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Abstract

Quantum chemistry deals, inter alia, with the determination of NMR pa-
rameters for prediction or explanation of physical effects. Most methods
use non-relativistic approaches, which lead to errors. Those errors occur
not just for heavy elements, but also for the NMR parameters of light nu-
clei close to heavy elements. The influence of such effects is called, e.g.
SO-HALA effect.

In this thesis, NMR parameters of light nuclei in the presence of heavy nu-
clei are calculated. Different quantum chemistry packages, approaches and
implementations are used and compared. For testing, benchmark molecules
are assembled from the p-block elements. Central point of this work is the
validation of available ORCA algorithms. ORCA[]1] is a modern quantum
chemistry package and developed especially for spectroscopic applications.
It is found that the ZORA implementation in ORCA shows the same re-
sults as the ZORA implementation in NWChem. A pilot implementation
RIZORA provides the same results while eliminating the grid dependency
of ZORA. However, a a-posteriori spin-orbit (SO) approach in ORCA does
not give the same results as two- or four-component calculations in DIRAC.
Since spin-orbit coupling is essential for the description of the SO-HALA
effect, the use of the BSS Hamiltonian in DIRAC currently offers a good
solution.

In this work, NMR shielding constants of bismuth-aryl compounds with
halides are investigated, because NMR experimental spectra showed an
Inverse Halogen Dependence (IHD) of these compounds. This means that
the chemical shift of the ortho proton to the bismuth atom increases with

increasing nuclear charge of the halides. This effect has not yet been ex-
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plained or simulated in the literature. It is surprisingly found that the IHD
is not caused by a HALA effect, while NMR parameters are drastically ef-
fected by geometry changes.
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Zusammenfassung

Ein Gebiet der Quantenchemie beschaftigt sich mit NMR Parametern zur
gezielten Vohersage oder Erklarung von auftretenden physikalischen Effek-
ten. Meist werden dafiir nicht-relativistische Ansétze verwendet, welches
nicht nur zu Fehlern bei schweren Atomen, sondern auch bei leichten
Atomen in der Nahe von schweren Kernen fithren kann. Der SO-HALA
Effekt beschreibt beispielweise den Einfluss eines schweren Kerns auf die
Abschirmung eines leichten Kerns.

In dieser Arbeit wurden NMR Parameter von leichten Kernen in der Anwe-
senheit schwerer Kerne berechnet. Es wurden verschiedene Quantenchemie
Programme, Ansitze und Implementierungen verwendet und verglichen,
wofiir Benachmark-Molekiile aus p-Block Elementen zusammengestellt wur-
den. Der zentrale Punkt in dieser Arbeit war die Validierung von verfiig-
baren ORCA Algorithmen. ORCA[1] ist ein modernes Quantchemisches
Programmpaket, welches speziell fiir Spektroskopiker entwickelt wurde. Es
konnte gezeigt werden, dass die ZORA Implementierung in ORCA die gle-
ichen skalar-relativistischen Korrekturen wie die ZORA Implementierung
in NWChem liefert. In ORCA zeigte eine RIZORA Pilot-Implementierung
die gleichen Ergebnisse wie die ORCA ZORA Implementierung, zusatlich
kann mit RIZORA die Grid-Abhéngigkeit des ZORA Hamiltonian ver-
ringert bzw. aufeghoben werden. Fiir die Spin-Bahn-Kopplung wurde ein
neuer a-posteriori Ansatz in ORCA getestet, indem Ergebnisse mit zwei-
und vier-Komponentigen DIRAC Rechnungen verglichen wurden. Jedoch
konnten keine adhnlichen und vergleichbaren Ergebnisse zu den DIRAC

Rechnungen mit dem a-posteriori Ansatz erzielt werden. Da fiir die Beschrei-

bung des SO-HALA Effektes die Spin-Bahn-Kopplung unabdingbar ist,
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erwies sich von den getesteten Ansétzen die Verwendung des BSS Hamil-
tonian in DIRAC als aktuell beste Losung.

In dieser Arbeit wurden NMR-Verschiebungen von Bismut-Aryl-Verbin-
dungen mit Halogeniden untersucht, da experimentelle NMR-Spektren die-
ser Verbindungen einen Inversen Halogen Effekt (IHD) aufwiesen. IHD
bedeutet in diesem Fall, dass die chemische Verschiebung des zum Bismut-
atom ortho-standigen Protons mit steigender Kernladungszahl des benach-
barten Halogenids weiter im Tieffeld liegt. Dieser auftretende Effekt konnte
in der Literatur nicht erklirt werden. Uberraschenderweise wurde in dieser
Arbeit herrausgefunden, dass der IHD nicht durch einen HALA Effekt
zu erklaren ist, sondern die NMR Parameter stark durch eine Geometrie-

Anderung beeinflusst werden.
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Introduction

1. Introduction

ORCA[1] is a modern quantum chemistry package used not only by the-
oreticians but also by spectroscopists. Since it is mainly used for simula-
tions in spectroscopy and the development is motivated by the application
in bioinorganic chemistry, transition metals or heavier elements are often
important. Relativistic effects are not negligible for heavy elements. They
can be approximated by combining a scalar-relativistic calculation with
a spin-orbit coupling (SOC) calculation. Especially for the not so heavy
atoms, e.g. for the 4th period, a four-component approach is not always
necessary to achieve good results.

In ORCA, relativistic Hamiltonians such as Douglas-Kroll-Hess (DKH),
zeroth-order regular approximation (ZORA), infinite order regular approx-
imation (IORA) and other Hamiltonians are already available. Thus it is
possible to include scalar relativistic effects also in property calculations,
simulating e.g. nuclear magnetic resonance (NMR) or electron paramag-
netic resonance (EPR) experiments. Already available are SOC Hamiltoni-
ans for EPR calculations, but those are not yet available for NMR property
calculations.

Experimental NMR spectra are usually recorded for 'H, 13C, N, F and
3IP nuclei, i.e. rather light elements. It could be assumed that SOC effects
are uninteresting in NMR calculations. However, heavy-atom effects on the
shielding of light atoms (HALA) can occur due to the vicinity of a heavy
atom. Therefore it is important to consider SOC of such molecules to pre-
dict NMR spectra or coupling constants correctly. Therefore, a new feature
was implemented in ORCA to consider SOC for NMR chemical shifts (and

coupling constants) for the gauge-including atomic orbitals (GIAO) algo-
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rithms. The use in MP2, DH-DFT and DLPNO algorithms is currently in
progress.

One goal of this thesis was to test the new feature in a series of system-
atic calculations. Comparisons of combination with existing algorithms in
ORCA should show which algorithms and approaches are accurate for the
description of the NMR shift of light nuclei in heavy element compounds.
Furthermore it was investigated whether the already implemented ZORA
Hamiltonian for NMR calculations is sufficient for the calculation of scalar-
relativistic corrections. A resolution-of-identity (RI) approximated ZORA
version was tested to avoid possible grid dependencies.

A possible application of SOC in NMR is the prediction of halogen depen-
dencies in bismuth compounds. Mehring et al.|2] experimentally showed
an inverse halogen dependence (IHD) of the ortho proton to the bismuth
atom in some bismuth-aryl compounds. The experimental NMR study was
supported by theoretical electronic structure calculations carried out on a
non-relativistic and scalar-relativistic basis. In this work additional calcu-

lations including SOC effects should be carried out in order to investigate

the possible HALA effect.



Theory

2. Theory

The main goal of non-relativistic quantum chemistry is to find accurate
solutions of the time-independent Schrédinger equation ((2.1)), which is an
eigenvalue equation. The latter can be solved exactly for the simplest

case[3], one electron moving in a simple external potential.
H|V) =E|P) (2.1)

Thereby, the Hermitian operator H, called the Hamiltonian, acts on a
wave function ¥ to obtain the energy £.[3] The Hamiltonian for a system

of nuclei and electrons can be written in atomic units for N electrons and

M nuclei as in 2.2l

H ey Ly
==XV ZIMA i
N M 7 N N 1 M M 7.7
EPIDVELE DI Ml D VDU s (22)
i=1A=1TiA i=1j>i T'ij =1B>A Rap

=T.+Tn +Vie + Vee + Vi

The first term denotes the kinetic energy of the electrons 7., the second
the kinetic energy of the nuclei Tk, the third term the attractive Coulomb
interaction between nuclei and electrons Vg, and the last two terms denote
the repulsion interaction between electrons V.. and between nuclei Vi,
respectively.[3] V denotes a further operator representing the derivative
with respect to the coordinates of the electrons or nuclei, My is the mass
of the nuclei K and Zy the associated charge. r;4 denotes the distance
between the electron ¢ and the nucleus A and R4p the distance between the

nuclei A and B. The wave function ¥ contains coordinates of the electrons
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and the nuclei ({2.3)).
U = U({vecr;}; {R4}) (2.3)

As a central approximation, the Born-Oppenheimer approximation, is used
to solve the Schrodinger equation separately for nuclei and electrons. This
is due to the fact that protons are much heavier that electrons and protons
consequently have a lower speed of motion.[4] Therefore the kinetic energy
of the electrons 7. and nuclei Tg can be separated and the nuclear
repulsion Vi i term can be added later to the electronic energy. This allows

to write the electronic Hamiltonian in the following form
7'[elec = 7; + VKe + Vee (24)

and to split the wave function into an electronic ¥... and a nuclear wave

function ¥y, (2.5).
U= qlelec({??i}; {EA})@nuc({R)A}> (25)

The electronic wave function depends on the electronic coordinates and
parametrically on the nuclear coordinates.

An electronic Schrodinger equation ([2.6) can be established.
Helec |\IIelec> — gelec |\Ijelec> (26)

The electronic energy depends, like the electronic wave function, paramet-

rically on the nuclear coordinates (2.7)).

gelec = elec({RA}) (27)

Note that the total energy &1 is composed of the electronic energy &£
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and the nuclear repulsion energy.[3]

M M 7,7
gtotal — gelec + Z Z R
A=1 B>A AB

(2.8)

The first two sections will present common approaches used to find ap-

proximate solutions to [2.6]

2.1. Hartree-Fock Theory

Approximate solutions of the electronic Schrédinger equation (2.6 for a
many-electron problem can be found with the Hartree-Fock (HF) approx-

imation. This approach uses the variation principle, which states that the

expectation value € of the Hamiltonian and a trial wave funtion ¥ (2.9) is

the upper limit to the exact ground state energy & ([2.10)).[3]

(T|H|T) = & (2.9)
(TIH|T) > & (2.10)

The trial wave function can, for example, be expanded in an infinite ba-

sis {x;} (2.11) and the expansion is therefore exact.
y 00
i=1

The parameters ¢; are varied until the expectation value reaches a mini-
muim.

In practice, the total wave function is approximated with by Slater de-
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terminant &.

-
o
~~
8y
—_
N——
.
/
wl
N—
o
—~
wl
N—

1
€= (2.12)

On(T1) Gu(T2) ... Pu(T2)
Thus the many-electron wave function is represented as an antisymmetric
linear combination of N one-electron spin functions ¢;. Note that the
degrees of freedom of the spin orbitals are the spatial coordinates r

and the spin w of the electron.
Tr={r,w} (2.13)

The Slater determinant changes the sign by electron exchange which fulfills
the Pauli exclusion principle stating that "it is impossible for two electrons
[...] to have the same values of the four quantum numbers |...]"[5]. A second

important idea is that the orbitals are chosen to be orthonormal.

(Bi|d;) = 04 (2.14)

The Schrodinger equation to be solved with a Slater determinant can be
written as 2.15]
HIE) = £1E) (2.15)

Minimizing of the energy expectation value &£ of a closed-shell Slater de-

terminant requires the condition [2.16]
0 =0 (2.16)

The approach to minimize the expectation value is to use the method of

Langrange’s undetermined multipliers. A function is constructed contain-
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ing the boundary condition 2.14] Therefore, the boundary condition is set
to zero and added to the expectation value with a further variable, called
multiplier A\. Note that the physical meaning of the multipliers are the or-
bital energies. The stationary point of the expectation value is determined
via the stationary point of the Lagrange’s function

n/2n/?2

5£(61,CQ, ...,Cm)\) = (5(5 — Z Z /\zg< <¢z|¢j> — 61])) =0 (217)

i=i j=1

A is a set of Lagrange multipliers. Inserting the Hamiltonian [2.18|into [2.17]
and collecting terms yields [2.19

H =hi+ g2 (2.18)
n/2 n/2n/2

OL(C1, 2y ey Cay A) = 23 (861 ) + > > (4 (00:0;]912|0i9;)
i i
~ 2(50u5la12l0i60) — A (31l¢y) ) (2.19)
+ c.c.

=0

The Hamiltonian is split into two parts. The first one hy contains the one-
electron part, the kinetic energy and the nuclear-electron interaction. g
denotes the two-electron interaction. The resulting expression contains the
one-electron integral, the Coulomb- and the exchange integral, the added

'zero’ (2.14)) and the complex conjugated (c.c.).

By introducing a Coulomb ([2.20)) and exchange operator ([2.21]) can
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be written as [2.22.

Ti(06i(1) = ( [ dwag; (2)715'05(2) ) &i(1) (2.20)
K5 (1)6i(1) = ( [ drag (2)75564(2) ) 05(1) (2.21)

n/2 n/2 n/2

5L=2 (30 B+ X (2 = K)o - ZIA@-J-@” tee. =0 (222

To fulfill the square brackets must be set to zero, which is the HF

equation (2.24) with the Fock operator f; (2.23).

n/2

fi= i+ 3 (275(0) - K5 (1) (2.23)
R n/2
Frleu(1)) = X 3% 165() (221

The left and right side contain different orbitals so here still off-diagonal
terms are coupled integro-differentially and cannot be solved directly. Since
the Fock operator depends intrinsically on the solutions of the orbitals it
can be solved iteratively in a self-consistent field (SCF) procedure and
forms a pseudo-eigenvalue equation.

Diagonalization of the Lagrange multipliers ((2.25)) with a transformation

matrix X yields the eigenvalue matrix E.
i1
X 5/\X =E (2.25)

Inserting the eigenvalue matrix E into the HF equation ([2.24)) and multi-
plying with X from the right side (2.26)) yields the canonical closed-shell
HF equation in matrix notation (2.27). Note that no spin-adaption has

been performed, the closed shell is defined by the total spin, which is zero
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and can therefore be neglected.

foX = 6XXIAX (2.26)

f¢' = ¢'E (2.27)

J and K contain the orbitals ¢, but not the transformation matrix-multiplied
orbitals phi’.

So far no statement about the orbitals has been made. The solution strat-
egy is using the linear combination of atomic orbitals (LCAQO) approach
in which the molecular orbitals (MOs) ¢; are expanded in a finite basis of
K known and fixed atomic orbitals (AOs) x with variable molecular coef-
ficients c,; . The coefficients are varied to solve the Fock equation
(2.24]).

K
¢ = 21 CrjXp (2.28)
M:

Note that the finite expansion is an approximation and must be due to

to computational costs. This expansion turns the canonical HF equation

227) into 220

K K
fi X Cquu(l) =€) Cquu(l) (2.29)

Multiplying with xj, from the left and integrating over drj yields the

canonical Roothaan-Hall equation ([2.30)).

K ~ K
ZI/dT’lcquZﬁXu =€ ZI/dﬁCquZXu (2.30)
Hn= =

In matrix notation the coefficients can be collected into a matrix C. Note
that the AOs at different centers are not orthonormal, so an overlap ma-

trix S is introduced.

S,UI/ = /dF1XMXZ/ (231)
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The definition of the Fock matrix F

Fuw = [ dix; fixe
_ [drochon + ﬁ [argpg Ko @3

C
=hu + G

Core

- of the hy operator, which has to be

contains an one-electron integral h
calculated once in the later described SCF procedure (does not depend on
the coefficients), and two electron part G, of the Coulomb and exchange

operator. With these definitions the solvable Roothaan-Hall equation for
a closed-shell system can be written as or in matrix notation (12.34)).

% F,ul/cuj =€ ; S;wcuj (233)

FC = SCE (2.34)

G of the Fock matrix (2.35) contains the Coulomb and exchange oper-
ator. This can be transformed and the resulting expression containing the

density matrix in the form of [2.36] the resulting expression can be written

10
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as in [2.37.

n/2
G = 12/0377165772)(;(1)%:Cf\in(mfol%:CanU(Q) Xv(1)

J

Coulomb operator

n/2
> [ didioxg (1) a2 X o (2) Xa (1)
Jj=1 A g
(2.35)
exchange operator
n/2 .
= 33X coes 2 [ dPdisx X Xo X
j=1 X ©
n/2 .
= X XS coscly [ RGN XoXe
=1 A ¢
n/2
with Py, =2 ¢4)c; (2.36)
j=1
1
G =Y 2 Py (nv]2o) 2(W|Ay)} (2.37)

Because S is not a unit matrix the Roothaan-Hall equation (2.33) is to be
solved as a nonorthogonal matrix eigenvalue equation. This can be trans-
formed into usual matrix eigenvalue equation by a matrix transformation

(2.38) of the overlap matrix S into a unit matrix 1.
X'SX =1 (2.38)

Multiplying from the left with X! and inserting XX into the Roothaan-
Hall equation (2.33) the Fock matrix F, coefficient matrix C are trans-

formed (marks) and the overlap matrix is eliminated.
F' = X'FX and C'=X/C (2.39)

XIFXX'C = XISXXCE
(2.40)
F'C = CE

This yields an orthogonal eigenvalue equation.

11



2.2 Density Functional Theory

The whole SCF procedure is performed by the following steps|3]:
1. Specification of a molecule and a basis set {x,}

2. Calculation of S, Hi'® and (uv|Ao) — 5(po|Av) of the G matrix

=
3. Diagonalization of the overlap matrix S to obtain the transformation
matrix X

4. Guess for the density matrix P

5. Obtaining the G matrix from the density matrix P and the two electron
integrals from step 2

6. Collecting H*" and G matrices for the Fock matrix F = H" + G

7. Transformation of the Fock matrix F’ with the obtained X matrix from
step 3

8. Diagonalization of F’ and obtaining C" and E

9. Calculation of the coefficients from C = XC'

10. Building of a new density matrix P by using C

11. Restarting from step 5 if the calculation is not converged. The proce-

dure is converged e.g. the density matrix P is the same as in the previous

step and/or the change of energy is below a defined threshold.

2.2. Density Functional Theory

The HF method described above is a mean-field approximation. This
method does not capture the total non-relativistic energy, this error is
called correlation energy. The DFT approach allows the correction of
e.g. Coulomb correlation|6, 7], depending on the choice of the exchange-
correlation functionals, which will be introduced later.

This method finds its early origin in the 1920s through Thomas[§] and
Fermi[9], considering the electrons as a homogeneous interacting electron

gas.[10] This approach proved to be usefuel for atoms and metals. The idea

12



2.2 Density Functional Theory

was extended by Dirac and Slater, but the theoretical basis for DFT was
provided by Hohenberg and Kohn in the mid 1960s. They established two
essential theorems for the breakthrough of the theory for use in quantum
chemical calculations and formulated a variation approach for the calcu-
lation of the ground state energy. The first theorem states that there is
a one-to-one correspondence between the electronic density p(7) and the

wave function W(r).[11]
\IIZ\I/(Fl,FQ,"',FN) <~ p(f) (241)

Note that the density depends only on three and the wave function on
3N coordinates. The integration by the electron density provides the total

number of electrons N.[12]
N = /p(f’)dr (2.42)

When the exact density is known, the solution is equivalent to the solution
of the Schrodinger equation.

The second theorem states that there is a variational principle of the
density. The total energy of a system can be formulated as a functional of
the density F[p]. A similar relation as for a wave function can be
set up for the density. The energy FE[p] of a trial density p is larger than

the true energy E[p] (2.43), if the number of particles is kept constant.|11]
Bl > Bl (2.43)

In the simplest case, the Hamiltonian for N non relativistic , interacting

13



2.2 Density Functional Theory

electrons can be written as [2.44l
1 2
H:—izvﬂLZ (7"])—|- Z— (2.44)
J J 257 Tij

v(r;) denotes an arbitrary potential in which the electrons are moving, not
only the physically relevant nucleus-electron Coulomb interaction. Hohen-
berg and Kohn[l11] postulated that the ground-state density p(7), which
is obtained by a parameterized Slater determinant (Kohn-Sham determi-
nant), determines the external potential v(r), the starting point of DFT.[12]
By a given v(7) the energy can be written as a functional of the density p(7)

Eywlp(P)] = [ v(#)p(F)di*+ Fp(7)] (2.45)

Flp(7)] is a functional of the kinetic energy and the electron repulsion-

interaction.

Ly 1 )xp]) (2.46)

i#j T'ij

Flp()] = (¥ (—fzv2 5

A useful approach of Kohn and Sham(7] is to extract the functional F[p(7)]
@.47).
Flp(r)] = Tslp(M)] + Tp(7)] + Exclp(r)] (2.47)

with To[p(F)] = 3 {x i - *VQIXJ

(2.48)
2/ p p( ‘ PATIPAT ) a=ai

17—
Thereby 7, denotes the kinetic energy of a noninteracting system with
the density p(r) and J[p(7)] the interaction. By using [2.45] and the

Lagrange method it is possible to set up a new self-consistent equation

(2.49) as for HF, the Kohn-Sham (KS) equation.

Lo - p(7)
(—2V +V(r)+/|F_F|

a7 — vxo(P) )¥; = €] (2.49)

14



2.2 Density Functional Theory

The equation contains the fictious single-particle orbitals X;' comparable to

the single-electron orbitals from HF theory and can be solved if and

apply.

) = 3 I (2.50)
vxe(r) = (W (2.51)

vxc is calculated by in each iteration with an appropriate approxi-
mation of the exchange-correlation functional Exc[p(7)]. In principle, the
KS approach is exact in the case that an exact Exc[p(r)] is used. It de-
pends on the total electron density, which is different at different places in
the system.[7] Note that all terms in E[p| can be constructed, but not the
exchange-correlation functional Ex¢, therefore parameterized functionals

are used to describe the exchange-correlation effect as good as possible.

2.2.1. Functionals

The true exchange-correlation functional is unknown, so users must rely on
density functional approximations. As a consequence, hundreds of these
functionals have been developed, each with its own advantages and disad-
vantages.|13]

The simplest approximation is the local density approximation (LDA)[7],
which describes the electrons as a uniform interacting electron gas with

2.02).

B = [ exclp(®)p(F)dr (2.52)

exc|p()] is the exchange-correlation energy of the density p(7). A higher

level is the generalized gradient approximation (GGA), which in addition
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2.3 Theoretical basics of the NMR Spectroscopy

includes the gradient of the density (2.53)).[12]

ESEN = [ F(o(P), V(7)) dF (2.53)

The functional E{%4 contains p(7) and V(7). High accuracy is obtained
by combining GGA and exact exchange (HF). This functionals are called
hybrid functionals.

The main functionals that have been used are the hybrid functional
B3LYP[14-16] for geometry-optimization calculations and the GGA func-
tional BP86[14, |17]for other calculations.

2.3. Theoretical basics of the NMR Spectroscopy

NMR spectroscopy is a common analysis to determine molecular struc-
tures|18] by chemical shifts, coupling constants and a variety of modern
NMR techniques. Calculation of such properties could be helpful for pre-
dictions or analysis of physical effects.

