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ABSTRACT:

This study focussed on the synthesis, characterisation and catalytic application of
synthesised vanadium-based Metal-Organic Frameworks using 1,2,4,5-
benzenetetracarboxylic acid as a ligand. A number of synthetic methods were tested in
multiple attempts to synthesise a V-MOF, these included; ambient, gel, reflux and
solvothermal methods of synthesis. Two products of interest were identified, an ambient
synthesis produced a vanadium-based complex with the empirical formula:
V,0,(NayH,B4C)6H,0 (RU-V2) and a solvothermal synthesis produced a MOF with the
empirical formula: V,0,(H,0),(B4C) (RU-V1). Both products were characterised using
elemental analysis, infrared spectroscopy, thermogravimetric analysis, differential scanning
calorimetry and X-ray powder diffraction.

The catalytic activity of these products was tested, alongside the activity of the solid
decavanadate ion, for the conversion of cyclohexene to cyclohexene oxide. The
decavanadate ion was included to determine if the ion was catalytically active in the solid
state, to potentially be used in the construction of a future MOF or V-complex. The reaction
for the conversion of cyclohexene to cyclohexene oxide was chosen, as it has been
previously conducted using a V-MOF and was found to be successful. The product of the
reaction, the epoxide: cyclohexene oxide, is a very useful precursor for a number of
reactions involved in the pharmaceutical industry, so developing catalysts which are able to
convert cyclohexene to the epoxide with high yields and selectivities are well sought after in
industry.

The results of the catalytic reactions were varied, as the materials exhibited high yields and
selectivities to the epoxide, but these results were only obtained when water was present in
the reaction mixture. Water was able to bring about the cleavage of the bonds between the
metal and ligand in a highly coordinated framework, at a faster rate than other solvents,
such as decane. This ultimately leads to the structural decomposition of the entire complex
or framework, depending upon the reaction time. The use of water was a double edged
sword in that it was required to initiate the catalytic reaction, but was also the reason that
the catalytic materials were noted to decompose over time. The solid decavanadate ion was
only noted to exhibit homogeneous activity by dissolving into the small volume of water
present in the reaction mixture.

The study proved that using a multidentate ligand such as 1,2,4,5-benzenetetracarboxylic
acid yielded products which were highly coordinated in nature and would therefore not
have large open spaces associated with them, which is commonly observed with other
MOFs. Instead the closed nature of the synthesised complexes and frameworks offered a
different environment for catalytic reactions, where the small pores/channels had a
controlling and inhibiting effect on the reaction. The conversion of cyclohexene to the



epoxide is accompanied with a number of undesired side products, so when using the
synthesised closed-natured MOF, it was found that there was a greater selectivity for the
epoxide over other potential products. This indicates that close natured MOFs may find
application in catalytic reactions which require high selectivities for a particular product.
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1. INTRODUCTION

1.1 Metal-Organic Frameworks

Metal organic frameworks (MOFs) are a class of crystalline compounds, which have gained
research attention since the late 1990s Y. MOFs are infinite lattice structures, which are
built up from metal centres and organic ligands, which coordinate to one another to form a
repeating unit and ultimately build up to an infinite network (21 Metals act as centres or
vertices, to which the ligands can bind and each metal has their own coordination
preference, which depends on factors, such as their size and the number of electrons in
their valence shell 3, Ligands branch out from the metal centres, linking the entire
structure together. With the great number and variety of ligands, each with their own
specific structure and number of coordination sites, this ultimately leads to a huge number
of potential structures which the MOFs can adopt, this is referred to in more detail in the

following sections -2l

Fi,

Figure 1: MIL-47, an example of the structure of a MO



Figure 1 is used to show an example of the general structure of a MOF, where one can
observe the metal centres, in this case vanadium octahedra, coordinated together via an
organic ligand or linker, 1,4-benzenedicarboxylic acid.

When searching into the literature on work completed in the field of MOFs, one can gain an
idea of the number of MOFs synthesised and applied in various areas of chemistry. The most
common metals reported in literature are copper and zinc, owing to their versatility of co-
ordination !, The most common ligands used are benzene carboxylates, specifically 1,4-
benzenedicarboxylic acid, as these ligands tend to form relatively strong coordination
bonds, owing to the oxygen donor group of the carboxylic acid, and are structurally rigid,
owing to the inclusion of the benzene ring in their structure. These are the most common
starting materials which have made up the most studied MOFs, but there has still been a
substantial amount of research into synthesising MOFs using different types of starting
materials to create a unique framework and study its properties. Alternate ligands have
been used in synthesis to build a more flexible framework. Nitrogen donor ligands have

d [6-7]

been use and the use of two ligands has been attempted to build up unique structural

frameworks . A number of bimetallic MOFs have been synthesised and studied [8-20]

The frameworks can be designed to be 1, 2 or 3 dimensional in structure, with 2 and 3
dimensional structures most often designed to be porous, which is the key property of
MOFs. When porous, their structure will contain spaces or voids which act to greatly
enhance the surface area of the framework 2. Arguably, the most important ability of the
pores is the inclusion of smaller molecules, referred to as ‘guest molecules’ and gives MOFs
application into a wide range of different fields ™. 3 Dimensional structures can have 2
dimensional planes stacked on top of one another; this can allow the pores to be stacked
and can create channels which are able to propagate through the MOF. The pores and
channels are generally uniform in size and shape due to the structure of the MOF being
highly ordered and the fashion in which binding occurs. The pores have the ability to be
designed by selecting the starting materials which have the potential to form pores with
dimensions suitable for a specific application and can therefore be said to be ‘tunable’ .

These void areas are often filled by solvent molecules, which can often be integral to the

structural integrity of the framework, as their removal may cause structural collapse [,

Most MOFs, however, do not collapse upon the removal of the initial solvent molecules, so
can be defined as displaying ‘permanent microporosity’. This is important for almost all
applications, as it allows for continuous desorption and re-absorption of a molecule of

interest from the pores or channels 121,



Due the structure and porosity associated with MOFs, one can readily compare them to the
well-known alumina-silicate structures known as Zeolites. Zeolites are highly porous
alumina-silicate minerals which are completely inorganic in structure and have a number of
applications (111 Zeolites have the advantage in that their structures are incredibly rigid and
strong, leading to them being used in a number of reactions which are carried out under
harsh condition, such as elevated temperatures and pressures. Zeolites have disadvantages
however, as they only exhibit a certain number of pore sizes, due to their fixed tetra- and
octahedral co-ordination of Si and Al, these are generally small, never reaching sizes greater
than a nanometer ™. This restricts them to the inclusion of relatively small molecules,
which limits the amount of reactions that they can find application in, as a storage material
or a catalyst. MOFs are more flexible than zeolites and can be synthetically produced with a
specific purpose in mind, so they can be potentially ‘tuned’ for a wider range of applications
[1]

Pore size, shape and structure of the MOF are largely dependent on the structure of the
ligand. Two Examples of previously mentioned common ligands used in the syntheses of
MOFs will be shown, the carboxylates; 1,4-benzenedicarboxylic acid (H,B2C) and 1,3,5-
benzenetricarboxylic acid (H3B3C).

Figure 2: The structures of 1,4-Benzenedicarboxylic Acid (H,B2C) and 1,3,5-
Benzenetricarboxylic Acid (H3B3C).



H,B2C has a linear structure, so the angle between the co-ordination sites of the carboxylic
acid functional groups is 180° and H3B3C has a triangular or trigonal structure, so the angle
between the carboxylic acid functional groups is 120°. This simple difference leads to major
differences in terms of the possible pore sizes and shapes that can occur within a MOF. For
H,B2C the pores are generally square or cubic in shape, whereas for H3B3C the pores are
expected to have hexagonal shaped pores. This is also highly dependent on the oxidation
state and coordination number of the metal.

Figure 3: Basic pore shapes depending on Metal to Ligand coordination.

Ligands with a larger number of functional groups tend to have a larger number of
coordination sites and this increases the structural complexity of the MOF that they are able
to form. These frameworks tend to be highly coordinated and are termed as ‘closed
frameworks’. Frameworks can also have pores which overlap into one another, leading
again to a ‘closed framework’, which lacks any substantial pore volumes, or has particularly
small pore volumes = Ligands with a lower number of coordination sites generally tend to
produce MOFs with more open structures, leading to larger pore sizes and volumes.

Similarly, the choice of metal or metal oxide and its oxidation state, coordination number
and geometry, will ultimately determine how the ligand/s are able to coordinate to it. The
coordination number of a metal is dependent of the oxidation state and can range from 2 to
7. With such a large number of potential coordination sites associated with the metal and a
large number of ligands with alternating geometries, the number of possibilities for creating

a MOF with a unique structure is truly enormous 3]



Figure 4: Examples of coordination geometry and the structures it can produce.

The geometric structures shown in Figure 4 are some of the most basic structures possible
for the geometries of the metals shown. There are a multitude of other more complex
structures that are possible, which are often able to propagate in 3 dimensions, especially
when the coordination number is high [12-23)

An important factor to the structure of a MOF is the conditions under which it is
synthesised. Zeolites have been synthesised using solvothermal methods, which employ
high temperatures and pressures, resulting in a strongly bound and stable framework =

The solvothermal synthetic technique has been very successful for MOFs as well, resulting in
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the most stable and crystalline of structures ">1"*13] The solvothermal method involves
elevated temperatures and pressures, in which the metal and ligand are forced into close
proximity, allowing coordination to occur via alternate kinetic pathways, often yielding a
strongly bound structure ™! Most MOFs have been synthesised using this method, but
other methods of synthesis have been successful, these can be listed as ambient
precipitation, gel, microwave assisted, ultrasonic syntheses and mechanochemical methods
of synthesis ***%, Within each synthetic method stated above, a number of factors can be
further altered to bring about subtle changes to the structure. These factors include;
altering the pH value under which the synthesis is completed at, as this may alter the
coordination preference of the ligand used, altering the molar ratios of metal to ligand,
altering the temperature and finally altering the solvent used for the synthesis (1201 - p
these factors can and are used, in attempts to synthesize a novel MOF with a unique
structure and properties.

1.2 Applications of Metal-Organic Frameworks

MOFs have received a great deal of attention over the past two decades, as they have a
variety of specific applications which different industries find useful. The major applications
include; gaseous and liquid absorption, separation and purification, heterogeneous catalysis
and sensory applications U All these applications make use of the porous nature and large
surface areas which MOFs exhibit.

1.2.1 Gas and Liquid Absorption, Separation and Purification

The first and most popular application where MOFs find use is in gas storage, which drew
the initial attention to this class of coordination polymers. Most MOFs have been shown to
exhibit large surface areas, upon which gas molecules can undergo physisorption, via van
der Waals interactions, within the pores of the framework M with such large surface areas,
the materials are able to accommodate vast quantities of guest molecules per unit of MOF
M The storage of hydrogen using a MOF is a specific application, which has gained a great
deal of attention, mainly due to the fact that fuel cells are a promising alternative to

petroleum-based fuels 2%

. Hydrogen is highly flammable and relatively hazardous to
transport in a pressurised vessel, but whilst contained within a MOF, the molecules are
separated and bound to pores, thereby removing the gases flammable and explosive nature
21 The MOFs which have shown the most promising uptake of hydrogen have been Cu and
Zn MOFs, e.g. a Cu-MOF (HKUST-1) and a Zn-MOF (MOF-177) exhibit the ability to uptake a
remarkable quantity of hydrogen of up to 7.5 wt%, but only at temperatures near 77 K and
pressures of 70 bar 221 The conditions at which the maximum amount of hydrogen is stored

is a limiting factor for MOFs at the moment, as maintaining the low temperature would



require a costly cooling method, so designing a MOF which can uptake the same quantity of
hydrogen, but at a higher temperature would be ideal.

MOFs find application in the absorption of CO,, which is of great importance as CO; is a
well-known greenhouse gas, so having materials that are able to absorb CO, effectively
before it is released into the atmosphere is beneficial to the environment. One of the MOFs
which has shown the greatest ability to absorb CO, is MOF-177, as a cylinder filled with
MOF-177 is able to hold 9 times the amount of a cylinder filled with pressurised €0, The
CO, molecules are known to exhibit a negative quadruple moment, so have been found to

be bound to the positive metal centres [24]

, Which gives an idea as to where the gas
molecules are most concentrated within the MOF. MOFs containing flexible ligands are
often able to be referred to as ‘breathing’ frameworks. ‘Breathing’ frameworks are able to
exhibit slight structural changes when absorbing a guest molecule, which often increases
the selectivity for a specific molecules, which has been commonly observed with the
absorption of CO, (L1[25-28] "\/_MOFs are not able to compete with Cu and Zn MOFs in their
ability to absorb hydrogen, instead V-MOFs have shown a remarkable ability to absorb CO,
and nitrogen. A number of V-MOFs have been investigated to determine their ability to
absorb CO, %8 The most research has been focussed towards MIL-47, (see Figure 1; pg.
1), by functionalising it with different groups, particularly the OCHs group, which has shown
absorptions of 5.9 mmol/g at 0 °C and 1 bar, which is amongst the highest of reported

absorption values for those specific conditions thus far (28]

Gaseous and liquid separation and purification takes advantage of the guest inclusion
properties of MOFs to remove an unwanted molecule from a solution or mixture. A MOF
can be designed to be very selective for a certain compound, based on; polarity, size and
shape M A mixture will be exposed to the crystalline material, which will selectively absorb
the compounds of interest, depending on the nature of the pores and their size, thereby
separating the compound from the mixture and isolating it within the MOF. An example of a
MOF being used as a separation material has been the absorption and separation of xylene
isomers. Xylene isomers have proven to be difficult to separate from one another in high
yields, as they only differ in terms of the position of their methyl substituents around the
benzene ring. MOFs MIL-47 (V-MOF) and MIL-53 (Al-MOF) are capable of separating these
isomers into yields of up to 40 wt% at 70°C, under mild pressures of 0.005 bar, which

significantly exceeds that of standard zeolitic materials [11[29]

. The mild pressures are
required to ensure that the xylene isomers undergo molecular packing into the pores of the
MOFs, which acts to greatly increase the selectivity for the particular xylene isomer which is

undergoing the packing [ts]

Using MOFs in this way can also be generally beneficial to the environment, as MOFs can act
as a filter to absorb hazardous or toxic components, from the waste before being released.



1.2.2 Heterogeneous Catalysis

Heterogeneous catalysis is an application where Zeolites have found a great deal of
application. MOFs are similar to Zeolites, in terms of their porous nature, so are also finding
increased application as heterogeneous catalysts. Heterogeneous catalysts are widely
sought after for industrial reactions, due to their ability to be regenerated to their initial
structure, allowing for repeated use in the reaction of interest M Zeolites are the most
notable catalysts which are used in industrial reactions and have a number of advantages,
such as; large surface areas, with well-defined pore sizes and high thermal stability, but have
limited possibilities for structural alteration and functionalisation (21301

MOFs have the advantage of having the high surface areas, due to their porous nature,
allowing a larger volume for the reactants to interact within the MOF and on its external
surface when compared to non-porous heterogeneous catalysts. Pore and channel size are
important for catalysis and MOFs have the advantage of having tunable pore sizes and great
variety of functionalisation possibilities and thus have the potential to be used in a greater

variety of reactions [1-3130]

There are factors which limit the potential of MOFs as catalysts, the major being their
inability to withstand the elevated temperatures and pressures which are often associated
with industrial reactions 2%, This is due to the strength of the covalent bond between silica
and oxygen, found in zeolites, which is stronger than the carbon to oxygen bond generally
found in MOFs ™. The second factor is that MOFs have shown that their metal centres that
are coordinatively saturated to the ligand, which means that there are no immediate sites
upon which catalytic conversion may occur 30311 This can be circumvented in several ways,

[4”30'32], which can be

as MOFs often have solvent molecules coordinated to the metal centre
removed, opening up a vacant site for catalytic conversion to occur. Another option is for a
labile bond between the metal and ligand, to detach, opening up a possible coordination
site for catalysis. This process is, however, difficult to control, as the detachment of too
many bonds may cause structural collapse of the MOF, which is most often observed when
water is present, as it aids in the weakening of the metal to ligand bonds. This will be

discussed in detail in Chapter 4 of this study.

MOFs are however able to bring about catalytic activity in a number of different ways, due
to having inorganic and organic components within their structure. The most common
method is direct coordination to the metal centre, e.g. vanadium catalysts and MOFs are
generally in the V" state and are oxidised to the V" state by the addition of an oxidant,
which initiates catalytic conversion to the product BIB3] The metal is not always limited to a
single centre, but can be in the form of a cluster B4 chain ™ or sheet . These options
result in a higher concentration of metal centres per unit cell of the MOF, increasing the
overall catalytic activity. MOFs containing two different metals are bimetallic and offer



interesting catalytic properties, as one metal may be integral to maintaining the structure of
the framework, having no free co-ordination sites, whereas the other is coordinatively
unsaturated and has free sites for catalysis 341 An additional possibility is that both metals
can be involved in catalysis, but follow two different reaction pathways.

The ligand is another way in which catalysis can be brought about, as conversion is able to
occur via the catalytically active functional group, but the ligand as a whole, is still able to
coordinate to the metal and create a strong bond. Viable ligands in this regard are rare and
most often two ligands are used in unison to synthesise the MOF. There have been a few
MOFs studied, which have shown catalytic activity through their ligand groups, e.g. 1, 3, 5-
benzenetricarboxylic acid and tris[N-(4-pyridyl)Jamide] showed great activity and
recyclability in a Knoevenagel condensation reaction when incorporated into a cadmium-
based MOF B¢,

The final way in which MOFs can aid in catalytic processes, is to simply act as an
environment in which the reactants can react with one another. This is the least studied of
the methods by which catalysis can occur, as any porous material has the ability to restrict
the reactants to a confined environment, but MOFs may have an advantage, due to their

tunable pore sizes [30-31]

1.2.3 Application as Sensors

MOFs find application in sensory devices as they are able to elicit a response due to a
certain change that occurs within the structure of the MOF. The changes that MOFs are able
to show and detect can be a result of a number of different processes. The first of these
processes is known as solvatochromatism, which is simply the uptake of the guest molecule
of interest, which in turn, brings about a colour change to the MOF. The colour change is
due to either a symmetry change of the hybridized metal orbitals (in terms of valence bond

theory) or a change in the polarity of the guest molecule [37-38]

. This shifting causes a
difference between the ground and excited states of the MOF, either increasing or
decreasing the energy required to excite an electron to the next orbital. These differences
between the ground and excited states are what determine the colour of the complex, so
depending on the difference in energy, the colour will either shift more to the red or blue
regions of the spectrum 3738 The second and most common process by which MOFs can be
used as sensory materials takes advantage of luminescence-based sensing B39 This involves
either the use of aromatic or conjugated ligand groups, which are able to exhibit
luminescence or by incorporating a lanthanide ion, which are well known to exhibit
luminescence %, The luminescence process is either centred around the metal or ligand, or
possibly a combination of both, as the ligand can transfer charge to the metal or vice versa

[40] ' uminescence can also occur without the structure being emissive at all, in this process



the MOF uptakes a luminescent compound and in so doing there may be m-nt interactions
between the guest molecule and the ligand, which can be measured as the signal >,

1.2.4 Other Applications

With the interest into MOFs growing over the past few decades, there have been a number
of new applications where MOFs have found use.

An interesting application is in the field of drug synthesis and design, where the framework
can be used to provide a limiting environment upon which drugs of a particular size may be
synthesised. MOFs are also able to temporally contain a particular drug and deliver it to the
area of interest within the body, thereby protecting it from metabolic processes, which
would otherwise have broken it down. The limiting factor at the moment is the pores sizes
available, as these tend to be small in comparison to what may be required for drug delivery
[1][42]

Biomedical imaging is another area where MOFs have begun to find application. This is
particularly interesting as gadolinium-based chelates are generally used as contrast agents
in biomedical imaging techniques, such as MRI. This procedure works via the attachment of
the chelate onto the diseased tissue, which allows for better sensitivity of up to 35% in the
image, as the gadolinium chelates act as a contrast to the soft tissue, creating a clearer
image U Gd-MOFs have been developed to follow a similar function, but are limited due to
the fact that the frameworks break down over time and under the physiological conditions,
releasing Gd** ions, which are harmful and potentially can cause nephrogenic systematic
fibrosis (NSF) [,

1.3 Vanadium Chemistry with Selected Oxygen Donor Ligands

Vanadium acquired its name from the name of the Norse god of beauty, Vanadis, due to the
strong colour changes it exhibits when changing between oxidation states in solution.

Table 1: Colours of vanadium at the various oxidation states.

Oxidation state lon Colour
+5 VO3 or VO,"* Amber
+4 Vo> Blue
+3 Vil Green
+2 v Violet

Vanadium is a hard transition metal with a silver/grey colour and an atomic number of 23. It
cannot be found in its pure form in nature, only stabilised in combination with other
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elements, such as oxygen, in the form of compounds 143]

. These compounds can be
subjected to separation processes which results in the isolation of the pure metal, but this
will immediately oxidise in air, causing a thin layer of vanadium oxide to coat the surface of
the pure metal. Vanadium is a d® element, having 5 electrons in its valence orbital. It has 4
stable oxidation states, being; +5, +4, +3 and +2, which gives it the ability of forming an
array of different compounds “**¢!. Vanadium compounds find use in a number of different
industries, with the major application being in alloys. Due to the hardness of vanadium, it is
used as an additive to increase the strength of steel alloys, this is due to vanadium being
able to form very stable carbides and nitrites [43-46],

Vanadium, as with many other metals, forms metal oxides in an oxidative environment,
such as the Earth’s atmosphere. There are two major vanadium oxides, which are of
particular interest to this study, the; vanadate and vanadyl ions. These compounds only
differ in the charge associated with the vanadium centre and therefore form alternate metal
oxides 4348,

V-species are able to coordinate to one another, via oxo-bridging, to form larger, more
complex species, which are known as polyoxometalates (POMs). Vanadium is one of the few
metal’s that is able to form POMs, this is due to its stability at high oxidation states and
being a group 5 transition metal. It is generally observed that only group 5 and 6 transition
metals are able to form POMs effectively 471 A well-known V-POM is the decavanadate ion
(see Figure 6; pg. 12) which will be discussed in detail in Chapter 4. The decavanadate ion
forms from smaller vanadate ions bonded together under specific pH conditions to build up

the large V100,s structure, with its associated counter ions and water molecules (431,

1.3.1 The Vanadate lon
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Figure 5: The basic orthovanadate ion, which has a tetrahedral geometry [48]

The vanadate ion contains a vanadium centre, which is in the 5+ oxidation state. There are a
number of different vanadate compounds, which can become large and highly coordinated
as the more basic vanadate compounds can coordinate to one another via edge and corner

sharing, as shown below [45-51)
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Figure 6: V10028 "Decavanadate", formed via edge and corner sharing of the VOg octahedra
[52]

Vanadate compounds generally contain an oxoanion (the V-O species) bound to a counter
ion, a cation, e.g. Na* or K*, which balances the molecule to a neutral charge. The anion and
cation are bound ionically to one another to form a stable and neutral compound, e.g.
NaVOs. The vanadates which will be used in this study are known as ‘metavanadates’, which
are slightly different to the previously mentioned vanadates, as they are not distinct units,
but are repeating units which bind together to form a chain.

c|)— NH,*

V.
O//\O n

Figure 7: Ammonium Metavanadate (531,

There are two metavanadate metal salts of interest that are being used in the synthesis of a
vanadium based MOF, namely; sodium metavanadate (NaVO34H,0) and ammonium
metavanadate (NH;VO3).The vanadium is in the 5+ oxidation state for both metal salts.
Compounds synthesised will be compared to determine if the presence of different counter
ions will have an effect on the product.

