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Abstract
Computational quantum chemistry methods have been applied in two particular cases: to provide insight to photoionization induced fragmentation
of HgBr2 and HgCl2 molecules, and to study core-electron binding energies
and chemical shifts of molecules in liquid, surface adsorbed and polymeric
environments in the framework of quantum mechanics/molecular mechanics
(QM/MM). In the photodissociation studies the computational work is based
on the relativistic Dirac equation as the systems present strong spin-orbit
interaction affecting the fragmentation processes. In the QM/MM studies
of ethanol-water mixtures and molecules physisorbed on silver surfaces the
structures are provided by classical molecular dynamics simulations to analyze the distribution of the binding energies of core-orbitals and effects of
their surroundings. In the case of polymethyl methacrylate polymer the impact of a QM-MM boundary and a polymeric environment are studied. The
theoretical backgrounds of the computational methods applied and the obtained results are discussed.
Key words: Electron spectroscopy, UPS, XPS, photodissociation, binding energy, ionization potential, computational, electronic structure, self-consistent
field, DFT, QM/MM, gas phase, liquid, solution, physisorption, metallic surface, polymer, charge transfer
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Abbreviations and notation
Abbreviations
ADC
BE
CI
CIY
DFT
DHF
HF
MD
ML
MM
MO
PEPICO
PES
PMMA
QM
QM/MM
QM/CMM
RELADC
SCF
SM
UPS
VUV
XPS

algebraic diagrammatic construction
binding energy
configuration interaction
coincident ion yield
density functional theory
Dirac-Hartree-Fock
Hartree-Fock
molecular dynamics
monolayer
molecular mechanics
molecular orbital
photoelectron-photoion coincidence
photoelectron spectrum
polymethyl methacrylate
quantum mechanics
quantum mechanics/molecular mechanics
quantum mechanics/capacitance molecular mechanics
relativistic algebraic diagrammatic construction
self-consistent field
single molecule
ultraviolet photoelectron spectroscopy
vacuum ultraviolet
X-ray photoelectron spectroscopy

Physical constants
e
h
~
ke
me
c
kB

elementary charge
Planck’s constant
reduced Planck’s constant
Coulomb’s constant
mass of electron
speed of light
Boltzmann constant
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Chapter 1
Introduction
All the matter we observe in our everyday life consists of atoms that are
bound together forming, molecules, clusters, liquids, solids and other entities. Over time the picture we have for the atoms has become more and
more accurate, thanks to new experimental observations and improvements
in theoretical methods. The atom is known to consist of a positively charged
nucleus surrounded by a negatively charged electron cloud. The electron was
discovered by Sir Joseph Thomson in 1897 [1]. Few years later, in 1911,
Sir Ernest Rutherford found that the positive charge of the atom is actually
concentrated into a small point [2], the nucleus, located in the middle of the
electron cloud. It was then Henry Moseley who figured out around 1913 that
consequent chemical elements (ordered by their masses) have nuclear charges
that differ by the same amount [3,4] and published the modern version of the
periodic table of elements. In 1920 Rutherford deduced that the nucleus consists of positively charged protons [5] and also theorized that protons would
be accompanied by zero charge neutrons, which were eventually observed
experimentally by Sir James Chadwick [6] in 1932.
Atoms are held together by electric potentials created by the charged particles — charges of opposite sign attract and charges of the same sign repel
each other. Classically, combined interactions of charges and electromagnetic
fields are described by a set of equations developed by James Maxwell, Oliver
Heaviside and Hendrik Lorentz and others by the end of the 19th century.
Electromagnetic fields carry energy in the form of oscillating electromagnetic waves, characterized by their frequencies or wavelengths, propagating
through space with the speed of light. The energy spectrum of electromagnetic waves is typically divided into the following ranges in increasing order:
radio waves, microwaves, infrared waves, visible light, ultraviolet light, X-rays
and gamma rays.
Although classical electromagnetism provides good descriptions of many
electromagnetic phenomena, it fails short in the case of some microscopic
ones. It predicts, for example, that electrons around atoms should radiate
1
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their energy and spiral into the nucleus. Another problem is the so-called
ultraviolet catastrophe where the classical theories predict that the energy
emitted by an ideal blackbody approaches to infinity as the frequency increases, which is contradicted by observations. A solution to the latter problem was provided in 1901 by Max Planck who suggested that electromagnetic
radiation is emitted or absorbed by quantized energy packets [7]. Furthermore, Albert Einstein theorized that the energy packets are real physical particles, nowadays known as photons. He applied the idea in his 1905 paper [8]
to explain the photoelectric effect, discovered experimentally by Heinrich
Hertz in 1887 [9]. Ideas of Planck and Einstein eventually lead to a new collection of theories referred as quantum mechanics. The theory was developed
further mathematically by Erwin Schrödinger, Werner Heisenberg, Max Born
and many others in the 1920s [10–16]. Paul Dirac generalized the theory in
1928 [17,18] to be compatible with the special theory of relativity [19]. Dirac
also begun the development of quantum electrodynamics, which extends the
theory of electromagnetism to a quantum mechanical framework. Nowadays
the most accurate description of electromagnetism (as part of electroweak interaction) is provided by the standard model of particle physics, which also
describes how elementary particles in atomic nuclei are bound together via
the strong interaction. Despite the success of the standard model in explaining many physical phenomena, it is known to be an incomplete theory as it
does not, for example, include a description of gravity.
The field of photoelectron spectroscopy was born as an application of the
photoelectric effect (i.e. photoionization). In the method a sample (gas, liquid or solid) is irradiated with photons, from which some are absorbed leading
to the release of (photo)electrons whose kinetic energies are measured. Consequently, the energy distribution of these electrons can be transferred to
binding energies and arranged into a spectrum. Binding energies depend on
the quantized structure of the system formed by electron orbitals. In photoelectron spectroscopic research the spectra are analyzed to obtain information
about the static and dynamical properties of electronic systems. The applied
wavelength (the energy of the individual photons) determines which orbitals
can be directly ionized. The relevant wavelengths for this thesis reside in
the ultraviolet and X-ray ranges for which the corresponding spectroscopies
were established by the end of 1960s. Ultraviolet photoelectron spectroscopy,
developed originally by David Turner [20], probes the low binding energy (valence) orbitals whereas X-ray photoelectron spectroscopy, developed by Kai
Siegbahn [21–23], studies the high binding energy (core) orbitals. To measure spectra with distinct features and to quickly collect data, the applied
radiation should have a narrow wavelength band, easily adjustable photon
energy and high photon flux. A commonly used source for this purpose is the
synchrotron, in which radiation is produced by accelerating charged particles
in periodic magnetic fields.

3
Since the birth of quantum mechanics, many methods have been developed to apply the theory for modeling and predicting microscopic phenomena. To achieve this one needs to define the studied system quantum
mechanically and solve the corresponding Schrödinger equation or the relativistic Dirac equation. The problem is that in practice for solving these
equations, numerical methods have to be applied, and the demanded computational resources rise quickly as the complexity of the system and required
accuracy of the solutions is increased. Thus in practice many approximations
are used for obtaining a good trade-off between accuracy and computational
effort. The solutions can be utilized to calculate probabilities for attaining
certain values of physical observables when the system is being measured in
some way.
Some of the most widely used quantum mechanical methods, which are
also applied in this thesis, are the Hartree-Fock method, derived by Douglas Hartree, Vladimir Fock, John Slater and John Gaunt by the end of
1920s [24–28], and density functional theory, developed by Walter Kohn,
Pierre Hohenberg and Lu Jeu Sham in the middle of the 1960s [29, 30]. A
particularly relevant technique for binding energy calculations of this thesis is the delta self-consistent field (∆-SCF) approach, developed by Paul
Bagus in 1965 [31]. This thesis also utilizes classical molecular dynamics
simulations for obtaining temporal atomic configurations of large and complex systems to be used in further calculations and analysis. The method
was originally developed by Enrico Fermi et al. in 1954 for solving a problem
of dynamic, interacting particles [32]. The quantum mechanics/molecular
mechanics (QM/MM) method, suggested originally by Arieh Warshel and
Michael Levitt in 1976 [33], was also applied in several papers of this thesis.
The QM/MM method is a hybrid approach where some part of the studied
system is modeled with quantum mechanics, whereas the rest of the system
is described with computationally less demanding classical force-fields. Consequently, one can have high accuracy where it is needed while still including
effects from other parts of the system in a more approximate manner. In
this thesis the QM/MM method was used in combination with the ∆-SCF
method to efficiently calculate binding energies of large systems. The combined approach (abbreviated as ∆-QM/MM) was applied for the first time
by Niskanen et al. in 2013 for core-electron binding energies of glycine in
water solutions [34].
The main focus of this thesis is on the computational side of electron
spectroscopy, or more rigorously, on electron binding energies in various systems including gas phase, liquid phase, molecules adsorbed on surfaces and
in polymeric environments. In papers I and II photodissociation of HgBr2
and HgCl2 is studied by calculating the photoelectron spectra and the fragmentation energies of the molecules in order to bring insight to the possible
fragmentation pathways. These molecules and fragmentation processes fol-

4
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lowing photoionization are affected heavily by spin-orbit interaction, which
is a relativistic effect. Therefore, some of the applied methods are based on
the Dirac equation.
In the other three papers the goal was to apply the ∆-QM/MM method
to new types of environments and study its performance. In papers III and
IV the structures were generated using molecular dynamics simulations. In
paper III the evolution of carbon 1s binding energies of room temperature
ethanol-water mixtures at atmospheric pressure were studied as a function
of concentration. These systems were also examined to see whether the
calculations could capture one of the speculated phase transitions at a certain
concentration. In paper IV core-electron binding energies of systems with
either methanol or methyl nitrite physisorbed onto metallic silver surfaces
were studied. This time, however, ∆-SCF was combined with the so-called
quantum mechanics/capacitance molecular mechanics method [35], which
can be seen as a generalization of the QM/MM method. It can handle
metallic parts of a system, and the effects of charge transfer in more realistic
manner than plain QM/MM. Paper V provides a study of the core-electron
binding energies of the polymethyl methacrylate polymer. The structure of
the system was generated by optimizing the geometry of a small oligomer
and extrapolating it to form longer chains. Due to the polymeric nature of
the system QM-MM boundary ended up cutting some strong chemical bonds
and providing new interesting insight to the boundary problem.
The theoretical background of the computational methods applied in this
thesis is discussed in chapter 2 including quantum, classical and hybrid methods. chapter 3 provides information about the photoelectric effect and photodissociation in the context of the studies of this thesis. Chapter 4 goes
briefly through some of the experimental methods and apparatus used to obtain the new experimental results modeled in this thesis. Finally, chapter 5
summarizes motivation, methods and results of the papers including overall
conclusions.

Chapter 2
Computational methods
The following chapter describes theories behind the quantum mechanical,
classical and hybrid methods applied in the computational studies of this
thesis. For thorough background on quantum mechanics and other relevant
theory the reader is advised to take a look at the works of, for example, J.
J. Sakurai [36], T. Helgaker et al. [37] and C. J. Cramer [38].

2.1

Molecular quantum mechanics

2.1.1

Schrödinger equation

In quantum mechanics a stationary state of a system, for example atom
or molecule, is often described by the time-independent Schrödinger
equation [10–13]
ĤΨi = Ei Ψi ,

(2.1)

where Ĥ is the Hamiltonian operator, Ψi is a wave function and Ei the
total energy of a state of the system. Mathematically this is an eigenvalue
equation where Ψi is an eigenvector and Ei the corresponding eigenvalue.
The total energy Ei includes kinetic and potential energy contributions only
from sources determined by the Hamiltonian Ĥ. In quantum chemistry calculations a typical form of Hamiltonian to solve in the case of a molecule
is
X ~2
X ke e2 X ke e2 ZI X ke e2 ZI ZJ
X ~2
+
−
,
∇2i −
∇2I +
2me
2mI
rij
riI
rIJ
i<j
i
I
i,I
I<J
|
{z
}|
{z
} | {z } |
{z
}
{z
}|

Ĥ = −

T̂e

T̂n

V̂e–e

V̂e–n

V̂n–n

(2.2)
where i and j are indices of electrons, I and J indices of nuclei, m mass of electrons or nuclei, Z atomic numbers of the nuclei and r interparticle distances.
5
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The first two terms, T̂e and T̂n , account for kinetic energies of electrons and
nuclei and the last three terms, V̂e–e , V̂e–n and V̂n–n , for the Coulomb potentials arising from the electrostatic interaction between the particles. This
Hamiltonian is already in many ways an approximation. It does not include
relativistic effects, the nuclei are assumed to have no inner structure, the
interactions are presumed to be instant and so on. However, these approximations often have only a small effect to the solutions of the Schrödinger
equation and can be included subsequently using perturbation theory. The
wave function also has to be antisymmetric (its sign changes) with respect to electron exchange. After taking this into account, the Schrödinger
equation has to be solved numerically due to the many-body nature of the
problem. In practice, the Hamiltonian in Eq. (2.2) is not usually used as is
when solving the Schrödinger equation, but it is, however, the starting point
of many quantum chemistry methods.

2.1.2

Born-Oppenheimer approximation

Probably the most common way to simplify the use of the Hamiltonian in
Eq. (2.2) is to apply the Born-Oppenheimer approximation [39], which
is based on the notion that from the point of view of the electrons the nuclei
move very slowly due to the large mass difference and thus their movements
can be considered to be independent. In this approximation the wave function Ψ(r; R) is separated into an electronic wave function ψ(r; R) and a
nuclear wave function ψn (R) in the following manner
Ψ(r; R) = ψ(r; R)ψn (R),

(2.3)

where r and R refer to coordinates of all electrons and nuclei in real space,
respectively. In ψ(r; R) the electron coordinates are considered as variables
while nuclear coordinates are parameters. If the separated wave function is
substituted into the Schrödinger
equation with Hamiltonian (2.2) and result
2
∂ψ
∂ψn
∂2ψ
~
2 ∂RαI ∂R
+ ψn ∂R
are neglected1 , it is possible
ing terms of the form 2m
2
I
αI
αI
to separate the Schrödinger equation into two parts
Ĥe ψ(r; R) = Ee ψ(r; R)
0

(2.4)

Ĥn ψn (R) = E ψn (R),

(2.5)

Ĥe = Tˆe + V̂e–e + V̂e–n
Ĥn = Tˆn + V̂n–n + Ee .

(2.6)

where

1

(2.7)

Their contributions are usually small. Here α refers to Cartesian coordinates x, y, z.
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Here Ee = Ee (R) is the pure electronic energy and E 0 the total energy
of the system. The latter one is not exactly equal to the total energy of
the original Schrödinger equation due to the neglect of the terms mentioned
above. If the electronic energy Eel = V̂n–n + Ee is plotted as a function
of nuclear coordinates, one obtains the potential energy (hyper)surface
of the molecule. After knowing the surface, the nuclear wave functions ψn
and the corresponding total energies E 0 can be solved numerically from Eq.
(2.5). The set of nuclear coordinates in the case of the lowest possible Eel is
often called the ground state equilibrium geometry of the molecule and
the search of it is referred as geometry optimization.
The Born-Oppenheimer approximation works well for ground electronic
states of molecules and usually also for excited (higher energy) electronic
states. The approximation, however, may break down and should be used
with caution if the potential energy surfaces between two electronic states
approach a point of avoided crossing and cases of extremely rapid nuclear
motion.

