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Abstract

Kinetic studies involving phenylacetylene and 1-phenyl-1-propyne hydrogenation
cascades over 2.5% w/w rhodium/silica were carried out to assess aspects of selectivity
and catalytic behaviour. The reactions were performed over the temperature range 313
K — 343 K in the liquid phase using 2-propanol (IPA) as a solvent. Typically 0.1g of
catalyst was used with 3 barg hydrogen pressure and 10 mmol of aromatic in a stirred
tank reactor. Rate constants and activation energies for phenylacetylene, ethylbenzene,
1-phenyl-1-propyne and propylbenzene hydrogenation were calculated and, for
molecules with analogous functionality, were found to increase with a decrease in the

mass of the substituent.

For the hydrogenation of 1-phenyl-1-propyne, the cis/trans ratio of p-methylstyrene
was calculated and a kinetic isotope effect observed. The cis/trans ratio was typically
at its greatest in the initial stages of the reaction and decreased with time. Increasing
the temperature increased the cis/trans ratio, however this trend was reversed at higher
temperatures, suggesting that there was a change in reaction pathway and meaning

that the nature of the reaction was temperature-dependent.

Competitive hydrogenation was carried out which showed that, in some instances,
aromatic molecules with larger substituents can completely outcompete molecules
with smaller substituents. This effect was reflected in an increased selectivity for
alkylarenes with shorter-chain substituents when related alkylarenes with longer-chain
substituents were present, for example the presence of propylbenzene in a reaction

mixture improved ethylbenzene selectivity.

Styrene selectivity during the hydrogenation cascade of phenylacetylene was
monitored and found to be largely unaffected by altering the temperature and by
changing the reactive hydrogen isotope, however an enhancement was made possible

by competition with ethylbenzene and 1-phenyl-1-propyne.

The majority of unsaturated functional groups assessed in this study appeared to
undergo hydrogenation at the same active site of the catalyst, however kinetic results
suggested the terminal alkyne group of phenylacetylene reacted at a different site.
These kinetic results also provided evidence that subsurface hydrogen was the active

hydrogen species in some of the hydrogenation processes observed. The findings of



this study have further developed our understanding of the hydrogenation of

alkynylaromatics.
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1 Introduction

Catalysts are a fundamental aspect of modern chemical industry, being involved in an
estimated 90% of industrial chemical processes!, and have been observed since the
first half of the 19" century?, when Berzelius coined the term ‘katalys’. Catalysts work
by providing an alternative route for the reaction they are catalysing and are not used
up in the overall reaction. This route has a lower activation energy, meaning that the
process can proceed at lower temperatures and pressures. This is useful for chemists
because it means that reactions which would otherwise occur very slowly or not at all
at lower temperatures can be caused to occur rapidly with just a small input of energy.
With sustainability and energy usage minimisation being priorities in these times of
environmental uncertainty, catalysis is providing a more acceptable, as well as cost

effective, method of producing a large variety of molecules on an industrial scale.

This project will focus on the catalysis of the hydrogenation cascades of alkynylarenes

over rhodium/silica, assessing aspects of selectivity and kinetics.

Heterogeneous and homogeneous are the terms used to describe the two branches of
catalysis, with heterogeneous catalysis involving a substrate and catalyst in different
physical phases, while homogeneous catalysis involves a substrate and catalyst which
exist in the same physical phase. Heterogeneous catalysis is the most popular type of
catalysis in industry, making up around 80% of all catalysed reactions®, and is the

focus of this thesis, specifically organic molecules reacting on metal surfaces.

Hydrogenation is a widespread process in the chemical industry, being used in a
number of sectors from oil refining to fine chemical production. The reaction is
particularly versatile and has a high atom efficiency*. The hydrogenation of benzene
was first achieved in 1901 by Sabatier and Senderens using a nickel catalyst®, with
Sabatier’s work on hydrogenation reactions of organic molecules eventually winning
him the Nobel Prize in 1912. Since then, there has been a steady stream of research

into the heterogeneous catalysis of the reduction of aromatic compounds.

Selective hydrogenation is of significance to the chemical industry®. The ability to
select a molecule and optimise its production has obvious benefits and this is the
principle which will be investigated here. Recent research in our laboratory has

focused on the hydrogenation of complex molecules over rhodium/silica catalysts,



working towards the improvement of rates and selectivities. This thesis will focus on
the hydrogenation of molecules with multiple unsaturated functionalities, which may
proceed as a cascade reaction, meaning the reaction scheme can be represented as one
molecule reacting to make the next along the chain of products until the final product
is reached (A—B—C—D etc.). This is, however, a simplified model of what can be a
complex chemical process, especially when a catalyst is involved. The products will
build up and decline at different rates and may compete for sites on the catalyst. The
binding and reacting of some molecules can change the active sites or poison the
catalyst, altering its behaviour, and thus affect other steps. These factors can be a
hindrance when attempting to selectively produce one product, but with careful study,
it is possible to find conditions which optimise productivity and selectivity.

There has been some research on the topic of phenylacetylene and styrene
hydrogenation over rhodium”8, but research into the hydrogenation of these molecules
has largely been carried out, with low concentrations of phenylacetylene in order to
replicate industrial conditions®. To gain a more complete understanding of the process
such that it might be applicable in a broader sense, it is necessary to study competitive
reactions under more general conditions. The literature on the hydrogenation of 1-
phenyl-1-propyne, especially in a competitive sense, is rather sparse. This thesis will
compare the nature of the hydrogenation of these aromatics and assess the difference
between the hydrogenation of the terminal and internal alkynes. Moreover, it will
explore the behaviour of phenylacetylene, 1-phenyl-1-propyne, and their
hydrogenation products under competitive conditions with a view to utilising these

competitive reactions to improve understanding.

1.1 Chemisorption

Chemisorption is a type of adsorption which involves the chemical bonding of a
substrate to a surface. The energetics of this process can be described by a Lennard-
Jones diagram?® (Figure 1), which shows the favourability of both physical adsorption
and chemisorption by plotting energy as a function of the distance between the surface

and the adsorbing molecule. Physical adsorption, in contrast to chemisorption, does



not involve the breaking of chemical bonds, but is rather a van der Waals interaction
between the surface and the molecule. The relevance of this concept lies in the way in
which it governs the interactions between the metal surface and the reactants. Different
types of adsorption allow molecules, or different groups within a molecule, to react in
different ways and the impact of this becomes apparent when one considers the
catalysed reactions of hydrogen with alkynes, alkenes and aromatics.

Energy
I

Distance to surface

Figure 1 — Lennard-Jones diagram showing physical adsorption (Ep) and chemisorption

(Eq)™. ‘EA’ is the activation energy for the formation of the chemisorbed state.

Diatomic hydrogen, a key reactant in hydrogenation reactions, is dissociatively
chemisorbed by many transition metals'2. By this, it is meant that the original molecule
is broken into more than one fragment. In this case, the hydrogen atoms each form a
bond to the metal surface and the o bond which held the molecule together is broken.

In contrast, associative chemisorption is defined as the adsorption of a molecule to a



surface without the molecule being broken into fragments. This can happen, for
example, with the breaking of a = bond within the molecule to form two ¢ bonds to a
surface. These are the two classical modes of chemisorption which are considered

when molecules interact chemically with a surface.

The chemisorption of hydrocarbons is significantly more complex than that of
hydrogen, with many possible geometries and bonding arrangements (Figure 2). The
way in which a molecule adsorbs to a surface can be highly influential in determining
the reaction it undergoes, however it is difficult to make definitive conclusions
surrounding this type of chemical behaviour from Kinetic studies and often requires
further analysis.
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Figure 2 — Diagrams of chemisorbed hydrocarbons. S represents the surface.



Chemisorption is commonly seen in mechanisms associated with heterogeneous
catalysis, as it provides a more reactive species for the subsequent step and allows for
a pathway involving a lower activation energy, with the adsorption of the substrate to
the surface being more favourable than unsupported fission of the bond. The
adsorption of reactants on a metal surface also has the advantage of bringing them into
close proximity without the need to rely on collisions, hence increasing the rate of

reaction.

Overall, chemisorption is a fundamental process in heterogeneous catalytic
hydrogenation. It breaks the bond of diatomic hydrogen, providing two reactive
hydrogen species, and influences the kinetics of hydrocarbon reactivity, meaning

reactions can happen more readily than uncatalysed processes.

1.2 The Hydrogenation of Double and Triple Bonds

The questions posed when assessing the mechanism of the hydrogenation of
unsaturated organic compounds on a surface go further than what is usually considered
when probing uncatalysed reactions. Which molecules are adsorbed at which stages
and the nature of this adsorption are key factors in the mechanism and these can cloud
the analysis of the data gathered when studying these reactions. Early theories about a
stepwise pathway of the adsorption, bond formation and bond breaking processes have
given rise to insights about structure sensitivity, the sites involved in hydrogenation,
the effects of carbonaceous deposits on the catalyst surface and the roles of different
types of hydrogen. Larger alkynes and alkenes have also been studied in more recent
times, providing insights into how the structure of the whole molecule affects the
reactivity of the m-bond. Understanding the catalytic hydrogenation of alkynes and
alkenes requires a consideration of a number of factors relating to the catalyst and the

mechanistic pathway.

Horiuti and Polanyi’s famous mechanism*® (Figure 3) is generally accepted as a good
explanation of the behaviour of simple alkenes when interacting with dissociatively-

adsorbed hydrogen on a surface and provides a simple outline of each step of the



exchange and hydrogenation reactions. In their mechanism, the n-bond breaks and the
carbon atoms which were part of the alkene group form c-bonds with the surface. One
of the carbon atoms then forms a bond with an atom of surface hydrogen, producing a
half-hydrogenated state before the mechanism diverges, giving pathways for both
exchange and hydrogenation.
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Adding to this work, Twigg proposed that the rate-determining step in the
hydrogenation of ethene was the second half-hydrogenation step between a
chemisorbed hydrogen atom and the half-hydrogenated ethene which produces non-
adsorbed ethane'®. Later work by Mohsin et al. investigated the form of adsorbed
species on Pt(111) faces!. This research showed di-c-bonded species, m-bonded
species and ethylidyne to be present, with ethylidyne known to be a spectator species®®.
Cremer et al. then showed that the active species in hydrogenation was the n-bonded
speciest’, thus bringing understanding of the mechanism for ethene hydrogenation to
a point of seeming completion.

At first glance, the hydrogenation of ethyne on a metal surface may seem to follow
that of ethene, simply repeating the hydrogenation process once the molecule is
adsorbed to produce ethane via a vinyl radical (co-hydrogenation). Nakatsuji et al.®
suggested that a Langmuir-Hinshelwood model was sufficient to describe the process.
Studies by McGown et al.'® and LeViness et al.?%, however, presented a more complex
reaction scheme, whereby an alternative pathway exists in some cases, including that
of rhodium??, alongside the ethane co-hydrogenation process. This alternative direct
hydrogenation process does not proceed via the vinyl radical, but rather via an
ethylidyne (or other strongly adsorbed) species, meaning that there are no doubly-
bonded intermediates. It should be noted, though, that the co-hydrogenation pathway
is the dominant route of ethyne hydrogenation, accounting for over 90% of the ethane
formed. These studies also showed that, in spite of ethyne adsorbing more strongly
than ethene??, at high ethyne concentrations ethene is still hydrogenated, meaning
ethyne and ethene are hydrogenated at different sites in the co-hydrogenation pathway.
A commonly accepted reaction pathway is shown in Figure 4. These findings provided
a starting point for more in depth considerations about the catalyst’s role in alkyne

hydrogenation and are also useful when investigating competitive hydrogenation.
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It had long been asserted that ethene hydrogenation is structure-insensitive and the
effects of particle structure on the hydrogenation of ethyne have historically proven
difficult to investigate'?. The work of Al-Ammar and Webb introduced the ideas that
ethene and ethyne could hydrogenate at different sites and that ethyne could react to
directly produce ethane with no ethene intermediate on palladium, rhodium and
iridium?* 2, It has since been suggested by Borodzifiski and Gotebiowski, based on a
study which used a palladium catalyst, that there are two highly active sites for ethyne
hydrogenation and there is a less active site where adsorption is competitive on the
palladium catalyst which was examined?®. More recent studies have shown that
carbonaceous deposits have the effect of increasing the rate of hydrogenation of
alkenes and alkynes'? and it has been suggested, using a palladium catalyst for the
research, that this is due to the deposit’s ability to facilitate the diffusion of hydrogen
into subsurface layers of metal particles through corner and edge sites?’, as is shown
in Figure 5; palladium’s ability to absorb hydrogen into the subsurface region is
supported by neutron spectroscopy analysis?® and was thought to be a unique
property?®. There is evidence that rhodium exhibits a similar propensity to absorb
hydrogen®, however there is little in the literature examining whether this property
has similar effects on rhodium’s catalytic behaviour. This subsurface hydrogen is

necessary for the hydrogenation of double bonds and is thought to be key in selective

hydrogenation®Z.

Figure 5 — A diagram showing the positions of surface hydrogen and subsurface

hydrogen on a catalytic particle, courtesy of the Fritz-Haber-Institute.



11

The hydrogenation of longer-chain alkenes and alkanes has been studied, showing that
mechanism and kinetics of their reduction is not always exactly the same as that of
two-carbon molecules®. Despite this, they are still a good model to work from when
considering reactions of larger molecules. In a study of the surface chemistry of three-
carbon molecules on platinum, Zaera and Chrysostomou observed a slow half-
hydrogenation step to a 1-propyl species as the dominant pathway, indicating that the
central carbon is preferentially hydrogenated®. The propylidyne species observed on
the surface of the catalyst is analogous to the ethylidyne species observed during the
hydrogenation of ethyne and shows that the two molecules demonstrate similar surface
chemistry. Further studies by Zaera have shown that Pt(111) surfaces favour cis-trans
isomerisation of but-2-ene*, while Pt(557) stepped surfaces are not involved in
isomerisation, but rather play a role in the full hydrogenation of alkynes®.
Isomerisation and exchange processes for but-2-ene on platinum were shown to follow
the Horiuti-Polanyi mechanism®®, providing another analogy between two-carbon
systems and three- and four-carbon systems. These reactions, being performed using
a platinum catalyst, give an idea of how surface processes involving unsaturated
molecules develops as the chain is lengthened, however these molecules are still
relatively small and further complications could arise. It should be noted that this
behaviour is observed in the absence of subsurface hydrogen, which could mean that

the chemistry is altered when rhodium is introduced.

The behaviour of five- and six-carbon systems on palladium have been studied,
opening up kinetic insights into how longer unsaturated molecules behave when
interacting with both surface and subsurface hydrogen. Teschner et al. showed that 1-
pentyne underwent rapid deposition onto the palladium catalyst, preventing significant
quantities of hydrogen from adsorbing on the surface®’. The same study concluded
that higher hydrogen : pentyne ratios favoured pentane production, while decreasing
the hydrogen : pentyne ratio provided a method for increasing the selectivity towards
the alkene. McGregor and Gladden also showed that carbon quickly became
incorporated into the surface of a palladium catalyst when 1-penyne was added and

concluded that this resulted in the formation of a catalytically-active layer, as well as
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suggesting that pentenes’ capacities to isomerise and exchange protons decreased with
increasing adsorption strength®®. As well as these conclusions regarding palladium
catalysts, they found that carbon laydown from cis-2-pentene on nickel catalysts
formed a layer which was particularly active for the hydrogenation of trans-2-pentene
and that carbon laydown from trans-2-pentene on nickel catalysts formed a layer
which was particularly active for the hydrogenation of cis-2-pentene. This research
shows that, in the case of longer-chain unsaturated molecules, conditions can decide
the selectivity of hydrogenation through their impact on the formation of carbonaceous
deposits and their ability to influence, in cases where palladium catalysts are used, the
quantity and type of hydrogen available.

