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Abstract

In this thesis nuclear magnetic resonance (NMR) and magneto-optical rotation (MOR)
parameters are investigated for water, paying special attention to the effect of solvation
from gaseous to liquid phase. Nuclear magnetic shielding and quadrupole coupling ten-
sors of NMR spectroscopy are studied for gaseous and liquid water. Liquid state is mod-
elled by a 32-molecule Car-Parrinello molecular dynamics simulation, followed by prop-
erty calculations for the central molecules in clusters cut out from the simulation trajec-
tory. Gaseous state is similarly represented by a one-molecule simulation. Gas-to-liquid
shifts for shielding constants obtained this way are in good agreement with experiments.
To get insight into the local environment and its effect on the properties the clusters are
divided into groups of distinct local features, namely the number of hydrogen bonds. The
analysis shows in detail how the NMR tensors evolve as the environment changes gradu-
ally from the gas to liquid upon increasing the number of hydrogen bonds to the molecule
of interest. The study sheds light on the usefulness of NMR experiments in investigating
the local coordination of liquid water. To go a bit further, the above mentioned NMR
parameters along with the spin-spin coupling constant are examined for water dimer in
various geometries to have insight into solvation and hydrogen bonding phenomena from
bottom to top. Characteristic changes in the properties are monitored as the geometry
of the dimer is systematically varied from very close encounter of the monomers to dis-
tances and orientations where hydrogen bonding between monomers ceases to exist. No
rapid changes during the hydrogen bond breaking are observed indicating that the hydro-
gen bonding is a continuous phenomenon rather than an on-off situation. However, for
analysis purposes we provide an NMR-based hydrogen bond definition, expressed geo-
metrically, based on the behaviour of the NMR properties as a function of dimer geometry.
Our definition closely resembles widely used definitions and thus reinforces their validity.

Magneto-optical rotation parameters, the nuclear spin optical rotation (NSOR) and the
Verdet constant, are computed for gaseous and liquid water, in the same manner as the
NMR properties above. Recent pioneering experiments including NSOR for hydrogen
nuclei in liquid water and liquid xenon have demonstrated that this technique has a po-
tential to be a useful new probe of molecular structure. We reproduce computationally,
applying a first-principles theory developed recently in the group, the experimental NSOR
for hydrogen nuclei in liquid water, and predict hydrogen NSOR in gaseous water along
with the oxygen NSOR in liquid and gaseous water. NSOR is an emerging experimental
technique that needs interplay between theory and computation for validation, steering
and insight.

Keywords: water, NMR, shielding constant, quadrupole coupling, spin-spin coupling, nu-
clear spin optical rotation, Faraday effect, quantum chemistry, molecular dynamics
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1 Introduction

1.1 Background

Water [1, 2] is perhaps the most important substance on Earth. It is an essential ingredient
of all known forms of life. Being not only the most abundant substance in our bodies,
it is also a cornerstone substance of any human society through everyday life used in
drinking, cooking, washing, and cleaning, just name a few. Water is used in agriculture,
power generation, food processing, etc. In chemistry, water is a universal solvent and
many interesting chemical and biological processes take place in aqueous solutions. As
ubiquitous and throughly investigated it is, there remain questions to be answered that
are not only important for scientists but also for applications. As an example, a detailed
molecular level structure of liquid water is constantly called into question [3–6]. The
latest proposal [6] for a new structure started a heated debate lasting for many years [7–
13]. These models are challenging the conventional, near tetrahedrally hydrogen-bonded
model for liquid water.

Molecular level understanding of water is based on the interplay between experiments,
"simple" theoretical models, quantum mechanical calculations, and simulations. New
findings are constantly added to the vast amount of knowledge about water. It is important
to develop new experimental techniques and refine the existing ones and, on the theoretical
side, increase the number of details in the models and implement them in the programs
for high-performance computations.

Nuclear magnetic resonance (NMR) spectroscopy [14, 15] is a widely used technique
used to obtain physical, chemical and structural information about molecules in gaseous,
liquid, solid and liquid crystal states of matter. Quantum chemistry [16] is a branch of
theoretical chemistry that uses efficient numerical techniques and computational resources
to solve chemically interesting problems using quantum mechanics. Simulations [17] (in
the context of this thesis) are model systems that are used to produce the dynamics of the
interacting many-particle (atoms, molecules) system, providing a direct route from the
microscopic details of the model to macroscopic, measurable properties.

Modelling NMR parameters quantum chemically from first-principles is vital to com-
plement the experiments, to obtain experimentally unavailable information and to make
new predictions. Modelling solvation and taking into account the rovibrational effects in
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the NMR parameters of water are important steps towards the ever-more increasing accu-
racy. Realistic comparison with results obtained by modern-day experimental equipment
requires these effects to be accounted for. Here we use simulations to produce realistic
liquid and gaseous state configurations at given temperature including the effects of clas-
sical rovibrational motion along with a neighbourhood the molecules experience in real
liquid water. Subsequently, quantum chemical calculations are performed for a represen-
tative set of clusters cut out from simulations to obtain, after proper averaging, the NMR
parameters of interest [18–20].

Magneto-optical detection of nuclear magnetization [21, 22] is a new experimental
technique that has a potential to alleviate the difficulties associated with the conventional
detection by NMR, the sensitivity and the resolution. It has been demonstrated to encode
information on the chemical surroundings of the nucleus of interest [22, 23] resembling
the chemical shift that makes the conventional NMR so useful. In the experiment the
magnetic field associated with polarized nuclear spins rotates the plane of polarization
of a laser beam traversing the material. This effect resembles the well-known effect of
Faraday rotation [24, 25] and is called nuclear spin optical rotation (NSOR). In modelling
of NSOR in water we use the same strategy as with the NMR parameters (taking clusters
from simulations followed by quantum chemical calculations). For the calculations we
use a first-principles theory recently developed in the group [22]. Computational and
theoretical modelling of this emerging new technique is important in order to understand
the detailed mechanisms of the phenomenon and to complement the experiments. It is
exciting to participate in the studies involving a potentially important new field of physics
and have a chance to contribute.

1.2 Outline of the thesis

In this thesis we study efficient methods to take care of the solvation and rovibrational
effects in the modelling of water NMR and magneto-optical rotation (MOR) parameters.
For NMR parameters of systems containing only light elements, these are thought to be
the remaining factors that cause notable differences between experiment and computa-
tions. We use clusters cut out from water simulations and compute NMR properties for
the center molecule in each cluster that is in a liquid water-like environment (Fig. 1.1).
The results can be directly compared to the experimental measurements. In magneto-
optical rotation our main target, NSOR, is a new pathway to explore nuclear magneti-
zation through optical detection. Pioneering experiments with hydrogen nuclei in liquid
water have only recently been published [21]. Our main objective is to computationally
reproduce the results for hydrogen nuclei in liquid water and predict the corresponding ef-
fect for oxygen nuclei. Having established the applicability of the cluster technique in the
case of water NMR we can confidently apply it to the NMR-related NSOR to include and
assess the importance of environmental and rovibrational effects for this new, unexplored
property.

In Paper I NMR shielding and quadrupole coupling tensors for oxygen and hydrogen
nuclei in gaseous and liquid water are computed using Hartree-Fock [26–28] and den-
sity functional theory (DFT)/B3LYP [29–31] linear response methods using simulation
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Figure 1.1. A typical water cluster from Car-Parrinello molecular dynamics simulation. In
this snapshot, center molecule (in the middle) has four hydrogen bonds.

snapshots from Car-Parrinello [32] molecular dynamics trajectories. The NMR tensors
are calculated and properly averaged for center molecules of 400 clusters representing the
liquid. Similarly 400 instantaneous single molecule configurations from a gas-phase sim-
ulation represent the gaseous state. The difference between the liquid and gaseous state,
the gas-to-liquid shifts, are found to be in good agreement with the experimental results.
Full thermally averaged shielding and quadrupole coupling tensors, from which the usual
NMR parameters are computed, are also reported for the gaseous and liquid state water.

Molecules in liquid water are in a constantly varying environment. Paper II extends
the analysis of the NMR parameters beyond a simple liquid state average to shed light on
the environmental details that may affect the NMR parameters. Clusters from Paper I are
divided into groups that have similar local environments around their center molecules
in terms of the number of hydrogen bonds. Full average NMR tensors and the usual
NMR parameters derived from these tensors are calculated separately for each group.
The analysis reveals in detail how the NMR tensors evolve as the environment gradually
changes from the gas to liquid, upon increasing the number of hydrogen bonds (i.e. close
neighbours) to the molecule of interest. The study shows how the local changes in the
environment, including classical thermal averaging, affect the NMR parameters in liquid
water. Results are also indicative of the NMR parameters in a confined environment,
showing for example the effect of a broken or extra hydrogen bond. The data sheds light
on the usefulness of NMR experiments in investigating the local coordination in liquid
water.

