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Abstract
The development of sustainable, environmentally benign oxidation processes of
organic compounds is an important task for chemical industry. This challenge can be
addressed by designing catalysts that enable the utilisation of molecular oxygen as an
oxidant. The work in this thesis is focused on the development of heterogeneous
catalysts for the selective aerobic oxidation of various organic compounds.
The first part of the thesis (Chapters 3 and 4) covers the study of bifunctional
gold catalysts for the solvent-free aerobic oxidation of cyclohexene, with a particular
focus on tuning the selectivity of the catalyst. Various characterisation techniques
(such as TEM, diffuse-reflectance UV-Vis spectroscopy, XPS), catalytic experiments
and kinetic studies were used to investigate the nature of catalyst functionality and
establish the optimal structure of a gold catalyst.
The second part of the thesis (Chapter 5) covers the study of the photocatalytic
activity of hydrous ruthenium oxide deposited on TiO2 in the aerobic oxidation of
amines to nitriles under irradiation with visible light. The effect of the wavelength of
the utilised light, applicability of the Sun as light source and water as a solvent were
investigated. High catalytic activity of ruthenium-based catalyst was demonstrated for
various benzylic and aliphatic amines. Various mechanistic studies were performed,
based on which the mechanism of photocatalysis was suggested.
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Chapter 1

Chapter 1 - Introduction

1.

1.1. Pathways to green oxidation processes
In the modern chemical industry oxidation processes and in particular oxidation
of hydrocarbons play an important role in the production of functional organic
compounds such as epoxides, ketones, alcohols, acids, etc. Oxidation is the second
largest process after polymerisation with a share of ca. 30% of the total production by
modern chemical industry.1 However, currently oxidation processes heavily rely on
the application of stoichiometric oxidants such as chromium salts, chlorine or organic
peroxides, which leads to the formation of large amounts of by-products and toxic
waste and increases the cost of production in the case of organic peroxides. In this
respect, application of air or oxygen as an oxidant is an important pathway to a
sustainable, environmentally friendly oxidation. The development of chemical
processes focusing on process efficiency as well as on eliminating waste at the source
and avoiding the use of toxic and hazardous compounds is the main target of Green
Chemistry.2 This aim cannot be achieved without the use of catalysts.

1.1.1. Catalysis
The importance of catalysis for modern society can hardly be overestimated:
more than 95% of all produced products by volume are synthesised using catalysis,
more than 80% of the added value in chemical industry is produced by means of
catalysis, and ca. 20% of the world economy depends directly or indirectly on
catalysis.3 A catalyst is a substance that transforms reactants into products, through an
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Chapter 1
uninterrupted and repeated cycle of elementary steps in which the catalyst participates
while being regenerated to its original form at the end of each cycle during its
lifetime.4
A catalyst increases the rate of a reaction, but does not change the
thermodynamics. An illustration of this principle for the activation of gas-phase
reaction by a solid catalyst is shown in Figure 1.1. Here, the uncatalysed process
proceeds through the activated state (1), over the energy barrier (energy of activation
Ea,0). When a catalyst is introduced into the reaction the latter starts to proceed through
a multi-step process. First, the reactant (A) is adsorbed on the surface of the catalyst
(Aads). Depending on the system, this process may or may not have an activation
energy. Next, the adsorbed reactant is transformed into the product (Pads) via a surface
reaction with activation energy Ea,1, through the activated state (2). Finally, the
product is desorbed with activation energy E a,des. Both uncatalysed and catalysed
processes have the same enthalpy of reaction ∆Hreaction. Thus, the introduction of a
catalyst provides an alternative pathway with smaller activation energies, which
accelerates the reaction, but does not affect the equilibrium position.5
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Figure 1.1

The course of the gas-phase reaction A → P, uncatalysed (solid line) or

catalysed by a heterogeneous catalyst (dashed line).

Importantly, in addition to accelerating a reaction, the catalyst can favour one
specific pathway to the desired product, when many pathways are possible. The
energy profile diagram in Figure 1.2 depicts two possible pathways to products B and
C. In the uncatalysed reaction, the product B will be formed faster because of the
lower activation energy (given comparable Arrhenius constants for the two reactions).
However, when a catalyst is introduced, the reaction proceeds through the adsorption
of the substrate A on the catalyst’s surface with subsequent formation of B and C. If
the activation energy of the formation of product C from the adsorbed substrate A is
now lower than the one for B, the formation of C will proceed faster. The reaction will
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become more selective towards product C, even though it is not thermodynamically
favourable.6

Figure 1.2

Scheme of the course of two parallel reactions A→B and A→C,

showing how selectivity could be changed by a catalyst.

Catalysts

are

typically

classified

as

heterogeneous,

homogeneous

or

biocatalysts. Homogeneous catalysts are typically well-defined chemical compounds
or coordination complexes, which are dispersed together with reactants in a reaction
medium. Heterogeneous catalysts act between two phases; typically the catalyst is a
solid and reactants are gases or liquids. Biocatalysts are protein molecules of colloidal
size, some of them act in dissolved form in cells, while some are bound to cell
membranes.

Approximately

80%

of

all

industrial

catalytic

processes

are

heterogeneous, 15% homogeneous and 5% use biocatalysts. 7 The major advantage of
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heterogeneous catalysis is that they can be easily separated from the reaction mixture
using simple methods such as filtration, centrifugation or even using magnetic
attraction.8 In the case of homogeneous catalysts, more complicated processes such as
distillation, liquid–liquid extraction, and ion exchange must be used.9 However,
heterogeneous catalysts typically lack the activity and selectivity of the homogeneous
catalysts. Thus, the development of highly active and selective heterogeneous catalysts
is critical for the design of environmentally acceptable catalytic processes that
minimise the production of undesired by-products, while preserving the advantage of
easy separation of heterogeneous catalysts.
The use of multifunctional catalysts is one of the plausible approaches towards
achieving high selectivity in chemical processes. Multifunctional catalysts can be
defined as ones containing more than one type of active site, enabling them to carry
out complex catalytic processes. Typically, such catalysts consist of metal
nanoparticle-based active site and support material that has acidic, red/ox or other type
of functionality. The dissociation of diatomic molecules, such as hydrogen or oxygen,
is believed to occur at the metal nanoparticle sites, while subsequent rearrangement
reactions of organic molecules, involving partial hydrogenation or oxidation, occur at
the acidic or redox active sites.10 An elegant example of utilisation of multifunctional
catalysts to improve the selectivity of the process is the phenol hydrogenation process
catalysed by palladium deposited on Al2O3: while palladium nanoparticles activate the
hydrogen, the support, being a Lewis acid, activates the substrate and stabilizes
cyclohexanone, preventing its over-hydrogenation to cyclohexanol.11
The vast majority of heterogeneous catalysts are nanostructured. The use of
nanoparticles in catalysis is prompted by several factors: (a) higher dispersion leads to
an increased number of surface atoms, which are the active sites of the process (Table
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1.1) (b) with the decrease in size, the band structure begins to disappear, discrete
energy levels become dominant and thus metal particle obtains properties different
from those of bulk metals.3
Table 1.1
Decrease of the fraction of surface atoms for full-shell clusters.3
Full-shell Total number of atoms
Number of surface atoms Surface atoms, %
clusters12
1 shell

13

12

92

2 shells

55

42

76

3 shells

147

92

63

4 shells

309

162

52

These effects play an important role in nanostructured gold catalysts utilisation
of which is a promising pathway toward greener processes.13

1.1.2. Gold-based catalysts
Gold was traditionally regarded as a poor catalyst compared to other precious
metals until the discovery in the 1980s that gold becomes a very active catalyst once it
is dispersed in the form of nanoparticles deposited on supports. The first report on the
activity of gold as a catalyst came out earlier in 1973, which showed the activity of
gold in olefin hydrogenation,14 but the booming interest in catalysis by gold was
sparked a decade later by reports on the catalytic activity of gold in the lowtemperature oxidation of CO (Haruta et al.)15 and hydrochlorination of ethyne to vinyl
chloride (Hutchings).16 Since these discoveries, gold-based catalysts were shown to
catalyse various types of chemical transformations, including selective aerobic
oxidation reactions.17, 18
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Aerobic alkene oxidation

Propene oxide is used on a large scale in the production of polyurethanes. It is
generated

via

the

chlorohydrin

process

or

by

oxidation

using

organic

hydroperoxides.19 Significant progress in the utilisation of oxygen as an oxidant for
propene epoxidation was achieved by using supported gold catalysts. Early reports
showed propene oxide selectivities above 99%, at propene conversions around 1%,
obtained using Au/TiO2 as a catalyst.20 Au/TS-1 was shown to be one of the best goldbased catalysts for propene epoxidation – utilisation of this catalyst allowed achieving
selectivities over 80% at conversions around 5%.21,

22

A number of major chemical

companies including Bayer, Dow and Nippon Shokubai hold patents for the
production of propene oxide using gold catalysts, with pilot plants operating within the
industry.23 Interestingly, propene epoxidation on gold catalysts requires presence of H2
as a sacrificial agent. It was suggested that the mechanism of epoxidation is most
likely to include the step of generation of hydrogen peroxide, promoted by gold
nanoparticles (Figure 1.3).24 Later reports, however, showed that H2 could be
substituted with safer water vapour that can generate hydroperoxidic species on the
surface of nanoparticles.25, 26

Figure 1.3

Probable mechanism of propene epoxidation on Au/TS-1.
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Supported gold nanoparticles were found to be active in selective liquid-phase
oxidation of various alkenes including cyclohexene, cis-cyclooctene, styrene and
stilbene.27 The first report on the catalytic activity of carbon-supported Au
nanoparticles in alkene oxidation by Huges et al. showed that oxidation of alkenes
required the presence of a radical initiator, such as tert-butyl hydroperoxide. The
selectivity of the oxidation of alkenes, cyclohexene in particular, could be tuned by the
proper choice of solvent.28 When silicon nanowires were used as a support for gold
nanoparticles improved activity in the oxidation of cyclooctene was reported. 29
In the absence of radical initiator, gold nanoparticles supported on promoted
manganese oxide octahedral molecular sieves were shown to catalyse the oxidation of
cyclohexene. However, in this case instead of epoxidation, allylic oxidation of
cyclohexene was achieved under solvent-free conditions.30
Oxidation of styrene, catalysed by supported gold nanoparticles, was also
found to be possible in the absence of a radical initiator, though low activity and poor
selectivity towards epoxide were reported.31
Aerobic alkane oxidation

Oxidation of cyclohexane represents an industrial interest as a pathway for
production of cyclohexanone-cyclohexanol mixture (KA-oil), which is used in nylon
production (Figure 1.4).32

Figure 1.4

Oxidation of cyclohexane to cyclohexanol and cyclohexanone.
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Early reports claimed that gold nanoparticles supported on mesoporous SiO2,33,
34

graphite35 and Al2O336 were able to catalyse the conversion of cyclohexane to KA-

oil with high selectivity. However these claims were later questioned by a report that
showed that the reaction proceeds via a purely radical pathway and could be fully
inhibited by radical scavengers.37 The most recent investigation of the mechanism of
cyclohexane oxidation by Hutchings et al. came to the conclusion that gold is capable
of acceleration of the reaction without the need for initiators, which makes it by
definition a catalyst for the reaction, but this acceleration occurs by increasing the
concentration of hydroperoxide/peroxide species that promote catalytic autoxidation
via radical-chain mechanism.38
Aerobic oxidation of toluene

Bimetallic Au-Pd nanoparticles supported on carbon and TiO2 were found to be
capable of catalysing the aerobic oxidation of toluene to benzyl benzoate, with a yield
of latter reaching 90%.39 The scope of substrates was expanded to 2-, 3- and 4methoxytoluene and 2-, 3- and 4-nitrotoluene, showing that this methodology is
applicable to substituted toluenes as well.
Aerobic alcohol and polyol oxidation

Oxidation of alcohols to carbonyl and carboxylic compounds is an important
reaction to produce attractive chemicals for organic synthesis; therefore, the aerobic
oxidation of alcohols using gold catalysts has been widely investigated.13, 18, 27, 40, 41
Early reports described alcohol oxidation using Au nanoparticles supported on
conventional supports, such as carbon, Al2O3, SiO2 and TiO2.42-46 The presence of base
was found to be essential for catalytic activity. During further development of goldbased catalytic systems for alcohol oxidation more sophisticated materials were
utilised as supports. Examples include carbon nanotubes,47 ceria,48 mesoporous
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silica,49 Ga-Al mixed oxide composites50 and metal-organic frameworks.51,

52

Importantly, the use of the metal-organic framework MIL-101 promoted alcohol
oxidation without the need for added base.52
Thermally stable alcohols (C2-C5) were oxidised to the corresponding
aldehydes and ketones in gas-phase over gold nanoparticles supported on SiO2 at
temperatures ranging from 100 ºC to 300 ºC.53, 54 Interestingly, it was shown that 6 nm
nanoparticles were more active than 3.2 nm and 8 nm ones in ethanol oxidation.
Liquid-phase oxidation of alcohols is typically performed on supported
nanoparticles, but unsupported gold catalysts, such as Au(I) complex55 or unsupported
polyvinylpyrrolidone-stabilised Au nanoparticles,56 were also demonstrated to be
active in the liquid-phase alcohol oxidation.
Alloying of Au with Pd was shown to have an impact on catalyst activity and
selectivity in alcohol oxidation. For example, Au-core Pd-shell nanoparticles
supported on TiO2 showed the highest selectivity towards benzaldehyde in the
oxidation of benzyl alcohol, with activity between those of monometallic Au and Pd
catalysts.57 In another example, bimetallic Au-Pd nanoparticles supported on carbon
showed superior activity in glycerol oxidation compared with both Pd and Au
counterparts.58 By using Au-Pt alloys supported on H-mordenite high conversion and
selectivity were achieved in the base-free oxidation of glycerol in aqueous media.59
However, the synergistic effects between gold and other metals are not always
positive. Thus, monometallic Au nanoparticles supported on CeO2 were found to be
more active and selective in the oxidation of allylic alcohols compared with bimetallic
Au-Pd counterpart.60 This was attributed to the stability of metal hydrides that were
not rapidly oxidised in case of Pd-containing catalysts. The high concentration of Pd-
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H hydrides was sufficient to promote C-C bond isomerisation and reduction, leading
to the formation of by-products.
Amine oxidation

Gold was found to be capable of promoting the aerobic oxidation of amines to
imines (Figure 1.5, reaction 1). Interestingly, both bulk gold (particle size ca. 103
nm)61 and large gold nanoparticles (50 – 150 nm) deposited on Al2O3 were catalysing
the reaction, although the latter were understandably much more active.62 The
superiority of gold nanoparticles supported on carbon as compared to bulk gold
powder was also reported in the oxidation of cyclic and acyclic benzylic amines.63 The
same report additionally demonstrated the ability of Au nanoparticles to catalyse the
oxidation of N-substituted 1,2,3,4-tetrahydroisoquinolines to the corresponding amides
in the presence of aqueous NaHCO3 solution. Another report showed that Au
nanoparticles supported on TiO2 could be utilised for the one-pot synthesis of
secondary benzylamines via a two-step process of oxidative cross-condensation of
amines with subsequent hydrogenation of the resulting imine. 64
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Figure 1.5

Various transformations of amines catalysed by gold catalysts.

