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Many chemical and physical phenomena in nature, in industrial processes, and in our daily
lives take place at water/solid interfaces. The aim of this thesis is to further our knowledge
of such processes at a molecular level. Here theoretical calculations can provide new insights
about molecular bonding, structure and dynamics and how these respond to the perturbations
from the surroundings. Coalculations can also yield for example vibrational spectra to be
directly compared with experimental ones and help in the interpretation. This thesis describes
the results of quantum-mechanical and quantum-dynamical studies of water properties on ionic
surfaces [NaCl(001), MgO(001) and CaO(001)] and in ionic hydrates [e.g Na2CO3∙10H2O,
MgSO4∙11H2O, Al(NO3)3∙9H2O] with especial emphases on surface and interface systems.
In particular, calculations of binding energies, OH stretching frequencies, in situ electric
field, dipole moments and intra/intermolecular OH distances were performed and analyzed
to probe the strength of the water–environment interplay and to disentangle the components
of the perturbation. Furthermore, validation of a range of dispersion-inclusive DFT methods
for binding energies of interface water and structure and vibrational properties of water in
condensed systems also constitutes part of the thesis.
Two correlations among the investigated properties were established and extensively
explored: (i) OH stretching frequency vs. H-bond distance to characterize the H-bond strength
and patterns on the surfaces and (ii) OH stretching frequency vs. local electric field to understand
the effect of the water/hydroxide environment on the calculated gas-to-bound OH frequency
shift behaviour. It was found that both the intact and dissociated water molecules on MgO(001)
and CaO(001) follow essentially the same frequency-distance correlations. However, if the
frequency is instead correlated against the in situ electric field from the environment, water
and hydroxide ion follow different “frequency vs. field” curves. Both water and hydroxide
curves, however, can be described by the same model, namely by an electrostatic dipole model
presented in the thesis. The gas-to-surface frequency shifts can be traced back to the competition
between the signs and magnitudes of the permanent and induced dipole derivatives along the
stretching coordinate. Furthermore, the “frequency vs. field” model offers useful insights into
the frequency shifts of various surface H-bond motifs on the H2O/MgO interface induced by the
adsorption of multilayer cold water.
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1. Introduction

1.1 Context
Metal oxides are some of the most versatile, abundant and technologically important materials. Water is the most crucial liquid on earth. No wonder then
that metal oxide–water interfaces play key roles in our society and govern a
range of phenomena relating to climate, geology, catalysis, electrochemistry,
and corrosion, to name a few. Many of these processes involve the fate of
water in, on and between ionic materials1.
The aim of this thesis is to further our knowledge of such processes at a
molecular level. Only the access to detailed information about structures and
mechanisms can help build a basis for a sustained development of scientific
insight and, subsequently, new technologies.
Metal oxide water interfaces come in many kinds: solid-gas at low water
concentrations (or pressures), intermediate cases (at high vapor pressures),
where several water layers (full or partial) are coordinated to the solid surface,
solid-liquid interfaces and, as a limiting case, water embedded in the solid.
The transition between these cases can be continuous or involve discontinuities such as the formation of islands or droplets. Depending on the situation,
partial or total dissociation of the water molecule can furthermore occur.
The thesis describes changes in energetics, structures, vibrations and polarization of water molecules attached to ionic surfaces and how we can probe
such changes, for example by monitoring the variations of the vibrational frequencies. Sometimes, as mentioned, the changes brought about by the environment are drastic and the water molecules break. This too will affect the
vibrations and the changes can be both large and subtle. The understanding of
this phenomenon is one of the cornerstones of this thesis.
I have investigated water in three classes of systems (i) metal oxide–thin
film interfaces, (ii) metal oxide–thick film interfaces, and (iii) water in ionic
crystalline hydrates. The relative amount of my time spent on the various systems and the properties explored are summarized in Figure 1.1. Although the
water environment in ionic hydrates and at surfaces is different, or perhaps
because of this, it is valuable to have access to all three types of systems, for
comparison and analysis. Bulk, surface and interface systems have indeed
fruitfully been compared on the same footing in this Ph D thesis.
Metal oxides can have very complicated formulas. However, the thesis focusses on the hydration-hydroxylation of some, formula-wise, very simple
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metal oxides surfaces, namely CaO(001) and MgO(001), but also of the
NaCl(001) surface. Especially the latter two are prototypic ionic surfaces,
which have been amply used in the experimental and theoretical literature to
understand fundamental aspects of how the surface affects the properties of
water from single molecule to monolayers to thick water layers and ice structures, or conversely how water affects the substrate properties2–23.
The nature of the ionic system (e.g ionic charges, acid-base properties) in
combination with the surface topology have a strong bearing on the fate of the
water molecules (dissociation or not) and on the resulting H-bond network
pattern. Water molecules easily dissociate on CaO(001) but they remain intact
on the defect-free NaCl(001) surface. On MgO(001), the dissociation degree
depends on the water coverage: at least three adjacent water molecules are
required for the dissociation to happen. Examples of water structures on the
surface which are studied in this work are presented in Figure 1.2.

Figure 1.1 A general overview of this Ph.D work. The sectors of the pie chart are an estimate
of the amount of work expended on the systems and properties investigated.

Thanks to X-ray and neutron diffraction techniques, our understanding on the
structure of water in ionic hydrates is vast. While many hundred crystal structures containing water and/or hydroxide groups have been determined to large
precision by means of diffraction techniques24,25, their application to surface
or interface systems is magnitudes more difficult. However , there are a number of valuable surface (science) techniques, mostly vibrational and electron
spectroscopies of various types, which can help identify surface species and
8

determine the local structure around them. Here theoretical calculation are of
immense help in providing the needed detail.
The thesis often discusses the measured or calculated water or hydroxide
properties in relation to their gas phase values (presented in Table 1.1), as
such a comparison pinpoints the effect of the strength of the perturbation from
the environment on the probed species. It is a goal of this thesis to find relations that describe how the bound water molecule (and hydroxide ion) respond
to perturbations from their environment – and to find a reason or rationale
behind the response. For this reason, I especially monitor three internal water
properties, namely the intramolecular OH-bond distance, the OH stretching
vibrational frequency and dipole moments of the water molecule; they are
used as probes of the water perturbation Second, I explore whether there are,
and if yes which, descriptors could help to predict the effect of the environment on the water molecule. Both the H-bond distances, i.e R (H···O) and R
(O···O), will be used as a descriptor but also the electric field over the target
water molecule or hydroxide ion.
Table 1.1 Structure, dipole moment and vibrational properties of H2O(g) and OH‒(g). r(OH)
= intramolecular OH bond distance, HOH internal bond angle of water, ν = anharmonic OH
frequency, ω = harmonic OH frequency, ωeχe = anharmonicity contribution.
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Figure 1.2 Some of the periodic systems in focus in this thesis: water clusters and a water
overlayer on NaCl(001) (top row), on MgO(001) (second row), a thick water film/MgO interface (third row) and the Al(NO ) ·9H O crystalline hydrate (bottom row).
3 3
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1.2 Key themes of this thesis
Computational vibrational spectroscopy
Vibrational spectroscopies such as Infrared Reflection-Absorption Spectroscopy (IRRAS), sum-frequency generation spectroscopy (SFG) and Fouriertransform Infrared spectroscopy (FTIR) constitute some of the most important
techniques to identify metal oxide surface chemical species1,30–32. The IRRAS
studies for various chemical species (CO, CO2, NO, H2O, HCOOH and
CH3OH) on metal oxide surfaces (ZnO, TiO2, CeO2) dating from 2008 to 2016
were recently reviewed by Wang and Wöll32.
In a situation where all the adsorbed water molecules either remain intact
or dissociate, differentiation between the water and hydroxide species can be
made by examining the bending mode, δ(HOH), which lies in the range 1500
to 1660 cm–1. The presence of this feature indicates the existence of water and
its absence indicates otherwise. On most metal oxide surfaces, however, both
intact and dissociated water coexist; hence this feature can no longer rule out
the dissociation of water.
Instead, the OH stretching mode provides useful insight as to whether the
adsorption process proceeds via dissociation or not. Furthermore, the position
of the OH stretching spectral band (and its shift with respect to the gas phase),
the band width and the integrated intensity provide information about the Hbond strength and the orientation of OH bond with respect to the surface30,31.
This thesis mainly considers the OH stretching mode because it carries much
structural information.
The OH stretching frequencies of water molecules (intact or dissociated)
on some of the prototype metal oxide systems such MgO(100)5,7,8, CaO(100)9–
11
, ZnO(10-10)33,34 and rutile-TiO2(110)35,36 have been studied by means of
various vibrational spectroscopic techniques (IRRAS, SFG, FTIR) and are
compiled in Table 1.2. The table reports the assignments made by the authors
in terms of OHf, OsH and intact H2O molecules. In summary, the OH stretching frequencies of the intact water molecules span in the range 3600 to 2800
cm–1, i.e the bands are virtually redshifted with respect to H2O(g) by –100 to
–900 cm–1. In many of the experimental spectra, the presence of a sharp peak
at high wavenumber regions (>3680 cm‒1) is commonly attributed to the presence of hydroxide ion(s) and used as evidence for the hydroxylation of oxide
surfaces. The peak position is blueshifted by ≥120 cm‒1 in reference to gas
phase OH–. The OH stretching frequencies of OsH is mostly redshifted and
overlapped with intact water molecule signal.
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Table 1.2. Compilation of experimental OH frequencies (or frequency regions) for water and
hydroxide ion on selected metal oxide surface studies from the literature. The assignments by
the same authors are also reported. The second column denotes whether the experiments were
performed with deuterated and/or normal water. If only deuterated frequencies were published,
we have converted them to OH frequencies using the experimental 'ν(OH) vs. ν(OD)' relation
derived for isotope-isolated ionic hydrates in Ref.37 Our converted values are given in italics
and were rounded off to end with 0 or 5. Non-italics values are experimental.
Surface
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–
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Low et al.9
Zhao et al. 10
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Kimmel et al.35
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ZnO(10 1 0)
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e
e
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e

Carrasco et al.8

2602, 2320
3515, 3085
2660-2250
3615-2930

D
H

–

Ref.

e

Noei et al.33

a

The features were tentatively assigned to the dangling OH bonds of water on the steps and terraces.
1 ML water coverage on defect-free TiO2(100).
c
Multilayer coverage.
d
Bridging hydroxides formed by water dissociation on the oxygen vacancy.
e
Attributed to hydroxyl group formed when the bare ZnO(1010) has been exposed to atomic hydrogen
b

The signal associated with the OH stretching motions of various oscillators,
possibly coupled to each other, may overlap. This makes the interpretation of
the spectra challenging, sometimes even impossible. In the ionic crystalline
hydrate community, this problem is addressed by use of isotope isolation techniques, see Ref.24 and references therein. In this technique, one mixes, say,
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95% H2O and 5%D2O or vice versa, to largely eliminate the coupling between
OH vibrational modes. Although this technique is proven to be very useful for
facilitating IR spectra, to the author’s best knowledge it has not yet been applied for water on surfaces. Thus, theoretical calculations might be valuable
for the interpretation of OH spectra especially for surface OH oscillators with
plenty of experimental work on the subject.
There are various ways of calculating the OH stretching frequencies. In the
frame work of the DFT method with plane wave basis sets, the OH stretching
frequencies can be obtained from lattice dynamics calculations, density functional perturbation theory or as power spectra from molecular dynamics simulations. In many of these methods, the obtained frequency is harmonic. However, the nature of OH vibration is anharmonic and it becomes even more anharmonic in the bound state. It is a widespread practice among molecular
quantum chemists to calculate the harmonic frequency and map it onto the
anharmonic frequency using a more or less ad hoc scaling factor. These values
are quite sensitive to the underlying method, basis set, and other factors38. In
general, inclusion of anharmonic effect for periodic extended systems is not
trivial.
This thesis always uses on a 1D anharmonic vibrational model39–41, which
is an “equivalent model” to the isotope isolation technique. The OH stretching
frequencies presented in Papers II-V for water molecules and hydroxide ions
on ionic surfaces and in ionic hydrates are all uncoupled vibrations, yet anharmonic.

