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ABSTRACT

This thesis investigated the reactivity of the metal chlorides
TiCly, VOCl3 and VCly with different organic ligands. The chosen
ligands were based around the chemical structure of soya oil due
to its relevance to the industrial chlorine process used to
manufacture TiO,. This thesis primarily used nuclear magnetic
resonance (NMR)spectroscopy to characterise the reactions of the
metal chlorides with soya oil and component parts, namely the

glycerol and the alkene.

This thesis goes on to investigate the coordination chemistry
of the metal chlorides with ligands including diester groups. The
chemical properties of the metal chlorides are known to be similar
and hence hard to separate, the reactions studied provide a
mechanism for their separation using diesters. It will be shown
that TiCly coordinates with the ligands without the loss of any
chlorine atoms and without disrupting the ligand. The VOCI;
reacted with the ligands, releasing a chlorine atom to produce a
VOCl, adduct. The difference in reactivity provides a removal
mechanism. In the industrial process TiCly is present in very high
concentrations and the coordination of TiCly can be seen as
reversible and in equilibrium. Whereas, the VOClz converts VOCl3
into VOCl,, VOCI; has a higher boiling point and can therefore be

removed by distillation.
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INTRODUCTION

1.1 OVERVIEW

This project was designed to understand a common industrial
process, namely the removal of vanadium oxide from titanium
dioxide. To remove the vanadium the entire metal oxide mixture is
chlorinated, this leaves the titanium as TiCly and the vanadium as
VOCI;. These metal chlorides are liquids at room temperature and
can be distilled to be purified. However, their boiling points are so
similar that a chemical reaction is required to alter the properties.
Oils are commonly used to react with the vanadium chloride and
change its boiling point.” The detailed mechanism for this removal
is not well understood and it is this process that this thesis focuses
on. In addition the work explores new coordination and reaction

chemistry of both titanium and vanadium halides.

Initially this project focused on investigating the problems with
the distillation process, involving reactions of TiCly with soya oil.
Soya oil is a naturally occurring oil from the soya bean and it is
made up of a glycerol, which in turn is made up of ester, and long
fatty acid chains containing alkenes. Nuclear magnetic resonance
(NMR) spectroscopy was used to characterise soya oil and compare

it to other oils to give an understanding of this oil, and to develop
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1.2 TITANIUM DIOXIDE

a standard method to compare different batches of soya oil utilised

in the industrial process.

The project was then expanded to study the interactions of
metal chlorides with the esters and alkenes at a molecular level.
This involved the synthesis of novel compounds and the growth of
single crystals to provide accurate analysis of the compounds
formed so that the mechanism of the vanadium removal can be

further understood.

1.2 TITANIUM DIOXIDE

TiO, is the naturally occurring oxide of titanium, it is
abundant and found as three minerals; rutile, anatase and brookite.
Rutile is the most common natural form and it adopts a primitive
tetragonal unit cell as shown in Figure 1.3 The anatase unit cell
packs in such a way that it adopts a pseudo octahedral structure,
also shown in Figure 1. Brookite is an orthorhombic mineral with a
larger cell volume than anatase or rutile. TiO, has unique
electronic properties and this has led to many applications such
as photocatalysis. TiO, has been shown to be used as a
photocatalyst due to its intrinsic band gap at 3.18 eV> (for anatase)

being so close to the visible region.®

TiO, 1is a nonstoichiometric semiconductor that has
outstanding photoelectrochemical properties, as shown by
Fujishima and Honda.” After irradiation of the electrode with UV

light, oxygen was produced from the breakdown of water, which
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1.2 TITANIUM DIOXIDE

Figure 1: Unit cell of rutile TiO; on the left and anatase TiO; on the right.3

essentially used TiO; to split water, demonstrating that it can be

used to convert solar energy into chemical energy.

These initial promising results have led to a vast amount of
research in this area. Over 50,000 papers have been published on
TiO, in the last 10 years and over 7,000 on its use as a

1 self-

photocatalyst.®91° These have ranged from water splitting,
cleaning windows'? and as nanoparticles in antimicrobial

applications. '3

TiO, as a photocatalyst can exhibit photoinduced
hydrophilicity, which is used for self cleaning applications
(Pilkington-NSG activ). It works by the wetting of a surface
through the hydrophilicity and then the formation of electron/hole

pairs for dirt degradation. '+ *>

The band gap for TiO; is in the UV range, at 3.0 eV for rutile
and 3.2 €V for anatase. There has been a push to decrease the band
gap so that light is absorbed in the visible to create a visible light
photocatalyst. Nitrogen doping of TiO; is the most common way to

shift the band gap.'®'7 This is because the nitrogen valence electrons
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1.3 TITANIUM DIOXIDE PIGMENT

lie higher than the oxygen valence electrons therefore reducing the

gap to the titanium states in the conduction band.

Recently advances have been made to develop TiO, for
electronic materials such as transparent conducting oxides
(TCO)."> TCO’s are used for liquid crystal displays, touch screens,
electrical contacts, solar control coatings (Pilkington-NSC K-glass)
and photovoltaic devices. TiO; is a semiconductor that exhibits
n-type and p-type conductivity at low and high oxygen partial
pressures respectively. To improve the intrinsic conductivity of
TiO,, to enable it to be a TCO the defect nature of the system needs
to be modified by doping. Both Nb and Ta have been used to dope
anatase TiO, by replacing some of the Ti*t sites with Nb>T
resulting in charge compensation by electrons in the conduction

band. 819

1.3 TITANIUM DIOXIDE PIGMENT

This project was sponsored by Huntsman Pigments a division of
Huntsman. Huntsman are an American multinational chemical
company, Huntsman Pigments is a branch of the firm
predominantly operating from the United Kingdom. They produce
TiO, pigment for several applications including paint and plastics.
Their biggest manufacturing plant is in Teesside and from this
plant they produce 150,000 tonnes of pigment each year. The plant
is run on a continuous process,>° this means that the plant runs 24
hrs a day and ideally 365 days a year, the plant is only stopped

when there is a problem. The success of a continuous process is
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1.3 TITANIUM DIOXIDE PIGMENT

determined by the amount of time the process is not running, this
is referred to as ‘downtime’. This project was funded in order to
reduce downtime on the plant by studying the chemistry of the

metal chloride separation to provide new information and ideally

novel solutions to problems encountered resulting in downtime.

Figure 2: Photo of the spiral heat exchange from Huntsman Pigments’s
plant showing the carbonaceous build up on the equipment
caused by the soya oil. The heat exchanger reduces the
temperature of the pure TiCly and the sticky carbonaceous build
up reduces the efficiency. This build up is caused by impurities.
Reducing these impurities therefore reduces downtime. For scale
this heat exchange has a diameter of 2.5 metres

Huntsman Pigments refine TiO, ore (which contains
compounds such as iron, vanadium and aluminium oxides) into
pure TiO,. The purification involves chlorination of the metal oxide
mixture and then removal of non titanium metal chlorides, such as
VOCl3, FeCl3 and AICl3. This project has been commissioned due

to serious issues concerning the plant at different points during the

18



1.3 TITANIUM DIOXIDE PIGMENT

continuous process due to the removal of VOCl; from TiCly. The
separation of VOCI; involves the addition of soya oil,*" the
breakdown of this o0il during the process is thought to lead to
carbonaceous deposits which have to be removed, resulting in
downtime. Carbon deposits build up on different pieces of
equipment throughout the plant (see Figure 2). These deposits
reduce the efficiency of the cooling mechanism as it has to be
cleaned out which is time consuming and due to the downtime

occurs at a great cost.

More TiO, pigment is produced than any other pigment and
this is mainly due to the paint industry. It is used because of its
high refractive index (n = 2.6)>* and brightness. Refractive index is
a measure of the speed of light within the associated medium, this
value is higher than the refractive index of diamond (n = 2.4).?3
This high value means that a thin coating of TiO, pigment can

create an opaque surface. Due to the industrial growth seen in Asia

the demand for paint and related products has greatly increased.

This industry has not been hit by the recent economic downturn
seen in western economies. In fact the high demand is causing
more problems because obtaining high grade feedstock is

becoming increasingly difficult.

The production of TiO; pigment is a global business worth
billions of pounds. It’s uses include but are not limited to food
colouring with the E number E171** and toothpaste.?> This

pigment has also been used for its IR reflective qualities in roof
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1.3 TITANIUM DIOXIDE PIGMENT

ceramics.?°%7 Another key factor is its low toxicity,?® TiO, is stable

due to its high melting point (at over 1500 °C) and low reactivity.

TiO, is produced by two methods, the chlorine process which
this thesis looks into in detail and the sulphate process.? In the

sulphate process, there are three main stages described below.

(1) The ore, usually an ilmenite, is dissolved in sulphuric acid to
form a mixture of sulphates. Ilmenite, formally FeTiOs3, is a highly
abundant mineral and the ilmenite used for the sulphate process is
usually a low vanadium ilmenite where around 8o % of the ilmenite
is TiO5,.3° Iron is removed from the solution so that the colour of the

final product is not spoiled.

(2) The titanyl sulphate is then hydrolysed in solution to give
insoluble, hydrated titanium dioxide. The titanium bonds to the
sulphuric acid displacing a hydrogen atom and forming a

titanium-oxide bond.

(3) The final stage involves heating the solid in a calciner to
evaporate the water and decompose the sulphuric acid in the solid.
It also turns the solid into seed crystals which can be milled to the
size required. These crystals can be coated with another substance,
such as aluminium oxide,3* to make the titanium dioxide mix more
easily with liquids or extend the lifetime of the paint manufactured

from them.
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1.3 TITANIUM DIOXIDE PIGMENT

The chlorine process produces a purer product, where the
particle sizes can be controlled more precisely. Due to the large
quantities of acid necessary for the sulphate process, the chlorine
process has cheaper start up costs and is more environmentally
friendly.3* This is the technique employed by Huntsman Pigments

at Teesside and of specific relevance to this project.

The chlorine process can be simplified into three steps from the

TiO; ore to the TiO, pigment:

e Step (1) CHLORINATION:

TiOz—f—% C+2 Clz—)TiCl4+CO+% CO,

e Step (2) PURIFICATION:

Distillation of TiCly

e Step (3) OXIDATION:

TiCly + Oy — TiOy +2 Cly

A simplistic schematic of the plant is shown in Figure 3
describing the processes involved in the production of TiO, via the
chlorine process. The plant is complicated but the majority of the
processes involve the separation of other metal chlorides from

titanium tetrachloride (tetra). Titanium tetrachloride will be
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1.3 TITANIUM DIOXIDE PIGMENT

Low hoiling point
materials e.g. CO,

|
Ti0, pigment Ticl
2PIg ‘ Distillation
C—— Reactor e
TiCl,+SiCl,+CO, I
i
) . . ) "
Ti0, ore + Cl, T m— Metal Chloride mix TiCl,+VOCI;+AICl, Gas cleaning
—- — —
Quenched to Water and soya
cool to 250°C oil added
Heavy metal Vanadium and
chlorides e.g. Alumnium
FeCly waste

Figure 3: Simplified Schematic of the TiO, production plant showing the
steps in creating pure TiO, pigment
referred to as tetra when discussed in reference to the industrial

plant.

Step (1): The plant runs from left to right and the chlorination
step is where the TiO, ore is fed in along with chlorine gas and
coke. This ore which is mined globally including Australia, India
and South Africa is approximately 95 % TiO,33 but also contains
contaminants of approximately 0.3 % VO,, 2.5 % Fe;O3, 0.5 %
Al,O3 and various other metal oxides. The carbon coke reduces the
metal down from its oxide form, which then reacts with the
chlorine to form the metal chlorides. This occurs at around 1000
°C, to separate the metal chlorides with a higher boiling point, the
temperature of the mixture is reduced by quenching before
reaching the cyclone. At this point tetra from a colder tank are
added to reduce the temperature. An industrial cyclone is a large

cylinder which separates solids from liquids using high speed gas.
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1.3 TITANIUM DIOXIDE PIGMENT

The cyclone plays a key part in the process as this is the only
point in which solid material is removed from the tetra. The mixture
enters the cyclone at between 150-250 °C and metal chlorides with
high boiling points, such as FeCl3, are removed. The mixture should
now only contain TiCly, AlCl3 and VOCI;. Before reaching the gas
cleaning distillation set up, a water based reagent is added which
converts the AICI3 to a solid oxychloride. It is not known how this
reaction proceeds but it has been shown to work at the plant and
is thought to involve the formation of solid aluminium species such
as Al,Os. The mixture then enters gas cleaning at a temperature of

220 °C.

Step (2): The gas cleaning section is the point at which the
majority of this project is focused, as this where which the
vanadium compounds are removed. The gaseous tetra mix rises up
the column and mixes with with soya oil at a lower temperature.
The oil is added to remove the vanadium chlorides from the tetra,
this technique has been used for many years by many companies
but the process is not yet fully understood. Pure tetra should leave
the gas cleaning tank at the top and the aluminium and vanadium
should be removed by the soya oil and the water and be left in the
gas cleaning tank. The aluminium and vanadium is left at the
bottom because it has reacted with the soya oil and water, it is this
that the project investigates further. This tank facilitates the
separation of the tetra leaving the titanium tetra chloride at the top
which is recycled through gas cleaning to increase the yield. A
solid mixture is left at the bottom of the tank and is made up of

tetra and solids, which are used to quench the mixture in the
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1.3 TITANIUM DIOXIDE PIGMENT

chlorinator. It achieves this by 1) reducing the temperature and 2)

removing the soya oil in its solid form by the cyclone.

Step (3): After gas cleaning the tetra should be relatively pure
and the final distillation step is to remove any other impurities that
may have reached this point of the process and to release gases
after primary condensation. The tetra is further cooled to 50 °C
then heated to 350 °C and finally oxidised to produce the TiO,
pigment at the reactor. The second part of the plant should remain
clean but it is here where several problems have been observed, e.g.
carbon deposits forming on the spiral coil. This suggests that the
oil is not completely removed by the cyclone. Furthermore, if
vanadium reaches the oxidiser in an amount greater than 5 ppm
the pigment is stained yellow, which is recycled at a high cost to

the company.

The tetra produced in the chlorination step is actually a metal
chloride mix made up of compounds containing titanium, iron,
aluminium, vanadium, niobium, silicon, zirconium, and tin. The
boiling point of all the metal chlorides involved, which forms the

basis for the distillation, are presented in Table 1.

The boiling points for iron, niobium, zirconium and hafnium
chlorides are high enough (>250°C) to be removed by distillation
and are removed by the cyclone. The boiling points of silicon and
tin chlorides are low enough (<120°C)to be taken off as a gas when
the TiCly is a liquid. However, the aluminium and vanadium

chlorides cause the majority of the problems due to the similarity
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1.3 TITANIUM DIOXIDE PIGMENT

Compound Boiling Point © C
ZrCly 331
HfCly 317
NbCl5 254
FeCl; 316
VCly 148
TiCly 136
VOCl3 127
AlCl3 120
SnCly 114
SiCly 58

Table 1: Table to show the boiling points of metal chlorides with the key
vanadium compounds highlighted in red due to their boiling
points being so similar to TiCly at atmospheric pressure

of their boiling points to TiCly (shown in red in Table 1). In the past
aluminium and vanadium chlorides were both removed by the
addition of soya oil. Recently water has been introduced into the
system to remove AICl; before contact with the oil. It is thought
that the water reacts with AlICl; and converts it to AIOCI which
has a much higher boiling point and can therefore be removed by
the cyclone. In this case the water would act as a hydrolysing agent.
The vanadium removal mechanism is not yet known, however,
vanadium solid species have been extracted from the cyclone
suggesting the formation of VOCI or VO,, both of which have
considerably higher boiling points than TiCly. This suggests that
the vanadium is reduced during the removal and therefore
determining the reducing agent should allow an understanding of

this mechanism.
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Figure 4: Structure of monomeric TiCly compared to polymeric ZrCly

1.4 TITANIUM TETRACHLORIDE

TiCly adopts a monomeric tetrahedral structure in the vapour

phase, shown in Figure 4. It is one of only two transition metal

chlorides that are liquid at room temperature, the other being VCly.

This is due to the monomeric structure which has been confirmed
computationally.343> Heavier group 4 metal chlorides, such as
ZrCly and HIfCly, are solids at room temperature due to
octahedrally coordinated polymeric bonding around the metal

centre,3° as shown in Figure 4 forming a monoclinic structure.

TiCly is highly hygroscopic and can be completely hydrolysed
in moist air as shown in equation 1. Incomplete hydrolysis of TiCly
produces oxychlorides such as TiOCl,. TiCly therefore must always
be handled in an inert environment since the smallest amount of
moisture results in the formation of hydrochloric gas, the gas being
easy to observe as the titanium oxide particles in the fumes make
the gas white in colour. Hydrochloric gas can be a major problem
as it is toxic and causes serious damage to the respiratory system if

inhaled.
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1.4 TITANIUM TETRACHLORIDE

Cl2a)

Figure 5: Structure of [TiCly(C4HgS)2]%°

TiCly + 2H,O — TiO, + 4HCI (1)

TiCly is a strong Lewis acid.3” Lewis acids were first described
by Lewis and the definition was based around the redistribution of
the reactant’s valence electrons.3® TiCl, is therefore a Lewis acid and
is an example of a hard acid. A hard acid is formed when the bond
between the Ti and the Cl is strong and short. Early transition metals
generally form hard acids. Soft acids would be larger in size and
show polarisability across the molecule. Hard acids react more with
hard bases, and soft acids react strongly with soft bases according to
Pearson’s rule. This means TiCly reacts readily with bases especially
with hard bases, a reaction with a hard base would be extremely
vigorous. Water acts as a base and thus the reaction is very violent

which is an indication of its high reactivity.

Complexes with diethyl malonate, which is a simple bidentate
ligand have been formed with the two oxygen bonds from the metal

centre in the cis positions.4° There are numerous examples of trans
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1.4 TITANIUM TETRACHLORIDE

complexes in the literature*' where the ligands bind from opposite

sides of the Ti centre.

TiCly is so reactive that its reactivity is not constrained to hard

bases, it can also form compounds with soft Lewis bases.

Compounds with organo sulphur compounds have been formed
around a single TiCly molecule in the cis-conformation, for

example [TiCls(C4HgS);],3° as shown in Figure 5.

