Linköping Studies in Science and Technology
Dissertation No. 1254

Theoretical Investigations of Water Clusters,
Ice Clathrates and Functionalized Nanoparticles

Annika Lenz

Division of Chemistry
Department of Physics, Chemistry and Biology
Linköping University, Sweden
Linköping 2009

Cover image:
A ZnO cluster with a monolayer of water molecules

Copyright © 2009 Annika Lenz, unless otherwise noted
ISBN: 978-91-7393-636-1
ISSN: 0345-7524
Printed by LiU-Tryck, Linköping 2009

Abstract
Nanosized structures are of intermediate size between individual molecules and
bulk materials which gives them several unique properties. At the same time
their relative limited sizes make them suitable for studies by the methods of
computational chemistry. In this thesis water clusters, ice clathrates and
functionalized metal-oxide nanoparticles have been studied by quantumchemical calculations and statistical thermodynamics.
The stabilities of water clusters composed of up to 100 molecules have been
investigated. The multitude of possible H-bonded topologies and their
importance for determining the properties of the clusters have been highlighted.
Several structural characteristics of the hydrogen bonded network have been
examined and the structural factors that determine the stability of an H-bonded
network have been identified. The stability of two kinds of oxygen frameworks
for water clusters have been analyzed, taking into account thermal energy and
entropy corrections. Clusters with many 4-coordinated molecules have been
found to be lower in energy at low temperatures whereas the clusters with lesscoordinated molecules dominate at higher temperatures. The equilibrium size
distribution of water clusters as a function of temperature and pressure has been
computed using statistical thermodynamics. The microscopic local structure of
liquid water has been probed by utilizing information from the studied water
clusters. The average number of H-bonds in liquid water has been predicted by
fitting calculated average IR spectra for different coordination types in water
clusters to experimental IR spectra.
Water can form an ice-like structure that encloses various molecules such as
methane. These methane hydrates are found naturally at the ocean floor and in
permafrost regions and can constitute a large unemployed energy resource as
well as a source of an effective green-house gas. The pressure dependencies of
the crystal structures, lattice energies and phase transitions for the three
methane hydrates with the clathrate structures I, II and H have been mapped
out.
Zinc oxide is a semiconducting material with interesting luminescence
properties that can be utilized in optical devices, such as photodetectors, light
emitting devices and biomarkers. The effect of water molecules adsorbed on
the ZnO surface when adsorbing organic acids have been investigated. Changes
in optical properties by the adsorption of carboxylic acids have been studied
and compared with experimental results. Aromatic alcohols at TiO2 metaloxide nanoparticles have been studied as model systems for dye-sensitizied
solar cells. Adsorption geometries are predicted and the influence from the
adsorbed molecules on the electronic properties has been studied.
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Abbreviations
B3LYP

three-parameter hybrid density functional

DA

double acceptor

DD

double donor

DFT

density functional theory

DOS

density of states

H-bond

hydrogen bond

HF

Hartree-Fock

HOMO

highest occupied molecular orbital

IR

infrared spectroscopy

LUMO

lowest unoccupied molecular orbital

MH-H

methane hydrate, clathrate structure H

MH-I

methane hydrate, clathrate structure I

MH-II

methane hydrate, clathrate structure II

MP2

Møller-Plesset corrections of the second order

PDOS

projected density of states

SA

single acceptor

SD

single donor

UV-VIS

ultraviolet-visible spectroscopy

Units
eV

electron Volt

K

Kelvin, 273.15 K=0 °C

nm

nanometer, 10-9 m

Pa

Pascal, 1.013·105 Pa=1 atm

Å

Ångström, 10-10 m
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1 Introduction
In this thesis nanosized structures have been investigated by quantumchemical computations and statistical thermodynamic calculations.
Nanoparticles are by definition in the size range of 1-100 nm. Because of
their small size a large fraction of the atoms are situated at the surface of
the particle, which gives them several unique properties (e.g. mechanical,
electrical, optical) compared to the bulk material. Their relative small size
also makes them suitable for computational-chemistry studies. From such
calculations detailed information about properties such as molecular
geometries, electronic structures, vibrational frequencies and optical
spectra can be obtained. Three groups of nanostructured systems were
studied:
 Water clusters – clusters formed by a few and up to 100 water
molecules. Size ~1 nm. Chapters 1.1 and 3
 Clathrates – an ice-like structure where the water molecules form
cages that can enclose organic molecules. Cage diameter ~1 nm.
Chapters 1.2 and 4
 Metal oxide nanoparticles – functionalized zinc oxide, ZnO, and
titanium dioxide, TiO2, particles. Cluster models in calculations
~1 nm, synthesized particles ~5 nm. Chapters 1.3 and 5
1.1 Water and water clusters
Water is a very important, fascinating and common element. It is
necessary for life and is found almost everywhere, in the sea and lakes, in
clouds, fog, vapor, in our bodies and plants. It is a solvent and participant
in many reactions, especially in biological processes. Water is the only
element on earth occurring naturally as the three phases, solid, liquid and
gas. Everyone knows what water is, but to understand its properties is
difficult. Water has several characteristics which differ from the
properties of other small molecules. Its possibility to form hydrogen
bonds (H-bonds) is the cause of several of its features, for example it has
higher melting and boiling temperatures than expected: extrapolated from
the boiling points of H2S and H2Se, water should boil at -60 ºC. Usually
the density increases when a liquid becomes solid, but the opposite is the
case for water. [1,2]
Since each water molecule can participate in up to four hydrogen bonds,
the molecules can form clusters of different sizes as well as large Hbonded networks, as in ice. The structure of water clusters and ice can be
described in two steps: the arrangement of the oxygen atoms in relation to
each other, and the placement of hydrogen atoms in between them. For a
specific oxygen framework there are many possible hydrogen bond
3

topologies. According to the ice rules described by Pauling [3], each
oxygen has two hydrogens attached to it forming a water molecule, and
exactly one hydrogen atom is located between two oxygens H-bonding to
each other. In the water clusters studied in this thesis, the molecules are
H-bonded to two, three or four other molecules and are then called 2-, 3or 4-coordinated, respectively. A hydrogen that does not participate in
any hydrogen bond is referred to as a free hydrogen (free from H-bonds).
The molecules can also be classified according to the number of
donated/accepted H-bonds. Each molecule can be a single/double (S/D)
donor/acceptor (D/A), see Figure 1. 4-coordinated molecules are always
DD-DA, i.e. double donor-double acceptors, while a 3-coordinated
molecule can be either a DD-SA or a SD-DA molecule. For the 2coordinated molecules there are three possibilities, double donor (DD),
double acceptor (DA) and single donor-single acceptor (SD-SA). Among
the 2-coordinated molecules, the SD-SA with one donated and one
accepted H-bond is energetically most favored.
a

2-coord. b
SD-SA

3-coord.
SD-DA

c

3-coord. d
DD-SA

4-coord.
DD-DA

Figure 1. The four coordination possibilities in the clusters studied: (a) two H-bonds,
one donated and one accepted (SD-SA) (b) three H-bonds, one donated and two
accepted (SD-DA) (c) three H-bonds, two donated and one accepted (DD-SA) (d)
four H-bonds, two donated and two accepted (DD-DA).

For water clusters, in particular for large sizes, there will be a large
number of possible structures, both for the oxygen framework and for the
H-bonded network for a specific oxygen framework. Most structures will
be more or less unstable but some of them are also extraordinary stable.
In experimental studies, using mass spectrometry, some sizes are shown
to be more common compared to nearby sizes. The number of water
molecules that participate in those clusters are called magic numbers. For
experiments with protonated water clusters an enhanced stability is seen
for the magic numbers 21, 28, 51, 53 and 55 [4-6].
4

1.2 Clathrates: ice formed by water and organic molecules
In the presence of organic molecules
water can form ice-like structures, so
called clathrates [7-9], which consist
of cages formed by the water
molecules enclosing the guest
molecules, see Figure 2. Methane is
one of the most common guest
molecules in clathrates formed in
nature [7]. These clathrates are
known as methane hydrates.
Methane hydrates are formed at low
temperatures (close to 0 °C) and Figure 2. A methane molecule enclosed
high pressures (a few MPa). In by a water cage.
nature, methane hydrate is found on
the deep ocean floor and in permafrost regions. In pipelines the
conditions favor the undesirable formation of hydrates, which can block
the flow in the pipeline and result in damages.
Since methane hydrates are estimated to contain about 12% of the organic
carbon on earth they can be of importance for both energy supply and
environmental issues. The methane can be a large unemployed energy
resource and a complement to fossil fuels if an economically feasible and
safe way to collect the methane is developed [9]. On the other hand
methane hydrates can have a much more severe negative effect on our
life. Since methane is a very effective green house gas, methane leakage
from the hydrates could affect the global temperature. Leakage might not
only be caused by human attempts to recover the methane but could
possibly also occur as an effect of global warming. When the global
temperature increases methane hydrates may start to melt resulting in
methane gas being released. This could possibly increase the greenhouse
effect and cause further warming and further accelerate the melting of
methane hydrates. Research has shown that similar scenarios may have
caused fast temperature changes in history [8].
As clathrates can contain a large amount of gas molecules (up to 160
times its volume) they can be used for storage of different gases. A
potential way of taking care of carbon dioxide discharge is to capture it
by combining it with water to form clathrates at the ocean floor or in deep
mines where the pressure and temperature are favorable for permanent
storage [11].
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Another potential application is the transport and storage of natural gas in
clathrates. Especially for small amounts of gas the use of clathrates would
be simpler and more energy efficient than the standard method using
liquefied natural gas (LNG) where the gas is cooled to approximately 160 °C to condense it to a liquid [9].
There are basically three different crystalline clathrate structures [7],
named I, II and H, that are built up by cages of varying size, see Table 1.
Each cage is described by the number of faces of each size. For instance,
51262 means that the cage is formed by twelve five- and two sixmembered rings, etc. Which structure that is the most stable depends on
the guest molecule [7,8]. For methane hydrates, structure I is formed at
moderate pressures. Varying pressure or temperature, transitions between
the structures can occur for the same guest molecule [12-17].
Table 1. Number of water molecules and cage sizes in a unit cell for the clathrate
structures I, II and H. 5x6y means that the cage is formed by x 5- and y 6-membered
rings.

