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1 Introduction

Spectroscopy is a branch of physics that studies the interactions between matter and electro-

magnetic radiation. There are several kinds of spectroscopies such as electron spectroscopy,

X-ray spectroscopy and mass spectroscopy. One of the most important tools for mate-

rial and molecular research is nuclear magnetic resonance (NMR) spectroscopy. NMR is

a phenomenon where an atomic nucleus in a magnetic field is able to absorb energy from

electromagnetic field oscillating at radio frequency. The radio frequency pulses cause the

nuclei in a sample to undergo transitions between spin states with transition energies char-

acteristic to those specific nuclei and the magnetic field. The resulting NMR spectrum can

be analyzed using a spin Hamiltonian. NMR is a widely used non-invasive tool for molecular

and material sciences and different imaging applications but it has one major drawback: it

is an insensitive method. This means that due to the small nuclear magnetic moments the

energy states of the nuclei are very close to each other and in thermodynamic equilibrium

the occupations of different energy states are similar. The intensities of the spectral lines

in NMR spectra are proportional to the occupation differences between the energy states

and, hence, NMR requires a relatively large amount of sample to make a good-quality

measurement [1, 2].

In contrast to the insensitive NMR method there exist different kinds of optical spec-

troscopies where the spectroscopic methods are extremely sensitive. Optical spectroscopy

contains wavelengths from ultraviolet (UV) to infrared (IR) radiation. Optical spectroscopy

measures absorption, emission, luminescence, scattering and rotation of light by atoms or

molecules. Also vibrational transitions are measured. An example of optical spectroscopy

would be the ultraviolet-visible spectroscopy which uses UV- and visible wavelengths. Other

techniques are, for example, Raman and IR spectroscopy. These measure the vibrational

modes of a molecule [3, 4].

Magneto-optic spectroscopy is a branch of physics that utilizes magnetic fields to in-

fluence the propagation of light. It is a very specialized technique and often the physical

properties of the medium through which the light is travelling have to be modified. An ex-

ample of magneto-optic effect would be the Faraday rotation where the plane of polarization

of plane-polarized light rotates under the influence of static external magnetic field [1, 3].
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In 2006 Mike Romalis, a professor at Princeton University, conducted an experiment

where he was able to generate the Faraday rotation using the nuclear spins instead of an ex-

ternal magnetic field [5]. His measurements with 1H nuclei in liquid-state water proved the

existence of nuclear spin-induced optical rotation (NSOR) and gave a kickstart to the devel-

opment of nuclear magneto-optic spectroscopy (NMOS). In contrast to the NMR method,

where the signal is detected through electromagnetic induction from the precessing nuclear

magnetic moments, NMOS tries to examine how the magnetic moments in the sample change

the polarization of light passing through the sample [1, 5–9].

So far, five NMOS effects have been theoretically predicted. These are nuclear spin-

induced circular dichroism (NSCD) [6], nuclear spin-induced Cotton-Mouton effect (NSCM)

[7], nuclear spin-induced Cotton-Mouton effect in external magnetic field (NSCM-B) [8],

nuclear quadrupole-induced Cotton-Mouton effect (NQCM) [9] and nuclear spin-induced

optical rotation (NSOR) [5]. NSOR, arising from the interactions between the magnetic

moments and light, is a phenomenon that occurs as a rotation of the plane of polarization

of plane-polarized light as the light passes through a medium. Out of the five predicted

phenomena it is the only one that has been experimentally measured so far.

NSOR has been studied both experimentally and theoretically. Experiments are sparse

and they concentrate mostly on the NSOR of 31P, 19F, 13C and 1H nuclei [10–14]. NSOR

has been theoretically investigated using different quantum chemistry methods for a range

of molecules including different hydrocarbons, liquid and gaseous water, pyridine, pyrazine,

nitromethane, xenon, urea, 11-cis-retinal protonated Schiff base, methanol, H2 gas and

graphene quantum dots [15–22]. The purpose of this study is to extend the investigations

of NSOR in hydrocarbons to oxygen compounds. The goal is to investigate if NSOR can

clearly distinguish different molecule types and if NSOR gives more or different information

than NMR, that is, to investigate optical contrasts for nuclear magnetic resonance. I use

density functional theory with hybrid functionals and completeness-optimized basis sets to

calculate NSOR in different oxygen-containing molecules. These include alcohols, aldehydes,

ethers, ketones and carboxylic acids. Oxygens are common moieties in organic molecules

and biological samples. Thus, they are a good target for spectroscopic measurements and

they were selected for the calculations in this thesis. The effects of liquid medium on

NSOR in water have been investigated computationally [17], but other than that, theoretical
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calculations of NSOR are largely concentrated on in vacuo theory and the importance and

influence of different solvent models on NSOR have not been investigated systematically.

For this reason I have mainly studied NSOR using the polarizable continuum model [23], as

well as with an explicit solvent molecule.

The results show that 13C nuclei generate increasing NSOR as the number of carbon-

carbon bonds in those nuclei increases and as the distance to an oxygen atom gets smaller.

Using 1H-NSOR, molecules that contain a hydroxyl group can be distinguished from molecules

that contain only doubly bound oxygens. A solvent and a double bond both enhance NSOR.

Ethers can be divided into those that contain a methoxy group and those that do not, using

17O-NSOR. Combining NSOR with NMR it is possible to separate certain 13C nuclei near

the oxygen atom.
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2 Theory

2.1 Quantum mechanics

All information in section 2.1 is from sources [24, 25].

At the end of the 19th century Newtonian mechanics, thermodynamics and Maxwell’s

electromagnetism seemed to explain all physical phenomena. Even some well known sci-

entists such as Lord Kelvin and Albert Michelson stated that there is no more physics to

discover and the task of physicists in the future would only be that of conducting more pre-

cise experiments. Kelvin and Michelson could not have been more wrong. At the beginning

of the 20th century some experimental observations could not be explained with aforemen-

tioned classical theories of physics, some of the most famous being blackbody radiation and

atomic spectra.

In 1900, a well-known physicist Max Planck solved the blackbody radiation problem

by suggesting that the energy of the radiation is not continuous but instead it consists of

small units of energy called quanta. This started the development of completely new kind

of physics called quantum mechanics. Usually quantum-mechanical analysis is only needed

at an atomic scale. In macroscopic world the uncertainty values of momentum and position

are so small and unnoticeable that classical theories of physics explain natural phenomena

with excellent accuracy. Quantum-mechanical analysis becomes essential if the de Broglie

wavelength of a given system is larger than or equal to the size of the system. The de

Broglie wavelength is defined as λ = h/p where h is the Planck constant and p is the

momentum of the system. The de Broglie wavelength of everyday-sized objects is negligibly

small which explains why the wave nature of everyday objects cannot be detected, whereas

the de Broglie wavelength of atoms and molecules is about the same as their size, and hence

quantum mechanics is needed to describe their behavior.

In classical mechanics a particle has a well-defined momentum and location in space. The

state of the particle is accurately known and Newtonian mechanics gives tools to precisely

calculate the time evolution of the state of the particle. In quantum mechanics the state

of the particle is described by a wave function Ψ(r, t). Every particle in the universe is

associated with its own wave function. The squared modulus, that is, the product between

the wave function and the complex conjugate of the wave function gives the probability
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amplitude for finding the particle from point r in space at time t

|Ψ(r, t)|2 = Ψ(r, t)Ψ∗(r, t). (2.1)

The squared absolute value of the wave function represents probability density of finding

the particle from a given volume element at some point in time. The time evolution of the

state of the particle is described by the Schrödinger equation

ih̄
∂Ψ(r, t)

∂t
= − h̄2

2m
∇2Ψ(r, t) + VΨ(r, t), (2.2)

where i is imaginary unit, h̄ = h/2π is Dirac constant, m is the mass of the particle, ∇2 is

the Laplacian operator and V is potential that the particle is subject to.

Since wave functions are connected to probabilities, they have to be normalizable. Func-

tions that qualify as wave functions are called square-integrable functions which means that

the integral of the square of the absolute value of the function over all space is finite. If the

integral is finite, it can be normalized to unity, i.e.,

∫ ∞

−∞
|Ψ(r, t)|2 d3r = 1. (2.3)

This means that since the particle must be somewhere in space at time t, the probability of

finding it from all space is 1. Together with inner product ⟨·|·⟩ the set of square-integrable

functions form a Hilbert space. Wave functions and, hence, all possible states of a particle

are usually presented as quantum state vectors or ket-vectors in Hilbert space

Ψ(r, t)=̂


r1

r2
...

rn

 = |Ψ(r, t)⟩. (2.4)

Schrödinger equation takes the form

Ĥ|Ψ(r, t)⟩ = ih̄
∂

∂t
|Ψ(r, t)⟩, (2.5)
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where Ĥ is Hamiltonian operator representing the total energy of the system. A wave

function can be interpreted as a column vector, that is, n × 1 matrix. The bra-vector

is obtained by taking a Hermitian transpose, i.e., by taking a transpose and a complex

conjugate of the vector |Ψ(r, t)⟩

Ψ†(r, t)=̂


r1

r2
...

rn



†

=
[
r∗1 r∗2 · · · r∗n

]
= ⟨Ψ(r, t)|. (2.6)

Often in quantum mechanics the quantity of interest is the expectation value of an operator,

for example the expectation value of the Hamiltonian of some system. Expectation value

can be calculated by sandwiching the operator between bra- and ket-vectors

⟨Ĥ⟩ = ⟨Ψ(r, t)|Ĥ|Ψ(r, t)⟩ =

∫ ∞

−∞
Ψ∗(r, t)ĤΨ(r, t) d3r. (2.7)

The expectation value is understood as an average value of large number of measurements

on identically prepared systems.

Quantum mechanics is one of the greatest and most precise theories in physics. It is

used in particle, atomic and molecular physics, solid-state physics and electronics, chemistry

and even biology. Quantum chemistry is a branch of physical chemistry that aims to apply

quantum mechanics to chemical systems. Often quantum chemistry refers to the calcula-

tion of the electronic structure and different static and dynamic responses of an atomic or

molecular system to perturbations, for example, external fields. One of the most common

tasks in quantum chemistry is to approximately solve the time-independent, nonrelativistic

many-electron Schrödinger equation using the Born-Oppenheimer approximation. Due to

the intensity of the calculations they have to be carried out on a supercomputer and in

general there are three main approaches to solving the many-electron Schrödinger equation:

Ab initio methods, semiempirical methods and density functional theory (DFT).
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2.2 Density functional theory

All information in section 2.2 is from sources [25–27], unless otherwise stated. All equations

are given in atomic units, where the charge e and mass me of an electron, Dirac constant

h̄ and the permittivity of the vacuum ε0 multiplied by 4π, 4πε0, have all been set equal to

one.

2.2.1 Functionals

Density functional theory is, as the name suggests, filled with functionals. The concept of

a functional is similar to an ordinary function. Whereas a function is a mapping from one

set to another that takes a single number as an argument and returns another number, a

functional takes a function and returns a number. For example, if f(x) = 2x3 and x = −1,

then f(x) = f(−1) = 2 · (−1)3 = −2. Now consider a functional F that takes the function

f(x) as an argument

F [f(x)] =

∫ 2

0

f 4(x) dx. (2.8)

Now, for function f(x) = 2x3

F [2x3] =

∫ 2

0

(2x3)4 dx =

∫ 2

0

16x12 dx =
16

13
x13

∣∣∣2
0

=
131072

13
≈ 10082. (2.9)

Functionals are a key part of DFT. They allow to express the energy of a given system

using a functional of electron density instead of wave functions. This leads to more effective

calculations and lower computational costs.

2.2.2 The electronic Schrödinger equation

Electrons carry elementary charge and they are constantly moving around in the molecular

system. They are subject to Coulomb potential, interacting with each other and the nu-

clei. Hence, the electronic system has a significant effect on molecular geometry and it is

important to model it as precisely as possible within the limits of computational resources.

To model the electron system of the molecule, as accurate an approximation as possible to

the solution of the Schrödinger equation must be found. The Hamiltonian for a molecule
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consisting of M nuclei and N electrons can be written as

Ĥ = −1

2

N∑
i=1

∇2
i −

1

2

M∑
A=1

1

MA

∇2
A −

N∑
i=1

M∑
A=1

ZA

riA
+

N∑
i=1

N∑
j>i

1

rij
+

M∑
A=1

M∑
B>A

ZAZB

RAB

. (2.10)

The indices A and B run over the M nuclei and i and j denote the N electrons. The first

and second terms describe the kinetic energy of the electrons and the nuclei, respectively.

MA is the mass of nucleus A. Zp refers to the proton number of nucleus p. The third

term is the attractive electrostatic interaction between the electrons and the nuclei and the

fourth term is the repulsive potential due to electron-electron interaction. The last term is

the repulsive potential due to nucleus-nucleus interaction. Variables rpq and Rpq denote the

distances between particles p and q. Since the electron is over 1800 times lighter than even

the lightest atomic nucleus, proton, the nuclei move much slower than the electrons. Hence,

to a good approximation, the nuclei can be thought of as they would be fixed in space. This

is called the Born-Oppenheimer approximation and the Hamiltonian (2.10) reduces to the

electronic Hamiltonian

Ĥelec = −1

2

N∑
i=1

∇2
i −

N∑
i=1

M∑
A=1

ZA

riA
+

N∑
i=1

N∑
j>i

1

rij
= T̂ + V̂Ne + V̂ee. (2.11)

The term T̂ denotes the kinetic energy of electrons. V̂Ne and V̂ee denote the attractive

electrostatic interaction between the electrons and the nuclei and the repulsive potential due

to electron-electron interaction, respectively. The nuclear repulsion term is now a constant

and it does not explicitly appear in Ĥelec. The solution to the Schrödinger equation is now

the electronic wave function Ψelec and electronic energy Eelec

ĤelecΨelec = EelecΨelec. (2.12)

For most systems an analytical solution to equation (2.12) is not known so this is where

DFT comes into play.
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2.2.3 The electron density

Wave functions such as Ψelec are not observable quantities. A physical interpretation of the

wave function is associated with its squared modulus multiplied by the volume element in

N -dimensional space

|Ψ(r1, r2, ..., rN)|2dr1dr2...drN . (2.13)

This represents the probability that electrons 1, 2,..., N are found simultaneously in volume

elements dr1, dr2,...,drN . Now consider a variable called the electron density, ρ(r), which

determines the probability density of finding any of the N electrons in a molecule with an

arbitrary spin from volume element dr1 whereas the rest of the electrons have arbitrary

spins and positions in the state Ψ

ρ(r) = N

∫
...

∫
|Ψ(r1, r2, ..., rN)|2ds1dr2ds2...drNdsN . (2.14)

Here dsi and dri refer to spin and spatial coordinates of particle i, respectively. The multiple

integrals run over the spin coordinates of all electrons and over all but one spatial variable.

Unlike wave functions, the electron density is an observable meaning that it can be measured

experimentally using, for example, X-ray diffraction.

2.2.4 The variational principle

A strategy to exactly solve equation (2.12) for molecular systems is not known. There is,

however, a systematic way of approaching the ground-state wave function Ψ0, called the

variational principle. The variational principle says that if the energy for any normalized

wave function Ψtrial is calculated, it will be an upper bound to the correct ground-state

energy E0

⟨Ψtrial|Ĥ|Ψtrial⟩ = Etrial ≥ E0 = ⟨Ψ0|Ĥ|Ψ0⟩. (2.15)

This means that the ground-state energy can be obtained by minimizing the functional

E[Ψ]. This can be done by searching through all continuous square-integrable N -electron

wave functions. E0 can be expressed as

E0 = min
Ψ→N

{E[Ψ]} = min
Ψ→N

{⟨Ψ|Ĥ|Ψ⟩} = min
Ψ→N

{⟨Ψ|T̂ + V̂Ne + V̂ee|Ψ⟩}. (2.16)
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Here T̂ , V̂Ne and V̂ee denote, as before, the kinetic energy of electrons, the attractive elec-

trostatic interaction between the electrons and the nuclei and the repulsive potential due

to electron-electron interaction, respectively. Here min
Ψ→N

indicates that Ψ is an allowed N -

electron wave function.