Molecular properties may be calculated by the derivative of the total
energy of a system, which is connected to the derivative of the used Hamil-
tonian. This arises from the Hellmann-Feynman theorem|[19] 20]

oFE)

OB, _ ., O
O\

= (U
<>\|a>\

(W) (2.54)

which is valid in this form when the wave function is independent of \ in
first order or invariant. The first and second derivative with respect to an
external electric field can be associated with the electric moments and the
polarizability. Magnetic properties e.g. NMR-shieldings, are obtainable
by the second derivative with respect to a constant external magentic field

B and the nuclear-magentic moment myg [21-23] at B = 0 and myx = 0,
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2.3 Theoretical basics of the NMR Spectroscopy

called shielding tensor oy (2.55)).

82 Etotal

—_— 2.55
OBsOMK, | g_g my—0 (2:59)

Ost =

Note that the index s and ¢ denotes the z, y and z coordinates of the
magnetic field B the nuclei K. The shilding tensor o is a second-rank
tensor.[24] Later in the results section (sec. [4]), the focus will be on isotropic

shielding values 0*°, which is obtained from the trace of the shielding tensor

@50). 23
: 1
o' = gTT(O’St) (2.56)

Before the shielding tensor is presented, the general idea is how to deal
with a second derivative of an expectation value. The second derivative

of an expectation value E with respect to the parameter x and y can be

written as
o?PpHr 0*H,, 0?
VAT i Py 7 (A
TR T T ,%0 oy PO)
82 TLUC 625 1%
+ — W=
0xdy 8965'3/ (2.57)
OP,, 8HW Py, 0
— Py A
T2y on 2%0 o g HAlI0)
B oW, 0S5,
Oy Ox
where W is given through
W/W = Z GjCZquj = ZEJ’PNV (258)
j j

The resulting expression includes derivatives of the wave function.
The coupled-perturbed Hartree-Fock (CPHF) formalism shows how to deal

with those.
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2.3 Theoretical basics of the NMR Spectroscopy

2.3.1. CPHF-equation

The first two lines of contain the second derivative of the Hamiltonian,
which is easy to calculate. The last two lines includes the derivatives of
P and W and thus the derivative of the coefficients. In the case of the
second derivative, a perturbed wave function or rather a perturbed density

must be calculated. Therefore the coefficients of the perturbed density

OP,,

52 = P(y) can be expand into the unperturbed coefficients ¢ and the
v

using of a transformation perturbation matrix U(y) [2.59| .

Cup(y) = Xq: CuqUp(Y) (2.59a)

in matrix form: C(y) = CU(y) (2.59b)

Note that greek letters imply unperturbed while roman letters define per-
turbed factors. The perturbed spin orbitals x(y) are expanded in perturbed
basis functions w(y) (2.60)).

Xp(y) = ; Cup(Y)wp(y) = %% Cuqp(y)wpu(y) (2.60)

The derivative of u, so u!), is used, which can be expressed by the central

result of the CPHF formalism. Therefore the matrix U is divided into

diagonal (2.61)) and off-diagonal (2.62)) terms.

1.
1) 1
ul)) = —QS;I) (2.61)
£ — 50
ull) = 2o " P (2.62)
€~ &
with V) = F) — S()e, (2.63)

18



2.3 Theoretical basics of the NMR Spectroscopy

Note that F and S are given through

F(y) = C'F(y)C (2.64)
S(y) = C's(y)C (2.65)

The whole derivation of the central result of the CPHF formalism is

shown in the appendix (A.10.1)).

2.3.2. ‘H with magnetic field

After a description of the general derivative procedure for HF-like equations
it is now shown which terms result in the shielding tensor.

The expectation value of a Hamiltonian H can be written as

= (|H|E) (2.66)

To obtain the shielding tensor (2.67)), the second derivative with respect to
the external magnetic field B, and the nuclear magnetic moment my; of
the expectation value F has to be determined.

02E 9°H
Ot OB.0mE, <5 9B amm’f> <

_ O_dza + ghara

87—[‘>

0B

(2.67)

Note that the index s and ¢ denotes the x, y and z coordinates of the
magnetic field B the nuclei K. The non-relativistic shielding tensor has
diamagnetic 0% and paramagnetic o?*® contributions.

In the following, the derivative of a simple non-relativistic Hamiltonian
is worked out. The second derivative with respect to the magnetic field B
and the magnetic moment my has to be multiplied with the wave function

(diamagnetic) and the derivative with respect to the magnetic moment my
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2.3 Theoretical basics of the NMR Spectroscopy

with the perturbed wave function (paramagnetic). The simple Hamiltonian

in atomic units is written as
p°
H="+V() (2.68)

The kinetic energy operator p has to be extended by a vector potential

A(r)[22]. This ansatz is called minimal substitution.

1
P 7=t A(F) (2.69)

¢ denotes the speed of light.
The minimal substitution introduces the interaction of the electrons with
the field into the Hamiltonian. A(r) contains the vector potential of the

external magnetic field A°“! and the nuclear magnetic moment A% .

= i X (F— R
“Bx i K (r )

1
A(T) = A + AR = .
) 2 7 — Ril3

(2.70)

Inserting the vector potential for the external magnetic field A into the

Hamiltonian yields

H(B) = : +V(r)
loy 0 =, =
+02-< 3% ) (B x ) + V()
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2.3 Theoretical basics of the NMR Spectroscopy

and the vector potential of the magnetic moment AX in [2.6§ yields

BN v
H(mK)=2<p+

197 P RN 2
Lo X (7 RK)) V()

C ‘F—EK|3
iWLK-(F—EK)Xﬁ
2c 7 — Rgl?

1 77_”2[( X (77— EK) 2 —
2¢2 ( 7 — Ryl? ) + V()

1 2

_|_

Using of A(r) (2.70), which contain both the vector potential of the mag-
netic field A°** and of the magnetic moment A% in the Hamiltonian

is obtained.

| T X (F— R
—BxF+mK (" K)

2c |77— EK‘S

H(B, mig) = L <ﬁ+1 ) + V(@) (2.73)

2 c

Many terms result from expanding (2.73]), but most vanish in the deriva-
tive. Only the term necessary to be considered is listed in the Hamiltonian

@74).
. 1 BS — . — = é
H(B, mg) = - By x7) EmK:X (= Bic)) (2.74)
2 7 — Ry|?

A simple approach to obtain the second derivative of the Hamiltonian [2.74]
is to separate the derivatives with respect to By and mg; and subsequent
multiplication of them.

The derivative with respect to the external magnetic field B of
yields

on. — a0 T V) (2.75)

and the derivative of with respect to the nuclear magnetic moment

mpg, is given through

OH(ig)  i[(F— Rk) x V],

= 2 2.76
Omg, ¢ |F— Rgl? (2.76)
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2.3 Theoretical basics of the NMR Spectroscopy

The mixed derivative (2.77) of the Hamiltonian (2.73)) is obtained by
multiplying and to obtain [2.78]

O*H(B, i)  OM(B) OM(iix)

- 2.77
_ 1 r- (7= Ri)dy — ri(7 = Ri)s (278
2¢2 |7 — Ri3 |

Using the second derivative (2.78)) in the first term of the diamagnetic
contribution 0% of the shielding tensor o one obtains (2.79).

odia — <§‘ 17 (7 — éK)(Sst — 7 (7 — EK)S
2¢? ‘77— EK|3

g> (2.79)

The paramagnetic contribution o?** of the shielding tensor o contains
the perturbed wave function and can be obtained by using the central
solution of the CPHF equation. In the CPHF formalism, the wave function
is expanded in a perturbed basis . Derivative of the expansion with
respect to the external magnetic field and multiplying with the derivative
Hamiltonian with respect to the nuclear magnetic moment yields

the paramagnetic contribution.

2

ghara ~<aBS<Xp:%:zq:Cuqup(é)wu(§)>[(F_ R)K) X 6]t
<

7 — R

‘)

How the resulting paramagnetic part looks like depends on w,. A good
choice are GIAOs|26], more about this later in section [2.3.3, By using
GIAO w), can be written as [2.81[27], where the basis functions x, multiply
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2.3 Theoretical basics of the NMR Spectroscopy

by a complex phase factor.

wu(B,1) = eap( = L(B x Ru0) - 7) - xulrar) (2.81)

Using the central results of CPHF the diagonal (2.61) and off-diagonal

2.62)) definitions of uV), and the derivative of [2.81| the paramegentic con-

tribution can be written as shown in [2.82, Note that R, is only written

Xy>}

1 -
+ 5 2o (z . v) 67) (2.82)
t

as R, for simplicity.

—

ghara 22{ Zilcc,\icm<x,\‘;<]% X ﬁy)s(? X V)
t

i v 'n

(%

1 (1) N =
+25 —u(oil| 5 x V| 16;)
1c 8%
t
2.3.3. Gauge-including atomic orbitals - GIAO

Magnetic properties will be calculated by adding the magnetic vector po-
tential A(r), which depends on the gauge origin, to the kinetic operator
(see section m, equation . The results of magnetic property calcula-
tions are origin-independent if a complete basis is used, but in a truncated
basis the independency of the origin is not longer ensured.[28] Especially
for heavy elements, the large number of electrons does not allow for a very
large let alone a complete basis set. Following Ditchfield|29] so-called Lon-
don orbitals|26] or GIAO have been used to minimize the gauge error in
calculations of magnetic shielding and other magnetic properties at the
CPHF-level. Because London orbitals have their own origin, the gauge
error in a finite base is minimized. The same is true for the calculated

derivatives such as magnetic properties.
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2.4 Relativistic effects

By using London orbitals in case of NMR shieldings, the atomic or-
bitals x, are multiplied with a field-dependent, complex phase factor as
seen in [2.81] The atomic orbital (AO) x, is centered on the nucleus M at
the position of éu-

Thereby EMO denotes the dependency of the orbital position éu to the

origin O (2.83).

Bo—R,—0 (2.83)

It is shown that the London orbitals depend paramterically on the field
strength B, the gauge origin O and the orbital position R,,.[28]

2.4. Relativistic effects

Relativistic quantum chemistry of electron systems deals with finding ac-
curate solutions of the Dirac equation. This central equation merges the
quantum mechanics with special relativity.[30] The Dirac equation in a

inertial system to separate space and time can be written as in [2.84]

HpV(7) = E"V(7)

) (2.84)
(c&(ﬁ—i— eA) + pmc* — eqb)\II(F) = E'U(7)

¢ denotes the speed of light, m the mass of an electron, A is a vector
potential and ¢ and scalar potential which is multiplied by the charge of
an electron e. Note that @ and [ are 4-dimensional square matrices. a

contains the Pauli spin matrices (2.86)) in a vector according to

aq
02 o
G=|ay| = i=1,2,3 (2.85)
o; 0
acz
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2.4 Relativistic effects

01 0 —i 1 0
with o = 09 = o3 = (2.86)
10 0 0 —1
and [ is given by
1, 0
B = (2.87)
0 —1,

The wave function W is a four dimensional vector, called a 4-spinor.[31] ¥

can be split into a large ¢* and a small ¢° component.

1
L
U= ZQ - ZS (2.88)
3
Py

The solutions of the Dirac equation for a free particle include two possible
values: E = +mc?. Solutions for a bound particle lie between these two
values. There is a continuum above £ = +mc? and below E = —mc?. The
positive continuum is already known from the non-relativistic solutions of
the Schrodinger equation. For the negative continuum there are many
possible interpretations e.g. Dirac’s hole theory[32]. In the following the
zero point of the energy is shifted by +mc? in order that the positive
continuum starts there to make the formalism comparable to the non-
relativistic case. Using A= 0,V = —e¢p and E = E' + mc? it is possible

to formulate the two component Dirac equation (2.89)).

V-l + cap-° = Byt (2.892)

cap - Yl + (V= 2me?) - ° = By (2.89h)

Based on [2.89] approximations can be introduced to obtain expressions
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2.4 Relativistic effects

for the relativistic corrections. Therefore, [2.89D] is rearranged to 1° and
the relation is resulting.

B cop
C2mER+E-V

W° pr (2.90)

Using of the relation of the small and the large component in and
Dirac’s relation[33]

(6'd)(0V) = uvly +i0 - (U X V) (2.91a)

if @ = ¥ then (6%)(5d) = 4’1, (2.91Db)

it is possible to set up a eigenvalue equation of the large component, which

contains the non-relativistic limit and relativistic corrections.

= = 2

p V-FE p ¢ .
P iv-E L v

(QmjL +2mc2+E—V 2m (2ch+E—V)p b
non relativistic velocity correction
scalar relativstic (292)
< (&Y % ) |o" =0
- 1o =
2me2+ E-V) prap

spin-orbit coupling

The relativistic corrections are the velocity correction of the kinetic energy
and a scalar correction due to the third part. The velocity and scalar cor-
rections are the scalar relativistic corrections. The last Term contains the
SOC. Which term of the relativistic corrections dominates the correction

in calculations depends on the atom types.

2.4.1. Relativistic Hamiltonians

In the Dirac equation for one electron is shown. This contains no

two-electron interactions. In [2.93] and second electron and the Coulomb
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2.4 Relativistic effects

interaction is added. For an overview the indices 1 and 2 are used to

identify the electron, even if electrons are not distinguishable.

“0071 (]71 — 1(11612> + Bimc® + Lna + VKe(rl)}

2¢ 119 2 112
(2.93)
(- laeaq 2, L B
+{ca2 (pg — 207’12) + Bomc” + 57"712 + VKe('rQ):| &= F¢
{c&lﬁl + clofy + Bime? + Bamc? + Vice(r1) + Vice(r2)

(2.94)

1q1q 1 a1

R g €= B¢

2112 2 12

In comparison to the non relativistic case, the two electron interaction
(second line of contains the Coulomb interaction and an additional
term, called the Gaunt interaction. The Coulomb interaction describes the
spin-same interaction and the Gaunt term the spin-other-interaction by
an instantaneous spin-spin-coupling.[31} 34] In nature the magnetic inter-
action between electrons is not instantaneous, but retarded. Derived by
the quantum electrodynamics or relativistic interaction of charged parti-
cles with quantization, the two-electron relativistic Breit operator ([2.95)

results.

GRS ;%(&1072 + (alrl)(agrg)) (2.95)
12

In the many-particle case, a four-component Hamiltonian can be written

as
N N
H=>HPU)+ 9(i,7) + Vi (2.96a)
i i<j
with H” (i) = cd;p; + Bimc* + Vice (2.96b)

Using the Coulomb potential for ¢(i,7), the Dirac-Coulomb Hamiltonian
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2.4 Relativistic effects

results. If the Breit interaction ([2.95)) is introduced, the Dirac-Coulomb-
Breit Hamiltonian is obtained.[31] Both Hamiltonians give electronic so-
lutions of both positive and negative energy. For technical reasons, four-
component Hamiltonians can only be employed for small molecules. Ap-
proximations are made in order to calculate relativistic corrections of large
systems and to reduce the computational costs. One possible procedure is
the elimination technique[31], e.g. the Pauli elimination yields the Pauli

Hamiltonian (2.97))[35].

~2 — h2

p p h L L
—+V — AV)4+———a(VV x =F 2.97
( 2m T 8m3c? +8m202( ) +47112020( P) >¢ v (297)
non-rel. mass-velocity Darwin spin-orbit coupling

The derivation is shown in the appendix (A.10.3)).

Note that the Pauli Hamiltonian contains the non-relativistic Hamiltonian,
a mass-velocity operator, a Darwin term and a spin-orbit coupling term.
Because of the mass-velocity term and the singularity of the Darwin term
this Hamiltonian is not bounded from below and ill-defined.[31] A better
approach is a decoupling strategy of the small and large component. In this
thesis, the exact-2-component (X2C) and the BSS Hamiltonians, obtained

after the Barysz-Sadlej-Snijders transformation, where used.

X2C approach The starting point of the exact-2-component decoupling method

is the Dirac-Roothaan equation

N
fU=0HP6E) + V)V = EV (2.98)
L
The 2-component spinor funtions ¥ = ; are expanded into one-dimensional
(8

scalar basis functions A, multiplied by spin functions {\,,u}®{a, 5} (2.99).

28



2.4 Relativistic effects

Ui () =2 el Au(r) (2.992)
Vi (r) = 2 Ciut Au(T) (2.99Db)
c{; and c;qr denote the coefficient of the basis set expansion of the large and

small components, respectively. As shown in [2.90] also a relation between

the coefficients of the small and large components can be made.
¢ = Xck (2.100)

The operator X can be determined (2.101)) by multiplying [2.100| from the
right by (&)~
X =c(ch)! (2.101)

This operator is used to generate the decoupling unitary transformation

matrix Uxsoc.[31]

1 _yr__1
Uxoc = IHTX . 11+XTX (2.102)
X VI+XTX VI+XTX

To generate the X operator, the Dirac-Roothaan equation (2.98)) is diag-
onalized. This step requires an approximation of the potential V.., which
does not contain the full electron-electron interaction. Using of Uxyc in an
unitary transformation, such as the Foldy-Wouthuysen transformation, the
exact decoupling of the Dirac equation is possible. The advantage of this
approach is, that only one decoupling-step is required. The two-electron
part of this approach is treated in the non-relativistic limit. It is possible to
change that part through e.g. an atomic mean field two-electron spin-orbit

correction.|31]
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2.4 Relativistic effects

Note that there is a kinetic-balance condition between the small and large
component: @/th € {¢L}. A decoupling is possible by kinetic balance uni-
tary transformations. Using the relation ¢ € {1/} a 1:1 ratio between
the the large and small component basis sets, so the restricted kinetic bal-
ance (RKB) is chosen.[36] This holds the magnetic balance in the absence
of a magnetic field.

There are problems using RKB to calculate magnetic properties as shown
by Olejniczak et. al[37]. In this case, the magnetic balance is no longer
fulfilled. A better approach is then to span the generated RKB basis
functions to obtain unrestricted kinetic balance (UKB). In the UKB, only
the generated basis functions by RKB of the small component are required.
In general, UKB leads to larger basis sets for the small component and gives

a more flexible basis.[36]

BSS Hamiltonian Instead of the one-step transformation such as the X2C ap-
proach, the BSS Hamiltonian is a two-step transformation. This approach
uses the Barysz-Sadlej-Snijders transformation. Therefore the free-particle
Foldy-Wouthuysen transformation with U in addition to the orthonormal
transformation with K is made. The transformed four-component Hamil-

tonian matrix H can be written as[31]
H = U/K'HKU, (2.103)

Using this approach, it is possible to generate a Hamiltonian which only

acts on the large component.

ZORA Hanmiltonian The ZORA Hamiltonian is determined by the known

relation of the small and large components shown in [2.90, For this purpose,
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2.4 Relativistic effects

the relation X between the large and small components is rewritten as

G P
2c2 -V 2c2 -V

Xz0opa =X = “l7p (2.104)

The derivation is shown in the appendix (A.10.4)).
A drastic assumption is made to get ZORA. Xzogra is to be simplified
using £ << 2¢? — V. This results in the removal of the fraction in the

square brackets of [2.104] The resulting Hamiltonian can be written as

2

7—[=V+cap2c2_vap:V+Jp2C2_Vap (2.105)
The current Hamiltonian is expanded in powers of % 2.106)).[38]
c c E
~V +o0p—s——0p—op P+ ... 2.106
7 i P —y 7P op (262 — V) (262 — V) Pt ( )

The zeroth order contains the effective relativistic correction and is the
ZORA Hamiltonian. Proceeding to the first order, the first-order regular
approximation (FORA) is obtained. The IORA Hamiltonian can be devel-
oped in order to improve the ZORA, but the added higher orders do not

yield the exact Dirac eigenvalues. [31,139] The ZORA Hamiltonian is given

by
K
HIOM =V 4 61 o
e (2.107)
with K = ( >
2c2

Using the ZORA Hamiltonian, the total ZORA energy is obtained. How-
ever, problems arise from the first approximation of £ < < 2¢> — V in
2.105. This approximation violates the description close to the core region.
The problem does not only emerge in ZORA. Remember the Pauli Hamil-

tonian, which is also simply expanded in powers of ¢ (Appendix [A.10.3)),
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2.4 Relativistic effects

and all other Hamiltonians based on this similar expansion are generally
singular and ill-defined. In these cases, the variational procedures are no
options.[31] Note that the ZORA method uses numeric integration for the
calculation of the Hamiltonian matrix elements,[38, 40| therefore the cal-

culations using ZORA are grid depended.

SOC Hamiltonian in ORCA In ORCA SOC approaches are implemented in-
cluding the spin-orbit mean-field (SOMF) Hamiltonian, Atomic Mean-
Field Integral (AMFI) approximation, AMFI-A approximation and the
Veff-SOC Hamiltonian. After the reduction of the full four component rel-
ativistic theory by using the Breit-Pauli procedure[41], 42] the SOC Hamil-
tonian can be written as a sum of one- Hg())c and two electron contribution

Hg%c as

Hsoc = 7'[59%0 + 7'[53%0 (2.108)

where the two electron contribution contains spin-same-orbit (SSO) and
spin-other-orbit (SOO) terms. The use of the full two-electron Breit-Pauli-
SOC operator is possible, but requires a high computational effort. The
ORCA package is more likely used for larger molecules, therefore accu-
rate approximations were made.[43] In case of the SOMF Hamiltonian, the
Breit-Pauli-SOC Operator is approximated by an effective one-electron op-

erator with the form

Hsomr = Zfﬁz (2.109)

2

where §; is the spin operator and Z; is an appropriate effective spatial oper-
ator which includes the most of two-electron effects. The one-electron part

from the Breit-Pauli operator is taken and the two-electron contribution

has to be transformed. The SOO and SSO parts contribute to the SOMF
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2.4 Relativistic effects

Hamiltonian by spin-averaging which is an approximation.

In case of the AMFI approximation all multi-center terms are neglected
and replaced by mean-field terms. In the AMFI-A approach atomic HF or
KS densities generates the mean-field. [44]

In the effective potential SOC (VEFF-SOC) approach the two-
electron contribution to the SOC is considered by effectively screening the

core-potential.
f f -

eff - ZZ A3 ZA’LASZA (2110)

1 AZA

A denotes an atom, 74 an electron occupying an orbital at center A and
[ the orbital angular momentum operator. In the ORCA code the effec-
tive nuclear charges of Koseki et al.[45] are implemented. The VEFF-
SOC approach has the same one-electron integrals as the SOMF approach.
The difference is that in VEFF-SOC the SSO part is modeled and does
not contain the SOO contribution. This is justified by Schreckenbach and
Ziegler[46], who argued that the SOO interaction vanishes, if in a model
system an unpaired electron interacts with a closed-shell system. Probably
the SOO interaction is still small, if there is a second unpaired electron.
The VEFF-SOC approximation usually has an error smaller than 10 %,

but in some cases the error can be above than 20 %.[44]

2.4.2. Relativistic effects in NMR shieldings

NMR parameters e.g. isotropic shielding, depend strongly on the electronic
structure near the considered nucleus, therefore these parameters are af-
fected by relativistic effects much earlier in the periodic table in comparison
to other properties.[47] There are three main effects which arise in the rel-

ativistic theory. There is relativistic contraction of the s- and p-shells,
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2.4 Relativistic effects

relativistic expansion of the d- and f-shell, and the spin-orbit splitting.[48§]
From the first mentioned effect, e.g. electrons move closer to the nucleus
and thus faster, it is easy to concluded, that relativistic effects play a role in
calculations of NMR observables of mainly heavy elements and cannot be
neglected. However, heavy elements close to light elements influence e.g.
NMR shifts of the light elements. This is called HALA describes that the
SOC interaction of the heavy neighboring atom exerts a dominant effect
on the chemical shift of the light atom.[49] Kaupp, Malkina and Malkin[50]
have shown that the dramatic decrease of the C shift from CCls* to CIz+,
for example, is caused by a SOC effect. The HALA effect is also a possible
explanation of the normal halogen dependence (NHD)[51], which is a de-
crease of the chemical shift of the atom next to a halogen with increasing

nuclear charge.[50] The reverse case is also found and called IHD.