Au nanoparticles supported on TiO2 can also catalyse the aerobic oxidation of
anilines to aromatic azo compounds (Figure 1.5, reaction 2).65,

66

Another report

demonstrated a novel green route to an important nylon-6 precursor caprolactam via
the aerobic oxidation of 1,6-hexanediamine using Au/TiO2.67 The same catalyst was
shown to catalyse imine formation via the oxidative coupling of alcohols and amines
(Figure 1.5, reaction 3).68 Au nanoparticles supported on NiO were shown to catalyse
N-formylation of amines with methanol and oxygen to produce formamides (Figure
1.5, reaction 4).69
Preparation of heterogeneous gold catalysts

The catalytic activity of supported gold nanoparticles is largely affected by the
method of preparation. Moreover, different reactions have their own requirements for
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the ideal structure of the active site, and therefore methods of catalyst preparation
become an important tool for tuning the properties of a catalyst. Methods of gold
catalysts preparation can be divided into two classes: (a) those in which the gold
precursor is deposited on the preformed support and (b) those in which the support and
the gold species are formed at the same time.70
The first class includes the simplest method of impregnation, which was used
for the preparation of the very first supported gold catalysts. 71 In this method the pores
of support are filled with a solution of gold precursor. If the volume of the latter is
equal to the pore volume of the support, the method is called impregnation to incipient
wetness. When an excess of solution is used, the solvent is then removed by
evaporation. Typical gold precursors include chloroauric acid HAuCl4,71,

72

gold

chloride AuCl373, 74 and ethylenediamine complex [Au(en)2]Cl3.75, 76 The method can
be used with any type of support. Quite often chlorine is left on the surface of the
support, which leads to the formation of large gold nanoparticles during the
subsequent thermal treatment.77, 78 Additionally, chlorine can act as a poison for some
catalytic reactions. These drawbacks of impregnation method could be avoided by the
application of coprecipitation or deposition-precipitation methods.
In the coprecipitation method catalysts are prepared by adding aqueous alkaline
solution to an aqueous solution of HAuCl4 and water-soluble metal salt – a precursor
of the support.15 The rise in pH leads to a simultaneous precipitation of support and
gold entities. The precipitate can be then washed with copious amounts of water to
remove chlorine and sodium ions prior to calcination. The drawback of this method is
that some of gold particles could be embedded in the bulk of the support material.79
The Deposition-precipitation method was first used by Haruta et al.80 to obtain
supported gold nanoparticles, and since then has become one of the most commonly
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used procedures. In this method AuCl4- is hydrolysed in the presence of solid support
by raising the pH of the solution and aged at 343 K or 353 K to form insoluble
Au(OH)3 which deposits on the support during precipitation. The solid is then washed
with water to remove sodium and chlorine and calcined. This method works well for
supports that have a point of zero charge (PZC) greater than five, such as MgO, TiO2,
Al2O3, ZrO2 and CeO2, but is not suitable for SiO2 (PZC ca. 2), silica-alumina (PZC
ca. 1) and WO3 (PZC ca. 1).81 The resultant gold loading and the size of formed
nanoparticles depend on the pH at which deposition-precipitation was performed.82, 83
Thus, it is not always possible to achieve complete deposition of gold for a desired
particle size. This disadvantage could be overcome by using a modified methodology
that uses urea as a “delay base”. Because the hydrolysis of urea in the suspension of
support in aqueous metal salt solution only occurs upon heating above 333 K a gradual
and homogeneous release of hydroxyl ions and increase in pH throughout the solution
takes place.70 In this method all the gold in solution can be deposited on the support,
while control over the particle size of gold is maintained.84, 85
Another method for obtaining supported gold nanoparticles of desired size
distribution is to use pre-synthesized colloids or metal clusters. Gold is able to form
reliably persistent colloidal dispersions if stabilised by ligands. Mercaptans,
phosphines, phosphine oxides, quaternary ammonium salts, citrate, polymers and
dendrimers can be used as ligands in the preparation of gold nanoparticles.86-89 Gold
nanoparticles can be immobilised by dipping the support into the colloidal suspension.
The use of this method is advantageous because particle size can be controlled
independently, the size distribution is narrow, and the gold is in reduced form.
Incorporation of gold nanoparticles within porous supports can be performed
using gold nanoparticles covered with protecting ligands as templates for the synthesis
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of support materials. In one example of this method Au55 particles encapsulated by
amine-terminated fourth-generation dendrimers were incorporated into an amorphous
titania network upon hydrolysis and condensation of Ti(OiPr)4 alkoxide.90 In another
example, using inverse water-oil emulsions, gold nanoparticles were synthesized by
reduction with hydrazine in the presence of a mixture of two ligands, 1-dodecanethiol
and

3-mercaptopropyltrimethoxysilane.

In

a

second

step,

3-

mercaptopropyltrimethoxysilane of gold nanoparticle ligand shell was co-condensed
with tetraethyl othosilicate to form a porous silica material that enclosed the gold
nanoparticles. 1-dodecanethiol was acting as a spacer preventing nanoparticles from
complete occlusion by silica during the gelification process. Such an isolation of gold
nanoparticles within the silica domains significantly hindered the sintering of gold
nanoparticles.91
There is a variety of less commonly used methods for the preparation of
supported gold catalysts. In the chemical vapour deposition method a volatile
organogold compound decomposes to gold nanoparticles upon reaction with the
surface of the support.92,

93

In photochemical deposition gold ions are reduced by

photogenerated electrons of semiconducting supports under UV irradiation. 94, 95 Gold
nanoparticles can also be deposited by ultrasound. The latter can induce the homolytic
dissociation of water into H• and OH• radicals due to the formation and implosive
collapse of bubbles in liquid. OH• radicals in turn reduce gold ions.96-98 In another
method the volatile organogold complex Me2Au(acac) (acac = acetylacetonate) and
the support are ground in an agate mortar in air at room temperature. The mixture is
then treated with hydrogen at elevated temperature. It was proposed that the solid
grinding induces the sublimation of Me2Au(acac) which is then uniformly distributed
within the pores of the support via rapid diffusion.51, 99
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1.1.3. Photocatalysis
Another approach to make chemical process “greener” is the utilisation of
photocatalysts, in particular catalysts that can utilise sunlight. 100 First, it gives access
to an abundant source of energy, such as sunlight. Second, the utilisation of such
catalysts allows one to manipulate the selectivity of the chemical reaction.101 Third, it
allows one to perform reactions under reduced temperatures thus slowing unwanted
reactions or to conduct transformations of thermally unstable compounds.
Traditionally, semiconductors were used as photocatalysts to drive various
chemical transformations.102 Semiconductors have a band structure in which the
conduction band is separated from the valence band by a band gap. A flux of photons
with energies greater than the band gap can be absorbed by a semiconductor, which
leads to the formation of electrons and holes in the conduction and valence bands,
respectively.103 The charge carriers then diffuse to catalytically active sites where they
drive chemical transformations. For example, in photocatalytic water splitting (Figure
1.6) photogenerated holes participate in the formation of O2 half-reaction (H2O + 2h+
= 2H+ + 1/2O2), while photogenerated electrons are involved in the generation of
hydrogen (2H+ + 2e- = H2).104
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Figure 1.6

Schematic representation of photocatalytic water splitting on a semi-

conductor particle.

However, pure semiconductors have many drawbacks, such as having a large
band gap (e.g., TiO2 with ~3.2 eV), which allows the photocatalyst to absorb only UV
light. Because the later represents only ~5% of the solar spectrum, these
semiconductor materials are inefficient catalysts for the utilization of sunlight.
Semiconductors with narrower band gaps often suffer from poor catalytic activity
and/or low mobility of charge carriers.102 The wide band gap limitation can be
partially overcome when the semiconductor is used to drive transformations of
substrates that contain electron-rich heteroatoms (O, S or N). In this case, the
substrates are adsorbed on the semiconductor surface, which creates new electron
donor level above the valence band from the 2p orbital of O and N or 3p orbital of S,
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leading to visible light absorbance (Figure 1.7). Under visible light irradiation electron
from heteroatoms is injected into the conduction band of the semiconductor. The
positive charge generated on the heteroatoms can lead to the functionalization of
heteroatoms or adjacent C-H bonds.105

Figure 1.7

Schematic representation of the photocatalytic process under visible

light irradiation facilitated by adsorption of heteroatom-containing (X = N, O or S)
substrate.

Examples of chemical transformations driven by the described mechanism
include the oxidation of alcohols to aldehydes catalysed by TiO2106 or Nb2O5,107 the
sulfoxidation of alkanes over TiO2108 and the oxidation of amines to imines over
various semiconductors.109, 110
Another way to overcome the limitations of pure semiconductor photocatalysts
and broaden the spectrum of utilised light is the application of multifunctional metallic
material/semiconductor photocatalysts. The absorption of visible light by nanosized
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metallic materials can occur due to interband transitions and/or via surface plasmon
resonance.111 Surface plasmon resonance (SPR) is the collective oscillation of
electrons in a solid or liquid, which is stimulated when the frequency of the incident
light photons matches the natural frequency of surface electrons oscillating against the
restoring force of positive nuclei.112 The most common plasmonic materials are
metals, such as gold, silver and copper.112, 113 SPR can also occur in conducting metal
oxides and semiconductors with sufficient free carrier densities. 114-116
There are several mechanisms of how SPR materials can enhance the creation
of charge carriers, thus driving photochemical transformations.102 The most commonly
used mechanism to describe the photocatalytic processes driven by SPR material
supported on semiconductor is shown in Figure 1.8. Here, under visible light
irradiation electrons are photoexcited to surface plasmon states, with holes (positive
charges) left below the Fermi level. Electrons are then injected into the conduction
band of the semiconductor and transferred to electron acceptors, such as O 2. The holes
in turn react with organic substrates thus completing photocatalytic cycle. 105
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Figure 1.8

Schematic representation of a photocatalytic process under visible light

irradiation driven by plasmonic material/semiconductor catalyst.

In a different mechanism, plasmonic structures generate strong electric fields
under photo-excitation. Because the rate of electron-hole formation in a semiconductor is proportional to the intensity of the electric field, the generation of electric
fields by a photoexcited plasmonic material accelerates the generation of charge
carriers in the semiconductor, located near plasmonic nanostructures.117 In a third
mechanism, large plasmonic nanostructures scatter photons, thus increasing the photon
path

through

the

semiconductor,

which,

in

turn,

accelerates

electron-hole

generation.118
Interestingly, plasmonic metals supported on insulators or semiconductors with
very large band gaps can also utilise visible light in photocatalysis. In this case
photogenerated electrons are donated into adsorbate (reactant) states/orbitals forming
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negative ion species rather than being injected into the conduction band of the
semiconductor.102, 119
Various plasmonic metal-based photocatalytic systems capable of utilising
visible light irradiation have been developed in recent years. Photocatalysed reactions
include the aerobic oxidation of alcohols driven by Au/TiO2,120,

121

Au/CeO2,122,

123

bimetallic Au-Pd/ZrO2124 and Au-Cu/TiO2;125 the aerobic oxidation of amines over
Au/TiO2126 and Au-Pd/ZrO2;124 the reduction of nitroaromatic compounds over
Au/ZrO2127 and Au/TiO2;128 Suzuki-Miyaura cross-coupling driven by Au-Pd/ZrO2;124
and several other reactions.105, 129
The absorption of light in the visible region by some metallic materials, such as
metals Pt and Pd, and metallic oxides RuO2 and IrO2, is dominated by interband
transitions.130-132 This phenomenon can also be utilised in photocatalysts. For example,
in the case of Pt metal absorption of visible light occurs via the interband transition of
5d band e– to the 6sp conduction band which is then injected into the conduction band
of the semiconductor and produces O2– species analogously to the plasmonic
mechanism described above. This mechanism was suggested for the aerobic oxidation
of alcohols photocatalysed by Pt nanoparticles deposited on anatase 133 and Pt-Cu
bimetallic nanoparticles supported on anatase.134

1.2. Scope of this work
The goal of the work within this thesis was to develop heterogeneous catalytic
systems that utilise oxygen as the sole oxidant and are capable of operating under
mild, environmentally friendly conditions. Two different pathways were explored.
The first part of the thesis was focused on the development of gold-based
catalysts and the study of how their selectivity could be tuned using various supports
or co-catalysts. Investigation of the optimal catalyst structure for solvent-free aerobic
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oxidation of cyclohexene was performed. Particular focus was made on the size of
supported gold nanoparticles.
The aim of the second part of the thesis was the development of hydrous
ruthenium oxide-based photocatalyst capable of utilising visible light irradiation for
the aerobic oxidation of amines. The ability of the catalyst to work under sunlight
irradiation and use water as a solvent was investigated. The scope of the reaction and
its mechanism were also investigated.
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Chapter 2 Characterisation methods

2.

This Chapter describes basic principles and instrumentation of some of the
main characterisation methods used throughout this thesis.

2.1. Gas Chromatography (GC)
The most frequently used method during the work described in this thesis is gas
chromatography. Gas chromatography was used for the qualitative and quantitative
analysis of the composition of mixtures of compounds obtained during catalytic
reactions.
Gas chromatography is a method used for the separation and analysis of
compounds in which the components of the sample partition between two phases. 135
The first phase is a stationary bed; the other is a gas that percolates through the
stationary bed. The sample is vaporized in the injector and carried by the mobile gas
phase through the column (Figure 2.1). The separation of the components of the
mixture occurs due to the differences in vapour pressures and affinities for the
stationary bed. This causes each component to elute from the column at different
times, known as the retention times of the compound. After the column the carrier gas,
together with compounds, passes through a detector.
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Figure 2.1

The

Scheme of gas chromatograph equipped with flame ionisation detector.
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Chromatography is more widespread and is used in this work. The liquid used as a
stationary phase is held inside the column using either of two methods. In packed
columns the liquid is coated on an inert solid support with a high surface area, which
is tightly dry-packed into the column. In more widely used capillary columns the
liquid is coated on the inside of the capillary. Often, the liquid is cross-linked and
sometimes it is chemically bonded to the surface of the fused silica.
The column is placed in the oven that provides the control over the temperature,
which is an important tool for influencing the retention times of the components and
their separation.
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The most-often-used types of detectors are flame ionisation detectors (FID) and
mass spectrometers (MS). In FID, the column effluent is burned in an air-hydrogen
flame, which produces ions and thus causes the formation of current in a collector
electrode. The current represents a signal that is proportional to the carbon content and
is affected by the presence of heteroatoms in the compound. GC-FID could be used for
both qualitative and quantitative analysis. The latter was performed in this work using
an internal standard method. In this method, calibration mixtures with known
concentrations are prepared from pure samples of analytes, together with a standard
compound. The latter is also added to the reaction mixture in a known concentration.
Peak areas determined from the chromatogram are then referenced to the area of the
internal standard and calibration coefficients are extracted from the calibration curves.
Qualitative analysis could, in principle, be performed on GC-FID by comparing the
retention times of compounds in the sample with the retention times of known
individual compounds; however GC-MS should be used when mixture composition is
unknown and/or individual components are not available.
In GC-MS, effluent from the GC column is usually ionised using an electron
impact technique in which high-energy electrons excite neutral analyte molecules
causing the loss of electrons and fragmentation. The charged particles are then
delivered into the mass-analysers where they are separated by their mass-to-charge
(m/z) ratio by either magnetic or electrical fields. The mass spectrum is generated as a
plot of ion abundance as a function of m/z. The presence of fragments with certain m/z
and their abundance are characteristic for each compound and are used for their
identification.
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2.2. Transmission Electron Microscopy (TEM)
Transmission Electron Microscopy was used in this work for the imaging of
gold nanoparticles/clusters and the measurements of their sizes. Electron microscopy
offers much higher resolution compared to light microscopy due to the shorter
wavelengths of electrons used for microscope illumination (ca. 10000 times shorter
than visible light wavelength).
TEM has similar components to the ones of a light microscope: light source,
condenser lens, sample stage, objective lens and projector lens (Figure 2.2).136
Because an electron ray is used in TEM instead of visible light ray, optical lenses are
substituted with electromagnetic lenses and a high-vacuum environment is required
along the path of the electron beam in order to prevent collisions between electrons
and air molecules. Unlike visible light, electron beams cannot be observed by a naked
eye, so phosphorescent plates or special CCD cameras are used for image formation
for viewing. The sample for TEM should be very thin to permit transmission of the
electron beam. The thickness of the specimen should typically be about 100 nm,
depending on the atomic weight of the specimen materials.
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Figure 2.2

Scheme of transmission electron microscope.

The electron beam in TEM is generated by an electron gun, with thermionic
emission gun being the most common type. In the latter, the filament (tungsten or
LaB6) is heated by an electric current leading to the emission of electrons, which are
then accelerated by a high electrical voltage between the filament and the anode. The
electron beam is then directed to the sample using a set of electromagnetic lenses and
apertures; the latter are used to limit light scattering and/or to select diffracted or nondiffracted beams.
When passing through the sample, electrons are deflected from their primary
direction by the sample. The contrast in the TEM image is generated based on the
difference in the number of electrons scattered away from the transmitted beam.
Electron scattering can create contrast in images by mass-density contrast and

Page | 37

Chapter 2
diffraction contrast mechanisms. The latter is only applicable for crystalline specimens
and is based on the capability of parallel crystal planes to scatter electrons. For
amorphous materials, only mass-density contrast can be utilised. This type of contrast
is based on the scattering of the electrons by atomic nuclei. The amount of scattering
at any point of the sample depends on the product of thickness and density at that
point. Thus, the differences in these parameters will generate variations in electron
intensity on the image screen.

