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Abstract
This thesis presents computational first-principles investigations of nuclear magnetic
resonance (NMR) parameters in metal-containing nanosystems. Special attention is paid
to the relativistic effects observed in the vicinity of heavy elements. Small transition metal
complexes are used to assess the feasibility of a quasirelativistic density functional theory
(DFT) approach for calculating nuclear magnetic shielding tensors of increasingly heavy
metal nuclei, followed by applications of the concept to larger systems.
Nuclear magnetic shielding constants, shielding anisotropies, and chemical shifts with
respect to metal ions are calculated in dimethyl and water complexes of the group-12
transition metals 67Zn, 111/113Cd, and 199/201Hg, using Hartree–Fock and DFT methods with
relativistic corrections from the Breit–Pauli Perturbation Theory (BPPT). Four-component
relativistic Dirac–Hartree–Fock and correlated, nonrelativistic ab initio calculations are
used to benchmark the BPPT and DFT methods, respectively. The DFT/BPPT approach,
combined with Monte Carlo simulations at finite temperatures, is subsequently used
to calculate the chemical shift of a guest 129Xe inside a tetrahedral, iron-based cage.
Complementing experiments, the encapsulation of xenon is verified, and empirically
elusive details are revealed about the guest dynamics. Finally, the full shielding tensors
of 31P and 195Pt and the indirect spin–spin coupling constants between the two nuclei are
studied in five crystalline platinum(II) dialkyldithiophosphato complexes, concentrating
on the solid-state chemical shift anisotropy and asymmetry parameters of phosphorus and
platinum. The NMR parameters are calculated using DFT and the two-component zerothorder regular approximation (ZORA) for relativistic effects, combining molecular and
solid-state models to incorporate indispensable contributions due to spin–orbit and crystal
lattice corrections for the shielding tensors. Four-component matrix-Dirac–Kohn–Sham
shielding calculations are used to benchmark the ZORA method. Qualitative, in cases
nearly quantitative agreement is obtained with experiments, allowing the validation of the
X-ray structures of the complexes, as well as a deeper analysis of the differences between
them, including the major contributions to the NMR parameters.
The results presented here demonstrate that computational NMR, a branch of relativistic
quantum chemistry, is applicable and useful in studying nanoscale systems containing
heavy elements, such as transition metals. Approximations are necessary to enable the
treatment of large and complex targets, but sufficient accuracy is achieved for supplementing experiments with reliable and useful data that provides additional insight and analysis
possibilities.
Keywords: nuclear magnetic resonance spectroscopy, special relativity, electronic structure,
density functional theory, magnetic resonance parameters, Monte Carlo simulation
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1 Introduction
Modern computers have changed the scientific world tremendously since the 1940s [1]
when computing transformed from mostly human-made calculations to complete programs
run in computers, aiding both experimental and theoretical scientists to achieve more and
quicker than ever before. Since then computers have become increasingly faster, following
Moore’s law and enabling ever more complex problems to be treated. The range of systems
that can be handled has grown from simple ideal models with analytic solutions to nontrivial quantum systems that realize Einstein’s special theory of relativity and can only be
treated numerically. Computational science has reached a position where it complements
experiments, not only yielding theoretical results for comparison, but also providing means
to predict and analyze the inner workings of real-life systems.
Nuclear magnetic resonance (NMR) [2] is a type of radio-frequency spectroscopy applied to chemical species with NMR-active nuclei. Being non-destructive, non-invasive
and applicable to solid, liquid and gaseous states of matter alike, it has proven useful in
many branches of science as well as applied areas, allowing, e.g., the determination of
molecular structures, imaging of materials and live tissue, relaxation studies, porometry,
and even the quality analysis of full intact wine bottles [3]. Fundamentally NMR spectroscopy is the study of transitions between nuclear Zeeman energy levels. The spectrum is
interpreted in terms of parameters which describe the peak positions and their fine structure,
conveniently concealing all microscopic details of the physical system. These spectral
parameters can also be calculated from first principles [4, 5] using quantum mechanics.
The exact theoretical treatment of any real natural system is exceedingly complex and thus
several simplifications need to be introduced to the Hamiltonian and the wave function of
the system in order to make practical progress. Furthermore, the material model itself is
often an approximation, the function of which is not to fully replicate its paragon, but to
reproduce the relevant properties closely enough to be of use. In most cases this manifests
itself in the form of isolating the interesting part of a larger whole, for example a single
molecule instead of continuous media, or a perfect crystal without defects or boundaries.
Despite of the imperfections, it is marvellous to find that the models are still able to match
experimental observations, at least to a degree, enabling the computational scientist to
explore what may be off limits in purely empirical studies.
A definition of a nanosystem [6] describes it as a system of components with a scale
from atomic dimensions up to 100 nm. The subjects studied in this thesis fall into the
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smaller end of the definition, with the molecular dimensions present in Papers II and III
being of the order of a nanometer, i.e., 10 9 m. At this scale, quantum-mechanical effects
become important, and the behavior of common elements may change in intriguing ways:
for example platinum nanoparticles display catalytic properties [7], although the bulk
metal is not very reactive. While several nanomaterials are based on carbon [8], metals
appear to be central to many nanotechnological applications, with a recent example using
functionalized metal nanoparticles for propulsion and guidance of artificial microfish [9].
As the interest towards the nanoworld is currently ballooning, there should be ample
demand for methods that suit studying metal-containing systems at the atomic level. This
thesis presents one such approach, with hopes that the findings prove useful in the future.

1.1 Heavy-element NMR
Many materials found on Earth contain heavy atoms, including metals. Understanding
their behavior at the atomic scale necessitates a non-empirical approach. At present, firstprinciples NMR calculations can be carried out routinely for systems containing thousands
of light atoms. The existence of heavy elements renders the computational treatment
considerably more laborious due to relativistic effects, which arise as a consequence of
the tremendous velocities of the core electrons in heavy atoms. The immediate effects of
special relativity [10] are modifications to the electronic structure, leading to changes in
the local magnetic field felt by the nucleus, and spin–orbit (SO) splitting of energy levels,
both of which affect the magnetic resonance properties of the nuclei. This concerns not
only the heavy atom itself, but also its lighter neighbors, requiring relativistic calculations
even when the heavy element itself is not the object of interest. In recent years, such
relativistic heavy-atom effects on light atoms, usually hydrogen, carbon and nitrogen,
have been studied using mostly one- or two-component methods [11–15], with fully
relativistic four-component calculations [16–18] newly becoming more commonplace.
The heavy elements themselves have less often been the subject of computational NMR
investigation [11, 19, 20], especially at the four-component level [21, 22] and in larger
compounds, which is at least partly due to the high computational cost.
Electron correlation is a characteristic of the many-body problem where the energy of a
single electron is affected by all the other electrons. It is present in all interacting systems
with multiple particles. With heavy elements the electron correlation may, on the one hand,
be less pronounced due to stronger nuclear attraction. On the other hand, the electrons in
diffuse orbitals may be more affected, making correlated treatment indispensable. When
the quantum-mechanical electronic wave function is approximated by a finite combination
of orbitals, e.g., a determinant, one possibility of taking correlation effects into account is
through multiple different configurations. This is effective, but has the downside of rapidly
increasing the computational cost, thereby limiting the size of treatable systems heavily,
perhaps to just a dozen atoms instead of hundreds or more, even at the nonrelativistic
level. The only practical solution at present is to use density functional theory (DFT),
where the complicated 3N -dimensional wave function of N particles is replaced with
a much simpler three-dimensional electronic density as the fundamental quantity. The
exchange–correlation functional, a small but essential part in determining the density, is not
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known in general and has to be approximated, making DFT a non-systematic alternative
to ab initio wave function theories. Nevertheless, with proper caution it is an accurate
tool that facilitates correlated treatment of large systems. Relativistic DFT is therefore the
choice for computations in heavy element-containing systems.

1.2 Outline of the thesis
The aim of this thesis is to study NMR parameters in nanoscale molecules and molecular
solids containing metals, with the focus on heavy elements. Two major characteristics,
found in all of the systems studied in this thesis, are electron correlation and relativistic
effects. As the exact treatment of both effects simultaneously is not possible for the systems
under study, due to computational cost and lack of fully relativistic, correlated ab initio
theories, the usefulness of approximate methods is assessed. Nuclear magnetic shielding
tensors and, to a lesser extent also spin–spin coupling constants in Paper III, are calculated
and compared to empirical observations. Examples of first-principles information not
directly available from experiments are the dynamical behavior of confined atomic Xe, and
the orientations of shielding tensors, as obtained in Papers II and III, respectively.
Paper I is focused on evaluating the suitability of quasirelativistic density functional
theory to computing relativistic shielding constants and chemical shifts in small dimethyl
and water complexes, with increasingly heavy transition metals. On the one hand, three
widely used DFT functionals are benchmarked against correlated ab initio methods at
the nonrelativistic (NR) level to calibrate the economic density functional approach for
treating electron correlation. On the other hand, Breit–Pauli perturbation theory (BPPT) is
benchmarked against the four-component Dirac–Hartree–Fock theory. DFT is shown to be
a useful framework, while BPPT is found to work well for chemical shifts of elements up to
the sixth row in the periodic table. This lays the groundwork for applying quasirelativistic
DFT reliably in magnetic resonance calculations in other, larger heavy element systems.
Bringing the learned things into use, DFT and BPPT are combined with a NR canonical
Monte Carlo (MC) simulation in Paper II to study the relativistic and dynamical effects
in the chemical shift of xenon (with respect to atomic Xe) confined in a tetrahedral, selfassembling Fe4 L6 cage, consisting of over 300 atoms. Calculations validate the empirical
finding that Xe fits into the cage, contrary to a previous assumption. Good agreement
is obtained with the experimentally measured temperature behavior of the Xe@Fe4 L6
chemical shift, augmented with details about the origin of the measured shift.
The application of quasirelativistic DFT is continued in Paper III, expanding the study
from isotropic values to the shape and orientation of phosphorus and platinum shielding
tensors in five crystalline Pt(II) complexes with alkyl ligands. The zeroth-order regular
approximation (ZORA) is used to account for relativistic effects, as benchmarked against
four-component Dirac–Kohn–Sham (DKS) shielding calculations. A combination of
molecular and solid-state models is found to be necessary for obtaining reliable shielding
tensors. Also indirect Pt–P spin–spin coupling constants are studied, and the calculated
parameters are compared to their experimentally measured counterparts, mostly with good
agreement. Phosphorus shielding tensor allows distinguishing the complexes at least
partially from each other, whereas that of the heavy metal nucleus reflects the rigidity of
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the central structure with respect to the different ligands. New, experimentally elusive
information is obtained about the sign of the coupling constants and the shielding tensor
orientations.
The structure of the thesis is as follows. Chapter 2 introduces the basic concepts of
NMR and the magnetic resonance parameters studied in this thesis. Chapters 3 and 4
bring forth the computational theories required to calculate the electronic structure and,
subsequently, the NMR parameters that depend on it. In chapter 5, Papers I–III are
summarized. Chapter 6 closes the thesis by drawing the final conclusions.

2 Nuclear magnetic resonance parameters
Nuclear magnetic resonance [2] is a phenomenon and a mode of spectroscopy concerned
with transitions between nuclear Zeeman energy levels and their local modifications due
to the environment of the nuclei. In an experiment, a strong external magnetic field is
used to lift the degeneracy of the energy levels of nuclei with nonzero nuclear spin, and a
radio-frequency field is used to perturb the system in order to obtain a response that carries
atomic-scale energy information. The physical result of a modern NMR experiment is an
oscillating radio-frequency field, resulting in a signal known as the free induction decay
(FID) [23]. Fourier transformation of the FID yields an NMR spectrum, a collection of
peaks with their positions, shapes and intensities reflecting the properties of the sample. For
applications, the frequency information contained in the spectrum is typically condensed
into a small number of descriptive values, the NMR parameters, by fitting the data to a
suitable model.
Since the experiment measures separations between quantized energy levels, a natural
theoretical starting point is the quantum-mechanical energy equation, the Schrödinger
equation. Its full solution in the case of an NMR experiment would be far too complex to
be of practical use, even if it was possible. The theoretical treatment of NMR [5, 24] is,
instead, based on a convenient formalism of spin Hamiltonians, which allow relating select
physical phenomena to a small number of simple parameters. Since those parameters can
be used to interpret an experimental spectrum, and also be determined from first principles,
they form a link between the empirical and computational branches of NMR.

2.1 Effective NMR spin Hamiltonian
The effective spin Hamiltonian is a phenomenological operator acting on effective spin
states, designed to produce the energies of the said states. It is a sum of terms, each of
which describes an interaction between the interesting observables and contains a parameter
that incorporates the time and ensemble-averaged details of that interaction, integrated
over particle positions and other non-explicit degrees of freedom. The numerical values of
those parameters can be obtained by fitting the energies of the effective Hamiltonian to the
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observed spectrum, thus relating the voluminous spectral information to a small number of
conceptually accessible quantities.
Many interesting systems can be described by a configuration of spin- 12 nuclei, for
which the effective NMR spin Hamiltonian can be written in Hz as [2, 24]
H NMR =

1 X
2⇡

K IK

K

· (1

K)

· B0 +

X

K<L

IK · (DKL + JKL ) · IL ,

(2.1)

where K and L index the nuclei in the sample. The gyromagnetic ratio K stems from the
nuclear magnetic moment µK = K ~IK , where IK is the spin of nucleus K. The external
magnetic flux density is B0 , whereas K , DKL and JKL are the magnetic resonance
parameters: the nuclear shielding tensor, the direct dipole–dipole, and the indirect spin–
spin coupling tensor, respectively. Energetically these parameters are very small compared
to the Zeeman interaction µK · B0 .
The effective Hamiltonian (2.1) is adequate for describing the usual liquid and solid state
NMR spectra of most samples, featuring the effects that are practically always present. In
general more terms may be added to describe other phenomena, e.g., if the effective system
contains a nonzero electron spin, or there are high-spin nuclei with IK 1. The former
case is related to electron paramagnetic resonance spectroscopy [5] in open-shell systems,
while the latter one deals with the interaction of the electric quadrupole moment [24],
arising from a non-spherical charge distribution of the nucleus, with an electric field
gradient at the nucleus. These phenomena were not studied in this thesis.