Relativistic shielding tensor In the presence of the spin-orbit interaction the
shielding tensor oy is extended by a spin-dipole (SD) ¢ and Fermi-
contact (FC) term of“. [52] Thus the relativistic shielding tensor can be
written as

Jﬁel = glia 4 grara 4 55D 4 GFC (2.111)

Where the two additional tensors come from is shown below.

The total relativistic Hamiltonian in atomic units in the presence of the
external magnetic field and the nuclear-magnetic moment can be written
as[b2]

M=y (5t Am) + 3 - -y
' >j tig A Al (2.112)
+ Hsoc + Hzu
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2.4 Relativistic effects

The first line of 2.112] contains the non-relativistic terms and the second
the complementary relativistic terms consisting of the SOC operator Hsoc

and the Zeeman operator Hzy;. These can be formulated as

lAz Sz Sz + 2lz i
Z Z ’

2
Y 2225 j#i TZ]

Hzn = - Zsz Vi % A(7)] (2.114)

Hsoc = Z Z

(2.113)

S; denotes the spin and l: the orbital angular momentum operator of the
electron ¢. The first term of Hgo denotes the one-electron and the second
term the two-electron spin-orbit (SO) contribution. The two-electron SO
contribution consists of spin-same-orbit and spin-other-orbit parts.

To obtain a concrete expression of the relativistic shielding tensor, the
total Hamiltonian (2.112)) is expanded in powers of the external magnetic

field B and the nuclear magnetic moment mg.
H=H"+SBHO+S S me ' + S5 S mg, HY B, + ... (2.115)
B N t N t S

The superscript indices denote the derivative with respect to B,, mg, or
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both. H%? is already shown in [2.112] H?, H%! and H'! are given by

OH(B,m;) 1 1
1.0 _ 2R\ TR = . - .
H 52 > Zi:(n X P)s + - ZZ: Sis (2.116)
OH (B, m
201 W — Jpara L SP L 4 FC (2.117)
K
1 (Ta; X pi)t
_ szi (2.118)
para
L[ 37ait(8i - Tag) — Sur; 8 S o
+( Tait(5 7_’%4) SitT" Ai +7T5(7“Ai8it)) (2.119)
C T Ai _3 JE—
P FC
(927_[(5 1) , 1 T FaiOsp — ToT i
11 , dia 7 1Ust it Ais
la JBsOmk, " 2c? zz: i ( )

The diamagnetic H%* and paramagnetic Hamiltonian H?** are the same
as in the non relativistic case. Due to the SOC interaction, two additional
terms result from the derivative of the nuclear magnetic moment, the SD

and FC term. Therefore the relativistic shielding tensor can be written as

0

ol = (EH™E) + 55 EB)H e (B)) (2.121a)
O\ AsDie A

+ o B Hle(B) (2.121h)

o (B el B) (2.121¢)

HALA effect Shielding and deshielding effects in NMR spectroscopy can
be explained by larger or smaller electron densities. The effect can also
be observed for light elements close to heavy elements, especially when
comparing elements of the same group in the periodic table e.g. IHD.
Many spectroscopics also talk about shielding or deshielding. However,
this effect can be explained by the interaction between the nuclear spin

and an unpaired electron spin by a FC mechanism. The FC contribution
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is considered due to the SOC. This contribution is a central part in the
explanation of the HALA effect in the SO-FC mechanism[53]. Note that

scalar relativistic effects are negligible.[54, |55]

a)

electronic
spin polarization

b)

Spin-orbit
coupling

<« : Fermi-contact interaction

Figure 2.1: Schematic illustration of a) FC spin-spin coupling and b) SO-FC mechanism.

Due to the presence of the nuclear-magnetic moment close to the spin
of the electrons in the inner shell, spin-polarization results (left side of fig.
. If there is two nuclei A, and By, next to each other, the spins of the
electrons interact and further spin polarization occurs. The polarized spin
density interacts via FC with the nuclear-magnetic moment (left side of
Fig. 2.1h).

In case of the neighborhood of a light Xy, and a heavy atom Xy (HALA),
further spin-polarization is generated by SOC of the heavy atom, by mixing
singlet and triplet states (right side of Fig. [2.1)). The polarized spin density
by SOC interacts via FC with the nuclear-magnetic moment (left side of
Fig. [2.1p)[56] and the influence of the nuclear spin induces shielding or
deshielding[57]. Note that there are many other HALA effects, but in this
thesis the focus is on the SO-HALA effect.

37



2.5 New Implementations in ORCA

2.5. New Implementations in ORCA

The following new approaches in ORCA are not implemented by me. There

will be a short explanation of what was done.

2.5.1. NMR shielding Tensor with the inclusion of spin-orbit-coupling

In the new implementation a simple approach was used to calculate the
SO corrections of the isotropic NMR shieldings. For this purpose the non-
relativistic density is perturbed by a SOC Hamiltonian. This mixes the
singlet and triplet states, thus a polarized density is obtained. The response
to the magnetic field is calculated for the new density. The individual steps
are explained in more detail below.

When a non-relativistic KS determinant is perturbed by a SOC Hamil-

tonian, the obtained complex determinant is diagonalized by

U7 = 3 dil65) + kzﬁ:dkﬁi |61 (2.122)

¢ are the restricted KS-MOs. The MOs are expanded as usual in basis

functions x with molecular orbital (MO)-coefficients, but are blocked by

the spin [2.123]
O = %:CZk Xu) @ |0) (2.123)

~———
X

Note that ¢ denotes the spin.
Since the SOC Hamiltonian mixes singlet and triplet states and the non

relativistic o and g MOs are still identical, the polarized SOC-MO coeffi-

cients ¢j; must be transformed with the polarized coefficients dy,; as

&= dyicly (2.124)
ko
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therefore the polarized KS determinant can be written in AO basis func-

tions as
97y =3 (@ 1) + 2l b)) (2.125)

Note that GIAOs are used as basis functions.
The polarized complex density P?%  is formulated in real and imaginary

parts. The real part can be used to determine the diamagnetic contribution

o4 to the NMR shielding by

dla - <\IJ|HBg,mKt| >

/ (2.126)
= ;PM OGN H By e IXT)
1 (rg - 1 —riy +1i L
with 13!, = (ri - rvi) L = rify + iQuvrLic (2.127)

2 3
" 2 T

where 0—12 results from the fine-structure constant in atomic units. Q,;n

denotes an anitsymmetric matrix containing the positions of the nuclei.
#x and Ly are the transposed forms (for more details see [28]). Note that
Lk is complex; Lx = ir, x V.[2§]

For the calculation of the derivative of the polarized SOC density p/w
with respect to the magnetic field B, the polarized SOC coefficients ¢, are
expanded in the basis of the perturbed CPHF coefficients g, , .
Therefore, the paramagnetic contribution can be formulated as in [2.128

by using the derivative of the Hamiltonian with respect to the nuclear-

magnetic moment ([2.129)).

ara a

ks (2.128)
= ; uzg <Xmu|HB SMK, ‘Xnu>
1L
: 0,1 K
Wlth HBsmKt = g?% (2129)
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2.5 New Implementations in ORCA

c% results again from the fine structure constant in atomic units. Note that
the diamagnetic part is purely imaginary.

In addition to the dia- and paramagnetic contributions, the response of
the magnetic field only includes the FC contribution in this approach. This

can be calculated by

OFC d <\I/|'HFC|\I/>

~ OB,
06287'[' oo 1 o o
= ZHMU <XM|5(TK)S|XV>
3w (2.130)
04287'[' oo’ /
= TS (181 (ol
042877- oo’ Qoo’
= O s ()
2
8
with H%glmm - a3 Wé(TK)S (2.131)

2.5.2. Pilot implementation RIZORA

Calculations based on the ZORA method are grid dependent, through the
numeric integration for obtaining Hamiltonian matrix elements.[38, 40] The
approach of Cremer and Filatov[58] allows the fully analytic calculation of
Hamiltonian matrix elements using e.g. ZORA. Based on their idea, there
now is a pilot implementation in ORCA to calculate the paramagnetic
contributions to the shielding tensor via RIZORA.

The integral of the paramagnetic contribution is transformed to

0
0B

O_para — 2 < \IJ‘Z'H])GTCL

+WT—1HparaT—1W
(2.132)
_{_WTfIHpaT‘aWalW

+22WW51HP“’”GT‘1W )
m
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2.5 New Implementations in ORCA

As seen in [2.132] further matrices are used to determine the RIZORA
integrals. In the ZORA case (2.107), minimal substitution (2.69)) results

6

in an operator with terms containing r 3 and 7% These are unpleasant

for the numerical integration. Using of T~!, which is the inverse kinetic

integral matrix, the integral is determined analytically. Since % integrals

appear in the ZORA method, the matrix Wy is necessary to make them

analytically integrable. Wy is given by

1

(W) = 355 ul (0 - P)Vere (- p) ) (2.133)
and the W matrix is given by
W =W, + W, T 'W (2.134)

Using this approach Wy, W, W I T and T ! are calculated beforehand
and then the paramagnetic contribution via RIZORA can be calculated
(2.132)).

Note that in the paper [58] spin-spin couplings constants are discussed

and the final expression contains only the first two terms.
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3. Computational Details

The calculations were performed with three quantum chemical programs.
Among them are ORCA[l], NWChem[59] and Dirac[60]. The 4.2.1 ver-
sion of ORCA, the 7.0.0 version of NWChem and Diracl9 were employed.
The Avogadro|61] program was used for the construction of the molecular
structures.

The geometry optimization was pre-calculated in ORCA using DFT with
B3LYP[14-16]. Furthermore the def2-TZVP[62] basis set, tightscf and grid
7 were used. Note that from krypton on there is no all-electron basis set,
but the Stuttgart-Dresden effective core potentials (ECPs) are selected as
default. However, these geometries were not used for further calculations
except for the bismuth compounds. NWChem performs a symmetrization
step of the geometries, which does not result an absolutely identical struc-
ture and it was not possible to turn this off. This resulted different nuclear
repulsion energies compared to the ORCA geometry. For this reason, a
single point or property calculation was first performed with the obtained
structures from ORCA in NWChem, and the transformed geometry were
used for further calculations.

Property calculations were performed using DFT with BP86. The def2-
TZVP[62] basis set was chosen for the light atoms and the Sapporo-TZP-
2012[63] for the heavier atoms. The Sapporo-TZP-2012 basis set is only
available up to xenon, therefore for heavy elements (6th period) Sapporo-
DKH3-TZP-2012[64} 65] was used. Note that the default setting for heavier
nuclei than krypton in ORCA contains ECPs in the basis set. These de-
fault setting have been disabled. The basis sets used in NWChem were
loaded from the Basis Set Ezchange[66], but the exponents of the con-
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tracted basis functions in the def2-TZVP basis set differ from the ORCA
exponents. For that reason the exponents from ORCA were transferred
to the NWChem input file. In addition, each comparison calculation must
take into account that NWChem by default uses Cartesian Gaussian func-
tions, whereas ORCA employs spherical harmonics. Therefore NWChem
was also switched to spherical harmonics Gaussian functions. The latter
point is absolutely important to achieve the same results with ORCA and
NWChem.

The Dirac calculations were performed both with a four-component Hamil-
tonian and two different two-component Hamiltonians. The four-component
Hamiltonian was the default Hamiltonian, which is the Dirac-Coulomb
Hamiltonian in which the two-electron integrals over the small-component
are neglected.[67] The calculation using the four-component approach is
split into two calculations: first the SCF and then the property calcula-
tion. The SCF calculation used RKB and in the property calculation the
UKB is switched on. For atoms lighter than Ar the aug-cc-pVQZ basis set
was used and from argon on the dyall.aed4z basis set. The non-relativistic
four-component limit is calculated with the Levy-Leblond Hamiltonian.
This procedure is suggested by the DIRAC manual. The X2C and BSS
two-component Hamiltonians were used. Their non-relativistic limits were
reached by setting the speed of light to 2000. Using X2C, the scalar-
relativistic case is calculated by the keyword "spinfree". In case of the BSS
Hamiltonian, the keyword "099" activated scalar-relativistic+SOC. In the
scalar-relativistic case, the keywords "109" and "spinfree" were used instead
of "099". London orbitals were switched on in case of property calculations.
By using the keyword "spinfree’, the scalar-relativistic case was calculated.

In all Dirac calculations, the dyall.ae2z, dyall.ae2z and aug-cc-pVQZ basis

43



Computational Details

sets are used in their uncontracted forms.
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4. Results
4.1. Benchmark Set

In a first approach, examples were selected from the literature to create
a good benchmark set. The examples should contain DFT and ZORA
computations with and without SOC and all parameters and values should
be given in detail in the literature. To match the literature values with
ORCA in the first step, non relativistic calculations were performed in those
settings that fit the results from the literature. When this was fulfilled,
scalar relativity was switched on by using ZORA Hamiltonian. However,
some difficulties arose in the first step which did not allow for an absolute
agreement with the results reported in the literature. One problem was to
find suitable examples. Most of the published values from literature were
calculated by using the Amsterdam Density Functional (ADF) package
from Baerends et al. [68][69][70]. As ADF employs Slater-type orbitals
instead of Gaussian basis sets, a one-to-one comparison of results proved
to be difficult. As particularly suitable proved the papers by Hayashi et.
al [71], by Franzke and Weigend|18] and by Antusek et. al [72].

A series of selenium and tellurium compounds was selected from the
Hayashi [71] paper. The authors also specify the individual ZORA results
for the selenium, but not for the tellurium compounds. They used the ADF
2013 package[73-75] in conjunction with the BLYP[14, [15] functional. For
this reason, the same functional was chosen it the ORCA calculations.
Various basis sets in the ORCA calculations were tested to obtain the
non-relativistic values matching to the published values of Hayashi [71]
(see table [1.1). The only limitation for the choice of the basis set was

to avoid ECPs, thus an all-electron basis set was chosen. The results of
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the comparison of the non relativistic (NR) and scalar relativistic (scR)
ZORA-values are shown in and the used basis set is listed.

Xenon fluoride compounds were selected from the publication of Franzke
and Weigend[18]. They used the TURBOMOLE[76-78] program with
BP86[14, |17] and different basis sets for the xenon and the fluorine atom.
For xenon the TZVPaals2 and for fluorine the def2-TZVP basis set was
chosen. Since the xenon basis set was not available, different basis sets
were tried for these compounds. The Sapporo-DZP-2012 in combination
with the simple keyword "autoaux" proved to be a good solution for an
agreement. The basis sets for fluorine were different and listed with the
results.

Lastly, iron hexacarbonyl was selected from the Antusek|72] paper. An-
tusek et al. calculated with the NWChem[59] program, the B3LYP[14}-
16] functional, the uncontracted ANO-RCC basis set for iron and the
uUANO.ucc-pVDZ basis set for the other lighter atoms. In the ORCA cal-
culation, the def2-QZVPPD for iron and the cc-pVDZ basis set proved to
be a good choice.

All calculations were carried out with the RI-approximation activated
with the simple keyword ’autoaux’, which activates the automatic genera-
tion of a near-complete auxiliary basis set.[79] Additionally, grid 6 and the
keyword ’verytightsct” were chosen. Note that in any calculation with an
atom heavier than krypton, the keyword 'DelECP’ was also used to ensure

an all-electron base set for this atom.
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Table 4.1: Calculated NR- and scR-NMR shieldings of some molecules by using the ORCA
program. As scalar relativistic Hamiltonian was used the ZORA-Hamiltonian. The deviations
to the literature are shown in percent.

Molecule Orca Literature|71|[18][72] Deviation

Shielding NR (scR)[ppm| Shielding NR (scR) [ppm] NR (scR) [%)]
Sell, 2093.16 (2057.49)D 2093.00 (1978.20) 0.01 (4.01)
SeMe, 1580.27 (1614.17)2) 2093.00 (1978.20) 2.34 (8.28)
SeF4 367.89 (475.14)% 375.20 (323.10) 1.95 (47.06)
SeCly 154.75 (251.56)% 144.50 (-66.00) 7.09 (481.15)
XeFy 2503.85 (2807.77)5) 2492.00 (2213.00) 0.48 (26.88)
XeF 4 91.01 (664.32)°) 109.00 (-513.00) 16.50 (299.50)
XeF -64.21 (274.86)7) ~71.00 (-485.00) 9.56 (156.67)
Fe(CO)s 12654.14 (-2640.41)%) -2627.00 (-2490.00) 1.03 (6.04)

Each caclulation was done with the simple keyword autoaux, verytightscf and grid 6;

1) def-QZVPP 2) def-QZVPPD 3) F: SV; Se TZV 4) Cl: SVP; Se: TZV(P) 5) F: def2-TZVP;
Xe: Sapporo-DZP-2012 6) F: TZV; Xe: Sapporo-DZP-2012 7) F: def2-TZVP; Xe: Sapporo-
DZP-2012 8) C/O: cc-pVDZ; Fe: def2-QZVPPD

It can be clearly seen from the values that by adjusting the basis sets, the
non relativistic calculations agree well with the values from the literature
in the most cases. In some cases, despite enlargement and reduction of the
basis set size, no deviation as small as for the others could be found.

A very good match, that means deviation below 0.5 %, of the tested
basis sets in a non relativistic calculation is found with hydrogen selenide
(HsSe), followed by xenon difluoride (XeFs). Also in good agreement is
dimethyl selenide (SeMez), selenium tetrafluoride (SeF,) and iron hexacar-
bonyl (Fe(CO)g). Not such a good match was obtained for selenium tetra-
chloride (SeCly) and xenon hexafluoride (XeFs) because their deviations
are in the range between about 7-10 %. A really poor match is found with
xenon tetrafluoride (XeFy), the deviation is larger than 16 %. It was not
possible to find out where the large deviations come from.

By switching on the ZORA-Hamiltonian, however, much larger devia-
tions were obtained in all cases. Even the initially very small deviation

for HySe increases from 0.01 % to 4 %. SeF; and XeF, are particularly
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affected by this increasing deviation. Possible reasons for the deviations of
the selenium compounds are due to the non-identical implementations of
the ZORA Hamiltonian in ADF and ORCA. For the xenon compounds,
a completely different and much more accurate theory was used, since
Franzke and Weigend et al.[18] calculated the scalar-relativistic corrections
using a two-component theory. In the case of Fe(CO)s, solvent effects were
also taken into account. Furthermore there is no information in the pub-
lished data about used the accuracy of the numerical integrations. Some
ORCA calculations resulted in problems of achieving convergence. It can
be said, that the large number of possible error sources leads to very large
differences from published values.

If the deviation for the non relativistic calculations was in the same range
as the scalar relativistic ones, the values might have been used for com-
parison and the approach via published values might have been successful.
However, this is not the case. For these reasons this approach to gener-
ate a suitable benchmark set by comparing it with known literature was
dropped.

Note that there were some more molecules that have been calculated with
ORCA and compared to the literature (see the appendix [A.1]). The large
deviations between ORCA using ZORA and literature values do not only
occur from the shown compounds (4.1, the deviations are also found for

the other compounds.

In a new approach, a benchmark set was compiled for the p-block ele-
ments. The ORCA values were compared with values of an independent
implementation at the same level. NWChem was used as a comparison

quantum chemistry package because it fulfills this requirement and was
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available. Among the benchmark molecules are the trifluorides of the 13th
group, tetrahydrogens of the the 14th group, trimethylenes and trifluorides
of the pnictogens, dihydrogens of the chalcogens, hydrogen compounds of
the halogens and di-, tetra- and hexafluorides of the nobel gases. The
structures were computed as described in the computational details (sec.
5).

To verify the optimized geometries, calculations were first performed at
the lowest theory level, HF. It was also used to determine the correct
settings for both ORCA and NWChem. For example, the default setting
of NWChem of the spherical harmonics basis functions was found out and
changed accordingly. For HF-calculations by ORCA, verytightscf and the
SCF mode direct was chosen. The RI-approximation was switched off by
the "eprnmr'-block through the argument of the analytical integration of
the one- and two-electron terms. The settings in the NWChem program
were also the SCF mode direct, the symmetrization of the wave function
coefficients was switched off and the integral screening threshold was set
to 107, Note, that no ZORA-calculation was performed by this theory-
level, because NWChem 7.0.0 did not make this possible. There was a
communication error in the program.

The calculations with ORCA and NWChem were compared to the nuclear-
repulsion energy and the converged SCF energy. The first one was chosen
to prove that both use the same geometry. As a result, it was found that
NWChem performs a non-disabled geometry symmetrization. Therefore
the path of obtaining the structures was chosen as described in the com-
putations details (sec. [3). The values of the nuclear repulsion energy for

the chalcogen compounds are shown in table [4.2]
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Table 4.2: Calculated nuclear repulsion energies at HF-level (values in hartree) with ORCA
and NWChem. The deviation between the programs are given in percent.

Molecule nuclear repulsion energy Deviation

ORCA [Ey]  NWChem [Ey] (%]
H>O 9.1382847 9.138285401878 7.68-10°
HsS 12.88104165 12.881042594728  7.33-10°C
HySe 24.71573959 24.715741491088  7.69-10°C
HyTe 33.34233604 33.342338603648  7.69-10°
HsPo 51.01184488 51.011848833325  7.75-10

For nuclear repulsion energies, the values are expected to be identical up
to the last decimal place. Despite using the same geometries in ORCA
and NWChem, the values do not match to the 6th decimal place. This
is because NWChem does not work with the same unit of the given ge-
ometry. The geometries were given in Angstrom. However, NWChem
calculated with atomic units and the transformation factor is not quite
identical to that of ORCA. It was tested how much the SCF energies dif-
fer when NWChem gets the geometry in a.u., calculated with the ORCA
transformation factor. Nevertheless the same SCF energies are obtained.
The values of the other molecules are given in the appendix (tab. and
x3).

The comparison of the last SCF energy was made to verify the other
settings. The values for the final used set up of the last SCF energy are
shown in Table [£.3]

Table 4.3: Calculated last SCF energies at HF-level (values in hartree) with ORCA and
NWChem. The deviation between the programs are given in percent.

Molecule last SCF energy Deviation
ORCA [Ey] NWChem [Ey] (%]
H>O -76.04806822 -76.048068229300 1.22:10°®
H,S -398.67618702  -398.676187024500  1.13-107°
HsSe -2401.00010831  -2401.0001083141  1.71-10°19
HyTe -6612.82429920  -6612.8242992028  4.23-107!!
HyPo -17557.35466  -17557.3546577044  7.75-10°1

The calculated SCF energy values fit well. The deviations of the SCF
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energies are even smaller than the deviations of the nuclear repulsion energy
(Tab. [4.2). This suggests a comparable set up for further calculations.
Therefore the isotropic shieldings were compared. The values are given in

Table 4.4l A deviation of 0.5 % was selected as good agreement value.

Table 4.4: Calculated isotropic shieldings of the heavier element at HF-level (values in ppm)
with ORCA and NWChem. The deviation between the programs are given in percent.

Molecule isotropic shielding Deviation
ORCA [ppm] NWChem [ppm] (%]
H>O 334.223 334.0442 0.05
H»S 700.108 700 0762 4.54-10°3
HsSe 2148.434 2148.7222 0.01
HyTe 3694.095 3695.20448 0.03
HsPo 217.248 217.8863 0.29

The values of the isotropic shieldings of the chalcogens show a very good
agreement. The deviation between the results of the two programs are
below 0.5 %. The same results are found for the other molecules (see
the appendix tab. and except RnFg and PbHy, for which large
deviations were found.

