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ABSTRACT

This molecular simulation work focuses on the adsorption of water in a priori hydrophobic
slicalite-1, a microporous ordered silica. The water-water interactions are described with the SPC
model while water-silica interactions are calculated in the framework of the PN-TrAZ model. The water
adsorption isotherm at 300 K, the configurational energies, and the isosteric heat of adsorption are
calculated by the Grand Canonical Monte Carlo (GCMC) simulation method. The thermodynamic
integration scheme allows to calculate the grand potential along the adsorption isotherm. The adsorption
results are compared with experiments, showing only qualitative agreement. Indeed, the simulations do
not reproduce the expected hydrophobicity of silicalite (V. Eroshenko, R.-C. Regis, M. Soulard, J.
Patarin, C. R. Phys. 2002, 3, 111). This indicates that common models used to describe confined polar
molecules are far from being operative. In this work, it is shown, on the basis of periodic ab initio
calculations, that confined water molecules in silicalite have a dipole value roughly 10 percent smaller
than in the bulk liquid phase, indicating that the environment felt by a confined water molecule in
slicalite pores is not equivaent to that in the bulk liquid. This suggests that effective intermolecular
potentials parameterized for bulk water are inefficient to describe ultra confined water molecules.
Reducing the SPC water dipole moment by 5% (i.e. decreasing water partia charges in magnitude) in

GCMC cdlculations does allow reproducing the experimental water/silicalite isotherm at 300K.

KEYWORDS. Grand Canonicad Monte Carlo, ab initio periodic calculations, water, silicalite,

adsorption, intrusion



INTRODUCTION

Many industrial processes like separation and catalysis involve Zeolites.>? From a fundamental point
of view, zeolites are microporous models suitable to study fluid in extreme confinement. In such
situation, fluid properties are expected to be drastically different from that of the bulk fluid or fluid
confined in mesoporous materials. As a smple polar fluid, water constitutes a good candidate for
studying adsorption properties in such microporous ordered systems. Industry is also interested in the
development of hydrophobic zeolites for gas separation in the presence of water. From experimental
observations, it is expected that dealuminated zeolites like silicalite be hydrophobic, despite the fact that
the presence of defects strongly enhances their affinity for water. A recent application of such
hydrophobic systems has also been proposed for storage or dissipation of mechanical energy, by
intrusion/extrusion of water into/from the silicalite nanopores.®*

Molecular simulations help to understand dynamical, structural or thermodynamic properties of
confined water.>*? The aim of this study is to calculate thermodynamic properties of confined water in
slicalite with a molecular model which was successfully used to model water adsorption in disordered
mesoporous silica substrate like Vycor glass.** The adsorption isotherm, isosteric heat of adsorption,
Helmholtz free energy, entropy and grand potential are calculated as a function of the chemical potential
of water. The results show qualitative agreement with experimental data. However, water is shown to
condense before saturating pressure. Two possible improvements of the model are proposed. The first
one consists in decreasing the water/silicalite interactions by optimizing one repulsive parameter. The
second one consists of reducing the permanent dipole of the water model, in order to take into account

the fact that water adsorbed in silicaliteisin aless polarizing media than in bulk water.



NUMERICAL DETAILS

The atomistic numerical adsorbent is made of the 3*3* 3 repetition of one unit cell of the silicalite-1,
as shown by the front view in Figl. The spatia dimensions of the simulation box are
60.21*59.76* 40.26 A°. Periodic boundary conditions are applied in the 3 directions. The adsorbed water
is described by the SPC model®®, because it is a fast computable model which reproduces well the
thermodynamic and structural properties of water around ambient temperature, like vapor pressure,

enthal py of vaporization, and radial distribution functions.'’