2.1.3

Hartree-Fock method

One of the most basic and well known methods for solving the electronic part
of the Schrödinger equation given by Eqs. (2.4) and (2.6) is the HartreeFock (HF) method [24–28]. It starts by approximating the electronic wave
function ψ(r; R) with the so-called Slater determinant [27]
φ1 (x1 ; R) φ2 (x1 ; R)
1 φ1 (x2 ; R) φ2 (x2 ; R)
ψHF (x; R) = √
..
..
.
.
N!
φ1 (xN ; R) φ2 (xN ; R)

. . . φN (x1 ; R)
. . . φN (x2 ; R)
,
..
..
.
.
. . . φN (xN ; R)

(2.8)

where N is the total number of electrons in the system, xj are combination of
real space (spatial) and spin coordinates and φi (xj ; R) are the spin-orbitals
of the electrons, which are products of one-electron spatial wave functions (or
spatial orbitals) and spin functions. The spin can be interpreted to be an
intrinsic angular momentum of a particle. Electrons are spin- 21 particles and
can be in either spin up or spin down state. The Slater determinant ensures
that the wave function is always antisymmetric with respect to interchange
of coordinates of any electron pair of the system. This satisfies the so-called
Pauli exclusion principle, which states that two electrons cannot occupy
the same state or in this case the same spin-orbital. Two electrons can,
however, occupy the same spatial orbital if they have opposite spins. A
molecular system with at least one singly occupied spatial orbital is called
an open-shell system and otherwise a closed-shell system.
The HF method utilizes the variational principle in order to search for
the ground state of the system. In the ground state the functional derivative

8
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of the Hartree-Fock energy EHF with respect to small changes in the wave
function ψHF is
δEHF [ψHF (x; R)]
= 0,
δψHF (x; R)
where EHF is considered to be a functional of ψHF given by
Z
∗
EHF = ψHF
(x; R)Ĥe ψHF (x; R)dx ≥ Ee .

(2.9)

(2.10)

In closed-shell systems this leads to the canonical restricted Hartree-Fock
(RHF) equations
f̂i φi (r; R) = i φi (r; R),

(2.11)

where
fˆi = ĥi +

N/2
X

(2Jˆj − K̂j )

(2.12)

j
2

X ke e2 ZI
~
∇2i −
2me
riI
I
Z ∗ 0

φj (r ; R)φj (r0 ; R) 0
2
Jˆj φi (r; R) = ke e
dr φi (r; R)
|r − r0 |
Z ∗ 0

φj (r ; R)φi (r0 ; R) 0
2
K̂j φi (r; R) = ke e
dr φj (r; R).
|r − r0 |
ĥi =

(2.13)
(2.14)
(2.15)

Here fi is the Fock operator, i orbital energies, and Jˆj and K̂j are
Coulomb and exchange operators, respectively. In the canonical HartreeFock equations the orbitals are assumed to be orthogonal, which can be
achieved via a unitary transformation. The Fock operator depends on the
orbitals that are be obtained as a solution of Eq. (2.11). This is why in
practice one needs to first make an initial guess for the orbitals, use them
to solve a new set of orbitals and repeat the process until the convergence
criteria are fulfilled. This kind procedure is referred as the self-consistent
field (SCF) method.
A more practical version of the equations is obtained by assuming that
each spatial orbital φi is a linear combination of fixed basis functions χj
φi (r; R) =

Nb
X

cij χj (r; R),

(2.16)

j

where cij are the weights of basis functions for each orbital and Nb is the total
number of the basis functions. The whole set of basis functions is referred
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as the basis set. If these are substituted back to Eq. (2.11) one obtains the
so-called Roothaan-Hall equations [40, 41]
Nb
X

F cij = i
j0j

Nb
X

Sj 0 j cij ,

(2.17)

j

j

where
Z
Fj 0 j =
Z
Sj 0 j =

χ∗j 0 (r; R)fˆj χj (r; R)dr

(2.18)

χ∗j 0 (r; R)χj (r; R)dr.

(2.19)

The set of equations (2.17) can also be written in matrix form
Fc = Sc,

(2.20)

which is a generalized eigenvalue equation that can be solved with multiple
approaches. Here F, c,  and S are all square matrices whose dimensions are
equal to the total number of basis functions Nb . The matrix  is diagonal and
contains orbital energies i . It should be noted that the total number of basis
functions is usually much larger than the number of occupied orbitals. The
unoccupied orbitals (or virtual orbitals) do not interact with other parts
of the system, which is why in Eq. (2.12) the index j runs only over the
occupied orbitals, which in the case of the ground state are the ones with
lowest orbital energies. In the Roothaan-Hall method one first selects a basis
set, makes an initial guess for the orbitals by choosing values for cij and
then solves a new set of i and cij from Eq. (2.20) and proceeds to the next
iteration.
The HF energy given by Eq. (2.10) has a lower bound called the HartreeFock limit. In practice, however, when using basis sets this limit cannot be
reached due to their finite size. The HF limit is also always above the exact
electronic energy Ee in Eq. (2.4). This is because the Slater determinant
(2.8) lacks electron correlation. In other words, the form of ψHF is too
restricted and cannot represent an exact solution to Eq. (2.4). The difference
between EHF and Ee is called the correlation energy.
RHF only applies to closed-shell systems, but similar equations can also
be derived for open-shell systems, where two common approaches are used. In
the restricted open-shell Hartree-Fock (ROHF) method all spin-orbitals
have a counterpart with the same spatial orbital but with opposite spin. In
the unrestricted Hartree-Fock (UHF) method the spatial orbitals are not
required to be equal.

10
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2.1.4

Electron correlation

Even though the HF method can account for almost all of the electronic
energy, in practice the missing part is often important for producing both
qualitative and quantitatively good results. Because of this, many approaches
have been developed to overcome the lack of electron correlation. Among the
most commonly applied ones are configuration interaction (CI), multiconfigurational self-consistent field (MCSCF), coupled cluster (CC), Møller-Plesset
pertubation (MP) theory, explicit correlation (R12/F12), algebraic diagrammatic construction (ADC) and density functional theory (DFT) methods.
While these approaches usually improve the accuracy of the results when
compared to HF, they almost always come with increased computational
cost. The methods relevant for this thesis are discussed in the following
sections.
Configuration interaction methods
As a starting point, HF uses a single Slater determinant where the electrons
are chosen to occupy orbitals with lowest energies. However, it is also possible to construct other kinds of determinants where an arbitrary number of
electrons have been moved (excited) to virtual orbitals. Unoccupied orbitals
are always left out from the Slater determinant. Here, for a singly excited
determinant we use the notation ψia , which means that an electron has
been excited from the occupied ground state orbital φi to the virtual orbital
φa . Similarly, doubly excited determinants are denoted as ψijab and so on.
A set of determinants can be considered as a new basis that can be linearly
combined to form new wave functions allowing more flexibility and thus better solutions for Eq. (2.4) can be obtained. In fact, when a complete basis
set is used the exact electronic wave function can be expressed as a linear
combination of all possible determinants
ψ = C0 ψ0 +

X
i,a

Cia ψia +

X

Cijab ψijab +

i,j,a,b

X

abc abc
Cijk
ψijk + . . . ,

(2.21)

i,j,k,a,b,c

where the C coefficients are the weights for each determinant. The exact
wave function is, however, impossible to obtain due to the requirement of an
infinite number of basis functions.
In practice, CI methods apply the expansion in Eq. (2.21) by using the
HF ground state as a reference. The expansion is usually truncated to include
a subset of up to Nd of all possible determinants
ψCI =

Nd
X
r

Cr ψr .

(2.22)
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Here ψr are the chosen determinants in CI methods and Cr their weights. If
the expansion is substituted back to the Schrödinger equation it is possible
to derive the eigenvalue equation
HC = EC,
where H, E and C are square matrices of dimension Nd and
Z
Hrs = ψr∗ (x; R)Ĥe ψs (x; R)dx.

(2.23)

(2.24)

Because the orbitals and determinants are fixed, Eq. (2.22) can be solved by
simply diagonalizing the matrix H.
Even though CI can produce very accurate wave functions, most of the
time the number of possible determinants is huge and therefore they need to
be chosen carefully. It is a common practice to include only the determinants
up to some small number of excitations. For example, in the CISD method
only the reference wave function and singly (S) and doubly (D) excited determinants are included. Full CI method involves all possible determinants
that can be constructed from the chosen basis set. A set of selected orbitals whose occupation number changes between the chosen determinants
is often referred as the active space. In the MCSCF method both orbital
coefficients cij from Eq. (2.16) and coefficients of the determinants Cr are
optimized simultaneously. The method is computationally demanding, but
can, on the other hand, produce good results with a small number of well
chosen determinants.
Algebraic diagrammatic construction
One can also attempt to solve the Schrödinger equation by utilizing a mathematical tool called the Green’s function. For an exact electronic N-particle
non-degenerate ground state |ψ0N i, the one-particle Green’s function can be
defined as [42, 43]
i
i
Gpg (t, t0 ) = − hψ0N |cp (t)c†g (t0 )|ψ0N iΘ(t − t0 ) + hψ0N |c†g (t0 )cp (t)|ψ0N iΘ(t0 − t)
~
~
(2.25)
cp (t) = eiĤe t cp e−iĤe t

(2.26)

c†g (t0 ) = e−iĤe t c†g eiĤe t ,

(2.27)

where c†g and cp are creation and annihilation operators in the Heisenberg picture, Ĥe is the electronic Hamiltonian of the system and Θ is the
Heaviside step function. In essence, Eq. (2.25) describes the time evolution

12

CHAPTER 2. COMPUTATIONAL METHODS

of a system between time t and t0 when the Hamiltonian is time-independent.
It is possible to Fourier transform the equation to the frequency domain
−
Gpg (ω) = G+
pg (ω) + Gpg (ω),

(2.28)

−
where G+
pg (ω) and Gpg (ω) are (N + 1) and (N − 1) particle elements defined
as
N
N
−1 †
N
G+
pg (ω) = hψ0 |cp (ω − Ĥe + E0 + iη) cg |ψ0 i

(2.29)

N †
N
−1
N
G−
pg (ω) = hψ0 |cg (ω + Ĥe − E0 − iη) cp |ψ0 i.

(2.30)

Here |ψ0N i and E0N are the exact ground state and exact energy of the electronic Hamiltonian and η is a positive infinitesimal.
In the non-Dyson algebraic diagrammatic construction (nD-ADC) method
[44] one starts by separating the G+ (ω) and G− (ω) parts of the one-particle
Green’s function and deals with them independently. If the energy required
to remove an electron from a system (ionization energies or binding energies) is of interest, one can construct a matrix
G̃(ω) = f † (ω − K − C)−1 f ,

(2.31)

(K + C)IJ = hψ̃IN −1 |E0N − Ĥe |ψ̃JN −1 i

(2.32)

where

fIq =

hψ̃IN −1 |cq |ψ0N i.

(2.33)

Eq. (2.31) can be considered to have been obtained by inserting a complete
set of so-called intermediate states |ψ̃JN −1 i [45, 46] on the right hand side
of Eq. (2.30). The intermediate states can be constructed from a set of
singly ionized states generated from the electronic ground state |ψ0N i. The
ionization energies can be calculated by solving a set of eigenvalue equations
(K + C)Y = YΩ

(2.34)

by diagonalizing the matrix K+C. Energies are given by Ω and related spectroscopic amplitudes (relative intensities) of the transitions are acquired
from equation
x = Y† f .

(2.35)

Similarly, it is possible to derive formulas for energies needed to add extra
electrons to a system (electron affinities) or excite an electron from an
occupied ground state orbital to a virtual orbital (excitation energies)
and spectroscopic amplitudes of the corresponding transitions.
Matrices K + C and f can be constructed from perturbation expansions that can be obtained by approximating |ψ0N i with the precalculated
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HF ground state. The Hamiltonian Ĥe is assumed to be divided into two
parts using the Møller-Plesset partitioning [47]
Ĥe = Ĥ0 + ĤI ,

(2.36)

where Ĥ0 is the sum of one-particle Fock-operators and ĤI is the leftover of
Ĥe and is called the interaction part. In practice, the perturbation expansions for C = C(1) + C(2) + . . . and f = f (1) + f (2) + . . . are truncated to some
order n which leads to different ADC(n) approximation schemes. Particularly, the nD-ADC(3) scheme, which was utilized in this thesis, involves only
states where one electron has been removed from the ground state (1h excitations) accompanied with additional excitation to a virtual orbital (2h + 1p
excitations). Explicit equations for the nD-ADC schemes up to nD-ADC(3)
can be found in Ref. [44].
By using the ADC method it is possible to construct, for example, an
ionization spectrum of a system from its ground state orbitals. The method
is in general computationally more cost efficient than, for example, CI and
provides estimates for intensities of the transitions.

2.1.5

Density functional theory

Density functional theory provides an alternative approach for solving the
Schrödinger equation. Instead of directly trying to solve the wave function,
in DFT one utilizes the (total) electron density ρ(r) of a system. It should
be noted that this section describes the restricted closed-shell formalism of
DFT, but as for HF, there exist also open-shell formalisms which explicitly
include spin of the electrons.2
The DFT is built upon two Hohenberg-Kohn (HK) theorems [29]. The
first HK theorem states that the external potential vext (r) is, within a
constant, uniquely defined by the ground state electron density ρ0 . Consequently, it follows that a non-degenerate ground state wave function as well
as corresponding expectation values including the total energy of the system
are unique functionals of ρ0 . In molecular systems the external potential
usually includes the electron-nuclear Coulomb energy but can include other
sources as well.
The second HK theorem specifies that for any trial electron density ρ0 the
corresponding total energy E 0 of the system must be greater than or equal
to the true ground state total energy E0
E 0 [ρ0 ] ≥ E0 [ρ0 ].

(2.37)

This means that in principle one could try to search for the ground state wave
function by varying a 3-dimensional function instead of a 3N -dimensional
2

For more details see, for instance, Ref. [48].
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wave function (without considering spins). This implies huge potential savings in the computations. In practice, however, there is a problem: it is
not explicitly known how to express the exact total energy of a system as a
functional of electron density.
Nevertheless, some contributions to the total energy can be expressed by
means of the electron density. If the kinetic energy of electrons T [ρ] is divided
into interacting and non-interacting parts, one arrives to the form
E[ρ] = Ts [ρ] + Vext [ρ] + J[ρ] + Exc [ρ],

(2.38)

Exc [ρ] = (T [ρ] − Ts [ρ]) + (Ee–e [ρ] − J[ρ]).

(2.39)

where

The terms in Eq. (2.38) from left to right are: total kinetic energy of noninteracting electrons, external potential energy, electron-electron Coulomb
energy and exchange-correlation energy. The kinetic energy Ts [ρ] is not
explicitly known as a functional of ρ, but it can be expressed in terms of
single-electron orbitals φKS
also known as the Kohn–Sham (KS) orbitals.3
i
The total electron density ρ can be calculated from occupied KS orbitals as
X
∗ KS
ρ(r) =
(φKS
(2.40)
i (r)) φi (r).
i

The exchange-correlation energy Exc [ρ] is the only part of the total energy
E[ρ] that is not known as a function of ρ. The terms in the first brackets of
(2.39) define a correction to the kinetic energy of electrons arising from their
interaction. The second brackets give the quantum mechanical corrections
to the electron-electron interaction energy.
Furthermore, by constructing a Slater determinant from the KS orbitals
and by minimizing the total energy of the Schrödinger equation for noninteracting electrons by taking into account all notions above, one obtains
the so-called Kohn-Sham equations [30]
KS KS
fˆiKS φKS
i (r) = i φi (r),

(2.41)

where
~2 2
fˆiKS = −
∇ + vext (r) +
2me i

Z

ke ρ(r0 ) 0
dr + vxc [ρ](r).
|r − r0 |

(2.42)

Here KS
are the Kohn–Sham orbital energies and vxc [ρ] the exchangei
correlation potential. The equations look similar to the HF equations
given in (2.11) and (2.10) and indeed they can also be solved via SCF iterations. Furthermore, if the KS orbitals are expressed as linear combinations
of basis functions, it is possible to obtain a set of equations comparable to
the Roothaan-Hall equations.
3

See for example Ref. [49].
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Exchange-correlation functionals
The solution of the KS equations can formally approach an exact ground
state of the Schrödinger equation of interacting electrons. In practice, however, the exact solution cannot be reached as the mathematical form of the
exchange-correlation term vxc [ρ] is not known. Many approximations have
been developed over the years and new ones are still being actively searched.
Usually the functionals involve many adjustable parameters whose values can
be obtained, for example, from simulations or fitting them using experimental data as a reference. Few of the most commonly used functional types are
shortly discussed in the following text. More detailed information on these
functionals can be found for example from Ref. [38].
The local density approximation (LDA) is based on the idea of a uniformly
distributed electron gas. The value of the LDA functional depends only on
the local electron density ρ(r). The local spin density approximation (LSDA)
expands the concept behind LDA to cover open-shell systems as well. The
generalized gradient approximation (GGA) allows the functional to depend
on both the local electron density ρ(r) and its gradient ∇ρ(r). This kind of
formulation allows a lot of freedom for the functional and this is why many
forms of GGAs exist. Meta-GGA functionals go even further and can depend
on the second derivative of the electron density ∇2 ρ(r) or kinetic energy
density of the system that can be calculated from the KS orbitals. The socalled hybrid functionals mix HF exchange together with other functionals
for further improvements. One of the commonly used functionals, that is
also applied many times in the papers of this thesis, is the famous B3LYP
functional [50, 51]
B3LYP
Exc
= (1 − a0 )ExLSDA + a0 ExHF + ax ∆ExB88 + ac EcLYP + (1 − ac )EcLSDA ,
(2.43)

where ExLSDA is the LSDA exchange energy, ExHF the HF exchange energy,
∆ExB88 Becke’s gradient correction to the exchange functional, EcLYP Lee,
Yang and Par GGA correlation energy and EcLSDA the LSDA correlation
energy. The parameters a0 , ax and ac have values 0.2, 0.72 and 0.81 and were
originally calculated by Becke for B3PW91 functional [50, 52] by applying
linear least-squares fits to a set of atomization energies, binding energies and
proton affinities.