Since the majority of molecules turned out to be suitable, non-relativistic
DF'T calculations were performed to reproduce the results with this method.

The settings in the DFT-calculations in the ORCA-program were grid 6
with nofinalgrid, again the SCF-mode direct, the RI-approximation was
turned off by the above arguments as with the HF-calculation and the
additional simple keyword ’conv’. In addition, the tolerance of the energy
between two cycles was set to 107 E},, the maximum of the change of the
density was set to 107® and the orbital gradient convergence to 10~¢ were
chosen as tight convergence criteria. In the NWChem program the settings
were chosen very close to ORCA, including the grid setting fine and the
convergence settings of the energy, density and of the gradient to 1077 E},

1078 and 107°. Furthermore, the radial- und angular grids were specified
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4.1 Benchmark Set

by Gausschebychev and Lebedev 14.
The calculated isotropic shieldings for the chalcogens are listed in Ta-

ble .51

Table 4.5: Calculated isotropic shieldings of the heavier element at DFT-level (values in ppm)
with ORCA and NWChem. The deviation between the programs are given in percent.

Molecule isotropic shielding Deviation
ORCA [ppm] NWChem [ppm] (%]
H»0O 333.238 333.2605 0.01
HsS 692.054 692.4586 0.06
HaSe 2064.058 2065.0663 0.05
HyTe 3528.554 3530.4475 0.05
HsPo 2340.202 2349.8693 0.41

The deviations between the two programs using DFT in the non relativis-
tic case are still below 0.5 %. For this reason the values are considered to
be fitting. With the same input files and the additional activation of ZORA
the scalar relativistic calculations were performed and listed in Table
for the chalcogen dihydrides.

Table 4.6: Calculated scalar-relativistic isotropic shieldings of the heavier element at DFT-level
(values in ppm) with ORCA and NWChem. The deviation between the programs are given in
percent.

Molecule isotropic shielding Deviation
ORCA [ppm] NWChem [ppm] [%]
H>O 332.793 332.6463 0.04
H,S 689.279 687.8733 0.20
HaySe 2035.598 2018.5956 0.84
HyTe 3562.821 3504.6881 1.66
HoPo 5057.567 0043.6337 0.28

As can be seen from the results in Table 4.6, most deviations are below
0.5 %. However, a greater difference between the two programs can be
found for the 5th period (TeHs). In the other groups (13-18, see the ap-
pendix and the same can be observed. There, larger deviations
already occur from the 5th period onward and remain in the 6th period.

The differences in the isotropic shieldings can originate from different

sources. The deviation of the last SCF energies are larger for the ZORA
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4.1 Benchmark Set

case than the NR values. The deviations of the NR values are in the
range of 1073-10° Ey, for the ZORA calculations they are already larger
than 1-102 Ey, (tab. and ). The deviation can be observed for the
heavier atoms such as Te, Bi etc. where the ZORA correction is than for
the light nuclei. It is possible that the different implementations of ZORA
in ORCA and NWChem result in slightly different values. The numeri-
cal integration is characterized by the grid, so DF'T calculations are grid
dependent. However, there is another grid-dependent part in the calcula-
tions. The Hamiltonian matrix is also formed via numerical integration,
because of using the ZORA Hamiltonian. Thus there is a higher grid de-
pendence than in the NR DFT calculations. This can be the reason for the
deviations of the SCF energies and the isotropic shielding constants. The

sum of several small errors can lead to a deviation of 1-2 %.

4.1.1. Grid dependency of ZORA calculations

How much the calculated isotropic shieldings depend on the grid is shown
below. To this end a sample calculation for TeH,; was performed. As Ta-
ble shows, there is a bigger difference in the isotropic shielding between
ORCA and NWChem. Therefore the same level of theory as used for the
calculation of the values in Table [4.6], was chosen and the grid was varied
between 4 and 7. The grid dependencies of the diamagnetic (a) and para-
magnetic (b) contributions and the total isotropic shielding (c¢) are shown

in Figure 4.1
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(c)
Figure 4.1: Using BP86 to show the grid dependence of the NMR ZORA calculation of TeHs.

Shown are the isotropic shieldings of the Te-atom: in a) the diamagnetic b) the paramagnetic
contribution and in c¢) the total isotropic shielding.

Obviously, the diamagnetic and paramagnetic contributions and thus the
total isotropic shieldings are grid dependent. However, the axes scales of
subfigures a-c in Figure must be considered. The diamagnetic contri-
bution has a significantly lower grid dependence of just 3-10° ppm. The
paramagnetic contribution varies by about 1.5 ppm. Therefore the total
isotropic shielding varies by the same value. Assuming that NWChem also
has this order of magnitude of grid dependency, the grid dependency cannot
be the reason for the increasing deviation between ORCA and NWChem
in Table by switching on the ZORA Hamiltonian.
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The grid dependence of the isotropic shielding of the H-atom in TeH,
is significantly lower. The corresponding figure is shown in the appendix
(Fig. . Between grid 4-7 there is no grid dependence of the diamagnetic
contribution and a small grid dependence of 1-10 ppm for the paramag-
netic and thus also for the total isotropic shielding. A good grid setting is

the choice of grid 6, where only a small grid error can be assumed.

4.2. RIZORA

The pilot implementation of RIZORA (sec. should eliminate the
grid dependency of the paramagnetic part. Thus the only grid dependency
is given by DFT integration. For the dioxo compounds of the chalocogens,
the paramagnetic part was calculated with ZORA and RIZORA at different
grids between 4-7. The same calculations were performed for the trifluoride
compounds of the 15th group, shown in the appendix. The level of theory
is described in the computations section (sec. |3) for property calculations.
Additionally, the RI-approximation by using "autoaux' and decontracted
basis sets by activating the keyword "decontract true" were used. For the
6th period "kdiis", another SCF algorithm was used and "nososcf" was
activated. These keywords helped to converge the calculations.

The calculated values of the grid dependency of ZORA compared to RI-
ZORA were normalized to grid 7 RIZORA. This point was chosen because
a visible faster grid convergence is achieved with RIZORA. The results for
the 16th group are shown in Figure (and for the 15th group in the
Appendix [A.3). Note that filled circles denote the ZORA values and the
rings the RIZORA values.

95



4.2 RIZORA

, , , T
14 - °© RIO i
] o o ZORAO |
c12- RIS ]
= o ZORAS
T © RISe
> e 7ORA Se
5 © RITe
o 87 o e ZORATe |
= . ©
(7))
© 6 .
©
S 4. o |
g L4 °
(]
S, s |
- e
0- o 3 3 3 i
-2 [ [ [ [
4 5 6 7
Grid

Figure 4.2: Grid dependece of the paramagnetic contribution of the dioxo compounds of the
16th group. Shown for the heavy atom. Comparison of RIZORA (filled circles) and ZORA (open
circles). All values were normalized to Grid 7 from RIZORA for the individual compound.

Figure [4.2] shows that there is a larger grid dependence for the param-
agnetic contribution of the ZORA calculation. The size of the grid de-
pendence increases significantly from O to Te. The small grid dependence
of O is hidden by the other spots. The individual figures of the grid de-
pendencies of ZORA and RIZORA for each heavy atom are shown in the
Appendix (Fig. [A.2).

The goal to reduce the grid dependence of the paramagnetic contribution
by RIZORA is fulfilled. The open circles in Figure representing the
RIZORA values reach the zero line very early. Therefore it can be assumed
that a small grid (e.g. grid 5) and the use of RIZORA provides very

good paramagnetic contributions. The computation times of the NMR
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calculation using ZORA and RIZORA are listed in Table [4.7]

Table 4.7: Comparison between ZORA and RIZORA of the calculated isotropic paramagnetic
shieldings and the compution time of the NMR calculation. Using of grid 7 and "nofinalgrid".

Molecule paramagnetic isotropic shielding Time [s]
RIZORA [ppm] ZORA [ppm] Deviation [%] RIZORA ZORA
H>O -55.335 -55.311 0.04 121.005 16.367
H,S -361.345 -360.900 0.12 268.117  32.088
HsSe -975.089 -972.698 0.25 814.789  99.331
HyTe -1987.447 -1985.233 0.11 1110.57 130.15
H>Po -4097.247 -4485.596 8.66 1381.427 189.222

From the columns of the isotropic paramagnetic shielding (Tab. it
can be seen that the error of RIZORA to ZORA is not very large until
the 5th period. This error is below 0.25 % (HsSe). For the 6th period,
the results of ZORA and RIZORA start to differ significantly. This result
is consistent with the other groups (13-18) in the p-block of the periodic
table. The values are listed in the Appendix in table [A.§ Looking at the
times it is clear that RIZORA takes ten times more time to calculate the
shieldings than using ZORA. It can be concluded that the grid dependency
has been successfully eliminated by the test implementation of RIZORA
and could be used up to the 5th period. However, if RIZORA is to be used
in production level version, the efficiency of the implementation has to be

improved significantly.
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4.3 SOC Implemenation

4.3. SOC Implemenation

Before the benchmark molecules are calculated with the new SOC imple-
mentation in ORCA, the convergence with the basis set size, the depen-
dence of the results on the functionals and the variation of the results by
using using other SOC Hamiltonians was assessed first. The SOC cor-
rection from the a-posteriori approach for the NMR shieldings is the FC
contribution (eq. [2.130]). Therefore this is discussed below.

4.3.1. Basis Set convergence

The basis set convergence is shown for the examples HsS and HBr. The
level of theory is BP86 and additionally the def2/J auxiliary basis set were
used in the RI approximation. Since the FC term is very sensitive and
depends mainly on the s-functions[49, [56, |57], decontracted basis sets were
used by the keyword "decontract true'. The isotropic shieldings of HyS are
shown for the S-atom in Figure and for the H-atom in Figure [4.3p.
The sto-3g basis set is not included, because this minimal basis deviates

significantly:.
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(b)
Figure 4.3: Basis set convergence of the SOC implementation of ORCA. The Pople, def2 of

the Karlsruhe group and Sapporo-2012 basis sets were used and the SOC contribution to the
isotropic shielding is shown in a) for the S-atom in b) for the H-atom of H»S.
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4.3 SOC Implemenation

As shown in Figure [4.3], there is a difference in the isotropic shielding for
the used basis sets. The basis set results by a maximum of about 0.4 ppm
for S and 0.07 ppm for H. The convergence is not achieved with increasing
basis set size. In the range of def2-TZVPPD, a small plateau is initially ob-
served, but with a larger basis set a further deviation is reached. As a good
compromise between accuracy and efficiency def2-TZVPPD is selected for
the light elements in further calculations. The found deviation between
def2-TZVPPD and def2-QZVPD is similar to the difference between the
results using Sapporo-TZP and Sapporo-QZP. Sapporo-TZP-2012 is cho-
sen for the heavy atoms in further calculations, because of accuracy and
efficiency. The same results are obtained for HBr. The figures for HBr and
values for both HBr and H,S are shown in the Appendix (Sec. |A.4.1)).

4.3.2. Functional dependence

The functional dependence is shown for HsS, HoSe, HCl and HBr. The
level of theory for the light atoms is def2-TZVPPD with def2/J and for
the heavy atoms Sapporo-TZP-2012 basis set with "autoaux'. Also the
decontract keyword was switched on. The functional dependence for HoSe
and HBr is shown for the heavy-atom in and for the light atoms in
[A.5b.
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(b)

Figure 4.4: Functional dependence of the SOC implementation of ORCA. BP86, BLYP, PBE,
MO6L and TPSS functionals were used and the SOC contribution to the isotropic shielding are
shown in a) for the heavy atoms and in b) for the H-atoms of HySe and HBr.
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4.3 SOC Implemenation

Figure shows that the SOC varies with the functionals for both HsS
and HBr. A maximum difference of about 8 ppm for Se-atom in HsSe
and of 7 ppm for the Br-atom in HBr, of 0.5 ppm for H in HySe and of
0.9 ppm for H in HBr between BLYP and MO6L can be determined. For

the further calculations BP&6 is chosen. Similar results can be found for

the other molecules. The values are shown in the Appendix (Tab.

and [A.14)).

4.3.3. SOC Hamiltonian

The results using different SOC Hamiltonians are shown for HyS in figure
and for HBr in table [A.T5] The level of theory is BP86, def2-TZVPPD
with def2/J for the light atoms, Sapporo-TZP-2012 basis set with "au-
toaux" for the heavy atoms and using of the SOC Hamiltonian: SOMF,
AMFI, AMFI-A and VEFF-SOC. The SOC Hamiltonians are used in the a
posteriori approach in the diagonalization step of (V|Hsoc|¥). The result
using different SOC approaches are shown in Figure for the S-atom
and in for the H-atom of HsS.
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(b)

Figure 4.5: Using of different SOC Hamiltonian in the SOC implementation of ORCA. SOMF,
AMFI, AMFI-A and VEFF-SOC were selected and the SOC are shown in a) for the S-atom and
in b) for the H-atom of H»S.
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Figure 4.5 shows that different isotropic shieldings can be determined
if other SOC approaches are used. It is noticeable that the mean-field
approximations SOMF, AMFI and AMIF-A give very similar results. The
effective SOC Hamiltonian VEFF-SOC differs from the other approaches
by about 0.25 ppm for the S-atom and 0.06 ppm for the H-atom. In case
of HBr, the difference for the Br-atom between the mean-field and VEFF-
SOC Hamiltonians increases to about 1 ppm. The values are shown in the
Appendix (Tab. [A.15)). Nevertheless, any SOC Hamiltonian can be used,
as the variations are very small. In the following the default Hamiltonian

SOMF is used.

4.4. Two- and four-Component Calculations

In this section the ORCA calculations are compared with two-component
and four-component calculations of DIRAC. In the following it is shown
how the results using ZORA in ORCA for ScR corrections are assessed. The
following shows how to evaluate the ScR corrections with ZORA in ORCA.
Likewise, the calculated SOC contributions with the new a-posteriori ap-
proach in ORCA are compared with DIRAC calculations, to see if the
calculated SOC contribution with ORCA is in the right order of magni-
tude. As examples calculations the hydrogen halides are chosen.

For the SOC calculations using ORCA the level of theory is BP86, ba-
sis set of the light atom: def2-TZVPPD with RI-approximation by the
auxiliary basis set def2/J; for the heavy atom: Sapporo-TZP-2012 with
'autoaux". Since the FC term is very sensitive and depends mainly on the
s-functions[49, |56, 57], decontracted basis sets were used by the keyword
"decontract true'. Note that the default SOC Hamiltonian is chosen. The

DIRAC calculations were performed as described in the computational de-
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tails (sec. [3)). There are already published values for these compounds,
which are also used for comparisons. The publication of Visscher et al.[80]
was selected, using the Dalton program|81]. The non-relativistic values
were obtained by a non-relativistic linear response formalism with London
orbitals, the scalar relativistic MVEF-FC corrections by linear response
theory and the spin-orbit corrections by quadratic response theory.[80] The
calculated and literature values are listed in the Tables for the heavy
atom and in for the light atoms. Additionally, the relativistic contri-
butions are shown. The full relativistic effect is given by Rel — NR, the
scalar relativistic contribution by ScR — NR and SOC by Rel — ScR.

4.4.1. Results for heavy atoms

The results using the a posteriori approach in ORCA, BSS, X2C and a
four-component approach in DIRAC are shown for the heavy nuclei of the
hydrogen halides in Table [4.8, Literature values[80] are added for further

classification of the values.
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Table 4.8: Comparison of ORCA and DIRAC results of non-relativistic (NR) scalar-relativistic
(ScR) and relativistic (Rel) calculations. In the DIRAC calculation was used the BSS and X2C
Hamiltonian. The four-component DIRAC calculations used the Dirac-Coulomb Hamiltonian
and a UKB basis. Literature values were taken from Visscher et al.[80]. Visscher et al. used a
non-relativistic linear response formalism with London orbitals, for the scalar relativistic MVEF-
FC corrections a linear response theory and the spin-orbit corrections was calculated with a
quadratic response theory. All calculations were carried out in Dalton.[80] Rel means ScR+SOC.
The full relativistic contribution is obtained by Rel — N R. The ScR contribution by ScR— NR.
The SOC contribution is obtained by Rel — ScR. Shown for the heavy atom of the 17th group,
hydrogen halides.

Mole- isotropic shielding [ppm] relativistic contributions [ppm)]
cule NR ScR Rel full rel. ScR SOC
ORCA HF 412.608 412.047  404.564079  -8.043921 -0.561 -7.482921
a posteriori  HCI 928.161 925.041  928.012812  -0.418188 -3.12 2.971812
HBr 2550.804  2501.362 2478.12362 -72.680376 -49.442 -23.238376
HI 4401.406 4318.03  4219.13499 -182.262012 -83.376  -98.886012
DIRAC HF* 407.9006  416.4254 417.1288 9.2282 8.5248 0.7034
BSS HCI* 938.588 998.1839 1001.966 63.378 59.5959 3.7821

HBr* 2557.508  3103.593  3150.0791 992.5711 546.085 46.4861
HI***  4419.2303 6398.7214  6598.6969  2179.4666  1979.4911  199.9755

DIRAC HF 903.3107  909.2732 818.6825 -84.6282 5.9625 -90.5907
X2C** HCl 1871.3165 1913.8307  1909.5189 38.2024 42.5142 -4.3118
HBr 4607.4004 5020.6621  4979.0782 371.6778 413.2617 -41.5839
HI 7386.1651 8916.6308  8768.2265 1382.0614  1530.4657  -148.4043
DIRAC HF 407.8568 410.8857 3.03
4-comp. HCl 938.265 968.3777 30.11
HBr 3085.0332 3399.3599 314.33
HI 5395.8280 6695.1859 1299.36
Visscher HF 414.3 422.9 423.2 8.9 8.6 0.3
et al.|80] HCl 957 1017.5 1020.1 63.1 60.5 2.6
HBr 2634.2 31774 3210.5 576.3 543.2 33.1
HI 4541.4 6460.5 6602.2 2060.8 1919.1 141.7

*aug-cc-pVDZ; **dyall.ae2z; ***dyall.aedz

Comparing ORCA, DIRAC and the literature in it is clear that the
values of the X2C Hamiltonian in DIRAC fall out. These values are about
twice as high as the other listed values. A possible explanation is the kinetic
balance. DIRAC has RKB as default setting, but as shown in section [2.4.1]
UKB should be used for property calculations when using X2C.

The comparison of the full relativistic contribution between four-component
and BSS shows that BSS represents the correct size of range of the rela-

tivistic effect. However, from the 4th period on, larger deviations can be
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seen, which are caused by the fact that the BSS calculation is only two-
component and ScR and SOC are considered separately. The relativistic
corrections for the 4th or 5th period can only be completely determined by
a four-component approach. The comparison shows that BSS can still be
used as a good two-component calculation. The comparison of BSS and
literature data shows that the values of BSS fit very well to published val-
ues and reflect the correct trend of ScR and SOC effects. Therefore it can
be assumed that the remaining calculated ORCA values can be compared
well with BSS, but not with X2C.

Comparing the relativistic contributions between the a-posteriori ap-
proach and BSS it is clearly visible that the calculated ORCA values have
the wrong sign for the ScR and SOC contributions. This means that the
ScR and SOC correction by ZORA and a-posteriori become smaller down
the group, but the BSS and literature results predict that they increase
down the group. The comparison of the ZORA results using ORCA and
NWChem in Section |4.1] showed that the ZORA implementation in ORCA
is correct. Therefore it can be assumed that this approach is not suitable
to calculate the scalar relativistic corrections for the isotropic shieldings at
this point. However, the calculated SOC contributions in ORCA do not
have a clear trend as expected from the comparison to BSS. Also the SOC
contributions for HF and HCI by using a-posteriori are clearly larger than
the ScR corrections. However, the BSS and literature values show the op-
posite. Therefore both the ScR and SOC corrections followed the wrong
trend. It can be said that the ScR and SOC contributions in ORCA do

not reflect the correct relativistic effects.
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4.4.2. Results for light atoms

The theory developed in ORCA was not intended to calculate the heavy
atoms in compounds. It was developed to calculate the correct influence
of heavy atoms on the isotropic shielding of light atoms, to calculate the

HALA effect correctly. The results of the light atoms are shown in table

Table 4.9: Comparison of ORCA and DIRAC results of non-relativistic (NR) scalar-relativistic
(ScR) and relativistic (Rel) calculations. In the DIRAC calculation was used the BSS and X2C
Hamiltonian. The four-component DIRAC calculations used the Dirac-Coulomb Hamiltonian
and a UKB basis. Literature values were taken from Visscher et al.[80]. Visscher et al. used a
non-relativistic linear response formalism with London orbitals, for the scalar relativistic MVEF-
FC corrections a linear response theory and the spin-orbit corrections was calculated with a
quadratic response theory. All calculations were carried out in Dalton.[80] Rel means ScR+SOC.
The full relativistic contribution is obtained by Rel — N R. The ScR contribution by ScR— NR.
The SOC contribution is obtained by Rel — ScR. Shown for the hydrogen-atoms of the 17th
group, hydrogen halides.

Mole- isotropic shielding [ppm] relativistic contributions [ppm]

cule NR ScR Rel full rel. ScR SOC
ORCA HF 30.316  30.333 30.058815 -0.257185  0.017 -0.274185
a posteriori HCI 31.555  31.573 30.898428 -0.656572  0.018 -0.674572
HBr 31.605 31.586 28.391235 -3.213765 -0.019 -3.194765
HI 31.869 31.761 21.980857 -9.888143 -0.108 -9.780143
DIRAC HF* 29.6007 29.5783 29.778 0.1773  -0.0224 0.1997
BSS HCI* 31.2762 31.313 32.248 0.9718 0.0368 0.935
HBr*  31.4423 314775  36.5937 5.1514 0.0352 5.1162
HI***  31.8027 31.7578  46.2884 14.4857  -0.0449 14.5306
DIRAC HF 18.8062 18.7896  29.7936 10.9874  -0.0166 11.004
X2C** HCI 17.3234 17.298 17.0462 -0.2772  -0.0254 -0.2518
HBr 18.2922 18.1747  17.4132 -0.879 -0.1175 -0.7615
HI 20.091 19.8608  19.2629 -0.8281  -0.2302 -0.5979
DIRAC HF 29.6001 29.4855 -0.11
4-comp. HCl 31.2717 31.9126 0.64
HBr 71.2230 70.6295 -0.59
HI 67.3819 68.8383 1.46
Visscher HF 27.73 27.71 27.84 0.11 -0.02 0.13
et al.[80] HCI 30.12 30.11 30.95 0.83 -0.01 0.84
HBr 30.55 30.53 36.12 5.57 -0.02 5.59
HI 31.05 31.03 49.41 18.36 -0.02 18.38

*aug-cc-pVDZ; **dyall.ae2z; ***dyall.aedz

The comparison between ORCA, DIRAC and the literature shows that
the calculated X2C values and the relativistic contributions do not have

the same size range as the remaining values, already shown for the heavy
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atoms in the hydrogen halides.

An illustration of the values of the a posteriori approach, BSS and the
four-component Hamiltonian is shown in Fogure[4.6] additionally the values
of Visscher et al.[80] are displayed for a further classification. Note that
the X2C values are not shown, since they considerably differ from the other

values, whereby their significance would be reduced in the illustration
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Figure 4.6: Illustrated comparison of the full relativistic correction, the ScR and SOC contri-

butions. Shown for the a posteriori approach, BSS and the values of Visscher et al.[80]. The
results are shown in a) for HF, in b) for HCI, in ¢) for HBr and in d) for HI.

