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Abstract

Title: Strategies for Cobalt Nanoparticle Synthesis Using Surface Organometallic Chemistry

This project explores a route for controlling the size of nanoparticles without capping agents with the
aim of targeting sub-nanosized particles. A cobalt organometallic compound is tethered to a
dehydroxylated silica support to produce a supported cobalt precursor. Reduction of this precursor

leads to silica-supported cobalt nanoparticles without the use of capping agents.

The silica support is prepared for the tethering of the cobalt organometallic compound through
calcination. The hydroxyl density of three silica supports (Aeroperl 300/30, SBA-15, and KIT-6) are
determined at different calcination temperatures through 2°Si and 'H solid-state NMR spectroscopy
and chemical titration of the OH surface species. The surface area of the silica supports is also probed
through BET analysis to determine if any pore structure collapse occurs during the calcination. Studies
showed Aeroperl 300/30 calcined at 600 °C to be the most appropriate potential nanoparticle support
for this project due to its relatively low hydroxyl density (0.8 mmol g!) and stable pore structure.
Chapter 3 describes attempts to tether various cobalt organometallic and amide species to the SiO2-600
support. Here, [Co(N(TMS);).THF] was found to demonstrate significant promise as a precursor for
SiO-s00-supported cobalt nanoparticle formation. The composition of the cobalt-decorated silica
material obtained following reaction of [Co(N(TMS),),THF] with SiO,.¢00 Was probed using SS-NMR
spectroscopy, ICP-OES, BET, and CHN analyses. The surface species of [Co(N(TMS),),(THF)]/SiO;, was
found to be a monografted -Si-O-Co-N(TMS),.THF species. In Chapter 4, with a view to the generation
of silica-supported cobalt nanoparticles, the thermal treatment and/or reduction under hydrogen at
elevated temperature of the silica-grafted cobalt species was explored. The analysis of the magnetic
properties of the thermally treated-/reduced-cobalt materials with a Guoy balance was inconclusive,
the cobalt surface species could not be determined as either Co?* or Co®. TEM imaging suggests the
presence of cobalt particles, and it was concluded that heating [Co(N(TMS),)2(THF)]/SiO, under
hydrogen likely afforded cobalt nanoparticles (0.5 — 3 nm), while heating [Co(N(TMS),)2(THF)]/SiO,
under nitrogen produced cobalt nanoparticles (2 - 3 nm). However, the exact nature of the cobalt

surface species has been difficult to characterise due to their air-sensitivity.

Following synthesis of these small cobalt/cobalt-oxide particles, the use of these materials in catalytic
hydrogenation of cinnamaldehyde was examined. While the catalysts containing cobalt nanoparticles
were found to be mostly selective towards hydrocinnamaldehyde (11 — 24%), the formation of side-
products, including (1E,2E)-3-Phenyl-N-(trimethylsilyl)-2-propen-1-imine (6%), was also observed
during the reaction. It was determined that the cause of the formation of the unwanted side-product

was due to traces of H-N(TMS), physisorbed to the silica surface.
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Chapter 1: Introduction



1.0 Literature Review

This PhD thesis describes attempts to develop a synthetic method for the preparation of sub-
nanosized cobalt particles (<1 nm). The method targets preparation of nanoparticles synthesised free
from the use of capping agents on the surface of a solid oxide support, through reduction of
organometallic species tethered to the support’s surface. This project explores the pre-treatment of
the silica support; the tethering of selected organometallics to the support; and the reduction of the
organometallic surface species to silica-bound nanoparticles. The resulting particles will be studied for

activity and selectivity in catalytic hydrogenation.

Catalysis is an essential branch of chemistry, important in both research and industry, providing lower
energy methods for common chemical processes to be achieved in a sustainable manner (i.e. with
high reaction selectivity and hence lower raw material usage). Today, over 90% of industrial chemical
processes for the manufacturing of essential chemicals use catalysis in at least one step of their

production.?

Catalysts can be classified as heterogeneous or homogeneous, each class with its own benefits (Table
1.1). This project will focus on heterogeneous catalysts due to their greater suitability and hence
prevalence in industry, with over 90% of industrial reactions involving a heterogeneous catalyst.?
Heterogeneous catalysts used industrially are typically solid-phase systems that mediate reactions
with gas- or liquid-phase reactants, and are usually preferable to homogeneous catalysts due to the
greater ease with which they can be separated from reactions and the generally straightforward

methods of regeneration.



Table 1.1. Traits of homogeneous and heterogeneous catalysts (Modified from Bowker3)

Selectivity

Activity

Ease of separation

Ease of regeneration

Stability

Risk of Contamination

Homogeneous Catalysis
Highly selective

Typically, greater activity at lower
temperatures and milder
conditions

Often requires complex
procedures to separate catalyst
and reaction mixture
Typically, harder to regenerate
and easily
contaminated/deactivated
Discrete molecules that are not as
stable and can decompose or
undergo bimolecular pathways
Typically, discrete organometallic
molecules that may contaminate
product with heavy metals,
making them unsuitable for some

Heterogeneous Catalysis
Comparably poor selectivity

Activity can be limited and
sometimes requires harsher
conditions and high temperatures

Simple processes to remove
catalyst

Easily treated and regenerated,
often just requiring thermal
treatment
Stable and robust materials that
can withstand high temperatures
and pressure
Supported catalysts tend to be
strongly bonded to support so
risk of catalyst contaminating
product is significantly lower

pharmaceutical processes

The mode of action of heterogeneous catalysts is often regarded as being less well understood than
that of homogeneous systems. A contributing factor here is that it is harder to probe reactions at a
solid surface at a molecular level than it is to probe the reactivity of well-defined molecular species in
solution. The resulting lack of deep understanding of the mode of action of heterogeneous catalysts
can make their rational modification and improvement difficult. As a result of this perceived inability
to fine tune heterogeneous catalysts with the same ease as homogeneous catalysts, the former
frequently show poorer selectivity compared to their homogeneous counterparts.* Therefore,
analysing and developing a detailed understanding of mechanism is a key component of rational
optimisation. With the idea of developing an understanding of the mode of action of heterogeneous
catalysts in mind, nanoparticle catalysts are often regarded as bridging this homo-/hetero-geneous
gap and have previously been referred to as “semi-heterogeneous” systems. Nanoparticle catalysts
are considered applicable in both homogeneous and heterogeneous catalysis, with many
characterisation techniques being amenable for their study including UV-vis, infrared, and Raman
spectroscopies, microscopy and cyclic voltammetry.> However, there is a new layer of difficulty in
understanding the catalytic mechanisms associated with nanoparticle systems compared to other
catalysts, as the shape and size of the nanoparticles will impact directly on their reactivity and catalytic

performance. Nevertheless, the ability to prepare nanoparticles of uniform size, chemical



composition, shape or structure makes them much simpler to characterise, compared to conventional

heterogeneous catalysts.®

A type of catalysis that has increased in popularity in recent years is that employing well-defined
transition metal nanoparticles. In general terms, transition metal nanoparticles can be regarded as
clusters of metal atoms with a highly reactive surface and a size that can range from a couple of dozen
to hundreds of thousands of metal atoms, or from one nanometre to around a hundred nanometres.”
The chemistry of these clusters has been shown to have advantages in catalysis compared to

conventional bulk materials.” 8

In contrast to bulk metals, metal nanoparticles have a large volume-to-surface-area ratio, creating
many coordinatively unsaturated (and therefore reactive) atoms on their surface, which are available
for reaction. As would then be expected, the size of nanoparticles is known to significantly affect their
catalytic performance. Generally, smaller sized nanoparticle catalysts, typically tens to hundreds of
atoms, show higher catalytic activity, something resulting from the unsaturated surface atoms having
a low coordination number. This drives complexation or binding of reactants or substrates in order to
increase their coordination number and hence lower their energy.® These low coordinate atoms in
nanoparticles, particularly those at steps, corners and edges of the particle, can exhibit very high

catalytic activity.®

However, a drawback to the highly reactive surfaces of metal nanoparticles is that the nanoparticles
tend to sinter, joining together and increasing their size and therefore decreasing their reactivity, as a
result of the decreased volume-to-surface-area ratio.” To prevent this unwanted amalgamation of the
nanoparticles, their reactive surface must be stabilised, something that is conventionally done by
using either electrostatic or steric effects.”*° Examples of steric protection from sintering include the
use of ligands, surfactants, polymers, and dendrimers. Each of which prevent the close approach of
one nanoparticle to another. An example of electro-steric stabilisation (combining both options) is
illustrated in Figure 1.1.° The electrostatic stabilisation is provided by negatively charged halide ions
located between the positively charged nanoparticle surface and the tert-N-butyl ammonium cations,
while the bulky tert-N-butyl ammonium cations provide steric stabilisation. Both electrostatic and

steric stabilisation contribute to the stabilisation of the core metal nanoparticle.
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Figure 1.1. Electrosteric (a mix of electrostatic and steric) interactions protecting the nanoparticle core”

The use of nanoparticles as catalysts was first reported in the 1941 by Nord et al., who were studying
the reduction of nitrobenzene with polyvinylalcohol (PVA)-protected palladium nanoparticles
(Scheme 1.1). Nord et al. stated that the PVA-palladium nanoparticles were highly efficient for this
reduction, as well as the reduction of compounds that were previously considered impossible to
reduce, such as quinone in acid solution.**®* The use of nanoparticle catalysts was reported again, in
the 1970 by Parravano, who was studying hydrogen atom transfer reactions between benzene and
cyclohexane and oxygen atom transfer between CO and CO; using Au nanoparticles.’* Subsequently,
Au nanoparticles have become amongst the most studied/important metallic nanoparticles used in

catalytic applications among all the examples of catalytically-active metal nanoparticles reported.

NO, NH,

F3

PWA-protected PdNPs _
EtOH/H,0, NaOH, H,

Scheme 1.1. Nord et al.'s reduction of nitrobenzene with PVA-protected Pd nanoparticles'-13

A particularly good example of catalysis mediated by Au nanoparticles is the oxidation of CO with O,
at low temperatures as developed by Haruta (Scheme 1.2)*>. The Au nanoparticles were supported on
solid supports, such as metal oxides, to stabilise the particles and prevent sintering. This catalytic
reaction was recognised as a major step towards the recognition of nanoparticles as an important
class of catalysts in their own right, as it demonstrated the potential for nanoparticles to have high
activity at ambient temperatures, which is desirable in industry. Haruta also reported how the catalytic
activity of the Au-nanoparticles was affected by the catalyst support and that the oxidation of CO was
especially active on Group 8 oxides and alkaline earth metal hydroxides, evidencing the link between
catalytic activity and the nature of the support. The size influence of the Au-nanoparticles was also
studied, and revealed how influential the nanoparticle size was for catalysis, reporting that 5 nm gold
particles showed the highest activity for CO oxidation at 0 °C compared to particles >5 nm, which

showed a decrease in activity as the nanoparticle size increased. Haruta’s study into these catalytically



active Au nanoparticles led to further research into nanoparticles, the significance of the particle size
and solid support, and their potential for catalysis.'>*8

AUNPs
2C0+0
2 T =down to 200 K

- CO,

Scheme 1.2. Haruta et al.'s CO oxidation mediated by Au nanoparticles can be performed down to temperatures of 200 K.15

Nanoparticles have been shown to be effective in both heterogeneous and homogeneous catalysis
applications and have previously been referred to as “semi-heterogeneous” systems.” Despite the
attractive characteristic of being considered “semi-heterogeneous”, there is no getting away from one
of the major drawbacks in using homogeneous nanoparticles, namely their tendency to sinter. As
discussed in Section 1.0.2.1, this sintering can be prevented during synthesis by employing capping
agents or surfactants. In general, today’s syntheses of stabilised nanoparticles can be said to be
inspired by Faraday’s synthesis of Au nanoparticles (Scheme 1.3) during work involving the reduction
of [AuCl4]~ by phosphorous, which led to formation of a red solution of soluble gold nanoparticles.® 2°
A similar reaction forming Au nanoparticles was performed by Schriffin et al. (Scheme 1.4) using NaBH,4
to reduce a HAuCl, solution.’ 2 In Schriffin’s synthesis, thiol was added as a stabilising agent, creating
Au nanoparticles stabilised with thiolate ligands, popularising the method of using ligand stabilisation

to prepare well-defined Au-nanoparticles.

Elemental P
[AuCl,T >
cs,

Scheme 1.3. Faraday's general synthesis of soluble Au nanoparticles?°

A variety of different nanoparticles can also be produced by thermal decomposition of metal(0)
precursors such as metal carbonyls as summarised in Figure 1.2. In this method, the carbonyl
precursors are decomposed in the presence of a “steric” stabilising agent, such as a suitably
functionalised polymer, to prevent amalgamation of the nanoparticles — catalytically active
nanoparticles have been produced by this route.?>% Using this approach, Reetz et al. developed a size-
selective synthesis route to metal nanoparticles with electrochemistry, illustrated in Figure 1.3.26%° In
each of these synthetic routes (Scheme 1.3, Scheme 1.4, Figure 1.2 and Figure 1.3), the nanoparticles

are stabilised during and after synthesis to prevent unwanted sintering.



[N(CgHy7)41Br _\_Ls s\
4 reduction s S

Scheme 1.4. Synthesis of Au nanoparticles stabilised by thiolate ligands reported by Schriffin et al.1?
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Figure 1.2. Thermal decomposition of the metal(0) carbonyls Co,(CO)s, NiO,4, Fe(CO)s to their respective nanoparticles. The
decomposition is performed in the presence of polymer stabilisers to prevent sintering
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Figure 1.3. An example of electrochemical synthesis of nanoparticles from Reetz et al.,?” which can be used for metals that
are easily oxidised such as Pd, Ni, Cu, Au, etc. The electrodes are platinum metal and the electrolyte solution is a mixture of
PtCl, and tetraalkylammonium salts -(NR4)OAc- in acetonitrile/THF (a) The cathode and anode reactions — the bulk metal
was oxidised at the anode and the reduction at the cathode forms metal(0). The size of the resulting nanoparticles can be
controlled by the current density through the electrodes. (b) The resulting nanoparticles stabilised by betain — the
tetraalkylammonium salts in the electrolyte solution

1.0.3.2 History of Preventing Sintering of Nanoparticles during Synthesis
To prevent nanoparticle sintering, common surfactants are often used as nanoparticle stabilisers, such

as sodium dodecylsulfate (SDS), Figure 1.4.3° Nanoparticles stabilised by ligands are generally highly
defined at the molecular level, as discrete ligands are well-defined.?! Polyoxometallates®*? (POMs) and
cyclodextrins®® (CDs) are used as capping agents for Pd-nanoparticles, with the resulting materials
being active catalysts for Heck, Suzuki, and Stille reactions, as well as the hydrogenation of
unsaturated organic substrates. Examples of the use of CD-stabilised Pd-nanoparticles in catalysis are

shown in Figure 1.5.

Figure 1.4. Structure of sodium dodecylsulfate (SDS)
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Figure 1.5. (a) An idealised nanoparticle stabilised by cyclodextrins (CDs); (b) Suzuki reaction and conditions catalysed by
CD-stabilised Pd-nanoparticles; (c) Suzuki cross-coupling between iodoferrocene and phenylboronic acid by Pd-
nanoparticles.3?

1.0.2.2.1 History of Nanoparticle Synthesis Stabilised by Polymers and Dendrimers
Polymers are also commonly used as stabilisers for catalytically active nanoparticles. When polymers

are used in such a role, stabilisation results from not only steric factors, but also from weak surface
coordination of heteroatoms from within the appropriately functionalised polymer. For example,
poly(N-vinyl-2-pyrrolidione) (PVP), Figure 1.6, is a commonly employed stabiliser since it fulfils both
“steric” and “nanoparticle-binding” requirements.?* Indeed, Pt-, Pd-, and Rh-nanoparticles stabilised
by PVP have been shown to be able to catalyse many different reactions including the hydrogenation
of olefins and benzene.3> 3¢ Additionally, a range of other polymers, such as polyurea, polyacrylonitrile,
polyacrylic acid, oligosaccharides and poly(sodium acrylate), have also been reported as nanoparticle-

stabilising polymers.” 37

Figure 1.6. Structure of PVP

Dendrimers have also been used for the stabilisation of nanoparticles, first published as nanoparticle
stabilisers in 1998 by Crooks et al.,*® Tomalia et al.,*® and Esumi et al.*® Compared to conventional
polymers, which are ill-defined, dendrimers have the advantage of being well-defined at the molecular
level. This comes about as dendrimers are highly-branched globular macromolecules, which can trap

and stabilise nanoparticles, as exemplified schematically in Figure 1.7, as well as providing solubility.*!
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Figure 1.7. A simplified drawing of a nanopatrticle stabilised inside a dendrimer

Though the use of groups such as ligands (e.g thiols), polymers (e.g PVP), and dendrimers as stabilisers
in nanoparticle synthesis is common, the presence of these groups on the nanoparticle’s surface will
decrease available reaction sites and therefore reactivity.3® One method of avoiding this unwanted
decrease of surface sites is through binding the nanoparticles to a solid support (such as silica and
alumina®). Here, the rigid support will hold the nanoparticles in place and prevent amalgamation,

thus acting as a stabiliser.

Oxide supports, such as silica and alumina, are commonly utilised to support nanoparticles during
catalysis. Nanoparticles are often immobilised on the surface of the oxide support and provide stability
to the nanoparticles during catalysis.*® The support’s role in a nanoparticle-based catalyst’s behaviour
(such as activity, selectivity, and lifetime) is often questioned, despite evidence that certain catalyst-
support pairings show enhanced catalytic activity and selectivity over other catalyst-supports
pairs.*** These effects of the support on the behaviour of the catalyst can be assumed to be due to
properties of the support and are referred to as ‘support effects’. Examples of metal oxide properties
that may affect catalytic activity include the presence of potential Lewis acid and base sites on the
surface,” the potential for charge transfer between the support and metal centre,*® the shape/size of

the pores,** *®and ease of metal loading onto the support.**

An example that highlights the operation and importance of ‘support effects’ for catalytic reactions is
a study into cobalt-nanoparticle-catalysed Fischer-Tropsch reactions, which compares use of silica,
alumina and titania as supports.®® In each case, the cobalt was loaded onto the oxide support using
incipient wetness impregnation methods starting with Co(NOs),:6H>0, with the resulting impregnated
material then being calcined to generate Co particles on the surface of each oxide. These resulting Co-
containing particles were found to exist in different forms on different supports: as Cos04 clusters on
SiO; and y-Al,0; and as single crystal CosO4 on TiO; and a-Al,0s. Furthermore, the size of the Co
clusters was dependent on the pore size of the oxide support, agglomerating on the supports that had

a larger pore size. The reducibility of the Cos04 clusters to Co® also increases with pore diameter. The



study concluded that the pore structure has a significant effect on the size, location, shape, and
appearance of the cobalt particles, which in turn affected the catalytic behaviour of each catalyst; the
smaller cobalt particles of the y-alumina- and silica-supported catalysts deactivated in the presence of

water, while the larger particles on titania have a higher stability against water deactivation.

Similarly, in a study by Somorjai et al. the effects of several different oxide supports (SiO,, Al,O3, TiO,
Nb,Os, Ta;0s, and ZrO3) on the catalytic behaviour of Pt nanoparticles for the isomerisation of n-
hexane to branched isomers has been examined.*? Here, the isomerisation of n-hexane was chosen as
a model transformation since it provides an excellent model for exploring catalytic selectivity since
there are five competing reaction routes that are available, namely cracking, isomerisation,
cyclisation, aromatisation and dehydrogenation (Figure 1.8). Somorjai and co-workers demonstrated
that the Pt/Nb,Os and Pt/Ta,0s systems both gave high selectivity towards isomerisation, forming
2-/3-methylpentane and 2,2-/2,3-dimethylbutane. In contrast, Pt/ZrO, showed the poorest selectivity,
giving a mixture of products resulting from isomerisation, cyclisation, cracking, and aromatisation. The
bound Pt nanoparticles were also compared to blank supports to confirm that both the catalyst and
the support act synergistically and are both required for the preferred selectivity towards
isomerisation. Blank supports typically showed a preference for cracking with the exceptions of TiO,
and ZrO,, which showed preferences for isomerisation and cyclisation, respectively. This study
highlights how support effects can increase the selectivity and operation of certain reactions in an

environment with potential competing reactions.
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Figure 1.8. Five competing reaction pathways for the reactions of n-hexane over supported platinum catalysts: cyclisation,
isomerisation, dehydrogenation, cracking, and aromatisation.*®
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Metal oxide supports can also be modified prior to the impregnation of nanoparticles. The ability to
modify the oxide support introduces the ability to tailor the support. The surface of the oxide support
can be modified to increase activity or control selectivity by the addition of different surface species
(e.g. silylation).*® Similarly, modification through the removal of already present surface species may
be employed.>® A commonly encountered example of the modification of silica is with aluminium (in
the form of alkyl-aluminium compounds), an approach that introduces Lewis acid sites to the surface
in a controlled manner (Scheme 1.5 and Figure 1.9).°*>® An instance of the use of this approach is the

chemical modification of the surface of the well-defined silica material MCF-17 with aluminium.

X,—Al—R - ;
=s5i—0—Si= =Si—0OH - =Si—0—AlX, 4+ Si—OR

Scheme 1.5. A simplified scheme of the addition of alkyl-aluminium compounds to species on the surface of MCF-17 silica

“—

“=Si-0-Si=" denotes a surface siloxane species; “=Si-O-H” denotes a silanol species
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Figure 1.9. Two possible structures of silica modified by alkyl-aluminium creating Lewis acid Al-sites on the surface.% >3

A study by Musselwhite et al. found that Pt-nanoparticles supported on Al-modified MCF-17 show
catalytic activity in the reformation of linear to branched hydrocarbons, whereas the parent MCF-17
system does not.*® This difference in catalytic activity is thought to be due to the creation of Lewis
acidic aluminium sites on the surface of the modified silica (similar to the Lewis acidic sites on alumina)
that work in tandem with the Pt-nanoparticles (Figure 1.10), as proved by also testing blank Al-
modified MCF-17, which was found to be inactive the reformation of linear hexane to branched
isomers.® Selectivity towards isomerisation into branched isomers is also be greatly increased as
evidenced by the Al-modified MCF-17/Pt showing high selectivity (>90 %) for isomerisation towards

2-methylpentane.*

11
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Figure 1.10. Pt-nanoparticle on an Al-modified silica surface used in the catalysis of the isomerisation of n-hexane. The
reaction shows a >90 % selectivity towards 2-methylpentane (highlighted in green).%’

Silica when used to support metal nanoparticles is widely assumed to be relatively inert compared to
other supports,® with most catalytic reactions thought to occur solely at the silica-bound metal
species. This is in contrast to supports that contain strong acidic or basic sites (Al,0s, La;0s),*® or those
that are reducible oxides and may mediate oxygen transfer processes (e.g. CeO,, TiO,).>> However,
research by Sapi et al. suggests that the structure of the silica support can affect the catalytic activity
of supported nanoparticle catalysts.>® Sapi and co-workers found that ethanol decomposition to
acetaldehyde mediated by silica-supported Pt nanoparticles at 300 °C was ~2 times faster on SBA-15
silica (0.073 molecules-site™s™) than on MCF-17 (0.042 molecules-site™-s!) and silica foam (SF) (0.040
molecule site™t.s7%). The selectivity towards the formation of acetaldehyde was ~2 times higher for SF
silica (55%) than MCF-17- (29%) or SBA-15- (25%) supported Pt-nanoparticles.>® Following their study,
Sdpi proposed that the dissimilarity of activity may be due to differences in the surface smoothness,
porosity, mesostructure, and therefore the Pt-SiO; interactions. This conclusion was reached as the
well-defined silicas SBA-15, MCF-17, and SF are all chemically similar but differ in pore structure and
shape, surface area, and extent of disorder. They concluded that SBA-15’s high activity may be derived
from the highly mesostructured and “rough” (small scattering centres and sharp electron density
fluctuations) support, while SF’s selectivity may be due to diffuse phase boundaries (the junction of
two different phases) in the foam. However, these conclusions found by Sapi et al. may be flawed, as
the polymer stabiliser was not removed prior to catalysis testing. Consequently, the formed
nanoparticles may not have dispersed evenly throughout the silica structures as the channel sizes of
the silica is narrower than the average diameter of the nanoparticle, without considering the added

size of the polymer stabiliser.
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Another demonstration of the effects of the support on catalytic behaviour of supported NPs was
made by Oakton et al.,>” who showed that the formation of stable silver nanoparticles (2.1+0.5 nm)
onsilica can decrease the formation of a green oligomeric oil side-product in the partial hydrogenation
of alkynes, compared to free silver nanoparticle catalysts (Scheme 1.6). Silver nanoparticles on silica
have also been shown to have a high selectivity for the partial hydrogenation of propyne to propene.
However, this occurs with very low activity - 3-13% conversion depending on the size of the silver
cluster formed.”” Thus, it is clear that support effects can have a profound impact on a catalytic
performance from activity to selectivity. It is therefore imperative to have an understanding of silica

and its surface and potential support effects.

A
— [Agne] - green oil
_ partial hydrogenation = by-product
[Agnpl-SiOy 1mis
= PN

partial hydrogenation

Scheme 1.6. The partial hydrogenation of propyne by silica-bound and unbound Ag nanoparticles.>”

Silica is a very commonly used and hence well studied oxide support for catalysts. Silica is known to
be chemical and thermally stable;*® typically has an uniform pore size and pore distribution,*® which
can be adjusted during synthesis by changing preparation parameters such as reaction temperature,
reaction time, silica source, and templating agents;>® and can be prepared with high surface area.®°
Silica is formed from tetrahedral [SiO.] units and, depending on its method of preparation, can have a
very high surface area and high porosity, with silanol groups and siloxane bridges making up the

surface.®® These silanols can be classified as isolated, vicinal and geminal (as shown in Figure 1.11).

Silanols are the necessary functionality used to graft compounds to the surface of silica. Surface
Organometallic Chemistry (SOMC) is a specific example of a tool that uses silanols to bind a metal
organometallic precursor to the silica surface through the reaction of an organometallic complex and
a Si-OH to form a Si-O-M species. The relative densities and the distance between the silanol groups
are proposed to control the grafting of organometallic precursor molecules during SOMC (a topic of
importance to this project) according to studies by Copéret et al.52%* Silica has been noted as being
highly suited for the support of single site catalysts.®® The reasoning behind this is due to silica’s
comparatively simple surface chemistry with its straightforward reactivity, the ease of
dehydroxylation (removal of silanol groups), and the strength of the Si-O-M bonds, which ensure

stable supported catalysts.
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Figure 1.11. Types of silanol: i) isolated ii) vicinal iii) geminal.

The surface of silica is comprised predominantly of hydroxyl groups and siloxane bridges, with the
ratio between these two functionalities being dependent on the thermal history of the silica sample
in question.®® Unlike other supports, such as aluminas or titanias, silica does not typically contain
species such as Lewis acid/base sites, with silica’s surface hydroxyl groups also being less reactive than
other metal oxide surfaces such as those of alumina and zirconia. It is proposed that this decreased
reactivity of silica is a result of the absence of Brgnsted acid sites on the surface, which other metal
oxide supports like alumina possess.®” Due to the decreased reactivity, silica supports a lower density

of grafted metal particles with a weaker bond.®®

Studies have shown that silica’s surface can be easily modified and can be passivated prior to
depositing metal clusters. For example - treatment to form trimethylsilyl groups in the place of the
hydroxyl groups,®” which affects the efficiency of formation of silver metal nanoparticles and the
material’s resultant catalytic behaviour. The passivation of the surface with trimethylsilyl groups
allowed the formation of more particles per gram of material — however, this route, outlined in

Scheme 1.7, also deactivates the catalyst.
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Scheme 1.7. The formation of Ag-nanoparticles on the surface of silica, alongside the formation of surface trimethylsilyl
groups.>’”

The surface of silica can also be modified by dehydroxylation, which can be used to remove and control
the density of the silanols on the surface. Silica undergoes dehydroxylation when heated (200 - 1500
°C) under either a flow of nitrogen or under a vacuum (up to 10° mbar/ultra-high vacuum),

Scheme 1.8.%° However, the temperature at which dehydration (loss of physically adsorbed water) or
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dehydroxylation (loss of silanols species) occurs is not a fixed parameter between different silicas since
both these processes depend on the porosity and the size and shape of the pores within the silica
matrix.”® Zhuravlev states that for all silicas the total silanol number per unit surface area (aon) is
constant when hydroxylated to its maximum degree, a physio-chemical constant known as the
Zhuravlev constant, with the exception of silicas with very fine pores (as defined by Zhuravlev).®
Additionally, Zhuravlev found that the ratio of isolated and vicinal silanols may be inconsistent
between different batches of silica and is also dependent on the porosity and particle size of the silica
being studied. When fully hydroxylated, independent of porosity, structure and surface area, silica has
a range of OH group surface densities of 4.2-5.7 nm™, with an average of aou = 4.9 OH groups nm™

over 100 amorphous silica samples.”

Most research groups agree that prolonged heating at 373 K will lead to complete dehydration,
without causing any dehydroxylation for non-porous silica, while heating above 473 K may be
necessary for silica with micro pores due to the small size of the pores slowing the removal of water.”?
At low temperatures, below 473 K, a silica surface will be covered principally with vicinal hydroxyl
groups, which comprise bridging hydrogen interactions. Typically, silica will lose the majority of these
vicinal hydroxyls at temperatures between 473-673 K under vacuum, forming predominantly isolated
silanols and siloxane bridges (Scheme 1.8). Under ambient conditions, where air humidity is a factor,
vicinal silanols can remain on the surface even at temperatures of 873 K.”® At temperatures above
673 K, isolated silanols will slowly begin to condense, albeit with increasing difficulty as their density
decreases. Full dehydroxylation (removal of all silanol groups) will normally occur in most forms of
porous silica at temperatures above 1473 K, a process that also leads to a decrease in surface area of
the silica as a result of pore collapse.” This is due to interparticle condensation between silanols on

different areas of the surface, forming siloxane bridges across pores.
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Scheme 1.8. Dehydroxylation of a silica surface to form siloxane bridges from vicinal silanols with release of water.

Though there are many reports and studies into what are described as highly active stabilised
homogeneous nanoparticle catalysts, it is difficult to differentiate whether the capped nanoparticles

are catalytically active themselves or whether it is a few “clean nanoparticles” (without external
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surface groups) that are responsible for the activity.3® Immobilising nanoparticles on a solid support
can provide stabilisation without the use of capping agents.** However, typical methods for securing
nanoparticles to solid supports are to synthesise the nanoparticles first, with the use of stabilisers,
then to immobilise the stabilised nanoparticle on the support. The stabiliser is then removed from the
surface of the nanoparticle, typically through heating at high temperatures, leaving the nanoparticle
on the solid support without the stabiliser present. For example, dendrimer-stabilised Pt nanoparticles
and bimetallic Pd-Au nanoparticles, stabilised by dendrimers, absorbed onto silica and used in
oxidation and hydrogenation catalysis, respectively, have been studied by Chandler et al. (Figure

1.12).7%

Dendrimer-encapsulated NP (DEN)
e B S Kok
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Activation

(A ’ OZI HZ)

Supported catalytically
Silica surface / active PtNPs
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Figure 1.12. Chandler et al.'s synthesis of silica-bound nanoparticles prepared via attaching dendrimer-encapsulated
nanoparticles (DENSs) to silica then activating the catalyst by removal of the dendrimer”4

However, for the dendrimer-stabilised Pt nanoparticles to be catalytically active for CO oxidation at
room temperature and the hydrogenation of toluene respectively, the dendrimer stabilisers must be
removed thermally. Efficient catalysis was only achieved after the nanoparticle’s surfaces were
“cleaned” of stabilisers. Such “cleaning” or “activating” is often difficult to do or incomplete, and may
result in sintering of the nanoparticles as a result of the temperatures used.” This protection,
immobilisation, “activating” method of supporting nanoparticles on an oxide support is not ideal for
catalysis as nanoparticles produced with this method undergo sintering during the “activating” step,
decreasing their catalytic activity as their size increases. Preferably, to maximise catalytic
performance, nanoparticles would be synthesised and immobilised on a solid support surface without

the use of capping agents or stabilisers at any point during their preparation. With no capping agents
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or stabilisers present, the nanoparticle surface will not need to be cleaned prior to catalysis, and

potential sintering of the nanoparticles during the “activating” step is avoided.

As discussed in Section 1.0.2.1, nanoparticles are of interest in catalysis due to their high reactivity
and selectivity, a combination that is not often achieved using bulk materials. As reactivity and
selectivity are attributed to the small size of the nanoparticles (1 — 100 nm), there is an interest in
even smaller metal particles — so-called sub-nanosized particles (Sub-NPs) that have a diameter of 1
nm or less.”® Sub-NPs can be described by either their diameter (typically in nm) or by the number of
atoms in the particle, also called atomicity. Sub-NPs can show changes in their characteristics with

changes in their atomicity — such as higher catalytic activity with lower atomicity.”’

Such sub-nanosized particles will have constituent metal atoms that have very low coordination
numbers and hence are exposed, and available for reaction.” Indeed, sub-NPs (<1 nm) have been
predicted to have greater activity and selectivity than nanoparticles (1 — 100 nm) in catalysis; sub-NPs

have already been shown to be capable of both reduction and oxidation, with high catalytic activity

77-79 80-82

for the reduction of oxygen with Pt-Sub-NPs’/~”® and the aerobic oxidation of hydrocarbons, as well
as catalytic hydrogenation of olefins.®® Due to their predicted high activity, and the activity they have

already shown to date, sub-NP are of great interest in the field of catalysis.”

The preparation of Sub-NPs is considered significantly more difficult than that of their traditional
nanoparticle counterparts, as finer size control is required to keep the particle on the sub-nano scale.
Conventional nanoparticle synthesis methods are often considered lacking for the production of Sub-
NPs since they do not provide enough control over the size and particle composition.8* Consequently,
a common synthetic method for preparation of Sub-NPs is the use of dendrimers, both as a stabiliser
and also to restrict the particle size growth.”” 7> 8 For example, Kazume et al. studied tin oxide Sub-
NPs produced with dendrimer templates and were able to demonstrate a correlation between particle
size and activity towards CO oxidation.®® They reported that their tin oxide Sub-NPS contained both
stable Sn'Y and metastable Sn", with the fraction of the metastable Sn" increasing as the particle size
decreased. The catalytic activity of the CO oxidation by Sn oxide Sub-NPS increased as the size of the

particles decreased, linearly correlating with the charge composition of the Sn atoms in the Sub-NPs.

Additionally, other research groups have demonstrated some success in synthesising not only mono-
metal sub-NPS, but also bi- and tri-metallic sub-NPs using dendrimer templates. For example,
Wakizaka et al. studied the composition of well-defined bimetallic Mo-Pt Sub-NPs. The particles
demonstrated increased thermal stability as the size decreased, due to the interactions between the

Mo and Pt.8 Similarly, Takamasa et al. also found success in synthesising mono-, bi-, and tri-metallic
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Sub-NPs, which have been studied as catalysts.”® They found that their Sub-NPS showed higher activity
and selectivity under milder conditions than the corresponding nanoparticles of size (~1 nm), with
their Sub-NPS even being able to selectively synthesis hydroperoxide at low temperatures (80 °C) and
under low pressure (atmospheric pressure), a high energy compound that is typically hard to produce

due to its instability.”®

Despite the successes of Kazume and Wakizaka in synthesising Sub-NPs, there are still many difficulties
associated with the synthesis of Sub-NPS. For example, as was found for the conventional method of
synthesising nanoparticles on a solid support (as discussed in Section 1.0.3.2), there is the issue of the
dendrimer blocking surface sites on the Sub-NP’s surface. Blocked surface sites will not be able to take
part in catalysis, reducing catalytic activity of the Sub-NPS. Any “activation” by heating to remove the
dendrimer stabiliser, will also cause sintering and likely increase particle size outside of the sub-
nanoscale regime. These challenges in the synthesis of sub-NPs, and the potential of Sub-NPs for

greater activity than NPs, make the synthesis of Sub-NPs a subject of great interest for catalysis.

As a key part of this PhD project involves the tethering of an organometallic species to an oxide
support, it is important to understand how the organometallic is grafted to the support surface. Two
general methods have been identified for grafting and organometallic precursor to a solid support.
The first method involves attaching a linker to the metal precursor and joining it to the support,
something known as the Supported Homogeneous Catalysis method.®” However, as a result of the
metal being bound to the support through a linker, a possible shortcoming is that the metal centre
can leach from the support. Due to possible metal leaching, the use of a capture bed may be required
in order to remove the particles from the system since they may lead to unwanted side reactions or
to fouling of the reactor system.® The second approach used to graft organometallic species to a solid
support is Surface Organometallic Chemistry (SOMC), which involves the metal oxide support acting
as a discrete rigid ligand to the metal centre. This means that the oxide support will have effects on
the inorganic precursor’s stability, selectivity and activity.® The difference between Supported

Homogeneous Catalysis and SOMC is represented schematically in Figure 1.13.%°

18



M(L)n-‘l

Iinker/ M(L),

() (if)

Figure 1.13.Schematic representation of i) Supported Homogeneous Catalyst and ii) Surface Organometallic Chemistry
(SOMC).

In the context of SOMC, there has been research into studying how the oxide support controls the
tethering of organometallic compounds, and in turn how this affects any catalytic behaviour of these
tethered compounds —though control of such processes is still not fully understood. A general scheme
showing the reaction of a =Si-OH group on the silica surface with a metal complex (MLy) is given in
Scheme 1.9. According to Copéret, in SOMC, a low density of isolated silanol groups is preferable for
tethering well-defined organometallic species to oxide surface to generate single-site species on the
oxide support. Since silica calcined at 700 °C contains mostly isolated silanols,®? this makes it an ideal
surface upon which to graft metal surface species and to ensure that these remain spatially isolated

from one another.%

Generally, most silica-supported species follow this general reaction path in Scheme 1.9(i), with a
proton transfer from the surface silanol to the MLnX, species, which results in loss of X-H following
protonation. However, there are some exceptions to this, such as when grating is attempted using
silica that has been modified at a low temperatures (typically temperatures below 300 °C) and hence
retains vicinal silanols on the surface.®* Both neighbouring silanol groups may react with the metal

centre, giving a bis-grafted complex.
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Scheme 1.9. (i) The formation of a mono-grafted M species with a 1:1 OH:M reaction on the surface of silica calcined
at 700 °C
(ii) The formation of a bis-grafted M species with a 2:1 OH:M reaction on the surface of silica calcined at 200 °C

The ability to attach such a wide variety of metal complexes to solid supports makes SOMC an
attractive method to employ for the tethering/immobilisation of organometallic complexes. SOMC
methods are also simple to employ, often only requiring stirring of a suspension of the appropriately
prepared oxide support with a solution of the metal complex.®* The surface-bound species are then
simply isolated by filtration and washed with a solvent to remove excess metal complex and the

released free ligand (X-H).

Organyl complexes, i.e. alkyl and aryl complexes,” are readily available for most metals. Both
homoleptic and heteroleptic organyl complexes can be tethered to silica through SOMC-type
approaches, though homoleptic compounds are more prevalent in the literature.®* The silica surface
grafting of such hydrocarbyl complexes exploits the release of the free hydrocarbon (R-H) via
protonation as the main driving force for the reaction, something that is supplemented by the

formation of a strong M-O bond.®*

The earliest examples of hydrocarbon complexes tethered to silica date from the 1970s, and were
mainly allyl and methyl complexes of group 4 and 6 metals, which were studied as potential
polymerisation and disproportionation catalysts.®>* For example, reaction of appropriately prepared

silica with Zr(allyl)s (Scheme 1.10) results in the formation of a highly active alkene polymerisation

* Ligands on the metal centre contain only carbon and hydrogen
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catalyst.’> % The structure of the surface Zr-allyl species was inferred from measuring the amount of

propene released on reacting the zirconium allyl-functionalised silica with butanol.®
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Scheme 1.10. Reaction of Zr(allyl), with silica calcined at 200 °C. The Zr(allyl), reacts with two OH groups on the silica
surface, releasing two propene groups.

A range of compounds with a combination of different hydrocarbyl ligands (e.g. aryl, allyl, etc.) and
metals (e.g. Cr, Rh, Fe, etc.) can proceed via an SOMC style reaction. Figure 1.14 shows the structures
of some examples of metal hydrocarbon complexes, such as Cr(CsHe)s (Figure 1.14(i)) and Fey(Mes)4
(Figure 1.14(iv)), that can undergo SOMC and be tethered to the surface of silica before and after a

SOMC reaction with the silanol groups on the silica surface.®*
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Figure 1.14. A selection of metal hydrocarbon complexes to highlight the wide variety of complexes that can undergo SOMC
and be tethered to the surface of silica
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Reaction of mixed alkyl/n>-cyclopentadienyl complexes (i.e. n>-CpyMLmXn, Cp = CsHs or CsMes) with
silica generally results in the elimination of the alkyl rather than the n°-cyclopentadienyl! ligand
through protonation, as result of a combination of the greater volatility of the resulting alkane and
the loss of aromaticity that would result in protonation of the cyclopentadienyl motif. Examples of the
reaction of mixed alkyl/cyclopentadienyl complexes with silica are given in Figure 1.15(i),%
emphasising the preference for the protonation and loss of the methyl over the cyclopentadiene
ligands. However, it has been shown that the outcomes of reactions of mixed alkyl/n*-
cyclopentadienyl complexes are dependent on the nature of the dehydroxylated silica surface. For
example, reaction of a mixed alkyl/n>-cyclopentadienyl complex with highly dehydroxylated silica
(calcined above 800 °C) can also lead to the ring opening of a siloxane bridge, leaving a ligand on the
silica surface, Figure 1.15(ii).*® This transfer of a ligand to the surface will only happen on highly
dehydroxylated silicas, as the metal must be close to a highly strained and reactive [=Si-O-Si=] for the
transfer to occur.% In the case where there is no ligand other than the Cp-ring on the metal centre,
i.e. an homoleptic cyclopentadiene complex (MCpy), a Cp-ring may be lost in the form of CpH, forming
=Si0O-MCpy-1 on the surface (Figure 1.15(iii)).”” n°>-Cyclopentadienyl complexes, such as MnCp, and
FeCp,® tethered to oxide supports have been previously reported in the literature and have found
application in catalysis. One such example is the Union Carbide ethene polymerisation system,® which
comprises a chromocene-derived surface species supported on silica. The specific nature of the active
catalytic site for polymerisation remains unknown, but it is well established that the Cr-Cp moiety is

directly tethered to the silica surface.
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Figure 1.15. (i) Cyclopentadiene metal complexes reaction with hydroxyl groups on the surface of silica. The methyl ligand
reacts preferentially over the cyclopentadiene ligand, leaving the cyclopentadiene attached to the metal centre; (ii) A highly
dehydroxylated silica undergoing a siloxane ring opening after reaction with a cyclopentadiene complex, methylating the
silica surface; (iii) a homoleptic cyclopentadiene complex reacting with a silica surface. When there are no other ligands, the
Cp ligand will be protonated instead, and lost as CpH

1.0.6.2 Silica-bound Metal Amide Complexes
Similar to the chemistry demonstrated by metal organyl complexes in their reactions with

appropriately pre-treated silica, surface grafting of a wide range of transition metal amide complexes
has also been investigated.’®® Homoleptic metal amide complexes are both prevalent and easy to
prepare, with the amido motif offering significant scope for tuning structure and reactivity through a
combination of steric and electronic effects. Silica grafting of metal amide complexes proceeds via
protonation of the metal amide linkage liberating the corresponding amine; this is something that is
generally regarded as more facile compared to the analogous reaction with a metal organyl complex
as a result of the greater basicity of the amide ligand compared with that of a transition metal
hydrocarbon. As with oxide surface immobilisation of metal hydrocarbon complexes, the mode of
grafting of the transition metal amide complexes depends on the silica’s pre-treatment, with silica
calcined at lower temperatures giving mixtures of bis- and mono-grafted metal species. The lower the
calcination temperature, and the lower the dehydroxylation of the silica surface, the more bis-grafted
metal species will form on the surface. An example of this is shown in Scheme 1.11, which summarises
the reactions of Ti(NEt;), with silica calcined at 500 (SiO2-s00) and 200 °C (SiOj-200), forming either

predominantly the mono- or bis-grafted surface species, respectively.%!
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mix of products

Scheme 1.11. Titanium amide reacting with silicas calcined at different temperatures and different degrees of
dihydroxylation. The amide complex will form mostly mono-grafted surface species on silicas calcined at higher
temperatures (>500 °C), and a mix of the mono- and bis-grafted species on silicas calcined at lower
temperatures (<200 °C)01

Due to the greater reactivity of amide complexes compared to metal organyl complexes, there is a
possibility of an amide complex undergoing further unintended chemistry after being tethered to the
silica via SOMC. An example of an amide complex undergoing further chemistry after the initial
tethering is Zr(NMe,)a. It was first postulated that the (=Si0)Zr(NMe,)s complex is an intermediate that
will undergo B-H elimination to release another free HNMe; ligand, as seen in Scheme 1.12.1%
However, further study into the SOMC reaction and the resulting surface species by Hamzaoui et al.
has shown that a second dimethylamine is not released from the metal centre and that the true
surface species is as shown in Figure 1.16.1% The proton of the coordinated H-NMe; moiety originates
from the hydroxyl groups on the silica surface and is liberated as part of the grafting process as the
HNMe; generated temporarily interacts with a surface silanol, possibly by hydrogen bonding (Figure

16).103
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Figure 1.16. The current proposed final product of Zr(NMe;), tethered to silica®3

Metal amide complexes may also maintain their nuclearity upon immobilisation onto the silica
surface. For example, W,(NMe;)s, which contains a tungsten-tungsten triple bond and is known to be
potentially useful in catalysis, has been shown to retain its nuclearity and triple bond after grafting
onto silica, Scheme 1.13.1% Further modification of the well-defined tungsten surface species (Scheme
1.13(ii)) produces a catalyst capable of alkyne metathesis. The preservation of the structure of the
initial homogenous compound can be very useful in potentially maintaining the catalytic activity of a
homogenous catalyst, while transforming it into an efficient and well-defined supported
heterogeneous catalyst. Well-defined surface species also open up more possibilities for catalyst
modification; a broad range of ligands can be introduced with greater control over the catalyst design

than usually achieved with heterogeneous catalysts.
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Scheme 1.13. A dinuclear tungsten complex, which maintains the W=W bridge after grafting to the silica surface

1.0.6.2.1 Silica-grafted Silyl Amide Complexes
An important class of surface-grafted metal amides are the silyl amide derivatives M(N(SiRs),)x. As with

alkyl metal and other metal alkyl/aryl amide species, silyl amide complexes react with a surface OH
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group, protonating and losing a silyl amide ligand as the corresponding amine HN(SiRs),. Similar to the
SOMC-like tethering of hydrocarbon and other amide species onto silica (discussed in Section 1.0.6.1
and 1.0.5.2), the metal can form a mono- or bis-grafted surface species via SOMC (Scheme 1.14), with

the ratio between the two species depending on the extent of dehydroxylation of the silica

substrate.10> 106
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Scheme 1.14. Silyl amide complexes reacting with the silica surface, forming the mono- or bis-grafted complex depending
on the pre-treatment of the silica surface9> 106

For most silyl amide complexes, the released amine reacts further with the silica surface’s silanols,
forming silyl groups on the surface through silylation.®” As both the metal centre and released
amine react with the OH groups, the silylation of the silica surface becomes a competitive reaction
that results in lower metal loadings than expected from the silanol density. For example, this type of
competitive silylation of the silica surface is observed on reaction of Fe(N(SiMes),), with silica
(Scheme 1.15), a reaction that releases HN(SiMes),, which then goes on to react with another OH

group, forming (=Si0)SiMes and releasing ammonia.%®
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Scheme 1.15. The reaction of an iron silylamide complex reacting with silica. The released silylamine from the first step
reacts further with a hydroxyl group on the silica surface, silylating the surface and releasing ammonia. This passivation of
the silica surface is a competitive reaction with the initial SOMC-type grafting of the metal complex.108

Bridging silyl amide complexes, such as those of cobalt!®® and iron!® and gold silyl amide,*° typically
form the corresponding mononuclear grafted complex from reaction with silica (Scheme 1.16). It is
postulated that this happens as a result of steric constraints as the mononuclear species is less
sterically demanding than the multinuclear species.’® In all three cases of cobalt, iron, and gold silyl

amide (Scheme 1.16), competitive silylation of the silica surface occurs.
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As silylation and metalation of the surface occurs in the reactions between a metal silyl amide and a
silica support in Scheme 1.16, it is expected that the surface area of the silica support will change,
which Ahn et al. observe. The surface area of the silica supports summarised in Scheme 1.16(i) is
reported by Ahn et al. to decrease, which is expected for silica that has undergone functionalisation
of the surface. Since there was not a large change in the pore size, this led Ahn et al. to suggest that
the degree of functionalisation and therefore silylation was minimal. Ahn et al. concluded that this

limited extent of silylation is due to the short reaction times (<30 minutes).%

In contrast to the minimal silylation observed during the reaction of Coz[N(TMS),]s and silica by Ahn
et al., Deschner et al. reported significant silylation for the reaction of Fe;[N(TMS).]4 and silica (Scheme
1.16(ii)), observed through the decrease of surface area and pore size of the silica. The surface area
and pore size of the silica support (MCM-41) decreased on a scale comparable to chemical silylation
by 1,1,3,3-tetramethyldisilazane, indicating that significant silylation occured.!® It should be noted
that the reaction times reported by Ahn et al. and Deschner et al. are different; the reaction time of
Scheme 1.16(ii) is longer than the reaction time of Scheme 1.16(i), 18 vs 0.5 h, respectively. Both
research groups do conclude that the length of reaction time affects the degree of silylation, with
longer reaction times showing a higher degree of silylation on the silica surface. This is consistent with
the observation made by Deschner et al. who report a higher degree of silylation than Ahn et al. using

analogous reactions.