H-bond correlations
Interaction energies associated with H-bonds (H-bond strength) lie between 5
– 40 kcal/mol, or 20 – 170 kJ/mol 42. It is the dominant intermolecular interaction in water, which makes water unique from other liquids. Indicators of
the formation of H-bonds include (i) redshifting in the OH stretching frequency, (ii) increasing the O–H bond polarity, and (iii) elongation of intramolecular O–H bond distance and shortening of intermolecular H-bond distances
(R(H···O) and R(O···O). All these properties are known to progressively increase as the number of water molecules increases in a systems due to the
well-known cooperativity properties of H-bond.
Furthermore, certain relations between the H-bond distances (from X-ray
or neutron diffraction) and the OH stretching frequencies (from IR/Raman experiments) are known for hydrate systems25,43–45. Such traditional spectroscopic vs. structure H-bond relations provide various practical applications for
example, they can be used as predictive tools in a situation when one (either
spectroscopic or structural data) is exiting but the other was not. They are also
used for facilitating IR spectral interpretations and in error detection in experiment or computed data. In contrast, for water on ionic surfaces, H-bond relations were not exit in the literature due to the difficulties of measuring H-bond
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distances. This hampers the said benefits of H-bond relations for water at the
surface.
Paper III deals with the hydrogen-bond patterns of thin water films on
ionic surfaces and answers the question whether the hydrogen bonds in such
thin-film structures demonstrate the common H-bond relations.

Dipole moment of water
The water molecule is both polar and polarizable, and the induced dipole moment becomes an important probe of intermolecular interactions. While the
definition of molecular dipole moment is straightforward for an isolated molecule, it becomes a less straightforward task in a condensed phase. There is no
general recipe for defining the boundary of the electron density “belonging”
to a certain molecule or ion. This problem is equally present in both calculations and experiments. Several theories have been proposed in the former
case46,47 and thus much of our knowledge about the polarization of water relies
on theoretical work.
This thesis makes use of Maxmally Localized Wannier Functions
(MLWF)46 to compute the dipole moment of water molecules on the surface
and in the bulk ionic hydrates. Silvestrelli and Parrinello48 reported a dipole
moment of 1.87 D for gas-phase water (experiment = 1.85 D28) and 2.95 D for
the average dipole moment of water in liquid water (experiment = 2.9 ± 0.6
D49) from MLWF.
We have calculated dipole moment for two purposes. First, the magnitude
of the in-situ dipole moment reflects the strength of the perturbation of a water
molecule by its surroundings with respect to the gas phase value (Paper I).
As intermolecular interactions lead to an enhancement of the dipole moment
of bound water, it is important to investigate the range and the distribution of
dipole moment in various bonding environments (for example, water on the
surfaces or in the bulk crystal). Secondly, the magnitude and the sign of the
permanent and induced dipole moment derivatives with respect to the stretching coordinate (dµ0/dr and dµind(E//)/dr) are used in Paper IV to propose a
simple electrostatic model that accounts for the different behaviors of bound
water molecules and OH‒ groups

Electric field over a water molecule or a hydroxide ion
An external electric field can be applied to a molecule or can arise from the
surroundings of a probe molecule in bound systems. The latter is in the focus
this thesis work.
In the early 90’s Hermansson50,51 calculated OH stretching frequencies of
water and hydroxide ion exposed to uniform electric field at MP2 level of
theory. The author noted that the relation between the shift of OH frequency
shift and the applied field is rather strong and the correlations for water and
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hydroxide follow different curves. Moreover, hydroxide ion demonstrates
both frequency upshift (in the range of field strength of > 0 and < 0.1 au) and
downshift (electric field > 0.1 au) while water demonstrates frequency downshift (over the whole positive field strength) with respect the isolated OH–(g)
and H2O(g). The work provides a new insight to the explanation of blueshifted
C–H bond in chloro- and flouromethane complexes52. The ‘frequency vs.
field’ relation has been extended to understand the OH frequency shift for
OH‒ in aqueous solutions53, water in crystalline ionic hydrates54,55, hydroxide
ion in layered hydroxides56,57, HDO in liquid water58,59 and water in (H2O)n,
n = 2–6,60 and in HCl–(H2O)n and HBr–(H2O)n, n = 1–3,61.
In this thesis, the electric field is probed at the equilibrium position of the
H atom. The field is calculated from the charges and the positions of Wannier
centers46. The electric field component parallel to the OH bond is considered
and E// is used to denote this. The ‘frequency vs. field’ for surface OH oscillators on MgO(001) and CaO(001) is presented in Paper IV. The correlation
between the OH stretching frequency and the electric field follows a certain
shape and this shape was found to be well explained by an electrostatic dipole
model, i.e νsurf ̶ ν0 ∝ E// •[dµ0/dr + ½ • dµind/dr], where νsurf and ν0 are the
O–H stretching frequencies for the surface and for gas phase OH species,
respectively and dµ0/dr and dµind/dr are the permanent and induced of dipole
moment derivatives with respect to the stretching coordinate. In addition, the
transferability of the electric field model was examined in the description of
frequency shifts for water and hydroxide ion in ionic hydrates and solid hydroxides and compared with paper IV data in chapter 3.

The DFT methods for water
In the 90's, Parrinello and his coworkers used DFT to explore the structural,
dynamical, polarization and vibrational properties of water dimer62, liquid water48,63,64, and H+ and OH– ions in water65. The work by Sim et al.66 also constitutes one of the early works applying DFT to determine the binding energies, structures and vibrational properties of the water dimer and formamidewater complex. Since then DFT calculations for water have received a tremendous boost, and an impressive amount of work have been done, and likewise,
a great knowledge was brewed.
However, in order to utilize “DFT based knowledge” to make qualitative
and quantitative analyses, explaining experimental observations, and establish
principles, the reliability of the underlying exchange-correlation must be assessed. DFT practitioners have been devoted to improve the deficiencies of
DFT since its birth and offered many possibilities in the choice of the exchange-correlation functionals, see the recent reviews67–72. The resulting “improved” methods were applied for (liquid) water and it was discovered that
the outcome of DFT in the generalized gradient approximation (GGA) was by
far not as satisfactory as it was believed to be.
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One of the recent revolutionary improvements of DFT over the past fifteen
years is the inclusion of dispersion interactions beyond GGA73–82 and the fact
that some of the failures of DFT for water arise from missing dispersion interactions. It was noted that (i) while the relative energy differences between
various conformers of water hexamer calculated with DFT-GGA turn out to
be wrong compared to coupled cluster (CCSD(T)) results, dispersion inclusive
methods amend this83–86, (ii) the calculated lattice energies, equilibrium cell
volumes and phase transition pressures for different ice polymorphs using dispersion inclusive methods are in better agreement with experiment than DFTGGA methods87,88, (iii) taking into account dispersion interactions in simulation of liquid water lead to better agreement with experiment for the description of its structure (radial pair distribution functions g(r)), self-diffusion and
density89–95.
The conclusion drawn from all these studies is that dispersion inclusive
methods are needed to study water-containing systems and that no single functional is universally good for all water properties. The performance of the chosen method has to be tested; this allows to determine the properties we are
interested in with the smallest possible errors and make the predictions more
reliable. This issue is particular important in water-solid interactions as such
interactions are quite complex and adequate descriptions of the substrate, the
water–water and the water-surface interactions with a given DFT method are
essential. Paper I presents the performance of a range of vdW-DFT methods
for the adsorption energies of water on NaCl(001) and MgO(001) surfaces.
The experimental adsorption energies published in the literature (collected in
Table 1.3) were used for benchmarking.
Benchmarking of theoretical methods is hampered by the scarcity of reliable references. For small molecular systems, properties derived from highlevel wave-function methods such as coupled cluster (CCSD(T)) or MøllerPlessent perturbation theory (MP2, MP4) can be used to benchmark the DFT
methods. But such calculations are computationally very demanding and practically limited to the small molecules and not applicable to periodic and large
systems. Experimental results (with acceptable uncertainties) can be used to
benchmark methods instead.
Ionic hydrates represent a family of compounds where there exists an abundance of high-quality data in the literature. In paper II, we proposed that these
hydrates constitute excellent "benchmark compounds" for assessment of theoretical methods for water-containing systems. They are also excellent sources
of new structure-property relationships [Paper III].
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Table 1.3 Adsorption energies of water overlayers on NaCl(001) and MgO(001) from available experimental measurements and from DFT calculations in the literature.
Substrate
NaCl

MgO

a

Technique

Order patEads
a
tern
Exp.
LEED
c(4x2)
0.6742
HAS
(1x1)
0.601− 0.6323
(1x1)
LEED + HAS
–4
b
c(4x2)
LEED + FTIR
c(4x2)
–5
LEED + RAIRS
p(3x2)
–6
c(4x2)
LEED + HAS
0.862 − 0.90696
c
p(3x2)

Eads
Previous DFT

Eads
This work

0.38 – 0.5713–16

0.48 – 0.71

0.57 – 0.6117–20

0.74 – 1.00

Isoteric heat measurements.
The ordered (1×1) pattern observed initially with HAS has been transformed to a c(4×2) pattern up on a
90 eV electron irradiation in LEED experiment.
c
The c(4x2) structure is only stable up to 180 K, where further heating led to a transformation to a p(3x2)
structure, stable up to 220 K.
b

1.3 Some important findings in my thesis
•
•

•

•

•

The thesis answers the question about how much the dipole moments of water molecules change in the bulk and surface of ionic
materials.
The performance of some of the “popular” DFT methods for water
in different environments was assessed and this work can be used
as an element in the ongoing search for the “best” DFT functional
for water containing systems. We found that the optPBE-vdW
method is the best for the structure and adsorption energies, but not
for the OH stretching frequency.
The ionic hydrates are identified as useful water-rich materials for
future benchmarking of theoretical methods with plenty of available diffraction and spectroscopic experimental studies to compare
with.
This thesis builds conceptual bridge between water containing
bulk, surface and interface systems. The calculated properties of
water in these systems are compared and analyzed to pinpoint how
a water molecule can be different in a different bonding environment.
For the first time, the uncoupled anharmonic vibrational model is
applied to surface and interface OH oscillators. This allows to scrutinize the structure and frequencies and their interplay with the
number and geometries of neighboring molecules.
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•

•

•
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It is known that water molecules in bulk crystals demonstrate well
defined relations, for example between frequency and H-bond distance. This work establishes similar correlations for water on the
surface and studies how they are different from water in the bulk.
For many surface coverages there are well defined H-bond motifs,
which manifest characteristic features. For example, the water OH
leg bound to an hydroxide ion is found be to strongly redshifted in
OH frequency and to have a large bond-dipole moment. Because
of the frequent occurrences of certain motifs with identical characteristics, it is useful to analyze and discuss properties and relations
in terms of discernable H-bond motifs.
The thesis introduces a good descriptor of the environment's influence of the OH frequency, namely the electric field generated by
the surroundings. Relating the probed electric field with the OH
frequency helps to understand the origin of the different gas-tobound OH frequency shifts both of hydroxide ions and water molecules as well as to understand the frequency shifts of interface oscillators induced by multilayer water adsorption.

