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We report a density-functional theory (DFT)-based study of the interface of bulk water with a prototypical oxide surface,
MgO(001), and focus our study on the often-overlooked surface electric field. In particular, we observe that the bare MgO(001)
surface, although charge-neutral and defectless, has an intense electric field on the A scale. The MgO(001) surface covered with
1 water monolayer (1ML) is investigated via a supercell accounting for the experimentally-observed (2 x 3) reconstruction, stable
at ambient temperature, and in which two out of six water molecules are dissociated. This IML-hydrated surface is also found to
have a high, albeit short-ranged, normal component of the field. Finally, the oxide/water interface is studied via room-temperature
ab initio Molecular Dynamics (AIMD) using 34 H,O molecules between two MgO(001) surfaces. To our best knowledge this
is the first AIMD study of the MgO(001)/liquid water interface in which all atoms are treated using DFT and including several
layers above the first adsorbed layer. We observe that the surface electric field, averaged over the AIMD trajectories, is still very
strong on the fully-wet surface, peaking at about 3 V/A. Even in the presence of bulk-like water, the structure of the first layer
in contact with the surface remains similar to the (2x3)-reconstructed ice ad-layer on MgO(001). Moreover, we observe proton
exchange within the first layer, and between the first and second layers — indeed, the O-O distances close to the surface are found

to be distributed towards shorter distances, a property which has been shown to directly promote proton transfer.

1 Introduction

The impressive amount of works dedicated to the interfaces
between water and oxide surfaces is motivated by their rel-
evance to many different areas!: environmental sciences,
electrochemistry >3, catalysis and biochemistry*. Among the
complexity that emerges, the issue of the influence of the sur-
face on the properties of water is a leitmotiv in most stud-
ies. For instance, the atomic structure of the crystal surface
plays a crucial role in determining proton transfer?, in form-
ing silanol groups and small rings at bioactive surfaces® or
strengthening silanol bonding at crystalline silica surfaces’,
in influencing water diffusion at hydrated layered solids®, in
promoting anisotropic bonding and confinement to SiC(100)°,
and in allowing the coexistence of hydrophilic and hydropho-
bic interactions between talc surfaces and water '°. From pre-
vious works, it appears that one or more water layers at the
interface have different static and dynamical properties from
bulk water, although the thickness of such a region depends
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crucially on the surface structure and charge, and on the pres-
ence of dissolved ions. Also exciting is the perspective to tune
the properties of interfacial water by changing the oxide sup-
port. Such complexity calls for settled models of prototyp-
ical water/oxide interfaces. Although less relevant in geo-
chemistry, biology and catalysis than other oxide surfaces,
the (001) surface of MgO shows a simple atomic and elec-
tronic structure that is well established in dry conditions. Less
clear is the interaction between magnesium oxide and water.
The shape of MgO crystallites changes from cubic to octa-
hedral when they are exposed to water!!. The dissolution
process of MgO(001) is rather fast in acidic solutions and
deeply modifies the surface morphology !2, in a process dom-
inated by kinetics. In contrast, at low water coverage (up to
a monolayer) and for time lapses of order of a few hours,
water adsorption on MgO(001) is dominated by thermody-
namics. The isolated H,O molecule spontaneously dissociates
on low-coordinated surface sites, such as steps and kinks, but
not on the flat (001) terrace '3, at odds with other alkali-earth
oxides like CaO and BaO. However, hydrogen-bonded wa-
ter ad-molecules on MgO(001) can dissociate, giving rise to
characteristic hydroxyl groups consisting of a surface O and a
proton coming from the ad-molecule . This theoretical pic-
ture is corroborated by several experimental observations of
the progressive onset of water dissociation as a function of
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the increasing water coverage '>!6. In the limit of a complete
water monolayer on MgO(001), several ordered reconstruc-
tions were observed as a function of temperature!”. All of
them feature a variable proportion of hydroxyl groups result-
ing from the dissociation of some water ad-molecules, a pic-
ture that was originally proposed for the (2 x 3)-reconstructed
water monolayer on MgO(001) on the basis of first-principles
simulations '®. The use of Density Functional Theory recon-
ciled theory with experiments, as empirical force fields, most
of which do not allow for water dissociation, were not able to
provide an explanation for these reconstructions '°.