In a study involving six-carbon systems and a palladium catalyst, Anderson et al.
observed that terminal alkynes underwent double-bond shift at step and edge sites,
while 2-pentene isomerised on terraced surfaces®®. This study starts to highlight the
importance of the position of the functional group, with terminal groups seemingly
interacting with different catalytic sites to internal groups. This is a particularly
prominent consideration when both surface and subsurface hydrogen are present, as
edge sites must be considered in the context of both hydrogenation and hydrogen

entering the subsurface region.

To summarise, the associative mechanism of Horiuti and Polanyi laid the foundations
for an understanding of how alkenes and alkynes are hydrogenated on metal surfaces.
Further studies revealed that carbonaceous deposits on the metal surface enhance the
rate of hydrogenation and it has been suggested that this is due to subsurface hydrogen
being involved in the reaction. This may be a property which is unique to palladium,
however rhodium’s capacity to allow hydrogen diffusion into its subsurface region
may allow for a replication of this catalytic activity. There is evidence that ethene and
ethyne react at different sites and research on the hydrogenation of higher alkynes has
found that terminal alkynes likely hydrogenate on corner and edge sites, with internal
alkynes hydrogenating on terraced faces. These factors must all be taken into account
when assessing the kinetics of the reactions in this study and will be used to draw

conclusions regarding the nature of the reactions.
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1.3  The Hydrogenation of Aromatic Rings and Associated

Exchange Mechanisms

Benzene and its derivatives are interesting chemically due to their delocalised n
systems. The electron density above and below the ring stabilises the molecules and
they are thus more difficult to saturate than three localised double bonds. This
aromaticity, along with the planar nature of the ring, makes the study of hydrogenation
reactions on a surface distinct from the behaviour of other hydrocarbons. With many
early suggestions regarding the mechanism of aromatic hydrogenation failing to
explain experimental results, a new, less conventional pathway was needed in order to
understand the results being observed. Structure sensitivity, the effect of carbonaceous
deposits, probable sites of hydrogenation, and the roles of different types of hydrogen
are prominent considerations when understanding the nature of aromatic
hydrogenation and allow for a more complete understanding of the process. The
hydrogenation of substituted aromatics have been studied to a lesser extent than
benzene, but the research which has been done provides a framework to which this

study aims to contribute.

Following the initial hydrogenation of benzene by Sabatier and Senderens®, early
investigations regarding the behaviour of aromatics adsorbed to metal surfaces were
carried out by a number of researchers. Horiuti and Polanyi’s earlier paper suggested
that their mechanism was applicable to benzene (Figures 6-7) and, thus, that hydrogen
exchange could take place via the chemisorption of two carbon atoms from the ring to
the metal surface, breaking the aromaticity of the ring and forming an adsorbed cyclic
diene®®. This species reacts with dissociatively chemisorbed hydrogen to produce the
half-hydrogenated state, as with the alkene mechanism. The problem that is faced
when using the same model as with alkenes is that interfering with aromaticity requires
much more energy than breaking a regular n-bond, such as those found in alkenes.
This does not necessitate a different mechanism, but does mean that it cannot simply
be assumed that hydrogenation and exchange processes in alkenes and arenes are

analogous.
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Figure 6 — The pathway proposed by Horiuti and Polanyi for the exchange of hydrogen

with a benzene molecule®®,
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Figure 7 — Sollich-Baumgartner and Garnett’s interpretation of Horiuti and Polanyi’s

associative hydrogenation and exchange mechanisms*.
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Garnett and Sollich-Baumgartner advanced understanding on the matter with their
presentation of a different type of adsorption, which they termed m complex
adsorption, as a generalised model for group VIII metals*. The theory combines
theoretical understanding of hybridised orbitals with experimental observation to
explain the role of the m System in aromatic adsorption and the data gathered
surrounding exchange and hydrogenation reactions. The potential energy curve,
plotted against the molecule’s distance from the metal, sits between the potential
energy curves associated with van der Waals (physical) adsorption and chemisorption,
providing a middle ground to satisfy the concerns raised with the previously

documented mechanisms, as can be seen in Figure 8.
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o
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Figure 8 — Sollich-Baumgartner and Garnett’s Lennard-Jones style diagram, showing ©

complex adsorption alongside physical adsorption and chemisorption®.

The m complex adsorption model used by Garnett and Sollich-Baumgartner® is a
formalisation of a concept already alluded to in an exchange mechanism by Crawford
and Kemball*, and a mechanism for both exchange and hydrogenation as exemplified
by Rooney*?. The exchange mechanisms are described as being associative and
dissociative by Garnett and Sollich-Baumgartner, but are different to the ‘classical’

associative and dissociative mechanisms, as they rely on © complex adsorption. In a
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recent review of the field, Bond (like many others) favours Rooney’s mechanism for
hydrogenation as a probable explanation of the evidence provided, but concedes that
the mechanism for hydrogen exchange is still far from definitive, citing the associative

and dissociative mechanisms based on 7 complex adsorption®2,

More precise details of the process have since been investigated, with Schonmaker-
Stolk et al.*® proposing a mechanism for hydrogenation on ruthenium which involves
a 1,4-cyclohexadiene intermediate. This mechanism is accepted by Stanislaus and
Cooper**, but Garnett suggests that the observed kinetics may be the result of a number
of mechanisms occurring simultaneously*. More recent studies by Su et al. show that
the dominant pathway on platinum is one which includes a 1,3-cyclohexadiene

intermediate®®.

It has been shown that the most active catalysts for benzene hydrogenation are
ruthenium/carbon and rhodium/carbon'?; they adsorb aromatic molecules strongly
enough that a reaction can take place, but not so strongly that the surface becomes
effectively poisoned by the substrate. The hydrogenation is known to take place on
surfaces of trigonal symmetry, most notably the fcc(111) plane, which is the same face

reportedly active for alkene and alkyne hydrogenation.

The influence of the catalyst is a factor which has been more carefully investigated
since the mechanistic pathway was determined. For the hydrogenation of benzene, the
turnover frequency had long appeared to be independent of particle dispersion under
most industrial conditions, however more recent studies have concluded that that
decreasing the temperature at which the catalyst is reduced below 50°C and having
dispersions over 50% can significantly reduce the turnover frequency2. This could be
the result of higher temperature reduction effecting a structural reorganisation during
the reduction, however many now believe that there is a degree of structure sensitivity
associated with benzene hydrogenation and that this was not initially realised due to
the small proportion of edge and corner sites on many catalysts. It has been shown
using a ruthenium catalyst that carbonaceous deposits, in contrast to their promoting
role in the hydrogenation of alkenes and alkynes, act as a poison in benzene
hydrogenation*’. This strongly suggests that the dominant form of hydrogen involved
in this process is surface hydrogen and, unlike in the case of alkene and alkyne

hydrogenation, subsurface hydrogen does not play a significant role. These catalytic
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properties influence the hydrogenation process and are reflected in the observed
Kinetics, something which will be discussed in relation to the results obtained in this

thesis.

In a similar fashion to ethyne and ethene being good models for alkyne and alkene
hydrogenation, but not always having exactly the same mechanism and kinetics as
larger molecules, benzene hydrogenation is complicated by the addition of
substituents and it is largely these complications which this thesis will investigate. The
system requires further considerations, as there can be interactions between aromatic
systems, sometimes known as n-stacking*®, which can have unpredictable effects on

the kinetics of reactions.

Substituents have a significant impact on hydrogenation activity. Minot and Gallezot
showed that toluene adsorbs more strongly than benzene*®. Adding, to this, it was
demonstrated that more branching and longer branching leading to slower
hydrogenation due to greater adsorption strengths®. This was explained as being due
to the enhancement of © complex adsorption by the donation of electron density from
the alkyl groups®?, with longer chains donating more electron density. The nature of
the substituents contributes to the adsorption of the molecule and, in a competitive

reaction, this will affect the way in which molecules are able to interact with a catalyst.

There have been some rudimentary studies regarding the hydrogenation of
phenylacetylene. Basic Kinetic analysis of phenylacetylene hydrogenation has been
carried out on palladium®> 33, which shows that styrene selectivity can be improved by
increasing the catalyst particle dispersion and decreasing the hydrogen pressure,
however these studies stop short of linking palladium’s ability to absorb hydrogen into
the subsurface region to the kinetics observed and none of the authors report observing
ring hydrogenation. A similar Kkinetic study was carried out using rhodium
nanoparticles®, but no conclusions were drawn about the nature of the hydrogen

involved and, again, no ring hydrogenation was observed.

In a competitive study carried out on palladium catalysts, it was found that
phenylacetylene inhibited internal alkyne hydrogenation to a greater extent than
internal alkynes inhibited the hydrogenation of other internal alkynes®®. This suggests
that phenylacetylene is adsorbing at sites which are not on the faces of the palladium

particles. A study of the hydrogenation of allylbenzene, cis-B-methylstyrene and trans-
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B-methylstyrene produced evidence that a rhodium catalyst did behave in the way
which would be expected of a palladium catalyst, facilitated by kinetics which suggest
that the terminal and internal alkenes are hydrogenating at different sites>®.

The matter of aromatic hydrogenation is more complicated than that of alkenes and
alkynes. = Complex adsorption provides a satisfactory explanation to the mechanistic
questions posed and further research has built a more complete picture of the overall
process. Particle size appears to have little effect on the rate or aromatic
hydrogenation, which is postulated to occur on trigonal faces such as the fcc(111)
plane. Carbonaceous deposits have been shown to decrease the rate of the reaction and
surface hydrogen is accepted to be the only active hydrogen species in the process.
This thesis will look at how the interplay between the hydrogenation of multiple
unsaturated functionalities affects kinetics and the results will be considered in

conjunction with the work which has already been carried out.

1.4 Kinetic Isotope Effect

The kinetic isotope effect shows the role of a particular bond in the mechanism of a
reaction and is observed by a rate difference between reactions involving isotopically
substituted analogues of the same molecule. In the case of catalytic hydrogenation, it
is a technique which can be used to probe the rate determining step and will be used
in this investigation to assess the involvement of hydrogen in the rate determining step

of the hydrogenation process.

From the following relationship:

where w is the vibrational frequency of a bond, k; is the force constant, and p is the
reduced mass, it can be shown that bonds to heavier isotopes require more energy to
break. This is where the difference in reaction rates stems from — if a bond to, for

example, hydrogen is formed or broken in the rate determining step of a reaction, then



19

that reaction will proceed faster than the same reaction involving deuterium in place

of hydrogen. In this particular case, a normal primary kinetic isotope effect is observed

and a value of greater than one for :—“ Is measured, where ky is the rate constant of the
D

reaction involving the molecule which involves the lower mass isotope, in this case
hydrogen, and kyp, is the reaction involving the molecule which involves the higher

mass isotope, in this case deuterium.

Secondary kinetic isotope effects are observed when the hybridisation (or in some

cases, conjugation) of an atom which is bonded to the isotopically-substituted atom

changes. This change is more subtle than a primary kinetic isotope effect and the :—H
D

value will generally be closer to one; this effect is usually only observable when
studying isotopes of hydrogen due to the large relative difference between their

masses. A normal secondary Kinetic isotope effect (:—H > 1) indicates a change
D

between a stiffer (greater difference between vibrational energy levels) and a less stiff
(smaller difference between vibrational energy levels) bond, for example a change
between sp® C-H and sp? C-H, where hydrogen is the atom being isotopically
substituted.

A potential energy profile explaining how normal kinetic isotope effects arise is shown

in Figure 9.
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Figure 9 — A diagram showing that the difference in energy between the reactant and
transition state bond energies for a to a heavier isotope (in this case deuterium) is greater
than the difference in energy between the reactant and transition state bond energies for
a to a lighter isotope (in this case hydrogen)®. This is the reason a normal kinetic isotope

effect is observed.

. .. . k . .
Inverse Kinetic isotope effects exist, where k—“ < 1, in a small number of cases. Rapid
D

pre-equilibria, for example specific acid catalysis, see a greater equilibrium constant
for the heavier isotope (DsO" is a stronger acid than H3O") and this effect is more
significant than the normal Kinetic isotope effect, meaning that the reaction involving
the heavier isotope is the faster one®®. Various other explanations have been considered

for specific cases.

It is uncommon for Kinetic isotope effects to be discussed in the context of
hydrogenation over a heterogeneous catalyst. One study showed a small inverse
kinetic isotope effect for the hydrogenation of benzene over nickel®®, with a more
recent investigation suggesting that the inverse kinetic isotope effect for ring

hydrogenation becomes more significant with increasing alkyl chain length®®, with
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toluene, ethylbenzene and n-propylbenzene hydrogenation producing ky/kp values
of 0.57, 0.51 and 0.39 respectively.

This thesis will draw on the present understanding of the mechanisms and kinetics of
hydrogenation for different unsaturated functionalities, as well as the studies carried
out with regard to the kinetic isotope effect. It will combine these with results from a
number of reactions, some involving deuterium and some competitive, and aims to
build on a body of knowledge which is beginning to take account of molecules which

have multiple functionalities.
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2 Aims of the Project

Overall, the aim of the project is to work towards understanding the selectivity found
in hydrogenation of molecules which have unsaturated functionality through the

optimisation of conditions and the use of competitive species.

In order to assess such reactions, the change in concentration of each molecule over
time will be monitored under different conditions. The data gathered will be used to
calculate kinetic and thermodynamic parameters which will provide an insight into the
individual processes which contribute to the overall reaction.

The two reaction schemes to be investigated are given in Figures 10-11.

SR e

Phenylacetylene Styrene Ethylbenzene Ethylcyclohexane
(PA) (STY) (EB) (ECH)

Figure 10 — The reaction scheme for the hydrogenation of phenylacetylene.

bg b

1-Phenyl-1-propyne  cjs/trans-B-Methylstyrene Propylbenzene Propylcyclohexane
(PP) (c/t-BMS) (PB) (PCH)

Figure 11 — The reaction scheme for the hydrogenation of 1-phenyl-1-propyne.
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Competitive reactions will make up part of the project and will be used to assess the
interplay of different molecules within the same reaction scheme as well as looking at
how reaction schemes change when they proceed alongside other reactions.
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3 Experimental

This section will cover the practical aspects of the investigation and includes a
description of how the experiments were carried out as well as information regarding

the instrumentation used.

3.1 Instrumentation

This section details the instrumentation used in experiments, the results of which are

presented in Section 4.

3.1.1 Stirred Tank Reactor

The reactor used was a Blichi stirred autoclave with an oil jacket and a hydrogen-on-
demand system. This consisted of a 1L Buchi stirred tank reactor, a Buichi pressflow
gas controller and a Julabo heating circulator for temperature control; a thermocouple
connected to the heating circulator was used to monitor the temperature. The reactant
gas used was H and the inert gas was N2. An injection port existed for the introduction
of the reactant to the reactor and a scavenge tap provided a means for releasing
pressure. A testo 460 control was used to set the speed of the stirrer. Figure 12 shows

a diagram of the reactor.