2. How different can a H2O molecule be?

The concepts and results presented in this chapter are discussed in all my Papers I-V. The chapter deals with how the water molecule itself is affected by
its surroundings in the variety of weakly and strongly bound situations. Three
"intramolecular" water properties are probed: OH bond distance, OH stretching vibrational frequency, and water dipole moment. Each of these is devoted
a section below, but the chapter first discusses how strongly bound the water
molecule really can be, at least in the systems in this thesis. This is reported
in terms of one of the most obvious and direct measures of interaction strength,
namely the interaction energy between the water molecule and its surroundings.

2.1 How strongly is H2O bound?
Paper I used the adsorption energy (Eads) to measure the strength of watersurface interaction. Figure 2.1 presents Eads for water on NaCl(001) and
MgO(001) for various water coverages.

Figure 2.1 Calculated adsorption energies for water on NaCl(001) and MgO(001) with the
PBE and optPBE-vdW functionals. The water coverages are given on the x-axis. The experimental values are from references in Table 1.3 and the CCSD(T) value is from Ref.97.
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The definition of Eads and its partitioning into water···water (EWW) and water···surface (ESW) contributions were given in Paper I. Positive Eads values
mean favorable interactions.
For one and the same submonolayer coverage, the Eads of water on
MgO(001) is found to be higher than on NaCl(001). This is not surprising as
the ionic charges of MgO are (nominally) twice those of NaCl. The smaller
lattice parameter of MgO also promotes the strong binding of water on
MgO(001).
The EWW and ESW contributions to Eads for water on NaCl(001) are presented in Figure 2.2. With increasing water coverage, the number of water···water and water···surface contacts change. Thus, ESW decreases with increasing coverage while EWW increases.

Figure 2.2 (a) Schematic illustration of the partitioning of Eads into water-surface and waterwater contributions.(b) The resulting EWW and ESW values for adsorption of the monomer, dimer, trimer and two different water overlayer structures on NaCl(001) with the optPBE-vdW
and PBE. No water molecules dissociate on the NaCl surface.

All in all, the adsorption energy for the water molecules on the three ionic
surfaces studied in the thesis vary from about 0.5 to 0.9 eV per water molecule
using with the optPBE-vdW functional. This is the result of both the watersurface interactions and the interactions within the layer of intact and, for
MgO and CaO, also dissociated water molecules.
My papers do not report any water binding energies for the crystalline hydrates studied, but here I have included them to obtain some insights into the
strength of interactions involving water in the crystal. Figure 2.3 shows the
calculated interaction energy of water (Eint) in three ionic hydrates, defined as
Eint = {Etot[crystal] – Etot[crystal with water vacancy] – Etot[isolated H2O in
crystal geometry]}. Here Etot[crystal] is the total energy of the optimized hy-
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drate crystal, and the other two terms are what they sound like and no reoptimization was performed for either of them, but the atom positions from the
full crystal were used.
Eint depends on the positions, charges and sizes of the coordination figure
around the targeted water molecule, and also on the long-range interactions.
The interaction energy, as defined here, varies over a large range for the water
molecules in the hydrates of the thesis: from about –1.4 to –2.9 eV per water
molecule with the optPBE-vdW functional. Incidentally, the optPBE-vdW
functional, alone or with PBE, has been used for most of the results presented
in Chapters 2 and 3; the performance of these and various other DFT methods
will be assessed in Chapter 4.
Given the different protocols used for calculating Eads and Eint, it is not
meaningful to compare them directly for the purpose of determining where
the water molecules are the most strongly bound. Furthermore, it is not totally
straightforward to predict by simple reasoning where the interaction should be
stronger: the water molecules in the crystals are bound "on all sides", which
is not the case in the water/surface structures studied here, but on the other
hand many of the MgO and CaO surfaces contain hydroxide ions which are
very good H-bond acceptors.

Figure 2.3 Calculated interaction energies (Eint; see text) of selected water molecules within
the Na2CO3·10H2O, MgSO4·7H2O and Al(NO3)3·9H2O crystals. The molecular labels are listed
on the x-axis and the insets show the nearest-neighbor coordination around them. The PBE and
optPBE-vdW functionals were used.
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2.2 Surface and bulk intramolecular OH distances
The answer to the question "How strongly is the water molecule bound?"
in Section 1.1 turned out to be very system-dependent even within the respective classes of ionic surfaces and ionic crystalline hydrates. The interaction
energies varied from small to very large. The rest of this chapter will address
the consequences of the interaction and highlight the question "How much is
H2O affected when bound"? First r(OH) is in focus, and especially the equilibrium OH distance, re(OH). Most of the results here are from Paper III.

Figure 2.4 Calculated re(OH) distance ranges for all systems under study in this thesis. The
optPBE-vdW functional was used. The left panel shows the combined results for the intact
water molecules in the four crystalline hydrates (H2O@hydrates) and on the three ionic surfaces
(H2O@surfaces). The right panel shows the combined results for the hydroxide species in the
crystalline hydroxides (OH–@crystals) and on the surfaces (OH–@surfaces). For the two surface categories, the re (OH) spans pertaining to the common H-bond motifs are indicated. The
bulk hydrates are Na2CO3·10H2O, MgSO4·11H2O, MgSO4·7H2O, and Al(NO3)3·9H2O; the bulk
hydroxides are LiOH·H2O, Be(OH)2, Zn(OH)2 and Mg(OH)2, and the surface water and hydroxide ions originate from different water coverages on NaCl(001), MgO(001) and CaO(001).
The gas phase values are marked at re(OH) = 0.972 Å for H2O(g) and 0.977 Å for OH–(g).
Distances shorter than re, gas are blue, all longer are red.

The resulting re(OH) bond distances of the water molecules and hydroxide
groups in all the crystalline and surface systems in my thesis are summarized
in Figure 2.4. The plot covers a wider range for the surface OH groups than
in the crystals reflecting various bounding situations on the surfaces- from
strongly to weakly bonding. It is seen that all the OH bonds of water molecules
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are elongated with respect to H2O(g) while for the hydroxide groups some are
shortened with respect to OH–(g).
The intact water molecules on the surfaces donate H-bond to the following
types of H-bond acceptors: water, OHf or surface oxide ions (Os2–). In some
cases, however, a water OH group is non-H-bonded or "dangling". In the thesis work I have shown that the smaller r(OH) values are for dangling water
OH groups and the larger for water OH groups involved in OHw···OHf Hbond motifs. The water OH groups involved in OHw···Os2– and OHw···Ow Hbond motifs fall in the intermediate r(OH) region. As for the OH– groups, the
OsH group (ion) typically donates a H-bond to an OHf ion and thus OsH groups
are more distorted than OHf.
In summary, it is difficult to determine r(OH) of water molecules on surfaces accurately as discussed in some my papers, but theoretical calculations
can clearly be of great help.

Figure 2.5 Experimental OH stretching vibrational frequencies from the literature. In all
other respects the figure is equivalent figure to Figure 2.4. The values for the crystalline hydrates were taken from Berglund et al.37, for the crystalline hydroxides from Lutz et al.98,99,
and for the OH species on metal oxide surfaces from Table 1.2 in this thesis. The gas phase
values are marked at ν(OH) = 3707 cm–1 and 3556 cm–1 for H2O(g) and OH–(g), respectively,
see Table 1.1.

2.3 Surface, bulk and interface OH vibrations
The second intramolecular probe property in focus is ν(OH), and the magnitude of its response to perturbations from the environment. Experimental
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ν(OH) values for some of the simplest, most important and prototypical metal
oxide surfaces were collected from literature data and are schematically shown
in Figure 2.5 (and were listed in Table 1.2). The gas-phase OH frequencies
are marked in the figure (and were listed in Table 1.1). It is evident that the
adsorbed intact water molecules are redshifted by their surroundings while the
dissociated water molecules manifest either red- or blueshifting.
Similar observations can be made for the bulk crystals, i.e some of the crystalline hydroxides demonstrate gas-to-surface OH frequency upshift and others downshift, while for the crystalline hydrates, the OH frequency is always
downshifted.

Figure 2.6 Calculated anharmonic gas-to-surface Δν(OH) values and schematic structures for
some of the the water/surface structures in this thesis. The optPBE-vdW functional was used.
The gas-phase frequencies are also given.

It can be noted that, at least for the systems selected for his thesis, some of the
experimental ν(OH) values for surface water molecules appear to be more perturbed than in the crystalline state: ν(OH) has shifted more with respect to the
gas-phase value. The reason for the different behavior (the gas-to-surface OH
frequency shift) of water and hydroxide is given in chapter 3.
Some interesting examples of the large range of gas-to-crystal or gas-tosurfacefrequency shifts Δν(OH), and their relation to the surrounding structures, are shown in Figure 2.6.
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Figure 2.7 Resulting ν(OH) distributions calculated from snapshots taken from AIMD simulations using the optPBE-vdW functional for a thin (1 ML) and a thick water film on MgO(001).
(a) Total spectra for the intact water molecules before (black line) and after (red curve) the
addition of multiple water layers on the 1 ML film; in both cases it is only the first layer of the
H2O/MgO interface that is probed. (b) Partitioning of the spectra on (a) into contributing Hbond motifs; in all cases it is the donor frequency that is recorded. (c) Same as (a) but for the
OH– species. (d) Same as (b) but for the OH– species.

My calculated anharmonic ν(OH) values for H2O(g) and OH‒(g) are 3582 and
3464 cm‒1 with optPBE-vdW method. These values deviate by ‒120 and ‒125
cm‒1 from the experimental values. In fact optPBE-vdW and a range of other
DFT functionals give too low absolute ν(OH) frequencies for water in all the
crystalline hydrates in this thesis (Paper II). However, in the same paper it
was found that Δν(OH) can remedy the situation: using Δν instead of ν not
only improves the agreement with experiment but also offers useful new insights. For example, our calculations indicate that the OsH groups cover a
wider frequency range than the narrow range of OsH frequencies assigned in
experiments (Table 1.2). We found in Papers III and IV that the OsH signals
could be overlapped with the water signal.
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The OH frequencies of water (intact or dissociated) on surface systems discussed so far were at submonolayer and monolayer coverages, i.e the OH species are directly in contact with the substrate, report the influence of the substrate and the coadsorbates. Next the question is how the vibrational frequencies of the ML OH species change when the monolayer is exposed to additional multilayer water adsorption.
Distributions of anharmonic OH frequencies were calculated for the first
layer of the H2O/MgO(001) interface using snapshots from two ab initio molecular dynamics (AIMD) simulations: for 1ML water and after the addition
of a thick water film. Figure 2.7a pertains to the intact water molecules at the
interface layer and Figure 2.7c to the dissociated water molecules. Figures
2.7b and d show the H-bond motifs's contribution to Figures 2.7a and c. For
the intact water molecules, the large and narrow ν(OH) distribution downshifts
when the film is added, and the low and broad distribution upshifts, and the
H-bond strength becomes more homogenized. On the other hand, the distribution of OH stretching frequencies for hydroxide species remains much the
same as before, after the addition of the thick water layer. In chapter 3, I will
provide a rationale for these results using the electric field strength generated
by the surroundings.

