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Chapter 1

Introduction

The Nuclear Magnetic Resonance spectroscopy is a valuable source of structural information.
This method is especially useful for biomolecules and their complexes, since in many cases they
are difficult to crystallise and therefore the techniques based on X-Ray diffraction or neutron
scattering cannot be used. Typically, NOE (Nuclear Overhauser Effects) approach is used to
determine secondary structure of proteins and nucleic acids. However, in many cases also the
values of the shielding constants and the spin-spin coupling constants can be employed for this
purpose.

NMR spectroscopy of light nuclei like 'H, 13C, 1°N, and 3! P is nowadays a routine research
tool in organic chemistry or biochemistry. In organometallic and bioorganometallic chemistry,
195pt, 199Hg or 205T] NMR is employed too, since these isotopes also have /2 nuclear spins
and thus give sharp signals. Moreover, they have a very wide range of chemical shifts. NMR
spectra are routinely collected to confirm whether the synthesis led to a desired product, and to
recognize specific structural features. In particular, the indirect spin-spin coupling constants of
the heavy nucleus to the specific ligand nucleus can be used to confirm that a given fragment is
within the coordination sphere.

In many cases quantum chemical calculations are essential to analyse the experimental NMR
spectra, and to give deeper insight into the physical aspects of magnetic properties. These com-
putations, at least for molecules containing light atoms (up to the second row elements), are
nowadays a common research tool (see for example reviews [1, 2, 3,4, 5, 6]), and are frequently
performed even by non-specialists. However, predictions of NMR parameters for compounds
containing heavier elements are still challenging. The shielding constants and spin-spin cou-

pling constants of heavy nuclei are related to the atomic core region, where the average electron
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Introduction

velocities are the largest [7], which explains the requirement of accurate description of the rela-
tivistic effects in computations of these parameters. The standard computational methods based

on the Schrodinger equation are not sufficient in this case.

The next section consists of a brief review of relativistic computations of NMR parameters,
to show the state of knowledge in this area at the start of my PhD thesis. Since the thesis is
focused on the influence of a heavy atom on the NMR parameters of light nuclei, the reseach

done in this area is discussed in the following section.

1.1 Inclusion of the relativistic effects in the compu-
tations of NMR parameters

In general, the relativistic effects can be accounted for by means of various methods. The
most important ones include those employing the relativistic or pseudorelativistic Hamiltoni-
ans, those based on perturbational treatment on top of the nonrelativistic wavefunction and
those using pseudopotential approach. Below, recent developments in this area are discussed in

order of increasing accuracy (and computational cost) of the method.

The computationally cheapest method of inclusion of the relativistic effects in ab initio calcu-
lations are pseudopotentials parametrized on the basis of all-electron relativistic calculations of
heavy atoms. However, they cannot be applied for computations of NMR parameters of heavy
nuclei since ECPs by definition do not allow for accurate modelling of electron density in the
core region. One of the possible solution of this problem has been proposed recently. Develop-
ment of gauge including projector augmented wave (GIPAW) method for shielding constants
[8] or projector augmented wave (PAW) method for spin-spin coupling constants [9] make it
possible for the NMR parameters in periodic systems to be calculated at all-electron accuracy
within the planewave-pseudopotential DFT formalism. Unfortunately, this methodology is still

not very popular.

The calculations of relativistic effects on the shielding constants by means of the pertur-
bational theory based on the Breit-Pauli Hamiltonian and non-relativistic wave function were
reported several times [10, 11, 12, 13] (see also Refs. [14, 15] for specialized reviews), but these
methods cannot be used for computations of the NMR parameters of all systems. In the case of
the spin-spin coupling constants, some terms diverge upon basis set expansion [14], whereas

for the shielding constants of the heaviest nuclei (including 1/2-spin nuclei like **°Hg or 2°°TI,

12



1.1 Inclusion of the relativistic effects in the computations of NMR parameters

important in NMR spectroscopy) the non-relativistic wave function does not provide a good

expansion point to the perturbation theory.

The best solution in the case of computations of the NMR parameters of heavy nuclei is an
approach based on a relativistic or pseudorelativistic Hamiltonian, either four-component or
two-component one. In the last two decades great progress has been made in the area of rela-
tivistic quantum chemical methodology and in development of computer codes for this purpose.
Now, more and more molecular properties are being calculated using relativistic Hamiltonians.
Four- and two-component Hamiltonians with DFT approach were used for the linear molec-
ular polarizabilities [16, 17, 18, 19, 20], non-linear molecular polarizabilities, other high-order
optical properties [21, 22, 23], the electron paramagnetic resonance parameters [24, 25, 26] and

the electric field gradient [27, 28, 29].

It should be stressed that the calculations of the nuclear shielding constants and spin-spin
coupling constants are associated with several difficulties. For the shielding constants calcu-
lated with finite basis sets the gauge invariance (independence of the calculated results on the
gauge origin chosen for the vector potential) should be ensured, whereas in the case of the spin-
spin coupling constants it is essential to describe the electron correlation at a sufficient level
of theory. It is known (see for example [3]) that the non-relativistic Hartree-Fock approach
often produces very poor results for the spin-spin coupling constants. For the relativistic com-
putations the body of numerical evidence is much smaller (a comparison of the correlated and
Hartree-Fock relativistic results can be found for example in Refs [30, 31]) but it seems that it
is also true in this case. Additionally, computational costs of the spin-spin coupling constants
calculations rises significantly with the system size. All of these have hampered the relativistic
calculations of the spin-spin coupling constants until the methods based on density functional
theory [32, 33, 34, 35, 36, 37] have been developed. There are available non-relativistic imple-
mentations using correlation methods (such as coupled cluster (CC) [38, 39, 40] or multicon-
figurational self consistent field method (MCSCF) [41]), but currently only the DFT approach
gives the possibility to simultaneously include the relativistic effects and electron correlation in

computations of NMR parameters.

Several pseudorelativistic Hamiltonians were developed and many of them have been used
in the relativistic calculations of the NMR properties, such as the zeroth-order regular ap-
proximation (ZORA) [42, 43], the infinite-order regular approximation with modified met-

ric IORAmm) [44] or the Douglas-Kroll-Hess (DKH) [31] Hamiltonians. All of them em-
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ploy the elimination of the small spinor. Currently, the ZORA-DFT is the most popular ap-
proach at least for the computations of the spin-spin coupling constants (for instance Jp, p;
(45], Jpy7i[46], Jp[46], Jp; o [46], the Hg couplings [47, 48], and the Ru couplings [49]).
For the shielding constants, both ZORA[50] and the Douglas-Kroll-Hess[51] method have
been developed and employed in many calculations, for example in the series of HgX, and
Hg(CH;)X [52,53] or HX (ZORA-DFT [54, 55] and DKH2-HF [52]) where X=Cl,Br,1. Not only
organomercury compounds and halide derivatives, but also compounds containing 1®3W [56],
207pb [56], 195Pt [57], 23°U [58, 59] or "*Se [60] have been investigated using the ZORA-DFT
approach. Preliminary findings [61, 62, 63] have shown that ZORA approach reproduces well
the chemical shifts at heavy nuclei but fails completely for the absolute shielding constants. It
should be stressed that it is not a full list of the research papers where the ZORA Hamiltonian was
employed in the computations of NMR parameters, since this approach becomes very popular in
the last few years and more and more calculations are performed with this method. Recently, the
newly developed paramagnetic ZORA approach [26] for computation of the shielding constants
opens new possibilities for the computations of NMR parameters also for open-shell systems.
The four-component calculations of NMR parameters have been carried out so far mainly
at the four-component Dirac-Hartree-Fock level of theory without electron correlation effects
and the Breit correction. This approach has been examined for example for the spin-spin cou-
pling constants in XH, (X=C, Si, Ge, Sn, Pb) and Pb(CH,),H [64], XH, (X=N,P,As,Sb,Bi) and
XH, (X=0, S, Se, Te, Po) [65], and XF,, (n=2,4,6) [66] and for the shielding constants in
HX (X=Cl, Br, I) [67, 68], H,Y (Y=O, S, Se, Te) [69], H,Y (Y=N, P, As, Sb, Bi) [70]. However,
the lack of the electron correlation tends to lead to less than satisfactory results. Recently, the
density functional methods have been implemented at the four-component level [71,72] and the
results are promising. The Dirac-Kohn-Sham method with London atomic orbitals (LAOs) [73]
has been implemented also for the shielding constants [74, 72, 75] and has been used for HgL,

(L = Cl, Br, I, CH;) [62] and several other small molecules [76, 77, 78, 79, 80, 81, 82].
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1.2 Importance of the relativistic effects in the computations of NMR parameters of
light atoms in the vicinity of a heavy atom

1.2 Importance of the relativistic effects in the com-
putations of NMR parameters of light atoms in
the vicinity of a heavy atom

The presence of a heavy nucleus in a molecule affects not only the Nuclear Magnetic Reso-
nance (NMR) properties of the heavy nucleus, but also the shielding constants and the indirect
spin-spin coupling constants of the nearby light nuclei. This phenomenon is called, after Pyykko

et al. [83], the heavy-atom-on-light-atom (HALA) effect.

The experimental NMR research for halide derivatives has shown that increasing charge
of X=F, Cl, Br, I leads to decreasing shift of atoms in vicinity of X. This behaviour is known
as "normal halogen dependence” (NHD) and is now one of the best known examples of the
HALA effect. Probably, the first report explaining this effect on the basis of the spin-orbit cou-
pling phenomenon (using the third-order perturbation theory at the semiempirical level) was
presented in a domestic conference in Japan by Nakagawa et al. [84] and later in reports by No-
mura ef al. [85] and Morishima et al. [86] for hydrogen halides. In the postulated mechanism,
strong spin-orbit coupling around highly charged nucleus of a heavy atom causes appearance
of non-zero spin-density which is transmitted through chemical bond and interacts with nu-
clei via FC/SD mechanism (for more details see section 2.9.3). In 1978 Volodicheva et al. [87]
reinvestigated hydrogen halides, whereas in 1980 Cheremisin et al. [88] estimated spin-orbit
coupling terms for halide-substituted methane. In 1987 Pyykko et al. [83] calculated the rela-

tivistic contributions using the relativistically parametrized extended Hiickel theory.

The spin-orbit contribution to HALA effects have been reinvestigated in the late '90s by
Kaupp et al. The research has been focused on the *C NMR chemical shifts in halomethyl
cations [89] and iodo compounds [90] calculated with the DFT approach and the double per-
turbation theory. It was shown that decreasing of the }3C NMR chemical shifts is related to
increasing charge of heavy nuclei and to the change of s-character of the light atom in the vicin-
ity of heavy atoms. The latter findings confirmed the mechanism suggested earlier by Nomura
et al [85].

The sum-over-states expression for the spin-orbit coupling contribution to the HALA ef-
fect suggests its dependence on the inverse of the lowest excitation energy, assuming the dom-
inant contribution arises from the HOMO-LUMO gap. The first studies in this area have been
performed by Wolff et al. [91] but the results have shown a trend opposite than expected. In

the same year, investigations in this area have been performed by Kaupp et al. [92], and they
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have shown that the spin-orbit coupling contribution to the shielding constant is indeed in-
versely proportional to the energy gaps in a series of organomercury compounds. Later in 2009
Hyvarinen et al. [93] published a study of Co, Rh and Ir d° complexes, which also confirmed the

expected trend.

A lot of other research was focused on the spin-orbit-induced HALA effects even for bigger
systems (for example [94] or [95]), whereas much less is known about the parallel phenomenon
occurring for the nuclear spin-spin coupling constants. There is a handful of papers dealing with
the situation when a heavy atom mediates the geminal coupling between two light nuclei [96,
97,98, 99,100, 101]. All of them show that the total relativistic effect on the spin-spin coupling
constants is usually dominated by the scalar term. However, to the best of my knowledge, there

are no investigations concerning the situation where the heavy atom is not in the coupling path.

1.3 Outline of the thesis

The thesis consists of this introductory part, followed by a chapter presenting basics of the rel-
ativistic ab initio calculations and the computations of NMR parameters using relativistic or
pseudorelativistic Hamiltonians (Part I). After that, the application calculations are presented,

followed by a summary (Part II).

Part I consists of two chapters. Chapter 2 (the first one in Part I) starts from some basic
definitions for the NMR methodology (see section 2.1 and 2.2). The following sections are fo-
cused on the inclusion of the relativistic effects in ab initio computations. The four-component
Dirac Hamiltonian is described in section 2.3. The elimination of small component (ESC) tech-
nique and approximations to the four-component Dirac Hamiltonian are explained in section
2.4. The pseudopotential approach using the nonrelativistic Hamiltonian and the relativistic
effective core potential is presented in section 2.5. In section 2.6 methods of description of the
electron-electron interaction are discussed. Finally, in section 2.7, the inclusion of the magnetic
field to Hamiltonian is described, whereas section 2.8 presents basics of NMR computations
employing the nonrelativistic, one- and two-component ZORA and Dirac-Coulomb Hamil-
tonians. Additionally, in the same chapter (section 2.9) the perturbational treatment of the

spin-orbit corrections to NMR parameters is outlined.

Chapter 3 describes basic aspects of the density functional theory (DFT) (section 3.1) and

discusses the extension of the theory in the relativistic framework (section 3.2).

16



1.3 Outline of the thesis

Since this work does not contain any method development, only a brief outline of the un-
derlying theory will be given. For a more extended description, the reader is referred to the
relevant papers and chapters in handbooks. For the basics of NMR computation the reader is
referred to chapter 12.9 in [102], whereas for the discussion of the relativistic or pseudorela-
tivistic Hamiltonian the chapter 13 in [103] is recommended. For more extended discussion of
the pseudopotential approach the reader is referred for example to chapter 10 in [104]. A more
detailed discussion of the magnetic field in molecular electronic relativistic Hamiltonian can
be found in [105] and subsection 8.2.2 of [106]. Finally, the NMR methodology in relativistic

framework can be found for example in [107].

The original research presented in this thesis is organised in three chapters of Part II. Chap-
ter 4 describes computational details of the employed methods. In Chapter 5, the influence
of a heavy atom on the shielding constants of light atoms (in particular the carbon and nitro-
gen nuclei) will be investigated. Transition metal cyanides, organomercury compounds as well
as halide derivatives will be discussed. The chosen systems contain carbon atoms of different
hybridizations and in different positions with respect to the heavy atom in question. The influ-
ence of these parameters on the change of the HALA effect will be investigated. The shielding
constants obtained with the selected methods will be compared with experimental results if

available.

In Chapter 6 the influence of a heavy atom on the spin-spin coupling constants of light
atoms (carbon, nitrogen and hydrogen) will be discussed. Four types of coupling constants will
be investigated: the !.J coupling constants in the transition metal cyanides, the ' J and
1 Jop coupling constants in a series of the organometallic compounds and halide derivatives
and finally the " J - (n=2,3,4) coupling constants mediated by the 12th group or p-block heavy
elements. The heavy atoms under study have been selected to cover a wide range of electron
configurations and to allow the investigation of the influence of the charge of the heavy nucleus
on the HALA effect. As in the case of the HALA effect in the series of shielding constants, the
chosen systems contain carbon atoms of different hybridizations and in different positions with

respect to the heavy atom.

It should be stressed that despite hybridization theory is a bit outdated, the electron spin
density in position of nucleus is an important parameter in HALA mechanism involves FC/SD

operator and should correlate well with the s-character of hybrid orbitals from hybridization
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theory. Because of that, the hybridization theory is used in the thesis to classify molecules ac-

cording to the electron configuration of the light atom under study.

The thesis is based on four papers (three already published), but in some cases, the results
are supplemented with newly obtained ones (not published). The thesis is self-contained. The
essential results published in Papers 1-4 can be found in Applications part. Only in few cases,

the reader is referred to original papers, which are attached as supplements.

1.4 The main goals of the thesis

The main goal of the first part of the thesis is to reinvestigate the HALA effects on the 13C
shielding constants of halide derivatives using newly developed (and possibly more accurate)
tools and to estimate the size of the HALA effects in the organomercury compounds since much
less is known about this effects for the 6th row elements compounds. The physical nature of the
relativistic effects (the relativistic scalar vs. spin-orbit coupling contributions) will be investi-
gated. Additionally the potential causes of the variation of the relative size in a series of halide

derivatives will be discussed.

The main goal of the second part of the thesis (concerning the spin-spin coupling constants)
is to describe the influence of a heavy atom on the nuclear spin-spin coupling constants of light
atoms, since this effect is almost unexploited in the literature. As in the part focused on the
shielding constants, the interplay of the relativistic scalar and spin-orbit coupling contributions
will be investigated. Atypically large spin-orbit coupling contribution for selected compounds
will be rationalized.

Additionally in both applicational parts of the thesis some methodological aspects (compar-
ison of selected Hamiltonians) will be discussed. One of the goals of the work is to check how
the more approximate methods (ECP, ZORA) reproduce the results obtained with the more

rigorous ones.

1.5 Hierarchy of the methods used in the thesis

Four types of Hamiltonians have been employed in the research. Before a detailed description
of relativistic and pseudorelativistic Hamiltonians, it is worthwhile to explain relations between

the methods (see Figure 1.1) and their function in the thesis.
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1.5 Hierarchy of the methods used in the thesis

Dirac-Kohn-Sham (DKS)

scalar terms+spin-orbit

coupling

approximation

Zeroth Order Regular
Approximation DFT
(ZORA-DFT)

scalar terms
spin-orbit coupling

Spoylaw uo9|d ||e

Level of theory

Effective core potential with DFT (ECP)

scalar terms

Figure 1.1: The comparison of the Hamiltonians used in the thesis.

In this thesis, the Dirac-Kohn-Sham (DKS) results have been used in most cases to estimate
the relativistic contribution to the shielding constants and nuclear spin-spin coupling constants
(by comparison with nonrelativistic results obtained with the same basis sets and functionals).
The DKS results have been treated as benchmark data for the approximate methods since for
some shielding constants and the spin-spin coupling constants no experimental data are avail-
able. The pseudorelativistic Hamiltonian discussed in this research is the Zeroth Order Regular
Approximation (ZORA) Hamiltonian in the one- (includes only the scalar relativistic effects)
and the two-component (includes the spin-orbit coupling term) variant. The additive form of
the ZORA Hamiltonian gives the possibility to separate the scalar and the spin-orbit contribu-
tion to the shielding constants and the spin-spin coupling constants. Additionally, it is worth-
while to check how the ZORA-DFT method reproduces the more accurate DKS method in the
computations of NMR parameters since ZORA is the most popular approach of the inclusion

of the relativistic effects in the computational NMR research, at least for bigger systems.

The DKS and ZORA-DFT methods use all-electron approach, whereas ECPs employs the
pseudopotential approximation on top of the nonrelativistic Hamiltonian. Even though the
scalar ECP method fails in to reproduce of NMR parameters of heavy nuclei, it is expected that

it works fine for NMR parameters of light atoms (since the core region of the atom under study is
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properly described by all-electron basis set) in the vicinity of the heavy ones (described with the
pseudopotential approach) at least when the scalar terms dominate the relativistic contribution.
Verfication of this suspicions is important since ECP is still a popular and computationally cheap

tool to include some relativistic effects in quantum chemical computations.
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Chapter 2

Computations of NMR parameters

2.1 Definitions. The effective Hamiltonian'

The nuclear magnetic moment (M ) arises from the spin of the nucleus (1)

My = yhly (2.1)

(where 7y is the gyromagnetic ratio of the nucleus and 7 is the reduced Planck constant) and
interacts with the external magnetic field as well as the magnetic field of the other magnetic
nuclei. The nuclear magnetic resonance spectroscopy measures the differences between the

energy levels of nuclei in magnetic field.

In order to describe the NMR spectra in terms of molecular properties the effective Hamil-

tonian, where the nuclei are described by dipole magnetic moments, is used:

1
HNME :_ZBT(l_JK)MK+§ Z M (Dgp + Kgp) My (2.2)
K K+L

where:
0 5 — the shielding tensor,
Dy — the direct (dipolar) spin-spin coupling tensor,

K g1, — the reduced indirect (scalar) spin-spin coupling tensor.

'This subsection has been written on the basis of chapter 12.9 in [102].
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The shielding tensor describes the modification of the external magnetic field (B) on the

nucleus by the presence of electrons. The effective (local) magnetic field can be written as:

B¢ = (1—-o0k)B. (2.3)

The direct spin-spin coupling constant describes the classical dipol-dipol interaction be-

tween two nuclear spin magnetic moments:

13Rg Ry — 1R},
c? R% L

Dy = (2.4)

where R is a position vector between nucleus K and L and c is the speed of light. The scalar
spin-spin coupling constant describes interaction between two nuclear spin magnetic moments

transmitted through electrons.

The NMR experiment can measure the scalar spin-spin coupling constants J -, related to

the reduced spin-spin coupling constants by:

21w 21

and the chemical shifts (J) related to the shielding constant by

oy —O
6 p=-9 "L o 0o 2.6
k=Tt oy ok 26)

where o is the shielding constant of reference and o j is the shielding constant of a sample.

For freely rotating molecules, the effective Hamiltonian is reduced to:

1
HgyR:_ZBT(1—aK)MK+§ > Ky MEM, (2.7)
K K#L

where:

UK: %FI‘I'(TI{'7 KKL:%TI'KKIN TrDKL:O.

It should be stressed that D g is traceless which means that for freely rotating molecules only

scalar coupling constants are measured.
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2.2 Theoretical description of the NMR parameters

2.2 Theoretical description of the NMR parameters

Perturbation theory is used for theoretical description of the spin-spin coupling constants and
shielding constants. The energy of the molecule perturbed by the external magnetic field (B)

and the field of nuclei (M) can be written as:

2
E(B,M)=E0+M|B(JB ZM‘BOM/(‘—F BTM|E/F:6B

0B OM, o°B 08
2.8
9°E(B, M) 1 +0*E(B, M)
BT o My + 5 MEZ = 5o M
+; aBoM,, | wi Mt L;L < ocont, i Mt

The first derivatives vanish for closed-shell systems. Comparison with the effective Hamil-
tonian shows a relation between the energy derivatives and the NMR parameters:

« the shielding constant:
0’E(B, M)

B-0, — —1 2.9
8B8MK| T kT (2.9)

0
M=0

« the spin-spin coupling constant:

aQE(Mb Mg, ) |
8MK8ML Myg=Mp=...=0"

Ky, = (2.10)

From computational point of view second order derivatives can be calculated as a sum of

the expectation value and the sum-over-states expansion involving the appropriate operators:

e () oy QB GEY ,

0XoY 0XoY

TL

In the following sections selected Hamiltonians (including some relativistic effects) and the
corresponding derivatives of the Hamiltonians will be discussed. Relativistic effects can be in-
cluded in the ab initio calculations in several manners. The most accurate but also the most
expensive method is the quantum electrodynamics (QED) theory, but because of the difficulties
in implementation and computational cost its usage is limited to small systems composed of the
lightest atoms. Only in a few cases QED has been employed to the computations of the rela-
tivistic corrections to the NMR shielding constants [108, 109, 110]. The state-of-art of NMR

relativistic calculations employ instead the Dirac Hamiltonian.
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2.3 The one-electron Dirac Hamiltonian?

The one-electron Dirac Hamiltonian can be written as:
HPY = (ca - p; + B2 + V(r))W = EW (2.12)
where « is a vector composed from 4 x4 Dirac matrices:
o = (o, a9, a3). (2.13)

It is possible to write these matrices in terms of 2 X 2 sub-matrices:

a, = ( 0 %% ) (2.14)
O'k 0

where k=1,2,3 and o, are the Pauli matrices:

01 0 —i 1 0
0'1( ),0'2<. ),03( ) (2.15)
10 i 0 0 —1

The [ matrix (sometimes denoted as the Dirac matrix with k=0) is build from 2x2 identity

I 0
ay=p=[ 2 : (2.16)
0 _I2><2

matrices :

Because of the matrix form of the Dirac equation, ¥ is no longer a one-component function but

takes the form of a 4-component vector (bispinor):

(2

W = G| _ e . (2.17)
o Pg
®q

For electronic states the ¥} spinor is called the large component whereas the ¢ 5 spinor is called

the small component of the wave function. The composition of the bispinor can be interpreted

2This subsection has been written on the basis of chapter 3 in [102]
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2.4 Elimination of the small spinor

as superposition of the electron (spin-up and spin-down) and positron (spin-up and spin-down)

states.

2.4 Elimination of the small spinor’

The small spinor (@4) has limited influence on description of chemical problems and many
approximations to Dirac equation are based on elimination of small component (ESC) strategy.

The exact ESC equation for one-electron system can be derived from the matrix form of the

(V(T) co-p )‘(WL)E<WL) (2.18)
co-p V(r)—2c Dg D

where for convenience the energy has been shifted by c? (¢ = E — ¢?). We can rewrite this

Dirac equation:

equation as a coupled pair of equations:

V(T)WL + co - pdis = EEPL, (2.19)
co-p¥; + (v(r) —2c?)Pg = edg. (2.20)

After rewriting equation (2.20):
Dy = (2¢2—V(r)+e)teo- p¥, (2.21)

and substituting (?¢) in equation (2.19) we obtain:
V(rW, +co-p(2c2 =V (r)+e)leo- - p¥, =e¥;. (2.22)
Finally, we can rewrite equation (2.22) in a more suitable form :

1
V(r)¥ + 20" pKo -p¥; = eV, (2.23)

where K = (1 + 672‘22(7‘))*1.

3This section has been written on the basis of section 13.1 in [103]
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Unfortunately, because the energy is present on both sides of the equation, it is no longer an
eigenvalue problem. To overcome this issue many methods based on unitary transformation of
the Dirac Hamiltonian matrix have been postulated, like Foldy—\W outhuysen Transformation
(FW) [111] or Douglas-Kroll-Hess (DKH) [112, 113, 114, 115]. Alternatively approximations

to K parameter like the Regular Approximation [116, 117] can be used.

2.4.1 The Foldy-Wouthuysen transformation

The most straightforward way to obtain a two-component Hamiltonian is to find the unitary

transformation:

H=UhPU! (2.24)
where hP (i) is the one electron Dirac Hamiltonian and the unitary matrices (U and U 1) are:

1 1 xft
U= VI+XTX V1+XTX (2.25)

_ 1 X 1
V1+XtX V1I+XTX

and
1 _yt 1
-1 — VI+XTX VI+XTX _ (2.26)
1 1
V1I+XTX VI+XTX

The upper-left part of the transformed Hamiltonian is the Foldy—Wouthuysen Hamiltonian

(HFW):

1 1
H'W = ——— x(copX+X'cop—2X X+V(r)+ XTV(r)X)x —————.
1+XTX< p p (r) (r)X) XX
(2.27)
The H Hamiltonian is off-diagonal if:
—XV —Xco-pX+co-p+ (V—24)X =0. (2.28)

The solution (X) of this equation is not known for a general potential and some sort of

approximation has to be used. One of the possible approximations is:

1 1

~ ~1 (2.29)
Vi+XTX 1+ XXT
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2.4 Elimination of the small spinor

and

(2.30)

2.4.2 The nonrelativistic limit*

Another approach is based on an approximation to K. At the beginning let’s suppose that ¢ — oo

then K ~ 1 which gives:

V(r)¥, + %(a -p)(o-p)V; = e¥;. (2.31)

Employing properties of the Pauli matrices, it is possible to write that

(0-p)(g-p) =pP* 1y (2.32)
If we put (2.32) into equation (2.31), we obtain:

1
V(r)¥ + §p2w = ¥ (2.33)

which is nothing more than the nonrelativistic Schrédinger equation. Equation (2.31) is the
Lévy-Leblond equation, sometimes called the nonrelativistic equation with spin because it is
satisfied by the two-component spinor. It is one of the ways to show that the Dirac equation

simplifies to the nonrelativistic equation if ¢ — o0 is assumed.

2.4.3 The regular approximation’

Popular computational implementations employ yet another approximation to K, the so-called
regular approximation. This approximation can be used to describe some of the relativistic

effects.

We can rewrite K as:

% —2¢? € ] € - —20290(1 )1 where €
— — — where r = ————.
e V(r)—2c? V(r) — 2c? € V(r) — 2c?

(2.34)

4This section has been written on the basis of section 4.6 in [107].
5This section has been written on the basis of chapter 18 in [107].
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Now we can use the expansion:

—2c? —2¢?
¢ r(l—x) ! = ¢ [+ 22 +23+-] for—1<z <1 (2.35)
€ €

The regular approximation postulated by Chang et al. [116] and Heully et al. [117] has one very
important advantage in comparison with other expansions (see subsection 2.9.1). The conver-
gence of the series depends on the € < 2c? condition (since nuclear potential is always negative
we can write |e — 2¢2| > 2¢?) which is true for all occupied and virtual states up to 2¢2 which

are in the scope of chemical research.

Zeroth order regular approximation

If the regular series is truncated after the first term, the zeroth order regular approximation is

obtained:
—2¢2 € 22
K~ = . 2.36
e V(r)—2c2 2¢2—-V(r) (2.36)

This approximation leads to the ZORA Hamiltonian:

1
Hyopa =V(r)+ 57" pKo - p. (2.37)
If the Dirac relation is used:
(o -u)(o-v)=(u-v)l,+ic- (uxwv) (2.38)

(where u and v are 2 X 2 arbitrary matrices and i is imaginary number) it is possible to split

the ZORA Hamiltonian into the spin-free (scalar) and the spin-dependent (spin-orbit coupling)

terms:
Hzora = Hyeezora + Hso_z0RA> (2.39)
K
H,. zora=V(r)+ PSP (2.40)
K2
Hyo z0RrA = 159 [VV x p]. (2.41)
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This equation can be also obtained with the unitary transformation using approximations:

1 1
~ ~1 (2.42)
V1I+ XX V14 XXt
and
co-p
X == 2.43
2c¢2 -V ( )

2.5 Pseudopotential approach®

In the previous sections the all-electron approaches, where the relativistic effects are employed
by the relativistic or pseudorelativistic Hamiltonians, have been discussed. It is also possible
to include these effects by means of pseudopotential approach (relying on the use of the the
effective core potentials) with the nonrelativistic pseudo-Hamiltonian. In this paragraph, the
concept of pseudopotential approach will be discussed. The main idea of the approach is to treat
the core and the valence electrons separately. It is based on the assumption that the core wave
functions do not change significantly regardless of the environment (molecular bonds are built
mainly by valence electron). That gives the possibility to replace the core electrons by properly

fitted pseudopotentials.

2.5.1 Choice of the core region

Several parameters have to be considered to perform the proper core-valence separation:

« the overlap between the core and the valence densities should be relatively small,
« the static dipole polarizability of the core should be small (o, < 1 a.u.),
« removing or adding valence electrons should not change significantly the core density,

« the core should not be penetrated by valence electrons of other atoms in molecule.

2.5.2 The pseudopotential approximation

Systems built from closed-shell core orbitals and one valence electron will be discussed in this
section but it is possible to generalize these considerations to many valence electrons system.

The main goal is to find the valence-only Fock operator. The Hartree-Fock equation for
the valence electron is:

Fw’l) = 6'U,lﬁ’l) and <wv|wc> = O (2'44)

®This section has been written on the basis of chapter 10 in [104]
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where F is the Fock operator, € is the energy of the 9, state, whereas 1), and v),, are the core
and the valence one-electron wave functions, respectively. It is possible to write the Phillips-

Kleinman ansatz mixing the core orbitals to the new valence orbital:

by =1y + > ag,t. wherea,, = (V.|o,). (2.45)

Unfortunately, the obtained valence orbital has different energy in comparison to the original

one:

(0, Fo,) =€, + > ae.. (2.46)

We have to find the modified Fock operator (F’) which satisfies the relationship:
F'¢, =€ o, (2.47)

After basic transformations it is possible to write:
F(bv = €v¢v + Z<¢v‘wc>(ec o 6v>wc‘ (248)
C

Second term can be moved to the left side of the equation which leads to (after inserting the a,,,

coefficients):

[F + PCO'I"G](ib'U = 6’[}¢’U" Where PCO’I’E = Z(EU - EC)|¢C> <¢C|' (2'49)

[

If we split the Fock (F) operator into two terms:

F=F, F

core?

(2.50)

alence +

we can finally write:
n
\% =F P =——= 2J. — K P 2.51
PP(T) core + core r + ZC:( c c) + core ( )

where Vp p(7) is the pseudopotential operator.
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2.5 Pseudopotential approach

One of the possible approximations to the pseudopotential operator (the most crude one) is

to replace all operators by a linear combination of Gaussian functions:

Lm(le l
Vpp(r) = VEE" + ) Vip(r) Y [im){im]|
=0 m=—
NL Lmaa: NSL
:ZAM”%@*"‘”T2 + Z ZBl rkin e Binr? Z [lm)({lm| (2.52)
n=1 =0 n=1 m=—I

where the last sum is an [-dependent operator projecting onto the Hilbert subspace of angular
momentum ], and k is integer with & >= —2. Two sets of A, «,,, B;,, and 3;,, coefficients

have been used in the thesis:
a) Energy consistent pseudopotentials

Parameters are fitted to an atomic valence spectrum by least-squares fit:

> w,(AEAP — AEPP)? = min (2.53)

where w;, are weight factors. The ionization potentials, electron affinities and excitation
energies (AE{'F) for atoms and ions are obtained from the relativistic or quasirelativistic
atomic calculations. This method has been used in Stuttgart ECPs. Name of ECP type in
this series indicates the type of the atomic calculation used in the fitting procedure (MDF
means the Dirac-Fock method and MW B the Wood-Boring method [118, 119, 120, 121,
122, 123, 124, 125, 126, 127, 128, 129])

b) Shape-consistent pseudopotentials

In this method all-electron orbitals (obtained from relativistic atomic calculations) are
modified to be nodeless in the core region (R < R,) and pseudopotential coefficients are
fitted to reproduce the shape of all-electron orbitals. This approach has been used in Los

Alamos pseudopotentials (series of LANL ECPs [130, 131]).
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2.6 The N-electron Hamiltonian. Description of the
electron-electron interaction’

In nonrelativistic theory, the electron-electron and electron-nucleus interaction is described
by the Coulomb interaction. The potential of the electron-electron interaction can be written
as:

1

Uc(riﬂ =—- (2.54)

Tij

The electron-electron or electron-nucleus interaction in this description is instantaneous (the
velocity of the electromagnetic wave is assumed to be infinite) and the retardation effects are
neglected. From the relativistic theory it is known that the velocity of the electromagnetic wave
has a finite value (the speed of light) which means that the distance between particles changes
during the interaction. This fact should be taken into account in the definition of the inter-
action potential in a N-electron relativistic or pseudorelativistic Hamiltonian. Unfortunately,
the exact form of this potential is not known. One of the possible approximations is the Breit

Hamiltonian, where the electron-nucleus interaction has the classical form (nuclei are treated as

external potential) but the electron-electron interaction potential includes retardation effects.

Up(ry) = ri - % a(i)o(j) + o) ‘rijjz[a(j) "y (2.55)

The Breit Hamiltonian for a N-electron system (also known as the Dirac-Coulomb-Breit Hamil-

tonian) is sum of the one-electron Dirac Hamiltonians and the Breit potentials:

Hpop = Z hP + Z Upl(ri;)- (2.56)

i<j

The retardation effects can be rejected by using the Coulomb interaction to describe not
only the nucleus-electron interaction, but also the electron-electron interaction which leads to

the N-electron Dirac-Coulomb Hamiltonian:

HDC:ZHZDJrZ%. (2.57)
J

i i<j

"This subsection has been written on the basis of chapter 3 in [102]
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It should be stressed that in this thesis only the results where the electron-electron interaction

has been approximated by the Coulomb interaction will be discussed.

2.7 Molecular electronic Hamiltonian in the magnetic
field®

2.7.1 Minimal Coupling

To make an electronic Hamiltonian applicable to any kind of NMR calculations, the magnetic
field has to be introduced into the Hamiltonian. This can be done via the vector potential (A(7))

instead of the magnetic field (B(7)) directly :
B(r) =V x A(r). (2.58)

The vector potential can be included in Hamiltonian using generalized momentum:

0L

T

where £ is a Lagrangian. In the presence of the electric and magnetic field Lagrangian at non-

relativistic level can be written as:

£ = %f« i qA(r) T — qp (2.60)

or after inclusion of the relativistic effects as:

L= —mczyll—%-i—qA('r) CT— qp. (2.61)

Differentiation of the Lagrangian leads to the generalized momentum in the presence of the
electric and magnetic field:

7, = p; + qA(r). (2.62)

Because of that in order to include the magnetic field, the substitution p; — 7r; in a Hamil-

tonian should be made.