2.1.6

Relativistic quantum theory

So far in this thesis the relativistic effects arising from Einstein’s special
theory of relativity [19] have not been discussed. These effects become more
and more relevant the closer the particles’ velocities are to the speed of light
c, which is the case for electrons in molecular systems with large nuclear
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charges and/or for electrons orbiting close to the nuclei. In special relativity
particles fulfill the energy-momentum relation
E 2 = p2 c2 + m20 c4 ,

(2.44)

where E is the total energy, p is the relativistic momentum and m0 the rest
mass of the particle.
One of the earliest attempts to incorporate special relativity to into the
quantum mechanical framework is known as the Klein-Gordon equation. This
equation, however, has problems arising from the second derivatives of time,
which were solved by P. A. M. Dirac via introduction of four-component wave
functions, nowadays called Dirac spinors. His version of the Schrödinger
equation is known as the Dirac equation [17, 18] and actually consists of
four coupled differential equations. It gives more insight to electron spin
and successfully predicted the existence of antimatter, or more precisely, the
electron’s positively charged counterpart – the positron. It also intrinsically
couples the electron spin to its motion and thus gives arise to the so-called
spin-orbit interaction. The equation also provides other corrections to
non-relativistic quantum theory, such as the Darwin correction.
For molecular systems the relativistic electronic Hamiltonian is usually
written as
 X

X
 X ke e2
ke e2 ZI X ke e2 ZI ZJ
2
+ ∆ĝij −
+
,
Ĥ =
cα · p̂i + βme c +
rij
riI
rIJ
i
i<j
i,I
I<J
{z
}|
|
{z
}
{z
}|
{z
}|
T̂e

V̂e–e

V̂e–n

V̂n–n

(2.45)
where
α · p̂i =

3
X

αk p̂ki

k=1

0
αk =
σk

0
σ1 =
1




σk
I2 0
,β=
0
0 −I2





1
0 −i
1 0
, σ2 =
, σ3 =
.
0
i 0
0 −1

(2.46)
(2.47)
(2.48)

Here T̂e is the relativistic kinetic energy of the electrons, V̂e–e , V̂e–n , V̂n–n are
the electron-electron, electron-nuclear and nuclear-nuclear interaction energies and σk are Pauli spin matrices. The ∆ĝij term includes corrections
to the two-electron interaction known as Breit interactions. If there are no
corrections, we are left with the instantaneous non-relativistic Coulomb interaction 1/rij in which case the corresponding total energy operator is called
the Dirac-Coulomb Hamiltonian. This Hamiltonian does not account for

2.1. MOLECULAR QUANTUM MECHANICS

17

the fact that in special relativity the speed of electromagnetic interaction is
limited to c nor any correction to electron-nuclear interaction. More sophisticated Hamiltonians do exist where these issues are partly addressed.
The four-component wave function can be written in terms of two twocomponent wave functions as
ψ = (ψL , ψS ),

(2.49)

where ψL stands for the large component and ψS for the small component
wave function, both of which require their own basis sets. In relativistic
quantum chemistry codes a large part of the computational time is spent to
evaluate the two-electron integrals between the small component basis functions. Their contribution to the total energy is usually small, which is why
they are sometimes left out or approximated with some less computationally
demanding method such as LVCORR [53] that was applied in relativistic
calculations of papers I and II.
Many non-relativistic quantum chemistry methods have relativistic counterparts. One such approach applied in this thesis is the Dirac-HartreeFock (DHF) method [54], which can be derived analogously to the nonrelativistic HF method. Another relativistic method used in this thesis is the
relativistic algebraic diagrammatic construction (RELADC) [55, 56], which
employs the DHF ground state in construction of the intermediate states.
Both of the approaches together with other relativistic methods and various
Hamiltonians have been implemented in the Dirac program [57] which was
utilized in papers I and II.

2.1.7

∆-SCF method

Chemists, physicists and alike are often interested in energies required to
remove electrons from various systems. This knowledge can be applied to
analyze atomic and molecular composition of samples and also give information about the surrounding and electronic structure of the systems. These
energies, known as binding energies (BEs) or ionization potentials (IPs), are
characteristic for each system and orbital. The BEs are defined as total
energy differences of the initial and the final state of the system
N −1
N
EBE (φi ) = Efinal
− Einitial
.

(2.50)

BE shifts caused by changes in the environment of the studied orbitals are
known as chemical shifts. The reference BE is often obtained from the
corresponding orbital of a gas phase atom or molecule. In quantum chemistry
calculations it is usually approximated that the positions of the nuclei do not
change during the ionization process from the initial molecular geometry, in
which case the calculated BEs can be referred as vertical binding energies.
In this thesis the word "vertical" is implied but left out.
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There are several approaches for calculating BEs. One of the easiest ways
is provided by the Koopmans’ theorem [58], which states that in neutral
closed-shell systems the BEs are equal to the negative orbital energies of the
HF ground state. This approximation works surprisingly well especially for
the outermost (or valence) electrons of the system, but there is room for
improvement for the innermost (core) electrons. The main source of error is
that the orbitals are assumed to remain unchanged between the initial and
the final state, whereas in reality this is not the case. In other words, the
electronic relaxation is not accounted for.
A solution to the problem is to calculate the ground state and the ionized
states of the system in separate SCF procedures and using formula (2.50) to
work out the BEs. In the case of molecular calculations the method is usually
called the ∆-SCF method [31]. In paper V the method is referred as ∆HF to clarify that HF-SCF iterations were applied. Usually the ground state
orbitals are used as a starting point for the ionized state calculation. The
amount of change in the total energy of the ionized system during the SCF
procedure is referred as the relaxation energy. This relaxation brings the
calculated BEs usually much closer to the experimental values than Koopmans’ theorem, particularly in the case of core-electrons.
Even though the ∆-SCF is, in principle, very straightforward to apply,
it has a couple known problems and sources of inaccuracies. One problem
is that when minimizing the total energy of core-ionized systems the corehole orbital is filled so that the converged final result does not represent
the desired ionic state. This event is called the variational collapse. One
solution to the problem is to start the ionized state calculation using the
ground state orbitals with the electron removed from the studied core-hole
orbital and perform SCF iterations while the core-hole orbital is kept fixed
(frozen). The resulting orbitals can be used again in the next step where,
optimally, all orbitals can be relaxed at the same time without variational
collapse [59]. In the studies presented in this thesis, however, in the last step
only the core-orbital was relaxed while other orbitals were kept frozen. This
should nonetheless be a feasible approximation.
Another problem occurs with highly symmetric molecules when energies
of core-orbitals around nuclei are close to equal. In a study of, for example,
the 1s core-orbitals of N2 molecules with HF, it is seen that in the ground
state the orbitals have equal electron density around both nuclei, or in other
words, they are delocalized. When the ∆-SCF is applied in this kind of
system in a manner described above, one end ups with delocalized corehole orbitals and inaccurate BEs. In paper V the problem was dealt with by
breaking the symmetry in the ground state calculation via a small, temporary
increase of the charge of the nucleus that the core-orbital of interest was
supposed to be centered on. This lead to localization of the orbital and a
much improved BE. Symmetry can, however, be restored by a superposition
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of configurations with localized orbitals. For example, in the case of N2 one
would use two configurations that both have a 1s core-hole but localized into
different atoms. It should also be noted that for molecules with more than
two atoms the symmetry can be broken due to vibrational effects.
In the ∆-HF method both ground state and ionic state total energies
are missing different amounts of correlation energy. This energy difference
directly contributes as an error in the calculated BEs, which is why there is
a motivation to try to incorporate some electron correlation into the calculations. In this thesis many of the ∆-SCF calculations relied on the electron
correlation provided by DFT and the approach is referred as ∆-DFT [60].
The method provides a computationally efficient way to calculate BEs that
most of the time surpass the corresponding ∆-HF values. The quality of the
results depends on the chosen basis set and the exchange-correlation functional 4 . After considering these factors the main sources of errors left are
the vibrational and relativistic effects, which happen to partly cancel each
other out, especially in the case of light atoms. There are ways to incorporate
these corrections to calculations, but in this thesis they were not computed.
In practice, the ∆-DFT 1s core-electron BEs turn out to be very reasonable
when compared to experiments.

2.1.8

Basis sets

It is a common practice in quantum chemistry calculations to apply some kind
of basis set. Molecular orbitals (MOs) can be taken as linear combinations
of basis functions as described in Eq. (2.16). Typically the basis functions are
centered at atomic nuclei. Without considering the spin the basis functions
can be written as a product of a radial part R and an angular part Ylm in
polar coordinates (r, θ, ϕ)
χlm (r, θ, ϕ) = R(α, r)Ylm (θ, ϕ).

(2.51)

Here l is the orbital quantum number and m the magnetic quantum number which are discussed further in section 3.1.2. Ideally, the form of R(α, r)
should be e−αr at large distances from the center of the basis function. The
Ylm part refers to complex-valued spherical harmonics which are responsible for the angular shape of the orbital. In practice, however, the Ylm parts
are replaced by Cartesian real-valued solid harmonics Slm in order to avoid
complex arithmetics and to make the eigenvalue equations easier to solve.
Actual basis sets consist of a set of parameters that define the basis functions. Usually the parameters contain a set of exponents α for the radial
parts of a given set of real solid harmonics.
4

See for example Ref. [61].
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A Slater type orbital (STO) basis set [62, 63] contains basis functions
that at large distances resemble the atomic orbitals. Even though STO functions provide good basis sets, a problem arises when they are applied to
molecular calculations since there is no known fast method to calculate integrals over STO basis functions that have different centers. Instead, one
commonly applies Gaussian type orbitals (GTOs) [64], where the radial
2
part contain Gaussian distribution terms e−αr . Due to the so-called Gaussian product rule it is possible to transform a product of two GTOs with
different centers into a single GTO. Consequently, both one and two-electron
integrals over GTOs can be evaluated effectively. A drawback of GTOs is
that they do not resemble atomic orbitals as well as the STOs and therefore much more of them are needed to obtain similar accuracy. This can
be partially countered by using contracted Gaussian basis sets where
the basis functions are linear combinations of several primitive Gaussian
functions, which reduces the amount of coefficients required to be optimized
in the calculations. Explicit formulas for various types of basis functions can
be found for example in Ref. [37].

In general, the larger the basis set, the more accurate and computationally demanding the calculations are. Basis sets with one, two, three,
. . . basis functions per atomic orbital of the system are referred as single-zeta
(SZ), double-zeta (DZ), triple-zeta (TZ), . . . basis sets [65]. As core-orbitals
in molecules usually resemble closely the orbitals of the corresponding free
atoms, less basis functions are needed than for the valence orbitals which, in
contrast, can be vastly modified and spread among many atoms. The division
between core and valence orbitals is not necessarily obvious and in practice
many different choices have been made using different basis sets. In some
basis sets the core-orbitals are entirely removed and replaced by effective
core potentials (ECPs) [66] that try to mimic the potential created by coreelectrons and part of the nucleus. This approximation reduces the required
computational efforts drastically. Additionally, one can include relativistic
effects partly into ECPs and thus improve calculations especially in the case
of heavy atoms [67]. More improvements to the basis sets can be achieved by
adding polarization functions that have larger orbital quantum numbers
than is required for the atoms individually which provides more flexibility for
the molecular orbitals. The basis sets can also be augmented in which case
very small exponent diffusion functions are added in order to improve long
distance interaction effects. Furthermore, in correlation-consistent basis
sets developed originally by Dunning et al. [68] all orbitals with similar contributions to the correlation energy are included at the same time in order to
create a ladder of basis sets which can be used for approaching the solution
of the Schrödinger equation more systematically.
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Molecular dynamics simulations

Computational methods based on quantum mechanics have been proven to
be able to provide very accurate interpretations and predictions of various
molecular systems. Naturally, one would like to take these applications a
step further and see how the macroscopic properties arise from the quantum
domain. Some of these properties require us to study the development of
the system over long periods of time and over large number of structural
configurations to fully understand them. In practice, even the most efficient
quantum methods become computationally too demanding as the number
of particles and the studied time scale are increased. Thus, some heavy
approximations are required. Commonly used methods to solve the problem
are Monte Carlo (MC) and molecular dynamics (MD) simulations. In
this thesis the focus is on the latter method.
In MD simulations one solves the Newton’s equations of motion
Fi = mi

∂ 2 ri
∂t2

(2.52)

for a set of interacting particles numerically by using some small time step
∆t. MD simulations are commonly used, for example, in studies of liquids,
solids, biomolecules, proteins or in some combination of the previous systems [69]. Particles in MD often comprise individual atoms, but if more
approximations are required, one can also represent sets of atoms with larger
singular particles in the so-called coarse-grain MD simulations. Macroscopic
quantities, for example temperature and pressure, of the system can be controlled as required. Both dynamical and equilibrium properties can be
studied. All MD simulations in this thesis were executed with the Gromacs
program [70].

2.2.1

Initial conditions and settings

Before the actual MD simulation can start one must select initial conditions
for the studied system and define rules for the simulation to follow. The
space containing the particles is often selected as a rectangular simulation
box with periodic boundary conditions (PBC), which allows particles
and interactions pass through to the opposite side of the box. This kind of
setup acts as an approximation of infinitely large systems and is often applied
for solids and liquids. Larger boxes allow simulations of larger numbers of
particles and reduces artifacts caused by the finite size of the box.
After defining the simulation box, the initial particle positions can be
set. Different kinds of potentials must be chosen to describe how the particles interact with each other and possibly with external forces. One should
also select initial temperature and/or pressure and possibly how they change
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during the simulation. Particle numbers, simulation box volume, temperature and pressure cannot all change independently and thus one should also
choose how these quantities are coupled. Finally, particles of mass m are
also given random velocities corresponding to the selected temperature T ,
usually following the Maxwell-Boltzmann distribution
3/2

2
m
− mv
v 2 e 2kB T .
(2.53)
f (v) = 4π
2πkB T
This function gives a probability of a particle having speed v.

