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ABSTRACT: Global ab initio structure optimizations combined
with statistical thermodynamics and experimental studies reveal
atomic structures of the ordered water monolayer on the
MgO(001) surface. Calculations based on density functional
theory predict the existence of two stable surface structures: a
c(4X2) structure containing ten water molecules per unit cell
stable at low temperature and a p(3x2) structure containing six
water molecules per unit cell stable at high temperature. Both
structures feature four surface hydroxyl groups resulting from the
dissociation of two water molecules per surface cell. The calculated
properties of the two structures are in agreement with a multitude
of experimental data, including infrared reflection absorption, sum
frequency generation and X-ray photoelectron spectroscopy.

6H,0/MgO(001)
p(3%2)

10H,0/MgO(001)
c(4x2)

Comparison of calculated and experimental vibrational spectra allows for assignment of the observed vibrational modes.

1. INTRODUCTION

The reactivity of water toward metal oxide surfaces is of
fundamental interest in several fields such as biology, materials
science, environmental science, geochemistry, and heteroge-
neous catalysis. Water adsorption on oxides is also central in
understanding corrosion, passivation, and adhesion. It is there-
fore not surprising that the study of the structure of water at the
interface with other materials continues to be a subject of
particular interest in science, as demonstrated by the number
of experimental' > and theoretical*~'° studies and several review
papers.''~'® The MgO(001) surface is among the oxide surfaces
that have received significant experimental "> ** and theore-
tical*>?%3~* attention as a substrate for water adsorption.
Structural and electronic simplicity of the MgO(001) surface
as well as the fact that the dissociation of water on MgO plays an
important role in many chemical processes are the main reasons
for such extensive studies.*'

The water monolayer on MgO(001) has received particular
attention because it is one of the very few examples of water/
oxide interfaces that give rise to an ordered adsorbed water layer.
The first studies of water adsorption on ultrathin MgO(001)/
Mo(001) films by Wu et al.** using electron energy-loss spec-
troscopy (HREELS) and temperature programmed desorption
(TPD) claimed heterolytic dissociation of H,O on the surface.
Later, Xu et al.* studied D,0 adsorbed on MgO(001)/Mo(001)
thin films using TPD, reflection absorption infrared spectroscopy
(IRAS), and low energy electron diffraction (LEED) and concluded
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that (i) the water layer is adsorbed with the plane of D,O
molecules nominally parallel to the surface, (ii) D,O does not
undergo dissociation, and (iii) the unit cell contains a glide plane.
In addition, a real space structure was proposed for D,O
adsorption on the MgO(001) surface with p(3x2) translational
symmetry and an absolute coverage of 0.67 D,O molecules per
Mg cation. Heidberg et al.' investigated water adsorption on a
cleaved MgO(001) single crystal using transmission Fourier
transform infrared (FTIR) spectroscopy as well as LEED. They
concluded that at 150 K H,O forms an ordered monolayer with a
c(4x2) translational symmetry and the molecular H,O plane
nearly parallel to the surface. LEED and helium atom scattering
(HAS) experiments performed for water adsorbed under ultra-
high vacuum conditions on MgO(001) single crystals suggested
the presence of phases with ¢(4x2) and p(3x2) symmetry, with
the transition from the c(4x2) to the less dense p(3x2) phase
occurring at around 185 K.**"*° This transition is accompanied
by a partial desorption of water, while the remaining mono-
layer phase is stable under UHV conditions up to 235 K>%**
Additionally, it was confirmed that the unit cell of the high-temp-
erature p(3x2) phase contains a glide plane.*> The monolayer
water coverage of the p(3x2) phase was estimated to be 1 & 0.1
and the maximum water coverage prior to the onset of ice
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formation to 1.3 £ 0.1 water molecules per MgO surface
unit.”>** Recently, experimental evidence for the presence of
dissociated water in the monolayer was provided using meta-
stable impact electron spectroscopy applied to water adsorbed at
90 K on the surface of well-ordered MgO(001) thin films.**

The water adsorption on the MgO(001) surface was also
extensively investigated using computational tools.*>*>**> Most
of the studies***>> focused on the p(3x2) phase of the H,0/
MgO(001) system with six adsorbed H,O molecules per unit
cell, as suggested by the experimental data.*>** Using density
functional theory (DFT), Giordano et al.* obtained a structure in
which glide plane symmetry was present. In this model the water
monolayer is adsorbed almost flat with two out of six water
molecules per unit cell dissociated. Two protons are donated to
surface oxygen atoms and two hydrogen bonds are formed
between water molecules twisted toward surface oxygen atoms.
Starting form this model Delle Site et al.** found a more stable
“flat dissociated structure” that maintains the glide plane. In this
model two protons are donated to surface oxygen atoms;
however, none of the water molecules is twisted and more
hydrogen bonds are formed within the monolayer. Finally,
Lynden-Bell et al.** performed an extended search for the
structure that satisfies the observed p(3x2) symmetry con-
straints. Ten symmetry inequivalent structures were constructed
with two dissociated and four nondissociated water molecules
placed over the (3x2) MgO(001) surface unit cell. They found a
new structure, which was slightly more stable than the “flat
dissociated structure” and differed from it only by the relative
orientations of H,O molecules.

In contrast to the p(3%2) water adsorption structure theore-
tical investi§ations of the low-temperature c(4Xx2) water phase
are scarce.>>**** Cho et al.*® arranged four water molecules in
the primitive c(4x2) cell and thus obtained the structure with
monolayer water coverage of 1.0 water molecule per Mg atom.
Jug et al.** performed cyclic cluster calculations for water cover-
age 1.0 and for a system consisting of 12 water molecules per
(4x2) cell arranged in two 6-molecule layers. Finally, Jug et al.*
carried out a molecular dynamics study of this two-layer adsor-
bate. However, so far no systematic search for the most stable
model of the c(4x2) adsorption structure has been reported.