Dimerization in water is the basic hydrogen bonding process. To shed light on the
phenomenon and the impact of hydrogen bonding on NMR parameters of water, Paper III
studies NMR parameter changes on dimerization of two water molecules. Shielding con-
stants and anisotropies, quadrupole coupling constants and spin-spin coupling constants
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Figure 1.2. Water dimer showing the hydrogen bond (red dots) and the two relevant geometric
intermolecular parameters, the oxygen-oxygen distance Roo and the hydrogen bond angle α.

are monitored as the geometry of the dimer is varied. Dimer geometry is specified by two
intermolecular parameters, the intermolecular oxygen-oxygen distance and the hydrogen
bond angle, determining the mutual alignment of the two water molecules by dictating
the distance and orientation between them. The two geometric parameters were system-
atically varied while monitoring the respective changes in NMR parameters which in turn
are displayed as property surfaces for easy visualization. The analysis is extended beyond
the total change by dividing it into the usually dominant, direct interaction effect and the
indirect geometric effect. For analysis purposes we suggest a new pragmatic hydrogen
bond definition based entirely on the NMR parameter trends on the property surfaces.

The magneto-optical rotation parameter NSOR for an isolated water molecule has re-
cently been studied computationally [22] with the results in good agreement with experi-
ment performed on liquid water [21]. Paper IV studies the NSOR and the Verdet constant
computationally in gaseous and liquid water to assess the magnitude of the solvation and
rovibrational effects on these properties. The same procedure that is succesfully applied
in Papers I-II (water clusters from simulation fed into quantum chemistry program for the
computation of properties) is used also here. The effect of solvation is found small for
Verdet constant, but significant for the NSOR. However, medium enhances the local elec-
tric field in the liquid [33] (affecting both the Verdet constant and NSOR) which largely
cancels the solvation effect for NSOR. Hydrogen NSOR is in good agreement with a re-
cent pioneering experiment [21]. NSOR values for individual water molecules are found
to have a broad distribution. We qualitatively link the extreme values to the corresponding
hydrogen bonding situations.

In Chapter 2 of this thesis the computational methods including electronic structure
calculation approaches and response theory for the computation of properties are covered.
Chapter 3 presents the NMR and optical rotation parameters along with their computa-
tion. Chapter 4 is dedicated to water and its solvation modelling, introducing also briefly
the simulations. Chapter 5 contains the summary of the Papers I-IV and Chapter 6 the
conclusions.



2 Computational methods

2.1 Electronic structure calculation methods

Atoms and molecules are composed of nuclei and electrons. Nuclear structure in itself is
a complicated field of research but a detailed structure is usually irrelevant for the molec-
ular applications. The nuclei are merely regarded as point particles with well-defined
properties such as charge, mass, spin, quadrupole moment, etc. For our water applica-
tions, amongst the nuclear properties only nuclear charge is used as an input parameter
for the programs to compute the electronic structure. The electrons are treated quan-
tum mechanically with a non-relativistic Schrödinger equation in a Born-Oppenheimer
approximation [34], i.e., with a fixed nuclear framework.

Since nuclei are treated as point particles with classical properties, only electrons are
treated quantum mechanically since no classical description is valid for them. The elec-
trons are described by the Schrödinger equation

Hψ =

 1
2me

∑
i

p2
i −

e2

4πε0

∑
i

∑
K

ZK
riK

+
e2

4πε0

∑
i<j

1
rij

ψ = Eψ (2.1)

where H is the Hamiltonian operator, E is the energy, ψ is the wavefunction, Z is the nu-
clear charge, and riK is the distance between the electron i and nucleusK. Other symbols
have their usual meanings. Solving the Schrödinger equation analytically is possible only
for the most simple cases like the hydrogen atom because the electromagnetic Coulomb
interaction between two or more quantum mechanical particles complicates the situation
too much. Since exact solutions cannot be found, various approximations are employed
to ease the problem. This leads to approximate solutions of the Schrödinger equation of
varying quality. Much of practical quantum chemistry is choosing approximations that
include the key features in the specific problems at a reasonable computational cost.
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2.1.1 Basis set concept

One of the approximations that is inherent in practically all electronic structure methods
is the introduction of a basis set [16]. The goal of solving the Schrödinger equation is
to find the wave function and energy of the system. For molecules the many-body wave-
function is composed of one-electron functions called the molecular orbitals. The initially
unknown molecular orbitals are expanded as linear combinations in a set of known func-
tions, a basis set, also called atomic orbitals.

φi =
M∑
α

cαiχα (2.2)

where φ represent the molecular orbitals, c the expansion coefficients, and χ the atomic
orbitals. The use of a basis set enables a systematic, variational optimization of the coeffi-
cients in linear combinations to find the best possible molecular orbitals within that basis
set. In order to describe the orbitals exactly the basis sets would need to be infinite. In
practice finite basis sets are used.

There is a large number of different basis sets designed to achieve various goals in
quantum chemistry. In this thesis we have mainly used well-known Dunning type basis
set families [35–37] of increasing performance and have tested they applicability in our
purposes thoroughly. For NSOR and Verdet constant calculations we have used a new
type of basis set family developed in the group, the so-called completeness-optimized
basis sets [22, 38].

2.1.2 Wavefunction-based methods

Wavefunction-based methods are conventional quantum mechanical methods that use the
many-body wavefunction as a basic mathematical object in the theory. The goal of wave-
function methods is to find the wavefunction (and the energy) for the system in question
since all measurable properties are in principle obtainable from the wavefunction. An ap-
proximation common to the main modern-day wavefunction methods is the Hartree-Fock
approximation [26, 27]. Attempts to improve on the Hartree-Fock method are called post-
Hartree-Fock methods and they can be made to converge systematically to the solution of
the non-relativistic Schrödinger equation in the Born-Oppenheimer approximation.

2.1.2.1 Hartree-Fock method

Hartree-Fock (HF) method [26, 27] is a wavefunction approach that approximates the
instantaneous electron-electron interaction as an average interaction and uses a single-
determinantal description of the wavefunction. The Hartree-Fock method finds those
spin-orbitals ψ1, ψ2, ... that minimize the energy of the system described by one Slater
determinant [39]
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Ψ(x1,x2, . . . ,xN ) =
1√
N !

∣∣∣∣∣∣∣∣∣
ψ1(x1) ψ2(x1) · · · ψN (x1)
ψ1(x2) ψ2(x2) · · · ψN (x2)

...
...

...
ψ1(xN ) ψ2(xN ) · · · ψN (xN )

∣∣∣∣∣∣∣∣∣ (2.3)

For closed-shell molecules such as water a so-called Restricted Hartree-Fock theory is
applied where all electrons are paired so that all spatial orbitals are doubly occupied with
opposite spin electrons.

The introduction of the basis turns the Hartree-Fock equations into Roothaan equa-
tions [40, 41], which can be solved by standard matrix techniques. Finding molecular
orbitals becomes finding the coeffiecients in the expansion of the molecular orbitals as
linear combination of the basis functions. The Roothaan equations can be cast in a com-
pact matrix equation as

FC = SCε (2.4)

where F,C, S, and ε are the Fock matrix, expansion coeffient matrix, overlap matrix, and a
(diagonal) matrix of orbital energies, respectively. These non-linear equations are solved
iteratively.

Hartree-Fock approximation is a reasonably good qualitative starting point for many
important chemical applications such as calculating energies, equilibrium geometries, or
ionization potentials [42]. As a matter of fact, the profound notion in chemistry of elec-
trons residing in orbitals rests on the foundation that the Hartree-Fock approximation
performs well in describing atomic or molecular systems with the wavefunction of only
one Slater determinant expressed in terms of orbitals. Quantitative compatibility with
experiments or more complex quantities require going beyond the Hartree-Fock approx-
imation. Normally Hartree-Fock wavefunction is taken as a starting point for a more ad-
vanced post-Hartree-Fock calculation. The difference between the Hartree-Fock energy
and the exact energy using the Schrödinger equation obtained with complete basis set is
defined as the correlation energy. The term ’electron correlation’ refers to everything left
out in a Hartree-Fock approximation as compared to the exact results obtained using the
Schrödinger equation. In practice, exact results for realistic systems are unattainable and
only portions of electron correlation are recovered by post-Hartree-Fock methods. The
choice of these electron correlation methods depends on the problem at hand.

2.1.2.2 Electron correlation methods

There are three main wavefunction based methods for including electron correlation: Con-
figuration Interaction (CI), Many-Body Perturbation Theory (MBPT), and Coupled Clus-
ter (CC) theory [16, 42]. All these take the Hartree-Fock wavefunction as a starting point
and improve on that by including more than one Slater determinant. From these only the
CC method [43–46] is used in this thesis for the electron correlation treatment.
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In a restricted Hartree-Fock determinant the lowest energy molecular orbitals are dou-
bly occupied and the rest of the orbitals, with their number dictated by the number of
basis functions used, are unoccupied. By exciting one or more electrons from the occu-
pied orbitals to those that are unoccupied in a Hartree-Fock determinant, we obtain singly,
doubly, etc. excited determinants. It can be shown that the exact ground state wavefunc-
tion can be expressed as a linear combination of all possible Slater determinants from a
complete set of basis functions. Different electron correlation methods truncate this linear
combination by their own systematic way.