structure/unit cell
I/cubic
II/face centered cubic
H/hexagonal

#H2O
46
136
34

# of cages of type:
43 5 6 6 3
51262
51264
–
6
–
–
–
8
2
–
–

512
2
16
3

51268
–
–
1

1.3 Functionalized metal oxide nanoparticles
Metal oxide nanoparticles like zinc oxide (ZnO) and titanium dioxide
(TiO2) are interesting because of their electronic, optical and catalytic
properties. Both ZnO and TiO2 are semiconductor materials with wide
band gaps, 3.3 eV and 3.2 eV, respectively. ZnO is used in several
applications, for example as color pigment in white dyes and as UV
radiation blocker in sunscreens. ZnO can also be utilized in optical
devices such as photodetectors, light emitting devices and biomarkers.
There is a diverse range of nanostructures synthesized from ZnO such as
ultrathin films, nanorods and nanoparticles. [18-20]
Another field where metal oxide nanoparticles are used is in dyesensitized solar cells [21,22]. Conventional solar cells are based on
silicon and fulfill most tasks wanted by a solar cell. A disadvantage with
silicon based solar cells is their production, which is both costly and
energy expensive. For solar cells to compete with conventional means of
producing electric power, they must become cheaper and simpler to
manufacture. Dye-sensitized solar cells, see Figure 3, are based on metal
oxides. Titanium dioxide, which is an inexpensive and non-toxic material,
6

is the most common metal oxide used but ZnO is also a candidate
material. What parts of the solar light spectrum that can generate
electricity in a solar cell depends on the energy difference, the band gap,
between the valence band (occupied energy levels) and the conduction
band (unoccupied energy levels) of the metal oxide. Pure TiO2 can only
absorb a small fraction of the solar light because of its too wide band gap.
In dye-sensitized solar cells a monolayer of dye molecules are adsorbed
at the nanocrystalline metal oxide particles. In the dye molecules used,
the energy difference between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) is
smaller than the band gap of TiO2, which means that a wider range of the
solar light spectrum can be absorbed.
a
b

Figure 3. A schematic picture of (a) a dye-sensitized solar cell and (b) the electronic
processes in a dye-sensitized solar cell induced by solar light.

An electron in the dye molecule is excited by the solar light and
subsequently injected into the conduction band of the semiconductor
(TiO2), see Figure 3b. The electron is then transported through the
nanoparticles to an electrode and further via the external load to the other
electrode. The ground state of the dye molecule is regenerated by the
electrons passed through the solar cell. The use of nanostructured TiO2
implies that there is a huge surface area that accommodates a large
number of dye molecules, which increases the efficiency of the solar cell.
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1.4 Aims and objectives
The aim of this thesis was to study a variety of properties for
nanosized structures using quantum-chemical methods and statistical
thermodynamics. In more detail, for:
Water and water clusters
 study the effect of hydrogen bond topologies on the properties of
water clusters
 analyze how the stability of water clusters depends on cluster size,
hydrogen bond arrangement, oxygen framework, temperature and
pressure
 examine the possibility to use information for water clusters to
clarify the microscopic local structure of liquid water
Clathrates
 investigate the pressure dependence for the structure and properties
of the three methane hydrate structures I, II and H
 map out the phase transitions between the clathrate structures
Metal oxide nanoparticles
 evaluate how the interaction of carboxylic acids with ZnO
nanoparticles are affected by water adsorbed at the surface
 investigate the influence from adsorbed organic molecules on
electronic and optical properties of ZnO and TiO2 metal oxide
nanoparticles
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2 Methods
2.1 Quantum chemistry
All quantum chemistry starts from the Schrödinger equation [23], which
in its time independent form is written:
ĤΨ = EΨ
(1)
where the wave function, Ψ, is an eigenfunction of the Hamiltonian, Ĥ,
and the eigenvalue, E, is the energy of the system. The Schrödinger
equation can only be solved analytically for very simple systems. When
using the Schrödinger equation for larger systems, several
approximations must be introduced, both in the Hamiltonian and for the
wave function.
Ab initio quantum chemical methods derive solutions to the Schrödinger
equations without fitting any parameters to experimental information. In
the Hartree-Fock (HF) approximation [24,25], each electron is described
by a one-electron wave function. The dynamics of an electron is affected
by all other electrons in the molecule. In the HF method this electronic
interaction is approximated by an average interaction with all other
electrons. As a result, the correlation of the electronic motion is not
described correctly. The description of the electron correlation can for
instance be improved by using Møller-Plesset corrections of the second
order (MP2) [26].
An alternative method to solve the Schrödinger equation is the density
functional theory (DFT) approach [27]. The DFT method is based on the
total electron density in combination with a few parameters fitted to
experimental data. DFT may in favorable cases be as accurate as MP2 but
with much faster calculations.
An approach that often gives even better results is to use a hybrid
between HF and DFT [28]. A widely used hybrid functional is the
B3LYP functional [29], which is the main method used in this work.
Obtaining the three dimensional molecular orbitals numerically from the
HF equations is still computationally difficult. They can however be
described by a linear combination of a fixed set of functions, usually
centered at the atomic nuclei in the molecule, so called basis functions or
a basis set. The calculations can be performed with basis sets of different
sizes, which can include basis functions with different characteristics. A
small basis set provides faster calculations, but including more wellchosen basis functions will result in better description of the molecular
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orbitals and thus better solutions to the HF equations. The choice of basis
set is a balance between computational time and the required accuracy of
the results.
The quantum-chemical computations were performed using the programs
Gaussian98/03 [30] for molecular and Crystal03 [31] for periodic
systems.
For large structures, where it is too time consuming to use the methods
described above, force-field methods are an alternative. In force-field
methods, analytical expressions for the forces between the atoms are
used. Such expressions can be derived by adjusting fitting parameters to
experimental and/or ab initio data. The OSS2 [32] and SPC [33]
analytical potentials were used in this thesis.
Usually, interaction energies rather than total energies are discussed. The
electronic energies calculated are presented as interaction energies. The
interaction energy, ∆E, between two or more molecules is defined as the
energy difference between the electronic energy of the total system and
the sum of the energies of the isolated molecules.

2.2 Statistical thermodynamics
In statistical thermodynamics the partition function, q, is an important
quantity from which all statistical properties of a system can be calculated
[34]. The partition function for a collection of non-interacting particles
can, within the harmonic approximation, be written as a product of terms
related to the electronic, translational, rotational and vibrational energies:
q = q elec q trans q rot q vib
(2)
They are, at temperature T, defined as:
 The electronic energy partition function is written:
q elec (T ) = ∑ g l ⋅ e

−

El
kT

(3)

l

where gl is the number of topologies with electronic energy El and
k is Boltzmann’s constant. In this thesis, electronic energy is really
the sum of electron-electron, nuclear-nuclear and electron-nuclear
potential energies plus the electronic kinetic energy as can be
obtained from quantum-chemical calculations.
 The translational partition function for a particle of mass m is:
3/ 2
 2 ⋅π ⋅ m ⋅ k ⋅T 
qtrans (T ,V ) = V ⋅ 
(4)

h2


where V is the free volume between the clusters and h is Planck’s
constant.
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 The rotational partition function:
1/ 2
1  πT 3 

q rot = 
(5)
σ  Θ A Θ B Θ C 
where σ is the rotational symmetry number (σ =2 for the monomer
and σ =1 for the clusters) and Θ are the rotational temperatures.
 The vibrational partition function:
− hν / 2 kT
3 N −6
e
qvib = ∏
(6)
− hν / kT
j =1 1 − e
where ν are the vibrational frequencies and N the number of atoms.