8This section has been written on the basis of [105] and subsection 8.2.2 in [106].
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2.7.2 The gauge invariance

The problem with the vector potential is that it is not uniquely defined by Eq. (2.58) (elec-
tric field and the scalar potential related to it will not be discussed in this section). One of the
possible gauge choice is Coulomb gauge (where the divergence of A vanishes: V- A = 0).
Under this condition the magnetic field (B(7)) remains unchanged when the vector potential

is transformed using an arbitrary scalar function (x(7)):
A(r) — A'(r) = A(r) + Vx(r). (2.63)

This transformation is called gauge transformation, whereas x(r) is the gauge function.

Gauge transformation yields a new Hamiltonian (H’) where the generalized momentum

(7r;) is transformed in the following fashion:

T, =p;,+qA > 7w, =p, +qA+qVx(r;). (2.64)

The gauge-transformed Hamiltonian can be written as:
H = e 12 X(ri) et x(r3) (2.65)

Since B(r) remains unchanged after gauge transformation, it implies that all equations describ-
ing measurable physical properties should also be invariant under the transformation. It means

that expectation values of both Hamiltonians should have the same value:
(O|H|P) = (P'|H'|D). (2.66)

To meet this condition wave function should be simultaneously transformed according to

|B) — |&') = e 2 X1 | @), (2.67)
A popular gauge function is:
BxX R T
x(ry) = —=2 a0 T 5 & (2.68)
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where R is an arbitrary gauge origin. Its divergence is:

B xR
Vx(r) = ———F— G0 (2.69)

which leads to:

AB (r)) = %B X (7. — Rgy). (2.70)

The gauge transformed atomic orbitals are the so-called gauge invariant atomic orbitals
(GIAO) and they are widely used in computation of the NMR shielding constants, since when

finite basis sets are used with standard atomic orbitals the results depend on the selected origin

of A(r).

2.7.3 The Hamiltonian after inclusion of the external and local

magnetic fields

To make an electronic Hamiltonian applicable to NMR calculations the total vector potential

should be expressed as:
A=Aty Al (2.71)
A
where A®®! is the vector potential of the external, homogeneous magnetic field (B®*!):

ATt = @ (2.72)

and A’} is the vector potential of the point-like nuclear magnetic dipole (1 4):

1 X
AZ - _2% (2.73)

The nonrelativistic Hamiltonian
After inclusion of the vector potential in the nonrelativistic Hamiltonian the magnetic term

is obtained

H™9 — %[Ap +pA+io(px A+ A xp)+ A?] (2.74)

nrel

and after subsequent substitution of (2.71) it can be expressed as:

nrel

1
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where the individual terms have the following meaning:

« the orbital Zeeman term:

1 1
HOZ — §Beact . <T‘ % p> — §B€$t . L7 (2.76)
+ the spin Zeeman term:
1
HS? = EBm .o, (2.77)

1 r
HPO:—QZMA (T—gAxp>, (2.78)

+ the diamagnetic term:

175 = 23 a8 (5 r) — e (B0 22) ] e
A

A

« the Fermi contact and spin-dipole term:

1 Ta Ta
HFC+SD _ Z_@EA:U {MA (V . E) — (g - V>E} , (2.80)

« the diamagnetic orbital term:

HOD — L Z (ha pp)ra-rg)— (s TE)UE Ta) (2.81)
T 9c4 73 13 : :
B#A A'B

The ZOR A Hamiltonian

The magnetic part of the ZORA Hamiltonian is similar to the nonrelativistic form:

1
HyGha = 5[AKp + pKA +io(p x (KA) + Ax (Kp)) + KA?].  (2.82)

After substitution, it is possible to find terms similar to the nonrelativistic ones, but includ-
ing K and its derivatives. Because of the complicated form of the operators they are not discussed

any further (the reader is referred to [53, 132]).

The Dirac Hamiltonian

The magnetic part of the Dirac Hamiltonian has a much simpler form than the nonrelativistic
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or ZORA analogues:

ma C 1 r
Hp (B ) = —536‘“ (axr)— - ZMA : (a X —?> ) (2.83)

since vector potential in the Hamiltonian is only to the first power.

2.8 Computations of the NMR parameters

The expectation value and the sum-over-states (see equation (2.11)) applied to the magnetic
part of the Hamiltonian (2.75, 2.82, 2.83), leads to an expressions for the shielding constants

and spin-spin coupling constants.

It should be stressed that notation used in this subsection has been simplified by writing

operators in one electron form to preserve consistency with refs [53, 132].

2.8.1 Shielding constants

The nonrelativistic Hamiltonian®’

At the nonrelativistic level the shielding constant can be written as:

para

o = 1+a’%“+aK (2.84)

where:

« the diamagnetic contribution is the expectation value:

. 1
dia

« the paramagnetic contribution in sum-over-states expression has the form:

- L5 (o

n#0

(P mo) L — ""KTOT
3
Tk

0> , (2.85)

T p]o>1/<Eo—En>.

n> (n|ro x P|0)+(0 [ro x p| ) <n Ti
Tk

Tk
7’3 Xp
K

(2.86)

°This subsection has been written on the basis of chapter 11 in [133]
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The ZOR A Hamiltonian'®

At the ZORA level the shielding constant can be written as:

o =1+0%" + o™ 4 70, (2.87)

+ The diamagnetic contribution is:

. 1 K )
a?,z“(K) = — <O 3 (rK -rijk —rK’jrk>

2
2c %

O> . (2.88)

« The paramagnetic contribution can be expressed as:

para 2 :
U
02 <

K
“(rg X p); +(TKXp)j'rT

n><n\K-<rxp>k+<rxp>k-f<|o>+

K
OK - (r x p)y + ( % p)y - K| n) <n %m xp); + (rx xmj% o>]/<EOfEn>.

(2.89)

+ The spin-orbit contribution has the form:

(K:g‘;) v, (K ) >< K- (rxp)+ (rxp) K|n)+

(o) ol

70 =73 20,

n#0

<0|K-<rxp>k+<rxp>k-K>|n><

n>]/(E0—En).

(2.90)

At the nonrelativistic (K=1) or the scalar ZORA level, the spin-orbit contribution reduces
to the Fermi contact and spin-dipolar terms. Without the spin-orbit coupling for closed
shell systems the contributions to FC and SD terms from «v and 3 spinorbitals cancel each

other since in this formalism the external magnetic field does not induce appearance of

non-zero electron spin-density.

19This subsection has been written on the basis of paper [53]
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The Dirac Hamiltonian!!

Sum-over-states expansion with the Dirac Hamiltonian leads to:

o =1+ Z[O\ axr)\n><
n#O

X
( 3”'K> ‘ 0> 4
Tk
(a X rg)
+ <0 ‘—73
K

n> (n|(axm)|0)]/(Ey— E,). (2.91)

We should remember that the Dirac Hamiltonian depends linearly on the vector potential and
the diamagnetic term vanishes (there are no terms dependent on the magnetic field and the
magnetic moments simultaneously). Nevertheless, it is possible to split the term into two con-
tributions. The sum over positive-energy states (|k)) can be interpreted as corresponding to the
paramagnetic term, whereas the other sum over negative-energy states (|v)) corresponds to the

diamagnetic term.

Sl01@ x ) (122572 ‘0>1/<E0—En>=

n+0
zk:O|a><r|k;)< "‘”K‘o> —E,)
+Z 0|(a x 7)| ><

2.8.2 Nuclear spin-spin coupling constants

The nonrelativistic Hamiltonian'?

After applying the sum-over-states expansion and a straightforward rearrangement, we obtain

several contributions to the scalar spin-spin coupling tensor:

« The diamagnetic spin-orbit contribution (DSO):

(P ) — TK"'}C
rard

1
DSO
KRi% =54 <0

O> (2.93)

I'This subsection has been written on the basis of section 13.6 in [107].
12This subsection has been written on the basis of chapter 11 in [133]
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42

+ The paramagnetic spin-orbit contribution (PSO):
r
> <n —3’:4 X p‘ O> +
"L
r
<0
”

r
—31)/ X P n> <n K
L T

3
K

(I,

n#0

XPp

0> J(E,—E,). (2.94)

This contribution describes the interaction between the nuclear (spin) magnetic moment

and the orbital magnetic moments of the electrons.

« The Fermi contact term (FC):

KES = LU0 Zstrsm| ) (n]-str o) +

720
<o’—8§5<m ‘n> <n‘—8§5(TK>m‘o>]/(EO—En) (2.95)

where §(7) is Dirac delta. The FC term describes the zero-distance interaction between

the nuclear spin and the electron spin.

« The spin-dipolar (SD) contribution:

g m (M- rg)r m (m-rp)rp
i = 22 (g - (ol
<0 m _BM n> <n % _3%‘0> /(Ey—E,) (2.96)
iy rL "k e

The SD term describes interaction between the magnetic spin dipoles (nuclear and elec-

tronic).

+ Mixed terms:

In many cases the SD and FC mixed term dominates the spin-spin coupling anisotropy
but it is small for isotropic constants. The mixed terms of the PSO and SD or PSO and
FC operators at nonrelativistic level is zero since ground state is a pure singlet state (see

discussion of mixed terms at ZORA level).



2.8 Computations of the NMR parameters

The ZOR A Hamiltonian'?

After applying the same approach as before:

« The diamagnetic spin-orbit contribution (DSO) has the form:

K Tr  Tr )0 — PpeiT
K4PSO(K . L) = — <o i L>; Lk 0>. (2.97)
c T

The paramagnetic ZORA spin-orbit contribution (PSO) is:

KAPSO(KL) =
1 K K K K
n#0 K K L L
K K K K
<0 g'(ﬁ: XV)kJF(TLXV)k'g n> <n g’(rKXV)jJF(TKXV)j'% 0>/(E0*En>-

(2.98)

« The ZORA spin-orbit contribution (ZSO) can be written as:

K%50(K,L) =

1 TK (7%
w2 0w (55) v (3%)

(s e

T r
o (155) ~on ()

The nonrelativistic limit of this term corresponds to the sum of the Fermi-contact and

spin-dipolar term of the Ramsey’s theory.

« Mixed terms:

At the scalar (spin-free) ZORA level of theory the mixed terms between the ZPSO and
ZSO (FC+SD terms at scalar ZORA level) operators are zero, but after the inclusion of
the spin-orbit coupling there appears a non-zero cross term involving the ZPSO and ZSO

operators (in the thesis it will be denoted as ((FC+SD)/ PSO cross terms).

3This subsection has been written on the basis of paper [132]
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Computations of NMR parameters

The Dirac Hamiltonian!*

Again, the spin-spin coupling tensor derived from the Dirac Hamiltonian has a much simpler

form than the corresponding tensor at the nonrelativistic or ZORA level:

o= ST 50

n#0

3 3
Tk L

o) e

0>] /(Ey—E,). (2.100)

+ (0

2.9 Perturbational treatment of the spin-orbit coupling

15

Another approach to include the relativistic effect (the spin-orbit coupling contribution) into
computation of the NMR parameters is based on the perturbation theory where the spin-orbit
operator is treated as perturbation. The perturbation operator can be derived from the Breit-

Pauli Hamiltonian.

2.9.1 The Pauli and Breit-Pauli Hamiltonians

The use of the Foldy—Wouthuysen transformation (see subsection 2.4.1) with approximations
(2.29) and (2.30) for the N-electron Dirac-Coulomb Hamiltonian leads to two-component Pauli
Hamiltonian, whereas the same approach with the Dirac-Coulomb-Breit Hamiltonian leads to

Breit-Pauli Hamiltonian:

. . 1 s ™
Breit—Pauli __ Nonrel 4
i K

: i#]
HMV HD1 [
% ZZKZ 3 = _Z 7{3 = +HS% + HOO (2.101)
HSso

The HN°""¢l Hamiltonian is the nonrelativistic Hamiltonian. H™V is the mass-velocity term
which describes correction to the kinetic energy of the electrons due to the variations of elec-
tron mass with velocity. HP' and H"? are the one- and two-electron Darwin terms connected

with the Zitterbewegung phenomenon. The H°* term describes interaction of electronic spins

14This subsection has been written on the basis of section 13.6 in [107].
15This section has been written on the basis of [134].
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2.9 Perturbational treatment of the spin-orbit coupling

whereas the H?? term describes interaction between the orbital magnetic moments of elec-
trons. The H5? is the spin-orbit coupling operator and can be split into H5°(1) and HS°(2),
The first operator (H°?(1)) describes the interaction between the spin magnetic moment and
the orbital magnetic moment of the same electron, whereas the second operator (H°(?)) de-
scribes the interaction between the spin magnetic moment of one electron and the orbital mag-
netic moment of another one.

Unfortunately the Breit-Pauli Hamiltonian can not be employed for a variational treatment.
The variational minimization of the energy leads to situation when (close to nuclei) mass-
velocity term dominates over the kinetic energy term. Since both terms in the core region have
opposite signs, it would cause the wave function to collapse. It is one of the reasons why this

Hamiltonian is only used with the perturbation theory.

2.9.2 The spin-orbit operator in the magnetic field

In the next subsections only the spin-orbit operator derived from Breit-Pauli Hamiltonian will
be discussed. In the presence of the magnetic field (external or induced by nuclei) an additional
contribution to the spin-orbit coupling operator should be included. For the external magnetic

field:

HS0:B — [SO.B(1) 4 [ySO.B(2), (2.102)
S0,B(1 o Tk I _ TirzTK ]
H Z Z 5 Z -B]|, (2.103)
s
50.B(2) _ _ Ye (T30 - Tij)I — T
H () = ) [%:(SZ + 25]‘) 7’% B, (2.104)

whereas for the magnetic field induced by nuclei they are:

HSOK — [SO.K(1) 4 [ySO.K(2) (2.105)

I—r. T
HEO-HW ZZMZ i) SLLTSAI TR (2.106)
ZKTZM
T
SO K(2) _ _ Ye (rige - i) I — 7l
H Y= 4t [Z(Sl +2s5) 33 "My | . (2.107)
iJ 17 1K
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Computations of NMR parameters

In the following the linear (2.108) and quadratic (2.109) response functions will be used:

P m=#0

ZZ (0| A|m)(m|B|n){n|C|0)

A'BC’
(4 5, O ——

(2.109)

wB we
P m=+£0

where B = B — (0| B|0), P is the permutation operator, |0) is the reference state, whereas |m)

and |n) are the excited states.

2.9.3 The spin-orbit corrections to the shielding constants

The total perturbational spin-orbit coupling correction to the shielding tensor is

070 = o0~ + o901 (2.110)

The first term sums the quadratic response functions for the FC and SD operators:

0%0—1:02071( ) 4 f{c 1) ;S{D m f{D 1(2 ), (2.111)

OII;C’—I(n) ~ <<HK,FC;HSO(71)7HB>>O7O’ (2.112)
O'}S;-D_I(n) . <<HK’SD;HSO<n>,HB>>07Q (2.113)
where:
87r g
K,FC _ e
H 573 Z(g Tri)S (2.114)

is the Fermi contact operator,

= T XP; (2.115)
and
lg S; (8; " Tri)T K4
K,SD _ * Ye B Ki)TK
H =5 26 Z [7‘31 3t - i) K (2.116)
i Ki Ki

is the spin-dipolar operator.
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2.9 Perturbational treatment of the spin-orbit coupling

The second term sums the linear response functions for the FC and SD operators:

af{O*H _ 0112071[(1) I 01};0711(2) I O_}S‘{Dfll(l) I af{D(Q)JI, (2.117)
oFCHIM) — (([K.FC, [rSO.Bn)yy (2.118)
af;D_H(") = ((HK:SD, [JSO.B)) (2.119)

where n=0,1.

(1) The FC+SD contribution to spin-spin coupling constant between
nuclei K and L
spin density polarization

\

D (D

HFC+SD HFC+SD

(2) The spin-orbit coupling contribution (FC+SD term) to the shielding
constant of nucleus B

spin density polarization

Heavy

nucleus L

HB

Figure 2.1: The diagram shows the analogy between the FC+SD contribution to the
spin-spin constants and the spin-orbit coupling mechanism to the FC+SD contribu-

tion to shielding constant

The spin-orbit corrections involving the Fermi contact operator seem to be the most im-
portant contributions to the HALA effect. It can be rationalized using an analogy to the FC+SD
contribution to the spin-spin constants (see Figure 2.1). In the FC+SD contribution to the spin-
spin coupling constant (denoted in Figure 2.1 as (1)) the FC+SD operator at the L nucleus leads

to the spin density polarization interacting with the nuclear spin of the K nucleus via the FC+SD
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Computations of NMR parameters

operator. In the case of the SO correction to the shielding constants (denoted in Figure 2.1 as
(2)) the external magnetic field in the vicinity of a heavy nucleus induces electron spin den-
sity polarization (the spin-orbit coupling operator mixes the triplet state with the single ground

state) interacting with the nuclear spin of the K nuclei via the FC+SD mechanism.

2.9.4 The spin-orbit corrections to the spin-spin coupling con-

stants

The total spin-orbit coupling correction to the spin-spin coupling constant between the nuclei

K and L is a sum of the quadratic response functions:

Jf;f/PSO - <<HK,FC; HSO’HL,PSO»O’O + <<HL,FC; HSO’HK,PSO»O,O, (2.120)

Tup! 750 o ((HISP; gSO, HIPSO)) o o 4 ((HESP; HSO, HIGPSO)) (o (2.121)

and the linear response functions:

Jir % o (HISFCHSOR) )y 4 (HIFC HSOK)),, (2.122)
T o ((HISPHSOR) g 4 (PSP HSOK)), (2.123)

where the SD and FC operators are defined by (2.116) and (2.114), respectively, and the PSO

operator is:

r.
HEPSO =N " K o p., (2.124)
7 ik

The quadratic response functions mix the FC+SD and PSO operators. At the nonrelativistic

level of theory (or in general the one-component wave function) the cross term

0| K- FC+SD HL.PSO|
(HIFOSD gLPSOY)  — 3™ §° (0] = ‘mém‘ 0 (2.125)
P m#0 0 “m

will be zero since |0) is a pure singlet state. The PSO operator does not operate on the spin

and the (|0| H59|m) integral has non-zero value when the |m) state is also singlet one. The
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2.9 Perturbational treatment of the spin-orbit coupling

{|n|HEC+5P]0) integral has zero value in these conditions since both the FC and the SD oper-
ator are spin operators. After inclusion of the spin-orbit coupling perturbation via the quadratic

response function it can be easily seen that this is no longer true. We can write (using (2.109)):

-—=SO
(OLH P lm) {m[H ™" |n) (n| H"5|0)

<<HK,SD;HSO’HL,PSO>>070 — Z Z (EO — Em)<E0 _ Em)

P m,n#0

(2.126)
From the previous discussion we know that |n) has to be a singlet state and |m) has to be a
triplet one. If we meet this conditions, the third integral involving the SO operator will have
non-zero value since SO operates on spin. It should be stressed that if we use the two- or four-
component wave function as the ground state |0) in equation (2.125), this contribution also has

non-zero value since the four- or two-component wave function is not a pure singlet.
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Chapter 3

The density functional theory

3.1 Introduction to the DFT at the nonrelativistic level'

The first Hohenberg-Kohn theorem states that the ground state density (p(7)) in some external
potential (v(7)) describes this potential and all properties of the system uniquely. This theorem
is the fundamental principle of the density functional theory (DFT) where a system is described
by the electron density (which depends on three component of the r vector) instead of the N-
electron wave function (¥(7, 04,75, 09... 757, O ))-

~1/2

p(r) =N Z /dTQdT?)...dTNW(r,al,rz,az...rN,aN)P, (3.1)
o1=1/2

/p(r)dr = N. (3.2)

The second Hohenberg-Kohn theorem states that density functional assumes (E,fl K [p]) its

minimal value at the ground-state density :
EJKpl > BT [pg] = E, (3.3)

where pj, is the exact density for the ground state (this is an analogue of the variational principle).

In the Kohn-Sham equations the system composed of non-interacting electrons with the

same density as the system of interacting electrons is considered. All interactions inside the

I'This section has been written on the basis of chapter 11 in [102].
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system are included in a local effective (fictitious) external potential. In this approach the N-

electron problem reduces to the one-electron problem:

(—1/2p* + V4;) &5 = € (3.4)

where ¢, are the Kohn-Sham spinorbitals. Using the Kohn-Sham spinorbitals it is possible to
calculate the exact density, but first we have to know the form of V, .

The total energy is expressed as a functional of the charge density:
E=Ty+ [Virptridr + o] + E,.[p (35)

where T},[p] is kinetic energy of the fictitious Kohn-Sham system:

N
Tolp] = Z/dr o5 (1) (—1/2p?) ¢y(r). (3.6)

The [ V(7)p(r)dr integral describes the interaction of the electron with the external potential,

whereas the J[p] integral describes self-interaction of the electron cloud:

Jlp] = %//wd@dm. (3.7)

712

Finally £, _[p] is the exchange-correlation energy. After proper transformation we can write

the equation for the external potential (V) for the fictitious non-interacting system

Veff =V+ choul + Vmc? (38)
oE
V, (r) = S—ae (3.9)
) dp(r)

where V is the potential of the nuclei, V,

“oul 1s the Coulomb potential and V. is the exchange-

correlation potential. Many approximations for V. have been postulated since the exact form

of this potential is not known.
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3.1 Introduction to the DFT at the nonrelativistic level

3.1.1 The local density approximation (LDA)

Local density approximation assumes local homogeneity of the electron density and uses the

data obtained for the homogeneous electron gas.

ELPA[p) = / p(F)eya(p) dr (5.10)

where €,,.(p) is the exchange-correlation energy per particle.

It is also possible to take into account spin densities (using spin LDA variant-SLDA):

E%?A[paa pﬁ] = /p(r>€xc(paa pﬁ) dr. (3.11)

3.1.2 The generalized gradient approximations (GGA)

This approximation is still local but also includes gradients of the spin density:

E)G(gA[poupB] :/EXC(npowa??pauﬁpﬁ’)p(?)dr (312)

Two types of GGA functionals (Becke-Perdew-BP86 [135, 136]; Perdew, Burke and Ernzerhof-

PBE [137, 138]) have been used to obtain the results presented in the thesis.

3.1.3 The hybrid functionals

In this approximation a portion of the exact exchange from the Hartree-Fock theory is mixed
with the correlation-exchange functional from other sources. The coefficients are chosen to

obtain the best reproduction of the experimental results.

A well-known example is the B3LYP functional [139]:
BT = BpPAtag (BT —EpPY) +a, (BFCA—EpPY) +a (BEA—EZPA) (3.13)

where: aj = 0.20,a, = 0.72,a, = 0.81
In this thesis, the hybrid PBEO [140] functional has also been used:

EFBE0 — pPBE 4 1 /((EHF — EPBE), (3.14)
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3.2 Some remarks about the relativistic density func-

tional theory (RDFT)*

All of the calculation discussed in this thesis have been carried out using the non-relativistic
exchange-correlation functionals. In this paragraph differences between the DFT and the rela-
tivistic DFT (RDFT) approaches will be discussed.

In the RDFT the system is described by the four-current density (j# (7)) instead of electron
density (p(7)) . It is possible to show that the ground state of the relativistic many-body system
is uniquely described by the four-current (an analogue of the first Hohenberg-Kohn theorem)
and the minimization of the functional F, ,[j] leads to variational equations (an analogue of the

second Hohenberg-Kohn theorem). Definition of four-current density is:

gt (r) = N/wj(r)ca“wi(r)dr (3.15)

where o = (3, ). We can write:

gt(r) = (cp, J)- (3.16)

It is possible to show [141] that when the Breit interaction is truncated after the first term
(the Coulomb approximation is used to describe the electron-electron interaction) and there is
no external magnetic field (vector potential) the relativistic four-current DFT reduces to the
regular DFT (based on the electron density) form. For that reason there is no need to introduce
the current density in the equations.

Unfortunately, incorporation of the vector potential in calculations of the NMR parameters

is obligatory which means that the expectation value (energy) contains o matrices:
EA = (Ulc(a- A)|W) = /j(r) - A(r)dr (3.17)

and the four-current density should be employed in the computations of NMR parameters at
the relativistic level. However, because of the lack of the proper implementation of the relativis-
tic current-dependent exchange-correlation functionals all calculation in the thesis have been

performed with regular DFT.

2This section has been written on the basis of [141].
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Chapter 4

Computational details

4.0.1 Geometry optimization

The geometric parameters of the cyanides under study have been obtained in a twofold way. For
AgCN, CuCN, AuCN experimental chain structures X-C-N-X-C-N (X=Ag, Cu, Au) obtained
in diffraction experiments [142, 143, 144] have been used. For the 12th group transition metals
and thallium cyanides, the DFT geometry optimization has been carried out using the Amster-
dam Density Functional (ADF) package [145, 146, 147] (version 2009 and 2010), scalar ZORA
Hamiltonian [42, 43], VWN [148]+Becke88 [135] and Perdew86 [136] nonlocal gradient cor-
rections (BVP86) as the exchange-correlation functional and the Slater-type TZ2P basis sets (the
innermost atomic shells, namely 1s of carbon and nitrogen, 1s-2p of zinc, 1s-3d of cadmium,

and 1s-4d of mercury and thallium, have been approximated by the frozen core densities).

For the organomercury compounds and the halogen derivatives (discussed in Chapter 5) the
geometric parameters of the isolated molecules under study have been obtained using the same
method as above but with the inclusion of the spin-orbit coupling effects. Again, the frozen core
approximation has been employed (1s for carbon, 1s to 4d for mercury, 1s to 2p for chlorine,
1s to 3d for bromine and 1s to 4p for iodine). Additionally, another set of geometry parameters
(used to estimate solvent effects) has been obtained using the same electron structure model
as above and the conductor-like screening model (COSMO [149, 150, 151, 152]). Dielectric
constants of 4.8 and 46.7 have been employed to describe CHCl; and DMSO, respectively, and

the cavity has been built from the default van der Waals radii.
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The geometric parameters of the derivatives discussed in Chapter 6 (except the transition
metal cyanides) have been obtained using the complementary electronic structure model as be-

fore but the frozen-core approximation has not been employed.

4.0.2 Four-component calculations

The four-component Dirac-Kohn-Sham (DKS) calculations of the shielding constants for the
cyanide derivatives containing heavy metals from the 5th and 6th row have been performed
with the mDKS-RMB-GIAO module of the ReSpect program (version 3.1.0) [153], employ-
ing the generalized gradient approximation (GGA) Perdew, Burke and Ernzerhof (PBE [154])
functional. On the light atoms (nitrogen and carbon), the uncontracted pc-2 Gaussian basis set
of Jensen [155, 156] has been attached, while the triple-( Dyall’s [157] basis set has been used
for the silver, cadmium, gold, mercury and thallium atoms. The restricted magnetic balance
has been ensured by transformation of the Dirac Hamiltonian [74, 75], and the gauge invariant
atomic orbitals (GIAOs) have been employed. The calculations have been further speeded up
by the density fitting technique employing complementary auxiliary basis sets. All calculations

have been performed with the Gaussian charge distribution model.

The shielding constants for the organomercury compounds and the halide derivatives have
been computed using the same method as for the transition metal cyanides. The GGA PBE
functional and the triple-C uncontracted pc-2 Gaussian basis set of Jensen [155, 156] for carbon,
hydrogen and chlorine, and the triple- Dyall’s [157] for mercury, bromine and iodine basis set
have been used. The calculated shielding constants (obtained using DKS and other employed
methods) have been converted into relative shielding constants using benzene as a reference
(A0 = 0 = Tpenzene)-

For the organometallic (cadmium and mercury) and halide derivatives, the DKS calculations
of the spin-spin coupling constants have been carried out with a local version of the DIRAC pro-
gram [158], including the recent developments by Saue [159]. The large and small components
of the wave function have been connected by the unrestricted kinetic balance, as implemented
in DIRAC [158]. The Perdew, Burke and Ernzerhof functional with Adamo and Barone’s HF
exchange contribution (PBEO) [160] has been used together with the uncontracted triple-( basis
set with additional tight functions (aug-cc-pVTZ-]J [161]) for carbon and hydrogen, and the un-

contracted triple-( Dyall’s basis set (dyall.v3z [157]) for mercury, cadmium, iodine and astatine.
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All calculations have been performed with the Gaussian charge distribution model, as default in

DIRAC.

The DKS calculations of the "]~ (n=2,3,4) coupling constants have been carried out with
the ReSpect program, including the recent modification by Kfistkovid et al. [162]. The large and
small components of the wave function have been connected by explicit magnetic balance ap-
proach of Komorovsky et al. [74]. The Perdew, Burke and Ernzerhof functional (PBE) [154] has
been used together with the uncontracted triple-( Jensen basis set with additional tight func-
tions (upcJ-2[163] and upc-2 as auxiliary basis sets) for carbon and hydrogen, and the uncon-
tracted triple-C Dyall’s basis set (dyall.v3z [157]) for cadmium, indium, tin, antimony, tellurium,
mercury, thallium, lead, bismuth and polonium. All calculations have been performed with the

Gaussian charge distribution model.

4.0.3 ZORA calculations

For the transition metal cyanides, the one- and two-component ZORA calculations of the NMR
properties have been carried out using the BSLYP and PBE (for comparison of the ZORA results
with the DKS computations) functionals. The standard Slater TZP basis sets available in the

ADF [147] program have been employed.

The NMR shielding constants for the organomercury compounds and the halogen deriva-
tives have been calculated using the one- and two-component ZORA, with the standard PBE
GGA functional and Perdew, Burke and Ernzerhof functional with Adamo and Barone’s HF ex-
change contribution (the PBEO hybrid functional) [160]. The standard TZP basis set have been
used. In one set of calculations the conductor-like screening model (COSMO) with the same

set of parameters as for the geometry optimization has been applied to include solvent effects.

The NMR spin-spin coupling constants have been calculated using the one- and two- com-
ponent ZORA, employing the PBEO hybrid functional (for the '] coupling constants) and
the PBE GGA functional (for the "]~ (n=2,3,4) coupling constants). The triple-( Slater basis
set with additional tight functions (jcpl [164]) for hydrogen, carbon, mercury, iodine, thallium,
lead and TZ2P for cadmium, indium, tin, antimony, tellurium, bismuth, polonium and astatine
have been used. All calculations have been performed with the Gaussian charge distribution

model.
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4.0.4 ECP calculations

The effective core potential results have been obtained using the Gaussian 03 program [165] for
the shielding constants and the Gaussian 09 program [166] for the spin-spin coupling constants.
The PBE functional has been employed for the calculations of the shielding constants and the
?J ¢ coupling constants, whereas the PBEO functional has been employed for the calculations
of the 'J - coupling constants. Three types of basis sets for the light atoms (carbon and hy-
drogen) have been used: pc-2 for the shielding constants, aug-cc-pVTZ-] for the 1] coupling
constants and pcJ-2 for the 2], coupling constants.

Several types of ECPs have been used during computations: LANL2DZ [130, 131] for cad-
mium, indium, tin, antimony, tellurium, iodine, mercury, thallium, lead, bismuth; MDF28 [118,
119, 120] for cadmium, indium, antimony and tellurium, iodine; MDF46 [121] for iodine;
MWB28 [122, 123] for cadmium and indium; MWB46 [124, 125] for cadmium, indium, tin,
antimony, tellurium, iodine; MDF60 [118, 126, 119, 120] for mercury, thallium, lead, bismuth,
polonium and astatine; MWB60 [127, 128] for mercury and thallium; M\WWB78[129] for mer-
cury, thallium, lead, bismuth, polonium and astatine; MDF78 [119, 121] for lead, bismuth,
polonium and astatine. Additionally, for the shielding constants, calculations with the non-
relativistic MHF60 [167] ECP have been performed to estimate the scalar relativistic effects as

rendered by the relativistic ECPs.

4.0.5 Non-relativistic calculations

Two sets of the non-relativistic calculations have been performed. The first set has been carried
out using DFT as implemented in the ADF program with the PBE or PBEO functional. The basis
sets used in this series of calculations have been the same as in the ZORA calculations. The
second set of the calculations has been performed using DFT as implemented in Dalton 2011
[168] program. The PBE or PBEO functional, the Gauss-type aug-cc-pVTZ-] or pcJ-2 basis set
for carbon and hydrogen, and the uncontracted dyall.v3z basis set [157] for heavy elements have
been used. All calculations have been used to estimate magnitude of the relativistic effects and to
estimate the influence of basis set change (Slater-type vs. Gauss-type basis sets) in comparison

DKS and ZORA results.
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Chapter 5

The influence of the heavy atom on
shielding constants of light atoms

The heavy atom on light atom (HALA) effect is well known for halide derivatives and have
been investigated in the literature at several levels of theory (see section 1.2). However, in most
cases HALA effects have been estimated using approximate method of inclusion of the relativis-
tic effects. In the best case Dirac-Hartree-Fock [169] method has been used, where correlation
effects have been neglected or estimated at nonrelativistic level of theory. For some time, meth-
ods based on the four-component Dirac Hamiltonian involving Kohn-Sham approach (DKS)
have been developed for calculations of the NMR parameters, and now the HALA effects can
be estimated relatively accurately, at least as far as the inclusion of the relativistic effects is con-

cerned.

In the first part of my research, the NMR parameters for transition metal cyanides have been
investigated. Among others, the shielding constants of carbon and nitrogen nuclei in vicinity of
a transition metal have been computed. Next, my interest was focused on the 3C shielding con-
stants in halogen derivatives and organomercury compounds. The results have been obtained
at several levels of theory, starting from the nonrelativistic approach, through one- (sc-ZORA)
and two-components (so-ZORA) ZORA-DFT, and up to the DKS method. This approach al-
lows to estimate the relativistic effects, to compare the spin-free and spin-dependent terms to
the shielding constants, and finally to investigate the accuracy of the ZORA method in the re-

production of the relativistic effects for the shielding constants of light nuclei.
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5.1 The shielding constants of the carbon and nitro-
gen nuclei in the transition metal cyanides

The molecules studied in this section are a series of closed-shell transition metal compounds
(i.e. Hg(CN),, Zn(CN)42‘, Cd(CN)42‘, Hg(CN)42‘; TI(CN),~, CuCN, AgCN and AuCN) for
which some experimental NMR data are available. The choice of cyanides has been motivated
by the possibility to consider the relativistic effects not only for the spin-spin coupling constants
and shielding constants of heavy metal nuclei, but also for the coupling constant between light
nuclei in the vicinity of the metal atom (1JC ) (which will be discussed in the next chapter)
and the shielding constants of the light nuclei (:°N, 13C). Several experimental papers about
the NMR properties of these compounds have been published [142, 143, 144, 170, 171, 172],
but so far no systematic theoretical studies have been conducted.

For the 12th group elements and thallium compounds all the environmental effects (solvent
effects) have been neglected. The 11th group (i.e. Cu, Ag, Au) cyanides exist as "infinite” linear
chains in crystals, thus, for these compounds, mini-chain-like structures X-C-N-X-C-N (X=Ag,

Cu, Au) have been used.

5.1.1 The estimation of the total relativistic term

The relativistic contributions to the shielding constants in a series of cyanide compounds (calcu-
lated as a difference between the so-ZORA and the nonrelativistic results) are shown in Figure
5.1. For the 4th and 5th row of the periodic table the relativistic contributions to the carbon
and nitrogen shielding constants are small (less than (-)3 ppm, which constitutes 7% of the total
value). However, for the 6th row they become sizeable: from about 10-16 ppm (20-25% of the
total value) for oy and about (-8)—(-13) ppm (30% of the total value) for o~ in Me(CN)," ™ an-
ions to 23 ppm (48% of the total value) and 35 ppm (45% of the total value) for o in Hg(CN),
and AuCNAuCN, respectively. Interestingly, for the 12th group elements, the relativistic effects
lead to deshielding of the carbon nuclei, whereas for 11th group to an increased shielding of the
carbon nuclei. Another interesting observation is that the relativistic contribution to shielding

constants of the nitrogen nuclei in AuCNAuCN is very small.

5.1.2 The scalar and spin-orbit coupling terms

A comparison of the scalar (spin-free) and spin-orbit coupling (spin-dependent) contributions

to the total relativistic effect (calculated using so-ZORA and sc-ZORA approach) is shown in
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Figure 5.1: Comparison of the relativistic contributions (calculated as a difference
between the so-ZORA and the nonrelativistic results) to the shielding constants

[ppm] of the carbon and nitrogen nuclei in selected cyanides

Figure 5.2. Inspection of the results helps to elucidate the surprisingly small relativistic contri-

bution in AuCNAuUCN. It comes from mutual cancelling of the scalar and spin-orbit terms.

