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Abstract

In the present thesis the static tensor parameters of NMR, spectroscopy are treated
theoretically from first principles. The experimental NMR spin Hamiltonian and
the observable spectral parameters in both isotropic (gases and ordinary liquids)
and anisotropic environments (uniaxial liquid crystals) are presented. The non-
relativistic and leading relativistic terms in the theory of nuclear spin-spin coupling
J and nuclear magnetic shielding o, are discussed.

The conditions for accurate computational determination of the NMR parame-
ters are investigated. The selection of one-electron basis sets as well as electron cor-
relation are studied in detail by using ab initio multiconfigurational self-consistent
field (MCSCF) theory. Reliable J tensors are obtained only with large molecular
orbital active spaces to include enough dynamical and static correlation. Core-
valence correlation effects arising from semicore orbitals are necessary to include
in couplings involving second-row elements.

The anisotropic indirect contribution to experimental anisotropic couplings was
found to be negligible in *C—13C, as well as '"F—'9F, and *C—'°F couplings
(the latter two in non-aromatic systems), enabling experimental structure and/or
orientation determination in anisotropic phases. For '*C—2°Si coupling and °F
couplings in aromatic systems, this may not hold.

The ability of the current generation of density-functional theory (DFT), par-
ticularly that of the hybrid B3LYP functional, to produce reliable anisotropic
properties of J tensors is found to be reasonable for first- and second-row elements
other than halogens.

The relativistic spin-orbit (SO) effects on the rovibrational corrections to carbon
nuclear shielding at finite temperature are found to be significant for a series of
molecules containing heavy main group nuclei. In particular, the SO coupling is
found to fully resolve the discrepancy of experimental secondary isotope effects
and non-relativistic theory.

Keywords: NMR spectroscopy, spin Hamiltonian, spin-spin coupling, nuclear shield-
ing, first principles, ab initio ,electronic structure calculation, rovibrational effects,
relativistic spin-orbit effects
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BLYP

B3LYP
BP
CAS
cC
CCSD
CCSD(T)
cve
DF
DFT
DK
DSO
EFG
EOM
FC

FCI
FW
GIAO
HF
IGLO
LC
LDA
LORG
LR
MCSCF
MP2

Abbreviations

exchange-correlation functional with LYP correlation and Becke
exchange

hybrid three-parameter BLYP with exact exchange
Breit-Pauli (Hamiltonian)

complete active space (method)

coupled-cluster (theory)

coupled-cluster with single and double excitations
CCSD with non-iterative triple excitations
core-valence correlation

Dirac-Fock (method)

density-functional theory

Douglas-Kroll (method)

diamagnetic spin-orbit (interaction)

electric field gradient

equation-of-motion (method)

Fermi contact (interaction)

full configuration interaction

Foldy-Wouthuysen (transformation)
gauge-including atomic orbital

Hartree-Fock (theory)

individual gauges for localized orbitals (method)
liquid crystal

local density approximation

localized orbital/local origin (method)

linear response (method)

multiconfigurational self-consistent field (theory)
second-order Mgller-Plesset perturbation theory
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NON
NR
PAS
PSO
QED
RAS
RHF
SCF
SD
SD/FC
SIC
SO
SOPPA
SR
ZORA

nuclear magnetic resonance

natural occupation numbers
non-relativistic

principal axis system

paramagnetic spin-orbit (interaction)
quantum electrodynamics

restricted active space (method)
restricted Hartree-Fock
self-consistent field

spin-dipole (interaction)
spin-dipole/Fermi contact cross-term
self-interaction correction

spin-orbit (coupling)

second-order polarization propagator approach
scalar relativistic

zeroth-order regular approximation
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1 Introduction

In nuclear magnetic resonance (NMR) spectroscopy [1, 2], the interaction between
the magnetic field and the intrinsic quantum mechanical angular momentum of
the nucleus, the nuclear spin, is explored. Transitions between the quantized Zee-
man energy levels of the nucleus in the magnetic field are observed as resonance
peaks in the NMR spectrum. In molecules, small changes in the energies of the
Zeeman states, caused by the magnetic field from other nearby nuclei as well as
the interaction with the surrounding electrons, give rise to complicated fine struc-
ture in the spectra. The parameters describing these changes are the subject of
this thesis. They convey information about the atomic and electronic structure
of the molecule, the effects of rotation and vibration, as well as the interactions
with the surrounding environment. This diversity of information and the ability
to use the NMR method in all states of matter, gas, liquid (including also the
more exotic liquid crystal (LC) environment), and solid, are reasons for placing
NMR spectroscopy among the most influential experimental methods in the atomic
and molecular studies in a variety of scientific disciplines: physics, chemistry, bio-
sciences, materials science, and medicine. As the NMR parameters are determined
by the hyperfine interactions between nuclei and electrons, they also provide an
interesting object for theoretical quantum mechanical studies using first principles
methods of electronic structure calculation.

The calculation of NMR parameters has lately become increasingly feasible due
to development of theoretical methods and great advances in computer technology.
Accounting for special relativity, as well as the effects arising from thermal motion,
and interactions with the environment, are currently under intense investigation.
The correlated ab initio wave function methods [3] having a character to system-
atically convergence on both one- and many electron levels, provide exploration
of these effects with unbiased fashion. On the other hand, density-functional the-
ory (DFT) [4], where mostly semi-empirically parametrized exchange-correlation
functionals are used to incorporate many-electron effects, has attracted tremen-
dous theoretical interest and has been developed into a pragmatical tool for solving
real chemical and materials science problems.

In both computational and experimental branches of NMR research, an increas-
ing amount of so-called black-box methods are used. On the experimental side this
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means that highly sophisticated, easy-to-use, spectrometers are used. Basic knowl-
edge of the NMR theory is not a precondition for using NMR in applied research,
as even the spectral analysis can be carried out by the spectrometer software.
Also in computational chemistry, “black-box” codes provide a tool for carrying
out highly complex calculations without hardly any theoretical background. The
risk of course is that the consequences of the approximations used may not be
understood. Therefore, thorough theoretical investigations of the different fac-
tors affecting NMR parameters are important in order to ensure that the applied
methods stand on firm foundation.

1.1 Outline of the thesis

In the present thesis, we study the demands of tensorial NMR parameters on the
level of theoretical description in first principles electronic structure calculations.
Particularly, the correlation treatment in the case of spin-spin coupling tensor J [5],
is focussed upon. In addition, the rovibrational and relativistic effects on the NMR
nuclear shielding tensor o [6, 7], are investigated. The tensorial properties of J
and o are of special interest since a significant part of the present thesis (Papers
I-IIT and VI) was carried out in collaboration with the experimental NMR, group
at the University of Oulu. The group concentrates on the study of anisotropic
materials using mainly atoms or small molecules as guests in either uniaxial LC or
zeolite environments [8, 9, 10] where the tensorial properties and not merely their
isotropic averages, are affecting the spectra.

In Papers I-III, the anisotropic parts of J tensors involving *C, °F, and 2°Si
nuclei, are investigated to obtain reliable estimates of their contribution to the
experimentally observable anisotropic couplings. The latter are commonly used in
the determination of the orientational and/or structural parameters of molecules
in LC environments, for example in the structure determination of weakly oriented
biomacromolecules [11]. The goal is to produce, independent of the experiment,
information, which can either be used to aid in the analysis of experimental data or
provide reliable data for comparison. Paper IV concentrates on the characteristics
of the many-electron description necessary for accurate calculations of J and o in
systems containing elements from the first and second rows of the periodic table.
In these four studies, the ab initio multiconfigurational self-consistent field method
(MCSCF) [3] using a linear response (LR) method for the calculation of properties
(MCSCF LR) has been used. The computationally efficient DFT linear response
(DFT LR) method, with various exchange-correlation functionals including for
the first time also the hybrid B3LYP functional, is tested for J in Paper V. The
relativistic spin-orbit (SO) effect on the averaging over vibrational and rotational
motion at finite temperatures, is studied in Paper VI for *C shielding in systems
containing heavy elements. Rovibrational averaging makes it possible to investi-
gate also the secondary isotope shifts, i.e. shielding changes arising from different
isotopic substitutions of the neighboring nuclei, together with their temperature
effects.
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The main part of the work presented in this thesis is contained in the Papers
I—VI. The purpose of the following chapters is to introduce the basic concepts nec-
essary for understanding the details of the papers. In Chapter 2, the basic theory
of NMR parameters appearing in the NMR spin Hamiltonian is introduced, and
the contributions to the spectra taken from isotropic (gas or liquid) or anisotropic
(uniaxial LC) samples are examined. The electronic theory of the NMR parame-
ters, starting from the relativistic Dirac Hamiltonian, is described in Chapter 3,
leading to presentation of the terms contributing to spin-spin coupling and nuclear
shielding tensors. In Chapters 4 and 5, the computational requirements posed by
J and o are treated in more detail, concentrating on the one- and many-electron
description at both MCSCF and DFT levels of theory. Chapter 5 is concerned
with the effect of SO coupling on the rovibrational averaging effects on o. The
summary of the present thesis is given in Chapter 6.



2 NMR spectral parameters

In NMR spectroscopy, the external magnetic field causes energy differences be-
tween the spin states of the nuclei. Transitions between the states can be induced
using radio-frequency excitation pulses. Upon returning to its thermal equilibrium,
the spin system transmits a radio-frequency signal from which the NMR spectrum
is obtained by Fourier transformation. The spectrum is interpreted in terms of an
effective NMR spin Hamiltonian, Hxvr, where only the interaction of the nuclear
spin Iy with the external magnetic field Bg, as well as other nuclear spins Iy,
occur. The interaction parameters are obtained by fitting the energy eigenvalue
spectrum of Hnyg to the experimental spectrum. The NMR spectral parameters
are introduced in the following section.

2.1 Spin Hamiltonian

The dimensionless quantum mechanical electron spin s; is associated with the
magnetic moment i, of a free electron i (in SI-units)!

eh
2me

where g, = 2.0023193043737{82} [12] is the free-electron g-factor and the other
symbols have their usual meanings. Similarly, the nuclear magnetic moment is a
consequence of the dimensionless nuclear spin Ix

i = — Je Si, (2]‘)

e = vrhlg, (2.2)

where v is the gyromagnetic ratio of the nucleus. The interaction energy of p g
with an external magnetic field is quantized to the (21 + 1) values with m; =
—I,-I+1,..I—-1,1I:

FE = —Hi - BO = —"/KhmIBo. (23)

1SI-units are consistently used in this thesis, unless otherwise noted.
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In the case of a static and homogeneous external magnetic field, the Hamiltonian
that describes static interactions in the NMR spectrum can be written as a per-
turbation expansion of the ground state energy around By = 1z = p;, =0, with
By, pg, and p; treated as small perturbations

E = EO"'EBO'BO"'ZEHK'HK
K

1
+§Bo -EB,,B, - Bo + ;NK “Eu. B, - Bo

1
+§Z“K'EMK,ML S L0 (2.4)
KL

where molecular properties correspond to the energy derivatives with respect to
the static perturbations

oE
Ba = Gal (2.5)
0’E
Ea,b = m o . (26)

In closed-shell molecules, only the second- and higher-order derivatives remain for
orbitally non-degenerate, singlet electronic ground-states, described by a real wave
function. Higher than second-order terms are only rarely needed in NMR, [13]. The
spectrum is affected by the second-order derivatives, linear in either or both g
and p;, leading to the NMR spin Hamiltonian (in Hz)

Hyyr = — ;—KIK'(l—O'K)'Bo
—~ 27
+3 Ik (Diep +Ikr) - In, (2.7)
K<L

where 1 is the unit tensor, o i the nuclear magnetic shielding tensor of nucleus K
and Jg is the indirect spin-spin coupling tensor between nuclei K and L. This
expansion is valid for all Ix. If I > %, further terms arise.