12



1.3.2 The Vanadyl lon
ﬁ
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Figure 8: Vanadyl Sulphate.

The vanadyl cation is light blue in colour and is a single vanadium centre doubly bound to an
oxygen ([VO]*), giving the molecule a 2+ charge. The vanadyl ion is one of the most stable
diatomic ions known and is able to form a wide range of complexes (43431 The difference
between the vanadyl and vanadate ions is that the vanadyl is a cation and the vanadate is
an anion, so this may lead to differences in the structure of the products. The vanadyl cation
must be ionically bound to an anion, e.g. Cl,> or SO,%, to maintain a neutral charge. The
metal salt used in this study, is vanadyl sulphate (VOSO4xH,0). Vanadyl sulphate is a well-
known compound of vanadium, it is dark blue in colour and is hygroscopic, with the

vanadium being 4+ oxidation state [43-43]

1.3.3 Speciation of Vanadium

There are a number of different factors that can often work together to effect the speciation
of vanadium, they can be listed as; pH, concentration of vanadium, temperature, pressure,
oxidation due to the atmosphere (43431 11y this study, the effects of pH, temperature,
pressure and oxidation due to the atmosphere were focussed on to see to see their effects
on the formation of V-species.

Vanadates are the dominant species at the 5+ oxidation state. When the V>* ion is in an
aqueous medium, there are a number of V-species which can form depending on the pH of
the solution, concentration of vanadium and ionic strength of the solution.
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Figure 9: The Pourbaix diagram of vanadium, which shows the speciation as a function of pH
and potential at 25°C and an ionic strength of 1M 331,

Potential will not be investigated in this study, so when one observes Figure 9 at the
potential of 0, one is able to focus on the effect of pH. This study was restricted to pH values
lower than 6, which will be discussed later in detail in Chapter 2. From pH 1 to 3 one can
observe that the V,0s species is present. At pH values of 2.5 — 3, the exact identification of
the dominant species is slightly more ambiguous, the dashed line indicates that the exact
point where the shift from the V,0s species to the decavanadate species, V10025(OH)24'
occurs is unknown. From a pH value of 3 — 6 the dominant V-species are the decavanadate

ions, with varying degrees of deprotonation.

v* dissolves in water to form the vanadyl ion, but the ion is only stable enough to remain in
solution when the pH value is sufficiently low; below 3.5. Increasing the pH above this value
will result in the formation of various vanadates, such as ‘deca’ and orthovanadates 431
When a ligand is introduced into solution and the pH value is altered, the V-species that
were originally unstable at the altered pH value, may be stabilised by bonding to the ligand
and forming a stable molecule, thus allowing them to be present in solution in the form of a

complex [43-451
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1.3.4 Benzenetetracarboxylic Acid:

1, 2, 4, 5 - Benzenetetracarboxylic acid (H4B4C) was the ligand chosen to build a possible
metal organic framework/s, as it has a stable and rigid structure, due to the benzene ring
and the presence of the 4 carboxylic acid groups, through which coordination may occur.

OH
9 O

OH
HO

O
HO™ O

Figure 10: 1,2,4,5-Benzentetracarboxylic Acid (541,

Coordination can occur via the carboxylic acid groupings through two possible coordination
sites, the carbonyl group and the OH group. The carbonyls have two lone pairs, which can
be donated to form a bond, the OH groups can be deprotonated to the oxygen, which has
lewis acid character and will bond to a metal with relative ease.

Figure 11: Possible coordination between the metal and ligand.

Figure 11 shows the potential coordination routes between the metal and the carboxylic
acid groups, which can be identified as; unidentate, bidentate or bridging routes [551,
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1.4 A Review of Vanadium-based Metal-Organic Frameworks

The use of vanadium as the metal centre in the synthesis of metal organic frameworks has
been limited when compared to other, more popular divalent metals, such as copper and
nickel. Vanadium has received an increased amount of attention in this regard over the past
5 to 10 years. 12 coordination complexes have been termed as V-MOFs, which have been
reviewed in terms of synthesis, structure and have been investigated for potential
applications. Van Der Voort et al has recently released a review on the synthesised V-MOFs

561 which aided in the compilation of this table.

Table 2: A list of the synthesised V-MOFs [sel,

No. MOF name: Metal unit: Ligand unit: Reference:
1 MIL-47 {V-O-V} chains | BDC [57]
2 MOF-48 {V-0-V} chains DMBDC [58]
3 MIL-59 Oxido-centred Isophthalic acid | [59]
vanadium
trimers
4 MIL-68 {V-0-V} chains BDC [60]
5 MIL-60 {V-0-V} chains BTEC [61]
6 MIL-61 {V-0-V} chains BTEC [61]
7 MIL-71 {V-0-V} chains BDC [62]
8 COMOC-2 {V-0-V} chains BPDC [63]
9 COMOC-3 {V-0-V} chains NDC [64]
10 MIL-100 Oxido-centered | BTC [65]
vanadium
trimers
11 MIL-101 Oxido-centred BDC [66]
vanadium
trimers
12 [V",0,(H,0)(B4C)] {V-O-V} chains | BTEC [33]
(RU-V1)
BDC = 1,4-Benzenedicarboxylic acid MIL =Materials Institute Lavoisier
DMBDC = 2,5-Dimethylbenzenedicarboxylate COMOC = Center for Ordered Materials,

Organometallics and Catalysis, Ghent University.
BTEC = 1,2,4,5-Benzenetetracarboxylic acid
BPDC = Biphenyl-4,4-dicarboxylate
NDC = 2,6-Naphthalenedicarboxylate
BTC = 1,3,5-Benzenetricarboxylic acid

Table 2 shows the names, and structural motifs of the 12 vanadium coordination complexes,
which have specifically been assigned as MOFs, via a literature review. An addition has been
made the table of published V-MOFs, namely; no. 12 [V'Y,0,(H,0),(B4C)] which will be
shortened to RU-V1 for the remainder of the thesis. RU-V1 has not been specifically
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described as a MOF, but exhibits all the properties of a MOF. The complex exhibits porosity
through its cavities and channels, has a large surface area and is crystalline, with a known
structure.

All of the previously reported V-MOFs were synthesised using solvothermal conditions,
which will be discussed with the parameters displayed in Chapter 2. Subjecting the
previously discussed vanadium species to the elevated temperatures and pressures yields
two V-0 species; {V-O-V} chains and oxido-centered vanadium trimers.
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Figure 12: Two-dimensional representations of the V-O-V corner sharing chains and oxido-
centered trimers.

Figure 12 shows a basic diagram of the V-O-V chains, which are tilted vanadium octahedra
connected into chains via the axial -OH bonds. V-OH-V chains are expected when the V-
centres are in the 3+ oxidation state. The deprotonation of the hydrogen from the OH yields
V-0-V chains, which in turn oxidises the V-centres to the 4+ oxidation state (591164651 ' The
oxido-centered trimers are slightly more complex, as three vanadium octahedra now share
bridging oxygen between their axial, creating a trimer. The equatorial positions are
stabilised and bound together via O-O bridges. A ligand is able bind to the V-O-V chain at the
equatorial positions, possibly linking a number of chains to create a repeating structure. The
trimers can be linked together due to the ligand replacing the O which bridges between the
equatorial positions of the trimer, thereby also creating a repeating structure.

MIL-47 was the first V-MOF to be synthesised and characterised 571 and is the most studied
to date, with a comprehensive study completed into its catalytic activity for the conversion
of cyclohexene to the epoxide . This will be comparatively discussed with the results of
this study in Chapter 4. In the initial study done on the V-MOF 571 two structures were
described and compared, MIL-47as (V"(OH)(BDC).x(BDC) (x= +0.75) and MIL-47 (VVO(BDC)).
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MIL-47as describes the ‘as synthesised’ product, which analysed directly after synthesis with
no additional purification procedure, so free ligand is expected to be trapped within the
pores. MIL-47 is the product after undergoing calcination in a tubular furnace at 573K, which
releases the trapped ligand from the pores and confirmed that the structure exhibited
permanent porosity after the removal of the free ligand, with a surface area 930 m?/g 7.
The structure of the MIL-47 is shown in Figure 1 (pg. 1) and one can observe that it has
rhomboidal shaped pores which propagate through the structure as channels. The pore
sizes were compared between MIL-47as (7.9 A x 12.0 A) and MIL-47 (10.5 A x 11.0 A), where
the pore size of MIL-47 is shown to be greater, which was expected, as the free ligand and
any interactions it had with the framework, had been removed 57 An interesting note was
that the V-centres in MIL-47as were in the 3+ state, but after calcinations, were found to be
in the 4+ state for MIL-47, this was due to the deprotonation of the OH groups which bridge
the VO octahedra together, which replaces the V-OH-V chains, with V-O-V chains. Guest
inclusion studies proved that the structure of MIL-47 exhibited significant flexibility, being
able to expand and contract depending on the guest molecules to be included, such as;
trimethylbenzene and 2-methyl-1-propanol 571, Finally the structure’s magnetic properties
were investigated as using organic linkers, such as BDC, which contain delocalised m
electrons, allowing for long range electronic interactions between the metal centres within
the MOF. MIL-47as was found to exhibit antiferromagnetic behaviour at a temperature of Ty
= 95K and MIL-47 at a temperature of Ty = 75 K 571 The difference between MIL-47 and MIL-
47as is due to the V** - V¥* interactions of MIL-47as being stronger, this is due to there being
more delocalised electrons associated with the metal centres and more ligand available 571,

MOF-48 was synthesised using DMBDC as a ligand instead of BDC, which yielded a product
with the same structure as MIL-47, but the ligand is functionalised with two methyl groups,
which were found to point into the pores of the structure 8] MOF-48 was also found to
exhibit permanent porosity and flexibility of its structure. MOF-48 and MIL-47 were both
used in a study ¥ to compare their effectiveness in catalytically converting methane (CHa)
to acetic acid (CH3CO,H). It was initially found that MIL-47 exhibited the greatest conversion
of acetic acid (70%), but had a lower selectivity (9%), whereas MOF-48 had lower conversion
(48%), but had a higher selectivity (38%) due to its pores being more hydrophobic . The
study proceeded to use carbon monoxide (CO) instead of methane, with this change the
selectivity of the reaction increased to 100% for both MOFs, for acetic acid, as methyl
trifluoroacetate (MFTA) was found to no longer form as the minor product of the reaction.
The yield for MIL-47 is reduced (33%), whereas the yield increases slightly for MOF-48 (49%)
581 Both MOFs were found, as confirmed, via XRPD, to be able to maintain their structural

stability after the reactions and required little in the way of regeneration [581,
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Figure 13: A structural unit of MIL-59 %,

MIL-59 has the formula [V"(H,0)]50(0,CCsH4CO,)5(Cl,9H,0) and was the first V-MOF to be
synthesised using 1,3-benzenedicarboxylic acid and vanadium oxido-centred trimers 591,
Figure 13 shows a structural unit of MIL-59, where one is able to observe the oxido-centred
trimers connected to one another via the ligand, to create a cuboidal structural unit. One
should note that the water molecules and chloride ions have been omitted and the carbons
shown, are only those involved in the shortest pathways between the trimers, which may
give the illusion that the pores are larger than they actually are. MIL-59 was found to be
paramagnetic at all temperatures with an experimental Curie constant of 1.05 591,

MIL-68 has a formula of V'"(OH){OZC-CGH4-C02}.(HOZC-C6H4-02H)X(DMF)y(HZO)Z and has been
synthesised in a similar way to MIL-47, but instead of using water as the solvent, N,N-
dimethylformamide (DMF) was used 0] DMF has a major impact on the pore size and
shape, as two pores of different sizes are present to the single pore size of MIL-47. MIL-68
exhibits large hexagonal pores and small triangular pores involved in linking the hexagonal
pores together 0] The hexagonal pores are larger than the rhomboidal pores present in
MIL-47 and the overall surface area is lower (603 m?/g). Upon removal of the guest

molecules, the structure was shown to exhibit permanent porosity [60]
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Figure 14: The structures of MIL-60 (left) and MIL-61 (right) [61],

V-MOFs: MIL-60 with formula: ((V"(OH))2[CéH,(CO,)s]4H,0) and MIL-61 with formula:
(V"(OH)[(0,C)CeH,(COOH),] H,0)], are important as they were both synthesised using BTEC
611 which is the ligand used in this study. The only difference between the synthetic
procedures of MIL-60 and 61 was that the molar ratios of the metal and ligand were altered,
M:L = 5:1 for MIL-60 and 1:1 for MIL-61. From Figure 14, one can observe that MIL-60 is
coordinated through all four of its carboxylic acid groups to vanadium in an octahedral

611 MIL-61 is more complex as it is only bound through two carboxylic acid

geometry
groups, leaving two of the terminal carboxylates directed into the pores. This is due to the
excess ligand present when using a M:L molar ratio of 1:1 61 This leads to a partial stacking
of the ligands over one another, so the pore size of MIL-61 is expected to be far lower than
that of MIL-60, but these properties were not specifically noted in the study 6 The
magnetic properties of the V-MOFs were investigated and it was found that MIL-60
exhibited paramagnetism, in a similar fashion to MIL-59, and MIL-61 was found to be
antiferromagnetic at a temperature of Ty = 55 K. MIL-61 has a unique structure with a large
number of delocalised m electrons, so with continued investigation, could lead to a material
with unique magnetic properties in the future [61]

MIL-71 has a formula of V"'z(OH)ZFZ{OZC—C6H4—C02}'H20 and the objective of the study was to
synthesise the MOF with a two-dimensional inorganic subnetwork 621 An inorganic
subnetwork refers to positions of the inorganic molecules (the metal centres) with relation
to each other within the MOF and can be zero dimensional (clusters and trimers), one
dimensional, (chains) or two dimensional, which indicates that they are chains coordinating
to form sheets ®%. In the previous study with MIL-47, the inorganic subnetwork was one
dimensional, as the VO octahedra propagated through the MOF as a chain 571 MIL-71 has a
two-dimensional framework, in that the VO octahedra are able to coordinate to each other
via a fluorine atom, linking them through two axes instead of just one.
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Figure 15: The structure of the oxyfluorinated octahedra sheets of the inorganic

subnetwork. Grey circles = oxygen, white circles = fluorine and black circles = carbon (621,

Figure 15 shows how the addition of fluorine is able to form a two-dimensional inorganic
subnetwork, as the fluorine replaces one of the oxygens in the equatorial position, linking
two a subsequent chains together. The two dimensional inorganic subnetwork was originally
in the V** oxidation state, but after calcination was irreversibly converted to the V*'
oxidation state, similar to what was observed for MIL-47as and MIL-47, where the V-OH-V
chains were replaced with V-O-V chains 7162 This process caused the pores to become
completely hydrophobic, preventing rehydration and caused permanent porosity 621 The
presence of a two-dimensional inorganic framework was thought to be advantageous, as it
should increase the amount of interelectronic interactions between the inorganic centres.
This MOF was found to exhibit antiferromagnetic properties at a lower temperature (Ty = 20
K) than the previous (MIL-47), due to the functionalisation of phenyl rings by carboxylate
groups, which possibly reduces the strength of the magnetic coupling f621,

COMOC-2 has the formula: VVO(BPDC) and was incorporating BPDC as the ligand, to extend
the pore sizes 631 BPDC can be regarded as BDC with and extra benzene moiety and it was
found that the pore sizes have been enlarged due to this fact (18.9 A x 19.4 A) 3l comoc-2
was able to be synthesised under solvothermal conditions and using micro-assisted
synthesis. An extension to the reaction time (24 hrs) or an increase in temperature (160°C)
formed the same product, but was found to exhibit a mixed valency of V'V/Vv" 631 comoc-2
(VY) and comoc-2 (VV/V") were compared to one another in terms of their sorption
properties and it was found that COMOC-2 (V") was able to exhibit significant flexibility and
breathing when absorbing CO, and CH,4, at various temperatures and pressures, which
comoc-2 (VV/V") was not able to exhibit 61 comoc-2 (V"V) was noted to show similar
isotherms for CO, and CH4 at temperatures of 303 K and 35 bar, but when changing the
temperature to 265 K, the structure was more selective for CO, and with 28 bar, with the

pores being calculated to be almost completely filled, based off nitrogen porosimetry data
[63]

COMOC-3 has the formula: V" (OH)(0,C-C10He-CO,) H,0, and used NDC as the ligand, which
yielded a product with a structure that was similar to that of COMOC-2 641 Instead of 2
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successive benzene rings bound together, as observed with BPDC, naphthalene was the
central unit of the ligand NDC, which lead to a greater overall structural rigidity for COMOC-
3 64, Similarly to COMOC-2, the MOF was able to be synthesised using either solvothermal
or microwave-assisted syntheses. The ‘as synthesised’ product was found to be in the V"
state and after calcination was converted into the V**. The objective of the study was to
investigate the catalytic activity of the V-MOF in the epoxidation reaction of cyclohexene to

641 The catalytic results were comparable to that of MIL-47 ¥ as

cyclohexene oxide
COMOC-3 was able to convert cyclohexene to the epoxide with a high selectivity (82%), but
slightly reduced conversion (38%) after 7 hours. It was also found to be completely reusable,
only requiring washing and calcinations between successive runs, with a negligible amount

of vanadium leached (0.62%) into solution (641

MIL-100(V) has a formula of V30(H,0),X[CoH30¢]>.yH,0, where X=(Cl');, (CsHs0¢),, y=3 and
z=0.3 and was synthesised using BTC as the ligand, with vanadium oxido-centred trimers as
the inorganic subnetwork 651 |n contrast to what was found with MIL-59 *° the oxido-
centred trimers bind to BTC to create what are known as ‘super-tetrahedra’.

Figure 16: An example of a super-tetrahedra [651,

The super-tetrahedra connect to one another via corner sharing to create ‘cages’ with large
cavities of 25 — 29 A in diameter [, Similarly to the previously discussed COMOC-2 MOF [631
vanadium centres were found to be in a mixture of both V" and V", due to the number of
coordinatively unsaturated sites and the different environments present within the MOF.
Having coordinatively unsaturated vanadium centres may be a great advantage in the
application of catalysis, as this would mean that the MOF would not have to undergo a bond
dissociation from the metal centre, instead having a free coordination site available, which
would aid in structural stability over repeated runs. MIL-100 was tested for its capacity to
uptake CO; and CH,4, where it was determined that, similarly to COMOC-2, four times as
much CO; could be adsorbed compared to CH4[65]. This was determined to be due to the
guadruple moment of CO,, which induces specific interactions, such as Van der Waals forces
and hydrogen bonds, between CO, and the pore of MIL-100, as the pore was found to be

polar in nature (651,
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V-MIL-101 has a formula of [V3OCI(DMF),(BDC)3]'3.1DMF10H,0'0.1BDC and V-MIL-101-NH,
=[V50CI(DMF),(BDC-NH,)3]'2.8DMF'H,0:0.1BDC-NH, ®®. The ligands used were BDC and 2-
amino-1,4-benzendicarboxylic acid and the metal species were found to be the oxido-
centred trimers, also found in MIL-59 and MIL-100. The structure was somewhat similar to
that of MIL-100, with super-tetrahedra connecting to one another to create larger cages or
pores, which were found to have a completely different structure due to the inclusion of a
new ligand and the solvent used for the synthesis being DMF instead of water. The pore size
was found to be smaller than that of MIL-100 with a diameter of 12 — 16 A *®!. The objective
of this study was to characterise the structures of the MOFs and enquire into their gas
sorption properties. The MOFs were found to have moderate thermal stability (V-MIL-101 =
320°C and V-MIL-101-NH, = 240°C) and were able to significantly absorb N, and CO,, but
only under an inert atmosphere of argon 681 'A similar characteristic to what was found in
MIL-100, was that V" and V" centres were both present again due to the coodinatively
unsaturated nature of the MOF, which may be an advantage for the application of catalysis.

The final V-MOF to be discussed has the formula [V"",0,(H,0),CsH,(CO0)4)] or shortened to

RU-V1. RU-V1 was synthesised using BTEC and VO-octahedra to yield a highly coordinated

MOF with the four carboxylic acid groups bound to a total of six V-O octahedra 381,

Figure 17: The bulk structure of RU-V1, showing the pores and channels which propagate
through the framework 131,

The major difference between this MOF and the previously mentioned MOFs is that the VO-
octahedra are not in a chain but are single clusters. The pore sizes are expected to be
smaller than that of MIL-47, due to the structure being more highly coordinated,
unfortunately the actual pore sizes were not noted in the study B3] This MOF will be
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discussed in greater detail in Chapters 3 and 4, as it is one of the materials which has been
applied to the application of catalysis of cyclohexene to the epoxide, cyclohexene oxide.

1.5 Aims of the Study

The aims of the study were threefold:

- To synthesise a V-MOF/s using 1,2,4,5-benzenetetracarboxylic acid as a ligand, novel
or otherwise.

- To fully characterise the synthesised V-MOF/s.

- To apply a V-MOF/s to the application of the catalysis for the conversion of
cyclohexene to cyclohexene oxide.
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2. EXPERIMENTAL

2.1 Synthesis
2.1.1 Methods of Synthesis

3 metal salts and 1 ligand were used in the various syntheses; ammonium metavanadate
(NH4VO3), sodium metavanadate (NaVO3'4H,0) and vanadyl sulphate (VOSO44H,0), as the
metal salts and 1, 2, 4, 5 — benzenetetracarboxylic acid (H4B4C), as the ligand. These starting
materials were used for every synthesis and the metal to ligand ratio was 2:1, this was kept
constant throughout each synthesis, unless otherwise stated. This ratio was chosen from
reviewing various synthetic procedures in the literature, which all reported ratios within this
range [1-s1, Vanadyl acetylacetonate (VOacac) was included as a metal salt in ambient and
reflux syntheses with the ligand.

A number of different synthetic methods were employed in an attempt to form a possible V-
MOF, these can be listed as; ambient, solvothermal, gel and reflux.

Ambient syntheses are the most simple of the synthetic methods. The metal salt and ligand
are dissolved in an appropriate solvent, combined, stirred for a given time to ensure proper
mixing and then stored under ambient conditions with the aim of forming a product.
Ambient syntheses are kinetically controlled, where there is little to no activation energy
involved, the reaction is driven by mixing of the various components in solution under
ambient conditions. These syntheses are generally left for up to a week or more, to allow
time for the precipitation of the maximum amount of product from the solution, to ensure
that the greatest yields are achieved.

Solvothermal synthesis involves a similar set-up as ambient synthesis, but the reaction
mixture is placed into an autoclave, which exposes the mixture to high temperatures and
pressures. Solvothermal syntheses are also kinetically controlled, but follow a different
reaction pathway, as the reaction mixture is exposed to elevated temperatures (150-200°C)
and pressures (autogenous). Under these conditions a new product is formed, which is
generally exhibits stronger bonding, with a more ordered structure, when compared to
ambient syntheses. Solvothermal syntheses are generally carried out for 3 to 5 days.

Gel synthesis involves use materials which have the ability to undergo gelation. Examples of
materials that undergo gelation are; agar, gelatine and sodium metasilicate. For the
experiments undertaken, gelatine and sodium metasilicate were used. Sodium metasilicate
was chosen, as the material has been well known and well-studied as a medium in which
crystals can grow, but can only form a gel at a pH value of £ pH 6.5 ] Gelatine was chosen
as it is far more robust and can form a gel at a wider pH range © The general procedure for
setting up a gel synthesis was to first impregnate the gel with the ligand, this is done by
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simply adding the ligand to the gel, by dissolving them both in water and mildly heating the
dissolved mixture until the gel hardens and sets. After the gel has set, the metal salt is
added over the gel and allowed to slowly diffuse through and react with the ligand over
time. The rate of the reaction is determined by the rate of diffusion of the metal salt, which
is generally very slow, so these reactions can take months to years to complete. Note that
when using gelatine or agar, one needs to heat the powdered material in an autoclave
before use. This is to ensure that there are no bacteria associated with the material, as to
avoid bacterial growths, which were discovered in the gel syntheses using gelatine and will
be discussed in Chapter 3.

