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We present our recent progress in studying electronic structure
and chemical reactivity of metal oxide-water interface.
Particularly, we examined both molecular adsorption and
dissociative chemisorption of water at the MgO(100)-water
interface using the CECILIA (Combined Embedded Cluster at
the Interface with Llquid Approach) model. This model
combines advances in dielectric continuum solvation models
for describing polarization of the liquid with the embedded
cluster approach for treating interactions in the solid.
Comparisons with results from detailed molecular dynamics
and Monte Carlo simulations and with experiments were made.

Introduction

Ion sorption and chemical reactions at interfaces between metal oxides and water
are central features in many natural and industrial processes. Examples include
transportation of groundwater contaminants, electrode phenomena, corrosion, and
dissolution. For geochemistry and atmospheric chemistry, surfaces of metal oxides
are of particular interest as these compounds are major components of rocks, soils, and
airborne dust particles. 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
many chemical properties of oxide surfaces, including ion sorption, dissolution, and
catalytic activity [1].
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MgO surfaces and their interactions with water provide an excellent example for
the discussion of this chapter due to its extensive theoretical and experimental
literatures. However, the primary reason for choosing the MgO-water system is the
previously unsettled problem regarding chemical reactivity of the most stable
MgO(100) surface toward water molecules that the recent theoretical method presented
in this chapter had help to resolve. In particular, many previous experimental [2-5]
and theoretical [6-10] studies have found that water molecules do not dissociate upon
adsorption on the MgO(100) crystal surface from vacuum. However, there are several
experimental indications that water can dissociate at the MgO(100)-water interface.
For example, the naturally occurring transformation of mineral periclase (MgO) to
thermodynamically favored brucite (Mg(OH)2) implies surface hydroxylation as an

intermediate step. The commonly used argument to explain this transformation
requires the involvement of low-coordinated surface sites [3, 11-14] or high Miller
index surface planes [9, 15-17]. It is worthwhile to note that such defective structures
are minority sites at the MgO surface. Moreover, this argument does not explain the
independence of the initial rate of dissolution on the presence of defects and the
formation of (100) facets upon immersion of MgO crystallites in water [18]. In
addition, experimental studies show that the (100) surface dissolves in liquid water
[19], and the rate of dissolution increases with increasing acidity [20]. It is also
known that the presence of water can radically alter reaction mechanisms and kinetics
at MgO surfaces [21]. All these facts suggest that hydroxylation of the MgO(100)-
water interface is quite likely.

In this chapter, we discuss applications of our recently proposed quantum
embedded cluster methodology, called CECILIA (Combined Embedded Cluster at the
Interface with LIquid Approach) [22, 23] to address the electronic structure and
chemical reactivity at the MgO-water interface [24, 25]. The CECILIA model
combines advantages of the embedded cluster method [26-28] with the dielectric
continuum method for solvation to provide an accurate description of bond-forming
and -breaking processes and interactions of adsorbates and surface defects with the
crystal lattice and solvent. Since the details of the CECILIA model have already been
discussed in several previous reports [22, 23], we briefly digcuss it below.

Figure 1: Schematic of the CECILIA model



A Physical Model of the Solid-Liquid Interface

In the CECILIA approach, the whole system (surface defect + crystal +
solvent) is divided into three main regions (Figure 1) designed to maximize the
chemical accuracy while keeping the problem tractable by modern computers.

I The innermost QM (quantum mechanics) region, where chemistry occurs, is
treated by an accurate ab initio molecular orbital (MO) or density functional
theory (DFT). Normally, the QM cluster may consist of several lattice atoms
near the defect site, the adsorbate and a couple of water molecules making strong
hydrogen bonds with the surface complex. The size of this region, level of
theory, basis set, and use of effective core pseudopotentials are dictated by the
specific problem and available computational resources.

I The buffer or MM region normally includes several dozen atoms in the crystal
lattice surrounding the QM cluster and several solvent molecules. This region is
designed to describe short-range forces between nuclei and electrons in the QM
cluster and surrounding medium.

