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PREFACE

This thesis is concerned with a field of research
which has become of great importance in the last few
years, namely the study of metal-ion complexes of biolog-
ical significance. The topic is one which could have
important results in the study of biochemical reactions
in vivo.

The author wishes to thank the following: Dr E.
Sullivan for his supervision of the thesis, Dr R.M. Golding
for helpful discussions on Crystal Field calculations,
the Applied Mathematics Division and Chemistry Division,
Department of Scientific and Industrial Reseaxrch, for
the use of facilities, and her fiancé, John Bailey, for
typing the thesis so well, initiating her into the field
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INTRODUCTION

The importance of trace metal ions in biolegical
processes has been known for some time, but the role of
chelating molecules: in the human body is a comparatively
new and interesting field of research [1]. Among the impor-
tant complexes occuring in the body are haemoglobin, contain-
ing iron, and vitamin B-12, containing cobalt, both essential
to human health. Other well-known naturally occuring
complexes include cytochrome exidase, containing both iron
and copper, and chlorophyll, containing magnesium.

The transition metal ions of the First Transition Series
are well-known for their ability to form complexes with
suitable ligands, and in particular with chelate ligands
which can seize the metal ion like a claw (chele means claw
in Greek). Many of these complexes have been characterized
experimentally, and their properties intéerpreted by theoret-
ical calculations. However, the complexes arising from
biological systems are much more difficult to study, partly
because of their greater size and special properties.

In this thesis, a system containing ferrous ions and
ascorbate ions is considered. Ferrous ion and ascorbic acid

(or vitamin C) are both important in human beings, and need
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to be assimilated from our daily flood. Haemoglobin, which

is a ferrous complex of porphyrin associated with a globular
protein, is responsible for the transport of oxygen from

the lungs around the body. A deficiency of iron leads to
anaemia. Vitamin C, found in fresh fruit amd vegetables,

is necessary to prevent scurvy-like symptons such as abnormal
tooth structure, anorexia, anaemia and predisposition to

some infectious diseases. As the vitamin is readily oxidized,
its content may be very small in cooked, canned or dried
foods.

These two important substances are considered to florm a
complex, the ascorbate ions chelating to the ferrous ion at
pPH 7, which is the physiological pH of the body. The usual
techniques of physical chemistry are used in an attempt to
characterize the complex, both in solution and as an isolated
solid, using mainly spectroscopic methods.

The gathering of experimental evidence then enables
suitable theoretical calculations to be performed, on both
the considered complex and its component species, in an
attempt to gain an understanding of the complex. With large
biological molecules, it is possible to do only semi-empirical
type calculations at present, as the size of the calculation
is limited by the size and speed of the computer available.

As: these factors are improved, it is hoped that biological



systems: will be studied by more rigorous methods.

Although the biochemical significance of this complex

has not been considered in this thesis, this investigation

is a step on the way to discovering more about those complexes

which are of biological importance.
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Chapter 1 LITERATURE SURVEY

In 1954, Udenfriend and his coworkers [2] described a
reaction system, composed of ascorbic acid, oxygen and ferrous
ions, which hydroxylated aromatic compounds to give products
with phenolic properties. Previous studies on the metabolism
of drugs: in the body had shown that compounds of aromatic
nature were hydroxylated in the body to yield substances
with phenolic properties. For example, aniline gave p-amino-
phenol and o-aminophenol [3], and quinoline gave 3-hydroxy-
quinoline [4]. These compounds yielded identical products
when acted on by Udenfriend's reaction system. The abundance
of ascorbic acid and ferrous compounds in animal tissues
suggested that ascorbic acid might be used in biological
hydroxylations of both naturally occuring and foreign com-
pounds with aromatic character [5]. The use of ascorbic
acid system as a synthetic hydroxylating agent was proposed:
the hydroxyl group generated, being electrophilic, would
hydroxylate aromatic or heterocycliec rings at electromnegative
sites.

The properties of this hydroxylating system were reviewed
by Mason [6], who suggested that the system would serve
as a model for mixed function oxidases, in particular

phenylalanine hydroxylase. A mixed function oxidase is



defined as an enzyme which catalyses the consumption of

one molecule of oxygen per molecule of substrate, one atom

of this oxygen molecule appearing in the product, the other
being reduced. The model system showed (i) a characteristic
dependence upon a reducing agent and oxygen, (ii) the intred-
uction ef molecular oxygen as hydroxyl into aromatic systems,
and (iii) electrophilic properties. By studying the simpler
model system, it was hoped to be able to explain the mechanism
af the enzyme reaction.

At first, it was suggested that the hydroxylating
intermediate was the hydroxyl radical. However, further
examination of the products: formed in the reaction showed
that the hydroxyl radical was not the hydroxylating species
when oxygen was the oxidant [7]. Another suggestion was that
the intermediate was the cation 0H+, although it was doubtful
if this existed in aqueous solution. More recent proposals
have been the formation of an intermediate complex between
the ferrous ion and ascorbic acid. These will now be
discussed in detail.

Hamilton and his coworkers [8] performed experiments
using the model system and a simple saturated hydrocarbon,
cyclohexane, to investigate the Udenfriend reaction. In
the presence of oxygen, the model ascorbic acid system

produced both cyclohexamnol and cyclohexanone. When either



the oxygen or the ascorbic acid was omitted in the experiment,
no products were formed. Hydrogen peroxide was used in
another two of the experiments to test for the participation
of hydroxyl. When oxygen was: absent, no products resulted,
whereas with oxygen present the products: obtained included
some not obtained in the Udenfriend reaction. From these
experiments, it was concluded that the model system did not
involve hydroxyl radical as the oxidizing agent.

The phenylalanine hydroxylase had been shown to require
a cofactor, tetrahydropteridine (A), for enzymatic conversion
to tyrosine [9], which had structural features similar to
the enediol structure of ascorbic acid (B). On identification
of the cofactor, 2,4,5-triamino 6-hydroxy pyrimidine (C) was
suggested as a model system, this giving similar reaction
products tao the ascorbic acid system, and being closer in

structure to the cofactor.

H 0

|
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H OH H /CHOH L

A B CH,OH c
phenylalanine hydroxy- ascorbic 2,4,5-triamino

lase cofactor acid 6-hydroxy pyrimidine



Both the model and enzymatic systems were supposed

to react by the following mechanism [10]:
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This mechanism is shown for the ascorbate reaction, but one
of the oxygens in the ene-diol could be replaced by N-R as

in the cofactor with little change in the mechanism.
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Hamilton explains this, as flollows: "The enediol
structure, ferrous ion and oxygen could be in equilibrium
with a complex such as II, which is proposed as the actual
oxidizing agent. By a shift of electrons, as shown, an
oxygen atom with six electrons could be transferred from II
to an organic substrate if at the same time the enediol
complex is oxidized to the dicarbonyl complex, III. It is
not propesed that II would generate a free oxygen atom, but
in the presence of a substrate molecule, complex II could
act as an "oxenoid"™ species (named in analogy to the carbenoid
species which can transfer a divalent carbon during reaction
[11]). The formation of phenols, alcohols and epoxides: by
reaction with II with appropriate substrates should occur in
a. way analogous to the formation of methyl compounds and
cyclopropanes: by reaction of carbenes or carbenoid species
with similar substrates [Il]. The transformation of II to
ITI is an overall four-electron oxidation and requires. that
the enediol be oxidized at the same. time as the substrate is
axidized. This is observed for phenylalanine hydroxylase [9].
Complex III would be expected to add water to give IV which
should be in equilibrium with ferrous ion, hydroxyl ion and
the dicarbonyl compound V. In the model system, the ferrous
ion could recyecle but during the oxidation the ascorbic acid

would be oxidized to dehydroascorbic acid and could not recycle.



However, in the enzymatic reaction the oxidized cofactor
would have to be reduced back to the tetrahydropteridene
level so that it could recycle. This would explain the
requirement for a reducing agent in oxidations by mixed-
function oxidases:.

Several variations of the proposed mechanism can be
envisaged. One possibility is that the enediol, ferrous
ion, and oxygen form a complex such as VI which by a shift
of electrons and a proton as shown, could presumably transfer

an oxygen atom to an organic substrate (S) and form a complex

VII. Such a reaction would be subject to general acid and
H B
— .-Fe
Feb....omltyY NG
:E /\3 O)O (—/S o) OH
0 J
u A +50+ BH* + A”

general base catalysis, which could partially explain why

the enzyme reaction proceeds more rapidly than the model

reaction. Also, if such a mechanism were true, then it

would not be necessary for both groups to complex with the

metal ion and vinylogous enediols might also be reactants".
The important feature of this mechanism is that a metal

ion must form a complex with molecular oxygen and some system

capable of oxidation by two electrons such as an enediol.
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The metal ion'ss function would seem to be to form an
electronic 1iﬁk between the enediol and the oxygen [7], as
well as probably allowing the conversion of the triplet
oxygen (two unpaired electrons) to a singlet species (no
unpaired electrons). Radical or diradical intermediates
would not be necessary in the reaction of complex II with
the substrate.

A similar mechanism has been postulated for the catalytic
auto-oxidation of ascorbic acid by cupric ion, by Weissburger

and his coworkers [12]. The cupric ion forms a chelate with

1<“. ] L rv/cu
/C===C 2 : 0 ‘\\O
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the ascorbate ion, which by am electron shift to the metal
acquires a semiquinone structure. Dissociation then takes
place, since monovalent copper does not have a strong affinity
for oxygen donors. Both the cuprous ion and the semiquinone
are oxidized by oxygen. The catalytic effect of cupric ion
increases the rate of oxidation of ascorbic acid ten thousand
fold [13].

However, iron has a greater significance in biological
systems than any other transition metal cation, mainly on
accaunt of its abundance, so the main reaction to be studied

in this thesis is that of ferrous ions with ascorbic acid.
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Chapter 2 PRELIMINARY INVESTIGATION

2.1 Introduction

Before starting to investigate the flormation of a
complex in the Udenfriend reaction, it was decided to find
out as much information as possible about the component species
of the model enzyme system, namely ascorbic acid and ferrous
sulphate. Some of their properties, obtained from the liter-
ature, are given in this chapter, while others will be
discussed in the relevant section in chapter 3.

The investigation and discovery of a complex, together

with a few of its properties, is discussed.

2.2 Ascorbic Acid [14]

L-Ascorbic acid (vitamin C) has

0 OH

FW 176.12, and is represented as \\1 é/

G —C
shown [14]. It crystallizes as white , "
needles or plates, mp 190-19200. 3

0 C
1 gm dissolves in 3 mls water, in 50 \\\‘-// \\\\OH
mls absolute alcohol and in 100 mls //C<
glycerol. It is insoluble in benzene, H CsHOH

ether, petroleum ether, and most
organic solvents. Having two assym-

o
metric carbon centres, it gives a specific rotation, [a]ﬁ 5
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of +21° in water and +48° in methanol. The D-form differs
only in the configuration about C-4. In aqueous solution,
the H atom of the enol group at C-3 dissociates, yielding a
salution with a pH of about 3. It behaves as a monobasic
acid, forming salts containing one monovalent metal atom or
its equivalent. In alkaline solution, the H of the enol
group on C-2 dissociates and may be replaced by a metal ion.
The: acidic dissiociation constants, pK1 = 4,17 and pKﬁ = 11.57,
show that it is & comparatively strong acid. At neutrality,
the absorption maximum in the UV spectrum occurs at 265 mpL,
with a small band between 350 and 400 ma , but shifts
towards: shorter wavelengths with decreasing pH.

The crystals are stable in air for years, but in solution
ascorbic acid is easily oxidized, the instability increasing
with increasing pH. Mild oxidation with air, H20270r FeCl3
converts it to dehydroascorbic acid. Above pH 5, this

readily undergoes rearrangement to diketogulonic acid.

Q = ? . a = ?——- (4] =v? - OH
HO - clz o -2H(H202) 0 = (l; o Q= (lz
HO - ?-_J Q = ? —_— 0 = ?
B
i = +2H(H,S) H= ¢— B =G =t
HO - ? - H HO - ? - H HO - ?.- H:
OH
CHZOH CH20H CH2
L-Ascorbic Acid Dehydroascorbic Diketogulonic

Acid Acid



Ll

Once the lactone ring is opened, the molecule is readily

oxidized and may be degraded to oxalic acid. Hence ascorbic

acid is a. strong reducing agent. Oxidation of ascorbic

acid by molecular oxygen is catalysed by Cu2+ and Ag+ ions.

The ease of oxidation is reduced by use of an inert atmosphere

(N2 or COZ), storage at low. temperatures and absence of light.
Further properties, such as the NMR spectra of ascorbic

acid and its sodium salt, will be discussed in section 3.5.

243 Ferrous Sulphate [15]

Ferrous sulphate heptahydrate (green vitriol, copperas),
FeSOh.7H20, has FW 278.03. It crystallizes from solution
at ordinary temperatures as blue-green monoclinic crystals,
mp 64°C, density (15°C) 1.899 gm/cc. It is very soluble
in water, dissolving nearly half its weight in cold water,
and nearly its own weight in boiling water, but solubility
data is conflicting. It is soluble in glycerol, insoluble
in alcohol, acetone, methyl and ethyl acetate. The UV
spectrum shows a strong maximum at 950 ms and a weak maximum
at 1070 mu, which gives ferrous sulphate its characteristic
blue-green colour.

The green crystals are efflorescent in dry air and
oxidize in moist air forming a brown coating of basic ferric

sulphate. It is said that the green colour is due to the
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presence of a basic salt and when free from this salt, the
crystals are bluish-white and stable in air. In acid or
neutral solutions at room temperature, ferrous sulphate is
oxidized fairly slowly by air. Passing air into a 0.1 N
solution at 25°C oxidizes 0.03 2, per hour. The oxidation
is more rapid in alkaline solution and is accelerated by an
increase in temperature and exposure to light. The rate is
reduced by a high concentration of chlorides and sulphates
of sodium, potassium and magnesium, as these decrease the
solubility of oxygen.

X-ray studies show that the 7 H20 are not symmetrically
located nor equivalent to one another in their structural
relations to other constituents. On heating, the tetra and
monohydrates are formed at 56.6 and 65.0°C, the last H20
being driven offf at a much higher temperature to give the
white anhydrous salt.

Further properties, such as the Mossbauer spectrum

and magnetic susceptibility, will be discussed in sections

3.7 and 3.8.

2.k The Ferrous/Ascorbate Complex

As Hamilton [10] had postulated that a complex was
possibly formed between ferrous ion and ascorbic acid in

the presence of oxygen, the logical step was to try and
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characterize it. After several attempts, a beautiful
purple solution was obtained when ferrous sulphate was added
to a solution of ascorbic acid which had previously been
neutralized to pH 7 by addition of sodium hydroxide solution,
i.e. to sodium ascorbate solution. This purple solution was
rather unstable in the presence of air, gradually becoming
lighter in colour and finally becoming a yellow solution of
possibly oxidized ascorbic acid and ferrous sulphate.

Preliminary investigation of the UV spectrum suggested
that for efficacious production of the complex, a ratio off
3 moles of sodium ascorbate to 1 mole of ferrous sulphate
would be suitable. A detailed discussion of this is given
in section 3.3. The purple solution could be conveniently
prepared by dissolving known amounts of solid ferrous sulphate
and solid sodium ascorbate in the solvent, usually water.