Typically, the mass balance of the reactions was 100£5%.
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Figure 12 — Diagram of the 1 L reactor used.
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3.1.2 NMR

2H NMR Spectroscopy was performed on samples from selected experiments. The
instrument used was a Brucker AVIII 500 MHz Spectrometer. Samples were taken at
10, 40 and 180 minutes of appropriate reactions for analysis.

3.1.3 Thermo-Gravimetric Analysis (TGA)

TGA was performed on post-reaction catalysts that had been used for the
hydrogenation of phenylacetylene, styrene and 1-phenyl-1-propyne at 50°C and 70°C.
The instrument used was a TGA/DSC SDT Q600 thermal analyser coupled with an
ESS mass spectrometer following m/z peaks at 2, 14, 15, 16, 17, 18, 28, 30, 32, 44 and
46 AMU. The TGA of samples with a typical weight of 10 mg was carried out under
2% O/Ar (100 mL min) with the temperature increasing by 10°C min until it
reached 1000°C.

3.1.4 Gas Chromatography

A Focus GC with HP 1701, 30 m long, 0.25 mm diameter, 1.0 um film thickness
column was used to analyse the samples taken. The settings were 1 pL injection
volume, 230°C injector temperature, helium carrier gas with a flow rate of 1 mL min™

and 300°C detector temperature.

Calibrations of reactants and expected products were taken prior to the reactions using
10%, 30%, 50%, 70% and 100% standards of a 0.04 mol L solution in isopropyl
alcohol. The peak areas were used to produce a calibration plot to allow for unknown
concentrations to be calculated from chromatograms. The calibration plots are given
in Figure 13 and the results are displayed in Table 1. A calibration plot of cis-p-
methylstyrene could not be produced, as the cis-B-methylstyrene is commercially

unavailable, so the relationship between peak area and concentration was assumed to



27

be the same as that of trans-p-methylstyrene, as both molecules have identical masses
and functionality, as well as similar structures.

6000000
5000000
4000000

000000

Peak Height

2000000 # Phenylacetylene + Styrene
+ Ethylbenzene Ethylcyclohexane
1000000 ¢ 1-Phenyl-1-propyne # trans-b-Methylstyrene
Propylbenzene # Propyleyclohexane
e Toluene
0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Concentration / mol L1

Figure 13 — A calibration plot to determine the relationship between the concentration

and peak area of the standards in the Focus GC which was used for the duration of the
project.
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Table 1 — The conversion factors and R? values for the standards in the Focus GC which
was used for the duration of the project.

Peak Area +

Molecule Concentration / L mol* R?
Phenylacetylene 113758624.00 1.00
Styrene 1057906731.91 0.99
Ethylbenzene 128402833.17 0.99
Ethylcyclohexane 124482400.29 0.99
1-Phenyl-1-propyne 117842203.80 0.99
trans-p-Methylstyrene 133749282.55 1.00
Propylbenzene 131121421.20 1.00
Propylcyclohexane 132951240.49 0.99
Toluene 118976843.75 0.99

3.2 Chemicals

The chemicals used are detailed in Table 2; there were no further purification steps.
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Table 3 — The name, supplier and purity of all chemicals, other than those mentioned in
the remainder of Section 3.4, used in the experiments which contributed to this thesis.

Name Supplier Purity (%)

(Eﬁgﬁgﬁgspﬁgﬂg) Sigma Aldrich 08
1-Phenyl-1-propyne Sigma Aldrich 99
g epeEre | signa A s

Ethylbenzene Sigma Aldrich >99.5
Ethylcyclohexane Sigma Aldrich >99
Propylbenzene Sigma Aldrich 98
Propylcyclohexane Sigma Aldrich 99

2-Propanol (Isopropyl Sigma Aldrich >99.5

alcohol)
Toluene-ds Sigma Aldrich 2%% ((?Qstrgégl)

3.2.1 Styrene

Styrene (Sigma Aldrich, >99.5%) is stored as a mixture with a stabiliser (4-tert-
butylcatechol) due to its tendency to polymerise when stored as a pure liquid. The
stabiliser has the potential to poison the catalyst and, for this reason, it was necessary
to distil the styrene shortly before use. This was done using a standard vacuum

distillation setup as depicted in Figure 14.
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Figure 14— A representation of the vacuum distillation setup used to obtain pure styrene.

3.2.2 Catalyst

A rhodium/silica catalyst supplied by Johnson Matthey was used in all reactions. Its

properties are given in Table 4.
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Table 4 — A table of properties of the rhodium/silica catalyst used for all experiments
which contributed to this thesis.

Batch number M01078
Pore size / nm 13.2
Average metal crystallite size / nm 2.2
Surface area/ m? gt 321
Rhodium dispersion / % 50
Rhodium surface area/ m? g* 5.5
Total pore length /mg* 7740
Weight loading of rhodium / % 2.5
3.3 Method

Rhodium/SiO; catalyst (0.1 g) suspended in isopropyl alcohol (310 mL) was reduced
under hydrogen (0.5 barg, 100 mL min‘t) in the Biichi stirred autoclave at 70°C for 30
minutes with stirring at 1000 rpm. The pressure was then released through the
scavenge tap and the reaction vessel temperature adjusted to the appropriate
temperature for the reaction. The reactant (10 mmol), dissolved in isopropyl alcohol
(40 mL) by sonication for 15 minutes and degassed with argon for 25 minutes, was
injected into the reaction vessel and the reaction mixture was stirred at 1000 rpm for
15 seconds. Stirring was ceased and nitrogen was then used to pressurise the reaction
vessel to 0.5 barg. The sample for time = 0 minutes was taken. The pressure was
released and stirring at 1000 rpm (unless otherwise stated) resumed before the reaction
vessel was pressurised with hydrogen (3 barg). Samples were taken at 5, 10, 15, 20,
25, 30, 40, 50, 60, 80, 100, 120, 140, 160 and 180 minutes and difference in hydrogen
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moles over the sampling period was recorded; stirring was ceased during the sampling

period.

3.4 Reactions

3.4.1 Mass Transfer Limitation Analysis

The effect of stirrer speed on the rate of reaction was analysed in order to determine
whether the rate of reaction was being influenced by mass transfer. If so, it would
show that the catalysts surface is not demonstrating maximum saturation and thus the
kinetics would not be governed solely by the behaviour of the molecules on the

catalyst surfaces.

The reactant used in temperature analysis reactions was phenylacetylene. The
reactions were carried out at 50° with stirrer speeds of 500 rpm, 750 rpm, 1000 rpm
and 1500 rpm.

For these reactions, no samples were taken, but hydrogen consumption (mol) was
recorded from a display on the hydrogen-on-demand system at 5 minute intervals. The

reaction was stopped when no hydrogen was consumed over a 20 minute period.

3.4.2 Analysis of Temperature Dependence

The dependence of the initial rate of a reaction on temperature can be used to

determine the activation energy.

If the initial rate is approximated to be zero order in a reactant, then the rate at which

the concentration of reactant ([R]) depletes is equal to the zero order rate constant (k,):
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—[R] = kot

Thus, a plot of [R], — [R] against time (t), where [R], is the initial concentration of

reactant, gives a gradient k.

The rate constants at different temperatures can then be used to determine the
activation energy through the manipulation of the Arrhenius equation:

E

k= Ae_#

Ink = Ea InA
n ——RT+n

where A is the pre-exponential factor, E,, is the activation energy, R is the gas constant

and T is the temperature.

Thus, aplotofink against% gives a gradient of — %‘1, from which the activation energy

can be calculated.

The reactants used in temperature analysis reactions were ethylbenzene, styrene,
phenylacetylene, propylbenzene and 1-phenyl-1-propyne. The reactions were carried
out at 40°C, where appropriate, 50°C, 60°C and 70°C.

3.4.3 Reactions with Deuterium and Determination of Kinetic Isotope Effect

The Kinetic isotope effect was calculated using rate constants for the hydrogenation of

the appropriate molecules under hydrogen (ki) and deuterium (kp).

The reactants used in temperature analysis reactions were styrene, phenylacetylene

and 1-phenyl-1-propyne. The reactions were carried out at 50° and 70°C.
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3.4.4 Competitive Reactions

Competitive reactions were used to assess the simultaneous interaction of different

molecules with the catalyst.

The combinations of reactants used in competitive reactions were ethylbenzene and
phenylacetylene, styrene and phenylacetylene, propylbenzene and 1-phenyl-1-
propyne, phenylacetylene and 1-phenyl-1-propyne, toluene-ds and phenylacetylene,
and toluene-dg and 1-phenyl-1-propyne. The reactions were carried out at 50°C and,

where appropriate, 70°C.

It should be noted that 10 mmol of each reactant was used in these reactions in order

that comparisons can be made with previous reactions.
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4 Results

4.1 Reactions

The rate constants for the reported reactions were determined using zero order plots;
first order plots also provided a good fit for some experiments, but after consideration
of rate plots at different temperatures, a zero order plot was deemed most appropriate
for all molecules studied.

4.1.1 Mass Transfer Limitation Analysis

Reactions were carried out at different stirrer speeds to determine at which stirrer
speed no mass transfer effects limited the rate of hydrogenation. To determine which
speed was required hydrogen consumption was plotted against time, shown in Figures
15, 17, 19 and 21. Zero order rate constants were also calculated in Figures 16, 18, 20
and 22.
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Figure 15 — Hydrogen consumption profile for the hydrogenation of phenylacetylene at

500 rpm.
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Figure 16 — A zero order plot of hydrogen consumption against time at 500 rpm for the

hydrogenation of phenylacetylene.
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Figure 17 — Hydrogen consumption profile for the hydrogenation of phenylacetylene at

750 rpm.



H, Consumption / mol
o
=
o

37

y =0.00036x + 0.01604
R*=10.99858

0 10 20 30 40 50
Time / min

Figure 18 — A zero order plot of hydrogen consumption against time at 750 rpm for the

hydrogenation of phenylacetylene.
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Figure 20 — A zero order plot of hydrogen consumption against time at 1000 rpm for the

hydrogenation of phenylacetylene.
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Figure 21 — Hydrogen consumption profile for the hydrogenation of phenylacetylene at
1500 rpm.
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Figure 22 — A zero order plot of hydrogen consumption against time at 1500 rpm for the

hydrogenation of phenylacetylene.

The initial rate constants at each stirrer speed are given in Table 5.

Table 5 — The initial rate constants of hydrogen consumption in the hydrogenation of

phenylacetylene at different stirrer speeds.

Stirrer Speed / rpm Initial Rate Constant, kqy / mol min™
500 0.00030
750 0.00036
1000 0.00038
1500 0.00039
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Therefore a stirrer speed of 1000 rpm was used throughout this work.

4.1.2 Temperature Dependence

The temperature dependence of the rates of hydrogenation was assessed in order to
calculate the activation energy of each molecule, as set out in Section 3.2.1. The
following results show the reaction profiles and the zero order plots to determine the
rate constants for hydrogenation of phenylacetylene, ethylbenzene, 1-phenyl-1-
propyne, and propylbenzene under the conditions described in Section 3.2.1 and the
activation energies calculated from them according to the method described in Section

3.2.1, with an Arrhenius plot of In k against % The observed rates of reaction for the

alkene-substituted molecules were too high to accurately report, but hydrogenation

reactions of styrene were carried out.

A reaction profile for each reaction was plotted using the mole fractions calculated

from the chromatograms.

The reaction profiles for phenylacetylene over the temperature range 40-70°C are
shown in Figures 23, 25, 27 and 29. Zero order plots were also constructed and are
shown in Figures 24, 26, 28 and 30. Initially, the phenylacetylene mole fraction
decreased and the styrene mole fraction increased moderately. As the styrene mole
fraction approached 50%, its increase slowed until it reached a maximum. The styrene
mole fraction then rapidly decayed as the phenylacetylene mole fraction reached zero.
The ethylbenzene mole fraction increased slowly throughout the first phase of the
reaction, then more rapidly once the styrene mole fraction started to decay, until it
neared 100%. Ethylcyclohexane was then produced in quantities which were
significantly increased by an increase in temperature. Small quantities of
ethylcyclohexene were occasionally observed. All aspects of the reaction increased in

rate when the temperature was increased.
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Figure 23 — Reaction profile for the hydrogenation of phenylacetylene. Conditions: 3

barg Hz, 10 mmol phenylacetylene, 40°C.
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Figure 24 — Zero order plot to determine the initial rate constant of phenylacetylene

hydrogenation at 40°C.



42

100 y
90
80
e —o—Phenylacetylene
i 70 ylacety
g 60 —&—Styrene
)
g 30 Ethylbenzene
L
L: 40 Ethylcyclohexane
p—
S 30
E —e—Ethylcyclohexene
20
10 /
0 p —‘ 4‘=‘=‘=‘
0 20 40 60 80 100 120 140 160 180

Time / min

Figure 25 — Reaction profile for the hydrogenation of phenylacetylene. Conditions: 3
barg Hz, 10 mmol phenylacetylene, 50°C.
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Figure 26 — Zero order plot to determine the initial rate constant of phenylacetylene

hydrogenation at 50°C.
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Figure 27 — Reaction profile for the hydrogenation of phenylacetylene. Conditions: 3

barg Hz, 10 mmol phenylacetylene, 60°C.
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Figure 28 — Zero order plot to determine the initial rate constant of phenylacetylene
hydrogenation at 60°C.
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Figure 29 — Reaction profile for the hydrogenation of phenylacetylene. Conditions: 3

barg Hz, 10 mmol phenylacetylene, 70°C.
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Figure 30 — Zero order plot to determine the initial rate constant of phenylacetylene

hydrogenation at 70°C.



Kinetic data from the hydrogenation of phenylacetylene is displayed in Table 6.

Table 6 — Phenylacetylene temperature dependence. It was observed that the time taken
to reach 100% conversion decreased and the initial rate constant increased with

increasing temperature.

ko x 10* / mol L

mint

Temperature / K 313 323 343 353
Time for complete
) ) 120 60 50 30
conversion / min
Initial rate constant,
4.8 7.1 10.2 16.6
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Figure 31 — Arrhenius plot for the hydrogenation of phenylacetylene using the rate

constants calculated from the zero order plots shown in Figures 24, 26, 28 and 30.

From Figure 31 with gradient -4376.6, the activation energy of phenylacetylene

hydrogenation was calculated to be 36.4 kJ mol™,

The reaction profiles for styrene over the temperature range 40-70°C are shown in
Figures 32, 34, 36 and 38. Zero order plots were also constructed for the hydrogenation
of ethylbenzene within the cascade and are shown in Figures 33, 35, 37 and 39. These
zero order plots did not exhibit a straight line relationship for styrene hydrogenation,
as the reaction was too rapid and, thus, there were insufficient data points. Initially,
the styrene mole fraction decreased rapidly, as the ethylbenzene mole fraction
increased at a similar rate. After nearing 100%, the ethylbenzene mole fraction started
to decay at a rate which increased with temperature. Ethylcyclohexane was then
produced in quantities which were significantly increased by an increase in

temperature.
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Figure 32 — Reaction profile for the hydrogenation of styrene. Conditions: 3 barg Hy, 10
mmol styrene, 40°C.
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Figure 33 — Zero order plot to determine the initial rate constant of ethylbenzene
hydrogenation at 40°C with styrene as the reactant.
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Figure 34 — Reaction profile for the hydrogenation of styrene. Conditions: 3 barg Hy, 10
mmol styrene, 50°C.
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Figure 35 — Zero order plot to determine the initial rate constant of ethylbenzene

hydrogenation at 50°C with styrene as the reactant.
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Figure 36 — Reaction profile for the hydrogenation of styrene. Conditions: 3 barg Hy, 10

mmol styrene, 60°C.
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Figure 37 — Zero order plot to determine the initial rate constant of ethylbenzene
hydrogenation at 60°C with styrene as the reactant.
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Figure 38 — Reaction profile for the hydrogenation of styrene. Conditions: 3 barg Hy, 10

mmol styrene, 70°C.
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Figure 39 — Zero order plot to determine the initial rate constant of ethylbenzene

hydrogenation at 60°C with styrene as the reactant.
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Kinetic data relating to the hydrogenation of ethylbenzene with styrene as the reactant

is displayed in Table 7.

