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Multimetallic molecular cluster compounds have been synthesised and characterised.
They have been used as precursors for the generation, by heating under vacuum, of
nanoparticles supported within the pores of mesoporous silica.

By following their

activation using infrared spectroscopy, it has been revealed how the temperature of
thermolysis determines the nature of the active site.
Through spectroscopic investigations of the active sites, the effect of altering the
structure and stoichiometry on the surface metal sites has been elucidated.

It has

been shown how the inclusion of an oxophilic main group element in the precursor
both improves the site isolation of the active sites and affects the oxidation states of
the other metals present in the catalyst. The inclusion of an oxophile changes the
nature of the bonding between the nanoparticle and the surface and presents different
metal atoms at the nanoparticle surface, altering its catalytic activity.
The selection of oxophile is crucial to the activity of the catalyst, since it is possible
for it to form a key part of the active site, either purely as a coordination site or indeed
as part of the redox system. The use of a molecular cluster precursor greatly enhances
this synergistic effect, by ensuring the different metal atoms are chemically bound
throughout catalyst preparation, activation and use.
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Introduction

1 Introduction to Nanoparticle Catalysis,
Green Catalysis and Biomass Processing
1.1 Nanoparticles
In order to understand the focus on the use of nanoparticles in catalysis, it is first
necessary to elaborate on the nature of nanoparticles and their chemical differences
from bulk-phase materials.

The nanoparticles used in this work are made from

metallic elements, so the metallic bulk phase will be considered.
The physicochemical properties most readily associated with metals (thermal and
electrical conductivity, tensile strength, malleability and ductility) are actually those of
the bulk phase and do not necessarily apply at the surface. While atoms in the bulk
are located within an essentially infinite crystalline lattice, with a regularly repeating
structure in all directions, surface atoms have no neighbours in at least one direction.
Even all surface atoms are not equivalent, with edge and corner atoms being more
exposed than those within located in the middle of a plane surface.

A convenient

example is to consider a 3 x 3 cube (see Fig. 1-1). The cube has one central (“bulk”)
unit, with all faces coordinated to other units of the cube, six “surface” units, each with
one face exposed, 12 edge units, each with two faces exposed, and eight corner units
each with three exposed faces.

Figure 1-1 A 3 x 3 cube with labelled surface (S), edge (E) and corner (C) units.
If this cube were to be considered as a model structure for a 27-atom nanoparticle, it
can be clearly seen that each type of site will have a different level of reactivity. The
bulk atom cannot react directly with any substrate that cannot diffuse through the
1
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lattice structure of the metal, essentially limiting its range of substrates to monatomic
species.

However, even monatomic species can only diffuse slowly through a bulk

phase. As a result, it is the bulk atoms near to the surface which can influence the
progress of a reaction.
Table 1-1 Fractions of units on the surface and in the outer two layers of cubes of
varying sizes
Length of

Total units

Fraction of surface units

side

Fraction of units in outer
two layers

1

1

1

1

2

8

1

1

3

27

0.962963

1

4

64

0.875

1

5

125

0.784

0.992

6

216

0.703704

0.962963

7

343

0.635569

0.921283

8

512

0.578125

0.875

9

729

0.529492

0.828532

10

1000

0.488

0.784

15

3375

0.349037

0.60563

20

8000

0.271

0.488

50

125000

0.115264

0.221312

100

1000000

0.058808

0.115264

250

15625000

0.023809

0.047236

500

1.25x108

0.011952

0.023809

1000

1x109

0.005988

0.011952

1x10

0.000006

0.000012

1000000

18

Considering diffusion leads us to one of the principal advantages of nanoparticles over
bulk materials. As particles become smaller, a greater proportion of its component
units are located at or near the surface and hence available for reaction. As can be
seen from Table 1 -1, it is only when a cubic particle gets below one million units that
more than one tenth of its units are in its outer two layers. For a nanoparticle of metal
atoms, with metal centres 2.5 Å apart, this corresponds to a cube just 25 nm across.
Reducing the size of particles also affects the electronic properties of a material. Due
to the very high numbers of atoms in a crystalline structure, the molecular orbital
energy levels in a crystalline bulk merge to become bands, rather than distinct levels.
These are known as the valence band, containing electrons tightly bound to the atomic
nuclei.

In metals, the bonding and anti-bonding bands overlap enabling free
2
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movement of electrons through the metal structure. However, as a particle becomes
smaller, these bands shrink and cease to overlap.
cease to have bulk metal character.

At this point, the nanoparticles

At this point, the electronic properties of the

nanoparticle become dependent on its size and shape.

Hence, control over their

chemistry relies upon having control over these properties.

[1]

1.2 Nanoparticle Catalysis
This work focuses on the use of supported metal nanoparticle catalysts in
hydrogenation and ammoxidation reactions.

The key definition of a catalyst is a

material that lowers the activation energy of a reaction, while being unchanged by the
process of the reaction. Since, according to the Arrhenius equation (Equation 1 -1)[2, 3]
the activation energy of a reaction determines its rate at any given temperature,
catalysts act to increase the rate of a reaction.
=
=
Equation 1-1 The Arrhenius equation for calculation of reaction rate and its relation to
activation energy, EA. k = rate constant, A, B, C = reagents, x, y, z = orders of reaction
for reagents A, B and C respectively, A = pre-exponential factor, R = gas constant, T =
temperature in Kelvin.
It is rare for a catalysed reaction to follow the same mechanism as an uncatalysed
reaction.

The reduction in activation energy is normally due to the availability of

alternative mechanisms involving adsorbed species.

An example would be the

oxidation of CO to CO2, as illustrated in Figure 1 -2. This particular reaction revealed
the exceptional and surprising activity of nanoparticulate gold as an oxidation
catalyst.[4] In chemisorbing to the nanoparticle surface, the O2 molecule is reduced by
the surface metal atoms.

This is a lower energy process than the gas-phase,

uncatalysed dissociation of the O=O bond, which requires 498 kJ mol-1. By contrast,
the activation energy for CO oxidation over gold nanoparticles supported on titania has
been reported as just 34 kJ mol-1.[5]
In changing the mechanism of a reaction, catalysts also open up the possibility of
forming products which are not usually favoured.

Figure 1 -3 illustrates how the

reduction in activation energies can affect both rate and selectivity. The solid lines
indicate the progress of an uncatalysed reaction. The uncatalysed path to products A
(blue lines) has a lower initial activation energy, indicating that this reaction will be
more selective to A than B (red lines). However, on use of a catalyst (dotted lines), the
path to B has lower activation energy, so becomes more favourable.
catalyst will show greater selectivity to products B.
3
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Figure 1-2 Processes in the catalytic oxidation of carbon monoxide by supported metal
nanoparticles

Figure 1-3 Reaction kinetic showing energy pathways of catalysed and uncatalysed
reaction
It should be noted that the presence of a catalyst does not close off the original,
uncatalysed reaction pathways. As a result, if the reaction temperature is high enough
for collisions to occur above the activation energy of a pathway, that mechanism may
still be followed. While this will occur at a slower rate than the catalysed reaction, it
will cause the formation of unwanted by-products. As a result, care must be taken
when developing a catalytic reaction to avoid conditions where alternative reactions
can occur.

4
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Scheme 1-1 Chemoselectivity in the oxidation of benzyl alcohol with metal-amino acid
complexes

Scheme 1-2 Regioselective alkylation of toluene in zeolites

Scheme 1-3 Enantioselectivity in the asymmetric Michael addition
By affecting the activation energies of different potential reaction pathways, catalysts
can affect the chemoselectivity (forming products of different chemical formula,
Scheme 1 -1)[6], regioselectivity (forming different structural isomers, Scheme 1 -2), or
enantioselectivity (forming different enantiomers, Scheme 1 -3)[7] of a reaction.
Regio- and enantioselectivity are usually most influenced by steric effects around the
active site of the catalyst.

In both cases, it is the geometry of the transition state

which affects which products can form.

Enantioselective catalysis requires an

asymmetric active site. This normally involves either an organocatalyst[8] or the use of
a chiral organometallic complex[9,

10]

as the active site.

Enantioselectivity can be

improved by isolating the catalytic species within a porous support,[11] but it is the
active site itself which confers the chirality to the substrate. Metal nanoparticles are
not chiral themselves and as such do not generally perform enantioselective catalysis.
However, it has been reported that pre-treatment of supported platinum nanoparticles
with the chiral cinchona alkaloids can result in a chiral hydrogenation catalyst.[12]
5
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Scheme 1-4 Nylon production via cyclohexane oxidation
The diameter of the pores of the support used in this work was 30 Å. Although this
pore size is sufficiently small to enhance the enantioselectivity of an already
enantioselective catalyst,[13] neither the support nor the nanoparticles where chiral so
no enantioselectivity was expected or investigated in this work. 30 Å pores are also
too large to induce regioselectivity in the relatively small molecules investigated.
Chemoselectivity is affected by the adsorption characteristics of the metals in the
nanoparticle.

Of particular relevance to this project, is the ability of catalyst

components to adsorb oxygen-containing and nucleophilic groups. The hydrogenation
reactions studied, namely nitrobenzene to aniline, 5-hydroxymethylfurfural (HMF) to
2,5-dimethylfuran (DMF), methyl lactate to 1,2-propanediol, α,β-unsaturated aldehydes
to unsaturated alcohols and succinic anhydride to γ-butyrolactone, all require
preferential adsorption of an oxygen-containing group over a C=C system, while
ammoxidation mechanisms are considered to proceed first via
ammonia.

[14, 15]

activation of

Alongside the adsorption of reagents, it is also critical that products can

desorb at the appropriate point in the reaction. This is particularly true where further
reaction is possible. For example, a key reaction in the production of both nylon 6-6
and nylon 6 is the oxidation of cyclohexane (see Scheme 1 -4). Depending on the type
of nylon being manufactured, the target for this reaction is either cyclohexanone or
adipic acid.

As a result there has been much interest in finding systems that are

6
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selective to formation of either cyclohexanone[16] or adipic acid, without over-oxidation
to CO2.[17]

Scheme 1-5 Reactions studied in this work
As well as changing the catalyst itself, it is possible to include an additive in the
reaction mixture.

This may co-ordinate to either a starting material or product,

inhibiting further reaction. A significant recent example of this was reported by Liu et
al., who added a Lewis acid to their reaction when hydrogenating phenol over Pd/C.[18]
This caused the conversion under mild conditions (see Scheme 1-5) to improve from
12.6% to >99.9%, while the selectivity to cyclohexanone improved from 93.8% to
>99.9%. Increasing the reaction temperature greatly increased the reaction rate, as
expected, with a temperature of 100 °C bringing about >99.9 % conversion in 30
minutes.

It also affected the selectivity, causing some over-hydrogenation to

cyclohexanol. However the selectivity to cyclohexanone was still 99.0 %. The Lewis
acid (AlCl3) was inactive as a catalyst on its own. By comparison a typical industrial
method using Pd-C as catalyst, as used by Honeywell, involves temperatures of 150 °C
and 0.5 MPa H2 for at least one hour. The process has a target phenol conversion of
95-98 %.
This reaction shows the synergistic effect an apparently inactive component can have
on a system, whereby the presence of a second type of active site in the vicinity of the
7
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main catalytic site causes a large increase in conversion, selectivity, or both.

In

common with the majority of systems where further reaction to undesired products (in
this case cyclohexane) is a possibility, increasing the reaction temperature decreases
the selectivity to cyclohexanone, demonstrating how the reaction conditions play a
critical role in the control of reaction paths and product distributions.

Scheme 1-6 Hydrogenation of phenol over Pd/C and a Lewis acid
In hydrogenation catalysts containing platinum group metals (PGMs), the key initial
stage is adsorption of H2.

It has been shown that catalyst activity can be better

maintained through repeated reaction cycles if the hydrogen is capable of diffusing in
to the interior of the catalyst nanoparticles (see Scheme 1 -7).[19-21]

This subsurface

hydrogen is more reactive than surface chemisorbed hydrogen, due to the ability of the
active metal to chemisorb a substrate molecule in the immediate vicinity of the
subsurface hydrogen.[22]

It has been shown that subsurface carbon can be highly

beneficial in enabling the diffusion of hydrogen in to the interior of palladium
nanoparticles.[19]

Scheme 1-7 Hydrogenation of a C=C bond over a PGM catalyst, showing hydrogen
chemisorption, substrate chemisorption, hydrogen transfer and product desorption
Unsupported nanoparticles are readily prepared in glycol solutions,[23] or in the
presence of a protecting polymer such as poly(N-vinyl-2-pyrrolidone),[24,

25]

which can

coordinate to sites on the nanoparticle surface and provide a physical barrier between
8
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particles. However, a key challenge in the use of these metal nanoparticles as catalysts
lies in their inherent instability. Under catalytic conditions, unstabilised nanoparticles
will aggregate to form bulk metal or oxides, losing surface area and changing the
chemical activity of the surface. This makes it necessary to find a method of keeping
the nanoparticles dispersed and active, without sacrificing active surface area through
excessive binding to stabilising agents.

The simplest method for protecting

nanoparticles from sintering is to encapsulate them within a shell of inert material,
such as silica[26, 27] or carbon[28]. The shell acts as a physical barrier to the migration,
and hence the aggregation, of nanoparticles.

Substrates can still access the

nanoparticle surface for reaction, but the act of encapsulating the nanoparticle can
result in most of the surface being embedded and unavailable.

From an industrial

perspective, it is also preferable to deposit nanoparticles on a pre-prepared support,
since it is more economical to synthesise the supports in bulk, then functionalise them
as required.

1.2.1 Preparation Methods for Supported Nanoparticles
Nanoparticles are defined as particles with a longest dimension smaller than 100 nm.
There are a number of methods of preparing supported nanoparticles, all with the
ultimate aim of producing particles of consistent size, morphology and stoichiometry.
Two of the most commonly utilised methods, incipient wetness impregnation (IW) and
deposition-precipitation (DP), are summarised in Figure 1-4.

Figure 1-4 Schematic of deposition-precipitation and incipient wetness impregnation
There are two forms of wet impregnation – standard and incipient – and they are the
most commonly used methods industrially.

IW is the main industrially used

preparation method. Both involve solutions of metal salts of the desired stoichiometry

9
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being stirred in with the support. In standard wet impregnation, the amount of salt is
calculated to give a desired metal loading on the support, whereas in incipient wetness
impregnation the volume of the solution is calculated to match the pore volume of the
support.

The solution is drawn in to the pores by capillary action.

Standard wet

impregnation enables higher metal loadings, while incipient wetness ensures the
nanoparticles are within the pores rather than on the external surface of the support.
The solvent is then evaporated, leaving a layer of salts lining the pores. Care must be
taken when evaporating the solvent to try and leave an even layer of precipitate
through the pore (see Figure 1-5). The nanoparticles are generated by calcination in
air, to form oxides, and then reduced under hydrogen to form M0 particles. The chief
advantage of this method, and the reason it is the most commonly used industrial
method of nanoparticle preparation, is its simplicity.

The metal precursors are

frequently chlorides, with the use of water as solvent keeping the cost of the process
down. Once the support has been dried, the catalyst can then be loaded in to a flow
reactor and activated in situ.

The principle disadvantage of IW as a preparation

method is the relative lack of control over the properties of the nanoparticles formed.
The salts precipitate according to their solubility and are not guaranteed to leave a
consistent stoichiometry throughout the catalyst. There is also little control over the
distribution of the metals within individual nanoparticles.
Some degree of control over particle size can be gained by altering the precursor used.
Lensveld et al.[29] generated nickel nanoparticles on mesoporous silica using both
nitrate and citrate salts as precursors.

Under identical activation conditions, the

citrate-derived nanoparticles were smaller than those derived from nitrate, as
determined by X-ray diffraction.

Figure 1-5 Effect of drying rate on nanoparticle distribution on IW
An alternative method is deposition precipitation (DP). This method also starts with a
solution of metal salts or complexes.

However, unlike IW, a large excess of the
10
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solution is used and the support is stirred in to it.

One or more physicochemical

properties of the solution are then changed to reduce the solubility of the metal
precursor. This could be the addition of a further solvent, a change of pH, or heating
or cooling of the solution. This results in the supersaturation of metal species in the
solution, causing precipitation at imperfections in the catalyst surface.[30] The metals
which are deposited at these sites then act as seeds for the growth of nanoparticles. A
common method for the adjustment of pH is the use of urea,[31] which can be dissolved
in water at low temperatures, but above 60 °C hydrolyses to form ammonia.

This

causes a gradual increase in the pH of the solution and hence a slow precipitation of
metal hydroxide on to the support.
CO(NH2)2 + 3 H2O

CO2 + 2 NH4+ + 2 OH-

Equation 1-2 Hydrolysis of urea
Table 1-2 Advantages and disadvantages of nanoparticle preparation methods
Preparation method

Advantages

Disadvantages

Incipient Wetness

Simple

High temperature treatment

Impreganation

High metal loadings

required in activation

attainable

Low control over particle

Catalysts readily

size

regenerated

Low control over particle
morphology
No control over
stoichiometry in multimetallic systems

Deposition Precipitation

High loadings attainable

Little control over

Some control over particle

stoichiometry

size

Preparation systems can be

Some control over particle

complex

morphology

Catalysts cannot be

Low temperatures required

regenerated to their exact
pre-reaction condition

Both IW and DP have the capability to produce catalysts with very high metal loadings,
limited only by the solubility of the precursors. However, increasing the metal loading
will result in increased particle sizes, lower dispersion and increased probability of
11
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blocked pores.

The overall advantages and disadvantages of IW and DP are

summarised below.

Figure 1-6 Ion exchange of Co(II) in to sodium-containing sodalite
Metals and other ions can also be added to anionic supports such as zeolites by ion
exchange. The support is stirred in a solution containing a large excess of ions of the
desired metal, which steadily replace the cations already present in the support. The
support is then filtered off and generally calcined and reduced at high temperature to
produce nanoparticles.

This is an equilibrium method and hence requires repeated

applications of the ion exchange solution in order to ensure complete exchange of all
the original counter ions.

It should also be noted that ions exchange to specific

locations within the structure of a zeolite.
structure are illustrated in Figure 1 -7.

[32]

The ion exchange sites in the faujasite

The metal loading achievable by this method

is limited by the overall charge on the support (typically 2-3 % wt.)[33]

12
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Figure 1-7 Ion exchange sites in faujasite.

1.2.2 Mixed-Metal Catalysts
While the simplest catalysts to prepare are those containing just one, active metal, it
has long been known that the alloying of metals within catalysts can have a marked
effect on the activity and selectivity of the catalyst.[34]

The precise cause of these

changes varies depending on the metals involved and the preparation and pretreatment methods applied to the catalyst.
Early studies on platinum-gold films in the hydrogenolysis,[35] hydrodecyclisation and
isomerisation of alkanes and cycloalkanes (see Scheme 1 -8) indicated that the
presence of surface gold atoms leads to deactivation of the surface towards
hydrogenolysis

and

an

increase

cyclodehydrogenation of linear alkanes.

in

selectivity

towards

cyclisation

and

With cyclic alkanes, dehydrogenation and

isomerisation became the preferred reactions.

It is suggested that this change in

selectivity is due to gold preferentially adsorbing to steps in the platinum surface – the
same sites which are responsible for hydrogenolysis.
More recently it has been shown that by using a cluster precursor, Pt2Au4(C≡CtBu)8,
rather than a mixed solution of metal chlorides, this selectivity is reversed and
hydrotreating of n-hexane results in increased formation of cracking products.[36] This
is a clear indication that the preparation method affects the availability and chemical
properties of catalytic sites.
Surface science studies have shown that the formation of alloys affects the binding
energies of the core electrons of metals in bimetallic systems.[37]

These shifts in

binding energy correspond to shifts in the M-CO bond strength, indicating that the
alloying of metals at the surface affects the local electron density of the exposed metal
sites.
13
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Scheme 1-8 Hydrogenlysis, hydrocyclisation and hydrodecyclisation of n-pentane and
cyclopentane[35]
The transfer of electron density can also greatly affect the reducibility of metals in a
catalyst. Cobalt is frequently used as the catalyst in the Fischer-Tropsch synthesis of
alcohols and alkanes, with platinum often used as an additive and modifier. Being the
more electronegative element of the two,[38] cobalt accepts electron density from the
platinum, making it harder to oxidise and, by extension, easier to reduce.[39] Similar
effects have been demonstrated with Ru-Co, Re-Co, Rh-Co, Ir-Co and Pd-Co systems.[40]
The increased electron density at the cobalt sites also means that when CO is adsorbed
to surface cobalt atoms, more π*-back-bonding occurs, weakening the C-O bond and
aiding CO dissociation.
The inclusion of a second metal can have effects beyond the electronic. Dilution of
active sites can result in great changes of selectivity. Santori et al. have shown that the
surface modification of Pt/SiO2 catalysts with tin removes any selectivity towards
phenyl hydrogenation in the hydrogenation of aromatic ketones (see Scheme 1 -9).[41]

Scheme 1-9 Hydrogenation of acetophenone - products and selectivities using Pt/SiO2
and PtSn/SiO2[41]
Recent

advances

in

computational

power

and

hence

in

the

capabilities

of

computational methods to deal with relatively large nanoparticles have led to a number
14
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of reports on the improvements seen in substrate binding on bimetallic systems. For
example, Pakiari and Mousavi have shown that ethylene binds more strongly to mixed
iron-copper small clusters (2-4 atoms) than to either monometallic system.[42] A huge
variety of other bimetallic systems have been computationally investigated both for
stability and for adsorption properties, but a full review is beyond the scope of this
work.[43-57]

The fundamental difficulty with the use of computational techniques for

calculating or predicting the properties of bi- or multimetallic catalysts, is their
requirement to use idealised structures or crystal planes.
possible using advanced surface science techniques,

[58]

This is now becoming

but remains a great challenge

on a larger scale. It then falls upon the synthetic chemist to develop methods whereby
these ideal surfaces can be prepared and predictions tested.
Some indication of the structure of multimetallic catalysts can be derived using a
combination of X-ray absorption spectroscopy (XAS) and computational methods. XAS
probes the transitions of core electrons to valence bands and to the continuum. Since
it does not directly involve the valence electrons, it can be used to study the structure
of catalysts in situ, without affecting the chemistry of the reaction system.

Figure 1-8 The structure of an x-ray absorption edge
Figure 1-8 shows the structure of an X-ray absorption edge.

The pre-edge region

relates to electron transitions between core and valence shells and as such gives
information on the energy levels of these outer shells.

The energy levels of metal

valence shells are defined by the oxidation state of the metal and its coordination
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environment. As such, analysis of the shape of the pre-edge, rising edge and nearedge can be used to calculate the average oxidation state of specific metals in a
system.
Beyond the edge, the extended fine structure is determined by the nature and
locations of surrounding atoms.[59] In this energy region, the core electrons are ejected
as photoelectrons, whose trajectories are affected by the electrons of neighbouring
atoms. As these electrons are scattered by the surrounding atoms, their waveforms
interfere with the X-rays passing through the sample.

Subtracting the calculated

smooth baseline expected for a lone atom in space yields a waveform containing only
the oscillations caused by this interference.

Applying a Fourier transform to this

waveform yields a plot of distance from the studied atom, with peaks at distances
corresponding to the atoms surrounding the studied nucleus.

By creating a model

structure using known bond lengths, a theoretical EXAFS spectrum can be calculated
and compared to that obtained experimentally. By obtaining a best fit, the most likely
structure for the catalyst can be determined.
While a tremendously powerful technique, XAS has a number of limitations. The most
significant of these is the requirement for a tuneable X-ray source. The absorptions
observed are also very weak compared to other photospectroscopic techniques,
meaning a very intense light source is required. As a result, XAS experiments can only
be conducted using synchrotron light. The quality of the results is also limited by the
quality of the model produced. As such, the chemist must have some indication of
their likely starting point for the development of their model.
However, EXAFS is at its most useful when combined with computational calculations
of energy minimised catalyst structures.

Sankar et al.[60] have demonstrated this

combination for ion-exchanged zeolites and metal-substituted aluminophosphate
catalysts. In these systems, provided the expected structure has been synthesised, it
is known that the metal centre will be surrounded by a tetrahedral arrangement of
oxygen atoms. The systems studied in this work contained no more than ten atoms.
Increases in readily-available computing power have made it possible to calculate the
structures of more complex systems. Guo et al.[61] used EXAFS to confirm the results of
their calculations on mixed nickel-rhenium catalysts used for steam reforming of
hydrocarbons to synthesis gas. The bimetallic catalyst was shown to be both more
active and more resistant to carbon build-up (coking).

EXAFS studies on rhenium

showed that, under the reaction conditions, a nickel-rhenium alloy was formed. The
alloy was shown to be thermodynamically stable by computational studies. Further
computational studies then showed that the presence of rhenium in the catalyst
structure made both the adsorption of single carbon atoms and C6 clusters (i.e.
graphene precursors), as well as the dissolution of carbon in to the metal surface, less
energetically favourable.
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1.2.3 Particle Size Effects
The properties of nanoparticle catalysts are greatly affected by the size of the
nanoparticles present. In the first instance, if a particle is too large it will have metallic
character. In the case of gold, this will result in the loss of catalytic activity.[4]
Beyond the metallic – nanoparticulate transition, the next major effect of particle size
is in the availability of surface sites. As particles get smaller, the surface area per
gram of metal increases and hence a greater proportion of the metal becomes
available for catalysis. Assuming regular, unsupported, spherical particles, the specific
surface area (SA) available can be approximated according to equation 1 -3.
=

6

=
=
=

=

⁄6

=

6

Equation 1-3 Calculation of the specific surface area (SA, m2 kg-1). V = volume of a
nanoparticle (m3), d = diameter of nanoparticle (m), SP = surface area of a particle (m2),
W = weight of a nanoparticle (kg), ρ = density of bulk metal (kg m-3)
Figure 1 -9 gives the change in SA for platinum nanoparticles with nanoparticle
diameter. As can be seen, the surface area, and hence the number of available active
sites, increases dramatically below 5 nm diameter.
It cannot be said, however, that an increase in surface sites will automatically lead to
an increase in turnover frequency per surface atom. Zhao et al.[62] have reported the
preparation of platinum nanoparticles supported on carbon.

On reduction under

hydrogen, the average particle size increased with reduction temperature, from 7.2 nm
at 200 °C to 19.6 nm at 750 °C, due to the increased mobility of both the nanoparticles
and individual metal atoms at elevated temperatures.

If the only important

contributing factor to their catalytic activity were the number of available surface sites,
it is clear that the catalyst reduced at 200 °C would be the most active. However, it
was shown that in the hydrogenation of nitrobenzene in ethanol (35 °C, 40 bar H2), the
conversion was seen to be independent of particle size, only on the actual metal
loading (Table 1 -3).
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Figure 1-9 Variation in SA for spherical platinum nanoparticles (ρ = 21090 kg m-3)
It has been shown that hydrogenation is frequently a structure-insensitive reaction, in
that the rate and, more importantly, selectivity do not depend on the size of the
nanoparticles.[63-65] Indeed for platinum it has been shown that the rate of hydrogen
exchange between gas phase and chemisorbed on platinum is independent of the size
of the nanoparticle.[66]
Table 1-3 Effect of Pt particle size on hydrogenation of nitrobenzene. Conditions:
nitrobenzene (2 g), ethanol (10 ml), 5% Pt-C (0.01 g), H2 (40 bar), 35 °C, 10 min.[62]
Reduction
temperature /°C

Particle diameter
/nm

Conversion /mol %

TOF /s-1 (surface
atom)-1

200

7.2

73

62

300

8.3

63

61

500

9.8

60

69

600

12.4

63

92

750

19.6

61

140

Nanoparticle growth during synthesis can occur by one of two methods: Ostwald
ripening and coalescence (see Figure 1 -10).

Ostwald ripening describes the

mechanism in which smaller particles decrease in size, while larger particles grow. It
occurs during nanoparticle formation from supersaturated precursor solutions and is
caused by the higher thermodynamic stability of larger particles.

Surface atoms

dissolve and re-precipitate in equilibrium, but the higher proportion of surface atoms
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in smaller particles (Table 1 -1) results in their dissolving more rapidly and the
subsequent growth of the larger particles.

This atom-by-atom growth of larger

particles at the expense of smaller particles is in contrast to coalescence, which
involves particles merging together on collision. Coalescence can be reduced by giving
the particles a protective coating, as in sol-gel synthesis, or by securing the particles to
a surface.

Figure 1-10 Nanoparticle growth mechanisms
Under catalytic reaction conditions, particle growth on surfaces, or sintering, occurs by
three mechanisms: atomic migration (motion of single atoms across the support),
crystallite migration (coalescence) and, at very high temperatures, vapour transport
(equivalent to Ostwald ripening).[67]
individual

atoms

across

the

Atomic migration involves the movement of

support

surface,

while

crystallite

migration,

or

agglomeration, involves the movement and combination of entire particles. In vapour
transport, atoms evaporate and re-condense at a distance away. Once sintered, metal
nanoparticles are difficult to regenerate, so finding methods to prevent sintering are
preferential to attempting to recover sintered catalysts.
The exact mechanism depends on a number of factors including temperature,
atmosphere, particle composition, dispersion and metal-support chemistry.

All the

mechanisms of sintering are thermodynamic and as such increase in rate at elevated
temperatures, although vapour transport requires temperatures in excess of the
melting point of the nanoparticles.
Sintering occurs more readily in oxidising atmospheres (e.g. NO, O2) than in reducing
(e.g. H2), and slowest of all in inert atmospheres (e.g. N2).[67]

The relatively fast

sintering observed under oxidising atmospheres is due to the formation of Mx+ species
on the particle surface, which can readily transfer to the oxygens of the support. It is
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also possible for volatile metal oxides such as RuO4 to form, which will greatly increase
the rate of sintering.

Atomic migration under a reducing atmosphere requires the

formation of hydrides, which are less able to transfer across an oxide surface.
It is clear that more disperse particles will take longer to sinter than more densely
packed particles, purely due to the greater distance they are required to travel to
agglomerate. The migration of crystallites can be slowed be the inclusion of metals
which bind more strongly to the surface. For inorganic oxide supports, this means an
oxophilic element such as an early transition metal or p-block element.

1.2.4 Use of Porous Supports
As mentioned above, the use of a support is a very simple way to improve the stability
of nanoparticle catalysts. Unsupported and unprotected nanoparticles are highly prone
to aggregation under reaction conditions. In order to be functional as catalysts at all,
it is necessary for there to be exposed and reactive metal sites on the surface. In
unsupported systems, the nanoparticles are free to move and collide, bringing these
reactive sites into contact with each other, where they readily bond to each other,
causing aggregation and deactivation. This deactivation may be simply due to the loss
of surface sites, or in the case of gold the particle sizes increasing beyond their
catalytically active range.
Supporting the active material also improves the recyclability of a catalyst, since the
support can either be formed in to monoliths for flow systems, or recovered by
filtration from a batch system at the end of a reaction. Unsupported nanoparticles are
too small to filter, so separation of the reaction mixture is very challenging. There
have been a number of recent developments in the use of magnetically separable
nanoparticles as catalysts,[68, 69] but the use of a support to make the catalyst separable
by filtration remains the most popular method of isolation.
A number of supports are available to the catalysis chemist, ranging from organic
supports such as polymers, through carbon, to inorganic oxides such as silica,
alumina, titania, ceria and zeolites (aluminosilicates). All are capable of supporting
nanoparticles prepared by the methods described in section 1.2.1.

The different

supports have differing thermal and chemical stabilities, chemical functionality and
hydrophilicity, so the choice of support will determine the range of catalysis chemistry
it is possible to achieve. The major properties are summarised in Table 1 -3.
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Table 1-4 Physicochemical properties of support materials
Support

Property

Capability

Polymer

Thermal stability

Low

Chemical stability

Varies dependent on polymer, from very high
(e.g. polystyrene) to highly susceptible to attack
(e.g. nylon)

Chemical functionality

Highly functionalisable, with correct choice of
polymer

Hydrophilicity

From very low (e.g. polystyrene) to very high
(e.g. poly(ethylene) glycol)

Ion exchange possible?

No

Isomorphic metal

No

substitution?

Carbon

Pore diameters

Up to 500 Å

Thermal stability

High

Chemical stability

High

Chemical functionality

Alcohol and carboxylic acid groups – can be
further functionalised

Hydrophilicity

Moderately hydrophilic

Ion exchange possible?

No

Isomorphic metal

No

substitution?

Silica

Pore diameters

Up to 20 Å

Thermal stability

Very high

Chemical stability

Decomposed by strong acids and bases

Chemical functionality

Surface silanol groups, can be further
functionalised through reaction with
organosiloxanes

Hydrophilicity

Very highly hydrophilic

Ion exchange possible?

No
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Property

Capability

Isomorphic metal

Yes, especially aluminium and titanium

substitution?
Pore diameters

Up to 1000 Å crystalline, up to 2500 Å
amorphous

Alumina

Thermal stability

High

Chemical stability

Vulnerable to acids and bases

Chemical functionality

Can be acidic, neutral or basic, depending on
structure. Most common (γ-alumina) is basic

Hydrophilicity

Highly hydrophilic

Ion exchange possible?

No

Isomorphic metal

No

substitution?

Zeolites

Pore diameters

Up to 300 Å

Thermal stability

Structure-dependent, but generally high

Chemical stability

Vulnerable to strong acids and bases

Chemical functionality

Acidic (pure silica and proton forms) or neutral
(ion-exchaged)

Hydrophilicity

Hydrophobic (pure silica forms), hydrophilicity
increasing with aluminium content

Ion exchange possible?

Yes

Isomorphic metal

Yes

substitution?
Pore diameters

Up to 13 Å

The major limitation for the use of solid supports is the level of metal loading
attainable before dispersion is lost and crystallites of bulk metal form. The simplest
way to increase the likelihood of obtaining highly disperse nanoparticles is to increase
the surface area available for them to bind to. Higher surface areas can be obtained by
grinding the support into a finer powder, although as illustrated in Figure 1 -9, this has
a limited effect until you approach the nanoparticle regime. The alternative is to use
porous supports. By creating pores within the particles of the support, the surface
area can be increased without sacrificing particle size.
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A diverse range of materials have been discovered and developed which contain pores
in well controlled diameter ranges. Microporous materials are defined as having pores
less than 20 Å in diameter, while mesoporous materials have pores between 20 Å and
500 Å. Materials with pores larger than this are defined as macroporous. The majority
of microporous materials used as catalyst supports are zeolitic. Zeolitic materials are
crystalline structures containing ordered channels and cages (see Figure 1 -11). The
nature of their structures means that most of the framework atoms are at the surface.
As a result, they typically have surface areas between 500 and 900 m2 g-1. While the
small size of zeolite pores and cages can be beneficial from a size- and shapeselectivity perspective (see Scheme 2), it restricts the range of substrates that can be
used to those which are capable of diffusion through the structure.

Figure 1-11 Structure of the zeolite ZSM-11, viewed along (l) 100 and (r) 010, showing
the two-dimensional channel system of the structure
Mesoporous silicas have been known since the early 20th century and have found wideranging use as adsorbent materials for dehumidification, gas adsorption and in column
chromatography. They are formed by acidification of sodium silicate solutions and are
amorphous, highly porous materials with surface areas up to 800 m2 g-1.[70]

Unlike

pure-silica zeolites, they are naturally hydrophilic, with their surfaces covered in
pendant silanol groups. As a consequence they can adsorb up to 40 % wt. of water.
They have long been used as catalyst supports, but their amorphous nature makes
accurate characterisation of the active site difficult. Mesoporous alumina and titania
are also available to the catalysis chemist.
More recently, there has been much development in the field of ordered mesoporous
materials. The first report of an ordered mesoporous silica came in a 1970 patent,[71]
but academic interest in the materials was sparked much later by the publication by
Beck et al., working for Mobil, of a paper describing the synthesis and characterisation
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of a highly crystalline, mesoporous silica material they assigned the name MCM-41.[72]
MCM-41 contains linear hexagonal pores, with tuneable pore diameters between 15
and 100 Å. The high crystallinity and thin pore walls of MCM-41 result in exceptionally
high surface areas in excess of 1000 m2 g-1.[73] The regular, highly-ordered nature of
the pores in MCM-41 makes it an ideal support to use when attempting to fully
characterise a supported catalyst, since there is little topographical difference between
any region of the structure.
Crystalline mesoporous alumina, with a structure analogous to MCM-41, has also been
developed.[74] This has opened new possibilities for characterisation and comparison of
supported catalysts, in the interaction between catalytic species and supports.
In addition to the improved surface area obtained using mesoporous supports, the use
of porous materials can affect the chemistry and selectivity seen in a catalytic reaction.
Additional chemoselectivity, regioselectivity and enantioselectivity can be forced
through steric and diffusion constraints.

Figure 1-12 High angle annular dark field scanning transmission electron micrograph
of cluster-derived Ru10Pt2 nanoparticles within the pores of MCM-41. The nanoparticles
are highlighted in red.[75]
High resolution electron tomography has been used to demonstrate the distribution of
nanoparticles through the pores of MCM-41 (see Figure 1 -12).[75]

The presence of

multiple nanoparticles within a single pore gives rise to the possibility of a substrate
molecule reacting more than once as it diffuses through the pore. This is particularly
relevant, for example, in the hydrogenation of polyenes, leading to selectivity for more
saturated products. There is a pay-off in the use of pore size to force reagents closer
to the active sites. Smaller pores lead to slower diffusion and thus an increased mass-
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transfer effect on the rate of reactions. This has been seen in the hydrogenation of
methyl benzoylformate using an ionically-bound rhodium complex (see Figure 1 -13).[76]
The proximity of the far pore wall leads to improvements in enantioselectivity of chiral
catalysts when they are anchored within a mesopore.

Jones et al.[77] demonstrated

greatly improved enantioselectivity in the asymmetric hydrogenation of methyl benzoyl
formate (see Figure 1 -14), when the catalyst was anchored to the concave surface of a
pore wall, rather than a concave silica surface.

Catalyst

Pore
dimension /Å

Time
/h

Conv.
/mol %

TOF /h-1

Enantiomeric
excess

Homogeneous

-

2

69.9

60

0

Heterogeneous

30

2

98.1

188

79

“

60

1

75.5

290

73

“

250

2

83.1

159

4

Figure 1-13 Effect of pore size on conversion and enantiomeric excess. Reaction
conditions: Methyl benzoylformate = 0.5 g; solvent (methanol) = 30 ml; catalyst
(homogeneous) ≈ 10 mg; (heterogeneous) = 50 mg; H2 = 20 bar; T = 313 K

Figure 1-14 The effect on enantioselectivity of anchoring a cluster within a mesopore
vs. on a convex surface[77]
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1.2.5 Cluster-Derived Nanoparticles
It is possible to prepare impregnation catalysts from non-aqueous systems using
organometallic precursors such as metal carbonyls.[78] The carbonyl is deposited on to
an inorganic support adsorption to hydroxyl groups at the surface.[79]

In 1989,

Rameswaran and Bartholomew demonstrated the preparation of alumina-supported
iron nanoparticles derived from the reduction of surface-adsorbed Fe(CO)5.