To demonstrate the effect of oxygen on the complex, the
following experiments were performed:
(1) A small foil bucket containing sodium ascorbate and
ferrous sulphate was suspended by a cotton thread in a gas
bubbler. Nitrogen was passed through water below the bucket
in the bubbler for about an hour. Then, the cotton was
released to lower the bucket into the water. Only a faint
tinge of purple was noticed in the water. After a quarter of

an hour, the nitrogen flow was stopped and air passed through.
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Immediately, a deep purple salution was obtained.

(2) This purple solution was then used for the next experi-
ment. Half of it was placed in a beaker and left open to
the atmosphere. Nitrogen was again passed through the
remaining solution in the bubbler. After several hours, the
solution in the beaker had become much fainter, whereas that
in the bubbler was still purple. The former became yellow
after 24 hours; but as long as the nitrogen was passed
through, the purple solution remained purple.

These experiments clearly indicated the important role
oxygen had in the system, as had been shown by Hamilton et
al [8]. Oxygen was necessary to form the complex, but excess
oxygen destroyed the complex. For experimental work, it was
thus necessary to have conditions such that the complex was
stable for long enough to carry out the experiments.

The next step was to isolate a solid complex. Great
difficulty was experienced in attempting to obtain a pure
solid species. The first method of obtaining the solid was
to nemove the water from the purple solution containing 3
moles of sodium ascorbate and 1 mole of ferrous sulphate, by
using a rotary vacuum evaporator. A black shiny mass of
solid was obtained after drying in a vacuum desiccator.

This method was convenient but any by-products or impurities

would also be left in the solid.
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Another method of preparation was then tried. 1 mole
of Analar FeSQ .7H20fand 3 moles of the sodium salt of
L-Ascorbic acid were added to a sufficient volume of methanol
to dissiolve the solids. Nitrogen was passed through the
resulting purple solution which was warmed gently in a
water bath for several hours. Precipitation was effected
by the addition of isopropanol. The flocculent blackish
precipitate was filtered off and placed in a vacuum desiccator
to dry. The solid obtained was a black-purple powder.

Unfortunately, neither of these methods produced a
crystalline complex, nor apparently a pure species. Analysis
figures on the sample prepared by the first method, obtained
from Dr Campbell of Otago University, showed that there was
a considerable amount of sulphur present:

c 26.45 3 H 3.75 %% S L.k B .
The ratio C:tH:S was calculated as 17:29:1 or 1:1.70:0.06
(18:31:1). No other analysis figures were obtained. The

formula assumed from this was NaFe(C6H7O6) .Nazsoh.xﬂzo,

a2
where x is about 4 or 5, i.e. some water was present either
as water of hydration loosely bound to the complex or
absorbed from the atmosphere by the solid.

The solid was soluble in water and in methanol, yielding

a purple solution, but insoluble in acetone, chloroform,

benzene and carbon tetrachloride. On heating, it started to
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decompose at 68°c becoming shiny and black, and melted at
about 80°C. This large range of melting would suggest that
the solid contained some water. The solid complex was
apparently stable provided it was kept in a desiccator.

To characterize the solid, infrared (IR) spectra were
run of the solids made by each method and these were compared
with the spectra for ferrous sulphate and sodium ascorbate
as given in the literature [16]. The spectra for the two
solids were to all appearances much the same, one being given
in figure 2,1. The bands were assigned using tables of IR
frequencies for characteristic bands [17]. The sulphate
band, occuring in the region 1050-1200 cm"l, obliterated
much of the portion of the graph where ascorbic acid bands
are expected. However, there were two bands, one at 1620 cm
the other at 1725 cm-l, which could correspond to the C=C
and C=0 stretching frequencies. The large band at 3500-
2500 ein * oould be due both to water present (3200-3500 g )
and to the OH stretching frequency from the bonding of the
hydroxyl group to the iron atom forming a chelate compound
(2500-3200 cm-l). The bands marked with crosses were those
arising from the solvent, nujol.

After consideration of the experimental techniques

being used to characterize the complex, it was decided not

to continue to try to isolate a pure crystalline solid.

L)
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Because of the nature of the ferrous sulphate/ascorbic

acid system, it may not have been possible to isolate a

pure ferrous/ascorbate complex. However, if the complex is

of importance in biological systems, its significant reactions
and properties would be those in aqueous solution, and the

unavailability of a pure solid would be of little consequence.
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Chapter 3 EXPERIMENTAL STUDIES

3.1 Introduction

To characterize the ferrous/ascorbate complex, as many
modern physical techniques as possible were used. Following
Hamilton[8], the oxidation of cyclohexane by the complex
was studied using gas chromatography to analyse the products.
This is a highly sensitive: method of detecting small amounts
of products of organic reactions. The presence of a coloured
salution immediately suggests an investigation of its visible
and ultraviolet (UV) spectrum. The requirement of a neutral-
ized ligand solution for the formation of the complex led tio
an investigation of its pHi dependence. From the variation of
the pH of both the ligand and complex solution, information
about the stability of the complex can be obtained. For
hydrogen-containing species;, nuclear magnetic resonance (NMR)
spectroscopy is a useful amalytical method. When this species
is bound as a ligand to a paramagnetic transition metal ion,
temperature-dependent shifts of the proton resonance peaks
are sometimes: observed. The proton NMR spectra of ascorbic
acid, sodium ascorbate and the complex were all studied.

Electron spin resonance (ESR) spectroscopy can be used
to study transition metal ions: under certain conditions

determined by the electronic properties of the molecule.
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However, the presence of a paramagnetic metal ion does not
necessarily mean that an ESR spectrum will be obtained at
room temperature. Since iron is a Méssbauer nucleus,
detailed information about the environment of the iron atom
can be provided by Mbssbauer spectroscopy. Complementary
to this, magnetic susceptibility also gives information
about the iron atom, from the deviations of the magnetic
moment from the spin-only value. More information can also
be obtained by a temperature-dependent study of the complex
using the last two techniques.

These methods and their results are now discussed

individually in the rest of this chapter.

362 Oxidation Reactions

Hamilton and his coworkers [8] reported the use of the
model ascorbic acid system as an oxidizing agent for the
oxidation of cyclohexane to cyclohexanol and cyclohexanone.
Their experimental conditions weres

1.1 millimoles ascorbic acid, 0.04 millimoles ferrous ion
in a: heterogeneous mixture containing 31.5 mls of 0.058 M
acetate buffer (pH 4.5), 30 mls of acetone and 5 mls of
cyclohexane. The mixture was shaken under an atmosphere of

air for 2 hours. The products, analysed by gas chromatogra-
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phy, gave a yield of 2.1 mg of cyclohexanol and 0.7 mg
of cyclohexanone.

To investigate whether the ferrous/ascorbate complex
could be used in this oxidation process, the following
experiments were carried out. A mixture of

15 mls: Analar acetone
15 mls distilled water
and 2.5 mls cyclohexane (spectroscopic grade)
was used, to which was added
(1) and (2): approximately 0.1 gm of ferrous/ascorbate
complex,
(3) approximately 0.1 gm of ferrous sulphate plus a large
excess of sodium ascorbate.
Oxygen was bubbled through solution (1) for 2 hours; solutions
(2) and (3) were shaken in air for 2 hours.

The products were analysed using a Perkin-Elmer vapour
fractometer model 154 gas chromatograph. The samples were
injected with a syringe, using 2 ml of liquid. The attenuat-
ion was kept low to enablle the peaks to be observed, which
led to trailing effects from the large solvent peak. A
mixture of cyclohexame, cyclohexanol and cyclohexanone was
used as a standard. The syringe was cleaned with acetone
and injected to ensure there was no residue.

All three solutions gave a cyclohexanol peak, but the
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cyclohexanone peak was rather difficult to detect since it
was masked by the tail of the solvent peak. The solutions
became brown and finally yellow.

The experiments were then repeated, under the following
conditions:. To the above mixture was added

(1) 0.160 gms ferrous/ascorbate complex
(2) 0.1100 gms sodium ascorbate and 0.0055 gms ferrous
sulphate
(3) 0.1020 gms ferrous sulphate and excess sodium ascorbate,
more being added at frequent intervals.
All solutions were shaken in air for at least 2 hours.

These solutions were analysed by gas chromatography,
all three giving cyclohexanol and cyclohexanone peaks.. The
conditions of the gas chromatograph, such as temperature
and gas flow, had been adjusted so that the cyclohexanone
peak could be obtained distinct from the solvent peak. The
chromatogram obtained for one of the solutions, together with
that for the standard, is shown in figure 3.1l. Solution (3)
gave the greatest yield, remaining purple for several hours
after solution (1) had become yellow. Solution (2) also
remained purple longer than solution (1).

These results imply that the ferrous/ascorbate complex
can be used to,oxidize cyclohexane. However, better results

are obtained if the complex can be formed during the oxidation
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CONCENTRATION OF CYCLOHEXANOL (A)
AND CYCLOHEXANONE (B)

-——— TIME

GAS CHROMATOGRAM
FIGURE 3-1
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proces=s: in the presence of excess sodium ascorbate the
complex will form until all the sodium ascorbate is used
up, provided that the ferrous ion has not been oxidized.
Initially the ferrous ion appears: to cyecle to form more
complex, since those experiments in which excess sodium
ascorbate was added gave more products, but the process
apparently cycles for only a finite time. As long as there
is: sufficient ferrous ion and sodium ascorbate to form the

complex, more cyclohexanol should be formed.

3e3 W and Visible Spectra

The absorption spectrum of the ferrous/ascorbate complex
was measured in the regions 400-1200 mu and 360-220 mu
using a Beckman DK2 spectrophotometer. A weak absorption
band had its maximum at 553 * 2 mpm (figure 3.2) and a strong
absorption band had its maximum at 265 + 2 mps (figure 3.3).
Comparison with the value for the maximum of ferrous sulphate
and sodium ascorbate showed that the latter maximum corresponded
to the ascorbic acid absorption associated with the conjugated
&~ @ unsaturated ketone system [I4]. Consequently, the remain-
ing experiments were concentrated in the visible region,
400—7501m}L.

In figure 3.2, the various plots correspond to different
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times. The optical density of the purple solution slightly
increased after preparation, then gradually decreased, the
solution becoming lighter in colour. This change in optical
density was associated with the appearance of a streaming of
darker solution from the surface of the liquid in the cell,
seemingly because of oxidation by air. Shaking the solution
also altered the optical density.

An estimate of the molar extinction coeffiicient, € ;| at
the band maximum was obtained from a Beer-Lambert Law plot.
Because the oxidation of the ferrous/ascorbate solution
seemed to vary with concentration, the question of the verif-
ication of the Beer-Lambert Law was difficult. In figure 3.4
a set of results are plotted at two concentrations (A and B),
together with the line obtained for the less concentrated
solution if there was no oxidation and the Beer-Lambert Law
could be applied rigorously (C). An estimate of the extinction
coefficient is 100—120<litre.mole-l.cm-l.

The intensity of the absorption band can be measured
in terms of the oscillator strength, f [18],

Y
€dv

Vi
i.e. the oscillator strength is the area under the band

£ = 4,32 x 102

stretching from frequency V; Uo‘lb (in cm—l) in a plot of

extinction coefficient against frequency.
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For approximate calculations, the absorption bands of
complex solutions are assumed to have Gaussian shapes,
expressed analytically by

€ = €° exp[-a(V - vo)z]
where & is a constant
€, is the extinction coefficient at the maximum
absorption

Vs is the frequency at the maximum absorption.
The area under the curve is therefore approximated to €°A1),
where AV is the width of the band at half height. This is
a. convenient approximation, and sufficiently accurate, if the
band does not show fine structure. Hence the oscillator

strength can be given by

4.32 x 10~ x € x AV

: 3

F 4 x 10_3

on substituting the above value of €, and the estimated
value of AV from figure 3.2.

The spectrum of the yellow solution, obtained after the
ferrous/ascorbate solution had been left standing in air,
was also measured; the onset of an absorption was apparent
about 400 mu.

To determine the number of ligands co-ordinated to the

metal ion, i.e. the number of ascorbate ligands co-ordinated
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to the ferrous ion, the Method of Continuous Variations
(or Job's Plot) [19] was used. Firstly, the spectra of
solutions containing ferrous sulphate and sodium ascorbate
in the ratiosi of 1:1, 1:2, 1:3 were measured in the visible
region. As these all gave the same maximum (at 553 QM). it
was assumed that only one complexing species was present in
solution or could be detected in the visible region. Accor-
dingly the Job's Plot method was applicable.

Initially, a plot was done at three wavelengths, namely
430, 550 and 600 m . These were chosen as being wavelengths
at which the ferrous/ascorbate complex solution and the
component solutions had appreciable differences in optical
densities. The component solutions used were:

0.01. M FeSOQ
and 0.01 M C6H70%Na,

these being prepared immediately prior to commencing the
experiment to minimize errors through oxidation of the solutions
by air. Mixed solutions were prepared one at a time,
containing x mls of sodium ascorbate solution and (10-x) mls
of ferrous sulphate solution where x ranged from 4 to 9 mls.
Each solution was shaken well for a given time. Readings
of the optical density were taken on a Beckman DU spectro-
photometer at a set time, a further set of readings being

taken after a fixed time. This procedure was carried out
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for each solution, i.e. for each value of x. The optical
densities of the component solutions were also measured.

From the graphs obtained by plotting the above results,
the maximum appeared to lie in the region of 7-=-8 mls of
sodium &Scorbmte. As the errors involved in each reading
were large, the drawing of straight 1ipes through the points
was somewhat arbitrary.

To e¢larify these results, a more accurate Job's Plot
was done at 550 mu over the range of solutions x = 6.0 to
9.0 mls, in steps of 0.5 mls, using a Unicam SP500 spectro-
photometer. The optical density was measured at two minute
intervals for about ten minutes, in an attempt to average
the errors in timing. The component solutions used were:

Q.02 M FeSO4
and 0.02 M C6H706N&,
the mixed solutions being prepared as previously, prior to
taking the readings.

The: errors involved arose mainly from the slow oxidation
of the ferrous/ascorbate solution as well as the component
solutions. The errors in taking the readings on the spectro-
photometer and in preparing the component solIutions were
consiidered to be negligible compared with those arising from
the gradual oxidation of the ferrous/ascorbate solution.

The results obtained were averaged over the time
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interval involved; these average values. of optical density,
together with their deviation with time, are shown plotted
against the value of x in figure 3.5. The maximum, obtained

by drawing two straight lines through the experimental

points, is at x = 7.5 mls. Using Job's formula
n = X ’
10-x

where n is the number of co-ordinated ligands, and on substit-
uting 7.5 for x, it was calculated that there are three
ascorbate 1ligands bound to each ferrous ion. Accordingly,

the species present in solution is a 1:3 complex, and can

be prepared by using one mole of ferrous sulphate and three

moles of sodium ascorbate.

Z,4 pH Measurements

In section 2.4, it was noted that the ferrous/ascorbate
complex was prepared by adding ferrous sulphate to a solution
of sodium ascorbate of pH 7. On addition of acid, the
purple solution became colourless, whereas with alkali, the
solution turned brown and gave a precipitate, probably of
iron hydroxide. The effect of pH on the ferrous/ascorbate
solution was then investigated.