For the carbon and nitrogen nuclei in the molecules containing 11th group elements the
inclusion of the scalar relativistic effects changes mainly the value of the paramagnetic term. The
sum-over-states expressions for the term suggest its dependence on the inverse of the lowest
singlet excitation energy, assuming the dominant contribution arises from this excitation. In
the series the difference between the first and second singlet excitation energy is at least 0.3 eV,
which supports the initial assumption. The first singlet excitation energy change after taking
into account the scalar effects have been compared with the change of the paramagnetic term.
The results are presented as a function of (1/ E;‘Z‘Z‘gﬁg —1/E%¢ g%gRA) in Figure 5.3. The quasi-
linear dependence has been observed for both carbon and nitrogen shielding constants which
suggests that some correlation between the chosen excitation and the discussed contribution
exists. Inclusion of the scalar effects leads to a reduction of calculated singlet excitation energy.

However, the paramagnetic term decreases as well, which suggests the transition moment (the

numerator in the sum-over-states expansion) decreases more than the excitation energy.
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5.1 The shielding constants of the carbon and nitrogen nuclei in the transition metal
cyanides

The spin-orbit coupling contribution can be explained by a mechanism analogous to the
FC contribution to the spin-spin coupling constants. The electron spin density polarization is
induced on a heavy atom by the spin-orbit operator and interacts with the spins of the light nu-
clei via the FC mechanism (this term is known as ZSO term — for more details see 2.9.3). The
strong dependence of the term on the triplet excitation energy is therefore expected. However,
this is not the case. For silver compound the triplet excitation (calculated using the so-ZORA
Hamiltonian) is the smallest in the series whereas the value of the spin-orbit contribution is be-
tween the contributions for copper and gold analogues. Probably it is a result of the fact that the
main contribution is not derived from the lowest triplet excitation (the first five triplet energy
excitations differ less than 0.05 eV) and the initial assumption is not fulfilled. Interestingly, for
the copper and silver compounds, the inclusion of the spin-orbit coupling induces ZSO term in
the shielding constant whereas diamagnetic and paramagnetic terms remain unchanged. It is
not true for gold cyanide where only a half of the spin-orbit coupling contribution comes from
the ZSO term, whereas the second half is a result of the paramagnetic term change. Similar
trends can be observed for the cyanides of the 12th group elements and will not be discussed
here any further.

Another important observation is that for the 12th group the HALA effect is mostly caused
by the spin-orbit effects for the o and by the scalar effects for the o shielding constants. It
is known [173] that for the shieldings of the nuclei directly bonded with heavy atom the spin-
orbit coupling effects are sizeable, but this is apparently not necessarily true for the shieldings

of nuclei which are not in the immediate neighbourhood of a heavy atom.

5.1.3 DKS vs. ZORA results

Experimental data concerning nitrogen and carbon chemical shifts are not available for the con-
sidered cyanides. For that reason the quality of the chemical shifts obtained with ZORA Hamil-
tonian has been investigated by comparison with the results of the four-component Dirac-
Coulomb Hamiltonian calculations. Chemical shifts have been obtained with respect to the
carbon and nitrogen nuclei in HCN molecule as a reference.

For molecules containing the 5th row metals, the differences between the carbon chemical
shifts obtained using ZORA and DKS are from 2 ppm to 6 ppm. For molecules containing the
6th row metals, the differences are from 5 to 8 ppm in the case of Hg(CN),>~ and TI(CN),"
(they are 16% of the DKS result) and about 10 ppm for Hg(CN), and AuCNAuCN (it is 27% and
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Figure 5.4: Differences between the chemical shift calculated with the DKS and the
ZORA-DFT method

33% of the DKS result, respectively). For nitrogen chemical shifts the differences are smaller in
comparison with the carbon chemical shifts (they do not exceed 4.5 ppm), and are particularly
small for molecules where the nitrogen atom is not directly bonded to a heavy metal. Only for
AuCNAuCN, the difference is larger (about 10 ppm) but, here, nitrogen is directly bonded to
gold. All of this shows that the ZORA-DFT method underestimates the four-component Dirac
results, but it may be a result of the basis set change (ADF employs Slater-type, whereas ReSpect

Gauss-type basis sets).

The computations reported here have been performed in 2011. Inspired by the work of
Autschbach from 2013 [174], I have decided to examine the influence of the hitherto neglected
term from exchange-correlation response kernel (denoted here as fXC term) recently imple-
mented in ADF2014. I have also used the unscaled ZORA form recommended by Autschbach
for the NMR shielding constants (numerical investigations show that scaled ZORA leads to
gauge dependence) and the correct form of the spin-orbit coupling term (up to the ADF2014
release there was a bug in the spin-orbit part of the calculated chemical shielding which caused
the calculated chemical shielding to be gauge-dependent, see the manual of ADF [147]). The re-
calculated chemical shifts are compared with the DKS results in Figure 5.5. The use of the newly

proposed approach has reduced the difference twice for the carbon chemical shifts in AuCN. On
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Figure 5.5: Differences between the chemical shift calculated by the DKS and ZORA-
DFT method with the new approach (fXC/unscaled)

the other hand, for the nitrogen chemical shift in the same compound the improvement of the
results is much smaller (about 1 ppm). It can be concluded that inclusion of the fXC term in
the unscaled ZORA approach improves the agreement between the ZORA-DFT and the DKS

results, but in many cases the differences remain sizeable.

5.2 The shielding constants of the carbon nuclei in
organomercury compounds and halide derivatives

The calculations reported in this section have been carried out for the !3C shielding con-
stants in the selected organomercury compounds (CH;HgCCH, PhHgCCH, PhHgCH,, PhHgPh,
PhHgCl, C,H-HgCl, Hg(C,H;),) and halogen derivatives of aliphatic (CH;X, C,H;X, XCCH,
X= Cl, Br, I) and aromatic (PhX, X= Cl, Br, I) compounds. For all discussed compounds the
experimental chemical shifts are available.

As mentioned before, the relativistic effect for the shielding constants of light atoms is most
pronounced for systems which can be described as having hybridization with strong s-character,
especially for the nuclei which are immediate neighbours of heavy atoms. For that reason the
systems containing carbon atoms of different hybridizations and in different positions with re-

spect to a heavy atom (halogen or mercury) have been chosen. As the spin-orbit coupling cor-
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The influence of the heavy atom on shielding constants of light atoms

rections to the shielding constants are quadratic response functions, the relativistic term should
depend on the size of the energy gap in the molecular electronic structure. For that reason I have
decided to investigate two classes of molecules (organomercury compounds and halide deriva-
tives) which differ in electron configuration of the heavy atom which has primary influence on

the size of the energy gap.
5.2.1 Estimation of the total relativistic term

The relativistic contributions for the series of organomercury and halogen derivatives com-
pounds are show in Figure 5.6. Here only the '3C shielding constants of the nuclei bonded to
the heavy atom by one and two bonds will be shown. The results for meta and para position in
the aryl derivatives will not be discussed because of small values of the relativistic terms.

An inspection of the results shows that the relativistic term significantly changes the value
of the carbon shielding constants only for the carbon atoms directly bonded to a heavy atom
(it is as much as 50 ppm for ICCH). In the case of the carbon atoms bonded by two bonds, the
relativistic effects are much smaller (for the sp-hybridised carbon atoms it is less than 8 ppm).
The relativistic term depends strongly on the hybridization of the carbon atom directly bonded
with a heavy atom. For the series of halide derivatives, the relativistic contributions to the
shielding constants of the sp3- and sp?-type carbon nuclei are of similar magnitude, whereas
for the sp-type carbon atoms, the magnitude of the term is twice as large as that for sp®- and
sp2-type carbon nuclei. For the organomercury compounds, the differences are much smaller
but, what was expected, the relativistic term for the sp-type carbon is larger than for the sp>-type
carbon.

Figure 5.6 shows also the variation of the relativistic term in the series of halogen derivatives.
The relativistic term for the iodine compounds is about 10 times larger than for the chlorine
compounds.

Finally, it should be noted that, for the carbon in alpha/ipso position in the halide deriva-
tives, the relativistic effects increase the carbon shielding whereas for the organomercury com-
pounds they lead to deshielding of the carbon nuclei in the alpha position. For the beta/orto

position, in most cases, the relativistic term increases the shielding of the carbon nuclei.

5.2.2 The scalar and the spin-orbit coupling term

A comparison of the scalar and spin-orbit contributions to the shielding constants in the series

of compounds under study is shown in Figure 5.7. The strong dependence of the relativistic
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Figure 5.6: Comparison of the relativistic contributions (calculated as a difference
between the so-ZORA and the nonrelativistic results) to the shielding constants
[opm] of the carbon nuclei in alpha/ipso and beta/orto position in the selected

organomercury compounds and halogen derivatives

term on the hybridisation of the carbon atom (discussed before) is mostly caused by the change

of the spin-orbit term.

For the sp-hybridised carbon in the alpha position the spin-orbit coupling term (as esti-
mated by comparison of the so-ZORA and the sc-ZORA results) affects the shielding by about
20-53 ppm for the iodine and organomercury compounds. The sign of the spin-orbit term
depends on the type of the heavy nucleus: it is positive for the halide and negative for the mer-
cury derivatives. The scalar terms (always negative for the sp-hybridised alpha atom) are much
smaller in the series of halide derivatives (less than -5 ppm and in many cases negligible) whereas

comparable with the spin-orbit coupling term in the series of organomercury compounds.

In the case of the monosubstituted benzenes, for the alpha shielding the spin-orbit terms
are smaller than for the sp carbon atoms (between -8 ppm and -24 ppm) but still larger than the

scalar terms.

Among the results for the sp? carbon atoms in the alpha position, the smallest spin-orbit

coupling terms are observed for PhHgCl and PhCI. In the case of PhHgCl, it may be a conse-
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quence of the electronegativity of the substituent bonded to mercury, since the strong depen-
dence of the spin-orbit coupling term in the !3C shielding on the substituent electronegativity

(and related to its energy gap) has been observed before for CH;HgX (X=CN,CIl,CH3,SiH3) sys-
tems [175].
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Figure 5.7: Comparison of the scalar and spin-orbit coupling term (calculated with
ZORA approach) in the shielding constants [ppm] of the carbon atom in the al-

pha/ipso and the beta/orto position in the organomercury compounds and halide

derivatives

For the compound containing the sp? carbon atoms, the spin-orbit coupling term is still
substantial (except for C,H,HgCl) but, unlike for the sp and sp? carbon nuclei, the scalar terms
are comparable or even larger than the spin-orbit terms and of the same sign. What was ex-
pected for C,H.HgCl, the spin-orbit coupling term is very small in comparison with the scalar
one (see the discussion above for PhHgCl).

As in the previous investigations, focused on the transition metal cyanides, the change of the
lowest singlet excitation energy after inclusion of the scalar term have been compared with the
scalar contribution to paramagnetic term. Selection of the molecules in comparison has been
limited to a series of halide derivatives extended by astatine compounds. The results shown as
function of (1/ E;ﬁ;’;gi —1/E g%eOtRA) are presented in Figure 5.8.

The linear dependence for each series of compounds (with different hybridization type of

carbon atom) has been observed. It may suggest that the initial assumption that the main con-
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tribution arises from the lowest singlet excitation is true. This can be also supported by the fact
that the energy difference between first excitation energy (one or several quasi-degenerated en-
ergy states) and next excitation state is at least 0.3 eV (for heavier elements derivatives up to
1.5eV). Inclusion of the scalar effects (at the sc-ZORA level) leads to an increase in absolute

value of paramagnetic term and simultaneously to decrease in singlet-singlet excitation energy.

The increase of a paramagnetic term after inclusion of the scalar effects may be a result of in-
creasing of either the numerator or decreasing of the denominator in sum-over states expansion
(see equation 2.89). In order to investigate the behaviour of the numerator in the sum-over-
states expansion, the numerator has been estimated by multiplication of the PSO term by the
excitation energy. The relation between the change of the numerator and denominator (nor-
malized to the numerator and denominator for chloride derivatives) is shown in Figure 5.9.

The numerator and denominator behave differently in each series of compounds. For the
sp> carbon derivatives the scalar term is caused by both numerator and denominator change.
For the sp carbon derivatives the denominator decreases much faster than numerator, and that

increases the paramagnetic term. The PhX compounds can be treated as borderline case. The
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The influence of the heavy atom on shielding constants of light atoms

numerator and denominator for lighter compounds behave like in compounds containing sp>

carbon atoms, whereas in PhAt they behave rather like in HCCX compounds.

As expected, the increase of a heavy atom charge increases the scalar contribution to para-
magnetic term which is mainly the result of decreasing value of the denominator in the sum-

over-states expansion.
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Figure 5.9: The relation between the change of the numerator and the denominator
(normalized to the values for chloride derivatives) in paramagnetic term in the series

of halide derivatives.

In the series of halide derivatives the contribution of the spin-orbit term in the shielding
constants can be easily correlated with the inverse of the first singlet-triplet excitation energy
(see Figure 5.10). The slope of the line shows that the transition moment (the numerator)
depends on the hybridization type of the carbon atom (the largest for sp carbon and the smallest
for sp® carbon compounds).

Unfortunately, the same dependence cannot be observed for organomercury compounds
(see Figure 5.11). It may be a result of the fact that the change of the substituent bonded with
the mercury atom changes not only the excitation energy but also influences transition mo-
ment. Another possible explanation is that the initial assumption (that the dominant contribu-

tion arises from the lowest excitation) is not fulfilled.
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stants and inverse of the first triplet excitation energy calculated at the so-ZORA

level in the series of halogen derivatives

In the previous paragraphs the shielding constants for carbon in the alpha position with
respect to the heavy atom have been discussed. The spin-orbit coupling contributions to the
beta carbon shielding constants are much smaller than for the alpha carbon nuclei, amounting to
about 8 ppm (in the absolute value). The scalar terms have the same sign as the spin-orbit terms
for BrCCH and ICCH, but not for CH;HgCCH and PhHgCCH. For the latter two molecules,

the scalar terms are larger (in terms of the absolute values) than the spin-orbit coupling terms.

5.2.3 ZORA vs. DKS vs. experimental data

In this subsection the so-ZORA and DKS results are compared with the experimental data. Fig-
ure 5.12 shows differences between the experimental relative shielding constants (calculated
for the benzene carbon nuclei as a reference) and those calculated with the so-ZORA and DKS
approaches.

In most cases, the agreement with experimental data is usually slightly worse for the four-
component calculations than for the ZORA results. Probably, it is a result of the cancellation

of errors in the ZORA calculations. It can be a result of incorrect rendering of the fXC term
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Figure 5.11: The relation between the spin-orbit term in the shielding constants and
the inverse of the first triplet excitation energy calculated at the so-ZORA level in

the series of organomercury compounds

(see the discussion of the transition metal cyanides) but on the other hand recalculation of the
NMR parameters in the transition metal cyanides only slightly improves the agreement between
the ZORA and DKS results. The largest differences between the ZORA and DKS results are
observed for the organomercury compounds with sp and sp? carbons where ZORA seems to
reproduce the experimental data slightly better. On the other hand, for the ipso nuclei in the
PhX series, where again substantial differences between ZORA and experiment are observed,

DKS leads to a better agreement with the experimental values.

For the molecules with sp® carbon containing mercury, the differences between the so-
ZORA results and the experimental data vary from about -1 ppm for Hg(C,H:), to about 8 ppm
for Hg(CH;),. The use of the DKS instead of the ZORA method reduces, in some cases, (e.g.

Hg(CH,),) the discrepancy with the experiment.

For the beta shielding constants in the organomercury compounds containing sp carbon
atoms the differences between the experimental and the computational data can reach 10 ppm.

Again, it is possible to conclude that so-ZORA seems to reproduce the experimental data slightly
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Figure 5.12: Comparison of the calculated and the experimental relative shielding
constants [ppm] ( both with benzene as a reference) for the carbon directly bonded
to the heavy atom (upper figure) and separated from the heavy atom by two bonds
(lower figure). All calculations have been performed using the so-ZORA and DKS

methods

better than DKS. The same can be observed for sp? and sp® hybridization but here the differ-

ences are less than 3 ppm.

5.2.4 The influence of factors other than the relativistic effects
on the quality of the results

Several other factors may affects the differences between the theoretical and the experi-

mental results, namely the effect of choosing different exchange-correlation functionals and
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the influence of the solvent effects and the vibrational effects. They may lead for example to
the above mentioned error cancellation for ZORA in comparison with the experimental data.

Some of these factors will be discussed in this subsection.

All the results discussed till now have been obtained using the PBE GGA functional because
of the consistency with the DKS calculations, since hybrid functionals have not been available in
the ReSpect program at the time of conducting research. I have carried out the so-ZORA calcu-
lations with the PBEO hybrid functional to investigate how the inclusion of the exact exchange
improves the agreement with experiment. The root-mean-square deviation (RMSD) between
the theoretical and the experimental results (for the set of 53 relative shielding constants) is
4.54 ppm and 4.24 ppm for PBE and PBEO, respectively. Thus, it can be concluded that the
choice of a GGA functional instead of hybrid one does not lead to large errors and should not

change significantly the conclusions concerning the relativistic effects.

The results presented so far were calculated using a model neglecting any solvent effects,
even though most of the experimental chemical shifts have been measured in solutions. The
estimation of solvent effect have been performed at the so-ZORA level using COSMO model
(both during the geometry optimization and in the calculation of the shielding constants). The
RMSD for the computational results is 4.60 ppm and 5.00 ppm, for the isolated molecules and for
the molecules in solution, respectively. Thus the continuum model does not lead to an improved
agreement with the experiment, and using more elaborate (i.e. explicit) solvent models is too

I'eSOLlI'CG-COI’lSleiI'lg.

It is known [176] that vibrational effects for shielding constants can be sizeable. I have de-
cided to perform calculation at nonrelativistic level because so far only for this level of theory
the appropriate method is implemented [176]. Calculations have been performed for all sys-
tems containing halides and for selected organomercury compounds. In all cases inclusion of
the vibrational term leads to deshielding of the carbon nuclei but in most cases it does not ex-
ceed -4.5 ppm. Atypically, a big vibrational term has been observed for four carbon shielding
constants in the organomercury compounds (even -30 ppm). Test calculations of the shielding
derivatives with respect to the bond lengths for CH,I and Hg(CH,), at the so-ZORA level sug-
gest that the vibrational term is close to being additive with the relativistic term for the halide

derivatives, but probably non-additive for the series of organomercury compounds (which ex-
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plains atypically big and probably not physical vibrational terms for the mercury compounds).

5.2.5 Reproduction of the scalar effects by a effective core po-
tentials

The computationally cheapest method of accounting for the relativistic effects in ab initio
calculations involves the use of effective core potentials (ECP). It is worthwhile to check to
what extent effective core potential (pseudopotential) reproduces scalar relativistic effects on
the 13C relative shielding constants calculated with a more rigorous treatment (scalar ZORA).
The comparison of the scalar terms obtained by these methods is presented in Figure 5.13. The
comparison is limited to MWB60 and MDF60 pseudopotentials and to the mercury compounds
because for this series the nonrelativistic ECPs (MHF60) are available. That gives a possibility
to estimate the scalar relativistic terms in the shielding constants using ECPs (the use of a full

atomic basis set in nonrelativistic calculations leads to a non-physical bias).
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Figure 5.13: The estimation of scalar effects with the ZORA and ECP methods. The
ZORA scalar term is calculated as a difference between the sc-ZORA result and the
non-relativistic result obtained with the same basis set, while the ECP scalar term
is calculated as a difference between the scalar relativistic pseudopotential results
and the nonrelativistic pseudopotential results, with the same basis set for the light

atoms

For the sp-type carbon atoms directly bonded with mercury the scalar terms are negligible,
so the comparison is difficult. For the carbon atoms with the sp? hybridization they are more

significant (especially for PhHgCl where the scalar term is about -7.5 ppm), and even larger
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for the sp3-types carbon atoms, so the discussion is mostly based on them. The effective core
potential parametrized with respect to the Wood-Boring approximation to the Dirac equation
(MWB60) reproduces the scalar term well (somewhat underestimating it) for this class of shield-
ings. On the other hand, MDF60 renders only from 18% (in the case of PhHgCCH) to 65% (in
the case of the sp3-type carbon compounds) of the MWB60 result.

For the relative shielding constants of the carbon atoms bonded to mercury with two bonds,
the scalar effect decreases with the decreasing s-character of the carbon hybridization, unlike for
the alpha-carbon atoms. MWB60 underestimates the sc-ZORA term for the sp hybridization
(by about 0.5-1 ppm) and leads to a slight overestimation of the ZORA scalar term for sp2. Sim-
ilarly as for the alpha carbon shieldings, the MDF60 scalar terms are smaller than the MW B60
scalar terms.

All calculations here have been performed using the standard MDF60 implemented in the
Gaussian package, but two types of MDF60 pseudopotentials are now available on the web
page of Stuttgart research group [177] which differ with respect to the method of fitting. For
that reason, additional calculations have been performed for selected molecules using a more
recent version of MDF60. The obtained results are much closer to MW B60, thus, the observed
difference is most likely a consequence of different fitting procedures employed to obtain the
two ECPs.

In the case of the relative shielding constants of the carbon nuclei separated by three or four
bonds from the heavy atom, the scalar terms are negligible (less than 1 ppm) and they will not

be discussed any further.
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Chapter 6

The influence of the heavy atom on
the nuclear spin-spin coupling constants
of light atoms

Despite the fact that the influence of the relativistic effects on the nuclear shielding constants
has been extensively discussed in the literature, the parallel phenomenon on the nuclear spin-
spin coupling constants of the light nuclei is almost unexplored. As mentioned in introduction
there is a handful of papers dealing with the situation when a heavy atom mediates a geminal
coupling between two light atoms [96, 97, 98, 99, 100, 101], but there are practically no studies
concerning the situation where a heavy atom is not in the coupling path. For that reason the first
stage of the research was focused on three types of the spin-spin coupling constants transmitted
by one bond. The description of the results is organized as follows. First, the !.J 5 coupling
constants in the transition metal cyanides will be discussed. Next, the relativistic effects for the
! Joc and 1 J -y coupling constants in organometallic (cadmium and mercury) compounds and

heavy halide (iodine and astatine) derivatives will be investigated.

In the second stage of the research, a detailed investigation of the influence of the relativistic
effects on the spin-spin coupling constants mediated by heavy atom has been performed. Here,
the 2J¢, 3Jeooy *Joc coupling constants for a series of the p-block and 12th group heavy

elements compounds will be discussed.

The results discussed in this chapter have been obtained at several levels of theory, starting
from the nonrelativistic approach, through the one- and two-component ZORA-DFT, up to
the DKS method. The proposed methodology, similar to the one used in the previous chapter,
allows the evaluation of the relativistic effects and the estimation of the ratio of the spin-free

and spin-dependent terms in the spin-spin coupling constants.
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It should be stressed that experimental data for the discussed spin-spin coupling constants
are not available. The comparison of the ZORA and DKS results, however, enables evaluating

the accuracy of the ZORA method in reproduction of the relativistic effects.

6.1 The spin-spin coupling constants between the car-
bon and nitrogen nuclei in the transition metal
cyanides

In this section the !J 5 coupling constants calculated for a series of the 11th, 12th group
elements and thallium cyanides will be discussed. The values of the ! .J, 5 constants at the non-

relativistic and two-component ZORA level are shown in Figure 6.1.
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Figure 6.1: Comparison of the 1.Jy results in the selected cyanides calculated with

the nonrelativistic and spin-orbit coupling ZORA Hamiltonian

The highest absolute values (as large as -11 Hz) of the spin-spin coupling constants (calcu-
lated at so-ZORA level) are observed for the 11th group elements of the periodic table. For the
12th group and thallium compounds the values are much smaller (less than 3 Hz) but it should
be kept in mind that here, in contrast to the molecules containing the 11th group elements, the

nitrogen atom is directly bonded only to carbon nuclei in this series of compounds.
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6.1 The spin-spin coupling constants between the carbon and nitrogen nuclei in the
transition metal cyanides

6.1.1 Estimation of the total relativistic term

Examination of the result presented in Figure 6.1 shows that the values of the .5 coupling
constants calculated at the nonrelativistic level are always negative and in most cases (except for
copper and silver compounds) do not exceed -2.6 Hz. Inclusion of the relativistic term changes
significantly (up to 7 Hz) the values of ' in the series of compounds with heavier elements
(i.e. the 5th and 6th row of the periodic table) or even changes the sign of the coupling constant

in the series of the 12th group elements and thallium compounds.

6.1.2 Importance of the scalar and the spin-orbit coupling term

The scalar and spin-orbit coupling corrections to the relativistic term in !.J are shown in

Figure 6.2. In most cases the spin-orbit coupling contribution is small (less than 0.5 Hz) and
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Figure 6.2: Comparison of the scalar relativistic and spin-orbit coupling contribu-
tion to 'J.y coupling constants, calculated with the nonrelativistic and spin-orbit

coupling ZORA Hamiltonian, in selected cyanides

does not exceed 11% of the total relativistic term. Only for AuCN this contribution is slightly
larger (-1.4 Hz which is 21% of the full relativistic term). To conclude, contrary to the case of the
shielding constants, where the HALA effect is dominated by the spin-orbit coupling term, the
influence of a heavy atom on the *.J  spin-spin coupling constants in discussed compounds

mainly depends on the spin-free (scalar) relativistic effects, at least for this series of compounds.
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6.2 The carbon-carbon spin-spin coupling constants in
organometallic compounds and halide derivatives

The preliminary findings for ! J~ 5y inspired me to look more closely at the influence of a heavy
atom on the one-bond spin-spin coupling constant of the nearby light nuclei. Additionally I have
decided to investigate what factors determine the magnitude of the effect. For my investigations
I chose derivatives of aliphatic hydrocarbons substituted with I, At, Cd and Hg, which allowed
me to study both the one-bond carbon-carbon and one-bond proton-carbon (discussed in the
next section) coupling constants. I have also investigated the influence of the nature of the heavy

atom substituent and the carbon hybridization on the relativistic effect.
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Figure 6.3: Comparison of the J. results, calculated with the Dirac-Coulomb

Hamiltonian, in the selected organometallic compounds and halogen derivatives

The DKS results for 1.J - are shown in Figure 6.3. As expected, the largest values of the
spin-spin couplings are observed for the sp-type carbon atoms and the smallest for sp> carbon
atoms. For most of the compounds, a change of the heavy atom charge in the same group does
not change significantly the value of !.J, (the difference is less than 6% of ! J . in the heavier
analogue). Only for the sp-type compounds the differences are bigger (for the 12th group of the

periodic table it is about 10% and for the halide derivatives it can reach 20%).
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6.2 The carbon-carbon spin-spin coupling constants in organometallic compounds and
halide derivatives

6.2.1 Importance of the relativistic effects in the substituent ef-
fect

The overall substituent effect for the '] spin-spin coupling constants under study has
been estimated by comparison of the DKS results for the discussed compound and unsubstituted
hydrocarbons (see Figure 6.4), whereas the relativistic contribution to the substituent effect

have been evaluated using the nonrelativistic and DKS approach (see Figure 6.5).
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Figure 6.4: Importance of the relativistic contribution (calculated using DKS ap-
proach) in the substituent effect for ! J . in the selected organometallic compounds

and halogen derivatives

The inspection of the results shows that the relativistic effects, in comparison with the total
substituent effect, are sizeable for the series of compounds containing the 6th row elements
(mercury and astatine), but nearly negligible (10% or less) for the compounds containing 5th row
elements. For the mercury compounds, the relativistic effects significantly lower the calculated
substituent effect (the relativistic term is about 39% of the total substituent effect). It is also true
for the cadmium derivatives, but in this case the relativistic effect is only about 10% of the total
substituent effect.

In the case of AtCCH, the total substituent effect is dominated by the relativistic effect (the
non-relativistic calculations lead to a very similar result as for HCCH). For the other astatine
derivatives, the relativistic effect is smaller, but still significant in comparison with the sub-

stituent effect. For the iodine derivatives the relativistic effect on !J is negligible (of the
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order of magnitude of numerical accuracy) at least for the sp? and sp> carbon type derivatives

(for ICCH, the relativistic effects lower the substituent effect by about 30%).

6.2.2 Influence of the carbon hybridization

The magnitude of the substituent and relativistic effects on the *.J spin-spin coupling con-
stants depends strongly on the hybridization of carbon atoms (see Figure 6.4).

The largest relativistic effects are observed for the systems with the sp-type carbon atoms
and the smallest effects (at least one order of magnitude smaller) for the systems with the sp®-
type carbon atoms. However, for the compounds containing the 12th group elements, the rel-
ative contribution of the relativistic effect to the substituent effect increases with decreasing

s-type character of carbon atom.

6.2.3 Influence of the spin-orbit coupling

The importance of the relativistic spin-orbit contribution to the total substituent effect on the
! J o spin-spin coupling constant depends strongly on the nature of the heavy atom substituent
(see Figure 6.5). For halide derivatives, the scalar and spin-orbit coupling contributions are, as
a rule, of similar magnitude. Only for AtCHCH, compound the scalar term dominates over
the spin-orbit coupling contribution. In ICHCH, and ICH,CHj;, the very small values of the
relativistic effect are a result of mutual cancelling of the scalar and spin-orbit terms (each about
0.5 Hz, but of opposite signs). In the mercury and cadmium derivatives, most of the total rela-
tivistic effect comes from the scalar term, since the spin-orbit term contributes less than 10% to
it. It can be concluded that the sizeable spin-orbit coupling term is observed for the molecules
containing heavy atoms with strong p-character in the electron valence configuration

The spin-orbit coupling can change the pure FC+SD term, PSO term and also induces the
cross term between the spin-dependent FC+SD terms, and the PSO term, denoted later as
FC+SD/PSO (see the discussion in section 2.9). Table 6.1 compares the individual terms to
the spin-orbit coupling term in AtCCH (where the spin-orbit contribution is the largest) and
in CH;HgCCH (where the spin-orbit contribution is negligible with respect to the scalar term).
The results show that in the case of CH;HgCCH, the FC+SD/PSO cross term is about 17% of the
spin-orbit contribution (about -0.3 Hz), and approximately 15% of the spin-orbit contribution
(about 2.4 Hz) in CH;HgCCH. Despite the sizeable FC+SD/PSO cross term, inclusion of the

spin-orbit coupling changes predominantly the pure FC term. This conclusion is in opposition
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20.0 7

18.1

W the spin-free (scalar) terms

H the spin-orbit coupling term

Figure 6.5: Comparison of the scalar and spin-orbit coupling contribution (calcu-
lated with the ZORA approach) to 'J in the selected organometallic compounds

and halogen derivatives

Table 6.1: Comparison of the individual terms of 'J in AtCCH and CH;HgCCH,
obtained using the so-ZORA approach

AtCCH [Hz] CH;HgCCH [Hz]

SO term -17.3 1.8

DSO 0.0 0.0

PSO -0.8 0.1

FC -16.9 1.9

SD -2.0 0.2
FC+SD/PSO cross term 2.4 -0.3

to the results for the couplings of the heavy nuclei analyzed by Autschbach et al. [132] where

the spin-orbit coupling term is dominated by the FC+SD/PSO cross term.
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6.2.4 Comparison between so-ZORA and DKS results

In subsection 6.2.1, the ! J o discussion is based on the results obtained at the DKS level of the-
ory, but in subsection 6.2.3 the contributions to the relativistic effects have been estimated using
an approximate ZORA method. It is worthwhile to check how well the calculations with the

more approximate ZORA Hamiltonian reproduce the full Dirac-Coulomb Hamiltonian results.
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Figure 6.6: Comparison of the differences between '.J obtained with the Slater

and the Gauss type basis set at the nonrelativistic level of theory

It should be stressed that the comparison of ZORA-DFT and Dirac-Kohn-Sham results is
not straightforward, since, out of necessity, different basis sets are used (ADF employs the Slater
orbital basis set, while in the DIRAC or Gaussian program the Gauss orbitals are used). To
estimate the effect of basis set change the comparison of the results obtained using the Slater
and Gauss orbitals with the non-relativistic Hamiltonians (calculated using the ADF and Dalton
packages, respectively — see Figure 6.6) have been performed. Differences between the results
obtained with these basis sets are in many cases small (less than 0.5 Hz) and negligible with
respect to the values of the spin-spin coupling constants. Only in few cases the differences are
larger ( 0.5-1.0 Hz and for AtCCH it is 2.8 Hz). Considering thus, the use of different basis sets
should not influence substantially the comparison between the ZORA-DFT and DKS results,
except when the relativistic effect is very small.

Comparison of the DKS and the so-ZORA results collected in Figure 6.7 shows that so-
ZORA reproduces the DKS results very well. The differences are in most cases less than 1.0 Hz.

The inclusion of the small spinor (in the DKS calculations) does not change significantly the cal-
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Figure 6.7: Comparison of the differences between the 'J.. coupling constants

obtained using the so-ZORA and the DKS methods

culated ' .J - couplings in comparison with the two-component ZORA approximation. Only
for CH;HgCCH and AtCCH, A(so-ZORA-DKS) is slightly bigger (e.g. 3.4 Hz in the case of
AtCCH) but, at least for AtCCH, a significant part of this difference can be attributed to the

basis set change effect (in the case of AtCCH about 2.8 Hz, see above).

6.2.5 Comparison between the sc-ZORA and ECPs results

The differences between the .J spin-spin coupling constants calculated using the scalar
ECPs and scalar-only ZORA results are shown in Figure 6.8 and compared with the scalar ZORA
term. Again, it should be pointed out that a different basis set has been used for the sc-ZORA
and ECPs calculations.

Two types of ECPs have been investigated: Los Alamos ECPs (LANL2DZ) and a series of
Stuttgart ECPs (MDF and MWB with the small and large core replacement, named sMDF or
sMWB and IMDF or IMWB, respectively). Los Alamos ECPs (in this case LANL2DZ) do not
reproduce the sc-ZORA results very well. The same is true for the IMDF and IMWB pseudopo-
tentials, so it seems to be mainly a matter of replacing too many core electrons by the effective
potential. On the other hand, the small-core ECPs (sMWB and sMDF) results are in excel-
lent agreement with sc-ZORA results. In most cases, the differences are less than 1 Hz. Only
for CHyHgCCH a sizeable discrepancy (about 4 Hz) between the MWB60 and the MDF60 re-

sults has been observed. For that reason, additional calculations with a more recent version
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Figure 6.8: Comparison of 'J. calculated with different types of effective core

potentials on heavy atoms and pcJ-2 basis set on C and H, using the PBEO functional.

of MDF60[178] (denoted as sMDF(new) in Figure 6.8) were performed. The obtained results
are much closer to the MWB60 results. It suggests that the observed difference is most likely a

consequence of different fitting procedures employed to obtain the two ECPs.

6.3 The carbon-proton spin-spin coupling constants in
the organometallic compounds and halide deriva-
tives

The reported values of the ']~ spin-spin coupling constants are shown in Paper III. Two
types of the '] coupling constants will be discussed in the section: the 1] coupling con-
stants of the carbon nuclei directly bonded to the heavy atom (1jca ) and the 1] coupling
constants involving the carbon nuclei in beta position with respect to the heavy atom (ljcﬁ )
Additionally, for the coupling constants involving carbon in beta position, the coupled proton
in the RCHCH, systems can be either in cis or in trans position with respect to the heavy atom,

whereas for the RCH,CH; systems, the dihedral angle between the heavy atom-alpha carbon
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Figure 6.9: Comparison of the results for the selected '.J.; coupling constants, cal-
culated with the Dirac-Coulomb and nonrelativistic Hamiltonians, in organometallic

compounds and halogen derivatives

and hydrogen-beta carbon may play a role. The influence of these factors will be discussed in

this section.

Comparison of the selected !.J,j; coupling constants calculated with the DKS and nonrel-
ativistic Hamiltonian with the same basis set is shown in Figure 6.9. The relativistic effects
(calculated as a difference between the nonrelativistic and the DKS results) on the 1] cou-
pling constants in iodine-substituted hydrocarbons are 1 Hz or less (even when carbon is in the
« position) which is negligible with respect to the total value of the spin-spin coupling con-
stant. For the cadmium compounds, the relativistic effects are larger (even 5 Hz) but still small
in comparison with the results for the organomercury compounds. Because of all that only the

6th row derivatives will be discussed in the following sections.