TiCl; and TiCl, are also stable and are solids at room
temperature and contain bridging Cl atoms. They have a low
magnetic moment even with their unpaired electron, this suggests
a large degree of Ti-Ti bonding creating an antiferromagnetic
effect.4>43 TiCl;3 is also a strong Lewis acid and it is believed to be

the reactive intermediate in olefin polymerisation.+4

TiCly is readily utilised as a precursor to titanium alkoxides.4>
Alkoxides from TiCly have been shown to be useful in forming
bidendate ligands with multiple Lewis acid centres as shown in
Figure 6.4® Multidentate Lewis acids are very important as they are
more selective and can bond in more ways to Lewis bases than is

possible with traditional Lewis acids.*”

TiCly is widely used as a precursor to TiOp thin
films, 4849, which can be used to coat surfaces and this coating will
allow the application of the properties of TiO, onto a surface. Due
to the colour of TiO; the films are transparent so can be used to

coat glass without effecting the optical transparency. It is not only
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1.4 TITANIUM TETRACHLORIDE

Figure 6: Crystal structure of 2,7-bis(1,1-dimethylethylflouorene)-1,8-
tricholortitanium phenoxide) showing an alkoxide synthesised
from TiCly

used to form TiO, films, other thin films such as TiN can be

synthesised easily by the reaction of TiCly with NHj3.5°

The Kroll process33 is used globally to manufacture tonnes of
titanium metal each year by the reaction of TiCly and magnesium
at 1000 °C. For this process the TiCl; must be very pure due to the
need for very pure titanium metal. The Kroll process was
developed by W.Kroll in 1940 as a way of preparing ductile high
grade titanium metal.>" The demand for titanium metal is high
due to demand in the construction industry, therefore this project
idealising the conditions for the purification of TiCly is highly

valuable.

TiCly has been shown to be used as a polymerisation catalyst.
Karl Ziegler first observed the ability of TiCl4 to catalyse ethylene>>

by being reduced to TiCl3 which acts as a heterogeneous catalyst.
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Figure 7: Reaction scheme for the polymerisation of ethene to polyethene
via the Cossee mechanism.

Giulla Natta developed this for propylene and the Ziegler-Natta
catalyst>3 was developed. It is capable of reducing the temperature
of polymerisation down 300 °C to 110 °C making a large energy
saving. The mechanism that has been widely accepted is the
Cossee mechanism>* which proceeds via a two step mechanism; (1)
the ethene complexes to the metal centre; (2) migratory insertion of
the monomer into the metal carbon bond forming the polymer
chain.>> This is shown in Figure 7 for the polymerisation of ethene
to form polyethene. A major advantage of this method for more
complexed polymers is the formation of isotactic polymers.>® This
is where functional groups on the alkene are added on the same

face of the chain, which is controlled by steric effects.

The bonding of the titanium centre to the alkene is a key part of
the Ziegler Natta catalysis, it is also believed to be very important in
the reaction with soya oil. The bonding of alkenes to metal centres

occurs by the Dewar-Chatt-Duncanson model, which is shown in
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1.5 VANADIUM OXYCHLORIDE

Figure 8.57 This shows how the alkene bonds through a simple o-
donation of the alkene 7-bond to an empty metal d-orbital with
back donation from a filled metal d-orbital to the empty alkene 77*
orbital. This is well known for transition metals on the right hand
side of the periodic table which back-bond readily. This can occur
for titanium although not for titanium (IV) as it is d°. However, in
the Ziegler-Natta catalytic mechanism titanium is believed to be Ti>*

when bonding to the ethene so 7r-backbonding could occur.

L Q OC)CQ
M@Q|Q QDCO

LUMO  HOMO HOMO  LUMO
sigma donation pi back donation

Figure 8: Scheme to show the bonding of a metal centre to an alkene
through the Dewar-Chatt-Duncanson model

1.5 VANADIUM OXYCHLORIDE

VOCl; is a highly moisture sensitive liquid and it is one of the
very few oxychlorides that is a liquid at room temperature (293 K)

and as low as 196 K.?® Most metal oxychlorides form dimers or

larger molecules with bridging oxygen and chlorine atoms.

However, VOCl3 is tetrahedral in respect to geometry with the
electronic configuration d°. It is produced by the chlorination of

vanadium oxide at 600 °C, as shown in equation 2.

V205 +3Cl, — 2VOCl3 +1.50, (2)
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1.5 VANADIUM OXYCHLORIDE

VOCl; is also a strong Lewis acid and has been used as a
Ziegler- Natta catalyst,>® a VOCI3-R3Al catalyst was used and it
lowered the molecular weight density of the polymer.®® It has also

been shown to polymerise larger monomers such as styrene.3'

The Lewis acidity of VOCIl3 has been utilised to form

61

complexes with N-donor ligands.”® This was the first work to

extensively show how VOCI; reacted with neutral donor ligands.

Beard et al®® looked into N-donor and P=O donor ligands and
showed that compounds could be formed with a wide ranging
series of ligands to give structures such as 2,2"-bipyridyl vanadyl
trichloride as shown in Figure 9. The single crystal X-ray for these
adducts has not been reported. This paper reports a crystal
structure for a dimeric vanadium species with a bridging oxygen

atom as shown in Figure 10.
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Figure 9: Structure to show VOCl; bound to a neutral Nitrogen-donor bipy
ligand *

VOCI; has also been used as a precursor to make vanadium
oxide films®2. Thin films of VO, are desirable to utilise the
metal-to-semiconductor phase transition of the material at 68 °C.%3

This property has been exploited in the manufacture of intelligent
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1.5 VANADIUM OXYCHLORIDE

Figure 10: Structure to show VOCl; bound to a neutral N-donor ligand
with a bridging oxygen®!

glass, data storage and optical switches.®* It is the result of a

structural change from monoclinic below 68 °C and a tetragonal

phase above such temperature. Thin films have been produced by

chemical vapour deposition using VOCIl3 and water as starting

precursors.

The redox chemistry of vanadium is particularly interesting as
compounds can easily be synthesised from V2 through to V°*.
Each vanadium oxidation state has a strong characteristic colour,

therefore any compounds made from vanadium carry a

characteristic colour which can be a useful analytical tool.

Compounds with V2T tend to be violet, V3 green, V4T blue and
VoF yellow.®® The redox ability of vanadium is so strong that
vanadium batteries have been invented that utilise the ease of

charge transfer from V2* to V3+.%7

Vanadium is in fact most stable in the V** state and this can

be observed by the vanadyl (VO?*) ion which is a very stable
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on.® Vanadium (V) oxide is used as a catalyst in the production
of sulphuric acid, the vanadium can oxidise SO, to SOz by
reducing to V;0O4. This illustrates the stability of vanadium in
different oxidation states, the cycle is completed by reacting V,Oy4

with O, to reform V,0s.%9

1.6 VANADIUM TETRACHLORIDE

VOCl3 is the most common vanadium species found in the gas
phase in the plant, however, it is worth noting the possible
presence of VCly. As stated above vanadium is most stable in the
V4* oxidation state even though this gives a paramagnetic liquid
of VCly, which is very rare, VCly is prepared by the chlorination of
vanadium metal. In the plant, VOCl; is formed as it is reported
that VOCl; forms from vanadium oxide and VCly is synthesised
from vanadium metal.”” VCly is not thermodynamically stable it

breaks down to VCl3 and Cl, gas over time at room temperature.”*

The formation of inorganic complexes from VCly is not well

known from the literature. In the early 1970’s7* and 1980’s737475

there were several studies carried out, although no recent work.

However, recently VCly has been used in organic synthesis7®77 and
as a CVD precursor. 7879, The structure of VCly is considered the
same as TiCly as concluded by Pothoczki et al.® They conclude
that whilst they can be distinguished it is reasonable to consider

the structure the same for all purposes.
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Cavell et al7? worked on reactions of metal chlorides including
TiCly and VCly with difluorodithiophosphinic acid. The metal
chlorides were used to react with the free hydrogen of the acid to
give HCI. Therefore the information regarding the chemistry of the
metal chlorides is vague apart from highlighting their high
reactivity which is known. Fernandez et al showed benzofuroxane
could coordinate to VCly and TiCl; 7374 using the NO oxygen atom
without breaking down any of the metal-chlorine bonds. Arquero
et al”7> report the complexation of Schiff Bases to TiCly and VCly
showing bidentate ligands completing the desired octahedral

structure of the metal chlorides.

All these studies show that simple coordination and
complexed structures which have been observed for TiCly and
VOCI; have not been synthesised for VCly. VCly was considered
alongside TiCly throughout this thesis showing how similar their
chemical properties were. The lack of further work is probably due
to the highly moisture sensitive nature of VCly and the

comparative ease of working with VClz and VOCI;.

1.7 SEPARATION OF VANADIUM OXYCHLORIDE AND TITANIUM

TETRACHLORIDE

In the previous two sections TiCly and VOCI; have been described,
from this it is clear that they have very similar properties. Their
boiling points are separated by under 10°C and they are both
considered Lewis acids. These properties along with their

reactivity with many simple compounds results in the separation
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of TiCly and VOCl3 being extremely difficult and it is this that the

project focuses on.

In the literature there are a few examples of a group directly
comparing TiCly, VCly and VOCI;. Cuadrado et al®'%2 compared
the three metal chlorides by their reactivity to
tetraalkyldiphosphine disulphides. They observed that TiCly and
VCly formed hexacoordinate complexes with the metal chloride
remaining intact and the bidendate ligand filling the coordination
sphere. When VOCI; reacted with the ligands it led to the
reduction of the vanadium to give a pentacoordinated species.
Both of these studies showed a difference in the reactivity between
TiCly and VOCl3 when compared to neutral ligands. However the
characterisation used in the study was limited with no proton

NMR or single crystal XRD carried out.

The separation of VOCl; from TiCly is an area of research that
has been studied for years, however, most of the information is
held in patents.?®384 Boyd? reported the use of white mineral oil to
remove VOCI; from TiCly, which was demonstrated through
distillation experiments but no attempts where made to

understand how the mineral oil interacted.

Some research has been carried out academically, however, it
is for radically different methods involving absorption by
molecular sieves,® use of hydrogen® or it is related to the
sulphate process.®” Lynch investigated the addition of Hy to

reduce both the titanium and vanadium chlorides, as shown in
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equations 3 and 4. The key reaction is shown in equation 5,
however attempts to repeat this reaction during this project failed.
The two compounds did not react and hence the TiCl3 and VOCl3
remained unreacted. This was monitored observationally as the
VOCI; liquid is orange and should become more transparent if it is
converted to TiCly. If the reaction had occurred the solid would

have gone from violet TiCl3 to yellow /brown VOCI,

TiCly(I) + Hy(g) — 2TiCl3(1) +2HCI(g) (3)
VOCI5(1) + Hy(g) — 2VOCLy(s) +2HCI(g) (4)
VOCI5(1) + TiCly — VOCIy(s) + TiCly(1) (5)

The following investigates using NMR as a characterisation
technique for observing the overall reaction of the different metal
chlorides, before further chapters involve breaking down the oil to
simpler esters where the chemistry was simplified to study
through isolating complexes. Chapter 2 describes initial work to
understand the system further before the thesis continues to delve
deeper into the reason of differing reactivity between the metal

chlorides.



INITIAL NMR BASED ANALYSIS OF SOYA OIL

2.1 NMR

Proton Nuclear Magnetic Resonance (NMR) spectroscopy
provides structural information because the magnetic field
measured at the nucleus is not the same as the applied magnetic
field. This is caused by the electrons around the nuclei shielding
the nucleus. It is this that allows the determination of the
environment of the nucleus by observing the resultant chemical
shift. Functional groups, such as esters or alkenes, shield the nuclei
more than other groups such as alkyl groups, due to their greater
electron density, thus causing a larger chemical shift. Another
major factor in an NMR spectrum is spin-spin coupling, this is
where the proton in question is close enough to one or more other
protons and interacts with their spin. If the proton then couples to
one other proton it forms a doublet, if it couples to two it forms a
triplet and so on. More complex spin arrangements can be seen,
such as a doublet of quartets when the proton is coupled to one
proton in one environment and they are both coupled to three

protons in a separate environment.

NMR has been used in many different ways over the last 50

years as a structure determination technique.®® The primary use
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has been in organic chemistry as 'H and >*C NMR are the most
sensitive to subtle changes in chemistry at low concentrations. The
chemical shift is dependant on the functional group adjacent to the
carbon that the proton is bound to. The coupling also gives
structural information about the environment of the nearby
protons. These two pieces of information can be combined to give

an accurate structure of a simple molecule.

NMR has been used to investigate the reaction of TiCly, VOCI3
and VCly with soya oil. As mentioned in the introduction it is
known that soya oil reacts with a mixture of vanadium chlorides
and titanium chloride to remove the vanadium content to ppm
levels. The mechanism for this removal is not known and this
NMR study looks into the interaction of the soya oil with different

metal chlorides.

NMR has been used extensively to look at metal coordination
to molecules, for example Kondo et al® observed that the protons
on the d-biotin methyl ester were downshifted upon the addition of
magnesium or silver ions. This work looks at the change in position
of the NMR peaks upon the addition of the metal chloride. If there
is a break down of the functional groups this method will clearly

illustrate this.

Soya oil was shown in industry to remove vanadium from a
metal chloride mix, it is therefore expected that the most intense

reaction would be with the vanadium chlorides. It is anticipated
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that NMR will describe how the oil preferentially reacts with the

vanadium chlorides.

2.2 OIL ANALYSIS

To study the interaction of soya oil with the various metal
chlorides an understanding of the chemical structure of soya is
needed. This section describes the analysis of soya oil using NMR
to provide an accurate starting point as the current literature

studies are not sufficient.

NMR has been used to record a 'H spectrum of soya oil and
observe the proton environments within soya oil. The spectra were
recorded on a Bruker 600 MHz NMR machine using deuterated
chloroform as the solvent. The NMR spectrum of soya oil is shown
in Figure 11. In soya oil there are 10 different proton environments
all relating to different proton shifts in the NMR, as shown in Figure
12. The shift is dependent on the proximity of the functional group
to the oxygen atoms and the alkenes to the hydrogen atoms. This is
due to the high electron density in these functional groups which
deshield the proton. The protons that will be shifted the most will be

the ones bonded to the carbon which is situated next to the oxygen

or the double bond. Figure 12 labels these protons as A, B and G.

Protons C, F and H will also be shifted to some extent. Whereas

protons E, D, J and I will not be shifted to the same extent. Therefore

it is possible to monitor the different proton environments in the oil.
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Figure 11: Spectrum to show the 'H NMR of Soya Oil with the peaks
labeled A-J relating to the 10 different environments)

Figure 12: Schematic to show different proton environments in the soya
oil, for reference the top chain is linoleic acid, the middle is a-
linolenic acid and the bottom chain is oleic acid. Palmatic and
stearic acid chains are not shown and they would consist of
the environments A, B, C, D and E as they do not contain any
alkene groups.)
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NMR
Shift

ppm

/

Calculated
literature
integrals

Proton
Label

Analysis

0.85

8.32

Small shift due to the fact it is a
terminal alkane group

0.95

0.68

Shifted slightly compared to
I values due to proximity of
alkene in a-linolenic acid

1.3

49-5

Describes the alkane chain
content, shifted slightly due to
being in the middle of a chain

1.6

Shifted due to the effect of the
carbonyl, weak due to distance
from the carbonyl.

2.0

10.14

Shifted due to the alkene, the
integral describes the alkene
component of the mixture

2.3

Shifted due to the effect of the
carbonyl group, stronger as it is
closer to the group

2.8

4.14

Shifted by the alkene, describes
the poly unsaturated content as
it is between two alkene bonds.

4.2

4.0

Strongly shifted as the carbon
the protons are bonded to is
directly bonded to an oxygen
atom.

53

Relates to the glycerol end and
is shifted strongly due to 3
oxygen atoms nearby.

54

The G environment directly
describes the amount of alkene
content as the G protons are
directly connected to the alkene
bond.

Table 2: 'H NMR positions of the different protons in soya oil, integrals

calculated based on the previously mentioned literature values.
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Figure 13: Diagram to show the different proton environments on a
linoleic acid chain and the number of each of the appropriate
environments associated with the chain.

From the literature values the composition of soya oil is; 7.5%
alpha-linolenic acid, 54% linoleic acid, 22% oleic acid, 4.1% stearic
acid, and 11% palmatic acid. It is possible to use this composition
to calculate the predicted integrals of the NMR peaks. This can be
achieved by taking a triglyceride molecule and analyzing the
integrals it would provide. It can be seen that whichever of the
acids are attached to the glycerol, the integral for peaks A, B, C
and D should remain the same. Therefore, the NMR integrals can
be scaled to these peaks. Thus NMR peaks have been standardized

to the B peak as it is the clearest.

Calculating the predicted integrals for the other peaks is
complex due to the different acids that could be connected. Each
acid has therefore been described in relation to their differing
proton environment. The data in Table 3 describe the number of
each proton environment associated with each acid chain

excluding the ester/ glycerol end.

This is shown schematically in Figure 13. By taking the data

contained within Table 3 along with the % of each component, the
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Linoleic acid: 14 E | 4F | 4G | 2H | 31
a-Linolenic acid: | 8E | 4F | 6G | 4H | 3]
Oleic acid: 20E | 4F | 2G | oH | 31
Palmatic acid: 24 E 31
Stearic acid: 28 E 31

Table 3: Table to show the amount of different proton environments for
different acid chains

size of the integrals have been calculated as followed; E: 49.3, F:

10.2, G: 9.3, H: 4.2, I: 8.3, J: 0.7. This data is tabulated in Table 2

which also describes why the peaks are shifted.

44

Fatty acid Soya oil | Soya oil | Soya oil | Literature
2008 2011 from Tesco | values

a-linolenic 7.4 7.5 7.2 7.5

Linoleic 49 52 49 54

Oleic 20 19 24 22

Saturated 23 21 20 15

Table 4: 'H NMR analysis of different soya oils shown as percentages.

Using the method described above several types of soya oil

were analysed. Three oils were tested; two used on the plant in

recent years and one food grade sourced commercially. It is simple

to compare the numbers and see what has increased and decreased

as this would give an approximation of the oil composition. It is

more complicated to provide a new composition for the oil.

This was achieved by studying the equations relating to the

differing acid contents and the relative integrals. From looking at

Table 3 it can been seen that the J integral can only be present due
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to a-linolenic acid chain. Therefore, this gives a numerical value for
the a-linolenic acid content which is divided by 3 to be relevant for
a single proton as there are 3] protons in every chain. For the 2011
soya oil this gives a value for a-linolenic acid of 0.227, therefore the

sample has 7.5% a-linolenic acid.

There are two chains which contain the H environment and
these are linoleic acid and a-linolenic acid. A value for a-linolenic
acid has already been established so this can be taken away from
the integral value for H. This leaves a value for the 2011 soya oil of

1.55 units of linoleic acid.

The same calculation can be carried out for the G environment

and this gives an oleic acid content of 0.633 units.

The calculation for the palmatic and stearic acid content is not
as simple as they both contain only the E environment so it is not
possible to distinguish between them, however, the value for the two
together can be obtained. This was calculated and gave a value of
0.642. These values were all transformed into percentages and the

results for all three oils are shown in Table 4.

