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Abstract
In this thesis, the classic Kurland-McGarvey theory for the nuclear magnetic resonance
(NMR) chemical shift is presented in a modern framework for paramagnetic systems
containing one or more unpaired electrons. First-principles computations are carried out
for the NMR shielding tensors in paramagnetic transition-metal complexes. A combined ab
initio/density-functional theory (DFT) approach is applied to obtain the necessary electron
paramagnetic resonance (EPR) property tensors, i.e., the g-tensor, zero-field splitting
tensor (D) and hyperfine coupling tensors (A). In DFT, both the generalised-gradient
approximation and hybrid DFT are applied to calculate A. The complete active space
self-consistent field theory (CASSCF) and N -electron valence-state perturbation theory
(NEVPT2) are applied to calculate the g- and D-tensors. Scalar relativistic effects are
included at the second-order Douglas-Kroll-Hess level for the g- and D-tensors and, for A,
at the fully relativistic four-component matrix-Dirac-Kohn-Sham level. This methodology
is applied to study 13 C and 1 H chemical shifts and shielding anisotropies in a series
of Co(II) pyrazolylborate complexes, a Cr(III) quinolyl-functionalised cyclopentadienyl
complex, Ni(II) acetylacetonate complexes and various metallocenes.
The results obtained from these calculations are generally in a good agreement with the
experimental data, in some cases, for Ni(II) complexes, allowing to correct the experimental
spectral signal assignment. CASSCF/NEVPT2 computations (especially for the D-tensor)
are more accurate than DFT, which is useful for the purpose of obtaining the NMR
chemical shifts. The computational results obtained are dependent on the choice of
molecular geometry (experimental X-ray or computationally optimised), wavefunction
used for g and D (CASSCF or NEVPT2), DFT functional for A, and the quality of the
basis sets. The locally dense basis method used for the CASSCF/NEVPT2 computations
is less expensive and gives equally good results for g and D as fully balanced basis sets.
The scalar relativistic influences are usually small for g and D, but are large for A. Due to
that, scalar relativistic effects are important for the chemical shift and shielding anisotropy,
especially for carbon nuclei.
These first-principles computations based on combined ab initio/DFT methodology are
promising for the treatment of important electron correlation and scalar relativistic effects
in the calculation of pNMR chemical shifts and shielding anisotropies. This work provides
a straightforward platform for further development of pNMR shielding theory in terms of
first-principles wavefunctions, as well as for applications in current problems in bio- and
materials sciences, including low-temperature experiments.
Keywords: nuclear magnetic resonance, paramagnetic nuclear magnetic resonance, nuclear
magnetic resonance parameters, chemical shift, electronic structure, ab initio theory,
density-functional theory
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Juha Vaara and Doctor Jiří Mareš, for their teaching and scholarly guidance with high-level
scientific knowledge, constructive criticism and constant encouragement during the course
of my doctoral studies. Juha, I am really thankful for your excellent mentoring and support,
help to explore new ideas and scientific horizons, as well as to improve my intellectual
stance. I am grateful for your care, affection, providing the facilities for research, and
assistance with bureaucratic issues coming through all these years. I feel immense pleasure
in mentioning that you are not only a great scientist but also a very kindhearted and humble
human being.
The University of Oulu Graduate School is acknowledged for providing all the useful
information about practical and work-related issues, as well as arranging excellent courses.
I feel happy to acknowledge my funding sources, the People Programme (Marie Curie
Actions) of the European Union’s Seventh Framework Program FP7 (2007–2013) under
REA grant agreement no. 317127 and the Academy of Finland project 296292. The
computational resources were partially provided by CSC-IT Center for Science (Espoo,
Finland) and the Finnish Grid and Cloud Initiative project.
I am grateful to my very nice and cooperative follow-up group members, Doctor
Perttu Lantto, Professor Risto Laitinen and Professor Marko Huttula. I am thankful to our
experimental collaborator, Professor Ulla Gro Nielsen, Odense, Denmark. Furthermore,
I would like to thank the reviewers of this thesis, Professor Radek Marek and Doctor
Michael Patzschke and co-authors Peter Cherry, Vibe Boel Jakobsen, Nicholai Daugaard
Jensen, and Christine McKenzie.
I am thankful to supervisors and colleagues at the Technical University of Berlin,
Germany: Professor Martin Kaupp, Mr. Arobendo Mondel, Doctor Ladislav Benda,
and Doctor Peter Hrobárik; at Bruker BioSpin, GmBh, Rheinstetten, Germany: Doctor
Frank Engelke, Doctor David Bennett, Doctor Sebastian Wegner, and Doctor Gerhard
Althoff-Ospelt, and at Slovak Academy of Sciences, Slovakia: Professor Vladimir Malkin,
Professor Olga Malkina, Doctor James Asher, and Doctor Peter Cherry, for their efforts in
making my stay comfortable and safe, as well as for all the discussions and scientific work.
I want to express gratitude to all my friends and colleagues in the NMR Research
Unit, University of Oulu, Finland, especially Perttu, Ville, Anu, Asad, Anne, Sanna, Juho,

Jarkko, Jyrki, Jouni, and Vasantha. I am also thankful to all my teachers and friends in
Pakistan, who directly or indirectly remained part of my journey towards PhD.
I would like to appreciate the effort and struggle of my family, especially my parents.
I might not have been able to achieve this goal without the support, encouragement,
motivation and prayers of my family. I am thankful to my uncles Syed Abdul Farooq Shah
and Syed Abdul Zahoor Shah, sister Sumaira Zia, and brother Syed Waqas Shah for being
there whenever I needed them. I want to mention and applaud the financial support of my
parents throughout my education and especially the financial arrangements made by my
mother and her sister (my aunt Syeda Fakhira) from selling their jewellery, to send me
abroad for PhD.
I am thankful to my lovely fiancé, soon to be my wife, Syeda Ayesha Bukhari, for her
best wishes and prayers.

Oulu, October 2017, Syed Awais Rouf

List of original papers
The present thesis consists of an introductory part and the following original papers, which
are referred to in the text by their Roman numerals:
I

J. Vaara, S. A. Rouf, and J. Mareš
Magnetic Couplings in the Chemical Shift of Paramagnetic NMR.
J. Chem. Theory Comput. 11(10), 4840 (2015).

II

S. A. Rouf, J. Mareš, and J. Vaara
H Chemical Shifts in Paramagnetic Co(II) Pyrazolylborate Complexes: A
First-Principles Study.
J. Chem. Theory Comput. 11(4), 1683 (2015).
1

III

S. A. Rouf, V. B. Jakobsen, J. Mareš, N. D. Jensen, C. McKenzie, J. Vaara, and
U. G. Nielsen
Assignment of Solid-State 13 C and 1 H NMR Spectra of Paramagnetic Ni(II)
Acetylacetonate Complexes Aided by First-Principles Computations.
Solid State NMR, 87, 29 (2017).

IV

S. A. Rouf, J. Mareš, and J. Vaara
Relativistic Approximations to Paramagnetic NMR Chemical Shift and Shielding Anisotropy in Transition Metal Systems.
J. Chem. Theory Comput. 13(8), 3731 (2017).

The author has participated in the planning of all the studies and carried out all the quantumchemical calculations, as well as the analysis of the computational data in Papers II, III and
IV. In Paper I, the author has performed the quantum-chemical calculations and analysis of
the results. He wrote the computational sections of Papers I and III. The first versions of
the manuscripts of Papers II and IV were written by the author. All articles were completed
as teamwork.

Paper not included in the thesis
Additional publication contributed to by the author not included in the thesis:

I

P. J. Cherry, S. A. Rouf, and J. Vaara,
Paramagnetic Enhancement of Nuclear Spin–Spin Coupling.
J. Chem. Theory Comput. 13(3), 1275 (2017).

Abbreviations
B3LYP
CASSCF
CSF
CI
CAS-CI
DFT
DKH
DKS
EPR
ESR
FB
GGA
HF
HFC
LDBS
LDA
MCSCF
MRPT
MO
mDKS
NR
NEVPT2
NMR
pNMR
RKB
SCF

Becke 3-parameter exchange functional plus Lee-Yang-Parr correlation functional
complete active space self-consistent field
configuration state function
configuration interaction
complete active space configuration interaction
density-functional theory
Douglas-Kroll-Hess
Dirac-Kohn-Sham
electron paramagnetic resonance
electron spin resonance
fully balanced
generalised gradient approximation
Hartree-Fock
hyperfine coupling
locally dense basis set
local density approximation
multiconfigurational self-consistent field
multi-reference perturbation theory
molecular orbital
matrix Dirac-Kohn-Sham
nonrelativistic
N -electron valence state second-order perturbation theory
nuclear magnetic resonance
paramagnetic nuclear magnetic resonance
restricted kinetically balanced
self-consistent field

SO
SOC
SOMF

spin-orbit
spin-orbit coupling
spin-orbit mean field

Contents
Abstract
Acknowledgements
List of original papers
Paper not included in the thesis
Abbreviations
Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.1 Theory and computation of paramagnetic shielding tensor . . . . . . . . .
1.2 Overview of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . .
2 Theoretical background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.1 Nuclear magnetic resonance parameters . . . . . . . . . . . . . . . . . .
2.2 Electron paramagnetic resonance parameters . . . . . . . . . . . . . . . .
2.3 Paramagnetic NMR chemical shift theory . . . . . . . . . . . . . . . . .
3 Computational methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.1 First-principles methods . . . . . . . . . . . . . . . . . . . . . . . . . .
3.1.1 Density-functional theory . . . . . . . . . . . . . . . . . . . . .
3.1.2 Complete active space self-consistent field theory . . . . . . . . .
3.1.3 N -electron valence state second-order perturbation theory . . . .
3.2 Relativistic effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2.1 Spin-orbit effects . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2.2 Scalar-relativistic approach . . . . . . . . . . . . . . . . . . . . .
3.2.3 Four-component relativistic approach . . . . . . . . . . . . . . .
3.3 Calculations of magnetic property tensors . . . . . . . . . . . . . . . . .
3.4 Basis sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4 Summary of Articles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1 Modern implementation of classic Kurland-McGarvey pNMR chemical
shift theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Mixed DFT/ab-initio methodology for pNMR calculations . . . . . . . .
4.3 Computationally corrected solid-state NMR spectral assignment in paramagnetic Ni(II) acetylacetonate complexes . . . . . . . . . . . . . . . . .
4.4 Scalar relativistic pNMR chemical shift computations of paramagnetic
transition metal complexes . . . . . . . . . . . . . . . . . . . . . . . . .

17
18
20
22
22
24
25
28
28
28
31
32
33
34
34
36
38
38
41
41
45
50
53

5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Original papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

57
71

1 Introduction
Spectroscopy is a technique to study the interactions between electromagnetic radiation
and matter; it produces a spectrum resulting due to these interactions. Spectroscopy dates
back to the seventeenth century, when Isaac Newton studied the splitting of visible light
into seven colors and introduced the term spectrum to explain his analysis of light [1].
Since then, spectroscopy has played an important role in the development of physics and
chemistry, and is the most often used experimental technique in physics, physical and
analytical chemistry, astronomy and remote sensing [2, 3]. At present many different types
of spectroscopic techniques (e.g., visible, ultraviolet, infrared, electron spectroscopy and
nuclear magnetic resonance, NMR) are in use for both qualitative and quantitative accounts
of the interaction between radiation and matter [3].
NMR [4, 5] is a spectroscopic technique used frequently for the determination of the
detailed structure as well as dynamic properties, such as diffusion, correlation, reaction
speed and chemical exchange of molecules in their liquid, gaseous and solid state. The
working principle of NMR is that, when a magnetic nucleus is placed in an external
magnetic field, its magnetic moment associated with the spin angular momentum becomes
aligned parallel or antiparallel with the external applied magnetic field. The nucleus absorbs
and re-emits energy on the application of radio-frequency electromagnetic radiation, in a
resonance phenomenon. This occurs at a specific, so-called Larmor frequency, ω = γB.
The energy transition can be seen on a spectrometer as a signal or spectrum. This NMR
spectrum can range from very simple to very complex depending on the complexity of the
sample material and particular technique used. Sometimes complex materials have very
simple spectra, e.g., due to line broadening, hydrogen bonding and molecular dynamics
etc.
Computational approaches [6] can be very useful in the interpretation of experimental
spectra. The basis for computational methods is quantum mechanics, in which observables
are described by operators and the system itself by a wavefunction. The complexity of the
wavefunction increases as the number of atoms increases in the molecule, thus making
the computations more and more difficult and time consuming. Before the availability
of modern computers, only small molecules were treatable computationally [6]. The
advances of technology, especially computers within the last 50 years or so [7], have
helped scientists to predict or interpret experimental data for small to large molecules. At
present, the use of computers is very common in almost every field of science.
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A central part of the periodic table of elements consists of d-block transition metals,
which have many interesting structural, chemical, optical, electronic and electrical, as well
as magnetic properties [8]. Due to the loosely bound electrons in the d-orbitals, transition
metals form a large number of compounds, the so-called transition metal complexes. The
transition metals and their compounds have played an important role in the development of
modern technology (e.g., fast and portable computers, reliable machines and experimental
instruments etc.) as well as in the study of many biological systems, motivating many
NMR studies of transition metal systems [9, 10]. In this thesis, computational methods are
applied for NMR studies in a series of transition metal complexes.