Configuration Interaction (CI) [42] is a method where singly, doubly, triply, etc. ex-
cited determinants, along with the Hartree-Fock determinant, are included in the wave-
function which is a linear combination of these determinants with the coeffiecients to be
determined variationally by requiring the energy to be a minimum. CI method is varia-
tional (the energy is always an upper bound to the exact energy) but not size-extensive
which means that the method does not scale properly with the number of particles. Thus
the relative energies between systems are incorrect, which is a major drawback. If all the
excited determinants are included in the wavefunction expansion we have Full Configu-
ration Interaction (FCI), the best possible solution to the electronic problem for a given
finite basis set. FCI is applicable only for small systems with small basis sets.

Many-Body Perturbation Theory [42] adds corrections to the wavefunction and energy
to a given order. The choice of the unperturbed Hamiltonian to be a sum of Fock operators
of HF theory is known as Møller-Plesset Perturbation Theory (MP) [47]. In effect, the
MP includes all types of corrections (singles, doubles, etc.) to the unperturbed (Hartree-
Fock) wavefunction to a given order [16]. A common, relatively inexpensive choice for
including some of the electron correlation is the MP2 method where corrections up to
second order are included. MP is size-extensive but not variational, which is not a serious
problem since relative energies are more important than absolute energies.

The Coupled Cluster method includes all excitations of a given type to infinite or-
der [16]. It uses a cluster operator A connecting the exact electronic wavefunction Ψ to
the HF wavefunction Ψ0 through

Ψ = eAΨ0 (2.5)

The exponential operator eA is defined by eA = 1+A+ 1
2!A

2 + 1
3!A

3 + ... whereA is the
cluster operator A = A1 + A2 + ...+ AN . A1 generates all determinants that are singly
excited from the Hartree-Fock determinant, A2 generates all determinants that are doubly
excited, and so on:

A1Ψ0 =
∑
a,p

tpaΨp
a , A2Ψ0 =

∑
a,b,p,q

tpqabΨ
pq
ab , ... (2.6)

The tpa, and tpqab are single and double excitation amplitudes, and Ψp
a and Ψpq

ab are singly
and doubly excited determinants. A widely used approximation is to truncate the cluster
operator as A=A1+A2 which leads to the Coupled Cluster Singles and Doubles (CCSD)
method. CCSD is the method used in this thesis as a reference to more approximate meth-
ods or when no experimental results are available. CC is size-extensive but not variational
and it represents an excellent compromise between the accuracy and the computational
cost for the molecules near equilibrium geometry.
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2.1.3 Density functional theory

In density functional theory (DFT) [29] the electron density is the basic mathematical
object that the theory is built on. The basis for the theory is the proof, by Hohenberg and
Kohn [48], that the external potential is a unique functional of the electron density. Since
the potential uniquely determines the ground state wavefunction, all other observables,
including energy, are uniquely determined by electron density.

Electron density is a simple object as compared to the wavefunction since the density is
a real function of the three-dimensional space, no matter how many electrons are involved.
The energy of the system in question is connected with the electron density through a
functional. Hence, the energy is available if the density is known. The problem is that the
exact functional connecting the density and energy is not known. Developers of DFT are
designing increasingly better functionals that approximate the elusive exact functional.

In DFT the electronic energy can be written as a functional of electron density ρ as [16]

E[ρ] = Ene[ρ] + T [ρ] + Eee[ρ] (2.7)

where T , Ene, Eee are the kinetic energy, potential energy between nuclei and electrons,
and potential energy between electrons. Eee[ρ] may be divided into Coulomb J [ρ] and
exchange parts K[ρ] parts. The Kohn-Sham (KS) method [49] introduces one-electron
functions (Kohn-Sham orbitals) with the idea that the kinetic energy consists of two parts,
one that can be calculated exactly and another, small correction term. In the method, a
non-interacting reference system is constructed, with the wavefunction a Slater determi-
nant consisting of the Kohn-Sham orbitals, and having the same electron density as the
interacting system in question. The reference system is used to calculate the major kinetic
energy contribution (TS). Then the energy can be expressed as

E[ρ] = TS + Ene[ρ] + J [ρ] + Exc[ρ] (2.8)

This expression defines the so-called exchange-correlation functional Exc[ρ] which con-
sists of

Exc[ρ] = (T [ρ]− TS) + (Eee[ρ]− J [ρ]) (2.9)

The first part represents the remaining part of the kinetic energy that the non-interacting
reference system cannot account for. The second term contains both the correlation energy
(J [ρ] represents the classical electron-electron Coulomb repulsion between the charge
distributions corresponding to the KS orbitals) and exchange energy. The main problem in
Kohn-Sham theory is designing functionals to represent the exchange-correlation energy.
It is common to divide the exchange-correlation into exchangeEx[ρ] and correlationEc[ρ]
parts.

Various KS DFT methods differ only by they choice of the exchange-correlation func-
tional. There are no systematic ways to improve DFT functionals in the same manner as
there is a systematic way of improving the electron correlation treatment in wavefunc-
tion methods. There are, however, progressive steps in the development of functionals.
Local Density Approximation (LDA) is a first step and it assumes that the density distri-
bution can be locally treated as a uniform electron gas, accurately known from Quantum
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Monte Carlo computations [50], which have been used to construct LDA correlation func-
tional [51]. A second step is a non-uniform electron gas where exchange and correlaton
energies depend also on the derivatives of the electron density. These are called general-
ized gradient approximations (GGA). The methods that use a portion of exact exchange
and correlation from other sources are called the hybrid methods. We have mainly used
BLYP [GGA functional with the Becke (B) exchange part and the Lee-Yang-Parr (LYP)
correlation part] [52, 53], B3LYP (a hybrid functional with Becke 3-parameter exchange
functional and LYP correlation part) [30, 31], and BHandHLYP (a hybrid functional with
half Becke exchange and half Hartree-Fock exchange, with LYP correlation part) [54]
functionals in this thesis. BLYP is used in Car-Parrinello simulations, B3LYP in NMR
property calculations, and BHandHLYP in magnetic optical rotation calculations. These
choices are based on experience on the applicability of the functionals to the various tasks,
both from the literature and as acquired in the course of this work.

DFT is the most utilized computational method in this thesis due to its ability to include
some electron correlation with small computational cost. Our large sample, extensive wa-
ter clusters and moderate-sized basis sets would be a rather formidable task for any other
correlation method. The Hartree-Fock method has also been used, mainly for testing
and comparison purposes, but the performance is worse than that of DFT with appropri-
ately chosen functional. Hartree-Fock calculations tend to underestimate the hydrogen
bond strengths [55]. Weak dispersion interactions are poorly described by contemporary
functionals [56, 57] but hydrogen bonding, being mainly electrostatic, is reasonably well
described by DFT methods [16]. A comparison between DFT and different wavefunc-
tion methods for various hydrogen bonded dimers including water shows that DFT with
a well chosen functional adequately describes dimers with linear hydrogen bonds [55]. A
thorough benchmark investigation of equilibrium geometry and dissociation energy of the
water dimer using different correlated wavefunction methods with high-quality basis sets
serves as a performance test of the wavefunction methods in describing hydrogen bonding
in water [58].

2.2 Computation of molecular properties

Determining the approximate wavefunction and the energy of a system are the basic steps
in quantum chemistry. There are a number of molecular properties that can be computed
by the use of a wavefunction. Most of these properties can be defined as the response
of energy or some observable to a perturbation, where the pertubation may be any kind
of operator absent in the Hamiltonian operator used to approximately solve the “unper-
turbed” Schrödinger equation [16]. External electric or magnetic fields are examples of
such perturbations. The response theory is used in this work to calculate the NMR and
magneto-optical rotation parameters.



23

2.2.1 Response theory

Response theory [59] describes the change of the expectation value of a property due to a
perturbation. The perturbation may be an oscillating electric field describing monochro-
matic light of definite frequency, or some internal, static perturbation such as the nuclear
magnetic moment. For time-dependent properties such as magnetic optical rotation pa-
rameters the response theory is the only practical means of making computational pre-
dictions. Static property calculations amount to response theory with zero perturbation
frequency.

The expectation value of an operator P can be written in the presence of perturbations
Q,R,... as [16]

〈P 〉(t) = 〈P 〉(0)+
∑
k

e−iωkt〈〈P ;Q〉〉ωk
Fk+

1
2

∑
k,l

e−i(ωk+ωl)t〈〈P ;Q,R〉〉ωk,ωl
FkFl+...

(2.10)
where ωk, ωl, ... are the frequencies of the perturbationsQ andR, respectively, and Fk,Fl,
... are the corresponding perturbation strengths, e.g. electric fields. The sum includes the
expectation value followed by linear, quadratic, ... responses, which correspond to the
second, third, ... order in time-dependent perturbation theory, respectively. The actual
working equations for the calculation of response functions 〈〈P ;Q〉〉, 〈〈P ;Q,R〉〉, ... in
electronic structure programs such as DALTON [60] are quite involved since they depend
on the specific electronic structure method used. We provide references to the articles
describing the implementation of the methods in the program package DALTON [60–63].