Gel syntheses have the advantage of often producing a product with a high purity and can
often be in the form of single crystals. Single crystals are very useful in the determination of
size and structural factors via X-ray crystal diffraction and are generally difficult to
synthesise using other synthetic methods.

Reflux syntheses also involve the same initial steps as ambient syntheses. The reaction
mixture is put under reflux at the boiling temperature of the solvent used. The reaction is
run at elevated temperatures, but lacks the pressures and temperatures which solvothermal
conditions expose the reaction mixture to, so a different kinetic pathway from the ambient
and hydrothermal syntheses is expected to be followed.

2.1.2 pH Control

pH control was employed in almost all of the above mentioned methods of synthesis. It is
one of the most important factors when using a carboxylic acid based ligand such as H4B4C
in the formation of a MOF or complex. Controlling the pH allows for the manipulation of the
ligand, specifically with regards to the number of protons that are attached to the carboxylic
acid functional groups, which are substituents of the benzene ring.

OH
= O

OH
HO

0
HO” O

Figure 18: 1, 2, 4, 5 — benzenetetracarboxylic acid with all the carboxylic acid functional
groups being protonated 7,
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By altering the pH of the solution to be more acidic, it is expected that the majority or all of
the carboxylic acid functional groups will be protonated, as the solution will have an excess
of H" or H30" ions.

09r

—B4aC*
—==-HBAC™

Relative Amount

-
il T

Figure 19: Speciation curves of H4B4C showing the relative amounts of the various species,
over varying pH values.

The distribution curve was modelled by Matthew Coombes 8] using HySS software B The
dissociation constants of H,B4C in the model were (101, ki =1.20 x 10'2; k, =1.34 x 10'3; k3 =
3.2x107; ks = 2.35x 10°.

The distribution curves in Figure 19 indicate at which pH values, the greatest relative
amount of each specific species is observed. The pKa values were determined as the points
upon which any two species meet, where their relative amounts are in equilibrium. They
were determined to be; 1.92, 2.87, 4.49, 5.63. The equilibrium point between 2 species of
H4B4C was chosen due to it offering two possible pathways for the reaction to proceed
through. If an exact point is chosen for just one species, the reaction has only one pathway
to proceed through. These pKa values were used for all the different syntheses, as the pH
values were altered to match that of the pKa value and thereby controlling the number of
protons attached to the ligand.

2.1.3 Attempted and Successful Syntheses
From Table 3 on the following page, one can observe that a number of the attempted

syntheses were unsuccessful, by which no apparent complexation was achieved between
the metal and ligand.
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Table 3: A summary of all the syntheses attempted at the various pKa values of H4;B4C, ‘X’
denotes a unsuccessful synthesis, whereas ‘product’ denotes a successful synthesis.

Ambient
pH: 1.92 2.87 4.49 5.63
NaVO; X X X X
NH;VO; X X X X
VOSO, X Product Product X
VOacac X X X X
Gel
pH: 1.92 2.87 4.49 5.63
NaVvO; X X X X
NH;VO; X X X X
VOSO, X X X X
Reflux
Atmosphere: Air N,
NaVvO; X X
NH;VO; X X
VOSO, X X
VOacac X X
Solvothermal

pH: 1.92 5.63
NaVO; Product X
NH;VO; Product X
VOSO, Product X
VOCl, Product X

Unsuccessful syntheses were most evident for the ambient syntheses involving the
metavanadate species. This was due to either the formation of the vanadium oxide (V,0s) or
decavanadate ([Hxvloozg]x'), which both form as the pH of the solution is lowered (see
Figure 9; pg. 14). The reason for complexation failure is due to the vanadium metal centres
being surrounded by oxygen. When the ligand attempts to bind through either its
deprotonated carboxylic acid functional groups at a low pH value (1.92), the oxygen already
bound to the vanadium centre will compete with the oxygen from the carboxylic acids. The
hope was that binding of metal to ligand may occur from the deprotonated carboxylic acid
groups at a higher pH value (5.63), but this was not found to be the case. This was
confirmed by the IR spectrum of the mixed solution being identical to that of the
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unmetallated ligand at this specific pH value. The results of the ambient syntheses were
generally; the formation of a metal salt, with its structure depending on the pH of the
solution and a ligand salt, such as Na* or NH;* bound to H4B4C, which was also dependent
on the pH of the solution. The unsuccessful syntheses will be addressed in the results
section.

In contrast to this, the vanadyl ion of VOSO, was observed to generally form a complex with
the ligand in most syntheses. This is due to the vanadium centre being doubly bound to a
single oxygen and still having free coordination sites on the vanadium centre, which allow
ligands, such as H;B4C to bind and form a complex.

2.1.4 The General Synthetic Procedures

2.1.4.1 Ambient Syntheses

Solutions of the metal salt and ligand were added to one another in a molar ratio of 2:1.
H4B4C (1.00 g, 0.0039 mol) was added to H,O (40ml), to which +10 drops of absolute
ethanol (EtOH) were added to aid in the dissolution of H4B4C. The mixture was then heated
and stirred until all the H4B4C had been dissolved in a separate flask. NaVOs'4H,0 (1.51 g,
0.0078 mol) or NH4VOs (0.92 g, 0.0078 mol) or VOSO44H,0 (1.85 g, 0.0078 mol) was added
to H,O (40 ml), which was also stirred and heated to ensure that the metal salt was
completely dissolved. The two solutions were added to one another, stirred and slowly
cooled to room temperature. Once at room temperature a pH meter was employed to
determine the actual pH of the solution, after which the pH was then adjusted to the
required value by adding either 1 M sodium hydroxide (NaOH) or 1 M ammonium hydroxide
(NH4OH) to increase the pH, or 32% hydrochloric acid (HCI) to decrease the pH. The solution
was covered with parafilm to prevent impurities from entering and to prevent any
appreciable loss of solvent due to evaporation. The solution was stirred, with no heating for
one week, to allow for product formation and the potential precipitation of said product.
When a product precipitated out of solution, it was filtered, washed with deionised water
and allowed to dry under atmospheric conditions. With the above being the general
procedure, alterations could and were made to aid in the precipitation of the potential
product. These alteration steps were to reduce the initial amount of solvent to which H4,B4C
and the metal salt were separately dissolved in. This volume could be reduced to 25 mL for
both the ligand and metal salt, which often increased the rate of product formation. If a
product had not precipitated out of solution after the length of a week, a vacuum pump was
employed to reduce the volume further, until precipitation was observed.
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2.1.4.2 Gel-based Syntheses

Two well-known gelling materials were employed in the gel-based syntheses and the
methods specific to sodium metasilicate and gelatine will be presented. A straight-tube
method was used for all the gel syntheses.

Metal salt solution

Area of crystal growth

Gel with impregnated
ligand

Figure 20: A Typical Straight-tube Synthesis.

Sodium metasilicate as a gelling material:

H4B4C (1 g, 0.0039 mol) was added to H,0 (25 ml), with £10 drops of EtOH added to aid with
dissolution of H4B4C. The solution was heated and stirred until all the solid H,B4C had been
dissolved and was then transferred into a boiling tube. A sodium metasilicate stock solution
was made up with the concentration of 488 g/L. 5 ml of the stock solution was carefully and
immediately added to the dissolved H;B4C. The pH of the solution was then adjusted to 6.5
through the careful addition of acetic acid. The gel solution, containing H4B4C, was then
heated at a constant temperature of 40°C overnight to allow it to set and harden, with the
top of the boiling tube covered with parafilm. NaVO3'4H,0 (1.51 g, 0.0078 mol) or NH;VO3
(0.92 g, 0.0078 mol) or VOSO44H,0 (1.85 g, 0.0078 mol) was added to H,O (40 mL) and
heated to ensure that the metal salt was completely dissolved. Once cooled to room
temperature, this was then carefully layered over the top of the hardened gel in the boiling
tube and the top of the boiling tube was re-covered with parafilm. The boiling tube and
contents were left for a number of months to allow the metal salt solution to slowly diffuse
into the gel that was impregnated with the ligand and possibly form a complex or
complexes.
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Gelatine as a gelling material:

H4B4C (1 g, 0.0038 mol) was added to H,0 (25 ml), with £10 drops of EtOH added to aid in
dissolution of H4B4C. The solution was then heated and stirred to ensure that the H4,B4C had
entirely dissolved. Gelatine powder (5.5 g) was added to H,O (50 ml), then the solution of
H4B4C was added to this and the resultant mixture was transferred to a boiling tube, was
heated and occasionally stirred to ensure that the gel dissolved entirely. The pH of the
mixture of H4B4C and the gelatine was naturally 1.80 and from here the pH value was
adjusted in the same fashion to that of the previously mentioned ambient syntheses, with 1
M sodium hydroxide (NaOH) or 1 M ammonium hydroxide (NH4;OH) being used to increase
the pH value and 32% hydrochloric acid (HCI) being used to decrease the pH value. The gel
was allowed to stand overnight to allow it to set and harden, with the top of the boiling
tube being covered with parafilm. Once the gelatine mixture had set, the solution
containing the metal salt dissolved in H,O (40 mL) and was carefully layered on top of the
gelatine and allowed to stand for a number of months, with the top of the boiling tube again
being re-covered with parafilm to ensure no appreciable loss of solvent.

2.1.4.3 Reflux Syntheses

The initial steps for the reflux synthesis are identical to the ambient process, in terms of
masses and solvent volumes. After the metal salt and ligand solutions are added together,
the resultant solution was transferred into a round bottomed flask. The solution was stirred
and put under reflux in an inert atmosphere using nitrogen (N;) or normal atmospheric
conditions. The reflux was set at 100°C for water and 65°C for methanol, which was the
solvent when using VOacac as the metal salt, and left for a 12 hour period. The reaction
mixture was purged with N, for 30 minutes before being exposed to the reflux conditions
under an inert atmosphere. Any products formed were washed with deionised water,
filtered and dried.

2.1.4.4 Solvothermal Syntheses

Solvothermal syntheses were completed using two different types of autoclave. The first
autoclave used was a Berghof BR-300 high pressure reactor, which uses a 230 mL Teflon
insert to contain the solution. This autoclave is the more sophisticated of the two, as it has
been manufactured with programmable temperature settings. The second autoclave is an
older metal-heated oven type autoclave, where the oven temperature has to be set
manually if any changes are required. With using two different types of autoclaves, the
method for each was slightly different. Care needed to be taken with the volume of solvent
used in the solvothermal syntheses, as too little solvent would vapourise, leaving the
potential product to char and too much solvent could potentially cause the material housing
the sample solution to burst or break, as the vapour pressure would exceed the pressures
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limits of the material. This was only necessary for the older oven type autoclave, which
lacked pressure controls.

High Pressure Reactor:

The initial steps for the solvothermal synthesis are identical to the ambient process, in terms
of masses and solvent volumes. After the metal salt and ligand solutions are added together
and after any pH adjustment, the resultant solution was transferred into a 230 mL Teflon
insert, which was then placed into the autoclave. The temperature program could be set in
a number of different ways, an example of a successful temperature program is described
below.

Table 4: An example of a temperature program used for a solvothermal synthesis using the
high pressure reactor.

Ramp (mins) Hold (mins) Temperature (°C)
300 10 50
300 10 100
300 1440 150
300 10 100
300 10 50
300 10 25

‘Ramp’ was the time taken to reach the specific temperature and 'Hold’ was the length of
time at which the autoclave was held at the specific temperature. One can observe that
there was slow heating up to 150°C and the temperature was held there for 24 hours and
then slow cooling was employed to reach room temperature.

Metal Oven Autoclave:

After the metal salt and ligand solutions are added together and after any pH adjustment,
the resultant solution was then transferred to an £ 80 mL thick walled glass tubes, which
were sealed with a blowtorch. Particular care needed to be taken with the amount of
solvent that was added to the tubes, as the vapour pressure could exceed the pressure
limits of the tubes, thereby causing the tube to burst, so the tubes were always filled to
halfway (40 mL) with the sample solution. These were entered into the autoclave, which
was set at 200°C and were left for between 5 and 7 days, depending on the system under
study. The sample tubes were then removed from the autoclave, allowed to cool and finally
cut in half, to allow for product removal. The product was then filtered, washed and dried.
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2.2 Characterisation Techniques

A detailed description of each technique presented in this section is offered in the
Instrumentation Appendix, which is displayed from pg 120 onwards. Only the information
that is relevant for the thesis is presented in this section.

2.2.1 Microanalysis

A Vario MICRO V1.6.2 elemental analysis system was used for the determination of the
percentages of carbon, hydrogen, nitrogen and sulphur (CHNS analysis).

The vanadium content was determined using a Thermo iCap 600 series ICP-OES
spectrometer (V detected at wavelengths 292.4 and 311.0 nm) and the sodium content was
determined using a Perkin Elmer AAnalyst 200 Atomic absorption spectrometer (with a
sodium lamp).

Both the CHNS and ICP analyses can be used as complementary techniques to determine
the empirical formulae of the synthesised complexes. With the empirical formulae known, a
number of conclusions can be made about the complex of interest, such as the nature of
coordination between the metal and ligand, insights into the structure of the basic unit cell
and the identity of counter ions and guest molecules present. When microanalysis
techniques are combined with the following techniques of characterisation, it is able to
provide a strong foundation, upon which to gain deeper insights into the structure of the
complex.

Descriptions of the principles of the techniques may be found in literature [11-22]

2.2.2 Vibrational Spectroscopy

A Perkin-Elmer Spectrum 100 FT-IR with an ATR attachment was used for IR analysis of
materials prepared as part of this study. The mid IR region (4000 - 650 cm™) was analysed
using 4 scans at a resolution of 4 cm™. All the spectra were; baseline corrected and
smoothed, using the Spectrum software (version 6.3.5).

The bands of interest in the IR and Raman spectra are those associated with the carboxylic
acid groupings of the H4B4C molecule, as these are the points of coordination to the metal
centres. Upon coordination to the metal centres, their modes of vibration become limited,
so generally stretches are all that can be seen, as bending vibrations become restricted. The
region in which the v(C=0) and v(C-O) stretches are seen from 1300 cm™ to 1700 cm™
(23] Bands associated with the vanadium oxide species are also of interest, as they can
be used to identify which vanadium oxide species is present within the complex. The region
of interest for v(V=0) and v(V-0) stretches are around 1000 cm™ for the v(V=0) stretch and

around 800 to 500 cm™ for the v(V-O) stretches and bends ™,
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Descriptions of the principles of the techniques may be found in literature >4,

2.2.3 X-ray Powder Diffraction

The X-ray powder diffraction studies were completed using a Bruker D8 Discovery X-ray
powder diffractometer. Copper K, radiation (A; = 1.54060 A, A, = 1.54439 A, ratio = 0.5),
with a nickel filter was used. The generator tube was operated at a potential of 40 kV with a
current of 40 mA. The divergence slit width was 0.6 mm and the primary Soller slit was 4.0°.

Descriptions of the principles of the techniques may be found in literature [15-26],

2.2.4 Thermogravimetric Analysis

A Perkin-Elmer TGA 4000 with an FTIR attachment was used for the thermogravimetric
analysis, using Pyris version 11.0 software. A temperature program of 20°C to 800°C at
10°C/min and held at 800°C for 5 minutes was implemented, with a nitrogen flow rate set at
19.8 mL/min.

The nature of the particle size of the sample is an important factor in TGA, as the heating of
the sample should be as uniform as possible. For this reason the sample should be in the
form of a powder, as this will have the best thermal conductivity 7291 " Al the samples
precipitated out in the form of a powder or small crystallite, so further sample preparation
was unnecessary.

Descriptions of the principles of the techniques may be found in literature [17-29]

2.2.5 Differential Scanning Calorimetry

DSC studies were performed using a Perkin-Elmer DSC 6000, using Pyris version 11.0
software. A temperature program of 20°C to 445°C at 10°C/min and held at 445°C for 5
minutes was implemented, with a nitrogen flow rate set at 19.8 mL/min.

TGA and DSC couple well together, as TGA provides the mass losses associated with
temperature and DSC is able to provide the change in enthalpy of these specific mass losses.
Determining the change in enthalpy for a given process is important for guest inclusion
studies, when specifically studying MOFs, as knowing the energy required to release the
guest molecules is very important. If the AH is too high, then the guest molecules are being
held too strongly in the pores and may require too high an energy requirement to remove
(18] |f the AH is too low, then there is little to no interaction between the guest molecule and
the pore and the guest molecules can be removed too easily and the material will not be

suitable as a storage material "8,

Descriptions of the principles of the techniques may be found in literature [171029]
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2.2.6 Gas Chromatography for Catalysis

An Agilent 7890A GC system connected to an Agilent 7000 GC/MS triple quad detector was
used for the study. An Agilent 7693 autosampler was used for sample injections. The
software used was MassHunter Workstation Software, version B.05.00 with the NIST mass
spectrum database. The column used was a Zebron ZB-WAX plus (100% polyethylene glycol)
column, with specifications of; length: 30 m, internal diameter: 0.32 mm, film thickness:
0.25 um. The method for all the runs was set with the temperature initially being set to
40°C, where it was held for 1 min and increased at 30°C/min to 250°C, where it was held for
3 min.

The inlet was set at a temperature of 250°C and split injection was used at a ratio of 20:1.
The carrier gas was helium and the column flow rate was set to 1.2784 mL/min. The
temperature of the MS detector was set at 230°C.

Descriptions of the principles of the techniques may be found in literature [20-23]

2.2.7 Scanning Electron Microscopy — Energy Dispersive X-ray Spectroscopy

SEM imaging was done using a Vega TESCAN and EDX was done using an Inca PentaFET x3
attachment.

Descriptions of the principles of the techniques may be found in literature [24],
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3. CHARACTERISATION RESULTS

3.1 Unsuccessful Syntheses

In the summary tables (Table 3; pg. 34) of Chapter 2, it was noted that a number of the
synthetic methods were found to be unsuccessful, due to the fact that no complexation
between the metal and ligand took place. The following subsections are a summary of the
unsuccessful syntheses, with a discussion and reasons as to why they may have been
unsuccessful.

3.1.1 Ambient Syntheses

The majority ambient syntheses attempted were found to be unsuccessful, specifically for
those involving the vanadate ions. The reason for the failure was due to the pH sensitivity of
the vanadate ion. When the pH was adjusted to the various values stated in Chapter 2 -
Table 3, the vanadate ions structure would be transformed to either V,05 or the
decavanadate species with varying degrees of deprotonation. Decavanadate species will be
anionic in solution, so under ambient conditions the ion will be attracted to cations to form
an ionic bond, neutralising the net charge of the species, i.e. the role sodium plays in
decavanadate (Nag[V1002g]). H4B4C can only be neutral (fully protonated) or have a varying
degree of deprotonation associated with it, depending on the pH of the synthesis. Full
deprotonation of the ligand will not yield a product without the inclusion of a bridging
cation. Protonation of the ligand yields the chance to bind to the oxo-vanadium clusters
through possible hydrogen bonding, but this was not what was found, due to the ligand
already being in a neutral state. Under ambient conditions there is just insufficient energy to
initiate the substitution of the oxygen within the vanadium cluster for those of the
carboxylic acid groups, allowing for oxo-coordination between the metal and ligand. This
has only been observed to occur under solvothermal conditions. Different M:L ratios were
attempted for the vanadate syntheses, ranging from 1:1 to 4:1 but this had no effect on the
outcome of the reaction.

The vanadyl ion differs from the vanadate ion, as it is coordinatively unsaturated, so has
available sites, where binding can occur. The reason for the failure of complexation shown
in Table 3 for VOSO, at pH 1.92, was due to the fact that the ligand was completely
protonated at this particular pH value, leading to it being neutral and precipitating out of
solution with no coordination to the metal ion occurring. Conversely, at pH 5.63, the ligand
is expected to be fully deprotonated and therefore should be able to coordinate to the
metal ion. The product however precipitated out as a black sludge, which was identified to
be a mixture of a number of products with the inclusion of the sulphate ion, through a
number of different separation and recrystallisation steps. The vanadyl ion is only found to
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be stable below a pH value of approximately 3.5. When the pH exceeds this value, the
formation of various hydroxy-substituted vanadates, deca- and orthovanadates have been
known to form, which would inhibit coordination between the metal and ligand for the
same reasons as previously discussed o,

Syntheses were assessed as successful or unsuccessful, by interpreting the IR spectra and
the SEM-EDX data of the isolated material. The IR spectra and SEM-EDX data were adequate
to conclude if a product of interest had precipitated out of solution. SEM-EDX was a
technique used to determine, at a qualitative level, the identity of the elements present in
the samples. If either vanadium or carbon was absent, the synthesis was simply noted as
being unsuccessful. The IR spectrum was examined for bands which showed coordination
between the metal and ligand, these regions are indicated in the Chapter 2. The bands of
particular interest were the carbonyl stretches (v(C=0) and v(C-0)), which are expected in
the region of 1700 cm™to 1250 cm™ and the vanadyl stretch (v(V=0)) at approximately 1000
cm™. If these bands were found to be present in the spectrum, they were then compared to
that of the free ligand and free metal ion, to compare the bands position, shape and
intensity to determine if any shifts and changes were evident. If the bands were very similar
in position, shape and intensity to that of the free ligand or metal salt, the product was
identified as a mixture containing the ligand and/or metal salt. If the bands were shifted in
terms of position, shape and intensity, the product was noted as a promising potential
complex and set aside for further analysis.

A general example of an unsuccessful synthesis is displayed as the addition of NaVO34H,0
and H4B4C at pH 1.92, to which the results will be discussed.

The product of the ambient synthesis of NaVO3'4H,0 and H4B4C at pH 1.92 precipitated out
of solution after a week in the form of a homogenous dark red powder, with no obvious
visual evidence of a mixture. SEM-EDX initially found the product of the synthesis to exhibit
appreciable amounts of carbon and vanadium, indicating that it may be a product of
promise. IR was utilised to further analyse the product. The ligand and metal salt were
individually exposed to the same pH value of 1.92. This was able to form the resultant ligand
and metal salts at pH 1.92, which could then be used in the interpretation of the IR
spectrum as references in the determination of whether a product or mixture had formed.
The ligand salt Na-B4C forms at pH 1.92, as one may expect there to be one deprotonated
carboxylic acid group to which a sodium atom may ionically bind. The metal salt shifts from
the metavanadate species to V,0s5 at pH 1.92. Na-B4C, V,0s and the product of the reaction
were plotted together in Figure 21.
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Figure 21: The IR spectra of Na-B4C (red), V,0s (blue) and the product (black).

Table 5: An IR comparison of Na-B4C, V,0s and the reaction product.

Product(cm™) Na-B4C (cm™) V,05(cm™)
v(O-H) 3522,3381 3522,3381 3577
H-bonding and 2656 -1980 2656 -1980 None
overtone region
v(C-H) 3057 3057 None
v(C=0) and v(C-0) 1700 -1252 1700 -1252 None
v(V=0) 998 None 998

Visually analysing and comparing the three spectra displayed in Figure 21 concludes that the
spectra of the product and Na-B4C closely match one another in terms of peak position. This
is further proven when the positions of the bands of interest are compared, shown in Table
5, where one can again observe that all the band positions are identical except for the band
associated with the vanadyl band, as it is not found to be present in the Na-B4C salt. Upon
viewing the vanadyl region, the band for the product at pH 1.92 matches that of the metal
species (V,0s) at 998 cml. With this information it can be confirmed that the ambient
product at pH 1.92 is a mixture of the V,0s and Na-B4C, with the vanadyl band originating
from the metal salt and the organic functional groupings originating from the ligand salt.