1.1 Theory and computation of paramagnetic shielding tensor
Two important types of magnetic materials are (1) diamagnetic, consisting of closed-shell
molecules and (2) paramagnetic, including open-shell molecules. NMR spectroscopy can
be applied to study both types of materials. Most of the NMR experiments are performed
on diamagnetic systems. The spectra of paramagnetic samples show large chemical shifts
and broadened signals as compared to diamagnetic ones. This is due to the fact that
paramagnetic systems have large magnetic moments of the unpaired electrons and fast
relaxation rates [9].
Quantum-chemical calculations are carried out by solving the many-body Schrödinger
equation (SE) at the nonrelativistic (NR) level or the Dirac equation at the relativistic
level [6]. These calculations are approximate, as the exact solution of the SE cannot be
attained. One very famous approximation is due to Born and Oppenheimer (BO) [11],
based on the assumption that the nuclear positions appear static in the time scale of electron
dynamics. In addition to BO, the most common approximations deal with the electron
correlation (EC, i.e., the electron-electron interactions) treatment and incorporation of
relativistic effects.
The starting point of ab initio electronic structure theories is the Hartree-Fock (HF)
approximation [12–16]. In HF, the electronic wavefunction is represented by a single
Slater determinant. The HF method can be applied to large molecules. It is unable to
account for EC beyond the Fermi correlation between same-spin electrons; it only includes
electron-electron interactions in an average manner. Post-HF methods improve on HF by
including EC, e.g., in Møller-Plesset perturbation theory, in which the sum of the Fock
operators of the HF orbitals is considered as the unperturbed Hamiltonian and the HF
determinant as the reference state, while the difference between the exact Hamiltonian and
the model (fluctuation potential) is used as the perturbation [17–19]. In coupled-cluster
methods, the HF wavefunction is operated on by an exponential cluster operator containing
excitation operators replacing the occupied orbitals of the HF determinant by initially empty
orbitals [18, 19]. Finally, in the configuration interaction method, the wavefunction is
experessed as the linear combination of Slater determinants or configuration state functions,
where some of the HF orbitals are substituted [18–20].
An alternative approach to ab initio theory is density functional theory (DFT) [21],
where the electron density is treated as the fundamental quantity. The computational
cost of HF and DFT in their original implementations scales formally as N 4 (N is the
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number of basis functions). DFT with the resolution-of-the-identity (RI) approximation
can be made to scale as N 3 and, as a result, DFT calculations are faster than standard
HF. In contrast, other, ab initio correlated methods scale much worse than HF. DFT
reduces the 3N -dimensional wavefunction of N particles into a simple three-dimensional
electron density and spin density. Correlation treatment based on HF and DFT as singledeterminantal methods become insufficient in some cases. Multireference (MR) electron
correlation methods [18] need to be applied for accurate description. MR methods provide
qualitatively correct reference states of molecules in cases where HF is inadequate (detailed
discussion can be found in Section 3.1.2).
Theoretical NMR methods for diamagnetic systems are well-established and readily
available in many computational programmes. These methods are used extensively for the
studies of NMR parameters. However, theoretical methods are still in the development
phase for paramagnetic molecules. Paramagnetic NMR (pNMR) calculations (especially
for systems with more than one unpaired electrons) are not yet a subject of routine studies.
In particular, the development of pNMR chemical shift theory is summarised in the flow
diagram presented in Fig. 1.1 (Refs. [22–37] and Papers I-II).

Figure 1.1. Timeline of some of the important steps in pNMR chemical shift theory development
[22–37] and Paper I-II.
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In this thesis, the Kurland-McGarvey [25] pNMR chemical shift theory is reformulated
into a modern implementation, where the roles of (a) thermal occupation of, and (b) the
magnetic couplings between the states that belong to the ground multiplet of an open-shell
molecule, are clearly articulated. The inclusion of magnetic couplings is essential, e.g.,
for the low-temperature dependence of shieldings in NiCp2 [34, 38], an example of an
even-spin system with positive zero-field splitting (ZFS), studied in Paper I. A combined
multiconfigurational (MC) ab initio/DFT protocol is developed in Paper II for carrying out
numerical calculations according to the new formulation. Scalar relativistic approximations
are introduced in Paper IV to the combined ab initio/DFT methodology.

1.2 Overview of the thesis
The objectives of this thesis were
1. the development of a modus operandi for electronic structure calculations based on
mixed DFT and multiconfigurational ab-initio methods (CASSCF and NEVPT2) to
obtain NMR chemical shifts for paramagnetic (S ≥ 1/2) transition-metal systems,
2. improvement, due to the larger predictive value, in the assignment and interpretation
of the experimental NMR shifts and
3. to test scalar relativistic influences in EPR parameter calculations and their effects
on pNMR chemical shifts.
The present methodology is based on the ground multiplet parameterised using the EPR
Hamiltonian parameters.
The present dissertation consists of four scientific publications and this introductory part.
The latter has five parts. Chapter 1 gives the introduction to the field. Chapter 2 explains the
theoretical background of the NMR and pNMR chemical shift theory. Chapter 3 describes
the computational methods, basis sets and pseudopotentials used in the calculation of
paramagnetic chemical shifts. The approximations used for the inclusion of relativistic
effects are also described in this chapter. Chapter 4 contains the review of the scientific
articles included in this dissertation. Finally, Chapter 5 provides the conclusions. The
computational results are presented in the form of isotropic NMR chemical shifts and
shielding anisotropies.
In Paper I, the Kurland-McGarvey theory is rephrased in a modern language and
the Pennanen and Vaara theory of 2008 [31] is seen to appear as its high-temperature
approximation, which is obtained by leaving out the magnetic couplings. These magnetic
couplings are investigated as a function of temperature using first-principles calculations
of metallocenes with the general formula = MCp2 [here M = Ni(II) and Cr(II)], a Co(II)
pyrazolylborate ”HPYBCO” complex and a Cr(III) complex. It is found that, at high
temperatures, the effects of magnetic couplings and eventually also ZFS are negligible,
but at low temperatures, neglecting these effects results in a wrong dependence of the
chemical shift on temperature. As a manifestation of the effect of magnetic couplings, the
even-spin NiCp2 system is predicted in Paper I and Ref. [38], to feature a non-monotonic
temperature dependence.
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Papers II and III deal with the applications of the aforementioned pNMR chemical shift
formalism for paramagnetic Co(II) and Ni(II) complexes, respectively. Paper II contains
first-principles calculations of the 1 H chemical shifts in Co(II) pyrazolylborate complexes,
which have large ZFS. These studied complexes are of different sizes and are named in
the Cambridge structural database as HPYBCO, AKEPIP, and JIWTUE. We developed
a modus operandi based on ab initio wavefunction electronic structure methods, as well
as DFT. CASSCF and NEVPT2 methods were used for electron paramagnetic resonance
(EPR) g-tensor (g) and ZFS tensor (D), and DFT (with PBE, PBE0 and PBE50 functionals)
was used for the hyperfine coupling tensor (HFC, A), as well as orbital shielding (σorb )
calculations. We studied the performance of locally dense basis sets vs. uniform-quality
basis, the performance of different exchange-correlation functionals, as well as different
basis sets for pNMR chemical shifts.
Paper III reports 13 C and 1 H chemical shifts in paramagnetic Ni(II)(acac)2 L2 (where
L = H2 O, NH3 , and PMePh2 ) complexes using a computational methodology similar
to that in Paper II. These studies suggested a corrected experimental signal assignment
motivated by the first-principles pNMR shift calculations, as a concrete example of a
collaboration with experimentalists.
Paper IV deals with the incorporation of scalar relativistic (SR) effects to the calculations
of 13 C and 1 H chemical shifts in several paramagnetic metallocene complexes MCp2 (here
M = Co, V, Mn, Cr, Ni, Rh, Ir), the Co(II) pyrazolylborate ”HPYBCO” complex, and a
Cr(III) complex. g and D were calculated by ab initio CASSCF and NEVPT2 methods as
in Papers I-III, but now also scalar relativity was included at the second-order DouglasKroll-Hess (DKH) level [39, 40]. The HFC tensors were computed using DFT with the
fully relativistic four-component matrix Dirac-Kohn-Sham (mDKS) approach [41]. pNMR
shielding results obtained with the DKH+SO method for g and D, as well as the mDKS
method for A, were compared with nonrelativistically based computations. In general, the
scalar relativistic effects are not very large, although non-negligible, for 3d transition metal
systems. For the studied 5d iridocene, SR effects are already indispensable.

2 Theoretical background
2.1 Nuclear magnetic resonance parameters
The parameters that characterise the NMR spectra (the output of NMR experiments) appear
in the so-called NMR spin Hamiltonian (H NMR ) [4, 5]. The numerical parameters (the
NMR tensors) are fitted to the observed resonance frequencies and line intensities. The
general form of H NMR in frequency units (Hz) can be written as
H NMR

1 X
γK IK · (1 − σK ) · B0
(2.1)
2π
K
X
X
+
IK · (DKL + JKL ) · IL +
IK · Q K · IK ,

= −

K<L

K

where K and L are used to index nuclei, γK is the gyromagnetic ratio of the nucleus K,
and IK and IL are the nuclear spins. The external magnetic flux density is B0 and 1
is the identity matrix. σK , DKL , JKL , and QK are the nuclear shielding tensor, direct
dipole-dipole coupling tensor, indirect spin-spin coupling tensor and quadrupole coupling
tensor, respectively. These are the NMR parameters. The nuclear shielding, direct and
indirect spin-spin coupling, and quadrupole coupling [22, 42, 43] are two-index, 3 × 3
matrices that couple the nuclear spin to the external magnetic field, the spins of the other
nuclei, and the charge distribution of the system, respectively.
The first term in H NMR is the Zeeman interaction term describing the direct Zeeman
interaction between the bare nucleus and the external magnetic field (the term with the
identity matrix 1) and modification of this interaction due to the electron cloud through
the shielding tensor σK . Nuclear shielding results from the local magnetic field, i.e., the
combined effect of the external magnetic field and the secondary field generated by the
induced electronic currents around the nucleus. In quantum-chemical terms, the orbital
Zeeman and hyperfine interactions [44] contribute to the nuclear shielding tensor.
Physically, when a certain isotope, (e.g., 1 H, 13 C, 15 N or 17 O) is placed in a strong magnetic field, the nucleus absorbs electromagnetic radiation at a frequency that is characteristic
to the isotope. Depending on the different local chemical and geometric environment, even
similar nuclei resonate at different frequencies. Since the resonance frequency is magnetic
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field-dependent, it is often converted into a relative frequency with respect to a reference
frequency. Such a relative frequency is referred to as the chemical shift [45]
δ=

σref − σ
,
1 − σref

(2.2)

where σ and σref are the isotropic shielding constant of the nucleus in question in the
investigated molecule and the shielding constant of the same isotope in a diamagnetic
reference compound (most commonly tetramethylsilane, TMS, for protons and carbon
nuclei), respectively. The magnetic-field dependence of any NMR parameter, such as σ, is
a small high-order effect [46, 47]. The shielding tensor can be written in the general case
as


σxx σxy σxz
σ = σyx σyy σyz  ·
(2.3)
σzx σzy σzz
In an isotropic environment, the shielding constant can be obtained from the calculated
shielding tensor as
1
σ = (σxx + σyy + σzz ) ·
(2.4)
3
Observable in an anisotropic environment, the shielding anisotropy (∆σ) can be given with
respect to the symmetry axis z as
1
∆σ = σzz − (σxx + σyy ) ·
2

(2.5)

Finally, the asymmetry parameter of nuclear shielding can be written as
η=

σxx − σyy
·
σzz

(2.6)

The second term in Eq. (2.2) contains the coupling tensors DKL and JKL . The direct
dipole-dipole coupling tensor DKL arises from the direct through-space magnetic interaction between the nuclear spins IK and IL . The indirect spin-spin coupling tensor JKL
measures the electronic coupling energy between the spins of two nuclei and results from
the electron-mediated, indirect magnetic interaction between IK and IL . Analogous to σK
and the direct Zeeman interaction of the bare nucleus, JKL modifies the dipole-dipole interactions represented by DKL . Unlike DKL , JKL depends both on the distance between
the nuclei and electronic structure of the molecule. Also, the direct couplings average to
zero while the indirect couplings average to isotropic coupling constants JKL , in isotropic
media [5]. The fine structure of NMR spectra in isotropic systems is due to the spin-spin
coupling constant.
The last remaining parameter in H NMR is the quadrupole coupling tensor QK that
arises from the interactions between the nuclear electric quadrupole moment and electric
field gradient (EFG). It appears in H NMR only if the nuclear quantum number IK > 1/2.
This thesis is concerned with one of the parameters of H NMR , the nuclear shielding, in
paramagnetic molecules.
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2.2 Electron paramagnetic resonance parameters
Electron paramagnetic resonance (EPR), sometimes called electron spin resonance (ESR)
is a very prominent spectroscopic technique used to study systems containing unpaired
electrons [44, 48]. An electron possesses both orbital and spin angular momenta. The
magnetic moment of the unpaired electrons, me , is directly proportional to the effective
spin angular momentum ~S and is written as
me = −µB g · S ,