2.2 Nuclear magnetic shielding
Nuclear shielding is brought on by the interplay of the applied external magnetic field
and the electron cloud surrounding the nucleus, leading to the nucleus feeling a local field
that differs slightly from the applied field. The effect is often negative, as indicated by the
name and reflected in the sign choice in the Hamiltonian (2.1). Shielding is caused by the
external field inducing currents to the electronic system, which in turn induce an opposing
local field as stated by Lenz’s law. In molecules a competing effect occurs when the excited
electronic states are mixed with the ground state due to the external field, giving rise to a
negative component of the shielding [25] that may in some cases exceed the positive one,
resulting in deshielding where the local field is actually stronger than the external one.
Experimentally the shielding parameter is not measured as an absolute value, but rather
as a relative resonance frequency difference of the nucleus to a chosen reference compound,
yielding in an isotropic medium the chemical shift
K

=

⌫K

⌫K,ref
⌫K,ref

=

(1

K)

1

(1
K,ref

K,ref )

=

K,ref

1

K
K,ref

⇡

K,ref

K,

(2.2)

where ⌫K is the resonance frequency of nucleus K, and the corresponding isotropic
shielding constant is K = 13 Tr K . The chemical shift thus corresponds to the location
of a peak or center of a group of coupled peaks in the spectrum. The approximation in (2.2)
holds very well for small shielding constants and is especially applicable for light elements.
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In some cases, such as heavy metals, the shielding constant may obtain very large values.
In all but the mercury calculations of Paper I, however, the shielding constants used in this
thesis have remained small enough for the approximation to hold to within 1% accuracy.
In gas and liquid phases of matter the molecules are allowed to tumble around, causing
the experimentally observed properties to be rotational averages over all orientations, and
yielding only scalar NMR parameters such as the shielding constant. In anisotropic media,
such as solids and liquid or molecular crystals, the molecular movement is constrained and
subsequently the averaging is imperfect. This brings into light the anisotropic character of
the NMR parameters, requiring a tensor representation of the properties. The shielding
tensor can be represented as a sum of a symmetric and an antisymmetric part, the latter of
which does not contribute to the resonance frequency to first order [26], and can thus be
neglected. In general the values of the tensor depend on the frame of reference, but it is
possible to diagonalize the symmetric part to express it in a principal axis frame where
only the diagonal elements remain nonzero. The shielding tensor can then be written as
0
1
0
0
11
PAS
@ 0
0 A,
(2.3)
22
K =
0
0
33
where the principal components are labeled as 11  22  33 in the Mehring notation [27]. Other labeling conventions are used, e.g., in connection to specific molecular
or crystal directions, as demonstrated below. Experimental set-ups exist to measure the
principal values of the chemical shift [28], providing further information about the local
symmetry of the atomic neighborhood. Computationally the full tensors are available and
can be transformed to a suitable frame of reference, for example the principal axis frame
of the chemical shift, for comparison with experiments.
Reporting precisely a tensor property such as nuclear shielding requires defining both
the components and the frame of reference, for example the three principal components
and the corresponding axes within the molecular frame. To analyze the shape of the
tensor, it is common to report slightly more intuitive values, for example the span and
skew defining the range of the components and how prolate or oblate an axially symmetric
tensor is, respectively. Several definitions exist [29], some of them with a common name
but differences in the details, which requires attention when comparing such values from
different sources, to ensure that they actually refer to the same thing.
In this thesis the shape of the shielding tensor is described using the anisotropy and
asymmetry parameters. In Paper I, the isotropic shielding constant and shielding tensor
anisotropy are defined using the shielding tensor principal components as
iso

1
(
3
3
= (
2
=

xx
zz

+

yy

+

iso )

=

(2.4)

zz )
zz

1
(
2

xx

+

yy ),

(2.5)

respectively, where zz is a suitable symmetry direction of the molecule, e.g., the molecular
axis. In Paper III, a more experimentally oriented approach was adopted, focusing on the
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Figure 2.1. An illustration of the sign of the chemical shift anisotropy aniso arising from
two similar solid-state NMR spectra. The vertical bars represent the chemical shift principal
components xx , yy and zz , labeled according to | zz
| xx
| yy
iso |
iso |
iso |,
where the isotropic chemical shift iso is their average.

chemical shift anisotropy (CSA) and asymmetry parameters
=
⌘=

zz

iso

yy

xx

zz

iso

(2.6)
(2.7)

,

respectively, where iso is the isotropic chemical shift. In this case, the indices xx, yy and
zz (not to be confused with Cartesian coordinates) follow the Haeberlen notation [27],
|

zz

iso |

|

xx

iso |

|

yy

iso |,

(2.8)

which ensures that 0  ⌘  1. Another consequence of this convention is that the chemical
shift anisotropy may assume both positive and negative values (see Figure 2.1), unlike in
the Mehring notation. Because the same reference is used for all chemical shift principal
components, it can be removed from the definitions (2.6) and (2.7), allowing them to be
calculated using absolute shielding tensor components as well.
Considering the meaning of anisotropy and asymmetry parameters, the former essentially measures the deviation from spherical symmetry, being zero when all the principal
components are equal. The asymmetry parameter (2.7) is concerned with the relative
position of the middle component with respect to the other two, and yields zero value for
a completely axially symmetric tensor. Following the convention used in Paper III, the
maximum value ⌘ = 1 then corresponds to a symmetric spectrum, where the middle peak
is equal to the isotropic value. These parameters can also be deduced experimentally in
anisotropic media.
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2.3 Nuclear spin–spin coupling
As hinted by the Hamiltonian (2.1), the magnetic coupling of two nuclear spins can occur
either directly through space, as represented by the dipolar coupling tensor DKL , or
indirectly, by the indirect spin–spin coupling tensor JKL [2]. Direct coupling can be
formulated using classical magnetostatics [30], while the indirect coupling is affected
by the bond electrons between the coupled nuclei. The direct dipolar coupling tensor is
traceless and thus not observable in isotropic media. Lacking experimental data, it was not
studied in this thesis. Contrary to that, the indirect spin–spin coupling does not average out
even in isotropic media, where it leads to an observable scalar value through the splitting of
peaks in the NMR spectrum. In anisotropic media, anisotropic details of the tensor may be
observed just like in the shielding tensor. Only the isotropic value JKL = 13 Tr JKL was
considered in Paper III of this thesis, however, because of the available experimental data.

2.4 Connection to theoretical calculations
The effective NMR spin Hamiltonian (2.1) is not useful as such for theoretical prediction
of magnetic resonance parameters. However, it can be used to identify formal expressions
for the properties by recognizing that, effectively, the nuclear magnetic shielding and
spin–spin coupling correspond to small perturbations to the total energy of the system,
resulting from magnetic fields interacting with the electrons in the molecule. Therefore, to
calculate the magnetic properties, it is necessary to find the ground-state structure of the
electronic system, which can then be applied in a perturbational treatment to extract the
NMR properties as energy derivatives.

3 Methods for electronic structure calculation
Knowing the molecular electronic structure is a prerequisite for calculating NMR properties.
Solving the Schrödinger equation analytically is not possible for real many-electron
systems, so in practice an approximation to the wave function is sought after. The exact
form of the approximate molecular wave function depends on the level of theory used in
the calculation, but most representations are nevertheless based on a one-electron picture,
and an N -electron Hamiltonian of the form
H=

N
X
i=1

Ti +

N
X
i=1

Vi +

N
X

(3.1)

Vij ,

i<j

where Ti is the kinetic energy operator of electron i, Vi is the external potential (e.g., due
to nuclei) at the site of the electron, and Vij is the interaction potential between electrons i
and j, classically the Coulomb potential / rij 1 . Many methods exist for optimizing the
electronic structure [31, 32], with the most notable differences between them arising from
how electron correlation is handled.

3.1 One-electron picture
The general analytic form of a true many-electron wave function is not known, so an
approximation is required. One of the simplest possibilities is to assume that there is no
electron correlation, allowing the separation of the many-electron function to a product
of one-electron functions, orbitals. Taking into account the antisymmetry requirement of
the wave function forbids the use of a simple product. Instead, a collection of permutations
of such products is used, known as the Slater determinant [33]
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(3.2)
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where xi denotes the spatial and spin coordinates of electron i = 1, 2, . . . , N , and
i (xi ) are the one-electron orbitals. In nonrelativistic theories the electron spin can
be incorporated into the one-electron orbitals as a multiplicative factor by defining
i (ri ) = 'i (xi , yi , zi )⌘(ms,i ) where ⌘(1/2) = ↵ and ⌘( 1/2) = , whereas in fourcomponent relativistic theory it appears explicitly due to the anticommutativity requirement
of the ↵i matrices [34] (see Section 4.2). Although the Slater determinant is by definition
an uncorrelated function, it is a cornerstone of molecular electronic structure calculations
and can be used in correlated methods as well, as long as the many-body effects are
managed outside the single determinant, e.g., through a perturbational treatment, multiple
determinants representing other configurations, or via density functional theory.
The one-electron orbitals, in turn, are formed from primitive functions of chosen type,
for example the atom-centered Slater or Gaussian functions [35]. The latter are often
preferred over the former due to their mathematical properties, although more Gaussians
are needed in comparison to Slater functions to reproduce the correct form of the orbitals,
namely, a cusp at the nucleus, and an exponential tail. The incorrect form of Gaussian
orbitals at the nucleus is a larger problem in relativistic calculations where the core
description is even more important than in NR calculations. A finite-nucleus model, as
opposed to the classical point nucleus, may then be used to alleviate the problem [36].
In periodic calculations, plane waves are preferred due to being unlocalized and particularly simple. In such a basis set, a single cutoff energy can be defined that controls both the
quality and, inversely, the computational cost of a basis set. With localized basis sets such
as Gaussians, the quality is not as straightforward to assess, as adding more basis functions
does not necessarily increase the basis set quality. For such basis set types, not only the
number but also the coefficients of each basis function in the set need to be optimized for
the target property of the calculation, which has traditionally been the electronic energy.
Magnetic properties typically have higher requirements for the basis sets compared to, e.g.,
bond lengths, which means that basis sets designed for other properties may not suffice for
the NMR calculations without modification. Recently, so-called completeness-optimized
basis sets [37] have been studied where the idea is to optimize the coverage of the exponents of the primitive functions in a chosen range, relevant to the property, to an arbitrary
accuracy, leading to element-independent sets of exponents.

3.2 Hartree–Fock self-consistent field method
Wave function-based ab initio methods are perhaps the most natural approach to electronic
structure calculations, in the sense that the concept of a wave function is so central in the
formulation of modern quantum mechanics. Hartree–Fock (HF) method [38, 39] is an
approximate way of determining molecular orbitals through variational minimization of the
total energy. The approximation stems from replacing the traditional Schrödinger equation
involving the N -electron Hamiltonian (3.1) with a set of effective one-electron equations
for the spin orbitals, where the original instantaneous electron–electron interactions are
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replaced with an average interaction for each electron. The one-electron Fock operator
f 1 = h1 +

N
X

(Jl

Kl ),

(3.3)

l=1

where h1 consists of the one-electron kinetic energy operator and nuclear potential, and J
and K are the Coulomb and exchange operators, respectively, defined through their effect
on an arbitrary function [40],
 2 Z
e
1
?
Jl k (1) =
(3.4)
l (2) dx2
k (1)
l (2)
4⇡✏0
r12
 2 Z
e
1
?
Kl k (1) =
(3.5)
k (2) dx2
l (1).
l (2)
4⇡✏0
r12

Expanding the one-electron orbitals in a suitable basis set casts the problem into matrix
form, resulting in the Roothaan–Hall equations [41, 42]
F C = SC✏,

(3.6)

where F is the Fock matrix, C the matrix of orbital expansion coefficients, S the orbital
overlap and ✏ the energy matrix. The Fock matrix depends, through the Coulomb and
exchange terms, on the coefficients that need to be determined. Therefore, the solution
needs to be performed iteratively until self-consistency is achieved, i.e., the total energy
becomes stationary in the sense of a pre-defined convergence criterion. This approach
requires an initial guess of the orbitals, which is somewhat arbitrary, but often based on the
orbitals of the atoms that make up the molecule.
From a computational point of view, the HF method is inexpensive and simple. In spite
of neglecting electron correlation, it is accurate enough to be of use either as a qualitative
approximation, or as a foundation to more sophisticated methods.

3.3 Correlated post-HF methods
The main drawback in Hartree–Fock method is the lack of electron correlation; indeed,
sometimes the correlation energy is defined as the difference between a true ground state
energy and that obtained from a HF calculation at the complete basis set limit. Because
the HF determinant is by itself a decent description of the electronic structure, it can be
used as the starting point for more elaborate calculations. The many-electron effects may
loosely be divided into two classes [43], static and dynamical correlation, based on the
shortcomings of the HF wave function. The former relates to energetically low-lying
configurations that mix strongly with the HF configuration, while the latter is linked to the
singular rij 1 term in the molecular Hamiltonian, demanding a more flexible wave function
than provided by the HF method. Since NMR calculations often consider closed-shell
molecules at their equilibrium geometries, the static correlation tends to be less important,
and hence correlation is often treated with single-reference methods that are designed to
predominantly recover the dynamical part: perturbation theory, configuration interaction
(CI), and coupled-cluster (CC) theory.
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Møller–Plesset (MPn) perturbation theory [44] is based on partitioning the exact Hamiltonian as
H = F + H (1) ,

(3.7)

where F is a sum of the one-electron Fock operators from the Hartree–Fock theory, and
the perturbation operator H (1) = H F . The energy is then expanded as a perturbation
series in H (1) to the desired order n. The zero- and first-order corrections constitute the
HF energy, and thus the lowest-order improvement arises from the first-order correction to
wave function and the second-order correction to energy,
(1)
0

=

X
n

(2)
E0

(1)

Hn0
E0 E n

(3.8)

X H (1) H (1)
0n
n0
=
,
E0 En

(3.9)

n6=0

respectively. Higher-order expansions exist [31], but MP2 remains a popular choice
because the series does not converge systematically, and each additional level increases the
computational cost.
Coupled-cluster methods [45–47] are another way of improving the HF wave function
in order to recover correlation effects. The main difference to many-body perturbation
theories such as MPn is that, instead of including all terms up to a given finite order, in
CC methods selected categories (e.g., all combinations of single and double excitations) of
terms are included to all orders. The CC wave function is defined through the nonlinear
parameterization
X
T =
Tq ,
(3.10)
CC = exp(T ) 0 ,
q

where Tq are operators generating q-fold excitations from the independent-particle (HartreeFock) reference state 0 . The coupled-cluster theory bears some resemblance to the
configuration interaction methods [31], where the excitations are generated in a linear
fashion. If all possible excitations are considered, both methods lead to the so-called full
CI wave function. However, in all but the smallest systems the series has to be truncated,
and such approximate CC methods are considered superior to CI at the corresponding
level due to the higher-order disconnected terms such as T1 T2 arising from the exponential
operator form.
A much used level in the hierarchy, CC with single and double excitations (CCSD), is
truncated after single and double excitations. Adding triplet excitations to this increases the
computational cost by as much as two orders of magnitude [31], which is usually not desirable. Some of the connected triple excitations can be recovered through a perturbational
treatment [48], leading to CCSD(T), the “gold standard” in quantum chemistry.
While theoretically allowing for arbitrary accuracy to be achieved, all post-HF wave
function methods share a common problem of computational cost, becoming very quickly
too heavy to be viable for large systems: whereas the HF method scales roughly as
n4 with respect to the number of basis functions n, MP2 scales as n5 , CCSD as n6 ,
CCSD(T) as n7 , and so on [31]. For small molecules consisting of few atoms as in Paper I
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this is not a problem, but for example the systems studied in Papers II and III contain
dozens to hundreds of atoms, making correlated ab initio calculations unattainably heavy.
Regardless of this, post-HF methods serve as invaluable tools for benchmarking other,
lighter methods. Furthermore, with the seemingly ever-increasing computational potency
available in computer clusters, these methods become gradually applicable to ever larger
systems, even if slowly.