The pH measurements were carried out using a Radiometer

pH meter 22, with glass and calomel electrodes. This was
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calibrated with a potassium hydrogen phthalate buffer of
known pH, the pH being read to +0.02 pHi units. The titrations
were carried out using a burette, containing a standard
salution of approximately O.1 N sodium hydroxide, the volume
being read to +0.05 mls. Constant temperature was main-
tained by using a double-walled beaker, with water flowing
through the space between the two walls. Each solution to

be titrated was prepared immediately prior to doing the
experiment.

The experiment was carried out in two stages. A
solution of known concentration of ascorbic acid was titrated
with the sodium hydroxide soelution until a pHi of about 11
was reached, after which the glass electrode is not accurate.
Then a solution of the same concentration of ascorbic acid
with a known amount of ferrous sulphate added was titrated
until a pH of about 7.5 was reached, when precipitation
occured.

This experiment was carried out using two different
concentrations:

(1A) 25 mls of 0.1 M ascorbic acid solution

(1B) solution (1A) plus 0.232 gms of ferrous sulphate

(2&4) 100 mls of solution, 0.002 M in nitric acid and
0.02 M in ascorbic acid

(2B) solution (2A) pluss 0.056 gms off ferrous sulphate.
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During the titration of solutions (B), the colourless
solutions changed through various shades of blue and violet
to purple at pH 5.8-6.4. Above pH 7, the solutions became
brown and started to precipitate. Readings of the pH
could no longer be taken accurately as this precipitation
caused the pH to vary. The ascorbic acid solutions (A)
became yelllow as the pH rose above 8; once again the pH
varied somewhat, probably due to the oxidation of the solution.
Graphs: of pH against mls of 0.1 N sodium hydroxide
solution added are shown. Figure 3.6 shows the graph obtained
for ascorbic acid solution. The neutralization point is at
pH 7 showing that ascorbic acid does act as a monobasic acid.
By noting the pH of the half-neutralization point [20], an

estimate of the acid dissociation constant pK, is 4.15 + 0.05,

1
which is in good agreement with the literature value quoted
in section 2.2 as 4.17.

Figure 3.7 is the graph obtained for solutions (1),
and figure 3.8 is that for solutions (2). 1In the latter,
the lower curve has been displaced to allow comparison to be
made between the two plots. The two plots are almost identical
up to pH 6, when the plot for the ferrous/ascorbate solutions
curves: away. An estimate of the stability of the complex can

be made from the differences between these two curves [21].

Ks the plots: differed only above pH 6, and readings of
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pPH were not accurate above pH 7, this left only a very few
readings which could be used in calculating the stability
constant. Furthermore, the limitations: in the methods used
to calculate stability constants [22] did not appear to

make such a calculation worthwhile. Consequently no attempt
was made to compute the stability constant for the complex.
However, the complex would not be expected to be very stable,

because the differences: in the plots are not great [21].

25 NMR Spectra

A proton NMR spectrum of ascorbic acid and its sodium
salt was initially run on a Varian DP60 High Resolution
NMR spectrometer at Chemistry Division, Department of
Scientific and Industrial Research, using 920 (deuterated
water) as the solvent. A small amount of 3-(trimethylsilyl)-
propanesulphonic acid sodium salt was added as an internal
reference, and the relative positions of the peaks obtained
by the audio side band method [23] using a frequency of 350 c/s
to reflect the spectrum and in particular the reference
peak. The spectrum of the ferrous ascorbate complex was then
done under the same conditions.

Later an opportunity arose to run the spectra under
considerably improved resolution, on a Varian DA60I spectro-

meter at Chemistry Division. This instrument has the facility
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of "locking'" on to one particular resonance peak in the
spectrum, thus leading to considerably improved stability
and resolution. A few drops of acetone were added to the
020 solution and the acetone peak was used to '"lock" on to.
The previously used internal reference was not found to be

suitable since its solubility in B_O0 was not sufficient to

2
give a large enough peak to "lock" on to. With this system,
the portion of the spectrum containing the peaks (about
100 c/s) was spread over 50 cm of chart.

The spectrum of ascorbic acid obtained initially is
shown in figure 3.9, while that obtained later is shown in
figure 3.,9A. The peak positions in c/s measured from the

high-field singlet is given in table 3.1 for both ascorbic

acid and its sodium salt.

Table 3.1 Positions: of Peaks in NMR Spectra

Spectra from DA60OI.

Peaks in c/s (+0.2 c¢/s) from high-field singlet.

Peak Ascorbic Acid Sodium Ascorbate
doublet -7.9 -8.1

—6.1 -509
singlet 0.0 0.0

doublet 9.6 7ot
11 % 9.6



bl

L Oy At

Increasing H ——

N.M.R. SPECTRUM OF ASCORBIC ACID IN D,0

FIGURE 3-9



increasing H ———im—

NMR SPECTRUM OF ASCORBIC ACID UNDER HIGH RESOLUTION

_Sb_

FIGURE 3-9A



-46-

multiplet 14.9 12,6
1657 14.7
37 -l 15.6
19.1 17.3
doublet 22,6 20,6
24,5 22.5
doublet (X) 68.0 41,5
69.8 43 .4
HOD 61.5 60.4

The HOD peak arises from the interchange of the H on
the four hydroxyl groups and the D in the 020. The rest of
the spectrum is due to the hydrogens situated on C-4, C=5

and C-6 [see section 2.27. An interpretation of this
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The spectrum of the ferrous/ascorbate complex consisted
of three broad peaks in the same regions as the peaks in the
sodium ascorbate spectrum. The HOD peak was very broad,
almost masking the neighbouring doublet. This broadening
effect arose from the presence of a paramagnetic ion, high
spin ferrous ion, which substantially reduced the proton
relaxation times [25]. Even the addition of one crystal
of ferrous sulphate to the sodium ascorbate solution was
sufficient to broaden the peaks so that the multiplet
structure about 15 c/s was no longer in distinct peaks.

A temperature-dependence study was attempted on the
complex solution, but no conclusive results were obtained.
The large peak at low field shifted with increasing temper-
ature, but this was probably due to the HOD peak, which is
temperature-dependent [26]. The broad nature of the peaks
also made it difficult to measure the positions of the peaks
with enough accuracy to tell if a temperature-dependent
shift had occured.

However, as the ascorbic acid spectrum had not previously
been characterized using theoretical techniques, it was
thought to be relevant to interpret this spectrum and the
associated spectrum of sodium ascorbate. The theoretical

interpretation of these two spectra is given in chapter 5.
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3.6 ESR Spectrum

An ESR spectrum of the ferrous/ascorbate complex was
run on a Varian ESR spectrometer at the University of Sydney,
New South Wales. The spectrum obtained showed the charac-
teristic spectrum of manganese [27]. The presence of mangan-
ese was confirmed by an emission spectrograph, done by
Dr Sullivan (Analar FeSOq.7H20 contains 0.03 §, of manganese
impurities).

Because of spin-lattice relaxation times, ESR spectra
are rarely observed for high spin ferrous compounds at room
temperature. By reducing the temperature to liquid hydrogen
or liquid helium temperatures, it is possible to reduce spin-
lattice relaxation so that an ESR spectrum may be detected.

This is discussed by Figgis [28].

W, Mbssbauer Spectra

Méssbauer spectra of the ferrous/ascorbate complex were
run on the MOssbauer spectrometer at Victoria University of
Wellington, by Dr R. Bailey. The sample used, containing
approximately 0.025 gm of iron per square centimeter of
sample, was prepared by the second method given in section
2.4. Mdssbauer spectroscopy does not depend critically on
the amount of solid present, provided there is sufficient

iron present. The use of a pure crystalline solid was not
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essential because the sample was powdered to ensure a
homogeneous: mixture.
The spectrum obtained at room temperature, shown in
figure 3.10, has two fairly broad peaks with minima at 87
and 145 channels. Using conversion factors obtained from
‘avcalibration spectrum of sodium nitroprusside, the quadrupole
splitting AEQ and chemical shift éss with reference to stain-
less steel were calculated [29] as
AE. = 2,53 + 0,10 mm/sec
o} g = 1.12 + 0.10 mm/sec.
Using the correlation diagram [29], it is seen that
these vadues correspond to the iron being in a high spin
ferrous state. Comparison with the values given for
Eesoq.?HZO, namely
AE

Q
o}

SS

]

3.20 mm/sec

1}

1.31 mm/sec
shows that AEQ depends on the ligands surrounding the iron
atom.

The temperature-dependence of the Mdssbauer spectrum
was also considered. At low temperatures, the spectrum
peaks became somewhat sharper and the value of AEQ increased.
Values obtained at 195°K (dry ice/alcohol mixture) were

AE, = 2,87 + 0.10 mm/sec

Q
= + . .
655 1.09 + 0.10 mm/sec
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Within the experimental error, the chemical shift is
independent of temperature. An interpretation of these

values of AEQ is given in section 4.7,

3.8 Magnetic Susceptibility Measurements

Magnetic susceptibility measurements on the ferrous/
ascorbate complex at various temperatures were carried out
at the Tala Institute of Fundamental Research, Bombay,
India. The sample used was made in the same preparation as
that used in the MOssbauer experiments, but, unlike in
Mossbauer spectroscopy, impurities could lead to large errors
in a determination of the magnetic moment. As discussed in
section 2.4, the molecular weight and composition of this
complex were not known accurately.

The results obtained for the gram susceptibility 'Xg
at various temperatures are given in table 3.2 [p.53]. A
plot of 1./'Xg against T (in °K) is strictly linear, with

intercept at -9°K, i.e. the Curie-Weiss Law [30],

X, = —=

g T + ©

where C is the Curie constant, is obeyed with a Weiss constant
e of 9°K.
i3 o5 AT cor .
The molar susceptibility 7<M is then calculated using

the formula

Xy = [ X x M + X,
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where Xd is the correction for the diamagnetism of the

molecule, calculated empirically from Pascal's constants [31]
‘xd = [290 + 13x] 1076 c.g.s. units

where x is the number of water molecules in the complex.

In calculating x;‘,dor' two molecular weights have been

considered, 854 (obtained from the formula given in section

2.4 with x = 6) and 900 (to account for impurities).

The magnetic moment was then calculated [30] from

Poce = 280 [ X5 1

assuming the Curie Law (i.e. € = 0) and

Meoep ® 2.84]7(;'" (T + @)

assuming the Curie-Weiss: Law. The magnetic moments obtained
for these four possibilities are given in table 3.2.

It is interesting to note that Meosr for MW = 854 and
MW = 900 differ by an approximately constant amount, namely
0.14 Bohr magnetons, for both the Curie and Curie-Weiss Laws.
The ratio of the /*eff's is approximately the square root of
the ratio of the MWs, the only other contributing factor
being the correction for diamagnetism which is small. The
Curie-Weiss values show less variation with temperature than
the corresponding Curie values.

Although the experimental errors were not given for
these values, the actual measurements would involve some

error as well as those arising from impurities and the
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uncertainty in the molecular weight. The range of these

latter errors can be seen in the values quoted in table 3.2.

Table 3.2 Magnetic Susceptibility and Magnetic

Moment for Various Temperatures

'Xg ¥ Mearr in Bohr magnetons
T cgs units ‘Xg Curie Law Curie-Weiss Law
x 10° < 10°% g 854 MW 900 MW 854 MW 900
84 41.94 2.385 .95 5.08 5.21 5.35
96.5 37.5% 2.665 5.02 5.16 5.25 5.39
112 3275 3.053 5.06 5.20 5.26 5.40
134 27.54 3.631 5.08 G20 5 .25 5.39
166 22.52 4,440 5.12 5.26 5.26 5.40
222.5 17.39 5.751 5.23 5.37 5.33 5.48
288 1357 7375 5.27 5.41 .35 5.50
295 13.14 7612 525 5.39 5.33 5.48

[The value for room temperature (288°K) was obtained by
interpolation of the results plotted on the graph of 1/ 'Xg

against T].

On comparing with the "spin-only" value of 4.9 [3Q], these
values.of/A are found to correspond to the presence of four
unpaired electrons, thus confirming that the iron atbm in

the complex is in a high-spin ferrous state.
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The value quoted for FeSOA.7H20 is 5.22 Bohr magnetons

[32]. These values lie within the experimental range for

ferrous compounds, 5.1 - 5.7 quoted by Figgis and Lewis

[32].

An interpretation of these results is given in

section 4.7.
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Chapter k& CRYSTAL FIELD CALCULATIONS

4,1 Introduction

From the experimental results discussed in chapter 3%,
certain features of the ferrous/ascorbate complex have been
characterized. These are now discussed in terms of the
Crystal Field model for transition metal ion complexes.

Magnetic susceptibility and Mossbauer studies have
shown that iron is in a high spin ferrous state with config-
uration d6. UV studies have shown the complex to have three
ascorbate ligands surrounding it, presumably bound via the
oxygen atoms on C-2 and C-=3 to form a bidentate chelate group.

The ma jority of ferrous complexes have their ligands
arranged around the central metal ion at the vertices of an
octahedron; these are said to have octahedral crystal fields
and belong to the symmetry point group Oh. Because the
ascorbate ligands are asymmetrical, the ferrous/ascorbate
complex will have onlng3 symmetry, and this is flurther
reduced if free rotation about single bonds is allowed.
However, if the principle of local symmetry is applied, the
complex can be approximated to 33 in the first instance and
even to Qh symmetry. This principle states [33] that it is
the immediate surroundings which are the most important in

the assessment of the symmetry of the envirenment of the
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metal ion. The atoms bonded
to the metal ion are: all

oxygen atoms, giving Oh Symm-—

0 0
etry; these are further bended C Fe

to carbon atoms which form a C\\O////// \\\\\O

five-membered ring with the |

ferrous: ion, thus giving 53 ‘\\Cﬂfé

symmetry, as shown.

Therefore, in this crystal field calculation, the model
assumed for the complex is that of a bidentate complex with
D, symmetry. To calculate the eigenstates. for a transition

3

metal ion in a crystal field of D_ symmetry, the crystal

3
field potential Vh has to be known. The crystal field
3
potentials for O and n3 symmetry are [34]
\tuh = rl‘[A Yl!o ¥ B(:Yli[* + Y',f*)]
_ 2 0 4 0 3 =%
Vn3 = L Yz + r [D Y4 + E(Yq + Y4 )]

where the constant term, which shifts all crystal field
eigenstates. by the same amount, has been omitted, A, B, C,
D and E are constants, and Ynm is a normalized spherical
harmonic.

The use of Vb
Oh’

3
terms; of just one crystal field parameter Dq ~ <r4>/a5

immediately presents & problem. Whereas

for V the crystal field eigenfunctions can be expressed in



-57-

[ (rm> is: the average value of r" for the 3d wave function,

a is the metal-ligand distance], for Vﬁ
3

two crystal field parameters are needed, namely (rk)v/as

(and also for Vb )
Y
and (ng$/hs; This latter parameter gives the contribution
from the low symmetry components of the crystal field.