The direct dipole-dipole coupling tensor

’ :_Eﬂ 3RKLRKL—1R%(L
KL o 47r’YK'YL R?{L

(2.8)

describes the direct interaction between the nuclear magnetic moments p; and
1. Rrkr = Rix — R is the relative position vector of the two nuclei. D', is
cylindrically symmetric in the direction between coupled nuclei and can be used
for the determination of structural and orientational parameters of the molecules.

For nuclei with Ix > 1, the interaction of the nuclear electric quadrupole mo-
ment with the electric field gradient at the nuclear site, affects the NMR spectrum.
The corresponding spectral parameter is the nuclear quadrupole coupling tensor

XK-
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The observable tensor components of all the previous interaction parameters
are averages over the inter- and intramolecular motion, in the time scale of the
NMR experiments, i.e. T = (T'). The angular brackets denoting the time average
are implicitly understood in the following,.

2.2 Symmetry and tensorial properties

In isotropic surroundings, such as gases or ordinary liquids, all orientations of
the molecule are equally probable. The rotation of the molecule is under normal
circumstances fast enough to average the anisotropic interactions to zero in the
time-scale of the NMR experiment. In that case, only the rank-0 isotropic average,
T's°1, of the interaction tensor T is left

T =15 = %Tr T. (2.9)

If the observed molecule is in an anisotropic environment, where the motion
of the molecules is constrained, such as LCs, microporous materials like zeolites,
the solid state, or it is adsorbed at a surface, only partial orientation and incom-
plete averaging of the tensorial observables result. This is observed in the NMR
spectrum as increased complexity. As an example, in a uniaxial, anisotropic LC
solution, the NMR spin Hamiltonian for spin—% nuclei in the laboratory frame
(2,4, 2’) becomes

Bo

H&%/IR = —% YK (1 — 0K — U?(niso) IK,z/
+ Z Jrrlk -1
K<L
1 .
+> (DKL + §J?<“Lwo) Blk ol — Ik -1I),  (2.10)
K<L

where By = Boz/, ok + 032i° is the nuclear magnetic shielding, where o = o%°
is the shielding constant and o2'° arises from the anisotropic part of shielding
tensor. I ./ is the projection of the Ix in the direction of the external magnetic
field. Jx = JE9 is the spin-spin coupling constant and the anisotropic part of
Jk 1 gives rise to Ji85° contribution. As D/, is a traceless tensor, the direct
dipole-dipole coupling D = %D}?Eiso has no effect on the isotropic spectrum,
which is therefore determined only by the ok and Ji . In Eq. (2.10), the so-called
high-field approximation is used, meaning that the direct Zeeman interaction of
the nuclear spin with the external magnetic field

H; = —— I v, 2.11
z W;"/K K, ( )

is assumed to be significantly larger than the other interactions involved, rendering
first-order perturbation theory for the latter a good approximation.
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In anisotropic LC samples, the traceless and symmetric orientation tensor of
Saupe [14] in the molecule-fixed coordinates

1
SP = (s.,) = 3 (3c080cncosbrn —0cr); €,7 € (2,Y,2), (2.12)

is characteristic of the orientational distribution of the solute molecules around the
optical axis, director n, of the liquid crystal phase. The anisotropic contribution
arising from the interaction tensor T is then

aniso 2 . D
T = gPQ (cos ) Z SoTer

€T

2 1
= 3 Py (cos @) [ATSZDZ +3 (Tow — Tyy) (SE. — Sp)

+275,80 +2T7.8P +2T5.8P. |, (2.13)
where the second-order Legendre polynomial, P;(cos¢) = + (3 cos? ¢ —1), changes
the reference from the liquid crystal director frame to the laboratory (2/,v’, 2’)
frame, with ¢ denoting the angle between By and n. Here, the approximation
(serTer) = SP(T.;) is used, although it is not fully satisfied due to the corre-
lation between rotational and vibrational motion, known as the deformation of
the molecule [15, 16, 17]. In Eq. (2.13), the anisotropy of T with respect to the
(molecule-fixed) z direction is defined as

1
AT =T, = 5(Toe +Ty). (2.14)

The rank-2 symmetric part of the tensor is
1

TS =
€T 2

(Ter + Tre) — Ther. (2.15)
Many of the anisotropic terms can often be dropped out due to the symmetry of
small solute molecules.

2.2.1 Principal axis system

In solid powder samples, the diagonal components of the NMR tensors, represented
in their principal axis system (PAS), are observable [18]. However, the directions
of the principal axis are generally unavailable from powder spectra. In theoretical
calculations, the PAS is obtained by solving the eigenvectors and eigenvalues of
the symmetric part of the interaction tensor, 71 + T. Using the eigenvectors,
it is possible to transform the principal components from a powder experiment
to the molecule-fixed frame, which makes them comparable with the results from
LC experiments. The transformation from the molecule-fixed frame to PAS is
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generally not possible because not all tensor components are always available from
LC NMR experiment. In favorable situations, the coordinate system in which
theoretical calculation is carried out, can be aligned with the principal axes of a
certain tensor based on knowledge of the local symmetry. In this case, the diagonal
elements can immediately be identified as principal components.

2.2.2 Spin-spin coupling tensor J

The spin-spin coupling tensor describes the magnetic interaction between nuclear
spins through the electron system. The hyperfine interaction with nucleus K
produces a spin polarization of electrons which is then transmitted through the
electron system and detected by nucleus L through another hyperfine interaction.
The so-called reduced spin-spin coupling is independent of the gyromagnetic
ratios of the coupled nuclei, and therefore describes the purely electronic contribu-
tion. It can be presented as the second derivative of the total energy of the system
(2.4)
PE(ppc, )

— hDY;, (2.16)
a“Ka“L M=p;=0 i

Kkr =
from which the total spin-spin coupling tensor of Eq. (2.7) is obtained as

1
Jrr = —hykvKkr. (2.17)
27
J k1 is a sum of rank-0, -1 and -2 tensors,

JKLZJKLl—‘rJ‘;}L—I—J}g(L, (2.18)

where the rank-0 contribution is the coupling constant Jx ;, according to Eq. (2.9),
the rank-2 symmetric part J7, is defined in Eq. (2.15), and the rank-1 antisym-
metric part is

1
JéL7ET = §(JKL,6T - JKL,TE)' (219)

In a uniaxial LC environment, the anisotropic direct dipole-dipole coupling (2.8)
appears in the spectrum together with the rank-2 anisotropic part of Jx

ex: 1 aniso
DKE:DKL+§JKL ) (2.20)

as can be seen from Egs. (2.10) and (2.13). Information on J25° is obtainable also
from LC experiments by subtracting from D7’} the calculated D, (2.8) corrected
for the effects of both harmonic [19] and anharmonic [20] molecular vibrations
as well as the deformation effects caused by the correlation of vibrational and
orientational motions [15, 16, 17]. The rank-1 antisymmetric contribution Ji,
exists only if it generates the totally symmetric representation of the local point
group of the coupling [21]. In strongly coupled systems it could have some effect on
the relaxation rates, although this has not yet been observed experimentally [10].
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The use of D, couplings is advantageous when examining very precise molec-
ular structure or orientation in environment [8, 9, 10]. These studies provide
information about interactions with solute molecules and fields. To reach high
enough accuracy in the determination of D, the J ?(“Liso contribution should po-
tentially be taken into account in the analysis of experimental data. Whether
this is necessary or not, is one of the main motivations of exploring the spin-spin
coupling tensor with high accuracy, by theoretical first principles methods.

Being very sensitive for the details of the electronic structure, the spin-spin cou-
pling tensor constitutes an interesting object for testing computational methods.
To resolve the challenges set by Jx 1, both electronic structure theories as well as
practical computational methods are under constant development [22].

2.2.3 Nuclear shielding tensor o

The nuclear magnetic shielding tensor ok describes the magnetic field at the
nucleus K, caused by the electric currents induced by the external magnetic field
By. These magnetic fields usually diminish the total field experienced by nucleus
K i.e. they shield the nucleus. The components of the field of the nucleus can be
written as

Bloc = Z (Ouw — Ok uw) Bow; u,v € x,y,2 (2.21)

v

where u and v are the directions of the internal and external magnetic fields,
respectively, in the molecule-fixed frame. o contains generally nine independent
components that can be divided into rank-0, -1, and -2 contributions [23], similarly
to the case of J. The symmetry of the molecule may decrease the number of
independent components, however.

Shielding is always positive for a free atom, which means that the current-
induced magnetic field acts in the opposite direction to the external field. There-
fore, the local magnetic field B!°° is weaker than the external magnetic field By. In
molecules, the more complex electronic structure caused by the presence of other
nuclei, changes the currents and may occasionally lead also to negative shielding
in which case the local field can be larger than the external one.

Nuclear magnetic shielding is a second-order property that can be defined as a
second derivative from Eq. (2.7)

0’E

=14 —— 2.22

Bo =H =0
where the bare-nucleus Zeeman interaction (2.11) is eliminated by the unit tensor
1. Nuclear shielding is usually reported relative to the shielding of a similar nucleus

located in a reference molecule. The quantity usually employed is the chemical

shift
VK — VK ref OKyref —OK
5[( = = N OKref —OK, (223)
VK ref 1- O K, ref
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where the last form arises as the denominator is usually almost equal to one (1 —
0k ref = 1). The chemical shift is therefore obtained by dividing the difference
[O(Hz)] of the resonance frequency vg of the nucleus K in the studied molecule
from the frequency v ,ef of the same nucleus in the reference molecule, by vi vt
[O(10° Hz)], unit becoming ppm = 1075, The chemical shift and nuclear shielding
can be reported irrespective of the magnetic field strength.



3 Electronic Hamiltonian

Although the NMR parameters for light elements are well-treated by a Hamilto-
nian containing NR kinematics and Zeeman interactions, the need for relativistic
treatment of NMR properties arises relatively early when going towards heavier
elements in the periodic table. This is due to the fact that the NMR properties
obtain large contributions from electrons residing close to the nuclei, where their
velocities are high [24, 25]. The perturbational relativistic Hamiltonian for NMR
calculations is presented in this chapter, followed by the introduction of both the
NR and (briefly) the relativistic operators contributing to NMR parameters.

3.1 Dirac equation

The fundamental interactions between the electromagnetic field and electronic
structure of matter are described by quantum electrodynamics (QED) [26, 27].
However, application of QED to the computation of NMR properties is very chal-
lenging and results have emerged only recently [28, 29]. Hence, the practical
method is to start from the Dirac equation [26, 27, 30, 31, 32].

The time-independent Dirac equation for single electron in electromagnetic field
is

HPV = EU (3.1)
HP = coa-m+pme® —ep (3.2)
m = —ihV +eA, (3.3)

where the momentum operator 7 in Eq. (3.3) contains the vector potential A of
the electromagnetic field, and ¢ in Eq. (3.2) is the potential. HP contains the
Dirac 4 x 4 matrix operators «

01 1 0
a.=pRo ¥V €€ (x,y,2); p=<1 0); aozﬁz(o _1>7 (3.4)
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which are made up of the Pauli 2 x 2 spin matrices

(2 8)en (U B) e (0 4) e

and act on the four-component wave function

U= w*);m:(ﬁ);w:(zj). (3.6)

The wave function has also the so-called small-component ¢_, which are small
for electronic, positive energy solutions but large for positronic, negative energy
solutions. This complicates the calculations and two-component approaches are
welcome, where only the interesting electronic states, v, are treated.