Table 7 — Ethylbenzene temperature dependence with styrene as the reactant. It was

observed that the initial rate constant increased with temperature.

Temperature / K 313 323 333 343
Initial rate
constant, ky x 105 1.3 3.3 6.5 10.5
/ mol Lt min?
T/ K
0.00290 0.00295 0.00300 0.00305 0.00310 0.00315 0.00320 0.00325
-8.0 ' ' ' ' . . .
8.5
20T & y =-7481.4x + 12.743
- R2=0.9863
2 95
£
-10.0 -
2105 -
-11.0 -

-11.5 -

Figure 40 — Arrhenius plot for the hydrogenation of ethylbenzene with styrene as the

reactant using the rate constants calculated from the zero order plots shown in Figures

33, 35, 37 and 39.
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From Figure 40 with gradient -7481.4, the activation energy of ethylbenzene
hydrogenation with styrene as the reactant was calculated to be 62.2 kJ mol™,

The reaction profiles for ethylbenzene over the temperature range 50-70°C are shown
in Figures 41, 43 and 45. Zero order plots were also constructed and are shown in
Figures 42, 44 and 46. The general trend of the reactions was the slowly decreasing
mole fraction of ethylbenzene with the similarly slow increasing ethylcyclohexane
mole fraction. Both of these processes increased in rate as temperature was increased.

Small quantities of ethylcyclohexene were observed.
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Figure 41 — Reaction profile for the hydrogenation of ethylbenzene. Conditions: 3 barg
Ha, 10 mmol ethylbenzene, 50°C.
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Figure 42 — Zero order plot to determine the initial rate constant of ethylbenzene

hydrogenation at 50°C.
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Figure 43 — Reaction profile for the hydrogenation of ethylbenzene. Conditions: 3 barg
Hz, 10 mmol ethylbenzene, 60°C.
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Figure 44 — Zero order plot to determine the initial rate constant of ethylbenzene
hydrogenation at 60°C.
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Figure 45 — Reaction profile for the hydrogenation of ethylbenzene. Conditions: 3 barg
Hz, 10 mmol ethylbenzene, 70°C.
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Figure 46 — Zero order plot to determine the initial rate constant of ethylbenzene
hydrogenation at 70°C.

Kinetic data from the hydrogenation of ethylbenzene is displayed in Table 8.
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Table 8 — Ethylbenzene temperature dependence. It was observed that the conversion

after 180 minutes and the initial rate constant increased with increasing temperature.

Temperature / K 323 343 353

Conversion after
180 mins / %

32 39 78

Initial rate constant,

ko x 10%/mol L 7.1 9.6 19.0

min?t
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Figure 47 — Arrhenius plot for the hydrogenation of ethylbenzene using the rate

constants calculated from the zero order plots shown in Figures 42, 44 and 46.

From Figure 47 with gradient -5430.0, the activation energy of ethylbenzene

hydrogenation was calculated to be 45.1 kJ mol™,

The reaction profiles for 1-phenyl-1-propyne over the temperature range 40-70°C are
shown in Figures 48, 50, 52 and 54. Zero order plots were also constructed and are
shown in Figures 49, 51, 53 and 55. Initially, the 1-phenyl-1-propyne mole fraction
decreased, the cis-B-methylstyrene and propylbenzene mole fractions increased
moderately and there was a slow increase in the trans-p-methylstyrene mole fraction.
The cis-B-methylstyrene mole fraction typically reached a maximum at around 30%
and then decayed slowly, whilst the propylbenzene mole fraction tended towards
100%. The trans-p-methylstyrene mole fraction reached a maximum later in the
reaction than the cis-p-methylstyrene, typically at around 10%, then slowly decayed.
The propylbenzene mole fraction increased gradually throughout the reaction, but this

was one of the slowest observed processes. Small quantities of propylcyclohexene
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were occasionally observed. All aspects of the reaction increased in rate when the
temperature was increased.
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Figure 48 — Reaction profile for the hydrogenation of 1-phenyl-1-propyne. Conditions:
3 barg Hz, 10 mmol 1-phenyl-1-propyne, 40°C.
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Figure 49 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne

hydrogenation at 40°C.
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Figure 50 — Reaction profile for the hydrogenation of 1-phenyl-1-propyne. Conditions:

3 barg H, 10 mmol 1-phenyl-1-propyne, 50°C.
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Figure 51 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne

hydrogenation at 50°C.
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Figure 52 — Reaction profile for the hydrogenation of 1-phenyl-1-propyne. Conditions:

3 barg H, 10 mmol 1-phenyl-1-propyne, 60°C.
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Figure 53 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne

hydrogenation at 60°C.
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Figure 54 — Reaction profile for the hydrogenation of 1-phenyl-1-propyne. Conditions:

3 barg H, 10 mmol 1-phenyl-1-propyne, 70°C.
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Figure 55 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne
hydrogenation at 70°C.

Kinetic data from the hydrogenation of 1-phenyl-1-propyne is displayed in Table 9.
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Table 9 — 1-Phenyl-1-propyne temperature dependence. It was observed that the time

taken to reach 100% conversion decreased and the initial rate constant increased with

increasing temperature.

ko x 10* /mol L

mint

Temperature / K 313 323 343 353
Time for complete
) ) 120 80 50 50
conversion / min
Initial rate constant,
5.9 8.7 12.9 14.8
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Figure 56 — Arrhenius plot for the hydrogenation of 1-phenyl-1-propyne using the rate

constants calculated from the zero order plots shown in Figures 49, 51, 53 and 55.

From Figure 56 with gradient -3399.3, the activation energy of 1-phenyl-1-propyne

hydrogenation was calculated to be 26.3 kJ mol™.

The reaction profiles for propylbenzene over the temperature range 50-70°C are shown
in Figures 57, 59 and 61. Zero order plots were also constructed and are shown in
Figures 58, 60 and 62. The trends observed were a decrease in the propylbenzene mole
fraction and an increase in the propylcyclohexane throughout. Small quantities of
propylcyclohexene were occasionally observed. All aspects of the reaction increased

in rate when the temperature was increased.
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Figure 57 — Reaction profile for the hydrogenation of propylbenzene. Conditions: 3 barg

Ha, 10 mmol propylbenzene, 50°C.
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Figure 58 — Zero order plot to determine the initial rate constant of propylbenzene

hydrogenation at 40°C.
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Figure 59 — Reaction profile for the hydrogenation of propylbenzene. Conditions: 3 barg

Ha, 10 mmol propylbenzene, 60°C.
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Figure 60 — Zero order plot to determine the initial rate constant of propylbenzene

hydrogenation at 60°C.
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Figure 61 — Reaction profile for the hydrogenation of propylbenzene. Conditions: 3 barg
Ha, 10 mmol propylbenzene, 70°C.
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Figure 62 — Zero order plot to determine the initial rate constant of propylbenzene
hydrogenation at 70°C.
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Kinetic data from the hydrogenation of propylbenzene is displayed in Table 10.

Table 10 — Propylbenzene temperature dependence. It was observed that the conversion

after 180 minutes and the initial rate constant increased with increasing temperature.

Temperature / K 323 343 353

Conversion after
180 mins / %o

3.56 4.60 4.70

Initial rate constant,
ko x 10* / mol L 1.3 2.0 2.6

mint
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Figure 63 — Arrhenius plot for the hydrogenation of propylbenzene using the rate

constants calculated from the zero order plots shown Figures 58, 60 and 62.

From Figure 63 with gradient -3847.8, the activation energy of propylbenzene

hydrogenation was calculated to be 32.0 kJ mol™.

4.1.3 Reactions with Deuterium

Deuteration reactions of phenylacetylene, styrene and 1-phenyl-1-propyne were
carried out to determine the kinetic isotope effects on their hydrogenation (except in
the case of styrene, which reacts too fast to calculate a reliable rate constant), as
explained in Section 3.2.2, and to assess aspects of exchange. ?H NMR spectra of
samples were taken at 10, 40 and 180 minutes and the peak intensities were compared
— integration was difficult to perform, as the concentration of molecules was low,

meaning the baseline contained a significant amount of noise.

A reaction profile for each reaction was plotted using the mole fractions calculated

from the chromatograms.

The reaction profiles for phenylacetylene deuteration at temperatures of 50°C and
70°C are shown in Figures 64 and 69. Zero order plots were also constructed and are

shown in Figures 65 and 70. 2H NMR spectra are presented in Figures 66-68 and 71-
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73, with the corresponding data shown in Tables 11-16. The reaction profiles from the
deuteration of phenylacetylene were similar to those produced when phenylacetylene
was hydrogenated. The notable differences were that the rates of the individual
processes are typically decreased and there was an absence of ethylcyclohexane. All
aspects of the reaction, aside from the ring hydrogenation processes, increased in rate

when the temperature was increased.

100 ¢

90

80
;\? 70 —¢—Phenylacetylene
% 60 Styrene
o=
§ 50 Ethylbenzene
p
L:) 40 Ethylcyclohexane
g 30 \ ——Ethylcyclohexene

20

10

0 #6000 00—0—0 \ 4 ¢+ g + G

0 20 40 60 80 100 120 140 160 180
Time / min

Figure 64 — Reaction profile for the deuteration of phenylacetylene. Conditions: 3 barg

D2, 10 mmol phenylacetylene, 50°C.
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Figure 65 — Zero order plot to determine the initial rate constant of phenylacetylene

deuteration at 50°C.

APRIL-12-DPAIT10 10 1 Ubeaker.chem.gla.ac.ukinmrd00idatayjosephginmr r ?
sample DPAITIO

I
10 5 0 [Ppm]

Figure 66 — °H NMR spectrum of a sample taken after 10 minutes of phenylacetylene

deuteration at 50°C.
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Table 11 - Relative intensities, normalised relative to the smallest peak, of each
significant peak in the “H NMR spectrum of a sample taken after 10 minutes of

phenylacetylene deuteration at 50°C.

Shift, 6 / ppm Relative intensity
6.18 1.8
2.06 1.0

APRIL-12-DPAIT40 11 1 VbeaKer.chem.gla.ac.uk'nmr400idataijosephginmr

sample DPAITL0

T
10 5 0 [ppm]

Figure 67 — °H NMR spectrum of a sample taken after 40 minutes of phenylacetylene

deuteration at 50°C.
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Table 12 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the H NMR spectrum of a sample taken after 40 minutes of
phenylacetylene deuteration at 50°C.

Shift, 6 / ppm Relative intensity
7.61 11
6.20 1.8
3.48 1.0
2.08 1.8
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APRIL-12-DPAIT120 10 1 tbeaker.chem.gla.ac.ukinmraooidataijosephginmr
sample OPATT{E0
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‘ . . . . T . . ‘ ‘ T . . . . T
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Figure 68 — ZH NMR spectrum of a sample taken after 180 minutes of phenylacetylene

deuteration at 50°C.

Table 13 - Relative intensities, normalised relative to the smallest peak, of each
significant peak in the 2H NMR spectrum of a sample taken after 180 minutes of

phenylacetylene deuteration at 50°C.

Shift, 6 / ppm Relative intensity
6.18 1.0
3.46 1.4

2.06 2.2
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Figure 69 — Reaction profile for the deuteration of phenylacetylene. Conditions: 3 barg

D2, 10 mmol phenylacetylene, 70°C.
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Figure 70 — Zero order plot to determine the initial rate constant of phenylacetylene
deuteration at 70°C.
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APRIL-12-DPA2T10 10 1 ‘beaker.chem.gla.ac.ukinmrd00'data'josephginmr

[rel]

sampla DPAZTIO

T
10 5 0 [Ppm]

Figure 71 — °H NMR spectrum of a sample taken after 10 minutes of phenylacetylene

deuteration at 70°C.

Table 14 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the °H NMR spectrum of a sample taken after 10 minutes of

phenylacetylene deuteration at 70°C.

Shift, 6 / ppm Relative intensity

6.19 2.7

2.08 1.0
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;
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Figure 72 — °H NMR spectrum of a sample taken after 40 minutes of phenylacetylene

deuteration at 70°C.
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Table 15 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the H NMR spectrum of a sample taken after 40 minutes of
phenylacetylene deuteration at 70°C.

Shift, 6 / ppm Relative intensity
7.62 1.0
6.21 3.3
3.49 2.0
2.08 3.5
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APRIL-12-DPA2T180 10 1 “beaker.chem.gla.ac.uk'nmr40didata\josephginmr
sample DFPA2T 180 B
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Figure 73 — 2H NMR spectrum of a sample taken after 180 minutes of phenylacetylene

deuteration at 70°C.

Table 16 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the 2H NMR spectrum of a sample taken after 180 minutes of

phenylacetylene deuteration at 70°C.

Shift, 6 / ppm Relative intensity
6.19 1.3
3.48 1.0

2.09 1.5
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The initial rates of reaction and kinetic isotope effects calculated are given in Table
17.

Table 17 — The effect of changing the hydrogen isotope on the hydrogenation of
phenylacetylene. At both 50°C and 70°C, ky is greater than kp.

ky x 10* /min?t | kp x 10* / min? | ky/kp

Temperature | 50 7.1 53 1.3
/°C 70 14.9 9.6 1.6

The reaction profiles for styrene deuteration at temperatures of 50°C and 70°C are
shown in Figures 74 and 78. 2H NMR spectra are presented in Figures 75-77 and 79-
81, with the corresponding data shown in Tables 18-23. An initial rapid decrease in
the styrene mole fraction and increase in ethylbenzene mole fraction was observed;
the temperature dependence of this stage of the reaction could not be determined due
to the lack of data points. The following decrease in ethylbenzene mole fraction and
increase in ethylcyclohexane mole fraction occurred at a faster rate at 50°C than at
70°C.
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Figure 74 — Reaction profile for the deuteration of styrene. Conditions: 3 barg D, 10
mmol styrene, 50°C.

May-8th-2019-DSTY1T10 10 1 tbeaker.chem.gla.ac.uk\nmrd00idataijesephginmr

[rel]

Sample DSTY{T10

15 10 5 ] [ppm]

Figure 75— H NMR spectrum of a sample taken after 10 minutes of styrene deuteration
at 50°C.
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Table 18 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the ?H NMR spectrum of a sample taken after 10 minutes of styrene

deuteration at 50°C.

Shift, 6 / ppm Relative intensity
5.73 2.6
3.01 1.0
1.61 2.4

Sample D5TYIT40

May-8th-2019-DSTYIT40 10 1 Wheaker.chem.gla.ac.ukinmrd00'data\jesephg'nmr

[rel]

10 5 0 [ppm]

Figure 76 — °H NMR spectrum of a sample taken after 40 minutes of styrene deuteration

at 50°C.
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Table 19 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the ?H NMR spectrum of a sample taken after 40 minutes of styrene
deuteration at 50°C.