2.3. X-Ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) is a technique used for chemical
analysis of the sample surface.137 The fundamental event of XPS is photoionisation.
The sample is irradiated with soft X-rays, causing electrons from core levels with
binding energies Eb to be photoejected with kinetic energy Ekin = hν - Eb, where v is
the frequency of the photons. Measuring the kinetic energies of the photoejected
electrons permits the calculation of binding energies, which are characteristic for each
element. The binding energies could be “shifted” due to different oxidation states of an
element, e.g. the typical binding energy of Au0 is 84.0 eV, Au+ - 85.0 eV and Au3+ 85.9 eV. The technique is applicable for all elements except H and He, which do not
have characteristic atomic core levels.
Peaks in XPS are named as nlj, where n is the principal quantum number, l is
the angular momentum quantum number and j is defined as j = l + s (where s is the
spin angular momentum number and can be ±½). p, d and f orbital levels give rise to a
doublet due to the spin-orbit splitting or j – j coupling. For example, Au4f level gives
rise to two peaks: Au4f7/2 and Au4f5/2.
The X-ray source in lab-based instruments is usually an aluminium- or
magnesium-anode X-ray tube, with source energies of Mg Ka, 1253.6 eV and Al Ka,
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1486.6 eV. Alternatively, synchrotron radiation could be employed, which gives
several advantages:
-

Bright synchrotron sources provide high intensity and high resolution.

-

Variable source energy permits separation of photoemission lines, which vary
in energy with the change of energy of the exciting source, from Auger lines,
which remain constant in energy.

-

The source energy could be tuned to increase the absorption cross-sections for
certain elements thereby increasing the intensity of its peaks.

-

The energy of the source can also be tuned to vary the kinetic energy of photoexcited electrons, which leads to a change in depth sensitivity of the
measurements.

Figure 2.3

Scheme of photoemission spectrometer, which is entirely enclosed in

ultra-high-vacuum chamber.

XPS is a very surface sensitive technique due to the fact that only electrons that
are not inelastically scattered after formation give rise to XPS photopeaks. The ones
that are inelastically scattered contribute only to the background in the spectrum. The
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escape depth of the electron depends on its kinetic energy, i.e. electrons with high
kinetic energy escape from greater depths in the analysed sample.

2.4. Atomic Absorption Spectroscopy (AAS)
AAS is employed to quantitatively determine chemical elements. In this work,
AAS was used to measure gold concentration in solutions obtained from the
dissolution of supported gold nanoparticles in order to establish catalyst gold loadings.
The underlying principle of AAS is based on the fact that, upon irradiation with
light, atoms are excited to another electronic state by absorbing light at a certain
wavelength, which depends on the nature of the element (for example, Au absorbs at
242.8 nm).138 For each element there can be several excited states with definite
energies, thus atomic spectrum consists of discrete lines, including resonance lines –
lines which arise due to the transition from the ground state to excited states. Since
these lines are extremely narrow (in the order of a few picometers) and unique to each
element, AAS is highly element-selective.

Figure 2.4

Diagram of Atomic Absorption Spectrophotometer.

In order to analyse element concentrations, a sample in a form of a solution is
injected into a flame (an air-acetylene flame was used in this work) where it is
atomized. When the light of the resonance wavelength is passed through a flame
containing atoms of the element, a fraction of light is absorbed, and the extent of
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absorption is proportional to the number of atoms present in the flame. The radiation
flux with and without atoms of the element in the flame is analysed using a detector,
and the ratio between the two values gives an absorbance value, which can be
converted to concentration (or mass) using calibration curves. A hollow-cathode lamp
specific for Au was used as a radiation source in this work.

2.5. UV-vis spectroscopy (UV-vis)
UV-Visible spectroscopy provides information about electronic transitions that
occur in material under irradiation with ultra-violet (UV) and/or visible light.139 In a
UV-vis experiment, the absorption of light as a function of wavelength is measured.
The fraction of light transmitted is described by the Beer-Lambert law:
(

)

which states that the fraction of the light measured after interaction with the sample (I)
versus the incident intensity (I0) is dependent on the distance the light travels through
the sample (l), the absorption cross-section σ and the difference between the
populations of the initial state (N1) and the final state (N2) of initial and final electronic
energy levels.
UV-Vis experiment is usually performed in either a transmission (typically for
liquid samples) or a diffuse-reflectance configuration (for opaque solids). In
transmission configuration, the sample is placed in the path of collimated beam of
light, which is partially absorbed at characteristic wavelengths that correspond to the
electronic transitions of the sample (Figure 2.5). The transmitted light, collected by the
spectrometer, is referenced to a baseline measurement, which takes into account the
absorbance by a sample holder (e.g. cuvette or glass slide). The spectra in transmission
configuration are plotted in coordinates absorbance A = –log(I/I0) versus wavelength λ.
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Figure 2.5

Scheme of UV-vis measurement in transmission configuration.

In diffuse reflectance UV-vis spectroscopy (DR UV-vis), the spectrometer
measures the diffusely reflected light from the sample. Collection of diffuse reflected
light could be performed using mirror optics, fibre optics or an integrating sphere. The
latter is more widely used and enables the capture of photons that are reflected in all
directions from the sample (Figure 2.6).

Figure 2.6

Scheme of DR UV-vis configuration using integrating sphere. Rs –

specularly reflected light, Rd – diffuse reflected light.
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After the incident beam reaches the sample, two types of reflections occur:
specular and diffuse. In specular reflectance, the incident beam reflects at an angle
equal to the angle of incidence. Because specularly reflected light does not undergo an
absorption process it contains little to no information about electronic states of the
material and only increases the noise. In diffuse reflection, the incident beam
penetrates the sample surface, gets partially absorbed and then reemitted at various
non-incident angles. Powders are typically diluted with non-absorbing material, such
as BaSO4, which increases diffuse reflectance and minimizes specular reflectance.
In a diffuse-reflectance experiment, the spectrometer measures the amount of
light diffuse reflected by the sample with reference to the reflectance by a white
material, such as BaSO4 or polytetrafluoroethylene. The value of reflectance measured
by the spectrometer is recalculated to obtain Kubelka-Munk function F(R), which can
be used to calculate the absorption coefficient α, if the scattering coefficient s is
known:
( )

(

)

Typically, spectra obtained via DR UV-vis measurements are plotted in
coordinates F(R) versus wavelength λ.
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Chapter 3 - Tuning the Selectivity of Supported Gold
Catalysts
3.

Work on this Chapter was performed in collaboration with Baira Donoeva, who
performed TEM and catalytic studies of some SiO2-based catalysts. Also, discussions
and formulation of ideas and experiments were done together with Baira.

3.1. Introduction
The epoxidation of alkenes is an important industrial process for production of
fine chemicals.140 Epoxidation of cyclohexene, in particular, gives cyclohexene oxide,
which is an important monomer widely used in polymerisation industry.141
Traditionally, epoxidation of alkenes involves the use of stoichiometric oxygen
donors,142 peroxycarboxylic acids143 or hydrogen peroxide,144 which either produces
environmentally undesirable wastes or, in case of H2O2, increases the cost of the
process. Utilization of molecular oxygen is highly desirable to make epoxidation
“green” and cost-effective. Another important way to reduce the environmental impact
of a reaction is to conduct it under solvent-free conditions.145
Since the discovery of the exceptional catalytic activity of gold in lowtemperature oxidation of CO by Haruta15 and in hydrochlorination of ethylene by
Hutchings,16 gold catalysts have proven to be efficient in a number of different
reactions: cyclizations, rearrangements, selective hydrogenation, C-C coupling
reactions, and selective oxidation of alcohols and olefins.17,

18, 146

Among other

reactions, aerobic oxidation of cyclohexene was shown to be catalysed by supported
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nanosized gold.13,

28-30

However, the reaction required the use of tert-butyl

hydroperoxide as a radical initiator,29 and the high yield of cyclohexene oxide was
achieved only by conducting the reaction in a specific solvent. 28 Under solvent- and
radical initiator-free conditions, mainly products of allylic oxidation are formed.30
In this chapter, we have attempted to tune the selectivity of the gold-based
catalysts by developing multifunctional catalysts that employ the properties of various
supports. We have synthesised gold clusters using wet chemistry methods and
deposited them on SiO2, TiO2 and WO3. The effects of the supports on the activity and
the selectivity of the catalysts in the aerobic oxidation of cyclohexene under solventfree conditions, without the addition of radical initiator, were studied. We have
investigated the nature of gold species as active sites, the roles that the support and
gold species play in the oxidation process and how the selectivity of cyclohexene
oxidation can be tuned towards the formation of either cyclohexene oxide or 2cyclohexen-1-one as major products.

3.2. Experimental procedures
3.2.1. Materials
Gold (99.99%), sodium borohydride (>97%), solution of HAuCl4 (1 mg/mL in
0.5 N HCl), tetraoctylammonium bromide (98%), hydrochloric acid (37%, AR), nitric
acid (65%, AR), acetone (AR), chloroform (AR), dichloromethane (99.8%), diethyl
ether (AR), DMF (AR), ethanol (AR), methanol (AR), pentane (general grade),
petroleum ether (general grade), THF (AR), toluene (AR), n-decane (99%), n-hexane
(98%), triphenylphosphine (98%), AgNO3 (99%), chromium nitrate nonahydrate
(99%), terephthalic acid (99%), cyclohexene (99%, inhibitor-free), 2-cyclohexen-1-ol
(95%), 2-cyclohexen-1-one (98%) and cyclohexene oxide (98%) were purchased from
Sigma-Aldrich and Merck. CD2Cl2 (13C2, 99%; D6, 98%) was obtained from
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Cambridge isotope laboratories. Oxygen (99.7%) was obtained from BOC gases. The
supports of titanium (IV) oxide (P25, TiO2), silicon dioxide (Aerosil OX 50, SiO2) and
tungsten (VI) oxide (nanopowder, <100 nm particle size, WO3) were purchased from
Evonik and Sigma-Aldrich. All materials were used without further purification.

3.2.2. Synthesis of precursors
Au101(PPh3)21Cl5 (Au101) Triphenylphosphine-stabilized (PPh3-stabilized) gold
nanoparticles with an estimated composition of Au101(PPh3)21Cl5, with a mean gold
core diameter of 1.5 nm were synthesized following the previously described
method.147 Gold (99.99%) coin was dissolved in a freshly prepared mixture of
hydrochloric (37%) and nitric acids (65%) (volume ratio 3:1) under continuous stirring
at ca. 60 ºC. Solvent was removed using a rotary evaporator yielding yellow crystals
of HAuCl4·3H2O. Toluene (60 ml) was added to a stirred solution of HAuCl4 (1.00 g,
2.54

mmol)

in

Milli-Q

water

(60

mL),

followed

by

the

addition

of

tetraoctylammonium bromide (1.40 g, 2.56 mmol). The organic layer turned red, while
the aqueous layer became colourless. After 5 minutes of stirring, PPh3 (2.30 g, 8.78
mmol) was added to the solution and the organic layer turned cloudy white.
After 10 minutes of vigorous stirring, a freshly prepared solution of NaBH4
(2.00 g, 53 mmol) in Milli-Q water (10 mL) was added drop-wise to the reaction
mixture and the solution turned dark-brown. The aqueous and organic layers were
separated using a separation funnel and the organic layer was washed 3 times with 100
mL of Milli-Q water. The organic phase was filtered from insoluble impurities and
solvent was removed using a rotary evaporator.
The crude dark product was dissolved in chloroform (40 mL) and precipitated
with pentane (300 mL). The suspension was filtered through a fritted funnel (porosity
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4) to collect the solid (crude nanoparticles). The product was washed with the
following solvents to remove the excess of tetraoctylammonium bromide:
- 100 mL of petroleum ether followed by 100 mL of 2:3 MeOH:H 2O
- 100 mL of petroleum ether followed by 100 mL of 1:1 MeOH:H2O
- 100 mL of petroleum ether
The above sequence of washings was repeated twice. Next, the solid was
washed on the same fritted funnel with the following solvents to remove AuPPh 3Cl:
- 150 mL of 3:1 pentane:chloroform
- 150 mL of 2:1 pentane:chloroform
- 150 ml of 1:1 pentane:chloroform
During each pentane:chloroform wash the product was agitated and allowed to
soak in the wash solution for 5 minutes. The purified product was rinsed through a
fritted funnel with CH2Cl2 and the solvent was removed on a rotary evaporator. To
increase the purity of Au101, after each particle solubilisation step of the procedure
described above the solution was filtered through Celite-545 layer on a fritted glass
funnel. The final yield of Au101 typically was 0.3 g.
[Au9(PPh3)8](NO3)3 (Au9) Gold cluster [Au9(PPh3)8](NO3)3 was prepared using
the previously published methodology.148 In order to prepare Au9 cluster, first, the
precursor Au(PPh3)NO3 was synthesized using slightly modified procedure described
by Mueting et al.149 PPh3 (2.68 g, 10.2 mmol) was dissolved in EtOH (60 mL) under
sonication at 50 ºC. Solution of HAuCl4 (2.00 g, 5.1 mmol) in EtOH (6.5 mL) was
slowly poured into the PPh3 solution and the mixture was left stirring for 10 min. The
formed white precipitate (Au(PPh3)Cl) was collected by centrifugation and washed
with EtOH (2 × 20 mL) and dried under vacuum at room temperature. AgNO3 (1.44 g,
8.5 mmol) was dissolved in EtOH (51 mL) under sonication at 50 ºC, cooled to room
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temperature and poured into the solution of Au(PPh3)Cl (1.70 g, 3.4 mmol) in CH2Cl2
(25 mL). Immediately precipitated AgCl was removed by centrifugation, the solution
was collected and dried using a rotary evaporator. The solid was washed with EtOH (3
× 30 mL), dried under vacuum and dissolved in CHCl 3 (15 mL). Insoluble impurities
were removed by centrifugation and 20 mL of n-hexane was added to the solution.
The formed precipitate of Au(PPh3)NO3 was collected by centrifugation and dried
under vacuum. Freshly prepared solution of NaBH4 (18 mg, 0.48 mmol) in EtOH (23
mL) was added drop-wise to the vigorously stirred slurry of Au(PPh 3)NO3 in EtOH
(40 mL). After stirring for 2 h, the solution was separated by centrifugation and dried
using a rotary evaporator. The resulting solid was dissolved in CH2Cl2 (15 mL),
insoluble impurities were removed by centrifugation, the solution was collected and
dried using a rotary evaporator. The solid was washed with THF and n-hexane and
was recrystallized by slow diffusion of diethyl ether into methanol solution of Au 9.
Successful preparation and purity of clusters were confirmed by 1H,

31

P NMR,

transmission electron microscopy (TEM) and thermogravimetric analysis (TGA) (see
below).
The metal-organic framework MIL-101 was synthesized following the
previously described method.150 To a solution of Cr(NO3)3·9H2O (2.00 g, 5 mmol) in
Milli-Q water (20 mL) terephthalic acid (0.83 g, 5 mmol) was added. The resulting
slurry was placed into a Teflon liner of an autoclave, shaken on vortex mixer and
briefly sonicated. The mixture was then placed into an autoclave, put into preheated
convection oven and thermally treated at 218 ºC for 18 h. After the synthesis the
autoclave was allowed to cool to room temperature and the MOF solids were collected
by centrifugation, washed with Milli-Q water (20 mL × 2), methanol (20 mL) and
DMF (20 mL). The solids were soaked in DMF (50 mL) and kept at 70 ºC overnight.
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The resulting MOF was collected by centrifugation and washed with DMF (20 mL),
methanol (20 mL × 2), acetone (20 mL × 2) and diethyl ether (20 mL).