Gajan et al. report that 50% of the available surface silanols reacted with a metal centre, with the Au-N
bond being cleaved during the grafting process (Scheme 1.16(iii)). The product of Scheme 1.16(iii) is
reported to be a good catalyst for liquid-phase epoxidation of trans-stilbene under aerobic conditions,
showing that while the metal loading of silyl-amide complexes might be limited by the competing

silylation reaction, highly active catalysts can still be obtained.*°
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Scheme 1.16. A series of reactions of silica with multinuclear silylamide complexes%> 109, 110
While metal-bridging silyl-amide complexes generally react with a silanol to form the mono-nuclear
grafted complex, as shown in Scheme 1.16, there are some specific cases where the original nuclearity
is maintained. The metal-metal bridges are preserved during the grafting process, resulting in the

synthesis of a multinuclear surface metal-containing species. A specific case of this preservation of the

initial nuclearity was obtained by Oakton et al., who reacted a silver silyl-amide complex with silica
(Scheme 1.17).7
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Scheme 1.17. A multinuclear gold silylamide complex that maintains its multinuclearity post-grafting®”

Silyl amide metal complexes with coordinated solvents (such as THF) will also undergo SOMC-type
chemistry when grafting to a silica surface. The coordinated solvent typically remains coordinated to
the metal centre, forming the corresponding solvent adduct on the surface (Scheme 1.18).1% The THF
remains coordinated, even if both silyl-amide ligands are lost, forming a metal THF adduct on the silica

surface.l®

Liang et al. reported that the presence of the THF on the cobalt has a great effect on the resulting
surface area of the silica support, with the pore parameters being significantly smaller when THF is
present (a decrease in surface area of 60%). Some of the decrease in surface area will be due to
metalation and silylation occurring, but Liang et al. suggests that the strongly coordinating THF

occupies void space in the pores by coordinating to Lewis-acidic sites on the silica surface.1%
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Scheme 1.18. Silylamide complexes with a coordinated THF solvent group.10>

While this thesis has discussed the grafting of an organometallic complex to isolated or vicinal silanols,
it should be noted that silyl-amide metal complexes have also been reported to react with geminal
silanols on the silica surface. An example of a metal silyl-amide complex reacting with a geminal silanol
is found in Lamb et al.’s work on tethering chromium amide (Scheme 1.19) to the surface of silica for
use as an olefin oligomerisation catalyst.!'! Lamb et al.’s work on the reaction of a chromium(lil) amide

with silica suggests that the Cr metal centres graft to both the isolated and geminal silanol surface
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groups giving rise to two distinct structures.’'! However, it is difficult to determine whether the
chromium is tethered to a geminal silanol as Lamb postulates, or whether a bis-grafted species is
formed from reaction with vicinal silanols. The silica used has been calcined at 600 °C, suggesting that
there should be no, or at least, very few vicinal silanols on the surface, supporting Lamb’s claim that
the chromium is bound to a geminal silanol through the loss of two free silyl amine molecules. Lamb

reports that the paramagnetic nature of the surface-bound Cr"

species in combination with solid-state
29Si NMR spectroscopy as a relaxation agent give a means of “mapping” where the chromium species
reside on a silica surface; the silicon resonances that arise from the Si species that are in close
proximity to the paramagnetic metal centre experience both a (small) change in chemical shift, but

principally peak intensity.
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Scheme 1.19. Two distinct structures of surface-bound Cr-amide species identified by Lamb et al. on the surface of Aeroperl
300/30 silica®”

Lamb’s work on tethering chromium silyl amide species to silica,!'* along with other studies, such as

106 provides

work by Oakton’s work on silver silyl amide®” and Liang’s study on cobalt and iron amides,
evidence that SOMC-like techniques can be applied to amide and silyl-amide species when tethering
to a silica surface. The SOMC-like reactions of silyl amide organometallic species and silica have been
reported to produce well-defined surface species on the silica, similar to the SOMC-methods used to
synthesise well-defined surface-grafted metal hydrocarbon species (Section 1.0.6.1). The well-defined
surface metal amide surface species produced in the SOMC-like reaction between a silyl amide

complex and silica can undergo further chemistry, such as reduction.>”

As discussed in Section 1.0.3, a common method for the preparation of metal nanoparticles is through
the reduction of metal salts by chemical means such as the addition of NaBH4.»> 2! This has been
extended to organometallic complexes, when free from a solid catalyst support, with their chemical
reduction also giving rise to the formation of nanoparticles.’® However, in contrast, once a
nanoparticle precursor (metal salt or organometallic complex) is tethered to a support, the most
common means of reduction are quite different from those of non-supported nanoparticle precursors.
For nanoparticle precursors bound to surfaces, the most widely used reduction method is reaction

with hydrogen gas, usually at elevated temperatures.’*? This change from chemical- to thermal-based
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methods is likely due to the difficulty of the chemical reducing agent being able to reach all of the
precursor in deeper areas in the support, or even if the reducing agents reached the deeper pores of
the support, it might be unable to reduce the precursor due to being constrained by the structure of
the surrounding pore. The small size of hydrogen is advantageous since it readily diffuses into pores
and can hence easily reduce metal species buried within pores, something which contrasts with the
use of other chemical reductants such as NaBH,4, which is larger and hence will not penetrate within
the pores so readily. While there are some examples of chemical reduction of nanoparticle precursors

on solid supports, they are rare compared to those describing thermal reduction of the precursor.*3

Heating under hydrogen gas is one of the most common chemical methods of reducing a supported
metal species. Reduction by hydrogen gas can even occur at relatively low temperatures due to the
unstable nature of some surface species. For example, a range of early transition metal organyl
complexes, such as - =SiO-Zr(Np)s (Np = neopentyl), readily react with hydrogen at temperatures
between 100 — 200 °C to form metal hydrides on the silica surface.’'* As reaction temperature
increases, the hydride is transferred to the silica surface and the metal is incorporated into the support
(Scheme 1.20).1%+11% |t js thought that the formation of the surface hydride and incorporation of the
metal happens via the loss of the hydrocarbon ligands (R) by protonation. The hydrocarbon ligand
reacts with hydrogen, breaking the metal-carbon bond, and releasing R-H and forming a metal hydride
on the surface. Subsequently, this highly reactive metal hydride species can react further with nearby

siloxane bridges, transferring the hydride to the surface and forming an M-O bond (Scheme 1.20).1%
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Scheme 1.20. Reduction of supported hydrocarbon complexes by thermal treatment under hydrogen, releasing a free R-H
molecule and forming a metal hydride on the silica surface.1®

The formation of a stable surface hydride species through reduction of a surface organometallic
species under hydrogen typically occurs with early transition metals (such as Zr,'” Ti,}*® Ta,*® and
Hf'2%), but there are some examples of late transition metals that can form stable surface hydride
species. Reported examples of late transition metal hydride surface species formed through reduction
under hydrogen are rare and often debated. For example, for [Rh(n3-CsHs)s] grafted on silica
(previously shown in Figure 1.14(ii)), which reportedly reacts with hydrogen to form a surface
dihydride!?¥ 122 that can catalyse the hydrogenation of alkenes?? and arenes.'® However, there is

debate on whether this species is a grafted metal hydride or not. A later paper by Gates et al.,*** and
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then further work by Basset and co-workers,'?> 126 suggests that most of the allyl ligands of
[(=Si0)(RhCsHs)] are lost, forming propane and hexanes when heated under H, and leaving Rh® on the
surface of the silica (Scheme 1.21). Further attempts to make the Rh-dihydride surface species were
done by exposing [(=SiO)(RhCsHs)] to PMes, as phosphines can stabilise the metal coordination sphere,
before heating under hydrogen. While a dihydride species was formed via the thermal treatment, it
was not grafted to the silica surface, instead being surface-attached by ion pairing.'?” A rhodium
surface hydride was eventually tentatively formulated with use of a bulkier phosphine ligand (P'Prs

instead of PMes), Scheme 1.22.1%8
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Scheme 1.22. A rhodium dihydride complex formed from grafted [Rh(n3-CsHs)s] on silica undergoing thermal treatment
under hydrogeni28

While early transition metal complexes tend to form surface hydride species when reduced under
hydrogen, grafted late transition metal complexes on silica are more likely to form small nanoparticles,
regenerating silanol groups (SiOH) on the silica surface (Scheme 1.23); the thermodynamic force
behind the formation of a strong SiO-H bond drives the formation of nanoparticles.’” This
nanoparticle formation occurs with a wide range of late transition metals and ligands, forming
nanoparticles with a “clean” surface.™ 130133 Thijs difference of behaviour between late and early
transition metals on reaction with hydrogen is postulated to be due to the larger predisposition of late

transition metals to undergo reductive elimination.?

" Nanoparticles with a “clean” surface is defined as nanoparticles without the presence of surfactants or
capping agents.

33



Late transition metal silyl amide complexes form nanoparticles on the surface and also silylate the
generated silanol groups formed through the reduction, producing an OH-free silica surface (Scheme
1.24) .57 110,134 Trimethylsilylamide metal complexes with ‘coinage’ metals (copper, gold, or silver) have
been shown to be particularly successful precursors for the formation of small nanoparticles that are
capable of catalysis, such as Oakton et al’s synthesis of silver nanoparticles,> which has been

discussed previously in Section 1.0.4.
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Scheme 1.23. The general reaction pathway of late transition metal surface species when heated under hydrogen.12°
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Scheme 1.24. The silylation of the silica surface by the reaction of SiOH and HN(SiMes),13>

To conclude, there is a difference in behaviour between early and late transition metals in surface-
bound organometallic species when thermally treated under hydrogen gas.? Early transition metal
surface species will react to form metal hydride species on the surface, which can react further with
higher temperatures to incorporate the metal into the silica and form Si-H surface sites. Late transition
metal systems, on the other hand, rarely form surface hydride species, except when phosphine ligands
are present to stabilise the hydride, and these late transition metal hydride species are very rarely
formed by thermal treatment under hydrogen gas, with one example being [(=SiO)(RhCsHs)] pre-

treated with bulky phosphine P'Prs prior to heating under hydrogen.

Calcination usually refers to a treatment at a high temperature under air or oxygen (typically >400 °C).
In this project, calcination of surface-bound organometallic species is used to describe the removal of
carbon-containing species, including organic ligands, tethered to the grafted metal centre through
thermal treatment under an inert gas or vacuum.®® 137 The metal surface sites can remain isolated
upon heating and removal of the organic ligands, especially early or first-row transition metals or if

the metal loading on the silica surface is low. For example, surface M[OSi(O'Bu)s]x complexes can be
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cleanly converted to carbon-free materials between 200 — 300 °C when heated under oxygen (Scheme
1.25).54 At temperatures above 300-600 °C, the metal can start to be incorporated into the support

matrix or sinter to form metal-oxide clusters on the surface.'3®

(OH),
M.,
1) sio, o Lo
2)200-300°,0, oo/ | N_o.
MIOSi(O™Bul - 0% oo 50
M=Ti;x=1;y=4 M|,W

M=Ta; x=2;y=5
M=Fe;x=0;y=3

Scheme 1.25. The formation of isolated surface sites via calcination of grafted metal -0Si(O'Bu); complexes under a normal
laboratory atmosphere.®*

Calcination does not necessarily need to be achieved under oxygen or air, and it can be preferrable to
calcine silica-bound organometallics under an inert gas, such as nitrogen, or under vacuum. When
heated under vacuum (>150-400 °C), -Cl, -O'Bu, OSi(O'Bu)s;, and —N(SiMes), ligands can be easily
removed from the metal centre to leave an isolated metal site. The loss of the ligands upon thermal
treatment involves the metal reacting with nearby siloxane bridges, and forms stable silicate surface

sites 139, 140

Metal chlorides supported on silica, such as TiCls, CrO,Cl;, and VOCIs, have been shown to form bis-
and tris-grafted species when heated under vacuum (Scheme 1.26).13% 1% The degree of grafting of the
metal chloride depends on the calcination temperature, with a higher temperature leading to a higher
degree of grafting. TiCls is a good example of this; TiCl, initially grafts to the silica surface via a hydroxyl
group in a mono-grafted species (Scheme 1.26(i)). This grafted TiCl, species (Scheme 1.26(i)) is stable
up to 50 °C, but further heating transfers a Cl ligand to a nearby siloxane bridge, become the bis-
grafted species in Scheme 1.26(ii). Above 250 °C, TiCl, is eliminated from the silica surface, decreasing
the metal loading; the proposed mechanism for this is believed to involve the reaction of surface Si-Cl
with remaining TiCls sites reforming a siloxane bridge, as illustrated in Scheme 1.26(iii). There is also
further restructuring of the Ti-sites with a second transfer of a Cl ligand to the surface, leading to tris-
grafted species (Scheme 1.26(iv)). Above 450 °C, there is no mono-grafted Ti-species remaining on the

surface.’® Similar mechanisms have been proposed for CrO,Cl,, and VOClIs surface species.*
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Scheme 1.26. The proposed mechanism of grafted TiCl,on silica forming bis- or tris-grafted surface species when heated
under vacuum?3?

For tethered organometallics with metal-bridging, the nuclearity of the surface species may be
maintained throughout the air-free calcination, forming metal silicates with any pre-existing bridges
remaining. An example of this maintained nuclearity is tri-tert-butoxysiloxy chromium, which is a di-
nuclear organometallic complex, and the corresponding monomeric THF-adduct species. As shown in

Scheme 1.27(i), the Cr'" species remains a dimer under thermal treatment,**

releasing iso-butene, tert-
butanol, and water as it decomposes to the metal silicate [(=Si0)4Cr,]. The corresponding monomeric
chromium species will remain monomeric upon decomposition to an isolated chromium-silicate as
seen in Scheme 1.27(ii).**> The dimer and monomeric chromium species both maintain their nuclearity

throughout air-free calcination.
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Scheme 1.27. Two chromium complexes that maintain their nuclearity when treated thermally under vacuum, forming
either mono- or bi-metal silicate species#142

Lanthanide metal silylamides have also been shown to form isolated metal silicate sites on a silica
surface under a thermal treatment under vacuum (Scheme 1.28). For example, the thermolysis of
[(=SiO)M(N(SiMes),)] produces a tripodal surface species, releasing silylamine, which reacts further to
silylate the silica surface, producing surface SiMes sites and releasing NH; (similar to silylation

observed during the tethering of metal silyl amides to silica in Section 1.0.6.2.1).143
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Scheme 1.28. Lanthanide silyl amide complexes losing their silyl amide ligands when heated under vacuum, forming
lanthanide metal silicate surface species.*3

1.0.8 Hydrogenation Catalysis

Hydrogenation is a broad reaction class that covers many reactions such as hydrogenation of carbon
monoxide to methanol,'* the transformation of hydrogen and nitrogen to ammonia,** the reduction
of alkenes and alkynes to alkanes,'*® the reduction of aldehyde and ketones,'*” and asymmetric
hydrogenation.'*® 4% Hydrogenation is one of the most important catalytic reactions used in industry

for the synthesis of both bulk and fine chemicals.® However, the reaction conditions needed for
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practical catalytic heterogenous hydrogenation can be difficult to achieve, often requiring both high
temperatures and high hydrogen pressures.’>! Improving the catalysts used for hydrogenation has the
benefit of not only using milder conditions, but also higher selectivity towards desired products,

reduction of reaction time, better conversion, and reduced formation of impurities and side-products.

The earliest example of catalysed hydrogenation used commercially was in 1823, which used platinum
as a heterogeneous catalyst to mediate the addition of hydrogen to oxygen in Débereiner's lamp.1*2
In 1897, Sabatier pioneered heterogeneous hydrogenation with his discovery of the Sabatier process,

which used nickel to catalyse the addition of hydrogen to gaseous hydrocarbons.>3

As stated in Section 1.0.2, heterogeneous catalysis is more common in industry, and this is also true
for catalytic hydrogenation. Industrial hydrogenation catalysts are often precious metals such as
platinum, ruthenium, rhodium, iridium, or palladium deposited on a solid support such as silica,
carbon, or alumina. However, these metals are often expensive, easily poisoned, and lost through
leaching.’* The development of cheaper alternatives that use more abundant metals such as iron,
nickel or cobalt has been of great interest. However, there is often a trade-off with using non-precious
metals in the catalysts, with the use of Raney Nickel catalyst for hydrogenation, which often requires

higher pressures compared to other precious metal counterparts.>®

Cobalt is a non-precious metallic element that is capable of mediating hydrogenation catalysis.

156 157

Compared to its precious counterparts, such as platinum**° and ruthenium,™’ it shows lower activity
and selectivity in reactions such as the heterogeneous hydrogenation of cinnamaldehyde (CNA)**® and
furfural™® to their corresponding alcohols. However, despite its limitation cobalt-based
hydrogenations are a more economic option due to its lower price and high abundance.**® There has
been interest in developing cobalt nanoparticles further for the use of hydrogenation due to the
benefit of its lower cost. Cobalt nanoparticles have already shown much promise in the selective

reduction of aldehydes; the hydrogenation of quinolones;!% ¢! the hydrogenation of nitroarenes;®?

and the asymmetric transfer hydrogenation of ketones.!63

1.0.8.1.1 Hydrogenation of Nitrobenzene to Aniline by Cobalt NPs
A common model reaction for hydrogenation catalysis testing (catalyst synthesis/structure/property

correlation) is the of reduction of nitrobenzene to aniline, Scheme 1.29.1%* Additionally, aniline and its
derivatives have significant commercial interest, hence there is continued drive to establish synthetic
methods that operate under mild conditions.'®? Although nitrobenzene has one likely site available for
hydrogenation, the NO, group, the reaction has been shown to proceed through a complex reaction

pathway, with several intermediates and possible side-products (proposed and simplified mechanism
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shown in Scheme 1.30), making it potentially a useful transformation to probe catalyst selectivity.

However, in the literature, the best catalysts show high selectivity towards aniline (~99%),16% 166 167

and hence this reduction is often explored in terms of catalytic activity rather than selectivity.'®?

NO MH

Hafcatalyst

Scheme 1.29. Hydrogenation of nitrobenzene to aniline
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Scheme 1.30. Proposed mechanism of the hydrogenation of nitrobenzene and its intermediates and possible products16°

1.0.8.1.2 Hydrogenation of Cinnamaldehyde by Cobalt NPs
While the hydrogenation of nitrobenzene is a common model reaction for testing the activity of a

hydrogenation catalyst, selectivity is often commonly tested by the hydrogenation of cinnamaldehyde
(CNA). Unlike nitrobenzene, CNA has two available sites for hydrogenation (Scheme 1.31) the alkene
group and the aldehyde group.'® The hydrogenation of the aldehyde forms cinnamyl alcohol (CNOL),
the hydrogenation of the alkene forms hydrocinnamaldehyde (HCNA), and the hydrogenation of both
sites forms hydrocinnamyl alcohol (HCNOL). With two possible hydrogenation sites, the
hydrogenation of CNA can be used to study selectivity and filter out catalysts with undesirable

selectivity, as has been used as such by Dragoi et al.1®

For a,B-unsaturated aldehydes, such as CNA, the hydrogenation of the C=C bond is favoured
thermodynamically over the hydrogenation of the C=0 bond.'’® As the hydrogenation of the C=C bond
is favoured thermodynamically over the hydrogenation of the C=0 bond, there is more interest in

targeting the reduction of the aldehyde. Therefore, the most preferable target reduction product of
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CNA is CNOL.* The transformation of CNA to the unsaturated alcohol is also of industrial significance
since the CNOL product is a valuable compound used widely in pharmaceutical chemistry.'’? It has
been noted that cobalt catalysts are particularly suitable for selective hydrogenation to the
unsaturated alcohol,}”% 173 but it requires a higher hydrogen pressure or longer reaction time due to

cobalt not being very active in this hydrogenation.'’*

OH

H,/catalyst H,/catalyst

Y

OH

)

H,/catalyst H,/catalyst
(iii)

Scheme 1.31. Possible routes for the hydrogenation of cinnamaldehyde
(i) Cinnamaldehyde (CNA) (ii) Cinnamyl alcohol (CNOL) (iii) Hydrocinnamaldehyde (HCNA) (iv) Hydrocinnamyl alcohol
(HCNOL)168

While both the hydrogenation of nitrobenzene and of CNA are well-established model reactions that
are ideal for exploring different attributes of a catalyst’s behaviour, activity and selectivity,
respectively, the hydrogenation of CNA has the additional benefit of occurring at lower temperatures
(150 °C) and pressures (1 atm). As part of this project includes the exploration of the activity and
selectivity of very small nanoparticles, avoiding high temperatures that may cause sintering, and
therefore increase the size of the particles, is important. The hydrogenation of CNA is a suitable

reaction for this project due to being able to carry it out at lower temperatures.

1.1.0 Project Aims

As described above, the synthesis of nanoparticles has a long history, dating back to the 1850s and
Faraday’s synthesis of Au nanoparticles (Scheme 1.3).2> 2° Since then, there has been a broad and
varied range of different methods used to synthesise nanoparticles, such as the thermal

)22-25

decomposition of metal(0) precursors (Figure 1.2 and the chemical reduction of a precursor (e.g.

HAuCl, precursor) using a reducing agent such as NaBH, (Scheme 1.4).2% 2! |t has also been shown that
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there is an interest in very small nanoparticles (<1 nm), i.e. sub-nanosized particles, due to the
prediction of their greater activity and selectivity than nanoparticles in catalysis.”” However, there are
still many difficulties in synthesising and maintaining the small size of sub-nanosized particles, as
discussed in Section 1.0.5.1, as well as keeping the surface of the resulting sub-nanosized particles

“clean” enough from capping agents for the particles to be catalytically active.?

This project explores routes for controlling the size of nanoparticles without capping agents, with the
aim of targeting sub-nanosized particles. Each step of the method will be explored to determine how
it affects the size of the resulting particles. Part of this project will involve testing the resulting particles
for activity and selectivity in catalytic hydrogenation, to probe if the synthetic method is suitable for

producing catalytically active sub-nanosized particles.

A recent method introduced for the synthesis of nanoparticles involves attachment of a precursor
complex to a solid support, followed by controlled reduction of the surface-bound species to form the
target nanoparticles, which are in turn stabilised on the support’s surface.®? Consequently, developing
an understanding of the mechanism and effectiveness of tethering well-defined cobalt-containing
complexes to oxide supports (principally silica) and the subsequent transformation to oxide support-
stabilised nano- or sub-nanosized particles will be a focus in this project. In this context, the silica
support and the influence of the character of the cobalt-containing precursor will be of importance
for the successful formation of the target nanoparticles, hence these two characteristics will also be
studied. Thus, overall, this thesis will focus on the development of a four-step process for the

preparation of the desired cobalt nanoparticles (in Scheme 1.32).

o/l-I
_ STEP 1 |
Sio, —»  _Si,
support  modification /0 cf Q
K | www 0/CORX-1
| o 0
|  STEP3 _si, ~ STEP4 L L
0”1 "0 ———» _Si, WS
| “RH [0\ heat ool ’ o \00
STEP 2 Copalt o whe N e [ A
. Precursor e

synthesis

Scheme 1.32. The 4-step method simplified for the synthesis of bound nanoparticles.

As discussed in Section 1.0.4, support effects can have a significant impact on the stability and
performance of oxide-supported catalysts. A large part of this project involves tethering highly
reactive and unstable organometallic complexes to an oxide support surface. The project will focus on

only using silicas as the oxide support. Silica was chosen as a catalyst support for this project due to
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several factors, the most important being its uniform surface structure and comparatively simple
surface chemistry, as discussed in Section 1.0.4.1. Indeed, silica is one of the most common and
versatile oxide supports for used in heterogeneous catalysis, with its simple surface chemistry, large

surface area and uniform pore structure. The silicas chosen for this project are as follows:

1. Aeroperl 300/30, a silica that is commercially available and has been previously studied in the
group;

2. SBA-15, a common silica support with a well-defined structure and used in model studies;

3. KIT-6, another common silica support with a more interconnected pore network than SBA-15.

Given the intended use of cobalt organometallic precursors to prepare the target nanoparticles, it is
important to consider the different types/compositions of organometallic cobalt complex precursors.

Two key requirements in the context of using such complexes as nanoparticle precursors are:

(1) the Co-containing precursor must be reactive enough to bind to the support surface —
preferably through reaction with a hydroxyl group on the silica surface;
(2) the precursor must be able to decompose cleanly into Co® nanoparticles under readily
achievable conditions, with repeatable and reliable consistency.
In Figure 1.17, a potential series of cobalt complexes (complexes 1 — 8) that could be used as
precursors in this project are shown. These cobalt complexes were chosen as potential precursors as
they are known structures and there are no heteroatoms such as phosphorus or sulfur in the structure
of the ligands. The absence of potentially reactive heteroatoms was picked specifically to avoid side
reactions between the ligand and the oxide surface and therefore avoid heteroatom poisoning of the

nanoparticles’ surfaces.
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Figure 1.17. Co-containing precursors selected for this project

The third step (Step 3 in Scheme 1.32) is the tethering of the organometallic precursors prepared in
Step 2 onto the silica supports prepared in Step 1 using SOMC-like chemistry. Hence, the results of
both Steps 1 and 2 are important for the results of Step 3. For example, the control of the density of
organometallic complexes tethered to the surface of silica is determined by the number of reactive
species (i.e. silanols) on the silica surface. The silanol density of the silicas will be determined by the
treatment of the silicas in Step 1 (e.g. calcination to reduce the silanol density) and therefore Step 1
will affect the density of the organometallics tethered in Step 3. Similarly, the choice of organometallic
species (complexes 1 — 8) synthesised in Step 2 will affect the ease of tethering in Step 3; highly
reactive cobalt species were chosen with the hopes that they would react easily with the surface
silanols. The ligands of complexes 1 — 8 are easily removed during a SOMC-like reaction, assisted by
steric constraints imposed by the bulk of the ligand or due to the ease of displacement of the carbonyl

groups (complex 6).

As stated in Section 1.0.6.1, tethering organometallic complexes to a silica surface via an SOMC-type
approach can be done simply by adding a solution of the desired metal complex to the silica. It is
hoped that these precursors (complexes 1 — 8) will initially react with the surface hydroxyl groups and
that the resulting organometallic fragments will then bind strongly to the oxide surface and undergo
thermal decomposition or reduction (for example under a flow of hydrogen) without leaching from
the supports’ surface, and without translating along the surface freely to agglomerate with other Co

nanoparticles.
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Once a cobalt organometallic surface species on silica has been formed through SOMC-like chemistry,
attempts to reduce the precursor to silica-bound cobalt nanoparticles under hydrogen gas will be
explored. With the precursor bound to the silica support, the sintering of nanoparticles is prevented
without the use of capping agents, creating nanoparticles with a “cleaner” surface (i.e. free of capping
agents and hence potentially more reactive) available for reaction. In addition to nanoparticles with
“cleaner” surfaces, another advantage of this four-step synthetic methodology is the potential to
create very small nanoparticles (<1 nm) in a controlled manner, with the size of the nanoparticles

potentially being controlled by the density of the loaded precursor.

The target of developing the synthetic method proposed in Scheme 1.32, and indeed the overall target
of the project, is to produce a reliable method for producing very small nanoparticles (preferably Sub-
NPs, <1 nm) on the surface of silica without the use of capping agents. It is hoped that the four-step
proposed method will have great control over the formation of the cobalt nanoparticles and their
resulting size, by controlling the dispersion and loading of cobalt precursors on silica. Once the
synthesis is optimised, it will be a quick method for the preparation of very small nanoparticles and
potentially easy to scale up. It is hoped that without capping agents on the surface of the

nanoparticles, they will be highly active in catalysis.

A focus of this project is the synthesis of small cobalt nanoparticles in the absence of capping agents,
to preserve the high reactivity of the nanoparticles. To evaluate the performance of the synthesised
nanoparticles, catalysis testing will commence. Catalytic hydrogenation of CNA was chosen as the
benchmark reaction over the hydrogenation of nitrobenzene to aniline. While the hydrogenation of
nitrobenzene is one of the more common hydrogenation reactions for testing cobalt nanoparticles, it
has only one easily hydrogenated site (the nitro-group on the benzene ring). An autoclave is also
needed as high pressure and temperature is required. As heating the nanoparticles may cause
sintering, increasing the size of the particles, the hydrogenation of nitrobenzene is inappropriate for
this project. The hydrogenation of CNA can occur at lower temperatures (150 °C) and pressures
(1 atm). There are also two possible sites for hydrogenation, with two competing possible reactions,

allowing selectivity as well as activity to be explored.
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The four-step synthetic method for silica-supported cobalt nanoparticles has been developed, and a

catalysis test reaction has been chosen. The preparation of the silica supports is the first important

step in this project and will be discussed in Chapter 2.
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Chapter 2: Silica-based Catalyst
Supports



2.0 Introduction to Silica-based Catalyst Supports

The use of silica as an oxide support is a key element of this project and, as such, the characterisation
and quantification of its reactive surface groups is an important topic. The nature of the surface of the
silica supports can be considered as the foundation on which the rest of the project depends because
of so-called support effects.’ In particular for this project, the silica’s surface sites will control the
binding of the cobalt-containing nanoparticle precursor, the density of the metal loading, and
potentially how well the nanoparticle precursor can be reduced, as well as how residual reactive
surface groups may affect future catalysis. Indeed, here the oxide (silica) support is intrinsically
necessary in order to immobilize the formed metal nanoparticle species, through a reduction in their
mobility (i.e. helping to prevent sintering) and also offering chemical stabilization, which means that
together these oxide supports can be considered as solid capping agents, contrasting with the various
molecular capping agents commonly used in the preparation of nanoparticles (see section 1.0.3). As
discussed in Section 1.0.4.1, the surface of silica comprises predominantly silanol groups and/or
siloxane bridges,* the ratio of which can be easily and uniformly controlled by simple procedures such
as calcination® or silylation.® Generally in SOMC, a MLmX, species reacts with a silanol, resulting in a
loss of ligand X (as X-H) via protonation, so control of the surface silanol density is needed to control
the binding of the metal to the silica surface.” This chapter explores the use of thermal methods to
control the silanol density on a silica surface, as well as methods for the characterisation and
guantification of the silanols on the support. The silica supports discussed in this chapter are Aeroperl

300/30, SBA-15, and KIT-6, whose properties will be briefly summarised below.

Aeroperl® 300/30 is a commercially available fumed silica produced by Evonik Industries. It has a
specially formed micro-granular (20-60 um) hydrophilic structure; it was designed to act as a carrier
and filler. In particular, Aeroperl® 300/30 was selected due to its high surface area (270-330 m? g™%),
large pore volume (1.5 — 1.9 cm3 g™%), and high chemical purity. Furthermore, it was selected as an

oxide catalyst support for this project following previous successful use in the lab/group.

SBA-15 is an example of a mesoporous silica with a uniform 2-D structure comprising elongated
hexagonal pores as shown in Figure 2.1.8 It is often considered to be a particularly mechanically stable
silica, due to the sturdy hexagonal framework.®2 SBA-15 silica also has a high surface area
(500-900 m? g) with a pore volume usually in the range of 0.4-1.0 cm® g™1,° which together facilitate

access to a high degree of active surface sites to be available for reaction. SBA-15 was selected as a
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potential oxide support for this project due to its uniform, robust structure, high surface area, and

simple synthesis that can be varied to adjust the mesostructure and pore size.

£
r

Figure 2.1. Representation of the structure of SBA-15 10

SBA-15 is a commonly used support in catalysis as the long channels through which reagents can flow
down can be loaded with a catalyst or nanoparticles. However, one common problem encountered
with SBA-15 relates to its 2-D structure - the thin channels have the potential to become blocked or
obstructed during a catalytic reaction, preventing substrates from passing through to the catalyst and
therefore hindering or stopping the reaction. In a similar manner, a combination of capillary forces
and diffusion effects can limit the ease and uniformity of metal distribution within the pores typically
prepared by aqueous impregnation methods (in contrast to a fumed silica, for example). Additionally,
SBA-15 can only be used as a catalyst support in reactions where no solid can form, since the presence

of solids can lead to blocking of the pores.

2.0.1.2.1 Synthesis of SBA-15

Typically SBA-15 has a narrow range of pore diameter sizes, which can be tuned easily during
synthesis, usually between 5-15 nm, though pore diameter can be increased by incorporation of a
swelling agent during its preparation.® This control of microporosity can be achieved by changing the
ratio of silica source and templating agent (typically a triblock polymer comprising ethylene {EO} and
propylene {PO} oxides),'" 12 as well as altering reaction and aging temperatures, and the reaction
solvent used, with co-solvents and swelling agents being used to vary the morphology.'® The ratio of
the ethylene (EO) and propylene (PO) oxide units in the triblock copolymer (EQ:PO:EQ) can allow good
control over the geometric arrangement of the resulting silica due to the initial formation of cylindrical
and spherical micelles in water, formed with a hydrophobic PO core and a hydrophilic EO corona. A
lower EQ:PO ratio results in an p6mm hexagonal morphology (the hexagonal morphology needed for

SBA-15), while a higher ratio results in a cubic morphology.’

The SBA-15 used in this project was synthesised using a triblock copolymer (Pluronic-123;
{EOQ}0{PO};0{EO}0) as an organic template under acidic conditions (pH <1), with TEOS (tetraethyl
orthosilicate) as the source of silica (Scheme 2.1). The reaction temperature for the synthesis was kept

between 35-40 °C, which favours formation of highly ordered mesostructures.®* No co-solvents or
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swelling agents were used in this project. The necessary aging process for the generation of SBA-15's
pore structure was done in an oven at 100 °C over a 24 h period under a static atmosphere. The organic
patterning template was subsequently removed by washing with EtOH and water, followed by
calcination in static air at 550 °C in a muffle furnace for 6 h to give SBA-15 as a fine white powder.*
Using TEOS, the silica source in this synthesis, typically produces a “rope-like” mesoporous silica.’ The
silica precipitates from the reaction mixture at pH <1 due to the formation of silicate ions that then
self-assemble into silica. The synthesis of SBA-15 was confirmed by PXRD, which showed characteristic

100, 110 and 200 reflections at 0.8, 1.4 and 1.8 ° that correspond to the known hexagonal pattern.®®

J HCl

| Pluronic

Si SBA-15
/\O\ (‘jl\o/\ A

-

Scheme 2.1. Synthesis of SBA-15

To limit the effects of variation in the SBA-15’s morphology and pore-size on this project, and
therefore limit any changes in the support effects that may affect precursor loading, reduction, or
catalysis when comparing the produced nanoparticles, the reaction conditions and synthesis were
kept the same throughout the entire project. This resulted in a consistent SBA-15 source material,

which was checked by PXRD following each synthesis.

2.0.1.3 Properties of KIT-6

KIT-6 is another mesoporous silica used in this project, which has a 3-D intersecting cylindrical pore
structure system. In contrast to SBA-15, KIT-6 comprises a highly inter-connected cubic 3-D porous
network, based on two continuous interpenetrating channels as shown in Figure 2.2. The advantage
of this pore structure in terms of the use of KIT-6 in catalytic applications is that if one channel
becomes blocked, the reactants still have other ways to access the inner pores and therefore interact

with any reactive sites.

Figure 2.2. Representation of the structure of KIT-6 16
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2.0.1.3.1 Synthesis of KIT-6

KIT-6 shares a similar synthesis to that of SBA-15, using acidic conditions, Pluronic-123 as templating
agent, and TEOS as the silica source, Scheme 2.2. However, for the synthesis of KIT-6, butanol is added
as a co-surfactant prior to TEOS addition. The resulting mesopore diameter size of KIT-6 synthesised
with these reagents/conditions is typically 7-9 nm, although this is something that can be controlled
by varying synthetic conditions, with pores up to 12 nm in diameter being accessible by increasing the

reaction temperature.’

J HCI

0 Pluronic
I Butanol

o She A KIT-6
(0]

Scheme 2.2. Synthesis of KIT-6

Compared to SBA-15, the synthetic methodology used for the synthesis of KIT-6 provides less scope
for the tuning of the silica’s structure during its preparation. KIT-6 has a /a3d symmetry and the
synthesis has to be controlled in order to create that symmetry in the mesostructure. However, p6mm
symmetry (i.e. hexagonal as found for SBA-15) or a mix of /la3d/p6mm can be made if the ratio of
butanol to TEOS is not carefully controlled, as larger amounts of butanol increases the extent of p6mm
silica formation.r” The la3d cubic phase is synthesised within a certain, narrow, range of butanol
concentrations (2-5 %). Any alterations to the ratios of TEOS:Pluronic-123:butanol:HClI must be done
carefully when tuning KIT-6’s pore size, to ensure the resulting product has the correct crystalline
phase.” As for SBA-15, all samples of KIT-6 prepared during this project were synthesised using

identical reaction conditions and for each batch, the structure was verified by PXRD.

2.1 Preparation of Silica for Tethering Organometallic Precursors by Controlling
the Hydroxyl Density

The preparation of an oxide support will affect the way that organometallic precursors, such as those
used in this project, namely [Co(N(TMS)2).THF] and Co(dmp),, will bind to the surface of silica. In
particular, controlling the number of hydroxyl sites available to react with the cobalt-containing
precursor will control the total metal loading (as well as the chemical composition of the immobilised
pro-nanoparticle precursors. Thus, preparing the silica in a way that will increase or decrease the

hydroxyl density on the surface will increase or decrease the metal loading, respectively.

It was proposed in this project that isolated organometallic complexes tethered on the surface of the

oxide support are a potentially important route for subsequent synthesis of sub-nanosized metal
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particles, i.e. a low metal density/low metal loading on the silica surface. A large density of metal-
containing organometallic species (i.e. nanoparticle precursor material) on the surface would increase
the amount of metal available and hence potentially allow for the formation of larger nanoparticles
or bulk metal phases, as opposed to the small nanoparticles that are the target of this project. To
create isolated reactive sites on the surface of silica (for the tethering of metal species), a pre-
treatment is necessary to remove surface water and to alter the number of hydroxyl groups. While
there are chemical methods for modifying the surface of silica to remove SiOH sites such as silylation,*®
the simplest method to remove hydroxyl groups with the fewest, most readily controlled experimental

parameters is calcination, which is the approach that has been used extensively throughout this PhD

study.’

The calcination and hence surface hydroxyl density alteration of the silicas used in this project was
achieved by heating a sample of the support under a flow of dry inert gas or under vacuum. The
concentration of hydroxyl groups remaining on the surface can be controlled by varying the
temperature and duration of heating. In this project, solely temperature dependence has been
studied, with the calcination time being fixed at 24 h for all samples. Since calcined silica has the
potential to readily take up water and re-hydroxylate, the calcined samples were handled such that

air and moisture were excluded at all times and stored/manipulated in a nitrogen-filled glovebox.

In order to probe the calcination temperature effects on hydroxyl density, Aeroperl 300/30 silica
samples were calcined at 200, 400, 600, 700, and 800 °C, with the resulting materials being referred
to as A-Si03.200, A-SiO3.400, A-SiO2-600, €tc. Similarly, various calcined SBA-15 and KIT-6 materials were
studied in a similar manner and will be referred to as S-SiO»x and K-SiO,.x, respectively, where x is the
calcination temperature. Each material has also been assigned a number to distinguish calcination
attempts; for example, the Aeroperl 300/30 sample first calcined at 600 °C is referred to as A-SiOz-600

1, the second sample calcined as A-SiO;.¢00 2, and so on.

2.2 Analysis of Calcined Silica to Determine the Hydroxyl Density

Given the importance of the functional groups present at the surface of silicas (namely silanol
moieties) for binding the target organometallic complexes to the surface, a reliable method for
determining the nature and density of surface functional groups was needed. In particular, the density
of these reactive functional groups is important since it will determine the density of the tethered

organometallic, thus accurate quantification of the number of surface groups is especially important.

Two techniques were examined for identifying the nature of and quantifying the density of reactive

surface groups on silica, solid state nuclear magnetic resonance (SS-NMR) spectroscopy and chemical
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titration. In parallel, BET (Brunauer-Emmett-Teller) analysis was used to probe any thermally-induced

changes surface area of the various silica supports.

In addition to surface area and hydroxyl density, an important factor when considering the tethering
of an organometallic to a silica surface, is the physical stability of the silica. When silica is calcined at
high temperatures, there is a risk that the desirable porous structure of the support will collapse,
decreasing the surface area and pore volume.* High surface areas are normally preferable in catalysis,
as it increases the number of surface sites for reaction. An accurate determination of the surface area
of the supports is vital in calculating the silanol density of the supports. To ensure that calcination of
the silica does not lead to pore collapse or significant changes in silica morphology, Brunauer-Emmett-
Teller (BET) analysis of the calcined silica samples will probe whether the silica supports chosen are

stable at a particular calcination (and reaction) temperature.

Silica samples were analysed by BET at Johnson Matthey and were undertaken using nitrogen gas as
the adsorbate. Uncalcined samples were subject to a one-hour nitrogen purge at 140 °C before

analysis.

The results from BET analysis of samples of Aeroperl 300/30" silica calcined between 200 and 700 °C

are shown in Table 2.1. The BET analyses were not repeated, with results being those of a single

determination.” The BET surface area ranged from 262 m?2g™ to 283 m?g™ (+2 %) with no significant

loss of surface area or change in pore volume observed for any of the samples of Aeroperl 300/30

calcined, consistent with the Aeroperl 300/30 silica structure being robust up to 700 °C. Aeroperl
351

300/30 has a range of average pore volumes of between 1.7cm3g? and 1.9cm3g™ with an average of

1.8 cm3g™, and a range of average pore diameters between 24.9-27.5 nm.?°

* Samples taken from the same batch of Aeroperl 300/30.
" NB. To ensure reproducibility, the BET instrument was calibrated at routine short intervals using commercial
standards.
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Table 2.1. BET analysis of Aeroperl 300/30 silica; data were measured by Johnson Matthey;, measurement uncertainty on
BET surface area is +/— 2%.

Aeroperl
300/30
Si02-700
Aeroperl
300/30
Si02-600
Aeroperl
300/30
Si02-400
Aeroperl
300/30
Si02-200
Aeroperl
300/30

Sioz-uncalcined

An initially unforeseen, but interesting trend was also noticed in relationship to the C value resulting
from the BET analysis as a function of calcination temperature. The C value (or sometimes called C
constant or BET constant) is related to the heat of adsorption of nitrogen gas in the first adsorbed
layer on the surface being measured, i.e. the affinity of the solid surface for the adsorbate, and
consequently its value is an indication of the magnitude of the adsorbent/adsorbate interactions
(Equation 2.1).2* The heat of adsorption on the surface can be affected by surface groups such as
hydroxyl groups and adsorbed water molecules; the more hydroxyl groups present, the higher the

heat of adsorption on the surface and therefore the higher the C value. For most oxides and silicates,

Calcination
temperature
(°C)

700

600

400

200

n/a

C falls between 50 - 200.%°

* Sample was not calcined

BET surface

area (m?g™)

262

273

283

270

265

Pore Volume
[0.99ads]
(em’g™)

1.8

1.9

1.9

1.8

1.7
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Average Pore

Diameter (A)

275

274

264

269

249

C Value

from BET

79

85

92

100
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Ki—K|,
C = exp( RT )

Equation 2.1. The C value, calculated from the gradient and intercept of the isotherm, and related to the heat of adsorption
on the surface.?

K; = heat of adsorption for the first layer
K. = heat of adsorption for second layer and higher (is equal to the heat of vaporisation)
R = gas constant

T = temperature

Thereis a clear trend in the values of C measured for the variously calcined samples of Aeroperl 300/30
silica. As the calcination temperature increases from uncalcined silica to 200 to 700 °C, so the C value
decreases (Figure 2.3). This trend between calcination temperature and the C value is proposed to be
due to the changing water content/hydroxyl density on the surfaces of the silica. The silicas calcined
at lower temperatures have a higher number of surface hydroxyl groups present and therefor a higher
heat of adsorption and higher C value.?? This is further evidence that higher calcination temperatures
decrease the hydroxyl density on the surface of silica, and that this change can be indirectly probed

through BET analysis.

Calcination Temperature vs. C Value

110 A
105 - y =-0.0345x + 104.91
100 - teel.0 R? = 0.9699
95 -
90 - See.,.
85 4 Tt
80 - ®
75 A
70 . . . . . . )
0 100 200 300 400 500 600 700
Calcination Temperature (°C)

CValue

Figure 2.3. Calcination Temperature vs. C value
A linear relationship exists between the value of C (determined via BET) with the calcination temperature.

2.2.1.2 BET Analysis of SBA-15
Data for BET analysis of SBA-15 calcined at 600 and 700 °C are shown in Table 2.2. BET analysis was
not performed on SBA-15 samples calcined below 550 °C. This is because the synthetic process for

SBA-15 synthesis includes a calcination at 550 °C in air to remove the organic templating agent and
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therefore the structure of SBA-15 is only generated at by thermolysis 550 °C and hence inherently

retained at this temperature.

SBA-15 has a significantly higher surface area than that of Aeroperl 300/30 silica (see Section 2.0.1),
530 - 828 m2g™! for the former and a smaller pore volume (0.5 — 1.3 cm®*g™?) and pore diameter (31 -
68 A). According to the literature, the typical SBA-15 surface area spans 500 - 900 m? and
0.4 - 1.0 cm3 g.° The surface area decreases significantly from that of material calcined at 600 °C to
that treated at 800 °C. This is consistent with the structure of SBA-15 silica not being stable at higher

temperatures and undergoing collapse of the pore structure, decreasing the surface area.