2.2.2

Interactions

In MD simulations forces between particles can be evaluated with various
methods. It is even possible to apply quantum chemistry methods, for example DFT, in which case the calculation is referred as an ab initio molecular
dynamics simulation. While these simulations can offer great accuracy, the
system sizes and/or time scales have to be kept very small. The studies in
this thesis utilized classical molecular dynamics simulations which rely
on much simpler particle interactions provided by the so-called molecular
mechanics (MM) method.
The MM interactions are represented with a classical potential function
V (r) from which the force experienced by particle can be calculated as
Fi = −

∂V
.
∂r

(2.54)

The interactions can be bonded or non-bonded. Bonded potentials can
involve two, three or four atoms described by bond length rij , bond angle
θijk and dihedral (or torsional) angle τijkl respectively. One of the simplest
forms of these potentials are given by harmonic potentials
1
Eq 2
Vbond (rij ) = kij (rij − rij
)
2
1
Eq 2
Vangle (θijk ) = kijk (θijk − θijk
)
2
1
Eq 2
),
Vtorsional (τijkl ) = kijkl (τijkl − τijkl
2

(2.55)
(2.56)
(2.57)

where k are spring constants and equilibrium values are denoted with superscript "Eq". Harmonic potentials, due to their mathematical form, prevent
breaking of strong molecular bonds and thus they cannot be applied in studies of most chemical reactions. In these situations other potential forms or
approaches must be used. For torsional potentials there are also periodic
forms which in principle allow molecules to smoothly rotate around chemical
bonds. The parameters in the potentials are selected to describe the structure
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and dynamics of a molecule. They vary depending on which type of atoms
are involved in the interaction, but stay fixed during the MD simulations.
While bonded interactions are usually applied only to certain groups
of atoms within the same molecule, non-bonded interactions, on the other
hand, act also between atoms of separate molecules. Atomic net charges
in molecules are usually non-zero due to different electronegativies of different elements. These partial charges q interact with each other, which is
accounted for in MD simulations by applying a Coulomb potential
VCoulomb (rij ) =

ke q i qj
rij

(2.58)

between them. One example of such interactions is the hydrogen bond
which occurs, for example, between hydrogen and oxygen atoms of different
water molecules. Even neutral noble gas atoms interact with each other,
which is commonly approximated by using the Lennard-Jones (LJ) potential [71]
" 
 6 #
12
σij
σij
−
.
(2.59)
VLJ (rij ) = 4εij
rij
rij
Here the first term describes the Pauli repulsion and the latter term the
van der Waals’ interaction. Variables εij and σij depend on the types of
interacting atoms.
In large systems non-bonded interactions are problematic as the required
computational time of the interactions is proportional to the second power of
the number of particles. This is why one usually assigns a cut-off radius, the
maximum distance over which particles are allowed to interact. The potential
can also be modified to include the missing interaction and to approach
zero smoothly at the cut-off distance. In MD simulations performed in this
thesis the Coulomb interactions were calculated with the smooth particle
mesh Ewald method [72, 73], which also approximates the effect of particles
beyond the cut-off radius. Additionally, one can include other constraints to
the systems, for instance, to lock certain bond lengths and angles. In this
way it is possible to remove high frequency oscillations from the system and
longer time steps can be used to enable more efficient simulations.

2.2.3

Force-fields

Force-fields are collections of function forms and parameters that define
the interactions occurring in a system. The force-fields used in the MD
simulations of this thesis were all atomic meaning that they, as the name
implies, explicitly describe interactions of all atoms. These force-fields are
briefly discussed here.
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The TIP3P force-field [74] is a model for water molecules. It applies fixed
(or rigid) geometry for the molecules throughout the simulations. TIP3P
employs three partial charges (one for each atom) and LJ potentials to describe the interactions. There exist also versions of this force-field with additional point charges, for example TIP4P, which provide more realistic results,
but with increased computational costs.
The OPLS-AA force-field [75] can be applied for organic molecules involving certain types of functional groups of atoms. Interactions are described
with atomic partial charges, LJ potentials, harmonic bond lengths and bond
angle potentials and the so-called Ryckaert-Bellemans dihedral potentials,
which involve periodic cosine terms. In paper III OPLS-AA was used in
combination with the TIP3P water model in ethanol-water mixtures.
The CHARMM General Force-field (CGenFF) [76] can represent a large
range of functional groups that can be used as building blocks of biomolecules
and drug-like molecules. The force-field can be considered as an extension to
the original CHARMM force-field [77] and applies the same forms of potential
functions. These include potentials very similar to those of OPLS-AA and,
additionally, harmonic dihedral potentials and the so-called Urey-Bradley
terms, which are harmonic bond length potentials acting between atoms
being two chemical bonds apart from each other.
The AgP-CHARMM force-field [78] is compatible with various CHARMM
force-fields and can be used for modeling of silver interfaces. In nature, the
interaction of particles induces redistribution of electric charge, an effect
referred as polarization. In metals the valence electrons are delocalized
and shared between all connected metal atoms, which allows charge to move
around easily. Thus, metals can be easily polarized by molecules close to the
surface. In this special case the phenomenon is referred as the image charge
effect. AgP-CHARMM mimics the polarization effects in silver with the socalled rigid-rod dipole approach [79], which assigns charge q to the center
of each silver atom and connects it with a second charge of opposite sign at
some fixed distance. Two charges of the same atom do not interact with each
other and the charge in the end of the freely rotating "rod" does not have
van der Waals interactions with other particles. The silver atoms in AgPCHARMM have fixed positions with respect to each other during simulations.
Interactions with other particles are described with partial charges and LJ
potentials. LJ parameters can be either generic or specific to some certain
bonds, for example Ag-O, in order to account for their weak chemical bonding
or other special relations. In paper IV AgP-CHARMM and CGenFF were
applied together to model systems with methanol or methyl nitrite molecules
laying on silver surfaces.
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Ensemble control

In thermodynamics the state of a system can be defined as a set of all particle
coordinates and velocities at a given moment in time. Consequently, a state
of N particles can be represented as a point in 6N dimensional phase space
that is a space containing all possible states of the system. In MD one
usually selects reference values for volume, temperature, pressure or other
quantities that the simulation attempts to reach or maintain with various
techniques. Depending which quantities were selected to be constant specifies
a region in phase space containing all states that should be accessible during
the simulation. This region is also known as the ensemble of the system.
During MD simulations one tries to obtain a representative sample of the
chosen ensemble by evolving the system in time.
At any given moment one can calculate instantaneous total kinetic energy
K, temperature T and pressure P from equations [38, 80]
K=

1X
mi vi2
2 i

2
K
Ndf kB
1
P = tr(P)
3
!
X
1 X
P=
mi vi ⊗ vi +
rij ⊗ Fij ,
V
i
i<j
T =

(2.60)
(2.61)
(2.62)
(2.63)

where mi and vi are masses and velocities of particles, Ndf number of degrees
of freedom in the system, V volume of the simulation box, P pressure tensor
of size 3 × 3 and rij and Fij are particle-particle position and force vectors.
Instantaneous values of these quantities can oscillate substantially during the
simulations which is why corresponding the macroscopic values need to be
averaged over long periods of time.
In the MD simulations performed in the studies of this thesis the NPT
(isothermal–isobaric) and the NVT (canonical) ensembles were applied. In
these acronyms the capital letters indicate the quantities to be kept fixed.
While keeping the number of the particles N and volume of the simulation box V constant is trivial, there are many approaches that can be employed for fixing temperature T and pressure P , referred as thermostats
and barostats, respectively. The ones applied in this thesis are discussed
here briefly.
In the Berendsen thermostat [81] the system is considered to be weakly
coupled to an external heat bath that has the reference temperature T0 . To
drive the system towards this temperature, the velocities of all particles are
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scaled with a factor
s
λ=

∆t
1+
τT




T0
−1 ,
T

(2.64)

where ∆t is the time passed since the last scaling, T is the previous calculated
temperature and τT is a time constant for the coupling. The larger the
temperature difference is to T0 , the faster is the change in temperature. The
Berendsen algorithm damps the fluctuations of kinetic energies which distort
their distribution leading to an improper canonical ensemble. This can be
fixed by using, for example, the stochastic velocity rescaling (v-rescale)
thermostat [82, 83], where the kinetic energies are changed randomly in
such a way that the correct distribution is obtained. The velocity scaling
factor is calculated by propagating the total kinetic energy K according to
the differential equation
r
KK0 dW
dt
(2.65)
dK = (K0 − K) + 2
√ ,
τT
Ndf τT
where K0 is the reference kinetic energy and dW is the Wiener noise [84]
which is responsible for the random step. The Nosé–Hoover thermostat
[85, 86] provides an alternative approach for reaching the proper canonical
ensemble. It modifies the equations motion of each particle as follows
Fi
pξ dri
d2 ri
=
(2.66)
−
dt2
mi
Q dt
dpξ
= (T − T0 )
(2.67)
dt
τ 2 T0
Q= T 2 .
(2.68)
4π
Here pξ is the momentum of dynamic friction parameter ξ and Q is a coupling constant that in the Gromacs program [70, 80] is defined according
to equation (2.68). Especially for small or simple systems the Nosé–Hoover
thermostat does not necessarily fully sample the phase space of the chosen
ensemble, no matter how long the simulation. This can be improved by using
Nosé–Hoover chains [87], where the temperature difference in Eq. (2.67) is
controlled by another Nosé–Hoover thermostat that can be controlled by a
third thermostat and so on. The Nosé–Hoover thermostat allows higher fluctuations in temperature, but the reference value is reached in much slower
pace than in the case of the Berendsen and v-rescale thermostats. Thus, it
is best suited for systems that have reached their equilibrium where the
macroscopic quantities on average are constant over long time periods.
In the Berendsen barostat [81] the system is considered to be connected
to an external pressure bath. The pressure of the system P is changed towards the reference pressure P0 by scaling the simulation box and coordinates
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of all particles using the matrix


µxx µxy + µyx µxz + µzx
µyy
µyz + µzy  ,
µ= 0
0
0
µzz

27

(2.69)

where
µij = δij −

∆t
βij (P0,ij − Pij ).
3τP

(2.70)

Here τP is the time constant for pressure coupling, βij are elements of the
isothermal compressibility tensor that in most cases is a diagonal matrix
with equal elements and P0,ij and Pij are elements of reference pressure and
instantaneous pressure tensors P0 and P. Just like in the case of the Berendsen thermostat, the average reference value will be reached but the correct
NPT ensemble will not. To fix this, one can apply the Parrinello–Rahman
barostat [88, 89]. In Gromacs the equations of this barostat are formulated
as
d2 B
= V W−1 (BT )−1 (P − P0 )
dt2
Fi
d 2 ri
dri
=
−M ,
2
dt
mi
dt

(2.71)
(2.72)

where
4π 2 βij
3τP2 L


dBT dB T
−1
M=B
B
+
B (BT )−1 .
dt
dt

(W−1 )ij =

(2.73)
(2.74)

Eq. (2.71) scales the three row vectors of matrix B that spans the edges of
the simulation box and Eq. (2.72) adjusts the equations of motion of each
particle. The matrix W−1 defines the pressure coupling strength and how the
box can be altered and L is the largest element of matrix B. As was the case
for the Nosé–Hoover thermostat, the equilibrium is reached slowly with the
Parrinello–Rahman barostat but the ensemble is sampled more realistically
than with the Berendsen barostat.
One might also want to change the reference temperature and pressure
during the simulation. This way one can, for example, make simulations
numerically more stable and try to search a state with lowest possible total
energy or study dynamic phenomena such as phase transitions. The search
for a global minimum energy can be done with a technique called simulated
annealing, where the system is equilibrated at a high temperature to ensure
sampling of structures beyond potential energy barriers. The temperature is
slowly brought down and with some luck a good energy minimum is found.
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Integrators

After the system with initial particle positions, velocities, force-fields and
other settings are all set up, the MD simulation may finally begin. Integrators are responsible for solving the equations of motion for each particle.
Usually one selects some small time step ∆t and a number of steps to be
taken and the integrator works out positions and velocities of particles and
other interesting properties of the system at each step. In the studies of this
thesis the so-called leap-frog integrator [90] was applied. The velocity v
and position r of particle i are updated according to the equations
1
1
∆t
Fi (t)
vi (t + ∆t) = vi (t − ∆t) +
2
2
mi
1
ri (t + ∆t) = ri (t) + ∆tvi (t + ∆t),
2

(2.75)
(2.76)

where Fi (t) denote total forces experienced by each particle at time t. With
this formulation velocities and positions are calculated at 12 ∆t time step
apart. Leap-frog simulations are time-reversible, meaning that taking n
steps forward in time followed by n steps backward in time results in the
same velocities and positions that were initially assigned.
One could also try to search the system’s potential energy minimum without actual dynamics. Many approaches exist for this purpose. In this thesis
the steepest descent and conjugate gradient methods were used in order to
generate better starting configurations for the MD simulations. One can
also apply additional restraints during the energy minimization to prevent
unacceptably large changes in the system.

2.2.6

Simulations in practice

MD calculations usually consist of many consecutive simulations where different options are applied. For large systems it is very challenging to select
initial conditions in such a way that the desired ensemble is achieved without any further adjustments. This why the simulations normally start with
an equilibration phase, where the system is brought into high probability region of the correct ensemble, followed by a production phase where
the simulation is continued in the equilibrium to produce data for further
analysis.
On the other hand, the equilibration phase gives additional freedom how
the initial positions of the particles can be selected. In paper III ethanol
and water molecules were placed into an ordered grid. In paper IV silver
atoms were first placed to form a fixed lattice defined by the force-field, after
which the rest of the simulation box was filled with randomly oriented and
positioned methanol or methyl nitrite molecules. Before the MD simulation
one can rotate or move the molecules around in an energy minimization
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phase in order to minimize the potential energy, as was done in papers III
and IV. This reduces the forces experienced by particles in the beginning
of the first simulation and consequently prevents too large accelerations and
velocities that could lead to numerical instability and non-physical artifacts.
In the equilibration phase one usually starts from near 0 K temperatures
and carefully brings the system to the desired ensemble. In some systems it
can be beneficial to increase the temperature temporarily higher than in the
final ensemble to give the system better chance to cross possible potential
energy barriers, which speeds up the overall equilibration process. In paper
III the ethanol-water mixtures were first run in 30 K temperature in an NVT
ensemble using the v-rescale thermostat. The system was then heated to 300
K in the NPT ensemble using the Berendsen thermostat, while at the same
time the simulation box was scaled to the right size to obtain 1 atm pressure
with the help of the Berendsen barostat. Some additional simulations were
run at higher temperatures to ensure better sampling. The final equilibration
simulations were run at 300 K temperature and 1 atm pressure using the
Nosé–Hoover thermostat and the Parrinello–Rahman barostat in order to
acquire a good NPT ensemble. In paper IV the goal was to study a monolayer
of molecules at a silver surface surrounded by vacuum, which is why the vrescale thermostat with the NVT ensemble was used in all MD simulations.
The reference temperature was risen linearly from 0 K to 298 K and kept
there for a while to obtain better sampling and to let molecules have time
to get attached to the surface in layer-like structures. Molecules beyond the
closest layer to the surface were then removed and the system was relaxed
once more while the temperature was raised from 0 K to 100 K. In both
papers the final equilibrium simulations were continued until the average
macroscopic quantities stayed constant.
In the production phases of the MD simulations in papers III and IV the
settings were kept the same as in the final steps of the equilibrium phases
and the simulations were continued until sufficient amounts of data were
produced.

