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We have applied a novel theoretical and computational method called CECILIA (combined embedded cluster
at the interface with liquid approach) to study adsorption of molecular water on the MgO(001) surface and
its interface with water. The MgO(001) surface is modeled by a quantum cluster embedded in a field of
pseudopotentials and point charges. The effects of an aqueous environment are included by placing a dielectric
continuum in the region above the embedded cluster. Calculated geometry, energetics, and electronic spectra
for adsorbed water are in good agreement with available experimental and theoretical data. In particular,
many features of the interfacial structure and dynamics (McCarthy, M. I.; Schenter, G. K.; Scamehorn, C. A.;
Nicholas, J. B.J. Phys. Chem.1996, 100, 16989) are well-reproduced in our calculations. These results
demonstrate the suitability of the CECILIA model for studying chemical processes at solid-liquid interfaces.

Introduction

Ion sorption and chemical reactions at solid-liquid interfaces
are central features in many natural and industrial processes.
Examples include transportation of groundwater contaminants,
electrode phenomena, corrosion, and catalysis. For geochem-
istry and atmospheric chemistry, surfaces of metal oxides are
of particular interest as these compounds are major components
of rocks, soils, and airborne dust particles. In addition, metal
oxides often exhibit significant catalytic activity.

Under natural conditions, surfaces of metal oxides are often
found in contact with water. The solid-liquid interface can
be formed when oxides are immersed in bulk water or when
several monolayers of water adsorb from a humid atmosphere.
For many oxides it has been found that water molecules
dissociate upon contact with the surface, forming various types
of surface hydroxyl groups. It is also well-established that these
hydroxyl groups play a decisive role in all chemical properties
of oxide surfaces, including ion sorption, dissolution, and
catalytic activity.1

Initially, model approaches based on bond valence analysis
have been used to estimate stabilities of interfacial hydroxyl
groups.2-6 Recently, classical molecular mechanical models
appeared which can address the structural properties of interfaces
at an atomistic level.7-10 For an accurate description of quantum
effects in bond breaking and bond forming processes, i.e.,
chemical reactions at interfaces, ab initio methods of quantum
chemistry are needed. A few quantum mechanical calculations
concerning the properties of water and hydroxyl groups on oxide
surfaces have been performed using either periodic boundary
conditions11-15 or the molecular cluster model (for some recent
examples, see refs 16-18). Only limited attempts have been
made to include solvent effects in theoretical studies of chemical
reactivity at the oxide-liquid interface. For example, in several
studies,19-21 the binding energy of a water molecule at the

SiO2-water interface was simply estimated as the binding
energy at the bare surface minus the binding energy of the water
dimer.

In our previously published article22 (referred to in this paper
as article 1) we have suggested a model, called CECILIA
(combined embedded cluster at the interface with liquid
approach), with the ability to study chemical processes at solid-
liquid interfaces. In this approach, an embedded cluster model
is used to represent adsorbate interactions with the solid surface,
and a dielectric continuum is used in the region above the cluster
to provide solvent effects. We presented a thorough analysis
of interactions involving various adsorbates (Na+, Cl-, NaCl,
H2O) with the NaCl(001)-vacuum and NaCl(001)-water
interfaces. It was concluded that the presence of bulk water
significantly changes geometries and energetics of adsorbed
species.

Although results from our initial study of the NaCl-water
interface are very encouraging, without extensive comparison
to experimental observations and independent theoretical studies,
there remains some uncertainty with regard to the usefulness
of the CECILIA model. Therefore, the main motivation for
the present work is to further confirm the utility of the CECILIA
method. For this study, the MgO-water system provides a good
test case due to existing experimental and theoretical data. In
particular, numerous ab initio cluster and embedded cluster
calculations16,23-26 have established the applicability of these
methods for studying reactivity of MgO surfaces. Moreover, a
great deal of experience has been accumulated in dielectric
continuum modeling of chemical processes in bulk water.27-36

These developments suggest that a combination of these two
approaches in the CECILIA model would result in a useful tool
for studying reactivity at MgO-water interfaces. Unfortunately,
there are very few reliable experimental and rigorous theoretical
results on MgO-water interfaces available for comparison to,
and testing the accuracy of, the CECILIA model. Of special
interest for this purpose are the results obtained in the most
comprehensive simulations, to date, of the structure and
dynamics at the MgO-water interface performed by McCarthy* Corresponding author.
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et al.37 In these simulations, the SPC38 representation of water
was used in simulation cells of 64 and 128 water molecules.
The SPC model predicts a dielectric constant of 68 for water at
300 K.39 Since electrostatic solvent effects scale as (ε - 1)/ε,
this simple point charge model can yield 99% of the solvent
polarization. The simulations were based on a 2-D periodic
boundary condition, and electrostatic interactions were summed
using the Ewald method. This classical molecular dynamics
and Monte Carlo study used intermolecular potentials that were
fit to correlation-corrected periodic Hartree-Fock (PHF) cal-
culations for various water-surface orientations; thus near-
surface forces were taken into account. These potentials
remained unperturbed throughout the simulation. This is
common practice when studying systems in which the breaking
and formation of covalent bonds are not significant. For
example, classical potentials have been successfully applied to
the study of both MgO crystal surfaces and liquid water.40-47