3.2 Breit-Pauli Hamiltonian

The approximate relativistic many-electron Hamiltonian is constructed by assum-
ing only pairwise additive interactions. Therefore, one can start from the so-called
Dirac-Coulomb-Breit Hamiltonian [26, 27| for two electrons, ¢ and j,

€i€;

HPCB  — HP + P + 1 i
b T (3.7)
eie; (o - 1i5) (o - 135)

o 3.8
Sreory (o - ) + 3 (3.8)

+ (’)(m802a5) ,

where the term (3.8), the Breit operator [33], corrects for the relativistically in-
sufficient instantaneous Coulomb interaction to the order of O(m.c?a*), where
a = e?pgc/2h is the dimensionless fine structure constant. This Hamiltonian is
still not completely Lorentz-invariant and the effects of QED are approximated
using perturbation theory [26, 27]. It is only appropriate to use the first order of
perturbation theory, for relatively small velocities.

A two-component Hamiltonian is obtained by decoupling the small and large
components of four-component wave function (3.6). One way of doing this is
to use the Foldy-Wouthuysen (FW) transformation [34], where H))“P (3.7-3.8) is
transformed into two-component form by two unitary transformations [26, 27]. The
coupling of positive and negative states, due to the c« - 7 operator, is eliminated
to order O(m.c*a®).

In order to obtain the molecular electronic Hamiltonian, also contributions
from nuclei must be included. When using the Born-Oppenheimer approxima-
tion the nuclei are taken as an assembly of stationary charges and magnetic mo-
ments, leading to static nuclear electromagnetic fields. There are no terms in

the Hamiltonian involving motion of the nuclei. Using (a; - m;)° = (o - 7;)°,
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71'12 +i0; T X T = 71'12 + eho;-B, and o; = g.s;, the final Breit-Pauli Hamilto-
nian can be written as

HSP = Zhi—l—Zhij, (3.9)
i i<j

separated to one- (h;) and two-electron (h;;) parts, where (one-electron part)

62 ZK
h; = -— 1
47T60 Z TiK (3 0)
K
e2h?
e Zd(r; 11
+ 8egm?2c? ; KO(rix) (3.11)
7ri2 + ehg.s; - B
+ Z—me (3.12)
72 4 ehg.s; - B 2
_ (mi+ choes:  B) (3.13)
8m3c?
€2h Mo S; * (riK X 7T1‘)
-, Zp—t—1" " 1
4dm? i ; K 3 (3.14)

contains the NR Coulomb attraction between electron and nuclei (3.10), the rel-
ativistic one-electron Darwin correction (3.11) to (3.10) (due to the smearing out
of the charge of electron caused by Zitterbewegung of the electron), the NR ki-
netic and spin-Zeeman interaction (3.12), the relativistic correction to the former
(3.13), and the one-electron relativistic spin-orbit coupling term (3.14), where
rix = r; — Rk is the position vector of electron relative to nucleus K. Here e is
positive elementary charge. The two-electron part is composed of

e 1
h;; = —_— 1
J 47eg rfj (3.15)
e2h?
— ————6(r;; 1
860771%(32 (I‘ J) (3 6)
€2h o S; [(I‘ij X 7'l'i) -2 (I‘ij X 71']')]
_ ZmECEge T;?’j (3.17)
e2h? o o | 75(8i - 85) — B(si - 1ij) (v - 5;) (3.18)
4m?2 4n”° Y '
8w
—?é(rij)(si . Sj):| (319)
e o m, (morij) (vij - 75)
_ = ) .2
2m2 4w 4 Tij + rfj ’ (3.20)

where r;; = r; —r; is the relative position vector of the two electrons. Term (3.15)
is the Coulomb repulsion between electrons, (3.16) the two-electron Darwin correc-
tion to the former, (3.17) the two-electron spin-orbit interaction containing both
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the spin-same orbit (from the Dirac Hamiltonian) and spin-other orbit (from the
Breit correction) terms, (3.18) and (3.19) the electronic dipolar and contact type
spin-spin interactions, respectively, and (3.20) the relativistic orbit-orbit correc-
tion to the two-electron Coulomb interaction. As the electronic contributions on
magnetic properties are in focus in present thesis, effects due to external electric
fields are neglected here.

3.3 Contributions to NMR parameters

The motivation for the approximate methods for calculations of NMR parame-
ters instead of carrying out fully relativistic four-component Dirac-Fock calcula-
tions [35, 36, 37, 38] is the high computational expense arising from the four-
component character of the latter. In addition, while in the relativistic DF level
the actual calculation of magnetic properties is easier due to the single hyperfine
operator [39, 40] instead of the many appearing in NR theory (below), the different
contributions in the one- and two-component methods give additional insight into
the relative importance of the different physical mechanisms.

The Breit-Pauli Hamiltonian (3.9) is the most commonly used level of taking
into account relativistic effects on NMR parameters [41, 42, 43, 44, 45]. Its ad-
vantages are the numerous existing implementations and ease of interpretation
in terms of NR concepts. However, it is not variationally stable and hence only
perturbational use is appropriate, although the method of using the frozen core
approximation and small basis set in the core overlay region of the valence orbitals,
enables doing variational calculations [42, 46]. In this case, however, the NR hy-
perfine operators are used together with a mass-velocity and Darwin corrected
relativistic wave function making the procedure theoretically somewhat dubious.
Many of the terms of the BP Hamiltonian are highly singular restricting its per-
turbational expansion to first order. One solution to this is provided by direct
perturbation theory [47], which leads to non-singular expansion. There also exist
variationally stable one- and two-component methods such as those provided by
zeroth-order regular approximation (ZORA) [48, 49, 50, 51, 52] and Douglas-Kroll
(DK) [53, 54, 55] Hamiltonians for carrying out relativistic calculations of NMR
parameters.

The first systematic study of all the leading-order relativistic contributions to
NMR parameters arising from the BP Hamiltonian is in progress [56]. Hence,
only the contributions examined earlier are introduced here. It is essential to
accommodate the minimal substitution (3.3) already at the four-component level
and carry it through the FW transformation. Otherwise, important contributions
will be missing when arriving at the BP level. The interesting magnetic operators
are then obtained by substituting @ = —AV 4+ eAy + eAxg + eAr and B =
By + Bx + By, to Eq. (3.9), where the external (A() and nuclear (Ax and Aj)
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magnetic vector potentials are, in the Coulomb gauge with V- A = 0,

1

Ao(r;) = §Bo><1”z‘07 (3.21)
o I XrTig

AK(I‘Z‘) = h—’yKi, (3.22)
47 er

where r;0 = r; — Ro is the electronic position vector relative to the gauge origin
O. The magnetic flux density caused by the magnetic vector potential of point-like
model for the nuclear magnetic dipole moment (3.22) is [57]

Bx = BIPpen® (3.23)
i 31‘1'1(1'”( — ]_’/‘.2
Bdr _ h@ OTeK T T TK 3.94
K 1K = K (3.24)
87 fio
Bn® — T REO (e ) Ik 3.25
K 5 VK (rir ) Ixc (3.25)

The NMR properties are then obtained by gathering all operator combinations
bilinear in IxBg [up to O(a?) in the fine structure constant] for o and IxI; [up
to O(a®)] for J. Since in closed-shell systems the reference is singlet, the triplet
operators containing the electronic spin (s;) should appear in pairs.

The contributions on NMR properties arising from the 77 term in Eq. (3.12)
are the orbital Zeeman interaction (OZ)

goz — _°© hOZB, .;
2me ze: ¢ T0e
h? = Y lio., (3.26)
the paramagnetic nuclear spin — electron orbit interaction (PSO)
h po
HPSO  _ eh to RESOT, .
K Me 47‘_’7[{2 K,e 1K,e)
Lik e
hl = Y5, (3.27)
. TiK

the diamagnetic shielding interaction (DS)

HRS = <h —MO’YKE W Bo.elk.r;
- JET € sT
2me 4m —
i - Tipe )0 — 1 ,
h]ID(,SeT = E :( © ZK) ;; TZK’ETloyTa (328)
i iK

and the diamagnetic nuclear spin — electron orbit interaction (DSO)

HRSO = e (@)27,{%5 WSO I Iy 1
- JET ,€ ST
2me \4mw —
RSO~ Z(riK'riL)(ser_'riL,eriK,T' (3.29)

3 .3
Z TiKTiL
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The substitution of the dipole (3.24) and contact (3.25) parts of the magnetic flux
density of nucleus into the ehges; - B term in Eq. (3.12), results in the spin-dipole
(SD)

1eh Mo
SD _ .
Hy” = 5?4_98 K E hK erlKrs
3riK eTiK, 71 — 5677"2}(
RgP = E : : L2 S0 3.30
Ker - T?K Si, ( )
and Fermi contact (FC) interactions
4 eh2 uo
HiS = § RS Ik e
K 3 me A KelKe
h?(?e = Z 6(1‘%[( Sie- (331)

The minimal substitution on the relativistic one- (3.14) and two-electron (3.17)
SO terms induces the field-free SO interactions

so _ € 2k po [ SO(1) _ 1,80(2) | .
H 4m2 49 Z h Kk
hfo(l) _ Z ZK Z zK E i (332)
pS0@)  _ Vi bijuc it 285 :
: ZK; sz 7 (Sie +285.0), (3.33)

as well as the magnetic-field dependent SO interactions arising from either the
vector potential of the external magnetic field (3.21)

3
so _ €huo SO(1) 0(2)
HB[) - sz EQCZ |:hB0,€T _hBo ET:| Boe,
SO(1 (riL . I'io)(se.,- — 10,eTiL, T
oo, = D Zry, - Sie (3.34)
3 P iL
50(2 ! (ri' ' ri0)557— —1i0,eTij,r
Wpper = D~ = 25, (3.35)
I ij

or the nucleus (3.22)

e*h? o2 so(1 SO(2
HYP = W(E) ge'YKZ{hKye(T)_hKye(T)}IK,e;
1L 1g 567'_ 1K,eliL,T
SO0 Zsz(rL I‘K)3 . TiK.eTiL, 55 (3.36)
' T . TikTiL
" (Tij  Tik)Oer — TiK eTij,r
pio =y C ikt (3.37)

ij T'L] K
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called gauge-correction terms [27]. Usually, it is appropriate to neglect the two-
electron relativistic corrections, as magnetic properties are dominated by one-
electron effects [36, 58].

3.3.1 Contributions to spin-spin coupling

It is practical to sort the operator combinations linear both in Ix and I; and,
hence, contributing to J k., into non-relativistic (NR), spin-orbit (SO), and scalar
relativistic (SR) contributions

JKL,ET = JII\(I%,ET + JIS(OL,ET + JIS<1}/,€T7 (338)

where the five different terms affecting the NR spin-spin coupling tensor are known
since Ramsey [5]

NR _ 7DSO PSO SD FC SD/FC
JkLer = JkLier T IKLier T IKLer T IRLier T IR er - (3.39)

The most straightforward to calculate is the ground-state expectation value of the
second-order diamagnetic nuclear spin — electron orbit operator (3.29)

KL,er — o h’}/K’yL

1 2
RS = o (52) (0IrR52..10) (3.40)

2me \4m

It provides a typically modest contribution to J, sometimes due to the cancellation
with the PSO term [See Eq. (3.42) below].

The other NR contributions, represented schematically in Fig. 3.1, arising from
the first-order (in either Ix or I;) perturbations Hg)e = A%)EI K,e and Hg) =

)T -
Cg))TI 1,7, are introduced using analytical linear response functions [59, 60] for the
second-order perturbation theory expression [5]

(1A jm) (m|CE10) + (0|CL) jm) (m| A%, |0)
(A o=y —X& L s L Ko (3.41)
m#£0 m

where the subscript zero means that the frequencies of the both perturbations are
zero, i.e. perturbations are static. In response theory, all the excited states are
implicitly included in the calculation of the analytical derivative and, hence, only
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Figure 3.1. Schematic illustration of the non-relativistic second-order pro-
cesses contributing to the nuclear spin-spin coupling tensor.

the ground state wave function is explicitly optimized.