2.4 The water dipole moment on the surface, in the bulk
and at the interface
Figure 2.8 collects the magnitudes of the dipole moment of the water molecule µ(H2O in all my crystals (except one) and on the surface systems. The
calculated gas phase dipole moment with the same approach is 1.839 D. On
the surface, µ is seen to range from 2.17 D for the water monomer on
NaCl(001) to 3.69 D for 1 ML on CaO(001). In the ionic hydrates, µ ranges
from 2.82 to 4.20 D.
In this thesis, the water dipole moment and its enhancement of water were
calculated from the displacements of the Wannier centers relative to their positions in H2O(g). The Wannier centers correspond to the occupied lone pair
orbitals and bonding orbitals for the gas phase water molecule are located at a
distance of about 0.30 Å and 0.52 Å from the O atom. The positions of these
centers are altered by intermolecular interactions and the net displacements of
the centers depend on the immediate surrounding of water. The WBP are
shortened and the WLP are elongated with respect to their position in H2O(g);
see the examples in Figure 2.9.
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Figure 2.8 The resulting calculated dipole moment ranges for the intact water molecules on
the three 1ML water/surface systems studied in this thesis and for the water molecules in three
of the ionic hydrates.

Water molecules in ionic hydrates reside in “more symmetrical” environment
than in the thin surfaces water layers. The immediate neighbors of a water
molecule are typically cation(s) and/or other water molecules on the oxygen
side, and anions and/or other water molecules on the H-side. The displacements of the Wannier centers are therefore governed by these neighbors, to a
large extent by the size and the charge of the cation. For example, in the
Al(NO3)3·9H2O crystal, the dipole moments of the six water molecules coordinated to the Al3+ ions is significantly enhanced compared to water molecules coordinated to the Na+ and Mg2+ ions in Na2CO3·10H2O and
MgSO4·11H2O crystals.

Figure 2.9 Schematic illustration of how the positions of the four Wannier centers (WC, blue
spheres in the OH bond regions and lone-pair regions) vary in different bonding environments.
The distances (in Å) between the WCs and the water O nucleus (at the cross) for two surface
water molecules are shown and compared with the optimized gas-phase reference.

In the thin water clusters or films on the surfaces studied here, in most cases,
the water oxygen atoms bind to the cations of the substrate and the H atoms
point to surface anions, another water molecule or a hydroxide ion. Thus, the
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water polarization on the surface depends on the nature of the substrate, surface coverage and the configuration of water (atop, flat and bridging). Some
of the water molecules on CaO(001) turn out to be more polarized than on
MgO(001), although the Mg2+ ion is more polarizing than Ca2+. This is due to
the abundance of OHf groups on CaO(001) and most of the water molecules
here are indeed H-bonded to OHf.
Figure 2.10 compares the distributions of dipole moments of water molecules in the first layer of the water/MgO(001) interface, before and after the
addition of thick water film. When the thick water film is added, the distribution of the dipole moment of the interface water increase.

Figure 2.10 Distributions of the resulting water dipole moments calculated from the Wannier
centers of the intact water molecules in the first layer of H2O/MgO interface, before (black line)
and after (red curve) the addition of multiple water layers on 1 ML H2O on MgO(001). The
structures were taken from collected snapshots from two AIMD simulations.

Figure 2.11 depicts difference electron density maps for some of the intact
water molecules on CaO(001) and MgO(001). This gives a pictorial view of
the electron redistribution that results in the induced dipole moment value.

2.5 Correlations between ν(OH), r(OH) and µ(H2O)
Above, I showed that r(OH), ν(OH) and µ(H2O) are sensitive intramolecular
probes of the environment for both bulk and surface OH species. Do these
probes give related signals in similar environments, i.e. are the Δr, Δν and Δµ
correlated? The first two are known from the theoretical literature, and to some
extent also from the experimental literature, to be correlated in the solid state.
Does that “known” strong relation between r and ν also hold for the peculiar
geometries present for water/hydroxide on the surfaces?
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Figure 2.11 Electron density difference for selected water molecules on the MgO(001) and
CaO(001) surfaces, i.e ρ(total system) ‒ ρ(H2O(g)) ‒ ρ(total system except H2O). Electron depletion and accumulation are indicated by dashed and solid contour lines. The contour levels
are +/‒0.01 e/Å3. The OH stretching frequencies, intermolecular OH bond distances and dipole
moments of the water molecules are given.

Figure 2.11 shows that the electron density depletion at the H, the redshift in
ν(OH), the elongation of r(OH) and the enhancement of µ(H2O) in a sense all
change in a consistent manner when the water molecule is bound. Figure 2.12
demonstrates that a tight and linear ∆ν(OH) vs. ∆r(OH) correlation also holds
for surface OH oscillators. Thus, one replaces the other. In fact the tight correlation holds both for water and hydroxide.
The correlation between ν(OH) and µ(H2O) was derived in two different
ways; first the calculated uncoupled ν values of the water molecules (i.e. of
each individual OH leg) was correlated with µ(H2O) of its mother water molecule (Figure 2.13a), and, second, the mean of the ν(OH) values of the two
OH legs was correlation with µ(H2O) (Figure 2.13b). As expected, only the
second approach gives even a reasonable correlation. It is interesting to note
however that the crystals give some correlation also in the first case: likely
because the environments around the water OH groups of one and the same
water molecule are more symmetrical in the crystals than on the monolayercovered surface.
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Figure 2.12. The gas-to-surface and gas-to-crystal frequency shifts,Δν(OH), for surface and
bulk OH species plotted against the corresponding shifts of the intramolecular equilibrium bond
distance, ∆re(OH) (here "abbreviated" as ∆r(OH). Calculations with the optPBE-vdW functional.

Figure 2.13 OH frequency vs. dipole moment for intact water molecules on the MgO and CaO
surfaces (red rings) and in the four ionic hydrates (black rings). (a) ν(OH) of both individual
OH legs of each water molecule are included in the plot. (b) The average <ν(OH)> value for
the two OH legs of water is used. optPBE-vdW calculations.
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3. Describing the surface environment:
H-bond distances and electric fields

The concepts and results presented in this chapter are mainly discussed in Papers III-V. The chapter deals with identifying which feature(s) of the environment around the water molecules and the hydroxide ions which best captures its influence on them

3.1 The H-bond distance as a descriptor of the
environment. H-bond correlations
The results presented in this section are discussed in Paper III.
Figure 3.1a displays one of the most explored and used correlation curves
for O-H···O hydrogen-bonds in the literature. The shape of the ν(OH) vs. R
(H···O) curve for surface species appears to be similar to what is found in ionic
hydrates but the surface curve is shifted to the right. Figure 3.1b demonstrates
that different types of H-bond motifs fall in different parts of the curve. The
most strongly redshifted OH groups are those involved in Ow-Hw···OHf Hbonds, followed by the Ow-Hw···Os2– and lastly the Ow-Hw···Ow H-bonds.
This information may be of help in interpretations of experimental spectra.
It should be mentioned that there is some scatter around the calculated
least-squares correlation curves in Figure 3.1a and the scatter is even more
prominent when one uses R(O···O) as the distance variable. The scatter originates mainly from structural effects, not captured when using the intermolecular H-bond distance as a descriptor of the environment. In some regions, the
scatter spans 350 cm‒1 or more for one and the same R (H···O). This hinders
to predict R (H···O) or R (O···O) from the knowledge of ν(OH).
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Figure 3.1 Calculated 'ν(OH) vs. R(H···O)' correlations for bulk and surface intact water molecules. (a) Surface data (red rings and fitted curve) for all the water coverages on the (001)
surfaces of MgO, CaO and NaCl, compared with the crystalline hydrate data (black rings and
fitted curve). (b) Decomposition of the surface data into different H-bond motifs contributions..

Figure 3.2 The calculated anharmonic OH frequencies plotted against the electric field generated by the environment over the targeted OH group as probed at the equilibrium position of
the H nucleus and along the OH bond.(a) Intact water molecules on the three ionic surfaces, (b)
dissociated water molecules on the two metal oxide surfaces, (c) intact water molecules in the
four ionic hydrates and (d) the hydroxide ions in five solid hydroxides.
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3.2 The electric field as a descriptor of the environment
The results presented in this section are discussed in Papers IV and V.
There are two issues I need to address here. First, the reason why the bound
water molecule and hydroxide ion experience different frequency shifts (cf.
Figure 2.5 and Figure 2.6). Second, why does the distribution of OH stretching frequencies look the same for dissociated water molecules but not for the
intact water molecules before and after the addition of a thick layer (cf. Figure
2.7)? We provide a rationale for these issues based on the electric field generated by the surroundings.
In Figure 3.2, the OH stretching frequencies of OH oscillators in the crystal
and on surfaces are plotted against the local electric field, which is probed at
the equilibrium position of H. Only the field component parallel to the OH
bond is monitored. The field is calculated from the positions and charges of
Wannier centers and nuclei outside the target water molecule or hydroxide
ion. It is seen that the local E// is a good descriptor of the frequency shifts for
both water and hydroxide ion - in both bulk and surface systems. We have also
probed the electric field at the O site and other probing sites along the OH
bond. The field probed at the H position is by far the best descriptor of the
frequency shifts.

Figure 3.3 The same 'ν(OH) vs. E ' correlations as in Figure 3.2 (a) and (b), but here the data
//
for the intact (red open rings) and dissociated water molecules [O H (red half-filled rings) and
s
OH (blue half-filled rings)] are plotted merged together. The solids lines are second-order polf
ynomial fits to these data. The dashed curves were taken from MP2 calculations in the literature
for a water molecule and a hydroxide ion in uniform electric fields of varying strengths51.

Let us now focus on the surface systems. In Figure 3.3, the surface water
molecules and hydroxide ions curves are plotted together and compared with
results for isolated water molecule and hydroxide ion in a uniform electric
field. The following points can be noted. (a) An arc-like ν(OH) vs. E// relation
found for both water and hydroxide ion on the surfaces. (b) The intact water
molecules follow the curve of isolated H2O in a uniform field, whereas OsH
and OHf follow the curve of OH–. (c) The turning point of ν(OH) vs. E// curves
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for water and hydroxide are different. For isolated OH–, the maximum lies at
the positive field whereas for isolated H2O in the negative field region. In our
approach, this is the clue for the different behaviour of water and hydroxide
ion. We explore the reason for this.