3.4 Kohn–Sham density functional theory
While the correlated ab initio theories are powerful and allow for systematic improvement,
they suffer from the burden of depending on the coordinates of every electron in every
configuration used in the calculation, rendering most such methods unavailing in large
systems. A remarkable observation from the 1960s, formulated in the Hohenberg–Kohn
(HK) theorems [49], offers a tempting alternative by introducing the idea that the threedimensional electron density ⇢(r) can be used instead of the wave function to determine
the properties of many-body systems [50]. The ground state is found by variational
minimization of the energy, which is written as a functional E[⇢] = hHi of the electron
density
Z
Z
⇢(r1 ) = N · · · | (r1 , r2 , . . . , rN )|2 dr2 dr3 · · · drN ,
(3.11)
where N is the total number of electrons. A problem in the direct approach is finding
accurate functionals of the density. Early attempts like the Thomas–Fermi model [50, 51]
used the properties of a locally homogeneous electron gas, but failed to produce accurate
results, or even molecular binding, mainly due to the poor estimation of kinetic energy.
Modern density functional theory calculations are based on the Kohn–Sham (KS)
formalism [52], where one considers a system of non-interacting electrons defined to have
the same density as the interacting system, but which move in an effective potential
Z
e2
⇢(r 0 )
Veff (r) = V (r) +
dr 0 + Vxc (r),
(3.12)
4⇡✏0
|r r 0 |
where V (r) is the external potential due to nuclei. The exchange–correlation potential
Vxc (r) =

Exc [⇢]
⇢(r)

(3.13)

corresponds to the exchange–correlation energy
Exc [⇢] = T [⇢]

Ts [⇢] + Vee [⇢]

J[⇢],

(3.14)

where T [⇢] and Ts [⇢] are the kinetic energy functionals of the interacting and noninteracting systems, respectively, and Vee [⇢] and J[⇢] are the true electron–electron interaction potential and the classical Coulomb potential, respectively. Practically, Exc [⇢] contains
the non-classical part of the many-electron interaction and the kinetic energy difference
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between the interacting and non-interacting systems, which constitute a correction term to
the total energy of the non-interacting system.
For the non-interacting system, a wave function of the form (3.2) is exact and can be
used to calculate the kinetic energy just as in the HF method. The orbitals i (r) that
constitute the wave function are called the KS orbitals, and while their energies have no
physical meaning, they allow expanding the total electron density as
X
?
⇢(r) =
(3.15)
i i,
i

which leads to one-electron Kohn–Sham equations not too dissimilar to the HF theory,

~2 2
r + Veff (ri ) i = "i i ,
(3.16)
2m i
and the total energy
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⇢(r)⇢(r 0 )
drdr 0 + Exc [⇢]
|r r 0 |

Z

Vxc (r)⇢(r) dr.

(3.17)

A problem with the density functional theory is that, while most of the terms can be
expressed as functionals of ⇢(r), the term Exc [⇢] is unknown and has to be approximated,
leading to a wealth of different functionals that are not systematically improvable and may
behave unpredictably in different situations. The success of DFT in modern electronicstructure calculations is due to the fact that Exc [⇢] and the errors therein are relatively
small, and the method itself scales computationally roughly as HF, while recovering some
of the dynamical correlation between electrons.

3.5 Nonrelativistic density functionals
Various schemes exist for building the correlation and exchange functionals that make
up Vxc (r). In principle a relativistic theory would require its own density and current
density functionals [34], but in practice the NR functionals are adopted also in relativistic
calculations. Also magnetic field-dependent functionals have been studied [53], but
the correction has been found to be rather small, validating the use of traditional, fieldindependent functionals.
The most basic class of functionals, known as the local density approximation (LDA),
contains only ⇢(r) dependence. Most pure density functionals also depend on the gradient
r⇢(r), for example BP86 [54–56], BLYP [55, 57], PBE [58, 59], and KT2 [60]. Of these,
the KT2 functional is specifically designed for calculating nuclear shielding constants of
light elements, but as a trade-off yields less satisfactory total energies.
Pure density functionals have been found to overestimate the paramagnetic contributions
to nuclear shielding, an error which may be partially corrected by including a portion of
the HF exact exchange into the exchange–correlation functional [61], resulting in hybrid
functionals. Of such functionals used in this thesis, PBE0 [62, 63] contains 25% of HF
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exchange combined with 75% PBE functional, for example, while B3LYP [55, 57, 64]
contains 20% and BHandHLYP [55, 57, 65] 50% of the exact exchange. In some programs
the amount of HF exchange can be tuned by the user, although this might lead to an
inconsistency between the parameters if the others are not optimized to the new situation.
There is no universally “best” admixture of the exact exchange in hybrid functionals,
and a suitable fraction is likely to depend on the property and the system at hand. An
additional problem in standard DFT arises from an improper cancellation of self-interaction
in the exchange–correlation potential, to which a correction has been tested for nuclear
shielding [66].
Generalized Gradient Approximation (GGA) and hybrid functionals are perhaps the
most successful and widely used classes of DFT functionals today, but by no means the
only ones. In addition to them, there are double hybrids [67] (where the HF part of the oneelectron operator is replaced with MP2), meta-GGAs [68] (that also depend on the second
derivative of density), range-separated functionals [69] (where the Coulomb operator is
separated into short and long range terms), and so on. A so-called Jacob’s ladder has been
sketched [70], which places the different classes of functionals roughly in order from the
simplest and least satisfying to the most complex and expectedly best, but in practice there
is no truly systematic way to improve the exchange–correlation functionals in general,
which is by far the largest problem in DFT calculations. Since there is no general way
of knowing a priori which functional would suit the problem at hand, several candidates
may have to be compared with each other and/or benchmarked against correlated ab initio
methods, typically in smaller test systems, to find the most plausible choice for the case of
interest.
A general problem with standard DFT functionals is their inability to describe longrange electron correlation, resulting in the lack of dispersion forces [71]. They contribute to
the non-bonded interactions between atoms and molecules, and are thus important for the
proper computational treatment of nanosystems. Several approaches have been developed
for treating dispersion forces within density functional theory [72], especially during the
past decade, significantly improving the usability of DFT. A simple and widely used
technique is to add a separate dispersion energy term, which depends on the interatomic
distances, to the DFT total energy. Examples of this approach are the DFT-D3 method
of Grimme and co-workers [73], and the TS method of Tkatchenko and Scheffler [74],
which were applied in Papers II and III, respectively. In both of them, the dispersion
energy is calculated as a sum of two- (TS) or two- and three-body (DFT-D3) terms with
coefficients that depend on the environment of each atom. In DFT-D3, the surroundings are
considered through the number of neighboring atoms, whereas in TS the electron density
of the atom is used instead. While the additional dispersion energy term does not directly
affect the computational NMR parameters (vide infra), they may be influenced indirectly,
e.g., through dynamics or geometry optimization, which do depend on the calculated total
energy.
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3.6 Periodic systems
Crystals and molecular solids contain an immense number of electrons. Molecular calculations involving the determination of electronic structure become computationally
unfeasible in such systems, as they generally scale in powers of the number of electrons.
In continuous systems the number of electrons approaches infinity, and instead of a cluster
approach, it becomes sensible to approximate the media as an infinite repetition of a finite
unit cell which contains the non-periodic part [75]. Through the Bloch theorem [76, 77], it
is possible to express the Hamiltonian eigenfunctions as
n,k

= eik·r un,k (r),

(3.18)

where un,k (r) = un,k (r + R) is a periodic function with respect to any lattice vector R,
n is the energy band index, and k is the crystal wave vector in the reciprocal space, which
is connected to the real space through a Fourier transform [75]. Using periodic boundary
conditions allows the electronic calculation to be restricted to a finite volume in real or
reciprocal space, which contains the only unique values of k. Also aperiodic systems can
be treated by using the supercell approximation, where the aperiodic part is surrounded
with enough vacuum or bulk media to suppress interactions with the neighboring cells.
The basis functions in periodic calculations are typically chosen to be plane waves (PW)
due to their mathematically simple form and natural periodicity, resulting in
X
PW
=
cn,k (G)ei(k+G)·r ,
(3.19)
n,k
G

where the summation is over all reciprocal lattice vectors G. The coefficients cn,k (G) are
determined by solving the many-body equation, which in the case of DFT means the oneelectron equations (3.16). Integration over k is performed on a mesh of points, the density
of which needs to be high enough to obtain converged properties. In Paper III, equidistant
meshes were generated by using the common method of Monkhorst and Pack [78]. Unlike
in molecular calculations, the quality of the PW basis set is determined solely by the
highest kinetic energy component, which is restricted by defining a cutoff energy [77]
~2 |k + G|2
 Ecut ,
2m

(3.20)

where m is the electron mass. Increasing Ecut results in better quality and a heavier
calculation, between which a balance needs to be found, just like in any basis set expansion
approach.
A drawback of the plane wave basis is that in an all-electron calculation, a very large
basis set is required because of the oscillating wave functions, caused by the radial nodes of
the orbitals. A generally used approximation acknowledges that the electronic core states
are mostly unaffected by the chemical environment of the nucleus and can therefore be
replaced with a pseudopotential (PP) [79] that produces the correct effect for the valence
electrons. This approach reduces the number of electrons that are treated explicitly and,
because the valence states no longer need to be orthogonal to the core states, allows defining
pseudowave functions that are unphysically smooth in the core region, but mimic the true
functions in the valence region outside a chosen radius. Such smooth functions can be
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described with a lesser number of plane waves, and thus a smaller cutoff energy can be used.
As an added bonus, also relativistic effects can be considered in the construction of the PP
to enhance the calculation quality with low computational expense. The obvious problem
is that core-sensitive properties such as the nuclear shielding cannot directly be calculated
with the unrealistic pseudowave functions. Section 4.6 describes a projector-based solution
to this.
Several options exist with respect to how the pseudofunctions are defined and built, and
how large a core radius can and should be used for the PP. Two common choices are the
norm-conserving [80] and the ultrasoft [81] pseudopotentials, the latter of which aims at
enabling smoother, but still accurate pseudofunctions. The norm-conserving PP obtains its
name from the requirement that charge density is preserved inside the cutoff radius, while
in ultrasoft PPs that constraint is relaxed.

4 Computational NMR
Nuclear shielding and spin–spin coupling can be seen as the results of small perturbations
to the energy of the molecule, caused by the external magnetic field flux density B0 and
the nuclear magnetic moments µ = {µK } of nuclei K. The total energy can formally be
expanded as a series with respect to them [32],
1
E(B0 , µ) = E0 + B0 · E (20) · B0
2
X
1 X
(11)
(02)
+
B 0 · EK · µ K +
µK · EKL · µL ,
2
K

(4.1)

K6=L

where only second-order terms are shown. Linear terms do not contribute for closed-shell
species, and higher-order terms have been neglected as their contributions are expected to
be negligible [82, 83].
In principle the total energy is a function of both nuclear and electronic locations, but a
usual simplification is to apply the Born–Oppenheimer (BO) approximation, i.e., consider
the mass difference between nuclei and electrons large enough to allow the electrons adapt
to any changes in the nuclear positions instantly. The consequence is that nuclear and
electronic wave functions can be separated, and calculation of the energy reduces to solving
the electronic structure with the static nuclei that provide an external potential for the
electrons to settle in.
Comparing the energy expansion (4.1) to the effective spin Hamiltonian (2.1) allows
identifying the nuclear shielding and spin–spin coupling tensors as the second-order energy
derivatives [4, 25] calculated at zero magnetic field and dipole moment,
K,✏⌧

=

JKL,✏⌧ =

✏⌧

+

@ 2 E(µK , B0 )
@µK,✏ @B0,⌧

DKL,✏⌧

✏⌧

+

~
2⇡

µK =0,B0 =0
@ 2 E(µK , µL )
,
K L
@µK,✏ @µL,⌧ µK =0,µL =0

(4.2)
(4.3)

respectively. Here ✏, ⌧ = {x, y, z} are Cartesian coordinates, ✏⌧ is the Kronecker delta
function, h = 2⇡~ is the Planck constant, K and L are the gyromagnetic ratios of nuclei
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K and L, and E(µK , B0 ) = hH(µK , B0 )i is the molecular energy (electronic energy in
the BO approximation).
To calculate magnetic second-order properties such as K and JKL , the energy deriva(2)
tives E0 in (4.2)–(4.3) are written as Rayleigh–Schrödinger perturbation theory (PT) expressions, substituting a quantum-mechanical Hamiltonian for the perturbed energy. Such
PT expressions are often reformulated compactly in terms of response functions [4, 84, 85]
at zero frequency,
(2)

E0

1
(2)
= H00 + hhH (1) ; H (1) ii!=0 ,
2

(4.4)

where the latter term is a linear response function, and the perturbations H (1) and H (2)
depend on the parameter (e.g., the dipole moment and magnetic field in (4.2), or the two
dipole moments in (4.3); see Sections 4.2–4.5 for examples at various levels of theory).
Further perturbations, for example relativistic corrections, require higher-order response
functions [4]. The benefit of this formalism is that the response can be solved in terms of
coupled linear differential equations [85], avoiding explicit summations over excited states
which are present in the standard PT formalism. The actual formulas used by computational
codes depend on the chosen electronic structure method, and are therefore not listed here.

4.1 Electromagnetic fields in Hamiltonian
The traditional quantum-mechanical Hamiltonians are operators of position and momentum,
of which the latter is influenced by electromagnetic fields. They can be introduced formally
through the so-called minimal coupling [34], where the momentum p is replaced with
⇡ = p + eA, where e is the electron charge, and A is a sum of the vector potentials due
to the relevant fields. In the case of NMR these are
1
B0 ⇥ riO
2
µ0
IK ⇥ riK
AK (ri ) = ~
,
K
3
4⇡
riK
A0 (ri ) =

(4.5)
(4.6)

which correspond to the static external magnetic field and to the dipole field due to nucleus
K, respectively, where riO = ri RO is the position of electron i relative to the gauge
origin O, and riK similarly.
The so-called gauge origin problem arises because of RO in (4.5), which can be chosen
arbitrarily. While the physical field and observables cannot depend on it, in practical
calculations the different choices of rO may lead to different values of the nuclear shielding
tensor. Two main routes exist to treating the gauge dependence: a common gauge origin
(CGO), or a distributed scheme. The former may be an adequate choice, e.g., if a molecule
contains a single heavy nucleus and the gauge origin is placed there [86], as in Paper I, while
the latter may be realized in several ways. Multiplying each basis function with a gauge
factor yields the so-called London or gauge-including atomic orbitals (GIAO) [5, 87], the
use of which results in the shielding tensor becoming gauge-independent. Alternatively, it
is possible to attach a gauge factor to each orbital, resulting in the individual gauge for
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localized orbitals (IGLO) method [5, 88]. Each technique has its shortcomings, but GIAO
is often preferred to the localized alternatives due to its efficiency with respect to the basis
set size [89]. In the limit of a complete basis set, the GIAO and CGO methods become
equivalent [90], but in a typical calculation such a large basis set is impractically heavy,
favouring a distributed scheme to avoid gauge dependence.