T = gemene (A2) (50RO, (3.42)
JKLET = 2—57K7Li€mhj (47r)2ggu_rzylz<<hi(eu?eru>> (3.43)
B = gt S (B 2 (ay
JIS<DL/,§TC - hWK’YL?%(Z—;)Qgg

[<<hmh o + (D B >>] (3.45)

Whereas the PSO operator (3.27) couples the closed-shell singlet ground-state
with singlet excited electronic states, |m) = |mg), the SD (3.30) and FC operators
(3.31) contain electron spin, which induces coupling with triplet excited states,
|m) = |mT). The DSO, PSO, and SD terms contribute to the complete tensor
[See Eq. 2.18], while the isotropic FC operators only affect the Jx1 part. The
traceless cross-term (SD/FC) contributes only to J%, . Usually, J¥¢ and J¥¢/SD
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are the most important contributions to Jx 11 and J%., , respectively. The JFS©
term may, however, become dominant when the s-character of the bond between
the atoms with the coupled nuclei, is small. Hence, the contribution from the FC
operator (3.31) diminishes. In these cases, also the otherwise often small pure SD
contribution (3.43) could play an important role.

Relativistic SO effects on J, arising from the mixing of the singlet ground state
with triplet exited states by the SO interaction, can be classified into third-order,

JIS;%;IT, and second-order, JIS(%;ITI, perturbation theory contributions [45, 61, 62]
~r3! —sl
SO FC/PSO(1&2 SD/PSO(1&2) | ;FC/SO(1&2) SD/SO(1&2
JKL,ET = JKL/,ET ( ) + JKL{GT ( + JKL/,ET ( + JKL/,ET ( ) . (346)

The third-order perturbation theory expression for the JIS(%*EIT corrections can be

written as analytical quadratic response functions [59, 63]

(1AL, [m) (m| H3O™ |n) (n|C{) |0) + permut.
(Eo — Em)(Eo — En) ’
(3.47)
where, in addition to the first-order operators Hg)e and HSZ_, the zeroth-order

(including neither I nor By), one- (3.32) and two-electron (3.33) field-free SO
operators appear. Each of the four third-order SO corrections [45, 61, 62]

(A H3OM )y 0=
m,n#0

T e CO WA (NI
(G2 5o (3.48)
R~ Loy S () 3 [ g
€ v=x,y,z
" <<h%ay;h50<n>,hi%9>>o,o} (3.49)

have an effect on the complete Jx; tensor. The (n) denotes one- (1) or two-
electron (2) SO operator. Here, the singlet excited state is coupled by PSO to one
and FC or SD operators couple the triplet state to the other nucleus [45, 61, 62].
The third-order processes are illustrated in Fig. 3.2 on page 30.
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Figure 3.2. Schematic illustration of the relativistic third-order spin-orbit
processes contributing to the nuclear spin-spin coupling tensor. The hf de-
notes either (hyperfine) FC or SD operator.

The second-order SO contributions [45]

RV = e () ottt
(B b )>>0] (3.50)
P = gmengr ()" T [0t
e v=z,y,z
+<<h§3u;h§<?ff)>>o} (3.51)

are due to the coupling through triplet excited state [See e.g. the SD/FC process
in Fig. 3.1 on page 28.] induced by the FC or SD operators in one nucleus and the
one- (3.36) and two-electron (3.37) SO operators including the magnetic vector
potential of the nucleus [27, 45] for the other nucleus. Both the Ji%_; and JIS(%_EITI
contributions are of O(a%) and contribute to the complete J tensor. The SO
corrections are, as expected, highly dependent on the one-electron basis set in both
core and valence regions [45]. They are the main relativistic contributions to light
atom couplings in systems containing heavy atoms, whereas the relativistic effects
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for couplings with heavy atom itself are mainly due to the SR effects [38, 50] and
the SO corrections are very small [45]. In order to obtain quantitative agreement
with experiment, the inclusion of SR corrections on J have been shown by the
ZORA DFT method to be important due to the relativistic increase of J¥C caused
by the core tails of valence orbitals [10, 50]. The study of relativistic effects based
on Hgp is in progress [56, 64].

3.3.2 Contributions to shielding

The BP Hamiltonian terms linear both in Iy and/or By give rise to the nuclear
shielding tensor o k. As in the case of Jx 1, the contributions to o x can be divided
into NR, SO, and SR parts:

OK,er = 0%27 + ai?ﬂ + 0%117. (3.52)
In closed-shell molecules, o3 contains two contributions [6, 7]:
NR d
O’K,e‘r :O'K7€T +0_IID<7€T, (353)

where the diamagnetic shielding o, is a ground-state expectation value of the
second-order operator in Eq. (3.28)

2
d e“h po DS
= —— h . .54
O-K7€T 2me 47TPYK<O| K7€T|0> (3 5 )

The second-order paramagnetic shielding term

p _ hm BPSO. ,0Z 3.55
JK,e‘r - Z—TT’LEEA’/K« K,e 1 >>07 ( . )
can be expressed as a linear response function (3.41) of the PSO (3.27) (first-order
in Ix) and OZ (3.26) (first-order in By) contributions [See the singlet process in
Fig. 3.1 on page 28.]. As the operators in both o%; and oh- contain r;o =r; —Ro,
they depend on the choice of Rp. The experimental observable does not depend
on this choice and therefore the sum of &%, and o should be gauge-independent.
This is not a problem in atoms where the natural choice is the position of nuclei
Ro = Rg. In addition, due to the spherically symmetric electronic distribu-
tion, o = 0 and hence o¥® = o%,. In molecules, however, the choice of the
gauge origin is crucial and several methods have been developed to make the
sum of the computed dia- and paramagnetic contributions gauge invariant. These
methods make the wave function dependent on the external magnetic field by
including gauge terms either at the molecular orbital level in methods called lo-
calized orbital/local origin (LORG) [65] or individual gauges for localized orbitals
(IGLO) [66, 67], or at the atomic orbital level in the gauge-including atomic orbital
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Figure 3.3. Schematic illustration of the relativistic third-order spin-orbit
processes contributing to the nuclear shielding tensor. The hf denotes either
(hyperfine) FC or SD operator.

(GIAO) [68, 69, 70, 71] method. However, at the complete basis set limit, also the
use of common gauge origin (CGO) provides gauge independent results.

There are both third-order, ¢3°', and second-order, o3 ", relativistic SO
contributions also to nuclear shielding 7

o501 5o
SO _ FC(1&2) SD(1&2) FC—II(1&2) SD—II(1&2)
UK,ET - UK,(-:T + UK,e‘r + UK,ET + UK,e‘r ’ (356)

where ai?;l is due to the field-free one- (3.32) and two-electron (3.33) SO opera-
tors that couple either the singlet ground or singlet excited state to triplet excited
state. In the former, the mixing between triplet excited states is due to the OZ
operator (3.26) and the coupling back to ground state is provided by either the FC
(3.31) or SD (3.30) interactions. The OZ operator is also responsible for mixing
of the singlet ground and excited states in the latter case [43, 44]. All processes
are presented in the Fig. 3.3.
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FC(n) _ 4_7Teh Ho 2 SO(n) 1,0%

T = G (1) et A (3.57)
43 2

SD(n) _ leh Ho 2 SO(n) 3,0%

TKer T G gmd (%) gevaZyz«hm,h 200 (3.58)

The FC(1) contribution is the most significant for light atom shielding and the
one-electron terms appears to have greater significance than the two-electron con-
tributions. However, all the third-order SO corrections should be included in
accurate calculations, particularly of heavy element shieldings as the degree of
cancellation varies from system to other [43, 44].

The second-order contributions

43
FC-TI(n) _ A4meh® (g 2, SO(n)
OK,er - ? Smg (E) <<h’K € hBo,Te >>0 (359)
43 2
SD-1I(n) __ L1e*h’ ruo\? , SO(n)
UK7€T - 5 8m2 (E) 9e VK V:IZy Z<<hK v hBO Ty>>0 ) (360)

where the triplet excited state due to the FC or SD operators is coupled back
to singlet ground state by external magnetic-field dependent one- (3.34) and two-
electron (3.35) SO operators [See the triplet processes in Fig. 3.1 on page 28.],
appear to be the dominant SO effects for the heavy atom shieldings, though only
the one-electron parts were studied [41, 44]. As a?&;n makes the total SO effect
gauge-invariant, it is also called the gauge correction term. Excluding all SO terms
involving the SD operator is usually an appropriate approximation since the FC
terms are the dominating ones [43, 44, 72]. Both o%° " and O'SO ! contribute to
the rank-0, -1, and -2 parts of ogk.

As in the case of o in the NR shielding, the third-order aiogl contribution
containing the OZ operator is zero by symmetry in closed-shell atoms as well as
in the bond direction in linear molecules (paramagnetic contribution), and the
only contributing term is the second-order af&;n (diamagnetic contribution) [44].
Although the NR shielding is often quite well-described already at the SCF level (as
electron correlation effects are not large), the third-order SO corrections necessitate
the use of a method that is stable against triplet excitations, implying the need for
a good correlated method. However, the second-order SO contribution appears to
be quite insensitive to correlation. Both o3> ! and o3~ necessitate basis set
with enough flexibility in core region for the atom in question, in order to reach
basis set convergence [43, 44]. Both the one- and two-electron SO operator integrals
in O'E(OETI are well-approximated by the Breit-Pauli one-electron/one-center mean-
field approximation [73, 74] and hence can be calculated very efficiently using e.g.
the AMFT code [75].

The SO effects do not cover all the relativistic effects on shielding. The im-
portance of spin-free relativistic effects, SR effects, becomes large towards heavier
nuclei [38, 46, 52]. One of the important relativistic contributions, provided by
the FC mechanism interacting with the relativistic kinetic energy correction to the
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spin Zeeman interaction [38, 76], cannot be straightforwardly classified as either
SR or SO effect. However, since the operator in Eq. (3.13) gives rise to various
other relativistic terms [41, 55] that are still not thoroughly explored, a project is
in progress where the purpose is to cover also the other relativistic contributions
from the BP Hamiltonian (3.9) [56, 76].



4 Computation of spin-spin coupling

In this Chapter the aim is to discuss the level of theoretical calculations necessary
for accurate description of the spin-spin coupling tensor J. As mentioned earlier,
J constitutes very interesting object for theoretical molecular physics research as
it is highly dependent on the quality of the basis set, electron correlation, and
relativistic effects. Here we concentrate on the two former effects, leaving the last
one for future examination, together with rovibrational and solvent effects. Due
to its contribution to the experimentally observed dipole coupling in anisotropic
LC and solid state environments, the results from the computation of anisotropic
part of J are reviewed thoroughly.

4.1 Summary of the papers

The Papers I, II, and III are concerned with the reliable determination of the
anisotropic properties of the J tensor both experimentally and theoretically. The
main motivation is to study the relative importance of the anisotropic contribution
Janiso £ the experimentally observed anisotropic dipolar coupling D} (2.20)
that is used for obtaining structural and/or orientational information of the mo-
lecule. In Paper I, the couplings involving carbon and hydrogen in differently
bonded simple hydrocarbons, CoHy, CoHy, and CoHg, were examined, completing
the study started with benzene, CsHg [77]. Paper II deals with couplings involving
also silicon, in addition to carbon and hydrogen, in methylsilane, CH3SiH3. The
transferability and relative magnitude of the carbon and silicon coupling tensors
between similar molecules, ethane (Paper I) and methylsilane (Paper IT), were also
scrutinized. The non-negligible %J ;“{“Liso contributions to D%} including fluorine
found for pare-difluorobenzene [78] inspired an exploration of fluorine couplings in
simple fluoromethanes, CH3F, CHyF5, and CHF3, in Paper III. The contributions
from the CC, CH, and HX (X = H, F, Si) tensors were found to be negligible
while the 'J¢g; contribute significantly to ! D4, The effects of the both CF and
FF couplings can be neglected with reasonable accuracy in D%} couplings in fluo-

romethanes. However, the results in parae-difluorobenzene [78] and difluoromethane

1
2
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(Paper IIT) suggest that particularly the FF coupling might have a notable effect
due to the low symmetry Jg, in the direction between coupled nuclei.