The soya oil now fully analysed could be used to compare
different batches and act as a method of quality control. The soya
oil was then reacted with the metal chlorides; TiCly, VOCI; and

VCl, and the reactions were observed using 'H NMR.
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2.3 EXPERIMENTAL

A 1% stock solution of metal chlorides in deuterated
chloroform was made up. One drop of this solution was added to a
clean NMR tube filled with 0.3 ml deuterated chloroform. One
drop of the desired oil was added to the NMR tube and the sample
was analysed in a Bruker 600 MHz NMR machine. The spectra
were integrated and the peak positions determined. Samples of the

pure oils were run as standards in deuterated chloroform.

The spectrum of soya o0il was analysed using more complex two
dimensional NMR techniques. A cosy spectra is shown in Figure 14
to show how the peaks were determined. Each proton environment
was defined as described in the previous chapter. Soya oil contains
two main functional groups, the alkene and the carboxylic acid. The
peak observed at 5.4 ppm corresponds to the alkene and the peak
at 4.2 ppm to the glycerol, a disguised glycerol peak can be picked
out at 5.3 ppm. It is the two peaks at 5.4 and 4.2 ppm that will be

monitored.

Using the same technique, the NMR experiments were carried
out with linseed oil, octene and trimyristrin. Trimyristrin was
isolated from Nutmeg® by grinding nutmeg purchased from
Sainsbury and then washing with diethyl ether which the
trimyristrin was dissolved in. This was dried in vacuo and left an
orange powder. A mixture of 2-octene and 3-octene were

synthesised by the dehydration of 3-octanol. This was carried out
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Figure 14: COSY spectrum to show proton-proton coupling in soya oil.

The spectrum shows that peaks A and B (AB) are coupled to
each other and represent the glycerol part of the oil. Peaks G,F
and H are also coupled together (GF and GH)showing the long
chain of the oil around the alkene bond.
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by reacting 3-octanol with concentrated sulphuric acid and heated

to 170 °C and then separated using distillation.

2.4 RESULTS

The reaction of soya oil with TiCly, VOCl3 and VCly was
monitored via 'H NMR spectroscopy The resulting spectra are
shown together in Figure 15 in order to compare the reactivity.
Distinct differences in the 'H NMR spectra of the three samples
following the addition of the metal chlorides to soya oil were

observed as indicated in Figure 15.

The first observation from these experiments was the broad
nature of the peaks in the spectrum for VCly and soya oil. This is
due to VCly being paramagnetic. This paramagnetism results in a
broadening of the peaks and NMR studies containing
paramagnetic materials are less common but have been carried
out.?"9? The data analysis suggests that the alkene peak has been
reduced from two peaks to one but this could be due to peak
broadening. This spectra indicates that the peaks are still present
and shifted slightly down field. These results suggest that the VCl4
does not react to any large extent with the soya oil during the

experiment.

The 'H spectrum of the TiCl/oil mixture however displays a
major change from the soya oil standard, with both the alkene peak
(shown at 5.5 ppm) and glycerol peaks (4.2 and 5.4 ppm) no longer

being observed. Therefore both the functional groups seem to have
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been broken down by the metal chloride, converting the alkene to
an alkane and splitting the oil up at the point of the glycerol. During
this experiment there was no evidence of an alkyl chloride having
been formed. This spectra was recorded after only 10 minutes which
clearly displays how quickly TiCly reacts with oil. Figure ?? shows
the possible ways in which the soya oil molecules could be broken

down and possible interactions with metal chlorides.

The 'H NMR spectrum of VOCI; and soya oil displays results
somewhere between those observed for VClg/oil and TiCly/oil. A
shift of the alkene peak downfield by 0.2 ppm occured from what
was observed in neat soya oil. A reduction of the glycerol peak at
4 ppm was evident as shown in Figure 15. This suggests that while
the vanadium coordinated slightly with the alkene it reacts strongly

with the glycerol end of the oil.

These results are in contrast to the original hypotheses, as it
appears that TiCly actually reacts quicker with soya oil than with
vanadium chlorides. Therefore, further analysis was necessary to
look into how the soya 0il does remove the vanadium contamination

in the industrial process.

Various oils have been used in the industry therefore another
oil was analysed, linseed oil. Therefore, the same test was carried
out using linseed oil. The spectra from these runs are shown in
Figure 16. It is clear to see that these spectra are very similar to
those from the reaction of the metal halides with soya oil. Similar

peaks for the ester and the glycerol functional groups were observed
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Figure 15: Spectra to show from bottom to top; pure soya oil, soya oil and
VCly, soya oil with TiCly, soya oil and VOCl;3
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Figure 16: Spectra to show from bottom to top; pure linseed oil, oil and
VCly, linseed oil with TiCly, linseed oil and VOClI;
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Figure 17: Molecular structure of octadecene

Figure 18: Molecular structure of tristearin

with small differences due to a greater alkene content. The reactivity
of the linseed oil with the metal chlorides is the same as the soya
oil which is not surprising as the functional groups are the same.
Both oils show the same reactivity, with the TiCl4 once again being
the most reactive and the VOClI3 preferentially reacting with the

glycerol.

The two functional groups on the oil are the point of interest
therefore, the next logical step was to break down the oil into the
constituent parts. This involved performing the same NMR
experiments with oils containing a long chained alkene and a fully
saturated oil. The ideal molecules for this analysis are octadecene
with non terminal alkenes and tristearin. Both of these molecules

are shown in Figures 17 and 18.

In this research neither of these two molecules were actually

used due to difficulties sourcing tristearin and a non terminal
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Figure 19: Molecular structure of trimyristrin

alkene. A simple technique®® was used to isolate a C14 analogue
from nutmeg. This compound is called trimyristrin and can be
easily extracted and purified from nutmeg within hours. The
chemical structure for this is shown in Figure 19 and it can be seen

that it is similar to tristearin.

Instead of octadecene, a similar hydrocarbon was synthesised
through a dehydration reaction of 3-octanol to produce a mixture of
oct-2-ene and oct-3-ene. It was believed that it was more important
in terms of the chemistry for the alkene to be non terminal than it
was for the long chain to be present. This is because the terminal
alkenes are very reactive and polymerise easily, the length of the

chain has little effect on the direct chemistry around the bond.

The 'H NMR spectra for trimyristrin with the different metal
chlorides is shown in Figure 20. The 'H spectrum for just
trimyristrin shows the glycerol peaks at 4.2 ppm and 5.3 ppm as

before but the alkene peak is not observed due to the lack of
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Figure 20: Spectra to show from bottom to top; trimyristrin, trimyristrin
and VCly, trimyristrin with TiCly, trimyristrin and VOCl3

alkene groups in the oil. The trends previously observed with
relation to the glycerol peaks are substantiated with reactions
occurring for TiCly and VOCI3; but no interaction with VCls. Hence
the glycerol signals are only present in the 'H NMR spectrum of
VCly/oil. The previous experiments with soya oil indicated that
the TiCly; and VOCI;3 reacted with the ester end of the oil and it is
shown that they have now reacted with the ester, due to the
reduction of the peaks at 4.2 and 5.3 ppm. As before the VCly has
not reacted and it is only a broadening of the peaks at 4.2 and 5.3

ppm which can be observed.

The 'H NMR spectra for octene with the different metal
chlorides is shown in Figure 21. Apart from the broadening
observed on the addition of VCly the spectra all show no change in
peak positions or intensities. This showed that after ten minutes at

room temperature none of the metal chlorides react with the
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Figure 21: Spectra to show from bottom to top; octene, octene and VCly,
octene with TiCly, octene and VOClI;
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Figure 22: Octene spectra recorded after 48 hours showing from bottom
to top; octene, octene and VCly, octene with TiCly, octene and
VOCl;
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alkene. The VOCl; sample was left in the NMR tube with the
octene for 48 hours. After 48 hours the solution looked much
darker in colour so the spectrum was re-recorded. The spectra
showed a decrease in the alkene peak at 5.4 ppm therefore this
practice was carried out for all of the metal chlorides. The 'H NMR
spectra for octene with the different metal chlorides after 48 hours
is shown in Figure 22. This shows a clear alkene peak at 5.3 ppm in
the starting material at the bottom, it also shows the lack of
reaction with the metal chlorides with the only differences in the

other spectra being due to broadening.

After 48 hours the 'H NMR spectra for the metal halides with

octene had changed, a peak at approximately 4 ppm was observed.

This peak corresponds to a hydrogen atom bonded to the same
carbon as a chlorine atom. Protons which share a carbon centre
with a Cl atom have been observed between 3 and 4 ppm.®3 The
VOCI; shows the largest peak in this region and the largest
reduction in the alkene peak at 5.3 ppm. This is the first example
where the '"H NMR study indicated a preference for reaction with

a vanadium chloride compound rather than titanium tetrachloride.

2.5 CONCLUSIONS

The 'H NMR reactions of the metal chlorides with the various oils
show that the TiCly reacts quicker with the oil than the vanadium
chlorides. VCly however, does not react with the oil very much at all
so if this was present in abundance the process would not succeed

in removing it. Huntsman pigments believe that the amount of VCl4
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in the system has always been low and it is VOCl3 which dictates

the vanadium content.

Both TiCly and VOCI3 showed the same reactivity with the
glycerol/ester and the oil throughout this study. Therefore it is
believed that this part of the oil cannot be responsible for the
separation. The alkene, however, over a period of 48 hrs reacted
preferentially with the VOCI;. In industry the entire process occurs
at higher temperatures so what takes 48 hours at room

temperature may proceed much faster at around 140 °C.

The work represented in this chapter acted as a starting point
to study the industrial process using chemical techniques in the
chloride process to make TiO,. To investigate the chemistry further
this project steps away from industry and focuses on the reactivity
of TiCly and VOCI; with alkenes and diesters. This chapter has
shown that there is different reactivity with these two groups and
understanding this is one key to understanding the industrial
process. In the next chapter the reactions will be studied by the
formation of inorganic coordination compounds which can be

analysed using NMR and single crystal X-ray analysis.

56



REACTIONS OF TICly WITH DIESTERS

3.1 INTRODUCTION

Chapter 2 discussed the breaking down of soya oil into its
constituent parts; octene and trimyristrin. To further elucidate this
chemistry a molecular approach was taken in an attempt to
investigate the reactivity of TiCly; and VOCI3; with alkenes and
diesters. The results could provide information about the reactivity
of the oil with these metal chlorides, since it will allow an
understanding of how the functional groups in the oils react with
the metal. Taking a molecular approach allows for characterisation
via NMR and single crystal X-ray analysis. This chapter

investigates the bonding of TiCl4 with diesters.

Complexes of TiCly with diesters have been synthesised
before, both Sobota el 2l and Kakkonen el al* synthesised TiCly
coordinated to diethyl malonate. The structure is depicted in
Figure 23 and reveals that the titanium centre is bonded to both the

ester oxygens adopting a distorted octahedral geometry.
Kakkonen el al* investigated further malonates by adding R -

groups to the middle carbon atom of the diester. They observed

no difference in the coordination compared to the diethyl malonate.
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Figure 24: Figure to show TiCly bound to acac®
This area has not been well studied in the literature apart from these

two papers.

A more frequently studied system in coordination compounds

is that of acetylacetone (AcacH). AcacH is a diketone which is

known to form delocalised systems by the loss of a hydrogen atom.

This has been reported to have been observed by Gopinthan el al%
but no crystal structure of the molecule (shown in Figure 24) was
reported. The structure involved the loss of a Cl atom from the
titanium and this was explained by the stabilisation of the titanium
centre through delocalisation. This will be further investigated
during this chapter as this structure does not fill the coordination

sphere to enable the titanium to be octahedral.

A further study by Maier el al% reported the reaction of TiCly
with 3,3-dimethyl-2 4-pentanedione. In this system there is no free

H atom to be lost between the ketones therefore a delocalised
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Figure 26: Scheme to show the addition of acacH to TiCly in differing
solvents

system cannot be formed. The TiCly does not lose a Cl atom as the
titanium charge cannot be stabilised by the ketones, as shown in
Figure 25, and the ligand coordinates to the titanium centre. Maier
et al, however, went further and reported the reaction of TiCly with
acacH to leave a structure where a chlorine atom is not lost.?7 This
reaction was carried out at -20°C and is in opposition to the

previous study by Gopinathan.

This report has therefore shown a difference of a opinion in
the literature. A further study by Shao et al% reported the
possibility of a dimeric titanium species, they demonstrated control
over the formation of the monomer by the addition of THF, as

shown in Figure 26. When THF is added it fills the coordination
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sphere of the TiCly allowing a chlorine atom to be lost and the acac
to bind in its preferred way. When dichloromethane is used as the

solvent it can not coordinate to the titanium centre and the

coordination sphere is completed by bridging chlorine atoms.

These different reports have demonstrated the sensitivity of
reaction ratios in the addition of acacH to TiCly. When an excess of
acacH is added two acac ligands bind to the titanium centre with
the loss of two chlorine atoms,? this fills the coordination sphere
and charge compensates the titanium. This is the most stable TiCly
acac product but requires a 2:1 excess of the acacH ligand. When

the two starting materials are used in molar concentrations it has

been shown there are three possible structures from the literature:

(1) The acacH bound without the delocalisataion and no loss of
chlorine. (2) The complex dimerisation and the loss of a chlorine
atom and acac delocalisation with a loss of chlorine. (3) The
formation of a Cl bridged dimer. This chapter will assess which of

these products is most likely.

The literature regarding the reactivity of vanadium chloride
compounds with these diketones is not as expansive. It was
studied by two groups in India around 30 years ago.®> From
reading these papers many results were assumed and no crystal
structures were solved. They reported that the acacH and other
diketones formed monomeric species with the loss of a chlorine
atom. They also reported a monomeric species when reacted with a
keto-ester. These results provided a reason to study these systems

as reactions clearly took place but the results cannot be confirmed.
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Figure 27: Structure of malonate where R = ethyl, benzyl, isopropyl and t-
Bu.

Py

o (0]

Figure 28: Structure of glycerol tribenzoate.

The literature suggests that the acac ligand delocalises causing
the loss of a chlorine atom from the titanium or vanadium metal
centre. When the titanium complex loses a chlorine it dimerises to
fill its coordination sphere , whereas the vanadium complex is stable
as a monomer. When the TiCly reacts with the diester it does not
lose a chlorine and is stable as a monomer, this could be due to the
ester oxygen donating electron density to stabilise the a carbon. The
reactivity of a diester has not been studied with VOCl; and this will

be investigated later in this thesis.

o} 0

Figure 29: Structure of acacH.
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Figure 30: Representation of the structure of soya oil

This chapter looks into how titanium tetrachloride reacts with
esters and ketones. The majority of the work involves a malonate

ligand with differing R groups, as shown in Figure 27.

This study was derived from the structure of soya oil which is
shown in Figure 30. The ligands in this thesis focus on the glycerol
end of the soya oil. Soya oil is a very oily material and it is very
difficult to isolate parts of the oil for a coordination study. The oil
can be broken down as shown in the last chapter into the glycerol
and the alkene ends. The glycerol is a triester, so the starting point
of this work was to look at simple esters and their coordination with

TiCly.

Also included in this work are reactions with glycerol
tribenzoate, as shown in Figure 28. Glycerol tribenzoate was used
because it represents a closer link to the glycerol end of soya oil
without having the fatty acid chains which make coordination
complexes harder to form. It further strengthens the link from the
ester towards the oil and gives an accurate representation of the

soya oil in a manageable form for a coordination study.
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ci Ci2

Cl4

04

Figure 31: Figure to show crystal structure of tetrachloro(diethyl
malonate)-titanium(IV) [1]*

The final ligand investigated is the commonly used acac
ligands shown in Figure 29. This is a commonly used organic
ligand and can provide an interesting difference between a diester
and a diketone. The ester oxygen is the difference between the two
functional groups and may act to stabilise the ketone through

delocalisatition, if the double bond nature of the ketone is lost.

3.2 RESULTS

3.3 TITANIUM COMPLEXES

3.3.1 Synthesis of tetrachloro(diethyl malonate)-titanium(IV) [1]

The reaction of TiCly and diethyl malonate has been previously

synthesised and characterised to give compound [1]'%4. The

63



3.3 TITANIUM COMPLEXES 64

Table 5: Selected bond lengths A and angles (°) for tetrachloro(diethyl
malonate)-titanium(IV) [1] taken from”

C(3)-O(2)-Ti(1) 133.43) Cl(1)-Ti(1)-C1(3) ~ 95.1(1)
C(2)-0O(1)-Ti(1) 132.6(3) O(1)-Ti(1)-Cl(2) ~ 84.3(1)
O(1)-Ti(1)-O(2) 79:6(1)  Cl(3)-Ti(1)-Cl(2) 165.5(1)
O(1)-Ti(1)-Cl(3) 84.4(1) Cl(1)-Ti(1)-Cl(2)  94.4(1)
O(1)-Ti(1)-Cl(4) 91.7(1) C(3)-C(1)-C2)  113.3(3)
Cl(1)-Ti(2)-Cl(4) 97.7(1) O()-C(2-C(1)  124.7(3)

O(1)-Ti(1)-Cl(1) 170.6(1)  O(2)-C(3)-C(1)  124.4(4)

Cl(3)-Ti(1) 2.304(2) Cl(1)-Ti(1) 2.223(2)
Cl(4)-Ti(x) 2.225(2) Cl(2)-Ti(1) 2.27(2)
O(2)-Ti(1) 2.109(3)) C(2)-O(1) 1.229(5)
O(1)-Ti(1) 2.136(3) C(3)-C(1) 1.498(6)

C(2)-0(2) 1.305(5)(4) C(1)-C(2) 1.493(6)
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synthesis provided a way to ensure the reaction conditions
stipulated by Sobota el al% were repeatable. The reaction
progressed as described and a yellow product was isolated which
could be characterised by NMR and elemental analysis.
Recrystallisation of the yellow solid by layering dichloromethane
with hexane afforded yellow crystals. While these crystals were
suitable for single X-ray analysis it was not carried out as the
structure was already known, however, the unit cell was checked
and found to match the previous structure shown in Figure 31.
Selected bond lengths and angles for this structure are shown in

Table 5 for later comparison.

The 'H NMR of [1] showed § shifts of 0.8 ppm for CH; of the
ethyl group and 0.3 ppm for the CHj. This is a clear indication
that the TiCly has coordinated to the malonate, which has in turn
allowed the other oxygen to donate electron density to the a -carbon
causing the shifts from the original positions. The *C {*H} NMR
showed the terminal CH; next to the CHj3 has shifted downfield
towards zero by 7 ppm. This is because the electron density from
the ester has shifted towards the central CH, and towards the C=0,
this is also observed as the peaks have shifted upfield by 3 ppm.