4.2 Dirac–Coulomb Hamiltonian
Apart from quantum electrodynamics (QED), the most accurate quantum-mechanical
theory for relativistic electrons is built on top of the Dirac Hamiltonian [34, 91, 92] which
describes a single spin- 12 particle moving in an external potential V ,
H D = c ↵ · ⇡ + mc2 + V,

(4.7)

where ⇡ and m are the momentum and mass of the electron, respectively, and c is the
speed of light in vacuum. The 4-component Dirac matrices
✓
◆
✓
◆
02
I2 02
k
↵k =
, k = 1, 2, 3 ;
=
(4.8)
02
02
I2
k
are defined using the 2 ⇥ 2 zero and unit matrices 02 and I2 , respectively, and the Pauli
spin matrices
✓
◆
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0 1
0
i
1 0
,
,
.
(4.9)
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y =
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i 0
0
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The spin property of electron is concealed in the 4-component formalism, where the wave
function consists of two two-spinors,
0 1
1
✓ L◆
B 2C
C
=B
(4.10)
S ,
@ A=
3
4

where L and S are the so-called large and small components of the wave function. For
positive energy states, taken to describe electrons, the large component is larger than the
small component, hence the name. For positive-energy solutions, the situation is reversed.
Unlike in the nonrelativistic case, H D is strictly a one-electron operator and there exists
no definition for many-electron case, not even classically [34]. For realistic systems, an
interaction operator is required; Dirac–Coulomb Hamiltonian for two particles is obtained
by adding a classical Coulomb term Vij to H D ,
DC
Hij
= HiD + HjD + Vij .

(4.11)

Coulomb interaction is not Lorentz-invariant, but its use is justified because it leads to a
symmetric operator with respect to particle labeling, and the error is small because most
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electrons in atoms are not highly relativistic. When better accuracy is required, the errors
introduced by magnetic and retardation effects may largely be recovered by including, e.g.,
the Breit correction term [34]
"
#
ei ej
(↵i · rij )(↵j · rij )
B
Hij =
(↵i · ↵j ) +
,
(4.12)
2
8⇡✏0 rij
rij
to H DC , resulting in the Dirac–Coulomb–Breit Hamiltonian H DCB .
Applying the Dirac–Coulomb Hamiltonian to (4.2), a linear-response expression for the
relativistic shielding tensor for nucleus K can be written as [93, 94]
K

=

1 µ0
↵i ⇥ riK
(ec)2 hh
; ↵i ⇥ riO ii!=0 .
3
2 4⇡
rik

(4.13)

There is no expectation value term, because H DC does not contain any terms quadratic in
nuclear spin and magnetic field. Instead, the response term contains both diamagnetic and
paramagnetic contributions.

4.3 Zeroth-order regular approximation
The negative-energy solutions S of the Dirac equation are both a reason for its accuracy
and a burden due to the extra computational cost. Computationally cheaper, approximate
Hamiltonians that still recover the most important relativistic effects, can be obtained by
eliminating the small component from the 4-component equation. The variationally stable,
2-component ZORA [34, 95–97] Hamiltonian (written here in SI units)
H ZORA =

·⇡

K
2m

·⇡+V;

K = (1

V /2mc2 )

1

(4.14)

is obtained by eliminating the small component S from the 4-component eigenvalue
equation (with energy shifted by mc2 ) of (4.7) and (4.10),
✓
◆ ✓ L◆
V E
c ·⇡
D
H
E =
= 0,
(4.15)
S
c · ⇡ V E 2mc2
which results in H esc
H esc =

= E L , where the 2-component Hamiltonian
✓
◆✓
◆ 1
c2
E
·⇡
1+
·⇡+V
2mc2 V
2mc2 V

L

(4.16)

can be expanded in E/(2mc2 V ), assuming E ⌧ 2mc2 V . Retaining the first term of
the expansion yields the zeroth-order Hamiltonian (4.14). Other choices of the expansion
variable are possible and lead to different results, e.g., the Pauli Hamiltonian. When
c ! 1, K ! 1, and H ZORA reduces to the NR Hamiltonian.
The ZORA nuclear magnetic shielding expression [98] is obtained through the application of (4.14) to (4.2), yielding three separate contributions,
K

=

d
K

+

p
K

+

SO
K ,

(4.17)
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d
where the diamagnetic contribution K
corresponds to an expectation value term [see
p
the first term in (4.4)], the paramagnetic contribution K
relates to a linear response
SO
term [second term in (4.4)], and K is responsible for spin–orbit contributions through
terms that contain the Pauli matrices. In practice, the paramagnetic and diamagnetic terms
in (4.17) are the zeroth-order relativistic versions of the corresponding nonrelativistic
terms, shown below in (4.25), and become equivalent when K ! 1 [98]. In the ZORA
method, orbital energies can be improved by on-the-fly calculated correction factors, but
this scaling has been shown to deteriorate the calculated shielding constants [99], and is
not recommended in such property calculations.
In Paper III also nuclear spin–spin coupling constants were calculated at the KS-DFT
ZORA level of theory. The expression for the coupling tensor at this level [100–102] is

JKL,✏⌧

~
=
2⇡

K L

~
+
2⇡

occ
X
i

h i |h✏⌧ | i i

K L Re

occ unocc
X
X h i |F✏0 |
i

a

a ih a |h0⌧ | i i

"i

"a

(4.18)
,

where i and a are the occupied and unoccupied KS molecular orbitals, respectively, with
the corresponding energies "i and "a . The perturbed Fock operator F✏0 = h✏0 + VKS,✏0
contains the perturbed KS potential VKS , and the perturbation operators are (in SI units)
e2 ⇣ µ0 ⌘2 ✏⌧ (riK · riL ) riK,✏ riL,⌧
3 r3
2m 4⇡
riK
iL

e µ0 K
K
=
· liK,✏ + liK,✏ · 3
3
2m 8⇡ riK
riK

✓
◆
✓
◆
e µ0
riK
riK
=
r✏ K 3
.
✏r K 3
2m 8⇡
riK
riK

hDSO,✏⌧ =

(4.19)

hPSO,✏0

(4.20)

hFC+SD,✏0

(4.21)

with h0⌧ similar to h✏0 , but ✏ and K replaced with ⌧ and L. K is defined in (4.14) and the
angular momentum liK = riK ⇥ pi . DSO and PSO are the diamagnetic and paramagnetic
nuclear spin–electron orbit interactions, and FC+SD is the sum of the Fermi contact
and spin–dipole contributions. The FC and SD terms represent the direct interaction of
the electron spin with the nuclear magnetic moment at the location of the nucleus, and
the classical dipolar interaction between electron and nuclear magnetic dipole moments,
respectively.
Another variationally stable 2-component operator, the Douglas–Kroll–Hess Hamiltonian [34, 103, 104], can be obtained by decoupling the small and large components in
the Dirac equation through a unitary Foldy–Wouthuysen (FW) transformation [105, 106],
using an expansion in powers of the potential V , but the resulting expressions are more
complicated than those in ZORA.
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4.4 Breit–Pauli perturbation theory
While Hamiltonians such as ZORA are computationally cheap compared to the full fourcomponent Dirac–Coulomb Hamiltonian, their use in analyzing the relativistic effects are
often somewhat limited, more or less just to a separation between spin-free diamagnetic
and paramagnetic, and spin–orbit interactions. A breakdown of the relativistic corrections
to the NR shielding (see Section 4.5) beyond these contributions can be achieved by
transforming the relativistic Dirac–Coulomb–Breit Hamiltonian, sum of (4.11) and (4.12),
to a 2-component form in a suitable way. One possibility of achieving this is the FW
transformation in powers of p/mc [34] which leads to the 2-component Breit–Pauli
Hamiltonian [5]
NR
R
H BP = Hne + Hkin
+ Hkin
+ H Dar(1) + H SO

(4.22)

with contributions from the nuclear potential (ne), NR kinematics (kin) and the spin–
NR
Zeeman interaction, relativistic correction to Hkin
, one-electron Darwin (Dar) term, and the
relativistic spin–orbit (SO) term with contributions from one- and two-electron subterms,
respectively. The detailed expressions can be found in Chapter 13 in Ref. 5 along with a
further breakdown to several more subterms. The Breit operator also gives rise to a twoelectron Darwin term [107], but it is expected to be less important than the one-electron
R
correction [31]. NR contributions are discussed in Section 4.5. Importantly, Hkin
contains
mv
4
the mass–velocity term H / pi /mc, which is the source of singularities because
close enough to a nucleus an electron i will have pi > mc. The BP Hamiltonian is not
variational; it can only be used perturbationally.
Collecting the terms bilinear in nuclear spin and the external field, based on (4.2), and
combining them in different orders of PT [5] leads to an expression for the relativistic
shielding tensor = NR + BPPT consisting of 16 different BPPT correction terms in the
leading order,
BPPT
K

=

dip
p-OZ
con
d-KE
+ K
K + K + K
p-KE/OZ
p/OZ-KE
d/mv
d/Dar
+ K
+ K
+ K
+ K
FC/SZ-KE
SD/SZ-KE
FC-II
SD-II
+ K
+ K
+ K
+ K
p/mv
p/Dar
FC-I
SD-I
+ K
+ K
+ K
+ K
,

(4.23)

where the first row consists of first-order (expectation value) terms, two middle rows of
second-order (linear response) terms, and the last row of third-order (quadratic response)
terms. As BPPT can be applied to a NR wave function, it is usable with standard quantumchemical machinery.
Most of the relativistic corrections to the NR chemical shift and shielding anisotropy of
Xe, and potentially other heavy elements as well, arise from only five BPPT correction
terms [108, 109], collectively denoted BPPT-5, which consist of contributions shown in
Table 4.1. All of them contain the orbital Zeeman (OZ) contribution, which vanishes
for a spherically symmetric reference system [108], such as the Xe atom. The terms can
further be classified into active and passive. The paramagnetic p-ke/OZ term is active in the
sense that it depends on nuclear spin and the external field, whereas the mass–velocity and
Darwin as well as spin–orbit operators FC-I and SD-I are passive, and affect the shielding
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tensor only through a relativistic modification of the wave function [5]. The paramagnetic
mass-velocity (mv) term is the lowest-order correction from the variation of the mass with
the velocity, while the Darwin (Dar) operator has no classical analogue [34].

Table 4.1. The five relativistic response terms, BPPT-5, which are expected to yield major
contributions to chemical shifts in heavy element-containing systems. The notation (1)
refers to one-electron operators. See Chapter 13 in Ref. 5 for detailed expressions of the
operators.
Response term for A, B and C

Symbol

A

B

hhA; Bii!=0

p-ke/OZ

PSO–KE
HK

OZ
HB
0

hhA; B, Cii!1 =0,!2 =0

p/mv
p/Dar
FC-I(1)
SD-I(1)

PSO
HK
PSO
HK
FC
HK
SD
HK

OZ
HB
0
OZ
HB
0
OZ
HB
0
OZ
HB
0

C
H mv
H Dar(1)
hSO(1)
hSO(1)

A closely related perturbational method, developed separately around the same time, is
the linear response elimination of the small component (LRESC) [110–112]. It is formally
different, but yields the same total shielding tensor, with the NR contributions appearing to
O(c 2 ) and relativistic corrections to O(c 4 ), as in BPPT.

4.5 Nonrelativistic Ramsey theory
Nonrelativistic spinless Hamiltonian follows from direct quantization of the nonrelativistic
energy expression p2 /2m + V . Electron spin can be introduced ad hoc by writing
⇡ 2 = ( · ⇡)2 , where the equality follows from the properties of the Pauli matrix.
Alternatively, it is possible to partition the 4-component Dirac equation into zeroth- and
first-order components with respect to c 2 and take the nonrelativistic limit to end up with
the Lévy–Leblond Hamiltonian [34, 113, 114] which, after applying the kinetic balance
condition for the small component, yields the same eigenvalues as the NR Schrödinger
equation, but introduces spin more naturally.
Nonrelativistic theory for nuclear shielding follows by applying to (4.2) the nonrelativistic molecular Hamiltonian
1 X
H NR =
( · ⇡)2 + V,
(4.24)
2m i
where m and V are the electron mass and external potential, respectively, as before. The
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resulting Ramsey expression for nuclear magnetic shielding tensor [115, 116] becomes
NR
K

d
K
2

=
=

+

p
K

X 1(riO · riK ) riO riK
e µ0
h0|
|0i
3
2m 4⇡
riK
i
+

(4.25)

e2 µ0 X `iK X
hh
`iO ii!=0 ,
3 ;
2m2 4⇡ i riK
i

where `iK = iriK ⇥ ri is the orbital angular momentum with respect to nucleus K (O
equivalently). Again, unlike in the 4-component theory, there is a separate diamagnetic
contribution, arising from the squared momentum operator.

4.6 Nuclear magnetic shielding in the solid state
Shielding is usually calculated through (4.2) in molecular programs. Another possibility,
usually used in periodic calculations, is to represent shielding as the ratio between an inin
duced and the external field [77], B✏in =
✏⌧ B0,⌧ , where the induced field B arises from
electronic currents and is obtained from the Biot–Savart law [30], which in turn requires
calculating the induced current. A modern approach to this is the gauge-including projector
augmented wave (GIPAW) method [117, 118], which can also incorporate relativistic
effects, presently at the scalar relativistic ZORA level of theory [119]. GIPAW allows
calculating all-electron properties in periodic systems while utilizing the pseudopotential
approach, described in Section 3.6. It is based on the projector augmented wave (PAW)
method [120], in which the all-electron wave function is derived from the pseudowave
function through the application of a linear transformation. GIPAW also remedies the gauge
origin problem mentioned in Section 4.1 by defining a new, field-dependent transformation
operator for obtaining the all-electron wave function.
Solid-state shielding calculations were only performed in Paper III in this thesis, while
the majority of calculations was performed using molecular codes.