The problem arises in relating these two parameters,
i.e. in calculating the ratio (r2>/(r4>. To. do this, the
radial wawve function R3d‘r) must be accurately known.,
Self-consistent field wave functions are available for d
iron, but only for the free atom. It is not known how approp-
riate these would be for an iron atom in a molecule.

To overcome this problem, a different approach is made.
The formula for the crystal field potential for D3 is taken
as

\'4 =~Vah + low symmetry component

= Voh + term in r2 Yzo.

Transforming the last term with equivalent operators [35]

yields constant[Lkg - L(L+1)]. Hence the D_, potential is

-

taken as
Yo, = Vo +Zb Iizz
3 h i
where 0, the distortion parameter measuring the extent of

the lowering of the symmetry from octahedral to trigomnal, is

regarded as an adjustable parameter.
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Furthermore, from mathematical group theory, the effect
on the octahedral crystal field eigenstates of lowering the

symmetry about the metal ion from O_ to D_ can be predicted

h 3
[36]. For example,

0h to 03
E goes: into E

n n \
T Ay + B

n n ; +
T2 A1 E.

The above crystal field potential V; =V + z: 5 1, 2
3 Oh iz
does indeed lead to the appropriate splitting of the octahedral
crystal field eigenstates [see section 4.4].
This approach considerably simplifies the mathematics,
as well as overcoming the problem of unknown parameters.

By calculating values of AE and,&as a function of © and

Q
comparing these wvalues with those obtained experimentally,
g8 value of O can be deduced.

Some physical properties are more sensitive to contrib-
utions from the low symmetry components than are others.
For example, M8ssbauer spectroscopy is highly sensitive,
magnetic susceptibility moderately sensitive, whereas UV
spectroscopy is hardly sensitive at all [37]. Hence in the
interpretation of the UV spectrum, the '"distortion" is of

negligible effect, and the model used is that of a crystal

field of octahedral symmetry.
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For calculating AEQ and,&, the ion is assumed to be in
a crystal field of trigonally distorted octahedral symmetry.
Allowance for spin-orbit coupling is also made. The calcul-
ations are performed by treating the spin-orbit coupling
interaction and the trigonal distortion as perturbations on

the octahedral crystal field ground state, 5T for high spin

2’
d6 ions. The eigenstates for transition metal ions in
crystal fields of octahedral symmetry have been characterized
in great detail by Griffith [38]. Mixing of any excited

5

states such as “E into the ground state, through spin-orbit
coupling, is neglected. The magnetic moment,& and quadrupole
splitting AEQ are calculated by using the appropriate Hamil-
tonians with the crystal field eigenstates, for various ratios
of distortion parameter and spin-orbit coupling constant.
Temperature dependence is also considered. Comparison with
experimental results then enabless an estimation of the
contribution to the crystal field from the low symmetry
components, i.e. the degree of distortion in the ferrous/
ascorbate complex.

From this, a prediction of the temperature dependence
of/A and AE, can be made and a correlation made between yo

Q

andlﬂkq.
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4,2 Interpretation of Visible Spectrum

Tae interpret the visible spectrum of the ferrous/
ascorbate complex, i.e. to explain the values of mex’ €
and f obtained in section 3.3, it is necessary to know the
energy levels of the complex. The calculation of the energy
levels for a.d6 system, making allowance for both interelec-
tronic interactions and crystal fields of medium strengths is
a difficult exercise in quantum mechanics. However, calcula-
tions of this type for a” configurations in crystal fields of
octahedral symmetry have been carried out, and presented in
the form of Tanabe-Sugano diagrams., for certain values of
the Racah parameters (the parameters of interelectronic
interaction), B and C [39]. The diagram for d6 is shown in
figure 4.1, together with the value of Y = C/B used in its
calculation. The energy levels E are plotted along the
vertical axis, and the crystal field strength A along the
horizontal axis, both being in units of B.

The Racah parameter values required for Ee2+ differ

+ -
3% being vy = 4.1 and B = 1060 em L (for

from those for Co
Cos+, Y = 4,808 and B = 1065 cm_l). Unfortunately it is
not possible to indicate how changes in Y will alter the
diagram, though it has been stated [40] that the diagrams do

not seem to be sensitive to the ratio Y. However, transitions

between terms of the same multiplicity depend only on B,
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and the energies for these particular transitions are there-
fore independent of Y.

These diagrams have been calculated for a” configurations
in crystal fields of octahedral symmetry. Provided that the
low symmetry crystal field component present in the complex
is small compared with the main octahedral crystal field
component, the distorted octahedral complex can be treated
as a perturbed octahedral complex. This has been discussed
in section 4.1.

With these assumptions, it is now possible to charact-
erize the visible spectrum of the complex using the method
outlined by Figgis [41]. The purple solution results from
an absorption band at 553 mu = 18,100 cm-1 (€% 110, f =
4 x 10-3). These values of € and f are of the right order
of magnitude for a d-d transition. Furthermore, MBssbauer
and magnetic moment studies have shown that the 5T2 term is
the ground state. Hence, by the selection rule that transit-
ions are spin allowed only between terms of the same multi-

plicity, the band is assigned to the d-d transition

o —= °E

2
which has an energy of A. Hence the value of A is 18,100
-1
cm .
The values of € and f are higher than the corresponding

+ -
values for Fe(H20)62 , which has a weak band at 10,000 cm 4
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(e= 1.1, £ = 1,6 x 1072) [42]. Band intensities for other
complexed ions are often much higher than for the correspon-
ding aquo ion. This has been attributed to the lowest
electronic levels occuring at higher energies in the free
water molecule than in most other ligands [43], preventing
much "intensity stealing". The ascorbate ligand has an
absorption band at 265 mm = 37,700 cm-l, which will cause
the d-d band to "intensity steal' and hence have higher €
and f values.

From this interpretation of the visible spectrum using
the Tanabe-Sugano diagram, a value of the crystal field
parameter, A, has been obtained. However, as there is only
one. observed d-d transition, it is not possible to calculate

the Racah parameters for the iron atom in the complex.

4,3 Wave Functions: and Spin-orbit Interaction Calculation

From an interpretation of the UV spectrum, using the
Tanabe-Sugano diagram for d6, a value for the crystal field
parameter A has been deduced, in section 4.2. Since this A
for the complex is less than AE’ the critical value of A at
the cross-over point [see figure 4.1], the excited states
are sufficiently high in energy that spin-orbit interaction
will not lead to a significant mixing of any excited states

into the ground state. Consequently, in these calculations,
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only the wave functions: for the ground state need be
considered.

The ground state for high spin d§ 5T can be represented

2
by tzl‘(3fr1)e2(5A2) [44]. From Griffith [45] the basis wave
functions can be determined from the functions for‘tzg and
ea, in terms of the complex d orbitals, i.e.
+ +
1°T, 11) = - 11 --:in1 >
S 2 _+¢ +
1”1 T-1> = - |12 §1 >
+ _+
1°>r, 10) = |1t g 2y
1
3 - + +
| A, la,) le e >
h 17 (m,"™5), has = +% =1
where e.g. m, . has m_ = y My
(L= 1 012> -1-2)]
V2
€ = I [l2>+]|=-23]
V2
e = lo)

glz - §1+ gl-

and |m1> is a short-hand notation for the complex d wave

function having angular dependence 31m1¢. Therefore it

follows that

- 112178 T e™>

i

%1, -1 2)

5 + _+¢ 2 _+ _+
| 2, O =3 |1-1§193>
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I°’T, 12> = - 117-1%¢ "e*€">
where the notation |5T2 ML.MS> will be explained later.
Using the spin angular momentum one-electron step operators
the complete basis set of wave functions for d6 may be
obtained from the terms listed above. As an example of the
use of the step operators, the basis function IST2 -1 1) is

derived from that for |5m: -1 2) -

2

|}

5 5
| T <1 1> =5s_| T, -1 25

+o + +
g 2P §, e &S

-1l € Te' e + |12-178 "e' ™)
> 1 1
e +4 4+ s
+12-17¢ TeT€>  + 112.17¢ Te'e™y 7.
The 15 basis wave functions obtained are given in table 4.1
[tables 4.1 - 4,12 are in Appendix I].

The effect of spin-orbit interaction is calculated

by considering the Hamiltonian for spin-orbit interaction,

Hi g'z !l,.s-
S 1 1

i

' + +
z;'! Elizsiz lixsix liysiy]

Z S p8yp * W1y * 1 554)]

i
where .! is the spin-orbit coupling constant

1i is the one-electron orbital angular momentum operator
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s, is the one-electron spin angular momentum operator

i
and the i summation is over the six d electromns.

The 15x15 matrix, whose elements are <¢1|Hs|¢ Y , where the

¢i are the basis wave functions, is then set ug and its
eigenvalues and eigenfunctions: calculated. These are given
in table 4.2, which shows that one of the eigenvalues is
7-fold degenerate, one is 5-fold, and the other 3-fold
degenerate.

This type of calculation using the complex d wave
functions is both complicated and time consuming. A much
simpler method of finding the eigenstates of spin-orbit inter-

+
action is to use the structural isomorphism of a a3 1Ti term

+
%o al-25 1

P term [46]. This is justified by the previous
assumption that there is no appreciable mixing of any of the
excited states into the ground state. Here the 5T2 term is
considered equivalent to 5PJ where J is 3, 2, 1. The wave
functions may then be written in terms of |ML Ms)», where
Ms = +2, *1, O and ML = +1, 0. This gives 15 basis wave
functions, and it may be seen from table 4.1 that these are
the terms given on the left hand side of the table.

The spin-orbit interaction is considered using the

Hamiltonian



-67-

where 9 is the spin-orbit coupling constant with respect
to the new basis. The eigenfunctions are conveniently

obtained using Wigner's formula [47],

IlL s 0 M) = MZ (L s MMJIL s J M> L s M M
sMp

where <L S,MLMle S J MY are the Clebsch-Gordon-Wigner
coefficients and |L S MLMS) (or IMLMS) as L and S are
constant throughout and can therefore be omitted) are the
basis wave functions. The resulting eigenfunctions are the
same as for the complex d case, as given in table 4.2.

The eigenvalues are then simply the diagonal elements
of the spin-orbit interaction Hamiltonian, with respect to

the appropriate eigenfunction:

E = (JMIHs'lJM) ={IJMIVL.S|J M
= ¢ MV 32-12-5%7 10 M
2
= {J M|V [J(JI+1)=-L(L+1)-S(s+1)] | J MD
2

[J(J+1)-L(L+1)=S(S+1)].

Il
nic

In this case L 1, S =2 and J = 3, 2, 1, giving three

eigenvalues,
(3 M|H,|3 M) =2V
(2M|H;|2M) = =
(lMIHs'I1M>=-3\).

Comparison with the previous results, given in table 4.2,
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shows that 4 is equivalent to $/4.

4,4 Distortion Calculation

Having obtained the eigenstates for spin-orbit coupling
interaction, the next effect to be considered is the lowering
of the symmetry of the octahedral field, i.e. the "distortion"
of the crystal field around the ion, as discussed in section
4,1. The appropriate Hamiltonian is taken as

H, = E: o lizz ~ @ Lz2
i
where 0 is the distortion parameter. This is applied as a
perturbation to the eigenfunctions @i of spin-orbit interaction.

Using this Hamiltonian, the 15x15 matrix whose elements
are <¢i|Hs+HdJ¢j> is set up. This factorizes into three
1x1, three 2x2 and two 3x3 matrices, which are given in
table 4.3. As it is not convenient to solve these matrices
for the general case, numerical values were substituted for
the ratio x = 5/{ . The range of values considered for x
was from -1.5 to +2.,5.

Having obtained the matrix elements for the various x
values, the eigenvalues and eigenfunctions were calculated
using an ALGOL Jacobi eigenvalue procedure, on the Elliott
503 computer, of the Applied Mathematics: Division, Depart-
ment of Scientific and Industrial Research. A typical set

of eigenstates for one value of x is given in table 4.4.
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For cases when the distortion to the crystal field is
much larger than the spin-orbit coupling interaction, the
wave functions must first be diagonalized with respect to

the distortion Hamiltonian H then the spin-orbit coupling

4’
interaction Hamiltonian, H;, is applied as a perturbation.
The isomorphous p wave functions lMLM§> are taken as the

basis, these already being eigenfunctions of H, since Lz2

d
does: not alter the basis wave functions. The eigenvalues

are then simply the diagonal matrix elements, <HLMS| HdIMLMS>,
i.e.

(+1 M | 8L 2 | x1 M> = 6

s |

2 =
<0M|6L,z_|0MS> o .

S
Under this reduction of symmetry, the ground state is split
into two states, separated by an amount 0.

The spin-orbit coupling Hamiltonian, H;, is now applied
to the wave functions, and the matrix elements (MLMS| Hd+H;l
Mi.Mé)> evaluated. The 15x15 matrix factorizes into two
1x1, two 2x2, and three 3x3 submatrices, these being given
in table 4.5.

To find the limiting values of the matrix elements when
6/f tends to infinity, the ratio 376vis given the value zero.
The: only non-zero terms in the matrices are then those arising
solely from the distortion, i.e. the effect of spin-orbit

coupling is negligible. Therefore the matrix elements



obtained are those for Hd' namely & or O.
As values of 8/{ greater than 2.5 were not used in
these calculations, matrices arising from large distortion

were not needed for the remaining calculations.

4,5 Magnetic Moment Calculations

Hawving obtained the eigenvalues and eigenfunctions
resulting from spin-orbit coupling and a distortion from
octahedral symmetry, the effect of an external magnetic field
is: next considered. The magnetic interaction Hamiltonian
to be applied to the eigenfunctions of spin-orbit and distor-

tion interactions i

s
E; B(li 2 ZSi).H

H' =
m
= B(L + 28).H
= BH (L +2S ) + BH (L +2S ) + BH (L +2S )
z =z 2 Yy 'y Ty x x X
where B is the Bohr magneton

H is the applied magnetic field.
When applied to the isomorphous p wave functions, this

Hamiltonian is transformed to

H

L B(yL + 2S).H

Buz(yLz+2sz) * BHy(YLy+25y) + BHx(YLx+ZSx)

= H” + ZHL
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where <Y is a constant to be determined, arising from

the use of the isomorphous p wave functions

H, [3Hz(wrt..z + 2sz)

H,

. - : = + .
bHy(YLy 2sy) anﬁny 2sx)

The constant Y is determined by evaluating one matrix
element <¢1|H”|¢i> using the complex d wave functions and

.comparing this: with the corresponding element obtained using

the isomorphous p wave: functions:

<o lH, | o> {1 2| BH(YL_*2s ) | 1 2>

- (y + 4)BH

&

5 + _2¢ + 4+ + : + .2 + +
s 2| H} | T, 1 2) {1 =1 §1 e € |BH(LZ+2sz)|1 -1 §1 e € )

= 3 BH.
Hence ¥ = =-1. The Hamiltonians can now be written

H BH(-L +2S )
z z

"

H, = BH(-L_+25 )

BH [-%(L_+L_) + (S _+s_)].
The eigenfunctions ¢i of the spin-orbit and distortion

Hamiltonian, H; * Hd' have been determined as linear combin-

ations of the eigenfunctions ¢i of the spin-orbit interaction
Hamiltonian, H;. The effect of H, and HL on these spin-orbit

eigenfunctions ¢i is therefore determined first. For H“ y €eZ.