3.2.3. Materials characterisation
NMR spectra of gold clusters were recorded using Oxford/Varian AS500 500
MHz NMR spectrometer. The NMR spectra of synthesized clusters closely match the
previously published spectra: the

31

P spectrum of Au9 clusters in CD2Cl2 has a singlet

at δ = 56.9 ppm (Figure 3.1A); the 1H spectrum of Au101 in CD2Cl2 shows a broad
phenyl resonance, centred at 7.1 ppm, with minimal signal (7.52 ppm) due to unbound
Au(PPh3)Cl (Figure 3.1B).

Figure 3.1

NMR spectra of clusters: (A) 31P of Au9, (B) 1H of Au101.

Page | 49

Chapter 3
Thermogravimetric analysis (TGA) was performed using Alphatech SDT Q600
under nitrogen atmosphere. The samples were heated at a rate of 1 ºC/min from room
temperature to 230 ºC, and maintained at 230 ºC for 2 h. TGA showed 52% (Au9) or
26% (Au101) weight loss of the starting mass in comparison to calculated values of
52% and 21%, respectively, based on the loss of triphenylphosphine ligands (Figure
3.2).

Figure 3.2

TGA of [Au9(PPh3)8](NO3)3 (left) and Au101(PPh3)21Cl5 (right).
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TEM images were taken on Philips CM200 instrument operating at 200 kV.
Samples were deposited on holey carbon coated copper grids (300 mesh) from
dichloromethane (clusters) or n-hexane (catalysts). Images were recorded in bright
field regime, in which thicker regions or regions with elements of higher atomic
number will appear darker in the image due to their stronger scattering of electron
beam.151 Thus, gold nanoparticles and cores of gold clusters will appear as the darkest
circles (occasionally other shapes), compared to support materials and background
carbon layer of the grid. Typically, at least 100 particles were counted to calculate the
average particle diameter. The diameters of gold cores for Au101 and Au9 were 1.5 nm
and 0.9 nm respectively, as determined by TEM, which is in accordance with the
previously published data (Figure 3.3).
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Figure 3.3

Representative TEM images and corresponding size distributions of

Au101 (A) and Au9 (B) clusters

MOF structure was confirmed using X-ray powder diffraction (PXRD)
performed on Philips PW 1700 automated diffractometer with CoKα radiation and a
graphite monochromator by PhD student Campbell McNicoll at Callaghan Innovation
(Figure 3.4). The pattern was re-plotted for CuKα radiation source according to the
Bragg’s law:
nλ = 2dsinθ
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Figure 3.4

Powder X-Ray diffraction pattern of MIL-101: experimental (black) and

simulated (red).

The PXRD of the obtained material matches the simulated pattern.
Surface area measurements were performed using Micromeritics ASAP 2010
by PhD student Campbell McNicoll at Callaghan Innovation. The BET surface area of
the MIL-101 was found to be 3265 m2/g, Langmuir Surface area – 4050 m2/g, which
correlates with literature data.152
During TGA, the sample of MIL-101 was subjected to heating from 25 to 500
ºC in N2 at 2 ºC/min. Two weight loss steps were observed (Figure 3.5). The first,
occurring at 25 – ca. 250 ºC, corresponds to the loss of adsorbed solvent and varies
significantly depending on the humidity, the temperature in the laboratory, etc. The
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second, occurring at 250 ºC – 400 ºC, corresponds to the decomposition of the
framework (70% weight loss of dry weight, 68% calculated), which correlates with
literature data.152

Figure 3.5

TGA curve of MIL-101.

The formation of uniformly sized, octahedral crystals of MIL-101 can be
observed by scanning electron microscopy (SEM) (Figure 3.6). The latter was
performed using JEOL JSM 7000F operating at 15 kV accelerating voltage.
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Figure 3.6

SEM image of MIL-101.

Diffuse reflectance UV-vis (DR UV-vis) spectra of catalysts were recorded on a
GBC Cintra 404 spectrophotometer (discussed later).

3.2.4. Catalyst preparation and characterisation
Typically, a calculated amount of gold cluster dissolved in CH2Cl2 (10 mL, 1-2
mg/mL) was added drop-wise to a vigorously stirred slurry of SiO2, TiO2 or WO3 (500
mg) in CH2Cl2 (15 mL). The mixture was stirred for 30 min and the solid was
collected by centrifugation. A colourless supernatant solution confirmed complete
cluster deposition. The catalysts were washed with CH 2Cl2 (20 mL) and dried under
vacuum at room temperature.
The gold content of the catalysts was determined quantitatively by atomic
absorption spectroscopy (AAS) using a Varian SpectrAA 220FS instrument. A
calibration curve was obtained via the analysis of calibration solutions, which were
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prepared by dilution of commercially available standard solution of HAuCl4 (1 mg/mL
in 0.5 N HCl). Catalyst samples (typically 25-30 mg) were treated with a freshly
prepared mixture of hydrochloric (37%) and nitric acids (65%) (volume ratio 3:1, total
volume 10 mL) at 80 ºC overnight. The resulting mixture of dissolved gold and solid
support was separated by centrifugation, solids were washed with 5% solution of aqua
regia in water and both the liquid obtained after the removal of solid catalyst and the
washings were collected. The volume of combined liquid was reduced to ca. 2 – 3 mL
under heating at 115 ºC. The resultant liquid was transferred to either a 10 mL or 25
mL volumetric flask (depending on the expected gold loading) and topped up with 5%
solution of aqua regia. The calibration coefficient obtained from the linearization of
calibration curve was used to calculate gold loadings from the absorption values (Note
1).
Note 1. Derivation of the formula for the calculation of the gold loading.
If the weight of the sample treated with aqua regia is msample, and gold loading of the
sample is ω (%) then the weight of gold that went to solution mgold is

The concentration of gold in the solution analysed by AAS Cgold can then be expressed
as
,
where Vflask is the volume of the volumetric flask used to prepare the solution (see
above). Using the linearization of calibration curve agold = k·Cgold, where agold is the
value of absorption obtained from AAS, k – calibration coefficient and Cgold concentration of gold in the solution, the formula for gold loading could be obtained:

The establishment of the concentration of leached gold species in a reaction
mixture was performed using inductively coupled plasma mass spectrometry (ICPMS). An aliquot of the reaction mixture, separated from the solid catalyst by filtration,
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was placed into a ceramic boat and calcined in a tube furnace in air at 650 ºC. The boat
was then treated with aqua regia, the liquid and washings were collected, transferred
to a volumetric flask and diluted with Milli-Q water. The resulting solution was
analysed using ICP-MS.

3.2.5. Catalyst testing
Cyclohexene oxidation was performed in a 25 mL glass reactor equipped with a
reflux condenser. Except where specified below, the system was flushed with oxygen
three times and remained connected to an O2-filled rubber balloon throughout the
reaction. Typically, a mixture of cyclohexene (5 mL), catalyst (50 mg) and n-decane
(0.2 M, as an internal standard) was magnetically stirred (500 rpm) at 65 °C. After 16
hours, the reactor was cooled down to room temperature, the condenser was rinsed
with acetone (5 mL) and the reaction mixture was separated from the solid catalyst by
centrifugation. The catalyst was washed with acetone and dried under vacuum before
recycling.
The liquid samples were analysed by gas chromatography (GC) using a
Shimadzu GC-2010 equipped with an Rxi-5SilMS capillary column (30 m × 0.25 mm
× 0.25 μm) and a flame ionization detector (FID). Products were identified by gas
chromatography mass-spectrometry (GC-MS) using a Shimadzu GCMS-QP2010.
Typical chromatogram is shown in Figure 3.7.
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Figure 3.7

Chromatogram of reaction mixture obtained after cyclohexene

oxidation, catalysed by Au/WO3.

Quantitative analysis of reaction mixtures was performed by GC-FID using
calibration solutions prepared from commercially available products. Solutions of 2cyclohexen-1-ol,

2-cyclohexen-1-one

and

cyclohexene

oxide

of

various

concentrations, together with 0.2 M n-decane as internal standard, were prepared.
Calibration curves were plotted in coordinates Sproduct/Sdecane – nproduct/ndecane, where
nproduct/ndecane – is the molar ratio of product/n-decane in the calibration solution, Sproduct
– peak area of the corresponding product calculated from chromatogram, and S decane –
peak area of n-decane. Calibration coefficients were extracted from linear
approximations of calibration curves (Figure 3.8).

Page | 58

Chapter 3

3.0

2.5

Sproduct/Sdecane

2.0

1.5

1.0

0.5

0.0
0

1

2

3

4

5

6

nproduct/ndecane
Figure 3.8

Calibration curves for cyclohexene oxide (green), 2-cyclohexen-1-one

(red) and 2-cyclohexene-1-ol (black).

Calibration coefficients were used to determine the yield of the products from
the ratio of the peak areas of product/n-decane, calculated from the chromatogram of
the reaction mixture (Note 2).
Note 2. Derivation of the formula for the calculation of the product yield.
If the volume of cyclohexene solution, containing 0.2 M n-decane is Vsol, then the
volume of n-decane in this solution is:
,
where Cdec is the concentration of n-decane (M), Mdec – molar mass of n-decane and
ρdec – density of n-decane.
The volume of cyclohexene can then be expressed as:
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(

)

the amount of cyclohexene:
(

)

where MCyH – molar mass of cyclohexene and ρCyH – density of cyclohexene.
Given that the Vsol can be expressed as

, the yield of the product is

(

)

and using the linearization of the calibration curve

, where k is the

calibration coefficient, Sproduct – peak area of the corresponding product calculated
from chromatogram, and Sdecane – peak area of n-decane we can obtain the formula for
the calculation of product yield from the areas of the peaks of product and n-decane
obtained from chromatograms:
(

)

Some hydroperoxides, e.g. cyclohexane hydroperoxide, are known to
decompose during GC analysis153 to produce mainly the corresponding alcohols and
ketones thus tampering their true concentrations.

In order to establish correct concentrations analysed mixture is treated with
PPh3, which quantitatively converts hydroperoxide to the corresponding alcohol.153
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Estimation of true concentrations of alcohol and ketone is made from the
comparison of the chromatograms of the mixture treated with PPh 3 and untreated
one.153 In our case, pre-treatment of the reaction mixture with PPh 3 did not change the
concentration of 2-cyclohexen-1-one compared to an untreated mixture, indicating that
cyclohexenyl hydroperoxide was not decomposing during GC analysis.
The concentration of cyclohexenyl hydroperoxide was determined using
iodometric titration in 80% acetic acid.154 Reverse titration was performed as follows:
in a conical flask ca. 30 mg of KI and 1 mL of 80 % acetic acid were added to 200 µL
of reaction solution. The mixture was left for 5 minutes to allow the formation of I 2
according to the following equation:
2I- + CyOOH + 2H+ = I2 + CyOH + H2O
The formed I2 was then titrated with Na2S2O3 (0.05 M, established by titration).
2S2O32- + I2 = S4O62- + 2IBefore titration of I2 the concentration of Na2S2O3 solution was standardized
using 0.1 M K2Cr2O7 solution according to the following equations:
Cr2O72- + 6I- + 14H+ = 3I2 + 2Cr3+ + 7H2O
2S2O32- + I2 = S4O62- + 2IBecause cyclohexenyl hydroperoxide did not decompose during the GC
analysis we were able to obtain calibration coefficients for cyclohexenyl
hydroperoxide on the basis of comparison of GC data and iodometric titration results.
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Each catalytic experiment was reproduced at least three times. The typical
standard errors of independent catalytic tests were <1.5%.

3.3. Results and discussion
3.3.1. Catalyst preparation and characterisation
As-made gold clusters were deposited onto the oxide supports from CH 2Cl2
solution. We have chosen non-porous nanopowders of TiO2, SiO2 and WO3 as
supports with similar morphologies – particle sizes below 100 nm and surface areas ≤
50 m2g-1. Two series of catalysts with target gold loadings ranging from 0.1 wt% to
0.5 wt% were prepared. It was found that clusters readily adhere to SiO2 and TiO2
from CH2Cl2 solution at all target loadings.
In the case of WO3, for target loadings greater than 0.1 wt%, n-hexane (50 mL)
was slowly added to the slurry to ensure deposition of Au 9, and maximum actual
loadings of only ca. 0.3 wt% could be achieved. Deposition of Au101 on WO3 was
readily achieved without the use of n-hexane for all target loadings.
The actual gold loadings, established using AAS, are shown in Table 1, where
the two-digit prefixes in the sample designations are indicative of the approximate
loadings in wt%.
After deposition, the mean diameter of Au101 clusters, as determined by TEM,
slightly increases (Table 3.1). We were unable to detect as-deposited Au9 clusters
using bright-field TEM, which indicates that the size of metal core remains below 1
nm. However, during the course of catalytic cyclohexene oxidation both types of
clusters sinter to form particles with mean diameters ranging from ca. 4 to 10 nm
(Table 3.1 and Figure 3.9). The mean diameter of the nanoparticles formed from Au 101
during catalytic cycle is decreasing with lower gold loading. In contrast, Au 9 clusters
form bigger nanoparticles at lower loading. This could suggest different sintering
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mechanisms for two clusters – Au9 acts as feedstock for nanoparticle growth, while
Au101 clusters collide and agglomerate through surface diffusion. We suggest that
agglomeration of Au9 clusters occurs similarly to the process of crystals formation in
which lower concentration of precursor leads to the creation of smaller amount of
nucleation sites and thus to bigger crystals. Thus, at high gold loadings the majority of
Au9 clusters rapidly sinter into stable nanoparticles with mean diameters of 4-6 nm;
while at lower surface concentrations clusters initially form fewer nanoparticles that
act as nucleation sites that keep growing, consuming the remaining Au 9 clusters to
eventually form 8-10 nm particles. As agglomeration of Au101 proceeds via cluster
collision, the degree of sintering should decrease with the lower surface concentration
of clusters.
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Table 3.1

Catalysts properties
Catalyst
Gold loading,
AAS (wt%)

Nanoparticle diameter, TEM (nm)
mean ± s.e.f

s.d.e

0.5Au101/WO3
0.5Au101/WO3a
0.5Au101/WO3b

0.52
0.47
0.47

2.2±0.1
5.1±0.3
5.4±0.2

0.7
2.1
1.8

0.1Au101/WO3
0.1Au101/WO3a

0.097
0.070

2.3±0.1
4.4±0.2

0.5
1.6

0.3Au9/WO3
0.3Au9/WO3a
0.3Au9/WO3b
0.3Au9/WO3c

0.31
0.28
0.28
0.28

<1d
5.1±0.1
5.8±0.2
6.1±0.2

1.5
2.1
2.0

0.1Au9/WO3
0.1Au9/WO3a

0.093
0.087

<1d
7.9±0.3

2.2

0.5Au101/SiO2
0.5Au101/SiO2 a

0.44
0.29

2.0±0.1
5.1±0.2

0.6
2.0

0.1Au101/SiO2
0.1Au101/SiO2 a

0.12
0.068

1.6±0.1
4.9±0.1

0.4
1.5

0.3Au9/SiO2
0.3Au9/SiO2 a
0.3Au9/SiO2 b

0.27
0.20
0.20

<1d
6.3±0.2
6.8±0.2

1.6
2.3

0.1Au9/SiO2
0.1Au9/SiO2 a

0.098
0.073

<1d
9.6±0.6

3.9

a

Recovered after the 1st catalytic cycle. b Recovered after the 2nd catalytic cycle. c
Recovered after the 3rd catalytic cycle. d No gold particles were detected using bright-field
TEM. e s.e. – standard error of the mean, s.d. – standard deviation of the distribution.