4.7 Dynamical effects
A typical NMR property calculation, as described in the previous sections, is performed
with a rigid equilibrium structure, often containing only a single molecule. For the lowtemperature, low-pressure limit of a gas it may be a decent approximation, especially if the
dynamical zero-point vibrational corrections [5, 121] are accounted for. Electronic motion
is practically independent of thermal effects up to very high temperatures. In dynamical
systems, however, it becomes vital to know how the properties are affected by nuclear
movement due to a finite temperature: a physically observable mean value may differ
greatly from the results of single-point calculations, as seen in Paper II of this thesis. In
the liquid state, dynamical solvent effects may significantly modify the shielding constant
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of a heavy nucleus such as platinum [122, 123] or xenon [20], although the chemical shift
relative to a compound in a similar liquid environment may benefit from error cancellation.
Several possible means exist to account for dynamics, depending on the requirements,
the timescale in question, and the size of the system to be studied. For example force field
methods can be used for large systems, molecular dynamics [124] for solving molecular
trajectories and the time dependence of properties, metadynamics [125] for enhanced
sampling of the potential surface through a bias force, and so on. Methods like these are
examples of a deterministic simulation, where the past history affects each new step.
Monte Carlo simulations [124] are a probabilistic approach to dynamics, e.g., for obtaining an average value of a property by sampling randomly from a probability distribution
within a chosen ensemble. Specifically in Paper II, a classical Markov chain Metropolis
MC simulation was used within the canonical N V T ensemble, where the particle number
N , volume V , and simulation temperature T are kept constant. Markov chain refers to
a memory-free process where transitions from one state to another are made in the state
space where the probability of a random displacement depends solely on the potential.
Two major differences arise as compared to a molecular dynamics simulation: there is no
explicit time dependence, as each trial step is chosen randomly, and processes that lead
to an increased energy do not happen because of Newtonian forces, but at a probability
comparable to the Boltzmann factor exp(
V /kT ) (Metropolis algorithm), where V is
the change in potential due to the trial step, and k is the Boltzmann constant.
A schematic representation of the main cycle of such an MC simulation is shown in
Figure 4.1, where a random trial step is attempted and either accepted or rejected based
on the change in potential it would cause. Because the Markov chain by definition retains
the specific equilibrium distribution, the quality of the simulation increases along with the
number of steps taken as the accumulated average approaches the mean of the ensemble.
The quality of the simulation can therefore be estimated, e.g., from the standard deviation
of mean
r
hA2 i hAi2
=
,
(4.26)
mean = p
N
N
where N is the number of observations and hAi denotes the mean value of an observable
A. The symbol in (4.26) stands for standard deviation, and is not to be mixed up with the
shielding constant. Obtaining accurate mean values may require very lengthy simulations,
i.e., large values of N , depending on the specific problem and settings.
In Paper II of this thesis, the mean of a scalar value (xenon chemical shift) was simulated,
but in general much more complicated properties can be dealt with, although averaging
non-scalar quantities is not necessarily trivial. The temperature dependence of hAi may
be estimated by repeating the simulation in various different temperatures and fitting the
results to a suitable function. In this case it should be noted that when a parameter such as
temperature is modified, a fixed number of simulation steps may not result in a comparable
accuracy anymore. Therefore it is vital to ensure that all simulations in the series have a
controlled accuracy.
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V for trial move
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Figure 4.1. The main loop in a Markov chain Monte Carlo simulation such as the one
used in Paper II. A random trial step is accepted if it leads to lower energy ( V < 0),
or with a probability that depends inversely on the energy increase it would lead to. The
change in potential V is measured in units of thermal energy kT , where k and T are
the Boltzmann constant and simulation temperature, respectively, and rand(0,1) is a
random number between 0 and 1.

5 Summary of the Papers
5.1 DFT and BPPT validation for heavy metal chemical shifts:
Paper I
The three major aspects defining the practical quality of a quantum-chemical property
calculation are the one-electron basis set quality, the treatment of electron correlation, and
the incorporation of relativistic effects. Ideally, a complete basis set should be used, but in
many cases the quality is severely limited by resources and the size of the studied system.
The two other key points, electron correlation and special relativity, relate to choices in
the electronic structure method and the Hamiltonian, respectively. Only single-reference
methods were applied in this thesis.
In Paper I, the applicability of DFT and the BPPT approach for calculating nuclear
magnetic shielding tensors of transition metals was tested in dimethyl M(CH3 )2 and water
M(H2 O)62+ complexes (see Figure 5.1) containing increasingly heavy group-12 elements
M = Zn, Cd and Hg. The motivation for using that kind of approximate methods lies
mostly in their applicability to large systems, which have so far mostly eluded treatment by
correlated ab initio electronic structure methods and four-component, “fully” relativistic
Hamiltonians due to the complexity and expense of such calculations. Therefore, Paper I
laid the groundwork for applying such methods in the later papers. The focus was on
the nuclear shielding constants and chemical shifts with respect to the bare metal ions
M2+ , representing both the absolute and relative aspects of the most commonly measured
magnetic resonance property. Also shielding tensor anisotropy was computed and reported.
Calculations were performed on equilibrium geometry structures that were optimized
using DFT with the BP86 functional. To minimize basis-set related errors, a practically
converged metal basis was sought by adding several tight functions to the starting basis
sets, which also enabled avoiding gauge dependence by using a common gauge origin
placed at the metal center: with a nearly complete basis set, this choice has been found to
produce practically equivalent heavy nucleus shielding constants compared to the GIAO
distributed gauge origin method [86, 126]. Relativistic calculations generally require a
much larger basis set compared to the NR case, a fact that was apparent also here (see
Tables II–VII in the supporting information of Paper I).
Correlated ab initio wave function methods improve correlation treatment systematically,
so they provide a natural way to benchmark the candidate DFT functionals in small test
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Figure 5.1. Models of the dimethyl metal M(CH3 )2 (left) and water cluster M(H2 O)62+
(right) complexes studied in Paper I, with the metal atom M (Zn, Cd or Hg) at the center in
each model.

systems where both can be applied. Electron correlation was studied in Paper I in the
dimethyl complexes at the NR level by calculating the metal shielding constant, and
corresponding chemical shift, using DFT (BLYP, B3LYP and BHandHLYP) as well as the
HF, MP2, CCSD, and CCSD(T) wave function methods. The three exchange–correlation
functionals all contain the Lee–Yang–Parr correlation part, but an increasing amount
of exact HF exchange (0%, 20%, and 50%, respectively), whereas the used ab initio
methods form an increasingly sophisticated series of correlation treatment, with HF being
a completely uncorrelated method. For the heaviest system, Hg(CH3 )2 , CCSD was the
highest calculated level. Previous studies have shown that, at least in Xe systems, the
DFT errors are more significant at the NR level than BPPT due to error cancellation
between the relativistic terms [108, 109]. Thus, if DFT errors are controlled at the NR
level, which forms the main part of the total shielding tensor, it is expected to also apply to
the relativistic BPPT result.
Electron correlation was found to have a notable effect at the CCSD(T) level in the
test systems, up to 6% for shielding constants and 10% for shielding anisotropies and
chemical shifts in molecules. Correlated calculations are therefore clearly a necessity when
heavy-metal elements are involved. DFT proved to yield qualitatively correct results, but
notable and systematic differences were found between the three functionals, attributed
to the amount of exact exchange in them. A graphical comparison of the DFT shielding
constant and chemical shift differences to the best correlated method is shown in Figure 5.2.
BHandHLYP was found to be closest to the correlated ab initio calculations, which
resided between the DFT and uncorrelated results, indicating that hybrid functionals tend
to outperform their GGA colleagues in the present calculations. Similar results have been
found also for Xe and lighter elements [108, 109, 127, 128].
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Figure 5.2. Deviations from the best ab initio NR shielding constants and chemical shifts
in M(CH3 )2 (M = Zn, Cd, Hg), calculated using ab initio and DFT methods. Comparison
to CCSD(T) for M = Zn, Cd; CCSD for Hg.

Figure 5.2 shows explicitly that already low-order ab initio methods such as MP2 are
able to recover most of the correlation effects and are thereby suitable for benchmarking.
The HF exchange dependence of the three functionals is also clearly visible: in this case
BHandHLYP is actually the only functional that improves the shieldings over the HF result
for Zn and Cd, but in spite of the minute differences it is seen that overall DFT performs
qualitatively well at the NR level. Based on these findings, DFT with BHandHLYP-like
functional should therefore be a viable choice for heavy metal nuclear shieldings and
chemical shifts, when correlated ab initio methods are not available.
The main focus in Paper I was to investigate the performance of Breit–Pauli perturbation
theory against fully relativistic four-component Dirac–Hartree–Fock theory in computing
nuclear shielding tensors of heavy metals. The pros of BPPT are computational economy as
well as detailed analysis potential through the breaking-down of the relativistic corrections
to the shielding tensor into several contributions. Being a perturbative theory, its performance is expected to deteriorate for sufficiently heavy elements. This limit was intended
to be calibrated as well. In addition to the heavy-atom effect on heavy atom (HAHA),
the relativistic heavy element also affects the magnetic properties of its neighboring light
elements (heavy-atom effect on light atom, HALA), albeit often to a lesser extent. In some
cases, for example a hydrogen atom directly bonded to a xenon center [19], the relativistic
effects can be surprisingly large for the light atom. Such a HALA effect was not studied in
Paper I, but is apparent in Paper III.
Zinc is a fourth-row “light” transition metal that is only little influenced by relativistic
effects, whereas mercury represents the sixth row of the periodic table, where special
relativity was found to considerably affect the nuclear shielding tensor. The chemical
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M(CH3)2

M(H2O)62+

M:
Figure 5.3. Nonrelativistic (hollow symbols), one-component relativistic (BPPT, filled
triangles) and four-component relativistic (DHF, filled circles) chemical shifts (with respect
to M2+ ions) of the metal nucleus M = Zn, Cd, Hg in M(CH3 )2 (left panel) and M(H2 O)62+
(right, no DHF) complexes. The spacing of elements in the horizontal axis follows the
corresponding atomic numbers.

environment of the heavy element was considered by calculating chemical shifts with
respect to metal ions M2+ in dimethyl M(CH3 )2 and aqueous M(H2 O)62+ complexes, of
which the dimethyls were treated at the four-component DHF level. Also shielding tensor
anisotropy was calculated, as it is readily available from the full tensor, but it was found to
not match the available experimental values very well, differing in the best case (BPPT
BHandHLYP) by 22% (740 ppm) and 29% (1650 ppm) for Cd and Hg, respectively. This
was attributed to be at least partly due to a spin–Zeeman operator that was omitted in the
BPPT theory, but has been found to be important for the shielding tensor anisotropy [112].
The said operator does not contribute to isotropic shielding constant, hence neglecting it
does not affect them or chemical shifts. Comparison between BPPT and 4-component
results was performed at the HF level; see Table 5 in Paper I for exact values of shielding
constants and chemical shifts in the dimethyl and water complexes at various levels
of theory. Isotropic DHF shielding constants were quite accurately reproduced by the
perturbational approach for Zn, to within 1 ppm for the ion and 20 ppm for the dimethyl
complex. Cd and Hg shielding constants were very different at the quasirelativistic and
four-component levels, signalling that perturbation theory is not sufficient for obtaining
absolute shielding constants for fifth-row and heavier elements. Contrary to this, due to
error cancellation the metal chemical shifts were much closer to the 4-component values,
even for the heaviest Hg nucleus, with only 3.6% relative difference, as seen in Figure 5.3.
This leads to the conclusion that BPPT is an appropriate method for calculating chemical
shifts for elements up to the sixth row in the periodic table, at least in systems of this type.
Heavier elements may prove to be too demanding for a perturbational approach.
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Figure 5.4. Nonrelativistic and most important relativistic contributions to the chemical
shifts of the metal nucleus M = Zn, Cd, Hg in M(CH3 )2 and M(H2 O)62+ complexes (with
respect to M2+ ions) at the HF level.

Of the various relativistic contributions to the shielding tensor, five terms (p-KE/OZ,
p/mv, p/Dar, FC-I and SD-I) collectively dubbed BPPT-5 were identified that were responsible for the heavy-element chemical shift, being zero in the metal ion calculations. Similar
results have recently been found in Xe systems as well [108, 109], hinting that this may apply more generally to heavy elements. The BPPT-5 contribution in the studied heavy-metal
systems is visualized in Figure 5.4. The paramagnetic kinetic energy/orbital Zeeman and
mass-velocity corrections were found to be the largest, but of opposite directions, while the
Darwin and spin–orbit contributions were much smaller. The remaining contributions are
core-like and nearly constant in different chemical environments, and mostly cancel out in
the chemical shift. Thus, they allow for much greater accuracy to be reached than what is
available for the shielding constants. Moreover, if relativistic corrections are only required
for the chemical shift, it may be sufficient to calculate just the BPPT-5 terms, omitting the
rest to save computing time, as was done in Paper II for Xe.
As discussed above, electron correlation should not be omitted in transition metal
systems. In addition to HF, also DFT BPPT calculations were performed in Paper I and
correlation (using BHandHLYP) was found to slightly decrease the nuclear shielding
constants of the metals both in dimethyl and water complexes. Having negligible effect on
metal ions, it led to an increase in the chemical shifts, the effect being more pronounced for
the heavier metals: see Figure 5.3. It is known that DFT, especially with GGA functionals,
overestimates the chemical shifts, so the correct values in Paper I are probably somewhere
between the BPPT HF and BHandHLYP results. To further reduce the error, it is possible
to combine a NR correlated ab initio calculation to a DFT BPPT correction (the “Best”
column in Table 5 in Paper I).
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5.2 Dynamical effects on the chemical shift of caged xenon: Paper II
Supramolecular chemistry is concerned with molecular systems where a larger 3D structure
hosts a smaller guest molecule or atom. Metallosupramolecular cages may be built
economically through a self-assembly process, and subsequently used as containers, for
example of volatile substances such as white phosphorus [129]. Other potential uses
include, e.g., the selective extraction of guest molecules, with a recent example [130]
describing a hydrogel based on the same cage as studied here. Xe makes for a great guest
for sensory uses due to its chemical inertness and the large, polarizable electron cloud that
makes it a highly sensitive NMR probe.
In Paper II, the encapsulation of Xe into one of the smallest tetrahedral metallosupramolecular cages, Fe4 L6 (L = C24 H16 N4 O6 S2 , see Figure 5.5), was studied using
NMR. Such a binding is uncommon to take place in solution, and a preliminary observation suggested that Fe4 L6 would not have affinity for Xe [131]. In Paper II, it was clearly
shown through experiments and first-principles computational modeling that Xe can be a
guest in the said cage. Computational treatment reproduced accurately the observed temperature behavior of the Xe chemical shift, which explained the dynamics of Xe@Fe4 L6 ,
and yielded a qualitatively correct total CS at 300 K, providing insight into the relative
contributions of the various effects to the chemical shift.

Figure 5.5. A graphical representation of the Xe@Fe4 L6 system studied in Paper II, with
hydrogens and counterions omitted for clarity. The transparent sphere highlights the van
der Waals radius of Xe, positioned here at the geometric center of the cage.

