Aston University

Some pages of this thesis may have been removed for copyright restrictions.

If you have discovered material in Aston Research Explorer which is unlawful e.g. breaches
copyright, (either yours or that of a third party) or any other law, including but not limited to
those relating to patent, trademark, confidentiality, data protection, obscenity, defamation,
libel, then please read our Takedown policy and contact the service immediately
(openaccess@aston.ac.uk)



http://www.aston.ac.uk/library/additional-information-for/aston-authors/aston-research-explorer/takedown-policy/

Nanoengineering Heterogeneous
Catalysts for the Selective Hydrogenation
of Key Agrochemical and Industrial
Derivatives

Scott Board

Master of Philosophy

Aston University
European Bioenergy Research Institute

June 2016

©Scott Board, 2016

Scott Board asserts his moral right to be identified as the author of this thesis

This copy of the thesis has been supplied on condition that anyone who consults it is understood to recognise
that its copyright rests with its author and that no quotation from the thesis and no information derived from
it may be published without appropriate permission of acknowledgement.



Aston University

Nanoengineering Heterogeneous Catalysts for the Selective
Hydrogenation of Key Agrochemical and Industrial Derivatives

Scott Board
Master of Philosophy
2016

Selective hydrogenation through tailored catalysts for both agrochemical and commercial
chemical precursors opens the potential for low energy and low waste production within
both industries. For the purposes of this work, catalyst series with varying loadings of
palladium nanoparticles were prepared upon both amorphous silica, and the structured
mesoporous SBA-15. Full and extensive characterisations of both series were performed,
and comparisons between the two made.

For work focusing on agrochemical derivatives, research was done using the simplified
reference chemical crotononitrile. A wide range of systematic screenings were performed
to identify the effect of a variety of variables upon the activity and selectivity of the
reaction These included the effect of metal loading, catalyst mass, temperature, hydrogen
pressure, and perturbation. Results indicated a poor selectivity towards nitrile
hydrogenation within mild conditions, with more notable results within higher pressures.

Key findings within the crotononitrile work highlighted a retardation effect within higher
pressures. Extensive work including beam-time at the Diamond Light Source synchrotron
allowed for the successful identification of palladium-hydride in-situ. As a result, a
positive correlation was formed between hydride formation and the retardation of the
nitrile selectivity due to its effect upon the active sites of the catalyst.

For the work looking at the commercial aspect of selective hydrogenation, the conversion
of cinnamaldehyde to cinnamyl alcohol was reviewed. Utilising the same catalyst series
identified in previous research, a similar screening of reaction conditions and their effects
upon the activity and selectivity were performed. With key comparisons to previous work
within the group utilising platinum-based catalysts, it was concluded that palladium
exhibited a much higher activity but at the cost of lowered selectivity towards aldehyde
hydrogenation. Additionally, with previous work espousing the effect of alignment within
cinnamaldehyde hydrogenation, it was noted that palladium was much less beholden to the
effects of support polarity due to silanol species. Parallel work on sterically inhibiting
moieties within benzaldehyde test reagents also highlighted a strong effect on catalytic
activity due to poor metal-reagent surface alignment.
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Chapter 1

Introduction



1.2 Introduction

1.2.1 Green Chemistry and Heterogeneous Catalysis

With an ever-increasing awareness for the impacts we make upon the earth from
industrial processes, it has become more and more important to discover greener processes
for the synthesis of industrial-scale fine chemicals. The first comprehensive set of
guidelines for effective economically and environmentally friendly chemical processes was
originally proposed by Dr Paul Anastas, and have become known as the ‘12 Principles of
Green Chemistry’.! These principles, which are outlined within Figure 1.1 and detailed in
Table 1.1, lay a framework for modern chemists and detail the conditions a reaction should
fulfil in order to be designated as environmentally friendly or, colloquially, ‘green’. In an
effort to achieve the goal of environmentally benign and economically fortuitous
processes, the use of heterogeneous catalysis has been incorporated to fulfil many of these
principles.

waste prevention

catalysis . . “-.renewable feedstock

atom efficiency, . online analysis

OXIDANT FEEDSTOCK
‘\“"w, i

\ o, ENGINEERING o™-
\ TURRINCIPLE®™ .

less hazardous \ N -~
chemical synthesis; \ 5

‘design for degradation

‘design of safer

derivative reduction
bt 0-_ *  chemicals

. ACTIVATION -
energy efficiency MECHANISM .+ safer solvents
and auxiliaries

inherently safer chemistry
for accident prevention

Figure 1.1 — Visualisation of the 12 principles of green chemistry and how they apply
to modern catalyst synthesis (Modified source material).?

The word ‘Catalysis’, derived from the Greek for “dissolution” or “breaking
down”, was first utilised by the Swedish chemist J6ns Jacob Berzelius in a report written in
1835.3 Within, he describes substances which increase the rate of a reaction whilst
remaining unaltered by the process. The official definition of a catalyst, as noted by the
Oxford English Dictionary is as follows. “A substance which when present in small
amounts increases the rate of a chemical reaction or process but which is chemically

unchanged by the reaction; a catalytic agent.”.*



1 | Prevention — It is better to prevent waste than to treat or clean it up upon creation.

Atom Economy — Methods should be designed to maximise the incorporation of all

° materials used in the process into the final product

Less Hazardous — Where practical, design methods to use and generate substances
3 with little or no toxicity to human health and the environment

Safer Chemicals — Chemical products should be designed to affect their desired
‘ function whilst minimising their toxicity

Safer Solvents/Auxiliaries — Auxiliary substances should be made unnecessary
° wherever possible and innocuous when used

Energy Efficiency — Energy requirements of processes should be minimised, and if
° possible methods should be conducted at ambient temperature & pressure

Renewable Feedstock — A raw material should be renewable wherever technically
! and economically practical
o Derivatives — Protective steps (protecting/blocking groups, etc.) should be

minimised or avoided if possible as such steps require additional reagents

9 | Catalysis — Catalytic reagents are superior to stoichiometric reagents

10 Degradation — Chemical products should be designed to break down into innocuous
products at the end of their function

1 Real-time Analysis — Reactions should be engineered to allow for real-time
monitoring and control prior to the formation of hazardous substances

1 Accident Prevention — Substances used should be chosen to minimise the potential
for chemical accidents such as releases, explosions and fires

Table 1.1 — A modified outline of the ‘12 principles’ of green chemistry.*

To elucidate, at the core of any reaction its rate is determined by the activation
energy (the energy required for the reaction to occur) of the slowest stage, the ‘rate
determining step’. A catalyst is a material which, upon addition into a reaction, provides an
‘alternate pathway’ for the reaction, in which the overall activation energy is lower and
thus more energetically favourable. As such, an increased number of molecules can
achieve the required energy level, which will subsequently increase the reaction rate of the
process in question. Importantly, the substance used to achieve this must end the reaction
in the same state as it began to be considered a catalyst.




Catalysts can also help increase the selectivity of a reaction, by providing the energetic
equivalent of a path of least resistance towards a specific product. This concept is

illustrated in Figure 1.2.°

N

Transition State

Un-catalysed S
Pathway

Energy

Reagents

Products
A&B

Intermediate

N
Ll

Reaction progress

Figure 1.2 — lllustration of the effect a catalyst has upon both reaction rate and
selectivity. (Bold lines for product A, dotted for B). The lowered activation energy of ‘A’

in the catalysed pathway compared to that of ‘B’ increases the products selectivity.®

Ea (Catalyst)
Ea (No Catalyst)

Number of molecules

Energy

Figure 1.3 —Maxwell- Boltzmann Distribution, indicating the effect of a catalyst



The diagram shown above (Figure 1.3) is known as a Maxwell-Boltzmann
Distribution, and is used in this instance to describe the interaction of a catalyst within a
reaction.®’ The figure displays the ‘area’ of particles with the sufficient activation energy.
By adding a catalyst and reducing this value, more molecules achieve or exceed this value

and thus the reaction rate increases.

1.1.2 Catalyst design and supports

The field of catalysis can be categorised into two fields, homogeneous and
heterogeneous catalysis. Homogenous catalysts reside in the same phase as the mixture it is
reacting with, predominantly the liquid phase. Enzymes, or biocatalysts, fall into this group
but are sometimes considered a separate class. The advantages and disadvantages of
heterogeneous or homogeneous catalysts has been a source of debate for as long as the
techniques have been available. The key factor in most cases is that whilst homogeneous
catalysts display far greater activity and tunability for certain reactions, their very nature
causes catalyst recovery to become incredibly difficult. This, in turn, means that in many
cases fresh catalysts must be produced for each reaction batch, significantly hindering

commercial viability as well as causing environmental concerns.®

Heterogeneous catalysts react with mixtures in another phase to their own. Because
of this, there is ease in separation from the reaction mixture via various forms of filtering.
Their main drawback, however, is that their active sites are less well understood, with a
large number of variable factors which can easily alter the efficiency of the catalyst if
allowed to change. Heterogeneous catalysts also suffer from the effects of poisoning or
inhibiting substances (irreversible and reversible, respectively). Catalyst poisoning can be a
major issue for industrial scale processes, and is one of the issues that will be addressed

later in this work

For heterogeneous catalysts the ability to support the catalytic active sites, in this
case metal nanoparticles, provides a distinct advantage over its homogeneous counterparts,
as the support can be filtered and removed from each experiment or batch, allowing for a
much more economically and ecologically viable option. In addition, the use of
heterogeneous catalysts means that specific active sites such as metal oxides can be

generated within the reaction (in-situ) allowing for much greater control.



Typically, the more common catalytic supports are based either on their inert
nature, or in their ability to supplement or assist the actions of the catalytic sites.’
Carbonaceous materials, such as pure activated carbon or the more advanced forms of
carbon nanotubes and carbon fibre are commonly utilised in modern catalysts.® This is
often due to their high porosity and surface area, and the ease at which the surface

properties can be altered by processes such as doping.!

The most commonly utilised supports for heterogeneous catalysts are those that fall
under the category of metal oxides. With high chemical and thermal stability, coupled with
significantly high surface areas, these are ideal for a wide variety of different catalysts and
processes. Many of them can be further modified or functionalised to provide more
attractive surfaces for metal nanoparticles, to assist in the chemical process, or even
function as catalysts themselves. The most common metal oxides employed as supports are
titania, ceria, alumina and most relevant for this thesis, silica.!>!?® For the efforts of this
project, silica was chosen as a basic support for the catalysts due to its ability to be easily
manipulated and impregnated with metal nanoparticles along with its inert nature, and also

for its abundance and low cost.

In addition, polymers and biopolymers have been cited as having significant
advantages for supporting metal nanoparticles due to their stable nature and ready
availability. These include more recent advancements for polymers such as
polyorganophosphazenes (POP) and fibres.!* With a strong push towards even more
‘green’ processes, the use of biopolymers has recently become a topic of interest, with

some work on creating mesoporous starch polymer already underway.'®

In an effort to further increase the capabilities of catalytic supports, effort has been
taken to investigate the effects of material manipulation and the modification of surface
area and porosity for the purposes of increased metal dispersion and thus activity,6:1718:19
Within the realm of porosity there are three major categories, divided in respect to the size
of the generated pores diameter. The largest is macroporosity (> 50 nm) followed by
mesoporosity (2-50 nm) and finally microporosity (< 2 nm). Microporosity poses an issue
as although it increases surface area the pores are typically too small for any substrate

diffusion. Conversely, macropores sheer size will reduce overall surface area.?°

In essence, we are left with mesoporosity as the ideal, with pore diameters in a
range that allows for the vast majority of substrates to diffuse through without hindrance,
whilst also significantly increasing the surface area of the support. It is noted however that



very recent work on the combination of both mesoporosity and macroporosity, in what is

being referred to as hierarchical pore network, can yield extremely interesting results.?! 22

Initial work on structured porous silica was performed and patented as far back as
1964 by Degussa.?® However, it would be several more decades before interest in this
process was taken, and acknowledged as a potentially ground-breaking process.?* With the
principles laid out in this work, in 1998 Zhao et al., produced a material which is now
referred to as Santa Barbara Type 15 (SBA-15). SBA-15 is a highly structured mesoporous
silica designed to maximise silica surface area with well-ordered and highly structured
‘2D’ mesopores channels of a range of 4-30 nm.?> As shown in Figure 1.4, Pluronic P-123
is a triblock polymer with two hydrophilic *heads’ on either end of a hydrophobic body.
Based upon more recent work within this field using x-ray scattering, we know that upon
addition to water in large quantities they will form self-assembled micelle ‘coins’ due to its
thermodynamic stability.?® These micelles coins will then align together into flexible rods
to increase their stability, which are coated and subsequently strengthened by the addition
of silica from the TEOS onto their surface. These straightened rods inevitably crash out of
solution, and as they settle will orient themselves into hexagonal configurations. Upon
extraction, the solid is calcined, thereby burning out the micelle template within each
hexagonally aligned tube, resulting in a well-defined porous structure (More detail in

Chapter 2). This process is now widely used and modified.2527:28
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Figure 1.4 — lllustration highlighting process of formation for SBA-15 mesoporous silica

One of the most attractive properties of mesoporous silica, and SBA-15 in
particular, is the ability to tailor the synthesis process in such a way as to modify the

porosity characteristics of the resultant product.?®3 Specifically, by altering the



temperature at varying stages of the synthesis, you can easily affect the morphology. For
instance, as you move from 35-100 °C you see an increase in pore diameter and a decrease

in wall thickness.3!

The main drawback of SBA-15 is that, compared to generic amorphous silica, the
formation of the support is time consuming with multiple steps. Namely, the aging of the
support takes over 24 hours, and calcination to remove the micelle from the new structure
must be done slowly so as to avoid localised overheating, causing damage to the
structure.3? Other processes such as solvent or supercritical fluid extraction have been
looked into, but often encounter issues with full removal.**** The length of this process can
be detrimental on an industrial scale, but may prove to be a negligible issue when

compared to the increased yield generated from using such a tailored support.

In regards to the differences between standard amorphous silica and mesoporous
SBA-15, a potentially key difference can be found. In regards to the surface of these
supports, we must consider the presence of silanol groups. These are a moiety designated
as Si-O-H, and are present in varying amounts upon silica surfaces. The key factor is that
these groups, present as isolated, geminal, and vicinal, are quite polar, and thus induce
hydrophilicity upon the catalyst. It is known that SBA-15 contains far greater amounts of
these silanol groups, and it has been reported that the repulsive nature of these can have a
profound effect upon the alignment of reagents upon the metallic active site.®3% 3" As a
result, this factor must be something that is investigated, specifically in the case of

aldehyde hydrogenations.

1.1.3 Selective Hydrogenations

In reference to the 12 principles as highlighted earlier, modern industrial processes
are attempting to move away from traditional means of hydrogenation. Namely, these
involve the use of strong reducing agents such as formic acid (HCOOH),*® hydrazine
(H2NNH),% lithium aluminium hydride (LiAIH4),*° and sodium borohydride (NaBHa).**
Whilst these agents are excellent donators of hydrogen, there are several key drawbacks.
Firstly, these compounds must be used in often stoichiometric amounts in order to
effectively hydrogenate the target reagent, which is in itself a costly issue. To compound
this, the agents used are typically highly toxic and therefore pose a great risk to the user
and the environment, with issues arising for disposal. Finally, these compounds are often
enantioselective for these processes, and therefore selective tuning of a reaction can prove
difficult or outright impossible whilst using reducing agents.



In order to mitigate or outright eliminate these issues, the use of gaseous hydrogen
(H2) has been proposed as an effective source of hydrogen atoms for these reactions. When
utilising catalysts, specific metallic nanoparticles can be used to dissociate hydrogen across
the surface to react with the chosen compounds. Hydrogen gas is typically produced
through the process of steam reforming, by which steam (water vapour) and methane react
to form carbon monoxide and hydrogen gas.*? Typically this process is performed using
natural gas.*®* A more renewable source of hydrogen can come from production using
biomass.***® Finally, other more environmentally friendly sources of hydrogen, such as

water-splitting through solar energy, are currently being investigated for optimisation.*®

1.1.3.1 Nitrile hydrogenations

With an exponentially rising population, with a net gain of roughly 600 million
people between 2003 and 2011, there is a growing concern for the production of food to
cope with the increasing demand. It has been suggested by The World Bank that by 2030,
the worldwide production of cereal will have to increase by approximately 50 % to meet
the growing demand.*” Primary amines (compounds containing an NH, moiety) are
notably used as intermediates for the synthesis of a wide variety of fine chemicals used in
the agrochemical industry.*® Therefore, a way of producing these cheaply, cleanly, and
from renewable resources, could help with the production and protection of crops to meet

the increasing demand.

Traditionally, the synthesis of primary amines involved the use of stoichiometric,
toxic chemicals, through a multitude of steps and intermediates.*** This is a highly
unfavourable process, resulting in a large amount of by-products. E-factor is the amount of
waste formed per kg of product, and is often used to give a broad overlook of the
selectivity of a process, and to denote how ‘green’ it is. Typical bulk chemical processes
have an E-factor in the region of 1-5, with some (like the petrochemical industry) having
processes in the region of 0.1. Typical pharmaceutical/fine reactions such as the synthesis
of primary amines can have an E-factor anywhere from 5-100, due to increased complexity
(Table 1.2).5* Therefore, it is clear from both a green and economic standpoint that better

processes for the synthesis of amines must be found.



Industry Sector Product Tonnage | E-factor (kg waste/kg product)
Bulk Chemicals 10%-10° <1-5
Fine Chemicals 10%-10* 5-50
Pharmaceuticals 10-10° 25-100

Table 1.2 — Comparison of the E-factor from various industries.*

Modern processes utilise catalysts in varying ways in an attempt to make the
process cleaner and more efficient. However, a large number of currently employed
catalytic processes require unfavourable reaction conditions, coupled with a low level of
selectivity for the desired product. Promising steps have been made in attempts to create a
single step “one-pot” reaction for industrial application, including work by Yinyan Huang
and colleagues.>? By using a heterogeneous catalyst and the process of hydrogenation, they
were able to demonstrate a much more simplistic reaction. With a temperature of 110 °C,
and a pressure of 24 bars, it is a significant advancement on historically stoichiometric

conditions, and highlights that the process can be made much more efficient.

Hydrogenation, a reaction first made commercially viable by Paul Sabatier, is a
process by which molecular hydrogen chemically reacts with another chemical. Typically,
and for the purposes of this study, this involves the use of a catalyst, with the alternative
requiring a highly pressurised and/or heated system. Hydrogenation is predominantly used

in the reduction/saturation of double and triple bonds in organic chemicals.

In the modern industrial age, the process of hydrogenation is widely used in the
fine chemicals industry, as well as in pharmaceuticals for a number of processes.>3%4°5:5657
For the purposes of this work, particular interest has been paid towards what is known as
‘Selective hydrogenation’.>® As the name suggests, it is a process by which only specific

unsaturated bonds are hydrogenated in a reaction, whilst leaving others free of alteration.

This is important in industry as it allows for the formation of much more complex
molecules without the need for strenuous reaction conditions or wasteful protective groups.
There are a number of reported methods for isolating specific bonds in a compound for
hydrogenation, including various steric and electronic effects. Catalysts can achieve this in
a number of ways. By “forcing’ molecules into specific configurations due to the nature of
their active sites, you can essentially keep particular bonds out of reach of the active site.



Similarly, certain elements will have a higher propensity towards adsorbing or bonding

depending on their electronic configurations.

In the work to follow in subsequent chapters, insight into the selective
hydrogenation of nitrile-species has been conducted. Specifically, research has been
carried out on the hydrogenation of benzyl cyanide into 2-phenylethylamine (PEA) with
the use of supported palladium catalysts. The aim of this research is to garner a better
understanding of the active site and reaction conditions, to facilitate the design of a more
efficient and green catalyst for the process of amine formation. To begin, a simpler nitrile-
species known as crotononitrile was studied, in the hopes of discovering the conditions
required to yield the most industrially desirable and ecologically friendly results. The
proposed mechanism for this is shown in Figure 1.5. °° 80 61 62 The following work outlines
the literature behind the process of nitrile hydrogenation, and the findings of research into
this field.

Crotononitrile RT
otona N H & Pd Bumonlmlil Hy & pd Butylmine NH
A & —h- /\/ _— /\/.-}
Slow
Cis Trans 6040
H. & Pd| Fast

Tributylamine /_/_ Ho i Bd K kp d
Fast -NH; i ; Butylamine
/_/7 \_\_ Butyluine pH /_/7 \—\ Butylimune N|| N\NH
Dibutylamine

Figure 1.5 — Proposed mechanism for the conversion of crotononitrile into butylamine,
and the potential formation of by-products (secondary/tertiary amine formation, butane &

ammonia) [Modified from literature].5

One of the drawbacks of nitrile hydrogenation is the propensity towards catalytic
deactivation by the formation of unwanted by-products with a high affinity towards the
active surface of the catalyst.®® Furthermore, it is difficult to direct the reaction in such a
way as to selectively produce the primary amine alone, instead producing large amounts of
the secondary or tertiary forms. One recent study at Zhejiang University indicated full
conversion, and selectivity in the range of 99 %. However, this was for the tertiary-amine

rather than primary.®* The propensity towards the formation of the ‘trimer’ rather than the
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monomer presents a challenging issue that must to be addressed. In another study, from
which Scheme 1 was based, it is stated that the secondary and tertiary amines are formed
from subsequent reaction of the primary amine with the imine intermediate. They note that
adding acid into the reaction results in the formation of a salt with the primary amine. This

prevents any further conversion, increasing the selectivity significantly.5?