The biggest values of the 1] coupling constants are observed for 1]% g in the —CCH
compounds and the smallest for '] involving sp carbon atoms (see Figure 6.10). For the
astatine derivatives, as a rule, the IJCQ g coupling constants are larger than the 1JCB H,, OF
1JCB H,,,. . coupling constants. The coupling constants involving hydrogen atom in the cis po-
sition are in all cases larger than the coupling constants involving hydrogen atom in the trans

position. A similar situation can be observed for the sp? compounds. When the dihedral angle
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Figure 6.10: Comparison of the ' J; coupling constants calculated with the Dirac-

Coulomb Hamiltonians in mercury and astatine derivatives

between the heavy atom and the coupled atom is 0-90° in the -CH,CH, derivatives, the coupling

constant is larger than the coupling constant obtained for the dihedral angle equal 180°.

6.3.1 Importance of the total relativistic effects in comparison
with the substituent effect

The relativistic effects sizeable with respect to the substituent effect (see Figure 6.11) can
be observed for the ']~ coupling constants in astatine-substituted hydrocarbons, containing
sp and sp? carbon atoms. In case of AtCCH the relativistic effect is about -5 Hz and dominates
the substituent effect but still its magnitude is small with respect to the total value of the 1]
coupling constants (less than 2% of the total coupling constant). For the organomercury com-
pounds, in all cases the relativistic contribution to ']~ constitutes a majority of the substituent
effect and is non-negligible with respect to the total value of the ']~ coupling constants — the

relativistic effect exceeds 15 Hz which is about 10% of the total coupling constants.

As a rule, the relativistic effect becomes smaller with the distance of the coupled nuclei
from the heavy atom. For the 1](;& g7 coupling constants, the relativistic effect is 14.6 Hz (for
CH;HgCHCH,), whereas the 1JC/3 g coupling constants, it is 9.3 Hz (for CH;HgCCH). Inter-

estingly, the relativistic calculations lead in these cases to a much smaller substituent effect than
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Figure 6.11: Comparison of the substituent effect and the relativistic term, calcu-
lated using the DKS approach, in 1. in the selected organometallic compounds

and halogen derivatives

the non-relativistic ones.

6.3.2 Influence of the carbon hybridization

The type of the carbon hybridization again influences the magnitude of the relativistic ef-
fects. In the case of the 1JCQ g7 coupling constants, larger relativistic effects are observed for the
systems with the sp? hybridization than for the systems with the sp> hybridization (15.3 Hz and
6.6 Hz for CH;HgCHCH, and CH;HgCH CHj, respectively).

The relativistic contribution to 1‘]C,8 g depends not only on the carbon hybridization, but
exhibits a variation with the heavy atom-carbon-carbon-hydrogen dihedral angle. As a rule, the
coupling of the proton in the trans position is more affected by the relativistic effects. Only for

AtCH,CH; compound a reverse trend is observed.

6.3.3 Influence of the spin-orbit coupling

A comparison of the so-ZORA and the sc-ZORA results (see Figure 6.12) shows that the
spin-orbit coupling effect is, as a rule, a dominating term in the relativistic contribution for
astatine derivatives and is negligible in comparison to the scalar term for organomercury com-
pounds. The biggest spin-orbit coupling effects are observed for astatine compounds with the

sp and sp? carbon atoms (for 1JCa g in AtCHCH, it is about -4.9 Hz and for 1]06 g in AtCCH
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it is about -4.7 Hz), whereas the scalar term is negligible in these compounds (less than 0.5 Hz).
Finally, it should be noted that for the astatine derivatives with sp> hybridization, the spin-orbit

coupling term is much smaller than for the derivatives with sp? and sp carbon (less than 0.7 Hz).
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Figure 6.12: Comparison of the spin-free (scalar) and the spin dependent (spin-orbit
coupling) term to the 'J.p coupling constants in the organomercury compounds
and the astatine derivatives calculated with the one- and two-component ZORA

Hamiltonian

6.3.4 Comparison between so-ZORA and DKS results

Like for the '], coupling constants, the basis set change effects contaminating the com-
parison between the DKS and the so-ZORA results have been estimated using two types of basis
set with nonrelativistic Hamiltonian (see Figure 6.13). For the organomercury compounds, in
most cases the differences are smaller than 1 Hz. For the astatine derivatives the differences are
a bit larger (0.6-2.4 Hz) but still small with respect to the relativistic effects.

Results collected in Figure 6.14 confirm that the two-component ZORA approximation re-
produces the four-component DKS results very well for this series of the spin-spin coupling
constants. In most cases, the differences between so-ZORA DFT and DKS are less than 1.0 Hz.

The biggest difference between so-ZORA DFT and DKS (about 1.6 Hz) is observed for 1JC& H
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Figure 6.13: Comparison of the differences between the 'J. coupling constants
obtained with the Slater and Gauss type basis set calculated at the nonrelativistic

level of theory

in AtCHCH,, but it seems to originate from different basis sets used (see above — the difference
for 1JCa g in AtCHCH, is 2.4 Hz). Thus, I can conclude that so-ZORA DFT is very efficient in

rendering the HALA effects not only for 1] but also the 1], coupling constants.

6.3.5 Comparison between the sc-ZORA and ECPs results

The investigations discussed above have shown that the contribution of the scalar term to
the total relativistic effect on the 1.J - spin-spin coupling constant depends strongly on the
nature of the heavy atom. It is negligible for the 17th group of the periodic table, whereas
it is dominant for organometallic compounds. As a consequence of this and because the dis-
cussed ECPs can render only the scalar contribution to spin-spin coupling constants (spin-orbit
coupling term is neglected), only the results for the organometallic (cadmium and mercury)

compounds will be discussed in this paragraph.

The differences between the !.J; spin-spin coupling constants calculated using the scalar

ECPs and scalar-only ZORA results are shown in Figure 6.15 and compared with the scalar
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Figure 6.14: Comparison of the differences between the results obtained with the
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Figure 6.15: Comparison of 1J calculated with different types of effective core

potentials on heavy atoms and pcJ-2 basis set on C and H, using the PBEO functional

ZORA term. The observations are similar as for the '], coupling constants. The ECPs in

general seem suitable for the purpose, and the best results are obtained when small-core ECPs
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are employed. Among small-core ECPs, MWB appears to perform slightly better than MDF,

but the differences are small.

6.4 The carbon-carbon coupling constants mediated
by a heavy atom

In the previous section, the importance of the relativistic contribution to the *.J and
1 Jop coupling constants in the vicinity of a heavy atom has been discussed. Here, I will ex-
tend these investigations to the carbon-carbon coupling constants through two, three and four
bonds, mediated by heavy metal atom (Cd, In, Sn, Sb, Te, Hg, Tl, Pb, Bi and Po). The heavy
atoms under study have been selected to cover a wide range of electron configurations (see Ta-
ble 6.2 and Figure 6.16). Additionally, this selection allows for an investigation of the influence
of the heavy nucleus charge on the HALA effect. In this research, a methodology similar to
the previously employed has been used. The relativistic effects have been calculated using the
DKS and nonrelativistic approach, whereas the role of the scalar and spin-orbit coupling term
has been estimated using the ZORA approach. Additionally, the performance of the ECPs in

reproduction of the relativistic effects for this class of coupling constants has been investigated.

Cd In Sn Sb Te
[Kr] 4d10 552 [Kr] 4d10 552 5p! [Kr] 4d10 552 5p2 [Kr] 4d'0 552 5p3 [Kr] 4d10 552 5p*
Hg Tl Pb Bi Po
[Xe] 414 5d10 652 | [Xe] 414 5d'0 652 6p! | [Xe] 4f14 5d'0 652 6p? | [Xe] 4f1* 5d10 652 6p> | [Xe] 4f'* 5d10 652 6p*

Table 6.2: Electron configuration of the selected heavy atoms

6.4.1 Influence of the electron configuration and the charge of

the heavy atom
The 2] coupling constants in the series of molecules containing the -CCH substituents
calculated using the Schrodinger and Dirac-Coulomb Hamiltonians are compared in Figure
6.17.
The absolute value of the geminal spin-spin coupling constant changes significantly with the
electron configuration of the heavy atom. The inspection of the results shows that in most cases
the biggest spin-spin coupling constants are observed for the 12th group of the periodic table

and the smallest for systems containing the 15th group elements (the absolute value of coupling
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I have investigated how the 2]~ couplings in the discussed compounds correlate with the C-
Me-C bond angle. The results show a quasi-linear relationship between the absolute value of
the spin-spin coupling constant and the C-Me-C angle for 6th row of the periodic table (see
Figure 6.18), which suggests that much of the variation of the %] coupling constants in the

series of 6th row elements compounds can be rationalized in that way.
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w
S

20

80 90 100 110 120 130 140 150 160 170 180 190
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Figure 6.18: Correlation of 2J. coupling constants calculated at the so-ZORA level

with the plane angle in the systems containing the 6th row elements

The %] coupling in the 5th row compounds are, as a rule, smaller than in the 6th row
analogues. A comparison of the relativistic and non-relativistic results shows that it is purely a
relativistic effect: the non-relativistic results for the same group of the periodic table are almost

the same (only for cadmium and mercury compound a slightly bigger difference is observed).

6.4.2 Importance of the relativistic term and the influence of the
carbon hybridization

The ?J - couplings in the 5th row compounds are smaller than in the 6th row analogues,
since for the 5th row of the periodic table, the relativistic effects in most cases do not exceed

26% of the total spin-spin coupling constant, whereas for the 6th row they can dominate the
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Figure 6.19: Comparison of the relativistic terms, calculated at the DKS level of
theory, in the 2J . coupling constants for M(CCH), where M are the 6th row heavy

elements

value of the 2] 5 coupling. For that reason, in further studies I will discuss only the results for

the 6th row elements.

Comparison of the relativistic terms for 2] for compounds with different carbon hy-
bridization are show in Figure 6.19. For the 6th row elements (except for polonium), the rela-
tivistic effects can exceed 80% (for Bi(CCH),) of the total spin-spin coupling constant (see Figure
6.20), which leads to a significant increase of the coupling constant. For polonium compounds,
the relativistic terms dominate the spin-spin coupling constants (for Po(CCH), it is four times

larger than the value of spin-spin coupling constant calculated at DKS level).

The largest relativistic terms are observed, as a rule, for the systems with the sp hybridization

of carbon atom and the smallest effects are observed for the systems with the sp> hybridization.
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Figure 6.20: Comparison of the percentage contribution, calculated at the DKS
level of theory, to the ?J. coupling constants for M(CCH),,, where M are the 6th

row heavy elements

For p-block elements, the relativistic contributions in the sp® and sp? systems are compa-
rable to each other and are about 2-35% (see Figure 6.20) of the relativistic contribution for the

systems containing sp-type carbon.

6.4.3 Importance of the scalar and the spin-orbit coupling terms

The comparison of the spin-free (scalar) terms and the spin-orbit coupling terms for the se-
ries of M(CCH),, compounds containing the 6th row elements is shown in Figure 6.21. In most
cases, the scalar terms and the spin-orbit coupling have opposite signs but the ratio between the
spin-orbit coupling and the scalar terms depends strongly on the electron configuration of the
metal atom.

For mercury compounds the spin-orbit coupling contribution is about 15% of the scalar
term. In the case of the compound containing p-block elements, this term is much smaller (3-
10%) but, surprisingly, in the case of the polonium compounds, the spin-orbit coupling domi-

nates the scalar term (the spin-orbit coupling term is 30% larger than the scalar term). The size
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Figure 6.21: Comparison of the scalar relativistic contribution and the spin-orbit cou-
pling term using the sc-ZORA and the so-ZORA approaches, in the 2J coupling

constants for M(CCH),, where M are the 6th row heavy elements

and relative ratio of scalar term and the spin-orbit coupling terms depends strongly also on the
hybridization of carbon atoms. It should be stressed that although the spin-orbit coupling term
is the smallest for sp> derivatives, its impact on the relativistic term is the largest (in the case
of polonium derivatives, the spin-orbit coupling is about 2.5 times larger than scalar term —
see Figure 6.22). This shows that the spin-orbit coupling term is less sensitive to the change of

hybridization type than the scalar term.
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Figure 6.22: Comparison of the ratio between the scalar contribution and the spin-
orbit coupling term in the ?J. coupling constants for the 6th row element com-

pounds differing in hybridization type of the carbon atoms

Previous research has shown that for the *.J coupling constant the spin-orbit coupling

term is dominated by the change of the pure Fermi contact term. In this part of the research, I
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have also checked the relation between the change of the pure FC+SD term and the FC+SD/PSO
cross term. I have therefore compared (Table 6.3) the individual terms of 2.J; for the tellurium
and polonium compounds, where the spin-orbit coupling contribution is the largest. The results
show that the spin-orbit coupling changes the pure FC+SD term (denoted as the FC+SD change)
and induces a sizeable FC+SD/PSO cross term, whereas the change of the SO (PSO+DSPO) term

is negligible (less than 0.01 Hz).

Table 6.3: Comparison of the spin-orbit coupling contributions to FC+SD,
SO(PSO+DSO) terms and FC+SD/PSO cross term in 2J coupling constants

Joe
FC+SD SO FC+SD/PSO | SO sum
Te(CCH)Z 0.14 0.00 0.80 0.94
Te(CHCH,), | 0.04  0.00 0.51 0.54
Te(CHy), | -0.06 0.00 0.55 0.49
Po(CCH), 3.77 0.00 2.89 6.67
Po(CHCH,), | 097  0.09 1.39 2.44
Po(CH3)2 0.40 -0.04 1.32 1.68

The sum-over-states expressions for the spin-orbit coupling terms suggest their dependence
on the inverse of the lowest singlet-triplet excitation energy, assuming the dominant contri-
bution arises from this excitation (this effect has been investigated several times in series of
shielding constants — see for example [92]). For that reason the HOMO-LUMO triplet exci-
tation energies (at two-component ZORA level) have been compared with spin-orbit coupling
contributions to ?J . The results (shown as a function of an inverse of the triplet excitation
energy) are shown in Figure 6.23 (the spin-orbit coupling contributions to the FC+SD term)
and Figure 6.24 (the FC+SD/PSO cross term induced by spin-orbit coupling). Some correlation
in both cases is observed but in many cases quite big deviations from the trend are noted, like
for example in Hg(CCH),, where the spin-orbit contribution is much larger than expected on
the basis of its HOMO-LUMO triplet excitation. It may be a result of the value of the transi-
tion moment (the numerator in the sum-over-states expansion) in the molecule larger than the
values of transition moments in the remaining ones in the series. The detailed analysis of the

elements of the sum-over-states has shown that the large effect of spin-orbit coupling for polo-
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nium compounds is connected with the low-energy HOMO-LUMO triplet transition involving
the p electrons of the central atom.

The scalar relativistic effects influence predominantly the Fermi contact term whereas the
changes of other terms are negligible (less than 1%). The relative scalar effect on the Fermi con-
tact term correlates to some extent with the change of electron density on the carbon nucleus,
as shown in Figure 6.25. The correlation is not perfect (the result for Bi(CCH); stands out)
but it should be stressed that the actual dependence of the FC term is on the perturbed electron

density, not on the static one.
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Figure 6.23: The correlation of the spin-orbit coupling contributions to the FC term

in 2J¢¢ for the M(CCH),, series with the singlet-triplet HOMO-LUMO excitation en-
ergy
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Figure 6.24: The correlation of the FC+SD/PSO cross term contribution to 2J . for
the Me(CCH),, series with the singlet-triplet HOMO-LUMO excitation energy.
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Figure 6.25: The correlation of the scalar relativistic effect on the FC contribution
to 2Jo (shown as a percentage of the total value of the scalar FC term) for the
Me(CCH),, series with the change of electron density on the carbon nucleus induced

by the scalar relativistic effects.

6.4.4 Comparison between so-ZORA and DKS results

The inspection of the differences between so-ZORA and DKS results (A(so-ZORA-DKS))
collected in Figure 6.26 leads to the conclusion that for this class of compounds so-ZORA re-

produces the DKS results very well.

Explicit inclusion of the small spinor during the calculation does not change significantly
the calculated ?.J - couplings in comparison with the two-component ZORA approximation.
In most cases, the differences between the Slater-type and Gauss-type basis set results (A(so-
ZORA-DKS)) are less than 1.0 Hz, and seem to be caused mostly by the change of the basis set
(see the discussion above for 1.J coupling constants) rather than the picture change effects.
To confirm these hypothesis I have calculated also A(Slater-Gauss) obtained at the nonrela-
tivistic level (see Paper IV). The comparison shows that while the results obtained with the
Gauss-type basis set systematically overestimate the results obtained with the Slater-type basis
set, in most cases the absolute values of A(Slater-Gauss) do not exceed 1 Hz. Only for the -CCH

derivatives, the differences are larger (1.2-3.9 Hz for mercury, thallium and lead compounds),
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Figure 6.26: The differences between the so-ZORA and the DKS results for the 2J o
coupling constants for M(CCH),, where M are the 5th (upper diagram) and 6th (lower

diagram) row heavy element atoms

but they are still only about 10% of the relativistic term calculated at the ZORA level.

6.4.5 Comparison between the sc-ZORA and ECPs results

As in the previous research, the differences between the ?J - spin-spin coupling constants

calculated using the scalar ECPs and the scalar-only ZORA results have been investigated (Fig-

ure 6.27).

Again LANL2DZ does not reproduce the sc-ZORA results very well, overestimating the
scalar term twice or more. The same is observed for large-core MDF and MW B pseudopoten-
tials. In contrast, the small-core MW B results are usually in excellent agreement with sc-ZORA.

As before, MDF60 performs very poorly for organomercury compounds but after applying new
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Figure 6.27: Comparison of 2J coupling constants calculated with different types
of effective core potentials on heavy atoms and the pcJ-2 basis set on C and H,

using the PBE functional

version of this ECP (denoted as sMDF(new)) good agreement with the sc-ZORA results is ob-
served.
6.4.6 Coupling constants by three and four bonds

Comparison of the 3J -~ and *J -~ coupling constants (calculated using DKS method) with
the 2.J - coupling is shown in Figure 6.28.

As expected, the number of bonds changes significantly the value of the total spin-spin cou-
pling constant. As a rule, the couplings transmitted by two bonds are the largest and by four

bonds are the smallest. The relativistic contribution to the total spin-spin coupling does not
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Figure 6.28: Comparison of the values of the 2J¢, 3Joc, *Joe coupling constants,
calculated at the DKS level of theory, for M(CCH)n where M are the 6th row heavy

elements

change significantly (see Figure 6.29). Regardless of the number of the bonds participating in
coupling path, the relativistic percentage contributions to the coupling constants, for most cases,
are between 33% and 62%. Only for bismuth and polonium compound, in several cases, the rel-
ativistic term dominates the full spin-spin coupling constant (it is even 6.5 times larger than
value of spin-spin coupling) but it should be kept in mind that in these cases very small values
are discussed (and very sensitive to the computational protocol).

The importance of the spin-orbit coupling term

Finally, the ratio between the scalar term and the spin orbit coupling in the series of the 2.J -,
3Joc and 2J o coupling constants has been compared (see Figure 6.30). The results show that
the importance of the spin-orbit coupling term in the relativistic contribution becomes larger
for 3Joc and in particular for the *.J coupling constants. In other words, the scalar term
decreases faster than the spin-orbit coupling term when the number of bonds participating in

the coupling path increases.
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Figure 6.29: Comparison of the percentage contribution of the relativistic term to
the 2Jecn 3Joes Moo coupling constants, calculated at the DKS level of theory, for

M(CCH),, where M are the éth row heavy elements.

6.00 -
2 5.00
5.00 -
m3 4.33

4.00 e
3
9
2300 -
2 2.56
g

2,00 -

1.22 134
1.00 -
0.29
0.150050.11  0.100.150.17  70.18 0.04
0.00 —_— — - e
Hg Tl Pb Bi Po
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row heavy elements
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Chapter 7

Summary

The application part of the thesis consists of two chapters. The first one (Chapter 5) is focused
on the HALA effects on the shielding constants. It includes reinvestigation of the 3C shielding
constants in halide derivatives, carried out to estimate the performance of the newly devel-
oped implementations of the density functional theory with relativistic Hamiltonians. Next,
the HALA effects in the organomercury compounds and transition metal cyanides have been
investigated to gain knowledge on the relativistic effects on the light atom shielding constants
in a wide range of compounds containing heavy atoms. The second chapter (Chapter 6) focuses
on the description of the influence of a heavy atom on the nuclear spin-spin coupling constants
of light atoms, since this effect is almost unexploited in the literature. In both cases efforts have

been made to rationalize the observed effects by correlating them with structural parameters.

All NMR parameters in the thesis have been calculated by means of the density functional
theory for a wide range of compounds containing heavy elements (11th, 12th group and p-block
elements). The applied methods range, in order of reduced complexity, from Dirac-Kohn-Sham
method (DFT with four-component Dirac-Coulomb Hamiltonian), through DFT with two-
and one-component ZORA Hamiltonians, to DFT employing the scalar relativistic effective

core potentials with the non-relativistic Hamiltonian.

The most important detailed observations can be summarized as follows.
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Summary

7.1 The influence of a heavy atom on the shielding
constants of the light atoms

The results reported in Chapter 5 show that the magnitude of the relativistic effects on carbon
shielding constants depends on several factors. The most important ones seem to be the posi-
tion of light nucleus with respect to the heavy atom, the charge of the heavy nucleus, and the

electronic structure of the carbon atom (described here as carbon hybridization).

The position of the light nucleus The largest relativistic effects are observed for the nuclei
directly bonded with a heavy nucleus (they amount to 50 ppm for iodine derivatives). In general
(with the exception of the nitrogen shieldings in transition metal cyanides), the relativistic terms
for beta position with respect to the heavy nucleus are smaller (they do not exceed 23 ppm) than

for alpha position.

The hybridization of the lightatom The largest relativistic contributions have been observed
for the sp-type carbon atoms and the smallest for the sp? carbon atoms. Slightly larger contribu-
tions found for the sp> carbons than for the sp? carbons may be a result of the fact that in discus-
sion of the influence of the sp and sp® hybridization on the shielding constants, non-aromatic
compounds have been taken into account, whereas in the case of sp? series only benzene deriva-

tives have been discussed in this thesis.

The ratio between the scalar and spin-orbit coupling contributions In the series of halide
derivatives and selected transition metal cyanides, the relativistic effects on shielding constants
of the alpha carbon nuclei are dominated by the spin-orbit coupling term. The relation between
hybridization of the light atom under study and the spin-orbit coupling contribution, postulated
earlier by other authors on the basis of perturbative calculations, have been confirmed by two-
component calculations of the spin-orbit coupling contribution.

In the series of the organomercury compounds and transition metal cyanides, the ratio be-
tween the scalar and spin-orbit coupling terms depends on the position and hybridization of
the light atom under study. In the series of the alpha carbon shielding constants, the spin-orbit
coupling term is larger than the scalar term for the compounds containing the sp-type carbon
atoms, but it has similar magnitude to the scalar term in the series of compounds containing sp®-

type carbon atoms. For the beta carbon nuclei as a rule the scalar terms are of the same order
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7.1 The influence of a heavy atom on the shielding constants of the light atoms

of magnitude as the spin-orbit contribution, whereas for the beta nitrogen nuclei in transition

metal cyanides, the scalar relativistic term is larger than the spin-orbit coupling contribution.

The charge of the heavy nucleus As expected, the relativistic contributions to the shielding
constant of the alpha carbon nuclei depend strongly on the charge of the heavy nucleus. The
largest relativistic effects are observed for the derivatives of the 6th row elements. Detailed
investigation has shown that the magnitude of the scalar relativistic contribution to shielding
constants (dominated by a change of the paramagnetic term) in a series of halide derivatives
can be correlated with the lowest singlet excitation energy. It may suggest (at least for the com-
pounds containing sp> carbon atoms) that the observed increase of the scalar term with increase
of the charge of a heavy atom is mainly a result of a change of the excitation energy in a series.
A similar correlation have been observed between the triplet HOMO-LUMO excitation energy
and the spin-orbit contribution to shielding constants. It suggests that the sizeable spin-orbit
contribution for the heaviest compounds may be a result of a decreasing energy gap between

the ground state and the lowest-lying triplet excited state.

Methodological aspects of inclusion of the relativistic effects For the transition metal
cyanides so-ZORA underestimates the chemical shifts calculated using DKS methodology but it
is probably mainly the result of methodological inconsistency in basis sets selection for so-ZORA
(Slater-type basis sets) and DKS (Gauss-type basis sets) computations. In the series of halide and
mercury derivatives so-ZORA usually reproduces the experimental results much better than the
DKS method, which suggests some kind of error cancellation for so-ZORA computations.
The scalar terms calculated with MWB ECP agree well with the scalar ZORA results. Be-
cause of the scalar-only character of the employed ECP methods, they lead to good agreement
with the experimental data only for these carbon chemical shifts where the spin-orbit term is

small.
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Summary

7.2 The influence of the heavy atom on the spin-spin
coupling constants of the light nuclei

Chapter 6 summarizes the results of the calculations of the one-bond and multi-bond spin-
spin coupling constants, the latter with a heavy atom in the coupling path. The magnitude
of the relativistic effects differs significantly for these two cases. For the coupling constants
transmitted by one bond the relativistic effects do not exceed 40% of coupling value, whereas for
the couplings transmitted by the heavy nuclei the relativistic effect can dominate the value of the
coupling constant. Several other factors which may influence the magnitude of the relativistic
effect on spin-spin coupling constants have been discussed in this chapter: the charge of the
heavy nucleus, the position of the light nuclei with respect to the heavy nucleus and finally the

type of the carbon atom hybridization.

The charge of the heavy nucleus The results have shown that when heavy nucleus is outside
the coupling path the relativistic effects are relatively important (with respect to the value of
the coupling constant or the total substituent effect) only for the compounds of the 6th row
elements. It is not necessarily true for the "J-~ (n=2,3,4) coupling constants with the heavy
nucleus in the coupling path. In such cases the relativistic contribution can be sizeable, even for
compounds containing the 5th row elements. It is worthwhile to mention that the comparison
of the results obtained with the relativistic and non-relativistic Hamiltonians shows that the
difference between the "]~ coupling constants in the analogous compounds of the 5th and
6th row elements is in many cases a purely relativistic effect: the non-relativistic values for the

appropriate analogues are almost the same.

The position of the light nuclei with respect to a heavy nucleus Predictably, the relativistic
contribution to the ]~ coupling constants is larger (in percentage) for couplings involving the
carbon nucleus in the alpha position with respect to the heavy nucleus than for the couplings
involving the beta carbon nucleus. In contrast to this, in a series of the "]~ (n=2,3,4) cou-
pling constants transmitted by a heavy nucleus, the percentage relativistic contribution remains

almost unchanged with increasing number of bonds in the coupling path.

The hybridization of the light atom The magnitude of the relativistic contribution to all

coupling constants discussed in the thesis depends strongly on the hybridization of the carbon
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atom involved in the coupling. The largest relativistic contributions are observed as a rule for

the sp-type carbon atoms, and the smallest ones for the sp® carbon atoms.

The ratio between the scalar and spin-orbit coupling contributions The scalar term dom-
inates the total relativistic contribution to the coupling constants in the transition metal and
selected p-block derivatives. This conclusion is in good agreement with previous findings of
other researchers concerning the influence of the relativistic effects on the nuclear spin-spin
coupling constants calculated for other compounds. Only for the compounds containing the
16th and 17th group elements the spin-orbit coupling term becomes sizeable, in isolated cases
even larger than the scalar relativistic contribution to the 1] and ?J - coupling constants.

The spin-orbit contribution to %] coupling constants in a series of 6th row compounds
can be correlated with the lowest triplet excitation energy. This may explain a surprisingly large
spin-orbit contribution for the 16th and 17th group compounds, since for example for polonium
derivatives the low-energy HOMO-LUMO triplet transition, involving the p electrons of the
central atom have been observed.

The investigations of the compounds with sizeable spin-orbit contribution to 2] - coupling
constants have shown that the spin-orbit coupling not only induces the FC+SD/PSO cross term

but in many cases changes also the magnitude of the pure Fermi contact term.

Methodological aspects of inclusion of the relativistic effects A comparison of the "]~
(n=1,2,3,4) coupling constants obtained by means of different methods of inclusion of the rela-
tivistic effects indicates that so-ZORA-DFT reproduces the DKS results very well. The perfor-
mance of the ECPs depends on the magnitude of the scalar term in the relativistic contribution,
since the ECPs discussed in the thesis incorporate only the scalar relativistic effects, but when
the scalar term is the dominant relativistic contribution, properly selected ECPs reproduce cor-

rectly the results obtained with more rigorous relativistic methods.

7.3 General conclusions

The research discussed in the thesis gives insight into the influence of the relativistic effects
on the shielding constants of the nuclei in the vicinity of a heavy atom and on the spin-spin
coupling constants of light nuclei in a wide range of compounds containing a heavy atom. The

results suggest that the discussion of the HALA effect should be extended to spin-spin coupling
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constants of light nuclei. Based on the preliminary research of other authors, sizeable effects
on the coupling constants, where a heavy nucleus is in the coupling path, were expected. My
research has confirmed these expectations for a wide range of compounds. It also has been
shown for the first time that sizeable relativistic effects on the one-bond coupling constants are
observed when a heavy atom is in the vicinity of the coupled light nuclei.

In the thesis not only the magnitude of the HALA effect on NMR properties has been esti-
mated but also the efforts have been made to rationalize the observed effects by correlating them
with structural parameters. The physical reasons of the HALA effect, for selected properties,
has been also discussed. In previous research the leading role of the spin-orbit coupling term
in the HALA effect on shieldings has been emphasized, whereas my work shows that the scalar
relativistic terms should also be taken into account. It has also been found that although the
influence of the HALA effect on the spin-spin coupling constants is dominated by the scalar rel-
ativistic term, the spin-orbit coupling contribution should be taken into account in certain cases
as well (for the compounds containing heavy atoms with a large number of p valence electrons).

Comparison of the methods of inclusion of the relativistic effects has shown that the two-
component ZORA-DFT approach very efficiently reproduces much more rigorous DKS results
(at least for chemical shifts and spin-spin coupling constants). The ECPs approach may also be
used, but only when the scalar relativistic term dominates the relativistic contribution.

Comparison of the computational results with the experiment has shown that although the
relativistic effects play an important role in the discussed properties, the other effects should be
taken into account. In particular, vibrational effects should be described at a sufficient level of
theory. So far, the vibrational effects have been calculated using nonrelativistic approach but
the preliminary research shows that the vibrational and relativistic effects are interrelated. It
suggests that a proper methodology should be implemented using the relativistic or pseudorel-

ativistic Hamiltonians.
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Relativistic density functional theory (DFT) calculations of nuclear spin-spin coupling constants
and shielding constants have been performed for selected transition metal (11th and 12th group
of periodic table) and thallium cyanides. The calculations have been carried out using zeroth-
order regular approximation (ZORA) Hamiltonian and four-component Dirac-Kohn-Sham (DKS)
theory with different nonrelativistic exchange-correlation functionals. Two recent approaches for
representing the magnetic balance (MB) between the large and small components of four-component
spinors, namely, mDKS-RMB and sMB, have been employed for shielding tensor calculations and
their results have been compared. Relativistic effects have also been analysed in terms of scalar and
spin-orbit contributions at the two-component level of theory, including discussion of heavy-atom-
on-light-atom effects for 1Jen, 0c, and oy. The results for molecules containing metals from 4th row
of periodic table show that relativistic effects for them are small (especially for spin-spin coupling
constants). The biggest effects are observed for the 6th row where nonrelativistic theory reproduces
only about 50%-70% of the two-component ZORA results for 'Jy.c and about 75% for heavy
metal shielding constants. It is important to employ a full Dirac picture for calculations of heavy
metal shielding constants, since ZORA reproduces only 75%-90% of the DKS results. Smaller
discrepancies between ZORA-DFT and DKS are observed for nuclear spin-spin coupling constants.
No significant differences are observed between the results obtained using mDKS-RMB and sMB
approaches for magnetic balance in four-component calculations of the shielding constants. © 2012

American Institute of Physics. [http://dx.doi.org/10.1063/1.4730944]

. INTRODUCTION

The nuclear shielding constants and spin-spin coupling
constants, main parameters of the nuclear magnetic resonance
(NMR) spectra, constitute an important source of structural
information. Quantum chemical calculations of the NMR pa-
rameters of molecules containing light atoms (up to the sec-
ond row of periodic table) are nowadays a standard research
tool (see, for example, reviews of Refs. 1-6), and are fre-
quently performed even by non-specialists. However, this is
not the case for molecules containing heavy atoms, where the
standard computational methods based on the Schrodinger
equation are not sufficient and the relativistic effects are of
paramount importance. The relativistic effects tend to be par-
ticularly pronounced for nuclear shielding constants and spin-
spin coupling constants of heavy nuclei, since these properties
(in particular, the spin-spin coupling constant) are related to
the atomic core region, where the electron velocities are the
largest. However, it is well known that the presence of a heavy
atom affects also the NMR parameters of neighbouring light
nuclei,”-® a phenomenon which is known as heavy-atom-on-
light-atom (HALA) effect. Thus, to calculate NMR parame-

a) Author to whom correspondence should be addressed. Electronic mail:
mpecul @chem.uw.edu.pl.

0021-9606/2012/137(1)/014311/11/$30.00

137, 0143111

ters of molecules containing heavy atoms one needs to resort
to relativistic methods.

Computationally cheapest methods of accounting for rel-
ativistic effects in ab initio calculations are effective core po-
tentials (ECPs) parametrized for the purpose. However, their
usefulness in calculations of NMR parameters (particularly
of heavy nuclei) is limited since ECPs by definition do not
allow for accurate modelling of electron density in the core
region. There are reports in the literature of the calculations
of relativistic effects on the shielding constants by means
of perturbational theory based on the Breit-Pauli Hamilto-
nian and nonrelativistic wave function (from the group of
Vaara,”~'? see also Refs. 13 and 14 for specialized reviews).
Unfortunately, these methods cannot be generally applied to
calculation of spin-spin coupling constants, since some terms
diverge upon basis set expansion,'? or for shielding constants
of sixth row nuclei (including 1/2-spin nuclei such as '’Hg
or 2%°TI, important in NMR spectroscopy), since there the
nonrelativistic wave function does not provide a good expan-
sion point to the perturbation theory. In this situation, the use
of a relativistic Hamiltonian, either four-component or two-
component one, in ab initio calculations is the only solution.

Implementation of relativistic Hamiltonians for calcula-
tions of NMR parameters is not a trivial task, since the calcu-
lations of nuclear shielding constants and spin-spin coupling

© 2012 American Institute of Physics
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constants are associated with several obstacles. For nuclear
shielding constants one of the the most important concerns is
ensuring the gauge invariance (independence of the calculated
results on the gauge origin chosen for the vector potential)
when a finite basis set is employed, while in the case of
the spin-spin coupling constants accounting for electron
correlation is the most important concern. It has been shown
several times at the nonrelativistic level (see, for example,
Ref. 3 for a review) that the Hartree-Fock method often
produces completely spurious results for spin-spin coupling
constants. This remains true also for relativistic calculations,
although in this case the body of numerical evidence is
much smaller (a comparison of correlated and Hartree-Fock
relativistic results can be found, for example, in Refs. 15 and
16). Moreover, the time to calculate the spin-spin coupling
constants rises significantly with the system size, since a set
of response equations has to be solved individually for each
magnetic nucleus. The high computational demands along
with the importance of including the electron correlation
have hampered the relativistic calculations of spin-spin
coupling constants until the advent of density functional
theory (DFT).!72? Although there exist implementations of
electron-correlated methods for the calculation of nuclear
spin-spin coupling constants at the nonrelativistic level (such
as coupled cluster®>~2° or multiconfigurational self consistent
field method?’), simultaneous inclusion of the relativistic
effects and electron correlation is currently possible only via
density functional theory.