3.1.2 Reflux Syntheses

All the reflux syntheses were determined to be unsuccessful, as they were identified to
either be uncoordinated metal or ligand salts from IR spectroscopy and SEM-EDX. The
vanadate refluxes produced the dark-red V,05s metal salt, confirmed via IR spectroscopy, and
the vanadyl refluxes produced a ligand salt, as no vanadium was found to be present via
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SEM-EDX. The reactions were exposed to elevated temperatures, which altered the metal
species and the kinetic pathway of the reaction, but no coordination was observed. This was
possibly due to insufficient pressure being supplied into the reaction, to initiate the
previously mentioned oxo-substitution between the ligand and metal species. Solvothermal
syntheses are noted to build up pressure as they are contained in a closed environment, so
the vapour pressure of the solvent builds up autogenously throughout the course of the
reaction. This is the driving force behind the oxo-substitution of the ligand oxygen groups,
being substituted for those of the vanadium cluster. Reflux syntheses lack this build-up of
pressure, so the metal and ligand are not forced into close proximity, which leads to the
absence of coordination.

3.1.3 Gel Syntheses

The gel syntheses were all found to be unsuccessful, due to the fact that no product formed
within any of the attempted syntheses. Sodium metasilicate is known to be successful in the
synthesis of MOFs from previous studies using divalent metals, such as Cu and Ni 24 The
problem with sodium metasilicate is that it only gels at a pH value of approximately 6.5,
which is a problem, as a greater range of pH values were to be tested. Upon impregnating
the gel with H4B4C at pH 6.5, the expectation was that the ligand will be completely
deprotonated. The metal salt was entered above the gel at its natural pH value; but as the
metal solution slowly diffused through the gel, the pH of the metal salt would be expected
to change in accordance to the pH of the resultant gel and this would cause a change to the
V-species. The V-species present at pH 6.5 for both the vanadate and vanadyl salts would be
the deca or orthovanadate species (see Figure 9; pg. 14). This poses a similar problem to
what was observed in the ambient and reflux syntheses, as the ligand is deprotonated and
cannot coordinate to the oxo-vanadium clusters under ambient conditions and requires the
pressure associated with a solvothermal synthesis to initiate the oxo-substitution of the
oxygen in the oxo-vanadium clusters, with those of the ligand. Ultimately, the metal salt
slowly diffused through the gel, but no product was observed to form along the way.

Gelatine was used for the majority of the gel syntheses, as it had the ability to gel over a
wider range of pH values. The results of the syntheses were varied, but there were certain
characteristics common to the majority of the results. Initially the gel was able to for harden
at each of the pH values chosen (1.92, 2.87, 4.49, 5.63) without any problems. With time,
the materials obtained lower pH values were discovered to be more susceptible to
dissolution than those obtained at higher pH values. The dissolution began gradually at the
edges of the gel, which was in contact with the boiling tube, as can be observed in Figure 22.
Dissolution progressed gradually over time, leaving a central column remaining.
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Figure 22: An example of a gelatine synthesis, where the gelatine began to dissolve around
the edges of the boiling tube and micellular structures formed within the metal solution.

Syntheses using the vanadate salts were susceptible to dissolution at the lower pH values
(1.92 and 2.87), whereas the materials produced at greater pH values (4.50 and 5.93) were
not as susceptible, as the gel was still found to be intact, with only the top-most layer
observed to have undergone partial dissolution. An interesting observation was the growth
of micellular structures in the reactions involving vanadate salts at the lower pH values (1.92
and 2.87), which occurred in the metal salt layer. The micellular structures were thought to
be bacterial growths, present due to the increased amount of dissolved gelatine in solution,
as this would act as a food source for the bacteria. Added to this, the micelluar structures
were only observed to form after significant dissolution had taken place, again indicating
that the elevated levels of organic matter in solution was the cause of the bacterial growth.

Syntheses using vanadyl sulfate at low pH values (1.92 and 2.87) were found to be free of
micellular structures. At pH 1.92 the entire gel layer had been completely dissolved into a
viscous solution and at pH 2.87 the gelatine had also dissolved, but was slightly more
viscous. The lack of micellular structures in these reactions were thought to be due to two
possible reasons. The first was that the vanadyl ion is present and stable in solution at these
pH values M which may have an effect in preventing bacterial growth 57 The second
reason was that insufficient time had passed to allow for any bacterial growth, but this was
a weaker reason, due to the fact that at pH 4.50 and 5.63, bacterial growth was observed
and all the syntheses were initially set up at the same time and had all been left for
approximately 8 months. At greater pH values the gelatine was noted to show far less
dissolution than the syntheses carried out at the lower pH values and it was largely noted to
be intact with only partial dissolution. At the greater pH values, the colour of the metal
solution was also noted to shift from blue to black.
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3.1.4 Solvothermal Syntheses:

The solvothermal method of synthesis was found to yield the greatest number of potential
MOFs. A number of solvothermal syntheses were attempted at both low (1.92) and high
(5.63) pH values. It was evident that the greater the pH, the more likely the synthesis was to
fail, as the products of these syntheses were a black powder, which was found to be
vanadium oxide (V,0s) via IR studies. The ligand is expected to be deprotonated at high pH
values, so was expected to be able to coordinate to the metal to form a MOF, but this is not
what was found, instead when the ligand was protonated, coordination between the metal
and ligand was observed. The problem may lie with the vanadium species present at the
greater pH value, where the vanadate and the vanadyl species shift to become
decavanadates, which may not be able to break-down into the VO octahedra, which was
observed in the successful syntheses carried out at the lower pH values.

3.2 Successful Syntheses

3.2.1 Ambient Syntheses

Table 3 (pg. 34) showed that the ambient syntheses were most successful when involving
the vanadyl ion at pH values of 2.87 and 4.50. A series of syntheses were carried out over
this pH range of interest at; pH 2.87, pH 3.10, pH 3.50, pH 4.0 and pH 4.50 to optimise the
product. With an increase in pH above 4, the vanadyl ion becomes unstable and begins to
form deca or orthovanadate species, which is problematic, as this leads to mixture of
products precipitating out of solution. After a series of tests using microanalysis and TGA, it
was found that pH 3.5 yielded the purest product, which precipitated out of solution as an
olive green powder. The product of the synthesis performed at pH 3.5 will be referred to as
RU-V2 for the remainder of the thesis and was chosen to be used in catalysis studies.

3.2.1.1 Elemental Analysis of RU-V2

Figure 23 shows the basic structural unit which was the most logical fit according to IR,
elemental analysis and TG data. The vanadyl ion has possibly been bound to two of the
carboxylic acid groups via bidentate coordination, as at a pH value of 3.5 the dominant
ligand species is expected to be H,BAC” (see Figure 19; pg. 33), therefore two of the
carboxylic acid groups are expected to be protonated, with the remaining two being
deprotonated and able to coordinate to the metal centres. Six water molecules were found
to be associated with the structure via TGA, but the exact positioning of the water
molecules cannot be confirmed and only assumed. A single water molecule may be weakly
bound to each of the vanadyl centres, giving the metal centres a tetrahedral geometry, with
the remaining four waters expected to be associated with the Na atoms. Table 6 shows the
empirical formula was found to be the best fit to both the elemental and TG data.
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Figure 23: The basic vanadyl structural unit, upon which the microanalysis calculations were
based (associated waters are excluded).

Table 6: Elemental Analysis Results for RU-V2.

Formula % C % H % Na %V V:B4C
(Experimental) 22.37 2.58 8.25 17.96 1.89:1
V,0,(NaH,B4C)'6H,0 22.23 2.99 8.51 18.86 2:1
3.2.1.2 Vibrational Analysis of RU-V2
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Figure 24: The IR Spectrum of RU-V2.
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The analysis of the infrared spectrum of RU-V2 offers a great deal of information on which
functional groups are present in the complex, namely the carboxylate and vanadyl groups,
and possibilities on how these groups are coordinated to one another. In IR spectroscopy
there are three main factors to observe; band shape, intensity and position. The band
shape, particularly the broadness of the band, determines whether the functional group is
coordinated or uncoordinated, as if a broad band is observed, the group is able to vibrate
over a larger area, so can be concluded to be uncoordinated and potentially in a terminal
position. If the band is sharp and well defined, the group is more restricted in the extent to
which it can vibrate, due to another group being directly coordinated to it. Band intensity is
due to the polarisability of the bond, as the more polar the group, the greater the intensity
of the corresponding band. Changes in the environment surrounding the bond may act to
alter the polarisabilty of said bond. Band position is a measure of the amount of energy
required to vibrate a group, e.g. C=0 and C-O, where the double bond is stronger than the
single bond, so will require more energy in order to vibrate. Different modes of vibration
also have different energy requirements, e.g. stretches > bends. These phenomena will be
referred to in the following results and discussion sections.

Table 7: The Vibrational Bands of RU-V2.

Vibrational Assignment RU-V2 (cm™)
v(O-H) 3220
Combination and overtone region 2160; 2025
Va(COy) 1575 (shoulder); 1557; 1491
vs(CO5) 1405 (shoulder); 1357; 1317;1285 (shoulder)
v(V=0) 982

The first band of interest is at 3220 cm™, which is the O-H asymmetric stretch (v.(O-H)),
which indicates that there is water associated with the structure. The broadness of the band
is indicative of the water being uncoordinated, which can be termed as ‘free water’, which is
weakly bound to the vanadium metal or Na ions via hydrogen bonding. The broad band can
be observed to contain a number of minor shoulders. A number of bands are to be
expected, as the uncoordinated water is in a number of different environments, being
weakly bound in different positions, surrounding both the vanadium metal and Na ions.

The second region is the combination and benzene overtone region, however this region
does not yield a great deal of information about the possible coordination chemistry of the
compound.

The next region of interest and possibly the most important is the carbonyl region, which
offers a great deal of information on the coordination between the metal and the
carboxylic acid groups of the ligand. Deacon and Phillips have studied a number of different
systems involving carbonyl coordination to different metals and have identified several
modes of coordination®. The carbonyl functional group can bind through three different
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modes; unidentate (through a single oxygen), bidentate (through both oxygens) and
bridging (each oxygen binds to a different metal). The difference between the asymmetric
and symmetric stretches of the carbonyl groups within a compound gives insight into the
mode of coordination. The study (8] compared the difference between the stretching
vibrations of carbonyls [v,(CO;)-vs(CO,)] of an ionic salt, in this case Na-B4C, to that of a
number of carbonyls exhibiting alternate modes of coordination (unidentate, bidentate or
bridging) to a metal. These modes of coordination can be observed in Figure 11 (pg. 15).

The study concluded that if the coordination of the carbonyl was unidentate, the difference
was greater than the difference between the carbonyls for the ionic compound &) This is
due to the uncoordinated carbonyl becoming more double bond in character and the
coordinated carbonyl becoming more single bond in character due to the coordination,
which would lead to a large difference in terms of band position . The coordination mode
was regarded to be bidentate if the difference was less than the difference for the ionic
compound. This is due to the double bond character being shared between of the carbonyls,
so there is assumed to be less of a difference between the symmetric and asymmetric
stretches. Finally the coordination mode was regarded to be bridging if the difference was
similar to that of the ionic compounds difference. The ionic bond between the Na and ligand
would have a similar effect to that of the metal and the ligand, as Na would remove the
double bond from the carbonyl, leading to both of the carbonyls exhibiting more single
bond character, which is observed for the bridging coordination mode.

Table 8: Differences between v,(CO?*) and v(CO*) for Na-B4C and RU-V2.

Na-B4C (cm™) RU-V2 (cm™)
vo(COy) 1623; 1545; 1474 1557; 1491
vs(COy) 1360; 1328; 1292 1363; 1357
Difference 263; 217; 182 194; 134

Table 8 shows the differences between v,(CO;) and vs(CO;’), only for the clearly defined
bands and not for the shoulders present. The differences for RU-V2 are similar to and less
than those of Na-B4C, so an initial conclusion can be drawn that the mode of coordination is
either bidentate or bridging. The IR spectrum of Na-B4C at pH 3.5 is provided in the
appendix (Appendix 1, pg. 109).

The final band of interest is the vanadyl band, present at 983 cm™. The vanadyl band serves
to show that vanadium is present and coordinated to the ligand. Comparing the vanadyl
band position in the metal salt (977 cm™) to that of RU-V2, where the Av = 6 cm™, which
indicates that the V=0 has strengthened slightly and become more double bond in
character, indicating that it is in a terminal position. Another possibility to describe this
change is that there is weaker O - bonding between the oxo-ligands, which acts to
strengthen the 1 - bonding between the oxygen and vanadium after coordination.
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The other bands in the spectrum have been assigned as follows; the band at 1139 cm™ was
associated with benzene ring vibration and possibly an in plane stretch (v(C-C)). The
‘fingerprint region’ can be observed below the vanadyl region, which is particularly difficult
to interpret, with a number of possibilities of low energy vibrations for each band.

3.2.1.3 Thermal Analysis of RU-V2
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Figure 25: Thermal decomposition profile of RU-V2 with its derivative curve.

The thermal decomposition profile of RU-V2 shows a multi-step decomposition, which has
been characterised into 4 stages. Stage 1 shows the loss of 16.58% which indicates the loss
of six water molecules (calculated: 16.68%) from 32°C to 103°C. The loss in stage 1 merges
into stage 2, which shows a loss of 12.19%, indicating the loss of 1.5 carbon dioxide
molecules (calculated: 12.22%) from 103°C and 362°C. Stage 3 is a difficult mass loss step to
interpret, as it is not a uniform loss and is made up of 3 parts (a - c). The first loss (a.) is a
gradual loss of 4.24% which is indicative of the loss of 0.5 of a CO, molecule (calculated:
4.07), which occurs from 362°C to 413°C. A second loss (b.) of 10.76%, which is indicative of
the loss of two carbon monoxide molecules (calculated: 10.37%), which occurs from 413°C
to 496°C. A third loss (c.) of 12.93%, which is indicative of the loss of a further 2 CO
molecules and a CH, molecule (calculated: 12.97%) and occurs from 496°C to 570°C. When
all these masses losses are added together the overall loss sums up to 27.95%, which can be
broadly explained as the loss of another 1.5 carbon dioxide molecules and 4 carbon
monoxide molecules (calculated loss: 27.41%). The combined mass loss stages of 2 and 3
show the complete decomposition of the ligand to CO,, CO and residual carbon.
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The loss of the initial 1.5 of a carbon dioxide molecule initiates the decomposition of the
ligand. The ligand does not simply break away from the compound, it breaks away from the
metal centres under elevated temperatures and proceeds to break down into smaller, more
stable decomposition products, such as carbon dioxide (CO,) and carbon monoxide (CO).
Once these molecules are liberated from the structure all that is left is a small amount of
residual carbon.

1. CgH,(COO)s —» 2CO; + 4CO + C4H, (Stage 2 + 3)
2. C4H, —» CH; + 3C (Stage 3)

The final loss in stage 4 is difficult to characterise, as it is an incomplete decomposition step,
due to the thermogram failing to level out, indicating that there is more mass gradually
being lost, but cannot be observed, due to the upper limits of the instrument (800°C). Stage
4 shows a loss of 7.57% from 570°C to 794°C. This loss may be caused by the residual carbon
binding to the oxygen associated with the vanadium oxide species being released as CO, as
the loss of 1.5 CO is equivalent to the loss of 7.78%. After stage 4, a residue of 35.72% of the
parent material is left remaining and is assumed to be made up of metal oxides, sodium
oxides and residual carbon. The residual carbon is often able to react with oxygen
associated with the metal oxides, to form carbon monoxide or carbon dioxide, to be
liberated from the residue and ultimately leave a residue of only metal oxides. The final TG
residue was black in colour, indicating that there is residual carbon still present, as the metal
oxides are expected to be grey in colour. The residue was investigated using FTIR, and is
shown in the appendix (Appendix 2, pg. 109). One can observe that all the bands associated
with the ligand have been lost, but the v(V=0) band is still present at 997 cm™, indicating
the presence of vanadyl-based metal oxide species.

All the thermal profiles discussed above are similar to previous studies with metal

complexes involving 1,2,4,5 — benzenetetracarboxylates (2],
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Figure 26: DSC of RU-V2 and its derivative curve (heated at 10°C/min under a nitrogen
purge, with a flow rate of 19.8 ml/min).

The DSC confirms the findings observed in the TGA, as there is an initial broad endotherm
present at 95.73°C, which has an associated enthalpy change of 418 J/g. The endotherm
ranges from 30°C to approximately 160°C and is asymmetric, as the derivative curve seems
to have a shoulder before gradually reaching a plateau after the endotherm. This is
potentially indicating that there is a dominant endotherm, with a smaller endotherm
merged into it to cause the shoulder observed in the derivative curve. This fits the TG data,
as the mass losses expected in this region are the loss of the six waters molecules (dominant
endotherm) and the initial loss of 0.5 of a CO, molecule (minor endotherm). An endotherm
corresponding to the entire loss of the 1.5 CO, molecules is not observed, as the mass loss is
very gradual, spanning from 103°C to 362°C to complete. The change in enthalpy (AH) of the
entire endotherm (418 J/g) was recorded and was converted into kJ/mol, the value was
determined to be 226 kJ/mol of parent material, which is associated with the loss the total
of 6 water molecules and 0.5 of a CO, molecule (as noted from the TG results).

The determination of the exact energy required to remove a water molecule was not able to
be accurately determined due to the merging of the endotherm associated with the loss of
0.5 of a CO, molecule. However, an estimate of the energy required to remove a water
molecule can be determined, as when dividing the total 226 kJ/mol by 6, one obtains a value
of 37.7 kl/mol, therefore the value per water molecule is expected to be >37.7 kJ/mol. This
value is smaller than the enthalpy of vapourisation of water at 100°C (44 kJ/mol), therefore
one can deduce that the water associated with the compound requires less energy to be
removed than the energy required to vapourise water at 100°C.This indicates that the water
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is weakly bound to the complex via hydrogen bonding and is uncoordinated, this correlates
to what was observed in the IR spectrum (Figure 24; pg. 50). At 305°C one can observe a
minor disturbance in the derivative curve, which may be the initiation of the ligand
decomposition which is observed as the growing endotherm from approximately 305°C to
442°C. The endotherm can be observed to be incomplete and this was due to the upper
limit of the instrumentation being 450°C. From observing the TG decomposition after 305°C,
it can be concluded that the endotherm corresponds to the complete removal of the ligand
from the compound, which breaks down as discussed in the TG results.

All the thermal profiles discussed above are similar to previous studies with metal

complexes involving 1,2,4,5 — benzenetetracarboxylates (241091

3.2.1.4 X-ray Crystal Powder Diffraction of RU-V2
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Figure 27: The X-ray Powder Diffraction Pattern of RU-V2.

The XRPD pattern is observed to be largely amorphous, lacking any significant crystallinity.
The metal and ligand species bound to each other and do not maintain an ordered overall
structure, which lack any planes upon which x-rays can interact and diffract from. This leads
to the broad peaks observed in Figure 27. Three peaks can be observed in conjunction with
amorphous bands, this is potentially indicating that some of the functional groups of each of
the individual complexes may be ‘stacking’ upon one another in an ordered and crystalline
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fashion. These peaks were matched to those of similar compounds, in attempt to identify
and gain any structural information, but were unfortunately not found to match any of the
compounds.

3.2.1.5 Scanning Electron Microscopy of RU-V2

SEM HV: 20.00Kv  WD: 18.04 mm
SEM MAG: 382 x Det: SEDetector 100 pm 7
SEMMAG: 382 x Date{m/diy): 03/0315 Rhodes University SEM n

Figure 28: An image of RU-V2 taken using SEM.

Figure 28 shows that RU-V2 is in the form of a fine powder, with very small particle sizes of
approximately >10 um in size. The particles can be observed to aggregate into clumps, with
no uniformity or crystallinity being observed from the image.

3.2.2 Solvothermal Syntheses

The solvothermal syntheses were determined to be the most successful method of synthesis
to produce a potentially crystalline product. Table 3 of Chapter 2 (pg. 34) shows the
solvothermal syntheses to be a great deal more effective than any of the other syntheses,
with 5 major products being synthesised using this method.

The names have been shortened to the metal salt used and the pH value of the synthesis.
The successful syntheses are displayed in Table 3; with one additional synthesis that uses
VOSO, added to H4B4C at a pH value of pH 3.5. This was done to directly match the products
of the ambient synthesis to those of the solvothermal synthesis.
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Table 9: The 5 Solvothermal Products with their Shortened Names.

Shortened name:

NaVOs Hydrothermal (pH 1.92)

NH4VO;3 Hydrothermal (pH 1.92)

VOSO4 Hydrothermal (pH 1.92)

VOCI; Hydrothermal (pH1.92)

A e I

VOSO4 Hydrothermal (pH 3.5)

Each of the hydrothermal syntheses were found to yield the same product, regardless of the
different metal salts used or the pH values. The product had been previously synthesised
and characterised by Cevik et al, with the formula: [V",0,(H,0),(CsH»(CO0)4)] (101 The
product formed as small dark blue crystals and the IR spectra, XRPD spectra and elemental
analysis results all matched those of the material previously developed by Cevik et al
indicating that the products were the same. The strong dark blue colour of the product gave
an indication that the oxidation state of vanadium was in the V"V oxidation state. Not all of
the products formed as small crystals, instead some were found to precipitate out of
solution as a light blue powder, but crushing the crystals revealed the light blue powder,
indicating that the products were, in fact, the same.

VOSO4 Hydrothermal (pH 3.5), was thought to exhibit a minor impurity, as it precipitated
out of solution as an aqua coloured powder, which was different from the others. This did
not affect its structure, as it was still identical to the other products in terms of IR, TG and
XRPD spectra.

Figure 29: An Image taken by a Polarising Light Microscope.
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Figure 29 shows an example of the small crystals, which had formed in a cluster, as the
centre is dark, indicating that the sample was too thick to allow the light to penetrate.
However, on the edges of the cluster, one can observe the blue single crystals.

In the following sections, all the compounds will be compared, to prove that they are in fact
the same in structure. The product which made use of VOCI, as a starting material will be
used as an example when taking a closer look at more specific properties within each of the
individual results. VOCl, hydrothermal will be used for this purpose, as it was the first
promising compound synthesised and it was used for the catalytic studies discussed in the
Chapter 4. VOCI, hydrothermal will be referred to as RU-V1 for the remainder of the thesis.

3.2.2.1 Elemental Analysis

Figure 30: The basic structural unit of RU-V1 [10],

The bonds with solid lines are part of the unit cell used in elemental analysis, the dashed
lines are showing where and how the unit cell links to another unit cell.

Table 10: The experimental and calculated values for RU-V1 from this study and from Cevik

et al 1%,
Formula % C % H %V V:B4C
Experimental 27.96 0.98 23.18 -
RU-V1 28.59 1.44 24.25 1:2
Experimental 28.57 1.44 24.26 -
V,0,(H,0),(B4C) V" 28.59 1.42 24.02 1:2
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The experimentally found values match those of the calculated values within 1% for each
element, except for vanadium, but this is due to there being some degree of error when
using 2 different techniques (ICP-OES and Microanalysis) together.

3.2.2.2 Vibrational Analysis of the Solvothermal Compounds

VOCIs hydrothermal

NHaVOs hydrothermal

T

VOS0a deprotonated hydrothermal

V0504 hydrothermal

NaVOs hydrothermal

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 300 6000
cm-1

Figure 31: A Comparison of all the IR Spectra of the Hydrothermal Syntheses.