(

(

)

j

j

)

Quantum-chemical computations can provide not only the energies but
also for example the vibrational frequencies from normal-mode
calculations.
Here the partition function was used to study the equilibrium between
different water clusters. The equilibrium between clusters consisting of i
and r molecules can be written as:
(7)
r (H2O)i Wi (H2O)r
At equilibrium, the chemical potential must be equal for all clusters
present. The chemical potential, µi, for a cluster with i molecules can be
calculated from its partition function as:
q 
µi = − kT ln i 
(8)
 ni 
where ni is the number of clusters with i molecules. Together with the
condition that the total number of water molecules in the system is
constant (1 mol = NA) this implies that the following equations must be
satisfied for each pair of clusters at equilibrium:
i/r
 nr 
ni = qi  
(9)
 qr 
and
N A = ∑ i ⋅ ni
(10)
i

By constructing the partition functions for the clusters and solving
equations (9) and (10), the numbers of clusters of each size at equilibrium
are obtained. The partition function for the whole system, Q, can then be
calculated from:
n
qi
Q=∏
(11)
ni !
i
From Q it is then possible to calculate for example the pressure, p:
i
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 ∂ ln Q 
(12)
p = kT 

 ∂V T
Inserting Q, defined as in equation (11), results in the ideal gas law. It
also follows that Gibbs free energy, G, can be written as:
G = −kT ln Q + pV
(13)
Solving the equations at constant pressure must be performed iteratively
since the volume depends on the number of clusters formed. The
calculation procedure is described by the flow chart in Figure 4.
An alternative way of expressing equation (12) is to use the Helmholz
free energy, A, and write:
 ∂A 
p = −
(14)

 ∂V  T

Guess initial:
 volume, V
 populations, ni

Form the partition function, Q,
and calculate new populations, ni

Molecules interacting?

NO

NO

Calculate V using
the ideal gas law

Volume and populations
converged?

Lowest energy?

YES

Calculate V using equation (16)

Calculate Gibbs free energy (13)
for the three possible V-roots.

YES

PROBLEM
SOLVED

Figure 4. Flow chart showing the calculation procedure at constant pressure.
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In the equations shown above, clusters do not interact with each other. An
approximate way to include interactions between the clusters is by
adjusting the energy for the clusters [35]:
ia
E corr = E calc +
(15)
(V + V excl )
The fact that the true interaction will increase for larger clusters and
decrease with the distance between them is taken into account by scaling
the constant a with the number of molecules in the cluster and dividing
by the total volume. The total volume is the sum of the free volume
between the clusters and volumes of the clusters. The volumes of the
clusters, Vexcl, is given by:
Vexcl = ∑ n i bVi
(16)
i

Here Vi is the calculated volume of a cluster of size i. The parameters a
and b are fitted to give phase transitions at the experimental melting and
boiling point temperatures. Substituting this energy correction into
equation (12) gives a van der Waals law-like equation:
a
NkT = ( p + 2 )(V − Vexcl )
(17)
V
Solving this equation at a constant pressure will give three possible roots
for V. If more than one V-root is real the volume that gives the lowest
Gibbs free energy is chosen, see flow chart in Figure 4.

13

14

3 Water clusters
3.1 Hydrogen bond topology (Paper I)
The stability of a cluster of water molecules depends on many factors.
Besides the temperature and pressure, structural quantities such as the
number of participating water molecules, the geometry of the oxygen
framework and the hydrogen bond topology are important. A general
model for how the energy of a cluster depends on the H-bond topology
was derived in Paper I. This model can be used as a first check for cluster
candidates with stable structures. This is especially useful for larger
clusters where it is virtually impossible to derive and analyze all possible
structures. The model was derived by generating all possible H-bond
arrangements for one oxygen framework with eight molecules, two
frameworks with ten and three with twelve molecules. Some of the
generated topologies will be symmetry dependent, i.e. one topology is
generated from another topology by means of, for example, rotation. This
means that the number of topologies can be reduced to those being
symmetry independent, without loosing information. The reduced
numbers of symmetry-independent topologies were all geometryoptimized with the OSS2 potential. A subset of H-bond topologies,
selected to sample the OSS2 energies evenly, were geometry-optimized at
the quantum chemical B3LYP/cc-pVDZ level.
For each of the optimized topologies six, different H-bond characteristics
[36-38] were analyzed. A schematic overview of the characteristics used
is shown in Figure 5. The six characteristics are the following:
nSD-SD: The number of neighboring molecules where both molecules
have a free hydrogen atom.
nhomo: The number of angles in which all three water molecules are of
the same type, either single donor or double donor. These angles
are called homogeneous angles.
ncycle:

The number of faces in which all water molecules are of the same
type.

nring:

The number of rings that are H-bonded closed paths where each
molecule accepts one hydrogen bond from, and donates one
hydrogen bond to, a member of the ring in a circular fashion. nring
includes only paths without shortcuts by H-bond bridges.

ntotring: Similar to nring but it includes all paths, including those with
shortcut bridges.
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nsym:

The number of symmetric angles, i.e. angles where both
hydrogen bonds either are donated or accepted, in the smallest
faces.
nSD-SD

nhomo

ncycle

nring

ntotring

nsym

Figure 5. Schematic overviews of the characteristics studied.
Table 2. Correlation coefficients between ∆E and the characteristic.

cluster

nSD-SD

nhomo

ncycle

nring

ntotring

nsym

(H2O)8

0.95

0.96

0.76

-0.49

-0.91

–

(H2O)10

0.92

0.98

0.58

-0.43

-0.83

0.03

(H2O)12

0.92

0.97

0.46

-0.32

-0.73

-0.14

Correlation coefficients between the interaction energy, ∆E, and the
characteristics were calculated. The correlation coefficients for the
oxygen frameworks corresponding to the most stable cluster with eight,
ten and twelve molecules are shown in Table 2. A correlation coefficient
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near 1 or -1 means that the energy is strongly correlated to this
characteristic. This is also illustrated by the interaction energy plotted
against the studied characteristics for the cluster with ten molecules in
Figure 6. The energy is most strongly correlated to the characteristics
nSD-SD, nhomo and ntotring. This means that when constructing a stable
cluster, one should avoid 3SD-DA-molecules being placed next to each
other in order to minimize nSD-SD and thus also minimize nhomo and ncycle.
Maximizing ntotring, the number of H-bonds forming rings both with and
without shortcuts, will likely also contribute to a lower energy.

Figure 6. Interaction energy, ∆E, plotted against the structural characteristics for the
cluster with 10 molecules (B3LYP/cc-pVDZ computations).

Least square fits of the energy to the characteristics were computed for
each oxygen framework. A generally applicable model was derived by
fitting the energy minus the energy of the most stable topology, ∆Emin(∆E), against the values of the characteristics relative to the values for
the most stable topology for each cluster size and oxygen framework. The
general model found is:

∆Efit = min (∆E ) + 0.21 + 0.69nSD−SD + 0.36nhomo + 0.47ncycle − 0.10nsym (18)
Since the different characteristics are correlated to each other, not all of
them were significant to include in the fitting even though they show a
high correlation to the energy. The correlations between nSD-SD, nhomo and
ncycle are obvious since they all originate in the placement of the two types
of 3-coordinated water molecules. But also ntotring was found to be highly
correlated with nSD-SD, nhomo and ncycle, which explain why it is not
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included in the general model. nsym is the characteristic that is most
weakly correlated to the other characteristics and thus significant to be
included in the model even if it is only weakly correlated to the energy.
This implies that nsym could describe energy variations that do not arise
from the characteristics that determine most of the energy variation. The
energies predicted by the best fit models, both for each cluster and the
general model generated from all optimized topologies, agree very well
with the actual energies as seen in Figure 7.

○ best fit model for (H2O)10
● general model from all clusters

Figure 7. Interaction energies for the cluster with ten molecules predicted by the best
fit models plotted versus the B3LYP/cc-pVDZ energies.

3.2 Dense or cage-shaped clusters? (Papers II and IV)
The gas-phase cluster with 20 molecules is often discussed in the
literature [39-49] where different ideas of the geometric shape of its
energy-minimum structure are proposed. The interesting problem with
the (H2O)20 cluster is that experiments and theoretical studies point to
different structures being the most favorable. There are mainly four
possible structures discussed. The cage-shaped dodecahedral structure
and the more dense structure, a fused prism, are (as seen from quantumchemical calculations) the most likely ones, see Figure 8. The
dodecahedral structure has been proposed from experimental results [39]
while theoretical calculations [40] often show that the fused prism
structure ought to be the most stable.
A cluster formed by fused prism structures will be a more dense structure
with an advantageous larger number of H-bonds than a cage-shaped
cluster. A disadvantage with the fused clusters is that their structure
includes a larger number of 4-membered H-bonded rings. In such rings
the angular strain will be much higher than in 5- or 6-membered rings
since the angle will be much smaller than the angle of approximately
105° in a water molecule [2].

18

cluster size

cage-shaped clusters

fused/dense clusters

12

20

Figure 8. The cage-shaped and fused prism clusters with 12 and 20 molecules.