Page | 64

Chapter 3

Figure 3.9

Representative TEM images and particle size distributions of the

catalysts. (A) 0.5Au101/WO3 as deposited. Catalysts recovered after 1st catalytic cycle:
(B) 0.5Au101/WO3 (C) 0.3Au9/WO3 (D) 0.3Au9/SiO2.
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3.3.2. Aerobic oxidation of cyclohexene under solvent-free conditions
Table 3.2 summarizes the catalytic activity of Au 9 and Au101 deposited on TiO2,
SiO2 and WO3 at various gold loadings in the aerobic oxidation of cyclohexene, which
was conducted under solvent-free conditions without the addition of radical initiator
and using molecular oxygen as the only oxidant.
Table 3.2

Performance of catalysts in cyclohexene oxidation a
Catalyst
Conversion,
Selectivity, %
%
Cy-oxide
Cy-ol
Cy-one

Blank
TiO2
SiO2
WO3
0.5Au9/TiO2
0.5Au101/TiO2
0.5Au101/WO3
0.1Au101/WO3
0.3Au9/WO3
0.1Au9/WO3
0.5Au101/SiO2
0.1Au101/SiO2
0.3Au9/SiO2
0.1Au9/SiO2

2
2
2
9
2
2
50
36
50
33
48
39
43
25

33
26
35
27
34
6
7
7
5

30
18
23
20
24
15
11
12
7

4
17
12
16
11
24
17
19
12

CyOOH

32
19
18
17
21
38
54
51
68

a

Reaction conditions: cyclohexene (5 mL), n-decane (0.2 M) as internal standard, catalyst
(0.05 g), O2 (~1 atm), 65 °C, 16 h, glass reactor.

Cyclohexene conversion and product distribution depend strongly on the nature
of the support. TiO2-based catalysts are inactive, showing conversions comparable to
that of the reaction in the absence of catalyst (blank). Clusters deposited on SiO 2 show
high conversions of cyclohexene, with cyclohexenyl hydroperoxide (CyOOH) being
the main product. Other products were 2-cyclohexen-1-one (Cy-one), 2-cyclohexen-1ol (Cy-ol) and cyclohexene oxide (Cy-oxide). WO3-supported clusters have
comparable activity, but the main product is cyclohexene oxide.
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Unsupported gold nanoparticles previously have been shown to have high
catalytic activity in some liquid-phase reactions;155 thus, it is important to investigate
whether observed catalytic activity should be attributed to supported or leached gold
species. As seen from the AAS studies (Table 3.1), gold does leach into solution from
as-prepared samples during the first catalytic cycle.
However, no such leaching was detected during subsequent recyclability tests.
We suggest that as clusters agglomerate into bigger particles leaching of gold species
stops. This suggestion correlates with the fact that the degree of leaching during the
first cycle decreases with higher loading. A higher surface density of gold clusters
accelerates agglomeration and hence fewer non-sintered clusters have time to leach
into solution. Because the catalyst retains ca. 90% of its catalytic activity during
catalytic cycles 2-5 (Figure 3.10), while leaching becomes undetectable on these
stages, we conclude that the activity could be attributed to the supported, agglomerated
particles and that gold species leached during the first cycle are essentially
catalytically inactive.
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Figure 3.10

Recyclability of 0.3Au9/WO3. Conversion of cyclohexene (black) and

selectivity towards cyclohexene oxide (grey).

The methodology of hot filtering is typically used to determine whether the
catalyst is homogeneous or heterogeneous.156 In our case, the cyclohexene oxidation
did not slow down upon the removal of Au/WO3 using a 0.2 µm filter after 6 h of
reaction, which, according to the method, should indicate the homogeneous nature of
the catalysis. However, it is known that cyclohexenyl hydroperoxide can catalyse the
autoxidation of cyclohexene.157 Therefore, the hot filtering test is not suitable for
distinguishing between heterogeneous and homogeneous catalysis for cyclohexene
oxidation when cyclohexenyl hydroperoxide is formed in a sufficient amount, because
the formed hydroperoxide would autocatalyse the reaction after the catalyst is
removed.
In order to demonstrate that leached gold species are inactive in cyclohexene
oxidation, we have performed a pair of tests in reaction-like conditions under which
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gold leaching would occur but cyclohexenyl hydroperoxide formation would be
suppressed. In the first test, an initial reaction was performed at 65 ºC for 6 h using asmade catalyst, but the reactor was filled with argon instead of oxygen. The solid
catalyst was then removed by hot filtration and the liquid reaction mixture was
subjected to typical reaction conditions (65 ºC or 16 h) with the reactor now filled with
ca. 1 atm oxygen. The existence of gold leachate in the reaction mixture was
confirmed using ICP-MS (concentration of Au in reaction mixture was ca. 1 ppm), but
no detectable cyclohexene conversion was observed (Figure 3.11).

Figure 3.11

Filtration test in which hydroperoxide formation was supressed by

argon atmosphere.

In the second test, cyclohexenyl hydroperoxide formation was suppressed by
addition of n-hexane. First, the cyclohexene oxidation was conducted under oxygen
atmosphere (ca. 1 atm) using the mixture of cyclohexene (50 µL) and n-hexane (2
mL). After 6 h, the liquid phase was separated by hot filtering and added to 5 mL of
cyclohexene. When subjected to typical reaction conditions, the mixture showed no
cyclohexene conversion after 16 h. In contrast, solid catalyst, isolated on the previous
step, catalysed the oxidation of cyclohexene in the mixture of n-hexane (2 mL) and
cyclohexene (5 mL), giving 11% conversion (Figure 3.12).
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Figure 3.12

Filtration test in which hydroperoxide formation was supressed by the

addition of n-hexane.

3.3.3. Investigation of catalyst bifunctionality
The similarity of morphology and size of the gold nanoparticles formed on SiO 2
and WO3 supports during the catalytic reaction is indicated by both TEM (see Table
3.1 and Figure 3.9) and DR UV-vis spectroscopy. In the latter, the bands attributed to
the localized surface plasmon resonance have similar shapes and positions for both
types of catalysts (Figure 3.13).113, 158, 159
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Figure 3.13

DR UV-Vis spectra of the catalysts. (a) 0.3Au9/WO3 as deposited.

Catalysts recovered after 1st catalytic cycle: (b) 0.3Au9/SiO2, (c) 0.3Au9/WO3 and (d)
0.5Au101/WO3.

Interestingly, SiO2- and WO3-based catalysts with similar gold loadings also
have comparable turnover frequencies (TOFs) calculated from the initial reaction rates
(Figure 3.14, see Chapter 4 for experimental details). Additionally, the product
evolution profiles for both types of catalysts have similar cyclohexenyl hydroperoxide
accumulation stages.
Note 3. Calculation of TOF
TOFs in this chapter were calculated according to the following equation:
( )

,

where n0substrate is initial number of moles of the substrate, nsubstrate is a number of moles
left in the reaction after time (h) and nAu is the number of moles of Au introduced to a
catalytic reaction.
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Figure 3.14

Reaction profile of cyclohexene oxidation catalysed by 0.3Au9/WO3

(A) and 0.3Au9/SiO2 (B). Cyclohexene conversion (■, black); left ordinate. Yield of
cyclohexene hydroperoxide (◊, olive), cyclohexene oxide (○, red), 2-cylohexen-1-one
(×, blue), 2-cyclohexen-1-ol (∆, light-grey); right ordinate.
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Based on these data, we suggest that gold particles catalyse cyclohexene
conversion to cyclohexenyl hydroperoxide (reaction I, Figure 3.15), while WO3
catalyses reaction of cyclohexenyl hydroperoxide with cyclohexene, producing
cyclohexene oxide and 2-cyclohexen-1-ol (reaction II, Figure 3.15).

Figure 3.15

Proposed mechanism for cyclohexene oxidation.

To support this hypothesis we conducted a series of experiments in which pure
WO3 powder was mixed with 0.3Au9/SiO2 at different ratios (Figure 3.16A).
Interestingly, the addition of just 2 wt% of WO3 (1 mg) changes the selectivity of the
reaction, with cyclohexene oxide becoming the main product. With 10 wt% of WO3 (5
mg) the distribution of products is almost identical to that for 0.3Au9/WO3. It is
possible, however, that in this series of experiments some gold species leach from
silica-based catalyst and adsorb on tungsten oxide, thus forming a catalytic system
with high selectivity towards cyclohexene oxide.
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Figure 3.16

Effect of the co-catalyst on the selectivity in cyclohexene oxidation.

To exclude this possibility we performed a reaction with the silica-based
catalyst, hot filtered the reaction mixture into a vial containing tungsten oxide (5 mg),
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which was then collected by centrifugation. Inasmuch as potentially impregnated WO 3
was inactive in the conversion of the fresh cyclohexene, we conclude that the observed
change of selectivity upon addition of WO3 to Au/SiO2 catalyst should be attributed to
properties of pure WO3 acting as a co-catalyst rather than to a synergistic effect
between support and Au nanoparticles. The discovered ability of WO 3 to activate
cyclohexenyl hydroperoxide, promoting its reaction with cyclohexene, is consistent
with reports on activation of H2O2160 and alkyl hydroperoxides161 by WO3 through the
formation of peroxo complexes of tungsten which are highly active and selective in
the epoxidation of olefins.162
We also found that the use of different co-catalyst can shift selectivity of
Au/SiO2 towards allylic oxidation products. As such a co-catalyst, we have chosen
metal-organic framework MIL-101, which was recently reported as a catalyst for
allylic oxidation of cyclohexene with molecular oxygen, with 2-cyclohexen-1-one
being the main product.163, 164 Results of catalytic testing of the mixture consisting of
pure MOF and 0.3Au9/SiO2 in different ratios show the effect of altering the
selectivity of reaction similar to the one found for WO3, but with 2-cyclohexen-1-one
becoming the main product (Figure 3.16B). It could be suggested that MIL-101
catalyses the conversion of cyclohexenyl hydroperoxide to 2-cyclohexene-1-one
(reaction III, Figure 3.15). Reaction catalysed by the mixture of MIL-101:0.3Au9/SiO2
(5:45, mg:mg) gives the maximum 2-cyclohexen-1-one yield of 16%, which is twice
the yield we have been able to achieve with the pure MOF.

3.4. Conclusions
In this Chapter we have prepared a series of SiO2-, TiO2- and WO3-supported
gold catalysts by deposition of Au9 and Au101 clusters. It was found that under the
conditions of solvent-free aerobic oxidation of cyclohexene, clusters sinter into larger
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nanoparticles with mean diameters ranging from ca. 4 to 10 nm, depending on the gold
loading and the type of cluster. Leaching of gold species occurs during the first
catalytic cycle but becomes undetectable after further cycles. Using a series of
catalytic tests we have shown that leached gold species are inactive in cyclohexene
oxidation.
We found that Au nanoparticles catalyse the formation of cyclohexenyl
hydroperoxide, which can be converted to other products in the presence of different
heterogeneous co-catalysts. Cyclohexene oxide is formed via the reaction of
cyclohexenyl hydroperoxide with cyclohexene catalysed by WO3, either present as a
support or introduced to the reaction as a co-catalyst physically admixed with silicasupported gold catalyst. Selectivity towards formation of 2-cyclohexen-1-one can be
shifted by using MIL-101 as a co-catalyst for gold supported on SiO2.
We have shown that careful choice of support or co-catalyst for supported gold
nanoparticles can tune the selectivity of cyclohexene oxidation towards cyclohexene
oxide or 2-cyclohexen-1-one under solvent-free conditions without addition of radical
initiator and using oxygen as the only oxidant. The results of this Chapter were
published in D. S. Ovoshchnikov, B. G. Donoeva, B. E. Williamson and V. B.
Golovko, Catalysis Science & Technology, 2014, 4, 752-757 - Published by The Royal
Society of Chemistry.
The findings of this Chapter indicate that it is agglomerated nanoparticles that
are responsible for the catalytic activity, not the small clusters. Careful investigation of
this phenomenon and formulation of the size effect of gold entities in cyclohexene
oxidation are presented in Chapter 4.
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Chapter 4 - Establishing a Au Nanoparticle Size Effect
in the Oxidation of Cyclohexene
4.

Work on this Chapter was performed in collaboration with Baira Donoeva, who
performed TEM and catalytic studies of some catalysts. Also, discussions and
formulation of ideas and experiments were done together with Baira.

4.1. Introduction
One of the crucial parameters determining the catalytic activity of gold is the
size of gold particles, e.g. only particles with sizes below 5 nm are active in the lowtemperature CO oxidation and their activity increases with decrease of the particle
size.81, 165-167 Attempts were also made to establish particle size effects for the liquidphase oxidation reactions of larger organic molecules catalysed by supported gold
nanoparticles. However, opposite trends in the effects of Au particle size on their
catalytic activity in the same reactions are frequently reported. 31,

168-173

Typically,

particle size effects are studied by comparing catalytic activities within a series of
supported gold nanoparticles with different mean diameters, which are assumed to be
constant during the reaction.169, 171, 174, 175 Gold particles within such series are often
prepared using different wet chemistry methods, which could affect the catalytic
activity, thus obscuring the effect of the particle size. One of the findings of the work
described in the previous Chapter is that triphenylphosphine-stabilized gold clusters
were unstable during the cyclohexene oxidation and gradually agglomerated to form
larger particles. In this Chapter we show how such particles that change their size
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during the catalytic reaction could be employed for the investigation of particle size
effect. Because catalytic activity can be observed only when active sites are present,
monitoring of the catalytic activity along with the state of catalyst in such gradually
changing system could provide insight regarding the optimal catalyst morphology. In
this Chapter, we employed silica-supported phosphine-stabilized Au clusters with
initial sizes below 2 nm and studied their activity in solvent-free aerobic oxidation of
cyclohexene. By combining the investigation of cyclohexene oxidation kinetics with
the monitoring catalyst transformations we established an Au nanoparticles size effect
on their catalytic activity.

4.2. Experimental
4.2.1. Catalyst preparation
Au9 and Au101-based catalysts were prepared as described in Chapter 3. Briefly,
clusters were synthesized according to the previously published methods 147,

148

and

deposited on SiO2 from dichloromethane solution.
Deposition of Au9 cluster onto SBA-15 was performed using the methodology
similar to the one described by Liu et al.176 SBA-15 (synthesized by Baira Donoeva,
500 mg) was suspended in the mixture of C2H5OH and CH2Cl2 (5 mL, 1:4). Solution
of Au9 cluster (2.3 mg) in the same solvent mixture (5 mL) was slowly added to the
suspension of SBA-15 under vigorous stirring. The mixture was stirred for 2.5 h. The
solid was collected via centrifugation, washed with CH2Cl2 (10 mL) and dried under
vacuum at room temperature.
Additionally, several catalysts were prepared via deposition of different gold
colloids onto SiO2. Stabilizer-free gold nanoparticles were synthesized using method
reported by Martin et al.177 Briefly, to 10 mL of Milli-Q water solutions of HAuCl4
(100 µL, 50 mM) and later of NaBH4 (300 µL, 50 mM) were added, while agitating on
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mechanical shaker for 1 min. As-prepared solution of gold nanoparticles was filtered
through the 0.2 µm filter and the concentration of gold in filtrate was established using
AAS. A calculated volume of fresh Au nanoparticles solution in water was added to
SiO2 (0.5 g). The mixture was sonicated for 1 minute and water was slowly removed
from the suspension using rotary evaporator (temperature of bath was ca. 30 ºC). After
deposition onto SiO2, the average diameter of Au particles was 9.1 nm. Citratestabilized Au nanoparticles were prepared following a protocol described by
Turkevich et al.86 Briefly, 450 mL of 0.24 mM HAuCl4 and 1.6 mM sodium citrate
solution was heated at 70 ˚C for 1 hour. The resulting red solution containing 13.9 nm
Au particles was cooled down using an ice bath. 33.9 nm particles were prepared by
heating 50 mL of 0.3 mM HAuCl4 and 0.58 mM sodium citrate solution at 90 ˚C for 5
minutes. 47.4 nm particles were prepared by heating 50 mL of 1.2 mM HAuCl4 and
1.9 mM sodium citrate at 60 ˚C for 2 hours. The resulting solutions of colloid Au
particles were filtered through the 0.2 µm filter and analysed via AAS. A calculated
volume of fresh Au nanoparticles solution in water was added to SiO 2 (0.5 g). The
mixture was sonicated for 1 minute and water was slowly removed from the
suspension using rotary evaporator (temperature of bath was ca. 30 ºC). The resulting
solid was collected, dried under vacuum at room temperature and characterized using
TEM.