The rough comparison in Figure 4.6 shows that the resulting relativistic
contributions from the BSS calculations correspond to the contributions

calculated in the literature. The relativistic trend of the isotropic shield-
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ings of the light nuclei shows that the ScR contributions are almost zero
and therefore negligible[54) 55]. The largest relativistic correction comes
from the SOC. This has already been described as a characteristic of the
HALA effect in section [2.4.2] The comparison of the full relativistic ef-
fect between BSS and four-component shows that BSS does not correctly
reflect the trend. However, it is noticeable that something went wrong
with the four-component calculation from Br on. The calculations were
performed according to the instruction of the DIRAC authors, thus the
problems cannot be explained further. Therefore, the comparison to the
four-component calculations will not be pursued further at this point.
The comparison of the ScR contribution between a-posteriori and BSS
shows that ORCA correctly reflects this correction, which is about zero.
As there is no uniformity of the sign e.g. between the BSS and literature
results, no trend of the scalar relativistic effect of the light atoms can be
found. The comparison of the SOC contributions show that the correct
size range is reproduced by ORCA, but has the wrong sign. Based on
these values it was checked whether the wrong sign was existing in the
SOC implementation. However, the check showed this is not the case.
The a-posteriori scheme implemented in ORCA fails to reproduce the
right SOC effect om the NMR shieldings for the HALA effect. A possible
source of error for the determination of the SOC contribution is given by
the theory in ORCA. It does not seem sufficient to introduce the SOC
perturbation a-posteriori. Furthermore only the FC term is calculated and
the SD contribution is neglected. Although the FC terms is larger in most

cases, this can contribute to the error.
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4.4.3. HALA Effect

Although, as shown above, the relativistic corrections or the isotropic
shielding by X2C and ORCA are not reproduced correctly, in the following
the HALA effect is studied also with these methods to see whether this
effect can be reproduced correctly. H-compounds were selected for groups
13-17 to compare the HALA effect down the group and between the groups
of the 'H shielding. Again, the geometries were created as described in
the computational details (Sec. [3). The trihydrogen triels, tetrahydro-
gens tetrels, trihydrogen pentels, dihydrogen chalcogens and the hydrogen
halides were selected. Note that for the 16th and 17th group no addi-
tional calculations had to be done. The further procedure of the property
calculations is the same as described at the beginning of this section.

To get an overview of the HALA effect, the calculated isotropic shieldings
were plotted along the period for each group in Figure (values are shown
in the Appendix Tab. , and . This was done with the
results of BSS, X2C and the SOC results of ORCA. Note that for BSS and
X2C relativistic values have been applied, which includes SCR+SOC, while
for the a-posteriori approach NR+SOC has been applied. This makes no
difference for the observation, as the ScR values for the light nuclei are

close to zero.
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Figure 4.7: Illustration of the absolute HALA effect of the isotropic shielding for the hydrogen

compounds of the 13th-17th group. Comparison between a) using BSS in DIRAC b) using X2C
in DIRAC and c) using the new SOC implementation in ORCA.

A comparison between all three subfigures a-c in Figure 4.7 shows no
similarity. In the literature[53, 82] the same trend as shown in Figure4.7a is
described. Note that chemical shifts are usually discussed in the literature,
in this case the trend is reversed. If the 'H shifts of Figure would
be calculated, the same reversed order of the groups would result. The
trend is described in the literature by deshielding and shielding effects. In
the NMR language, deshielding describes the range of increasing shifts and
shielding describes the range of the decreasing shifts. Using the absolute

values, the isotropic shieldings, it is the other way around. This means, a
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deshielding effect shows decreasing and a shielding effect increasing values.
Vicha[53] and Rusakov[82] formulate the HALA trend for the p-block as:
1. In the 13th group an increasing deshielding SO-HALA effect down the
group is observed. This is called the triel dependence[82].

2. For the 14th group a compensation of shielding and deshielding effects
can be observed.

3. The maximum SO-HALA shielding is expected for the 17th group.

If the result of BSS is checked for 1.-3., it can be clearly stated that BSS
describes the HALA effect correctly.

The ordinates between b)-d) are the same to make the comparison be-
tween BSS to X2C and a-posteriori easier. When comparing BSS to X2C
(b and c) it can be clearly seen that X2C describes a HALA effect down the
group, but not the expected trend. This could be due to a missing mag-
netic balance by RKB as described above. The comparison between BSS
and the a-posteriori approach in ORCA also shows that the a-posteriori
approach does not correctly describe the HALA effect. In fact, ORCA
hardly describes any visible effect.

For a clearer comparison, the SOC contributions of BSS and a-posteriori
are compared again in another illustration in Figure 4.8} A positive SOC
contribution is shown in shades of red and a negative SOC contribution in
shades of blue for the 13th-17th group. Note that the 6th period could not
be calculated using ORCA and therefore blacked out.
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Figure 4.8: Color illustration of the absolute HALA effect of the isotropic shielding for the
hydrogen compounds of the 13th-17th group. Calculated a) with the BSS Hamiltonian in DIRAC
and b) with the a-posteriori approach in ORCA.

The description of the SOC contributions to isotropic shielding for BSS
(Fig. [4.8h) reflects again the the above mentioned points 1-3 by Vicha[53]
and Rusakov|82]. The triel dependency of the 13th group can be shown by
the color of the SOC sign, because this is the only group marked in blue.
The light colors of the 14th group also show the compensation effect of this
group. In addition, the increase of the SOC down the groups of the 15th-
17th group and especially for the 17th group is very pronounced. However,
the calculation of trihydrogen bismuth has to be seen as an exception.

The illustration of the a-posteriori calculated values (4.8b) shows again
clearly that safe for small exceptions (e.g. BH3, AIH3, CH4, NH3, H20)
the SOC contributions have the wrong sign and are too small from the 4th
period on. Since the relativistic effects increase with the nuclear charge,
i.e. down the group, it was assumed that this simple SOC approach
could be sufficient until the 4th period. However, as shown in the Fig-
ures [4.7 and [4.8], already from the 3th period the wrong result is obtained.

Both illustrations 4.7 and [4.8 of the HALA effect show strong arguments
that the a-posteriori approach in ORCA is not sufficient for calculated the
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SOC contribution correctly. As shown in Section [4.4.1], also the magnitude
of the SOC contributions for the heavy elements is smaller than expected.
Therefore it can be assumed that the SOC perturbation is too small. This
may be due to the fact that the SOC effect is not obtained iteratively, but

a-posteriori. Thus only small perturbations are represented instead of a

real SOC.

4.5. Computational results for an application with experimental background

As already shown in the previous sections, the description of the HALA
effect should be based on using DIRAC with the BSS Hamiltonian and the
dyall.ae2z basis set. For some organic bismuth compounds, an interesting
effect was found in the literature[2] for the 'H NMR spectra. It shall be
studied, whether this effect could be of SO-HALA nature.

The bismuth compounds consist of one (Fig. [1.10R) or two (Fig. [4.9h)
bonds to an organic residue which is a conjugated m-system. One (Fig.
4.9n) or two (Fig. [4.10p) halides are also bound to the bismuth-atom. It
was found that there is a weak hydrogen bond between the H-6 proton
placed in the ortho position to the bismuth atom. An increasing shift of
the H-6 proton was observed in the following order Cl < Br < I (Fig.
and [4.10b).[2] It is believed that the finding of the increasing shift down
the group is due to the IHD. The corresponding NMR spectra from the
literature are shown for (2-Ph-CgHj)9BiX in Figure and for (2-Ph-
CgH5)BiX, in Figure [4.10
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5
X = CI(2), Br(3), 1(4)

(a) (b)

Figure 4.9: Representation of a) the chemical structure of (2-Ph-CgH,)2BiX. X can be chloride,
bromide oder iodide. b) The corresponding 'H NMR spectra taken from Fritsche et al.[2].

Bi—X
/

X
X = CI(8), Br(7), I(8)

(a) (b)

Figure 4.10: Representation of a) the chemical structure of (2-Ph-C4H,)BiXs. X can be
erll'l[c;rﬁde, bromide oder iodide. b) The corresponding 'H NMR. spectra taken from Fritsche et

From both NMR spectra it can be clearly seen that the 'H shift is further
shifted in the heavier halides, corresponding to the IHD effect. While NHD
is clearly attributed to the SO-HALA effect, contradictory reasons for the
presence of IHDs are found in the literature. Moncho and Autschbach’s

publication states that the "THD typically is attributed to changes in the

paramagnetic shielding component[83, [84] in situations where the effective
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transfer of the SO coupling shielding terms is suppressed |[...]."[85] Araru
and Sazelli state that "if the light atom contributes little valence s orbital
character to the HA-LLA bond, an inverse halogen dependence (IHD) oc-
curs [...]. It originates primarily from paramagnetic shielding components,
rather than SO coupling itself, and is attributed to magnetic coupling
of bonding and antibonding orbitals."[86] In contrast, Auer and Mehring
state: "the so-called Inverse Halogen Dependence (IHD) which is caused by
spin-orbit coupling on the heavy halogen atom [...]"[2]. Auer et al.|2] report,
that the increasing chemical shift cannot be observed using non-relativistic
or scalar relativistic (ZORA) calculations. Whether it is a HALA effect,
can only be shown by considering the SOC. To identify the underlying
reasons, a comparable molecule was calculated with DIRAC. The trial
molecule has the structure shown in Figure [d.12h. However, DIRAC has a
memory limit, so these larger systems cannot be calculated. Therefore, a
model was calculated which is shown in Figure 4.12pb.

long short

Bi
1
HJ\\\F/ \(/’J\H
H H
(b)

Figure 4.11: a) Bismuth trial molecule for investigation of the possible HALA effect of the H6
proton and b) the calculated model.

(a)

The trial molecule (4.12a) is not planar due to the tert-butyl sulfinate
at position 2, so there is a short distance between X and H6 and a longer
distance between X and H12. The short distance varied between 2.399 A
for fluoride to 3.018 A for iodide. The long distance varied between 3.596 A
for fluoride to 4.422 A for iodide. The model was calculated with the same
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distances using the BSS Hamiltonian in DIRAC (see sec. [3| for computa-
tional details). The dyall.ae2z basis set was used. The results of the NR,
ScR and Rel isotropic shieldings for X = F, Cl, Br are shown in Table
4.10, For X = I the calculations were not possible, because of convergence

problems.

Table 4.10: Calculated isotropic shielding values of NR, ScR and Rel level. The BSS Hamilto-
nian in DIRAC was used.
X Proton distance isotropic shielding [ppm]

X-H [A] NR ScR Rel

F H6 2.399  24.6174 24.602  23.8857
H12 3.596  25.8846 25.9106 24.3385

Cl  H6 2.727 25.059  25.0761 23.2416
H12 4.027 25.573  25.5863  23.4482

Br  H6 2.848  24.8432 24.8696 23.1988
H12 4.197 26.001  26.0112  24.5782

As can be seen from Table [4.10] there is no difference of the isotropic
shielding of H6 and H12 using a non-relativistic or relativistic approach.
Thus it can be excluded that this is a SO-HALA effect. The only difference
of the isotropic shielding, which can be observed, is for H6 und H12 for
F and CI. These results lead to a new assumption, according to which a
strong distance dependence in the shift might cause the observed effect.

Therefore a very simple model was used to check this hypothesis.

15-3A
X -
M
_"Bi—X H—O

Me
H

Figure 4.12: Distance model Dihalid(methly)bismuthane in relation to water in distances be-
tween 1.5-3 A.

With this distance model, relaxed scans using ORCA were performed to
determine the geometries. In further steps, NR ORCA calculations were
carried out to determine the isotropic shielding. The level of theory is

BP86, def2-TZVPPD def2/J for the light atoms and Sapporo-TZP-2012
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or Sapporo-DKH3-TZP-2012 for the heavy atoms. Decontracted basis sets
were used. For accelerating SCF convergence in some property calcula-
tions, the alternative kdiis algorithm with nososoc was used. The isotropic
shieldings for all protons depend on the distance between X and H as shown
in the Table £.1T] An illustration of the calculated isotropic shieldings is
shown in Figure 4.13]

Table 4.11: Calculated isotropic shieldings of the distance model for the X-atom of the bismuth
molecule and the H-atom of water. Shown are the isotropic shieldings of the protons of the
methyl group bound to bismuth and for the water protons. The proton that is directed to the
halide is shaded grey. NR-calculations with ORCA were carried out.
Distance [A]
Halide Atom 1.5 1.636 2.045 2.318 2.591 3

F H (Me) 30.712  30.742*  30.749*  30.768 30.788  30.771

H (Me) 30.217  30.301*  30.417*  30.473 30.518  30.532

H (Me) 30.254  30.287*  30.362*  30.386 30.394  30.410

H ( H20) 29.532  29.599*  29.666*  29.758 29.897 29973

H ( H20) 23.012 25.202*  28.568*%  29.386 29.727  29.888

Cl* H (Me) 30.153 30.291 30.370 30.370 30.366  30.367
H (Me) 30.120 30.139 30.249 30.322 30.366  30.401

H (Me) 29.729 29.777 29.875 29.898 29.922  29.940

H ( H20) 28.267 28.791 29.547 29.731 29.853  29.992

H ( H20) 14.917 18.498 25.762 27.913 29.019  29.697

Br H (Me) 30.225 30.221 30.249 30.230 30.228  30.226
H (Me) 30.052 29.998 30.096 30.200 30.254  30.312

H (Me) 29.723 29.728 29.738 29.767 29.786  29.808

H ( H20) 28.206 29.470 29.331 29.625 29.799  29.980

H ( H:0) 21.283 22.198 24.417 27.083 28.530  29.519

I H (Me) 30.195*  30.196%  30.164  30.190*  30.213*  30.216

H (Me) 29.983*  30.014*  30.065  30.069*  30.099*  30.124

H (Me) 29.618%  29.621*  28.164  28.263*  28.235%  28.406

H (H,O)  25.983* 27.541*  29.828  30.197* 30.368*  30.540

H ( H2O0) 20.536* 22.203*  24.373  27.286* 28.901*  30.018

*using kdiis and nososcf
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Figure 4.13: Distance dependence of the isotropic shielding for different halides F (blue), Cl
(green), Br (orange) and I (red). Shown is the isotropic shielding of the water proton directed
to the halide.

As can be seen from the values in Table[4.11]and Figure[4.13] the isotropic
shielding of the proton directed towards the halide increases with increasing
distance between X and H for all halides. Furthermore the isotropic shield-
ing decrease from F to I for the same distance. Below 2 A, the chlorine
model breaks out of the trend. However, it can be assumed that this area
is no longer representative, because in this range, the halide and proton
are clearly too close to each other.

It can be shown from Table that there is a strong distance depen-
dence of the observed chemical shift of the proton directed towards the
halide. Note, that the other values of the protons do not change as much

as the proton marked in grey.
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The SCF energies of the systems with different halides for varying dis-
tances are illustrated in the Appendix [A.6] Figure [4.14] shows the isotropic
shielding as a function of the distance and the normalized SCF energy as
a function of the distance for the hydrogen halides. The SCF energies are

shifted to zero.

Figure 4.14: Distance dependence of the isotropic shielding and the normalized SCF energy
for the hydrogen haliedes. The energie are shifted to zero.

From the energy profile along the X...H distance in Figure 4.14] it can
be seen that these are flat potentials, especially at a distance larger than
2.4 A. The joint consideration of both the distance dependence of the
isotropic shieldings and the potential surfaces shows that small changes of
the distance already allow large changes of the isotropic shielding. From
this result the assumption that the isotropic shieldings varies more strongly
by zero point oscillation. Also possible would be the anharmonic in the

oscillation. In a harmonic system, the probability of the lowest states is in
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the middle, but in a anharmonic potential, the probability shifts, thus a
stretched or compressed bond is present.
Further calculations should be made using vibrational effects and anhar-

monic analysis to find out whether this effects could in fact be the solution

for the found IHD.
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5. Summary and Outlook

The aim of this work was to obtain a suitable benchmark set with which
the ZORA results can be checked and further calculations for testing the
new a-posteriori SOC approach in ORCA can be performed. Furthermore,
it should be investigated whether the IHD arising in the NMR experiment
could be a SO-HALA effect.

The benchmark set created by comparing calculations with literature re-
sults proved to be unsuitable. The comparison to the literature (especially
ADF values) proved to be difficult. It was possible to partially reproduce
the non-relativistic values for selenium, tellurium, xenon and iron com-
pounds. However, the ZORA values in ORCA showed a disappointing
disagreement with the published scalar relativistic values.

A better alternative was to create an own benchmark set from the p-block
elements of the periodic table and to compare the results to NWChem val-
ues. Good agreement was found between the different implementations in
ORCA and NWChem given the right settings were used. ZORA calcula-
tions showed a slight grid dependence of up to 1.5 ppm for the heavy atom
shown for TeHs, mainly due to the paramagnetic contribution. The pilot
implementation RIZORA could successfully eliminate the grid dependence
of the paramagnetic part until the 5th period. For RIZORA, a grid of
4 is sufficient to get good results, whereas the choice with ZORA would
be 6 or 7. However, the efficiency of the pilot implementation is not yet
competitive.

The selected benchmark molecules were also used to evaluate the new
SOC approach for NMR calculations in ORCA. In order to compare differ-

ent approaches, four-component, BSS and X2C calculations were carried
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out using DIRAC. The BSS Hamiltonian proved to be particularly suitable
for the comparisons. The ZORA results in ORCA did not show the cor-
rect magnitude and trend of the ScR correction for the heavy atoms of the
benchmark molecules. This is due to the fact that the heavy atoms exhibit
the largest relativistic correction caused by the mass velocity term, shown
for the 17th group by Vicha et al.[54]. Since the ScR correction of the light
atoms like hydrogen and carbon are very small (< 0.02 ppm), they can be
disregarded, even if there is a heavy atom in vicinity. The value for e.g. HI
shows only a small correction of about -0.05 ppm (tab. . However, the
ZORA approach in ORCA shows a larger ScR correction of about -0.1 ppm
which is also be negligible.

Basis set convergence of the a-posteriori approach in ORCA was not con-
firmed. It was shown that def2-TZVPPD for the light and Sapporo-TZP
basis set were the best compromise for accuracy and efficiency. Further-
more GGA and meta-GGA functionals were tested. A rather larger scat-
tering for the isotropic shielding of the heavy atom was found. It would
be useful to test further functionals, especially hybrid functionals. The use
of different already implemented SOC approximations in ORCA, includ-
ing SOMF, AMFI, AMFI-A and VEFF-SOC, showed hardly any different
results for elements of the 3rd period. For the sulfur atom in HsS it was
shown, that there is a difference of about 0.25 ppm between the result
using VEFF-SOC in comparison to the results of the other SOC Hamil-
tonians. For bromine, in HBr the difference of the results between the
SOC-Hamiltonian increase to 1 ppm. It makes sense to look at the scat-
tering in the 5th period in further calculations in order to see whether the
choice of the SOC Hamiltonian is in fact not important.

The values of a-posteriori approach compared to BSS and the literature
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showed disappointing results. This comparison should show whether the
simple SOC approach in ORCA for preferably organic molecules with heavy
atoms is sufficient to calculate the SO-HALA effect in isotropic shielding.
The a-posteriori approach in ORCA does not result in the correct sign of
the SOC correction and the correct HALA effect trend down the group.
Molecules with elements of the 6th period could not be calculated with the
SOC implementation, yet. Currently the choice of the BSS Hamiltonian
in DIRAC is probably still the best compromise to get good SOC values.

One aim of this work is to investigate organic compounds containing bis-
muth and halides atoms being known from the literature[2]. The bismuth
atom is bound to one or two halides (see Fig. and Fig. [£.10). In
the NMR experiments, an IHD was found for the ortho-proton to the bis-
muth atom. The calculations of Auer et al.[2] showed no indication that
the origin of the effect can be described by NR and ScR approaches. The
consideration of SOC in this work could not reproduce the IHD either. A
possible distance dependence was suspected. Therefore the isotropic shield-
ing of MeBiXs in different distances to HoO was calculated with ORCA and
non-relativistic options. Here strong distance dependence would be shown.
However, the calculations of the distance model should repeated, because
not the same conditions were chosen for all calculations. The results indi-
cate that zero-point oscillation were a possible cause for the ihd. Another
assumption was that the anharmonics were the possible explanation of the
Distance dependence of the isotropic shieldings. Further calculations con-
sidering vibration effects and an anharmonics analysis should be carry out

to find out if this effects could be the solution for the found IHD.

Looking ahead, it can be said that the SOC implementation should be
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proofed, thought over and revised in ORCA. It is obviously not sufficient
to perturb a non-relativistic density with a SOC Hamiltonian and calculate
the response to the magnetic field. A possibility to calculate the relativis-
tic density should be looked for, but not with ZORA. One could try to
use scaled-ZORA, because this Hamiltonian corrects the error of the one-
electron energy. Therefore the deep-core region is better described.[39] A
perturbation by a SOC Hamiltonian on the calculated density by scaled-
ZORA could show a fast improvement.

From the calculations for the bismuth compounds it can be concluded
that it is very unlikely that the occurring IHD has its origin in relativistic
effects. The large influence of the chemical shift due to the distance depen-
dence rather indicates that the position of the proton seems to have been
decisive. Therefore, oscillation and geometry effects should be investigated

more closely.
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Appendix

A. Appendix

A.1. Comparison of ORCA to literature values

Table A.1: Calculated NR- and scR-NMR shiledings from some molecules by using the ORCA
program and their deviations to the literature. As scalar relativistic hamiltonian was used the
ZORA-hamiltonian.

Molecule Orca Literature|71][46] Deviation

Shielding NR (scR) [ppm] Shielding NR (scR) [ppm] NR (scR) [%]
Mo(CO)g 1388.39 (1393.53)V) 1431.00 (1704.00) 2.98 (18.22)
SeMeH 1789.16(1772.78)Y 1837.00 (1711.30) 2.60 (3.59)
SeEtH 1712.59 (1731.05)? 1673.10 (1633.00) 2.36 (6.00)
SeEty 1424.92 (1456.72)%) 1375.70 (1320.80) 3.58 (10.29)
TeH, 3508.13%) 3503.60 0.13
TeMeH 3064.50%) 3049.00 0.51
TeMes 2667.18%) 2643.40 0.90
TeEtH 2083.16%) 2968.00 0.51
TeEts 2477.192) 2450.90 1.07
TeFy 1695.339 1674.40 1.25
TeFg 2305.80°) 2293.00 0.56
TeCly 1234.379) 1191.70 3.58

Each caclulation was done with the simple keyword Autoaux, Verytightscf and grid 6;

1) Mo: Sapporo-TZP-2012; Other: def2-TZVPP 2) Se/Te: Sappooro-QZP-2012; Other: def2-
QZVPPD 3) Se/Te: Sapporo-QZP-2012; Other: def2-QZVPP 4) Te: Sapporo-TZP-2012; Other:
def2-TZVPP 5) Te: Sapporo-TZP-2012; Other: def2-TZVPPD 6) Te: Sapporo-TZP-2012;
Other: def2-TZVPP
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A.3. Grid dependency
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Figure A.1: Grid dependency of the NMR ZORA calculation of TeHs. Shown are the isotropic

shieldings of the H-atom: in a) the diamagnetic b) the paramagnetic contribution and in ¢) the
total isotropic shielding.
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Figure A.2: Grid dependence of dioxo compounds of the 16th group. Comparison of the
paramagnetic contribution with ZORA and RIZORA. The grid dependence is shown for a) the
O-atom, b) the S-atom, c) the Se-atom and d) the Te-atom.
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Figure A.3: Paramagnetic grid dependence of the trifluoride compounds of the 15th group.