However, results from our recent study48 of interactions at the
MgO-water interface predict that dissociated water has a lower
total energy than water adsorbed in the molecular form. Thus,
strictly speaking, potentials of the type Mg2+-H2O, O2--H2O,
and H2O-H2O, cannot sufficiently describe the interfacial
chemistry. Nevertheless, we believe that energy minima
corresponding to molecular and dissociated water are separated
by some activation barrier, so that molecular adsorption has the
meaning, at least, as a metastable state. Thus the results of
MD simulations are useful only in this limited sense. These
results can be compared to the predictions of the quantum
mechanical CECILIA model if, in the latter, we restrict ourselves
to the local energy minimum corresponding to the molecular
form of adsorbed water. MD simulations37 predict that molec-
ular water forms a structured layer near the MgO-water
interface. Water molecules can diffuse rather freely within this
layer; however, exchange with bulk water is suppressed. These
fine details of the interfacial structure and dynamics can serve
as a critical test of our CECILIA method. In this paper, we
will demonstrate that our CECILIA model does indeed yield
such features. In particular, the calculated energy profile for
molecular water desorption from the MgO-water interface gives
a simple explanation for the results of molecular mechanics
simulations.

Computational Method

The theoretical model employed in this study is similar to
that used in article 1. The main feature of the CECILIA method
is the combination of an embedded cluster model25,49 for
representing interactions of the surface active site with the crystal
lattice and the use of a dielectric continuum to model long-
range polarization of the solvent. We used the cluster shown
in Figure 1 to model the MgO(001) surface. For computational
feasibility, ionic cores were approximated by effective core
pseudopotentials (ECP).50 We used the standard valence CEP-
31++G** basis set on the atoms of the water molecule. The
CEP-31G* basis set was used on the four oxygen ions (labeled

“O”) nearest to the central Mg ion. Oxygen ions marked as
“-2” in Figure 1 were modeled as point charges (q0 ) -2)
without basis functions. The CEP-31G basis set was placed
on the five Mg ions at the surface (labeled “Mg”); other Mg
ions in the cluster (labeled “+2”) were approximated by bare
pseudopotentials without basis sets. In order to represent the
rest of the crystal, the cluster described above was embedded
in the field generated by 222 lattice point charges of(2 (not
shown in Figure 1) so that the entire system (cluster+ point
charges) consisted of four stacked 8× 8 layers resulting in an
8 × 8 × 4 slab. This finite lattice has been shown to provide
an accurate Madelung potential at the (001) rock salt crystal
surface.22,49 An accurate representation of the Madelung field
largely eliminates a dependence of results on cluster size. It
has been shown24 that changing the cluster size from 10 to 18
atoms results in a binding energy that differs by less than 0.5
kcal/mol for molecular water adsorption. Thus, using a cluster
of nine ions in the present study is justified. We also do not
expect that neglect of the crystal lattice polarization beyond
boundaries of the quantum cluster could significantly affect our
results. A recent ab initio study of H2O adsorption at an
aluminum impurity site on the MgO(001) surface26 suggests that
polarization corrections to reaction energies do not exceed 2
kcal/mol (see also ref 51).