Their

catalysts were activated in the traditional manner, by reduction under flowing H2 at
300-350 °C. This catalyst showed much greater metal dispersion and metal reduction
than the equivalent prepared by IW.[80] This improvement in dispersion is generated
through the separation provided by the sheath of carbonyl ligands.
The initial work on this method of nanoparticle generation focussed on the use of
alumina as support. In 1997, two groups reported the use of bimetallic clusters as
precursors to supported nanoparticles, using alternative supports. Nashner et al.
adsorbed PtRu5(η6-C)(CO)16 on to carbon black by a wet impregnation method using
tetrahydrofuran (THF) solvent.[81] The samples were heated to 400 °C under hydrogen,
yielding nanoparticles of 1-2 nm diameter (revealed by transmission electron
microscopy, TEM) and having maintained the Ru5Pt stoichiometry of the precursor
(revealed by EDX). The catalytic capabilities of the nanoparticles were not investigated
in this work.
Shephard et al.[82] developed this concept further, by using the anionic cluster
[Ag3Ru10C2(CO)28Cl]2- as a precursor to bimetallic RuAg nanoparticles anchored within
the 30 Å pores of MCM-41[72] silica.

The key development in this work was in the

generation of the nanoparticles by thermolysis at 200 °C under vacuum.

The

nanoparticles thus formed were tested in the hydrogenation of 1-hexene and found to
be highly active, achieving a turnover frequency of >6300 mol(hexane) mol(Ag3Ru10)-1
h-1 at 393 K and 65 atm H2. Extended X-ray absorption fine structure (EXAFS) analysis
showed the nanoparticles to contain Ru-Ag bonds.

Figure 1-15 Distribution of cluster anions and counterions within a silica pore
The use of an anionic precursor provides two benefits. Firstly, the negative charge will
improve the strength of the hydrogen bonding between the surface silanols groups of
the support and the carbonyls of the cluster. Secondly, the necessary use of a bulky,
26

Jonathan Blaine

Introduction

non-coordinating

cation

such

as

bis(triphenylphosphoranylidene)ammonium

([(Ph3P)2N] , PPN) or tetraphenylarsonium ([Ph4As]+) to stabilise the cluster also provides
+

separation between clusters within the pore (see Figure 1 -15).[83]
Following on from this report, the novel cluster [PPN]2[Ru12Cu4C2(CO)24Cl2] (Figure 1 -16)
was used to prepare bimetallic nanoparticles.[84] This catalyst was highly active in the
hydrogenation of a number of unsaturated hydrocarbons, as well as showing some
acidic behaviour in the isomerisation of 1-hexene to 2-hexene (~50 mol % combined
selectivity to cis- and trans-2-hexene) before further hydrogenation becomes the
dominant reaction.

While the silica support is known to be an acid catalyst,[85] the

conditions used in the hydrogenation reaction (373 K, 64 atm H2) were much milder
than those that have been used for acid catalysed isomerisation (typically >450 K, even
for metal-grafted silicas[86]).

This indicates that the isomerisation occurs at the

nanoparticles rather than on the silica surface.

Figure 1-16 Structure of the core of the [Ru12Cu4C2(CO)24Cl2]2- anion. Carbonyls
(attached to Ru centres) omitted for clarity.
The benefits of including a second platinum group metal in the cluster precursor were
realised with the preparation of catalysts from [PPN]2[Pd6Ru6(CO)24].[87]

This catalyst

showed a TOF per mole of cluster almost double that of Ru12Cu4/SiO2 in the
hydrogenation of 1-hexene (4954 vs. 2905 h-1).
On the back of this result, since it is well known that RuPt alloys make highly active
hydrogenation
Ru10Pt2/SiO2

catalysts,

were

the

developed,

[PPN]2[Ru10Pt2C2(CO)28].[88]

Both

bimetallic
using

nanoparticle

the

catalysts

catalysts

precursors
showed

Ru5Pt/SiO2

and

[Ph4P]2[Ru5PtC(CO)15]

and

exceptional

activity

in

the

hydrogenation of cyclohexene, with a significant improvement in TOF compared to
Ru6Pd6/SiO2.
Siani et al. have again demonstrated the advantage of using a bimetallic, platinumcontaining

cluster

as a

precursor

to nanoparticle

catalysts.[89-91]

They used

Pt5Fe2(COD)2(CO)12 and PtFe2(COD)(CO)8 (COD = 1,5-cyclooctadiene, see Figure 1 -17) to
produce silica-supported nanoparticles which were then used in CO oxidation. Both
the cluster-derived catalysts showed improved metal dispersion over wet impregnation
mono- and bimetallic catalysts. Pt5Fe2/SiO2 was shown to be a superior CO oxidation
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catalyst to both monometallic Pt/SiO2 and a co-impregnation PtFe/SiO2, showing
complete

conversion

at

lower

temperatures.

EXAFS,

energy-dispersive

X-ray

spectrometry (EDX) and Fourier transform infrared (FTIR) spectroscopy all indicated
that the cluster-derived nanoparticles were bimetallic, maintaining the stoichiometries
of their precursors.

Catalysts formed by co-impregnation of H2PtCl6 and Fe(NO3)3

contained larger nanoparticles (1.5 – 4 nm as against 1-2 nm for cluster-derived) with
approximately 30% less bimetallic character. The presence of Pt-Fe interactions in the
bimetallic catalyst led to weaker adsorption of CO to Pt, reducing the energy barrier to
CO oxidation.

Figure 1-17 Structures of PtFe2(CO)8(COD) and Pt5Fe2(CO)12(COD)2
In 2001, Hermans et al. were the first to report the use of a bimetallic precursor,
[PPN][Ru6C(CO)16(SnCl3)], containing the main group oxophile tin to generate MCM-41supported nanoparticles.[92]

Tin is not known to be a capable of adsorbing either

hydrogen or alkenes, so any benefit its presence can confer on catalysts for the
hydrogenation of 1,5-cyclooctadiene must be due to electronic effects on the
ruthenium in the nanoparticle, or through additional catalyst stability. EXAFS analysis
of the catalyst showed the presence of Sn-O bonds, indicating that the nanoparticles
were bound to the support through the tin. As well as showing sustained high activity
in the hydrogenation of polyenes, the Ru6Sn/SiO2 catalyst showed high selectivity
towards monounsaturated products (see Scheme 1 -10).

Scheme 1-10 Hydrogenation of 1,5-cyclooctadiene with Ru6Sn/SiO2[92]
Combining the knowledge that a number of platinum group metal catalysts can be
prepared from cluster precursors, along with the new discovery of the benefits of the
inclusion of tin, further developments were made in the use of alternative transition
metals in combination with tin. The known cluster Ru(CO)4(SnPh3)2,[93] along with the
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novel compounds (COD)Pt(SnPh3)2[94] and Rh3(CO)6(SnPh3)2(µ-SnPh2)3,[95] each with an
overall

metal

nanoparticles,

stoichiometry

of

MSn2,

which

in

turn

cyclododecatriene.

were

was
used

used
in

to

the

prepare

silica-supported

hydrogenation

of

1,5,9-

Each of the bimetallic catalysts gave similar conversion to their

monometallic analogues, but with greatly increased selectivity to cyclododecene. The
monometallic PGM catalysts were all >90 % selective to cyclododecane, while
monometallic tin was essentially inactive, showing conversion of <10 %.
O

O

OMe

MeO

Dimethyl tetrahydroterephthalate, A
O
MeO

OH

HO

O

O

OMe

OMe

Cyclohexane
dimethanol, B
OH

By-products C
OH

MeO

OH

HO
O

By-products D

Scheme 1-11 Hydrogenation of dimethyl terephthalate
Perhaps the most significant development in the use of molecular clusters as
nanoparticle precursors was reported by Hungria et al. in 2006.[96] They synthesised
the trimetallic clusters PtRu5(µ6-C)(CO)15(µ-SnPh2) and PtRu5(µ6-C)(CO)15(µ-GePh2), which
each contain two catalytically active metals, ruthenium and platinum, and a group 14
element, either tin or germanium. EDX analysis of single nanoparticles generated from
these clusters showed them to maintain the stoichiometry of the precursors, while
high-angle annular dark field transmission electron microscopy (HAADF-TEM) indicated
that the particles were 1-2 nm in diameter. The Ru5PtSn/SiO2 catalyst showed much
improved conversion in the hydrogenation of dimethyl terephthalate to cyclohexane1,4-dimethanol (Scheme 1 -11) compared to both Ru5Pt/SiO2 and Ru6Sn/SiO2 (Table
1 -5). This indicates that the combination of three metals, including an oxophile and
the highly catalytically active metals platinum and ruthenium, in close contact within a
nanoparticle, produces a highly active hydrogenation catalyst.

However, when

germanium was used as oxophile, the catalyst showed very low conversion, indicating
that the nature of the oxophile is also critical.
The elegance of this preparation method lies in the control that it yields over the
nature of the nanoparticulate active site. While it is possible to exert good control over
the nature of bimetallic species through traditional methods, the complexity of
preparing a trimetallic nanoparticle would generally leave it in the realm of surface
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scientists. With cluster-derived nanoparticles, it can be relatively simple to prepare a
trimetallic precursor (Scheme 1 -12) which can then be used to generate trimetallic
nanoparticles. The metals in the precursor can be selected to optimise the catalyst
stability and activity. Active metals can be selected depending on the exact reactions
being targeted, whilst further metals can be included with the specific purpose of
binding to the support and guarding against aggregation. Once a precursor has been
synthesised, its structure can be fully characterised and used as a starting point for the
determination and calculation of the likely structure of the nanoparticles themselves.
By giving such tight control over the structure of the nanoparticles, the use of clusters
as precursors also ensures to the greatest extent possible that all the nanoparticles
have the same active sites available for reaction.

Scheme 1-12 Preparation of a trimetallic cluster, PtRu5(η6-C)(CO)15(µ-SnPh2)
Table 1-5 Hydrogenation results. Reaction conditions dimethyl terephthalate (2.5 g),
ethanol (75 ml), catalyst (20mg), H2 (20 bar), 373 K, 24 hours[96]
Catalyst

Conversion
/mol %

TOF /h-1

Selectivity /mol %
A

B

C

D

Ru5PtSn/SiO2

64.9

242

36.2

62.5

–

1.5

Ru5PtGe/SiO2

6.2

22

81.5

10.8

2.9

4.7

Ru5Pt/SiO2

41.3

145

54.6

6.5

–

38.8

Ru6Sn/SiO2

8.0

27

81.0

–

18.6

–

Cluster-derived Ru5PtSn nanoparticles have since been shown to be active in the
hydrogenation of citral, a common test reaction for alkene-aldehyde hydrogenation
selectivity (Scheme 1 -13) and hence an indicator as to the nature of the active site.[97]
It is also an important reaction in the fragrance and flavours industries, where it is
preferable to form the unsaturated alcohol rather than the saturated aldehyde.[98]
Increased selectivity towards the unsaturated alcohol is caused by preferential binding
of the C=O bond to the catalyst active site rather than C=C. This is promoted by an
increased electron density at the surface, which decreases the binding energy of the
C=C bond while at the same time making back-bonding to the πCO anti-bonding orbital
more favourable. Surface electron density can be increased by inclusion of a more
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electropositive element in the nanoparticle in a subsurface position.
electronegative than both ruthenium and platinum

[70]

Tin is less

and as such can be expected to

improve the selectivity of Ru- and Pt-based catalysts towards unsaturated alcohol
formation.

In line with this, Ru5PtSn/SiO2 was shown to be much more active than

Pt/SiO2 (TOF of 0.190 s-1 for Ru5PtSn/SiO2 vs. 0.025 s-1 for Pt/SiO2), while also being
more selective to forming the unsaturated alcohols geraniol and nerol, rather than the
saturated aldehyde citronellal, as was the case for Pt/SiO2 (Table 1 -6).[97]

O
O
Z-Citral

E-Citral

OH
OH

O

Nerol

Citronellal

Geraniol

OH

OH

3,7-Dimethyloctan-1-ol

Citronellol

Scheme 1-13 Hydrogenation routes for citral
Table 1-6 Activity of Pt/SiO2 and Ru5PtSn/SiO2 in the hydrogenation of citral (343 K, 10
bar H2)
Catalyst

TOF after 120
min /s-1

Selectivty at 25% conversion /%
Unsaturated Citronellal 3,7-Dimethyloctan-1-ol
alcohols

Pt/SiO2

0.025

13

54

0

Ru5PtSn/SiO2

0.190

45

29

0
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The activation of Ru5PtSn on magnesium oxide under hydrogen has been studied using
Fourier transform infrared (FTIR) spectroscopy.[99]

Both magnesium oxide and silica

have a high concentration of surface hydroxyl groups. However, there is a significant
difference in the nature of these hydroxyls.

Whereas on silica, the hydroxyls are

weakly acidic, on magnesium oxide they are sufficiently basic to cause the reductive
decarbonylation of a metal carbonyl species (see Section 1.3 for mechanism).[100] The
initial binding mechanism will be similar for both surfaces, via hydrogen bonding
between surface protons and carbonyl oxygens.

In the case of PtRu5(µ6-C)(CO)15(µ-

SnPh2), the core can already be considered to be the anion [PtRu5(µ6-C)(CO)15]2-,
counterbalanced by a [SnPh2]2+ moiety.

As such it is not capable of being further

reduced by the magnesium oxide surface.
It was shown that increasing the activation temperature of PtRu5(µ6-C)(CO)15(µ-SnPh2) on
MgO results in a progressive loss of linearly-bound CO ligands, with bands weakening
above 2000 cm-1 and strengthening below 1950 cm-1. All CO ligands were removed
above 523 K. The cluster-derived nanoparticles were compared with those prepared by
wet co-impregnation of ruthenium, platinum and tin salts. Under a high resolution
scanning transmission electron microscope (HRSTEM), it could be seen that the clusterderived nanoparticles were of very consistent size and shape, between 1 and 2 nm in
diameter regardless of activation temperature. The co-impregnation catalyst, on the
other hand showed a broad distribution of particle sizes, between 1 and 9 nm.
Through energy dispersive X-ray spectroscopy (EDS), it was also seen that the coimpregnation catalyst contained nanoparticles with widely varying stoichiometry, while
the nanoparticles in the cluster-derived catalyst showed ruthenium, platinum and tin in
a 5:1:1 ratio, as had been previously demonstrated for Ru5PtSn/SiO2.[96]

The

consistency of particle size and composition had a clear benefit in selectivity in the
hydrogenation of citral.

The cluster-derived catalyst showed >85% selectivity to

geraniol and nerol, indicating a greater activation towards carbonyl rather than alkene
hydrogenation, while the co-impregnation catalyst showed no significant difference in
selectivity towards either unsaturated alcohol or saturated aldehyde formation.
It is this development which inspired this project, investigating new and known clusterderived nanoparticle catalysts containing main group oxophiles.

In this sense,

oxophiles are defined as those elements whose bonds to heteroatoms are readily
decomposed by oxygen-containing groups.

In general, this means the metals and

metalloids of groups 13 – 15.

1.3 Cluster Synthesis
The precursors used in this work are organometallic cluster compounds. These are
defined as molecular compounds containing one or more direct metal-metal bonds and
stabilised by organic ligands. The ligands bond to the metals by donation of electrons
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from either a lone pair or a π−system. The nature of the bonding defines how many
electrons the ligand is considered to donate to the metal.
The number of ligands which can bind to an individual metal centre is determined by
the number of vacancies in the valence shell of the metal atom. Since the valence shell
of a transition metal contains s, p and d orbitals, it can contain up to 18 electrons.
Hence the method of counting the number of electrons in the valence shell, including
those donated by ligands, is known as the 18-electron rule.
When counting electrons for the 18-electron rule with multinuclear carbonyl clusters,
each metal centre and all ligands are considered to be neutral.

Covalent bonds to

other metals are considered to contribute one electron each, ligands add the
appropriate number of electrons to their bonding mode (two for carbonyls,
phosphines, nitriles, alkenes; one for hydride, stannyl groups, alkyl groups; one, three
or five, depending on hapticity, for cyclopentadienyl (Cp); two or four, depending on
hapticity, for 1,5-cyclooctadiene (COD)). The sum of the valence electrons of the metal
centre and those donated by all bonds to the metal should be 18 for the metal centre
in consideration to be stable. However, it is not unknown for mononuclear complexes
of late transition metals, notably those with a d8 valence-shell electronic configuration,
to have fewer than 18 electrons. This phenomenon can also be observed when a metal
centre is surrounded by bulky ligands.

The most extreme example of this is

Ti(neopentyl)4 (neopentyl = 2,2-dimethylpropyl), in which the titanium has just eight
valence electrons.

Figure 1-18 Hapticity variation for cyclopentadienyl and 1,5-cyclooctadiene ligands.
A further consideration in the structure of cluster compounds is the geometry of a
polyhedral metal core.

Multinuclear clusters form cores, the shapes of which are

dependent on the number of electrons available from ligands, metals and interstitial
atoms which contribute to bonding within the cluster.

The likely structure can be

determined by counting electrons using polyhedral skeletal electron pair (PSEP) theory,
or the Wade/Mingos rules.[101, 102] According to PSEP theory, any structure formed by a
cluster core requires a certain number of bonding orbitals and hence a certain number
of electrons to fill them. Where each of the n vertices of the polyhedron is a metal
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atom, the required number of skeletal electrons is given by Table 1 -7. The number of
bonding electrons is given by summing the number of valence electrons on the metals,
the electrons donated by the ligands and the valence electrons from any interstitial
atoms, then subtracting the charge on the cluster.

Examples of the polyhedra are

given in Figure 1 -19.
Table 1-7 Electron counts and predicted structures
Type of

Number of

polyhedron

electrons

Deltahedron

14n-2

Closo deltahedron with two capped faces

14n

Closo deltahedron with one capped face

14n+2

Closo deltahedron

14n+4

Nido deltahedron (one missing vertex)

14n+6

Arachno deltahedron (two missing vertices)

16n-k

Ring structure with k/2 trans-annular bonds

16n

Ring structure

16n+2

Chain structure

Ring

Predicted structure

A key consideration in the preparation of precursors for cluster-derived nanoparticles
is the nature of the ligands. Since the activation process involves merely heating under
vacuum, the ligands must be relatively labile and volatile. This precludes the use of
ionic ligands such as cyclopentadienyl (Cp) or high-boiling compounds such as
phosphines. The major group of metal clusters where the metal atoms have no formal
charge are the metal carbonyls.
CO binds to metal atoms by two electron donation from the carbon. The M—C bond is
greatly stabilised by back-donation of electron density in to the empty π* orbital of the
C≡O bond (see Figure 1 -20). The back-bonding is encouraged by a combination of the
polarity of the C≡O bond, where the carbon is δ+ and thus electron deficient, and the
electropositive nature of the metal. This extra stabilisation means that a number of
transition metal carbonyls are stable at room temperature, more so than alkyl metal
complexes, where there is no π* orbital available. π*-Back-bonding is also available to
nitrile ligands such as acetonitrile, but is less significant due to the nitrogen being δand hence less electrophilic than the carbon centre in a CO ligand.
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This makes the acetonitrile ligand more labile than CO, a property that has been
utilised to aid substitution reactions in the syntheses of Ru3(CO)11(µ-H)(SnPh3)[103] and
(PPN)[Mo3Co3(µ6-C)(CO)18][104], where Ru3(CO)11(MeCN) and Mo(CO)3(MeCN)3, respectively,
were used as starting materials, rather than the pure carbonyl compounds.

Figure 1-19 The polyhedral clusters Ru6(µ6-C)(CO)17,[105] Ru5(µ5-C)(CO)15,[106] [Fe4(µ4C)(CO)12]2-,[107] Ru3(CO)12 and Ru3(CO)9(µ-SnPh2)3,[108] and their skeletal electron counts

Figure 1-20 Molecular orbital diagram of CO and representation of π* back-bonding
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Scheme 1-14 Reductive elimination of CO from Ru6(µ6-C)(CO)17 using OH-, giving the
cluster carbonyl anion [Ru6(µ6-C)(CO)16]2CO is also susceptible to nucleophilic attack by hydroxide[109] or alkoxide,[110, 111] causing
reductive elimination as in Scheme 1 -14, below. The carbonyl anions thus produced
can also be formed by direct reaction of carbonyls with sodium[112]. CO ligands can also
be extracted by amine oxides, producing CO2 and amine and leaving a vacant site to be
filled by another ligand, such as acetonitrile[103].
A further frequently used method to activate metal carbonyls is photolysis.

Many

carbonyls are photosensitive in solution and will fragment under UV and, occasionally,
visible light. This has been exploited to produce Ru(CO)5 from Ru3(CO)12, according to
Scheme 1 -15, below.[113] This equilibrium normally lies to the left, especially in the
absence of a CO atmosphere, and the Ru(CO)5 must be used immediately to prevent
decomposition.

Photolysis can also be used to break individual bonds within a

multinuclear cluster, making them more susceptible to addition reactions.[114]

Scheme 1-15 Photolysis of Ru3(CO)12 to Ru(CO)5
Photolysis can also be used as a clean method to extract a single CO ligand, leaving
the metal centres available for attack alternative ligands, such as phosphines[115] and
nitrogen-containing ligands[116].

With broad band UV radiation, there is competition

between d-d transitions, resulting in homolysis of metal-metal bonds, and metal-ligand
charge transfer transitions, resulting in loss of CO.[117] If no other reagent is available
to react, the fragments will recombine. However, presence of a suitable reagent, such
as an olefin in the presence of Re2(CO)9,[118] further reaction can occur and produce new
compounds (see Scheme 1 -16).
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Scheme 1-16 Photolysis of Re2(CO)10 in the presence of olefins
A regular tactic for stabilising metal centres in cluster compounds is the use of a
strongly electron-donating ligand such as a phosphine or cyclopentadienyl.

For

example, in the syntheses of CuRu4(CO)12(µ3-H)L and CuRu3(CO)9(C2Bu )L (Figure 1 -21) it
t

was found that the compounds could only be isolated in solid form when L was a
phosphine. When L was acetonitrile and hence capable of lowering the electron density
on the copper through π∗-back bonding, the compounds were only stable in
solution.[119]

Figure 1-21 Structures of CuRu4(CO)12(µ3-H)L and CuRu3(CO)9(C2But)L
For the purposes of hydrogenation catalysis, phosphine ligands act as poisons,[120, 121]
binding strongly to active sites and preventing access by substrates. The preparation
conditions for the nanoparticles in this work are not aggressive enough to remove
phosphines, so they must be avoided as ligands in the precursor clusters.
By similar token, cyclopentadienyl ligands are favoured by synthetic chemists when a
cluster

is

likely

to

be

highly

electron

deficient.

As

an

example,

pentamethylcyclopentadienyl (Cp*) ligands were used to stabilise the structure of the
ruthenium-zinc clusters [(η5-Cp*)Ru(µ-H)]3(µ3-ZnR)n(µ3-H)2-n and [(η5-Cp*)Ru]2(µ-ZnR)n(µ3H)4-n (n = 1 or 2, R = Me or Et, Figure 1 -22).[122] It is very unusual to find examples of
zinc as a metal in a multimetallic cluster core. The combination of ruthenium and zinc
would have been of great interest for this project, since the presence of zinc has been
shown to promote selectivity to cyclohexene in the hydrogenation of benzene.[123] The
hydrogenation of benzene to cyclohexene is a hugely important reaction industrially,
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being a key step in the production of caprolactam. The presence of the Cp* ligands
precludes the use of these compounds as catalyst precursors, since it would not be
possible to ensure their removal under mild conditions.

Figure 1-22 Structure of [(η5-Cp*)Ru(µ-H)]3(µ3-ZnR)(µ3-H)

Scheme 1-17 Caprolactam production from benzene
While it is necessary to only include ligands that will be readily removed under the
activation conditions used in order to avoid uncontrolled poisoning of the catalyst, it is
still possible to include dopants through the use of interstitial heteroatoms in the
precursor. Both carbon and nitrogen can be included in ruthenium-containing clusters
through the formation of octahedral complexes containing a central heteroatom.
Ru6(µ6-C)(CO)17 (Scheme 1-18) can be relatively simply produced by reaction of a
heptane solution of Ru3(CO)12 with ethylene (18 bar) at 150 °C and, as illustrated above,
is readily reduced to the dianion [Ru6(µ6-C)(CO)16]2-.[124] The interstitial carbide is derived
from a carbonyl that has been reduced by the ethylene. The isoelectronic, nitrogencontaining cluster anion [Ru6(µ6-N)(CO)16]- is also produced directly from Ru3(CO)12, but
requires the introduction of a nitrogen species. This is achieved through reaction with
[PPN]N3 in refluxing THF for 12 hours.[125] Ru6C and Ru6N, when supported on MgO,
have been shown to be superior to both Ru6/MgO and traditionally prepared Ru/MgO in
ammonia synthesis.[126] The presence of the interstitial atom in the precursor aids the
expansion of the nanoparticle structure on H2 adsorption.[127]
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Scheme 1-18 Synthesis of Ru6(µ6-C)(CO)17

Figure 1-23 Structure of the metal core of [Ru10Pt2C2(CO)28]2-, with carbonyls omitted for
clarity. Ru(4) is behind Ru(2).[128]
Both Ru6(µ6-C)(CO)17 and [Ru6(µ6-N)(CO)16]- react with CO under pressure to produce their
respective pentaruthenium analogues, Ru5(µ5-C)(CO)15[106] and [Ru5(µ5-N)(CO)14]-.[125] While
the relative lability of one ruthenium has been used to explore a broad variety of
carbide-containing Ru5M bimetallic combinations, no attempts at synthesis of nitridecontaining bimetallic species have been reported.
Two routes to bimetallic MRu5C clusters have been reported.

The first and most

intuitive involves the electrophilic addition of a metal-containing moiety to [Ru5(µ5C)(CO)14]2-.

In particular, (COD)PtRu5(µ6-C)(CO)14 was synthesised by the reaction of

(COD)PtCl2 with [Ru5(µ5-C)(CO)14]2-.[129] It is considered that this is a reaction between the
anion and (COD)Pt2+, a postulation which is supported by the improvements in yield
seen when this reaction is performed in the presence of silica.[109] The silica surface
acts to extract chloride from (COD)PtCl2, thus leaving a more reactive species to
combine with the ruthenium anion. Further reaction of (COD)PtRu5(µ6-C)(CO)14 with CO
produces PtRu5(µ6-C)(CO)16, the four-electron donor COD being substituted by two CO
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ligands.[129] Changing the platinum reagent to (MeCN)2PtCl2 in the presence of silica
results in the direct formation of PtRu5(µ6-C)(CO)16, along with the new compound
[PPN]2[Ru10Pt2C2(CO)28] ,the structure of which is given in Figure 1-23.[128]
Both PtRu5(µ6-C)(CO)16 and [PPN]2[Ru10Pt2C2(CO)28] have been tested as precursors to
silica supported catalysts for the hydrogenation of muconic acid to adipic acid
(Scheme 1-19).[130]

Despite their identical stoichiometries (Ru5Pt1), the two catalysts

gave different selectivities to adipic acid (~95% for Ru10Pt2/SiO2 vs. ~25% for Ru5Pt/SiO2)
from similar conversion levels (85 – 90%). This shows the criticality of the structure of
the precursor to the activity of the catalyst.

Scheme 1-19 Hydrogenation of muconic acid to adipic acid and side products.
Conditions: substrate (5.0 g), ethanol (100 ml), catalyst (50 mg), H2 (30 bar), 353 K, 5
hours.
The alternate route to Ru5M bimetallic clusters involves the direct substitution of one
ruthenium with another metal. Nakajima et al. demonstrated this in the synthesis of
[PPN][Ru5Co(µ6-C)(CO)16],

[PPN][Ru5Rh(µ6-C)(CO)16],

and

Ru5Pd(µ6-C)(CO)16.[131]

[PPN]2[Ru5(µ6-C)(CO)16] was reacted with either Co2(CO)8 or Rh(CO)4Cl2 in THF.
[PPN][Ru5Co(µ6-C)(CO)16] was then reacted with [Pd(NCCH3)][BF4] in THF to yield Ru5Pd(µ6C)(CO)16. As yet, none of these clusters has been used as a catalyst precursor.
The inclusion of tin-containing groups in a cluster can be achieved through a number
of mechanistic routes.

The exact nature of the mechanism is dependent on the

oxidation state of the tin reagent used. Tin in multimetallic clusters tends to exist as
Sn(IV), so when a Sn(II) reagent is used the reaction will involve formal reduction of the
metal core. An example of this is seen in the synthesis of Ru6(µ6-C)(CO)16(µ-SnCl2), via
reaction between SnCl2 and Ru6(µ6-C)(CO)17, as reported by Hermans and Johnson.[132]
This cluster is best considered as an [SnCl2]2+ moiety bound to a [Ru6(µ6-C)(CO)16]2- core.
When a di- or trialkyl tin hydride is used as the source of tin, the reactions are
generally considered to be oxidations of the cluster core.[133] This conclusion comes
from the formal oxidation states of the ligands added to and removed from the cluster.
40

Jonathan Blaine

Introduction

For example, in the synthesis of HRu(CO)4(SnPh3) as reported by Adams et al.,[113]
Ru(CO)5 is reacted with HSnPh3 (Scheme 1-20). In the final product both the hydrogens
are formally hydride ions, as is always the case with hydrogen covalently bound to
metal atoms, while the tin moiety is considered to be [SnPh3]-. After elimination of a
neutral CO, this combination requires Ru(CO)4 to be oxidised to [Ru(CO)4]2+.

Scheme 1-20 Synthesis of HRu(CO)4(SnPh3)[113]

1.4 Green Catalysis
1.4.1 Principles of Green Chemistry
The 12 Principles of Green Chemistry were first outlined by Anastas and Walker[134] and
are given below.

They cover not only chemical, but also engineering challenges in

plant design.
1. Prevention
It is preferable to prevent the production of waste, than it is to treat it or
clear it up after the event.
At its heart, this is the basis of all Green Chemistry. Processes are devised to yield as
much of the desired product, with as little waste and energy input, as possible.
Product clean-up is a much simpler and cheaper process if there is no impurity or
waste in the product stream.
2. Atom Economy
In a synthetic process, as many atoms in starting materials should end up
in useful products as possible.

Scheme 1-21 Oxidation of nicotine to niacin using potassium dichromate
Any atoms from the starting materials which do not end up in a useful product are
considered waste. This is a stronger indication of the wastefulness of a reaction than a
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yield calculation, since it deals with all side products of a reaction and whether they are
of further use. It is calculated according to Equation 1-4. An example of this can be
seen in the oxidation of nicotine to niacin, using acidified potassium dichromate
(Scheme 1-21). Even at 100% yield, the atom efficiency of this process is just 7%.
Equation 1-4 Calculation of Atom Economy
"# $%"&"#' =

()) "* +,
()) "*

- " .% +
∗ 100%
% & +

An alternative reaction would be direct oxidation of 3-picoline using atmospheric
oxygen and a suitable catalyst (Scheme 1-22).

This has an atom efficiency of 87%.

While this is a particularly extreme example, it serves to demonstrate the
improvements possible when alternative synthesis routes are considered.

Scheme 1-22 Niacin from the oxidation of 3-picoline
3. Less Hazardous Chemical Syntheses
Toxic substances (to both humans and the environment) should be
avoided wherever practicable.

Care should be taken to use less toxic

materials.
The above reaction also shows an example of the removal of a highly environmentally
harmful material from a synthesis process.

Chromium, and in particular chromium

(VI), is highly toxic and its accidental release is a very real concern. It is much better to
remove the chromium from the process altogether and find an alternative system.
4. Designing Safer Chemicals
Toxicity should be considered alongside function when designing chemical
products.
The classic examples of this are the use of chlorofluorocarbons (CFCs) in refrigeration,
aerosols and fire extinguishers, and tetraethyllead as a fuel additive.

CFCs were

initially considered less hazardous than the conventional low-boiling hydrocarbons
used in refrigeration systems and aerosols, since they are not flammable and appeared
to present less risk in the case of a leak. However, their high chemical stability allowed
them to diffuse in to the ozone layer, where the intensity of UV radiation from the sun
caused photolysis of the carbon-halogen bonds. The chlorine radicals thus formed are
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catalysts for the decomposition of ozone and the depletion of a key atmospheric UV
barrier (Scheme 1-23). At the time of their discovery and first use, this chemistry was
not known and it was not until the 1970s that their effect on the ozone layer was
realised and regulations started to be brought in controlling their use.
X3C—Cl + hν
Cl· + O3

X3C· + Cl·
ClO· + O2

ClO· + O3

2O2 + Cl·

Scheme 1-23 Decomposition of ozone by chlorine radicals
Tetraethyllead, when used as an additive in gasoline, is highly effective at reducing
“knocking”, the early ignition of the fuel-air mixture in the cylinder.[135] It is, however,
highly hazardous both in its manufacture and in its use.[136] It is prepared by reaction
of a sodium lead alloy, whose preparation involves the use of metallic sodium, with
chloroethane, an ozone depleter.

Prior to use, it is mixed with two further

haloalkanes, 1,2-dibromo- and 1,2-dichloroethane, which act as lead scavengers in the
engine, preventing lead deposition through the formation of the relatively volatile lead
(II) halides. This results in the dispersion of lead, an accumulative neurotoxin, in to the
atmosphere.
The removal of tetraethyllead from gasoline was as much an engineering as a
chemistry challenge, where the exhaust valves needed replacement to allow for the
removal of the beneficial effects of lead.
5. Safer Solvents and Auxiliaries
Solvent-free

processes

should

be

utilised

wherever

possible,

with

separating processes and agents also kept to a minimum.
6. Design for Energy Efficiency
As

far

as

possible,

syntheses

should

be

conducted

at

ambient

temperature and pressure. The energy requirements of a process should
be a key consideration and their environmental and economic impacts
minimised as far as possible.
Energy-efficient design does not merely apply to chemistry and trying to reduce the
energy inputs to overcome the activation energy of a reaction, through catalysis, but
also to the recycling of energy released in exothermic reactions. In chemical plants,
reactors for exothermic reactions can be built adjacent to those for endothermic
reactions, enabling heat transfer from exothermic to endothermic and reducing the
required energy input. Improved insulation can also be of significant benefit.
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7. Use of Renewable Feedstocks
Raw materials and feedstock chemicals should come from be renewable
sources whenever technically and economically practicable.
By far one of the greatest challenges to the chemical industry is the replacement of
petrochemical feedstocks with bio-derived alternatives. This will be covered in greater
detail in the following pages.
8. Reduce Derivatives
Synthesis steps should be reduced by removal of unnecessary use of
blocking groups and protection/ deprotection.

Such steps require

additional reagents and produce additional waste, since the protecting
groups are frequently not recycled after removal.
This is most relevant to the synthesis of complex organic molecules, where functional
groups and stereocentres must be chemically protected to prevent further reaction
during the synthesis. Table 1-8 gives some examples of protecting groups and their
removal techniques. The protecting groups must be removed later in the synthesis,
frequently using methods which do not leave the protecting group recyclable. Each
protection and deprotection is also a further reaction step which will result in the loss
of some product along with the use of additional solvents and reagents. The great
challenge of green organic synthesis is to produce the desired products without these
additional steps.
9. Catalysis
Highly active and selective catalysts are superior to stoichiometric
reagents.
This is the major focus of this work and is covered elsewhere.
10. Design for Degradation
The disposal and degradation of chemical products post-use should be
considered, with compounds and components designed to degrade in an
innocuous fashion.
This covers not only degradation of products, but also their recyclability. A significant
problem

with

petrochemical-derived

materials

is

their

tendency

to

not

be

biodegradable. As materials age, it is crucial that they not only decompose, but do so
in a manner that avoids the release of hazardous chemicals in to the environment.
Significant improvements have been achieved in this area with the development of
biodegradable plastics, such as poly-3-hydroxybutyrate (a polyester produced by some
microorganisms), polylactic acid (from lactic acid, sourced from renewables) and
polycaprolactone (petrochemically derived). It is notable that these are all varieties of
polyester, rather than polyamide or poly(alkene). Indeed of the non-polyester plastics,
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is

considered

to

be

biodegradable.

polyvinylchloride are not considered biodegradable.

[137]

Polythene

and

Research is still required to

ensure the energy input requirements of the manufacture of these plastics is lower
than for traditional plastics.[138]
Table 1-8. Examples of protecting groups and their deprotection methods
Protected group

Protecting group

Deprotected by

Acid or H2/Ni
CBz
Amine

Piperidine

Fmoc
Acid
MOM-R
Alcohol
Acid
t-Butyl ether

Acid
Aldehyde /
ketone

1,3-Dioxane

Br2, Cl2
1,3-Dithiane

H2/Ni
Carboxylic acid

Benzyl ester

Acid
Methyl ester
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11. Real-Time Analysis for Pollution Prevention
Methodologies for real-time, in-process monitoring and control need to be
developed, in order to monitor, predict and, where possible, prevent the
formation of hazardous substances.
This is mostly an engineering challenge to enable inline, detailed monitoring of a
chemical process. Materials chemists can contribute through the development of new
materials and testing methods for reactors and sensors.
12. Inherently Safer Chemistry for Accident Prevention
The choice of substance, and the form in which it is used in a chemical
process, should be optimised to reduce the potential for accidents,
including spillages, explosions and fires.
The first step in this is the lowering of reaction temperatures and pressures – an
outcome most likely through the use of catalysts.

Alongside this, it is best that

hazardous chemicals are present in a system for as little time as possible, either
through inline injection of a chemical or generation in situ. An example of this kind of
development is the solid oxidant acetylperoxyborate (APB), a co-crystallisation product
of boric acid and peracetic acid which liberates peracetic acid in aqueous solution.[139,
140]

Use of APB as the source of active oxygen removes the necessity to store large

quantities of peracetic acid or hydrogen peroxide, both of which are highly thermally
unstable, while also meaning the oxidant in a reaction can be introduced in an inline
cartridge in a flow reactor system.
The work in this project addresses three of the 12 principles: Waste reduction, reaction
conditions and heterogeneous catalysis. Heterogeneous catalysis has been discussed
above, so this section will focus on the other principles.