IIL. The peripheral zone containing point charges and a dielectric continuum ensures
correct Madelung and long-range solvent polarization potentials in the quantum
cluster region. This is important for an accurate representation of the cluster
electron density, correct positions of the crystal electronic band edges with respect
to vacuum, and redox potentials of molecular solutes. As described in several of
our previous studies [23, 29, 30] several hundred point charges are often sufficient
to reproduce the Madelung potential in the cluster region with an error of less
than 1%. This is done by dividing the Madelung potential into two
components. The component from region that is closed to the buffer zone is
represented by a set of point charges located at the lattice positions. The other
component is from the remaining extended crystal. This can be represented by a
set of surface charges using our SCREEP (Surface Charge Representation of
External Electrostatic Potential) method proposed earlier [31]. A self-consistent
treatment of the solvent polarization can be achieved by using dielectric
continuum solvation methods [32, 33]. We adopted the GCOSMO method
documented in the literature [34-37]. 1t is important to point out that the
COSMO boundary condition [38] does not strictly require the boundary to be a
closed surface. Dispersion-repulsion contributions to the solvation free energy
were calculated using Floris and Tomasi's method [39], in conjunction with
OPLS force field parameters [40]. Cavitation energy was calculated using a
method suggested by Pierotti [41], Huron and Claverie [42].

Computational Details

We used the cluster shown in F igure 2 to model the MgO(001) surface. For
computational feasibility, ionic cores were approximated by effective core
pseudopotentials (ECP) {43]. We used the standard valence CEP-31++G(d,p) basis
set on the atoms of the water molecule. The CEP-3 1G(d) basis set was used on the
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Figure 2: Cluster model of the MgO(100) surface. This cluster is embedded in
the field generated by 222 additional point changes (not shown).

four oxygen ions (labeled "O") nearest to the central Mg ion. Th@ gddmonal diffuse
functions on the water oxygen atom allow for more accurate description o_f adsorbate-
surface interaction and were found to have only a small effect on the density of stﬁt?s
spectra even for the dissociated chemisorption case. Oxygen ions marked as "-2" in
Figure 2 were modeled as point charges (qo = -2) without basis functions. The CEP-
31G basis set was placed on the five Mg ions at the surface (labeled "Mg"); othe'r Mg
ions in the cluster (labeled "+2") were approximated by bare pseudopot'entlals 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‘charg?s) coq31sted of four stacked 8
x 8 layers resulting in an 8 x 8 x 4 slab. This finite lattice has been shO\fvn to
provide an accurate Madelung potential at the (001) rock salt crystal surface without
the need of using SCREEP surface charges [29, 30]. .

We used a Solvent-Excluding Surface [44], and the cavity boundary generated by
the GEPOL93 algorithm [44] was truncated so that (?nly adsorbefi atoms and surface
ions of Figure 2 were solvated. Atomic radii for cavity construction were _taken from
our previous work: 1.172 A for H, 1.576 A for O [45]. The atomic radius for Mg

(1.431 A) was fitted to the experimental hydration free energy of the Mg2+ ion.
Geometry optimizations, where adsorbate atoms were fully re_laxed and all surface
ions were held fixed at ideal lattice positions, were perf_ormed using the Hz'mree.-Fock
(HF) theory. Electron correlation corrections were estimated by perfonplng single-
point second order Mpller-Plesset perturbation theory (MP2) calculations at HF
imized geometries.
Optlliln echa{iacterizing the surface electronic structure of cluster and adsprbed water
configurations considered in this work, we present resplt; for the el_ectronlc density of
states (DOS). This information can be useful for qualitative ana1y51s. of data collecte:d
in electron spectroscopy experiments [13, 46-49]. As suggested earl_ler [47], to attain
the best agreement between calculated density of states and expenme_ntal UPS 'c}nd
MIES spectra for MgO, our DOS graphs were (%etile?tleg b\); stn];ogd;l;)g( ilgilgrbltal
levels with Gaussian functions having a width of 1.0 eV at half- .
ener%l calculations were performed using our locally modified GAUSSIAN92/DFT

computer code[50].
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Results and Discussion