The proposed reaction mechanism for the production of the secondary and tertiary
amines is shown in Figure 1.6. Work done in this field has suggested that the addition of
large amounts of amine may inhibit the formation of the ‘higher amines’ due to Le
Chatelier's principle.®® ® This principle denotes the effect of condition changes upon a
chemical equilibrium. In this case the increased volume of amine, a product of this
reaction, would cause the equilibrium to shift to the ‘left’ towards the substrate. In this
manner we could arguably slow the formation of secondary/tertiary amines from the
primary. However this is clearly a less than optimal solution, resulting in large amounts of
waste which would not be applicable for a green industrial reaction. Ammonia addition,
unless countered by altering other parameters, will also reduce the overall rate of reaction

due to catalytic poisoning, as is mentioned in later segments of this work.®

Butylimine Butylanune
MNH

/\// H, PdiC
—_— =
NH

| | /J N\T_ﬁb{tfme

/‘\/L\/\\/\\

1-Ammedibuty lamine M N N PN N

Dibutyl, 1-butylenamine

MNM

Butylidene-butylanune

_../\)\/\\//\\

1-Aminotributylamine

Dibutylamine

Figure 1.6 — Proposed mechanism detailing the formation of the unwanted secondary

and tertiary amines and the intermediates involved in crotononitrile hydrogenation.s
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In regards to product selectivity, interactions with unsaturated nitriles have been
pursued in some papers. It was noted that in reactions containing unsaturated nitriles, the
further an alkene bond was situated from the nitrile in the tested substrates, the higher the

selectivity towards the unsaturated amine.®’

As a result of this prior research, there are clear areas of research that require
attention to produce the best possible catalyst for this reaction. One such step is
determining the exact cause of the catalytic deactivation, and how to prevent or reverse it.
Secondly, the interaction of the substrate with the catalyst in relation to selectivity of the
primary amine must be reviewed, to reduce the production of the unwanted secondary and

tertiary amines in a way which does not require undesirable reagents.

Following along from the research done by my predecessor, the following chapters
look into the performance of a commercial palladium-carbon (Pd/C) catalyst with the
reaction in question, and the work done towards finding the most suitable catalyst for the
job. Particular attention was paid towards the deactivation of this, and other catalysts. As
my predecessor discovered, the primary deactivation of the Pd/C catalyst is cyanide upon
the surface, and so it was important to discover the mechanism of this process, and

potential ways to prevent it from occurring.

Many studies focus on the hydrogenation of butyronitrile, the saturated equivalent
of crotononitrile, as removal of the C=C bond prevents the hydrogen present being used up
in the hydrogenation of the double bond. This allows for a better understanding of the

processes at hand for the nitrile hydrogenation.

Studies performed by various research groups have vyielded valuable data
concerning the hydrogenation of nitriles. In line with the work for this report, Harold
Greenfield shows that the use of a Pd/C catalyst yields the formation of tertiary amine.®
This, in combination with previous findings supports the suggestion of primary amine
formation, but still points to the issue of subsequent reactions to the higher amines. His
findings also suggest that catalyst poisoning can be prevented if the reaction is performed
in an aqueous medium, rather than an organic solvent. Further work into catalyst poisoning

and prevention is covered in the ‘catalytic poisoning’ section.
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When considering the hydrogenation of reagents upon a palladium catalyst, it is
also important to consider what is taking place upon the active site itself, and with the
metallic nanoparticles. Though there is very little literature on the subject, there is the
potential for palladium, in an atmosphere of hydrogen, to form a rarely documented
structure known as palladium hydride (PdH). This form is proposed to be constructed as a
result of prolonged exposure to adsorbed hydrogen atoms, which subsequently insert
themselves into the octahedral sites of the palladium FCC structure.®® This has the potential
to severely affect the catalyst active site, as it will invariable alter both the physical and

electronic structure of the palladium.

It is reported that this action upon the palladium causes the atoms to be forced apart
by a fractionally small degree. Specifically, it will cause a stretching of the inter-atomic
distance by 0.1 A, shifting it from 2.72 to 2.82 angstroms.”® In addition, this forcible
shifting of the atoms will cause a slight decrease in the excitation energy of their electrons.
Specifically, it has been quoted in literature that this shift should be in the range of 6.7
eV.”t In theory, although these changes are incredibly small, they could be detected
through the use of X-ray Absorption Spectroscopy (XAS), observing the formation of this
hydride phase at the atomic level.”>7374.7

In comparison to work performed within the liquid phase, research has also been
done into gas phase hydrogenation, yielding important and intriguing data concerning the
exact processes of product formation and catalytic poisoning. Yinyan Huang and
colleagues have published extensively into the field of gas-phase hydrogenation and its
comparisons to liquid phase.’® Strikingly, they suggest that the hydrogenation of the nitrile
species is not due to adsorbed hydrogen gas on the catalyst, but rather from the methyl
group of another nitrile compound.”” Their work also corroborates with others that
nitrogen-bonded chemicals are the intermediates in the formation of all the amine forms.

Further work into the field by the research group further suggests the process of
intermolecular hydrogen transfer, by use of deuterated species. Furthermore they establish
that hydrogen transfer is more readily processed by acetonitrile when combined with
butyronitrile. They propose this is due to “resonance stabilization” in compounds of this
kind, resulting in relatively easy C-H fission in the methyl group. Furthermore they state
that this sort of process is efficient in breaking the bond between the nitrogen and the
catalytic surface. However, in doing so creates a precursor to the secondary amine rather

13



than the primary which for the purposes of this work is not ideal.”® The result of this work
is a proposed surface mechanism for the formation of subsequent chemical species due to

intermolecular hydrogen transfer as shown in Figure 1.7.5%: 7

CH, CH,
/ /
CN CD, CN CD, CN CH,
I I I I | /
CH, + N —» CH, NH — CH + CD,
[ N/ [ ]
Ru Ru Ru  HNH

Figure 1.7 — Proposed Intermolecular Hydrogen Transfer for the formation of Amines.

Use of deuterated acetonitrile allows for effective tracking of specific hydrogen transfer’

As previously mentioned, the production of the amine is thought to occur through
the production of an imine intermediate. Due to the highly reactive nature of this
compound, researchers have struggled to identify the species in the reaction. In light of
this, work has been done in proposing possible alternative intermediates in the reaction.
One such paper suggests that there are three possible intermediates when the starting
material (in this case acetonitrile) is reacted with two hydrogen atoms; a side-long
adsorption for the standard imine, via the carbon for a carbine, or through the nitrogen for a

nitrene. Examples of these are shown in Figure 1.8.7®
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Figure 1.8 — The three potential intermediates formed following the reaction of two

hydrogen atoms and the example molecule acetonitrile.”
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In an effort to increase the conversion of nitrile species into their constituent
amines, much of the work in this field is performed under increased pressure. This is done
with the aim of increasing hydrogen adsorption into the liquid phase resulting in a
concentration and thus higher rate of reaction. Studies observing the effect of increasing
reaction pressure suggest that there is a first order relation between pressure increase and

reaction rate.

Work in this field also supports the idea of a Langmuir-Hinshelwood type reaction,
whereby both molecules involved in the process adsorb onto the surface and react there.>®
" This is opposed to the second form of surface reactions, the ‘Eley-Rideal’ mechanism,

whereby only one molecule adsorbs, whilst the other remains in the reaction medium.

The primary aim of the work in this report is to detail the conditions and processes
needed for efficient and selective hydrogenation of nitrile compounds. To begin with, the
simple nitrile crotononitrile was observed, due to its relatively innocuous nature compared
to other nitriles. As mentioned before, this project is partially funded by the company
Syngenta. It is hoped that once crotononitrile has been deemed to be sufficiently reviewed,

the chemical benzyl cyanide can then be tested under similar conditions.

The choice of chemical was due to benzyl cyanides mimicry of the relevant site that
Syngenta requires to be selectively hydrogenated. In this way we can simulate the reactive
site without needing to use the actual chemical precursor which will have many NDAs and
IPs associated with it.

1.1.3.2 Aldehyde hydrogenations

Within the realms of hydrogenation, another key process is the selective
hydrogenation of cinnamaldehyde due to its primarily abundant use in both the food and
fragrance industries as an artificial additive to generate the aroma or flavour of
cinnamon.®%8182 |n addition, cinnamaldehyde and its derivatives have been investigated for
their applications as antifungal agents,®® preventing microbial spoilage,3* and as potential

repellent for insects such as mosquitoes.®

Previous work within literature, 58" and within this research group,®”# has focused
upon the production of aldehydes such as cinnamaldehyde and its constituents via their

respective alcohol forms through the use of selective oxidation.®® In the reverse,
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cinnamaldehyde and others can be converted to cinnamyl alcohol or their respective

alcohol through the use of selective hydrogenation.

Work with platinum has shown great promise, but due to a combination of high
production cost for platinum catalysts and the promisingly high activity of palladium-based
catalysts, work has turned more towards this precious metal.®® However, although
palladium has a record for being a highly effective catalytic metal, it shows very little
activity when exposed to a,p-unsaturated aldehydes such as cinnamaldehyde. Rather than
pushing towards the C=0O hydrogenation, it rather focuses on the C=C hydrogenation
process and yields small to negligible amounts of cinnamyl alcohol.®> % Even with
homogeneous catalysts, well known for their significantly increased activity at the cost of
recovery, we see very low selectivity towards this desired product, instead seeing large
quantities of the other products such as phenyl propan-1-ol and phenyl propionaldehyde.%

In addition, computational models of an a,B-unsaturated ethylenic aldehyde upon
palladium have been performed.®® In this extensive study, it has been determined that
selectivity towards the aldehyde bond is severely inhibited, with much more activity
towards the standard C=C bond. It concludes that this is due to two key reasons. The first
is the method of adsorption upon the surface, with chemisorption upon the di-ccc
coordination, with eventual interaction of the oxygen lone pair upon the surface. For this
they suggest decreasing the binding strength of the reagent via larger substituents or by
using metals with larger d orbitals such as osmium or iridium. Additional suggestions
included the use of lewis acid promoters to activate the carbonyl, and enriching the surface
with electrons by use of titanium dioxide or graphite, to favour C=0O coordination. It
suggests this is predominantly an issue with platinum systems. Secondly, it advises that if
the C=C bond is not solely coordinated, then both coordinate simultaneously within a
quasi-planar situation. In this case C=C hydrogenation is simply preferred through kinetics
alone. It suggests this is more typical for palladium systems, and is quoted as proclaiming
this a difficult situation to improve and that palladium is intrinsically poor for selective

hydrogenation of C=0.%

1.1.4 Catalyst Poisoning

When considering the ability for a catalyst to perform optimally and without any

form of inhibition, there are several factors which may contribute. These factors are often
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divided into several different categories.®® Of these, there are a few key processes relevant

to this work.

‘Fouling’ is a process of mechanical deposition upon the surface and pores, and is
often contributed to carbonaceous species and referred to as coking. In this, the catalysts
activity is diminished by reagent being physically unable to reach the active sites. For
porous catalysts this is usually due to pore blockage. ‘“Thermal degradation’ is the process
by which the pore structure may collapse from over-heating, or the metal nanoparticles
sinter. The collapsing of pore structure is an obvious aspect, cutting off access to active
sites and decreasing surface area. Sintering is the process by which smaller particles of
metal will shift across the surface and merge into larger clusters. When this happens, the
total number of active sites decrease, as much of the metal becomes trapped within the
bulk of the particles. Examples of this, performed by Gareth Parkinson et al. within Nature
Materials show precisely how vulnerable catalysts are to this process, through the use of
Scanning Tunnelling Microscopy (STM) (Figure 1.9).%

-10 Large Pd cluster
Single Pd atoms OH 310" mbarCO g

Figure 1.9 — STM images taken from a 36 frame ‘movie’ over the course of two hours.

Frames indicate significant palladium adatom sintering over this time frame.%

Finally, ‘Poisoning’ is similar to fouling, but occurs through chemisorption upon
the catalyst. By chemically binding to the active site, a poisoning agent will prevent any
other interactions with the site, nullifying the catalysts capabilities (Figure 1.10).%

Figure 1.10 — Example of catalytic poisoning (In this case, via sulphur on the metal)®’

17



There are two categories of chemical ‘poisoning” which affects the effectiveness of
a catalyst, known as inhibitors and poisons. In general terms, a poison is a substance which
detrimentally affects the ability of a catalyst to perform, usually by blocking the active
sites. Inhibitors are components which can be removed from the catalyst with varying ease

and are referred to as temporary, whilst poisons are permanent and cannot be purged.

For work in the field of nitrile hydrogenation, my predecessor Dr Christine Gaskell
proposed that potential poisoning of the catalyst is caused by the formation of cyanide
(*C=N) ions in the reaction, due to over hydrogenation and cleavage of the C-C bond.
These bind strongly to the surface of the catalyst and result in a high level of poisoning.
However, further literature work into potential poisoning has presented an additional
potential source. Nitrogen itself can be a potent catalytic poisoner, specifically for the
platinum group metals (PGM). Ammonia, especially, has been found to be a catalytic
poison, with the ionic form (NH4) being shielded and therefore non-toxic, but the standard
form (NHz) being toxic to catalysts. The prerequisite for most poisons seems to be the

presence of a free pair of valence electrons to form a strong “poison-to-catalyst bond”.%

Studies have shown that ammonia is about 40% as toxic to hydrogenating catalysts
as a cyanide ion. Although lower, this may still pose a significant issue towards catalytic
activity, especially in a system where, as previously stated, a significant amount of
ammonia can be produced in the formation of higher amines. This poses a problem as
ammonia is also suggested as a way of reducing the formation of higher amines by shifting
the reaction equilibrium, and thus increasing selectivity towards the primary amine.
Addition of ammonia has previously been proved to do this, but also shown to lower the

rate by poisoning.®®

In the same vein, this applies to the amines products themselves, strongly
adsorbing to the surface and acting as a poison, as suggested by Dr Christine Gaskell in her
work and by other researchers.%® The work of Dr Harold Greenfield and his team indicates
that if the reaction is performed in an agueous medium, rather than using the typical
organic solvent such as methanol, the catalytic poisoning is significantly reduced. His
presumption is that this is caused by the formation of the non-toxic ionic ammonium,

rather than remaining in its ‘toxic’ form.%®
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As mentioned earlier, work by Yinyan Huang and colleagues have looked
extensively into gas-phase hydrogenation and the processes of product formation and
catalytic poisoning. Their findings show that the stability of the catalyst is affected by the
medium in which it is performed, in a similar fashion to the work by Greenfield. They
indicate that gas-phase hydrogenation highlights a faster rate of deactivation than the same
reaction in the liquid phase, suggesting that a liquid phase is needed for the desorption a
strongly adsorbing molecule.®® This expands upon Dr Greenfield’s work on the nature of
the liquid phase being important to mitigate this.

In regards to the hydrogenation of aldehydes, there is the potential for coking to
occur, with some carbonaceous species blocking the porous structure of the catalyst.
Although there are some reports on the formation of CO and carbonaceous species upon
platinum catalysts when performing aldehyde hydrogenation, it is unlikely for poisoning to
occur due to the sheer abundance of hydrogen within these reactions, a point which is also
made in the literature.’?’ Sintering, however, is a consistent issue for catalysts for a variety
of supports and metal nanoparticles, as was indicated by Parkinson et al.®® As such, this

may pose a potential issue for both nitrile and aldehyde hydrogenation.

1.2 Thesis Aims

The aims of this scientific investigation are as follows:

e To garner a better understanding of the mechanistic actions that govern the rates
and selectivity of nitrile hydrogenation reactions upon palladium nanoparticle
catalysts, and the roles that reaction variables such as catalytic support,
temperature, and pressure, have upon this process.

e To develop a better understanding of the processes by which aldehyde
hydrogenation may take place, in much the same way as with the previous aim.
Specifically, there will be direct comparison to prior work performed within the

group utilising platinum catalysts.
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Chapter 2

Experimental



2.1 Catalyst Synthesis

2.1.1 Materials

All materials used in the preparation of the catalyst series used within this thesis
were acquired from Sigma Aldrich. These included tetraaminepalladium (1) nitrate as the
metal precursor, fumed silica for the amorphous series, with Pluronic P-123 and tetraethyl
orthosilicate (TEOS) for the SBA-15 series. Crotononitrile (99%) and cinnamaldehyde
(99%) were both sourced from Sigma Aldrich, along with all reaction substrates and
intermediates required for GC testing or systematic study. AIll solvents, specifically
methanol for nitrile work and anisole for aldehyde work, were obtained from the same
provider. Deionised water was produced in-house utilising a Merck Millipore purification

system.

2.1.2 SBA-15 synthesis

Condensed silica on
surface

Surfactant (Pluronic P-123)

TEOS

Self-assembled Micelle
(InH 2O)

Porous silica structure
left behind

Template burned out
via calcination
(550°C, 2h, 1°C/min)

Figure 2.1 — Illlustration of the process behind SBA-15 formation within solution

SBA-15 was synthesised based on work by Zhao et al. and described above in
Figure 2.1.! The triblock copolymer Pluronic P-123, (20g) was added to a sealed
polypropylene bottle (2 L). Deionised water (614 ml) and 12M hydrochloric acid (114 ml)

were then added to the bottle to achieve an agueous mixture of 2M hydrochloric acid.
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A large magnetic stirrer flea was added to the bottle and the contents mixed at 35°C
until the P-123 was fully dissolved. Tetraethyl orthosilicate (TEOS, 46 ml) was added to
the dissolved mixture and the contents stirred for a further 24 hours at temperature. The
resulting mixture was then aged at 80°C within an oven for an additional 24 h. Upon
removal, the milky-coloured mixture was filtered and washed with ethanol to extract the
suspended solid. The solid was then dried overnight at 80°C before undergoing calcination
within a furnace (1°C/min ramp rate, 6h dwell at 550°C). The resulting solid support was

then ground with a mortar and pestle, to result in a fine power of around 15 g.
2.1.3 Catalyst impregnation (Incipient Wetness)

To begin, a stock solution of metal precursor was prepared. Tetraaminepalladium
(1) nitrate solution (10 Wt %, 4.375g, 41.11 mmol) was added to a 25ml volumetric flask.
Additional deionised water was added up to the volumetric line. This stock solution was

then used in the synthesis of catalyst series.

For both the amorphous silica series, and the SBA-25 series, five batches were
prepared. 5g of support material were added to 50 ml beakers upon a multi-point stirrer
plate, equipped with a stirrer flea of equal radius to the beaker to ensure efficient
homogenisation. The previously prepared metal precursor solution was then added in
varied amounts, calculated to achieve the desired metal loadings (0.1-5.0 wt. %).
Additional deionised water was added to each beaker, up to a liquid content of ~12ml. This
was done in order to achieve a slurry-like mixture for efficient mixing without excessive

water creating issues with deposition of the salt on the support surface.

The mixtures were stirred for approximately 18 h to homogenise, before heating to
50 °C and stirring for a further 5 hours, or until sufficiently dried. The catalysts were then
dried within an oven for 24 h (50°C). Upon removal from the oven, the samples were
ground to a fine powder. Calcination of the samples took place within a muffle furnace (1
°C/min ramp to 500 °C, 2 hour dwell) and were then placed within a tube furnace and
outgassed (N2, 1 h), prior to reduction (10 °C/min ramp to 400 °C, 2 hour dwell,
10cm3/min Hy). Upon completion of the reduction, the catalysts were further outgassed

with nitrogen as they cooled to room temperature.

26



2.2 Material Characterisation

2.2.1 Titrations

2.2.1.1 Nitrogen porosimetry

Within catalysis, typically it can be agreed that the larger the surface area of the
support, the more dispersed your metal nanoparticles may become, and thus the more
active sites and subsequent activity you will incur.? One method for detecting and
quantifying surface area is known as Nitrogen porosimetry. Nitrogen porosimetry is
performed using the process of gas adsorption manometry. Under cryogenic conditions
(liquid nitrogen, 77K), a known quantity of catalyst is placed within a porosimetry tube, a
long gas tube of calibrated volume. This is then heated and outgassed at 120 °C for several
hours to remove all potential gas and moisture from the surface/pores of the compound. At
this point, specific volumes of nitrogen gas are introduced to the sample tube, and the
change in pressure up to a maintained equilibrium is detected. In this manner the volume of
adsorbed gas can be calculated. The surface area and porosity of all catalyst samples and
supports for this work were calculated using nitrogen porosimetry. The machines used
were both the Quantachrome Nova 4000e & 4200e. The approximate amount of sample
added was within the range of 100 mg, accurately weighed to 4 decimal places.

The data obtained regarding the adsorption of nitrogen onto the surface can then be
manipulated by several different equations. Surface area is calculated using the Brunauer,
Emmett and Teller (BET) isotherm.® The BET theory asserts that a monolayer of
molecules forms on the surface, and this then acts as the adsorption site for subsequent
layers, infinitely. An assumption is made that the behaviour of all layers are the same as
the initial monolayer, with the amount of adsorbed gas for a monolayer denoted by nm. The
total amount of adsorbed gas, n, is therefore related to the equilibrium pressure, p
(Equation 2.1).2 The constant C is calculated using the energy of adsorption for the initial
monolayer, Ei, and subsequent layers E_ (Equation 2.2). Specific surface area is
determined from the linear region of the BET plot between the partial pressure of 0.03-0.19

and related to total adsorbed gas, n, through the adsorbate cross section ¢ (Equation 2.3).*

1 c—-1
P___ x 2
Tl(po - p) ny,C nu,C  po

Equation 2.1 — BET isotherm in a linear form, with p/po indicating relative pressure, n

for total adsorbed gas, nm for monolayer coverage, and the constant C.3
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Equation 2.2 — Approximate definition of the constant C. Utilising the energy of
monolayer adsorption E1, and of subsequent layers EL. T is temperature and R is the gas

constant.
a(BET) = n,,N,o

Equation 2.3 — Specific surface area a( BET) as calculated from monolayer coverage
Nm, Avogadro’s number Na 6.022x10%, and cross sectional area of the adsorptive gas o,
0.162 nm? for N; at 77 K.*

Pore diameters were calculated using the desorption section of the resulting
isotherm. This is achieved using the Barrett, Joyner and Halenda (BJH) method, which is
an adapted version of the Kelvin equation (Equation 2.4).°> Inp/p, (Natural log of partial
pressure) is used to indicate the change in gas pressure as a function of the kelvin radius,
rv, or the average curvature of the condensed gas’ meniscus. Vm is the molar volume of the
liquid, and vy is used for surface tension.

lnﬁ = _—ZyVm
Do 1. RT
Equation 2.4 — The Kelvin equation, relating partial pressure, p/po, to the average
meniscus curvature of the condensed gas, rk, which is adapted for capillary condensation
in mesoporous analysis. v is surface tension and Vm the molar volume of liquid. T is

temperature, and R is the gas constant.®

This model must be adapted for mesoporous calculations, to assume that the pores
are filled through capillary action. This model is based on the supposition that the filling of
a pore is easier than the evacuation. Loss of surface area reduces adsorption, whilst this
capillary action increases it. These opposing forces are accounted for by including two

radii for curvature, with opposite signs related to the opposing processes.

