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Developing a better understanding of water ordering and hydroxylation at oxide mineral surfaces is
important across a breath of application spaces. Recent vibrational sum frequency generation (vSFG)
measurements on MgO(100) surfaces at ambient conditions showed that water dissociates and
hydroxylates the surface yielding a non-hydrogen bonded hydroxyl species. Starting from previously
determined water hydroxylation patterns on MgO(100), we performed ab initio thermodynamic
calculations and vibrational analysis to compare with the vSFG observations. At ambient conditions (i.e.,
T = 298.15 K and pH,O = 32 mbar), the most thermodynamically favorable surface hydroxylation is
found to be p(3 x 2) — 8H,0, involving a dissociation of 25% of the adsorbed water. Analysis of the
vibrational density of states for this hydroxylation configuration yielded three different hydrogen bonding
environments with the frequency of the peaks in very good agreement with the vSFG measurements.
However, the non-H-bonded spectral feature on this surface is predicted to be similar to that expected

Received 7th October 2023, for Mg(OH),, a thermodynamically downhill alteration of the surface that must be independently ruled

Accepted 17th December 2023 out before one can be fully confident in the apparent theory/vSFG agreement. Our study provides more
DOI: 10.1039/d3cp04848a insights into the ordering and structure of water monolayer at MgO(100) surface at ambient conditions

and completes previous theoretical and experimental analysis performed at low temperature and ultra-
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Introduction

Oxide-water interfaces play a key role in a number of important
physical and chemical processes spanning a range of research
fields such as materials science, biology, geochemistry, atmo-
spheric science, and heterogeneous catalysis.'® Developing a
molecular-level picture of water ordering and interactions at
metal oxide interfaces is central to better understand processes
such as adsorption, dissolution, heterogeneous nucleation and
growth, and particle aggregation phenomena. In part due to its
simple cubic rock-salt structure, the interaction of MgO sur-
faces with water under various conditions has been extensively
studied both experimentally and computationally, particularly
the (100) facet."®' At ambient conditions, in the presence of
water vapor or liquid water, a challenging aspect of this inter-
facial system is that bulk MgO (periclase) is thermodynamically
unstable with respect to its fully hydroxylated counterpart
Mg(OH), (brucite).** Therefore, studies of MgO(100)/water
interaction intrinsically probe a quasi 2D free energy landscape
for low energy configurations of adsorbed water and hydroxyls
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that is, in most cases, only metastable with respect to the 3D
global minimum of Mg(OH),.

It is therefore unsurprising to find a lack of consensus in the
literature regarding the hydration of MgO(100) when contacted
by water. Using single crystal surfaces, early experiments using
ultraviolet photoemission spectroscopy (UPS)** and infra-red
spectroscopy (IR)** could not detect if water dissociates to form
hydroxyl groups on the surface. In agreement with this experi-
mental uncertainty, early density functional theory (DFT) simula-
tions using the Car-Parrinello method concluded that water
physisorbs on defect-free MgO(100) terraces, and that it only
dissociates at surface defect sites such as steps.>® A few years
later, ab initio investigations indicated that water strongly reacts
with MgO(100) terraces and spontaneously dissociates at a ratio
of two out of six water molecules adsorbed.’*'® This partial
dissociation of water on well-ordered and low-defect MgO(100)
surfaces was later experimentally confirmed."*>*

At low coverage, ultra-high vacuum (UHV) studies'" indicate
formation of two ordered water monolayer phases, namely c(4 x
2), detected in the temperature range 100-180 K, and p(3 x 2),
found at temperatures of 185-221 K. A more complete structural
model of the p(3 x 2) phase was obtained from additional
investigations using quantitative low energy electron diffraction
(LEED) aided by semiempirical potential calculations performed
at 0 K.*® For low temperature and UHV conditions, Wiodarczyk
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et al.”® performed ab initio simulations and used a genetic
algorithm to identify eight hydroxylation configurations for
the p(3 x 2) and ¢(4 x 2) symmetries. Their predictions agreed
well with the observed temperature dependence of surface
phase changes and water desorption. The findings indicated
that the low-temperature (T < 200 K) phase is composed of ten
water molecules per unit cell with ¢(4 x 2) symmetry while at
higher temperature (200 K < T < 202 K) the structure contain-
ing six water molecules per unit cell with p(3 x 2) symmetry is
the most stable phase. At temperature higher than 202 K, water
desorption from the surface was found to be more thermody-
namically favorable. The most stable hydroxylated structure
found for ¢(4 x 2) and p(3 x 2) respectively yielded 1/5 and
1/3 of the water molecules being dissociated. Extending this
work to ambient conditions and for more than a monolayer of
water coverage, Onéak et al.** found that a fully hydroxylated
surface is not energetically favorable while a reconstructed
surface, involving hydrated/hydroxylated Mg>" ions above the
surface, are more stable.