From the computational point of view, the Papers I, I, and III provide infor-
mation about the conditions for accurate computational determination of J. The
description of one-electron orbitals in the form of basis sets, as well as the effects
arising from the electron-electron interaction are studied in detail for both J and
o tensors by using MCSCF theory. The MCSCEF electron correlation treatment is
studied further in Paper IV, concentrating on the core-valence correlation (CVC)
effects that were suspected to be the reason for the somewhat lower than usual
quality of results obtained for CSi coupling in Paper II. In Paper IV, CVC to-
gether with other correlation effects were studied for both J and o in first- and
second-row main-group hydrides with the aim to provide recommendation of the
necessary level of correlation treatment.

In Papers I-TIV, MCSCF is shown to provide reliable J tensors when very large
active spaces, preferably of multireference type, are used in order to include enough
dynamical and static correlation. Also CVC effects arising from semicore orbitals
are necessary to accommodate in couplings involving second-row elements. This
is not needed for o due to markedly smaller CVC effect (Paper IV).

In Paper V, the performance of DFT in producing reliable J was investigated,
with the different exchange-correlation functional types, local-density approxima-
tion (LDA) [79], generalized gradient approximation (GGA) using gradient cor-
rected Becke-Lee-Yang-Parr (BLYP) functional [80, 81], as well as hybrid three-
parameter Becke-Lee—Yang-Parr (B3LYP) [82, 83] functional. The focus was on
the anisotropic properties. The explored systems were the same as in previous
Papers I-IV and other MCSCF studies concerning FHF~ (Paper V), C¢Hg [77],
p—CeH4F [78], HCONH; [84], diatomic [85], C1F3 and OF [86], as well as HCN,
HNC, CH3CN, CH3NC molecules [87]. The same geometries and basis set as in
MCSCEF calculations were used for all molecules. DFT with the hybrid B3LYP
functional was shown to provide reasonably accurate J tensors including first- and
second-row elements other than halogens.

4.2 One-electron basis set

The sensitivity of J to the quality of the basis set is due to the many contributing
physical mechanisms that probe the immediate vicinity of the nucleus and are
transmitted through the electron structure to the other nucleus. The former fact,
when using the point-like nuclear model, necessitates a good fulfillment of the
nuclear cusp condition, i.e. the wave function should have an exponential behavior
at the nucleus. This demands a balanced one-electron description where both the
core and valence basis sets are flexible enough. In practice, this means that at
least a polarized triple-zeta (TZ) and preferably a quadruple-zeta (QZ) basis set
should be used

The correlated wave function methods, such as MCSCF and coupled-cluster
(CC) [3, 88, 89], place additional demands for the basis set. To describe dynamical
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Table 4.1. Primary basis sets used in the present calculations.®

Atom HII HIII HIV

H [5s1p/3s1p] [6s2p/4s2p] [6s3p1d/5s3p1d]
C-F [9s5p1d/5s 4p 1d] [11s7p2d/7s 6p 2d] [11s7p3d1f/8sTp3d1f]
Si-Cl [11s7p2d/7s 6p2d] [1258p3d/8s 7p 3d] [12s8p4d2f/9s8p4d 2f]

Seb [16513p10d/11s10p 10d] [16s13p11d/12s11p11d] [16s13p12d2f/13s12p12d2f]
Teb [20s16p 13d/13s12p 10d] [20s16p 14d/14s13p12d] [20s16p15d2f/15s 14p 14d2f]
@ In the [primitive/contracted] notation. Only the innermost orbitals of each type are con-
tracted. Spherical Gaussian functions are used throughout. ° Basis set of Faegri [99] used
with same type of contraction pattern and polarization functions as in the basis sets for the
lighter elements.

correlation well, one needs extra flexibility in both angular and radial directions.
There exist basis set families that are constructed for correlated calculations, e.g.
atomic natural orbitals (ANO) [90, 91, 92] and correlation consistent basis sets cc-
pVXZ etc. [93, 94]. When used with correlated methods, these basis sets provide
consistent behavior of the total electronic energy of the molecule with respect to
the improvement of the basis set. In the basis set study for spin-spin coupling
constants, Helgaker et al. [95] found that the cc-pVXZ-sun series of correlated
consistent basis sets, provides smooth convergence and comparable accuracy with
the much larger cc-pCVXZ [93, 96] and aug-cc-pCVXZ [94] basis sets. In cc-pVXZ-
sun series, the s functions of cc-pVXZ basis are fully decontracted and a sequence
of n tight s functions with the exponents forming a geometrical progression, are
added.

Consistently with the experience gained in Papers I-IV, Helgaker et al. [95]
found also that the basis set series of Huzinaga [97], modified by Kutzelnigg et
al. [98] and denoted HII, HIII, and HIV, produce well-converged spin-spin cou-
plings, particularly when considering the modest size of these sets. Although
HII-HIV were not systematically constructed with respect to the recovery of elec-
tron correlation energy, they seem to provide a good compromise for the less
complete correlation methods. The advantage is that they are much smaller than
the correlation-consistent sets and provide reasonable flexibility in the core region.
Therefore good results with two largest sets, HIII and HIV, can be achieved. The
HII, HIII, and HIV basis sets are described in Table 4.1. Our choice has been to
use these compact sets in the present applications.

The basis set convergence of isotropic and symmetric anisotropic parts (and, of
course, antisymmetric parts) of the J tensor is in principle unequal as they consist
of different combinations of the several physical contributions. When relativistic
effects are taken into account, the demands placed on the description of the orbitals
become even greater. The addition of only s functions may not be sufficient enough
but one also needs to add tight functions with [ > 0 as, e.g. the relativistic spin-
orbit operator probes also the angular structure of the basis set and not only the
radial one.
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4.3 Many-electron effects

In addition to the substantial requirements for the description at the one-electron
level, heavy demands are also placed for the many-electron description by the
spin-spin coupling tensor. This is due to the fact that already at the NR level
of theory, J contains contributions from the triplet FC and SD operators that
necessitate correct description of the triplet excitation spectrum and, therefore,
many-electron method that does not suffer triplet instability [22]. In other words,
electron correlation effects are very important and post-Hartree-Fock methods are
needed. In the present chapter, general features of electron correlation effects are
presented, followed by a discussion of their effects on J.

4.3.1 Electron correlation

By electron correlation one means the Coulombic interactions between electrons
that are not described by the single-configuration Hartree-Fock approximation [3,
100]. One measure of these effects is the correlation energy of the electron system
which is defined as the difference between the exact (NR) and the Hartree-Fock
energy, Ecorr = Fexact — Enr [3], for a given electronic state, where the reference
wave function is usually of the restricted Hartree-Fock (RHF) type for closed-shell
systems. Strictly speaking this definition is only valid at the complete basis set
limit of both calculations, but in practice it is also used with finite basis sets. The
Fermi correlation arising from the antisymmetry requirement of the wave function
by the Pauli principle is already included in the reference HF wave function.

The electron correlation is usually divided into dynamical and static (also called
nondynamical) correlation [3]. Dynamical correlation is due to the instantaneous
Coulomb repulsion between electrons. Due to the singular form of the Coulomb
operator, it causes the so-called Coulomb hole [3] around the electron in the ex-
act wave function, meaning that the probability amplitude of another electron is
shifted away from it. The overall form of this hole, determined by the so-called
long-range dynamical correlation, is well-reproduced by relatively small number
of many-electron configurations. Methods of including dynamical correlation in
the cases where the ground state is dominated by a single HF configuration,
are the many-body perturbation theories, such as the second-order Mgller-Plesset
(MP2) [101, 3], or CC theories. A more severe problem is to describe the short-
range dynamical correlation related to the Coulomb cusp. While quite good results
are obtained by high-level CC theories including single (S), double (D), and some
or all of the triple (T) excitations [CCSD(T), CC3, CCSDT], very high accuracy
is only attained by explicitly correlated R12 methods [102].

The near-degeneracy effects arising from the interactions between the Hartree-
Fock and other electronic configurations are called static correlation. These effects
usually occur when the molecule dissociates. The ground-state wave function can
also be of the multireference type already at the equilibrium geometry, either due
to the hybridization of the bonds or the presence of a heavy element that has
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low-lying excited states. Also the excited states are usually strongly affected by
static correlation. Static correlation is handled by including all the dominant as
well as nearly degenerate configurations into the calculation. As it is important
to handle these configurations on equal footing, a good approximation for static
correlation is the MCSCF method where both the one-electron orbitals and the
many-electron configuration expansion are optimized at the same time.

One should note, though, that the separation of the static and dynamical cor-
relation is somewhat ambiguous with high-level methods. Especially, this division
becomes meaningless when all the correlation with a given basis set is taken into
account in the full configuration interaction (FCI) calculation, where all possible
electronic configurations with correct spin and spatial symmetries, are included
into the configurational expansion. In the CC methods, when higher than double
excitations are included, also some of the static correlation effects are practically
taken into account. Similarly, when the MCSCF method is extended from the com-
plete active space (CAS) [3, 103] to restricted active space (RAS) [3] wave function,
the main dynamical correlation effects can be treated. In the CAS method [See
Fig. 4.1 on page 40.], FCI calculation is carried out for a limited active orbital
space (usually including only valence orbitals) and the double occupied orbitals
in inactive space are optimized but not correlated. The treatment of dynamical
correlation in the RAS method [Fig. 4.1] is based on the division of the active
space into (usually) three distinct active spaces: in RAS1 (RAS3) the maximum
number of holes (particles) can be specified, while RAS2 corresponds to the active
space of a CAS calculation, being free of constraints. It is in principle possible to
converge the calculation to the FCI limit by both CC and MCSCF methods.

4.3.2 Static and dynamical correlation effects in J

As the spin-spin coupling tensor includes contributions that couple the ground
state with triplet excited states, it is a quite sensitive probe for the quality of
the wave function with respect to static correlation. For couplings over double
and triple bonds, this is very apparent as observed in the case of 'Jcc in CoHy
and CyH, (Paper I) as well as previously for couplings, e.g. over the aromatic
ring in CgHg [77]. Therefore, a qualitative approximation for the correlation ef-
fects is already obtained by using a small CAS active space. An easy method of
choosing the active space is to use natural occupation numbers (NON) of orbitals
i.e. eigenvalues of the spin-reduced single particle density matrix obtained from a
MP2 calculation, to reveal the significance of individual orbitals in the correlation
treatment.

In order to converge the results with respect to dynamical correlation, one needs
very large configuration spaces. Hence, it is more suitable to use a RAS-type
wave function where in the RAS2 subspace only the occupied valence orbitals are
included, while the most important unoccupied orbitals are in the RAS3 subspace.
In this way, the active orbital space can be made quite large providing a good
description of dynamical correlation. This is a single-reference approximation as
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Figure 4.1. Schematic illustration of the CAS (on the left) and RAS (on
the right) division of molecular orbitals into subspaces in multiconfigura-
tional self-consistent field calculations. All possible combinations of config-
urations are constructed within the CAS active space and RAS2, while in
RAS1 (RAS3) the maximum number of holes (particles) may be specified.

only the occupied orbitals are included in RAS2 and therefore only one, optimized,
reference wave function exists from which excitations are allowed to the virtual
orbitals in the RAS3 subspace. The selection of the RAS3 orbitals should be done
carefully with a balanced fashion, as discussed for the HF molecule in Paper IV. In
practice, the active space is often truncated based on clear gaps in the NONs. The
experience gathered in the present studies is that the active space should contain
at least 90% and preferably over 95% of the virtual MP2 particles, for quantitative
description. The single-reference wave function is observed to produce proper Jg 1,
in singly bonded systems at the equilibrium geometry (Papers I-IV).