3 Nuclear magnetic resonance and magneto-optical
rotation parameters

3.1 Basics of nuclear magnetic resonance

Some atomic nuclei possess internal angular momentum called spin, associated with a
magnetic moment, which means that they can interact with a magnetic field. Nuclei with
non-zero spin have more than one possible energy states when they are placed in a mag-
netic field. Transitions can be induced between these states by appropriate electromag-
netic radiation, normally, in NMR, in the radio frequency range [14, 15]. Populations in
different states at a temperature above zero Kelvin are not the same, leading to population
differences and thus a net nuclear magnetization. The magnetization can be controlled by
modern NMR spectrometers and its time dependence induces an oscillating electric field
in a detector, producing a signal with a frequency that is proportional to the difference
between the energy states of the nucleus. What is important in NMR is that the electronic
environment of the nucleus affects the local magnetic field at the site of the nucleus and
thus the energy differences in nuclear states. This so-called chemical shift carries informa-
tion about the electronic structure around the nucleus. Different neighbourhood gives rise
to a different chemical shift. It occurs due to the interaction between the nuclear spin and
the magnetic field generated by the electrons around it. Other interactions that can have
an effect on the NMR spectra include nuclear quadrupole coupling which results from the
interaction of the nuclear electric quadrupole moment with the electric field gradient at
the site of the nucleus generated by the electron cloud and other nuclei, and the spin-spin
coupling which is due to the indirect mutual interaction of the two magnetic nuclei medi-
ated by the electron cloud. These all fall into the category of the hyperfine interations, i.e.,
the interactions of the nucleus with its surroundings, other than the Coulomb interaction
between the electrons and the nuclear charge.
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3.1.1 NMR spin Hamiltonian

Experimental NMR spectrum is analyzed in terms of an effective NMR spin Hamiltonian
which contains explicit expressions for interactions that may affect the spectrum. The
interactions are represented by second rank tensors and the actual spectral parameters
are specific combinations of the tensor elements as dictated by the nature of molecular
tumbling (isotropic, partial orientation, orientational distribution in a powder sample) in
the experimental conditions in question. Experiments provide the spectral parameters,
not the entire tensors. In static water NMR there are two interactions that may affect the
spectrum: shielding and spin-spin coupling, the latter among the nonequivalent nuclei.

The NMR spin Hamiltonian containing the aforementioned interactions for nucleus K
in water can be written (in frequency units) as

HK
NMR = − 1

2π

∑
K

γKIK · (1− σK) ·B0 +
∑
K<L

IK · (JKL) · IL

Here γK , IK , and σK are the nuclear gyromagnetic ratio, nuclear spin, and shielding
tensor for nucleus K, respectively. B0 is the external magnetic field, 1 is the 3x3 unit
tensor, and JKL is the spin-spin coupling tensor between two nuclei K and L. The water
molecule may contain three NMR-active nuclei. 1H is the normal hydrogen with spin 1

2 ,
2H (or 2D) is the deuterium with spin 1, and 17O is the isotope of oxygen with spin 5

2 .
The most abundant oxygen isotope 16O is not NMR-active (spin 0).

3.1.2 Shielding

When a molecule is placed in an external magnetic field B0, the magnetic field experi-
enced by a certain nucleus BK is not the same as the external field because the electronic
structure around the nucleus responds to the external field, creating its own field that adds
to the external field [64]. The extra field is described by the nuclear magnetic shielding
tensor σ which depends on the electronic structure around the nucleus.

BK = (1− σK) ·B0 (3.1)

In the isotropic phases such as in liquid or gaseous water the shielding tensor averages to
the isotropic shielding constant, one-third of the trace of the shielding tensor. NMR exper-
iments cannot provide the (absolute) shielding constants. They provide shielding constant
differences, the chemical shifts. In computational work it is conventional to speak about
shielding constants since calculations provide these directly. Shielding constants are ex-
pressed in parts per million (ppm) since they are usually small as compared to the nuclear
Zeeman interaction (described by the unit tensor 1 in Eq. 3.1) which is the basis for the
entire NMR experiment. For water the shielding constant of 17O is around 300 ppm, and
for hydrogen it is around 30 ppm, depending on the state. The chemical shift related to
the difference between gaseous and liquid state water, the gas-to-liquid shift, is experi-
mentally available for both the 17O [65, 66] and 1H [67, 68]. Gas-to-liquid shifts serve as
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important experimental references to gauge the computational water NMR. Other spectral
parameters available from the shielding tensor are the shielding anisotropy and the shield-
ing asymmetry parameter that may be obtained experimentally in anisotropic phases such
as liquid crystal solutions, or from relaxation experiments [69].

The nuclear magnetic shielding tensor is computed in two parts, a diamagnetic part,
which is an expectation value of the ground state electronic wavefunction

σdK =
e2~
2me

µ0

4π
〈0|
∑
i

1(riO · riK)− riOriK)
r3iK

|0〉 (3.2)

and a paramagnetic part, which can be expressed as a linear response property

σpK =
e2~
2m2

e

µ0

4π
〈〈
∑
i

`iK
r3iK

;
∑
i

`iO〉〉ω=0 (3.3)

Here K refers to the nucleus, i to the electrons, and O is the gauge origin. The non-
relativistic shielding tensor is then a sum of the two contributions

σK = σdK + σpK (3.4)

Representation of the magnetic interaction operators corresponding to the external
magnetic field is dependent on the choice of sc. gauge origin in the magnetic vector
potential. For an exact wavefunction or Hartree-Fock wavefunction with complete basis
set, the gauge origin would not cause any trouble, but practical, approximate calcula-
tions with incomplete basis sets give results that depend on the chosen origin [16]. This
is a non-physical effect that should be corrected. The Gauge Including Atomic Orbital
(GIAO) method [70, 71] eliminates the problem by making the basis functions dependent
on the magnetic field by the inclusion of the complex phase factor. This removes the
reference to an absolute gauge origin since matrix elements using GIAO orbitals contain
only differences in vector potentials.

3.1.3 Quadrupole coupling

Nuclei with spin ≥ 1 (in water these may be 17O with spin 5/2 or deuterium with spin
1) have a nuclear quadrupole moment which interacts with electric field gradients at the
nuclear position. An electric field gradient appears if there is a non-spherical distribution
of the charge density around the nucleus. The electric field gradient tensor is traceless
so that it averages out in liquid and gaseous state water where the molecular tumbling is
isotropic, but can be seen in anisotropic phases. Quadrupole coupling is a strong interac-
tion in the realm of NMR and it is one of the possible relaxation pathways. This makes
quadrupole coupling constants, for both the oxygen and the deuteron nuclei, measurable
by NMR relaxation techniques in liquid state water [72]. The quadrupole coupling con-
stant is the product of the largest principal component (eq) of the electric field gradient
tensor and the nuclear electric quadrupole moment (eQ), a property of a nucleus.

The nuclear quadrupole coupling tensor is computed as an expectation value of the
ground state plus a contribution from the nuclear charges at the positionsR as
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BK =
e2

4πε0
QK

2IK(2IK − 1)h

∑
L 6=K

ZL
3RKLRKL − 1R2

KL

R5
KL

−〈0|
∑
i

3riKriK − 1r2iK
r5iK

|0〉
]
. (3.5)

3.1.4 Spin-spin coupling

Nuclear spins are little magnets with associated magnetic fields. Hence, they can in-
teract also with themselves, either directly through dipole-dipole coupling or indirectly
with the help of the electronic system through indirect spin-spin coupling [64]. The di-
rect dipole-dipole coupling is not of interest in this thesis. It averages out in isotropic
phases such as liquid or gaseous state water. Indirect spin-spin coupling is mediated
through the electronic system by a modification of the wavefunction around a nucleus K
by hyperfine interactions, then transmitted elsewhere in the electronic system by mutual
electron-electron interactions, and finally felt by another nucleus L, again through hyper-
fine interaction. This splits the energy states of a nucleus and consequently its resonance
signal into two or more lines. Spin-spin coupling is expressed in Hz.