In the CECILIA approach, a self-consistent treatment of the
solvent polarization is achieved by using the generalized
conductor-like screening model (GCOSMO)28-34 in which the
liquid is represented as a dielectric continuum separated from
the solute (in our case, crystal surface and adsorbate) by a sharp
boundary. Cavities for CECILIA calculations were constructed
using the GEPOL93 algorithm52 as a set of interlocking spheres
centered on nuclei. Atomic radii for cavity construction were
taken from our previous work: 1.172 Å for H; 1.576 Å for
O.31 The atomic radius for Mg (1.431 Å) was fitted to the
experimental hydration free energy of the Mg2+ ion (-455.5
kcal/mol53). We used a solvent-excluding surface,52 and the
cavity boundary was truncated so that only adsorbed atoms and
surface ions of Figure 1 were solvated. Extension of the cavity
to cover surface sites farther from the cluster does not change
the electronic structure and energetics of surface reactions. The
solvent polarization field is represented in a boundary element
approach as a set of point charges on the cavity (60 charges
per each complete atomic sphere) determined self-consistently
with the charge density distribution of the solute. An important
advantage of the GCOSMO solvation model is that the
polarization potential is included directly in the Fock matrix as
a nonlinear functional depending on the density matrix of the
cluster. Thus, self-consistency is achieved in a single SCF run.
Dispersion-repulsion contributions to the solvation free energy
were calculated using Floris and Tomasi’s method,54 in conjunc-
tion with OPLS force field parameters.45 Cavitation energy was
calculated using a method suggested by Pierotti55 and Huron
and Claverie.56

Geometry optimizations using analytical energy gradients29

were performed using the restricted Hartree-Fock (RHF)
approximation. Reported energies include correlation correc-
tions which were estimated by performing single-point second
order Møller-Plesset perturbation theory (MP2) calculations
at RHF optimized geometries. Such practice may result in about
1 kcal/mol error as compared to full MP2 optimization.16 In
the energy minimization procedures, all adsorbate atoms were
fully relaxed with no elements of symmetry assumed. As noted
in the Introduction, in this paper we are concerned with the
interfacial properties of molecular (not dissociated) water.

Figure 1. Cluster model of the MgO(001) surface. This cluster is
embedded in the field generated by 222 additional point charges (not
shown).
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Therefore, reported results refer to the local minimum corre-
sponding to molecular H2O. All surface ions were held fixed
at ideal lattice positions. This is a reasonable approximation
since reconstruction of the MgO(001) surface is known to be
minimal,57 and a recent study58 suggests that we may gain about
3 kcal/mol in adsorption energy by relaxing surface ions.

In characterizing the surface electronic structure of cluster
and adsorbed water configurations considered in this work, we
present results for the electronic density of states (DOS). This
information can be useful for qualitative analysis of data
collected in electron spectroscopy experiments.59-63 As sug-
gested earlier,60 to attain the best agreement between calculated
density of states and experimental UPS and MIES spectra for
MgO, our DOS graphs were generated by smoothing of orbital
energy levels with Gaussian functions having a width of 1.0
eV at half-maximum.

All calculations were performed using our locally modified
GAUSSIAN92/DFT computer code.64

Results and Discussion

In Figure 2a we show the calculated density of states for the
MgO(001) surface in both vacuum and aqueous environments.
Our calculated DOS of a bare MgO(001) surface agrees well
with that from periodic HF studies.65 The spectrum of occupied
levels consists of two bands separated by about 20 eV. The
higher energy band with binding energies of approximately 10
eV is composed primarily of oxygen p-orbitals (Op). The
experimental width of the Op band, taken from UPS spectra,60,61

is about 6 eV. Because our quantum cluster consists entirely
of surface atoms, and bulk atoms are known to contribute to
the bottom of the valence band,60 our calculated Op band is
only 4 eV wide. In agreement with the high ionicity of the
MgO(001) surface, Mulliken population analysis yields a charge
on oxygen ions of-1.69. Thus, our embedded molecular
cluster provides a good representation of the basic features of
the MgO(001) surface electronic structure. This gives us
confidence that reactive properties of the MgO(001) surface and
the MgO(001)-water interface will be well-reproduced in
adsorption calculations.

In the presence of liquid water modeled as a dielectric
continuum, the electronic structure of the MgO cluster does not
change much (see dotted line in Figure 2a). Due to positive
values of the solvent polarization field on surface oxygen ions,
occupied energy levels shift slightly (by about 0.07 eV) to higher

electron binding energies. This shift is accompanied by a slight
increase of surface ionicity (oxygen charges of-1.71).

The optimized geometry for molecular water adsorption on
the MgO(001) surface is shown in Figure 3, and numerical
parameters are listed in Table 1. In agreement with previous
periodic Hartree-Fock calculations,37,51water oxygen binds to
the lattice magnesium ion, and the molecular symmetry axis is
tilted by about 106.7 degrees with respect to the surface normal
so that water hydrogens form hydrogen bonds with lattice
oxygen ions (bond distance 2.33 Å). This near-planar config-
uration of adsorbed water is also consistent with polarization
FTIR66 and RAIRS67 experiments. The calculated binding
energy of water at the clean MgO(001) surface (14.2 kcal/mol)
agrees well with a number of experimental estimates ranging
from 10 to 19 kcal/mol.67-71 This is also consistent with results
of ab initio periodic Hartree-Fock37 (17.3 kcal/mol) and other
embedded cluster24 (14.3-14.8 kcal/mol) calculations. Mo-
lecularly adsorbed water induces additional DOS peaks below
O2p and O2s valence bands. In Figure 2b, these features are
labeled according to molecular orbitals on the water molecule.
The relative positions of the O2p, 1b2, 3a1, and 1b1 peaks are in
good agreement with recent MIES and UPS spectra of a D2O-
covered MgO(001) surface59 (see also ref 61).