2.2.7

Analysis of the simulation results

Trajectories are one of the direct results of MD simulations. They represent
paths of individual particles in space as a function of time. A set of particle
coordinates from the same time step is referred as a snapshot. The results
of MD simulations can be visualized with various programs, for example
Vmd [91] or PyMol, which one can use for watching individual snapshots
or "movies" about the structural dynamics — an example is presented in Fig.
2.1. It can also be useful to plot quantities evaluated during the simulations,
for instance temperature and pressure, as a function of time.
Some properties require additional calculations with varying computa-
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Figure 2.1: Visualization of a structure of methanol-silver system at some
point during an MD simulation.
tional demands. For example, the radial distribution functions (RDFs)
describe how distances between particles of type A and B are distributed
gAB (r) =

NA X
NB
ρB (r)
1
1 X
δ(r − rij )
=
.
ρB,total
ρB,total NA i j
4πr2

(2.77)

Here ρB (r) is the average number density of particle type B at distance r
from particle type A, ρB,total is the average density of particles B within
some sphere of radius rmax and NA and NB are total number of particle type
A and B in this sphere. The inner sum calculates the average number density of particles B in a spherical shell with thickness dr at distance r and the
outer sum averages this value further by going through all particles of type
A. In practice one chooses some finite value ∆r for the shell thickness and
represents gAB (r) as a histogram. Fig. 2.2 shows an RDF between oxygen
atoms of pure liquid ethanol from an MD calculation at room temperature
and normal pressure. The image reveals that the atoms can only reach a
certain minimum distance from each other. This is due to the Pauli repulsion term in the LJ potential that dominates at short distances. The image
also shows that, on average, the ethanol molecules form shell-like structures
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Figure 2.2: Radial distribution function between oxygen atoms in pure
ethanol. Roughly three solvation shells (SS) can be distinguished.
around each other. The large peak (between 2.4Å–3.6Å) is called the first
solvation shell. The second and the third solvation shells are less apparent than the first, and the peaks after them cannot be resolved with high
confidence. The shapes of the RDFs obviously depend on the quality of the
simulation, and especially the force-fields. RDFs can also be produced experimentally with X-ray or neutron scattering experiments to which simulation
results can be compared for quality control.
By integrating the particle density over a solvation shell (from r1 to r2 )
one can calculate the coordination number of each shell from
Z

r2

ncoord = ρB,total

4πr2 gAB (r)dr.

(2.78)

r1

This formula gives the average number of particles of type B in some solvation shell around particle type A. Alternatively, one can simply calculate
number of particles between cut-off radii from the MD results. Furthermore,
the number of hydrogen bonds for each studied ethanol molecule in paper
III was calculated with Gromacs by applying a cutoff distance and cutoff
bond angle for OH-O bonds between ethanol and ethanol/water molecules,
respectively.
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MM
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Figure 2.3: Schematic illustration of quantum mechanical (QM) and molecular mechanical (MM) regions in QM/MM calculations.

2.3

Hybrid methods

In previous sections it was discussed how to calculate accurate quantum mechanical properties of small systems and how structures of large systems can
be sampled. But what can be done if one is interested about quantum properties of large dynamical systems? One solution is to apply the so-called
integrated approach [92], where the system is sampled by some computationally feasible method, like MD, and the properties are then evaluated
individually for a representative set of snapshots with a more accurate QM
based method. Because pure QM methods are not feasible for snapshots with
high particle count, more approximations need to be made. In these situations it makes sense to utilize multiscale modeling, where two or more
methods of different scales of resolution are applied simultaneously in such
a way that they provide good balance between accuracy and complexity.
In this section hybrid quantum-classical methods applied in the studies of
this thesis are discussed. Furthermore, some insight for the error analysis is
provided.

2.3.1

Quantum mechanics/molecular mechanics method

The idea of quantum mechanics/molecular mechanics (QM/MM) methods [33] is to divide the studied system into subsystems treated with QM and
MM levels of theory, as is showcased in Fig. 2.3. Consequently, one must
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describe QM–QM, MM–MM and QM–MM particle interactions of the system. There are many different schemes and options for implementing this
in practice [93]. In the so-called subtractive scheme the total energy is
calculated as
QM+MM
QM
QM
Etotal = EMM
− EMM
+ EQM
,

(2.79)

where subscripts indicate the method and superscripts the regions where
they are applied to. In the subtractive scheme the QM and MM parts are
not coupled, which simplifies the methodology but, on in the other hand,
demands flexible force-fields and does not allow interaction between the QM
and MM environments. One example of the subtractive QM/MM scheme
is the ONIOM method, in which the QM region can be further split into
regions where higher and lower accuracy QM methods are applied [94]. In
the additive scheme, applied in papers III–V, the total energy is instead
calculated as
QM+MM
QM
MM
Etotal = EQM/MM
+ EMM
+ EQM
.

(2.80)

In this scheme the interaction energy between the QM and MM regions is
included explicitly into the calculation. The MM model can contain bonded
and non-bonded interactions described in section 2.2.2. The works of this thesis applied QM/MM implementations which, however, did not utilize bonded
interactions between the MM–MM and QM–MM atoms.
In the electrostatic embedding scheme one assigns partial charges for
the MM particles which the QM system "sees" as additional nuclei. This allows the MM system to affect the QM system, but not the other way around.
The situation is improved in the polarization embedding scheme where
the MM system can be polarized by the QM and MM atoms. Polarization
can be modeled by introducing a 3 × 3 polarizability tensor α that can be
applied to calculate electric dipole moment µind (x, y, z) of an induced point
dipole from the matrix product
µind = αE,

(2.81)

where E is the electric field at the point of interest. These terms are linearly
dependent on the electric field and it is also possible to include higher order
corrections by introducing the so-called hyperpolarizabilities. If the direction
of the electric field affects the induced dipole moment, the polarizability is
said to be anisotropic. If the direction does not matter, α is a scalar matrix
and the polarizability is called isotropic. The electric field, on the other
hand, has contributions from the QM nuclei and electrons, permanent MM
multipole moments (charges, dipoles, quadrupoles, etc.) and induced MM
dipole moments. The induced dipole moments can be calculated iteratively,
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as was done in the case of paper III. Alternatively, in the so-called Applequist
formalism [95] they are determined from equation
µ̃ind = B̃(Ẽnuc + Ẽelec + Ẽes ),

(2.82)

where B̃ (the so-called relay or response matrix) contains the polarizability
and dipole-dipole interaction tensors between all MM sites. The vectors
Ẽnuc , Ẽelec and Ẽes include electric fields of all MM sites created by QM
nuclei, electrons and permanent multipole moments, respectively. The total
energy contribution of the induced dipole at some MM site then becomes
1
E ind = − µind (Enuc + Eelec + Ees ).
2

(2.83)

After all QM and QM/MM energy contributions have been figured out, they
can be included into the Fock operator. The Schrödinger equation is then
solved with SCF iterations as usual. This kind of approach was applied in
paper V.
In paper IV another form of QM/MM was used. In this so-called quantum mechanics/capacitance molecular mechanics (QM/CMM) method
[35] the MM region is divided into metallic and non-metallic parts, where the
first one is described by the so-called capacitance-polarization model [96–100]
and the latter with the conventional MM model, in this case with point
charges only. The capacitance-polarization model can be viewed as an extension to the conventional MM model. It describes the metallic part with induced charges and dipole moments which have Gaussian distributions, which
in paper IV were centered at the atomic nuclei. The induced charges are crucial for modeling the almost free movement of charge within the metallic part,
which is not possible with fixed charges and induced dipoles alone. Interactions of metallic MM atoms are characterized by isotropic polarizabilities
αiso , which are applied in the calculations of the induced dipoles and capacitances c that are used in the computation of induced charges. The induced
ind ind
ind ·pind
, respeccharges q ind and dipoles pind have self-energies 21 q cq and 12 p αiso
tively. They are added to the total energy together with interaction energies
between the permanent and induced MM charges, induced MM dipoles and
the QM electrons and nuclei.
There are many ways to obtain the MM force-field parameters. In the
studies of this thesis the parameters were usually taken from existing forcefields. At the time of writing paper IV, capacitance-polarization force-field
parameters were available for only few noble metals [96], thus limiting the
choices of benchmark systems. In paper V the MM force-field parameters
(charges and anistropic polarizabilities) were calculated with a localized
properties (LoProp) approach [101, 102] in combination with the molecular
fractionation with conjugate caps (MFCC) procedure [103].
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There are some further considerations that need attention in the QM/MM
framework. In the Applequist model interaction between two nearby induced
dipoles may lead to a so-called "polarization catastrophe", where polarization
diverges towards infinity. In paper V the problem was prevented by using
Thole’s exponential damping scheme [104, 105], where induced dipoles are
modeled with charge distribution ρ instead of point dipoles in the dipoledipole interaction tensors in the relay matrix B̃
ρ(u) =
u=

a3 −au
e
8π
rij

(2.84)
1

(αiiso αjiso ) 6

.

(2.85)

Here a is the damping coefficient, rij distance between the dipoles and αiso
coefficients are the isotropic polarizabilities of the different sites. Due to
the exponential term the largest effects are seen at the short range. Further
information about the polarization effects in MM force-fields can be found
for example in Ref. [106].
Another issue with the QM/MM method is the QM-MM boundary itself
due to the very different nature of the QM and MM frameworks. One of the
main problems is that there is no straightforward mechanism in the QM/MM
method that would enable charge transfer from QM to MM region or vice
versa. The easiest solution is to set the boundaries in places over which the
charge transfer is not supposed to occur. However, one could argue that the
charge transfer phenomenon is always present in some form and its effect
is roughly proportional to the strength of the chemical bond. In the main
calculations of paper III only one ethanol molecule was included into the QM
region, which of course prohibited any charge transfer over hydrogen bonds.
In paper IV one molecule on top of the metallic surface was included into the
QM region in most of the calculations. In the case of methanol this actually
lead to problems, as some of the molecules were actually weakly chemically
bonded to the surface. Another solution is to expand the QM region to create
a buffer between the region of interest and the QM-MM interface. This was
done in paper III by including the first solvation shell of molecules into the
QM region around the molecule of interest and in paper V by including
additional PMMA monomers into the QM region. Increasing the size of the
QM part is computationally expensive, which is why less accurate basis sets
were applied for the atoms in the buffer regions. In paper V covalent C–C
bonds had to be cut with the QM-MM boundary. Cutting strong chemical
bonds not only prevents charge transfer but can also leave unpaired electrons
into the QM part. Thus, additional capping hydrogen atoms were added to
the QM region between the carbon atoms (close to the MM carbon). The
immediate properties (charges etc.) of these hydrogen atoms were distributed
to the closest MM atoms to reduce artificial overpolarization. These so-called
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link atoms (see Fig. 2.3) are otherwise only interacting with the QM atoms.
The solution is not perfect, and problems like overpolarization may still be
present.
In papers III–V the QM/MM method was used in combination with the
∆-SCF method to calculate core-electron BEs of various different systems.
The main goal was to test how well different QM/MM implementations [107]
perform in these very distinct systems. The QM method was mainly DFT,
but in essence any QM approach should work. The full details of the used
QM/MM implementations can be found in Refs. [108], [35] and [109] for papers III, IV and V, respectively. QM/MM is a very flexible framework and
numerous variants and combinations of its different versions exist. For example, some of the implementations discussed here have also been combined
with the complex polarization propagator (CPP) approach for calculating
response properties of different systems [110, 111]. It can also be combined
with MD for structural studies.

2.3.2

Polarizable continuum model

There also exist hybrid methods which do not require explicit description
of the structure of the environment beyond the QM region. Obviously this
kind of approaches aim at simplifying the calculations while still incorporating effect of the environment. One of such methods is the polarizable
continuum model (PCM), which more generally belongs to the class of
continuum solvation models [112]. In PCM a solute molecule or group of
molecules is described with a QM method and is separated from the solvent environment by a cavity surface, which is characterized in the original
PCM formulation [113] by a macroscopic parameter that is the dielectric
constant . The potential of the environment is modeled by assuming the
cavity having a two dimensional charge density σ(s), where s is the surface
coordinate. In practice the cavity is divided into small surface elements with
fixed areas Ai and an apparent surface charge (ASC) qi at their center
points si , which is calculated from
qi = σ(si )Ai .

(2.86)

The charge distribution, on the other hand, is calculated from
σ(si ) = −

−1
E(si ),
4π

(2.87)

where E(si ) is the electric field with contributions from the QM part and the
surface charges qi at point si . The charges can be thus calculated iteratively.
After convergence they can be inserted as an external potential into the
Schrödinger equation, which can be solved with the usual QM methods. In
paper III PCM calculations were run with the Dalton program [107] using
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DFT as the QM method. The Dalton PCM implementations can be found
in Refs. [114–117].
The cavity surface is formed so that it follows the shape of the molecule,
typically by setting a sphere around each atom with radii slightly larger the
corresponding van der Waals radii. Sometimes the surface is further modified
by smoothening out sharp corners. In some PCM methods the cavity surface
is taken to be the isodensity surface of the QM electron density [118, 119].
However, it is not obvious how the cavity shape and size should be chosen. If
the surface is formed from spheres, one can fit their radii to minimize errors
of some properties against an experimental data set. In paper III the radii
for the carbon and oxygen atoms of ethanol were taken from the united atom
model for Hartree-Fock (UAHF), which relies on a fitting process and some
additional modifications [120]. In the case where the first solvation shell of
water molecules was also included to the QM region the whole system was
wrapped inside one cavity sphere. In that particular case it became clear
that the choice of the sphere radius is both impactful and ambiguous and
that the results needed to be interpreted with caution.
In paper III PCM was used in combination with the ∆-SCF method to
calculate the C 1s BEs for a single ethanol molecule in water solution for
obtaining reference values for the corresponding QM/MM calculations. The
ground state was considered to be in equilibrium with environment and thus
the statistical dielectric constant was utilized. In ionic state calculations,
on the other hand, the optical dielectric constant was applied in order to
describe the effect from a solvent environment that has no time to equilibrate
with the ionized QM system. The first PCM BE calculations were performed
by Ågren et al. back in 1987 [121].
The effectiveness of the PCM method is based on the fact that the solvent
environment is not included explicitly, but instead in an average manner
essentially characterized by a single number. In reality this is of course not
the case. One way to incorporate the best features of both the QM/MM and
PCM methods is to wrap the whole QM/MM system into a PCM cavity.
This combination is referred as the QM/MM/PCM method [122].

2.3.3

Error analysis

Errors in quantum chemistry calculations can be divided into two categories:
statistical and systematic. Statistical errors result from the finite size of
the sample set — capturing the true distribution of the studied property
perfectly would require an infinite amount of samples. Systematic errors,
on the other hand, can be considered to arise from (non-statistical) approximations done in the methodology itself.
Sometimes a statistical analysis is required to extract relevant information from the gathered or calculated data. The distribution of data points
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in some sample set quite often resembles that of the Gaussian distribution.
Commonly one calculates an average value of some property and quite often
also the standard deviation which describes how spread the values are. To
be able to make meaningful deductions from these values it is important to
estimate how much statistical error they might have. One can plot the values
with different number of data points included and visualize how they converge, as was done in paper III with the standard deviation. It is also possible
to give numerical estimations for statistical errors. In papers III and IV the
so-called bootstrap method [123] was applied to the calculated BEs. With
this method one generates new random sample sets that are of the same size
as the original sample set and the same element may appear multiple times.
From each new sample set a property of interest, which in the case of this
thesis was the average BE, is calculated. By repeating this a large number
of times one can obtain converged average values and confidence intervals
of the properties. In papers III and IV confidence intervals were selected so
that they covered 90 % and 95 % of the new properties, respectively, and
were centered to their average values.
In quantum chemistry calculations typical sources of systematic errors
are the finite size of the basis set, insufficient electron correlation, BornOppenheimer approximation or incomplete Hamiltonian. Even though the
errors are systematic, there is not always a known method to estimate their
size or reduce them in a controlled fashion, for example in the case of electron correlation in DFT. Usually the goal in QM calculations is to make
the systematic error as small as possible while keeping the calculation times
reasonable. Often only the largest contributions to the calculations are considered while small and time consuming parts are omitted. For example,
relativistic effects were not accounted for the BE calculations of papers III–
V. Optimally, one can still make some estimations at least for the largest
systematic errors of the studied systems. Sometimes it is also possible to
study the convergence of systematical errors by changing some parameter in
the calculation. For example, in paper III the convergence of the BEs for one
snapshot was checked against the size of the system present in the QM/MM
calculation. In paper IV the average BEs were clearly not converged, even at
the largest system sizes and it would not have been computationally feasible
to enlarge the calculation much further. Luckily, there was a clear trend in
the average values making it possible to fit a function to the data set and
use it to extrapolate the values at infinitely large system size.