Shown for the heavy atom. Comparison of RIZORA (filled circles) and ZORA (rings). All values
were normalized to Grid 7 from RIZORA for the individual compound.
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Table A.8: Comparison of RIZORA and ZORA for the p-block: 13th-18th group. Including
the isotropic paramagnetic shielding of the heavy atom and the computation time of the NMR

calculation.
Molecule paramagnetic isotropic shielding Time [s]
RIZORA [ppm] ZORA [ppm] Deviation [%] RIZORA  ZORA
BF; -111.384 -111.372 0.01 1267.805  262.14
AlF3 -305.124 -304.88 0.08 1587.792  313.596
GaF3 -1052.325 -1050.355 0.19 3130.713  608.213
InF3 -1588.651 -1587.629 0.06 7193.239  348.601
TIF3 -2170.661 -2900.881 25.17 3837.85  420.685
CHy -57.181 -57.169 0.02 753.706 102.764
SiHy -446.853 -446.42 0.10 1333.159  81.881
GeHy -1164.844 -1162.199 0.23 1609.755  175.587
SnHy -2168.713 -2165.684 0.14 2094.41 230.968
PbH4 -4002.507 -4311.011 7.16 1507.577  148.889
NF3 -471.057 -471.198 0.03 1266.654  130.645
PF3 -808.498 -807.583 0.11 1733.795  180.995
AsF3 -1996.632 -1990.796 0.29 3192.405  325.432
SbF3 -3101.31 -3093.53 0.25 3761.314  377.017
BiF3 -5642.47 -5839.307 3.37 4254.22  487.642
H>O -55.335 -55.311 0.04 121.005 16.367
H»,S -361.345 -360.900 0.12 268.117 32.088
HsSe -975.089 -972.698 0.25 814.789 99.331
HyTe -1987.447 -1985.233 0.11 1110.57 130.15
HyPo -4097.247 -4485.596 8.66 1381.427  189.222
HF -54.341 -54.314 0.05 57.678 7.301
HCI -216.692 -216.395 0.14 148.932 15.347
HBr -601.545 -600.1 0.24 509.803 59.401
HI -1207.058 -1206.141 0.08 775.682 95.029
HAt -2543.437 -2652.678 4.12 1060.687  151.837
NeF, 7952.821 7948.414 0.06 328.844 31.534
ArFo -367.027 -366.497 0.14 1192.575  52.903
KrFy -1458.002 -1453.271 0.33 1727.228 130.83
XeFy -3555.144 -3543.65 0.32 1972.452  388.057
RnFy -7354.936 -7961.532 7.62 6346.532  698.774
ArFg -1704.898 -1702.088 0.17 6336.295  1675.912
KrFg -3942.638 -3928.266 0.37 10055.414  803.285
XeFg -5920.017 -5902.086 0.30 23359.981  2937.691
RnFg -10665.282 -11533.484 7.53 22592.638 1916.136
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A.4. SOC Implementation

A.4.1. Basis Set convergence

(b)

Figure A.4: Basis set convergence of the SOC Implementation of ORCA. The Pople, def2 of
the Karlsruhe group and the Sapporo-2012 basis set were used. Shown are the SOC contribution
for a) Br and b) H.
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Table A.9: Values of the basis set convergence of the SOC approach in ORCA for HyS. Shown

are the results for the S-atom.

Basis set DSO  PSO FC Rel NR  SOC (A(Rel-NR))
sto-3g 1033 -490.594 -1.509872 540.896128 542.454 “1.557872
6-31G 1054.393 -516.779 -2.370303 535.243697 537.643 -2.399303
6-31G* 1054.393 -532.279 -2.100257 520.013743 522.141 2127257
6-31G**  1054.211 -520.619 -2.064141 531.527859 533.618 -2.090141
def2-SVP  1053.511 -511.609 -2.130333 539.771667 541.923 2151333
def2-SVPD  1052.069 -480.013 -1.980469 570.075531  572.08 -2.004469
def2-TZVPD  1057.634 -501.649 -2.113378 553.871622 556.016 -2.144378
def2-TZVPPD  1056.43 -498.291 -2.109371 556.029629 558.169 -2.139371
def2-QZVPD  1055.628 -500.523 -2.214196 552.890804 555.108 -2.217196
def2-QZVPPD  1054.86 -498.24 -2.194556 554.425444 556.668 -2.242556
Sapporo-DZP  1055.157 -507.165 -2.06529  545.92671  548.022 ~2.09529
Sapporo-TZP  1057.933 -504.941 -2.079572 550.912428 553.022 -2.109572
Sapporo-QZP  1055.602 -500.117 -2.108652 553.376348 555.524 -2.147652

Table A.10: Values of the basis set convergence of the SOC approach in ORCA for HsS. Shown
are the results for the H-atom.

Basis set DSO PSO FC Rel NR SOC (A(Rel-NR))
sto-3g 27.449 1.992 -0.952237 28.488763 29.441 -0.952237
6-31G 27.043 2.042 -0.473033 28.611967 29.085 -0.473033
6-31G* 26.446 2.087 -0.47208  28.06092 28.534 -0.47308
6-31G** 26.399 1.413 -0.461892 27.350108 27.812 -0.461892
def2-SVP 26.606 1.631 -0.452115 27.784885 28.238 -0.453115
def2-SVPD  26.686 1.503 -0.422705 27.766295 28.189 -0.422705
def2-TZVPD  26.098 2.034 -0.459943 27.672057 28.133 -0.460943
def2-TZVPPD 26.35 1.604 -0.456692 27.497308 27.955 -0.457692
def2-QZVPD  26.363 1.562 -0.455669 27.469331 27.926 -0.456669
def2-QZVPPD 26.501 1.43 -0.465749 27.465251 27.932 -0.466749
Sapporo-DZP  26.789 1.28 -0.437212 27.631788  28.07 -0.438212
Sapporo-TZP  26.607 1.312 -0.48145  27.43755  27.92 -0.48245
Sapporo-QZP  26.371 1.524 -0.496176 27.398824 27.895 -0.496176
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Table A.11: Basis set convergence for the SOC approach in ORCA, results for the Br-atom in

HBr.

Basis set DSO PSO FC Rel NR SOC (A(Rel-NR))
sto-3g 3067.804 -607.892 -16.756619 2443.15538 2460.708 -17.552619
6-31G 3122.079 -634.261 -26.715824 2461.10218  2489.5 -28.397824
6-31G* 3121.732 -595.817 -24.277425 2501.63758 2527.468 -25.830425

6-31G** 3121.379 -592.502 -24.288854 2504.58815 2530.541 -25.952854

def2-SVP 3121.224 -593.439 -23.788411 2503.99659 2529.287 -25.290411

def2-SVPD 3123.03 -573.775 -22.653289 2526.60171 2550.596 -23.994289
def2-TZVPD  3123.198 -575.28 -23.538234 2524.37977 2549.256 -24.876234
def2-TZVPPD 3122.384 -570.246 -23.394787 2528.74321 2553.445 -24.701787
def2-QZVPD  3122.659 -573.553 -24.026522 2525.07948 2551.317 -26.237522
def2-QZVPPD 3122.584 -573.85 -24.006719 2524.72728 2550.943 -26.215719
Sapporo-DZP  3121.788 -581.835 -23.868537 2516.08446 2541.677 -25.592537
Sapporo-TZP  3121.517 -576.129 -23.576156 2521.81184  2547.16 -25.348156
Sapporo-QZP  3121.814 -573.465 -23.21174 2525.13726 2550.126 -24.98874

Table A.12: Values of the basis set convergence of the SOC approach in ORCA. The results

for the H-atom in HBr are shown.

Basis set DSO PSO FC Rel NR SOC (A(Rel-NR))
sto-3g 30.65 3.605  -2.4032 31.8518  34.256 -2.4042
6-31G 29.806 3.244 -3.523414 29.526586  33.58 -4.053414

6-31G* 28.923 2.612 -3.260146 28.274854 31.544 -3.269146
6-31G** 29.01  2.55  -3.260672 28.299328  31.57 -3.270672
def2-SVP 28.883 2.787 -3.78332  27.88668 31.679 -3.79232

def2-SVPD 28.947 2.729 -2.940834 28.735166 31.685 -2.949834
def2-TZVPD  27.695 4.108 -3.164696 28.638304 31.814 -3.175696
def2-TZVPPD  28.33 3.165 -3.144243 28.350757 31.505 -3.154243
def2-QZVPD 28.71  2.735 -3.367307 28.077693 31.459 -3.381307
def2-QZVPPD 28.751 2.692 -3.366399 28.076601 31.456 -3.379399
Sapporo-DZP  29.673 2.013 -2.974824 28.711176 31.697 -2.985824
Sapporo-TZP  29.951 1.456 -3.289497 28.117503 31.418 -3.300497
Sapporo-QZP  29.085 2.328 -3.416789 27.996211 31.424 -3.427789
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Appendix

A.4.2. Functional dependence

(b)

Figure A.5: Functional dependence of the SOC Implementation of ORCA. BP86, BLYP, PBE,
MO6L and TPSS functionals were used and the isotropic shielding are shown in a) for the heavy
atoms and in b) for the H-atoms of HaS and HCI.
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Table A.24: Four-Component calculation using DIRAC. Shown are the isotropic shielding of
the heavy atoms. The Dirac-Coloumb Hamiltonian was used. The relativistic contribution was
obtained by Rel — NR.

Molecule | isotropic shielding[ppm] rel. contribution | rel. contribution
NR Rel [ppm] (%]
H,O 325.8743 327.3762 1.50 0.46
H,S 724.1133 731.3631 7.25 0.99
HjSe 2120.0339 2323.4665 203.43 8.76
HyTe 5253.3009 6478.1638 1224.86 18.91
NF; -175.7083 -173.8404 1.87 1.07
PF; 210.8643 176.8363 -34.03 19.24
AsF3 1059.7291 1050.3227 -9.41 0.90
HF 407.8568 410.8857 3.03 0.74
HCl1 938.265 968.3777 30.11 3.11
HBr 3085.0332 3399.3599 314.33 9.25
HI 5395.8280 6695.1859 1299.36 19.41

Table A.25: Four-Component calculation using DIRAC. Shown are the isotropic shielding of
the light atom. The Dirac-Coloumb Hamiltonian was used. The relativistic contribution was
obtained by Rel — NR.

Molecule | isotropic shielding[ppm| rel. contribution | rel. contribution
NR Rel [ppm] (%]
H>O 31.0629 30.9534 -0.11 0.35
H,S 30.8123 31.1795 0.37 1.18
HySe 30.2918 33.1297 2.84 8.57
HyTe 65.5323 67.1055 1.57 2.34
NF3 -0.1251 1.611 1.74 107.77
PF3 187.6896 189.8779 2.19 1.15
AsF3 175.2365 176.2265 0.99 0.56
HF 29.6001 29.4855 -0.11 0.39
HCI 31.2717 31.9126 0.64 2.01
HBr 71.2230 70.6295 -0.59 0.84
HI 67.3819 68.8383 1.46 2.12
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A.6. HALA Effect

Table A.26: Calculated HALA contributions using the BSS Hamiltonian in DIRAC of the
hydrogen compounds of the 13th-17th group. The isotropic shieldings of the hydrogens are
shown. The full relativistic effect was obtained by Rel — NR, the ScR and SOC contribution
by ScR — NR, Rel — ScR.

Molecule | isotropic shielding [ppm] relativistic contributions [ppm)]
NR ScR R full relativistic ScR SOC
BHj3 23.064 23.0627 23.0249 -0.0391 -0.0013  -0.0378
AlHj3 25.7727  25.7772  25.4866 -0.2861 0.0045 -0.2906
GaHj; 24.4686 24.2985 22.4198 -2.0488 -0.1701  -1.8787
InHg 24.9134 24.4555 18.4141 -6.4993 -0.4579  -6.0414
TIH; 25.1488 23.6137  0.9446 -24.2042 -1.5351 -22.6691
CHy4 31.4017 31.3823 31.4072 0.0055 -0.0194 0.0249
SiHy 27.8479 27.8428  27.8826 0.0347 -0.0051 0.0398
GeHy 27.5982 27.4435 27.8059 0.2077 -0.1547 0.3624
SnHy 27.4046 27.0185 27.4558 0.0512 -0.3861 0.4373
PbH4 27.9645 26.6526 25.7624 -2.2021 -1.3119  -0.8902
NHsg 31.6498 31.6281 31.6785 0.0287 -0.0217 0.0504
PHj 29.5526 29.563  29.8217 0.2691 0.0104 0.2587
AsHj; 28.9245 28.8852  30.1939 1.2694 -0.0393 1.3087
SbHj3 28.0717 27.9044 30.7524 2.6807 -0.1673 2.848
BiHj; 27.8268 27.3323 27.5744 -0.2524 -0.4945 0.2421
H>O 31.0597 31.0401 31.0511 -0.0086 -0.0196 0.011
HsS 30.8172 30.8345 31.4213 0.6041 0.0173 0.5868
HS-e 30.3034  30.288  33.5066 3.2032 -0.0154 3.2186
HyTe 29.7592 29.6371 38.4912 8.732 -0.1221 8.8541
HsPo 30.0695 29.5611 41.2324 11.1629 -0.5084 11.6713
HF 29.6007 29.5783  29.778 0.1773 -0.0224 0.1997
HC1 31.2762  31.313 32.248 0.9718 0.0368 0.935
HBr 31.4423 31.4775 36.5937 5.1514 0.0352 5.1162
HI 31.8027 31.7578  46.2884 14.4857 -0.0449  14.5306
HA¢t 32.1752 31.8948 62.8412 30.666 -0.2804  30.9464
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Table A.27: Calculated HALA contributions using the X2C Hamiltonian in DIRAC of the
hydrogen compounds of the 13th-17th group. The isotropic shielding of the hydrogen is shown.
The full relativistic effect was obtained by Rel — N R, the ScR and SOC contribution by ScR —

NR, Rel — ScR.
Molecule | isotropic shielding [ppm] relativistic contributions [ppm]
NR ScR R full relativistic ScR SOC
BHj; 33.227  33.2375  33.2007 -0.0263 0.0105  -0.0368
AlHjg 34.6976 34.7984 34.6162 -0.0814 0.1008  -0.1822
GaHs 37.3379 37.9148  36.7527 -0.5852 0.5769  -1.1621
InHjg 32.0916 33.6118 29.6204 -2.4712 1.5202  -3.9914
T1Hgs 30.3628 35.0434  20.7878 -9.575 4.6806 -14.2556
CH,4 42.8216 42.826  42.7401 -0.0815 0.0044  -0.0859
SiHy 34.2405 34.3066 34.6226 0.3821 0.0661 0.316
GeHy 33.8787 34.1919 36.4581 2.5794 0.3132 2.2662
SnHy 28.4043 29.1072 34.4166 6.0123 0.7029 5.3094
PbH, 25.5488 27.6257 44.2169 18.6681 2.0769  16.5912
NHj 44.1009 44.0947  44.045 -0.0559 -0.0062  -0.0497
PHj3 29.8646 29.7979  30.315 0.4504 -0.0667  0.5171
AsHg 24.5775 24.013  27.4253 2.8478 -0.5645  3.4123
SbHj 18.868 16.9822  25.7645 6.8965 -1.8858  8.7823
BiH; 15.5728 9.8112  36.4411 20.8683 -5.7616  26.6299
H>O 37.2368 37.2158  37.2061 -0.0307 -0.021 -0.0097
H>S 32.0315 31.9736 32.3827 0.3512 -0.0579  0.4091
HySe 28.4408 28.0728 30.4979 2.0571 -0.368 2.4251
HyTe 25.0528 23.8891 29.8377 4.7849 -1.1637  5.9486
HsPo 22.4183  19.06 23.6959 1.2776 -3.3583  4.6359
HF 18.8062 18.7896  29.7936 10.9874 -0.0166  11.004
HCI 17.3234 17.298  17.0462 -0.2772 -0.0254  -0.2518
HBr 18.2922 18.1747 17.4132 -0.879 -0.1175  -0.7615
HI 20.091 19.8608 19.2629 -0.8281 -0.2302  -0.5979
HA¢t 19.965 19.4202 17.3613 -2.6037 -0.5448  -2.0589
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Table A.28: HALA contributions of the hydrogen compounds of the 13th-17th group. Calcu-
lated by using the a-posteriori approach in ORCA. The isotropic shieldings of the hydrogen are
shown. Note that ScR effects are neglected. The SOC contribution was obtained by the FC
term.

Molecule | isotropic shielding [ppm] rel. contributions [ppm]
NR NR+SOC SOC
BHj 23.107 23.060158 -0.046842
AlHg 25.789 25.758452 -0.030548
GaHjs 24.508 25.569654 1.061654
InHj; 24.972 28.022112 3.050112
CHy4 31.703 32.356102 0.653102
SiHy 27.878 27.57674 -0.30126
GeHy 27.677 27.411587 -0.265413
SnHy 27.473 26.97179 -0.50121
NH; 31.818 31.98342 0.16542
PH; 29.513 29.385308 -0.127692
AsHg 28.935 28.8083952 -0.1266048
SbHj3 28.088 25.786258 -2.301742
H>O 30.117 31.292636 1.175636
HsS 31.388 30.517658 -0.870342
HsSe 31.567 28.356012 -3.210988
HyTe 31.855 23.388915 -8.466085
HF 30.117 30.041815 -0.075185
HCI 31.388 30.880428 -0.507572
HBr 31.567 28.410235 -3.156765
HI 31.855 22.088857 -9.766143
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A.7. HALA Application

Figure A.6: Distance dependence of the SCF energy for different halides F (a), Cl (b), Br (c)
and I (d). Illustrated are the SCF energies in Hartree of the systems.
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Table A.29: Isotropic shieldings of the distance variation between HoO and MeBiXs. Shown
for X = F, Cl, Br, I. The distances refers to the *-marked atoms.
Distance [A]

Halide Atom 1.5 1.636 2.045 2.318 2.591 3
F Bi 4067.216 4089.739 4137.395 4156.491 4165.165 4168.344
C 159.716  160.143  160.284  160.356  160.347  160.498
H 30.712 30.742 30.749 30.768 30.788 30.771
H 30.217 30.301 30.417 30.473 30.518 30.532
H 30.254 30.287 30.362 30.386 30.394 30.410
F 258.150  262.520  266.572  268.230  270.176  268.951
F* 274.440  283.961  299.293  304.556  306.921  304.191
O 250.735  259.855  274.597  281.379  287.668  290.641
H 29.532 29.599 29.666 29.758 29.897 29.973
H* 23.012 25.202 28.568 29.386 29.727 29.888
Cl Bi 4010.013 4019.889 4003.481 4007.360 4011.849 4013.028
C 155.534  156.726  157.460  157.693  157.681  157.657
H 30.153 30.291 30.370 30.370 30.366 30.367
H 30.120 30.139 30.249 30.322 30.366 30.401
H 29.729 29.777 29.875 29.898 29.922 29.940
Cl 686.599  726.141  767.151  744.265  778.038  782.515
CI* 705.671  740.263  795.188  813.718  825.258  832.603
O 157.249  189.972  249.997  268.325  280.233  290.753
H 28.267 28.791 29.547 29.731 29.853 29.992
H* 14.917 18.498 25.762 27.913 29.019 29.697
Br Bi 3669.145 3697.927 3852.002 3854.141 3856.909 3860.832
C 156.932 157.175  156.549  156.380  156.433  156.386
H 30.225 30.221 30.249 30.230 30.228 30.226
H 30.052 29.998 30.096 30.200 30.254 30.312
H 29.723 29.728 29.738 29.767 29.786 29.808
Br 2263.810 2276.539 2211.875 2228912 2242.016 2255.601
Br*  2454.557 2379.857 2270.699 2313.831 2337.147 2365.001
) 123.606  187.845  231.308  257.016  272.172  285.700
H 28.206 29.470 29.331 29.625 29.799 29.980
H* 21.283 22.198 24.417 27.083 28.530 29.519
I Bi 3812.627 3830.015 3789.148 3793.590 3784.366 3785.569
C 159.931  159.646  157.275  157.528  157.570  157.746
H 30.195 30.196 30.164 30.190 30.213 30.216
H 29.983 30.014 30.065 30.069 30.099 30.124
H 29.618 29.621 28.164 28.263 28.235 28.406
I 4130.688 4133.867 4118.357 4118.420 4124.056 4134.090
I* 4451.691 4354.487 4128.106 4137.281 4152.306 4166.970
O 4.203 85.418 220.262  259.757  280.568  299.804
H 25.983 27.541 29.828 30.197 30.368 30.540
H* 20.536 22.203 24.373 27.286 28.901 30.018

*Distance variation
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A.8. Geometries

A.8.1. p-Block Geometries

BiF3 InF3
B 0.00000000 -0.00000000 0.00000000 In  0.00000000 -0.00000000 0.00000000
F 0.00289295 -1.31591125 0.00000000 F 0.03983030 -1.93220582 0.00000000
F 1.13816610 0.66046100 0.00000000 F  1.65339918 1.00064026 0.00000000
F -1.14105905 0.65545026 0.00000000 F  -1.69327948 0.93156556 0.00000000
AlF3 TIF3
Al 0.00000000 0.00000000 0.00000000 TI  0.00000000 -0.00000000 -0.00000000
F -0.42306452 1.57889829 0.00000000 F 1.73626120 1.01739268  0.00000000
GaF3
Ga  0.00000000  0.00000000 0.00000000
F  1.67525832 -0.44888411 0.00000000
F  -0.44888411 1.67525832 0.00000000
F -1.22637420 -1.22637420 0.00000000
BH3 InH3
B -0.00000000 -0.00000000 0.00000000 In -0.00000000 -0.00000000 0.00000000
H 0.84134514 0.84134514 0.00000000 H 1.22434620 1.22434620 0.00000000
H -1.14929883 0.30795369 0.00000000 H -1.67248801 0.44814181 0.00000000
H 0.30795369 -1.14929883 0.00000000 H 0.44814181 -1.67248801 0.00000000
AlH3 TIHS
Al 0.00000000 0.00000000 0.00000000 T1  0.00000000 0.00000000 0.00000000
GaH3
Ga  0.00000000  0.00000000 0.00000000
H 1.11057972 1.11057972 0.00000000
H -1.51708010 0.40650039 0.00000000
H 0.40650039 -1.51708010 0.00000000
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C 0.00000000  0.00000000  0.00000050 Sn  0.00000002 -0.00000009  0.00000000
H 1.08954600 0.00000000  0.00000050 H 1.06620602 1.30081691  0.30534000
H -0.36318100 -0.22433300 -1.00243950 H -1.59250898  0.59695391 -0.17237400
H -0.36318200  0.98030500  0.30693950 H 0.46909202 -0.79564609 -1.43842000
H -0.36318300 -0.75597200  0.69549650 H 0.05721002 -1.10212009  1.30545400

SiH4 PbH4
Si-0.00000000-0.00000006  0.00000000  py, _p,00000005 -0.00000001  0.00000005
H1.48094400 -0.00000006 0.00000400 g 106247095 -0.73001901  1.19987805