The interaction of water with silicon and oxygen species is assumed to remain wegk, in the
physisorption energy range. In this work, we have used a TrAZ form of the original PN-type potential
function as reported for adsorption of rare gases and nitrogen in silicalite-1."® The PN-TrAZ potential
function is based on the usua partition of the adsorption intermolecular energy restricted to two body
terms only: it includes a dispersion interaction term, a repulsive short range contribution and an
induction term. The choice of this particular model to describe the water/adsorbent potential was
motivated by the good degree of parameter transferability. Indeed, in a previous study™, we found that
using a set of potential parameters previously derived for adsorption in silica zeolite augmented to take
into account hydroxyl groups, the TrAZ model allows reproducing both low coverage experimental

adsorption isotherm (amount adsorbed versus pressure at constant temperature) and isosteric heat curve

with no further adjustment. In the TrAZ model, the adsorbate-surface energy (u'kua) of the k™ atom of

molecule A at aposition i in the simulation box, is given by
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where rj; is the distance between the matrix species j and the position i of the K™ atom of a given

molecule, fo, are so-called damping functions that depend on interspecies distance and on a repulsive



parameter (see below) and findly E is the electric field created at adsorbate position i due to the
inorganic species ; al other symbols are physica parameters that depend on electronic properties of
interacting species only. The sums runs over al (j) atomic sites in the matrix that are silicon and oxygen
atoms. The first term in the sum is a Born-Mayer term representing a two-body form of the short range
repulsive energy due to finite compressibility of electron clouds when approaching the adsorbate at very
short distance of the pore surface. There is one such aterm per pair of interacting species. The repulsive
parameters (A and by) are obtained from mixing rules of like-atoms pairs (see below). The second term
in the above equation is a multipolar expansion series of the dispersion interaction in the spirit of the
quantum mechanical perturbation theory applied to intermolecular forces.’® It has been shown that two
(and three body) dispersion C,, coefficients for isolated or in-condensed phase species can be obtained

from the knowledge of the dipole polarizability and the effective number of polarizable electrons Negf of

all interacting species'®?° which are closely related to partial charges that can be obtained from ab initio

calculations. The f, terms in the above equation are damping functions of the form:

n K )"
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The role of these damping functions is to avoid divergence of the dispersion interaction at short distance
where the wave functions of the two species overlap (i.e. when the interacting species are at contact).”
They allow taking into account the possible electronic exchange which has a non zero probability at
short distance even for two close shell structures. For each pair of interacting species, they are
parameterized with the single by; repulsive parameter. The damped dispersion multipolar expansion can
be seen as a convenient way to make the perturbation theory valid at short inter-atomic separations. The
last term in equation (1) is the induction interaction as written in the context of the quantum mechanical
perturbation theory applied to intermolecular forces.' It represents an attractive energy arising from the
coupling of the polarizable electronic cloud of the adsorbate atom of polarizability ak at position i with
the eectric field E; induced by the charges carried by framework species (O and Si) that result from the

bonding process within the inorganic matrix itself. In the case of water interacting with silicalite, one
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has to parameterize four different adsorbate/adsorbent-species potentials, all atomic parameters and
coefficients are given in Table 1 and 2. Note that repulsive parameters for like-pairs are taken from a
previous work on the simulation of rare gases in silicalite'® using Bohm and Ahlrichs®®> combination
rules based on ab initio results a the Hartree-Fock level approximation which only describes the
repulsive energy term in the case of non charged and polar species. This type of potential function based
on the PN-TrAZ parameterization method was used in various studies of molecular and covalent fluids
at interfaces from open surfaces**?® to microporous zeolites**?® and more recently in the case of

mesoporous Vycor-like material s'°29%,

Minimal image convention is adopted to calculate all interactions. Long range mean-field correction
to dispersion terms cannot be precisely calculated because the density is not uniform. Actualy, the size
of the box is large enough so that large distance contributions are negligible. The electrostatic
contribution is evaluated by summing on neutral subgroups of atoms of highest symmetry (tetrahedral
silicon SiO,). Implementation of Ewald summation procedure®®*’ has proven to be of little

improvement, probably due to the large box size, absence of isolated charges.