For water coverage above one monolayer, the experimental
observations are rather scarce. Although many studies indi-
cated that water organizes into very ordered layers close to
the surface, a precise knowledge of the extent and the detailed
characteristics of such organization as a function of the sur-
face morphology is still fragmentary. Polycrystalline CaO was
found to be much more reactive than MgO towards water2°.
The enthalpy of adsorption of water on MgO varied signif-
icantly from 1/2 to 3 monolayers, which was attributed to a
stronger interaction between the first layer and the surface than
between the next water ad-layers?!. Experimental data at wa-
ter pressure close to the ambient are also biased by a possible
carbon contamination and by the fact that a steady state of the
system might not be completely reached'®. On the theoreti-
cal side, several simulations considered higher water coverage
than one monolayer, but most of them used empirical models.
By using a shell-model potential for water, the adsorption of
the first water monolayer onto MgO(001) was shown to dis-
rupt ordering in the next layers, leading to decreasing water
density close to the surface??. This puzzling result was con-
tradicted by an integral equation based 3D-RISM theory 23,
which yielded a water distribution along z in disagreement
with that obtained in ref.??>. The structural and dynamical
properties of hydrated MgO nanoparticles were investigated
through molecular dynamics using empirical interatomic po-
tentials>*. While highly ordered water layers appeared at the
interface with the flat (001) surface, water coordination num-
ber, residence times and other properties were affected by the
presence of corners and edges on surfaces with higher Miller
indices. A significant ordering of water molecules, which
are almost parallel to the surface in the two layers close to
MgO(001), was found through molecular dynamics using a
Born-Mayer-Buckingham interatomic potential for MgO and
a flexible model for water?”. Translational and orientational
order parameters recovered their values for bulk water at about
3-4 layers from the surface. These features correlated with
changes in the vibrational density of states of water. All the
previous simulations were based on classical force fields and
did not take into account water dissociation nor the influence
it could have on the structure and the dynamical properties of
the next water layers. An exception was provided by a first-

principles study of the interface between ice and MgO(001) 2.
However, the authors considered only four H,O layers on top
of a v/2 x /2 surface unit cell and conducted structural op-
timization at 0 K. The system dimension and the absence of
dynamics hindered the comparison with experimental data as
well as any discussion of the extent of water ordering. Very re-
cently, it was shown that defective MgO(001) surfaces, involv-
ing hydrated Mg?* ions above the surface and cation vacan-
cies filled with protons, are more stable than a flat, hydrated
MgO(001) surface?’. As far as the surface electric field is con-
cerned, Kelvin probe microscopy can be used to determine the
surface work function with a lateral resolution of the order of
few nm?®. Other local probes of the surface electric field are
ad-molecules themselves, such as carbon monoxide. The shift
of its vibrational frequency with respect to the gas phase is
connected to the local charge and electric field of the cation
sites on the surface?”. However, these probes cannot easily be
used at the water/oxide interface. Furthermore, there are very
few studies that have attempted to calculate the electrostatic
properties of a water/oxide interface in order to make the link
between coarse-grained Electric Double Layer (EDL) theories
and the reality of the local electric field. This is largely due to
problems arising from interacting periodic replicas, which can
be overcome when there is vacuum in the supercell*°, but be-
come harder to work with when the supercell is ‘filled’ with
water. For this reason studies reporting values of the elec-
tric field at an oxide interface require the surface to be neutral
to minimise interactions between periodic replicas. Vlcek et
al. 3! reported fields of about 6 V/A at the SnO,/water inter-
face using static ab-initio calculations. D’Ercole et al.3? pro-
vide electrostatic potential maps of defects at MgO and CaO
surfaces, and the resulting field values are of several V/A ex-
tending 2 A to 3 A from the position of the surface atom.
Here, we study the influence of the MgO(001) surface on the
water density profile and the extent of molecular dissociation
from the surface layer into the bulk of the liquid. We use ab
initio molecular dynamics (AIMD), which can account for a
correct description of both bonding and electric fields>3, and
the main statistical properties of liquid water at T ~ 300 K.
In particular, we focus on the behaviour of the surface electric
field, how it is screened by the water molecules and, recipro-
cally, its influence on the structure of water.