1.4.2 Waste Reduction
The simplest metric for the wastefulness of chemical processes is the E-factor, as
defined by Roger Sheldon in 1992.[141] He recommended comparing the ratio of waste
to useful product formed in a given process. A perfect chemical process will have an Efactor of zero. Since there is no such thing as a perfect chemical process, various
industry sectors tend to operate with bands of E-factor, depending on their annual
output (Table 1-9).[142] It should be noted that, while an E-factor of 0.1 is very low, for a
process with a 1x106 t annual output, this will still mean production of 10000 t of
waste every year. E-factor calculations take in to account the yield of useful products
from a reaction, not just the main target molecule. The waste, in this case, is defined
as low value products which are either too expensive to separate, or formed in too
great a quantity to be saleable. Hence a process such as hydrocarbon cracking, which
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can form a complex mixture of useful products, will have a low E-factor since the only
waste will be a small amount of coking on the catalyst surface.
$−* % " =

# ++ 45 + , 78
# ++ 4- " .% , 78

Equation 1-5 Calculation of E-factor
Table 1-9 Typical E-factors for various chemical industrial sectors[142]
Chemical industry sector

Annual global production
/t

E-Factor

Petroleum refining

106–108

<0.1

Bulk chemicals

104–106

<1–5

Fine chemicals

102–104

5–50

Pharmaceuticals

10–103

25–100

Prime examples of processes with poor E-factors include the production of
phloroglucinol, a precursor to pharmaceuticals and explosives, from TNT (see
Scheme 1-24)[143] and of caprolactam, precursor to Nylon-6, via the ammoximation of
cyclohexanone (Scheme 1-25).[144]
Traditional phloroglucinol production has an E-factor of 40, with the solid by-products
including Cr2(SO4)3, NH4Cl, FeCl2 and KHSO4. The huge quantities waste produced and
the cost of their disposal has in the past led to plants being shut down as
uneconomical.[142]

Scheme 1-24 Synthesis of phloroglucinol from TNT

Scheme 1-25 Caprolactam production via ammoximation of cyclohexanone
The production of caprolactam via the ammoximation of cyclohexanone[144] involves the
use of the highly hazardous material hydroxylamine, but also produces 4 kg of
ammonium sulphate for every kilogram of caprolactam. Hydroxylamine is also highly
explosive on heating and has been known to cause serious accidents at plants
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There have been a number of recent developments towards an

environmentally benign method for ammoximation of cyclohexanone using air and
ammonia to produce hydroxylamine in situ, in the presence of a catalyst.[147, 148]
It is clear that the first port of call for chemists wishing to reduce waste should first
aim to reduce the number of stoichiometric by-products, such as Cr3+ in Scheme 1-24,
above. A major route towards this is the use of more benign reagents. For example,
the traditional reagents for

oxidising

permanganate, which produce Cr

3+

organics are acidified dichromate and

and Mn

2+

salts as by-products. By similar measure,

organic reductions are usually carried out using borohydride or tetrahydroaluminate
and result in the formation of borate and aluminate wastes. It is hugely preferable
from a waste perspective to be able to use air as oxidant, or hydrogen as reducing
agent, since these will not produce solid inorganic waste. The use of these reagents
generally requires the use of a catalyst to activate them at low temperatures.
Once appropriate reagents have been determined, such that lower quantities of waste
can be produced, it falls to the chemist to find reaction conditions and a catalyst which
produce the greatest yield of the desired product.

1.4.3 Reaction Conditions
The use of conditions anywhere away from room temperature and atmospheric
pressure will require energy input and hence cause environmental impact. While on an
industrial scale the use of heat exchangers can recycle energy produced by exothermic
reactions, it is generally best to aim to lower the reaction temperature. It is also clear
that lower pressures are easier and safer to maintain and should be utilised as far as
possible.
Reductions in temperature and pressure are both aimed at reducing the energy input
to a chemical process, on the assumption that the energy is petrochemically derived.
However, an alternative is to utilise green sources of energy, such as biofuels,[149] solar,
wind, tidal, geothermal or fuel cells. Better, however, is to develop a process requiring
a lower energy input.

This inevitably returns to catalysis as a critical aspect to

reducing the environmental impact of the process. In addition to financial savings and
improvements in environmental impact, reducing the operating temperature and
pressure of a reaction will improve the lifespan of any catalysts present.

All the

deactivation methods mentioned previously are accelerated at higher temperatures.
Another aspect to be considered when developing a Green chemical process is the
nature of the solvent. The environmental impact of a potential solvent spillage and of
its vapour must of course be taken into account, but it is also important to think of the
sustainability of the supply of the solvent. A number of chemical manufacturers have
developed their own guidelines on the use of solvents, listing those which should be
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used and suggesting alternatives. The recommendations issued by Pfizer are given in
Table 1-10.[150]
Table 1-10 Pfizer's list of solvent preference for environmental impact
Preferred

Usable

Undesirable

Water

Cyclohexane

Pentane

Acetone

Heptane

Hexane

Ethanol

Toluene

Di-isopropyl ether

2-Propanol

Methylcyclohexane

Diethyl ether

1-Propanol

Methyl t-butyl ether

Dichloromethane

Ethyl acetate

Isooctane

Dichloroethane

Isopropyl acetate

Acetonitrile

Chloroform

Methanol

2-MethylTHF

Dimethyl formamide

Methyl ethyl ketone

Tetrahydrofuran

N-Methylpyrrolidinone

1-Butanol

Xylenes

Pyridine

t-Butanol

Dimethyl sulfoxide

Dimethyl acetate

Acetic acid

Dioxane

Ethylene glycol

Dimethoxyethane (glyme)
Benzene
Carbon tetrachloride

In terms of vapour release, ionic liquids have great potential due to their exceptionally
low volatility. They have been used in a variety of chemical processes at a laboratory
scale, but their relative cost prohibits wide-ranging usage. In spite of their cost, the
tuneability of their properties through modifications of both the cation and anion has
led to much research in to their capabilities replacing hazardous materials.[151, 152] These
have included the replacement of phosgene in the formation of 1,4-dichlorobutane
from 1,4-butanediol.[153] Ionic liquids have also been used in biomass processing, since
they are capable of dissolving lignocellulose.[154]

1.4.4 Use of Non-Platinum-Group Metals
The so-called platinum group metals (PGMs) are not, as suggested by the name, those
elements in group 10 of the periodic table. They are defined as being the period five
and six elements of groups 8-10, i.e. ruthenium, rhodium, palladium, osmium, iridium,
and platinum. These metals are both rare (Table 1-11) and hard to isolate, frequently
occurring in ores with other metals. Both these properties add to their cost, but this is
further inflated by their high catalytic activity in a huge range of applications. They are
also highly chemically resistant in their metallic forms, which combines with their high
value in making palladium and platinum popular for use in jewellery.
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Table 1-11 Abundances[70] and market values of the platinum group metals. Prices
correct on 27th March 2012[155]
Element Crustal abundance
/ppm

Cost Element
/$/oz.

Crustal abundance
/ppm

Cost
/$/oz.

Pt

0.01

1642

Pd

0.015

667

Ru

0.0001

100

Os

0.005

360

Rh

0.0001

1425

Ir

0.001

1000

While their high catalytic activity makes them an appealing first port-of-call for
chemists looking for new routes to valuable products, their cost can make their use on
a larger scale prohibitive. This will only be exacerbated as more and more industrial
processes require PGMs as catalyst.

As a result, a significant challenge now being

taken up by catalysis chemists to replace PGMs wherever possible, with cheaper and
more abundant metals such as nickel, cobalt, iron and copper.
The higher activity of PGMs has been illustrated by Li et al. in the gas phase
hydrogenation of maleic anhydride to succinic anhydride (Scheme 1-26).[156]

They

compared 0.5 % wt. Pt/Al2O3 with 5 % wt. Ni/Al2O3, Co/Al2O3 and Cu/Al2O3, as well as
bimetallic NiPt/Al2O3, CoPt/Al2O3 and CuPt/Al2O3 containing 0.5 % wt. Pt and 5 % wt.
non-PGM. The results are summarised Table 1-12. While the nickel catalyst was the
most active of the monometallic catalysts, it must be noted that the platinum catalyst
had a tenfold lower metal loading.

The non-PGM catalysts showed much higher

selectivity to the less hydrogenated product, succinic anhydride, than did pure
platinum. This gives the catalysis chemist a further reason to include non-PGMs in
their hydrogenation catalysts – the ability to target less-hydrogenated products in a
potential product mixture.

Scheme 1-26 Hydrogenation of malleic anhydride
Replacement of platinum is of particular concern in electrocatalysis, where platinum is
the most active element for both the hydrogen oxidation and oxygen reduction
reactions in fuel cells, but is readily poisoned by carbon monoxide.
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hydrogen is produced through the gasification of fossil fuels to synthesis gas, trace
levels of CO are common. As a result, if hydrogen fuel cells are to become a widely
utilised power source in the automotive industry, alloys must be found which can
replicate the activity of platinum without suffering from poisoning by CO. To this end,
structures based on CuW alloys,[157] cobalt polypyrrole[158] and bimetallic Pt3M (M = Ni,
Co, Fe, Ti, V)[159] have been developed.
Table 1-12 Hydrogenation of maleic anhydride. Reaction conditions: WHSV (weight
hourly space velocity) = 2 h

−1

maleic anhydride, reaction temperature = 210 °C, reaction

pressure = 1 MPa, H2 = 50 ml/min.[156]
Selectivity (mol %)
Catalyst

MA conv. (mol %)

Pt/Al2O3

Succinic anhydride

γ-Butyrolactone

35.42

28.72

71.28

Ni/Al2O3

94.17

70.80

29.20

Co/Al2O3

22.31

44.89

55.11

Cu/Al2O3

8.66

48.39

51.61

NiPt/Al2O3

100

81.7

18.3

CoPt/Al2O3

24.96

64.43

35.57

CuPt/Al2O3

16.87

37.97

62.03

1.5 Scope of the project
It was decided to investigate the formation, structure and catalytic properties of
cluster-derived, multimetallic nanoparticles supported on mesoporous silica in
industrially important reactions under mild conditions. Feedstock chemicals and target
reactions would be chosen based on improvements that could be achieved according
to the Principles of Green Chemistry. The catalytic properties of the systems studied
would be related to the nature of the active sites, as determined through spectroscopic
techniques, leading to insights as to the importance of various types of active site and
how the nature of the active site can be controlled through careful selection of
precursor.

The feedstock chemicals and catalytic conversions chosen are outlined

below.
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1.5.1 Reduction of nitrobenzene to aniline

Scheme 1-27 Reduction of nitrobenzene to aniline
The reduction of nitrobenzene is a good example of a reaction where significant
strides have already been made with respect to the 12 Principles outlined above. The
first generally used method was the Béchamp reaction,[160] which used hydrochloric acid
along with zero-valent iron as reducing agent.

This reaction has a number of

disadvantages from a Green Chemistry perspective. The first and most significant is
its use of hydrochloric acid. While hydrochloric acid is already highly corrosive and
harmful and a far from ideal reagent to use in bulk, the reaction is reported as being
highly exothermic, which will inevitably lead to the generation of gaseous HCl, and
significant control issues. Even if the release of HCl can be controlled, it undergoes a
significant side reaction with the iron to produce hydrogen gas, so large excesses of
iron and acid are required. The product mixture also requires neutralising, leading to
the formation of large quantities of salts. The mechanism of this reaction has been
elucidated by Agrawal and Tratnyek,[161] who showed it to be a multi-step reaction, with
a number of potential side products (Scheme 1-28). The combination of a hazardous
reagent (acid), potential hazardous by-product (H2), large quantities of waste (3
equivalents of iron salts, plus neutralisation salt from acid) and the complex mix of
products formed make this a far from ideal process.
It has since been revealed that iron centres are utilised for the enzymatic six-electron
reduction of nitrite to ammonia.[162] Subsequently, an iron-porphyrin complex has been
shown to be an effective catalyst for nitrobenzene reduction to aniline using
borohydride.[163]

Scheme 1-28 Mechanism for nitrobenzene reduction using iron and acid
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The first hydrogenations of nitrobenzene used nickel-based catalysts, such as Raney
nickel, promoted with chloroplatinic acid.[164]

1.5.2 Ammoxidation of 3-picoline to nicotinonitrile
Niacinamide is a key intermediate in the production of vitamin B3, or niacin. As such,
its efficient production is vital to the food industry.

With an ever-growing human

population and consequent strains on the global food supply, it is becoming necessary
to artificially supplement essential vitamins in to the diet. This presents a challenge to
catalysis as new green routes must be found to these vital compounds from readily
available feedstocks.

Scheme 1-29 Production of niacin via the ammoxidation of 3-picoline.
To this end, the ammoxidation of 3-picoline was investigated.

3-picoline has been

produced in bulk from ammonia, formaldehyde and acetaldehyde for over half a
century, using the synthetic route discovered by Chichibabin in the early 20th
century.[165]

While the reaction conditions for 3-picoline production are well

established, a detailed mechanism has only recently been determined through NMR
studies using isotopically labelled reagents.[166] Since 3-picoline is attainable from such
relatively cheap and green starting materials, it is logical to continue from there to
niacin via the greenest route available.
Ammoxidation is the production of nitriles from terminal alkanes, using air as oxidant
and ammonia as nitrogen source.

It requires a catalyst which is capable of alkane

dehydrogenation, ammonia adsorption and oxidative dehydrogenation and nitrogen
insertion.[167] As such, it requires a very different active site compared to those needed
for hydrogenation reactions. As such, it becomes an ideal reaction system to study to
investigate how an active site may be altered through changing a catalyst precursor
and the effect the differences on the activity of the catalyst.
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2 Analytical Techniques and Experimental
Details
2.1 Spectroscopic Methods
A number of spectroscopic methods were used to confirm the identity of the cluster
precursors synthesised for this project. They can be divided in to photometric and
non-photometric techniques.
Photometric methods are founded on the absorption or emission of electromagnetic
radiation at specific wavelengths due to transitions between energy levels in a variety
of quantum states.

The types of transition and where they are observed in the

electromagnetic spectrum are illustrated in Figure 2-1. The energy of the transition is
related to the wavelength of the radiation by the Planck-Einstein equation (Equation
2-1).

=ℎ
=
∴

=

Equation 2-1 Planck-Einstein equation for converting wavelength to energy. E = Photon
energy, h = Planck’s constant, ν = frequency, c = speed of light, λ = wavelength

Figure 2-1 The electromagnetic spectrum and the transitions observable by
photospectroscopy
Spectra can be collected either by sweeping through a range of monochromatic
wavelengths and measuring the absorption or emission at each individual wavelength,
or by using a broad band radiation source and applying a Fourier transform to the
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detected waveform. The Fourier transform is a mathematical technique which converts
a waveform from an amplitude (intensity) vs. time signal to an amplitude vs. frequency
plot.
The photospectroscopic techniques used in this work were infra-red spectroscopy,
energy-dispersive X-ray spectroscopy and nuclear magnetic resonance spectroscopy.
The backgrounds to these techniques and their application to analysis of clusters,
catalysts and catalysis are outlined in this chapter.
Spectra in these techniques can either be measured in transmission or emission
modes, which are illustrated in Figure 2-2.
Non-photometric methods use alternative chemical or physical probes to identify
functional groups present in a molecule.

In this work, these included mass

spectrometry, electron microscopy and Brunauer-Emmett-Teller surface area analysis.

Figure 2-2 Transmission and emission in spectroscopy

2.1.1 Infra-red spectroscopy
The main method used to confirm the identity of clusters synthesised in this work was
IR spectroscopy. This technique takes advantage of the unique frequencies at which
functional groups absorb light when transferring from lower to higher vibrational
quantum states.

The energies required for these transitions in organic groups

correspond to light in the wavelength range 25 – 250 µm, although it is traditional to
refer to them in terms of waves per cm, wavenumbers (cm-1). 25 – 250µm corresponds
to 400 – 4000 cm-1. Different types of vibration (see Figure 2-3) and different functional
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groups cause IR to be absorbed at different wavelengths. The characteristic regions
are summarised in Table 2-1.

Figure 2-3 Vibrational modes in IR spectroscopy. For "wagging" and "twisting" the
atomic motion is out of the plane of the page
Table 2-1 Typical regions in which IR bands are observed
Bond type

Stretching vibrations

Bending vibrations

C—H

2700-3100 cm-1

600-1000, 1350-1470 cm-1

C—O

970-1300 cm-1

N/A

C=O

1630-1820 cm-1

N/A

C—N

1000-1250 cm-1

N/A

C=N

1615-1700 cm-1

N/A

C≡N

2200 cm-1

N/A

O—H

3000-3400 cm-1 (high concentrations) N/A
3500-3700 cm-1 (low concentrations)

N—H

3400-3500 cm-1

1560-1640 cm-1

N—O

1350-1400, 1500-1550 cm-1

N/A

C—Cl

540-760 cm-1

N/A

Peaks will only appear in IR spectra when the vibrational mode involves a change in the
dipole moment of the functional group involved. Raman spectroscopy, another form
of vibrational spectroscopy which uses laser light to excite the molecules, detects
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vibrational modes which affect the polarisability of the functional group.

This

technique was not used in this work.
A special case for the types of materials used in this work is that of C≡Ο stretching
vibrations (designated νCO), where the CO is bound to one or more metal atoms. CO
binds to metals through donation of the lone pair on the carbon atom. However, the
bond is strengthened by back-donation of electron density from the metal in to the π*
anti-bonding orbitals of the C≡O bond (see Fig. 2-4). Increasing the electron density in
an anti-bonding orbital reduces the bond order and weakens the bond. In this case,
this leaves the νCO frequency between those of CO gas (2143 cm-1) and those for
organic carbonyl groups.

Figure 2-4 Molecular orbital diagram of CO and schematic of the metal-carbonyl bond
Where a carbonyl bridges across a metal-metal bond, the CO bond order is reduced to
two, while carbonyls which cap a three-metal face have a lower bond order again. As a
result, νCO signals are found at 1850-2200 cm-1 for terminal carbonyls, 1850-1750 cm-1
for edge-bridging carbonyls and 1620-1750 cm-1 for face-capping carbonyls.
While IR spectroscopy can be used to confirm the products formed in a cluster
synthesis, π−back bonding also enables the use of probe molecules such as CO and NO
to determine the metal atoms available at the surface of a nanoparticle, along with
their oxidation states.

More highly oxidised metal sites have less electron density

available to donate to the ligand, so of two identically coordinated probe molecules,
the one bound to a more oxidised metal will have an IR absorption band at higher
wavenumber. For example CO bound to a Ru4+ site on silica will absorb at 2135 cm-1,
while one bound to Ru2+ will absorb at 2034 cm-1.[1] By the same token, the absorption
frequencies depend on the metal the probe molecule is bound to. In comparison to
the ruthenium system, CO bound to Pt2+ produces an absorption band at 2134 cm-1.[2]
CO and NO have a number of bonding modes to metal nanoparticles, illustrated in
Figure 2-5.

As for CO ligands on cluster compounds, each type of bonding will
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produce its own unique set of absorbance bands.[3]

Linearly bound CO or NO is

equivalent to a terminal ligand and produces a single band at high wavenumber, while
geminally bound probe molecules will produce two bands, for symmetric and
antisymmetric stretching vibrations.

Figure 2-5 Bonding modes of CO and NO to metal sites
NO contains one more electron than CO, located in one of the π* orbitals.

The

presence of this unpaired electron significantly weakens the NO bond (bond
dissociation of 639 kJ mol-1 vs. 1072 kJ mol-1 for CO)[4], as well as lowering the
ionisation energy (891 kJ mol-1 vs. 1348 kJ mol-1 for CO). When bound to a suitably
active metal site NO will dissociate, oxidising the metal and combining with further NO
molecules to form nitrite (NO2-), nitrate (NO3-) and nitrogen. Thus, NO can be used to
show the presence of highly active sites in a nanoparticle catalyst.[2]

2.1.2 Nuclear magnetic resonance spectroscopy (NMR)
NMR spectroscopy is undoubtedly one of the most powerful solution state
characterisation techniques available to synthetic chemists, especially in organic
chemistry. It relies upon the transitions seen between magnetic states of a nucleus.
Only nuclei which have a non-zero nuclear spin quantum number, I, are NMR-active and
have the magnetic moment which produces the separate states. It is fortunate from a
chemist’s perspective that 1H nuclei are both the most common nuclei in the universe
and also spin ½. The nuclear magnetic energy levels are degenerate when no magnetic
field is applied, so in order for a NMR spectrum to be obtained, a significant magnetic
field must be applied to the sample. The splitting of the energy levels for an
unshielded nucleus is given by Equation 2-2. A standard NMR spectrometer, such as
the Bruker AV300 used in this work, will be set up for proton resonance at 300 MHz,
which requires a 7.05 T magnetic field.
Equation 2-2 Splitting of energy levels for an unshielded nucleus. γ = gyromagnetic
ratio for the studied nucleus, B0 = strength of the applied magnetic field (T), h =
Boltzmann constant
Δ =
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The gyromagnetic ratio varies greatly between NMR active nuclei, (26.75 x 107 T-1 s-1 for
1

H, 5.83 x 10-7 T-1 s-1 for

195

Pt, -10.03 x 10-7 T-1 s-1 for

119

Sn) meaning the peaks associated

with transitions for different nuclei are well separated in the radio spectrum.

The

exact energy of the observed transitions is dependent on the level of “shielding” of the
nuclei by the magnetic field induced by movement of electrons near the nucleus and
hence the effective magnetic field, Beff, experienced by the nucleus. Since the levels of
shielding observed for individual nuclei result in relatively small differences of a few to
a few thousand hertz in transition energy, this makes NMR highly element-specific.
The energy of the transition in NMR spectroscopy is quoted as a chemical shift, δ (in
ppm), compared to that observed for nuclei in a standard compound and calculated
according to Equation 2-3. The reference compound varies depending on the nucleus
being investigated.
31
1

1

H, 13C and

P uses phosphoric acid and

29

195

Si NMR use tetramethylsilane as their reference, while

Pt typically uses [Pt(CN)6]2-. For some nuclei, including

H, the area under peaks is quantitative and can be integrated to calculate how many

individual nuclei are represented by the peak.
Equation 2-3 Calculation of chemical shift, δ
= 10 ×

−

Table 2-2 Chemical shift, δ, ranges for commonly studied nuclei
Nucleus

Range of chemical
shifts, δ /ppm

H

-30 – 20

C

-100 – 400

Si

-350 – 40

P

-100 – 250

Sn

-1000 – 8000

Pt

-200 – 15000

1

13

29

31

119

195

The chemical shift is more positive for higher frequency (“downfield”) transitions,
which occur when the nucleus experiences lower shielding (they are “deshielded”).
More shielded nuclei experience lower frequency (“upfield”) transitions, with more
negative δ values. The common ranges of observed chemical shifts for a few nuclei are
given in Table 2-2.
As well as the chemical environment of specific nuclei, NMR also gives information on
the near neighbours of a nucleus within a compound. When two NMR active nuclei in
non-equivalent chemical environments are close together (within four bonds of each
other), they can “couple” to each other through the interaction of their induced
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magnetic fields. This results in the observed peak for each nucleus splitting in to two
or more peaks, depending on the number of nuclei being coupled to. For a nucleus
coupling to n other active nuclei, the coupling will result in a multiplet of n+1 peaks.
The peak splitting, in hertz, caused by this phenomenon will be the same for both
nuclei and thus can be used to determine which nuclei are adjacent to each other. The
magnitude of the splitting is referred to as the coupling constant, J. Where it is not
desirable to observe coupling in an NMR experiment – for example when studying

13

C

in hydrocarbons, where extensive coupling to 1H will overcomplicate the spectrum – it
is possible to “decouple” the unwanted nuclei by applying a continuous white noise of
radiation in the region of the spectrum where resonances of the nucleus to be
decoupled are observed. This is particularly important in 13C NMR spectroscopy, where
the decoupling of 1H allows carbon nuclei to be observed as singlet peaks, rather than
the multiplets that would be observed otherwise.
In metal-carbonyl clusters, the most useful nuclei to observe by NMR are protons.
Hydrogen atoms bound to metal nuclei are highly shielded and as such have negative
chemical shifts. This is unheard of for organic molecules and very important for the
structural determination of clusters.

The locations of hydrogen atoms are hard to

determine crystallographically due to their low electron density, so the presence of one
or more upfield peaks in the 1H NMR spectrum of a cluster demonstrates the presence
of hydride ligands.
13

C NMR is, by contrast a relatively weak technique for analysing carbonyl ligands, since

coupling with the quadrupolar metal nuclei in the metal core causes the 13C peaks to be
too small detect in the background noise, at the solution concentrations it is possible
to attain in standard NMR solvents. Terminal CO ligands will have chemical shifts in
the range δ = 180 – 210 ppm, with peaks due to bridging and capping ligands
appearing upfield of this, but the signals are often weak and 13C enrichment is required
to generate good spectra.[5]
While a number of transition metals have isotopes with non-zero spins and thus are
NMR active, the majority of these isotopes have spins of > ½.

As a result, the

interpretation of their spectra becomes more complex and they are not generally
studied. Some do have spin ½ isotopes, but they often have very low sensitivities. For
example,

57

Fe and

103

Rh are the only spin ½ nuclei of their elements, but their

sensitivities are five orders of magnitude lower than 1H, meaning the timescales
required to produce strong enough spectra are impractical. One nucleus which is spin
½, suitably abundant (34 %) and sensitive (0.0099 relative to 1H, similar to

13

C) is

195

Pt.

As a result, platinum environments in organometallic complexes can be studied both
directly and in the coupling of carbon and other elements in ligands to the platinum.
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2.1.3 Mass spectrometry
In mass spectrometry, compounds are identified by the weights of the molecules
themselves and the fragments produced when the compounds are ionised.
In a mass spectrometer, a solution of compound is injected in to a vacuum chamber
where it is ionised by one of a number of methods, described below.

The ionic

fragments are accelerated by a voltage and then move through a curved channel to a
detector.

The curved nature of the path taken by the fragments is caused by an

applied magnetic field. If all the ions are all assumed to have the same kinetic energy,
their velocity will depend on their mass: charge ratio, m/z.

On application of a

magnetic field, charged particles will be accelerated according to the right-hand motor
rule. The radius of curvature of the sample path is known, so the magnetic field can
be varied to direct ions of specific m/z to the detector, according to Equation 2-4.
=

!
2"

Equation 2-4 Relation of mass-to-charge ratio, m/z, to applied magnetic field, B, path
radius, r, and applied voltage, V

Figure 2-6 Calculated isotope patterns for Cl, Ru, Pt and Sn
The spectrum produced is of relative ion count versus m/z.
normalised against the most intense peak.

[6]

The ion counts are

Since the mass readings obtained from

mass spectrometers are accurate to within one Dalton, the pattern of the fragments
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seen in the spectrum will include data on the isotope distribution of the compound
being analysed. For most small organics, this will be limited to indicating the presence
of halogens. However, in organometallic chemistry, individual metal atoms will give
characteristic isotope patterns, as shown in Figure 2-6. In multinuclear clusters such
as the precursors used in this work, this leads to highly complex isotope patterns. As
a result, when mass spectrometry is used to characterise these compounds in the
literature, they are described as having the expected pattern for the molecular ion and
sequential loss of ligands, rather than quoting individual peaks, as would be the case
for organic molecules.
The ionisation methods used in this work were electron impact ionisation (EI) and
electrospray ionisation (ESI). In EI, a fine spray of compound in solution is vapourised
then bombarded with a stream of electrons from a tungsten filament. The energy of
the electrons is sufficient to knock one or more electrons from the HOMO of the
compound, resulting in the formation of a positively charged ion which is accelerated
in to the detection zone. The inherent instability of the charged species may result in
its fragmentation in to a series of smaller species which are also detected. The exact
nature of these fragmentations and of the fragments thus formed varies from
compound to compound. As a result, the pattern of m/z and intensities of detected
ions and hence the mass spectrum is characteristic to the compound being tested.
M + e-

M+• + 2e-

Equation 2-5 Ionisation in an EI mass spectrometer
ESI is generally used when the species to be studied is already charged, or is
particularly prone to fragmentation, such as a biological macromolecule[7] or an
organometallic cluster. A solution of the compound in a volatile solvent is sprayed
through an electrospray nozzle to form an aerosol. This is sampled in to the vacuum
chamber of the mass spectrometer, where the solvent begins to evaporate and the
droplets shrink. On reaching a size limit known as the Rayleigh limit, jets of solvated
ions can be emitted by the droplet, through the process of Coulomb fission. The ions
observed in this technique will frequently be associated with a proton, [M + H]+, or
sodium ion, [M + Na]+, or formed through the removal of a proton, [M - H]-. ESI-MS can
be set up to detect either positively or negatively charged ions and thus is useful for
ionic compounds where the ion of interest is the anion. This is particularly relevant to
this work, since a number of metal carbonyl clusters exist in an anionic form.
Multinuclear metal carbonyl complexes can produce hugely complex mass spectra.
The molecular ion will yield an isotope pattern based on the combined isotope ratios of
all the metals in the core. A calculated spectrum for the molecular ion of Ru3(CO)12 is
given in Figure 2-7.

The remaining structures in the spectrum will have the same

pattern, shifted downwards by multiples of 28 mass units, corresponding to the loss of
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carbonyl units. A similar pattern is seen in other clusters and it is simplest to compare
a spectrum to an expected isotope pattern.

Figure 2-7 Calculated spectrum for the molecular ion of Ru3(CO)12.

2.1.4 X-ray diffraction
The structures of crystalline materials can be determined by X-ray diffraction methods.
Wave-like radiation, including electromagnetic radiation, is diffracted when it passes
close to an object.

The diffraction effect is most pronounced when the radiation

encounters a gap roughly the same width as the wavelength of the radiation. On
passing through a single slit, the wave propagates in concentric circular arcs. When
coherent light passes through two slits, a detector will show a series of lines caused by
alternating constructive and destructive interference of the wavefronts from the two
slits. The wavelength of the radiation, angular separation of the intensity maxima and
linear separation of the slits are related by Equation 2-6. As can be seen, the angle
between maxima is inversely proportional to the spacing of diffracting apertures,
meaning that a smaller spacing will result in a wider diffraction angle.
# sin '( = )
Equation 2-6 Relation of wavelength, λ, to slit spacing, d, and angle of maximum from
a perpendicular centred at the mid-point of the slits, θ. n is a positive integer.
When coherent light passes through a pattern of apertures, a more complex
arrangement of maxima are obtained. However, it remains possible to calculate the
positions of the diffracting points from the positions of the intensity maxima.
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In crystalline materials, ions or molecules are arranged in a regular, repeating pattern.
The crystal can be broken down in to unit cells, which are sections of the structure
which can be repeated purely by translation, to make the full structure. It is possible
for there to be more than one unit cell in a structure, but the version containing the
highest symmetry is defined as the unit cell for crystallographic purposes. There are
seven basic shapes of unit cell, which are given in Figure 2-8. The unit cell will contain
one or more molecules of the compound, whose positions are related by symmetry
operations such as translations, rotations, inversion, mirror planes, glide planes and
screw axes. The locations of the molecules within the unit cell and the combination of
symmetry operations by which they are related give the space group, of which there
are 230. Through a combination of the unit cell dimensions, the number of molecules
within the unit cell and the formula weight, the density of the crystalline material is
also calculated. As an example of the data attainable from a single crystal experiment,
Table 2-3 gives the lattice parameters for Ru5(µ5-C)(CO)15,[8] PtRu5(µ6-C)(CO)16[9] and
PtRu5(µ6-C)(CO)15(µ-SnPh2).[10]

Figure 2-8 Basic unit cell shapes

Figure 2-9 X-ray diffraction pattern from a single crystal of Nd2CuO4[11]
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When X-rays are shone through a crystal lattice, the light is Rayleigh-scattered in a
multitude of directions by regions of high electron density, i.e. the regions around the
nuclei of the atoms in the structure. The three-dimensional, highly ordered and
repetitive nature of the crystal results in Bragg diffraction of the X-rays by the crystal
lattice planes, as illustrated in Figure 2-9.
Table 2-3 Crystal lattice parameters of Ru5(µ5-C)(CO)15,[8] PtRu5(µ6-C)(CO)16[9] and PtRu5(µ6C)(CO)15(µ-SnPh2).[10]
Structural formula

Ru5(µ
µ5-C)(CO)15

PtRu5(µ
µ6-C)(CO)16 PtRu5(µ
µ6-C)(CO)15(µ
µ-SnPh2)

Empirical formula

Ru5C16O15

PtRu5C17O16

PtRu5SnO15C28H10

Formula weight

937.5 1

1160.62

1405.51

Crystal system

Monoclinic

Monoclinic

Triclinic

a (Å)

16.448(3)

9.341(2)

12.711(1)

b (Å )

14.274(2)

14.957(3)

14.816(2)

c (Å )

20.834(4)

36.80(1)

9.793(1)

α (°)

90

90

102.12(1)

β (°)

91.36(2)

90.38(2)

93.621(9)

γ (°)

90

90

79.12(1)

4890.0

5141(4)

1770.3(4)

P21/c

P21/n

P1̄

8

8

2

2.55

3.00

2.637

Lattice parameters

V (Å3)
Space group
Z-value
ρcalc (g cm-3)

The resulting pattern of intensity maxima from diffraction through a single crystal is a
complex series of points of varying intensity. The full pattern can only be determined
by rotating the crystal with respect to the X-ray beam.

The spacings between the

peaks can be used to calculate the lattice and crystal structure of the material. The
symmetry of the pattern is used to determine the symmetrical operations that can be
applied within the unit cell of the crystal and hence the space group of the unit cell.
The positions in space of the peaks are used to calculate the unit cell dimensions
Once the unit cell dimensions and symmetry space group have been determined,
application of a Fourier transform to the intensities of the spots in the diffraction
pattern gives an electron density map of the structure, from which can be determined
the locations of the atoms.
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Figure 2-10 shows how constructive interference occurs within a crystal lattice. h, k
and l (the Miller indices) are integers describing the distance between the lattice planes
as a fraction of the lattice parameters (h/a, k/b, l/c).

In order for constructive

interference to occur, the path lengths of individual diffracted beams must differ by a
multiple of the wavelength. Hence, the d-spacing for a particular lattice plane can be
calculated from the measured angle of diffraction, according to Equation 2-7.
) = 2#

*+

sin '

Equation 2-7 The Bragg equation for calculating lattice spacings

Figure 2-10 Bragg diffraction from a series of crystal lattice planes
Single crystal structure determination, as the name implies, requires that a perfect
crystal of the material to be studied is grown.

In order for there to be sufficient

diffraction for the pattern to be observable, the size of the crystal must typically be
>100 µm in each direction, with no significant imperfections. Where it has not been
possible to grow sufficiently large crystals, but a crystalline material has been
obtained, it is possible to measure a diffraction pattern for a fine powder.
In a powder, thousands of small crystallites are randomly aligned. This results in the
observed diffraction pattern being a superposition of the observed patterns for a
crystal over a broad range of angles of incidence.

Observed on a single crystal

diffractometer, the diffraction pattern would appear as concentric circles centred on
the X-ray beam. In an actual powder diffraction measurement, a flat disc of powder is
placed in an X-ray beam, with the beam at a small angle off parallel to the surface.
This angle is taken as θ in Figure 2-10. The detector is held at the same angle to the
surface at the opposite end of the sample. Both X-ray source and detector are moved
through a defined arc on a goniometer centred on the sample. The detector detects Xrays diffracted from near to the surface, producing a series of peaks at angles of 2θhkl,
corresponding to reflections from the lattice planes hkl.
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2.2 Nanoparticle Generation
Nanoparticles were generated according to the procedure described by Shephard et
al.[12] The appropriate amount of the required silica (see Table 2-4 for calculations) was
weighed in to a round bottomed flask.

Vacuum from a Schlenk line was applied

carefully to avoid drawing the silica in to the vacuum system. The sample was heated
to 200°C in an oil bath and maintained at temperature for two hours. After cooling,
the flask was re-filled with nitrogen and a solution of the cluster precursor, sufficient
to give a 3 wt% metal loading, in solvents which would cause it to re-crystallise was
added to the silica, along with a magnetic stirrer bar. The solution and support were
stirred for at least 16 hours. The solvent was removed under flowing nitrogen. The
sample was placed under vacuum, heated to 200°C and held there for two hours. After
cooling, the activated catalysts were stored under nitrogen.
Table 2-4 Calculations of loading requirements for 3 wt% metal on silica
Nanoparticle

Precursor formula

stoichiometry

RMM

RMM

Precursor

(cluster)

(metals

required for

in

500mg

particle)

catalyst /mg

Ru3

Ru3(CO)12

641.7

305.7

31.5

Ru5

Ru5(µ5-C)(CO)15

937.5

505.4

27.8

Ru3Sn

Ru3(CO)11(µ-H)(SnPh3)

965.7

425.6

34.0

Ru3Sn3

Ru3(CO)9(µ-H)3(SnPh3)3

1613.8

665.4

36.4

Ru6Sn

[PPN][Ru6(µ6-C)(CO)16(SnCl3)]

1834.3

731.3

37.6

Ru3Co

[PPN][CoRu3(CO)13]

1264.9

362.2

52.4

Ru5Co

[PPN][CoRu5(µ5-C)(CO)18]

1563.2

564.4

41.5

Ru5Pt

PtRu5(µ6-C)(CO)16

1160.6

700.4

24.9

Ru5PtSn

PtRu5(µ6-C)(CO)15(µ-SnPh2)

1405.5

819.1

25.7

Ru2Pt2Sn2

Pt2Ru2(SnBut3)2(CO)9(µ-H)2

1429.9

829.7

25.9

Co

Co2(CO)8

341.9

117.9

43.5

Sn

SnPh3Cl

386.0

119.9

48.3

Re

Re2(CO)10

653.9

373.9

26.2

Re2Sb

Re(CO)8(µ-H)(µ-SbPh2)

873.9

494.8

26.5

Re2Sb2

Re(CO)8(SbPh2)2

1147.8

615.7

28.0

Re2Bi2

Re(CO)8(BiPh2)2

1324.0

791.9

27.6

Bi

BiPh3

440.1

209.0

31.6
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Figure 2-11 Structures of a selection of molecular cluster precursors
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2.3 Catalyst Characterisation
2.3.1 In Situ FTIR Spectroscopy
IR spectroscopy can be used to investigate a broad range of catalytic sites and support
properties. Choice of the appropriate probe molecule can give evidence to Lewis and
Brønsted acidity and basicity, metal oxidation states and redox capability. As a semiquantitative technique, it is possible to use the intensities of IR absorptions to compare
the availability of active sites between catalyst samples.
All catalyst supports must have a functional group to which the catalyst can bind. In
the case of the silica supports used in this work, this is the Si—O—H group. The O—H
bonds in silanols absorb at 3000 – 3800 cm-1[13] and comparison between the spectra of
a blank silica sample and those loaded with catalyst will show the relative surface
coverage and thus the dispersion of the catalyst.
Ammonia can be used as a probe molecule to investigate the acidity of catalyst sites.[14]
The nitrogen lone pair adsorbs to both Lewis (electron-accepting) and Brønsted
(proton-donating) acidic sites. Both have the effect of removing electron density from
the nitrogen centre and lowering the frequency of the νNH stretching vibration.[15]
Stronger acid sites will have a greater effect, thus allowing acid strength to be
compared through the variation in νNH.[16]
Samples of catalyst were ground in to a fine powder and compressed in to selfsupporting wafers. The wafers were mounted in gold holders and placed in specially
designed cells (see Figure 2-12), which could be attached to vacuum ultimate pressure
<10-5 Torr) and gas lines to perform the in situ adsorption-desorption experiments, as
appropriate. FTIR spectra of the samples (ca. 5 mg cm-2) were recorded with a Bruker
IFS88 spectrometer at a resolution of 4 cm-1. The samples were outgassed and heated
to the desired temperature in vacuo. Since some probe molecules, especially CO, can
adsorb to silica at low temperatures, adsorption experiments were carried out at room
temperature.