The cage/fused stability problem was studied in detail for the cluster with
20 molecules but also for the cluster with 12 molecules, which is the
smallest cluster where the cage/fused problem arises. B3LYP and MP2 in
combination with increasing basis sets of the 6-31G family [50] were
used to calculate their relative stability, see Table 3. For the smallest basis
set (6-31G(d,p)) the fused clusters have the lowest energy but when the
basis set is enlarged by adding diffuse and polarization functions, the
energy difference between the cage-shaped and the fused clusters
decreases. Using B3LYP for the clusters with 12 molecules the cageshaped cluster becomes more stable than the fused one when diffuse
functions (+) are included. The 6-31+G(d,p) basis set was found to give
results of the same accuracy as the larger basis sets. For the 20-mer all
methods result in the fused prism cluster being more stable, but also for
this cluster size, the difference decreases when larger basis sets are used.
Including zero-point energy and Gibbs free energy (at 149 K) will favor
the cage-shaped structures, while adding thermal energy to the energies
including zero point energy will disfavor the 3-coordinated structures but
to a lower extent. The difference in Gibbs free energy between
dodecahedral and fused prism 20-mers calculated using B3LYP/6311+G(2d,2p) is only 0.43 kJ/mol compared to 0.97 kJ/mol for the
electronic energy. Using MP2 instead of B3LYP shows a similar
behavior, but the fused structures are somewhat more stable.
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Table 3. Energy difference in electronic energy (∆E), zero-point energy (∆U0),
thermal energy including zero-point energy (∆U) and Gibbs free energy (∆G)
between the cage-shaped and fused clusters with 12 and 20 molecules at 149 K. sp
notes that a single-point energy is calculated for the B3LYP geometry-optimized
structure. (kJ (mol H2O)-1)

(H2O)12/method

∆E

B3LYP/6-31G(d,p)
B3LYP/6-311G(2d,2p)
B3LYP/6-31+G(d,p)
B3LYP/6-311+G(2d,2p)
B3LYP/6-311++G(2d,2p)
B3LYP/6-311++G(2df,2pd)

2.18
1.45
-0.37
-0.21
-0.21
-0.34

MP2/6-31G(d,p)
MP2/6-311G(2d,2p)
MP2/6-31+G(d,p)
MP2/6-311+G(2d,2p)
MP2/6-311++G(2d,2p) sp
MP2/6-311++G(2df,2pd) sp

2.57
2.37
0.29
0.76
0.73
0.53
∆E

(H2O)20/method
B3LYP/6-31G(d,p)
B3LYP/6-311G(2d,2p)
B3LYP/6-31+G(d,p)
B3LYP/6-311+G(2d,2p)
B3LYP/6-311++G(2d,2p)
B3LYP/6-311++G(2df,2pd)

4.05
3.16
1.06
0.97
0.99
0.87

MP2/6-31G(d,p)
MP2/6-31+G(d,p)

4.34
2.21

∆U0
∆U
cage-fused
1.44
1.51
1.00
1.08
-0.75
-0.70
-0.47
-0.45
-0.47
-0.41
-0.59
-0.54
2.00
2.11
–
–
0.17
0.20
–
–
–
–
–
–
∆U0
∆U
dodecahedral-fused prism
3.01
3.13
–
–
0.50
0.58
0.56
0.65
–
–
–
–
–
–

–
–

∆G
1.26
0.87
-0.83
-0.60
-0.56
-0.65
1.76
–
0.06
–
–
–
∆G
2.81
–
0.37
0.43
–
–
–
–

Using statistical thermodynamics the equilibrium between the two 20-mer
structures can be studied at increasing temperatures. In this calculation
the number of H-bond topologies for each oxygen framework and
vibrational energies were included.
Generally, it would be very useful to have an analytical formula that
predicts the number of possible H-bond configurations for a given oxygen
framework. For 4-coordinated molecules in ice, Pauling [3] derived such
a formula when he showed that the number of H-bond topologies was
given by 1.5N, where N is the number of molecules. Inspired by this, a
formula was derived for at first a system of 3-coordinated molecules,
which shows that in this case the number of H-bond topologies is 2.12N.
(For 2-coordinated molecules the corresponding expression is trivially
2N.) The total number of H-bond topologies, g, for a cluster with N2 2-
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coordinated, N3 3-coordinated and N4 4-coordinated members can thus
be estimated by:
(19)
g = 2 N 2 2.12 N 31.5 N 4
For the dodecahedral cluster there are about 3.6·106 H-bond
configurations, but only 2.1·105 for the fused prism cluster. At low
temperatures the fused prism structure is dominating due to its lower
energy but the dodecahedral cluster will dominate when the temperature
is increased as shown in Figure 9. At about 200 K there is an equal
amount of both structures. The contribution from the vibrational
frequencies and the existence of a larger number of different topologies
for the pure 3-coordinated dodecahedral cluster are the reasons why the
dodecahedral structure stands out at higher temperatures.

Figure 9. The equilibrium populations for the two (H2O)20 clusters at 1 atm.

3.3 IR spectra: The structure of liquid water (Paper III)
For liquid water the mean number of H-bonds estimated in different
studies differs, between 1.5 and 3.6 H-bonds per water molecule [2,5156], depending both on the method and the definition of a H-bond. The
most quoted number is 3.5 [56] but in an X-ray absorption spectroscopy
and Raman scattering study [53] the considerably lower value of 2.2±0.5
was obtained with a reasonable definition of the H-bond. In Paper III we
set out to elucidate the H-bond structure of liquid water by comparing its
IR spectrum with those calculated for water clusters with different
coordinations.
Guided by the results in Chapter 3.1 and 3.2 clusters with up to 30
molecules were constructed, see Figure 10, and their IR spectra
calculated. The spectra in the OH stretching region were divided into
contributions from molecules with different H-bond coordinations, see
Figure 11.
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(H2O)6

(H2O)11

(H2O)15

(H2O)18

(H2O)22

(H2O)7

(H2O)8

(H2O)12

(H2O)9

(H2O)10

(H2O)13

H2O)14

(H2O)16

(H2O)17

(H2O)19

(H2O)28

(H2O)20

(H2O)21

(H2O)30

Figure 10. The structures of the clusters with 6-22, 28 and 30 molecules.

The dependence on the coordination of the downshift in vibrational
frequency relative to that of an isolated molecule can be summarized in
an “S-4-D” rule: An increasing number of single “S” donors/acceptors on
the donor/acceptor side of the H-bond leads to a larger frequency
downshift. 4-coordinated molecules will give a lower downshift and even
lower for double “D” donors/acceptors. For 2-coordinated molecules the
H-bonded OH stretching in the 2SD-SA molecule is located between those
of the 3SD-DA and 3DD-SA molecules. The frequencies of the 2-coordinated
possibility 2DD will be less downshifted than those of the 3DD-SA
molecules. The 2DA with both hydrogens free will, as expected, be similar
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to the other free hydrogens (in 3SD-DA and 2SD-SA). The S-4-D rule works
for the molecules directly participating in the H-bond but also for the
neighboring molecules H-bonded to the central molecules.

Figure 11. Distributions of oscillator strengths per OH oscillator for the different
coordination types.

It has previously been found that the vibrational OH stretching region in
the experimental IR spectra for liquid water can be reproduced very well
by a combination of three Gaussian functions [51,57]. These functions
have been assigned to molecules with increasing coordination for more
downshifted frequencies [51,57]. This assignment contradicts the S-4-D
rule found in the investigation of clusters.
The average spectra from the clusters, see Figure 11, were fitted to
experimental spectra [51] in Figure 12. All calculated frequencies were
first scaled to fit the experimentally known frequencies in a ring-shaped
cluster with 6 molecules [58].

Figure 12. Best fit spectra together with the experimental spectra and the
contributions from the different H-bond configurations. The calculated spectral
contributions were downshifted by 10 % before fitting to the experimental spectra at
20 °C.
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From the results of the least-square fit the fraction of molecules that are
2-, 3- and 4-coordinated are obtained and from that the mean number of
H-bonds per water molecule, see Table 4.
Table 4. Fitting results at -6 °C and 20 °C.

-6°C
20°C

2-coord
20%
21%

3-coord
53%
63%

4-coord
27%
17%

H-bonds/molecule
3.1
3.0

This method predicts that each water molecule in liquid water on average
participates in approximately three H-bonds. This is lower than the often
quoted number of 3.5 at 25 °C [56] but also higher than the 2.2±0.5
predicted by Wernet et al [53].