Finally, micropore volume was determined using the de Boer ‘t-plot” method,
which utilises the BET calculated surface area. The total adsorbed gas, n, is plotted as a

function of multilayer thickness, t. The gradient of the linear segment of this t-plot graph,

28



prior to capillary condensation (~0.25-0.49 partial pressure), corresponds to external
surface area. By subtracting this value to the BET calculated surface area, the discrepancy

can be attributed to micropore volume.
2.2.1.2 Carbon monoxide pulse chemisorption

The term *dispersion’ is used to define the number of metal sites available for
adsorption, as a percentage of the total number of metal atoms in the sample. Carbon
monoxide (CO) will selectively adsorb onto the surface of a metal and not its support and
is therefore ideal for this calculation. It has previously been determined that CO will bind
to palladium in a bridging manner, meaning that an average stoichiometry of 2 is used in
dispersion calculations.® By dosing a known volume of CO onto the surface of a catalyst,
dispersion can be calculated. The total number of metal atoms (Mit) can be calculated
using the moles of Pd in the sample, determined by the mass of sample, the weight loading,
and the molecular weight of palladium. This is then multiplied by Avogadro’s number to
give the number of atoms present (Equation 2.5). The number of metal atoms at the
surface (Msur) is determined using the volume of CO adsorbed per gram of the catalyst
sample, and the multiplying by 2 due to the bridging alignment of the CO on palladium
(Equation 2.6).

Mtot = Npg X I\lA

Equation 2.5 — Total number of metal atoms Mt as calculated by the number of moles

of Palladium npg, multiplied by Avogadro’s number Na

VCO /VmNA]

Msurf =2 [ Wiege

Equation 2.6 — Total number of surface metal atoms calculated by the number of moles of
CO adsorbed. Vco is the volume of CO, Vm the molar volume, and wca the catalyst mass.

The equation is multiplied by two to account for the stoichiometry of 2.

Catalysts and supports were measured using a Quantachrome ChemBET, using
TPRWin software. Samples ranged from 50 mg-300 mg depending on the metal loading

(the lower the loading the more sample needed for an accurate measurement). Samples
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were out-gassed under nitrogen for 10 minutes, before being dried/reduced under 1 bar
hydrogen at 20 ml/min 150°C for 1 hour, before being cooled to room temperature under
helium. Samples were exposed to 50 pl pulses of 1 bar CO until at least three peaks of

consecutive size were detected with the software (Figure 2.2).

CO counts

|

Figure 2.2 — lllustration of the raw spectrum obtained with CO chemisorption. As more

Time

CO adsorbs to the surface, less subsequent CO adsorbs, and so more is detected. Once the
surface is saturated, all pulsed CO will be detected and will result in a repeating maximum

peak.

2.2.2 X-ray techniques
2.2.2.1 X-ray diffraction

Metal particles consist of a repeated, ordered crystal structure. These crystal
structures will diffract X-rays due to the relation between atomic distance and X-ray
wavelengths. This trait is utilised in X-ray diffraction to characterise the crystal structure of
a sample. This in turn can be used to evaluate the bulk phases and generate an estimate of
particle size.” The angle at which an X-ray is diffracted off the surface of a sample depends
on the wavelength of the X-ray itself and the distance between the lattice planes of the

crystal structure. This interaction is defined in the Bragg equation (Equation 2.7).

A=2dsin@

Equation 2.7 — The Bragg equation, with A indicating the wavelength of the incident X-
rays, d as the lattice plane distance, and 0 as the glancing angle between the lattice plane

and the incident X-ray.

Palladium, the metal of choice for the research detailed herein, has a face-centred
cubic structure (Figure 2.3). The three most visible facets are noted as (111), (200) and
(220). These are known as miller indices, and correspond to the coordinates h, k and |.
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Miller indices are used as a way to describe three-dimensional crystal structures, referring
to the location of the nearest atoms of a repeating unit cell. For a cubic lattice such as is
found in palladium, the lattice parameters are all equal. This value can be calculated using

the distance between planes determined by Braggs law (Equation 2.8).

Figure 2.3 — Face centred cubic (FCC) structure

. a
Jh? k2 +12

Equation 2.8 — Equation indicating how the distance between lattices planes, d, can be

d

calculated for a cubic unit cell using the lattice spacing a, and the h, k and | miller indices.

X-ray diffraction was also used as one method to determine particle size. Because
the crystal structure of a metal nanoparticle is finite, these differences affect the diffraction
angle of the X-rays. This in turn results in a line broadening on the spectrum. Using the
Scherrer equation, an estimated particle size can be determined based on the extent of this
broadening.® By taking the Bragg angle and the full-width half-maximum (FWHM) of the
peak, and assuming a shape factor depending on the particle in question (0.9 for an

assumed spherical particle), an approximate particle size is determined (Equation 2.9).8

K2
v pCosH

Equation 2.9 — The Scherrer equation, where K is the shape factor, set to 0.9 for spherical
particles. A is the X-ray wavelength, B the full-width half-maximum (FWHM) of the peak,
and 0 the Bragg angle.®

All catalysts and supports were characterised using a Bruker D8-Advance powder
X-ray diffractometer, fitted with a Cu Ka (1.54 A) radiation source, and nickel filter.
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2.2.2.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is a surface sensitive technique used for
elemental analysis of samples. Because X-ray energy is within the same range as core
electrons, exposing an atom to a photon with energy in excess of that of the electrons
causes them to excite and eject from the atom as a photoelectron, leaving a hole within the
core (Figure 2.4). This core hole is then filled by an outer electron, and its excess energy

given off as fluorescence, which is covered in the next section.

@
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Figure 2.4 — Generation of a photoelectron using an incident X-ray photon (hv) with h
representing Planck’s constant, and v the x-ray frequency. Ex is the photoelectrons kinetic
energy, and Eg is the binding energy.

The detector of the XPS will then identify the kinetic energy of the released
photoelectron. The binding energy (Eg) of the electron can then be calculated by
subtracting the detected kinetic energy from the energy of the X-ray photon (Equation
2.10).° The binding energy of the electron is a unique fingerprint of its parent atom. Due to
this, XPS analysis is an invaluable means of elemental analysis. The binding energy of the
electron can be affected by bonding and oxidation states, and so detecting these shifts in

Kinetic energy can be used to determine these traits.
EB = hv - EK

Equation 2.10 — Relationship between an electron binding energy Eg, and the detected

kinetic energy Ex of the photoelectron, with the x-ray photon energy represented as hv.®
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The filling of the core-hole to relax the atom from its excited ionic state leads to the
formation of two other states, due to the concept of spin-orbital coupling (Equation 2.11).
For a single unpaired electron, the spin component ‘s’ equates to +%: and the orbital
angular momentum ‘I’ to 0, 1, 2, 3 corresponding to s, p, d or f orbitals respectively. As
such, for any state where the orbital component is > 0 with an unpaired electron present,
you will observe a doublet peak. To apply this to the work herein, the XPS peaks for the Pd
3d state will display as a doublet peak relating to the 3ds/2 and 3dsy, states.

j=1+s

Equation 2.11 — To calculate total angular momentum ‘j’, the vector sum of the orbital ‘I’
and spin ‘s’ components must be calculated. As such, spin-orbit coupling and doublet
peaks will be observed for spectra where | is > 1 and s equals %2

XPS data was obtained for this work using a Kratos AXIS HSi instrument equipped
with three X-ray sources, an Al monochromator, and a Mg and Al duel anode. The work
detailed within was obtained using the Al monochromator source (1486.6 eV). Spectra
were processed using CasaXPS software and corrected to adventitious carbon (285 eV).
Data on aspects such as binding energy and peak separation was obtained from the
National Institute of Standards and Technology (NIST) database.°

2.2.2.3 X-ray Fluorescence Spectroscopy

X-ray fluorescence is a bulk sensitive technique used for the elemental analysis of
samples. As detailed in Figure 3.6 for XPS, using X-rays a core electron of an atom can be
excited and leaves as a photoelectron. The removal of this electron causes the structure to
become electronically unstable. To counteract this, an electron from a higher valence will
move to fill the core-hole left behind. When this occurs the electron will lose energy equal
to that of the difference between the two orbitals. This energy is released as a photon and is

referred to as fluorescence (Figure 2.5).1!

As with XPS, the photon, or secondary X-ray will be characteristic of the element
of origin, in much the same way as a photoelectron. By detecting the energies and ratios of
the photons being detected, this can then be extrapolated into elemental analysis of the
sample. Due to the low X-ray yields of lighter elements, this process is unable to detect
elements lighter than beryllium (Z = 4), although most instruments will be unable to detect

anything lighter than sodium (Z = 11) due to sensitivity issues.
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Figure 2.5 — As with XPS, a core electron is excited and released as a photoelectron.
The resulting core-hole is filled by the electron of an outer valence, and the energy

difference between the orbitals released as a photon.

XRF data was obtained using a Bruker S8 Tiger instrument, fitted with a standard
X-ray source. Preparation was simple, with powdered samples packed into PTFE holders

with microfilm PTFE windows (transparent to X-rays) and placed in the device.
2.2.2.4 X-ray Absorption Spectroscopy

X-ray Absorption Spectroscopy is a technique used to generate information on the
bulk structure of a sample through the use of high energy x-rays, generated through
synchrotron radiation. Although this technique is hard to perform due to the rarity of
establishments that can produce synchrotron radiation, there are significant benefits to the
process. Notably, as this technique does not require a vacuum to proceed, in-situ analysis

may be performed on reactions to track real-time effects upon the nature of the sample.*?

By increasing the x-ray energy and tracking the absorption from the sample you
can identify aspects such as the elemental phase (ie. Pd or PdO). In a similar fashion to
XPS, once the binding energy of an electron is exceeded by the x-ray energy, it is released
as a photoelectron. Specifically, for palladium we would be looking for excitation of the K-
edge, at 24,365 eV. With palladium oxide, or any other form of elemental phase change,
we will see a difference in the occupation of orbitals. The occupation of higher/lower
orbitals will have an effect upon the intensity of the absorbance peak and can thus be

detected through this technique.®
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Once the sudden increase in absorption is detected, you will also observe several
subsequent oscillations in absorption. Known as the Kronig Structure, these arise from
backscattering interactions between neighbouring atoms within the sample, with electron
waves clashing and forming constructive and deconstructive interference.!* From this
information, geometric data such as inter-atomic distance and coordination number can be
determined.’® The precise nature of the oscillations can be determined through computer
algorithms, and with the use of the EXAFS equation, as shown in Equation 2.12, can be

converted into the information stated above.'®

F(k
x(k)= Z( ) SN

in[2kR, +8,(k)]e 27 ¢

Equation 2.12 — The EXAFS equation.!®

XAS can be split into separate regions as defined by the actions occurring at each
point. X-ray Absorption Near Edge Structure (XANES) and X-ray Absorption Fine
Structure (XAFS). XANES focuses on the activity within the first 100 eV of the absorption
edge, whilst XAFS is concerned with the 1000 eV range (or as far as the oscillations can be

accurately analysed).*®

Experimental analysis for XAS was performed at the Diamond Light Source
(DLS). Specifically, the B18 line was used for its particular focus, a high flux versatile
multi-pole wiggler, which allowed for x-rays between 4-35 keV. Pd (24,365 eV) K-edge
data was obtained using solid catalyst samples arranged within a ‘washer’ o-ring and

coated in x-ray translucent PTFE. Data was processed using Athena (V 0.9.1)

2.2.3 Microscopy and elemental analysis

2.2.3.1 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a technique which utilises a beam of
electrons to provide up to atomic level resolution upon the surface of the given sample. As
the electron beam is passed through the prepared ultra-thin sample, the elements present
upon the surface will absorb the energy at different rates. In turn, this will result in the
transmitted beams intensity varying as a function of the energy absorbed on the surface.

The collected transmitted energy is then focused by a lens, to produce an image upon a

35



phosphorescent screen.!” The resultant image will display different bright or dark

intensities that can be attributed to each individual elemental type.

In exception to its sister technique, Scanning Electron Microscopy (SEM), TEM images
are two dimensional. In addition, this technique is very sensitive to sample thickness, with
results degrading as the sample gets thicker. Samples were prepared within ethanol, and
vigorously shaken to disperse within the medium. Liquid was then dropcast onto a holey

carbon film upon a copper grid (Agar Scientific).

Data was collected using a JEOL 2100F model instrument, with a field emission gun
source running at 200 keVV HT and using a Gatan digital micrograph camera. Data was

processed using the imaging software ImageJ (V1.41).
2.2.3.2 Inductively Coupled Plasma Spectroscopy

Inductively Coupled Plasma — Atomic Emission Spectroscopy (ICP or ICP-AES) is
a bulk elemental analysis technique. The technique relies upon the production of argon
plasma. This is generated by entering the argon gas into a highly infused chamber of
electromagnetic radiation, generated by high powered radio frequencies (RF). The argon is
ignited by a tesla unit, and ionised within the electromagnetic field to produce plasma in
the range of 7000 K.*®

Into this argon plasma, the sample in question can be introduced. For the purposes
of catalytic analysis, the sample must first be digested in a strong acid so as to be
completely within the liquid phase. Upon introduction to the system, the liquid enters a
nebuliser chamber where it is nebulised into a mist and introduced to the plasma. Upon
interaction, the various constituents will collide with the charged plasma ions and undergo
a cycle of atomic breakdown and recombination. The resultant radiation given out by this
process is unique for each element within the sample, and can thus be used for quantitative
analysis. The radiation is transmitted, often through optical fibres, and may undergo
different analysis depending on the instrument model. In general, the radiation is separated
out into a variety of wavelengths, which can be determined within the device depending on
the unique fingerprint of the elements you are looking for. These wavelengths are then
analysed for their varying intensity, and this can be compared against reference standards

to obtain a quantitative analysis of the samples elemental composition.

Data was collected using a ThermoFisher iCAP 7000 ICP-AES. Standards were sourced

from Sigma. Calibrations were consigned to an R? value of above 0.995 for all analysis.
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2.3 Catalyst Testing

2.3.1 Nitrile selective hydrogenation

2.3.1.1 Crotononitrile hydrogenation (ambient)

To allow for a simpler medium in which to work, crotononitrile was incorporated
into a solution with the chosen solvent of methanol. The amount of crotononitrile utilised
depended on the parameters of the experiments, but as a general standard, a concentration
of 33.6 mmol was used. For this concentration, crotononitrile (22.56 g) was measured into
a 100 ml volumetric flask, and topped to the mark with methanol. Mesitylene (1 ml) was
subsequently added as the internal standard for analysis. 10 ml of this stock solution was
used in each subsequent experimental reaction, so as to maintain minimal human error with

chemical quantities.

Figure 2.6 — Photograph of the original reaction setup for ambient condition testing

Initial work into the processes of nitrile hydrogenation involved the use of a test-
tube 12-point Radley™ reactor. Crotononitrile stock solution (10 ml) was added into a
reaction vial containing a magnetic stirrer flea, and slotted into the heating mantle (Figure
2.6). Temperature was set to a standard of 30°C for thermostatic conditions, with a
baseline stir-rate of 800 rotations per minute (rpm). By use of a gas valve and PTFE
tubing, nitrogen gas was bubbled through the solution to outgas the reaction (~ 10 min).
Catalyst was added (typically 50 mg) into the vial and a flow of hydrogen replacing that of
nitrogen (1 bar, 60 ml/min flow as standard). Samples were taken at key time intervals (t =
0, 5, 10, 60, 120, 180, 240, 300, 360, 420 min) via syringe, filtered to remove catalyst, and
analysed using a ZB-50 column within a Varian 450-GC with an FID, or leading to a 240-

MS if peak identification was required. Reaction variables were altered as necessary.
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2.3.1.2 Crotononitrile hydrogenation (under pressure)

Figure 2.7 — Images of the Biichi Miniclave™ (Left) and Parr 5500 Autoclave (Right)

For a number of reactions, conditions were altered to observe the effects of
hydrogen pressure upon catalyst activity and selectivity. To this end, pressure reactions
were performed initially within a Blchi Miniclave™ reactor, and then within a Parr 5500
autoclave upon acquiring the new equipment (Figure 2.7). For the Miniclave™ the
experimental parameters remained the same as the test-tube Radley™ reactor, but with the

ability to utilise hydrogen pressures up to 10 bar.

With the standard autoclave, a larger, slightly diluted stock solution of 25 ml was
incorporated to allow for more effective sampling in a larger reaction vessel. Pressures
could be set between 1-130 bars, and run at temperatures up to 350°C. Perturbation was
accomplished with an overhead mechanism, turning an internal impeller and reaching
speeds of 1500 rpm, rather than the standard magnetic stirrer flea. Temperature was
regulated by the heating manifold and controlled by the electronic display panel located to

its left as displayed in Figure 2.7.

For both reactor types, a custom designed sampling technique was added so as to
allow sample taking under pressure. Using a dip tube connected to a first valve, a small
headspace tube immediately follows, with a second valve beyond it before finally attaching
the exit pipe. In this way, the first valve can be opened to allow a sample into the middle-

tube, before being closed and having the second valve opened to allow collection.
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2.3.2 Aldehyde selective hydrogenation

2.3.2.1 Cinnamaldehyde hydrogenation (ambient)

In a similar nature to the nitrile hydrogenation stock solution, a batch of
cinnamaldehyde (22.4g) with a reference standard of dodecane (1 ml) was added to a 100
ml volumetric flask, and topped to the level with the chosen solvent of anisole. As before,
this allowed for 10 ml samples to be taken for each reaction and with a minimisation of

human error.

Experimentation for aldehyde hydrogenation was performed within a Radley™
Starfish carousel, utilising 25 ml round bottomed flasks, with the same dip-tube setup for
hydrogen bubbling. Standard reaction conditions included heating to 90 °C and stirring at

800 rpm. Samples were taken at the same time points outlined for the crotononitrile work.
2.3.2.2 Cinnamaldehyde hydrogenation (under pressure)

As with the crotononitrile work, several experiments with cinnamaldehyde
involved the use of increased hydrogen pressure. As such these tests were performed
within the Parr 5500 autoclave system. Parameters were the same as with the ambient
reaction conditions within the Radley™ carousel (with the clear exception of pressure).
Samples were run upon the Varian 450-GC, through the ZB-50 column.
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Chapter 3

Selective hydrogenation of allylic nitriles

using tuneable palladium-based catalysts

An investigation on the effect of
nanoparticle characteristics and support

architecture on butylamine selectivity



3.1 Introduction

The formation of primary amines is vital in the agrochemical industry to facilitate
the formation of insecticides and fungicides, to help alleviate the strain on global food
production.! Substantial work has been done into the area of selective hydrogenation as a
potential source of these chemicals.?3# Of these, the use of nitrile compounds has shown to

be a promising route.

The work detailed in the following chapter follows research into the field of nitrile
hydrogenation. Rather than utilising the complex multi-faceted compounds typically
involved in the industrial-scale production of pesticides, this work rather focuses on a
simplified analogous system. As such crotononitrile, a four carbon nitrile containing a
single centralised alkene bond, was chosen due to its simplicity and ease of use for
systematic studies. With the acquired data, it is hoped that the information gained can then
be applied to the more complex systems utilised by Syngenta and other such

manufacturers.

Herein, catalytic activity is compared over two series of catalysts, one supported
upon amorphous silica, and the other upon structured mesoporous silica (SBA-15).
Comparisons are also made to the current commercially used 5 wt. % Pd/C catalyst.
Reaction conditions were varied to better understand the mechanisms behind the
hydrogenation process, including temperature, pressure, catalyst mass and metal loading,
perturbation, etc.
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3.2 Results and Discussion

3.2.1 Characterisation of parent commercial silica support

Commercial amorphous silica is a commonly used support for many catalysts, due to its
sufficiently accessible surface area, naturally non-reactive nature, versatility, and ease of
use. Working with readily available amorphous silica means that tuneable catalysts can

easily be synthesised, in a cost and time effective manner.

With a standard surface area, as determined by porosimetry of 230 m?/g, there are few

other distinguishable factors to reference with the blank material support.
3.2.2 Characterisation of parent SBA-15 support

As outlined in the experimental Chapter 2, Santa Barbara Amorphous 15 (SBA-15) is an
ordered structured mesoporous silica, created as detailed prio r, and first developed by

Zhao et al® and exhibiting long-range porous hexagonal channels.