In this work we present results of a combined computational
and experimental characterization of the ordered monolayer
phases of water on MgO(001). Global ab initio structure
optimizations on DFT potential energy surface combined with
statistical thermodynamics reveal the most stable atomic struc-
tures. Monolayer related vibrational frequencies detected by
infrared reflection absorption spectroscopy (IRAS) and sum
frequency generation (SFG) spectroscopy are correlated to
molecular and dissociated water signals obtained from X-ray
photoelectron spectroscopy (XPS). The vibrational fingerprints
are compared with the anharmonic frequencies calculated by
molecular dynamics of the most stable c(4x2) and p(3x2)
structure models, allowing a definite assignment of the observed
vibrations to specific surface groups in the ordered phases.

2. COMPUTATIONAL DETAILS

2.1. Methods. All DFT calculations are performed using the
Vienna Ab initio Simulation Package (VASP)*547 along with the
Perdew, Burke, and Ernzerhof (PBE)** exchange —correlation
functional. The electron-ion interactions are described by the
projector augmented wave method (PAW), originally developed

by Blochl® and adapted by Kresse and Joubert.>' Only the
valence electrons are explicitly considered. A semiempirical c4-
term is added to include the dispersion forces (PBE+D).>>>?
Global structure optimizations using a genetic algorithm (GA)**
are performed with a 2 x 1 x 1 Monkhorst—Pack® k-point
mesh and an energy cutoff of 250 eV. For the final structure
optimizations and energy evaluations of the atomic structure
models resulting from the GA calculations an energy cutoff of
400 eVanda4 X 2 X 1 k-point grid is applied. We note that the
energies obtained with the first, lower accuracy setup generally
reproduce, with a deviation of less than 0.05 eV, the ordering of
the structures obtained at the second, higher level. All structure
optimizations are carried out with a conjugate-gradient algorithm
until the forces acting on ions are smaller than 10~ eV/A.

Calculations of the vibrational spectra within the harmonic
approximation use a central finite difference method with 0.02 A
displacements of the atoms in each Cartesian direction. Inten-
sities are obtained from the derivatives of the dipole moment
component perpendicular to the surface. To compensate for
systematic errors of DFT, the harmonic vibrational frequencies
of H,0/MgO(001) structures are scaled by an empirical factor of
0.9817 derived from a comparison between experimental®® and
calculated frequencies for the water molecule. To check the
influence of anharmonic effects on the IR spectrum, we simulate
the anharmonic infrared absorption spectra. To use a larger time
step during the simulation, all hydrogen atoms are substituted by
heavier deuterium atoms. Computations were carried out using
molecular dynamics within the canonical (constant T = 160 K)
ensemble with the algorithm of Nosé.>” Calculations for 100 000
steps with time step of 0.25 fs are performed witha2 X 1 X 1k-
point mesh and alower energy cutoft of 250 eV. The IR spectrum
was obtained as the Fourier transform of the autocorrelation
function of the classical dipole moment. To correct the inten-
sities for the violation of the detailed balance conditions in the
classical treatment and to account for hydrogen atom zero-point
motion effects, we employ the quantum correction factor
hwf/(1 — exp(—f’m)ﬁ)).sg’s9 To compensate for the effect of
the lower cutoff, the individual anharmonic bands are shifted by
the differences of the corresponding harmonic vibrations calcu-
lated using 400 and 250 eV cutofts.

2.2. Substrate Models. The equilibrium volume of the MgO
unit cell is obtained assuming quadratic dependence of the
energy on the cell volume and using a series of structures relaxed
under fixed-volume condition. These calculations apply a 15 X
15 x 15 Monkhorst—Pack k-point mesh and a plane-wave basis
set with an energy cutoff of 1000 eV. This procedure yields a
lattice constant of a = 4.187 A (Em3m symmetry), which is in
good agreement with the experimentally determined lattice
constant of 4.184 A, corrected for the zero-point anharmonic
expansion effect.’” The slab structures are modeled using
orthorhombic (3x2) and (4x2) MgO(001) supercells with
lattice constants ao = 8.883, by = 5.922 A and ao = 11.844, b, =
5.922 A, respectively. The surface is built of four MgO layers of
which the two topmost are fully relaxed. The lattice parameter ¢,
was set to 20 A, which results in a vacuum layer of approximately
14 A thickness (9.5 A with maximum loading of water
molecules), which is large enough to avoid surface—surface
interactions.

2.3. Genetic Algorithm. Our implementation®* of the genetic
algorithm®"®* is a generalization of the algorithm introduced by
Chuang et al,®” in which different surface structures form a
population. The algorithm starts with a population of 50—60
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Table 1. Water Coverages (nH,O Molecules per (1x1)
MgO(001) Surface) of the Studied Systems

unit cell n HyO/unit cell coverage
3x2 N 0.83
4x2 7 0.88
3x2 6 1.00
4x2 8 1.00
4x2 9 113
3x2 7 117
4x2 10 125
3x2 8 133

adsorption structures obtained by a random distribution of a
stoichiometric number of H and O atoms on a given MgO(001)
surface model (Table 1). The structures in the initial pool are
optimized to the nearest local minimum. The evolution from one
generation to the next one takes place by crossover. For this two
structures are selected from the population to be parents for
crossover. The selection process uses a roulette wheel selection®!
with the selection probability being proportional to the value of
the fitness function of a given structure. The fitness is obtained as
a function of the dynamically scaled relative energy &,
Ei - Emin

&G =—— (1)
' Emax - Emin
where E; is the total energy of the given member of the
population, and E,;, and E_,, correspond to the lowest and
highest total energies in the population. The normalized fitness f;
is then assessed on an exponential scale

- exp(—og)
" Sep(—as) ?

where OLis a constant. This definition of f; automatically increases
the selection 3pressure with a decreasing range of energies E; in the
population.®*** The crossover operation adapted in our imple-
mentation is similar to the one used by Chuang et al,*% in which
parent structures are sectioned by an arbitrary plane and recom-
bined to create a child structure. The child structure is accepted if
all of the following conditions are fulfilled: (i) there are no pairs
of atoms with unreasonably small interatomic distances; (ii)
there are no unbound atoms; (iii) the chemical composition is
maintained; (iv) the new structure is significantly different than
all structures obtained so far during the GA run. The 10— 15 child
structures are optimized to the nearest local minimum. A new
population, consisting of 20—30 structures, is formed from the
parent structures of the current generation and the most stable
optimized children structures.