We focus the discussion below only on the molecular and dissociate adsorption
of water at the MgO(100)-water interface. Adsorption at the MgO(100)-vacuum
interface has been addressed in numerous reports and thus does not need to be
included here. Of particular interest to the discussion below are the comprehensive
MD and MC simulation results on the structure and dynamics of molecular water at
the MgO-water interface performed by McCarthy et al.[8] and the experimental
metastable impact electron spectroscopy (MIES) results for the detection of hydroxyl
species from dissociative chemisorption of water at the water covered MgO(100)
surface done by Goodman and co-workers [51]. In these simulations, 2-D periodic
boundary condition with unit cells of 64 and 128 water molecules was used. This
corresponds to several layers of water above the MgO surface. Interactions between
water molecules were represented by the SPC potential force field whereas interactions
between water and MgO surface were described by a force field fitted to results from ab
initio periodic electronic structure calculations. In MIES, metastable excited helium
atoms were utilized to eject electrons from the substrate surface. In the case of
insulating surfaces, the intensity of the ejected electrons versus their kinetic energy
gives a direct image of the density of occupied states of the surface. Since the
metastable helium atoms approach the surface with thermal kinetic energy of about
200 meV this technique is nondestructive and highly surface sensitive, thus it is able
to distinguish molecular and dissociative adsorption species of water at the water-
covered MgO(100) interface.

Molecular adsorption

The average structure of HpO 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 degrees. This is in reasonable agreement with
calculations by McCarthy et al.[8] who found that in going from the MgO-vacuum to
the MgO-water interface, the tilt angle changes from 105 to 107 degrees. In this
study, we were not able to reproduce another configuration corresponding to the tilt
angle of 60 degrees as observed in the angular distribution of near-surface water
molecules [8]. This orientation probably appears as a result of cooperative interactions
of several water molecules that were not included in our model. In a more recent
study [52] using a 3D extended Reference Site Interaction Model (RISM) model, we
were able to predict the later configuration in agreement with the MC simulations.
We also found that the liquid water modeled as a dielectric continuum has very little
effects on the electronic structure of the MgO surface if only molecular adsorption is
assumed.

To have a better understanding on the balance of different interactions at the
MgO-water interface, we plot the potential of mean force for moving the adsorbed
water at the interface to the bulk liquid as a function the height of the water oxygen
above the surface (Oz). It is interesting to note that the adsorbed H>O at the interface

corresponds to a local minimum on the free energy surface but has 1.8 kcal/mol higher
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Table 1: Structure (A, degrees) and MP2 Adsorption Energy (kcal/mol) for a
Water Molecule at the MgO(001) Vacuum and Aqueous Interface.

Aqueous Interface

Parameter® Vacuum Interface

O-H Bond Length 0.954 0.956
H-O-H Angle 105.35 105.30

0y 2.32 (2.02)b 2.31(2-3)
Ox = Oy 0.30 (0.54)0 0.32

Tilt Angle 0 106.7 (105)0 110.0 (107 or 60)0
Binding Energy +14.2 (+17.3)P -1.8

aSee figure above
bCalculated in ref. [8].
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Figure 3: Characteristics of the MgO(001)-water interface as functions of distance
(z) between water oxygens and the surface plane. (a) Energy profile (E,,;(0,)) for

a water molecule adsorbed at the interface calculated using the CECILIA model. (b)

Density profiles previously obtained from molecular dynamics simulations (Adapted
with permission from ref. [24] )
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in energy than that for H2O in bulk liquid and a barrier of about 9 kcal/mol to move

the bulk as shown in Figure 3. This provides an explanation for why adsorbed water
molecules rarely exchange with the bulk the MD simulations. However, the origin
for such an observation appears to be much more complicated than the simple
energetic argument given by McCarthy and coworkers that water molecules confined
to the interface are due to the strong water-surface attraction.