2 Computational Details

The interfaces investigated were studied using ab initio molec-
ular dynamics in which the interatomic forces are calculated
in the density functional theory (DFT) framework. We used
the PW (plane waves) code of the QUANTUM ESPRESSO3*
package, with ultrasoft pseudo potentials and the PBE func-
tional which includes generalized gradient corrections. The
cut-off for the plane-waves expansion was fixed at 35 Ry, and
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for the charge density 280 Ry, after convergence tests. The
London dispersion correction® was used to take into account
Van der Waals forces, which are known to be important in
the structuring of liquid water. Due to the use of supercells
only the I' point was taken into account in the Brillouin zone.
We used the optimal theoretical lattice parameter for MgO
a=4.22 A. The MgO(001) slab is 12.66 A thick with 7 MgO
layers in the z direction, with the central layer clamped at bulk
atomic positions, followed by 19.83 A of vacuum or water.
This distance between the periodic replicas of the slab was
chosen by checking energy convergence so as to avoid inter-
action between replicas, and optimised with respect to total
energy when 34 water molecules where added. The average
density of water between the slabs has been determined from
test calculations, in which several water configurations were
constructed at varying distance between the two slab surfaces.
By energy minimisation, we found the most stable configura-
tion at 0.98 g/cm?, in good agreement with the experimental
density of water. The x and y dimensions of the supercell were
chosen to match the (2 x 3) reconstruction of the known water
ad-layer on MgO(001). The dimensions of the supercell are
thus (% X % x 7.7)a or (5.97 x 8.95 x 32.49)A. For sim-
plicity, the two surfaces of the slab in contact with water are
represented at +z; with z; = 10.10 A. For molecular dynam-
ics the Born-Oppenheimer approximation was used, meaning
that electronic degrees of freedoms are fully relaxed in be-
tween each AIMD timestep. The timestep used was 0.38 fs.
The Verlet algorithm was used to integrate the equations of
motion and temperature rescaling was used to keep the aver-
age simulation temperature at 300 K with a tolerance of £50
K.

3 Results

3.1 Electric field at the bare MgO surface

The electric field at a given position r can be obtained in ab
initio calculations from the electrostatic potential, which is the
sum of the ionic and Hartree potentials V; and Vg

Ves.(r) = Vi(r) + Vu(r) (D

E(r)=-VV(r) )

In our case the ionic potentials V; are in fact ultrasoft pseu-
dopotentials which include the effect of core electrons, and
the Hartree potential is calculated for the valence electrons.
Although pseudopotentials do not reproduce the right charge
locally within the pseudization region (about 0.5 A around
the nuclei), these types of calculations reproduce the correct
mean field in the areas between the ions, as verified by elec-
tron tomography measurements 3. The electric field is a three-

dimensional vector field, which can be split into its compo-
nents:

E(r) = Ex(x7Yv Z)éx JFEy(ana Z)éy +Ez(x,y, Z)éz 3

where &,, €, and &, are the unit vectors along x, y and z. For
clarity and due to the symmetry of the system, we have cho-
sen to look at the component of the field which is parallel to
the surface normal E.(x,y,z). As this is a scalar field in three
dimensions, we can either visualise it in a plane parallel to the
surface for a given zg:

Ez(X,%Zo) 4

or as an average along x and y:

L
E0) = [dx [avE(ey) )

where A is the surface area of the supercell in the [001] direc-
tion. For E(z) a macroscopic average filter has been applied
to eliminate oscillations in the bulk and isolate interface con-
tributions. This filter is a one-dimensional convolution:

b
2

= 1 rzt7 _
E()=+ / JE()d? 6)
iz

where the filter window b was chosen as the interlayer distance
in MgO (b = a/2 = 2.11A), unless specified otherwise. This
coarse-graining is essentially analogous to that originally used
for interfaces and sublattices*® and has been shown to recover
electrostatics at the atomic scale unbiased by the very short
ranged oscillations 3.