Although physically tiny, just large enough to host a single Xe atom, the host–guest
system used in the calculations contained over 1800 electrons with the counterions (vide
infra) included. To perform the necessary calculations of this size, some simplifications
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were necessary. To reduce the computational expense, a modest basis set was used for all
atoms except Xe. Solvent was ignored, and a rigid X-ray structure [132] was used in all
calculations. Dynamical treatment was limited to the Xe atom (vide infra) and performed
at NR level. Relativistic effects were estimated at one- and two-component levels and
considered an additive, constant correction to the average NR result. These approximations
proved to be controlled, and possibly cancelling each other out to some extent, as the final
results agreed well with experimental observations.
The physical solvent in the experiments of Paper II contains counterions that neutralize
the cage. Neglecting explicit solvent in the calculations led to a negatively charged
molecule and, subsequently, to computational problems due to a negative HOMO–LUMO
gap. Positive gap was obtained by modeling the counterions as ammonium cations,
positioned at fixed locations over the faces of the tetrahedron. A suitable distance was
found by varying the distance from the cage in small steps and choosing the one that
resulted in the highest positive HOMO–LUMO gap. This is not an ideal solution, as the
real counterions are dynamical and not necessarily symmetrically distributed around the
cage. However, as the charge of the cage was more of a technical problem, and less of
physical interest in this case, the idealistic solution was acceptable, especially considering
that the cage itself was treated as a rigid system in the single-point calculations.
Computations were performed using DFT to take electron correlation economically into
account. NR, as well as quasirelativistic BPPT and ZORA calculations were performed
with a couple of different GGA and hybrid functionals to perceive the variation within
DFT, deciding on BHandHLYP for the final calculations, and some different Xe basis
sets to acknowledge the basis-set effect. The tests are described in more detail in the
supporting information of Paper II. A fully converged basis set was practically not a
possibility due to the sheer size of the system, but a decent description was found to result
from a split-valence def2-SVP basis set [133] for the cage atoms, and an uncontracted,
completeness-optimized basis for Xe, developed by M. Hanni [134] by replacing one with
four f functions in the original (27s25p21d1f) basis that was optimized for Xe hyperfine
interactions in a XeRb van der Waals complex (see the supporting information of Paper II).
The experimental chemical shift of the encapsulated Xe, referenced to 1 atm Xe gas at
0 ppm, was 204.3 ppm at 298 K. The first, crude computational estimate of the quantity,
from a NR calculation with the PBE density functional and the Xe placed at the geometric
center, yielded 153.7 ppm. The fact that it is relatively close to the experimental value is
fortuitous, as the various missing contributions (vide infra) partially cancel each other.
Relativistic effects were found to account for ca. +34 ppm of the Xe chemical shift
at the cage center, using PBE functional at the SO-ZORA level. Calculation at this level
was difficult due to a very small HOMO–LUMO gap of only 0.005 eV. Use of hybrid
functionals at the same level failed because of slow convergence, technical problems
and limitations of the program, including the inability to restart SO-coupled calculations.
Compared to this, hybrid NR calculations succeeded, and much larger gaps of 1.3 and
4.0 eV were obtained using the B3LYP and BHandHLYP functionals, respectively, making
the BPPT approach to relativistic chemical shift computationally much less problematic.
Lacking the ability to utilize GIAO or a similar method, a common gauge origin was used
at the Xenon location. For efficiency reasons, only the BPPT-5 terms were calculated, as
they have previously been shown to be sufficient for the chemical shift of Xe [108, 109],
and also transition metals in Paper I. Following the findings in Paper I, hybrid functionals
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produced smaller (less overestimated) chemical shifts as compared to the GGA functionals
at the cage center, by as much as 61 ppm between BLYP and BHandHLYP.
Single-point Xe chemical shift, with respect to free atom, was calculated initially at
the center of the cage as a sum of NR value and BPPT-5 correction, yielding just under
110 ppm. The approximative form of (2.2) was used, as the error was small. In the end
this static result was found to be very far from the final mean value, ca. 190 ppm at 300 K,
mostly due to dynamics and the fact that the minimum energy location of Xe was found to
not be in the exact geometrical center of the cage.
Thermal averaging was performed at NR level by using canonical N V T Metropolis
Monte Carlo simulations in the temperature range 275–330 K, because finding a suitable
model potential for a direct numerical integration of the Boltzmann average was found
to be too complicated. MC simulations required 3D surfaces of potential energy and
chemical shift, both of which were piecewise-linearly interpolated from a 3D point grid
of nonrelativistic values. The spatial points were calculated by considering a tetrahedron
formed by the Fe atoms of the cage and taking points at 0.1 Å intervals (0.2 Å farther away
from the energy minima) from virtual lines passing from the center of that tetrahedron
toward the corners, the midpoints of edges, the geometrical centers of faces, as well
as lines between those lines. This resulted in a non-uniform grid spanning 1.4–1.9 Å
in the aforementioned directions within the cage. The shape of the tetrahedron causes
the potential energy to increase much faster toward the faces than the corners, which is
reflected in the grid dimensions.
After the publication of Paper II, the spatial positions of a few grid points were found to
be slightly misaligned. Correcting them resulted in a small modification to the dynamical
contribution which, albeit insignificant for the conclusions drawn in the project, improved
the total Xe CS and especially its temperature dependence, as compared to experiments.
Additionally, two new grid points were added towards each of the cage corners, to ensure
that the grid extends far enough from the energy minima.
A visualization of the NR chemical shift and potential energy surfaces of Xe@Fe4 L6 ,
calculated using the hybrid BHandHLYP density functional, is presented in Figure 5.6
in the form of a 2D slice taken from the 3D data in a plane containing the geometrical
center of the tetrahedron (center of image) and two corners (top left and right, outside
of the plot area). The plots of both the potential energy and the chemical shift differ
slightly from the ones presented in Paper II due to the aforementioned correction of
the simulation grid. The 2D slices express the symmetry of the cage, showing how the
chemical shift increases monotonically toward the perimeter of the cage, and that there are
several energy minima ca. 1.3 Å off the center toward the corners. These minima result
from enabling dispersion correction [73] in the NR calculations: without it, there would
only be repulsion as Xe approaches the cage edges, which translates into a monotonically
increasing potential energy surface outward from the center. The correction does not affect
the calculated chemical shifts, so it was only important for obtaining the potential energy
surface. Seeing that the CS values are remarkably larger near the dispersion-corrected
energetic minima than at the geometric center of the cage, it is easy to appreciate the
importance of considering Xe dynamics, as opposed to calculating a single value at any
specific point within the cage. An uncorrected energy surface would have lead to a much
lower average chemical shift due to an increased sampling of the central region of the cage.
The MC program was written in-house in the Python language, utilizing the numerical
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Figure 5.6. Calculated potential energy (left) and chemical shift (right) surfaces of
Xe@Fe4 L6 in a plane defined by the geometric center (at r = 0) and two corners (symmetrically upward) of the cage. The plane from with the slices are extracted is visualized
(center) in gray within the wireframe model of the cage. The surfaces differ from those
reported in Paper II due to a correction on the MC simulation grid (see text for details).

and scientific modules numpy and scipy. A 108 -step simulation was performed at 12
different temperatures to obtain a standard error of mean smaller than 10 2 ppm for a
reliable fit for the temperature dependence. See Figure 5.7 for a plot of the results. After
correcting the simulation grid (vide supra), a linear dependence was found with an excellent
match of the slope to the experimental data, +42.2 ppb/K in both cases.
The final, dynamically averaged and relativistically corrected result was calculated
using the BHandHLYP functional and was found to be, in ppm at 300 K,
total, 300 K

=

NR

+

BPPT-5 relativistic correction

= 195.95 + 18.91

25.78

+

NR dynamic correction

(5.1)

= 189.08,
where the NR and BPPT-5 terms were computed at the minimum energy reference point,
and the dynamic contribution was calculated with the corrected MC simulation grid. The
relativistic correction is a few ppm larger at the reference point than in the geometric cage
center (see Table S4 in the supporting information of Paper II), hinting that the relativistic
potential and chemical shift surfaces may be slightly different from their NR counterparts.
If calculated, they would potentially lead to a greater relativistic correction, bringing the
result a bit closer to experiments, but at a much higher computational expense.
The largest errors that are responsible for the remaining 15 ppm difference to experiments likely result from the lack of explicit solvent and cage dynamics. Another factor is
the quality of the electronic structure calculation, resulting from the basis-set choice, as
well as the correlation description by the DFT functional. Regardless, at least a qualitatively
correct match was obtained from first-principles calculations, which also explained the
guest dynamics of the Xe atom and proved that it fits nicely into the host cage.
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Figure 5.7. Temperature behavior of xenon chemical shift with respect to Xe in the
reference point of a potential energy minimum in the cage cavity, based on Monte Carlo
simulations. The nonrelativistic chemical shift at the reference point, with respect to free
Xe, was 195.95 ppm. The plotted data differs from that reported in Paper II due to a
correction on the MC simulation grid. See text and the supporting information of Paper II
for details.
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5.3 31P and 195Pt NMR analysis in crystalline platinum complexes:
Paper III
Transition metal complexes have been used in industry for a long time, with applications
ranging from antiwear oil additives [135, 136] to cancer drugs [137], and beyond. Dialkyldithiophosphates are used, e.g., as secondary collectors in a flotation process used
to recover platinum group elements from ore [138, 139]. Most dialkyldithiophosphate
platinum compounds appear as liquids [140], but recently also crystalline complexes have
been found [140–144], allowing the determination and analysis of anisotropic NMR parameters in addition to the isotropic ones. The added, direction-dependent information
may be useful, e.g., in structural studies, and in any case serves as an additional ground for
comparison between theoretical calculations and experiments.
Paper III is a combined computational and experimental NMR study of polycrystalline Pt(II){S2 P(OR)2 }2 complexes, where the alkyl ligand R is C2 H5 (compound I, see
Figure 5.8), iso-C3 H7 (II), iso-C4 H9 (III), sec-C4 H9 (IV), or cyclo-C6 H11 (V). The five
complexes share a similar distorted-square [PtS4 ] central chromophore. A similar but
square-planar chromophore is found in cooperite (PtS), which has been used before to
demonstrate the applicability of 195Pt NMR spectroscopy [145] for the study of natural
platinum minerals.

Pt-dtp-ethyl

8
>
<
R
>
:

-iso-propyl

-sec-butyl

-iso-butyl

-cyclo-hexyl

Figure 5.8. Illustration of the Pt{S2 P(OR)2 }2 complexes studied in Paper III. The ligand
R is ethyl (compound I), iso-propyl (II), iso-butyl (III), sec-butyl (IV) or cyclo-hexyl (V).

The initial question in this work was how much the different alkyl ligands in compounds
I–V affect the deviation of the central chromophore from the square planar geometry,
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which would be visible in the solid-state NMR spectral parameters. The purpose of the
computational treatment was thus to confirm the experimental X-ray diffraction structures
of compounds I–V by directly comparing the computed and experimental magnetic resonance properties iso (chemical shift) , aniso (CSA) and ⌘ (asymmetry parameter) as well as
the 2J(Pt–P) spin–spin coupling constants. Secondly, the aim was to obtain experimentally
less accessible information about the orientations of the 31P and 195Pt CS tensors in the
molecular frame of reference, as well as the different contributions to the NMR parameters,
including relativistic effects and the crystal lattice due to neighboring units in the crystal
structure. The emphasis of the study was on the anisotropic chemical shift parameters of
the 31P and 195Pt nuclei. Experimental phosphorus NMR data, as well as some aspects
of the platinum CSA, have been reported for the same systems before [140–144], but
Paper III combined first-principles DFT calculations of the full shielding tensors of both
platinum and phosphorus with fresh experimental measurements by Prof. O. Antzutkin
and co-workers, including the full 195Pt CSA analysis. Along the way, several bugs were
discovered (and reported) in the Amsterdam Density Functional [146–148] (ADF) program package that was used, thereby lending a hand to the developers and, indirectly, the
scientific computing community.
Obtaining agreement with experiment and, hence, being able to reliably analyze the
findings required considering several important factors in the calculations, which are
discussed in more detail further below. The final calculated 31P and 195Pt chemical shift
parameters are shown in Figure 5.9, and the spin–spin couplings in Figure 5.10. They agree
well with experiments in all compounds, with the remaining small differences expected
to arise due to the chosen computational method (vide infra). The good compatibility
indicates correctly determined structures. Combined with the fact that the parameters are
rather similar between the complexes leads to the conclusion that the different ligands do
not significantly affect the distortion of the central [PtS4 ] chromophore. Calculations also
confirmed the experimentally deduced, nearly rhombic and axial shapes of the phosphorus
and platinum shielding tensors, respectively. Moreover, the first-principles approach
yielded the directions of the CS principal components within the molecular frame of
reference, showing that the orientation of the 31P CS tensor is slightly dependent on the
ligand in the different compounds, and verifying that the direction of the largest 195Pt CS
principal component is roughly perpendicular to the central sulphur plane in all compounds.
The negative sign of the Pt–P spin–spin coupling constants in all compounds was also
determined without doubt.
The first-principles shielding constants and CS parameters reported in Paper III and
shown in Figure 5.9 were obtained by combining solid-state and molecular DFT calculations to get the best of both worlds. This approach was necessary, because otherwise
important contributions would have been left out, deteriorating especially the anisotropic
195
Pt NMR parameters. For each compound, the crystal lattice effect due to neighboring
units in the crystal structure was taken as a correction to the single-molecule calculation,
with the latter incorporating the major contributions due to spin–orbit coupling and the
exact exchange component used in the hybrid PBE0 density functional. The correction
was calculated at the tensor component level as
corrected
ij

=

SO PBE0, molecule
ij

+(

SR PBE, solid
ij

SR PBE, isolated molecule
),
ij

(5.2)

where isolated molecule refers to a periodic calculation with a single molecule in a large

55

Figure 5.9. Comparison of the calculated and experimental values of 31P (panels on the
left) and 195Pt (right) chemical shift tensor parameters, iso (CS, top; reference complex in
superscript, either I or II), aniso (CSA parameter, middle) and ⌘ (asymmetry, bottom), in
compounds I–V. The calculated values represent the crystal lattice (at the SR level using
PBE functional) -corrected molecular results (SO ZORA using PBE0). A and B refer to
two different conformations of compounds III and IV. The 31P aniso values marked with an
asterisk (*) are positive due to the highly symmetric shape of the spectrum (see Figure 2.1),
but are plotted here as negative for easier comparison of the magnitudes.

unit cell, yielding the vacuum limit at the same level of calculation as the solid-state result.
The CS parameters were then obtained by diagonalizing the symmetric part of corrected .
Spin–spin coupling constants could only be calculated using the molecular model, and
the same level was used as with the molecular shielding calculations. The possibility
of performing the molecular calculations at various levels of theory allowed for a more
detailed study of the different contributions and their magnitudes.
Three program packages were used to carry out the calculations, because no single
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Figure 5.10. Comparison of first-principles and experimental (Exp.) spin–spin coupling
constants 2J(Pt–P) in compounds I–V. Calculations using X-ray structures and a molecular
model at nonrelativistic (NR), scalar relativistic (SR) and spin–orbit (SO) coupled ZORA
levels of theory with the PBE and PBE0 functionals. The III A values are missing from
groups SR PBE0 and SO PBE0 due to a non-converged property calculation. The group
labeled as Opt. shows results from calculations with fully optimized structures.