We have performed a detailed analysis of the various contributions to the
potential of mean force shown Figure 3 by decomposing the interfacial adsorption
system in terms of three mutually interacting systems: water molecule, crystal
surface, and liquid. Assuming that the total interaction energy is additive, we can
write

:otal(oz) = EHZO—surface (Oz) + EHZO—liquid (Oz) + Esurface—liquid (Oz) (1)

The three individual contributions to E; (O,) can be estimated from three separate

calculations. In each of these calculations we fixed the geometry of the water molecule
to be the same as in the case of E,,;(O,). The three interaction curves, as well as

the sum represented by E; . (O,) above, are shown in Figure 4.
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Figure 4: The total interaction energy (solid line) of a water molecule at the MgO-
water interface as the sum of three distinct interactions (see eq 1). (Adapted with
permission from Ref. [24] )

For EHZO—surface(Oz) we calculated the energy profile for molecular water

desorption from the bare MgO surface represented by the embedded cluster without the
dielectric continuum present. This gives a familiar interaction curve with a deep
minimum of -14 kcal/mol.
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For Ey 6 10ia(0O,), the crystal lattice was removed while the dielectric cavity

surrounding the surface atoms (at a distance of 1.4-1.6 A 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 HpO penetrates deeper into the bulk liquid

and the difference is the free energy of solvation of water.
The curve for B ¢ . 10a(O,) 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 HpO desorption.  E ¢, jiqia(O,) has a broad maximum

extending from 2 to 6 A 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 4 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 (< 2 A), the leading contribution comes

from the repulsive part of the Eoune(0,) interaction. E o0 ;0,a(O,) is
largely responsible for the energy barrier on the E,.,(O,) curve. Existence of this

barrier prevents water molecules in the first adsorbed layer from exchanging freely with
bulk water. In addition, instead of the strong water-surface attraction at the interface

we found that due to the combined repulsive effect of Ey o jipia(O,) and
E, rtace-tiquia (O ), Water molecules are thermodynamically preferred to be in the

bulk.
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 3(a). This allows us to conclude that
the average density of water molecules near the interface should anti-correlate with the
energy plot in Figure 3(a), i.e., minima on the energy plot correspond to maximum
density of particles, and maxima on the energy plot indicate regions more likely to be
void of water molecules. Such behavior is clearly seen from comparison of Figure
3(a) with the plot in Figure 3(b), where we have reproduced the density profile for
water molecules near the MgO surface obtained in molecular dynamics simulations.
The local energy minimum at 2.3 A corresponds to a narrow sharp density peak at
oxygen-surface distances of 2-2.5 A. The energy barrier at 3-4 A corresponds to the
gap in the density profile at O; = 3-4 A. Both profiles of Figure 3 indicate a
homogeneous phase of water exists beyond 7 A 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.
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A. Dissociative Adsorption

The key advantage of the CECILIA model is in its ability to study reactive
processes at the solid-liquid interface. Using the same procedure as for studying
molecular adsorption, heterolytic dissociation of water into charged OH- and H+ a
the MgO(100)-water interface is predicted to be energetically favorable. In fact we
found a global minimum corresponding to the formation of two hydroxyl groups a

shown in Figure 5. Here, OwH  is bound to the lattice Mg2+ ion, and the protor
makes a strong bond with the lattice oxygen ion whereby its bond with oxygen from
the water molecule is virtually broken (O-H distance is 2.21 A). However, some

residual attraction between OH and H* species remains which keeps the HOH angle
at about 98.9 degrees, close to the value found for the free water molecule. This
minimum has the adsorption energy of 11.0 kcal/mol, that is 21.0 kcal/mol lower

Figure 5: Optimized geometry for dissociated water at the MgO(100)-water
interface ([MgOJHOH'). Bond lengths are given in A.

than for a separated adsorbed OH™-H* pair. Thus our calculations predict that OH"

and H' can exist at the MgO-water interface as nearest neighbor species, and their
diffusion away from each other is not likely.