3.2.2.1 Powder x-ray diffraction (XRD)
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Figure 3.1 — Low angle XRD pattern for synthesised parent SBA-15 support

As highlighted with Figure 3.1, low angle XRD highlights the three major
reflection peaks that correlate with the presence of a long-range crystallinity correlating to
the presence of SBA-15, with the core dico, and the minor dio and dxo peaks. Small

additional peaks at 3 0 and 3.5 0 indicate a very well ordered crystallinity.
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3.2.2.2 Nitrogen porosimetry

For nitrogen porosimetry of the support mesoporous silica SBA-15, the following
Figure 3.2 shows the plotted absorption isotherm, along with the BET calculated surface
area of 707 m?/g. Inset into the plot we can see the BJH calculated pore diameter, with the
distribution shown to range from 5.0- 6.5 nm, with an average of 5.66 nm. These values
correlate well with those obtained from samples synthesised in both literature and also

within this research group.
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Figure 3.2 —Nitrogen absorption isotherm of support SBA-15 with BJH calculation (inset)

3.2.3 Characterisation of commercial 5 wt. % Pd on carbon

The basis of this chapter, and the research within, rests on the optimisation and
elucidation of the nitrile hydrogenation reaction undertaken by palladium-based catalysts.
As mentioned, as of writing, Syngenta utilises a 5 wt. % Pd/C catalyst for this process. The

catalyst in question is a commercially available product which is purchased in bulk by
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Syngenta for this reaction. As such, at the beginning of this research, we were supplied
with a large batch of the material, informed that it was defined as a Pd catalyst supported
upon microporous carbon catalyst, with a nominal loading of 5 wt. %. This defined the
initial standard by which synthesised catalysts would be based, and by which subsequent
work and findings would be based. With little known about the specific material properties
of the catalyst, it was decided to characterise it to the full extent of available resources.
Several techniques were utilised, including XRD (Figure 3.3), Porosimetry (Figure 3.4),
and Bright/Dark Field TEM (Figure 3.5).

3.2.3.1 Inductively coupled plasma optical emission spectrometry (ICP-
OEYS)

As mentioned, for bulk elemental analysis, ICP was utilised so as to break down
and dissolve a known quantity of catalyst and take the relative amounts of every element
within. Bulk elemental analysis of this material, nominally of 5 wt. % Pd, shows a true
bulk loading of 2.47 wt. %. Clearly, this is a large discrepancy from the quoted nominal

loading as acquired from the commercial source.

3.2.3.2 Powder X-ray diffraction (XRD)
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Figure 3.3 — Wide angle XRD pattern of the 5 wt. % Pd/C catalyst. Labelled to indicate
corresponding Pd & PdO planes (* indicates presence of graphite).

Powder XRD, as highlighted in Figure 3.3, was used primarily for an indication of

metal particle size, and also to affirm the presence of metal oxide, or any other potential
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contaminants or species. Using the Scherrer equation, as detailed earlier in the
experimental chapter, on the three primary peaks of Pd an average particle size of 16.3 nm
was determined. The presence of fingerprint PdO peaks also highlights the presence of the
oxide, also corroborated by XPS (Section 3.2.3.6). Additionally, the peaks at 29 and 43
degrees (*) indicate some small presence of graphite. One of the drawbacks with XRD is
the inability to detect particles below 5 nm. As such an average particle size may be
artificially increased, as these particles are not taken into account while only

accommodating for large agglomerates of metal.
3.2.3.3 Nitrogen porosimetry

As shown in Figure 3.4, porosimetry indicated a fresh surface area of 757 m?/g, suggesting
a similar surface area to the synthesised blank SBA-15. Using a de Boer t-plot, it was
deduced that microporous structure contributed almost 60% of the surface area, with 444
m?/g, and so although it has a high surface area, much of it will be unusable within the
reaction, as the pores are too small to contain palladium metal active sites, and to facilitate
the movement of our model reagent, let alone the more sterically bulky compounds used in
the formation of pesticides.

Analysis of a simple spent catalyst from a single ambient condition reaction, as detailed in
subsequent sections, showed a significant decrease in surface area down to 400 m?/g. This

decrease is likely due to micropore blocking.
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Figure 3.4 - Nitrogen sorption isotherm for 5 wt. % Pd/C
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3.2.3.4 CO pulse chemisorption

For CO pulse chemisorption, the 2.47 Wt. % Pd on carbon catalyst was run with the
group ChemBET and indicated a particle size of 1.95 nm, with 57.41% dispersion. This is
a surprisingly high dispersion for such a high metal loading, but is corroborated by the very
low average particle size. However, this low value does not match the one obtained
through XRD analysis. In order to better understand the particle size of this catalyst, TEM

was run.

3.2.3.5 Transmission electron microscopy (TEM)

Specimen [ STEM DF | .
JEOL-TEM 200kV x20k 100% 5/15/2013 12
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Figure 3.5 - Bright & Dark field TEM image of 5 wt. % Pd/C catalyst

For the most accurate particle size distribution, Transmission Electron Microscopy
(TEM) must be used. The process by which these images are taken is again detailed in the
experimental chapter. To garner an accurate particle size distribution typically at least 100,
but preferably more, individual particles must be analysed within the electron microscope
image, so as to avoid experimental error that may arise from analysing a small sample size.
It is interesting to note in Figure 3.5 that the 5 wt. % Pd/C catalyst shows indications of
non-homogeneous distribution. Within two directly adjacent carbon particles, one has a
dense population of palladium nanoparticles, whilst the other is almost entirely devoid of
these nanoparticles. This is likely due to the process by which the commercial catalyst was
synthesised and may in part explain some of the batch inconsistency issues evidenced by

Syngenta.
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Figure 3.6 — Particle size distribution of 2.47 wt. % Pd/C as determined by TEM imaging

After collating multiple TEM images of the commercial palladium on carbon
catalyst, a particle size distribution graph was created, as shown in Figure 3.6. As is
evident, the range of particles seen in the imaging technique range from 0.5-4.5 nm, with
the largest percentage falling within the 2 nm range. Additionally, the mean average
particle size also comes to 2 nm. This is in stark contrast to the Scherrer equation generated
average particle size of 16.3 nm, as shown in the XRD spectrum. In addition, these results

correlate strongly with those found using CO pulse chemisorption.

As mentioned under the XRD segment, the reasoning for this anomalous data lies
within the detection limit of the technique. With all the observable particles falling below 5
nm, we can determine that none of these would be observable within x-ray diffraction, and
as such we generate an artificially large value, with only the anomalous larger metal

particles or clusters falling within the detectable range.
3.2.3.6 X-ray photoelectron spectroscopy (XPS)

For elemental analysis, the two techniques readily available to this group are XPS,
and ICP. For surface elemental analysis, XPS was utilised. As shown in Figure 3.7, the
overall surface content of palladium is 2.97 wt. %. This is almost always lower than the
true elemental value, as XPS only penetrates a small way through the surface of the
sample. Subsequently, much of the metal loading may be discounted as it is below the
depth that is detectable with the technique. For a true bulk analysis one must utilise

Inductively Coupled Plasma (ICP) spectrometry.
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Figure 3.7 — X-ray photoelectron spectrum of nominal 5 wt. % Pd/C catalyst

3.2.3.7 Summary

In summary of the techniques detailed above, Table 3.1 shows a condensed and

detailed account of the material properties of this commercial catalyst.

5 wt. % Pd/C

Surface Area (Porosimetry) 757 m?/g (£75)
Micropore Surface Area (Porosimetry) 444 m?/g (+44)

Pd Loading — Surface (XPS) 2.97 wt. % (x0.05)
Pd Loading — Bulk (ICP) 2.47 wt. % (£0.01)
Average particle size (XRD) 16.30 nm (0.5)
Average particle size (TEM) 2 nm (x0.2)

Metal distribution (ChemBET) 57.41 % (5)

Table 3.1 - Compendium of commercial palladium on carbon catalyst characteristics

3.2.4 Characterisation of Pd impregnated tailored supports

With the carbon-supported catalyst provided by Syngenta, sourced from an
industrial supplier, it would be difficult to fully explore the activity and behaviour of the
reaction. This was due to the difficulty of obtaining a support identical to that used in the
catalyst, thus making it impossible to effectively reproduce the catalyst and safely alter

factors such as loading without dealing with unaccounted variables from the support. Thus,
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in an effort to better understand the mechanisms behind the reaction, new catalysts were
synthesised with the flexibility to have key components altered to better understand how
each factor affects the reaction as a whole.

Amorphous silica was chosen as the ideal support for this work, for the initial set of
catalysts, for a multitude of reasons. From a general standpoint, the chemistry of silica is
much better understood than that of carbon supports. This allows for far simpler analysis
and makes the subsequent catalytic activity much easier to attribute to a specific trait.
Furthermore, it gives access to a markedly wider range of morphologies and can be
tailored to incorporate mesopores and macropores with tuneable sizes. Silica is also acid
tolerant and relatively thermally stable, making it more desirable as it can be utilised under
a wider range of conditions that carbon-based supports. A series of catalysts was produced
with varying loadings of palladium, ranging from 0.1 wt. % up to 5 wt. %. In line with the
flexibility of porous structure and surface area, it was also decided that the synthesis of
SBA-15-supported catalysts would allow us to investigate the effect that mesoporosity has
upon the activity of these catalysts in the chosen reactions. In the same manner as with the
amorphous silica, a series of catalysts with the same varying loadings of palladium metal

were synthesised.

3.2.4.1 Inductively coupled plasma optical emission spectrometry (ICP-
OEYS)

With ICP, as detailed in the experimental Chapter 2, a sample of the catalyst is
dissolved and passed through the spectrometer, whereby the parts per million (ppm) of
each element are collated and relayed to the user. From these values, the metal loading of a

catalyst can be extrapolated, as shown in Table 3.2.

Catalyst Series | Nominal Loading (wt. %) | ICP Loading (wt. %)

0.1 0.09

0.5 0.43

Pd/SBA-15 1.0 0.88
2.0 1.75

5.0 3.87

0.1 0.12

0.5 0.59

Pd/SiO2 1.0 0.93
2.0 1.87

5.0 4.61

Table 3.2 — Overview of the ICP generated wt. % of Pd compared to nominal values
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As is evident, there is a small discrepancy between the nominal loading applied to
the support, and the calculated value after impregnation. With the exception of the highest
SBA-15 loading, the trend is linear, and the difference is typically quite low, as evidenced
in Figure 3.8. As is expected, the bulk loading evidenced here is consistently larger than

the quoted XPS surface loading, due to aforementioned issues with penetration depth.

¢ Pd/SBA-15
¢ Pd/SiO2
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y =0.9089x + 0.0597

w

N

Actual Loading (ICP) / wt. %

[EY

0 1 2 3 4 5
Nominal Loading / wt. %

Figure 3.8 — Plotted overview of the difference between nominal loading determined in the
experimental method, and ICP analysed Pd loading of the resultant catalyst.

3.2.4.2 Powder X-ray diffraction (XRD)

With powder XRD, as shown in the previous section on support characterisation, it
is possible to deduce long range crystallinity within a material. This same principle can be
applied to metal impregnated materials, in order to both confirm the presence of a metal,
and also to extrapolate the average particle size of the metal through the use of the scherrer

equation as outlined in Chapter 2.
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Figure 3.9 — Background subtracted stacked wide angle XRD plot of palladium upon
amorphous silica support (left) and a higher resolution of the di11 and d2oo Pd region (right)

With the amorphous silica catalysts, as shown in Figure 3.9, you can see the
clearly apparent peak correlating to the presence of silica at just over 20°. As with the
commercial Pd/C catalyst, the three subsequent peaks at 40, 46, and 68degrees correlate to
the di11, d200, and dzoo reflections respectively. What can be immediately noted for this
series is the significant shortening in the peak signal as the metal loading decreases. This
effect becomes so pronounced that only the nominal 1 wt. % loading and above are
detectable. In terms of explanation, this means that only these loadings have particles
greater than 5 nm, as that is the lower detection limit of the technique. To consider it from

another angle, this also means that the lower loadings all contain particles below this level.

With the Scherrer equation and taking the average from all three Pd peaks, the average
particle size for the nominal catalysts are detailed below in Table 3.3.

Nominal Loading | 5wt.% | 2wt.% | 1wt. % | 0.5wt. % | 0.1wt. %

Avg. Particle Size | 15.7nm | 14.6 nm | 10.2 nm - -

Table 3.3 — Average palladium particle size compared against the nominal metal loading
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Figure 3.10 — Stacked wide angle XRD plot of palladium upon SBA-15 support (left) and
a high resolution scan of the di11 and dzoo0 Pd peak region (right)

When looking at the XRD spectra for the SBA-15 supported catalysts (Figure
3.10), as with the amorphous silica, the large peak at ~20 degrees indicates the obvious
presence of silica. Notably, whereas the top three loadings on the amorphous silica
displayed notable Pd metal reflections, only the highest loading catalyst has a calculable
particle size, as it is the only one with metal peaks that can be distinguished from the
background noise. As with the other series, this suggests the particles are all generally very
small. For the highest loading, the nominal 5 wt. % catalyst, the average metal particle size
can be calculated at 6.85 nm. The knowledge that metal particles on the SBA-15 support

appear to be smaller is likely due to the much larger surface area available to the metal.
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3.2.4.3 Nitrogen porosimetry

Nitrogen porosimetry, as outlined in Chapter 2, was utilised to generate accurate
surface area data. In addition, pertinent information such as pore diameter can be generated
for the mesoporous SBA-15 support. Nitrogen (N2) isotherm data was generated, and the
plots stacked for ease of comparison, as shown in Figure 3.11 for the amorphous silica
series and Figure 3.12 for the SBA-15.

—&— Absorption

4.61 wt. % Pd/SiO

1.87 wt. % Pd/SiO

0.93 wt. % Pd/SiO

Stacked Volume / cm3 g!

0.59 wt. % Pd/SiO,

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure / P/P,

Figure 3.11 — Offset stacked N2 isotherm plot for Pd/SiO- catalyst series

—ll— Absorption
—B8— Desorption

3.87 wt. % Pd/SBA-15

1.75 wt. % Pd/SBA-15

0.88 wt. % Pd/SBA-

0.43 wt. % Pd/SBA-1

Stacked Volume / cm3 gt

0.09 wt. % Pd/SBA-15

Blank SBA-15

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure / P/P,

Figure 3.12 — Offset stacked N isotherm plot for Pd/SBA-15 catalyst series
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Figure 3.13 — Plotted view of the respective BET calculated surface area for both catalyst

series using ICP calculated loading and porosimetry generated surface area.

Using a multi-point Brunauer-Emmett-Teller (BET) calculation, the comparative
surface area of each catalyst was generated, and then shown as above in Figure 3.13. The
surface area of the blank support always undergoes a marked decrease in surface area upon
introduction of the metal nanoparticles. Then, upon addition of further metal to increase
the loading wt. %, we see a continued decrease, though on a smaller scale. This can be
explained by the presence of the metal nanoparticle on the surface blocking a portion of the
surface area as it is deposited upon the surface. Initially, these particles will be quite
dispersed and will take up a large initial percent of the surface. Larger metal loadings
however will usually result in larger nanoparticles rather than additional individual sites.
As such the initial trends effect is diminished. This effect is particularly prevalent in the

SBA-15, due to its high count of micropores being easily blocked by the metal particles.

Another calculation than can be performed is to generate the Barrett-Joyner-
Halenda (BJH) isotherm. With this you can generate a plot which details the pore diameter
distribution of the sample material, along with identifying the median average pore
diameter. For the amorphous silica samples there is no generated pore structure, so this
method is only applicable to the mesoporous SBA-15. The generated data was stacked and
plotted as in Figure 3.14 below. Upon comparison it is clear that the average pore

diameter maintains at a fixed value of approximately 5.5 nm. The lack of any particular
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change to the pore diameter suggests that there is little to no pore blockage or coating

occurring as more metal is added to the support.
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Figure 3.14 — Offset stacked plot of the BJH calculated pore size distribution for SBA-15

series of catalysts including the blank support.

3.2.4.4 CO pulse chemisorption

For pulse chemisorption with carbon monoxide (CO), as detailed in the
experimental section, the data acquired can be combined with information such as accurate
metal loading to determine the metal dispersion upon the supporting material. As detailed
in Table 3.4, we can see a clear trend of decreasing metal dispersion as the loading
increases. This conforms to findings typical in literature and within the group, with low
loadings lending themselves towards small, highly dispersed particles. With higher
loadings, the metals will collect together into larger particles and occupy less of the

materials surface, as highlighted in the decreasing dispersion values.

0.1wt.% |05wt.% |10wt. % |20wt. % |50wt. %
SiO2 40.2 37.7 25.1 22.0 8.9
SBA-15 49.1 42.4 37.6 32.1 28.7

Table 3.4 — Calculated metal dispersion percentage compared to nominal metal loading
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3.2.4.5 Transmission electron microscopy (TEM)

With Transmission Electron Microscopy (TEM) it is possible to observe the
catalytic material down to the atomic level. As such this is a useful technique for both
confirming any ordered porous structure such as the characteristic honeycomb structure of
mesoporous silica (SBA-15) in Figure 3.15, and also to directly observe the metal
nanoparticles upon the surface as in Figure 3.16, outlined as contrasted spots of light or
darkness upon the backdrop of the support structure. By these means, it is also possible to
measure the diameter of the particles, and generate a particle size distribution by measuring

a large demographic of them over a TEM sample grid.

w
-15 support highlighting the hexagonal structure

ek,
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Figure 3.15- TEM ime blnk S

Figure 3.16 — TEM image of a Pd impregnated SBA-15 support in Bright and Dark Field
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Figure 3.17 — Particle size distribution as determined by TEM for amorphous silica
supported Palladium catalysts
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Figure 3.18 — Particle size distribution as determined by TEM for SBA-15 supported
Palladium catalysts
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By imaging samples of each synthesised catalyst with the TEM, and determining
the particle size distribution of each one using the imaging software ‘Image J’, plotted
distributions can be generated, along with normalised distribution plots as shown above,
for both the amorphous silica (Figure 3.17) and SBA-15 supports (Figure 3.18).

As is evident in the data above, the particle size distribution of palladium metal
upon both the amorphous silica and SBA-15 supports is very small, with all metal loading
values giving particles that rarely extend beyond around 3.5 nm. By taking the average
from the normalised distribution we can plot a graph that compares the average particle

size against the metal loading of the catalyst, as detailed below in Figure 3.19.
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Figure 3.19 — Condensed plot of the mean particle size from TEM for catalysts on both
amorphous silica and SBA-15

By observing the data in this way it becomes clear that there is very little in the way
of alteration to the average particle size of the catalyst, regardless of the metal loaded onto
the support. With amorphous silica we observe a steady upward trend from 1.3 nm up to
2.5 nm. This slow increase is likely due to the much lower surface area available with this
support, and so the particles will naturally agglomerate into larger ones as more metal is
added. In comparison, aside from an erroneous value for the lowest loading SBA-15
catalyst, the particle size has no discernible trend and remains much the same at around 1.5

nm. The reason for this can also be explained with surface area.
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With such an excess of surface area in comparison to the amorphous silica, a
supposition can be made that as more metal is added, there still remains plenty of ‘free’
surface area that can be occupied, thus reducing the need for particles to increase in size. If
larger amounts of metal were to be added we would see that this trend would eventually

end, and begin to reflect the pattern shown for the amorphous silica catalysts.

On comparison of the particle size distribution calculated from TEM, and the value
generated by the Scherrer equation upon the XRD pattern, we observe a stark difference.
Whilst the majority of the catalysts have metal particles which are undetectable within
XRD, we do observe peaks within the highest catalyst loadings. XRD generates particle
sizes of 6.85 nm for the highest SBA-15 catalyst, and up to 15.7 nm for the highest loading

on amorphous silica.

Clearly, these values disagree heavily with the TEM generated particle sizes which
indicate 2.5 nm and 1.75 nm for the highest metal loading amorphous silica and SBA-15
respectively. In this situation the most likely reasoning is that the highest loading catalysts
contain some small sections in which large agglomerated clusters of palladium metal can

be found.

Though these clusters might be uncommon anomalies upon the support, their
presence could easily affect the XRD data with their presence during the scans, and thus
artificially inflate the value generated in the Scherrer equation. Indeed, without these
particles, based on the average size generated by TEM, we would not see any palladium
peaks within a diffraction scan at all. As such it is considered in this author’s opinion, best
to consider the TEM values as the more accurate of the two, as we have first-hand
observable data for these, calculated by hand.

3.2.4.6 X-ray photoelectron spectroscopy (XPS)

As mentioned within both the experimental chapter (Chapter 2) and with the
previous section on the palladium on carbon catalyst, XPS is used as a surface elemental
analysis technique. As shown in Figure 3.20, the spectra can be plotted and the weight %
of each element can be generated. For both series we can observe that there is a steadily

increasing loading in line with the nominal loading.
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Figure 3.20 — Stacked XPS plots for the Pd/SBA-15 catalyst series, indicating increased
metal loading from top to bottom 0.1-5 Wt.%. Magnification used for ease of
representation, indicated within brackets.
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3.2.4.7 Summary of data

With the culmination of the characterisation data detailed in this section, the

following tables (Table 3.5 & Table 3.6) contain the condensed data for both catalyst

series.
Pd/SiO2 0% [0.1% [05% [1% |2% |5%
Surface Area (Porosimetry) [m?/g] 230 | 210 203 | 201 | 197 | 190

Micropore Area (Porosimetry) [m?/g] 31 31 32 30 31 31

Pd Surface Loading (XPS) [wt. %] - 0.08 0.16 | 051|072 | 174
Pd Bulk Loading (ICP) [wt. %] - | 012 | 059 [ 093] 1.87 461
Average Particle size (XRD) [nm] - - - 10.2 | 14.6 | 15.7
Average Particle size (TEM) [nm] - 1.31 1.70 | 1.95 | 1.98 | 2.56
Metal Dispersion (ChemBET) [%] - 140.2 37.7 [ 251|220 ]| 89

Table 3.5 — Summary of data for the Pd upon amorphous silica catalysts

Pd/SBA-15 0% | 0.1% | 05% | 1% | 2% | 5%
Surface Area (Porosimetry) [m?/g] 707 | 644 644 | 615 | 533 | 512
Micropore Area (Porosimetry) [m?/g] 256 | 160 160 | 140 | 104 | 101
Pore Diameter (Porosimetry) [nm] 5.66 | 551 551 [ 551|566 | 55
Pd Surface Loading (XPS) [wt. %] - 0.1 0.13 [ 053 | 0.85 | 1.98
Pd Bulk Loading (ICP) [wt. %] - 0.09 | 043 | 0.88 | 1.75 | 3.87
Average Particle size (XRD) [nm] - - - - - 6.85
Average Particle size (TEM) [nm] - 2.75 1.39 | 1.63 | 1.34 | 1.76
Metal Dispersion (ChemBET) [%] - 49.1 | 424 | 376 | 32.1 | 28.7

Table 3.6 — Summary of data for the Pd upon SBA-15 catalysts
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3.2.5 Crotononitrile hydrogenation

Due to the importance of creating a process that is both effective and
environmentally friendly or ‘green’, initial experimental efforts were put into ensuring that
experiments were run with the intention of reaching both significant reaction rates and high
selectivity towards the desired amine product, whilst maintaining as close to ambient
conditions as possible. With this in mind, initial work was performed at effectively room
temperature and pressure. To begin, preliminary work with the commercial Pd/C catalyst
showed a propensity towards the hydrogenation of the C=C bond which defines the bulk
structure of crotononitrile (CrCN). In this way its two isomeric cis & trans forms are
converted to one saturated compound, N-butyronitrile "(BuCN). At ambient conditions,
with a thermostatic temperature of 30°C and 15 ml/min Hz (1 bar), no evidence for the
nitrile hydrogenation was observed. In an attempt to determine if the C=C bond was either
causing issues with surface alignment, or in consumption of available hydrogen, the
process was tested by running pure butyronitrile (BUCN) as the substrate. The results
further enforced the notion of inactive amine formation, with no conversion of reagent

(within ~2% GC error) or erroneous peaks noted from GC analysis.