(2.7)

where µB = e~/2me is the Bohr magneton and S is the effective spin (arises due to
the couplings between the spins of the unpaired electrons). The g-tensor (g) defines the
Zeeman interaction with the external magnetic field [49]. In analogy with NMR, the
interactions between the nuclear spin IK , B0 and the effective electron spin S can be
described by the EPR Hamiltonian, H EPR [49]. H EPR is used to interpret the experimental
EPR spectra and has the following form (in units of energy)
X
H EPR = µB B0 · g · S +
S · AK · IK + S · D · S ,
(2.8)
K

where A is the hyperfine coupling tensor and D is the zero-field splitting tensor.
The first term describes the directional dependence of the electron Zeeman interaction
through the g-tensor. This term is again analogous to the first term in H NMR , which
contains both the direct Zeeman interaction and nuclear shielding interaction between the
nucleus and the magnetic field. The g-tensor can be broken down to
g = ge 1 + ∆g ,

(2.9)

where ge = 2.002319... is the free-electron g-factor and ∆g is the anisotropic contribution
to g. The general form of g-tensor can be written as


gxx gxy gxz
g = gyx gyy gyz  ·
(2.10)
gzx gzy gzz
In solution-state experiments, an isotropic g-value is observed because fast molecular
motion (in particular, tumbling) results in averaging out the orientation dependence of the
g-tensor. The isotropic g-value can be written as
giso =


1
gxx + gyy + gzz ·
3

(2.11)

The second term in H EPR is the hyperfine interaction term bilinear in S and the nuclear
spin IK . A describes the interaction between the nucleus and the unpaired electrons, and
gives rise to the hyperfine structure in the EPR spectra. Both g- and A-tensors have a
non-zero isotropic part and are not symmetric [10].
The third term in H EPR is the ZFS interaction quadratic in S. The ZFS interaction
term appears in the EPR Hamiltonian only if the spin quantum number S > 1/2. It gives
rise to fine structure of the energy levels by removing the degeneracy of the ground state,
even in the absence of B0 . The ZFS tensor is symmetric.
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The EPR parameters can be formally written in the derivative form of energy as
gτ =

1 ∂ 2 E(B0 , S)
µB ∂B0, ∂Sτ

B0 =0,S=0

∂ 2 E(IK , S)
∂IK,τ ∂S

IK =0,S=0

AK,τ =

Dτ =

∂ 2 E(S)
∂S ∂Sτ

(2.12)

(2.13)
·

(2.14)

S=0

In this thesis, first-principles methods are applied to calculate the EPR tensors, i.e.,
g-, D- and A-tensors, for the purpose of calculating pNMR shielding. These tensors
are calculated at both NR and scalar relativistic levels. It is noteworthy that g and D
essentially arise from the relativistic spin-orbit (SO) interaction. For A, the SO coupling
(SOC) appears first as a correction of the NR values [50].

2.3 Paramagnetic NMR chemical shift theory
An expression for the pNMR shielding tensor obtained by following the classic Kurland
and McGarvey derivation [25] is presented in Paper I. In this theory, the EPR parameters
of the ground multiplet, including the ZFS Hamiltonian of the form S · D · S are used.
This formalism is valid within the limit of weak SO coupling and ZFS-split ground-state
multiplet. The expression is derived in the Supporting Information of Paper I and represents
an extended form of the shielding tensor presented in Ref. [31], modified to include the
so-called magnetic couplings. These arise from the Zeeman and HFC interactions between
the states belonging to different non-degenerate manifolds, and appear originally already
in the Kurland and McGarvey theory.
The pNMR shielding tensor of nucleus K can be written as (Papers I and II)
σK

=

hSSi =
Qmn

=

µB
σK,orb −
g · hSSi · AK
γk kT
P
Q hn|S|mihm|S|ni
nm
P mn
n exp (−En /kT )

exp (−En /kT )
− EmkT
−En [exp (−Em /kT ) − exp (−En /kT )]

(2.15)
(2.16)
;
;

En = Em
(2.17)
En 6= Em ,

where k and T are the Boltzmann constant and absolute temperature, respectively. The
orbital shielding tensor σK,orb is analogous to the Ramsey theory for diamagnetic systems
and is temperature-independent (or there is, at most, an implicit temperature dependence via
molecular dynamics) [22, 23, 27]. hSSi is a dyadic of the effective spin operator evaluated
in the manifold of electronic states |ni, with energies En , composing the ground-state ZFSsplit multiplet. Qmn is a symmetric matrix that contains (1) the thermal occupation of the
states (in the diagonal blocks of the matrix) and (2) the magnetic couplings (off-diagonal
blocks of this matrix) due to the Zeeman and HFC interactions between these states.
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For detailed insight to the physical origin of σ, the decomposition of the g- [28] and
HFC [29] tensors can be written as
g = (ge + ∆giso )1 + ∆g̃,

(2.18)

AK = Acon 1 + Adip + Apc 1 + Adip,2 + Aas ,

(2.19)

and
where ∆giso and ∆g̃ are the isotropic and anisotropic parts of the g-shift tensor ∆g of
Eq. (2.9) (i.e., deviation from the isotropic ge -value arising due to SO interactions). Acon as
well as Adip are the NR isotropic contact coupling and anisotropic (but symmetric) dipolar
coupling, respectively. Apc , Adip,2 , and Aas are the isotropic pseudocontact coupling, the
anisotropic and symmetric ”second dipolar term”, and the antisymmetric term, respectively.
The last three HFC contributions arise due to the perturbational relativistic SO corrections
to HFC [50], the use of which is valid for the light ligand NMR nuclei in 3d complexes
because most of the SO coupling originates from the heavy-element centers.
For doublet (S = 1/2) systems there is no ZFS, and the shielding expression of
Eq. (2.15) reduces to [28]
σK = σK,orb −

1 µB S(S + 1)
g · AK .
γK ~ kT
3

(2.20)

The physical contributions to the total shift resulting from the terms of g and A are listed
in Table 2.1. Experimentally, the pNMR shifts are often analysed as [9]
exp
exp
δ exp = δorb + δcon
+ δpc
·

(2.21)


Theoretically, the contributions to the isotropic chemical shift up to the order O α4 (α is
the fine structure constant) are given as
δ theory = δorb + δcon + δcon,2 + δcon,3
+δdip + δdip,2 + δdip,3
+δc,aniso + δpc ·

(2.22)

27

Table 2.1. Physical contributions to the nuclear shielding in paramagnetic molecules
(S = 1/2 and S > 1/2 cases presented separately), Ref. [31] and Papers I-II.
Term in στ
σorb
ge Acon hS Sτ i
P
ge b Adip
bτ hS Sb i
ge Apc hS Sτ i
P
ge Pb Adip,2
hS Sb i
bτ
ge b Aas
bτ hS Sb i
∆giso Acon hS Sτ i
P
∆gisoP b Adip
bτ hS Sb i
A
∆g̃a hSa Sτ i
Pcon a dip
ab ∆g̃a Abτ hSa Sb i
a

Term identifier
orb
1st
2nd
3rd
4th
5th
6th
7th
8th
9th

Symbol
δorb
δcon
δdip
δcon,2
δdip,2
δas
δcon,3
δdip,3
δc,aniso
δpc

Ordera
O α2 
O α2 
O α2 
O α4 
O α4 
O α4 
O α4 
O α4 
O α4 
O α4

Rank for S = 1/2b
0, 2, 1
0
2
0
2
1
0
2
2
0, 2

Rank for S > 1/2b
0, 2, 1
0, 2
0, 2, 1
0, 2
0, 2, 1
2, 1
0, 2
0, 2, 1
0, 2, 1
0, 2, 1

Order in the fine structure constant α in which the terms appear in.
Contributions with tensorial ranks 0, 2, and 1 correspond to the isotropic shielding constant, anisotropic and
symmetric, as well as anisotropic and antisymmetric terms, respectively.
b

3 Computational methods
3.1 First-principles methods
Molecular properties are obtained computationally by means of solving either the timedependent or time-independent SE. The well-known BO approximation makes it possible
to consider SE as an eigenvalue equation of the electronic Hamiltonian only. The advantage
is that one does not need to worry about treating the nuclear degrees of freedom explicitly.
In its simple form, the SE can be written as
HΨ = EΨ ,

(3.1)

where H is the Hamiltonian operator that acts on the state Ψ and results in energy eigenvalues E. The Hamiltonian has two-electron contributions, due to which the exact solution
of the many-electron equation cannot be obtained. Therefore, one needs approximate
methods for electronic-structure calculations. First-principles (including ab initio) methods
used for the calculations of NMR and EPR property tensors, as well as methods for the
inclusion of relativistic effects, will be discussed next.

3.1.1 Density-functional theory
DFT is a very powerful computational method by which the electronic ground state and
many properties can be calculated [51, 52]. In DFT, the electronic energy, denoted as E[ρ],
is described as a functional (i.e., function of another function) of the electron density ρ.
DFT is supported by two Hohenberg-Kohn (HK) theorems [51] and the Kohn-Sham (KS)
theory [53]. In the HK theorem, the external potential (the Coulomb potential arising from
the nuclei) is a functional of ρ(r), which means that the electron density is sufficient to
describe the ground-state properties of the system. Also, the density that minimises the
energy is the ground-state density and the minimum energy is the ground-state energy.
In the KS theory, a non-interacting reference system is considered such that it has
the same electron density as the real, interacting system [6]. The exact solution of the
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non-interacting system, the KS Slater determinant can be written as [54]
ψ1 (r1 ) ψ1 (r2 )
ψ2 (r1 ) ψ2 (r2 )
1
.
.
ΨKS (r1 , ..., rN ) = √
.
.
N!
.
.
ψN (r1 ) ψN (r2 )

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

ψ1 (rN )
ψ2 (rN )
.
.
.
ψN (rN )

,

(3.2)

where ψi (r), i = 1, ..., N are the lowest N eigenstates. The electron density can be given
as
X
2
ρKS (r) =
| ψi (r) | ,
(3.3)
i

where ψi are the KS (spin-)orbitals for non-interacting particles. They are functions of both
the spatial and spin coordinates. The minimisation of the total energy functional by varying
the KS orbitals gives an approximation for the ground-state density and energy. This is
achieved by solving the (Schrödinger-like) Kohn-Sham equations for the non-interacting
reference system


~2 2
−
∇ + Veff (r) ψi (r) = i ψi (r) ,
(3.4)
2m
where i are the KS orbital energies and Veff (r) is the effective (KS) potential in which the
non-interacting particles move. Veff (r) can be written as
Z
ρ(r 0 )
Veff (r) = Vne (r) +
+ Vxc (r) ,
(3.5)
| r − r0 |
where Vne (r) is the nucleus-electron potential and Vxc (r) is the exchange-correlation
potential
δExc [ρ]
Vxc (r) =
.
(3.6)
δρ(r)
In this expression, Exc [ρ] is the exchange-correlation energy functional and its exact form
is unknown. The exchange energy part in Exc [ρ] is by far the larger contribution and its
exact form is included in the HF method. However, the complete neglect of the EC part by
HF can be overcome by the use of DFT. In the KS theory, the total energy can be written
as [6]
E[ρ] = T [ρ] + Ene [ρ] + J[ρ] + Exc [ρ] ,
(3.7)
where T [ρ], Ene [ρ] and J[ρ] are the kinetic-, nucleus-electron attraction- and Coulombenergy functionals, respectively. Since the exact form of Exc [ρ] is unknown, one needs an
approximate way of calculating it. The local density approximation (LDA) or the local spin
density approximation (LSDA), generalised gradient approximation (GGA), meta-GGA
and hybrid density-functional methods are in use for the approximate exchange-correlation
energy [6].
In LDA [6], the exchange-correlation energy functional is assumed to depend only
on the (local) density ρ(r) at each point. LDA underestimates the correlation energy Ec
and overestimates the exchange energy Ex , resulting in a reasonably good Exc due to the
systematic error cancellation. LDA works well for geometry optimisation but overbinds
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the molecule. This drawback renders LDA less favoured among quantum chemists [56].
There are many LDA correlation functionals available [57, 58].
The LDA functionals are improved upon by the development of GGA functionals [6].
In GGA, the exchange and correlation energies depend both on the density and its gradient
∇ρ(r). A wide range of GGA functionals has also been developed [6, 59], for example
PW91 [60], BLYP [61, 62], PBE [63] etc. PBE is one of the most famous GGA functionals.
The problem with GGAs is the underestimation of the semiconductor band gap (highest
occupid molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap
in molecules) energy. However, compared to LDA, the GGAs provide more accurate
results. There is also another type of GGA, called the meta-GGA [56]. These functionals
depend on the density, its gradient, and also its second derivative (Laplacian). Examples of
meta-GGAs are TPSS [64] and M06-L [65]. The performance of LDA is usually poor for
NMR parameters but GGA (and hybrid functionals) perform reasonably well. It has been
reported in many studies that most of the modern DFT functionals (particularly GGAs)
give NMR parameters of similar quality [66–74].
Major advancement in the development of exchange-correlation functionals was made
by Becke in 1993, by introducing the hybrid approach [75]. In hybrid methods, a fraction of the exact exchange from the Hartree-Fock theory mixes with the exchange and
correlation functionals of approximate density functionals. Few of the most popular hybrid
functionals are B3LYP (containing 20% exact exchange [76–78]), PBE0 (25%) [79, 80]
and BHandHLYP (50%) [61, 62, 75].
In this thesis, both GGA and hybrid DFT were used for the calculations. In all the
Papers I-IV, the geometry optimisations were mainly carried out using the B3LYP functional. In Paper II, the hyperfine coupling tensors were calculated using PBE and PBE0
functionals. In Papers I and IV, only the PBE0 functional was used for the calculation
of A. In Paper II, PBE was also used for the calculation of the g- and D-tensors. In
Papers I-IV, the orbital shieldings were calculated using PBE and PBE0 functionals. It is
seen from Table 3.1 that the calculated isotropic chemical shifts depend on the choice of
the DFT functional, in this case the amount of exact exchange. Large differences in the

Table 3.1. Calculated isotropic proton chemical shifts (in ppm, at 298 K) using the
NEVPT2 levela for g and D, and with DFT using the PBE and PBE0 functionalb for
A, for system 1 [for molecular structure and proton numbering, see Fig. 4.3(a)] at the
optimised geometry.
Nucleus
3H
4H
5H
BH
a

PBE
-70.3
60.2
112.5
121.6

PBE0
-92.2
38.3
95.5
128.5

Exp. [55]
-111.0
42.0
94.2
122.0

At the NEVPT2 level. The calculation of g and D was carried out using def2-TZVP? basis sets. ? refers to the
use of locally dense basis sets (LDBS), later explained in the basis-set Section 3.4 of this thesis.
b At the PBE and PBE0 levels, calculations of σ
orb and A were carried out using def2-TZVP basis sets.
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chemical shift values for all nuclei occur between PBE and PBE0. However, the hybrid
PBE0 functional gives in most cases more accurate results than PBE.