Figure 6 presents the calculated densities of states for some adsorbate
configurations. To facilitate comparison with the MIES experiment, the reference zero
of energy is also at the Fermi level of the molybdenum substrate. In Table 2 we list
the positions of the DOS features with reference to the top of the valence band.

Theoretical positions were determined by defining the highest eigenvalue in the
O(2p) band as the valence band edge. Energy differences were then taken between this
reference point and the levels of interest. Shown in parentheses in Table 2 are the
experimental positions of DOS features relative to the O(2p) band edge.
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Table 2: Positions of DOS Features (¢V) with Respect to the Top of the Valence

Band. Experimental Numbers are in Parentheses.

Fig. 6b 6¢c 6d 6e 6f 6g
Featwre O.H (g) O (aq) O,H () O,H (aq) O,H (ag) H0
O.H (aq)

1bg 43(34)
3a1 5.8(5.4)
1bp 9.6 (9.8)
1Ty -22 2.4 1.5(1.6)

30w 22 5.5 5.3(6.1)

Ing 6.8 5.5 6.2

30¢ 10.0 8.6 9.5
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Figure 6a shows the DOS for the clean MgO(100) surface and provides a base-line

for comparison to other adsorption complexes. Upon adsoprtion of Ht (see Figure
6b), the entire spectrum shifts to higher electron binding energies relative to the
MgO(100) surface. As was explained in previous studies [15, 53], this shift is due to
the positive electrostatic potential generated in the cluster by the presence of a proton.
The local electronic structure of the proton adsorbed on the crystal oxygen (Oc) is

similar to that in an OH" ion. This adsorption complex gives a 26 peak below the

oxygen 2s valence band and a double-peak structure below the O(2p) valence band
[15, 54]. The latter peaks are labeled as 30; and 1m¢ according to the molecular

orbital classification in OH . In the presence of water, polarization induces a negative

potential in the vicinity of the H' adsorption site. This reduces the splitting of H*
induced features from the crystal bands (see Figure 6¢).

In agreement with other calculations [15, 54], adsorption of OH~ produces a
structure in the band gap region near the top of the O(2p) valence band (labeled 17y

in Figure 6d). The 20w and 30y features are hidden inside the valence bands. In the

presence of water (Figure 6€), polarization induces a positive potential around OH', so
adsorption-induced levels shift to higher binding energies and 26w and 30w levels

appear below the oxygen 2s and 2p valence bands, respectlvely In this case the 17y

peak is inside the oxygen 2p valence band.
The DOS for water dissociated at the MgO-water interface (Figure 6f) exhibits

features of both adsorbed H and OH™. All peaks, except for 17y, are well separated
from crystal bands, and the 30w and 17 peaks overlap. In an attempt to understand

how much the dielectric solvent contributes to the DOS of dissociated water, we
performed a single-point calculation, at the geometry shown in Figure 5, with the
solvent removed. Note that this structure does not correspond to a stable minimum
at the solid-vacuum interface. The resulting DOS was virtually the same as with the
solvent present (Figure 6f). This result indicates that water solvent is important for
stabilizing the hydroxyl pair but does not significantly change the electronic structure
of dissociated water at the MgO(100)-water interface. Recall that similar results were
found for the molecular adsorption case.

The calculated DOS helped to interpret the new features on the MIES spectra
upon raising the temperature on multilayer water covered MgO(100) thin film beside
those (1b., 3a; and 1b,) from the molecular adsorbed waters as shown in Figure 7.
These features correspond to hydroxyl groups on the surface. We can determine from
the calculated DOS the approximate nature of the hydroxyl groups that exist on this
MgO surface. There are essentially three types of hydroxyls to consider: (i)a
protonated surface oxygen ion; (ii) an adsorbed hydroxyl group; (iii) both (i) and (i)
in close proximity and in the presence of a solvent as in Figure 5. The calculated
DOS of a type (i) hydroxyl group (Figure 6b and 6c¢) is distinguished by a doublet
that is significantly displaced to higher binding energies from the oxygen 2p band.
This is not consistent with the new features of the MIES spectra. A type (ii)
hydroxyl group at the MgO-vacuum interface is characterized by a level in the band
gap (Figure 6d), and the MIES spectra show no such levels. However, the positions
of the hydroxyl peaks (30w and 17y) in a type (iii) hydroxyl complex (Table 2 and
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Figure 6f) are in good agreement with the MIES spectra of Figure 7. Therefore, we
have assigned the two new features of the MIES spectra to the 30w and 1my

hydroxyl levels.