Table 2.2. BET analysis on SBA-15 support; data was received from Johnson Matthey; measurement uncertainty on BET

surface area is +/- 2%.%

Calcination BET surface Pore Volume Average Pore
temperature (°C)  area (m%g™) [0.99ads] (cm3g™!) Diameter (A)
SBA-15 SiO;-700 700 530 0.5 31
SBA-15 SiOz-600 600 739 0.9 69
SBA-15 SiO;-uncalcined n/a” 828 1.3 68

Similar BET analysis of various samples of KIT-6, which had previously been calcined at 600 and 700
°C, was undertaken and the data presented in Table 2.3. As the synthesis of KIT-6 and SBA-15 is very
similar (see Section 6.0.3.1 and 6.0.3.2 for synthetic methods), the silicas were analysed at the same

calcination temperatures.

Again, as anticipated, KIT-6 has a higher surface area (570 - 712 m?g™) than Aeroperl 300/30 silica,
but a lower surface area than that determined for the SBA-15 prepared herein. Uncalcined KIT-6 also
has a smaller pore volume and pore diameter than Aeroperl 300/30, but a larger pore volume and
pore diameter than SBA-15, with a pore volume and pore diameter of 0.5 - 1.1 cm®g™ and 36 - 53 A,
respectively. The surface area of KIT-6 decreases as the calcination temperature increases due to the

pore structure collapsing.

$ The C-values were not determined
** Sample was not calcined
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Table 2.3. BET analysis on KIT-6 support; data was received from Johnson Matthey; measurement uncertainty on BET
surface area is +/- 2%.7"

Calcination BET surface Pore Volume Average Pore
temperature (°C) area (m?g™) [0.99ads] (cm3g™!) Diameter (A)
KIT-6 SiO2-700 700 570 0.5 37
KIT-6 SiO2-600 600 666 0.6 36
KIT-6 SiOz.uncaicines  n/a* 712 1.1 53

Irrespective of calcination temperature, all of the silica samples analysed by BET gave data consistent
with mesoporous materials, with pore diameters in the range of 2 - 50 nm.? Based on these BET
analyses, Aeroperl 300/30 will allow larger organometallic species into its internal pore structure, due
to having a significantly larger pore diameter than either SBA-15 or KIT-6. If an organometallic
precursor of interest is too large to fit into SBA-15 and KIT-6’s pore structure, these supports could
become unsuitable supports for this project as the organometallic precursor will only be able to bind
outside the pores on the external oxide surface. This would limit the use of the much larger surface

area than both SBA-15 and KIT-6 offer.

As indicated earlier, surface hydroxyl density will be a crucial parameter in controlling metal loading
and surface dispersion, consequently it is vital to have a reliable method in hand for its determination.
Here, chemical titration was chosen as a simple, quantitative method of determining the hydroxyl
density on the surface of the silica supports. The method used involved treating the silica of interest
with a Grignard reagent, here ortho-tolylmagnesium bromide, which reacts with one hydroxyl group
on the silica surface, releasing one toluene molecule as shown in Scheme 2.3.2* The quantity of toluene
released can then be determined by quantitative gas chromatography (GC) using nonane as an internal
standard, therefore allowing the number of hydroxyl groups present to be calculated. To prevent extra
toluene being produced from degradation of unreacted Grignard, any excess Grignard reagent was
guenched with an aldehyde prior to GC quantification of liberated toluene. The aldehyde initially used
as a quenching agent was propanal, producing 1,1-di-o-tolylpropan-1-ol as a product. However,
propanal readily degrades on exposure to air (via oxidation) over a relatively short time span.
Consequently, to ensure consistency, benzaldehyde was used as a more reliable (stable) quenching

agent. The reaction of the aldehyde and Grignard reagent is shown in Scheme 2.4. No differences

™ The C-values were not determined
# Sample was not calcined
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between fresh propanal and benzaldehyde as quenching agents were observed, with the OH densities

calculated for the same silica sample being the identical regardless of quenching agent as anticipated.

H
H MgBr
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Scheme 2.3. Representative reaction of tolyImagnesium bromide with the silica surface to produce toluene in a Grignard
titration. Nonane is used an internal GC standard.
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Scheme 2.4. Reaction of excess tolylmagnesium bromide remaining after Grignard titration of OH groups on the silica being
quenched by propan-1-al or benzaldehyde, to produce 1,1-di-o-tolylpropan-1-ol or 1,1-di-o-tolylbenzyl alcohol, respectively.
The quenching of the excess Grignard by aldehyde prevents further production of unwanted toluene

The silica/Grignard titration was performed anaerobically under nitrogen in dry pentane, to avoid
producing additional toluene as a result of Grignard hydrolysis. The area of the toluene and nonane
GC signals were calculated from the GC chromatogram using appropriate calibration curves. From this
and the known mass of silica used, the density of hydroxyl groups per gram of silica was calculated.
The Grignard titration was repeated three times with every silica sample to produce results with

quantified errors; results are given in Table 2.4, Table 2.5, and Table 2.6.

Prior to carrying out the analysis of the variously dehydroxylated silicas, a “blank” titration of the
Grignard was performed to determine the amount of free toluene already present in the sample of
Grignard used. The toluene present in the Grignard solution was taken into account when calculating

the amount of toluene produced from each titration of support.®

From the data in Table 2.4, Table 2.5, and Table 2.6, as expected there is a clear correlation between
the hydroxyl density of the surface and the support’s calcination temperature, something true for all

three silica supports studied, namely Aeroperl 300/30, SBA-15, and KIT-6. This is demonstrated further

% An aliquot of the Grignard was reacted with the quenching agent (performed with both propanal and
benzaldehyde) as a “blank” titration using the same reaction conditions as a titration with silica involved. In
the blank titration, 0.19 mmol of toluene was detected when quenched by propanal and 0.13 mmol of toluene
was detected when using benzaldehyde, compared to the 1.8 mmol of Grignard reagent added. This shows
that the Grignard reagent had no significant decomposition/presence of toluene, and that the quenching
agents were water-free and did not produce significant amounts of toluene during quenching.
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in Figure 2.4, where calcination temperature is plotted against the OH density per nm?, showing
decreasing hydroxyl density as calcination temperature was increased. The trend lines indicate a non-
linear relationship for each silica, showing how the rate of loss of hydroxyl groups from the surface

decreases at higher and higher calcination temperatures.

Table 2.4. The surface hydroxyl density of Aeroperl 300/30 silica calcined at different temperatures, derived from titration
with o-tolylmagnesium bromide. Standard errors in the hydroxyl concentration were obtained by the standard deviation
divided by the square root of the number of samples. The density in OH nm~2 was obtained by using the surface area
calculated from the BET analysis

Hydroxyl density Standard Error Hydroxyl density Standard Error

(mmol g?) (mmol g) (OH nm™) (OH nm™)
Aeroperl 300/30 SiOz7001 0.6 0.2 1.4 0.4
Aeroperl 300/30 SiOz6001 0.8 0.1 1.8 0.2
Aeroperl 300/30 SiOz4001 1.4 0.1 3.1 0.1
Aeroperl 300/30 SiOz.2001 2.2 0.2 4.8 0.4

Table 2.5. The surface hydroxyl density of SBA-15 silica calcined at different temperatures, derived from titration with
o-tolylmagnesium bromide. Standard errors in the hydroxyl concentration were obtained by the standard deviation divided
by the square root of the number of samples. The density in OH nm~2 was obtained by using the surface area calculated
from the BET analysis

Hydroxyl density Standard Error Hydroxyl density Standard Error

(mmol g?) (mmol g?) (OH nm™?) (OH Nnm™?)
SBA-15 SiO;.700 1 1.8 0.2 13 0.2
SBA-15 SiO3.600 1 2.5 0.1 1.8 0.1
SBA-15 SiO;.400 1 3.4 0.3 2.5 0.2
SBA-15 SiO;-200 1 5.6 0.3 4.1 0.2

Table 2.6. The surface hydroxyl density of KIT-6 silica calcined at different temperatures, derived from titration with
o-tolylmagnesium bromide. Standard errors in the hydroxyl concentration were obtained by the standard deviation divided
by the square root of the number of samples. The density in OH nm=2 was obtained by using the surface area calculated
from the BET analysis

Hydroxyl density Standard Error Hydroxyl density Standard Error

(mmol g™) (mmol g™) (OH nm™) (OH nm™)
KIT-6 SiO2.700 1 1.8 0.1 1.6 0.1
KIT-6 SiO2.600 1 2.2 0.1 2.0 0.1
KIT-6 SiO2.400 1 2.9 0.2 2.6 0.2
KIT-6 SiO2-200 1 5.8 0.3 5.3 0.2
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Figure 2.4. Calcination Temperature vs. OH Density (OH nm=2) for Aeroperl 300/30, SBA-15, and KIT-6.
Three trend lines correlate the calcination temperature with the hydroxyl density calculated on the surface for each type of
silica, showing how increasing calcination temperature decreases the hydroxyl density in the samples

For all three silicas, the material subject to the lowest calcination temperature, namely SiO2.200, has
the highest hydroxyl density by weight as expected, with KIT-6 and SBA-15 having the highest hydroxyl
density by weight at 5.81 and 5.59 mmol g, respectively, compared to Aeroperl 300/30 at
2.16 mmol g™X. When corrected for the surface area as determined by BET, all three SiO2.200 silicas fall
into a similar range of hydroxyl densities, 4.06 - 5.25 OH nm™. This is true for all calcination
temperatures, with KIT-6 and SBA-15 having significantly higher hydroxyl density by weight than
Aeroperl 300/30, but when corrected by surface area, they all show a similar range at every
temperature. The silicas calcined at 200 °C have the largest hydroxyl density (OH nm™) differences
between the three silicas, and the smallest hydroxyl density differences at 600 °C. The lowest hydroxyl
density in all three silica is SiO2.700 Within the range 1.28 — 1.60 OH nm™. KIT-6 silica generally has the
highest hydroxyl density, with the exception of material calcined at 400 °C where Aeroperl 300/30 has
the highest hydroxyl density. SBA-15 silica has the lowest hydroxyl density across all temperatures.
This difference between the hydroxyl densities of KIT-6 and SBA-14 after calcination is proposed to be
due to the ease with which water can escape the pore structure. Water release from SBA-15 is limited
by its 2D mesostructured nature, while KIT-6 has a highly interconnected 3D structure that has more

pathways through which water can escape more easily.

The hydroxyl density ranges reported in Table 2.4, Table 2.5, and Table 2.6 lie between 1.28 - 5.25
OH nm™ at calcination temperatures across the window 200 and 700 °C. This falls roughly in the range

expected for hydroxyl density of calcined silica according to previous literature studies.'® The silanol
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density can be considered as a physicochemical constant, independent of the silica type, and as stated
previously the density of fully hydroxylated silica is 4.9 OH nm™. It has been recorded that this value
will typically quickly fall to approximately 2.3 OH nm™ upon calcination up to 400 °C, though the rate
of dehydroxylation slows down considerably at temperatures higher than 400 °C as condensation

becomes more difficult.® This latter observation is consistent with the study presented herein.

To determine the reproducibility of the extent of dehydroxylation achieved through calcination in this
project, several different batches of Aeroperl 300/30 silica calcined at 600 °C were analysed by
Grignard titration. The silica samples were A-SiO2.600 1-5, and their hydroxyl densitiesare given in Table

2.7.

Table 2.7. The surface hydroxyl density of different batches of Aeroperl 300/30 silica calcined at the same temperature,
derived from titration with o-tolylmagnesium bromide. Standard errors in the hydroxyl concentration were obtained by the
standard deviation divided by the square root of the number of samples. The density in OH nm=2 was obtained by using the
surface area calculated from the BET analysis

Hydroxyl density Standard Error Hydroxyl density Standard Error

(mmol g?) (mmol g?) (OH nm™?) (OH Nnm™?)
Aeroperl 300/30 SiOz.soo 1 0.8 0.1 1.8 0.2
Aeroperl 300/30 SiOz.soo 2 0.8 0.1 1.9 0.3
Aeroperl 300/30 SiOz.soo 3 0.9 0.1 1.9 0.2
Aeroperl 300/30 SiOz.soo 4 0.9 0.1 1.9 0.3
Aeroperl 300/30 SiOz.soo 5 0.9 0.1 2.0 0.2

The average hydroxyl density of Aeroperl SiO2.600 is 1.9 OH nm™. The values determined for each batch
of A-SiO2.600 fall within error, suggesting that both the thermal calcination performed in this project
and the analysis methodology give a reliable, reproducible silanol density on a silica surface.
Consequently, as the project evolved, Grignard titration of each batch of silica was not undertaken

routinely.

An important factor in binding the target cobalt nanoparticle precursors {[Co(N(TMS),),THF] and
Co(dmp)2} to the surface of the silica is the role played by the oxide surface’s reactive functional
grolups (i.e. silanols on the silica surface). Consequently, to better understand the surface prior to
metal functionalisation, solid state NMR (SS-NMR) spectroscopy was used to quantify the different
types of silanol species present on the oxide surface and to explore how the silanol density varies as

a function of calcination temperature.

The use of 2Si SS-NMR spectroscopy for the differentiation of the types of OH-groups on the surface

of silica, and the ratio between them, is well-established.?>%” Similarly, the use of H SS-NMR
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spectroscopy has also been well-documented in the literature for the determination of surface species

on silica, having been employed to detect the presence of both silanols and tethered species.

2%Sj CP MAS NMR spectroscopy has been demonstrated to be a surface-specific technique for
characterising types of silicon on the silica surface.?® Magic angle spinning (MAS) is a common
technique employed in solid state NMR spectroscopy, used to improve/narrow broad spectral
resonances.? Interactions dependent on (3cos?6—1) in NMR spectroscopy (anisotropic, isotropic and
orientation) cause line broadening in the spectrum. By spinning the sample at a “magic” angle of
54.74°, the anisotropic interactions are averaged to zero, as they are orientation-dependent, while
the isotropic interactions remain. If the sample is spinning fast enough, the orientations of all
crystallites are averaged, reducing signal broadening. Cross polarisation (CP) is a process that excites
abundant H nuclei, the energy is then transferred to a second “rare spin” in this case silicon-29, with
a pulse to create a stronger signal than direct excitation (DE). The CP method ignores 2°Si nuclei that
are not near any protons; since nearly all protons are on the silica surface, this can be classified as a
surface-specific identification technique. It is able to discriminate between geminal silanols (~90 ppm),

vicinal silanols (~100 ppm) and siloxane bridges (~110 ppm) on the surface of silica.*

Initial studies by a former PhD student (M. J. Lamb) in the Dyer group have shown use of 2°Si SS-NMR
to be a potentially promising approach to differentiate geminal silanols, isolated silanols and siloxane
bridges (seen in Figure 2.5), which produce Q,, Qsand Qg4 peaks, respectively, in 2°Si SS-NMR spectra.?*
One of the current project’s aims was to quantify the changes that occur during dehydroxylation and
how the temperature of calcination treatments can alter the silanol density, as well as to assess the
reproducibility of the results that can be obtained. The quantification of the hydroxyl density of the
calcined silica is an important step for reliably synthesising reproducible sub-nanosized particles, as
the OH density determines the metal loading on the support. As a starting point for investigating this
NMR spectroscopic analysis approach, both cross polarisation (CP) and direction excitation (DE) 2°Si
SS-NMR experiments were performed on Aeroperl 300/30 silica. The samples initially analysed by SS-
NMR were A-SiO2.200 1, A-SiO2.400 1, A-SiO2.600 1.
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Figure 2.5. The structure of the species found on the surface of silica and their corresponding peak name, Q,, which denotes
adjacent oxygen connectivity

Figure 2.6 shows a comparison of the DE and CP SS-NMR spectra obtained for A-SiOz.600 1. These
spectra are representative of the typical CP and DE spectra that were obtained for all blank silica
samples in this project. Figure 2.7 and Figure 2.8 show the DE and CP spectra of A-SiOz.600 1,
respectively, identifying the Q,, Qs, and Q4 peaks in each spectrum, and correlating these with their
corresponding surface structure(s). The Q. resonances appear at a 2°Si SS-NMR chemical shift of ca -
90 ppm, with the resonances corresponding to Qs at ca —100 and Q4 at ca —110 ppm. In the DE
spectrum, only the Qs and Q4 resonances can be observed, with the Q4 signal dominating the
spectrum. The Qz, Qs and Q4 resonances can be clearly seen in the CP experiment, with the Qs signal

dominating the spectrum here.

DE spectrum —
CP spectrum —

75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -1
delta (ppm)

Figure 2.6. Comparison of the 2°Si CP (red) and DE (blue) spectra of A-SiOz.¢00 1. Acquisition frequency 79.437 MHz, spin-rate
6 kHz.
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Figure 2.7. An example of the Qs and Q4 resonances in a typical 2°Si SS-NMR DE spectrum (A-SiOz.600 1), and the structure of
the corresponding surface species. Acquisition frequency 79.437 MHz, spin-rate 6 kHz.
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Figure 2.8. An example of the Qz, Qs, and Q4 resonances in a typical 2°Si SS-NMR CP spectrum (A-SiOz.600 1), and the
structure of the corresponding surface species. Acquisition frequency 79.437 MHz, Spin-rate 6 kHz.

71



Analysis of samples of each of A-SiO;-200 1, A-Si03-400 1, A-SiO2-600 1, reveal the Q;, Qz and Q4 resonances
in every CP spectrum, while only Qs and Q4 resonances are easily identifiable in the DE spectra. In the
DE spectra (Figure 2.7), compared to the CP spectra (Figure 2.8), it is difficult to identify the presence
of the Q; signal. Since quantifying the ratio of Q;:Qs:Q is important for the later tethering of
organometallic precursors via these silanol functionalities, the DE spectra are consequently not
suitable for this task as the Q. peak is impossible to fully resolve. Since the silanol density (Q; + Qs) at
the oxide surface is what will control the binding of the nanoparticle precursors, so CP SS-NMR
spectroscopy is the technique of choice for the identification of these groups. However, the
disadvantage of using CP experiments is that the resulting spectra are not typically quantitative. This
disadvantage can be mitigated by the combined use of other characterisation techniques used in this

project, such as chemical titration, which was discussed earlier in the chapter (Section 2.2.2).

CP SS-NMR experiments are preferable over the corresponding DE SS-NMR experiments for
determining the ratio of the Q»:Q3:Qq species from the spectra of A-SiOz.600 1. Therefore, the CP
spectra of A-SiO,.200 1 and A-SiO,.400 Were obtained as well. A comparison of the spectra of (A-SiO2-200
1, A-SiOz.400 1, A-SiO2.600 1) is given in Figure 2.9; the spectra are not off-set nor are their intensities

altered in the figure.

A-Si03.200 1 —
A-Si03.400 1 R

A-SiO2.600 1
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delta (ppm)

Figure 2.9. CP 2°Si SS-NMR spectra of A-SiO;.300 1 (blue), A-SiOz.400 1 (green), and A-SiO;.600 1 (red) calcined samples,
Acquisition frequency 79.437 MHz, spin-rate 6 kHz.
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The first notable difference between the CP °Si SS-NMR spectra of the three silica samples calcined
at various temperatures is the signal intensity; the signal intensity decreases as calcination
temperature increases. This trend has been verified further by comparing the maximum intensity of
the spectra (the Qs signal) with calcination temperature (Figure 2.10). The difference in peak intensity
is a consequence of the use of CP NMR spectroscopic analysis methods. As discussed above, the CP
NMR spectroscopic experiment excites H nuclei, then uses a second RF pulse to transfer the energy
to nearby silicon atoms. As the majority of hydrogen atoms in silica will be present in the surface
hydroxyl groups, removing the hydroxyl groups lowers the amount of *H NMR signal that will be
received. Samples that have been calcined at higher temperatures have a lower OH density and
therefore will have a lower signal intensity. However, this CP NMR spectroscopic method cannot be
used to easily quantify the hydroxyl density of the silica samples as CP NMR spectroscopy is usually
not quantitative.3! Indeed, the intensity of a spectrum can vary significantly, even with spectra of the
same silica, or spectra of the same sample analysed without repacking the rotor; these effects upon
the resulting 2°Si CP NMR spectra are discussed later in the chapter (Section 2.2.3.2.2, Figure 2.13).
Consequently, although CP NMR spectroscopic experiments are not quantitative as the transfer of
energy from the hydrogen atom to the silicon atom is not 100% effective, these 2°Si CP NMR spectra
do offer an indication that the hydroxyl density does decrease with increasing calcination
temperature. To make comparisons between the three spectra easier, the intensities of the A-Si02-400
1 and A-SiOz600 1 spectra have been scaled to match the A-SiO200 1 spectrum, using the Qs

resonances, Figure 2.11.
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Figure 2.10. Calcination Temperature vs Qs resonance intensity from CP SS-NMR spectra of A-SiO3.200 1, A-SiO3.400 1, and
A-SiO;.600 1.
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Figure 2.11. CP 2Si SS-NMR spectra of A-Si0z.200 1, A-SiO2.400 1, and A-SiO3.600 1 calcined samples.
Acquisition frequency 79.437 MHz, spin-rate 6 kHz. The A-SiO3.400 1 spectrum has been scaled by 1.4 and the A-SiO.600 1 by
2.7 so the spectra are at similar relative intensity to facilitate easier comparison.

From the spectral data given in Figure 2.11, which compares the effect of different temperatures of
calcination of Aeroperl 300/30 silica, i.e. at 600, 400, and 200 °C, adjusted to a comparable scale, it is
clear that the spectra for the three samples (A-SiO2.200 1, A-SiO2-400 1, and A-SiO,-600 1) are very similar.
This similarity between the spectra in Figure 2.11 can be attributed to the CP NMR experiment itself.
The delay times of the CP NMR experiment cannot easily be optimised due to the silicon-29 nuclei in
vicinal/isolated silanols, geminal silanols, and siloxane bridges having quite different relaxation
times.® Indeed this type of effect has been reported previously when undertaking quantitative CP
(QCP) SS-NMR of silicas, which relies on the reciprocity relation between CP and cross depolarisation
(CDP) to enhance quantification.3?

2.2.3.2.1 Deconvolution of CP ?°Si SS-NMR Spectra of Calcined Silicas Using Manual Fitting in
MestReNova

As the silica has been successfully calcined (as demonstrated by chemical titration, and further
indicated by the relative intensities of the CP spectra), it is expected that at lower temperatures
(T<400 °C according to Zhuravlev®®) the Qs resonance intensity would initially sharply decrease. This
decrease in intensity of the Qs resonance is expected due to the loss of vicinal silanols as calcination

temperature increases, losing 50% of their density between 200 and 300 °C, and leaving no vicinal
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silanols by 400 °C.3 Consequently, the rate of decrease of the area of the Qs resonance would be
expected to significantly slow at calcination temperatures of 400 °C and above, as the Qs peak will
comprise only isolated silanols, which are much harder to remove from the silica surface via
condensation.®* The Q, resonance would be expected to show a consistent and noticeable decrease
in the Q2:Q3:Qq4 ratio as calcination temperature increases (decreasing by two thirds from 200 to 600
°C), since geminal silanols are more readily removed than isolated silanols and may be completely
removed at temperatures higher than 800 °C.3 The Qq peak is also expected to increase in intensity
as the calcination temperature is increased from 200 to 400 and then to 600 °C and more siloxane
bridges form. However, the expected scale of change in the Q2:Q3:Q4 ratio is unknown. Therefore,
deconvolution of the Q;, Qs and Qs components of the various spectra was investigated as a possible

way to identify small changes in the ratio of these three silanol species.

To deconvolute the 2°Si CP SS-NMR spectra shown in Figure 2.11, the spectroscopic data were analysed
in MestReNova (version: 12.0.1-20560, released: 03/01/18), correcting the baseline and phasing as
described in the experimental section (See Section 6.0.2.3), before peak fitting with a Gaussian fit and
manually changing the peak width, height, position and area until a minimum residual error was
reached. However, for each spectrum different fits appeared to be possible with similar residual
errors, i.e. a global minima could not be found, possibly as a result of human error due to manually
changing parameters. Table 2.8 below shows how the same spectra could show different results

depending on which minimum in residual error was reached.

A key problem is that fits were attempted using three Gaussians to represent the Qz, Qs and Qa signals,
but the low intensity of the Q. resonance makes fitting this feature difficult. Furthermore, the choice
of three Gaussians is relatively arbitrary (there may be legitimate reasons to use a different number
of peaks or different line shapes), as has already been pointed out in the literature.3* From the data
given in Table 2.8 it can be seen that there is up to 10% of the total silicon content being assigned
differently between the two different deconvolution attempts. These differing results lead to the
conclusion that there were too many parameters for this method of deconvolution to be accurate,

reliable, or repeatable for small differences to be observed.

Table 2.8. Two different attempts at deconvolution of one CP 2°Sj SS-NMR spectrum using MestReNova

Deconvolution attempt 1 Deconvolution attempt 2 Difference
Silica Q:% Q3% Q1% Residual | Q2% Q3% Q4% Residual | Q2% Q3% Qi%
Sample area area area Error area area area  Error area area area
A-SiO26001 2.1 185 793 21 2.5 184 79.1 25 0.4 0.1 0.2
A-SiO2.4001 3.1 456 513 3.2 3.2 355 613 33 0.1 10.1 10.0
A-SiO22001 2.8 145 82.7 0.8 0.6 243 751 0.6 2.2 9.8 7.6
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2.2.3.2.2 Analysing the Reproducibility of the Acquisition of the #°Si SS-NMR Spectra of Calcined Silica

Given the uncertainty that results from the deconvolution procedure as described above, it was
decided that it was important to investigate the reliability and reproducibility of the spectral
acquisition process itself. This is necessary to establish whether the difficulty of seeing small changes
in the peak fits is important or within the statistical noise that results from the experiment’s
reproducibility. Thus, to investigate the experimental reproducibility, in addition to the analysis of the
individual silica samples A-SiO2.200 1, A-SiO3-400 1, A-SiO2-600 1, further analyses were run for a batch of
SiO2-600 (A-SiO2.600 1’ and A-SiOz.600 1”’) by repeating the NMR spectroscopic analysis of the same
material emptied and then repacked into the same rotor. This was done to determine whether the
calcined silica was consistent through the batch and whether the packing of the rota was reliable each

time. The results of these reproducibility tests are given in Figure 2.12.

A-SiO2.600 1
A-SiO2.600 1
A-SiOz.600 1”’
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Figure 2.12. The CP 2°Si SS-NMR spectra of A-SiOz.00 1 ran three times with the rotor repacked between each run.
Acquisition frequency 79.437 MHz, spin-rate 6 kHz.

Despite being the same silica sample that was carefully repacked into the same rotor, there are
appreciable differences between the spectra resulting from each run as shown in Figure 2.12. The
exact reasons why the CP #°Si SS-NMR spectra are different are currently unknown. However, it is

suspected to be due to the silica packing slightly differently within the NMR rotor. A similar lack of
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reproducibility is observed in the DE data obtained from one sample that is packed, emptied, and then

repacked into a rotor.

To confirm whether the cause of the spectral changes between the three spectra (Figure 2.12) are due
to the packing of the silica in the rotor, the first sample (A-SiO2.600 1) Was run consecutively two more
times, without repacking the rotor. These spectra will be referred to as A-SiO2-600 12 and A-SiO2.600 1b.
This experiment was undertaken to test whether SS-NMR spectroscopy could return consistent
spectra for an unchanged sample. The resulting spectra (A-SiOz.600 1, A-SiO2.600 13, and A-SiOz.¢00 1b)

are shown in Figure 2.13; the spectra are not off-set nor are their intensities altered in the figure.

A-SiO2.600 1
A-SiOz.eoo 1a
A-SiO2.600 1b

T T T T
75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -1
delta (ppm)

Figure 2.13. CP 2°Si SS-NMR spectra of A-SiOz.00 1 acquired three times without repacking the rotor between each run.
Frequency 79.437 MHz, Spin-rate 6 kHz.

Noticeably, the A-SiO2.600 1 spectrum has a lower intensity than that of A-SiO2.600 1@ and A-SiO2-600 1b
spectra (Figure 2.13), adjusted in Figure 2.14 for easier comparison of peak shape. This change in signal
intensity between the first run and the two next runs is thought to be due to the shifting of the silica
within the rotor during the first experiment, despite the rotor being packed as tightly and as fully as
possible when charging. As the rotor spins (6 kHz), the silica physically moves inside the rotor due to
centrifugal forces. In the next two runs, it is assumed that the silica does not move any further, so the
spectral intensity does not alter again. This change in intensity also shows how using the intensity of

29Sj CP SS-NMR spectra to quantify the hydroxyl group density is not a viable (or at least neither easy
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nor quickly reproducible) approach, though it still gives a rough indication of changes in silanol density

between silica samples calcined at different temperatures.

The three spectra shown in Figure 2.14 (A-SiO2.600 1, A-SiO2.600 13, and A-SiO;.600 1b) are very similar
to each other, in comparison to the three spectra in Figure 2.11 (comparing different temperatures)
or the three spectra in Figure 2.12 (comparing the repacking of A-SiO.600 1), Which show differences
between each spectra. This suggests that SS-NMR spectroscopy can return essentially consistent
results on the same sample, and that the observed differences are due to the variation of sample

packing within the rotor.

A-SiOZ-soo 1 (X 1.25) —
A-SiOz.eoo 1a —
A-SiO3.600 1b

T T T T T
75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -1
delta (ppm)

Figure 2.14. CP 2°Si SS-NMR of A-SiO3.00 1, run three times with the rotor repacked between each run.
Acquisition frequency 79.437 MHz, spin-rate 6 kHz. The spectrum of A-SiO;.¢00 1 has been scaled by 1.25 so the spectra are
at similar relative intensity for easier comparison.

The experiment of running a sample three times without repacking the rotor between each run was
also done for SiO3.200, re-acquiring A-SiO2-200 1 to obtain spectra for A-SiO.200 1a and A-SiOz.200 1b.
Figure 2.15 shows the CP NMR spectra for A-SiO>.200 1, A-Si0>-200 1a, and A-SiO,.200 1b, and Figure 2.16
shows the adjusted spectra of Figure 2.15 for easier comparison of the peak shapes. As found for the
spectroscopic analysis of A-SiO.600 1, the spectrum from the first run has a lower intensity than that

of the spectra from the second and third runs. This further supports the notion that the increase of
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intensity between the first run and the second/third run is a physical effect caused by the spin of the
rotor moving the silica into a different position. The change of intensity is likely a feature inherent to
SS-NMR spectroscopy (i.e. the rotor spinning) rather than a chance chemical change (such as

adventitious rehydroxylation).

A-Si02.200 1
A-Si02.200 1a
A-SiO2.200 1b

T T T T T T T T T
75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -1
delta (ppm)

Figure 2.15. CP 2°Si SS-NMR spectra of A-SiO,.200 1 same sample run three times without repacking the rotor between each
run. Acquisition frequency 79.437 MHz, spin-rate 6 kHz.
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A-SiOz.zoo 1 (X 125)
A-SiO2.500 1a
A-SiO;.200 1b

T
75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -1
delta (ppm)

Figure 2.16. CP 2Si SS-NMR spectra of A-SiO:.200 1 acquired three times with the rotor repacked between each run.
Acquisition frequency 79.437 MHz, spin-rate 6 kHz. The A-SiOz.200 1 spectrum has been scaled by 1.25 so the spectra are at
similar relative intensity for easier comparison.

2.2.3.2.3 Deconvolution of %°Si SS-NMR Spectra of Calcined Silicas Using Automatic Fitting in
MestReNova

Given the difficulty encountered in initial attempts to conduct NMR spectral deconvolution using the
MestreNova software, as described in Section 2.2.3.2.1, which led to unreliable or irreproducible
results for deconvolution of the same spectrum, an attempt was made to remove the element of
human error. MestReNova’s fitting algorithm was employed to find the optimal peak fit, instead of
manually applying changes to the width and height of the peaks. The peak positions were locked (with
a small degree of freedom of +2 ppm) at —91.25 (Qz), —101 (Qs) and —110 (Q4) ppm, and the inbuilt
automatic fitting routine used to deconvolute the spectra from the samples described in Section

2.2.3.2 (Figure 2.9, Figure 2.12, Figure 2.13, and Figure 2.15).

Table 2.9 shows the results from deconvolutions of both the CP and DE spectra of A-SiOz.200 1,
A-SiO2.400 1, and A-SiOz.600 1 and any subsequent reruns done on those samples using MestRenova’s
automatic fitting. While overall this approach led to a lower residual error and increased confidence
in the reliability of the results, different error minima could still be reached in different attempts. The
CP experiment has more potential for discriminating the different silanol species present compared
to the DE experiment, as MestReNova’s fitting algorithm was unsuitable at picking the Q, out of the

tail of the Q4 peak in the DE spectra.
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Table 2.9. Deconvolution of CP and DE 29Sj SS-NMR spectra for variously calcined samples of Aeroperl 300/30 silica using

MestReNova, using MestReNova’s automatic fitting feature (version: x64 24/01/18)

cp DE

Silica Q2% Qs % Q1% Residual Q2% Q: % Qs % Residual
Sample area area area Error area area area Error
A-Si02-600 1 2.1 77.7 20.2 0.6 15.0 85.0 0.2
A-SiO2-600 12 34 82.1 14.5 0.9 23.3 76.7 0.1
A-SiO2-600 1b 4.8 84.3 10.9 0.6 18.5 81.5 0.3
A-SiO2-600 1’ 1.0 66.9 32.1 0.7 19.9 80.1 0.1
A-SiO2-600 1” 34 83.2 13.5 0.9 14.5 85.5 0.2
A-SiO2.400 1 1.9 73.4 24.7 1.2 10.9 89.1 0.2
A-Si02-200 1 1.3 67.1 31.6 6.8 20.3 79.7 0.3
A-SiO2200 12 1.1 69.7 29.2 8.1 17.2 82.8 0.2
A-Si02-200 1b 1.6 71.7 26.7 7.8 11.1 88.9 0.3

2.2.3.2.4 Deconvolution of °Si SS-NMR Spectra of Calcined Silicas Using Origin

To confirm whether different minima of the area of the Q peaks could be reached with a different
fitting algorithm, Origin software (OriginLab Corporation; version: 01/06/2018) was employed to
repeat the deconvolutions attempted using MestReNova (Table 2.10). Like the method used for
spectral fitting done using MestReNova, the chemical shifts of the chemical shift of the resonances

were locked (with a small degree of freedom of +2 ppm) at —=91.25 (Q;), —101 (Qsz) and —110 (Q4) ppm,

and Origin’s fitting algorithm used to find the optimal fit with as little human input/manual changes

as possible in order to limit human error. Unlike the results obtained using MestReNova, the minima

found were more consistent, and the fitting achieved using the Origin software overall had a lower

degree of error than that achieved using MestReNova, particularly for deconvolution of spectra of

silica calcined at 200 °C, which had a large residual error in the MestReNova fittings.
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Table 2.10. Deconvolution of CP and DE spectra using Origin (version: 01/06/2018)

CcP DE
Silica Q:% Area Q3% Area Qa% Area | Q2% Area Q3% Area Qi% Area
Sample area Error area Error area Error | area Error area Error area

Error

A-SiO2.600 9.1 0.2 53.2 1.0 378 1.0 0.6 0.1 11.0 04 88.4 0.4
1
A-SiO2600 11.7 0.2 56.8 0.2 315 0.2 1.2 0.1 13.8 0.8 85.0 0.8
la
A-SiO2600 143 0.3 47.7 1.3 380 1.3 2.7 0.1 202 1.3 77.1 13
1b
A-SiO2600 11.6 0.3 61.5 0.9 269 0.7 0.6 0.1 330 03 66.5 0.2
1
A-SiO2600 134 0.4 49.4 2.2 373 21 3.2 0.2 186 05 78.2 0.4
17
A-SiO2400 12.7 0.2 45.7 0.8 41.7 0.7 3.0 0.1 16.1 0.7 80.9 0.7
1
A-Si0O2200 113 0.1 52.3 0.3 364 0.2 34 0.2 16,5 0.6 80.2 0.5
1
A-SiO2200 9.9 0.1 51.2 0.2 389 0.2 1.6 0.1 348 03 65.2 0.3
la
A-SiO2200 11.2 0.1 55.5 0.3 33.2 0.2 6.3 0.6 13.4 0.7 80.3 0.4
1b

2.2.3.2.5 Comparison of Deconvolution Fittings Derived by Automatic Fitting MestReNova and by
Origin

As the total silanol count on the silica surface is already known thanks to chemical titration (discussed
in Section 2.2.2), the density of geminal and vicinal/isolated silanols can be derived from the ratio of
the Q2:Qs resonances obtained from the spectral deconvolutions of the CP spectra made using
MestReNova and Origin software (Table 2.9 and Table 2.10, respectively). For example, the known
hydroxyl density of A-SiO2.400 1 is 1.4 mmol g* determined by chemical titration (Table 2.4). According
to the spectral deconvolution made using Origin (Table 2.10), the Q,:Qj3 ratio is calculated to be 22:78.
When that ratio is applied to 1.4 mmol g%, the density of the Q, and Qs silanols is 0.3 mmol g™t and
1.1 mmol g%, respectively. The ratio of the Q,:Qs peaks is expected to change relative to calcination
temperature, depending on the rate of loss of the different silanol species. The data showing the ratio
of the geminal OH density (Q2 OH density) and the vicinal/isolated OH density (Qs OH density) derived
from using both MestReNova and Origin software is given below in Table 2.11. The densities of
different silanol species on Aeroperl 300/30 silica calcinated at different temperatures, reported in
Table 2.11, are given below in Figure 2.17 (derived using MestReNova software) and Figure 2.18

(derived using Origin software).
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Table 2.11. Quantity of different OH species (geminal silanols vs isolated/vicinal silanols) for variously-calcined samples of
Aeroperl-300/30 silica as determined by combining deconvolution data with chemical titration data. Comparison of data
obtained from CP 29Si SS-NMR spectral deconvolutions done using both MestReNova and Origin software.

Chemical MestReNova Origin Difference
Titration between
Silica Total OH Geminal OH Qs OH Geminal OH Q3 OH MestReNova
Sample density density density density density and Origin
(mmol g™) | (mmolg™) (mmol g7%) (mmol g7%) (mmol g7) (mmol g™)
A-SiO2.600 1 0.8 0.02 0.78 0.1 0.7 0.1
A-SiO26001a | 0.8 0.03 0.77 0.1 0.7 0.1
A-SiO2.6001b | 0.8 0.04 0.76 0.2 0.6 0.2
A-SiO26001’ | 0.8 0.01 0.79 0.1 0.7 0.1
A-SiO2.6001” | 0.8 0.03 0.77 0.2 0.7 0.1
A-SiO2.400 1 1.4 0.04 1.36 0.3 1.1 0.3
A-SiO2-200 1 2.2 0.04 2.16 0.4 1.8 0.3
A-SiO22001a | 2.2 0.03 2.17 0.4 1.8 0.3
A-SiO2.2001b | 2.2 0.05 2.15 0.4 1.8 0.3
Density of Different Silanols vs Calcination Temperature
(Derived from MestReNova)
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Figure 2.17. Density of different OH species (geminal and isolated/vicinal silanols) vs calcination temperatures.
OH density calculated by combining the deconvolution data of CP 2°Si SS-NMR spectra using the MestReNova software

package (Table 2.11) and chemical titration (Table 2.4).
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Density of Different Silanols vs Calcination Temperature
(Derived from Origin)

2.5
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0.5

Hydroxyl Density (mmol/g)
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Calcination Temperature (°C)

Total OH density Geminal OH density Isolated OH density

Figure 2.18. Density of different OH surface species (geminal and isolated/vicinal silanols) vs calcination temperatures.
OH density calculated by combining the deconvolution data of CP 2°Si SS-NMR spectra using the Origin software package
(Table 2.11) and chemical titration (Table 2.4).

Spectral deconvolution using the MestReNova software gives rise to a much lower geminal density
than the density obtained when deconvolution is undertaken using the Origin software package (Table
2.11). According to Zhuravlev, the expected geminal density for silicas calcined between 200 and 600
°C is 0.1 — 0.3 mmol g.3® Deconvolution via MestReNova gives a geminal density of 0.01 — 0.05
mmol g, which is much lower than suggested in the literature. There is also no trend in the data from
the MestReNova predictions that correlate the geminal silanol density with calcination temperature.
In contrast, deconvolution of the 2°Si SS-NMR spectra using the Origin software package (seen in Table
2.11) gives a geminal density of 0.1 — 0.4 mmol g%, which correlates well with the generalised values

reported previously by Zhuravlev.3

As the deconvolution data from MestReNova in Table 2.11 show no trend, higher error, and do not
agree with the general data described in the literature, the data derived by spectral fitting using Origin
software (in Table 2.11) was subsequently used for the quantification of the number and density of
each different silanol groups on the surface of the various silica supports employed throughout this
thesis study. Overall, the density of isolated and geminal silanols on the surface of Aeroperl 300/30
decreases at roughly the same rate as the calcination temperature increases. The density of the
geminal silanols falls to 42% of their original concentration, while the density of isolated + vicinal
silanols together falls to 38% of their concentration. Following calcination at 600 °C (24 h), there

remains a mix of isolated/vicinal (Qs) and geminal (Qy) silanols on the surface of Aeroperl 300/30.
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Another way to determine the density of silanol groups on the surface of the silicas is through use of
1H SS-NMR spectroscopy. H SS-NMR spectroscopy will not differentiate the silanol types on the
surface, but by using a standard for quantification purposes, it is possible to use 'H SS-NMR
spectroscopy to directly derive the OH-density through NMR spectral measurements. This offers a

non-destructive alternative to chemical titration.

Use of a standard is an important part of determining the hydroxyl density through *H SS-NMR
spectroscopic experiments, hence it must be chosen carefully. It was decided that an external
standard would be preferable to an internal standard in this project, as the calcined silica samples are
treated as being air-sensitive, so handling is more complicated due to requiring the use of a glove box.
Weighing an exact weight of both the calcined silica sample and standard to the precision needed,
and then mixing the calcined silica sample and standard in a homogeneous fashion would be difficult
in a glove box. There is also the risk of an internal standard reacting with the silica’s surface silanol
groups when mixed. Since there is such a low concentration of protons in the silica samples, an
external standard must also have a very low number of protons to be comparable. Consequently,
taking these considerations together, potassium phosphate dihydrate was chosen as an external
standard. The integral scale for the potassium phosphate was set to 100, and the spectra of the
calcined silica were obtained on the same scale. The number of hydrogens per integral was calculated
from the potassium phosphate dihydrate spectrum, shown in Figure 2.19 below. The *H SS-NMR
spectra of A-SiO2.200 1, A-SiO3.400 1, A-SiO2-600 1, and A-SiO,.700 1 obtained are shown in Figure 2.20.
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Potassium phosphate dihydrate:

Molar mass = 248.31 g/mol

Standard weight = 9.2 mg

Number of hydrogen atoms in formula = 4

Integration = 100

(number of hydrogen atoms X mass of hydrogen) standard weight

H in standard =
in standard (g) molar mass of potassium phosphate dihydrate 1000

(4 x 1.01 g/mol) o 9.2mg
248.31 g/mol 1000

H in standard (g) =

H in standard (g) = 1.50 x107* g

Hydrogen in standard (g)

H er integration =
@)p 9 Integration

H (g) per integration = 1.50 x 107

Figure 2.19. Calculating the hydrogen (g per integration) from the external standard — potassium phosphate dihydrate

H (g) per integration is the weight of hydrogen represented by the integration in the NMR spectrum

-3.79
1.89
-0.17

(d)

0 -5 -10 -15 -20 -25 -30 -35
f1 (ppm)

Figure 2.20. 'H SS-NMR spectra of calcined Aeroperl 300/30 silica, acquisition frequency 400.17 MHz, spin-rate 40 kHz
(a) 200 °C (b) 400 °C (c) 600 °C (d) 700 °C
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In each of the H SS-NMR spectra shown in Figure 2.20, there is a distinct major resonance at a
chemical shift of 1.89 ppm that dominates the spectrum, which has been assigned to the silanol
hydroxyl resonance. There are two smaller resonances in each of the spectra: the signal at 0.17 ppm
is assigned to residual silicon grease, arising from contamination of the sample during the calcination
process and subsequent manipulation using a Schlenk line/glovebox; the origins of the second

resonance at 3.79 ppm are unknown, but it has tentatively been attributed to an impurity.

As the calcination temperature rises, the intensity of the resonances at 0.17 and 3.79 ppm decrease,
with the higher frequency 3.79 ppm resonance not being visible in the spectrum of silica calcined at
700 °C (A-SiO2.700 1). It is thought that calcination under a nitrogen flow removes these impurities. The
intensity of the main resonance at 1.89 ppm decreases with calcination temperature, correlating and
consistent with the removal of surface hydroxyl groups. The integration of the resonance at 1.89 ppm
was used in conjunction with the number calculated using the method described in Figure 2.19,
1.50x107® H (g) per integration, to calculate the OH-density of the silica surface. An example of this
calculation is given below in Figure 2.21, which shows how the silanol density of A-SiOz200 1 was
calculated. The OH density calculated by *H SS-NMR for A-SiO2.200 1, A-SiO2-400 1, A-SiO2-600 1, and A-

Si02.700 1 is shown below in Table 2.12.
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A— SiOZ—ZOO 1:
Sample weight = 3.8 mg
Integration = 5.98

_ ] Integration
Hin A — 5102_200 1 (g) =

H (g)per integration

5.98

Hin A— 5102_200 1 (g) = m
Hin A — SiOZ—ZOO 1 (g) =895 x 10_6 g

Hin A — Si02_200 1 (g)
Sample weight / 1000

H (g) per gram of A — Si05_5901 =

8.95 x 10 ¢ g

H (g) per gram Of A-— SiOZ—ZOO 1= m

H (g) per gramof A — Si0,_3001 = 2.36 x 1073

. H (g) per gram of A — Si05_500 1
OH mmol per gram of A — Si0O5_3001 = mass of hydrogen x 1000

] 2.36 x 1073
OH mmol per gram of A — SiO,_5001 = W x 1000

OH mmol per gram of A — Si0,_509 1 = 2.33 (OH mmol per gram)

Figure 2.21. Calculation of the hydroxyl density of A-SiO3-200 1, using the hydrogen (g per integration) as calculated using
the method described in Figure 2.19. The hydroxyl density for the other silica samples was calculated with the same
method.

Table 2.12. The surface hydroxyl density of Aeroperl 300/30 silica calcined at different temperatures, derived from 1H SS-
NMR. The density in nm? was obtained by using the surface area calculated from the BET analysis

Hydroxyl density (mmol g™!) Hydroxyl density (nm™)
Aeroperl 300/30 SiO5.700 1 0.3 0.6
Aeroperl 300/30 SiOz.Goo 1 0.6 1.2
Aeroperl 300/30 SiO.400 1 1.5 3.2
Aeroperl 300/30 SiO2.200 1 2.3 5.2

The hydroxyl density, as derived by *H SS-NMR spectral analysis, is found to decrease as calcination
temperature increases, similar to the trend in hydroxyl density determined from chemical titration, as
expected. A comparison of the hydroxyl density derived by chemical titration and that determined by

1H SS-NMR spectroscopic analysis is shown in Figure 2.22.
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OH-density Derived by Titration vs 1H SS-NMR
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Figure 2.22. Comparison of the hydroxyl density of Aeroperl 300/30 silica as determined by chemical titration and 1H SS-
NMR spectroscopy

Both the titration and SS-NMR spectroscopy results are in good agreement with one another. The 'H
SS-NMR spectroscopic data give a slightly a higher (0.2 mmol per gram) hydroxyl density than that
determined by chemical titration at the lower calcination temperatures (200 and 400 °C), and the
reverse at higher calcination temperatures (600 and 700 °C). Thus, taken together, these results
indicate that use of 'H SS-NMR spectroscopy is a promising method for the determination of the

hydroxyl density of silicas.

2.3 Conclusions

While the nature and characteristics of various types of silica are well described in the
literature,* 13%3% this project has undertaken an in-depth study of the quantification of the OH
density of various silicas calcined at different temperatures. It has been shown successfully that 2Si
SS-NMR spectroscopy, *H SS-NMR spectroscopy, and chemical titration methods can be used and give

results for silanol density that are in good agreement with one another.