Figure 3.4 Examples of uncoupled, 1-dimensional OH stretching potential energy curves for
OH species bound on the ionic surfaces, (Vbound). (a) An intact water molecule on MgO(001).
(b) A dissociated water molecule (i.e. an OsH group and an OHf group) on CaO(001). The
curves for the gas-phase OH oscillators (Vgas) of H2O(g) and OH–(g) are shown, as well as the
difference (Vext) between Vbound and Vgas. The curves were shifted in order to coincide at r(OH)
= 0.8 Å.

To provide a rationale for the different behavior of water and hydroxide ion,
we analyzed the intermolecular perturbation that the surrounding exerts on the
OH oscillator. The perturbation exerted by the surroundings [Vext(rOH)] is defined as
Vext(rOH) = Vbound(rOH) ̶ V0(rOH)
(3.1)
where rOH denotes the uncoupled OH stretching coordinate, V0(rOH) is the potential energy curve (PE) for H2O(g) or OH–(g) and Vbound(rOH) is PE for the
surface OH oscillator. Unless otherwise stated, here and in the following, a
superscript 0 indicates that the property concerns the isolated species in the gas
state. Figure 3.4 shows the PE for gas phase and examples of surface OH
groups and the corresponding Vext(rOH). Figure 3.4a pertains to water species,
whereas Figure 3.4b is for hydroxide species. We have carried out similar
analyses for all of surface OH oscillators and we noted that the water molecules are seen to all have Vext curves with negative slopes, while the hydroxide
ions display either a negative (OsH groups) or a positive slope (OHf groups),
(cf. Figure 3 in Paper IV).
Relating back this observation to Figure 3.3, it is probably fair to say that
the sign of the slope of Vext determines the sign of the gas-to-surface frequency
shift. While water and OsH oscillators are redshifted groups and accompanied
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by Vext(rOH) with a negative slope at equilibrium gas phase OH distance, OHf
oscillators are blueshifted and accompanied by Vext(rOH) with a positive slope.
We derived a mathematical relationship between the slope of Vext(rOH) and
the frequency shift. The final expression we reached for the harmonic and anharmonic frequency shifts reads
Δω = ωbound – ω0 ≈ ωharm, 0 • Δk2 / 2k20
Δν = νbound – ν0 ≈ [ωharm, 0 + 4 • (ωharm, 0
Δk2 ≈ – [3k30/(2k20)] • k1ext + k2ext.

(3.2)
–

νanh, 0) ] • Δk2 / 2k20

(3.3)
(3.4)

In eqs. (3.3) – (3.4), k20 and k30 are the harmonic and cubic force constants of
the OH oscillator in the gas-phase species, evaluated at re0, ω0 and ν0 are the
gas phase harmonic and anharmonic frequencies, and k1ext and k2ext are the
slope and the curvature of Vext at re0.

Figure 3.5 The two terms on the right-hand side of expression 4.5 and their sum (a) for the intact water OH groups and (b) for the O H and OH groups.
s

f

Since k20 is positive (calc. 24.453 eV/Å2 for H2O(g) and 23.053 eV/Å2 for OH–
(g)) and k30 is negative (calc. –59.440 eV/Å3 for H2O(g) and –57.268 eV/Å3
for OH–(g)), the contribution of the first term in the bracket of Eq. (3.4) to the
sign of Δν is depend on the sign of k1ext. We have further analyzed the contributions of k1ext and k2ext to ∆k2.. Using only k1ext is inadequate for predicting
∆k2 especially towards high field situations and hence k2ext has to be retained
(cf. Figure 5 in Paper IV). However, we noticed that the contribution of k1ext
to ∆k2 is larger than k2ext and more importantly, k1ext and k2ext have the same
sign, i.e the curvature of Vext (k2ext), never opposes the shift direction given by
the slope (k1ext). We conclude that the sign of k1ext determines the sign of the
gas-to-surface frequency shift.
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We present a simple electrostatic dipolar model to explain the behavior of
k1ext for hydroxide and water species. The model reads
k1ext (E) ≈ ‒ E// • [ dµ// 0/dr + ½ dµ// ind(E//)/dr ]

(3.5)

where dµ0/dr is the permanent dipole moment derivative of the gas-phase species and dµind/dr the induced dipole moment derivative evaluated at bound re.
The contributions of ‒ E// • dµ// 0/dr and of ‒ E// • dµ// ind/dr to k1ext are shown
in Figure 3.5. For water, both terms make negative contributions to k1ext or to
frequency downshift (cf. formula (3.3). For hydroxide, however, the ‒ E// • dµ//
0
/dr term makes a positive contribution and the ‒ E// • dµ// ind/dr makes a negative contribution. Hence, the sign of dµ0/dr and the relative magnitudes of
dµ0/dr and dµind(E)/dr will determine the magnitude and sign of k1ext or
Δν(OH) and the position of the maximum in the frequency vs. E// correlation
curve in Figure 3.3.
In Paper V, we showed that the parabolic “frequency vs. field” correlation
helps to understand the effect of water film on the interface surface OH oscillators.
The water ML was found to interact strongly with the second layer. This
leads to substantial changes in the distribution of the OH stretching frequencies of the various H-bond motifs in the first water layer. However, the frequency distribution of the OHf ···OwHw motif manifests itself only as a subtle
change on the addition of film (cf. Figure 2.7). The change in the frequency
distributions traced back to the position of the H-bond motifs in the “frequency
vs. field” curves compared to naked 1 ML, see Figure 3.6.

Figure 3.6. Calculated 'ν(OH) vs. E ' correlations for water and hydroxide OH oscillators in
//
the first layer of the H2O/MgO(001) interface (a) before and (b) after the addition of the thick
water film. All the data points refer to structures taken from the collected trajectories from the
AIMD simulations for the two systems.

36

4. Comparing the performance of DFT methods
for water in and on materials

The results presented in this chapter are discussed in Papers I and II.

4.1 Water on ionic surfaces
Water is a polar molecule with partial positive charges on its H atoms and a
partial negative charge on its O atom and it happily sits on ionic surfaces (for
example MgO(001) and NaCl(001)) in such a way that the Hδ+ interacts with
one or several the neighboring substrate anions and the Oδ- atoms interacts
with the neighboring surface cations. The nature of the interaction between
water and ionic surfaces is mainly electrostatic. It can be expected that more
complex van der Waals interactions are also present in water-ionic surface
interactions but their contribution to the adsorption energy remains less obvious.

Figure 4.1 Ranges of the resulting adsorption energies calulated for 1 ML water on NaCl(001)
and MgO(001) using different DFT functionals. The red lines are GGA results from Paper I and
from the literature. The blue lines are results from dispersion-inclusive DFTcalculations in Paper I. The range of experimental adsorption values lies between the two vertically dashed lines.
See table 1.3 for the hard numbers and references to the literature values.

Table 1.3 summarizes the available experimental isosteric heat of adsorption
for water on MgO(001) and NaCl(001) and which are also schematically depicted in Figure 4.1. The adsorption energy of a water monomer on NaCl(001)
from high level theory, namely CCSD(T) is available in the literature being
0.482 eV97. A good DFT method should reproduce these benchmarking values. Several GGA functionals, including PBE, PW91 and BLYP have been
previously used for this purpose, the range of the calculated Eads is presented
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in Table 3.1 and schematically shown in Figure 4.1. We note that these methods underestimate the Eads with respect to experiment, to a significant level for
water in both substrates.
Dispersion inclusive method systematically amends the under-binding nature of DFT-GGA. These set methods give 20 % ̶ 40 % over PBE Eads value
(see Figures 3 and 4 in Paper I).
The calculated Eads varies considerably between the various dispersion inclusive methods. The spread in the binding energies for small molecules is
usually interpreted as being due to the different behavior of the exchange enhancement factor,𝐹#$$% 𝑠 100. An inspection of Figures 3 and 4 in Paper I and
relating to Figure A1 shows that the Eads is closely related to the behavior of
𝐹#$$% 𝑠 .
The dispersion treatment scheme in vdW-DF, optPBE-vdW, optB88-vdW
and vdW-DF-cx is identical and the contribution of dispersion interactions to
the adsorption energy should not vary much with the choice of these methods.
It turns out, however, that the Eads is quite different between these methods.
The difference should originate from the exchange part. optPBE-vdW gives
Eads the best agreement with the isosteric heat of measurements for water in
both MgO(001) and NaCl(001). Dispersion interactions give Eads of about 0.10
– 0.15 eV over PBE value but the nature of the exchange-factor gives rise to
spreading where some of the exchanges underestimate the adsorption energy
at the expense of some from 0.10 – 0.15 eV while others spuriously add an
extra contribution to 0.10 – 0.15 eV.
Figure 2.2 presents the partitioning of Eads calculated with optPBE-vdW
and PBE for water on H2O(001). We see that the Eww varies only little with
the choice of functional while Esw appears to be more sensitive to the choice
of functionals. This happens for all the DFT methods used. The spread in Eads
values is mostly due to systematic differences (errors) in the description of the
water-surface interactions.
The binding energies (Eww) for gas-phase (H2O)n, n = 2–7 clusters and the
surface energy (Esurf) of clean NaCl(001) and MgO(001) were calculated in
order to see if an accurate description of the bare systems is a prerequisite for
a good description of the interface systems. Figure 4.2 displays the deviation
of the calculated properties with PBE and optPBE-vdW methods from the reference values for bare and interface systems.
We find that Esurf is quite sensitive to the inclusion of vdW effects, which
typically increase Esurf by several tenths of J/m2 compared to the PBE values.
The vdW methods notably provide better agreement with the experimental
Esurf than PBE does. However, the accuracy of PBE is very close to optPBEvdW for the binding energies of (H2O)n, n = 2–7. This is in line with previous
discussions where we claim that PBE significantly underestimates Eads and Esw
possibly due to its limitation in the description of the clean surface system
Esurf.
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We repeat this procedure for all methods and find that in cases when the
calculated adsorption energy greatly deviates from the experimental value we
also find deficiencies in the chosen functional description of either the bare
ionic systems or the pure water systems, or both. This suggests that a functional needs to perform well for both the bare substrate and bare adsorbate in
order to achieve accurate results for the interface.

Figure 4.2 Summary of discrepancies between DFT-calculated results obtained in Paper I for
three types of systems (a clean ionic surface, a gas-phase water cluster, and a water/ionic surface
interface) and reference values for these from the literature. The reference values for the Esurf
and Eads were taken from experiment [3,121] while for the gas-phase water clusters, the EWW
value was taken from RI-CCSD(T)/CBS//MP2/CBS calculations [122]. PBE (left figure) and
optPBE-vdW (right figure) results.

The next important issue that naturally should be addressed is what is the effect of the dispersion interactions on the equilibrium interfacial structures
(binding distances, the orientation of the OH bonds with respect to the surface
and the overall H-bonding networks in the overlayer) and how various functional handle such structural properties. Here, due to the lack of reliable references (experimental or high-level theory) for benchmarking exercise of interface structure, we cannot address this issue directly. Instead, we have chosen
some systems where there exist a large number of high-quality structural and
spectroscopic data in the literature.