Molecular dynamics simulations indicate the absence of significant structure in
the liquid phase beyond the first two layers of water adsorbed on MgO [8]. Therefore,
water coverage of 3 ML, as in the MIES experiments, is believed to be sufficient to
create a condition near the MgO crystal surface that is very similar to the MgO-water
interface environment. In this multilayer coverage regime, our results indicate that
water molecules dissociate at the interface; however, the hydroxyl products of such a
dissociation are not seen in our spectra due to the surface sensitivity of MIES.
Rather, water molecules at the top of the multilayer are visible. Upon raising the
temperature, molecular water desorbs and hydroxyls become exposed at about 155 K.

However, it is difficult to say how many water molecules around the OH -H* pair are
sufficient to keep this configuration stable. In principle, a layer of adsorbed molecular
water (at 1 ML coverage) or a cluster of just a few water molecules (at submonolayer

coverage) around the OH -H™ pair could be sufficient to stabilize this configuration.

In this case, features from both adsorbed OwH™ and molecular HO would be visible
in MIES spectra. However, we would expect the H2O induced peaks to be weaker

than OwH’ peaks because OwH~ species are protruding above the layer of adsorbed

water molecules laying essentially flat on the surface [8, 24, 55].

The result that hydroxylation of the MgO(100)-water interface lowers its energy
offers a natural explanation for periclase transformation to brucite and dissolution of
MgO in water. Low-coordinated surface sites and high-index surface planes need not
be involved. Water dissociates not because the aqueous solvent increases the
reactivity of the MgO surface. Based on known correlations between reactivity and
jonicity of the MgO surface [30], we would expect a hydrated surface to be less
reactive than the clean surface due to the slightly increased ionicity of the former. In
reality, polarization of the surrounding solvent is responsible for stabilization of
charged dissociation products. This result is similar to that found in the case of the
NaCl-water interface [22], where solvent effects were found to be more significant in
regard to interfacial reactivity than interaction with the ionic crystal surface. It is
difficult to judge from our cluster calculations whether a fully hydroxylated
MgO(100)-water interface is energetically stable. Answering such a question requires
studies on coverage dependence of the interactions in the hydroxyl layer. This is
beyond the capabilities of the CECILIA model. Another interesting question is how
surface relaxation would affect the hydroxylation process. It is possible to model
surface relaxation consistently within the embedded cluster model particularly for
ionic crystals. We will discuss this aspect in a future study.

Conclusion

The complexity of chemical processes occurring at the solid-liquid interfaces
provides a great challenge to theoretical and computational chemistry. By combining
the advantages of the embedded cluster method in studying reactive processes at solid-
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gas interfaces with the dielectric continuum solvation model for modeling reactions in
solution, we were able to assemble a unified model called CECILIA. The key
advantage of this model is in its ability to model chemical reactions occurring at the
solid-liquid interfaces as well as the electronic structure of the interface. We have
illustrated it by studying both molecular adsorption and dissociative chemisorption of
water at the MgO(100)-water interfaces in comparison with recent MD and MC
simulations as well as MIES experiments. = We have predicted that water is
dissociated at the MgO(100)-water interface in agreement with the MIES observations.
More work is certainly needed in further improving the accuracy of the model,
however, progress so far on the CECILIA model is very encouraging. It should be
noted that the use of a dielectric continuum solvation model does not provide the
liquid structure above the crystal. Recent progress in our lab of using a 3D Reference
Interacting Site Model (RISM) showed great promise in providing liquid structure
information at a much less computation cost comparing to MD or MC simulations
[52].
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