4.2.2. Catalysts characterization
Catalysts were characterized using TEM, DR UV-vis and AAS (see Chapter 3
for details). X-ray photoelectron spectroscopy (XPS) of WO3-based catalysts was
performed at the Soft X-ray Beamline at the Australian Synchrotron using a SPECS
Phoibos 150 hemispherical electron analyser with the photon energy set to 690 eV.
The samples were deposited onto silicon wafer using drop coating technique. The
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wafers were then attached to sample holder using carbon tape. Because of the strong
charging effects, caused by the high intensity of the synchrotron beam/imperfections
of sample preparation techniques available at the facility, we were unable to collect
data on silica-based catalysts on the Synchrotron beam line. Therefore, the XPS
analysis of SiO2-based catalysts was conducted on a Kratos Axis DLD spectrometer
with a monochromated Al-Kα X-ray source (performed by Dr Colin Doyle from
Research Centre for Surface and Materials Science (RCSMS), at the University of
Auckland). The samples were pressed into indium as the mounting medium. A supply
of low-energy electrons was used for charge neutralization. Survey spectra were
recorded with a pass energy of 80 eV and high-resolution spectra with a pass energy of
40 eV. Binding energies were normalized with respect to the position of the
adventitious carbon C1s peak at 285.0 eV. Modelling of the data was performed using
CasaXPS program (SiO2-based samples) or MS Excel (WO3-based samples). The
background was simulated using the empirical Shirley method178 (Equation 1, the case
of the background under 2 peaks):
( )

( )
(

( )

(1),

( ))

where S(E) is the background intensity at energy E, A1 and A2 – areas under peaks, k
defines the step in background and is equal to (I1-I2). Calculation of the Shirley
background is performed via iteration: the integrated areas A1(E) and A2(E) are
initially calculated from the approximation of S(E), then refined using the background
computed from the first approximation as input to improve the values computed for
A1(E) and A2(E). The peaks were fitted using either sum of Lorentzian and Gaussian
functions179 (MS Excel, equation 2) or Gaussian/Lorentzian product180 (CasaXPS,
equation 3):
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where F is the full width at half maximum, E – position of the maximum of the peak,
and m – mixing coefficient (0.3).

4.2.3. Catalyst testing
The catalytic activity of Au catalysts was tested in aerobic solvent-free
cyclohexene oxidation without addition of a radical initiator. Kinetic studies of
cyclohexene oxidation were performed in a glass reactor equipped with a reflux
condenser similar to the one used in Chapter 3. 10 mL of cyclohexene containing 0.2
M of n-decane as an internal standard, 100 mg of catalyst and Teflon-coated magnetic
stirrer were loaded into 100 mL 2-necked glass round bottom flask. The system was
flushed with O2 three times and connected to a rubber balloon filled with O 2. The
mixture was magnetically stirred at 65 °C. Samples of the reaction mixture were taken
using a glass syringe through the attachment with a Teflon septa connected to the
second neck of the round-bottom flask. The reaction was stopped by cooling the
reactor to room temperature; the condenser was rinsed with 5 mL of diethyl ether and
the reaction mixture was separated from the solid catalyst by centrifugation. Catalysts
were washed with diethyl ether and dried under vacuum at room temperature before
recycling. Catalyst samples from separate experiments were accumulated to obtain the
required mass of the catalyst for recycling. Each experiment was reproduced at least
three times. The typical standard errors of independent catalytic tests were below 1.5
%. Analysis of the reaction mixtures was performed via GC-FID and GC-MS (see
Chapter 3 for details).
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4.3. Results and discussion
4.3.1. Induction period
In the previous Chapter we have observed that the gold nanoparticles formed
from the <2 nm clusters, that were originally deposited on the supports, preserve their
activity throughout several recycling steps, which is an indication that the sintered
clusters are the active site of the reaction. We have also observed an induction period
in the oxidation of cyclohexene, catalysed by as prepared catalysts, which is studied in
more detailed in this Chapter.
We found that the length of the induction period depended on the Au loading of
the catalyst (Figure 4.1A): the decrease of the Au loading of Au 9/SiO2 from 0.5 to 0.02
wt% led to the elongation of the induction period from ca. 1 to 6.5 h. The length of the
induction period also depended on the type of Au cluster: 0.1Au 101/SiO2 showed a
significantly shorter induction period of 50 minutes compared with 3.5 hours for
0.1Au9/SiO2 (Figure 4.1B).
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Figure 4.1

Cyclohexene oxidation catalysed by (A) Au9/SiO2 with gold loadings

of 0.5, 0.1 and 0.02% and (B) 0.1Au101/SiO2 and 0.1Au9/SiO2. Conditions: solventfree cyclohexene, 10 mL, O2 1 atm, 65 °C, catalyst 0.1 g.
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A change of the Au particle size during the reaction was monitored using
transmission

electron

microscopy

(TEM)

and

diffuse-reflectance

UV-visible

spectroscopy (DR UV-vis). TEM micrographs of 0.5Au9/SiO2 sampled from the
reaction after 0.5, 1 and 16 h are shown in Figure 4.2B-D.

Figure 4.2

TEM micrographs of as-made 0.5Au9/SiO2 (A) and 0.5Au9/SiO2

sampled from the reaction after 0.5 h (B), 1 h (C), and 16 h (D).

Intact Au9 clusters of as made 0.5Au9/SiO2 are not visible in bright-field TEM
images because of the poor contrast for supported Au clusters smaller than 1 nm
(Figure 4.2A). During the reaction, larger particles, detectable by TEM, gradually
form. The number of visible particles increases during the course of reaction, which is
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indicated by the increase of the surface density of visible particles: ca. 40, 170 and 370
particles/μm2 were detected in TEM micrographs of 0.5Au9/SiO2 sampled from the
reaction after 0.5, 1 and 16 h, respectively. The surface density of particles was
estimated by counting the number of particles that could be observed on ca. 20
micrographs taken at 97kx magnification (frame size 3.2·10 3 nm2). The mean diameter
of detectable particles was 3.1 ± 0.1 (s.d. 1.2) nm after 1 h of reaction and it increased
further to 5.4 ± 0.1 (s.d. 1.4) nm during the next 15 h. The evolution of the particle
size as a function of time for 0.5Au9/SiO2 is shown in Figure 4.3.

Figure 4.3

Evolution of the size of visible Au particles of 0.5Au9/SiO2 during

cyclohexene oxidation. t = 0 – the size of the unsupported cluster.

DR UV-vis study of 0.5Au9/SiO2 showed the appearance of the surface
plasmon resonance (SPR) band at 520 nm for samples of catalyst recovered after 1 h
of reaction. Because only particles larger than 2 nm possess SPR, the appearance of
SPR band indicates the formation of gold particles larger than 2 nm (Figure 4.4A).181183

Hence, both TEM and DR UV-vis studies of 0.5Au9/SiO2 show the similar time of

formation of particles larger than 2 nm.
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Figure 4.4

DR UV−vis spectra of 0.5Au9/SiO2 (A), 0.1Au9/SiO2 (B), and

0.02Au9/SiO2 (C) sampled at reaction times indicated along the right-hand
ordinates.
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DR UV-vis studies of 0.1Au9/SiO2 and 0.02Au9/SiO2 showed that particles
larger than 2 nm form only after ca. 4 and 6.5 h, respectively. Slower gold
agglomeration for catalysts with lower Au loadings is most likely due to the lower
density of Au particles on SiO2 surface. As seen from the kinetics of cyclohexene
oxidation (Figure 4.1A) and DR UV-vis data, in all cases formation of sufficient
number of particles larger than 2 nm was accompanied with the appearance of
catalytic activity, which indicates that such particles are active in cyclohexene
oxidation. At the same time, there is no induction period in the kinetics of the
cyclohexene oxidation catalysed by the Au9/SiO2, recycled after 16 h catalytic run the catalyst which already contains gold nanoparticles larger than 2 nm (Figure 4.5).
This fact supports the conclusion that particles larger than 2 nm are active in the
cyclohexene oxidation.

Figure 4.5

Cyclohexene oxidation catalysed by as-made, recycled, and pre-

calcined 0.1Au9/SiO2.
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4.3.2. Presence of ligands vs nanoparticle size
Importantly, cyclohexene used for catalytic oxidation did not contain 2,6-ditert-butyl-4-methylphenol, which is typically added as a stabilizer by chemical
suppliers. When we used cyclohexene that contained the stabilizer, the Au9 clusters
did not agglomerate after 16 h under typical reaction conditions (65 °C, 1 atm O2) and
no cyclohexene conversion was observed. Stirring 0.5Au 9/SiO2 for 16 h under typical
reaction conditions, but in n-hexane instead of cyclohexene, also did not lead to cluster
agglomeration. These results imply that thermal treatment at 65 °C alone is not enough
to induce agglomeration of Au9 supported on SiO2. We suggest that phosphine ligands
were removed from the cluster via reaction with cyclohexenyl hydroperoxide
(CyOOH), which is present in trace amounts in the stabilizer-free cyclohexene (ca.
0.015 wt% by GC), analogously to a recently reported removal of phosphine ligands
from silica supported [Au6(Ph2P(o-tolyl))6](NO3)2 by tert-butyl hydroperoxide.184
Agglomeration did not occur in n-hexane or stabilized cyclohexene because neither of
them contained even traces of peroxides. Thus, cluster agglomeration is possible only
when PPh3 ligands are removed from the gold core of Au9. An indication of such stepby-step in situ transformation of gold clusters, which includes ligand removal from the
cluster cores and subsequent particle agglomeration, can also be seen in Figure 4.4B.
DR UV-vis spectra of catalyst sampled in the initial stages of the reaction possessed a
weak band at 450 nm, originating from intact Au9 clusters (Figure 4.8a). The features
in the optical spectra of small phosphine-stabilized gold clusters are known to be due
to the effects of the ligand shell bound to the gold core of the cluster. 185 Therefore, the
disappearance of the band at 450 nm before the SPR band emerges indicates that
agglomeration occurs after the ligand shell is at least partially removed. Because
sintering is not possible when ligands are still bound to the gold cores of the clusters,
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we conclude that particles forming during the reaction are predominantly phosphinefree. This suggestion is also supported by the XPS study of analogous system
Au9/WO3. The phosphorous signal (2p3/2), centred at 131.8 eV, is present in the asprepared catalyst, but is absent in the spectra of the catalyst recovered after the
reaction (Figure 4.6). The disappearance of the phosphorous signal is an indication of
at least partial removal of the triphenylphosphine ligands during the cyclohexene
oxidation.

before reaction
after reaction

145

140

135

130

125

Binding energy, eV

Figure 4.6

XPS 2P spectra of as made 0.1Au9/WO3 (black) and 0.1Au9/WO3

recovered after 16 h catalytic cycle of cyclohexene oxidation (red).

Pure Au9 clusters lose phosphine ligands upon calcination at 230 °C for 40 min
in Ar flow according to TGA (Figure 3.2). Calcination of 0.1Au9/SiO2 under the same
conditions in order to remove phosphine ligands from supported Au 9 led to the
formation of 8.0 ± 0.3 (s.d. 2.6) nm particles (Figure 4.7B). Catalyst treated this way
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showed a cyclohexene conversion profile similar to that of the recycled 0.1Au 9/SiO2
(particle size 9.6 ± 0.6 (s.d. 3.9) nm, Figure 4.7A), which indicates that phosphine-free
particles of similar size and larger than 2 nm obtained in different ways have similar
activity in the reaction (Figure 4.5).

Figure 4.7

Representative TEM images and the corresponding particle size

distributions of 0.1Au9/SiO2 after cyclohexene oxidation (A) and calcined at 230 °C
for 40 min, 1 °C/min, Ar flow 100 mL/min (B).

Inasmuch as two catalyst parameters change during the reaction, i.e. Au particle
size and the presence of phosphine ligands, the initial inactivity of the as made
catalysts could be due to one of the following: a) stabilizing ligands cover active gold
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sites, thus hindering the catalytic activity; once the phosphine ligands are removed, the
particles become active b) sub-2 nm gold particles, even without phosphine ligands,
are inactive in cyclohexene oxidation and activity appears only after the particle size
reaches a certain threshold.
Results of our experiments indicate that removal of phosphine ligands is not a
sufficient condition for the appearance of catalytic activity and particle size plays a
significant role:
a) As seen from DR UV-vis spectra (Figure 4.4B), the PPh3 ligand shell was at
least partially removed from Au9 after 2 h, as indicated by disappearance of the band
at 450 nm, but no activity was observed until particles larger than 2 nm had formed
after ca. 4 hours of reaction (Figure 4.1A).
b) Because the core of Au101 is larger than that of Au9, gold particles derived
from Au101 need significantly less time to overcome the threshold in particle size,
which leads to shorter induction period for Au101 catalyst (Figure 4.1B).

4.3.3. SBA-15-based system
To confirm that small (sub-2 nm) and phosphine-free Au particles are inactive
in cyclohexene oxidation, we deposited Au9 on SBA-15,186 a mesoporous SiO2-based
material with large surface area (synthesized by Baira Donoeva). It was previously
reported that ~1 nm ligand-free clusters deposited on SBA-15 could be obtained from
analogous triphenylphosphine-stabilized gold cluster [Au11(PPh3)8Cl2]Cl.176 In this
report the sintering of the clusters during ligand removal was suppressed by the use of
support with high surface area, and homogeneous distribution of clusters throughout
the surface of the support. The latter was achieved by deposition of precursor from a
mixture of ethanol and dichloromethane.176 The following explanation of this method
was suggested. Deposition of triphenylphosphine clusters from aprotic solvents such
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as CH2Cl2 occurs due to interaction between the permanent dipole of OH groups of the
support and a dipole induced within the phosphine layer of Au cluster. The mixture of
ethanol and CH2Cl2 has higher permittivity, which reduces the attraction between
cluster and support and leads to a more homogeneous deposition of the cluster onto the
support compared to the case of pure CH2Cl2 as a solvent, where clusters immediately
adsorb to the surface of the support. Following the same methodology, we have
supported Au9 onto SBA-15. To remove phosphine ligands from the cluster core, the
catalyst was calcined at 230 °C for 40 min in Ar flow (denoted as 0.1Au 9/SBA_c230).
The large surface area of the support and the homogeneous distribution of clusters
prevented particles from sintering during calcination, as evidenced by the absence of
the SPR band in the DR UV-vis spectrum of 0.1Au9/SBA_c230 (Figure 4.8). On the
other hand, the absence of absorption bands at 450, 380 and 315 nm, characteristic for
the intact Au9 cluster, indicates successful removal of ligands during calcination. TEM
of 0.1Au9/SBA_c230 also confirmed very minimal agglomeration – only a few
particles of 2-3 nm were detected, which correlates with the results obtained for Au11
clusters in the similar system.176 Thus, phosphine-free sub-2 nm particles supported on
SBA-15 were obtained.
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Figure 4.8

UV-vis spectrum of Au9 dissolved in CH2Cl2 (a) and DR UV-vis spectra

of as made 0.1Au9/SBA-15 (b) and 0.1Au9/SBA_c230 (c).