Having determined that only C=C hydrogenation of CrCN could proceed within
these conditions, other possible ways to tailor the conditions had to be considered, in an
attempt to first facilitate any amine formation at all, and then to optimise its yield. Firstly,
the effect of increased catalyst mass within the reaction medium was explored (Figure
3.21). Predictably, this experiment showed that as the mass of catalyst was increased, so

too was the conversion of crotononitrile (Fig: =~ ?™
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Figure 3.21 — Initial tests for crotononitrile conversion (left) and the production of
butyronitrile (right) under thermostatic 30 °C, 800 rpm, and 15 ml/min Ha.
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Figure 3.22 — Total CrCN conversion as a function of Pd/C catalyst mass from 25-200 mg
(30 °C, 800 rpm, 15 ml/min Hz, 80 minute sample.)

Interestingly, it was noted that the overall conversion of CrCN followed a linear
trend with increase in catalyst mass up to 100 mg, at which point the trend begins to
plateau. This likely suggests that the limit reached here is in the accessibility of hydrogen
rather than the number of active sites present within the reaction. Additionally, the
detectable production of butyronitrile followed the same trend, with the exception of the
200 mg run. This could be due to an erroneous data-point, but in this author’s opinion it is
likely to suggest that due to the volume of the catalyst, it is retaining some of the product
upon its surface, as no other product peaks can be detected through GC analysis. At no
point in these tests were any amines detected, either through GC analysis or through testing
of the spent catalyst material using characterisation techniques for the tell-tale amine
moieties. Further work would have to be done to determine if amine yield was even a

possibility under these ambient-like conditions.

In an effort to determine if the presence of palladium oxide was detrimental to the
reaction in any way, the effects of pre-reduction of the catalyst were explored. Initial
synthesis of the silica catalysts should not have allowed for any oxide, but some may have
formed over time from exposure to air. Additionally, the commercial Pd/C contained a
significant quantity of PdO (Fig 3.7). Results from two comparative reactions indicated

that there was negligible change from the pre-reduction and removal of oxide from the
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catalyst (Figure 3.23). It is suggested that regardless of whether the oxide is poisoning or
totally inactive, the presence of such large quantities of hydrogen gas under reaction
conditions easily converts to pure palladium with such a rate as to make the pre-reduction

needless.
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Figure 3.23 — BUCN production over fresh and pre-reduced 2.97% Pd/C catalyst (30 °C,
800 rpm, 100 mg catalyst, 15 ml/min Hz, 80 minute sample.)

Having determined that pre-reduction would have no effect upon the activity of the
commercial catalyst, the next logical step was considered to be altering the reaction
conditions themselves. The effect of altering the temperature, from the base standard of
30°C, up to 60°C, yielded predictable results. Butyronitrile still indicated no evidence of
conversion, while the crotononitrile double bond was hydrogenated at a higher rate as
temperature increased. A doubling of temperature elicited an almost double initial rate
(Figure 3.24). To be able to calculate activation energy, the Arrhenius equation (Equation
4.1) was used. By taking the natural log of the initial rate (k), and plotting them as a
function of 1/T in Kelvin, we get an Arrhenius plot. Using the gradient of the trend-line,
which corresponds to —E./R, and multiplying this value by the gas constant R (8.314 J K!
mol™?), we obtain an activation energy for the reaction of 16.07 kJ/mol. This value is
significantly lower than the typical non-catalytic cleavage of a C=C bond,® and falls in line
with quoted values in literature and within the group for palladium hydrogenations.
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Figure 3.24 — Arrhenius plot of crotononitrile hydrogenation under ambient pressure (30-
60 °C, 800 rpm, 100 mg catalyst, 15 ml/min Hz, 80 minute sample.)

_Ea
k = Ae RT

Equation 4.1 — The Arrhenius equation

The work so far focused predominantly on the activity of the commercial Pd/C, and
identifying some of the parameters which would affect the rate of reactions and attempting
to alter the selectivity. Having exhausted the avenues of research with a commercial
catalyst, it was then time to begin focusing upon the tuneable silica-supported catalysts

synthesised for this work.

Under the same conditions as the commercial Pd/C, the reaction was tested with
each catalyst on the amorphous silica support at the three different temperatures previously
used in the Arrhenius plot; 30°C, 40°C and 60°C. Their initial rates were calculated and
plotted against the palladium loading of the catalysts (Figure 3.25). It is evident that
increasing the temperature also increases the rate, as expected. All temperatures showed
evidence of diminishing returns in regards to the initial rate achieved. This trend is similar
in nature to that seen with increased catalyst mass, as the rate determining step in this
reaction is then the accessibility of hydrogen, not the number of active sites. With the
results of this experimental set, it was decided to utilise the nominal catalyst loading which

provided the best rate as a comparison of the metal needed to synthesise it, 2 wt. %.
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Figure 3.25 — Temperature dependence of CrCN hydrogenation initial rate as a function of
Pd/SiO- loading (30-60 °C, 800 rpm, 100 mg catalyst, 15 ml/min H., 80 minute sample.).

Working on prior research reported in both the literature and within the group, the
standard stirrer speed for ambient pressure reactions within a Radley set-up was 800 rpm.
In an effort to identify if this was the most effective speed to work at, or if in fact the mass-
transfer limit is reached as a lower level of perturbation, a series of tests were run at
varying speeds. The experiments were run with both the highest loading fumed silica

catalyst, and the commercial Pd/C catalyst (Figure 3.26).

Within the setup of a Radley reactor, any speed exceeding 800 rpm started to cause
disturbances in the rotation of the rare-earth magnetic stirrer flea and as such was
discounted for higher speeds. On observation of the data we can determine that there is a
linearly increasing trend for both catalysts, running in parallel with a trending

augmentation of rate using the silica based catalyst between 200-800 rpm.

Attempts at running a 900 or 1000 rpm test yielded the aforementioned issues with
the magnetic flea and thus make it difficult to confirm if mass transfer limit was achieved.
However, the conversion rates over time that were obtained followed in close agreement to
that at 800 rpm. Based on the reported literature and previous work within the group it was
agreed that 800 rpm be the standard for work going forward, until the issue of stirrer

stability could be addressed.
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Figure 3.26 — Stirrer speed dependence of CrCN hydrogenation initial rate as a function of
Pd loading over fumed silica and carbon supports (30 °C, 100 mg catalyst, 15 ml/min Hy.).

3.2.5.1 Probing the reaction pathway

Previous work both within the group and that reported in the literature have
denoted a particular reaction sequence for the hydrogenation of crotononitrile, as shown in
full for Figure 3.27.78%10 In order to ascertain this if this was the true process, and to
determine if any additional reactions were taking place, a series of experiments were run,
utilising both the starting material and also the subsequent intermediates. In this way it was
determined that starting from butyronitrile garnered no additional rate or selectivity.

Although the primary imine itself cannot be purchased due to its instability,
reactions with butylamine produced zero products, and thus confirmed its requirement for
progression. Similarly, reactions containing dibutylamine could not proceed, and
tributylamine undergoes no additional steps if reacted alone. These reactions also
confirmed that the amine to imine step is not reversible, although this was to be expected.

The conclusion of these experiments was the confirmation of the reaction profile,
with reassurance that the presence of one or more species do not have any unforeseen
detrimental effects and most importantly that imine is the key step in this reaction

proceeding, without the possibility of a reverse reaction occurring under these conditions.
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Figure 3.27 — Proposed reaction scheme for the catalytic hydrogenation of crotononitrile (Adapted from literature).
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3.2.5.2 Effect of H2 pressure

To reiterate the initial desires of this chapter, the hope was to achieve
hydrogenation of the nitrile bond under as close to ambient conditions as possible. Work
up to this point clearly indicated that working under these mild conditions yields easy C=C
hydrogenation but has absolutely no effect upon modifying the selectivity towards nitrile
hydrogenation. As a result, it was decided to begin work within a Parr autoclave system.
With this, experiments could be run at higher pressures (exceeding 100 bar), whilst also
allowing for higher temperatures and a more uniform perturbation due to the installed

impeller rod.

Initial reactions within the Parr autoclave, with 1 bar of hydrogen injected into the
system, showed reaction rates in general agreement with that obtained from bubbled
hydrogen within a Radley reactor. The initial rate was slightly faster within the autoclave,
likely due to the much easier infusion of hydrogen gas when within an autoclave as

opposed to the slightly more outdated technique of bubbling hydrogen through.

Preliminary tests within the autoclave were done with the view to observe any
potential changes to the activity over varying catalyst mass within the reaction. As
mentioned before, with the Radley system it was found that 100 mg of the Pd/C catalyst
was the limit before reaching the mass-transport limitation whereby extra active sites had
no effect. Under the pressurised system, two sets of reactions were run under both

‘ambient’ 1 bar Hy, and at the higher pressure of 10 bar H> (Figure 3.28).

When considering the 1 bar H> set we can immediately see some differences from
the bubbled Radley reaction. Previously the reaction rate limit was achieved at 100 mg, but
here we see that the point is reached at only 50 mg. This suggests that although the rate is
slightly higher than within a bubbling reactor, the access to hydrogen at 1 bar stifles the

total initial rate that can be achieved.

This concept is further reinforced when considering the 10 bar H> reaction set. Here
we see a significantly higher initial rate, with a plateau at 100 mg of catalyst. This suggests
that at this pressure, under a standard stirrer speed of 800 rpm, we have similar hydrogen
diffusion to that seen with a bubbling flow reaction. As a result, subsequent work was

performed with 100 mg of catalyst within the reaction medium.
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Figure 3.28 — Catalyst mass test within a Parr autoclave at both 1 and 10 Bar Hz, mixed
with an overhead stirring impeller. (30 °C, 800 rpm, 0-300 mg catalyst)

As mentioned, a stirring speed of 800 rpm was utilised when testing the effect of
catalyst mass on the reaction rate due to the precedence already set in previous reactions.
However, with use of the Parr autoclave also included the use of a new type of perturbation
system. In order to ascertain if the hydrogen accessibility changes between a magnetic

stirrer and an impeller blade, a similar stirrer-speed test was run within (Figure 3.29).
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Figure 3.29 — Hydrogen perturbation test within the same Parr autoclave system
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As evidenced by the data, it is apparent that the limit of hydrogen accessibility is
achieved at just above 800 rpm, justifying the decision to work at this level. Any further
increase in speed has a diminished effect upon the initial rate, and plateaus at 1200 rpm.
Having determined the ideal stirrer-speed and catalyst mass to utilise, along with the
previous knowledge on the ideal metal loading, work progressed into observations of the

effect of increased temperature and pressure within the hydrogenation reaction.

To begin with, tests were performed whilst maintaining an ‘ambient’ pressure level
of 1 bar Hz, whilst altering the temperature of the reaction. However, within the autoclave
it was possible to exceed the limits set by the boiling point of methanol (~65 ° C). A series
of systematic experiments were run, altering the temperature of the reaction whilst
maintaining a liquid-phase medium through autogenous pressure. The results gained from
this showed that whilst the C=C hydrogenation step could be performed as ever increasing
rates, with full consumption of the reagent occurring within minutes, there was still no

evidence of any nitrile hydrogenation.

With this evidence in mind, a series of tests were performed where the temperature
was retained at a thermostatic level, while the hydrogen pressure was drastically increased
up to 100 bar H2. Upon observing the data gathered, it was clear that although the C=C
hydrogenation pathway was occurring, we still could not generate any selectivity towards
the nitrile bond. After referring to the literature on this process, it was decided that for the

reaction to proceed we would need a combination of higher temperature and pressure.
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Figure 3.30 — Evidence of amine formation at 30 bar H> (120 °C, 800 rpm, 100 mg cat.)
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With initial hydrogen pressure experiments, as shown previously, it was noted that
although initial rate for C=C hydrogenation increased, no amines were produced. However,
upon increasing the pressure to 20 bar and above, we began to observe peaks correlating to
the secondary and tertiary amine products. By increasing the pressure again to 30 bar Ha,
even higher yields of the two amine structures were produced. From a series of systematic
experiments it was determined that the optimum temperature conditions at this pressure

was in the range of 120 °C, with any higher temperature exhibiting diminishing returns.

Having successfully detected both secondary and tertiary amines, focus was then
turned towards running a systematic set of experiments over a range of pressures, under the
temperature and conditions that were known to generate detectable yields of amine
products. With that in mind, a series of tests run at 120 ° C and spanning from 0-60 bar H»
at 10 bar intervals were performed (Figure 3.31). As the experiments were run, the
generated data was expected to show a steady increase in the total yield of amine product

as a function of pressure, or to observe some sort of plateauing event at a certain point.
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Figure 3.31 — Comparison of the effect of H. pressure upon amine yield for Pd catalysts.

Experiments run over 7 hours at 120 °C and 800 rpm with 100 mg of catalyst.

What became immediately apparent was the unexpected volcano-plot curve
observed with the catalysts tested in this reaction. Typically, it is expected that graphs
dealing with total yield of a product will have either a linear or a plateauing trend. For the
formation of amines in this hydrogenation reaction it would be expected to see the 40 and

50 bar H> reactions to show a similar or higher yield than that of 30. For there to be such a
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drastic decrease in the total amine product concentration (accounting for both secondary

and tertiary) suggests that the increased pressure has somehow poisoned the catalyst.

With the only variable within the reaction being hydrogen pressure, then whatever
effect was causing the inactivity or poisoning of the palladium catalyst must be due to the
presence of hydrogen. With no literature precedence for mono-atomic hydrogen causing
any kind of poisoning within a hydrogenation reaction, interest turned towards more
irregular or less well understood processes which could explain this trend. With this in
mind, research was done into the characteristics of palladium hydride (Pd-H), a poorly
documented phase of palladium in which hydrogen atoms insert themselves within the

crystal structure of palladium itself, affecting both its physical and electronic structure.

With x-ray absorption spectroscopy being the only technique by which the subtle
signs of this metal-hydride structure can be detected, time was acquired at the Diamond
Light source, utilising the high energy X-rays generated by the synchrotron there.

3.2.6 The effect of hydride formation — XAS

With confirmation of the unanticipated ‘volcano plot’ interplay between pressure
and yield of amine in the hydrogenation reaction, it was clear that further research into the
cause was needed. Although the literature in this field is scarce, it is known that under
suitable conditions palladium nanoparticles may undergo a structural transformation in the
presence of hydrogen.!''? Rather than the standard adsorption of hydrogen species upon
the surface such as in the Langmuir-Hinshelwood mechanism, the hydrogen may instead
merge with the bulk structure of the palladium to form what is referred to as a palladium-
hydride (Pd-H). The typical crystal structure of palladium metal (Pd°) is that of the face-
centred cubic (FCC) model, as shown in Figure 3.32.* A unit cell contains four total

atoms within its structure, with eight 1/8 from the corners and six 1/2 from the sides.

Aston University

ustration removed for copyright restrictions

Figure 3.32 — Face Centred Cubic (FCC) structure of palladium metal®
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Under appropriate conditions, and the presence of hydrogen, the structure of
palladium metal can be altered to incorporate hydrogen atoms within the interstitial
octahedral sites of the FCC structure. In this manner, it forms what can be referred to as an
alloy of palladium and hydrogen, with the hydrogen binding between the palladium atoms

2.82 A
:

as shown in Figure 3.33.

Figure 3.33 — Modified representation of the palladium-hydride (Pd-H) crystal structure*

As with any structural augmentation, the modification of its constituent parts will
result in several detectable changes within the material, as is highlighted in Figure 3.33.
The first, and clearest, example is in the increase of inter-atomic distance for the newly
formed alloy. Pure palladium metal demonstrates a 2.72 A distance between the nuclei of
two adjacent Pd atoms. However, this distance increases by an average of 0.1 A to 2.82 A
when accommodating for the newly inserted hydrogen atom.'? Although a change in inter-
atomic distance this small is usually undetectable, it is possible to determine if this has
indeed occurred through the processing of X-Ray Absorption Spectroscopy. It is at this
point that we must consider that Pd-H in fact exists within two specified phases, that of a
Pd-H and p Pd-H (Sometimes referred to as o’ Pd-H) as shown in Figure 3.34.1! Rather

than a conventional phase, these two are determined by the ratio of palladium to hydrogen.

Alpha () PdH Beta () PdH

Figure 3.34 — Visual representation of the two ‘phases’ of palladium-hydride (Pd-H)!
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When the Pd:H ratio is less than 0.017 then it is said to be of the pure alpha phase.
Conversely, a higher ratio than 0.58 indicates it is a purely beta phase. Between these two
values a material is referred to as mixed phase. In short, these phases denote the how
packed the palladium metal is with hydrogen, with o phase being scarcely populated and 8
being highly populated. Most notable from this information is that when determining the
inter-atomic distance via XAS, we can thus establish which hydride phase we are
observing. Due to the nature of the technique, as detailed in the sections to follow, the
inter-atomic distance is taken as a bulk average. Because of the variability of hydrogen
presence in the sample at different phases, this will present itself as a shifting scale. This
means that a small increase in detectable distance would correlate with the presence of an
alpha phase hydride, whilst a larger increase (to the literature determined value of +0.1 A)

indicates the presence of a beta phase hydride.

The second change within the palladium material upon incorporation of hydrogen
to its structure is that of an electronic effect. The excitation energy of a core 1s orbital
electron from palladium, referred to as its K edge, is 24,365 eV (24.365 keV).r> However,
in the literature it is noted that in controlled environments, the excitation energy of a core-
shell palladium electron within Pd-H structure decreases by a calculated 6.7 eV as
indicated within literature (Figure 3.35).12 It is also referenced that this energy shift
discrepancy is diminished for partial hydride formation, and thus the presence of alpha or
beta hydride could theoretically be distinguished from the K-edge excitation energy. This,
coupled with the aforementioned change in Pd-Pd inter-atomic distance, results in a two-

fold method of hydride detection when working with the XAS technique.

There is little in the way of concrete literature to generate a phase diagram for the
formation of Pd-H in a supported nanoparticle system, but there have been attempts in
other areas to create one, as shown in Figure 3.36.' As indicated, it is clear that the
temperature and pressure of a reaction will affect the formation of palladium-hydride. This
further reinforces the suggestion that the sudden loss of amine yield during the increase in
hydrogen pressure between 30-40 bar correlates to the formation or phase-change of the
hydride. To that end, beam-time was applied for and successfully gained at the Diamond
Light Source, at the Harwell Science and Innovation Campus in Oxfordshire. In the
sections to follow, | detail the principles behind X-ray Absorption Spectroscopy (XAS),

the procedure and technology utilised on site, and the results obtained therein.
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3.2.6.1 XAS — The Principle

X-ray Absorption spectroscopy (XAS) is a bulk analysis technique, used to
determine the properties of materials such as electronic structure and geometric properties.
More specifically for this work, it can be used to determine the inter-atomic distance
within a material, along with the excitation energy of the elements within (which can also

indicate aspects such as oxidation state).

XAS can accomplish this by utilising the unique ‘fingerprint’ nature of core
electron excitation in atoms. Using pre-calculated values for the energy needed to excite
electrons from an elements K, L or M orbitals, and observing the step-edge detected, the
electronic state can be ascertained. Following from this, the subsequent energy oscillations

can be used to determine inter-atomic distances.

To begin, this particular technique is viable only if x-rays of sufficient energy can
be generated, and finely tuned before being applied to the experiment. To this end, the
most viable source is via a synchrotron radiation site such as the Diamond Light Source.
Often associated with their sibling technology, particle-colliders like the Large Hadron
Collider (LHC), synchrotrons rely on the acceleration of particles to relativistic speeds. By
generating a beam of electrons and accelerating them to a maximum of roughly 3 GeV (3
billion electron volts) and forcing them to travel in a curved path through the use of high
powered electromagnets, they will release synchrotron radiation.’

This electromagnetic radiation can then be passed through various devices designed
to filter and focus the desired wavelengths of light (Figure 3.37). In this way a synchrotron
facility may accommodate for many different kinds of experiment, depending on the type
and energy of electromagnetic radiation desired. Specifically in the interests of this work,
the B18 line was utilised, as its particular focus (a high flux versatile multi-pole wiggler)
generates a tuneable X-ray source of 4-35 keV. This allows for the K-edge excitation

energy of palladium to fall well within the range of the apparatus.
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Figure 3.37 — Annotated design schematic for the Diamond Light Source synchrotron.’