This project has shown that chemical titration using o-tolylmagnesium chloride is a highly reliable
method for determining hydroxyl density, with a low error and a high reproducibility. This titration
methodology has been shown to be highly versatile as it is able to reliably determine hydroxyl density
on different silicas with different internal structure and surface areas. The data obtained from such
chemical titrations be combined with BET-determined surface area to give hydroxyl density per unit

area, a parameter that is essential for evaluating the ensuing density of metal-containing sites having
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modified the silicas’ silanol groups by reaction with metal-containing derivatives. As anticipated, our
chemical titration data confirm that silicas’ silanol density decreases with an increase in calcination

temperature.

In a parallel study, it has been shown that *H SS-NMR spectroscopy can also be used to quantify the
OH surface density of silicas. Unlike chemical titration, this methodology can provide a quick

determination of the silanol density without destroying the sample.

Similarly, the use of 2°Si SS-NMR spectroscopy for the analysis of variously calcined silicas has been
explored. While more complicated than *H SS-NMR spectroscopy due to the need for deconvolution
of the 2°Si SS-NMR spectra, acquisition and analysis of the 2°Si SS-NMR spectra of silicas is useful since
it provides a method for quantification and identification of the different types of silanol groups
present. With these techniques, the oxide supports that are used in this project have been

characterised to a suitable level for tethering cobalt precursors.
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Chapter 3: Tethering of Co-Precursors
to Pre-treated Silica Supports



3.0 Introduction to Cobalt Organometallic Compounds Tethered To Silica
A key factor in controlling the covalent tethering of organometallic species to the surface of an oxide

support is the density of the reactive surface groups (e.g. silanols, SiOH, in the case of silica) present
at the surface. Thus, the theoretical maximum number of metal-containing species that can be directly
tethered to the surface equates to the number of silanol groups, assuming one hydroxyl group reacts
with one metal centre. Clearly, however, this is a simplistic model as not all hydroxyl groups may react
with a metal complex or, indeed, multiple hydroxyl groups may react with a single metal species.
Additionally, if the silanols are not spatially isolated, due to limited 93ihydroxylation, bis-grafted
surface species may form alongside mono-grafted species, and the ratio will move from 1:1 OH:metal
towards 2:1 OH:metal (Scheme 3.1). Furthermore, reaction between a surface SiOH group and a
metal-containing complex may be prevented by pore size constraints and diffusivity effects, or if there

is a competing reaction with the SiOH groups (e.g. silylation, as seen in Scheme 3.2).1

O/H O/MLan_l
| |
O/ISI"" + ML X, — v, XH O/ISL'"O
(i)
?/H H\o O/Mmen_2
O/lSiw,,O - Sli\ + ML X, T» /lsli,,// (S|j|
3 o™\ o -2 X 0 0 i
ol TN 00 AR N

(ii)

Scheme 3.1. (i) The formation of a mono-grafted metal species M with a 1:1 OH:M reaction
(ii) The formation of a bis-grafted M species with a 2:1 OH:M reaction

H SiM
?/ ?/ 1ivie,
2 o/lSi"’/o + HN(SiMe;), ——— > 2 O/ISi"’/o + NH,
BEEY L8

Scheme 3.2. The silylation of the silica surface by the reaction of SiOH and HN(SiMe3),

In this project, the aim is to deposit cobalt-containing species on the surface of silica and to control
the cobalt loading on silica through variation of the hydroxyl density on the silica surface. The hydroxyl

density of various silicas calcined at different temperatures has already been determined as described

93



in Section 2.2.2. The value of the theoretical maximum cobalt loading for each silica assumes that all
hydroxyl groups will react with a metal centre in a 1:1 ratio and form only mono-grafted surface metal-
species. The maximum possible loading of cobalt on variously-calcined silicas is given in Table 3.1.

Table 3.1. Maximum cobalt w.t. % loading on calcined silicas according to their hydroxyl densities, assuming a 1:1 OH:Co
reaction, forming mono-grafted surface species

Silica OH density (mmol g™%) Theoretical maximum Co w.t. % loading
A-Si02.700 0.59 3.5
A-SiO02.600 0.83 49
A-SiO3.400 1.43 8.4
A-SiO2-200 2.16 12.7
K-SiO3-700 1.77 10.4
K-Si02-600 2.16 12.7
K-SiO;.-400 2.92 17.2
K-Si0O3-200 5.81 34.2
S-Si02.700 1.76 10.4
S-Si02-600 2.49 14.7
S-Si02.400 3.43 20.2
S-5i02-200 5.59 32.9

During the project work described in this thesis, the focus has been on tethering cobalt precursors to
silicas calcined at 600 °C (SiO2-600), as the surface of SiO,.s00 contains primarily isolated silanols (Section
2.2.3.2.5).2 For note, it has been confirmed that all of the silicas described and used in this project
(Aeroperl 300/30, KIT-6, and SBA-15) maintain their surface area at a calcination temperature of
600 °C. At calcination temperatures higher than 600 °C, the pore structures of KIT-6 and SBA-15 begin
to collapse, which results in a decreased surface area. Generally, high surface area is preferred in
catalysis applications, so KIT-6 and SBA-15 silica calcined above 600 °C were deemed unsuitable for

this project.

As stated in Section 1.1.1.2, a range of cobalt species (summarised Figure 1.17) have been selected for
their potential to react with the silica surface (via its silanols) to afford Si—O—ColLy species, which will
subsequently in later steps be converted into surface-bound Co® species. It is hoped that each of the
cobalt complexes chosen (Section 1.1.1.2), with the exception of complex 6, will react with the surface
OH groups, binding to the silica via protonation and ligand displacement. Complex 6 does not contain
any ligands available for protonation and cannot react with the silanol groups through the same
mechanism. However, work by Girtler suggests that Co,(CO)s can bind to hydroxyl sites on the surface
of silica gel, tethering to up to a third of available hydroxyl groups.? Indeed, Co,(CO)s is often used to

form nanoparticles on surfaces, as it decomposes into Co® very easily through either thermo- or photo-
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mediated decomposition pathways,* so it has been included in this project as a potential precursor to

sub-nanosized particles.

Scheme 3.3 describes the general reaction between the chosen cobalt precursors 1-5,7,8 (Figure 1.7,
p43) and the silica support. In all cases, pentane was used as a solvent for these reactions since it is
volatile, thus easy to remove, and does not contain any halogen atoms (e.g. as in DCM) or coordinating
groups, (e.g. THF), which may interfere with the tethering process, later nanoparticle formation, or
catalytic performance. The reaction between the cobalt species and the surface silanols occurs at
room temperature by stirring the silica in a solution of the metal precursor, as is typical of SOMC-like
reactions found in literature,> to product a product with the nomenclature “(complex

number)/silica”.”

CoL X
s m“™n-1
?” 0
Si pentane .
e +Col X, — > Si.,
/06 0 ™ OXH 0’4 0
b § N A

Scheme 3.3. General schematic methodology for tethering cobalt organometallic complexes to the surface of silica

3.1 [Co(N(TMS)2)2(THF)] (2) + Silica Support
Complex 2, [Co(NTMS,)2(THF)], is a highly reactive cobalt silylamide species; there are previous

examplesin the literature that describe the use of metal silylamide complexes as successful precursors
for the formation of very small nanoparticles on the surface of silica, such as [Ag(N(TMS),),]4 by Oakton
et al.® Moreover, there is also literature precedent for tethering complex 2 to the surface of silica, as
reported by Liang et al, who tethered complex 2 to calcined SBA-15 and KIT-6 silica by stirring the
support and complex together in hexane.” According to Liang et al., complex 2 can form the mono-
and bis-grafted surface species. The coordinated THF of 2 stays bound to the cobalt centre during the

tethering process, preferentially losing the amide ligands, as summarised in Figure 3.1.7

* For example, complex 4 tethered to the surface of KIT-6 silica calcined at 400 °C is called
(4)/K-Si03.400, and complex 7 tethered to the surface of Aeroperl 300/30 silica calcined at 700 °C is
called (7)/A-SiO2-700, etc.
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Figure 3.1. Possible surface structures of (2)/SiO,, proposed by Liang et al.”

3.1.1 Synthesis of [Co(N(TMS)2)2(THF)] (2) + Silica Support

3.1.1.1 Synthesis of Complex 2 for Impregnation onto Silica Support
The synthesis of complex 1 was attempted following a method analogous to that previously reported

by Bradley et al. for the synthesis of [Cr(N(TMS),)3],%2 namely through reaction of the appropriate
chloride (here CoCl;) and lithium amide (Scheme 3.4). It was reported in the literature that the Co-
analogue is more unstable that the Cr-analogue, something verified in this project, which made finding
a synthetic procedure that produced the complex with high purity and a large scale (> 1 g) difficult.
Other literature methods for producing complex 1 were often unreliable and gave poor yields or
impure products. By modifying Bradley et al.’s chromium silyl-amide synthesis and shortening the
reaction time from 18 h to 3 h, a paramagnetic cobalt silyl amide complex was successfully isolated in
good yield. However, CHN analyses of the isolated material revealed that the product was the THF

adduct 2, an already known compound in literature, not the target base free complex 1 (Scheme 3.4).

Li TMS TMS

n i | \ /
N B N % N-Co-N
™S TMS  THF T™S” ~TMS T™MS ™S

(1)

T

-

T™MS Co TMS
SN

CoCl,
THF
TI\I/IS TI\I/IS
()

Scheme 3.4. Attempted synthesis of complex 1 and subsequent synthesis of complex 2

3.1.1.2 Impregnation of [Co(N{TMS}.)2(THF)] (2) onto Silica Supports
Solutions of the complex [Co(N{TMS}:)2(THF)] (2) react readily with the variously-calcined silica

supports at room temperature as evidenced by the dark green coloured solution of complex 2
decolourising as the reaction proceeds, which is accompanied by the silica changing colour from white

to a light green (Scheme 3.5). The reaction is very fast (i.e. the time taken for complete decolourisation
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of the starting solution of 2), occurring within 30 minutes, forming (2)/SiO,. It is noteworthy that
(2)/Si02 must be isolated quickly as complex 2 is unstable in solution and begins to decompose after

1 h, despite use of rigorously dried solvents and anaerobic/anhydrous conditions.

()

0]
| pentane
TMS\N,Co\N/TMS +Si0, — > (2)/sio,
I I
TMS TMS
(2)

Scheme 3.5. Addition of complex 2 to silica

These silica-immobilised cobalt systems such as (2)/SiO; are very reactive, changing colour from light
green to light blue when placed under vacuum, left in a dry pentane solution for longer than 2 hours,
stored in a sealed vial in a nitrogen-filled glovebox for longer than 24-48 h, or exposed to atmosphere
or moisture. A representative example of this colour change is shown in Figure 3.2. The reactive nature
of (2)/Si0,, which while promising for the synthesis of sub-nanosized particles as it seems to readily

decompose, makes synthesis, handling, and characterisation difficult.

~

(i) (ii)
Figure 3.2. (i) Freshly prepared (2)/SiO,— green in colour; (ii) blue colouration observed after exposure of (2)/SiO; to air

3.1.2 Analysis of the Cobalt Surface Structure of [Co(N(TMS)2)2(THF)] Tethered onto
the Surface of Aeroperl 300/30 Silica ((2)/A-SiO2«)

3.1.2.1 Cobalt-loading on Aeroperl 300/30 Silica Determined by ICP-OES
The cobalt loading of the material resulting from reaction of complex 2 with Aeroperl 300/30 silica

was determined by ICP-OES (see Section 6.0.2.4 for method). The ratio of complex 2:A-SiO; in the
reaction was the same across all calcined silicas (2.2 mmol Co per gram of silica). The different cobalt
loadings from reactions of complex 2 with variously calcined silicas are summarised in Table 3.3. There
is a clear trend between the calcination temperature and the w.t. % loading of cobalt on the silica; for
silicas calcined at higher temperatures, the subsequent metal loading is lower. This decrease in metal
uptake is attributed to the lower surface hydroxyl density of silicas calcined at higher temperatures.
Less metal is tethered to the silica as there are less available OH surface sites for reaction with the
cobalt complex as anticipated. The percentage of —Si-OH groups that react with a cobalt metal centre

also increases as calcination temperature is increased.
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The metal loadings determined by ICP-OES are lower than the theoretical maximum calculated in
Section 3.0 (Table 3.2), with Co loadings of 28 - 52 % of the total theoretical maximum being achieved,
assuming that one cobalt centre reacts with one silanol (Table 3.3). This lower than anticipated cobalt
loading has been attributed to a competitive silylation reaction occurring, something that was also
proposed by Liang et al., namely that free HN(TMS), reacts with surface OH groups to form SiMes
surface sites and NH3 (Scheme 3.2).7

Table 3.3. Co metal loading of complex 2 on Aeroperl 300/30 silica calcined at different temperatures, as determined by
ICP-OES

Material OH density Cobalt Cobalt w.t. % % of OH groups that
(mmol g?) (mmol g?) loading reacted with a Co

(2)/A-Si02-200 2.16 0.61 3.6 28

(2)/A-Si02-400 1.43 0.49 2.9 34

(2)/A-SiO2-600 0.83 0.39 2.2 47

(2)/A-Si02-700 0.59 0.31 1.8 52

The SS-NMR spectroscopic studies described in Section 2.2.3 have already shown that 2°Si SS-NMR can
be used to differentiate geminal silanols, isolated silanols, and siloxane bridges in the prepared silica
supports. As CP 2°Si SS-NMR spectroscopy can differentiate the densities of the different silanol
species present, it was hoped that SS-NMR spectroscopy could also monitor the changes in the silanol

density as the silanols react with a metal complex.

To this end, 2°Si SS-NMR CP and DE NMR spectra were obtained of (2)/A-SiO2.600 (Figure 3.3), and
compared to the spectra obtained for blank silica(A-SiO.600, sSee Section 2.2.3) . The most notable
difference between the blank silica spectra and (2)/A-SiO»-¢00is that there is no observable peak in the
CP spectrum of the latter. This could be due to the loss of surface hydroxyl groups as all silanols react
with either complex (2) or free HN(TMS),. However, a total loss of all silanol species is unlikely, as a
cobalt analysis by ICP-OES results suggest that only 47% of OH species reacted with a Co metal centre
(Table 3.3). There may also be silanol sites within the Aeroperl 300/30 silica structure that are
inaccessible by complex (2) and HN(TMS), due to silica pore size constraints, and therefore have not
reacted. However, it is more likely that the presence of the cobalt species, likely still paramagnetic
Co", is interfering with the cross-polarisation NMR process.’ This interference in the NMR process may
be seen by the lack of any observable peak in the CP spectrum, as it would be expected that the Si
atoms in the HMDS ligand that are bound to the cobalt centre would still be observable in the CP
spectrum, as well as an indication of surface SiMes groups (from the reaction of -SiOH with liberated

HN(TMS),) that are reported to form on the silica surface in previous literature studies.?® 11
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In contrast to the results of the CP NMR experiment described above, the 2°Si SS-NMR DE
spectroscopic analysis of (2)/A-SiO2.600 (Figure 3.3) features a single, noisy, broad resonance at 107
ppm (vi2 ~2385 Hz), which is at a similar chemical shift to the signal obtained in the DE spectrum of
blank A-SiO»-600, Which has been attributed to the Q4 species. The poor resolution and intensity of the
DE NMR spectrum is thought to be caused by the presence of a paramagnetic cobalt centre. The peak

in the DE spectrum in Figure 3.3 is too featureless to deconvolute.

--107.14

DE spectrum —
CP spectrum N

WW

0 0 -20 -30 -40 50 -60 -70 -80 -9 -100 -110 -120 -130 -140 -150 -160 -170 ~-180 -190
delta (ppm)
Figure 3.3. DE and CP 2%Si spectra of (2)/A-SiO;.600, Frequency 79.437 MHz, Spin-rate 6 kHz

3.1.2.3 'H SS-NMR Spectroscopy of (2)/A-SiO2-600
In Section 2.2.3.3, 'H SS-NMR spectroscopy was used to identify the -OH species in the calcined silicas,

and will be therefore used to identify any remaining unreacted -OH groups. *H SS-NMR spectroscopy
can also be used to identify the presence other surface species, such as surface -SiMes; and the HMDS
ligand on -Co(NSiMes).. The 'H SS-NMR spectrum of (2)/A-SiO2600 is shown in Figure 3.4. This
comprises two resolved and relatively sharp signals at —3.2 and 0.1 ppm, and another smaller signal
at 8.6 ppm. Additionally, between 30 and —45 ppm, there is a “bump” visible in the baseline. The
silanol OH signal at 1.8 ppm (identified in Section 2.2.3.3) is not seen in the 'H SS-NMR spectrum of
(2)/A-SiO2.600 (Figure 3.4), though it could be hidden by the resonance at 0.1 ppm (silicone grease).
The signal at —3.2 ppm has been attributed to an —NSiMe; ligand on the cobalt metal centre. This signal
has been assigned by comparison of the shift of similar discrete molecules, such as Me;N-SiMe; (—6

ppm).22 The resonance at 8.6 ppm is assigned to surface -OSiMes, formed from silylation of the silica
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surface by free HN(TMS),. A surface -OSiMejs species is likely to have a comparable chemical shift to
those of the discrete molecular species MesSi-O-SiMes (6 ppm)*? and (MesSi-0)4Si (8 ppm).*2 In this
project, two surface species, -Co(NSiMes)y and —OSiMes, present in (2)/A-Si02-¢00 have been identified
in the *H SS-NMR analysis of (2)/A-SiO2-s00.

(2]
8 38«o
] c W
I Il
1
1
00 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -1
delta (ppm)

Figure 3.4. H spectra of (2)/A-SiOz.00, Frequency 400.17 MHz, Spin-rate 40 kHz

An 'H SS-NMR spectrum of a sample of pure complex 2 was obtained (Figure 3.5), in order to compare
it to (2)/A-SiO2.600 and identify any changes that the complex undergoes when tethered to the silica.
Complex 2 is expected to exhibit 3 peaks in its *H NMR spectrum, two resonances representing the
coordinated THF moiety and one resonance correlated to the HMDS ligands. As complex 2 is Co", and
therefore d” and paramagnetic, and likely to have a spin of $=3/2 if trigonal planar, the NMR spectrum
is likely to give an up-field shift for both the TMS and THF protons due to the presence of the
paramagnetic material.’® Indeed, the experimentally-determined *H NMR spectrum of 2 shows narrow
lines, and peaks at an unusually high chemical shift. It also exhibits a strong NOE (Nuclear Overhauser
Effect) enhancement, as shown by significantly more signal with a short (1 s) recycle delay than that
observed with a longer recycle delay (10 s). The peaks observed in the H spectrum

(between -22 — 11 ppm) of complex 2 were not identified.
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Figure 3.5. 1H SS-NMR spectrum of complex 2, frequency 400.17 MHz, Spin-rate 40 kHz

3.1.2.4 Determining the Degree of Surface Silylation through Analysis of the amount of HN(TMS);
Ligand Present after the Synthesis of (2)/A-SiO2-¢00
When complex 2 is tethered to the surface, free HMDS is lost from the cobalt centre (Scheme 3.6).

The liberated HMDS can then react with the surface silanol species on the silica surface, in a
competitive silylation reaction. One method that can be used to determine how many reactive -SiOH
groups remain on the surface, and the degree of surface silylation, is to analyse the amount of free
HMDS present at the end of the reaction in conjunction with how much cobalt is on the surface. To
this end, the solution following reaction of complex 2 with A-SiO2.600 in pentane was captured through
vacuum transfer of all the volatile components into a clean ampule after the reaction was completed.
An internal standard (nonane) was added, and GC analysis was used to determine the amount of

HN(TMS), present (see Section 6.0.2.5).
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Scheme 3.6. Reaction of complex 2 and A-SiOz.600 to form (2)/A-SiOz.600 and release of a free HMDS molecule

It is expected that for every one molecule of complex 2 that reacts with a surface -OH species, one
molecule of HMDS will be released from the cobalt metal centre. If there was no silylation of the silica
surface by HN(TMS),, a 1:1 ratio of Co:liberated HN(TMS), would be expected, as no HN(TMS), would
be lost through reaction with silanols. This expected ratio assumes that the cobalt bound to silica is a
mono-grafted species and has lost only one HMDS ligand during impregnation, which is a reasonable

assumption given the low silanol density determined experimentally for A-SiO».600 (se€ Section 2.2.2).

The results of the GC analysis of the volatile products isolated following reaction of complex 2 reacting
with A-SiOz.00 in pentane show that for every one equivalent of cobalt tethered to A-SiO3-600, 0.86
equivalents of liberated HN(TMS); are detected. The less than 1:1 quantity of HN(TMS), detected post
reaction of 2 with A-SiO».600 is suggestive of some of the HN(TMS); released during the impregnation
of complex 2 having reacted with the silica surface (Scheme 3.2). This is supported by H SS-NMR
analysis of (2)/A-SiO2.600, Which shows a signal at 8.6 ppm that can be assigned to surface -OSiMe;

formed by silylation of the surface by HMDS (assigned in Section 3.1.2.3).

These GC data obtained are consistent with 47% of the A-SiO2.¢00 Silanols having reacted with complex
2 (ICP-OES data, Section 3.1.2.1), and a further 13% of silica OH sites having reacted with HMDS to
form surface -SiMes sites, i.e., 0.14 equivalents of HN(TMS), reacted with silanols, forming 0.28
equivalents of surface -OSiMej3 species. This leaves 40% of the OH sites in calcined A-SiO-g00 Unreacted

with either complex 2 or with free HMDS.

Itis known from the literature that the silica surface undergoes functionalisation, both metalation and
silylation, when a metal silylamide reacts with silica. Previously, the surface area of the silica support
has been used by Ahn et al.’® and Deschner et al., as discussed in Section 1.0.6.2.1.,'* to probe the
functionalisation of the silica surface when a metal silyl amide is tethered to silica. BET analysis of the
support before and after the complex has been tethered can give some insight into the impregnation

of complex 2 onto A-SiO».600. Here, a loss of surface area and decrease in pore size after the complex

102



has been tethered to the support is indicative of a combination of metal impregnation and surface
silylation of the silica occurring. A small change in the surface area/pore size indicates a small amount
of metalation/silylation, while a large change in the surface area/pore indicates a large amount of

metalation/silylation.

Building on the work of Ahn et al.’® and Deschner et al.,** the BET analysis of blank A-SiO2.600 and
(2)/A-Si02.600 Were undertaken; results are shown in Table 3.4. These analyses show there is a
decrease in both the surface area and pore volume for the cobalt-modified material, (2)/A-SiO2-¢00,
compared with those of the blank silica, indicating that metalation/silylation of the silica support has
occurred. The BET-derived C value decreases from 85 to 30, as the heat of adsorption has decreased
with the addition of complex 2 to the surface. From molecular modelling (see Section 6.0.2.11), the
diameter of complex 2 is estimated to be ~12 A," while the median pore diameter of A-SiO2.600 is 349
A), so molecules of 2 are small enough to easily diffuse through the pore structure. The average pore
diameter increases after complex 2 has been attached to A-SiOa.g00 to 444 A ((2)/A-SiOz.600). The
increase in pore diameter has been attributed to a closing of smaller pores due to complex 2 blocking

the pores, which as a result increases the average pore diameter overall.®®

Mercury porosimetry of blank A-SiOz.00 and (2)/A-SiOz.600 Was also performed (Table 3.5). These
porosimetry analyses were also employed in this project as the BET measurements of A-SiO2.s00 and
(2)/A-Si02.600 showed a Type Il isotherm, indicating that larger pores were not being detected by N,
physisorption. The porosimetry results reflect the same trends obtained from BET analysis, namely
that pore volume decreases while median pore diameter increases when complex 2 is tethered to

A-SiO2.¢00.

Surface area analysis of (2)/A-SiO,e00 has been used to determine the degree of surface
functionalisation. Both BET and mercury porosimetry analyses indicate that the metalation/silylation
of the silica surface has occurred following a reaction of complex 2 and A-SiO;-600, With a decrease in
surface area and pore volume and an increase in the average pore diameter.

Table 3.4. BET analysis comparing A-SiOz.600 and (2)/A-SiOz.600; data were measured by Johnson Matthey; measurement
uncertainty on BET surface area is +/— 2%.

BET surface area Pore Volume Average Pore C Value from

(m2g™) [0.99ads] (cm3g™) Diameter (A) BET
A-SiO2-600 273 1.9 274 85
(2)/A-Si02-600 213 1.7 310 30

" Diameter of molecule was approximated according to the method described in Section 6.0.2.11
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Table 3.5. Mercury porosimetry analysis comparing A-SiOz.¢00 and (2)/A-SiO;.600; data were measured by Johnson Matthey;
measurement uncertainty on intrusion volume is +/- 1%, measurement uncertainty on intrusion median pore diameter is +/-
0.2%

Corrected Intrusion Volume Median Pore Diameter (A)
(cm’g™)

A-Si0>.600 2.0 349

(2)/A-Si02-600 1.5 444

3.1.2.6 CHN Elemental Analysis of (2)/A-SiO2-s00
Elemental analysis was used to determine the number of -N(TMS), ligands remaining bound to the

cobalt metal centre after complex 2 was tethered to the silica surface. Following comparison of the
CHN analysis data of blank A-SiO2.¢00 and (2)/A-SiO2-00, it was determined that the cobalt species on
the surface of A-SiOz.00 Was a mono-grafted species, with one -N(TMS), ligand still bound and a THF

group coordinated to the cobalt (Figure 3.6).
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Figure 3.6. The surface cobalt species of (2)/A-SiO;

For comparison, it was desirable to undertake a CHN analysis of blank A-SiO..¢00 silica. However, this
was problematic, as anticipated, due to difficulties arising from the lack of combustion of the silica;
nevertheless, an analysis was undertaken to provide a baseline for comparison (Table 3.6). A trace
amount of carbon was detected, which has been attributed to the presence of a low level of

contaminant.

The values of the “expected” and “found” CHN analyses of (2)/A-SiOz-00 (2.2% w.t. Co) matched,
confirming that the complex 2 is mono-grafted retaining one silyl amide ligand and one THF bound to
the cobalt (Figure 3.6). The percentage of SiMes surface species calculated in Section 3.1.2.4 is also

confirmed.

Table 3.6. Expected and found CHN analyses of A-SiO2.¢00 and (2)/SiO2-600 (2.2% w.t. Co)

Material Expected CHN Found CHN
A-SiO2.600 * C 0.00; H 0.08; N 0.00 C0.09; H0.01; N 0.00
(2)/A-Si02-600 C5.10; H1.10; N0.50 C5.12; H1.16; N0.60

* note these values are likely an estimation due to limited combustion
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Following the successful immobilisation of complex 2 on Aeroperl 300/30 silica, in order to probe the
effects of the pore structure, particularly pore diameter, upon immobilisation, reaction of 2 with KIT-6
was also explored. KIT-6 silica (K-SiO,) has interconnecting inner pores and an average pore diameter
(37 = 53 A), which is smaller than the average pore diameter of Aeroperl 300/30 (249 — 275 A).
Complex 2 is a comparatively bulky molecule (diameter ~12 A) due to the TMS groups and will have
more difficulty diffusing through KIT-6’s smaller pore diameter compared to Aeroperl 300/30’s pores.
To explore how a smaller pore diameter affects the loading of complex 2 onto silica, it is important to

study how complex 2 is tethered onto KIT-6.

The cobalt metal loading following immobilisation of [Co(N(TMS)2)2(THF)] (2) on KIT-6 previously
calcined at different temperatures was determined by ICP-OES (Table 3.7). Like the results obtained
following immobilisation of complex 2 on Aeroperl 300/30, there is a correlation between the OH
density and the cobalt w.t. % loading; as the OH density decreases, the resulting cobalt loading also
decreases. However, in contrast to the data obtained for Aeroperl 300/30, the metal loading was
affected by which batch of calcined KIT-6 that was employed for grafting, something especially marked
for samples of KIT-6 calcined at higher temperatures. For example, different batches of KIT-6 calcined
at 600 °C gave different cobalt loadings (between 1.9 — 3.3 % w.t. Co), and various different batches
of KIT-6 calcined at 700 °C gave cobalt loadings between 0.7 — 3.0 % w.t. Co. As stated in Section 2.1,
it has been proposed that isolated silanols, and therefore isolated tethered organometallic complexes,
are desirable for sub-nanosized cobalt particles; calcination of the silica at >600 °C is important to
achieve isolated silanol species. Small experimental variations in the calcination process are thought
here to affect the nature of the final KIT-6 materials obtained, which have slight differences in pore
size due to how the pore structure collapsed at T = >600 °C (Section 2.2.1.3). The pore collapse of KIT-
6 affects the access of complex 2 to the surface and hence the loading. Thus, inconsistency in cobalt
loading in KIT-6 calcined at the same temperature is proposed to be due to slight variations in the pore
structure collapse. Together, it was concluded that this makes KIT-6 an unsuitable support for this
project.

Table 3.7. The average Co metal loading of complex 2 on KIT-6 silica calcined at different temperatures, as determined by
ICP-OES

Material OH density Cobalt Cobalt w.t. % % of OH groups that
(mmol g?) (mmol g?) loading reacted with a Co

(2)/K-Si03-200 5.81 0.76 4.5 13

(2)/K-Si03-400 2.92 0.64 3.8 22

(2)/K-Si0;-600 2.16 0.49 2.9 23

(2)/K-Si03.700 1.77 0.46 2.7 26
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SBA-15 silica (S-Si0) is similar to KIT-6, with a comparatively smaller pore diameter (31 — 69 A)
compared with that of Aeroperl 300/30. In contrast, however, SBA-15 silica also has a 2D structure
with less interconnecting pores than KIT-6 and Aeroperl 300/30 (249 — 275 A). Consequently, as with
KIT-6, it was of interest to probe how the relatively bulky complex 2 (diameter ~12 A) penetrates
within the channel network of SBA-15. Importantly, SBA-15 is more thermally stable than KIT-6 and

does not show any decrease in surface area until >700 °C (Section 2.2.1.2).

The cobalt loading following immobilisation of complex 2 on SBA-15 calcined at different
temperatures was determined by ICP-OES (Table 3.8). Like Aeroperl 300/30 and KIT-6, there is a
correlation between calcination temperature and cobalt loading, with the silicas calcined at higher
temperatures resulting in a lower cobalt loading. However, unlike with KIT-6, there were no problems
with the cobalt loading due to the pore structure collapsing at calcination temperatures >600 °C. as
would be expected for the more thermally robust SBA-15. Thus, SBA-15 is considered a more
promising support than KIT-6 (Section 2.2.1.2).

Table 3.8. The average Co metal loading following immobilisation of complex 2 on SBA-15 silica calcined at different
temperatures, as determined by ICP-OES

Material OH density Cobalt Cobalt w.t. % % of OH groups that
(mmol g?) (mmol g?) loading reacted with a Co

(2)/5-Si02-200 5.59 0.90 5.3 16

(2)/5-Si02.400 3.43 0.75 4.4 22

(2)/5-Si02-600 2.49 0.70 4.1 28

(2)/5-Si02-700 1.76 0.58 3.4 33

Of the oxide supports discussed, immobilisation of complex 2 on Aeroperl 300/30 and SBA-15, (2)/A-
SiO; and (2)/S-SiO,, have shown the most promise. Compared to KIT-6, Aeroperl 300/30 and SBA-15
silica have the most consistent cobalt loading across all calcination temperatures (1.8 — 3.6 w.t. %).
This is likely due to the larger pore size of Aeroperl 300/30 (cf. diameter of 2 of ~12 A). Additionally,
both Aeroperl 300/30 and SBA-15 show no collapse in pore structure or decrease in pore size at
temperatures chosen for calcination. Due to the air sensitivity of (2)/SiO..x, characterising the material
proved challenging. A paramagnetic cobalt is also present, so probing the surface structure through
SS-NMR spectroscopy (directly or indirectly) is challenging. The surface structure of (2)/A-Si02-600 Was
determined to possess the mono-grafted, mono-amide species described in Figure 3.6. ICP-OES

analysis confirmed the degree of loading of complex 2 to the silica surface, and CHN analysis was used
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to determine the number of HMDS ligands still attached to the cobalt metal centre. BET analysis
showed the change in pore size as functionalisation of the silica surface occurred during impregnation,
which was determined to be a mix of metalation and silylation of the silica surface by released HMDS.

GC analysis confirmed that 13% of the silanols reacted with HMDS to form surface -OSiMes; sites.

Compared to (2)/A-SiO; and (2)/S-Si0,, immobilisation of complex 2 on KIT-6 was less promising, with
pore collapse in the support leading to issues of consistency in metal loading. This is suspected to be
due to the differences in surface area from the uneven pore collapse of KIT-6, leading some batches
of calcined KIT-6 to have a lower available surface area for reaction. Complex 2 is very bulky, so a small

decrease in pore size will have a significant effect on cobalt loading.

3.2 Reactions of Cobalt Precursors Complexes 3 - 8 with Calcined Silica Support
The remainder of this chapter will discuss the deposition of other cobalt-containing complexes 3 — 8

on the surface of variously calcined silica. This section will mostly discuss using Aeroperl 300/30 as a
support, particularly A-SiOz-¢00, as it was shown to be the most promising support due to consistent

and controlled cobalt loading of complex 2 (in Section 3.1).

CoCp:2 (3) was selected as a potential cobalt-containing precursor in this study since it was previously
reported by Lindblad and Rebenstorf that 3 can react with surface silanol groups via protonation and
loss of the Cp ligand.'® The simplicity of the structure of CoCp, is important since there is only one
available reaction pathway with surface SiOH groups (i.e. loss of a Cp moiety via protonation),
simplifying chemistry that may occur at the surface. Additionally, if the surface reactivity can be
controlled appropriately, then initial protonation of just one Cp ligand may be achieved, leaving a
surface-bound CpCo fragment (Figure 3.7). Furthermore, the presence of the remaining n°-bound
cyclopentadienyl motif by provide some steric protection of the surface-bound cobalt species,
potentially limiting aggregation, prior to reduction. Additionally, the resulting CpH generated will be
unreactive towards surface silanol groups in contrast to HN(SiMes), generated from reaction of
Co(N(SiMes),), with silica. Hence, the resulting released CpH can easily be removed in vacuo or by
washing with solvent. Furthermore, complex 3 has no heteroatom-containing substituents, which is
beneficial in preventing potential poisoning of the surface of the silica or any newly formed sub-
nanosized particles, as reactive heteroatom-containing substituents may react with the surface

leaving heteroatoms bound to the material to act as poisons during catalysis.
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Figure 3.7. Potential surface structures for (3)/A-SiO,

The reaction of Cp,Co with calcined Aeroperl 300/30 silica was carried out as a slurry in pentane to

produce material (3)/A-SiO,, Scheme 3.7. The course of the reaction could be easily seen by the colour

changes; the dark purple solution lightened to a paler purple colour, and the solid silica changed colour

from white to purple. Material (3)/A-SiO; is visibly unstable to oxygen and/or moisture, quickly

changing colour from dark purple to light green when exposed to a normal laboratory atmosphere

(Figure 3.8).

@ pentane

Co + SiO, > (3)/SiO,

(3)

Scheme 3.7. Synthesis of (3)/SiO,
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Figure 3.8. (i) Purple (3)/SiO; prior to exposure to atmosphere (ii) Green (3)/SiO; after exposure to air

3.2 1.1 Analysis of (3)/A-SiO2«
3.2.1.1.1 Cobalt-loading of (3)/A-SiO, Determined by ICP-OES
The cobalt loading resulting from reaction of complex 3 with a number of different Aeroperl 300/30

silicas previously calcined at different temperatures was determined by ICP-OES (Table 3.9). Unlike
the reaction of complex 2 with Aeroperl 300/30, consistent cobalt loadings could not be achieved on
reacting complex 3 with the samples of the same calcined Aeroperl material. For example, the cobalt
loading of complex 3 on SiO,700 ranged between 1.4 to 1.9 (+ 0.4) Co w.t.% with each attempt at
tethering the complex to portions of the same batch of the support. The inconsistent loading of cobalt
on the silica was not related to the collapse of the pore structure, as was the case for complex 2 on
KIT-6, as Aeroperl 300/30 is stable at all of the calcination temperatures used in this project. Moreover,

the inconsistency in the loading with 3 was seen at all temperatures of calcination of the parent silica.

There is no pattern or correlation between the calcination temperature of the silica and the ensuing
cobalt loading of complex 3 on the support. This suggests that complex 3 might not be reacting (via
protonation) with the surface silanol groups, and therefore the cobalt loading is not controlled, with
the reaction leading to simple deposition of physiosorbed 3 on the silica. If complex 3 was reacting
with the hydroxyl groups in an acid-base fashion, a correlation between cobalt loading and hydroxyl
density would be expected. This is contrary to what was reported by Lindblad et al.,* who stated that
cobaltocene does react with surface -OH groups via protonation of a Co-Cp motif, and its loading onto

silica-gel is controlled by the density of silanols.’

¥ Lindblad et al. tethered CoCp: to the surface of silica gel by dissolving CoCp2 in toluene and “splashing” the
solution onto a pressed disc of the silica support in an argon atmosphere at room temperature. Excess toluene
was then removed in vacuo.
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Table 3.9. The Co metal loading of complex 3 on Aeroperl 300/30 silica calcined at different temperatures, as determined by
ICP-OES

Material OH density Cobalt Cobalt w.t. % % of OH groups that
(mmol g?) (mmol g?) loading reacted with a Co

(3)/A-Si02-200 2.16 0.42 2.5 20

(3)/A-Si0z400  1.43 0.31 1.8 22

(3)/A-Si02-600 0.83 0.22 1.3 27

(3)/A-Si02-700 0.59 0.29 1.7 49

3.2.1.1.2 Analysis of CoH formation during the synthesis of (3)/A-SiO:-600
As a result of the discrepancies/lack of reproducibility in cobalt loading achieved on reacting variously-

calcined samples of Aeropel 300/30 silica with Cp,Co, further investigation of the immobilisation
process was undertaken. If complex 3 was indeed reacting with the surface hydroxyl groups via
protonation, it is expected that a protonated cyclopentadiene (CpH) would be lost during the reaction.
Thus, confirming the presence of liberated CpH in the reaction mixture would corroborate whether
complex 3 was reacting with the silanols or not. To determine how many Cp rings were lost during the
reaction described in Scheme 3.7, a GC chromatographic analysis of the recovered liquid phase
material (a mixture of unreacted Cp,Co, CpH, and pentane) was run against an internal standard of
nonane (using the method described in Section 6.0.2.5). It was found that 0.089 mmol g* of CpH was

released during the synthesis of (3)/A-SiO2.600.

The metal loading on the silica (0.83 mmol g* of CoCp on the surface) as determined by ICP OES was
compared to the amount of CpH released (0.089 mmol g™ of CpH) in the reaction. This gave the molar
ratio of 1:9.3 CpH:Co/SiO2.00. This calculated ratio differs significantly from the expected 1:1 ratio if
complex 3 was reacting with the silanol species and releasing CpH. Consequently, it is inferred that
both Cp rings must remain on cobalt during the attempted immobilisation on the silica surface.
Therefore, it is unlikely complex 3 is reacting in an acid-base fashion with the silica surface, with
cobaltocene instead being simply physiosorbed to the oxide surface. It is proposed that the small
amount of CpH detected is likely to be the result of a small amount of complex 3 decomposing during

the reaction.

3.2.1.1.3 %°Si SS-NMR Spectroscopic Analysis of (3)/A-SiO;
In order to identify the surface structure of product resulting from the attempted immobilisation of

complex 3 with A-SiO,, and to explore whether it is similar to the structure reported by Lindblad and
Rebenstorf who only used IR spectroscopy to confirm the presence of a CoCp species,® 2°Si SS-NMR
spectroscopy was performed. The DE spectra of (3)/A-SiO2.600 is shown in Figure 3.9. Spectra of (3)/A-
Si02.600 Were obtained with a 300 s recycle delay (fully relaxed) as well as a 10 s delay. The relaxation

times of the NMR spectral acquisition were altered in order to test if the cobalt surface species had a
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significant impact on the relaxation time of the silicon, as the suspected Co surface species would be
paramagnetic due to its 2+ oxidation state (d” configuration) and affect the relaxation of the silicon.
Results from our NMR spectroscopic investigation shows that the relaxation of the silicon is slow,

indicating that the silicon is not attached to a paramagnetic cobalt centre.

300 s delay
10 s delay

T T T T T T T T T T
75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -1
delta (ppm)

Figure 3.9. DE 2°Si SS-NMR spectra of (3)/A-SiOz.606, comparing delay relaxation times to determine whether the presence of
the cobalt affects the relaxation time of silicon, Frequency 79.437 MHz, Spin-rate 6 kHz

The CP 2°Si SS-NMR spectra of (3)/A-SiOz.600 and blank A-SiO2.¢00 are shown in Figure 3.10. It was hoped
that the presence of a paramagnetic Co" surface species bound to the silica surface would lead to a
decrease in the Q, and Qs peak intensity or that a change in chemical shift would be observed
compared to that of the blank silica, with such effects having been observed previously in the SS-NMR
spectral study of Lamb’s paramagnetic Cr-amide surface species on silica.®® However, for the
Cp:Co/silica reactions attempted here, no differences in the 2°Si chemicals shifts between A-SiO2-600
and (3)/A-SiO.s00 Were observed, consistent with the paramagnetic cobalt not being directly attached
to the silica surface (Figure 3.10). This supports the suggestion that complex 3 has not reacted in an

acid-base fashion with the surface silanols — see Section 3.2.1.1.2 (above).

From the CP 2°Si SS-NMR spectra of (3)/A-SiO2.600 and blank A-SiO,.600 recorded (Figure 3.10), it’s clear
there is a large change in signal intensity between that observed for (3)/A-SiO2.600 and that for blank

A-SiO,.600 silica. As mentioned in Section 2.2.3, changes in intensity in the CP spectrum, while not
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guantitative, can give an indication of whether the Si-OH density is increasing or decreasing following
reaction. Although this large decrease in signal intensity on moving from blank silica to (3)/A-SiO2-600
might initially suggest that most of the surface OH groups have reacted with complex 3, it is more
likely to be due to paramagnetic cobalt being present somewhere in the material, even if it is not
directly attached to the silica surface (here physisorbed material is most likely). An example of
paramagnetic cobalt affecting the acquisition of the CP spectrum is seen with (2)/A-Si02.s00 described
in Section 3.1.2.2., where no Si signal is observed due to the presence of paramagnetic cobalt bound
to the silica. The observation of a 2°Si signal in the spectrum of (3)/A-SiO2s00 could indicate that the
paramagnetic cobalt is not tethered to the silica surface, even if it is present in the material. Expansion
of the CP spectra of (3)/A-SiO2.00, Figure 3.11, shows that the resonance observed is similar to that
seen in a typical CP 2°Si spectrum of silica (Section 2.2.3.1), but the signal is very noisy. The origin of

the noise has been attributed to the effects of the presence of a paramagnetic cobalt.

—-101.05

A-SiO2.600
(3)/A-SiO2-600 N
75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 1

delta (ppm)

Figure 3.10. Comparison of the CP 29Si SS-NMR spectra of A-SiOz.600 and (3)/A-SiOz.¢00, Using the same vertical scale,
Frequency 79.437 MHz, spin-rate 6 kHz

112



- -100.58

50 -55 -60 -65 -70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -1
delta (ppm)

Figure 3.11. CP 2Si SS-NMR spectrum of (3)/A-SiOz.s00; frequency 79.437 MHz, spin-rate 6 kHz

The 'H SS-NMR spectra of (3)/A-SiOz.600 and complex 3 are given in Figure 3.12 and Figure 3.13,
respectively, and the ¥C SS-NMR spectrum of (3)/A-SiOz-600 is given in Figure 3.14. There are two
signals at 0.1 and 5.9 ppm in the *H SS-NMR spectrum of (3)/A-SiO2-600 (Figure 3.12). The resonance at
0.1 ppm has been attributed to adventitious grease. The resonance at 5.9 ppm is consistent with that
expected from a cyclopentadienyl motif. It has been significantly shifted from the *H SS-NMR signal
found for untethered complex 3, which occurs at -44.8 ppm (Figure 3.13). There are also two peaks in
the 13C SS-NMR spectrum (Figure 3.14) at 0 ppm (silicone grease) and 85.2 ppm (an aromatic Cp ring).
This latter 13C SS-NMR chemical shift is entirely consistent with that reported previously for complex
3, namely +84.5 ppm,*® which together supports the notion of the presence of physiosorbed 3 on the

silica surface.
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Figure 3.12. 1H SS-NMR spectrum of (3)/A-SiOz.¢00; frequency 400.17 MHz, spin-rate 40 kHz
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Figure 3.13.1H SS-NMR spectrum of complex 3; frequency 400.17 MHz, spin-rate 40 kHz
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Figure 3.14. 13C SS-NMR spectrum of (3)/A-SiO;.s00; frequency 100.6 MHz, spin-rate 10 kHz

3.2.1.1.4 CHN Elemental Analysis of (3)/A-SiO-s00
It was hoped that elemental analysis could be used to determine the number of Cp ligands present in

(3)/A-Si02.600. The expected CHN for (3)/A-SiO2.600 is C 2.6; H 0.4; N 0, assuming that both Cp ligands
are attached to the cobalt centre, and using the cobalt density derived from ICP-OES (0.22 mmol g™%).
The CHN analysis obtained experimentally of (3)/A-SiO2.600 is C 3.7 ; H 0.6 ; N 0. While the percentage
hydrogen found matches the expected hydrogen (within the 0.5 % error normally accepted for
combustible solids), the found carbon was 1.1 % higher than expected. This is likely due to trace
amounts of grease present in (3)/A-SiO2.600, as observed in the SS-NMR analyses. Thus, CHN elemental
analysis of (3)/A-SiO»00 does not give any conclusive evidence to the number of Cp-ligands still

attached to the cobalt centre.

A study of the impregnation of Co(dmp), (4) on SiO; was chosen since the steric bulk of the ligands of
complex 4 will limit metal loading, which may control the size of any resulting nanoparticles further,
giving even smaller nanoparticles. The bulkiness of the ligands on complex 4 may also aid in
stabilisation of an electron deficient metal species on the surface of silica prior to reduction to the
target cobalt nanoparticles. However, it should be noted that use of this complex may cause problems
as a result of its bulk (16 A diameter), which is likely to hinder its travel through some of the smaller

pores of the oxide support and hence could result in a lower cobalt coverage than some of the smaller
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cobalt complexes and be more concentrated at the opening at the pores rather throughout the whole

structure.

Complex 4 shows potential as an interesting study into the effects of bulky ligands when tethering to
an oxide support. The synthesis of complex 4 was undertaken according to the reported literature
method, with 4 subsequently being isolated as a material highly sensitive to both air and moisture
(Scheme 3.8); successful formation of complex 4 was confirmed by CHN.?® With complex 4 in hand,
attempts were made to impregnate this material onto Aeroperl 300/30 silica according to Scheme 3.9.

The possible surface structures of (4)/A-SiO2.600 are shown in Figure 3.15.

@\ i) n-BuLi _DR/THE
i) Mes-MgBr ||) sodium
Cl Cl Mes Mes thiosulfate Mes Mes
Li |
. | toluene/
n-Buli n-hexane
Mes Mes
CoBr,(DME)
Co
toluene Mes Mes
Mes Mes Li
(4)
Scheme 3.8. Synthesis of complex 4
Mes Mes
. pentane
Co +5i0, — (4)/sio,
Mes Mes
(4)

Scheme 3.9. Synthesis of (4)/SiO;
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Figure 3.15. Possible surface cobalt species of (4)/SiO;

3.2.2.1 Analysis of (4)/A-SiOz«
3.2.2.1.1 Cobalt-loading of (4)/A-SiO, Determined by ICP-OES
The cobalt loading of complex 4 on Aeroperl 300/30 was derived using ICP-OES (Table 3.10). These

analyses showed the same trends as those determined for complex 2 on Aeroperl 300/30, with a
correlation between increasing calcination and decreasing cobalt loading. Compared to the reaction
of complex 2 Aeroperl 300/30, use of complex 4 leads to a much lower loading silica (2.3 — 3.6 Co w.t.
% vs. 0.7 — 1.7 Co w.t. % for complex 2 and 4, respectively). This is proposed to be due to complex 4
being more bulky than complex 2 (16 A diameter® vs. 12 A for 2), and hence may not reach far into the
deeper pore structure of Aeroperl 300/30.