The spin-spin coupling constant is a sum of four contributions

JKL = JDSO
KL + JPSO

KL + JSD
KL + JFC

KL (3.6)

Diamagnetic spin-orbit contribution is a ground state expectation value

JDSO
KL,ετ =

1
2π

~γKγL
e2

2me
(
µ0

4π
)2〈0|hDSO

KL,ετ |0〉 (3.7)

of the diamagnetic nuclear spin-electron orbit operator

hDSO
KL,ετ =

∑
i

(riK · riL)δετ − riL,εriK,τ
r3iKr

3
iL

(3.8)

Paramagnetic nuclear spin-electron orbit JPSO
KL , spin-dipole JSD

KL, and Fermi contact JFC
KL

contributions can be expressed using response theory notation as

JPSO
KL,ετ =

1
2π

~γKγL
e2

m2
e

(
µ0

4π
)2〈〈hPSO

K,ε ;hPSO
L,τ 〉〉0 (3.9)

with the paramagnetic nuclear spin electron orbit operator

hPSO
K,ε =

∑
i

`iK,ε
r3iK

, (3.10)

JSD
KL,ετ =

1
2π

~γKγL
1
4
e2~2

m2
e

(
µ0

4π
)2g2

e

∑
ν=x,y,z

〈〈hSD
K,εν ;hSD

L,τν〉〉0 (3.11)
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with the spin-dipole operator

hSD
K,ετ =

∑
i

3riK,εriK,τ − δετr2iK
r5iK

si,ε, (3.12)

and the diagonal Fermi contact contribution

JFC
KL,εε =

1
2π

~γKγL
16π2

9
e2~2

m2
e

(
µ0

4π
)2g2

e〈〈hFC
K,ε;h

FC
L,ε〉〉0 (3.13)

with the Fermi contact operator

hFC
K,ε =

∑
i

δ(riK)si,ε (3.14)

In the formulas 3.8, 3.10, 3.12, and 3.14 the prefactors of the operators are included in
the response expressions 3.7, 3.9, 3.11, and 3.13, respectively, γ is the nuclear gyromag-
netic ratio, δ(riK) is the Dirac delta function at the nuclear position, `iK is the angular
momentum of electron i with respect to nucleus K, ge is the free-electron g-factor, and si
is the electron spin. The full J tensor also contains SD/FC cross term.

3.2 Optical rotation parameters

Optical rotation is the turning of the plane of linearly polarized light about the direction
of motion as it traverses a material. When magnetic field in the direction of the light beam
causes the optical rotation, the phenomenon is called either Faraday rotation (external
field) or nuclear spin optical rotation (field from spin-polarized nuclei). Both are governed
by closely related physics [22].

Linearly polarized light can be decomposed into left and right circularly polarized
components [73]. The rotation of the plane of the linearly polarized light takes place
when the indices of refraction for the two components differ; one of the components is
then lagging behind. The angle of rotation is

θ =
ωl

2c
(n− − n+) (3.15)

where ω is the frequency of the light, l is the distance travelled in the medium, c is the
speed of light in vacuum, and n− and n+ correspond to the indices of refraction for the
left and right circular polarization, respectively. In general, the index of refraction is a
tensor and is related to the polarizability (when n ≈ 1) as

nετ = δετ +
N
2ε0
〈αετ 〉 (3.16)

where δετ is the Kronecker delta (unit tensor),N is the number density of molecules, and
αετ is the polarizability tensor. The indices of refraction for the left and right circular
polarizations correspond to particular tensor components n− = nY X and n+ = nXY ,
for a light beam travelling in the Z direction. Normally, the polarizability is a symmetric
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tensor and the two tensor elements nY X , nXY are equal. However, in the presence of
a magnetic interaction the wave function becomes complex resulting in a complex, anti-
symmetric contribution (denoted here as α′ετ ) to the polarizability tensor. This makes the
left and right circularly polarized components travel with different speeds. The antisym-
metric polarizability in the presence of the magnetic field (from either B0 or IK) can be
written as

α′ετ (B0) =
∑
ν

α′(B0)
ετ,ν B0,ν ; α′ετ (IK) =

∑
ν

α′(IK)
ετ,ν IK,ν (3.17)

In terms of response functions expressed in a molecule-fixed cartesian coordinate sys-
tem, the antisymmetric polarizability due to external field (α′(B0)

ετ,ν ) or due to hyperfine
field (α′(IK)

ετ,ν ) can be written as

α′(B0)
ετ,ν = −〈〈µε;µτ , hOZ

ν 〉〉ω,0 ; α′(IK)
ετ,ν = −〈〈µε;µτ , hPSO

ν 〉〉ω,0 (3.18)

where µ (= −er) is electric dipole moment, and hOZ
ν (= e

2me

∑
i `iO,ν) and hPSO

ν are
the orbital Zeeman and the orbital hyperfine interactions, respectively. The measurable
rotation angle can be shown to be [74, 75]

Φ =
1
2
ωlNµ0c Im〈α′XY 〉 (3.19)

For the external magnetic field B0 = B0Ẑ or the average spin polarization 〈IK〉 =
〈IK,Z〉Ẑ in the Z direction in a medium where the molecules are isotropically tumbling:

〈α′XY 〉 = B0
1
6

∑
ετν

εετνα
′(B0)
ετ,ν ; 〈α′XY 〉 = 〈IK,Z〉16

∑
ετν

εετνα
′(IK)
ετ,ν (3.20)

where εετν is the Levi-Civita tensor.
For Faraday optical rotation the relation between the angle of rotation ΦF and the mag-

netic field B0 is expressed in terms of a proportionality parameter, the Verdet constant V ,
as ΦF=V B0l. Using the arguments and the notation sketched above, the Verdet constant
can be written as [22]

V = −1
2
ωNµ0c

e3

2me

1
6

∑
ετν

εετνIm〈〈rε; rτ , `O,ν〉〉ω,0 (3.21)

The Verdet constant has been experimentally determined for gaseous [76] and liquid wa-
ter [76–78]. For the nuclear spin optical rotation (NSOR) corresponding to the magnetic
field from spin-polarized nuclei we obtain (for a molar concentration [ ] = N

NA
) [22]

ΦNSOR

[ ] l
= −1

2
ωNAc〈IK,Z〉 e

3~
me

µ2
0

4π
γK

×1
6

∑
ετν

εετνIm〈〈rε; rτ , `K,ν
r3K
〉〉ω,0 (3.22)
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NSOR has only recently been, for the first time, experimentally determined [21] for hy-
drogen nuclei in liquid water and for liquid xenon. Only few theoretical papers have
appeared on the subject [22, 79]. A first-principles theory on the subject has been pub-
lished very recently [22]. In the same paper, NSOR was predicted to exhibit a similar
effect as the chemical shift in NMR, the “optical chemical shift” [22] between similar
nuclei in different chemical surroundings such as different functional groups or different
molecules. An experimental demonstration of this effect appeared simultaneously [23].



4 Water

4.1 Modelling solvation effects for water NMR parameters

NMR parameters in gaseous water may be appropriately modelled by single molecule
calculations with a suitable rovibrational treatment. Modelling NMR parameters in liq-
uid water calls for a proper treatment of the solvent neighbourhood including the rovibra-
tional effects [80, 81]. Static solvation effects may be modelled, for example, by including
neighbouring molecules in an actual calculation alongside with the molecule of interest
or by using continuum solvation models [82, 83]. In a continuum solvation model, the
molecular system placed in a cavity of dielectric continuum representing the solvent po-
larizes the continuum by inducing multipole moments which, in turn, act as a source of
secondary electric field that acts on the molecule in question. However, continuum solva-
tion models alone have been shown not to describe solvation effects on the NMR shielding
constants faithfully [20, 84]. A reasonably good description is obtained by the use of the
first explicit solvation shell plus a continuum model around this cluster [85]. Dynamic
solvation effects from a continuously changing molecular environment and the classical
rovibrational effects are included by using clusters from simulations with the interest on
the properties of the center molecule [18–20]. It has been observed that static cluster
solvation performs worse than dynamic solvation for the NMR gas-to-liquid shifts in wa-
ter [86]. When comparing continuum and cluster models it was observed that dynamic
cluster model gave the best results [84]. In this thesis, we used a combined dynamic
cluster plus continuum model that explicitly treated clusters of 10-19 molecules from
simulation and the remaining long-range effect by a continuum model. Other approaches
for the computations of solvation effects on the NMR parameters of interest include the
computations “on the fly” during the simulation using the same periodic framework as for
the electronic structure calculation used to generate the simulation trajectory [87], and a
related approach for the calculation of NMR shielding constants in periodic systems [88].

The NMR gas-to-liquid shift is a sensitive measure of the intermolecular interactions.
It is well-known for protons [67, 68] and oxygen [65, 66] in water, and serves as an excel-
lent test for computational methods [20, 84, 86, 87, 89, 90]. Calculated and experimental
gas-to-liquid shifts with different methods are displayed for oxygen in Table 4.1 and for
hydrogen in Table 4.2.
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Table 4.1. Calculated and Experimental 17O Nuclear Shielding Constant and Gas-
to-Liquid Shift in Water.a

Method σ(g) σ(l) δ = σ(l)− σ(g)
HFb 311.0±0.9 286.7±0.6 −24.3±1.4
B3LYPb 309.7±0.9 268.5±0.6 −41.2±1.5
Exp. 323.6±0.6 c 287.5±0.6 −36.1d

HFe −20.3±9.6
HFf 336.6 320.2 −16.4
LDAg −36.6±0.5
PW91h −37.6±2.1
PBE0i −34.8
BLYPj −30
RASSCFk 324.0±1.5

a In ppm. b Present work, with 400 samples taken from a CPMD trajectory. c Reference [91] based on the exper-
imental determination of the spin-rotation constant of 17O in carbon monoxide 12C17O [92]. d Reference [66].
e Reference [86] using 30 decamers from MD simulation. f Reference [85]. Static cluster model where the
central molecule was explicitly solvated by four surrounding molecules and a dielectric continuum. g Refer-
ence [90]. Including 9 snapshots containing the whole MD simulation cell of 32 molecules. The reference is a
single molecule at the equilibrium geometry. h Reference [89]. Extrapolated cluster calculations (40 clusters)
sampled from a MD trajectory generated using an empirical potential energy function. i Reference [84]. Using a
mixed explicit/continuum solvation model. Clusters of eleven molecules were taken from a MD simulation with
the molecules kept at the fixed, optimized geometry. j Reference [87]. k Reference [93]. Contains a quantum
mechanically calculated rovibrational correction of −12.04 ppm (for the 1H2

17O isotopomer).