The average structure of H2O adsorbed at the MgO-water
interface (see Table 1) is slightly different from that at the
MgO-vacuum interface. The noticeable difference is an
increase in the tilt angle by 3.3°. This is in reasonable
agreement with calculations by McCarthy et al.37 who found
that in going from the MgO-vacuum to the MgO-water
interface, the tilt angle changes from 105 to 107°. In this study,
we were not able to reproduce another configuration corre-
sponding to the tilt angle of 60° as observed in the angular
distribution of near-surface water molecules.37 This orientation
probably appears as a result of cooperative interactions of several
water molecules that were not included in our model. The DOS
for water adsorption at the MgO-water interface is nearly
identical to adsorption on the dry MgO surface (see the dotted
line in Figure 2b).

Next, we studied the energy profile for water desorption from
the interface Etotal(Oz) (solid line in Figure 4a). In these

Figure 2. Comparison of DOS in vacuum (solid line) and in the
hydrated state (dotted line). The conduction band states are labeled
“cb”. (a) MgO(001) surface. (b) Water adsorbed on MgO(001).

Figure 3. Optimized geometry for water at the MgO(001)-vacuum
interface. Numerical parameters for both the vacuum and water
interfaces are listed in Table 1.

TABLE 1: Structure (Å, deg) and MP2 Adsorption Energy
(kcal/mol) for a Water Molecule at the MgO(001) Vacuum
and Aqueous Interface

parama vacuum interface aqueous interface

O-H bond length 0.954 0.956
H-O-H angle 105.35 105.30
Oz 2.32 (2.02)b 2.31 (2-3)b

Ox ) Oy 0.30 (0.54)b 0.32
tilt angleθ 106.7 (105)b 110.0 (107 or 60)b

binding energy +14.2 (+17.3)b -1.8

a See Figure 3.b Calculated in ref 37.
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calculations the reaction coordinate was the height of the water
oxygen above the surface (Oz). The lateral position of oxygen
was fixed to be the same as in the minimum energy configu-
ration (Ox ) Oy ) 0.32 Å), while the positions of hydrogen
atoms were allowed to relax. It is interesting to note that the
energy of H2O adsorbed at the interface is 1.8 kcal/mol higher
than that for H2O in bulk liquid. Thus, the adsorbed state
corresponds to a local minimum on the free energy surface. To
desorb from the interface, the water molecule should overcome
a rather high barrier of about 9 kcal/mol.

Owing to the simplicity and physically transparent formula-
tion of the CECILIA model, we can perform a detailed analysis
of the various contributions to the energy profile of Figure 4a.
One can represent the interfacial adsorption in terms of three
mutually interacting systems: water molecule, crystal surface,
and liquid. Assuming that the total interaction energy is
additive, we can write

The three individual contributions toE′total(Oz) can be estimated
from the three separate calculations. In each of these calcula-
tions we fixed the geometry of the water molecule to be the
same as in the case ofEtotal(Oz). The three interaction curves,
as well as the sum represented byE′total(Oz) above, are shown
in Figure 5.

For EH2O-surface(Oz) we calculated the energy profile for
molecular water desorption from the bare MgO surface repre-
sented by the embedded cluster without the dielectric continuum
present. This gives a familiar interaction curve with a deep
minimum of -14 kcal/mol.

For EH2O-liquid(Oz), the crystal lattice was removed while the
dielectric cavity surrounding the surface atoms (at a distance
of 1.4-1.6 Å from the crystal surface) and the water molecule
remained. This type of calculation resembles the situation that
exists when a water molecule penetrates into bulk liquid through
the liquid-gas interface. Energy gradually decreases as H2O
penetrates deeper into the bulk liquid.

The curve forEsurface-liquid(Oz) was obtained in calculations
where the water molecule was absent, but the shape of the
dielectric cavity above the MgO surface was the same as if the
water molecule were present. This plot represents changes in
hydration energy of the MgO surface cluster as the shape of
the hydration cavity varies in the process of H2O desorption.
Esurface-liquid(Oz) has a broad maximum extending from 2 to 6
Å outward from the crystal surface. This barrier originates from
a reduction in electrostatic hydration of the MgO surface and a
larger cavitation energy due to the increased size of the dielectric
cavity when a water molecule moves away from the surface.