H-0.49364300 -0.63083006  -1.24561800 g _1.16041805 -1.19890201 -0.56350495
H -0.49364900 1.39414994  0.07649100 11  (0.95367095 057417799 -1.36115395
H

-0.49365200 -0.76331906  1.16912300 H -0.86072005 1.35474399  0.72478205

GeH4
Ge 0.00000017 -0.00000003 -0.00000003
H 1.53652617 0.00000197 -0.00000103
H -0.51217583 -0.73698103  1.24717597
H -0.51217783 -0.71159603 -1.26183203
H -0.51217783  1.44857597  0.01465797

NF3 SbEF3
N 0.00000000  0.00000000 -0.48287777 Sb -0.00000000 -0.00000000 -0.34512025
F 0.87468896  0.87468896  0.12519053 F 1.14600102  1.14600102  0.65189380
F-1.19484734 0.32015838  0.12519053 F  -1.56546651  0.41946549  0.65189380
F  0.32015838 -1.19484734  0.12519053 F 041946549 -1.56546651  0.65189380

PF3 BiF3

P -0.00000000 -0.00000000 -0.50318039  B; _0.00000000  0.00000000 -0.25343619
F0.97167975 - 0.97167975  0.27954466 g 121572319  1.21572319  0.77908161
F
F

-1.32733922  0.35565947  0.27954466 F  -1.66070876  0.44498557  0.77908161
0.35565947 -1.32733922  0.27954466 F  0.44498557 -1.66070876  0.77908161

AsF3
As -0.00000000 -0.00000000 -0.39897546
F  1.05038104 1.05038104 0.48763667
F -1.43484718 0.38446614  0.48763667
F  0.38446614 -1.43484718  0.48763667
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NH3 SbH3

N 0.00000000  0.00000000 -0.11172960  Sb  0.00000000 -0.00000000 -0.05360270
H  0.66677285 0.66677285 0.26070240  H  1.00216723 1.00216723  0.91124596
H -0.91082865 0.24405580 0.26070240  H -1.36898589  0.36681866  0.91124596
H  0.24405580 -0.91082865 0.26070240  H  0.36681866 -1.36898589  0.91124596
PH3 BiH3

P -0.00000000 -0.00000000 -0.12823605  g;  0,00000000  0.00000000 -0.03585773
H 084327353 0.84327353  0.GAI18027 g 4 04260515 1.04260515  0.99206376
H -1.15193306  0.30865953  0.64118027  p 1 49492512  0.38161997  0.99206376
H 030865953 -1.15193306  0.64118027 g 38161997 -1.42422512  0.99206376
AsH3

As -0.00000000  0.00000000 -0.07075525

H  0.89640271  0.89640271  0.77830773

H -1.22450887  0.32810616  0.77830773

H  0.32810616 -1.22450887  0.77830773
NMe3

N -0.00000000  0.00000000 -0.36456054

C 137561004 0.18843454  0.05926538

C -0.85099411 109709597  0.05926538

C -0.52461592 -1.28553051  0.05926538

H -0.46286819  2.04006284 -0.33081081

H -0.92263390  1.18745935  1.15935691

H -1.86010606 0.95762541 -0.33349715

H  0.10072509 -2.08971181 -0.33349715

H -1.53531215 -1.42088703 -0.33081081

H -0.56705301 -1.39275407  1.15935691

H  1.99818034 -0.61917581 -0.33081081

H  1.48968691  0.20529472  1.15935691

H  1.75938096  1.13208639 -0.33349715
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PMe3
P 0.00000000 0.00000000 -0.59622333
C  0.48348515 1.56161346  0.27650481
C -1.59413950 -0.36209631 0.27650481
C 1.11065435 -1.19951715  0.27650481
H -2.34688314 0.37021970 -0.02165119
H -1.49202259 -0.33876974 1.36520345
H -1.95648328 -1.34786053 -0.02146448
H 2.14552310 -1.02043396 -0.02146448
H 0.85282191 -2.21757027 -0.02165119
H 1.03939449 -1.12274460 1.36520345
H 1.49406124 1.84735057 -0.02165119
H 0.45262810 1.46151434 1.36520345
H -0.18903982  2.36829449 -0.02146448

AsMe3

As  0.00000000 -0.00000000 -0.47274985
C  1.60479839  0.62164783  0.51985508
C -1.34076201  1.07897226  0.51985508
C -0.26403638 -1.70062009  0.51985508
H -1.23331977 212778467  0.24151902
H -1.21441431 0.97680209 1.59867518
H -2.34232865 0.75021366  0.24092368
H 0.52146024 -2.40362295  0.24092368
H -1.22605569 -2.13197859  0.24151902
H -0.23872827 -1.54011469  1.59867518
H 245937546 0.00419392  0.24151902
H 1.45314258 0.56331260  1.59867518
H 1.82086842  1.65340929  0.24092368

SbMe3
Sb  0.00000000  0.00000000 -0.41806963
C 1.68375775 0.78804803  0.72726437
C -1.52434849 1.06415297  0.72726437
C -0.15940926 -1.85220100  0.72726437
H -1.49451803 2.12413723  0.47474665
H -1.34904475 0.94027164 1.79591862
H -2.50926943 0.67240498 0.47293216
H 0.67231492 -2.50929356  0.47293216
H -1.09229779 -2.35635919  0.47474665
H -0.13977675 -1.63844285  1.79591862
H 258681582 0.23222197  0.47474665
H 1.48882151 0.69817120 1.79591862
H 1.83695451 1.83688858  0.47293216
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BiMe3

Bi  0.00000000 0.00000000 -0.31741527

C -1.87457025  0.44243407  0.91247137

C 0.55412598 -1.84464249  0.91247137

C 1.32044427  1.40220843  0.91247137

H -0.13101680 -2.65547020  0.66758977

H 048331513 -1.60690600  1.97266347

H 157227635 -2.14433644  0.66674094

H  1.07091165 2.43379948  0.66674094

H 236521305 1.21427122  0.66758977

H 114996385 1.22201618  1.97266347

H -2.23419625 1.44119898  0.66758977

H -1.63327898  0.38488982  1.97266347

H -2.64318800 -0.28946305  0.66674094
H20 H2Te

O 0.00000000 0.00000000 -0.11692647 ~ Te  0.00000000 0.00000000  0.04334615
H  0.76517934 0.00000000 0.46770588  H -1.17972600 0.00000000 -1.12699985
H -0.76517934 0.00000000 0.46770588  H  1.17972600 0.00000000 -1.12699985
H2S )

S 0.00000000 0.00000000 -0.10314543  p,,  (.00000000 0.00000000 -0.02882794
H 0.97057123 0.00000000  0.82516344 H -1.23543124 0.00000000 1.21077348
H -0.97057123 0.00000000  0.82516344 H  1.23543124 0.00000000 1.21077348
H2Se

Se  0.00000000 0.00000000  0.05712194

H -1.05181900 0.00000000 -0.97107306

H  1.05181900 0.00000000 -0.97107306
HF HI

F 0.00000000 0.00000000 -0.09247220 1 0.00000000 0.00000000 -0.02992500
H  0.00000000 0.00000000 0.83224980  H  0.00000000 0.00000000  1.58602500
HCI HAt

CL0.00000000  0.00000000  -0.07124189 ¢ .00000000  0.00000000 -0.01985840
H 0.00000000 0.00000000 1.21111211 H  0.00000000 0.00000000 1.68796360
HBr

Br  0.00000000 0.00000000 -0.03958967

H  0.00000000 0.00000000 1.38563833
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ArF2 XeF2
Ar 0.00000000 0.00000000 0.00000000 Xe 0.00000000 0.00000000  0.00000000
F 0.00000000 0.00000000  1.80983800 F 0.00000000 0.00000000  2.00581900
F 0.00000000 0.00000000 -1.80983800 F 0.00000000 0.00000000 -2.00581900
KrF2 RnF2
Kr 0.00000000 0.00000000 0.00000000 Rn 0.00000000 0.00000000  0.00000000
F 0.00000000 0.00000000 1.89679600 F 0.00000000 0.00000000 2.08571000
F 0.00000000 0.00000000 -1.89679600 F 0.00000000 0.00000000 -2.08571000
ArF4 XeF4
Ar  0.00000000 0.00000000 0.00000000 Xe 0.00000000  0.00000000 0.00000000
F -1.27343881 -1.27343881 0.00000000 F -1.41736828 -1.35941707 0.00000000
F 1.27343881 1.27343881 0.00000000 F 1.41736828 1.35941707 0.00000000
F -1.27343881  1.27343881 0.00000000 F -1.35941707 1.41736828 0.00000000
F 1.27343881 -1.27343881 0.00000000 F 1.35941707 -1.41736828 0.00000000
KrF4 RnF4
Kr  0.00000000 0.00000000 0.00000000 Rn  0.00000000  0.00000000 0.00000000
F -1.86929654 -0.00846857 0.00000000 F -1.43930270 -1.43930270 0.00000000
F  1.86929654 0.00846857 0.00000000 F 1.43930270 1.43930270 0.00000000
F -0.00846857 1.86929654 0.00000000 F -1.43930270 1.43930270 0.00000000
F  0.00846857 -1.86929654 0.00000000 F 1.43930270 -1.43930270 0.00000000
ArF6 KrF6
Ar  0.00000000 0.00000000 0.00000000 Kr 0.00000000 0.00000000  0.00000000
F  0.43747065 -0.28487012 -1.73160495 F  0.14132741 0.21157010 -1.84467844
F -0.43747065 0.28487012 1.73160495 F  -0.14132741 -0.21157010 1.84467844
F -0.41461267 -1.75095785  0.18328104 F  -1.85647915 -0.01831115 -0.14432653
F  0.41461267 1.75095785 -0.18328104 F  1.85647915 0.01831115  0.14432653
F 1.70527762 -0.35263876  0.48878668 F 0.03453482 -1.85015956 -0.20951492
F  -1.70527762 0.35263876 -0.48878668 F -0.03453482  1.85015956  0.20951492
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0.00000000
1.65412547
-1.65412547
-0.05545839
0.05545839
1.02207965
-1.02207965

0.00000000
1.54143505
-1.54143505
-1.26071695
1.26071695
-0.18150995
0.18150995

0.00000000
-1.11745377
1.11745377
-1.47522755
1.47522755
0.75677391
-0.75677391

A.8.2. Bismuth Compounds - Molecule model

Model F
C
C

axliaelieclies =l Ne RO B A==

Model Cl
C

TononmQlmaoa¥mao

-3.26329
-2.03377
-3.94462
-1.53819
-0.33377
-0.46069
-3.33304

0.11373
-1.12898

0.34187
-3.60805
-1.34668

-3.28678
-2.05807
-3.99181
-1.51232
-0.31656
-0.41587
-1.08004
-3.67416

0.13100

0.40167
-3.78034
-1.40503

RnF6
0.00000000  0.00000000 Rn  0.00000000
0.68198953 -0.76329046 F  0.61108712
-0.68198953  0.76329046 F -0.61108712
-1.38873682 -1.36095392 F  0.48197380
1.38873682  1.36095392 F  -0.48197380
-1.17907969  1.16145731 F  1.84187459
1.17907969 -1.16145731 F -1.84187459
Model Br
-0.23548 3.03839 C -3.28944
-0.00257 3.65684 C -2.06086
-0.96605 3.45750 H -3.99899
-1.07277  5.60905 Bi -1.50221
-2.75495  4.69409 C -0.31171
-3.14644  3.36092 C -0.39463
-2.07754  5.49358 Br -3.79054
-3.92119 2.99372 H -3.64828
-2.66126 2.74204 H -1.31768
-3.25678 5.29133 H 0.17255
0.51942 2.38367 H -1.02317
0.74790 3.34759 H 0.32541
Model 1
-0.20733  3.02626 C -3.28409
-0.00198 3.65430 C -2.05285
-0.91999 3.43626 H -3.99542
-1.03822  5.62677 Bi -1.47010
-2.72724  4.70309 C -0.30291
-3.09453 3.36151 C -0.38293
-2.55965 2.69374 H -1.02662
-2.30628 5.76333 I -3.92685
-3.69992  2.78420 H 0.26062
-2.97921 5.34361 H 0.26711
0.14685 2.13789 H -3.53880
0.85583 3.51582 H -1.23435

132

-0.20181
-0.00112
-0.91073
-1.02792
-2.72056
-3.07262
-2.38505

0.14119

0.78299
-3.85372
-2.55210
-3.25910

-0.19124

0.00880
-0.89592
-1.00272
-2.71045
-3.05087
-2.49448
-2.45945
-3.83021
-3.31695

0.71151

0.46967

3.02482
3.65450
3.43360
5.63211
4.70644
3.35978
5.86145
2.00814
3.33120
2.99477
2.72810
5.31395

3.04513
3.67016
3.45839
5.65314
4.72076
3.37112
2.70101
6.03915
3.12594
5.33210
2.49796
3.35394
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A.8.3. Bismuth Compounds - Distance model

F - 1.500 A
Bi -2.02682854505117  0.49732100420407  0.59055777353456
C  -3.72446848806117 -0.83595347544692 -0.04582523313005
H -4.42399841055660 -0.95046799981436  0.79109790564748
H -3.32520476963352 -1.80319489471662 -0.36696095725788
H -4.21302931397283 -0.31439499712208 -0.87661928740417
F  -3.22872534974082  2.15545789793804  0.59937526753762
F  -1.42527882363815 0.83491214231794 -1.40412187533419
O -0.40616672326917 -1.28436859400633 -0.79958632223302
H 0.55710660427206 -1.25780922771289 -0.68642947028067
H -0.65763618034856 -0.45118185564082 -1.32234780107968

F-1.636 A
Bi -2.04175375809965  0.52834433311234  0.57254091722878
C -3.73112365336688 -0.82208309729721 -0.04851249103147
H -4.39198943819303 -0.99147293301821  0.81062636687671
H -3.31842835400803 -1.76887389609765 -0.41222313456870
H -4.27202218239766 -0.29756112197580 -0.84356045002668
F  -3.25388766614414  2.17613163240731  0.61016550101746
F -1.46165337310175 0.87551778901396 -1.41006364601005
O -0.38125262398068 -1.30556630851854 -0.78199849532741
H 0.58167919242345 -1.28735397801721 -0.66544395362726
H -0.60379814313153 -0.51676241960898 -1.35239061453136

2.045 AF
Bi -2.04469182854884  (0.60482162468641  0.53461039726884
C -3.70165381311232 -0.80197209951742 -0.05384163080749
H -4.39118006141649 -0.91170330149100  0.79209725057611
H -3.28346769278765 -1.77123054140403 -0.34439538185583
H -4.21483451643441 -0.32807773769136 -0.89790583555645
F -3.37584481091174  2.14708215696434  0.75397180139457
F  -1.58182587425068  1.04692000093296 -1.43293967190578
O -0.37152001609368 -1.33320384234375 -0.76290237795078
H 0.58777853378078 -1.37603187210007 -0.62168041105407
H -0.49698992022484 -0.68628438803605 -1.48787414010911

F-2318 A
Bi -2.05935390002345  0.65901283177564  0.50548102274536
C -3.69017306508495 -0.78632858094703 -0.06451524768791
H -4.32531780407048 -0.96788931966920  0.81114529409311
H -3.25171234429524 -1.72236602322406 -0.42562138096578
H -4.26983959730542 -0.29358384462036 -0.85291128280096
F  -3.43329932278882  2.15216170443136  0.78952779943395
F -1.65017093386709  1.14418383978079 -1.45385360492161
O -0.35980348366879 -1.34591985188720 -0.72593873425274
H 0.59284010182259 -1.42584704024116 -0.55770691849164
H -0.42739965071820 -0.82310371539874 -1.54646694715178
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F-2591 A
Bi
C

H
H
H
F
F
O
H
H

F - 3.000 A
Bi
C

H
H
H
F
F
O
H
H

-2.07487798723632
-3.68877956069440
-4.27692627935786
-3.23913098611928
-4.31910838527655
-3.46915466513404
-1.72571956972244
-0.33838912954504

0.60035318998626
-0.34249662690016

-2.06193269413726
-3.69585688811556
-4.32512161798638
-3.26270410003885
-4.27934492083178
-3.43686130147429
-1.90074852988562
-0.28960607759322

0.64188202941498
-0.26393589935180

0.70016528752304
-0.77329908624851
-1.00699915317016
-1.68253641913215
-0.27285995558776

2.16271252526390

1.23323231753304
-1.34422644358375
-1.47224541872465
-0.95362365387297

0.70896389287567
-0.75893448478130
-0.90120199614853
-1.71160009203406
-0.30125181995814

2.11638674319257

1.36391755089232
-1.36708778280265
-1.41229079610984
-1.14658121512601

0.48121898006410
-0.07058201459965

0.82540560390318
-0.48314991041703
-0.81382618700898

0.82190196022090
-1.47052264709651
-0.71026229155192
-0.49950542540738
-1.60153806810670

0.41624514379567
-0.09444016273510

0.79244333886566
-0.41768996380067
-0.90106785100217

0.99836489796491
-1.51789514279973
-0.70671725921664
-0.43715001069128
-1.65295299038062

Cl-1.500 A
Bi
C
H
H
H
Cl
Cl
O
H
H

Cl-1.636 A
C
H
H
H
Cl
Cl
0O
H
H

-2.08279548509163
-3.56399522990479
-4.35529300677700
-3.04731445806346
-3.98170637241243
-3.93762251234466
-1.71299145135854
-0.38360709256737
-0.61203658496273
-0.86359780651733

-3.60111632363384
-4.29341063428205
-3.05729421041494
-4.14549488373462
-3.98714999252546
-1.76745436301318
-0.30194189558914
-0.47733706824527
-0.77686082395920

0.78507204924120
-0.75038580405731
-0.84695575829279
-1.70353343028948
-0.37405046036623

2.31505942464922

1.94855322177312
-0.17847356918507
-0.96497285143288

0.71707717796021

-0.72370289052280
-0.94189106105122
-1.62370644913289
-0.28928282354964
2.33966236873621
1.91686039910771
-0.19802372276056
-0.98546245443753
0.62073379731714
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0.52442502648335
-0.23410013417149

0.51732564847829
-0.39247866505323
-1.17355278870153

1.25497279943071
-1.78128739888466
-1.19089173548775
-1.71286702998906
-1.67175572210462

-0.23186997719823

0.58936910655369
-0.53789420297217
-1.07642937168923

1.25810539450978
-1.79229661525450
-1.18857169017786
-1.72903526244740
-1.66397634142286
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Cl-2.045 A
Bi

C
H
H
H
Cl
Cl
O
H
H

Cl-2318 A
Bi

C
H
H
H
Cl
Cl
O
H
H

Cl- 2591 A
Bi
C
H
H
H
Cl
Cl

O
H
H

Cl - 3.000 A
Bi
C
H
H
H
Cl
Cl
0
H
H

-2.20336507922200
-3.64642919524239
-4.19622822934700
-3.08578614001382
-4.33445105991695
-4.05733955197147
-1.94716955938814
-0.19693330919606
-0.28309219752716
-0.59016567817491

-2.23112312362336
-3.65981622591712
-4.09528063971770
-3.11356149146379
-4.44132744035209
-4.08731568076533
-2.06247336512615
-0.16875122757248
-0.21422240275693
-0.46708840270493

-2.25122598495702
-3.66999011404239
-4.02769834218932
-3.14145046499333
-4.50562931792087
-4.10010583859394
-2.18284513093377
-0.15496690920719
-0.15037293162222
-0.35667496553978

-2.27456608805308
-3.67071423234310
-3.96045513711939
-3.15813672728562
-4.54899046627248
-4.11023208932716
-2.36351262337741
-0.14541449088897
-0.13014958150395
-0.17878856382864

0.92128271598115
-0.67944508673248
-1.04057724198082
-1.49411464179112
-0.21417424608475

2.35562189037927

1.98530360078444
-0.26308736854020
-1.08010245086766

0.45668282885217

0.96874412655053
-0.65487796436118
-1.11637001603649
-1.39598856002406
-0.17452330872654

2.35160926465079

2.04928454193977
-0.29621313174595
-1.15201971815175

0.36774476590488

1.00939848680684
-0.63309901867533
-1.15361164043318
-1.32320382036279
-0.15270230838526

2.33686652290075

2.11459235335304
-0.31645247897939
-1.21113894528192

0.27674084905722

1.06881104531395
-0.60637854100145
-1.16573904211872
-1.25642004523153
-0.13993486235625

2.30028150979951

2.21454850239738
-0.34821915977618
-1.27895919093815

0.15939978391144

0.47025200317902
-0.23363414705878

0.64341658670387
-0.70413961942666
-0.94646965360764

1.32580627736862
-1.81292522179380
-1.17397168128986
-1.69140387792900
-1.73714066614574

0.43369302866798
-0.24663092810499

0.64748431694077
-0.83991883863566
-0.84346306076540

1.36742249007459
-1.83571958955814
-1.14233514601860
-1.59875298360500
-1.80198928899553

0.39610110007846
-0.26218922094553

0.63410866587197
-0.92872327684645
-0.78008046538412

1.42460886524856
-1.85516580859379
-1.12092796782977
-1.49813210551311
-1.86980978608619

0.34155888130437
-0.28290597011912

0.61453985643018
-1.00038401431712
-0.73917292182591

1.50764237658047
-1.87766847748903
-1.10616330104653
-1.38215442842274
-1.93550200109453
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Br - 1.500 A
Bi
C

O
H
H

Br- 1.636 A
Bi
C
H

O
H
H

Br-2.045 A
Bi

0)
H
H

Br-2.318 A
Bi
C
H
H
H
Br
Br
0
H
H

-2.75388256229314
-4.10383601365975
-4.72393821212145
-3.47310735897894
-4.72967584236777
-4.68002406182059
-1.77138296622959
-0.21061445386752
-0.79628639248773
-0.86942213617350

-2.75243862308563
-3.98207021646627
-4.62629406393171
-3.29535455449102
-4.58459253642650
-4.77246987841947
-1.71761466090005
-0.40639413195196
-1.00714201196560
-0.96779932236174

-2.33679535918441
-3.96588940324190
-4.30625522251570
-3.55410633134687
-4.78626154804594
-4.01648545385217
-2.38844717569502
-0.69557489397196
-0.90633840666106
-1.15601620548482

-2.37001782126092
-3.97765910563278
-4.17529580745600
-3.61911788218364
-4.87599974038864
-4.04432921638370
-2.50797932130033
-0.65819039397939
-0.83015481683050
-1.05342589458391

0.95125092713076
-0.70577412350315
-1.05170990272461
-1.51778172760229
-0.29625154969489

2.71919602080879

1.49774365628485

0.81729491467831

0.75074700745803

1.01751477716419

1.00712275543667
-0.64889057485550
-1.07886705475847
-1.40414033906003
-0.21075922840978

2.66163551545275

1.79772084063543

0.55674309103728

0.54560441743325

0.95606057708840

0.90546419959899
-0.43210999854858
-1.09071001256600
-1.01486525240574

0.20749446702972

2.12329153230274

2.63904866601909

0.21438566141571
-0.43490307830938

1.06513381546344

0.96981540190568
-0.40174176450121
-1.18221258041819
-0.83857103352462

0.19973187903772

2.12570473542747

2.70615740885264

0.16236893134443
-0.53967477917446

0.98065180105052
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0.92603791811509
0.16724112979875
1.00239734057022
-0.21222857210359
-0.63144343626591
1.12997572864269
-1.52416791037396
-3.45622581294376
-4.22913787803859
-2.62227850740093