The elemental analysis confirmed the result as expected.

The synthetic route to form the complex was optimised from
the literature by using a greater excess of TiCly. By using an excess
the chemistry was not altered, but it ensured all of the malonate
reacted. This was useful as an excess of malonate was problematic

as it is a viscous liquid which resulted in difficult crystallisation and
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Figure 32: Scheme to show the reaction of TiCly with the malonate ligands

purification. The excess TiCly was easily removed by washing with

hexane.

3.3.2 Synthesis of tetrachloro(bis isopropyl malonate)-titanium(IV) [2]

After the optimisation of conditions described above for
compound [1] bis-isopropyl malonate was used as a starting
material. The reaction scheme is shown in Figure 32. An excess of
TiCly was reacted with bis-isopropyl malonate to give compound
[2]. This provided a way to study the effect of changing the
R-groups on the chemistry and to synthesise novel compounds.
The synthesis proceeded in the same way as the diethyl malonate,
a yellow precipitate was formed and crystals were grown again

using a dichloromethane/hexane layering technique.

The 'H NMR of [2] showed the same shifts as the diethyl
malonate, therefore it was clear that the TiCly had coordinated to
the malonate without breaking it down. The -CH; peak in the
malonate next to the oxygen shifted from 5.05 ppm to 5.46 ppm.
The other -CH, peak between the two ketones shifted from 3.25

ppm to 3.96 ppm. The third peak for the -CHj protons shifts from
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cI3 Ci1

Crystal system triclinic

Space group P1
1 =6.6655(15) A  ®=90.000°
b=12954(3) A B=89.968(4)°
c=18.983(5) A 7 =90.000°

Figure 33: Crystal structure of tetrachloro(bis isopropyl malonate)-
titanium(IV) [2a]



Table 6: Selected bond lengths A and angles (°) for bis isopropyl malonate)-

3.3 TITANIUM COMPLEXES

titanium(IV)[2a]
Cl(3)-Ti(1) 2.2217(11)  Cl(1)-Ti(1) 2.2350(9)
Cl(4)-Ti(1) 2.2555(9) Cl(2)-Ti(1) 2.3423(10)
O(2)-Ti(z) 2.089(2) C(6)-O(1) 1.176(5)
O(1)-Ti(1) 2.123(3) C(4)-C(5) 1.449(6)
C(4)-0(2) 1.272(4)  C(5)-C(6) 1.511(6)
C(4)-0(2)-Ti(1) 129.5(3) Cl(1)-Ti(1)-Cl(3)  98.51(3)
C(6)-O(2)-Ti(1) 130.9(3) O(1)-Ti(1)-Cl(2) ~ 82.98(8)
O(1)-Ti(1)-O(2)  79.34(10) CI(3)-Ti(1)-Cl(2)  94.00(3)
O(1)-Ti(1)-Cl(3)  170.30(8) Cl(1)-Ti(1)-Cl(2) ~ 92.90(3)
O(1)-Ti(1)-Cl(4)  84.72(8)) C(6)-C(5)-C(4) 114.0(3)
Cl(1)-Ti(1)-Cl(4) ~ 97.12(3) O(1)-C(6)-C(5) 127.8(3)
O(1)-Ti(1)-Cl(1)  90.86(7) O(2)-C(4)-C(5) 125.5(4)
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1.20 to 1.47 ppm. These are all clear indications of coordination

which were backed up by single crystal X-ray analysis.

The crystal structure of [2] shown in Figure 33 looks similar to
that of the diethyl malonate complex previously reported. It shows
the titanium forming coordinative bonds with both the ketone and
oxygen atoms to give a six coordinate Ti centre. A distorted
octahedral geometry is adopted with the bond angles between the
two oxygen atoms bonded to the titanium being 79.34(10)°. This is
smaller than the expected octahedral angle of 9o°, which can be
explained by the chelating nature of the ligand and the relative
electronegativity of the 6 atoms surrounding the Ti centre. The
chlorine atoms are more electronegative so repel each other
strongly to give CI-Ti-Cl angles of 98.51(3)° at the extreme. Selected

bond lengths and angles are shown in Table 6.

The O-Ti-O angle which makes up a hexagon with 3 carbon
atoms, 2 oxygen atoms and 1 titanium atom is 79.34(10)°. This
angle is much smaller than the 120° which would be expected for a
flat hexagon. Although to some extent this can be explained by
puckering in the ring, it is considerably lower than expected. It is

o 100

lower than another reported O-Ti-O angle of 84°,'°° this is again

due to the strong electronegativity of the Cl atoms.

The titanium-oxygen bond length is 2.089(2) A which is longer
than  reported Ti-O bond lengths, such as in
[TiCl((OSi(SiMe3)2)2)]."°* The bond length is similar to that
observed in [TiCl4(THF);] at 2.15 A, as in this complex the THF
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was acting solely as a coordinating solvent forming a dative bond.
This further confirms that TiCly is coordinating to the ester groups

and not forming Ti-O covalent bonds.

The bond angles and lengths observed for compound 2 are very
similar to those recorded for compound 1'. This suggests that the
change of R-group from ethyl to isopropyl has had little effect on
the structure. This is not surprising as the isopropyl group differs
mainly in steric bulk and even this is by a relatively small amount.
There is little steric hinderence around the structure so larger R-

groups such as benzyl will be used to investigate this further.

When the product of the reaction of bis isopropyl malonate
with TiCly was crystallised, two types of crystals were observed,
block type [2a] and plate type [2b]. The other structure solved for
the compound is shown in Figure 34 and selected bond angles and
distances are shown in Table 7. This structure shows a bridging
oxygen between the two titanium centres with a loss of a Cl atom.
This was likely due to hydrolysis of the product during the
reaction as a result of a small amount of air entering the vessel.
The bridging oxygen stabilised the system and similar bridged
compounds have been reported before'® as it is easier to
crystallise when large stabilising ligands are removed. The bond
angles and distances are similar to those in compounds [1] and [2a]
with the new Ti-O-Ti bond angle being 177° which is as expected.
The dimer demonstrates how air/moisture sensitive this system is

and how any form of oxygen can stabilise the product.
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Crystal System monoclinic

Space group P21/c

unit cell dimensions @ = 18.335(16) A & = 90.000°
b =12.436(12) A B = 102.474(14)°
c=13.683(11) A 7 = 90.000°

Figure 34: Figure to show crystal structure of trichloro-O-(bis isopropyl
malonate)-titanium(IV) dimer [2b]



Table 7: Selected bond lengths A and angles (°) for bis isopropyl malonate)-

titanium(IV) [2b]

3.3 TITANIUM COMPLEXES

Ti(2)-O(1)-Ti(1)  177.2(5)

C(4)-0(2)-Ti(1)  131.6(7)

O(3)-Ti(1)-Cl(1)

87.3(2)

Cl(3)-Ti(1)-Cl(1) 100.27(13)

C(6)-0(3)-Ti(1)  132.6(7) O(1)-Ti(1)-Cl(2)  162.7(3)
O(1)-Ti(1)-0(2)  83.4(3) O(2)-Ti(1)-Cl(2) 81.6(2)
O(1)-Ti(1)-033)  84.1(3) O@3)-Ti(1)-Cl(2) 84.7(2)
O(2)-Ti(1)-0(3)  79.93) Cl(3)-Ti(1)-Cl(2)  94.37(12)
O(1)-Ti(1)-Cl3)  95.0(2) Cl(1)-Ti(1)-Cl(2)  96.20(15)
O(2)-Ti(1)-Cl(3)  92.5(2) C(6)-C(5)-C(4) 113.8(9)
O(3)-Ti(1)-Cl(3)  172.4(2) O(3)-C(6)-C(5) 124.3(9)
O(1)-Ti(1)-Cl(1)  96.4(3) O(2)-C(4)-C(5) 125.9(9)
O(2)-Ti(1)-Cl(1)  167.2(2)

O(1)-Ti(2) 1.740(7)  Cl(1)-Ti(1) 2.230(3)
O(1)-Ti(1) 1.865(7)  Cl(2)-Ti() 2.308(4)
O(2)-Ti(1) 2.128(7)  Cl(3)-Ti(1) 2.224(3)
O(3)-Ti(1) 2.135(8) Cl(4)-Ti(2) 2.374(3)
C(4)-0(2) 1.222(12)  C(4)-C(5) 1.502(14)
C(6)-0(3) 1.227(12)  C(5)-C(6) 1.501(14)
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Figure 35: NMR spectra to show iso-propyl malonate coordinated to TiCly
and then dissociated, both are compared to the starting material
shown at the bottom

Comparing the bond angles and lengths of the dimeric species
with the monomeric species gives an idea of what stabilising effect
the bridging oxygen has had on the system. The bridging oxygen
has bond lengths to the titanium atoms of 1.865(7) A and 1.740(7)
A, which are much closer to a typical Ti-O single covalent bond of
1.75A. The Ti-Cl bonds are the same as with the monomer with the
longest Ti-Cl bond length of 2.308(4) A observed for the chlorine
closest to the malonate. This is due to the electron density around
the malonate ester forcing the Cl atom out slightly from its usual
position increasing the bond length. Titanium is known to be very

oxophilic'*

so it is this that forces the oxo-bridging. The evidence
from looking at the bond distances, suggests that the bridging
oxygen atom stabilises the dimer as the Ti-O bond distance is

around 1.8 A instead of the 2.25 A observed for TiCly.

After observing a reaction with air and complex [2a] forming

[2b] further experiments were carried out to understand the
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reactivity with air. A portion of the compound was then exposed
to air, this yielded a white solid which was a mixture of
bis-isopropyl malonate and TiO,, a residue of which was used to
obtain 'H NMR. The 'H NMR showed a match to the NMR of
bis-isopropyl malonate, the starting material. Therefore it is clear
that the TiCly can coordinate and disassociate with the malonate
without breaking down any bonds in the ligands. In an air free
environment, such as the industrial plant, this reaction could be
reversible and the malonate could go on to react with other species
such as VOCl3. The 'H NMR of before and after air exposure are
shown in Figure 35 in comparison to the starting ligand. The peaks
clearly shift upfield when coordinated to TiCly and then revert to

their original position when dissociated.

3.3.3 Synthesis of tetrachloro(di-tBu malonate)-titanium(IV)

Di-tBu-malonate was reacted with an excess of TiCly for 2 hrs. A
similar yellow precipitate was observed as before and the precipitate
was washed and dried. However, when deuterated chloroform was
added to attempt to record NMR data it was found to be insoluble,
this was also true for all easily available NMR solvents so NMR data
could be collected. Crystals of this product could not be formed so

further analysis was not continued.

3.3.4 Synthesis of tetrachloro(di-Benzyl malonate)-titanium(IV) [3]

Dibenzyl malonate was reacted with an excess of TiCly in
anaerobic conditions. Benzyl provided a fourth mechanism to look

at larger R groups after the inability to crystallise bis-tBu malonate.
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As with the other reactions a yellow precipitate formed
immediately. The reaction was left stirring for 2 hrs to ensure a full
reaction, the product was then filtered and dried. The powder was
analysed by NMR and then re-crystallised by dissolving in
dichloromethane and layering with hexane. Yellow crystals of
compound [3] were afforded over night and were analysed using

single crystal X-ray diffraction.

The '"H NMR of [3] showed clear shifts within the proton
positions indicating coordination. The 3 main peaks relating to the
ester bridging carbons, the carbons between the ester and benzene
ring, and the benzene ring all shifted downfield. The largest shift
was for the carbons between the ester groups which shifted by o.5
ppm from 3.5 ppm to 4.0 ppm, it is closest to the titanium
tetrachloride and adjacent to the affected ketone bond. The other
CH; group was shifted by 0.3 ppm from 5.2 ppm to 5.5 ppm and

even the benzyl peaks were shifted 0.1 ppm from 7.4 ppm to 7.5

From the 13C {{H} NMR it was not possible to make out the
C=0 peak due to the peak height being in-discriminant amongst
the noise. The other peaks in the spectrum do not shift from the

neat dibenzyl malonate.

Crystals of compound [3] were analysed by single crystal X-
ray diffraction, the results of which are shown in Figure 36 along
with selected bond lengths and angles in Table 8. The structure of

[3] was found to be similar to that of compounds [1] and [2] as a
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CI2 Cl4 Ci3

Crystal System monoclinic

Space group P24

Unit cell dimensions a = 16.3215(4) A & = 90.000°
b=09.5645(2) A B =90.069(2)°
c=19.7379(4) A v = 90.000°

Figure 36: Figure to show crystal structure of [3]
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Table 8: Selected bond lengths A and angles (°) for compound [3]

Ti1-Cl1 2.300(2) 0O2-C1 1.237(12)
Ti1-Clg 2.206(3) 0O4-C3 1.231(11)
Ti1-Cl3 2.224(3) C3-C2 1.489(12)
Ti-Cl2 2.211(3) C1-C2 1.481(12)
Ti1-O2 2.119(7) Ti1-O4 2.139(6)

Clg-Ti1-Cl1  165.39(13) 0O2-C1-C2 125.2(8)
Cl3-Ti1-Cl1  95.18(11) 0O4-C3-C2 121.6(8)
Cl2-Ti1-Cl1  94.93(10) C3-O4-Ti1 132.2(6)
Cl2-Ti1-Cl3  99.54(13) C1-O2-Ti1 133.9(5)
O2-Ti1-Cl1 84.0(2) C1-C2-C3 115.3(9)
O2-Ti1-Clg 84.8(2) 0O2-Ti1-Cl2  170.8(2)

O2-Ti1-Cl3  89.64(19) 0O2-Ti1-O4 79.7(3)
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N N
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Figure 37: Chemical structure of diethyl succinate

monomeric species with one malonate bidentate ligand coordinated,

was formed.

The bond lengths for the Ti-Cl bonds can be grouped into two
pairs, one where the length is on average 2.30 A and the other on
average 2.22 A. It is clear from Figure 36 that this is due to the
proximity of the oxygen atoms. The chlorine atoms trans to the
oxygen atoms lie closer to the titanium centre as there is less steric
hinderance for the O atoms. It again shows a distorted octahedral
geometry with the O-Ti-Cl angle for the trans position being
170.8(2)°. Comparing these bond lengths with the structures of the
di-ethyl malonate and bis-isopropyl malonate it can be seen that
two of the CI bond lengths are consistent, however, the Cl atoms
trans to the ketone show differing bond lengths. They range from
2.2217(11) A to 2.3423(10) A in the case of the bis-isopropyl
malonate, whereas in compound [3] they are equal at 2.300(2) and
2.296(3) A. The di-ethyl shows the bond lengths at 2.27(2) A and
2.304(2) A. This is due to the different R-groups and is related to

the stacking effects of the other nearby structures.
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Figure 38: 'TH NMR of diethyl succinate shown in blue compared to
tetrachloro(diethyl succinate)-titanium(IV)[4] shown in red

Table 9: Selected  bond  lengths A  and angles (°) for
tetrachloro(diethylsuccinate)-titanium(IV)[4]

Ti(1)-O(1) 2.1101(13) C(3)-C(4) 1.498(2)
Ti(1)-Cl(2) 2.2379(8)  C(4)-C(4)1 1.540(3)
0(2)-C(3) 1.3109(17)

O(1)'1-Ti(1)-O(1)  86.26(7) O(1)-Ti(1)-Cl(1)!  86.39(4)
Cl(1)-Ti(1)-Cl(1)1  166.23(3) Cl(2)-Ti(1)-Cl(1)"  93.12(3)
O(1)-Ti(1)-Cl(2) 88.39(5) O(1)-Ti(1)-Cl(1) 83.57(4)
C(3)-0(1)-Ti(1) ~ 136.55(10) Cl(2)-Ti(1)-Cl(1)  95.99(3)
O(1)-Ti(1)-Cl(2)!  173.87(3) O(1)-C(3)-C4)  124.26(12)

Cl(2)-Ti(1)-Cl(2)!  97.10(4) C(3)-C(4)-C(4)"  112.95(12)
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cl' cl2

C1

C2

C3
02

C4

Crystal system monoclinic

Space group C 2/

Unit cell dimensions a = 16.659(5) A a= 90.000(5)°
b=8542(5) A B =98.836(5)°
c=10371(5) A 7 = 90.000(5)°

Figure 39: Crystal = structure = of  tetrachloro(diethyl  succinate)-
titanium(IV)[4]
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3.3.5 Synthesis of tetrachloro(diethyl succinate)-titanium(IV) [4]

To consider similar ligands with di-ester groups diethyl
succinate was reacted with TiCly. Diethyl succinate has 3 bridging
carbons between the ester groups as opposed to the 2 bridging
carbons of the malonate as shown in Figure 37. The reaction of the
TiCly with diethyl succinate proceeded in the same way as those
with malonates forming a yellow solid product [4]. Compound [4]
was analysed by elemental analysis and found to match the
calculated results for the same predicted compound. Crystals
suitable for single X-ray diffraction were grown from a solution of

dichloromethane layered with hexane.

The 'H NMR, shown in Figure 38, with peaks for [4] indicated
in red are overlayed above the spectrum for pure diethyl succinate
for comparison. The 3 peaks representing protons A, B and C were
observed at 1.0 ppm, 2.55 ppm and 4.05 ppm. Protons A are
furthest from the ester group so have the lowest chemical shift,
they also have the lowest change in chemical shift as they are
furthest from the titanium centre when coordinated. The shift on
coordination is 0.27 ppm which for a terminal CHj is a large shift.
Protons C correspond to the CH; group for a terminal CHj
bonded to the ester oxygen, and hence this peak is shifted by o.5
ppm upon coordination. Protons B corresponding to the two CHj
groups which are bridging the two ester groups and are shifted by

0.5 ppm clearly indicating the coordination of TiCly to the ligand.
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Figure 40: Structure of cis-CoHp (CO,CHCHs ),
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Figure 41: Structure of [Cis — Co;Hp(CO2CHCHs), TiCly]

The crystal structure for compound [4] is shown in Figure 39
along with the bond angles and distances shown in Table 9. A
monomeric structure similar to compounds [1] and [2] was formed
with the titanium centre bonded to the two ester groups and the
four chlorine atoms. The main difference to compounds [1] and [2]
which incorporates the malonate, is a greater O-Ti-O bond angle
(86°), which is due to [4] having a 7 membered ring formed from
coordination of the succinate ligand with 4 carbons, 2 oxygens and
1 titanium atom. The angle is still smaller than would be expected
for a 7 membered ring due to the strong electronegativity of the
chlorine atoms. This compound therefore likely to be strained and

more unstable than the malonate structure.
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Table 10: Bond angle data comparing Kokkonen’s structure to the
structure obtained through this work

Kakkonen structure | Compound [4]

angle® angle®

O-Ti-O 81 86
Ti-O-C3 145 136
0-C3-C4 126 124
C3-C4-Cy4' 129 113

Kakkonen el al' synthesised a similar molecule that was
derived from cis-CoHp(CO,CH;CHj3), (shown in Figure 40) which
had an alkene group bridging the two ester groups as shown in
Figure 41. The internal angles of the structure reported by
Kakkonen et al are shown in Table 10 and compared with the
internal angles observed in compound [4]. A smaller O-Ti-O angle
of 81° (compared to 86°) was observed. The alkene bond forces the
C3-C4-C4' angle out to 129° as expected and there is also an
increase in the Ti-O-C angle. This is likely to be due to the ligand
being more planar than the succinate in compound [4] and hence

the alkene stabilises a more planar structure.