Samples were mounted in specially designed cells which were

permanently connected to a vacuum line (ultimate pressure <10-5 Torr) to perform the
in situ adsorption-desorption experiments. FTIR spectra were reported in difference
mode, subtracting the spectrum of the sample under vacuum from the spectra of the
sample with probe molecules adsorbed.
The probe molecules used in this work were CO and NO and their potential has been
outlined previously. The probe molecules were adsorbed at low pressures (up to 50
mbar) so that spectra could be obtained in the presence of the gas without masking
the absorption bands of adsorbed species.
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determine whether the probe molecule adsorption was reversible at the temperatures
used.

Figure 2-12 Sample cell used in in situ FTIR spectroscopy

2.3.2 Brunauer-Emmett-Teller surface area determination
The surface areas of mesoporous materials were determined by Brunauer-EmmettTeller (BET) analysis.[17] In this technique, nitrogen is adsorbed on to the surface of a
material at 77K and low pressures.

Starting from vacuum, carefully controlled

quantities of nitrogen gas are dosed on to a sample and the pressure allowed to
equilibrate. At equilibrium, the nitrogen is adsorbing and desorbing from the surface
at equal rates. The adsorbed nitrogen will form an energy-minimised structure across
the available surface of the sample. In BET theory, it is assumed that the gas adsorbs
in multilayers, a development on Langmuir theory,[18] which calculates the fractional
coverage of adsorption sites in a monolayer.
1
−1 /
1
=
4 56
,-./ ⁄/0 − 12
,3
/
,3
= exp 4

:

−
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5

Equation 2-8 The BET equation. P = equilibrium pressure, P0 = saturation pressure of

adsorbent, v = volume of adsorbed gas, vm = monolayer adsorbed gas volume, E1 = heat
of adsorption for first layer, EL = heat of liquefaction, R = Avogadro’s number, T =
temperature
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BET theory assumes that when gas molecules adsorb to a surface, they do so in solid
layers, that they can form an infinite number of these layers, that there is no
interaction between layers and that Langmuir theory can be applied to the formation of
each layer. Layers above the first are assumed to be liquid-like, with their adsorption
enthalpy given as the enthalpy of liquefaction of the adsorbent gas. The equations
resulting from these assumptions are given below.
When using nitrogen as adsorbent at 77 K, P0 = 1 atm. When P/P0 is plotted against

1/v-.P0/P0–12, a straight line is obtained in the region between 0.05 < P/P0 < 0.35, from
which a gradient, G, and intercept, I, can be obtained. From these, the monolayer

volume, vm, and hence the surface area can be calculated (see Equation 2-9).
,3 =
KLMN =

1
I6J

,3 OP
"Q

Equation 2-9 Derivation of surface area, SBET, from BET pressure readings. N =

Avogadro's constant, s = adsorption cross-section of adsorbent species, V = molar
volume of adsorbate gas, a = mass of adsorbent (in g)

The adsorption cross-section of nitrogen is dependent on the nature of the surface, but
for silica surfaces has been calculated to be 13.5 Å2.[19]

The main limitation of BET

surface area measurements is in the requirements for accessibility of surface sites for
adsorption and for reaction. A region can have its surface area measured if there is a
pore accessing it which a nitrogen molecule can fit through. However, N2 is a small
molecule and hence can access smaller pores than any organic molecule which may be
used as a substrate, or organometallic cluster which may be used as a precursor. As a
result, the surface area calculated from BET measurements may be larger than the
accessible area available to precursors or reagents.

2.3.3 Electron microscopy
Two forms of electron microscopy are used in this work, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Both are imaging techniques which
involve bombarding a sample with a high-energy electron beam, but form their images
by different methods.
In SEM (see Figure 2-13), the image is formed from the back-scattering (both elastic
and inelastic) of the electrons from the sample. As a result, it is a surface technique
and the resulting images show the geometry of particles down to a few nanometres in
diameter. The electron gun in a SEM accelerates the electron beam to between 0.5 and
40 keV, depending on the machine.

The beam is focussed through one or more

condenser lenses and then directed to targeted points on the sample by the objective
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lens and deflector coils. It is the objective lens and deflector coils which define the
size of the electron beam when it reaches the sample and hence the magnification and
resolution of the microscope. The beam is rastered across the sample to generate the
full image.

Figure 2-13 Schematic of a scanning electron microscope
Since the sample must be able to disperse an electric charge, the surface must be
conducting. In order to prepare insulating samples for analysis by SEM, they must first
be coated with a thin layer of either gold or carbon.

This is performed by vapour

deposition. Gold is the more conducting material, but may interfere with the energydispersive X-ray (EDX, see below) spectra of other metals in the sample, so carbon is
used for samples where metal concentration is an important measurement.
At the point of impact with the sample, electrons are scattered by interaction with the
sample, reaching a maximum penetration depth of ~5 µm. The depth of penetration
depends on the electron beam energy, sample density and atomic number of the
elements in the sample. Elastically scattered electrons are detected by the backscatter
detector.

Since elastic scatter is an atomic number-dependent phenomenon, the

images produced by this technique show brighter spots in regions of a sample
containing heavier elements.
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Inelastically scattered electrons, or secondary electrons, are those that have been
ejected from core shells by impact with electrons in the beam.

They have a lower

energy, so their detection requires acceleration on to a photodiode. The brightness of
this image depends on the angle of impact of the beam on to the sample, meaning this
is a topographic technique, giving an image of the shape of a sample, but no data on
its composition.
When electrons are ejected from core shells, they are replaced by electrons relaxing
from higher-energy orbitals.

This relaxation is accompanied by the emission of a

photon of light in the X-ray region of the electromagnetic spectrum. The energy of the
photon is characteristic to the element in question, so detection of these X-rays can
give information on the composition of the sample.

If this analysis is required for

heavy metals, it is preferential to have coated the sample with carbon rather than gold,
since the X-rays emitted by carbon are relatively low in energy and will not interfere
with the emissions of higher weight elements.
Equation 2-10 Relation of resolution to wavelength. d = resolution, l = wavelength, n =
refractive index of the sample, a = half-angle of the beam
#=

2) sin W

Equation 2-11 De Broglie equation for the wavelength of a particle. λe = wavelength
(m), h = Planck's constant, m0 = rest mass of particle (kg), E = energy of particle (J), c =
speed of light (ms-1)
≈

Y2

ℎ

41 6

2

5

In TEM (Figure 2-14), the image is generated by diffraction of electrons passing
through a sample. This places the key requirement on a sample to be thin, typically
<200 nm. This enables the electrons to pass through the sample with minimal energy
loss. Thicker and denser samples cause greater energy loss. Inconsistent energy loss
across a sample can result in loss of focus and hence resolution, a phenomenon known
as energy loss aberration.
In optical microscopy, the resolution of an image is related to the wavelength of the
light source used (Equation 2-10).

In TEM, the images are produced by electron

diffraction and scattering, so the resolution of the images produced is dependent on
the de Broglie wavelength of the electrons in the beam. The wavelength of particles in
motion is related to the energy of the particles by Equation 2-11. Since at the energies
required for TEM to be viable, electrons approach the speed of light, relativistic effects
on the mass of the electron must be considered when focussing the beam. As in SEM,
the electron beam is focussed by magnetic lenses.
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TEMs can generate images in three modes. The most common is bright field imaging,
so-called due to the sample appearing dark against a bright background. The image is
taken behind the sample and the contrast is caused by the diffraction and reflection of
electrons from the beam by the sample. Denser areas and regions of higher electron
density appear darker.

Figure 2-14. Schematic of a transmission electron microscope
The second image which can be attained is the electron diffraction pattern. Since the
de Broglie wavelength of the electrons in the beam is, like X-rays, in a suitable range to
be diffracted by the interatomic spacings in a crystal lattice, a diffraction pattern akin
to those seen in single crystal X-ray structure determination can be seen for a suitably
crystalline sample.

The electron diffraction pattern is obtained at the diffraction

aperture.
The final imaging method is high-angle annular dark field (HAADF).

A ring-shaped

(annular) detector is positioned behind the sample but out of the electron beam path.
Only electrons which have been scattered by the sample are detected and hence the
sample gives a bright image on a dark background (hence dark field). The electrons
detected by this method are scattered by Rutherford scattering, whereby electrons are
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deflected by coulombic interaction with regions of high electron density.

Since

electron density increases with atomic number, this is a Z-contrast technique and the
angle of the detector to the beam can be varied to maximise the intensity for specific
elements.[20, 21]
HAADF has been a key technique in the characterisation of cluster-derived
nanoparticles on silica supports. The relatively low atomic number of silicon means
that, using an appropriately aligned detector ring, the nanoparticles will appear as
bright dots, with the silica a shadow.[22] Rotating the sample in the electron beam and
taking a sequence of images, in a manner analogous to single-crystal X-ray
crystallography, allows one to build a three-dimensional representation of the structure
of a support and the locations of nanoparticles within it.[23] This method, known as
electron tomography, has been used to show the size and location of nanoparticles
derived from [Pd6Ru6(CO)24]2- [23] and from [Ru10Pt2(µ6-C)2(CO)28]2- [24] within the structure of
MCM-41. The use of 3-D electron tomography allows it to be definitively confirmed
that the catalyst particles are located within the pores rather than on the external
surface of the silica support (see Figure 2-15).

Figure 2-15 Tomographical images of (left) Pd6Ru6 and (right) Pt2Ru10 within the pores
of MCM-41. The Pd6Ru6 are viewed down the length of the pores, in a view generated
from multiple tilt angles.[23] Pt2Ru10 is shown within a surface render of a single pore.[24]

2.4 Catalysis
The catalysis in this work has been carried out under batch conditions, using a high
pressure reactor. The use of elevated pressures increases the boiling points of liquid
components of a reaction mixture, allowing normally volatile compounds to be heated
to well above their boiling points at atmospheric pressure. A schematic of the reactor
used in this work is given in Figure 2-16.
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Figure 2-16 Schematic of Parr pressure reactor, total volume 160 ml.
The reactor was heated by an external mantle, with the temperature controlled
automatically by computer. The practical temperature limit of this variety of reactor is
determined by the liner used. PTFE is unstable above ~150 °C, with PEEK being stable
to ~200 °C. The pressure limit is determined by the burst disc, which must be rated to
a pressure significantly above that intended for the reaction, to allow for some overrun
on heating and provide a safety release were a runaway reaction to occur. When using
a gas other than air, it is necessary to ensure the reactor is fully purged.

This is

generally achieved by filling and venting the reactor at least thrice, with at least 10 bar
of the reagent gas used each time. It is preferable to use a liquid sampling port to fill
the reactor with in order to sparge the reaction mixture.

2.4.1 Gas chromatography
The conversions and selectivities of the catalytic reactions were determined using gas
chromatography (GC).

This is a chromatographic technique where mixtures of

compounds are separated according to their levels of interaction with the lining of a
capillary column under helium flow. A typical GC set-up is depicted in Figure 2-17. In
order for compounds to separate by GC, they must be in the vapour phase within the
programmed temperature range of the oven.
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Figure 2-17 GC set-up with injector and detector detail
In a GC analysis, a sample of solution is injected by syringe through the septum of the
injector.

The exact volume injected is dependent on the size of the column, the

concentrations of the components and the split ratio used, but in the current work was
in the range 0.5 – 2.0 µl. The sample is injected in to a glass liner which is filled with
glass wool and heated to a sufficient temperature to vaporise the components. The
carrier gas (helium in this work) flows through the liner to the column. At the column
inlet, the carrier gas may either go down the column or to the split exhaust. The ratio
of the two gas flows (split and column) can be varied to dilute the amount of sample
entering the column, preventing overload of both the column and the detector. The
split ratio in this work was set to approximately 100:1, i.e. 100 ml of helium went to
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exhaust for every 1 ml that entered the column. In the systems used in this work
(Perkin-Elmer Clarus 400 and Clarus 480), the flow rate of carrier gas is controlled by
adjusting the pressure at the injector.
The column oven controls the temperature at which the separation is run.

By

programming a ramped temperature profile, the rate at which the components move
along the column can be adjusted, thereby enabling control over the separation and
retention times of components. It is critical that the oven is hot enough for all the
components being analysed to be in either the liquid or gas phase, since if solids form
the column will block.
The column is a glass capillary tube lined with a thin layer of stationary phase. The
nature of the functional groups in the stationary phase determines the type of
separation which can be obtained by a specific column. Two different Perkin-Elmer
columns were used in this work – an Elite-5 and an Elite-WAX. Both columns were 30 m
long.
The Elite-5 column was 30 m long and had an internal diameter of 0.25 mm, with a
lining thickness of 0.25 µm.

The stationary phase in this column is a cross-linked

polysiloxane, containing 95 % methyl and 5 % phenyl side groups. Without the phenyl
groups, this stationary phase would be inert to most mixtures of chemicals which
could be injected on to it, interacting purely through van der Waals forces and eluting
the components in order of increasing boiling point. However, the phenyl groups are
polarisable and their presence enables some degree of separation by polarity as well.
This is well demonstrated in the separation of cyclohexanol and cyclohexanone (the
constituents of K-A oil, a key intermediate in nylon production). These compounds
have very similar boiling points (161 °C for cyclohexanol, 155 °C for cyclohexanone)
and would be very difficult to separate on a purely methyl column, with cyclohexanone
eluting fractionally faster.

However, on the Elite-5 column separation of these

components is relatively facile, with the higher-boiling cyclohexanol eluting first.
The Elite-WAX column had the same dimensions as the Elite-5 column. However the
stationary

phase

consisted

of

a

highly

cross-linked

polyethylene

glycol

(HO[ CH2 CH2 O]nH). This leads to separation of compounds based significantly on the
polarity of the compounds in the analyte mixture.

More polar compounds interact

more strongly with the stationary phase and hence elute more slowly. Strongly acidic
and basic compounds can interact too strongly for ideal separation and often suffer
from peak tailing.
The nature of GC separation, requiring the components to be in the vapour phase
before they can load on to the column, means that very high boiling components
cannot be separated. Salts and high melting point compounds must not be injected
since they may block the column.
85

Jonathan Blaine

Techniques and Experimental

On elution from the column, the sample vapours pass through a detector, where they
produce a response proportional to their concentration in the original sample.

A

number of detector types are available, including thermal conductivity (versus a
reference), electron capture (ionisation by a β-emitter), pulsed discharge ionisation
(ionisation by ionised helium), infrared (continuous monitoring of the IR spectrum of
the exhaust), a mass spectrometer (GC-MS) or, the most common detector and the type
used in this work, flame ionisation.
In a flame ionisation detector (FID), as depicted in Figure 2-17, the exhaust gases from
the column are ignited in a hydrogen-air flame. The ions produced in the flame are
detected by a sensitive voltmeter, giving a response proportional to amount of
compound in the flame. The data is transmitted to a computer which plots voltage
(typically in millivolts) against response time.

Thus, when a detectable compound

enters the detector, a peak is observed. The area under the peak is measured and
used to calculate the concentrations of the various components of the sample.
The major limitation of a FID is that it is purely quantitative and cannot determine the
nature of the compounds passing through it. As a result, when developing a method it
is necessary to determine the retention times of all possible products of your reaction.
Also, since the flame used is a hydrogen-air flame, water cannot be detected by a FID.
The nature of the chemical processes occurring in the flame also means that certain
organics will not give a response. The rule of thumb for organics is that the compound
must have a carbon attached to the functional group. This means that formic acid and
carbon monoxide will not be detected by the FID. A consequence of this is that, for
liquid-phase catalysis sampling where water and formic acid are possible products,
their retention times may overlap with other components, affecting peak shape without
appearing on the trace themselves. This also means it is not advisable to use water as
a solvent with a FID, since you cannot know its retention time and whether you are
obtaining good separation.
Where unknown peaks appear, GC-MS can be employed. In this method, the exhaust is
fed directly in to the sampling port of a mass spectrometer.

The resulting

fragmentation pattern can be compared to a library of known compounds to determine
the most likely product.
Since detector responses are strongly dependent on the exact quantity of sample
injected, it is necessary to have a reference compound in the sample. This is known as
an internal standard and is mixed with the sample either as a part of the initial reaction
mixture, or pre-injection to the GC. The first option is preferred since the quantity of
standard only needs to be measured once and weighing errors are reduced. However,
occasionally it is not possible to find an appropriate compound which is both soluble
and unreactive under the reaction conditions. Once an appropriate standard has been
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determined, the GC method can be calibrated using a range of reagent and product
concentrations and constant standard concentration.

The relative responses of the

analytes to the internal standard are then used to plot calibration curves, according to
Equation 2-12, below.
Z[\]P .Q)Q\^_]0
`!]Q .Q)Q\^_]0
=
Z[\]P .P_Q)#Q!#0 `!]Q .P_Q)#Q!#0
Equation 2-12 Relation between peak area and molar quantity of compounds in GC
analysis
From the concentrations attained by GC analysis, conversions and selectivities can be
calculated. Conversions and selectivities are given in mol % and defined by Equation
2-13.
Conv. % =

moles of initial substrate – moles of residual substrate
x 100
moles of initial substrate
Sel. % =

moles of individual product
x 100
moles of total products

Equation 2-13 Calculations of conversion and selectivity from GC results

2.5 Cluster Synthesis
Dichloromethane (DCM) and tetrahydrofuran (THF) were dried by standard techniques
(over CaH2 for DCM, sodium/benzophenone for THF) and freshly distilled under
nitrogen or argon prior to use. All other solvents were reagent grade and used without
further purification.
from Fisher.

Chromatography was performed on silica gel 60A, purchased

Florisil™ (magnesium silicate) was purchased from Sigma Aldrich.

Ru3(CO)12, Co2(CO)8, (COD)PtCl2, HSnPh3, SnCl2, [PPN]Cl and Me3NO were purchased from
Sigma Aldrich and used without further purification.

All cluster syntheses, except

those performed in a pressure reactor, were carried out under an atmosphere of dry N2
using standard Schlenk techniques.
IR spectra were recorded on a Perkin-Elmer BX spectrometer, using a NaCl solution cell
with 0.2mm path length.
spectrometer.

1

H and

13

C NMR spectra were obtained on a Bruker AV300

Mass spectra were recorded on a MicroMass Platform II single

quadrupole mass spectrometer using electrospray ionisation. Single crystal XRD was
carried out on a Bruker Nonius FR591 KappaCCD.
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2.5.1 Ru6(µ
µ6-C)(CO)17[25, 26]

Figure 2-18 Structure of Ru6(µ6-C)(CO)17
Ru6(µ6-C)(CO)17 was prepared by a modified version of the literature method, using a
lower pressure of ethylene than previously reported (18 bar as opposed to 30 bar).
This was due to the mixture over-reacting when 30 bar of ethylene was used and
producing a red solution of unknown, non-air-stable products rather than the desired
purple crystals. In a typical synthesis, Ru3(CO)12 (0.5 g, 0.78 mmol, Sigma Aldrich) and
heptane (50 ml, Fisher, used without further purification) were placed in a 160 ml Parr
pressure reactor equipped with overhead stirrer and internal thermocouple.

The

reactor was sealed and purged three times with 20 bar ethylene (BOC, CP grade,
99.999%) then finally filled to 18 bar. The reactor was heated to 165 °C with stirring.
On initialisation of stirring, the pressure dropped to 10 bar as the ethylene dissolved in
the heptane.

After four hours, the heating mantle was removed and the reactor

allowed to cool overnight.

The supernatant red liquid was decanted off and the

product purple crystals were washed with 3 * 10 ml hexane. Yield 212.4mg (0.194
mmol, 50 %). IR (νCO, DCM): 2067 (vs), 2047 cm-1 (vs).

2.5.2 Ru5(µ
µ5-C)(CO)15[8]

Figure 2-19 Structure of Ru5(µ5-C)(CO)15
Ru5(µ5-C)(CO)15 was prepared by a modified version of the literature method.

The

pressure of CO used was reduced from 80 bar to 40 bar with no effect on the yield. In
a typical synthesis, Ru3(CO)12 (502 mg, 0.78 mmol) was used to prepare Ru6(µ6-C)(CO)17,
as above. After the washing step, the product was left in the reactor and 50ml of fresh
heptane was added. The reactor was sealed and purged three times with 30 bar of CO,
then finally filled to 40 bar. Stirring was started and the reactor heated to 90 °C for
four hours. After cooling, the deep red solution of products was transferred to a 250
ml Schlenk flask wrapped in tin foil (to prevent the decomposition of Ru(CO)5 to
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Ru3(CO)12, which is caused by light and the absence of CO) and the solvent and Ru(CO)5
by-product removed under vacuum. The product red solid was extracted with 3 * 50
ml hot hexane and hot filtered, then re-crystallised at -20 °C. Yield 173.1 mg, 0.185
mmol, 47 % against Ru3(CO)12.

2.5.3 [PPN]2[Ru6(µ
µ6-C)(CO)16][27]

Figure 2-20 Structure of the [Ru6(µ6-C)(CO)16]2- anion
[PPN]2[Ru6(µ6-C)(CO)16] was prepared according to the literature method.[27] In a typical
synthesis, Ru6(µ6-C)(CO)17 (30 mg, 0.027 mmol) was suspended in methanol (5 ml,
anhydrous) and potassium hydroxide (0.5 pellets, crushed) was added. The mixture
was stirred for 60min, until all solid Ru6(µ6-C)(CO)17 had dissolved and reacted, leaving
a red solution.

PPNCl (67.0mg, 0.117 mmol) was added, inducing precipitation of

bright red [PPN]2[Ru6(µ6-C)(CO)16], which was filtered off and washed with 3 * 5 ml
hexane. Yield 55.0 mg, 0.026 mmol, 96 %. IR (νCO), DCM): 1976 (vs), 1918 (w), 1780
cm-1 (w, br) (Lit. 1976 (vs), 1917 (w) and 1782 cm-1 (w)).

2.5.4 [PPN][Ru6(µ
µ6-C)(CO)16SnCl3][28]
[PPN][Ru6(µ6-C)(CO)16SnCl3] was prepared from Ru6(µ6-C)(CO)17 via Ru6(µ6-C)(CO)16SnCl2,
according to the literature.[28] Ru6(µ6-C)(CO)17 (40 mg, 0.036 mmol) and SnCl2 (9.5 mg,
0.05 mmol) were refluxed in DCM (50 ml) for four days. (PPN)Cl (28.0 mg, 0.05 mmol)
was added and the reaction mixture was stirred for 18 hours and filtered through a
silica plug. The solvent was removed under vacuum. The resulting red product was
re-crystallised from DCM:hexane, yielding red crystals of [PPN][Ru6(µ6-C)(CO)16SnCl3]
(22.4 mg, 0.018 mmol, 50 %). IR (νCO, DCM): 2087 (w), 2056 (vs), 2033 (s), 2025 (s),
1988 (w, sh), 1971 (w,sh), 1822 cm-1 (w, br) (Lit. 2086, 2056, 2035, 2026, 1987, 1973
and 1825 cm-1 (br)). The obtained crystal structure is given in Figure 2-21.
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Figure 2-21 Crystal structure of [PPN][Ru6(µ6-C)(CO)16SnCl3] showing 40% thermal
probability ellipsoids. Protons have been removed for clarity.

2.5.5 PtRu5(µ
µ6-C)(CO)16[9]
(CO)
Pt
(OC)3Ru
(OC)3Ru

C

CO
Ru(CO)2
Ru(CO)3

Ru
(CO)3
Figure 2-22 Structure of PtRu5(µ6-C)(CO)16
PtRu5C(CO)16 was prepared according to the literature method, via (COD)PtRu5C(CO)14
(COD = 1,5-cycloctadiene).[9]

Anhydrous Na2CO3 (45.4 mg, 0.42 mmol, Fisher) was

added to a solution of Ru5C(CO)15 (36.5 mg, 0.039 mmol) in dry methanol (12 ml,
Acros). The solution was stirred for 45 minutes. Pt(COD)Cl2 (16.0 mg, 0.043 mmol) in
DCM (20 ml, distilled over CaH2) was added and the solution stirred for a further 60
minutes, causing a colour change from red to brown. The solvent was removed under
vacuum and the resulting solid extracted with 3 * 10 ml DCM. The combined extracts
were filtered through a Florisil column (15 x 300 mm). The solvent was removed from
the resulting pink solution, leaving a dark red solid.
2

1

H NMR (CDCl3): 6.04 ppm (t, 4H,

JPt-H = 72.9 Hz), 2.38 (dd, J=55.00, 8.80 Hz, 8H). IR(νCO, DCM): 2075 (w), 2067 (m),

2049 (s), 2033 (vs), 2011 (s), 1986 cm-1 (m, br). This data is consistent with a mixture
of (COD)PtRu5C(CO)14 and PtRu5C(CO)16, as expected from the literature at this stage.
The solid was re-dissolved in dry DCM (10ml) and stirred for 30 min, while bubbling
CO through the solution.

The solvent was removed under vacuum leaving red,
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crystalline PtRu5C(CO)16 (8.09 mg, 6.8 µmol, 17 % (Lit. 41 %, IR (νCO, DCM): 2065 (s),
2050 (vs), 2004 (m), 1874 cm-1 (w, br). Lit: 2067 (s), 2051 (vs), 1872 cm-1 (w, br)).

2.5.6 PtRu5(µ
µ6-C)(CO)16(µ
µ-SnPh2)[10]
(CO)
Pt
(OC)3Ru
(OC)3Ru

C

SnPh2
Ru(CO)2
Ru(CO)3

Ru
(CO)3
Figure 2-23 Structure of PtRu5(µ6-C)(CO)16(µ-SnPh2)
PtRu5C(CO)16(µ-SnPh2) was synthesised according to the literature procedure.[10]

In a

typical synthesis, PtRu5C(CO)16 (16 mg, 0.014 mmol) was dissolved in hexane (50 ml).
HSnPh3 (5 mg, 0.014 mmol) was added in suspension in hexane (5 ml) and the mixture
was stirred for 2 hours.

The solvent was removed under vacuum, leaving a red

powder. This was re-dissolved in hexane (5 ml) and recrystallized at -78 °C, yielding red
PtRu5C(CO)16(µ-SnPh2) (4.5 mg, 0.003 mmol, 22%). IR (νCO, DCM): 2090 (w), 2059 (s),
2040 (vs), 2029 (sh), 2019 (sh), 1993 (sh), 1971 cm-1 (vw). (Lit. 2090 (m), 2060 (vs),
2043 (vs), 2031 (m), 2021 (m), 1992 (w), 1973 (w).)

1

H-NMR (CD2Cl2) δ = 7.20-7.65 (m)

(lit. 7.46-7.70 (m)).

2.5.7 HRu3(CO)11(SnPh3)[29]
HRu3(CO)11(SnPh3) was prepared by the literature method, via Ru3(CO)11(NCMe).[30]
Ru3(CO)12 (30 mg, 0.047 mmol) was dissolved in DCM (50 ml). Acetonitrile (10 ml) was
added and the solution cooled to -78 °C in a dry ice-acetone bath.

A solution of

trimethylamine-N-oxide (3.8 mg, 0.050 mmol) in DCM (5 ml) was added dropwise and
the bath allowed to warm to room temperature.

The solvent was removed under

vacuum, to leave yellow-orange Ru3(CO)11(NCMe), which was not characterised due to
its instability at room temperature. DCM (40 ml) was added and the solution cooled to
-40 °C in dry ice-isopropanol. HSnPh3 (18.0 mg, 0.051 mmol) in DCM (5 ml) was added
dropwise. The mixture was maintained at -40 °C for two hours, before allowing to
warm to room temperature and removing the solvent under vacuum. Separation of the
product by TLC using 4:1 hexane:DCM yielded red-orange HRu3(CO)11(SnPh3) (20.2 mg,
0.021 mmol, 44.7 %). IR (νCO, DCM): 2126 (w), 2076 (s), 2048 (vs), 2028 (w), 2010 (w),
2002 cm-1 (s) (Lit. 2127 (w), 2078 (m), 2050 (w), 2010 (sh), 2003 cm-1 (m)).
(CDCl3) δ = -18.1 ppm (s) (Lit -18.0 ppm).
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Figure 2-24 Structure of HRu3(CO)11(SnPh3)

2.5.8 H3Ru3(CO)9(SnPh3)3[31]

Figure 2-25 Structure of H3Ru3(CO)9(SnPh3)3
H3Ru3(CO)9(SnPh3)3 was prepared by the higher yield literature method, reported by
Adams et al. in 2008. [32] Ru3(CO)12 (50 mg, 0.078 mmol) was dissolved in heptane (50
ml) at 50 °C. HSnPh3 (100 mg, 0.285 mmol) was added in suspension in heptane (10
ml). Hydrogen was bubbled continuously through the mixture, which was heated until
a red precipitate formed. The solvent was removed under vacuum and the product
mixture separated by TLC, using 6:1 hexane:DCM, yielding H3Ru3(CO)9(SnPh3)3, which
was re-crystallised from hexane/DCM. Yield 19.4 mg, 0.012mmol, 15 %. IR (νCO, DCM):
2083 (m), 2041 (vs), 2030 cm-1 (m, sh) (Lit. 2083 (m), 2041 (s), 2028 cm-1 (m, sh)). 1H
NMR (CD2Cl2) δ = 7.2-7.47 (m), -14.64 (s) (Lit. 7.22–7.59 (m, 45H, Ph), -14.60 (s, 3H,
hydride).

2.5.9 [PPN][Co(CO)4]

Figure 2-26 Structure of the [Co(CO)4]- anion
[PPN][Co(CO)4] was prepared according to a combination of literature methods.[33, 34]
Co2(CO)8 (365 mg, 1.06 mmol) was dissolved in THF (10 ml) and NaOH (1 pellet,
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crushed) was added. The mixture was stirred for 2 hours. A solution of [PPN]Cl (1.0g)
in DCM (10 ml) was added, resulting in an instantaneous colour change from brown to
blue-green. The mixture was stirred for a further 20 minutes, then celite (1 spoon) was
added and the solution filtered. The solvent was removed to yield a pale green solid,
which was re-crystallised from DCM (10 ml) and diethyl ether (15 ml) at -18 °C. The
product was obtained as pale green crystals (907 mg, 1.28 mmol, 60 %).

2.5.10

[PPN][CoRu3(CO)13][35]

Figure 2-27 Structure of the [CoRu3(CO)13]- anion
[PPN][CoRu3(CO)13]

was

synthesised

according

to

the

literature

method.[35]

[PPN][Co(CO)4] (109 mg, 163 mmol) and Ru3(CO)12 (106 mg, 165 mmol) were dissolved
in THF (125 ml).

The mixture was heated to reflux for 2 hours.

The solvent was

removed and the resultant solid extracted with DCM (3 * 10 ml), the solvent volume
reduced to 10 ml and the product crystallised by layering with hexane and storing in a
refrigerator. Dark red crystals of [PPN][CoRu3(CO)13] were obtained (103.4 mg, 81.6
mmol, 49.5 %). IR (νCO, DCM): 2067 (w), 2018 (s), 1987 (m, br), 1793 cm-1 (m, br) (Lit.
2072 (w), 2024 (vs), 1992 (m), 1823 (w, sh), 1794 cm-1 (m, br)).

2.5.11

[PPN][CoRu5(µ
µ6-C)(CO)16][36]

Figure 2-28 Structure of the [CoRu5(µ6-C)(CO)16]- anion
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To a solution of [PPN]2[Ru6(µ6-C)(CO)16] (101.0 mg, 0.047 mmol) in THF (10 ml) was
added Co2(CO)8. The reaction mixture was stirred at room temperature for five hours
then the solvent was removed under vacuum. The product mixture was separated by
column chromatography using silica deactivated with 10 wt% H2O. The initial solvent
composition was 4:1 DCM:hexane, which was sufficient to isolate a red-brown band of
[PPN][CoRu5(µ6-C)(CO)16] (41.4 mg, 0.026 mmol, 55 %).
recrystallised from DCM-hexane.
1827(w, br) cm

-1

[PPN][CoRu5(η6-C)(CO)16] was

IR (νCO, DCM): 2018(vs), 1994(m,sh), 1960(w, br),

(Lit. 2019(s), 1995(w) cm-1); MS - (Lit. M/Z 1024, followed by

sequential loss of 16 carbonyl ligands).[37]

2.6 Catalyst Preparation
In all cases, catalysts were prepared to have a total metal loading of 3 wt% vs. support,
using the ratios calculated in Table 2-4.
Cluster-derived nanoparticle catalysts were prepared according to the method first
described by Shephard et al.[12] Mesoporous silica (Davisil 923, 30 Å pore diameter)
was weighed in to a round-bottomed flask and gently placed under vacuum. It was
important to take care when de-gassing the silica, since weakly adsorbed water would
evaporate rapidly at room temperature, causing the silica to ‘boil’. Once this initial
evaporation was complete, the temperature was increased to 200 °C, whee it was
maintained for two hours. It was then cooled to room temperature, before re-filling
the flask with dry nitrogen. A solution of precursor was prepared in a solvent mixture
suitable for re-crystallisation.

The solution was added to the silica in a round-

bottomed flask, along with a stirrer bar and placed under dry nitrogen. The mixture
was stirred for a minimum of 16 hours and the solvent then removed under a slow flow
of nitrogen. The flask was placed under vacuum and heated to 200 °C and maintained
at that temperature for two hours.

2.7 Catalysis
Liquid-phase catalysis reactions were carried out in a 160 ml, stainless steel Parr
reactor, fitted with internal thermocouple, overhead stirring, liquid and gas sampling
ports and a 2000 psi burst disc. The reactor was fitted with either a PTFE or PEEK liner,
depending on the reaction temperature (PTFE at or below 125 °C, PEEK above) due to
the thermal expansion properties of the plastic – at higher temperatures, the PTFE liner
would deform and cause the base to jam the stirrer.

The reactor was heated by a

heating mantle. For hydrogenation reactions, the reactor was purged three times with
30 bar, or the desired reaction pressure, whichever is lower, of hydrogen to ensure the
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complete replacement of all air in the reactor (a minimum of 1000-fold dilution).
Samples were taken at the appropriate times by halting stirring and removing a portion
of the liquid through the liquid sampling port.

The samples were centrifuged to

separate any catalyst collected with the sample. The product mixtures were analysed
by GC (Perkin Elmer Clarus 400 series, fitted with flame ionisation detector). The full
GC methods are given below. The columns used were either a Perkin Elmer Elite-5
(crossbond 5% diphenyl – 95% dimethyl polysiloxane, 30 m length, 0.25 mm inner
diameter,

0.25

µm

film

thickness)

or

a

Perkin

Elmer

EliteWAX

(crossbond

poly(ethyleneglycol), 30 m length, 0.25 mm inner diameter, 0.25 µm film thickness).
GC calibrations were performed by preparing five solutions of varying concentrations
of the reagents and potential products of a reaction, along with the internal standard.
The range of concentrations was chosen to cover the values expected from the
reaction.

Each sample was injected in to the GC three times, and the peak areas

measured and averaged.

2.7.1 Nitrobenzene hydrogenation
Ethanol (50 ml, Fisher HPLC grade), nitrobenzene (0.5 g, Sigma Aldrich) and 1-butanol
(0.5 g, Fisher, GC internal standard) were added to the reactor, fitted with the PTFE
liner, along with 50 mg of catalyst. After sealing and purging, the reactor was filled
with 10 bar H2 (BOC) and sealed. Stirring was started and the reactor heated to 100 °C.
Samples were taken after 30, 90 and 180 minutes. GC analysis was performed using
the Elite-5 column, using a 100:1 split on the injector, which was held at 220 °C. The
carrier gas (He) pressure was 12.0 psi. The column oven was held at 80 °C for 2
minutes, then ramped at 10 °C/min to 220 °C, then finally held at 220 °C for 10
minutes to ensure any condensation products were cleared from the column.

The

detector was held at 250 °C.

Figure 2-29 Calibrations for (a) nitrobenzene and (b) aniline against 1-butanol
Calibration standards were prepared using solvent, reagent and standard as above,
along with aniline (Fisher). The calibration graphs are given in Figure 2-31.
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2.7.2 Picoline ammoxidation
The catalysts were first activated by heating to either 200 °C or 400 °C under vacuum
for two hours. Prior to catalysis, supported nanoclusters were placed in a 250 ml highpressure stainless steel reactor with a PEEK liner and reduced for 2 hours at 200 °C
under 20 bar of H2.

The reactor was then depressurised and cooled to room

temperature, before introducing the 3-picoline (5.0 g) and solvent (toluene, 25 mL).
After introducing the reactant and the internal standard (tetralin; 100 mg), the reactor
was purged thrice with dry nitrogen prior to the introduction of NH3 (20 bar) and air
(40 bar).

During the reaction, small aliquots were removed by using a mini-robot

autosampler. The products of the reaction were analysed with gas chromatography
(G.C. Varian Model 3400 CX) employing an Agilent HP-1 capillary column (25 m x 0.32
mm) and flame ionization detector.

The HP-1 column has a polymethylsiloxane

coating, with no phenyl substitution.

2.7.3 Hydroxymethylfurfural hydrogenation
Hydroxymethylfurfural (HMF, 1.0 g, Sigma-Aldrich) and 1-chlorobutane (1.0 g, Fisher)
were added to a round-bottomed flask containing 1-butanol (50 ml, Fisher). This was
sonicated until the HMF had fully dissolved (approx. 5 min.). The solution was added
to the PTFE-lined 160 ml pressure reactor, along with the catalyst (50 mg). The reactor
was charged with H2 (30 bar) and heated to the desired temperature. Samples were
taken as required, centrifuged and analysed by GC. The GC method used the Elite-WAX
column, using a 100:1 split on the injector, which was held at 220 °C. The carrier gas
(He) pressure was 12.0psi. The column oven was held at 50 °C for 3 minutes, then
ramped at 20 °C/min to 220 °C, then finally held at 220 °C for 15 minutes to ensure
any condensation products were cleared from the column. The detector was held at
250 °C. 1 µl of sample was injected.