3.1.2 Complete active space self-consistent field theory
In cases of, e.g., near-degenerate ground state in transition metal systems, bond breaking or
excited states, the single-configuration wavefunction description of the electronic structure
becomes insufficient. Then, for the correct qualitative description, the reference wavefunction needs to be made from several electronic configurations. This can be achieved by the
use of multiconfigurational self-consistent field (MCSCF) theory: an extension and generalisation of the HF method [6, 19]. In the MCSCF method, the wavefunction is obtained
from a linear combination of determinants representing configurations or configuration
state functions (CSFs) [81, 82].
One of the most important MCSCF methods is the complete active space self-consistent
field (CASSCF) approach developed by Roos and co-workers [81]. In CASSCF, the
orbitals are divided into three categories: the inactive orbitals that are doubly occupied in
all CSFs, active orbitals (partially occupied) and external orbitals (empty in all CSFs). A
CASSCF wavefunction can be generated by assigning some fixed number of electrons in
the active orbitals, for example, CAS(n, m) with n electrons in m orbitals. CASSCF is a
variational procedure where the energies are made stationary by varying both the molecular
orbital (MO) and the CI coefficients [81–83]. For a given CASSCF state, the wavefunction
can be written as [84]
E X
E
Ψ0 =
Ci Φ0i
(3.8)
i

E

where C and Φ0 are the configuration expansion coefficients and Slater determinants
(or CSFs), respectively. The energy for the CASSCF wavefunction as
E(c, C) =

Ψ0 ĤBO Ψ0
Ψ0 Ψ0

,

(3.9)

here c are the MO coefficients. A CASSCF calculation can be made more accurate
by making the active space larger, but the calculation becomes rapidly too expensive
because of the steep increase in the number of CSFs. To get further accuracy in ab
initio studies one needs to perform either large CI, perturbation theory or coupled-cluster
calculations [82, 83]. CASSCF (or other types of MCSCF) is often used to generate
reference states for other, improved multi-reference methods, for example, multi-reference
configuration interaction or multi-reference perturbation theories, by which dynamical
correlation can be included. Examples of the latter are complete active space perturbation
theory (CASPT2 [85, 86]) or N -electron valence state perturbation theory (NEVPT2 [87–
93]).
In this thesis, the CASSCF method was applied to calculate the EPR g- and D-tensors.
To run CASSCF, first, a DFT (either PBE or PBE0) calculation was done to generate a set
of starting orbitals. In the present case, the so-called unrestricted natural orbitals (UNOs)
were used. These orbitals were then used to start the CASSCF calculation. Secondly, one
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needs to specify the active space (number of electrons and number of active orbitals). Here,
the active space was chosen to include as active electrons the metal d-electrons in the five
3d, 4d or 5d orbitals, as active orbitals. Chemically, this is the first approximation, uniform
for all the transition-metal systems having different ligands. In the present work, NEVPT2
was used systematically for almost all complexes. Furthermore, in unpublished work for
Ni(II), going beyond the minimal CASSCF active space was tried and the nuclear shielding
results were not found to be affected significantly.

3.1.3 N -electron valence state second-order perturbation theory
NEVPT2 is an efficient method for dynamical correlation treatment developed by Angeli
and co-workers [87–93]. NEVPT2 is a multireference perturbation theory (MRPT) approach and performed on top of a CASSCF wavefunction to include dynamical correlation
effects. NEVPT2 can be thought of as a generalisation of the second-order Møller-Plesset
perturbation theory [17]. In NEVPT2, the zeroth-order Hamiltonian (also known as the
Dyall Hamiltonian [94]) is used for a partial incorporation of the two-body interaction
terms. The zeroth-order CAS-CI (CASSCF without orbital optimisation for each state)
wavefunction (Ψ0 ) can be written as an anti-symmetrised product of nc core electrons and
nv valence electrons as [87]
Ψ0 = Φ c Ψv ,
(3.10)
obtained as a result of diagonalising the Hamiltonian inside the CAS-CI space as
P̂CAS Ĥ P̂CAS Ψ0 = E 0 Ψ0

,

(3.11)

where P̂CAS is the projector onto the CAS-CI space. Then, the perturbation wavefunction
can be written as
v+k
Ψkl,µ = Φ−k
.
(3.12)
l Ψµ
where k is the number of electrons promoted from the inactive to the active space: at
second order of perturbation −2 ≤ k ≤ 2. Φ−k
and Ψv+k
constitute an orbital product
µ
l
with nc − k core electrons and multireference valence function with nv + k electrons,
respectively. NEVPT2 is a useful MRPT approach because of its size consistency† and
because it is intruder state-free (include only those states, which are allowed by active
space) [95].
In this thesis, CASSCF wavefunctions were used as a starting point for the NEVPT2
calculation of g- and D-tensors to include dynamical correlation. It is seen from Table 3.2
that there is a significant effect of dynamical electron correlation in the g- and D-tensors
on the resulting chemical shifts. For system 1 (Fig. 4.3), the effect of dynamical correlation
at NEVPT2 is small but non-negligible. In contrast, NiCp2 (Fig. 4.6) shows larger changes
in the shift at the NEVPT2 as compared to CASSCF level.
† Size consistent method is one where the total energy of a calculation, where there are two noninteracting
systems A and B, is E(A) + E(B) = E(AB).
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Table 3.2. Calculated isotropic proton chemical shifts (in ppm, at 298 K) at the CASSCF
and NEVPT2 levelsa for g and D, and DFT with the PBE0 functionalb for A, for HPYBCO
(for molecular structure and proton numbering, see Fig. 4.3(a)] and NiCp2 (for structure,
see Fig. 4.6) at the optimised geometry.

Nucleus
3H
4H
5H
BH
Nucleus
13
C
1
H

HPYBCO
CASSCF NEVPT2
-90.1
-92.2
38.4
38.3
94.6
95.5
126.5
128.5
NiCp2
CASSCF NEVPT2
1332.2
1373.5
-280.7
-264.1

Exp. [55]
-111.0
42.0
94.2
122.0
Exp. [96–98]
1514,c 1715d
-253de

a

The calculation of g and D was carried out using def2-TZVP? basis sets for HPYBCO and def2-TZVP for
NiCp2 . The superscript ? refers to the use of locally dense basis set (LDBS), later explained in the basis-set
Section 3.4 of this thesis.
b At the PBE0 level, calculations of σ
orb and A were carried out using TZVP basis sets.
c At room temperature. Solution state [96].
d At room temperature. Solid state [97].
e At 298 K. Solution state [98].

3.2 Relativistic effects
According to Einstein’s special theory of relativity [99], the speed of light c is a universal constant and, as a result, if a particle moves with speed close to c, the particle
mass increases [6]. Therefore, the relativistic effects include all phenomena, in which
the finite speed of light (in atomic units, c = 137.0359895) needs to be taken into account [49, 100, 101]. In light-element systems, relativistic effects are less prominent and
the properties of these systems can be described by NR theory. However, as the nuclear
charge increases, relativistic effects become larger and can even dominate chemical properties, as witnessed, e.g., by the unusual color of gold [101] and the low melting point of
mercury [102]. Properties of heavy elements can only be described accurately by incorporating relativistic effects. Important manifestations of relativity are the spin-orbit coupling,
mass-velocity correction and Darwin correction (the latter two appear particularly in the
Pauli Hamiltonian) [101, 103–107]. For relativistic studies, the Dirac equation is used
instead of Schrödinger equation. The Dirac equation can be written as [6]
[cα · p + βmc2 + V ]Ψ = EΨ ,

(3.13)

where p is the momentum operator, α and β are 4 × 4 matrices, with α written in terms
of the three 2 × 2 Pauli spin matrices σ, and β in terms of the 2 × 2 unit matrix I, as




0 σ
I
0
α=
, β=
.
(3.14)
σ 0
0 −I
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Since the special theory of relativity requires that the Dirac equation is four-dimensional [108],
the relativistic wavefunction consists of four components (i.e., two large components ΨL
and two small components ΨS , which include the α and β spin functions) [6]


ΨL,α
 
ΨL,β 
ΨL


Ψ=
=
.
(3.15)
ΨS,α 
ΨS
ΨS,β
In the four-component form, Eq. (3.13) can be written as
  
 
 
ΨL
V + mc2
cσ · p
ΨL
ΨL
HD
=
=
E
.
ΨS
cσ · p
V − mc2
ΨS
ΨS

(3.16)

The Dirac equation produces both positive- and negative-energy solutions, the former being
appropriate for electronic systems.

3.2.1 Spin-orbit effects
SOC arises due to the interaction between the spin angular momentum and orbital angular
momentum. There are two terms that contribute to the SOC: (1) the one-electron term that
arises from the interaction of the spin of electron l with the induced magnetic moment
due to the orbital motion of the same electron in the nuclear electrostatic field and (2) the
two-electron terms consisting of the spin-same orbit term (the interaction of electron l with
the magnetic moment induced by the motion of electron l in the electric field of electron
m) and spin-other-orbit term (the coupling of the spin magnetic moment of electron l with
the orbital magnetic moment of electron m and vice versa) contributions [49].
The SOC naturally appears in four-component calculations. However, the SO effects can
be included in one- and two-component calculations by using the Breit-Pauli [109–113]
SOC operator [84, 114]
(1)
(2)
ĤSOC = ĤSOC + ĤSOC ,
(3.17)
(1)

(2)

where ĤSOC and ĤSOC are the one- and two-electron SOC contributions, respectively.
The two-electron part of this operator is difficult to evaluate in its exact form and, therefore, approaches such as the mean-field potential are used. The SOC effects have been
implemented in the ORCA software [84] using the spin-orbit mean-field (SOMF) method
developed by Hess et al. [115].
In this thesis, SO effects were included in the calculations of all the EPR parameters,
i.e., g, D and HFC. This is further discussed in Section 3.3.

3.2.2 Scalar-relativistic approach
The mass-velocity and Darwin correction terms are known as the scalar-relativistic (SR)
effects. The Dirac equation, Eq. (3.13), is valid only for one-electron systems. Therefore, relativistic treatment for many-electron systems is most often done by using the

35
Dirac-Coulomb (DC) or Dirac-Coulomb-Breit (DCB) Hamiltonians. These Hamiltonians are constructed by extension of the one-electron Dirac operator using a Coulomb or
both Coulomb and Breit operators as two-electron terms. The Coulomb term describes
the standard Coulomb interactions between electrons and the Breit term describes the
retardation effects and magnetic interactions between electrons due to the finite speed of
photons [108]. The relativistic four-component approach produces both electronic and
positronic solutions, which make these approaches computationally very expensive and
difficult to apply on large molecular systems. Many two-component relativistic approaches
have been developed [109, 116–135], in which the small- and large-component wavefunctions are decoupled and only the large component is used explicitly. These approaches
have a lower computational cost as well as are applicable to large systems [108, 136].
For the present calculations in Paper IV, the second-order DKH method [137–139]
was used to include SR effects. In the DKH approach, a series of unitary transformations
is applied in the presence of an external potential V (the expansion parameter of the
DKH decoupling procedure [140]) for decoupling the large and small components. The
block-diagonalisation of the Dirac Hamiltonian with a suitable unitary operator U can be
written as [136]


H+
0
U HD U † =
.
(3.18)
0 H−
H+ and H− give the positive and negative energies similar to the full Dirac Hamiltonian.
The first mandatory step in DKH is the application of a free-particle Foldy-Wouthuysen
transformation U0 [141]. Douglas and Kroll proposed that the transformation U can be
decomposed into a series of unitary transformations as
U = ...U3 U2 U1 U0 .