Table 3.10. Co metal loading of complex 4 on Aeroperl 300/30 silica calcined at different temperatures, as determined by
ICP-OES

Material OH density Cobalt Cobalt w.t. % % of OH groups that
(mmol g?) (mmol g?) loading reacted with a Co

(4)/A-SiO2.200  2.16 0.29 1.7 34.7

(4)/A-Si02.400 1.43 0.19 1.1 22.5

(4)/A-SiO2.600  0.83 0.12 0.7 14.3

3.2.2.1.2 DE °Si SS-NMR Spectroscopy of (4)/A-SiOz 600
As with (2)/A-SiO2-600 and (3)/SiOz.600, SS-NMR was considered a powerful tool for identifying the

surface structure of (4)/A-SiO2.600. DE 2°Si SS-NMR spectra were obtained of (4)/A-SiO2.00 (Figure 3.16)

with 10 s and 30 s delay relaxation times, in a similar manner to the spectra acquired during the study

$ Diameter of molecule was approximated according to Section 6.0.2.11

117



undertaken for (3)/A-Si0a.¢00 (section 3.2.1.1.3). As seen in Figure 3.16, the DE 2°Si SS-NMR spectra of
(4)/A-SiO.600 are very similar to those determined for (3)/A-SiO2-600 (Figure 3.9), indicating that the
relaxation of (4)/A-SiO2.e00 is slow, as was found for (3)/A-SiO»¢00. Together these data suggest that
the silicon in (4)/A-SiO.600 is NOt near a paramagnetic cobalt, and that either the surface species of
complex 4 are not paramagnetic or, more likely, that complex 4 is physiosorbed instead of

chemisorbed to the silica surface.

- -109.03
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Figure 3.16. DE 2°Si SS-NMR spectra of (4)/A-SiO2.600, comparing delay relaxation times to determine whether the presence
of the cobalt affects the relaxation time of silicon, frequency 79.437 MHz, spin-rate 6 kHz

3.2.2.1.3 Elemental CHN Analysis of (4)/A-SiO2-s00
The theoretical elemental analyses for (4)/SiO2¢00 were calculated using the same method as

described in Section 6.0.2.7.1, assuming that complex 4 was bound to the silica surface as a mono-
grafted species with cobalt retaining one dmp ligand, and using the cobalt density, 0.12 mmol g
(derived from ICP-OES analysis, Section 3.2.2.1.1). The expected and found CHN percentages are C 2.6;
HO0.4;,NO,and C6.42; HO0.7; N O, respectively. The experimentally-determined percentages of carbon
and hydrogen found are much higher than the expected values; 2.4- and 1.75-times higher for carbon

and hydrogen, respectively.

CHN analysis suggests that the cobalt surface species of (4)/A-SiO..e00 does not possess a
mono-grafted organospecies (i.e. SiO-CoN(TMS);) as was found from the reaction of complex 2 with

silica, but is more likely to comprise largely of complex 4 physisorbed to the silica. However, this is
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unlikely as similar iron complexes to complex 4, with mesityl or substituted phenyl ligands, have
formed mono-grafted species when grafted to a silica surface (calcined at 700 °C) as described
previously in the literature by Roukoss et al. (Scheme 3.10),> 2! who used comparable reaction
conditions.” The CHN analysis values obtained may be due the potential presence of adventitious
grease, and CHN analysis does not provide any information regarding binding in this example,

therefore it is better to rely on Co ICP-OES analysis.

tBu tBu
tBu tBu _Fe
. O

Si0,.700 | tBu
tBu Fe tBu — /Si,,
074 0
0]
tBu tBu ,W\Z\, | \

Scheme 3.10. Iron-phenyl/mesityl complexes, similar to complex 4, forming mono-grafted surface species on the surface of
silica calcined at 700 °C®

3.2.3 CoCp(CO), + Aeroperl 300/30 Silica ((5)/A-SiO2-600)

The complex CoCp(CO), (5) was selected for immobilisation on silica as previous work by Giirtler has
studied its binding to silica gel and alumina.® Giirtler demonstrated that complex 5 can be reacted
directly with the hydroxyl groups on the surface of oxides, reporting that a third of hydroxyl groups
will bind to the cobalt metal centre. Consequently, the synthesis of (5)/A-SiOz.600 Was attempted as

described in Scheme 3.11.

@ pentane

Co + A-SiOz.600

/N

oc’ co
(5)

(5)/A-8i0,.600

Scheme 3.11. Synthesis of (5)/A-SiO2-600

** Roukoss et al. tethered the iron complexes in Scheme 3.10 to silica by immersing the silica in a pentane
solution of the respective iron complex at 25 °C. The resulting material was isolated by filtration and any
unreacted complex was washed away with excess pentane. The solid was then dried under vacuum.?°
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The synthesis of complex 5 was performed according to a standard literature method via reaction of
commercially available cobalt carbonyl Co,(CO)s with freshly “cracked” CpH (Scheme 3.12).% The
reaction was undertaken using anhydrous conditions in dry pentane under nitrogen and with the

exclusion of light.""

CoHy =
Coy(CO)g + Co

DCM, A OC/ “co
(5)
Scheme 3.12. Synthesis of complex 5
Complex 5 is a complex that has two different types of ligand that could be lost during the attempted
tethering to a silica surface: the protonation of the Cp™ ring, or the displacement of two neutral
carbonyl groups. Depending on the ligand lost, (5)/A-SiO2.s00 could potentially have one of a number
of different possible surface structures as shown in Figure 3.17. This makes complex 5 an interesting
“bridge” between the reactions of the silica surface with CoCp, (complex 3, Section 3.2.1) and Co,(CO)s
(complex 6, Section 3.2.4), which both contain only one type of ligand that could be lost. Which ligand
is lost (CO ligands or Cp ring) should be able to be determined either directly by IR spectroscopy (by
the presence of a strong CO stretching vibration) or indirectly by GC-MS (by the presence of CpH in

the captured reaction solvent of complex 5 and silica).

™ This is due to the sensitive nature of both the starting materials and the resulting product, complex 5 readily
decomposes at room temperature or in the presence of oxygen and light, which displaces the neutral CO
ligands.
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Figure 3.17. Potential surface structures of (5)/A-SiO:.s00, if tethering proceed via the loss of a ligand
(a)-(e) Possible surface structures if Cp was tethered via the protonation of Cp ring, then subsequent loss
(f)-(j) Possible surface structures if Co was tethered by displacement of neutral CO ligand(s) of CoH

3.2.3.1 Analysis of (5)/A-SiO2-600
3.2.3.1.1 Cobalt-loading of (5)/A-SiO-s00 Determined by ICP-OES
Following the synthesis of (5)/A-SiO2.600, analysis of the resulting isolated materials was undertaken

by ICP-OES (Table 3.11) to determine the cobalt loading on A-SiO».600. Due to project time constraints,
the Co weight % loading could not be investigated for silicas calcined at different temperatures. The
material resulting from reaction of complex 5 with silica shows a similar Co w.t. % loading (2 w.t. %)

to that resulting from reaction of complex 2 with same silica under identical conditions (2.3 w.t. %).
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Table 3.11. Co metal loading of complex 5 on Aeroperl 300/30 silica calcined at 600 °C, as determined by ICP-OES

Material OH density Cobalt Cobalt w.t. % % of OH groups that
(mmol g™?) (mmol g™?) loading reacted with a Co
(5)/A-Si02-600 0.83 0.34 2 40.9

3.2.3.1.2 DE °Si SS-NMR Spectroscopy of (5)/A-Si0z-600
As with previous complexes (2-4) on the surface of silica, SS-NMR spectroscopy was employed in the

hope of determining the surface structure of (5)/A-SiO2.e00. DE 2°Si SS-NMR spectra were taken of
(5)/A-SiO2.600, with a 10 s and 300 s delay relaxation times (Figure 3.18), using the same method as
used for complexes 3 and 4. The resulting spectra of (5)/A-SiO.¢00 are comparable to those observed
for the other tethered cobalt complexes in this project, namely a noisy signal at =109 ppm with a slow
relaxation time, indicating that a paramagnetic cobalt is not interacting with the silicon. However,
unlike the materials resulting from use of the starting complexes 3 and 4 deposited on silica, the DE
295j SS-NMR spectrum of (5)/A-SiO2.600 shows a second signal at —22 ppm in the spectrum with a 300

s delay relaxation. The origin of this resonance at =22 ppm is likely to be silicone grease.

- -22.30
- -109.33

300 s delay
10 s delay

10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 ~-190
delta (ppm)
Figure 3.18. DE 2°Si SS-NMR spectra of (5)/A-SiO:.s00, comparing delay relaxation times to determine whether the present of

the cobalt affects the relaxation time of silicon; frequency 79.437 MHz, spin-rate 6 kHz

3.2.3.1.3 Analysis of Loss of CpH ring during the synthesis of (5)/A-SiOz-600
Another method for determining indirectly the surface structure of the product resulting from

reaction of complex 5 with A-SiO¢00 is to analyse the volatile components from the reaction in the
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solvent recovered post impregnation by filtration, by GC-MS to identify the presence of released CpH,
as described previously in Section 3.2.1.1.2. Following this approach, a mix of CpH and unreacted
CpCo(CO); was identified by GC-MS, suggesting that the tethering proceeds via the loss of CpH.
However, it should be kept in mind that complex 5 is unstable, unreacted CoCp(CO), left in the
captured solvent may have degraded (despite significant care having been taken) and released CpH,
skewing the results. To counter this potential problem and minimise the effects of unreacted
CoCp(CO), decomposing in the captured solvent, the reaction of 5 + SiO, was carried out in the dark
to avoid decomposition of complex 5 from UV, the reaction solution was isolated quickly after the
reaction was finished, and GC analysis was carried out immediately after the reaction solution was

isolated.

The complex Coy(CO)s (6) is often used to form nanoparticles on oxide support surfaces as it
decomposes readily into Co® through either thermo- or photo-mediated decomposition pathways.*
Co,(C0O)s does not possess readily protonated or anionic ligands, which has led to the assumption
made in this project that Co,(CO)s cannot be tethered to the surface via a covalent bond to a hydroxyl
group. Since physisorption of Co,(CO)s was assumed, (6)/A-SiO2.600 Was not washed with solvent to
avoid any loss/displacement of Co,(CO)s from the surface; instead the reaction solvent was cautiously
removed under vacuum to leave Co,(CO)s deposited on the surface of silica. It was assumed that the
cobalt loading was therefore not significantly controlled by the density of the hydroxyl groups on the

surface, but simply by the amount of complex 6 added to the silica.

The material (6)/A-SiO2.600 Was subsequently isolated as a pale brown solid (Scheme 3.13). However,
on exposure to light or warmth, (6)/A-SiO.e00 darkened noticeably to dark brown over about 15 min.
Consequently, (6)/A-SiO2.¢00 Was stored under nitrogen at —20 °C with the Schlenk wrapped in foil to

avoid exposure to light.

oc 2 co

e
~

~ /N / .
OC—CO\—/CQ—CO + A-SiO5 00
C <~
oC S CcoO

(6)

pentane

(6)/A-SiO4_ g0

Scheme 3.13. Synthesis of (6)/A-SiO:.s00

Complex 6 is air-, temperature-, moisture-, and light-sensitive, and decomposes readily to metallic

cobalt. The material resulting from treatment of silica with 6 is equally reactive. Therefore, complex 6
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has great potential for decomposing into nanoparticles. However, this decomposition has proven hard
to control. Indeed, by simply allowing (6)/A-SiO2-¢00 to contact with air, the pale brown colour of (6)/A-
Si02.600 changes to pale green or pale purple, which has been confirmed to be a result of the formation

of nanoparticles on the surface.

3.2.4.1.1 %°Si SS-NMR spectroscopy of (6)/A-SiOz s00
The DE and CP #°Si SS-NMR spectra were obtained for (6)/A-SiO2.00 (Figure 3.19). The DE and CP 2°Si

NMR spectra of (6)/A-SiO2.600 are similar to the typical DE and CP spectra of blank A-SiO¢00 silica
(Section 2.2.3). There is no shift of the peak positions to indicate that the silica is affected by the
presence of paramagnetic cobalt, nor a reduction in the intensity of the CP spectrum to indicate a
decrease in the silanol density. The presence of paramagnetic cobalt for (6)/A-SiO2.600 is unlikely, as
the presence of a paramagnetic cobalt is usually evident from the 2°Si CP SS-NMR spectra, as was the
case for (2)/A-SiOz.600 and (3)/A-SiOz600. For example, (2)/A-SiOz600 gives no signals in its 2°Si CP
spectrum, while (3)/A-SiO2.600 gives a very poorly resolved/noisy 2°Si CP SS-NMR spectrum. In contrast,
the 2°Si CP SS-NMR spectrum of (6)/A-SiO2.600 is well-resolved consistent with complex 6 not reacting
with the silanols as previously stated by Giirtler et al., but rather the reaction has deposited

diamagnetic Co,(CO)s or simply metallic cobalt on the surface.

- -100.81
- -109.05

DE spectrum —
CP spectrum S

Ny "
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-55 -60 -65 -70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -1
delta (ppm)

Figure 3.19. DE and CP 29Si spectra of (6)/A-SiO:.s00; frequency 79.437 MHz, spin-rate 6 kHz
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3.2.4.1.2 Transmission Electron Microscopy (TEM) of (6)/A-SiO;-s00 after exposure to laboratory
atmosphere
As described in Section 3.2.4.1, after contact with air, the pale brown colour of (6)/A-Si02.600 changes

to pale purple. This colour change of brown to purple is proposed to correspond to the formation of
nanoparticles on the oxide surface. The presence of nanoparticles was indeed confirmed by
Transmission Electron Microscopy (TEM), which showed the presence of nanoparticles with a size
range of 3 - 7 nm, on the surface of silica (Figure 3.20), but with non-uniform spread across the silica
surface. This non-uniform distribution is likely due to lack of control over the formation of the
nanoparticles; the nanoparticles were formed spontaneously by exposure to normal laboratory
atmosphere. As discussed in Section 1.1.1.4, it is the aim of this project to use a controlled reduction
(e.g. — heating under hydrogen) of the nanoparticle precursor to product cobalt particles smaller than
1 nm. Therefore, such a lack of control over the formation of the nanoparticles is undesirable in this

project.

Figure 3.20. TEM images of nanoparticles formed on the surface of (6)/A-SiOz.s00
Average nanoparticle size = 4.4 nm

3.2.4.1.3 Powder X-Ray Diffraction (PXRD) of the nanoparticles on the surface of air-exposed
(6)/A-Si02-600
Powder X-Ray Diffraction (PXRD) analysis (Mo source) was performed on the cobalt nanoparticles

derived from (6)/A-SiO2.¢00 through exposure to air; the resulting data is in Figure 3.21. This diffraction

analysis was done with the view to demonstrating that PXRD can be used to identify the size of
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nanoparticles produced. Here it is assumed that the Scherrer formula is always valid, and that the
reflection width is inversely proportional to particle size, with larger clusters of cobalt giving sharper

reflections as there is more material mediating diffraction.?

Since the aim of the project is to prepare sub-nanosized particles, any sharp reflections in the PXRD
analysis could possibly indicate the formation of undesirable larger cobalt particles. Notably, the PXRD
analysis of the nanoparticles formed from exposing (6)/A-SiO2-600 to normal atmosphere showed one
large very broad reflection at 20 = 11°, which is associated with the amorphous structure of Aeroperl
300/30 silica.?* %> A smaller, sharper reflection is also seen at 28 = 18°, and another possible reflection
at 20 = 21°, though this latter reflection at 21° is small enough that it could be regarded as part of the
noise rather than a true reflection. While the reflections at 18 ° and 21 ° are at values of 28 consistent
with the presence of cobalt (e.g. as Co metal {f.c.c.?® and hcp?’}, Co0?® % and C030,%), they do not
correspond well with any reflections reported in literature, including with any known cobalt carbonyl
species such as Co,(C0)s3! or Co4(C0O)12.32 The origin of these reflections is currently unknown, though
the two reflections (26 = 18 and 21 °) have the same spacing as f.c.c. cobalt metal (20 ° and 23 °)
suggesting a possible systematic shift of 2 °. This shift may be due to the sample being badly positioned

during the PXRD analysis, which is likely caused by issues with the sample holder.

With the data from PXRD showing the presence of metallic cobalt particles, and the analysis of the
TEM images of (6)/A-SiO2.600 giving the sizes of the particles (3 — 7 nm), it was concluded that complex
6 would not be a suitable nanoparticle precursor for this project. While Co,(CO)s did successfully form
nanoparticles, there was no control over their formation or resulting size due to their spontaneous
formation when (6)/A-SiO2.¢00 Was exposed to air. The size of the resulting nanoparticles is also larger

than the target particle size for this project, (<1 nm), which is undesirable for this project.
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Figure 3.21. PXRD spectrum of (6)/A-SiOa.600 after nanoparticles had formed from exposure of the as-prepared sample to air
3.2.5 Co(CsgH12)(CsH13) + Aeroperl 300/30 Silica ((7)/A-SiO2-600)

The complex Co(CsH12)(CsHi3) (7) was chosen as a possible organometallic precursor to silica-
supported cobalt nanoparticles since it contains the 1,5-cyclooctadiene (COD) ligand and a partially
hydrogenated COD motif, bound in an n? allyl-like fashion. COD is a highly labile ligand with no
heteroatoms, which can be removed from the reaction mixture in vacuo or by washing with solvent
and that cannot react with surface silanol groups. Additionally, complex 7 is a reasonably easy to
access, but very reactive, starting material. Complex 7 was prepared as described in the literature
(Scheme 3.14).3% 34 Subsequently, A-SiO».600 silica was treated with this complex according to Scheme
3 with a view to synthesising (7)/A-SiO2.600 as illustrated in Scheme 3.15 through loss of either COD or
the hydrogenated COD motif, affording a Co" species, respectively, shown in Figure 3.22. The material
resulting from this process, (7)/A-SiOa.600, Was initially isolated as a dark purple solid, but over time
this changes colour to black, despite storage in a nitrogen-filled glovebox; this may suggest some

instability of (7)/A-SiO2-s00.

Pyridine w

Na N N

COC|2 + o

Scheme 3.14. Synthesis of complex 7
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\ / pentane

Coj + A-SiO,.400 > (T)/A-SiO3.6¢9

(7)

Scheme 3.15. Synthesis of (7)/A-SiOz.s00
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Figure 3.22. Possible surface structures of (7)/A-SiO:.s00, if tethering proceed via the loss of a ligand
(a)-(e) Possible surface structures if Co was tethered by protonation of CsHis, then subsequent loss of CsH14
(f)-(i) Possible surface structures if Co was tethered via displacement of labile COD ligand

3.2.5.1 Analysis of (7)/A-SiO2-600
3.2.5.1.1 Cobalt-loading of (7)/A-SiOs.600 Determined by ICP-OES

The cobalt loading of the material resulting from the treatment of A-SiO..s00 With complex 7

(approximate diameter = 9 A**) was determined by ICP-OES (Table 3.12). The cobalt loading of this

new material (7)/A-SiO2.600 is lower than that determined for complex 2 and 5 on Aeroperl 300/30

# Diameter of molecule was approximated according to Section 6.0.2.11
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silica and higher than (4)/A-Si03.600. Complex 7 is less bulky than complex 4 (16 A) and complex 2 (12
R), and therefore it is expected that (7)/A-SiO,.600 would have a higher loading than both (4)/A-SiO,.
s00 and (2)/A-SiOz.600, Yet the loading of (7)/A-SiOz¢00 is lower than (2)/A-SiOze00 and higher than
(4)/A-SiOz.600. It was concluded that a factor other than ligand bulk was responsible for the relative

cobalt loading of (7)/A-Si0.600 compared to (2)/A-SiO-s00.

Table 3.12. Co metal loading of complex 7 on Aeroperl 300/30 silica calcined at 600 °C, as determined by ICP-OES

Material OH density Cobalt Cobalt w.t. % % of OH groups that
(mmol g?) (mmol g?) loading reacted with a Co
(7)/A-Si0z2600  0.83 0.27 1.6 33

3.2.5.1.2 Analysis of Loss of the Ligand during the synthesis of (7)/A-SiO2-600
As the tethering of complex 7 to the silica surface can proceed through either the loss of the CgHis

ligand or the COD ligand, to determine which ligand is displaced, analysis of the reaction solution
(reaction of 7 with A-SiO».600 in pentane) was undertaken. The reaction solution, obtained through the
method described in Section 6.0.2.5, was analysed by GC-MS, which confirmed the presence of both
COD and CgHi4. Consequently, no conclusions can be drawn from this approach as to the mode of

immobilisation of complex 7 following its reaction with A-SiO2-e00.

3.2.5.1.3 DE %°Si SS-NMR Spectroscopy of (7)/A-SiOz-00
Similar to previous complexes tethered onto silica that have been discussed in this chapter, DE 2°Si SS-

NMR spectra were obtained of the (7)/A-Si0O.¢00 material, with both a 10 s and 300 s delay relaxation
times (Figure 3.23). Each of these spectra of (7)/A-Si02.600 Shows a noisy resonance at —109 ppm and
slow relaxation, which is a typical DE SS-NMR spectrum of the cobalt complexes tethered to silica in
this project. Similar to the spectroscopic data obtained for previous materials, (3)/A-SiO2-¢00, (4)/A-
Si02.600, and (5)/A-SiO2.600, there no change in the chemical shift of the signals in the spectrum was
observed relative to the spectrum of A-SiO,.s00 indicating the presence of a paramagnetic cobalt centre
in (7)/A-SiO2.600. Unfortunately, no further conclusions about the surface structure of (7)/A-SiO2-600
could be obtained through SS-NMR spectroscopy, and further study with more techniques into
(7)/A-SiO2.600 would be needed.
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Figure 3.23. DE 29Si SS-NMR spectra of (7)/A-SiOz.¢00, comparing delay relaxation times to determine whether the presence
of the cobalt affects the relaxation time of silicon, Frequency 79.437 MHz, Spin-rate 6 kHz

3.2.6 CoCpCOD + Aeroperl 300/30 Silica ((8)/A-SiO2-600)

The complex CoCpCOD (8) is another attractive cobalt-containing precursor, offering both a neutral
and anionic ligand for reaction with partially dehydroxylated silica. Complex 8 provides an interesting
comparison to complexes 3 and 7 since it could potentially be tethered to the surface through
displacement of its neutral ligand or by protonation of the Cp ring and loss of CpH, as for complex 3.
Its synthesis is shown in Scheme 3.16.% (8)/A-SiO2.600 Was synthesised by the addition of complex 8 to
SiO2.600 as a slurry in pentane to produce a pale brown solid after work-up (Scheme 3.17). Following
its isolation through filtration, it is notable, that the resultant material (8)/A-SiO200 does not change
colour when exposed to normal laboratory atmosphere. Several possible structures on the surface of

(8)/A-SiO2.600 are shown in Figure 3.24.

Et Al
@ ¥ O + Co(acac)y ————— \Co/
pentane

Scheme 3.16. Synthesis of complex 8
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\C / pentane

3 + A-SiO5.600 > (8)/A-Si0O3.609

<©

(8)

Scheme 3.17. Synthesis of (8)/A-SiOz.s00
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Figure 3.24. Possible surface structures of (8)/A-SiO:.e00, if tethering proceed via the loss of a ligand
(a)-(e) Possible surface structure if Co was tethered via protonation of Cp ring, then subsequent loss of CoH
(f)-(j) Possible surface structure if Co was tethered by displacement of labile COD ligand

3.2.6.1 Analysis of (8)/A-SiO2-600
3.2.6.1.1 Cobalt-loading of (8)/A-SiOs.600 Determined by ICP-OES
The percentage weight loading of cobalt in the mater (8)/A-SiO2.600 was investigated by ICP-OES (Table

3.13). Despite targeting a cobalt loading of 2 w.t. %, the synthetic strategy employed for its

preparation resulted in the formation of a material with a Co loading of only 0.2 w.t. % on Aeroperl
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300/30 silica calcined at 600 °C, which is the lowest cobalt loading achieved using any of the complexes
studied in this project. The low loading of cobalt on (8)/A-SiO2.s00 suggests that complex 8 does not
react easily with the surface silanol groups, as only 4.1% of all silanols of A-SiO00 reacted with
complex 8 over a period of 3 hours at RT. It is possible that longer reaction times may increase this
cobalt loading, however due to time constraints this experiment was not undertaken. Due to the very

low cobalt loading achieved with complex 8, no further analyses were undertaken.

Table 3.13. Co metal loading of complex 8 on Aeroperl 300/30 silica calcined at 600 °C, as determined by ICP-OES

Material OH density Cobalt Cobalt w.t. % % of OH groups that
(mmol g?) (mmol g?) loading reacted with a Co
(8)/A-Si02600  0.83 0.03 0.2 4.1

Of the cobalt complexes 3 — 8 investigated, complexes 3 and 4 both show promise as precursors for
the controlled formation of nanoparticles immobilised on appropriately calcined silica. Both
precursors can be impregnated onto the silica surface, and form highly unstable/reactive materials,

(3)/A-Si0; and (4)/Si0,, that will be likely be easily reduced to nanoparticles.

The product resulting from treatment of silica with Cp,Co (3) is difficult to characterise, and this project
did not reach any conclusive answer to what the surface structure of (3)/A-SiOz.600 might be.
Consequently, there remains questions as to the exact nature of the species present on the surface of
silica following immobilisation, namely whether it is tethered to the surface as a CoCp—O-Si species,
or physisorbed to the silica surface as CoCp;. Furthermore, to date, the synthetic approach used gives
little control over the metal loading of complex 3 on Aeroperl 300/30 silica, as the cobalt metal loading
does not correlate with the silanol density of the prepared and calcined silicas. Work around the silica
immobilisation of complex 4 shows an interesting start to a study into the effect of ligand bulk on the
dispersion of cobalt on silica and how future nanoparticles may be affected. It was predicted that
complex 4 would show a lower cobalt loading on silica due to being unable to access deeper into the
narrower pores of the silica, which can be tentatively observed through ICP-OES when compared to
complex 2 tethered to silica. It is thought that this lower cobalt loading may lead to smaller

nanoparticles in the future.

The immobilisation of complexes 5, 7, and 8 require further study into their suitability as precursors
to silica-immobilised cobalt nanoparticles. Complex 5 has two different types of ligand (a neutral L

ligand [CO], and a X ligand [Cp]) that could be lost during the attempted tethering to a silica surface.
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Complex 7 is of interest as it contains a COD ligand and a partially hydrogenated COD motif, which are
both highly labile ligands that could facillate tethering to the silica surface and the formation of
nanoparticles. Complex 8 offers both a neutral and anionic ligand that could be lost during tethering
to the silica surface. However, complexes 5, 7, and 8 have similar issues to complex 3, as it is hard to
determine how they are tethered to the silica surface. Future work into complexes 5, 7, and 8 would
offer an interesting look into how the choice of precursor may affect tethering and nanoparticle

formation

Work in this thesis has identified complex 6 as being an unsuitable cobalt-containing precursor for this
project. While complex 6 can easily form nanoparticles on the surface of silica, there is no way to
control the metal loading and dispersion of cobalt as complex 6 does not react with the silica silanols.
(6)/A-SiO; is also too reactive and spontaneous forms nanoparticles on its surface with no control over

the resulting size of the nanoparticles.

The complex [Co(NTMS,)2(THF)] shows the most promise in this project as a readily accessible and
reproducible reagent for the preparation, but if given more time, there would be an interest in further
studying some of these complexes as potential precursors. The next chapter will explore the
reducibility of complexes 2 and 3, and the formation of the corresponding cobalt-containing

nanoparticles.
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Chapter 4:Reduction of Silica-Grafted
Organometallic Cobalt Species



4.0 Introduction to the Reduction of Cobalt Precursors on the Surface of
(2)/A-SiO2-600 and (3)/A-SiO2-600

In Chapter 3, an exploration of the tethering of potential molecular cobalt nanoparticle precursors to
the surface of calcined Aeroperl 300/30 silica was described. This current chapter will summarise
attempts to reduce the silica-tethered precursors to nanoparticles via reduction under a flow of
hydrogen. The overarching aim is to prepare small cobalt nanoparticles, hence the anticipated need
for good site isolation of the molecular precursors on the silica surface since it is proposed in this
project that, following reduction, the resulting cobalt atoms will be able to traverse the surface to
agglomerate with other metal sites, forming very small nanoparticles as a result of the low surface

density.

As indicated previously in Chapter 3, the (2)/A-SiOz.600 material showed the most promise for the
potential production of the target small nanoparticles (Figure 4.1). Although the material (2)/A-SiO2-600
is highly reactive and air- and moisture-sensitive, which makes it hard to handle, it does suggest that
it may be readily transformed into the target nanoparticles. Indeed, an analogous coinage metal silyl
amide (e.g. [Ag(N(TMS),).]a) has previously been reported in the literature to form small size-
controlled nanoparticles on silica.! Importantly, this (2)/A-SiO2.00 material can be prepared with
consistent/repeatable cobalt loading onto silica (2.3+0.1 w.t. % Co) and hence will be the main focus

of this chapter.

()
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Navavavs

Figure 4.1. Proposed surface structure of (2)/A-SiO:-600

In addition, the material formed from reaction of Cp,Co (3) with Aeroperl 300/30, (3)/A-SiO2-¢00, Will
also be discussed here. Although the (3)/A-SiO»¢00 material is less well characterised than the
(2)/A-Si0O.600 material, its high reactivity suggests again it as an amenable target for investigation for

transformation to a supported nanoparticulate system.

From here-on, the following nomenclature will be used to describe the materials in this chapter:
“(cobalt complex)/support (treatment conditions: temperature, gas)”. For example, (2)/A-SiO2.600
reduced at 200 °C under H, gas is described as (2)/A-Si02-600 (200 °C, H,). Some materials were exposed
to air prior to the reduction treatment; this is indicated in information in the brackets before the

treatment conditions, for example, (2)/A-SiOa.600 (air-exposed, 200 °C, H,).
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4.1 The Reduction of (2)/A-SiO2-600

Building on prior literature reports,! it is anticipated that the reaction of (2)/A-SiO2-600 With a reducing
gas, e.g. Hy, will lead to the formation of small nanoparticles on the surface of silica (Scheme 4.1). By
keeping the temperature of reduction low, sintering will be reduced, and the nanoparticles will remain
small. The low loading and low surface density of the Co in (2)/A-SiO2-600 and the low temperature of

reduction will help control the size of the resulting nanoparticles, ideally keeping them small.

f \ heat
(0] H,
|

- H H
o, HN(TMS), ~0 o’
0" UN(TMS), - THF | |
. R Si', \,Si
O/ASI"O control.led 0”1 "o o" \\O
/ (l) \ reduction / (|) \ / (|) \

(2)/A-Si0,_g00

Scheme 4.1. The proposed decomposition of (2)/A-SiOz.s00 into cobalt nanoparticles

Before nanoparticle formation was attempted in this project, an assessment of the reduction
temperature of (2)/A-SiOz.600 Was first undertaken. It is expected that to produce the smallest
nanoparticles, the reduction of the immobilised complex must be carried out at the lowest possible
temperature to minimise metal aggregation and the resulting formation of larger nanoparticles.
Hence, here, Temperature Programmed Reduction (TPR) was used to determine the temperature of

the onset of reduction of (2)/A-SiO2-600.

TPR allows determination of the temperature at which reduction occurs. By heating a sample of
material for consideration under a constant flow of Hy/N, (here 10:40 ml min™) and raising the
temperature at a steady rate, the temperature of reduction of the sample can be deduced from the
mass of hydrogen consumed at a specific temperature. In the experiments undertaken herein, the
H2/N> flow was kept constant, regulated by a mass flow controller and the volume of hydrogen at the
reactor outlet monitored by a Thermal Conductivity Detector (TCD). When reduction occurs, hydrogen

is consumed and a decrease in the hydrogen concentration at the detector is recorded.

The TPR set-up used in this project is described in Figure 4.2, and the experimental method employed
is described in detail in Section 6.0.2.8. The sample of interest is centred in the furnace between two

quartz wool plugs, to ensure even heating across the entire sample. A CaCl, drying column is used to
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catch any condensed water or ammonia that may be released from the silica surface at higher
temperatures. HMDS and THF will also be released from the surface-bound complex 2 and will also be
detected by the TCD. A portion of the released HMDS will go on to react with surface silanols, similar

to the silylation of the silica, described in Section 3.1.2.5 (Scheme 4.2).

TCD detector

T

CaCl, drying
column
sample

/ quartz wool
| / / Mass Flow Controller

[ = <——|H,: 10 mLmin*

T\/\ N,: 40 mL min

thermocouple

quartz furnace tube

furnace

temperature control

Figure 4.2. The general set up for TPR analysis
H SiMe,
o~ o~

4 4
“1 o+ HN(SIMey), ———— 2 “1 0+ NHj

0] (0]
Lo Lo

TN Ty

Scheme 4.2. The silylation of the silica surface by the reaction of SiOH and HN(SiMe3)

For all manipulations of (2)/A-SiO2.¢00, €specially during the transfer of this material from the glovebox
to the TPR set-up, significant care was taken as it is extremely air-sensitive. The material (2)/A-SiO2-600

rapidly changes colour from green to blue when exposed to air (Figure 4.3).

Figure 4.3. A quartz tube loaded with a sample of (2)/A-SiO:.600 (N0t exposed to air) before TPR analysis

4.1.1.1 TPR Analysis of (2)/A-SiO2-600
In order to achieve a good resolution of the reduction features associated with (2)/A-SiO2.600 by TPR,

a small quantity of material, and hence small solid bed of material, was used for the analysis (i.e. 50
mg of (2)/A-SiOa.600) distributed over 3 cm in a 0.25 cm ID tube. Larger packed sample beds are likely

to lead to poor gas flow and blockages that result in a non-uniform reaction and could potentially
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impede loss of water and/or HMDS from the system. An example of a GC trace from analysis of the
TPR exit gas stream of (2)/A-SiO2.600 s Shown in Figure 4.4, and the same GC trace with a baseline

adjustment and peak fitting is shown in Figure 4.5.

Sensor Value

30 40 50 60 70 80 90 100 1o 120
Temperature / oC

Figure 4.4. TPR Analysis of (2)/A-SiO.s00, showing a temperature range of 30-120 °C; Conditions: temperature: 30 — 500 °C,
ramp rate: 10 °C min=%, gas: 10 ml/min Hy + 40 mL/min N
0.2¢
0157
01r

005t

Sensor value / arb. units

30 40 50 60 70 80
Temperature / °C

Figure 4.5. Peak fitting of TPR Analysis of (2)/A-SiO2.600

From these TPR experiments it is seen that the onset of reduction of (2)/A-SiO2.s00 OCcurs at ~35 °C,
and is finished by ~70 °C. Oakton et al. reduced silver silyl amide on calcined silica, the silver analogue
of (2)/A-Si02.600, With H; (0.5 bar) at 300 °C for 20 h to produce silver nanoparticles (2.1 nm). However,
Oakton did not perform TPR or determine the reduction temperature of the silver silyl amide, and it

is unknown at what temperature silver silyl amide on calcined silica would form nanoparticles.
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Using a Gaussian fit on the TPR of (2)/A-SiO.600, the H, consumption is calculated to be 0.07 £0.01
mmol, since the Co content of (2)/A-SiO2.600 is 0.06 £0.01 mmol, this indicates that reduction of (2)/A-
Si0,.600 Uses approximately 1 mmol of hydrogen per mmol of cobalt. This is consistent with (2)/A-SiO,.
s00 comprising a monografted cobalt amide species as described in Section 3.1.2, and hence
elimination of one equivalent of HNTMS; and one equivalent of THF. However, this calculated H,
consumption does not account for the impact of any HMDS and THF released that would also be
detected by the TCD (0.06 £0.01 mmol of each). This is further complicated by the possibility that an
unknown amount of the released HMDS will react with the silica surface, similar to Section 3.1.2.5,

and will not be detected by the TCD.

TPR analysis of air-exposed (2)/A-SiO2.s00 Was carried out to give a GC trace of the analysis of the TPR
exit gas stream (Figure 4.6). This trace was baseline-corrected to give Figure 4.7. Similar to the TPE
analysis of (2)/A-SiO.600, air-exposed (2)/A-SiOz.600 Was initially heated to 500 °C under a flow of H,/N,
(10:40 ml min™), but no signals appeared in the TPR-GC trace. Consequently, to verify that no
reductions occur after 500 °C, another TPR analysis was attempted, this time where the sample was
heated to 800 °C. A response was seen at 705 — 800 °C, and based on a prior report, the peak at 705 —
800 °C is attributed to a process whereby the formation of cobalt silicate occurs.? The sharper peaks
between 75 — 95 minutes, denoted by an *, are due to a disruption in the hydrogen supply caused by

operation of other equipment in the laboratory.
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Figure 4.6. TPR Analysis of (2)/A-SiO;.s00 up to 800 °C
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Figure 4.7. Peak fitting of TCD trace from TPR Analysis of (2)/A-SiOz.¢00 up to 800 °C

4.1.2 Methodology for Reducing (2)/A-SiO2-600 via Heating Under a Gas Flow
The set-up used to acquire TPR analysis is limited by the amount of material that can be charged into
the quartz tube and allow unhindered, uniform gas flow (100 — 150 mg of material). Thus, a reliable

method and a different set-up was developed to reduce at least 1 g of material.

The experimental set-up devised to achieve larger scale reduction of (2)/A-SiO2.600 is sShown in Figure
4.8, and uses a silicone oil bath on a hotplate as heat source. By design, the arrangement mandates

gas flows through the material from top to bottom. As indicated by TPR analysis, high reduction

142



temperatures are not needed as (2)/A-SiO:.600 is fully reduced at 150 °C, so a furnace is unnecessary.
The design of this apparatus enables easy sample loading either using a Schlenk line or inside a

glovebox.

B24 Schlenk cap

grease tap

H:_;I'H? § %

sample

grease tap

/

/,% Ha/lMz —m=  to bubbler

T neated oil bath
.—*""f

| magnetic stirrer bar

glass frit = |

Figure 4.8. The general set-up for the reduction of (2)/A-SiOz.s00; blue arrows denote gas flow

4.1.2.1 Reduction of (2)/A-SiO2-g00 under Hy/N, at 150 °C
As discussed in Section 4.1.1, the reduction of (2)/A-SiOz¢00 is fully complete by 150 °C, so this

temperature was chosen as the starting pointing for exploring the reduction of (2)/SiO2600. The
reduction was achieved using a 5% hydrogen in nitrogen mix, mirroring the conditions used in the TPR
analysis. Under a 5% H,/N, gas flow at 150 °C, a colour change was observed during the reduction
process, with (2)/A-SiO2.600 gradually changing from green to blue, something that is observed to occur
over the reaction time and takes place in the same direction as the flow of gas (Figure 4.9). Despite
the colour change clearly signifying that a reaction is occurring, the blue colour was unexpected as
(2)/A-SiO2.600 turns black when reduced using the small scale TPR analysis experimental set-up (See

Section 4.1.1).
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Figure 4.9. The colour change from blue to green that (2)/A-SiOz.600 undergoes over time during reduction at 150 °C under
Ha/N,

Initially, there was a concern that the blue colour observed during the larger scale reduction
experiments of (2)/A-SiOz.600, (Figure 4.9) was due to air-exposure of the sample, since (2)/A-Si02-600
turns pale blue when exposed to air. However, when the colour of an air-exposed sample of (2)/A-
SiOs.600 is compared to that of a sample of (2)/A-SiO:.600 reduced at 150 °C under H,/N; in the larger
scale set-up, the colours are clearly different by eye (Figure 4.10): (2)/A-SiO2.600 (150 °C, H2/N,) is a
brighter blue colour than air-exposed (2)/A-SiO2.600. Notably, when the blue reduced material (2)/A-
Si02.600 (150 °C, H2/N,) is exposed to normal laboratory atmosphere, it undergoes a colour change,

becoming paler, and becomes the same colour as air-exposed (2)/A-SiO2.600.

(b)

Figure 4.10. Comparison of the colour of air-exposed (2)/A-SiOz.600 and (2)/A-SiO:.600 (150 °C, H2/N;)
(a) air-exposed (2)/A-SiOz.s00; (b) (2)/A-Si0:2.600 (150 °C, H2/N>)

4.1.2.2 Reduction of (2)/A-SiO».s00 at Different Temperatures
It was decided that a sample of (2)/A-SiO2.600 should be reduced at higher temperatures in order to

determine the effects of higher temperatures on the reduction of (2)/A-SiOz.600. A portion of (2)/A-
Si0,.600 Was reduced at 200 °C and 250 °C in the larger scale flow system (Figure 4.11) to form (2)/A-
Si02.600 (200 °C, H2/N2) and (2)/A-SiO2.600 (250 °C, H2/N2).

The (2)/A-Si02-600 material undergoes a colour change from green to black and blue when forming
(2)/A-Si02.600 (200 °C, H2/N3) and (2)/A-SiO2.600 (250 °C, H2/N,); see Figure 4.11. The formation of the
black material is a function of temperature; at higher temperatures, more of (2)/A-SiO2.600 turns black
rather than blue. This can be seen as (2)/A-SiOze00 (150 °C, H:/N;) is entirely blue, while
(2)/A-Si02.600 (200 °C, H2/N;) has a smaller layer of black material on the bottom and (2)/A-SiO2-600
(250 °C, H2/N>) has a larger layer of black material. Even when the reductions of (2)/A-SiO2.600 (200 °C,
H2/N;) and (2)/A-SiO2.600 (250 °C, H2/N>) are allowed to run for a longer period of time, the blue
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material never turned black. The appearance of the blue colour occurs in the direction of the gas flow.
Although the origins of these observed differences in colour as a function of distance from the H; inlet

are unknown, the following are proposed:

1. There are two different reductions/reactions occurring;
2. The blue material is formed from reduction with hydrogen gas as it travels down the bed of
the material;

3. The higher temperature causes a different reaction that results in a black material.
It is proposed that these three factors are likely happening simultaneously. It has also been observed
that once the material has turned black due to heat, it does not react further with hydrogen to form
the blue material between 250 — 700 °C. The reaction caused by heat was proposed to be the
formation of isolated metal silicate sites on the surface of silica, something similar to the product of

the thermolysis of lanthanide metal silylamide species, [(ESi0)M(N(SiMes),)], reported previously.?

Figure 4.11. (a) (2)/A-SiO2-600 (200 °C, H2/N>); (b) (2)/A-SiO:-600 (250 °C, H2/N>)

4.1.2.4 Thermal Treatment of (2)/A-SiO2.e00 under N,
To determine whether the blue and black layers in (2)/A-SiO2.600 (200 °C, H2/N,) and (2)/A-SiO2-600 (250

°C, H2/N,) (Figure 4.11) were due to a reaction of (2)/A-SiOz.600 With hydrogen or the effect of heat
alone, (2)/A-SiO2.600 Was heated to various different temperatures under a flow of nitrogen in the
absence of hydrogen to form (2)/A-SiO2-00 (150 °C, N2), (2)/A-SiO2.600 (200 °C, N,), and (2)/A-SiO2-600
(250 °C, N,). For each of these tests a colour change was observed during heating. The portion of
(2)/A-Si02.600 turned from green to completely black when heated without hydrogen, suggesting that
the black material observed when reducing (2)/A-SiO..600 at higher temperatures is likely due to
thermolysis and not reduction by hydrogen gas. When this black material generated under a nitrogen

atmosphere is subsequently heated under hydrogen at 250 °C, no further colour change occurs. When
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(2)/A-Si02.600 (150 °C, Nz), (2)/A-Si02.soo (200 °C, Nz), and (2)/A-Si02.500 (250 °C, Nz) are exposed to air

they turn pale blue.

Again, to probe the origins of the various observed colour changes associated with the thermolysis
and/or reduction of (2)/A-SiOz.600, an attempt was made to reduce a sample of air-exposed
(2)/A SiO.600 under H,/N, gas. This reduction attempt was performed to determine whether it was
necessary or not to handle (2)/A-SiO.600 in the absence of air/moisture prior to its reduction. On
treating the pale blue air-exposed (2)/A SiOz600 With 5% H>/N, at 150 °C, no colour change was
observed. This indicates that air-exposed (2)/A SiOzs00 is not reduced at these relatively low
temperatures (150 — 250 °C), which agrees with the TPR analysis that shows that air-exposed (2)/A-
Si0,.600 reacts at 705 — 800 °C (Section 4.1.1.2).

Given the air- and moisture-sensitivity of the (2)/A-SiO».¢00 material after reaction with hydrogen, and
its instability even when stored in a sealed vial in a nitrogen glovebox, the materials in question had
to be freshly made before all analyses and catalysis test reactions. It was determined that the method
of synthesis of batches of material were reproducible with identical ICP-EOS (Section 3.1.2.1), 2°Si SS-
NMR (Section 4.1.3.2), and PXRD (Section 4.1.3.5) analyses being obtained for each batch of material.

Given that the cobalt loading of (2)/A-SiO.600 is known, 2.2 £0.2 Co w.t. % (Section 3.1.2.1), it was of
interest to explore if any cobalt was lost during the thermolysis/reduction process, if for example there
was any volatile physisorbed cobalt-containing material present (e.g. unreacted cobalt amide
complex), which may be lost through evaporation under the gas flow at elevated temperatures.
Consequently, the variously treated (2)/A-SiOz600 sSamples were analysed by ICP-OES (Table 4.1).
Across all of the materials obtained following application of the various reduction conditions, no loss

of cobalt was found to have occurred upon thermolysis/reduction.

Table 4.1. Co metal loading of (2)/A-SiOz.s00 thermally treated under different conditions, as determined by ICP-OES

Material Co w.t. % loading
(2)/A-SiO2-600 2.240.2
(2)/A-SiO2-600 (150 °C, N2/H2) 2.410.2
(2)/A-Si02-500 (200 °C, N2/H2) 2.2+0.2
(2)/A-Si02-500 (250 °C, N2/H2) 2.310.2
(2)/A-Si02-600 (150 °C, Hz) 2.4 +0.2
(2)/A-Si02-500 (150 °C, N2) 2.2+0.2
(2)/A-SiO2-600 (air-exposed, 150 °C, N2/H>) 2.1+0.2
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In Section 3.1.2, an SS-NMR study (?°Si CP and DE; H spectra) of (2)/A-SiOz600 is described. These
spectroscopic investigations found that no signal could be observed in the *Si CP spectrum of
(2)/A-Si0,.600, While a single noisy signal was observed in its 2°Si DE spectrum, due to the presence of
a paramagnetic Co" species present in (2)/A-SiO2.600. Additionally, two surface species, -Co(NSiMes)y
and —0SiMes; were identified in (2)/A-SiO.600 through its *H SS-NMR analysis. To compare the
precursor material, (2)/A-SiOz.600, With the materials obtained following reduction here, SS-NMR
spectroscopic analysis was performed on (2)/A-Si02-600 (150 °C, H2/N,),
(2)/A-Si02-600 (air-exposed, 150 °C, Hz/N), and (2)/A-SiO2-600 (150 °C, N,).

