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Drastic changes can take place in the structure, dynamics, and thermodynamics of a fluid when it is
confined to spaces of molecular dimensions, as compared to its bulk counterpart. Water confinement in
the nanometer-scale channels and pores of inorganic open framework materials, such as zeolites, are of
great scientific interest. Zeolites are crystalline aluminosilicates, with various and controlled pore sizes and
connectivities. [1] From a practical point of view, water plays a key role in many applications, including
ion-exchange and separation. From a more general point of view the interaction of water with solid surfaces
is of key importance for many chemical and physical processes. However, our present understanding of
interfacial or confined water at the molecular level is still very limited. Most of the experimental techniques
are difficult to carry out in nanometer environments. Theoretical investigation can, thus, be of great help
for a better understanding of confined water properties.

Classical simulations have recently been performed aimed at understanding the structure, dynamics,
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and thermodynamics of water confined in carbon micropores or nanotubes [2,3] and zeolites. [4-8] How-
ever, the quantum nature of bonding in water can only be captured by ab initio calculations. Elaborate
treatments of the electronic density are usually limited to small clusters (or a few adsorbed molecules) and
restricted to equilibrium structures. The Car-Parrinello Molecular Dynamics method (CPMD) [9] offers
an alternative route to capture the electronic properties of molecules, as well as dynamics effects. Such
DFT-based ab initio molecular dynamics calculations have been already applied to bulk water [10], inter-
facial water on Si surfaces [11], and zeolitic materials. [12,13] Most of the CPMD studies of confined water
deal with the dynamics of one-dimensionnal water chains and helices in hydrophilic zeolites with narrow,
non-connected, cylinder pores. [12,13] We have used here this method for the first time to investigate water
confined in a hydrophobic zeolite with large interconnected pores. The LTA zeolite displays supercages of
diameter ~ 13 A, connected to one another in a cubic symmetry by 8-ring windows of diameter ~ 7 A,
and smaller sodalite cages of diameter ~ 7 A. This zeolite is, thus, a good candidate for studying the effect
of confinement in open structure hydrophobic nanoporous materials. We have studied the thermodynamic
and electronic properties, and the vibrational infrared spectrum of the confined water. It is worth noticing
that while infrared measurements are a powerful tool to explore the structure of confined fluids, IR spec-
tra are often complicated to interpret. Vibrational spectra of confined fluids have been computed some
years ago using normal mode analysis on minimal-energy structures or using polarizable forcefields and
electrooptical models in classical molecular dynamics simulations. [14, 15] Most studies use the velocity
auto-correlation function that provides vibrational frequencies but not IR intensities, resulting in a quite
different vision of the overall spectrum. This is the first time, to our knowledge, that the dipole moments
and IR spectrum of confined water are calculated from ab initio dynamics. This technique was developed
recently, based on an estimator of the dipole moment in periodic boundary conditions [16,17], and was
shown to successfully reproduce infrared spectra of aqueous systems. [18-21]

We have first computed the water adsorption isotherm at 300 K following the Grand Canonical Monte
Carlo methodology of Desbiens et al. [8,22] As it was experimentally observed on other siliceous zeolites [23],
the all-silica LTA is found to be hydrophobic, with liquid intrusion occuring at ~ 70 MPa. The maximum
loading is found at ~ 20 water molecules per unit cell. Starting from these classical GCMC configurations
we have performed CPMD simulations using plane-wave basis set and norm-conserving pseudopotentials
on siliceous LTA with various hydration rates.

The effect of confinement on the molecular dipole of water is shown in Figure 1 for two molecular
loadings: 15 and 20 HoO molecules per unit cell of zeolite (one supercage plus one sodalite cage). For
comparison, the water dipole of the gas phase water molecule and the distribution of dipole moments for
32 bulk water molecules computed using the same DFT and Car-Parrinello parameters are also plotted.
The present bulk data are consistent with the original results of Silvestrelli et al. [24] The dipole distribution
for 20 confined water molecules has a maximum at 2.9 D, close to the bulk water maximum found at 3.1 D,

and displays a smaller band around 2 D, close to the gas phase value of 1.8 D. This latter peak corresponds



to the water molecule located in the small sodalite cage. This seems to show that the polarization induced
by the zeolite framework is quite small compared to the self-polarization of water fluid. From this point of
view, this result is in good agreement with studies of smaller water clusters in siliceous silicalite by means
of classical simulations using a polarizable water model. [5] However, unlike what was observed in silicalite,
where the dipole distribution displays several peaks, the distribution observed in siliceous LTA is unimodal
(apart from the water molecule in the sodalite cage). The multimodal dipole moment distribution was
observed in silicalite but not in hydrophilic Na-LSX zeolite [25], and this has been interpreted in term of
a intrinsic property of hydrophobic zeolites. Our results seem to indicate that a multimodal behaviour is
related to the existence of multiple, strongly non-equivalent, adsorption sites in narrow pores (channels
and intersections of silicalite, or the sodalite cage in the present case). In a more open structure, such as
LTA supercage and LSX zeolite, the dipole moment distribution appears smoother.