Figure 1 shows the electrostatic potential and electric field
profiles at the MgO(001)/vacuum interface. For clarity the po-
tential is shown as felt by the electrons — negative in the slab
and positive in the vacuum. From analysis of the electrostatic
potential we can calculate the work function, by comparing
the vacuum level of the potential with the Fermi level. In this
case the work function was calculated to be 5.19 eV, which
is within 5% of the reported experimental value for the work
function of the MgO(001) surface, 4.94 eV 37, thus validat-
ing our value of the field and coarse-graining method. The
broken symmetry in the surface normal direction results in a
local asymmetry in the charge distribution at the interface —
the electrons spill out into the vacuum and consequently there
is an excess of positive charge just under the surface. This
results in a strong surface dipole which is specific to each sur-
face and contributes to the variation of the work function, and
also results in an electric field*>. As shown in figure 1, the
electric field at the MgO(001)/vacuum interface is intense and
permeates beyond the surface layer, although it is highly lo-
calised. There is a window extending to about 3 A from the
surface atoms in which the field is high enough to influence
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Fig. 1 The average z electrostatic potential as felt by the electrons,
and the electric field profile at the surface of a bare MgO(001)
surface. The MgO planes are represented by vertical lines, and the
Fermi level is shown. The work function can be calculated as the
difference between the potential in the vacuum and the Fermi level.

potential adsorbates, their structure and reactivity. Although
this view differs from the classical view of the electric field on
top of an ionic solid, this approach is consistent with both av-
erage electrostatic properties of the surface (such as the work
function described above) and with local electrostatics at the
Angstrom scale. Figure 2 shows non-averaged profiles of the
z component of the field directly on top of the surface Mg>*
and O>~ ions. Only points beyond the pseudo-potential cutoff
radii are included. The behaviour is as expected, negative field
on top of O and positive field on top of Mg. However there is
overall a clear imbalance towards the positive z-direction due
to the surface dipole, which is reflected in the positive value
of the sum. Figure 3 shows the z component E(x,y,zo), with
zo at a height of 2 A from the surface, which corresponds to
the adsorption height for water. The plot again shows the in-
fluence of the surface ions, with nevertheless a field imbalance
towards the positive z axis.

3.2 Electric field with one monolayer of H,O

A monolayer of water (IML) on MgO(001) is known to exist
in several configurations depending on temperature and pres-
sure . For this study we chose to use the (2 x 3) reconstruc-
tion, which corresponds to the ‘high temperature’ configura-

electric field (V/A)

4

156 2 25 3 35 4 45 5 55 6

vertical distance to surface atom (A)

Fig. 2 z-component of the electric field along the [001] direction,
directly on top of each type of surface ion. The lines are exponential
fits to the data.

distance along x (A)
w
electric field (V/A)

0 1 2 3 4 5 6 7 8 9

distance along y (A)

Fig. 3 z-component of the electric field in an xy plane at 2.0 A from
the surface layer of MgO(001). Lines are 1.0 V/A apart. Underlying
atomic postions are labeled with crosses for Mg and circles for O.
The arrow on the colourbar indicates the average value of the
z-component of the field in this plane.
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tion (stable between 185 K and 235 K in UHV conditions 7).
In this reconstruction two out of six water molecules are dis-
sociated as shown in figure 4. Initially the six water molecules
were placed on top of MgO(001) and the positions allowed to
relax. This resulted in spontaneous dissociation of two water
molecules, with no energy barrier, in a configuration which
was slightly different from the one in figure 4, but which ex-
hibits the same number of OH groups on the surface and has
the same symmetry (2 x 3 with a glide-plane). We still chose
however to use the configuration in figure 4 because it is ac-
cepted as the most stable configuration in the literature and
because its energy was lowest. It is likely that several meta-
stable analogues of this configuration exist, especially at non-
zero temperatures, but due to the small size of the simulation
box we chose for the following to remain with the most sta-
ble configuration at 0 K, even later on when several layers of
water were added. Figure 5 shows the electric field profile in
the IML case. A first peak occurs within the adsorbed layer
at the height of the adsorbed H" ions, and the second peak
seems analogous to that in the bare surface case, i.e. intense,
highly localised, but permeating a few Angstroms beyond the
surface. This peak is not as intense as in the bare surface case,
which is a sign of screening by the H,O molecules. Figure 6
shows the profile in the xy plane at a height of 4 A from the
surface, so about 2 A from the adsorbed monolayer. At this
height the underlying surface structure is not longer ‘visible’
in the field profile, and is instead screened by the less ordered
adsorbed monolayer. We notice zones of positive and nega-
tive z fields corresponding to local water dipoles, as well as
small scale oscillations which would probably become irrel-
evant when taking into account the dynamics of the system.
Such complexity calls for a coarse-grained description of the
electric field, especially when we consider its effect on the
structural and dynamical properties of the water above the first
ad-layer. For the case of the water/MgO interface with more
than a water ad-layer, we will thus retain the profile along z:
E;(2).