4.1.3.2.1 %°Si SS-NMR Spectroscopic Analysis of (2)/A-SiOz-600 (150 °C, H2/N>)
Acquisition of both 2°Si CP and DE NMR spectra was attempted with (2)/A-SiO2.600 (150 °C, H2/N;). No

signal could be detected in the cross-polarisation CP spectrum, while a noisy, broad signal was
detected in the DE spectrum (Figure 4.12). Note, it was not possible to successfully deconvolute the
resonance in the DE spectrum. These 2°Si CP and DE NMR spectroscopic results for (2)/A-SiO2-s00 (150
°C, Hz/N3) are comparable to the results obtained by SS-NMR analysis of (2)/A-SiOz600 (Section
3.1.2.2).

The signal obtained in the DE spectrum of (2)/A-SiO2-600 (150 °C, H2/N,) appears at 113 ppm, which is
at a slightly different chemical shift to the signal obtained for (2)/A-SiO2-00, Which appears at 107 ppm.
It was necessary to acquire the DE spectrum of (2)/A-SiO2-600 (150 °C, H2/N;) with a 300 s delay as the
absolute signal intensity was so low that optimising for the recycle delay was not easy. The longer
delay (300 s) gives more signal than a shorter delay (10 s), indicating that the rate of relaxation of
(2)/A-SiO2.600 (150 °C, H2/N3) is low. The peak shift and low relaxation rate of the DE NMR spectrum

may be potentially caused by the presence of paramagnetic cobalt.
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Figure 4.12.29Sj SS-NMR DE spectrum of (2)/A-SiOz.s00 (150 °C, H2/N>); frequency 79.495 MHz, spin-rate 6 kHz

4.1.3.2.2 *H SS-NMR Spectroscopic Analysis of (2)/A-SiOz.e00 (150 °C, H2/N>)
The *H SS-NMR spectrum of (2)/A-SiO2.600 (150 °C, H2/N) (Figure 4.13) was obtained and compared to

that of (2)/A-SiO2.600 (Figure 4.14). Although there are two resonances in both spectra, these appear
at different chemical shifts in the two samples.” Furthermore, it is proposed that both spectra are
noisy due to the presence of a paramagnetic cobalt centre. The signals in the *H SS-NMR spectrum of
(2)/A-SiO2.600 at 8.5 ppm and —3.2 ppm have been attributed to surface -OSiMes and -NSiMej species
tethered to cobalt, respectively (Section 3.1.2.3). In the H spectrum of (2)/A-SiO2.600 (150 °C, H2/N,),
there are signals at 9.9 ppm and 2 ppm. The main signal, centred at 2.0 ppm, is broad and noisy and
has not been unambiguously assigned, but based on its significant intensity, it is reasonable to suggest
that this signal originates from surface Si-OH groups, which appear at 1.8 ppm in the H SS-NMR
spectrum of black A-SiO».s00 silica (Section 2.2.3.3). The signal at 9.9 ppm has been assigned to surface
-0SiMejs species, and is shifted from 8.5 ppm in the unreduced sample. Together, this indicates that
there is a loss of -NSiMe; tethered to the cobalt on (2)/A-Si02-600 during reduction to (2)/A-SiO2-600

(150 °C, H2/N3), and that hydroxyl groups form on the silica surface, as proposed in Scheme 4.1.

* The resonance at 0.1 ppm in *H SS-NMR spectra of (2)/A-SiO2-s00 and (2)/A-SiO2-600 (150 °C, H2/Nz) is
adventitious silicon grease.
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Figure 4.13.1H SS-NMR spectrum of (2)/A-SiO:.s00 (150 °C, Hz/N;); frequency 400.17 MHz, spin-rate 40 kHz
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Figure 4.14.H spectra of (2)/A-SiOz.s00; frequency 400.17 MHz, spin-rate 40 kHz
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4.1.3.2.3 %Si SS-NMR Spectroscopic Analysis of (2)/A-SiOz.e00 (air-exposed, 150 °C, H2/N,)
Both CP and DE %°Si SS-NMR spectra were obtained for (2)/A-SiO2.00 (air-exposed, 150 °C, H,/N;)

(Figure 4.15). In the CP spectrum, the 2°Si signal has very low intensity and is nearly indistinguishable
from the baseline, indicating that the material does undergo cross-polarisation easily, possibly due to
a lack of surface silanol species. The DE #Si SS-NMR spectrum of (2)/A-SiO2.s00 (air-exposed, 150 °C,
H2/N,) presents a broad signal at —110 ppm, which has been assigned to be the Q4 Si-OH motif (Section
2.2.3.2). The DE spectrum was also acquired with 10 s and 300 s delay relaxation times. With direct
excitation and a short recycle delay (10 s), the resonance in the DE spectrum of (2)/A-SiO2.00 (air-
exposed, 150 °C, Hy/N,) (Figure 4.16) is very weak, which is indicative of the influence of the cobalt
not having a significant impact on the relaxation of the bulk of silicon in the sample (Section 4.1.3.2).
Together, this indicates that the cobalt is no longer tethered to the silica surface through a silanol

species and may be present as particles on the silica as proposed in Scheme 4.1.
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Figure 4.15.295i SS-NMR DE and CP spectra of (2)/A-SiOz.¢00 (air-exposed, 150 °C, H2/N>);
frequency 79.495 MHz, spin-rate 6 kHz
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Figure 4.16.29Si SS-NMR spectra of (2)/A-SiOz.¢00 (air-exposed, 150 °C, H./N;) comparing different relaxation times (10 vs.
300 s delay); frequency 79.495 MHz, spin-rate 6 kHz

4.1.3.2.4 *H SS-NMR Spectroscopic Analysis of (2)/A-SiOz.s00 (air-exposed, 150 °C, H2/N,)
The results of air-exposure of (2)/A-SiO2.s00 prior to reduction were probed by SS-NMR spectroscopy.

A H SS-NMR spectrum of (2)/A-SiO.600 (air-exposed, 150 °C, H,/N,) was obtained (Figure 4.17).
Analysis of the air-exposed materials reveals a broad peak at 1.3 ppm, which overlaps with the signal
associated with surface -OSiMes species (8.6 — 9.9 ppm)’. Comparing the *H SS-NMR spectrum of
(2)/A-Si0..600 (air-exposed, 150 °C, H,/N,) with the analogous 'H SS-NMR spectrum of the material
not exposed to air, (2)/A-Si02-600 (150 °C, H2/N3) (Figure 4.13), it is clear that the surface of (2)/A-SiO,-
00 (150 °C, H2/N;) undergoes a change (likely rehydroxylation) upon exposure to air. The peak at 1.3
ppm is attributed to surface -OH species (as previously assigned in Section 2.2.3.3) resulting from
hydroxylation of siloxane bridges after air-exposure.* Hence, it is clear that (2)/A-SiOz.600 (150 °C,

H2/N;) should be treated as being air-sensitive and handled accordingly.

" Surface -OSiMes species are observed in the analogous *H SS-NMR spectra of (2)/A-SiO2-s00 (150 °C, H2/N2)
(9.9 ppm, Figure 4.13) and (2)/A-SiO2.600 (8.6 ppm Figure 4.14).
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Figure 4.17.1H SS-NMR spectrum of (2)/A-SiO:.600 (air-exposed, 150 °C, H,/N,); frequency 400.17 MHz, spin-rate 40 kHz *

It was described in Section 3.1.2.5 that the functionalisation of the silica surface during the tethering
of complex 2 to (2)/A-SiO2600 can be observed through the changes in the material’s surface area: as
functionalisation occurs (a combination of metallation/silylation), the surface area decreases.® A
component of the functionalisation of the silica surface described in 3.1.2.5 was caused by the
silylation of the silica after release of free HMDS from the cobalt complex, which then reacts with the
surface silanols. During the reduction of (2)/A-SiO2.600 under hydrogen gas, the second HMDS ligand
on the cobalt centre is released (Scheme 4.1), which can be identified tentatively as described in
Section 4.1.3.2.2. It has been reported previously in the literature that when late transition metal
trimethylsilyl amide complexes are used to form nanoparticles on a silica surface, they will generate
surface silanols and free HMDS (similar to the process proposed to occur during the reduction of (2)/A-
SiO2.600 in Scheme 4.1).% %7 Thus, this second HMDS molecule has the potential to react further with

the silanols on the silica surface, leading to additional silylation.% %’

In order to probe if this secondary silylation reaction was indeed operative during the reduction of
(2)/A-Si02.600, BET analysis was performed on a sample of (2)/A-SiO2.600 (150 °C, H2/N,) (Table 4.2).

For (2)/A-SiO2.600 (150 °C, Hy/N,), it was found that its surface area was lower than that of the starting

* The sharp resonance at 0.1 ppm is silicon grease.
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material, indicating that some silylation has likely occurred after the second HMDS ligand was released
from the cobalt centre. The decreased surface area of (2)/A-SiO2.600 (150 °C, H2/N>) is not attributed
to pore collapse from heating, as it has previously been shown that the pore structure collapse of
A-SiO, occurs at temperatures higher than 700 °C (Section 2.2.1.1). The decrease in surface area
between the materials (2)/A-SiO2.600 and (2)/A-SiO2.600 (150 °C, H2/N,) is not as large as the decrease
seen between A-SiO2.600 and (2)/A-SiOz.600: a difference of 24 m2g? between (2)/A-SiO2.600 and (2)/A-
SiOz.600 (150 °C, Hz/N;) vs 60 m? g™! between A-SiO200 and (2)/A-SiOz00 (Section 3.1.2.5). This
suggests that less silylation occurs during reduction of (2)/A-SiOz.600 than during the tethering of
complex 2 to (2)/A-SiOz¢00. This is attributed to the constant gas flow through the sample of
(2)/A-Si02.600 during reduction, which removes the released HMDS from (2)/A-SiOz.600 as it is
generated. BET analysis has confirmed that further silylation of the silica surface occurs during
reduction, as the released HMDS reacts with the surface silanols and the surface area decreases from
213 m?glto 189 m2g™. This indicates that HMDS is lost from the cobalt centre during reduction of
(2)/A-SiO2-s00.

Table 4.2. BET analysis of (2)/A-SiOz.600 and (2)/A-SiO;.600 (150 °C, Hz/N>); data were measured by Johnson Matthey;
measurement uncertainty on BET surface area is +/- 2%.

BET surface area Pore Volume Average Pore

(m2g?) [0.99ads] (cm3g™) Diameter (A)
(2)/A-Si02-600 213 1.7 310
(2)/A-SiO2.600 (150 °C, H2/N) 189 1.6 334

As the SS-NMR spectroscopic analysis of the reduced materials indicated that a paramagnetic cobalt
was present (see Section 4.1.3.2), it was suggested that determination of the magnetic moment of the
cobalt on the silica could be used as a quick/simple method to probe the amount of metallic cobalt
formed at the surface during reduction. For simplicity and ease of access, a Gouy balance was used to
measure the magnetic susceptibility of the various materials: A-SiO2.¢00, complex 2, (2)/A-SiO2.600, and
the reduced materials (2)/A-SiO2.600 (150 °C, H2/N>), (2)/A-SiO2-600 (air-exposed, 150 °C, H,/N>), and
(2)/A-SiO2.600 (150 °C, N,).

The magnetic measurements were recorded using the procedure described in Section 6.0.2.9. The
Guoy tube was fitted with a Youngs tap and rigorously dried so that the samples could be charged into
the tube in a nitrogen-filled glovebox without exposure to air. The necessary calibration constant for
the Gouy balance was calculated using (NH4)2Fe(SO4)2.6H,0 (at T =20 °C, C = 1.75 x 10™). In order to
provide a cobalt-containing reference material, Co(NO3)2.6H20/A-Si0;.600 (2.2% w.t. Co) was prepared

by grinding Co(NOs),.6H,0 and uncalcined silica until it was an homogeneous powder. The magnetic
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susceptibility (xg) of the resulting material Co(NOs),.6H,0/A-SiO,.600 Was calculated using Equation 4.1,

while the molar magnetic susceptibility (xm) was calculated from Equation 4.2.

_ CXIX(R—Ryp)
T mx107

Xg (mkg™)

Equation 4.1. Magnetic susceptibility formula

C = calibration constant

| = sample length (m)

m = sample mass (kg)

R = empty tube+ sample reading
Ro = empty tube reading

— 3 -1
Xm =M. xg (m>mol™)
Equation 4.2. Molar magnetic susceptibility formula

M = molar mass (kg/mol)

The effective magnetic moment (Uesr) was calculated from the molar magnetic susceptibility (xw’),
using Equation 4.3. xu’ is obtained by adding diamagnetic corrections (Table 4.3) to xm. The magnetic

moments calculated from the measurement obtained from the Gouy balance are in Table 4.4.

‘Lleff =797.5 x ()(1,\,1 X T)O'S

Equation 4.3. Effective magnetic moment formula

Table 4.3. Diamagnetic corrections relevant to this project?

Diamagnetic corrections (m3mol™)
Co?* 1.51 x107%°
Co3* 1.26 x1071°
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Table 4.4. Effective magnetic moments of (2)/A-SiOz.s00 and the materials obtained post-thermal treatment

Sample Sample Xz (m3.kg™)  xXm(m3mol™)  Hes (uB) Meff per Co
colour (1B)
Complex 2 (neat) 3.1x10°8 1.4 x107® 1.62* 0.21
Co(NOs3)2.6H20/A-Si02-600° 3.1x10°° 1.9 x107%0 0.25 0.0055
A-SiO2-600 0 0 0 n/a
(2)/A-SiO2-600 green 1.9 x107° 1.1 x107%0 0.22 0.0049
Air-exposed (2)/A-SiO2-600 blue 2.5 x107° 1.5 x1071° 0.24 0.0052
(2)/A-Si02-600 (150 °C, H2/N3) blue 3.5 x107° 2.1 x10710 0.26 0.0057
(2)/A-SiO2-600 (air-exposed, 150 °C,  blue 4.4 x107° 2.7 x1071° 0.28 0.0062
H2/N2)
(2)/A-Si02-600 (150 °C, N) black 4.7 x107° 2.8 x10710 0.28 0.0063

* In reasonable agreement with the expected theoretical spin-only magnetic moment of 1.73 uB.

Blank A-SiO,.¢00 silica is diamagnetic. Complex 2 is paramagnetic as a result of its Co?*, d’ metal centre,
with an experimentally determined effective magnetic moment of 1.62 uB, which is in reasonable

agreement with the expected theoretical spin-only magnetic moment of 1.73 uB.™

While metallic cobalt would be expected to be ferromagnetic, cobalt nanoparticles have been
previously reported in the literature to have unusual magnetic properties.® It has been reported that
their shape and size both influence the magnetic properties of cobalt nanoparticles. For example,
particle size can affect the magnetic moments of the particles, i.e. smaller Co-NPs (13 atoms) may
have a larger average magnetic moment, and larger NPs (309 atoms) will have a smaller average
magnetic moment.® For metallic cobalt nanoparticles with a truncated octahedron shape (~2nm), the
magnetic moments reported range from 1.57 (at the core of the nanoparticle) to 1.96 uB (at the vertex
sites), with the bulk of the particles have a magnetic moment of 1.61 uB.° This value is close to the
expected theoretical spin-only magnetic moment of low-spin Co?* (1.73 uB) and the experimentally
determined effective magnetic moment of complex 2 (1.62 uB), and therefore it may not be possible
to differentiate Co® nanoparticles from Co?*. It would have been prudent to synthesise Co-NPs using a
traditional method, to observe their magnetism on the Guoy balance as a comparison to the particles

made in this project; however, due to laboratory time constraints, this was not undertaken.

The value of pes per cobalt for (2)/A-SiO,.600 is 0.0049 B, which is just 2.3% of the value of s per Co
of complex 2 (0.21 uB), which is in reasonable agreement with the cobalt loading of (2)/A-SiO2-600, 2.2
$0.2 % (from ICP-EOS analysis), Table 4.4. The values of . of the reduced/thermally treated Co/silica
materials, (2)/A-SiO2-600 (150 °C, H2/N3), (2)/A-SiO2.600 (air-exposed, 150 °C, H2/N.) and (2)/A-SiOz-600
(150 °C, N3), are similar, 0.0057 — 0.0063 B L. per cobalt, values that are 2.4 — 3% those of the value

for complex 2; again these values are consistent with those expected for the presence of ~2 w.t.%

§ Co loading: 2.3 w.t. % loading
** Theoretical spin-only magnetic moment calculated from the spin-only formula: ./ (n(n + 2)
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cobalt. This indicates that reduction or heating under nitrogen does not significantly alter the magnetic
susceptibility of the cobalt on the silica support. Since Co(NO3),.6H,0/A-Si0;.600 (Co**, 2.2% w.t. Co),
used as a model for “Co?" on silica”, has a similar pess of 0.25 uB to that of (2)/A-Si02.600 and its derived
materials (which lie in the range 0.22 — 0.28 uB), these data cannot be used to differentiate between
Co® nanoparticles and supported Co?* species as the expected magnetic moment for very small cobalt

particles and Co? are similar (1.61 uB '° and 1.73 uB,"" respectively).

It is tentatively proposed that (2)/A-SiO2.s00 may form a cobalt(ll) silicate surface species when heated
at 150 °C under nitrogen to form (2)/A-SiO2.600 (150 °C, N3). This is supported by the literature, which
states that metal silylamides can form isolated metal silicate sites on a silica surface under a thermal
treatment at 500 °C.2 Consequently, it is proposed here that the surface structure of (2)/A-SiO2.600
(150 °C, H>/N,) is as shown in Scheme 4.3.

()

0
|
o/co\N(SiMe3)2 o/co\o
sl' 150 °C, N, S| |
I. = , .
O/Ol '/,O O/ll ',/O O\\\‘SI\O
e § b ”“L(lj ] T A

Scheme 4.3. Cobalt silyl amide surface species forming a cobalt silicate surface species when heated under nitrogen

With a view to probing the nature of the cobalt-containing material present following
thermolysis/reduction of (2)/A-SiO2.600, PXRD analysis was performed on the materials (2)/A-SiO2-600
(150 °C, H2/Ny) (Figure 4.18), (2)/A-SiO2.600 (150 °C, N2) (Figure 4.19), and (2)/A-SiO2-¢00 (air-exposed,
150 °C, H2/N,) (Figure 4.20). For none of these samples were any cobalt-containing nanoparticles
observed (i.e. no reflections indicating Co metal {fcc** and hcp*?}, CoO*> %4, or Co30,4%°).* Consequently,
it was concluded that either the cobalt nanoparticles are too small to be detectable by PXRD (i.e.
<3 nm based on previously-reported detection limits),’® or there are no nanoparticles present. The
PXRD analysis of (2)/A-SiOz00 (150 °C, H2/N3), (2)/A-SiO2600 (150 °C, N3), and (2)/A-SiOz-00 (air-
exposed, 150 °C, H,/N;) are similar (Figure 4.18 - Figure 4.20), with no significant differences between
the samples being observed. The PXRD diffraction pattern obtained for the material (2)/A-SiO2-¢00 (150

°C, H2/N;) (Figure 4.18) is the only material to show any assignable features; there is potentially a very

" Theoretical spin-only magnetic moment calculated from the spin-only formula: ./ (n(n + 2)

* Quartz wool is detected in the PXRD pattern of (2)/A-5iO2-600 (150 °C, H2/N2) and (2)/A-SiO2-s00 (air-exposed,
150 °C, H2/N2). Quartz wool originated from the calcination of silica, where it is used as a plug to hold the
sample in place during calcination.
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board reflection at 41 — 58°, which is possible evidence of the presence of very small cobalt

nanoparticles based of previous studies described in the literature %’

(2)/A-Si0, 400 (150 °C, 5% H,/N,)
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Figure 4.18. PXRD analysis of (2)/A-Si0z.600 (150 °C, H2/N;)
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Figure 4.19. PXRD analysis of (2)/A-SiO2.600 (150 °C, N2)
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(2)/A-5i0, ¢, (air exposed then reduced, 150 °C, 5% H,/N,)
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Figure 4.20. PXRD analysis of (2)/A-SiOz.¢00 (air-exposed, 150 °C, H;/N;)

As none of the PXRD analyses described in Section 4.1.3.4 showed reflections that indicate the
presence of cobalt nanoparticles (>3 nm), TEM imaging was also undertaken. However, for operational
reasons it was initially not possible to admit the samples into the microscope without their exposure
to atmosphere, so it is possible that any nanoparticles present may have become oxidised. This was
rectified by later TEM imaging that was performed without exposure to air or moisture by Johnson

Matthey. The results of both “non-air sensitive” and “air-sensitive” TEM imaging are discussed.

4.1.3.6.1 “Non-air” sensitive TEM Imaging of (2)/A-SiO».600 after Heating under Hydrogen
The resulting TEM images obtained from analysis of material introduced into the microscope without

protection from air or moisture do not unambiguously confirm the presence of metallic cobalt
particles. However, EDX analysis confirms that cobalt is present in all TEM images and is evenly

dispersed across the silica surface.

The TEM images of the materials (2)/A-SiO2-600 (150 °C, H;) (Figure 4.21), air-exposed (2)/A-SiO2.600
(Figure 22), and (2)/A-SiO2.600 (150 °C, air-exposed, Hy) (Figure 4.23) show what look like potentially
very small nanoparticles (0.5 - 3 nm). However, these particles do not appear to be metallic cobalt
since it was found impossible to bring the images of these small particles into sharp focus against the
silica oxide support background. Heavier metallic particles should sharpen into focus in TEM imaging

as the oxide support in the image is put out of focus due to the difference in molecular weight; this
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would allow the particles to be seen more easily against the support.'®1° The particles in this project
lose distinction like the silica support when the focus is lost, showing that they are therefore unlikely
to be heavier metallic particles and may be a Co? species like cobalt(ll) oxide or cobalt silicate.
However, as the analysis of the magnetic moment could not confirm the oxidation state of the cobalt
species (Co® vs. Co?*), and the method of determining whether the cobalt Co?* or metallic through
defocusing is not conclusive (due to other possible reasons for the particles not being distinguished
easily from the support, e.g. — the small size of the particles can make them hard to visualise),’® %° the
surface structure of the cobalt could not be definitively determined. While cobalt-containing particles
are unquestionably present on the surface of the silica, it cannot be concluded as to whether they are
metallic or not. It should also be kept in mind that the particles may have been oxidised to Co?* due
to exposure to air during the imaging process because of the exposure of the materials to air/moisture

during introduction into the microscope.

The TEM image of the material (2)/A-SiO2.600 (150 °C, N>) (Figure 4.24) shows Co crystal lattice lines
present on the silica (d-spacing = 0.25 nm). This lattice spacing matches the d-spacing of CoO (NaCl,
Fm-3m) (d-spacing = 0.25 nm).?° The TEM images of (2)/A-SiO200 (150 °C, N,) indicate that when
heated without hydrogen present and after exposure to atmosphere, (2)/A-SiOz600 possibly forms

cobalt silicate sites on the surface of the silica instead of distinct nanoparticles, as seen in Scheme 4.3.

Count: 43 Min: 0.586
Mean: 1.657 Max: 3170
StdDev: 0.641 Mode: 1(12)
Bins: 8 Bin Width: 0.500

Figure 4.21. TEM image of (2)/A-SiOz.s00 (150 °C, H) and the distribution of potential cobalt oxide particle sizes
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Count: 34 Min: 0.538

Mean: 1.808 Max: 2.861
StdDev: 0.611 Mode: 1.500(12)
Bins: 8 Bin Width: 0.500

Figure 4.22. TEM image of air-exposed (2)/A-SiOz.s00 and the distribution of potential cobalt oxide particle sizes

Count: 21 Min: 0.832
Mean: 1.549 Max: 2.632
StdDev: 0.392 Maode: 1.500 (12)
Bins: 8 Bin Width: 0.500

Figure 4.23. TEM image of (2)/A-SiOz.s00 (air-exposed, 150 °C, H,) and the distribution of potential cobalt oxide particle
sizes
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Figure 4.24. TEM image of (2)/A-SiO2.600 (150 °C, N3)

4.1.3.6.2 “Air-sensitive” TEM imaging of (2)/A-SiO.e00 after Heating under Hydrogen
While the TEM images reported in Section 4.1.3.6.1 show the presence of Co?* particles on the surface

of silica, this result is tentative at best, as part of the TEM imaging process exposed the material to
atmosphere, potentially oxidising any metallic nanoparticles that were present. Consequently, TEM
imaging of (2)/A-SiO2.600 (150 °C, H;) and (2)/A-SiOz.600 (150 °C, N;) without exposure to air (“air-

sensitive TEM”) were undertaken to determine whether the particles were metallic cobalt or not.

The resulting TEM Images from “air-sensitive” TEM imaging of (2)/A-SiO2.00 (150 °C, H;) show small
(approximately 1 nm), ill-defined features on the surface of the silica support (Figure 4.25). These
features are possibly nanoparticles and were detected in areas where Co was also detected. The EELS
Co maps indicated that the Co distribution was poorly defined. Like the images obtained for the “non-

air sensitive TEM” (Figure 4.21), the nanoparticles here were also indistinct.

The TEM images of (2)/A-SiO2-600 (150 °C, N2) achieved without contact with air/moisture are shown
in Figure 4.26. The images show relatively well-defined, bright features, typically 2-3 nm in diameter.
These observed bright features may be cobalt particles since they generally correlate well with Co rich
regions in the Co maps. This result contrasts with the TEM images obtained for materials exposed to
air (Figure 4.24), which showed Co crystal lattice lines (d-spacing = 0.25 nm, CoO {NaCl, Fm-3m}). The
lines seen in Figure 4.24 are thought to be due to the presence of cobalt silicate sites on the surface
of the silica instead of distinct nanoparticles. However, the TEM images of (2)/A-Si02.600 (150 °C, N)

achieved without exposure to air/moisture (Figure 4.26), suggest the possibility that heating

161



(2)/A-SiO2.600 under nitrogen produces small cobalt particles, which then oxidise when they are
exposed to the atmosphere to give CoO (NaCl, Fm-3m), as seen in the “non-air sensitive” TEM images

(Figure 4.24).

Figure 4.25. TEM image of (2)/A-SiO2.600 (150 °C, H;)
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Figure 4.26. TEM images of (2)/A-SiO2.600 (150 °C, N;)

4.2 The Reduction of (3)/A-SiO2-600

Although the nature of the species present at the surface of (3)/A-SiO2.600, Where complex 3 is
cobaltocene, was not clearly determined in this project, it was hoped that, as was the case for (2)/A-
Si0,.600 (Section 4.1), the material would be amenable to reduction to nanoparticles (Scheme 4.4). Just
as was done with (2)/A-SiO2.¢00, an attempt to determine the reduction temperature of (3)/A-SiO2-600

was made through a TPR analysis.
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Scheme 4.4. The proposed decomposition of (3)/A-SiO;.600 into cobalt nanoparticles

TPR analysis was performed on a sample of (3)/A-SiO2.600, Using the same method used for the analysis
of (2)/A-SiO.600 (Section 4.1.1). Disappointingly, the TPR analysis of the reduction of (3)/A-SiO2-00
undertaken using this method did not show any hydrogen uptake (Figure 4.27), signifying no reduction
occurred. However, during the TPR analysis, (3)/A-SiO2.600 changes colour from purple to black.
Additionally, purple crystals are seen to form throughout the TPR set-up (Figure 4.28). It was
subsequently determined that these purple crystals are cobaltocene, which has sublimed from the
surface of the silica. This result indicated that complex 3 is likely strongly physisorbed to the surface
of silica, rather than reacting with the OH groups to form a -O-CoCp surface species as was reported

previously by Lindblad et al. %

The colour change observed during TPR analysis of (3)/A-SiO2.600 is likely to indicate that some of
complex 3 present at the silica surface undergoes thermal degradation before sublimation from the
surface occurs and/or that the thermal degradation products of cobaltocene were sequestered by the
silica. Complex 3 is thermally stable up to 250 °C,?? but the TPR was heated (3)/A-Si02-600 up to 500 °C

at arate of 10 °C min™.
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Figure 4.27. TPR Analysis of (3)/A-SiOz-s00
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Figure 4.28. The general set up for TPR analysis with the area showing where the dark purple crystals of complex 3 were
found after TPR analysis (highlighted by the purple box)

4.2.1.1 Investigating the Sublimation of Complex (3) from (3)/A-SiO2-600
As TPR analysis has shown that some of complex 3 sublimes from the surface of (3)/A-SiO2.600 before

decomposition, it was decided to investigate the sublimation of complex 3 from the silica surface. To
this end, a portion of (3)/A-SiO2.600 was heated under vacuum to induce sublimation, within a vessel
equipped with a cold finger present to collect any sublimed complex 3. Although pure complex 3
sublimes at 40 °C under vacuum (0.1 mbar) when not on silica, heating a portion of the material (3)/A-
Si02.600 at 40 °C did not bring about any sublimation of complex 3, consistent with moderately strong

physisorption of complex 3 on the silica surface. Consequently, the temperature was slowly raised to
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100 °C, with a ramp rate of 10 °C every 15 minutes, waiting for sublimation to occur. At ~90-100 °C,
dark purple cobaltocene (3) condensed on the cold finger and the (3)/A-SiO2¢00 material changed
colour from purple to black. Confirmation of the dark purple crystals isolated on the cold finger as
being Cp,Co (3) was provided by CHN analysis. Together, these observations are consistent with the
black material that results during TPR analysis of (3)/A-SiO2.600 being thermally decomposed complex

3 onssilica (Section 4.2.1).

As it has been shown that complex 3 sublimes from the surface of (3)/A-SiO2.600 When heated, the loss
of cobalt through sublimation was determined by ICP-OES (Table 4.5). The Aeroperl 300/30 silica does
not turn white, so cobalt remains on the silica; complex 3 does not fully sublime from the surface and
decomposes. From the data presented in Table 4.5 there is a clear loss of cobalt observed (0.5% w.t.
Co) between (3)/A-SiO2.600 and (3)/A-SiO2.600 (pOst TPR). Approximately 38% of the cobalt present in
(3)/A-Si02.600 is lost due to sublimation of complex 3, with the remaining 62% undergoing thermal
decomposition and deposition on the surface of silica. Due to time constraints, this material could not
be examined further. Despite the thermal degradation of the cobaltocene on the silica, since a
significant quantity of cobalt is lost from the surface of (3)/A-Si02.600 due to sublimation, this material
is not deemed to be a suitable precursor for the preparation of silica-immobilised cobalt nanoparticles

in a reproducible and well-defined manner.

Table 4.5. Co metal loading of (3)/A-SiO.600 before and after TPR analysis/thermolysis, as determined by ICP-EOS

(3)/A-SiO2-600 (3)/A-SiO2.600 (post TPR)
Cobalt w.t. % loading 13 0.8

4.3 Conclusions
Treatment of the material (2)/A-SiO2.600 under several different reactions conditions, across a range

of temperatures (150, 200, 250 °C) and gas compositions (5% H2/N3, Hz, N;) leads to the formation of
Si-O-SiMe; surface species in each case as identified by SS-NMR spectroscopic analyses. This is in good
agreement with surface area measurements of (2)/A-SiOz.600 (150 °C, H2/N>) that indicate further
silylation of the silica surface occurs during the reaction of (2)/A-SiO2-600 With hydrogen as HMDS is
generated, which in turn reacts with the silica. Magnetic studies on (2)/A-SiOz.600 and its derived
materials to probe the cobalt loading and identity of the cobalt-containing species are inconclusive
due to the similarity of the expected magnetic moment of Co? (1.73 uB) and cobalt nanoparticles
(1.61 pB). When the pess of (2)/A-SiO2.600 and its derived materials (spanning 0.22 — 0.28 uB) is
compared to a “Co*" on silica” standard (Co(NO3),.6H20/A-Si0;.600; Co**, 2.2% w.t. Co), (0.25 uB), the
values are similar. However, no conclusion about the oxidation state of the cobalt can be made

without further study.
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TEM images of (2)/A-SiO2¢00 (150 °C, Hy) (Figure 4.21), air-exposed (2)/A-SiOz.600 (Figure 4.22), and
(2)/A-SiO2.600 (150 °C, air-exposed, H,) (Figure 4.23), where the sample has been exposed to the
atmosphere, show what look like very small cobalt-containing particles (0.5 - 3 nm). In contrast, in the
TEM image of (2)/A-SiO2.600 (150 °C, N3), crystal lattice lines are observed with d-spacing that matches
that of cubic CoO (NaCl, Fm-3m)® on the surface of silica. While this was initially thought to indicate
a layer of cobalt crystallites instead of nanoparticles, further study with “air-sensitive” TEM imaging
showed that (2)/A-SiO2.600 (150 °C, N») may have cobalt nanoparticles on the surface. So far, it has
been tentatively concluded that heating (2)/A-SiO..600 in the absence of hydrogen may produce small
cobalt-containing nanoparticles (2-3 nm). The exact nature of these nanoparticles (metallic or oxide)

has not been resolved.

The cobaltocene-derived material (3)/A-SiO2.600 was found to be an unsuitable precursor for silica-
immobilised nanoparticle synthesis, as Cp>Co (3) sublimed from the silica surface and no reduction

occurred. Consequently, further investigation of this material was discontinued.

With materials with silica-immobilised cobalt-containing nanoparticles in hand, the derived materials

of (2)/A-Si02.600 and their use as hydrogenation catalysts will be explored.
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Chapter 5: Catalytic Hydrogenation of
Cinnamaldehyde with Supported
Cobalt Catalysts



5.0 Introduction to Catalytic Hydrogenation Using Cobalt Nanoparticles
The work described so far in this thesis has been unable to definitively determine the surface structure

of the products from heating of (2)/A-SiO2¢00 {where 2 is [Co(N(TMS),)2(THF)]} under hydrogen at
relatively low temperatures <250 °C. However, there is some evidence that heating (2)/A-SiO2.600
under hydrogen at temperatures below 250 °C affords what are believed to be very small cobalt-
containing particles (0.5 - 3 nm) on the silica surface. It has also been tentatively assumed that
(2)/A-SiO2.600 may also afford cobalt-containing nanoparticles (2-3 nm) when heated in absence of
hydrogen (<250 °C), (see Section 4.1.3). These cobalt-containing surface species have been difficult to
characterise and analyse due to their air-sensitivity, leading to uncertainty about the exact surface
structures present. Despite these uncertainties as to the exact nature of the cobalt species present on
the silica surface following thermolysis of (2)/A-SiO2.s00 under hydrogen, an exploration of the
application of these supported cobalt-containing species in catalysis was carried out. With a view to
gaining further insight into the nature of the supported cobalt materials prepared in this thesis by
reduction of various supported cobalt complexes (see Chapter 4), a comparison of their catalytic
hydrogenation activity and selectivity against that of previously reported cobalt systems was

undertaken.

As discussed in Section 1.1.3, an appropriate reaction of broad interest must be chosen to test and
evaluate the catalytic performance of the various nanoparticle materials prepared herein. In this
context, the catalytic hydrogenation of cinnamaldehyde (CNA) was chosen, as this reaction has two
accessible and competing reaction pathways (Scheme 5.1) that could be used to explore, compare,
and contrast catalytic selectivity, as well as substrate yield, as a function of nanoparticle composition

and/or structure.

For a,B-unsaturated aldehydes, such as CNA, the hydrogenation of the C=C bond is favoured
thermodynamically over the hydrogenation of the C=0 bond.! The selective hydrogenation of the
aldehyde over the alkene, to yield the non-thermodynamic hydrogenation product, is usually of
greater interest.? Indeed, the selective reaction of CNA to the unsaturated CNOL is often used as a
reaction to probe hydrogenation catalyst selectivity (Scheme 5.1).! It has been reported in the
literature that cobalt-containing catalysts are particularly suitable for selective hydrogenation to the
unsaturated alcohol, including intermetallic and bimetallic particles,** cobalt oxide particles,® metallic
cobalt particles,®” and cobalt aluminate/silicate/titanate sites.2 However, the state of the cobalt can
change the selectivity of the reaction with metallic cobalt having been found more selective towards

CNOL® and smaller particles (6 nhm) being more selective towards CNOL than larger particles (30-40
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nm).® As cobalt nanoparticles are the catalysts studied in this project, it is hoped that the selectivity of

the hydrogenation of CNA will reveal more about the catalysts in this project.®

The methodology used in this project for supported cobalt-containing nanoparticle-mediated CNA
hydrogenation is based on that used by Dragoi et al.,° which does not use either high reaction
temperatures or high pressures of hydrogen. However, this method does require the reaction to be
heated to 150 °C, which is coincidently the temperature of reaction used for the preparation of the
various potential catalysts as described in Chapter 4. This factor is important since further reaction of
the catalytic materials could possibly occur during hydrogenation testing at this temperature, and

hence the catalysts may change over the period of the reaction time.

OH
H,/catalyst H,/catalyst
CNOL l
|O OH
H,/catalyst H,/catalyst

HCNA

Scheme 5.1. Possible routes for the hydrogenation of cinnamaldehyde (CNA) to cinnamyl alcohol (CNOL),
hydrocinnamaldehyde (HCNA), and hydrocinnamyl alcohol (HCNOL)®

5.1 Results and Discussion

It is important to establish how the various materials derived from (2)/A-SiO2.600 perform in CNA
hydrogenation against a suitable reference catalyst. In this context, a suitable reference catalyst would
be one that is already a well-established catalyst in the literature and one that can be prepared
through a similar method to that used in this thesis, namely the reduction of a cobalt precursor on the
surface of silica. Silica impregnated with Co(NOs),.6H,0 (denoted here as Co(NO3),/Si0;) was chosen
as a reference catalyst system, since it is a known cobalt catalyst for the hydrogenation of CNA,
exhibiting selectivity towards CNOL as reported by Dragoi et al. (Scheme 5.1).° Their catalyst was

prepared by incipient wetness impregnation of SBA-15 silica with an aqueous or ethanolic solution of
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Co(NO0s),.6H20 to obtain a 5% Co wt. loading, followed by calcination in air at 500 °C, then reduction
under hydrogen.® Their sample prepared by aqueous impregnation was >60% selective to CNOL below
20% conversion of CNA. Consequently, to enable a comparison with the various Co/oxide support
materials prepared during this thesis, Aeroperl 300/30 silica was impregnated with an aqueous
solution of Co(NOs),.6H,0 via incipient wetness to a 2.3% wt. Co loading, using a method similar to
that of Dragoi et al.,’® and then calcined under air at 120 °C for 24 hours prior to reduction. In the
study by Dragoi et al. and in this project, Co(NOs)/SiO, was reduced under hydrogen at 500 °C. The
presence of nanoparticles in the resulting material (Co fcc,! size = 8 nm) was confirmed using PXRD
analysis,” with the cobalt loading (2.3% w.t. Co) being determined by ICP-OES methods. The cobalt

particle size obtained here is comparable to that reported by Dragoi et al. (size = 9 nm).°

The hydrogenation of CNA was carried out using the Co(NO3),/SiO, (reference catalyst), employing
the following reaction conditions: 9 h, 150 °C, 20 mL min H, bubbled into flask, stirring speed: 250
rpm; details of the experimental method used are given in Section 6.0.3.16. During the reaction, no
colour change of the reaction solution occurred and no solid noticeably formed. Under these
conditions, the reference catalyst Co(NO3),/SiO, showed 11 % yield of CNOL, as determined by GC-
FID analysis of the reaction mixture post-work-up.” This CNA to CNOL yield is comparable to that
reported by Dragoi et al., ~20% conversion with a 65% selectivity towards CNOL.® The yield of the
products of the hydrogenation of CNA catalysed by the Co(NO3),/SiO; catalyst compared to Dragoi et

al.’s catalysts is in very good agreement given different cobalt loading and support.

The material (2)/A-SiO..600 Was reduced under 5% H»/N, gas at different temperatures as described in
Chapter 4, affording the various reduced systems denoted (2)/A-SiO2.600 (T °C, 5% H2/N2) where T =
150, 200, and 250 °C, respectively. The material (2)/A-SiO2600 (150 °C, 5% H,/N;), prepared as
described in Section 4.1.2.1, a homogeneous blue colour, was used for catalysis without further
elaboration. It was charged into the reaction vessel in a nitrogen-filled glovebox to avoid exposure to
air. In contrast, as described in Section 4.1.2.2, when (2)/A-SiO2.600 (200 °C, 5% H,/N;) and
(2)/A-SiO2.600 (250 °C, 5% H,/N2) are prepared using an identical methodology as for
(2)/A-Si02.600 (150 °C, 5% H,/N>), but with higher reduction temperatures, they are isolated as visibly

inhomogeneous materials, comprising two different layers of coloured materials, blue and black, as

* The mean crystallite size (8 nm) of Co in Co(NOs3)2/Si02 was calculated from the half-maximum breadth of the
(111) peak of fcc Co metal determined by a Gaussian fit and the Scherrer equation: (dni — A/B cosB), with a
shape factor assumed to be 1.

" GC-FID is used to determine the number of moles of each expected reactant and product (CNA, CNOL, HCNA,
and HCNOL) using an internal standard, as described in Section 6.0.3.16
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shown in Figure 5.1. It proved impossible to eliminate this problem (see Chapter 4) and since the
reduction set-up used did not allow for clean separation of the black and blue layers of
(2)/A-Si02.600 (200 °C, 5% H2/N;) and (2)/A-SiO2600 (250 °C, 5% H2/N), so the two layers were
thoroughly mixed prior to using for catalysis. This was thought to at least allow inclusion of material
prepared at higher temperature in the study and would highlight whether dramatic differences were

seen.

Figure 5.1. (a) (2)/A-SiO2-600 (200 °C, H2/N>); (b) (2)/A-SiO2-600 (250 °C, H2/N>)

The catalytic hydrogenation of CNA using (2)/A-SiOz600 (T °C, 5% H2/N;), where T = 150, 200, and
250 °C, was carried out using the same test conditions as employed with the reference catalyst
Co(NOs),/SiO; (Section 5.1.1). During CNA hydrogenation, the reaction solution showed a visible
colour change from colourless to bright yellow, with a yellow crystalline solid forming on the gas inlet
frit (see Section 6.0.3.16 for reaction set-up). A colourless liquid also condensed on the sides of the
flask. In contrast, no colour change, no formation of a yellow solid, and no condensation of liquid were
observed when the reference catalyst Co(NOs),/SiO, was employed for the hydrogenation of CNA

(under identical test conditions).

A preliminary catalysis/GC study was undertaken. The GC-FID derived % yields of each product and
the amount (%) of CNA starting material remaining after the hydrogenation reaction using catalysts
(2)/A-Si02.600 (T °C, 5% H2/N>), where T = 150, 200, and 250 °C, are presented in Figure 5.2. All three
catalysts ((2)/A-SiO2600 (T °C, 5% H2/N,), where T = 150, 200, and 250 °C) give rise to low conversions
of CNA to the various products (10 — 12% of CNA was converted), and no specific selectivity towards

a particular product was observed.

The combined mass balance for CNA, CNOL, HCNA, and HCNOL is only 91-94%, indicating the
formation of other side-products. The identity of the CNOL, HCNA, and HCNOL products was

confirmed by GC-FID analysis of authentic samples. In contrast, under the same reaction conditions,
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the reference catalyst Co(NOs),/SiO, does not form any other products beyond CNOL, HCNA, and
HCNOL upon hydrogenation of CNA, in agreement with the results reported for the related silica-
supported catalyst described by Dragoi et al., who used the same mild hydrogenation conditions as

chosen for this project.’
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Figure 5.2. Product distribution from the catalytic hydrogenation of CNA using (2)/A-SiO2.600 (T °C, 5% H2/N;) where T = 150,
200, and 250 °C; reaction conditions: 9 h, 150 °C, 20 mL min H,, stirring speed: 250 rom
Errors: 2 % for CNA; +1 % for CNOL; +1% for HCNA; +1 % for HCNOL

5.1.1.1.1 Origin of the Poor Mass Balance Measured for the Hydrogenation of CNA
To probe the poor substrate/product mass balance measured for the hydrogenation of CNA using

(2)/A-SiO2.600 (T °C, 5% H2/N;), where T = 150, 200, and 250 °C, the GC-FID chromatogram from each
reaction was examined further. On closer inspection, the GC-FID analysis of the reaction mixture
obtained following hydrogenation of CNA with each of the these three catalysts revealed a small
guantity of product with a retention time of 14.5 minutes and a group of 13 more side products with
retention times above 16 mins (present in very small amounts), which do not appear in the GC-FID of
the CNA hydrogenation using the reference catalyst Co(NOs),/SiO.. To aid in the observation of these
side products, catalytic hydrogenation of CNA using (2)/A-SiO2.600 (150 °C, N,, then H,, vacuum)
(catalyst discussed in Section 5.1.1.5), reaction conditions: 33 h, 150 °C, 20 mL min™ Hy, stirring speed:

250 rpm, was performed. After 33 h, comparatively small quantities of one side-product with
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retention time 14.5 mins and 16 side-products with retention times between 16 — 25 mins were

observed (Figure 5.3).

GC of CNA Catalysis Reaction Mixture

i “ 33h
P~ a2 Lk P Y Ak ” —---.—--«-L.A..__..

I _..l._ 9h

15 16 17 18 19 20 21 22 23 24 25
Time (min)

Figure 5.3. GC analysis of products formed during the catalytic hydrogenation of CNA using (2)/A-SiO2.600 (150 °C, N, then
H3, vacuum), reaction conditions: 150 °C, 20 mL min-t H,, monitored after 9 and 33 h of reaction time.

5.1.2.1 Formation and Characterisation of Side-products Formed During Hydrogenation of CNA
5.1.2.1.1 Formation and Characterisation of Side-product: CNA-Iminel
Given that the catalysts (2)/A-SiO2.600 (T °C, 5% H2/N>) [T = 150, 200, and 250 °C] are all likely to have

bis(trimethylsilyl)amine* on their surfaces, while the reference catalyst Co(NOs),/SiO; doesn’t, it was
suspected that HN(TMS), was reacting with the CNA to form (1E,2E)-3-phenyl-N-(trimethylsilyl)-2-

propen-1-imine (denoted as CNA-iminel) (Scheme 5.2).

It was determined in Section 4.1.3.2.2 that the -NSiMe; tethered to the cobalt was lost during the
synthesis of (2)/A-SiOz.600 (150 °C, 5% H2/N;). SS-NMR analysis has not been performed on
2)/A-Si02.600 (200 °C, 5% H2/N>) and (2)/A-SiO2.600 (250 °C, 5% H./N,), but it can be assumed that the
cobalt-tethered -NSiMes was also lost in these materials, as they were heated to higher temperatures

than (2)/A-SiOz.600 (150 °C, 5% H./N.), and the loss of the HDMS occurs at temperatures under 150 °C.

* It is known from 'H SS-NMR analysis of (2)/A-SiO2-600 (150 °C, 5% H2/N2) (Section 4.1.3.2) that
bis(trimethylsilyl)amine is released from the cobalt centre.
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Scheme 5.2. CNA and HMDS reacting to give (1E,2E)-3-Phenyl-N-(trimethylsilyl)-2-propen-1-imine side-product (denoted as
CNA-iminel)

To fully verify that the poor substrate/product mass balance was indeed a result of
bis(trimethylsilyl)amine reacting with CNA to form CNA-iminel, a solution of bis(trimethylsilyllamine
and CNA was heated at 150 °C without any catalyst present for a period of 6 days. Over the reaction
period the yellow solution turned dark red, and a colourless liquid condensed on the walls of the
reaction flask. Vacuum distillation of the reaction mixture afforded a dark red oil, which gave a single
signal by GC-FID with a retention time of 14.5 minutes consistent with this red oil being CNA-iminel,
something confirmed by multinuclear NMR spectroscopy. Together, this reactivity and associated
formation of the imine helps to account for 37 - 44 % of the observed discrepancy in substrate/product
mass balance determined for the catalytic transformations described in Section 5.1.1.1. The inclusion
of CNA-imine in the selectivities of reactions using (2)/A-SiO2.600 (T °C, 5% H2/N>), where T = 150, 200,
and 250 °C is shown in Figure 5.4.