piece of software contained all the necessary features. Periodic plane-wave calculations
were performed with CASTEP [149] using the PBE functional, including the optimization
of the solid-state structures (vide infra). This approach lends itself well to studying the
crystal lattice contribution to the NMR parameters, but is problematic in the presence of
heavy metals such as platinum, because only scalar relativistic effects are incorporated
into the pseudopotential. Furthermore, the anisotropic 195Pt CS parameters resulting
from a standard CASTEP calculation alone were found to be unreliable (vide infra).
Contributions due to spin–orbit coupling and the use of a hybrid functional, known to affect
the heavy-element shielding tensors as shown in Paper I and Ref. 150, were studied with a
molecular model using ADF at the ZORA level of theory. The reliability of ZORA was
assessed by comparing the calculated CS parameters in each compound to those obtained
from a molecular 4-component relativistic matrix-Dirac–Kohn–Sham calculation with
ReSpect [151] using the PBE functional. Fully relativistic calculations were only used for
benchmarking because of their extreme computational cost and the inability to use hybrid
functionals or calculate spin–spin coupling constants in ReSpect at that time. Nevertheless,
the calculations demonstrated that, while relativistic effects are substantial for the NMR
parameters of both 31P and 195Pt, the 2-component ZORA level is adequate for treating
them. The supporting information of Paper III contains more information.
Solid-state NMR calculations were performed with 6 ⇥ 5 ⇥ 4 k-points and a cutoff
energy of 750 eV. Molecular calculations with ADF utilized locally dense, Slater-type
jcpl/TZP basis sets [152] for Pt and P/other atoms, where jcpl is a TZ2P-level basis with
added tight functions, designed for spin–spin coupling calculations. The 4-component
benchmark calculations utilized Gaussian-type cvtz basis [153–156] sets for all atoms.
Larger basis sets could have further increased the accuracy of the molecular calculations,
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but based on test calculations with complex I, the gain would have been relatively small,
especially considering the increased requirements on computational resources.
Initial calculations were based on experimental X-ray geometries, including basis-set
tests and comparison of the NR and SR ZORA calculations. The structure for compound
I [140] was obtained from the Cambridge Crystallographic Data Centre, whereas the
structures for II [157], III [142, 143], IV [144], and V [141] were received directly from
Prof. O. Antzutkin. The structure files of compounds III and IV contained two conformations each, labeled A and B in both cases. Unlike the other compounds, II was built from
atomic coordinates with no information about hydrogens, which were positioned using the
automatic refinement tool in Materials Studio 6.1 [158]. The validity of the periodic structures was tested through geometry optimization and subsequent NMR calculations (see
Tables S30–S33 in the supporting information of Paper III) with CASTEP, using the PBE
functional, “fine” preset for the optimization level, and the DFT-D method of Tkatchenko
and Scheffler [74] for dispersion correction. Optimization of only hydrogen atoms revealed,
as expected, that the parameters are very sensitive to even small structural changes. Relaxing all ions produced the most remarkable results, leading to a much improved 31P CSA in
compound IV as compared to experiments, as well as increasing the 195Pt CSA parameters
in all compounds by hundreds of ppm (up to 20% compared to X-ray structures). The
phosphorus CSA change in complex IV is possibly an indication of an inaccuracy in the
X-ray structure, as it was the only compound with such a large modification. From a
technical point of view, the change in the platinum CSA was more alarming, as it increased
the already overestimated parameters further away from the corresponding experimental
reference values, raising a question about the quality of the anisotropic CASTEP results
for the heavy metal. The other 31P and 195Pt CS parameters were less affected, and the
overall structures did not change drastically, as shown in Figure 5.11 for complex IV A.

Figure 5.11. Overlay comparison of the structural changes in compound IV A induced by
a full geometry optimization of ions and unit cell parameters, as viewed along the shortest
cell axis (left panel) or from a 3-dimensional perspective (right). Only one molecular
unit of the periodic structure is drawn. Cyan (green) color denotes the optimized (X-ray)
structure. Optimization was carried out with CASTEP using the PBE functional and the
DFT-D dispersion correction method of Tkatchenko and Scheffler [74].
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The crystal lattice correction to the shielding tensors was calculated as presented in (5.2)
to benefit from error cancellation, without which the 195Pt CSA (asymmetry parameter)
would have been greatly overestimated (underestimated), as shown in Figure 5.12. This
route was chosen after comparing the periodic molecular-limit (CASTEP) NMR calculation
in each complex to a truly molecular one (ADF) at the same level of theory, SR ZORA
with PBE, which revealed that the pseudopotential-based computations did not converge to
the corresponding all-electron shielding tensors, but resulted in approximately 50% larger
195
Pt CSA in each case. The reason for this probably lies in the pseudopotential core region
being too large, which could be corrected by developing a smaller-core pseudopotential,
as demonstrated by Truflandier et al. for vanadium in VOCl3 [159]. While not feasible
within the scope of this study, it would likely be a beneficial project on its own, as GIPAW
calculations are routinely carried out using CASTEP and findings similar to this have been
reported also elsewhere [160], albeit without further analysis.

Figure 5.12. The aniso (CSA, left panel) and ⌘ (asymmetry, right) parameters of 195Pt
in compounds I–V as calculated in the solid state (SR level, PBE functional), using a
molecular model (SO ZORA, PBE0), and by amending the latter with a crystal lattice
correction.

In the end, the crystal lattice effect was deemed a small but non-negligible contribution
to the CS parameters of 195Pt and especially 31P in compounds I–V, as shown in Figure 5.13,
advocating its use as a correction. In retrospect, the finding of the pseudopotential-related
problem was perhaps as significant as the final absolute effect of the crystal environment.
While the grand total, such as the molecular contribution to the shielding tensors here,
is an important aspect of any theoretical calculation of a physical observable, breaking it
down to obtain further details is often instructive. To this end, the molecular NMR shielding
and spin–spin coupling calculations were performed with both pure PBE and hybrid PBE0
functionals, and on the other hand at the scalar and 2-component spin–orbit relativistic
(ZORA) levels of theory. The differences in results between the two functionals, and the
two levels of relativity, are shown in Figure 5.13 for the CS parameters in compounds
I–V, using fully optimized structures. It is clear that both are major contributions and,
with the exception of the 31P chemical shift, tend to cancel each other to some extent.
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Figure 5.13. Contributions due to the crystal lattice, use of hybrid functional, and spin–
orbit coupling to the 31P (panels on the left) and 195Pt (right) CS parameters iso (top,
reference complex in superscript, either I or II), aniso (middle), and ⌘ (bottom). The values
denote the following differences for each parameter: (solid-state) (molecule-in-vacuum)
calculation (Crystal lattice) at the periodic SR PBE level of theory, PBE0 PBE (Hybrid
functional) at the molecular SR level of theory, and SO SR (SO coupling) at the molecular
level, with PBE0. Fully optimized geometries were used in all computations. In the case
of 31P aniso , the differences are calculated between magnitudes | aniso | to avoid misleading
sign changes arising from the highly symmetric shape of the spectrum (see Figure 2.1).
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Thus, in this case a pure DFT calculation incorporating only scalar relativistic effects
would not be as terribly in error as might be expected, if not qualitatively correct either.
However, accounting for one of the contributions but not the other could lead to even larger
errors, as demonstrated with X-ray structures in Figure S1 in the supporting information of
Paper III, where a SO coupled calculation with the PBE functional yielded negative 195Pt
CSA parameters, i.e., a completely wrong shape of the corresponding NMR spectrum.
Moreover, as seen in Figure 5.13, the contributions are not equal between the different
compounds, so it is difficult to predict the magnitude or even the sign of the error for these
parameters. Also the 2J(Pt–P) coupling constants gained a large, nearly uniform increase
(ca. 70%) in all compounds from the use of the hybrid functional, which accounted for even
more than the scalar relativistic effects (ca. 66%, or 100 Hz). Unlike the CS parameters,
the coupling constants were only negligibly affected by the spin–orbit coupling, which
could thus have been omitted for qualitatively similar results. The supporting information
of Paper III contains more information.
In the end, compounds I–V were found to be very similar in terms of the studied NMR
parameters. The 195Pt CS tensor was almost inert with respect to the different ligands,
with its anisotropic parameters and the 2J(Pt–P) coupling constants being most useful
in studying the relativistic effects and dependence on the exact exchange component in
the hybrid functional. On the other hand, both the shape and orientation of the 31P CS
tensor displayed a slight dependence on the different ligands, allowing at least partially
identifying the complexes from one another. As a whole, the collaboration between
theoretical calculations and experiments was mutually beneficial, yielding information that
could not have been reliably obtained from either approach alone.

6 Conclusions
Nuclear magnetic resonance spectroscopy has long been used to study matter in all forms.
Quantum mechanics and modern computers have opened up the possibility to calculate
many properties of atoms, molecules and crystals from first principles, providing a view
that is complementary to experiments. The present thesis is a computational study of NMR
parameters in molecules and molecular crystals that contain heavy elements, including
transition metals, and the noble gas xenon. The presence of such atoms results in notable
effects of special relativity and electron correlation, both of which influence the magnetic
resonance properties mediated by the electronic structure. A practical approach to treating
them in NMR calculations is to combine density functional theory with one- or twocomponent relativistic methods. Few rare examples have demonstrated the more rigorous
combination of correlated ab initio methods and relativistic treatment in hydrogen and
methyl halides [161] (four- and two-component spinors), transition-metal oxo complexes
and xenon fluorides [162] (two-component), and small Xe compounds [19, 108] (BPPT).
Apart from these, the approach studied in this thesis is, for now, the only viable way to treat
both relativity and electron correlation simultaneously, especially with standard software.
Both experimentally verifiable and empirically elusive information is obtained in Papers I–III, which cover three quite dissimilar environments. The first part of this thesis,
Paper I, lays the groundwork for the following studies by assessing the feasibility of a
relativistically corrected DFT approach for calculating heavy-element nuclear magnetic
shielding tensors. Small dimethyl and water transition metal complexes are used as test
subjects, enabling basis set limit benchmark calculations with rigorous wave function
methods. The most important results are rather theoretical: the finding that BPPT is
able to reproduce chemical shifts up to mercury at the sixth row in the periodic table, as
compared to fully relativistic theory, and that five correction terms (BPPT-5) provide a
good approximation of the total shift in the studied systems. This implies that one of the
most important experimentally observed NMR parameters is within reach of calculations
also for transition metals, at a fraction of the cost of the more exact methods, opening the
way to larger heavy-element systems.
In the second part of the thesis, the DFT-based framework is applied to study common
NMR parameters, shielding constant, chemical shift, CSA and asymmetry, and the indirect
spin–spin coupling constant, in larger systems. Monte Carlo simulations and the BPPT5 approximation, checked against 2-component ZORA results, are used in Paper II to
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calculate dynamically averaged xenon chemical shifts in a self-assembling, iron-based
cage. Relativity is found important for the property, but it does not significantly change
the shapes of the chemical shift or potential energy surfaces. This makes it possible
to estimate the effect as an additive constant, thus easing the computational workload
considerably. The experimental temperature behavior of the chemical shift is faithfully
reproduced, inspiring confidence in the computational model. Calculations also explain
the observed downfield shift from free xenon to result from the guest favouring slightly
off-center positions within the tetrahedral host due to dispersion forces.
Paper III focuses on the anisotropic chemical shift properties of platinum and phosphorus
nuclei in molecular Pt(II) crystals with dialkyldithiophosphate ligands, extending the
relativistic toolbox with ZORA and 4-component DKS methods, the former of which is
employed in molecular as well as solid-state frameworks. A combined model of both is
found necessary to obtain agreement with experiments. Comparison of first-principles
and experimental data is used to confirm the structures of five different complexes as
well as to study the influence of the different ligands to the molecular geometry and the
NMR parameters of platinum and phosphorus. Theoretical calculations complement the
experiments with detailed information about the shape and orientation of the 195Pt and 31P
shielding tensors, showing the relative inertness of the heavy metal tensor with respect to
the ligands, as opposed to phosphorus which can be used to distinguish, at least partially,
between the different systems. Spin–orbit coupling and the use of hybrid DFT functional
are identified as major contributions to the NMR parameters in these systems. Influence of
the crystal lattice is also found to be notable and, owing to an insufficient pseudopotential
thwarting a direct calculation, is accounted for as a tensor component-level correction to
the molecular model for the nuclear shielding.
The research presented here demonstrates that, in spite of the necessary approximations,
computational NMR spectroscopy is a usable and advantageous tool for studying heavyelement systems with up to hundreds of atoms; in the future, this limit is only likely
to increase. In addition to the obvious magnetic resonance parameters themselves, also
structural and dynamical questions are investigated, complementing empirical information
with atomic-level details and sufficient accuracy to be of practical use. Thus, the goal of
being able to work in co-operation with experimental research is fulfilled. With the rise of
nanotechnology and the manifold of applications thereof, ranging from medicine [163] to
molecular machines [164], plenty of research subjects should be expected to turn up that
may benefit from being exposed to computational NMR methods.
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[46] J. Čížek, Adv. Chem. Phys. 14, 35 (1969).
[47] R. J. Bartlett, J. Phys. Chem. 93, 1697 (1989).
[48] K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-Gordon, Chem. Phys. Lett. 157,
479 (1989).
[49] P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).
[50] R. G. Parr and W. Yang, Density-Functional Theory of Atoms and Molecules, Oxford
University Press, 1989.
[51] E. Teller, Rev. Mod. Phys. 34, 627 (1962).
[52] W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
[53] A. M. Lee, N. C. Handy, and S. M. Colwell, J. Chem. Phys. 103, 10095 (1995).
[54] S. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58, 1200 (1980).
[55] A. D. Becke, Phys. Rev. A 38, 3098 (1988).
[56] J. P. Perdew, Phys. Rev. B 33, 8822 (1986).
[57] C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 (1988).
[58] J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992).
[59] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996), Erratum Ibid. 78,
1396 (1997).
[60] T. W. Keal and D. J. Tozer, J. Chem. Phys. 119, 3015 (2003).
[61] M. Bühl, M. Kaupp, O. L. Malkina, and V. G. Malkin, J. Comput. Chem. 20, 91 (1999).
[62] M. Ernzerhof and G. E. Scuseria, J. Chem. Phys. 110, 5029 (1999).
[63] C. Adamo and V. Barone, J. Chem. Phys. 1999, 6158 (110).
[64] A. D. Becke, J. Chem. Phys. 98, 5648 (1993).
[65] A. D. Becke, J. Chem. Phys. 98, 1372 (1993).
[66] S. Patchkovskii, J. Autschbach, and T. Ziegler, J. Chem. Phys. 115, 26 (2001).
[67] Y. Zhao, B. J. Lynch, and D. G. Truhlar, J. Phys. Chem. A 108, 4786 (2004).
[68] E. I. Proynov, S. Sirois, and D. R. Salahub, Int. J. Quant. Chem. 64, 427 (1997).
[69] M. Seth and T. Ziegler, J. Chem. Theory Comput. 8, 901 (2012).
[70] J. P. Perdew and K. Schmidt, AIP Conf. Proc. 577, 1 (2001).
[71] A. Stone, The Theory of Intermolecular Forces, Oxford University Press, 2013.
[72] J. Klimes and A. Michaelides, J. Chem. Phys. 137, 120901 (2012).
[73] S. Grimme, J. Antony, S. Ehrlich, and H. Krieg, J. Chem. Phys. 132, 154104 (2010).