3.3 The MgO/water interface: structure and electric field

Starting from the (2 x 3) monolayer reconstruction, 22 water
molecules were added to the simulation cell to ‘fill up’ the
vacuum between the slabs, resulting in a simulation consist-
ing of 7 MgO layers in the [001] direction followed by 34
water molecules, 4 of which are dissociated on the surface
(2 on each side). Before starting the simulation, the 22 wa-
ter molecules were placed randomly in a box without MgO
and AIMD was performed at 300 K for a few picoseconds.
From this simulation, the initial positions were placed in be-
tween the MgO slabs, and the AIMD simulation was started
with several subsequent rescaling steps of increasing tempera-
ture. Eventually the target temperature of 300 K was reached,

Fig. 4 Top view and side views of the unit surface of the (2 x 3)
reconstruction of water on MgO. The Mg atoms are turquoise and
the oxygen atoms belonging to the slab are red, while the oxygen
atoms of the water monolayer are shown in blue.

MgO(001)+1ML water, (2x3) reconstruction

9 — . . . . . . .
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Fig. 5 Electric field profile of MgO(001) with a monolayer of water
adsorbed, in a (2 x 3) reconstruction with partial dissociation. The
vertical lines represent the MgO planes (brown), the average
position of the adsorbed H™ ions (solid grey) and the upper and
lower bounds of the positions of the adsorbed water molecules and
OH™ ions (dotted grey)
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Fig. 6 z-component of the electric field in an xy plane at 4.0 A from
the surface layer of MgO(001). Lines are 1.0 V/A apart. Underlying
atomic postions are labeled with crosses for Mg and circles for O,
and squares for H. White circles and squares show the positions of
the oxygen and hydrogen atoms in the adsorbed layer. Black squares
show the chemisorbed hydrogen atoms. The arrow on the colourbar
indicates the average value of the z-component of the field in this
plane.

and statistics were taken from after the simulation had had
time to thermalize. The electrostatic potential was dumped
every 30 timesteps, for analysis of the electric field through-
out the simulation. The electric field profile was obtained as
outlined in section 3.1, by averaging the derivative of the po-
tential along x and y, and by filtering out the small range os-
cillations. However, although the a/2 averaging window is
appropriate to smooth out oscillations within the MgO slab,
the water in between the slabs does not exhibit a/2 period-
icity along z. A second filter has been applied in order to
smooth out oscillations due to liquid water. This filter was
chosen based on the first peak in the oxygen-oxygen pair cor-
relation function using a filter window of 2.5 A. Other filters
were also trialled and it was found that the profile is not very
sensitive to the precise size of the window in the liquid, pro-
vided the filter window was between 2.3 A 2.8 A. Figure 7
shows the electric field profile, density of water, and proton
hopping events during 13 ps of simulation at 300 K. The field
and density are averages taken over the time of the simulation,
and the number of proton hops refers to the number of times
an oxygen atom has exchanged one of its two nearest neigh-
bour hydrogens. The figure shows that the electric field at the
interface remains intense despite screening by the first layer
and subsequent layers of water molecules. When comparing
this profile to the IML profile in figure 5, there are two main
differences: the loss of the double peak and the decrease of
field intensity. These differences are both mostly due to the
smoothing mentioned above, as without smoothing the z com-

ponent of the field remains largely unchanged from the single
monolayer case. Oscillations of the field in between the slabs
are the result of local water dipoles and one would expect that
over a long enough simulation or for a large enough box the
field in the water far away from the surface would average to
zero. The simulation is on small time and length scales which
does not give access to the macroscopic values in bulk water;
however when the oxygen-oxygen pair correlation function is
calculated (see figure 8), we can say that water beyond the
first layer is ‘bulk-like’ in that the O-O distances remain very
similar to those in the bulk water reference.