If one needs to account also for the static correlation in the multiply-bonded
cases mentioned earlier, or to obtain very accurate J tensors in systems contain-
ing only single bonds (Paper IV), one can either move one or more of the lowest
unoccupied molecular orbitals from RAS3 to RAS2, or allow higher than double
excitations from the occupied orbitals to the unoccupied ones (in HF picture). In
the latter approach, using up to quadruple excitations from occupied orbitals in
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RAS2 to unoccupied ones in RAS3 is found to provide a reasonable approximation
for the static correlation effects obtainable otherwise from large multireference cal-
culations (Paper IV) [104]. In Paper IV, it was also apparent that a multireference
wave function has an effect mainly on the triplet FC contribution and not on the
singlet PSO contribution, in the systems considered. This implies that static “con-
figurational” correlation affects principally the triplet excitation spectrum. This
also explains the observations that the anisotropic tensorial properties are even
more sensitive to the treatment of static correlation than the isotropic coupling
constants (Paper I).

4.3.3 Core-valence correlation

As there are various types of hyperfine operators contributing to the J tensor, it is
anticipated that also electron correlation from the semicore orbitals is important
in addition to valence orbitals that usually are correlated in MCSCF calculations.
In molecules containing first row elements, this is not a problem since other than
the 1s orbitals are typically included in the correlation treatment and the effect
of core 1s orbitals is generally found to be negligible (Paper IV). In the next row
of the periodic table, the atoms also contain semicore electrons that are found
to be important for accurate description of the J tensor, especially involving the
heavy nucleus but also for hydrogen-hydrogen coupling (Paper IV). These CVC
effects on the anisotropic properties are found to be of similar importance but not
necessarily to the same direction as in the case of the coupling constants.

A compromise strategy in the inclusion of the different correlation effects with
reasonable computational effort is to use a single-reference wave function corre-
lating only the valence orbitals (SR-V2) for !Jxy, when X is a first row element.
This is due to the cancelling multireference and core-correlation effects. How-
ever, in the second-row hydrides, a wave function of multireference type, featuring
correlation of the semicore orbitals (MR-SC2) is necessary for accurate determi-
nation of ' Jxp. These wave functions rapidly become computationally heavy and,
hence, the single-reference type wave function in which the semicore orbitals are
correlated (SR-SC2) may be a pragmatic approximation. High accuracy for 2Jyn
demands multireference wave functions with the semicore correlated, i.e. MR-V2
on the first and MR-SC2 on the second row. If unavoidable, the latter can be best
approximated by MR-V2.

Jaszunski and Ruud [105] presented a method of approximating the CAS wave
function of CyHg by restricting the number of electrons excited from the occupied
valence orbitals to four. This is done by moving orbitals to the RAS1 subspace and
allowing up to quadruple (0 — 4) excitations from these orbitals to the other ac-
tive orbitals (unoccupied in the HF picture). This was found to cause a negligible
difference in the description of static correlation, as compared to the correspond-
ing CAS calculation. Hence, it should also be possible to take into account CVC
by treating the excitations from the semicore orbitals in this way. Although this
would limit the computational effort considerably in comparison with calculations
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where all the occupied orbitals are located in the RAS2 subspace, the practical
limit for the system size is rapidly reached with MCSCF, especially if heavy atoms
are present. Therefore, methods that correlate all electrons on an equal footing
such as DFT or ab initio approaches (MP2 and CC) (without the frozen core
approximation), may be preferable in the long run. In addition, MCSCF is essen-
tially a truncated CI method and, hence, loses the full size-extensivity of the HF
method (i.e., the total energy no longer scales linearly with the system size when
calculated as a sum of the energies of the identical noninteracting subsystems).
Hence, for the computation of large systems, size-extensive methods such as DFT,
MP2, or CC, are preferable.

4.4 Tensorial properties

The main reason for calculating the anisotropic properties of Jx, is their contri-
bution, %J?(“Liso, to the experimental anisotropic coupling observed in NMR, spec-
troscopy (2.20). The question is then, whether or not this contribution is generally
negligible for a particular type of coupling. Accurate theoretical calculations of the
complete J i, tensors have been enabled by the quite recently developed ab initio
methods, the MCSCF linear response (LR) [63], the second-order polarization-
propagator approach with CCSD amplitudes [SOPPA(CCSD)] [106], together with
its predecessor CCSDPPA [107, 108], and the equations-of-motion CCSD (EOM-
CCSD) methods [109, 110, 111]. Also DFT methods [50, 51, 112, 113, 114] are
found to provide reasonable J tensors. Recent DFT implementations [115, 116]
opened possibilities to consistently investigate the J tensors in systems of experi-
mentally interesting size. This is a consequence of their generality as they include
all the NR contributions analytically and enable the use of each of the three gen-
erations of exchange-correlation functionals: LDA, GGA, and hybrid functionals
containing part of the exact HF exchange. The recent reviews [10, 22] summarize
the methods and their applications.

4-4.1 Ab initio calculations

Together with CC methods, the most accurate way of calculating the J tensors
is MCSCF. It has no constraints on whether reference state has a multireference
character or not. Also, when using a RAS type MCSCF wave function, it has been
shown [77, 84], partly by papers included in this Thesis (IIV), that in practice also
dynamical correlation effects can be taken into account at least in small molecules.

In Paper I, the MCSCF LR method is observed to produce reliable J for simple
hydrocarbons, CoHo, CoHy, C2Hg, as confirmed by reasonable convergence with
respect to both basis set and correlation treatment. Also the good agreement with
experimental data supports this conclusion. Also in Paper III, the agreement be-
tween the experiment and the MCSCF calculations is found to be excellent for the
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fluoromethanes. In the isotropic couplings the compatibility is eminently good and
the error in the anisotropic properties is maximally only a few percent. One should
keep in mind that the anisotropic properties are experimentally very challenging
and, hence, much more inaccurate than the experimental coupling constants. Pa-
per III also demonstrates that, as expected, fluorine causes no particular problem
for the MCSCF method, by contrast to the DFT method with the presently avail-
able functionals [112, 113, 114]. As observed in the case of trifluoromethane, the
correlation treatment affects more the couplings between heavy atoms than the
couplings to hydrogen. The couplings involving hydrogen are found to be more
sensitive to the description of the single-electron level than the electron correlation
treatment. One should still remember that the static correlation effects on hydro-
gen couplings are important when very accurate results are expected (Paper IV).
In Paper II, the coupling tensors of methylsilane other than 'Jcg;, are described
with similar high accuracy as in the two previous studies. The somewhat worse
agreement with experiment in this coupling is at least partially due to the neglect
of semicore correlation as shown in Paper IV, as the basis set and active space
(including only the valence orbitals) used for methylsilane are at least of similar
quality as those used for hydrocarbons (Paper I) and fluoromethanes (Paper III).
In any case, qualitative picture of the anisotropic part of 'Jcg; was obtained.

The FC and SD/FC contributions are typically the most significant contribu-
tions in the isotropic coupling constants and anisotropic properties, respectively,
for ethane (Paper I), methylsilane (Paper II), and fluoromethanes (Paper III). For
CH and HH couplings, this is partly due to the cancellation of DSO and PSO
terms. In ethene, the FC contribution to 2Juy is very small. The usually small
SD term gives significant contribution to 'Jcc over multiple bonds and for 'Jcg;,
'Jcr, and 2Jgr in singly-bonded systems. In couplings involving fluorine, the can-
cellation of DSO and PSO terms is not as complete usually, due to the significant
PSO contributions. Both multiple bonds and lone-pair elements, as well as heavier
elements such as Si, increase the relative importance of the DSO, SD, and espe-
cially PSO terms as observed also by Bryce and Wasylishen [85]. The DSO term
dominates the A3Juy in ethyne and A?Jyy in diluoromethane. Especially triflu-
oromethane (Paper III) provides a good example for concluding that one cannot
a priori neglect any of the different physical contributions to J.

In order to compare coupling tensors in different symmetries, the principal axis
system (PAS), illustrated for methylsilane in Fig. 4.2 on page 44, may be used for
the symmetric part of the tensor (Jx,1+J%-;). The couplings may furthermore be
presented as reduced couplings K i1, to facilitate comparison of couplings between
different nuclei. As observed in Paper II from this kind of analysis, silicon doubles
the magnitude of the couplings as compared to carbon. However, both the CH
and HH (in methyl groups) coupling constants and anisotropies are very similar in
both ethane and methylsilane. Hence, it appears that tensors can be transferred
in the molecule-fixed frame from one molecule to another if the local symmetry of
the corresponding structural units is similar [117].

In theoretical studies, the choice of the molecular geometry can disturb the com-
parison with experimental data. Hence, one should be very careful when choosing
the structure to be used in calculations. One should preferably use either the



Figure 4.2. The principal axis systems of the various spin-spin coupling ten-
sors in methylsilane. The x axis is in the HCSiH plane, where the protons
are the ones for which the PAS of the !Jcu and 3JHH(a) tensors are shown (in
the respective order).

experimental or theoretical equilibrium geometry, r., and carry out rovibrational
averaging at a given temperature for the property in question, to reach compara-
bility with the experimental results obtained in the gas phase. If experiments are
carried out in liquid solution as usual, also solvent effects should be modeled. One
approximation to the full rovibrational treatment is to use the r%X = r_ geometry
that takes the main anharmonic vibrational effects into account [20].

An approximate method of including the effects of molecular vibrations on *Jcp
at 300 K was used for CH3F in Paper IV. The method was similar to that used
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for the shielding tensor in Paper VI (discussed in Section 5.3) but including only
the symmetric first- and second-order bond stretch terms from the approximate
Taylor expansion. The result was that these effects do not influence the comparison
between experimental and theoretical values drastically. As only the effects from
the symmetric bond stretch were included, the Eckart conditions [118] for the
geometries displaced from the equilibrium were naturally satisfied. Generally, the
tensor elements of J° should be presented in the Eckart frame that rotates with the
molecule and minimizes the coupling between vibrational and rotational motion
of the molecule [118, 119]. The rovibrational contributions for AJ are typically
found to be quite small for systems investigated so far in the literature [10].

For HH and CH couplings, the effect of %J}‘”(“Liso is typically less than 1% and
hence it can be generally be neglected when reasonably accurate dipolar couplings
are wanted for the determination of structural and/or orientational parameters [8].
As the anisotropic part in CC couplings is less than 1% in simple hydrocarbons
(Paper I) and less than 2% in benzene [77], its effect can mostly be neglected. The
same is true for CF couplings in singly-bonded fluoromethanes as their effects are
typically below 1% (Paper III). However, the CF couplings over the aromatic ring
in difluorobenzene have been found to contribute about 3% to the experimental
DGR couplings [78]. Hence, in the case of fluorine couplings, the $.J2%° contri-
bution can not be a priori neglected. The case of CSi coupling where the relative
contribution of 3.J&L in the D is about 3%, illustrates the increasing trend
when the nuclear charge of the coupled nucleus increases [85]. The neglect of a
indirect contribution of this size causes an error of 2% ...3% for the orientational
order parameter Scs; and +1% for the rcg; bond length (Paper IT).