Several different Hamiltonians have been used in
two-component relativistic calculations of NMR properties,
such as the zeroth-order regular approximation (ZORA
(Refs. 28 and 29)), the infinite-order regular approxima-
tion with modified metric®® or Douglas-Kroll-Hess (DKH
(Ref. 16)) Hamiltonians. Currently, the most popular
two-component approach is ZORA-DFT implementation
which has been successfully applied to several molecular
systems involving transition metals, including, for instance
Jeee’ Tperts? Ipes Jne,’? Hg couplings,®3* and Ru
couplings.® In case of NMR shielding constants, both ZORA
(Ref. 36) and Douglas-Kroll-Hess®” methods have been
used, for example, for HX where X = Cl, Br, I (ZORA-DFT
(Refs. 38 and 39) and DKH2-HF (Ref. 40)) and for the
series of HgX, and HgMeX where X = CI, Br, I and Me =
CHj; (Refs. 36 and 40). ZORA-DFT has also been used, for
example, for '33W,4 207pp 1 19 360 195pg 42 235[7 43,44 gpq
77Se® shielding constants, see also Ref. 46 for a review.

The four-component calculations of spin-spin coupling
constants have been carried out so far mainly at the uncor-
related four-component Dirac-Hartree-Fock level of theory
(without accounting for the Breit interaction). This approach
has been examined for several systems, for example, XHy (X
= C, Si, Ge, Sn, Pb) and Pb(CH3);H,*” XH; (X = N, P, As,
Sb, Bi) and XH, (X =0, S, Se, Te, Po),*® and XF, (n = 2, 4,
6).*2 However, the lack of electron correlation tends to lead
to less than satisfactory results. Recently, density functional
methods have been implemented at the four-component
level’®3! and the initial results are promising. The same
approaches as for the spin-spin coupling constant have
been applied for four-component calculations of chemical

J. Chem. Phys. 137, 014311 (2012)

shifts. Dirac-Hartree-Fock level of theory has been used,
for example, for the shielding constants in HX (X = Cl, Br,
D3 H,Y(Y =0, S, Se, Te),>* and H;Y (Y = N, P, As, Sb,
Bi).*® Four-component Dirac-Kohn-Sham density functional
theory with London atomic orbitals (LAOs) (Ref. 55) has
been recently implemented for the shielding constants3®-8
and has been used for HgL, (L = Cl, Br, I, CH3)*° and
several other small molecules.%*-52

We have decided to study the relativistic effects in a
series of closed-shell transition metal compounds for which
experimental data are available and selected transition metal
cyanides as model systems. The choice of cyanides has
been motivated by the possibility to consider the relativistic
effects not only on the coupling constants and shielding
constants of heavy metal nuclei but also on the coupling
constant between light nuclei in vicinity of the metal atom
("Jen) and light nuclei (PN, '3C) shielding constants. There
have been several experimental papers on NMR properties
of these compounds (Hg(CN),,%> Zn(CN)>~ % Cd(CN)2~,%
Hg(CN)ﬁ‘;"4 TI(CN), ;%5 CuCN,% and AgCN (Ref. 67)), but
so far no systematic theoretical study has been conducted.
As far as we know there are ZORA results reported only for
'Jugc in Hg(CN), and Hg(CN); %% and /g in AgCN.%

In this paper we present two-component (ZORA-DFT)
results for spin-spin coupling constants and nuclear shield-
ing constants of cyanides containing transition metals of
11th and 12th group of periodic table and thallium. Four-
component DFT calculations of spin-spin coupling constants
for Hg(CN); and shielding constants for selected compounds
have also been carried out. The four-component calculations
of NMR shielding constants have been performed using dif-
ferent ways of handling the balance between small and large
components: that of Olejniczak et al.,’® numerically equiva-
lent to unrestricted kinetic balance and that of Komorovsky
et al.,’” which employs explicit magnetic balance. The re-
sults have been compared for Hg(CN),. Additionally, the per-
formance of selected GGA and hybrid exchange-correlation
functionals in relativistic calculations of NMR parameters is
examined. As far as we know, this is the first face-to-face
comparison of two- and four-component Hamiltonians for the
calculations of NMR shielding constants and spin-spin cou-
pling constants at the DFT level.

Il. COMPUTATIONAL DETAILS

The geometric parameters of the cyanides under study
have been obtained in a twofold way. AgCN, CuCN, AuCN
in crystals exist as “infinite” linear chains, so for these com-
pounds the experimental chain structures X—C-N-X-C-N
(X = Ag, Cu, Au) have been used, obtained in diffraction
experiments.”-7%7! For other cyanides, the DFT geometry
optimization has been carried out using Amsterdam density
functional (ADF) package’"* (version 2009 and 2010),
scalar ZORA Hamiltonian,”®?* VWN (Ref. 75) + Becke88
(Ref. 76), and Perdew86 (Ref. 77) nonlocal gradient cor-
rections (BVP86) as exchange-correlation functional and
Slater-type TZ2P basis sets. The innermost atomic shells,
namely, 1s of carbon and nitrogen, 1s—2p of zinc, 1s-3d of
cadmium, and 1s—4d of mercury and thallium, have been
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approximated by the frozen core densities. Test calculations
with ZORA spin-orbit coupling operator have not lead to any
visible improvement of geometry optimization results.

Two-component ZORA calculations of NMR properties
have been carried out using two GGA functionals (BVP86
(Refs. 75-77) and KT2 (Ref. 78)) and two hybrid functionals
(B3LYP (Ref. 79) and PBEO (Ref. 80)). For BVP86, KT2, and
B3LYP functionals in case of spin-spin coupling constants
calculations the ADF program uses VWN functional to de-
termine first-order perturbed MOs, but for PBEQ calculation
first-order potential of the hybrid PBEO functional is used. In
the case of shielding constants scaled-ZORA variant default
in ADF has been used.

We have used standard Slater basis sets available in ADF
(Ref. 74) program: TZP (triple-¢ with one polarization func-
tion), TZ2P (triple-¢ with two polarization functions), and
jcpl®! basis sets. Differences between TZP and TZ2P are gen-
erally negligible. Comparison of the results obtained using
jepl and TZP basis sets shows bigger differences on the spin-
spin coupling constants, but the jcpl basis set is available only
for a small selection of discussed heavy metals. Unless oth-
erwise stated, for consistency we will only discuss the results
obtained with TZP basis set.

The four-component calculation of shielding constants
for molecules containing heavy metals from S5th and 6th
rows have been performed with the mDKS-RMB-GIAO
module of the RESPECT program (version 3.1.0),%% em-
ploying different nonrelativistic exchange-correlation (XC)
functionals: LSDA, BP86, PBE. On light atoms (nitrogen
and carbon), the uncontracted pc-2 Gaussian basis set of
Jensen®84 has been attached, while triple-¢ Dyall’s®® basis
set has been used for silver, cadmium, gold, mercury, and
thallium atoms. The calculations have been further speeded
up by the density fitting technique employing complementary
auxiliary basis sets. In order to test the performance of
hybrid functionals (not available in RESPECT of the version
3.1.0) as well as to compare two recent four-component DFT
approaches for the calculation of NMR shielding constants,
we performed calculations for Hg(CN), with a local version
of the DIRAC program.®® The main difference between these
two approaches is the treatment of balance between large and
small components of molecular spinors in the presence of an
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external magnetic field as a perturbation: an explicit restricted
magnetic balance®”®” (RMB) is invoked at the integral level
in RESPECT, while DIRAC combines a unrestricted kinetic
balance ansatz and LAOs in the simple magnetic balance
(sMB) approach.’®

The four-component calculations of spin-spin coupling
constants for Hg(CN), have been carried out with Gaussian
basis sets, using augmented version of triple-¢ Dunning basis
set modified for spin-spin coupling constants calculations
(aug-cc-pVTZ-I®) for nitrogen and carbon, and triple-¢
Dyall® basis set for mercury. BP86, B3LYP, and PBEO func-
tionals have been used. In the four-component calculations
of spin-spin coupling constants no magnetic balance has
been employed: the large and small components of the wave
function have been connected by unrestricted kinetic balance,
as implemented in DIRAC.%

Four-component calculations have been carried out using
Gaussian charge distribution nuclear model (for both the SCF
step and the perturbation operator), while two-component
ZORA calculations have been performed with point-nuclear
model, unless otherwise noted.

lll. RESULTS AND DISCUSSION

We will now discuss the calculated spin-spin coupling
constants and NMR shielding constants in transition metal
cyanides. For each property under study we will first compare
the relative weights of scalar and spin-orbit relativistic
terms and performance of different exchange-correlation
functionals. Afterwards, more physical aspects such as trends
in the given group of periodic table will be considered. This
discussion will be based mostly on the ZORA DFT results
(denoted so-ZORA for the calculations including spin-orbit
effects and sc-ZORA for the scalar-only calculations).
The four-component results for selected molecules will be
presented at the end of this section.

A. Spin-spin coupling constants
1. The "Jyec spin-spin coupling constant

The ZORA and nonrelativistic results for ! Jyc are tabu-
lated in Table I. Predictably, for the 'Jyc coupling of lighter

TABLE I. Comparison of ! Jmec (Hz) calculated using nonrelativistic and ZORA approaches (left side of the
table) and different functionals (right side of the table) with experiment.

B3LYP/TZP s0-ZORA/TZP
Molecule Nonrel sc-ZORA so-ZORA BVP86 B3LYP PBEO  KT2 Expt.
Hg(CN), 1742 2439 2362 1807 2362 2354 1691 3140 (Ref. 63)
Zn(CN)i’ 82 83 83 70 83 78 63 88 (Ref. 64)
Cd(CN)i_ —478 —614 — 606 —498 —606 —578 —448 (—)* 575 (Ref. 64)
Hg(CN)AZf 796 1578 1522 1159 1522 1469 1054 1540 (Ref. 64)
TI(CN), 2944 4768 4548 2731 4548 4430 2376 5440 (Ref. 65)
CuCNCuCN 809 809 809 729 809 764 672 725 £ 20 (Ref. 66)
AgCNAgCN  —254 —317 —315 —273 =315 —303 —252 (—)*297 £ 15 (Ref. 67)
AuCNAuCN 147 227 220 185 220 217 176

“The minus sign has not been determined in experiment.
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metal nuclei the difference between relativistic and nonrela-
tivistic results is small, and it increases with the charge of the
metal nucleus. In the 12th group of periodic table the nonrela-
tivistic calculations reproduce 99% of relativistic (spin-orbit)
result for Zn(CN);~, 78% for Cd(CN); ™, and only 53% for
Hg(CN)Zz. For Hg(CN), and TI(CN), the percentage is sim-
ilar: the nonrelativistic calculations reproduce about 73% and
65% of the so-ZORA result, respectively. In the 11th group of
periodic table we observe the same trend: the ratio of nonrela-
tivistic to relativistic result is 100%, 81%, and 67% for CuCN,
AgCN, and AuCN, respectively.

The difference between scalar and spin-orbit level of the-
ory for 'Jyec of 4th row metals atoms is negligible (less
than 1 Hz for Zn and Cu), probably because the relativis-
tic contribution to spin-spin coupling constant is generally
small. For heavier metals it is bigger and sc-ZORA results
are slightly overestimated in comparison with so-ZORA. The
spin-orbit coupling term is, for example, about 77 Hz lower
for Hg in Hg(CN),, that is, 13% of the relativistic con-
tribution (difference between spin-orbit and nonrelativistic
result). For 11th group couplings the differences are even
smaller: from less than 1 Hz for CuCN to 7 Hz for AuCN
(again, it is about 10% of the relativistic contribution). For
TI(CN), we observe the biggest spin-orbit effect of about
220 Hz (14% of relativistic contribution), again of the oppo-
site sign than the scalar effects. It has been known® that for
some thallium complexes the spin-orbit effect is more signif-
icant than for the other systems, and our results confirm this
tendency.

Table I contains also the 'Jyec coupling constants in
transition metal cyanides obtained with different exchange-
correlation functionals. Hybrid functionals (B3LYP and
PBEO) lead generally to good agreement with the experi-
mental data, while the BVP86 values seem underestimated.
Another non-hybrid functional, KT2, leads to even smaller
values than BVP86, reproducing only 69%-75% of B3LYP
result. For TI(CN), the tendency is the same, but the differ-
ence is bigger: BVP86 reproduces only 60% of the B3LYP
result, and KT2 only 52% of the B3LYP result.

For the 'Jyec coupling constants in cyanides of metals
from the 11th group of periodic table the B3LYP hybrid func-
tional still produces the highest values, but in this case they are
slightly overestimated in comparison with experiment (about
10%-15%). The BVP86 and PBEQ values are smaller, and
for them we observe the best agreement with experiment in
the case of CuCN (for AuCN there are no experimental data).
KT?2 reproduces 92%-95% of the BVP86 result (80%—83%
of the B3LYP result).

Several factors should be taken into account in the com-
parison of the calculated NMR parameters and their exper-
imental values. First, our model neglects environmental ef-
fects, while the experimental values for Hg(CN), have been
measured in DMSO,% for TI(CN); in aqueous solution,®
and for all Me(CN);™ in solid state.*® We have used a
crude two-molecules “chain” model for 11th group cyanides,
which is another source of error. Second, the experimen-
tal error bars are in some cases unknown, which in par-
ticular for the smaller couplings makes the comparison
difficult.
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TABLE II. The individual contributions to ' Kyec [10'° kg m=2s~2A~2]
(where Me = Zn, Cd, Hg, Cu, Ag, Au, Tl) calculated at the so-
ZORA/B3LYP/TZP level.

Molecule 1 Kngee K DsO K Pso K FC+SD
Hg(CN) 4315.8 0.1 —18.4 4334.1
Zn(CN)>~ 435.8 0.2 -0.6 436.2
Cd(CN);™ 901.3 0.1 -99 911.1
Hg(CN)}™ 2780.9 0.1 —109.7 2890.5
TI(CN); 2565.1 0.2 —~157.3 2722.2
CuCNCuCN 1007.6 0.2 -05 1007.9
AgCNAgCN 2233.6 0.1 —42 2237.7
AuCNAuCN 4127.7 0.1 —75.0 4202.6

a. Comparison between reduced coupling constant in dif-
We have compared the changes of reduced
'Kmec with the increasing nucleus charge in the same group
of periodic table. The comparison, together with individ-
ual contributions to the coupling constants, is displayed in
Table II.

The Fermi contact 4 spin-dipole contribution is domi-
nant for these couplings, while the diamagnetic contribution
is negligible. The reduced coupling constant ' Kyiec increases
in the 12th group of periodic table, despite increasing bond
length between heavy nuclei and carbon: it is twice as big for
cadmium as for zinc, even though the bond length between
metal and carbon is about 0.2 A longer for cadmium. The
bond lengths are similar for cadmium and mercury cyanides
(HgC bond is shorter by 0.01 A) but 'Kygc is about three
times larger than ' Kcgc.

In the 11th group of periodic table we observe the same
tendency. The reduced spin-spin coupling constant of gold
is two times bigger than that of silver in spite of the same
bond length between metal and carbon. IKAgC is two times
bigger than 'Kcuc, even though the metal—carbon bond is
0.18 A longer for silver.

A comparison can also be made between mercury and
thallium cyanides, which have a similar geometric structure
and equal number of electrons. The reduced ' Kyc coupling
constants are similar (compare the relevant rows of Table II).
A difference of 216 10'°kg m~2s~2A~2 is probably caused by
the bond length variation: about 0.08 A between R(TIC) and
R(HgC) (R(TIC) is shorter).

ferent cyanides.

2. The 2Jyen and 'Jyen spin-spin coupling constants

Although there are less experimental data for nitrogen
coupling constants than for the 'Jyec coupling constant in
cyanides, we have decided to investigate also 2Jmen and (for
chain structures of CuCN, AgCN, and AuCN) ! Jven. The rel-
ativistic and nonrelativistic results for 2Jyen and 'Jyen are
tabulated in Table III.

For 2Jyen the comparison of nonrelativistic and relativis-
tic (scalar and spin-orbit) results leads to the same observa-
tions as in the case of 'Jyec. For the nuclei of 4th and 5th
row of periodic table the differences between nonrelativistic,
scalar, and spin-orbit results are negligible (from 0.1 Hz to
2 Hz). The relativistic contributions dominate for cyanides
of the 6th row metals, especially for Hg(CN),, where
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TABLE III. Comparison of 2Jyen and ' Jyen (Hz) calculated using nonrelativistic and ZORA approaches (left side of the table) and different functionals at

the so-ZORA level (right side of the table) with experiment.

B3LYP/TZP s0-ZORA/TZP
Molecule Nonrel sc-ZORA s0-ZORA BVP86 B3LYP PBEO KT2 Expt.
Hg(CN), —62.6 —184 -373 —6.6 -37.3 —46.3 32 (—)* 101 (Ref. 63)
Zn(CN)ﬁ’ —-25 —24 -23 -20 —-23 —2.6 —-15
Cd(CN);~ 13.1 11.8 11.8 11.8 14.0 6.1
Hg(CN)AZf —234 —52 -53 —-53 —11.2 13.2 29.0 2.0 (Ref. 93)
TI(CN), —254 171.1 157.2 2254 157.2 1324 235.9
CuCNCuCN —-329 —30.9 —314 —25.7 —314 —35.0 —214
AgCNAgCN 10.2 10.7 11.1 11.1 12.5 7.4
AuCNAuCN -75 —55 -175 —10.2 -175 —83 —10.5
CuCNCuCN —170.2 —162.6 —162.2 —156.9 —162.2 —159.7 —1473 —250 £ 15 (Ref. 66)
AgCNAgCN 58.6 67.9 67.4 60.2 67.4 68.0 56.1
AuCNAuCN —68.1 —-87.0 —83.6 —76.8 —83.6 —85.9 =751

“The minus sign has not been determined in experiment.

nonrelativistic result overweighs the relativistic one (spin-
orbit) by 168%, and scalar relativistic and spin-orbit effects
act in the opposite directions (the sc-ZORA result is only 49%
of the so-ZORA result). In contrast to that the difference be-
tween scalar and spin-orbit result for 2Jyen in Hg(CN); ™ is
small (about 0.1 Hz) but nonrelativistic result is about five
times larger than the so-ZORA value. For 2JMeN in TI(CN),
the nonrelativistic result has an opposite sign to the relativis-
tic values (both scalar and including spin-orbit coupling), and
the difference between sc-ZORA and so-ZORA result is 13.9
Hz (it is 8% of the total relativistic contribution). For 2Jyen
in AuCN the scalar relativistic effects and spin-orbit coupling
act again in the opposite directions, and the outcome is that the
nonrelativistic result is in good agreement with the so-ZORA
value, while sc-ZORA reproduces only 73% of the total rel-
ativistic value. We stress again that 2Jyn calculated for the
11th group may not be in good agreement with the experiment
data because of the use of a two-molecules “chain” model in
which one of the coupled nuclei of 2JMen is a terminal one,
which is a crude approximation of the actual structure.

For the 11th group we have also calculated IJMen In a
“chain” model described above. For CuCN the difference be-
tween the nonrelativistic and spin-orbit result is rather small
(8 Hz, which constitutes 5% of the total relativistic result).
The spin-orbit effects are negligible for molecules containing
copper and silver. For molecule containing gold the difference
between scalar and total relativistic result is bigger (about
3.4 Hz, that is 22% of the full relativistic contribution). For
AgCN and AuCN the nonrelativistic results reproduce 87%
and 81% of the total relativistic values, respectively.

A comparison of the 2Jyen and 'Jyen spin-spin coupling
constants as calculated with different exchange-correlation
functionals is also shown in Table III. For all molecules ex-
cept TI(CN), the B3LYP values are smaller than the PBEO
ones (47-90%), while for 2Jpy in TI(CN), PBEO repro-
duces 84% of the B3LYP result. For mercury cyanides the
sign of this coupling constant (not known from NMR exper-
iment) changes with the choice of an exchange-correlation
functional.

a. Comparison of the reduced coupling constant between
different cyanides. Table IV contains the values of the re-
duced 'Kyen and 2Kyen coupling constants for the 12th and
11th group of periodic table together with the individual con-
tributions to them. For 2Ky in the 12th group of periodic ta-
ble the magnitude of the reduced coupling constant changes in
a non-monotonic fashion with the metal charge: the absolute
value increases when going from the Zn to Cd compound but
decreases for the Hg compound. The paramagnetic spin-orbit
and Fermi contact with spin-dipole contributions are domi-
nant, and the PSO contribution increases with the charge of
the heavy nucleus. Diamagnetic spin-orbit contributions are
negligible. For 11th group cyanides we observe similar ten-
dencies but the magnitude of reduced coupling constant in-
creases in monotonic fashion with the heavy nucleus charge
and the PSO term is smaller in comparison with the FC 4 SD
term.

For 'Ky in the 11th group of periodic table both DSO
and PSO terms are negligible, and the coupling is dominated
by the FC + SD contribution. The magnitude of reduced cou-
pling constant increases with the charge of heavy nucleus (the

TABLE 1IV. The individual contributions to 2KMeN and lKMeN
(10" kg m2s72A~?), where Me = Zn, Cd, Hg, Cu, Ag, Au, TI
calculated at the so-ZORA/B3LYP/TZP level.

KMeN KDSO KPSO KFC+SD
Hg(CN), 169.3 -0.1 131.1 38.3
Zn(CN);~ 30.6 -0.1 12.1 18.6
Cd(CN);~ 43.6 —0.1 17.4 26.3
Hg(CN),~ 24.2 —0.1 35.6 —-11.3
TI(CN), —219.9 —0.1 41.0 —260.8
CuCNCuCN 97.1 —-0.2 12.9 84.4
AgCNAgCN 194.5 —0.1 222 172.4
AuCNAuCN 349.2 —0.1 74.3 275.0
CuCNCuCN 501.2 0.2 0.0 501.0
AgCNAgCN 1183.9 0.2 52 1178.5
AuCNAuCN 3881.1 0.2 20.4 3860.5
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TABLE V. Comparison of ! Jon (Hz) calculated using nonrelativistic and
ZORA approaches (left side of the table) and different functionals at the so-
ZORA level (right side of the table).

B3LYP/TZP s0-ZORA/TZP
Molecule Nonrel sc-ZORA so-ZORA BVP86 B3LYP PBEO KT2
Hg(CN), —-158 —13.2 —12.8 —-2.8 —128 —153 0.6
Zn(CN)i_ —139 -134 —13.3 —-62 —133 —-146 —-2.7
Cd(CN)if -129 -12.0 —11.9 —46 —119 —-132 —13
Hg(CN)i_ —134 —-10.8 —10.6 —-28 —-106 —-119 04
TI(CN), —-144 —-10.8 —10.4 —-15 —-104 -12.1 1.6
CuCNCuCN -215 =215 -21.5 —138 -—-21.5 -—-228 —8.7
AgCNAgCN —17.8 —183 —18.2 —9.8 —182 —193 —-5.6
AuCNAuCN —-12.6 —22.8 —23.8 -89 -—-238 -249 -27

biggest difference is observed between silver and gold cou-
plings: 'Ky is about 3 times larger than 'K,n).

3. The 'Jcn spin-spin coupling constant

Table V contains the 'Jon spin-spin coupling constant
calculated for transition metal cyanides under investigation.
Even though the heavy atom is not in the coupling path, the
coupling is visibly affected by the HALA effect. The rela-
tivistic effects are relatively small for 4rd and Sth row metal
cyanides (less than 5% of the total value), but they are size-
able for the cyanides containing the heaviest metals: for thal-
lium compound the difference between nonrelativistic and so-
ZORA value is 4 Hz (38%), for mercury compounds it is 23%
and 26% and for AuCN it is 47%. It is worth noting that the
HALA effect for ! Joy is mostly (290%) caused by the scalar
relativistic effects.

The values of the !Jcy spin-spin coupling constant ob-
tained with different exchange-correlation functionals are also
shown in Table V. The main difference is between hybrid
and non-hybrid functionals: while the PBEO and B3LYP re-
sults are similar, BVP86 reproduces only 48% of the B3LYP
result for zinc compound and only 21% for Hg(CN),. It is
also worth noting that KT2 renders the sign opposite to the
other functionals for the heaviest metals (mercury and thal-
lium). This is not specific for relativistic Hamiltonians, since
equally strong dependence of the calculated 'Jey coupling on
the employed exchange correlation functional has been ob-
served in nonrelativistic calculations for HCN (where PBEO
renders 17.1 Hz and KT2 5.1 Hz) and CN~ (7.6 Hz and
1.2 Hz, respectively). A similar tendency (very large differ-
ences between the results of calculations with hybrid and non-
hybrid functionals) has been observed before for !Jco in CO
and 1JNN in N2.3

a. Comparison of 'Jcy between different cyanides. The
Jon coupling constant varies considerably with the metal
substituent, even though the calculated CN bond lengths are
practically the same for all systems under study (in the 12th
group of periodic table). The variation of 'Jcy can be there-
fore related to purely electronic effects and to the variation in
the bond lengths between heavy atom and carbon (about 0.2
A between zinc and mercury compound).

J. Chem. Phys. 137, 014311 (2012)

TABLE VI. Comparison of four-component results for the spin-spin cou-
pling constants (Hz) in Hg(CN), obtained using aug-cc-pVTZ-J (C,N) and
dyall.v3z (Hg) basis sets and different exchange-correlation functionals.

Functional e 2 JHgN /N

B3LYP 2481 —62.2 —-69
PBEO 2476 —66.5 —6.1
BP86 1964 —-21.3 2.9
KT2 1973 4.6 3.9
ZORA (B3LYP/TZP) 2362 —-37.3 —12.8

In the 11th group the value of 'Jcy is much larger than for
the other cyanides under study, probably because of the effect
of alternating triple bonds in a chain structure. It changes in
a non-monotonic fashion with the metal nucleus charge: the
absolute value of 'Jey decreases when going from Cu to Ag
(like in the 12th group), but increases for Au. The carbon-
nitrogen bond length difference between copper and silver
compound is small (0.01 A) but between silver and gold it
is much bigger (0.05 A). The geometry is probably the reason
why 'Jen changes in non-monotonic fashion: silver cyanide
has the shortest R(CN) bond length and the largest R(MeN)
bond length.

4. Four-component calculations of the spin-spin
coupling constants

In order to gain a further insight into the relativistic ef-
fects on the NMR parameters of transition metal cyanides,
we have performed four-component DFT calculations for
Hg(CN),, the smallest molecule with heavy nucleus from
the set under study. The results are displayed in Table VI.
The difference between 1JHgC calculated in four-component
calculations and “best” (closest to the experiment) ZORA
B3LYP/jcpl result of 2731 Hz is about 250 Hz, and the ZORA
value is closer to the experiment. However, for 2JHgN four-
component calculation leads to the result closer to experiment
than ZORA: —62.2 Hz vs —47.6 Hz, while the experimental
result is (—)101 Hz (Ref. 63) (the minus sign comes from the
calculations). In principle, the four-component calculations
should be more accurate, but it should be taken into account
when making a comparison with experiment that our calcula-
tions completely neglect environmental effects which may be
of the opposite sign than the relativistic effects not included
in ZORA calculations (environmental effects for Hg(CN), are
discussed, for example, in Refs. 33 and 89). The largest differ-
ence (in relative terms) between ZORA and four-component
results is observed for !Jcy. Unfortunately, we do not have in
this case experimental data for comparison.

The comparison of ZORA and Dirac-Kohn-Sham results
is not straightforward, since, out of necessity, different basis
sets have been used (ADF employs Slater orbital basis set,
while in DIRAC Gauss orbitals are used). Therefore, in order
to check whether the difference between ZORA and DKS
result is not a result of a deficiency of the employed Gaussian
basis set, we have carried out also investigation of basis
set effects for Hg(CN),. Using double-¢ Dyall basis set for
mercury and double-¢ Dunning basis set for light atoms
produces the result for lJch which differs only by 90 Hz
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TABLE VII. Comparison of point-nucleus model and finite-nucleus model
in ZORA with two types of basis sets and B3LYP functional for the spin-spin
coupling constants in Hg(CN), (in Hz).

J. Chem. Phys. 137, 014311 (2012)

TABLE VIII. Comparison of oy, (ppm) calculated using nonrelativistic
and ZORA approaches (left side of the table) and different functionals at the
50-ZORA level (right side of the table).

TZP jepl

Point-nucleus  Finite-nucleus  Point-nucleus  Finite-nucleus

B3LYP/TZP s0-ZORA/TZP

Molecule Nonrel sc-ZORA so-ZORA BVP86 B3LYP PBEO KT2

U Ivec 2362 2335 2731 2497
2 JMeN —373 -37.6 —476 —472
Len —12.8 —12.8 -3.1 -29

from the triple-¢ one, while reducing the computation time
threefold. We have also performed calculations with Dyall
basis set with additional even-tempered Gaussian functions:
four s functions and four p functions. We have received
practically the same result as for the original basis set
(1 Hz difference). Therefore, it does not seem probable that
deficiencies of a Gaussian basis set are a main cause of
the discrepancy between the ZORA and four-component
results.

Another factor which may influence the calculated spin-
spin coupling constants is the nucleus model. The presented
four-component results have been obtained with the Gaus-
sian charge distribution, while for the results obtained in ADF
point-nucleus model has been used. A detailed investigation
of this issue is beyond the scope of this paper, but a limited
comparison (for Hg(CN), only) is shown in Table VII. As
expected,” the difference between point-nucleus model and
finite-nucleus model depends on the employed basis set, and
it is much larger if a basis set with tight exponents is used (in
this case jcpl). It is rewarding that the use of the jcpl basis set
together with finite-nucleus model in ADF still leads to good
agreement with the four-component Dirac result (better than
for point-nucleus model with TZP basis set). We can also con-
clude that it would not make much sense to use finite-nucleus
model in conjunction with the TZP basis set (as mentioned
above, jcpl is not available for some of the elements of inter-
est, so for consistency we decided to use TZP).

The variation of the spin-spin coupling constants in
Hg(CN), with the choice of different exchange-correlation
functional is similar for Dirac-Kohn-Sham and ZORA cal-
culations (compare Table VI with Tables I, III, and V). The
changes in magnitude of the 'Jyec coupling constant calcu-
lated using the DKS approach with different functionals mir-
ror that of the ZORA results. Like for ZORA, the geminal
2Jmen coupling constant calculated using KT2 has the oppo-
site sign than the PBEO and B3LYP results, and the BP86 re-
sult is much lower than the others in absolute value. For 'Jen
we also observe a similar tendency in the two-component and
four-component calculations: non-hybrid functionals lead to
an opposite sign in comparison with hybrid functionals.

B. Shielding constants

Now we shall discuss the NMR shielding constants cal-
culated for the cyanides under investigation. Similarly, as in
the case of spin-spin coupling constants, ZORA results are
going to be discussed first, and then we will proceed to dis-
cuss the four-component results.

Hg(CN), 7353 7116 9980 9805 9980 10060 9916
Zn(CN)i_ 1501 1443 1538 1443 1538 1564 1507
Cd(CN);~ 3303 3160 3618 3516 3618 3652 3602
Hg(CN)i_ 6715 6109 8932 8623 8932 9010 8734
TI(CN), 6755 6407 9457 9173 9457 9532 9318

CuCNCuCN 1168 1102 1220 991 1220 1276 1020
AgCNAgCN 3383 3271 3750 3640 3750 3808 3712
AuCNAuCN 6643 6042 8954 8670 8954 9080 8634

1. Metal shielding constant

The owe isotropic shielding constants calculated us-
ing ZORA and nonrelativistic approaches are shown in
Table VIII. The scalar effects on the shielding constants of
heavy metal nuclei are on the average somewhat smaller than
for the spin-spin coupling constants in the same systems.
The scalar effects work in the opposite direction (leading to
deshielding) in comparison with spin-orbit coupling effects,
but the latter are much larger, especially for the heaviest nu-
clei. Because of this, while in the 12th group of periodic table
the nonrelativistic results for zinc and cadmium shielding are
in good agreement with relativistic ones (the difference is only
3% and 9% for zinc and cadmium, respectively), the differ-
ence is much bigger for mercury shielding in Hg(CN)i_ and
Hg(CN), : about 25%—26%. For the 11th group of periodic
table the tendency is similar: the relativistic effects on oy are
about 4%-10% for lighter metals and about 25% for gold.

The choice of a functional has a smaller effect on the
calculated oy than on the spin-spin coupling constants. For
molecules containing zinc, cadmium, mercury, and thallium
the non-hybrid functional BVP86 systematically underesti-
mates the shielding constant calculated using B3LYP hybrid
functional, while PBEO somewhat overestimates it. The KT?2
results are, as a rule, between the BVP86 and B3LYP re-
sults (only for AuCN the KT2 result is slightly smaller than
BVP86 result), and are in good agreement (95%—-99%) with
the B3LYP results for lighter metal nuclei (except for CuCN
where the KT?2 result is only 83% of the B3LYP result).

When analysing the trends in oy in cyanides of the same
group of periodic table we observe that in the 12th group the
value of the heavy atom shielding constant is rising from zinc
to mercury, and this is caused mainly by the growing mag-
nitude of diamagnetic contribution connected with electronic
density (the difference of the diamagnetic term between zinc
and mercury compound is about 7100 ppm and of the para-
magnetic term about 2700 ppm). The same tendency can be
observed in the 11th group of periodic table.

2. Carbon and nitrogen shielding constant

It is also instructive to examine the HALA effects on the
light atom shielding constants, tabulated in Table IX. For 4th
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TABLE IX. Comparison of on and oc (ppm) calculated using nonrelativis-
tic and ZORA approaches.

ON oc
Molecule Nonrel sc-ZORA s0-ZORA Nonrel sc-ZORA so0-ZORA
Hg(CN), —111.7 —889 —89.1 59.6 64.2 40.1
Zn(CN),~ —46.0 —45.1 —44.1 340 34.1 33.8
Cd(CN);~ —-534 -—51.1 —-504 362 36.8 337
Hg(CN)i’ —-579 —475 —478  36.7 39.1 28.5
TI(CN), —-91.6 —74.6 —752 538 55.2 41.0
CuCNCuCN —160 —16.7 —158 531 54.6 55.6
AgCNAgCN  —92  —438 —86 503 54.4 53.4
AuCNAuCN —-244 —-79 —23.1 431 67.2 78.4

and 5th row of periodic table the relativistic effects for car-
bon and nitrogen are small (less than 7% of the total value).
However, for the 6th row they are much bigger: from about
20%—-25% for on and about 30% for oc in Me(CN),"~ an-
ions to 48% and 45% for oc in Hg(CN), and AuCNAuUCN,
respectively. Interestingly, for the 12th group of periodic ta-
ble the relativistic effect leads to '*C deshielding and for the
11th group to increased shielding of carbon. Another impor-
tant observation is that the HALA effect in the 12th group for
oc is mostly caused by spin-orbit effects and for oy by scalar
effects. It is known®' that for systems containing orbitals with
larger s-character spin-orbit couplings effects are important,
but this is apparently not necessarily true for shieldings of
nuclei which are not in the immediate neighbourhood of the
heavy atom. The relativistic effects influence mostly the para-
magnetic terms for both oy and o ¢.

3. Four-component calculations of
the shielding constants

Finally, we present the results of the four-component cal-
culations of the shielding constants. Two sets of calculations
have been carried out, one using the magnetic balance ap-
proach (available in RESPECT) and one using the “simple” ki-
netic balance approach numerically equivalent to unrestricted
kinetic balance (available in DIRAC). The second set of calcu-
lations has been performed for Hg(CN), only, using different
exchange-correlation functionals.

J. Chem. Phys. 137, 014311 (2012)

TABLE XI. Comparison of four-component results for nuclear shieldings
constants (ppm) in Hg(CN), obtained using DIRAC program (upc-2 and
dyall.v3z basis set) and RESPECT program (upc-2 and dyall.v3z basis set).

Functional oHg (ppm) oc (ppm) oN (ppm)
DIRAC B3LYP 12 570 27.7 —-93.3
DIRAC PBEO 12 657 314 —-923
DIRAC BP86 12 355 343 —80.4
RESPECT BP86 12 494 34.5 —-79.5

The results for the first set of four-component calcula-
tions are compared with the shielding constants calculated us-
ing ZORA Hamiltonian in Table X. As far as the heavy atom
shielding is concerned, ZORA reproduces about 90% of the
four-component results for S5th row of periodic table, while
for 6th row of periodic table it reproduces only 75%—79%
of four-component results. ZORA (including spin-orbit cou-
pling) therefore systematically underestimates the relativistic
effect on the heavy atom shielding constant.