3.3.6  Synthesis of tris titanium tetrachloro di-glyceroltribenzoate [5]

Having synthesised many TiCly diester complexes to show how
TiCly coordinated to the ligands it was important to relate this back
to the industrial plant. The diester ligands represented the glycerol
end of the oil in a simple fashion. Reactions of TiCly with the oil
directly yielded an insoluble black polymer like material of which
analysis proved challenging at a molecular level. Glycerol benzoate

was therefore used as it has the same glycerol group as the oil, but
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Figure 42: Structure of glycerol tribenzoate.

instead of long chained hydrocarbons it has three benzene groups,

as shown in Figure 42.

Glycerol benzoate was reacted with excess TiCly under
Schlenk conditions in hexane. Since glycerol benzoate was poorly
soluble in hexane, it was added as a solid, not dropwise as before.
The reaction was not as fast as the reactions previously described
involving malonates and succinate due to the solid nature of the
starting material. However, after two hours a yellow product,
compound [5] had formed, which was washed with hexane and
dried in vacuo. Re-crystallisation was attempted by layering with
hexane after dissolving in dichloromethane however, no crystals
were observed. Crystals suitable for single crystal X-ray
crystallography were grown by making a concentrated solution of

[5] in dichloromethane and cooling to -10°C for 1 month.

The 'H NMR spectrum for glycerol tribenzoate is very
interesting before the addition of any metal chloride. The spectra
for neat glycerol tribenzoate and compound [5] (TiCl4 coordinated

to glycerol tribenzoate) are shown in Figure 43. The figure shows
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Figure 43: 'H NMR spectra of glycerol tribenzoate (red) and compound
[5] (blue). The top spectra shows the entire range where peaks
are present with labels to show where the protons are on the
molecule. The bottom two spectra show areas B and P zoomed
in to show coordination shifts.
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Crystal System triclinic

Space group P-1

Unit cell dimensions a = 9.9955(3) A & = 71.868(2)°
b=13.9772(3) A B =76.307(2)°
c=14.4644(4) A v =77.073(2)°

Figure 44: Crystal structure of [5]. Two dichloromethane molecules were
observed in the unit cell but have been removed for clarity
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the complexity of the spectra for neat glycerol tribenzoate in red.

There are two sets of doublet of doublets at around 4.7 ppm, where

eight peaks are observed because the two protons on carbon B are

not equivalent and therefore couple to each other and to proton A.

The protons around the benzene ring are also interesting as C; and
C; are not equivalent due to the nature of the glycerol centre, this
is shown clearly for the ortho-phenyl protons observed at 8.05 ppm

(see in the bottom right spectra of Figure 43).

The 'H NMR spectrum for compound [5] where glycerol
tribenzoate is coordinated to TiCly shows shifts for the protons on
the benzene ring (C) and the CH, group (B) of the glycerol. One of
the doublet of doublets shifts by 0.0y ppm downfield, the other
doublet of doublet at 4.7 ppm shifts by 0.2 ppm. These different
shifts show how the two hydrogens are in a different environment
and by studying the crystal structure, the hydrogens are closer to
the titanium centre causing a greater shift. The benzyl peaks also
shift by between 0.05 ppm and o.2 ppm depending on the proton
and whether it is attached to C; and C; rings. Coordination to
TiCly increases the gap between the peaks for groups C; and C; for
the meta and para protons which are now observed at 8.15 ppm

and 8.25 ppm.

The 3C {'H} NMR shows shifts for the various groups once
coordination to TiCly takes place. The C=O peaks shift upfield
from 174 ppm to 168 ppm, which is due to the dative bond of the
ketone to the titanium centre reducing the electron density around

the carbon. The benzene peaks do not shift, however, the glycerol
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Figure 45: Chemical structure of compound 5 shown as a simple chemical
structure to aid understanding of bonding positions

peaks corresponding to carbon B at 68 ppm and A at 76 ppm shift

to 64 ppm for B and 72 ppm for A. Which is due to the ester

oxygen donating electron density away from the central glycerol

molecule towards the ketone on coordination to TiCly.

Compound [5] was analysed by single crystal X-ray
crystallography the results of which are shown in Figure 44 and
selected bonds and angles given in Table 11. The chemical
structure of compound [5] is shown again in Figure 45 for clarity
as the structure is hard to visualise in Figure 44. The structure
shows two environments for compound [5] for the TiCl; bound to
the glycerol tribenzoate. The first observed environment is around
Ti(1) where the titanium is bonded to four chlorine atoms and also
to two ketones of the glycerol tribenzoate ligand as observed for
the malonate structures [1-3]. The bond distances and angles

observed around this titanium centre which adopts a distorted
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Table 11: Selected bond lengths A and angles (°) for compound [5]

Ti1-Cl2 2.2235(8) 06-C18 1.239(3)
Ti1-Cl3 2.2259(9) 0O5-C18 1.311(3)
Ti1-Cl1 2.2938(8) O5-C1y 1.460(3)
Ti1-Clg 2.2756(9) C17-C16 1.506(4)
Ti1-O1 2.1010(19) C16-C15 1.533(4)
Ti1-O2 2.123(2) 0O3-Cis 1.452(3)
Ti2-Cl18 2.2301(8) 0O4-C16 1.453(3)
Ti2-Cl5 2.5000(8) O4-C1 1.331(3)
Ti2-Cly 2.2329(8) 0O3-C8 1.329(3)
Ti2-Cl6 2.2186(9) O1-C8 1.227(3)
Ti2-O6 2.020(2) 0O2-C1 1.229(3)
Cl3-Ti1-Cl2 94.63(3) C15-C16-O4 108.5(2)
Cl1-Ti1-Cl2 93.61(3) C17-C16-O4 106.3(2)
Cl1-Ti1-Cl3 96.02(4) C15-C16-C1y7  112.7(2)
Cls-Ti1-Cl1 162.38(4) C16-C17-Os5 106.6(2)
O1-Ti1-Cl2 177.38(6) C18-O5-C17 119.4(2)
0O1-Ti1-Cl3 87.97(6) 06-C18-O5 121.1(3)
O1-Ti1-Cl1 85.85(6) O6-Ti2-Cl18 88.69(6)
0O1-Ti1-Cly 84.49(6) 0O6-Ti2-Cls 82.68(6)
02-Ti1-O1 83.60(8) 0O6-Ti2-Cly 171.72(7)
C8-O1-Ti1 170.7(2) O6-Ti2-Cl6 90.13(6)
C1-O2-Ti1 164.30(19) O6-Ti2-Clsi 84.63(6)
02-C1-O4 121.9(2) Cl7-Ti2-ClI8 96.57(3)
01-C8-0O3 121.1(3) Cl6-Ti2-ClI8 98.35(3)
C8-03-C15 116.1(2) Cl5-Ti2-CI8  167.70(4)
C1-0O4-C16 117.4(2) Clsi-Ti2-ClI8 92.11(3)
C16-C15-O3 109.7(2) Clsi-Ti2-Cls 78.41(3)
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octahedral coordination geometry are all similar to those observed
for compound [3]. The bridging atoms between the two ketone
groups are more difficult to compare with previous structures, the
backbone is longer and the ester oxygen atoms form part of the
backbone. The major difference this has caused to the geometry
around the titanium centre is an increase in the O-Ti-O angle from
79.7(3)° in [3] to 83.60(8)° for [5]. This reduces the distortion for the
octahedral geometry as the oxygen atoms are forced apart by the
larger backbone which compensates for the stronger

electronegativity of the Cl atoms.

Glycerol tribenzoate contains 3 ester groups as opposed to the
2 ester groups shown in the malonates. This thesis has shown that
a diester binds strongly to TiCly in an octahedral geometry. This
third ester group complicates the structure. The titanium centre is
oxophilic therefore each ketone group is going to be involved in

the bonding to the titanium centre in some way. Ti(1) binds as seen

for compound [1-4], however, Ti(2) binds in a different fashion.

Instead of a second ketone group from another glycerol tribenzoate
molecule binding to the Ti centre a dimeric species is formed. This
dative interaction from two different ketones to different titanium
centres results in a Cl bridged dimer which has been reported
before. Gau et al took the simple reaction of 2-propanol of TiCly to

give a simple TiClg dimer as shown in Figure 46.'® The crystal

data from this study matches the data observed for compound [5].

The bridging Ti-Cl bond of 2.5000(8) A is longer than the terminal

Ti-Cl bond distances observed of on average 2.25 A. These are a

good match to the Gau structure which were between 2.48-2.41 A.
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The Ti-O bond length is shorter than Gau’s bond length reported at
1.700(5) A, with the Ti-O bond length for [5] being 2.020(2)A. This
is different as we are comparing an alcohol bonding to that of a
ketone, the alcohol forms a stronger bond possibly due to
hydrogen bonding of the H atom. Gau reported a further step in
the reaction which further stabilises the product by the O-H

hydrogen bonding to one of the CI atoms on the titanium.

3.3.7 Synthesis of tetrachloro(acac)-titanium(IV) [6]

The acac ligand derived from acacH is a commonly used
inorganic ligand as it is facile to remove the hydrogen bound to the
bridging carbon between the two ketones. A simple search on the
Cambridge structural database shows over 5000 crystal structures
published with the acac ligand present. Searching for acac

coordinated to titanium centres produces 7o structures showing

how commonly the system has been used compared to malonates.

There are three reported structures of titanium acac complexes

with two or more chlorines. 19410599

Cox el al'* reported the reaction between TiCly and acacH to
give a structure where two acac groups have coordinated to the
metal centre with the two remaining chlorine atoms appearing
trans to each other. Ferguson et al%9 reported the cis structure in
2001 when reacting TiCly and acacH, it was believed to be cis
previously but not proven through crystallography until 2001. The
cis structure with two acac groups was synthesised with a three
fold excess of acacH. When molar equivalents of acacH and TiCly

are used, a dimer with two titanium centres with one acac group
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3.4 CONCLUSION

each results.’® This experiment was repeated in this project to
ensure the same product was observed when an excess of TiCly
was used to mimic the conditions in the plant. A summary of the

reaction schemes for previous studies are shown in Figure 46.

An excess of TiCly was reacted with acacH and stirred at room

temperature for 2 hrs. An orange precipitate was formed

immediately and this precipitate was washed and dried in vacuo.

The 'H NMR spectrum of the orange solid was recorded in
deuterated chloroform and the product was crystallised by
dissolving in dichloromethane and layering with hexane. This
afforded red crystals similar to those reported by Serpone el al.">
The unit cell of the crystals were obtained and found to correspond
toa=831A,b=1069A and c = 10.38 A, with angles of 90°, 94°
and 9o°. The unit cell shows a good agreement to the structure
already reported so the full structure was not obtained. Therefore
when an excess of TiCly is reacted with TiCly it can be concluded

that a Cl bridged dimer is formed.

3.4 CONCLUSION

This chapter has looked into the reactions of TiCly with ester
groups. The ester group is a good equivalent to the more
complicated glycerol group observed at one end of the soya oil
molecule. Therefore this chapter has given information on how
soya oil will react with TiCly when used in industry. Glycerol
tribenzoate was also studied to ensure the information gathered

could be compared to the glycerol end of the oil.
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This chapter has shown that the diester binds coordinatively
to the titanium centre forming an octahedral complex with none of
the chlorine atoms having been lost. It showed that the R group on
the malonate was not important and therefore, long chained
hydrocarbons as seen in soya 0il, could be present and the same
chemistry would be observed. This was key as working with C18
chains provides many difficulties with purification and solubility.
The reaction with glycerol tribenzoate confirmed that the diester is
a good equivalent to the glycerol end as the bonding observed was
similar. There were two types of bonding in the glycerol
tribenzoate due to the three ketone groups on the molecule.
However, even in the binuclear titanium centre no chlorine atoms

were lost from either titanium centre.

All compounds synthesised in this chapter (except the acacH
which does not relate to the glycerol) show coordination of the
ester groups to the titanium centre without the loss of chlorine
atoms. This shows that in the right conditions the reaction could be
reversible releasing TiCly back into the mixture. This is key for the
industrial purification of TiCly as the amount of TiCly is in large
excess to the VOCI;. Therefore, in synthesising novel compounds
this chapter has provided a mechanism to understand how the
soya oil can react with the TiCly, coordinate to it and not be broken
down. In the following chapter the reaction of the same esters with
VOCI; will be studied to investigate what differences can be

observed at a molecular level.
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3.5 EXPERIMENTAL

3.5 EXPERIMENTAL

All reactions were carried out under argon obtained from BOC
in anhydrous solvents using standard Schlenk techniques. The
solvents were dried using a stills system. Anhydrous TiCl4 and
malonate starting materials were purchased from Sigma Aldrich;

all were used without further purification

H and 3C{'H} NMR spectra were obtained on a Bruker AV-
600 Mz spectrometer, operating at 295 K and 600.13 MHz ('H).
Signals are reported relative to SiMe4 (6 = o0.00 ppm) and the
following abbreviations are used s (singlet), d (doublet), t (triplet),
q (quartet), m (multiplet), b (broad). Deuterated CDCl; was
obtained from GOSS Scientific and was dried and degassed over 3

A molecular sieves.

3.5.1 Synthesis of tetrachloro(diethyl malonate)-titanium(IV) [1]

Diethyl malonate (0.5 cm?, 3.3 mmol) was added dropwise to 1 cm?
of TiCl4 (9.1 mmol) in 50 cm?® of hexane and stirred under nitrogen
for 2 h. An excess of TiClg was used as excess TiCly is facile to
remove from the reaction after completion. A yellow precipitate was
immediately formed and the reaction was stirred for a further 2 h
to ensure a complete reaction. The yellow precipitate was filtered
and washed three times with 20 cm® hexane and dried in vacuo to
afford complex [1] in good yield (0.9 g, 78%). Some of the product
was re-dissolved in 5 cm® of dichloromethane and layered with 15
cm?® of hexane. Crystals immediately began forming and after 12 h

a number of large crystals were formed. 'H NMR (CDCl): § 4.76
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3.5 EXPERIMENTAL

(b, 4H, -CHy), J .05 (s, 2H, -CHy), § 1.47 (t, 6H, - CH3s, ] = 7.08 Hz).
13C {(TH} NMR (CDCl3): § 14.0 (-CH3), 37.7 (-CH>), 68.0 (-OCH)),
173.4 (C=0). Analysis calculated for TiCl4C;O4H15: C, 24.03; H, 3.46.

Found: C, 23.81; H, 3.45.

3.5.2 Synthesis of tetrachloro(bis isopropyl malonate)-titanium(IV) [2]

The same synthetic procedure was followed as for complex [1] and
yellow crystals were again formed from a dichloromethane
solution layered with hexane. A good yield was isolated (0.8g,
63%). The molecular structure of [2] was determined by X-ray
crystallography. TH NMR (CDCls): 6 5.46 (b, 2H, -CH),é 3.95 (b, 2H,
-CHy), 6 1.47 (d, 12H, -CH3, ] = 6.20 Hz). 13C {{H} NMR (CDCl3): §
21.7 (-CHjs), 38.0 (-CHy), 54.8 (-OCH3), 172 (C = O). Analysis
calculated for TiCl;CoO4H14: C, 28.60; H, 4.27. Found: C, 26.03; H,
3-45-

3.5.3 Synthesis of bis t-Bu Malonate-titanium(I1V) chloride

Bis-tBu malonate (0.5cm3, 2.2 mmol) was added dropwise to 2 cm?
of TiCl4 (18.2 mmol) in 50 cm® of hexane and stirred under nitrogen
for 2 h. A yellow precipitate formed immediately, and the reaction
stirred for 2 h to ensure a complete reaction. The yellow precipitate
was filtered off and washed 3 times with 10 cm? hexane and dried in
vacuo,to give a good yield (3.01g, 75%). As the solid did not dissolve
in dichloromethane, hexane or any other suitable solvent, no NMR
data could be recorded. A crystal suitable for X-ray analysis could

not be grown.
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3.5.4 Synthesis of tetrachloro(dibenzyl malonate)-titanium(IV) [3]

The same synthetic procedure was followed as for complex [1] and
yellow crystals were again formed from a solution layered with
hexane. Again, a good yield was recovered (1.2g, 77%). The
molecular structure of [3] was determined by X-ray
crystallography. 'H NMR (CDCl3): 6 7.5 (m, 10H, Ph), 6 5.5 (b, 4H,
-CHb), § 4.0 (b, 2H, -CH,). 13C {17/} NMR (CDCl3) 38.0 (-CH>), 73.0
(-OCHy), 129-130 (-Ph). Analysis calculated for TiCl4C1504Hq: C,

43.08; H, 3.40. Found: C, 43.24; H, 3.40.

