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Abstract

The CHARGE model has been modified to be able to predict 'H chemical
shifts in DMSO solvent. The A3 correction approach employed adjusts the chemical
shift previously calculated for CDCl; with a correction matching the observed
A8 = SDMSO-5CDCl; differential solvent effect. The correction gives an overall RMS
error for observed vs. calculated A8 of 0.05ppm for a dataset of 1138 proton chemical
shifts of a wide range of organic molecules.

Structural studies using the Lanthanide Induced Shifts technique were
conducted of the compounds methyl-paratolylsulfoxide, methyl-paratolylsulfone and
methyl-paratolylsulfonate. ~ These yielded conformational information about the
structures of these compound in solution. The LISA4 program was modified to
automate the computational procedure, allowing for greater efficiency of analysis.

Further modification was made to the CHARGE program to enable the
prediction of proton chemical shifts for aliphatic molecules containing the sulfoxide
and sulfone groups. In order to perform these calculations, it was necessary to define
the magnetic anisotropy and steric effects of these two functional groups. The close
range effects for the groups were defined in terms of the conformational characteristics
of the compounds considered. The overall RMS error for the 214 observed vs.
calculated chemical shifts in CDCl; solution was 0.099ppm.

Intramolecular hydrogen bonding in diols was investigated through inspection
of experimental infinite dilution hydroxyl chemical shifts, IR data and a computational

study.
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Abbreviations

CDCl;
COSY
DFT
DMSO
fod-H
GIAO
HMO
HMQC
HMBC
PCM
LIRAS
LIS
LSQF
NMR
MO
NOE
PC
RMS
RT
PPM
SCS
SCF
TMS

Deuterated chloroform.

Correlated Spectroscopy.

Density Functional Theory.

Dimethyl Sulphoxide
1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedione.
Gauge Including Atomic Orbitals.

Hiickel Molecular Orbital.

Heteronuclear Multiple Quantum Correlation.
Heteronuclear Multiple Bond Correlation
Polarizable Continuum Model

Lanthanide Induced Relaxation and Shifts.
Lanthanide Induced Shift.

Least Squares Fit.

Nuclear Magnetic Resonance.

Molecular Orbital.

Nuclear Overhauser Effect.

Personal Computer.

Root Mean Square.

Room Temperature.

Parts per million.

Substituent Chemical Shifts.

Self consistent field

Tetramethylsilane.
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Chapter 1. Introduction

1.1 "H chemical shifts

Liquid-state 'H NMR spectroscopy is arguably the most useful analytical technique
for the identification of compounds in solution. The three fundamental aspects of a
ID '"H NMR spectrum are the chemical shift, the signal intensity and spin-spin
coupling constants. The chemical shift, §, being of fundamental importance, has
been investigated since it was first observed in 1950" and scientists have long since
sought to understand what physical influences affect it. With the understanding of
these influences comes the ability to use this knowledge to build a model of the
system capable of predicting chemical shifts. One such model, CHARGE?, has been

used and modified during the course of the research presented here.

Armnold, Dharmatti and Packard® were the first to report observing 'H nuclei in the
same molecule (ethanol) resonating at different frequencies in the same applied
magnetic field. They attributed this to chemical effects and predicted that NMR
could be used in chemical analysis and to study chemical processes. (Nitrogen
chemical shifts had been observed previously by Procter and Yu while attempting to
better determine the magnetic moment of N using ammonium nitrate, with its two

magnetically inequivalent nitrogen nuclei'.)

Figure 1.1 below shows two spectra of ethanol. The first is that of pure ethanol
presented by Arnold, Dharmatti and Packard®, obtained at 32.4MHz. The three
groups of equivalent protons (CH3, CH; and OH) are clearly distinguishable. Next to
this is shown the spectrum of ethanol obtained at 200MHz in CDCl; solvent.
Ultrafine structure is observable in the second spectrum, showing first order scalar
coupling multiplets. Supercooled superconducting magnets are now available which
give 'H frequencies up to more than 950MHz, desirable as higher magnetic field

strength gives improved sensitivity and resolution.

4]
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Figure 1.1 Demonstration of the improvement in NMR spectral resolution.

The chemical shift is defined by Equation 1.1:

3, =1 —Rx10° (1.1)

where &y is the proton chemical shift (ppm), vy is the proton resonance frequency
(Hz) and vg is the reference frequency (Hz). Oy is therefore independent of the

applied magnetic field.