Table X exhibits also the calculated carbon and nitro-
gen shielding constants, so the HALA effect calculated us-
ing Dirac-Kohn-Sham and ZORA approach can be compared.
For all light atoms (except carbon in compound containing
gold) inclusion of the four-component term leads to deshield-
ing of light atoms. The differences are quite big especially
for 13C shielding constants: for oc in mercury cyanide the
ZORA-DKS difference is about 40%—43% and for thallium
cyanide about 23% of the DKS result. As expected, for cad-
mium cyanide the difference is smaller (about 32%) than in
Hg(CN)i’ because cadmium is lighter than mercury. For the
11th group of periodic table for compound containing sil-
ver we observe similar tendency as in the 12th group, but
for gold compound the tendency is opposite: including four-
component terms leads to increasing shielding (which is prob-
ably connected with large spin-orbit coupling effect in this
compound). For nitrogen in case of the 12th group of peri-
odic table and for thallium compound the ZORA-DKS dif-
ferences are small (5%—16%), probably because nitrogen is
farther than carbon from the heavy atom. For the 11th group
of periodic table the ZORA-DKS differences on oy are much
bigger, since nitrogen is bonded there with heavy atom. For
oN in silver cyanide the DKS result has the opposite sign
than ZORA and for gold cyanide the DKS-ZORA difference

TABLE X. Comparison of ome, on, and oc (ppm) calculated with PBE functional using nonrelativistic, so-
ZORA, and DKS approach (ADF and RESPECT calculations, respectively). TZP basis set has been used for the
nonrelativistic and ZORA calculation. upc-2 for carbon and nitrogen and dyall.v3z for heavy metal have been

used for the DKS calculations.

OMe ON ac
Nonrel ZORA DKS Nonrel ZORA DKS Nonrel ZORA DKS
Hg(CN), 7297 9812 12 464 —100.9 —76.4 —80.8 65.6 48.4 344
Cd(CN);~ 3229 3527 3927 —454 —42.0 —48.5 429 40.8 31.0
Hg(CN)Azf 6576 8635 11463 —50.1 —384 —45.7 43.7 37.0 25.8
TI(CN), 6662 9195 11 895 — 824 —63.7 —70.5 59.6 48.3 39.1
AgCNAgCN 3327 3631 4017 1.5 —-74 59.8 63.6 57.9

AuCNAuCN 6497 8631 11194

—105

—132 —279 57.7 95.5 101.3
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TABLE XII. Comparison of chemical shifts dyg, dn, and dc (ppm) shifted with HCN reference in case of dn

and é¢ and Hg(CN)i’ as reference in case of dyg. All results have been calculated with PBE functional using
nonrelativistic, so-ZORA, and DKS approach (ADF and RESPECT calculations, respectively). TZP basis set has
been used for nonrelativistic, ZORA calculation and upc-2 for carbon and nitrogen and dyall.v3z basis sets for
heavy metal for DKS calculations.

SMe N dc
Nonrel ZORA DKS Nonrel ZORA DKS Nonrel ZORA DKS
Hg(CN), —726 —1187 —1013 61.1 37.5 37.3 10.2 27.6 37.8
Cd(CN)ff 5.6 3.1 5.0 33.0 35.3 41.3
Hg(CN)i’ 10.3 —-04 2.3 32.1 39.1 46.5
TI(CN), 42.6 24.8 27.0 16.2 27.8 33.1
AgCNAgCN —40.7 —404 —36.0 16.0 12.5 14.3
AuCNAuCN —29.3 —25.7 — 155 18.1 —19.5 —29.1

is about 50% of the DKS result. We should stress however
that this comparison is not consistent because we use not only
other types of Hamiltonian but also different basis sets (Slater
type orbitals for ZORA and Gauss type orbitals for DKS) and
the ZORA-DKS differences are affected by this fact.

Hybrid functionals are not available at present in
RESPECT program, therefore for completeness we have de-
cided to perform four-component calculations of shielding
constants for Hg(CN), using DIRAC program with B3LYP,
PBEO hybrid, and BP86 non-hybrid functionals. The results
are shown in Table XI. For mercury shielding the difference
between BP86 and B3LYP is small (about 2% of B3LYP
result), but for lighter atoms differences are much bigger
(about 24% for oy and about 14% for o¢). A similar tendency
has been observed in ZORA results: the difference between
BVP86 and B3LYP is 15% for on and about 20% for oc.

A comparison can be made between RESPECT and DIRAC
results obtained using the same BP86 functional (compare
two last lines in Table XI). We should stress that this compar-
ison is not consistent, since the employed basis set is different
even for the large component (in case of RESPECT calculation
additional auxiliary basis sets are used) and different treat-
ments of magnetic balance affect the small component. Even
so, the results for RESPECT and DIRAC are close to each other
(the differences are about 1%).

Large differences between ZORA and four-component
results should at least partially cancel out if chemical shifts
instead of absolute shielding constants are compared. For this
reason we have converted the calculated shieldings into chem-
ical shifts (see Table XII). In the case of carbon and nitro-
gen chemical shifts the carbon and nitrogen nuclei in HCN
molecule have been used as a reference. In the case of heavy
atom only chemical shift of mercury nucleus has been calcu-
lated (using shielding constant of mercury in Hg(CN);~ as
a reference), since finding suitable references for the other
heavy nuclei is problematic.

The differences between chemical shifts calculated us-
ing ZORA and DKS methods are smaller than that for shield-
ing constants, but still non-negligible. In the case of chemical
shift of mercury ZORA calculation leads to overestimation of
the DKS result by about 17%. In the case of carbon chemi-
cal shifts for molecules containing 5th row metals the differ-

ences between ZORA and DKS are from 2 ppm to 6 ppm (i.e.,
about 13%-15% of the DKS result). For molecules contain-
ing 6th row metals differences are from 5 to 8§ ppm in case
of Hg(CN)i_ and TI(CN), (about 16% of DKS result) and
about 10 ppm for Hg(CN), and AuCNAuCN (about 27% and
33% of DKS result, respectively). In case of nitrogen chem-
ical shifts differences are smaller in comparison with carbon
chemical shifts (they do not exceed 4.5 ppm), especially for
molecules where nitrogen is not directly bonded with heavy
metal. Only for AuCNAuUCN difference is bigger (about 10
ppm) but this is probably caused by nitrogen being directly
bonded with gold for this molecule.

In the case of shielding constants, the finite-nucleus
model is implemented in ADF in SCF step only. Test ZORA
calculation with finite-nucleus in the SCF step for Hg shield-
ing in Hg(CN), shows that the difference between the two
approaches is negligible when TZP basis set is used (9788
ppm for Gaussian charge distribution and 9805 for point
nuclear model in BVP86 calculations, i.e., about 0.2% dif-
ference). Thus, this effect has not been investigated any
further.

IV. SUMMARY AND CONCLUSIONS

Relativistic DFT calculations of nuclear spin-spin cou-
pling constants and shielding constants have been performed
for selected transition metal (11th and 12th group of peri-
odic table) and thallium cyanides. The properties have been
computed using ZORA Hamiltonian and four-component
DKS Hamiltonian with different XC functionals. Two re-
cent approaches for representing the MB between the large
and small components of four-component spinors, namely,
mDKS-RMB and sMB, have been employed and the re-
sults of shielding tensor calculations have been compared.
Relativistic effects have been also analysed in terms of
scalar and spin-orbit contributions at the two-component level
of theory, including discussion of HALA effects for 'Jey,
oc, and on. The main conclusions can be summarized as
follows.

The results for molecules containing metals from 4th
row of periodic table show that the relativistic effects for
them are, as expected, small (especially for spin-spin coupling
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constants). The biggest effects have been observed for 6th row
where nonrelativistic theory reproduces the two-component
ZORA results by only about 50%—70% for 'Jyi.c and about
75% for heavy metal shielding constants. The total relativis-
tic effect for the shielding constants is usually an interplay
of scalar and spin-orbit effects (not always of the same sign),
with the SO contribution dominant for heavy nuclei and light
nuclei in their immediate neighbourhood. Scalar effects are
dominant for the ' J\rec coupling constant, but spin-orbit cou-
pling is significant for 2Jyen (and 'Jyen in chain structures).
Interestingly, the HALA effect on 'Jcn seems to originate
mostly from the scalar relativistic effects, unlike the HALA
effect on the '3C and "N shielding constants. Large influence
of spin-orbit coupling on the latter is probably connected with
large s-character of the CN bond in cyanides.

The comparison of ZORA and four-component cal-
culations for 'Jyec and *Jyen in Hg(CN), indicates that
ZORA performs very well for heavy metal spin-spin cou-
pling constants. The small variation between ZORA and four-
component results is as expected from the analysis of accu-
racy of hyperfine integrals in ZORA.??> As far as the heavy
atom shielding is concerned, ZORA reproduces about 8§9%—
90% of the four-component results for 5th row of periodic
table, while for 6th row of periodic table it reproduces only
75%—78% of the four-component results. ZORA (including
spin-orbit coupling) therefore systematically underestimates
the relativistic effect on the heavy atom shielding constant.
In the case of '*C and N shielding constants, the perfor-
mance of ZORA with respect to four-component calculations
depends on the position of the light atom with respect to the
heavy atom: the discrepancies are large for shielding con-
stants of nuclei which are immediate neighbours of heavy
atom, but much smaller for other nuclei (which is proba-
bly a consequence of different role of spin-orbit coupling in
these situations). As expected, the ZORA-DKS differences
are smaller for chemical shifts than for the shielding con-
stants.

The shielding constants calculated by means of four-
component DFT using two approaches for representing the
MB between the large and small components of four-
component spinors (mDKS-RMB implemented in RESPECT
and sMB implemented in DIRAC) are comparable: the dis-
crepancies do not exceed 1%, even though different basis sets
are used.

The calculated spin-spin coupling constants are very sen-
sitive to the choice of exchange-correlation functional (in
some cases even the sign of the calculated coupling con-
stant depends on the functional chosen). Hybrid function-
als B3LYP and PBEO lead in most cases to the higher val-
ues of the spin-spin coupling constants than GGA function-
als and better agreement with experiment, while KT2 (de-
signed for the shielding constants) fails for the spin-spin
coupling constants. The variation of the calculated shield-
ing constants with the choice of exchange-correlation func-
tional is somewhat smaller than for the calculated spin-
spin coupling constants, and the trends are the same inde-
pendently on the chosen Hamiltonian. For the heavy metal
shielding constants hybrid functionals produce the highest
values.

J. Chem. Phys. 137, 014311 (2012)
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ABSTRACT: *C nuclear magnetic resonance shielding
constants have been calculated by means of density functional
theory (DFT) for several organomercury compounds and
halogen derivatives of aliphatic and aromatic compounds.
Relativistic effects have been included through the four-
component Dirac—Kohn—Sham (DKS) method, two-compo-
nent Zeroth Order Regular Approximation (ZORA) DFT, and
DFT with scalar effective core potentials (ECPs). The relative

shieldings have been analyzed in terms of the position of

carbon atoms with respect to the heavy atom and their
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hybridization. The results have been compared with the experimental values, some newly measured and some found in the
literature. The main aim of the calculations has been to evaluate the magnitude of heavy atom effects on the '*C shielding
constants and to check what are the relative contributions of scalar relativistic effects and spin—orbit coupling. Another object has
been to compare the DKS and ZORA results and to check how the approximate method of accounting for the heavy-atom-on-
light-atom (HALA) relativistic effect by means of scalar effective core potentials on heavy atoms performs in comparison with the

more rigorous two- and four-component treatment.

1. INTRODUCTION

Nuclear magnetic resonance (NMR) shielding constants (and
related to them chemical shifts) are among the most important
spectroscopic parameters used in chemistry and biology, as they
provide valuable insight into the electronic structure of systems
under study.1 The basic (nonrelativistic) theory for these
parameters was formulated in a series of landmark papers in the
1950s by Ramsey,” and nowadays nonrelativistic ab initio
calculations of these properties are a routine task. However,
NMR shielding constants exhibit strong relativistic effects: first,
they are magnetic properties and therefore inherently
relativistic phenomena,® and second, the associated property
operators probe the electron density in the core region, where
relativistic effects tend to be the most pronounced. As a
consequence, relativistic effects affect not only the shielding
constants of heavy nuclei (like '?Xe, "W, '*Pt, or '*’Hg) but
also of light nuclei (*H, *C, "*N) in proximity of heavy atoms.
The latter phenomenon manifests itself as a so-called heavy-
atom-on-light-atom (HALA) effect.”

The relativistic effects can be divided into scalar (spin-free)
and spin—orbit coupling effects. Both contribute, to different
degrees, to the HALA effects on the chemical shifts, but the
factors on which their relative magnitude depends are not fully
investigated. A systematic study of this problem has been
carried out for chemical shifts of the carbon nuclei in the a
position to the heavy atom.® However, very approximate
methods have been used to account for the relativistic effects,
since implementations of two- and four-component relativistic

v ACS Publications  © 2013 American Chemical Society 1909

Hamiltonians for the shielding constants were not available at
the time. Nowadays, the situation has changed, and therefore
we decided to revisit the subject and carry out a systematic
study of scalar and spin—orbit contributions to the HALA effect
on carbon chemical shifts using the density functional approach
with the two-component Zeroth Order Regular Approximation
(ZORA) Hamiltonian. The calculated chemical shifts are
compared with experimental results and the results obtained
with the four-component Dirac—Coulomb Hamiltonian.

Our other aim is to check how the most widespread (and the
most approximate) method of accounting for relativistic
effects—through the use of relativistic effective core potentials
(ECPs)—performs in comparison to explicitly relativistic
methods. This is motivated by the fact that scalar effective
core potentials are commonly used nowadays in calculations of
the shielding constants of light nuclei (proton, carbon,
nitrogen) in the proximity of the heavy atoms, especially in
organometallic compounds,”™'* allowing one to perform
calculations of NMR spectra for sizable systems containing
fourth and fifth row elements, but they have never been
optimized for calculations of the shielding constants (or
magnetic properties in general), and their use is based on the
assumption of a similar performance to that for the energy.
ECPs have been constructed by fitting their form to match the
numerical relativistic orbitals'>'* or to reproduce the spectral
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properties obtained by all-electron calculations.'*™"” Further-
more, most applications of ECPs (including the one used in the
present work) pose some problems with gauge invariance.'®
The numbers of ECP calculations will be compared with scalar
ZORA results, since ECPs parametrized to include the spin—
orbit coupling effects,'as far as we know, have never been
implemented for the calculations of the shielding constants.

The molecules under study are selected organomercury
compounds (CH;HgCCH, PhHgCCH, PhHgCH;, PhHgPh,
PhHgCl, C,H;HgCl, Hg(C,H;),) and halogen derivatives of
aliphatic (CH;X, C,H;X, XCCH, X = Cl, Br, I) and aromatic
(PhX, X = Cl, Br, I) compounds. It is known that for systems
which can be described as having hybridization with a strong s
character, the spin—orbit coupling effects are important,
especially for nuclei which are immediate neighbors of the
heavy atoms.”®”>> Therefore, the chosen systems contain
carbon atoms of different hybridizations and in different
positions with respect to the heavy atom (halogen or mercury).

The paper is organized as follows. After the description of
experimental and computational details, we discuss the
calculated heavy atom on light atom (HALA) effects on the
3C relative shielding constants, comparing the results obtained
when modeling the relativistic effects using DKS and ZORA
Hamiltonians (the latter with the two-component term
including the spin—orbit effects and in one-component form
without the spin—orbit effects) with experimental results. Next,
we examine the performance of ECPs, comparing the scalar
relativistic term as received from the ECP calculations with the
scalar term from the ZORA calculations. The results are
discussed in order of increasing number of bonds between the
carbon nucleus and the heavy atom. After the discussion of
relativistic effects, some other factors which may influence the
comparison with experimental results are discussed, i.e,
solvents effects as estimated by means of conductor-like
screening model (COSMO), vibrational effects, and the effects
of using different exchange-correlation functionals. Finally, a
summary and main conclusions are presented.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS
2.1. NMR Experimental Details. The '*C chemical shift

data for halogenobenzenes have been taken from the free-
access database,”®> whereas the data for aliphatic halides, >
CH,HgCCH,*® PhHgCH3,”” PhHgCl*> Hg(CH,),*® Hg-
(C,Hs),,*® and CZHSHgCI28 have been found in the indicated
literature sources. The *C NMR chemical shifts for PhHgCCH
and PhHgPh have been measured as part of this work.

Commercially available phenylmercury chloride and diphe-
nylmercury (Aldrich) have been used in measurements and
synthesis without purification. Ethynylphenylmercury
(PhHgCCH) has been synthesized from phenylmercury
chloride and acetylene using the literature procedure.”®

Approximately 0.1 M solutions for NMR measurements have
been prepared directly in 5 mm outer-diameter NMR tubes by
weighing an appropriate amount of solute and dissolving it in
0.6 mL of CDCl,. All measurements have been performed at
the temperature stabilized at 25 °C using a 500 MHz VNMRS
spectrometer working at By = 11.7 T. The "*C chemical shifts
have been referenced to the carbon signal of the solvent
assuming 6(CDCl;) = 77.0 ppm. The 1D *C NMR spectra as
well as 2D 'H-detected *C NMR spectra have been acquired
using the standard spectrometer software and parameter sets.
Each time, the number of scans has been adjusted to obtain S/
N > § for the weakest signal in the recorded spectrum.

1910

2.2. Computational Details. Geometry. The geometric
parameters of the isolated molecules under study have been
obtained by means of geometry optimization carried out using
ZORA DFT? (spin—orbit coupling included, called so-ZORA
through the paper) as implemented in the ADF*® program with
the ADF version of the BP86 exchange-correlation functional
(composed of VWN>'+Becke88> and Perdew86 functionals)
and the TZ2P basis set. Frozen core included 1s for carbon, 1s
to 4d for mercury, 1s to 2p for chlorine, 1s to 3d for bromine,
and 1s to 4p for iodine. Test calculations for PhHgCCH by
means of scalar-only ZORA show the variation of the bond
lengths in comparison to the spin—orbit ZORA of about 0.005
A for R(HgC,) and 0.001 A for R(Cy,,,.C,vs,) and R(C,y,Cueta);
therefore for consistency we have decided to perform all
geometry optimization including spin—orbit coupling. The
same geometry parameters (obtained by spin—orbit ZORA
calculation) have been used for all calculations (DKS, ZORA,
ECP) of shielding constants in order to separate the effects of
using different computational models on the molecular
geometry and the shielding constants.

Another set of geometry parameters (used for estimating
solvent effects) has been obtained using the same electron
structure model as above and the conductor-like screening
model (COSMO***"). Dielectric constants of 4.8 and 46.7
have been employed to describe CHCl; and DMSO,
respectively, and the cavity has been built from the default
van der Waals radii.

DKS Calculations of the Shielding Constants. The four-
component Dirac—Kohn—Sham calculations of the shielding
constants have been carried out using the implementation
available in the ReSpect program (version 3.1.0).*® Restricted
magnetic balance has been ensured by transformation of the
Dirac Hamiltonian,***° and gauge invariant atomic orbitals
(GIAOs) have been employed. The generalized gradient
approximation (GGA) functional of Perdew, Burke, and
Ernzerhof (PBE*"); triple-{ uncontracted pc-2 Gaussian basis
set of _]ensen‘u’43 for carbon, hydrogen, and chlorine; and
Dyall’s44 triple-C for mercury, bromine, and iodine basis set
have been used. The calculated shielding constants (obtained
using DKS and other employed methods) have been converted
into relative shielding constants using benzene as a reference
(Arel(; =0 — Gbenzene)'

ZORA Calculations of the Shielding Constants. The NMR
shielding constants have been calculated using DFT as
implemented in the ADF program at the spin—orbit, scalar
ZORA (scaled-ZORA variant, called sc-ZORA through the
paper) and nonrelativistic levels, with a standard PBE and
Perdew, Burke, and Ernzerhof functional with Adamo and
Barone’s HF exchange contribution (PBE0).** We have used
the standard Slater basis set available in the ADF*® program:
TZP (triple-¢ with one polarization function) with GIAOs. In
one set of calculations, the conductor-like screening model
(COSMO) with the same set of parameters as for geometry
optimization has been applied to include solvent effects.

ECP Calculations of the Shielding Constants. The effective
core potential results have been obtained using the Gaussian 03
program.*® We have used the PBE functional and the upc-2
basis set for carbon and hydrogen and two effective core
potentials, MWB60'® and MDF60'” (the standard version
available in Gaussian program, coming with the (8s8p7d)/
[6s6p4d] valence basis set), for mercury. Additionally, we have
performed calculations with nonrelativistic MHF60*” ECP to
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Figure 1. A comparison of the calculated relative shielding constants [ppm] for carbon directly bonded with the heavy atom with the experimental
data (differences between experimental and calculated data; both with benzene as a reference) for nonrelativistic DFT, sc-ZORA, so-ZORA, and

DKS.

estimate scalar relativistic effects as rendered by the relativistic
ECPs.

Calculations of Vibrational Corrections of the Shielding
Constants. The vibrational corrections have been obtained
using the Dalton 2011** program at the nonrelativistic level.
We have used the PBE functional and the upc-2 basis set for
carbon, hydrogen, and chlorine and the dyall.v3z basis set for
bromine, iodine, and mercury. The calculations have been
performed at a temperature of 300 K, using a geometry step of
0.05 A for numerical differentiation.

3. RESULTS

3.1. Performance of Different Methods of Modeling
the HALA Effect. In this subsection, we will discuss how the
relative °C shieldings (with benzene as a reference) obtained
by means of DKS and ZORA-DFT compare with the
experimental data. No environmental or vibrational effects are
included in this set of calculations. The relevant numerical
values can be found in the Supporting Information (Tables S1—
S6).

3.1.1. The Relative Shielding Constants of the Carbon
Nuclei Directly Bonded with the Heavy Atom. The
comparison of the *C relative shielding constants calculated
using various computational methods with the experimental
results is shown in Figure 1, where deviations from the
experimental results are displayed for each method and each
compound under study. Inspection of these results shows that
in most cases so-ZORA reproduces the experimental results
very well. The agreement is good for carbons with the sp
hybridization in the systems containing mercury and for the sp®
hybridization for the series of CH;X where X = Cl, Br, I. A
poorer agreement is observed for the phenyl ipso position in
PhHgCH,, PhHgCl, Hg(CHj;),, and the PhX (X = Cl, Br, I)
series, where the so-ZORA relative shieldings are smaller than
the experimental ones.

Interestingly, the agreement with experimental results is
usually slightly worse for the four-component calculations than
for ZORA. As a rule, it appears as if DKS overestimated the
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relativistic effects. Apparently, there is a cancellation of errors in
the ZORA calculations of relative shielding constants of *C
nuclei in immediate proximity of a heavy atom. It is particularly
noticeable for sp and sp” hybridization (for systems containing
mercury). However, for the PhX series where there are
substantial differences between ZORA and experimental results,
DKS leads to a somewhat better agreement with experimental
results.

The magnitude of the spin—orbit effect (as estimated by
comparison of the so-ZORA and sc-ZORA results) and
consequently the performance of scalar ZORA in comparison
with experimental results depends strongly on carbon hybrid-
ization. The spin—orbit coupling affects the shieldings of the sp-
hybridized a carbons by as much as 20—52 ppm (the sign of
the spin—orbit term depends on type of the heavy nucleus: it is
positive for halides and negative for mercury). The scalar terms
(negative in this case) are smaller: for example, for systems
containing carbon with sp hybridization, the scalar terms are
less (in terms of the absolute values) than —4 ppm (the biggest
one is found for ICCH), and in many cases they are negligible
in comparison with the spin—orbit term.

For carbon nuclei with the sp> hybridization directly bonded
to the heavy atoms (occupying the ipso position in the benzene
ring in the systems under study), large differences between the
experimental relative shielding constants and the sc-ZORA
results are observed again. This is particularly striking in the
case of halogen derivatives, especially Phl, where the difference
amounts to about SO ppm. This is again a result of the fact that
the scalar effects are small (in most cases at most about —5
ppm) in comparison with the spin—orbit term. On the other
hand, even inclusion of the spin—orbit term at the ZORA level
of theory only partially improves the agreement with
experimental results (still, a difference of about 15.7 ppm is
observed for PhI), so apparently the relativistic effects are not
described fully by ZORA. As already mentioned, in the case of
Phl, the use of DKS improves further the agreement with
experimental results (the difference between DKS and
experimental data is about 9.2 ppm). Inclusion of solvent
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Figure 2. A comparison of the calculated relative shielding constants [ppm] for carbon bonded with the heavy atom with two bonds with the
experimental data (differences between experimental and calculated data; both with benzene as a reference) for nonrelativistic DFT, sc-ZORA, so-

ZORA, and DKS.

effects additionally improves agreement with experimental
results, but the effects are rather small (0.8 ppm for Phl, see
Table S7).

For monosubstituted benzenes containing mercury, the
spin—orbit terms are smaller (between —8.7 ppm and —25.0
ppm) but still larger than the scalar terms (inclusion of only the
scalar terms improves very little the agreement of the
computational results with the experimental ones). In this
case, the so-ZORA relative shieldings are smaller than the
experimental ones, and this tendency is even more pronounced
for the DKS results.

Among the results for the sp® carbons in the a position, the
smallest differences between the DKS, so-ZORA, and sc-ZORA
results are observed for PhHgCl and PhCL. It is due to small
values of the SO terms. In the case of PhHgCl, it may be a
consequence of electronegativity of the substituent bounded
with mercury, since strong dependence of the SO term in *C
shielding on the substituent electronegativity has been observed
before for CH3HgX (X = CN, Cl, CH;, SiH;) systems' in
perturbational calculations carried out on top of the non-
relativistic electron density. In the case of PhCl, a small value of
the SO term is due to the small nuclear charge of Cl, as
discussed for example by Vaara et al.®

Now, the relative shielding constants of the carbon nuclei
with sp® hybridization will be discussed. We do not include in
this section the results for PhHHgCHj, because no experimental
data are available (the computed results will be used in the
discussion of scalar terms in next subsection) and omit the
series of C,HX (X = Cl, Br, I) because the trends are similar to
those for the CH;X series.

For the molecules of this class containing mercury, the
relativistic effects (as calculated using ZORA) span the range of
about 40 ppm, and the differences between so-ZORA results
and the experimental data vary from about —1 ppm for
Hg(C,H;), to about 8 ppm for Hg(CH;),. In this series of
compounds, the use of DKS instead of ZORA reduces in some
cases (e.g, Hg(CHj;),) the discrepancy with experimental
results. The spin—orbit term for C,HsHgCl is very small in
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comparison with the scalar one, similarly to that for another
molecule under study containing the HgCl moiety, PhHgCI
(see above). The differences between HALA effects calculated
using sc-ZORA and so-ZORA (ie., the spin—orbit coupling
effects) are substantial (except for C,H;HgCl), but unlike for
sp and sp” carbon nuclei, the scalar terms are comparable or
even bigger than the spin—orbit terms and of the same sign.

For the CH;X series, the trends are similar to those for PhX,
but the relativistic effects are generally smaller. The biggest
spin—orbit term is observed, as expected, for CH;I (about 26
ppm), and it has an opposite sign to the scalar term.

3.1.2. The Relative Shielding Constants of the Carbon
Nuclei in  Position to the Heavy Atom. The differences
between the experimental and calculated relative shielding
constants of carbon nuclei separated by two bonds from the
heavy atom are shown in Figure 2. As expected, the relativistic
effects are smaller than for carbon in the a position to the heavy
atom (here, they reach about 6 ppm). Again, a marked
difference in the magnitude of the spin—orbit effect (and
therefore in the performance of different computational
methods) can be observed for the carbon nuclei of different
hybridizations.

For carbon atoms in f positions with the sp hybridization,
the results computed using different methods vary significantly
(the differences can reach 9 ppm), although, because of smaller
relativistic effects, they are much less scattered in comparison
with the shieldings of the sp carbons directly bonded with the
heavy atoms. Again, so-ZORA seems to perform slightly better
than DKS. The SO terms, as calculated using ZORA, are much
smaller for the f carbon nuclei than for the a carbon nuclei,
amounting to about 8 ppm (in the absolute value). The scalar
terms have the same sign as the spin—orbit terms for BrCCH
and ICCH but not for CH;HgCCH and PhHgCCH. For the
latter two molecules, the scalar terms are larger (in terms of
absolute values) than the SO ones, so the variation of the
performance of the different computational methods originates
partially from different rendering of the scalar terms.
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In the case of the carbon atoms with the sp hybridization in
the benzene ring (separated by two bonds from the heavy
atom, therefore in orto position to it), the relativistic effects do
not exceed 4.1 ppm (for molecules containing mercury), and
they are negligible for halide derivatives. Generally, DKS seems
to perform worse than so-ZORA, but the differences are less
than 1.7 ppm.

For the carbon atoms with the sp® hybridization in the f
position, the discrepancies between the so-ZORA results and
experimental results do not exceed 3 ppm. (Inclusion of the
solvent effects by means of COSMO leads to slightly larger
differences of 4—4.5 ppm.) The DKS method again works
worse than so-ZORA, especially for Hg(C,Hg),. For
C,HHgCl, the relativistic effects are relatively small (especially

1913

the scalar contribution). Generally, the SO term dominates
over the scalar one, and they have opposite signs.

3.1.3. The Relative Shielding Constants of the Carbon
Nuclei Separated from the Heavy Atom by Three or Four
Bonds. The carbon atoms separated from the heavy nuclei by
three or four bonds in the molecules under study are all in the
phenyl ring (in the meta or para position), and thus all have the
sp> hybridization. For relative shielding constants of the carbon
nuclei in the meta positions, the HALA effects are small, not
exceeding —1 ppm, as shown in Figure 3. For all meta carbon
nuclei, the scalar terms are on the same order of magnitude as
the spin—orbit terms or even bigger (as in the case of PhHgCl),
and in the case of molecules containing mercury (except
PhHgPh) the scalar and SO terms have the same signs (for the

dx.doi.org/10.1021/ct300921f | J. Chem. Theory Comput. 2013, 9, 1909—-1917
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series of PhX, they have opposite signs, but in this case, the
relativistic terms are negligible, i.e., between 0 ppm and —0.2
ppm). In most cases, using DKS leads to underestimation of
the experimental results (only for PhHgPh the opposite trend is
observed), and the results are, on average, in worse agreement
with experimental results than the so-ZORA results.

In the case of the relative shielding constants of the carbon
nuclei in the para position, the observations are similar as for
the meta position (except that for the para carbon nuclei, the
spin—orbit term is negligible in comparison with the scalar
term), and again for PhHgCl we observe a relatively large
difference between so-ZORA or DKS and the experimental
result (about 1.8 ppm for so-ZORA). The relativistic effects are
very small, so no reliable conclusions about the performance of
different methods in rendering them can be drawn.

3.1.4. Reproduction of the Scalar Effects by the Effective
Core Potentials. In this subsection, we will discuss how the
effective core potentials reproduce the scalar relativistic effects
on the *C relative shielding constants in comparison with a
more rigorous treatment by means of ZORA. (At the DKS
level, we have at present no means to divide the total relativistic
effect into scalar and spin—orbit contributions.) The ZORA
scalar term is calculated as a difference between the sc-ZORA
result and the nonrelativistic result obtained with the same basis
set. It should be taken into account that the comparison is
affected by different basis sets employed: Slater orbitals in
ZORA and Gaussian orbitals in ECP calculations. The
comparison is limited to MWB60 and MDF60 because, for
this series, nonrelativistic ECP (MHF60) is available for Hg,
allowing one to calculate the scalar relativistic term as a
difference between the results obtained with the relativistic and
nonrelativistic ECPs. Only the systems containing mercury are
considered, since for halogen atoms MHF60 is not available
and the usage of a full atomic basis on halogens leads to a
nonphysical bias.

The comparison of the scalar relativistic effects on the
relative carbon shielding constants calculated using different
approaches is shown in Figure 4. In the case of carbon bonded
directly to mercury, the scalar effect (always negative) changes
significantly with decreasing s character of the carbon
hybridization. For carbon with the sp hybridization, the scalar
terms are generally negligible (between 0 ppm and —1 ppm).
For carbon with sp* hybridization, they are more significant
(especially for PhHgCl where the scalar term is about —7.5
ppm). The effective core potential parametrized with respect to
the scalar two-component approximation to the Dirac equation
(MWB60) reproduces the sc-ZORA term well for this class of
shieldings, but MDF60 renders only from 18% (in the case of
PhHgCCH) to 44% (in the case of PhHgCl) of the MWB60
result. For the relative shielding constants of the carbon nuclei
with the sp® hybridization, the scalar effects are the biggest
among all discussed systems (for C,H;HgCl, the scalar term is
as large as —28 ppm), and generally MWBG60 reproduces the sc-
ZORA results quite well (although all MWB60 results are
underestimated in comparison with sc-ZORA ones). Again, a
substantial difference between the MWB60 and MDF60 scalar
terms is observed (MDF60 reproduces about 63—65% of the
MWB60 term). We have performed additional calculations for
selected molecules with a more recent version of MDF60' and
obtained results much closer to MWB60; thus the observed
difference is most likely a consequence of different fitting
procedures employed to obtain the two ECPs.
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In the case of the relative shielding constants of the carbon
atoms bonded with mercury with two bonds, the scalar effect
decreases with decreasing s character of the carbon hybrid-
ization, unlike for the carbon a atoms. The largest scalar terms
(about 11 ppm) are observed for the sp hybridization, smaller
(3—5 ppm) for the sp? hybridization, and smaller still (less than
1 ppm) for the sp® hybridization. For the sp hybridization,
MWBG60 underestimates the sc-ZORA term, but not signifi-
cantly (by about 0.5—1 ppm), and for sp® it leads to a slight
overestimation of the ZORA scalar term. Almost all scalar terms
for the carbon atoms in the S position have positive signs.
Similarly as for the a carbon shieldings, the MDF60 scalar
terms are smaller than the MWBG60 scalar terms (from 65 to
67%).

In the case of the relative shieldings of the carbon nuclei
separated by three or four bonds from the heavy atom, the
scalar terms are negligible (less than 1 ppm), and they will not
be discussed any further.

3.2. The Influence of the Factors Other than the
Relativistic Effects on the Quality of the Results. In the
previous subsection, we focused on how different methods of
accounting for the relativistic effects perform for the carbon
shielding constants. In this subsection, we will discuss briefly
other factors which may cause a difference between theoretical
and experimental results, namely the effect of choosing different
exchange-correlation functionals, solvents effects (as estimated
by means of the COSMO model), and vibrational effects.

3.2.1. Comparison of Hybrid and Nonhybrid Functionals.
All results discussed so far have been obtained using the PBE
GGA functional. This has been done to ensure consistency with
the DKS calculations, since hybrid functionals are not available
yet in the ReSpect program. To check whether including exact
exchange improves the agreement with experimental results, we
have carried out so-ZORA calculations with the PBEO hybrid
functional. The root-mean-square deviation (RMSD) between
theoretical and experimental results is 4.54 ppm and 4.24 ppm
for PBE and PBEO, respectively, for the set of 53 relative
shielding constants under study (see Tables S9 and S10 in the
Supporting Information). The biggest differences between PBE
and PBEO are observed for the shieldings of the carbons
directly bonded with the heavy atoms (between 0.3 ppm and
10.5 ppm, but in most cases more than 3.5 ppm). Thus, we can
conclude that the inclusion of the hybrid component (going
from PBE to PBEO) should not influence materially the
conclusions concerning the relativistic effects.

3.2.2. Estimation of Solvent Effects. The results presented
so far did not include solvent effects, even though most of the
experimental chemical shifts have been measured in solutions.
We have decided therefore to estimate solvent effects at the so-
ZORA level using the COSMO model (both during geometry
optimization and calculation of shielding constants). For most
of the systems under study, they do not exceed +1.5 ppm (see
Tables S7 and S8 in the SI). The largest solvent effects are
predicted for C,H;I (about —4.2 ppm) and for PhHgCH; and
PhHgCCH (about 3.9 ppm and 3.0 ppm, respectively). RMSD
for the computational results obtained for the isolated
molecules is 4.60 ppm, and for molecules in solution modeled
by means of COSMO, it is 5.00 ppm, so actually the
calculations without accounting for the environmental effects
lead to better agreement with the experimental data. The
continuum model does not seem to be a suitable tool for the
purpose, and using more elaborate solvent models is at present
beyond our means.

dx.doi.org/10.1021/ct300921f | J. Chem. Theory Comput. 2013, 9, 1909—-1917
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3.2.3. Estimation of Vibrational Effects. The vibrational
effects can be sizable for shielding constants,* and it is
worthwhile to check how large they are in comparison with the
relativistic effects. The calculations have been performed at the
nonrelativistic level because, so far, only for this level of theory
is the appropriate methodology implemented.* Calculations
have been performed for all systems containing halides and for
selected organomercury compounds.