The IR spectra of all the hydrothermal syntheses have identical band positions and
intensities. This shows that all the products from the hydrothermal syntheses are the same
in their coordination geometry and structure.
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Figure 32: The IR spectrum of RU-V1.

The bands of interest for RU-V1 are the same as those investigated for RU-V2.

The first bands of interest are the stretches (v(O-H)) associated with water bound to the
MOF occurring at 3554 cm™ and 3487 cm™, which is potentially indicating that coordinated
waters are present within the structure, due to the band being narrow and well defined.
Two bands are present indicating that the water molecules may be in slightly different
environments. When comparing the stretches (v(O-H)) of the RU-V2 to those of the RU-V1,
one can readily observe the difference between coordinated and ‘free’ water, as the bands
associated with RU-V2 are broader and reduced in terms of wavenumbers.

The next area of interest is the carbonyl region from 1532 to 1289 cm™. Small unresolved
shoulders are observed merged into the v,(CO,’) at approximately 1650 cm™ and 1570 cm™.

Table 11: Differences between v,(CO*) and v,(CO%) for Na-B4C and RU-V1.

Na-B4C (cm™) RU-V1 (cm™)
V4(CO5) 1623, 1545,1474 1650 (shoulder); 1570
(shoulder); 1532;
1505
v5(CO,) 1360, 1328, 1292 1441; 1395; 1335;
1289
Difference 263,217, 182 209, 175, 197, 216
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The differences between the asymmetric and symmetric stretches are similar to those of
the ligand salt, which is indicative of bridging coordination and this was confirmed via XRD
analyses .

The vanadyl region shows that vanadium is coordinated to the ligand, as one can observe
the v(V=0) present at 991 cm™. When comparing the position of the v(V=0) to the metal
salt; VOSO, (977 cm™), the Av = 14 cm™. This shows that the vanadyl bond is becoming more
double bond in character after coordination and is in a terminal position. Another possibility
to describe this change is that, similarly to the ambient, there is weaker O - bonding
between the oxo-ligands, and stronger m — bonding between the oxygen and vanadium after
coordination.

The unassigned bands were assigned as follows; the band at 3053 cm™ is assigned as an
aromatic C-H stretch (v(C-H)), this was not observed in the spectrum of RU-V2, as the broad
bands associated with the uncoordinated waters likely masked it from appearing in the
spectrum. The bands at 1170 cm™ and 1144 cm™ are assigned as benzene ring vibrations,
potentially being in-plane stretches (v(C-C)) or out of plane bends (§(C-H)). Once again,
below the vanadyl band one is able to observe the ‘fingerprint region’, which is particularly
difficult to interpret, with a number of possibilities of low energy vibrations for each band.
The strong band present at 857 cm™ can be assigned as the H-O-H rocking (p.(H-O-H)),
which originates from the coordinated water.

3.2.2.3 Thermal Analysis of RU-V1.
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Figure 33: Thermal decomposition profile of RU-V1 with its derivative curve.
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The thermal decomposition profile of RU-V1 shows a multi-step decomposition, which has
been characterised into 4 stages. The molecule is stable from 23°C to 238°C, as above this
temperature one can begin to observe the mass losses associated with the MOF. Stage 1
shows a loss of 8.65% from 238°C to 320°C, which is made up of two water molecules
(calculated loss: 8.58%), which are coordinated to two of the vanadium centres, due to the
high temperature at which they are released from the structure. Stage 2 shows a gradual
loss of 4.47% from 320°C to 458°C, which is the loss of half a carbon dioxide molecule
(calculated loss: 5.24%). Stage 3 is initiated by stage 2 and shows a loss of 35.87% from
458°C to 597°C, which is indicative of the liberation of all the carbonyl groups from the
vanadium centres and benzene ring as 3.5 carbon dioxide molecules (calculated loss:
36.67%).

1. C¢H, —»4C+ CyH,

Stage 4 occurs after the structure of the complex has collapsed and shows a loss of 6.60%
from 597°C to 786°C. After stage 3, all of the carboxylic acid groups are expected to have
been removed from the structure, so all that would be left over would be various vanadium
oxides and the benzene ring of the ligand. The benzene ring structure can break down, as
shown above, into C,H, (calculated loss: 6.20%) and four C. With a further increase in
temperature the residual carbon has the potential to bind to oxygen from a metal oxide and
be liberated as CO.

The break-down of the ligand was noted to be completely different between RU-V1 and RU-
V2. The carboxylic acid groups of the ligand in RU-V1 fragment as four CO, molecules,
whereas with RU-V2 the carboxylic acid groups broke away as two CO, and four CO
molecules. This difference can be potentially explained when observing the coordination of
the complexes, as the carboxylic acid groups of RU-V1 are all bound to VO octahedra,
whereas the acid groups of RU-V2 are bound to VO and Na centres. The acid groups of RU-
V2 initially cleaves from the structure as the two CO, molecules, which are followed by the
cleavage of the four CO molecules. This possibly involves the Na ions completely dissociating
from the structure, followed by the decomposition of the acid group releasing a CO,
molecule. The VO centre may exhibit different behaviour and break its bidentate
coordination to the acid group, in favour of unidentate coordination at elevated
temperatures. This will allow for the removal of a CO molecule and when the unidentate
coordination is finally broken, the second CO molecule is able to be released.

All the thermal profiles discussed above are similar to previous studies with metal

complexes involving 1,2,4,5 — benzenetetracarboxylates [2ta1e1,

63



24 1,0

Heatflow (mW)
endo up
Derivative heatflow (mW/min)

19 T T T T -2,0
100 200 300 400

Temperature (°C)

Figure 34: DSC of RU-V1 with Derivative Curve.

The DSC data perfectly matches the TG data, as one can observe a large endotherm, starting
from 238°C and ending at 320°C, this is the range where the loss of the two water molecules
is observed in the TG data. The endotherm is observed to merge into the following gradual
endotherm, associated with the loss of half of a CO, molecule, but to a lesser extent than
was observed for RU-V2. The AH of the endotherm (288 J/g) can be converted to a value of
121 kJ/mol of parent material, to give an idea about the amount of energy required to
remove the water molecules from the parent material. Each water molecule was calculated
to require 60.5 kJ/mol to be removed from the structure and when this is compared to the
enthalpy of vapourisation of water at 100°C (44 kJ/mol) and the energy required to remove
a water molecule from RU-V2 (>37.7 kJ/mol), the value is significantly greater, which
indicates that the water is held strongly by the structure and is coordinated to the metal.

After the endotherm associated with the water loss, the plot begins to increase, which can
be assumed to be moving into the temperature range corresponding to the loss of the
carbonyl groups of the ligand, which initiates structural collapse of the MOF.

All the thermal profiles discussed above are similar to previous studies with metal
complexes involving 1,2,4,5 — benzenetetracarboxylates 2191,
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3.2.2.4 X-ray Crystal Powder Diffraction of RU-V1
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Figure 35: The XRPD spectra of RU-V1 (black) and the spectrum of
[V"20,(H,0),(CeH2(CO0)a)] (blue).

The spectrum of [V'Y,0,(H,0),(CeH2(CO0)4)] has been shifted slightly above that of RU-V1, to
visibly show that the peaks match up perfectly, indicating that the compounds are
structurally identical.
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Figure 36: The basic powder diffraction patterns of each of the 4 hydrothermal products, the
synthesis with NaVO3; hydrothermal is not present, as the yield was too small for XRPD
analysis.
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Once superimposed all the XRPD plots of the synthesised hydrothermal products were
found to be identical in structure, which indicates that all the synthesised hydrothermal
products are structurally the same as [V'Y205(H20),(CsH2(CO0)4)].

Table 12: Structural information of [V"",0,(H,0),(B4cC)] 1*°..

Crystal System

Monoclinic

Space group

C2/c

11.756(5) A

9.645(3) A

11.822(7) A

90.00

107.10(4)°

90.00

N |m (>0 |>

8

Cell volume

1281.2(10) A3

All the structural factors were determined by Cevik et al and have been included for the

sake of completeness.

3.2.2.5 Scanning Electron Microscopy of RU-V2

SEMHV: 20.00 K  WD: 18.80 mm

SEM MAG: 199 x
SEM MAG: 199 x

-
2 —

Lo T VEGAWTESCAN
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Date{mfdiy): 03/0315

Rhodes University SEM n

Figure 37: An image of RU-V1 taken using SEM.




Figure 37 clearly indicates that RU-V1 is a crystalline material, with particle sizes reaching up
to 0.1 mm in size.

3.2.3 Decavanadate lon

Figure 38: The structure of a decavandate ion [vmozg]ﬁ' (11,

The decavanadate ion is a vanadium species which has been well studied (12251 "s6 will not
be analysed to the depth at which RU-V1 and RU-V2 were investigated. The decavanadate
ion has a 6- charge associated with it, thus requires counter ions in order to be stabilised.
The possible counter ions are ammonium (NH4'), sodium (Na*) and hydrogen (H"),
depending on the metal salt used for the synthesis. There are generally 16 to 18 water
molecules associated with the decavanadate structure, depending on the counter ions
present.
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Figure 39: The IR spectrum of the decavanadate ion.

The decavanadate compound was precipitated out of solution in the form of small orange
crystals at pH 5.9, but precipitation only occurred after 85% - 90% of the volume of the
solvent (H,0) was removed, due to the high solubility of the ion in water. The decavandate
product was analysed via IR spectroscopy, where it was found that ammonium was present,
due to va(N-H) and vs(N-H) expected from 3500 cm™ to 2800 cm™. Assigning bands in this
area is a challenge as there are a number of bands associated with the 16 — 18
uncoordinated water molecules, leading to difficulty in identifying each individual band
conclusively. The combination and overtone bands are present from 2164 cm™ to 1973 cm™.
The bands present at 1621 cm™and 1600 cm™, which are associated with N-H bending
vibrations (8(N-H)). The band present at 1402 cm™ is assigned as the with the umbrella
vibration (84(umbrella))of the tetrahedral NH;* molecule. The vanadyl bands (v(V=0)) are
present and at 984 cm™, 944 cm™ and 926 cm™, three bands are present due to the
vanadium centres being in slightly different environments within the ion. Finally one can
observe 3 bands present at 834 cm™, 804 cm™ and 732 cm™, which are assigned as N-H wags

(Pw(N-H)).

68



Intensity

5 /i 5 e i O P

T T T T T T T T
20 30 40 50 60 70 80 20

2-Theta [*]

Figure 40: The XRPD spectrum of the decavanadate ion.

The XRPD spectrum of the decavanadate ion shows that the structure is clearly crystalline in
nature.

Table 13: Structural information of the decavanandate ion .

Crystal System Monoclinic

Space group Pl

10.778(3) A

11.146(3) A

8.774(3) A

104.57°

109.32°

65.00°

N Alm>0® >

1

The structural information is taken from the study completed by Evans and is presented
here for the sake of completeness.
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SEM MAG: 114 Date(midi): 03/03/15 Rhodes University sem 4

Figure 41: An image of the decavanadate ion taken using SEM.

The SEM image again provides evidence to the product being crystalline, with particle sizes
reaching up to 500 um in length.
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4. CATALYSIS RESULTS

4.1 Epoxidation Reaction and Catalytic Materials

The three products characterised in Chapter 3 were the subject of a preliminary study,
which was conducted on the catalytic epoxidation of cyclohexene to cyclohexene oxide. This
specific epoxidation reaction was chosen due to a study having been completed by Van der
Voort et al ™ which showed that a V-MOF (MIL-47) had the ability to successfully catalyse
the reaction. The study with MIL-47 provided a good model system upon which to base this
catalytic study. By carrying out the study in this way, the results from each catalytic
material, could be readily compared to the published results. Having synthesised a
vanadium complex (RU-V2) and a MOF (RU-V1), a preliminary study was done to determine
if both or either of them exhibited any catalytic activity for the desired reaction.

The purpose of the reaction is to employ possible catalytic materials to find a highly
selective method to produce cyclohexene oxide, which is a useful precursor in a number of
organic syntheses, especially polymerisation reactions 24 The problem with cyclohexene
oxide is that it is unstable and it is able to form one of a number of different oxidation
products (e.g. b, c and d in Figure 42), depending on the environment in which it finds itself
in. This is why studies such as Van der Voort et al’s have been conducted, as having a
selective catalyst could be highly advantageous in reducing the costs and time, otherwise
involved in these syntheses.

From the characterisation of the vanadium-based materials discussed in the results section,
RU-V2 was determined to be a vanadium-based complex and not a MOF, however many
vanadium-based compounds are catalytically active for the epoxidation of olefins. RU-V1
was found to be a MOF that has been previously synthesised and characterised by Cevik et
al ®! but has not been used in any application as of yet, so the opportunity was taken to test
and observe whether the vanadium-based complex or V-MOF exhibited any catalytic activity
in the reaction as a heterogeneous catalyst. Both materials were tested and their results
compared to those of MIL-47. MIL-47 differs from RU-V1 in that 1, 4 - benzenedicarboxylic
acid (H,B2C) was used as the ligand in the synthesis of the MIL-47, instead of 1, 2, 4, 5 —
benzenetetracarboxylic acid (H4B4C). This is the most important difference, as H,B2C only
has four potential coordination sites available, whereas H4B4C has eight.

The decavanadate ion has received attention as a homogeneous and phase-transfer catalyst
for the oxidation of hydrocarbons and olefins 671 The decavanadate ion is completely
soluble in water, but when paired with a quaternary onium salt, e.g. Hex4NCl, forms a
micellular structure which has been applied to the oxidation of various hydrocarbons 7
this study the possibility of using the decavanadate ion as a heterogeneous catalyst in an
organic medium was investigated. There were two goals of the investigation, the first was to
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determine the effectiveness of the catalytic activity of the decavanadate ion in the solid
state, in an organic medium and the second, depending on the results of the first, was to
inquire into the possibility of using the decavanadate ion as a basis from which to design a
MOF in a future study. If synthesised, a decavanadate-based MOF may exhibit interesting
properties, which may be useful for catalysis and possibly a number of different
applications.

O0tBu

[} fal (i)

Figure 42: The pathways for the conversion of cyclohexene to the various

oxidation products [,

Figure 42 shows the formation of the epoxide; cyclohexene oxide, however this is not the
only product that can form in this reaction, as the epoxide is unstable and may follow an
additional reaction mechanism to one of the oxidation products presented, especially in the
presence of water.

4.2 Preliminary Testing

Preliminary reactions were run using RU-V1 to test the reaction system and to determine if
it functioned to give the desired result. These initial reactions were run over a period of 72
hours, to ensure that the reaction was given an adequate amount of time to reach
completion or near completion. These reactions were monitored periodically with no set
interval, as their sole purpose was to determine whether cyclohexene was being converted
into any products of interest. Aliquots of 10 pL were only taken at the start of reaction and
once again at the end of the reaction, these were diluted with 40 uL deuterated chloroform
(CDCl3) and were analysed using "H and *C NMR, in an attempt to determine whether there
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was any conversion of cyclohexene to any possible products shown in Figure 42. All *H and
3¢ studies were completed using a BRUKER 600 MHz NMR spectrometer.

A blank reaction mixture was initially run, which simply lacked any catalytic material, and
was confirmed to show no catalytic activity as the NMR spectra for both *H and **C were
identical before and after the reaction. The reaction was performed with the oxidant (TBHP)
either being in water or decane. This was important, as using TBHP in decane ensured that
there was no significant amount of water present in the reaction, as the solvent (CHCI3) had
thoroughly dried. When using TBHP in water, a small portion of water was present into the
reaction mixture and this could have a possible effect on the outcome of the reaction.

A reaction with RU-V1 as the catalyst was done initially using TBHP in decane and was run
for 72 hours. The *H and *C NMR spectra of the reaction mixture from before and after the
reaction were found to be identical (Appendix 3 and 4, pg 110 - 111), indicating that no
reaction had taken place. When the *H and *3C spectra of cyclohexene are added to this, it is
evident that cyclohexene was still present in a high concentration. This was confirmed when
observing the catalytic material after the reaction, as it had not undergone any change and
was still dark blue in colour. Further analysis carried out via IR spectroscopy indicated that
the material had not been altered during the course of the reaction and was still in its
original state.

The reaction was repeated, but TBHP in water was used as the oxidant. This had a dramatic
effect on the catalyst, as it was observed to break down and gradually dissolve into solution
as the reaction progressed. From visually monitoring the reaction over time, it was observed
that the initially clear and colourless solution changed to a light green colour over time,
which coincided with a colour change in the catalytic material, from dark blue to dark green.
After this, the catalytic material was observed to change from green to a light orange colour
and gradually breakdown and dissolve into solution. After the reaction had been run for 72
hours there was still a residual amount of catalyst left over, which was kept for further

"is green and V¥ is

analyses. These colours match the oxidation states of vanadium, as V
orange, potentially indicating that the vanadium centres of RU-V1 are undergoing changes
to their original oxidation states (V''), which is indicating that the V-centres are most likely
responsible for the catalytic activity.'H and *C NMR analyses of the reaction mixture were
done and showed results that were difficult to interpret due to the number of signals
present in the mixture, but allowed for some useful insights into what may be occurring
nonetheless. When comparing the H and *C spectra in Appendix 5 and 6 (pg. 112 - 113),
with those of cyclohexene, one can observe that cyclohexene is clearly being consumed

during the reaction and converted into another product/s.

NMR was purely used as a qualitative method to determine if any catalytic conversion of the
cyclohexene was occurring. ldentifying which product had been formed conclusively
through 'H and *C NMR alone is a challenge due to the number of overlapping signals,
especially in the region of between 10 and 40 ppm in the *C spectra and the 1 to 3 ppm
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region in the 'H spectra. Observing the signals downfield from this region, generally
associated with an electronegative centre, such as oxygen, or a double bond, simplifies the
identification process. A number of signals can be seen from 120 to 200 ppm in the *C
spectra, which are indicative of oxidation products, being situated so far downfield,
however with the break-down of the catalyst may introduce peaks associated with the
ligand; 1, 2, 4, 5-benzenetetracarboxylic acid, but these are expected to have a low
intensity, as the amount of catalyst used was relatively small compared to that of the initial
starting materials, therefore can be expected to have an extremely low concentration.

The method used to potentially identify these possible products was to focus specifically on
the *C NMR spectrum of the reaction mixture (Appendix 5, pg. 112), identify all the signal
values and note them down, this was completed using the software; MestReNova Version:
6.0.2-5475 and is displayed in Appendix 7 (pg. 113-114). The *H spectrum had all of its
signals clustered in the region between 1 and 4 ppm, which made the identification of
individual products exceedingly difficult. A number of the previously mentioned oxidation
products were readily available in the laboratory, namely; cyclohexene oxide, cyclohexane-
1,2-diol and 2-cyclohexen-1-one, which were easily analysed via NMR. The spectra of 2-
cyclohexen-1-ol and tert butylperoxy-1-cyclohexene were found via literature search &) and
by using the ‘Spectral Database for Organic Compounds’ 1 A list of all the chemical shifts
for each of the potential products is also displayed in Appendix 7, where one is able to
compare the chemical shifts of potential oxidation products, to that of the reaction mixture,
post reaction. Upon comparing the values together, it becomes apparent that cyclohexene
and cyclohexane-1,2-diol have the greatest probability of being present in solution, as all of
their chemical shifts are able to be closely matched to those present in the reaction mixture,
within a range of approximately 0,2 ppm from chemical shifts in the reaction mixture. The
appearance of cyclohexene in the reaction mixture, post reaction indicates that there is
either an excess of cyclohexene initially or the reaction has not yet reached completion. The
NMR spectra were compared with primary standards and also against literature. It should
be noted that care was taken to only choose literature values which had used CDCl; as a
solvent. NMR analysis was an initial tool which was used to identify whether a reaction was
indeed occurring and offer insight into which of the potential products may be forming.
Studies using GC-MS were used to conclusively identify the products of the reaction.

4.3 Reaction Procedure

After identifying that the cyclohexene was undergoing conversion to a potential oxidation
product/s, the reaction was setup to be closely monitored over time to identify exactly what
was taking place and which product/s were being produced. The reaction procedure was

1]

taken directly from the previously referred to study 1 and replicated for comparative

purposes, with the only differences being that RU-V1, RU-V2 and the solid decavanadate ion

76



were substituted as catalysts and the entire reaction was scaled down by a factor of 4 in
order to conserve reagents.

50°C
Chloroform

J— 0

Catalyst
TBHP in H20

Figure 43: The epoxidation of cyclohexene to cyclohexene oxide ™.

The typical catalytic procedure was to charge a 50 mL two-necked round bottom flask with
anhydrous chloroform (CHCI3) (7.5 mL), as the solvent. Cyclohexene (1.25 ml) and of 1,2,4-
trichlorobenzene (1.55 mL), which was used as an internal standard for GC analysis, were
added to the flask. Tertiary butyl hydroperoxide (TBHP) was used as the oxidant for the
reaction; it was commercially available in two solvents, either 70% TBHP in water or 5.5 M in
decane. Both were made use of, either; 70% TBHP in water (3.39 mL) or of 5.5 M TBHP in
decane (4.47 mlL) were added to the reaction flask. The molar ratio of cyclohexene to
oxidant was 1:2. The reaction were run at a temperature of 50°C with constant stirring,
under an N, atmosphere, which was achieved by initially purging the system followed by
placing an N, containing balloon above the condenser. The vanadium loading for each
catalyst was 0.42 mmol.

The reactions for each of the 3 materials were performed in duplicate and were carried out
over a 24 hour period, with constant monitoring. The 24 hour period was chosen due to the
results from the preliminary studies, which showed the catalyst gradually decomposes in
the reaction mixture after the 72 hour period. Restricting the reaction to a shorter time
frame of 24 hours, which was thought to be sufficient to observe potential catalytic activity,
while keeping the catalyst intact for post-reaction analysis. Aliquots of 10 uL were taken
each hour and diluted in 500 uL of HPLC grade methanol (Purchased from Sigma Aldrich),
which were then entered into a GC MS system. Blank reactions were completed and were
found to exhibit no catalytic conversion to cyclohexene oxide, which indicated that a
catalyst is required for the reaction.

Before and after each injection the GC syringe was flushed with solvent (MeOH) 3 times, to
ensure that there was no contamination during the injection process. Once the sample had
been injected into the GC column, the run would last for 11 minutes and detection would
start after 1.5 minutes due to a solvent delay, as the solvent peak will have the greatest
intensity, so allowing it to enter the MS detector may have a damaging effect and cause the
detector to output inaccurate readings. After each run the column was cleaned by injecting
the solvent and elevating the column temperature to 250°C (the maximum temperature
reached during runs) and maintained for a 5 minute period.
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4.4 GC-MS Results

The GC-MS system (specifications and instrumentation provided in the Chapter 2; pg. 41)
was optimised with a number of trial runs to condition the column and ensure that the
system was functioning correctly in order to be able to monitor the reaction over a 24 hour
period. Once the GC-MS system functioned as required, all the catalytic materials were
tested to determine their effectiveness at converting cyclohexene to potential product/s.
The reaction was closely monitored each hour, for 24 hours, with small aliquots of the
reaction mixture being taken for GC-MS analysis every hour to determine what was taking
place within the reaction over time. All of the GC-MS studies were performed using TBHP in
water as the oxidant, as NMR studies had proven that catalytic activity was absent when
using TBHP in decane over the 72 hour period, so shortening the time frame of the reaction
to 24 hours would also result in no catalytic activity. Using TBHP in water had shown to
exhibit catalytic conversion of cyclohexene in the NMR studies, so was the ideal choice as
oxidant over a shorter reaction time frame.