Shift, 6 / ppm Relative intensity
5.72 5.6
3.01 1.9
2.14 1.0
1.61 4.6
1.26 1.3
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Figure 77 —H NMR spectrum of a sample taken after 180 minutes of styrene deuteration
at 50°C.
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Table 20 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the “H NMR spectrum of a sample taken after 180 minutes of styrene
deuteration at 50°C.

Shift, 6 / ppm Relative intensity
5.71 9.9
3.00 1.0
2.13 2.9
1.59 4.9
1.25 4.4
100
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Figure 78 — Reaction profile for the deuteration of styrene. Conditions: 3 barg D, 10

mmol styrene, 70°C.
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Figure 79 — ?H NMR spectrum of a sample taken after 10 minutes of styrene deuteration

at 70°C.

Table 21 - Relative intensities, normalised relative to the smallest peak, of each

significant peak in the °H NMR spectrum of a sample taken after 10 minutes of styrene

deuteration at 70°C.

Shift, 6 / ppm Relative intensity
5.72 1.5
3.01 1.0
1.61 2.6
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Figure 80 — ?H NMR spectrum of a sample taken after 40 minutes of styrene deuteration

at 70°C.
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Table 22 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the ?H NMR spectrum of a sample taken after 40 minutes of styrene
deuteration at 70°C.

Shift, 6 / ppm Relative intensity
5.72 4.0
3.01 2.7
2.13 1.0
1.61 5.7
1.29 1.1
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Figure 81 —H NMR spectrum of a sample taken after 180 minutes of styrene deuteration
at 70°C.
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Table 23 — Relative intensities, normalised relative to the smallest peak, of each

significant peak in the “H NMR spectrum of a sample taken after 180 minutes of styrene

deuteration at 70°C.

Shift, 6 / ppm Relative intensity
5.72 4.7
3.01 15
2.14 1.0
1.61 3.0
1.26 1.4

The reaction profiles for 1-phenyl-1-propyne deuteration at temperatures of 50°C and

70°C are shown in Figures 82 and 87. Zero order plots were also constructed and are

shown in Figures 83 and 88. 2H NMR spectra are presented in Figures 84-86 and 89-

91, with the corresponding data shown in Tables 24-29. The reaction profile from the

deuteration of 1-phenyl-1-propyne at 50°C was similar to the reaction profile of 1-

phenyl-1-propyne hydrogenation, however at 70°C, the rate of most processes

appeared to have increased with the use of deuterium. The exceptions were the

products of ring hydrogenation, the mole fractions of which increased at a slower rate

with deuterium use. All aspects of the reaction increased in rate when the temperature

was increased.
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Figure 82 — Reaction profile for the deuteration of 1-phenyl-1-propyne. Conditions: 3
barg D,, 10 mmol 1-phenyl-1-propyne, 50°C.
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Figure 83 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne
deuteration at 50°C.



92
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Figure 84 — °H NMR spectrum of a sample taken after 80 minutes of 1-phenyl-1-propyne

deuteration at 50°C.
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Table 24 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the °H NMR spectrum of a sample taken after 10 minutes of 1-phenyl-
1-propyne deuteration at 50°C.

Shift, 6 / ppm Relative intensity
6.19 6.8
3.43 1.0
2.49 1.0
2.07 1.0
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Figure 85— °H NMR spectrum of a sample taken after 40 minutes of 1-phenyl-1-propyne

deuteration at 50°C.
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Table 25 — Relative intensities, normalised relative to the smallest peak, of each

significant peak in the °H NMR spectrum of a sample taken after 40 minutes of 1-phenyl-

1-propyne deuteration at 50°C.

Shift, 6 / ppm

Relative intensity

7.34 1.6
6.65 1.2
6.18 5.1
3.43 2.7
2.49 2.3
2.05 1.2
1.85 1.0
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Figure 86 — “H NMR spectrum of a sample taken after 180 minutes of 1-phenyl-1-
propyne deuteration at 50°C.
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Table 26 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the °H NMR spectrum of a sample taken after 180 minutes of 1-
phenyl-1-propyne deuteration at 50°C.

Shift, 6 / ppm Relative intensity
6.18 4.6
3.42 4.4
2.48 3.2
2.06 11
1.77 1.0
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Figure 87 — Reaction profile for the deuteration of 1-phenyl-1-propyne. Conditions: 3
barg D,, 10 mmol 1-phenyl-1-propyne, 70°C.
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Figure 88 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne

deuteration at 70°C.
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Figure 89 — °H NMR spectrum of a sample taken after 10 minutes of 1-phenyl-1-propyne

deuteration at 70°C.
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Table 27 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the °H NMR spectrum of a sample taken after 10 minutes of 1-phenyl-
1-propyne deuteration at 70°C.

Shift, 6 / ppm Relative intensity
6.85 1.0
5.72 4.9
2.96 1.7
2.03 15
1.61 1.4
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Figure 90 — °H NMR spectrum of a sample taken after 40 minutes of 1-phenyl-1-propyne

deuteration at 70°C.
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Table 28 — Relative intensities, normalised relative to the smallest peak, of each

significant peak in the °H NMR spectrum of a sample taken after 40 minutes of 1-phenyl-

1-propyne deuteration at 70°C.

Shift, 6 / ppm

Relative intensity

6.88 1.4
6.20 1.1
5.72 4.6
2.96 2.9
2.03 2.2
1.62 1.0
1.31 1.0
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Figure 91 — °H NMR spectrum of a sample taken after 180 minutes of 1-phenyl-1-
propyne deuteration at 70°C.
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Table 29 — Relative intensities, normalised relative to the smallest peak, of each

significant peak in the °H NMR spectrum of a sample taken after 180 minutes of 1-

phenyl-1-propyne deuteration at 70°C.

Shift, 6 / ppm Relative intensity
5.72 6.0
2.96 6.2
2.03 4.1
1.61 1.0
1.32 1.0

The initial rates of reaction and kinetic isotope effects calculate are given in Table 30.

Table 30 — The effect of changing the hydrogen isotope on the hydrogenation of 1-phenyl-

1-propyne. At 50°C, ky and kp were found to be very similar, but at 70°C, ky was

observed to be greater than kyp.

ky x 10* /mint | kp x 10* / mint | ky/kp
Temperature | 50 | 8.7 8.6 1.0
/°C 70 | 14.8 9.8 1.5
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4.1.4 Competitive Reactions

Competition can influence the kinetics of reactions through a number of processes,
including direct competition for sites, indirect competition for reactants and alterations

made to the catalyst.

The hydrogenation of toluene-ds in competition with phenylacetylene and with 1-
phenyl-1-propyne was used to assess aspects of adsorption and exchange. The reaction
profiles from reactions carried out at 50°C are shown in Figures 92 and 97. Zero order
plots were also constructed and are shown in Figures 93 and 98. 2H NMR spectra are
presented in Figures 94-96 and 99-101, with the corresponding data shown in Tables
31-36. It can be seen that in both reactions, the toluene-ds concentration did not change
and that the 2H NMR spectra did not change over the course of the reaction. The mole
fractions of molecules in the phenylacetylene and 1-phenyl-1-propyne cascades
followed the same trends as when hydrogenated without competition. The rate of
phenylacetylene hydrogenation decreases by a small amount when competition with
toluene-ds is introduced, however the introduction of toluene-ds had the opposite
effect on the rate of 1-phenyl-1-propyne hydrogenation, which increased by almost
20%.
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Figure 92 — Reaction profile for the competitive hydrogenation of phenylacetylene and

toluene-ds. Conditions: 3 barg H,, 10 mmol phenylacetylene, 10 mmol toluene-ds, 50°C.
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Figure 93 — Zero order plot to determine the initial rate constant of phenylacetylene

hydrogenation in the presence of toluene-ds at 50°C.



107

04-02-19-PA10 10 1 Vibeaker.chem.gla.ac.ukinmrd400tdata\josephginmr
PATOQLITIO PATO

[rel]

T
20

)
T T T T T T T T T T T T T T T T T T T
15 10 5

I
0 [ppm]

Figure 94 — ?H NMR spectrum of a sample taken after 10 minutes of competitive

hydrogenation involving toluene-ds and phenylacetylene at 50°C.

Table 31 - Relative intensities, normalised relative to the smallest peak, of each
significant peak in the °H NMR spectrum of a sample taken after 10 minutes of

competitive hydrogenation involving toluene-ds and phenylacetylene at 50°C.

Shift, 6 / ppm Relative intensity
7.24 8.8
2.37 13.3

1.26 1.0
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Figure 95 — ?H NMR spectrum of a sample taken after 40 minutes of competitive

hydrogenation involving toluene-ds and phenylacetylene at 50°C.

Table 32 — Relative intensities, normalised relative to the smallest peak, of each

significant peak in the °H NMR spectrum of a sample taken after 40 minutes of

competitive hydrogenation involving toluene-ds and phenylacetylene at 50°C.

Shift, 6 / ppm Relative intensity
7.24 8.6
2.37 13.8
1.24 1.0
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Figure 96 — °H NMR spectrum of a sample taken after 180 minutes of competitive

hydrogenation involving toluene-ds and phenylacetylene at 50°C.

Table 33 — Relative intensities, normalised relative to the smallest peak, of each

significant peak in the 2H NMR spectrum of a sample taken after 180 minutes of

competitive hydrogenation involving toluene-ds and phenylacetylene at 50°C.

Shift, 6 / ppm Relative intensity
7.24 8.8
2.37 15.2
1.24 1.0
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Figure 97 — Reaction profile for the competitive hydrogenation of 1-phenyl-1-propyne

and toluene-ds. Conditions: 3 barg H,, 10 mmol 1-phenyl-1-propyne, 10 mmol toluene-

ds, 50°C.
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Figure 98 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne

hydrogenation in the presence of toluene-ds at 50°C.
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Figure 99 — ’H NMR spectrum of a sample taken after 10 minutes of competitive

hydrogenation involving toluene-ds and 1-phenyl-1-propyne at 50°C.

Table 34 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the °H NMR spectrum of a sample taken after 10 minutes of

competitive hydrogenation involving toluene-ds and 1-phenyl-1-propyne at 50°C.

Shift, 6 / ppm Relative intensity
7.06 10.9
2.20 23.7

1.09 1.0
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Figure 100 — 2H NMR spectrum of a sample taken after 40 minutes of competitive

hydrogenation involving toluene-ds and 1-phenyl-1-propyne at 50°C.

Table 35 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the °H NMR spectrum of a sample taken after 40 minutes of

competitive hydrogenation involving toluene-ds and 1-phenyl-1-propyne at 50°C.

Shift, 6 / ppm Relative intensity
7.07 12.2
2.20 24.1

1.08 1.0
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Figure 101 — 2H NMR spectrum of a sample taken after 180 minutes of competitive

hydrogenation involving toluene-ds and 1-phenyl-1-propyne at 50°C.

Table 36 — Relative intensities, normalised relative to the smallest peak, of each
significant peak in the 2H NMR spectrum of a sample taken after 180 minutes of

competitive hydrogenation involving toluene-ds and 1-phenyl-1-propyne at 50°C.

Shift, 6 / ppm Relative intensity
7.06 14.3
2.20 30.1

1.08 1.0
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Kinetic data from the competitive hydrogenation reactions of phenylacetylene and 1-
phenyl-1-propyne with toluene-ds is reported in Table 37.

Table 37 — The effect of competition with toluene-ds on the initial rate constant of
hydrogenation of phenylacetylene and 1-phenyl-1-propyne. For phenylacetylene, the
initial rate constant decreased with toluene-ds competition, whereas in the case of 1-

phenyl-1-propyne, an increase in initial rate constant was observed.

Initial rate constant, k, x 10/ mol L** min

Phenylacetylene 1-Phenyl-1-propyne
Non-competitive 7.3 7.2
Competition with 6.5 8.6
Toluene-ds

Adding ethylbenzene minimally decreased the rate of hydrogenation of
phenylacetylene, but drastically reduced the rate of ring hydrogenation. The reaction
profiles for the competitive hydrogenation of phenylacetylene and ethylbenzene at
temperatures of 50°C and 70°C are shown in Figures 102 and 104. Zero order plots
were also constructed and are shown in Figures 103 and 105. Initially, the
phenylacetylene mole fraction decreased and the styrene and ethylbenzene mole
fractions increased moderately. As the phenylacetylene mole fraction approached 0%,
the styrene mole fraction reached a maximum. Subsequently, the styrene mole fraction
started to decrease and the ethylbenzene neared 100%. Ethylcyclohexane was then
produced in smaller quantities than it was in the absence of competition: the yield
increased with an increase in temperature. All aspects of the reaction increased in rate

when the temperature was increased.
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Figure 102 — Reaction profile for the competitive hydrogenation of phenylacetylene and
ethylbenzene. Conditions: 3 barg Hz, 10 mmol phenylacetylene, 10 mmol ethylbenzene,
50°C.

0.014

0.012 Yy = 0.00052x
R*=0.98871

::;

=

L 0010

- -

& 7, 0.008

-3

é = 0.006

§ 0.004

-

S 0.002

(=]

= 0.000

0 5 10 15 20 25
Time / min

Figure 103 — Zero order plot to determine the initial rate constant of phenylacetylene

hydrogenation in the presence of ethylbenzene at 50°C.
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Figure 104 — Reaction profile for the competitive hydrogenation of phenylacetylene and
ethylbenzene. Conditions: 3 barg Hz, 10 mmol phenylacetylene, 10 mmol ethylbenzene,
70°C.
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Figure 105 — Zero order plot to determine the initial rate constant of phenylacetylene
hydrogenation in the presence of ethylbenzene at 70°C.
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Styrene has a similar effect to ethylbenzene on phenylacetylene hydrogenation, as can
be seen in the following results. The reaction profiles for the competitive
hydrogenation of phenylacetylene and styrene at temperatures of 50°C and 70°C are
shown in Figures 106 and 108. Zero order plots were also constructed and are shown
in Figures 107 and 109. Initially, the phenylacetylene mole fraction decreased and the
styrene and ethylbenzene mole fractions increased moderately. As the phenylacetylene
mole fraction approached 0%, the styrene mole fraction reached a maximum.
Subsequently, the styrene mole fraction started to decrease and the ethylbenzene
neared 100%. Ethylcyclohexane was then produced in smaller quantities than it was
in the absence of competition which were increased by an increase in temperature. All

aspects of the reaction increased in rate when the temperature was increased.
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Figure 106 — Reaction profile for the competitive hydrogenation of phenylacetylene and

styrene. Conditions: 3 barg H», 10 mmol phenylacetylene, 10 mmol styrene, 50°C.
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Figure 107 — Zero order plot to determine the initial rate constant of phenylacetylene

hydrogenation in the presence of styrene at 50°C.
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Figure 108 — Reaction profile for the competitive hydrogenation of phenylacetylene and

styrene. Conditions: 3 barg H,, 10 mmol phenylacetylene, 10 mmol styrene, 70°C.
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Figure 109 — Zero order plot to determine the initial rate constant of phenylacetylene
hydrogenation in the presence of styrene at 70°C.

The effect of competition between 1-phenyl-1-propyne and propylbenzene produced
similar results to those observed when phenylacetylene and ethylbenzene were
hydrogenated together. The reaction profiles for the competitive hydrogenation of 1-
phenyl-1-propyne and propylbenzene at temperatures of 50°C and 70°C are shown in
Figures 110 and 112. Zero order plots were also constructed and are shown in Figures
111 and 113. The processes are generally slowed by the presence of the competitive
species and the rate of increase of the ring hydrogenation products falls close to zero.