4.2 Water in crystalline hydrates
I have examined the performance of some of the popular DFT methods using
experimental X-ray and neutron diffraction results (cell parameters and interatomic distances) and Infrared vibrational spectroscopy results from ionic hydrates as references. The r(OH) and R(H···O) H-bond distances from X-ray
and neutron diffraction measurements are subjected to considerable uncertainty because of the problem of locating H-atoms and hence it might not be
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so meaningful to make comparison between the calculated and the experimental values for those properties. Instead, the position of O is well determined and therefore the experimental R (O···O) distance can benchmark the
performance of the methods. Figure 4.3 shows the agreement between the
calculated and experimental R(O···O) H-bond distances from12 ionic hydrate
systems.
Within the class of GGA methods examined in my work, PBE is the most
accurate one for both the cell volumes and the H-bond distances. Both RPBE
and PBEsol do not perform very well and give opposite errors. RPBE overestimates the cell parameters and the R(O···O) H-bond distances while PBEsol
leads to underestimations of both cell parameters and R(O···O) H-bond. Relating these observations to Figure A1, it is seen that the performance of the
three functionals traced back to their enhancement factor Fx(s) behaviour in
the small and large s regime. The Fx(s) profile of RPBE follows the PBE’s
Fx(s) for s<1.2 and beyond this point the RPBE profile is steeper and leads to
an overestimation of the equilibrium cell volumes of hydrates. The Fx(s) profile of PBEsol goes below PBE’s profile and this leads to an underestimation
of the equilibrium cell volume.

Figure 4.3. Calculated O···O hydrogen-bond distances calculated with 12 different DFT functionals of different types and plotted against experimental distances from neutron and X-ray
diffraction measurements (references given in Paper II).
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Adding a D3 dispersion correction term results in compressing the cell volume
and the R (O···O) distance, which in turn causes a noticeable difference between the experiment and the calculated data. The D3 correction significantly
amends the H-bond elongation tendencies of RBE. On the other hand, as PBE
already captures the R (O···O), adding a D3 correction places the R (O···O)
datasets below the diagonal and deteriorates the agreement.
The optPBE-vdW method provides high accurate descriptions of the structures of ionic hydrates. This method performs very well for the adsorption
energies of water on MgO(001) and NaCl(001) and perhaps the H-bond distances and OH bond orientation predicted by this method can be considered
reliable.
Considering the performance of the DFT methods for R(O···O), it would be
possible to analyse how well they can describe r(OH) since r(OH). and
R(O···O) are often correlated, see Figure 4.4.

Figure 4.4. Summary of structural results for the twelve ionic hydrates calculated with some
of the DFT functionals. (a) Distributions of intramolecular OH bond distances. (b) “r(OH) vs
R(O···O)” correlation curves. The colour code is given in (a),

Moving to the OH stretching vibrational frequencies, four ionic hydrates
(LiClO4·3H2O, LiSO4·H2O, BeSO4·4H2O and LiOH·H2O) out of 12 were selected. The OH frequency benchmark calculations fulfil the following requirements: the hydrates should be simple, isotope-isolated low-temperature spectroscopic data should exist for them, and high-quality diffraction data (preferably from neutron diffraction) should also exist.
For highly hydrated systems, experimental OH spectra generally consist of
complex broad bands, which makes the assignment of the right frequency to
the right structural feature very difficult. Consequently they cannot provide
reference frequencies and cannot constitute benchmark compounds for the assessment of theoretical frequencies. For the simple hydrates, however, the IR
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spectral peaks can be well resolved if the samples are isotope-isolated (giving
essentially uncoupled stretching frequencies) and low-temperature.
Figure 4.5 presents the performances of DFT methods for the OH stretching frequencies. All GGA functionals (and the dispersion inclusive methods)
studied here underestimate the absolute OH frequencies of water by 80 ‒ 350
cm‒1 for H2O(g) and all crystals. Moreover, we found that the systematic mismatch between experiment and calculation is not a systematic (constant) shift
but rather increases with the H-bond strength.
There are two main reasons for the mismatch. The first one is the systematic
error that pertains to all GGA methods and the second is the structural effect.
Figure 4.5 show that the calculated OH stretching frequencies with RPBE
seem to be in better agreement with experiment while the PBEsol results are
in significant disagreement. This “improved” performance of RPBE method
over others is due to error cancelation. Figure 4.3 clearly shows that RPBE
overestimates the R(O···O) distance and thus, shortens the intramolecular OH
bond distance (Figure 4.4). Consequently, the potential energy curve of the
OH vibrator generated by RPBE is steeper (narrower!) and the OH frequencies
are shifted to a higher value. On the other hand, the PBEsol optimized crystal
structures are generally tighter than experiment, with shorter hydrogen bonds,
flatter intramolecular OH potential energy curves and thus lower calculated
ν(OH) values. The net systematic errors with this method become very large
(downshifts).
It has been known that B3LYP method perform well for the vibrational
frequencies of molecular systems. Here, the OH frequencies of the four crystals were calculated with this method for optPBE-vdW optimized structures
and the results do indeed improve significantly.
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Figure 4.5 Comparison between uncoupled, anharmonic OH stretching frequencies from calculations with the protocol used in this thesis and from isotope-isolated experiments in the literature. The systems included in the figure are the gas-phase water molecule and four simple
ionic hydrates. References to the experimental values are found in Paper II.
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5. Concluding remarks and Future directions

This PhD work has focused on the energetics, equilibrium structures, OH
stretching frequencies, and dipole moment of water in ionic bulk and surface
systems, with a particular emphasis on the latter.
Density functional theory (DFT) with dispersion inclusive methods is the
workhorse in this work. I first carefully examined the accuracy of several DFT
functionals with respect to their ability to describe water on NaCl(001) and
MgO(001) and water inside ionic crystals. Adsorption energies, structures and
OH vibrational frequencies were in focus. Some of the dispersion inclusive
methods were found to give good agreement with experimental benchmark
values, especially the optPBE-vdW method which is the best for both surface
and hydrate systems. The contribution of dispersion interactions to the adsorption energies of water on ionic surfaces (e.g. NaCl(001) and MgO(001)) is
non-negligible. Dispersion interactions also affect structure and shorten the
intermolecular hydrogen-bond distances and compress the cell volumes. In
my opinion, in relation to examining DFT methods, the following aspects
should be addressed in an extension of this work.
(i) A more detailed analysis to how the construction of the functional relates
to its performance for various water properties.
(ii) We collected a reference dataset of 50 unique water molecules in different crystalline ionic hydrates and used them for benchmarking DFT methods against experimental R(O···O) H-bond distances, equilibrium cell volumes
and OH frequencies. For some of the simple hydrates, it should be computationally feasible and desirable to perform high level calculations (such as MP2
and MP4) to obtain ab initio benchmark values for R(H···O) and r(OH), as
good experimental values are not available for these.
(iii) Many of the functionals used in this thesis lack non-additive manybody dispersion (MBD)81,101 corrections terms. Recent works in the literature
indicate that they are important for water100. Thus, it would be a worthy effort
to investigate the role of MBD for the structure and energetics of water at ionic
surfaces and in hydrates.
(iv) All of the DFT methods tested here underestimate the absolute anharmonic OH frequencies of crystal- and surface-bound water molecules or hydroxides ions by 90-250 cm‒1 compared to experiment despite the fact that
they perform well for structures. Hybrid functionals are known to give more
accurate OH frequencies and it is worth to consider using them more in the
future.
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My thesis demonstrates that the traditional H-bond correlations involving
H-bond distances and OH stretching frequencies essentially also hold for
metal oxide surfaces. And both for water and hydroxides groups! Moreover,
the correlations and the fitted curve presented in Paper III should be possible
to use to predict e.g. surface H-bond distances, which are difficult to measure
with the existing surface science probes. In the future, (i) the fitted equations
can be refined, (ii) the mismatch between the calculated and the measured OH
stretching frequencies should be improved and (iii) the reason for the shift of
the surface correlation curve to the right with respect to the crystalline hydrates (Figure 3.1) should be explained.
The thesis work has demonstrated that the in situ electric field is a robust
descriptor of the surroundings and it is well correlated to the gas-to-bound OH
frequency shifts for both water and hydroxide OH vibrators in both bulk and
interface systems. The electric field is also a key concept in yielding understanding about the different behavior of water and hydroxide ion. In addition
to this thesis work, future works should focus on: (i) Given the many technical
problems connected to the calculation of Wannier charges it would be desirable to sketch a simple, fast, accurate and robust strategy to calculate the field
and make the prediction of OH frequencies from the field. (ii) Extending our
electrostatic dipolar model to include also higher multipolar and non-electrostatic contributions. (iii) It may be valuable to explore the dipolar model for a
broader range of metal oxides with different ionicity and acid-base properties
and to more water-rich (biological) molecules.
Although water on MgO(001) at submonolayer and monolayer coverages
has been amply studied, the current understanding of the water film on
MgO(001) is only emerging. Here, using ab initio molecular dynamics
(AIMD), we contributed knowledge about how the vibrational frequencies of
interface OH species are perturbed by the water film. Our analysis showed
that making the water layer thicker has a significant effect on the water frequencies but, surprisingly, only little effect on the hydroxide ions. We explained this observation using our “frequency vs electric field” model. These
were promising and enlightening results, but next I want to redo these water/MgO AIMD studies with a larger unit cell and longer simulations to obtain
better structures. A (computer) simulation is seldom better than its weakest
link!
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6. Sammanfattning på svenska