Although the direct dipolar coupling D, and indirect spin-spin coupling £ Jariso
contributions depend similarly on the orientational order parameters, they are not
necessarily zero under the same conditions, when the molecule has less than two-
fold symmetry and the two tensors are not aligned [10]. This is due to the fact
that D, is cylindrically symmetric in the direction of the line between K and L,
while J k1 generally is not. Hence, orientations may exist where the direct part
nearly vanishes and the observed experimental anisotropic coupling is dominated
by the indirect part. In particular, when very small dipolar couplings are used
for the determination of the structure of non-symmetric biomolecules, one should
also assess the effect of indirect contribution. One way is to use the observed
transferability of the tensors.

4-4.2 Density-functional theory calculations

Since the basis sets and molecular geometries are kept the same as in the previous
Papers I-IV as well as in the previous MCSCF studies [77, 78, 84, 85, 86, 87|, elec-
tron correlation effects on J are left as the topic for the comparison of methods in
Paper V. The results are also compared with experiment but as the rovibrational
and solvent effects are not taken into account by the theoretical calculations, the
correspondence of theory and experiment can not be expected to be perfect. The
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main focus of Paper V is the quality of the anisotropic properties of J calculated
using the DFT LR method and especially when using, for the first time, a hybrid
DFT functional for this purpose. The correlation of DF'T and MCSCF data is illus-
trated for CC, CH, HH, FF, CF, XF, and XY coupling tensors in Figures 4.3—4.6.
However, one should keep in mind that the MCSCF data is of benchmark quality
only if the correlation treatment is pursued far enough by the RAS method as
done in Papers I-1V.

The hybrid B3LYP functional generally performs best among the DFT func-
tionals for all types of couplings. Also, the gradient corrected BLYP functional
provides reasonable results, whereas LDA exhibits the least consistent behavior.
Especially the "Jcc [Fig. 4.3], "Jcn [Fig. 4.4abc], and "Jyn [Fig. 4.4edf] tensors
are described by B3LYP with at least similar accuracy as by MCSCF calculations.
This is particularly noteworthy when the system size increases and it is not prac-
tical to include enough electron correlation in the the MCSCF wave function, due
to the massive computational demands. In CH and HH couplings, the accuracy is
even better with DFT than with MCSCF when compared to experimental data.
In these couplings the good total Jx by DFT arise due to the well-calculated
contributions and not due to error cancellation. In systems containing multiple
bonds, the individual physical contributions to "Jc¢ arising from the paramag-
netic PSO, SD, and FC operators become worse with DFT, resulting in somewhat
lower quality total tensors. In addition, when Si, P, S, or N are coupled through
single bonds, the complete J i tensors are very accurately calculated by B3LYP.
However, caution should exercised in couplings with oxygen. Again, couplings
over multiple bonds are more problematic for DFT, related to the existing prob-
lem in describing static correlation by the present DFT functionals optimized for
accounting the dynamical correlation. Hence, great hopes are directed towards the
ongoing development of local functionals accounting for non-local (exact exchange)
effects including static correlation [120].

The real difficulties with DFT arise when couplings involving fluorine are con-
cerned. For isotropic couplings this has been known for long and it has been related
to insufficient long-range behavior of the present functionals when lone-pair ele-
ments are present [112, 113]. The poor description of spin density for the centers
with lone pairs manifest itself in the incorrect FC (SD/FC in anisotropic parts)
contributions. The unsatisfactory results, as in the case of "Jrp [Fig. 4.5abc], are
also affected by the erroneous PSO contributions. The contribution of defective
SD is usually much smaller. The occasionally occuring, favorable error cancella-
tion improves the total property; hence BBLYP has some value in estimating the
rough magnitude of properties of "Jrr in very large systems, where MCSCF no
longer is usable. A surprise is provided by the quite good anisotropic properties
of "Jcor [Fig. 4.5def] while the isotropic coupling behave as badly as in the FF
coupling. Partitioning the dominant SD/FC contribution into individual terms
SD(F)/FC(C) and SD(C)/FC(F) clearly illustrates the reason for the good re-
sults. The large relative error in the small term arising when the FC operator is
located at the fluorine, SD(C)/FC(F), is over-compensated by the much larger but
well-calculated SD(F)/FC(C) contribution in the leading SD/FC contribution to
the anisotropic coupling. When the dominance of the SD/FC term is not present,
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Figure 4.3. Properties of the Jcc tensor by DFT and MCSCEF. (a) Coupling
constants Jocc by LDA (O), BLYP (4A), and B3LYP () functionals. (b)
Anisotropies AJcc.

the errors in the other (particularly PSO) contributions settle the result further
away from both MCSCF and experimental values. The favorable error cancella-
tion of PSO with FC and SD/FC contributions works well for the "Jpy tensors
by B3LYP, with some exceptions (HF and FHF ™).

The couplings involving alkali atoms in diatomic molecules, some including also
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fluorine [Fig. 4.6], are described by B3LYP with the same accuracy as with mod-
est CAS calculations [85]. Where experimental data exists, both methods are seen
to have problems. This is expected, as DFT suffers from the same problems as
with halogens (in the case of alkali atoms there are several unoccupied valence or-
bitals). With a modest CAS active space, dynamical correlation effects are poorly
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recovered. Couplings to halogen elements other than fluorine are, expectedly, also
difficult for DFT with all functionals. Caution should exercised also with the DFT
method for the generally well-behaving couplings, e.g. Jxy in systems where sev-
eral troublesome (especially F) atoms exist. For instance, the 'Jcy in CHF3 is of
unusually low quality.
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In a recent study [121], J¥5C (and nuclear shielding constant) were observed to
be improved by using self-interaction correction (SIC) at the LDA level. It was
noted by the authors that the same improvement was not reached for the J¥C
term; even deterioration of the results was observed. The authors of Ref. [10]
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suggest that the neglect of the response of the SIC potential to the magnetic field
might be one reason for this. In any case, this direction of functional development
is very welcome as there is a need for a systematic improvement of the exchange-
correlation functionals based on new physical ideas.

The hybrid B3LYP functional, in the context of DFT LR method, provides
J tensors with reasonable accuracy in most couplings. Quantitative results can
be obtained at least for couplings between carbon and hydrogen atoms. As the
DFT method is size-extensive, the accuracy remains the same also in large sys-
tems. Hence, the capability of DFT surpasses those of MCSCEF in large systems.
This, together with its high computational efficiency makes it very promising in
applications concerning J tensors in large bio- and organic molecules.

However, one should remember that, with the present exchange-correlation
functionals, DFT cannot be considered as ab initio method in the sense that con-
vergence of the different properties with respect to systematic improvement of
the electron correlation treatment, could in principle be monitored without either
prior knowledge of the system, or experimental data. The motivation for devel-
oping correlated methods such as MCSCF and CC arises out of their ability to
produce information independent of experiments. Hence, they can also serve as
benchmarks for more approximate but computationally expedient methods, such
as DFT.



5 Computation of shielding

The nuclear shielding tensor o is the most often examined NMR, property by quan-
tum chemical methods. In addition to the basis set and correlation requirements
of o, discussed already in Papers I and IV, Paper VI concentrates on the sec-
ondary isotope shifts, i.e. chemical shifts of the nucleus arising from the change
of isotopes of other nuclei in the system, on carbon shielding in CX, (X = O, S,
Se, and Te) systems. This necessitates taking into account the vibrational and
rotational motions of the molecule. The rovibrational treatment for o in Paper VI
could also be applied to J. In systems containing heavy nuclei, the relativistic
SO effects play an important role in the shielding of both heavy and light nuclei.
The SO effects on the finite temperature rovibrational corrections on o ¢ are found
to be significant in Paper VI. On this account, also the secondary isotope shifts
and their temperature effects are highly dependent on the SO contributions and
the previously noted discrepancy between experiment and NR calculations is fully
explained by them, hence the motivation for Paper VI.

5.1 One- and many-electron description

At the NR level, the basis set demands of the o are two-fold. A reasonable
accuracy is usually obtained already using the HIII basis set and HIV is practically
converged for main group elements (Paper I) [84]. However, as already mentioned
in Section 3.3.2, uncontracting and augmenting the basis set with tight functions
is necessary in order to obtain converged relativistic SO corrections to the o.
Although the o™® is not as sensitive to electron correlation treatment as J
due to absence of triplet contributions — even HF wave function occasionally gives
reasonable results — there are still significant correlation effects present when quan-
titative accuracy is expected [122, 123]. This is evident also from the study of the
simple hydrocarbons in Paper I by the GTAO MCSCF method [124], where the
small RAS active space was observed to overshoot the correlation effects in car-
bon shielding and much larger active orbital space was needed for convergence. A
multireference wave function is necessary for systems with multiple bonds. The
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CVC effects are quite small and can be neglected for general purposes, as observed
in Paper IV. In order to obtain highly accurate o, multireference wave functions
are needed, especially in the case of the anisotropic properties that appear to be
more sensitive to static correlation than the isotropic shielding constants. An oc-
casionally occuring cancellation between static (multireference wave function) and
dynamical (extension of the active space) correlation effects diminishes the com-
putational demands. In any case, the GIAO MCSCF method provides at least
qualitatively correct shielding parameters and constitutes a systematic method of
reaching correlation convergence.

The MCSCEF accuracy for o is, for other than simplest systems, easily exceeded
by the GIAO CCSD [122], and GIAO CCSD(T) [123] methods, which efficiently
recover most of the dynamical and also some part of static correlation effects. The
latter method results in benchmark accuracy in most cases. The MP2 perturbation
theory method allows a quite good approximate way of including correlation for o
as it usually overshoots the dynamical and neglects static correlation effects result-
ing in favorable cancellation of correlation effects. Due to the low computational
cost compared to MCSCF and CCSD(T), also basis set convergence is easier to
reach. An even more cost-efficient method is to use DFT with GIAOs, which have
been found to have potential for providing nuclear shielding constants of promis-
ing quality [125, 126, 127, 128]. Despite this, the accuracy of the DFT method
is not known a priori and, hence, accurate ab initio calculations are necessary for
calibration purposes.

5.2 Spin-orbit corrections to carbon shielding

As mentioned in Section 3.3.2, relativistic SO effects are very important for light
atom shielding in systems containing heavy atoms [43, 44, 72, 129]. An increas-
ing deviation between results obtained for both NR and SO shieldings in Pa-
per VI, when going towards heavier molecules, indicates difficulties in accounting
for electron correlation by either the MCSCF active spaces or the present exchange-
correlation functionals of DFT. The neglect of semicore correlation in the MCSCF
wave functions used, can affect especially the SO corrections that include FC and
SD operators (Paper IV). The NR shieldings may also be affected by the quite
small active spaces. The DFT method has been known to produce good relative
chemical shifts [125, 126, 127, 130] but absolute nuclear shieldings suffer from
the approximate exchange-correlation functionals. The often occuring deshield-
ing is also present in the study of Paper VI. The main cause for the smaller SO
corrections by the DFT is the FC(1) term, which is, together with FC(2), quite
dependent on electron correlation effects. In addition, the use of CGO at carbon
instead of the IGLO gauge brings the DFT SO values closer to the MCSCF results.

The positive and negative SO corrections on '3C shielding constant and aniso-
tropy, respectively, increase when the X nuclei become heavier, as expected. The
third-order (SO-I) contribution is always the dominant one and the second-order
(SO-II) term diminishes the total magnitude of the SO contribution as shown in



54

Tables 2 and 3 of Paper VI. The SO correction brings the calculated shieldings
into very good agreement with the experimental value in CSe; molecule. Also the
13C shielding in the other heavy-atom molecule, CTe,, is very dependent on the
SO correction, resulting in positive shielding constant, contrary to the negative
ones in CS, and CSe;. However, as the DFT value is positive and there are
no experimental results, the sign of oc in CTey remains an open question. One
interesting observation is also that Aoc in CTes is smaller than in CSs and CSes
due to the SO correction. The total ok by the DFT and MCSCF are of similar
quality due to the cancellation of differences.