Chapter 3
Phenomena in electron
spectroscopy
To study otherwise stable and silent molecules in practice one needs to provoke them somehow — in the case of this thesis with electromagnetic radiation. The photons and electronic structure of the sample can interact, leading
to excitation of the electronic structure and possibly followed by a cascade
of subsequent electronic transitions and breaking of chemical bonds between
atoms. Electromagnetic radiation induced phenomena relevant for the thesis
and their connection to the electronic structure of the studied systems are
discussed briefly in this chapter.

3.1
3.1.1

Electronic structure of atoms and molecules
Intra and intermolecular bonds

Atoms in molecules are bound together with chemical bonds. These bonds
consist of molecular orbitals, which can be considered to be linear combinations of distorted atomic valence orbitals. If the atoms have large differences
in their electronegativities the electron density shifts considerably towards
the atom with higher electronegativity, in which case the atoms are said to
be connected with an ionic bond. On the other hand, if the electron density of a molecular orbital is roughly shared between the atoms, the bond
is said to be covalent in nature. Furthermore, in metallic bonds some
valence electrons are delocalized over a vast number of atoms, which makes
metals good conductors of heat and electricity. In addition, molecular orbitals are classified as bonding, if the energy of the orbital is lower than the
atomic orbitals that form it and antibonding if the orbital energy is higher.
The latter ones are sometimes denoted with "*" superscript. Electrons occupying bonding orbitals increase the stability of the molecule whereas in
antibonding orbitals the stability is decreased. If occupation of the molecu39
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lar orbital does not directly affect the stability of the molecule, the orbital
is called non-bonding. The reason for this could be the lack of symmetrically or energetically compatible orbitals in other atoms which can cause
the molecular orbital to stay localized and resemble the original atomic orbital. As a matter of fact, the lower energies the molecular orbitals have,
the more they resemble their atomic counterparts. Thus, they are sometimes labeled using atomics notations as was the case for Hg 5d orbitals in
papers I and II and 1s core-orbitals in papers III–V. The chemical bonds
mentioned above are formed between valence orbitals of atoms. In contrast
to these intramolecular bonds, the bonds between individual molecules
(intermolecular bonds) are in general much weaker and allow molecules
to move around or away from each other at reasonably high temperatures. As
discussed in subsection 2.2.2, these bonds can consist of electrostatic interactions between partial charges of atoms in different molecules of which the
hydrogen bond is a prime example. The rest of the sources of weak chemical
bonds, like interactions between instantaneous dipoles, are usually wrapped
under "van der Waals forces" umbrella term.

3.1.2

Quantum numbers

As mentioned in subsection 2.1.3, according to the Pauli exclusion principle,
two electrons in a system cannot occupy the same one-electron orbital and
can only occupy the same spatial orbital if they have opposite spins. In the
case of atoms one can assign four quantum numbers that must form a
unique combination for each one-electron orbital. These are the principal
quantum number n, the orbital angular momentum quantum number l, the orbital angular momentum projection quantum number
ml and the spin projection quantum number ms . Their possible values among with some other quantum numbers are listed in Table 3.1. The
principal quantum number n defines an electron shell and expresses the
energy order of one-electron orbitals that have identical l, ml and ms quantum numbers. For a fixed l, the larger the n, the smaller the orbital energy
and the further the average distance of the electron from the nucleus. The
orbital angular momentum quantum number l, on the other hand, is related
to the quantization of the electron angular momentum. Specifically, it is connected to the length of the angular momentum vector. The combination nl,
for example 1s or 2p, is called subshell1 , which can contain up to 2(2l + 1)
electrons as can be seen from Table 3.1. Furthermore, the orbital angular
momentum projection quantum number ml is associated to the quantization
of the electron angular momentum vector along a chosen quantization axis,
typically referred as "z-axis" using Cartesian coordinates. In principle, the
1

However, in this thesis the word "subshell" is used loosely to refer to a collection of
orbitals defined by some set of quantum numbers.
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Table 3.1: Some quantum numbers of electrons in atoms, their possible
values and commonly used notations.
Quantum number

Symbol

Values

Typical notation

Principal

n

1, 2, 3, . . .

K, L, M, . . .

Orbital angular
momentum

l

0, 1, 2, . . . , n − 1

s, p, d, . . .

ml

−l, −l + 1, . . . , l − 1, l

s

1
2

ms

+ 21 , − 12

Orbital angular
momentum projection
(or magnetic)
Spin
Spin projection
Total angular
momentum

j

|l − 12 |, l +

↑, ↓ or α, β
1
2

1 3 5
, , ,...
2 2 2

Total angular
momentum projection

mj

−j, −j + 1, . . . , j − 1, j

± 21 , ± 23 , ± 25 , . . .

Parity

P

(−1)l

e, o
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spin projection quantum number ms can take values −s, −s + 1, . . . , s − 1, s,
where s is the spin quantum number of the particle. However, in the case
of electrons s = 12 always and thus the only choices for ms are ± 21 . As mentioned earlier, spin can be considered to be an intrinsic angular momentum
of electrons and other particles.
One can also reduce the amount of different types of quantum numbers
required for a unique description of one-electron orbitals by coupling angular
and spin angular momenta. This results in the total angular momentum
quantum number j, which can generally take values |l−s|, |l−s+1|, . . . , |l+
s − 1|, |l + s|. For electrons there are two possible j values per subshell
(l ± 21 ), with exception of s orbitals that can only have one j value ( 12 ).
These numbers are often included in the subshell notation, for instance, an
nd subshell can be divided further into nd3/2 and nd5/2 subshells. The reason
for the division is that two subshells with different j have, as a matter of fact,
different orbital energies and spatial orbitals if the spin-orbit interaction is
fully accounted for. This energy splitting correlates with the orbital energies
and is more present in heavier atoms. In connection to j it is also possible
to define the total angular momentum projection quantum number
mj that can be used for further distinguishing the subshells. Consequently,
each subshell with given j can contain up to 2j + 1 electrons. Lastly, the
parity quantum number describes whether the orbital is symmetric or
antisymmetric under reflection operation.
Each molecule can be assigned a point group, which in essence tells
which symmetry operations leave the molecule unchanged. The point group
also affects which quantum numbers can be used for labeling the subshells.
While many different point groups were assigned for molecules in the works
of this thesis, we will here explore the special case of linear molecules with
an inversion center (D∞h point group) that were studied in papers I and II.
Some of the quantum numbers relevant for molecules of this symmetry are
given in Table 3.2. While the table looks similar to the atomic case (Table
3.1), there are some differences due to lowering of the symmetry. The angular
momentum quantum number l is replaced with a projection of the angular momentum to the intermolecular axis quantum number λ. The
magnitude of λ is denoted with greek letters σ, π, δ,. . . which replace s, p,
d,. . . in the atomic orbital notation. Sometimes, however, the atomic symbols
are added into the notation to describe what kind of atomic subshells participate in the formation of the molecular subshell. This kind of distinction can
be relevant as, for example, σ orbitals can consist of two atomic s orbitals or
two pz orbitals and other ones as well. Additionally, both the spin and the
total angular momentum have quantum numbers related to their projection
to the intermolecular axis. For molecules with an inversion center one can
denote whether the subshell is symmetric (g, "gerade") or antisymmetric (u,
"ungerade") with respect to reflection through the inversion center. All other
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Table 3.2: Some quantum numbers of electrons in linear molecules with
inversion center, their possible values and commonly used notations.
Quantum number

Symbol

Subshell energy order
index

Values

Typical notation

1, 2, 3, . . .

Magnitude of orbital
angular momentum
projection to the
internuclear axis

|λ|

0, 1, 2, . . .

σ, π, δ, . . .

Sign of orbital
angular momentum
projection to the
internuclear axis

Sign(λ)

+1, -1

+, -

Spin

s

1
2

Spin projection to the
internuclear axis

σ

+ 12 , − 21

Total angular
momentum projection
to the internuclear
axis

ω

Parity (or reflection
through inversion
center)

||λ| − 12 |, |λ| +

↑, ↓ or α, β

1
2

1 3 5
, , ,...
2 2 2

g, u
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Figure 3.1: Schematic of some orbital energy levels and occupations of the
N2 molecule and the underlying atomic orbitals.
quantum numbers except parity in Table 3.2 can actually be applied to all
linear molecules.

3.1.3

Configurations and term symbols

One can attempt to describe the state of an atom or a molecule by listing
how electrons are distributed into the subshells by writing down the socalled electron configuration of the system. For example, the ground state
electron configuration of nitrogen atom is 1s2 2s2 2p3 , where superscripts tell
the occupation number of each subshell. On the other hand, for N2 molecule
the configuration can be written as 1σg 2 1σu 2 2σg 2 2σu 2 3σg 2 1πu 4 , where 1πu
subshell consists of two degenerate π orbitals and can contain up to four
electrons. The occupation of orbitals of the N2 is demonstrated in Fig. 3.1.
A simplified description of the ground state is that the orbitals are filled in
order beginning from the one with the lowest energy while in excited states
some electrons have been moved to higher energy orbitals. If enough quantum
numbers are specified in the configuration, occupations can be described with
one-electron orbital accuracy. From a computational point of view this kind
of electron configuration would correspond to a single Slater determinant.
However, as noted in subsection 2.1.4, an exact solution to the many-electron
Schrödinger equation requires an infinite amount of Slater determinants.
To ease the analysis of electronic transitions, states are often represented
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with term symbols. In the case of atoms one often applies the so-called
Russell-Saunders or LS coupling scheme [124] where the term symbols
are written in the form
2S+1

LJ ,

(3.1)

where S is the total spin quantum number, L the total orbital angular momentum quantum number and J the total angular momentum
quantum number of the whole system. Depending on the electron configuration either one or multiple term symbols can be obtained from it. The
same term symbol can arise from different configurations or even multiple
times from one configuration. This is why sometimes additional quantum
numbers (parental terms) are included to the term symbol as well. For two
electrons in separate subshells with quantum numbers (l1 , s1 ), (l2 , s2 ), the
total quantum numbers can take values between the intervals
|l1 − l2 | ≤L ≤ l1 + l2
|s1 − s2 | ≤S ≤ s1 + s2
|L − S| ≤J ≤ L + S

(3.2)
(3.3)
(3.4)

with steps of one. Sometimes it is also useful to consider projections of
the total quantum numbers to the z-axis, ML , MS and MJ , which can take
values −L ≤ ML ≤ L, −S ≤ MS ≤ S and −J ≤ MJ ≤ J again with steps of
one. However, if L and S are coupled to form J, ML and MS are no longer
defined. If there are three electrons, one can first couple l1 and l2 to l12 and
s1 and s2 as s12 according to Eqs. (3.2) and (3.3), then make substitutions
l1 → l12 , l2 → l3 , s1 → s12 and s2 → s3 using all possible pairs (l12 , s12 ) and
reapply Eqs. (3.2) and (3.3) in order to obtain L and S. For more than three
electrons the same method can be applied recursively. There are a couple
of simplifying facts that further helps in generating the term symbols, as it
turns out that for full subshells L = S = 0 and that it is possible to consider
the quantum numbers of the holes in the subshell instead of electrons. If
there are more than one electron/hole in the same subshell, one needs to
take care that the Pauli exclusion principle is not contradicted by the term
symbols. For example, for the N atom ground state configuration, 1s2 2s2 2p3 ,
the possible term symbols are 2 D3/2 , 2 D5/2 , 2 P1/2 , 2 P3/2 and 4 S3/2 .
In the jj coupling scheme the total J is calculated from the j quantum
numbers of individual electrons as
|j1 − j2 | ≤J ≤ j1 + j2 .

(3.5)

A similar recursion rule as in the case of LS coupling applies here, and one
needs to ensure that the Pauli exclusion principle is being followed. One can
use just J as term symbol or, again, add in some further specifications.
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In molecules the term symbols depend on the coupling scheme and the
underlying molecular quantum numbers, which on the other hand are affected
by the symmetry of the system. For this thesis, the most relevant molecular
term symbol notation is
2S+1

(+/−)

ΛΩ(u/g) ,

(3.6)

that can be applied for linear molecules with inversion center. Here S is again
the total spin quantum number, Λ is the magnitude of the total orbital
angular momentum projection to the internuclear axis, Ω is the total
angular momentum projection to the internuclear axis, +/- denotes
the reflection symmetry along a plane containing the internuclear
axis and u/g stands for the total parity. Λ is the absolute value of the sum
of signed λ:s of all electrons and its values 0, 1, 2, . . . are denoted with capital
greek letters Σ, Π, ∆, . . .. Similar to the LS coupling scheme in atoms, S and
Λ can be coupled to form Ω. An alternative way is to apply ωω coupling
that is analogous to atomic jj coupling. The total parity is marked with g if
an even number of electrons occupy gerade orbitals and with u otherwise.
When a coupling scheme is applied in calculations, the Slater determinants are linearly combined to form a new basis with constant coefficients
called Clebsch-Gordan (CG) coefficients. These kind of basis functions
are referred as configuration state functions (CSFs). The advantage of
coupling schemes is that only certain CSFs can contribute to the same electronic state. For example, in LS coupling the J, MJ and P quantum numbers of the CSFs must match for each state. Another advantage is that for
states where only MJ differs, the sets of mixing coefficients of the configuration interaction calculation are the same. Often in non-relativistic molecular
quantum chemistry softwares, for example in Gamess [125, 126] and Dalton [107], only the total spin is coupled and only CFSs with the same S
are combined. The choice of the coupling scheme affects the purity electronic states, or in the other words, how well a state can be described with
a single CSF. After the calculation has been completed under some coupling
scheme, it is possible to represent the result in some other coupling scheme
basis as well. In the presence of strong spin-orbit interaction (with respect to
Coulomb interaction), especially for core-orbitals with l ≥ 1, high purity of
states is often found by using jj coupling whereas LS coupling is better suited
for systems with small spin-orbit interaction. By selecting a coupling scheme
that provides as pure states as possible makes the physical interpretation of
the computational or experimental results easier.
In calculations, degeneracy of electronic states of atoms can be broken by
introduction of different interactions. By accounting for the direct part of
the Coulomb interaction one splits the energies of states according to their
L quantum number. If the exchange part of the Coulomb interaction is
accounted for, states with different S separate as well. Furthermore, spin-
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orbit interaction causes states with different J to separate in energy. Lastly,
external magnetic or electric fields cause separation of MJ states. These are
referred as Zeeman effect and Stark effect, respectively. In the case of
molecules one can consider that the external field is provided by other atoms,
in which case the energy splitting is called molecular field splitting. This
is the reason why in papers I and II the 5d region of the Hg atom has two spinorbit split structures in the electron spectrum that can be labeled with 2 D3/2
and 2 D5/2 term symbols, which are further split to five peaks (MJ = ± 21 , ± 23
and MJ = ± 12 , ± 32 , ± 25 ).

3.2

Electronic transitions

It is possible to excite an electronic system to a higher energy state via
collisions with other particles or by absorption of photons. Photons are
massless force carriers of electromagnetic field, always propagating at the
speed of light in vacuum. The energy of a photon is related to its frequency
ν via the equation
E = hν.

(3.7)

In photoionization a system absorbs a single photon with energy hν and
removes (ionizes) a photoelectron, which acquires kinetic energy according
to the equation
Ekin = hν − EBE .