All aspects of the reaction increased in rate when the temperature was increased.
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Figure 110 — Reaction profile for the competitive hydrogenation of 1-phenyl-1-propyne

and propylbenzene. Conditions: 3 barg Hz, 10 mmol 1-phenyl-1-propyne, 10 mmol

propylbenzene, 50°C.
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Figure 111 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne

hydrogenation in the presence of propylbenzene at 50°C.



100

> - e O
(=R T N = ]

— o [¥5] =
o < < < <

Mole Fraction/ %
(]

121

—4— 1-Phenyl-1-propyne
—4—trans-b-Methylstyrene
—o—cis-b-Methylstyrene
Propylbenzene
—4—DPropylcyclohexane
——Propylcyclohexene

& ——

L

20 40 60 80 100 120 140 160 180

Time / min

Figure 112 — Reaction profile for the competitive hydrogenation of 1-phenyl-1-propyne

and propylbenzene. Conditions: 3 barg Hz, 10 mmol 1-phenyl-1-propyne, 10 mmol

propylbenzene, 70°C.
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Figure 113 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne

hydrogenation in the presence of propylbenzene at 70°C.
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Competition between phenylacetylene and 1-phenyl-1-propyne has a much more
pronounced effect on the hydrogenation of 1-phenyl-1-propyne relative to its non-
competitive hydrogenation than it did on phenylacetylene hydrogenation. The reaction
profiles for the competitive hydrogenation of phenylacetylene and 1-phenyl-1-
propyne at temperatures of 50°C and 70°C are shown in Figures 114 and 117. Zero
order plots were also constructed and are shown in Figures 115-116 and 118-119.
Initially, the phenylacetylene mole fraction decreased and the styrene and
ethylbenzene mole fractions increased moderately. The change in mole fractions of
molecules in the phenylacetylene cascade was slowed minimally by competition, but
the changes in mole fractions of molecules in the 1-phenyl-1-propyne cascade were
delayed until the phenylacetylene mole fraction neared 0%. All aspects of the reaction

increased in rate when the temperature was increased.
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Figure 114 — Reaction profile for the competitive hydrogenation of phenylacetylene and
1-phenyl-1-propyne. Conditions: 3 barg Hz, 10 mmol phenylacetylene, 10 mmol 1-
phenyl-1-propyne, 50°C.



123

- 0.014
-
= 0.012 y = 0.00047x
T ok RZ=0.99078
L .
EC_.L 0.008
e’
z E 0.006
=
§ 0.004
S
S 0.002
(=]
o 0.000
0 5 10 15 20 25

Time / min

Figure 115 — Zero order plot to determine the initial rate constant of phenylacetylene
hydrogenation in the presence of 1-phenyl-1-propyne at 50°C.
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Figure 116 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne

hydrogenation in the presence of phenylacetylene at 50°C.
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Figure 117 — Reaction profile for the competitive hydrogenation of phenylacetylene and
1-phenyl-1-propyne. Conditions: 3 barg Hz, 10 mmol phenylacetylene, 10 mmol 1-
phenyl-1-propyne, 70°C.
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Figure 118 — Zero order plot to determine the initial rate constant of phenylacetylene

hydrogenation in the presence of 1-phenyl-1-propyne at 70°C.
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Figure 119 — Zero order plot to determine the initial rate constant of 1-phenyl-1-propyne

hydrogenation in the presence of phenylacetylene at 70°C.

The initial rates of hydrogenation of phenylacetylene under the discussed competitive
conditions are given in Table 38. The initial rate constant was generally decreased by

competition and increases with an increase in temperature.



126

Table 38 — A comparison of the initial rate constants of hydrogenation of phenylacetylene

with no competition, in competition with ethylbenzene, and in competition with 1-

phenyl-1-propyne.

Initial rate constant, ko x 10*/ mol L't min

Temperature / °C PA PA + EB PA + STY PA + PP
50 7.1 52 4.6 4.7
70 14.9 11.5 9.4 8.9

Upon closer inspection of the data, it can be noted that the presence of propylbenzene

enhances the rate of 1-phenyl-1-propyne hydrogenation. The initial rates of

hydrogenation of 1-phenyl-1-propyne under the discussed competitive conditions are

given in Table 39. The initial rate constants for competitive hydrogenation with

propylbenzene were observed to be greater than those for non-competitive reactions,

however the initial rate constants for competitive hydrogenation with phenylacetylene

were significantly smaller than those for non-competitive reactions. An increase in

temperature increased the rate of reaction.

Table 39 — A comparison of the initial rate constants of hydrogenation of 1-phenyl-1-

propyne with no competition, in competition with propylbenzene, and in competition

with phenylacetylene.

Initial rate constant, k, x 10/ mol L™t min*

Temperature / °C PP PP + PB PP + PA
50 8.7 10.4 0.4
70 14.8 16.6 0.8
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42 TGA

Thermogravimetric analysis of the post-reaction catalyst was carried out following the
hydrogenation and deuteration of phenylacetylene, styrene and 1-phenyl-1-propyne.
The weight loss was compared to the derivative weight, and weight loss due to CO>
was analysed.

The results for catalysts after reactions involving phenylacetylene showed that the
weight loss of the post-reaction catalyst was in the range of 5-6%, as can be seen in
Figures 120, 122, 124 and 126, and three peaks were generally observed on the 44 m/e
ion current plot, shown in Figures 121, 123, 125 and 127.
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Figure 120 — Temperature profiles of the weight as a percentage and the derivative

weight loss for the post-reaction catalyst after the hydrogenation of phenylacetylene at
50°C.
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Figure 121 — Temperature profiles of the derivative weight and ion current

corresponding to the loss of ions with a mass of 44 m/e (CO;) for the post-reaction

catalyst after the hydrogenation of phenylacetylene at 50°C.
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Figure 122 — Temperature profiles of the weight as a percentage and the derivative

weight loss for the post-reaction catalyst after the hydrogenation of phenylacetylene at

70°C.
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Figure 123 — Temperature profiles of the derivative weight and ion current
corresponding to the loss of ions with a mass of 44 m/e (CO) for the post-reaction

catalyst after the hydrogenation of phenylacetylene at 70°C.
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Figure 124 — Temperature profiles of the weight as a percentage and the derivative
weight loss for the post-reaction catalyst after the deuteration of phenylacetylene at
50°C.
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Figure 125 — Temperature profiles of the derivative weight and ion current

corresponding to the loss of ions with a mass of 44 m/e (CO,) for the post-reaction

catalyst after the deuteration of phenylacetylene at 50°C.
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Figure 126 — Temperature profiles of the weight as a percentage and the derivative
weight loss for the post-reaction catalyst after the deuteration of phenylacetylene at
70°C.
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Figure 127 — Temperature profiles of the derivative weight and ion current
corresponding to the loss of ions with a mass of 44 m/e (CO,) for the post-reaction

catalyst after the deuteration of phenylacetylene at 70°C.

The results for catalysts after reactions involving styrene showed that the weight loss
of the post-reaction catalyst was in the range of 5-9%, as can be seen in Figures 128,
130, 132 and 134, and three peaks were generally observed on the 44 m/e ion current
plot, shown in Figures 129, 131, 133 and 135.
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Figure 128 — Temperature profiles of the weight as a percentage and the derivative

weight loss for the post-reaction catalyst after the hydrogenation of styrene at 50°C.
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Figure 129 — Temperature profiles of the derivative weight and ion current

corresponding to the loss of ions with a mass of 44 m/e (CO,) for the post-reaction

catalyst after the hydrogenation of styrene at 50°C.
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Figure 130 — Temperature profiles of the weight as a percentage and the derivative

weight loss for the post-reaction catalyst after the hydrogenation of styrene at 70°C.
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Figure 131 - Temperature profiles of the derivative weight and ion current

corresponding to the loss of ions with a mass of 44 m/e (CO,) for the post-reaction

catalyst after the hydrogenation of styrene at 70°C.
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Figure 132 — Temperature profiles of the weight as a percentage and the derivative
weight loss for the post-reaction catalyst after the deuteration of styrene at 50°C.
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Figure 133 — Temperature profiles of the derivative weight and ion current
corresponding to the loss of ions with a mass of 44 m/e (CO,) for the post-reaction
catalyst after the deuteration of styrene at 50°C.
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Figure 134 — Temperature profiles of the weight as a percentage and the derivative

weight loss for the post-reaction catalyst after the deuteration of styrene at 70°C.

0,035 1 - 0.00025

¥ 0.030 | | 000020 &
-

= 0.025 A - 0.00015
= 0.020 - 0.00010 =
S0 0010 5
]

= 0.015 - 0.00005 g
=*]

Z 0010 - 0.00000 o
] E
£ 0.005 - -0.00005 5
@ b
2 0.000 . . . . -0.00010

0 200 400 600 800 1000

Temperature / °C

= Derivative Weight =—JIon Current

Figure 135 — Temperature profiles of the derivative weight and ion current
corresponding to the loss of ions with a mass of 44 m/e (CO,) for the post-reaction

catalyst after the deuteration of styrene at 70°C.
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The results for catalysts after reactions involving styrene showed that the weight loss
of the post-reaction catalyst was in the range of 4-6%, as can be seen in Figures 136,
138, 140 and 142, and three peaks were generally observed on the 44 m/e ion current
plot, shown in Figures 137, 139, 141 and 143.
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Figure 136 — Temperature profiles of the weight as a percentage and the derivative

weight loss for the post-reaction catalyst after the hydrogenation of 1-phenyl-1-propyne
at 50°C.
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Figure 137 — Temperature profiles of the derivative weight and ion current

corresponding to the loss of ions with a mass of 44 m/e (CO,) for the post-reaction

catalyst after the hydrogenation of 1-phenyl-1-propyne at 50°C.
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Figure 138 — Temperature profiles of the weight as a percentage and the derivative
weight loss for the post-reaction catalyst after the hydrogenation of 1-phenyl-1-propyne
at 70°C.
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Figure 139 - Temperature profiles of the derivative weight and ion current
corresponding to the loss of ions with a mass of 44 m/e (CO,) for the post-reaction

catalyst after the hydrogenation of 1-phenyl-1-propyne at 70°C.
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Figure 140 — Temperature profiles of the weight as a percentage and the derivative
weight loss for the post-reaction catalyst after the deuteration of 1-phenyl-1-propyne at
50°C.



139

. 0.030 1 - 0.00018

& 0.00016 ﬁ
° 0.00014 ~
X ' =
= 0.00012 §
= 0.00010 &
o0 S
= 0.00008 ©
= 0.00006 §
@ [
E 0.00004 5
= 0.00002 &
o 0.00000 3
-+]

2 0.000 : : : : -0.00002

0 200 400 600 800 1000

Temperature / °C
e Derivative Weight =TIon Current
Figure 141 — Temperature profiles of the derivative weight and ion current

corresponding to the loss of ions with a mass of 44 m/e (CO;) for the post-reaction

catalyst after the deuteration of 1-phenyl-1-propyne at 50°C.
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Figure 142 — Temperature profiles of the weight as a percentage and the derivative
weight loss for the post-reaction catalyst after the deuteration of 1-phenyl-1-propyne at
70°C.
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Figure 143 — Temperature profiles of the derivative weight and ion current
corresponding to the loss of ions with a mass of 44 m/e (CO,) for the post-reaction
catalyst after the deuteration of 1-phenyl-1-propyne at 70°C.



5 Discussion

5.1 Reactions

5.1.1 Mass Transfer Limitation

141

The mass transfer limitation experiments showed that increasing the stirrer speed over

1000 rpm had no impact on the rate of reaction, as can be seen in Figures 144-145.

From this, it can be concluded that the reactions were not mass transfer limited.
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Figure 144 — A plot of hydrogen consumption against time at different stirrer speeds for

the hydrogenation of phenylacetylene.
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Figure 145 — A plot of the initial rate constant against different stirrer speeds for the

hydrogenation of phenylacetylene.

The initial rate constant had clearly begun to plateau by 1000 rpm — the stirrer speed

used for all reactions.

5.1.2 Temperature Dependence

The temperature dependence of the rates of hydrogenation allowed the activation
energies to be calculated and provide some basic kinetic insights. The relative rates of
hydrogenation of the different functionalities were considered and a relationship
between the chain length of the substituent and the activation energy was found. The
variation of the cis/trans ratio of p-methylstyrene with temperature in the
hydrogenation cascade of 1-phenyl-1-propyne was also analysed, with the results

suggesting a shift of the dominant reaction as temperature increases. The findings from
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the temperature dependence form the basis of the project, showing the behaviour of

the reactants under a range of relevant conditions.

The first noteworthy observation is that the rates of hydrogenation of different parts

of the molecules are as follows:
Double Bond > Triple Bond > Aromatic Ring

The aromatic ring is the slowest due to the relatively large amounts of energy required
to break aromaticity. The rate of double bond hydrogenation being faster than that of
the triple bond, as demonstrated by Webb®?, can be explained by the increased strength
of adsorption of alkynes when compared with alkenes®?.

The activation energies of the hydrogenation of phenylacetylene, ethylbenzene, 1-
phenyl-1-propyne and propylbenzene were determined in Section 4.1.2 and are
presented in Table 40 below.

Table 40 — Calculated activation energies. The column labelled ‘EB (STY)’ denotes the

activation energy of ethylbenzene hydrogenation when styrene was the initial reactant.

Molecule PA EB (STY) EB PP PB

E,/ kJmol? 36.4 62.2 45.1 26.3 32.0

The hydrogenation of ethylbenzene occurs at a much faster rate than that of
propylbenzene, whilst the hydrogenation reactions of phenylacetylene and 1-phenyl-
1-propyne occur at similar rates. Steric factors and a greater strength of adsorption are
likely reasons for the discrepancy in the rates of hydrogenation of the alkylbenzene
molecules. The activation energy of phenylacetylene is greater than that of 1-phenyl-

1-propyne, with the analogous alkybenzenes showing the same trend — the activation
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energy of ethylbenzene is greater than that of propylbenzene. This suggests that the
greater strength of adsorption of the longer chain molecules is leading to a more
favourable reaction, with less energy required to reach the transition state.
Alternatively, there could be different sites involved in the hydrogenation of
propylbenzene and 1-phenyl-1-propyne, which have a greater impact in decreasing the
activation energy than the sites involved in the hydrogenation of ethylbenzene and

phenylacetylene.

The activation energy of the hydrogenation of ethylbenzene was significantly
increased when observed as part of the cascade starting with styrene in comparison to
the experiments where ethylbenzene was itself the initial reactant. This suggests that
there is catalyst modification taking place during styrene hydrogenation which impacts
the hydrogenation of ethylbenzene. From this, it can be postulated that both styrene

and ethylbenzene hydrogenate at the same site.

The change in styrene mole fraction with temperature was not significant during the
phenylacetylene hydrogenation cascade; lower temperatures simply prolonged the
time taken to reach the maximum yield. This shows that the change in temperature

affected the rates of phenylacetylene and styrene hydrogenation in similar proportions.

The alkene mole fraction variation with temperature was plotted in order to assess
selectivity (Figures 146-148). The shapes of the profiles for a particular molecule

generally resembled one other with temperature stretching them along the time axis.



145

100

90
280 —4-40°C
~
=70
= ——50°C
D 60
=
= 50 60°C
L
[ )
E 40 / 70°C

30
z 4
o 20

10

0 ¥—
0 20 40 60 80 100 120 140 160 180

Time / min

Figure 146 — Styrene mole fraction profiles at different temperatures during the

hydrogenation of phenylacetylene.
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Figure 147 — cis-p-Methylstyrene mole fraction profiles at different temperatures during
the hydrogenation of 1-phenyl-1-propyne.
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Figure 148 — trans-B-Methylstyrene mole fraction profiles at different temperatures

during the hydrogenation of 1-phenyl-1-propyne.