Table 4.2. Calculated and Experimental 1H Nuclear Shielding Constant and Gas-to-
Liquid Shift in Water.a

Method σ(g) σ(l) δ = σ(l)− σ(g)
HFb 29.52±0.06 24.38±0.09 −5.14±0.14
B3LYPb 30.07±0.05 24.80±0.08 −5.27±0.13
Exp.c 30.052±0.015 25.79 −4.26
HFd −2.28±1.61
HFe 30.91 26.94 −3.97
LDAf −5.83±0.10
PW91g −3.22±0.20
BLYPh −4.1
RASSCFi 30.2±0.1

a In ppm. b Present work. c References [67, 68]. d See footnote e in Table 4.1. e See footnote f in Table 4.1.
f See footnote g in Table 4.1. g See footnote h in Table 4.1. h See footnote j in Table 4.1. i See footnote
k in Table 4.1. Contains a quantum mechanically calculated rovibrational correction of −0.549 ppm (for the
1H2

17O isotopomer).
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4.2 Simulations and Car-Parrinello method

Explicit solvation requires the knowledge of the positions of all the nuclei in the cluster,
i.e., the inner and relative geometries of all the molecules. In the case of water, these are
not known in detail. In fact, a detailed microscopic structure of liquid water has been a
matter of debate from time to time. The last “big” debate, starting from X-ray absorption
measurements [6] which were interpreted to mean that liquid water is mainly composed
of chains and rings rather than a tetrahedral network of water molecules, raised a lot of
dialogue [7–13]. There are ways to make educated guesses on how molecules are located
relative to one another. Partial information is available from experiments but at present
there is no experiment that would reveal the detailed structure. Apart from just guess-
ing the positions, one can simulate [17] the behaviour of the water system. In molecular
dynamics simulation the forces between molecules are calculated from first principles or
from classical force fields and molecules are moving according to the Newton’s laws of
motion. We use first principles Car-Parrinello molecular dynamics (CPMD) [32] simula-
tions.

CPMD approach is a combination of molecular dynamics and density functional the-
ory to perform simulations. In this method the total-energy functional is optimized by the
simulated annealing method [94] using the Kohn-Sham orbital coefficients as variational
parameters. CPMD allows the bond forming and breaking in the course of the simulation,
which extends its usefulness as compared to the classical force-field type simulations. The
forces between the molecules are computed by a quantum mechanical density functional
theory method and there is no need for a pre-parametrized force-field as is the case in
classical simulations. The quality of the calculated forces depends on the functional used.
In CPMD simulations, where a large number of water molecules (typically 32-64 [95–97]
but sometimes over 200 [98] as compared with a typical quantum chemical calculation
using 1-10 mols) are treated by DFT, the functional has to be chosen so that the computa-
tions are not too heavy. A classic choice for a CPMD water functional is BLYP [52, 53]
as is the case also in this thesis. The simulations were carried out by Dr. A. J. Sillanpää
and Prof. K. Laasonen [99].

4.3 Water structure and hydrogen bonding

There are no experimental techniques at the moment that would reveal the exact positions
of water molecules in liquid water, i.e., the microscopic structure of liquid water. X-ray
or neutron diffraction experiments provide radial pair-correlation functions but these are
isotropic: they do not reveal the orientations of water molecules with respect to one an-
other [1]. NMR spectroscopy chemical shifts provide averages over all molecules and
over a time span large compared to the time scale relevant for molecular motions, thus
blurring a detailed image. Computations with highly accurate wavefunction-based elec-
tronic structure methods with appropriate basis sets for large water ensembles are not
possible due to the large computational burden. Theoretically, water simulations give
detailed information about positions of molecules around each other, but they still have
many shortcomings, related to the use of classical force-fields, small system sizes, quan-
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tum motion for light nuclei, etc. Thus, the positional data provided by simulations should
be understood to be somewhat incomplete [100]. Studying small water complexes, clus-
ters, gives information about structure and bonding, and acts as a bridge between the
gaseous and condensed phases of water [101, 102].

A traditional view of liquid water is that molecules have on average about four hydro-
gen bonds (HBs) that are located in a (nearly) tetrahedral manner around each molecule [103],
see Fig. 1.1. These HBs constantly break and reform and there may be “under” or “over”
bonded species [Paper II] at any given instant. Molecules may also have non-hydrogen
bonded neighbours that are in unfavourable positions or orientations in order to form
proper HBs. Simulations may be analyzed according to local environment, for example
the number and type of hydrogen bonds [Paper II]. There are conventionally two types of
hydrogen bond criteria to judge whether two molecules have a mutual HB, geometric or
energetic criteria [104]. Energetic criteria are usually based on the pair-interaction energy
between two molecules [105]. Geometric criteria usually use distance and angle cut-offs
in order to identify the pair of hydrogen bonded molecules [106, 107]. However, energy
and NMR parameters are continuous functions of dimer geometry [Paper III] suggesting
that hydrogen bonding is a continuous (instead of an on/off) phenomenon. Conventional
hydrogen bond criteria discard this aspect but remain useful for analysis purposes. A per-
sonal view of the author is that no detailed criterion for hydrogen bonding exists and it
could be beneficial for the field if the phenomenon of hydrogen bonding would be ap-
proached in a more continuous manner.



5 Summary of the Papers

5.1 Papers I-II: Solvation effect on water NMR parameters

Molecules may be computationally modelled at their equilibrium geometry in vacuo. For
NMR parameters the omission of the solvation and rovibrational effects cause notable
differences between experiment and computations [80]. Finding efficient methods for
taking these effects into account in water is the major objective in this thesis. Attaining
experimentally unavailable information, such as the full NMR shielding tensors of liq-
uid state water, is one of the advantages of the computational research. Computational
averaging of anisotropic molecular properties, such as individual tensor components, is
rarely done since it requires the use of the Eckart frame, an appropriate coordinate system
which rotates with the molecule while providing a maximum separation of the rotational
and vibrational degrees of freedom, allowing a component-wise addition of the tensor
elements [108], [Paper I].

Paper I reports the full NMR shielding and quadrupole coupling tensors averaged
in the Eckart coordinate frame for the gaseous and liquid state water using Hartree-
Fock and DFT/B3LYP methods, for snapshots sampled from Car-Parrinello molecular
dynamics trajectories at 300 K. A recent computational study [109] suggests the usage
of DFT/B3LYP with (practically) the same basis set as ours for proton and 17O shield-
ing constants in small water clusters. The NMR tensors were calculated for 400 center
molecules in clusters representing the liquid and 400 instantaneous single-molecule con-
figurations from a gas-phase simulation. Liquid clusters of size 10-19 molecules with an
average cluster 14-15 molecules guarantee that the first and much of the second solva-
tion shell were included. The usual NMR parameters are also reported. The difference
between the gaseous and liquid-state shielding constants, the gas-to-liquid shift, available
directly from experiments is in good agreement for 17O (Table 4.1: within 15% using
DFT/B3LYP) and for hydrogen (Table 4.2) within 20%.

We have recognized and used different methods of averaging for the NMR param-
eters that are anisotropic (for example for the shielding anisotropy and the quadrupole
coupling constant). One involves averaging the full tensors in the Eckart frame, diago-
nalizing them and using the principal components to calculate the anisotropic parameters.
This method is recognized to correspond to static NMR experiments in an anisotropic
medium. The second method uses diagonalized instantaneous tensors to compute the
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Figure 5.1. A schematic representation of a portion of water cluster with the center molecule
having three hydrogen bonds showing the NMR shielding tensors for the hydrogen nucleus of
the center molecule, either having a hydrogen bond (3a1) or not (3a0). The tensors are aver-
ages of the (3a1) and (3a0) cases expressed in Eckart frame indicated in the figure. Notable
differences are observed between the two cases. The calculations include the whole clusters
and not just the small part displayed here.

anisotropic parameters (e.g. instantaneous eigenvalues) and the averaging is performed
afterwards. This method corresponds better to relaxation experiments since it uses the
instantaneous principal components presented in the instantaneous principal axis frame
of the molecules. Since the two methods yield different results it must be concluded that,
formally speaking, the operations of averaging and diagonalization do not commute, i.e.,
the result depend on the order of the operations. This is not a problem since the two
methods correspond to different experimental set-ups.