3.4 Cluster size distributions (Paper IV)
Using the statistical thermodynamics equations, described in Chapter 2.3,
the size distribution of water clusters can be calculated. Equilibrium
distributions were calculated for non-interacting clusters, i.e. an ideal gas,
in the temperature interval from 0 K to 500 K and at constant pressures of
10-8 atm and 1 atm, see Figure 13. All cluster sizes with up to 60
molecules were included. The low pressure is of interest since a low
background pressure is used in experiments showing magic number
clusters [4-6] (although in these experimental setups positively charged
rather than neutral clusters are probed).
Since quantum-chemical calculations were performed only for the
clusters in Figure 10 with 1-22, 28 and 30 molecules the information for
larger clusters (with up to 60 molecules) had to be extrapolated from data
for those clusters. The cluster with 56 molecules, which has the largest
number of 4-coordinated molecules, is the lowest in energy and also the
cluster dominating at low temperatures. At higher temperatures the
monomers prevail. Smaller clusters occur in the temperature interval
between the 56-cluster and the monomers. At low pressure only the two
magic number clusters with 21 and 28 molecules are present in a
significant amount but at 1 atm pressure other small clusters with up to 22
molecules also occur. The possibility of water condensing to ice was also
taken into account by introducing a large (800 molecular) ice-like cluster
in the equilibria calculations. In the ice-like cluster all molecules are 4coordinated and topologies and energy variations were taken from the 8molecule unit cell of ice [59]. When ice is included there is only one
phase transition from ice to monomers and no phase which can be
assigned to liquid water is present at all, see Figure 13. At 1 atm pressure
the phase transition is located between the experimental melting and
boiling points at 324 K (162 K at 10-8 atm).
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Figure 13. Cluster population at (a) 1 atm and at (b) 10-8atm. Including only clusters
with up to 60 molecules (solid line) and including an ice-like structure (dotted line)
(c) cluster population in water vapor.

Using the experimental saturated vapor pressures [60] over ice and liquid
water at an atmospheric pressure of 1 atm, the equilibrium distribution of
the clusters present in water vapor has been calculated. The saturated
vapor is found to be dominated by water monomers and only a limited
amound of small clusters. The population maximum of the clusters is at
the boiling point where 0.7 % of the molecules form water dimers. 3-mers
(0.04 %), 4-mers (0.06 %) and 5-mers (0.01 %) are formed at an even
smaller amount.
An interesting question is whether a model of clusters in equilibrium ever
can be used to represent the liquid state. In particular, the results by
Wernet et al. [53] suggest that there should be a large number of broken
H-bonds in liquid water and a plausible consequence is that a high
number of low-coordinated and probably not too large cluster-like
structures would be present. In a model that is able to represent liquid
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water, interactions (attractions and repulsions) between the clusters must
likely be included. Weinhold [35] devised an efficient approximate
method to include cluster-cluster interactions in the distribution
derivation calculations. He included clusters with up to 24 molecules in
the calculations with the energetic data from HF/3-21G calculations [61].
He found that something similar to a liquid phase indeed was obtained
that was dominated by 8-membered ring structure.
In Paper IV Weinholds method to include cluster interactions was used
but with our set of clusters with up to 60 molecules (with or without ice)
and data based on B3LYP and an augmented split valence basis set. The
result can be seen in Figure 14. In the region where in real life liquid is
the stable state, a number of clusters exist, but the clusters are much
larger than predicted by Weinhold [61]. Further on the interactions
between the clusters are of the same magnitude as one extra H-bond per
water molecule in the cluster. With so strong interactions present the
clusters must rather be considered as one large continuous phase and can
no longer be described as a set of individual low-coordinated clusters.
These results point to that a description of liquid water as a mixture of
clusters fails both for the non-interacting and the interacting models. A
more realistic description of the liquid water phase in such equilibrium
calculations can probably be obtained if a continuum model for liquid
water is somehow included.

Figure 14. Cluster population at 1 atm using the interacting-clusters model.

3.5 The (H2O)100 nanodrop (Paper V)
A large water cluster consisting of 100 water molecules, has been
identified experimentally in a cavity of a polyoxomolybdate crystal
structure [62]. The oxygen framework of this cluster is a symmetric (C2h)
structure based on the dodecahedral 20-mer cage surrounded by 12
pentagons which are H-bonded to the dodecahedron by the remaining 20
molecules, see Figure 15.
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In order to try to clarify whether
this cluster is “extraordinary
stable” its energy was compared
to trends found for smaller
clusters. The water clusters with
up to 30 molecules in Figure 10
and clusters derived using an
evolutionary
algorithm
by
Bandow and Hartke [63] were
used for comparison. The cagebased clusters in Figure 10 were
constructed to have few Hbonded rings with only four
members. The clusters by
Figure 15. The cluster with 100 molecules
Bandow and Hartke are denser where the oxygen framework is taken from
with
more
4-coordinated crystallographic data [62]. The oxygens of
molecules. All clusters were the water molecules in the central
reoptimized using B3LYP/6- dodecahedral are colored blue.
31+G(d,p). A sample of cagebased clusters in the 30-100 molecular range were constructed. The
constructed clusters consists of 35, 42, 54, 55, 80 and 81 molecules, see
Figure 16. The oxygen frameworks for the cages in these large structures
were taken from clathrate and fullerene structures. The interior of the
cage was filled with an appropriate number of water molecules.
(H2O)35

(H2O)55

(H2O)42

(H2O)54

(H2O)80

(H2O)81

Figure 16. The cluster with 35, 42 (S6 symmetry), 54, 55, 80 and 81molecules, the
molecules in the interior of the cluster are colored blue.
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The interaction energies, ∆E, for the studied clusters in the range 15-100
molecules are shown in Figure 17a together with a fitted trend.
The overall trend predicts an energy of -60 kJ mol-1 for very large
clusters. If this energy is scaled, so that the experimental [2] and
computed dimer energies agree, it becomes -54 kJ mol-1. This lies
between the two different experimental energies for ice (-53.0 [64] and
-58.8 [65] kJ mol-1).
The magic number cluster with 21 molecules is ~1 kJ mol-1 lower in
energy than the trend line. Also the clusters with 42 and 100 molecules
seem to be stable clusters compared to the overall trend (~1.5 kJ mol-1
lower in energy) although it depends much upon how the line for the
trend is drawn. Especially the cluster with 100 molecules gains stability
when Gibbs free energy at 298 K is taken into account. The (H2O)100
nanodrop is the only cluster for which ∆G is negative. This means that it
is the only of the studied clusters that in equilibrium with monomers will
be formed spontaneously at 298 K.

Figure 17. Interaction energies for clusters with 15-100 molecules (a) electronic
energy, (b) Gibbs free energy. ● the cage-shaped clusters and ○ the more dense
structures.

Comparing the electronic energies for the cage-based clusters with the
more dense structures, the dense clusters are found to be lowest in energy.
The lower coordinated cage-based clusters gets more stable at higher
temperatures, i.e. gets lower in Gibbs free energy at 298 K.

28

4 Methane hydrate clathrates (Paper VI)
The stabilities of the three main crystalline clathrate structures I, II and H
were studied for methane hydrates. Most theoretical studies performed
earlier have employed force field methods, although molecular dynamics
simulations using DFT have been performed for MH-I [66]. In Paper VI
periodic quantum-chemical computations were performed using the
Crystal03 program and the B3LYP functional with the 6-31G(d,p) basis
set. The vibrational zero-point energy and thermal energy corrections
were calculated using the SPC potential. To obtain the pressure
dependence of the structures, the calculations were performed for
different cell volumes. The cage types in the three clathrate structures are
given in Table 5. Structure I is lower in density because of the larger
cages in structure II and H. The methane hydrate structures are filled with
one methane molecule in each cage. The structures are shown in Figure
18.
Table 5. The number of water molecules and cage sizes in one unit cell for the
clathrate structures I, II and H. A cage formed by x 5- and y 6-membered rings is
named 5x6y.

structure/unit cell
#H2O in the cage
I/cubic
II/face centered cubic
H/hexagonal
Ice Ih

#H2O

46
136
34

512
20
2
16
3

# of cages of type:
435663 51262
51264
20
24
28
–
–
6
–
–
8
–
–
2
8 H2O/unit cell

51268
36
–
–

1

The electronic energies for the optimized energy minimum structures and
their densities are given in Table 6 together with some experimental data.
MH-I, the structure found in natural methane hydrates, is seen to be
lowest in electronic energy. The geometry optimized densities are too
high compared to experimental densities. When the zero point energy and
thermal energy corrections were added, larger cells are also predicted
from the calculations. The structures obtained directly from the geometry
optimizations actually correspond to pressures at about 1-2 GPa. The
pressure is calculated from the negative volume derivative of Helmholz
free energy, see equation (14). Calculations including the thermal and
zero-point energy corrections predict densities neatly in agreement with
experiments at the actual specified pressures, for example, the calculated
density for ice Ih agrees perfectly with the experimental density.
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MH-II
MH-I

MH-H

Figure 18. The methane hydrate structures I, II and H with one methane molecule in
each cage.
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Table 6: Densities for the B3LYP/6-31G(d,p) optimized structures, the predicted
structure at 0 GPa and experimental values. The densities obtained from the
calculations at the pressures for the experiments are also given. Electronic energies
compared to free monomers are given per water molecule.

electronic energy
(kJ mol-1)
-52.5

density
(g/cm3)
1.01
0.90
0.95
0.92a

geometry optimized
pressure=0 GPa
pressure=0.25 GPa
0.25 GPa 298 K [14]

-50.6

0.99
0.84
0.91
0.92a

geometry optimized
pressure=0 GPa
pressure=0.6-0.8 GPa
0.6 GPa 298 K [14]
experimental
0.8 GPa 298 K [68]

-50.4

0.97
0.82
0.95
0.95a
0.95a

-52.0

1.02
0.92
0.917

Type
MH-I

experimental
MH-II

experimental

geometry optimized
pressure=0 GPa
pressure=0.5 GPa
0.5 GPa 273 K [67]

MH-H

ice Ih
experimental
a

geometry optimized
pressure=0 GPa
0 GPa 269 K [69]

Computed from the lattice constants in the experimental references.