Inclusion of a vibrational term leads to deshielding of carbon
nuclei, for halides not exceeding —4.5 ppm (except for f carbon
in the C,HX series where they are about —7 ppm). Large
vibrational effects have been predicted for four shielding
constants in organomercury compounds (about —22 ppm for
Hg(CHj;),, about —17 ppm and —20 ppm for the a and f
positions, respectively, in PhHgCCH, and 15—30 ppm for the a
position in Hg(C,Hj),). However, it should be stressed that a
comparison of the relativistic (so-ZORA) and nonrelativistic
results of test calculations for CH,l and Hg(CH;), with
deformed geometry indicates that while for halide derivatives
the vibrational term is nearly additive with the relativistic term,
this is not the case for organomercury compounds. Numerical
derivatives of *C shielding with respect to the bond length
(calculated with the displacement of 0.01 A) are similar for the
s0-ZORA and Schrodinger Hamiltonians in the case of CH,l
(for Ryc displacement, it is —109.5 ppm/A and —112.5 ppm/A
and for Rcy displacement, —44.0 ppm/A and —60.5 ppm/A for
the s0-ZORA and Schrédinger Hamiltonians, respectively), but
for Hg(CHs,), they differ significantly (for Ry,c displacement it
is 0.5 ppm/A and —S5.5 ppm/A and for Rcy displacement, 3
ppm/A and 1.5 ppm/A for the so-ZORA and Schrddinger
Hamiltonians, respectively).

To conclude, in most cases, the vibrational terms should not
influence materially the conclusions concerning the relativistic
effects, especially for the relative shielding constants where the
vibrational correction for the compound under study should
partially cancel out with that for benzene (about —3.2 ppm).
For organomercury systems, the vibrational terms calculated at
the nonrelativistic level are large, but the comparison of the
bond length shielding derivatives calculated at relativistic and
nonrelativistic levels indicates that they are not reliable.
Calculation of the vibrational effects at the relativistic level is
our future goal.

4. SUMMARY AND CONCLUSIONS

The '*C nuclear magnetic resonance relative shielding
constants have been calculated by means of density functional
theory (DFT) for several organomercury compounds and
halogen derivatives of aliphatic and aromatic compounds. The
relativistic effects have been included through the four-
component Dirac—Kohn—Sham (DKS) method, two-compo-
nent Zeroth Order Regular Approximation (ZORA) DFT, and
scalar effective core potentials (ECPs). The relative shielding
constants have been analyzed in terms of the carbon
hybridization and the position of carbon atoms with respect
to the heavy atom. The results have been compared with the
experimental values, some measured for the first time in this
work and some found in the literature. The main conclusions
can be summarized as follows.

The magnitude of relativistic effects on carbon chemical
shifts depends strongly on the position of the carbon nucleus
with respect to the heavy nucleus, the charge of the heavy
nucleus, and type of carbon hybridization. The biggest
relativistic contributions to chemical shifts are observed for
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the carbon nuclei directly bonded with the heavy atoms (they
amount to SO ppm). For the carbon nuclei in the § position,
the relativistic terms do not exceed 6 ppm and are below 1.3
ppm for carbon nuclei separated from the heavy nucleus by
three or four bounds. Predictably, the relativistic contributions
for the carbon nuclei directly bonded with halide depend
strongly on the charge of the halide nucleus (they range from
about 2 ppm for the systems containing chlorine to about 25
ppm for systems containing iodine for carbon with the sp? and
sp® hybridization, and from 4 ppm to about 49 ppm for carbon
with the sp hybridization).

Relativistic contributions tend to be the biggest for the
carbon nucleus with the sp hybridization (even about S0 ppm
for & carbons). In the case of a carbon atom directly bonded
with the heavy nucleus, the relativistic contribution is the
smallest (up to about 30 ppm) for the sp” hybridization and up
to about 40 ppm for sp>. For the § position, the relativistic
contributions for the sp? carbon nucleus are of the same order
of magnitude as for the carbon with the sp* hybridization—i.e.,
less than 2 ppm (only for PhHgCl is the relativistic
contribution slightly bigger, about 4 ppm).

The relativistic contributions calculated at the ZORA level
have been split into the scalar and spin—orbit terms. In the case
of 13C atoms with the sp and sp* hybridization bonded directly
to the heavy nuclei, the scalar term is small in comparison with
the spin—orbit coupling term, but for sp3 it is comparable with
the spin—orbit coupling term (for the systems containing
mercury). For carbon in the  position, the scalar terms are of
the same order of magnitude as the spin—orbit coupling terms.
In most cases, the scalar terms have the opposite sign to the
spin—orbit terms for the systems containing halides (only for
carbon with the sp hybridization in the f position the opposite
trend is observed), and for the systems containing mercury they
have the same sign. An atypically small spin—orbit term has
been observed for the systems containing the HgCl moiety.

Three methods of including relativistic effects at several levels
of theory have been examined. Inspection of the results shows
that so-ZORA usually reproduces the experimental results very
well, in most cases better than DKS, so it appears as if DKS
overestimated the relativistic effects. However, for a few cases
(especially for carbon in the a position in PhX) in which so-
ZORA does not perform satisfactorily, DKS leads to a better
agreement with the experimental data. These observations are
confirmed by statistical analysis (see Table 1) for the shieldings
of carbon in the a position, where the relativistic effects are the
largest. The slope values confirm that the DKS method
overestimates the experimental data (by about 10%) and that

Table 1. Statistical Analysis of the Calculated Relative
Shielding Constants for Carbon Directly Bonded with the
Heavy Atom against the Experimental Data

slope RMSD [ppm] R?
nonrel 0.87 27.61 0.811
sc-ZORA 0.84 24.71 0.847
so-ZORA 1.03 6.69 0.993
s0-ZORA® 1.02 5.30 0.995
DKS 1.10 8.15 0.995
DKS? 1.08 6.50 0.997
MWB 0.83 26.52 0.822

“Excluded results for PhBr and Phl. “Excluded results for ICCH and
PhHgCH3.

dx.doi.org/10.1021/ct300921f | J. Chem. Theory Comput. 2013, 9, 1909—-1917
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s0-ZORA performs much better in this respect (it over-
estimates experimental results only by about 2%). The
correlation between the calculated and the experimental data
is very high for so-ZORA and DKS results. RMSD for DKS is
slightly bigger (about 8.15 ppm) than for so-ZORA (6.69
ppm), showing a poorer agreement of the DKS results with
experimental data, which is only partially improved by exclusion
of the results differing more than 2*RMSD (6.50 ppm).

The scalar terms calculated with MWB ECP agree well with
the scalar ZORA results, whereas MDF underestimates these
terms. Because of the scalar-only character of the employed
ECP methods, they lead to good agreement with the
experimental data only for carbon, where the spin—orbit term
is very small; otherwise there is scarcely any improvement over
the nonrelativistic calculations (compare the RMSD and R?
parameters in Table 1).

The solvent effects on the chemical shifts as obtained using
COSMO are usually small: for most of the systems under study,
they do not exceed +1.5 ppm, and they are never bigger than
3—4 ppm. The choice of a nonhybrid functional PBE instead of
hybrid functional PBEO does not lead to large errors and should
not influence materially the conclusions concerning the
relativistic effects. Vibrational effects seem small for halide
derivatives. They may be sizable for organomercury com-
pounds, but our preliminary tests indicate that they should be
evaluated by means of a relativistic method, which is at present
outside our means.

B ASSOCIATED CONTENT
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The 'Jec and ey spin-spin coupling constants have been calculated by means of density functional
theory (DFT) for a set of derivatives of aliphatic hydrocarbons substituted with I, At, Cd, and Hg in
order to evaluate the substituent and relativistic effects for these properties. The main goal was to es-
timate HALA (heavy-atom-on-light-atom) effects on spin-spin coupling constants and to explore the
factors which may influence the HALA effect on these properties, including the nature of the heavy
atom substituent and carbon hybridization. The methods applied range, in order of reduced complex-
ity, from Dirac-Kohn-Sham method (density functional theory with four-component Dirac-Coulomb
Hamiltonian), through DFT with two- and one-component Zeroth Order Regular Approximation
(ZORA) Hamiltonians, to scalar non-relativistic effective core potentials with the non-relativistic
Hamiltonian. Thus, we are able to compare the performance of ZORA-DFT and Dirac-Kohn-Sham
methods for modelling of the HALA effects on the spin-spin coupling constants. © 2014 AIP Pub-

lishing LLC. [http://dx.doi.org/10.1063/1.4858466]

Il. INTRODUCTION

In the last two decades great progress has been made
in methodology of relativistic quantum chemical calculations
and in development of computer codes for this purpose. The
importance of the relativistic effects is getting widely rec-
ognized in the scientific community and more and more
molecular properties are being calculated using relativistic
Hamiltonians. Developments in perturbational density func-
tional theory (DFT) allowed for simultaneous inclusion of
the relativistic and electron correlation effects for a variety of
molecular properties for fairly large systems. Four- and two-
components Hamiltonians are applied within the framework
of density functional theory for calculations of such properties
as linear molecular polarizabilities,l’5 non-linear molecular
polarizabilities and other high-order optical properties,®® nu-
clear shielding constants,’~!> and indirect spin-spin coupling
constants.'®2° The nuclear shielding constants and the spin-
spin coupling constants of heavy nuclei are of special interest
in this respect, since they depend on electron density in the
vicinity of the nucleus, and it has been recognized early on?!
that electron velocities (and consequently the relativistic ef-
fects) are the largest in this region.

The presence of a heavy nucleus in a molecule affects not
only the Nuclear Magnetic Resonance (NMR) properties of
the heavy nucleus in question, but influences also the shield-
ing constants and indirect spin-spin coupling constants of the
nearby light nuclei. This phenomenon is called, after Pyykko
et al.,” the heavy-atom-on-light-atom (HALA) effect. While
the relativistic effects on the shielding constants (or related
to them chemical shifts) of light nuclei neighbouring heavy
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atoms are relatively well investigated in the literature?>—3¢

(although mainly for proton and carbon shielding constants
in halogen derivatives, much less is known about metalor-
ganic compounds), the parallel phenomenon occurring for the
nuclear spin-spin coupling constants is almost unexplored.
There is a handful of papers dealing with the situation when
a heavy atom mediates the geminal coupling between two
light nuclei,?'** and there seems to be a consensus that in
this case the total relativistic effect is usually dominated by
the scalar effects (unlike the HALA effect on the shielding
constants, for which spin-orbit coupling plays a crucial role).
There are, however, very few investigations concerning the
situation where the heavy atom is not in the coupling path.
One of those is our study on heavy metal cyanides,”® where
we have shown that the relativistic effect on the 'Jcy spin-spin
coupling constant may exceed 20% (for mercury cyanide) or
even 40% (for gold cyanide) of the total value of the coupling.
These findings inspired us to look more closely at the influ-
ence of the presence of heavy atom on the one-bond spin-spin
coupling constant of the nearby light nuclei, and to investi-
gate what factors determine the magnitude of the effect and
whether the dominant role of the scalar relativistic effects is a
general rule.

The systems under study are derivatives of aliphatic hy-
drocarbons substituted with I, At, Cd, and Hg. This choice
allowed us to study both one-bond carbon-carbon and one-
bond proton-carbon coupling constants and to explore the fac-
tors which may influence the HALA effect on these prop-
erties: the nature of the heavy atom substituent and carbon
hybridization. These factors have been found important for
carbon chemical shifts.3%3 The calculations are carried out
using density functional theory with the zeroth-order regular
approximation (ZORA) Hamiltonian (with the spin-orbit term
included), as implemented by Autschbach for the spin-spin

© 2014 AIP Publishing LLC
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coupling constants,'®!” with the four-component Dirac-

Coulomb Hamiltonian (as implemented recently by Saue),’’
and with the non-relativistic Hamiltonian combined with
scalar effective core potentials (ECPs), since our secondary
aim is to compare the performance of DFT with scalar
ECPs, ZORA-DFT, and Dirac-Kohn-Sham (DKS) methods
for modelling of the HALA effects on the spin-spin coupling
constants.

The paper is organized as follows. After the description
of the computational methods, we discuss the calculated 'Jcc
and 'Jcy coupling constants, for each considering first the
influence of the heavy atom charge and carbon hybridiza-
tion on the HALA effect, and then moving to the method-
ological issues, comparing the results of calculations with
ZORA, Dirac-Coulomb, and Schrodinger Hamiltonians, the
latter both with relativistic ECPs and all-electron basis set.
Finally, the results are summarized and main conclusions are
presented.

Il. COMPUTATIONAL DETAILS
A. Geometry optimization

The geometric parameters of the isolated molecules un-
der study have been obtained by means of geometry opti-
mization carried out using DFT with the zeroth-order reg-
ular approximation Hamiltonian®® (the spin-orbit coupling
term included) as implemented in the ADF* program with
VWN*4Becke88*' and Perdew86*? exchange-correlation
functional (the functional is denoted as BP86 in ADF, but
actually differs from the functional usually indicated by this
acronym by using VWN instead of the local correlation PZ81
functional*®) and the TZ2P basis set. The same geometry pa-
rameters (obtained by means of spin-orbit ZORA calculation)
have been used for all (DKS, ZORA, ECP) calculations of the
spin-spin coupling constants in order to separate the effects
of a different computational model on the molecular geome-
try and the spin-spin coupling constants.

B. DKS calculations of the spin-spin
coupling constants

The four-component DKS calculations of the spin-spin
coupling constants have been carried out with a local ver-
sion of the DIRAC program,* including the recent devel-
opments by Saue.?’ The large and small components of the
wave function have been connected by unrestricted kinetic
balance, as implemented in DIRAC.** The Perdew, Burke,
and Ernzerhof functional with Adamo and Barone’s HF ex-
change contribution (PBE0)* has been used together with
the uncontracted triple-¢ basis set with additional tight func-
tions (aug-cc-pVTZ-J*%) for carbon and hydrogen, and un-
contracted triple-¢ Dyall’s basis set (dyall.v3z*") for mercury,
cadmium, iodine, and astatine. All calculations have been per-
formed with the Gaussian charge distribution model, as de-
fault in DIRAC.

C. ZORA calculations of the spin-spin
coupling constants

The ZORA results have been obtained using the DFT
as implemented in the ADF program, employing the PBEO

J. Chem. Phys. 140, 024319 (2014)

hybrid functional. (First-order potential of the hybrid PBEO
functional have been used during the calculations of the spin-
spin coupling constants.) The results obtained with both one-
component scalar ZORA Hamiltonian (denoted as sc-ZORA)
and with two-component spin-orbit ZORA Hamiltonian (de-
noted so-ZORA) will be presented. We have used triple-¢
Slater basis set with additional tight functions (jcpl*®) for
hydrogen, carbon, mercury, and iodine and the TZ2P (triple-
¢+2 polarization functions basis set) for cadmium and asta-
tine. All calculations have been performed with the Gaussian
charge distribution model.

D. ECP calculations of the spin-spin
coupling constants

The effective core potential results have been obtained
using the Gaussian 09* program. We have employed the
PBEO functional, the aug-cc-pVTZ-J basis set for carbon
and hydrogen, and several effective core potentials for the
heavy elements: LANL2DZ for iodine,”® cadmium,’’ and
mercury,’’ MWB28 for cadmium,’> MWB46 for cadmium’”
and iodine,>* MWB60 for mercury,”> MWB78 for astatine>
and mercury,” MDF28 for cadmium’® and iodine,”” MDF46
for iodine,’® MDF60 for astatine’ and mercury, and
MDF78 for astatine.’®

E. Non-relativistic calculation of the spin-spin
coupling constants

Two sets of non-relativistic calculations of the spin-spin
coupling constants have been performed. The first set has
been carried out using DFT as implemented in the ADF pro-
gram with the PBEO functional. We have used the triple-
¢ Slater jepl basis set available in the ADF program for
hydrogen, carbon, mercury, and iodine and TZ2P for cad-
mium and astatine. The second set of calculations has been
performed using DFT as implemented in Dalton 2011
program. The PBEO functional, the Gauss-type uncontracted
aug-cc-pVTZ-J basis set for carbon and hydrogen, and the
uncontracted dyall.v3z basis set*’ for mercury, cadmium, io-
dine, and astatine have been used. This allows us to estimate
the effect of using different basis sets in ADF and DIRAC
calculations.

lll. RESULTS AND DISCUSSION

Below, we are going to discuss the influence of the pres-
ence of a heavy atom on the spin-spin coupling constants
between two light nuclei (first 'Jec, then 'Jey). For each
coupling constant, we first consider the influence of vari-
ous factors (the charge of the heavy nucleus, the carbon hy-
bridization, the relative magnitude of the scalar and spin-orbit
terms), and then compare the ZORA-DFT and DKS results
and discuss the performance of the ECPs in rendering the
scalar relativistic effects (Secs. III A 2 and III B 2, respec-
tively). All results discussed in Subsections III A 1 and III B 1
have been obtained with the ADF package using the ZORA
or non-relativistic Hamiltonians. Additional calculations, re-
ported in Secs. III A 2 and III B 2, have been performed with
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TABLE 1. The 'Jcc coupling constants calculated with the PBEO functional using different Hamiltonians. Jepl basis sets (TZ2P for cadmium and astatine) have
been used for nonrelativistic, sc-ZORA, and so-ZORA calculations, aug-cc-pVTZ-J basis set for carbon and hydrogen, and dyall.v3z basis set for cadmium,
mercury, iodine, astatine for DKS calculations. The relativistic term has been calculated as difference between so-ZORA and nonrelativistic results.

Nonrelativistic sc-ZORA $s0-ZORA Relativistic term DKS Substituent effect
(Hz) (Hz) (Hz) (Hz) (Hz) (Hz)

ICCH 208.9 207.7 206.3 —2.6 206.8 9.0
ICHCH, 80.2 79.7 80.1 —0.1 79.7 8.1
ICH,CH; 34.0 33.6 34.1 0.1 34.6 1.8
AtCCH 199.3 193.5 176.2 —23.1 172.7 —21.1
AtCHCH; 80.0 78.9 78.9 — 1.1 78.2 6.8
AtCH,CHj3 34.6 34.0 35.6 1.0 36.2 33
CH3CdCCH 125.2 130.2 130.3 5.1 130.2 —67.0
CH3CdCHCH; 59.2 60.8 60.7 1.5 60.6 —114
CH3CdCH,CHj3 31.0 314 31.3 0.3 30.8 —-1.0
CH3HgCCH 126.0 144.1 146.0 20.0 144.7 —-51.2
CH3HgCHCH, 59.1 64.9 64.9 5.9 64.7 -7.1
CH3HgCH,CH3 30.6 32.1 32.0 1.4 323 —-0.3
HCCH 197.2 197.3 197.3

CH,CH, 72.2 72.1 72.0

CH3CH3 324 323 323

the Dirac-Coulomb Hamiltonian and Schrodinger Hamilto-
nian combined with scalar relativistic ECPs.

A. 'Jcc coupling constants

The 'Jcc coupling constants calculated using the
Schrodinger, ZORA and Dirac-Coulomb Hamiltonians are
shown in Table I. Table I contains also the “relativistic ef-
fect,” calculated as a difference between the so-ZORA and
non-relativistic results, and the “substituent effect,” calculated
as a difference between the so-ZORA result for the compound
under study and the corresponding unsubstituted aliphatic
hydrocarbon.

1. General considerations

a. Influence of the charge of the heavy nucleus. The rela-
tivistic effects for the 'Jcc spin-spin coupling constants under
study are sizable for substituents from the 6th row of periodic
table (for mercury and astatine compounds) in comparison
with the total substituent effects, but nearly negligible (10%
or less) for the 5th row compounds. In the case of mercury
compounds, taking into account the relativistic effects signif-
icantly lower the calculated substituent effects. The same can
be observed for cadmium derivatives, but in this case the rela-
tivistic effect is only about 10% of the total substituent effect.
For iodine derivatives the relativistic effect on 'Jcc is negli-
gible (of the order of magnitude of numerical accuracy), with
the exception of ICCH, where it lowers the calculated sub-
stituent effect by about 30%. In the case of AtCCH, the total
substituent effect is actually dominated by the relativistic ef-
fect (the non-relativistic calculations lead to a very similar re-
sult as for HCCH). For other astatine derivatives, the relativis-
tic effect is smaller, but still quite significant in comparison
with the substituent effect. (Of the same sign for AtCH,CHs,
of the opposite sign for AtCHCH,.)

The magnitude of the relativistic effect changes strongly
with carbon hybridization (as discussed in more detail below),

but the trends in these changes are very similar in both se-
ries of structural analogs. The ratio between the relativistic
effects for astatine derivative and its iodine analog is always
about 11, and about 4 for mercury derivative and its cadmium
analog.

b. Influence of the carbon hybridization. The magnitude of
the substituent and relativistic effects on the 'Jcoc spin-spin
coupling constants depends strongly on the hybridization of
carbon atoms. The largest effects are observed for the sys-
tems with the sp hybridization and the smallest (at least one
order of magnitude smaller) effects for the systems with the
sp* hybridization (except for halides, where the relativistic ef-
fects for the sp? and sp> hybridization are of comparable mag-
nitude). It is however worth noting that for the compounds
containing the 12th group elements the relative contribution
of the relativistic effect to the substituent effect actually in-
creases when going from the sp to sp® hybridization, since
the substituent effect decreases to a larger extent than the rel-
ativistic effect.

c. Influence of the spin-orbit coupling. The ratio of the
scalar and spin-orbit contributions to the total relativistic ef-
fect on the 'Joc spin-spin coupling constant depends strongly
on the nature of the heavy atom substituent. For halides both
contributions are, as a rule, of similar magnitude, except for
AtCHCHj,, where the scalar term dominates. Very small val-
ues of the relativistic effect on ' Joc in ICHCH, and ICH,CHj;
result from mutual cancelling of the scalar and spin-orbit
term, each about 0.5 Hz, but with the opposite signs. In mer-
cury and cadmium derivatives, nearly the total relativistic ef-
fect comes from the scalar term, since the spin-orbit term
contributes less than 10% to it (except for CH;CdCH,CHj3,
but here the relativistic effect is very small). Larger role of
spin-orbit coupling in the molecular properties of halides
seems a general rule, connected with p-character of the heavy
atom.
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TABLE II. Comparison of the individual terms of 1Jcc in AtCCH
and CH3HgCCH, obtained using nonrelativistic, sc-ZORA, and so-ZORA
Hamiltonians.

AtCCH (Hz) CH3HgCCH (Hz)
Nonrelativistic (ADF) 199.3 126.1
DSO 0.2 0.3
PSO 10.4 44
FC 176.2 111.3
SD 12.4 10.1
sc-ZORA 193.5 144.2
DSO 0.2 0.3
PSO 11.1 5.8
FC 169.7 127.5
SD 12.5 10.6
s0-ZORA 176.2 146.0
DSO 0.2 0.3
PSO 10.3 5.9
FC 152.8 129.4
SD 10.5 10.8
FC+SD/PSO cross term 2.4 —-03

Inspired by the work of Autschbach et al.,'” we decided
to examine the influence of the spin-orbit coupling on the in-
dividual terms of the spin-spin coupling constant. In the two-
component computation, there exists a cross term between
the spin-dependent Fermi contact (FC) and spin-dipole (SD)
terms, and the paramagnetic spin-orbital (PSO) term, denoted
later as FC4+SD/PSO. In most cases the spin-orbit contribu-
tion to spin-spin coupling is dominated by this term. We have
therefore compared (Table IT) the individual terms of !Jcc in
AtCCH (where the spin-orbit contribution is the largest) and
in CH3HgCCH, where the spin-orbit contribution is negligi-
ble with respect to the scalar term. The results show that in
the case of CH3;HgCCH the FC+SD/PSO cross term is about
17% of the spin-orbit contribution (about —0.3 Hz), and ap-
proximately 15% of the spin-orbit contribution (about 2.4 Hz)
in AtCCH. Therefore, unlike for the couplings of heavy nu-
clei analyzed by Autschbach et al.,'” the FC4-SD/PSO cross
term is sizeable for 'Jcc, but does not dominate the spin-orbit
contribution. Inclusion of the spin-orbit coupling changes pre-
dominantly the pure FC term.

2. Comparison of different computational methods

In this paragraph we compare the one-component and
two-component ZORA results with the results of other avail-
able computational methods including the relativistic effects:
four-component all-electron Dirac-Kohn-Sham method and
effective core potentials. It should be stressed that compar-
ison of ZORA and Dirac-Kohn-Sham results or ZORA and
ECP results is not straightforward, since, out of necessity, dif-
ferent basis sets are used (ADF employs Slater orbital basis
set, while in DIRAC or Gaussian program Gauss orbitals are
used). For that reason we have also performed comparison of
the results obtained using the Slater and Gauss orbitals with
the non-relativistic Hamiltonians. Very good agreement be-
tween the results obtained with the jcpl (Slater type) basis set
and the aug-cc-pVTZ-J/dyall.v3z (Gauss type) has been ob-
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served (see Ref. 61 for the data in Table 1). In most cases the
results differ less than 0.5 Hz (for several cases the difference
is between 0.5 and 1.0 Hz). Only for AtCCH a significantly
larger difference is observed (about 2.8 Hz). Considering this,
the use of different basis sets should not influence materially
the comparison between the ZORA-DFT and DKS results, ex-
cept when the relativistic effect is very small.

a. Comparison between so-ZORA and DKS. Inspection of
the results in Table I leads to the conclusion that so-ZORA
reproduces the DKS results very well. Explicit inclusion of
small spinor during the calculation does not change signifi-
cantly the calculated 'Joc couplings in comparison with two-
component ZORA approximation: in most cases the differ-
ences are less than 1 Hz, and seems to be caused mostly by
the change of the basis set (see above) rather than the pic-
ture change effects. Only for the systems with the heaviest
metallic substituents and sp-hybridized carbon nuclei (i.e.,
CH;HgCCH and AtCCH) the ZORA-DFT—DKS difference
is slightly bigger (e.g., 3.4 Hz in the case of AtCCH) but a
significant part of this change can be again attributed to the
basis set effect (about 2.8 Hz, see above).

b. Comparison between sc-ZORA and ECPs methods. The
'Jcc spin-spin coupling constants calculated using scalar
ECPs are compared in Table III with the one-component
scalar-only ZORA results. Again, it should be pointed out
that a different basis set has been used for sc-ZORA and
ECP calculations. Two types of ECPs have been investi-
gated: Los Alamos ECPs (LANL2DZ) and series of Stuttgart
ECPs (MDF and MWB with small and big core replace-
ment). LANL2DZ does not reproduce the sc-ZORA results
very well, and actually it does not offer any consistent im-
provement over the non-relativistic calculations. The same is
true of the large-core MDF and MWB pseudopotentials, so it
seems to be mainly a matter of replacing too many core elec-
trons by the effective potential. The small-core MWB results
are in excellent agreement with sc-ZORA. A slightly worse
agreement is observed for small-core MDF results, but they
are still a big improvement over the non-relativistic calcula-
tions, and the differences between the MWB60 and MDF60
results are usually very small.

One of a very few cases when a sizeable discrepancy
(about 4 Hz) between the MWB60 and MDF60 results is ob-
served is 'Joc in CH;HgCCH. We have performed additional
calculations with a more recent version of MDF60°® (denoted
in Table III as MDF60(new)) and obtained results much closer
to MWB60; thus the observed difference is most likely a con-
sequence of different fitting procedures employed to obtain
the two ECPs.

B. 'Jch coupling constants

Jen coupling constants in the systems under study are
of two types, as far as the placement of the coupled nuclei
with respect to the heavy atom is concerned. First we are
going to discuss the !Jcy coupling constants of the carbon nu-
clei directly bound with the heavy atom (!J¢, i), and later the
Ten coupling constants involving the carbon nuclei in beta
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TABLE III. Comparison of 'J¢c calculated with different types of effective core potentials on heavy atoms and aug-cc-pVTZ-J basis set on C and H, using

PBEO functional.
LANL2DZ MDF MDF MDF60 MWB MWB sc-ZORA

(Hz) Large® (Hz) Small® (Hz) New* (Hz) Large® (Hz) Small® (Hz) (Hz)
ICCH 210.0 209.5 207.6 210.7 207.7
ICHCH, 79.5 794 79.3 79.5 79.7
ICH,CH3 335 335 336 335 336
AtCCH 197.9 1943 196.5 193.5
AtCHCH, 78.9 78.6 78.7 78.9
AtCH,CH3 . 339 34.0 339 . 34.0
CH3CdCCH 121.3 131.4 120.4 1315 130.2
CH;3CdCHCH, 58.0 60.7 151.8 60.8 60.8
CH3CdCH,CH; 307 314 . 30.7 315 314
CH3HgCCH 128.0 140.6 144.1 130.6 1443 144.2
CH;3HgCHCH, 60.8 63.1 64.5 60.9 64.6 64.9
CH3HgCH,CH3 31.1 31.8 321 313 321 322

“Large-core pseudopotential.
Small-core pseudopotential.

¢Small-core pseudopotential (60 core electrons replaced by a pseudopotential in Hg) reparametrized.”®

position with respect to the heavy atom. In the latter case,
for the system of the RCHCH, type, the coupled proton can
be either in cis or in trans position with respect to the heavy
atom, and for the RCH,CHj systems the dihedral angle be-
tween the heavy atom-alpha carbon and hydrogen—beta car-
bon may play a role, so these factors will be discussed. The
computational results are presented in Table I'V.

1. General considerations

a. Influence of the charge of the heavy nucleus. The rel-
ativistic effects on the 'Jcy coupling constants in iodine-
substituted hydrocarbons are 1 Hz or less (even when car-
bon is in the o position with respect to the heavy atom).
Somewhat larger effects (but still rather smaller than those
resulting from other changes in computational protocol, e.g.,
the use of a different basis set) can be observed for astatine-
substituted analogs. The only case when the relativistic effect
on 'Jcy constitutes a majority of the substituent effect (apart
from CH3CdCH,CH3, where the substituent effect is very
small) takes place in organomercury compounds—there the
relativistic effect can even exceed 10 Hz. The ratio between
the relativistic effect for 'Jc i in organomercury compound
and its cadmium analog is about 3 (similarly as for 'Jcc),
and a similar regularity can be observed for the lJCEH cou-
plings (but not for iodine/astatine analogs). Not surprisingly,
the relativistic effect weakens with the distance of the cou-
pled nuclei from the heavy atom: it is much larger for 'Jc
than for 'Je,u. In the case of 'J¢,u for cadmium compound
with sp? and sp? carbon hybridization the relativistic contri-
butions do not exceed 1.4 Hz, and for iodine compounds they
are even smaller (about 0.4 Hz). The biggest contribution for
lJcﬁH coupling constants is observed for CH;HgCCH, where
the relativistic term is 10.0 Hz. Interestingly, the relativistic
calculations lead in this case to much smaller substituent ef-
fect than the non-relativistic ones.

b. Influence of the carbon hybridization and molecular ge-
ometry. Similarly as for 'Jcc, carbon hybridization influences

the magnitude of the relativistic effects on 'Jc,u. They are
bigger for the systems with the sp? hybridization than for
the systems with the sp* hybridization (compare 15.3 Hz for
CH3;HgCHCH; and 6.6 Hz for CH3;HgCH,CH3). Only for io-
dine derivatives a reverse trend is observed but in this case the
relativistic terms are small (less than 0.7% of the total spin-
spin coupling constant) and therefore sensitive to numerical
noise. In the case of 12th group of periodic table and asta-
tine compounds the ratio between the relativistic effects for
the analogous systems with sp? and sp> hybridization is about
2-2.5.

The relativistic effects on 'J¢ 41 are visibly affected by the
heavy atom—carbon—carbon-hydrogen dihedral angle. When
cis and trans configurations of cadmium and mercury deriva-
tives are compared, always the coupling of the proton in the
trans position is more affected by the relativistic effects (and
exhibits larger variation with carbon hybridization). This is
not necessarily true for iodine and astatine derivatives, but, as
mentioned above, the relativistic effects are usually negligibly
small there.

c. Influence of the spin-orbit coupling. A comparison of
the so-ZORA and sc-ZORA results shows that the spin-orbit
coupling effect is as a rule negligible in comparison with the
scalar term for all types of 'Jcy, except for astatine deriva-
tives. For 'Jc i in AtCHCH, the spin-orbit coupling term is
about —4.9 Hz (the scalar term is only 0.4 Hz), while for
'Je,u in AtCCH it is about —4.7 Hz (to be compared with
the scalar term of 0.2 Hz) and for IJCﬂHhm in AtCHCH; it is
about —2.0 Hz (the scalar term 0.1 Hz). It is noticeable that for
astatine derivatives with sp® hybridization the spin-orbit cou-
pling term is much smaller than for derivatives with sp? and
sp carbon.

2. Comparison of different computational approaches

a. Comparison between so-ZORA and DKS. Inspection
of the results (see Table IV) for all 'Jcy confirms that
the two-component ZORA approximation reproduces the
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TABLE IV. 'Icy calculated with PBEO functional at different levels of theory. The Jepl basis sets (TZ2P for cadmium and astatine) have been used for
nonrelativistic, sc-ZORA, and so-ZORA calculations, aug-cc-pVTZ-J basis set for carbon and hydrogen, and dyall.v3z basis set for cadmium, mercury, iodine,
astatine for DKS calculations. The relativistic term has been calculated as a difference between so-ZORA and nonrelativistic results.

Nonrelativistic sc-ZORA s0-ZORA Relativistic term DKS Substituent effect
(Hz) (Hz) (Hz) (Hz) (Hz) (Hz)
Ten ICHCH, 196.1 197.2 197.0 0.9 195.9 37.9
ICH,CH3 151.9 152.5 153.0 1.1 152.9 27.8
AtCHCH, 197.0 197.4 192.5 —45 190.9 334
AtCH,CH3 153.8 154.5 155.2 1.3 155.0 30.0
CH3CdCHCH, 139.0 143.8 143.7 4.7 143.4 —154
CH3CdCH,CH3 126.0 128.3 128.2 2.2 127.8 2.9
CH3HgCHCH, 137.5 152.1 152.8 153 151.9 -6.3
CH3HgCH,CH3 125.0 131.6 131.6 6.6 131.0 6.4
IJCﬁHms ICHCH, 167.9 167.7 167.6 -03 166.8 8.5
ICH,CH3 131.6 131.5 131.4 —-0.2 131.1 6.2
AtCHCH, 167.7 167.2 166.8 —-09 166.0 7.7
AtCH,CHj3 131.6 131.2 130.7 -09 130.3 54
CH3CdCHCH, 159.0 159.1 159.1 0.0 158.2 —0.1
CH3CdCH,CHj; 124.7 125.0 124.9 0.2 124.7 —-0.3
CH3HgCHCH, 160.9 160.3 160.3 —-0.6 159.3 1.2
CH3HgCH,CHj3 125.3 125.8 125.8 0.5 1254 0.6
IJcﬁHmms ICHCH, 161.7 162.4 161.9 0.2 160.9 2.8
ICH,CH3 122.2 122.6 122.6 0.4 122.2 —-2.6
AtCHCH, 162.1 162.2 160.2 -1.9 159.1 1.0
AtCH,CH3 122.4 122.4 1224 0.0 121.9 —-2.8
CH3CdCHCH, 153.3 154.6 154.6 14 153.9 —4.5
CH3CdCH,CHj; 124.1 124.5 124.5 0.4 124.3 -0.8
CH3HgCHCH, 151.2 155.8 156.1 4.9 155.7 —-3.0
CH3HgCH,CH3 122.9 124.4 124.3 1.5 124.4 —-09
IJC5H ICCH 270.7 271.6 271.1 0.4 270.1 8.7
AtCCH 269.6 269.4 264.7 —-49 263.7 2.3
CH3CdCCH 239.7 242.6 242.6 2.9 241.6 —19.8
CH3HgCCH 237.4 246.8 247.4 10.0 247.1 —14.9
Je,u -CH; CH3CdCCH 129.7 132.1 132.0 2.3 131.3 6.2
CH3HgCCH 128.1 135.0 134.9 6.8 133.9 9.1
en CHCH 262.2 262.4 262.4
CH,CH, 159.1 159.2 159.1
CH3CH3 125.2 125.3 125.2
CHy 125.7 125.8 125.8

four-component DKS results very well, especially when the
fact that two different basis sets (Slater- and Gauss-type) are
used is taken into account. The biggest difference between so-
ZORA/DFT and DKS (about 1.6 Hz) is observed for 1JCHH in
AtCHCH,, but it seems to originate from different basis sets
used (compare the non-relativistic results obtained with the
Slater- and Gauss-type basis sets tabulated in Table 2 in the
supplementary material®'). For the other 'Jcy spin-spin cou-
pling constants the differences between so-ZORA/DFT and
DKS are in most cases less than 1.0 Hz and also seem to
come mostly from using different basis sets. Thus, we con-
clude that so-ZORA/DFT is very efficient in rendering HALA
effects on the 'Joy coupling constants. In fact, in most cases
(apart from astatine derivatives), using one-component scalar
ZORA is sufficient.

b. Comparison between sc-ZORA and ECPs methods. The
Jen coupling constants calculated using different scalar rel-
ativistic effective core potentials are compared with the sc-

ZORA results in Table 3 in the supplementary material.%!