<o lH, lo,>=([2 11 1> + [1 |0 2>|BH(-L_+2S )I/gll 1) +[1lo 25>
g fs 3 A 3
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{[z |2 >+ [1|o2d| [2H |1 1>+[14BH |0 2>
E RN 3

BH<11l11> + 4 BH<0o2|02)>
3

[\ |\

BH

<o,IH, 185> =(F |1 1) + 1 |o 2>|BH(-L +28S )I- ;Il 1> + .;Io 25

.-.(Jg |1 1) J‘l lo 2>| 1 BH |1 1) +[2 4BH |0 2>
3

3 3
= V2 BHiCT 1| 1 1) + 3_/55}1(02|02>
3 3
= (2 BH.

[Note that since H| does not alter the Ms or ML values of
the wave functions, the only non-zero matrix elements will
be between ¢i's containing linear combinations of basis
functions with the same Ms.andiMLrvalues]. Similarly, for
the H,; case,

<o lH 1o > =<1 2 | BH[-%(L +L_) + (s,+s )] |1 2>
=<12|-BBH |02 + ZpH |1 1))
2

= 0

(o, |H, 18,5 (/'g |1 1> +J_;1_ o 2)|BH{-%(L, +L_)+(s,+s_)] |1 2} >

= [2 11 1>+JII02>|-J§BH|02,> + 2 BH |1 1))
3 3
= /'5}1<11|11.>-1/'sn<02|02>
3

/'1 BH.
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[Note that since HL contains only step-up and step-douwn
angular momentum operators, it must alter either the Ms or
the ML.values of the wave functions. Hence matrix elements
between ¢i's containing linear combinations of the same
basis wave functions must necessarily be zero, i.e.
(¢i| Hl|¢i> = 0 in particular].

These matrix elements with respect to the ¢i's, given
in tables 4.6 and 4.7, are then used to find the matrix

and H_, where

elements associated with the Hamiltonians Hl 5

H

v+ +
3 ™ HL + H + Hy

H2 = H; + Hd + H_L .

Two 15x15 matrices, with elements <¢i|H1| ¢j) and
<¢i|H2|¢j> , are now set up. The first factorizes into two
1x1, two 2x2 and three 3x3 matrices; the second does not
factorize. The off-diagonal elements contain terms in BH
only, as the @i have already been diagonalized with respect
to H;_+ Hd. The diagonal elements are made up of the eigen-
values of H; + Hd plus, in the case of Hi, a contribution
from H; . The diagonal elements for H24arising from Hl.have
already been shown to be zero.

These off-diagonal elements are very much smaller than
the diagonal elements, for values of the magnetic field H

used experimentally:

B = Q0.9273 x 10-20 erg.gauss—l = 4,670 x 10_5 em-lgss_l
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and for H = 10,000 gauss, BH % 0.5 cm_l, which is small
compared with ¢ (3 400 ca L for the fres Pe ion [481).
To solve the matrices Hij for their eigenvalues, Ei’

second order perturbation theory was used [49]:

Hi, H

- + i His

E.i H:i.i ij 19 Ji 5
11755
= H L]
where Hij <¢i| |¢j)
Fifteen eigenvalues are obtained for each matrix, these

being of the form

Byy = KL + BfH + ¢, §§52

where the Ai’ Bi’ Ci and Di are numerical constants. It is
found that for each value of 6/{ there are 9 different

values for A, , C, and D, while the B, have 12 values 6 +
paired values), the other values being zero. The Ai values

are the eigenvalues of the Hamiltonian H; + H The constants

d.
are given for each value of 6/;' in table 4.8.
Having obtained the eigenvalues, the magnetic susceptib-

ility camn be calculated from the formula [50]

i oH"

E; exp(—Ea/kT)

exp(-EilkT)

X =

b= fl B




., [

where ‘X is the molar susceptibility
N is the Avogadro number
k 1is the Boltzmann constant
the Ei are the eigenvalues
and H is: the applied magnetic field.

The formulae for X, and X, are defined similarly. 1In

applying this formula, the mathematical approximation
exp(b+a) ¥ (1+b) exp(a) if ad»b

is made. It has been shown previously that terms in BH are

very much smaller than terms in ,!. Terms in higher powers

aof BH, i.e. BZHZ, are negligible and are omitted. Thus,

. _ 2 ¥
- %ﬁ& exp(-E”i/kﬂ) = [—BiB-ZCiB H ] exp(—Ai;/kT) [l—BiBH/kT]

2 2 > 2
= [-B,B + B} % - 2¢, BH ] exp(-A L/kT)

E, . =
_<%;t1 exp(-ELi/kT) = [—2Di B%?ﬁ] exp(-AizykT)

2
X NBZ ii;]_ [Bi - 2Ci EI_T ] exP("Aif/kT)
"o

T 6
2,

e

9
2 acp(-Ai!/kT) +iz=:7 exp(-Ai[/kT)

i=1l
5 i [-2D, kT/{] exp(-A {/kT)
X = XNB i=1 * . :
d kT 6
Y 2 exp(-A L/kT) +i exp(-A.$/kT)
i=1 * i=7 *

The terms in BiB cancel out on summation and are omitted.
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Therefore the summation is over 9 eigenvalues, 6 of these

being effectively doubly degenerate under this condition.

The magnetic moment is then fiound from the formula [50]

2
'X =E—-§—/,(2.
3kT

The constants NBZ/kT cancel on substituting the values for
X,, and X.I. to obtain M and /U'.L ¢ Initially {/kT was taken
as 2.0, assuming that £$ 400 cm"'1 [47] (kT % 200 cm-l at
room temperature). The temperature dependence was calculated

by varying the value for kT/§ .

The average magnetic moment [51]
2

A AP

is calculated for varying ratios of 6/{ and kT/{ . The
values of Ay , A and M , for various ratios of 6/ , for
{/kT = 2.0, are given in table 4.9 and figure 4.2. The
variations of M with kT/{ and {/kT, for different values

of 8/ , are given in table 4.10 and figures 4.3 and 4.4.

4,6 Quadrupole Splitting Calculations

The electrostatic interaction between electrons and
nucleons gives rise to a nuclear quadrupole interaction,
which is represented, for interactions with d electrons,

by the Hamiltonian
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2, , =3
H o= 29 &r 7D [(1,.D)2 + %(1,.I) - 21(I+1)]
N 7 I(21-1) Z:‘ - &

o Z [(li.I)z + %(1,.1) - 2I(I+1)]
1

where I is the nuclear spin
Q' is the quadrupole moment including any shielding
effects:
<r-3> is the average value of the inverse cube of the
radial wave function of the d electrons.
In this calculation the basis wave functions employed
are the complex d wave functions.. The spin quantum number
MS no Ionger enters into the calculation and is omitted, but

allowance must be made for the nuclear spin quantum number,

M Therefore the basis wave functions can be represented by

I.
1 M la M > |-1 M2

in the IML MI> notation. The Hamiltonian HQ is applied to

> ] 1

each of these and the matrix elements (ML MI| qu MY MY >

calculated, e.g.
2
aMm |p§:[(1i1) + ®B(1.I) - 2K(1+1)] |1 M)

<1 M|Hy|1 M>

M| M2+§+ K2+ 3K2-20(1+1) | 1 M>

2

1]

+ terms in |0 M+1) , |-1 M#2),|2 M-1)]

2 _on(+p)] A M|1 M)

H
o
+
L] Js
+
-
]
=
)

- 25
2



5

= - P[;Mz‘- I(I+1)]

where K, = [I(I+1) - M(M:I)]%.

The only non-zero matrix elements are those between wave

functions containing the same M and.ML'valuea. Three

I

elements are thus obtained,

{1MIH |1M> =P

2

<0M|HQ|0M> = P

<1 M|HHl-1 M> = - P

2

where P' = P [3M° - I(I+1)].

The Hamiltonian can now be applied to the eigenfunctions

¢i of spin-orbit coupling interaction, obtained in section

2 |[10>+[8 |o1> +[1 |l-12>|H
SR £ a |

l'% |1 o>+/:_z_53|o l>+J€—_5l -1 2>

[ -2 +2x 8 - _1] B!
5 15 15 2

3 P
10

403, e.g.

]

<¢3lHQI¢3>

These matrix elements, given in table 4,11, are now used
to find the matrix elements associated with the Hamiltonian

., = H' + H_+ H_.
HS s d Q

Since.HQ is a very small perturbation to the crystal field,

only the diagonal matrix elements <¢i M |H3 'Qi M > need be
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considered. For each value of 6/5', 9 eigenvalues are
obtained, 6 of these being doubly degenerate. The eigen-
values are of the form
= + '
By = 84 +g, P

where Ai' G, are numerical constants, the Aki being as defined

v i
before. These constants are given for each value of 6/:
in table 4.8.

The nuclear quadrupole interaction energies, Gi P', are
now used to obtain the average EQ values by taking a
Boltzmann distribution over the eigenvalues Aif obtained

for the spin-orbit coupling and distortion Hamiltonian,

E; G, exp(-A1§7kT)

{Ey> = P!
Z exp(-A, {/kT)
i

57

The quadrupole splitting for the Fe nucleus with spin

I = 3/2 is the difference between the average EQ values for

the nuclear spin states MI = +1/2, +3/2:

AE, = (Eq(Mp= +3/2)> - (By(M;= +1/2))

z
2 e2q" <r-3> 7 G; exp(-kiflkT)
7

E; exp(-Aif/kT)

Zi Gi exp(-A»i[/kT)

3.70

. exp (—A».if /kT)
i

For a discussion of the constant 3.70, see Golding [52].
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The values of AEQ.for various ratios of 6/§ are given
in table 4.9 and figure 4.5, for kT/! = 0,5. The temperature
dependence of AEQhwws also calculated, by varying kT/f ’
and this is given in table 4.12 and figures 4.6 and 4.7.

The variation of AEQ with M is shown for varying

ratios of /% at (/KT = 2.0 in figure 4.8.

4,7 Discussion of Results

From calculations based on the "distorted" Crystal
Field model for the ferrous/ascorbate complex, the variation
of AEQ and M with various parameters has been obtained.
Suitable values of these parameters can now be used to
interpret the experimental results given in sections 3.7
and 3.8. The spin-orbit coupling constant, ;, which is
400 cm™ ! for the free ferrous ion [48], is usually taken
to have 70-80 2, of this value for ferrous in complex ions,

so that a suitable value would be 300 cm—l; both 400 and 300

cm ~ are considered for {. Thus only &, the distortion
parameter, remains to be determined from the experimental
results.

As the Modssbauer results are not affected by the
unknown factors in the nature of the solid complex, there is

no problem in determining O from the AEQ values. From

figure 4.9, the region of figure 4.5 in which the experimental
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results: lie drawn to a larger scale, values of 6/{ can
be deduced from the appropriate values of AEQ and kT

determined experimentally:

AE, T kT L /T 6/§ (+0.075)
mm/sec °k em Y =400 {=300 $=400 =300
2.53 288 200 2.00 1.50 1.275 1.55
2.87 195 136 2.94 2,21 1.325 1.50

The value of O obtained is approximately 500 om £+50 cm-l)

Using figure 4.7, the variation of AEQ with {/kT can
be determined from the curves for 6/& = 1.25 and 1.5, these
being close to the deduced 6/! values. The experimental
results fit the curve for 6/!’= l.5 very well, thus suggest-
ing that the value of 300 cm-l is a better estimate of !
than 400 cm-l. Hence, the temperature-dependence of AEQ
is taken from the curve for 6/{ = 1.5 in figure 4.6.

From the deduced value of 6/¢ , it is now possible to
predict a value of the magnetic moment and its wvariation
with temperature, from figure 4.3. Using the experimental
temperatures [see section 3.8], the values of u are deter-

mined from the curve for 6/{ = 1.5:

T kT/{ 7+

=300 cm?! (6/L = 1.5)
8k 0.195 5.38
96.5 0.224 5.40



.7,

134 0.311 5.42
166 0.385 543
222.5 0.514 5.435
288 0.667 5.425
295 0.684 542 .

The calculated magnetic moments are comparable with those
obtained experimentally, especially those listed in the
last column of table 3.2. However, the predicted variation
with temperature is significantly less than that obtained
experimentally, even for the results calculated assuming the
Curie-Weiss Law.

The predicted magnetic moment at room temperature can
be deduced from figure 4.2 using 6/¢ = 1.55, giving M= 5.43
+ 0.01. Although figure 4.2 is calculated for &£/kT = 2, it
is seen from figure 4.4 that 4 is almost constant in the
region ¢/kT = 1.5 to 2, for 6/ = 1.5.

The experimental values of AE and}A for both ferrous

Q
sulphate and the complex can now be compared using figure
4,8. The dotted circle gives the experimental results for
ferrous sulphate, the lined oval those for the complex.
Although both the values lie slightly below the curve, the
agreement is at least as good as that obtained by Golding,
Mok and Duncan [37] for similar results. This agreement is

improved when the curve for /KT = 1.5 is used, since this

lies slightly below and to the left of the curve for §/kT =3.
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From these results, it would seem that crystal field
calculations can be more profitably used in interpreting
Mbssbauer quadrupole splittings than magnetic moments,
largely because of difficulty in correlating the experimen-
tal values of the magnetic moment with the calculated values.
Mdssbauer spectroscopy has the advantage of being insensitive
to impurities and not requiring other data in the calculation
of the results. In contrast, magnetic susceptibility
measurements require a detailed knowledge of the composition
and molecular weight of the substance studied, and assume
that the diamagnetic correction can be calculated empirically
using Pascal's constants, and that the Curie or Curie-Weiss
Law is applicable. Thus it is not surprising that magnetic
moments are difficult to interpret theoretically.

The '"distortion" model has lead to a satisfactory
explanation of the experimental results, a value of about
500 cm—l having been deduced for the distortion parameter 0.
Since this distortion of 500 cm_l is negligible compared
5

T. = JE transition energy, 18,100 em T, this is

with the 2

indeed justification flor using the Tanabe-Sugano diagram
for octahedral symmetry to interpret the visible spectrum.
Hence a value of 18,100 c:m-l was deduced for the crystal
field parameter A. The calculated results have showﬁ that

the quadrupole splitting is highly sensitive to changes in
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the symmetry of the environment of the iron atom; Méssbauer
spectroscopy is therefore an ideal method of deducing the
degree of distortion from octahedral symmetry of the environ-

ment of the iron atom in the ferrous/ascorbate complex.
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Chapter 5 NMR SPE CTRUM INTERPRETATION

5.1 Introduaction

The proton NMR spectrum of Q\§ OH
1

ascorbic acid is complicated due

to intricate interactions of the

(20=

protons on C-=4, C-5 and C-6 which 0 ~_
form an AB_C system. This spectrum, \ 4/ OH

2 C
which has been discussed in sect- //‘\ 5
. . . He  c®Hy0H
ion 3.5, is now interpreted by
calculating the energies and inten- /C\G—OH
o - Hy H
sities of the transitions. The EH BZ

method used follows that given by Pople, Schneider and
Bernstein [53].

Sixteen basis spin wave functions are set up, classified
according to their total spin component in the z-direction
(the direction of the externally applied magnetic field), Fz;
because the two protons on C-6 are assumed equivalent, a new
set of basis functions can be constructed, using symmetry
properties, by taking appropriate linear combinations of the
basis wave functions. This choice of basis wave functions
considerably simplifies the mathematics.