The dependence of the water dipole moments on the number of adsorbed water molecules can also
be compared from one zeolite structure to another. We observe an increase of about 0.04 D per extra
adsorbed molecule. This value is 20 times greater than the one previously observed in hydrophilic Na-LSX
zeolite. [25] In this cationic aluminosilicate material, the electrostatic field induced by the zeolite is much
stronger than in pure siliceous LTA zeolite, and an extra water molecule in Na-LSX has less effect on the
overall field felt by other adsorbed water molecules. This is consistent with the fact that the apparent
water dipole moment is larger than the bulk value in an aluminosilicate zeolite (because of the large electric
field created by the framework) and smaller than the bulk value in an hydrophobic all-silica zeolite.

The water dipole moment is found to be smaller than in bulk water but larger than its gas phase value.
In the large pores of LTA, water molecules self-organize through hydrogen bonds which build up a relatively
large dipole. We have identified these hydrogen bonds by means of a geometric criterion involving the
Acceptor, Donor, and Hydrogen atoms. [26] The number of hydrogen bonds among the 20 water molecules
confined in the zeolite, calculated using this geometric criterion, is reported in Table 1. Very few water-
zeolite hydrogen bonds are observed, while the difference in water-water H bonds ratio between bulk and
confined water (~ 0.3) is small even though most of the water molecules are very close to the zeolite
surface (less than 5 A). In confined spherical hydrophobic pores, the 15-20 water droplet self-organizes and
increases its cohesion energy. This is in keeping with the observation of cluster formation of 1 nm size in
hydrophobic graphitic nanopores. [2]

The lifetime of hydrogen bonds defined from a purely geometric criterion are extracted from Figure 2.
The water-water hydrogen bonds lifetime is found to be 1.5 ps, similar to the lifetime of such bonds in bulk
water using the same methodology. Hydrogen bonds between confined water and the framework oxygen
atoms, however, are found to have a lifetime of only 120 fs. Such OHO alignments are indeed observed
but they don’t correspond to true hydrogen bonds as proven by the absence of any water O—H strain. In
this specific case, usual geometric criteria are not appropriate to characterize hydrogen bonds. The non-

existence (or weakness) of zeolite-water hydrogen bonds between water and SiOy framework is in keeping



with experimental diffuse reflectance infrared Fourier transform spectroscopic (DRIFT) measurements in
different zeolites which showed that zeolites with low Si:Al ratio exhibit only weak interaction between the
water molecules and the zeolite oxygen atoms. [27]

Finally, we have studied the confinement effect on the water-zeolite infrared spectrum. We report in
Figure 3 the infrared spectrum of the hydrated zeolite, as well as the separate IR spectra of the confined
water and the zeolite. The zeolite spectrum is very similar to that of the dry solid, which we also computed
(not shown here). Both spectra are in reasonnable agreement with the experimental data [28]. We do not
observe any significant effect of the confined water on the vibrationnal spectrum of the zeolite framework
and the two sub-systems are not correlated. Indeed, the total spectrum for the system matches the sum
of the two separate spectra for water and the zeolite at frequencies higher than 300 cm ™.

Figure 4 shows the OH-stretch region of both the confined and bulk water IR spectra. For confined
water, the voy band appears to be composed of a large band and a narrower high-frequency peak. The
existence of a narrow high-frequency peak in the OH stretch region of interfacial water has been revealed by
the sum-frequency generation (SFG) technique, which is a highly surface-specific vibrational spectroscopy
of liquid interfaces. This peak was attributed to non hydrogen-bonded OH bonds. [29] The dangling OH
peak is more prominent for water near hydrophobic surfaces than in the hydrophilic case and, thus, can be
used as a signature of hydrophobicity. The analysis of the velocity autocorrelation function of OH distances
for H atoms involved in water-water hydrogen bonds and H atoms directed toward the zeolite (i.e. not
involved in hydrogen bonds) demonstrates that the high frequency modes correspond to OH bonds that
are not involved in the hydrogen bond network. Our results in the case of a more realistic system confirm

the attribution of the high frequency voy peak to dangling hydrogens.