Despite this comprehensive work, direct validation of the
hydroxylation and hydration structure of MgO(100) at ambient
conditions remains experimentally challenging. Recently,
vibrational sum frequency generation (VSFG) spectroscopy in
the OH stretching region showed a predominant non-hydrogen
bonded peak at ~3700 cm ™" in addition to a broad spectrum of
states at lower frequencies consistent with an H-bonded net-
work of surface hydroxyls and adsorbed water.?" Although the
VSFG features alone do not unambiguously inform on the
specific structure at the surface, they do provide a basis for
comparison to theoretical vibrational spectra predicted for
specific hydroxylation/hydration patterns.

To make this comparison, here we report ab initio thermo-
dynamics (AIT) calculations to examine the vibrational spectra
for specific surface configurations of adsorbed water and hydro-
xyls on MgO(100), and to relate these characteristics to the
relevant state variables that define the chemical potential of
water, namely temperature and the partial pressures of O, and
H,. To do so we revisit the series of eight hydroxylated structures
found by Wtodarczyk et al.>®> and expand the work performed by
Onéék et al.*® for ambient conditions who limited their inves-
tigation to the two most stable hydroxylation structures for c(4 x
2) and p(3 x 2) identified by Wiodarczyk et al>® for low
temperature and UHV conditions. By using the AIT approach,
we investigate how the chemical potential of oxygen and hydro-
gen can affect the relative phase stability of different hydro-
xylated configurations. While four hydroxylation configurations
have a favorable surface Gibbs free energy, we found that the
most thermodynamically stable one under ambient conditions
is different to that identified by Wtodarczyk et al> for low
temperature and UHV conditions. The predicted low energy
hydroxylated configurations yield vibrational spectra that com-
pare well to the vSFG results of Adhikari et al.®’ However,
we also show that the prominent non-H-bonded feature at
~3700 cm ™" is overlapping with the spectrum predicted for a
bulk-like Mg(OH), termination, a structure that is based entirely on
non-H-bonded hydroxyls. Therefore, to unambiguously identify the
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hydroxylated surface structure in experiments requires careful
elimination of the prospect of an Mg(OH),-like termination.

Computational details

Density functional theory (DFT) simulations of bulk MgO,
MgO(100) surface hydroxylation, and bulk Mg(OH), were per-
formed using the VASP package.””® All the simulations used
the exchange-correlation functional approximated by the general-
ized gradient approximation (GGA) as parametrized in the Revised
PBE for solids (PBEsol).** The cutoff energy for the plane-wave-
basis set was fixed to 525 eV, and in each case, the total energy was
converged to 10 eV per cell and the force components were
relaxed to 10> €V A~'. The sampling of the Brillouin zone for
bulk MgO, and (1 x 1), p(3 x 2), and ¢(4 x 2) (100) surface slabs
used a I'-centered k-point mesh of 7 x 7 x 7,7 x 7 x 1,5 X 6 X 1,
and 4 x 6 x 1 respectively. The calculated lattice parameter of
bulk MgO is a = 4.213 A, which is in very good agreement with the
experimental value of 4.211 A.*° The simulation of bulk Mg(OH),
used a I'-centered k-point mesh of 9 x 9 x 7 and the calculated
lattice parameters were a = 3.141 A and ¢ = 4.552 A, in good
agreement with the experimental values of a = 3.142 A and ¢ =
4.766 A"