67
[74] A. Tkatchenko and M. Scheffler, Phys. Rev. Lett. 102, 073005 (2009).
[75] R. M. Martin, Electronic Structure: Basic Theory and Practical Methods, Cambridge
University Press, 2008.
[76] C. Kittel, Introduction to Solid State Physics, John Wiley & Sons, Inc., 1986.
[77] J. R. Yates and C. J. Pickard, Computations of Magnetic Resonance Parameters for Crystalline
Systems: Principles, John Wiley & Sons, Ltd, 2008.
[78] H. J. Monkhorst and J. D. Pack, Phys. Rev. B. 13, 5188 (1976).
[79] P. Schwerdtfeger, Chem. Phys. Chem. 12, 3143 (2011).
[80] D. R. Hamann, M. Schlüter, and C. Chiang, Phys. Rev. Lett. 43, 1494 (1979).
[81] D. Vanderbilt, Phys. Rev. B 41, 7892 (1990).
[82] P. Manninen and J. Vaara, Phys. Rev. A 69, 022503 (2004).
[83] J. Vaara, P. Manninen, and J. Lounila, Chem. Phys. Lett. 372, 750 (2003).
[84] V. Barone, editor, Computational Strategies for Spectroscopy, Wiley, 2012.
[85] J. Olsen and P. Jørgensen, J. Chem. Phys. 82, 3235 (1985).
[86] P. Manninen, P. Lantto, J. Vaara, and K. Ruud, J. Chem. Phys. 119, 2623 (2003).
[87] F. London, J. Phys. Radium 8, 397 (1937).
[88] W. Kutzelnigg, Isr. J. Chem. 19, 193 (1980).
[89] K. Wolinski, J. F. Hinton, and P. Pulay, J. Am. Chem. Soc. 112, 8251 (1990).
[90] G. Schreckenbach, Theor. Chem. Acc. 108, 246 (2002).
[91] P. A. M. Dirac, Proc. Roy. Soc. A 117, 610 (1928).
[92] P. A. M. Dirac, Proc. Roy. Soc. A 118, 351 (1928).
[93] L. Visscher, T. Enevoldsen, T. Saue, H. J. Aa. Jensen, and J. Oddershede, J. Comput. Chem.
20, 1262 (1999).
[94] J. Vaara and P. Pyykkö, J. Chem. Phys. 118, 2973 (2003).
[95] E. van Lenthe, E. J. Baerends, and J. G. Snijders, J. Chem. Phys. 99, 4597 (1993).
[96] E. van Lenthe, E. J. Baerends, and J. G. Snijders, J. Chem. Phys. 101, 9783 (1994).
[97] E. van Lenthe, J. G. Snijders, and E. J. Baerends, J. Chem. Phys. 105, 6505 (1996).
[98] S. K. Wolff, T. Ziegler, E. van Lenthe, and E. J. Baerends, J. Chem. Phys. 110, 7689 (1999).
[99] J. Autschbach, Mol. Phys. 111, 2544 (2013).
[100] J. Autschbach and T. Ziegler, J. Chem. Phys. 113, 936 (2000).
[101] J. Autschbach and T. Ziegler, J. Chem. Phys. 113, 9410 (2000).
[102] J. Autschbach, J. Chem. Phys. 129, 094105 (2008).
[103] B. A. Hess, Phys. Rev. A 33, 3742 (1986).

68
[104] M. Barysz and A. J. Sadlej, J. Mol. Struct. (Theochem) 573, 181 (2001).
[105] L. L. Foldy and S. A. Wouthuysen, Phys. Rev. 78, 29 (1950).
[106] R. E. Moss, Advanced Molecular Quantum Mechanics: An Introduction to Relativistic
Quantum Mechanics and the Quantum Theory of Radiation, John Wiley & Sons, Inc., 1973.
[107] H. Fukui, T. Baba, and H. Inomata, J. Chem. Phys. 105, 3175 (1996).
[108] P. Lantto and J. Vaara, J. Chem. Phys. 127, 084312 (2007).
[109] M. Straka, P. Lantto, M. Räsänen, and J. Vaara, J. Chem. Phys. 127, 234314 (2007).
[110] J. I. Melo, M. C. Ruiz de Azúa, C. G. Giribet, G. A. Aucar, and R. H. Romero, J. Chem. Phys.
118, 471 (2003).
[111] J. I. Melo, M. C. Ruiz de Azúa, C. G. Giribet, G. A. Aucar, and P. F. Provasi, J. Chem. Phys.
121, 6798 (2004).
[112] M. C. Ruiz de Azúa, C. G. Giribet, and J. I. Melo, J. Chem. Phys. 134, 034123 (2011).
[113] J.-M. Lévy-Leblond, Comm. Math. Phys. 6, 286 (1967).
[114] J.-M. Lévy-Leblond, Ann. Phys. 57, 481 (1970).
[115] N. F. Ramsey, Phys. Rev. 78, 699 (1950).
[116] N. F. Ramsey, Phys. Rev. 86, 243 (1952).
[117] C. J. Pickard and F. Mauri, Phys. Rev. B 63, 245101 (2001).
[118] J. R. Yates, C. J. Pickard, and F. Mauri, Phys. Rev. B 76, 024401 (2007).
[119] J. R. Yates, C. J. Pickard, M. C. Payne, and F. Mauri, J. Chem. Phys. 118, 5746 (2002).
[120] C. G. Van de Walle and P. E. Blöchl, Phys. Rev. B 47, 4244 (1993).
[121] K. Ruud, P.-O. Åstrand, and P. R. Taylor, J. Comput. Methods Sci. Eng. 3, 7 (2003).
[122] L. A. Truflandier and J. Autschbach, J. Am. Chem. Soc. 132, 3472 (2010).
[123] L. A. Truflandier, K. Sutter, and J. Autschbach, Inorg. Chem. 50, 1723 (2011).
[124] A. R. Leach, Molecular modelling: Principles and Applications., Prentice Hall, 2001.
[125] A. Laio and M. Parrinello, Proc. Natl. Acad. Sci. USA 99, 12562 (2002).
[126] P. Manninen, K. Ruud, P. Lantto, and J. Vaara, J. Chem. Phys. 122, 114107 (2005), erratum
ibid. 124, 149901 (2006).
[127] A. M. Kantola, P. Lantto, J. Vaara, and J. Jokisaari, Phys. Chem. Chem. Phys. 12, 2679
(2010).
[128] A. M. Teale, O. B. Lutnæs, T. Helgaker, D. J. Tozer, and J. Gauss, J. Chem. Phys. 138, 024111
(2013).
[129] P. Mal, B. Breiner, K. Rissanen, and J. R. Nitschke, Science 324, 1697 (2009).
[130] J. A. Foster, R. M. Parker, A. M. Belenguer, N. Kishi, S. Sutton, C. Abell, and J. R. Nitschke,
J. Am. Chem. Soc. 137, 9722 (2015).

69
[131] I. A. Riddell, M. M. J. Smulders, J. K. Clegg, and J. R. Nitschke, Chem. Commun. 47, 457
(2011).
[132] T. K. Ronson, C. Giri, N. K. Beyeh, A. Minkkinen, F. Topic, J. J. Holstein, K. Rissanen, and
J. R. Nitschke, Chem. Eur. J. 19, 3374 (2013).
[133] F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys. 7, 3297 (2005).
[134] M. Hanni, M. Repiský, J. Mareš, P. Lantto, B. Saam, and J. Vaara, in preparation (2016).
[135] H. Spikes, Trib. Lett. 17, 469 (2004).
[136] B. Kim, R. Mourhatch, and P. B. Aswath, Wear 268, 579 (2010).
[137] H. Mansouri-Torshizi, M. I-Moghaddam, A. Divsalar, and A.-A. Saboury, Bioorg. Med.
Chem. 16, 9616 (2008).
[138] S. Bulatovic, Miner. Eng. 16, 931 (2003).
[139] J. Wiese, P. Harris, and D. Bradshaw, Miner. Eng. 18, 791 (2005).
[140] M. Gianini, W. R. Caseri, V. Gramlich, and U. W. Suter, Inorg. Chim. Acta 299, 199 (2000).
[141] A. V. Ivanov, I. A. Lutsenko, M. A. Ivanov, A. V. Gerasimenko, and O. N. Antzutkin, Russ. J.
Coord. Chem. 34, 584 (2008).
[142] A. V. Ivanov, T. A. Rodina, M. A. Ivanov, A. V. Gerasimenko, and O. N. Antzutkin, Dokl.
Phys. Chem. 423, 311 (2008).
[143] T. A. Rodina, I. A. Lutsenko, A. V. Gerasimenko, and A. V. Ivanov, Russ. J. Coord. Chem.
35, 534 (2009).
[144] T. A. Rodina, A. V. Ivanov, A. V. Gerasimenko, I. A. Lutsenko, M. A. Ivanov, J. V. Hanna,
O. N. Antzutkin, and V. I. Sergienko, Polyhedron 30, 2210 (2011).
[145] A. V. Ivanov, V. I. Palazhchenko, V. E. Strikha, O. N. Antzutkin, and W. Forsling, Dokl. Earth
Sci. 410, 1141 (2006).
[146] G. Schreckenbach and T. Ziegler, J. Phys. Chem. 99, 606 (1995).
[147] ADF2013, SCM, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The Netherlands,
http://www.scm.com.
[148] ADF2014, SCM, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The Netherlands,
http://www.scm.com.
[149] S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. J. Probert, K. Refson, and M. C.
Payne, Z. Kristallogr. 220, 567 (2005).
[150] M. Straka, P. Lantto, and J. Vaara, J. Phys. Chem. A 112, 2658 (2008).
[151] ReSpect, version 3.4.1 (beta), 2014; Relativistic Spectroscopy DFT program of authors
M. Repisky, S. Komorovsky, V. G. Malkin, O. L. Malkina, M. Kaupp, and K. Ruud, with
contributions from R. Bast, U. Ekstrom, S. Knecht, I. Malkin Ondik, and E. Malkin (see
http://rel-qchem.sav.sk).
[152] E. van Lenthe and E. J. Baerends, J. Comput. Chem. 24, 1142 (2003).
[153] K. G. Dyall, Theor. Chem. Acc. 112, 403 (2004), Basis sets are available from the Dirac web
site, http://dirac.chem.sdu.dk.

70
[154] K. G. Dyall and A. S. P. Gomes, Theor. Chem. Acc. 125, 97 (2010), Basis sets are available
from the Dirac web site, http://dirac.chem.sdu.dk.
[155] K. G. Dyall, Theor. Chem. Acc. 131, 1217 (2012), Basis sets are available from the Dirac
web site, http://dirac.chem.sdu.dk.
[156] K. G. Dyall, unpublished. Basis sets are available from the Dirac web site, http://dirac.
chem.sdu.dk.
[157] V. V. Tkachev and L. O. Atovmyan, Koord. Khim. 8, 215 (1982).
[158] Accelrys software Materials Studio 6.1.
[159] L. Truflandier, M. Paris, and F. Boucher, Phys. Rev. B 76, 035102 (2007).
[160] B. E. G. Lucier, A. R. Reidel, and R. W. Schurko, Can. J. Chem. 89, 919 (2011).
[161] M. Kato, M. Hada, R. Fukuda, and H. Nakatsuji, Chem. Phys. Lett. 408, 150 (2005).
[162] L. Cheng, J. Gauss, and J. F. Stanton, J. Chem. Phys. 139, 054105 (2013).
[163] N. P. E. Barry and P. J. Sadler, ACS Nano 7, 5654 (2013).
[164] J. M. Abendroth, O. S. Bushuyev, P. S. Weiss, and C. J. Barrett, ACS Nano 9, 7746 (2015).
[165] J. Keeler, Understanding NMR Spectroscopy, Wiley, 2005.
[166] C. J. Cramer, Essentials of Computational Chemistry: Theories and Models, Wiley, 2004.
[167] G. E. Moore, Electronics 38, 114 (1965).
[168] I. I. Rabi, J. R. Zacharias, S. Millman, and P. Kusch, Phys. Rev. 53, 318 (1938).
[169] F. Bloch, Phys. Rev. 70, 460 (1946).
[170] E. M. Purcell, H. C. Torrey, and R. V. Pound, Phys. Rev. 69, 37 (1946).
[171] J. Autschbach and S. Zheng, Annual Reports on NMR Spectroscopy, volume 67, Elsevier,
2009.
[172] J. E. Lennard-Jones, Trans. Faraday Soc. 25, 668 (1929).
[173] M. M. Woolfson, An Introduction to X-ray Crystallography, Cambridge University Press,
1997.
[174] D. N. Sears and C. J. Jameson, J. Chem. Phys. 119, 12231 (2003).
[175] S. T. Orr, Multinuclear Solid-State NMR of Fuel Cell Materials, Warwick University, 2010.
[176] T. A. Engesser, P. Hrobárik, N. Trapp, P. Eiden, H. Scherer, M. Kaupp, and I. Krossing,
ChemPlusChem 77, 643 (2012).

Original papers
I

Reproduced with permission from the Physical Chemistry Chemical Physics.
J. Roukala, A. F. Maldonado, J. Vaara, G. A. Aucar, and P. Lantto,
Relativistic Effects on Group-12 Metal Nuclear Shieldings.
Physical Chemistry Chemical Physics 13, 21016 (2011).
Copyright (2011) Royal Society of Chemistry.

II

Reproduced with permission from the Journal of the American Chemical Society.
J. Roukala, J. Zhu, C. Giri, K. Rissanen, P. Lantto, and V.-V. Telkki,
Encapsulation of Xenon by a Self-Assembled Fe4 L6 Metallosupramolecular Cage.
Journal of the American Chemical Society 137, 2464 (2015).
Copyright (2015) American Chemical Society.

III

Reproduced with permission from the Journal of Physical Chemistry A.
J. Roukala, S. Orr, J. V. Hanna, J. Vaara, A. V. Ivanov, O. N. Antzutkin, and P. Lantto,
Experimental and First-Principles NMR Analysis of Pt(II) Complexes With O,O0 -Dialkyldithiophosphate Ligands.
The Journal of Physical Chemistry A, Just Accepted version published in electronic
form with the DOI: 10.1021/acs.jpca.6b09586 (2016).
Copyright (2016) American Chemical Society.