(3.8)

Here EBE is the energy required to remove an electron from some orbital of
the system, i.e. the binding energy or ionization energy. Strictly speaking,
in this event the system goes through an electronic transition from some initial state to a final state. Ionization with a single photon can only happen
if the photon energy exceeds the BE. Multiphoton ionization is also possible, but much more unlikely than a single photon ionization. In the case of
the photoelectric effect [8] EBE is the work function W , that is the minimum energy required to remove an electron from the surface of some solid
matter. The work function depends on various factors including the type of
atoms/molecule/polymers that the sample is made of, their configuration,
the shape of the surface and the temperature.
In experiments one can record kinetic energies of photoelectrons and subtract the values from the applied photon energy in order to calculate the BEs
or work functions. Due to various reasons explained in the following chapter,
the measured kinetic energies have some energy distribution rather than one
discrete value for each electronic state. The BEs are not only characteristic
for each orbital of each element but also for each molecule. More generally
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one can say that they are sensitive to their environment in that the environment causes chemical shifts to the BEs. This idea can be utilized with
many methods to study composition and structure of matter. One example is X-ray photoelectron spectroscopy (XPS) which can be used for
probing the core-orbitals. This methodology is also known as the electron
spectroscopy for chemical analysis (ESCA) [21–23].
Besides photoionization there are several other electronic transitions
that can occur in electronic systems. If the energy of the photon is not
enough to ionize the system the photon can excite it to a higher energy state
via photoexcitation. It is also possible to both ionize and/or excite several
electrons with a single photon. However, these kind of many-electron events
are usually quite rare. After ionization (except in the case of outermost
valence electron) or excitation the system is at an excited state. Eventually,
the excited state will relax back towards to its corresponding ground state.
The energy can be given off via emission of photons (aka. fluorescence) or
electrons (aka. Auger effect) from the system. Getting back to a ground
state may be a multistep process where several photons and/or electrons are
emitted, especially when the initial excitation involves a core-electron.
Interaction between photons and electrons in a system is often modeled
by adding a perturbation operator Ĥint to the non-perturbed system Hamiltonian. If the radiation field is treated quantum mechanically, typically the
most dominant part of Ĥint in the Coulomb gauge is [127]
r
X e
2π~
(ekλ · p)(akλ eik·r + a†kλ e−ik·r ),
(3.9)
Ĥ1 =
m
ω
V
e
k
kλ
where a photon has propagation vector k, polarization vector ekλ , frequency
ωk , creation and annihilation operators a†kλ and akλ , p is the electron momentum and V is the volume of the cavity of the system. First order perturbation
theory approximation of the interaction probability (that is proportional to
the cross section) is then given by the Fermi’s golden rule
Γf i =

2π
|Tf i |2 ρ(Ei ),
~

(3.10)

where ρ is the density of states and Tf i = hf |Hint |ii in the first order of
perturbation. |ii and hf | are the initial and final state of the system. The
probabilities are characteristic for each transition and depend on the photon
energy. In photoelectron spectra (PES) the areas of each peak are directly
proportional to these values. Typically, the photonionization cross sections
are at their highest when the photon energy is roughly equal to the BE of
an electron and get smaller as the photon energy is increased. In addition,
one can calculate radiative lifetimes of the electronic states from Eq. (3.10)
involved in the transition.
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The exponential term in Eq. (3.9) can also be expressed using the series
e
= 1 + ik · r + 21 (ik · r)2 . . .. The larger the wavenumber |k| (and thus the
photon energy), the larger is the proportion of the higher order terms. In
the so-called electric dipole approximation the photon energy is assumed
to be so small that the exponential term can be approximated by including
only the first term making the series equal to unity. A consequence of this
approximation is that transitions between some states become impossible.
For atoms within electric dipole (E1) approximation the selection rules of
LS-coupled system for one photon transfer are the following
ik·r

∆S = 0
∆L = 0, ±1 (0 9 0)
∆J = 0, ±1 (0 9 0 when ∆J = 0)
∆MJ = 0, ±1
Pf = −Pi .

(3.11)
(3.12)
(3.13)
(3.14)
(3.15)

where Pf and −Pi stand for total parities in final and initial states, respectively. Accordingly, for linear diatomic molecules the rules are
∆S = 0
∆Σ = 0
∆Λ = 0, ±1
∆Ω = 0, ±1
Σ+ → Σ+ , Σ− → Σ−
g ↔ u.

(3.16)
(3.17)
(3.18)
(3.19)
(3.20)
(3.21)

The electric dipole approximation is usually sufficient for electron spectroscopic studies. However, higher order approximations can also be used. They
are called magnetic dipole M1, electric quadrupole E2, and so on.

3.3

Photodissociation

If a stable molecule is excited to a high enough state, it may break into
smaller atoms and/or molecules (fragments). If the energy is provided by
one or several photons, the event is called photodissociation. In direct
photodissociation a system is excited directly to a repulsive state in which
the fragments are separated. In electronic predissociation a system is
excited initially to a bound electronic state and it undergoes radiationless
transition to a repulsive state and breaks apart. A molecule may also dissociate in so-called unimolecular reactions, where the system ends up in
a vibrational-rotational level of the electronic ground state that has enough
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energy to dissociate. For stable molecules in ground states all these processes require energy from outside to occur. The minimum energy needed to
split the molecule into certain fragments is referred as the fragmentation
energy (or dissociation energy or appearance energy). This can be
calculated from
X
E=
Ei − Emol ,
(3.22)
i

where Ei and Emol are the total energies of the fragments and the whole
molecule, respectively. One way to study theoretically the possible fragmentation pathways is to calculate these total energies in order to get the
fragmentation energies. In papers I and II this was achieved with DFT calculations. The molecules were excited with photoionization into higher energy
states, which then fragmented in different ways depending on the ionized
state. By also measuring and calculating the photoionization spectra of the
molecules it was possible to rule out some fragmentation pathways as many
ionized states did not lie high enough above the ground state. However, this
exclusion process can still leave multiple pathways for the dissociation. In
order to get a complete picture on how the fragmentation occurs, one would
need to calculate the potential energy surfaces of the systems with coupled
electron and nuclei wave functions.

Chapter 4
Experiments
Experimental methods and apparatus applied in papers I and II are explained
here briefly. In the two papers ultraviolet photoelectron spectroscopy
(UPS) was used for acquiring the photoelectron spectra. The method is
based on the idea of ionizing electrons from a sample, in the present case with
vacuum ultraviolet (VUV) photon radiation, and measuring kinetic energies
of the outgoing electrons to determine the corresponding binding energies.
The XPS method, utilized to obtain experimental data in references of the
other three papers, applies the same kind of principles and devices as UPS,
but uses X-ray photons instead of VUV. In addition, in some measurements,
reported in papers I and II, ionic fragments originated from dissociation of
molecules, triggered by ionization, were identified as well.

4.1

Samples

The studied samples can exist in many forms: as solids, liquids, clusters,
or in molecular form, on surfaces and so on. Samples are inserted into a
vacuum chamber to eliminate the effect of atmospheric gases and to enable
usage of various detectors and other accompanying devices. In papers I and
II HgBr2 and HgCl2 molecules were produced by evaporating the molecules
in a resistively heated oven. In the remaining papers the experimental results
were taken from references. In reference to experimental data [128] in paper
III the liquid phase sample of ethanol-water mixtures were generated via a
liquid jet setup [129]. In references of paper IV the molecular layers on top of
the silver surfaces were generated by exposing a clean Ag(111) crystal with
methanol or methyl nitrite molecules [130, 131]. In a reference of the paper
V solid polymethyl methacrylate (PMMA) samples were used [132].
51
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Synchrotron radiation

By applying strong electric fields it is possible to accelerate electrons in short
bunches close to the speed of light and bend their paths with magnetic fields
to make them circulate a closed loop in so-called storage rings. Electrons in
accelerating motion emit electromagnetic radiation, referred as synchrotron
radiation. The radiation can be created with bending magnets, which
change the course of the electron path in the storage ring, or with special
insertion devices. One example of such a device is the undulator, which
consists of a periodic array of magnets causing electrons to oscillate several
times while passing the magnetic field and to emit a cone of radiation. This
radiation has a spectrum with very intense and narrow peaks at specific wavelengths due to interference of the emitted photons. The wavelengths of the
peaks with highest intensity can be adjusted by changing the gap between
the magnetic arrays, which affects the strength of the magnetic field. By
using a monochromator one can select a specific band of wavelengths and
then focus the beam to the sample region with mirrors. High intensity of the
radiation increases the chance of interaction with the sample, thus generating
detection events more efficiently. In the case of photoelectron spectroscopy,
the width of the wavelength band is one of the sources of experimental broadening in the measured spectra. In addition, synchrotron radiation has well
defined polarization and is generated in short pulses. In papers I and II, the
synchrotron radiation used for ionization of HgBr2 and HgCl2 molecules was
generated at I411 beamline [133, 134] in the MAX IV-laboratory.

4.3

Hemispherical electron energy analyzer

After an electron by some means has been removed from the sample its kinetic energy can be measured, for instance, with a hemispherical electron
energy analyzer. In this device electrons first pass through an electron
lens, which focuses and accelerates/decelerates the electrons with adjustable
electric fields. After the lens, the electrons enter a hemispherical electric field
that accelerates them radially. Electrons within a specific kinetic energy interval can pass through the hemisphere and hit the detector. One can move
this energy interval by adjusting the voltages in the electron lens. Finally,
the electrons travel through the microchannel plates (MCPs), which amplify the signal by generating cascades of electrons for each original electron
that then hit a position sensitive detector, for example a charge-coupled
device (CCD) camera or resistive anode plate. The electrons within
the selected interval hit different positions on the detector according to their
kinetic energies. The positions of these events are then sent for further analysis. Usually this data is presented as a histogram where the horizontal axis
corresponds to either the electron kinetic energy or the binding energy and
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the vertical axis corresponds to the amount of detections at these energies.
In papers I and II a Scienta SES-100 hemispherical and a Scienta R4000
electron energy analyzers were used.

4.4

Ion time-of-flight analyzer

In papers I and II positively charged ions were analyzed with a WileyMcLaren [135] type ion time-of-flight mass spectrometer (TOFMS). In
this device the ions in the sample region are "kicked" towards the detector
with short electric field pulses and further accelerated with another static
field. The time interval between the kick pulse and the detection determine
the particle’s flight time from which its mass/charge ratio can be calculated.
In photoelectron-photoion coincidence (PEPICO) studies the extractor field kicks are triggered by electron detection events and flight times
of the ions are recorded. In PEPICO experiments most of the events are socalled false coincidences, meaning that the detected photoelectron and ion(s)
did not originate from the same event. The problem can be fixed by recording another ion mass spectrum where the extractor field is triggered at fixed
intervals and by subtracting it from the photoelectron detection triggered ion
spectrum1 . The resulting spectrum should then, in principle, contain only
the real coincidence events. These spectra are usually visualized using 2D
PEPICO maps, where the horizontal axis depicts kinetic energies of the photoelectrons and the vertical axis the mass/charge ratio of the corresponding
ions while the color represents the amount of detected coincidence events.
More information of the PEPICO setup used in papers I and II can be found
in Ref. [137].

4.5

Calibrations

In principle one can calculate the binding energies of the detected photoelectrons from the average synchrotron radiation photon energy, radius of the
hemisphere, voltages of the different devices and the detector hit positions.
Usually these calculations are done to roughly shift the BE axis to the right
position. In practice, however, some well known reference BE of a residual
gas or an added noble gas is used for more precise energy calibrations.
If the spectrum has more than one known peak it is possible to use a polynomial correction where the BE axis is both shifted and stretched. This
kind of process is referred as dispersion calibration and it is usually not
performed unless the setup has been moved or modified recently. Another
operation is the detector calibration, which corrects possible differences
1

See, for example, Ref. [136].
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in the transmission rates of electrons hitting different positions of the detector. Transmission calibration, on the other hand, ensures that different
transmission rates of electrons with different kinetic energies in the electron
lens are taken into account when the spectrum is formed.

4.6

Data analysis

To be able to make the energy calibration and to extract the relevant information from the photoelectron spectra it is useful to fit some line profiles to
the experimental data. One of the most commonly used form is the Voigt
profile [138] that is a convolution between Gaussian and Lorentzian profiles.
In electron spectroscopy, the Gaussian profile results for the most part from
various experimental broadenings. Another, smaller source is the Doppler
effect, which is caused by the thermal motion of the sample molecules. A
Lorentzian profile results from the lifetime of the electronic states. For this
thesis, the most important information extracted from fitting procedures
were locations of peak maxima at the BE axes. One can also find areas and
full width at half maxima (FWHMs) of the peaks interesting, even though
they were not fully utilized in this thesis. With other types of profiles one can
also analyze properties of asymmetric peaks. Additionally, in the PEPICO
studies coincident ion yield (CIY) spectra from the 2D PEPICO maps
were generated by summing the number of coincidence events as a function
of photoelectron energy separately for each ion.

Chapter 5
Summary of the original articles
5.1

Papers I and II: Photofragmentation of mercury compounds

In papers I and II photodissociation of two mercury compounds, HgBr2 and
HgCl2 , were studied experimentally and computationally. The photoelectron
spectra of the two compounds have been previously measured by Eland [139]
and photodissociation by has been studied by Linn et al. [140, 141]. Photodissociation of one more similar compound, CdCl2 , discussed also in paper
II, has been studied earlier by Kettunen et al. [142]. All three molecules are
linear and have an inversion center (D∞h point group). The center atoms
(cadmium or mercury) both have doubly occupied s orbitals in the valence,
while the other two atoms (chlorine or bromine) have np5 valence configurations. These atomic subshells mix and form four π and two σ (gerade and
ungerade) orbitals in the valence of the molecules. The inner valence is composed of more localized Hg 5d or Cd 4d orbitals, which are split to J = 52 , 32
spin-orbit components and further by molecular field induced by the halide
atoms.
Our HgBr2 and HgCl2 experiments were carried out through PEPICO
and high resolution UPS measurements conducted at the I411 beamline [133,
134] in the MAX IV-laboratory. The focus was put to the energy region
covering the previously mentioned valence and Hg 5d orbitals. Due to the
high resolution PES we were able resolve six valence peaks and five from the
Hg 5d region. From the PEPICO data CIY spectra were constructed, which
allowed us to study how the yields of different positively charged fragments
changed as a function of photoelectron energy. The CIY spectra revealed
some interesting features for both molecules especially in the Hg 5d region.
In HgBr2 the Hg+ fragment is dominant in the 2 D5/2 band if MJ = ± 52 , but
is overtaken by Br+ fragment if MJ = ± 32 , ± 12 and almost disappears in the
2
D3/2 band that is dictated by the Br+ fragment. Therefore the fragmentation
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process seems to change between the spin-orbit components and even within
the same component among different electronic states. Even though one
might have expected similar results for the HgCl2 molecule, the 2 D5/2 band
is surprisingly different. The band produces almost no Cl+ fragments, except
with a small hint in the case of the MJ = ± 21 states. The CdCl2 molecule is
yet another story — almost no Cd+ fragment is observed in the whole Cd 4d
region while Cl+ dominates [142].
The task for the author of this thesis was to computationally reproduce
and analyze the PES of the molecules and shed some light to the peculiar fragmentation results. For the PES calculations the geometries of the
molecules were first optimized with the four-component DHF method which
accounts for the spin-orbit interaction internally. The ionization energies
and the intensities corresponding to transitions from the ground state to the
ionized states were then calculated applying the RELADC method. When
this information was overlayed with the experimental spectra, the match was
quite good and it was possible to link the experimental peaks to certain ionic
states in the calculation. It was also possible to extract configurational information of the states and composition of the involved molecular orbitals.
The calculations confirmed Eland’s remark in Ref. [139] that the hole-orbital
corresponding to the 2 D5/2 ± 52 state is indeed non-bonding. This explains for
the most part the small width of the experimental peak and thus indicates
that the state does not dissociate directly. One might also argue that because of this the molecule has time to deform, leading to production of Hg+
fragments. While this might be true for HgBr2 and HgCl2 , the idea does
not generalize, because the 2 D5/2 ± 25 state in CdCl2 produces only a small
amount of Cd+ fragments. A noteworthy difference is also that, according
to the calculations, in CdCl2 the 2 D5/2 ± 25 state is in the middle of the 2 D5/2
band, whereas in the studied mercury compounds it has the lowest BE.
In addition, DFT fragment energy calculations were performed in order
to determine which fragmentation pathways are energetically possible for
each ionized state. This provided some insight to differences between the
HgBr2 and HgCl2 molecule fragmentation in the 2 D5/2 band. When the singly
ionized molecule emits a Cl+ fragment, the other fragment can be either
HgCl or it can further split to Hg and Cl atoms. According to the fragment
energy calculations, the latter pathway is not energetically allowed for any
state in the 2 D5/2 band in HgCl2 , whereas the first pathway is feasible. Both
pathways are, however, energetically allowed for HgBr2 and CdCl2 . These
results suggest that the reaction producing Cl+ and HgCl has, for some
reason, a low yield and that it is the other, the three fragment reaction,
which produces the Cl+ fragment. This explanation is consistent with the
charged halide fragment production in HgBr2 and CdCl2 as well. It does not,
on the other hand, explain why only a very small amount of Cd+ is observed
in case of the CdCl2 molecule.
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All in all, the studies showed that the fragmentation changes between
different spin-orbit components and states involving the same core-hole subshell and, in addition, between the three compounds despite similar valence
electron structures of the involved atoms.