The second graph in figure 7 shows oxygen atom and hy-
drogen atom presence along z. The oxygen atoms belonging
to the MgO slab have been omitted for clarity. The first peak
of hydrogen presence occurs just above the surface and cor-
responds to the hydrogen atoms adsorbed directly on the sur-
face. These remain close to their initial positions throughout
the simulation and do not re-associate with a water molecule.
The second peak shows high oxygen and hydrogen presence,
which reflects the stability of the first layer — throughout the
simulation, the 6 adsorbed water molecules on each side do
not diffuse towards the z =~ 0 region, where there is on aver-
age a lower water density. The stability of this first layer is
further shown when looking at the oxygen-oxygen pair cor-
relation function in the top part of figure 8. The structure
of the monolayer remains largely unchanged when more wa-
ter molecules are added, with a strong collapse of the second
neighbour peak compared to liquid water. This type of struc-
turing on MgO(001) has been proposed to resemble a high
density ice phase®, and could be attributed to a template ef-
fect. However, interestingly, similar structural properties have
been seen in simulations where there is little or no templat-
ing, such as on BaF; in which the first layer exhibits an O-O
pair correlation function resembling that of high density liquid
water>°. The high density water layer adsorbed on MgO(001)
is followed directly by a depleted zone, something that has
already been reported in studies of water on other oxide sur-
faces %40 and even on graphene and h-BN*!*2. In the case
of oxides, the initial affinity of the surface for water seems
reversed after one layer of coverage — a ‘hydrophilic’ surface
can become ‘hydrophobic’ once wet !9,

3.4 Surface-assisted proton transfer

The green histogram in figure 7 was obtained by counting the
number of times an oxygen atom had a switch in one of its two
nearest neighbour hydrogen atoms, thus counting the number
of proton transfer, or ‘proton hopping’ events. In the (2 x 3)
reconstruction shown in figure 4, proton transfer is suscepti-
ble to occur, simply because the high density of the adsorbed
layer means that the oxygen atoms are near enough to each
other, and also because the layer is partly dissociated which
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means there are OH groups free to receive the hopping proton
from a neighbouring water molecule. Thus it is possible to
imagine further metastable configurations from figure 4, and
these were observed frequently in our 300K simulation. Such
frequent proton transfer at an oxide surface has also been ob-
served in simulations of ZnO*3. There are two peaks on each
side of the histogram. The peak closest to the surface counts
the proton transfers within the adsorbed layer, parallel to the
surface. The second peak is less intense, and corresponds to
hydrogen bonds in the z direction. As shown in the third snap-
shot in figure 9 this corresponds to proton transfer events be-
tween the first adsorbed layer and the second layer. It has
been recently shown that strong external electric fields pro-
mote molecular dissociation and proton hopping in bulk wa-
ter?, ice 4546 liquid methanol?’, as well as a strong chemical
reactivity in molecular mixtures*®. In this case we notice that
proton transfer occurs in the first and second layers above the
surface corresponding to the zones of highest electric field.
Proton transfer in water has also been shown to be correlated
to short oxygen-oxygen distance. For instance in the simplest
case, the Zundel ion, there is a threshold of oxygen-oxygen
distance under which the excess proton prefers to lie in the
centre of the two oxygen atoms. In the DFT framework this
distance is found to be 2.5 A although more precise treatments
of the problem finds this distance to be closer to 2.4 A% Clas-
sically, proton transfer is expected to occur when the oxygen
atoms are closer than this minimum distance, apart from pro-
cesses of tunnelling, where a quantum treatment of the pro-
ton is needed°. Figure 10 shows distributions of the oxygen-
oxygen distances for hydrogen bonded water molecules, in the
first and second layers, and in the other water molecules. With
regard to proton transfer, it is important to note that the O-O
distances concerned are those which are below the threshold
mentioned above. It is clear that there are more very short
0O-O distances near the surfaces than in the middle of the sim-
ulation box. The layers nearest the surfaces have more than
10% of their O-O distances below the DFT proton-hopping
Fig. 9 Snapshots of the MgO(001), MgO(001)/1ML and threshold, while those in the next slice have between 5% and
MgOv(001)/watver s?mu}ations. In the IML and water cases, a proton 10%. Although some bulk water properties seem to be re-
hopping event is highlighted. covered just after the first layer, the heightened density seems