3. EXPERIMENTAL DETAILS

The experiments were performed in two separate UHV
facilities. One is equipped with LEED, infrared spectroscopy
(Bruker IFS 66v), X-ray photoelectron spectroscopy (XPS,
Specs), and TPD as analytical tools. The other one was used
to record sum frequency generation (SFG) spectra.

Ag(001) single crystals were used as substrate for thin MgO
films. The Ag(001) surface was cleaned by repeated sputter
(Ar") — anneal (700 K) cycles. Thin MgO(001) films of typically
13 monolayer thickness were grown by reactive deposition of Mg in

Figure 1. Side and top views of the most stable nH,0/(3X2) structure
models (Mg gray, O red and blue, H white).

oxygen (1 x 10 ® mbar) at a substrate temperature of 600 K and
at a rate of 1 monolayer/min. Crystallinity and cleanness of
Ag(001) and MgO(001) were checked with LEED and XPS.
D,0 (99.9% Aldrich) was adsorbed on the MgO thin films via
background dosing using a leak valve. Prior to admission to the
chamber, D,O was degassed by repeated freeze—pump—thaw
cycles. Exposures are given in langmuir units (1 langmuir = 1.33
x 107 mbar+s). The temperature of the crystal was ~85 K
during adsorption.

XPS data were acquired using an Al Kot X-ray source (hv =
1486.6 eV, 100 W) with a Phoibos150 analyzer equipped with a
multichannel detector. A takeoff angle of 60° was used to increase
surface sensitivity. It has been reported that synchrotron-based and
conventional X-ray sources might cause photoinduced water
dissociation.®>* This possibility can be disregarded in the present
study since two successive XPS spectra acquired at the same spot on
a water dosed sample are equivalent to each other. However, an
initial small desorption of water from the sample during XP spectra
acquisition, which is equivalent to a temperature increase of about 5
K, could be observed by checking the IRAS spectra before and after
XPS measurements. The deconvolution of the XPS spectra was
performed by fitting Gaussian-broadened Lorentzian shapes after
Shirley background correction. The shapes and fwhm have been
fixed and propagated along the series of spectra.

IRAS spectra were obtained by accumulating 1000 scans with
a resolution of 4 cm ™. The spectrum of a clean MgO(001) film
was used as background. The heating rate in TPD experiments
was 1 K/s.

SFG vibrational spectroscopy was performed using a Nd:YAG
laser (1064 nm, 30 mJ/pulse, 25 ps, SO Hz) with part of the
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Figure 2. Side and top views of the most stable mH,0/(4x2) structure
models (Mg gray, O red and blue, H white).

output converted to 532 and 355 nm by a harmonic generator.
The 1064 and 355 nm beams were mixed in an optical para-
metric generator/difference frequency generator to produce
tunable infrared pulses of about 50—150 uJ/pulse in the range
2.5—6 um, with a resolution of about 5 cm ™. The 532 nm light
used for SFG had an energy of about 200 uJ/pulse. The
measured SFG intensities were normalized by the intensitiy of
the incident IR beam.

4. COMPUTATIONAL RESULTS

4.1. Structures. Figures 1 and 2 show the most stable
structures of nH,0/(3%2), n = 5—8, and mH,0/(4x2), m =
7—10, water surface layers found by GA simulations. In all
structures water undergoes partial dissociation with proton
transfer to the MgO surface oxygen atoms. These “surface” OH
groups are denoted as O(y)H. The hydroxyl groups which remain
within the H,O monolayer after H,O dissociation are denoted as
OnH groups (cf. Figure 1d). Generally, dispersion correction
improves the accuracy of DFT calculations with the PBE exchan-
ge—correlation functional.”> However, in the present case no
significant influence on the atomic structures has been found. Below
we discuss specific features of individual global minimum structures.

SH,0/(3%2): This structure (Figure la) contains one dis-
sociated water molecule per unit cell. The water monolayer is
arranged in stripes separated by voids of about 3 A in width. The
molecular plane of one H,O molecule is twisted perpendicularly
to the surface with a distance between the hydrogen and surface
O atoms of only 1.56 A. All other water molecules are arranged
with their molecular plane almost parallel to the surface.

6H,0/(3x2): Global optimization of this system yields the
known structure® with a pg plane symmetry plane, as shown in
Figure 1b. The water monolayer is virtually flat (molecular planes
of H,O parallel to the surface) and two water molecules are
dissociated. All O atoms of the water molecules are placed

directly above surface Mg sites. The O, H groups are arranged
along one of the glide planes.

7H,0/(3%2): This structure also contains two dissociated water
molecules per unit cell (Figure 1c). A particular feature of this
structure is that the OpH group oriented perpendicularly to the
surface plane is coordinated by hydrogen atoms of four nearby water
molecules. This motif is present in all structure models with water
coverages higher than one molecule per Mg atom.

8H,0/(3x2). This is the system with the highest water
coverage examined in this work (cf. Table 1). Two water
molecules per unit cell are dissociated and the water monolayer
contains two OH groups oriented perpendicularly to the
surface plane and coordinated by hydrogen atoms of four nearby
water molecules (Figure 1d).