0.97257584893410
0.03090894578798
0.80701054985484
-0.36844219237542
-0.77010011699305
1.22414780484213
-1.36470769979895
-3.33388563479008
-4.09642960656928
-2.55090789889223

0.23206959569328
-0.61004225194134

0.19786739362012
-1.44087670468430
-0.94853245063820

1.88675156492279
-1.82983094571249
-1.99166420330013
-2.68239333533558
-2.26317866262407

0.21524162708683
-0.61671104074296

0.12772183432679
-1.55431200258357
-0.78295709130241

1.92006620822664
-1.82312366195291
-1.96707941818239
-2.61557942490256
-2.35309702997338
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Br - 2.591 A
Bi
C
H
H
H
Br
Br
O
H
H

Cl - 3.000 A
Bi
C
H
H
H
Cl
Cl
0
H
H

-2.39088255466988
-3.97981188379372
-4.13456349341571
-3.63394396496142
-4.89948624838311
-4.04884597820504
-2.62688705802878
-0.64442143972223
-0.79416517424587
-0.95916220457403

-2.27456608805308
-3.67071423234310
-3.96045513711939
-3.15813672728562
-4.54899046627248
-4.11023208932716
-2.36351262337741
-0.14541449088897
-0.13014958150395
-0.17878856382864

1.02197969539250
-0.37860975287158
-1.18337480845718
-0.77991206246783

0.19955424580008

2.08835172316163

2.78787905869783

0.13044831488461
-0.62036331976274

0.91627690562265

1.06881104531395
-0.60637854100145
-1.16573904211872
-1.25642004523153
-0.13993486235625

2.30028150979951

2.21454850239738
-0.34821915977618
-1.27895919093815

0.15939978391144

0.19584806586250
-0.62602327775856

0.10239597359630
-1.58409004733417
-0.75394329592391

1.97490796936941
-1.79570495297314
-1.95768396758433
-2.55514913941041
-2.45038732784360

0.34155888130437
-0.28290597011912

0.61453985643018
-1.00038401431712
-0.73917292182591

1.50764237658047
-1.87766847748903
-1.10616330104653
-1.38215442842274
-1.93550200109453

I-1.500 A
Bi
C

H
H
H

I

I
O
H
H

I-1.636 A
Bi

C

H

H

H

I

I

¢}

H
H

-2.87480682844902
-3.91579496025025
-4.41266039688553
-3.14439531252162
-4.64955106097536
-95.25032244496487
-2.09667892075602
-1.82286338145988
-2.30126758720785
-2.07568910652951

-2.87682534592164
-3.90933322869108
-4.47163349396194
-3.13477707591148
-4.58149652177399
-5.25853351639672
-2.03055021038914
-1.86955113972157
-2.35651003823635
-2.05481942899597

1.18564061146883
-0.73786067972955
-1.15920814841139
-1.41847237935676
-0.50407998908755

2.67985756527268

1.91392329636869

1.53513420878938

2.28893842862702

1.58900708605865

1.18015854996361
-0.73462638561762
-1.12767029722727
-1.44293588085549
-0.50169161309367

2.67674725443673

1.90919611147020

1.53145294606109

2.28784412495326

1.59440518990913
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0.92790029499103
0.29197857109604
1.17311137781603
-0.08656384922812
-0.48471146887324
1.28562569074101
-1.78912790783432
-4.36359695285770
-4.75003119234523
-3.25336456350545

0.95680047454749
0.28830223408487
1.14310217621918
-0.02772808417779
-0.54211063554468
1.27397121272089
-1.71050745270661
-4.37229230577069
-4.74219388803612
-3.31612373133649
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I

-2.85300985173850
-3.62408863457264
-4.57481805632445
-2.87931929523110
-3.75377359964817
-5.18079807544844
-1.17053503480620
-2.86720270954023
-3.31963796914120
-2.32084677354881

-2.86058789044419
-3.61631454370434
-4.58193273455144
-2.88278617305875
-3.71835561575384
-5.17050636979400
-1.10686609707436
-2.89346553495102
-3.34065393469431
-2.37256110597342

-2.88923390986420
-3.60989315963451
-4.56327401254702
-2.85572376529362
-3.73174403071566
-5.17408289941297
-1.03628740833749
-2.92633870173410
-3.42528367866932
-2.33216843379072

-2.94302235114875
-3.57797980789217
-4.53786607263178
-2.80899743250401
-3.67586538061616
-5.17085326873540
-0.91754955964614
-3.00282956618720
-3.54155953291731
-2.36750702772060

1.20132267147980
-0.52548294996391
-0.84780476474312
-1.32967951523630
-0.17730425727751

2.78904277632703

2.27615264705797

0.93040729621489

1.61253233118464

1.44369376495646

1.18345355326695
-0.51046622282798
-0.82856075224009
-1.32448130798329
-0.14816845701845

2.79584182151335

2.31471179282215

0.89957193371967

1.57297257565570

1.41800506309193

1.17070094002200
-0.48722441639655
-0.84614106175682
-1.28361307314648
-0.09212306165578

2.81379337146368

2.33793458016912

0.85637321616864

1.52686467853491

1.37631482659719

1.16099102298261
-0.47594836309363
-0.86317730800093
-1.25769389955835
-0.06661155648973

2.85037992042533

2.28774554951263

0.84913775291163

1.50193970512621

1.38611717618414
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0.93508328381414
-0.32085287701896

0.11840236601850
-0.27396566465820
-1.35262505970962

0.65343107295409
-1.12979367839974
-3.27753805146387
-3.79882359706311
-2.60209779447312

0.99702987929980
-0.31429205787932

0.09461715956764
-0.26204144627151
-1.34364866327212

0.69421153711535
-0.97128875777108
-3.35636577734732
-3.89295366781111
-2.69404820563019

1.05166136825483
-0.32160707002155

0.08306604000547
-0.30568842093549
-1.33641059779871

0.70643149641973
-0.79776189742567
-3.40548551716243
-3.89820852352760
-2.82477687780845

1.14043589834003
-0.29965365990977

0.06206764462725
-0.27236988184307
-1.31089877134888

0.65256858145015
-0.53329332271118
-3.50680462690095
-3.98082219719712
-3.00000966450630
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A.9. Inputfiles

A.9.1. Geometry optimization

start nwchem

memory global 2400 mb stack 800 mb heap 100 mb noverify

charge 0
geometry units an
END

basis
END

ECP
END

dft

direct

mult 1

xc becke88 perdew86
grid fine

convergence energy 1d-10
decomp

end

task dft optimize
task dft freq
task dft energy

*xyz 0 1
*

NWChem

ORCA
! BP86 def2-TZVP tightscf grid7 opt freq
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A.9.2. Property Calculation - Comparison to NWChem

NWChem
start nwchem
memory global 2400 mb stack 800 mb heap 100 mb noverify
charge 0
geometry units an

END

basis spherical
END

dft

mult 1

xc becke88 perdew86

direct

grid treutler #GaussChebychev
Grid lebedev 14 #angulargrid
grid fine

tol2e 1d-10

convergence energy le-9
convergence density le-8
convergence gradient le-6
end

relativistic

Zora on
end

task dft

property
shielding
end

task dft property
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ORCA
! BP86 grid6 def2-TZVP NMR nofinalgrid conv

%method
RI off
end

Yoscf

TolE 1e-9
TolMaxP 1e-8
TolG 1e-6
end

Y%eprnmr

GIAO_lel = giao_lel_analytic
GIAQO_2el = giao_2el_analytic
end

Y%obasis

DelECP

NewGTO "Sapporo-TZP-2012" end
end

*xyz 01
*
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A.9.3. Dirac - BSS

NR
**DIRAC
.WAVE FUNCTION
.PROPERTIES
**GENERAL
.CVALUE
2000
**MOLECULE
*BASIS
.DEFAULT
aug-cc-pVQZ
**INTEGRALS
*READIN
.UNCONTRACT
*HAMILTONIAN
.BSS
099
.DFT
BP86
**WAVE FUNCTION
.SCF
*PROPERTIES
.SHIELDING
*NMR
.LONDON
**END OF

ScR
*DIRAC
.WAVE FUNCTION
.PROPERTIES
*MOLECULE
*BASIS
.DEFAULT
aug-cc-pVQZ
*INTEGRALS
*READIN
.UNCONTRACT
*HAMILTONIAN
.SPINFREE
.BSS
109
.DFT
BP&6
**WAVE FUNCTION
.SCF
*PROPERTIES
.SHIELDING
*NMR
.LONDON
*END OF

142

Rela
*DIRAC
.WAVE FUNCTION
.PROPERTIES
*MOLECULE
*BASIS
.DEFAULT
aug-cc-pVQZ
**INTEGRALS
*READIN
.UNCONTRACT
**HAMILTONIAN
.BSS
099
.DFT
BP86
**WAVE FUNCTION
.SCF
**PROPERTIES
.SHIELDING
*NMR
.LONDON
**END OF
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A.9.4. Dirac - X2C

NR
**DIRAC
.WAVE FUNCTION
.PROPERTIES
**WAVE FUNCTION
SCF
*SCF
MAXITR
200
**GENERAL
.CVALUE
2000
*MOLECULE
*BASIS
.DEFAULT
dyall.ae2z
*INTEGRALS
*READIN
.UNCONTRACT
*HAMILTONIAN
X2C
.DFT
BP8&6
*AMFI
MXITER
200
**Properties
SHIELDING
*NMR
.LONDON
**END oF

ScR
**DIRAC
.WAVE FUNCTION
.PROPERTIES
*WAVE FUNCTION
.SCF
*MOLECULE
*BASIS
.DEFAULT
dyall.ae2z
**INTEGRALS
*READIN
.UNCONTRACT
*HAMILTONIAN
.X2C
.SPINFREE
.DFT
BP86
**Properties
.SHIELDING
*NMR
.LONDON
**END oF
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Rela
**DIRAC
.WAVE FUNCTION
.PROPERTIES
**WAVE FUNCTION
SCF
*SCF
MAXITR
200
**MOLECULE
*BASIS
.DEFAULT
dyall.ae2z
INTEGRALS
*READIN
.UNCONTRACT
F*HAMILTONIAN
X2C
.DFT
BP86
*AMFI
MXITER
200
**Properties
SHIELDING
*NMR
.LONDON
**END oF
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A.9.5. Dirac - four-Component

SCF Calculation
*DIRAC
.WAVE FUNCTION
*MOLECULE
*BASIS
.DEFAULT
aug-cc-pVQZ
**INTEGRALS
*READIN
.UNCONTRACT
*HAMILTONIAN
.DFT
BP86
**WAVE FUNCTION
.SCF
*SCF
.CLOSED SHELL
18
**END OF
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NMR Calculation
*DIRAC
.PROPERTIES
*GENERAL
.RKBIMP
*MOLECULE
*BASIS
.DEFAULT
aug-cc-pVQZ
**INTEGRALS
*READIN
.UNCONTRACT
*HAMILTONIAN
.URKBAL
.DFT
BP86
**WAVE FUNCTION
.SCF
*SCF
.CLOSED SHELL
18
*PROPERTIES
.SHIELDING
*NMR
.LONDON
**END OF
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A.10. Derivations

A.10.1. Derivation of the CPHF formalism

The HF-energy ca be expressed as a sum of one-electron integrals H, two-

electron integrals and the nuclear-repulsion energy Vi .
1
= ZPMVHNV+§ZPU>\(M>‘HVO-) + Vik (A.1)
1214 Ao

The first derivative with respect to an arbitrary parameter x yields

QEHF OH . 9
s a“ <2y ppn Lo
av e oP (A-2)
nuc /u/ } /WPU
ey S+ 5 Pl

The last two terms (red) contain the derivative of the density matrix P
which requires the derivative of the coefficients ¢. These terms have to
be transformed into coefficient-free terms. By using the definition of the
density matrix P and the Fock matrix F), , the transformation
can be carry out and yields an expression (|A.4]) using the overlap matrix

S.

OP,, P

v UV
N Oc' . acy
=2 ZTMCVjEjSWjL 2 ZCW Oz JGJ pv (A.4)
pvdo j=1 9L prio =1

The complete transformation is shown below (A.10.2)).
Using the fact that the rearranged Fock equation and its derivative is

zero, the relation can be used.

N dc;, N o Ocy; 0S5,
> Z O CVJEJS/W“‘ > ZCW I ! €Sy = chuﬁj CVJ (A.5)

UVAT = UVAT J=
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Introducing the energy-weighted density matrix W
W/U/ = Z ejC:;jCl/j (A6)
j
the complete transformation of the first derivative of the HF energy is
resulting. The derivative of the coefficient is replaced by the derivative of

the overlapping matrix S.

OEHT OH,,

0
v P
G =5 e e g 5 PPy (0) -
+avnuc ZW aS/H/ ( )
ox % m Ox

Based on the current result, the second derivative with respect to a second

arbitrary parameter y of the HF energy ca be written as

82EHF H 82
p, 2w P, Py,
geoy 2T aray T2 u%, by HA Vo)
62 nuc 82S/W
+ - ‘uyi
0xdy 8x8y (A.8)
oy POl Lo OBwp 00 |
T oy ox 2,5 oy “or"
 OW,, 05,
Oy Ox

The first two lines contain the the second derivative of the Hamiltonian,
which is easy to obtain. The last two lines include the derivative of the co-
efficients by P and W. Because of this it has to be calculated the perturbed
wave function or rather a perturbed density. The perturbed HF equation

by the perturbation y in matrix form can be written as

F(y)C(y) = S(y)C(y)E(y) (A.9)

It is still required that the spin orbitals are orthonormal in spite of a
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perturbation, thus the condition can be formulated

(C(y)'S(y)C(y) =1 (A.10)

The perturbed coefficients ¢(y) are transformed to a basis of the unper-
turbed spin orbitals. Note that greek letters imply unperturbed while
roman letters define perturbed factors. In this case it is possible to write
the perturbed coefficient ¢(y) as the unperturbed coefficients C' in basis of

a transformation perturbation matrix U

cup(y) = % CugUp(Y) (A.1la)

in matrix form: C(y) = CU(y) (A.11b)
The perturbed spin orbitals x(y) expand in perturbed basis functions w(y).
Xp(y) = g Cup(Y)wpu(y) = ZNZ % Cugtip(y)wp(y) (A.12)

Inserting (A.11D]) into (A.9), multipying with the complex conjugate CT

from the left and use of the definitions

F(y) = C'F(y)C (A.13)
S(y) = C'S(y)C (A.14)

yields the perturbed Fock equation under elimination of the perturbed

coefficients C(y).

F(y)U(y) = S(y)U(y)E(y) (A.15)

The various contributions are expanded in powers of the perturbation y
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and are terminated after the first order.

(A.16)

Note that the superscript index (1) denotes perturbation in first order and
without superscript the zeroth order. Introducing the expansion (A.16))
into (A.15) and the orthonormatily condition of the perturbated
overlap matrix the perturbed Fock equation can be written as in and
AL 19]

(U(y)'S(y)U(y) = (A.17)
Y 1+ gu® = §YE 4+ UVE + EV (A.18)
(UW) +u® 4§ =g (A.19)

The resulting expression of ((A.18)) and (A.19)) can be spitted into diagonal

and off-diagonal cases in matrix element formulation.

1 a(1
ull) = —25;]) (A.20)
1 Q(1
ult) = By = Sye (A.21)
pq —
€ — &
with V) = F() — S()e, (A.22)

These equations are the central result of the CPHF-approach for solving
the derivatives of W and P of [A.§]

Now it is shown how exactly U is looks like. Therefore the perturbed
first-order F(l) and S(l) must be further defined. The overlap matrix S is

148



Appendix

handle easy with equation (A.14)) and the condition of ({A.16)) it is possible

to write

85
Zcuq pv CVP ZCMQ (9y CVP

(A.23)
in matrix form: S( ) — cfshc

However, the description of the first-order Fock matrix is more complex

) ~ (1 )
since F ) can be written as

FO=HY +GY (A.24)

ap

()

The Fock matrix contains the one-electron part H * (|A.25) and the first-

order term of the two-electron part G (A.26).
Z i 1), (A.25)
Gy = Z;u:fi(y)usz( y)larllps)ly ™™ (A.26)
[(qr||ps)]iy*"* indicate, that this integral is transformed and a derivation in

respect to y. Because of that the integral may be written as

(arllps)ly ™ = 3 clyehstunton((1AlIV0)) (A.27)
HVAC -

This depends on y only through the original two-electron integral.[21] With
and the first-order of the two-electron integral is

=35 [l (gr||pi) + ) (gil[pr)]

7 s
+ 3 GuenPio (A v0))
UVAC y=0

(A.28)

By collecting terms to compile the expression of the first-order Fock ma-

trix (??), it is possible to split the sum over r in into an occupied
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(r = j) and virtual (r = a = n + 1) part. The obtained occupied part can
further simplified by using or rather to replace the transforma-

tions into overlap matrix elements S.
P =0+ 2% (=5 (illpi) + X3 [l (gallpi) + ufl) (gillpa)]
T g i @

+ XA: CrgCrpPro ((,u/\| |VO'))
12N

(A.29)

Substituting into it is possible to write down the whole ex-
pression of the transformation perturbation matrix U as a product of the

energy difference ((A.30)).
(=) Ui = i)+ 25 (= 55 ailp)
23 [ute(gal pi) + iy (gillpa)
+ X chyemPro((1AIvo))

2N

— é?é%)Ei

(A.30)

y=0

This expression helps to determine the derivatives of P and W. Similar
to the unperturbed definition of P it is possible to formulate a perturbed
density matrix P in the basis of the perturbed spin orbitals with the per-

turbed coefficients as
Prs(y) = Y upi(y)usiy) (A.31)

The same expansion as before into the first order in y and adding the

relation yields
P =ul*(y) +ul (v) (A.32)

rS 1

With these it is possible to write down the derivation of the density matrix
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as
OB A 50 -
( oy >y0 = TES Py chcus (A.33)

The same procedure to generate the derivation of W has to be done.
As the unperturbed definition of W in it is possible to define a new
perturbed W (y) in the basis of the perturbed coefficients u(y) (A.34]).

W (y) = > ei(y)uy (y)usi(y) (A.34)

Again an expansion in power of y until the first order and using of
(1)

and |A.21| yields the first order energy-weighted matrix W'~ as a sum of

the first order Fock E(jl) and overlap matrix Sj(ll ),
W = B — (6 — )5 (A.35)

With the first order energy-weighted matrix the derivation of the W can

be written in the basis of the unperturbated coefficients.[21]

(8WW

A (1) x
o )y:O = ;Wm CpurCus (A.36)
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A.10.2. Obtaining of equation [A.4]

Complete transformation of equation to in section [A.10.1]

0P OP,,
H,, K A
> T Hut & S (uAl o)
Zzn:é)cziH Ly zn:(?c;ii (1M [vo) (A3
N Oy i . Cui vo _
wy =1 (9:1: a e i=1 (93: K
3 * Cui = * 8Cl/i
+ ;i:zlcmHuuax -I-u%m;cm o (uM||vo)
= ¥ S0 R+ T Sa G0 (A.39)
_uu/\aizl ox "1 i it i or M )
; aczl - * acyi
= 25 o St 3 R Gy S ()

A.10.3. Derivation of the Pauli Hamiltonian

In the Pauli-Approximation the small component v° is eliminated.[35] The

starting point of this approach is rearranging of [2.89b| to relate 1° to "
by

wS - X . ¢L
w1 =
E -V +2mc?

Using the relation, the two-component eigenvalue equation of the large

component is obtained (A.41]).
(V + copX Ul = Bt (A.41)

The relation factor X is modified by some mathematics steps to obtain

E—V 422"
X:( Vo C) G (A.42)
&

First the fraction of X in is split and then extent by 2c¢ to obtain
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<(E —V)2e | 20) - G5 (A.43)

2mc?

In the next step (2¢)~! is excluded.

1 (<E—V) N 1) o G (A.44)

2c 2mc?

To simplyfy the obtained equation a geometric series is used and is subse-
quently truncates after the first two terms (k = 0, 1).[31] This is guilty for
|V —FE| < 1.

1 -

X:2—Cz-w-ap
1=

v B 2mc? =\ 2me?

Carried out the transformations the two-component eigenvalue equation

with the Pauli approximation (A.46) is obtained by including|A.45|in |A.41]

(V + vl = gyt (A.46)

V—E) L)

. [c&ﬁ(l + Zy cop

2mc?

Note that the potential energy operator V' is already completely preserved
in (A.41)). To obtain the kinetic energy operator, the expression in the
square brackets with the prefactor must be further transformed. Therefore,

it is first expanded and applied by the Dirac’s relation[33], then the factor

1

52 is excluded to obtain

1
2m.c?

V—E) %] p?  opVap  Ep?
5 | cop| =

-leap |1 — A.A47
[Cap< + 2mc 2m  4Am2c2 4Am?2c? ( )

The first part of is add to the Pauli Hamiltonian. The second part needs

further simplifications. In the following steps the factor of ﬁ is neglected
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and will be added later.

Using Dirac’s relation it is obtained
apVap =pVp+id (pV x p) (A.48)

The right term is added to the Pauli Hamiltonian with the previously
neglected prefactor while the left term is transformed in further steps.
The left term can alternatively be written as in equation [A.49a] This is

extended by zero, in this case it means concrete that —p? + p? is added to

obtained equation [A.49d

1

V=5 (VD +pVp) (A.49a)
1
=5 (V)P +VP* + (V)P + Vi’ (A.49Db)
1
=5 (V)P + VP + (V)P + VD' = pV +5V) (A.49¢)

:;-((ﬁV)ﬁ-l- VP + (pV)p+ V= PV + [ppV])
:;.((ﬁv)m VP + (V)E+ Vit — 0PV + [pV) + p(VE))
:;.((ﬁ{/)ﬁ+VﬁQ+(ﬁV) + VIR =PV + [PV + 20V)F+ Vi)
:é.(VﬁJrﬁQV—ﬁzV)

(A.50)

In the resulting expression p? is replaced by the Laplace operator A shown

in atomic units in [A.51

P = = (—iV)(=iV) = =V? = —A (A.51)
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Add [A.51] to [A.50 results

(VP + V) + ;AV (A.52)

N | —

The right term is multiplied by the previously neglected prefactor and
added to the Pauli Hamiltonian. The left term is further transformed with

the non-relativistic Schrodinger equation for hydrogen like orbitals (A.53)).

_2
(V + gn)quR = ENRgNE (A.53)

Rearranged to V' and adding of the anticommutator relation (left term in

A.52)) yields

1 (V—2+—2V) 1 [ENR_ﬁQ] —2+—2 [ENR_ﬁQ] (A54)

o PP om' PP 2m o
_4

= pNRg2 _ 2 (A.54b)

The right term of is multiplied by the neglected factor and added

to the Pauli Hamiltonian.

A.10.4. mathematics step to obtain [2.104] for the ZORA derivation

The rewriting of the relation between the small and large component starts
with the known relation shown in [2.90]. First the prefactor is written into

the fraction and multiplied out.

1
Xpew = G A.55
2 X +1) P (A.55)

2c?

Next c is excluded and extended by 2¢2.

Xpew = - [E — v1+ 202} 5P (A.56)
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Now each Term in the brackets is divided by E.

1
Xnew =C- 2_ : 5ﬁ (A57)
Finally 2621_‘/ is pulled out and the reciprocal value is formed in the square
bracktes.
E E - 22—V \._1
Xnew = ‘ : { * ( L ) : 52]7

262 -V 202 -V (A.58)

S

2¢2 -V 2¢2 -V op
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