In order to assess the accuracy of the PBEsol functional for
the calculation of surface energies, some tests on surface energy
of clean (ie., defect-free) MgO(100) surface and slab size were
performed as shown in Table 1. A comparison with the surface
energy calculated using the Perdew, Burke, and Ernzerhof (PBE)
functional** with Grimme (D3) dispersion corrections®® and the
Becke-Johnson (BJ) damping function® (i.e., PBE + D3 (B])) is
also provided. The calculated surface energy of MgO(100) with
PBEsol is in very good agreement with the experimental value of
1.04 J m%* while the PBE + D3 functional overestimates the
surface energy by about 30%. Depending on the functional used,
previous theoretical calculations estimated the MgO(100) surface
energy in the range of 0.83 to 1.29 ] m™~>.*¢

The surface Gibbs free energy dependance to oxygen and
hydrogen chemical potentials for various hydroxylation config-
urations of the MgO(100) surface has been evaluated within the
ab initio thermodynamic framework. In these calculations, the
surface Gibbs free energy is given by:

P(to, tu) =

(1)

(Esurface — Mg X E]\%[ugl(l; + (nMg - I’lo) X o — nyg X :uH)
24

Table 1 Comparison of experimental and calculated surface energies for
clean MgO(100) surface for different slab sizes and GGA functionals

y(m™)

Clean (100)

Surface (1 x 1) 8 Layers p(3 x 2) 4 Layers ¢(4 x 2) 4 Layers
PBEsol 0.99 1.00 1.00

PBE + D3 (B]) 1.35 1.35 1.35

Expt.* 1.04
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Esurface = Ersrl.?rt?;ce + Eglll)gace + AM(TyP)surface (2)
Enigs = Enigd + Exigo + Au(T\P)wgo (3)
1
Mo = E(ngml + ESF + Au(T, P)o,) (4)
1 .
g = 5B + B+ Au(T, P)y,) (52)
1 .
iy = (RS + B + Ap(T, Plyo)  (5b)

Nmg Mo, and ny are respectively the number of Mg, O, and
H atoms constituting the slab system. It should be noted that
Npg < Mo, SO that (yg — 7116) < 0. Egyrface is the energy of the
surface slab, with or without hydroxylation. Eqy;face is calculated
from the sum of three contributions, the total DFT energy
(Exol ), the zero-point energy (E4re,..), and the temperature-
and partial pressure-dependent chemical potential of the sys-
tem (Ap(T,P)surface)- Ef,f;;l(l-f,, Uo, and iy are respectively the energy
of MgO bulk crystal, the chemical potentials the O and H
species. Each is obtained from three contributions similar to
those detailed for Eguiace. While the reference state for an O
atom is an O, molecule, the reference state for H is taken either
as an H, molecule or as an H,0 molecule, as shown in eqn (5a)
and (5b). This allows further comparison of the relative surface
stability depending on whether H is in equilibrium with H, or
H,0. While the standard (7,P) conditions were fixed to T =
298.15 K and P = 1 bar for the reference states, we chose the
ambient conditions for the water chemical potential (i.e., T =
298.15 K and P = pH,0 = 32 mbar). The calculation of the zero-
point energy has been performed by the Phonopy code.”’

A comparison of calculated and NIST-JANAF experimental*®
Ap(T,P) for bulk Mg and MgO crystals is shown in Fig. 1. The
agreements between calculated and experimental values are
within 2 k] mol™" across the temperature range.

In order to account for the atomization errors induced by
GGA for O,, H,, and H,O, the DFT total energies of these
species have been corrected by using their experimental, zero-
point energy corrected, atomization energies.*>*° Therefore,
the total energy of O,, H,, and H,0 molecules were respectively
corrected by 1.483 eV, —0.104 eV, and —0.515 eV.

Results and discussion

A total of nine hydroxylation configurations have been investi-
gated for the hydrated MgO(100) surface. As shown in Fig. 2,
those configurations have been classified into two groups
depending on the translational symmetry of the water
monolayer.***° The groups are labelled p(3 x 2) and ¢(4 x 2),
with the numbers in brackets indicating the number of MgO
primitive cell translations in the lateral plan. Eight hydroxy-
lated surface structures, previously identified by Wlodarczyk
et al.”® using a genetic algorithm, have between 20% to 37% of
dissociated water molecules at the surface. A ninth hydroxyla-
tion configuration, which has two water monolayers for a total
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Fig. 1 Comparison of experimental and calculated chemical potentials
for Mg and MgO bulk materials as function of temperature at a pressure of
P =1 bar.

of 12H,0 (i.e., one H,O for each of the six surface Mg atom) at a
(3 x 2) MgO(100) surface, has been additionally investigated
because it does not involve water dissociation. Although not a
monolayer, this additional hydroxylation configuration enables
us to compare the relative energetics at ambient conditions for
water coverage that does not involve dissociation.