GC-MS simplifies the process of identifying exactly what was forming within the reaction
mixture over the 24 hour period, as the GC column was able to separate the components of
the reaction mixture based on their polarities and the MS detector output can then be used
to determine fragmentation pattern of each of these components. The fragmentation
pattern could then be compared to those in a database of known molecules for easy
identification of the components. The spectra were analysed using the software mentioned
in the experimental section, MassHunter Workstation Software version B.05.00, where the
peaks of the species were matched to the database of mass spectra, NIST mass spectrum
database, to accurately identify the products of the reaction = During the course of the
reaction, it was found that the cyclohexene and TBHP were steadily decreasing over the
course of the reaction, to form cyclohexene oxide, 2-cyclohexen-1-one, 2-cyclohexen-1-ol
and cyclohexane-1,2-diol. The GS-MS was able to confirm exactly what had formed in the
reaction mixture, but how these products formed over time will be discussed in detail in the
following sections. The only product which was expected to be found was tert-butylperoxy-
1-cyclohexene, as this was found to be a major product in the previously mentioned study
M. However, it was absent for from the reaction and potential reasons for this absence will
be discussed in a later section. An in-depth explanation on how the GC-MS data was
interpreted and how the speciation curves were plotted can be found in Appendix 8 (pg: 114
—115)
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4.5.1 Speciation Curves
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Figure 44: The Speciation curves of the relative % yields of the cyclohexene and its oxidation
products over a 24 hr period, using RU-V1 as a catalyst.
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Figure 45: The Speciation curves of the relative % yields of the cyclohexene and its oxidation
products over a 24 hr period, using RU-V2 as a catalyst.
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Figure 46: The speciation curves of the relative % yields of cyclohexene and its oxidation

products over a 24 hr period, using the solid decavanadate ion as a catalyst.
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Figure 47: The speciation curves of the relative % yields of cyclohexene and its oxidation
products over a 7 hr period, using the MIL-47 as a catalyst and TBHP in water [, (Figure
taken directly from referenced study)
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Table 14: A comparison of the catalytic properties of each of the 3 materials tested and MIL-

47.
Catalyst: TON:? TOF:" Selectivity:©
RU-V1 14 0 82
RU-V2 56 9 64
Solid Decavanadate 6 0 25¢
MIL-47 (H,0) 67 29 43
MIL-47 (Decane) 28 8 83

a - TON was calculated after 7 hours

b - TOF was calculated after 30 minutes

¢ - Selectivity was calculated for cyclohexene oxide at 40% conversion of cyclohexene

d - Selectivity was calculated for cyclohexene oxide at 20% conversion of cyclohexene, when using the solid

decavanadate (see section 4.5.4)

# - TON and TOF were times, in this work, follow that of Van der Voort et al, for comparative purposes o

4.5.2 The Catalytic Activity of RU-V1

Figure 44 is the graphical representation of how the reaction proceeds over time, which
identifies and shows the relative % vyield of cyclohexene diminishing and the oxidation
products forming over a 24 hour period.

From Figure 44, a number of interesting trends can be observed; the first being that it took a
period of approximately 4 hrs before any catalytic conversion was observed, this shows that
the catalyst is not immediately active (pre-catalyst) and requires an activation step before it
is able to convert cyclohexene. The reason for this is due to the highly coordinated structure
of RU-V1, where the vanadium centres are coordinatively saturated with bonds to the
ligand. For cyclohexene and TBHP to be able to interact with the metal centre, the most
labile bond between the metal and ligand will need to detach from the metal, to allow the
reactants an active site to the metal centre. Due to the 4 hour period before any conversion
is observed, it is suggested that there may be no particularly labile bonds to dissociate from
the metal centre under the specific reaction conditions. The coordinated water molecule is
the most likely candidate to be released from the structure after the 4 hour period, opening
a free coordination site to the metal centre. TG and DSC data showed that the water is
strongly bound to the structure, so would require significant energy to remove and is
potentially the reason for the 4 hour delay. After £6 hours, the initiation of a gradual colour
change to the catalyst was observed, shifting from dark blue to dark green, which indicates
that the oxidation state of vanadium is being altered and that as the reaction proceeds from
4 hours to the end of the reaction (24 hours), there may be a gradual break down the bonds
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between the metal and ligand within the catalyst creating a greater number of coordination
sites to the metal and allowing for conversion of cyclohexene with the aid of TBHP
(discussed in detail in a further section). In this proposed mechanism the loss of the
coordinated water molecule may be important in initiating the entire catalytic process.
Having water present in the reaction mixture must also be crucial to initiate catalytic
activity, as when the preliminary testing was done over a 3 day period, using TBHP in
decane, no catalytic conversion was observed via NMR and the catalyst was found to be
unchanged. Future work would include a detailed modelling study of the dehydration of RU-
V1.

The use of water may be a ‘double-edged sword’, due to the fact that it is required to
initiate catalytic activity by removing the coordinated water within such a highly
coordinated material, but as the reaction proceeds forward, there is no control in place to
prevent more of the bonds between the metal and ligand from breaking. This was visually
observed as the solution began to change from being initially colourless to having a hint of
transparent light green after the 10" to the 12" hour. The catalytic material was found to
gradually change from the dark blue to a dark green colour from the around the 6™ hour.
With the solution gradually progressing to a green colour, one can potentially assume that
V-centres are being leached out of the catalyst and into solution, with the continued
breakdown of the catalyst as the reaction progresses. To confirm if there is significant
leaching taking place, one would need to analyse the reaction solution using ICP-OES or ICP-
MS.

After 4 hours, one can observe that cyclohexene is beginning to be converted into
cyclohexene oxide, which reaches a maximum of +47%, at approximately 19 hours. Only
once cyclohexene oxide had formed and its % yield had increased to +20% did cyclohexane-
1,2-diol begin to form, which was after 10 to 11 hours. The formation of other minor
oxidation products were also observed, namely; 2-cyclohexene-1-one and 2-cyclohexene-1-
ol, which were present from the stage when cyclohexene oxide formed, indicating that they
are not as a result of the formation of the epoxide, but rather follow a different mechanism.
Their % yields are very low, reaching a maximum of £5% for 2-cyclohexen-1-one and +1.5%
for 2-cyclohexen-1-ol. The total % conversion of cyclohexene was +77% and the total
conversion of all the products together is £54%, leaving a discrepancy of £23%. This is
indicating that more cyclohexene is being used than what has been accounted for.

When referring back to the study using MIL-47 I one can observe that in all of the tests
completed, tert-butylperoxy-1-cyclohexene formed in a significant amount, which varied
depending on the solvent used. Due to tert-butylperoxy-1-cyclohexene being present for
MIL-47, it is very possible that it is the missing product which could account for the extra
cyclohexene conversion.

A possible reason as to why tert-butylperoxy-1-cyclohexene was not detected by the GC-MS
is possibly due to the nature of the column used for our GC analyses, as this was the only
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major difference between our study and that of Van der Voort et al M The stationary phase
of the GC column used was polyethylene glycol (PEG), which has a high polarity, whereas
the study with MIL-47 used 5% diphenyl/95% poly-dimethylsiloxane, which has a relatively
low polarity. The PEG stationary phase may have the potential to weakly bind to the oxygen
atoms associated with the peroxide species, as Figure 48 shows that the carbons located
next to the oxygen atoms are electron deficient, leading to them having a minor positive
charge. This may be enough to bind to the oxygen molecules of the tert-butylperoxy-1-
cyclohexene.

Figure 48: Polyethylene Glycol.

A literature search was completed to determine if the oxygen — oxygen bond of the tert-
butyl hydroperoxide had been cleaved before and under what conditions was this likely to

511 were identified which dealt with the tert-butyl hydroperoxy groups

occur. Three studies
and peroxy groups in general. A common factor was found in the studies was that a Lewis
acid is required to cleave the 0-O bond of the peroxide group, so when referring back to
Figure 48 one can observe that the 8" carbon atoms may be able to act as a Lewis acid in

character and bind to the oxygen of the tert-butylperoxy-1-cyclohexene.
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Figure 49: The possible routes and products for the cleaving of the O-O bond in tert-
butylperoxy-1-cyclohexene.



There are 2 possibilities for the break-down of tert-butylperoxy-1-cyclohexene, where either
the 0-0 bond is being cleaved or the C-O bond from position 1 on the cyclohexene ring is
undergoing cleavage. Evidence for these potential products of the breakdown should be
able to be observed on the GC chromatograms and can be observed, as can be seen when
referring to Appendix 9 (pg. 116), tert-butanol, 2-cyclohexen-1-ol, cyclohexene and TBHP,
can all be observed to be present at the end of the reaction. All the peaks associated with
the products of the break-up of tert-butylperoxy-1-cyclohexene already exist in the
chromatograms as they are products of the overall conversion of cyclohexene, e.g. TBHP
donates an oxygen to the cyclohexene ring to form the epoxide when bound to the V centre
(the mechanisms will be discussed in the following section), resulting in tert-butanol, so if
the tert-butylperoxy-1-cyclohexene is breaking down via route 2, that peak will have a
slightly higher intensity in the chromatogram, but determining exactly how much is being
received from the overall reaction or the decomposition of tert-butylperoxy-1-cyclohexene
is difficult to determine.

Regardless of whether tert-butylperoxy-1-cyclohexene is decomposing or not, RU-V1 was
able to convert cyclohexene into the epoxide. Comparing RU-V1 to MIL-47 together yields a
number of interesting results, as can be seen in Table 15, which displays the catalytic
properties of all the materials tested and that of MIL-47. Comparing the selectivities to the
epoxide shows that RU-V1 = 82 and MIL-47 = 43 (relative % ratios), which is a significant
difference.

A potential reason for the difference is the time at which 40% conversion of cyclohexene
occurred (the point from which the selectivity was measured, based on the referenced
study [1]). 40% Conversion occurs at roughly 2.5 hours into the reaction for MIL-47, whereas
for RU-V1, 40% conversion occurs between 12 and 13 hours, as RU-V1 is not initially active
and requires an activation period to remove the coordinated water and/or break a bond
between the metal and ligand, as previously mentioned. From Figure 47, which shows the
catalytic conversion of cyclohexene using MIL-47 M one can observe that the catalyst is
immediately active and that the two products which are forming from the conversion of
cyclohexene are cyclohexene oxide and tert-butylperoxy-1-cyclohexene, cyclohexane-1,2-
diol forms from the interaction of cyclohexene oxide with water, so is not being directly
converted from cyclohexene. The reaction using MIL-47 was only run for 7 hours and at this
point, 50% vanadium leaching was found to be present in the solution, indicating that the
MOF was beginning to be broken down due to the open nature of its framework and the
relatively low level of coordination, when being compared to RU-V1. With V-species present
in solution and the MOF being ‘opened-up’ by the dissociation the ligand from metal, to
expose an active site to the metal, one may assume that the major difference between the
selectivities of MIL-47 and RU-V1 for cyclohexene oxide is due to steric hindrance. The
difference in selectivities between the two MOFs is due to MIL-47 converting cyclohexene
into tert-butylperoxy-1-cyclohexene with a higher % yield than RU-V1 (+29% after 7 hours to
+23% after 24 hours). RU-V1 has a more highly coordinated structure than MIL-47, so as the
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reaction with cyclohexene and TBHP proceeds, the active sites on the metal are gradually
observed to become available to be used in the conversion of cyclohexene. With this
gradual progression, one may expect the bonds between the metal and ligand to slowly
break away from each other over time, leading to a gradual increase in the number of
coordination sites which initially should be sterically confined as only one bond may have
detached to allow cyclohexene and TBHP access to the metal centre. The confined size of
the coordination site may be the factor which prevents tert-butylperoxy-1-cyclohexene from
forming in large amounts, as the molecule has large bulky groups on either end of the
peroxide bridge, with one side occupied by a tert-butyl group and the other occupied with a
cyclohexene ring. As the reaction with RU-V1 progresses to the 24" hour, the % yield of
cyclohexene oxide begins to plateau and reduce, whereas the total conversion is somewhat
more ambiguous, as the % yield may be reaching a plateau or may continue to subsequently
decrease slowly as the structure of RU-V1 begins to be progressively broken down and V-
centres are leached into the solution. This may lead to a greater number of coordination
sites that are free from steric hinderance, leading to an increased % vyield of tert-
butylperoxy-1-cyclohexene. The reaction will need to be extended for a longer time period,
before any of these mentioned assumptions can be confirmed or dismissed.

Table 15 has more properties upon which direct comparisons between MIL-47 in water and
RU-V1 can be made. Turnover number (TON) and turnover frequency (TOF) can provide
interesting assessments as to the characteristics of each catalyst. TON is calculated as the
number of moles of product formed per moles of catalyst or the number of active sites,
which in this case would be the loading of vanadium. TON gives an idea as to how effective
the catalyst is at converting the reactant into a product. The TON was calculated at 7 hours
and was found to be 67 for MIL-47, whereas RU-V1 = 14. This is a major difference which
reinforces what was previously mentioned, in that MIL-47 is converting cyclohexene without
the delay that was present for RU-V1.

MIL-47 was only run for 7 hours in a reaction mixture which contained water, so when TON
was calculated, it was calculated for maximum conversion of cyclohexene. RU-V1 needs a
period of 4 hours before activating and at 7 hours, it is only observed to be gradually
converting any cyclohexene, leading to a low TON. If the calculation for TON is completed at
the midpoint of the reaction, at 12 hours, TON = 35, indicating that a larger quantity of
cyclohexene is being converted by the catalyst. Turnover frequency (TOF) is simply the
turnover number per hour of the reaction, which gives an idea as to how effective the
catalyst is at converting the reactant to a product over a certain time period. TOF in Table 15
was calculated after 30 minutes, which as previously mentioned, will not work particularly
well for RU-V1, as the TOF will be 0. The TOF of MIL-47 after 30 minutes was found to be 29
and if one looks at a similar stage on the plot for RU-V1, one can see that after 7 hours,
there starts to be a considerable amount of conversion of cyclohexene, but is still in the
early stages of the reaction. At 7 hours the TOF was calculated to be 2, which again indicates
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that the reaction progresses over a longer time frame, with a far more gradual conversion of
cyclohexene.

MIL-47 does not require an initial period of 4 hours to activate the catalyst, it is able to
begin conversion from the first hour. This is due to the structure of MIL-47 being far more
open than RU-V1, as 1,4-benzenedicarboxylic acid was used as the ligand instead of 1, 2, 4,
5-benzenetetracarboxylic acid. Due to the open nature of the structure when using 1,4-
benzenedicarboxylic acid, MIL-47 was catalytically active in decane at a loading of 0,42
mmol, with a selectivity of 83 for the epoxide, which was far greater than when water was
present, which only had a selectivity of 43 for the epoxide. The disadvantage to using
decane was that the reaction was far slower with an average conversion of 7% per hour and
a TOF of 8, whereas when using water, the conversion was seen to be 20% per hour, with a
TOF of 29. The time scales for the reactions done on MIL-47, when using TBHP in both water
and decane vary greatly, as when using TBHP in water, the time frame for the reaction was
only 7 hours, whereas when using TBHP in decane, the timeframe was 55 hours, indicating
that when decane is present the reaction progresses at a slower rate, but reaches a greater
relative yield and has a far higher selectivity for cyclohexene oxide. It is possible that RU-V1
may also be active in decane, but only after an extremely long period of time (longer than
72 hours) under these specific reaction conditions, which would make for an extremely
inefficient catalyst.

TBHP in water caused a number of problems to MIL-47, as the structure of the MOF is not as
highly coordinated as RU-V1, so this is why the reaction time was reduced to only 7 hours,
as at this point the catalyst was seen to partially decompose and leach + 50% vanadium into
solution. From this information, one can potentially assume that a similar occurrence is
taking place with RU-V1, as over time the reaction mixture began to become lime green in

colour, which may indicate that V"

metal ions are being leached into solution. The structure
of MIL-47 was compared before and after the reaction, using XRPD, shown in Appendix 12
(pg. 119) and was found to be the same when using TBHP in decane and significantly
different when using TBHP in water. This indicates that the bonding within MIL-47 is labile
enough to allow for the catalytic conversion of cyclohexene in decane, which by-passes the
damaging effects of having to allow water into the reaction mixture and is a great
advantage. RU-V1 was also examined before and after the reaction by using IR

spectroscopy, which will be discussed in a later section.

Interestingly MIL-47 (with TBHP in water) was able to be regenerated after the 7 hour
period, by exposing it to a tubular furnace at 150°C, under a nitrogen flow M This was able
to remove the detached organic compounds within the pores of the MOF and reforming its
structure, shown in Appendix 12 (pg. 119). The possibility of regenerating RU-V1 after the 24
hour period was not investigated and may be the subject of future work. This would not be
a simple investigation as the reaction will need to be run for various lengths of time and the
V-leaching would need to be monitored and tested to determine a stage where the catalyst
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has the V-sites coordinatively unsaturated, but still maintains its overall structure, to be able
to be regenerated. If the reaction is run for too long a time (72+ hours), the catalyst is
known to gradually breakdown completely, leaching elevated levels of vanadium into
solution, which was proven from the preliminary testing completed using NMR.

4.5.3 The Catalytic Activity of RU-V2

RU-V2 is the unique product developed via an ambient synthesis. The bonding between the
metal and the ligand can be expected to be different than that of the solvothermal product
(RU-V1), as solvothermal reactions follow a different kinetic pathway, which is only reached
under conditions involving elevated temperatures and pressures. This allows the ligand to
undergo oxo-substitution with the metal oxide cluster to create a strong and stable product.
In this section RU-V2 will be analysed in detail and compared to that of RU-V1, as this is a
direct comparison between the products of the ambient and solvothermal syntheses.

When visually observing the catalyst in solution, the solution was observed to undergo a
colour change from the 1* to 2" hour, indicating that the catalyst was being altered and
potentially leaching metal centres into the solution, which progressed until the reaction was
completed after 24 hours. Progressing from the 1% to the 12" hour the catalyst was noted
undergo a colour change from its khaki-green to red-brown colour and ultimately, after 24
hours, was orange-brown in colour. At the end of the reaction, small amounts of residual
material was found stuck to the sides of the reaction flask, this was analysed via IR
spectroscopy to be able to gain an idea of what change was occurring within the catalyst as
the reaction progressed.

Exhibiting weaker bonding will mean that the bonding between the metal and ligand should
detach far quicker and more easily than that of RU-V1. This is observed when analysing
Figure 45 (pg. 80), which shows how RU-V2 acts as a catalyst for the reaction over a 24 hour
period. The first important occurrence is that the catalyst is immediately active from the
first hour of the reaction, which was not the case for RU-V1. As a catalytic material, RU-V2
can be observed to bring about a far more rapid conversion to the oxidation products. A
potential issue that may arise is the fact that in MIL-47 vanadium leaching was found to
occur when water was present in the mixture and V-leaching was presumed to occur with
RU-V1. Both of these species were MOFs synthesised under solvothermal conditions,
leading to far stronger bonding than what can be expected for an ambient vanadium based
complex. One may assume that when RU-V2 was entered into the solution, vanadium
leaching could possibly occur at a greater rate than RU-V1 and MIL-47, with the break-away
of the ligand occurring more rapidly. MIL-47 made use of 1,4-benzenedicarboxylic acid
under solvothermal conditions and RU-V2 made use of 1,2,4,5-benzenetetracarboxylic acid
under ambient conditions, which sets up an interesting comparison to observe whether the
solvothermal product using a lowly coordinating ligand is stronger than an ambient product
using a highly coordinating ligand. An insight could be obtained when observing the major
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difference between the speciation curves of the MIL-47 and RU-V2, which is the time period
before maximum conversion is reached; the conversion is observed to plateau before 7
hours when using MIL-47, but only after approximately 14 hours when using RU-V2. A
potential reason for this may again be due to the coordination difference between the
ligands, as 1, 2, 4, 5-benzenetetracarboxylic acid is multidentate, leading to a much more
highly coordinated structure, which may need slightly more time for a bond to completely
detach from the metal, for catalysis to occur.

The total conversion of cyclohexene was 67%, which was lower than the 77% cyclohexene
conversion of RU-V1. The minor reaction products of 2-cyclohexen-1-one and 2-cyclohexen-
1-ol formed at a maximum (7% and 3%) at 7 hours, then reduced and reached a plateau (3%
and 0.5%) until the 24" hour. Cyclohexane-1,2-diol was observed to be far more prominent
when using RU-V2, as the initial and rapid conversion of cyclohexene to the epoxide,
resulted in the conversion of the epoxide to the diol, with water present in the reaction
mixture. The diol reaches a maximum conversion of 37% to 39% before reaching a plateau,
which closely mirrors that of cyclohexene oxide, as it is converted from the epoxide in the
presence of water.

When comparing RU-V2 to RU-V1, one can observe that the latter has a much higher
selectivity for the epoxide, with 82 compared to 64 (relative % ratios), but the former is
much more rapid in its conversion, as it is able to convert as soon as the reaction is initiated.
TON calculated after 7 hours shows a similar result as RU-V1 is far greater at 56 than 14 for
RU-V2. TOF calculated after 30 min is not comparable between RU-V1 and RU-V2, due to
RU-V1 requiring an activation period, but MIL-47 (water) and RU-V2 can be compared and
one can observe that MIL-47 is faster at converting cyclohexene than RU-V2, with a TOF of
29 compared to 9, again possibly owing to the less highly coordinated structure of MIL-47.

Tert-butylperoxy-1-cyclohexene has been discussed in detail in section 4.5.2, but will be
touched upon again, as it is forming in a greater quantity when using RU-V2 as a catalyst.
The discrepancy between the total conversion of cyclohexene and the total conversion of all
the known products combined was approximately 24% after 24 hours, which maybe
assumed to be from the formation of tert-butylperoxy-1-cyclohexene.

4.5.4 The Catalytic Activity of Solid Decavanadate lon

The decavandate ion was originally incorporated into this study, as it has not received any
attention in the field of MOFs and could possibly be used as a starting material upon which a
MOF may be built around, leading to a MOF or coordination complex which could exhibit
interesting catalytic properties. The first step was to test the ion itself for catalytic activity,
but in the solid state as a heterogeneous catalyst. This step proved problematic as the solid
decavanadate ion was found to completely catalytically inactive in an organic medium,
containing mostly CHCls. The reason for this complete lack of activity was thought to be due
to the counter ions and water molecules associated with the molecule which would remain
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coordinated to the active sites, blocking any possible activity. However when observing
Figure 46 (pg. 81), conversion of cyclohexene is observed to occur and the reason being is
that a small portion of water is present in the over-all reaction mixture. These small droplets
were observed to become more orange in colour over time, indicating that the solid
decavanadate, which is highly soluble in water, is undergoing dissolution into these droplets
and is acting as a homogenous catalyst from the aqueous phase. The activity seen is due to
interaction between the V — centres of the decavanadate ion at the borders of the aqueous
and organic phases, where the cyclohexene and TBHP would be able to interact with the
catalyst.

When analysing Figure 46 in detail, one can immediately notice that the conversion of
cyclohexene is much lower, relative to RU-V1 and RU-V2, with the reason being, that only a
small portion of the solid decavanadate came into contact with the agueous phase due to
the mechanical stirring and limited reaction time. The cyclohexene conversion started very
gradually for the first 10+ hours, after this point the conversion began to increase slightly, as
more of the solid decavanadate dissolved into the aqueous layer, finally reaching a
maximum conversion of £39%.