to permeate through to the second layer and promote proton

transfer. Although proton transfer is more likely when there

are more O-O distances well below the threshold, this is not

the only driving force for the transfer. Thus the percentage of

0O-0 distances lying below the threshold is not linearly repre-

sentative of the number of hops. The average shortening time

during which an O-O distance stays below 2.5 A is also found

to be correlated with proximity to the surface — with averages

of 33, 29, and 21 fs in the first and second layers, and in the

bulk, respectively. In this particular study, the proton trans-

fer results in a net transfer of OH™ ions, as these are initially

present on the surface. This type of transfer has been shown to

8| Journal Name, 2010, [vol],1—10 This journal is © The Royal Society of Chemistry [year]
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Fig. 10 Distributions of the Oxygen-Oxygen distances in the water
between the slabs, by layer. The first layer refers to the water
molecules within 2A of the surface on either side of the slab, while
the second layer refers to those between 2A and 4A away from the
surface. The distribution referring to the remaining water molecules
is labelled as ‘bulk’. An area has been shaded to represent the
proton transfer threshold, below which proton transfer may happen.
The percentages show how much of each distribution is below this
threshold.

depend strongly on the local coordination of the OH™, namely
OH™ ions which accept three hydrogen bonds are more likely
to diffuse than those of a higher coordinance’!. OH™ ions on
the MgO(001) surface accept two hydrogen bonds from water
molecules in the monolayer, and can accept a third from the
water molecules above. These are in effect undercoordinated,
which probably promotes the transfer of the OH™ when it is
near the surface. Once the OH™ is solvated it is not longer
undercoordinated with respect to hydrogen bonding. To sum-
marise, there are several ways in which the surface assists
proton transfer: the presence of undercoordinated OH™ ions,
shorter O-O distances, and a high electric field environment.
Possible perspectives include a finer analysis of how these fac-
tors are correlated to each other and how they quantitatively
affect proton transfer.

4 Conclusion

In conclusion, we have presented the first fully atomistic
AIMD study of the interface of MgO(001) with several layers
of liquid water, with particular focus on the so far overlooked
surface electric field. Our study yields a few significant
conclusions:

Non-polar, defectless surfaces, such as our model

MgO(001) one, may exhibit high electric fields at distances
of up to 3 A. When a single monolayer of water molecules is
added, the electric field is less intense but still present, and
furthermore the zone of high field seems to be broadened to
about 5 A from the original surface. In a way, this first layer of
water serves to spread the high-field interfacial region. Upon
adding several layers of water, and after a coarse graining
of the field, the 5 A window above the surface in which the
electric field is high (1 - 3 V/A ) remains. There is a clear
difference between the water molecules belonging to the first
layer, which keep close to their initial configuration, and the
other water molecules which are free to diffuse. The atomic
density profiles show a depleted zone just above the adsorbed
layer, and the O-O pair correlation function is similar to that
of bulk water once the first adsorbed layer is not taken into
account.
Proton transfer occurs at the MgO(001)/water interface, and
this is observed at significant rates on AIMD-accessible
timescales. Our results show that proton transfer occurs in the
zone close to the surface where the electric field is strongest.
This can be partly explained by a higher proportion of small
0O-0 distances in those zones.

In perspective, our study suggests that local electric fields at
the surface of dry and wet oxides and minerals are sufficiently
intense, even in clean, flat, and apolar surfaces as MgO(001),
to promote molecular dissociations, and thus to modify the
free energy landscape of surface chemical reactions, with im-
portant consequences in geochemistry.
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