3.5.5 Synthesis of tetrachloro(diethyl succinate)-titanium(IV) [4]
Diethyl succinate (0.5cm?, 3.3 mmol) was added dropwise to 2 cm?
of TiClg (18.2 mmol) in 50 cm? of hexane and stirred under nitrogen
for 2 h. A yellow precipitate formed immediately, the reaction was
stirred for 2 h to ensure a complete reaction. The yellow precipitate
was filtered off and washed three times with 10 cm® hexane and
dried in vacuo, to afford complex [4] in a good yield (0.9 g, 75%).
The product was re-dissolved in 5 cm? dichloromethane and layered
with 10 cm® hexane. Small crystals formed overnight and were large
enough for the crystal structure to be obtained. 'H NMR (CDCl5): 6
4.61 (q, 4H, -CHy, J=14.3 Hz), 4 3.08 (s, 4H, -CH>), 6 1.46 (t, 6H, -CH3,
J=14 Hz). 3C {1} NMR (CDCl3): 6 14.1 (-CH3), 29.2 (-CH,CHy,), 66.2
(-OCHy), 179 (C = O). Analysis calculated for TiCl4CgO4H14: C, 26.4;
H, 3.88. Found: C, 26.41; H, 3.40.
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3.5.6  Synthesis of glycerol tribenzoate TiClg [5]

Glycerol Tribenzoate (0.5 g, 1.2 mmol) was added gradually to 2
cm?® of TiClg (18.2 mmol) in 50 cm® of hexane and stirred under
nitrogen for 2 h. A yellow product was formed, filtered with
hexane and dried in vacuo to afford [5] in a good yield (1.6g 75%).
Recrystallisation was attempted by layering dichloromethane with
hexane but the solid crashed out of solution rapidly affording no
suitable crystals. Crystallisation was then attempted by dissolving
the yellow solid in a minimum amount of dichloromethane and
cooling to -10 °C. After 1 month X-ray suitable crystals were
grown. I'H NMR (CDCls): 6 8.27 (d, 2H,0-CH, J=7.7 Hz), 8.17 (d,
4H, 0-CH, J=7.7 Hz), 7.69(t, 1H, p-CH)(7.7 Hz), 7.65 (t, 1H, p-CH,
J=7.7 Hz), 7.53 (t, 1H, m-CH, J=7.7 Hz), 7.50(t, 1H, m-CH, J=7.7 Hz),
5.82 (quin, 1H - OCH, J=5.1 Hz), 4.98(dd, 2H, - CHy, ] = 4.8Hz,
12.3Hz), 4.75(dd, 2H, -C Hy, J=4.8 Hz, 12.3 Hz). 13C {{H} NMR
(CDClz): 63.54 (CHy), 72.23(CH), 129 (0-CH), 131 (p-CH), 135
(m-CH), 168 (C = O). Analysis calculated for TiyCl16CsgO12Hag: C,
36.64; H, 2.95. Found: C, 37.62; H, 2.98.

The crystal structure was determined using single crystal X-ray

diffraction.

3.5.7 Synthesis of tetrachloro(acac)-titanium(1V) [6]

AcacH (0.5cm?, 4.87 mmol) was added dropwise to 2 cm® of TiCly
(18.2 mmol) in 40 cm? of hexane and stirred under nitrogen for 2 h.
An orange precipitate formed immediately, and the reaction stirred
for 2 h to ensure a complete reaction. The yellow precipitate was

filtered off and washed three times with 10 cm® hexane and dried in
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3.5 EXPERIMENTAL

vacuo, to afford the complex [TiClz(acac)] in a good yield (0.8g, 65%).

Some of the product was re-dissolved in 3 cm?® dichloromethane
and layered with 10 cm® hexane. Large crystals formed overnight
and were analysed using single X-ray Crystallography. 'H NMR
(CDClg): 6 6.00 (s, 1H, CH), 6 2.17 (s, 6H, CHz). *C {*H} NMR
(CDCl3): 4 187 (-C=0), ¢ 109 (CH), ¢ 25 (CHj3).
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REACTIONS OF VANADIUM CHLORIDES WITH
DIESTERS

4.1 VANADIUM OXYCHLORIDE COMPLEXES

In the previous chapter the mechanism for the reaction of
TiCly with ketones and esters were established. This chapter
investigates how VOCI; reacts differently with the esters and
ketones, and studies how this could explain a mechanism for the

removal of VOCI; from TiCly in the industrial plant to make TiO,.

With the exception of the [TiCly(acac);] and the [TiClzacac]
reaction, all the TiCly reactions proceeded to form coordinated
complexes without the loss of any chlorine atoms. This work was
initiated to investigate differences between the two, if VOCl; were
to form similar products it would give us no information on the

difference in reactivity.,

The titanium chloride complexes formed interesting
coordination complexes with malonates and other diesters giving
highly moisture sensitive but clean products. The VOCI;
complexes are much more difficult to isolate and tend to form oily
products. The differences between vanadium and titanium will be

exploited in this investigation.
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4.1 VANADIUM OXYCHLORIDE COMPLEXES

4.1.1  Reaction of VOClI3 with diethyl malonate [7]

The reaction to yield complex [7] was carried out in a similar way to
the reactions with TiCly but using an excess of VOCI3. The product
[7] was a dark red/purple precipitate which formed an oil during
the 2 hours of the experiment. The analysis was therefore carried out
quickly and the crystals were formed by layering a dichloromethane
solution of the oil with hexane. The crystals did not form quickly
and cleanly as in the case of the titanium crystals, however, they
grew over the course of a few weeks and were suitable for single

crystal X-ray crystallography.

The 'H NMR of [7] showed shifts of around 0.2 ppm for all
three of the peaks in the spectrum, this indicates coordination of the
ligand to vanadium as previously observed for titanium. The peaks
were broader than for the titanium complex because vanadium (IV)
is paramagnetic. The integrals of the peaks show that there has been
no loss of protons during the experiment. However, as the 'H NMR
can only give us information about the organic species it does not

elucidate the coordination geometry around the vanadium centre.

The crystal structure was obtained for compound [7], however
after comparing the solved structure to the Cambridge structural
database (CSD) it was found that the structure had already been
reported. The structure of [7] was tetrameric with four vanadium
centres and four malonate ligands. The unit cell obtained for [7]
was different to that reported in the previous study and therefore

the full structure was obtained.
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Figure 47: Crystal structure of [7], one malonate ligand is shown for clarity,
O17 and O18 are part of a malonate as are 013,014,09 and O1o.
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Table 12: Selected bond lengths A and angles (°) for compound [7]

O(4)-V(1) 2.021(11) C(3)-0() 1.222(19)
O(1)-V(1) 1.622(10) C(5)-0(6)  1.248(19)
O(6)-V(1) 2.157(11) C(3)-Cl4)  1.44(2)
O(5)-V(1) 2.097(11) Cl4)-C(5)  1.49(2)
Cl(1)-V(1)  2.311(5) O(4)-V(2) 1.645(11)
Cl(2)-V(1)  2.313(5) O(1)-V(4) 2.029(10)

O(5)-C(3)-C(4) 126.5(16) O(4)-V(1)-O(6)  79.5(4)
C(3)-C4)-C(5) 117.7(16)  O(5)-V(1)-O(6)  80.3(4)
O(6)-C(5)-C(4) 122.9(16) O(1)-V(1)-Cl(1)  97.5(4)
V(2)-O(4)-V(1)  174.8(7) O(4)-V(1)-Cl(r)  90.7(3)
V(1)-0(1)-V(g)  172.1(6) O(5)-V(1)-Cl(1)  167.3(4)
C(3)-0(5)-V(1) 1323(12) O(6)-V(1)-Cl(1)  87.7(3)
C(5)-0(6)-V(1) 132.0(11) O(1)-V(1)-Cl2)  99.9(4)
O(1)-V(1)-O4)  93.8(5) O@4)-V(1)-Cl(2)  165.0(3)
O(1)-V(1)-O(5)  94.0(5) O(5)-V(1)-Cl(2) ~ 89.9(3)
O(4)-V(1)-O(5)  83.1(4) O(6)-V(1)-Cl(2)  86.3(3)

O(1)-V(1)-0(6)  171.6(5) Cl(1)-V(1)-Cl(2) 93.49(19)




4.1 VANADIUM OXYCHLORIDE COMPLEXES

The structure was originally obtained by Sobota et al.’*® The
compound was synthesised as described in equations 6, 7 and 8.
As the equations show the compound was formed by reaction of
[Vo(u — Cl),ClL{CH;,(COzEt), }2] with oxygen. The compound
reported by Sobota et al resulted due to an accidental addition of
oxygen to the crystallisation flask. The compound matches exactly
what was seen for the reaction of VOCl3 with diethyl malonate.
However, in the reaction reported here the oxygen bridges most
likely derive from the V=0 bond in the VOClI; starting material

and not from oxygen in the air.

2 VCly + 4 MeCO,Et — [Vz(]/t — C1)2C14 (MeCOzEt)4] (6)

[VZ(,M — C1)2C14 (MeCO2Et)4] + 2 CH, (COzEt)z —
[V (1 — C1)2Cl4 { CH, (COzEt); }2] + 4 MeCOZEt (7)

104

2 [Vz(]i — C1)2C14{CH2(C02E’[)2}2] +02;A>LC1_ [{VOClz [CHQ_ (CO2Et)2}4]

(8)

The crystal structure of compound [7] shows the formation of
a tetrameric molecule with four bridging oxygens and four
vanadium atoms. Each vanadium centre has lost a Cl atom (from
VOCI3) and the octahedral and the coordination sphere is filled
with a further V-O bond. Therefore, each vanadium has 4 V-O
bonds which have lengths of 2.021(11) A, 1.622(10) A, 2.157(11) A
and 2.097(11) A. The two longer bond lengths at 2.157 A and 2.097

A are the dative bonds to the malonate ligand which are similar to
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the bond lengths observed for the TiCly; malonate complexes [1-3].

The other two V-O bond lengths represent the bridging oxygen
atoms, which show that the oxygen atom does not sit equidistant

between the two vanadium atoms. One bond length is a little

shorter but corresponds to the malonate dative bonds observed.

The other is closer to the free V=O bond length reported at
1.595A°7 for VOClI3. This shows that the original V=0 bond in the
VOCl; is not broken and datively bonds to the other vanadium

atom via lone pairs of electrons on the oxygen.

The interesting part of the structure for this project is the fact
that a Cl atom is lost when reacted with the malonate which is not
the case for TiCly complex. This is likely to be due to the electron
deficient nature of the vanadium centre being very oxophilic. The
dative V-O bond at 2.021(11)A is shorter than the V-Cl bonds at
2.311(5)A. This shows how the coordination sphere of the oxygen is
important in these reactions, and until the oxygen is bound to two
other elements it will be reactive when subjected to an electron poor

metal centre.

4.1.2  Reaction of VOClI3 with bis-isopropyl malonate [8]

Bis-isopropyl malonate was reacted with an excess of VOCI; to
understand what effect a different R-group would have on the
resulting complex. A dark red precipitate was formed in a dark
solution, the solid was washed with hexane to remove unreacted
VOCl3. After washing three times as before, the final washing was
still red which indicated that the product is likely to be partially

soluble in hexane. The red solid [8] was dried in vacuo. 'H NMR
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Figure 48: Diagram to show the possible structure of complex [8]

and 13C{'H} NMR of [8] were recorded in deuterated chlorofrom
and a solution of [8] in dichloromethane was layered with hexane
in an attempt to form crystals. Crystals suitable for single X-ray

diffraction could not be isolated in this case.

The 'H NMR of [8] showed a large amount of broadening due
to the presence of the vanadium metal and a small shift in the
peaks at 5 and 3.4 ppm. These shifts observed were small, and
were much less than observed with the TiCly analogue compound
[2]. Therefore, it is unclear whether coordination has occurred in
this instance. The 13C {{H} NMR of [8] showed no peak shifts from
the starting materials suggesting in this case that no coordination
had occured. A colour change was observed during the reaction
suggesting that some sort of reaction did in fact take place. It is
likely that the product formed was unstable and decomposed

before the NMR could be recorded. It is likely that in this case a

similar product to complex 7 was observed as shown in Figure 48.

It is likely it cound to the malonate but did not form the
tetramerindef, it is the difficulty in forming the tetramer that was

likely to be the reason the crystal could not be analysed.
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4.1.3 Reaction of VOClI3 with di-ethyl succinate [9]

Diethyl succinate was reacted with VOCl; as the extra bridging
carbon present in the ligand provides an interesting difference to
the malonate. In the case of the titanium, reaction with the
succinate was the same as with the malonate, therefore the same
reaction with VOCI3 was studied to see if any difference could be
observed. An excess of VOCl; was reacted with diethyl succinate
and a red product was observed immediately but in this case no
precipitate was formed. After removing the solvent in vacuo for one
hour a red liquid product was isolated. After two weeks at room
temperature green crystals [9] had formed, which could be

analysed by single crystal X-ray diffraction.

The 'H and BC{'H} of NMR [9] showed small shifts in the

positions of the peaks in comparison to the free ligand, but not

large shifts as previously observed for the titanium compound.

There is obvious broadening of all the peaks and so from the NMR
it is difficult to be sure of the coordination but a small shift of
approximately 0.1 ppm can be observed. It is not the case that
some of the starting material is unreacted as there is clearly only

one broad peak for each of the protons.

The molecular structure for compound [9] was determined as
shown in Figure 49, along with selected bond distances and angles
in Table 13. The structure of [9] is different to another compound
isolated in this project. The diethyl succinate acts as a bidentate

ligand as seen previously in the case of the other malonates in
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Crystal System monoclinic

Space group P2y,

Unit cell dimensions 4 =15.3393(8) A a=90°
b=97939(5) A B =094664(5) °
c=286842(5)A y=90°

Figure 49: Crystal structure of [9]



Table 13: Selected bond lengths A and angles (°) for compound [9]

4.1 VANADIUM OXYCHLORIDE COMPLEXES

Vi1-Cl1
Vi-Cl2
V1-O1
V1-O4

V1i-O2

Cl2-V1-Cl1
O1-V1-Cl1
O1-V1-Cl2
0O4-V1-Cl1
0O4-V1-Cl2
04-V1-O1

02-V1-Cl1
02-V1-Cl2
02-V1-O1

02-V1-O4

2.2855(6)
2.2776(6)
1.5784(14)
2.0370(13)

2.0484(13)

131.61(3)
113.25(7)
115.12(7)
87.07(4)
86.73(5)
98.62(7)
90.51(4)
85.89(4)
93-39(7)

167.72(6)

02-C3
0O4-Cé6
C6-Cs
C3-C4

C5-C4

C6-O4-V1
C3-02-V1
04-C6-O5
C5-C6-O5
C5-C6-O4
C3-C3-O3
C4-C3-O2
C4-C5-Cé6

C5-C4-C3

1.228(2)

1.237(2)
1.492(3)
1.487(3)

1.529(3)

134.71(12)
142.20(13)
121.14(17)
115.30(16)
123.56(17)
114.73(17)
124.26(17)
115.21(15)

113.59(16)
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compounds [1-3,7], but in [9] it binds to two different vanadium
centres. The vanadium forms two bonds to ester groups from two
different malonate ligands, thus forming a polymer chain. This
polymer chain is classed as a one dimensional coordination

polymer.

Coordination polymers are metal-ligand complexes that
extend indefinitely into one, two or three dimensions via covalent
metal-ligand bonding.°® Coordination polymers are also know as
metal organic coordination networks or metal organic frameworks
(MOFs). They are thought to have properties suitable for many
applications in the same way as zeolites do. There is a great deal of
research into using MOFs in catalysis and other applications, '*9'*°
and as such is one of the highest activity areas of research

currently in chemistry.'** ' 113

Due to the extended nature of the research this section will
focus on vanadium based coordination polymers. The majority of
vanadium containing coordination polymers are in the form of
clusters and contain extra metals such as tin''4 or silver."*> The
first non-cluster vanadium coordination polymer was synthesised
by Zhang, et al'*® with the report of [VO(dod),]X, (X=Cl,Br; dod =
1,4-diazoniabicyclo[2,2,2]octane-1,4-diacetate]. =~ The compound
forms a 2-dimensional polymer with the vanadium bound to the
oxygen in the acetate and the rest of the ligand bridging to the next
vanadium. Every four units the polymer forms a square, which

makes the polymer into a 2-dimensional lattice.
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There have been two reported 1-dimensional coordination

polymers containing vanadium, both contain dinuclear vanadium.

The first one contains O,0,N-dichelating ligands*'” and the second
with N,N chelating ligands to stabilise with O bientate ligands
forming the bridge.''® These compounds are similar to the one
observed in this thesis, however, they are more stable as they do

not have any V-CI bonds which react when in contact with air.

This thesis reports the first mononuclear vanadium
1-dimensional coordination polymer to be isolated as a single
crystal and the structure probed by X-ray diffraction. The
vanadium centre in [9] is similar to a [VOCly(acac)] structure
described later in this chapter. However, a different arrangement of
the ligands is adapted in the second compound. In both
compounds a distorted trigonal bipyramdidal coordination
geometry is adopted but in [VOCl,(acac)] the ketone oxygens are
cis to each other as they come from the same ligand. In compound
[9], the ketones are trans to each other which causes the formation
of the polymer chain. The O-V-O angle in [9] is 167.72(6)°, and
hence distorted from 180° due to polymer formation. Derivation
using single crystal X-ray crystallography indicates that the chain
is infinite. To discover the actual chain length more complexed
polymer techniques would have to be used which are not facile

with moisture sensitive materials.

The V-O bond length to the succinate ligand in [9] is on
average 2.04 A, which represents a dative coordinative bond as

seen in the other structures presented in this thesis, and is longer
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than the expected terminal V-O bond length of 1.5784(1). It is likely
this compound forms this polymer because of the two bridging
carbon atoms between the ester groups. When there is one
bridging carbon, as in the case of malonate, it coordinates in a
chelating fashion with the acac, where both of the ketones lie on
the same side of the chain. Whereas with two bridging carbon
atoms they can rotate and therefore lie on opposite sides due to
steric effects. In the case of the titanium complex, these were
overcome and the bidentate ligand bound to a single titanium
atom. As shown with the diethyl malonate the vanadium centres
are not as stable as monomers and it is this instability which leads

to the formation of the more complex polymeric structure.

4.1.4 Reaction of VOCl3 with glycerol tribenzoate [10]

Glycerol tribenzoate forms a useful link between the esters studied
in this chapter and with the soya oil used in industry. Due to this,
the reaction of VOCl3 with glycerol tribenzoate was investigated.
An excess of VOCl; was used in the reaction to mimic industrial
conditions and to aid separation of the experimental products. The
reaction was carried out as before at room temperature and stirred
for two hours. When the glycerol tribenzoate was added to VOCl;
(in hexane) the solution darkened to red from orange but the
precipitate (glycerol tribenzoate) didn’t change colour. The product
was washed and dried in vacuo and the 'H NMR of which
indicated that the glycerol tribenzoate had not reacted with VOCl;,
as no shifts were observed and there was not any broadening of

the peaks.
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As no reaction was observed at room temperature, the reaction
was repeated in toluene and refluxed for 15 hours. A red brown
solution was observed with formation of a brown precipitate. The
brown precipitate was washed with hexane and dried in vacuo,
yielding a brown oily product [10]. Compound [10] was analysed
via 'H and BC {'H} NMR spectroscopy. The 'H NMR of [10]
showed five broad peaks, suggesting that the vanadium is
coordinated to the ligand as it has caused paramagentic
broadening, which is most likely due to the presence of V4*. The
peaks at 7.50 and 8.05 ppm relate to the protons on the benzyl
groups. The integral for the two peaks is 25 which is higher than
the expected 15 for a simple aduct of the VOClz with the ligand,
which alludes to increased complexity. The peaks at 4.8 and 5.75
ppm correspond well with the peaks observed for the
TiCly-glycerol tribenzoate product compound [5]. This suggests
that a similar product may have formed with the ketones bound to
the vanadium centre. It is likely that there are two ketones bound
to each vanadium centre as previously observed and identified as
the loss of a Cl atom. However, this could not be confirmed by

X-ray crystallography as a single crystal could not be grown.