The design of the experimental hutch allows for the experimental cell you are using
to be aligned between the exit-point of the light source and the detection unit that is
positioned directly across from it. The principle of XAS is that by knowing the energy of
the x-rays that have passed through your reaction (and steadily increasing it), you can
generate data which highlights the point at which excitation energy is achieved, producing
a photoelectron, through the sudden energy discrepancy between incident and transmitted
x-rays, as highlighted in Figure 3.38.
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Figure 3.38 — Graphic representation of X-rays interactions upon an experimental sample.

As the energy of the incident x-rays introduced to the experiment gradually
increases, the spectrometer will detect the transmitted x-rays and generate a graph with the

energy level of the incident rays as the x-axis, and the discrepancy between that and the
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transmitted rays (absorption coefficient - I/lo), as the y-axis. At the point of electron
excitation there is a sudden change in the coefficient, known as a step-edge or rising-edge.

Data generated typically appears as in Figure 3.39.
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Figure 3.39 — Annotated representation of a typical X-ray absorption spectrum.

A typical XAS spectrum can be delineated into distinct regions in regard to the
rising-edge (E). First is the x-ray absorption near-edge structure (XANES), also known as
near edge x-ray absorption fine structure (NEXAFS), which incorporates the region prior
to the step-edge (E < Eo), aptly named the pre-edge, and the rising-edge and immediate
structure that and follows (10-150 eV > Eop). Following from this is the extended x-ray
absorption fine structure (EXAFS) which deals with the long range structure of the spectra
(50-1000 eV > Ep). With the XANES region, it is possible to determine both the element’s
oxidation state, but also any shifts in energy that may be observed, such as in the formation
of Pd-H. Beyond this, the behaviour of the spectra becomes more complicated.

As demonstrated in Figure 3.39, following the immediate step-edge we see a series
of oscillations. This region is known as the “Kronig Structure” named after its discoverer.®
These fall within the EXAFS region and can be used to determine the local structure of the
material being analysed, including the elemental identity of neighbouring atoms, as well as
the inter-atomic distance. To understand the origin of these oscillations, and how this data

can be derived from them, we must look to quantum mechanics.
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When the excitation energy of the core electron is achieved, and it is ejected as a
photoelectron, we can treat this ejection as the propagation of a wave. Subsequently, we
can treat the atoms surrounding the centrally excited atom as scatter points, in much the
same way as blockades on a beach. As the electron wave interacts with these scatterers,
backscattered waves will be generated, which will in turn begin to interact with the
originally propagating waves. In this manner, they will experience constructive and de-
constructive interference such as with any interacting waves. This pattern results in a
modulation of the absorption coefficient that is observed with the XAS, and is the origin of

the oscillations we can see.

The structure of the oscillations can be analysed to determine the amplitude and
phase of the backscattered photoelectron wave. These are influenced by the element acting
as the scatter point, and its distance from the source atom. To put it another way, by
working backwards from the modulation of the absorption coefficient, we can calculate the
fingerprint pattern of constructive and de-constructive interference of the wave. From this
unique pattern we can determine both how far away the backscattered waves propagated
from, and from what scatter point (which element) they were formed. From this we can
calculate the percentage metal (Pd-Pd) and oxide (Pd-O), as well as the aforementioned
stretching of the Pd-Pd atomic distance from 2.72 A to 2.82 A.

3.2.6.2 XAS - experimental

In order to adequately observe the pressure-based interactions of the nitrile
hydrogenation reaction, it was necessary to construct a custom-made reaction cell. Taking
the schematics of one of our standard Parr autoclave systems, we requested a modified unit
which contained pressure-sealed portals so that the x-rays could successfully penetrate into
the reaction medium and travel outwards into the XAS detector (Figure 3.40). A third
view port, placed at a 90° angle, was installed with the intention of enabling in-situ infra-
red (IR) techniques. Initially the device was designed with pressure resistant silica
windows, however some short calculations suggested that these would absorb >99.9% of
the x-ray energy before reaching the detector. As such some custom ordered vitreous
(glassy) carbon windows were requested and installed in the laboratory. Vitreous carbon,
although opaque to visible light and therefore black in appearance, are readily permeable
by x-ray radiation. This, coupled with the standard pressurising system as described in
previous sections in regards to autoclave work, were brought on-site to the Diamond Light

Source.
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Figure 3.40 — Schematic of the custom windowed autoclave and components

Due to the unique nature of this procedure, some modifications to the standard
reaction protocol were needed. First was the need for a perturbation test within the cell.
The reaction had to be mixed enough by the impeller to suitably mix the reagent and the
hydrogen gas, whilst ensuring that no gas bubbles or vortices disturbed the line of sight
through the windows and reaction matrix. Because both the impeller speed and the reaction
temperature (which affects the liquid viscosity) can lead to the formation of a vortex or
bubbling, a short series of tests were performed prior to the beam-time. Experimenting at
ambient temperature and pressure 800 rpm was noted as the upper limit before perturbation
occurred. At ambient pressure but higher temperature, it was confirmed that the chosen
temperature of 120° C affected no further changes, but at higher pressures it was noted that
at 800 rpm there occurred some slight bubbling through the windows. As such it was
determined that the impeller speed should not exceed 800 rpm, and should in fact be
limited to around 650-700 rpm to ensure that perturbation would not negatively affect the

quality of data received.

Once on-site, several reactions were performed over the course of the 4 day beam-
time. Firstly, several ex-situ samples were generated in washers, so that the catalyst use for
the subsequent experiments during the beam-time could be analysed on their own, outside
of the reaction matrix. Following this, due to the size of the in-situ cell, and because we

needed to achieve the highest signal possible to better distinguish the minuscule step-
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changes associated with hydride formation, the reaction was scaled up. Using 750 mg of
the 5 wt. % Pd/SBA-15 and 50 ml of solution, one reagent-deficient reaction was
performed with only 50 ml of the solvent methanol. This was to observe the actions of the
catalyst without the additional interaction of the reacting species. Heated to 120° C and
stirred at 650 rpm, clusters of scans were performed as hydrogen was introduced at 2, 10,
20, 30 and 40 bar, along with scans run after cooling and purging under nitrogen.
Following this, a reaction with 24 ml methanol and 26 ml crotononitrile (319 mmol) was
performed with 750 mg of the catalyst, and with the same pattern of incremental hydrogen
pressure ramping. The following sections are a recounting of the experiments run, and the

results obtained from them.
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3.2.6.3 XAS — Results
3.2.6.3.1 Solvent Only

A control experiment was first conducted to establish catalyst behaviour in the
absence of the crotononitrile reagent. In this way, we could eliminate the experimentally
confusing variable of a reaction undergoing upon the surface, possibly affecting any
detectable formation or consumption of the Pd-H species. As mentioned in the previous
section, the first salient piece of data generated with XAS is the comparison of incident
energy and the absorption coefficient observed. Typically, multiple scans will be run each
lasting several minutes. In this manner, several scans can be taken and normalised together,
as shown in Figure 3.41. By taking multiple scans and normalising them, we can smooth
out the rough edges that would be apparent with of the absorption spectra of only one scan.

This is the method by which the subsequent data was processed.
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Figure 3.41 — Snapshot example of the multiple XAS scans plotted in Athena, in this case
the 10 scans run at 10 bar hydrogen with the 5 wt. % Pd/SBA-15 and within the solvent-

only system. This data is then normalised to create a smoothed plot for each scan cluster.

This refined data can then be compared against database samples of known materials to
determine the studied samples composition. In the case of this work, reference samples of
palladium metal and palladium oxide were used. These are generated by running XAS on
sheets of the pure constituent (ie. pure Pd, or pure PdO). These can then be applied using a
computer algorithm to calculate the percentile value of each phase within the sample. As a

result a fitted x-ray absorption near-edge structure (XANES) plot can be produced, which
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combines the obtained XAS scan, the shape of the reference material scans, the “fitted” line
shape which combines the reference material scans together. Finally the ‘residual’ line is
added, which is a visual representation of any discrepancies between the true scan plot and
the fitted plot, and thus can be used to identify if any potential species have been

unaccounted for. In summation, the result is a plot as detailed in Figure 3.42.
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Figure 3.42 — Fitted XANES plots for catalyst powder (1), reaction mixture under nitrogen
(2), reaction mixture under 2.2 bar H (3), and reaction mixture under 40 bar Hz (4).

Several pieces of information can be discerned from these initial fitted XANES
plots. The catalyst powder washer indicates a PdO content of around 40%, with a slight
decrease whilst within the methanol solvent, likely due to its innate reductive properties.
Upon introduction of the hydrogen gas at 2.2 Bar we see a significant loss of PdO within
the material, which is to be expected as the hydrogen will reduce it back to its pure metal
form. This reduction is not much changed between 10 and 40 Bar Ha, and the comparative

percentage of composition is demonstrated in Figure 3.43.
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Figure 3.43 — Comparison of the metal/oxide composition percentage of the catalyst prior
to the reaction, and at varying hydrogen pressures within the solvent-only system. Data

indicates an instant conversion of any present oxide with little variation thereafter.

When looking at these results it is clear that there is an unaccounted variable With
hydrogen gas in the system the oxide content should become negligible, and coupled with
this we can see that for the 2.2 bar hydrogen scans, and most prominently for the 40 bar
scans, the “fit” does not align properly with the physical data.

Whilst this may be discounted through basic error, this may be the first indication
that we are observing the formation of a palladium-hydride (Pd-H). Because the program
takes reference samples as its input, if there is an additional material that is unaccounted
for, discrepancies will arise in the data. If it were possible to isolate a Pd-H material and
apply its reference plot, we would likely generate a much better fit, and have a more
negligible PdO content after introducing hydrogen.

The next step that can be taken with the generated data is to focus on the step-edge
and oscillations of the scans taken at each pressure range. When overlaid, it becomes
apparent that there are subtle shifts in the electron excitation energy of the Pd in the
catalyst. These changes correlate to a gentle down-shift in the excitation energy as the
hydrogen pressure of the system increases, as shown in Figure 3.44. With suitable
magnification this shift is apparent to the naked eye, but it can also be quantifiably
measured within the processing programs. As such we can generate a plot as shown in

Figure 3.45, which details the trend of energy down-shift as a function of pressure.
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Figure 3.44 — Comparison of the generated XAS spectra at increasing hydrogen pressure,
for the experimental set within the solvent-only system. Data highlights the subtle down-

shift in electron excitation energy maxima as the pressure increases, as indicated by dashed

lines.
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Figure 3.45 — Generated plot of the relative shift in the first absorption maxima energy as

a function of pressure, showing a clear downward trend as hydrogen pressure is increased
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As highlighted in Figure 3.45, upon introduction of hydrogen to the reaction we
can see a sharp initial shift of -2.86 eV followed by a steady down-shift as the pressure
increases, to a maximum of -6.84 eV. As mentioned previously, a negative shift in
excitation energy is a significant indicator for the presence of Pd-H within the material.
Furthermore, the shift of 6.84 eV closely matches that documented in the literature, with a
quoted shift of 6.7 eV.!? With this evidence we gain our first suggestive proof for the
successful formation and in-situ detection of a palladium-hydride species.

To further justify these results we then looked to the change in Pd- interatomic
scattering distance. As explained in previous segments, the insertion of a hydrogen atom
between the palladium atoms forces a subtle shift in the Pd-Pd distance. By observing the
oscillations of the x-ray absorption spectra, we can generate a radial distribution function
(RDF) plot, which highlights any changes in the distance as the hydrogen pressure
increases, as shown in Figure 3.46. As with the previous plots for excitation energy shift,
we can clearly see by sight alone a subtle increase in the Pd-Pd interatomic distance. This
fits in accordance with the literature that suggests a shift of approximately 0.1 A for
hydride formation.

—2.2 bar
—10bar Pd-Pd=2.72A
—20bar pd-0 =1.87A
—30 bar
——40 bar
——Catalyst (powder)

Fourier Transform Intensity

1 1.5 2 2.5 3 3.5
Radial Distance / A

Figure 3.46 — Overlaid plot of the generated RDF plots within the solvent-only system for
each hydrogen pressure, indicating a subtle increase in interatomic distance.
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As with the excitation energy data, we can accurately calculate the maxima of the
peaks, and compare these as a function of hydrogen pressure. This can then be plotted to
generate a graph as shown in Figure 3.47, and extrapolated to calculate the lattice

constant, as shown in Table 3.7.
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Figure 3.47 — Plotted data of the peak maxima and magnitude for Pd-Pd interatomic
scattering distance against hydrogen pressure, indicating a clear increase in distance as

pressure increases

Pressure / bar [Radial distance / A |Atomic radius / A |Lattice constant / A
0 2.70 1.35 3.82
2.2 2.76 1.38 3.91
10 2.76 1.38 3.91
20 2.79 1.40 3.95
30 2.76 1.38 3.91
40 2.79 1.40 3.95

Table 3.7 — Calculated Pd-Pd interatomic scattering distance at varying pressures, and the

lattice constant of the crystal structure as extrapolated from these values
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As highlighted, there is a clear and empirical change in the Pd-Pd radial distance as
the hydrogen pressure of the reaction is increased. With a maximum alteration of 0.092 A,
this is also in close agreement with the literature quoted value of 0.1 A. As a result, there
are now two separate sources of data that enforce the suggestion that a hydride species is
forming upon introduction of hydrogen. Notably, it seems that the formation is gradual,

with what we would quote from literature as substantial Pd-H content arising at 40 bar H.

One final piece of reinforcing data can be found in the magnitude of the radial
distance peaks. Within the experimental data, the height of the peak correlates to the
coordination number of the atom in question. What we see in our experimental set is a
steady decrease in peak magnitude over pressure. Importantly, the XAS technique is
unable to detect coordinated hydrogen atoms, as they cannot effectively be interacted with.
Therefore, the steady decrease in magnitude, and thus coordination number, can in fact be

attributed to the steady ‘replacement’ of palladium neighbours with hydrogen atoms.

With several coinciding pieces of data pointing towards successful in-situ hydride
formation within the pressure cell, it was then time to run the same experiment, but with

the standard reagent, crotononitrile, included in the reaction matrix.

3.2.6.3.2 Solvent & Crotononitrile Experiment

As with the previous solvent-only experiment, the reaction was run at steadily
increasing hydrogen pressure steps, ranging from the baseline of 2.2 bar, through 10, 20,
30 and finally 40 bar H.. At 40 bar, due to the high excess of reactant, it was possible to re-
pressurise the system and allow for multiple scans at this particular range. The raw data
obtained was again compiled into fitted XANES and ChiR plots, and subsequently
scrutinised to elucidate data on the potential shifts in excitation energy and Pd- interatomic

scattering distance.

With the plotted XANES data as shown in Figure 3.48, it became clear that a
similar effect was being observed as with the solvent-only system. The initial scans show a
good agreement between the physical data and the fitted plot. With the 2-30 bar scans there
was the notable shift from mixed metal/oxide content to almost pure metal, and at the 40
bar point there was a clear discrepancy between the data and the fitted plot, suggesting a
third species at play. Interestingly, upon cooling and purging of the system under nitrogen
gas, the comparison between the two plots becomes much less divergent. This in itself may

suggest that the act of purging may be reversing any effects seen, if not completely.
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Figure 3.48 — Fitted XANES plots for catalyst powder (1), merged scans for 2.2 - 30 bar
H> (2), reaction mixture under 40 bar H, (3), and the cooled reaction mixture under N> (4).
(24 ml methanol and 26 ml CrCN) [319 mmol], 650 rpm, 750 mg 5 Wt.% Pd/SBA-15)

Taking the data generated by the program on the ratio between the oxide and metal

present within the combined scans, we obtain the results shown in Figure 3.49. As

expected, the oxide content is immediately diminished upon introduction of hydrogen into

the matrix, causing near instantaneous reduction of the oxide to the pure metal form. As

with the solvent-only system, the program suggests there is still a small amount of oxide

present, which would be almost impossible in a hydrogen infused environment. This

further reinforces the concept that a third palladium species, Pd-H, is present, causing the

programs results to become skewed due to the lack of data on the third agent.
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Figure 3.49 — Comparison of the metal/oxide composition percentage of the catalyst prior

to the reaction, and at varying hydrogen pressures after at least 10 scans

With the oxidation state data acquired, focus shifted to the relative shifts of the

XANES oscillations, in an attempt to discern if a similar effect to that of the solvent-only

reaction could be observed, or if the presence of the reagent would affect it in any way.

Once magnified and overlaid, including the fresh palladium powder scan (referred to as

Catalyst ‘washer’), it became immediately clear that the same trend of gradually

decreasing excitation energy was not present for this reaction, as shown in Figure 3.50.

Rather than the gradual shift, it was apparent that there was the initial shift upon the

introduction of hydrogen to the reaction, followed by absolutely no change between 2 and

30 bar.
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Figure 3.50 — Raw magnified XANES region (left) and the version with 2.2-30 bar

condensed due to their identical patterns (right), highlighting the altered excitation energy
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Once the scans from 40 bar H> were overlaid however, it was noted that it
underwent a significant shift in energy compared to the previous pressures. Finally, upon
cooling and purging under nitrogen, the data suggested that the change in excitation energy
was actually reversed, showing a partial restoration to any effects within the palladium

structure. The maxima of the merged scans were plotted and presented in Figure 3.51.
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Figure 3.51 - Relative shift in the first absorption peak maxima as a function of pressure,
showing a clear overall drop, with a distinct plateau between 2.2-30 bar H. (5 wt. %
Pd/SBA-15, 120° C, 650 rpm, 319 mmol CrCN in MeOH)

This stalling plateau in the shift of excitation energy was perplexing. As determined
prior to this, the decrease in energy is associated with the formation of Pd-H. For this dwell
to occur, the assumption must be that the crotononitrile is preventing the formation of a
palladium hydride species. That is, until a pressure of 40 bar H; is achieved. At this point
the hydride retardation seems to revert, and we observe a full shift of -6.97 eV, almost

identical to that observed in the solvent-only reaction.

In an effort to confirm this hypothesis of hydride retardation, the RDF interatomic
scattering distance data from the XANES oscillations were evaluated. Upon plotting this
data (Figure 3.52) and taking the peak maxima as a function of pressure (Figure 3.53) it

quickly became clear that this effect was not an artefact of the excitation energy data alone.
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Figure 3.52 — Overlaid graph of the generated RDF plots for the merged scans run at
varying hydrogen pressures. Indicates a subtle increase in interatomic distance
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Figure 3.53 - Plotted data of the peak maxima magnitude for Pd-Pd interatomic scattering
distance against hydrogen pressure, indicating a clear overall increase in distance as H»
pressure increases (5 wt. % Pd/SBA-15, 120° C, 650 rpm, 319 mmol CrCN in MeOH).
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It is clear from the plot that we can observe the exact same trend with the alteration
for Pd-Pd interatomic distance, as we can for the core electron excitation energy. With an
initial change upon introduction of hydrogen, followed by a dwelling plateau with no effect
between 2 and 30 bar, and finally a significant shift at 40 bar H, to bring the total
interatomic scattering distance change to 0.092 A, the same as with the solvent-only
system. It was then clear that the two experiments needed to be overlaid and compared,

before a hypothesis could be discussed and argued for.

3.2.6.4 XAS - Conclusions

As it was clearly apparent that there were distinct differences between the two
experiments, a comparison of the two in regards to excitation energy and interatomic
scattering distance generated from the merged scans of each pressure were plotted (Figure
3.54 & Figure 3.55 respectively).
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Figure 3.54 — Overlaid plot of both the solvent-only and reagent XAS reactions. (5 wt. %
Pd/SBA-15, 120° C, 650 rpm, combination of MeOH only and 319 mmol CrCN in MeOH

mixtures)
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With Figure 3.53 we can see a difference between the energy shifts that were
initially apparent between the two. As shown here, the initial energy decrease is of a
similar level for both experiments at 2 bar. However, at 2-30 bar there is a clear stagnation
of change in the scans runs with crotononitrile present. Finally, at the 40 bar scans, we see

that the two points re-join and exhibit a similar shift in the electron excitation energy again.

If we consider the literature and what we know of the processes responsible for this
change, we can draw the conclusion that although the reagent-present reaction undergoes
some small initial formation of hydride, the process is halted until sufficient pressure at 40
bar of H> is achieved. As such it can be inferred that crotononitrile itself is responsible for
the forced inhibition of the hydride structure. However, once the pressure reaches 40 bar of
hydrogen, we see that there is a rapid decent to the -6.9 eV range that we observe without
the reagent. As such we can also deduce that whatever preventative measures the
crotononitrile has upon Pd-H formation is reversed at appropriate pressure and/or

concentration of hydrogen.
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Figure 3.55 — Comparison plot of both XAS experiments for the Pd-Pd interatomic
scattering distance shifts observed in both, again indicating a notable retardation in the
presence of CrCN. (5 wt. % Pd/SBA-15, 120° C, 650 rpm, combination of MeOH only and
319 mmol CrCN in MeOH mixtures)
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By comparing the results found with the energy shift to that of the Pd-Pd
interatomic scattering distance as shown in Figure 3.54 it was hoped that further evidence
to support the theory of retardation could be found. What is obvious upon overlaying the
data is that the same trend that we observe for the change in excitation energy can be
observed here. Upon a small initial increase in Pd-Pd distance, the reagent-present reaction
shows a marked dwell in activity up to 30 bar, where we again observe this convergence
between the two experiments, to both match with an increase of 0.1 A.

Again, with reference to previous discussions on the cause of this spatial increase,
we can determine that the presence of the crotononitrile reagent is preventing the formation
of a saturated Pd-H, a so-called beta hydride. However, once 40 bar H is reached this

effect ceases to have any preventative hold on the formation of the hydride material.