The phase transitions between the methane hydrate structures were
investigated by examining the Gibbs free energies at 273 K for MH-I,
MH-II and MH-H, see Figure 19a. The calculated phase diagram is
shown in Figure 19b. MH-I is stable for pressures up to ~5 GPa where a
phase transition occurs to MH-II. At ~10 GPa MH-H becomes the most
stable structure. The stability for MH-I up to ~5 GPa agrees with the
CPMD study by Ikeda and Terakura [66] where the cage structures in
MH-I were destroyed at 4.5 GPa. Compared to the phase transitions
reported in experimental studies [12-17] (0.1-1 GPa for I-II and 0.6-2
GPa for II-H) the calculated transitions are at too high pressures. A
possible effect that can explain the difference between calculations and
experiments is the cage occupancy. In the calculations all cages were
occupied, while methane hydrates in nature are not completely filled. The
estimated [7] fractional occupation of MH-I is 0.87 in small cages and
0.973 in large cages, and 0.672 and 0.057 for the small and large cages in
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MH-II, respectively. Changing the occupation in the calculations might
bring the phase transition pressures in better agreement with experiments.
a

b

Figure 19. (a) Gibbs free energies at 273 K for I-, II- and H- methane hydrates as a
function of pressure. (b) Phase diagram showing the calculated phase transitions
between the methane hydrate structures I, II and H.

In the light of the feared melting of methane hydrates due to possible
global warming, it is of interest to study the phase transition where
methane hydrate decompose into separate ice and methane phases. The
methane phase was modeled as a gas phase. At the high pressures used
the ideal gas law will predict very small volumes (smaller than the
volume of the methane molecules). To get a more realistic model the
volume of the methane molecules was included in a van der Waals
equation for methane. This nevertheless crude model predicts the
transition pressure between ice Ih and MH-I to be 40 MPa, see Figure 20.
This is a much higher pressure than the experimental pressure of 2.4 MPa
[7] at 271 K. A better description for methane can probably result in a
more realistic description of the methane hydrate ice equilibrium.

Figure 20. Gibbs free energies at 273 K for ice Ih and MH-I as a function of pressure.
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5 ZnO and TiO2 nanoparticles
5.1 Capping and hydration effects (Paper VII)
Theoretical studies (B3LYP/6-31+G(d,p)) together with results from
experimental measurements were carried out to study the adsorption of
carboxylic acids at zinc oxide nanoparticles. Also the co-adsorption of
water molecules was modeled. In the presence of water the nanoparticle
surface will be covered by adsorbed water molecules. For any other
molecule to be adsorbed, water must be removed from the surface, which
will affect the adsorption energy.
Two adsorption modes, see Figure 21,
in which acids with a carboxylic
group can coordinate a metal oxide
surface were studied in Paper VII:
Bridge: both carboxylic oxygens are
bonded to metal atoms at the surface
and the dissociated hydrogen
Figure 21. Adsorption geometries for
adsorbed to a surface oxygen. This
carboxylic acids. Me indicates a metal
geometry is also known as bidentate
atom.
bridge
or
2M-bidentate
(2M
indicating two metal atoms).
Monodentate: one carboxylic oxygen binds to a metal atom and the other
is H-bonded to the surface. The hydrogen may be transferred to the
surface oxygen.
The adsorption of formic acid on a ZnO particle was studied using a
Zn10O10 cluster model. The adsorption of formic acid was studied for both
a single acid molecule adsorbed at the Zn10O10 cluster and for a cluster
with a complete monolayer of formic acid, see Figure 22. The adsorption
of formic acid in both bridge and monodentate modes were studied both
for a bare ZnO surface and for a hydrated surface with a monolayer of
water molecules. A complete monolayer of formic acid at the Zn10O10
cluster consists of six bridge or 12 monodentate adsorbed molecules. The
interaction energy per molecule for formic acid is lower for bridge than
for monodentate adsorption both for adsorption of a single molecule and
for a molecule in the monolayer, see Table 7.
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Table 7. Electronic interaction energies, ∆E, and Gibbs free energies, ∆G, per acid
molecule adsorbed at a bare or hydrated ZnO cluster. (kJ mol-1)

surface
leaving H2O
monodentate
bridge
12 monodentate
6 bridge

a

e

∆E
bare
-189
-232
-147
-222

∆E
∆E
hydrated hydrated
g
l
-46
-116
5
-134
-40
-109
-6
-145

b

c

f

∆G
bare
-139
-182
-93
-168

∆G
∆G
hydrated hydrated
g
l
-39
-32
-43
-36
-35
-36
-51
-47

d

g

Figure 22. Optimized geometries of the Zn10O10 cluster with adsorbants. One formic
acid molecule in (a) monodentate and (b) bridge geometry. A complete monolayer of
(c) water molecules. One formic acid adsorbed at a hydrated cluster in (d)
monodentate and (e) bridge coordination. A complete monolayer of formic acid in (f)
monodentate and (g) bridge adsorption mode.

In Table 7, the reaction energies at a hydrated surface are given for two
different product states for the water molecules that leaves the
nanoparticle surface when formic acid is adsorbed. The leaving water can
either leave as vapor (g), or as constituted of the surrounding liquid (l).
The solvation energy for a water molecule in liquid water was in this case
approximated by the solvation energy of a water molecule in a (H2O)20
cluster. When the water molecule leaves as water vapor, the monodentate
adsorption is more stable than the bridge geometry as inferred from the
reaction energy, but taking Gibbs free energy into account, the bridge
geometry is the most stable configuration also in this case. Modeling the
leaving water as absorbed by liquid water favors the bridge configuration
both when the interaction energy and the Gibbs free energy are
concerned.
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Another circumstance that must be taken into account is that bridge
coordination needs two surface zinc atoms while monodentate only
requires one, which makes it possible to adsorb twice as many molecules
in monodentate configuration than in bridge [70]. From the energies in
Table 7 this means that monodentate adsorption will be energetically
favored if enough acid is present.
If the calculated IR spectra are compared with the experimental ones for
formic acid at ZnO, one sees that in the calculated IR spectra for formic
acid in monodentate adsorption (monodentate and monodentatefull) and
for one acid molecule adsorbed at the hydrated surface (monodentateH2O
and bridgeH2O), peaks are obtained at 1000-1200 cm-1 that are not
observed in the experimental spectra. The bridge geometry is in best
agreement with the experimental spectrum, see Figure 23.

Figure 23. Calculated (sharp peaks) and the experimental IR spectra for the ZnO
cluster functionalized with formic acid. The calculated spectra are shown for one
molecule at clean cluster (monodentate and bridge), one molecule at hydrated cluster
(monodentateH2O and bridgeH2O ) and for a cluster completely covered with formic
acid (monodentatefull and bridgefull) in monodentate and bridge configurations.

This is in contradiction to the energy calculations that seemed to favor the
monodentate adsorption mode. A possible explanation why formic acid
anyhow seems to be bridge coordinated is that the first molecules that
adsorbs do so in the bridge geometry since this is the most stable
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configuration if there is a surplus of sites. Adsorbing the extra molecules
to create a full monodentate layer requires that the already adsorbed
bridge molecules rearrange into less favorable positions. This means that
the bridge configuration may be metastable and therefore observed
experimentally.
For larger molecules, the bridge geometry is probably preferred over the
monodentate mode since steric repulsion in this case does not allow close
packing in the monodentate mode.

5.2 Larger carboxylic acids at ZnO (Paper VII)
In addition to formic acid, the larger aromatic acids benzoic acid,
nicotinic acid and cinnamic acid, see Figure 24, were studied at the same
theoretical level as in Chapter 5.1. Guided by the results for formic acid
(Chapter 5.1) the bridge configuration, see Figure 22b, was used as the
adsorption mode for the larger carboxylic acids.
a
b
c
d
N

H
HO

O
HO

HO

O

O

HO

O

Figure 24. Acids adsorbed at ZnO: (a) formic acid (b) benzoic acid (c) nicotinic acid
and (d) cinnamic acid.

The interaction energies for a single acid molecule at a Zn10O10 cluster are
of the same magnitude for all acids, see Table 8.
Table 8. Interaction energies, ∆E, for carboxylic acids adsorbed
in bridge configuration at the Zn10O10 cluster. (kJ mol-1)

acid
formic acid
benzoic acid
nicotinic acid
cinnamic acid

∆E
-232
-235
-235
-233

Figure 25 shows that there is a good agreement between the calculated
and the experimental IR spectra.
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Figure 25. Calculated scaled frequencies (sharp peaks) together with the experimental
IR spectra for carboxylic acids adsorbed onto ZnO.