The search in equation (2.16) is usually carried out in some algebraic scheme. In DFT the

search is performed in two steps. First step is to search over the subset of all antisymmetric

wave functions ΨX that upon quadrature yield a specific density ρX . The resulting wave

function ΨX
min gives the lowest energy for density ρX . The next step is to do the same for

all possible densities Γ = A,B, ..., X, ..., not only for density ρX . The ground state density

ρΓ is the one for which the wave function ΨΓ
min gives the lowest energy. This procedure is

known as Levy constrained-search and it can be expressed as

E0 = min
ρ→N

(
min
Ψ→ρ

{⟨Ψ|T̂ + V̂Ne + V̂ee|Ψ⟩}
)
. (2.17)

Here min
ρ→N

indicates that density ρ corresponds to N electrons and min
Ψ→ρ

means that Ψ yields

density ρ. Inner and outer minimizations correspond to the first and second steps described

above, respectively. When the Born-Oppenheimer approximation is used, density functional

theory tries to solve the electronic Schrödinger equation. The term V̂Ne, however, contains

an interaction between electrons and nuclei. From the perspective of electrons the nuclei

are external objects. These external nuclei exert their Coulomb potential to the electrons,

and hence this potential is often called external potential. The electron density uniquely

determines the energy due to the external potential. The energy due to the external potential

does not depend on the wave function that generates the electron density. Therefore the

energy is the same for all wave functions that integrate to the same density. Hence, it can

be separated from the kinetic energy and electron-electron repulsion terms

E0 = min
ρ→N

(
min
Ψ→ρ

{⟨Ψ|T̂ + V̂ee|Ψ⟩ +

∫
ρ(r)VNe dr}

)
. (2.18)

The kinetic energy and electron-electron repulsion part can be written as a universal func-
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tional that is the same for all systems

F [ρ] = min
Ψ→ρ

{⟨Ψ|T̂ + V̂ee|Ψ⟩}, (2.19)

or defined through functionals

F [ρ(r)] = T [ρ(r)] + J [ρ(r)] + Encl[ρ(r)]. (2.20)

Here T [ρ(r)] is kinetic energy, J [ρ(r)] is the classical Coulomb interaction term and Encl[ρ(r)]

is the non-classical term including self-interaction and exchange and electron correlation

effects. The explicit forms of T and Encl are unknown, only J is known precisely. Equations

(2.18) and (2.19) give the following equation for the ground-state energy

E0 = min
ρ→N

{
F [ρ] +

∫
ρ(r)VNe dr

}
. (2.21)

The quantity in wave parentheses gives the correct energy for all densities. Upon minimiza-

tion the ground-state density and ground-state energy are reached.

2.2.5 The Hohenberg-Kohn theorems

The crucial complication in all quantum chemical electronic structure calculations is the

existence of the electron-electron repulsion. Even the ground-state energy of the simplest

of two-electron systems, the helium atom, has not been solved analytically due to the com-

plicated nature of the repulsion between the two electrons. It is clear that the analytical

solution is not known for larger N -electron systems, either. Density functional theory con-

veniently avoids the use of N -electron wave functions since the theory is based on electron

density instead of electronic wave functions. The theoretical justification for the use of

electron density is given by the Hohenberg-Kohn theorems.

Consider two different external potentials, V ′
ext and Vext, and assume that these potentials

yield the same electron density ρ(r). These external potentials are representations of the

attractive electrostatic interaction between electrons and nuclei, as the term V̂Ne above.

The Hamiltonians associated with potentials V ′
ext and Vext are Ĥ ′ = T̂ + V̂ee + V̂ ′

ext and

Ĥ = T̂ + V̂ee + V̂ext. These are associated with ground-state wave functions Ψ′ and Ψ and
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ground-state energies E ′
0 and E0, respectively. If Ψ′ is used as a trial wave function for Ĥ

the variational principle says

E0 < ⟨Ψ′|Ĥ|Ψ′⟩ = ⟨Ψ′|Ĥ ′|Ψ′⟩ + ⟨Ψ′|Ĥ − Ĥ ′|Ψ′⟩

= E ′
0 + ⟨Ψ′|T̂ + V̂ee + V̂ext − (T̂ + V̂ee + V̂ ′

ext)|Ψ′⟩

= E ′
0 +

∫
ρ(r)(V̂ext − V̂ ′

ext) d
3r.

(2.22)

In the same way, if the primed and the unprimed parts are interchanged, then

E ′
0 < E0 −

∫
ρ(r)(V̂ext − V̂ ′

ext) d
3r. (2.23)

Adding equations (2.22) and (2.23) together gives

E0 + E ′
0 < E0 + E ′

0. (2.24)

Subtracting E0 and E ′
0 from both sides results in

0 < 0. (2.25)

Equation (2.25) is a contradiction and hence there cannot be two different external potentials

that give rise to the same ground-state electron density. This means that the external

potential is uniquely defined by the ground-state electron density. This is known as the first

Hohenberg-Kohn theorem. The functional for the ground-state energy can be written as

the sum of functionals of different components of the energy

E0[ρ0] = ENe[ρ0] + T [ρ0] + Eee[ρ0]

=

∫
ρ(r)VNe d

3r + T [ρ0] + Eee[ρ0]

=

∫
ρ(r)VNe d

3r + FHK [ρ0].

(2.26)

FHK [ρ] = ⟨Ψ|T̂ + V̂ee|Ψ⟩ is called Hohenberg-Kohn functional and it is same for all systems.

The second Hohenberg-Kohn theorem states that FHK [ρ] gives the lowest energy of the

system if and only if ρ is the true ground-state density ρ0. Consider a trial electron density
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ρ̃. Ψ̃ is the related wave function and E0 ≤ E[ρ̃] = T [ρ̃] + ENe[ρ̃] + Eee[ρ̃]. Now

⟨Ψ̃|Ĥ|Ψ̃⟩ = T [ρ̃] + Vee[ρ̃] +

∫
ρ̃(r)Vext d

3r = E[ρ̃] ≥ E0[ρ0] = ⟨Ψ0|Ĥ|Ψ0⟩. (2.27)

The conclusion is that any trial electron density must give an upper bound to the true

ground-state energy. To summarize the Hohenberg-Kohn theorems: The ground-state

energy from Schrödinger equation is a unique functional of the electron density. The

Hohenberg-Kohn theorems reduce N -electron problems from 3N dimensions to just three

dimensions which immensely reduces computational costs.

2.2.6 The Kohn-Sham method

The Hohenberg-Kohn theorems show that the electron density is an unambiguous quantity

related to the ground state of the system, but the theorems provide no means whatsoever

to finding the correct electron density. Kohn-Sham method provides a systematic way to

approaching the correct electron density. The idea is to use a non-interacting reference

system built from a set of one-electron orbitals. The non-interacting electrons behave like

uncharged fermions, meaning that they do not interact with each other through Coulomb

repulsion. The Hamiltonian describing the total energy of the non-interacting reference

system is

ĤS = −1

2

N∑
i

∇2
i +

N∑
i

VS(ri). (2.28)

Here VS(r) is the local, effective potential. The ground-state wave function of the non-

interacting system is modelled by a Slater determinant ΘS

ΘS =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣

ϕ1(r1) ϕ2(r1) · · · ϕN(r1)

ϕ1(r2) ϕ2(r2) · · · ϕN(r2)
...

...
...

ϕ1(rN) ϕ2(rN) · · · ϕN(rN)

∣∣∣∣∣∣∣∣∣∣∣∣
. (2.29)

N is the number of particles in the system. The Kohn-Sham orbitals ϕi are determined by

f̂KSϕi = εiϕi. (2.30)
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The variables εi denote orbital energies. Operator f̂KS is called the one-electron Kohn-Sham

operator and it is defined through

f̂KS = −1

2
∇2 + VS(r). (2.31)

VS(r) has to be chosen such that the electron density ρS(r) obtained by summing the

absolute values of the squared spin orbitals exactly equals the ground-state density ρ0(r) of

the real system of interacting electrons

ρS(r) =
N∑
i

∑
s

|ϕi(r, s)|2 = ρ0(r). (2.32)

The variables i and s denote the electrons and the spins, respectively. The expression for

VS(r) can be written as

VS(r) = −
M∑
A

ZA

R1A

+

∫
ρ(r2)

r12
dr2 + VXC(r1). (2.33)

The first term is potential due to the atomic nuclei and the second term is classical Coulomb

potential. The last term is a functional derivative of the exchange-correlation energy

EXC [ρ(r)] with respect to electron density

VXC =
δEXC [ρ(r)]

δρ
. (2.34)

VXC is called exchange-correlation functional. It represents all unknown parts of the energy

and it has to be approximated in practical quantum chemistry. When the potential VS(r)

is calculated, it can be inserted to equation (2.31) and then the Kohn-Sham orbitals can

be solved from equation (2.30). These orbitals are then inserted to equation (2.32) and

the ground-state density and ground-state energy are obtained. The Kohn-Sham method

is an iterative procedure. Since the potential VS(r) already depends on density ρ(r2), the

potential changes when the electron density is solved. This new density is used in the next

iteration and this continues until the input and output orbitals differ by less than a preset

threshold, that is, the solutions are self-consistent to within some pre-established criterion.

This is where the widely used name self-consistent field (SCF) method comes from. The
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Kohn-Sham orbitals can be solved using specific sets of functions called basis sets.

2.2.7 Exchange-correlation functionals

Density functional theory is a general theory for calculating the electron density but it still

needs a concrete exchange-correlation functional VXC to know how to treat the electron

interactions - electron exchange and electron correlation. The exchange-correlation func-

tional represents all unknown parts of the energy of a given system. The exact form of

the exchange-correlation functional in equation (2.34) is not known and therefore it has

to be approximated in practical calculations. Up until equation (2.34) no approximations

were made. This means that if the analytical form of the exchange-correlation functional

was known, the Kohn-Sham approach would be exact and density functional theory would

yield exact ground-state energy for all systems. The approximation only enters when the

explicit form of the unknown functional VXC has to be decided. Hence, one of the main

goals of modern density functional theory is to find increasingly better approximations to

the electron exchange and electron correlation.

Electron correlation describes how the movement of one electron is influenced by all

other electrons in the system. It is mainly caused by the instantaneous repulsion between

the electrons. Electron exchange is purely quantum mechanical effect with no classical

counterpart. The electron exchange effect is due to the wave functions of indistinguishable

particles being subject to exchange symmetry, meaning, either remaining unchanged or

changing sign when two particles are exchanged. These kind of wave functions are called

symmetric and antisymmetric wave functions, respectively. Imagine two particles. Particle

1 is in state ψa(r) and particle 2 in state ψb(r). If these two particles are distinguishable,

they form a system whose wave function is

ψ(r1, r2) = ψa(r1)ψb(r2). (2.35)

If they are identical bosons, the wave function reads

ψ+(r1, r2) =
1√
2

(ψa(r1)ψb(r2) + ψb(r1)ψa(r2)). (2.36)
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If they are identical fermions, the wave function can be written as

ψ−(r1, r2) =
1√
2

(ψa(r1)ψb(r2) − ψb(r1)ψa(r2)). (2.37)

The expectation value of the square of the distance between the particles is

⟨(r1 − r2)
2⟩ = ⟨r21⟩ + ⟨r22⟩ − 2⟨r1r2⟩. (2.38)

If the particles are distinguishable, then

⟨r21⟩ =

∫
r21|ψa(r1)|2 d3r1

∫
|ψb(r2)|2 d3r2 = ⟨r2⟩a. (2.39)

This means that the expectation value of the square of the position of particle 1 equals the

expectation value of the square of the variable r in a single-particle state ψa. Similarly, for

particle 2

⟨r22⟩ = ⟨r2⟩b. (2.40)

And

⟨r1r2⟩ = ⟨r⟩a⟨r⟩b. (2.41)

Therefore, equation (2.38) can be written as

⟨(r1 − r2)
2⟩d = ⟨r2⟩a + ⟨r2⟩b − 2⟨r⟩a⟨r⟩b. (2.42)

Obviously the situation would be the same if particle 1 was in state ψb(r) and particle 2 in

state ψa(r). If the particles are indistinguishable the expectation value of particle 1 is

⟨r21⟩ =
1

2
(⟨r2⟩a + ⟨r2⟩b). (2.43)

Particle 2 gives

⟨r22⟩ =
1

2
(⟨r2⟩b + ⟨r2⟩a). (2.44)
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And the mixed term becomes

⟨r1r2⟩ = ⟨r⟩a⟨r⟩b ± |⟨r⟩ab|2 = ⟨r⟩a⟨r⟩b ±
∣∣∣∣∫ rψ∗

a(r)ψb(r) d
3r

∣∣∣∣2 . (2.45)

Now equation (2.38) gives

⟨(r1 − r2)
2⟩± = ⟨r2⟩a + ⟨r2⟩b − 2⟨r⟩a⟨r⟩b ∓ 2|⟨r⟩ab|2

= ⟨(r1 − r2)
2⟩d ∓ 2|⟨r⟩ab|2.

(2.46)

The minus sign in ∓ denotes bosons and the plus sign fermions. From equation (2.46) it

can be seen that the situations between distinguishable and indistinguishable particles are

different if and only if the overlap integral in equation (2.45) is nonzero. If it is nonzero, it

means that two identical bosons are closer to each other than two identical fermions. For

an outside observer this looks like there was an attractive force between the two bosons and

a repulsive force between the two fermions. This purely quantum-mechanical phenomenon

is sometimes misleadingly called the exchange force. However, it is not a force since it lacks

a force carrier and hence it is called the exchange interaction.

The exchange-correlation functional tries to take the electron correlation and the ex-

change interaction into account when calculating the ground-state energy of some system.

The better the functional, the better the approximation for the ground-state energy is.

There are many different functionals. Among the simplest is the local density approxima-

tion (LDA) [28], where the functional depends solely on the electron density at the location

where the functional is evaluated. A straightforward generalization of LDA, the local spin-

density approximation (LSDA) [27], takes into account the electron spin. Even more accu-

rate generalized gradient approximations (GGA) [29] take into account the inhomogeneity

of the electron cloud. Usually the exchange part is more difficult to calculate than the cor-

relation part. To alleviate this problem, there exist functionals where part of the electron

exchange is calculated exactly using the Hartree-Fock theory. These functionals are called

hybrid functionals. An example of a hybrid functional would be the Becke-Half-and-Half-

Lee-Yang-Parr (BHandHLYP) functional which uses a 1:1 mixture of the pure exchange
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energy of the Kohn-Sham Slater determinant and the local spin-density approximation

EXC =
1

2
EX +

1

2
ULSDA
XC . (2.47)

EX is the exchange energy from the Kohn-Sham Slater determinant and ULSDA
XC refers to

the potential energy of the exchange-correlation in LSDA [30,31].

2.3 Basis sets

All information in section 2.3 is from sources [25–27], unless otherwise stated.

Due to the complexity of the Kohn-Sham operator f̂KS in equation (2.31) the compu-

tation of the Kohn-Sham orbitals can be extremely demanding. In order to alleviate the

problem, in practical calculations the partial differential equations are turned into linear

equations for much more efficient implementation on a computer. This is done using basis

sets, which are sets of functions called basis functions that are used to represent the elec-

tronic wave function in density functional theory. The transition from partial differential

equations to linear equations is carried out using a method called linear combination of

atomic orbitals (LCAO).

Consider a set of basis functions {ην}. Now each Kohn-Sham orbital can be written as

a linear combination of these basis functions

ϕi =
L∑

ν=1

cνiην . (2.48)

L is the number of basis functions in the basis set {ην}. Inserting this into equation (2.30)

and multiplying from left with an arbitrary basis function ηµ and then integrating over all

space leads to

L∑
ν=1

cνi

∫
ηµ(r1)f̂

KS(r1)ην(r1) dr1 = εi

L∑
ν=1

cνi

∫
ηµ(r1)ην(r1) dr1. (2.49)

The variable ν runs from 1 to L. Both integrals in these equations represent a matrix

element of a particular L × L matrix. The integral on the left-hand side of the equation

represents a matrix element of the Kohn-Sham matrix FKS and the integral on the right-
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hand side of the equation is a matrix element of overlap matrix S. Coefficients {cνi} and

orbital energies εi can also be represented with matrices C and ε and equation (2.49) can

be written as a matrix equation

FKSC = SCε. (2.50)

Hence, using the LCAO method the difficult set of partial differential equations has turned

into a set of linear equations that can be rather easily solved with suitable computer pro-

grams. The bigger the basis set is, meaning the more basis functions there are, the better

the approximations for Kohn-Sham orbitals are.

2.3.1 Completeness optimization

In general, there are three features for determining the accuracy of quantum chemical meth-

ods: the choice of the Hamiltonian, the treatment of electron correlation, and the description

of the basis set used. Basis set limit means that the size of the basis set, that is, the amount

of basis functions approaches infinity. If there is an infinite amount of basis functions, the

set is said to be complete. Obviously, in practice it is not possible to have an infinite amount

of basis functions and often times large basis sets that give results that converge to a par-

ticular value are used as complete basis sets. Often basis sets are optimized to yield the

lowest energy for the electronic systems. However, even though the energy converges, it

does not imply the convergence of molecular properties. Completeness optimized basis sets

provide an efficient way to approach the complete basis set limit of any molecular property

regardless of the level of theory used.