The reason for this hydride retardation is, in this author’s opinion, due to the nature
of the hydrogenation reaction. When only solvent is present, hydrogen may adsorb to the
surface uninhibited, and eventually incorporate itself into the palladium crystal structure.
However, with the introduction of crotononitrile, the reaction of alkene hydrogenation and
to a lesser extent nitrile hydrogenation means that the adsorbed hydrogen is quickly
consumed in the process. As a result, only a small percentage will form the Pd-H structure,
accounting for the small shift we observe which would correlate to an alpha Pd-H. Up to
30 bar Ho, the reaction rate is so great that the hydrogen can never fully merge with the
palladium atoms to form the hydride, instead being consumed in ever greater quantities by
the reagent. However, upon reaching 40 bar Hp, it can be surmised that the sheer
concentration of hydrogen then surpasses the rate at which the hydrogen atoms can be
utilised. As such, a larger percentage of hydrogen atoms may dwell upon the surface long
enough to incorporate into the bulk structure as a palladium-hydride. At this point, we
observe the creation of a beta Pd-H. This is confirmed both by the full shift in excitation
energy, as well as the full enhancement of the Pd-Pd interatomic distance.

In summary of the comparison of results between the solvent-only experiment and
the crotononitrile present one, we can draw a persuasive hypothesis on the formation and
role of palladium hydride in this reaction. If we recall the volcano-type plot of amine yield
as a function of pressure, we can identify that 40 bar illustrates a significant degradation of
yield. This “catalyst poisoning’ occurs only at 40 bar H> and onwards. If we then observe

the trends shown in the XAS data, and the confirmation that significant quantities of
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hydride (beta Pd-H) only occurs at 40 bar Hz, we can firmly claim that in the presence of a

reacting agent, true formation of Pd-H only occurs at 40 bar.

Therefore, a solid claim can be made towards palladium-hydride acting as a
catalytic poison, altering the electronic properties and/or physical properties of the
Palladium metal nanoparticle active sites in such a way as to make nitrile hydrogenation
highly unfavourable. This results in the trend of amine yield as a function of pressure that
was observed in previous work. In essence, the hydrogen itself becomes a poison to the

hydrogenation reaction.

It is important to note that the nature of working with X-ray Absorption
Spectroscopy involves the evaluation of subtle changes. As such it is important to remain
cautious with any findings unless there is sufficient evidence to corroborate. The work
discussed in this chapter endeavours to do so, but further work is always beneficial when
considering work in this field. As such it would be advisable to further this research to
better elucidate the nature of this hydride formation.

3.3 Conclusions

To conclude the findings of this chapter on palladium catalyst-facilitated nitrile

hydrogenation we can draw a number of succinct conclusions on the nature of the reaction.

When working at ambient pressure and temperature, it is possible to facilitate the
hydrogenation of the C=C alkene bond. The rate of this reaction can easily be modified and
increased through the manipulation of temperature, catalyst mass, metal loading, and
perturbation (hydrogen access). However, the reaction within this stage is 100% selective
towards the alkene hydrogenation and we observe neither the direct formation of any

amine, nor any evidence of its presence at any point.

Upon increasing the pressure of the reaction, we see an expected increase in C=C
hydrogenation yet still no evidence of amine formation until an increase in temperature is
also facilitated. Upon a combination of temperatures exceeding 100° C secondary and
tertiary amine formation was observed with increasing yields as temperature and pressure
were increased, with an ideal yield observed at 120° C and 30 bar Hz. The lack of primary
amine within chromatograph data supports the previously discussed volatility of this

product when coupled with the imine intermediate.
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However, introduction of pressures exceeding this value, from 40 bar and above,
showed an almost instantaneous cessation of yield for any amine compound. After
theorising on the cause, steps were taken to acquire the equipment and time needed to run
in-situ pressurised X-ray absorption spectroscopy (XAS) in an attempt to elucidate if the
issue was in response to a physical/electronic change brought upon by interaction of the
material and palladium-hydride. A systematic study at the Diamond Light Source
synchrotron highlighted key evidence for both the formation of hydride under solvent-only
conditions, and the suspension of formation when in the presence of a reacting reagent
such as crotononitrile. Upon exceeding 40 bar H., experimental results indicated total
hydride formation, hypothesised as possible due to excess hydrogen accessibility. The
corroborating data thus helped the generation of a hypothesis in which hydride formation
within a reaction is in fact cripplingly detrimental towards nitrile hydrogenation due to

modifications of the physical and/or electronic properties of the catalyst.

In this author’s opinion, a plan of further action could easily be constructed in such
a way to further enlighten the precise mechanics and interactions of the palladium-hydride
phase within hydrogenation reactions. For example, with access to XAS again a systematic
study of pressure in 5 bar increments focusing around the point of hydride formation could
more accurately define the turning point. In addition, experimenting with gas mixtures
could provide insight into whether the pressure is more important, or the abundance of
hydrogen. For example, would we observe the same rate diminishing effect with 30 Bar

hydrogen gas and 10 Bar nitrogen gas.
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Chapter 4

Selective hydrogenation of allylic
aldehydes using tuneable palladium-based

catalysts

An investigation on the effect of
nanoparticle characteristics and support
architecture on cinnamaldehyde

hydrogenation



4.1 Introduction

Previous work into the field of crotononitrile hydrogenation (Chapter 3)
culminated in the discovery of a trend of high activity versus low selectivity upon
palladium-based catalysts, able to be manipulated through changes in temperature,
pressure, and catalyst structure. In an effort to further elucidate the nature of palladium
nanoparticle catalysts, and bring to light further trends in regards to their role in selectivity
and activity in hydrogenation reactions, this chapter focuses on selective hydrogenation of

the simple aromatic aldehyde, cinnamaldehyde.

With both the amorphous silica (SiO2), and mesoporous silica (SBA-15) catalyst series,
this chapter will investigate the catalytic activity they demonstrate, involving comparisons
to prior work performed within the group by Doctor Lee Durndell, using silica-supported
platinum catalysts.! Beginning with conditions laid down in previous work, this chapter
will detail the effects of modulated hydrogen accessibility, metal loading, temperature and
pressure. Additionally, attention will be paid to the effects of the catalyst support upon the
reaction, and also the importance of steric alignment for the reactant species. To further
investigate this, work will be shown that delves into the effect of additional steric moieties

within the reagent upon the activity and selectivity of the reaction.
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4.2 Results and Discussion

4.2.1 Cinnamaldehyde hydrogenation

To begin, initial work was performed upon the cinnamaldehyde (CinnALD)
hydrogenation via the same experimental parameters set out in Chapter 3, and also
employed within prior work by the group. As this work was in essence a continuation of
research on Platinum Group Metal (PGM) catalysts for aldehyde hydrogenation it was
pertinent to begin testing under the same reaction conditions as set forth by the platinum
work. The optimal conditions generated by the platinum work amounted to an ambient
pressure reaction within a Radley reactor round-bottomed flask, run at 90° C. A magnetic
stirrer flea maintained an 800 rpm perturbation whilst hydrogen gas was bubbled through
via PTFE piping at 15 ml/min. Preliminary results with both series are shown in clusters

for Figure 4.1 and 4.2 (overleaf).

When considering the conversion of the starting material cinnamaldehyde for both
catalyst series we can observe some clear trends in activity. Primarily, we can see that
regardless of the catalyst loading, full conversion is observed by the two hour sampling
point for the SBA-15 support. Although there is some variation in rate they all perform in
much the same way. Comparatively, for the amorphous silica support we can see clear
differences between each loading, with the highest loading taking two hours to fully
convert, and the lowest taking seven.

In terms of reaction products we can see that for all catalysts we readily observe the
formation of the saturated aldehyde, through C=C hydrogenation, and some small
formation of the saturated alcohol through a combination of C=C and C=0 conversion. In
all cases, we see the steady conversion of CinnALD to the two carbon bond saturated
products, mainly 3-phenyl propionaldehyde (PPA) and also 3-phenyl propan-1-ol (PP).

Previous work within this group and reported in literature with other metal nanoparticles
such as platinum, have shown that this process will also form small amounts of cinnamyl
alcohol (CinnOH) which can be compounded by altering the surface structure.?*# Notably
for the palladium reactions, we observe a null synthesis for the desirable cinnamyl alcohol
product. However, if we consider this from previous work in Chapter 3, and with reports
within literature on the nature of palladium based aldehyde hydrogenation, this is a fairly
predictable result.® It has been well determined that while palladium exhibits a high

activity, its selectivity towards anything but carbon hydrogenation is lacking.
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(Conditions: anisole solvent, 90° C, 100 mg catalyst, 800 rpm, 15 ml/min H>)
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the formation of 3-phenylpropionaldehyde (left) and 3-phenyl propan-1-ol (right).
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When considering these initial tests within an ‘open’ Radley reactor we also
observe the slow consumption of the reaction products. As this reaction is running at 90° C
and the boiling point of these products is close to this level, it is hypothesised that some of
the product was evaporating from the reaction mixture and escaping the reaction entirely.
A small peak was sometimes identified at later stages of the reaction that may be attributed
to dimerisation of the reagent material that may also account for a small amount of the
loss.

If the initial rates of these reactions are taken and normalised per gram of Pd
present, and compared against all catalyst in the series, we can observe the trends outlines
in Figure 4.3. As we can see, for both catalyst types the activity per gram of Pd rapidly
increases as the overall loading of palladium decreases. The effect is more pronounced for
the SBA-15. This is due to the fact that whilst more metal is indeed being added to the
catalysts, it is not all contributing as active sites, as particles will grow and more will be
lost within blocked or inaccessible pore structure. As such, the lowest loadings will display
the best activity per g of metal, as they have the highest ratio of active sites to total metal.
The effect is compounded for SBA-15 due to its larger surface area and metal distribution.
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Figure 4.3 — Plot of normalised initial rate as a function of the metal loading for both SiO>
and SBA-15 catalyst series, indicating an exponential trend of activity over loading.
(Conditions: anisole solvent, 90° C, 100 mg catalyst, 800 rpm, 15 ml/min H>)
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In comparison to work done with platinum, the rates here are significantly
higher in all cases, with internal group work showing a maximum of 800 mmol.h"-gPt on
both supports.! This trend of heightened activity with palladium metal in comparison to

other transition elements is in agreement with the literature.

In addition reactions were run, as with Chapter 3, with only the support materials,
or with no material at all. All reactions indicated a total lack of conversion without the
presence of palladium nanoparticles, confirming that this reaction cannot be driven purely
thermodynamically, and must contain a catalyst in order to proceed.

Having run the initial reactions within round-bottomed flasks set within a Radley
reactor, several issues were quickly identified. Most prominent were issues with hydrogen
accessibility and bubbling. Relying on low pressure gas lines to force relatively low flow
rates through a handful of flasks meant that there were often issues with maintaining a
uniform flow of hydrogen. Additionally, as mentioned earlier, we would observe loss of
product over time was observed due to what was suspected as external effects or loss
through the open system. As a result it was quickly decided that reactions should proceed
within the Parr autoclave used for the crotononitrile work, but performing under 1 bar of
hydrogen. In this way the issues with bubbling and the open system could be
accommodated for, whilst maintaining similar reaction parameters to those performed for

the platinum work.
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Figure 4.4 — Plot of reagent and product concentrations over a typical autoclave reaction
(0.88 wt. % Pd/SBA-15, 100 mg, 90° C, 1 bar Hz, 800 rpm)
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With Figure 4.4, we see one of the standard reactions repeated within the Parr
autoclave. While the reaction rate is slightly improved due to the higher abundance of
hydrogen, there is no appreciable difference in selectivity. Furthermore, the results are
significantly more stable and agreeable, whilst showing no signs of product loss. As with
Chapter 3, efforts were made to determine if the perturbation speed of the impeller
exceeds that needed for the mass flow limitation. By running a series of experiments at
steadily increasing stirrer speed, a point of initial rate plateau was worked towards (Figure

4.5).
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Figure 4.5 — Plot of normalised initial rate per gram of Pd for CinnALD hydrogenation as
a function of stirrer speed using an overhead impeller and autoclave reactor (100 mg, 90°
C, 1 bar Hz, 300-1000 rpm)

As shown above, we can see a clear trend of increasing initial rate up to a plateau at
800 rpm. As expected with previous work comparing the two supported catalysts, the
SBA-15 supported palladium performed consistently better than that upon the fumed silica.
As a result, this supports the experimental parameters initially set for this work, and those

used within the platinum work.

The platinum work, run by Dr Durndell showed a plateau of approximately 700
rpm, with a peak metal-normalised initial rate of 200 mmol.h"::gPt. Most notably here and
in conjunction with prior work done in this chapter, is the significant increase in the initial
rate of reagent consumption with palladium compared to platinum. In addition, whilst the
platinum work showed very similar rates on both catalysts, the palladium work performed

here showed a vastly greater rate with the SBA-15 supported catalyst. The fumed silica
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catalyst achieved roughly 50 times the rate, and the SBA-15 showing a 100 times increase,
which are vastly superior even accommodating for the doubling in atomic mass between
the two elements. However the selectivity of the reaction must also be considered, when
accounting for the efficacy of the catalyst. With this information in mind, subsequent
reactions were continued at the 800 rpm perturbation speed, with assurance that optimal

mixing is being achieved at this speed set.
4.2.1.1 Probing the reaction pathway

With a combination of prior work in this group with platinum catalysts, literature
sources, and prior work within this chapter, it is clear that this reaction does not elicit a
clean-cut selectivity towards one product.®>”# With the potential for C=C hydrogenation
and C=0 hydrogenation to occur both exclusively, or sequentially, it was important to
delve into the reaction pathway. To this end, tests were run not only with the standard
reagent but also with each subsequent intermediate or product, to better grasp the relative

rates and interactions taking place at each stage.

Reactions were run under standard autoclave conditions with cinnamaldehyde, the
unsaturated ‘desired’ alcohol product cinnamyl alcohol, and the saturated aldehyde 3-
phenyl propionaldehyde. By obtaining the initial rates for each step and normalising to
palladium content, we would then generate a kinetic diagram for the reaction. By
performing these reactions one step at a time we can also shed light on any unforeseen
chemical interactions. For instance, it may be discovered that one compound requires the
presence of another, for instance a precursor, to react at all. Comparisons were made for 1
wt. % Pd on both the amorphous silica and also SBA-15 catalysts (Figure 4.6).

As previously described within this chapter, under standard conditions, reactions
containing cinnamaldehyde (CinnALD) proceed along two paths. The formation of the
saturated aldehyde 3-phenyl propionaldehyde (3-PPA) occurs with a high rate for both
catalysts, but almost double in the presence of the SBA-15 supported catalyst.
Additionally, the formation of the saturated alcohol, 3-phenyl propan-1-ol (3-PP) occurs, at

a much reduced rate, and with a slightly higher responsiveness with the SBA-15 catalyst.

Within these reactions we observe no formation of the unsaturated alcohol,
cinnamyl alcohol (CinnOH). In order to understand if the cinnamyl alcohol could be
formed from one of the intermediates under isolation and to see if 3-PPA reacts alone to

form 3-PP, the additional reactions were performed.
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Figure 4.6 — Plotted data of cinnamyl alcohol conversion to 3-phenyl propan-1-ol with
nominal 1 wt. % Pd on both supports (100 mg, 90° C, 1 bar Hz, 800 rpm)

Firstly, as shown above in Figure 4.6, we observed the expected result that
cinnamyl alcohol will only perform a C=C hydrogenation to 3-PP. Notably, the initial rates
are very high with conversion after 30 minutes, and closely agreeable for both catalysts,
with 19118 mmol ht gPd* for SBA-15 and 19297 mmol h** gPd™ for the amorphous silica
support. In addition, no by-product chemicals such as ethyl benzene were observed,
suggesting that we do not observe any over-hydrogenation leading to bond cleavage. When
testing the saturated aldehyde 3-PPA in isolation, we obtained the most curious result.
From both catalysts we observed a null reaction, with absolutely no conversion of the
starting material into the saturated alcohol 3-PP, nor any by-products, for the duration of
the test. With previous evidence with cinnamaldehyde showing the formation of this
alcohol, albeit slowly, we must conclude that it is integral for the starting reagent to
contain the C=C bond.

Work within the literature, and within this group, detail the effects of steric
interaction for this particular process. Multiple sources corroborate to espouse the necessity
of ideal reagent alignment for effective catalytic activity. Future sections of this chapter
will address these, in large part due to the results observed here. The conclusion that can be
drawn by this author is that the reagent will align upon the nanoparticle active site, using
the C=C bond as an anchor. Under these conditions, the chemical may align in the most

optimal position, and can undergo C=0 hydrogenation.
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With this data to hand, we can consider a kinetic diagram for the reaction of
cinnamaldehyde with palladium nanoparticles upon both SBA-15 and amorphous silica. In
this way we can clearly see difference in selectivity between C=C and C=0 hydrogenation,

and also the necessity of optimal steric alignment and atomic interaction (Figure 4.7).
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Figure 4.7 — Kinetic network for cinnamaldehyde (CinnALD) hydrogenation for nominal
1 wt. % Pd on both SiO; and SBA-15 catalysts. Values indicate normalised initial rate
(mmol.ht.geq?). (100 mg, 90° C, 1 bar Hz, 800 rpm)

If we compare the results of this palladium based work with that done in the group
with platinum we can draw some stark comparisons on the reactivity and selectivity of
these metals. By observing the kinetic diagram previously produced within the group we

can highlight some of the key differences between the two studies (Figure 4.8).
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Figure 4.8 — Copy of the kinetic network for comparative platinum cinnamaldehyde
(CinnALD) hydrogenation for nominal 1 wt. % Pt on both SiO; and SBA-15 catalysts.

Values indicate normalised initial rate (mmol.h".gpq™).!
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Firstly we can note that the cinnamaldehyde reacts to form both the 3-PPA and the
CinnOH. For the SB-15 the rate is very similar, but with the amorphous silica the
formation of the saturated aldehyde is preferred. What we can clearly see from this
comparison is that while the platinum is able to achieve the selective hydrogenation of the
aldehyde, the overall activity of the reaction is magnitudes slower than for palladium. For
the cinnamyl alcohol reaction, the rate is much improved for platinum on amorphous silica,
yet we can see that the palladium catalyst can achieve more than 20 times this rate.
Simultaneously, we can see that the SBA-15-supported catalyst is highly inactive for this

step with platinum, hundreds of times slower than its palladium counterpart.

Whereas with the palladium tests we could observe no formation between 3-PPA
and 3-PP, it was reported that a very small activity was detected with platinum catalysts. In
addition, both 3-PPA and 3-PP underwent over-hydrogenation in their isolated platinum

reactions, and proceeded to form the cleaved structure of ethylbenzene.

This overall trend of increased selectivity in return for significantly reduced activity
agrees with work previously done in this chapter on the nature of cinnamaldehyde
hydrogenation. The observation of ethylbenzene may also support this notion, due to the
fact that if platinum contains active sites with a high enough energy to break the C=0
bond, so too could it totally cleave the C-C bond. The notion that amorphous silica-
supported platinum catalysts had overall superior activity to that upon SBA-15 is
something addressed within previous work within the group, and considers the effect of

polarity upon steric alignment. This is discussed in a later segment of this chapter.

4.2.1.2 Effect of H. pressure

Within both the atmospheric Radley reactors, and within the 1 bar H> pressurised
autoclave system we can determine that, in much the same way as Chapter 3, palladium
performs at an expedited rate but with a significant propensity towards the C=C bond over
the C=0.

As with the previous chapter, and in line with work done within the group of a
similar nature, a series of reactions were performed in an effort to understand the effect of
increased hydrogen pressure on the aldehyde hydrogenation reaction. Foremost was
observations of initial rate and substrate conversion, but specific focus was paid towards
any potential changes in selectivity that we may observe under these conditions.
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Figure 4.9 — Evaluation of Turnover Number of nominal 1 wt. % Pd upon both supports
after seven hours, as a function of hydrogen pressure. Results indicate a curved effect, with
5 bar H> as the most optimal pressure for TOF (100 mg, 90° C, 1-10 bar Hz, 800 rpm).

In line with the work done with platinum, experiments were performed at 1, 5 and
10 bar hydrogen within the autoclave system (Figure 4.9). When observing the results
shown in Figure 4.9, we can easily conclude that there is little difference in the Turn Over
Frequency (TOF) of the reaction at these pressures. All three fall within a very close range
for TOF value, with only the 10 bar reaction with amorphous silica showing any signs of
deviation. This set of data may be explained in a few ways. The most obvious reason
would be that the reaction proceeds too rapidly for significant differentiation of the
reaction rate to be deduced. As a result the figures appear much the same. In this scenario
if the reagent was significantly increased or the temperature decreased we may see some

more spacing of the TOF number.

The second reason may be that the pressure for these experiments is simply too low
for any reasonable effects to be identified. If we consider the results observed within
Chapter 3, we see that the most significant changes in the activity/selectivity of the
experiment occurred at higher pressures than those being worked at here. It is believed by
this author that working at even higher pressures would yield more easily identifiable
differences. However, it is also important to consider that the hydride effect as outlined
before within Chapter 3 may come into play with these reactions, especially if the overall

process is more sensitive to physical/electronic structure manipulation.
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Figure 4.10 — Graph indicating the selectivity towards the saturated aldehyde and saturated
alcohol for both catalysts as H, pressure varies (100 mg, 90° C, 1-10 bar Hy, 800 rpm).

As we can see in Figure 4.10, with the increase in pressure we see a completely
negligible effect upon the selectivity of the reaction. Upon conversion of the starting
material we see that the 3-phenyl propionaldehyde (3-PPA) is present in the largest amount
an accounts for 85-89% of the products, with the remainder being formed of the 3-phenyl
propan-1-ol product.

At none of the pressures is any of the unsaturated alcohol detected. This was to be
expected, as increasing the energy and/or pressure of the reaction would only serve to
increase the propensity towards hydrogenation reactions. With the C=C bond being much
easier to convert than C=0, this would only lead to conditions even more favourable to the
formation of the saturated products.