Density of states (DOS) graphs for the adsorbed acids are shown in
Figure 26 together with the projected density of states (PDOS) for the
acid. Both HOMO and LUMO are located at the cluster. The lowest
unoccupied orbital located at the acid (LUMOads) is in the case of formic
acid located ~2 eV higher than LUMO. For the larger acids LUMOads
moves closer to LUMO, 1.2, 0.9 and 0.6 eV for benzoic, nicotinic and
cinnamic acid, respectively. For a monolayer of formic acid, the DOS for
the ZnO particle is changed compared to the case with only one molecule
adsorbed. The capped cluster has less dangling surface bonds compared
to the original ZnO structure. Notably the LUMO moves to higher
energies for the capped cluster. For the aromatic acids the LUMOads is
located at lower energies than for the formic acid. This has the
consequence that LUMOads can become situated within the band gap for
the aromatic molecules. This may probably help to explain that in the
experimental photoluminescence spectra, the near-edge peak for the
formic acid coated particles is two orders of magnitude stronger than for
the particles coated with the other acids. The occurrence of extra energy
levels in the band gap might shift those transitions to higher wavelengths.
The extra energy levels can origin both from the adsorbed aromatic acid
but also from dangling surface bonds for larger molecules where close
packing is not allowed because of steric repulsions.
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Figure 26. DOS for the ZnO cluster functionalized with formic acid (one molecule
and a full monolayer), benzoic acid, nicotinic acid and cinnamic acid. PDOS for the
acids are shown as dark filled area. MO energies are shown together with the
corresponding DOS spectra (MO energies for the molecular acid in gas phase are
shown at the top of each DOS spectra).

Computed absorbance/UV-VIS spectra for the Zn10O10 cluster with
adsorbed acids are shown in Figure 27. For the studied wavelengths, ZnO
to ZnO transitions are dominating. The first excitation energy, the optical
band gap, is located at about 430 nm/2.9 eV. For benzoic acid a large
peak is seen at 240 nm where the main three transitions are 241.7 nm
(acid to acid, strongest absorbance), 245.3nm (ZnO to ZnO) and 238.2
nm (ZnO to acid). For nicotinic acid two larger peaks are seen at 246 nm
and 226 nm. The transition at 246 nm occurs within the acid while that at
226 nm is a charge transfer transition from the ZnO particle to the acid. In
the absorbance spectra for cinnamic acid, a strong peak is seen at 290 nm
which is dominated by a charge transfer transition at 290 nm and an acid
to acid transition at 294 nm. For formic acid no pronounced peaks are
present. The molecular orbitals involved in the charge transfer transitions
are shown in Figure 28. Note that the charge transfer occurs at longer
wavelengths for cinnamic acid than for the other studied acids.
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Figure 27. Calculated UV-VIS spectra for the carboxylic acids adsorbed at the
Zn10O10 particle.

In the experimental UV-VIS measurements the band gap excitation was
seen at 345 nm/3.6 eV. For benzoic, nicotinic and cinnamic acid, peaks
occur at shorter wavelengths (250-270 nm) in agreement with the
calculated charge transfer peaks. The peak for cinnamic acid was stronger
than for the other acids also in the experimental spectra but the shift to
longer wavelengths could not be confirmed.
benzoic acid
cinnamic acid

238 nm
e-

290 nm
e-

nicotinic acid
226 nm
e-

Figure 28. The molecular orbitals involved in the charge transfer transitions for
benzoic acid, nicotinic acid and cinnamic acid.
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5.3 Aromatic molecules at TiO2 (Paper VIII)
A study of the adsorption of aromatic alcohols adsorbed at the anatase
(101) surface of titanium dioxide was performed. Alcohols will form a
weaker bond to the surface compared to carboxylic acids. Both a cluster
with eight Ti atoms and a periodic slab were used as models for the
titanium dioxide substrate, see Figure 29. The periodic model consists of
a slab twice as thick as that for the cluster.
a

b

Figure 29. The cluster (a) and periodic model (b) of the TiO2 anatase (101) surface.

The optimal adsorption geometry was derived by geometry-optimizing
phenol attached to the cluster in different initial positions. Both the
undissociated form and the dissociated form, where the hydrogen is
bonded to a surface oxygen, were tried. In the energetically most
favorable mode, phenol is undissociated and forms an O(alcohol) –
Ti(surface) bond and a H-bond to a surface oxygen. The benzene ring is
tilted ~30° from the normal of the surface, see Figure 30. This adsorption
mode was then also selected for the larger molecules and for phenol in
the periodic computations.

Figure 30. Phenol adsorbed at the cluster in the
energetically most favorable mode.
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The larger adsorbed aromatic alcohols were constructed by using phenol
as a building block in two ways:
Inserting spacer groups: the distance between the conjugated system and
the surface is varied by adding spacer groups (CH2, CH2-CH2 and
CH=CH) to the phenol molecule, exemplified by CH=CH in Figure 31a.
Enlarging the aromatic system: Alternatively, the conjugated system was
extended by merging additional benzene rings to phenol, see perylenol in
Figure 31b.
a

b

OH

OH

Figure 31. (a) Phenylethenol: spacer group CH=CH
(b) Perylenol: large aromatic system

The interaction energies for the molecules adsorbed at the TiO2 surface
are given in Table 9. Inserting the spacer groups results in lower
interaction energies whereas the interaction energy is almost unaffected
by the size of the aromatic systems.
Table 9. Interaction energies, ∆E, and the HOMO-LUMO energy difference.
adsorbed
∆E
HOMO-LUMO HOMO-LUMOads
(eV)
(eV)
molecule
(kJ mol-1)
pure anatase
cluster/periodic
–
5.59/3.91
–
phenol
cluster/periodic
-92/-96
4.12/2.19
6.21
phenylmethanol
CH2 spacer
-118
4.69
6.42
phenylethanol CH2-CH2 spacer
-116
4.47
6.53
phenylethenol
CH=CH spacer
-117
3.30
5.32
perylenol
large aromatic
-95
2.83
3.02

In the DOS and PDOS plots in Figure 32 HOMO is localized at the
adsorbed molecule while LUMO is localized at the TiO2 surface. The
lowest unoccupied molecular orbital located at the adsorbed molecule is
called LUMOads. Examples for the HOMO, LUMO and LUMOads orbitals
are shown for perylenol in Figure 33. The HOMO-LUMO and HOMOLUMOads energy differences are listed in Table 9.
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Figure 32. DOS for the TiO2 particle with different adsorbates and for the periodic
slab with adsorbed phenol. PDOS for the adsorbate is shown as blue filled area.
HOMO
LUMO
LUMOads

Figure 33. HOMO, LUMO and LUMOads for perylenol at the anatase cluster.

For the molecules with spacer groups the HOMO-LUMO distance
increases slightly except for the unsaturated spacer group, CH=CH. If the
aromatic system is increased the HOMO-LUMO energy difference
decreases due to the increasing amount of adsorbate high-energy orbital
levels introduced into the anatase band gap. Futhermore the lowest
unoccupied molecular orbital located at the adsorbate, LUMOads, moves
to lower energies with increasing aromatic size. For phenol LUMOads is
located 32 orbital levels above LUMO, but only three above LUMO for
perylenol.
When the cluster model is compared to the periodic model, it is seen that
the cluster model for example exaggerates the band gap. The visual
appearance of the MO’s participating in the adsorption are similar for the
two models.
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6 Conclusions
6.1 Water and water clusters
The multitude and structural characteristics of hydrogen bond networks
and their importance for determining the cluster stability and other
properties were studied. The most important structural factors for a stable
H-bond topology in a surface-dominated cluster originate in the two types
of 3-coordinated molecules (with and without a non-hydrogen bonded
hydrogen) which should be placed as evenly as possible in the cluster.
When the equilibrium between clusters with up to 60 molecules was
obtained the cluster size which was lowest in energy dominated at lower
temperatures and water vapor/monomers at higher temperatures. In water
vapor, monomers dominate (~99 %) together with a few small clusters. In
the temperature range between the region of large cluster and the region
of vapor other clusters are formed. Among these clusters the magic
number clusters with 21 and 28 molecules dominates. If interactions
between the clusters are introduced in a model where phase transitions
have been fitted to agree with the experimental melting and boiling
points, a mixture of clusters with mainly 20-22 molecules is obtained in
the region where experimentally liquid exists. These results might be
considered to constitute a cluster model for liquid water, but the
interactions between the clusters become extremely strong and the
clusters can no longer be seen as individual entities.
The two proposed energy-minimum structures for the cluster with 20
molecules have been analyzed. The structure stated from theoretical
calculations [40] consisting of fused prism is found to be lowest in
energy, while the dodecahedral structure proposed by experiments
dominate at temperatures above 200 K. At 298 K Gibbs free energy will
be positive for all studied clusters apart from the cluster with 100
molecules, experimentally known from a polyoxomolybdate crystal
structure, i.e. it is the only cluster that will form spontaneously from
monomers.
The contributions to IR spectra from different H-bond configurations
were derived from calculations on clusters. The downshift of the OHstretching frequencies was found to depend on the number of donated and
accepted H-bonds for the molecules participating in the H-bond. These
average spectra were used to analyze the H-bond configurations in liquid
water. By fitting the average IR spectra contributions to the experimental
liquid water spectra it was predicted that there are on average 3.0 H-
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bonds per water molecule in liquid water. This is lower than the often
quoted number of 3.5 [56] but higher than the value 2.2 obtained by
Wernet et al. [53].