Comparing the activity of the decavanadate to the other materials, in terms of TON, TOF
and selectivity is not necessary, as the reaction system in which the decavanadate was
introduced to test its heterogenous activity and it was found to not exhibit any activity.
Regardless of this fact, the TON, TOF and selectivity have been determined and are
displayed in Table 15. TON after 7 hours is relatively low, as the conversion was gradual due
to the slow dissolution of the decavanadate into the aqueous phase and similarly the TOF =
0 due to there being no catalytic activity after 30 minutes. Selectivity can be used to gain
more of an insight into what is forming, as once again there is a discrepancy between the
total cyclohexene conversion and the conversion of the products, which is approximately
17%. This indicated that tert-butylperoxy-1-cyclohexene was once again forming as a
product, as previously discussed and was forming in a relatively high quantity, when
compared to that of cyclohexene oxide, which had a maximum conversion of approximately
20%. These % conversions are relatively close, indicating that the decavanadate ion is not
able to select for a specific product, which was expected, as there are no supplementary
groups or ligands which are able to sterically hinder the active sites, as observed with RU-
V1. Cyclohexane-1,2-diol was not observed to be present in the reaction solution, the
reason for this was presumed to be that the reaction had not been run for long enough,
with the % yield of cyclohexene oxide being relatively low. If the reaction was completed
with an extended time period, more of the solid decavanadate would have dissolved into
the aqueous phase, leading to an increased % yield of cyclohexene oxide, which would have
slowly began to lead to the conversion of the diol species.

The solid decavanadate ion has a number of potential active sites which are proven to be
homogeneously active for the oxidation of olefins, but the challenge arises when trying to
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move away from homogenous catalysis and into the region of heterogeneous catalysis.
Designing a coordination compound or MOF will be a challenge as the choice of ligand will
be very important, in both the steric hinderance of the active sites and to act as a stabilizer
to the overall decavanadate structure, as once the associated water molecules are removed
the stability of the ion will be in question and once the counter ions are removed, the
chosen ligand will be responsible to maintain a charge balance.

4.6 The Proposed Mechanisms for the Reaction

An in depth enquiry towards the mechanism of the reaction for MIL-47 was completed by
Van der Voort et al ™, where they proposed 2 major mechanisms. The structure and
reaction were comprehensively studied using molecular modelling techniques to elucidate
exactly what was occurring and which possibilities were most likely to occur. Two
mechanisms will be discussed, the first being the direct method of epoxidation and the
second being the radical method of epoxidation.
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Figure 50: The Direct Method for the Epoxidation of Cyclohexene [,

Figure 50 displays the direct method of epoxidation of cyclohexene. This is the most basic
mechanism for the epoxidation, as once a free coordination site is available to the metal
centre, TBHP coordinates and cyclohexene is able to interact with the O-chain of TBHP,
thereby removing an O to form cyclohexene oxide.

The radical mechanism displayed in Figure 51 is a more complex method, which was
analysed through the use of computational methods M This mechanism requires the

attachment of the TBHP group to the metal centre, but the O-O bond undergoes homolytic
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cleavage. This cleavage forms a radical (tBuO’) and a vanadium centre bound to the ligand
and two O’s (L-V=0,;). This undergoes a further reaction with an additional TBHP, which
coordinates to the metal centre and from here the cyclohexene is able to interact with the
0-0 chain of the TBHP, forming the epoxide. Once epoxidation has occurred, the tBuO can
be replaced with another TBHP group, regenerating the reaction and allowing for the
epoxidation to take place once more.

The major difference between the direct and radical mechanisms is that the direct method
only requires one free coordination site, whereas the radical requires two or more bonds to
be detached from the metal centre, as can be seen throughout the mechanism in Figure 51.
This is important as the direct method is assumed to be the initial method which is able to
form the vanadium species coordinated to TBHP. Over time, as more of the bonds between
the metal and ligand are detached and more open coordination sites to the metal centre
become present, one can assume that the radical method may take preference. The direct
and radical methods are not mutually exclusive from one another and can occur
simultaneously.
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Figure 51: The Radical Method for the Epoxidation of Cyclohexene [,

RU-V1 can be assumed to initially be following a mechanism similar to that of the direct
method, but possibly in a sterically hindered environment, due to the closed nature of the
MOF. There needs to be an active coordination site to the metal centre and from consulting
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the structure of RU-V1 (Figure 30, pg: 59), the coordinated water molecule is expected to be
the released before any of the ligands would become detached. This was proven, as the TG
data showed that the coordinated waters associated with the structure were released
before the ligand, so is expected to be detached from the structure to allow cyclohexene
and TBHP an active coordination site to the metal centre. The water is still strongly bound to
the structure, as the MOF required a period of 4 hours before any conversion was initiated
and there was a high initial selectivity for the epoxide over the other potential oxidation
products. This is suggesting that only a few bonds are breaking at a time, so the direct
method may be prevalent. After a period of approximately 12 hours there is a shift from the
selectivity for the epoxide and one can observe an appreciable amount of tert-butylperoxy-
1-cyclohexene forming, which may be suggesting that enough of the bonds have detached
from the metal centre, allowing for the radical method to become more prevalent. With a
greater detachment of the bonds between the metal and ligand, a more open environment
is assumed, which would lead to an increase in the formation of tert-butylperoxy-1-
cyclohexene.

RU-V2 can be assumed to follow a slightly different reaction profile to that of RU-V1, as RU-
V2 was found to be immediately active for the epoxidation of cyclohexene. This possibly
suggests that the direct method is followed in the earliest stages of the reaction and shortly
afterwards the radical method may become more prevalent. Evidence for this suggestion is
given in terms of selectivity, as the selectivity for the epoxide is a great deal lower than RU-
V1. In conjunction with the selectivity, the structure was noted to decompose more rapidly,
which suggests that bonds between the metal and ligand are dissociating, thus increasing
the number of free coordination sites to the metal. The lower coordination of the metal
centre may favour the radical mechanism.

The decavanadate ion was only found to be homogeneously active when dissolved in the
aqueous phase. The direct method is thought to be the prevalent method of catalytic
activity since when referring to the IR spectra of the decavanadate before and after the
reaction, it was found that the structure remains completely intact. This suggests that the
catalytic activity is potentially due to vanadyl groups on the surface of the decavanadate
structure, as the bulk material was unchanged.

4.7 Possible Decomposition Path-ways for the Catalytic Materials

From observing the reactions before, during and after the reactions, it has been previously
noted that the catalyst was breaking down and partially leaching into the reaction mixture.
The possible decomposition path-ways of the catalytic materials were investigated to try
and elucidate what was taking place for each of the catalytic materials over the course of
the reaction. Proposed decomposition path-ways and a comparison of the IR spectra before
and after the reaction are displayed and discussed in the following sections.
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4.7.1 RU-V1

From what was mentioned in the previous sections, complexes which are coordinatively
saturated require a bond between the metal to be labile enough to be able to detach from
the metal centre. This dissociation opens up a potential site for coordination, causing the
complex to become catalytically active.

When analysing the dissociation one needs to be careful, as there is a small energy
difference between dissociation and complete cleavage of the bond. Possible ways in which
the bond may dissociate, but still be able to reattach onto the metal after the catalytic
conversion has taken place is by folding away of the ligand from the metal or by the removal
of the bridging oxygen between the vanadium centres M. MIL-47 in decane was noted to
exhibit this form of detachment, as decane is a non-polar solvent, which does not exhibit
any attractive forces towards the bonds between the metal and ligand. The opposite is true
when a highly polar molecule, such as water, is present is solution, which competes with the
labile ligand for coordination to the metal centre. This competitive effect gradually causes a
decomposition of the overall structure.

Figure 52: A proposed decomposition path-way for RU-V1.

This is exactly what was observed for RU-V1, because as the reaction progressed, slowly the
solution began to gradually change colour, potentially indicating a leaching of metal centres
and a gradual structural break down. The structures before and after were compared using
IR spectroscopy. The catalyst had notably changed to be green in colour, but this was only
found to be the case for the outer most layers of the catalyst, when a small sample was
crushed into a homogeneous sample the overall spectrum was identical to the IR spectrum
of the catalyst before the reaction. This was interesting as it potentially showed that the
catalyst was only reacting on the surface and gradually layers of the surface material were
being removed, via the disrupture of the structure in the presence of water and leaching
vanadium into the reaction mixture. The green surface material was collected and the IR
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spectra thereof are compared to that of the original material, which gave a number of
useful insights into what type of structural changes may be taking place overtime, these
changes can be observed in Figure 53.
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Figure 53: A comparison of RU-V1 before (blue) and after (black) the reaction.

The first region to analyse is the carbonyl region at £1300 — 1600 cm™. Bands in this region
give a great deal of information as to whether the carbonyl groups are coordinated or
terminal/uncoordinated groups. As mentioned in Chapter 3, coordinated carbonyl bands
will be and sharp and narrow in nature, as the group will have restrictions to its modes of
vibration, whereas a terminal carbonyl band will have no such restrictions, and thus will be
observed as a far broader band and will have a greater wavenumber due to having more
double bond in character.

Table 15: A comparison of the asymmetric and symmetric stretches of the carbonyl groups
before and after the reaction.

va(CO;) (cm™)

vs(COy) (cm™)

RU-V1 (Original) 1532; 1505 1441; 1395;
1335;1289

RU-V1 (Post Rxn) 1621; 1568 1447; 1402; 1320;
1263

Av (cm™) 89; 63 6; 7; 15; 26

v»(CO,) in the original catalytic material show 2 major bands at 1532 cm™ and 1505 cm™,
with a minor shoulder from +1570 cm™ to 1650 cm™. In the recovered material, the two
major bands associated with the v,(CO,’) have shifted to 1621 cm™ (Av = 89 cm™) and 1568
cm™ (Av = 63 cm™), the latter is less defined in the spectrum of the residue, as it was in the
original, indicating a change to the environment, causing a change to that specific mode of
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vibration. These shifts are indicating that the carbonyl group has been altered into a
terminal position, evidence for this is due to the nature of the band, as the broadness of the
band found in the residue is significantly broader than the original band, indicating that the
functional group is now uncoordinated and added to this, terminal carbonyls are more
double bond in character, increasing the force constant of the group, thus having a higher
wavenumber.

The v5(CO;’) band in the spectrum of the recovered material was observed to be drastically
altered when compared with that of the original material, with a number of shifts and
changes to the intensity of the individual bands. A reduction in intensity can be observed to
occur with a number of the bands and this is commonly due to changes in the polarizability
of the bonds, indicating that the close environment surrounding the carbonyl group has
changed. Possible changes to the environment can include; some of the carbonyl groups
being stripped away, leaving a larger area in which those left behind can vibrate, some
carbonyls may have been dissociated from the metal, resulting in a terminal group as
previously discussed. When specifically observing the individual bands, one can identify 4
bands associated with the v¢(CO,’) in the original material, at; 1441 em™®, 1395 em™, 1335
cm™ and 1289 cm™. One should note that the v(CO,) with the lowest wavenumber (1289
cm™) may not be associated with the carbonyl, but could possibly be associated with a
benzene ring vibration. These bands are significantly altered in terms of intensity and
relatively minor shifts can be observed in terms of band position. In the spectrum of the
residue, the bands can be observed to shift to; 1447 cm™ (Av =6 cm™), 1402 cm™ (Av=7 cm’
1), 1320 cm™ (Av = 15 cm™) and 1263 cm™ (Av = 26 cm™). The shift of 26 cm™ is considerably
larger than the other shifts described, so again may be indicating that the band could be
associated with a benzene ring vibration.

The second region of interest is the region where the vanadyl band occurs, which is
generally between 980 cm™ and 1000 cm™. This region is more challenging to analyse, as
there are also a number of other bands which occur in this region, known as the fingerprint
region, which can be assigned to several organic species.

Table 16: A comparison of the stretches of the vanadyl groups before and after the reaction.

v(V=0) (cm™)
RU-V1 (Original) 991
RU-V1 (Post Rxn) 994; 975
Av (cm™) 3;16

The vanadyl band is present in the spectrum of the original material at 991 cm™, but when
observing the spectrum of the residue after the reaction, one may notice that the band has
had its intensity significantly reduced and has been split into 2 bands (994 cm™and 975 cm’
!).The splitting of a band may be suggesting that multiple vanadyl centres have formed from
the as a result of the decomposition of the ligand. This is shown in Figure 52, which
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proposes a decomposition path-way of RU-V1 over time. Initially the VO octahedra are
bound on either side of the benzene ring, but after a period of 24 hours, one may assume
that a greater number of bonds would be broken. With the decomposition of RU-V1 in such
a manner, one can suggest that dissociation of the bonds would not be a uniform process,
resulting in the ligand and metal dissociating at different times. Such a scenario would result
in the vanadium octahedra existing in different environments. Another reason for the
splitting of the band could be due to the lifting of degeneracy through the loss of a centre of
inversion, proposed in Figure 52. An alternative option is that the vanadyl band has shifted
to a new position entirely. A band is present at 1061 cm™, which is not present in the
original IR spectrum of the material. This is option is similar to what was observed in the
carbonyl, as the vanadyl has been shifted to a higher wavenumber and is broader than it the
original, indicating that it may be more double bond in character and is now a terminal
group, due to the loss of coordination. The problem with this option is that a shift from 994
cm™ to 1061 cm™is a change of 70 cm™, which is a large shift and from completing a
literature search of vanadyl complexes, the vanadyl band is not likely to occur above +1040

-1[13,1
cm 13, 4].

Table 17: The band positions of v(C-H) for cyclohexene, cyclohexane-1,2-diol and RU-V1

(post rxn).
v(C-H) (cm™)
Cyclohexane-1,2-diol 2945, 2881
Cyclohexene 3040, 2935, 2873
RU-V1 (Post Rxn) 2941, 2878

The other region which differs in the spectrum of the residue is that of v(C-H) region. There
a band is present at 2941 cm™ and a shoulder at 2878 cm™1. These bands may be present
due to the presence of cyclohexene (substrate) or cyclohexane-1,2-diol. These are possibly
trapped within or associated on the structure, possibly weakly bound via van der Waals
forces to an exposed vanadium centre. The absence of the cyclohexene alkene v(=C-H)
suggests that the substrate is absent. Additional comparisons with the IR spectra of
cyclohexane-1,2-diol and cyclohexene, which are taken directly from the Bio-Rad/Sadtler IR

Data Collection *°!

as given in Appendix 13 and 14 (pg. 120) tentatively supports this
interpretation. More compelling is the identification of the coupled v(C-O)/8(COH). As
previously noted, the benzene ring vibration region yields an interesting possibility, as
discussed above, the vanadyl stretch may be shifting to a higher wavenumber of 1062 cm™,
but this was proven to be unlikely. This band rather provides further evidence for
cyclohexane-1,2-diol being present, due to the v(C-0)/8(COH) being present at 1068 cm™ in
the cyclohexane-1,2-diol and a similar band can be observed in the spectrum of RU-V1 (post
rxn) at 1062 cm™. The only major band which has not been assigned is present at 1178 cm™,
which has been tentatively assigned as a benzene ring vibration associated with the ligand,

1, 2, 4, 5 — benzenetetracarboxylic acid , or a ring vibration from the cyclohexane ring, as
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there is a band at 1156 cm™, but this is a relatively large shift of 22 cm™. Finally the bands
present in the fingerprint region below 950 cm™ are particularly difficult to interpret, with a
number of possibilities of low energy vibrations for each band.

4.7.2 RU-V2

RU-V2 was found to be immediately active for the conversion of cyclohexene, but the
solution was also observed to change colour far more rapidly. The RU-V2 was analysed
before and after the reaction using IR spectroscopy to attempt to gain an understanding of
what type of structural alterations may be occurring in the catalyst over time. The structure
of RU-V2 was not directly determined by XRD or XRPD as the compound was found to be
amorphous, the IR spectra discussed previously in the characterisation results section gave a
number of insights into the structural properties of the compound.
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Figure 54: A proposed decomposition path-way for RU-V2.

Figure 54 is a potential decomposition path-way for RU-V2, deduced from observing the IR
spectra before and after the reaction. The Na® ions are expected to be removed from the
complex and leached into the aqueous phase associated with the reaction. This frees two of
the carboxylates to the terminal position which is clearly observed and discussed in the IR
comparison below.
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Figure 55: A comparison of the IR Spectra of RU-V2 before (blue) and after (black) the
Reaction.

Table 18: A comparison of the asymmetric and symmetric stretches of the carbonyl groups
before and after the reaction.

v5(CO5) (cm™) vs(CO7) (cm™)
RU-V2 (Original) 1557; 1494 1363; 1320; 1288
(shoulder); 1256
(shoulder)
RU-V2 (Post Rxn) 1707; 1636 1443;1412; 1353
Av (cm™) 150; 142 80; 92; 65

The carbonyl and vanadyl regions will be discussed again, alongside any other major bands.
The asymmetric stretch of the carbonyl (v,(C-O)) in the original spectrum, has 2 bands
associated with it at 1557 cm™ and 1494 cm™, with a poorly resolved shoulder present at
1575 cm™. These bands have been shifted to higher wavenumbers of 1707 cm™ and 1636
cm™ which is a change of 150 cm™ and 142 cm™. These are large shifts, which are strongly
indicating that the carbonyl is becoming more double bond in character and in a terminal
position. There are two possibilities as to what may be occurring; firstly the Na ions are
expected to be removed from the complex and released into the aqueous phase and
secondly the coordinating vanadium has been removed and possibly leached into solution,
leaving the carbonyls in terminal positions. Figure 54 shows that one of the vanadium
centres has been removed and the other has changed from being a bidentate donor with a
single carboxylic acid group, to bridging between two carboxylic acid groups. This proposal
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of the dissociation frees up two of the carboxylic acid groups which results in two of the
carbonyls remaining in terminal positions, which may account for the large v,(CO;) shift
observed in the spectrum after the reaction.

The bands associated with the vs(CO,) have also been drastically altered in terms of
intensity and in terms of wavenumber. The reasons for the changes are similar to what was
discussed for RU-V1, with some having possibly been stripped away, leaving those that
remain in different environments. Referring to Table 19 shows shifts of; 80 cm™®, 92 em™ and
65 cm™, which are all relatively large shifts, again indicating that the carbonyls which remain
are more double bond in character.

Table 19: A comparison of the stretches of the vanadyl groups before and after the reaction.

v(V=0) (cm™)
RU-V2 (Original) 982
RU-V2 (Post Rxn) 997
Av (cm™) 15

The vanadyl band is present at 997 cm™, which is a shift of 15 cm™ from the original band at
982 cm™, which indicates a strengthening of the double bond character and can be seen to
be broader than the band in the original spectrum, both of these factors are evidence that
the remaining vanadyl group has possibly become a terminal group. The intensity of the
band has greatly increased and this can be potentially explained by referring to Figure 54
once more, where one can observe that the proposed product after the reaction lacks a
centre of inversion, but the original product exhibits a centre of inversion. Losing a centre of
inversion causes the molecule, as a whole, to become more polar and this is able to affect
the intensity of the IR band/s. The movement of the vanadium centre from a single
carboxylic acid group, to be in a position to be bridging between two of the groups may also
have an effect on the polarisability of the bond, as it is in a new chemical environment.

Table 20: The band positions of v(C-H) for cyclohexene, cyclohexane-1,2-diol and RU-V2
(post rxn).

v(C-H) (cm™)
Cyclohexane-1,2-diol 2945, 2881
Cyclohexene 3040, 2935, 2873
RU-V2 (Post Rxn) 2934, 2862

The other unassigned bands are again similar to what was observed for RU-V1, where one
can observe an appreciable amount of cyclohexane-1,2-diol present. Table 21 shows the C-H
stretches present at 2934 cm™ and 2862 cm™ and similarly to the discussion of the bands in
this region for RU-V1, cyclohexene exhibits a higher frequency band associated with the
alkene, which is not present and provides evidence for the diol over the substrate. The
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cyclohexane-1,2-diol v(C-0)/8(C-O-H) is present at 1068 cm™ and one can find 2 bands
present in this area in the RU-V2 (post rxn) spectrum at; 1065 cm™ and 1040 cm™. A single
band was expected, but has been split into 2 bands indicating that the C-O-H bonds of the
diol may be in 2 different environments, causing a difference in the polarisability C-O-H
bonds, splitting the band. The only other major bands which have yet to be assigned are
present at 1270 cm™ 1228 cm™ 1193 cm™ 1125 cm™ (minor shoulder). These are a challenge
to assign as this region had undergone a drastic change after the reaction was completed
and has been tentatively assigned as ring vibrations, as this is what is generally expected to
be found in this region of the IR spectrum. The specific bands can potentially be described as
in-plane stretches: v,(C-C) at 1270 cm™ and v4(C-C) at 1125 cm™, out of plane bends: &(C-H)
at 1228 cm™ and 1193 cm™.

4.7.3 Decavandate lon
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Figure 56: A comparison of the IR Spectra of solid decavanadate ion before (blue) and after
(black) the Reaction.

The post reaction analysis for the solid decavanadate ion indicates that it does not undergo
any sort of decomposition, as one can observe that the spectra before and after the
reaction are almost identical, which indicates that the structure of the decavanadate ion is
still intact.

A close inspection of the IR comparison in Figure 56 reveals only a small difference between
the spectra and this can be observed in the region of 1315 cm™ to 1015 cm™. These small

102



bands are tentatively suggesting that a very small percentage of the NH," counter ions are
becoming deprotonated to NH3; and possibly coordinating to the metal centres. The minor
bands present at 1317 cm™ and 1260 cm™ are possibly indicative of a NHs stretch (8s(H-N-
H)(coordinated)). The band at 1402 cm™ is associated with the tetrahedral NH," and is
described as a 84(umbrella) ¢!,

The rest of the spectrum before and after the reaction matched up identically. The region
from 3561 cm™ to 2852 cm™ shows a number of different bands and these can be assigned
as the O-H (v(O-H)) and the N-H stretches (v(N-H)). Identifying exactly which band belongs
to which stretch is a challenge, but most of the bands are expected to be associated with
free waters in different environments surrounding the decavanadate ion, as there are
generally 16-18 uncoordinated waters associated with the ion. The region from 2164 cm™ to
1977 cm™ is assigned as the overtone region. The next band is present at 1625 cm™, with a
shoulder at 1600 cm™, this has been assigned as the N-H bend (84(N-H)). The vanadyl bands
(v(V=0)) are present and at 984 cm™, 944 cm™ and 926 cm™, three bands are present due to
the vanadium centres being in slightly different environments within the ion. Finally one can
observe 3 bands present at 834 cm™, 804 cm™and 732 cm™, which are assigned as N-H wags

(Pw(N-H)) ¢
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5. CONCLUSIONS AND FUTURE WORK

A number of interesting conclusions can be drawn from the study in terms of the results of
the syntheses and the catalytic studies completed.

The syntheses attempted with 2 species of oxo-vanadium ions; the vanadate and vanadyl
ions, and 1,2,4,5 — benzenetetracarboxylic acid were strongly dependent on pH, as the
ligands degree of protonation and the speciation of vanadium both vary greatly with pH.
Various types of syntheses were attempted, which included; ambient, hydrothermal, gel
and reflux. Gel syntheses were completed using sodium metasilicate and gelatine, both of
these gelling media were found to be unsuitable for the formation of a product. Sodium
metasilicate only gelled over a narrow pH range, which was found to be unsuitable for both
vanadate and vanadyl ions, as they would form decavanadate ions or hydroxy-species which
would not coordinate to the ligand under ambient conditions. Gelatine was found to be
unsuitable due to a number of reasons; micellular structures formed which were thought to
be bacterial growths and therefore contaminated the synthesis, the metal salt solution
moved through the gelatine solution without any product formation and often caused the
gelatine medium to break-down into a viscous liquid. Reflux syntheses were found to form
various metal salts, with no coordination to the ligand. Ambient and solvothermal syntheses
yielded the best results, and produced two products, one product from an ambient
synthesis (RU-V2) and another from a solvothermal synthesis (RU-V1).