Insufficient basis sets often yield erroneous results at all levels of theory. Sometimes a

good result might be obtained with a bad basis set due to error cancellation between the

basis set and method. However, this cannot be used as methodology for reliable calculations.

With a proper basis set at least qualitatively correct results can be obtained.

Gaussian type orbitals (GTOs) are some of the most used basis functions. A Gaussian

type orbital θijk(r − rc) can be written as

θijk(r − rc) = N(x− xc)
i(y − yc)

j(z − zc)
ke−α|r−rc|2Ylml

(θ, ϕ). (2.51)

N is normalization constant, α > 0 controls the width of the orbital and Ylml
(θ, ϕ) is
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the ordinary spherical harmonic with angular momentum l and its z-component ml. The

function is centered at rc = (xc, yc, zc) and integers i, j and k determine the type of the

orbital 

i+ j + k = 0 → s-type Gaussian orbital, 1 for each exponent α

i+ j + k = 1 → p-type Gaussian orbital, 3 for each exponent α

i+ j + k = 2 → d-type Gaussian orbital, 6 for each exponent α

· · ·

. (2.52)

There are quite many variational parameters in equation (2.51). To limit the number of

these parameters, contracted Gaussians (CGTO) may be used

χj =
∑
i

djiθi. (2.53)

The primitive Gaussians θi are centered on the same atom and the contraction coefficients

dji are held fixed during the molecular calculation. Consider a contracted Gaussian type

orbital in equation (2.53). Writing equation (2.53) using a compact notation χ = dθ a

projection operator P can be defined as

P = |χ⟩⟨χ|χ⟩−1⟨χ|. (2.54)

This can also be written as

P =
∑

|ψm⟩⟨ψm|. (2.55)

The wave functions ψm construct an orthonormal basis set ψ = χT, that is,

|ψm⟩ =
∑

χjTjm. (2.56)

The transformation matrix T is the Löwdin’s symmetric orthonormalization matrix S−1/2.

The completeness of a basis set is examined by representing a normalized GTO G(α) and
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measuring how close the following quantity comes to unity.

Y (α) = ⟨PG(α)|PG(α)⟩ = ⟨G(α)|PG(α)⟩. (2.57)

Substituting equation (2.55) to equation (2.57) gives

Y (α) =
∑

⟨G(α)|ψm⟩⟨ψm|G(α)⟩. (2.58)

The quantity Y (α) represents the sum of squares of the overlap of G(α) with the or-

thonormalized basis {ψ}. The value for the exponent α can be freely chosen. Y (α) plotted

against log(α) can be used as a graphical tool for evaluating the completeness of a given

basis set. G(α) is used as a scanning function and α is the scanning parameter. If a given

basis set is flexible enough to precisely represent the scanning function in a certain exponent

interval [αmin, αmax], the plot of Y (α) against log(α) shows in this interval a region called

completeness plateau, where Y (α) ≈ 1. Since the completeness profile visualizes the flexibil-

ity of the basis set, it can also be utilized for maximizing the flexibility. The maximization

is done by placing exponents on every angular momentum orbital so that the completeness

profile becomes as flat as possible. The values for the angular momenta l can be determined

by varying the limits αmin and αmax for each l, and at the same time examining the evolution

of the desired property. When the property does not change anymore despite extending the

limits or adding orbitals with higher l-value, the complete basis set limit has been achieved.

The resulting completeness-optimized basis set contains a variable number of exponents for

each orbital, and a variable number of contraction coefficients for each exponent. The ba-

sis set has the ability to reproduce the effect of any primitive GTO with this finite set of

exponents selected according to the completeness-optimization scheme [32–35].

2.4 Solvent models

All information in section 2.4 is from sources [36, 37].

In computational chemistry and physics, a solvent model is a computational method

that takes into account the effect of solvated condensed phases on a given system, i.e., it

accounts for the effect of a medium on the system. One way to divide different models
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is to split them up into explicit and implicit models. Both solvent models have their own

advantages and disadvantages.

Explicit solvent models treat the solvent molecules explicitly, that is, their coordinates

are taken into account. Generally explicit solvents are used in molecular mechanics, molec-

ular dynamics and Monte Carlo simulations. Explicit solvent provides a physically realistic

picture in the sense that the solvent interacts directly with the solute molecule.

An implicit solvent model can be seen as a model in which the number of the degrees of

freedom of the particles that construct the model are described in a continuous way, often

by means of some kind of distribution function. These continuum models usually use a few

empirical parameters, the most important being the dielectric constant ε, and represent the

solvent as a continuous isotropic field. The coordinates are not taken into account unlike in

explicit solvent models. The solute is encapsulated in a tessellated cavity which is embedded

in the solvent field. The charge distribution of the solute polarises the dielectric medium

which then polarises the solute.

In continuum models a molecule is placed inside a cavity in order to account for solvation

effects. The shape and size of the cavity depends on the continuum model used but in all

models the cavity should have a physical meaning. In general molecules have irregular

shapes and, hence, occasionally there exist small portions of space on the periphery of the

molecules where the solvent molecules cannot penetrate. This consideration sets the basis

for two definitions: solvent accessible surface (SAS) and solvent excluding surface (SES),

also called solvent excluded surface. In both cases the solvent molecule is thought of as a

sphere with a volume defined by the van der Waals radius. SAS is determined by rolling

the center of the solvent molecule on the van der Waals surface of the molecule. SES is

defined by placing the solvent molecule on each nucleus in the original molecule. Figure 1

illustrates the surfaces.

The optimal size of the cavity has been a subject of debate, but the above method that

uses SAS, SES and the van der Waals radius is amongst the most used. The solute-solvent

interactions in this method are of electrostatic origin and the physical model requires the

solution of the classical electrostatic problem, that is, Poisson problem. The general Poisson

equation is

−∇(ε(r)∇V (r)) = 4πρM(r). (2.59)
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Figure 1: Illustration of the solvent accessible surface (SAS) and the solvent excluding surface (SES). The
original molecule is shown with grey lines. The solvent molecule is illustrated as a grey sphere. The dashed
line defines the SAS and the black line defines the SES. Figure taken from source [36].

Here ε is the dielectric constant of the medium and ρM is the charge distribution of the solute.

V is the sum of the electrostatic potential VM which arises from the charge distribution ρM

and the reaction potential VR which is generated by the polarization of the dielectric medium

V (r) = VM(r) + VR(r). (2.60)

In the simplified electrostatic model equation (2.59) can be simplified to

−∇2V (r) = 4πρM(r), within C

−ε∇2V (r) = 0, outside C

. (2.61)

C denotes the space occupied by the cavity. Both cases in (2.61) are accompanied by four

boundary conditions, the first two being


lim
r→∞

rV (r) = α

lim
r→∞

r2V (r) = β

. (2.62)

Variables α and β have finite values. These conditions ensure the harmonic behaviour of
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the solution. The last two conditions are, at the cavity surface Γ,[V ] = 0, on Γ

[∂V ] = 0, on Γ

. (2.63)

The first condition indicates the continuity of the potential across the surface. The second

condition expresses the discontinuity of the component perpendicular to the cavity surface.

These can be explicitly written as[V ] = Vin − Vout = 0, on Γ

[∂V ] =
(
∂V
∂n

)
in
− ε

(
∂V
∂n

)
out

= 0, on Γ

. (2.64)

The vector n points outwards, perpendicular to the cavity surface. Subscripts in and out

refer to the cavity with dielectric constant ε = 1 and an external medium with ε > 1.

Equations (2.61)-(2.64) give the foundations for solvation methods that use standard elec-

trostatistics. There are six approaches to these solvation methods, one of them being the

apparent surface charge method (ASC).

Using the second condition in equation (2.64) an auxiliary quantity called an apparent

surface charge σ(s) can be derived. This charge distribution is limited to the surface Γ. The

ASC defines a potential over all space

Vσ(r) =

∫
Γ

σ(s)

|r− s|
d2s. (2.65)

This potential is the same as the reaction potential VR in equation (2.60). Variable s denotes

the position on the surface. The integral can be approximated using the boundary element

method, which segments the integral into finite number of elements. The cavity surface is

thought of as a finite set of tesserae. The tesserae are small enough so that σ(s) can be

considered to be almost constant within each tessera. A set of point charges qk is defined

in terms of the local value of σ(s) on each tessera times the corresponding area Ak. The

integral now transforms into a finite sum

Vσ(r) =
∑
k

σ(sk)Ak

|r− sk|
=

∑
k

qk
|r− sk|

. (2.66)
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This potential appears in all ASC methods. Some of the widely used ASC methods are the

conductor-like screening model (COSMO) and the polarizable continuum model (PCM). In

these methods the idea is to calculate the apparent surface charge on the cavity surface as

accurately as possible.

2.4.1 Conductor-like screening model

All information in section (2.4.1) is from sources [36, 38].

Screening refers to the damping of an electric field caused by the presence of moving

charge carriers that interact with each other through Coulomb force. The response of a

homogeneous dielectric medium with permittivity ε to some charge distribution of a solute

consists of a surface charge distribution on the SAS arising from the polarization of the

dielectric medium. The only problem is in the calculation of the screening charge densities

σ(r)

σ(r) =
ε− 1

4πε
n(r)E−(r). (2.67)

E−(r) is the total electric field at the inner side of the surface and n(r) is the surface

normal vector at point r. COSMO gives a very accurate approximation to equation (2.67)

for arbitrarily shaped cavities. The idea is to change the dielectric constant ε to infinity,

that is, to the value of a conductor. This modifies the boundary conditions such that the

potential VR in equation (2.60) cancels out on the cavity surface. As a result the ASC is

determined by the local value of the electrostatic potential. The effects of the finite value

of the dielectric constant are recovered by scaling the unscreened charge density σ∗(r) by a

function of ε. The scaling function is

f(ε) =
ε− 1

ε+ k
. (2.68)

The constant k is small, often 0 or 0.5. The screened charge density is given by

σ(r) = f(ε)σ∗(r). (2.69)

2.4.2 Polarizable continuum model

All information in section (2.4.2) is from sources [23, 36].
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For systems that are composed of regions of constant isotropic permittivity, a polariza-

tion vector can be written using the gradient of the total potential V (r)

Pi(r) = −εi − 1

4π
∇V (r). (2.70)

The dielectric constant in region i is denoted by εi. At the boundary of arbitrary regions i

and j there is an ASC given by

σij = −(Pj(r) −Pi(r)) · nij. (2.71)

The unit vector nij points from medium i to j at the boundary ij. For surface s, the basic

PCM definition in the case εi = 1 and εj = 1 gives

σ(s) =
ε− 1

4πε

∂

∂n
(VM + Vσ)in. (2.72)

The unit vector n points perpendicularly outwards from the cavity surface. The gradient is

computed on the internal part of the surface as indicated by the subscript in.

2.5 Extended tight-binding

All information in section (2.5) is from sources [39, 40].

Tight-binding (TB) refers to an approach used mostly in solid-state and molecular

physics where the calculation of the electron system is carried out using an approximate

set of wave functions located at each atomic site. The nuclei in the material are relatively

strongly bound and they are only weakly coupled to other nuclei. Extended tight-binding

(xTB) is the extension of the tight-binding method which has parameter availability for

almost the entire periodic table. The xTB methods have a basis in Kohn-Sham DFT and

much of the same terminology is used in both methods. Extended tight-binding is a semiem-

pirical method but it contains approximations and parameters taken from empirical data.

The xTB methods use small basis sets which makes them very fast and feasible for quantum

chemical calculations in large molecules.

The xTB methods are divided into GFNn-xTB subgroups, where n = 0, 1, 2. The

acronym GFN arises from the construction of the xTB methods. The GFNn-xTB are
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designed as tools focusing on molecular properties which can relatively easily be described

at low level, including geometries, frequencies, and noncovalent interactions. This leads to

the acronym GFN.

In GFNn-xTB methods the wave functions are written in terms of a partially polar-

ized valence basis sets where basis functions are spherical Gaussian type orbitals. Each

contracted GTO ϕµ can be expressed as

ϕµ(r) =

Nµ
prim∑
z

dzµχ
µ
z (r). (2.73)

The χµ
z are primitive GTOs and dzµ are the contraction coefficients. The molecular orbitals

ψj are linear combinations of the contracted GTOs with the orbital coefficients Cµj

ψj(r) =

NAO∑
µ

Cµjϕµ(r). (2.74)

The LCAO method gives Roothaan-type equations if the orbital coefficients, the orbital

energies, the xTB Hamiltonian and the atomic orbitals are written to matrices C, ε, F and

S, respectively:

FC = SCε. (2.75)

These equations can be conveniently solved on a computer.

2.6 Nuclear magnetic resonance

All information in section 2.6 is from source [2].

Atomic nuclei are associated with an intrinsic angular momentum called the spin angular

momentum J. A dimensionless spin angular momentum I is defined as I = J/h̄. The

magnitude and direction of I are quantized in the sense that the magnitude of the vector is

|I| =
√
I(I + 1). (2.76)

Here I = 0, 1
2
, 1, 3

2
, .... If I ̸= 0, the nucleus has a magnetic dipole moment µ = γh̄I. The

quantity γ is gyromagnetic ratio, which is specific for each isotope.
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The magnetic moment in an external magnetic field experiences a torque N = µ×B0

which, depending on the sign of γ, tends to align the magnetic moment with the external

field or against it because it is energetically favorable for the magnetic moment to be in that

orientation. The equation of motion for the magnetic moment in an external magnetic field

is
dµ

dt
= −γB0 × µ. (2.77)

Equation 2.77 describes a vector µ precessing about the direction of B0 with angular fre-

quency ω0 = −γB0. This motion is known as the Larmor precession. The Larmor frequency

can be written as

ν0 =
ω0

2π
= − γ

2π
B0. (2.78)

The vector sum of the individual spins in a sample generates a bulk magnetization M

M =
∑
i

⟨µi⟩. (2.79)

Nuclear magnetic resonance (NMR) is a phenomenon where a nucleus is able to absorb

energy from radiofrequency electromagnetic field oscillating at the Larmor frequency. In

NMR the Larmor precession of M is observed. The bulk magnetization vector is first tipped

away from the equilibrium using the RF-pulse, and as it relaxes back to the equilibrium,

the magnetic field associated with it induces a voltage to a detection coil. The signal is

subjected to the Fourier transform which gives a spectrum of the absorbed energies.

The external magnetic field, B0, induces currents in the electron cloud of a molecule in

the sample. Thus, the total magnetic field experienced by a nucleus includes not only the

B0 field, but also local magnetic fields induced by currents of electrons in the molecular

orbitals. Therefore, the total magnetic field at the site of nucleus i is not B0, but

Bi = (1 − σi)B0. (2.80)

The shielding constant σi is in general different in different parts of the molecule. Due to

this change in the magnetic field at the site of the nucleus also the Larmor frequency changes

νi = (1 − σi)ν0. (2.81)



Theory 33

This means that the shielding shifts the frequency of the detected NMR signal. This is

referred to as the chemical shift, δ, and for nucleus i it can be expressed as

δi = 106 · νi − νref
νref

. (2.82)

The unit for the chemical shift is parts per million (ppm) and the reference compound whose

Larmor frequency is νref is, in the case of 1H and 13C, tetramethylsilane (TMS). Despite

having the magnitude of 10−6, the chemical shift can be measured due to the excellent

precision of NMR spectroscopy. Investigations of chemical shifts in many different kinds of

samples have produced a massive amount of information about the chemical bonds, bond

angles and the general structure of molecules. Therefore in NMR spectroscopy it is common

practice to report chemical shifts.

2.7 Nuclear spin-induced optical rotation

Nuclear spin-induced optical rotation (NSOR) is a nuclear magneto-optic effect that occurs

as a rotation of the plane of polarization of light when the light passes through a medium [5].

The change in polarization state of the light passing through a sample is induced by nuclear

magnetic moments and the interactions between the nuclei and the light are mediated by

the electron cloud of the molecule. Many spectroscopic properties can be expressed as

perturbations in the electron system induced by external fields. This is also the case with

nuclear spin-induced optical rotation. NSOR can be written in terms of a quadratic response

function (QRF) [41], which introduces a second order correction to the electric dipole of the

molecule due to perturbation by light and nuclear hyperfine interaction.