The chemical shifts obtained for each distinct group of protons in the two spectra of
Figure 1.1 are the same, despite the separation of the multiplets in Hz being much
greater in the high-field spectrum. '"H chemical shifts in organic molecules normally
range from between 0 and 10ppm, and modern spectrometers routinely measure
these shifts to better than 0.01ppm. The solvent, concentration and temperature of
the sample all affect the chemical shift, so standardization of these conditions is
necessary for reproducibility of results. Impurities in the solute or solvent can also
significantly affect 8, especially traces of acid (labile protons) or paramagnetic
molecules, for example O,. Chemical shifts are often quoted to three decimal places,
but because of the aforementioned sources of variability, chemical shifts predicted to

+0.05ppm are considered to be accurate enough for diagnostic purposes.
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1.2 Classical consideration of the origin of o

The nuclear magnetic resonance frequency of a nucleus I in a magnetic field B is

given by Equation 1.2:
vi=yB/2x (1.2)

where v is the resonance frequency (Hz), B is the magnetic field (T) and v is the
magnetogyric ratio of the nucleus (rad Y * The externally applied magnetic
field, B,, affects both the electrons and the magnetically active nuclei in a molecule.
The effect on the electrons is to make them circulate in such a way as to set up
secondary magnetic fields, the strengths of which depend on the size of the induced
current. The effective magnetic field, Bes, experienced by a nucleus I is the sum of

B, and all the secondary magnetic fields at I, as expressed by Equation 1.3:
Beir = Bo(1-0) (1.3)

where o is the dimensionless shielding constant of the nucleus, which is usually
positive®, and which reflects the nature of the secondary magnetic fields. Resultant
variations in Besr cause the different chemical shifts observed in NMR spectra. A
bare proton in the absence of electrons, where o is zero, resonates at a much higher
frequency than one in a shielding electronic environment subjected to the same B,.
A calculated value of the chemical shift of a gaseous H' nucleus relative to the
protons in gaseous TMS is +32.48ppm. (Calculated using GIAO, DFT (B3LYP/6-
31G(d,p)) referenced to CH; =0.23ppm, using the Gaussian 03 computer program®.)
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1.3 The Substituent Chemical Shift (SCS)

A useful way to analyse 8 in terms of the effect of functional groups for a proton in a
solute molecule is through the use of the Substituent Chemical Shift (SCS). For a
molecule IRX containing the functional group X, the SCS (ppm) of proton I is
defined by Equation 1.4:

SCS = §|(IRX) — &(IRH) (1.4)
Therefore,
Oi(IRX) = §;(IRH) + SCS

where §;(IRX) is the chemical shift (ppm) of proton I in the substituted molecule IRX
and 8;(IRH) is the chemical shift (ppm) of the same proton in the parent molecule
(where the functional group X is replaced by a hydrogen atom). The SCS is
therefore the effect of the functional group on 6; when compared to that of the same
proton in the parent molecule. Through the studies conducted over the past 50+
years, which have aimed at understanding the factors affecting &;, the SCS has been

found to depend on four factors:
1. The functional group.
2. Its proximity to I through bonds and space.

3. The relative orientation of I and X (for magnetically anisotropic functional

groups).
4. External effects, e.g. solvent effects.

For convenience, the SCS can be broken down into long and short range effects. The
short range effects are a one-bond o effect (I-X), a two-bond B effect (I-C-X) and a
three-bond y effect (I-C-C-X), with long range effects when I and X are separated by

more than three bonds.
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Many functional groups have similar effects on §;, and the SCS for these can
therefore be modelled using similar mathematical functions, as will be seen in

Chapter 2.

What follows is a brief historical review of published work on the effects of chemical
environment on 8, and the strategies employed to model those effects by correlating
molecular properties with observed chemical shifts. More detailed literature reviews

for the subjects considered are given at the beginning of each chapter.
1.4 Historical Review

The first investigations into possible correlations between chemical shifts and
physical parameters considered the electronegativities of substituents. Dailey and
Shoolery” and Allred and Rochow® attempted to correlate data obtained for mono-

substituted methanes and ethanes with substituent electronegativity.

Table 1.1 shows relevant data for the CH;X results, which are shown graphically in
Figure 1.2. A general linear relationship is seen between the Pauling
electronegativity of the atom of X directly connected to the methyl carbon and the

methyl proton chemical shift.