7H,0/(4x2): In this structure two water molecules per unit cell
are dissociated, as shown in Figure 2a. Similarly to the global
minimum of SH,0/(3%2), the water monolayer is not completely
flat, and one H,0 molecule is twisted with the hydrogen atom
pointing toward the surface O atom and a H—O distance of 1.69 A.

8H,0/(4x2). Three water molecules per unit cell are dis-
sociated with molecular planes of H,O oriented parallel to the
surface (Figure 2b). The OnH groups are tilted up out of the
surface. This structure differs si§niﬁcantly from those investi-
gated by Cho et al.> and Jug et al.*® Their structure models show
c(4x2) unit cells, different from the p(4x2) unit cell of the
present model. Furthermore, both authors considered only even
numbers of dissociated water molecules (0, 2, and 4) per unit cell
(three is the most stable in our model). In fact, the structure
suggested by Cho et al. is less stable by 0.41 eV /(unit cell) than
the present model.

9H,0/(4%2): The global minimum structure contains three
dissociated H,O molecules per unit cell. The surface layer belongs
to the p2 surface symmetry group, as shown in Figure 2c. One OpH
group is oriented perpendicularly to the surface plane and is
coordinated by hydrogen atoms of four nearby water molecules.

10H,0/(4%2): The global minimum structure (Figure 2d)
belongs to the cm surface symmetry group and contains a mirror
plane and a glide plane. Two water molecules per unit cell are
dissociated with both O(H groups oriented perpendicularly to
the surface plane and coordinated by hydrogen atoms of four
surrounding water molecules.

Jug et al.”® also investigated 12H,0/(4x2) structures with 2,
4, and 6 dissociated water molecules. This water coverage of 1.5
molecules per Mg surface atom is higher than suggested by TPD
experiments.”>** Their structures consist of two layers of H,0,
each containing six molecules, and leave one of the surface Mg
atoms not coordinated by H,O. In our models Mg atoms not
coordinated by H,O or OH™ are found only in structures with
water coverage smaller than 1.0, namely for SH,O/(3%2) and
7H,0/(4x2). Additionally, in their model with six dissociated
water molecules per unit cell one of the Mg atoms moved out of
the surface. According to our calculations all structures with Mg
atoms located above the surface plane of MgO(001) are con-
siderably less stable than structures with intact surface.

We note that water clusters larger than a hexamer tend to form
3-D networks of intact, H-bonded molecules,®” whereas the
structures shown here form 2-D networks incorporating disso-
ciated molecules. This clearly shows the significant influence of
the MgO substrate.

4.2. Stability Analysis. The stability of the different nH,O/
MgO(001) surface models is compared using the Gibbs free energy,
AG, for adsorption of n water molecules on a clean MgO(001)
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Figure 3. Surface Gibbs free energy of formation Ay(T,p = 10~ '°
mbar) of the nH,0/(3%2) and mH,0/(4x2) models as a function of
temperature.
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Figure 4. Simulated harmonic IR spectra for (a) 6H,0/(3%2) and (b)
10H,0/(4x2). Frequencies are scaled by a factor of 0.9817.
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nH, 0 + MgO(001) — nH,0/MgO(001)
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Figure 3 displays Ay at a pressure of p = 10~ '° mbar as a
function of temperature T for the most stable nH,0/MgO(001)
structure models found. It demonstrates the existence of only
two stable phases for water adsorption on the MgO(001) surface:
10H,0/(4x2) and 6H,0/(3x2) surface layers. The
10H,0/(4x2) structure is stable up to T = 200 K and the
6H,0/(3x2) structure between 200 and 202 K. Increasing the
temperature above 202 K results in complete desorption of water
from the MgO(001) surface.

4.3. Vibrational Spectra. In this section we discuss only
vibrations that are active in the frequency region investigated
by the present experiments, i.e., above 2800 and 2000 cm ™' for
H,O and D,O structures, respectively. Figure 4 shows the
harmonic vibrational spectra computed for the most stable
6H,0/(3x2) and 10H,0/(4x2) structure models. The IR
spectrum of the 6H,0/(3x2) model (Figure 4a) contains only
four active vibrations at 3705, 3614, 3480, and 3478 cm ™~ '. The

a) v(0,D) v(D,0)  w(O,D)
2746 Y 2677 |
S {2578
4 // 576

2731 2557

. 1 M 1 L | L 1 L
2900 2800 2700 2600, 2500 2400
wavenumber [cm ]

Figure S. Simulated IR spectra for the most stable 6D,0/(3x2)
structure model: (a) harmonic (400 eV cutoff); (b) harmonic (250 eV
cutoff); (c) anharmonic (250 eV cutoff); (d) anharmonic spectrum
corrected for the effect of a lower cutoff (see text for details).

two former vibrations at 3705 and 3614 cm ™' correspond to the
v(O(n—H) and v(O—H) stretching modes of the O H groups
and H,O molecules, respectively (see Figure S.1, Supportin%
Information). The two vibrations at 3480 and 3478 cm™
correspond to the ¥(O)—H) stretching modes of the surface
O(sH hydroxyl groups and are considerably red-shifted with
respect to the ¥(O(p—H) vibrations due to hydrogen bonding
with neighboring water molecules. The harmonic spectrum
computed for the 10H,0/(4x2) model (Figure 4b) shows
two weak features at 3719 and 3629 cm™ ', which are assigned
to the ¥(Op—H) and v(O()—H) stretching modes, respec-
tively, and two very intense bands at 3069 and 2938 cm ™', The
two intense vibrations can be described as combinations of
the asymmetric and symmetric O—H stretching vibrations of
water molecules coordinating the Oy H group (see Figure S.2,
Supporting Information). These vibrations are characteristic for
O(pH groups oriented perpendicularly to the surface plane and
coordinated by hydrogen atoms of four nearby water molecules.
Such groups are present in all models with water coverage higher
than one molecule per magnesium atom.