(3.19)

The number of transformation steps is called the order of DKH. The first-order DKH
Hamiltonian (HDKH1 ) can be written as [136]
HDKH1 = U1 U0 HD U1† U0† = E0 − c2 + E1 ,

(3.20)

where E0 and E1 are the zeroth- and first-order diagonal block energies, respectively. The
second-order DKH Hamiltonian can be written as
HDKH2 = U2 U1 U0 HD U2† U1† U0† = HDKH1 +


1
W1 , [W1 , E0 ] ,
2

(3.21)

where W1 is an anti-Hermitian operator of the first order in V .
Depending on the order of the transformation, the DKH Hamiltonian can be made to
include all spin-free, (scalar) relativistic correction terms. For property calculations, it is
necessary to take into account the picture-change effects because, due to the transformation
U of the large terms in the Hamiltonian, transformation of the magnetic operators occurs
as well. If this is not done, the property calculations will give erroneous and inconsistent
results [108].
In Paper IV of this thesis, g- and D-tensors are calculated using the CASSCF and
NEVPT2 methods with the second-order DKH (DKH2) Hamiltonian to include the SR
effects. A comparison of the g- and D-tensors at nonrelativistic (NR+SO) and DKH2
Hamiltonian (DKH+SO) levels is given in Table 3.3. It is seen that scalar relativity has a
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small effect on g but somewhat larger effect on D. However, the dynamical correlation
effect on both g and D at NEVPT2 level is much more prominent than the SR effects, for
the presented NiCp2 system. However, the influence of scalar relativity on g is large for,
e.g., IrCp2 system.

Table 3.3. Comparison of calculated isotropic g-factor and the eigenvalues of the g-tensor,
as well as the D (in units of cm−1 ) parameter of ZFS at the NR+SOa and DKH+SOb
levels, for nickelocene, NiCp2 and iridocene, IrCp2 (see Fig. 4.6). The computational
results are taken from Paper IV.

Property
D
giso
g-eigenvalues

Parameter
giso
g-eigenvalues

NiCp2
CASSCF
NEVPT2
NR+SO DKH+SO
NR+SO DKH+SO
70.1
67.9
40.1
39.3
2.253
2.248
2.125
2.125
1.989
1.990
1.997
1.997
2.385
2.377
2.189
2.188
2.385
2.377
2.189
2.188
IrCp2 c
CASSCF
NEVPT2
NR+SO DKH+SO
NR+SO DKH+SO
1.472
1.613
1.532
1.612
0.854
0.965
0.958
1.050
1.415
1.547
1.529
1.661
2.145
2.327
2.109
2.124

a

At the NR+SO level, g and D were computed with the CASSCF and NEVPT2 methods using def2-TZVP
basis sets.
b At the DKH+SO level, g and D were computed with the CASSCF and NEVPT2 methods using DKH-TZV
basis sets.
c Same as footnote a and b but only g was computed. No ZFS prevails for doublet (S = 1/2) systems.

3.2.3 Four-component relativistic approach
The development of DFT-based relativistic methods have reduced the computational cost as
compared to ab initio approaches. These methods are also less complicated than correlated
ab initio methods, to implement in computational software, e.g., for magnetic properties
such as NMR and EPR [41, 142–144].
In Paper IV of this thesis, the fully relativistic four-component DFT method of Ref. [41],
the so-called matrix Dirac-Kohn-Sham (mDKS) approach was applied for the relativistic
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Table 3.4. Comparison of the calculated isotropic carbon and proton chemical shifts (in
ppm, at 298 K) at the CASSCF and NEVPT2 levelsa for g and D using the DKH+SO
method, and DFT with the PBE0 functionalb for A using the NR+SO and mDKS levels,
for IrCp2 system (Fig. 4.6). Results taken from Paper IV.

Nucleus
δ(13 C)
δ(1 H)

CASSCF
NR+SO mDKS
374.1
359.7
-96.4
-83.2

NEVPT2
NR+SO mDKS
392.2
379.7
-95.0
-80.8

a At the NR+SO level, A was computed with DFT PBE0 using uncontracted DKH-TZV basis sets. SO coupling
was treated perturbationally. g and D were computed with the CASSCF and NEVPT2 methods using the
DKH+SO Hamiltonian and def2-TZVP basis sets.
b At the mDKS level, A was computed at the four-component level with DFT PBE0 using uncontracted
DKH-TZV basis sets. g and D were computed with the CASSCF and NEVPT2 methods using the DKH+SO
Hamiltonian and DKH-TZV basis sets.

calculations of HFCs. The mDKS method is based on the matrix representation of the fourcomponent DKS (the relativistic generalisation of the Kohn-Sham method) method [142].
In the mDKS, the unperturbed equations are solved by using restricted kinetically balanced
(RKB‡ ) basis set for the small component of the wavefunction (for details of mDKS
method, see Ref. [41]). The HFC tensor of nucleus K can be defined, in the DKS
framework, as [145]
1 dE(J , IK )
·
(3.22)
AK,τ =
hS i dIK,τ
IK =0
In Paper IV of this thesis, the HFC tensors were calculated relativistically using the
above formula and DFT (PBE0) at the fully relativistic four-component mDKS level, using
the ReSpect [146] software. The HFCs are obtained by running three SCF calculations at
the mDKS level for different orientations (x, y, z) of a finite spin magnetisation vector J ,
to obtain the full tensor information [147]. The comparison of isotropic carbon and proton
chemical shifts for the IrCp2 system at the NR+SO and mDKS level for A is presented in
Table 3.4. It is seen that there is a large dependence of the calculated shifts on using fully
relativistic four-component mDKS HFCs, both at the CASSCF and NEVPT2 levels.
‡ Due to the presence of positronic states, the solution of the Dirac equation is not a global minimum [108].
Therefore, to avoid variational collapse, it is necessary to use properly balanced basis sets for the large and small
components of the wavefunction. The condition of kinetic balance for the small component basis set is given as
(σ·p)
χsmall
= 2c χlarge
. This means that the small component basis functions χsmall
must be the derivatives of
µ
µ
µ

the large component basis functions χlarge
[6]. RKB means that the small-component basis sets are generated by
µ
one-to-one ratio between the functions of the large- and small-component functions.
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3.3 Calculations of magnetic property tensors
Different steps in the computation of the pNMR shielding from the magnetic property
tensors, are as follows:
• The unrestricted natural orbitals (UNOs) are generated by DFT to have starting orbitals
and to select the active space to be the metal valence d-orbitals.
• The g- and D-tensors are computed using the CASSCF and NEVPT2 levels of theory
via the quasidegenerate perturbation theory (QDPT) [92, 148, 149] procedure in
ORCA [84] software. QDPT is build upon the assumption that SO effects can be
treated by constructing a matrix representation of the SO coupling Hamiltonian
in a basis of pre-calculated one-component CASSCF roots [40]. These roots are
calculated at both NR and scalar relativistic DKH2 levels. In the computations we
denote as NR+SO, a CASSCF one-component NR wavefunction is supplemented
by mean-field SO interactions treated by QDPT. In the DKH2+SO calculations,
scalar relativistic effects are included in the one-component CASSCF calculation
and QDPT with a picture-changed SO operator is performed. Dynamical correlation
effects are treated using the NEVPT2 method [39, 40]. The diagonalisation of the
ZFS Hamiltonian HZFS = S · D · S is performed, to obtain the states |ni and
energies En in Eq. (2.16).
• The HFCs (A) are computed at the DFT level using both GGA and hybrid functionals,
whilst SO effects are treated by perturbational Breit-Pauli SO-corrections [50]. The
nonrelativistically based (NR+SO) calculations of the HFC tensors are carried out
using the ORCA [84] software. Fully relativistic calculations of A are carried out (in
Paper IV) at the four-component mDKS level with hybrid DFT (PBE0 functional)
using ReSpect [146], as discussed above in Section 3.2.3. In these calculations, A is
obtained as the expectation value of the hyperfine operator. The hyperfine part of the
shielding tensor is constructed as 1/kT (g · hSSi · AK ), Eq. (2.15).
• The orbital shielding tensor is computed either at the GGA or hybrid DFT levels using
the GAUSSIAN [150] software. The coupled-perturbed KS method is employed in
the presence of the external magnetic field as the perturbation.
• The total shielding tensor is constructed as σ = σorb +1/kT (g ·hSSi· AK ) Eq. (2.15)
and analysed in terms of physical contributions (Table 2.1).

3.4 Basis sets
Basis sets are the one-particle functions (atomic orbitals) used to create molecular orbitals.
For molecular calculations, the linear combination of atomic orbitals (LCAO) method [44]
is in use. There are different kinds of basis sets, e.g., Slater-type [151], Gaussian [152] and
plane-wave basis sets [153]. Most of the quantum chemistry programmes use Gaussian
basis sets
φGTO
ijk (x, y, z)

2

= N xi y j z k e−ζr = N xi y j z k e−ζ(x

2

+y 2 +z 2 )

.

(3.23)
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where i, j, k are integers which fulfill i + j + k = 0, 1, 2, 3 for s-, p-, d-, f -functions,
respectively. N is the normalisation factor and ζ controls the orbital width. If zeta is large,
the basis function is tight, meaning that the electron can move in the region close to the
nucleus, and if zeta is small, the function is diffuse and the electron can go far away from
the nucleus.
In this thesis, Gaussian basis sets were employed to run all calculations. NR calculations
were performed with Ahlrichs basis sets, e.g., with designations def2-SVP, def2-TZVP,
TZVP i.e., no def2, def2-TZVPP, and def2-QZVPP [154]. While going along this series,
the number of basis functions increases and, as a result, the computational cost of the
calculations becomes large. However, the computed results improve towards the basis-set
limit.
SR calculations were performed with specially modified (recontraction of the NR basis
sets) basis sets in ORCA, e.g., DKH-SV, DKH-TZV and DKH-QZV sets [155–158], as
well as the dyall-cvqz [159] set. In Papers II and IV, pseudopotentials (PPs) [160–162] (an
effective potential used to replace the strong Coulomb potential and explicit core electrons)
were employed for the metal centres in geometry optimisations. The reason for using PPs
is to reduce the computational cost and to include SR effects implicitly. In Paper IV, the
mDKS calculations are done with uncontracted basis sets.
In Papers I-IV, for the calculation of g and D, locally dense basis sets (LDBS) [163–
165] were used, meaning that more basis functions were used for the central metal ion and
atoms directly bonded to it, while small basis sets were used for all the other atoms. The
reason for the use of LDBS is to reduce the computational cost without losing accuracy,
as the spin density distribution that gives rise to g and D is localised in the immediate
vicinity of the metal ion. For A and σorb , fully balanced (FB) basis were used throughout
the present computations. This is due to fact that these parameters are very sensitive to
the quality of the basis set, especially at those centres (13 C and 1 H in the present case)
for which these parameters are needed. The use of LDBS was validated in Paper II by
a comparison of the 1 H chemical shift data calculated with LDBS and FB basis sets. A
comparison of the calculated isotropic proton chemical shifts using LDBS and FB sets is
presented in Table 3.5. It is seen that LDBS basis for g and D perform equally well as the
FB basis.
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Table 3.5. Comparison of calculated proton isotropic chemical shifts using the fully
balanced (FB) TZVP basis set and locally dense TZVP?a basis set (LDBS) for Co(II)
"HPYBCO" [system 1 in Fig. 4.3(a)] at the optimised geometry (results taken from
Paper II).

Nucleus
3-H
4-H
5-H
B-H
a

LDBSb
CASSCF NEVPT2
94.6
95.5
38.4
38.3
-90.1
-92.2
126.5
128.5

FBc
CASSCF NEVPT2
93.4
94.3
36.9
36.9
-91.9
-93.9
125.1
127.1

The superscript ? refers to a LDBS, which means that large (TZVP) basis sets were used for the metal ion (Co)
and the directly bonded atoms, while small (SVP) bases were used for all the other, more distant atoms.
b CASSCF and NEVPT2 were used to calculate g and D with locally dense basis (TZVP basis sets used for
metal atom (Co) and directly bonded atoms to it, while for all other atoms SVP basis sets), while DFT(PBE0)
was used for calculation of A using the full TZVP basis.
c As in footnote a but g and D with a fully balanced, uniform quality TZVP basis.