Table 1.1 'H chemical shifts of
CH;X Vs. the Pauling

X E, (Pauling) | &y (ppm)
SiMe3 19 0
H 22 022
Me 26 0.86
Et 26 0.9
ccn 26 275
CN 26 1.98 0 = i ' ’ '
TS = 515 1.5 2 25 3 3.5 4
SMe 26 208 e
| 265 2.16
NH2 3.05 246
Br 2.95 2.68 Figure 1.2 'H chemical shifts of
Cl 315 3.05
= 5 i CH3X Vs. the Pauling
F 39 426 electronegativity of X.
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From Table 1.1 it can be seen that, for polyatomic substituents, the shifts of the
methyl protons are affected by the atoms more than two bonds away, and not just the
directly attached atom. For example, the compounds ethane, propane, 1,1,1-
trichloroethane, acetonitrile and acetone, all with a carbon atom (E=2.6) directly
attached to the methyl carbon, have methyl proton chemical shifts ranging from
0.86ppm to 2.75ppm. Also, the three bond y-effect is evidently not simply a function
of the electronegativity of the substituent. For example, the methyl protons in
chloroethane have a larger chemical shift (1.49ppm) than those of ethanol (1.24ppm),
despite the electronegativity of chlorine (3.15) being less than that of oxygen (3.50).

Dailey and Shoolery” also observed an almost linear relationship between the proton
chemical shifts of substituted methanes and the difference in shift between the
methyl and methylene protons of the related substituted ethanes, which they called
the internal 8. Both of these quantities were found to be linearly related to the
electronegativity of the substituent in question. However, if the CH; and CH»
resonances are plotted against an internal reference compound, we see that different
effects are experienced by the CH, and CHj protons. 8(CH;) does increase with the
electronegativity of the substituent, but the opposite may be true for the CH; protons.

This is shown in Figure 1.2, using data for haloethanes, referenced to TMS in CDCls.

o
n

s

€ 35 =
g [o B

£ 34 A CH2

@

E 25 ~—— Linear (CH2)
= | —— Linear (CH3)
@ 2 -+ = S ——
= L]

L5

=
o

|

|

|
L]

I

|

|

=

T e i e

25 3 35 4
Electronegativity of X (Pauling)

Figure 1.2 'H chemical shifts vs. halogen electronegativity of haloethanes.

Fluoroethane and chloroethane data is taken from Reference ? and that for bromo and

iodoethane from Reference '°.



Chapter 1. Introduction

These anomalous results suggested that other factors (such as electric field and
magnetic anisotropy effects) were influencing the chemical shifts of protons with y

substituents.

Further demonstration of the different 2 and 3 bond effects of substituents on methyl
protons is in the case of a methyl group as X. The B-effect of the methyl group is

0.64ppm and the y-effect of the methyl group is 0.04ppm, as:

B-effect =0.64ppm = {SCH3(ethane)=0.86} — {SCH3(methane)=0.22}

y-effect = 0.04ppm = {SCH3(propaney=0.90} — {OCH3(ethaney=0.86}

Shoolery'' investigated multisubstituted methanes and found a largely additive effect
of substituents on the chemical shifts of the CH; protons. He determined empirical
values for the effect on 8y of substituent groups, which could be summed to give an
overall chemical shift prediction for CH XY and CHXYZ protons using Equation
1.3;

8 = 0.25 + Yot (1.5)

where o is the contributory value (ppm) for each substituent. The application of
these Shoolery’s rules is limited because only substituents o to the investigated
protons were treated, and heavily substituted systems gave inaccurate answers.
Nevertheless, Equation 1.5, when used with the relevant substituent parameters, can

be a useful starting point when assigning spectra.

Related to the through-bond inductive effects caused by the electronegativities of
substituents is the resultant partial atomic charge on the protons. Gasteiger and
Marsili'? found a linear correlation between the proton chemical shifts and the partial
atomic charges of hydrogen atoms. The atomic charges were obtained by a method
of iterative partial equalization of orbital electronegativity. They showed the

“general importance of electronic effects in proton chemical shifts and the physical
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significance of the atomic charges”. As will be seen, this correlation is fundamental

to the theory of CHARGE.