Figure 2-30 Calibration graphs for (l) HMF and (r) DMF vs. 1-chlorobutane
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Calibration standards were prepared using HMF (Sigma-Aldrich), 2,5-dimethylfuran
(DMF, Sigma-Aldrich), 1-chlorobutane (Fisher) and 1-butanol (Fisher). The calibration
graphs for HMF and DMF are given in Figure 2-32.

2.7.4 Cinnamaldehyde hydrogenation

Figure 2-31 Calibrations for (a) CA, (b) CO, (c) HCO and (d) HCA, against 1chlorobutane
Solvent (2-propanol, heptane or THF, 50 ml, Fisher), cinnamaldehyde (5.0g, SigmaAldrich), 1-chlorobutane (5.0 g, Fisher, for 2-propanol and heptane) or decane (1.0 g,
Sigma-Aldrich, for THF), and catalyst (50 mg) were added to the Parr pressure reactor,
fitted with the PTFE liner. The reactor was sealed and purged with 3 * 10 bar H2 and
then filled to 20 bar with H2. Stirring was started and the reactor was heated to the
desired temperature (100 or 150 °C). Samples were taken at 0, 60, 120, 180 and 300
minutes. GC analysis was performed using the Elite-WAX column, using a 100:1 split
on the injector, which was held at 220 °C. The carrier gas (He) pressure was 12.0 psi.
The column oven was held at 75 °C for 2 minutes, then ramped at 5 °C/min to 220 °C,
then finally held at 220 °C for 10 minutes to ensure any condensation products were
cleared from the column.

The detector was held at 250 °C.

injected.
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Calibration standards were prepared using reaction solvent (Fisher), internal standard,
cinnamaldehyde, cinnamyl alcohol, hydrocinnamaldehyde, and 3-phenylpropanol (all
Sigma-Aldrich). Since hydrocinnamaldehyde was only available at a guaranteed purity
of 90%, separate standards were prepared for this component. The calibration graphs
are given in Figures 2-34.

Figure 2-32 Calibrations for (a) CA, (b) CO, (c) HCO and (d) HCA, against decane

2.7.5 Acrolein hydrogenation
Since acrolein is very toxic by inhalation and also highly volatile (b.p. = 53 °C, vapour
pressure @ 20 °C = 0.28 bar), reaction mixtures for acrolein hydrogenation were
prepared in a stoppered flask then transferred to the pressure reactor, containing the
catalyst (100 mg), once mixed.

Acrolein (1.0 g, Sigma-Aldrich), 1-butanol (1.0 g,

Fisher) and 2-propanol (10 ml) were added to the pressure reactor, which was sealed
and purged with 3 * 10 bar H2 (BOC). The reactor was finally filled to 10 bar with H2,
stirring was started and the reactor heated to 100 °C. Heating was stopped after three
hours.
GC calibration was carried out using solutions prepared from 2-propanol (Fisher),
acrolein

(Sigma-Aldrich),

1-propanol

(Fisher),

allyl

alcohol

(Sigma-Aldrich),

propionaldehyde (Sigma-Aldrich) and 1-butanol (Fisher). The GC was set up with an
Elite-WAX column, using a 100:1 split on the injector, which was held at 220 °C. The
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carrier gas (He) pressure was 12.0psi.

The column oven was held at 50°C for 2

minutes, then ramped at 5 °C/min to 120 °C, then ramped at 15 °C/min to 220 °C, then
finally held at 220 °C for 10 minutes to ensure any condensation products were cleared
from the column. The detector was held at 250 °C. 1 µl of sample was injected. The
calibration graphs are given in Figure 2-35.

Figure 2-33 Calibrations for (a) acrolein, (b) propionaldehyde, (c) 1-propanol and (d)
allyl alcohol, against 1-butanol

2.8 References
[1]

J. Evans, G. S. McNulty, J. Chem. Soc., Dalton Trans., 1984, 0, 1123.

[2]

E. Ivanova, M. Mihaylov, F. Thibault-Starzyk, M. Daturi, K. Hadjiivanov, J. Mol.
Catal. A Chem., 2007, 274, 179.

[3]

K. Hadjiivanov, J. C. Lavalley, J. Lamotte, F. Maugé, J. Saint-Just, M. Che, J.
Catal., 1998, 176, 415.

[4]

S. E. Mayer, J. Phys. Chem., 1969, 73, 3941.

[5]

P. J. Dyson, J. S. McIndoe, Transition Metal Carbonyl Cluster Chemistry, 2 ed.,
Taylor & Francis Inc, Bosa Roca (USA), 2000.

[6]

Molecular Weight Calculator, v. 6.48, M. Monroe, http://ncrr.pnl.gov/software/

[7]

J. A. Loo, Int. J. Mass spectrom., 2000, 200, 175.

[8]

B. F. G. Johnson, J. Lewis, J. N. Nicholls, J. Puga, P. R. Raithby, M. J. Rosales, M.
McPartlin, W. Clegg, J. Chem. Soc. Dalton Trans., 1983, 277.

[9]

R. D. Adams, W. Wu, J. Cluster Sci., 1991, 2, 271.
99

Jonathan Blaine

Techniques and Experimental

[10]

R. D. Adams, B. Captain, W. Fu, J. Organomet. Chem., 2003, 671, 158.

[11]

http://www.wmi.badw.de/methods/xray.htm

[12]

D. S. Shephard, T. Maschmeyer, B. F. G. Johnson, J. M. Thomas, G. Sankar, D.
Ozkaya, W. Z. Zhou, R. D. Oldroyd, R. G. Bell, Angew. Chem. Int. Ed. Engl.,
1997, 36, 2242.

[13]

B. A. Morrow, I. A. Cody, L. S. M. Lee, J. Phys. Chem., 1976, 80, 2761.

[14]

E. Gianotti, E. C. Oliveira, S. Coluccia, H. O. Pastore, L. Marchese, Inorg. Chim.
Acta, 2003, 349, 259.

[15]

J. Shen, R. D. Cortright, Y. Chen, J. A. Dumesic, J. Phys. Chem., 1994, 98, 8067.

[16]

A. Zecchina, L. Marchese, S. Bordiga, C. Paze, E. Gianotti, J. Phys. Chem. B,
1997, 101, 10128.

[17]

S. Brunauer, P. H. Emmett, E. Teller, J. Am. Chem. Soc., 1938, 60, 309.

[18]

I. Langmuir, J. Am. Chem. Soc., 1916, 38, 2221.

[19]

L. Jelinek, E. sz. Kovats, Langmuir, 1994, 10, 4225.

[20]

S. J. Pennycook, L. A. Boatner, Nature, 1988, 336, 565.

[21]

J. C. Yang, S. Bradley, J. M. Gibson, Mater. Charact., 2003, 51, 101.

[22]

J. M. Thomas, P. A. Midgley, T. J. V. Yates, J. S. Barnard, R. Raja, I. Arslan, M.
Weyland, Angew. Chem. Int. Ed., 2004, 43, 6745.

[23]

M. Weyland, P. A. Midgley, J. M. Thomas, J. Phys. Chem. B, 2001, 105, 7882.

[24]

J. M. Thomas, R. Raja, B. F. G. Johnson, T. J. O'Connell, G. Sankar, T. Khimyak,
Chem. Commun., 2003, 1126.

[25]

B. F. G. Johnson, J. Lewis, S. W. Sankey, K. Wong, M. McPartlin, W. J. H. Nelson, J.
Organomet. Chem., 1980, 191, C3.

[26]

B. F. G. Johnson, R. D. Jonston, J. Lewis, Chemical Communications (London),
1967, 0, 1057a.

[27]

S. Hermans, T. Khimyak, B. F. G. Johnson, J. Chem. Soc. Dalton Trans., 2001,
3295.

[28]

S. Hermans, B. F. G. Johnson, Chem. Commun., 2000, 1955.

[29]

K. Burgess, C. Guerin, B. F. G. Johnson, J. Lewis, J. Organomet. Chem., 1985,
295, C3.

[30]

G. A. Foulds, B. F. G. Johnson, J. Lewis, J. Organomet. Chem., 1985, 296, 147.

[31]

R. D. Adams, B. Captain, M. B. Hall, E. Trufan, X. Yang, J. Am. Chem. Soc., 2007,
129, 12328.

[32]

R. D. Adams, B. Captain, E. Trufan, J. Organomet. Chem., 2008, 693, 3593.

[33]

W. F. Edgell, J. Lyford, Inorg. Chem., 1970, 9, 1932.

[34]

J. K. Ruff, W. J. Schlientz, Inorg. Synth., 1974, 15, 87.

[35]

P. C. Steinhardt, W. L. Gladfelter, A. D. Harley, J. R. Fox, G. L. Geoffroy, Inorg.
Chem., 1980, 19, 332.

[36]

T. Nakajima, H. Konomoto, H. Ogawa, Y. Wakatsuki, J. Organomet. Chem.,
2007, 692, 4886.

[37]

P. J. Dyson, A. K. Hearley, B. F. G. Johnson, T. Khimyak, J. S. McIndoe, P. R. R.
Langridge-Smith, Organometallics, 2001, 20, 3970.

100

Jonathan Blaine

RuxPtySnz Nanoparticles for Nitrobenzene Hydrogenation

3 RuxPtySnz Cluster-Derived Nanoparticle
Catalysts: Spectroscopic Investigation into
the Nature of Active Multinuclear Single
Sites
3.1 Introduction
Key to the future development of highly active and selective catalysts is the knowledge
and use of extra metals as modifiers and dopants.[1-3] These extra metals can act to aid
dispersion of the catalytically active metal sites,[4] improve the stability of the active
catalyst,[5] alter the electronic properties of the active metals,[6,
adsorption sites for reagents.

[8]

7]

or act as further

Optimising both the dopant used and the

stoichiometry of the final catalyst is critical to finding low energy, clean routes to
industrially valuable chemicals.
A well-studied class of cluster-derived nanoparticle catalysts is those containing one or
more PGMs in combination with tin as an oxophile.[9,

10]

In these and previous

experiments, it was observed that with ruthenium-based systems, the inclusion of
platinum[11] and then tin[12] improve the catalytic turnover in hydrogenation reactions. In
the work here reported, cluster-derived RuxPtySnz/SiO2 catalysts were tested in the
liquid-phase hydrogenation of nitrobenzene to aniline (see Scheme 3-1). The catalysts
used in this work were generated from the previously reported monometallic
Ru5(CO)15(µ5-C),[13]

bimetallic

PtRu5(CO)16(µ6-C)[14]

and

trimetallic

PtRu5(CO)15(µ6-C)(µ-

SnPh2) , to illustrate the changes induced by the introduction of platinum and tin, as
[15]

well as the novel cluster Pt2Ru2(SnBut3)2(CO)9(µ-H)2,[16] used to investigate the effect of
increasing both the platinum and tin contents of the catalyst. The structures of the
clusters are given in Figure 3-1.

The activity of the catalysts in nitrobenzene

hydrogenation was related to the available metal sites via FTIR studies of the
adsorption of CO and NO on the catalyst surface.
Nitrobenzene hydrogenation is widely used in the preparation of methylene diphenyl
diisocyanates, which are precursors to polyurethane plastics.[17] Global annual aniline
production is on the megaton scale.
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Scheme 3-1 Production of MDPI from benzene.

Scheme 3-2 Hydrogenation route for nitrobenzene as determined by Haber[18]
The hydrogenation of nitrobenzene involves the selective reduction of the –NO2 to -NH2
without concurrent reduction of the benzene ring.[19, 20]

Until recently, the generally

accepted hydrogenation sequence for this process was established by Haber in 1898[18]
and is given in Scheme 3-2.

In 2005, an alternative mechanism was proposed by

Gelder et al (see Scheme 3-3),

[19]

where nitrosobenzene (PhNO) is a side product formed

from dehydrogenation of the adsorbed species PhNOH. In the Gelder mechanism, the
production

of

nitrosobenzene,

azobenzene

(PhN=NPh)

and

azoxybenzene

(PhN(O)=NPh) (right-hand route) occur under reaction conditions low in adsorbed
hydrogen. By implication, non-coupled products will be favoured by higher reaction
pressures, a result the authors note in only observing even trace quantities of coupled
impurities when performing the reaction under low pressures.
From the Gelder mechanism it is clear that, in common with the majority of
hydrogenation reactions, the first key step in the reaction is the chemisorption of
hydrogen to the metal surface.

The first stage involving nitrobenzene requires the

extraction of one oxygen atom, the hydrogenation of the other and the binding of the
nitrobenzene to the metal surface, most likely through the nitrogen.

This clearly

cannot be a single step, but the exact order of steps is uncertain. The most likely
driver of this sequence will be the formation and desorption of a water molecule.
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Scheme 3-3 Alternative route for nitrobenzene hydrogenation[19]
The reaction route will then depend on the mass transfer of hydrogen and
nitrobenzene to the catalyst surface.

Nitrosobenzene formation requires the re-

abstraction of a hydrogen atom to the catalyst surface and may occur in low
concentrations of nitrobenzene and under low pressures of hydrogen.

These

conditions will be exacerbated by a low mixing rate. Under hydrogen-poor or acidic
conditions, two adjacent Ph—NOH species may couple by dehydration, forming
azoxybenzene.

This

can

then

undergo

two

hydrogenations,

followed

by

hydrogenolysis to form aniline.
Under vigorously stirred, high-hydrogen conditions, hydrogenation of Ph—NOH occurs
forming phenyl hydroxylamine. This then re-adsorbs to the metal with water again
eliminated, forming a Ph—NH species which can be hydrogenated to aniline.
It is clear that, in this mechanism, the key to the formation of aniline and the
mechanism followed is the ready availability of hydrogen at the catalyst surface. In
agreement with this, it has been previously shown that, at high concentrations of
nitrobenzene, the kinetics of the reaction are zero-order with respect to nitrobenzene.
In other words, the rate depends only on the concentration of hydrogen available at
the catalyst surface.
The formation of water in this reaction can be considered analogous to the hydrogen
oxidation reaction at the anode of fuel cells. Lei et al have developed a PtRu/C coreshell catalyst containing a ruthenium-rich core surrounded by a platinum-rich shell.[21]
This structure was shown to be more active in hydrogen oxidation than off-the-shelf
PtRu/C catalysts, where the platinum-rich region was found in the core. This indicates
that hydrogen oxidation in PtRu systems is enhanced when there is a greater
availability of platinum at the catalyst surface.
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The standard industrial catalyst for this reactions based on nickel or copper and gasphase conditions are used.[22]

However, because of the relative ease of the

hydrogenation, it is a well-studied reaction for determining activity of noble metal
catalysts under mild conditions.[23, 24]

Various efforts have been devoted in order to

improve the selectivity of heterogeneous supported metal catalysts in this reaction; for
example, the catalysts have been modified by alloying,[25] through adding promoters[26]
and exploiting strong metal support interaction.[24]
As discussed in Chapter 1, the molecular cluster precursor PtRu5(CO)15(µ-SnPh2)(µ6-C),
has been used to prepare the trimetallic nanoparticle catalyst Ru5PtSn/SiO2. This has
proven to be an excellent hydrogenation catalyst for hydrogenation of alkenes,
aldehydes (to alcohols)[27] and esters (to alcohols).[12] It has also recently been shown
that magnesia-supported nanoparticles derived from PtRu5(CO)15(µ-SnPh2)(µ6-C) have
uniform Ru5PtSn stoichiometry, as opposed to those prepared by co-impregnation of
salts, which consist of a mixture of RuxSny and Pt particles.

The cluster-derived

catalysts showed high selectivity towards hydrogenation of C=O over C=C, in the
hydrogenation of citral.[28] The limited range of metal complexes containing RuxPtySnz
that have been structurally characterized mostly contain phosphine ligands bound to
the platinum for stabilisation.[29-33] As has been mentioned previously, phosphine
ligands are difficult to be removed by calcination and can have adverse effects on the
catalytic performance of nanoparticle metal catalysts.
The novel, non-phosphine-containing cluster Pt2Ru2(SnBut3)2(CO)9(µ-H)2 was synthesised
and thus it was decided to investigate the role of the Ru:Pt:Sn ratio in the catalytic
activity of cluster-derived RuxPtySnz/SiO2 systems.

The clusters depicted in Figure x

were used as precursors and the hydrogenation of nitrobenzene to aniline was chosen
as the test reaction. The active sites were also characterised by FTIR spectroscopy of
adsorbed CO and NO and the spectra correlated to the activity and stability of the
catalysts.
The first three clusters (Ru5(CO)15(µ5-C), PtRu5(CO)16(µ6-C) and PtRu5(CO)15(µ-SnPh2)(µ6-C))
were chosen due to the progressive addition of new metals on to the Ru5 core, whilst
retaining the basic structure. While the core structure of Pt2Ru2(SnBut3)2(CO)9(µ-H)2 is
significantly different to those of the other precursors (tetrahedral rather than
octahedral and with no interstitial carbon), it is the only known cluster containing
ruthenium, platinum and tin in a 1:1:1 ratio in the absence of phosphine ligands.
Adams et al have reported the sequence of clusters Ru3(CO)9(µ-SnPh2)3[Pt(PBut3)]x (x = 03), synthesised through the sequential addition of Pt(PBut3) moieties to Ru3(CO)9(µSnPh2)3.[29] These may have made good precursors for comparison of Ru:Pt:Sn ratios,
but the use of Pt(PBut3)2 as platinum source means they are inappropriate for use as
cluster precursors.
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Figure 3-1 Structures of the molecular cluster precursors a) Ru5(CO)15(µ5-C), b)
PtRu5(CO)16(µ6-C), c) PtRu5(CO)15(µ-SnPh2)(µ6-C), d) Pt2Ru2(SnBut3)2(CO)9(µ-H)2

3.2 Experimental
3.2.1 Preparation of metal complexes supported on silica
The catalysts Sn/SiO2, Ru5/SiO2, Pt/SiO2, Ru5Pt/SiO2, Ru5PtSn/SiO2 and Ru2Pt2Sn2/SiO2,
were prepared using the organometallic precursors listed in Table 3-1 and anchored (3
% metal loading) on to mesoporous silica (Davisil 923) with a pore diameter of 30 Å, as
described in Chapter 2. The metal cluster precursors Ru5(CO)15(µ5-C)[34], PtRu5(CO)16(µ6-C),
and PtRu5(CO)15(µ-SnPh2)(µ6-C) were prepared as described in Chapter 2. Additionally, a
co-impregnation catalyst containing Ru, Pt and Sn in an equimolar ratio and a total
metal loading of 3 wt%, was prepared using the precursors Ru3(CO)12 (7.7 mg, 0.012
mmol), Pt(COD)Cl2 (13.4 mg, 0.036 mmol) and ClSnPh3 (13.9 mg, 0.036 mmol) and
silica (500 mg, degassed at 200 °C for 2 hours). This catalyst was activated under
flowing 5 % H2 in N2 at 350 °C for 90 min. This catalyst is hereafter designated CIRuPtSn-SiO2.

Pt2Ru2(SnBut3)2(CO)9(µ-H)2 was prepared according to the reported

procedure.[16] For the precursor compounds used in these experiments, it was found
that a hexane: dichloromethane solution was appropriate for loading them on to silica.
The activated samples were tested in nitrobenzene hydrogenation and were
characterized by FTIR spectroscopy by adsorbing NO and CO as probe molecules.
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Table 3-1 Organometallic precursors and acronyms used for the catalysts (COD =
1,5-cyclooctadiene).
Organometallic Precursor

Catalyst

HSnPh3

Sn/SiO2

Ru5(CO)15(µ
µ5-C)

Ru5/SiO2

Pt(COD)Cl2

Pt/SiO2

PtRu5(CO)16(µ
µ6-C)

Ru5Pt/SiO2

PtRu5(CO)15(µ
µ-SnPh2)(µ
µ6-C)

Ru5PtSn/SiO2

Pt2Ru2(SnBut3)2(CO)9(µ
µ-H)2

Ru2Pt2Sn2/SiO2

Mixed Ru3(CO)12, (COD)PtCl2, Ph3SnCl

CI-RuPtSn/SiO2

3.2.2 Catalysis
Ethanol (50ml, Fisher HPLC grade), nitrobenzene (0.5g, Sigma Aldrich) and 1-butanol
(0.5g, Fisher, GC internal standard) were added to the reactor, fitted with the PTFE
liner, along with 50mg of catalyst. After sealing and purging, the reactor was filled
with 10 bar H2 (BOC) and sealed. Stirring was started and the reactor heated to 100 °C.
Samples were taken after 30, 90 and 180 minutes.

For kinetic analysis, higher

concentrations of nitrobenzene (5.0 g, 0.041 mol) and 1-butanol (5.0 g) were utilised.
These gave a total liquid volume of 60.1 ml, leaving headspace of 100 ml in the
reactor. At 10 bar and room temperature (20 °C), this is sufficient volume for 0.04 mol
H 2.

Since the complete conversion of nitrobenzene to aniline requires three

equivalents of H2, it was necessary to top up the hydrogen pressure at regular intervals
due to the speed of the reaction.

The hydrogenation of nitrobenzene to aniline is

highly exothermic (∆H = -490 kJ mol-1), so care was taken in heating the reaction
mixture to avoid a thermal runaway.
For recycling tests, the catalyst was centrifuged out of the remaining reaction mixture,
washed three times with methanol and dried at 50 °C. The catalyst was weighed and
the quantities of starting materials to adjust for the catalyst lost in sampling.
GC analysis was performed using the Elite-5 column, using a 100:1 split on the
injector, which was held at 220 °C. The carrier gas (He) pressure was 12.0psi. The
column oven was held at 80 °C for 2 minutes, then ramped at 10 °C/min to 220 °C,
then finally held at 220 °C for 10 minutes to ensure any condensation products were
cleared from the column. The detector was held at 250 °C.

3.2.3 Characterisation
FTIR spectra of adsorbed NO and CO were performed at room temperature using the
equipment described in Chapter 2.

The spectra reported herein are the result of
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subtraction of the spectra of the fresh catalyst, from those of the catalysts with CO or
NO adsorbed.
Surface area measurements and adsorption studies were carried out employing a
Micromeritics Gemini 2375 Surface Area Analyser, using the multipoint BET method
and gas adsorption measurements were carried out at 77 K.
SEM imaging and EDX analysis were carried out on a JEOL JSM-5910 using carboncoated samples.

3.3 Results and Discussion
3.3.1 Synthesis and Characterization of Pt2Ru2(SnBut3)2(CO)9(µ-H)2
The

group

of

Burjor

Captain

at

the

University

of

Miami

synthesised

Pt2Ru2(CO)9(SnBu 3)2(µ-H)2, a novel trimetallic RuxPtySnz cluster containing ruthenium,
t

platinum and tin in a ratio of 1:1:1.

The cluster was obtained by reaction of

Pt2Ru4(CO)18 with But3SnH at hexane reflux. The complex was characterized by solution
phase IR and 1H NMR, and by single crystal X-ray crystallography. A CrystalMaker
thermal ellipsoid diagram of the molecular structure is shown in Figure 3-2.

Figure 3-2 A CrystalMaker image showing the molecular structure of
Pt2Ru2(CO)9(SnBut3)2(µ-H)2 at 40% thermal ellipsoid probability. The methyl groups on the
But groups have been omitted for clarity. Selected interatomic distances (Å) and angles
(°) are as follows: Pt(1) – Pt(2) = 2.8105(2), Pt(1) – Ru(1) = 2.9008(3), Pt(1) – Ru(2) =
2.8430(3), Pt(1) – Sn(1) = 2.6801(3), Pt(2) – Sn(2) = 2.6709(3), Pt(1) – H(2) = 1.71(4),
Pt(2) – H(1) = 1.74(5), Sn(1) – Pt(1) – Ru(5 2) = 117.686(10), Sn(1) – Pt(1) – Pt(2) =
143.836(8), Pt(2) – Pt(1) – Ru(2) = 60.280(8)

107

Jonathan Blaine

RuxPtySnz Nanoparticles for Nitrobenzene Hydrogenation

The cluster consists of a tetrahedron of platinum and ruthenium atoms. Each SnBut3
group is terminally coordinated to a platinum atom. There are two hydride ligands
which were located and refined crystallographically that bridge two of the Ru-Pt bonds.
The equivalence of the hydride ligands is demonstrated by the single resonance they
give in the 1H NMR spectrum (δ = -10.48, 1JPt-H = 745 Hz, 2JPt-H = 32 Hz, 2JSn-H = 11 Hz).
According to Polyhedral Skeletal Electron Pair Theory,[35] the cluster core is electrondeficient, having a valence electron count of 58, rather than the expected 60 for a
tetrahedral cluster. However, it is known that tetrahedral clusters containing platinum
can contain 58 valence electrons.[36]

In particular the cluster Ru2Pt2(CO)8(PPh3)2(µ-H)2,

which contains a tetrahedral Ru2Pt2 core, has 58 valence electrons in the core.[37] While
the core of the starting material, Ru4Pt2(CO)18, fragmented during the reaction, no Pt-Sn
or Ru-Sn products were isolated from the reaction mixture.

3.3.2 Catalysis
Nitrobenzene conversions and selectivities to aniline achieved by employing various
combinations and stoichiometries of the RuxPtySnz catalysts are given in Figure 3-3.
100
90

Conversion
Selectivity

80
70

Mol %

60
50
40
30
20
10
0

Sn/SiO2
Sn/SiO

2

Ru5/SiO2
Ru /SiO
5

2

Ru5Pt/SiO2
Ru Pt/SiO
5

2

Ru5PtSn/SiO2
Ru2Pt2Sn2/SiO2
Ru
5PtSn/SiO2 Ru2Pt2Sn2/SiO2

Catalyst
Figure 3-3 Conversions and selectivities to aniline in the hydrogenation of
nitrobenzene using RuxPtySnz cluster-derived supported nanoparticles. See Table 3-2 for
reaction conditions.
As can be seen (from Figure 3-3), tin on its own is catalytically inactive, displaying both
a very low conversion and poor selectivity to aniline; whilst Ru5/SiO2 produces about 60
% conversion and 85 % selectivity. The inclusion of platinum in the precursor,
progressing from Ru5/SiO2 to Ru5Pt/SiO2, gives an improvement in the activity of the
catalyst in nitrobenzene hydrogenation, as well as in the selectivity to aniline. This
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result clearly suggests that the presence of Pt sites has a beneficial effect on the
catalytic performances. Noble metals such as Pt, Ru and Rh are often used as
heterogeneous catalysts in hydrogenation reactions, without any selectivity. It has been
shown that platinum on its own is a highly active catalyst for chloronitrobenzene
hydrogenation, with the activity lowered significantly by the presence of ruthenium.[38]
PtxRuy nanoparticles have also been shown to oxidise hydrogen more readily than
either pure metal, with the optimal activity being achieved when x=y.[39] This indicates
that a PtRu-containing multimetallic system should be highly active for hydrogenation
of oxygen-containing molecules. Tin has been widely used as a ‘promoter’ in
heterogeneous catalysis, and has been shown to increase dramatically the selectivity of
ruthenium-based catalysts in a variety of chemical transformations.[40] It has also been
reported that the presence of tin in supported Pt and Ru catalysts has a positive effect
in the selective hydrogenation of various organic molecules, such as α,β-unsaturated
aldehydes

[41]

and dienes.[3] The beneficial effects of tin in selectively deactivating

certain catalytic sites on the surface thereby impeding undesirable side reactions,[42,
43]

along with its versatility for alloying with other metals thereby influencing the

surrounding electronic environment, have also been proposed.[44]
In this work, it was found that by including tin in a trimetallic nanoparticle catalyst,
forming, the activity and selectivity of the catalyst in the hydrogenation of
nitrobenzene to aniline is greatly improved. By further increasing the proportions of
platinum and tin in the catalyst to form Ru2Pt2Sn2/SiO2, these effects are enhanced still
further, the combination of greater tin and platinum contents giving a catalyst which
obtains 100 % conversion and 100 % selectivity to aniline. Recycling studies have also
shown the Ru2Pt2Sn2/SiO2 catalyst to be highly stable and reusable under the reaction
conditions employed.
Table 3-2 Surface area and catalytic performance for the monometallic, bimetallic and
trimetallic catalysts used for the hydrogenation of nitrobenzene.
Catalyst

Surface

Conv.
2

Sel.

-1

(cluster)a

area /m g

a

TON

Sn/SiO2

493

11.8

77.94

38

Ru5/SiO2

456

57.9

84.63

792

Ru5Pt/SiO2

530

78.3

100

1485

Ru5PtSn/SiO2

458

89.6

100

1987

Ru2Pt2Sn2/SiO2

385

100

100

2247

Catalytic turnover number (TON) is based on number of moles of substrate converted
per mole of cluster precursor. Reaction conditions: nitrobenzene (0.5 g), ethanol (50
ml), 1-butanol (0.5 g), H2 (10 bar), catalyst (50 mg), 100 °C, 3 hours.
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Analysis of the reaction mixture by GC-MS showed that the other, non-aniline products
in the catalysis consisted of a small quantity of cyclohexylamine and some unidentified
higher boiling point compounds. Phenylhydroxylamine was not detected.[45, 46]
Table 3-2 contrasts the surface areas and summarises the catalytic performance of the
various catalysts used in this study. Catalytic turnover numbers (TON) for each catalyst
(c.f. Figure 3-3) have been represented as the number of moles of substrate converted
per mole of active cluster precursor. There is a distinct increase in the TON in moving
progressively from the monometallic to the trimetallic analogues, which is in good
agreement with the previous observations.[9, 27]
Kinetic analysis was also performed using the Ru5PtSn/SiO2 and Ru2Pt2Sn2/SiO2 catalysts,
in order to further evaluate the role of the active sites in the kinetic region. Initial
testing with lower amounts of starting material using the Ru2Pt2Sn2/SiO2 catalyst
demonstrated that the reaction proceeded to completion within 30 minutes. As it was
not possible to make meaningful rate comparisons for evaluation of turnover
frequencies under these conditions, the catalytic tests were repeated with an increased
concentration of substrate (5.0 g nitrobenzene in 50 ml ethanol, 100 °C, 10 bar H2).
The results are summarized in Figure 3-4, below, with the results of recycling the
Ru2Pt2Sn2/SiO2 catalyst summarised in Table 3-4.
100.0
90.0
80.0
Conversion/ mol%

70.0
60.0

Ru Pt
Pt Sn
Sn /SiO
/SiO
Ru
Ru2Pt2Sn2/SiO2
2
2
2
2
2
2
2
2

50.0

Ru5PtSn/SiO2
Ru5PtSn/SiO2
5
2

40.0
30.0
20.0
10.0
0.0
0

50

100
Time /min

150

200

Figure 3-4. Kinetic plots for the hydrogenation of nitrobenzene using Ru2Pt2Sn2/SiO2
(dark grey line) and Ru5PtSn/SiO2 (light grey line). Reactions conditions 5.0 g
nitrobenzene, 5.0 g butan-1-ol, 50 ml ethanol, 50 mg catalyst, 10 bar H2, 100 °C.
The rate of the reaction is defined as the rate of change of concentration of starting
material with time.

For purposes of kinetics calculations it is preferable for the
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reaction temperature to be constant over the period of measurement. Because of this,
the period from 45 to 60 minutes was used for kinetic calculations. As mentioned
previously, nitrobenzene hydrogenation is considered to follow an Eley-Rideal
mechanism, which assumes reaction of adsorbed nitrobenzene with dissolved H2. If
this mechanism were followed, the rate would be given by Equation 3-1. This would
make the kinetics zero-order with respect to nitrobenzene at high concentrations and
first order at low concentrations. With this in mind, reactions were performed using
varying initial concentrations of nitrobenzene.

The resulting rates (with respect to

concentration of nitrobenzene) and turnover frequencies are given in Table 3-3.
Table 3-3 Temperature and pressure tracking for Ru2Pt2Sn2/SiO2 kinetic run. Total H2
uptake 120 mmol
Time /min

0

15

30

45

60

75

90

120

150

180

Temp /°C

23

84

96

97

97

98

97

98

98

98

Pressure /psi

160

140

100

120

100

100

110

140

150

150

Filled to /psi

N/A

160

160

160

160

160

160

160

N/A

N/A

0

0

H2 added /mol 0.045 0.005 0.013 0.009 0.013 0.013 0.011 0.004

Table 3-4 The influence of varying initial substrate concentrations and its effect on
turnover frequency (TOF) using Ru5PtSn/SiO2 and Ru2Pt2Sn2/SiO2 catalysts. Reaction
conditions: nitrobenzene (varied), butan-1-ol (equal mass to nitrobenzene), ethanol (50
ml), catalyst (50 mg), H2 (10 bar), 100 °C.
Rate of

TOF

nitrobenzene

(cluster) /h-

reaction /mmol h-1

1

10:1

1.2

662

50:1

7.8

4300

100:1

6.2

5200

10:1

5.84

3200

50:1

28.5

15900

100:1

57.1

32500

Nitrobenzene:Catalyst
Catalyst
(weight ratio)

Ru5PtSn/SiO2

Ru2Pt2Sn2/SiO2

It is clear from the changing rates of reaction with changing nitrobenzene
concentration that the two catalysts operate by different mechanisms.

A fivefold

increase in [NB] initially yields an approximate fivefold increase in rate for both
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catalysts, implying first-order kinetics with respect to nitrobenzene at lower
concentrations. However, on further doubling [NB] the rate for Ru5PtSn/SiO2 remains
constant, implying zero-order kinetics. Thus, Ru5PtSn/SiO2 appears to operate by an
Eley-Rideal mechanism.

Conversely, doubling [NB] for Ru2Pt2Sn2/SiO2 results in a

further doubling of rate, showing continuing first-order kinetics at these higher
concentrations and a different mechanism.

This is most likely a Langmuir-

Hinshelwood mechanism, involving reaction of adsorbed nitrobenzene with adsorbed
hydrogen.
,

=

= ′

1+

1+

Equation 3-1 Eley-Rideal rate equation for nitrobenzene (NB) hydrogenation. KNB =
adsorption equilibrium constant for nitrobenzene
,

=

1+

+

Equation 3-2 Langmuir-Hinshelwood rate equation for nitrobenzene hydrogenation.

Rate

, KNB are the adsorption coefficients for H2 and nitrobenzene, respectively

[NB] ([H2] constant)

Figure 3-5 Variation of rate with nitrobenzene concentration at constant pressure of
hydrogen.
The rate equation for a Langmuir-Hinshelwood mechanism is somewhat more
complicated than that for an Eley-Rideal mechanism, involving as it does the
competitive adsorption of two species to the catalyst surface.
nitrobenzene hydrogenation is given below.

The equation for

When the pressure and hence

concentration of hydrogen is kept constant in this mechanism, the rate will reach a
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maximum at a given concentration of nitrobenzene (see Figure 3-5). From the data
obtained in this work and assuming a Langmuir-Hinshelwood mechanism for
Ru2Pt2Sn2/SiO2, it is clear that the maximum attainable rate for this system was not
achieved.
From this, it is clear that the two catalysts must contain different active sites and
determining their nature is essential in elucidating the mechanisms by which they
operate.

In order to operate under an Eley-Rideal mechanism, Ru5PtSn/SiO2 must

preferentially adsorb nitrobenzene, with any hydrogen adsorbing and reacting
immediately.

By contrast, Ru2Pt2Sn2/SiO2 must have active sites with a greater

preference to adsorbing hydrogen, which will then react as soon as nitrobenzene
molecules adsorb to adjacent metal sites.
While direct evidence of these multimetallic sites was not obtained in this work,
Ru5PtSn/SiO2 has been well studied elsewhere.[12] This previous work has shown the
nanoparticles to be located within the pores of silica supports. The nanoparticles had
diameters of <2 nm and had maintained the stoichiometry of the cluster precursor. In
further work on Ru5PtSn/MgO, Uffalussy et al. showed that while wet impregnation was
also capable of producing these small nanoparticles, the stoichiometries were a
mixture of RuPt, PtSn and pure Ru.[28] It is reasonable to assume that Ru2Pt2Sn2/SiO2,
prepared from a cluster precursor will behave in a similar manner on vacuum
thermolysis.
Table 3-5 Catalyst recycle studies summarising turnover frequencies (TOFs) for
Ru2Pt2Sn2/SiO2. Reactions conditions nitrobenzene, butan-1-ol (equal mass to
nitrobenzene), ethanol (50 ml), catalyst (50 mg), H2 (10 bar), 100°C.
Catalyst

Nitrobenzene

Cycle

/h-1

/g
Ru2Pt2Sn2/SiO2

TOF (cluster)

2.5

1

15900

5.0

1

32500

2

24600

3

34400

The TOF values observed with these catalysts are in good agreement with those
reported earlier for monometallic ruthenium catalysts (Ru(phenanthroline) complex,
TOF = 110 h-1, 160 °C, 27.5 bar H2)[47] and supported platinum nanoparticles (5% Pt on
multiwalled carbon nanotubes, TOF = 20300 h-1, 60 °C, 6 bar H2,[48] 1% Pt on carbon
nanotubes, TOF = 568 h-1, ambient temperature, 1 bar H2).[49] Given that blank
experiments with the silica support afforded a conversion that was comparable to the
Sn/SiO2 sample (Table 3-2, entry 1), further confirms that tin is not involved in the
catalytic process. All the above observations further indicate that the presence of
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platinum sites is critical to the activity of the supported nanoparticle catalysts in
nitroaromatic hydrogenation.

a

b

100 µm

100 µm

c

100 µm

d

100 µm

Figure 3-6 SEM images of Pt/SiO2 (a and b) and Ru2Pt2Sn2/SiO2 (c and d) taken before (a
and c) and after (b and d) catalysis
In order to get an experimental correlation with reported literature values for pure Pt, a
monometallic platinum-containing cluster catalyst was prepared from (COD)PtCl2 and
tested under the same conditions as used for our kinetic measurements (Figure 3-4).
This catalyst gave a TOF of 16000; but the selectivity to aniline was decreased due to
further hydrogenation to cyclohexylamine. While this is still a significant TOF, showing
cluster-derived Pt/SiO2 to be a highly active hydrogenation catalyst, it is half that
demonstrated by Ru2Pt2Sn2/SiO2, for a catalyst which contains more than double the
quantity of platinum (3 % wt. Pt for Pt/SiO2, vs. 1.4 % wt. Pt for Ru2Pt2Sn2/SiO2). As will
be discussed later, the evidence of IR spectroscopy indicates that the availability of
surface Pt sites appears to be the key to the high activity of the catalysts here reported.
Both Ru2Pt2Sn2/SiO2 and Pt/SiO2 showed good stability to recycling, maintaining their
TOFs after recycling. This further proves that alloying nanoparticle catalysts with
suitable oxophiles (such as tin) improves the catalysts’ stability and enhances turnover
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rates. SEM analysis was also performed on the Ru2Pt2Sn2/SiO2 and Pt/SiO2 catalysts
before use and after recycling studies. The images after catalysis indicate some loss of
the smaller particles during catalysis, which could be attributed to stirring, sampling
and handling effects. However, the bulk morphology of the support is unaffected
under the conditions used. This, combined with the maintenance of the TOFs during
the recycling tests (Table 3-5), shows the catalyst to be stable over an extended period.
In order to understand better the effect of addition of platinum and the inclusion of tin
on the nature and dispersion of the catalytic active sites present in these clusterderived nanoparticles and how these influence the mechanism of hydrogenation, an
accurate FTIR characterization of the catalysts using probe molecules was performed.