Detta doktorandarbete har ägnats åt att studera energetik, jämviktsstrukturer,
OH-vibrationsfrekvenser och dipolmoment för vatten i joniska bulk- och ytsystem, med särskild tonvikt på det senare.
Arbetshästen i mitt arbete har varit täthetsfunktionalteori (DFT) med funktionaler och korrektionsfunktioner specifikt ämnade att beskriva dispersionsinteraktioner. Jag har noggrant undersökt flera sådana DFT-funktionaler med
avseende på deras förmåga att beskriva vatten adsorberat på NaCl (001) och
MgO (001), samt vatten bundet i joniska kristaller. Fokus har legat på deras
förmåga att beskriva adsorptionsenergier, strukturer och OH vibrationsfrekvenser. I mina studier fann jag att det faktiska bidraget från dispersionsinteraktioner till adsorptionsenergierna av vatten på jonytor (t ex NaCl (001) och
MgO (001)) är icke försumbar. Vidare så påverkar dispersionsinteraktionerna
också strukturen genom att förkorta de intermolekylära vätebindningsavstånden och komprimera cellvolymer. Några av de testade metoderna visade sig
ge god överensstämmelse med experimentella riktvärden, särskilt funktionalen optPBE-vdW utmärkte sig och var bäst för vatten i både yt- och hydratsystem.
I en förlängning av detta arbete anser jag att när det gäller att undersöka
täthetsfunktionaler bör följande aspekter behandlas: (i) En mer detaljerad analys av hur funktionalen är uppbygd och hur det relaterar till dess förmåga att
beskriva olika egenskaper behöver göras. (ii) Vi samlade data för ett referensset bestående av 50 unika vattenmolekyler i olika kristallina joniska hydrater
och använde dem för att benchmarka DFT-metoder mot experimentella
R(O···O) vätebindningsavstånd, cellvolymer och OH-frekvenser. För några av
de enklare hydraterna bör det vara beräkningsmässigt genomförbart, och önskvärt, att utföra vågfunktionsbaserade beräkningar (t.ex. MP2 och MP4) för att
erhålla referensvärden för R (H ··· O) och r (OH) eftersom det är svårt att få
högkvalitativa experimentella värden för dessa. (iii) Många av de DFT-metoder som används i denna avhandling saknar dispersionskorrektioner av flerkroppstyp (Many Body Dispersion - MBD). 81,101Tidigare studier har visat att
sådana är viktiga för en korrekt beskrivning av vatten. 100 Således skulle det
vara viktigt att undersöka rollen av MBD i beskrivningen av strukturen och
energin hos vatten vid joniska ytor och i hydrater. (iv) Alla DFT-metoder som
testats här underskattar de anharmoniska OH-frekvenserna hos kristall- och
ytbundna vattenmolekyler och hydroxidjoner med 90-250 cm-1 jämfört med
experiment, trots att de fungerar bra för strukturer. Det är känt att så kallade
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hybridfunktionaler ger mer exakta OH-frekvenser, och i framtida arbeten bör
sådana användas i en större utsträckning, då helst tillsammans med bra beskrivning av dispersionsinteraktioner.
Min avhandling visar att de traditionella vätebindningskorrelationerna som
involverar vätebindningsavstånd och OH-vibrationsfrekvenser i huvudsak
håller även för vatten adsorberat på metalloxidytor. Och då både för vatten
och hydroxidjoner! Dessutom bör korrelationerna och den anpassade kurvan
som presenteras i papper III kunna användas för att förutspå t.ex. ytvätebindningsavstånd, vilka är svåra att mäta med befintliga experimentella metoder.
I framtiden bör (i) de anpassade funktionerna förbättras, (ii) jämförelsen mellan de beräknade och de uppmätta OH-vibrationsfrekvenserna förbättras och
(iii) orsaken till att korrelationskurvan för ytorna är skiftad till höger med respekt till de kristallina hydraterna (fig 3.1) förklaras.
Avhandlingsarbetet har vidare visat att in situ-uppmätta elektriska fält ger
en robust beskrivning av omgivningen och att den är väl korrelerad med beräknade frekvensskift för OH-vibrationer i gas jämfört med bundet tillstånd,
både för vatten och hydroxidjoner, i både bulk- och gränssnittssystem. Det
elektriska fältet är vidare ett nyckelbegrepp som kan användas för att ge förståelse om olika beteenden hos vatten och hydroxidjoner. Framtida arbeten
bör här fokusera på: (i) Med tanke på de många tekniska problemen som uppstått i samband med beräkningen av Wannierladdningar, så skulle det vara
önskvärt att utveckla en enkel, snabb, exakt och robust strategi för att beräkna
det elektriska fältet och göra förutsägelser av OH-frekvenser utifrån detta. (ii)
Utvidga vår elektrostatiska dipolmodell för att även inkludera högre multipolmoment samt andra icke-elektrostatiska bidrag. iii) Det kan vara värdefullt att
utforska dipolmodellen för ett bredare utbud av metalloxider med olika jonstyrka och syra-basegenskaper, samt för vattenrika (biologiska) molekyler.
Även om vatten adsorberat på MgO (001), både i form av enstaka molekyler eller som hela lager, tidigare studerats i litteraturen, så finns det mycket
kvar att lära om det här systemet. I mitt arbete har jag använt mig av ab initio
molekyldynamik (AIMD) för att studera hur vibrationsfrekvenser hos OHgrupper sittande vid gränssnittsytor mellan MgO och vatten påverkas. Vår
analys visade att tjocka vattenskikt har en signifikant påverkan på vattenfrekvenserna, men endast en liten effekt på vibrationerna hos hydroxidjonerna.
För att förklara detta har vi använt oss av vår "frekvens vs elektriska fält" modell. Resultaten från den här studien är lovande, men i framtiden vill jag
göra om dessa vatten/MgO AIMD-studier med en större enhetscell och längre
simuleringar för att få bättre strukturer. En (dator) simulering är sällan bättre
än den svagaste länken!
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8. Appendix: Theoretical and computational
aspects

A.1 Density Functional theory
A.1.1 Basics
Density functional theory (DFT) 104–108 is used in this thesis and will be briefly
introduced here.
Two theorems by Hohenberg and Kohn in 1964 are the basis of modern
DFT104. While these theorems rigorously prove that the total energy of a system in its ground state is a unique function of the electron density, the theorems did not provide any recipe on how to construct this functional. A year
after Hohenberg and Kohn’s paper, Kohn and Sham105 proposed the following
functional form to obtain the energy of a system from its electron density.
𝐸[𝜌 𝑟 ] = 𝑇. 𝜌 𝑟

+ 𝐸01 𝜌 𝑟

+ 𝐸2 𝜌 𝑟

+ 𝐸#3 𝜌 𝑟

(A.1)

Here, 𝑇. 𝜌 𝑟 is the exact kinetic energy of a single electron, 𝐸01 𝜌 𝑟 is
the Coulomb interactions between the electrons and the nuclei, 𝐸2 𝜌 𝑟 is
the classical Coulomb interactions between pairs of electrons and 𝐸#3 𝜌 𝑟
is the so-called Exchange-Correlation energy. The first three terms on the right
hand side of equation (A.1) have defined analytical expressions and, in principle, their contribution to the total energy can be calculated explicitly. However, the expression for the last term remains a mystery. Let us quickly recall
the unknown quantities retained in 𝐸#3 𝜌 𝑟 .
The electron density of non-interacting system is written as
𝜌 𝑟 =

𝑁
𝑖

𝜓6 𝑟

2

(A.2)

where the sum runs over the N electrons and 𝜓6 𝑟 is the so-called KohnShame (KS) orbitals. For this type orbitals, the exact kinetic energy (𝑇. ) can
be expressed as:
:
;
𝑇. =
(A.3)
6 𝜓6 𝑟 |∇ |𝜓6 𝑟
;

The kinetic energy of such “non-interacting” systems is different from the true
kinetic energy of interacting systems, (𝑇60> 𝜌 𝑟 . The remaining part of the
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true kinetic energy which is not concealed by Ts is thrown into the unknown
part of the KS formulation, i.e 𝐸#3 𝜌 𝑟 .
The electron-electron interaction can further be subdivided into a classical
𝐸2 𝜌 𝑟 and non-classical part, 𝐸03 𝜌 𝑟 including self-interactions, exchange and correlations. The explicit form of 𝐸03? 𝜌 𝑟 remains unknown
and is thrown into the unknown part of the KS formulation.
Thus 𝐸#3 𝜌 𝑟 takes the form:
𝐸#3 𝜌 𝑟

= 𝑇60> 𝜌 𝑟

− 𝑇. 𝜌 + 𝐸03 𝜌 𝑟

(A.4)

Hence, the so-called exchange-correlation energy is a reservoir where we account for everything that is unknown in the KS-DFT formulation.
The general eigenvalue problem within the realm of Kohn-Sham orbital
reads
:

2

− ∇ + 𝑉2 𝑟 + 𝑉01 𝑟 + 𝑉#3 𝑟 𝜓6 𝑟 = 𝜀6 𝜓6 𝑟
;

(A.5)

where 𝜓6 𝑟 is the KS one electron orbital and 𝜀6 is the corresponding eigenvalue, 𝑉2 𝑟 is the Hartree potential 𝑉01 𝑟 is the external potential from the
nuclei and 𝑉#3 𝑟 is the exchange-correlation potential defined as a functional
derivative of the exchange-correlation energy with respect to the electron density.
𝑉#3 𝑟 =

𝛿𝐸𝑥𝑐 F G
𝛿F G

(A.6)

The total energy of the system of interacting electrons expressed in the KS
approximation takes the form:
I

𝐸>H> =

𝜀6 −
6

1
2

𝜌 𝑟: 𝜌 𝑟;
𝑑𝑟: 𝑑𝑟; −
𝑟:;

+ 𝐸00

𝑉#3 𝑟 𝜌 𝑟 𝑑𝑟 + 𝐸#3 𝜌 𝑟
(A. 7)

where the first term on the right-hand side is the sum of the energies of all the
occupied states. The next three terms are written in a way to avoid double
counting contribution to the total energy and the last term is the repulsions
between the nuclei.
As mentioned, there is no universally accepted recipe for constructing VXC.
Thus, the accuracy of DFT results relies entirely on the approximations made
for VXC and a lot of effort has been put in devising new functionals. Some of
the strategies used to approximate VXC will be further discussed in the next
section.
The Kohn–Sham equation (A.5) is solved iteratively using a trial electron
density to ﬁnd the single-electron orbitals that yields the ground state density
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with a particular choice for VXC. In practice, the orbitals have to be expanded
in terms of complete, orthonormal basis sets such as plane waves (PWs) or
localized atomic basis sets. For models with periodic boundary condition, a
Bloch’s theorem application is suitable for which each electronic wave function is written as a product of a cell periodic part, 𝑓6 (𝑟) and a plane wave part,
𝑒 S6[T.G] 109,110. Furthermore, the cell periodic part can be expanded using a basis
set consisting of a discrete plane waves with reciprocal lattice vector 𝐺.
𝜓6 𝑟 = 𝑒 S6 T.G 𝑓6 𝑟 =

$ 𝑐6,TW$ 𝑒

S6 (TW$).G

(A.9)

Therefore Bloch’s theorem allows to expand the electronic wave function
of each electron in the periodic supercell in terms of a finite number of plane
wave basis set; controlled through a user defined kinetic energy cutoff,
(ℏ 2𝑚 ) 𝑘 + 𝐺 and when the KS equation (A.5) is solved, it is actually the
coefficients of the basis set 𝑐6,TW$ is solved for.
Close to the nucleus of an atom, the kinetic energies of the electrons are
large and the corresponding wave functions exhibit rapid oscillations which
require large number of PWs. All electron calculations based on PWs are thus
computationally much more demanding and further approximations are often
required for feasible electronic structure calculations.
One such concept is to combine pseudopotential approximation (PP) with
the expansion of the electronic wave functions in terms of a discrete set of
plane waves110–112. The attractiveness of the PP approach originates from the
fact that the electrons close to the nuclei (core electrons) have little-to-no effect on the chemical, mechanical and electronic properties between atoms.
Thus, PP treats core electrons effectively, i.e as inert. They are described by
the so-called pseudo wave function. The all electron and pseudo wave functions are chosen in such a way that they should be identical beyond some cutoff radius.
The Projector Augmented Wave Method (PAW) method introduced by
Bloch113 reconstructs the all electron wave functions from Pseudo wave functions using the unitary transformation. PAW has the numerical advantages of
PP calculations while retaining the properties of all-electron calculations. The
PAW method is often accurate when it is “really” converged and its convergence can be controlled through user defined kinetic energy cutoff. This is one
of the attractive features of the PAW that has made it increasingly popular in
modern electronic calculations.