Correlating chemical shifts to substituent electronegativities becomes more difficult
for substituents more than three bonds away. Through space interactions accounting
for long range SCSs have been investigated by many groups. McConnell” and
Pople'* attempted to explain them using the anisotropy of the magnetic susceptibility
of the substituent, Bothner-By and Naar-ColinlS, Buckinghamm and Musher'” used
the electric dipole moment of the substituent, and others'®!? based their model on 1.he
London/van der Waals interaction between substituent and hydrogen atom.
Zurcher® combined this work in a review in 1967. All subsequent investigations of
long range effects have been based on Zurcher’s analysis®. He split the influence on

d of a distant substituent X (replacing a hydrogen atom Hy) into four parts:

1. An electric field effect, arising from the difference in electric dipole moments of

the C-H, and C-X bonds.

2. An anisotropy in magnetic susceptibility effect, arising from the difference in the

magnetic susceptibility anisotropies of the C-Hy and C-X bonds.

3. A van der Waals effect, resulting from the different steric interactions of X vs Hy

with the rest of the molecule.

4. A solvent effect, due to the different ways in which the parent (unsubstituted) and

substituted molecules interact with the surrounding medium.

He investigated methyl protons in conformationally rigid compounds (steroid and
bornane systems) and successfully explained the substituent chemical shifts of Cl,
OH and CN groups using the electric field term. The effects of the CO group were
attributed to electric field and anisotropy effects. Zurcher’s investigation was limited
by the NMR spectrometers available at the time and did not include protons that
were two or three bonds away from the substituent. This work was extended by
many research groups who attempted to determine the importance of the various

terms for a range of substituents and compounds®'™?’.
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Abraham et al. developed a computer program, CHARGE, able to calculate

i) They then adapted

molecular dipole moments from partial atomic charges
CHARGE into a program capable of predicting proton chemical shifts using

Equation 1.6:
6 =160.4 gy -6.68 (1.6)

where 8 is the proton chemical shift and qy is the partial atomic charge of the proton.
CHARGE was later improved® by calculating long range SCS effects using the
findings of Zurcher (described earlier). Aromatic systems were included by
incorporating ring current and n-density effect calculations®. The current theoretical
basis of CHARGE is described in Chapter 2 and there is an extensive review of the

development of the program available in the literature”.
1.5 Alternative shift prediction methods

CHARGE is a semi-empirical method for predicting proton chemical shifts. It
models the molecular system mathematically using classical concepts of through
bond and through space interactions. The equations used for this are parameterized
using experimental data to match observed chemical shifts and are derived from
fitting lines or curves to correlation data. Only points found within the limits of the
experimental data used to parameterize the equations can be expected to give
accurate results, as the functions may deviate significantly outside these limits. This
is an approach whose philosophy lies between the theoretical ab initio methods and

the purely empirical database methods.

1.5.1 Ab initio NMR shielding tensor calculation.

The ab initio methods are also models but are based, not on concepts of Classical
Physics, but on Quantum Mechanics. They should therefore be expected to give
reasonable results for all systems, assuming that an appropriate method and basis set
1s used. (Semi-empirical models such as CHARGE are unable to give useful results
for molecules containing unparametrized groups). Ab initio methods are, however,
more computationally expensive and at present are much slower at generating

results. This should become less important, however, if computers become much
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faster in the future and/or algorithms are refined. The NMR shielding tensor, and
therefore the isotropic chemical shift of a nucleus, may be computed once the
electronic structure of the molecule has been calculated (see later). The shielding
tensor is calculated by finding a second derivative of the energy, involving the total
electronic energy, the magnetic moment of the nucleus and the external applied
magnetic field”>. Because incomplete basis sets are used for electronic structure
calculations, the calculated shielding will differ depending on where the origin of the
vector potential of the external applied magnetic field is set. Methods have been
developed to minimize the errors arising from this which include gauge-independent
atomic orbitals (GIAO), individual gauge origins for different localized molecular
orbitals (IGLO) and individual gauges for atoms in molecules (IGIAM}33. GIAO
works by incorporating the gauge origin into the basis functions themselves,
allowing all matrix elements involving the basis functions to be arranged as
independent of it. The IGLO method has different gauge origins used for each
localized molecular orbital (MO) in order to minimize error introduced by having the
gauge origin far from any particular MO. Of these two methods, GIAO is probably
the more reliable, but it is possible to obtain good results with either’®. There are
comprehensive reviews of the calculation of shielding tensors by ab initio methods in