The matrix elements of the Hamiltonian representing

interactions of the nucleus with the external magnetic field
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and spin-spin coupling are then evaluated. The 16x16

matrix factorizes into smaller submatrices, since no matrix
elements occur between functions with (i) different Ez values
or (ii) different symmetry. At this stage, the system is
approximated to an §B2X system on the assumption that the
chemical shift of the X proton is large compared with the
spin-coupling constants. This further reduces the size of
the matrices, giving only 2x2 and 1lx1l submatrices, because

to a high approximation no mixing occurs between functions
which differ in their M (X) values.

The eigenvalues and eigenfunctions are calculated for
these submatrices, by substituting numerical values for the
various parameters of chemical shift and spin-coupling
constants, as suggested by observation of the experimental
spectrum. From these eigenstates, the NMR spectrum is
calculated.

The number of possible transitions is limited by the
selection rule

AFi = + 1 .
Furthermore, transitions occur only between functions of
the same symmetry and for functions differing by *1 in MI(X).
The energies of the allowed transitions are obtained from
the differences: in the eigenvalues of the two eigenstates.

The relative intemsities: are found from the squares of the
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matrix elements of the total x component of the nuclear
moment between the two eigenstates.

The NMR spectrum is: drawn by plotting relative intensity
against energy, for the various transitions, choosing an
arbitrary zero. The graph is compared with the experimental
spectrum, and hence by successive approximations, values

are estimated for the various parameters.

562 The Wave Functions

In a magnetic field applied externally in the z-direction,
each isolated proton (with spin I = }) has two allowed states,
with eigenvalues characterized by the spin quantum number

M and eigenfunctionss represented by |a) for MI = +%, and

I,

| B> for M_ = =%,

I
The eigenfunctions of the 4 nuclei of an ABZC system

can be expanded in terms of the 24 basis product functions,

@

n = I Mp(A) M (B) M (B,) M (C)) .

In a convenient shorthand notation, the basis product
function | «(A) B(Bl) G(Bz) B(C)> , for example, is written
as |aﬁaB> where the i'th symbol refers to the i'th nucleus.
The complete set of basis product functions is given in

table 5.1. [tables 5.1-5.6 are given in appendix II].

The total spin operator in the z-direction,

4 5
Ez = Z Iz(l) 1

i=l
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is then used to classify these basis functions, all of
which are eigenfunctions of this operator, as shown in
tables 5.1. This classification is most convenient as there
are no off-diagonal elements: of the NMR Hamiltonian, HN’
between basis product functions corresponding to different
values of Fz.

Since the B2 part of the ABZC system represents two
equivalent protons, symmetry theory may be employed to
simplifyy the mathematics. An interchange of these two protons
does not physically alter the system; consequently the
eigenfunctions must transform as irreducible representations
of the symmetry group. As the basis product functions do
not belong to the irreducible representations, it is necessary
to construct a new set of basis functions by taking approp-
riate linear combinations of the product functions. The
functions & and BB are symmetrical with respect to an inter-
change; the functions &3 and (& are replaced by the

linear combinations

1 (&g + Ba) (symmetrical)

V2

1 (& - Bw) (antisymmetrical).
2

Using these, the complete set of basis symmetry functions
are now evaluated. As a consequence of the properties of

functions forming bases for irreducible representations of

symmetry groups, all matrix elements of HN between s
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(symmetrical) and a (antisymmetrical) basis symmetry functions
vanish. The basis symmetry functions are given in table
5.2, with the appropriate symmetry labels, and with the Fz
value as a subscript.

This choice of basis wave functions: makes the evaluation
of the matrix elements much simpler than if the original

product functions had been used.

5 a3 The Hamiltonian

The NMR Hamiltonian, HN’ applied to the basis symmetry
functions represents (i) the interaction of the nucleus with
the external magnetic field, and (ii) the interaction of the

nuclear spins, through spin-spin coupling:

_ (o) (1)
Hye ™ By * By

1 Z vz BLAE (£ & Z 35 TE).I()
“n "3 i<j

where Yi is the magnetogyric ratio for nucleus i
Hi is the magnetic field at nucleus i
Jij is the coupling constant between nuclei i and j
I(i) is the nuclear spin operator, with components

I (i), I (i) and X (i), for nucleus i.
x y z

For an ABZC‘system, this. becomes
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Hy = Z1’7_"[.{‘,‘3%._IW‘(A) + YBHB‘IZ(‘BI) + YBHBIz(Bz) + YchIz(C)]
+ JKBI(A’.).I(BL)/ + JEBI(A).I(BZ) + JACI(A.).I(C)
+ JBBI(BI).I(BZ) % JBCI(Bl).I(C) + JBCI(BZ).I(C) 5

The matrix elements, (¢n|HN |q>m> , of this Hamiltonian
are now evaluated. Instead of tediously working through
the calculation using this rather fearsome Hamiltonian, use

was made of a set of rules devised to evaluate the diagonal

and off-diagonal elements of HN(O) and HN(l) [54],
4

<q)n“-l't'lco)l‘bn> S -2%—.". Z YiHi [Ml(i)]n
i=1

4
= iz::l vy [Ml(i)]n
where '\)i = Yi Hi/z‘l\' ]
ol g > = a.

) as the

[Each product function is an eigenfunction of HN(O
Iz(i) operators do not alter the wave function, resulting
in only diagonal elements].
(1) .
= J T
Cogl By 7 leg> = L )" 3y, Ty,
idJ
where Tij = 1 if spins i and j are parallel in ¢_ (i.e.

have the same MI value)

= =1 if spins i and j are antiparallel in ¢n;
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2

1 if ¢m differs from ¢n by an interchange of spins

where U
i and j

O otherwise.

Matrix elements between linear combinations: of basis product
functions are evaluated by expansion. Some examples of

these rules are now givens-

K-V, Vg =Yg Vo1 = Blvg * V]

{anga | HNCO)I axga.)

%[JAB JAB * JAC JBB JBC JBC-l

= %[Jxc -~ IpBl

(uaxga | HN(“Ime)

2 J

(al| Hy lal> =V, /2 + V. /2 - 3T /4 + Jmﬂ;

(szl Hy |sz>

- : + +

Vef2 + Vg + Ve/2 + Jpf2 + Jppfl + I /b
+ 2 .,

JBC/Z
isglHgl2s > = I, /v2 .
The complete set of matrix elements is given in table 5.3
Because the basis symmetry functions are used, it is seen
that there are no matrix elements between functions of
different Fz value or different symmetry. Hence one A4xh,
two 3x3, one 2x2 and four 1lxl matrices are obtained.

When the chemical shift vc is large compared with the

spin coupling constants, the ABZC system can be approximated
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to an AB2XIsystem, all C labels being replaced by X labels.
This is later shown to be a reasonable approximation since
excellent agreement is obtained between the theoretical

and experimental spectra. Since there are no matrix elements
between product functions with different X spins, the above
matrices factorize into eight 1xl1 and four 2x2 matrices,
these being given in table 5.4.

Consequently, eight of the basis symmetry functions are
eigenfunctions of HN’ the corresponding eigenvalues being
given by the appropriate diagonal matrix elements in table 5.3.
The remaining eight eigenfunctionss and eigenvalues are
flound' from the four 2x2 matrices.

A. convenient general solution could not be found for
these 2x2 matrices, so numerical values: were substituted to
solve the problem. These values were suggested from the
experimental spectrum [see section 5.5]. Hence the complete
set of 16 eigenvalues and eigenfunctions are obtained, a

typical set being given in table 5.5.

5ok Transition Probabilities and Spectrum

Having obtained the complete set of eigenfunctions,
the number of allowed transitions, amnd their probabilities
are determined. The number of possible transitions is

determined by the selection rule [55] AFZ =+ 1 . Symmetry
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requirements allow tramsitions: only between eigenfunctions
of the same symmetry; the X approximation allows transitions
only between functions differing by + 1 in either FZ(X)
or Fz(ABz). This reduces the number of tramnsitions to 4
antisymmetrical and 26 symmetrical.

The relative transition probability is found from the
square of the matrix element of the nuclear-moment component

in the x-direction, between the two eigenfunctions:

T.P. . |<¢m|2 I (i) |q>n)|2 .
1

m-=>n
In calculating the effect of Ix(i) on the basic symmetry
functions, use is made of the step operators

I, =3 . ¥ i 1l
Y

[where i2 = =1]
I =X =il

=
]

and hence %“(I_ + I ). For example,

x —

L I (i) |paad = % [ BEX  + GRGX 4+ GBRA 4+ UK ]
s

and so e | ZIx(i) | apox > = 15,

The matrix elements between the basis symmetry functions

are given in table 5.6. The transition probabilities for

the 16 eigenfunctions are then evaluated by taking the
appropriate linear combinations. The energies are calculated
from the eigenvalues.

The spectrum is drawn by plotting relative transition
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probability against tramsition energy, the zero being chosen

arbitrarily at VB = 0.

565 Discussion of Results

The values of the parameters used to calculate the NMR
spectrum of ascorbic acid were deduced from the experimental
spectrum. The position of the low-field doublet depends
only on the chemical shift ‘Vx, from the X approximation,

and its splitting on the coupling constants J and JBX'

AX
From the peak positions given in table 3.1,‘Vx was taken as
70 ¢/s, relative to the high-field singlet peak. The
coupling constants were taken as JAX = 2 and JBx = 0 from

the 2 c/s splitting of this doublet. As JBx.is the coupling
constant between the protons on C-4 and C-6, its value can
be expected to be fairly small.

Both the transition energies and intensities are indep-
endent of the coupling constant JBB’ so this cannot be
obtained from the spectrum. This is a particular case of a
general result given by Pople, Schneider and Bernstein [56],
namely that the spectrum due to two equivalent sets of nuclei,
with all coupling constants between nuclei in different
sets equal, is independent of the coupling constants within

the sets. This statement was checked by substituting two

different values for JBB’ other parameters remaining constant;
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the transition energies and intensities were identical.

The values of JAB and VA were more difficult to assign.
The calculation showed that one doublet of the spectrum
depends solely on ‘VA and JAX' Experimentally, several
doublets occur close to the singlet peak. Values of ‘VA
= 10 and 15 c¢/s were deduced to be reasonable, together with
JAB = 6 and 10 ¢/s. This gave a total of four spectra to
be calculated. These are given in figures 5.1-5.4.

The spectrum in figure 5.4 is found to be closest to
the experimental spectrum. The values of the coupling

constants and chemical shifts (relative to the high-field

singlet peak) are thus:

Vx_= 69 c/s VA.= 14 c/s
VB = =1 c/s JAX = 2 c/s
JAB =6 c/s JBx = 0 c/s .

The X-approximation is shown to be valid, as the difference
between the chemical shifts of the hydrogens on C-4 and C-5
is 55 c/s.

Not all of the lines calculated theoretically will be
observed, both because of small transition probabilities
and because some of the lines are so close that they will
coalesce to form a single peak. For example, the doublet
at low field arises from eight transitions grouped into two

lots of four, with almost identical transition energies.
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The presence of several lines close together will increase
the intensity of the resulting peak relative to that from a
single line, as can be seen on comparing the experimental
and calculated spectra.

For the spectrum of sodium ascorbate, the calculation
will be exactly the same, except that the value of \)x is
decreased by 27 c¢/s.. Although this decreases the chemical
shift difference between the A and X protons, the X approxi-
mation still gives an adequate interpretation. The change
in the chemical shift \)x is due to the altered environment
of the X proton, presumably arising from the presence of
the ionized hydroxyl group on C-=3,

The spectrum of the: complex would be expected to arise
from the sodium ascorbate spectrum, but, as has already been
discussed in section 3.5, its broad peaks do not lend them-

selves to the calculation of a satisfactory spectrum.
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Chapter 6 MOLECULAR ORBITAL CALCULATIONS

6 sk Introduction

In section 1.1, it was mentioned that ascorbic acid
and 2,4,5-triamino, 6-hydroxy-pyrimidine (hereafter referred
to as pyrimidine) could both be used as model systems for
the phenylalanine hydroxylase cofactor, tetrahydropteridine.
As this use as a model system was attributed to similar
structural features, it was decided to perform molecular
orbital (MO) calculations for both ascorbic acid and pyrimi-
dine to compare their electronic properties. In this way, it
was hoped to gain an insight into why these two different
species act as a model system for the same cofactor.

Some suitable form of MO calculation had to be chosen.
The lack of any symmetry elements in the ascorbic acid
molecule prevents a separation of the electronic states of
ascorbic acid into W- and o-type MOs; instead, all of the
high energy (i.e. valence shell) electrons had to be consid-
ered. Furthermore, although W-electron methods such as simple
Hiickel theory or the Pariser-Pople-Parr methods are applicable
to pyrimidine, the T-electrons are probably as important as
the M-electrons in considering co-ordination properties.
Pyrimidine, which can be regarded as having symmetry elements

for certain assumed configurations, can have its electronic
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states separated into T{- and g-type MOs, by the use of
group theory. The size of the ascorbic acid molecule

(20 atoms, 56 high energy electrons) is such that at the
present time only a semi-empirical type MO calculation
could be performed. The order of the secular equation, 56,
could not be reduced by factorization by group theory.
This led to the choice of the Extended Hiickel method, as
being a suitable method. It was also an advantage that
calculations of this type had already been carried out at
Victoria University and the required computer programs were
available.

Having performed the calculation, various properties
of the two molecules were calculated: the electronic energy
levels, the net atomic charges and the atomic overlap
populations (which are related to bond strengths between
atoms). From a comparison of these properties, and an
appreciation of the limitations of the method, some correl-

ation of the experimental details is given.

6.2 The Extended Hiickel Method

This method, developed by Hoffmann [57], is based on
a one-electron MO approach. The eigenfunctions (MOs) for a
single electron in the field of all the nuclei are approxi-

maéed as a linear combination of atomic orbitals (LCAOQO).
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The basis set of AOs consists of all the carbon, nitrogen,
and oxygen 2s, sz, 2py and ZPz.AOS and all the hydrogen

1ls AOs. In accordance with the Aufbau principle, the

total number of electrons is then fed into these MOs in
order of increasing energy, placing two electrons in each
non-degenerate orbital. Any electron-electron interactions
are neglected in this method, since the Hamiltonian used to
calculate the MOs is a one—-electron Hamiltonian.

Expansion of the one-electron MOs in terms of a LCAO,
followed by a minimization of the energy of each one-electron
eigenfunction using the variation principle, gives the
secular equation in matrix form:

HC =S CE c'sc=1

where H is the Hilickel matrix, with elements Hij = <¢i|H

eff'qu>

S is the overlap matrix, with elements sij = <¢il¢j>

C is the MO matrix, whose column vectors give the
coefficients of the AOs in the LCAO-MOs
E is the energy matrix, giving the energies of the MOs
C1 is the Hermitian transpose of C
the |¢i> are the basis AOs
Heff is the effective one-electron Hamiltonian.
The order of the secular equation is 4n+m where n is the

number of carbon, nitrogen and/or oxygen atoms, and m is

the number of hydrogen atoms.
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The secular equation may be transformed [58] to a
standard eigenvalue equation, namely
H' C' = C' E

~% =%

by taking H' = § ~%

HS and C =S C'. To ensure that
the matrix S'-I/é exists in real form, the matrix S must be
positive definite [59]. If all the overlap matrix elements
are considered, this condition will be rigorously fulfilled
[59]. This consideration of overlap means that the basis
AOs: do not form an orthogonal set.