As seen in Figure 4a, the sum of the three energy components
(shown as a broken line) indeed serves as a good approximation
to the total interaction energy at the MgO-water interface. At
small values of Oz (e2 Å), the leading contribution comes
from the repulsive part of theEH2O-surface(Oz) interaction.
Esurface-liquid(Oz) is largely responsible for the energy barrier on
the Etotal(Oz) curve. Existence of this barrier prevents water
molecules in the first adsorbed layer from exchanging freely
with bulk water. A low probability of such interchange events
was observed in molecular dynamics simulations.37 However,
our interpretation of this effect is different from that given by
McCarthy and co-workers.37 They suggested that water mol-
ecules are confined to the interface due to the strong water-
surface attraction. In contrast, we see from Figure 5 that, due
to the combined repulsive effect ofEH2O-liquid(Oz) and
Esurface-liquid(Oz), the location of a water molecule at 2.3 Å from
the crystal surface corresponds to a local minimum whose
energy is 1.8 kcal/mol higher than that of a water molecule in
the bulk liquid.

From the analysis above it follows that energy profiles for
other lateral positions of adsorbed water (as well as the energy
profile averaged over Ox and Oy) will be qualitatively similar
to that presented in Figure 4a. This allows us to conclude that
the average density of water molecules near the interface should
anticorrelate with the energy plot in Figure 4a; i.e., minima on
the energy plot correspond to maximum density of particles and

Figure 4. Characteristics of the MgO(001)-water interface as functions
of distance (z) between water oxygens and the surface plane. (a) Energy
profile (Etotal(Oz)) for a water molecule adsorbed at the interface
calculated using the CECILIA model. (b) Density profiles previously
obtained from molecular dynamics simulations (reproduced with
permission from ref 37).

E′total(Oz) ) EH2O-surface(Oz) + EH2O-liquid(Oz) +

Esurface-liquid(Oz) (1)

Figure 5. Total interaction energy (solid line) of a water molecule at
the MgO-water interface as the sum of three distinct interactions (see
eq 1).
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maxima on the energy plot indicate regions more likely to be
void of water molecules. Such behavior is clearly seen from
comparison of Figure 4a with the plot in Figure 4b, where we
have reproduced the density profile for water molecules near
the MgO surface obtained in molecular dynamics simulations.37

The local energy minimum at 2.3 Å corresponds to a narrow
sharp density peak at oxygen-surface distances of 2-2.5 Å.
The energy barrier at 3-4 Å corresponds to the gap in the
density profile at Oz ) 3-4 Å. Even a shallow energy
minimum at about 6 Å seems to have a counterpart in the density
maximum at 5 Å (second water layer). Both profiles of Figure
4 indicate a homogeneous phase of water exists beyond 7 Å of
the MgO(001) surface. Although there is some quantitative
discrepancy, the overall qualitative agreement between the free
energy profile from CECILIA calculations and the water density
profile from molecular dynamics simulations is remarkable.

Conclusions

Using an ab initio embedded cluster model, we have
systematically examined the structure and energetics of water
adsorption on the MgO(001) surface and at the MgO(001)-
water interface. Comparison of our results with previous
experimental and theoretical studies strongly suggests that the
CECILIA model is a reliable and cost-effective tool for studying
chemical processes at solid-liquid interfaces. Of particular
interest is a remarkable qualitative agreement between the
energy profile for a single water molecule interacting with the
MgO-water interface obtained using the CECILIA model and
the interfacial density profile predicted by molecular dynamics
simulations.37 This agreement indicates that a continuum
representation of the solvent can reasonably model complicated
many-body interactions at solid-liquid interfaces.

This study further confirms the applicability of the CECILIA
approach in modeling solid-liquid processes, particularly of
molecular water adsorption on MgO. We can now turn our
attention to the more challenging problem regarding chemical
reactivity of oxide-water interfaces. In our most recent
calculations,48 we have identified a low-energy minimum for
water adsorption at the MgO(001)-water interface (about 13
kcal/mol lower than adsorbed molecular H2O). It involves
heterolytic dissociative chemisorption of water to form surface
hydroxyl groups that are stabilized by solvent polarization. This
result is consistent with the experimentally observed dissolution
of the MgO(001) surface and with the spontaneous transforma-
tion of MgO (periclase) to the MgO(OH)2 crystal (brucite) in
the presence of liquid water. The full results of these calcula-
tions will be published in a forthcoming paper.
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