the literature®*>*3¢3?,

1.5.2 Database approach.

Database methods are popular sources of 'H (and "’C) chemical shift predictions.
They work by giving the target atom a chemical shift based on those of atoms
contained in the database having similar chemical environments.  These
environments are described using a code, and the HOSE code (Hierachically
Ordered Spherical description of Environment) is a commonly used example®.
Each proton, I, of the molecule to be predicted is treated in turn, and is referred to as
a focus. I's environment is characterized in terms of atom types separated by
numbers of bonds. (More sophisticated code systems taking into consideration bond
angles and bond lengths). This description extends to a chosen number of bonds
separation, or shells, and is given a HOSE code. The foci in the database also have
codes, and comparison can now be made by computer. The great advantage of the

HOSE code is that the codes each have an arithmetic value, and can be ordered by

11
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these. The HOSE code value of the target atom focus is evaluated and similar
environments can be quickly located in the database by finding foci with HOSE

codes with similar arithmetic values.

At one extreme is the when no similar environments are found, in which case there
can be no prediction. At the other extreme, the molecule to be predicted is found in
the database and a perfect prediction is made, assuming the experimental conditions
are the same. For intermediate cases, a weighted average chemical shift is given to I,
with protons in more similar environments, i.e. having matching HOSE codes up to a
number of shells, contributing more than those in less similar environments. This
works very well for "*C chemical shift prediction, where there is less dependence on
molecular stereochemistry. However, for 'H chemical shift prediction, large errors
may occur for codes not considering stereochemistry if alternative stereoisomers,
having important steric interactions influencing the involved protons, are used in the
final calculation. Databases can be augmented with new data as they are collected
from compounds run by the user. This improves the accuracy of the prediction if

series of similar compounds are being synthesised.
1.6 Geometry optimization

The CHARGE and LISA4 (for the LIS work of Chapter 4) computer programs
require a numerical representation of each molecule to be input for treatment. These
molecular geometries can be input in various formats and the geometrical parameters
(bond lengths, bond angles and dihedral angles) are obtained from either energy
minimization calculations or experimental data. The calculations, performed using
the PCModel9"' and Gaussian03® programs, modify a starting molecular
conformation, moving position on the potential energy surface, and arrive at a
minimum energy structure, local or global depending on the starting point and the
method used. These methods can be split into Molecular Mechanics and Electronic

Structure calculations.

1.6.1 Molecular mechanics.

Molecular mechanics (MM) algorithms treat the atoms and bonds in molecules like

balls and springs in a classical way. The electrons are ignored during the

12
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calculations, but the electronic characteristics are implicit due to the parameterization
of the programs using either experimental data or results from electronic structure
calculations. Mathematical equations are used to model the relationships between
potential energy and the bending/stretching of the bond angles/lengths in the
molecule away from equilibrium positions. During the course of an energy
minimization, the bond lengths/angles are adjusted to give the minimum overall

energy on the potential energy surface.

A simple example of molecular mechanics will serve to illustrate the main features.
A diatomic molecule is the simplest possible chemical system suitable for analysis
by molecular mechanics. The relationship between potential energy, V (J), and the
internuclear distance, r, is described by the Morse curve“, but a useful

approximation of this is Hooke’s law:
V = k(r-r,)’/2 (1.7)

For this model, the empirical parameters required are the force constant, k, and the
equilibrium separation, r,. 1, is obtained from experiment (X-ray diffraction,
electron diffraction, NMR) or ab initio calculations, and k is parameterized to give
the experimentally observed geometries. A numerical description of the molecule is
input, from which the program calculates the internuclear distance. The nature of the
atoms involved (element/hybridization) is important, as the programs are
parameterized for different atom type combinations if the results are improved by
doing so.  This situation, with potential energy function(s) parameterized
appropriately, is a molecular mechanics forcefield, and the investigated structure is
said to be placed in this forcefield. The program, given the internuclear separation,
can, using Equation 1.7, calculate the initial potential energy. Differentiation gives
the slope at r, which indicates the direction in which the bond length must be
adjusted to find the energy minimum, where the slope is zero. In this example, this

would be the equilibrium bond length.