A.1.2 Exchange-Correlation Functions
Local Density Approximations (LDA) is the simplest approximation for the
Exc that has been developed based on the uniform electron gas model106,108. The
Exc of a system is given as
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[\%
𝐸#3
𝜌 𝑟

=

𝜌 𝑟 𝜀#3 𝜌 𝑟 𝑑𝑟

(A.9)

where 𝜀#3 𝜌 𝑟 is the exchange-correlation energy per particle of a uniform
electron gas of density, 𝜌 𝑟 . The 𝜀#3 𝜌 𝑟 can be split into its exchange and
correlation part and they are calculated independently. The analytical expression for the exchange part in the electron gas model is known exactly.
3
= − (3 𝜋 );
4

𝐸#[\% 𝜌 𝑟

𝜌 𝑟

4

3 𝑑𝑟

(A. 10)

The correlation part, however, is more complex and there is no simple analytical expression. In this thesis, LDA was used in paper II.
In the Generalized Gradient Approximations (GGA), the Ex is expressed in
terms of electron density and its gradient, ∇𝜌 𝑟 106.
𝐸#$$% 𝜌 𝑟 , 𝑠 = 𝐸#[\% 𝜌 𝑟

𝜌 𝑟 𝐹#$$% 𝑠 𝑑𝑟

(A. 11)

Here, 𝐸#[\% 𝜌 𝑟 is the LDA exchange energy (equation A.10) and 𝐹#$$% (𝑠)
is the so-called the exchange enhancement factor and is dependent on the reduced density gradient which is defined as follows.

𝑠=

∇𝜌 𝑟
𝜌 𝑟

a

(A. 12)

b

In other words, s measures the local electron inhomogeneity. In the homogeneous electron gas limit, ∇𝜌 𝑟 → 0, s → 0, 𝐹#$$% 𝑠 = 1 + 𝜇𝑠 ; + ⋯ → 1
and consequently equation (A. 11) reduces to equation(A. 10).
Many GGA functionals are available in the literature and they differ in the
choice of the mathematical form for 𝐹#$$% 𝑠 . Figure A.1 shows the behavior
of 𝐹#$$% 𝑠 for some of the popular GGA functionals used in this thesis (PBE
in Papers I and II, RPBE and PBEsol in Paper II).
In the construction of PBE114 and revPBE115, the exchange enhancement
factor takes the form:
ghi/G1kghi

𝐹#

𝑠 = 1+𝜅−

m
:W

no2
p

(A. 13)

where µ and κ are functional-specific parameters. The parameter µ is also the
same for PBE and revPBE but the value of κ is different, i.e µ = 0.21951 and
κ = 0.804 in PBE114 and µ = 0.21951 and κ = 1.245 in revPBE115. The RPBE116
functional has the same µ and κ as PBE114 but it has a different mathematical
form for 𝐹#$$% 𝑠 .
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𝐹#qghi 𝑠 = 1 + 𝜅(1 − 𝑒−

r. 2

m)

(A. 14)

Figure A.1 Variation of the exchange enhancement factor as a function of the reduced density gradient for some commonly used density functionals.

LDA and GGA functionals enjoy their a remarkable success in predicting
many properties of interest, from molecules to condensed matters, yet they all
fail to describe the long-range dispersion interactions between atoms, molecules and non-overlapping molecular fragments resulting from the instantaneous charge redistributions. These forces are relatively weak but they often play
an important role in determining the structures and energetics for a range of
materials, from small molecules to condensed states including giant biological
systems. Recent advances in the DFT community have resulted in a range of
methods which incorporate dispersion interactions beyond the DFT-GGA
level.
The heuristic approach to treat dispersion interactions is to imitate their asymptotic decay behavior (–C6/R6). In the spirit of Grimme, Tekatchenko,
Sheffeler and their collaborators, the total energy of a system takes the form
𝐸>H> = 𝐸\st + 𝐸u6.v

(A. 15)

where 𝐸\st is the Kohn-Sham energy calculated with the given functional and
the 𝐸u6.v is the dispersion correction energy74–77. The general expression for
the 𝐸u6.v is
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𝐸𝑑𝑖𝑠𝑝 = −

1
2

6{

{}6

𝐶z
z 𝑓u 𝑅𝑖𝑗
𝑅6{

(A. 16)

where the sum runs over pairs of atoms i and j, Rij is their interatomic distance,
6{
𝐶z is the pairwise dispersion coefficient, and 𝑓u 𝑅𝑖𝑗 is the so-called damping
function is used to prevent the divergence of 𝐸𝑑𝑖𝑠𝑝 at short Rij. The global
scaling factor which specifies the underline functional also appears in the
equation (A.16).
The Grimme and his collaborators have launched three classes of methods:
DFT-D (2004)74, DFT-D2 (2006)75 and DFT-D3 (2010)77, where DFT is the
GGA functional to which dispersion correction is added. All the three classes
of methods use variants of equation (A.16) with increasing of complexity and
(hopefully) overall accuracy when going from DFT-D to DFT-D3. The DFTDn series differ from each other in the way the damping function and dispersion coefficients are calculated as well as in the expansion for the global scaling factor.
DFT-D2 is perhaps amongst the most widely used dispersion-flavored
DFT methods. The pairwise dispersion coefficients 𝐶z6{ are calculated from the
{
atomic coefficients 𝐶z6 and 𝐶z using a combination rule.
6{

𝐶z =

{

𝐶z6 𝐶z

(A. 17)
6{

The 𝐶z6 values are pre-tabulated and thus 𝐶z is kept fixed during the calculation and independent of the environments of i and j. In addition, higher
order dispersion coefficients are missing. DFT-D3 aims to improve the DFT6{
D2 by making use of environment dependent 𝐶z . The DFT-D3 is also extended to include three body dispersion energy terms. DFT-D2 and DFT-D3
methods were used in papers I and II.
The expression for the 𝐸𝑑𝑖𝑠𝑝 within the method of Tkatchenko-Scheffler
(DFT-TS)76,81 is formally similar to that of the DFT-Dn methods. The major
difference is, however, that the dispersion coefficients and damping function
are calculated from the electron density (𝜌 𝑟 ). The electron density (of a molecule or solid) is divided among the constituent atoms using the so-called
Hirschfeld partitioning. The dispersion coefficient of the subdivided atom is
determined by scaling the free atomic C6 coefficient with an effective volume
on-the-fly calculation without empirical fitting.
The original DFT-TS method (2009)76 has been further extended to account
for the self-consistent long-range screening effects (DFT-TS+SCS, 2012)81 as
well as the non-additive many body dispersion contributions (2012,
2014)81,117. In this thesis, the original DFT-TS and its variants were used in
Paper I.
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In vdW-DF73 and its offspring’s78,79,82, the exchange-correlation energy
takes the following form.
𝐸#3 = 𝐸#$$% + 𝐸3[\% + 𝐸30?

(A. 18)

The first term in the equation represents the exchange energy approximated
with GGA. The second term is the local correlation energy approximated with
LDA, and the last term is the non-local correlation. 𝐸30? is calculated as
𝐸30? =

𝑑𝑟: 𝑑𝑟; 𝜌 𝑟: Φ 𝑟: , 𝑟; ρ 𝑟;

(A. 19)

where Φ(𝑟: , 𝑟; ) is the so-called the non-local kernel.
Apart from the vdW-DF2, all the non-local density functionals retain the
vdW-DF correlation part but modulate the form of exchange. The type of exchange functionals being used in each functionals are given in Table A.1.
Table A.1 Non local density functionals used in this thesis.
Functional
vdW-DF
vdW-DF2
optPBE-vdW
optPB88-vdW
optB86b-vdW
vdW-DF-cx

Exchange
functional
revPBE
rPW86
PBE and RPBE
B88
B86b
LV-PW86r

Author

Used in Papers

Dion et al. (2004)73
Lee et al. (2010)79
Klimeš et al. (2010)78
Klimeš et al. (2010)78
Klimeš et al. (2010)80
Berland and Hyldgaard (2014)82

Papers I and II
Papers I and II
Papers I – V
Paper I
Paper I
Paper I

A.2 The uncoupled OH vibrational model
To study the OH anharmonic stretching frequency of water or hydroxide ion,
a 1-dimentional vibrational model is adopted in this work. This method assumes that:
• the OH stretching is a fast process and the potential energy surface
(PES) governing a single period is not affected by the dynamics of
the rest of the system
• the interactions between the OH oscillators can be ignored.
Thus, the 1-dimensional vibrational model treats the water vibrations as two
uncoupled OH oscillators per water molecule.
In this model a set of equally spaced r(OH) vs. energy data points were
generated around the equilibrium r(OH) to of each OH oscillators to construct
the PE curve. In papers II-V, 19 points were generated with step size of 0.06
Å, roughly covering a r(OH) range from 0.65 to 1.50 Å. A typical potential
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energy curve for OH oscillator is shown in Figure A.2. The reason we have
used such a large interval of r(OH) is to ensure that the wavefunctions for the
ground and the first vibrational level vanished at the boundaries.
The harmonic stretching frequency is calculated using the expression for classical harmonic oscillator118,
𝜔=

:

T†

;…3

‡

(A.20)

where c is the speed of light, m is the reduced mas and k2 is the curvature of
the potential energy function. Here, k2 is obtained numerically from the energy
points generated around the minimum of the PE curve, either by fitting these
points to a higher order polynomial function or by taking the second order
derivative with respect to rOH evaluated at re.
Light and coworkers39–41 introduced a practical approach to calculate the
anharmonic frequencies from 1D stretch by solving the 1D Schrödinger equation using Discrete Variable Representations (DVR). The difference between
the vibrational ground state and the first excited level is the result for the aharmonic frequency of the oscillator.

A.3 Dipole moment and Electric field calculations from
Wannier functions
The Maximally Wannier localization functions (MWLF) is used in thesis for
two purposes.
(i) Dipole moment calculations: there are four occupied Wannier centers in
each water molecule and hydroxide ion, two (one) of which are situated at the
bonding orbital of water molecule (hydroxide ion) and the remaining centers
positioned along the lone pair orbitals. For non-spin polarized calculations,
each center carries –2e charge. The dipole moment of a water molecule is
computed from its four MWLF centers is computed as 48,94
𝜇 = −2𝑒

a
: 𝑅ˆ

+ 𝑒𝑅2: + 𝑒𝑅2; + 6𝑒𝑅‰

(A.21)

where 𝑅ˆ , 𝑅2: , 𝑅2; and 𝑅‰ are the vectors of the MWLF centers, H and O
atoms in each water molecule.
(ii) Electric field calculations: the field generated by the surrounding environment at a probe site is calculated from the charges and the position of the
Wannier centers and nuclei of neighbors outside the probed water or hydroxide ion. In this thesis, the probe point is the equilibrium position of the H of
water or hydroxide ion. Assuming the field is probed at H2 of water, one gets:
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𝐸@𝐻2 = 𝐸H0.6>1 −

a S;
: Œ † 𝑈ˆ
•

+

:
Œ•• †

𝑈2: +

:
Œ‘ †

𝑈‰

(A.22)

where 𝑈ˆ , 𝑈2: and 𝑈‰ are the distance between H2, 𝑈 denotes the unit vector
of the four MWLF centers, the H1 and O atoms of a water molecule.

Figure A.2 A typical potential energy curve for OH oscillator. re is the equilibrium
distance between O and H, and E1, E2, and E3 are the first, second, and third vibrational energy levels.
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