For a given temperature, the Grand Canonical Monte Carlo (GCMC) technique® allows to calculate
the amount of water adsorbed in the silicalite sample in equilibrium with the above vapor a a given
pressure. The repetition of the calculation for different vapor pressures enables to calculate the complete
adsorption isotherm. As in experiments, to acquire the adsorption isotherm, an equilibrated
configuration is used as an initial configuration for the next pressure. An equal number of trial for
translation, rotation, and creation or destruction of molecules has been chosen for each Monte Carlo
(MC) step at fixed chemical potential. The configurations are considered for visual examination and
statistical calculations every block of 10* Monte Carlo steps (4.10* MC trials) along the Markov chain,
so that they are de-correlated. The Fig 2 shows atypical equilibration run at a relative pressure of 0.34

from an initial configuration at relative pressure 0.23. The number of particles is drawn as a function of
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the number of blocks of 10* MC steps. As can be seen, equilibration is reached after approximately
2x10* blocks, that is to say around 3x10° trials per water molecule. To acquire data, another 5x10° trials
per molecule were run, where the number of particles fluctuates around a constant value. After the
complete saturation of the silicalite sample is reached for high chemical potential 1, one can start

decreasing wto acquire the desorption branch (hysteresis).

ADSORPTION ISOTHERMS AND CONFIGURATIONAL ENERGIES

The figure 3 shows the adsorption/desorption isotherm obtained at 300 K as a function of the chemical
potentia or relative pressure P/Py where Py = 0.044 bar is the saturating vapor pressure of SPC water at
300 K.**° As can be seen the curve is reversible, as expected for a microporous adsorbent. The curve
shows low initial adsorption for P/Py < 0.1, as for a hydrophobic surface. This is in qualitative
agreement with experimental data. However, the substrate saturates for pressure lower than the
saturating vapor pressure, which indicates a noticeable affinity of our numerical substrate for water. This
point seems in disagreement with experimental data, which show stronger hydrophobicity. “** The
energetic quantities calculated in the system confirm this point. This excessive hydrophilic character was
previously observed by other authors reporting simulation results for confined water in silicalite with the
same kind of approach based on a bulk water potential with a physisorption water-host potential.**
Several ways for model improvement are considered in the last part of the paper. In al cases,
improvement of the model results in a shift of the adsorption properties towards higher chemical
potential (more hydrophobic), in quantitative agreement with experimental data. However, the shape of
the adsorption isotherm is not affected. This is why the thermodynamic analysis is performed with the

non-optimized simulation results, the corrections then consisting in asimple shift in chemical potential.



Figure 4 shows molecular configurations of water adsorbed in the numerical sample for different
pressures. For clarity, the substrate is not shown. For low pressure (P/P, = 0.0886) the system is made of
isolated water molecules and clusters containing few molecul es adsorbed on the substrate. For arelative
pressure 1.67 times larger (P/Py = 0.1477) the amount of water adsorbed is 4.5 times larger, and
essentially al molecules are implied in a cluster (no isolated molecules left). At P/IPy = 0.2045, the
system is almost saturated, and the clusters merge into large size ones. The last snapshot shows the P/Py

= 0.341 configuration almost completely filled, with few adsorption sites | eft.

The Figure 5 gives the molecular configurational energy (in kJ per mol of water molecules) at 300 K
as afunction of the relative pressure (upper figure) or coverage (lower figure). The general trend shows
that the configurational energy decreases with pressure or coverage: the water-silicalite interactions are
then weaker than water-water interactions, which is characteristic of a hydrophobic adsorbent. More
precisely, the evolution of the configurational energy with coverage shows essentially two behaviors.
For relative pressure lower than 0.2 the energy decreases rapidly with relative pressure, whereas above
P/Py=0.2 the configurational energy hardly decreases with pressure. The first range of pressure
corresponds to the initial adsorption of molecules on small and disconnected clusters previously
adsorbed (see Fig. 4). On the other hand, for larger pressure essentially only one (infinite) cluster
persists, and the number of free sites decreases significantly. These differences in the organization of the
fluid explain the vaues of the configurational energy: at low pressure, the fragmentation of the fluid in
smal clusters, favored by entropy considerations (to be calculated later), reduces water-water
interactions. The higher the pressure, the lager the clusters, and the stronger the fluid-fluid interactions,
which decreases the configurational energy. Above a relative pressure of 0.2, the system is amost
completely filled. This saturation induces a change of slope of configurational energy versus relative
pressure. The second graph, giving the configurational energy as a function of the coverage, shows a
different behavior. The knee previously observed for relative pressure P/P, = 0.2 is not visible any more