For this calculation, the overlap integrals are evaluated

with Slater AOs using the appropriate exponents, given in

table 6.1, from Slater's rules.. The input for the program

Table 6.1 Parameters for MO Calculations
Slater exponent Coulomb Integrals (e.v.)
atom for 2s, 2p AOs 2s 2p
c 1.625 -21.4 -11.4
N 1.95 -26.0 -13 .4
o 2.275 -35.6 -18.0

used for computing the overlap matrices t60] consists of
simply the atomic number and x,y and z co-ordinates of each
atom. The specification of atomic number enables the
computer to assign values to the Slater exponents and
diagonal matrix elements Hii for the s and p AOs.

(coulomb integrals) are estimated from atomic

These Hii
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emission spectral data, being taken as the negative of the
valence state ionization energies. The values used are
given in table 6.1. The off-diagonal matrix elements, Hij'

are evaluated from the assumed relation

Hij = 0.5 k (Hii + Hjj) si\j

where k, a constant, is taken as 1.75 by Hoffmann [57].
Once the overlap matrix has been computed from the supplied
cartesian co-ordinates, the Hiickel matrix H is constructed
by the computer, using the above formula. Two matrix diagon-
alizations, i.e. eigenvalue extractions, are required to
give the desired matrices C and E. The program used for this
MO calculation is a modification (to include the Mulliken
population analysdis discussed in the next section) of the one
given by Bailey [61].

If the molecule being studied contains any symmetry
elements, it is desirable to reduce the order of the
matrices by factorization as this considerably decreases the
total time required for the above computations. Using
group theory, sets of symmetry adapted linear combinations of
the basis AOs: may be found which transform as irreducible
representations: of the point group of the molecule; hence
the secular equation may be factorized. In this case, the
formulae used for setting up the calculation must be modified;

this has been allowed for in the programs used.
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63 Mulliken Population Analysis

From the MO coefficients, i.e. the € matrix, a Mulliken
population anallysis [62] can be performed. A study of
overlap populations gives  a measure of the bonding and
antibonding strengths between atoms. From the statistics
of the distribution of electronic population among the
atoms in the molecule and among the different orbitals of
each atom, values of net atomic charges can be obtained.

A. summary of the definitions and formulae on which the
computer program for performing the population analysis is
based, is now given:

Let the number of basis AOs |¢i> be n. This will give

n
rise to n energy levels Ei, and n MOs Qi = J'Z=:1 Cji ¢j

where the cji are the MO coefficients. Following the Aufbau
principle, two electrons are fed into each Ei until the

total number of electrons has been used, so that energy levels
E, through E

1 h
are then defined in terms of the MO coefficients and the

are now occupied. The following quantities

overlap matrix elements:

h
g 3 - " - 2 .,
the net atomic population in AO ¢i NAPi z: 2 Cir H

r=1
the overlap population between AOs ¢i and ¢j
h
=op, =O0P_ =4S . L C_C. :
J Ji ij 2, ir Jr
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the gross: atomic population in AO ¢i = GAP, = NAPi+NOP

o | i’
From these quantities, the overlap populations between atoms
and the net atamic charges can be calculated, as shown in

section 6.5.

6.4 The Model Used

In this calculation the cartesian co-ordinates of the
atoms in the molecule are used to compute the MOs. These
co-ordinates are calculated from the assumed geometry of
the molecules. For ascorbic acid, no x-ray data of bond
lengths and bond angles was found, so these were calculated
by comparison with other similar molecules. The 5-membered
ring was assumed planar, this being supported by crystallo-
graphic studies [63]. The —CH(OH)-CHZOH portion was assumed
to have the normal bond lengths and angles for an aliphatic
hydroxyl system. The bond lengths used are shown in figure
6.1.

For pyrimidine, the bond lengths and bond angles were
taken as the average values of the x-ray data for various
substituted pyrimidines given in the "Tables of Interatamic
Distances" [64], the 6-membered ring being considered as
planar. As there would be an infinite number of conformations
for the amino groups, two extreme cases were considered:

(i) the NH, group lying completely in the plane of the

2

ring, so that the whole molecule is planar,
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(ii) the NH, being at right angles to the plane of the
ring, so that the two hydrogens lay above and
below the plane of the ring.

The bond lengths: used are shown in figure 6.1.

From these bond lengths and the corresponding bond
angles, the cartesian co-ordinates were calculated by trigon-
ometry, and then checked by a computer program. These then
formed the input for the MO calculation, together with
certain symmetry information in the case of pyrimidine.

From the assumed geometries of the pyrimidine molecule,
factorization of the secular equation was achieved because
the - and o -type AOs belong to different irreducible
representations of the point group (Cs) of the molecule.
Hence separate calculations were performed for the W and o
orbitals of pyrimidine, thus saving an appreciable amount
of computer time.

This part of the calculation was set up by John Bailey,
with the computations carried out on the Elliott 503 computer
of the Applied Mathematics Division of the Department of
Scientific and Industrial Research. The original computer
programs: were written by Mr Keith Morris of the Applied
Mathematics Division, and the modifications, to include the

Mulliken population analysis, were made by John Bailey.
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6 5 Calculations

The computer output consisted of the energy levels,
MO coefficients, the QPij, NAPi, NOPi and GAPi as defined
in section 6.3. All of the occupied energy levels, and the
first few unoccupied levels, are shown in figure 6.2.
Those MOs for pyrimidine which are marked with an asterisk

are the ® MOs, arising from the T AOs.

The net charge on atom k is Nlc: - Z GAPi where
i

o
k

ground state of the free neutral atom k (e.g. 1 for H, 4 for

N’ is the total number of high energy electrons in the

C, 5 for N, 6 for 0), and the i summation is over all of
the: AOs di centred on atom k.
The overlap population between atoms k and m is

2: 5: QPij where the i summation is over all of the AOs
i J

¢i centred on atom k, and the j summation is over all of the
AOs ¢j centred on atom m.

The values of the net atomic charges and overlap popul-
ations are shown in figures 6.3, 6.4 and 6.5 for ascorbic

acid and the two conformations of pyrimidine.

6.6 Discussion of Results

The energy level diagrams given in figure 6.2 are
fairly similar with regard to the location of the highest

occupied level and lowest unoccupied levels. The energy
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differences between these two levels are 3.4 e.v. for
ascorbic acid, 3.2 e.v. for pyrimidine (planar) and 3.3 e.v.
for pyrimidine (non-planar), which are very similar.

The energy of the highest occupied level is expected
to be related to the ionization potential for the molecule.
Hence the calculated ionization potential for ascorbic acid
is about one e.v. higher than for pyrimidine. From the
energy difflerences between the one-electron MOs, the UV
spectrum can be predicted, although one-electron MO methods
do not usually give very goad predictions. For ascorbic
acid, the computed energy difference is 3.425 e.v. =
27,600 cm_l, compared with the experimental value of 265 mu
= 37,700 cm-l. The theoretical value is, however, of the
right magnitude.

From the net atomic charges (figures 6..3, 6.4), the
pyrimidines have about the same charge distributions except
for the NH2 groups. In ascorbic acid, the hydroxyl groups
OD—HH and OC—HG have almost the same overlap populations
and net atemic charges. This cannot account for one hydrogen
being more acidic than the other.

On comparing the pyrimidines and ascorbic acid, it is
seen that the hydroxyl groups mentioned above and the
hydroxyl group OA—HG and amino group ND- ch have almost the

same net atomic charge on the oxygen or nitrogen atom for
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the planar pyrimidine. Apart from this similarity, there
does not seem to be much correlation in their electronic
properties.

Three problems arise in MO calculations such as this,
The: method of calculating the MOs depends on certain assump-
tions, which may limit the significance of the calculated
results. Even if reasonable MOs are obtained, it is often
difficult to know what properties to calculate from the MOs
to explain reactivity, co-ordinating ability and other
experimental features.. Having obtained these calculated
properties the correlation with experimental results also
requires knowledge of what property the experiment is

determining.
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CONCLUSION

As indicated in chapter 1, previous biochemical
research had suggested that the Udenfriend model system of
ferrous ions and ascorbic acid was of importance in certain
biological reactions in vivo. On studying this system,
Hamilton postulated a mechanism for these reactions which
included an intermediate consisting of a complex formed
between the ferrous ions and ascorbate ions. In this thesis,
a complex formed from ferrous and ascorbate ions has been
isolated. Although it cannot definitely be said that the
complex studied is that postulated by Hamilton as being of
importance in these biological reactions, the repetition of
the experiments performed by Hamilton (but using this
isolated ferrous/ascorbate complex) did lead to the same
results.

Having obtained a complex, which could have interesting
biochemical properties, the techniques typical of physical
chemistry used to study transition-metal ion complexes were
employed to characterize it. In other words, the usual
chemical techniques were used on this biochemical complex.
The experimental work was rather difficult because of the
unusual properties of the complex including its gradual

oxidation in solution open to the atmosphere and the inability
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to obtain a pure crystalline solid. Such difficulties
typify the chemical problems inherent in studying biochemical
reactions.

Even so, enough experimental information was obtained
to enable theoretical studies to be done on both the complex
and its component species. Once again, the techniques used
were limited by the nature of the complex, mainly because
of its size. For molecules containing more than a few atoms
or those of low symmetry, only semi-empirical type calculat-
ions can be employed and these are necessarily limited in
accuracy by the assumptions of the methods. The component
species lent themselves more readily to calculation and
interesting chemical information was deduced about ascorbic
acid from these theoretical studies.

The theoretical and experimental investigations of the
complex system fall into two catagories:

(i) those concerned with a solid complex, and

(ii) those concerned with a complex in solution.

In each of these catagories, as indicated in the relevant
sections of the thesis, the theoretical results were
consistent with those obtained from experiment.

It is important to stress that the answer to the
initial biological problem of whether this complex is that

actually involved in biological reactions in vivo is a very
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difficult matter. Physiological conditions in the body
would be quite different from those used in laboratory
experiments. However it is- considered that the work done
in this thesis is an attempt to investigate a biochemical
problem from a purely chemical viewpoint, which may prove a

useful aid in further work of this type.
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APPENDIX I

Table 4.1 BASIS WAVE FUNCTIONS FOR

CRYSTAL FIELD CALCULATIONS

|Mi Mg) complex d orbitals

1 2)

|1*-12§1+e+€+>

1 1) = - % [Il_—12§;+6+€+> + |1f-12§1'e+e+>
+|1+-12§1+et€+> + |1+-12§1+e+€+> ]
|1 o) = _J% (117128 "e'e™> + 1712 TeTe™)
‘*11';12§1+e+€‘> + |1+-12§1"67€ b
+|m*-12§1‘efe‘> + |1f-12§1+e'€‘) ]
|1 -1) = -1 [|17-12§1“efe+> +-|1‘_12§1‘e+e‘>
2
+|1‘;12§1+e‘e‘> - |1+-12§l‘e’€'> ]
l1 =29 = - |1‘-1?§1fef€‘ >
lo 2% = |l+—1+§126+€+>
lo 1) = % [|1‘-1+§1?e+e+> + |1f-1'§129+e*)

+|1+-1+€12e‘€ > + |1+-1+§126+€') ]
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Table 4.2
Eigenvalue
H. H!
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EIGENSTATES OF SPIN-ORBIT HAMILTONIAN

Eigenfunction ¢i(J M)
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Table 4.3 MATRICES QF SPIN-ORBIT AND DISTORTION
INTERACTION
¢y
@ 1+x
L]z
%
# [z+=
2
%10
@ -1+ x
10| 7f
¢, | L*+2x -2 x
2 3 3
¢B -Jz.x -1 + 1 x
3 L 3
. %0
% | L*2x 2 x
’ 2 3 3
612_ J%»x -% +'%,x
By @5
1+ 2 x /E x
|37 F 3
S1n »/;g__ x -% + % x
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% % 13
s 1% 7x -2/5 x 2x
2 15 15 5
$9 - 2y5 x -2 - x _.E x
15 L 10
S5 2 x -/5 x -3 + 7 x
5 10 g 10
& . 15
s | L+ 2= 2/5 x 2 x
2 15 15 5
- 2{5 x -1 + x -iz x
el B i 2 10
$1s zx -5 x -3+ I x
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Eigenvalue E

2.0
2.0
1.81873
1.81873
1.63087
1.63087
1.08170
1.08170
-0.06873
-0.0687%
-0.21257
-0.21257
1.5
1.25

—0025

i
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SPIN-ORBIT AND DISTORTION EIGENFUNCTIONS
FOR. &/ = 1.5
Eigenfunction ¢
%
*
0.91I665 ¢, - 0.410934 ¢g
0.911665;¢6 0.41093%4 @10
a.847484 63 0.451957 oy * 0.266356 ¢13
0.847484 ¢5f 0.459157 ¢,, + G.266356 %15
0.269578 ¢, + 0.797869 &, + 0.543123 ¢,,
0.26X578 & 0.797869 ¢,, + 0.543123 15
G.410934 @, 0.911665 Gy
-0.410934 & + 0.911665 &, ,
o.&618961¢3 0.390615 ¢9 - 0.796287 ¢13
-0.46X896 ¢5 0.390615 $q * 0.796287 ¢15
a.878310 6, * 0.478091 P14
®10
0.478091 ¢m - 0.878310 ¢14
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Table 4.5 MATRICES. OF SPIN-ORBIT AND DISTORTION

INTERACTION FOR LARGE DISTORTIONS
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NON-ZERO MATRIX ELEMENTS OF H,
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NON-ZERG MATRIX ELEMENTS. QF H,
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-18.94644
34.83193
165.59292
-34.,09493

18.99970

-403.55853

-Qe¢5
-0.36237
-0.18333
-0.33326
0.86237
0.51658
-0.03347
-0,5
8.53347

-0,.5
-0.40279
-0.27435
-0.37418
0.90279
0.64853
-0,14167
-0,5
0.64167

-0.5
-0.44538
-0.37767
-0.42788
0.94538
0.80555
-0,28571
-0.5
0.78571



o

o4

O O N O\ N

O © N U oW N e

= 2.0
2,5
2.30425
2,09918
1.56276
-0,05425
-0.16194
1.94300
1.75
-0.19300

= =0,2
0.25
0.35355
0.39815
-0,.46027
-0.35355
-0.93788
O.41144
-0.5
-0.91144

6/; = =0.5

O 0N O\ WD

0.0
0.25
0.32249
-0.67643
-0.5
-1.14606
0.34307
-0.75
-1.09307

3.0
1.06900
0.75067
b ,73647
3.93100
2.01421
0.0
0.0
0.0

3.0
2.5
1.32305
0.77337
2.5
3.91085
0.0
0.0
0.0

3.0
3.0
1.54243
0.23681
2 .00000
4,22076
0.0
0.0
0.0
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0.0
0.08575
1.52692
-1.14793
-0,08575
-0.37899
42 ,41861
-42 ,00008
0.41853