Extensive characterisation of the two products found the solvothermal product to be the
same as the V-MOF found by Cevik et al, whereas the ambient product was found to be
novel according to a comprehensive literature review.

RU-V1 and RU-V2 were tested for their catalytic activity in the epoxidation of cyclohexene to
cyclohexene oxide. This specific reaction was chosen due to a well-known V-MOF (MIL-47)
having been shown to exhibit catalytic conversion for the epoxide in a comprehensive study
completed by van der Voort et al. The solid decavanadate ion was included to the study as a
potential catalyst, as the ion has never been used in the construction of a MOF and may
exhibit interesting catalytic activity, so testing the ion alone was be the first step in this
regard.

RU-V1 was found to exhibit a highly coordinated structure, as the use of a multidentate
ligand, such as 1,2,4,5-benzenetetracarboxylic acid tends to vyield a highly
coordinated/closed structure. This property of the material was initially thought to be ill-
suited for the application of catalysis, as the catalyst requires a free metal coordination site,
with a more open structure. This was shown when the reaction was completed with TBHP in
decane, since no catalytic conversion of cyclohexene was observed and was thought to be
due to the highly coordinated structure of the V-MOF, not being able to detach a bond to
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the metal to free a coordination site for catalytic conversion to occur. When the reaction
was completed with TBHP in water a major difference was observed, due to the fact that
after a 4 hour delay, one was able to observe a gradual conversion of cyclohexene to the
epoxide, with a relatively high selectivity when compared to the study completed by van der
Voort et al. The high selectivity was thought to be due to the gradual detachment of the
bonds between the metal and ligand, allowing for an open coordination site to the metal
centre. Initially only a small number of bonds would be detached, only allowing for a
confined space in which cyclohexene could react with the metal centre and TBHP to be
converted into the epoxide. This confined space may have had a hindering effect,
preventing the formation of other possible oxidation products, such as tert-butylperoxy-1-
cyclohexene, which has a bulky tert-butyl group, which may have trouble coordinating to
the cyclohexene molecule. The disadvantages of using water were that over time, more of
the bonds between the metal and ligand were broken down leading to vanadium being
leached into solution and the gradual structural collapse of the catalyst. With water present,
the epoxide was also susceptible to the formation of the cyclohexane-1,2-diol, which is not a
desired product.

RU-V2 was found to be catalytically active immediately as the reaction was initiated and
brought about rapid conversion of cyclohexene to the epoxide. This was not entirely
advantageous, as the epoxide reached a maximum % yield (47%) and was then greatly
reduced due to the conversion of the epoxide to the diol. The selectivity was reduced due to
the increased formation of the oxidation product; tert-butylperoxy-1-cyclohexene, as the
structure was not as highly coordinated as that of RU-V1, so the high selectivity was not
observed. The structural integrity of RU-V2 was not maintained for very long, as it was
observed to significantly decompose over the 24 hour period from general observation of
the reaction medium and from an IR comparison of the catalyst before and after the
reaction. An interesting fact to note was that the reaction had reached completion after 24
hours and what is meant by completion is that the % yield of cyclohexene oxide had reached
a maximum and had begun to be converted to the diol. RU-V1 had only begun to plateau
after a 24 hour period, possibly indicating that the reaction had not yet reached completion.

The idea behind using the decavanadate ion, was to test its catalytic activity for this specific
reaction, to determine if the ion could possibly be used in the synthesis of a metal organic
framework. The findings were not encouraging, due to the fact that the solid decavanadate
ion exhibited no catalytic conversion in the organic phase. Only once dissolved in the
aqueous phase, did the ion exhibit any catalytic activity, which is termed as homogeneous
activity. This is not a desirable property when deciding if the ion could be a potential
building block for a MOF. Throughout the ambient syntheses with the vanadate species it
was noted that the ligand and metal salts precipitated out of solution with no coordination
between the two. At the pH values at which the syntheses were carried out at it was
previously identified that the vanadates would be in the decavanadate form with varying
degrees of protonation. When the same reactions were put under solvothermal conditions,
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the decavanadate species were found to be broken-down into VO octahedra, which were
then able to coordinate to the ligand to give the structure of RU-V1. The conclusion of the
decavanadate ion is that it is too large to be functionally incorporated into a MOF, without
being broken down into smaller vanadium species first and is highly soluble in water, making
it more useful in the application of homogenous catalysis, rather than heterogeneous
catalysis.

Future work for RU-V1 would be to monitor the reaction closely with an ICP technique to
determine the level of vanadium leaching over time and use XRPD to determine the
structural integrity of the MOF over time. This will allow for a determination of exactly when
the catalytic activity was greatest and the structural integrity of the MOF remained largely
intact. At this point it has been proven that the MOF can be treated and regenerated to its
original state, leading to it largely functioning as a renewable heterogeneous catalyst.

Future work for RU-V2 would be to test the V-complex in a reaction system in which water is
completely absent, as water was observed to have a particularly harmful effect in terms of
the break-down of the structural integrity of the catalyst.

Future work for the decavandate ion in the application of the synthesis of a MOF does not
seem promising, but potentially using a ligand which is better suited to coordination with
the large ion may yield promising results. MOFs find application in a number of different
fields, so if the application of catalysis fails, the MOF or complex can potentially find
application in gas storage, sensory applications, etc.

In general, highly coordinated MOFs have not been found to show a great deal of activity
when applied in catalysis. This is due to a greater number of bonds which need to be broken
or the ligand needs to be folded away M to provide a free coordination site to the metal
centre. Though depending on the conditions of the reaction, highly coordinated MOFs may
be able to yield a desired product with a high selectivity, due to the restricted environment
and steric hinderance reducing the chances of other undesired products from forming. Only
certain reactions would be suitable for this type of catalyst, i.e. reactions which have a
number of competing products. Another factor to take into account would be an activating
agent, i.e. water for RU-V1, as the MOFs would need to be activated before any activity
could be observed. Modelling of the mechanism of the catalytic reaction would need to be
completed, using the proposed single vanadium octahedra centre by Van der Voort et a/ [,
This will give an in depth understanding of exactly what is occurring.
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Appendix 2: The IR spectrum of the residue of RU-V2, after TGA.
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All *H and C studies were completed using a BRUKER 600 MHz NMR spectrometer.
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Appendix 3: The 3¢ NMR spectrum of cyclohexene (spectrum 1) and the reaction mixture

with TBHP in decane (spectrum 2), before and after the 72 hours over which the reaction
was run.
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Appendix 4: The *H NMR spectrum of cyclohexene (spectrum 1) and the reaction mixture

with TBHP in decane (spectrum 2), before and after the 72 hours over which the reaction
was run.
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Appendix 5: The *C NMR spectrum of cyclohexene (spectrum 1), the reaction mixture with

TBHP in water, before (spectrum 2) and after (spectrum 3) the 72 hours over which the
reaction was run.
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Appendix 6: The *H NMR spectrum of cyclohexene (spectrum 1), the reaction mixture with
TBHP in water, before (spectrum 2) and after (spectrum 3) the 72 hours over which the
reaction was run.

Appendix 7: The total number signals for the 3C NMR spectrum of the reaction mixture with
TBHP in water after 72 hours.

The peaks were identified using MestReNova Version: 6.0.2-5475, which are provided
below:

Reaction mixture:

8§ = 207,74; 200,37; 176,32; 163,22; 151,27; 133,52; 129,74; 127,18; 124,31; 85,98; 76,39;
75,50; 75,07; 74,96; 69,28; 57,83; 49,93; 37,96; 33,69; 32,84; 32,73; 31,13; 31,01; 30,89;
26,78; 26,43; 26,31; 26,24; 25,62; 25,32; 25,04; 24,29; 24,22; 23,99; 23,96; 23,86; 22,61;
22,52; 18,12 ppm.

Cyclohexene oxide: (Sigma Aldrich) (http://sdbs.db.aist.go.jp/sdbs/cgi-
bin/direct_frame_disp.cgi?sdbsno=1308)

8 =51,92; 24,18; 19,44 ppm
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Cyclohexane-1,2-diol: (Sigma Aldrich)(http://sdbs.db.aist.go.jp/sdbs/cgi-
bin/direct_frame_disp.cgi?sdbsno=2416)

8 = 75,61; 33,02; 24,46 ppm

2-cyclohexen-1-one: (Sigma Aldrich)(http://sdbs.db.aist.go.jp/sdbs/cgi-
bin/direct_frame_disp.cgi?sdbsno=5498)

6 =199,65; 150,86; 129,84; 38,13; 25,72; 22,79 ppm

Tert butylperoxy-1-cyclohexene: (Gade & Meder [8])

6=133,7; 124,5; 80,0; 76,7; 27,3; 26,8; 25,7; 18,8 ppm

2-cyclohexen-1-ol: (http://sdbs.db.aist.go.jp/sdbs/cgi-
bin/direct_frame_disp.cgi?sdbsno=3231)

6=130,37; 130,01; 65,43; 32,03; 25,14, 19,25 ppm

Cyclohexene: (Solvent Supplier)(http://sdbs.db.aist.go.jp/sdbs/cgi-
bin/direct_frame_disp.cgi?sdbsno=569)

6=127,20; 25,10; 22,58 ppm
TBHP: (Sigma Aldrich)

6=280,96; 25,73 ppm

Appendix 8: The methodology used for the analysis of the GC-MS data and chromatograms

The results for each catalytic material are presented in the form of speciation curves, which
are a combination of line graphs. Each product/reactant is denoted as a separate line graph,
which shows the % yield increase of the products and the decrease of reactants over a 24
hour period. The % yields for all products and reactants in each graph were determined by
initially using the MassHunter Workstation Software to quantify the area of each of the
peaks of interest. This was done using the integration function, where every peak of
importance was quantified. The most important peak to integrate was that of the GC
standard; 1,2,4-trichlorobenzene, as once the GC standard peak was quantified, it was
related to all the other quantified peaks in an effort to standardise any potential differences
between the consecutive runs. This was accomplished by dividing the peak area of the peak
of interest by that of the peak area of the standard, this was done for both of the duplicates
and then averaged. Each run, from 1 to 24, was finally divided by the initial quantification
(run 1) of cyclohexene/1,2,4-trichlorobenzene (which would be the maximum amount of
cyclohexene) and multiplied by 100 to determine to total % yield for each of the 24 runs.
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Error bars are also given, which are simply the difference between the 2 duplicate points for
each run.

Examples of the initial chromatograms, whose peaks were quantified to yield the data used,
are displayed as the 1%, 12" and 24" runs respectively (Appendix 9, 10 and 11; pg. 116-118).
Runs 1, 12 and 24 are displayed to show how the various reactants and products are formed
over time. The peaks of interest are labelled on the plots and their peak locations are given
in minutes as; Cyclohexene (1,60), tert-Butanol (1,95), CHCls (2,42), Cyclohexene oxide
(3,23), TBHP (4,06), 2-Cyclohexen-1-one (4,70), 2-Cyclohexen-1-ol (4,82), 1, 2, 4 -
Trichlorobenzene (5,53) and Cyclohexane-1,2-diol (6,75). There are minor artefacts in the
region of 1,94 to 2,06 and at approximately 3,12, these were analysed extensively and were
not found to be anything associated with the reaction and were possibly due to column
bleed. The only other area of possible contention, was the peak which closely precedes that
of CHCls and drops off suddenly, this was also analysed but could not be identified as
anything associated with the reaction, as it remained the constant over the entire course of
the reaction, neither increasing nor decreasing. The Chromatogram of run 1 is the reaction
mixture before the reaction was started, so shows no conversion of cyclohexene. Shifting to
the middle of the reaction, the chromatogram of run 12 shows that there is conversion of
cyclohexene to cyclohexene oxide, 2-cyclohexen-1-one and 2-cyclohexen-1-ol, with the
latter 2 oxidation products both having very low ionisation counts, indicating that they are
produced in low concentrations. TBHP can also be observed to be converted into tert-
butanol, which would be the by-product after TBHP has reacted with cyclohexene and the
metal centre. Finally in the chromatogram of run 24, one can now observe that cyclohexene
has been greatly diminished in relation to the standard and cyclohexene oxide has greatly
increased terms of ionisation counts, the same trend can be observed for TBHP and tert-
butanol. Cyclohexane-1,2-diol can also be observed, indicating that the epoxide is being
converted to the diol in the presence of water.

The graphs are plotted as scatter-plots with polynomial trendlines fitted to the data points.
The R® values are indicated in the legends of the figures to show how representative the
specific trendline is of the data points.

The R* values for the trendlines of reactants and products with a large % yield, namely;
cyclohexene, cyclohexene oxide and cyclohexane-1,2-diol, were all satisfactory as they were
all above 0.9, indicating that the trendline was an accurate representation of the data
points. The R? values for trendlines of the products with a low % yield, namely; 2-
cyclohexene-1-one and 2-cyclohexene-1-ol, did not fit the data points to such a high degree,
with the R? values only being above 0.7. A possible explanation for this was due to the fact
that both 2-cyclohexene-1-one and 2-cyclohexene-1-ol only formed in very low amounts
initially, which may have been too small to be identified to an accurate degree by the
detection limits of the GC system, possibly resulting in the fluctuations between the data
points.
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Appendix 9: A comparison of the GC chromatograms for runs 1, 12 and 24 hours, using RU-
V1 as a catalyst.

The chromatograms have had the peaks labelled and are plots of the ionisation counts vs
acquisition time.
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Appendix 10: A comparison of the GC chromatograms for runs 1, 12 and 24 hours, using RU-
V2 as a catalyst.

The chrom

atograms have had the peaks labelled and are plots of the ionisation counts vs

acquisition time.
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Appendix 11: A comparison of the GC chromatograms for runs 1, 12 and 24 hours, using the
solid decavanadate ion as a catalyst.

The chromatograms have had the peaks labelled and are plots of the ionisation counts vs
acquisition time.
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Appendix 12: A comparison taken directly from the study completed by Van der Voort et al,
which shows the powder diffraction patterns of MIL-47

A = MIL-47, B = MIL-47 after a reaction with TBHP in decane, C = MIL-47 after a
reaction with TBHP in water, D = MIL-47 after regeneration and E = 1,4-
benzenedicarboxylic acid. There was a fluctuation in intensity with the peak at
32,9°, due to a background effect from the angle of the sample holder.
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Appendix 13: The IR absorption spectrum for cyclohexane-1,2-diol taken from the Bio-
Rad/Sadtler IR Data Collection.
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Appendix 14: The IR absorption spectrum for cyclohexene taken from the Bio-Rad/Sadtler IR
Data Collection.
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INSTRUMENTATION APPENDIX:

In this section, the detailed descriptions of all the instrumentation used within this thesis
are discussed. All of the instruments discussed have their specifications provided in Chapter
2. The references provide here refer to those present at the end of Chapter 2.

Instrument Appendix 1: Elemental Analysis

CHNS analysis is a type of gravimetric analysis where by the sample of interest is heated in
the presence of oxygen. Various combustion products, such as carbon dioxide and water
vapour are released from the sample and are collected in a number of different traps, each
specific to a combustion product. The masses of the combustion products collected can
then be used to determine the total mass percentages of carbon, hydrogen, nitrogen and
sulphur within the initial sample =

ICP-OES and AA are forms of spectroscopy which make use of the specific energy emissions
or absorptions made by a sample via photons. The energy of the photons is determined by
the change in energy between ground and excited states and this change in energy is
dependent on the nature of the atom or ion which is emitting or absorbing it, so can be
used to identify specific atoms within a sample, both qualitatively and quantitatively i cp
uses inductively coupled plasma to excite the electrons within the atoms of the sample to
higher energy levels, after a short time period, the electron returns to the ground state and
in the process, emits electromagnetic radiation with a wavelength specific to the element of

interest 1Y

. The intensity of the radiation emitted can be used to determine the
concentration of the element within the sample. AA uses a similar process, but instead of
plasma, a flame is used to excite the electron into higher orbitals and the absorption is

measured instead of the emission, which is known to have a better signal to noise ratio 121,

Instrument Appendix 2: Vibrational Spectroscopy

Vibrational spectroscopy analyses the vibrational transitions that occur when a molecule
absorbs infrared radiation and begins vibrate at a higher energy state. The positions of the
vibrational transitions are a reflection of the structure of the molecule and functional groups
present and can offer useful insights into the type of binding present. These transitions
occur at between 100 and 10000 cm™, any higher than this and the energy begins to move
into the visible and ultra-violet region, where the electrons begin to be excited into higher

(3] " vibrational transitions can be observed as either infrared or Raman

energy levels
spectra. Infrared spectra are a result of the absorption of a photon in the infrared spectrum,
whilst the molecule is in its electronic ground state 131 Raman spectra make use of a laser
which emits radiation over a range of different wavelengths, to polarise the electron density
about a molecule. This polarization causes light from the incident beam to be scattered in

the both the form of Rayleigh scattering and Raman scattering. Rayleigh scattering is an
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elastic scattering process, where the frequency of the scattered radiation is identical to that
of the incident radiation ™>**, Raman scattering is an inelastic scattering process, which is
determined by the vibrational frequency of the molecule. The molecule absorbs a portion of
energy to become excited to a higher vibrational state, so there is an energy difference
between the incident radiation and the scattered radiation ™!, This difference will represent

the vibrational frequency of the molecule 3%,

Instrument Appendix 3: X-Ray Powder Diffraction

When material is defined as being crystalline, the atoms distribute themselves in such a way
that a pattern occurs, which is characterised by the ordered repetition of a unit or unit cell.
It is possible to determine the size and structural factors of a material by using X-ray powder
diffraction. This is done by directing X-radiation at the sample of interest. The interaction of
the incident X-radiation with the sample causes an electron from an inner orbital, within the
sample atom to be excited to a higher orbital 151 When relaxation occurs, X-radiation is
emitted and interacts with the incident X-radiation, either constructively or destructively.
When the radiation interacts constructively, it is said to have been diffracted and it satisfies
Braggs law; nA=2d sin 8, where n is an integer, A is the wavelength of the incident radiation,
d is the distance between 2 successive lattice planes and 8 is the angle of the incident
radiation to the sample (6] Braggs law allows for the relation between wavelength of the X-

radiation, diffraction angle and distance between two lattice planes (d-spacing) [151026],

Instrument Appendix 4: Thermogravimetric Analysis

TGA is a technique which measures the change in the mass of a sample over time, where
the temperature is programmed to increase at a set rate, under an inert atmosphere 7.
The specific mass losses can be used to confirm an empirical formulae determined by
microanalysis, as the FTIR attachment is able to confirm what is being lost at each step and
these can be used to identify what was initially present and its relative quantity. An
important use for TGA is the determination of how many guest molecules are held within
the complex, as this is linked to the pore size, and at what temperature they are released.
Both of these properties can be linked to the application which they can be used for, e.g.
adsorption of a specific molecule of interest, heterogeneous catalysis, etc. The overall
thermal stability of the complex can also be determined with and without the guest
molecules. A number of MOFs have their stability linked to the inclusion of their guest
molecules, so after these have been released, it is generally seen that the MOF breaks down
shortly after, which can be a problem specifically for heterogeneous catalysis and the
adsorption and desorption of molecules at elevated temperatures (18]

The nature of the particle size of the sample is an important factor in TGA, as the heating of
the sample should be as uniform as possible. For this reason the sample should be in the

form of a powder, as this will have the best thermal conductivity [17-19]
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Instrument Appendix 5: Differential Scanning Calorimetry

DSC is a thermoanalytical technique, which determines the differences between a sample
and a reference material. The sample of interest is entered into a sample pan and the
reference material, i.e. an empty sample pan, are heated at the same rate under a
controlled temperature program. The objective in power-compensated DSC is to maintain a
constant temperature between both the sample and reference material, but for the sample
there will generally be processes which alter the energy required. An exothermic process
will release energy, so the amount of power required will be reduced, as energy is being
released from the sample, whereas the opposite is true for an endothermic process 07 The
difference in power is what is ultimately recorded, and the area of a peak for a given

process can be related to the change in enthalpy (AH) 19,

Instrument Appendix 6: Gas Chromatography

Gas chromatography is a very useful technique for the separation of compounds which can
be volatilised without decomposition, which in this study are volatile organic compounds
(VOCs). GC uses 2 phases to achieve separation; the mobile phase, which consists of an inert
gas, such as helium, which carries the volatised components through the column and the
column itself, which consists of a stationary phase. The stationary phase consists of a
coating on the inside of the column that interacts with each of the components, bringing
about the separation. Separation in GC is determined by the time upon which a component
is retained on the column, which is known as its specific retention time 201 Each component
will have a different retention time, depending on its chemical structure and the chemical
structure of the column. There are a number of interactions which can occur between the
column and analyte, such as dipole interactions and hydrogen bonding, but it is often
difficult to assess each of these interactions individually, so the term ‘polarity’ is used to
simplify the issue. Polarity is a useful in explaining GC separations and retention times, as a
column which has a high polarity, such as a PEG column, will retain analytes of a high
polarity longer than analytes of a low polarity and the opposite is true of columns with a low
polarity [22]

GC-MS is an efficient coupling of 2 techniques into a single instrument to determine the
specific mass of the separated products and from the mass, one can determine the identity
of the product. It is specifically useful in reactions which form a number of products, as the
products will be separated on the column, due to their specific polarities and then will be
entered into a mass spectrometry detector, which allows for their identification. Mass
spectrometry works by ionising the sample of interest, which causes it to break down into
smaller charged fragments 221 These fragments are separated by an electric or magnetic
field, due to the specific amount of charge associated with each fragment and finally
analysed by a detector with the capability of detecting charged particles 221 A
fragmentation pattern is built up, as the compound of interest is broken down into smaller
fragments and is completed when the compound is completely broken down into the
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smallest and most stable fragments 231 The fragmentation pattern is then compared to a
database which has recorded fragmentation patterns for a wide range of different
compounds, so the identity of the molecule can be found.

Instrument Appendix 7: Scanning Electron Microscopy — Energy Dispersive X-ray
Spectroscopy

SEM is an analytical technique, which uses a beam of electrons to scan over the surface of a
material and thereby produce an image. The electron beam interacts with surface of the
material to produce secondary and backscattered electrons. Secondary electrons are a
product of inelastic scattering, when the primary electron beam has sufficient energy to
reach the ionisation potential of the material, a secondary electron will be released (251,
Secondary electrons are used in the production of SEM image. Back-scattered electrons
however, are a product of elastic scattering, as they have the same energy as the primary
electron beam. They are used in the identification of different elements and their
distribution within the material, as their intensity is related to the atomic number of the
element present. Samples are generally coated an ultra-thin layer of conducting material,
which is most often gold. This allows the electrons that have either interacted with the
sample, namely secondary and back-scattered electrons, to be received with a better signal
to noise ratio, thereby producing a clearer image (241

EDX uses back-scattered electrons by using the primary electron beam to ‘knock’ an
electron from one of the inner orbitals within an atom, thereby creating a ‘hole’. An
electron from an orbital with a higher energy, subsequently drops down to fill the ‘hole’ and
in so doing, releases energy in the form of an x-ray 241 This x-ray is dependent on the
difference between to higher and lower energy levels and this difference is unique to the
specific element of interest. Therefore once the x-ray is detected, the element can be
identified. EDX is not a quantitative method of analysis, due to the fact that only the surface
of the material is scanned and the surface may be inhomogeneous, leading to the release of
the x-radiation in any possible direction, which may not be picked up by the detector. The
energy differences between orbitals in similar elements can also overlap, so care must be

taken in the identification of these elements 2%

Supplementary data:

The excel spread-sheets containing the data used to construct the speciation curves is
attached on the accompanying CD.
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