Although the Au particles were phosphine-free, the kinetics of cyclohexene
oxidation in the presence of 0.1Au9/SBA_c230 showed an induction period of ca. 3.5
hours. The appearance of catalytic activity correlated with the formation of plasmonic
particles (Figure 4.9), similarly to the behaviour observed for SiO2-based catalysts,
discussed earlier. Recycled 0.1Au9/SBA_c230 did not show an induction period in
cyclohexene oxidation. This result confirmed that phosphine-free Au particles with
sizes below 2 nm are inactive in the cyclohexene oxidation. The change of catalytic
behaviour of Au particles once they become larger than 2 nm could be due to the
transition from non-metallic to metallic properties, which occurs at sizes of ca. 2
nm.187
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Figure 4.9

(A) Cyclohexene oxidation catalysed by 0.1Au9/SBA_c230 (black) and

recycled 0.1Au9/SBA_c230 (red). (B) DR UV-vis spectra of 0.1Au9/SBA_c230
sampled from cyclohexene oxidation at different reaction times.
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4.3.4. Additional considerations
Recently, numerous reports of catalysis, driven or enhanced by the surface
plasmon resonance of Au nanoparticles, have started to appear (see Introduction).
Because catalytic activity in our study appeared only when gold nanoparticles larger
than 2 nm, i.e. plasmonic particles, were formed, we investigated whether the
observed activity was enabled by the SPR. We have compared the activity of
0.5Au9/SiO2 in cyclohexene oxidation under ambient light with the one in the dark.
Comparable activity (46% conversion in ambient light/43% in the dark) indicated that
catalytic activity was mostly not enhanced by the SPR in this study.
As prepared catalysts and catalysts recovered after reaction were studied using
XPS. Au4f7/2 binding energy of Au9 deposited on either SiO2 or WO3 (85 eV) is
shifted towards higher energies relative to bulk gold (84 eV) due to the small size and
charge of the cluster (Figure 4.10).188,

189

No signal from pristine Au9 clusters was

detected in the post-reaction catalysts, indicating that most of the gold present in the
catalytic system is in the metallic state and no intact clusters are left after the reaction.
Because of the small scanning depth of the beam (due to the small mean free path of
electron), sensitivity of XPS is much higher towards smaller particles; hence, the
absence of peak centred at 85 eV is a strong indication that no unsintered Au9 clusters
are left after reaction. For the same reason, increase in particle size leads to a decrease
in Au peak intensity. Unlike the recently reported activity of positively charged 20150 nm Au nanoparticles in styrene oxidation,168 catalytic activity in our case was
solely due to the metallic Au0 particles, as evidenced by the activity of the postreaction catalysts in the second catalytic cycle.
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Figure 4.10

XPS Au4f spectra of (A) 0.5Au9/SiO2 and (B) 0.3Au9/WO3: as made

(black line) and recovered after 16 h catalytic cycle of cyclohexene oxidation (red
line). Dotted vertical line indicates Au4f7/2 peak position corresponding to metallic
gold.
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Finally, we tested the activity of catalysts obtained by deposition of colloid
stabilizer-free177 and citrate-stabilized86 Au nanoparticles onto SiO2. Four catalysts
0.1Au-9.1/SiO2, 0.1Au-13.7/SiO2, 0.1Au-33.9/SiO2 and 0.1Au-47.4/SiO2 with particle
sizes of 9.1, 13.7, 33.9 and 47.4 nm, respectively, and with the total gold loadings of
0.1 wt% were prepared (Figure 4.11).

Figure 4.11

Representative TEM images of colloid 9.1 nm (A), 13.7 nm (B), 33.9 nm

(C) and 47.4 nm (D) Au particles immobilized on SiO2 (0.1 wt% Au).

Page | 97

Chapter 4
All the catalysts were active in cyclohexene oxidation and no induction period
was observed (Figure 4.12). Comparison of initial reaction rates and turnover
frequencies (TOFs) of the Au colloid-based catalysts is shown in Table 4.1. TOFs in
this case were calculated according to the equation:

,

( )

where n0substrate is initial number of moles of the substrate, nsubstrate is a number of
moles left in the reaction after time (s) and nAu is the number of moles of surface Au
atoms, estimated according to the particle geometry. The catalytic activity of
0.1Au/SiO2 gradually decreased with the increase of Au particle size, which is in
accordance with the smaller fraction of surface Au atoms for larger particles. Indeed,
TOF values normalized by surface Au are very close for differently sized supported
Au nanoparticles (Table 4.1). This result confirms that Au0 particles larger than 2 nm
are responsible for the observed catalytic activity in the oxidation of cyclohexene.

Figure 4.12

Cyclohexene oxidation catalysed by 9.1, 13.7, 33.9 and 47.4 nm Au

particles supported on SiO2 with the total gold loading of 0.1 wt%.
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Table 4.1
Comparison of initial reaction rates and TOFs of Au/SiO 2
catalysts in cyclohexene oxidation.
Reaction rate,
TOFAu, s-1
TOFsurface Au, s-1
Catalyst
molsubstrate/s (×10-6)
0.1Au-9.1/SiO2

0.58

1.14

17.5a

0.1Au-13.7/SiO2

0.39

0.78

18.0a

0.1Au-33.9/SiO2

0.28

0.53

21.7b

0.1Au-47.4/SiO2

0.20

0.40

18.9b

Fraction of surface Au atoms was estimated assuming aspherical and bcuboctahedral
shape of Au nanoparticles.

In this Chapter we showed that only Au0 particles larger than 2 nm were active
in aerobic cyclohexene oxidation; however, oxygen adsorption and its dissociative
activation on large metallic gold particles were shown to be extremely impeded. 190, 191
On the other hand, extended gold surfaces were long known to catalyse hydrogen
abstraction from hydrocarbons,192 and thus activation of cyclohexene rather than O2 by
gold nanoparticles is the more probable pathway in our case. This suggestion is also
supported by the fact that the main product of cyclohexene oxidation in this work is
cyclohexenyl hydroperoxide, which is formed in the reaction between dissolved
oxygen and cyclohexenyl radicals generated via allylic hydrogen abstraction from
cyclohexene. When a sufficient amount of cyclohexenyl hydroperoxide is formed it
further acts as a radical chain propagator in cyclohexene autoxidation.157 A similar
mechanism was recently described for cyclohexane oxidation catalysed by
Au/MgO.193 Higher activity of Au catalysts in cyclohexene oxidation compared to
cyclohexane oxidation169, 193, 194 can be explained by more facile H-abstraction from an
allylic position because allylic C-H is weaker than alkylic C-H bond.
Page | 99

Chapter 4
Thus, we showed that at low temperatures sub-2 nm particles are not able to
catalyse hydrogen abstraction from the cyclohexene and metallic Au particles larger
than 2 nm are the active sites associated with the observed catalytic activity. Such a
size effect is opposite to that discovered for oxidation reactions where O2 activation is
involved, e.g. styrene oxidation, for which either sub-2 nm particles31,

191

or large,

positively charged particles168 were suggested as the active sites.

4.4. Conclusions
In summary, we have established relationship between the size of supported
gold nanoparticles and their activity in solvent-free aerobic oxidation of cyclohexene
by employing gradually changing catalysts. We showed that phosphine-stabilized gold
clusters and phosphine-free Au particles smaller than 2 nm are inactive in this
reaction, and that catalytic activity appears only upon formation of sufficient number
of metallic particles larger than 2 nm. Further increase in Au particle size results in
gradual decrease in catalytic activity, which correlates with the reduction of the Au
surface area. The size-dependency observed in this study is in agreement with the
suggested mechanism of substrate activation through the abstraction of hydrogen
catalysed by metallic gold nanoparticles.
The results of this Chapter were published in B. G. Donoeva, D. S.
Ovoshchnikov and V. B. Golovko, ACS Catalysis, 2013, 2986-2991. Selected material
was adapted with permission. Copyright 2013 American Chemical Society.
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Chapter 5 - Oxidation of Amines to nitriles
photocatalysed by supported hydrous ruthenium
oxide
5.

Discussions and formulation of ideas and experiments of this Chapter were
done in collaboration with Baira Donoeva.

5.1. Introduction
Nitriles are important compounds used as intermediates for the production of
agricultural chemicals, dyes, polymers and fine chemicals.195,

196

Additionally,

compounds containing cyano group are used as pharmaceuticals 197 and functional
materials.198 Traditional methods of the synthesis of nitriles (Figure 5.1), such as via
Sandmeyer reaction199 or ammoxidation,196 either generate excessive waste or require
high temperatures (up to 550 ºC).

Figure 5.1

Traditional synthesis of nitriles: Sandmeyer reaction (1) and

production of acrylonitrile from propene via ammoxidation (2).
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Alternative

pathways

that

are

currently

being

developed

include

transformations of amides,200 aldoximes,201 alcohols202 and amines.203-207 In particular,
supported hydrated ruthenium oxide was shown as an effective catalyst for the aerobic
oxidation of amines into nitriles at high temperature. 203-206 The catalytic properties of
hydrous RuO2 supported on alumina were first demonstrated in the aerobic oxidation
of alcohols208 and then this catalyst was shown to be very efficient in highly selective
conversion of amines to nitriles.203,

204

After alumina, various other materials were

used as supports for hydrous RuO2, including Co3O4206 and Fe3O4,205 with the latter
allowing the catalyst to be magnetically separated. Recently, the oxidation of
ethylamine over ruthenium oxide supported on alumina was shown as an alternative
pathway for production of acetonitrile.209
On the other hand, both ruthenium oxide and hydrous ruthenium oxide are also
known for their metallic conductivity210 and thus can be combined with
semiconductors to form photocatalytic systems.211,

212

For example, anhydrous

ruthenium oxide deposited on TiO2 was shown to be active in water splitting,213,

214

methanol oxidation215 and dye degradation.211
Recently, visible light driven conversion of amines to imines with high
selectivity has been performed using TiO2,216,

217

Nb2O5,109 Ag/AgI supported on

titanate nanotubes,218 Au-Pd/ZrO2124 and Au/TiO2 photocatalysts126 (Figure 5.2). In
this Chapter we show that hydrous ruthenium oxide supported on P25 TiO 2
(RuO2·xH2O/TiO2) efficiently catalyses the aerobic oxidation of amines to nitriles
under visible light irradiation and ambient conditions.
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Figure 5.2

Photocatalytic oxidation of benzylamine under irradiation with visible

light.

5.2. Experimental procedures
5.2.1. Materials
Benzylamine (>99%), 4-methoxybenzylamine (98%), 4-methylbenzylamine
(99%), 4-fluorobenzylamine (AR), 4-chlorobenzylamine (AR), 2-methylbenzylamine
(96%), 1-pentylamine (97%), 1-octylamine (96%), dibenzylamine (97%), Nbenzylidenebenzylamine (99%), benzonitrile (>97%), 4-methoxybenzonitrile (99%),
p-tolunitrile (98%), 4-fluorobenzonitrile (99%), 4-chlorobenzonitrile (99%), otolunitrile (AR), dioxane (AR), lithium aluminium deuteride (98 atom % D, 90%),
tert-butanol (99%), ammonium oxalate (99%), sodium azide (AR) and 2,2,6,6tetramethyl-piperidin-1-yl)oxyl (TEMPO, 98%), acetonitrile (AR) were purchased
from Aldrich, Riedel de Haen, Hopkin & Williams Ltd and British Drug House and
were used as received, except for 4-fluorobenzylamine, 4-chlorobenzylamine and otolunitrile, which were additionally purified by vacuum distillation. RuCl 3·xH2O was
purchased from Precious Metals Online.
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PhCD2NH2 was synthesized following the procedure reported by Sun et al.219
Lithium aluminium deuteride (395 mg, 9.5 mmol) was slowly added to benzonitrile
(876 mg, 8.5 mmol) dissolved in ice cooled THF (5 mL, anhydrous). The mixture was
refluxed overnight. After cooling on ice, diethyl ether (5 mL), H2O (5 mL), and 15%
(w/v) NaOH (1 mL) were added successively, resulting in the formation of precipitate.
The solid was removed by filtration and the products were extracted from liquid with
diethyl ether (3 × 15 mL) and purified by vacuum distillation. NMR (400 MHz;
CDCl3) 7.2-7.3 ppm (5H, m, C6H5), 1.5 ppm (2H, s, NH2), which is consistent with
literature data.220

5.2.2. Catalyst synthesis
Deposition of ruthenium oxide species onto P25 TiO2 was conducted following
slightly modified procedure previously employed for the preparation of supported
ruthenium oxide catalysts.206, 208, 209 A solution of RuCl3·xH2O (6.5 mg) in deionized
(Milli-Q) water (2 mL) was slowly added drop-wise to TiO2 (250 mg, Evonik P25)
dispersed in deionized water (5 mL). Solution of NaOH (150 mg) in deionized water
(5 mL) was added drop-wise and the mixture was left stirring for 30 min. The solid
was recovered by centrifugation, washed twice with deionized water (15 mL) and, in
order to facilitate drying, with ethanol (15 mL), followed by diethyl ether (15 mL).
The catalyst was dried under vacuum at room temperature and then calcined for 30
min in a convection oven preheated to 150 ºC. Before each catalytic reaction, portions
of the catalyst were additionally calcined under the same conditions for 15 min.

5.2.3. Catalyst characterisation
The ruthenium content in the catalyst was established by ICP-MS. A sample of
the catalyst was treated with a mixture of HCl and HNO3 (6:1, v/v)221 at 80 ºC
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overnight, the solid was removed by centrifugation and the liquid, together with
washings, was transferred to a volumetric flask and topped up with Milli-Q water. The
ruthenium loading was established using ICP-MS (Agilent 7500 cx) and was found to
be 0.8 wt%.
The chemical state of the ruthenium was established using XPS; in particular
the position of Ru3d5/2 peak was analysed. The XPS study was conducted using a
Kratos Axis DLD spectrometer with a monochromated Al Kα X-ray source by Dr
Colin Doyle from RCSMS, University of Auckland. A supply of low-energy electrons
was used for charge neutralization. A survey spectrum was recorded with a pass
energy of 80 eV. Binding energies were normalized with respect to the position of the
adventitious carbon C1s peak at 285.0 eV. Hydrous ruthenium oxide is known to have
a Ru3d5/2 binding energy shifted to higher energy (ca. 281.4 eV) compared with
anhydrous RuO2 (280.7 eV) due to the presence of OH groups.222 The Ru3d5/2 peak
position for the RuO2·xH2O/TiO2 catalyst was found to be 281.4 eV (Figure 5.3),
which indicates that hydrous ruthenium oxide was deposited onto the TiO2 surface.
The survey spectrum showed no Cl peaks, indicating complete conversion of RuCl 3 to
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hydrous RuO2.
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XPS spectra of RuO2·xH2O/TiO2: Ru 3d (left) and Ti 2p (right).
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A diffuse-reflectance UV-Vis spectrum was recorded using the Citra 4040
spectrometer equipped with an integrating sphere and operating in reflectance mode.
The catalyst samples were diluted with BaSO4 (sample:BaSO4 20:80, wt%:wt%), the
resulting mixture was uniformly mixed, ground and hand-pressed into the sampleholder. UV-vis spectra were recorded in reflectance mode and obtained reflectance
values (R) were transformed to the Kubelka-Munk function F(R) according to the
formula:
( )

(

)

The spectra were plotted in coordinates of F(R) vs λ. In contrast to TiO2 (basetreated), which absorbs only in UV region, the RuO2·xH2O/TiO2 catalyst showed a
continuous absorption across the whole visible range, with a pronounced band centred
at ca. 450 nm (Figure 5.4). The absorption of light by RuO2 in the visible range is due
to the combination of interband transitions and localised surface plasmon resonance. 132

Figure 5.4

Diffuse reflectance spectra of RuO2· xH2O/TiO2 (dark green) and base-

treated P25 TiO2 (brown). Normalised emission spectra of blue, green and red LEDs.
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5.2.4. Catalyst testing
The photocatalytic oxidation of amines was performed in toluene at 30 ± 1 ºC
under ~1 atm of O2. Amine (0.1 mmol), solvent (3 mL) and n-decane (internal
standard for GC-FID analysis, 10 µL) were mixed together with 50 mg of catalyst (4
mol% Ru) in a Pyrex glass two-necked round-bottom flask equipped with a reflux
condenser. The system was flushed with O2 three times and connected to a rubber
balloon filled with O2. The reactor was placed in a beaker filled with deionized water
and the temperature was maintained using a hotplate stirrer. The mixture was
irradiated using a single 50 W LED. Three different LEDs were employed in this
work: blue (intensity maximum at 440 nm, Figure 5.4), green (513 nm) and red (634
nm). The distances between the reactor and different LEDs were adjusted to obtain the
same 1.5 W/cm2 intensity of the light supplied to the reaction. The intensity of the
light produced by LEDs was measured using a silicon detector PDA36A (Thorlabs)
connected to an oscilloscope. The spectra of LEDs were obtained using a USB 200VIS-NIR spectrometer (Ocean optics).
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Figure 5.5

Schematic representation of catalytic setup.

Samples of the reaction mixture were taken using a glass syringe (using the
same method as described in Chapter 4), separated from the solid catalyst by
centrifugation and analysed by GC-FID using a Shimadzu GC-2010 instrument
equipped with an Rtx-50 capillary column (30 m × 0.25 mm × 0.25 μm). The products
of amine oxidation were identified by GC-mass spectrometry (Shimadzu GCMSQP2010) and quantified using solutions of reference compounds with known
concentrations. A typical chromatogram is shown in Figure 5.6.
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Figure 5.6

Chromatogram of reaction mixture sampled from the reaction of

oxidation of 4-methylbenzylamine in toluene.