In the 'H NMR of [10] there is one further broad peak at 3.9
ppm. This peak has an integral of two and explains why the
integral at around 7 ppm was markedly high as it accounts for a
further product. This product is methyl benzoate as the peak at 3.9
ppm is a match to the literature value of 3.91 ppm.""9 If the methyl
benzoate product is separated from glycerol tribenzoate, ethylene

glycol dibenzoate is formed. From the literature, peaks observed in
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the proton NMR for the ethane protons occur at 4.67 ppm,'*°
which are present in the spectra of [10]. However, due to the
broadness of peaks in this spectra a more exact analysis can not be

made.

4.1.5  The reaction of VOCl3 acacH [11]

As described earlier for the [TiCly(acac)] complex, acac is a
well used ligand in inorganic chemistry. Indeed, [VO(acac);] is a
well known compound *** that has been used as a precursor for the
deposition of thin films."* However, the reaction of VOCl; with
acacH has not previously been studied, therefore it was carried out
to complete the understanding of the different reactions of TiCly

and VOCI; with diesters and diketones.

Excess VOCI3; was reacted with acacH and stirred for 2 hours
in a nitrogen environment. A dark precipitate in a dark black
solution formed immediately but the reaction was allowed to stir
for 2 hours to ensure a full reaction. The precipitate was filtered
and washed to give a dark purple powder and the 'H and 3C {}}H
NMR were investigated. The product [11] was redissolved in
dichloromethane and layered with hexane. After one week small
dark black crystals were observed which were suitable for single
crystal X-ray crystallography. The crystal structure of [11] is shown

in Figure 50 along with selected bond lengths and angles in Table

14.

The 'H NMR of [11] showed a shift of 0.3 ppm for the peak

at around 2.2 ppm from the starting material acacH. AcacH shows
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ci CI2

Crystal System orthorhombic

Space group P212124

Unit cell dimensions a =8.3503(3) A & = 90°
b=135046(4) A p=90°
c=15.2041(5) A 7y =90°

Figure 50: Crystal structure of [11]



Table 14: Selected bond lengths A and angles (°) for compound [11]

4.1 VANADIUM OXYCHLORIDE COMPLEXES

V1-Cl1 2.2880(8) 0O3-C2 1.290(4)
V1-Cl2 2.2275(9) 02-Cy4 1.283(4)
V1-O2 1.918(2) C2-C3 1.398(4)
V-O3 1.903(2) C4-C3 1.383(4)
V1-O1 1.569(2)

Cl2-V1-Cl1  93.45(3) O-Vi-O2 101.11(10)
02-V1-Cl1  158.65(7) O1-V1-O3 100.11(10)
02-Vi-Cl2  88.12(7) C4-O2-V1 133.0(2)
03-Vi-Cl1  86.65(7) C2-O3-V1i 134.21(19)
03-V1-Cl2 159.64(7) C3-C2-O3 121.9(3)
03-V1-O2 84.62(9) (C3-C4-O2 123.7(3)
O1-Vi-Cl1  99.58(9) C4-C3-C2 121.0(3)
O1-V1-Cl2  99.94(9)
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two further peaks at 3.5 ppm and 5.4 ppm. These peaks represent

the hydrogens bonded to the bridging carbon in the acac ligand.

When acacH is not coordinated one of the hydrogens can dissociate

which changes the shift of the other to give the peak at 5.4 ppm.

This is a useful tool in determining coordination as in this structure
there is only one further peak at 6.1 ppm. This is clear evidence that
one proton from the acacH has been lost indicating coordination to

the vanadium centre.

The *C {'H} NMR of [11] showed one large shift from 55 ppm
to 104 ppm. This is for the bridging carbon and demonstrates the
formation of a delocalised ring in the acac system when bonded
to the metal centre. This again is a clear indication that VOCl3 is

bonded to the acac ligand.

The structure of compound [11] shows the acac bound to the
vanadium centre via the ketone oxygens. The V-O bond lengths were
1.918(2) A and 1.903(2) A, smaller than the dative V-O bond lengths
observed for the vanadium malonate complex [7] which were on
average 2.1 A. This is caused by the increased electron density given
from the ketone oxygen. A proton from C(3) is lost in the reaction
and a delocalised system is created between O(3),C(2),C(3),C(4) and
O(2) and bond lengths in the ring confirm this. This results in the
ligand having a negative charge, which is stabilised by the reaction
with VOCl3. Resulting in a stronger bond to the vanadium centre

than previously seen for the malonate complexes.
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Compound [11] is five coordinate, which is common for
vanadium species and is particularly common when a V=0 bond is
present forming a square based pyramidal structure. This is also
seen for [VO(acac);]'*3 where the compound is five coordinate
with the four acac oxygen atoms adopting an almost square planar
position with the double bond perpendicular. The bond distances
for [VO(acac)z] show the same V=0 bond distance and slightly
longer V-O acac bonds than are found in compound [11]. This is
due to the chlorine atoms having a larger electron density which
causes them to sit further from the vanadium centre. This means
the oxygen atoms can sit closer to the vanadium compared to
when there are four oxygen atoms all packing tightly to the

vanadium centre.

4.2 VANADIUM TETRACHLORIDE COMPLEXES

VCly as mentioned in the introduction is the only monomeric
transition metal chloride species that exists at room temperature
other than TiCly. It is not believed that there is any VCly in the
industrial process as the formation of VCl requires an oxygen free
environment. During the chlorination oxygen is present from the
metal oxide mixture. However, it is interesting to consider VCly as
the exact amount formed has not yet been confirmed and may

provide further information about the metal chlorides.
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Table 15: Table to compare properties of TiCly and VCly

TiCly VCly

Cl Cl

'||_i"‘““CI \|/_..\\\\C|
Structure Cl Cl Cl Cl
Molecular Mass 189.70 g/mol 192.57 g/mol
Boiling point 136 °C 154 °C
Melting point ~ -24 °C -28 °C
Density 1.726 g/ cm’ 1.816 g/ cm?

This section investigates the reactions of the VCly with the same
diester groups to investigate whether the VCly would react with the
oil, should it be formed. The properties of VCly and TiCly are very
similar, (as shown in Table 15). The table shows how the structure,
molecular mass, density, boiling and melting points are very similar.
The only chemical difference is the number of d-electrons. Titanium
has 4-d e™ therefore the oxidation state can not be increased beyond
4+ whereas, vanadium has 5-d e~ electrons, so vanadium can be 5™

as in the case of VOClj

4.2.1  Reaction of VCly with di-ethyl malonate [12]

As crystals had been formed with the previous metal chlorides and
the diethyl malonate ligand (compounds [1] and [7]) it was the

clear starting point for the next set of experiments. Diethyl
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Figure 51: Diagram to show the possible structure of the intermediate
complex [12]

malonate was reacted with excess VCly in hexane for two hours. A

light red precipitate in a darker red solution was formed. The

precipitate was washed and dried to give compound [12]. A

solution of compound [12] in dichloromethane was layered with

hexane and slowly over the course of a week multiple small

crystals were formed.

These crystals were analysed by single crystal X-ray
crystallography and showed that the flask had been exposed to air
during crystallisation. The crystals formed here were identical to
the VOCI3 malonate complex [7], this proved that oxygen leaked
into the flask at some point during the crystallisation. This is
consistent with work carried out by Sobota et al'° and therefore, it
can be assumed that the product formed is the same as product [2]

in their paper.

The pathway for this reaction is likely to be through the
intermediate shown in Figure 51. This intermediate was not
isolated as it is likely to be very air sensitive and unstable as

shown for other vanadium compounds.
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The 'H NMR of compound [12] displayed only two peaks, one
at 4.35 ppm and the other at 1.35 ppm. The peak at 1.35 ppm
clearly represents the CHj3 and is shifted by approximately o.25
ppm as observed for compound [7]. The other peak represents the
CH;, next to the oxygen which is shifted by 0.35 ppm again as
observed for compound [7]. When this spectra is compared to that
of compound 7 it is noticeable that the middle proton of the
malonate is not observed. The proton is not observed as the
spectrum is broad due to the paramagnetic broadening. The 3C
{'TH} NMR describes the same pattern with the same Carbon not
being observed. It is therefore difficult to draw any solid

conclusions from this experiment.

4.2.2  Reaction of VCly with di-ethyl succinate [13]

Excess VCly was reacted with diethyl succinate to give a red
solution in which no precipitation was observed. The solution was
dried in vacuo to yield an oily liquid product. This product solidified
over the course of a week, and it was hoped that parts would be
crystalline for single crystal analysis, however, this proved not to
be the case. The product was analysed via 'H NMR and C {!H]}
NMR.

The 'H NMR for compound [13] displayed large shifts as
observed for the titanium-diethyl-succinate complex [4]. This was
in contrast to the shifts seen for the VOCI; diethyl succinate
complex [9]. A diagram to show the location of the carbon atoms
on which the protons in questions are bonded to is shown in

Figure 52 Initially it was believed that the CH; next to the oxygen

121



4.2 VANADIUM TETRACHLORIDE COMPLEXES 122

o]

B

NG o O\

A C

o

Figure 52: Diagram to show positions of protons ABC for reference in the
NMR study
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Figure 53: COSY NMR of compound[13]

(B) had shifted by 1.1 ppm and the bridging CH, (C) by 2.1 ppm.
However after analysing the peaks the shifts did not look the same

a previous complexes.

Compound [13] was then analysed by COSY NMR as shown
in figure 53. This demonstrated that both peaks are shifted by very
different amounts. Peak (B) is in fact only shifted by 0.5 ppm which
represents a similar shift to compound [12]. Peak (C) however, is

shifted by 2.8 ppm. This is a very large shift and it is difficult to
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Figure 54: 'H NMR of compound[13] shown before and after exposure to
air and compared to the starting material

understand how such a large shift could occur. Many theories were

established including the breakdown of the structure or the addition

of a chlorine atom across the bridge between the ketones, however,

none could be proven using the available analytical techniques.

As shown earlier if the product is exposed to air it dissociates
from the metal chloride and returns to the starting material. If the
compound had reacted and changed structure this clearly would
not be possible. Therefore, as before the compound was exposed to
air and then analysed by 'H NMR again. This is shown in figure
54. This shows that although there is broadening the peaks are in
the same position and therefore the succinate ligand has not been
changed over the course of the reaction. The complex must have

been formed in a similar way to the previous compounds but a
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crystal to prove how the electron density on the bridging carbons

was so high could not be formed.

4.2.3 Reaction of VCly with gycerol tribenzoate

An excess of VCly was added to glycerol tribenzoate to yield a light
brown solid in a red solution. The red solution was removed and
the light brown solid washed and dried in vacuo. This yielded an off
white product which was anlaysed by NMR. It was seen to be the

starting glycerol tribenzoate, so no reaction was observed.

The 'H NMR for this compound did not display any shifts or
changes from the starting glycerol tribenzoate spectrum. Therefore,
from the NMR and the appearance of the light coloured solid it
can be seen that no reaction has taken place. The reaction was
repeated at high temperature and by reflux in toluene but no
reaction occurred. The reactivity of the VCly with the previous two
ligands was slower than for TiCly and VOCI;, therefore, it is not
surprising that no reaction has been observed for the glycerol
tribenzoate. There is steric hindrance effects which are responsible

for reducing the opportunity for stabilising the metal chloride.

As mentioned previously the glycerol tribenzoate ligand is
important for relating the reactivity back to soya oil. The TiCly
complex [5] showed the binding of the TiCly with the glycerol
tribenzoate without the loss of any chlorine atoms from the metal
centre. The VOCl3 product could not be fully understood, as a
crystal could not be grown. However, from looking at the NMR,

complexation via the loss of a chlorine is likely from comparing to
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complex [7]. This VCly reaction showed no change from the
starting ligand, therefore, the understanding of the reactivity with

the soya oil is well established.

4.2.4 Reaction of VCly with acacH [14]

The acacH ligand provided a chance to compare the VCly
complexation to the other metal chlorides after crystallising
previous compounds proved difficult. The acac ligand is a strong
ligand which due to the delocalisation of electrons could form a

stronger complex with the VCly leading to crystallisation.

An excess of VCly was reacted with acacH in hexane for 2
hours. Immediately a blue solution was formed with a blue
precipitate, the experiment was run for 2 hours to ensure a full

reaction. The precipitate was washed and dried in vacuo, this was

then re-dissolved in dichloromethane and layered with hexane.

After 24 hours the solution afforded green crystals which were

suitable for single X-ray crystallography.

The 'H NMR spectrum for compound [14] is very similar to
that of compound [11]. It shows two peaks one for the terminal
methyl group which has shifted by 0.3 ppm upon coordination with
the metal centre. The other peak represents the middle proton in the
acac ligand which appears at 6.1 ppm. This is a clear indication that
the complex has formed with the loss of the acacH proton. The 3C
{'H} NMR also confirms that the complex formed with 3 carbon

peaks visible at 193 ppm for the quaternary ketone carbon, at 105
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Crystal System triclinic

Space group P-1

Unit cell dimensions a = 7.3291(10) A & = 93.585°
b = 7.5808(8) A B = 115.873(12)°
¢ =17.9522(8) Ay =117719(12)°

Figure 55: Crystal structure of [12]



Table 16: Selected bond lengths (A) and angles (°) for compound [14]

4.2 VANADIUM TETRACHLORIDE COMPLEXES

V1-Cl1 2.3178(12) O1-C2 1.266(4)
V1-Cl1! 2.3178(12) 0O2-C4 1.280(3)
V1-O2 1.8971(19) C2-C3 1.395(4)
V1-O1 1.898(2) C4-C3 1.381(4)
Cl1'-V1-Cl1 180.0 O-V1-O2 87.06(9)
02-V1-Cl1 89.83(8) 0O1-V1-Cl1 90.19(8)
02-V1-Cl1! 90.17(8) C4-O2-V1i  132.53(18)
C4-C3-C2 123.3(3) (C3-C4-O2 122.1(3)
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ppm for the middle carbon and at 26 ppm for the terminal methyl

group.

Compound [14] was analysed by single crystal X-ray
crystallography and the structure is shown in Figure 55 along with
selected bonds and angles in Table 16. The structure shows a
vanadium central atom with two chlorine atoms and two acac
groups attached. The two chlorine atoms are observed trans to each
other as are the acac groups. The acac acts as a -1 charged ligand as

do the chlorine atoms leaving the vanadium 4+ as in the VCly.

The structure around the vanadium centre is almost a perfect
octahedral apart from slightly smaller angles between the oxygen
acac atoms and the vanadium (87.06(9) A). The vanadium chlorine
bond length at 2.3178(12) A is a little longer than the V-Cl bonds
observed in compound [11] at 2.2880(8) A. The V-O bond is on
average 1.898 A and is very similar to that of compound [11] where

the bond length is 1.903(2) A.

The different structures observed for the 3 acac complexes [6],
[11] and [14] show the reactivity of the three metal chlorides. TiCly
forms a complex with the loss of one chlorine and the addition of
one acac ligand in compound [6]. VOCl3 follows the same pathway
and forms a complex with the loss of one chlorine and the addition
of one acac ligand. The VCly in this compound [15] displays the
loss of two chlorines and the addition of two acac units. It is well
known that the metals are most stable as oxides. Therefore, it is not

surprising that the VCly is stabilised by more V-O bonds. It can be
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deduced that VCly requires the addition of a further acac ligand
to stabilise the complex, whereas complexes [6] and [11] are stable

with one acac ligand.

4.3 CONCLUSION

This chapter has described the synthesis of vanadium
compounds with diesters, acacH and glycerol tribenzoate. A novel
route to synthesise compound [7] was found and the new
compound [9] was synthesised providing a very interesting
polymeric structure. As well as a new acac compound [11] was also

synthesised.

In the previous chapter it was shown that the diesters and
glycerol tribenzoate could coordinate to the titanium metal centre
without the loss of any chlorine atoms. This showed that in
moisture free conditions in the presence of a large excess of TiCly
the reaction could be reversible. The vanadium compounds
synthesised in this chapter all show the loss of one chlorine atom
to stabilise the compound. This loss of chlorine means that the
reaction can not be easily seen as reversible in any conditions, as
the reaction would release VOCl, not VOCl3. In the industrial
process VOCI; has a far greater boiling point and can be removed
by the cyclone. It has been believed by Huntsman pigments for
some time that the vanadium is removed as VOCl,. Through
forming single crystals of molecular structures this work has

elucidated a mechanism for the formation of VOCl,.
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These structures combined with those of titanium in the
previous chapter suggest how the glycerol end of the oil could be
responsible for the separation of VOCl3 from TiCly. The glycerol
initially reacts with the excess TiCly to form a coordination
compound. This coordination compound is then broken down
again, and releases TiCly back into the gas phase, and the glycerol
then reacts with VOCl3 and reduces the vanadium to VOCI,. This
is a solid at operating temperatures and demonstrates how soya oil

can separate vanadium from titanium.

The majority of this thesis has focused on TiCly and VOClI3,
however, as VCly is very similar to the two liquids it was worth
investigating. Crystallisation of the VCly products proved difficult
which was likely to be due to the instability of the product.
Compounds [12] and [13] showed coordination to the VCly but it
was slower than for the other metal chlorides. The lack of reactivity
was typified with the attempted formation of this compound,
where no reaction was observed. The colour change was due to a
charge transfer complex with the benzene groups not a

coordination compound.

4.4 EXPERIMENTAL

All reactions were carried out under argon obtained from BOC
in anhydrous solvents using standard Schlenk techniques. The
solvents were dried using a stills system. Anhydrous VOCI3, VCly
and malonate starting materials were purchased from Sigma

Aldrich; all were used without further purification
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IH and ¥C{'H} NMR spectra were obtained on a Bruker AV-
600 Mz spectrometer, operating at 295 K and 600.13 MHz ('H).
Signals are reported relative to SiMe4 (6 = 0.00 ppm) and the
following abbreviations are used s (singlet), d (doublet), t (triplet),
q (quartet), m (multiplet), b (broad). Deuterated CDCl; was
obtained from GOSS Scientific and was dried and degassed over 3

A molecular sieves.

4.4.1  Reaction of VOCIs3 with ethyl malonate [7]

Diethyl malonate (0.5 cm?®, 3.3 mmol) was added dropwise to 2
cm? of VOCI; (21.1 mmol) in 50 cm® of hexane and stirred under
nitrogen for 2 h. An excess of VOCI3 was used as excess VOCl;3 is
facile to remove from the reaction after completion. A very dark
precipitate was formed in a dark red solution. The dark precipitate
was filtered and washed 3 times with 20 cm® hexane and dried in
vacuo to afford complex [7] in good yield (0.9g, 78%). Some of the
product was re-dissolved in 5 cm?® dichloromethane and layered
with 15 cm® hexane. Small crystals formed after approximately a
week which were large enough for a crystal structure to be
obtained. 'H NMR (CDCl3): 6 4.18 (q, 4H, -CHp, J=7.25 Hz), § 3.35
(s, 2H, -CH,), § 1.27 (t, 6H, -CH; J=7.25 Hz). 3C {{H} NMR
(CDCl3): 6 14.2 (CH3), 55.9 (CH»), 63.6 (CH,CHj3), 163 (C=0).