Itis important to note that the amount of CNA-iminel that can be formed during the catalysis reaction
is restricted by the amount of amine that is present in the reaction mixture. Since the cobalt centre
on (2)/A-SiOs.600 is mono-grafted with one -N(TMS); ligand (see Section 3.1.2), the maximum amount
of CNA-iminel that can form during the hydrogenation reaction is 0.044 mmol, equating to 6% of the
starting CNA. Examination of the GC-FID data from the catalyst test reactions with reactions using
(2)/A-SiO2.600 (T °C, 5% H2/N,), where T = 150, 200, and 250 °C, it was found that 3 — 4 % of CNA was
indeed converted to CNA-iminel over a reaction period of 9 hours, which accounts for up to 44% of
the missing mass balance. Notably after 33 h, in the catalyst test reaction mediated by
(2)/A-SiO2.600 (150 °C, N3, then H,, vacuum) (catalyst from Section 5.1.1.5), reaction conditions: 33h,
150 °C, 20 mL min Hy, stirring speed: 250 rpm), the formation of CNA-iminel is 6%, which is in line

with the predicted maximum.
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Figure 5.4. Product distribution from the catalytic hydrogenation of CNA using (2)/A-SiO2.600 (T °C, 5% H2/N3) where T = 150,
200, and 250 °C, including CNA-iminel; reaction conditions: 9 h, 150 °C, 20 mL min! H,, stirring speed: 250 rpm
Errors: 2 % for CNA; #1 % for CNOL; 1% for HCNA; +1 % for HCNOL; +2 % for CNA-iminel

5.1.2.1.2 The Formation of Other Side-Products
Taking the formation of CNA-iminel into account during the catalytic hydrogenation of CNA using

(2)/A-Si02.600 (150 °C, N, then H,, vacuum) {reaction conditions: 33h, 150 °C, 20 mL min™ H,, stirring
speed: 250 rpm}, there is still an additional 10% of the mass balance that is not accounted for by CNA,
CNOL, HCNA, HCNOL, or CNA-iminel formation after 33 h. The remaining poor substrate/product
mass balance is due to 16 unknown side products as observed by GC-FID (Section 5.1.1.1.1), with
retention times between 16 — 25 minutes (Figure 5.3). These side-products are not formed from
HMDS, as all of the HMDS has been converted into CNA-iminel. These 16 unknown side-products are
also less volatile, “heavier” (retention times: 16 — 25 mins), and possibly more polar than CNA and its
hydrogenation products (retention times: 10 — 12 minutes). Notably, none of these “heavy” products

are formed during hydrogenation of CNA mediated by the reference catalyst.®

A possible origin of these 16 “heavy” side-products is that they are formed from CNA (and its
derivatives) reacting with themselves in the presence of cobalt. According to Chirieac et al., cobalt-
based catalysts are known to catalyse the formation of CNOL from CNA, but cobalt can also be an

active catalyst for other reactions, such as intramolecular cyclization of cinnamyl derivatives,

$ Reference catalyst: Aeroperl 300/30 silica impregnated with an aqueous solution of Co(N0O3)2.6H20 via
incipient wetness (2.3% w.t Co loading), calcined at 120 °C, then reduced under H; at 500 °C
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alkoxylation, and ester exchange by acting as a base, something that has been previously seen for
“uncalcined layered double hydroxides”.?? Similar reactions may be occurring, giving rise to the 16
side-products seen by GC-FID. A possible example is the compound in Figure 5.5, CNA-esterl. It can

3

be derived from cinnamaldehyde through the Tischenko reaction;* once formed this could be

followed by further intramolecular Diels-alder reactions,'* leading to cyclisation (Scheme 5.3). Note,
due to time constraints, no GC-MS data could be obtained to probe the nature of the unknown side

products with GC-FID retention times 16 — 25 minutes.

Figure 5.5. A possible side product derived from trans-cinnamyl alcohol, denoted as CNA-ester1

RO,C CO,R
S

RO,C CO,R
2 2 R = CH,

CNA-esterl

Scheme 5.3. Further intramolecular Diels-Alder reactions of CNA-ester1 15

A graphical representation of the formation of the various products from the hydrogenation of CNA
by (2)/A-SiO2.600 (150 °C, N, then H,, vacuum) as a function of time is given in Figure 5.6. Of note,
compounds “Unknowns” 9, 11, and 14 appear after 3, 6, and 8 h, respectively, of reaction time, while
“Unknowns” 10, 15, and 16 do not appear until after 9 h. “Unknowns” 4 and 5 show a possible
decrease in concentration over time after they have formed. This possible decrease in concentration

of these side-products after they have formed indicates that “Unknowns” 4 and 5 may continue to
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react further. This would be in line with the proposal above that compounds similar to CNA-esterl are

forming from CNOL, and then undergo further transformations such as cyclisation.

Side Product Formation During Catalysis
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Figure 5.6. The formation of the side-production as a function of time from the catalytic hydrogenation of CNA over 33 h
mediated by (2)/A-SiO2.600 (150 °C, N, then H,, vacuum);
reaction conditions: 150 °C, 20 mL min* H,, 33 h, stirring speed: 250 rpm.

5.1.1.3 Reducing the Amount of Surface Amine on Catalysts via Heating Under Vacuum or Pentane
Wash
As discussed in Section 5.1.1.1.1, the formation of CNA-iminel and potential the other unwanted side-

products that have been observed in the GC-FID analysis of the post-catalysis hydrogenation reactions
have, in part, been attributed to the presence of bis(trimethylsilyllamine on the surface of
(2)/A-SiO2.600 (T °C, 5% H2/N;) [T = 150, 200, and 250 °C]. Consequently, to reduce the formation of
side-products during catalysis, surface-bound amine must be removed from the catalysts prior to their
use. This has been attempted in two different ways after the reduction was performed: i) heating the

catalyst under vacuum and ii) more extensive washing of the catalyst with pentane.
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To this end, (2)/A-SiO2.600 (150 °C, 5% H,/N;) was treated post-reduction by either heating at 150 °C
under vacuum or by washing several times with dry pentane, to produce
(2)/A-Si02.600 (150 °C, 5% H2/N,, vacuum) and (2)/A-SiO2400 (150 °C, 5% H,/N;, pentane-wash),
respectively. Subsequently, the performance of both materials was explored for the hydrogenation of

CNA under the same reaction conditions that were described in Section 5.1.1.

The product distributions achieved for CNA hydrogenation using (2)/A-SiO2.600 (150 °C, 5% H2/N,,
vacuum) and (2)/A-SiO2.600 (150 °C, 5% H./N;, pentane-wash) are summarised in comparison to the
as-prepared material (2)/A-SiO2-600 (150 °C, 5% H2/N) in Figure 5.7. Compared to the performance of
the as-prepared material (2)/A-Si02.600 (150 °C, 5% H2/N,), use of both
(2)/A-Si02.600 (150 °C, 5% H2/N;, vacuum) and (2)/A-SiOz.600 (150 °C, 5% H,/N;, pentane-wash)
results in better substrate/product mass balance. This has been attributed to lower amounts of
CNA-iminel being formed with these latter two catalysts following removal of surface amine. The best

substrate/product mass balance obtained (96%) is with (2)/A-SiO2.600 (150 °C, 5% H,/N>, vacuum).
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Figure 5.7. Product distribution from the catalytic hydrogenation of CNA using (2)/A-SiO:.600 (150 °C, 5% H,/N., vacuum)
and (2)/A-SiO2.600 (150 °C, 5% Hz/N,, pentane-wash); reaction conditions: 9 h, 150 °C, 20 mL min~ H,, stirring speed: 250
rpm
Errors: 2 % for CNA; 1 % for CNOL,; +1% for HCNA; #1 % for HCNOL; +2 % for CNA-imine1l
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As described in Chapter 4, heating (2)/A-SiO2¢00 under hydrogen and under nitrogen produces
different surface species. Consequently, two catalysts were prepared by heating (2)/A-SiO2.600 under
a flow of nitrogen (50 mL min™) at 150 and 250 °C, giving (2)/A-SiO2-600 (150 °C, N,, vacuum) and

(2)/A-Si02.600 (250 °C, N,, vacuum), respectively, without exposure to hydrogen gas.

Subsequently, the hydrogenation of CNA mediated by (2)/A-SiO2¢00 (150 °C, N, vacuum) and
(2)/A-Si02-600 (250 °C, N,, vacuum) was explored; results are summarised in Figure 5.8. Notably, both
(2)/A-Si02-600 (150 °C, N3, vacuum) and (2)/A-SiO2-00 (250 °C, N, vacuum) are catalytically active, with
a significant selectivity towards HCNA (11-16%1%). The overall selectivity change to HCNA is
accompanied by increased overall consumption of CNA (26 — 28+1% cf. 17- 19 %), with similar yields
of CNOL and HCNOL being obtained as for previously studied (2)/A-SiO»-e00-derived catalysts (Sections
5.1.1.1 & 5.1.1.3). These differences are in agreement with the generation of different surface
structures according to the conditions used for their preparation (either heating under hydrogen or
under nitrogen). Similarly, these observations are consistent with the differences between the
materials indicated by TEM imaging (Section 4.1.3.6), where those heated under hydrogen show
indistinct particles (0.5 — 3 nm) and those heated under nitrogen show bright, defined particles (2 — 3

nm).

The selectivity of both (2)/A-SiO2-600 (150 °C, N;, vacuum) and (2)/A-SiOz-00 (250 °C, N,, vacuum)
towards HCNA rather than CNOL is unexpected as it has been reported in the literature that cobalt is
particularly suitable for selective hydrogenation to the unsaturated alcohol.>*>7 Indeed, it is known
that the addition of cobalt to a Pt-based nanoparticle improves the selectivity towards CNOL,** e.g.
Pt-Co/SBA-15 enhances the yield of cinnamyl alcohol compared with Pt/SBA-15, as reported by Zheng
et al.'® Elemental cobalt is also known to improve selectivity and conversion towards CNOL for cobalt

oxide particles used for CNA hydrogenation.®

Currently, it remains unclear why a different product selectivity results from the hydrogenation of CNA
with (2)/A-SiO2.600 (150 °C, N;, vacuum) and (2)/A-SiO.600 (250 °C, N2, vacuum) compared with the
reference catalyst and the catalysts prepared by heating under hydrogen. However, it is suggested
tentatively that the changes in selectivity towards the saturated aldehyde HCNA are due to the size of
the cobalt-containing particles produced under the different conditions. It has been reported
previously that relatively “large sizes of Co crystallites” are required for the selectivity towards CNOL,’
and the cobalt structures on (2)/A-SiO2.00 (150 °C, N, vacuum) and (2)/A-SiOz.600 (250 °C, N,,
vacuum) appear to be small (2 - 3 nm in TEM imaging, Section 4.1.3.6), and may be the origin of the

switch in selectivity to HCNA.
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It should be noted that use of both the materials (2)/A-SiO2.600 (150 °C, N, vacuum) and
(2)/A-Si02.600 (250 °C, N3, vacuum) still lead to the formation of imine (CNA-iminel), consistent with
an incomplete surface amine removal through simple mild thermal methods alone.
(2)/A-Si02.600 (250 °C, N, vacuum) produces less CNA-iminel as a side-product than
(2)/A-Si02.600 (150 °C, N, vacuum): 2+1 vs 4+1% CNA-iminel, respectively. This is likely to be because
(2)/A-Si02.600 (250 °C, N,, vacuum) has been heated to a higher temperature, which has resulted in

more silyl amine having been removed from the surface.
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Figure 5.8. Product distribution from the catalytic hydrogenation of CNA using (2)/A-SiO:.600 (150 °C, N2, vacuum) and
(2)/A-SiO3.600 (250 °C, N, vacuum); reaction conditions: 9 h, 150 °C, 20 mL min~ H,, stirring speed: 250 rpm
Errors: 2 % for CNA; +1 % for CNOL; +1% for HCNA; +1 % for HCNOL; +2 % for CNA-iminel

5.1.1.5 Thermal Treatment of (2)/A-SiO,-600 Prior to Reduction Under Hydrogen
To determine whether (2)/A-SiO2-600 (150 °C, N», vacuum) and (2)/A-SiO2.600 (250 °C, N, vacuum) are

active for CNA hydrogenation following reduction under hydrogen, (2)/A-SiO2.600 (150 °C, N, then H,,
vacuum) was prepared by first heating a sample of (2)/A-SiO.600 at 150 °C until it was a uniformly
black-coloured material (60 mins, by eye), then reduced at 150 °C under a flow of neat hydrogen (50
mL min™). In a related fashion, (2)/A-SiO2.600 (150 °C, N2, then 5% H,/N;, vacuum) was prepared by
heating at 150 °C until it was also a uniformly black in appearance and then reduced under 5% H,/N,

at 150 °C.
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Following their formation, both (2)/A-SiO2.600 (150 °C, N, then H,, vacuum) and (2)/A-Si02-00 (150 °C,
N, then 5% H,/N;, vacuum) were tested for the hydrogenation of CNA; a summary of catalyst results
is presented in Figure 5.9. Like the catalysts produced through heating under nitrogen only (Section
5.1.1.4), both (2)/A-SiO2.600 (150 °C, N2, then H;, vacuum) and (2)/A-SiOz.600 (150 °C, N, then 5%
H/N,, vacuum) are catalytically active with selectivity towards HCNA. This is likely due to having
similar cobalt species on the silica surface, which are produced through the initial heating of
(2)/A-Si02.600 under nitrogen, namely small cobalt-containing nanoparticles (2-3 nm) (Section
4.1.3.6.2). Despite different concentrations of hydrogen being used during the reduction step of their
preparation, little difference in their CNA hydrogenation performance is observed, although both
(2)/A-Si02.600 (150 °C, N, then H, vacuum) and (2)/A-SiO2.600 (150 °C, N2, then 5% H,/N,, vacuum)
are slightly more catalytically active than catalysts that had been produced without a hydrogen

reduction step, i.e. (2)/A-SiO2-600 (150 °C, N;, vacuum) and (2)/A-SiO2.600 (250 °C, N, vacuum).
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Figure 5.9. Comparison of the product distribution from the catalytic hydrogenation of CNA using (2)/A-SiOz.600 (150 °C, N3,
vacuum), (2)/A-SiOz.600 (250 °C, N,, vacuum), (2)/A-SiO;.s00 (150 °C, N, then H,, vacuum) and (2)/A-SiO;.600 (150 °C, N,
then 5% H./N,, vacuum); reaction conditions: 9 h, 150 °C, 20 mL min~! H,, stirring speed: 250 rpm
Errors: +2 % for CNA; 1 % for CNOL,; +1% for HCNA; 3% for HCNOL; #1% for CNA-iminel
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The general assumption throughout the majority of this project was that both the catalyst precursor
(2)/A-Si02.600) and the resulting catalysts were air-sensitive and, as a result, they were handled in order
to avoid exposure to air and/or moisture, i.e. storing the catalysts/precursor in a nitrogen-filled
glovebox, loading the catalysts and reagents into pre-dried glassware using Schlenk techniques, and
performing the catalysis without exposure to air. However, for both ease of use and for general
application of the various catalysts it was of interest to determine the effects of air-exposure.
Consequently, variants of the catalysts exposed to air at different stages in their preparation (see
synthesis Section 5.1.1.4) were tested for CNA hydrogenation under reaction conditions identical to

those above (Section 5.1.1); test results are summarised in Figure 5.10 (a).

The three catalysts, air-exposed (2)/A-SiO.600, (2)/A-SiO>.600 (air-exposed, 150 °C, H,, vacuum), and
air-exposed (2)/A-SiO.600 (150 °C, N, then H,, vacuum), all gave rise to similar CNA hydrogenation
performance to the catalysts prepared by reduction under hydrogen as described in Sections 5.1.1.1
and 5.1.1.2. When comparing (2)/A-SiOz.e00 (air-exposed, 150 °C, H,, vacuum) to its equivalent non-
air-exposed catalyst, the catalysts give similar CNA hydrogenation product distribution profiles (Figure
5.10 (b)). In contrast, when air-exposed (2)/A-SiO2.600 (150 °C, N, then H,, vacuum) is compared its
equivalent catalyst (2)/A-SiO2.600 (150 °C, N, then H,, vacuum), which is made by heating under
nitrogen, there is a difference in performance, with the non-air-exposed catalyst showing significantly
more activity towards HCNA (2 vs. 24%). This shows that exposure to air shuts down the pathway that
is responsible for the production of HCNA in the catalysts produced by heating under nitrogen (Section
5.1.1.4 and 5.1.1.5). In addition, when comparing the air-exposed catalysts to non-air-exposed
catalysts, the extent of production of CNA-iminel is greater for catalysts that have been exposed to
air (yield = 4-622% CNA-imine1l) than the catalysts that hadn’t been exposed to atmosphere discussed
previously in this chapter (yield = 1-4+1% CNA-iminel), and that there is a larger amount of “missing”
mass balance, suggesting that more side products have formed. It is proposed that this small increase
in formation of CNA-iminel from catalysts that have been exposed to air may be due to water on the
catalyst surface (from air exposure) providing Brgnsted acidity, which promotes imine formation.
Water is known to be on the surface of (2)/A-SiO,.s00-derived catalysts after air-exposure, as H SS-

NMR spectroscopy shows that the surface becomes rehydroxylated (Section 4.1.3.2).
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Figure 5.10. a) Product distribution from the catalytic hydrogenation of CNA using air-exposed (2)/A-SiO:.600,
(2)/A-Si0;.600 (air-exposed, 150 °C, H,, vacuum) and air-exposed (2)/A-SiOz.¢00 (250 °C, N5, then H; vacuum);
b) Comparison of product distribution from the catalytic hydrogenation of CNA using catalysts exposed to air and catalysts
no exposed to air;
reaction conditions: 9 h, 150 °C, 20 mL min-1 H,, stirring speed: 250 rom
Errors: 2% for CNA; +1% for CNOL,; +1% for HCNA; 1% for HCNOL,; 2% for CNA-iminel
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To further explore the mode of action of the CNA hydrogenation catalysts, a time course study using
(2)/A-Si02.600 (150 °C, N,, then H,, vacuum) (chosen since it shows the highest yield and selectivity)
was undertaken. To this end, a CNA hydrogenation reaction using (2)/A-SiO2-600 (150 °C, N>, then H,,
vacuum) was undertaken and aliquots of the reaction mixture were taken and analysed every hour
over the reaction period, with yields of CNA to the CNOL, HCNA, HCNOL, and CNA-iminel being
recorded (Figure 5.11). Consumption of CNA is seen to be non-linear over time, something paralleled
by the formation of HCNA. The reaction is slower at the start of the reaction, with a slight rate increase
occurring after approximately 2 h, something that has been attributed tentatively to the result of an
induction period, possibly because of further catalyst reduction in situ or to displacement of (TMS),NH

from the catalyst prior to imine formation.
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Figure 5.11. Catalytic performance of (2)/A-SiOz.s00 (150 °C, N, then H,, vacuum); reaction conditions: 9 h, 150 °C, 20 mL

min~! H,, stirring speed: 250 rpm

To probe the catalyst’s lifetime towards hydrogenation catalysis by (2)/A-SiO2.600 (150 °C, N>, then H,,
vacuum) of CNA hydrogenation was probed over a 33 h period; the reaction outcomes for
hydrogenation of CNA are summarised in Figure 5.12. After 14 h, the catalytic activity decreases as
indicated by a slowing in the rate of CNA consumption, mirrored in the corresponding rate of HCNA

production. Throughout the 33 h reaction time, the colour of the reaction mixture visibly changes from
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colourless to an increasingly intense yellow (Figure 5.13). The yellow colour change has been

attributed to the production of side-products, such as CNA-iminel and the 16 unknown side-products,

as the reactants and products (CNA, CNOL, HCNA, and HCNOL) are not strongly coloured. At hour 33,

~16% of the mass-balance is unaccounted for by the calculated yields of CNA, CNOL, HCNA, and

HCNOL. This 16% of the reaction mass is attributed to side products (observed by GC-FID, with

retention times of 16 — 25 minutes), which includes CNA-iminel as discussed in Section 5.1.1.2.
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Figure 5.12. Catalytic performance for the hydrogenation of CNA mediated by (2)/A-SiO2.600 (150 °C, N;, then H;, vacuum);

reaction conditions: 33 h, 150 °C, 20 mL min™! H,, stirring speed: 250 rpm
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Figure 5.13. The colour change of the reaction mixture obtained during the catalytic hydrogenation of CNA using
(2)/A-Si03.600 (150 °C, N, then Hy, vacuum), over 33 h. The numbers on the vials refer to the time in hours when the aliquot
was taken from the reaction mixture.

The various catalysts derived from (2)/A-SiO2.600 and their methods of preparation are summarised in
Table 5.1; data resulting from use of these catalysts for the hydrogenation of CNA are summarised in
Table 5.2 and in Figures 5.14 and 5.15. Out of the twelve catalysts tested in this project, four
((2)/A-Si02.600 (150 °C, N;, then H,, vacuum), (2)/A-SiO;.600 (150 °C, N, then 5% H,/N,, vacuum),
(2)/A-Si0O2.600 (150 °C, N2, vacuum), and (2)/A-SiOz.600 (250 °C, N, vacuum)) were catalytically active
for the hydrogenation of CNA (conversion of 11- 24%). Their increased activity compared to other
(2)/A-Si0.600-derived catalysts is attributed to additional HCNA being produced rather than other
reaction pathways being displaced. In comparison, the reference catalyst, Co(NOs),/SiO,, was active

and selective towards the formation of the alcohol, HCNOL, with a CNA conversion of 11%.

The formation of side products (not observed with the reference catalyst Co(NOs),/Si0>), in addition
to CNA, CNOL, HCNA, and HCNOL, is summarised in Table 5.2. From a comparison of the catalytic
performance (Table 5.2) and catalyst preparation methods (Table 5.1), it is clear that the method of
catalyst preparation affects not just the formation of the target products (i.e. CNOL, HCNA, and
HCNOL), but also the formation of side products (e.g. CNA-iminel). Notably, use of air-exposed
(2)/A-Si02.600 and (2)/A-SiO2.600 (air-exposed, 150 °C, H,, vacuum) leads to the formation of the
greatest amount of side-product CNA-iminel. Both air-exposed (2)/A-SiO2.¢00 and (2)/A-SiO2.00 (air-
exposed, 150 °C, H,, vacuum) were synthesised with a step that exposed their common precursor
(2)/A-SiO2.600 to air. It is therefore proposed that water from air-exposure on the catalyst surface
promotes faster formation of CNA-iminel because of the presence of a great number of surface
Brgnsted acid sites, which catalyse imine formation. In contrast, (2)/A-SiO2-00 (250 °C, N, vacuum),
which was heated to the highest temperature under vacuum, without expose to air during any step of
its synthesis, produced the least amount of CNA-iminel. Together, this emphasises the importance of
keeping the catalysts synthesised from the precursor (2)/A-SiO2.600 under a dry, inert atmosphere at

all times.
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Table 5.1. A summary of the synthesises of catalysts studied in this project

Reduction Treatment

Catalyst name Catalyst Precursor Post-Treatment Catalyst
Temperature Colour
°C) Gas
Co(NO:3)2/SiO: Reference Co(NO3)2/A-SiO: 500 5% H2/N: - black
(2)/A-SiO2-600 (150 °C, 5% H2z/N:) (2)/A-SiO2-600 150 5% Ha2/N> - blue
(2)/A-Si02.600 (200 °C, 5% H:/N2) (2)/A-SiO2-600 200 5% H2/N: - blue/black
(2)/A-SiO2-600 (250 °C, 5% H2z/N:) (2)/A-SiO2-600 250 5% Ha/N> - blue/black
-Si " ° o,
(2)/A-si0: G‘fa(clj:m)c' 5% Ha/Nz, (2)/A-Si02-600 150 5% Ha/N> heat at 150 °C in vacuo blue
-Sii L g o
(2)/A s’zzef:;i:f)ws;:f Ho/N2, (2)/A-SiO2-600 150 5% H2/N2 pentane-wash blue
(2)/A-SiO2.600 (150 °C, N2, then H., (2)/A-Si03.600 150 heated then exposed to heat at 150 °C in vacuo black
vacuum) H2
(2)/A-SiO2.600 (150 °C, N2, then 5% . heated then exposed to om
Ha/N>, vacuum) (2)/A-SiO2-600 150 5% Ha/N> heat at 150 °C in vacuo black
(2)/A-SiO2.600 (150 °C, N2, vacuum) (2)/A-SiO2-600 150 N2 heat at 150 °C in vacuo black
(2)/A-SiOz.600 (250 °C, N2, vacuum) (2)/A-SiO2-600 250 N2 heat at 250 °C in vacuo black
air-exposed (2)/A-SiO2-600 air-exposed (2)/A-SiO2-600 - - blue
(2)/A-5i02.500 (?Ilar;i):ﬂ:;ed' R air-exposed (2)/A-SiO2-600 150 H2 heat at 150 °C in vacuo blue
air-exposed (2)/A-SiOz.600 (150 °C, Nz, (2)/A-Si03.600 150 heated then exposed to heat at 150 °C in vacuo then blue

then Hz, vacuum)
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Table 5.2.Yield and product selectivity for the hydrogenation of CNA by various silica-supported cobalt catalysts studied in this project; reaction conditions: 113 mg 2.4 w.t% Co catalyst, 9 h,
150 °C, 20 mL min™ H,

Catalyst CNA Std. CNOL Std. Dev. HCNA Std. Dev. HCNOL Std. Dev. Total CNA +
average Dev. average average average CNOL + HCNA +
converted% % yield % yield % yield HCNOL %

Co(NO:3)2/SiO: Reference * 16 2 11 1 3 0 2 1 100

A-5i02-600 4 1 1 0 2 1 1 0 100

(2)/A-Si02-600 (150 °C, 5% Hz/Nz) 19 2 4 1 4 1 2 0 91

(2)/A-SiO2.600 (200 °C, 5% H2z/N:) 18 2 5 1 4 1 p 1 93

(2)/A-SiOz.600 (250 °C, 5% H/N>) 17 1 5 1 4 1 3 1 94

(2)/A-Si0z-600 (150 °C, 5% Hz/N2, vacuum) 17 2 4 0 5 1 2 0 94

(2)/A-SiO2.600 (150 °C, 5% Hz/N>, pentane-wash) 17 1 3 1 4 0 1 0 91

(2)/A-Si02.600 (150 °C, N, then H, vacuum) 33 2 3 1 24 3 1 0 96

(2)/A-SiOz.600 (150 °C, N2, then 5% Hz/N-, 30 2 4 0 20 2 1 1 95

vacuum)

(2)/A-Si0z-600 (150 °C, N2, vacuum) 26 2 4 1 11 2 1 0 91

(2)/A-Si02-600 (250 °C, N2, vacuum) 28 1 5 0 17 3 2 0 97

air-exposed (2)/A-SiO:-s00 23 - 2 - 4 - 2 - 86

(2)/A-SiO2.600 (air-exposed, 150 °C, H2, vacuum) 19 - 2 - 3 - 1 - 87

air-exposed (2)/A-SiOz.600 (150 °C, Nz, then H;, 17 - 4 - 3 - 2 - 92

vacuum)

* Aeroperl 300/30 silica impregnated with an aqueous solution of Co(NOs3)2.6H20 via incipient wetness (2.3% w.t Co loading), calcined at 120 °C, then reduced under H; at
500 °C
190



In all cases, the catalytic activity and product selectivities associated with the hydrogenation of CNA
are undoubtedly attributable to cobalt surface species present on the silica, since blank silica does not
exhibit any catalytic activity (Table 5.2). The materials (2)/A-SiO2.600 (150 °C, N, then H,, vacuum),
(2)/A-SiO2.600 (150 °C, N2, then 5% H:/N,, vacuum), (2)/A-SiO.600 (150 °C, N, vacuum), and
(2)/A-Si02.600 (250 °C, N, vacuum) all have a suspected cobalt-containing nanoparticle surface
species, as suggested by the bright, well defined features in the TEM images of each of these materials
(Section 4.1.3.5). The surface species of other catalyst materials, (2)/A-SiO2-600 (T °C, 5% H2/N>), where
T = 150, 200, and 250 °C, (2)/A-SiO2600(150°C,5% H/N;, vacuum), and
(2)/A-Si02.600 (150 °C, 5% H»/N,, pentane-wash) also have cobalt-containing particles, however these
particles in the TEM images are less defined and difficult to differentiate from the silica support.
Together, this suggests that selectivity for the formation of HCNA is dictated by the structure of the

cobalt nanoparticles present on the silica as proposed at the start of this project.

The summaries of data presented in Figures 5.14 and 5.15 show the reactions and yields of CNA to
CNOL, HCNA, and HCNOL and highlights differences in catalytic activity between catalysts exposed to
hydrogen prior to catalysis and catalysts that were not exposed to hydrogen prior to catalysis, with
the former being more catalytically active. This difference in performance has been attributed to
(2)/A-Si02.600 (150 °C, N, then H;, vacuum) and (2)/A-SiO.600 (150 °C, N;, then 5% H/N,, vacuum)
having been being reduced under hydrogen prior to the catalysis reaction. The fact that
(2)/A-Si02-600 (150 °C, N3, vacuum) and (2)/A-SiOz.600 (250 °C, N,, vacuum) both show hydrogenation
activity is attributed to in situ reduction that occurs during the catalytic hydrogenation reaction itself,
something that is likely to correspond to the induction period (0 — 3 h, observed by GC-FID analysis of
the reaction mixture as a function of time, Figures 5.8 and 5.9) at the start of the catalysis reaction.
This induction period lowers catalytic activity of (2)/A-SiOze00(150°C, N, vacuum) and
(2)/A-Si02.600 (250 °C, N2, vacuum), and shows the importance of heating the catalysts under

hydrogen prior to catalysis, to optimise the catalytic activity of catalysts derived from (2)/A-SiO2-600.
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5.2 Conclusions
A series of catalysts were prepared based on the materials synthesised from the reduction of

(2)/A-Si02.600 described in Chapter 4. Four of the catalysts, (2)/A-SiOz.600 (150 °C, N, then H,,
vacuum), (2)/A-SiO2-600 (150 °C, N,, then 5% H,/N,, vacuum), (2)/A-SiO2-600 (150 °C, N,, vacuum), and
(2)/A-Si02.600 (250 °C, N, vacuum), showed moderate catalytic activity in the hydrogenation of CNA,
giving rise to various levels of formation of HCNA mediated by cobalt-containing particles on the
surface of silica. The catalytic activity of the catalysts changes over 33 hours, reducing in effectiveness;
for example, (2)/A-SiOz.600 (150 °C, N, then H,, vacuum) reduces in effectiveness for synthesis of
HCNA from 0.02 mmol hour™ during 0 — 9 h, to 0.004 mmol hour™ during 24 — 33 h (Figure 5.9). In
comparison to (2)/A-SiO2-600 (150 °C, N3, then H;, vacuum), (2)/A-SiO2.600 (150 °C, N3, then 5% H>/N,,
vacuum), (2)/A-SiO,.600 (150 °C, N, vacuum), which show selectivity towards HCNA (11-24 %), the
reference catalyst, Co(NO3),/SiO,, is selective towards CNOL (11 %).

All twelve catalysts prepared from (2)/A-SiOz.600 also produce side-products during the catalytic
hydrogenation reaction of CNA, one of which has been identified as the imine formed (CNA-iminel)
from reaction of CNA and HMDS, which results from deposition of HN(TMS), on the surface and/or
formation of SiO-N(TMS), both from reaction of the [Co(N(TMS))2(THF)] precursor employed in
catalyst synthesis. The formation of CNA-iminel formation can be reduced by removing amine from
the catalyst prior to catalysis through washing with pentane or by heating under vacuum. It has been
shown that heating the catalyst under vacuum prior to catalysis is more effective in reducing the
formation of CNA-iminel than washing with pentane. While steps have been taken to reduce the
amount of amine on the catalyst surface, and therefore reduce side-product formation, side-reactions
have not been completely prevented as other side-products form during the hydrogenation of CNA
when using catalysts derived from (2)/A-SiO2.e00. It has also been proven that it is important to prevent
the catalysts from being exposed to air at any step during their synthesis, as it reduces catalytic activity

and increases the production of CNA-iminel.
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Chapter 6: Experimental



6.0 Experimental

Manipulations of air-/moisture-sensitive materials were carried out under an atmosphere of dry
nitrogen using standard Schlenk-line and glove box (Innovative Technologies) techniques. All solvents,
excluding THF and n-pentane, were dried using an Innovative Technologies Solvent Purification System
facility. THF was dried by distillation from sodium benzophenone. Propanal and benzaldehyde were
dried by distillation from CaCl,. n-Pentane was dried by distillation from CaH,. All solvents were
degassed prior to use using freeze-pump-thaw techniques. Chemicals were purchased from Sigma
Aldrich or Fisher Scientific, and used without further purification with the following exceptions: n-
butyllithium in hexanes was titrated against N-benzylbenzamide to determine accurate
concentration;! 2-bromomesitylene was dried and stored over activated 3 A molecular sieves; and
trimethylsilyl amine was fractionally distilled under nitrogen into an ampule and degassed using the
freeze-pump-thaw technique. Deuterated chloroform (CDCl;) and deuterated benzene (CsDe) were
dried by distillation from calcium hydride, degassed and stored under nitrogen. Aqua regia was
prepared by mixing concentrated nitric acid (70 %) and concentrated hydrochloric acid (35 %) in a

molar ratio of 1:3.

BET experiments were carried out on a Micromeritics ASAP 2420 Physisorption Analyser. Samples
were analysed using nitrogen at liquid nitrogen temperature. BET surface areas were measured in
accordance with ASTM Method D 3663-03, “Standard Test Method for Surface Area of Catalysts and
Catalyst Carriers”. The adsorption and desorption isotherms were measured according to ASTM
Method D4222-03, “Standard Test Method for Determination of Nitrogen Adsorption and Desorption
Isotherms of Catalysts and Catalyst Carriers by Static Volumetric Measurements”. The Hg intrusion
experiments were carried out using a Micromeritics 9600 AutoPore V 9600 instrument in accordance
with ASTM D4284, “Standard Test Method for Determining Pore Volume Distribution of Catalysts and
Catalyst Carriers by Mercury Intrusion Porosimetry”. The data are derived using the Washburn

Equation employing a contact angle of 140°.

Solid-state nuclear magnetic resonance (NMR) spectroscopic analyses were performed on a Varian
VNMRS-400 with samples packed into an airtight rotor inside a nitrogen-filled glove box and sealed
under an inert atmosphere. Solution-state NMR spectroscopic analyses were performed on Bruker
Avance Il - 400 MHz instrument. Gas chromatographic (GC) analyses were run on a Bruker Scion 456-
GC instrument equipped with a Stabilwax-DA column (0.25 mm ID, 0.20 um df) and an FID detector,
in split-less injection mode, using the following temperature program: hold 30 °C for 10 min, ramp 10

°C min*to 100 °C, ramp 20 °C min to 260 °C, hold 260 °C for 10 min (total: 35 min). Sample elution
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times were as follows: DCM: 0.85 min, heptane: 1.8 min, toluene: 2.7 min, nonane: 8.4 min, propanal
15.7 min. Gas chromatography-mass spectrometry (GC-MS) analyses were performed on a Thermo
TRACE GC instrument. ICP-OES analyses were conducted using Jobin Yvon Horiba Ultima 2 instrument
equipped with the following features: sequential monochromator, radial torch, cyclonic spray
chamber, concentric nebulizer. Air-sensitive PXRD samples were analysed using a Bruker AXS D8
Advance GX000713 diffractometer fitted with a Mo source and Ge(111) monochromator, using an
Oxford Cryosystems cobra system that allows measurements on capillary samples. Non-air-sensitive
PXRD samples were run on a Bruker AXS D8 Advance GX003410 with a Cu source. CHN measurements
were obtained with the Exeter Analytical CE-440 elemental analyser. Magnetic moment
measurements were measured on a JME (Johnson Matthey Equipment Limited) Gouy balance.
Transmission electron microscopy (TEM) studies were conducted using a JEOL 2100F FEG transmission
electron microscope with a Schottky field emitter operating at 200 kV. A resolution of 2.3 A (1 A

information limit) was used for TEM imaging.

BET and Hg intrusion analyses were performed by Johnson Matthey. BET samples were supplied to
Johnson Matthey sealed in a glass vial under a dry nitrogen atmosphere, with the vials being further
sealed using PVC electrical tape to limit contamination during delivery. Hg intrusion samples were
supplied to Johnson Matthey sealed in U-shaped BET tubes under a dry nitrogen atmosphere,

stoppered and sealed further using PVC electrical tape to limit contamination during delivery.

Silica (~0.2g) was accurately weighed into a Schlenk flask. Dry hexane (10 mmol) was added and the
suspension was cooled to 0 °C. o-Tolylmagnesium bromide (1.8 mL, 2M, 3.6 mmol) was slowly added
via a syringe, and the reaction then allowed to warm to room temperature before subsequently
stirringfor 1 hour. The mixture was cooled to 0 °C and propanal (5 mL, 69.7 mmol) slowly added via
syringe over a period of 10 min. The reaction was then allowed to warm to room temperature, and
stirred overnight, forming an off-white solid. Nonane (1.0 mL) was added as an internal GC standard,
before the solution was filtered through a glass wool plug. An aliquot (~0.1 mL) of the filtrate was

removed and diluted in DCM (~2 mL) prior to GC analysis.

Both cross polarisation (CP) and direction excitation (DE) 2°Si SS-NMR spectroscopic techniques were
used. REAPDOR experiments were performed to identify Co~"H coupling. Silica samples were
transferred into a nitrogen-filled glove box after a period of 48 h under vacuum, and were prepared

within the glovebox. Analysis by solid-state NMR spectroscopy was undertaken by packing portions of
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each of the variously-treated silicas into a wide bore sample rotor [4 mm] to maximise sample amount
and thus maximise sighal-to-noise. Using the MestReNova software package (version: x64 24/01/18),
the spectral baseline was corrected by “zero fill and LP” options using a Toeplitz method with a
coefficient of 8, and then phase correction was applied. The baseline was further corrected with a
polynomial fit. Using the Origin software package (version: 01/06/2018), the inbuilt baseline algorithm

was used to correct the baseline.

Pyrex boiling tubes were washed out three times with aqua regia and three times with distilled water
prior to use. Each sample of Co/SiO, was accurately weighed into a boiling tube, and aqua regia (3 mL)
added. The boiling tubes containing the sample and aqua regia were heated to 80 °C using a stirrer
hotplate fitted with an aluminium heating block for 1 hour to ensure full digestion of the metal from
the surface of silica; the tubes were then allowed to cool to room temperature. The contents of the
boiling tubes were washed into volumetric flasks (pre-washed three times with aqua regia and three
times with distilled water) and the solutions made up to the mark with distilled water. The resulting
solution was filtered through a glass wool plug to remove any residual silica, and the prepared
solutions were submitted to the Durham University ICP-OES service for analysis. Sample digestion was
repeated in duplicate. Each ICP-OES Co determination was undertaken alongside a Co standard
(Co(NO3)2.6H,0) with a known concentration of cobalt. The ICP-OES results were returned in mg/L and

the cobalt % w.t. loading of the materials were calculated subsequently.

A sample of A-SiO2.600 (0.5 g) was loaded into an ampule (fitted with a Young’s tap and side-arm and
ground glass connector) along with the chosen cobalt complex (0.42 mmol, assuming that there is 0.83
mmol g7t of OH species available to react). Dry pentane (10 mL) was added and the reaction was stirred
at room temperature for 2 hours. The ampule was attached to one side of a glass vacuum transfer
arm and a clean empty ampule to the other; the arm and second ampule were evacuated. The ampule
containing the sample was degassed using three freeze-pump-thaw cycles. Subsequently, all volatile
components, including solvent and released ligand, were transferred to the clean ampule via a vacuum
transfer process using liquid N; as refrigerant. The system was allowed to warm to room temperature
and cautiously back filled with nitrogen to atmospheric pressure. An internal standard of nonane was
added to the mixture of volatile components in the second ampule, stirred for 5 min, and an aliquot

(~0.1 mL) removed for analysis by GC.

Air-sensitive samples for PXRD analysis were prepared in a nitrogen-filled glovebox by charginga 1 mm

diameter glass capillary tube with the sample and sealing it with plasticine. The capillary was removed
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from the glovebox, and the end sealed with plasticine was flame-sealed. The sample was submitted

to the Durham PXRD service for analysis.

Non-air-sensitive samples for PXRD analysis were prepared by applying a thin layer of Vaseline to a
PXRD disc. The sample was sprinkled on top of the Vaseline on the PXRD disc, with excess powder
being tapped off, leaving a thin layer of flat sample stuck to the plate. The sample was submitted to

the PXRD service for analysis.

Non-air-sensitive samples for CHN were submitted to the Durham University CHN service as a powder
in a vial. Air-sensitive samples for CHN were prepared in a nitrogen-filled glovebox, by sealing the
sample in a pre-weighed tin capsule with a press, and then submitting the sealed tin capsules in a
sealed vial under nitrogen, in order to limit exposure to atmosphere. A ‘blank’ tin capsule was also
prepared alongside each sample, with the tin capsule being sealed in the same manner to enclose the
same glovebox nitrogen atmosphere. The blank tin capsule was used to standardise the end results of

the air-sensitive CHN sample analyses.

6.0.2.7.1 Calculations for Expected CHN of blank A-SiO2-00 and (2)/A-SiO3-600
The expected CHN analysis of blank A-SiO..00 Was calculated using the hydroxyl density that was

determined in Section 2.2.2 (0.83 mmol g™%). The calculation for the percentage of hydrogen present
in A-SiO2-600 is shown in Figure 6.1. The carbon and nitrogen contents were not calculated, as none are

present in the blank silica. The expected CHN of A-SiO.600 is C 0%; H 0.08%; N 0%.
0.83 0OH mmol g=* = 0.83 H mmol g*

H molecular weight (g mol™1)
1000

Hmmol g=! %

1.001 g mol™?

0.83 mmol g1 x 1000

= 0.00083 g

weight of hyd
gh f hydrogen _ . 1o
weight of total

0.00083 g

x 100 = 0.083 %
lg

Figure 6.1. Calculations using the hydroxyl density derived from titration with o-tolyl-MgBr to determine the expected
hydrogen content of A-SiOz.¢00 for CHN analysis

The calculation for the determination of the expected CHN analyses of (2)/A-SiOa.600 is similar to that
The calculation for the determination of the expected CHN analyses of (2)/A-SiOa.600 is similar to that

described in Figure 6.1, however, the calculation needs to include the ligands on the cobalt centre,
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the remaining unreacted silanols, and other surface species such as -SiMes. It is assumed that all
tethered cobalt species are mono-grafted, losing one silyl-amine ligand to form —Co-N(TMS),(THF). As
the cobalt density of (2)/A-SiOa.600 is known to be 0.39 mmol g (see Section 3.1.2.1), the surface
densities of the -N(TMS); ligand and coordinated THF can also be derived. The number of unreacted
silanols (0.332 mmol g™!) and the number of surface -SiMes species (0.108 mmol g™2) is known (see
Section 3.1.2.4). The calculation for the expected hydrogen content of (2)/A-SiO2.00 is given in Figure
6.2. Similar calculations were done for the expected carbon and nitrogen content. The expected CHN

analyses are C5.12%; H 1.16%; N 0.6%.
0.39 mmol g~ of — CoN(TMS), = 10.1 H mmol g1
0.108 mmol g~* of — SiMe; = 0.972 H mmol g~

0.385 OH mmol g~! = 0.385 H mmol g~*

H molecular weight (g mol™1)
1000

Hmmol g~ X

_, _ 1001 gmol™!
10.1 mmol g X W

_, _ 1001 gmol™*

1.001 g mol™1

+ (0.332 mmol g~ X 1000

> =0.011g
weight of hydrogen

100
weight of total

0.008 g
lg

Xx100=11%

Figure 6.2. Calculation for determining the expected hydrogen content of (2)/A-SiO2.¢00 for CHN analysis.

The general set-up for the Temperature Programmed Reduction (TPR) of materials is shown in Figure
6.3. The material to be analysed was accurately weighed (~100 — 150 mg) inside a nitrogen-filled
glovebox and loaded into a quartz tube (i.d. = 0.25 mm) between two acid-washed quartz wool plugs.
Before removing from the glove box, the ends of the quartz tube were fitted with metal ball valves
connected to the tube using UltraTor fittings to enable transfer of the tube to the horizontal furnace
and TPR set-up without exposing the sample material to atmosphere. The quartz tube was connected
to a Schlenk line through one of the taps, and after application of a vacuum/nitrogen cycle, the tap
was then opened to the nitrogen line. The quartz tube was inserted into the horizontal furnace. The
Mass-Flow Controller and gas delivery line were purged for 10 minutes under a flow of nitrogen (50
mL min~!). While the quartz tube is under a flow of nitrogen, the seal on the end of quartz tube was

removed and connected to the Mass-Flow Controller. Then, the quartz tube was disconnected from
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the Schlenk line and connected to the CaCl; drying column and TCD detector. Once the quartz tube
was fully connected to the TPR set-up, the gas flow was changed to a flow of N; (40 mL min™) and Hz
(10 mL min™). The sample was heated to 500 °C at a rate of 10 °C min™?, before being held at this
temperature for 30 minutes. The sample was allowed to cool, then transferred to a nitrogen-filled
glovebox without exposure to atmosphere using the reverse of the procedure described above.

Samples were stored in the glovebox until used.

TCD detector

T

CaCl, drying

column

quartz wool

Mass Flow Controller

[ = <——|H,: 10 mLmin*

| T\/\ N,: 40 mL mint

quartz furnace tube /

furnace

thermocouple
temperature control

Figure 6.3. General set-up for TPR analysis

All samples and the standard (NH4),Fe(S04),.6H,0 were ground to an uniform powder before analysis.
A custom made Gouy tube fitted with a Youngs tap was carefully loaded with ground
(NH4)2Fe(S04),.6H,0, ensuring that the packing was homogenous, until the sample length was ~3.5
cm. The length of the sample and its weight were accurately measured. The Gouy tube was inserted
into the Gouy balance and the reading and temperature were recorded. The calibration constant of
the Gouy balance was calculated using the standard (NH4).Fe(SO4),.6H,0, assuming that the mass
susceptibility of (NH4)2Fe(S04),.6H,0 was: Xg at 20 °C = 4.059 x 107" m3kg™. The same Gouy tube was
used for analysis of all samples. Air-sensitive samples were loaded into the Gouy tube inside a

nitrogen-filled glovebox, and sealed with the Youngs tap to maintain an inert atmosphere.

Samples for non-air-sensitive TEM analysis were prepared by dispersing a small amount of each
reduced material in 2-propanol (Fisher Scientific, laboratory reagent grade) using an ultrasonic bath.
Two drops of the suspension were then added dropwise onto a holey carbon film, (EM Resolutions,

300 mesh, copper) and dried at room temperature. The average Co particle sizes and the size
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distribution histograms were typically determined from TEM images by counting 50 particles from at

least three different regions of the film.

Air-sensitive TEM samples were analysed by Johnson Matthey. The samples were supplied to Johnson
Matthey sealed in a screw-cap glass vial under a dry nitrogen atmosphere, with the vials being further

sealed using PVC electrical tape to limit contamination during delivery.

Using the Scigress software package (version: 3.5 20/08/22), the structures of the complexes were
drawn, and corrected with the software’s ‘beautify’ method. The distance between the two furthest
atoms were measured. This process was repeated until the widest diameter was found and then this

value used as the diameter of the complex.