3.3.3 FT-IR characterization
To further elucidate the nature of the active sites and determine the exposed metal
sites at the surface of the cluster-derived mono-, bi-, and trimetallic nanoparticles, FTIR
spectra were taken of adsorbed CO and NO. The use of two different probes meant
that complimentary information could be obtained and more detail of the nature and
isolation of the active sites could be obtained.
Attempts to adsorb probe molecules to Sn/SiO2 showed only gas phase NO and CO in
their FTIR spectra, indicating that neither molecule binds to tin at room temperature. In
contrast to this, both probe molecules adsorb to ruthenium- and platinum-containing
catalysts at room temperature. The spectra are reported and analysed below. The
room temperature adsorption of probe molecules to only the ruthenium and platinum
in the samples indicates that tin is not an active catalytic species where chemisorption
of a polar molecule such as nitrobenzene is a required step. This is in agreement with
the catalytic data reported above.
Figure 3-7 shows the FTIR spectra of NO adsorbed on Ru5/SiO2 at pressures ranging
from 0.5 mbar to 60 mbar.

At low pressures, bands at 1808 and 1858 cm-1 are

present, which can be assigned to NO adsorbed on Ru0 and on Ruδ+, respectively.[50] On
increasing the pressure of NO, the band at 1808 cm-1 remains unaffected, while the
band at 1858 cm-1 increases in intensity.
temperature, as shown by curve e.

The adsorption is irreversible at room

This indicates that the interaction between the

exposed Ru sites and NO is very strong. The increasing intensity of the band at 1858
cm-1 with increasing NO pressure indicates that the Ru0 sites on the catalyst surface are
capable of reducing NO and forming a greater percentage of Ruδ+. To enable this to
occur, the Ru0 sites must be well dispersed and very reactive.
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Figure 3-7 FTIR spectra of NO adsorbed on Ru5/SiO2 catalyst at different pressures and
room temperature. Curves a-d represent 0.5, 3, 5 and 60 mbar of NO adsorbed on

1798

1858

0.02 a.u.

1813

Ru5/SiO2 and curve e: upon subsequent outgassing for 1 h at room temperature.

Absorbance

a

b
c

2000

1950

1900

1850

1800

1750

1700

1650

-1

Wavenumber / cm

Figure 3-8 FTIR spectra of NO (0.5 mbar) adsorbed on Ru5/SiO2 (curve a), Ru5Pt/SiO2
(curve b) and Ru5PtSn/SiO2 (curve c)
Figure 3-8 shows the FTIR spectra of NO adsorbed to mono-, bi- and trimetallic
catalysts at 0.5 mbar. Curve a is equivalent to curve a in Figure 3-7. The bi- and trimetallic catalysts (Figure 3-8, curves b and c), give spectra with a band at 1798 cm-1
indicating the presence of less-oxidised metal species. This predominant band can,
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however be assigned to NO adsorbed to either Ru or Pt centres.[50, 51] This ambiguity led
to the decision to measure the FTIR spectra of adsorbed CO, which can distinguish
between the two metals. Fresh catalyst samples were prepared and activated and CO
absorbed at room temperature and pressures up to 100 mbar. The FTIR spectra of CO
adsorbed at on Ru5/SiO2 sample are reported in Figure 3-9.
Initial adsorption of CO at 5 mbar (curve a) induces evolution of bands at 2130 (weak),
2065 (intense) and 2008 cm-1 (intense and broad). Further increasing the CO pressure
causes these bands to increase in intensity, with maximum intensity reached at 50
mbar (curve b). Room temperature evacuation of the sample chamber for one hour led
to a reduction in intensity of the bands, but not their complete diminution (curve c).
The bands at 2130 cm-1 and 2065 cm-1 are best assigned to the stretching vibrations of
either one or two CO molecules adsorbed to Rux+ (x = 2 or 3), where the ruthenium has
been oxidised during the disassociation of CO on Ru0.[52] The band at 2008 cm-1 is
assigned to CO adsorbed on Ru0 and Ruδ+ sites.

[40, 50]

The combination of bands

revealed in Figure 3-9 suggest the presence of a mixture highly reactive Ru0 sites,

b

c
2130

Absorbance

0.01 a.u.

2008

2065

capable of dissociating CO, and some less reactive Ru0 centres.

a

2200

2100

2000

1900

1800

-1

Wavenumber / cm

Figure 3-9 FTIR spectra of CO adsorbed on Ru5/SiO2 catalyst at different pressures and
room temperature. Curve a: 5 mbar, curve b: 50 mbar and curve c: upon outgassing
for 1h.
When platinum is added to the catalyst, as in Ru5Pt/SiO2, a strong band at 2030 cm-1
develops (Figure 3-10, curve b). This peak can be assigned to CO adsorbed to Pt0 sites.
It is well known that CO binds strongly to Pt0 sites. Indeed CO contamination of the
hydrogen feed is one of the main causes of deactivation of Pt-based fuel cell
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catalysts.[53] The bands due to CO adsorbed to Ru sites (2135, 2065, 2005 cm-1) are
still present, but less prominent than for Ru5/SiO2, indicating a predominance of
platinum sites available at the surface of the nanoparticles.

It is also easy to

discriminate between the bands for CO adsorbed to platinum and those for ruthenium,
showing that CO is an appropriate probe molecule to use. On adsorption of CO at 50
mbar, followed by degassing for one hour, the band at 2030 cm-1 remains prominent,
indicating that the binding of CO to platinum is also irreversible at room temperature.
The addition of tin to form Ru5PtSn/SiO2 (Figure 3-11 curve c) results in a great and
uniform increase in intensity of the bands due to CO adsorbed to both ruthenium and
platinum compared to the bimetallic catalyst, Ru5Pt/SiO2 (curve b).

The most likely

cause of this is a higher availability of both metals in the trimetallic catalyst. This
would imply that the addition of tin aids the dispersion of the nanoparticles through
the support and hence the site isolation of the active sites. The effect is due to the
oxophilicity of tin and its favourable interaction with silanols species in the pore walls
of mesoporous silica.[54] These interactions have been previously indicated by extended
X-ray absorption fine structure (EXAFS) spectroscopy,[54] where it was calculated that
nanoparticles derived from (PPN)[Ru6(µ6-C)(CO)16(SnCl3)] bind to a silica support through
Sn—O—Si linkages, making more of the catalytically active ruthenium atoms available
to perform the olefin hydrogenation studied in that work. In the present work, it can
be clearly seen from the combination of FTIR spectroscopy (Figure 3-11) and catalytic
testing (Figure 3-3), that the presence of tin greatly increases the availability of active
sites.
As illustrated above, the stoichiometry of the trimetallic cluster precursors also affects
the catalytic activity of the nanoparticles they produce. The comparison of the FTIR
spectra of adsorbed CO on the two trimetallic catalysts, Ru5PtSn/SiO2 and Ru2Pt2Sn2/SiO2
(see Figure 3-12) reveals that, in the case of Ru2Pt2Sn2/SiO2 sample, the absorbance
band at ca. 2005 cm-1 is completely absent from the FTIR spectra, both after the
adsorption of 5 mbar of CO (curve b) and after outgassing CO at room temperature
(curve d). This implies that no Ru0 sites are available for CO adsorption in this catalyst.
The band due to CO adsorbed to Pt appears blue-shifted compared to that in
Ru5PtSn/SiO2, but this is most likely to overlapping of bands due to Pt0 and Ruδ+. The
intensity of this Ruδ+ band, along with an absence of Ru0, indicates that the only
exposed Ru sites in Ru2Pt2Sn2/SiO2 are highly active and capable of being oxidised by
CO at very low pressures. This implies that the ruthenium sites carry more excess
electron density prior to the adsorption of CO. The high relative electropositivity of tin
will enhance this effect and it is notable that these sites occur in the catalyst with the
highest tin content. The high availability of Pt0 sites, along with the high reactivity of
the Ru sites, makes for a highly active hydrogenation catalyst, as borne out by the
catalytic turnovers described above.
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Figure 3-10 FTIR spectra of CO adsorbed on Ru5/SiO2 (curves a and c) and Ru5Pt/SiO2
(curves b and d) catalysts at room temperature. Curves a and b: 5 mbar, curves c and
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d: upon CO outgassing for 1h at room temperature.
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Figure 3-11 FTIR spectra of CO adsorbed (5 mbar) on Ru5/SiO2 (curve a), Ru5Pt/SiO2
(curve b) and Ru5PtSn/SiO2 (curve c).
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Figure 3-12 FTIR spectra of CO adsorbed on Ru5PtSn/SiO2 (curves a and c) and
Ru2Pt2Sn2/SiO2 (curves b and d) catalysts at room temperature. Curves a and b: 5 mbar,
curves c and d: upon CO outgassing for 1 h at room temperature.

3.3.4 Kinetics and mechanistic implications
It is clear from both the catalytic data and the FTIR characterisation that it is the
availability of platinum sites in combination with highly active Ru0 sites at the catalyst
surface which makes these nanoparticles active in nitrobenzene hydrogenation. The
kinetic data has also revealed that the two most active catalysts, Ru5PtSn/SiO2 and
Ru2Pt2Sn2/SiO2, operate through different mechanisms.

Both catalysts have been

revealed to contain high concentrations of Pt sites, but the major difference between
0

the two is the relative activity of the surface ruthenium sites.

The ability of the

ruthenium sites in Ru2Pt2Sn2/SiO2 to dissociate both NO and CO shows them to be
strong electron donors and most likely highly nucleophilic compared to the ruthenium
sites in Ru5PtSn/SiO2.
Since this hydrogenation was carried out in the liquid phase, the concentration of
hydrogen available at the catalyst surface will be low compared to the nitrobenzene
concentration.

This makes the ability of a catalyst to effectively use dissolved

hydrogen critical to the activity of any catalyst in this system. Pt0 is well known to be
highly active for hydrogen chemisorption, both in hydrogenations of organic molecules
and hydrogen oxidation in fuel cells. Thus, the most likely initial role for platinum in
this catalysis is the activation of hydrogen.

The key then becomes the role of the

ruthenium sites and their ability to activate nitrobenzene.
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Figure 3-13 Possible mechanism for nitrobenzene hydrogenation
A mechanism which may operate in the Ru2Pt2Sn2/SiO2 system is given in Figure 3-13.
This mechanism first involves the chemisorption of hydrogen to a metal site. The most
likely candidate for the rate-determining step is the adsorption of nitrobenzene, which
occurs via nucleophilic attack at the activated ortho or para positions on the benzene
ring. Attack at the ortho carbon is shown, since this will be least sterically hindered for
reaction with adsorbed species on the adjacent metal.

Nucleophilic attack will be

promoted by a high electron density at the metal site.

This is more the case in

Ru2Pt2Sn2/SiO2, with its more electropositive Ru sites than are present in Ru5PtSn/SiO2.
As postulated by Gelder et al, the nitrobenzene desorbs on forming phenyl
hydroxylamine.[19]

The

confinement

of
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hydroxylamine remains in the vicinity of the catalyst nanoparticles and readsorbs
before it can diffuse in to the bulk solution. Readsorption occurs through the nitrogen
atom, accompanied by elimination of the second water molecule. A final hydrogen
transfer then yields aniline.

3.4 Conclusions
RuxPtySnz/SiO2 cluster-derived nanoparticle catalysts have shown good catalytic
performances in the hydrogenation of nitrobenzene to aniline. In particular, trimetallic
Ru2Pt2Sn2/SiO2

nanoparticle

catalysts,

derived

from

the

new

cluster

Pt2Ru2(SnBut3)2(CO)9(µ-H)2, displayed exceptional conversions and selectivities when
compared with related catalysts

derived from Ru5(CO)15(µ5-C), PtRu5(CO)16(µ6-C) and

PtRu5(CO)15(µ-SnPh2)(µ6-C). The presence of multinuclear single sites has been
investigated using FTIR spectroscopy of adsorbed CO and NO. These investigations
gave direct evidence that the inclusion of tin in a precursor (going from Ru5Pt/SiO2 to
Ru5PtSn/SiO2) results in an increase in the availability of catalytically active metal sites
at the surfaces of the nanoparticles. Using an alternative precursor geometry and
stoichiometry, with higher platinum and tin contents, the availability of the key species
can be further optimised. A multinuclear single-site, where Pt is readily able to activate
the hydrogen molecule and very highly reactive Ru, capable of adsorbing NO, but more
importantly able to dissociate CO, is ostensibly involved in the activation of
nitrobenzene via nucleophilic attack on the benzene ring. The catalytic results have
indicated that the availability of Pt0 sites plays a critical role in enhancing the ability of
the nanoparticles to catalyse the hydrogenation of nitrobenzene to aniline, while the
presence of highly active ruthenium sites is crucial to the activation of nitrobenzene.
The concentration of surface Pt0 sites is improved by the inclusion of tin in the cluster
precursor.
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4 Alternative Oxophiles – Synergistic
Behaviour Induced by the Inclusion of
Antimony and Bismuth in Rhenium-Based
Ammoxidation Catalysts
4.1 Introduction
Niacin (Vitamin B3, 3-picolinic acid)[1] is widely used as an additive in foodstuffs due to
its cholesterol-lowering properties.

Traditional niacin production methods have

involved the use of environmentally unsound direct oxidation of 3-picoline or nicotine
using manganese or chromium homogeneous reagents (see Scheme 4-1).[2]

More

recently, much work has gone in to the gas-phase oxidation of 3-picoline to niacin, or
ammoxidation to niacinamide (see Scheme 4-2).

Nissan have developed a highly

efficient direct aerial oxidation of 3-picoline to niacin (98% conversion, 97% selectivity)
but it uses a homogeneous mix of cobalt and manganese acetates in acetic acid and
hydrochloric acid, requiring the use of expensive, corrosion-proof reactors and careful
purification of the product.[3] Lonza have developed a far cleaner and more controlled
process for niacin via the liquid-phase ammoxidation of 3-picoline to nicotinonitrile.[4]
It is this reaction that we decided to investigate, with the intention of determining the
most active catalytic materials for it and the key physicochemical properties required
of the catalysts.

Scheme 4-1 Production of Niacin through direct oxidation of a) 3-picoline and b)
nicotine

Scheme 4-2 Niacin production via 3-picoline ammoxidation
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Scheme 4-3 Mechanism for 3-picoline formation from formaldehyde, acetaldehyde and
ammonia, as determined by Singh et al[5]

Scheme 4-4 3-Picoline synthesis from 2-methylpentane-1,5-diamine
Along with new methods for producing niacin, it has also been necessary to develop
new routes for the synthesis of 3-picoline. Traditionally, 3-picoline has been produced
in the Chichibabin reaction of ammonia with formaldehyde and acetaldehyde,[6] as the
minor product with two equivalents of pyridine (Scheme 4-3).[5, 7] As a result, the price
and availability of 3-picoline has depended on global demand for pyridine.

It is

unsustainable and undesirable to tie the availability of one feedstock chemical to
another, so alternative sources of 3-picoline have been sought. For the past 50 years,
Lonza have utilised 2-methyl-pentane-1,5-diamine to produce 3-picoline, through
oxidation with nitric acid at elevated temperatures and pressures.[2] Even this process
has disadvantages from a green chemistry perspective, most notably in the safety
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considerations of using nitric acid under the required conditions, as well as the loss of
two carbons as carbon dioxide.

Consequently a route to 3-picoline from 2-

methylpentane-1,5-diamine (a by-product of hexane-1,6-diamine synthesis) has been
developed (Scheme 4-4).[8-11]

Scheme 4-5 Mechanism for alkene ammoxidation as published by Grasselli[12]
The most commonly studied ammoxidation reaction is that of propylene to
acrylonitrile, since acrylonitrile is a key monomer for a number of polymer systems.
Conveniently, being a small molecule, acrylonitrile is comparatively easy to model in
catalytic systems. As a result, the kinetics and mechanisms of a number of systems
are well established.

Grasselli has published a generalised mechanism for

ammoxidation of alkenes, which requires a bimetallic site (see Scheme 4-5).[12] It can
be seen from this mechanism that one of the metals must be capable of forming oxospecies (and subsequently imino- species) and that both must have redox chemistry to
be catalytically active. From the perspective of oxophile-containing cluster precursors,
this precludes the use of tin as oxophile since Sn (IV) is insufficiently simple to reduce.
By contrast, the Group V elements antimony and bismuth are relatively easy to reduce
from +5 and +3 oxidation states.

As a result, the reduced site can readily adsorb

oxygen and still be re-reduced even under the oxidising conditions of the reaction.
The other metal in the system must be able to access high oxidation states (to form
oxo- and imino- species) and adsorb alkenes.
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ammoxidation catalysts are based on pairings of molybdenum,[13] iron[14] or vanadium[15,
16]

with antimony or bismuth. Antimony has also been used in mixed-oxide catalysts

for the gas-phase ammoxidations of picoline to nicotinonitrile[17] and propane to
acrylonitrile.[18] As would be expected from the mechanism, the most active phases are
those where oxophile and transition metal sites are present in equimolar quantities.
For this work, clusters containing rhenium paired with antimony and bismuth were
chosen as catalyst precursors, since rhenium is readily capable of accessing high
oxidation states. Indeed, rhenium complexes have been shown to operate by the same
mechanism as molybdenum complexes in epoxidation.[19]
Early use of rhenium focussed on its use as a promoter in other oxidation catalysts,[20]
principally due to the difficulty of extraction of rhenium from ores and its subsequent
high cost.[21]

Rhenium-based materials are used as catalysts in many industrial

processes such as epoxidation[22] and metathesis of alkenes[23, 24], and Fischer-Tropsch
synthesis[25].

Only a few applications of these catalysts in selective oxidations have

been reported.[26-28] Their activity in epoxidation is particularly relevant to this work,
since it involves two of the key mechanistic requirements for an active ammoxidation
catalyst, namely the dissociative adsorption of molecular oxygen and the adsorption
and activation of alkenes.

Indeed, several recent studies have revealed that

combinations of rhenium and antimony exhibit catalytic activity for the ammoxidation
of certain hydrocarbons.[29-31]
Further to this, the anchoring of Re-organometallic complexes or Re-oxo species on
inorganic supports renders them stable at high temperature reaction conditions.[32, 33]
This is also a benefit of producing bimetallic nanoparticles of rhenium. Re2O7 is highly
volatile in terms of gas phase catalysis, subliming at 300 °C. The structure of Re2SbO6,
an active catalyst in the gas phase oxidation of isobutylene to methacrolein, has been
shown to be a mixture of Re2O7 and Re2Sb4O13.[29] The presence of the antimonate phase
reduces the volatility of Re2O7, stabilising the catalyst and prolonging its life on stream.
Cluster-derived bimetallic nanocluster systems based on rhenium, combined with
antimony and bismuth, have been used to generate highly dispersed nanoparticle
catalysts for the ammoxidation of 3-picoline under mild conditions in the liquid
phase.[34] The catalysts were generated from the dirhenium-organometallic complexes
[Re2(CO)8(µ-SbPh2)(µ-H), Re2(CO)8(µ-SbPh2)2, and Re2(CO)8(µ-BiPh2)2] on mesoporous silica,
activated by decarbonylation under vacuum. The interaction of the clusters with the
inorganic silica support strongly affects the nature and the dispersion of the metal
active sites that are produced after the decomposition of the precursor for the
generation of single site, multinuclear bimetallic heterogeneous catalysts.

To

understand the catalytic performance, it is important to clarify and elucidate how the
organometallic precursors are decomposed at increasing temperatures, how the active
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sites are generated and how the composition of the precursor affects the activation
process and catalytic performance.
Through the use of TGA analysis and in situ FTIR spectroscopy, the decomposition of
Re2Mx clusters was studied, to show how the activation conditions affect the nature of
the anchored nanoparticles and connect this to their catalytic performance in the
liquid-phase ammoxidation of 3-picoline to nicotinonitrile. It was observed that the
precursor stoichiometry and activation temperature played critical roles in the
development of highly active and selective single-site nanocluster active sites for this
reaction system. To further elucidate the nature, isolation and oxidation state of the
various metal sites distributed throughout the catalyst, the FTIR spectra of CO, which
had been adsorbed as a probe molecule at room temperature, were measured.
Through studying the bands due to CO stretching vibrations (typically in the region
2200-1700 cm-1), it is possible to gain insight into the oxidation states of exposed
active metal sites

(through

the positions

of the

maxima) and the relative

concentrations of these sites (through the intensities of the bands). The behaviour of
the bands on outgassing at various temperatures gives indication of the strength of
the adsorption.

4.2 Experimental Methods
The three new Re-based nanocluster catalysts (hereafter denoted as Re2Sb/SiO2,
Re2Sb2/SiO2 and Re2Bi2/SiO2) were derived from the organometallic precursor complexes
Re2(CO)8(µ-SbPh2)(µ-H),[35] Re2(CO)8(µ-SbPh2)2, and Re2(CO)8(µ-BiPh2)2

[34]

(Figure 4-1). The

“as-synthesised” samples were prepared by the stirring the complexes, in DCM
solution, with the mesoporous silica support (Grace Davison, designated Davison 911,
having a pore diameter of 38 Å, dehydrated at 200°C under vacuum for two hours prior
to use) for 18 hours. The quantities of cluster and support used were appropriate to
give an approximate 3 wt% metal loading.

The solvent was removed under a slow

stream of nitrogen. The pure rhenium (hereafter denoted as Re2/SiO2) and the pure
bismuth (Bi/SiO2) samples were prepared similarly on Davison 911 mesoporous silica
using commercially obtained Re2(CO)10 and BiPh3 as the precursors.
The catalysts were first activated by heating to either 200°C or 400°C under vacuum for
two hours. Prior to catalysis, supported nanoclusters were placed in a high-pressure
stainless steel reactor with a PEEK liner and reduced for 2 hours at 200°C under 20 bar
of H2. The reactor was then depressurised and cooled to room temperature, before
introducing the 3-picoline (5.0 g) and solvent (toluene, 25 mL). After introducing the
reactant and the internal standard (tetralin; 100 mg), the reactor was purged thrice
with dry nitrogen prior to the introduction of NH3 (20 bar) and air (40 bar). During the
reaction, small aliquots were removed by using a mini-robot autosampler.

The

products of the reaction were analysed with gas chromatography (G.C. Varian Model
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.3400 CX) employing a HP-1 capillary column (25m x 0.32 mm) and flame ionization
detector. The identity of the products was further confirmed using LCMS (Shimadzu
LCMS-QP8000), which was again employed either online or offline.
Conversions and selectivities were determined as described in Chapter 2.
Thermogravimetric analysis of the as-synthesized samples was performed on a
Setaram SETSYS Evolution Instrument with a heating rate of 5 °C/min up to 500 °C in Ar
flow (20 mL/min).
In situ FTIR spectroscopy was performed as described in Chapter 2. In the case of assynthesised samples, the difference spectra were obtained by subtracting the spectrum
of the sample after the complete decomposition of the complex, from that of the
anchored organometallic complexes. The spectra of adsorbed CO were obtained by
subtracting the spectrum of the sample pre-adsorption, from the spectrum with
adsorbed CO. CO was also on the catalysts after activation in vacuo at 200°C and at
400°C for 2h.

A

B

C

Figure 4-1 The precursor cluster complexes Re2(CO)8(µ-SbPh2)(µ-H), Re2(CO)8(µ-SbPh2)2,
and Re2(CO)8(µ-BiPh2)2 used for the ammoxidation of 3-picoline to nicotinonitrile.
Phenyl hydrogens omitted for clarity.
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4.3 Results and Discussion
4.3.1 Ammoxidation of 3-picoline

Figure 4-2 Conversions and selectivities observed in the liquid-phase ammoxidation of
3-picoline using cluster-derived nanoparticle catalysts.

[34]

Figure 4-3 The effect of activation temperature and its influence on the catalytic
activity in the ammoxidation of 3-picoline (see Section 4.2 for reaction conditions).
The precursor cluster complexes shown in Figure 4-1 were prepared as previously
reported[34,

35]

and characterized by single-crystal X-ray diffraction analyses.

The

clusters shown in B and C are isomorphous, isostructural and centrosymmetrical. They
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each contain two MPh2 ligands, M = Sb or Bi, that bridge two Re(CO)4 groups. There is
no metal – metal bond between the two rhenium atoms, Re…Re = 4.343(1) Å for B and
4.483(1) Å for C.
The precursors, along with the monometallic precursors Re2(CO)10 and BiPh3, were used
to prepare silica-supported nanoparticle catalysts, according to the method described
previously.[34, 36, 37]

The catalysts were used in the ammoxidation of 3-picoline under

comparatively mild conditions. The results of this catalysis are given in Figures 4–2[34]
and 4–3.
It is clear to see that all of the bimetallic catalysts are more effective than either
monometallic species, indicating that a synergistic effect as work. This is consistent
with the mechanism proposed by Grasselli, which requires two different metal sites to
be adjacent to each other.
In a similar manner, the Grasselli mechanism also goes some way towards explaining
the improved activity of Re2Sb2/SiO2 over Re2Sb/SiO2, since a ratio of 1:1 between the
metal sites will be most effective.

Bismuth was shown to be more effective as the

second metal than antimony. This is most likely due to the comparative ease with
which bismuth can transition between the +3 and +5 oxidation states compared to
antimony.
Figure 4-4 shows HAADF-TEM images of the Re2Sb2/SiO2 and Re2Bi2/SiO2 catalysts
before and after catalysis, showing that the nanoparticles of neither catalyst aggregate
under the conditions used in this experiment. In both cases, the nanoparticles are
approximately 2 nm in diameter. From this it is clear that the difference in activity is
not due to either catalyst stability or a particle size effect.
What is not so clear from this previous work is how critical to the activity of a catalyst
is the activation temperature.

Hence it was decided to test each of the bimetallic

catalysts after activation at 673 K, the results of which can be seen in Figure 4–3.
From these results it can be seen that activation at a higher temperature causes a
significant decrease in conversion for all three catalysts.
From these experiments it is clear that both the nature of the precursor and the
activation regime followed affect the nature of the active sites.

It was decided to

investigate the thermal decomposition of the precursors and the nature of the active
sites formed by FTIR spectroscopy.
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Figure 4-5 HAADF-HRTEM images of Re2Sb2/SiO2 (a and c) and Re2Bi2/SiO2 (b and d)
catalysts taken before (a and b) and after (c and d).
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4.3.2 TGA analysis
Table 4-1 RMMs of clusters and metal cores, and masses of cluster and ligands per
100 mg of silica
Precursor

RMM

RMM metals

precursor

Cluster per 100

Ligands per 100

/g mol

mg SiO2 /mg

mg SiO2 /mg

-1

-1

/g mol
Re2(CO)10

653.9

373.9

5.25

2.25

Re2(CO)8(SbPh2)(µ
µ-H)

873.9

494.8

5.30

2.30

Re2(CO)8(SbPh2)2

1147.8

615.7

5.59

2.59

Re2(CO)8(BiPh2)2

1324

791.9

5.02

2.02

Weight loss %

100

95

a
b
c
d

90

85

e
80
50

100

150

200

250

300

350

400

450

500

Temperature / °C
Figure 4-6 TGA analysis of Re2(CO)8(µ-BiPh2)2/SiO2 (curve a), Re2(CO)8(µ-SbPh2)2/SiO2
(curve b), Re2(CO)8(µ-SbPh2)(µ-H)/SiO2 (curve c), Re2(CO)10/SiO2 (curve d) and blank SiO2
(curve e).
The mass loss on thermal decomposition of the supported organometallic precursors
was followed by thermogravimetric analysis in the temperature range 50-500 °C. The
weight loss curves are reported in Figure 4-5. The weight losses seen on heating are
small in all cases, reaching 10 % for Re2(CO)10/SiO2, but they are still higher than the
amount of ligand available for removal from the cluster precursor loaded on to the
silica, as given in Table 4-1. The additional weight loss, which occurs in the region
between 50 and 150 °C, is most likely due to desorption of water from the highly
hydrophilic silica surface. This is the predominant weight loss seen in these samples.
The surface coverage by the clusters is indicated by the much greater water loss seen
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in curve e for the blank silica. The binding of the clusters through hydrogen bonding
from the carbonyls to the surface silanols removes sites which are available for water
to adsorb. After the loss of water, curves b, c and d show a further step-change in
weight at 200-250 °C (curve b) and 150-250 °C (curves c and d) which are most likely
due to decomposition of the cluster precursor. Other than these step changes, the
profiles decrease smoothly after the initial loss of water, in line with the profile of the
blank silica, indicating that further losses of ligands and water are progressive with
temperature. The total weight losses decrease in the order Re2/SiO2 > Re2Sb/SiO2 >
Re2Sb2/SiO2 > Re2Bi2/SiO2, indicating that as the number of oxophilic metals included in
the precursor increases, more of the surface silanols are occupied and hence
unavailable for water absorption.

4.3.3 FTIR characterization
To further clarify the nature of the interaction between the cluster precursor and the
silica support and how this interaction changes on activation, the FTIR spectra of the
supported clusters were monitored at increasing activation temperatures.

The FTIR

spectra of the thermal decomposition of Re2(CO)10 supported on mesoporous silica are
shown in Figure 4-6. The as-synthesised Re2(CO)10/SiO2 sample, which was outgassed
at 25°C (curve a), shows a number of bands in the CO stretching region (2150-1800
cm-1).
The intensity of these bands decreases progressively with increasing temperature, with
no new bands forming (curves b to g). In line with the TGA analysis, it is assumed that
all ligands have been removed at 400°C (curve h). From Figure 4-6 it can be seen that
bands at 2128 (weak), 2073 (strong), 2013 (strong) with shoulders at 1965 and 1875
(weak and broad) cm-1 are present. It has been reported[38] that for an axially perturbed
Re2(CO)10 molecule adsorbed on a inorganic support, where the anchoring of metal
carbonyls occurs through equatorial CO ligands, the point symmetry is C4v. The C-O
stretching representation is Γvib= 2E + B1 + B2 + 3A1, where the IR active modes are 2E +
3A1.[38] From this data, the bands at 2128 and 2073 cm-1 can be assigned to the high
frequency A1 modes, the band at 2015 cm-1 to the E-mode, whilst the shoulder at 1963
cm-1 can be due either to the A1 or remaining E modes; these latter modes are
observed possibly due to a modification of the axial symmetry. In addition to these
modes, the weak and broad band present at 1875 cm-1 can be attributed to a CO ligand
which helps to anchor the complex to the silica support.[38, 39] It can be seen that the
band at 1875 cm-1 decomposes more slowly than the others, implying that the
carbonyls responsible for hydrogen-bonding the cluster to the surface are the last to
be removed during thermolysis.
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Figure 4-7 FTIR spectra of Re2(CO)10 anchored on silica Davison at increasing
outgassing temperature. a) 25°C, b)100°C, c) 175 °C, d) 225°C, e) 275 °C, f) 300 °C, g)
325 °C, h) 400°C.
Figure 4-7 shows the FTIR spectra of Re2(CO)8(µ-SbPh2)2 anchored to the silica support
at increasing activation temperatures. The spectrum of the sample outgassed at 25°C
(curve a) shows similar bands to the Re2(CO)10 cluster both in position and relative
intensity, indicating the presence of the same carbonyls observed in Figure 4-6. The
FTIR spectrum of this cluster precursor in hexane solution contains νCO bands at 2067
(m), 1995 (vs) and 1960 (s) cm-1. They can be assigned to the spectrum seen for the
supported cluster prior to outgassing and heating. These bands, along with the weak
bands at 1477 and 1430 cm-1, assigned to phenyl C-H bending modes, are removed
after outgassing the sample at 300°C (curve f). These results are in good agreement
with the TGA analysis that shows an inflection at around 225-270 °C (Figure 4-5, curve
b). The only band to remain after outgassing at 300°C is that at 1884 cm-1, assigned to
the anchoring CO ligands.
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Figure 4-8 FTIR spectra of Re2(CO)8(µ-SbPh2)2 anchored on silica Davison at increasing
outgassing temperature. a) 25 °C, b)100 °C, c) 175 °C, d) 225°C, e) 275 °C, f) 300 °C, g)
325 °C, h) 400°C.
The spectra related to the thermal decomposition of silica-supported Re2(CO)8(µSbPh2)(µ-H) are shown in Figure 4-8. The FTIR spectrum of the precursor complex in
hexane solution contains νCO bands at 2102 (w), 2078 (m), 2009 (s), 1997 (s) and
1971(s) cm-1. The typical bands of Re carbonyls present in the spectrum profile of the
sample outgassed at 25 °C (curve a) are very similar to those of the precursor complex,
with some shifts due to the sample environment and splitting due to the loss of
symmetry of the anchored complex versus the complex in solution.

A shoulder at

1850 cm

is also present and is assigned to the stretching of the anchoring CO

ligands.

The weak bands in the 1500-1400 cm-1 range are related to the bending

-1

modes of CH groups of the phenyl ligands bonded to Sb. On heating sequentially to
175 °C (curve c), the νCO bands due to the precursor and the CH bands decompose in
parallel, leaving νCO bands at 2035 and 1926 cm-1. The loss of the bands due to undecomposed cluster before 175 °C is again consistent with the TGA trace for this
cluster (Fig. 4-5 curve c), which shows an inflection between 150 and 175 °C, indicating
that this is the temperature range in which the cluster decomposes and nanoparticles
first form.
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Figure 4-9 FTIR spectra of Re2(CO)8(µ-SbPh2)(µ-H) anchored on silica Davison at
increasing outgassing temperature. a) 25 °C, b)100 °C, c) 175 °C, d) 225 °C, e) 275 °C, f)
300 °C, g) 325 °C, h) 400 °C.
The combination of TGA and FTIR thus indicates that the cluster initially anchors in a
conformation similar to the structure of the precursor complex, using hydrogen
bonding between the surface silanol groups and CO ligands. On heating, the phenyl
groups dissociate from the Sb, causing the Sb to bond to the surface and leaving the
Re bound via anchoring CO ligands (1926 cm-1).
Figure 4-9 shows the same sequence of FTIR spectra for Re2(CO)8(µ-BiPh2)2 on silica.
The FTIR spectrum of the precursor complex in hexane contains νCO bands at 2064 (s),
1990 (vs) and 1960 (s) cm-1. This complex contains the same ligands and has a similar
geometry to that of the Re2(CO)8(µ-SbPh2)2; nevertheless the spectroscopic features are
very different with respect to the other samples (c.f. Figures 4-6 -8). In particular, the
spectrum of the complex outgassed at 25 °C (curve a) appears more defined in the
2100-1950 cm-1 range. The fine structure of the spectrum contains bands which can
be assigned to the precursor complex, with reduced symmetry due to distortion
caused by interaction with the silica surface.

Despite this fine structure being

apparent, the dominant features are the bands at 2033, 1910 and 1880 cm-1, due to
the decomposed cluster. This indicates that Re2(CO)8(µ-BiPh2)2 is less stable on silica
than the other precursors. This is further evidenced by the fact that the bands due to
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the intact precursor (2061, 2013, 1993, 1985 and 1963 cm-1) have fully disappeared
before 175 °C (curve c).

The complete decomposition of the cluster by this

temperature is further confirmed by the TGA (Fig. 4-5 curve a), which shows no
inflection due to cluster decomposition after the water loss between 50 and 150 °C is
complete. The bands which remain beyond 175 °C (2033, 1912 and 1880 cm-1) are still
visible after degassing at 325 °C (curve g). There is strong evidence in the literature[38,
39]

that the features at 1912 and 1880 cm-1 can be assigned to the CO ligand anchoring

the complex to the silica support.

This band is present in all the as-synthesized

samples, but its relative strength compared to the bands assigned to the undecomposed Re2Bi2 complex is much greater than for Re2Sb and Re2Sb2, as evidenced in
Figure 4-11 in which a comparison of the bands due to the different organometallic
complexes on silica support is presented. The high relative intensity of this feature
suggests that a greater proportion of Re2Bi2 decomposes to form nanoparticles at room
temperature than is the case for Re2Sb and Re2Sb2. This hypothesis is supported by the
very weak absorbances due to CH bending seen for Re2(CO)8(µ-BiPh2)2 at 1475 and 1428
cm-1 (curve a). The relative stability of the FTIR spectra in the temperature range 200300 °C indicates that the active sites of this catalyst are essentially unchanged between
these temperatures, a fact borne out by the similar ammoxidation activity seen for this

2013
1993
1985
1963
1880

catalyst at these activation temperatures.[34]
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Figure 4-10 FTIR spectra of Re2(CO)8(µ-BiPh2)2 anchored on silica Davison at increasing
outgassing temperature. a) 25 °C, b)100 °C, c) 175 °C, d) 225 °C, e) 275 °C, f) 300 °C, g)
325 °C, h) 400°C.
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The anchoring of the clusters via the silanol groups is further confirmed by looking at
the spectra in the O–H stretching region (see inset of Fig. 4-10

[40]

). In the case of neat

silica, a broad absorption between 3800-3300 cm is observed (solid line in the inset)
-1

after outgassing the sample at room temperature.

Although the absorption in this

region is complex, it is possible to pick up a band at 3745 cm-1 which is due to the
stretching mode of free silanols, and a broad absorption at lower wavenumber,
extending to 3300 cm-1, due to hydrogen bonding between silanols and other Si-OH
groups or chemisorbed water that is not removed at room temperature. On anchoring
of the organometallic complex containing Bi (dashed line in the inset), these silanol
bands have almost completely disappeared, indicating that the silanols are the locus
on which the anchoring occurs.

A1

E

anchored

Absorbance (a.u.)

3800

3600

3400

3200

Re2Bi2
Re2Sb
Re2Sb2

Re2

2100

2000

1900

1800

1700

-1

Wavenumber / cm

Figure 4-11 Main: FTIR spectra of Re2(CO)10, Re2(CO)8(µ-SbPh2)(µ-H), Re2(CO)8(µ-SbPh2)2
and Re2(CO)8(µ-BiPh2)2 anchored on Davison silica. Inset: FTIR spectra in the OH
stretching region of pure silica (solid line) and of Re2(CO)8(µ-BiPh2)2 anchored on silica
(dashed line). All the samples have been outgassed at room temperature.
Moreover, the comparison of Re2Sb/SiO2 and Re2Sb2/SiO2 samples in Figure 4-10 reveals
that not only the band ascribed previously to the A1 mode, but also the component
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due to the E mode is split in the case of Re2Sb/SiO2 sample, due to the decrease in the
symmetry of the complex with respect to Re2(CO)10.