The observations are similar as for the 'Jcc coupling con-
stants. ECPs in general seem suitable for the purpose, and the
best results are obtained when small-core ECPs are employed.
Among small-core ECPs, MWB appears to perform slightly
better than MDF, but the differences are small.

IV. SUMMARY AND CONCLUSIONS

The 'Jee and ey spin-spin coupling constants have
been calculated by means of density functional theory for a
set of derivatives of aliphatic hydrocarbons substituted with
I, At, Cd, and Hg in order to evaluate the substituent and
relativistic effects for these properties. The methods applied
range, in order of reduced complexity, from Dirac-Kohn-
Sham method (density functional theory with four-component
Dirac-Coulomb Hamiltonian), through DFT with two- and
one-component zeroth order regular approximation Hamilto-
nians, to scalar non-relativistic effective core potentials with
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the non-relativistic Hamiltonian. The most important obser-
vations can be summarized as follows.

The relativistic effects on the spin-spin coupling con-
stants under study are at most about 25 Hz (for Jcc in
organomercury compounds), and constitute up to 30% of the
substituent effect (defined as a difference between the value
of the coupling in the compound under study and the corre-
sponding hydrocarbon). Predictably, they vary with the charge
of the heavy nucleus. For 1Jcc, the ratio between relativistic
effects for astatine derivative and its iodine analog is always
about 11, and for mercury derivative and its cadmium analog
about 4. The ratio between the relativistic effect for lJCQH in
organomercury compound and its cadmium analog is about
3 and a similar regularity can be observed for the lJC,SH cou-
plings (but not for the iodine/astatine analogs).

The magnitude of the relativistic effects on the 'Jcc and
Jen coupling constants depends very much on carbon hy-
bridization. For both couplings the largest effects are observed
for the sp hybridization. As expected, the relativistic effects
are larger for 'Jc, y than for 'Jc,p, although even for the lat-
ter they can be non-negligible (10 Hz for CH;HgCCH). !¢ sH
are larger when the proton is in the frans position to the heavy
substituent than when it is in a cis position.

A comparison of the results obtained by means of differ-
ent methods of including the relativistic effects indicates that
ZORA-DFT (with the spin-orbit term included) reproduces
the DKS results very well. The scalar contributions dominate
the total relativistic effect on 'Joc and 'Jcy in mercury and
cadmium derivatives, while for !Joc and !Jcy in halides scalar
and spin-orbit effects contribute to a similar degree. The per-
formance of scalar ECPs depends, obviously, on the relative
weight of the scalar and relativistic effects, but when the for-
mer are dominant, ECPs reproduce correctly the results ob-
tained with more elaborate relativistic method, provided the
outer core electrons on the heavy atom are accounted for ex-
plicitly (“small core” types of ECPs).
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I. INTRODUCTION

Prediction of spectroscopic parameters of metalorganic compounds containing transition
or rare earth elements presents unique challenges. Such calculations require going beyond
the conventional approaches of quantum chemistry, based on the Schrodinger equation, and
employing instead methods capable of including relativistic effects. It is particularly vital
for Nuclear Magnetic Resonance (NMR) parameters such as nuclear shielding constants (or
chemical shifts) and nuclear spin-spin coupling constants, since these properties depend to
a large extent on the electron density in immediate proximity of the nucleus, where the
electron velocities (and consequently the relativistic effects) are the largest. However, it
turns out that relativity affects not only the NMR parameters of heavy nuclei, but also
of the nearby light nuclei, the phenomenon known as heavy-atom-on-light-atom (HALA)

effect!.

The HALA effect for the shielding constants is relatively well investigated in the litera-
ture? 1%, It has been found that it is usually dominated by the spin-orbit coupling, at least
when the light nucleus in question is directly bonded to the heavy atom!* ™. Less is known
about the parallel phenomenon occurring for the nuclear spin-spin coupling constants. It
seems in this case scalar relativistic effects tend to be dominant®!'13, although the ratio
between them and spin-orbit effects seems to depend on several factors, among them the
nature of the heavy atom substituent and the type of its bond with the light nucleus. In the
case of one-bond carbon-carbon coupling constants, strong correlation between the HALA
effect and carbon hybridization can be observed, as shown in the previous work by the au-
thors'?. In this contribution, we extent these investigations to the carbon-carbon coupling

constants through two, three and four bonds, where the heavy atom is in the coupling path.

We present the results of the calculation of the carbon-carbon coupling constants car-
ried out for a series of systems with a heavy metal atom (Cd, In, Sn, Sb, Te, Hg, TI,
Pb, Bi and Po) mediating the coupling. For most of them no experimental data exist,
and obtaining them would be difficult. They have been selected instead to cover a wide
range of electron configurations of the heavy atom and hybridization of the carbon atom,
and to allow for investigation of the influence of the charge of the heavy nucleus on the
HALA effect. The applied computational methods range from the relativistic effective core

potentials applied with non-relativistic Hamiltonians, through calculations with relativis-



tic one-component (scalar zeroth-order perturbational theory, ZORA) and two-component
(spin-orbit zeroth order regular approximation ZORA) Hamiltonians, to Dirac-Kohn-Sham
calculations (with four-component Dirac-Coulomb Hamiltonian).

Our secondary aim is to compare the DKS results obtained using density fitting proce-
dure in evaluation of matriz elements of the exchange-correlation kernel (which considerably

speeds up the calculations)'® and conventional computational procedure.

II. COMPUTATIONAL DETAILS
A. Geometry optimization

The geometric parameters of the isolated molecules under study have been obtained by
means of geometry optimization carried out using DFT with the zeroth-order regular ap-
proximation Hamiltonian ! (the spin-orbit coupling included) as implemented in the ADF!8
program with VWNY¥+Becke882° and Perdew862! exchange-correlation functional (the func-
tional is denoted as BP86 in ADF, but actually differs from the functional usually indicated
by this acronym by using VWN instead of the local correlation PZ81 functional??) and the
TZ2P basis set. Optimization of the structural parameters was followed by a frequency
check to ensure that the obtained stationary points are true minima on the potential energy
surface.

The same geometry parameters (obtained by means of spin-orbit ZORA calculation) have
been used for all (DKS, ZORA, ECP) calculations of the spin-spin coupling constants in
order to separate the effects of a different computational model on the molecular geometry

and the spin-spin coupling constants.

B. DKS calculations of the spin-spin coupling constants

The four-component Dirac-Kohn-Sham (DKS) calculations of the spin-spin coupling con-
stants have been carried out with the ReSpect program, including the recent modifications

by Kifstkovda et al*®

. The large and small components of the wave function have been con-
nected by explicit magnetic balance approach of Komorovsky et a3. The Perdew, Burke
and Ernzerhof functional (PBE)?* has been used together with the uncontracted triple-¢

Jensen basis set with additional tight functions (upcJ-2) for carbon and hydrogen, and
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uncontracted triple-¢ Dyall’s basis set (dyall.v3z?®) for cadmium, indium, tin, antimony,
tellurium, mercury, thallium, lead, bismuth and polonium. Density fitting procedure with
upc-2 auxiliary basis set has been applied for one set of the results. The calculations have
been performed with the Gaussian charge distribution model and the finite model to describe

the nuclear magnetic moment.

C. ZORA-DFT calculations of the spin-spin coupling constants

The ZORA-DFT results have been obtained using DFT as implemented in the ADF
program'® Cytujemy tylko program czy autorow modulow?, employing the PBE
functional. (First-order potential of the PBE functional have been used during the calcula-
tions of the spin-spin coupling constants.) The results obtained with both one-component
scalar ZORA Hamiltonian (denoted as sc-ZORA) and with two-component spin-orbit ZORA
Hamiltonian (denoted so-ZORA) will be presented. We have used triple-¢ Slater basis set
with additional tight functions (jepl*®) for hydrogen, carbon, mercury, thallium, lead and
the TZ2P (triple-(+2 polarization functions basis set) for cadmium, indium, tin, antimony,
tellurium, bismuth and polonium. The calculations have been performed with the Gaussian

charge distribution model. Other options have been set as default in ADF.

D. ECP calculations of the spin-spin coupling constants

The effective core potential results have been obtained using the Gaussian 0927 program.
We have employed the PBE functional, the pcJ-2 basis set for carbon and hydrogen, and
several effective core potentials for the heavy elements: LANL2DZ?® for cadmium, indium,
tin, antimony, tellurium, mercury, tallium, lead and bismuth; MDF28%3! for cadmium,
indium, antimony and tellurium; MWB283%33 for cadmium and indium; MWB46343% for
cadmium, indium, tin, antimony, tellurium; MDF60 293136 for mercury, tallium, lead, bis-
muth and polonium; MWB603738 for mercury and tallium; MWB78% for mercury, tallium,

lead, bismuth and pollonium; MDF783%40 for lead, bimsuth and polonium.
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E. Non-relativistic calculation of the spin-spin coupling constants

Two sets of non-relativistic calculations of the spin-spin coupling constants have been
performed. The first set has been carried out using DFT as implemented in the ADF
program with the PBE functional and the same basis set as used for ZORA calculations.
The second set of calculations has been performed using DFT as implemented in the Dalton
2011* program, also with the PBE functional, and the same basis set as used for DKS
calculations. This allows us to estimate the effect of using different basis sets in ZORA

(ADF) and DKS (ReSpect) calculations.

III. RESULTS AND DISCUSSION

The calculated 2Jcc,2Jcoc and 4Jcc coupling constants are shown in Table I, IT and III,
respectively. For the compounds where the couplings differ because of broken symmetry

(i.e. those with the sp? carbon) the arthmetic averages are shown.

A. 2Jcc coupling constants
1. Influence of the type of the heavy atom

a. Influence of the electron configuration of the heavy atom The 2Jcc coupling con-
stants calculated using the Schrodinger, ZORA and Dirac-Coulomb Hamiltonians are shown
in Table I. Predictably, the absolute value of geminal spin-spin coupling constant changes
significantly with the electron configuration of the heavy atom through which it is trans-
mitted. Inspection of the results shows that in most cases the biggest (in terms of their
absolute values) spin-spin coupling constants are observed for the 12th group of the periodic
table and the smallest for systems containing elements from the 16th group of the periodic
table. It is worth noting that, unlike geminal couplings transmitted through single-bonded
carbon atom, most of the calculated 2Joc couplings are positive (even when evaluated at
the non-relativistic level). The negative sign occurs only for the couplings in the 15th and
16th group compounds.

b. Influence of the charge of the heavy nucleus The 2Joc coupling constants vary sig-

nificantly when the compounds containing metal atoms from the same group of periodic



table are compared. A comparison of the relativistic and non-relativistic results shows that
this is purely a relativistic effect: the non-relativistic results for example for cadmium and
mercury compounds are almost the same. The ?Jcc coupling in the 5th row compounds are
smaller than in the 6th row analogs, since for the 5th row of periodic table the relativistic
effects do not exceed 26% of the total spin-spin coupling constant (with the exception of
Sb(CCH), and Te(CH,),; where the relative effects are bigger, but only because the total
spin-spin coupling constant are small). For the 6th row of periodic table the relativistic
effects are even as much as 83% (for Bi(CCH),) of the total spin-spin coupling constant,
leading to significant increase of the coupling. The ratio between relativistic contributions
(calculated as percentage of the relativistic term in the total value of spin-spin coupling
constant) for 5th row elements and 6th row elements in the same group of periodic table
is about 2.0-2.5 (with deviations for some molecules containing the metals of the 12th and

15th group).

c. Correlation with geometry parameters It is known that geminal coupling constants
depend strongly on bond angle (see for example Ref.*?). Consequently, we have investigated
how the 2J ¢ couplings in the compounds under study correlate with the C-Me-C bond angle.
A quasi-linear relationship between the absolute value of the spin-spin coupling constant
(computed with the so-ZORA Hamiltonian) and the C-Me-C angle was observed for 5th
and 6th row of periodic table (see Figure 2 and 3). Apparently, much of the variation of the
metal-transmitted 2Joc with the electron configuration of the metal can be rationalized in

this way.

2. Influence of the carbon hybridization

The magnitude of the relativistic term on the 2.Jo¢ spin-spin coupling constants depends
strongly on the hybridization of carbon atoms. Similarly as it has been observed for the
1Joc coupling constants'® the largest relativistic effects are observed for the systems with
the sp hybridization and the smallest effects (at least five time smaller) for the systems with
the sp® hybridization. The size of the relativistic contribution for systems containing the
sp3-type carbon atom is about 7-61% of the size of relativistic contributions for the systems

containing the sp-type carbon atom.



3. The spin-orbit coupling and scalar terms

Relativistic effects can be divided into those originating from the spin-orbit coupling
(spin-dependent terms) and the spin-free, or scalar terms. For the discussed properties the
scalar terms as a rule dominate and the spin-orbit coupling contributions have an opposite
sign to it. However, the ratio between them depends strongly on the charge of the metal

nucleus, the metal electron configuration, and the hybridization type of carbon atom.

The spin-orbit coupling term in 2Jcc is much bigger for the 6th row elements derivatives
than for the 5th row elements derivatives, and in some cases prevails over the scalar term. It
varies strongly with the electron configuration of the metal atom. For mercury compounds
the spin-orbit coupling term is about 56% of the scalar term (for Hg(CH,),), for thallium
and lead compounds it does not exceed 17%, for bismuth compounds this term is slightly
bigger (about 40%), and finally for polonium compounds the spin-orbit coupling dominates
over the scalar term (for Po(CHj;), the spin-orbit coupling term is 2.5 times bigger than the
scalar term). Similar variation can be observed for the 5th row compounds: the spin-orbit
coupling term for cadmium, indium and tin compounds is about 3-10% of the scalar term,

while for antimony and tellurium compounds it can be even about 84% of the scalar term.

The ratio between the spin-orbit coupling and the scalar terms depends strongly on carbon
hybridization. Smallest impact of the spin-orbit coupling term is observed for systems with

the -CCH substituent and the largest for systems with the -CHj substituent.

Inspired by the work of Autschbach et al*® and our previous research on !Joc in systems

10 in order to rationalize the observed trends we decided to examine

containing heavy atoms
the influence of the spin-orbit coupling on the individual terms of the spin-spin coupling
constant. At the two-component level there exists a cross term between the spin-dependent
FC+SD terms, and the PSO term, denoted later as FC+SD/PSO (for one-component cal-
culations this term is zero, since there is no coupling between triplet and singlet operators).
In most cases, the spin-orbit contribution to spin-spin coupling is dominated by this cross
term for the coupling constants between heavy nuclei*®, whereas for the coupling constants
between light atoms ('Joc and !Jog) spin-orbit coupling term is dominated by change of
pure Fermi contact term'®. We have therefore compared (Table IV) the individual terms of

2 Joc for tellurium and polonium compounds, where the spin-orbit coupling contribution is

the largest. The results show that the spin-orbit coupling changes the pure FC+SD term



(denoted later as FC+SD change) and induces a sizeable FC+SD/PSO cross term, whereas
the change of the SO (PSO+DSO) term is negligible (less than 0.01 Hz).

The sum-over-states expressions for the spin-orbit coupling terms suggest their linear
dependence on the inverse of the lowest singlet-triplet excitation energy, assuming the dom-
inant contribution arises from this excitation.**. To verify this, the relevant HOMO-LUMO
triplet excitation energies have been computed using two-component ZORA approach and
compared with spin-orbit coupling contributions to ?Jcc. The results (shown as a func-
tion of an inverse of the triplet excitation energy) are shown in Figure 5 (the spin-orbit
coupling contributions to the FC+SD term) and Figure 6 (the FC4+SD/PSO cross term).
For both spin-orbit terms there is some correlation, but a rather crude one. In particular,
the spin-orbit contribution to the Fermi contact term in Hg(CCH), is much larger than its
HOMO-LUMO triplet excitation energy would indicate, which can be ascribed to the large
value of the transition moment (numerator in the sum-over-states expansion). The large
effect of spin-orbit coupling for pollonium compounds is connected with the low-energy
HOMO-LUMO triplet transition involving the p electrons of the central atom.

The scalar relativitic effects influence predominantly the Fermi contact term. The changes
of other terms (i.e. paramagnetic spin-orbit, diamagnetic spin-orbit and spin-dipole term)
are negligible (less than 1%). The relative scalar effect on the Fermi contact term correlates
to some extent with the change of electron density on carbon nucleus induced by the scalar
effects, as shown in Figure 4. The correlation is not perfect: the result for Bi(CCH), stands
apart, and the dependence for the Me(CHCH,),, and Me(CHs),, series is much less clear-cut
than for Me(CCH),,, but it should be kept in mind that the actual dependence of the FC

term is on perturbed electron density on the nucleus, not on the static one.

4. Comparison of different computational methods

In this subsection we compare the one-component and two-component ZORA results
(focusing on the spin-orbit coupling effects), and the results of other available computational
methods including the relativistic effects: four-component all-electron Dirac-Kohn-Sham
method and effective core potentials.

a. Comparison between so-ZORA and DKS Inspection of the exact kernel results in

Table I leads to the conclusion that so-ZORA reproduces the DKS results very well. Explicit



inclusion of small spinor during the calculation does not change significantly the calculated
2Jcc couplings in comparison with two-component ZORA approximation: in most cases
the differences are less than 1.5 Hz, and seem to be caused mostly by the change of the
basis set (see above) rather than the picture change effects. It should be kept in mind
that the comparison of ZORA and Dirac-Kohn-Sham results (or ZORA and ECP results)
is not straightforward, since, out of necessity, different basis sets are used (ADF employs
Slater orbital basis set, while in ReSpect and Gaussian the Gauss orbitals are used). For
that reason we have also performed comparison of the results obtained using the Slater-
and Gauss-type orbitals with the non-relativistic Hamiltonian. This comparison (see Table
1 in Supplementary Information) shows that in the most cases there is very good agree-
ment between the jepl/TZ2P basis set (Slater-type basis set) and upcJ-2/dyall.v3z basis set
(Gauss-type basis set) results obtained at the non-relativistic level. While the Gauss-type
basis set results systematically overestimate the Slater-type basis set ones, in most cases the
differences do not exceed 1 Hz and for the Hth row compounds they are less than 0.4 Hz
(except for Cd(CCH),, where the difference is 0.8 Hz). For the selected 6th row compounds,
especially for -CCH derivatives, the differences are bigger (3.9 Hz , 2.2 Hz and 1.2 Hz for
mercury, thallium and lead compounds respectively), but they are still only about 10 % of
the relativistic term calculated at ZORA level. For the others compounds the differences do
not exceed 1 Hz. Considering this, the use of different basis sets should not influence materi-
ally the comparison between the ZORA-DFT and DKS results, except when the relativistic

effect is very small.

b. Fitting kernel in DKS calculations Two types of computation with DKS Hamil-
tonian have been performed: involving fitted kernel technique (approximate method) and
involving exact kernel. Fitting kernel technique leads to somewhat overestimated spin-spin
coupling constants in comparison to the exact kernel calculations. The differences are rela-
tively small for sizeable (bigger than 10 Hz) spin-spin coupling constants, but much worse
agreement is observed for small spin-spin coupling constants, where in several cases fitted
kernel technique overestimate about 50% coupling constant calculated with exact form of
kernel (in the case of Po(CCH), overestimation is much bigger-fitted kernel result is 4 times
bigger than result obtained with exact form of kernel ). It should be concluded that fit-
ting technique, even if faster in comparison with exact kernel technique, does not reproduce

HALA effects on 2.Jq¢ for this compounds very well, especially when the coupling constants



are small.

c. Comparison between sc-ZORA and ECPs methods The differences between 2Jcc
spin-spin coupling constants calculated using scalar ECPs and scalar-only ZORA results are
shown in Figure 1 and compared with the scalar ZORA term. Again, it should be pointed
out that a different basis set has been used for the sc-ZORA and ECP calculations.

Two types of ECPs have been investigated: Los Alamos ECPs (LANL2DZ) and series
of Stuttgart ECPs (MDF and MWB with small and big core replacement). LANL2DZ
does not reproduce the sc-ZORA results very well, in many cases overestimating the scalar
relativistic effects twice or (for Hg(CHCH,); and Hg(CH,),) more. For a series of large-
core MDF and MWB pseudopotentials poor agreement with the scalar ZORA results is
observed again, apparently resulting mainly from replacing too many core electrons by the
effective potential. In contrast to that, the small-core MWB and MDFG60 results are usually
in excellent agreement with sc-ZORA (provided the most recent version of MDF is used).

The same has been observed before for '.Joc in organomercury compounds®.

B. 3Jcc coupling constants

The 3Jcc coupling constants calculated using the Schrodinger, ZORA and Dirac-Coulomb
Hamiltonians are shown in Table II. Comparison of 2Jcc and 2Jcc shows that for the vicinal
coupling constants the relativistic term is much smaller (as far as the absolute value is
concerned) than for the geminal coupling constants, but the relative contributions are in
most cases similar (about 40% and 52% of full spin-spin coupling constant for ?Joc and

3 Joc, respectively).

d. Influence of the type of the heavy atom For systems containing -CCH derivatives the
biggest spin-spin coupling constants are observed for 12th group elements and the smallest for
15th group elements. Interestingly, for systems containing the -CHCH, group a reverse trend
is observed, the biggest spin-spin coupling constants are observed for systems containing the
16th group elements, and the smallest for systems with the 12th group elements (3*Joc for
Po(CHCH,), is a bit smaller than for Bi(CHCH,),. This is a result of the interplay between
the spin-orbit coupling and scalar terms, which have opposite signs for the p-electron block

metal compounds.
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e. Influence of the charge of the heavy nucleus The relativistic terms for 3Jcc in the
5th row compounds do not exceed 2.4 Hz(for Cd(CCH),). However, since spin-spin coupling
constants are rather small, the percentage of the relativistic effects in the total spin spin
coupling constant is still sizeable (about 25% of the so-ZORA result). For the 6th row of
periodic table the relativistic effects are at most 7.4 Hz, i.e. 52% of total spin-spin coupling

constant for Hg(CCH)s,.

f. Influence of the carbon hybridization Like for ?Joc, the magnitude of the relativistic
effect on the 3.Jcc spin-spin coupling constants depends strongly on the hybridization of
carbon atoms. The largest effects are observed for series of molecules containing carbon
with the sp hybridization (in the case of Bi(CCH), the nonrelativistic value of 3Joc has
the wrong sign and is almost 6 times too large). In the case of the couplings involving the
sp? carbon for the systems containing elements of 5th row of periodic table the relativistic
effects are generally negligible (less than 0.2 Hz). For the 6th row elements the relativistic
effects are still small in terms of their absolute value (less than 0.6 Hz) but in many cases
they dominate the spin-spin coupling constant (for example for Hg(CHCH),,, where 3.Jcc is
0.1 Hz, the relativistic term is about 0.4 Hz).

1. The spin-orbit coupling and scalar terms

For the 5th row of periodic table the spin-orbit coupling contribution to 3.Jcc is generally
small (at most 0.5 Hz). For the 6th row systems in case of mercury, thallium and lead
compounds the spin-orbit coupling term is again small (0.8 Hz) and does not exceed 22% of
the relativistic term, but for bismuth and polonium compounds it becomes sizeable (2.3 Hz

for Po(CCH),) and dominates over the scalar term (-0.9 Hz for Po(CCH),).

The spin-orbit coupling influences ®Joc mainly through the FC+SD/PSO cross term
(see Table IV), although for 3Joc in Po(CHCH,), the changes in the FC+SD and the
FC+SD/PSO cross terms have comparable magnitudes. Again the change in the other
terms (PSO and DSO) is negligible.

2. Comparison of different computational methods

11



a. Comparison between so-ZORA and DKS Inspection of the DKS results shows that
so-ZORA reproduces DKS (with exact kernel approach) results with excellent agreement:
the differences are less than 0.3 Hz and are mostly due to different basis set used.

Comparison of fitting kernel results with exact kernel shows that in case of ®Joc approx-
imate method works much better than in case of 2Joc: the differences are less than 0.4 Hz
and in most cases the fitting kernel results overestimate the exact kernel results by less than
%.

b. Comparison between sc-ZORA and ECPs methods The deviations between 2Jcc
spin-spin coupling constants calculated using scalar ECPs and scalar-only ZORA results are
small when Stuttgart ECPs with small core replacement (sMWB and sMDF) are used. The
LANL2DZ effective core potential is on the average rather inferior to the other pseudopo-

tentials under study.

C. Long-range carbon-carbon coupling constants

The *Joc coupling constants are the smallest among the discussed spin-spin coupling
constants. They do not exceed 4 Hz, and in many cases are smaller than 1 Hz. The
biggest values are observed for Cd(CCH), and Hg(CCH), (2.0 Hz and 3.6 Hz, respectively).
Similarly as for 3.Joc, the relativistic term is sizeable only for the -CCH derivatives: from 13%
for In(CCH); to 66% for Po(CCH),. In general, the relative importance of the relativistic
contributions for 4Joc is the same as for 3Joc. Like for 2Joc and 3Jcc, the relativistic
effects for the 6th row elements are about 3-5 times bigger than for analogous compounds
containing bth row elements.

In the most cases the relativistic contribution to *Jo¢ is dominated by the scalar term.
Only for Bi(CCH); and Po(CCH), compounds spin-orbit coupling terms to *.Joc are sizeable
and actually larger than the scalar terms. The largest contribution is the FC4+SD/PSD cross
term (Table IV).

1. Comparison of different computational methods

The so-ZORA method reproduces the four-component DKS results very well. In most

cases the difference is lower than 0.1 Hz, and, like for the other couplings, originates to some
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extent from using different basis sets. Fitting kernel technique again overestimates the exact
kernel DKS results but differences are small (less than 0.2 Hz).

As for as ECPs are concerned, the small core-replacement ECPs (sMDF and sMWB)
reproduce the scalar ZORA term (and the whole coupling constant, since the spin-orbit

coupling terms are small) very well, while the large core-replacement Stuttgart ECPs and

LANL2DZ underestimate it.

IV. SUMMARY AND CONCLUSIONS

The 2Jcc, 2Joc, and *Joc spin-spin coupling constants in the molecules with heavy atom
(Cd, In, Sn, Sb, Te, Hg, Tl, Pb, Bi and Po) in the coupling path have been calculated
by means of density functional theory. The relativistic effects have been accounted for
by means of Dirac-Kohn-Sham calculations (with four-component Dirac-Coulomb Hamilto-
nian), the calculations with relativistic one-component (scalar zeroth order perturbational
theory, ZORA) and two-component (spin-orbit zeroth order regular approximation ZORA)
Hamiltonians, and the relativistic effective core potentials applied with non-relativistic
Hamiltonians. The most important observations can be summarized as follows.

The magnitude of spin-spin coupling constants as well as importance of relativistic con-
tribution changes significantly with the number of the bonds in coupling path, hybridization
of carbon atoms, charge and electron configuration of the heavy atom. The percentage
of relativistic contribution is in most cases similar for 2Jcc, 3Jcc, and *Jec in the same
molecule, although the magnitudes of the coupling contants vary significantly.

The value of the metal-transmitted spin-spin coupling constant depends strongly on the
electron configuration of the metal. Generally the "Joc coupling constants are the biggest
for the compounds containing the 12th group elements and the smallest for the compounds
containing the 15 and 16th group elements. A reverse trend is observed only for 3Joc and
*Joc in Me(CHCH,),, derivatives, where the couplings are the biggest for Te/Po compounds
and the smallest for Cd/Hg compounds. 2Joc correlates quazi-linearly with the change of
the C-Me-C bond angle.

The atomic number of the heavy atom influences significantly the value of the spin-spin
coupling constant, which is visible when comparing the series of compounds containing

the elements from the same group of periodic table. This variation of the coupling within
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the group is mainly a relativistic effect, since nonrelativistic values of spin-spin coupling
constants for these compounds are similar. For the 5th row of periodic table the relativistic
contribution to 2Jcc as a rule does not exceed 26%, whereas for 6th row elements it can

reach up to 83%.

The relativistic contribution depends also on hybridization of coupled carbon atom. The
value of this contribution for couplings involving the sp3-type carbon is about 7-61% smaller

than for those involving the sp-type carbon.

The ratio between the spin-orbit coupling term and the scalar term depends on the
electron configuration of the heavy atom and the carbon atom hybridization. In the case
of 2Jcc in molecules containing 12-15th group elements the scalar term is the leading term
in the relativistic contribution, whereas for the 16th group of periodic table the spin-orbit
coupling terms are of comparable magnitude or even larger (for polonium compounds) than
the scalar terms. The same is observed for *Jcc and *Joc but here the spin-orbit coupling
term dominates the relativistic correction also for the bismuth compounds. The relative
importance of the spin-orbit coupling term is the biggest for compounds containing sp*-type
carbon and the smallest for compounds containing sp-type carbon. The spin-orbit coupling
contribution can be correlated with the inverse of the lowest triplet excitation energy, which

explains for example the large value for Po compound.

A comparison of the results obtained by means of different methods of including the
relativistic effects indicates that ZORA-DFT (with the spin-orbit term included) reproduces
the DKS results (calculated with the exact kernel technique) very well. In most cases the
fitting kernel technique only slightly overestimates (10% or less) the exact kernel DKS results,
but for several 2Jcc coupling constants, where the value of the spin-spin coupling constant

is rather small, the deviations are much bigger (30% or more).

The performance of scalar ECPs depends, obviously, on the relative weight of the scalar
and spin-orbit coupling terms, but when the former are dominant, ECPs reproduce the
results obtained with more elaborate relativistic methods correctly, provided the outer core

electrons on the heavy atom are accounted for explicitly ("small core’ types of ECPs).
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LANL2DZ-(sc- | IMDF-(sc-ZORA) | sMDF-(sc-ZORA) | sMDF(new)-(sc- | IMWB-(sc-ZORA) | sSMWB-(sc-ZORA)| scalar term(sc-
ZORA) [Hz] [Hz] [Hz] ZORA) [Hz] [Hz] [Hz] ZORA) [Hz]
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FIG. 1. Comparison of the 2Jo¢ coupling constants calculated with different types of effective core

potentials on heavy atoms and pcJ-2 basis set on C and H, using PBE functional.
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TABLE 1. The 2Jcc coupling constants calculated with PBE functional at different levels of theory.
nonrel (ADF) [Hz] sc-ZORA [Hz] so-ZORA [Hz] exact DKS [Hz| fit DKS [Hz|

Cd(CCH), 38.0 48.4 48.0 47.2 50.4
Cd(CHCH,), 25.7 29.7 29.4 28.8 31.6
Cd(CH,), 17.6 19.5 19.3 18.7 21
In(CCH), 21.8 27.8 27.6 27.0 28.2
In(CHCH,), 10.9 12.9 12.8 12.5 13.3
In(CH,), 7.8 8.9 8.8 8.4 8.8
Sn(CCH), 11.4 14.6 14.5 14.3 15.4
Sn(CHCH,), 4.0 47 47 4.1 5.2
Sn(CH,), 3.1 3.4 3.5 3.4 3.9
Sh(CCH), ‘15 2.9 2.6 2.3 3.4
Sb(CHCH,), 1.4 2.0 1.9 1.7 2.3
Sh(CHs,), -0.8 1.2 -0.9 -0.8 0.7
Te(CCH), -3.8 5.3 4.4 4.2 5.7
Te(CHCH,), 0.7 0.1 0.6 0.8 0.7
Te(CH,), -0.5 0.8 0.3 0.2 -0.3
Hg(CCH), 38.8 69.6 65.1 64.3 67.5
Hg(CHCH,), 24.3 33.7 30.8 30.7 33.3
Hg(CH,), 16.6 20.6 18.3 18.3 20.4
TI(CCH), 19.7 43.4 40.9 40.5 42.2
TI(CHCH,), 10.2 17.7 16.5 16.2 17.3

TI(CH,), 6.9 10.4 9.8 9.5 10.2
Pb(CCH), 10.8 24.7 23.7 23.7 24.3
Pb(CHCH,), 3.8 6.4 6.2 6.1 6.6
Pb(CH,), 2.7 3.9 4.0 3.8 4.1
Bi(CCH), 1.1 6.2 6.4 5.6 7.6
Bi(CHCH,)), 1.2 -3.2 3.4 2.9 4.1
Bi(CH,), 0.7 1.7 1.3 1.0 14
Po(CCH), -3.2 -8.2 ‘1.5 0.7 2.9
Po(CHCH,)), 0.2 15 0.9 1.2 0.6
Po(CH,), 0.4 1.0 0.6 0.9 0.5
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TABLE II. The 3Jcc coupling constants calculated with PBE functional at different levels of theory.
nonrel (ADF) [Hz] sc-ZORA [Hz| so-ZORA [Hz] exact DKS [Hz| fit DKS [Hz]

Cd(CCH), 6.9 9.3 9.3 9.3 9.7
Cd(CHCH,), 0.2 -0.1 0.0 0.0 0.2
In(CCH)s, 4.3 5.7 5.5 5.5 5.6
In(CHCH,), 1.0 1.0 1.0 1.0 1.0
Sn(CCH), 2.6 3.4 3.3 3.2 3.4
Sn(CHCH,), 1.1 1.1 1.1 0.8 1.2
Sh(CCH), 2.0 1.7 1.5 1.4 1.5
Sh(CHCH,), 2.6 2.6 2.6 2.5 2.7
Te(CCH), 2.1 1.8 2.3 2.3 2.4
Te(CHCH,)), 3.3 3.3 3.2 3.1 3.3
Hg(CCH), 6.8 14.6 14.1 14.1 14.5
Hg(CHCH,), 0.3 0.0 0.1 0.3 0.3
TI(CCH), 3.9 9.3 8.6 8.5 8.7
TI(CHCH,), 1.0 1.2 1.1 1.2 1.0
Pb(CCH), 2.5 5.7 5.2 5.2 5.3
Pb(CHCH,), 1.0 1.0 1.0 0.9 0.9
Bi(CCH), 1.7 0.8 0.3 0.3 0.4
Bi(CHCH,), 2.4 2.4 2.2 2.1 2.3
Po(CCH), 1.7 0.8 3.1 3.2 3.8
Po(CHCH,), 2.7 2.4 2.1 2.0 2.2
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TABLE III. The *Joc coupling constants calculated with PBE functional at different levels of

theory.
nonrel (ADF) [Hz] sc-ZORA [Hz| so-ZORA [Hz] exact DKS [Hz| fit DKS [Hz]
Cd(CCH), 1.4 1.9 2.0 2.0 2.0
Cd(CHCH,), 0.0 0.0 0.0 0.0 0.1
In(CCH), 1.3 1.5 1.5 1.5 1.6
In(CHCH,)4 -0.2 -0.2 -0.2 -0.2 -0.2
Sn(CCH), 0.8 1.0 1.0 0.9 1.0
Sn(CHCH,), 0.0 0.0 0.0 0.0 0.0
Sh(CCH), 0.8 0.8 0.7 0.7 0.8
Sh(CHCH,), 0.1 0.0 0.0 0.1 0.0
Te(CCH), 0.2 0.2 0.3 0.2 0.4
Te(CHCH,), 1.2 1.2 1.2 1.3 1.3
Hg(CCH), 1.5 3.4 3.6 3.7 3.8
Hg(CHCH,), 0.1 0.2 0.2 0.2 0.1
TI(CCH), 1.2 2.4 2.2 2.2 2.2
TI(CHCH,), 0.2 0.2 0.2 0.2 0.3
Ph(CCH), 0.8 1.5 1.3 1.3 1.3
Ph(CHCH,), 0.0 0.0 0.0 0.0 0.1
Bi(CCH), 0.7 0.7 0.3 0.3 0.4
Bi(CHCH,), 0.0 0.0 0.0 0.0 0.0
Po(CCH), 0.2 0.1 0.6 0.5 0.6
Po(CHCH,), 0.9 0.9 0.9 0.9 0.9
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