Electric polarizability of a molecule refers to its ability to respond to an electric field

by acquiring an electric dipole moment. Dynamic molecular polarizability has dispersion,

meaning it varies with the frequency of the electric field [25]. The magnetic-field dependent

antisymmetric dynamic dipolar polarizability of a molecule can be written as Taylor series

α′
ϵτ =

∑
ν

α′(B)
ϵτ, νBν +

∑
ν

α′(IK)
ϵτ, ν IK, ν + O(B3

0 , I
3
K). (2.83)

The first and second terms describe small magnetic interactions arising from an external



Theory 34

magnetic field B0 and nuclear magnetic moments mK = γKh̄IK , respectively. IK and γK

are the spin vector and the gyromagnetic ratio of nucleus K, respectively. The subscripts

ϵτν refer to the Cartesian coordinates in a molecule-fixed frame. The last term includes

terms that are of order three and higher [6].

Imagine linearly polarized light of angular frequency ω traveling in an external magnetic

field along the laboratory z-axis through a path length l in a medium consisting of isotrop-

ically tumbling molecules. The number density of the molecules is N . The wave vector of

the light beam is parallel to the z-axis. Due to a small difference in the phase velocities of

right- and left-hand circularly polarized components of the light, the beam undergoes an

optical rotation through angle ϕ which can be written as

ϕ =
1

2
ωµ0clNℑ⟨α′

xy⟩. (2.84)

Here µ0 is vacuum permeability, c is the speed of light in vacuum and ℑ denotes the imag-

inary part. The angular brackets denote isotropic rotational averaging and the subscripts

xy refer to Cartesian coordinates [6].

Optical rotation can also be generated without an external magnetic field. Imagine an

experiment where the magnetization of a sample of spin-polarized nuclei is aligned with

the wave vector. The resulting magnetic field can be utilized for generating magneto-optic

effects without an external magnetic field. For a sample of magnetized nuclei K with the

number density NK = nkNA, where nK is the molar concentration of the nuclei and NA the

Avogadro constant, the antisymmetric polarizability from equation (2.84) reads

⟨α′
xy⟩ =

1

6
PKIK

∑
ϵτν

εϵτνα
′(IK)
ϵτ, ν . (2.85)

IK is the nuclear spin quantum number and ϵ, τ and ν refer to Cartesian coordinates. PK

is the degree of nuclear spin polarization along the wave vector

PK =
⟨IK, z⟩
IK

. (2.86)

Here ⟨IK, z⟩ is the ensemble average of the spin component along the z-axis. Using equations

(2.84) and (2.85) the angle for the optical rotation per unit path length, that is, the angle
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for nuclear spin-induced optical rotation, can now be written as

ϕ = − 1

12
ωµ0cNAIK

∑
ϵτν

εϵτνℑ⟨⟨µ̂ϵ; µ̂τ , ĥ
hf
K, ν⟩⟩ω, 0. (2.87)

The summation runs over the repeated indices of Cartesian components ϵ, τ and ν. εϵτν

is the Levi-Civita symbol. The quadratic response function, indicated with double angular

brackets, describes how a molecule in a sample responds to perturbations by external fields.

Essentially it introduces a second order correction to the electric dipole of the molecule due

to perturbation by light and nuclear hyperfine interaction. The operators in the QRF are

the electric dipole µ̂ and the hyperfine interaction ĥ
hf

K which in non-relativistic theory means

the paramagnetic spin-orbit operator ĥ
PSO

K . The electric dipole operator can be written as

µ̂ = −e
∑
i

r̂i. (2.88)

The paramagnetic spin-orbit operator is expressed as

ĥ
PSO

K =
eh̄µ0

4πme

γK
∑
i

l̂K,i

r3K,i

. (2.89)

Here e and me are the charge and mass of the electron, respectively. The quantity l̂K,i is

the angular momentum of electron i in the vicinity of nucleus K [6, 15].
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3 Results

3.1 Objectives

Nuclear magneto-optic spectroscopy (NMOS) is a small field of study and, still in its infancy,

it is mostly investigated theoretically. Despite multiple studies on different NMOS effects

[5–9] the general connection between the molecular structure and the corresponding NMOS

response has not been established for any NMOS effect and the interpretation of experiments

still mostly relies on rigorous and laborious quantum-chemical calculations.

NSOR has not yet been developed into a tool to distinguish chemical structures and

hence it is unclear if it can provide similar structural information to NMR. However, some

promising results regarding NMOS effects have been obtained, such as enhancement of

NSOR signal due to nearby electronic resonance, that is, transition to a higher electronic

state [20], a correlation between NSCD signal and the global electronic structure [42] and a

simple semiempirical model for estimation of ratios of NSOR signals in a single molecule [43].

Conditions necessary for occurrence of NSCD signal have been found [44]. NSOR intensities

have been shown to correlate with several structural features of molecules, such as the

position of the nucleus in the carbon chain, presence of nearby unsaturated groups and

isomerism [15]. It has also been shown that in hydrocarbons NSOR can be approximated

to good precision for non-interacting chromophores as an additive property so that each

chromophore contributes to the NSOR of nearby nuclei separately [15].

NSOR is the only experimentally measured NMOS effect so far, and it is likely to be the

first method applied on chemical structure determination in the near future. In order to

understand this NMOS effect better, the aim here is to study the influence of an oxygen atom

and different solvent models on NSOR and also compare NSOR to NMR. The underlying

motivation for this is to see if NSOR can distinguish different types of molecules and nuclei.

In this study NSOR is calculated in different oxygen compounds, including alcohols, ethers,

ketones, aldehydes and carboxylic acids. The main calculations, which were conducted

with implicit solvent, include a wide range of alcohols, ethers, ketones and aldehydes. The

molecules used in the main calculations are listed in table 1.
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Table 1: The molecules used in implicit solvent calculations. (*) means that the molecule was also used in
conformation search. (**) refers to the molecules that were used in vacuum and explicit solvent calculations.
The molecules used in NMR calculations are marked with (***).

Alcohols 4-(1-ethyl-2-methylpropyl)-3,4,5-trimethyl-3-octanol (*)(**)(***)
3-ethyl-6,6-dimethyl-4-(1,1-dimethylpropyl)-2-octanol
6-(1-ethylpropyl)-2,3,7,7-tetramethyl-2-nonanol
2,3,3-trimethyl-2-hexanol
4,4,5,5,6,6-hexamethyl-2-octanol
2,4,4,5,5-pentamethyl-2-heptanol
4,5,5,8-tetramethyl-4-nonanol
3-ethyl-6-methyl-4-(1,1-dimethylethyl)-4-propyl-2-heptanol (**)(***)
3-ethyl-4,4-dimethyl-1-hexanol (**)
3,4-dimethyl-1-hexanol
4-methyl-1-pentanol (***)

Ethers 4,4-dimethyl-2-isopropoxypentane (*)(**)(***)
4-(1-methylpropyl)-3-methoxyoctane
5-ethyl-2,3,3-trimethyl-2-methoxyheptane
2,4,4,5-tetramethyl-5-propyl-2-methoxyoctane
2,3,3,5-tetramethyl-4-propyl-2-methoxyheptane
3-ethyl-2-methoxy-2,3,4,4-tetramethylheptane (**)(***)
2,2,4,4,5,5-hexamethyl-3-(1-methylethyl)-1-ethoxyhexane
4,4-dimethyl-1-ethoxyhexane
3,4,4-trimethyl-1-ethoxyhexane
3,3,4,4-tetramethyl-1-ethoxyhexane
3,3,4,4,5-pentamethyl-1-ethoxyhexane
3,3,4,4,5,5-hexamethyl-1-ethoxyhexane
3,4,4-trimethyl-3-(1-methylethyl)-2-(1-methylpropyl)-
1-(2-methylpropoxy)pentane (**)(***)

Ketones 3-ethyl-4-(1-methylpropyl)-2-octanone (*)(**)(***)
4,4,5,5,6-pentamethyl-2-nonanone
4,4,5,5,7-pentamethyl-3-octanone (**)(***)
6-ethyl-5,5,6-trimethyl-3-octanone
4,4,5,8-tetramethyl-6-propyl-3-nonanone
3,3,7,7,8,9,9-heptamethyl-4-decanone (**)
6-ethyl-3,7-dimethyl-4,5-bis(1-methylethyl)-2-octanone
4-methyl-5-(1-methylethyl)-6-(1,1-dimethylethyl)-3-decanone
6,6-diethyl-3-methyl-4-(2,2-dimethylpropyl)-2-nonanone

Aldehydes 2,4,6,6-tetramethylheptanal (*)(**)(***)
2,5-diethyl-2,4,5-trimethylheptanal
3,6-diethyl-2-methyl-5-(1-methylethyl)octanal
2,3-diethyl-2,5-dimethylhexanal (**)
3-ethyl-5,5,6,6-tetramethyloctanal
3,3,6,6-tetramethylheptanal
2,2,3,3,4,6-hexamethyl-4-propylheptanal (***)
4-ethyl-3,3,4-trimethylhexanal (**)
2,3,3,4,5,5,6,6-octamethyloctanal
4-ethyl-4,5-dimethylhexanal (***)
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3.2 Methods

The research started with a conformation search to check how NSOR depends on the con-

formation of a molecule. One alcohol, one ether, one ketone and one aldehyde were chosen

to calculate NSOR in different energy conformers. These four molecules are marked in table

1 with an asterisk in parentheses (*). Each structure was first optimized using the extended

tight-binding program package xtb [45], then 15 lowest energy conformers were generated

using xtb’s utility program CREST (Conformer-Rotamer Ensemble Sampling Tool) [46].

All of these conformers were then optimized in Turbomole [47] using hybrid functionals

PBE0 [48] and B3LYP [30,49]. The TZVP basis set [50] was used. From the xtb, PBE0 and

B3LYP calculations three lowest energy conformers were selected for NSOR calculations.

The conformers produced by CREST and different DFT methods were not in general similar.

The shapes of carbon chains vary significantly between different conformers. Resolution of

identity [51] (RI) was used consistently throughout the optimizations in Turbomole. Reso-

lution of identity is a method to approximate the electron density using a linear combination

of atom-centered auxiliary basis functions that have the same functional form as the usual

basis functions used to describe molecular orbitals. Dispersion correction [52] was used in

Turbomole to take into account the long-range interactions between distant parts of the

molecule.

NSOR signals were calculated in DALTON [53] for the three lowest energy conformers

from xTB, PBE0 and B3LYP calculations up to 3 bonds distance from the oxygen atom

for 13C nuclei. The NSOR constants were calculated with PCM, using DFT with the

BHandHLYP functional [30,31] and completeness-optimized co2 basis set [22,34].

After the conformer search the complete sets of molecules were built in Molden [54] as

single conformers, trying to keep the number of different structural motifs similar, meaning

that the carbon atoms near the oxygen atom make all possible numbers of bonds at each

position in the chain in all four different molecule groups. The geometries were optimized

using xtb, CREST, CREGEN [55] which is an ensemble sorting tool utility in CREST, and

Turbomole. The geometry optimization procedure started with geometry optimization using

xtb and continued with CREST to produce low energy conformers. The conformers were

sorted according to energy using CREGEN and finally the lowest energy conformer was fine-
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tune optimized at DFT/B3LYP/TZVP level of theory in Turbomole with COSMO. After

the optimization procedure harmonic vibrational frequencies were calculated in Turbomole

to verify the presence of a local geometry minimum.

The NSOR constants in implicit solvent were calculated at BHandHLYP/co2 level of

theory in DALTON with PCM. The solvent used in all geometry optimizations as well as in

NSOR calculations was methanol. All NSOR calculations were carried out with a wavelength

of 405 nm, which is a commonly available wavelength in many commercial laser diodes. In

the results the units for the NSOR signals are µrad·dm3/mol/cm. The abbreviation µrad

is used but all values are normalized to concentration, nuclear polarization and unit path

length. The NSOR signals from chemically equivalent protons are averaged.

Some calculations were also carried out in vacuum and with an explicit solvent molecule

which was chosen to be water. Water was chosen as the solvent molecule for the explicit

solvent calculations because the idea is to have something polar that can form a hydrogen

bond and at the same time has few degrees of freedom. For vacuum calculations the geome-

tries from implicit solvent optimizations were used to get rid of changes to NSOR due to

different geometry. In explicit solvent calculations only the position of the water molecule

was optimized while the parent molecule was fixed in space for the same reason as in vacuum

calculations. For alcohols and aldehydes the explicit solvent calculations were conducted in

two ways. In half of the calculations the water molecule was placed so that it approached

the oxygen in the functional group of the parent molecule and the other half was done so

that the water approached the hydrogen in the functional group. Ketone’s functional group

does not contain hydrogen so in ketones the water molecule always approaches the oxygen.

For ethers the explicit solvent calculations were not conducted due to the fact that the

oxygen is embedded in the parent molecule, making it difficult for the water molecule to

approach it and hence most likely leading to very little effect on NSOR. In the optimizations

and NSOR calculations the same level of theory was used as in implicit solvent calculations.

The molecules for which the vacuum and explicit solvent calculations were done are marked

in table 1 with two asterisks in parentheses (**).

Trends in NSOR with oxidation were investigated in alcohols, aldehydes and carboxylic

acids. The structures were built such that the carbon skeleton in each molecule type is

the same, meaning that the carbon structure from the alcohol was taken and the hydroxyl
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group was replaced first by a formyl group and then by a carboxyl group in such a way that

the number of carbons in the molecule does not change. This was done with three different

carbon skeletons, which means three alcohols, three aldehydes and three carboxylic acids.

The optimization process was similar as for the main implicit solvent calculations. NSOR

signals were also calculated in the same way.

A comparison of NSOR angles and NMR chemical shifts was conducted for all possible

atomtypes at the distances of one and two bonds from the oxygen in all molecule types.

The NSOR values used in the comparison are the signals from the corresponding atoms in

the main NSOR calculations. The geometries used in NMR calculations are the same as

in the NSOR calculations. The chemical shifts were calculated in Turbomole without any

solvent model at the same level of theory as the NSOR signals. The molecules that were

used in NMR calculations are marked in table 1 with three asterisks in parentheses (***).

The flowchart in figure 2 illustrates the workflow during the research.

Figure 2: A block diagram of the workflow. First, conformation search was carried out. Next all structures
were built in Molden and optimized using xtb, Turbomole and their driver programs. After verifying the
local geometry minimum the NSOR constants were calculated in DALTON with PCM for each nucleus in
all molecules. Next, NSOR calculations in vacuum and with explicit solvent were conducted. After that
NSOR in carboxylic acids were investigated and finally the chemical shifts were calculated for a selected set
of nuclei.
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3.3 The labelling system

The NSOR signals from each nucleus were labelled based on two structural criteria. The

first criterion is the distance from the oxygen atom in the molecule calculated in bonds.

The atom that is directly bound to the oxygen is one bond away and the next atom is

two bonds away and so on. The second criterion is the number of carbon-carbon bonds

for each nucleus. This separates the carbons into five different groups. Carbons at the end

of a carbon chain are bound to one other carbon and they are labelled as E-type carbons.

Carbon atoms in the middle of the carbon chain are bound to two other carbons and they

are labelled as C-type carbons. Carbons that are bound to three other carbons are referred

to as T-type carbons and carbons that make four bonds with other carbons are Q-type

carbons. In ethers the carbon in the methoxy group makes no bonds with other carbons

and it is labelled as M-type carbon.

The oxygen signals are labelled based on the molecule types which are alcohol, aldehyde,

ether and ketone. The signals from hydrogen atoms are labelled based on the distance from

oxygen atom and the carbon atom they are bound to. For example, a hydrogen that is

five bonds away from the oxygen and is bound to C-type carbon, is C5-type hydrogen. In

alcohols, the hydrogen that is directly bound to the oxygen, is labelled as X-type hydrogen.

Figure 3 shows a visual example of the labelling system. The figure was rendered using

UCSF Chimera [56].
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Figure 3: Visual illustration of the labelling system. Each atom is labelled based on their distance from the
oxygen atom (X) and the number of carbon-carbon bonds to this center. The numbers refer to the distance
from the oxygen. The letters M, E, C, T and Q refer to 0, 1, 2, 3 and 4 carbon-carbon bonds, respectively.
Hydrogens have the same letter as the carbon they are bound to.

3.4 NSOR in different conformers

Before calculating NSOR for the complete sets of different molecule types in table 1, a

conformer study was carried out to check how NSOR depends on conformation of a molecule.

The lowest conformers from the three methods used here are not in general the same.