6.2 Clathrates
Periodic quantum-chemical calculations combined with force-field
methods and statistical thermodynamics were used to investigate methane
hydrates at high pressures. The method used predicts densities in
agreement with experimental data: quantum-chemical geometry
optimizations predict too small cell volumes, but by inclusion of zeropoint energy and thermal energy the cell volume increases and the correct
densities are obtained. For methane hydrates the phase transitions from
the calculations for MH-I to MH-II occur around 5 GPa, which is higher
than in the experimental studies where the transition pressure is predicted
to 0.1-1 GPa, and 0.6-2 GPa for the II- H transition. The methane hydrate
structure H is the most stable of the investigated structures at 10 GPa. If
the cages in the methane hydrate are not completely occupied, then this
may influence the phase transition pressures.
6.3 Metal oxide nanoparticles
Adsorption of organic carboxylic acids at ZnO nanoparticles were
studied. From comparison of the calculated IR spectra for formic acid at
zinc oxide in the monodentate and bridge geometries, the bridge
configuration is in best agreement with the experimental IR spectrum.
Energetically the adsorption of one molecule in the bridge configuration
is preferred. However, the fact that it is possible to adsorb twice as many
molecules in the monodentate configuration than in bridge in a close
packed monolayer implies that thermodynamically the monodentate
adsorption mode should be dominating. That the bridge geometry is the
mode observed experimentally is likely due to kinetic reasons.
The theoretical density of state plots can be used to understand the peaks
around 3.4 eV in the experimental photoluminescence spectra, which is
much stronger for formic acid than for the other adsorbed acids at the
ZnO nanoparticles. This was interpreted to be due to occurrence of extra
energy levels in the band gap. The extra energy levels can origin from the
adsorbed aromatic acid but also from dangling surface bonds for larger
adsorbates, where close packing may not be possible due to steric
repulsions.
Adsorption energies and DOS were investigated for adsorbed aromatic
alcohols on a titanium dioxide anatase surface, where spacer group type
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and aromatic group size were systematically varied. Insertion of spacer
groups between the aromatic rings and the alcoholic OH-group adsorbed
to the surface results in a stronger adsorption. If the aromatic system is
increased, the HOMO-LUMO energy difference is decreased. Cluster and
periodic models were demonstrated to give qualitatively similar results,
although e.g. band gap magnitudes differed.
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8 Sammanfattning på svenska
Nanopartiklar och nanostrukturerade
material som är aktuella inom
exempelvis energiförsörjningen och
växthusproblematiken har studerats
med hjälp av superdatorunderstödda
kvantkemiska beräkningar och
statistisk termodynamik.
Metanhydrater, som bland annat
finns begravda i permafrosten, är en
metankälla som kan tänkas bidra till
energiförsörjningen men också Figur I. Ett lager av myrsyramolekyler
befaras kunna orsaka en ökad på en liten zinkoxidpartikel.
växthuseffekt. I denna avhandling
undersöks stabiliteten för metanhydrater. Egenskaperna för vattenånga i
atmosfären och uppbyggnaden på molekylnivå i vatten har utforskats
genom att analysera strukturen hos kluster uppbyggda av
vattenmolekyler. Ett annat område som studeras är modellsystem för
Grätzel-solceller, vilka är baserade på nanopartiklar av titandioxid eller
zinkoxid täckta med organiska färgämnesmolekyler, samt andra
nanopartiklar vars egenskaper kan modifieras med hjälp av ytadsorption
av organiska molekyler, se figur I.

8.1 Klatrater
En klatrat är en sorts is där
vattenmolekylerna bildar en struktur
med
hålrum
vilka
omsluter
gasmolekyler, se figur II. Den
vanligaste naturligt förekommande
klatraten är metanhydrat som finns på
havsbottnar och i marken under
permafrosten. Om en säker och
ekonomiskt möjlig metod att utvinna
metan ur metanhydrater utvecklas
kan de bli ett komplement till dagens
Figur II. En metanmolekyl omsluten av
fossila bränslen. Men de kan också en bur av vattenmolekyler.
spela en betydligt allvarligare roll
genom att påverka växthuseffekten. En ökad medeltemperatur kan orsaka
att metanhydraten smälter och metan, som är en effektiv växthusgas,
frigörs och i sin tur kan bidra till växthuseffekten. Liknande scenarier kan
vara orsaken till historiska kraftiga temperaturökningar.
47

Eftersom klatrater kan innesluta stora mängder gas (ca 160 gånger
volymen) skulle de vara utmärkta för förvaring och transport av gaser,
t.ex. naturgas, vätgas, koldioxid.
Det finns tre olika strukturer av klatrater (I, II och H) som skiljer sig åt
genom att hålrummen som bildas av vattenmolekylerna är olika stora.
Skillnaden i hålrummens storlek gör att storleken hos gästmolekylerna
påverkar vilken struktur som bildas. Övergångar mellan olika strukturer
kan ske för samma gästmolekyl om tryck och temperatur ändras.
Inverkan av trycket på de tre olika kristallstrukturerna för metanhydrat
har studerats. Det beräknade tryckberoendet för densiteten stämmer väl
överens med experimentella värden. Fasövergångar mellan metanhydrat
strukturerna I, II och H likväl som övergången till separata is och metan
faser har undersökts.

8.2 Vatten och vattenkluster
Vatten är ett viktigt och spännande
ämne. Det finns nästan överallt och
deltar i många kemiska reaktioner
framförallt inom biologiska processer.
Förmågan att bilda vätebindningar gör
att vatten har många avvikande
egenskaper jämfört med liknande små
molekyler, t.ex. har den oväntat hög
kok- och smältpunkt. Vätebindningarna Figur III. Det stabila klustret med 21
gör det möjligt för vattenmolekylerna att vattenmolekyler, ett ”magiskt” kluster.
bilda olika typer av nätverk. För ett
kluster av vattenmolekyler finns det ett
stort antal olika former och vätebindningsnätverk där de flesta kommer
vara mer eller mindre instabila, men ett fåtal kommer också att vara extra
stabila. I experiment har man sett att vissa kluster är vanligare än kluster
med närliggande storlekar. Två sådana ”magiska tal” är kluster med 21
och 28 vattenmolekyler, se figur III.
I denna avhandling har strukturens inverkan på stabiliteten hos kluster av
vattenmolekyler studerats. Både hur den övergripande formen på klustret
och hur egenskaper hos det vätebundna nätverket påverkar stabiliteten har
undersökts. Kluster där vattenmolekylerna ligger nära varandra och bildar
många vätebindningar har funnits stabila vid låga temperaturer medan det
vid högre temperaturer bildas lösare strukturer med färre bindningar.
Vilka klusterstorlekar som bildas vid olika tryck- och temperatur-
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förhållanden har beräknats med hjälp av statistisk termodynamik. Vid
låga temperaturer kommer stora kluster med låga energier att dominera
medan det vid höga temperaturer bildas mest vattenånga bestående av
huvudsakligen obundna vattenmolekyler. I temperaturintervallet mellan
stora kluster och vattenånga kommer andra kluster att bildas. Bland dessa
kluster dominerar klusterstorlekarna som klassats som magiska tal.
Antalet vätebindningar i vatten i vätskefas uppskattats oftast till 3.5 per
vattenmolekyl men har även uppskattats till så lågt som 2.2. IR spektra
beräknade för kluster delas upp i bidrag beroende på
vätebindningsstrukturen. Bidragen anpassas sedan till det experimentella
spektret för vatten och en uppskattning på tre vätebindningar per
vattenmolekyl kan fås.

8.3 Metalloxidnanopartiklar
Zinkoxid och titandioxid är intressanta material ur optisk och elektronisk
synpunkt. Zinkoxid används i bland annat solskyddskrämer men är också
ett intressant material för bland annat för nya typer av ljuskällor. Gräzelsolceller är baserade på halvledarmaterialet titandioxid och är ett billigare
alternativ än de vanligaste solcellerna som är kiselbaserade. Solceller med
ren titandioxid kan enbart utnyttja en bråkdel av solljuset men genom att
täcka ytan med ett lager färgämnesmolekyler kan en större del av ljuset
utnyttjas. Om dessutom nanopartiklar av titandioxiden används fås en stor
yta där fler färgämnesmolekylerna kan fästa. I figur I visas en mycket
liten zinkoxidpartikel täckt av ett lager myrsyramolekyler.
För att öka förståelsen av hur molekyler fäster på metalloxidpartiklar och
hur det påverkar deras egenskaper har olika organiska molekyler på ett
litet kluster av zinkoxid respektive titandioxid studerats. Deras inverkan
på elektroniska och optiska egenskaper har studerats. Bland annat
förklaras varför myrsyra på zinkoxid ger en mycket starkare topp i
experimentella fotoluminisensspektra jämfört med andra liknande syror.
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