4 Summary of Articles
4.1 Modern implementation of classic Kurland-McGarvey pNMR
chemical shift theory
The development of pNMR shielding theory dates back to 1950s, Refs. [22–34, 36, 37]
and Papers I-II. The main steps of this process are highlighted in Fig. 1.1. The first general
NMR nuclear shielding formula for systems having more than one unpaired electrons
(S > 1/2) was presented by Kurland and McGarvey (KMG) [25]. The first attempt to
formulate pNMR shielding for such systems using modern quantum chemical language
was made by Pennanen and Vaara in 2008 [31]. This theory is based on the use of EPR
Hamiltonian parameters for the ground multiplet and is valid within the limits of weak SO
effects, as well as ZFS effects given by the ZFS Hamiltonian of the form S · D · S. After
a few years, Soncini and Van den Heuvel (SVH) [34] pointed out that the 2008 pNMR
shielding formula fails to produce the correct NMR shift behaviour at low temperature.
SVH used an argument based on the Helmholtz free energy to arrive at a general pNMR
shielding formula based on generalised EPR tensors [32, 33]. Their result in the S · D · S
realm coincides with the KMG formula [34]. The general SVH formula [32, 33] is valid
for systems with strong SO effects and can in principle be extended to low-lying excited
states occurring, e.g., in lanthanide and actinide molecules.
The studies of Refs [34, 38] showed that the correct temperature dependence of the
chemical shift for S > 1/2 systems can only be obtained by including the terms interpreted
as magnetic couplings in Paper I, between the non-degenerate energy levels belonging
to the ground multiplet. These magnetic couplings appear naturally in the classic KMG
theory [25]. Paper I presented a rederivation of the KMG theory in a modern quantumchemical framework that highlights both the thermal occupation of the states of the
ground multiplet and the magnetic couplings between these states. The theory of Paper I
[Eq. (2.15)] is summarised in Section 2.3. The detailed derivation of the theory can be
found in Paper I.
The two important physical features of the KMG theory, i.e., thermal occupation and
magnetic couplings, appear in the Qmn matrix, Eq. (2.17). The diagonal elements, or
diagonal blocks in the presence of degenerate states, of this matrix contain Boltzmann
factors exp(-En /kT ) and represent thermal averaging of the Zeeman and HFC interactions.

42

Figure 4.1. The molecular structure of the studied (in Papers I and IV) quinolyl-functionalised
cyclopentadienyle Cr(III) complex.

For non-degenerate pairs of states |n i and |m i, the off-diagonal blocks of the matrix
correspond to the magnetic couplings between these states via the same Zeeman and
HFC interactions. The performance of the KMG theory, Eq. (2.15), and the temperature
behaviour of chemical shifts is briefly outlined here for the example systems introduced
below.
The pNMR shielding formula of the KMG theory was applied on 3d transition metal
systems such as Co(II) pyrazolylborate ”HPYBCO” (S = 3/2) complex, quinolylfunctionalised cyclopentadienyl Cr(III) (S = 3/2) complex, nickelocene NiCp2 (S = 1)
and chromocene CrCp2 (S = 1). The low- and high-temperature behaviour of the 1 H and
13
C chemical shifts was studied for these example systems. The molecular structures of the
complexes are shown in Fig. 4.1 [for the Cr(III) complex], Fig. 4.3(a) [Co(II) ”HPYBCO”]
and Fig. 4.6 (for NiCp2 and CoCp2 ). First-principles computations were carried out using
B3LYP-optimised structures with def2-TZVP basis sets. HFC tensor calculations were
performed at the DFT (PBE0) level and the CASSCF and NEVPT2 methods were used for
the g- and D tensors, all with the def2-TZVP basis sets. In Ref. [38], NiCp2 was already
computationally studied by using the SVH formula, where it is found that NiCp2 shows
non-monotonic behaviour of the Curie plot of the chemical shifts.
The high-temperature behaviour of the chemical shifts was investigated by calculating
the proton chemical shifts in the two S = 3/2 systems mentioned earlier. The magnitude
of the critical ZFS parameter is different for these complexes; the Co(II) pyrazolylborate
”HPYBCO" complex has a large ZFS value of 112 cm−1 , while the Cr(III) quinolylfunctionalised cyclopentadienyl complex has a small ZFS value of 3 cm−1 . The effect
of temperature on the chemical shifts can be investigated by defining a dimensionless
temperature scale T ? = kT /D. The findings of the temperature dependence study are as
follows:
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• The high-temperature limit of a component in the off-diagonal (magnetic-coupling)
block of the Qmn matrix can be written as the leading term in the series expansion
(Paper I) as
1
[exp (−Em /kT ) − exp (−En /kT )] ≈ exp (−En /kT ) ·
(Em − En )/kT
(4.1)
Hence, as the temperature increases, the states |n i and |m i are decoupled in the
shielding expression
P
P
Qnm hn|Sa |mihm|Sb |ni
exp (−En /kT ) hn|Sa Sb |ni
nmP
hSa Sb i =
→ n P
·
n exp (−En /kT )
n exp (−En /kT )
(4.2)
Due to this, the magnetic couplings between the states of the ground multiplet
effectively vanish upon raising the temperature and only the thermal occupations
remain. In this situation, one can safely use the shielding expression derived in
Ref. [31], without taking into account the magnetic couplings.

Qmn = −

• At very high effective temperatures, ZFS can be omitted altogether because all the states
of the ground multiplet will be equally occupied
P
(−En /kT ) hn|Sa Sb |ni
S (S + 1)
n exp
P
→
δab ,
(4.3)
3
n exp (−En /kT )
and Eq. (4.2) will change into the "doublet-like" shielding formula [Eq.(2.20)] [28,
29, 34, 38]. This formula is valid for S = 1/2 systems having no ZFS and can, as
we see, also be used for an approximate description of systems with S ≥ 1.
The dependence of the calculated proton shifts on the inverse temperature is represented
in detail in Paper I for all the example systems. The Curie plot for the Co(II) HPYBCO
complex can be seen in Fig. 4.2(a), for illustration of the changes in the chemical shift.
The inverse temperature behaviour of the isotropic 1 H chemical shifts of the HPYBCO
system, shown in Fig. 4.2(a), shows that the effect of omitting the magnetic couplings
(no coupling) is almost negligible at room temperature. However, at low temperature,
deviations in the chemical shifts are substantial and use of the full theory, i.e., inclusion
of both the magnetic couplings and distinct thermal occupations of the states becomes
necessary. Qualitatively modest changes in chemical shifts result due to magnetic couplings
in this large-ZFS complex at room temperature.
The Cr(III) system with a small ZFS shows [Fig. 2(b) in Paper I] only very small
changes in the shifts due to omitting ZFS and the magnetic couplings. At the "no ZFS"
level, the Curie plots are linear in the doublet-like theory. The characteristic temperature
dependence of the pNMR chemical shift for Co(II) ”HPYBCO” system arises in this limit
due to the Curie-like 1/kT prefactor of the hyperfine shielding term, in Eq. (2.15). Upon
increasing temperature, first the magnetic couplings become less important and eventually
also ZFS can be omitted. In contrast, at low temperature, both the magnetic couplings and
ZFS are necessary to take into account, as also seen below. As the ”HPYBCO” system
has large D value and, hence, high intrinsic temperature scale, as compared to the Cr(III),
where D is small. This means that an NMR measurement, e.g., at room temperature, is

44

Figure 4.2. The Curie plots of the calculated (a) isotropic 1 H chemical shifts in a Co(II) ”HPYBCO”
complex at the NEVPT2/PBE0 level using def2-TZVP basis sets and (b) isotropic 13 C chemical
shifts in NiCp2 at both the CASSCF/PBE0 and NEVPT2/PBE0 levels using def2-TZVP basis sets.
Notation: method for g, D/method for A. The full lines correspond to the full shielding expression
[Eq. (2.15)], the dashed lines omit magnetic couplings (no coupling) and the dotted lines denote
results obtained with omitting ZFS (no ZFS).

a relatively low-temperature measurement for ”HPYBCO” but a very high-temperature
measurement for Cr(III). Therefore, one needs to account for ZFS absolutely and, for best
accuracy, also the magnetic coupling terms for HPYBCO, whereas one can neglect the

45
couplings and probably also the entire ZFS for Cr(III). It depends on the system whether a
measurement at a given experimental temperature is affected to a significant degree by the
physical details of the theory.
Two axial S = 1 metallocenes, NiCp2 (nickelocene, with positive D-parameter) and
CrCp2 (chromocene, negative D-parameter) were used to study the inverse temperature
behaviour of the 13 C chemical shifts in the temperature range of 500 K to 5 K, shown for
NiCp2 in Fig. 4.2(b). NiCp2 features a non-monotonic Curie plot of chemical shifts with
the use of full theory including both ZFS and magnetic couplings, whereas CrCp2 does not
show any such behaviour [Fig. 3(a) in Paper I]. At the "no ZFS" level an entirely wrong
temperature dependence appears for NiCp2 , as well as the "no coupling" level also fails at
low temperatures [as seen from Fig. 4.2(b)]. The "no coupling" level persists until lower
temperature than the "no ZFS" level, however. The reason for the extremum occuring
in NiCp2 is due to the presence of non-degenerate ground-state and doubly degenerate
excited state (Paper I), while the opposite situation holds for CrCp2 .
First-principles calculations and analysis of the temperature behaviour of the chemical
shifts in paramagnetic systems using a modern implementation of the classic KurlandMcGarvey nuclear shielding theory, was presented in Paper I. Two characteristic features
of the theory, i.e., the thermal occupation of the states and the magnetic couplings between
them, were discussed. It was found that, at high temperatures (relative to the magnitude of
ZFS), ZFS can be neglected altogether and the chemical shift can be calculated using the
doublet-like formula. At low temperatures, neglecting ZFS or magnetic couplings can lead
to an entirely erroneous temperature dependence [34, 38] of the chemical shifts, therefore
it becomes necessary to use the full theory. In particular, in the case of NiCp2 (axial S = 1
system), a non-monotonic Curie plot of chemical shifts is found [38]. Also, a chemical
shift extremum is found to occur in this system (Paper I). This extremum in the chemical
shift is associated with the positive value of the D parameter of ZFS.

4.2 Mixed DFT/ab-initio methodology for pNMR calculations
It was pointed out in Ref. [166] that DFT calculations of EPR parameters, particularly
ZFS, can give unreliable results. Hence, also the accuracy of the NMR chemical shifts
calculated with DFT can be far from reasonable for paramagnetic systems. This is related
to the fact that DFT is a single-configuration method that also often gives wrong energy
order [167] of the different multiplicities, depending on the functional. Therefore, using
other available computational methods becomes necessary. This was tested in Paper II by
studying the accuracy and applicability of ab initio multireference wavefunction methods
such as the CASSCF and NEVPT2, in calculating the g- and D-tensors. For this purpose,
the computations were carried out for three paramagnetic Co(II) (S = 3/2) pyrazolylborate
complexes named as systems 1-3 in Paper II (structures shown in Fig. 4.3). These systems
were selected due to their large ZFS values, to test methods for the critical ZFS interactions.
g and ZFS were computed at the CASSCF and NEVPT2 levels. HFC tensors and orbital
shielding constants were calculated by DFT, using both GGA (PBE functional) and hybrid
DFT (PBE0 and PBE50 – PBE with 50% HF-exchange – functionals). Computations of
g, ZFS and HFC were carried out using O RCA [84] and those of orbital shielding with

46

Figure 4.3. The molecular structures of studied (in Paper II) pyrazolylborate Co(II) complexes
(a) system 1 (HPYBCO, Papers I-II and IV), (b) system 2 and (c) system 3.

G AUSSIAN 09 (G09) [150]. All these computed parameters were used in the KurlandMcGarvey formula (details can be seen in Paper I) to calculate the pNMR chemical shifts
of Co(II) complexes. A schematic diagram for a pragmatic modus operandi developed in
Paper II for pNMR shift calculations, is given in Fig. 4.4.
Computational results were analysed first by comparing the DFT performance with
the CASSCF and NEVPT2 for the ZFS and g-tensors, and subsequently the effect of the
basis-set choice, different DFT functionals for HFC, wavefunction choice for ZFS and g,
and the effect of structure (experimental and computationally optimised) on the chemical
shifts, were studied. The performance of DFT versus CASSCF/NEVPT2 for g and D
was studied for system 1. In the comparison, SVP and TZVP basis sets were used at the
DFT(PBE) level, whereas at the CASSCF and NEVPT2 levels, SVP and locally dense
TZVP? basis sets were used to calculate g and D. The use of LDBS was tried and found
to be a good approximation in Paper II. The comparison of the calculated chemical shifts
with LDBS and FB basis (Table 3.5) is discussed in Section 3.4.
The DFT and CASSCF/NEVPT2 results for the g and ZFS can be compared in Table 4.1.
At both the CASSCF and NEVPT2 levels (with TZVP? ) a very large ZFS D-parameter
value of about 112 cm−1 is found, while at the DFT level D of only -7.0 cm−1 is obtained.
DFT underestimates both the g- and ZFS values in this case [166]. This also results in an
underestimation of the pNMR chemical shifts.
The comparison of the calculated proton chemical shifts at the DFT, as well as CASSCF
and NEVPT2 levels can be seen in Table 4.2. It is seen that DFT performs poorly as
compared to the CASSCF and NEVPT2. It is noteworthy that, for the 3-H and B-H
nuclei [Fig. 4.3(a)], DFT gives both the wrong sign and magnitude of the chemical shifts
(Table 4.2). However, at the CASSCF and NEVPT2 levels, the correct sign, as well as a
good agreement with the experimental chemical shift values are found.
From the chemical shift results presented in Paper II, it is found that the effect of the
chosen basis-set quality is small for g and D, whereas a much larger effect is found for A.
Also, the chemical shifts show (in these systems) mostly a small dependence on the choice
of the wavefunction (CASSCF or NEVPT2) for g and ZFS. It is worth noting, however,
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Figure 4.4. The schematic diagram for the pNMR shift calculation procedure developed in Paper II
and used in Papers I-IV.

that for some systems, NEVPT2 results differs significantly from CASSCF. For example,
in Paper IV, a large effect of dynamical correlation at NEVPT2 was seen on shifts for
NiCp2 and CrCp2 (Table 6 of Paper IV), as well as for IrCp2 (Table 7).
A, on the other hand, is a very sensitive parameter that depends, among other things,
on the choice of the DFT functional. Three DFT functionals having different fractions of
exact exchange admixture, i.e., PBE (0%), PBE0 (25%) and PBE50 (50%), were used. The
calculated chemical shifts with these choices (for A) can be seen in Table 4.3. Overall all
systems are found to have a strong but systematic dependence on the choice of the DFT
functional used to obtain the A tensors. However, the ”best” functional in the present case
is PBE0, based on comparison with experiment.
The comparison of the total chemical shifts obtained using the experimental and optimised structures shows a significant dependence on the choice of molecular geometry.
The experimental X-ray structure gives larger deviations (see Table 4.6 in Paper I) of the
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Table 4.1. Comparison of g, D (in units of cm−1 ) and E/D values at the DFT, CASSCF
and NEVPT2 levels for system 1 [Fig. 4.3(a)]. See Paper II for details.