The carbon chains can be different. Figures 4, 5, 6 and 7 show the NSORs from the

conformer search calculations. In all figures E-, C-, T- and Q-type carbons are denoted

by circle, triangle, square and diamond, respectively. The xTB conformers from lowest

to highest energy are denoted by blue, orange and black colors, respectively. Similarly,

PBE0 conformers from lowest to highest energy are indicated by purple, green and red,

respectively. The B3LYP conformers from lowest to highest energy are given in grey, gold

and brown colors. The signals from different methods are slightly vertically offset so that

they are easier to see. The differences between signals from each nucleus were calculated

such that the difference between all possible signal pairs was computed and the minimum,

maximum, average and median of these differences from each nucleus were recorded.
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Figure 4: NSOR of 13C in 4-(1-ethyl-2-methylpropyl)-3,4,5-trimethyl-3-octanol. The y-axis shows the dis-
tance to the oxygen atom in bonds. The x-axis shows the NSOR angle in µrad. E-, C-, T- and Q-type
carbons are denoted by circle, triangle, square and diamond, respectively. The xTB conformers from lowest
to highest energy are denoted by blue, orange and black colors, respectively. Similarly, PBE0 conformers are
denoted by purple, green and red, respectively. Grey, gold and brown colors indicate the B3LYP conformers.

In alcohol (Figure 4) all values are in a very small area, except a couple of signals in Q-type

carbon. However, also those two signals have very slight deviation from the group where

most of the values are. The smallest difference between two signals from the same nucleus

is about 0.0003 µrad in T3-type nuclei, whereas the largest difference is about 0.28 µrad in

Q2-type nuclei. The largest average difference between identical nuclei is 0.009 µrad. The

median differences range from 0.004 to 0.008 µrad. In general, the differences are very small

in spite of a couple of larger differences. The conclusion is that in the case of alcohols the

choice of quantum chemical method in geometry optimization and selection of conformers

has almost no effect on NSOR and hence the method can be freely chosen.
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Figure 5: NSOR of 13C in 4,4-dimethyl-2-isopropoxypentane. The y-axis shows the distance to the oxygen
atom in bonds. On the x-axis are the NSOR signals in µrad. E-, C- and Q-type carbons are denoted by
circle, triangle and diamond, respectively. The xTB conformers from lowest to highest energy are denoted
by blue, orange and black colors, respectively. The PBE0 conformers from lowest to highest energy are
denoted by purple, green and red, respectively. The B3LYP conformers from lowest to highest energy are
denoted by grey, gold and brown, respectively.

In the case of ether in figure 5 there is a bit more deviation in the signals than in other

figures, but there the deviations are still small. At the distance of one bond there are two

C1-type carbons with similar NSOR, which makes it look like there is more deviation than

there really is. Other nuclei have some spread as well but in general the signals are quite

tightly packed into a small area. The minimum difference between signals from equal nuclei

is 0.0002 µrad and the maximum difference from the same nuclei is 0.41 µrad. These are

from E2- and C1-type carbons, respectively. The maximum average and median differences

are 0.05 and 0.07 µrad, respectively. Both of these are from C1-type carbon. Despite the

single maximum difference that exceeds 0.4 µrad, the average and median differences stay

well under 0.1 µrad. Hence, in ethers the choice of the method in geometry optimization

does not significantly affect NSOR calculations in most cases, but in some individual cases

there might be more significant difference in the NSOR signals.
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Figure 6: NSOR of 13C in 3-ethyl-4-(1-methylpropyl)-2-octanone. On the y-axis is the distance to the
oxygen atom in bonds. The x-axis shows the NSOR in µrad. E-, C- and T-type carbons are denoted
by circle, triangle and square, respectively. The conformers from xTB from lowest to highest energy are
denoted by blue, orange and black colors, respectively. The PBE0 conformers from lowest to highest energy
are denoted by purple, green and red, respectively. The B3LYP conformers are denoted by grey, gold and
brown.

In the case of ketone in figure 6 the signals are a bit more wide-spread than in alcohol but

not as much as in ether. The signals are still very compactly in a single area. T2-type

carbons form two distinct groups but they are very close to each other. Also one C1-carbon

is a bit outside of the main group but still very close to other signals. The minimum and

maximum differences between signals from equal nuclei are 0.0003 and 0.24 µrad from E2-

and T2-type carbons, respectively. The maximum average and median differences are 0.11

and 0.01 µrad, respectively. Since the differences are small, in ketones the conclusion is the

same as in the case of alcohols. In most cases the choice of quantum chemical method in

geometry optimization has almost no effect on NSOR and the method can be freely chosen.

However, in some individual cases there might be more significant difference in the NSOR

signals.
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Figure 7: NSOR of 13C nuclei in 2,4,6,6-tetramethylheptanal. The distance to the oxygen atom in bonds is
given on y-axis. On the x-axis the NSOR angle is given in µrad. E-, C- and T-type carbons are denoted by
circle, triangle and square, respectively. The xTB conformers from lowest to highest energy are denoted by
blue, orange and black colors, respectively. Similarly, PBE0 conformers from lowest to highest energy are
denoted by purple, green and red, respectively. The B3LYP conformers from lowest to highest energy are
denoted by grey, gold and brown colors, respectively.

Aldehyde (Figure 7) has similar trends as the other figures. The minimum and maximum

differences between signals from equal nuclei are 0.0003 and 0.42 µrad from E1- and E3-

type carbons, respectively. The maximum average and median differences are 0.15 and 0.03

µrad, respectively. Especially the C3-type nuclei are very close to each other. In other

groups there are a bit more deviation but mostly very slightly. As in all other molecule

types, also here in most cases the choice of method in geometry optimization has only small

effect on NSOR. There are, however, some cases where the difference is larger. In the case

of E3-nucleus a couple of signals are significantly different compared to the main cluster.

Since the magnitudes of the signals are around -1 µrad, a difference of 0.42 µrad is very

significant.
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In all figures different geometry optimizations generate similar NSOR. The values are

very close to each other, often even on top of each other. The average difference between the

same nuclei exceeds 0.1 µrad only in two cases from 20 nuclei. The median difference never

exceeds 0.1 µrad. In most cases the signals form compact clusters, but some differences

are still quite large. The conclusion is that, on average, the choice of quantum chemical

method for geometry optimizations does not create a large difference between NSOR signals.

If very accurate results about the significance of the choice of quantum chemical methods

are needed, it would be good to conduct a more extensive research on how the geometry

optimization affects NSOR. For the purpose of this study, these results are accurate enough.

3.5 NSOR in different molecule types

In the following figures the E-, C-, T- and Q-type atoms are labelled with blue sphere, red

triangle, black square and green diamond, respectively. In ethers the M-type signals are

labelled with yellow line. The X-type hydrogens, meaning the hydrogens bound directly

to the oxygen atom, are labelled with green triangle. In the correlation plots of alcohol

and aldehyde there are other colors as well denoting the way the explicit solvent molecule

approaches the parent molecule. Brown sphere, purple triangle, grey square, golden diamond

and yellow triangle denote E-, C-, T-, Q- and X-types, respectively. (O) means that the

water approaches the oxygen atom in the functional group of the parent molecule and (H)

means it approaches the hydrogen atom in the functional group. NSOR signals are given in

µrad and distances are in bonds.

NSOR has been studied computationally in saturated and unsaturated hydrocarbons

[15]. The geometries and NSOR constants were obtained at the same level of theory as in

this paper. Most of the calculations were done in vacuum, but some were done in implicit

solvent. In the following sections the results of this study and the results of hydrocarbons

in implicit solvent and in vacuum are compared extensively.

3.5.1 NSOR of 1H in alcohols

The NSOR signals from 1H nuclei in alcohol (Figure 8) are gathered in a single area except

for the X-type signals that are quite different compared to other signals. All values are
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Figure 8: NSOR signals from 1H nuclei in alcohols in implicit solvent. E-, C-, T- and X-type nuclei are
denoted by blue sphere, red triangle, black square and green triangle, respectively. The x-axis shows the
NSOR angle in µrad and on y-axis is the distance to the oxygen atom in bonds.

positive. The E- and C-type nuclei produce very similar NSOR, the E-type NSOR ranging

from about 1.75 µrad to 1.91 µrad and C-type NSOR from 1.66 µrad to 2.01 µrad. The

T-type nuclei generate a bit larger NSOR than the other nuclei. The T-type signals are a

bit more spread out, ranging from 1.79 µrad to 2.28 µrad. The X-type nuclei have NSOR

constants from 0.25 µrad to 0.67 µrad.

Comparing the results in figure 8 to the calculations of hydrocarbons in implicit solvent

[15], the signals are very similar. In the hydrocarbons the signals stay mostly between 1.5

and 2.5 µrad and here all except the X-type atoms have NSOR mostly a bit under 2.0 µrad.

T-types have a lot of signals between 2.0 and 2.3 µrad. The solvent used in PCM calculations

of hydrocarbons was heptane and the inclusion of the implicit solvent model systematically

increased the NSOR values by about 25% for all types of atoms. These observations suggest

that NSOR in enhanced by the solvent.
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Figure 9: The correlation between NSOR signals in vacuum and NSOR signals in implicit solvent for 1H
nuclei in alcohols. On the x-axis are NSOR values in vacuum and on the y-axis are the NSOR values in
implicit solvent. The unit of the angles is µrad. E-type nuclei are denoted by blue spheres. C-type nuclei are
denoted by red triangles. T- and X-type nuclei are denoted by black square and green triangle, respectively.

Figure 9 shows the correlation between NSOR signals in vacuum and in implicit solvent

for 1H nuclei in alcohols. The correlation is offset and the implicit solvent calculations

always generate larger NSOR than vacuum calculations. The linear least squares regression

line gives a slope of 1.10 and an intercept of 0.16. Especially E-type nuclei are very linearly

located, but also in other atomtypes there is very little deviation from the linear dependence.

Similar effect was reported in hydrocarbons in ref. [15], where a subset of molecules was

selected and NSOR was calculated both in vacuum and with the inclusion of PCM. The

result was the same as here, the signals were above the diagonal and linearly located. The

magnitudes of the signals were the same as here, around 1.5 µrad in vacuum and around

2.0 µrad with the inclusion of PCM.
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Figure 10: The correlation between NSOR signals with explicit solvent and in implicit solvent for 1H nuclei
in alcohols. On x-axis are NSOR values with explicit solvent and on y-axis are the values in implicit solvent.
The NSOR angles are in µrad. E-, C-, T- and X-type nuclei from calculations where the water approaches
the oxygen in the parent molecule are denoted by blue sphere, red triangle, black square and green triangle,
respectively. E-, C-, T- and X-type nuclei from calculations where the water approaches the hydrogen in
the functional group of the parent molecule are denoted by brown sphere, purple triangle, grey square and
yellow triangle, respectively.

Figure 10 shows the correlation between NSOR angles with explicit solvent and in implicit

solvent for 1H nuclei in alcohols. The correlation is linear and there is only little spread.

Most of the values are on the diagonal or at least very close to it, meaning that the explicit

solvent molecule did not change NSOR for these nuclei compared to implicit solvent. E-

types lie on the diagonal most often, in other atomtypes there are more off-diagonal values.

The off-diagonal values are evenly divided under and over the diagonal and there are no

clear trends on which direction the solvent molecule changes the NSOR. The (O)- and

(H)-type signals are almost equal in most cases. One X(O)-signal is clearly off-diagonal,

whereas the other X-signals are close to the diagonal. The explanation for this could be

that since in (O)-type signals the water approaches the oxygen in the parent molecule, the

electron density of the parent molecule changes more than in (H)-type signals where the

water approaches the hydrogen in the functional group, leading to larger effect on NSOR.
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3.5.2 NSOR of 13C in alcohols

Figure 11: NSOR angles from 13C nuclei in alcohols in implicit solvent. E-, C-, T- and Q-type nuclei are
denoted by blue sphere, red triangle, black square and green diamond, respectively. The x-axis shows the
NSOR angle in µrad and the y-axis shows the distance to the oxygen atom in bonds.

In figure 11 are the NSORs for 13C nuclei in alcohols in implicit solvent. There are some

trends, the first being the order of the different atomtypes. E-type atoms have the smallest

NSOR, C-types the second smallest. T- and Q-types give the second largest and the largest

NSOR, respectively. There is some overlap between the signals but each atomtype has its

own, quite distinct group of signals. E1-values are outside of the main group formed by

other E-signals where the NSOR angles are between -0.91 and 0.31 µrad. E1-signals range

from -2.41 to -1.88 µrad. C-type values range from -3.15 to -2.00 µrad. T- and Q-types

have values from -4.48 to -2.85 µrad and -5.93 to -3.66 µrad, respectively. Another trend is

that the further from the oxygen the nucleus is, the smaller NSOR it has. Especially Q-type

shows this clearly but the dependence is not very strong. The largest Q-NSORs are at the

distance of two and three bonds and the smallest are at the distance of four to six bonds.

Comparing the values to the saturated and unsaturated hydrocarbons in implicit solvent

[15], the signals have the same magnitude. Hydrocarbons have most of the values between

-6 and 1 µrad. The values in fig. 11 are generally from -6 to about 0.5 µrad.
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Figure 12: The correlation between NSOR signals in vacuum and NSOR signals in implicit solvent for 13C
nuclei in alcohols. On x-axis are NSOR values in vacuum in µrad and on y-axis are the values in implicit
solvent in µrad. E-, C-, T- and Q-type nuclei are denoted by blue sphere, red triangle, black square and
green diamond, respectively.

Figure 12 shows the correlation between NSOR angles in vacuum and in implicit solvent for

13C nuclei in alcohols. The correlation is linear in the sense that NSOR in vacuum equals

NSOR in solvent times some constant. A linear least squares fit gives a slope of 1.20 and

an intercept of -0.02. Just like the protons (Figure 9), also the carbons generate larger

NSOR in implicit solvent. All C-, T- and Q-type values are under the diagonal and almost

all E-type values are either on the diagonal or under it. The values are not parallel to the

diagonal but instead make a small angle with it. There is virtually no spread in the signals,

they are all almost perfectly on one line. Almost all values are negative, only a couple of

E-type signals are positive. The coefficient of determination R2 ≈ 0.9994.

The hydrocarbon signals from 13C-nuclei in vacuum [15] range mostly from -5 to 1 µrad.

Here the vacuum signals are approximately between -5 and 0.5 µrad. Thus, the signals are

approximately in the same range. Figure 12 is similar to that reported in ref. [15], where

the correlation between vacuum and PCM signals is linear in the sense that vacuum values

equal PCM values multiplied by some constant. Just like in hydrocarbons, also here the

solvent enhances NSOR.
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Figure 13: The correlation between NSOR with explicit solvent and NSOR in implicit solvent for 13C nuclei
in alcohols. On x-axis are NSOR values with explicit in µrad and on y-axis are the values in implicit solvent
in µrad. E-, C-, T- and Q-type nuclei from calculations where the water approaches the oxygen in the
parent molecule are denoted by blue sphere, red triangle, black square and green diamond, respectively.
E-, C-, T- and Q-type nuclei from calculations where the water approaches the hydrogen in the functional
group of the parent molecule are denoted by brown sphere, purple triangle, grey square and golden diamond,
respectively.

The correlation between NSOR with explicit solvent and NSOR in implicit solvent for 13C

nuclei in alcohols (Figure 13) is quite linear. Q- and T-type signals are exactly or almost

exactly on diagonal, in C-type values there is some spread and E-type signals have even

more spread than C-type signals. E-signals, being close to zero, have large relative offsets

in the sense that the offsets are of the same order of magnitude as the signals themselves.

Q-, T- and C-type signals are larger so the relative offset is smaller. C(O)-type nuclei are

further from the diagonal than C(H)-type nuclei. There are signals on both sides of the

diagonal. Explicit solvent is more localized than implicit solvent and hence more complex

interactions due to the explicit solvent molecule might lead to more spread in the signals,

like in C(O)-type signals. However, in most cases the (O)- and (H)-signals from the same

nucleus are very close to each other, indicating that the orientation of the water molecule

does not make a large difference on NSOR.
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3.5.3 NSOR of 1H in ethers

Figure 14: NSOR signals from 1H nuclei in ethers in implicit solvent. E-, C-, T- and M-type nuclei are
denoted by blue sphere, red triangle, black square and yellow line, respectively. The x-axis shows the NSOR
angle in µrad and on y-axis is the distance to the oxygen atom in bonds.

The trends for 1H nuclei in ethers (Figure 14) are similar to those of alcohol (Figure 8). The

signals are gathered to a single area and all values are positive, most of them staying under

2.0 µrad. E-type signals range from 1.66 to 2.24 µrad. C- and T-type nuclei give NSOR

from 1.72 to 2.12 µrad and from 1.74 to 2.15 µrad, respectively. M-type signals are gathered

to a small area, ranging from 1.66 to 1.75 µrad. E2- and C2-type nuclei give slightly larger

NSOR than the nuclei further from the oxygen. This is not observed in alcohols in figure 8.