These modes are slightly red

shifted in the case of Re2Sb2/SiO2, where the splitting is not observed, due to its
different geometry. Based on the decomposition of the νCO bands of the supported,
non-decomposed complexes, comparison of the spectra for the three bimetallic
clusters indicates that the order of stability to vacuum thermolysis is Re2Sb2> Re2Sb>
Re2Bi2. Of the three catalyst samples, only the FTIR spectra of Re2Bi2/SiO2 show full
decomposition of the precursor complex bands when activated at 200 °C prior to the
catalytic tests, which could well explain the superior performance of this catalyst[34] –
see Figure 4-2.

4.3.4 CO adsorption on the activated catalysts

2035
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0.001 a.u.
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Re2Sb

0.005 a.u.

/4

Re2Sb

1923

2052

Absorbance
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b)
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Re2Sb2

Re2Sb2

Re2Bi2
Re2Bi2

2200

2100
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1800

2200

2100

2000

1900

1800

-1

-1

Wavenumber/ cm

Wavenumber /cm

Figure 4-12 FTIR spectra recorded after room temperature adsorption of CO at 120
Torr and subsequent outgassing on Re2Sb, /SiO2 Re2Sb2/SiO2 and Re2Bi2/SiO2 catalysts
activated in vacuo a) at 200 °C and activated in vacuo b) at 400 °C.
By studying the FTIR spectra of the activation of the as-synthesized samples, it has
been shown that the interaction between the support and the organometallic complex
varies depending on the stoichiometry of the precursor. The interaction is strongest
for Re2Bi2/SiO2, as evidenced by the intense absorption at lower wavenumber due to
anchoring CO sites (Figure 4-10). This kind of interaction strongly affects the nature of
the metal nanoparticles that are formed after the decomposition of the precursors and
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form the catalytic active sites. In order to further explore the effect of the thermal
treatment on the active sites produced and to elucidate the nature of the metal
nanoparticles formed on the silica support, the FTIR spectra of CO adsorbed at room
temperature and 120 Torr, on catalysts activated at 200 and 400 °C, were measured.
These temperatures were specifically chosen because catalytic tests have been
normally performed on nanoparticle catalysts that have been activated at 200 °C,[34]
whilst in Figure 4-10 it can be seen that 400 °C is a high enough thermolysis
temperature to cause sintering and deactivation and in the previous section it was
shown that the majority of surface and anchoring carbonyls had been removed.
Figure 4-11 a shows the FTIR spectra of CO adsorbed at room temperature and 120
Torr on Re2Sb/SiO2, Re2Sb2/SiO2 and Re2Bi2/SiO2 catalysts activated at 200 °C. The CO is
irreversibly adsorbed at this temperature and the spectra shown were recorded after
outgassing. All the absorbance bands seen are due to CO on Re sites. No evidence of
CO absorption on either Bi or Sb sites was observed, either in the bimetallic systems or
in monometallic systems prepared from BiPh3 and SbPh3, respectively. CO adsorption
on Re2Sb/SiO2 produced a large number of intense and quite definite bands at 2130,
2062, 2039, 2010 and 1967 cm-1.

(Note that the absorbance for this spectrum is

divided by a factor of 4). The 2130 cm-1 band is typical of the stretching mode of CO
molecule adsorbed on partially oxidised Ren+ sites, which indicates the presence of Re
in higher oxidation states[41] and hence the presence of Re-O-Si linkages.

At lower

wavenumber, a series of bands are present which are due to CO adsorbed on reduced
rhenium sites, which are coordinated differently and probably still interacting with the
residual ligands of the cluster. The strength and highly defined nature of these bands
indicates well-defined and consistent Re2Sb sites distributed throughout the silica
support. It is worth noting here that a negative band at 1923 cm-1 is observed which
can be attributed to the collapse of the band due to anchoring CO in the
decomposition spectra (1926 cm-1, Figure 4-8), although the intensity of the negative
band is much greater to that seen in Figure 4-11. The presence of a residual fraction of
un-decomposed complex, at this activation temperature, is observed in the FTIR
spectra related to the decomposition of the precursor (Figure 4-8 curve c). In addition,
this behaviour is also an indication that CO is able to remove the residual species at
room temperature.

A negative band in the same position is also observed for

Re2Bi2/SiO2, which is also in the same position as the anchoring CO band in Figure 4-9,
but unlike Re2Sb/SiO2 it is of lower intensity. This negative band is not observed in the
Re2Sb2/SiO2 spectrum, although it should be noted from Figure 4-7 that after degassing
at 225 °C, the decomposition spectra of Re2Sb2/SiO2 contained the weakest band due to
anchoring CO of any of the tested species.

These differences can be explained by

considering that on Re2Sb2/SiO2, all ligands are removed between 225 and 275 °C
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(Figure 4-7, curves d and e), whilst on Re2Sb/SiO2 and Re2Bi2/SiO2 weak bands due to
residual ligand are still visible up to 325 °C (Figures 4-8 and 4-9, curves g).
In the case of Re2Sb2/SiO2 and Re2Bi2/SiO2, only weak bands are formed upon CO
adsorption at room temperature. In particular, a band at 2052 cm-1 is observed on
both samples which can be specifically assigned to CO adsorbed on well dispersed Re0
sites.[41-43] A band in the same position was observed by adsorbing CO on a Re2/SiO2
sample, activated at 200 °C. The band at 2052 cm-1 appears quite symmetric in the
case of Re2Bi2/SiO2 indicating the presence of well-defined single-site Re0 exposed at
the surface of the metal nanoparticles.

CO adsorption was also performed on the

catalysts activated at 400 °C in order to monitor the nature of the metal exposed sites
after complete removal of the ligands (Figure 4-11 b) and the disappearance of the
negative bands was clearly evident in all cases, corresponding with the greatly reduced
intensity of anchoring CO bands previously observed at higher activation temperatures.
A decrease in the overall intensity and a red-shift of the CO bands was observed with
respect to the spectra of the catalysts activated at 200 °C, suggesting a lower fraction
of available Re0 sites and their modification under these thermal conditions.
particular, the band at 2130 cm , due to Re
-1

n+

In

sites, present in the Re2Sb/SiO2 catalyst

activated at 200 °C, and the bands at 2052 cm-1, due to well-dispersed Re0 single sites,
present on Re2Bi2/SiO2 and Re2Sb2/SiO2 catalysts have completely now disappeared.
These data suggest that a higher thermal treatment is necessary to completely reduce
the oxidized Re sites present on the Re2Sb/SiO2 catalyst and that the nature of the Re0
single sites, formed especially on Re2Bi2/SiO2 and Re2Sb2/SiO2 samples activated at
200 °C, has been modified after the thermal treatment at 400 °C.

4.3.5 Mechanistic Implications of Characterisation Results
As illustrated in the mechanism outlined in Scheme 4-5, key to the activity of
ammoxidation is the availability of two different, oxidised metal sites adjacent to each
other. This goes some way towards explaining the lack of activity of the pure rhenium
catalyst, since while there will be differences between the surface metal sites (due to
differing coordination of face, edge and corner sites), these are neither sufficiently
controlled nor different from each other to effectively catalyse the ammoxidation of 3picoline. The pure bismuth catalyst lacks the ability to form the oxo- species which are
so critical to the catalytic cycle.
All three bimetallic catalysts are considerably more active towards 3-picoline
conversion, showing that the close contact between the different metals in the
precursor yields a significant synergistic advantage. In the previous chapter, tin played
at most an indirect role in enhancing the activity of the catalysts, increasing site
isolation and donating electron density to the active metals.
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system the oxophile is directly involved in the catalytic cycle, providing one half of
each binuclear active site.
In order to form an active site, both the rhenium and the oxophile must be present in
oxidised states. With cluster-derived precursors, this will occur when the ligands are
removed under thermolytic conditions and the metals bind to the oxygens of the silica
support. A combination of TGA and FTIR studies in this work has shown this to occur
at different temperatures for the different precursors.

The formation of oxidised

rhenium species can be taken to occur with the loss of the Re-silica bridging carbonyls,
while the antimony and bismuth are oxidised on loss of phenyl groups. Re2Bi2/SiO2
showed the lowest temperature decomposition and most significant loss of both CO
and phenyl ligands below 200 °C (see Figure 4-9) and also the highest ammoxidation
activity.
Both rhenium-antimony catalysts have ostensibly similar activity in 3-picoline
ammoxidation.

From a stoichiometric perspective, it would be expected that

Re2Sb2/SiO2 would be the more active catalyst. However, it is the most stable of the
precursors under thermolysis conditions, retaining phenyl ligands up to 225 °C, while
Re2Sb/SiO2 loses almost all its phenyl ligands by 175 °C, indicating that more of the
precursor has transformed to its active form. It is also evident from the CO adsorption
data, in particular the absorption band at 2130 cm-1, that Re2Sb/SiO2 activated at 200 °C
contains more oxidised surface rhenium sites than does Re2Sb2/SiO2. As indicated by
the mechanism given in Scheme 4-5, these will make the Re2Sb/SiO2 catalyst more
active than would be predicted from the stoichiometry of the precursor.
These results further confirm that the nature of the oxophilic, non-catalytic metal and
the temperature of activation clearly play an important role in the generation of
isolated, well-defined, single-sites, which are crucial for the catalytic activity (see Figure
4-2).

When higher activation temperatures (400 °C) were employed to completely

remove all the precursor ligands; there was a detrimental effect on the catalysis, as the
concentration of isolated rhenium sites was greatly reduced by thermolysis at this
temperature (see Figure 4-11 b). This is most likely due to a combination of sintering
and the volatilisation of rhenium oxide species.

4.4 Conclusions
Through combining FTIR spectroscopy and TGA analysis, the decomposition of
rhenium-containing organometallic precursors have been shown to occur at different
temperatures, producing clear differences in the nature and availability of catalytically
active rhenium sites, clearly illustrating that the nature of the oxophilic metal (Sb or Bi)
and the geometry of the cluster complex play a major role in influencing the stability
of the nanocluster catalyst and thereby its catalytic properties. A key aspect in the
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production of these bimetallic sites – which are active in the ammoxidation of 3picoline – is the interaction between the cluster precursor and the surface silanols
groups of the silica support.

The key activation step in the generation of the

nanoparticles is the loss of the phenyl groups from the oxophile and its subsequent
binding to the silica surface, forming an oxidised companion to the rhenium sites. Any
further modification of the nanoparticles formed at this point involves the removal of
all remaining CO ligands, including those anchoring the Re atoms to the silica, as
evidenced by the consistent shapes of the IR spectra in the νCO region, on further
heating of the catalyst sample in vacuo. Re2Bi2/SiO2, which from the intensity of the
bands in the FTIR, contains the largest concentration of anchoring CO ligands after
activation at 200 °C, also contains well-defined, Re0 single-sites exposed at the surface,
as evidenced by the CO adsorption. This catalyst displays the highest catalytic activity
for the ammoxidation of 3-picoline at 200 °C. Higher activation temperatures (400 °C)
are capable of removing the anchoring CO ligands, resulting in the loss of Re0 single
sites and poor catalytic activity in 3-picoline ammoxidation (Figure 4-2). It is to be
expected that each nanocluster has an optimum activation temperature range, in which
the precursor decomposes to allow the oxophile to bind to the silica surface, whilst
also not allowing excessive decomposition and sintering of the nanoparticles.
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5 Catalytic Processing of Bio-Derived
Feedstocks
5.1 Biomass Processing
A critical aspect of green chemistry is the source of the feedstock chemicals being
used in a process.

The majority of currently used feedstocks are derived from

petrochemical sources. As the world’s supply of petrochemical feedstocks continues
to diminish, alternative routes to bulk chemicals must be located and refined. In order
for supplies of bulk chemicals to be truly sustainable, biomass must be employed as
the ultimate source of carbon.

Since all biomass requires cultivation, processing

technologies need to be developed to maximise the efficiency of conversion of the
biomass and minimise water, energy and chemical use in agriculture, without
jeopardising food supplies and natural habitats.

5.1.1 Processing Methods
Biomass, in the form of plants, has three major components. These are vegetable oils
(triglycerides), lignin and carbohydrates.

The earliest experiments in the use of

biofuels involved crude vegetable oils. The fatty acid chains in vegetable oils are long
(16-24 carbon atoms) chain alkyl groups, containing between zero and three C=C
double bonds.

Their formulae are simplified to the code xx:yy, where xx is the

number of carbon atoms in the chain, while yy is the number of double bonds. The
fatty acid compositions of a number of natural vegetable oils are summarised in Table
5-1. Attempts to use crude vegetable oil as a direct diesel replacement did not prove
successful[1] due to the high viscosities and melting points of the oils, along with their
low cetane numbers.

Current EU requirements (standard EN 590) for diesel fuel

include a cetane number in excess of 40.
The simplest method of upgrading vegetable oils to produce viable biodiesel is
transesterification to fatty acid methyl esters (FAMEs) and glycerol (see Scheme 5-1).
The first catalysts for transesterification were mineral acids such as sulphuric and
hydrochloric acids, organosulphonic acids, or bases such as sodium and potassium
hydroxides and alkoxides.
catalysed,

[2]

Base-catalysed transesterification is faster than acid-

but requires anhydrous conditions to avoid saponification (formation of

fatty acid salts) and as a result is more energy intensive in the pre-treatment of the
vegetable oil.[3]

In order to benefit from the ease of separation of heterogeneous

catalyst systems, much recent work has been put in to the development of solid acid
catalysts for transesterification.[4-7]

FAMEs have much lower viscosity and melting

points than their corresponding triglycerides and have cetane numbers in the range
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45-65, making them suitable for use as direct diesel replacements (see Table 5-2). As
a by-product, significant quantities of glycerol are produced.
Table 5-1 Compositions of a selection of vegetable oils.[3]
Vegetable

Fatty acid composition/ % wt.

oil

16:00

18:00

20:00

22:00

24:00

18:01

22:01

18:02

18:03

Corn

11.67

1.85

0.24

0

0

25.16

0

60.60

0.48

Cottonseed

28.33

0.89

0

0

0

13.27

0

57.51

0

Crambe

2.07

0.70

2.09

0.80

1.12

18.86

58.51

9.00

6.85

Peanut

11.38

2.39

1.32

2.52

1.23

48.28

0

31.95

0.93

Rapeseed

3.49

0.85

0

0

0

64.40

0

22.30

8.23

Soybean

11.75

3.15

0

0

0

23.26

0

55.53

6.31

Sunflower

6.08

3.26

0

0

0

16.93

0

73.73

0

Scheme 5-1 Transesterification of vegetable oil with methanol
Table 5-2 Properties of biodiesel from different oils[8]
Vegetable
oil Kinematic Cetane
methyl esters viscosity no.
/mm2 s-1
(biodiesel)

Lower
Cloud Pour Flash
heating value point point point
/MJ kg-1
/°C
/°C
/°C

Density
/kg l-1

Peanut

4.9

54

33.6

5

–

176

0.883

Soya bean

4.5

45

33.5

1

−7

178

0.885

Babassu

3.6

63

31.8

4

–

127

0.875

Palm

5.7

62

33.5

13

–

164

0.880

Sunflower

4.6

49

33.5

1

–

183

0.860

Diesel

3.06

50

43.8

–

−16

76

0.855

51

43.2

–

−16

128

0.859

20% biodiesel 3.2
blend
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When looking to use triglycerides as a source of bulk chemicals, an alternative to
transesterification is cracking.

This produces a mixture of shorter chain alkanes,

alkenes and benzene (see Scheme 5-2).[9] Since the early work by Schwab et al on the
purely thermal decomposition of triglycerides, much development has focussed on the
use of catalytic systems which may allow the direct replacement of crude oil with
vegetable oil in current refinery technology.[10-15]
The use of vegetable oils as feedstocks for the bulk chemical industry has two major
drawbacks.

The first is one shared by all potential sources of biomass – the

competition with food supply, for both humans and livestock. In 2009, 80% of the
European Union production of biodiesel used rapeseed oil as its feedstock.[16]
Rapeseed oil is also one of the more common cooking oils, due to being cheaper to
produce than sunflower oil, and is used as an alternative to soya in animal feed.
The second issue for the use of vegetable oils as chemical feedstocks is their relatively
low abundance. Even high yield crops such as rapeseed only produce 400 kg of oil per
ton of crop, with the rest being waste. This can be countered through the design and
use of bacterial and algal strains capable of high oil production.[17] These bacteria and
algae have the potential to be ‘farmed’ in either offshore or on otherwise non-arable
land (so are not competition for food crops), produce vegetable oils photosynthetically,
yield high per-acre volumes of oil and produce other useful and valuable co-products
such as animal feed[18] and fertiliser.[19]
O
CH3(CH2)5CH2

CH2CH CHCH2 CH2(CH2)5C

O CH2R

O
CH3(CH2)5CH2

CH2CH CHCH2 CH2(CH2)5C

OH

O
CH3(CH2)5CH2

H2C

CHCH CH2

CH2(CH2)5C

Diels-Alder
CH3(CH2)5CH2 + H2C
H

OH

H

CH2

O

-H2

CH3(CH2)5C

OH

-CO2
CH3(CH2)5CH3

CH3(CH2)4CH3

Scheme 5-2 Cracking of a fatty acid ester[9]
The second major component of biomass is lignocellulose. Lignocellulose provides the
structure of most plants. It is a combination of three components – lignin, cellulose
and hemicellulose.

Lignin is a highly cross-linked co-polymer of a number of
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phenylpropanoid residues, including coniferyl alcohol, sinapyl alcohol, and paracoumaryl alcohol (see Figure 5-1). Since lignin is polymerised through a mixture of
ether linkages and carbon-carbon bonds, it is not readily depolymerised under mild
conditions. As a result, most research in to lignin use has focussed on gasification and
steam reforming to synthesis gas.[20, 21]

Figure 5-1 Components of lignin (l-r) coniferyl alcohol, sinapyl alcohol and p-coumaryl
alcohol
The other option is pyrolysis, where biomass is heated in the absence of air to produce
an oil.[22] This oil has much higher oxygen, water and mineral content than petroleum
and as highly acidic, making it inappropriate for use as fuel (see Table 5-3). However,
the relative ease of pyrolysis on an industrial scale makes the upgrading of pyrolysis
oil a further area of significant research.[23] The majority of issues surrounding the use
of pyrolysis oil are due to its high oxygen content. Low molecular weight alcohols and
aldehydes act as surfactants to make the oil miscible with water and immiscible with
crude oil.[24] Carboxylic acids and phenols cause a low pH which makes it impossible to
store pyrolysis oil in carbon steel or aluminium containers.[25] High oxygen and water
contents also reduce the heating value (heat of combustion) of the pyrolysis oil.
Table 5-3 Comparison of chemical analyses of pyrolysis oil and crude oil[23]
Pyrolysis oil Crude oil
Water /wt. %

15–30

0.1

pH

2.8–3.8

–

ρ kg l

1.05–1.25

0.86

µ50°C /cP

40–100

180

HHV /MJ kg-1

16–19

44

C /wt. %

55–65

83–86

O /wt. %

28–40

<1

H /wt. %

5–7

11–14

S /wt. %

<0.05

<4

N /wt. %

<0.4

<1

Ash /wt. %

<0.2

0.1

-1
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The upgrading of pyrolysis oil requires the deoxygenation of the alcohols, aldehydes
and acids in the mixture. Not only will this make the oil less acidic, it will render it
non-polar and hence immiscible with water.

One method for the upgrading of

pyrolysis oil is catalytic hydrodeoxygenation. The academic literature indicates that
this process requires both high temperatures (300-450 °C) and high pressures of
hydrogen (80-200 bar),[26-28] while the patent literature includes processes at
temperatures as low as 120 °C and pressures as low as 10 bar.[29,

30]

The catalysts

reported have included supported noble metals,[26, 27] as well as sulphided cobalt- and
nickel-molybdenum catalysts, which are often used in industry for the analogous
hydrodesulphurisation of petroleum feedstocks.[31, 32]

Figure 5-2 Structures of amylose and amylopectin
The third major component of plant biomass, and the one of highest proportion by
mass, is carbohydrate (including cellulose, hemicellulose, starch and sugars). Starch
and cellulose are both polymers of glucose, the most common sugar molecule. Starch
consists of a mixture of amylose and amylopectin (see Figure 5-2) and is stored by
plants in granules up to 100 µm in diameter. Amylose is a linear polymer consisting of
300-3000 glucose units connected through α(1

4) glycosidic linkages. It forms either

an amorphous or a helical structure and is insoluble in water.

Amylopectin also

consists of α(1 4) glycosidically-linked glucose units, but with some branching
through α(1 6) linkages.

Amylopectin has a higher molecular mass than amylose,

consisting of up to 2000000 glucose units, but is water soluble.
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While the use of vegetable oil, starch and sugars for the production of bio-derived
feedstocks and biofuels is frequently in direct competition with food crops, rapid
progress is being made in the use of so-called Second Generation biofuels and
feedstocks. These are produced from either non-food crops or from the waste from
food production.

In general, this involves the processing of lignocellulose to high

value chemicals.[33]
Cellulose is, like amylose, a linear glucose polymer.

Hemicellulose is a branched

copolymer of lower molecular weight than cellulose, containing a number of different
sugar molecules including glucose, xylose, mannose, galactose, rhamnose, and
arabinose. Cellulose and hemicellulose are found in combination with lignin in plant
cell walls. This lignocellulose is responsible for the structural rigidity of plants and is
indigestible for humans.
In contrast to amylose and amylopectin, the bonding between glucose units in
cellulose is via β(1 4) glycoside linkages.

The structure this generates enables

significant hydrogen bonding between chains (see Figure 5-3). This leads to cellulose
being highly crystalline and water-insoluble. This insolubility, while clearly crucial for
the role of cellulose in nature, presents the greatest challenge for the use of cellulose
as a feedstock for controlled and targeted chemical synthesis, namely the extraction of
cellulose and hemicellulose from lignocellulose.[34]

Figure 5-3 Structure of cellulose
A number of methods of biomass pre-treatment are currently employed in biorefinery
research.[35] The first stage is the solubilisation and hydrolysis of hemicellulose. The
simplest method for this is treatment with sulphuric acid at elevated temperatures
(170–200 °C), resulting in hydrolysis of the hemicellulose to component monomers and
soluble oligomers. This is, unfortunately, a slow process due to being highly mass-
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transfer-limited.[36] It also has the drawback of the use of strong acids dehydrating the
monomeric sugars produced, leading to a combination of furfurals and tar.
An alternative, faster and lower temperature method is ammonia fibre explosion,[37]
whereby hydrolysis using aqueous ammonia at elevated pressures is followed by
sudden release of pressure.

This process does not directly increase hydrolysis of

cellulose and hemicellulose compared to acid treatment, but instead leaves the
biomass residue easier to digest enzymatically.[38]
A further, recent addition to the field of biomass pre-treatment has been the use of
ionic liquids to solubilise cellulose,[39] and even whole biomass.[40, 41] Fort et al showed
that cellulose of good purity can be recovered by precipitation from solutions of wood
in ethylmethylimidazolium (EMIM) chloride on addition of a water-acetone mixture.[40]
The use of ionic liquids as solvents on a large scale is currently prohibitively expensive,
but Wu et al have shown that EMIM acetate can act to reduce the crystallinity of
cellulose and thus make it more susceptible to enzymatic digestion, even at up to 50
%wt biomass concentrations.[42]

Figure 5–4. Ethylmethylimidazolium (EMIM) chloride

5.1.2 Feedstock chemicals
The change from petrochemicals to a bio-derived chemical industry will inevitably lead
to a change in the nature of the feedstock chemicals used.

Petrochemicals and

biomass are at opposite ends of the scale when it comes to inherent chemical
functionality and as such require very different chemistry to be performed on them,
although many of the catalysts may be similar.
An indicator as to the nature of the problem comes from an analysis of the elemental
analyses of crude oil and biomass.

Biomass has much higher heteroatom content,

especially oxygen, while petrochemicals are essentially pure hydrocarbon, with some
nitrogen, oxygen and sulphur impurities (see Table 5-3).[43]
While the use of distillation and cracking has enabled petroleum chemists to define
their range of feedstock chemicals for further reaction with some precision, these are
still being developed for the bio-refinery. There are two major routes available to these
new feedstocks – gasification and hydrolysis.
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Gasification involves the production of synthesis gas by aqueous phase reforming
(APR), which can subsequently be converted to methanol or alkanes by Fischer-Tropsch
synthesis. If the cellulosic components can be isolated prior to APR, they will produce
an approximately equimolar mixture of CO and H2. As the ultimate aim is the removal
of oxygen from the system, it is clear that this mixture will contain an excess of CO for
alkane production. However, the water-gas shift reaction can be utilised to generate
further hydrogen. If an appropriate catalyst is chosen, both steps can be completed in
the same system. Huber et al have reported the direct APR of sorbitol to hexane over
a silica/alumina catalyst.[44] There has also been much research in to the conversion of
synthesis gas to fuels by microorganisms.[45]
Beyond the use of syngas in a manner equivalent to that currently used by the
petrochemical industry for gas-to-liquids processing (see Figure 5-5), alternative
feedstock chemicals can be derived directly and under greater structural control from
the sugar components of biomass.
C6H14O6 + 6 H2O

6 CO2 + 13 H2

19
CH O
13 6 14 6

6 C6H14 +

C6H14O6 + 6 H2

C6H14 + 6 H2O

36
42
CH +
HO
13 6 14 13 2

Equation 5-1 Individual and combined equations for the APR of sorbitol to hexane[44]

Figure 5-5 Gasification and steam reforming routes to gasoline and petroleum
distillates
In 2004, the US Department of Energy reviewed a range of 300 compounds that can be
derived from biomass, identifying 15 key feedstock chemicals.[46]

These have since

been revised, to better reflect the direction research has followed (see Table 5-4).[47] Of
these, only 5-hydroxymethylfurfural and 2,5-furandicarboxylic were derived through
purely chemical means, with the rest produced by fermentation through specifically
evolved microorganisms.
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Table 5-4 Key bio-derived building blocks identified by the US DoE
Succinic acid

Furfural

Sorbitol

Ethanol

Lactic acid

Glycerol

5-Hydroxymethylfurfural (HMF)

Isoprene

Xylitol

5-Furandicarboxylic acid (FDCA) Biohydrocarbons
3-Hydroxypropionic acid (HPA)

Levulinic acid

The most common chemical treatment of bio-derived feedstocks is dehydration. This
removes water, causing the formation of alkenes (e.g. lactic acid to acrylic acid,
glycerol to acrolein) and heterocycles (e.g. production of HMF and furfural from
hexoses and pentoses, respectively).
A common aspect in many of these materials is the presence of multiple terminal
alcohol or carboxylic acid groups. This enables ready oxidation or substitution and
opens the way to bio-derived polymers. Polyamides containing only furanic monomers
have been prepared, although they suffered from low decomposition temperatures.[48]

5.2 Further Catalysis Using Bio-Derived Feedstocks
5.2.1 Hydrodeoxygenation catalysis
As discussed above, the focus in conversion of bio-derived molecules is different to
that for the petrochemical refinery. Whereas crude oil is essentially oxygen free and
requires oxidation catalysts to be developed, bio-derived feedstocks tend to have
relatively high oxygen contents and as a result require the development of
hydrodeoxygenation catalysis.
There are two general routes towards hydrodeoxygenation.

Both first involve the

hydrogenation of any carbonyl groups (esters, amides, carboxylic acids, ketones or
aldehydes) to alcohols. Subsequent to this, either the alcohol is hydrogenated directly
to alkane and water, or an acidic functionality on the catalyst is utilised to dehydrate to
alcohol to an alkene, followed by the much more facile hydrogenation of the alkene.
It is with the hydrodeoxygenation of bio-derived feedstocks in mind that a number of
substrates were tested using our cluster-derived nanoparticle catalysts.

5.2.1.1 Hydroxymethylfurfural
As mentioned previously, one of the major bio-derived feedstock molecules is
hydroxymethylfurfural (HMF).

Formed by the dehydration of hexose sugars, it has

already had three oxygen moieties removed. The major remaining functional groups
are the aldehyde and terminal alcohol. The wide variety of functionalisation available
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from HMF has made it widely studied in recent years as a potential key feedstock in the
biorefineries of the future.[49]
One possibility, and the initial inspiration for this project, was the hydrogenation of
HMF to 2,5-dimethylfuran (DMF).

DMF has significant potential as a direct petrol-

replacement biofuel. The chemical most commonly used as a petrol substitute has
been ethanol. From a speed-of-development perspective, this was prudent since the
process of fermentation on an industrial scale is well established.

Unfortunately,

ethanol has a number of disadvantages as the requirement to reduce petrochemical
consumption begins to take over. Most significant is the inability to use ethanol on its
own as a fuel in current engine designs. Rather, it must be blended to maximum of
10% by volume with standard petrol. Engines have now been developed which can run
on pure ethanol,[50] but this is not the only limitation of ethanol as a fuel. Pure ethanol
is highly hygroscopic, taking in water from the atmosphere and has a low-boiling
azeotrope with water at an ethanol: water ratio of 95:5. The presence of this much
water at engine operating temperatures can lead to serious damage to engine
components. It also means that ethanol cannot be transported and stored in current
infrastructure, since the tanks and pipelines are not sufficiently watertight.

By

contrast, DMF is only sparingly miscible with water and has a lower octane number,
meaning it is possible to use it as a direct petrol replacement without blending. The
key properties of ethanol, DMF and 2,2,4-trimethylpentane (“iso-octane”, the reference
point for an octane number of 100) are summarised in Table 5-5.
Table 5-5 Comparison of the fuel-relevant properties of ethanol, DMF and 2,2,4trimethylpentane
Property

Ethanol

DMF

2,2,4-trimethylpentane

Miscibility with water /g l-1

Fully miscible

2.3

Immiscible

Boiling point /K

346

366

372

Octane number

130

119

100

-30

-70

Enthalpy of combustion /kJ cm-3 -46

In 2007, Roman-Leshkov et al reported the production of DMF from D-fructose in a
multi-step process.[51] First the fructose was dehydrated using aqueous sulphuric acid
and continuously extracted in to 1-butanol, with a salt added to the aqueous phase to
aid partitioning. The final stage of this process was the hydrogenation of HMF to DMF
over a Cu-Ru/C catalyst. This is a multi-step hydrogenation with a number of potential
products, as indicated in Scheme 5-3.

As can be seen, selectivity to DMF requires

hydrogenation of an aldehyde and a terminal alcohol to alkyl groups, without
concurrent hydrogenation of the furan ring.
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adjacent to the aldehyde and alcohol, dehydration is possible, so direct hydrogenolysis
of C-O bonds is required.

Scheme 5-3 Potential products of the hydrogenation of HMF
A number of reaction systems were tried in this work. Initial testing with butan-1-ol as
solvent had solubility problems, as the HMF is only sparingly soluble in HMF at room
temperature. Methanol was tested as an alternative, but co-eluted with DMF in the GC
analysis, so was not practical. Further experiments were carried out using DMSO as
solvent. HMF proved highly soluble in the DMSO and GC analysis was facile, but the
hydrogenation of the solvent proved to be competitive with hydrogenation of HMF
under the conditions used, leading to the formation of dimethyl sulphide.
Ultimately, it was decided to return to butan-1-ol as solvent, with 1-chlorobutane as
internal standard, as used by Roman-Leshkov et al in the literature.[51]

In order to

ensure complete dissolution of the HMF prior to the first sample being taken, the
reaction mixture was sonicated for 10 min before adding to the reactor.
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Figure 5-6 Structures of the clusters [Ru12Cu4C2(CO)32Cl2]2- and (MeCN)2Cu2Ru6C(CO)16
The catalyst used by Roman-Leshkov et al was a CuRu/C material with an atomic Cu:Ru
ratio of 3:1. A number of RuxCuy clusters have been reported in the literature. Two of
these clusters, (PPN)2[Ru12Cu4C2(CO)32Cl2][52] and (MeCN)2Cu2Ru6C(CO)16,[53] have the same
basic stoichiometry (Ru3Cu) and are based on Ru6(µ6-C)(CO)16 octahedra (Figure 5-6).
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Ru12Cu4/MCM-41 has been shown to be active in the hydrogenation of 1-hexene.
Unfortunately it was not possible to synthesise and isolate these clusters during this
project, so they could not be tested as hydrodeoxygenation catalysts. Brice et al have
reported a variety of RuxCu (x = 3 or 4) clusters.[54] The majority of the clusters they
report are stabilised by phosphines, making them unsuitable for use as nanoparticle
catalyst precursors. The only two of the clusters not to contain phosphines, CuRu4(µ3H)3(CO)12(NCMe) and CuRu3(CO)9(C2But)(NCMe) (Figure 5-7), were only stable in solution
and their existence was only implied spectroscopically. All the above clusters contain
copper in the +1 oxidation state. This is a highly desirable property, since it has been
shown by Rao et al that copper on carbon supports is active for the hydrogenation of
furfural only where a mix of Cu+ and Cu0 is present in the catalyst.[55] There are no
reports of clusters containing copper in excess of ruthenium.

Figure 5-7 Structures of CuRu4(µ3-H)3(CO)12(NCMe) and CuRu3(CO)9(C2But)(NCMe)
Since it did not prove possible to synthesise a CuRu precursor, catalytic testing was
undertaken using RuxPtySnz catalysts.
Ru3(CO)12),

Ru6Sn/SiO2

(from

The catalysts tested were Ru3/SiO2 (from

(PPN)[Ru6(µ6-C)(CO)16(µ-SnCl3)],

Ru5PtSn/SiO2

and

Ru2Pt2Sn2/SiO2 (as used in nitrobenzene hydrogenation).
Table 5-6 Catalysis results in HMF hydrogenation. Catalysis conditions: HMF (1.0g), 1butanol (50 ml), 1-chlorobutane (1.0 g), catalyst (50 mg), H2 (30 bar), 150 °C, 3 hours.
Catalyst

Conversion Selectivity /mol%
/mol%
DMF
Others

Ru3/SiO2

86.3

51.51

48.49

Ru6Sn/SiO2

81.4

43.52

56.48

Ru5PtSn/SiO2

86.7

2.79

97.21

Ru2Pt2Sn2/SiO2

84.9

8.37

91.63

Due to the complexity of the preparation of cluster precursors compared to the coimpregnation catalyst used in the literature, it was deemed necessary to use milder
conditions than those employed by Roman-Leshkov et al. Their catalyst proved active
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at 200 °C and 6.8 bar of hydrogen in the batch. It was found that it was necessary to
run the reaction at 150 °C to achieve worthwhile conversions within three desired three
hour reaction time, using 30 bar of hydrogen. These conditions were sufficient for
each of the tested catalysts to attain >80 % conversion. As can be seen from Table 5-6,
the presence of platinum in this reaction had an adverse effect on the selectivity of the
reaction, with the selectivity to DMF dropping to 3 % and 8 % for both Ru5PtSn/SiO2 and
Ru2Pt2Sn2/SiO2, respectively.

While the selectivity to DMF is greatly improved for

Ru3/SiO2 and Ru6Sn/SiO2, neither could compare to the activity seen in the literature,
where 71 % selectivity at 100 % conversion was attained. It did not prove possible to
identify the unknown compounds.
Ru5PtSn/SiO2 and Ru2Pt2Sn2/SiO2 were characterised in Chapter 3, where it was
demonstrated that the inclusion of tin in the precursor yields more electron-rich
surface sites, with platinum sites highly active to hydrogen chemisorption and
nucleophilic ruthenium sites which may coordinate to aromatic sites. The most likely
outcome of this would be the hydrogenation of the furan ring.

It is reasonable to

assume the inclusion of tin will have a similar effect in Ru6Sn/SiO2, although the
PGM:tin ratio of 6:1 will mean the effect is minimised and explains its similar
performance to Ru3/SiO2. Being more electrophilic, the more oxidised ruthenium sites
that will be present in Ru3/SiO2 and Ru6Sn/SiO2 will be more capable of coordinating
across a C=O bond, as is necessary to hydrogenate these bonds directly. They will also
be capable of coordinating alcoholic oxygen atoms, opening the possibility of
hydrogenolysis by hydrogen atoms chemisorbed to adjacent metal sites.
The use of ruthenium in the literature was intended to counter the effects of chloride
ions on the copper. This chloride was present due to residual salt and water in the
feed from the fructose dehydration process which had produced the HMF. The initial
catalyst used was copper chromite, a widely-used hydrogenolysis catalyst.[55-59] There is
a clear indication from this that target catalysts for these hydrodeoxygenation
reactions should contain copper where possible.
Two

comparatively

stable,

non-phosphine-containing

RuCu

clusters,

[PPN]2[Ru12Cu4C2(CO)24Cl2] and (MeCN)2Cu2Ru6C(CO)16, have been reported in the
literature and were described previously. [PPN]2[Ru12Cu4C2(CO)24Cl2] has been shown to
be a precursor to active catalysts for the hydrogenation of alkenes (1-hexene,
cyclooctene, cis- and trans-stilbene, and D-limonene) and alkynes (phenyl- and
diphenylacetylene).[52] The activation of this catalyst on silica was shown by EXAFS to
occur below 180 °C, the activation used in these experiments, indicating this was
sufficient to leave naked metal nanoparticles within the pores of the silica support. As
would be expected, the catalyst was most active for 1-hexene conversion, being the
least hindered of the substrates tested.
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approximately half of the conversion seen in this system was isomerisation to 2hexene.

Scheme 5-4 Hydrogenation of dimethyl terephthalate
Ru12Cu4/SiO2 has also been used in the hydrogenation of dimethyl terephthalate to 1,4cyclohexanedimethanol (Scheme 5-4).

The formation of the major product involves

hydrogenation of an ester to an alcohol as well as complete hydrogenation of a
benzene ring. This would indicate that the most likely product of HMF hydrogenation
with this catalyst would be tetrahydrofuran-2,5-dimethanol.

While this would be a

potentially useful feedstock chemical for bio-derived nylon and polyesters, it lacks
stability compared to furans, where the aromaticity of the furan ring prevents
formation of potentially hazardous peroxides.
The most effective catalyst found by Roman-Leshkov et al was a copper-ruthenium
system with a Cu:Ru ratio of 3:1, i.e. the exact reverse of the Ru12Cu4 cluster-derived
system. They postulated that the high activity seen by their catalyst was due to the
immiscibility of ruthenium and copper and the formation of a Cu@Ru core-shell
structure,

yielding

hydrogenolysis

[55]

the

copper-like

selectivity

to

C—O

hydrogenation

and

combined with the chloride tolerance of a ruthenium catalyst. This is

the reverse of the structure calculated for Ru12Cu4/SiO2, a situation which would require
a very different precursor to rectify.