Quantities
D
E/D
giso
a
b
c

DFT (PBE)a
SVP TZVP
-6.5
-7.0
0.212 0.215
2.074 2.076

CASSCFb
SVP
TZVP?
-112.4 -111.9
0.162
0.181
2.103
2.102

NEVPT2c
SVP
TZVP?
-112.9 -112.3
0.128
0.140
2.116
2.119

D, E/D, and giso values calculated at the DFT(PBE) level at the experimental geometry.
D, E/D, and giso values calculated at the CASSCF level at the experimental geometry.
As footnote b but at the NEVPT2 level.

Table 4.2. Comparison of chemical shifts (in ppm, at 298 K) obtained from DFT (PBE) and
ab initio/DFT (PBE) calculations for system 1 [Fig. 4.3(a)] at the experimental geometry.

d

Nucleus
3-H
4-H
5-H
B-H

DFT (PBE)a
SVP TZVP
45.0
35.0
51.1
59.9
39.9
52.7
-4.0
-4.5

CASSCF/DFT(PBE)b
SVP
TZVP
-74.2
-82.9
41.4
50.8
96.6
110.4
133.4
130.5

NEVPT2/DFT(PBE)c
SVP
TZVP
-74.1
-82.5
41.6
51.2
96.9
110.8
133.5
130.4

Exp. [55]
-111.0
42.0
94.2
122.0

a

DFT (PBE) used for all the σorb , A, g-, and D tensors.
DFT (PBE) used for calculation of σorb and A with the indicated basis sets, while CASSCF was used to
calculate g and D with the SVP and TZVP? basis sets.
c Same as footnote b but g and D at the NEVPT2 level.
d In Papers I and II, the experimental chemical shifts for 3-H and 5-H nuclei were reassigned according to
calculated ones, stating that "The need to reassign can be due to different numbering conventions or a wrong
experimental signal assignment". In fact, our own numbering was erroneous for the 3-H and 5-H nuclei, while
the experimental signal was correctly assigned. Therefore, experimental chemical shifts for the 3-H and 5-H
nuclei are listed in their original order here and there is no need for reassignment as implied in Papers I and II.
b

chemical shift from experimental values as compared to the optimised structure. This
is due to the fact that the proton positions cannot be determined accurately in X-ray
experiments. Therefore, it is important to use the optimised structure for 1 H shielding
calculations instead of the experimental X-ray structure. Although for some of the protons
larger shift deviations are seen, the results are overall in qualitatively good agreement with
experiment. The possible reasons for the remaining deviations can be due to omission of
intermolecular interactions or rovibrational effects in the computations, basis-set deficiency
and/or inadequate correlation treatment. In principle, sometimes experimental errors may
occur in the signal assignment (Paper III), such as due to the presence of chemical impurity
in the sample.
At ”the best" level of calculation, NEVPT2/PBE0, the physical contributions to the total
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Table 4.3. Variations in the calculated isotropic 1 H chemical shifts (in ppm, at 298 K) at
the NEVPT2 (for g and D) level with different DFT exact exchange (for A) parameters for
system 1 [Fig. 4.3(a)]. All calculations using TZVP? /TZVP basis sets. Notation: method
for g and D/A.
Nucleus
3-H
4-H
5-H
B-H
a
b
c

NEVPT2/PBEa
-70.3
60.2
112.5
121.6

NEVPT2/PBE0b
-92.2
38.3
95.5
128.5

NEVPT2/PBE50c
-103.2
24.7
88.4
133.8

Exp. [55]
-111.1
42.0
94.2
122.0

DFT (PBE) used for the σorb and A-tensors.
DFT (PBE0) used for the σorb and A-tensors.
DFT (PBE50) used for the σorb and A-tensors.

1

H chemical shift for system 1 are listed in Table 4.4. It is seen that the 1st (contact), 2nd
(dipolar) and the 9th (pseudocontact) terms give large contributions to the isotropic shifts.
This mixed DFT/ab initio study gives a reasonably good agreement with experiment
even for the difficult case of Co(II) transition metal complexes. The chemical shifts
calculated using the CASSCF and NEVPT2 methods for the critical ZFS interaction are
more accurate than entirely DFT-based chemical shifts. It was found that LDBS results
are accurate and inexpensive for g and D. The HFCs are very sensitive to the choice
of the DFT functional. It is also important to use good basis sets for HFCs. The TZVP

Table 4.4. Physical contributions to the total proton chemical shift for system 1 at the
optimized geometry at the NEVPT2(TZVP? )/PBE0(TZVP) level.a
Terms
orb
1st
2nd
3rd
4th
5th
6th
7th
8th
9th
Total
a

3-H
6.8
31.3
-50.7
-2.9
-3.6
0.0
1.7
-2.8
3.9
-75.9
-92.2

4-H
6.8
36.2
-4.3
0.0
-0.2
0.0
2.0
-0.2
4.5
-6.3
38.3

5-H
8.8
26.0
21.0
1.3
1.4
0.0
1.4
1.2
3.2
31.2
95.5

B-H
6.8
-11.6
50.9
2.7
3.3
0.0
-0.6
2.8
-1.4
75.7
128.5

See Figure 4.3 for the labeling of the nuclei and Table 2.1 for the numbering of the physical terms.
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basis set is found to represent a useful compromise level between cost and accuracy for
pNMR predictions for 1 H (Papers I-IV) and 13 C (Papers I, III-IV). The entirely optimised
structure gave more accurate and reliable 1 H shift results than the experimental X-ray
structure, due to inaccurate hydrogen positions from X-ray experiments. The accuracy of
the computational results could most likely be improved by including contributions from
intermolecular interactions. However, the proposed methodology provides an efficient and
computationally accessible working recipe for the calculations of NMR chemical shifts in
paramagnetic systems. Also Papers I, III-IV used the modus operandi established here in
Paper II. In addition, Paper IV investigated the incorporation of scalar relativistic effects to
the recipe.

4.3 Computationally corrected solid-state NMR spectral assignment
in paramagnetic Ni(II) acetylacetonate complexes
In Paper III, computational methodology found in Paper II was used in connection with
ongoing experimental pNMR work. Theoretically pNMR chemical shifts were obtained
by the approach of Paper I. Paramagnetic Ni(II) (S = 1) acetylacetonate complexes
[Ni(acac)2 L2 , where L = H2 O, NH3 and PMe2 Ph] (structure given in Fig. 4.5) were
studied by first-principles computations of the nuclear shielding tensors. Experimental data
for these complexes were measured with solid-state NMR (ssNMR) spectroscopy both in
Ref. [168] and Paper III. The EPR parameters required to calculate the pNMR chemical
shifts were computed by using different quantum-chemical methods, i.e., DFT for A and
CASSCF or NEVPT2 for g and D. Both 1 H and 13 C chemical shifts were computed.
The experimental spectral assignments were made by using three different criteria: the
magnitude of the paramagnetic shifts and shift anisotropy, as well as relaxation measurements (T1 ). To correctly assign the experimental signal, computations were made using
different basis sets (SVP, TZVP and QZVPP), wave functions for g and D (CASSCF
and NEVPT2), DFT functionals for A (PBE and PBE0), as well as both experimental
X-ray and two differently optimised structures. In the first approach, the position of all
atoms (All-OPT) and, in the second one, only the hydrogen positions were optimised

Figure 4.5. The structure of Ni(II) acetylacetonate complexes [Ni(acac)2 L2 , where L = H2 O, NH3
and PMe2 Ph].
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Table 4.5. Comparison of the computational (Comp.) and experimental (Exp.) values
of the 13 C chemical shift tensor properties [isotropic shift (δiso ), asymmetry parameter
η = (δxx − δyy )/d and anisotropy d = δzz − δ] obtained for trans-[Ni(acac)2 (NH3 )2 ] and
trans-[Ni(acac)2 (H2 O)2 ].a
Tensor property
[Ni(acac)2 (NH3 )2 ]
δiso
η
d
Tensor property
[Ni(acac)2 (H2 O)2 ]
δiso
η
d

C=O
Comp.
Exp.
211
199(1)
0.68
0.67(5)
-675
-505(5)
C=O
Comp.
Exp.
280
236
0.62
0.56
-702
-573

CH
Comp.
190
0.3
-439

Exp.
119(1)
0.00(5)
-353(7)
CH
Comp.
Exp.
221
130
0.34
0.34
-445
-329

CH3
Comp.
Exp.b
1095
883(20)
0.04
–
-244
–
CH3
Comp.
Exp.b
1146
985
0.1
–
-277
–

a

Calculations at the NEVPT2/PBE0 level of theory with QZVPP? /QZVPP basis, in the notation (method for D
and g/method for A) and using the H-OPT structure.
b The dash – indicates that the parameter could not be determined experimentally.

(H-OPT). A comparison of the experimental and computational values of the 13 C chemical
shift tensor observables, isotropic shift (δiso ), asymmetry parameter [η = (δxx − δyy )/d]
and anisotropy (d = δzz − δ), for trans-[Ni(acac)2 (NH3 )2 ] and trans-[Ni(acac)2 (H2 O)2 ],
is given in Table 4.5. The computations suggest that the experimental 13 C assignments
of the equally abundant C=O and CH3 nuclei in all the present complexes need to be
reconsidered as compared to the earlier work [168]. The proton and reassigned carbon
isotropic chemical shifts are listed in Table 4.6. Also the new experiments in Paper III
verify the new assignment.
The computational results presented in Paper III (Tables S1, S2 and S3) show that there
is only a small effect of the basis set used for g and D, but a much larger effect of the basis
set for A. This was also the case for 1 H in Paper II, and this finding is here seen to hold for
13
C, too. The choice of the wavefunction gives only a small difference between chemical
shift results obtained with CASSCF and NEVPT2, again similar to Paper II, but for some
of the metallocenes, differences are large (Tables 6 and 7 in Paper IV). The comparison
of the calculated chemical shifts using PBE and PBE0 functionals for A shows a small
difference of up to a few ppm for protons, whereas the carbon shifts display a very large
dependence on the functional. The choice of the DFT functional is critical for pNMR shift
calculations, as also seen for Co(II) complexes in Paper II, and generally often in hyperfine
properties [73].
There is a significant effect of the choice of the used structure on the chemical shifts
of all the nuclei, as shown for L = NH3 in Table 4.6. However, computationally optimised structures give slightly improved results for some of the nuclei as compared to the
experimental X-ray structures. In general, the overall agreement with experimental data
is slightly better for the All-OPT than for the H-OPT structures. The fact that All-OPT
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Table 4.6. Calculated 1 H and
[Ni(acac)2 (NH3 )2 ].a

13

C isotropic chemical shifts (in ppm, 298 K) for trans-

1

b

Structure
EXP
H-OPT
All-OPT
Exp.c

NH3
-189.0
-174.9
-166.6
-113(2)

H
CH
-13.3
-14.6
-13.8
-12(2)

13

CH3
-7.5
1.2
2.8
5(3)

C=O
145.0
211.1
266.5
198

C
CH
179.1
189.5
85.2
118

CH3
922.9
1095.5
1026.7
883

a

NEVPT2/PBE0 level of theory with QZVPP? /QZVPP basis set, in the notation (method for D and g/method
for A).
b EXP, H-OPT, All-OPT denote the experimental X-ray geometry, the structure obtained from it via optimising
the hydrogen positions, and the entirely optimised structure, respectively.
c Experimental results. The assignments of the 13 C signals for C=O and CH nuclei have been interchanged in
3
the present work, as compared to Ref. [168].