Interestingly however, we see no increase in the C=0 hydrogenation even at 10 bar.
By referring to the previous work in this chapter on the nature of the reaction, we can
conclude that this is in agreement with the proposed theory on reagent alignment. In the
previous section it was commented on that the reagent needed the C=C bond present for
C=0 hydrogenation. The evidence here supports the supposition that this activity is
dependent on product alignment and active sites, and not on factors such as hydrogen

pressure. It is believed that even at higher pressures we would still observe this trend.
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4.2.2 Extended characterisation of Pd catalysts with DRIFTS

In an effort to better understand the mechanisms and factors responsible for the
cinnamaldehyde hydrogenation, further characterisation techniques to those already run in

Chapter 3 were performed.

Previous work on the nature of cinnamaldehyde hydrogenation over supported
platinum catalysts within the group looked into the nature of the silicon support for the
nanoparticles. It was suggested that silanols, a moiety designated as Si-O-H, were present
in varying quantities on the surface of the silica supports. These groups can be present
either as isolated, geminal, or vicinal. Each has a different stretching frequency, as
indicated in Figure 4.11, meaning that IR spectroscopy via Diffuse Reflectance Infrared

Fourier Transform Spectroscopy (DRIFTS) becomes possible.
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Figure 4.11 — Visual representation of the various silanol types and their corresponding IR

stretching frequencies.t

Based on literature reports®® and the findings within our own group! it was shown
that these polar groups increased the overall polarity (and thus hydrophilicity) of the
catalyst. In relation, it was shown that the higher the polarity of the catalyst, the greater the
selectivity. This was used as part of a larger explanation for catalytic activity, suggesting
that the polarity was a key part in the correct alignment of reagent upon the metal
nanoparticles. The most polar catalysts were found to be the most selective as they could
force the cinnamaldehyde to align in the optimal position for hydrogenation.

DRIFTS upon both the blank SBA-15 and amorphous silica support, and the
representative nominal 1 wt. % Pd upon both supports was performed, with the resulting
spectra displayed in Figure 4.12. For the supports we can see that there is evidence for
Isolated silanols upon the amorphous silica, and a slight suggestion of Geminal/Vicinal
forms. For the SBA-15 support we can see a much larger quantity of both, especially in
respect to the Geminal/Vicinal group.
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This effect is somewhat diminished upon introduction of the palladium metal to the
supports. However this is to be expected, as the introduction of the metal to the surface will
effectively block many of the sites that previously contained silanols. Additionally, the
curing process, namely calcination and reduction, will likely have degraded the surface

species.
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Figure 4.12 — In vacuo DRIFT spectra for blank catalyst supports (left) and impregnated 1
wt. % Pd supports (right).

If we were to consider the results with platinum, we would expect this to mean that
SBA-15 supported catalysts would indicate a much greater selectivity towards the alcohol
product. However, from the evidence put forth thus far, this can be shown to not be the
case for palladium. Referring to the kinetic diagram (Figure 4.12), we can safely conclude
that regardless of support the propensity towards alcohol formation is almost identical, and

neither can successfully form the unsaturated cinnamyl alcohol under standard conditions.

It can thus be concluded that whilst platinum reactions are highly sensitive to the
polarity of the support, the same cannot be said for palladium. This is, as mentioned
before, likely due to the ease and strength at which palladium can facilitate the adsorption
of reagents. The reason for this can be explained due to strength of adsorption. Known as
the Sabatier principle, this concept outlines the interactions between a catalytic site and the

substrate.
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By plotting the reaction rate against the heat of adsorption, you end up with a
‘volcano plot” curve upon which the transition elements fall. Palladium, as compared to
platinum, falls further to the left on this plot. As a result, it is considered to have higher
overall adsorption strength. In some cases this can be detrimental as you will then
encounter issues with the product not readily desorbing after the reaction has taken place.
However, based on the comparison of the two metals, and the relative reaction rates
obtained, it can be safe to say that the palladium fits closer to the optimal region for
adsorption/desorption capability. This would explain why we see a different between the
two. The strength of adsorption with palladium overcomes the repulsive force of the

silanols, which often prevent adsorption upon platinum.

As a potential hypothesis, this may also be used to explain why we see no sign of
unsaturated aldehyde products. Because the adsorption strength is that much higher, the
reagent remains on the surface too long and as a result the C=C hydrogenation will occur
in every case. In comparison, with platinum we see this repulsive effect from the silanols,
but if this can be overcome the surface adsorption is transient enough that the C=0
hydrogenation may proceed whilst still avoiding the C=C hydrogenation. In addition, the
effects of surface alignment and the speed/precision at which this occurs may play a role in

the differences here. As such, further work was done to look at substrate alignment.

4.2.3 Alternative substrates — Substituted benzaldehydes

C 0 o

P == =
benzaldehvde 4-methylbenzaldehyde 4-ethylbenzaldehyde
O 0
= =
4-1sopropylbenzaldehyde 4-(rerf-butyl)benzaldehyde

Figure 4.13 - Molecular structure of screened aromatic (benzylic) aldehydes, with steadily

increasing hindrance through steric moiety in the para position to the aldehyde group
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With previous work by the group and reported within the literature espousing the
effect of molecular orientation upon the reaction rate, efforts were taken to discover how
far these effects may carry. The prior utilised 1 wt. % Pd/SiO2 and Pd/SBA-15 were
therefore further tested with a selection of aromatic aldehydes, as shown in Figure 4.13.
These new compounds were chosen due to the increasingly large or obstructing steric
group bonded to the para position of the aldehyde. The experiments were laid out in the
hopes to elucidate the effect of support polarity along with substrate steric effects upon the
surface site alignment.

Initial theories on this experiment proposed that a systematic test with the
‘standard’ benzaldehyde, along with the para methyl, ethyl, iso-propyl and tert-butyl
forms, would highlight an increasing trend of steric hindrance in correlation with the
relative size and shape of the additional moiety. Specifically, by preventing the ideal
alignment of the reagent, we would expect to see a decreasing trend in reaction rate in
direct correlation to the size of the steric group. Screening occurred under the same
standard reaction conditions for aldehyde hydrogenation as highlighted in previous
sections of this chapter.
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Figure 4.14 — Overlaid plots of the varying conversion rates of benzaldehyde and each of
the functionalised forms, as a function of time. Results indicate a correlation between the
size of the steric group and the reaction rate (100 mg, 90° C, 1 bar H, 800 rpm).
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Figure 4.15 — Overall performance of 1 wt. % Pd/SBA-15 and Pd/SiO2 catalysts upon the

hydrogenation of substituted benzaldehyde reagents after 7 hours. Data indicates a steady

decrease in conversion as the steric hindrance of the para moiety increases. (100 mg, 90°
C, 1 bar Hz, 800 rpm)

By observing the generated plots of conversion over time (Figure 4.14), and the
graphic comparison of the overall conversion at the end of the reaction (Figure 4.15) a
clear trend becomes apparent. Of initial interest is the comparison of both the standard
silica (SiO2) and mesoporous structure (SBA-15). In all cases, the discrepancy is at most

4%, as in the case of the isopropyl reagent.

This is significant when compared to previous work by this group with the PGM
catalytic comparison with platinum.! In the case of that work, a consistent improvement of
between 15-20 % in favour of Pt/SBA-15 can be ascertained. The hypothesis for this
discrepancy in activity was proposed to be due to the more polar properties of SBA-15,
having upon its surface a higher concentration of silanol species. It was determined that the
greater presence of aromatic-silanol group repulsion resulted in faster desorption kinetics
with this catalyst. Clearly, as indicated by this work with the palladium in place of

platinum, this Kinetic effect upon the nanoparticles is much less pronounced

Secondly, before the specifics of each reagent are discussed, it is important to
remark upon the conversion of the substituted benzaldehyde compounds with the aid of the
palladium-based catalysts. With previous work with platinum nanoparticle catalysts,
conversion reached, at most, 16% with the ethyl benzaldehyde substrate upon 1 wt. %
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Pt/SBA-15 and, at the least, 7% for the benzaldehyde reaction upon 1 wt. % Pt/SiO>. In the
case of the work documented above, the highest conversion is at 97% for benzaldehyde,
and at its lowest (the only instance of lower activity compared to platinum) a conversion of
11.5% with tert-butyl benzaldehyde.

Beginning with the near-total conversion of benzaldehyde over the palladium
catalyst, it is of interest to note the significant drop in activity to approximately 40% for
both the methyl and ethyl-substituted benzaldehyde. Following from this we see a further
decrease in conversion for the isopropyl benzaldehyde, before a subsequent final shift for
tert-butyl benzaldehyde. As a result from the data evident from these experiments we can
conclude that for palladium, as compared to prior platinum work, the steric effect upon the

reaction is a far more pronounced factor than that of the desorption kinetics.

As shown in Figure 4.16,'' the alignment of the reagent upon the supported metal
nanoparticle is integral for the reaction to take place. Lacking any hindrance, the
benzaldehyde can align itself in the most optimal position upon the palladium

nanoparticles, and thus obtain a high kinetic rate.

However, once a para-substituted methyl group is incorporated into the structure,
the reagent finds itself no longer able to align as effectively as before. As illustrated in the
diagram, the presence of this group will cause a strain upon the reagent whilst attempting

to align itself upon the metal.

‘,,'-.___h\..—'
YAy YAy /1Y /A
77/+90 ////O /s ///
PLCNF PtCNF973
Polar CINF surface Non-polar CNF surface
Law activity, weak adsorption High activity, optimal support-assisted
of reactant on support adsorption of reactant

Figure 4.16 — Example schematic indicating the adsorption of cinnamaldehyde over a
supported metal nanoparticle, highlighting both the steric importance of para-substituted
groups upon the reaction, and the effect of support polarity (modified diagram??).

With the ethyl-substituted group the effect is much the same as with the methyl. It
Is suggested by this author that this is due to the nature of the steric group. As both the

methyl and ethyl group only apply strain in one dimension, the effect upon the rate is much
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the same. However, upon introducing the branched isopropyl benzaldehyde, the situation is
markedly changed. Now, the steric effect is applied at new angles due to the iso
configuration, creating a more difficult reactive condition for the reagent, when attempting
to align upon the palladium catalyst. This effect is then further compounded by the
presence of a fourth carbon in tert-butyl benzaldehyde, with the tert configuration

exacerbating the already unfavourable steric hindrance as found in the isopropyl reagent.

In terms of selectivity for these reactions, for all the substituted benzaldehyde
chemicals (methyl through to tert-butyl) the only detectable product was the corresponding
alcohol. In the case of the benzaldehyde, there is a slow and steady formation of
methylbenzene (toluene) through the act of over-hydrogenation, fully cleaving the C-OH
bond.

This can be used to further reinforce this concept of correct steric alignment. With
the benzaldehyde positioning itself upon the surface in such a favourable way, we can
observe complete conversion of the starting material. However, this coordination can lead
to the reagent remaining at the active site for too long, resulting in C-OH hydrogenation

and the formation of the toluene unwanted by-product in some small amounts.

Due to the time limitations of this work, the author was unable to obtain further
results to support this hypothesis on the nature of the steric groups, but is confident that if a
reaction were to be run with the straight chain propylbenzaldehyde, as opposed to the
branched iso form, we would observe a similar rate to that shown for the methyl and ethyl
groups. Additionally, if more extensively branched groups were introduced, we would
expect to see a further decrease in the overall rate of reaction, or a total cessation of the
reaction altogether.

Finally, we can consider the similarity between both the amorphous silica and
SBA-15 supported catalysts overall conversion. With a maximum of 6% discrepancy, it is
in this author’s opinion that the support does not play a significant role in reagent
alignment upon palladium. The difference in reagent consumption could be attributed
mostly to experimental and machine error, but also due to the retentive nature of the porous
structure of SBA-15, leading to a perhaps artificially larger conversion of starting material.

Most notably, this finding is in stark comparison to the results of the
platinum-based hydrogenation work. As mentioned before in the section on DRIFTS
analysis, the presence of the silanol groups affects the activity and selectivity of these

reactions when Pt is used. Here, however, there is very little in the way of discrepancy
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between the two supports, despite evidence suggesting a much higher presence of
geminal/vicinal silanol groups within the SBA-15 catalysts. The immediate conclusion to
this is that the silanol groups contribute very little to the alignment of the reacting agents
upon the surface of palladium. This is most easily explained by the strength of adsorption.
As mentioned before, palladium adsorbs species much more readily and strongly compared
to platinum as instanced by the Sabatier principle. This is a benefit in terms of activity, but
is also responsible for the signature low-selectivity that we have addressed in all prior work
herein. Whilst the previous hypothesis denoted that platinum had the benefit of more
transient adsorption upon the surface, these results may complement it with evidence for
the reverse. With palladium, the adsorption is so strong that the substrate may fixate upon
the surface with no heed for optimal alignment. In this way we would observe that the
correct alignment for C=0 selective hydrogenation would very rarely be achieved, and
would thus compound the effect already present from the effect of the weak platinum

adsorption. Both factors work against palladium in this regard.
4.3 Conclusion

In summation of the work performed within this chapter on cinnamaldehyde
hydrogenation we can draw several key conclusions. Foremost is that, in much the same
manner as Chapter 3 and the work on crotononitrile, palladium exhibits a strong activity
coupled with a low selectivity towards the hydrogenation of species other than carbon
double bonds. To this end, C=C hydrogenation occurs at a staggering rate, whilst C=0
hydrogenation occurs much slower, with the formation of cinnamyl alcohol through
selective hydrogenation never observed. With comparison to identical platinum-based
work palladium exhibits significantly increased activity at the cost of selectivity.

In considering the effect of increased hydrogen pressure we can determine that very
little effect can be found in the range of 1-10 bar. This has been explained due to the
already great rate of reaction and a difficulty in differentiating at these speeds.
Additionally, the lack of any change in selectivity was explained through the determination
that active site and alignment were more important than hydrogen accessibility or energy.

Continuing on the theme of alignment, intriguingly, when creating a Kkinetic
diagram for this reaction, it was discovered that the C=C bond plays a vital role in the
hydrogenation of the C=0O bond. By adsorbing in such a fashion as to align the reagent
favourably, the C=0 can also undergo hydrogenation. However, if this carbon double bond

is absent, the reaction cannot be undertaken.
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Following this thread, an analysis of the support properties of the catalysts
determined that whilst SBA-15 contained significantly more polar silanol groups, these
exerted no effect upon the selectivity of the reaction, in stark contrast to the sensitive
nature of the analogous platinum work. Drawing on other lines of research, this can be
explained through the strength/propensity of adsorption upon palladium, which also goes

some way to explaining the lack of unsaturated alcohol formation under these conditions.

Finally, when further exploring the systems of this reaction a set of experiments
with increasingly significant steric hindrances were run. These studies showed that while
surface polarity does not affect alignment and activity, physically hindering moieties
assuredly do. The greater the angular inhibition of the group the lower the overall activity,
further justifying the hypothesis that alignment upon the metal is absolutely integral to this
reaction and to the overall activity and selectivity within.
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Chapter 5

Conclusions and Future Work



5.1 Conclusions

The basis of this work was to garner a clearer understanding of the processes
involved within hydrogenation reactions utilising palladium nanoparticle catalysts. To
begin, focus was made to better understand the mechanisms behind nitrile hydrogenations.
Through this, it was hoped to create a better understanding of the steps involved in this
reaction which is critical to the agrochemical industry. Along with systematic
experimentation and the modification of reaction variables for the model reagent
crotononitrile, work was undertaken to understand the atomic level interactions upon the
catalytic surface. To this end much work and focus was paid to the use of x-ray absorption

spectroscopy, utilising a synchrotron.

Following from this work, logical steps led us to the observation of aldehyde
hydrogenation. Due to previous work within the group testing the processes inherent in
cinnamaldehyde hydrogenation using platinum catalysts, this work was designed to
complement the findings.! It was hoped that the findings of the previous chapter could also
be applied to this process and help better elucidate the inner mechanisms at play. In
addition, work was undertaken to better understand the role of surface alignment on
activity and selectivity, through the effects of both polar repulsive surface agents, and

sterically hindering moieties.
5.1.1 Crotononitrile selective hydrogenation

Two catalyst series were generated, one upon amorphous silica and the other upon
the mesoporous silica SBA-15. For these, a set of catalysts with varying metal loadings
were synthesised and fully characterised. Through a series of systematic experimentation,
modifying the reaction variables such as temperature, pressure, catalyst support and mass,
metal loading, and hydrogen accessibility, several conclusions were made.

Whilst the variation of factors under ambient pressure yielded appropriate changes
to the rate of C=C hydrogenation, no evidence of the conversion of the nitrile bond was
observed. Additionally, simply increasing the pressure under ambient temperature yielded
no results in this regard. However, upon a combination of higher temperature and pressure,

optimally 120° C and 30 bar H», observation of nitrile hydrogenation was observed.

In this regard, the detected agents were the secondary and tertiary amines
(dibutylamine and tributylamine), confirming the proposed mechanism of reaction and the

‘cascade event’ that occurs utilising the imine (Figure 5.1).2
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However, upon systematic experimentation over a number of hydrogen pressures, it
was discovered that above 30 bar induced a rapid and significant drop in amine yield and
thus nitrile hydrogenation activity (Figure 5.2 — Left). Determining that this must be due
to a surface affecting event, extensive work was performed at the Diamond Light Source
Synchrotron, to yield detailed in-situ X-ray Absorption Spectroscopy (XAS) data.® Here it
was determined that a rarely documented palladium form, palladium-hydride (PdH) was
formed whilst within solvent alone. With crotononitrile introduced, it was shown that the
formation was retarded up to 40 bar, where the hydrogen accessibility exceeded the rate of

consumption, allowing for suitable surface retention to form PdH (Figure 5.2 — Right).
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Figure 5.2 — Effect of pressure on amine yield (Left) and on hydride formation (Right)
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The results of this ground-breaking work on in-situ XAS analysis of nitrile
hydrogenation is the first of its kind to effectively observe the formation of palladium
hydride as a function of reaction pressure. It also firmly supports the hypothesis that
palladium hydride formation is detrimental to nitrile hydrogenation, affecting the surface

properties, and/or electronic properties of the palladium metal active site.
5.1.2 Cinnamaldehyde selective hydrogenation

Through the use of the previously generated catalyst series upon both amorphous
silica and SBA-15, a number of reaction variables were investigated in an attempt to better
understand the roles of temperature, pressure, catalyst support and mass, metal loading and
perturbation. Through these systematic experiments it was shown that whilst palladium
exhibits a remarkable activity for C=C hydrogenation, especially in comparison to
analogous platinum catalysts, the selectivity towards C=0O hydrogenation is very low.
When increasing the pressure within the range of 1-10 bar H2 we see no significant change
in activity or selectivity. This is explained though the sheer rate of activity making it

impossible to differentiate effectively.

Most notably, regardless of reaction conditions the product cinnamyl alcohol was
never formed successfully. In addition to this it was determined through experimentation
for the Kkinetic diagram, that without the presence of the C=C bond, aldehyde
hydrogenation will not occur as all (Figure 5.3). This was determined to be the result of
reagent alignment, with the C=C bond pivotal for the correct orientation of the

cinnamaldehyde to undergo aldehyde hydrogenation.
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19118
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Figure 5.3 — Kinetic diagram for the process of cinnamaldehyde hydrogenation
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With solid evidence of alignment-sensitive reactivity for the palladium, in much the
same manner as platinum, additional research was undertaken into the factors which could
affect this.! With literature evidence*® espousing the effect of polar silanol groups upon
silica supports causing repulsion and thus forcing the reagent into optimal alignment, it

was determined that palladium is barely affected.

This is in direct comparison to platinum which is greatly affected by these repulsive
agents with SBA-15, the most polar support, exhibiting significantly increased activity in
comparison to amorphous silica.! Through examination of the properties of palladium
nanoparticles it was concluded that the effect is diminished due to the stronger adsorption
properties of the metal, leaving the reagent unaffected by the weakly repulsive force of the
silanols. This also explains the low selectivity towards aldehyde hydrogenation, as the
strength of adsorption causes the cinnamaldehyde to align sub-optimally.

Finally, in order to further elucidate the role of surface alignment, a series of
experiments were run with aromatic aldehydes containing increasingly sterically bulky
moieties in the para position. Here it was determined that the more sterically inhibiting the
group, the lower the overall conversion, forcing the reagent into sub-optimal positioning or

preventing it from adsorbing altogether (Figure 5.4).
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Figure 5.4 — Relative conversion of aromatic aldehydes in order of steric hindrance

The final conclusion from this chapter of work would be that whilst factors such as
temperature, pressure, and hydrogen accessibility may affect the reaction rate, the greatest

factor within this and also for selectivity is the role of surface alignment.
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5.1.3 Future work

Through the work detailed within this thesis, there were several points which this
author, time permitting, would wish to have investigated. As such, the following is a brief

summation of work that may benefit or enhance the findings of this work.

In regards to the work on nitrile hydrogenation and the processes involved, this
author believes that further investigation into the formation of palladium hydride, and its
role on not only nitrile hydrogenation but also with a wide variety of reagents. As
mentioned in the chapter, work of this nature involves the observation of subtle changes in
eV and atomic distance. This is often open to some interpretation and any small errors or
miscalculations during the work or processing of data may alter the results. Through both
in-lab experimentation and subsequent visits to a synchrotron source facility, an even
greater picture of the requirements for PdH formation and its effect upon the active sites
would be generated. It would also reaffirm the findings and establish confidence in the

results. This would undeniably contribute to the scientific community.

To work pertaining to aldehyde hydrogenation, this author believes that further
investigations into the differences between the metal nanoparticles involved would be of
great benefit. The significant differences in activity and selectivity between platinum and
palladium, and the explanations regarding to adsorption strength and surface alignment are
of great interest. Further work either with these two elements, or indeed a whole set of

experimentation utilising a third would undoubtedly yield fascinating results.

Additionally, in regards to all hydrogenation processes, it is this authors belief that
further research into tailored catalysts would be of great benefit both academically and
commercially. Modifications to catalytic supports in terms of porosity, along with the

formation of shape/size selective nanoparticles could generate innumerable novel findings.
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