Commonly used MM forcefields have multiple terms to evaluate the overall potential
energy from all the bonds in a molecule. These terms model energy contributions

from bond stretching/compression (as in Equation 1.7), bond bending, dihedral angle

13
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torsion, as well as van der Waal and electrostatic interactions™. Any modification to
one of the involved geometrical parameters may affect other potential energy
functions in the overall system. The system finds the minimum energy in an iterative
manner, with a balance of forces eventually established. Further information on

2441 Two commonly used

molecular mechanics is available in the literature
forcefields are the MMFF94 and MMX force fields. They are parameterised using
ab-initio and experimental data respectively.****4  The MMFF94 forcefield was
used extensively during the course of this work using the PCModel! computer

program.

The main advantage of molecular mechanics force fields is that, as they are based on
classical physical concepts, they are computationally very inexpensive and so can be

*. The disadvantage is that they can only be

used for very large chemical systems
used with confidence for atom types and chemical environments for which they are

parameterized.

The energy minimized geometry obtained from a molecular mechanics calculation is
very dependent on the input geometry, with the nearest energy minimum found. To
be sure that the global minimum is obtained, the starting geometry must be varied,
either by conformational searching (systematic or random alteration of initial
geometrical parameters) or through molecular dynamics, which uses estimates of
atomic velocities to generate new structures. Once the energies of a number of
minimized structures are calculated, the relative populations of these can be

evaluated using the Boltzmann equation, Equation 1.8:
f= exp(AE/RT) (1.8)

where f is the fractional population of the higher energy state, AE is the energy
difference (joules), R is the gas constant (8.314 JK'mol™) and T is the temperature
(K). If chemical shifts are calculated for the nuclei in all of these structures, then a
weighted average can be obtained which should better fit data taken from
experiments run at realistic temperatures. This procedure is used in the
commercially available software package, NMRpredict’’, of which CHARGE is a
part.

14
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1.6.2 Electronic structure calculations.

Unlike molecular mechanics, electronic structure calculations deal explicitly with the
electrons of molecules. The general aim of these calculations is to find the energy
and electron-density distribution in molecules, using approximations of quantum
mechanics and the Schrédinger equation. Once these quantities are calculated,
algorithms can be used to find minimum energy structures. If the Schrodinger
equation could be solved exactly for an investigated molecule, then the exact energy
and electron-density could also be found. As this is not possible for all but the
simplest of chemical systems, approximations and assumptions are made which
make calculations feasible, and electronic structure methods are categorized by
which assumptions and approximations are made. The methods can be split into two
broad categories: ab initio and semi-empirical methods. Ab initio methods attempt to
calculate structures from first principles using only the atomic numbers of the atoms
present. In the semi-empirical methods, some expressions of the Schrodinger
equation are set equal to parameters that lead to the best fit to experimental

quantities, such as enthalpies of formation®.

Common to all electronic structure calculations is the Born-Oppenheimer
approximation, which considers the nuclei of the molecule to be stationary, by virtue
of their large mass relative to electrons, while the electrons move around them. In
this context, the electronic form of the Schrédinger equation is to be solved, which is
simpler than the full Schrodinger equation. All relativistic effects are ignored*.
Another approximation common to all ab initio methods is that the molecular orbitals
are expressed as linear combinations of atomic orbitals, LCAOs. This is simpler than
dealing with complex overall molecular orbitals, which is in itself a valid, albeit far
more computationally expensive, approach. The general procedure is to calculate
combinations of atomic orbitals on the constituent atoms in the molecule and to find
the combination giving the lowest energy. Each atomic orbital (AO) has a
coefficient which can be varied, altering the contribution of the AO to the molecular
orbital. Each atomic orbital is approximated using several mathematical functions