5.3 Rovibrational corrections and isotope effects

It is assumed that reasonably accurate shielding surfaces near the equilibrium
geometry can be obtained with DFT, enabling sufficient description of the tem-
perature dependence of both the absolute shieldings o¢ and the secondary isotope
shifts — (oc(M'X)) — (0c(MX)), where M and M’ are the mass numbers of the
different isotopes of the neighboring nucleus X (M’ > M).

In Paper VI, rovibrational averaging at temperature 7' is carried out for the
13C shielding constant by expanding the shielding a Taylor series in terms of the
internal displacement coordinates AR; i.e. bond lengths and angles around the
equilibrium geometry value o,

(@7 = oeto (AT + (A)T] + %ow (AT + ((ar))T]

0 ()T 4 g [(86))T + (86)%)7] (5.1)

The first (og,) and second (og, r;) derivatives of the property, taken at the equi-
librium geometry, are obtained from the calculated shielding surface around the
equilibrium. As the first and second derivatives of scalar properties are indepen-
dent of temperature and nuclear masses in the Born-Oppenheimer approximation,’
they can be calculated from the shielding surface around the equilibrium geometry.
The temperature and nuclear mass dependence is included in the isotropic case in
the thermal averages of displacement magnitudes, (AR;)” and (AR;AR;)T. To
calculate these to leading order, the (quadratic) harmonic, fr,r,, and (cubic) an-
harmonic force field, fr;r,r,, are needed. The evaluation of the thermal averages
for each isotopomers individually is carried out using the rectilinear vibrational
normal coordinate basis, Qy, resulting in the normal coordinate averages (Q)”
and (Q?)T. While the latter average only includes harmonic vibrations, the former
is affected by both vibration and rotation (through centrifugal distortion) of the
molecule [131, 132].

The combined effect of the opposite NR (negative) and SO (positive) rovibra-
tional contributions on '3C nuclear shielding is that the magnitude of the total

When anisotropic properties are investigated, the molecule-fixed Eckart frame has to be used
for representing the property, and the mass dependence of the orientation of the frame is therefore
reflected in the property derivatives [119].
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effect decreases from CS, towards the heavier molecules as seen in Tables 4 and 5
of Paper VI. This arises as the magnitude of NR contribution increases steadily,
whereas the effect of the SO contribution is significant only for CSes and CTes,
being numerically almost as significant as the NR contribution in the latter. Al-
though the first-order stretching term usually causes the main contribution, the
significance of the second-order symmetric stretching motion increases towards
heavier molecules at both NR and SO levels. The bending motion is responsible
for the large rovibrational effect at both NR and SO levels in CTe,. Despite the
fact that antisymmetric stretching motion gives a quite small contribution, this
study shows that all first- and second-order contributions must be taken into ac-
count for reliable rovibrational effects, especially for heavier molecules for which
the SO contribution, whose dependence of each contribution differs from the NR
one, becomes very important.

In spite of the increasing temperature effect in both NR and SO contributions
towards heavier X, the total temperature effect due to the rotation and vibra-
tion of the molecule is largest in CSq. This is again a consequence of cancelling
contributions from NR and SO levels. The effect is particularly clear when the
temperature derivatives of the '3C nuclear shielding constant are compared. As
the rovibrational contributions appear to be relatively insensitive to the choice of
the force field, the large discrepancies between theoretical and experimental re-
sults for temperature derivatives of absolute shielding most likely originate from
the solvent effects on the observed and/or reference molecule.

5.3.1 Isotope shifts of '3 C shielding constants

The inclusion of rovibrational contributions gives an opportunity to investigate the
effects of isotope substitution on the observed property. These so-called isotope
effects can be classified into primary and secondary effects according to their origin:
former arises from the change of the observed nucleus itself, while the latter is due
to the change of isotopes of other nuclei in the system. The primary isotope
shifts are experimentally very demanding as the isotope substitution changes the
observed frequency range. The secondary shifts, on the other hand, are easily
measured as different isotopomers give separate peaks around the main isotopomer
peak in the spectrum. The peak intensities give the relative abundances of the
isotopomers in the sample. Also the temperature dependence of the secondary
isotope shifts is much easier to determine experimentally than in the case of the
absolute shielding, where the solvent effects on both the reference and subject
molecules have to be known.

As the secondary isotope shifts are experimentally more interesting, they are
under investigation in Paper VI. Linear increase of the secondary '3C isotope shifts
with respect to the total mass of the molecule is observed both at the NR and SO
levels. When the mass of the nuclei increase, the average bond lengths become
shorter, causing (usually, at the NR level) larger nuclear shielding. The corre-
sponding resonance is therefore observed at lower frequency. The SO contribution
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generally decreases the positive NR isotope shift, due to the rovibrational behavior
opposite to that of the NR level. Asymmetric isotope substitution, i.e. when the
isotopes of X and X’ are different, causes a relative increase of the asymmetric vi-
brational contribution with respect to the symmetric ones. Hence, the increasing
cancellation between the opposite symmetric and asymmetric rovibrational contri-
butions results in the decrease of the total rovibrational effect and, therefore, the
asymmetric isotopomer appears to have smaller isotope shift than the symmetric
isotopomer with the same mass.

The SO effects on the isotope shift are noticeable already in CS,, where the ab-
solute values are diminished by 5%. In CTes, they decrease the total shifts by half
of their NR values. The most important observation is that in the case of CSes, the
deviation of the previously calculated NR isotope shifts from the experiment [133]
is totally explained by the SO effect as seen in Figure 5.1. The temperature deriva-
tives of isotope shifts decrease due to the SO corrections, implying again a closer
agreement with experiment for CSey, where, again, the difference by factor of two
between the theoretical (NR) and experimental values [133] is explained by the
SO correction. This is illustrated in Fig. 5.2 on page 57 (E-D splitting in the
spectrum shown in Figure 2a of Ref. [133]). The temperature derivative of the
13C isotope shift in CS, is an excellent example of the possibility of setting a goal
for the experimental effort by theoretical calculations. As the experimental value
appeared to be highly sensitive to the quality of the spectra, the deviation with
theoretical result decreased significantly when the accuracy of the experiments was
substantially improved.

SO effects on the rovibrational corrections to light atom shielding in molecules
containing heavy nuclei has to be taken into account, when accurate isotope shifts
as well as the temperature dependence of both the absolute shielding and iso-
tope shifts are investigated. The previously shown examples and especially the
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secondary isotope shift, clearly indicate that relativistic effects become important
already for systems containing relatively light elements (already on the second row
of the periodic table).



6 Conclusions

The present thesis provides a summary of studies concerning the computational
aspects of theoretical first principles determination of magnetic (NMR) properties
of molecules. While these parameters are observed experimentally by studying the
response of a system of nuclear spin magnetic moments in external magnetic fields,
their origin is in the complicated interactions between the nuclei and electrons in a
molecule. The response of electronic states to small magnetic perturbations caused
by nuclear and external magnetic fields necessitates highly accurate description of
both one- and many-electron levels. In addition, the hyperfine character of NMR
parameters makes them sensitive to relativistic effects. Also the vibrational and
rotational motion of nuclei calls for averaging when the theoretically obtained
parameters (usually obtained at the equilibrium geometry) are to be compared to
experimentally observed parameters at finite temperature. Last, but not necessary
the least important, factors to be taken into account, are the environmental effects
due to the surrounding molecules. However, they are not covered in the present
studies as they form a large area by themselves. Hence, the closest-matching real
experimental condition with the calculations of the present thesis, is low density
gas at finite temperature.

As currently the experimental observations of anisotropic NMR properties are
carried out in liquid crystal (LC) phases, all the previously mentioned effects are
present in the spectral parameters. Rovibrational corrections are also needed when
theoretical values are compared with the experimental isotropic parameters ob-
served in the gas phase. Without the treatment of rovibrational and solvent effects
on either computational or experimental side, the comparison of the data can be
at most qualitative.

The spin-spin coupling tensor J is a very sensitive object for testing the previ-
ously mentioned theoretical concepts. Especially, the requirements for one-electron
basis set are large due to the hyperfine operators, weighting the electronic structure
close to or even at the nucleus, demanding highly flexible basis set expansions in
the core region, typically realized with tight functions. Also, electron correlation
effects are substantial, necessitating large active orbital expansions preferably with
multireference character (Paper IV). Also the correlation contribution from semi-
core orbitals is significant in systems containing second-row or heavier elements.
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All the physical contributions should be converged at both one- and many-electron
levels in order to get reliable results. When these conditions are fulfilled, J tensors
of quantitative accuracy at equilibrium geometry can be obtained, as seen in Pa-
pers I-IV. As the basis sets in Papers I-III are not fully converged particularly
with respect to tight functions, an error of about 5% in the parameters is possible.
However, both calculations and experiment of Papers I-IIT as well as contempo-
rary work [77, 78] indicate that anisotropic contributions of the CF, FF, and CSi
couplings, %J aniso 't experimental anisotropic dipole coupling, D®P, occasionally
are significant .e. they should be taken into account when D®*P is used for the
determination of structure and/or orientation of molecules in LC environment. No
significant errors arise if %J?(“Liso is neglected for CC, CH, and HH couplings.

The performance of the density-functional theory (DFT) with a hybrid func-
tional is found in Paper V to provide J of the same accuracy as the multiconfig-
urational self-consistent field (MCSCF) calculations of good quality, for the first-
and second-row main group elements not containing many lone-pair electrons.
However, as the performance of present functionals, including the hybrid ones, is
dependent on the element and its surroundings, caution should exercised in us-
ing of DFT for couplings in systems containing many lone-pair orbitals and e.g.
transition metals. In these cases, the only justification of DFT is achieved by com-
parison with ab initio MCSCF or coupled-cluster (CC) methods. This is seldom
practical for transition metal systems and, hence, DFT has to be compared to
experiment rendering it a semi-empirical method.

Although in Paper VI the importance of rovibrational effects for the nuclear
shielding tensor o are under consideration, the same corrections [85] are necessary
also for J to render the theoretical result comparable with experimental coupling
parameters at finite temperature. The major result of Paper VI is the remark-
able relativistic spin-orbit (SO) coupling effect on the rovibrational averaging of
the light atom shielding constant in systems containing heavy elements. They are
qualitatively decisive for obtaining agreement with experiment for secondary iso-
tope shifts and their temperature dependence. Even though the o are somewhat
less dependent on the description of correlation than J, a good quality basis set
is needed already at the non-relativistic level of theory. Relativistic effects, due
to the high velocities of electrons near the heavy nuclei, place additional demands
on the description of both one- and many-electron levels for o, since contributions
arising from the same operators as for the non-relativistic J are present.

The density-functional linear response (DFT LR) method provides a good tool
for application calculations of both NMR parameters discussed in this thesis. The
method brings chemical problems related for large organic and biosystems within
modeling reach. Also the new directions in the development of functionals starting
from physical ideas, not fitting new semi-empirical parameters, gives hope for
extending the applicability of DFT method also to systems presently out of reach.
However, the strength of ab initio theories such as MCSCEF is in their ability to
produce unbiased results, when pursued far enough. Therefore, they eventually
give the right answer for the right reasons, at both basis-set and correlation limits.
This benchmark property makes them indispensable when new physical problems
are to be solved. Of course, the current computational resources place practical
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limitations for the size of the electron system. Due to the high computational cost,
these methods remain practical only for quite small molecules.

The presently ongoing development in accommodating the relativistic effects
and the interaction of the molecules with the surrounding solvent are two impor-
tant directions in the theory of NMR parameters. These, together with the research

of the present thesis constitute a complicated but fascinating and rewarding field
of study.
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