To facilitate comparison with experimental spectra, we have
also calculated anharmonic IR spectra of the two most stable
6D,0/(3x2) and 10D,0/(4x2) structure models. Figure S
shows a comparison of the computed harmonic and anharmonic
IR spectra obtained for the 6D,0/(3%2) structure. The harmo-
nic spectrum shows the same features as the corresponding
spectrum of the 6H,0/(3 X 2) structure in Figure 4a. The use of a
lower cutoft for the plane wave basis set introduces blue shifts of
72 and 35 cm ™" for the ¥(O—D) and ¥(O(,)—D) harmonic
vibrational bands, respectively (Figure Sab). These values are
used to correct the anharmonic spectrum as shown in Figure Sc,d.
For the assignment of vibrational bands in the anharmonic
spectrum and to facilitate comparison with the experimental
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Figure 6. Simulated IR spectra for the most stable 10D,0/(4x2)
structure model: (a) harmonic (400 eV cutoff); (b) harmonic (250 eV
cutoff); (c) anharmonic (250 eV cutoff); (d) anharmonic spectrum
corrected for the effect of a lower cutoff (see text for details).

spectra reported below, we performed Fourier transforms of
the z-velocity autocorrelation function for the individual deu-
terium atoms (Figure S.3, Supporting Information). This
approach is consistent with the surface selection rule, which
applies to the thin film samples used in this study and accord-
ing to which only vibrational modes with a component of the
dynamic dipole moment perpendicular to the surface will con-
tribute to the experimental spectrum (e.g., ref 68). The analysis
shows that the band at 2731 cm ™' in the corrected anharmonic
spectrum corresponds to the v(O¢)—D) stretching mode,
whereas the broad bands at 2581 and 2557 cm ™" are assigned
to different combinations of the ¥(O)—D) stretching vibra-
tions. The remaining water molecules in this structure do not
contribute to the IR spectrum due to their almost flat adsorp-
tion geometry. Figure 6 shows the comparison of computed
harmonic and anharmonic IR spectra for the 10D,0/(4x2)
structure model. The harmonic spectrum shows the same
features as the corresponding spectrum of the 10H,0/(4x2)
structure (Figure 4b). The use of a lower cutoff for the plane
wave basis set increases the intensity of the v(O¢)—D)
stretching mode and introduces blue shifts of 63 and 35 cm ™"
to the (O(p—D) and ¥(O(5)—D) harmonic vibrations, respec-
tively (Figure 6a,b). These values are used to correct the
anharmonic spectrum as shown in Figure 6c,d. We do not
apply such a correction to the broad band at 2020—2400 cm "
The corrected anharmonic spectrum shows a sharp band at
2671 cm~ ' and a broad signal between 2020 and 2400 cm ™.
The Fourier transforms of the z-velocity autocorrelation function
of the individual deuterium atoms reveal that the 2671 cm ™"
signal corresponds to the ¥(O(;)—D) stretching mode and the
broad 2020—2400 cm ™' band corresponds to a combination
of stretching modes of D,O molecules (Figure S.4, Supporting
Information). The intensity of the ¥(O(—D) mode is negli-
gible compared to the remaining vibrations.

5. EXPERIMENTAL RESULTS

5.1. Temperature-Programmed Desorption. Figure 7a
shows TPD spectra obtained for water adsorbed at 90 K on
the surface of a 20 monolayer MgO(001)/Ag(001) film. In
agreement with earlier studies a high temperature desorption
peak at 215 K related to desorption from the D,O monolayer on
MgO(001) is observed for low water coverage. With increasing
coverage an additional desorption peak at 150 K, showing zeroth-
order desorption, grows in, which is due to sublimation of ice
multilayers. In general, the TPD spectra agree well with the
results of similar measurements on MgO(001) single crystals and
MgO(001)/Mo(001) thin films reported previously.*** Two
details are worth noting: (i) there is no significant desorption of
water at temperatures above the monolayer desorption peak,
which is indicative for an only small abundance of defects giving
rise to water dissociation on the MgO(001) surface. (ii) In the
region 160—190 K, between multilayer and monolayer desorp-
tion, a desorption plateau is observed, indicating some desorp-
tion of water molecules. In this temperature range a small
desorption peak has been attributed to the transition of the
water monolayer from the c(4x2) to the p(3x2) phase.”

5.2. X-ray Photoelectron Spectroscopy. The series of
photoemission spectra collected at different sample tempera-
tures presented in Figure 7b resembles the changes of water
coverage during desorption detected by TPD. After initial
adsorption of 5 langmuirs of D,0 at 90 K, an intense peak due
to the three-dimensional amorphous ice layer is observed in the
Ols region at 534.8 eV. In addition, a contribution of the oxide
0>~ peak, which is strongly attenuated due to the presence of a
thick ice layer, is seen at 530.1 eV. The chemical shift of 4.7 eV is
consistent with molecular water in the three-dimensional ice
network." Increasing the temperature to 150 K leads to partial
desorption of the ice multilayer. Concomitantly, the oxide
peak increases in intensity whereas the molecular water peak
decreases. At 152 K, the multilayer water is completely desor-
bed accompanied by a substantial decrease in intensity of the
molecular water peak together with a shift of 0.8 eV (to 534.0 eV)
to lower binding energy. A similar BE shift, in reverse order, has
been observed on various surfaces as the first water layer is filled
and subsequent multilayers start to grow and has been generally
ascribed to final-state screening effects.'* Upon further annealing
to 180 K, the intensity of the peak at higher binding energy
decreases, indicating partial desorption of water from the surface.
A further decrease of its peak intensity takes place after heating to
190 K until at 200 K and above water is almost completely
desorbed. Note that 200 K is already at the leading edge of
the water desorption peak observed by TPD. Since XPS and
also IRAS spectra reported below were acquired after the
base pressure in the chamber has returned to a value of below
10~? mbar after each temperature increase, complete desorption
of the monolayer is accomplished already at 200 K.