SBA-15 was prepared according to a literature procedure.? Pluronic-123 (8.097 g, 1.42 mmol), HCI (2M,
240 mL) and distilled water (60 mL) were placed in a 500 mL polypropylene bottle. The mixture was
heated to 45 °C in a water bath and stirred with a Teflon-coated stirrer bar for 4 hours or until the
solution became clear/homogeneous. Tetraethyl orthosilicate (TEOS) (17.034 g, 82.2 mmol) was
added, and the reaction was stirred at 45 °C for 20 hours, forming a fine white solid. The bottle was
removed from the water bath, sealed, and placed in an oven at 100 °C (with no stirring) to age for 24
hours. The resulting white solid was isolated by hot filtration with a glass frit and washed with ethanol
(3 x 75 mL) and water (3 x 75 mL). The silica was allowed to air-dry overnight, before being calcined
in a furnace at a ramp rate of 1 °C min™* to 550 °C and maintained at 550 °C for 4 hours, before being
allowed to cool to RT over a period of 12 hours. Yield: 4.825 g; PXRD data are consistent with prior

literature.?

KIT-6 was prepared according to a literature procedure.? Pluronic-123 (8.097 g, 1.42 mmol), HCI (37
%, 6.7 mL, 13 mmol) and distilled water (144 mL) were placed in a 500 mL polypropylene bottle. The
mixture was heated at 35 °C in a water bath and stirred with a Teflon-covered stirrer bar for 2 hours
or until the solution became clear/homogeneous. n-Butanol (4.068 g, 43.1 mmol) was added and the
mixture stirred at 35 °C for 1 hour. Tetraethyl orthosilicate (TEOS) (8.634 g, 42.17 mmol) was added,
and the reaction mixture was stirred at 35 °C for 24 hours, during which time the clear colourless
solution formed a fine white solid. The bottle was removed from the water bath, sealed, and placed
in an oven at 100 °C with no stirring action to age for 24 hours. The resulting white solid was isolated
by hot filtration with a glass frit and washed with 2 M HCI (3 x 50 mL) and ethanol (3 x 75 mL). The

silica was allowed to air-dry for 3 days, before being calcined in a furnace at a rate of 1 °C min™! to
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550 °C and maintained at 550 °C for 6 hours, before being allowed to cool to RT over a period of 12

hours. Yield: 2.455 g; PXRD data are consistent with prior literature.?

The general experimental set-up used for the calcination of the various oxide supports comprises a
vertically-set quartz furnace tube, located within a furnace (Figure 6.4). A quartz tube (20 mm i.d.) was
charged with an acid-treated quartz wool plug and Aeroperl 30/300 silica (~5 g) and placed vertically
in a tube furnace. The silica was placed under a downward flow of nitrogen (flow rate of 1 bubble.s™)
exiting the reactor via an oil bubbler (to ensure efficient removal of the released water) and heated
to 600 °C at a rate of 10 °C min~! and held at this temperature for 24 hours. The silica was allowed to
cool under a flow of nitrogen before being transferred to a Schlenk flask without exposure to the
atmosphere. The silica was stored in a nitrogen-filled glove box until its use. An identical process was
used for the preparation of A-SiO2-700, A-Si02.100 and A-SiO»-200 at calcination temperatures of 700, 400,

and 200 °C, respectively.
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Figure 6.4. Experimental set-up for the calcination of oxide supports

The title compound was prepared according to a literature procedure.* A solution of n-BuLi (2.3 M in
hexane, 19 mL, 44.9 mmol) in dry THF (30 mL) was cooled to —78 °C in a dry-ice/acetone bath, and
HN(TMS), (8.4 mL, 40.1 mmol) was subsequently added dropwise over 30 min. The reaction was
stirred at —78 °C for 1 hour. A white precipitate formed in a pale yellow solution. The reaction was

allowed to warm to room temperature and all volatiles were removed in vacuo, leaving a pale yellow
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solid. The solid was washed with cold dry pentane at —78 °C to yield Li(N(TMS),)(THF) as a white
powder. The solid was dried in vacuo, then stored in a nitrogen-filled glovebox until needed. Yield:
8.76 g, 36.6 mmol, 91%; *H NMR (400 MHz, CsD¢) 6 3.74 — 3.56 (m, 4H; CH,0, THF), 1.26 — 1.21 (m, 4H;
CH,, THF), 0.37 (d, J = 0.8 Hz, 18H; CH3, TMS); *C NMR (101 MHz, C¢Ds) & 68.93 (s; CH,0, THF), 25.39
(s; CHa, THF), 6.39 (s; CHs, TMS); 6Li NMR (155 MHz, CsDe) & 1.14 (s, 1Li). The H, 3C, and °Li NMR

spectral data are consistent with prior literature.*

The title compound was prepared using a modified literature procedure.* Li(N(TMS),)(THF) (8.76g,
36.6 mmol) was dissolved in dry THF (40 mL). The solution was transferred via a cannula to a round
bottom flask charged with CoCl; (2.16 g, 16.6 mmol), keeping the flask cooled at 0 °C. The reaction
was allowed to warm to room temperature and heated for 2 hours at reflux. The solution colour
changed from blue to dark green. All volatile components were then removed in vacuo, leaving a dark
green solid. The solid was extracted with dry pentane (5 x 20 mL) to give a dark green solution. All
volatile components were removed in vacuo, leaving [Co(N(TMS),)2(THF)] (2) as a bright green solid
and used without further purification. Yield: 4.65 g, 10.3 mmol, 62 %; CHN (Expect: C, 42.53 %; H 9.82
%; N, 6.15 %; Found: C, 42.44 %; H 10.01 %; N, 6.20 %)

The title compound was prepared according to a literature procedure.® Dry 1,3-dichlorobenzene (4.6
ml, 40 mmol) and dry THF (100 mL) were cooled to —78 °C. n-Buli (2.3 M in hexane, 19.1 mL, 44 mmol)
was added over 30 min. The reaction was stirred for 150 min, maintaining the temperature at —78 °C.
The solution changed from clear and colourless, to a white suspension, to a black solution. A solution
of Mes-MgBr in THF (1M in THF, 100 mL, 50 mmol) was added over 120 min at =78 °C. The reaction
mixture was then allowed to warm to room temperature and stirred for 18 h, then heated for a further
2 hours at reflux. The reaction was cooled to 0 °C and a THF solution (100 mL) of I, (25.4 g, 100 mmol)
was added over 30 min. The reaction mixture was allowed to return to room temperature and stirred
for 20 hours. The reaction was quenched by addition of a saturated aqueous sodium thiosulfate (400
mL) solution and separated. The aqueous layer was further washed with diethyl ether (5 x 100 mL).
The organic layers were combined and dried with MgS0,; subsequently all volatile components were
removed to give a pale yellow solid. The crude product was recrystallized from ethanol (800 mL) to
give dimesitylphenyl iodine as a white crystalline solid, following isolation by filtration. *H-NMR
spectroscopy confirmed the compound’s structure as dmp-I. Yield: 7.214 g, 16.382 mmol, 41 %; *H
NMR (400 MHz, chloroform-d) & 7.48 (t, J = 7.5 Hz, 1H; p-CeHs), 7.10 (d, J = 7.5 Hz, 2H; m-CsHs), 6.99
(s, 4H; m-MesH), 2.38 (s, 6H; p-ArCH3), 2.01 (s, 12H; 0-ArCHs). The *H NMR spectral data are consistent

with prior literature.’
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The title compound was prepared according to a literature procedure.® A dry toluene (38 mL)/hexane
(32 mL) solution of dmp-I(7.214 g, 16.4 mmol) was cooled to 0 °C and n-BuLi (1.9 M in hexane, 10 mL,
17.2 mmol) was added dropwise. The reaction was stirred for 30 min then removed from the cold bath
and stirred for a further 2 hours at room temperature. The solution changed from pale yellow to bright
yellow with formation of a white suspension. The reaction was filtered, and all volatile components
subsequently removed in vacuo from the filtrate to give a bright yellow solid. The solid was washed
with dry hexane at —78 °C until the solid was a clean white powder. Dimesitylphenyl lithium, as a white
powder, was dried in vacuo and stored in a nitrogen glovebox until needed. Yield: 3.93g, 12.3 mmaol,
75%; *H NMR (400 MHz, chloroform-d) 6 7.24 (t, J = 7.5 Hz, 1H; p-CsHs), 6.84 (m, 6H; m-CsHs, m-MesH),
2.17 (s, 6H; p-ArCH3), 1.83 (s, 12H; 0-ArCHs); °Li NMR (400 MHz, chloroform-d) & 1.41 (s, 1 Li). The H
NMR and °Li NMR spectral data are consistent with literature data.> Reliable CHN analyses could not

be obtained due to how air-sensitive the compound was.

The title complex was prepared according to a literature procedure.® Anhydrous CoBr,(DME) (0.89 g,
2.88 mmol) and dmp-Li (2.045 g, 6.38 mmol) were dissolved in dry toluene (30 mL), giving an opaque
brown slurry after two min. Dry THF (2 mL) was then added and the solution instantly turned a clear
blue colour. The reaction mixture was stirred for 19 hours at room temperature, during which time
the solution colour changed to a dark red. All volatile components were removed in vacuo to give a
dark red solid. The solid was extracted with hexane (3 x 20 mL) to give a dark red solution. The solution
was concentrated in vacuo and cooled to —25 °C to induce crystallisation. The red crystals of Co(dmp);
were isolated by filtration and dried in vacuo. Yield: 0.878 g, 1.28 mmol, 44 %; CHN (Expected: C, 84.06
%; H7.35%; N, 0 %; Found: C, 85.01 %; H 7.36 %; N, 0.07 %).

The title complex was prepared according to a literature procedure.® Dicyclopentadiene was degassed
using the freeze-pump-thaw technique before cracking into cyclopentadiene monomer, which was
isolated via reactive distillation at 42-43 °C. The cyclopentadiene monomer was stored in the dark
under nitrogen at 0 °C until needed. Co,(CO)s (2.098 g, 6.13 mmol) was dissolved in DCM (20 mL) in
the dark and cyclopentadiene monomer (2.5 mL, 30.4 mmol) added via syringe. The reaction was
heated under reflux at 45 °C, with the exclusion of light, for 48 h. The reaction was allowed to cool,
then the DCM was removed by distillation at 40-42 °C. The CoCp(CO), was isolated from the reaction
mixture via a vacuum transfer as a dark red oil. The CoCp(CO), product was stored under nitrogen,
excluded from the light, at —25 °C. Yield: 0.684 g, 3.8 mmol, 62 %; FTIR (cm™): 2015 (C-O stretch), 1960

(C-0 stretch). The FTIR spectroscopic data are consistent with data in the literature.®
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The title complex was prepared according to a literature procedure.” ® Anhydrous CoCl, (0.478 g, 3.68
mmol) was dissolved in dry THF (40 mL), and pyridine (1.6 mL, 19.86 mmol) and then COD (1.6 mL,
13.04 mmol) were added sequentially. The mixture was stirred for 90 min. The pale blue suspension
turned to a pale violet purple. The mixture was added to sodium (0.169 g, 7.35 mmol), and quickly
cooled to —8 °C. The reaction was stirred for 48 hours at —8 °C. The reaction turned black with a dark
precipitate. The reaction was filtered under nitrogen via a frit, to give a dark solution. All volatile
components were removed under vacuum to give a dark brown solid. The solid was redissolved in
pentane (20 mL), cooled to —8 °C and filtered through a frit. The solution was concentrated in vacuo
and cooled to —25 °C to induce crystallisation. The shiny black crystals of Co(CsH12)(CsH13) were isolated
by filtration, dried in vacuo and stored in a nitrogen glovebox until needed. Yield: 0.188 g, 0.68 mmol,
18.5%. CHN (Expected: C, 69.55 %; H 9.12 %; N, 0 %; Found: C, 71.43 %; H 8.86 %; N, 0.04 %) Due to
air-sensitivity of title complex, CHN analysis was difficult and CHN results are slightly off from their

expected values.

The chosen cobalt complex was dissolved in dry pentane (20 mL) at room temperature. The amount
of cobalt used was calculated using the hydroxyl density of the silica previously determined by
titration. Silica was loaded into a Schlenk flask and the Co-complex/pentane solution was transferred
in via cannula to the SiO,, and the mixture was stirred for up to 4 hours at room temperature. During
this time, the solution lost some colour, while the white silica became coloured. The
pentane/pentane-soluble materials were removed by filtration and the residual solid was washed with
dry pentane (3 x 10 mL). The solid was carefully dried in vacuo, leaving a coloured solid. The solid was

stored in the glove box for further use.

Co,(C0)s, 6, (0.042 g,0.242 mmol, 1.13 Co wt. %) was dissolved in dry pentane (10 mL) at 0 °C. Aeroperl
30/300 Silica (A-SiO2.600) (1.028 g) was loaded into a Schlenk flask. The Co,(CO)s/pentane solution was
transferred via cannula onto the sample of A-SiOz.600, and the mixture was stirred for 15 min at 0 °C.
All volatile components were carefully removed under a partial vacuum, leaving a pale brown solid.

The solid was stored in the dark, under nitrogen, at —17 °C.

Freshly prepared (2)/A-SiO,.600 (1 g) was loaded and sealed into the reduction set-up shown in Figure
6.5 in a nitrogen-filled glovebox. The set-up was attached to a Schlenk line and opened to the nitrogen
line after application of a vacuum/nitrogen cycle. A pre-mixed 5% H,/N, supply (BOC) was connected

via a gas flow meter and all the tubing was purged with H,/N> gas for 5 minutes to remove oxygen and
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moisture. Under a flow of nitrogen from the Schlenk line and a flow of Hy/N; from the cylinder, the
cylinder was connected to the reduction set up. The set-up was disconnected from the Schlenk line
and attached to an oil bubbler. The gas flow of Hz/ N2 (50 mL min™) was controlled by the flow meter.
The set-up was lowered into a pre-heated oil bath (150 °C) as shown in Figure 6.5, so that all of the
sample was below the oil. The sample was heated for 3 hours to ensure complete reduction. A colour
change from to green to blue was observed. When the reduction was finished, the set-up was allowed
to cool to room temperature. The resulting material was stored in a nitrogen-filled glovebox until used.

This method was used for all gases and all temperatures.
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Figure 6.5. General set-up for the reduction of (2)/A-SiOz.600

(3)/A-Si02.600 (0.5 g) was loaded into a Schlenk flask inside a nitrogen-filled glovebox. The Schlenk flask
was fitted with a cold finger and placed under vacuum. The cold finger was cooled to —78 °C with dry
ice/acetone. The bottom of the Schlenk was gently heated to 60 °C with an oil bath while under a
static vacuum. The sample of (3)/A-SiO2-600 showed no colour change, and no solid appeared on the
cold finger. The temperature was slowly raised 10 °C every 15 minutes until 100 °C when a colour
change was observed, the sample of (3)/A-SiO:.600 changing colour from purple to black. A dark purple
crystalline solid appeared on the cold finger and was subsequently isolated and determined to be

cobaltocene by CHN.

Co(NOs),.6H,0 (0.3421 g, 1.175 mmol, 2.3% w.t. Co) was dissolved in deionised water (5.5 mL). A vial
was charged with calcined Aeroperl 300/30 silica, A-SiO2-600, (3.009 g), and the Co(NOs),.6H,0 solution
was added dropwise. The resulting material was mixed using a vortex mixer, and then the material

was calcined in an oven at 120 °C for 24 h. The colour of the material changed from pink to black. The

207



material was then charged into a quartz tube and reduced under a flow of H2/N, (10 mL/40 mL) while
heating to 500 °C at a rate of 10 °C min™?, before being held at this temperature for 30 min. The sample
was allowed to cool, then transferred to a nitrogen-filled glovebox without exposure to atmosphere.

Co(NOs),/Si0; was stored in the glovebox until used.

6.0.3.16 Catalytic Hydrogenation of CNA
A three-neck 50 mL round bottom flask was charged with the chosen catalyst (113 mg, 2.4 w.t% Co)

inside a nitrogen-filled glovebox, and fitted with a water condenser, a gas adaptor tap, and two glass
stoppers (see Figure 6.6). The flask was connected to the Schlenk line through the gas adaptor tap and
opened to nitrogen following a vacuum/nitrogen cycle. Under a slow flow of N, (5 mL mint), the glass
stopper on top of the water condenser was replaced with a three-way gas adaptor tap, connected to
the nitrogen line and vented to an oil bubbler, under a flow of nitrogen. A solution of cinnamaldehyde
(0.1 mL, 0.79 mmol) in propylene carbonate (20 mL) was added to the flask. A fritted gas inlet dip tube,
connected to a hydrogen gas cylinder, was attached to the flask, and the fritted gas inlet dip tube was
lowered until the frit was below the surface of the solution. The H, gas flow was set to 20 mL min™
using a rotameter, and the reaction was heated to 150 °C for 9 hours while stirring. The reaction was
allowed to cool completely, n-butyl ether was then added to the reaction mixture as an internal

standard, and the organic solution was isolated by filtration through a celite plug. An aliquot (~0.1 mL)

of this solution was removed for analysis by GC.
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Figure 6.6. General set-up for the hydrogenation of CNA

208



6.1 References

1.

2.

A. F. Burchat, J. M. Chong and N. Nielsen, J. Org. Chem., 1997, 542, 281-283.

V. V. Pushkarev, K. An, S. Alayoglu, S. K. Beaumont and G. A. Somorjai, J. Catal., 2012, 292,
64-72.

F. Kleitz, S. H. Choi and R. Ryoo, Chem. Commun., 2003, 2136-2137.

D. C. Bradley, R. G. Copperthwaite, M. W. Extine, W. W. Reichert and M. H. Chisholm, in
Inorg. Synth., ed. B. E. Douglas, Hoboken, New Jersey, 2007, vol. Volume XVIII, pp. 112 - 119.

D. L. Kays and A. R. Cowley, Chem. Commun., 2007, 1053-1055.

T.S. Piper, F. A. Coyron and G. Wilkinson, J. Inorganic and Nuclear Chemistry, 1955, 1, 165-
174.

D. Zitoun, C. Amiens and B. Chaudret, J. Phys. Chem. B, 2003, 107, 6997-7005.

T. O. Ely, C. Pan, C. Amiens and B. Chaudret, J. Phys. Chem. B, 2000, 104, 695-702.

209



Chapter 7: Summary and Future Work



7.0 Summary

This project set out with the aim of synthesising sub-nanosized supported cobalt particles through a
new synthetic route (Scheme 7.1), as part of a broader study into developing routes to sub-nanosized
particles for catalysis. A secondary project aim was to investigate the catalytic properties of the
prepared nanoparticles and correlate their formation and their resulting size to their catalytic

activity/selectivity.

o~ .
_ STEP 1 |
S0, — . _si,
support  modification /0 cf Q
Yy | T O/CORX'1 H H
' STEP4  © o~
| STEP3 S, ! .
> (o] ‘ ,0 —> /SIII \‘SI\
[ -RH | © AN heat ool ’ o %)0
STEP 2 cobalt | whe N e [ A
. Precursor e

synthesis

Scheme 7.1. The four-step method simplified for the synthesis of bound nanoparticles.

Early in the project, it was identified that a key component for controlling the size and formation of
cobalt nanoparticles was the oxide support, here silica, something related to the oxide’s
modification/preparation. While silica supports are already well-documented in literature,** this
project looked at SBA-15, KIT-6, and Aeroperl 300/30 silicas with a larger focus on the silanol density
on the silica surface than usually seen in literature, and how the silanol density may be varied through
use of different calcination temperatures. It has been shown successfully that both 'H SS-NMR
spectroscopy and chemical titration methods using o-tolylmagnesium chloride, when used in
conjunction with BET surface analysis, can be used to determine the silanol density on the silica
surface and give results that are in good agreement. As anticipated, it was confirmed that silicas’
silanol density decreases with an increase in calcination temperature (200 — 700 °C). #Si SS-NMR
spectroscopy was found to be useful method for identifying the different types of silanol groups
present on the oxide. Aeroperl 300/30 silica was found to be the best support for this project’s goals
due to its consistent silanol density after calcination and thermal stability up to 700 °C and, based on
previous work with the group,’ calcination under a flow of N, at 600 °C for 24 h was chosen as the pre-

treatment (the resulting material denoted as A-SiO2.00).

[Co(N(TMS)2)2(THF)] was chosen as a nanoparticle precursor due to prior work by Oakton et al. who
explored the generation of silver nanoparticles on silica through a silver silylamide precursor.®
[Co(N(TMS)2)2(THF)], denoted as complex 2, became the main focus of the project after it was

successfully tethered to A-SiO».600, the resulting material characterised, and identified as possessing a
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mono-grafted cobalt surface species, (2)/A-SiOz.600 (Scheme 7.2). A paramagnetic Co?* species is
present in (2)/A-SiOz.600, SO analysis by SS-NMR spectroscopy was limited; though two surface
species, -Co(NSiMes) and —0SiMes, were tentatively identified by *H SS-NMR analysis. ICP-OES analysis
confirmed the degree of loading of complex 2 to A-SiO2.600 (2.2% W.t. Co), and a %CHN determination
was used to identify that one HMDS ligand was attached to the cobalt metal centre. BET analysis
showed the decrease in pore size as functionalisation (a combination of metalation and silylation) of
the silica surface occurred during impregnation. The material (2)/A-SiO2-¢00 Was determined to be a

promising precursor to small cobalt nanoparticles due to how reactive it was.
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Scheme 7.2. Reaction of complex 2 and A-SiO;.s00 to form (2)/A-SiO2.600 and concomitant release of a molecule of HMDS

The reduction of (2)/A-SiOz.600 (Scheme 7.3) was probed by TPR methods, with the material being
found to undergo a reaction with hydrogen at 150 °C. Subsequently, (2)/A-SiO.600 Was reduced under
a number of different conditions, using a range of temperatures (150, 200, 250 °C) and gas
compositions (5% Hz/N3, Ha, N;) to form (2)/A-SiO2.600 (T °C, gas). Subsequent SS-NMR spectroscopic
studies of the reduced (2)/Si02.¢00 materials indicated that -OSiMes surface species are present. ATEM
investigation of a range of (2)/A-SiO2600 (T °C, gas) materials was undertaken using non-air sensitive
and air-sensitive techniques. Subsequent TEM imaging of (2)/A-SiO2.600 (150 °C, H,), air-exposed (2)/A-
Si02.600, and (2)/A-SiO..600 (air-exposed, 150 °C, H,) showed the presence of small cobalt particles (0.5
- 3 nm). TEM images of (2)/A-SiOz.600 (150 °C, N;) achieved without exposure of the materials to
air/moisture indicated that there are cobalt particles on the surface (2 — 3 nm), while TEM images of
(2)/A-Si0O2.600 (150 °C, N,) obtained following sample exposure to air, showed crystal lattice lines with
a d-spacing that matches cubic CoO (NaCl, Fm-3m).” Analysis of the magnetic properties of the various
cobalt-modified silicas under inert atmosphere conditions were inclusive, and it could not be
determined whether the particles were cobalt(ll) oxide or metallic Co®. The nature of the cobalt

surface species could not be determined due to their air-sensitivity.
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Scheme 7.3. The proposed reduction of (2)/A-SiOa.s00 into cobalt nanoparticles

Subsequent work described in this thesis probed the use of (2)/A-SiO»¢00-derived materials as
hydrogenation catalysts. Since a,B-unsaturated aldehydes offer two sites for reduction
(hydrogenation of the C=C or the C=0 bond), the hydrogenation of cinnamaldehyde (CNA) was chosen
as a test reaction to explore catalytic selectivity as well as activity. While it is noted in the literature
that cobalt-based catalysts are particularly selective towards the formation of unsaturated alcohol
(CNOL),® ° it was found that four catalysts, (2)/A-SiO2600(150°C, N,, then H,, vacuum),
(2)/A-SiO2.600 (150 °C, N,, then 5% H,/N,, vacuum), (2)/A-SiOj.600 (150 °C, N, vacuum), and
(2)/A-Si0O2.600 (250 °C, N3, vacuum), showed catalytic activity towards the formation of the saturated
aldehyde, HCNA. Catalysts derived from (2)/A-SiO2-600 show a different hydrogenation selectivity than
the reference catalyst (A-SiO2.600 impregnated with Co(NOs),.6H,0, denoted here as Co(NO3),/Si0,),
which was selective towards the formation of CNOL. It is thought that the catalysis of CNA to HCNA is
due to the cobalt particles (2-3 nm) on the surface of silica. It is currently unknown why the selectivity

of these catalysts is towards HCNA rather than CNOL.

The catalytic activity of (2)/A-SiO2.600 (150 °C, N», then H,, vacuum) changed over time, reducing in
effectiveness across a period of 33 hours. This loss of performance coincided with the production of
several unwanted side-products, including (1E,2E)-3-Phenyl-N-(trimethylsilyl)-2-propen-1-imine
(denoted as CNA-iminel) which formed from the reaction between CNA and trace HMDS remaining
on the catalyst surface. Treatment to remove physisorbed HDMS (heating under vacuum and washing
with pentane) would truncate the production of CNA-iminel and other unwanted side-products.
While successful hydrogenation cobalt catalysts were synthesised, which demonstrated a selectivity

towards HCNA, the formation of unwanted side-products could not be completely prevented.

To briefly summarise, studies done in this project have shown that (2)/A-Si02.600, When heated under
hydrogen at relatively low temperatures (150 - 250 °C), is a good precursor to nanosized cobalt
particles (0.5 - 3 nm) tethered to a silica support. Heating the (2)/A-SiO.600 precursor at 150 — 250 °C

in the absence of hydrogen will produce cobalt particles (2-3 nm) on the silica surface instead. These
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cobalt particles are capable of catalytic hydrogenation of CNA to HCNA, contrary to the usual

selectivity that cobalt catalysts have towards CNOL that is reported in the literature.®°

This synthetic route to supported cobalt particles (Scheme 7.1) studied by this thesis is a promising
method and, so far, capable of producing very small Co nanoparticles on silica. While there are highly
unstable intermediates that require handling under strict conditions to prevent contact with air
and/or moisture, and can make characterisation difficult, the route shows several promising aspects.
These aspects include a high degree of control over the metal loading, through precisely controlling
the hydroxyl density of the silica support by calcination, and activation of catalysts at relatively low

temperatures (150 °C).

7.1 Future Work

As the oxide support is considered to have an important role in the formation of the nanoparticle and
in the resulting supported nanoparticle catalyst’s behaviour,*? further research into different oxide
supports is imperative. While silica was the focus of this thesis, alumina is another common oxide
often used as a support in industrial heterogeneously-catalysed reactions. Alumina and silica share
many desirable traits with one another - durability and stability in harsh conditions such as high
temperatures (up to 973 K for y-alumina) and pressures. However, catalysts deposited on alumina
often show different behaviour from catalysts prepared using silica, something attributed to ‘support
effects’, where a catalyst’s behaviour or formation is altered by the molecular environment of the
support, as reported by Somorjai et al.’s study, which compares silica and alumina, as well as other
supports (TiOz, Nb,Os, Ta,0s, and Zr0,).22 Other oxide support that are potentially beneficial to study
due to potential support effects on this thesis’s synthesis towards sub-nanosized particles include
silica-alumina, titania, and zirconia. Silica-alumina offers an interesting comparison to both silica and
alumina separately, as it has been suggested in literature that it may be better to consider silica-
alumina as silica with discrete patches of alumina within the structure.!* Titania also promises to be
an interesting oxide support, as it is unique among other oxide supports due to the presence of SMSI
effects.’® It may also be valuable to study as an oxide support for this synthetic route to sub-nanosized
particles due to its acid-base properties,'® which makes it an interesting comparison to more typically
acidic oxide supports like silica and silica-alumina. For a more stable catalyst support, zirconia can be
employed due to its high chemically inertness compared to that of other oxide supports such as silica
and alumina.'” Monoclinic zirconia has excellent thermodynamic stability below 1170 °C, is chemically
stable, has good mechanical strength and can have high accessible surface area.!” Zirconia could offer
an new perspective on an oxide support calcined at temperatures above 800 °C, without the risk of

pore structure collapse and loss of surface area.
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Following the analysis into different support effects from different oxide supports, pre-treatment of
the oxide support should be examined further, such as the effects of the temperature of calcination
on nanoparticle formation. While silica supports calcined at 600 °C were studied more deeply than
other calcination temperatures in this thesis, it is valuable to consider the effects of raising or lowering
the calcination temperature on any resulting nanoparticles. A higher oxide support pre-calcination
temperature will decrease the loading of cobalt (as a result of a lower silanol density) and therefore
potentially resulting in smaller nanoparticles on the support’s surface, but there is a possibility of pore
structure collapse as was seen for KIT-6 in Section 2.2.1.3. A lower calcination temperature will result
in a higher cobalt species loading, and is something likely to form bipodal cobalt surface-bound
species, as discussed in Section 1.0.6.1,'® which side-effects on the formation of nanoparticles is

currently unknown.

Following on from the results described in Chapter 3 and 4, other precursors, such as complex 4
(Co(dmp).), should be further examined as precursors to sub-nanosized cobalt particles. Complexes 4
— 8 (from Chapter 3) were chosen and synthesised in this project due to the anticipation that they
would reduce to small nanoparticles, but due to time constraints, they were not fully characterised
when tethered to the surface of silica, nor were their reductions to nanoparticles explored. Thus,
further study into the cobalt precursor should be considered high importance, as the precursor choice

has a profound effect on the formation of the nanoparticles.

In order to improve understanding of the reduced material derived from (2)/A-SiO2-600, it is imperative
that a broader range of analytic techniques is explored, such as Mdssbauer spectroscopy to probe the
nature of the cobalt cations present in the nanoparticles or STEM to analyse the 3D morphology of
the nanoparticles. The development of more air-sensitive techniques is also necessary, to allow better

characterisation of the surface species of materials derived from (2)/A-SiO2-s00.

A deeper investigation into the hydrogenation of CNA via silica-supported cobalt species is required
to explore the cause of the selectivity towards HCNA when using catalysts derived from heating
(2)/A-SiO2.600 in the absence of hydrogen. It is currently unknown why the selectivity of these catalysts
((2)/A-Si02.600 (150 °C, N, then H,, vacuum), (2)/A-SiO;.600 (150 °C, N, then 5% H,/N,, vacuum),
(2)/A-Si02.600 (150 °C, N,, vacuum), and (2)/A-SiO2.600 (250 °C, N2, vacuum)) is towards HCNA rather
than CNOL, but it has been proposed by this project that the selectivity towards the saturated
aldehyde is due to the presence of small cobalt particles on the silica surface. Further investigation is

required in order to understand the differences in selectivity and structure of the catalysts.
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As alluded to in Section 1.0.8.1, it would be valuable to probe other catalytic hydrogenation reactions,
such as the hydrogenation of nitrobenzene to aniline,’® which has industrial interests due to the
commercial significance of aniline and its derivatives.?’ Although nitrobenzene is considered to have
one available site for hydrogenation (ignoring the possibility of hydrogenating the aromatic ring), the
NO; group, the reaction has been shown to proceed through a complex reaction pathway, with several
intermediates and possible side-products.?! However, in the literature, this reduction is often explored
in terms of catalytic activity rather than selectivity,?® making the reaction of nitrobenzene to aniline a
good probe for the activity of the catalysts synthesised in this thesis. There remains a significant scope
for interesting development and optimisation of this route to supported cobalt nanoparticles, as well

as their potential in heterogeneous hydrogenation.

7.2 References

1. L. T. Zhuravlev, Langmuir, 1987, 3, 316-318.
2. A. P. Legrand, The Surface Properties of Silicas, John Wiley, Chichester, 1998.
3. E. F. Vansant, P. V. D. Voort and K. C. Vrancken, Characterisation and Chemical Modification

of the Silica Surface, Elsevier, Wilrijk, Belgium, 1995.

4, J. T. Marta Szekeres, Imre Dékany, Langmuir, 2002, 18, 2678-2685.
5. M. J. Lamb, D. C. Apperley, M. J. Watson and P. W. Dyer, Top. Catal., 2018, 61, 213-224.
6. E. Oakton, G. Vilé, D. S. Levine, E. Zocher, D. Baudouin, J. Pérez-Ramirez and C. Copéret,

Dalton Trans., 2014, 43, 15138-15142.

7. S. Sasaki, K. Fujino and Y. Takéuchi, Proc. Japan Acad., 1979, 55, 43 - 48.

8. Y. Yang, D. Rao, Y. Chen, S. Dong, B. Wang, X. Zhang and M. Wei, ACS Catal., 2018, 8, 11749 -
11760.

9. Z. Wu, J. Zhao, M. Zhang, W. Li and K. Tao, Catal. Commun., 2010, 11, 973 -976.

10. F. Rascén, R. Wischert and C. Copéret, Chem. Sci., 2011, 2, 1449-1456.
11. P. Denton, A. Giroir-Fendler, H. Praliaud and M. Primet, J. Catal., 2000, 189, 410-420.

12. J. Handzlik, J. Ogonowski, J. Stoch, M. Mikotajczyk and P. Michorczyk, Appl. Catal., A:
General, 2006, 312, 213-219.

13. K. An, S. Alayoglu, N. Musselwhite, K. Na and G. A. Somorjai, J. Am. Chem. Soc, 2014, 136,
6830-6833.

14. E. J. M. Hensen, D. G. Poduval, V. Degirmenci, D. A. J. M. Ligthart, W. Chen, F. 0. Maugé, M.
S. Rigutto and J. A. R. v. Veen, J. Phys. Chem., 2012, 116, 21416-21429.

15. M. A. Vannice, S.-Y. Wang and S. H. Moon, J. Catal., 1981, 71, 152-166.

16. D. Stosi¢, S. Bennici, J.-L. Couturier, J.-L. Dubois and A. Auroux, Catal. Commun., 2012, 17,
23-28.

215



17.

18.

19.

20.

21.

P. D. L. Mercera, J. G. v. Ommen, E. B. M. Doesburg, A. J. Burggraaf and J. R. H. Ross, Appl.
Catal., 1991, 71, 363-391.

C. Copéret, A. Comas-Vives, M. P. Conley, D. P. Estes, A. Fedorov, V. Mougel, H. Nagae, F.
Nufiez-Zarur and P. A. Zhizhko, Chem. Rev., 2016, 116, 324-421.

Q. Zhang, J. Bu, J. Wang, C. Sun, D. Zhao, G. Sheng, X. Xie, M. Sun and L. Yu, ACS Catal., 2020,
10, 10350-10363.

Y. Cao, K. Liu, C. Wu, H. Zhang and Q. Zhang, Appl. Catal. A, General, 2020, 592, 1-9.

E. A. Gelder, S. D. Jackson and C. M. Lok, Chem. Commun., 2005, 522-524.

216



Appendices



Appendix A: Calibration of Nonane against Toluene

This appendix consists of the calibration curve (Figure A.1) used to identify the number of moles of
toluene produced during the determination of the hydroxyl density on the surfaces of silica supports
(Aeroperl 300/30, SBA-15, and KIT-6). Nonane is used as an internal standard. The areas of the peaks

in the GC-FID spectrum were used to calculate the datapoints. Figure A.1 was fitted with a linear

trendline with the intercept set to zero.
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Figure A.1. Nonane vs. toluene calibration curve

217

180

200



Appendix B: Brunauer-Emmett-Teller (BET) Analysis

BET analysis is often used to probe the surface area of porous and non-porous materials such as
catalyst supports. The BET theory follows on from the Langmuir theory, which describes the behaviour
of monolayer adsorption. BET extends the Langmuir theory to multilayer adsorption by making three

important assumptions:!

1. gas molecules physically adsorb on a solid in layers infinitely,

2. thereis no interaction between each adsorption layer,

3. the Langmuir theory can be applied to each layer.
BET analysis of a solid material typically is performed with an unreactive gas such as nitrogen and at
low temperatures (ca.”~ 77 K, a.k.a — the boiling point of liquid nitrogen) to increase the interaction
between the gas and the solid material. The pressure of the adsorbing gas is increased, maintaining
the same temperatures, and more molecules are adsorbed onto the surface to form a mono-layer.
From the volume of adsorbed molecules on the material surface, the surface area can be calculated
from the BET equation (Equation A.1), which links the number of gas molecules adsorbed at a given
relative pressure (P/P0), where C, the BET constant, is a second parameter related to the heat of

adsorption.! Cis expressed as Equation A.2.1

1 C—1/P 1
V[(Py/P) —1  vpmC (P_0> T omC
Equation A.1. The BET equation
v = amount of gas adsorbed
Vm = monolayer capacity
(P/Po) = relative pressure

C = BET constant

Ki—K,
C = exp( RT b

Equation A.2. The C value, calculated from the intercept and intercept of the isotherm, and related to the heat of adsorption
on the surface.’

K: = heat of adsorption for the first layer
K. = heat of adsorption for second layer and higher (is equal to the heat of vaporisation)
R = gas constant

T =temperature
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Appendix C: *H SS-NMR Spectroscopy of Complex 2
An H SS-NMR spectrum of complex 2 was obtained, to compare it to (2)/A-SiO2.600 and identify any

changes that the complex undergoes when tethered to the silica. Complex 2 is expected to exhibit 3
peaks in the *H NMR spectrum: 2 resonances representing the coordinated THF and 1 resonance
correlated to the HMDS ligands. The *H NMR spectrum recorded at a spin of 40 kHz (Figure A.2) shows
very narrow lines, and peaks at an unusually high chemical shift. It also exhibits a strong NOE (Nuclear
Overhauser Effect) enhancement, as shown by significantly more signal with a short (1 s) recycle delay

than a longer recycle delay (10 s).

A slower spin spectrum (spinning at 30 kHz) was recorded to confirm that the lines at 65.9 ppm and
114 ppm are centre bands (Figure A.3). The 30 kHz spectrum shows broader lines than that recorded
at 40 kHz (Figure A.2). This is most likely the effect of complex 2 heating under MAS, melting slightly
within the rotor, as the sample can be around 60 °C when spin at a faster spin rate (40 kHz).2 Complex
2 has a melting point of 73 - 73 °C.3 In the 30 kHz spectrum, side bands appear at the spin-rate x2. This
is unusual as there are no side bands at spin-rate x1, where they would be expected to be, nor any
sidebands evident beyond spin-rate x2. It is suspected that the signals may be shifted due to the

paramagnetic Co" in complex 2.

The 'H spectrum for complex 2 (Figure A.2) and (2)/A-SiOa.00 (Figure 3.5, Section 3.1.2.3) are very
different. As the H spectrum for complex 2 is unusual and the peaks were not identified, it is difficult

to compare it to (2)/A-SiO2.600 (Figure 3.5, Section 3.1.2.3).
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Figure A.2. Comparison of 40 kHz and 30 kHz *H SS-NMR spectra of complex 2, Frequency 400.17 MHz
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Figure A.3. A wider field of 30 kHz 1H SS-NMR of complex 2. Resonances at —2.0 and —15.3 ppm can be clearly identified with
satellites. A third peak can be seen at 66.4 ppm, Frequency 400.17 MHz, Spin-rate 30 kHz
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Appendix D: REAPDOR SS-NMR Spectroscopy of (3)/A-SiOz-600

The paramagnetic cobalt in the system is likely to interfere with the cross-polarisation process,
particularly with any protons near the Co. This interference would leave only SiOH groups remote from
the Co available for participation in the cross-polarisation process. Therefore, a REAPDOR (Rotational
Echo Adiabatic Passage Double Resonance) experiment was performed on a sample of the
(3)/A-SiO2.600 material. In a REAPDOR experiment, the proton signal was observed while recoupling
any dipolar coupling with the cobalt (the magic-angle spinning removes this interaction so it has to be
reintroduced). However, despite application of this method the resulting spectrum showed no
evidence for such a Co~H interaction. The REAPDOR spectrum (Figure A.4) showed two signals: one
at 1.8 ppm that was attributed to SiOH species with the other narrow signal near 0 ppm most likely
being residual silicone grease picked up during the synthesis. There was no evidence for the protons
in the hydrogen-containing ligands on the Co species. This indicates that either the cobalt was having

a disruptive effect on the NMR or both Cp rings have been lost.

-1.82
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Figure A.4. 25Si REAPDOR SS-NMR spectrum of (3)/A-SiOz.600
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Appendix E: Initial Attempts at TPR Analysis of (2)/A-SiO2-600

While the high reactivity of (2)/A-SiO2-600 makes it a promising precursor for small nanoparticles, this
presented problems when attempting TPR analyses. While there were signals in the TPR, indicating
that hydrogen was consumed and a reduction was occurring, the signals were broad (Figure A.5). The
broad signal between 95 and 220 °C is suspected to be multiple signals that were very close together
as a result of multiple reduction processes occurring. The resulting material from the reduction was
not uniformly coloured, instead the bed of material closest to the gas outlet was dark blue, while the
rest of the material was black (Figure A.6). It was suspected that this mix of blue and black material
was due to partial oxidation from atmosphere during the TPR, as (2)/A-SiO2-¢00turns blue on exposure

to atmosphere.
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Figure A.5. Initial TPR Analysis of (2)/A-SiOz-s00

< Gas flow

Figure A.6. The resulting colour of the (2)/A-SiO2.600 post TPR analysis (TPR in Figure A.5), with the direction of gas flow
shown

A second attempt at TPR analysis is shown in Figure A.7. The attempt gave a broad detector response
between 50 — 150 °C. The resulting material from the TPR analysis from Figure A.7 showed different

colours (grey or blue) in different parts of the sample.
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Figure A.7. TPR analysis of (2)/A-SiO2.600 showing broad and noisy signals

Another attempt at the TPR analysis of (2)/A-SiO»-¢00, Seen in Figure A.8, has two overlapping signals
names Peak 1 and Peak 2. The resulting material of the TPR analysis can be seen in Figure A.9, with
two distinct colours, grey and blue, in different areas of the sample. The reduction occurs between 90
— 230 °C. As Figure A.8 appears to be two separate signals that overlap, it was decided that

deconvolution should be employed to determine each individual peak area.
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Figure A.8. TPR Analysis of (2)/A-SiO2.600 showing two possible overlapping signals between 90 and 230 °C *

* The sharper peak at 125 to 130 minutes is due to a disruption in the hydrogen supply caused by other
equipment in the laboratory.
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Figure A.9. The resulting colour of the TPR analysis of (2)/A-SiO2.¢a0 Seen in FIGURE

Deconvolution of the Initial Attempts at TPR of (2)/A-SiO2-s00

As the TPR analysis of (2)/A-SiOz.600 Seen in Figure A.8 has two signals, Signal 1 and Signal 2,
deconvolution was attempted. The baseline of the TPR GC trace of (2)/A-SiOa.600 (Figure A.8) is slanted
and noisy, so it was processed according to the method in Section 6.0.2.3. However, there is a feature
near the baseline to the high temperature side Signal 2, labelled as Feature 3 in Figure A.10. It is not
known if this feature is part of Signal 2, a third signal, or part of the baseline. As baseline adjustment
is performed according to the immediate region on either side of the signal in question, Feature 3 will
have an effect on baseline correction. Several attempts at deconvolution were done, with including
and excluding Feature 3 from the baseline adjustment. The results of the deconvolutions of the TPR
analysis of (2)/A-SiO2.600 (Figure A.10) are given in Table A.1. Hydrogen consumption ranges from 0.24
to 0.28 mmol. The hydrogen consumption was calculated with Feature 3 included and excluded from
the adjusted baseline. The calculated hydrogen consumption varies depending on the inclusion of
Feature 3 as part of the baseline. When Feature 3 is included in the baseline adjustment, the hydrogen
consumption is calculated to be higher; the hydrogen consumption when Feature 3 is excluded is on
average lower (0.25 mmol) than when Feature 3 included in the baseline adjustment (0.27 mmol).

Feature 3 was also fitted as a possible third signal, that had a similar area to Signal 1.
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Figure A.10. TPR Analysis of (2)/A-SiO:.s00
There appears to be two distinctive peaks (Peak 1 and Peak 2) and a third feature (Feature 3) near the baseline.

Table A.1. The hydrogen consumption of (2)/A-SiOz.s00, calculated from the possible deconvolutions of the TPR analysis
(Figure A.10). The baseline was adjusted depending on whether Feature 3 was considered part of the baseline or not.

Baseline Peak Type Signal 1 Signal 2 Feature 3
H, consumption H, consumption H, consumption
(mmol) (mmol) (mmol)

Feature 3 excluded Gaussian 0.05 0.19 X
Feature 3 excluded Lorentzian 0.04 0.21 X
Feature 3 included Gaussian 0.07 0.21 X
Feature 3 included Lorentzian 0.06 0.22 X
Feature 3 excluded Gaussian 0.05 0.18 0.04
Feature 3 included Gaussian 0.05 0.15 0.05
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Appendix F: Scherrer Equation for PXRD analysis of

The Scherrer equation (Equation A.3) relates crystallite size to broadening of the reflection observed
in PXRD.* While the Scherrer equation is often mistaken as a formula for particle size, it can offer some
insight on the size of nanoparticles present in a sample as particles can be considered agglomerations

of crystallites. The crystallite size is equal or less than nanoparticle size.

K2
e BcosO

Equation A.3. The Scherrer equation #

T = mean size of crystallite

K = shape factor

A = X-Ray wavelength

B = full width at half maximum of reflection

0 = Bragg angle
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Appendix G: Testing for Cobalt in CNA Catalysis Reaction Mixture

A step in the analysis of the catalytic hydrogenation of CNA used in this project is the separation of
the catalyst from the CNA hydrogenation reaction mixture prior to GC-FID analysis. This is done for
two reasons: to prevent small particles from blocking the GC column and to stop any further reaction
from being catalysed by any remaining cobalt catalyst. The method used to separate the catalysts from
the CNA hydrogenation reaction mixture in this project is two filtrations through a celite and glass

wool plug.

To ensure that no catalyst remained in the CNA hydrogenation reaction solution, a qualitive test for
the presence of cobalt was performed using ether and ammonium thiocyanate. In small vials, a
mixture of ether and ammonium thiocyanate (ca.~ 5 mg) was prepared (Figure A.11). In vial (a), cobalt
nitrate was added; in vial (b), two drops of unfiltered CNA hydrogenation reaction mixture was added;
in vial (c), two drops of CNA hydrogenation reaction mixture filtered through one celite and glass wool
plug; and in vial (d), two drops of CNA hydrogenation reaction mixture filtered through two celite and
glass wool plugs. If cobalt is present in the filtered reaction mixture, cobalt thiocyanate, a bright blue
compound, will form and a colour change from colourless to blue will be observed. This is observed in
vial (a), where the cobalt nitrate was added so the colour change from colourless to blue could be
observed and compared to the other vials. Vials (b) and (c) also underwent a colour change to partially
blue, indicating that cobalt was present in the unfiltered CNA hydrogenation reaction mixture and the
CNA hydrogenation reaction mixture that had been filtered once. There was no colour change in vial
(d), showing that no cobalt was present and that two filtrations was enough to remove all the catalyst

from the CNA hydrogenation reaction mixture. This also showed that no cobalt leeching from the silica

surface had occurred, as removal of the solid catalyst removed all cobalt from the reaction mixture.
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Figure A.11. Qualitive test for the presence of cobalt using a mixture of ether and ammonium thiocyanate
(a) cobalt nitrate; (b) unfiltered CNA hydrogenation reaction mixture; (c) CNA hydrogenation reaction mixture filtered once
through a celite and glass wool plug; (d) CNA hydrogenation reaction mixture filtered through two celite and glass wool
plugs
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Appendix H: Calibration Curves For CNA, CNOL, HCNA, HCNOL in the
Hydrogenation of CNA

This appendix consists of the calibration curves used to identify the number of moles of CNA (Figure
A.12), CNOL (Figure A.13), HCNA (Figure A.14), and HCNOL (Figure A.15) produced during the
hydrogenation of CNA. n-butyl ether is used as an internal standard. The areas of the peaks in the GC-
FID spectrum were used to calculate the datapoints. Figures A.12 - A.15 were fitted with a linear

trendline with the intercept set to zero.
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Figure A.12. n-butyl ether vs. cinnamaldehyde calibration curve
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Figure A.13. n-butyl ether vs. cinnamalcohol calibration curve
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Figure A.14. n-butyl ether vs. hydrocinnamaldehyde calibration curve
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Figure A.15. n-butyl ether vs. hydrocinnamalcohol calibration curve
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