In the cases where water dissociates (into H" and OH™) at
the surface, Fig. 2 shows that OH groups are formed at the surface
with a hydrogen atom forming a covalent bond with a surface O
atom, while the remaining hydroxyl anion is only interacting with
the water monolayer by forming hydrogen bonds with nearby
water molecules. In the case where water does not dissociate, the
water hydrogen of the first water monolayer forms a hydrogen
bond with the oxygen atoms of the MgO(100) surface. The other
water hydrogen of the first water monolayer is involved in hydro-
gen bonding with the water oxygen of the second water monolayer.
The formation of such hydrogen bond network between first and
second water monolayers helps prevent water dissociation.

The relative stability of each hydroxylation configuration has
been evaluated with ab initio thermodynamics, in which the
surface Gibbs free energy was calculated as function of the
oxygen and hydrogen chemical potentials at 7= 298.15 K. A
negative surface Gibbs free energy indicates that the surface is
energetically and thermodynamically favorable to form while a
surface with positive Gibbs free energy suggests that the
formation of the surface is not favorable. As shown in Fig. 3,
the most thermodynamically favorable surface configuration
for uo < —3.52 eV is the clean MgO(100) surface. For uo values
between —3.52 eV and —2.72 eV, the surface hydroxylation
configuration ¢(4 x 2) with 10H,O is found to be more
thermodynamically favorable than the clean surface. For
Uo = —2.72 eV, the surface hydroxylation configuration
p(3 x 2) with 8H,0 is found to be more thermodynamically
favorable than ¢(4 x 2) with 10H,0.

Beside the influence of oxygen chemical potential, the
chemical potential of H also impacts the relative stabilities.

Phys. Chem. Chem. Phys., 2024, 26, 2269-2276 | 2271
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Fig. 2 Top and side views of the nine surface hydration configurations investigated for the MgO(100) surface. The Mg and O atoms or MgO are
represented by orange and red spheres. The water H and O atoms are represented by light pink and blue spheres respectively, while the O atoms from
hydroxyl anions (OH™) are represented by black spheres. Hydrogen bonds are highlighted by green dashed lines.
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Fig. 3 Thermodynamic stability at T = 298.15 K of different surface
hydration configurations for MgO(100) as function of oxygen chemical
potential. The transition of hydrogen chemical potential from H, equili-
brium to H,O equilibrium is symbolized by a magenta vertical dashed line.

Interestingly, the clean MgO(100) and the ¢(4 x 2) - 10H,O
surfaces are energetically competitive only when hydrogen is in
equilibrium with H,. For hydrogen in equilibrium with H,O, the
surface configuration p(3 x 2) with 8H,O is the most energetically
favorable surface. More detailed surface Gibbs free energy values
for H in equilibrium with H,O (i.e., uo = —2.72 eV) at T=298.15 K
are provided in Table 2. Of the nine hydroxylation configurations

2272 | Phys. Chem. Chem. Phys., 2024, 26, 2269-2276

Table 2 Surface Gibbs free energy at T = 298.15 K of the nine surface
configurations investigated, compared to clean MgO(100) surface. The
values are provided for H in equilibrium with u4,0

Surface configuration (o, tx) (MeV A72)

Clean MgO(100) 60.426
p(3 x 2) - 5H,0 15.736
(3 x 2) - 6H,0 6.844

p(3 x 2) - 7H,0 —0.888
p(3 x 2) - 8H,0 —6.191
(3 x 2) - 12H,0 —3.328
(4 x 2) - 7H,0 14.452
(4 x 2) - 8H,0 8.119

c(4 x 2) - 9H,0 0.670

(4 x 2) - 10H,0 —5.546

investigated, four have a negative surface Gibbs free energy,
p(B x 2) - 8H,0, (4 x 2) - 10H,0, p(3 x 2) - 12H,0, and
p(3 x 2) - 7H,0 with a surface energy of —6.191 meV A2
—5.546 meV A% —3.328 meV A2, and —0.888 meV A2 respec-
tively. While the bilayer p(3 x 2) - 12H,0 configuration, for which
no water dissociation occurs, is energetically favorable ((uo, u) <
0) at room temperature, two monolayer surface configurations for
which water dissociation is predicted to occur are lower in energy,
indicating that water dissociation should be preferrable at ambient
conditions (ie., T=298.15 K and P = pH,0 = 32 mbar). Interestingly,
Fig. 3 and Table 2 show that all nine hydroxylated surface config-
urations investigated are more energetically favorable than clean
MgO(100) surface when H is in equilibrium with H,O. This is in