The spectrum obtained at a temperature of 170 K is presented
in Figure 7c together with the deconvolution into its compo-
nents. A perfect fitting of the spectrum requires, apart from the
molecular water and the oxide peaks at 534.0 and S30.1 eV,
respectively, a third component at intermediate binding energy,
532.5 eV. This component can be assigned to surface hydroxyls
(deuteroxyls) according to its chemical shift of 2.4 €V to higher
binding energy with respect to the oxide peak.” This observation
is consistent with a previous experimental finding, where the
presence of hydroxyls in the water monolayer on well ordered
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Figure 7. (a) TPD spectra of increasing doses (0.3—2 langmuirs) of D,O adsorbed at 90 K on MgO(001)/Ag(001). (b) XPS spectra of the O1s region
after adsorption of S langmuirs of D,0O and subsequent annealing to the indicated temperatures. (c) XPS spectrum obtained after 170 K annealing
together with the different components used in the fit. (d) Temperature dependence of the integrated O1s intensities according to molecular water and
hydroxyl species in the water monolayer obtained from fits of the XPS spectra presented in (b).
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Figure 8. (a) Series of IRAS spectra after initial adsorption of 20 langmuirs of D,O on MgO(001)/Ag(001) and annealing to the indicated
temperatures. (b) IRAS spectra of ice multilayers. (c) Temperature dependence of the integral intensities of OD signal components obtained from fits of

the IRAS spectra presented in (a).

MgO(001)/Mo(001) thin films after water adsorption at 90 K
has been detected with MIES.*> The representation of the
absolute intensities of the water-related O1s emission peaks with
respect to the annealing temperature in Figure 7d shows that a
continuous desorption of molecular water takes place in the
temperature range where the monolayer is stable. A correlation
between this behavior and the desorption plateau between multi-
and monolayer desorption observed in the TPD spectra
(Figure 7a) is obvious. In contrast, the concentration of surface
hydroxyls slightly increases in the temperature range 155 to
180 K, and is then, with the onset of monolayer desorption above
190 K, reduced to a constant background value. The disappear-
ance of the hydroxyl species at this temperature provides
evidence that they are related to the water monolayer and not
to water dissociated at surface defects. The presence of both

molecularly and dissociatively adsorbed water in the water mono-
layer regime on MgO(001) is in agreement with previous DFT
calculations.***

5.3. Infrared Reflection Absorption Spectroscopy. IRAS
spectra recorded in UHV in the temperature range 90—200 K
after initial adsorption of 20 langmuirs of D,O at 90 K are
presented in Figure 8. Figure 8b shows the spectra obtained in
the multilayer water regime. At 90 K, water forms an amorphous
ice layer with a broad infrared absorption between 2600 and
2300 cm ™. The band maximum shifts from 2530 to 2440 cm ™'
by increasing the temperature to 152 K, characteristic for the
transition from amorphous to crystalline ice (Figure 8b). Further
increase of temperature leads to multilayer desorption until at
155 K the IR spectrum simplifies considerably and is composed
of three sharp bands at 2721, 2638, and 2594 cm ™', as well as two
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broad features centered at 2380 and 2220 cm™ ', respectively
(Figure 8a). (The three shar}) bands are correspondingly shifted
to 3688, 3576, and 3508 cm ™, when H,O is used instead of D,0.)
With increasing temperature, the sharp monolayer signals slightly
shift to lower wavenumber. Notably, the spectral intensity of both
the bands initially present at 2721 and 2638 cm™ ' progressively
decreases, whereas the one of the lower frequency signal at
2594 cm™ " appears to stay almost constant. Only after heating at
195 K have all sharp monolayer IRAS signals significantly lost
intensity, and no signals are observed at temperatures higher than
195 K. The broad signals at 2380 and 2220 cm™ ' decrease also in
intensity until 170 K and are completely absent at temperatures of
185 K and above. Spectral fitting of the monolayer IRAS signals
yields the temperature dependence of the respective integral
intensities displayed in Figure 8c. The result confirms the progres-
sive intensity decrease of the signals at 2720 and 2636 cm ™, as well
as of the broad bands between 2500 and 2100 cm ™. On the other
hand, the intensity of the signal at 2594 cm ™" initially increases up to
175 K, stays almost constant thereafter, and decreases only after
heating to 195 K.

The observed frequencies in the water monolayer regime
correspond well with results of previous studies: For water
adsorbed on the surface of MgO(001)/Mo(001) thin films, Xu
et al.*® observed signals at 2714, 2637, and 2571 cm * by IRAS.
Using polarized infrared spectroscopy in transmission, Heidberg
et al.' studied water adsorption on UHV-cleaved MgO(001)
single crystals and found the respective vibrations at 2710, 2676,
and 2597 cm ™', as well as broad features in the range
2600—2200 cm ™', The assignment of the observed vibrational
features has been discussed controversially. While Heidberg et al.
attributed the broad absorption between 2600 and 2200 cm ™ to the
strong hydrogen bonding network present in the ¢(4x2) monolayer
phase, and the sharp signals to the symmetric and asymmetric stretch
vibrations of monomeric water as well as to dangling OH of water
bound to steps, Xu et al. assigned the broad features to multilayer ice
and the sharp ones to tilted water molecules adsorbed on unoccupied
Mg sites in the p(3x2) phase or at domain walls. In neither of these
studies have hydroxyl groups being considered as giving rise to certain
vibrations, because theoretical and experimental evidence for their
presence was obtained only later.