M2-type signals are among the smallest.

As in the case of alcohols, also here the values are similar to those in saturated and

unsaturated hydrocarbons with PCM [15].
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Figure 15: The correlation between NSOR signals in vacuum and in implicit solvent for 1H nuclei in ethers.
X-axis shows NSOR in vacuum and on y-axis are the values in implicit solvent. The angles are in µrad. E-,
C-, T- and M-type nuclei are denoted by blue sphere, red triangle, black square and yellow line, respectively.

Figure 15 shows that in the case of hydrogens the implicit solvent makes NSOR larger. The

correlation is offset and above the diagonal, meaning that the solvent increases NSOR the

same amount regardless of the atomtype or distance to the oxygen. There is virtually no

spread in the signals, they are almost perfectly linearly placed. The linear least squares fit

regression line has a slope of 0.99 and an intercept of 0.31.

Figure 15 is similar to figure 9 and to the figure in ref. [15]. In both figures the correlation

is offset such that the solvent enhances NSOR.
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3.5.4 NSOR of 13C in ethers

Figure 16: NSOR signals from 13C nuclei in ethers in implicit solvent. E-, C-, T-, Q- and M-type nuclei are
denoted by blue sphere, red triangle, black square, green diamond and yellow line, respectively. The x-axis
shows the NSOR angle in µrad and the y-axis shows the distance to the oxygen atom in bonds.

The signals in figure 16 show similar trends as figure 11. E-type atoms generate the smallest

NSOR, C-type the second smallest. T-type nuclei have the second largest NSOR and Q-

type gives the largest NSOR angles, that is, the signals are furthest from zero. There is less

overlap between the signals than in alcohols. Each atomtype forms a quite distinct group

of signals with just a little overlap with other groups. E-type values range from -2.92 to

0.06 µrad. E1-type and M1-type signals give clearly different NSOR. M1-type values are

very similar to E-type signals from two bonds upwards, whereas the E1-type nuclei have

their own distinct values. C-type values range from -3.71 to -1.87 µrad. T- and Q-types

have values from -4.50 to -3.06 µrad and -5.78 to -3.85 µrad, respectively. As in the case

of alcohols, the further from the oxygen the nucleus is, the smaller the shift from zero is.

This can be seen in all atomtypes. At position 1 the signals are further from zero than in

alcohols in figure 11.

As in the case of 13C in alcohols, also here the NSOR angles are similar to those in

saturated and unsaturated hydrocarbons in implicit solvent [15].
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Figure 17: The correlation between NSOR signals in vacuum and NSOR signals in implicit solvent for 13C
nuclei in ethers. On x-axis are NSOR values in vacuum in µrad and on y-axis are the values in implicit
solvent in µrad. E-, C-, T-, Q- and M-type nuclei are denoted by blue sphere, red triangle, black square,
green diamond and yellow line, respectively.

The correlation between NSOR signals in vacuum and NSOR signals in implicit solvent in

the case of 13C nuclei in ethers (Figure 17) shows a linear dependence between the values in

the sense that NSOR in vacuum equals NSOR in solvent multiplied by some constant. The

linear least squares it has a slope of 1.20 and an intercept of -0.02. Almost all the values are

under the diagonal, suggesting that the solvent shifts NSOR further away from zero. As the

atomtype progresses from E towards Q, the solvent effect grows stronger. This is the same

effect that was visible in figure 12 and also in the figure reported in ref. [15]. The coefficient

of determination R2 ≈ 0.9995.
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3.5.5 NSOR of 1H in ketones

Figure 18: NSOR signals from 1H nuclei in ketones in implicit solvent. E-, C- and T-nuclei are denoted by
blue sphere, red triangle and black square, respectively. The x-axis shows the NSOR angle in µrad and on
y-axis is the distance to the oxygen atom in bonds.

Hydrogens in ketones in implicit solvent (Figure 18) show that E- and C-type nuclei have

NSOR compactly in a single area, but T-type nuclei have more spread. Especially E-type

nuclei are very close to each other at all distances and there are not big gaps between the

signals. E- and C-type signals range from 1.67 to 1.92 µrad and from 1.62 to 2.00 µrad,

respectively. T-type signals have values from 1.49 to 2.29 µrad. As the distance to the

oxygen grows, NSOR grows larger. This can be seen in all atomtypes.

In saturated and unsaturated hydrocarbons in implicit solvent [15] there is a single E-

signal at about 1.1 µrad, but most of the E- and C-values land between 1.5 and 2.1 µrad.

T-signals in hydrocarbons are a on both sides of 2.0 µrad. The signals in figure 18 are

similar.
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Figure 19: The correlation between NSOR signals in vacuum and NSOR signals in implicit solvent for 1H in
ketones. The x-axis shows NSOR in vacuum and on y-axis are the values in implicit solvent. The angles are
in µrad. E-, C- and T-type nuclei are denoted by blue sphere, red triangle and black square, respectively.

Figure 19 shows that in the case of 1H nuclei in ketones the implicit solvent makes NSOR

larger. The correlation is linear but above the diagonal, suggesting that the implicit solvent

increases NSOR the same amount regardless of the atomtype or distance to the oxygen.

The slope of the linear least squares fit is 1.17 and the intercept is 0.03. There is very little

spread in the signals, they are almost perfectly linearly placed. T-type signals show a little

bit more spread than other atomtypes, but still very little.

The correlation is similar to those of alcohols (Figure 9), ethers (Figure 15) and hydro-

carbons (Ref. [15]). The inclusion of PCM model clearly enhances NSOR.
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Figure 20: The correlation between NSOR signals with explicit solvent and in implicit solvent for 1H nuclei
in ketones. On x-axis are NSOR values with explicit solvent and on y-axis are the values in implicit solvent.
The NSOR angles are in µrad. E-, C- and T-type nuclei are denoted by blue sphere, red triangle and black
square, respectively.

In figure 20 is the correlation between NSOR signals with explicit solvent molecule and

NSOR signals in implicit solvent for 1H nuclei in ketones. The correlation is linear. Only a

couple of E-type signals are clearly above the diagonal and a couple of C-type signals are

clearly above the diagonal as well. Others are on the diagonal or very close to it. One T-type

signal is below the diagonal and two T-type signals are above the diagonal. As signals are on

both sides of the diagonal, it is unclear how the solvent molecule changes NSOR and what

makes NSOR shift towards zero and away from zero. The graph suggests that, compared

to the implicit solvent, the explicit solvent molecule has only a small effect on NSOR in E-

and C-type 1H nuclei in ketones. In T-type nuclei the effect is more significant.
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3.5.6 NSOR of 13C in ketones

Figure 21: NSOR signals from 13C nuclei in ketones in implicit solvent. E-, C-, T- and Q-type nuclei are
denoted by blue sphere, red triangle, black square and green diamond, respectively. On x-axis is the NSOR
signal in µrad and the y-axis shows the distance to the oxygen atom in bonds.

Figure 21 shows similar trends as alcohols and ethers (Figures 11 and 16). E-type atoms

have the smallest shift from zero, C-type the second smallest, T-type the third smallest and

Q-type gives the largest shift from zero. Almost all values are negative. Each atomtype

quite clearly forms a distinct group of signals and there is only little overlap between the

groups. E-type values range from -1.03 to 0.14 µrad. C-type values range from -3.79 to

-1.17 µrad. T- and Q-types have values from -5.32 to -3.13 µrad and -6.54 to -3.74 µrad,

respectively. Q2-type signals are stronger than in alcohols and ethers. As in the case of

alcohols and ethers, the further from the oxygen the nucleus is, the smaller the shift from

zero is. Interestingly, E2-type signals are much more on the right than E3-type values.

However, this may occur because of the small amount of data points in E2. C2-type nuclei

form two distinct groups of values with a large gap in between them. However, the values

in the groups have a large spread. C2 goes much closer to zero than other C-type nuclei.

T-type signals are somewhat uniformly distributed.

The NSOR angles are similar to the NSOR angles of hydrocarbons in implicit solvent [15].



Results 62

Figure 22: The correlation between NSOR in vacuum and NSOR in implicit solvent for 13C nuclei in
ketones. On x-axis are NSOR values in vacuum in µrad and on y-axis are the values in implicit solvent
in µrad. E-, C-, T- and Q-type nuclei are denoted by blue sphere, red triangle, black square and green
diamond, respectively.

The correlation between NSOR signals in vacuum and NSOR signals in implicit solvent

in the case of 13C nuclei in ketones (Figure 22) shows a linear dependence between the

values. The linear least squares fit has a slope of 1.20. The intercept has a value -0.03.

Almost all values are under the diagonal, only one or two E-type signals are just barely

over the diagonal. This suggests that the solvent shifts NSOR further away from zero. The

line on which the values fall makes a small angle with the diagonal, meaning that as the

atomtype progresses from E towards Q, the solvent effect grows stronger linearly. This is

the same effect that can be seen in alcohols and ethers in figures 12 and 17 as well as in

hydrocarbons in ref. [15]. The dependence is almost perfectly linear and there is very little

to no spread in the figure. The rightmost E-type signal does not exactly coincide with the

line the signals make and in other atomtypes there are some points not exactly on the line

but the dependence is virtually linear. The coefficient of determination R2 ≈ 0.9978.
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Figure 23: The correlation between NSOR with explicit solvent and NSOR in implicit solvent for 13C nuclei
in ketones. On x-axis are NSOR values with explicit in µrad and on y-axis are the values in implicit solvent
in µrad. E-, C-, T- and Q-type signals are denoted by blue sphere, red triangle, black square and green
diamond, respectively.

The correlation between NSOR with explicit solvent and NSOR in implicit solvent for 13C

nuclei in ketones (Figure 23) reveals that the explicit solvent molecule has little effect on

NSOR compared to implicit solvent signals. The dependence is linear but there is some

spread in the signals. The signals have spread on both sides of the diagonal, meaning

that the explicit solvent molecule can either decrease or increase NSOR. Q-type signals are

almost perfectly on the diagonal. Three T-type signals are on the diagonal and two signals

are above it. C- and E-type nuclei have spread on both sides of the diagonal. As the

atomtype progresses from E towards Q, the relative spread reduces. However, there are not

many data points in T- and Q-nuclei so this observation must be treated with caution.
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3.5.7 NSOR of 1H in aldehydes

Figure 24: NSOR signals from 1H in aldehydes in implicit solvent. E-, C- and T-type nuclei are denoted by
blue sphere, red triangle and black square, respectively. The x-axis shows the NSOR angle in µrad and on
y-axis is the distance to the oxygen atom calculated in bonds.

Figure 24 shows NSOR for 1H nuclei in aldehydes. The figure reveals similar trends as all the

other molecule types (Figures 8, 14 and 18). However, in aldehydes the signals are spread

on a larger area than in other molecule types. E-type signals go from 1.40 to 2.05 µrad.

C- and T-signals range from 1.40 to 2.03 µrad and from 1.65 to 2.12 µrad, respectively.

Especially E2-nuclei show a large variety of values. C- and T-signals are distributed more

compactly than E-type signals. All C3-, C4-, C6- and C7-signals stay close to 2.0 µrad,

mostly a bit under that. C5- and C8-type signals also have values closer to 1.5 µrad, one

even under that. E-type nuclei are distributed more evenly, except E8-type nuclei have a

couple of signals far from the main group.

In general the values are of the same order of magnitude as the signals in hydrocarbons

in implicit solvent [15].
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Figure 25: The correlation between NSOR signals in vacuum and NSOR in implicit solvent for 1H nuclei in
aldehydes. X-axis shows NSOR in vacuum and on y-axis are the values in implicit solvent. The angles are
in µrad. E-, C- and T-type nuclei are denoted by blue sphere, red triangle and black square, respectively.

Figure 25 looks similar to other 1H cases in other molecule types, except in figure 25 there

are a couple of signals almost exactly on the diagonal whereas in alcohols, ethers and ketones

(Figures 9, 15 and 19) there are no signals on the diagonal. The main group of the signals

is offset and one signal stays between the diagonal and the main group. There is very little

spread in the main group. E-signals seem to be the most linear, in C-type there is a bit

more spread. There are only four T-type signals so no conclusions about that can be made.

All values are above the diagonal, meaning that the implicit solvent increases NSOR just

like in hydrocarbons [15]. The slope of a linear least squares regression line is 1.21. The

intercept has a value -0.06.
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Figure 26: The correlation between NSOR signals with explicit solvent and NSOR signals in implicit solvent
for 1H nuclei in aldehydes. On x-axis NSOR values with explicit solvent are given in µrad and on y-axis are
the values in implicit solvent in µrad. E-, C- and T-type nuclei from calculations where the water approaches
the oxygen in the parent molecule are denoted by blue sphere, red triangle and black square, respectively.
E-, C- and T-type nuclei from calculations where the water approaches the hydrogen in the functional group
of the parent molecule are denoted by brown sphere, purple triangle and grey square, respectively.

Figure 26 shows the correlation between NSOR signals with explicit solvent and NSOR

signals in implicit solvent for 1H nuclei in aldehydes. There is quite a lot of spread. Majority

of the values are still close to the diagonal, meaning that the explicit solvent molecule did

not change NSOR much for these nuclei compared to implicit solvent NSOR. However, there

are many off-diagonal values as well. The off-diagonal values are evenly divided under and

over the diagonal and there are no clear trends on which direction the solvent molecule

changes the NSOR. The (O)- and (H)-signals from the same nuclei are in most cases close

to each other, indicating that the orientation of the water molecule does not have a large

effect on NSOR.
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3.5.8 NSOR of 13C in aldehydes

Figure 27: NSOR signals from 13C nuclei in aldehydes in implicit solvent. E-, C-, T- and Q-type nuclei are
denoted by blue sphere, red triangle, black square and green diamond, respectively. On x-axis is the NSOR
signal in µrad and the y-axis shows the distance to the oxygen atom in bonds.

Figure 27 shows similar trends as all the other molecule types (Figures 11, 16 and 21). All

atomtypes are gathered in quite distinct groups, and as the atomtype goes from E to Q,

the signals shift further away from zero. E1-type carbons belong to the functional group

of the molecules and they give different signals than other E-type nuclei. Whereas E1-type

signals range from -3.85 to -2.24 µrad, other E-type nuclei give NSOR from -1.41 to -0.01

µrad. C-signals range from -3.43 to -1.70 µrad. T- and Q-type nuclei give NSOR from -5.31

to -2.86 µrad and from -6.76 to -3.85 µrad, respectively. Q2-type signals in aldehydes are

the strongest Q-signals of the four molecule types. As the distance to the oxygen grows,

the magnitude of the signals decrease. Each signal type is somewhat uniformly distributed.

T2- and T3-type nuclei have quite large gap in between the signals, but they are still evenly

distributed. Due to the small amount of data points any clear conclusions cannot be made

about T2- and T3-signals.

In general, these NSOR angles are similar to those of hydrocarbons in implicit solvent,

reported in ref. [15].
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Figure 28: The correlation between NSOR in vacuum and NSOR in implicit solvent for 13C in aldehydes.
On x-axis are NSOR values in vacuum in µrad and on y-axis are the values in implicit solvent in µrad.
E-, C-, T- and Q-type nuclei are denoted by blue sphere, red triangle, black square and green diamond,
respectively.

The correlation between NSOR signals in vacuum and NSOR signals in implicit solvent in

the case of 13C nuclei in aldehydes (Figure 28) shows a linear dependence between the values.

The slope and the intercept of the linear least squares fit are 1.23 and 0.02, respectively.

All signals are under the diagonal or on the diagonal. This means that the implicit solvent

shifts NSOR further away from zero. The line on which the values fall makes a small angle

with the diagonal, meaning that as the atomtype goes from E to Q, the solvent effect grows

stronger. This is the same effect that can be seen in alcohols, ethers and ketones in figures

12, 17 and 22 as well as in hydrocarbons in ref. [15]. The dependence is almost perfectly

linear and there is very little to no spread in the figure. Some E- and C-types have a little

bit spread but the dependence is virtually linear. T- and Q-types lie on a single line. One

E-type signal looks like it is barely above the diagonal but this is negligible and the signal

is virtually on the diagonal. The coefficient of determination R2 ≈ 0.9982.
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Figure 29: The correlation between NSOR with explicit solvent and NSOR in implicit solvent for 13C nuclei
in aldehydes. On x-axis are NSOR values with explicit in µrad and on y-axis are the values in implicit
solvent in µrad. E-, C-, T- and Q-type nuclei from calculations where the water approaches the oxygen
in the functional group of the parent molecule are denoted by blue sphere, red triangle, black square and
green diamond, respectively. E-, C-, T- and Q-type nuclei from calculations where the water approaches
the hydrogen in the functional group of the parent molecule are denoted by brown sphere, purple triangle,
grey square and golden diamond, respectively.