In liquid water the molecular environment is constantly changing, hydrogen bonds
forming and breaking. NMR parameters for individual molecules change accordingly.
To shed light on the nature of these changes, Paper II extended the analysis of the NMR
tensors and parameters beyond the average liquid state values. Water clusters from Paper
I were divided into groups that have similar local environments in terms of the hydrogen
bond number, using a simple distance-based criterion. Full NMR tensors and the usual
NMR parameters were determined for each group. We used a simple one-parameter def-
inition to identify the hydrogen bonds. This results in an average hydrogen bond number
slightly larger than four. The hydrogen bond number for single molecules ranges from
two to six, four being by far the most abundant species. Five HBs is the second most
abundant, followed by three HBs, 6 or 2 HBs being rare in our sample of 400 clusters.
The location of individual HBs within the species 3 and 5 allow further subcategories, see
for example Figs. 5.1 and 5.2.

Systematic changes in the average NMR parameters as a function of hydrogen bond
number are observed. An almost linear dependence of the NMR parameters as a function
of the HB number is observed from gaseous (no HBs) to four HBs where a plateau is
reached, see Figure 6 in Paper II. Distributions of single-molecule values are displayed
revealing the range and “concentration” of individual NMR parameters for each hydrogen
bonding case, see Fig. 5.3. In general, the distributions are wide and overlapping. Gaseous
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and liquid state distributions differ appreciably in shape and the location of their center
of gravity. A short explanation for the differing shapes is that the shape of the gaseous
distribution is a reminiscent of the position distribution of the classical harmonic oscillator
while in the liquid the presence of the neighbours does not allow harmonic oscillations
of the covalent rOH bonds. A stochastic nature of the neighbour interactions makes the
liquid state distribution to be Gaussian in shape. A more thorough discussion is given in
Paper II.

The analysis reveals how the full NMR tensors evolve as the surroundings of the center
molecule of each cluster gradually change from gaseous type into full liquid-like environ-
ment and shows in detail how changes in the local environment of a water molecule affect
its NMR parameters, see Fig. 5.2. Results are indicative of the NMR parameters in con-

σB3LYP
17O (g) =

 341.7± 1.0 0.0± 0.5 0.0± 0.0
0.0± 0.4 300.0± 0.9 0.0± 0.0
0.0± 0.0 0.0± 0.0 287.5± 0.9


σB3LYP

17O (2) =

 306.1 −7.7 −0.4
−4.6 278.0 14.3
−0.5 8.8 267.3


σB3LYP

17O (3a) =

 295± 5 −5± 5 −4± 4
−3± 4 273± 5 2± 3
−1± 2 2± 2 258± 5


σB3LYP

17O (3d) =

 308± 3 −3± 3 −2.4± 1.1
3± 3 271± 4 0± 2

0.1± 0.6 −0.8± 1.5 256± 4


σB3LYP

17O (4) =

 289.7± 1.0 0.1± 0.6 −0.1± 0.5
0.1± 0.6 261.1± 0.9 −0.3± 0.4
−0.2± 0.3 0.0± 0.4 253.1± 0.8


σB3LYP

17O (5a) =

 293± 4 2± 2 2.8± 1.2
2.9± 1.7 261± 4 −1± 2
2.0± 0.7 −0.5± 1.3 252± 3


σB3LYP

17O (5d) =

 288± 3 1.7± 1.4 0.5± 0.8
2.0± 1.2 262± 2 1.0± 0.8
0.5± 0.4 0.3± 0.8 253± 2


σB3LYP

17O (6) =

 280± 6 3± 6 1± 3
2± 6 246± 3 5± 4

1.6± 1.1 4± 2 247± 4


σB3LYP

17O (l) =

 290.7± 0.8 0.3± 0.5 0.0± 0.4
0.7± 0.5 261.7± 0.8 0.0± 0.4
0.1± 0.2 0.1± 0.4 253.2± 0.7



Figure 5.2. Average 17O nuclear magnetic shielding tensors (in ppm) for water in the liquid
and gaseous states, and for the various hydrogen-bonding species in the liquid at 300 K. The
number in parentheses gives the number of hydrogen bonds (HBs) for the center molecule,
see Fig. 5.3 for details. The molecule is in the xy plane, with the C2 axis in the y direction, see
Fig. 5.1. The error limits for the two-fold hydrogen-bonded species have been omitted due to
the small size of the statistical sample.
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fined environments where there might be missing or extra hydrogen bonds. A broken HB
induces major changes in the NMR parameters which can be seen by comparing hydro-
gens with or without the HB, see Fig. 5.1. The NMR parameters of hydrogens without
HB resemble the gaseous state parameters, as expected, while the hydrogens with the HB
are close to the average liquid values. NMR parameters of the different hydrogen bonding
species in water are not experimentally available and it is anticipated that their detection
would be difficult since the distributions have significant overlap.

Papers I-II testify about the usefulness of the method of using clusters from simula-
tion to model the solvation effects in liquid water NMR. The use of density functional

Figure 5.3. Distributions of the isotropic 17O shielding constant for liquid and gaseous water
at 300 K, broken down to the various hydrogen-bonding species. Panels: (a) total distribution
for gas, (b) total distribution for liquid, (c) liquid molecules with 4 hydrogen bonds (HBs), (d) 5
HBs, with an extra hydrogen-bond acceptor molecule (5a), (e) 5 HBs, with an extra hydrogen-
bond donor molecule (5d), (f) 2 HBs, (g) 3 HBs, acceptor molecule missing (3a), (h) 3 HBs,
donor molecule missing (3d), and (i) 6 HBs.
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theory is mandatory since the clusters are relatively large and the Hartree-Fock level is
not good enough for these properties. Our results are in good agreement with available
experiments. The method can be used, after calibrations and case-specific modifications,
to model solvation effects outside the field of NMR, as in Paper IV.

5.2 Paper III: NMR parameters in water dimer

Hydrogen bonding in water is an archetype of this interesting phenomenon. To study hy-
drogen bonding process from the perspective of NMR, Paper III studies NMR parameter
changes upon dimerization of two water molecules. The study gives a detailed account of
the changes that are expected in NMR parameters when two water molecules are in close
encounter. It also gives insight into hydrogen bonding effects in liquid state water from
“bottom to top”.

Shielding constants and anisotropies, quadrupole coupling constants and spin-spin
coupling constants were monitored as the geometry of the dimer was varied systemati-
cally. Dimer geometry was specified by two intermolecular parameters, the intermolec-
ular oxygen-oxygen distance and the hydrogen bond angle, see Fig. 1.2. The other geo-
metrical parameters of the dimer were allowed to relax while keeping the aforementioned
two parameters fixed. Varying the two geometric parameters appropriately creates a grid
of possible dimer geometries that are indicative of the mutual orientation of two water
molecules in any real situation in which they might interact with each other such as in
gaseous or liquid water. The NMR parameters were computed with DFT/B3LYP for each
grid point and displayed as property surfaces for easy visualization of the characteris-
tic changes of different NMR parameters, see Fig. 5.4. Spin-spin couplings [110] and
shielding constants [111–113] in water dimer have been studied computationally before.
A recent study [113] compared different functionals with CC calculations in water dimer
and formaldehyde in complex with two water molecules, suggesting the superiority of
the KT3 functional over B3LYP in shielding constants. Our computations reveal that the
performance of the B3LYP is no inferior to KT3 functional when all NMR parameters are
taken into account.

All NMR parameters are smoothly behaving as the dimer geometry is varied. This indi-
cates that there is no abrupt change associated with the breaking of a hydrogen bond which
suggests that hydrogen bonding is a continuous instead of an on-off type phenomenon.
For practical purposes we suggest a geometric hydrogen bond definition based entirely on
the NMR parameter behaviour on the property surfaces. Our definition, ROO ≤ 3.5 Å and
α ≤ 45◦, closely resembles the traditional hydrogen bond definitions [104, 106, 107] and
thus reinforces their validity.

The analysis was extended by dividing the total change into direct interaction effect and
the indirect geometric effect. The division is enabled by a transformation of an isolated
monomer in monomer geometry, to a monomer in dimer geometry with a neighbour, i.e.,
an interacting dimer, with the help of two operations: the change of monomer geometry
into the dimer geometry and the introduction of a neighbour. The direct interaction effect
is found to dominate the indirect geometric effect in all cases, but the geometric effect
should be included as well, see Table. 5.1. In the process, we observed a fundamental
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ambiguity in this type of partitioning, arising from the different order in which the two
above-mentioned operations can be performed. The order affects the individual partitions
(but not their sum) as can be clearly seen for σO1 in Table. 5.1. The non-commutativity
of the two operations resembles the situation in Paper I where different methods could be
used in calculating the average anisotropic properties. It is a reminder that an unphysical
operation (e.g. a geometry change without a cause) may lead to an ambiguous result.