for the corresponding coverage of 2.57 mmol/g. This confirms the previous analysis suggesting that the
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knee in configurational energy versus relative pressure is reminiscent of the knee in adsorption, which
separates the rapid adsorption regime for P/Py<0.2 from saturation regime for P/P,>0.2. However, three
portions can be seen. In the first and last part, for low coverage (less than 0.5 mmol/g) and high
coverage (larger than 4 mmol/g) one observes a strong decrease of the energy with coverage, while for
intermediate coverage values, the energy decrease is less important. These observations can be
interpreted as follows: as previously, for intermediate coverage the configurational energy decreases
with increasing coverage because the water-water interactions are comparable to water-silicalite
interactions. The adsorption consists essentialy in growth and coalescence of water clusters, which
establish more hydrogen bonds, and improve the energetic cohesiveness of the system. For large
coverage (more than 4 mmol/g) the energetic gain is higher because the new molecules insert in sites
where they can establish two hydrogen bonds. Such sites can be seen in Fig4 for P/IPy = 0.341,
corresponding to “missing molecules’” within the network. The addition of molecules in such sites result
in an enhanced increase in cohesiveness of the fluid. The second feature to be explained takes place
around 0.5 mmol/g. Below this value, the configurational energy per molecule decreases slightly faster
than above. In parallel, inspection shows that this crossover coverage also corresponds to the point
where isolated molecules disappear at the expense of larger clusters (two or more than two molecules).
The smaller the cluster, the larger the relative gain when adding a new molecule. In effect, whatever the
size of anisolated cluster, the energetic gain per molecule when adding a new molecule is one hydrogen
bond, divided by the size of the cluster. This explains why the lower the coverage, the steeper the slope

of the configurational energy versus coverage, especially when one-molecul e-size clusters are abundant.

The configurational energy is not a directly accessible quantity, from an experimental point of view.
The measurable quantity is the isosteric heat of adsorption, which measures the heat released by the
adsorption of a given amount of fluid, as a function of the total amount of fluid previously adsorbed in
the substrate. Numerically, this quantity is deduced from cross-fluctuations in energy (U) and adsorbed

quantity (N) through the formula:*®
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The result is given in Fig. 6. The general trend is an increase of the isosteric heat of adsorption with

P

coverage, typical of hydrophobic adsorbent. The low coverage value gives information on the strength of
the adsorbate/adsorbent interaction. At 300 K, the heat released in the first steps of adsorption reaches
43 kJ/mol, a value close to the latent heat of vaporization of water. The water/silicalite interactions are
then comparable in intensity to the water/water interactions, which is drastically different from
hydrophilic substrate like silica surfaces presenting hydroxyl groups™®, for which the water/silica
interactions are much stronger than water/water interactions. However, the higher the coverage the
higher the heat released. The contribution from the substrate (around 40 kJ/mol) is almost constant, due
to the small size of the pores, while the contribution from water/water interactions increases (up to
10 kJ/mol) with the pore filling up. However, the water/water contribution can never reach its bulk value
because the structure of water in silicalite is strongly distorted. Inspection shows that, at saturation, most
of the molecules establish two hydrogen bonds instead of four in bulk water, which explains the increase

of 10 kJ/mol in isosteric heat.