The photocatalytic oxidation of amines in water was performed in a similar
manner, except dioxane (10 µL) was used as an internal standard instead of n-decane.
At the end of each reaction, acetonitrile (9 mL) was added to the reaction mixture. An
aliquot of the thoroughly stirred resulting mixture was further diluted with acetonitrile
(1:3 v/v), dried over anhydrous MgSO4 and analysed using GC-FID.
The photocatalytic aerobic oxidation of benzylamine using the Sun as a light
source was conducted in toluene at 30 ± 3 ºC. Benzylamine (0.1 mmol), toluene (3
mL) and n-decane (10 µL) were mixed together with 50 mg of catalyst (4 mol% Ru) in
a Pyrex-glass 2-necked round-bottom flask. The system was flushed with O2 three
times and connected to a rubber balloon filled with O2. The reactor was placed in a
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beaker filled with deionized water and the temperature of the system was maintained
at 30 ± 3 ºC. The catalytic setup was placed by the open window of the laboratory
(latitude 43º31’ south, longitude 172º34’ east) so that the reactor would be directly
irradiated by the Sun for the duration of the experiment (6 h). Samples of the reaction
mixture were taken using a glass syringe and analysed using GC-FID.

5.3. Results and discussion
The rate of aerobic benzylamine oxidation in the presence of RuO2·xH2O/TiO2
was found to be significantly affected by visible light irradiation, with the degree of
acceleration of the reaction rate depending on the wavelength of light. The highest
rate of amine oxidation was achieved under irradiation with a blue LED (440 nm),
with the yield of benzonitrile reaching 92% in 4 h. The catalyst was less active under
irradiation with green (513 nm) or red (634 nm) light, with the yield of benzonitrile
being 64% and 26%, respectively. Aerobic benzylamine oxidation performed in the
absence of light showed conversion of only 12% in 4 h. In all cases the reaction
selectivity towards benzonitrile was high and exceeded 93%.
A plot of ln(C0/C) as a function of time gives a straight line indicating that the
amine oxidation exhibits a pseudo-first-order kinetics (Figure 5.7). The rate constant
of the reaction is obtained from the slope of the line.
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Figure 5.7

Kinetics of aerobic oxidation of benzylamine (A) and corresponding

ln(C0/C) vs. time linear plot (B). Reaction performed under irradiation with blue (■),
green (■) or red (■) light or in the absence of light (■)
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Based on these data, the turnover frequency could be calculated according to
the following equation:

where Wi – initial reaction rate, k – rate constant, namine – number of moles of amine,
nRu – number of moles of ruthenium. Rate constants and TOFRu calculated for the
benzylamine oxidation under irradiation with various types of LEDs are summarised
in Table 5.1.
Table 5.1
Catalyst

Photocatalytic oxidation of benzylaminea
Light
Product
Conversion

k, h-1

TOFRu, h-1

/Yield,b %
RuO2·xH2O/

Blue

98/92

0.85

21.4

TiO2

Green

67/64

0.27

7.0

Red

28/26

0.07

1.9

–

12/11

0.03

0.7

P25 TiO2

Blue

96/84

-

-

base treated

Green

8/6

-

-

Red

4/3

-

-

–

3/2

-

-

a

Reaction conditions: benzylamine (0.1 mmol), O2 (~1 atm), toluene (3 mL), catalyst

50 mg (4 mol% Ru), irradiance 1.5 W/cm2, 30 ºC, 4 h. b Determined by GC

To adequately compare the catalytic performance of RuO2·xH2O/TiO2 with
that of P25 TiO2, the latter was also subjected to the conditions of the catalyst
synthesis (NaOH treatment and calcination at 150 ºC). The catalyst thus obtained is
denoted as P25 TiO2 base treated. P25 TiO2 base treated was found to be also active in
Page | 112

Chapter 5
the oxidation of benzylamine under visible light irradiation. However, Nbenzylidenebenzilamine was formed instead of benzonitrile (Table 5.1), which is
consistent with previous reports.216 As expected, TiO2 was only active under
irradiation with blue light, while almost no conversion was observed under either
green or red light irradiation.
Photocatalytic oxidation was further extended to various amines. Table 5.2
summarises the results of aerobic amine oxidation catalysed by RuO 2·xH2O/TiO2
under irradiation with blue light. Good to excellent yields were obtained for the
oxidation of both benzylic and primary aliphatic amines. Para- and ortho-substituted
benzylic amines were oxidised to corresponding nitriles with selectivity ranging from
83% to 98%.
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Table 5.2
Photocatalytic oxidation of aminesa
N
Substrate
Product
Time, Light Conversion,b Yield,b TOFRu,c
h
%
%
h-1
4
+
98
92
21.4
1
–
12
11
4

+

98

84

25.4

–

13

9

-

+

95

79

19.6

–

12

6

-

+

93

77

16.4

–

12

6

-

+

95

86

18.8

–

12

9

-

+

99

97

23.2

–

14

9

-

+

99

72

11.4

–

12

8

-

+

99

81

12.9

–

18

13

-

27

+

92

16d

3.5

3

+

93

41f

21.2

2

4
3

4
4

4
5

4
6

10
7

7
8

9

10

e

a

Reaction conditions: benzylamine (0.1 mmol), O2 (~1 atm), toluene (3 mL), catalyst
50 mg (4 mol% Ru), blue LED, irradiance 1.5 W/cm2, 30 ºC. bDetermined by GC.
c
Calculated from the initial reaction rates. dOther products: benzaldehyde (yield 42%)
and benzonitrile (yield 22%). eN-BBA (0.05 mmol). fOther product: benzaldehyde
(51%).

Page | 114

Chapter 5
An investigation of the changes in the reaction rate of the oxidation of
substituted benzylic compounds, such as amines studied here, can give an insight into
the mechanism of the reaction. For para- and meta-XC6H4Y, where X is a substituent
and Y is a site of reaction, Hammett223 proposed the following equation:
(

)

where kH is the rate constant or equilibrium constant for X = H, kX is the constant for
the group X, ρ is a constant for a given reaction under given set of conditions and σ is
a constant characteristic that sums up the total electrical effects of the group X when
attached to a benzene ring. The value of ρ is set to 1.0 for the ionization of substituted
benzoic acids in water at 25 ºC. The values of σ were then calculated for each group.
224

A positive value of σ indicates an electron-withdrawing group and a negative value

– an electron-donating one. The constant ρ measures the susceptibility of the reaction
to electrical effects; reactions with positive ρ indicate negative charge build-up in the
transition state and are accelerated by electron-withdrawing groups and vice versa.225
The kinetics of the oxidation of para-substituted benzylamines and corresponding
plots of ln(C0/C) vs. time are shown in Figure 5.8.
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Figure 5.8

Kinetics of aerobic oxidation of substituted benzylamines (left) and

corresponding plot of ln(C0/C) vs. time (right): 4-Cl (A), 4-F (B), 4-CH3 (C) and 4CH3O (D).
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The rate constants of the oxidation of substituted benzylamines obtained from
the plot of ln(C0/C) as a function of time were used to obtain Hammett plot (Figure
5.9). The slope of the linear plot gave the value of parameter ρ close to zero, indicating
that the reaction is not sensitive to substituents and that electronic perturbation is
unlikely to occur in the C-H activation step.
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Figure 5.9

Hammett plot for the aerobic oxidation of substituted benzylamines.

The rate of oxidation of primary aliphatic amines was lower than that of
benzylic amines, with conversion of pentylamine and octylamine reaching 99% in 7 h
and 10 h, respectively. Kinetic curves of the oxidation of aliphatic amines are shown
in Figure 5.10.

Page | 117

Chapter 5

Figure 5.10

Kinetics of oxidation of pentylamine (A) and octylamine (B).

Interestingly, photocatalytic oxidation of dibenzylamine showed much lower
selectivity towards N-benzylidenebenzylamine than the thermal reaction reported by
Yamaguchi and Mizuno (17% vs. 84%),208 with higher yields of benzaldehyde and
benzonitrile (entry 9, Table 5.2). This can be explained by the fact that under visible
light irradiation RuO2·xH2O/TiO2 can promote oxidation of N-benzylidenebenzylamine to benzaldehyde and benzonitrile (entry 10, Table 5.2).
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The kinetic isotope effect was examined by comparison of the kinetics of
oxidation of benzyl-α-α-D2-amine and benzylamine. A small value of the ratio of rate
constants kH/kD = 1.3 ± 0.1 indicates that the cleavage of C-H bond is not involved in
the rate-determining step, similarly to the oxidation of benzylic amines to imines
photocatalysed by TiO2 (kH/kD = 1.3).216

The catalyst RuO2·xH2O/TiO2 is also capable of promoting amine oxidation
under sunlight irradiation at near-ambient temperature (30 ± 3 ºC). The catalytic setup
was placed by an open window so that the reactor would be directly irradiated by the
Sun for the duration of the experiment of 6 h. The yield of benzonitrile reached 46%
with TOFRu of 5.2 h-1. The kinetics of benzylamine oxidation is shown in Figure 5.11.
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Figure 5.11

Kinetics of benzylamine oxidation under sunlight irradiation.
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Water is the solvent of choice for conducting green chemical processes.226
However, poor selectivity of photocatalytic processes utilizing water as a solvent
could be expected in some cases due to the generation of active oxygen species from
the oxidation of H2O.227 For example, lower selectivity was reported for the TiO2catalysed oxidation of amines in water compared to that in CH 3CN.217 In order to test
the applicability of water as a solvent in our system, we have conducted aerobic
oxidation

of

benzylamine

and

pentylamine

in

water

in

the

presence

of

RuO2·xH2O/TiO2 under irradiation with the blue LED. Oxidation of both amines gave
corresponding nitriles in good yields: the yield of benzonitrile reached 90% after 4 h,
while the yield of valeronitrile was 94% after 7 h. These results show that water could
be efficiently used as a solvent for the aerobic oxidation of both benzylic and primary
aliphatic amines using RuO2·xH2O/TiO2 catalyst.
In order to better understand the mechanism of photocatalytic amine oxidation
in water, we have performed a series of experiments with the addition of different
radical scavengers (Figure 5.12). Oxidation of benzylamine in the presence of
ammonium oxalate (hole scavenger)228-231 gave only 9% of benzonitrile, indicating the
involvement of holes in the photocatalytic amine oxidation. Addition of •OH radical
scavenger tert-butanol232-234 did not affect benzylamine oxidation, implying that such
species are not involved in the process. The presence of either TEMPO (•O2– radical
scavenger)235, 236 or NaN3 (scavenger of singlet oxygen, 1O2)237-239 led to decreases of
benzonitrile yield to 82% and 36%, respectively, indicating the involvement of both
•

O2– and 1O2, with singlet oxygen being the predominant active species.
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Figure 5.12

Effect of the addition of various radical scavengers on the oxidation of

benzylamine. Reaction conditions: benzylamine (0.1 mmol), scavenger (0.1 mmol),
water (3 mL), O2 (~1 atm), RuO2· xH2O/TiO2 (50 mg), blue LED 1.5 W/cm2, 4 h.

Based on these results, two possible mechanisms (or their combination) for the
photocatalysed oxidation of amines could be suggested. In the first mechanism (Figure
5.13A), incident photons are adsorbed by hydrous ruthenium oxide through interband
transition132 and/or the localised surface plasmon resonance (1), 212 the photoexcited
electrons are transferred into the TiO2 conduction band (2), with subsequent formation
of superoxide radicals •O2– (3); the holes remaining in RuO2·xH2O oxidise •O2– to
form singlet oxygen240-242 (4) and, finally, RuO2·xH2O catalyses the oxidation of
amines to nitriles with 1O2 (5). Additionally, the holes can oxidise amines, in which
case the superoxide radical would be directly involved in the oxidation process.
Alternatively, singlet oxygen could be generated via the photoexcitation of TiIII centres
(trapped electrons) with subsequent energy transfer towards the formation of 1O2
(Figure 5.13B).243 In this mechanism, photogenerated holes in RuO2·xH2O are not
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consumed for the generation of 1O2 and can directly oxidise amines. This mechanism
could explain low dependence of the process on the superoxide radical (Figure 5.12).

Figure 5.13

Schematic diagram of possible mechanisms of amine oxidation upon

visible light irradiation in water: (A) oxidation of amines by singlet oxygen, (B)
amine oxidation by photogenerated holes.
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The involvement of such active species as singlet oxygen and holes could be
the reason for further oxidation of N-benzylidene-benzylamine in the photocatalytic
process observed here, which did not occur in the reported earlier thermally activated
process (vide supra).

5.4. Conclusions
In this Chapter we have shown that hydrous ruthenium oxide supported on TiO2
can be employed as a highly selective photocatalyst under visible light irradiation
driving the aerobic oxidation of a wide range of amines, including benzylic and
aliphatic, to the corresponding nitriles. It was found that irradiation with light of
various wavelengths accelerates the oxidation to different degrees. The reaction is
accelerated more efficiently under irradiation with light of shorter wavelength. Amine
oxidation can also be driven by sunlight at ambient temperature. Importantly, water
can be used as a solvent for the oxidation of both benzylic and aliphatic amines
without significant loss in activity and selectivity. The reaction mechanism was
investigated by performing a series of experiments, including comparison of the
reaction rates of oxidation of para-substituted benzylamines, deuterated benzylamine
and conducting benzylamine oxidation in the presence of various scavengers. We have
found that photocatalysed amine oxidation is insensitive to the substituents; singlet
oxygen and photogenerated holes were identified as predominant active species.
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6.

In the first part of this work (Chapters 3 and 4) sub-2 nm phosphine-stabilised
gold clusters were employed as precursors to supported gold catalysts. The study of
their catalytic behaviour was performed in the solvent-free aerobic oxidation of
cyclohexene. It was found that under the conditions of this catalytic reaction, gold
clusters lose their phosphine shell and sinter into nanoparticles with mean diameters
ranging from 4 to ca. 10 nm, with the size of the formed nanoparticles depending on
the type of the cluster and gold loading. Detailed kinetic investigations demonstrated
that the nanoparticles formed from gold clusters are actually the active sites of the
reaction, while gold entities smaller than 2 nm are inactive in cyclohexene oxidation.
The gold in aerobic cyclohexene oxidation was suggested to promote the
formation of cyclohexenyl hydroperoxide. The latter can be converted to other
products in the presence of different heterogeneous co-catalysts. Cyclohexene oxide
can be formed via the reaction of cyclohexenyl hydroperoxide with cyclohexene
catalysed by WO3, either present as a support or introduced to the reaction as a cocatalyst physically admixed with silica-supported gold catalyst. Alternatively, 2cyclohexen-1-one can be formed when metal-organic framework MIL-101 is used as a
co-catalyst for SiO2-based gold catalyst. Additionally, it was shown that the nature of
catalysis in solvent-free cyclohexene oxidation is truly heterogeneous. In the future,
the method of establishing the threshold in size of active gold nanoparticles described
in Chapter 4 could be extended to other reactions catalysed by supported gold
nanoparticles.
In the second part of this thesis (Chapter 5), the activity of supported hydrous
ruthenium oxide as a photocatalyst for aerobic amine oxidation under visible light
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irradiation was investigated. It was shown for the first time that hydrous ruthenium
oxide supported on TiO2 is a highly selective photocatalyst for transformation of
benzylic and aliphatic amines to corresponding nitriles. The activity of the catalyst
increased with shorter wavelengths of the utilized light, with the highest activity
obtained when the reaction was conducted under irradiation with blue LED. It was
demonstrated that amine oxidation in the presence of the photocatalyst can also be
driven by sunlight at ambient temperature. Water can also be used as a solvent for the
oxidation of both benzylic and aliphatic amines without significant loss in activity and
selectivity. Finally, the reaction mechanism was investigated by performing a series of
experiments including comparison of the reaction rates of oxidation of parasubstituted benzylamines, deuterated benzylamine and conducting benzylamine
oxidation in the presence of various scavengers. It was found that photocatalysed
amine oxidation is insensitive to the substituents; singlet oxygen and photogenerated
holes were identified as predominant active species. The findings of Chapter 5 could
serve as a basis for further investigation of photocatalytic properties of supported
hydrous RuO2 in other RuO2-specific reactions.
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