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Extended X-ray absorption fine structure (EXAFS) spectroscopy was used to study the
mechanistic cycles involved in the rhodium, iridium or palladium catalysed carbonylation of
methanol. The validity of using microelectrodes to determine iodide concentrations, in particular
HI, in acetic acid mixtures was also investigated.

EXAFS was used to characterise a number of catalytic precursors, revealing bond lengths that
closely matched those reported in the literature using X-ray crystallography. Bond angles were
also determined for some structures, either by using multiple scattering calculations or using
trigonometry from distances obtained by the refinement of both transition metal and iodine edges.

In situ EXAFS experiments were also carried out. Stopped flow results, using the X-STRIP
detector, for the oxidative addition of CH;0S0,CF; to [Ir(CO),l,] showed a classic Sy2 reaction,
with the first step having occurred 1.2 ms into the reaction. [Pd(CO)I;] was shown to be the
dominant species in the palladium catalysed carbonylation cycle whilst the study of the
[BusN][Rh(CO),l;] catalysed carbonylation reaction, carried out in a newly designed cell, showed
that only the species [Rh(CO),I,] was present during the timescale of the reaction; however little
carbonylation occured under these conditions. The crystal structure of [(CH;CO)Rh(dppe)l;],
obtained from the catalytic reaction of [Rh(CO)I(dppe)], Mel and methanol demonstrated that the
oxidative addition and methyl migration steps occurred.

Electrochemical results show that the electrochemical oxidation of iodide in organic solvents
proceeds in a two step fashion, corresponding to the reactions:

3D Iy + 2 (1)
13’ > 3/212 +e (2)

Despite the use of microelectrodes, migrational effects influence the heights of the limiting
currents. Only when supporting electrolyte is used, are the ratios of the two waves the expected
2:1. Calculation of the diffusion coefficient of I and 15" in acetonitrile gives values of 2. Ix/ o’
em’s™ and 2.0x10°° em’s™ respectively whilst in acetic acid, these values are almost 10 times
slower at 2.5x10° cm’s™ and 2.2x10°° cm®s™'. These values cannot be explained by differences in
viscosity and it is possible that solvation of the iodide by the acetic acid molecule occurs, causing
this change in diffusion coefficient. Scanning EXAFS experiments were also carried out to
determine the extent of solvation around an iodide ion in different solvents. In water, the ion is
coordinated by 8.4 oxygen atoms; this number drops to 3 when the solvent is anhydrous acetic
acid. TheI---O distance of 3.3 A shown in EXAFS demonstrates that this is not due to

contact ion pairing effects.
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Chapter 1

1 Introduction

1.1 Acetic Acid

The manufacture of acetic acid is an important commercial process. Nowadays, this is
achieved by the homogeneous carbonylation of methanol. This first chapter in this thesis
will give a background into the manufacture of acetic acid, examining the mechanistic
cycles involved in homogeneous methanol carbonylation in detail. The initial focus will
be on the older, rhodium based, Monsanto process and this will enable contrasts to be

made between this and carbonylations using other catalysts, such as the iridium based

Cativa process.

1.1.1 History and Manufacture of Acetic Acid

Acetic acid is a very important commercial commodity, and has a worldwide demand of
about 5.5 million tonnes per year. It has many industrial uses, including the synthesis of
vinyl acetate, an important monomer or co-monomer in a variety of polymers that are used
as major components of paints, adhesives and textiles.! Cellulose acetate is used in the
preparation of fibres and films whilst other acetates, such as methyl, ethyl and butyl
acetates, are all important industrial solvents; methyl acetate can be used as a starting
material in the catalytic production of acetic anhydride.? Acetic acid is also the starting
material for such chemicals as ketene and chloroacetic acid (used in the synthesis of acetic
anhydride and in the production of various biologically active compounds respectively). It

is also used as a solvent in the production of terephthalic acid as well as the production of

C; compounds.

Historically, acetic acid was produced using the fermentation of wood or the fermentation
of grains. This process produces large quantities of side products, particularly water, and
requires a costly and extremely wasteful purification process. The other older, alternative
processes include the oxidation of fermentation ethanol (still used to make wine vinegar)
and acetaldehyde oxidation (later followed by oxidation of butane or naphtha). The major

synthetic process, which dominated until the 1950s, was based on the hydration of
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acetylene to acetaldehyde and was catalysed by the mercuric ion (Hg”"). After this, two
new processes were developed. Celanese, in the United States, and British Petroleum, in
Europe, developed the short chain paraffin oxidation, in a free radical process, based on
manganese or cobalt salts. At the same time, Waker Chemie introduced the palladium-

copper oxidative hydration of ethylene to acetaldehyde.’