GRAND POTENTIAL, HELMHOLTZ FREE ENERGY AND ENTROPY
CALCULATION

The system is completely characterized from a thermodynamic point of view if one calculates the
thermodynamic potentia in grand canonical ensemble, the grand potential Q=E-TS-uN, where E is
the total internal energy, T the temperature, Sthe entropy, u the chemical potential, and N the number of
particles in the system. This quantity is not a direct output of the GCMC simulation, but is easily

calculated from the differential equation:*
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where N is the number of particles in the smulation box of volume V. To fix the absolute value for Q
one has to consider the low chemical potentia region, where the adsorption isotherm follows essentially

the ideal gas approximation (N is proportional to the activity e#* //\3 ). In this case, the integration of

equation 4 from minus infinity up to the first chemical potential values calculated by GCMC gives:

Q,, =—-NKkgT 5
where kg is Boltzmann's constant. The result for the grand potential obtained along the isotherm is
shown in Fig. 7. It is normalized to the volume of the substrate, and given in Jcm® or MPa. For
comparison the same quantity is also reported for bulk water at 300 K. Is the bulk case, the system being
homogeneous, the grand potentia divided by the volume is equal to minus the pressure of the fluid. The
confinement obvioudly strongly affects the thermodynamic potential. In the low chemical potential
region, the grand potential is much lower in silicalite-1 than in bulk water, because the density is much
higher in the adsorbent. For large chemical potential values, both grand potential follow straight lines,
due to the incompressibility of the dense phase. The slope is given by the average density of the fluid
over the volume of the system, which is much lower for water adsorbed in silicalite due to the fraction
occupied by the substrate. Since the definition of accessible volume for water molecules in microporous
adsorbent is quite arbitrary, it is not possible to compare precisely the slopes, which should however be
in aratio close to the porosity of the substrate. The second point to note is the absence of discontinuity
in the grand potential: the liquid-gas phase transition disappears in microporous adsorbent, as expected.
Thisis reminiscent of what is observed for supercritical fluids.*°

The Fig. 8 gives the Helmholtz free energy per particle

F
f=—= + 6
N M

Z|Io

and plotted as a function of the amount of adsorbed water. The ideal rotational contribution to molecular

free energy —11.1 kJ/mol is not taken into account. As observed, the free energy increases continuously
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from low values (due to the large entropy of diluted phase) up to liquid-like values. For comparison, the
bulk water free energy is equal to —45.6 kJ/mol in the liquid phase above the saturating pressure. In
slicalite, the free energy is dightly lower than in the dense bulk phase due to interactions with the
substrate: indeed, the entropy is lower than in bulk water, as discussed now.

The entropy of the system is conceptually very important since it measures the number of accessible
states for the system, and then the degree of confinement. However, this quantity is rarely directly
calculable, except by means of very sophisticated methods. Nevertheless, it can be deduced from the

molecular Helmholtz free energy f and the molecular configurational energy u, according to the formula:

where Ris theideal gas constant (8.314 JK 'mol™), arising from the kinetic part of the internal energy of
water molecules. Here again, the rotational ideal gas contribution 49.5 JK *mol™ is omitted. The Fig. 9
shows the entropy as a function of the chemical potential £ The values are always smaller than the bulk

water values: in the gas region, which extends from 7 =-52 up to —45.6 kJ/mol the entropy ranges from
194 down to 174 JK*mol™, whereas in the liquid region the entropy is amost constant and equals to
26.47 JK*mol™ which is again larger than for water confined in silicalite. The reduction in entropy per
molecule is a direct consequence of the loss in translation and rotation mobility due to the confinement
in silicalite. This result, although expected, was never shown previously by simulation calculations for

water confined in microporous system.