5.2.1.2 Succinic anhydride
Succinic anhydride is a bio-derived replacement for maleic anhydride and has potential
as a feedstock for a number of valuable chemicals. The traditional route to succinic
anhydride production has been through maleic anhydride, which is in turn produced
via the oxidation of cis-but-2-ene.

The microbiological production of succinic
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anhydride from biomass has received much attention in recent years,[60-62] as the costs
of petrochemical feedstocks have increased. Scheme 5-5 shows the hydrogenation of
succinic anhydride has the potential to produce γ-butyrolactone (GBL; a potential
biofuel

and

industrial solvent, and

the

precursor

to

N-methyl-2-pyrrolidone),

tetrahydrofuran, 1,4-butanediol (a nylon and polyester monomer and plasticiser) and
butanol (also a biofuel and solvent). Since all potential products of this reaction are
industrially useful, it should be expected that this may become a key process in
biorefineries.
OH
O

O

O

O

Malleic anhydride

O +

+

O +

O

O

OH

O

HO
GBL

Succinic anhydride

THF

1,4butanediol

Butan-1-ol

Scheme 5-5 Hydrogenation of malleic anhydride and succinic anhydride
There is little in the academic literature on the hydrogenation of succinic anhydride,
with that which has been published focussing on the use of palladium supported on
alumina, with GBL the target product.[63,

64]

A notable feature of this work is the

relatively high temperatures and pressures required (240 °C and 60 atm). It has also
been shown that Pd/C, Ru/C and PdRe/C are both active in hydrogenation of succinic
anhydride and selective to GBL at 240 °C and 75 bar H2 pressure.[65] It is notable that in
all four systems, an acidic support was utilised (the acidic functionalities in active
carbon being carboxylic and sulfonic acid groups).

Hara et al showed that the

presence of an acid is greatly beneficial to the activity of homogeneous ruthenium
catalysts in succinic anhydride hydrogenation.[66] Phenylsulfonic acid was found to be
the most effective, increasing the TOF from 120 h-1 in the absence of acid to 264 h-1 in
its presence and improving the selectivity to GBL from 58 % to 99 % (200 °C, 30 bar H2).
Phenylsulphonic acid can be considered analogous to the sulphonic acid groups found
in the graphitic structure of active carbon, helping to explain the activity of carbonsupported nanoparticles.

It is clear that a key aspect of the mechanism for GBL

formation from succinic anhydride is protonation of a carbonyl oxygen.
For this work, it was decided to investigate the effect of catalyst ruthenium:tin ratio in
the hydrogenation of succinic anhydride, using both cluster-derived and wet
impregnation catalysts.

For the cluster-derived catalysts, the precursors Ru3(CO)12,

[PPN][Ru6C(CO)16(SnCl3)], HRu3(CO)11(SnPh3) and H3Ru3(CO)9(SnPh3)3 were used, to give
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stoichiometries of Ru, Ru6Sn, Ru3Sn and Ru3Sn3 respectively.

The precursors were

mounted on silica (Davisil 923, 30 Å pore diameter) as described in Chapter 2 and
decarbonylated under vacuum at 200 °C for two hours. Silica is weakly acidic, which
should have been of benefit to the reaction. Immediately prior to use, the catalysts
were further activated in the pressure reactor, for two hours at 200 °C under 5 bar of
hydrogen before cooling and introducing the reagents.
Wet impregnation catalysts were prepared using RuCl3 and SnCl4.5H2O as precursors.
The salts, in the quantities given in Table 5-7, were dissolved in de-ionised water (2 ml)
and 500 mg of degassed silica was added. The slurry was stirred for two hours, then
the water evaporated at 85 °C overnight. The powders were calcined under flowing air
at 550 °C for 8 hours then reduced under flowing 5 % H2 in N2 at 350 °C for 8 hours.
The catalyst powders were stored under dry nitrogen ready for use. Immediately prior
to use, they were given the same pre-treatment in the pressure reactor as the clusterderived catalysts. The reaction was performed at 200 °C and 50 bar H2, the highest
temperature and pressure attainable using the available equipment.

None of the

catalysts, either wet impregnation or cluster-derived, showed any activity in this
reaction over five hours. The reaction using cluster-derived Ru6Sn/SiO2 was continued
to 18 hours, but still showed no conversion.
Table 5-7 Salt quantities used in co-impregnation catalysts
Salt

Ru:Sn ratio
1:0

6:1

3:1

3:3

RuCl3 /mg

30.8

25.7

22.1

14.2

SnCl4.5H2O /mg

N/A

7.3

12.5

23.9

Previous, successful hydrogenation of succinic anhydride has used catalysts reduced at
elevated temperatures (>300 °C), under pure hydrogen and for long periods (12 h).[67] It
has been shown that, under such extreme activation conditions, cluster-derived
catalysts begin to lose their advantages in terms of particle size control, due to the
removal of the last of the remaining carbonyl ligands.[68,

69]

Since the particle

aggregation is due to the increased mobility of the metal components across the
surface at these elevated temperatures, it is unlikely that the stoichiometric control
characteristic of cluster-derived particles is also maintained at higher activation
temperatures. It should be noted that there is currently no published data to support
this.

It is possible that the cluster-derived catalysts will be active for succinic

anhydride hydrogenation with more vigorous activation, but it becomes debatable
whether there would be any benefit over traditionally prepared catalysts under these
conditions. It is also likely that the inclusion of an acid such as phenylsulphonic acid
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would improve the activity of the cluster-derived catalysts, but this was not viable in a
reactor with exposed metal components.

5.2.1.3 Methyl lactate
A further readily produced compound group produced by biomass is lactate. Lactic
acid is produced by many organisms as a by-product of anaerobic respiration. As a
result of this, it is possible to produce lactic acid on a large scale through fermentation
processes. These are vastly environmentally preferable to the petrochemical route to
lactic acid, from acetaldehyde and hydrogen cyanide (see Scheme 5-6).

Scheme 5-6 The petrochemical route to lactic acid
While petrochemical prices continue to increase and fermentation is becoming more
economically viable, it still requires the maintenance of conditions that will keep the
microbes alive, along with aqueous conditions which lead to expensive purification of
the product. Hence it is desirable to find a catalytic route to lactic acid from glucose.
To this extent, Holm et al have developed the use of materials based on zeolite Beta,
containing either zirconium, titanium or tin, to convert fructose, glucose and sucrose
in methanol solution to methyl lactate at moderate temperatures (160 °C).

The

reaction proceeded at near-quantitative conversions and, in the case of Sn-Beta, gave a
methyl lactate yield of 64%.
Methyl lactate is a potential source of propylene glycol, another high value bulk
chemical currently produced using environmentally unsound petrochemical techniques
(hydration of propene oxide, formed via the chlorohydrin from propylene).

When

methyl lactate is used as the starting material, direct hydrogenation can yield
propylene glycol without the use formation of chloride waste from the chlorohydrin
process, or the use of acids for hydration.

Scheme 5-7 Propylene glycol production from methyl lactate
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Like many hydrogenation reactions, much of the literature focusses on the use of PGM
catalysts such as ruthenium.[70-74] Luo et al have investigated the effect of a number of
dopants in ruthenium-boron catalysts for vapour-phase (180 °C, 5.0 MPa H2) lactate
hydrogenation.[72, 73] They have shown that both tin and iron can act to improve the
catalytic activity of their systems, while cobalt and zinc acted as catalyst poisons. Feng
et al conducted a thorough investigation of the optimal parameters for hydrogenation
of lactate to 1,2-propanediol in ethanol solution, by supported ruthenium.[74]

They

determined that there is little difference in propanediol yield between titania and silica
as supports, with both being superior to carbon, alumina and zeolite Y. They also
found that the greatest yields were obtained at 160 °C and 5.0 MPa.

Huang et al

investigated monometallic nanoparticles supported on silica for lactate hydrogenation,
again in the vapour-phase.[75] They found copper, cobalt and palladium to be the most
active metals, with ruthenium, nickel and iron less so.
Pouilloux et al investigated RuSn/Al2O3 systems in the hydrogenation of methyl oleate
to oleyl alcohol (oleic acid = cis-8-hexadecenoic acid), a system analogous to the
hydrogenation of methyl lactate.[76] They determined that the tin is present as SnOx and
acts to activate the C=O bond, via adsorption through the oxygen atom of the
carbonyl.

An adjacent Ru0 site then hydrogenates the carbonyl carbon to form a

hemiacetal. The presence of a further tin site then enables the hydrogenation of the
hemiacetal without desorption of an aldehyde (Scheme 5-8).

Scheme 5-8 Hydrogenation of an ester over a RuSn2 site
For the current work, we focussed on the use of non-PGM catalysts. Our collaborators
in the group of Burjor Captain at the University of Miami, USA, provided us with
catalysts

derived

from

Fe5Ni(NCMe)(CO)15(µ6-C)[78]

Ni(COD)2
(Fe5Ni/SiO2),

(Ni/SiO2),

Ni(CO)2(SnBut3)2[77]

Fe4(CO)16(µ4-Sn)(SnBut2)2[79]

(NiSn2/SiO2),

(Fe4Sn3/SiO2)

and

Fe2(CO)9 (Fe2/SiO2), while a catalyst was also prepared from Co2(CO)8 (Co2/SiO2).
The catalytic procedure is described in Chapter 2.

Of the catalysts tested, only

NiSn2/SiO2 showed any conversion (11 % after 9 h, 58 % selectivity to 1,2-propanediol).
This catalyst had not been pre-reduced (treated with hydrogen), but had merely been
activated under vacuum at 200 °C and stored under nitrogen. Attempts to perform the
same reaction with NiSn2/SiO2 which had been additionally reduced with H2 at 160 °C
resulted in no reaction being observed.

This shows the importance of activation

mechanism on the catalytic activity of cluster-derived nanoparticles. AS illustrated the
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mechanism above, the optimum ratio of transition metal to tin is 1:2, with the tin in an
oxidation state capable of electrophilic attack on a carbonyl group. At the same time,
it is vital for the transition metal to be readily capable of activating hydrogen. While
nickel is generally less active to hydrogen chemisorption than PGMs, finely divided
nickel, such as Raney nickel, is used frequently in industry for bulk hydrogenations as
a cheaper alternative to PGMs.[80]
In general, however, non-PGMs are less active as hydrogenation catalysts, as illustrated
in this experiment. Because of this, it has been decided to continue the investigation
of base-metal-carbonyl clusters as precursors for oxidation catalysts, to which they
show much greater activity.

5.2.2 Hydrogenation of β-unsaturated aldehydes
A key factor in improving the financial competitiveness of biofuels is the ability to
create value from the by-products of their manufacture.

Glycerol is the major by-

product of biodiesel production, as described in Section 5.1, with one mole of glycerol
being produced for every three moles of FAME.

Glycerol itself is a low value

compound, so it becomes a worthwhile challenge to find efficient routes to higher
value materials.

Scheme 5-9 Route to propylene via the hydrogenation of acrolein
In addition to the propanediols, which can be formed by hydrogenation, one possibility
is to dehydrate the glycerol to acrolein. Glycerol is known to dehydrate spontaneously
on heating to sufficient temperatures, but the selective dehydration to acrolein
requires a catalyst to be both selective and economically viable.

The catalytic

dehydration of glycerol is well studied and has been extensively reviewed elsewhere.[81]
Acrolein itself is mostly used as a precursor for polyacrylate plastics, via oxidation to
acrylic acid.

However, hydrogenation of acrolein opens up a possible route to bio-

derived propylene (Scheme 5-9).
For the purposes of this work, it was decided to investigate the role of nanoparticle
stoichiometry in determining the selectivity of the hydrogenation of acrolein.
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work continued on from the results obtained in nitrobenzene hydrogenation, using
RuxPtySnz/SiO2 catalysts, but now focussing on chemoselectivity rather than purely
conversion.

The catalysts used were Sn/SiO2, Ru6/SiO2, Ru5Pt/SiO2, Ru5PtSn/SiO2 and

Ru2Pt2Sn2/SiO2, along with 5% Pd/C for comparison. The results are given in Table 5-8.
All the PGM-containing catalysts achieved at or near 100% conversion under the
conditions used, with none of them showing selectivity to allyl alcohol. Tin was again
shown to be catalytically inactive in hydrogenation reactions.
A number of extra peaks were observed in the GC traces at the end of the reaction.
The samples were analysed by GC-MS and the mass spectra produced compared to a
library of known spectra. This indicated that the extra peaks were acetals of 1- and 2propanol with acrolein and propionaldehyde. These will form under acidic conditions,
which are present at the catalyst surface. The silanol groups at the silica surface are
Brønsted acidic, while tin has been shown to act as a Lewis acid in catalytic systems.[82]
Table 5-8 Acrolein hydrogenation results. Reaction conditions: 2-propanol (10 ml),
acrolein (1.0 g), 1-butanol (1.0 g), catalyst (100 mg), H2 (10 bar), 100 °C, 3 h.
Catalyst

Conversion
/mol%

Selectivity /mol%
Propionaldehyde 1-Propanol

Allyl alcohol Acetals

Sn/SiO2

5.1

0.0

0.0

0

100.0

Ru6/SiO2

100

27.7

33.9

0

38.4

Ru5Pt/SiO2

96.5

34.8

30.4

0

34.7

Ru5PtSn/SiO2

97.9

22.8

33.1

0

44.2

Ru2Pt2Sn2/SiO2

100

21.7

36.6

0

41.6

Pd/C

100

50.6

17.0

0

32.4

Acrolein is highly toxic, so to continue the investigation of selectivity in α,βunsaturated aldehyde hydrogenation, it was decided to use an alternate substrate. For
this purpose, the hydrogenation of cinnamaldehyde was chosen.
Cinnamaldehyde (CAL) hydrogenation (Scheme 5-10) proceeds to hydrocinnamyl
alcohol

(3-phenylpropanol,

HCOL)

via

either

cinnamyl

alcohol

(COL)

or

hydrocinnamaldehyde (HCAL). Since the product distribution indicates the selectivity
of the catalyst towards either C=O or C=C hydrogenation, it is a well-studied test
reaction. It is also a useful reaction in the perfume industry, where COL is used as the
odour of hyacinth.
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Scheme 5-10 Hydrogenation routes for cinnamaldehyde
It has been shown previously that both particle size[83, 84] and stoichiometry[82] affect the
selectivity and conversion seen in cinnamaldehyde hydrogenation. Giroir-Fendler et al
used a selection of supported rhodium and platinum catalysts to show improved
selectivity to COL over HCAL when larger nanoparticles are involved. This is attributed
to steric hindrance of the approach of the C=C bond to the surface by the phenyl
group.
C=O activation has also been reported by Galvagno et al,[84] who used co-impregnated
ruthenium-tin catalysts supported on carbon. They postulated that the tin is present
as Sn(VI) and acts as a Lewis base, in a similar manner to that seen in methyl lactate
hydrogenation (see above). The Oδ- of the C=O group can coordinate to the tin,
activating the group to hydride transfer from the surface ruthenium atoms of the
nanoparticles. Further evidence for this behaviour has been observed by Coq et al,
who noticed an improved selectivity to COL when ruthenium nanoparticles were
supported on zirconia.[85]

This behaviour requires that the ruthenium and tin are

adjacent to each other, i.e. that they are in the same nanoparticle and homogeneously
mixed. In theory, this should make tin-containing, cluster-derived nanoparticles ideal
catalyst precursors for the selective hydrogenation of the aldehyde in an α,βunsaturated aldehyde.
Three solvents were tested in this reaction. Initial testing used 2-propanol, with 1chlorobutane used as internal standard. The use of alcohols as solvent is consistent
with literature work.[86-88]

Six catalysts were used in this testing – 5% Pd/C (Sigma-

Aldrich), Ru5/SiO2 (as per Chapter 3), Ru3Sn3/SiO2 (as used for succinic anhydride,
above), PtSn2/SiO2 (from Pt(CO)2(SnBut3)2, provided by B. Captain), Ru2Pt2Sn2/SiO2 (as per
Chapter 3) and Ru5Co/SiO2 (prepared from (PPN)[Ru5Co(µ6-C)(CO)16].
summarised in Table 5-9.

The results are

GC-MS was used to determine the nature of unknown

compounds, giving the most likely products to be isopropyl 3-phenylpropyl ether and
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acetals of CAL and HCAL with 2-propanol, COL and HCOL. As can be seen, all three
cluster-derived catalysts were significantly less active than Pd/C. However, while Pd/C
produced mainly HCAL and HCOL, along with the acetals, the cluster-derived systems
produced more COL.
Table 5-9 Cinnamaldehyde hydrogenation. Reaction conditions: 2-propanol (50 ml),
cinnamaldehyde (5.0 g), 1-chlorobutane (5.0 g), catalyst (50 mg), H2 (20 bar), 100 °C
Catalyst

Time Conversion Selectivity /mol%
/h
/mol%
COL HCAL HCOL Ether Others

Pd/C

3

>99

0

36.1

38.5

17.1

8.6

Ru5Co/SiO2

5

7.0

28.0

13.0

16.0

34.0

6.0

Ru5/SiO2

5

9.0

28.3

0

23.2

40.0

10.6

Ru3Sn3/SiO2

5

7.0

40.0

9.0

10.0

22.0

20.0

PtSn2/SiO2

5

15.0

40.0

11.0

8.0

21.0

18.0

Ru2Pt2Sn2/SiO2

5

11.0

29.0

13.0

8.0

16.0

35.0

As was seen in nitrobenzene hydrogenation, the presence of platinum improves the
activity of the catalyst.

It can also be seen that a high concentration of tin in the

precursor (≥ 1:1 vs. PGM) yields a significant improvement in the selectivity to the
desired unsaturated alcohol. However, all the catalysts tested cluster-derived catalysts
showed low conversions and significant selectivity towards both the ether and the
acetals.
Table 5-10 Cinnamaldehyde hydrogenation in heptane. Solvent volume and other
conditions as before.
Catalyst

Time Conversion Selectivity /mol%
/h
/mol%
COL HCAL HCOL Others

Pd/C

3

>99

0

76.8

17.8

5.5

Ru3Co/SiO2

5

16.9

5.8

84.8

7.9

1.4

Ru5/SiO2

5

7.2

22.3

77.2

0.5

0

PtSn2/SiO2

5

4.5

32.4

53.8

0

13.8

Ru2Pt2Sn2/SiO2

5

7.6

16.7

20.8

19.7

42.9

In order to counter this tendency, it was decided to investigate an alternative, nonalcohol solvent. Heptane was chosen as solvent, with 1-chlorobutane remaining as the
internal standard. The cluster-derived catalysts Ru3Co/SiO2 (from (PPN)[CoRu3(CO)13]),
Ru5/SiO2, Ru2Pt2Sn2/SiO2 and PtSn2/SiO2 were investigated, along with Pd/C as before.
The results are given in Table 5-10. Again, Pd/C was significantly more active than any
of the cluster-derived catalysts but showed no selectivity to the desired product.
Ru3Co/SiO2, while showing the highest conversion of any of the cluster-derived
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catalysts in this system, also showed very low selectivity. In this system, the presence
of platinum appears to promote the formation of high-boiling by-products, whose
identity could not be confirmed, but included acetals of COL with HCAL and CAL.
It should be noted that the catalysts showing lowest selectivity to others (mostly
acetals) were those that did not contain tin. This is a further indication towards the
mechanism of tin-containing catalysts in hydrogenation of α,β-unsaturated aldehydes
being similar to that given for methyl lactate hydrogenation above. While the presence
of SnOx species serves to activate the carbonyl group to hydrogenation, it also activates
aldehydes towards acetal formation by providing a carbocation centre to attack. At the
same time and unlike the methyl oleate system studied by Pouilloux et al,[76] the
coordination of the carbonyl to the tin centre brings the alkene group in to the vicinity
of the hydrogenated PGM centre. Tautomerism of the double bond (see Scheme 5-11)
also leads to the formation of a terminal +CH2 group, highly susceptible to hydride
transfer from the PGM centre. This combination of circumstances illustrates that while
Pouilloux et al found that the optimum Ru:Sn ratio for methyl ester hydrogenation was
1:4, Riguetto et al found that the greatest selectivity to unsaturated alcohol formation
in crotonaldehyde (but-2-enal) hydrogenation occurred at a Ru:Sn ratio of ~ 33:1.[89]

Scheme 5-11 Tautomerism in an α,β-unsaturated aldehyde coordinated to a RuSn
catalyst
Table 5-11 Cinnamaldehyde hydrogenation results. Reaction conditions: THF (50 ml),
cinnamaldehyde (5.0 g), decane (1.0 g), catalyst (50 mg), H2 (20 bar), 150 °C, 5 h.
Catalyst

Selectivity /mol%

Conversion
/mol%

COL

HCAL

HCOL

Ru5/SiO2

28.1

55.4

36.0

8.6

Ru3Sn/SiO2

39.6

64.1

26.0

9.9

Ru3Sn3/SiO2

37.4

56.0

26.7

17.3

Pt/SiO2

37.2

67.2

22.6

10.2

PtSn2/SiO2

47.5

57.9

29.1

13.0

Ru2Pt2Sn2/SiO2

34.9

52.6

35.7

11.7
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Given the low conversions seen for cluster-derived catalysts at 100 °C, further tests
were carried out at 150 °C.

THF was used as solvent to mitigate any effect of the

hydrophobicity of heptane on the access of the substrate to active sites, given the
highly hydrophilic nature of the silica surface. A range of ruthenium-, platinum- and
tin-containing cluster-derived catalysts were employed to try to determine any effects
of stoichiometry on the conversion and selectivities.

The catalysts used were

Ru3Sn/SiO2, Ru3Sn3/SiO2 (as used for succinic anhydride hydrogenation), Ru5/SiO2,
Ru2Pt2Sn2/SiO2 (as used for nitrobenzene hydrogenation), PtSn2/SiO2 (as used above)
and Pt/SiO2 (from (COD)PtCl2).

The results are given in Table 5-11.

Under the

conditions used, no acetal formation was observed.
These results again show the inclusion of tin to be beneficial to the activity of PGMbased cluster-derived hydrogenation catalysts, with Ru3Snx/SiO2 and PtSn2/SiO2 showing
higher conversions than their monometallic counterparts. However, there is little to
choose between any two catalysts in this system.
Subsequently to this work being undertaken, it was reported that stainless steel can act
as a catalyst in the hydrogenolysis of glycerol to propene, when working in an acidified
aqueous solution.[90]

This activity was attributed to the acidic solution extracting

chromium species from the reactor walls. The chromium then acted as catalyst in the
hydrogenation, in conjunction with the triflic acid acting as a dehydrating agent, to
produce propene.

Propene was formed rather than propane, since it was the first

gaseous species produced, from propanol dehydration. Since there was no catalyst
above the surface of the liquid, it was not hydrogenated further.

5.3 Future Perspectives
5.3.1 Biofuel production
The focus for the future of biofuel production needs to lie in two areas – the removal of
food crops from the process and the supplementation of ethanol as the biofuel of
choice.
It was inevitable that ethanol would become the first port of call for those looking for a
bio-derived molecule to use in place of petroleum. The technology required for large
scale production of ethanol from sugars has been around for centuries, although it was
previously intended for drinking.[91]

This is borne out in global production of

bioethanol for fuel, which stood at 74 billion litres in 2009, with the vast majority
being corn ethanol from the USA and sugar cane ethanol from Brazil.[92] As previously
discussed, bioethanol has a number of disadvantages as a fuel, including its
hygroscopic nature, volatility and toxicity.

These disadvantages have led the drive

towards alternative biofuels, which has come from three directions.
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The first is the chemical conversion of abundant biomolecules through dehydration,
hydrogenation and hydrogenolysis to alkanes and furanics.

As mentioned in the

introduction to this work, the development of bifunctional dehydration-hydrogenation
systems has enabled the production of light alkanes from sugars.[93] These alkanes are
too short, and hence low boiling, to be used directly as fuel, although it can be
hydrocracked to propane for use as liquefied petroleum gas (LPG).
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Scheme 5-12 Production of C9-15 alkanes via aldol condensations and hydrogenation of
HMF
It was in analysis of the by-products from the synthesis of HMF (from hexoses) and
furfural (from pentoses) that a possibility for production of longer-chain alkanes began
to emerge. HMF and furfural can undergo aldol condensations either with themselves
or acetone to produce C8-15 compounds, which can in turn be dehydrated and
hydrogenated to produce longer chain alkanes (Scheme 5-12).[94]

These can

subsequently be fed in to current petrochemical processes or used in diesel fuel.
While this route provides exceptional control of the products formed, the production of
HMF from the most abundant hexose, glucose, is still far from being perfected. Indeed
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the significant majority of literature investigations of HMF production use fructose as
starting material, since its most stable conformer is a furanose.

Still, the most

effective routes to HMF from fructose require the use of an ionic liquid[95] or an
environmentally harmful solvent such as DMSO.[96]
The second major line of investigation in biofuel production is photosynthesis by algae
and other microbes. Biofuels from this source are known as third generation, since
they are neither based on food crops (first generation), nor on lignocellulosic, non-food
material (second generation). Advances in bio-engineering have made it possible to
develop microbial strains that will produce a broad range of potentially useful
materials,

such

as

succinic

acid,

from

strains

including

Mannheimia

succiniciproducens.[97] This technology is now being turned towards fuel production.
The cyanobacteria and algae used in microbial biofuel production are not competitive
for land space with food crops, since they can be bred in open tanks in any region
where there is sufficient sunlight. They can also survive in lower quality water than is
required for crop or human consumption.[98]

Biofuels produced by algae and

cyanobacteria include hydrogen, methane, ethanol, butanol and biodiesel.[17]
The third current option for fuel production from biomass is through Fischer-Tropsch
synthesis of alkanes. It is also the area with the most potential application for the
catalysts used in this project. The synthesis gas required for this method would be
produced by the gasification of biomass, as discussed earlier. FTS is a well-established
technology for the conversion of natural gas to higher alkanes for fuel, with a number
of major oil companies applying it commercially.[99][100]
The two most active metals in FTS are ruthenium and cobalt, with the former
frequently being used as a promoter for catalysts based on the latter.[101,

102]

As

mentioned above, there are a number of cluster precursors available containing
varying stoichiometries of cobalt and ruthenium, making them ideal for preparation
and investigation of highly dispersed FTS active sites. The other major catalytic metals
used in FTS are iron and nickel, which again have wide-ranging cluster chemistry,
including with each other.
This combination of iron, cobalt, ruthenium and nickel in FTS leaves a number of
avenues open for further investigation of the activity of cluster-derived nanoparticles in
biofuel production.

5.4 Conclusions
While earlier work has shown cluster-derived nanoparticles, especially those containing
platinum, to be highly active hydrogenation catalysts the work in this chapter has
shown them to be incapable of cleanly hydrogenating aldehydes and alcohols to
alkanes. Rather, they tend to form acetals, indicating that acid catalysis has occurred.
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The implication from this is that the silica support has played a key role in the
reactions.

It may be possible that cluster-derived nanoparticles can catalyse the

hydrodeoxygenation of oxygenated organics, but the conditions required are more
extreme than were utilised here. These more extreme conditions may result in the
loss of the features that make this preparation method so valuable to the catalysis
chemist. In chapter 4, it was shown that higher activation temperatures lead to loss of
catalytic activity.

It is very likely that the use of higher temperatures and higher

pressures of hydrogen will have similar effects on the nanoparticles.
The oxidation states of the metals in a nanoparticle after activation are critical to their
success as catalysts.

In the hydrogenation of methyl lactate with NiSn2/SiO2, pre-

reduction of the nanoparticles was apparently detrimental to their activity.

It had

already been shown in Chapter 4 that over-heating of cluster-derived nanoparticles
results in aggregation and loss of the site-isolation which is the key to their activity.
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6 Future Potential of Cluster-Derived
Nanoparticles
6.1 Industrial potential of cluster-derived nanoparticles
The essence of this work has been to show how the inclusion of non-catalytic oxophilic
metals within supported, cluster-derived multimetallic nanoparticles can improve their
catalytic turnover and affect their selectivity.
As demonstrated in Chapter 3, the cluster-derived nature of the nanoparticles plays a
key role in the nature the availability of the active metals when compared to catalysts
prepared by traditional co-impregnation methods. However, it is the use of clusters as
precursors which provides the greatest limitation on the use of these catalysts on
greater than laboratory scale. The preparation routes of the clusters, and indeed the
clusters themselves, are frequently air-sensitive and involve expensive precursors. The
syntheses themselves are also often of low yield. As an indication, the synthesis of the
precursor Re2(CO)8(BiPh2)2, as used in the ammoxidation of 3-picoline to nicotinonitrile[1,
2]

, is shown in Scheme 6-1 below, along with the reported yields. The overall yield of

this synthesis with respect to rhenium is just 7.5 %.

Scheme 6-1 Synthesis of Re2(CO)8(µ-BiPh2)[2, 3]
Yields in this region clearly run counter to the third Principle of Green Chemistry[4],
namely to optimise atom economy. The precursors are also generally separated from
their reaction mixtures by thin layer chromatography, a technique which is not suited
to large-scale synthesis.
However, the combination of catalytic performance and stability of the oxophilecontaining, cluster-derived nanoparticles, along with the characterisation data they can
provide due to their monodisperse, single site nature, can give valuable insights into
the key properties industry should look to attain when preparing catalysts on large
scale.
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6.1.1 Potential for investigation of further stoichiometries
As illustrated in chapters 3 and 4, the use of structurally characterised clusters as
precursors can give strong evidence as to the ideal combination of metals to aim for
when a particular product is required in catalysis. As well as the stoichiometries used
in this work, clusters containing PtSn2,[5] Rh3Sn6,[5] Ru6Pd6,[6] Ru10Ag2[7] and Ru12Cu4[8] have
been used as catalyst precursors.
A number of reported potential precursor clusters have been reported that fulfil the
requirements to have no high-boiling ligands such as phosphines or cyclopentadienyls.
The stoichiometries of these clusters have included a number of PtxSny compounds;[9, 10]
ruthenium-based RuxCoy,[11-13] Ru5M (M = Pd, Rh,[13] Ni[14]), Ru12Ag4,[15] and Ru6Cu2;[16] ironbased FexSny,[17, 18] Fe4M (M = Au, Cd, Zn, Hg),[19] FexMy (M = Pt, Pd, x=1, y=4, x=6, y=6)[20]
and Fe5My (M = Cr, Mo, W, Rh, Ir, Ni, Pd, Cu);[21, 22] iridium-containing IrxSny;[23, 24] and the
cobalt-based systems CoxSny[25-27] and CoxMoy .[28, 29]
Early transition elements require high denticity ligands to fill their outer shells and
satisfy the requirements of the Polyhedral Skeletal Electron Pair model for stable
organometallic compounds. As such they are generally unsuitable for use in cluster
precursors. This is unfortunate from the perspective of a scientist wishing to develop
new catalysts, since isolated and well-defined titanium,[30,

31]

vanadium[32] and

chromium[33] sites can be highly active for oxidation catalysis in particular.

As was

mentioned earlier in this chapter, chromium is a highly active in hydrodeoxygenation
catalysis.

Chromium is, though, typical of early transition elements, in that its

reported compounds with PGMs are stabilised with cyclopentadienyl ligands.
It is also not generally possible to include alkali and alkali earth metals, which are
frequently used as catalytic promoters in clusters.

However, the wide range of

stoichiometries available to the cluster chemist still leaves many avenues open for
exploration.
As mentioned previously (Section 5.1.1.1), the most likely candidates for relatively low
cost hydrodeoxygenation catalysts are those based on copper chromite.[34-40]

The

toxicity of chromium in the environment makes the stability of industrial scale
catalysts critical and this is an area where cluster-derived catalysts, particularly those
containing oxophiles, have been seen to be effective.[2,

5, 41, 42]

A number of CrxSny

complexes have been reported and while the majority require the chromium to be
stabilised by a cyclopentadienyl ligand, Lin et al have reported the clusters (NEt4)2[cis(Ph3Sn)2Cr(CO)4], (NEt4)[(Ph3Sn)3Cr(CO)4] and (NEt4)[H(Ph3Sn)2Cr(CO)4].[43]

The dimeric

dianion [((CO)5Cr)2Sn(µ2-OEt)2Sn(Cr(CO)5)2] has been reported by Kircher et al.[44] Klüfers
2-

and Wilhelm have also proved possible to synthesise a CrCu complex containing no
high boiling ligands, in their synthesis of (NH3)2Cu(µ3-H)Cr2(CO)10.[45] All these reports
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potential

for

the

development

of

a

CuCr-based

cluster-derived

hydrodeoxygenation catalyst, with a tin-containing trimetallic material a possibility.

6.2 Oxidation using supported catalysts
As indicated by the results reported in Chapter 5, selecting the appropriate metals can
lead to active oxidation catalysts.
Isomorphous substitution of transition metals in to zeolitic or aluminophosphate
framework materials has been shown to produce highly active and selective
oxidation,[46-51] with bimetallic systems showing improved activity due to synergistic
effects between the metals involved. The key to the activity of these materials is the
site isolation of the active sites. A limiting factor in their use is their relatively small
pore size (typically <10 Å). This provides both a kinetic restriction on their activity
through mass transfer effects and a limit on the size of substrate molecule which can
reach the active site. The isolated, monodisperse active sites generated from cluster
precursors on mesoporous supports may well produce highly active and stable
oxidation catalysts.
The first indication that nanoparticulate gold was capable of catalysis came in the
oxidation of CO to CO2.[52]

While subsequent studies based on bimetallic gold-

containing nanoparticle catalysts have largely focussed on the use of Au-Pd[53,

54]

and

Au-Pt[55, 56] combinations. Neither of these combinations are conducive to preparation
from cluster precursors, due to an absence of bimetallic systems that are not stabilised
by phosphines. They also do not solve one of the main challenges in green chemistry
– to avoid the use of rare and expensive metals in catalysts. However, the clusters
[Fe4Au(CO)16]n- (n = 1, 2, 3),[57] [Fe4Au4(CO)16]4- and [Fe2Au(CO)8]3-

[58]

have been reported.

Cluster-derived Au/FeOx/SiO2 systems have been used as oxidation catalysts for the
combustion

of

methanol

(Au/FeOx/SiO2)[59]

and

toluene

(Au/FeOx/TiO2).[60]

[NEt4][AuFe4(CO)16] was used as a precursor to generate their multimetallic active sites.
The Au/FeOx nanoparticles produced contained highly reducible iron species, as
indicated by temperature-programmed reduction measurements. This effect was not
seen with catalysts prepared through sequential deposition of iron and gold.

The

cluster-derived nanoparticles were more active than those obtained by deposition
precipitation in the vapour-phase combustion of volatile organic compounds in air,
showing the importance of the close iron-gold contact provided by the cluster
precursor. It may be assumed that further detail of this benefit would be obtained
through the use of the FeAu clusters of alternative stoichiometries.
In the liquid phase, gold and gold-palladium nanoparticles have been shown to
catalyse the more selective oxidation of toluene to benzyl benzoate (Scheme 6-2).[61]
The exceptional activity of these catalysts (TON up to 3300 at 160 °C and 10 bar
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pressure of O2 for AuPd-C) demonstrates the capability of gold to activate even the
relatively inert C-H bond to oxidation in a controlled manner, using molecular oxygen.

Scheme 6-2 Oxidation of toluene to benzyl alcohol, benzaldehyde, benzoic acid and
benzyl benzoate
Prior to this discovery, alkyl C-H oxidation required much harsher reagents, with their
inherent lack of selectivity to lower oxidation products such as aldehydes. Catalysts
for toluene oxidation to benzaldehyde tended to suffer from very low conversions.[62, 63]
Oxidation catalysis is frequently carried out using lower cost transition elements, such
as manganese,[50, 64] cobalt,[64, 65] iron[50, 66] and vanadium.[65, 67, 68] Multimetallic systems are
also frequently prepared, with the expectation that placing different active centres in
close proximity to each other will produce synergistic effects, enhancing the overall
catalytic activity of the system.[69] In the context of requiring close contact between the
metals in the catalyst, cluster-derived nanoparticles may prove ideal systems for a
number of oxidation reactions. It has already been shown, in this work, that bimetallic
rhenium-bismuth and rhenium-antimony systems are active in the ammoxidation of 3picoline to nicotinonitrile,[1, 2] so it is reasonable to assume that further oxidations may
be possible using other metal combinations.
The use of manganese for oxidation catalysts is useful from the perspective of clusterderived nanoparticle catalysts, since manganese has an ideal precursor in the form of
Mn2(CO)10. This has been used to produce a wide variety of mixed-metal precursors,
both with other transition metals[70,
stoichiometries

gives

great

71]

and with oxophiles.[72]

possibilities

for

producing

well

This range of
controlled

and

monodisperse active sites, to enable detailed investigation of the nature of effective
nanoparticle catalysts for oxidation
Cobalt, like manganese, is a widely used in oxidation catalysis. Cobalt is also one of
the most widely used catalysts in Fischer-Tropsch synthesis of alkanes from CO and
H2.[73] It is also one of the most flexible metals available to the cluster chemist when
searching for new stoichiometries and structures. Directly relevant to this project are
the long-known CoxSn (x = 1-4) clusters, first reported in the 1960s.[25, 26, 74, 75] Beyond
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this, a number of CoM As well as the previously mentioned RuxCoy,[11-13] phosphine-free
platinum-cobalt clusters have also been reported by Adams et al,[76] while Bergamo et al
synthesised the trimetallic cluster Re2Pt(µ-H)2(CO)9[Co(CO)4].[77]

6.3 Conclusions
In this work, it has been shown that both precursor stoichiometry and activation
temperature can play critical roles in the catalytic activity of cluster-derived
nanoparticles. Tin alters the chemistry of these systems through a number of routes,
sometimes acting to improve site isolation or to change the availability of metal sites,
as in RuxPtySnz systems studied in Chapter 3, and sometimes becoming more directly
involved in the catalytic mechanism, acting as a Lewis acid in hydrogenations of
carbonyl groups. Varying the stoichiometry of the precursor has significant effects on
optimising the precise nature of the active site. In a cluster-derived nanoparticle, this
can extend to controlling which metals are bound to each other in the precursor and
hence in the catalyst itself.
The oxidation states of the metals in a nanoparticle after activation are critical to their
success as catalysts.

In the hydrogenation of methyl lactate with NiSn2/SiO2, pre-

reduction of the nanoparticles was apparently detrimental to their activity.

It had

already been shown in Chapter 4 that over-heating of cluster-derived nanoparticles
results in aggregation and loss of the site-isolation which is the key to their activity.
The broad range supports available for nanoparticle catalysts has not been
investigated in this work. It is likely that more acidic supports such as carbon and
alumina may be more active in hydrodeoxygenation reactions, due to their ability to
dehydrate alcohols to alkenes. In combination with the huge range of stoichiometries
and structures available to the cluster synthesis chemist, this makes a potentially
hugely valuable route to model catalytic systems for processes in the bio-derived
chemical economy.
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