5.2

Papers III–V: ∆-QM/MM core-electron BE
calculations in varied environments

Papers III–V comprised ∆-SCF 1s core-electron binding energy calculations
in the QM/MM framework. The purpose of these studies was to test and
benchmark the different QM/MM methodologies and implementations in varied chemical environments.

5.2.1

Ethanol-water solutions

In paper III carbon 1s BEs in ethanol-water solutions with different concentrations were calculated. In addition to the motivation stated above we
wanted to check whether a phase transition around 20 % concentration, suggested by various experiments in the literature (e.g. in Refs. [143–147]),
is captured by the BEs. Five ethanol concentrations were selected for the
calculations: SM (single ethanol molecule), 5.5 %, 20 %, 30 % and 100 %.
The structures for the QM/MM calculations were obtained from classical
MD simulations performed at 300 K temperature and 1 bar pressure. One
hundred snapshots were extracted for each concentration and the BEs were
calculated with the ∆-DFT/MM method, where one ethanol molecule was
treated with DFT, while the remaining molecules within certain radius were
modeled with MM force-fields with atomic partial charges or with additional
isotropic polarizabilities. Average BEs and statistical error estimates were
then calculated for each concentration and MM force-field. The geometry
and 1s BEs of gas phase ethanol molecule were also computed in order to examine how much the liquid environment contributes to the BEs. Additional
calculations were made to check how the results converge as a function of
number of snapshots and size of the MM region. The effect of the charge
transfer was also estimated by including the first solvation shell into the
DFT region around the ethanol molecule with the core-hole. Furthermore, a
combination of the ∆-DFT and PCM methods was applied to obtain computational reference values for the SM concentration.
At the time of the study we knew only one experimental reference for C 1s
BEs for ethanol-water mixture of unknown concentration [128]. According
to calculations, variation of the averaged BEs were small as a function of
concentration (within range of 0.2 eV) for both MM force-fields and thus
the comparison to the experimental values was reasonable. The agreement
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between the experimental and calculated values was quite good when the polarizability was included to the MM force-fields, bringing all differences under
0.2 eV. The shifts from gas phase values with polarizability were around -1
eV, whereas without polarizability the shifts were under -0.2 eV, not enough
to reach the experimental values. Inclusion of the first solvation shell into
the DFT region decreased the BE values without polarizability by 0.4–0.7
eV, whereas with polarizability changes were smaller than 0.2 eV to one or
the other direction. This further emphasizes the importance of the solvent
relaxation.
The PCM calculations gave similar results as the QM/MM calculations
with the polarizability when a single ethanol molecule was included into the
DFT region. When the first solvation shell was included to DFT, only a
single cavity sphere was used and the PCM calculations were noted to be
sensitive to the sphere radius and the results could not be considered very
reliable.
The C-C BE shift as a function of concentration revealed a small dip at
20 % concentration, which, however, could have been explained by statistical
error alone. Nevertheless this result gave hope that BE shift could be sensitive to the speculated phase transition. It was clear though that there should
be a decrease in the shift somewhere between 30 % and 100 % concentrations. This curve has recently been produced experimentally with a liquid
jet setup by Marinho et al. [148] which shows a clear dip near 24 % concentration and a decrease somewhere between 35 % and 60 % concentrations.
With the snapshot based methodology it is also possible to investigate how
the individual structures contribute to the average BEs. This was done by
counting the number of hydrogen bonds of the core-hole ethanol molecules.
It was found that up to 30 % concentration the molecules had commonly
either two or three hydrogen bonds whereas in pure ethanol most molecules
had two hydrogen bonds, which could explain the drop in C-C BE shift.
Furthermore, the RDFs showed in general that the solvation shell structure
becomes more apparent as the concentration is increased.
To summarize, the combination of MD and ∆-DFT/MM were found to
produce results for ethanol-water mixtures that agreed well with the experiments, even giving some promise of predictive capabilities, and made it
possible to explain the origin of the chemical shifts.

5.2.2

Molecules physisorbed on silver surfaces

In paper IV the performance of the ∆-DFT method was investigated in the
QM/CMM framework for molecules on a silver surface. The lack of charge
transfer over the QM-CMM boundary limited the choices of the molecules to
ones that are not chemically bonded to the surface and eventually methanol
and methyl nitrite were selected for benchmarking. The snapshots for the ∆-
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DFT calculations were obtained by running MD simulations where a monolayer of the studied molecules were let to equilibrate on a silver surface. In
the ∆-DFT/CMM calculations one of the molecules adsorbed onto the surface was set to the DFT region and the silver surface was modeled with a
capacitance-polarization MM force-field that is capable of modeling charge
transfer within the metallic part of the system. The rest of the molecules
adsorbed onto the surface were either omitted (SM case) or described with
atomic partial charges (ML case) as polarized non-metallic force-fields could
not be used in the QM/CMM implementation at the time. The metallic and
non-metallic regions formed a cylindrical MM region centered at the DFT
molecule with the (MM) radius vector parallel to the surface. By testing out
different MM radii it became clear that the BEs or, more rigorously, the corehole state total energies converged very slowly and an extrapolation process
would be needed to obtain the values for infinitely large surface slabs. Extrapolation was performed after calculating average BEs with nine different
MM radii between 10 Å and 50 Å by fitting a curve to this data and setting
the radius in the extrapolation function to infinity. Additionally, the BEs
were obtained for geometry optimized gas phase molecules for comparison.
The extrapolated values matched the experiments [130, 131] quite well in
the ML case, errors being typically less than 0.5 eV. In the case of methanol,
the calculations were able to capture the roughly 6 eV decrease of the BEs
between gas phase [23] and ML case and similar numbers were predicted for
methyl nitrite as well1 . However, methanol O 1s BE was an exception, the
error being as high as 1.8 eV in comparison to the experimental ML value.
A closer look to the snapshots revealed that the oxygen of methanol
molecules was on average the closest atom to the silver surface. Their BEs
seemed to drop to too low values in snapshots with the smallest oxygensurface distances. By including few silver atoms from the surface below the
core-hole methanol molecule to the DFT region it was seen that the oxygen
atom sometimes formed weak chemical bonds to the surface and that the
lack a charge transfer over the DFT-CMM boundary prevents screening of
the core-hole from the surface charge, thus inducing errors to the BEs. Additional calculations were made to estimate how much the lack of polarization
in the non-metallic MM part might affect the results. This was achieved by
including methanol molecules within 4 Å into the QM region and studying
how much the BEs shifted from the single QM methanol calculation. On
average the shifts were -0.15 eV and -0.42 eV for carbon and oxygen, respectively, suggesting that the polarization effects should be included into the
non-metallic part to be able to achieve high accuracy. In the case of methyl
nitrite the molecules turned out to lie so far apart that it was speculated that
the effect would probably be much smaller than in the case of methanol. We
1

We were not able to find any gas phase experimental reference values for methyl nitrite.

60

CHAPTER 5. SUMMARY OF THE ORIGINAL ARTICLES

also studied the charge distribution on the silver surface in the methanol
case. The adsorbed molecules were seen to cause surface polarization, as one
might expect. In addition, the positively charged core-hole attracted charge
from other parts of the silver slab to directly below the molecule, creating a
negative mirror image. Furthermore, a positively charged ring was seen at
the edges of the MM region, which can be considered as an artifact arising
from the limited system size. Increasing the MM radius pushed the ring further away and reduced the effect. Because the phenomenon was not observed
in the ground state, it was concluded that the charge in the core-hole states
was the cause for the slow convergence of the BEs. This conclusion was also
supported by studying how the potential created by a charge at the edge of
the system behaves as a function of distance to the core-hole molecule.
Overall, we were able to test and find the limits of the QM/CMM method
in the BE calculations of surface adsorbed systems. The calculations matched
the experiments surprisingly well and we were able to point out the main
reasons when they did not. The results should work as a good benchmark
for any future developments in the QM/CMM framework.

5.2.3

Polymethyl methacrylate polymer

In paper V the ∆-QM/MM method was applied to a polymer environment.
The polymethyl methacrylate (PMMA) polymer was selected as experimental
reference. PMMA, otherwise known as acrylic glass, has been widely used
in construction and medical technology. Particularly, it is a commonly used
material in prosthetic eye lenses. As the XPS method is sensitive to the
chemical environment, it can be used for detecting impurities from materials.
This requires knowledge of how the spectrum of the pure sample should look
like.
∆-SCF calculations of PMMA model molecules were performed by Naves
de Brito et al. back in 1991 [132, 149]. In paper V the purpose was to
extend these studies to the PMMA polymer and to see how the shapes of the
solid PMMA C 1s and O 1s XPS spectra are captured by the calculations.
In principle one should calculate the BEs of PMMA as an average from an
ensemble of structures like in papers III and IV. However, this time we chose
to simplify the calculations by optimizing the geometry for a three monomer
PMMA oligomer and duplicating the structure of the middle monomer (while
keeping the neighbor monomer orientations) in order to create PMMA chains
with lengths between 1 to 41 monomers. The BEs were calculated with the
∆-QM/MM method, using both HF and DFT as QM method in most of
the cases. In addition, frozen core BEs, relaxation energies and BEs from
negative core-orbital energies were calculated in some cases for comparison.
The monomer with the core-holes in the BE calculations was placed in the
QM region. In the 1-QM case all the remaining monomers were placed in
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the MM region, whereas in the 3-QM case the neighboring monomers of the
monomer with a core-hole were instead set into the QM region, although
using a smaller basis set. The MM force-fields had either atomic partial
charges or additional anisotropic polarizabilities, and were calculated with
the LoProp method. In contrast to the other QM/MM papers of this thesis,
in this study, due to the size of the molecule, it was necessary to set the QMMM boundary to cut strong chemical bonds. This can cause large errors to
the overall QM electron density and therefore the BEs. An attempt to reduce
the boundary problems was made by inserting link atoms (hydrogens) on the
cut carbon bonds.
After further analysis of the results, a lot of information was extracted.
The BEs were found to decrease almost monotonously when the chains were
elongated. With the longest tested chain the decrease was on average (for all
7 different core-hole sites) about 1 eV in comparison to the single monomer
case, with approximately 0.4 eV contribution from charges and 0.6 eV contribution from anisotropic polarizabilities. The relaxation energies were found
to be weakly coupled to the environment, changing only a few tenths of
eVs between the shortest and the longest oligomer. The shapes of the solid
PMMA C 1s and O 1s spectra were, as a matter of fact, already captured
quite well by the single monomer ∆-DFT calculation. In ∆-QM/MM calculations the shapes of the spectra were satisfactory in most situations. However,
in the 1-QM case with anisotropic polarizabilities the BEs decreased on average too much, especially for carbon atoms close to the QM/MM boundary.
Consequently, the order of BEs was incorrect and the shape of spectrum
worse than in other cases. Because the problem did not occur using only
partial charges, it was deduced to arise from artificial overpolarization. The
3-QM case introduced a QM buffer between the core-hole region and the
QM-MM boundary which greatly reduced the effect of overpolarization in
the calculated BEs.
Both, frozen core BE and negative core-orbital energy methods produced
decent shapes for the spectra, although slightly less accurately than ∆-SCF.
When the absolute BEs where considered, ∆-SCF was evidently the superior
method for a gas phase methyl nitrite molecule, which can be considered to
represent a single PMMA monomer. The other two methods were, on the
other hand, tens of eVs off from these values due to the lack of electronic
relaxation of the ionic states. Furthermore, the results were in general better
for the DFT than for the HF. In all calculations the absolute polymer BEs
were actually far (roughly 10 eV) from the experimental solid PMMA values
as the 3-dimensional structural effects and the work function were not considered in the calculations. The work function is expected to cause close to
a uniform shift to the BEs though.
To summarize, if the goal is to obtain satisfying absolute BEs, the study
indicated that, besides relaxation of the ionic states, the polymer BEs seem to
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require inclusion of the polarizability to the MM part and a some way of dealing with the overpolarization near the QM-MM boundary. The calculations
also confirmed findings of the earlier studies: the shape of the experimental
spectrum can already be produced by using just one monomer in ∆-SCF
calculations, at least in the case of PMMA [132, 149].

5.3

Conclusions

The combination of photoelectron spectra and fragment energy calculations
presented in this thesis made it possible to shed some new light into the
fragmentation process following the ionization of the Hg 5d orbital of the
HgBr2 and HgCl2 molecules. The first principle RELADC method produced
high accuracy spectra that were able to capture the relativistic effects in the
valence and core regions of the molecules. With the applied methods it was
possible to study the composition of the initial ionic states and narrow down
the viable fragmentation pathways. The complete explanations for the differences between the fragmentation of the two molecules and CdCl2 in the
corresponding energy regions as well as the exact fragmentation pathways
were still left open. Sorting this out would require calculations of the potential energy hypersurfaces of the molecules while coupling the movement of
the electrons and nuclei and accounting for the spin-orbit interaction. Furthermore, one needs to properly treat the possible (and likely) crossings of
the surfaces of the different ionic states. During the work, some attempts
were made to compute simple potential energy curves. However, the applied
methods were not sufficiently accurate to provide reliable results. Thus, the
calculation of the hypersurfaces and nuclear dynamics is left for the future as
a possible extension of the study, although it should be noted that difficulties
are to be expected due to the complex nature of this task.
The ∆-SCF method and the QM/MM framework proved out to be a powerful combination for three very distinct systems. When calculated carbon,
oxygen and nitrogen 1s core-electron BEs were compared against experimental XPS reference values, the largest deviations were 1.8 eV while the typical
errors were less than 0.5 eV. Besides giving good estimates for known experimental values, in the case of ethanol-water mixtures the methodology
also provided a promising prediction for the C-C BE shift as a function of
concentration. At the time of writing this thesis, to the best of knowledge
of the author, some of the computed results are still predictions without
experimental references. These cases are the gas phase methyl nitrite BEs
(and therefore also the chemical shifts) and the PMMA BEs in non-solid
polymer form. Furthermore, the calculations gave information how different
chemical environments and interactions contribute to the BEs. They also
exposed some weaknesses in the applied methods. Of course one should note
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that these studies included only a few systems and hence for more general
conclusions many more systems should be checked.
In the future, several extensions to the presented QM/MM studies can be
done. One can test other QM methods, MM force-fields, and ways to generate
molecular structures. Additionally, one can model the system beyond the
MM region, for instance using the PCM method. In the case of ethanol-water
mixtures, it would be interesting to investigate additional concentrations to
see how accurately the experimental C-C BE shift can be modeled. The
methodology could also be applied for completely new kinds of systems that
were not covered in this thesis, for example for gas phase clusters. All of
the QM/MM papers highlighted problems and inaccuracies arising from the
lack of charge transfer over QM-MM boundary. This is a very important
issue to be solved in the future if one aims to extend QM/(C)MM method
to be applicable for even more universal systems, such as molecules strongly
chemically bonded to a metal surface. Nevertheless, the results obtained
in this thesis demonstrate the flexibility of the QM/MM method and the
pave way to future computational studies concerning electronic structures of
complex systems.
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