0.0
3.18202
3.12355
4 ,21844
-3.18202
-7.34199
3,07114
11.99992
-15.07106

0.0

2.66667
2.09422
3.83183
-2.,66667
-5.92605
1.96690
18 .00002

-19.96692

18.25023
7.30925
-0.00956
-16.97647
45.1086%3
189.31444
-27.25817
12.24953
-470.98441

-2.0002%
-43.37923
-192.19714
55.88082
31.92402
-209.99037
495,80866
-169.99686
393.71244

6.99999
-30.99824
-139.33298
25.17244
21.33331
-95.20253
349,26592
-89.00016
163.79025

-0.5
-0.46550
-0,42651
-0.45551
0.96550
0.88202
-0,36447
-0,5
0.86447

-0.5
0.25
0.47331

-0.27711
0.25

-0.19619
0.53347

_0.5

-0,03347

-0,5
0.5
0.61223
-0.31746
0.0
-0.29477
0.64167
-0.5
-0.14167



8/ = -0.75

1
2
3
4
5
6
7
8
9

-0.25
0.18301
0.26681

-0.89931

-0,68301

-1.36750
0.29057

-1.0

-1.29057

&/f = -1.0

f b
2

O N O W

-0.5
0.14039
0.22545

-1.12806

-0.89039

-1.59739
0.25

-1.25

-0,5

68 = -1.5

N

O 0N O

=1 .0
0.09307
0.16989

-1.59820

-1.34307

-2.07169
0.19300

-1.75

-1.94300

3.0
3+36603
1.69162
0.12738
1.63397
4.43577
0.0
0.0
Q.0

3.0
3459141
1.78694
0.36854
1.40859
4.,58161
0.0
0.0
0.0

3.0

3.80559

1.88839
0.63963

1.19442

4.75125
a.o
.0
0.0
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0.0
1.73206
1.36297
3.19438
-1.73206
-4.55735
1.28157
23.99995

-25.28152

a.o
1.02721
0.89349
2.58085
-1.02721
-3.47434
0.85714
29.99999

-30,85714

Q.0
0.37981
0.41542
1.67699

-0.37981

-2.09242
0.41853

42,00011

-42.41864

10.00007

-130.86877

15.38949
16.95303
-60.51694
325.81922
-61.99831
93.50294

11.49997
-31.31678

-134.43520

10.74651
14.48317
-44 ,97807
335.07297
-48.49930
61.42714

13 .Q0003%
-38.26256

-154.85945

6 .41960Q
11.92980

-31.56864

388.84979

-34.99918
32.83185

-0.5
0.68301
0,71391

-0.35614

-0,18301

-0.35777
0.72434

-0,5

-0.22434

-0.5
0.79571
0.78552

-0.38753

-0.29570

-0.39799
0.78571%

-0.5

-0.28571

-0.,5
0.90279
0.87138

-0.42930

-0.40279

-0.44208
0.88515

-0.5

-0.36447



&/ = 0.0

VO N VN

0.5
0.5
0.5
-0.,25
-0,25
-0.75
0.5
-0.25
-0.75

3.0
2.0
1.0
I.5
3.0
3 &5
0.0
0.0
0.0

_11}_7._

0.0
2.66667
4 ,26667
3.83333
-2.66667
-8.1
4.8
6.0
-10.8
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Table 4.9 VALUES OF My, My , p- AND AE,

FOR _$/kT = 2 AND VARIQUS VALUES OF 6&/¢

6/¢ M /ML M AE,
2.0 4,748 5.618 5e343 3 .203
1+5 4,818 5.718 | 5.434 2.803
1.0 4,994 5.786 54535 2.094
0.75 5.132 5+791 5.580 1.613
0.5 5.295 5.768 5615 1.074
0.25 5.471 5717 5..637 0.520
0.0 5.644 5.644 5.644 0.0
-0.25 5799 54562 5.642 -0.450
-0.5 5.929 5.463 5.623 -0.812
-0.75 6.034 5373 5.602 -1.089
-1.0 6.116 5.292 5.580 -1.292



Table 4.10

/xT Y44

3.2

0.8

0.6
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AVERAGE MAGNETIC MOMENT A

AS A FUNCTION OF

Z/xT AND &/¢

54293
5299
5.+308
5.313
5.318
54322
5.326
5.334
54345

5348

56352

5353
54350
5.341
5.320

5.286

1.5

5.381

5391

5405

5.411
5.418
5421
5.425
5431
5.434
5.433
5.429
5.420
5.405
5.381
54346

5.301

5.492
5514
5535
5e.542
5547
5549
5.550
5547
5535
56523
5.507
5.482
5.453
5415
5.368

5.311

5.640
5.687
5.720
5.725
5.722
5.718
5710
5.685
5.644
5.615
5.581
5.541
5.495
5.442
5.384

5.320

-1.0

5.599
54625
5.641
5642
5.638
5.634
5.628
5.610
5.580
5559
54534
5.502
5.465
5.422
54372

5.312



Table 4.11
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MATRIX ELEMENTS OF QUADRUPOLE HAMILTONIAN

WITH RESPECT TO SPIN-ORBIT EIGENFUNCTIONS

oy | Hy | &>
(o, | Hy | 6,5
{85 11y 10>
<oy 1 g 19,
<%g | Hy 198>
<oy 1Hg | 09>
<%10lHg 910>
{@151Hy 1653
$PuylHq 1934

<9, IHy 185>

<o, |Hy 165>
@y |Hg 9,55
(O |Hg |9y

(%q |Hg [835>

Al other

=

<o, | By | >
<<zs6 | HQI B>
{e, | H, I¢5>
0.4 P!

P10l Hy 18,55
R N
-0.,5 P!

(o358 105>

a.1 P

- <¢¢ |Hy 18>
- <%, IHy 185,>

(25 IHy 1945>

-0.734847 P!

= =<0, |8y 1945

matrix elements are

-0,5 P!

= Q.3 p!

0,5 P!

= -—0 .2.5 p'

= -0.05 P!

= 0.707107 P!

= O. k47214 P!

= _0.6 P

= =0,335410 P!

zero.



Table 4.12

6/ L/xT:

2.5

1.75%

1.5
1.25
1.0
0.75
0.5
0.25
0.0
-0.25
-0.5
-0.75
-1.0
-1.5

608

2.5
2.0

$/xT:

L.75

L.5
.25
1.0
0.75
0.5
0.25
0.a

-0.25
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AE,_AS A FUNCTION OF &/ AND ¢/xT
6.0 5.0 4.0 3.0 2.8
3.454 3.458 3 U462 3.462 3 .459
3321 3.329 3.334 3324 3.315
3.215 3 +224 3.229 3.224 3.193
3.063 3.075 3.077 3.036 3.014
2.843 2.856 2.852 2.784 2.752
2 .520 2.532 2.517 2.421 2.381
2.055 2.061 2,036 1.925 1.884
L.431 1.432 1.405 1.310 2277
0.703 g.702 0,686 Q.637 Q.621
0.0 0.0 0.0 0.0 Q.0
-0.565 -0.564. -0.556 -0.528 -0.518
-0.964 -0.963 -0.955 -0.922 -0.908
-1.229 -1.228 -1.222 -1.196 -1.184
-L. 402 -1.401 -1.398 -1.381 -1.372
-1.596 -1.594 -1.593 -1.588 -1.585
2.4 2.0 1.8 1.6 1.4
3446 3 409 3370 3 «307 3.206
3,281 3,203 3134 3.032 2.886
3141 3.025 2.947 2 .825 2,650
2.940 2.803 2.698 2.560 2.382
2 .656 2.49% 2..376 2,230 2.051
2.268 2,094 1.977 1.838 1.673
L.772 I.613 1.5%1 .393 1.259
X191 1.074 1.001 0.920 0.828
0.578 0.520 0.485 0.445 o.401
Q.0 Q.0 0.0 a.o0 e.0
-0.490 -Q.450 -0, 424 -0.394 -0.360



-3,5
-Q.75
-1.0
-1.5

6/¢
2.5
2,0
1.75
1.5
125
1.0
Q.75
0.5
a.25
a.o

-0.25

-0.5

-0.75

"1 00
-1.5

{/KT:

-0.871
-1.149
-1.344
-1.571

3.046
2.680
2.439
2,156
1.835
1.482
1.108
a.727
0.353
0.0
-0.321
-0,60%
-0,844
-1.046
-1.342

~152-

-0.812
-1,.089
-1,292
-1.541

1.0
2,801
2.399
2,153
1.88a
1.582
1.267
G.943
a.617
0.300
0.0

-0,277
-0.527
-0.,746
-0.937
-1.233

-0.773
-1.046
-1.250
-1.515

0.8

2,441
2,031
1.800
1.553
I.295
1.031
0,764
a.500
0,244
a.o
-0.229
-0.439

-0.631

-0.803
-1.086

-Q0.726
-Q.992
-1.200
-1.476

0.6

L.948
1.579
1.384
1.184
0.981
0,778
0,576
0.378
0.185
a.0
-0.176
-0,342
-0,.497
-0.641
-0.892

-0.669
-0.926
-1l.132
-1.420

0.656
0.520
0.452
0.385
0.319
Q.254
0.189
0.125
0.062
0.0
-0.061
-0.121
-0.180
-0.237
-0.345
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APPENDIX II

Table 5.1 BASIS PRODUCT FUNCTIONS

F function
Z

2 (oo 7e70]
cLeTend
g
eToRcted
S
0 ppoa
papx
pag
agR
xgxp

-1 “BBB
BB
BB*B
BBR™
-2 FBBB
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Table 5.2 BASIS SYMMETRY FUNCTIONS
Label Basis symmetry function
s, Qoo
1s, Qog
2s, I%[““B“ ¥ fgse ]
3s, s
a, J% [ & - Qagax ]
1s, J%[““BB +  0gog 7
25, 4%[ apx +  ppax. ]
38, BB
ks gpo
la, J% [ &R - apgag ]
2a J%[B“B“ - pBax ]
1s_, 8RR
2s_, J% [ BB*B + BEBB ]
3s_; agBe
e BBBB
" 4% [ BB*8 - B%BB ]



Table 5.3

Diagonal matrix
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MATRIX ELEMENTS OF NMR HAMILTONIAN

(sp 1Byl sp> =
(s, IHy s> =
(2s,|Hyl2s > =
(3s,|Hyl3s,>

(lsylHy|Is > =

<230|Hh|2303
<430|Hﬁ|4so> =

(is_ylHil1s_p=
<Zs_1|HN|33_]>=

(3s_,IHy|3s_>=

(s_glHyls_ o>

CaylHyl &> =
<1aQ|HNI1‘a0> =

<2a0|HN|2ao> =

Ca_jlHyla_;> =

elements
Blvg * 2vg tV] * R[20, 5 + Jpg * Tyt 2050
Blvy * 2vp —vcl * W[2J,5 * Jpg = Jpc - 29pc]

“vp *vel * KlIgg * Iyl

Bl-vy * 2ug *Ye] + W[-20,p + Jpg = Jpe * 20p.]
Alvg =vcl * ¥lIgp = Jicl

Bl-vp * Vel * WlIpgg - el

W[, *+ 2Vp =yo] * K[=2,p + Jop + I, -205.]
WU, = 2Vg *el  * KBTI + Jpp 4 Jpe - 205,
B=Vp = 2Vg "Vl *+ W[20,p * Jpg = Jygo = 20p0]
Hvy —vel + #gg * Ixc)

Wlvg = Vg =Vl * R[=2J,5 + Jpg = Ty + Jpc]
‘/é[—‘\)k - 2V, -vc] * %[2JAB + Jpp t It 2JBC]
Kivg + Vel + K=33g5 + I,

Hovy = Vo] * HI=39g5 — I,(]

Bl=vg * Vel * W[=3J55 = Jx.]

B=Vy =Vl + K[=3dpp + T,
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Off-diagonal matrix elements

{is)|Hyl2s;> = Qs j|Hl2s > =
{as |Hg|3s,> = <a2s_jIHc|3s_,> =
(sylHylis, > = s ylHylas_ > =
Qspliylasgd = Qag | Hy|2agd =

Qisgliy|ssg> = (2sg | Hylhsy>
Cisgliy iy

<25fo l“h|3so> s

All other matrix elements are zero.
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Table 5.4 2x2 MATRICES OF NMR _HAMILTONIAN
2s4 3s,

Zs, | Bvg v I*%[Jgg + Il .;fEB/fé

384 Il 2 BV, + 2tV ] +7{-2;J a8 9859 ax—29pxJ
ing 350

1sg |V, =W I¥h[Ign = J,y] JeplV2

35,4 Ippl 2 [ =V, +2 V=W I HR[ =20 g+ I g+ 3 -2 3]

25, bs o

Zsg |-V, *Vy 1+ Igp = Iyl Ixp/V2

bs, Iz B[V =2V V] +%[-z IxptIpptd py=23py ]
o 3s_,

2s_, | Yl=vy—Vy] +%[J BB*'J ] 3,52

3s_; Il 2 B[V g=2Vp=V T4 R[=2T p +T pomd 42T ]
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Table 5.5 EIGENSTATES OF ABSXI SYSTEM FOR PARAMETER

VALUES vx = ms,vn = 0, vx:= 70, JAB = 6,

Tpp= 0y Jep = 2y Jpx =0
Eiigenvalue Eigenfunction

Es2 47,50 s, s,

Elsl -23,50 1s, 1s,

EZS1 45 .40 2s, 0.97803 2s; + 0.20847 3s,
E331 24,60 38, -0.;0847 2s, + 0.97803 38,
Elsg -25.50 1s, 0f97333 1s, + 0.22942 33
Eéso -27.24 2s 0.95849 2s, - 0.28513 &4s/
E380 -44 .50 38, -0.22942 Is, * 0.97333 3s,
B 42,76 bs 0.28513 2s, + 0.95849 ks,
EIS_l 31.50 1s_, 1s_,

EZs_l ~41.95 2s_, 0.94652 2s_; - 0.32265 3s_,
EiS_l -28f05 3s_, 0.32265 2s_, * 0.94652 3s_,
Es_z -37.50 S_o S_o

E.all 38f50 a; a;

Elao -52f50 la la

Ezao 22f50 2a 2a

E_ -46 .50 a_, a_,
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Table 5.6 MATRIX ELEMENTS GF I BETWEEN BASIS
P

SYMMETRY FUNCTIONS

Matrix elements with value 1/2 :

Qs |2 | 5.5 Gy | I sp) {3sg | L 1 28,3
isg | 1_1| 287 {255 | I_| 2s5;) (3sg | 1| 35>
(2:3_1| I_|1s) 2s_j| L[| 250> Qs_,l T _| &syd
{3s_,| I_| 4s5) (e o |12 .5 {lag 11 | a>

(2aq | L | &>

Matrix elements with value 1/]5 :

<a2s, |I_|s,> {isg |T_ | 18> isy |1 25>
<2so lle Ssl) <38—1|Ix |Iso)» <ls_l|1x| 280>
<2$;1|Ix| 3s0) <SL2 |Ix |Zs_l>

Matrix elements with value -=-1/2 @

a_, 1T _] 12> Ca_; | I |2a5d

All other matrix elements are zero.