The change in styrene mole fraction with temperature was not significant during the
phenylacetylene hydrogenation cascade; lower temperatures simply prolonged the
time taken to reach the maximum yield. A similar trend was observed for both cis- and
trans-B-methylstyrene mole fraction with the exception of the profiles at 60°C. This
could be due to 60°C being close to the temperature at which the transition from
hydrogenation and isomerisation dominance occurs, however, if this was the case, the
profile at 70°C should have a more extreme shift than the profile at 60°C and this is
clearly not the case. The rate of hydrogenation of 1-phenyl-1-propyne and the
remainder of the reaction cascade fit the expected trends, suggesting this anomaly is
not the result of experimental error, but the explanation that this is solely due to the
anomaly occurring at a transition temperature may not be the complete justification of
these findings. Overall, these results show that the change in temperature affected the

rates of alkyne and alkene hydrogenation in similar proportions.
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A profile of the cis/trans ratio of B-methylstyrene was also produced for each
temperature and is presented in Figure 149. The ratio decreased with time and typically
decreased more slowly at higher temperatures, with the exception of the profile plotted
for 60°C.
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Figure 149 — cis/trans ratio of -methylstyrene during the hydrogenation of 1-phenyl-1-

propyne at different temperatures.

The initial cis/trans ratio of B-methylstyrene increases with temperature until a point
between 60°C and 70°C. The rate of decrease of the cis/trans ratio also increases with
temperature until a point between 60°C and 70°C. The results up to 60°C can be
straightforwardly explained, as increasing the temperature increases the initial rate of
hydrogenation of cis-B-methylstrene, as one would expect, and over time,
isomerisation occurs to produce the trans isomer, as the trans isomer is the
thermodynamic product. The change which occurs as the temperature nears 70°C is
likely due to a change in reaction pathway, but it is impossible to make further

conclusions without exploring the issue further.
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The basic kinetic model for these reactions is now much clearer. These experiments
have shown that, ceteris parabus, under the range of temperatures which will be used
in this study, alkenes hydrogenate faster than alkynes, which in turn hydrogenate faster
than aromatic rings. Moreover, the activation energy has been shown to decrease with
increasing substituent chain length, suggesting that this is influenced by the strength
of adsorption. These results are the framework against which results from more
complex reactions will be compared; deviations from these results with changes to the
conditions should improve understanding of the behaviour of unsaturated molecules
and the rhodium/silica catalyst.

5.1.3 Reactions with Deuterium

The reactions with deuterium allowed for the calculation of the kinetic isotope effect,
which is informative when considering the mechanism, and provided information
about deuteration and exchange through 2H NMR analysis. The effect on ring
hydrogenation was particularly striking and there was a systematic shift in the cis/trans
ratio. These results reveal something of the nature of the rhodium catalyst and the sites
which are active for the hydrogenation of different functional groups when compared

with the results from hydrogenation using the *H isotope.

For phenylacetylene hydrogenation at both 50°C and 70°C, a normal Kinetic isotope
effect is observed. This suggests that a bond to a hydrogen atom is involved in the rate
determining step — most likely the second half-hydrogenation step, as proposed by
Twigg!. For 1-phenyl-1-propyne, there is no significant kinetic isotope effect at 50°C,
but there is a normal kinetic isotope effect at 70°C. This suggests that there is a change
in reaction pathway between 50°C and 70°C, but more work would be required before

a definitive conclusion could be made.

Reactions in deuterium had a considerable impact on the hydrogenation of the
aromatic ring. Ring hydrogenation in the phenylacetylene cascade dropped to below

detectable levels, as can be seen in Figures 150-151.
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Figure 150 — A comparison of the ethylcyclohexane mole fraction profiles during the

hydrogenation of phenylacetylene with hydrogen and deuterium at 50°C.
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Figure 151 — A comparison of the ethylcyclohexane mole fraction profiles during the

hydrogenation of phenylacetylene with hydrogen and deuterium at 70°C.
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Ring hydrogenation in the 1-phenyl-1-propyne cascade was less affected, but did show
a decrease at 70°C (Figures 152-153).
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Figure 152 — A comparison of the propylcyclohexane mole fraction profiles during the

hydrogenation of 1-phenyl-1-propyne with hydrogen and deuterium at 50°C.
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Figure 153 — A comparison of the propylcyclohexane mole fraction profiles during the

hydrogenation of 1-phenyl-1-propyne with hydrogen and deuterium at 70°C.

Another notable observation was that the rate of ethylcyclohexane production when
the reaction cascade starts at styrene was faster at 50°C than 70°C in deuterium, as is
shown in Figure 154. This is not expected when considering the Arrhenius equation,
which assumes the order in each reactant to remain constant, however it is possible
that varying the temperature is altering the order of the reactants, which is the probable

cause of these observations.
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Figure 154 — A comparison of the conversion of styrene to (ethylbenzene to)
ethylcyclohexane at 50°C and 70°C with 3 barg D..

The lack of production of detectable levels of ethylcyclohexane after the deuteration
of phenylacetylene suggests that the ring hydrogenation step involves subsurface
hydrogen, as surface hydrogen would not be so drastically affected by the isotopic
change as subsurface hydrogen, however the link between subsurface hydrogen and
ring hydrogenation is not necessarily direct. The availability of subsurface hydrogen
is clearly linked to the reaction of the alkyne, and that there are no such effects when
styrene is hydrogenated — significant amounts of ethylcyclohexane are detected —
presents the idea that the hydrogenation of phenylacetylene, which must occur at a
different site to the hydrogenation of styrene, as was suggested by Bond, Dowden and
Mackenzie??, is preventing hydrogen from entering the subsurface layer. If this is the
case, then it provides evidence that the terminal alkyne of phenylacetylene is
hydrogenating specifically on corner and edge sites, as these sites are known to be
crucial for the diffusion of hydrogen into the subsurface layer?’. The lack of subsurface
hydrogen may lead to increased competition on the face sites, as species formed from

the binding of alkyl and alkenyl chains to the surface do not desorb at a sufficient rate
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and block sites which could form rt-complex interactions with the aromatic ring. The
effect of deuterium on the cascade previous to reaching ethylcyclohexane is
particularly significant, as it is not only outweighing the inverse kinetic isotope effect
reported from an earlier study in this laboratory®, but also decreasing the
concentrations of ethylcyclohexane concentration to below detectable levels. The
results of these experiments are conducive towards the theory that terminal alkynes
hydrogenate on edge and corner sites, whereas alkenes and aromatic rings hydrogenate
on the faces.

The decreased production of propylcyclohexane when 1-phenyl-1-propyne is
deuterated can be ascribed to the normal kinetic isotope effect in the alkyne
hydrogenation step, possibly combined with increased competition resulting from the
alkene accessing a decreased reservoir of subsurface deuterium compared to what
would be available if faster-diffusing hydrogen was used. The difference in behaviour
with regards to alkylcyclohexane formation when compared with the phenylacetylene
cascade may be partly attributed to the more significant inverse kinetic isotope effect
associated with longer alkyl chains®. However this does not appear to cover the scale
of the difference and a further factor which could be influencing the rate of ring
deuteration is that the hydrogenation of the internal alkyne group does not take place
on corner and edge sites, as with the terminal alkyne, but rather on terraced faces,
meaning there is a less significant impact on the amount of deuterium which can access
the subsurface. This lends itself to the prospect that terminal and internal alkynes

undergo hydrogenation at different sites on a catalyst.

Mole fraction profiles, shown in Figures 155-160, were assessed to determine the
effect of deuterium on alkene selectivity. The shape of the profile remained constant

for each molecule, but was stretched along the axes with changing conditions.
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Figure 155 — A comparison of the styrene mole fraction profiles during the

hydrogenation of phenylacetylene with hydrogen and deuterium at 50°C.
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Figure 156 — A comparison of the styrene mole fraction profiles during the

hydrogenation of phenylacetylene with hydrogen and deuterium at 70°C.
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Figure 157 — A comparison of the cis-p-methylstyrene mole fraction profiles during the

hydrogenation of 1-phenyl-1-propyne with hydrogen and deuterium at 50°C.
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Figure 158 — A comparison of the cis-p-methylstyrene mole fraction profiles during the

hydrogenation of 1-phenyl-1-propyne with hydrogen and deuterium at 70°C.



156

15

—o—H2

—_
=

——D2

t-BMS Mole Fraction/ %

0 20 40 60 80 100 120 140 160 180
Time / min

Figure 159 — A comparison of the trans-p-methylstyrene mole fraction profiles during

the hydrogenation of 1-phenyl-1-propyne with hydrogen and deuterium at 50°C.
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Figure 160 — A comparison of the trans-p-methylstyrene mole fraction profiles during

the hydrogenation of 1-phenyl-1-propyne with hydrogen and deuterium at 70°C.
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The use of deuterium rather than hydrogen does not have a significant effect on the
maximum styrene yield, again showing that changing the conditions does not have a
notable impact on the relationship between phenylacetylene and styrene
hydrogenation rates. At 50°C, deuterium does not shift the time at which the maxima
of the cis- and trans-p-methylstyrene mole fraction profiles appear, but does decrease
the yield, suggesting that the rate of alkene hydrogenation is more strongly affected
than the rate of alkyne hydrogenation by the change in isotope at this temperature. At
70°C, however, the deuterated product gives a greater mole fraction maximum for both
cis- and trans-p-methylstyrene and these maxima appear at a later time. This could be
the result of B-methylstyrene isomerisation having a less significant kinetic isotope
effect than hydrogenation and the impact of this becomes more prominent at 70°C.

Profiles of the cis/trans ratio of -methylstyrene were also produced for the reactions
with deuterium (Figures 161-162) and can be compared to those produced for
reactions with hydrogen at the same temperature. The profiles were both the same
shape, but the profiles produced from the deuteration had a slightly greater cis/trans

ratio at each point.
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Figure 161 — cis/trans ratio of B-methylstyrene during the hydrogenation and deuteration

of 1-phenyl-1-propyne at 50°C.
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Figure 162 — cis/trans ratio of p-methylstyrene during the hydrogenation and deuteration

of 1-phenyl-1-propyne at 70°C.
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The cis/trans ratio is marginally increased by the use of deuterium rather than
hydrogen until all the B-methylstyrene has reacted. This suggests that the Kkinetic
isotope effect for 1-phenyl-1-propyne hydrogenation is more positive than the kinetic
isotope effect for isomerisation.

The 2H NMR signals were compared across samples to assess how signals change with
time and temperature; they are presented in Tables 41-43.

Table 41 — A comparison of the relative intensities, normalised relative to the smallest
peak, of each significant peak in the ?H NMR spectrum of a sample taken after 10, 40
and 180 minutes of phenylacetylene deuteration at 50°C and 70°C.

Temperature / °C
50 70
Shift, o /
ppm _ _
Time / min
10 40 180 10 40 180
7.6 1.1 1.0
6.2 1.8 1.8 1.0 2.7 3.3 1.3
(solvent)
3.5
(solvent) 1.0 1.4 2.0 1.0
2.0 1.0 1.8 2.2 1.0 3.5 1.5
(solvent)
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Most of the observable peaks are likely due to exchange with the solvent, although a
peak at 6 = 7.6 ppm can be seen at 40 minutes of both experiments. This peak is likely
the result of an alkene deuteron. The alkane deuterons may not be detectable due to
quadrupolar coupling broadening the peaks.

Table 42 — A comparison of the relative intensities, normalised relative to the smallest
peak, of each significant peak in the ?H NMR spectrum of a sample taken after 10, 40
and 180 minutes of styrene deuteration at 50°C and 70°C.

Temperature / °C
50 70
Shift, o /
ppm _ _
Time / min
10 40 180 10 40 180
> 2.6 5.6 9.9 1.5 4.0 4.7
(solvent)
3.0 1.0 1.9 1.0 1.0 2.7 1.5
(solvent)
2.1 1.0 2.9 1.0 1.0
1.6
2.4 4.6 4.9 2.6 5.7 3.0
(solvent)
1.3 1.3 4.4 1.1 1.4
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In the 2H NMR spectra resulting from the deuteration of styrene, peaks at & = 2.1 ppm
and 6 = 1.3 ppm are seen at 40 and 180 minutes and show deuterons at the CDH and
CDHq> groups, respectively, of the alkane.

Table 43 — A comparison of the relative intensities, normalised relative to the smallest
peak, of each significant peak in the ?H NMR spectrum of a sample taken after 10, 40
and 180 minutes of 1-phenyl-1-propyne deuteration at 50°C and 70°C. The first value for
the shift is that given for the spectra of samples taken at 50°C and the second value for
the shift is that given for the spectra of samples taken at 70°C.

Temperature / °C
50 70
Shift, 6 /
ppm _ _
Time / min
10 40 180 10 40 180
7.3/6.9 1.6 1.0 1.4
6.7/6.2 1.2 1.1
6.2/5.1 6.8 5.1 4.6 4.9 4.6 6.0
(solvent)
3.4/3.0 1.0 2.7 4.4 1.7 2.9 6.2
(solvent)
2.5/2.0 1.0 2.3 3.2 1.5 2.2 4.1
2116 | 12 11 14 1.0 1.0
(solvent)
1.8/1.3 1.0 1.0 1.0 1.0
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In the 2H NMR spectra resulting from the deuteration of 1-phenyl-1-propyne, peaks at
0 =7.3/6.9 ppm and 6 = 6.7/6.2 ppm show alkene deuterons. Peaks at 6 = 2.5/2.0 ppm
and 6 = 1.8/1.3 ppm show deuterons at the two CD> groups, respectively, of the alkane.

It is notable that no exchange with aromatic protons is observed in any of the
experiments. This suggests that there is an absence of © complex adsorption in these
experiments, which partly explains the observed decrease in aromatic reactivity with

deuterium in comparison to hydrogen.

The experiments with deuterium demonstrated kinetics which are consistent with a
palladium-like model involving terminal alkynes hydrogenating at corner and edge
sites and internal alkynes along with other unsaturated groups hydrogenating on
terraced faces. They also provided evidence of a shift in reaction pathway in the 1-
phenyl-1-propyne cascade between 60°C and 70°C. There appears to be little or no
exchange with the aromatic ring before hydrogenation takes place and its
hydrogenation is significantly affected by the change in hydrogen isotope, the

substituent and, in some cases, the temperature.

5.1.4 Competitive Reactions

Competitive hydrogenation was used to probe the kinetics of the studied reactions and

further test ideas about hydrogenation sites and different types of hydrogen.