The XPS results presented in Figure 7b,c provide evidence
that the amount of hydroxyl groups slightly increases in the
temperature range 155—180 K. The only infrared signal that
does not decrease in intensity in this temperature range is the
absorption at 2594 cm ™, which suggests that this band can be
assigned to hydroxyl groups resulting from dissociated water
molecules in the monolayer. In addition, the continuous intensity
decrease of the broad IR bands at 2450—2100 cm ™, which are
undoubtedly related to molecular D,O in a strong hydrogen
bonding network, relates to the loss of molecular water between
155 and 190 K observed with XPS. The interpretation of the
signals at 2720 and 2630 cm ™ is less obvious. IR signals above
2720 cm ™" are in general assigned to dangling (or free) OD
groups, whereas the signal at 2630 cm™ ' falls into the range
where both D—O—D stretching vibrations of water molecules
and the stretching vibration of surface deuteroxyl groups are
expected. The continuous intensity decrease of the signal at
2630 cm™~ ' between 155 and 190 K would be in line with the XPS
result of desorbing molecular water in this range. It could,
however, also be related to the loss of deuteroxyl groups of the
c(4x2) monolayer phase during its transformation into the
p(3x2) phase, which occurs in this temperature range. To obtain
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Figure 9. (a) SFG spectrum of H,O monolayer on MgO(001)/Ag(001)
obtained after adsorption of 20 langmuirs of H,O at 90 K and sub-
sequent heating to 160 K. (b) SFG spectrum after adsorption of addi-
tional 20 langmuirs of H,O at 90 K.

more information about the properties of the sharp vibrational
signals observed in the OD stretching region, SFG experiments
were conducted.

5.4. Sum Frequency Generation Spectroscopy. In the
special case considered here SFG spectroscopy offers, due to
its interface sensitivity, the possibility to investigate the interac-
tions of molecular species of the water monolayer on MgO(001)
with multilayer water molecules. This is due to the fact that in
SEG the signal contribution from multilayer water is by far
smaller than in comparable infrared spectroscopic experiments,
which allows us, therefore, to track the changes of monolayer
vibrational features upon adsorption of additional ice layers. In
Figure 9a the SFG spectrum of monolayer water on MgO(001)
thin films, which has been obtained after adsorption of 20
langmuirs of H,O at 90 K and subsequent heating to 160 K, is
shown. In accordance with the IRAS data presented in Figure 8a,
three signals are observed, which, because H,O was used instead
of D,O, are found at 3680, 3570, and 3515 cm '. Upon
adsorption of additional 20 langmuirs of H,O at 90 K, some
broad resonances due to the thick ice layer appear at the low
frequency side of the spectrum. The monolayer signal at
3570 cm™ ' does not change in intensity and frequency after
additional adsorption of H,O (Figure 9b). The second mono-
layer signal at 3515 cm ™ is partly obscured by the ice resonances
and, therefore, difficult to discern in the SFG spectrum in
Figure 9b. However, spectral fitting reveals that also this compo-
nent remains almost unchanged. This result suggests that these
two monolayer species are not affected by adsorption of water
and, therefore, do not significantly interact with second layer
H,O molecules. In contrast, the signal at 3680 cm ™" is replaced
by a higher frequency signal at 3693 cm™'. The latter can be
assigned to free OH groups on the surface of the ice multilayer.
The disappearance of the 3680 cm ™' absorption results from
hydrogen bonding interaction of the corresponding monolayer
species with second layer water molecules, which shifts its
frequency to lower values.
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The SFG results prove that the high frequency signal at 2720
(3680) cm ™ can be assigned to free OH groups, which, because
they stick out of the monolayer, are prone to interact with second
layer water molecules. On the other hand, the molecular species
giving rise to the signals at 2630 and 2594 cm ™" do not interact
with second layer water molecules. Therefore, they are constitu-
ents of the water monolayer that are screened from the
surrounding.

6. DISCUSSION

Ordered structures of the water monolayer on MgO(001)
have been the subject of various experimental and computational
studies in the past. While diffraction studies provided evidence
for the presence of both c(4x2) and p(3x2) type H,O
overlayers,"**~*>* the interpretation of the vibrational features
observed with infrared spectroscopy has so far been inconclusive.
The present study provides an assignment of the observed
vibrational signals to specific structural elements in the stable
H,0 monolayer phases.

The global ab initio optimization procedure combined with
thermodynamic analysis provides evidence for the existence of
two stable monolayer structures, one with c(4x2) symmetry and
10 water molecules per unit cell, and one with p(3x2) symmetry
and 6 water molecules per unit cell. The experimentally deter-
mined monolayer water coverage for the p(3%x2) (@ =1+£0.1)
and c(4x2) phases (@ =1.3 + 0.1)*>**is in excellent agreement
with calculated values for 6H,0/(3%2) and 10H,O/(4x2)
structure models (@ = 1.0 and 1.25, respectively). The most
stable 6H,0/ (3 x2) structure with 2 dissociated water molecules
per unit cell found in this study is in agreement with results of
previous computational studies.> In addition, we provide a new
structural model for the c(4x2) phase, also containing two
dissociated water molecules per unit cell. The most stable low-
temperature phase is the 10H,0/(4x2) structure, which, upon
temperature increase, transforms into the 6H,0/(3%2) that is
then stable until complete monolayer desorption. According to
our calculations all water adsorption phases become less stable
than the clean MgO(001) surface for temperatures higher than
202 K, which explains the single desorption peak observed at
215 Kin the TPD experiment (Figure 7a). The small difference
between calculated and experimental desorption peak tempera-
ture can easily be caused by the limited accuracy of the DFT
method. The small desorption peak at 185 K observed in
previous TPD studies is in line with the transition from the
10H,0/(4x2) to the less dense 6H,0/(3x2) monolayer phase,
which is accompanied by desorption of a fraction of the mono-
layer water molecules. The fact that instead of a clear peak a
desorption plateau in the range 160—190 K is observed between
monolayer and multilayer desorption in the present study
(Figure 7a) is most probably related to the smaller MgO island
size on MgO(001)/Ag(001) thin films as compared to vacuum-
cleaved MgO(001) single crystals.