This journal is © the Owner Societies 2024
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good agreement with MgO being a hydrophilic mineral and thus
strongly interacting with water.

Previous thermodynamic calculations by Wiodarczyk et al.?®
carried out for similar hydroxylated surface configurations as
function of temperature and at P = 10~ '° mbar, indicated that
c(4 x 2) - 10H,0 and p(3 x 2) - 6H,O were the most stable
surfaces configurations for temperatures below 202 K. For
temperatures above 202 K, a complete desorption of water from
the MgO(100) surface was predicted. For the thermodynamic
conditions selected (i.e., low temperature and pressure), these
theoretical results were in good agreement with ultra-high
vacuum (UHV) experiments performed at 85 K during water
adsorption. The work performed in our study completes the
theoretical analysis of Wlodarczyk et al>® by focusing on
the hydroxylation of MgO(100) surface at ambient conditions
(i.e., T=298.15 K and P = pH,0 =32 mbar). At those conditions,
we found that p(3 x 2) - 8H,0 is the most thermodynamically
stable surface configuration.

In connection with the recent vSFG study performed by
Adhikari et al*' at ambient laboratory conditions, we calcu-
lated the phonon dispersion relationship using the Phonopy
code®” for the two most thermodynamically favorable surface
hydroxylation configurations. The vibrational density of states
(VDOS) for p(3 x 2) - 8H,0 and ¢(4 x 2) - 10H,0 are shown in
Fig. 4 along with the experimental frequency range of different
hydrogen bonding environments, as detected by vSFG. While a
direct comparison of the calculated VDOS and experimental
VSFG spectral intensity is not possible because the VDOS does

p(3x2) — 8H,0

View Article Online
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not have any selection rule and it would require the computa-
tion of more complex quantities, such as the second order
susceptibility which can be calculated from molecular dynamic
simulations,®® one can still compare the frequencies of the
peaks. From the calculated VDOS for p(3 x 2) - 8H,0, three
types of hydrogen bonds can be distinguished with frequencies
higher than 3300 cm ™. Those correspond to hydrogen bonded
surface hydrogen (labelled H-bonded Hg), non-hydrogen
bonded surface hydrogen (labelled non-H-bonded Hy), and
non-hydrogen bonded hydrogen of the hydroxyl anion (labelled
non-H-bonded Hoy) with frequency peaks located at 3390 cm ™,
3642 cm ', and 3778 cm™ " respectively.

In the case of surface hydroxyl groups (OHj) originating
from water dissociation, only the Hg located right under a
hydroxyl anion are not bonded to any surrounding water molecules
as those water molecules preferentially form hydrogen bonds with
the hydroxyl anions. This feature gives rise to two types of hydrogen
bonding environments for surface hydroxyl (OH;) groups, with the
hydrogen bonded ones having a lower frequency than the non-
hydrogen bonded ones. The frequencies associated with the three
types of hydrogen bonding environments are in good agreement
with the vSFG frequency peaks detected experimentally,®" as shown
by the colored zones in Fig. 4. While ¢(4 x 2) - 10H,O is the second
most thermodynamically stable hydroxylation surface configuration,
only two peaks can be distinguished for frequencies higher than
3300 cm™ . These peaks correspond to non-hydrogen bonded OH,
(3630 cm™ ") and to hydrogen bonded hydroxyl anions (3754 cm™").
In this hydroxylated surface configuration, there are no hydrogen