4.4.2  Reaction of VOCl3 with bis-isopropyl malonate [8]

Bis-isopropyl malonate (0.5 cm?, 2.7 mmol) was added dropwise
to 2 cm® of VOCI3 (21.1 mmol) in 40 cm? of hexane and stirred

under nitrogen for 2 h. A dark red precipitate [8] was formed in
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a dark solution, the precipitate was filtered and washed 3 times
with 20 cm® hexane, the final washing was coloured red suggesting
the product is partially soluble in hexane. The sample was dried in
vacuo. 'H NMR (CDCls): 6 5.14 (b, -CH), 6 3.37 (b,-CH; ), § 1.30 (b,
-CH3) 13C {'H} NMR (CDCl): § 21.5 (CH3), 54 (CH»), 73 (CH), 129
(C=0)

4.4.3 Reaction of VOCl3 with di-ethyl succinate [9]

Di-ethyl succinate (0.5 cm?3, 3.3 mmol) was added dropwise to 2
cm® of VOCl3 (21.1 mmol) in 40 cm® of hexane and stirred under
nitrogen for 2 h. A dark red solution was formed immediately but
no precipitate observed. Drying in vacuo of the solution was
attempted and all of the solvent and VOCI3; was removed however
a liquid product was observed. This liquid product was left to one
side, after 2 weeks crystals suitable for single crystal X-ray analysis
were formed. 'H NMR (CDCl): § 4.12 (b, 4H, -CH,CHj3), 6 2.59 (b,
4H, -CH,CH)), 6 1.21 (b, 6H, -CHj3) 3C {{H} NMR (CDClL): 6 14.3
(CH3), 29.2 (CH,CHy), 60.9 (CH,CH3), 173 (C=0)

4-4.4 Reaction of VOCIz with glycerol tribenzoate[10]

Glycerol tribenzoate (0.5 g,1.2 mmol) was added dropwise to 2 cm?
of VOCl3 (21.1 mmol) in 30 cm® of hexane and stirred under
nitrogen for 2 h. A white precipitate was observed in a orange red
solution, this was filtered and washed with hexane 3 times. 1H and
13C NMR were recorded in CDCl;. From the NMR it was clear no
reaction had taken place as no peaks had shifted and therefore, the

spectra are not analysed here. The reaction was repeated in toluene
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and refluxed for 15 hours, this gave a red-brown solution and a
brown precipitate. This precipitate was washed and dried in vacuo
and 'H and '3C NMR were observed. No crystals suitable for
single crystal X-ray analysis could be grown from this sample

'H NMR (CDCl3): § 8.05 (broad, 9gH, (0-CH)), 7.5 (broad, 16H,
p-CH and m-CH) 5.7 (broad, 1H -OCH)), 4.8 (broad, 4H, -CH3), 3.85
(broad, 2H, (O-CH3). 3C {!H} NMR (CDCl): 63.30 (CHy), 71.32
(CH), 128 (0-CH), 130 (p-CH), 134 (m-CH), 166 (C=0).

4.4.5 Reaction of VOCl3 with acacH [11]

AcacH (0.5 cm3, 4.87 mmol) was added dropwise to 2 cm?® of VOCl;
(21.1 mmol) in 30 cm? of hexane and stirred under nitrogen for 2 h.
A dark precipitate formed immediately in a dark black solution. The
precipitate was filtered and washed with hexane and dried in vacuo.
This afforded complex [11] in a good yield, and crystals suitable for
single crystal X-ray diffraction were grown by layering a solution of
dichloromethane with hexane. Large green crystals formed over the
course of 2 days and were analysed.

'H NMR (CDCl): 6 6.13 (s, 1H, CH), 6 2.39 (s, 6H, CH3). 13C {1H]}
NMR (CDCl): 6 193 (-C=0), 6 105 (CH), § 26 (CH3).

4.4.6  Reaction of VCly with di-ethyl malonate[12]

Diethyl malonate (0.5 cm?, 3.3 mmol) was added dropwise to 2
cm?® of VCly (18.9 mmol) in 50 cm® of hexane and stirred under
nitrogen for 2 h. A light red precipitate was formed in a red
solution. The light precipitate was filtered and washed 3 times

with 20 cm® hexane and dried in wvacuo to afford complex [12].
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Some of the product was re-dissolved in 5 cm?® dichloromethane
and layered with 15 cm® hexane. Small crystals formed over
approximately a week however, none were suitable for single
crystal X-ray crystallography. 'H NMR (CDCl;): 6 4.35 (b, -CHy), &
1.35 (b,-CH3). 13C {{H} NMR (CDCl3): § 14.2 (CH3), 63.6 (CH,CHj),
163 (C=0).

4.4.7 Reaction of VCly with di-ethyl succinate [13]

Di-ethyl succinate (0.5 cm3, 3.3 mmol) was added dropwise to 2
cm® of VOCl3 (21.1 mmol) in 40 cm® of hexane and stirred under
nitrogen for 2 h. A dark red solution is formed immediately but no
precipitate observed. Drying in vacuo of the solution was attempted
and all of the solvent and VOCl3; was removed however a liquid
product was observed. This product was left to one side as other
experiments were attempted, after 1 week preciptate was observed
in the reaction vessel. It was initially thought the solid may contain
crystals however, they were not suitable for single X-ray
crystallography. 'H NMR (CDCls): 6 5.30 (b, 4H, -CH,CH,), 6 4.65
(b, 4H, -CH,CHj3), 6 1.36 (b, 6H, -CH3) 13C {'H} NMR (CDCl3): 6
15.3 (CH3), 40.8 (CH,CH3), 65.4 (CH,CH3), 185 (C=0) The solid
precipitate was then exposed to air, this solid was then analysed by
H and BC {'H} NMR. '"H NMR (CDCly): 6 4.2 (b, 4H, -CH,CHj3), &
2.2 (b, 4H, -CH,CH)), 6 1.25 (b, 6H, -CH3) *C {{H} NMR (CDCl3):
6 14.2 (CH3), 29.2 (CH,CH3), 60.9 (CH,CH3), 173 (C=0)

134



4.4 EXPERIMENTAL

4.4.8 Reaction of VCly with glycerol tribenzoate

Glycerol tribenzoate (0.5 g,1.2 mmol) was added dropwise to 2 cm?
of VOCl; (21.1 mmol) in 30 cm® of hexane and stirred under
nitrogen for 2 h. A light brown precipitate in a red solution was
observed, this was filtered and washed with hexane 3 times. The
product was dried in vacuo and the residue was an ‘off” white
powder, this was analysed by 'H NMR and found to be starting

material with slight broadening due to VCly.

4.4.9 Reaction of VCly with acacH[14]

AcacH (0.5 cm®, 4.87 mmol) was added dropwise to 2 cm?® of
VOCI; (21.1 mmol) in 30 cm? of hexane and stirred under nitrogen
for 2 h. A blue solution with a blue precipitate was observed
immediately. The precipitate was filtered and washed with hexane
and dried in vacuo. This afforded complex [14] in good yield, the
solid was dissolved in dichloromethane and layered with hexane,
this afforded high quality green crystals suitable for single crystal
X-ray crystallography.

"H NMR (CDCls): § 6.13 (s, 1H, CH), J 2.39 (s, 6H, CHjz). 3C {TH}
NMR (CDCl3): 6 193 (-C = O), § 105 (CH), ¢ 26 (CH3).
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A major challenge in studying an industrial problem in the
laboratory is creating similar conditions to the large scale
industrial plant. As described in Chapter 1, the plant is a large
facility where the pressures and temperatures get very high. Safety
at the plant is obtained by ensuring that all the walls of the
containers are very thick and monitoring the plant in real time for
any cracks. In the laboratory it is not possible to safely handle the
large volume of TiCly at temperatures and pressures equivalent to

the plant.

The removal of vanadium in the process occurs through the
addition of soya oil to the TiCly /VOCI3 mix at approximately 130 °C.
This mixture is distilled and the vanadium content does not distil
across with the TiCly. When this project was established the biggest
problem was vanadium slip, which is where some of the vanadium
did get distilled over and turns the pigment yellow (since vanadium

oxide is yellow), and hence discolours the white TiO,.

UV-vis spectroscopy is a technique that can be used to monitor
chemical species in the gas phase. With modern advances the
UV-vis spectrometer and light source are now small enough to be

transportable and fitted onto an existing system with reasonable
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Figure 56: Schematic of the original design of UV-vis flow cell

Figure 57: UV-vis cell as received from Mettler Toledo
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ease. Huntsman Pigments have a UV-vis spectrometer that is used
to monitor chlorine slip. Chlorine slip is where too much
un-reacted chlorine leaves the chlorinator, which can reduce the
efficiency of the rest of the process. After visiting the plant, the
UV-vis flow cell was designed and manufactured by Mettler

Toledo.

The flow cell was originally designed as shown in Figure 56.

The flow set up worked by heating TiCly to its boiling point, it then
passes through the UV-vis flow cell and condenses back into the
round bottomed flask. The UV-vis cell manufactured by Mettler
Toledo is shown in Figure 57. The UV-vis spectrum of the gas is
taken every second during the experiment. The idea is that when
the system is running, oil is added and any change in the spectrum
is observed. It was hoped that as the oil was added the peak in the
UV-vis would decrease. The UV-vis spectra for TiCly and VOCl3
have been previously recorded and are shown in Figure 58.'%4 The
spectra show that by using UV-vis, TiCly and VOCI; can be
separately analysed. It should therefore be possible to observe even
trace amounts of VOCI3 during the experiment as UV-vis is a very

sensitive technique.

The key properties of the custom made cell are; the fibre-optic
attachments from the UV-vis spectrometer along with quartz
windows, the two inch long 4 mm holes in the body, where two
resistive heaters can be inserted to to allow the cell to be heated up

to 180 °C. There is also a screw attachment into the body in which
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Figure 58: UV-vis spectra of TiCly and VOCl3 "*4

a thermocouple is inserted to monitor and therefore maintain a

constant temperature.

The UV-vis spectra were recorded using an ocean optic 600
receiver, using a UV source containing deuterium and halogen
bulbs thus giving a full ranging spectrum. The spectra was
analysed by ocean optics’ SPECTRASUITE®  software. Spectra
were recorded every 20 ms and 100 spectra were averaged for each
data point. The receiver analyses the light that reaches it and
measures the difference in intensity from the light when there is no

absorbance. The 7t electrons in the molecules absorb the energy to
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excite the electrons into higher orbitals, this absorbance then

relates to the band structure of the material. The gas cell is 2 cm in

length which is long for a UV cuvette, which are usually 1 cm.

However, the length is appropriate for a gas, due to the low
concentration. When absorbance goes over 99.9% the spectrum is
saturated and no data can be accurately collected. Preliminary
results recorded from the flow cell are shown in Figure 59. This
shows how VOCIl3 and TiCly can be observed separately by
different peaks, it also shows the saturation of the peaks at low

wavenumber ( < 250 cm ™).

This absorbance limit proved to be a major obstacle in data
acquisition. The flow cell system was pre-heated to 150°C, the round
bottomed flask was then slowly heated up to the boiling point of
TiCly at 136°C. Before the TiCly4 had boiled, the absorption limit was
reached, this happened on every run of the experiment. When this

issue was investigated it was believed that the problem was due to

the cold nitrogen, which was used to force the TiCly around the cell.

This cold nitrogen gas cooled the whole system and caused TiO; to
be deposited on the flow cell windows. This absorbed the UV light
strongly, as a TiO, solid film is very absorbant and any light that

did pass through was refracted away from the fibre-optic detector.

After further consultation with Huntsman Pigments it became
clear that either the nitrogen had to be heated or not used as a
driving force. Heating the nitrogen created a host of further

problems due to the complexation of heating a gas stream so a
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Figure 59: UV-vis spectra of TiCly and VOCl; and VCl4 recorded using the
UV-vis flow cell
solution without a gas driving force was required. The new set up

included using a Soxhlet extractor and is shown in Figure 61.

A Soxhlet adaptor is used in organic chemistry to separate a
solid mixture. It is generally used when the desired product is
partially soluble in a solvent and the impurity is not soluble in the
solvent. It helps the extraction process by passing the warm solvent
over the solid mixture many times as shown in Figure 60. Passing
the solvent over many times means that even if the solid is only
partially soluble it can be removed without using a huge excess of

solvent.

In the flow cell set up the Soxhlet is not used for its traditional

use, it is used to control the directionality of the flow of the TiCly
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Figure 60: Diagram to show the mechanism of a Soxhlet extractor. The
solid of which the product is to be extracted from is placed
in the Soxhlet at position (3). The solvent is evaporated from
position (1) through (2), to (3) where it dissolves the product,
the siphon (4) is then filled and once full deposits back into the
round bottomed flask (1)
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Figure 61: Photo to show the UV-vis flow cell set up with the Soxhlet
extractor attached.
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through the system. The Soxhlet is adapted as shown in Figure 62.
This adaptation forces the gaseous TiCly through the flow cell and
then into the Soxhlet, then back into the flask when the siphon is
activated without the need for a nitrogen flow. This greatly reduces
the heat loss of the system during the reaction. These adaptations
reduced the build up of solid but not sufficiently to record useful
results. It was hoped the vanadium peak shown in the spectra
would decrease over the experiment as the oil was added, however,

the experiment never continued long enough to record this data.

The whole set up contains two metal-glass joints which makes
the system extremely fragile. Due to this the glassware broke
several times during the development. This has resulted in this
aspect of the project to be incomplete at this stage. My colleague
Ben Blackburn is continuing this research. He has developed
another flow cell which does not involve the use of UV-vis but
follows the same reaction. The analysis is carried out using NMR
instead of UV-vis. He has shown that the oil reacts with TiCly
resulting in the breakdown of the alkene end of the oil and a C3
fragment with 3 Cl atoms attached. When the VOCI; reacts with
the soya oil this fragment is not formed, this is due to the VOCI;3
reacting much quicker and more violently, hence no fragment is
formed. This demonstrates in the plant how VOClI;3 is not carried

over in the plant as the reaction proceeds favourably to the TiCly.
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Figure 62: Diagram to show the mechanism of the adapted Soxhlet
extractor. (1) The TiCly is evaporated, (2) the hot gaseous
mixture passes through the UV-vis cell, (3) the TiCly is
condensed, (4) the TiCly collects in the Soxhlet, (5) the siphon
activates when the Soxhlet is full releasing the liquid back into
the reaction flask



CONCLUSIONS

The aim of this thesis was to compare the reactivity of TiCly and
VOCl3. The focus was on the reactions with soya oil, as it is known
to separate VOCl; from TiCly in the chloride process. The chloride
process is well established in industry, however, understanding of
the chemistry behind the removal is not well known in the literature.
This thesis has provided a new hypothesis for the separation of

VOCl; from TiCly using soya oil

Chapter 2 investigated the direct reaction of both TiCly; and
VOCI; with soya oil. It was anticipated that by studying the
reaction using NMR a greater understanding of the process could
be garnered. It was originally thought VCl; would play a role in
the industrial process, however, after the NMR analysis of the
reaction of VCly and soya oil it was found to not be the case. The
NMR experiment showed no reaction with VCly, therefore, if VCly
was present in the chlorination process it would not be removed by

the soya oil and would be present in the final product.

The direct reaction of VOCl; and TiCly with soya oil was
carried out but did not provide evidence of the separation that
occurs in the chlorine process. In fact the NMR analysis showed a

greater reaction of TiCly with soya oil than VOCI3. The reaction of
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the metal chlorides with 2,3-octene provided the first evidence of a
preferential reaction with VOCI3 over TiCly. During all of these
reactions only the organic product was isolated to be analysed. To
understand the process better a greater understanding of the metal

chloride product was needed.

To further understand the metal chloride product a new
analytical technique was required. The most detailed technique for
looking into a metal structure is through single crystal X-ray
diffraction. To form crystals of the products the starting ligand
must be simplified from the soya oil. The chosen ligand for the
initial experiments was diethyl-malonate. This accounted for the
glycerol end of the oil. The alkene end was also studied but simple
products could not be formed and whilst some interesting features
were observed they are not included in this thesis as the work is

incomplete and makes up part of a colleagues thesis.

Chapter 3 described the reactions of TiCl; with diesters. This
demonstrated that diesters bind to the titanium centre as a
bidentate ligand without the loss of any chlorine atoms. Therefore
the ligand can be described as a dative ligand as in this case it does
not donate electron density to the metal centre. The reaction with
the acac formed a different product with the acac forming a
delocalised system with the loss of a chlorine atom and subsequent
dimerisation. This difference in reactivity explained how the soya
oil could coordinate with the TiCly in plant conditions and then
reverse the reaction to leave TiCly. The final reaction used glycerol

tribenzoate to react with the TiCly. This showed the same dative
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coordination as the ester and provided evidence that the soya oil

could be simplified to an ester.

Chapter 4 investigated the reaction of diester with VOCl;. This
chapter described the difference in coordination observed with the
vanadium centre as opposed to the titanium centre. All the
vanadium reactions were characterised by the loss of a chlorine
atom. This demonstrates that in plant conditions the reaction could
not be seen as reversible with respect to the VOCl3, which gives a

mechanism for the removal of VOCl; from TiCly using soya oil.

In chapter 5 an in situ approach was taken to further
understand the reaction to provide kinetics describing the
reduction of VOClz. This part of the project encountered many
problems mainly due to the highly air sensitive nature of the metal
chlorides and the complexity of the design. A simpler design has
been used by a colleague which has shown the rate of the reaction
of the oil with the VOCl; is far greater that with the TiCly and that

the product has a high boiling point.

The aim of this thesis was to discover how VOCI; is removed
from TiCly using soya oil in the chlorine process. This thesis has
shown that the reaction of the metal chlorides with the ester end

provides the difference and that in high TiCly conditions the

coordination of TiCly; with the ester can be said to be reversible.

This is not the case for the VOCl3 with the ester. It is likely that the

alkene also plays a part in the removal as preliminary experiments
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with stilbene have displayed reaction times of 1000X faster with the

VOCI; compared with TiCly.

To continue this work further the focus should be away from
the ester end as this thesis has now provided the evidence for it’s
part in the process. The stilbene chemistry should be studied with
the help of organic chemists to understand what part the alkene
plays. This work also needs to be applied to the industrial site
though lab reactions which closer mimic the actual conditions in

the plant.
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