The reactions involving toluene-ds showed that aromatic molecules with larger
substituents can completely prevent the chemical adsorption of aromatics with smaller
substituents. This was seen in the complete inhibition of both the hydrogenation and
exchange of toluene-ds, which remained at a constant concentration with a consistent
2H NMR spectrum throughout the hydrogenation of phenylacetylene and 1-phenyl-1-
propyne. There may be some physical adsorption of toluene-ds during the
hydrogenation of phenylacetylene, as the rate of phenylacetylene hydrogenation is
decreased by a small amount, however the increase in rate of 1-phenyl-1-propyne
hydrogenation when toluene-ds is present suggests that interactions between the

aromatic rings are interfering with the rates of reactions*. This can be rationalised as
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toluene donating electron density into the aromatic system of the adsorbed 1-phenyl-
1-propyne, contributing to the breaking of the © bond.
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Figure 163 — A graph showing phenylacetylene conversion with no competition, in
competition with styrene, in competition with ethylbenzene, and in competition with 1-

phenyl-1-propyne, all at 50°C.
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Figure 164 — A graph showing phenylacetylene conversion with no competition, in
competition with styrene, in competition with ethylbenzene, and in competition with 1-

phenyl-1-propyne, all at 70°C.
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Figure 165 — A graph showing ethylcyclohexane mole fraction from reactions of only

phenylacetylene, only ethylbenzene, phenylacetylene and styrene, phenylacetylene and
ethylbenzene, and phenylacetylene and 1-phenyl-1-propyne, all at 50°C. It should be
noted that 100% ethylcyclohexane mole fraction in the competitive reactions would

represent twice the number of moles of ethylcyclohexane as a 100% mole fraction in the

other reactions.
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Figure 166 — A graph showing ethylcyclohexane mole fraction from reactions of only
phenylacetylene, only ethylbenzene, phenylacetylene and styrene, phenylacetylene and
ethylbenzene, and phenylacetylene and 1-phenyl-1-propyne, all at 70°C. It should be
noted that 100% ethylcyclohexane mole fraction in the competitive reactions would
represent twice the number of moles of ethylcyclohexane as a 100% mole fraction in the

other reactions.

When phenylacetylene is competitively hydrogenated with styrene or ethylbenzene,
phenylacetylene conversion is minimally affected (Figures 163-164), but competitive
reactions brought ethylcyclohexane yields to much lower, and in some cases,
experimentally undetectable, levels (Figures 165-166). Starting the cascade from
phenylacetylene also significantly decreased the ethylcyclohexane yield after 180
minutes when compared to starting with ethylbenzene. This could be the result of an
increase in competition for active hydrogen species, caused by phenylacetylene
preventing hydrogen from diffusing into the subsurface layer, which is known to cause
a decrease in the rate of alkene hydrogenation. This effect then has implications for
the steps further down the cascade, thus decreasing the rate of ring hydrogenation. The

similarity in their effects on the reaction Kkinetics suggests that styrene and
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ethylbenzene are occupying the same active sites, most likely sites on the terraced
faces, as stated by Bond*2.
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Figure 167 — A graph showing propylcyclohexane mole fraction from reactions of only
1-phenyl-1-propyne, only propylbenzene, 1-phenyl-1-propyne and propylbenzene, and
1-phenyl-1-propyne and phenylacetylene, all at 50°C. It should be noted that 100%
propylcyclohexane mole fraction in the competitive reactions would represent twice the

number of moles of propylcyclohexane as a 100% mole fraction in the other reactions.
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Figure 168 — A graph showing propylcyclohexane mole fraction from reactions of only
1-phenyl-1-propyne, only propylbenzene, 1-phenyl-1-propyne and propylbenzene, and
1-phenyl-1-propyne and phenylacetylene, all at 70°C. It should be noted that 100%
propylcyclohexane mole fraction in the competitive reactions would represent twice the

number of moles of propylcyclohexane as a 100% mole fraction in the other reactions.

The competitive hydrogenation of propylbenzene and 1-phenyl-1-propyne does not
significantly affect the initial rate of hydrogenation of 1-phenyl-1-propyne (Figures
169-170), but does show a large decrease in propylcyclohexane production over the
180 minutes, when compared with the hydrogenation of either propylbenzene or 1-
phenyl-1-propyne alone (Figures 167-168). This is likely due a combination of the
competition for sites for propylbenzene hydrogenation, as there are double the number
of molecules in the cascade when compared to conditions in the non-competitive
reactions, and the slow reaction of the molecules earlier in the cascade due to their
competition for active sites with propylbenzene. The results fit the hypothesis that
internal alkynes hydrogenate on face sites, as there appears to be direct competition

between 1-phenyl-1-propyne, cis- and trans-p-methylstyrene and propylbenzene.
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The presence of 1-phenyl-1-propyne does not have a noteworthy impact on the
hydrogenation of phenylacetylene, as is shown in Figures 163-164, but its
hydrogenation is largely prevented until after the phenylacetylene has almost
completely reacted, as can be seen in Figures 171-172. This does not necessitate direct
competition between the two molecules however, as styrene is quickly produced from
the hydrogenation of phenylacetylene. The maximum in styrene concentration occurs
fractionally before substantial 1-phenyl-1-propyne hydrogenation is observed, so it is
likely that it is the styrene which is outcompeting 1-phenyl-1-propyne for face sites.
The availability of subsurface hydrogen appears to be decreased by the hydrogenation
of the terminal alkene on the edge and corner sites, possibly providing a source of
indirect competition, which, in tandem with the direct competition of the styrene,
produces clearly observable results.
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Figure 169 - A graph showing 1-phenyl-1-propyne conversion with no competition, in

competition with propylbenzene, and in competition with phenylacetylene, all at 50°C.
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Figure 170 - A graph showing 1-phenyl-1-propyne conversion with no competition, in

competition with propylbenzene, and in competition with phenylacetylene, all at 70°C.

The surpression of 1-phenyl-1-propyne hydrogenation can be seen to correlate with
the presence of styrene. Once the styrene has reacted, the rate of 1-phenyl-1-propyne

hydrogenation increases dramatically. This is demonstrated in Figures 171-172.
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Figure 171 — A mole fraction profile for the competitive hydrogenation of
phenylacetylene and 1-phenyl-1-propyne at 50°C.
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Figure 172 — A mole fraction profile for the competitive hydrogenation of
phenylacetylene and 1-phenyl-1-propyne at 70°C.
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Alkene mole fraction under different competitive conditions was considered in Figures
173-178.
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Figure 173 — A comparison of the styrene mole fraction profiles during the
hydrogenation of phenylacetylene alone and of phenylacetylene in competition with

styrene, ethylbenzene, and 1-phenyl-1-propyne at 50°C.
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Figure 174 — A comparison of the styrene mole fraction profiles during the
hydrogenation of phenylacetylene alone and of phenylacetylene in competition with

styrene, ethylbenzene, and 1-phenyl-1-propyne at 70°C.
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Figure 175 — A comparison of the cis-p-methylstyrene mole fraction profiles during the
hydrogenation of 1-phenyl-1-propyne alone and of 1-phenyl-1-propyne in competition
with propylbenzene, and phenylacetylene at 50°C.
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Figure 176 — A comparison of the cis-p-methylstyrene mole fraction profiles during the
hydrogenation of 1-phenyl-1-propyne alone and of 1-phenyl-1-propyne in competition
with propylbenzene, and phenylacetylene at 70°C.

15
PP

X
g PP+PB
g
o= 10
§ PP+ PA
1
3
=
=
E 5
=)
-

0 —)—4—4

0 20 40 60 80 100 120 140 160 180
Time / min

Figure 177 — A comparison of the trans-p-methylstyrene mole fraction profiles during
the hydrogenation of 1-phenyl-1-propyne alone and of 1-phenyl-1-propyne in
competition with propylbenzene, and phenylacetylene at 50°C.
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Figure 178 — A comparison of the trans-p-methylstyrene mole fraction profiles during
the hydrogenation of 1-phenyl-1-propyne alone and of 1-phenyl-1-propyne in

competition with propylbenzene, and phenylacetylene at 70°C.

Competition was found to allow for an improved styrene yield (Figures 173-174), with
the rate of phenylacetylene hydrogenation being hindered to a greater extent than
styrene hydrogenation. This provides more evidence that the phenylacetylene triple
bond is being hydrogenated at a different site to the other unsaturated functional
groups, as it suggests that phenylacetylene faces a lack of direct competition and, thus,
its hydrogenation is less hindered than that of styrene, which would appear to be
directly competing with other species. These findings are in conjunction with a similar
study carried out in this laboratory®®, as well as the previous results in this study, in
revealing kinetics which lead one to conclude that the position of the alkyne functional

group influences that site at which it is hydrogenated.

It was difficult to draw conclusions from the reaction involving styrene as a
competitive species, but the hydrogenation of phenylacetylene was slowed by its
presence. It was found that competition with 1-phenyl-1-propyne enhanced the styrene

yield more than competition with ethylbenzene, although both provided an
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enhancement to styrene production when compared with the hydrogenation of just
phenylacetylene. This may be the result of 1-phenyl-1-propyne and p-methylstyrene
providing competition for subsurface hydrogen as well as sites, whereas ethylbenzene
only competes for sites, as its hydrogenation requires surface hydrogen, a notion
concluded from the poisoning effects of carbon laydown*’. Another factor could be
the longer chain length of the substituents in the 1-phenyl-1-propyne hydrogenation
cascade causing them to bind more favourably than styrene®°.

Selectivity to cis-p-methylstyrene (Figures 175-176) appears to be temperature
dependent. Improved selectivity towards the trans isomer under competition at both
50°C and 70°C (Figures 177-178) shows that there is competition for subsurface
hydrogen, reducing the rate of hydrogenation and meaning that isomerisation is
enhanced, as this requires surface hydrogen. These results seem to confirm the
findings of Anderson et al.®®, but the most interesting information arises when

analysing the cis/trans ratio.

The cis/trans ratio of the p-methylstyrene isomers under competitive conditions was
calculated and is displayed in Figures 179-180. Competition with propylbenzene
decreased the cis/trans ratio by a small amount at each data point, but competition

with phenylacetylene changed the overall shape of the profile significantly.
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Figure 179 — cis/trans ratio of p-methylstyrene during the hydrogenation of 1-phenyl-1-
propyne without competition, in competition with propylbenzene and in competition

with phenylacetylene, at 50°C.
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Figure 180 — cis/trans ratio of p-methylstyrene during the hydrogenation of 1-phenyl-1-
propyne without competition, in competition with propylbenzene and in competition

with phenylacetylene, at 70°C.
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Competition with propylbenzene marginally decreases the cis/trans ratio of B-
methylstyrene throughout the reaction, suggesting that the rate of isomerisation is
increased relative to the rates of hydrogenation of the alkyne, the alkene or both.
Competition with phenylacetylene decreases the rate at which the cis/trans ratio of -
methylstyrene decreases, suggesting phenylacetylene is inhibiting isomerisation,
however all other results have suggested that phenylacetylene hydrogenation occurs
at corner and edge sites, whereas studied reported in the literature have shown that
internal alkenes undergo reactions on terraced faces®® °6. A possible explanation for
this is that it is the styrene which is preventing isomerisation, as styrene appears to
react at the same sites as f-methylstyrene, however this seems unlikely, as the extra
methyl group would mean that f-methylstyrene would interact with the surface more

strongly than styrene®®, and thus would be expected to outcompete styrene.

Competitive reactions have shown that there is direct competition for active sites on
the face of the catalyst from most of the molecules. This competition is dominated by
molecules with longer chains and the clear exception is that phenylacetylene appears
to be hydrogenated on the corner and edge sites. These conclusions have been drawn
from the kinetics caused by interactions between the relevant molecules and the
different species of hydrogen. Subsurface hydrogen appears to be playing a significant
role in alkene and internal alkyne hydrogenation, with surface hydrogen being

influential in ring hydrogenation and alkene isomerisation.

5.2 TGA

Thermogravimetric analysis was used to assess the carbon laydown on the post-
reaction catalysts. There are generally three peaks observed on the ion current
temperature profiles show that there are three different types of carbon on the post-
reaction catalysts, as is shown in Table 44. The carbon which is oxidised at
temperatures less than 200°C is likely due to organic molecules from the reaction
which are trapped in the pores of the catalyst. The boiling points of the relevant
molecules are between 125°C and 185°C, meaning these molecules are likely boiling,

diffusing out of the pores and then being oxidised in the first observed peak. The other
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two peaks show amorphous hydrocarbonaceous deposits of two varieties have been

laid down on the catalyst surface during the reaction. There are, however, no graphitic

species observed, which would be shown by peaks at higher temperatures.

Table 44 — A comparison of the relative ion current peaks, normalised relative to the

smallest peak in the spectrum, caused by carbon dioxide release from post-reaction

catalysts.
Molecule TempSrature /| Hydrogen Peak 1 Peak 2 Peak 3
C Isotope
PA 50 H 1.0 2.2 1.4
PA 70 H 1.2 1.0 1.8
PA 50 2H 1.0 3.7 1.3
PA 70 2H 1.0 1.5 1.8
STY 50 H 10.5 1.0
STY 70 H 1.3 1.0 1.5
STY 50 ’H 1.2 1.4 1.0
STY 70 ’H 1.0 1.2 1.9
PP 50 H 1.0 1.9 1.9
PP 70 H 1.5 1.0 1.2
PP 50 2H 1.1 2.1 1.0
PP 70 2H 1.0 1.6 1.8
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6 Conclusions

The activation energies of the studied molecules inversely correlated the size of the
substituent with the activation energy of hydrogenation, although the rate of
hydrogenation was faster for molecules with smaller substituents. These are both
likely to be linked to the greater strength of adsorption associated with larger

substituents®.

Aromatic molecules with larger substituents are capable of completely inhibiting the
chemical adsorption of aromatic molecules with smaller substituents onto the
rhodium/silica catalyst under the conditions used. Competitive conditions can utilise
this to improve selectivity, for example the presence of propylbenzene appeared to
have the effect of inhibiting the hydrogenation of ethylbenzene once it had been
produced from the phenylacetylene hydrogenation cascade.

Competition can also be used to improve the styrene yield. The initial rate of
phenylacetylene hydrogenation did not change significantly under competitive
conditions, however the rate of styrene hydrogenation was slowed by direct
competition for active sites, meaning that a build-up of styrene was observed which

was greater than the yield achieved when hydrogenating phenylacetylene alone.

The terminal alkyne group of phenylacetylene appeared to react at a different site to
the other unsaturated groups, as its reactivity was largely unaffected by the presence
of other molecules. Its hydrogenation affected the reaction of other molecules,
suggesting that it was removing hydrogen from the system which would otherwise
have diffused into the subsurface region. The combination of these findings leads to
the conclusions that the terminal alkyne group was hydrogenating at edge and corner
sites, aligning the results with those from other studies®® ¢, and that rhodium’s
catalytic behaviour is similar to that of palladium in the sense that its capacity for
hydrogen absorption into the subsurface region, as was discovered by Gorodetskii et

al.®, allows for enhanced alkyne and alkene hydrogenation on the terraced faces.
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7 Further Work

Whilst the results of the experiments presented in this thesis have generally fit a
palladium-like model, there are some questions which remain unanswered. In order to
fully understand the reactions of molecules with multiple unsaturated functionality

over rhodium/silica, further research is required.

The cis/trans ratio profiles of B-methylstyrene around 60°C cannot be completely
explained by the results of this study. The reaction pathway at different temperatures
could be examined to assess whether a change in pathway causes the change in the
trend of cis/trans ratio profiles. The effect of competition with phenylacetylene on the
cis/trans ratio profiles could also be further examined, as the shape of these profiles

differs from those under the other conditions employed during this study.

More research into the changes which the catalyst undergoes during the reaction could
be carried out. The analysis of carbon laydown is an area which required particular
attention and could reveal more about the effects of molecules on the cascades in
which they are involved. Further to this point, catalyst deactivation could be measured
by adding a fresh solution of substrate after 180 minutes. These experiments could
also be used to further probe which active sites are deactivated by hydrogenating a

different molecule to the one initially used over a post-reaction catalyst.

The interaction of aromatic systems could be further investigated spectroscopically to

assess the effects, or lack thereof, of ‘m-stacking’ or other similar processes.
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