The use of a thin MgO film significantly simplifies the
vibrational response of the ordered water monolayer, because
only vibrations with a dipole moment perpendicular to the
surface are registered due to the metal surface selection rule.
The analysis of the simulated spectra reveals contributions of
basically three types of structural elements found in both stable
monolayer phases: OpD, O(,)D, and molecular D,0O. The free
OD groups, O D, resulting from D,O dissociation, exhibit the
highest frequencies, which are similar in both the 10D,0/(4x2)

and 6D,0/(3%x2) monolayer phase. The surface OD groups,
O(s)D, are found at lower frequency than the O D groups, with
the one from the 6D,0/(3x2) structure shifted more strongly
than O()D in 10D,0/(4%2) due to different hydrogen bonding
environments. In the 6D,0/(3x2) phase molecular water is
oriented almost parallel to the surface; thus it is not expected to
contribute to the IRAS spectrum of a thin film sample. Its
calculated stretching frequency, 2677 cm ™, is in the range of
frequencies that are typical for low density water layers on solid
surfaces. In contrast, water molecules stabilizing the protruding
OpD group in the 10D,0/(4x2) structure are slightly tilted
and lead to strong vibrational contributions in the range
2400—2020 cm™ . With the help of the simulated vibrational
spectra we can now identify specific vibrational features observed
in experiment. At low temperature, after desorption of the
multilayer, the vibrational spectrum is characterized by a broad
absorption in the range 2450—2100 cm ™, as well as of two sharp
absorptions at 2721 and 2638 cm ' (Figure 8a). The SFG
spectrum reported in Figure 9 provided evidence that the signal
at 2721 cm ' can be assigned to a O(D group, whereas the
sharp signal at 2638 cm ™' is screened from the surrounding and
does not interact with second layer water molecules. The
observed features are very similar to the simulated spectrum of
the 10D,0/(4x2) structure (Figure 6), which identifies the
signals at 2721 and 2638 cm ! as O@D and O(,)D groups,
respectively, in line with the SFG result, and the broad contribu-
tions in the range 2450—2100 cm™ ' to water molecules co-
ordinating the O»D group. On the other hand, at the highest
temperature where vibrational features can still be observed, the
spectrum contains a sharp signal at 2713 cm™ ' and a broader one
at 2592 cm ™, in agreement with the vibrational signature of the
6D,0/(3x2) structure obtained in the simulation (Figure S),
with the 2713 cm™ ! signal identified as the O D group and the
2592 cm ™ signal as O(,)D. The progressive decrease of signal
intensity of both the broad bands at low frequency and the sharp
signal at 2638 cm ™!, as well as the initial increase of the
2592 cm ™' feature, reflect the gradual transformation of the
(4x2) into the (3Xx2) structure with increasing temperature
(Figure 8a). This is reflected also in the slightly increasing OH
coverage in the temperature range 155—180 K as obtained from
XPS. The IRAS data indicate that, in the present study, both
water monolayer phases are simultaneously present on the
surface of the MgO thin films, with the c(4x2) structure more
abundant at low temperature, and the p(3x2) structure dom-
inating just before monolayer desorption.

The thermodynamic analysis presented in Figure 3 is in
perfect agreement with previous HAS studies reporting on the
stability range of the c(4x2) and p(3x2) water monolayer
structures on MgO(001). With the new models and vibrational
analysis we may now also reinterpret previous infrared spectro-
scopic data obtained for the water monolayer. In the polarized IR
spectra published by Heidberg et al." all vibrational features
predicted for the 10D,0/(4%2) and 6D,0/(3x2) structural
models are present. At low temperature they observed a broad
absorption in the range 2200—2600 cm ™" as well as two sharp
ones at 2715 and ~2630 cm ™' (the latter signal has not been
discussed in ref 1 but can clearly be seen in the spectra). With the
help of LEED measurements carried out under the same experi-
mental conditions, the low-temperature spectra have been
attributed to a c(4x2) overlayer. This interpretation together
with the observed vibrational signals is in perfect agreement with
the result of the present study for the 10D,0/(4x2) structure.
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Moreover, three sharp IR signals at 2710, 2676, and 2597 cm
have been observed at around 190 K, which were assigned to
water molecules at steps and terraces on the MgO surface. With
the vibrational analysis reported here, these spectrum contribu-
tions can be identified as arising from the 6D,0/(3x2) struc-
ture. Similarly, the vibrational spectra reported by Xu et al.*
obtained from water monolayers on MgO/Mo(001) thin films
contain vibrational features that are in line with the interpretation
of 10D,0/(4%2) and 6D,0/(3x2) structures found here.

In contrast to diffraction studies, which reveal the symmetry of
the H,O overlayer on MgO(001), the analysis of vibrational
frequencies provides a more atomistic view of the monolayer
structure. The excellent agreement of calculated and experimen-
tal vibrational spectra strongly suggests that the structural models
proposed in the present study realistically represent the water
monolayer structures present on the MgO(001) surface.

7. SUMMARY AND CONCLUSIONS

Atomic structures of the water monolayer adsorbed on the
MgO(001) surface have been determined by global ab initio
structure optimizations in combination with statistical thermo-
dynamics and experimental studies. The calculated phase dia-
gram reveals two stable surface structures. The low-temperature
phase is composed of ten water molecules per unit cell with
c(4x2) symmetry. At higher temperature the structure contain-
ing six water molecules per unit cell with p(3x2) symmetry is the
most stable phase. In both structures adsorbed water undergoes
partial dissociation forming surface hydroxyl groups, with two
dissociated water molecules per unit cell. Both the unit cell
symmetry and water coverage are in excellent agreement with
experimental data. The calculated anharmonic spectra for the
two stable monolayer structures are in excellent agreement with
experimental vibrational spectra and allow for the assignment of
the observed IR frequencies to specific structural elements of the
water monolayer.
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