IMPROVEMENT OF THE MODEL

Let us now focus on a quantitative comparison of simulation results with experiments. The
experimental data found in the literature are reported in Fig. 10. Various techniques are used:

gravimetric or calorimetric measurements.**** In each case, the water uptake is very low, showing that
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dlicalite is hydrophobic. Inspection of experimental data show large variations, probably due to
differences in sample preparation. Above the bulk saturating point, conventiona techniques fail.
Eroshenko et a.** developed intrusion experiments to measure the amount of water introduced in the
porous material as a function of the liquid water pressure. The results show alinear volume variation of
the system with pressure, with a rapid water uptake around 100 MPa. Two water intrusion points from
the above mentioned experiments are reported in Fig. 10, corresponding to P/P; = 0.5 and P = 100 MPa.
The water pressures have been converted to chemical potentials using the fact that the gas state is almost
ideal, and by integrating the water equation of state above the saturating point, according to the standard
procedure. As previously mentioned, the simulation results are in qualitative agreement with
experimenta results. However, the adsorption isotherm, as predicted by the model, is shifted towards
low chemical potential as compared to experimental data: the pore filling occurs around P/Py = 0.2 in
simulation (¢ = -49 kJ/mol), whereas it is expected to occur around y = -44 kJ/mol. Similar results
where obtained by Deshiens et al.** when using the same electrostatic partial charges for silicalite
species. In order to reconcile simulation results with experimental data, two routes were considered to
improve the model. The aim is essentially to reduce water/silicalite interactions to shift the adsorption to
higher chemical potential. The nature of the interactions is twofold: dispersion/repulsion terms and
electrostatic terms, giving the two possible routes. The first way consists in increasing one of the
repulsion parameters of the PN-TrAZ model. More specificaly, since most of the energetic
contributions rise from the oxygen — oxygen interactions between water molecules and silica, the

modified repulsive parameter was chosen to be bowater-oslicaite: Figure 10 shows the simulation results

for a value of this parameter equal to 97% of its origina value (reducing b increases the repulsion
strength). As can be seen, a quantitative agreement with experimental data is obtained. This suggests
that the initial model underestimates the water-silica repulsive term. This proposed re-parameterization
offers a simple procedure to perform quantitative simulations of water adsorption in silicalite. Let us
now consider the second possible route which consists in re-considering the electrostatic contributions.

Desbiens et al.™ proposed to modify the partial charges of the silicalite species (gg = 1.4 instead of 2.0).
13



Another way to modify electrostatic contributions is guided by the fact that the water model used in the
simulation (SPC) might not be optimal to describe low density water. As a matter of fact, it is expected
that the partial charges on a water molecule are greatly influenced by the environment seen by this
molecule. In most cases, water simulation models are parameterized in the liquid state. In such a
situation, the water molecules are surrounded by a highly polarizing media. It is then questionable
whether such models are efficient to quantitatively describe the water clusters observed in silicalite. It is
then suggested to consider the influence of water partial charges on water adsorption isotherm in

silicalite.

To this end, we performed full ab initio Hartree-Fock calculations of water in the liquid bulk phase
and confined to silicalite pores using the CRY STAL98 code that alows periodic calculations. The
choice of atomic basis sets is of central importance for such calculations. We have chosen 6-31G*
orbital sets for hydrogen and oxygen species; silicon was modeled using a Durand pseudo-potential
(http://www.crystal.unito.it/Basis_Sets/Ptable.ntml). This type of caculations allows obtaining
(Mulliken) partial charges of al atoms in the considered periodic simulation box, hence characterizing
the nature of bonding processes (ionic, covaent, ioni-covalent). Note however that these calculations
were carried out at the Hartree Fock level of approximation thus ignoring el ectronic correlation effects
hence dispersion interactions. As expected from Pauling’s rule for electronegativity, we found that the
partial charges of zeolitic species are haf their formal values (g.z = -1.05€, g = +2.1€) in agreement
with previous ab initio calculations on quartz.*’ As shown in Figure 11 with such relatively large basis
sets, a single water molecule having the SPC geometry (HOH=109.45°, OH=1A) has a dipole moment
norm at 1.67 D (9% smaller than the experimenta value, 1.85 D; note that the SPC value is fixed at
2.245 D). Such a discrepancy indicates the difficulty in calculating ab initio such an electronic property
that is indeed very dependent on the basis sets; * for instance the use of minimal STO3G basis sets
leads to a dipole moment norm of 0.7 D for the SPC water molecule geometry. Note that the recent work

of Dyer and Cummings *° shows that DFT-CPMD (Car-Parinello ab initio molecular dynamics)
14



calculations of the dipole moment distribution for water bulk liquid is aso very dependent on the
analysis technique: electron density partitioning among molecules following the Bader approach to
determine partial charges leads to a dipole moment mean value of 2.5 D at 300 K rather close to the
experimental value, while the use of localized Wannier functions leads to dipole moment mean value of

3.1D.