2.5 i
p(3x2) — 8H,0 Total :
» 2.0 @ !
8 H, (Surface OH) :
> 1.5 H-bonded :HZO((OHI-TE;) i I
2 1.0 Hrzo A A o Non | |
o / | H-bonded , ,
© / / / \ | \ A H-bonded |
& o5 /| | WAL H\/\ . \/\
[\ ] \ \ \ 5 I
0.0 4 LA ]A A =\
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Fig. 4 Vibrational density of state of the two most thermodynamically stable hydroxylated configurations of MgO(100). Vertical blue, pink, and green
bands delimit the experimental frequency range of different H bonding environments, as detected by vSFG.*! The red dashed line indicates the calculated

frequency of OH stretch in bulk Mg(OH)s,.
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bonded OHg, and thus, lower frequencies in the range from about
3350 cm™ ' to 3550 cm™ " are not present. This suggests that under
ambient conditions, the MgO(100) surface is hydroxylated simi-
larly to p(3 x 2) - 8H,0, which is the most thermodynamically
favorable surface configuration and shows a vibrational spectra
with frequency positions above 3300 cm™" in good correlation with
vSFG experiments.

For the calculated VDOS with frequencies lower than 3300 cm ™,
which would mainly correspond to the hydrogen bond network
between water molecules, we note that the experimental vSFG has
intensity in this frequency region. However, the vSFG peaks are at
least 100 times less intense than the probed OH stretches, which
have a strong vSFG signal. The small vSFG intensity of the hydrogen
bonded water frequencies can be observed in Fig. S4 and S7 (ESIt)
of the study by Adhikari et al.*!

However, conceptually there is another way to produce non-H-
bonded hydroxyl spectral signal at the hydrated MgO surface - by
converting it wholly or in part to more thermodynamically favor-
able Mg(OH),.*> For example, using the same DFT methods we
calculated that the thermodynamic driving force to convert bulk
MgO to Mg(OH), at ambient conditions (i.e., T = 298.15 K and
PpH,0 = 32 mbar) is —0.71 eV (or —68.42 k] mol™"). In the bulk
structure of Mg(OH),, every OH group can be considered non-H-
bonded, as shown in Fig. S1 (ESIt), as they each point toward the
center of a triangle made of three octahedral Mg atoms.
The frequency associated to the OH stretch is calculated to be
3636 cm ' and has been reported in Fig. 4 by a red dashed line. As
this frequency overlaps with the non-H-bonded Hg range of
frequencies, chemical transformation of the MgO surface to an
Mg(OH),-like termination would likely yield a prominent non-H-
bonded feature (pink band) in the vSFG spectrum. The remaining
hydroxylation/hydration spectral weight at lower frequencies
would in turn depend on the structural details of the Mg(OH),-
like termination onto which water adsorbs and reacts at a given
temperature and pressure, which is beyond the scope of the
current study. Nonetheless, these results suggest that although
our findings predict a good correspondence between the p(3 x 2) -
8H,0 hydroxylated MgO(100) configuration, and that this configu-
ration is low in energy, a contribution from an Mg(OH),-like
termination cannot yet be entirely ruled out.

Conclusion

A thermodynamic and vibrational analysis of several hydroxyla-
tion configurations of the MgO(100) surface have been performed
with DFT. It was found that a water monolayer on adsorbed MgO
can transform from a c¢(4 x 2) to a p(3 x 2) symmetry depending
on the oxygen chemical potential. For surface hydration of one
monolayer at ambient conditions, the most thermodynamically
favorable surface hydroxylation is found to be p(3 x 2) - 8H,0,
which involves 25% water dissociation. The calculation of the
vibrational density of states for this hydroxylation configuration
provided insights about the local environment of hydrogen.
Three different bonding environments could be identified, such
as hydrogen bonded and non-hydrogen bonded surface OH
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groups, and hydrogen bonded hydroxyl anions, all hydroxyl
groups originating from water dissociation at MgO(100) surface.
While the intensity cannot be directly compared between calculated
VDOS and experimental vSFG spectra, the calculated frequency
position for each hydrogen bonding environment shows very good
agreement with recent vibrational SFG measurements performed at
ambient conditions, with the caveat that a contribution from
Mg(OH),-like domains cannot be ruled out. Our study provides
more insights into the structure of the water monolayer on
MgO(100) surface at ambient conditions and complete previous
theoretical and experimental analysis performed at low tem-
perature and ultra-high vacuum conditions.

Associated content

Visual representation of the bulk structure of Mg(OH), is
provided in Fig. S1 (ESIt).
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