The ambiguousness is noticed to be intimately related to a pairwise additive approxi-
mation (PAA). This approximation assumes that contributions, for example to NMR pa-
rameters, from neighbouring atoms or molecules can be separately evaluated and accumu-
lated, and that the investigated molecule need not to be relaxed geometrically after adding
each neighbour, since the geometric effect can be added afterwards if necessary [114].
The latter condition fails if the geometry change and the addition of the neighbour are

Figure 5.4. B3LYP/aug-cc-pCVTZ NMR shielding surfaces of the water dimer for the donor
oxygen O1, acceptor oxygen O2, and hydrogen-bonded hydrogen H1 as a function of the in-
termolecular oxygen-oxygen distance ROO and hydrogen-bond angle α. The marked point
indicates the equilibrium geometry and the black projected curve is an equipotential contour
corresponding to the value at the point ROO=3.5 Å and α=0◦.
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Table 5.1. Comparison of the direct intermolecular interaction effect and the indirect ge-
ometric effect for shielding constants in the water dimer. The diagram shows the different
partitions into direct and geometric effects obtained using two auxiliary intermediate states.
State(1) is a monomer in a geometry it assumes in an interacting dimer. State(2) is a dimer
where both water molecules are in their monomer geometries. (See Paper III for details).

state(1)
↗ ↘

∆geom(1) ∆direct(1)
↗ ↘

mon −→ ∆(dim-mon) −→ dim
↘ ↗

∆direct(2) ∆geom(2)
↘ ↗

state(2)
323.6

-1.9 -2.3
σO1 325.5 -4.2 321.3

-2.9 -1.3
(ppm) 322.6

325.1
-0.4 -8.6

σO2 325.5 -9.0 316.5
-8.6 -0.4

(ppm) 316.9
30.79

-0.29 -2.84
σH1 31.08 -3.13 27.96

-2.77 -0.36
(ppm) 28.32

not independent operations. The connection between the order of the two operations and
PAA may be used as an easy test whether a certain property is pairwise additive without
resorting to the full pairwise additive process. In cases where PAA holds the property
surfaces may provide an easy way to compute condensed phase properties without ex-
pensive cluster calculations by combining them with position data from simulations [81].
For example, for quadrupole couplings in liquid water, PAA is observed to be a good
approximation [114].

5.3 Paper IV: Solvation effect on NSOR and Verdet constant in water

Nuclear spin optical rotation is an emerging new field of physics that has a potential to
become a useful tool for studying molecules and materials. NSOR has recently been
measured for liquid water [21] but studied computationally only for an isolated water
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molecule [22]. Modelling solvation and rovibrational effects are important steps towards a
more realistic description for NSOR in liquid water. Computational studies predicted new
important effects like the optical chemical shift [22], verified also experimentally [23]. To
understand the detailed mechanisms of this new field, it is important to develop theory [22]
and perform computations under realistic experimental conditions as well as predict and
explain new phenomena.

In paper IV, magneto-optical rotation parameters, the NSOR and the Verdet constant,
were computed for gaseous and liquid water using DFT/BHandHLYP [30] with completeness-
optimized (co) Gaussian basis sets [38], to assess the importance of solvation effects on
these properties. We used the same procedure as was succesfully applied in Papers I-II:
instantaneous water clusters from simulation fed into quantum chemistry program for the
computation of properties.

The direct solvation effect for NSOR is found to be −14% and −29% for 1H and 17O
nuclei, respectively. However, the medium influences also the local optical field at the site
of the molecule [33] and not only the response properties of a single molecule. Hence, the
properties should be corrected for the local optical field (affecting both the Verdet con-
stant and NSOR), which largely cancels the solvation effect for NSOR. Hydrogen NSOR
is in good agreement with a recent pioneering experiment [21]. Besides simulation av-
erages for liquid and gas, single molecule calculations, with CCSD used for referencing
purposes, were performed in order to assess the rovibrational and geometry change ef-
fects, see Fig. 5.5. The NSOR values for individual water molecules are found to have a
broad distribution and we qualitatively link the extreme values to the corresponding local
hydrogen bonding situations.

The same methodology as used in calculating solvation effects for NMR parameters
has proven its transferability, working well also in the realm of optical rotation parame-
ters. The competing effects of direct solvation and the enhancement of the optical local
field explain why isolated single molecule calculations [22] compared so favourably with
experimentally measured hydrogen NSOR in liquid water [21].

We found useful, based on the observed behaviour of the Verdet constant, to introduce a
new concept, the Verdet constant per molecule (V1), which is potentially a useful concept
in the future. It is based on the observation, related to the extensive nature of this property,
that contributions to the Verdet constant from any molecule in a cluster are about the same
size. The Verdet constants reported in this study refer to this V1. The direct solvation effect
for V1 is found to be small. However, the monomer geometry change has an appreciable
effect which can be seen from single molecule calculations in different geometries.
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Figure 5.5. (a) 1H spin optical rotation angle for water showing the best equilibrium-geometry
calculation for a static, isolated molecule [CCSD/co0 (1 mol)], corrected cumulatively for
rovibrational, solvation, and local electric field (Effective) influences. The experimental re-
sults [21] are displayed with the error margins, whereas the statistical error of the calculations
is small in the scale of the figure. (b) The deviation of the data of panel (a) from the CCSD/co0
(1 mol) result. The directly simulated gas- and liquid-state values are also shown.



6 Conclusions

Water is one of the most important substances on Earth. Understanding its behaviour at
the molecular level requires the interplay between the experiment, theory, and computa-
tions. Nuclear magnetic resonance is a widely used tool to obtain physical, chemical and
structural information on the molecules and materials. A quantitatively accurate compar-
ison of theoretically obtained results with experiments requires systems to be modelled
realistically. This involves including the solvent and rovibrational effects in the realm
of NMR for molecules containing only light elements [80]. Optical rotation caused by
aligned nuclear spins is a new field that may open new windows to study molecules and
materials [21]. In this thesis we use efficient methods to take these effects into account
for NMR and optical rotation parameters in water.

The research covered in this thesis is essentially two-fold. First, a rather thorough in-
vestigation of water static NMR parameters, including gaseous and liquid water [Papers
I-II] followed by water dimer NMR study [Paper III] essentially applicable to all situa-
tions where two water molecules can closely interact under normal conditions. Secondly,
a computational investigation was performed on the parameters in liquid and gaseous wa-
ter of a new field of physics, optical detection of nuclear magnetization [Paper IV]. This
nuclear spin optical rotation may prove as an important experimental method to overcome
the known sensitivity and spatial resolution problems in usual NMR and magnetic reso-
nance imaging. Papers I-III cover the usual NMR parameters in water. On the other hand,
water can be studied from the perspective of NSOR detecting the same nuclear magneti-
zation in a different way, as in Paper IV.

The main results include the solvation effects in liquid water for NMR shielding and
quadrupole coupling tensors and the usual NMR parameters, the shielding and quadrupole
coupling constants. Special attention is paid to the averaging of the anisotropic properties
which is rarely done. Two different ways to average anisotropic properties are observed
and identified to correspond to different methods of experimental detection. Constantly
changing local environment in liquid water is investigated by dividing water clusters in
groups having different number of hydrogen bonds attached to the center molecule. The
analysis of the corresponding changes in the NMR parameters reveals in detail, for exam-
ple, the effects of missing or extra hydrogen bonds. The study of water dimer in different
geometries on the perspective of NMR parameters gives a detailed account on the effects
of hydrogen bonding in the dimerization, or in case where two water molecules are in
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close encounter. All NMR parameters are behaving smoothly as the dimer geometry is
varied. A division of the total effect into direct interaction effect and the indirect, geomet-
ric effect revealed an interesting connection to the pairwise additivity. A by-product is a
test to be used whether a certain parameter is pairwise additive or not. Pairwise additivity
may reduce computational cost of condensed phase properties appreciably. Direct solva-
tion effect and the enhancement of the local optical field on NSOR and Verdet constant in
gaseous and liquid water have been computed and compared with experiments in Paper
IV. The hydrogen NSOR is in good agreement with a recent pioneering experiment in
liquid water. Based on the observed behaviour of Verdet constant in water clusters, we
have introduced a new concept, Verdet constant per molecule, which may turn out to be
useful in future studies.

The application of the current methodology of clusters from simulations and subse-
quent property calculations has been proven useful in these studies including gaseous and
liquid water for NMR and optical rotation parameters. This technique can be used to
take care of the solvent and rovibrational effects in condensed phases with a reasonable
computational cost. The use of density functional theory is mandatory if quantitative
agreement with experiments is desired because of its excellent compromise between cost
and accuracy. Getting experimentally unattainable information is one of the motivation
behind computational methods. For example, we have presented full NMR tensors along
with the usual measurable NMR parameters. Besides the main objectives, we have identi-
fied, incorporated and discussed many interesting, experimentally unavailable, aspects of
the theoretical methodology. These by-products may prove useful in the future.

Conventional NMR is a well-known subject with established theory that would require
a vast amount of knowledge and expertise to make useful contributions. NSOR, instead,
is a new field with only a handful of articles published on the subject. Any contribution
has a potential to become significant or even ground-breaking since the first steps in a new
field are guided by the few that are involved. I am grateful for the chance to be involved
and I hope I could be creative and open minded enough to be able to contribute.
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