In this work, we first consider a molecular configuration of bulk water at 300 K (density 1 g/cc)
generated from a Gibbs ensemble simulation. The ab initio distribution of dipole (see Fig 11) is centered
on a mean value of 2.0 D (again smaller than the experimental value of 2.6 D). Let us now consider a
confined phase of 27 water molecules in a unit cell of silicalite (loading relatively close to maximum).
The calculation requires a very large hard disk temporary storage capacity (~200 GB : number of atoms
in the simulation cell = 363 i.e. 4152 atomic orbitals and 2160 electrons). We found that the water
dipole moment distribution is down-shifted to a mean value at 1.83 D, i.e. 9.5 % smaller than the bulk
value. Thisis an interesting result that shows that the electric field felt by a given water molecule due to
the zeolite species and neighboring water molecules is not as intense as in the bulk. The same result was
recently observed by Coudert et al *° performing DFT-CPMD calculations of water molecule confined to
LTA zeolite. In addition, they show that the dipole moment shift is loading-dependent. Note that our ab
initio results confirm the elegant results of Smirnov and Bougeard® who performed classical molecular
dynamics with charge-adaptative potentials of water confined in slicalite. Our approach captures
correctly the underlying physics, and clearly shows the importance of polarization effects. It is however
mentioned that to be fully self-consistent, it is preferable to perform classica simulations of confined
polar fluid with polarizable potentials. The main physical conclusion is thiswork isthat the reduction of
the dipole moment of confined water molecules in siliceous zeolite (such as silicalite) is at the origin of
the hydrophobic behavior of these materials. One may also infer that aluminum-containing zeolites have
a hydrophilic character that is due to the strong electric field created by counterions in the zeolitic voids

in direct contact with the water adsorbed phase.*
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Figure 10 shows the simulation results obtained with partial charges on water molecules equal to 95%
of the initial SPC model (5% reduction of the water dipole moment). As can be seen, quantitative
agreement with the experimental datais obtained, i.e. the pore filling occurs around a chemical potential
M =-44 kJmol. A more accurate description would take into account the molecule environment, and
make the partial charges and hence the dipole moment, dependent on it “on the flight” as reported in

Smirnov and Bougeard paper.>

CONCLUSION

The adsorption of water in ordered microporous silicalite-1 has been anayzed by GCMC simulation
method at 300 K. The calculations were performed in the framework of the PN-TrAZ model, giving al
interaction parameters between water species and silica substrate. The adsorption isotherm at 300 K is of
type V without hysteresis, in qualitative agreement with experimental data. The isosteric heat of
adsorption is also calculated. Its value is shown to increase as a function of water coverage. This is
expected in a system which does not present a strong surface affinity with water molecules, as silicalite.
The thermodynamic integration procedure is used to compute the Helmholtz free energy and grand
potential, as well as molecular entropy which is shown to decrease with water coverage. Visud
inspection of molecular configurations shows that water molecules form aggregates of larger and larger
Size as the chemical potential increases. In order to improve the quantitative agreement with
experimental data, two modifications have been proposed. The first one consists in fine tuning the
repulsive parameter between oxygen species to calculate the water/silicalite interactions. Reducing the

repulsive parameter bowater-Osilicaite 10 97.75% of itsinitial value given by the PN-TrAZ model allows a