called primitives which are selected prior to calculation. Gaussian functions
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(exp(-r)) are used and if a number of these are used together, they can approximate
Slater (exp(-r)) orbitals**.  Slater orbitals better approximate the modelled
wavefunctions but are computationally more cumbersome than the combination of
Gaussians approach. The selection of how many of these primitive Gaussian
functions are to be used for each atomic orbital (depending on the element), the
polarization or not of these orbitals (by including higher energy unoccupied orbitals)
and whether the valence orbitals are to be composed of two or more distinct
concentric groups of functions (split valence) is referred to as the basis set. In
general, the more sophisticated the basis set chosen, the more accurate,
computationally expensive and, so, time-consuming the calculation will be**. The
basis sets used in this work are 3-21G, 6-31G+ and 6-311G++(2d,p). 3-21G
demands that the core (non valence) orbitals are made up of three primitive Gaussian
functions, with the three primitives describing the valence orbitals split into groups
of two and one. This is a relatively simple basis set, and leads, therefore, to fast but
less accurate calculations. 6-31G+ is a more sophisticated basis set, having 6
primitives to describe the core orbitals, four primitives, grouped as three and one,
describing the valence orbitals, and a diffuse function (large s and p type functions)
added to the heavy atoms. 6-311G++(2d,p) is a yet more elaborate basis set and is
expected to give the most accurate results. This basis set uses six primitive
Gaussians for the core orbitals, triply split (three/one/one) valence orbitals for the
heavy atoms (“311G”), diffuse functions for both heavy and hydrogen atoms (*++)
to deal with electrons relatively far from the nucleus. The 2d,p in brackets indicates
that polarization functions are added to both heavy atoms and hydrogen atoms, with
2d character added to the p orbitals of heavy atoms and p character added to the s

orbitals of hydrogen®.

The calculations all need a starting point, generated by the program using the basis
set specified by the user, which is often the result of a Hiickel theory calculation*.
Once a starting point is achieved, each electron is treated in turn. The probability
distribution and energy of this first electron are calculated using the initial
descriptions of the probability densities of the other electrons in the molecule. The
next electron’s distribution is calculated and so on until all the electrons have been
considered. The loop is repeated, with the new, slightly improved electron

distributions being used to calculate the energies of the electrons. This process is
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repeated until limiting values of the energies are reached (convergence), at which
point the system is said to be self consistent, with this procedure known as the Self

Consistent Field (SCF) method*.

In this work, we will use Hartree-Fock (HF) and Density Functional Theory (DFT)
methods for calculating electronic structure during molecular conformation
optimization. What separates these two approaches is how they deal with electron
correlation. The HF methods make the assumption that each electron sees only an
average effect from the other electrons in the molecule, and there is no attempt made
to account for electrons trying to “get out of each other’s way”46. DFT methods do
include this correlation in the calculation. The factors considered by HF methods are
the kinetic (electron), nuclear-nuclear, nuclear-electron, Coulomb (electron-electron
repulsion) and an ‘“exchange term”, which compensates for the apparent
overestimation of electron repulsion given by the Coulomb term*®. DFT methods
differ from this only slightly, having a replacement exchange term and a correlation
term. If the exchange term is set to that of the HF method and the correlation term is

ignored, the results from the two methods are identical*®.

Once a single point energy has been calculated using one of the above methods, the
atomic forces can be calculated and the conformation of the molecule adjusted to
minimize these forces in much the same way as for molecular mechanics

2. With this newly generated geometry, the electronic energy is again

optimizations
calculated, which should be lower than the previous value. This process is repeated
until there is no further reduction in the calculated energy with small adjustment of
geometrical parameters. At this point, the program is terminated and the optimized

structure is reported.

There are many books and reviews available in the literature which further detail all

of the above topics' %424,
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Chapter 2. Theory of Charge

The overall chemical shift calculation of CHARGE comprises several separate
calculations which model various distinct classical physics effects. These can be
classified as through bond (short-range) and through space (long-range) effects.
The through space effects make use of the principles applied by Zurcher', which
were discussed in Chapter 1. Through bond effects refer to interactions from
functional groups up to three bonds away, and beyond this the effects are

classified as long-range.

2.1 Through bond effects (< 3 bonds)

2.1.1 Partial Atomic Charge calculation.

CHARGE calculates the effects of neighbouring atoms on the partial atomic
charge, g;, of an atom under consideration. If we consider an atom I in a four
atom fragment, I-J-K-L, the partial atomic charge on I is due to three electronic

effects; the a, B and y-effects. The system is shown in Figure 2.1:

Figure 2.1 The I-J-K-L four-atom fragment.

There is a one-bond (o) effect from atom J given by Equation 2.1:

(E.f _Ei)
(a)=—1—1° (2.1
q,(0) Ay )

where gij(a) is the partial atomic charge on atom I due to the a effect, and E; and
E; are the electronegativities of atoms J and I respectively. Ay 5 is a

proportionality constant that is a function of the exchange and overlap integrals

for the bond I-J.

There is a two-bond () effect from atom K which is given by Equation 2.2:
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