We have reported here DFT-based ab initio Molecular Dynamics results of water confined in a large
pore LTA hydrophobic zeolite. We have studied the molecular dipole of confined water molecules, hydrogen
bonding properties, and we have computed the system infrared spectrum.

It was found that the infrared spectrum of the structural zeolite is decorrelated from the confined water
zeolite indicating very small interaction between the host and the guest species. This was confirmed by
the study of hydrogen bonds which showed the absence of genuine water-zeolite hydrogen bonds. The
water OH-stretch band shows similar shape and frequency with respect to bulk water, except for a narrow
peak at 2300 cm~! attributed to OH bonds directed towards the zeolite. The lifetime of water-water
hydrogen bonds in confined water was found to be similar to those in bulk water, indicating a similar
H-bond strength within confined water.

Finally, we observed a slight decrease of the water dipole moment with respect to its bulk value.
The resulting dipole moment is, however, still largely enhanced with respect to its gas phase value, due

to hydrogen bonding. Further studies on other systems are now needed to understand the role of pure



confinement with respect to possible specific interaction with the host structure and the role of confinement
geometry. DFT-based ab initio MD also offers a possible route for studying the chemical reactivity of

confined water.

Computational Procedure

The Molecular Dynamics simulations of anhydrous and hydrated zeolite were performed within the Car-
Parrinello method [9] as implemented in the CPMD software package [30], using the Kohn-Sham formula-
tion of DFT. We employed the gradient-corrected BLYP functional. [31,32] A planewave basis set with an
energy cutoff of 70 Ry was used and only the valence electrons were explicitly considered, with semilocal
norm-conserving Trouillier-Martins pseudopotentials.

The siliceous Linde Type A zeolite structure was taken from Ref [33]. The unit cell structure (SizgOys)
is cubic (Pm3m symmetry and a = 11.9 A) and contains one supercage and one sodalite cage. All
hydrogen atoms were deuterated. A timestep of 7 a.u. (0.17 fs) and a fictitious electron mass of 1000 a.u.
were used. (A 1.5 ps test run with an electronic mass of 700 a.u. and a timestep of 4 a.u. showed no
significant difference.) A first equilibration run of 1.2 ps was performed on each system, using a Nosé-
Hoover thermostat [34-36] with a frequency of 3800 cm™!. Production runs of 3 ps in the microcanonical
NVE ensemble were then performed. It is worth mentionning that the simulation time is rather short for
a full phase-space sampling. This could lead to a large uncertainty of the hydrogen bonds lifetimes.

Trajectories of the total dipole moments were obtained using the Berry phase approach [16] and their
autocorrelation function was used to compute the IR absorption coefficient, a(w), in the linear response
theory. [18] To compute the dipole moments of individual water molecules, the electronic wavefunctions
are replaced by the maximally localized Wannier functions [17] and the Wannier centers are assigned to
each water molecule. [19,21,37] A harmonic quantum-classical correction was then applied to the classical
correlation function to account for the quantum aspects of the hydrogen motion, as was shown to be
adequate in previous works [20,21,38]. The resulting infrared spectrum was then smoothed by a linear

filter as described in Ref. [21].
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Figure 1: Distribution of the dipole moment for 20 (dashed line) and 15 water molecules (dotted line)

confined in siliceous LTA zeolite, as compared to bulk water (solid line) and gas phase water (u ~ 1.8 D).

PR
25
Water dipole (Debye)

3

number ratio

water-water H bonds for 20 confined H,O 30.8 1.54
water-zeo H bonds for 20 confined H,O 4.1 0.21

water-water H bonds for 32 HyO in bulk 59.7 1.86

Table 1: Number of water-water and water-zeolite hydrogen bonds in the zeolite supercage, as defined by
the geometric criterion, and ratio over the total number of water molecules in the supercage. The number

of hydrogen bonds in a 32 bulk water molecules system is also indicated for comparison.
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Figure 2: Autocorrelation function of hydrogen bonds defined from a purely geometric criterion: water-

zeolite hydrogen bonds (dashed line), water-water H bonds for confined water (dash-dotted line) and bulk

water (solid line).
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Figure 3: Infrared spectrum of the hydrated zeolite containing 20 deuterated water molecules: total IR
spectrum (upper panel) and the separate spectra for the confined water (lower panel, solid line) and the

zeolite (lower panel, dashed line). The power spectrum of the velocity autocorrelation function of the

hydrated zeolite is shown in insert (upper left corner), for comparison purpose.
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Figure 4: The OH stretch band of the infrared spectrum of the hydrated zeolite containing 20 deuterated

water molecules (upper panel) compared to 32 bulk water molecules (lower panel).
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