quantitative agreement with experimental data. This suggests that the model slightly underestimates the
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electronic repulsion between water and silicalite oxygen species. The second possibility to improve the
agreement between GCMC and experimental data is to decrease the partial charges of the water model
(hence its dipole moment). Thisis justified by the fact that the water models are generally parameterized
for the bulk liquid phase, taking phenomenologically into account the polarization contributions. These
contributions are expected to be lower in silicalite (lower electric fields due to tetrahedral silicon instead
of dipolar contributions in bulk liquid water) as shown by quantum calculations of the effective partial
charges of water molecules confined in silicalite (molecular configurations taken from the GCMC runs
with the SPC model). These cal culations suggest that the dipole of water confined in silicalite is roughly
10 percent lower than its bulk value. GCMC calculations performed with a SPC model with reduction of
the partial charges by 5% allow a quantitative agreement with experimental data that indeed show a
strong hydrophobic character. Further quantum chemical caculations are underway to evaluate the
change in the water moment in auminum-containing zeolites and find the reason of the high-

hydrophillicity at amolecular level.
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FIGURE CAPTIONS (Word Style“VA_Figure_Caption”).

FIGURE 1:

Numerical sample of silicalite-1 made of three repetitions in each direction of one period of the crystal.

FIGURE 2:

Example of equilibration run showing the amount of water adsorbed at P/P, = 0.34 from an initia

configuration at P/P, = 0.23, as afunction of the number of blocks of 10* Monte-Carlo step.

FIGURE 3:

Water adsorption (circles) / desorption (triangles) isotherms in silicalite-1 as a function of relative

pressure (first panel) or chemical potential (second panel).

FIGURE 4:

Water molecular configurations for four relative pressures (P/Py = 0.0886, 0.1477, 0.2045, 0.3409). The

silicalite species are not represented.

FIGURE 5:

Configurational energy of water adsorbed in silicalite-1 as a function of relative pressure or adsorbed

amount.
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FIGURE 6:

Isosteric heat of adsorption of water in silicalite-1 as afunction of the adsorbed amount.

FIGURE 7:

Grand potential per unit volume of water adsorbed in silicalite as a function of the chemical potential.

Circle: thiswork, dashed line: bulk water.

FIGURE 8:

Helmholtz free energy per water molecule adsorbed in silicaite as a function of the amount adsorbed.

FIGURE 9:

Entropy per water molecule adsorbed in silicalite as a function of the chemical potential.

FIGURE 10:

Water adsorption isotherm in silicalite-1 as a function of the chemical potential. Dashed lines and (+)
signs: experimental data®>****. Circles: PN-TrAZ model (solid lineis a guide to the eye). Triangles up :

repulsive bow-osiicaite reduced by 2.25%. Triangles down : water partial charges reduced by 5%.
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FIGURE 11:

Water dipole distribution calculated ab initio (see text) from (a) a 300K GCMC molecular configuration
of 27 H,0 molecules confined in asilicalite unit cell (b) abulk liquid configuration at room temperature

(1 g/cc). The vertical line shows the ab initio value of water dipole for a single molecule (gas phase).
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TABLES.

Table 1: PN-TrAZ parameters for water and silica species

water silicalite
Atoms O H Si @)
q (e -0.82 041 +2 -1
A (En) 247.7 1.338 6163.4 15435
b (a0™) 2.075 211 2.395 2.19
Polarizabilities (ag’) 7.56 2.655 2.36 8.03
Nest 4.476 0.414 1.52 4.656

a0=0.529177A, 1E,=3.1578 10° K

Table 2: Dispersion and repulsion parameters obtained in the framework of the PN-TrAZ model.

Weater Silicalite

species  species  Cg(Enao’) Cs(Enas’)  Cuo(Enao™)  A(En) b (a0 ™)
H O 8.3157 151.22 2668.6 45,444 2.149
H S 2.4874 32.919 - 90.811 2.243
@) O 34.850 735.319 135404 618.3 2.131
O S 10.513 172.72 - 1235.5 2.223
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Figure 3
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Figure 4
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Figure 8
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