Figure 29 shows the correlation between explicit and implicit solvent NSOR for 13C nuclei

in aldehydes. The correlation is somewhat linear. All Q-types are on the diagonal or very

close to it. There are signals on both sides of the diagonal, leaving it unclear how the

explicit solvent molecule affects NSOR because in some cases the explicit solvent molecule

increases NSOR and in some cases it decreases the NSOR values. However, there are more

signals under the diagonal than above it. The (O)- and (H)-signals from the same nuclei

are very close to each other, indicating that the orientation of the water molecule does not

have a large effect on NSOR. The relative spread in E-types are is much larger than in other

atomtypes.
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3.5.9 NSOR of 17O

Figure 30: NSOR signals from 17O nuclei in different molecule types. Alcohols are denoted by blue sphere,
ketones by red triangle, ethers by black square and aldehydes by green diamond. The NSOR angle is given
in µrad on the x-axis.

Figure 30 shows NSOR signals from 17O nuclei in different molecule types. Alcohols are

clearly different from other molecule types. Other molecule types give very similar NSOR.

Alcohol signals range from -7.88 to -6.38 µrad, whereas the second smallest signals from

ketones range from -4.52 to -3.59 µrad. In ethers the NSOR values go from -4.14 to -2.27

µrad. Aldehydes give values from -4.36 to -2.14 µrad. All values are negative and in all other

molecules the distribution of the signals is somewhat uniform except in ethers. Ethers clearly

divide into two different groups. The leftmost values in ethers range from -4.14 to -3.85 µrad

and the rightmost values from -2.82 to -2.27 µrad. In all cases with larger NSOR around -4

µrad the ethers contain a methoxy group. In the other group where signals land between -3

and -2 µrad none of the molecules contains a methoxy group. Five of the molecules contain

an ethoxy group and the rest have a larger alkoxy group. This strongly suggests that NSOR

is able to distinguish ethers containing methoxy group from other ethers where both of the

carbon chains are larger than one carbon atom.
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Figure 31: The correlation between NSOR in vacuum and NSOR in implicit solvent for 17O nuclei in different
molecule types. Alcohols are denoted by blue sphere, ketones by red triangle, ethers by black square and
aldehydes by green diamond. The NSOR angle in vacuum is given in µrad on the x-axis. Y-axis shows
NSOR in implicit solvent in µrad.

Figure 31 shows the correlation between NSOR in vacuum and NSOR in implicit solvent for

17O nuclei in different molecule types. The correlation is offset and almost linear. Alcohols

and ethers seem to be on the same line and ketones and aldehydes on the same line below

them. There is a little bit spread but not much. All values are below the diagonal, meaning

that the implicit solvent shifts NSOR further away from zero. However, due to the small

number of data points reliable conclusions cannot be made based on this graph.
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3.5.10 Summary of NSOR in different molecule types

Some clear trends can be seen in figures 8 - 31. In all molecule types 1H NSOR-signals are

positive, typically from around 1.5 to a bit over 2.0 µrad, regardless of the atomtype and

distance to the oxygen. Only X-type nuclei in alcohols are different, having NSOR signals

around 0.5 µrad. The signals from each atomtype are typically gathered into a compact

area and there are no big differences between NSORs of different atomtypes.

The implicit solvent makes NSOR larger compared to the vacuum calculations, meaning

that the implicit solvent shifts signals further away from zero. The correlations between

vacuum and implicit solvent calculations are offset for 1H, suggesting that the shift the

implicit solvent makes does not depend on the atomtype or the distance from the oxygen

atom.

The explicit solvent molecule changes NSOR of 1H, but it can do that in either direction

compared to NSOR in implicit solvent. Signals fall above and below the diagonal regardless

of the atomtype. There are some cases where the (O)-approach generates larger effect on

NSOR than the (H)-approach. In (O)-type signals the water approaches the oxygen in

the parent molecule and hence the electron density of the parent molecule might change

more than in (H)-type signals where the water approaches the hydrogen in the functional

group. This might explain the differences between (O)- and (H)-type signals. However,

this does not happen often and in most cases the (O)- and (H)-approaches generate similar

NSOR. Hence, the differences between (O)- and (H)-approaches might also be due to some

particular orientation that the geometry optimization ended up with, or there might be some

other factor explaining the differences. Despite some spread in the values, the correlations

between explicit and implicit solvent calculations are still quite linear. The NSOR angles in

oxygen-containing molecules in implicit solvent are in general similar to those of saturated

and unsaturated hydrocarbons in implicit solvent [15].

In 13C nuclei there are some clear trends. Almost all values are negative and the signals

from each atomtype gather in groups. E-type signals have the smallest shift from zero. The

second smallest shifts happen in the case of C-type atoms. T- and Q-types have the second

largest and largest shifts from zero, respectively. This means that as the atomtype progresses

from E to Q, the NSOR angle grows larger. The same effect can be seen in saturated and
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unsaturated hydrocarbons [15]. Although the trends in oxygen compounds are similar to

those in hydrocarbons, the signals in the oxygen compounds are stronger near oxygen for Q

and T than any signal in hydrocarbons. Another trend in the solvated molecules is that as

the distance to the oxygen atom in the parent molecule grows, the NSOR signals get smaller.

This can be seen in all molecule types. In unsaturated hydrocarbons, as the distance to the

unsaturated bond increases, similar, albeit weaker effect can be seen. In E- and C-type this

virtually does not happen but T- and Q-signals decrease as the distance to the unsaturated

bond grows.

The correlations between vacuum and implicit solvent calculations in 13C are almost

perfectly linear and they make a small angle with the diagonal, leaving the signals under

the diagonal. This means that the NSOR in vacuum is directly proportional to the NSOR

in implicit solvent. Just like in the case of protons, also in carbons the solvent moves the

signals away from zero. When the atomtype moves from E to Q, the effect of the solvent

grows stronger. The coefficient of determination R2 is effectively one for all molecule types.

In the case of 13C the correlations between explicit and implicit solvent calculations are

linear but have a little bit of spread. The values land on both sides of the diagonal and the

(O)- and (H)-approaches generate similar NSOR.

In the case of 17O nuclei all NSOR signals are negative, ranging from about -2.0 to -8.0

µrad. Alcohols give clearly distinct NSOR compared to other molecule types. Ethers divide

into two distinct groups based on whether the molecule contains a methoxy group or not,

other molecules have uniform distribution of the values. Ethers containing the methoxy

group generate larger NSOR angle than those that do not contain it. The correlation

between vacuum and implicit solvent calculations is somewhat linear with a little bit of

spread. Alcohols and ethers look like they are on the same line. The same goes with

ketones and aldehydes. A linear least squares regression line, plotted only for alcohol and

ether signals, gives a slope of 1.11 and an intercept of -0.22. The least squares fit only for

ketone and aldehyde signals has a slope of 0.91 and an intercept of -1.51. When all signals

are plotted, the line has a slope and an intercept of 1.00 and -0.96, respectively. All signals

are below the diagonal, meaning that the solvent increases NSOR in 17O nuclei.

In general, the addition of the PCM model increases proton NSOR about 20% or less

than that compared to vacuum. The absolute size of the change in 1H NSOR varies. It
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is often around 0.1 µrad, but occasionally it might be virtually zero, and sometimes even

larger than 0.3 µrad. The addition of explicit solvent molecule either increases or decreases

NSOR compared to the PCM model. The change is usually 25% or less, and in many cases

it is close to zero.

13C-NSOR in implicit solvent increases linearly compared to vacuum as the number of

carbon-carbon bonds increases. Signals close to zero might experience drastic changes. The

changes can 50% and occasionally even higher than that. Stronger signals have smaller

relative changes, usually around 25%. The addition of explicit solvent molecule can either

increase or decrease NSOR compared to the PCM signals. The size of the change is often

around 0.5 µrad. The relative change is the largest in nuclei which have NSOR close to

zero. There the relative change can be even 50% or higher. Stronger signals have smaller

relative changes. Occasionally the change can also be close to zero.

The PCM model gives only partial insight into the changes in NSOR signals, because

NSOR can also be influenced by specific localized solvent-solute interactions. These in-

teractions can be taken into account more precisely using the explicit solvent molecules.

Thus, when very accurate modelling is needed, the explicit model might be more important

than the implicit model. Precise modelling would probably require running computationally

heavy and expensive molecular dynamics simulations with many explicit solvent molecules,

but these simulations might provide much more accurate results than continuum models or

a single explicit solvent molecule.

3.6 Trends in NSOR with oxidation

Trends in NSOR with oxidation were investigated in alcohols, aldehydes and carboxylic acids

that are listed in table 2. The idea was to select a single carbon skeleton and track how

NSOR changes as the molecule is oxidized. From the previous results it can be seen that it

is sufficient to calculate distances up to a few bonds, because NSOR quickly goes down away

from the oxygen atom. Here 13C-signals are calculated up to four bonds and protons up to

five bonds. In a couple of alcohols the geometry optimization did not converge perfectly.

The geometries ended up very close to the minimum, but there is a very slight saddle point

for one nucleus in both molecules. The negative vibrational modes are so close to zero that



Results 75

they can be considered as numerical inaccuracies and tighter geometry optimization criteria

would have negligible effect on the results. Hence, the imperfectly optimized geometries

can be used in the NSOR calculations. The geometries that did not converge perfectly are

marked in table 2 with an asterisk in parentheses (*).

Table 2: The molecules used in carboxylic acid calculations. The geometries that did not converge perfectly
are marked with an asterisk in parentheses (*).

Alcohols 4-ethyl-5,5-dimethyl-1-heptanol (*)
7-ethyl-2,2,3-trimethyl-6-(2-methyl-2-butyl)-1-nonanol (*)
2,2,4,4,5,5-hexamethyl-1-heptanol

Aldehydes 4-ethyl-5,5-dimethylheptanal
7-ethyl-2,2,3-trimethyl-6-(2-methyl-2-butyl)nonanal
2,2,4,4,5,5-hexamethylheptanal

Carboxylic acids 4-ethyl-5,5-dimethylheptanoic acid
7-ethyl-2,2,3-trimethyl-6-(2-methyl-2-butyl)nonanoic acid
2,2,4,4,5,5-hexamethylheptanoic acid

Figure 32: NSOR of 1H and 13C nuclei from 4-ethyl-5,5-dimethyl-1-heptanol, 4-ethyl-5,5-dimethylheptanal
and 4-ethyl-5,5-dimethylheptanoic acid. NSOR angle is on the x-axis in µrad and distance to the oxygen is
on the y-axis in bonds. In carboxylic acid the oxygen atom in the hydroxyl group is the reference atom with
distance 0. Alcohol, aldehyde and carboxylic acid are denoted by blue, green and red colors, respectively.
E-, C- and T-type nuclei are denoted by a sphere, triangle and square, respectively. Carbons have negative
NSOR and they are on the left side of the figure. Protons have positive NSOR, located on the right side of
the figure.
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Figure 32 shows the NSOR of 1H and 13C nuclei from 4-ethyl-5,5-dimethyl-1-heptanol, 4-

ethyl-5,5-dimethylheptanal and 4-ethyl-5,5-dimethylheptanoic acid. NSOR is on the x-axis

and distance to the oxygen is on the y-axis. In carboxylic acid the oxygen atom in the

hydroxyl group is the reference atom with distance 0. Alcohol signals, aldehyde signals and

carboxylic acid signals are denoted by blue, green and red colors, respectively. E-, C- and

T-type nuclei are denoted by a sphere, triangle and square, respectively. All proton signals

are positive and all carbon signals are negative. The figures ahead are similar, and the labels

are the same. Q-type signals are denoted by diamond.

In the case of 13C the signals range approximately from -4.2 to -1.9 µrad. T-type signals

generate the largest NSOR, whereas the E- and C-type signals are weaker. Two times out

of four aldehyde has the largest NSOR, carboxylic acid the second largest and alcohol the

smallest. In other occasions the ordering of the signals is different. In a couple of cases the

aldehyde and carboxylic acid signals are close to each other, but alcohol signal is further

away from them.

Proton signals are approximately between 1.7 and 2.1 µrad. In all cases the carboxylic

acid has the weakest signal. In two cases the aldehyde has the strongest signal. At distance

four the alcohol has the strongest signal. Interestingly, also the carbons at the same distance

have the same ordering. The carbon in alcohol has the strongest signal and the carboxylic

acid the weakest. This does not happen at distance three.
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Figure 33: NSOR of 1H and 13C nuclei from 7-ethyl-2,2,3-trimethyl-6-(2-methyl-2-butyl)-1-nonanol, 7-ethyl-
2,2,3-trimethyl-6-(2-methyl-2-butyl)nonanal and 7-ethyl-2,2,3-trimethyl-6-(2-methyl-2-butyl)nonanoic acid.
NSOR angle is given on the x-axis in µrad and distance to the oxygen is on the y-axis in bonds. In carboxylic
acid the oxygen atom in the hydroxyl group is the reference atom with distance 0. Alcohol, aldehyde and
carboxylic acid are denoted by blue, green and red colors, respectively. E-, C-, T- and Q-type nuclei are
denoted by a sphere, triangle, square and diamond, respectively. Carbons have negative NSOR and they
are on the left from zero. Protons have positive NSOR, they are located on the right from zero.

Figure 33 shows NSOR of 1H and 13C nuclei from 7-ethyl-2,2,3-trimethyl-6-(2-methyl-

2-butyl)-1-nonanol, 7-ethyl-2,2,3-trimethyl-6-(2-methyl-2-butyl)nonanal and 7-ethyl-2,2,3-

trimethyl-6-(2-methyl-2-butyl)nonanoic acid. As seen already multiple times before, the

Q- and T-type atoms give the largest NSOR signals for carbons. Also E1-signals are quite

strong, as before. C-signals and especially E-signals further away go rapidly towards zero.

There are some trends. First, it often happens that the aldehyde and carboxylic acid values

appear very close to each other, whereas the alcohol signal is far away from them. This

effect is very strong in Q2-nucleus and it can be seen also in E1 and T3 as well as in E3,

albeit being much weaker there. Second trend is that in multiple cases the alcohol signal

is the weakest and the aldehyde signal is the strongest. This happens especially close to

the oxygen. However, other orderings of the signals happen as well. The E3-signals from

aldehyde and carboxylic acid at -1.2 µrad are on top of each other. The signals at -0.75 and

-0.8 µrad correspond to each other.
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Proton signals are very compactly between about 1.6 and 2.1 µrad. The leftmost red

and green E4-signals at about 1.64 and 1.68 are from the same position in the molecules.

Also the rightmost red and green E4-values at 1.72 and 1.77 correspond to the signals from

the same position. Blue E4-signals are on top of each other, therefore showing only one

point. So, there are two E4-signals where the ordering from the weakest to the strongest is

carboxylic acid, aldehyde, alcohol. At the distance five there is one E5 and one C5 nucleus.

The order of the E5-spheres is red, green, blue from left to right, meaning that the carboxylic

acid has the weakest signal and alcohol has the strongest signal. The C5-signals from the

weakest to the strongest are aldehyde, carboxylic acid, alcohol.

Figure 34: NSOR of 1H and 13C from 2,2,4,4,5,5-hexamethyl-1-heptanol, 2,2,4,4,5,5-hexamethylheptanal
and 2,2,4,4,5,5-hexamethylheptanoic acid. NSOR is on the x-axis in µrad. Distance to the oxygen is given
on the y-axis in bonds. In carboxylic acid the oxygen atom in the hydroxyl group is the reference atom with
distance 0. Alcohol, aldehyde and carboxylic acid are denoted by blue, green and red colors, respectively. E-,
C- and Q-type nuclei are denoted by a sphere, triangle and diamond, respectively. Carbons have negative
NSOR signals and they are on the left from zero. Protons have positive NSOR and they are located on the
right from zero.

Figure 34 shows NSOR of 1H and 13C from 2,2,4,4,5,5-hexamethyl-1-heptanol, 2,2,4,4,5,5-

hexamethylheptanal and 2,2,4,4,5,5-hexamethylheptanoic acid. As expected, in the case of

carbons the Q-nuclei produce strong signals even quite far away from the oxygen. E- and

C-nuclei give smaller NSOR angles. In all of the six 13C nuclei in the figure, the alcohol
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has the weakest signal. In almost all cases aldehyde has the strongest signal. In E3-atoms,

the aldehyde signal at -0.66 µrad corresponds to the carboxylic acid signal at -1.14 µrad.