leads to better agreement with experimental shifts can be for the wrong reasons, indicating
that using All-OPT structures may benefit from some other error cancellation, too, such as
neglect of intermolecular interactions in present modelling.
The overall computational results are in a qualitatively good agreement with experimental shifts and correct the experimental spectral assignment for 13 C in some of the
groups. Quantitative agreement with experimental data could be improved by the inclusion
of solid-state effects, as the computations were carried out in vacuo. Better computational
calculations can be performed by improving on the other modelling aspects, e.g., electron
correlation treatment, inclusion of relativistic effects, rovibrational effects and better basis
sets.
Solid-state proton and carbon NMR spectra for paramagnetic Ni(II) acetylacetonate
complexes have been assigned correctly aided by modern quantum-chemical paramagnetic
shielding calculations: ab initio CASSCF and NEVPT2 methods for the g- and ZFS
tensors, as well as hybrid DFT methods for the HFC tensors and orbital shielding. It
is noteworthy that the interpretation of the experimental ssNMR data using empirical
correlations (distance of the NMR nuclei from the paramagnetic centre [168]) can lead to
erroneous assignment. Therefore, the paramagnetic shifts and relaxation data correlations
should be used carefully. ssNMR spectroscopy in combination with modern quantumchemical computations of paramagnetic shifts should be a promising tool for studies of
paramagnetic metal complexes and inorganic materials.
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4.4 Scalar relativistic pNMR chemical shift computations of
paramagnetic transition metal complexes
A study of SR influences on NMR chemical shifts in paramagnetic transition metal systems is presented in Paper IV. Approximate relativistic methods were applied for the
computations of EPR tensors, i.e., the g-tensor, ZFS tensor, and HFC tensor, to obtain the
pNMR shielding tensor. The mixed ab initio/DFT computational methodology established
in Paper II was used, i.e., CASSCF and NEVPT2 for g and D, as well as DFT for A.
Relativistic effects for g and D were included using the SR DKH2 Hamiltonian mentioned
in Section 3.2.2), at the level of computation denoted as DKH+SO. For A, relativistic
effects were included at the fully relativistic four-component matrix-Dirac-Kohn-Sham
(mDKS) level discussed in Section 3.2.3, with SO effects treated to infinite order.
Computations were carried out for paramagnetic metallocenes, MCp2 where M = Ni,
Co, Cr, V, Rh and Ir, the Co(II) HPYBCO complex that was also studied in Papers I and II
without including SR effects, and a Cr(III) complex (studied in Paper I, too). The molecular
structures of these systems are illustrated in Fig. 4.6 for the metallocenes, Fig. 4.3 for
Co(II) and Fig. 4.1 for the Cr(III) complex. The pNMR chemical shift formalism of Paper I
was used to obtain the carbon and proton chemical shifts and shielding anisotropies. Scalar
relativistically computed results were compared with nonrelativistically based (NR+SO)
results. In Paper IV, the computations for g and D were carried out at both the NR+SO and
DKH+SO level of theory. For A, DFT (PBE0) was used at both the NR+SO and mDKS
level.
The ”best” calculations at the NEVPT2/PBE0 level give generally good agreement of
the 13 C and 1 H shifts with the experiment. The overall deviation from the experiment in
the isotropic carbon and proton shifts with the various relativistic approximations for 3d

Figure 4.6. The molecular structure of the studied metallocenes, generally given as MCp2 , where
M= Ni, Cr, V, Mn, Co, Rh and Ir.
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metallocenes can be seen in Fig. 4.7 and Table 4.7. Both carbon and proton shifts in the
S > 1/2 systems show few ppm changes due to inclusion of the SR effects (Table 4.7).
Similar to isotropic shifts, the calculated carbon and proton shielding anisotropies only
show small variations upon switching from NR+SO to DKH+SO for g and D (Table 8
and 9 in Paper IV). Much larger changes in the shielding anisotropies occur due to the use
of mDKS method for HFC.
In the case of doublet metallocenes going down group IX in the periodic table (Table 4.7),
CoCp2 and RhCp2 (3d and 4d complexes, respectively) only display small sensitivity in
their isotropic shifts to scalar relativity at the DKH+SO level used for obtaining g. Changes
of a few ppm occur due to use of the fully relativistic mDKS method for A instead of the

Figure 4.7. Deviation from the experiment for the calculated isotropic chemical shifts (in ppm, with
respect to TMS reference compound, at 298 K except MnCp2 data at 390 K) for the 3d metallocenes
using various approximations of relativistic influences at the NEVPT2/PBE0 level: (a) carbon and (b)
proton. Notation: Method for g and D/method for A. NR denotes nonrelativistic one-component
wavefunction and DKH+SO the second-order Douglas-Kroll-Hess method including spin-orbit
coupling. mDKS denotes a fully relativistic calculation of A.
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Table 4.7. Computed isotropic 13 C and 1 H chemical shifts (in ppm, with respect to TMS)
for S > 1/2 and S = 1/2 metallocenes at 298 K (unless otherwise noted). Notation:
Method for g and D/method for A. The NEVPT2/PBE0 level is used with the def2-TZVP
basis set for NR+SO calculations and DKH-TZV basis set for DKH+SO and mDKS
calculations. The uncontracted DKH-TZV basis set is used for all the HFC calculations.

Nucleus/System
13
C
NiCp2
CrCp2
VCp2
MnCp2 (298 K)
MnCp2 (390 K)
CoCp2
RhCp2
IrCp2
1
H
NiCp2
CrCp2
VCp2
MnCp2 (298 K)
MnCp2 (390 K)
CoCp2
RhCp2
IrCp2

NR+SO/NR+SO

NEVPT2/PBE0
DKH+SO/NR+SO

DKH+SO/mDKS

Exp.
a

Earlier computational
b

1459.2
-253.9
-416.8
1857.5
1453.1
624.6
679.4
360.6

1460.6
-252.7
-417.0
1867.2
1453.1
624.3
681.3
392.2

1462.7
-258.4
-428.3
1867.6
1453.5
621.6
685.6
379.7

1514, 1715
-250,e -229f
-510,g -422g
1187h
1206i
614j
-

1056.8...1503.7,c 1276.26...1401.24d
-226.2...-62.2,c -215.88...-102.00d
-433.3...-218.9,c -429.17...-287.57d
1734.9...2084.8,c 1728.18...1820.40d
545...681.1,c 541.2...618d
562.9,k 601.4l
685.9l

-253.6
316.6
329.5
-3.2
-0.6
-34.1
-85.3
-90.8

-253.6
315.9
329.6
-2.7
-0.6
-34.1
-85.4
-95.0

-247.3
318.7
333.3
7.5
7.2
-35.3
-81.5
-80.8

-253bm
320f m
318,g 307g
-11h
-23.3i
-51j
-

-254.3...-238.5,c -258.24...-242.62d
312.3...336.8,c 311.30...336.34d
339.9...362.8,c 336.33...357.69d
-15.4...-4.1,c 5.18...12.12d
-59...-34.2,c -56.2...-54.7d
-87.7,k -84.2l
-78.7l

a

At room temperature. Solution state [96].
At room temperature. Solid state [97].
c A range of DFT results obtained using different exchange-correlation functionals: BP86, B3LYP, B3PW91, and
BPW91-30HF [30].
d A range of DFT results obtained using the PBE and PBE0 functionals [31].
e At 298 K. Solution state [169].
f At 298 K. Solid state [170].
g At room temperature. Ref. [171].
h Ref. [97]. Mean shift value of terminal and bridging ligands of the polymeric (non-sandwich) compound.
i At 390 K. Solution state. Ref. [172].
j At 298 K. Solution State [173].
k All-electron DFT calculations using the PBE functional in Ref. [29].
l Relativistic pseudopotential calculations using the PBE functional in Ref. [29].
m At 298 K. Solution state [98].
b

NR+SO level. IrCp2 (5d) shows somewhat larger SR influences, i.e., larger changes in the
carbon and proton shifts due to the use of both the DKH+SO level for g and mDKS level
for A. The effect of relativity on calculated shifts can be seen from Fig. 4.8 and Table 4.7.
The carbon and proton shielding anisotropies show a few ppm changes due to using the
DKH+SO g-tensor and larger effect of the mDKS A. For CoCp2 , the SR effects are very
small but RhCp2 and IrCp2 display non-negligible changes.
First-principles calculations of pNMR chemical shift and shielding anisotropies were
performed for 3d, 4d and 5d transition-metal systems. The effect of various relativistic
approximations (DKH+SO for g and D/mDKS for A) was investigated. Scalar relativistic
effects are non-negligible for 3d and 4d systems but important for the 5d system. The
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Figure 4.8. Calculated shielding anisotropies (in ppm, at 298 K) for the group IX doublet metallocenes at the NEVPT2/PBE0 level with the different relativistic approximations for g/A: (a) carbon
and (b) proton. The def2-TZVP basis set for NR+SO and DKH-TZV basis set for DKH+SO calculations of g, were used. The uncontracted DKH-TZV basis set used for all (NR+SO and mDKS) A
calculations.

proton shifts and shielding anisotropies show small changes but carbon shifts and shieldings
are more affected by scalar relativity. Overall small influence of relativity on g and D is
found, whereas the influence is larger for A. The mixed ab initio/DFT approach found in
Paper II can be supplemented with SR effects in a useful computational approximation for
transition-metal systems.

5 Conclusions
First-principles electronic structure modelling methodology has been developed successfully for the calculation of the NMR chemical shifts in paramagnetic molecules. The
Kurland-McGarvey theory of paramagnetic NMR chemical shift was presented in a framework that enables easy computational implementation of the method also for systems
with S ≥ 1/2. The two important physical features of theory, (1) thermal occupation of
the states belonging to the ground multiplet and (2) the magnetic couplings between the
non-degenerate states therein, have been highlighted. Beside these two main features, the
procedure also allows a straightforward analysis in ten physical contributions to the shielding tensor. It is found that at high temperatures relative to the magnitude of ZFS, the effect
of magnetic couplings vanishes and the chemical shift formulation of Ref. [31] becomes
valid. At still higher temperatures, also the zero-field splitting effects become negligible
and one can omit ZFS altogether and use the doublet-like shielding formula [28]. However,
at low temperatures, the use of the full theory is necessary for the correct temperature
behaviour of paramagnetic chemical shifts.
A combination of first-principles methods, ab initio CASSCF or NEVPT2 for the
electron paramagnetic resonance g and D tensors, as well as density-functional theory
for hyperfine coupling tensor A and orbital shielding tensor σorb , works well for the
calculations of NMR chemical shifts in paramagnetic transition-metal systems. The
quasidegenerate perturbation theory procedure for spin-orbit coupling by the CASSCF and
NEVPT2 methods provides an efficient account of important electron correlation effects
on g and D at a reasonable computational cost. Scalar relativistic effects are treated using
the second-order Douglas-Kroll-Hess Hamiltonian in the calculations of g and D. Fully
relativistic four-component matrix-Dirac-Kohn-Sham method is used for the calculation
of A. Electron correlation and scalar relativity are found to be important for 1 H and
13
C shieldings in 3d and 4d transition-metal systems and become indispensable for 5d
iridocene. Scalar relativistic effects are small (except for the 5d system) for g and D but
large for A.
The pNMR chemical shifts are dependent on various modelling choices, basis-sets
quality (full def2-TZVP bases for A and locally dense def2-TZVP? for g and D are found
generally reasonable levels), the wavefunction (CASSCF or NEVPT2) used for g and D,
the choice of DFT functional (typically, the amount of the exact-exchange admixture) for A,
as well as experimental X-ray or computationally optimised geometry. The experimental
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X-ray geometries give often poorer chemical shift results than optimised geometries, due
to the imprecise proton positions. Locally dense basis sets (LDBS) have been applied
successfully to compute g and D for the pNMR shift calculations in transition-metal
systems. Due to the locality of the spin density distribution, these LDBS basis perform
equally well as fully balanced basis sets and are computationally less expensive.
The situation for the first-principles calculations of NMR shielding has improved tremendously during the last years, in part due to this project. Generally, the calculated
chemical shifts are in a good agreement with the experimental data. First-principles computations of pNMR chemical shifts and shielding anisotropies are promising for the studies of
paramagnetic transition-metal systems. They can be used for reliable experimental NMR
signal assignment, interpretation and prediction. First-principles calculations can be used
to correct experimental signal assignment, e.g., for Ni(II) complexes (Paper III). The computationally obtained results are qualitatively good for most of the studied systems. Many
sources of inaccuracies remain, for example, for Ni(II) complexes in Paper III, quantitative
agreement is not achieved. This highlights the need to include the relativistic (studied in
Paper IV) and/or intermolecular, as well as solid-state effects in the computations. There
are also some other limiting factors to achieve high accuracy results, e.g., normal electronic
structure issues: basis set convergence, electron correlation treatment (active space in
multireference methods) and DFT functional. Particularly, the DFT calculation of HFCs is
a limitation because there is a large dependence of results on the choice of the functional
and DFT being a single-configuration method has problems with, e.g., low-spin cases that
are genuinely multiconfigurational and HFCs to certain nuclei (centers with lone pairs,
such as N, O and/or F atoms, not probed in this thesis).
In the near future, the presently developed computational methodology will be applied
on lanthanide complexes having very strong SO effects, as well as low-lying excited
multiplets. Furthermore, as longer-term goals, solution and/or solid-state effects will be
considered, to pursue improved, quantitative agreement with experimental data. Due to
the large dependence and sensitivity of the calculated HFC tensor on the DFT functionals,
computational methods beyond DFT (for example, coupled-cluster methods) will be
applied. Multicenter cases (more than one spin center, e.g., metal atom) need consideration
of magnetic couplings between the centers. Also the EPR-parameter free approach of
Ref. [36] could help in general symmetry cases having strong SO coupling and low-lying
excited multiplets.
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