long) which play the role of boundaries; extra
portions are added, where the fluid state (gasbkeliquidlike) is imposed during the

calculations (see Fig. 4).
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Figure 4: Schematic representation of firmulation box with explicit boundary conditio
the domain to be considered is in the center (greee); the xplicit boundaries are made
frozen regions where the fluid state (gaslike quilillike) is inrposed and transition regic
where the fluid relaxes between its imposed statie frozen region and itctual state
the domain. Blue circles: adsorbed argon; redestctubstrate species.



Note that it is not yet known if the neighboringnalins are actually filled or empty: we just
perform pre-calculations considering all possibigpdtheses. In other words, these pre-
calculations aim at determining how the considedlechain behaves as a function of the
neighboring domains. Essentially, the central domsaibistable (gaslike or liquidlike), and
the imposed boundaries forces the system to switatne state, depending on the chosen
boundaries. It's only when all pre-calculations aexformed that a real adsorption in the
whole pore can be performed. The initial conditiming the empty pore, we know that all
domains have empty neighbors. The chemical potastthen slowly increased and the pre-
calculated behavior of each domain is used to oeter the filling status of each domain,
taking into account the status of the neighboriamdins. The total amount of fluid adsorbed

versusy is then deduced (adsorption isotherm). A simitacpdure is used for desorption.

5. PORE WITH A LARGE NUMBER OF HETEROGENEITIES: SWLATION

RESULTS

As for previous systems with few heterogeneitid®e tain adsorption and desorption
isotherms have been calculated by slowly increasiegchemical potential from the initial

empty pore up to saturation, and then decreasmgliemical potential until the pore empties
completely. Scanning isotherms are obtained imalai way. However, as seen previously,
not all metastable states can be reached withptbisedure [59]. To be sure to determine all
metastable states for our system, we proceed lasviblWe first generate all possible states,
characterized by a set of gaslike and liquidliketust for all domains. The total number of
possible states is necessarily less th#n(ehereN is the number of domains) since all

domains have at most two possible states. We thiemnate all states which are not



compatible with the pre-calculated isotherms. Freamphysical point of view, these
configurations correspond to situations where thél fstate is unstable and has to evolve
towards a metastable state (local minimum of tee fnergy). When a new metastable state
is found, its stability limits are easily determihby slowly decreasing and/or increasing the
chemical potential. The corresponding branchesbesadrawn in the usual graph giving the

amount adsorbed versus chemical potential.

Figure 5 gives the results for a pore containingl@®ains. In this particular system, a total of
N = 135 metastable states where found. The loweabhaghest branches correspond to the
usual gaslike and liquidlike states, i.e. fluid @dbeed only at surface or completely filling the
pore respectively. The other (metastable) stateegmond to partial filling of the pore (some
domains may be filled while others are still essdiygt empty. They appear as portions of
lines corresponding to their metastability rangkede lines can be seen as the projection in
the 1~p plane of the local minima in the free energy laage. As expected, the slopes are
always positive due to increasing film thicknesshwi. These lines are almost straight and
essentially parallel, which is a remarkable featédv®a consequence, despite eventually great
differences in fluid configuration between two adjat metastable states, the response of the
system to a chemical potential variation is esaéintithe same in both cases. It is also
observed that the main hysteresis loop corresptintiee external envelope of the metastable

states. This feature is observed in other systerdseems to be quite general [72, 73].
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Figure 5: Monte Carlo simulation result of fluid adsorption i&a heterogeneous p
comprising 15 domains, taking into account therdgpendence between domains. B
continuous lines: main adsorption/desorption isatise Red portions of line: all185
possible metastable states for this system.

These results are typical for a pore with a dozemalns, but details in the number and
positions of the metastable states are dependenthenparticular distribution of the

heterogeneities in the pore. This effect is exgktdebe minimized for large pores containing
a large number of heterogeneities, closer to experial situations. As a consequence, an
appropriate finite size analysis has been donextm@olate to large systems. To do this
analysis, and for each system size considered, ppropriate average over disorder
(distribution of heterogeneities) has also to bdgpmed to minimize spurious effects due to
the choice of particular configurations for thediregeneities. Previous works [72-76] have
shown that the number of metastable states is &eghé increase exponentially with system
size (number of domains), and that the appropris¢df-averaging quantity is the

corresponding normalized logarithm. We thus intecuthe quenched complexity as

Z:Limﬁln.?\f where v is the number of metastable states for each sydteim the

number of domains (measure of the system size),thedbar denotes the average over



disorder. In order to get insight in the distrilomti of the metastable states within the

hysteresis loop, the local quenched complexitptiduced:

Z*(p; )= lim —In N (03 :N)
N (1)
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Figure 6: Local quenched complexity (see Eq 1)iobthbyMonte Carlo simulation result
fluid adsorption in a heterogeneous pore comprigiBgdomains, taking into account
interdependence between domains. The roughnebg gktiphery is due tilve discretizatic
used for numerical calculations. Solid lines: madlsorption/desorption isotherms.

Figure 6 shows the results fbhir= 25. This system size allows a good compromise/dsn
largeN and a large number of disorder realizations (8xfdincrease statistical accuracy. As
can be seen, the complexity presents a typicaleshagh maximal values in the hysteresis
loop. An interesting feature is that the locatiomene Z(p; ,u): 0 closely follows the gaslike
and liquidlike adsorption/desorption branches, imitstatistical accuracy and discretization:

this result is in agreement with what has beenmeslen other systems [72, 73, 75].



6. CONCLUSION

A molecular simulation approach has been used talemsimple fluid adsorption in
heterogeneous tubular pores mimicking mesoporousriats like MCM-41 or porous silicon
(with typical argon/silica interaction parametei&hysteresis loop is observed in adsorption /
desorption cycles, which is closely connected ® dbpearance of many metastable states.
The density of these metastable states is studidtej-p plane. Although this quantity is not
directly accessible to experiments, it is of prign#reoretical importance to understand the
location of the hysteresis and the shape of therseg curves as determined experimentally.
As a conclusion, the main adsorption/desorptiortergsis loop appears as the envelope of
the numerous metastable states appearing in thensys

This work focuses essentially on one-dimensionaltesys. From this point of view, the
results are complementary of other fundamentalissuidcusing for instance on the effect of
surface and finite size on the occurrence of ttsp transitions.[77] This fundamental work
can also, on the other hand, be considered for rapmicative studies. As has been
suggested, it could be applied to strongly adsgrbystems like carbon dioxide or methane in

carbonaceous materials for industrial applicati@srage, gas shale, etc.).
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