Therefore, the aldehyde signal at -1.16µrad is from the same nucleus as the carboxylic acid

signal at -0.74 µrad. Interestingly, the signals from different nuclei are very close to each

other. This can be just a random occasion.

The 1H angles range from about 1.6 to 1.8 µrad. There is one C4-proton and two E4-

protons. The C4-signals are carboxylic acid, alcohol, aldehyde from the weakest to the

strongest. In both E4-nuclei the alcohol has the strongest signal. In one case aldehyde has

the weakest signal and in the other case carboxylic acid has the weakest signal.

Figure 35: NSOR of 17O and 1H from -OH groups in alcohols, aldehydes and carboxylic acids. The
numberings of the molecules refer to the molecules in figures 32, 33 and 34, respectively. In the figure
positive signals are from protons and negative signals are from oxygens.

Figure 35 shows the NSOR of 17O-nucleus and the protons in the hydroxyl groups from

the molecules in figures 32 - 34. The numbering of the molecules refers to different carbon

skeletons. Molecules with number 1 are in figure 32, molecules with number 2 are in figure

33 and molecules with number 3 are in figure 34. NSOR is given on the x-axis in µrad. The

protons have positive NSOR, oxygens negative. In all cases the proton signal in alcohol is

weaker than the proton signal in carboxylic acid. The signal from oxygen in aldehyde 1 is



Results 80

under the leftmost red dot. The order of the signals on row 1 from left to right is blue, red,

green, red, blue, red. In all carboxylic acids the doubly bound oxygen generates stronger

NSOR than the singly bound oxygen.

Figures 32 - 35 show some clear trends. In the case of 13C, the signals range approxi-

mately from -6.1 to -0.3 µrad. Q- and T-type signals generate the largest NSOR, whereas

the E- and C-type signals are weaker. A pattern that occurs multiple times is that aldehyde

has the largest NSOR, carboxylic acid the second largest and alcohol the smallest. There

are, however, occasions where the ordering of the signals are different. Often the signals

from aldehyde and carboxylic acid are close to each other and the alcohol signal is further

away from them.

In many cases the 13C-nuclei in alcohols have the weakest NSOR. Transition from alcohol

to aldehyde often enhances NSOR a lot, sometimes even up to 50%, but often less than that.

The transition from aldehyde to carboxylic acid in turn does not enhance NSOR. In fact,

aldehydes often have stronger 13C-signals than carboxylic acids. Since alcohol does not

contain a double bond whereas aldehyde does, this suggests that the oxygen atom itself

might not enhance NSOR but it is the addition of the double bond to the molecule that is

responsible for the enhancement. Similar effects have been reported in the saturated and

unsaturated hydrocarbons [15]. Since the oxygen atom with a single bond does not affect

NSOR so much, this might also explain why the signals in carboxylic acids and aldehydes

are often close to each other. The transition from aldehyde to carboxylic acid means that a

single proton is replaced by -OH group, which means the addition of an oxygen atom with

single bond. The single bond does not affect NSOR that much, which means that the NSOR

signal in the carboxylic acid will be similar to the signal from aldehyde. Often aldehyde

has stronger signal than carboxylic acid, even though carboxylic acid contains two oxygen

atoms. The oxygen atom in the hydroxyl group draws nearby electrons towards itself, which

might reduce NSOR in carbons that are close to the carboxyl group. This might explain

why aldehydes often have stronger signals than carboxylic acids. However, this was not

investigated in detail so this is just speculation. In general, the differences between the

signals are largest close to the oxygen atom.

All proton signals are positive. The values are between 1.6 and 2.1 µrad. The cases

where carboxylic acid has the weakest signal and either alcohol or aldehyde the strongest,
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occur almost equally many times. Other orderings are almost totally absent. Unlike in

carbons, the spacings between signals from different molecule types are somewhat equal in

almost all cases.

The signals from oxygens range from -7.7 to -3.3 µrad. 1H nuclei in hydroxyl groups

give NSOR around 0.4 and 0.5 µrad. The signals from aldehydes and carboxylic acids are

quite close to each other, in one case exactly on top of each other. In all carboxylic acids

the doubly bound oxygen generates larger NSOR angle than the oxygen in -OH group. A

very interesting thing is that, despite the fact that the 13C-signals in alcohols are often the

smallest, the alcohols always generate the largest 17O-signals. In all cases the proton in the

hydroxyl group in carboxylic acid gives slightly larger NSOR than the proton in the hydroxyl

group in alcohol, suggesting that the addition of the doubly bound oxygen enhances NSOR.

3.7 Comparison of NSOR angles and NMR chemical shifts

Figure 36: A comparison of NMR chemical shifts and NSOR in 13C nuclei in oxygen compounds. The
y-axis shows NSOR in µrad and on the x-axis is the chemical shift in ppm, referenced to the carbon signal
from tetramethylsilane. Different molecule types are denoted by different colors and different atomtypes by
different shapes. Alcohol is blue, ketone is red, aldehyde is green and ether is black. E-, C-, T-, Q- and
M-types are denoted by sphere, triangle, square, diamond and line, respectively. The figure contains only
signals at distances one and two. Figure 37 shows clearly which signals are from distance one and which
from distance two, so these two figures can be analyzed together to get a good interpretation of the results.
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Figure 36 shows a comparison of NMR chemical shifts and NSOR in 13C nuclei in oxygen

compounds. All nuclei are either one or two bonds away from the oxygen. NSOR is given

in µrad on the y-axis and the chemical shift, referenced to the carbon signal from tetram-

ethylsilane, is given on the x-axis in parts per million. Different molecule types are denoted

by different colors and different atomtypes by different shapes. Alcohol is blue, ketone is

red, ether, aldehyde is green and ether is black. E-, C-, T-, Q- and M-types are denoted by

sphere, triangle, square, diamond and line, respectively.

The group of signals closest to zero that consists of five ether signals, two alcohols

signals and one ketone signal, is quite compact. NSOR dimension cannot separate the

signals because they are mixed in that direction. However, adding the chemical shift scale

separates the ether signals from the alcohols and ketone, but the distinction is not very

large. The two alcohol signals can be separated with NSOR. Similarly, the two ether signals

at about (73, -2.8) and (81, -2.7) cannot be clearly separated with NSOR but the NMR

dimension creates a distinction between them.

The E- and C-type signals from all molecule types around -3 µrad are mixed, but adding

the NMR dimension very clearly separates the aldehyde E- and ketone C-signals from the

rest of the NSOR values. There is also difference between the aldehyde E- and ketone C-

signals in NMR direction. The aldehydes are around 215 ppm and ketones between 220 and

230 ppm.

Figure 37 shows a comparison of NMR chemical shifts and NSOR in 13C nuclei at

distances one and two from the oxygen atom in oxygen compounds. NSOR is given in µrad

on the y-axis and the chemical shift, referenced to the carbon signal from tetramethylsilane,

is given on the x-axis in parts per million. Different atomtypes are denoted by different

colors and different distances by different shapes. E-type is blue, C-type is red, T-type is

black, Q-type is green and M-type is yellow. Distance one is a sphere and distance two is a

square.

Different colors create clear groups. The group close to zero contains only E-type atoms,

and for example Q-types are compactly in a small area. Q2- and T2-atoms produce similar

NMR shifts around 50-60 ppm, and hence cannot be distinguished based on chemical shifts,

but adding the NSOR dimension separates the two atomtypes from each other. Q-types

generate clearly larger NSOR than T-types. There is also one T2-signal clearly outside
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Figure 37: A comparison of NMR chemical shifts and NSOR in 13C nuclei in oxygen compounds. The y-axis
shows NSOR in µrad and on the x-axis is the chemical shift in ppm, referenced to the carbon signal from
tetramethylsilane. Different atomtypes are denoted by different colors and different distances by different
shapes. E-type is blue, C-type is red, T-type is black, Q-type is green and M-type is yellow. Distance one
is a sphere and distance two is a square. Figure 36 shows clearly the molecule type of each signal, so these
two figures can be analyzed together to get a good interpretation of the results.

of the groups, with NMR shift at about 34 ppm and NSOR angle of about -3.5 µrad. In

the NSOR dimension these T2-angles are similar to T1-angles, but in NMR dimension the

distinction between T1 and T2 is clear. T1 have shifts around 85 to 90 ppm, and T2 have

shifts from 50 to 60 ppm. This means that with one dimension the three groups, T1, T2

and Q2, cannot be separated from each other but using both NMR and NSOR they can be

clearly separated.

M1-signal is different compared to E-type signals and other signals at distance one. It

has both smaller shift and smaller NSOR angle. In general, the signals at distance one are

on the left side of the graph and signals at the distance of two bonds are on the right side of

the figure. This happens because the oxygen atom draws electrons from nuclei at distance

one towards itself much more than it draws the electrons from nuclei at distance two. As a

result, the nuclei at distance one are deshielded more than the nuclei at distance two and

hence the nuclei at distance one have larger chemical shifts. In general, as the chemical shift
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decreases, also the NSOR angle decreases.

NMR calculations were not conducted for protons because of the fact that protons gen-

erate similar NSOR regardless of atomtype and distance to the oxygen. Hence, adding the

NMR dimension to proton NSOR does not provide any useful information.
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4 Discussion and conclusions

In this thesis nuclear spin-induced optical rotation was investigated in oxygen-containing

molecules. Oxygens are common in organic molecules and biological samples, and thus

they are a good target for spectroscopic measurements. The idea was to see if NSOR can

distinguish different molecules or nuclei, and turns out it indeed can in some cases.

First, it was checked how NSOR depends on conformation of a molecule. This conformer

search showed that different kind of geometry optimizations all generate mostly similar

NSOR. Therefore the choice of quantum chemical method for geometry optimization in

computational NSOR calculations does not have a large effect on NSOR. In this thesis the

geometries were optimized using xtb, its utility programs, and Turbomole at B3LYP/TZVP

level of theory. B3LYP/TZVP level was benchmarked in ref. [15], so it was also used in this

study.

1H nuclei generate NSOR angles around 1.5 to 2.0 µrad, regardless of the atomtype

and distance to the oxygen. Protons that are bound directly to the oxygen give NSOR

around 0.5 µrad. This information can be utilized when the aim is to separate hydroxyl

groups from other functional groups containing oxygen. NSOR is enhanced by the implicit

solvent, meaning that in vacuum the NSOR angles are smaller than the angles in the same

compound in solvent. There is an offset relation between the vacuum and implicit solvent

signals, suggesting that the difference that the implicit solvent makes does not depend on

the atomtype or distance to the oxygen. In general, the addition of implicit solvent increases

NSOR of 1H-nuclei about 20% compared to vacuum. Explicit solvent molecule also changes

NSOR, but it can do that in either direction. The addition of explicit solvent molecule either

increases or decreases NSOR compared to the PCM model. The absolute size of the change

in 1H-NSOR varies. It is often around 0.1 µrad, but occasionally it might be virtually zero,

and sometimes even larger than 0.3 µrad. The relative changes are 25% or less. If very

accurate results are wanted, the explicit solvent model is probably more important than the

implicit solvent model.

13C-signals are almost always negative. The values range from -6.8 to 0.3 µrad. It is

very clear that the Q-type atoms generate the largest NSOR, whereas the E-types generate

the smallest NSOR angles. Another trend in carbons is that as the distance to the oxygen
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atom grows larger, the NSOR angle decreases. The correlations between vacuum NSOR

and implicit solvent NSOR are linear and in carbons the solvent shifts the signals further

away from zero. The PCM model can change NSOR up to about 25% in C-, T- and Q-type

atoms. E-types that have NSOR close to zero might have changes up to 70%. Coefficient

of determination R2 is effectively one for all molecule types, suggesting very strong linear

correlation between NSOR in implicit solvent and NSOR in vacuum. The explicit solvent

molecule can change 13C-NSOR in either direction. The size of the change is often around

0.5 µrad, but it can also be either smaller or larger than that. The relative change might be

as large as 50% in nuclei which have NSOR close to zero. At least in the case of aldehydes

the explicit solvent model seems to be more important than the implicit solvent model

because in aldehydes the explicit solvent effects are quite large. In alcohols, on the other

hand, the explicit solvent effects are not as strong, but the implicit model increases NSOR

by about 20% compared to vacuum. The explicit solvent makes the signals scatter more

and more as the molecule type progresses from alcohol to ketone to aldehyde.

17O-nuclei always generate negative NSOR. Alcohol generates always clearly the largest

NSOR. Alcohol values range from -7.9 to -6.4 µrad, whereas other molecule types generate

NSOR from about -4.5 to -2.1 µrad. Ethers are clearly divided into two groups depending

on whether the ether contains a methoxy group or not. The ethers that contain a methoxy

group generate NSOR around -4.0 µrad, whereas other ethers have NSOR angles around

-2.5 µrad. Therefore NSOR is able to distinguish ethers containing a methoxy group from

other ethers. The signals from other molecule types are evenly distributed.

One pattern that can be seen in carboxylic acid calculations is that often times 13C-nuclei

in aldehydes have the largest NSOR, carboxylic acids the second largest and alcohols the

smallest. Often the signals from aldehyde and carboxylic acid are quite close to each other

and the alcohol signal is further away from them. In many cases the 13C-atoms in alcohols

have the weakest NSOR. Transition from alcohol to aldehyde often enhances NSOR a lot,

occasionally even up to 50% or higher, but in most cases less than that. The transition

from aldehyde to carboxylic acid in turn does not enhance NSOR. In fact, aldehydes often

have stronger 13C-signals than carboxylic acids. Since the oxygen atom in alcohol does not

contain a double bond and the oxygen in aldehyde does, this suggests that the enhancement

of NSOR can be explained by the addition of the double bond to the oxygen. Since the
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oxygen atom with single bond does not affect NSOR so much, this maybe also explains

why the signals in carboxylic acids and aldehydes are often close to each other. When

transitioning from aldehyde to carboxylic acid a single proton is replaced by -OH group,

which means the addition of an oxygen atom with single bond. The single bond does not

affect NSOR that much, so the NSOR signal in the carboxylic acid will be similar to the

signal from aldehyde.

In carboxylic acid calculations all proton signals are positive. The values land between

1.6 and 2.1 µrad. The cases where carboxylic acid has the weakest signal and either alcohol

or aldehyde the strongest occur almost equally many times. Other orderings are almost

totally absent. Unlike in carbons, the spacings between signals from different molecule

types are equal in almost all cases.

An interesting question that comes to mind when talking about NMR and NSOR is

whether could they be combined. Can the sensitivity of NSOR be merged with the informa-

tion about chemical environments provided by NMR spectroscopy? This is a subject which

needs much more investigation but at least some qualitative points can be stated about

the comparison between chemical shifts and NSOR signals. The E1-type NSOR in aldehy-

des and C1-type NSOR in ketones can be separated from similar ether- and alcohol-signals

using the NMR dimension. All nuclei have similar NSOR but aldehyde and ketone have

very much larger NMR shifts. Also the shifts of ketones and aldehydes are a bit different.

Q-types have generally stronger NSOR than T-types, but Q- and T-type atoms can still

have similar NSOR. It might be possible to separate Q and T with NSOR dimension. In the

NSOR direction T1 and T2 are similar, but adding the NMR scale clearly separates them.

Summarizing the results, first of all, 13C-nuclei generate increasing NSOR as the atom-

type goes from E towards Q and the distance to the oxygen gets smaller. It might be possible

to utilize this when trying to distinguish different types of carbons. Molecules containing a

hydroxyl group can be distinguished from molecules containing only doubly bound oxygens

using 1H-NSOR. A solvent enhances NSOR compared to vacuum. NSOR is also enhanced

by the addition of double bond. This was previously shown to happen in hydrocarbons [15],

but here it can be seen that it also happens in oxygen compounds. Ethers can be divided

into those that contain a methoxy group and those that do not, using 17O-NSOR. Combining

NSOR with NMR it is possible to separate certain nuclei, like E-type nuclei in aldehydes and
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C-type nuclei in ketones close to the oxygen atom. Q-types can be separated from T-types

and T1-atoms can be separated from T2-atoms using the combination of NSOR and NMR.

These observations provide new insight into nuclear spin-induced optical rotation in

oxygen compounds and hopefully in the future they will be utilized when NSOR is being

developed into a completely new spectroscopic tool. In this thesis a wide range of molecules

were investigated, but there is still a lot to discover. For example, nitrogen atoms are

abundant in organic and biological samples, and the NSOR in nitrogen-containing molecules

is still to be investigated. This and many more questions on NSOR will be left for scientists

to solve in the future.
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