The use of carbon monoxide” (derived from natural gas) and methanol, as feedstocks,
offered significant cost advantages to acetic acid production, providing improved
selectivity over the older methods. Such processes rely on transition metal complexes that
are capable of forming carbonyl complexes, a key step in catalysing the carbonylation of
alcohols. Examples of this method include the use of BF3 or H3PO4 with RuCl; and the

use of cobalt and rhodium salts with halide promoters. The reaction conditions, however,

are severe and corrosion is a big problem.’

The first such commercial process was developed in 1960 by BASF.® This process used
an iodide promoted cobalt catalyst but required very high pressures and temperatures (600
atm., 230 °C) to operate. Newer processes, developed by Monsanto in 1966 and more
recently by BP Amoco, use rhodium’ or iridium® promoted catalysts and offer
significantly milder operating conditions in addition to improved selectivity over the older
methods. Nowadays, the carbonylation of methanol is the preferred route for the
industrial manufacture of acetic acid and accounts for approximately 60% of world acetic

acid manufacturing capacity (ca 5.5 million tonnes per year).
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1.2 Catalysts

Over the last century, there has been a dramatic increase in the use of catalysts in the
chemical industry. Estimates have shown that approximately 60 to 70% of all industrial

chemicals produced use a catalyst at some stage during their production.”

The definition of a catalyst is a substance or system that alters the rate of reaction by
becoming involved in the reaction sequence without becoming a product.' Catalysts
speed up a reaction by providing the reactants with an alternative lower-energy pathway to

products (Figure 1-1). They cannot be used to alter the final position of the equilibrium.

—— Uncatalysed reaction path

A ...... Catalysed reaction path

Free energy of activation

Free
Energy

Reaction co-ordinate

Figure 1-1: Free energy plot for a catalysed and uncatalysed reaction

A homogeneous reaction, by definition, is a reaction in which all its constituents are
present in the same phase, including the catalyst; it is generally inferred that this is the
liquid phase. A heterogeneous reaction, however, is one where one or more of the
constituents are in different phases. This usually consists of a solid catalyst and reactants

in the liquid or, more commonly, gaseous phase.
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1.2.1 Heterogeneous Catalysts

A heterogeneous catalyst has certain advantages over its homogeneous counterpart that
can be attributed to its solid state or bulk nature. Obviously, the main advantage is the
ease in which the reaction products can be separated from the catalyst. This feature is
particularly important in large-scale industrial processes. The other advantage is that
heterogeneous catalysts usually have higher thermal stability than homogeneous systems

and this can lead to improved reaction rates.

1.2.2 Homogeneous Catalysis

There are a number of reasons for choosing homogeneous catalysts over heterogeneous
catalytic systems. Firstly, in a homogeneous catalyst, there is generally only one active
site present and so they are much more selective than their heterogeneous counterparts.
They are also frequently more active in terms of activity per metal centre. Finally,
homogeneous systems are much easier to study; the reaction of interest occurs in solution
and therefore can be readily characterised using standard techniques such as infrared
spectroscopy and nuclear magnetic resonance.'! This has led to a greater understanding of

the effect of changing the ligands around the metal centre.

1.2.3 Hybrid Catalysts

Recently, there has been much interest in developing the practical benefits of
heterogeneous catalysts with the advantages of homogeneous catalysts.12 These so called
‘hybrid’ catalysts would typically consist of transition metal compounds being supported
on a surface without significant alteration of the structure of the catalyst.”> This could

lead to a catalyst that would be highly selective, efficient and reproducible.

1.2.4 The use of Transition Metals as Catalysts

Transition metals are different from other elements in the periodic table in that they have
partially filled d or f'shells. The reason that transition metals play an active role in a wide

range of catalytic systems can be summarised under five main headings:
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1.2.4.1 Bonding ability

A d-block metal has nine valence shell orbitals available with which it is able to form both
sigma, o-, and pi, 7z-, bonds with other ligands. This feature can be seen in carbonyl

complexes as illustrated in the figure below.

9 | QO\ O
.804_.@*0@ ‘b O O‘

Figure 1-2: Molecular orbital representation of carbon monoxide bonded to a transition metal
showing the c-component on the left hand side and the n-component on the right hand side. The
arrows indicate the net transfer of electrons.

The most important contribution to the bonding is the dative bond. This o-component is

formed by the interaction between a vacant metal g-orbital and the carbon lone pair. The
7- component of this system is formed because the empty antibonding pz- orbitals on the
carbon monoxide have the ideal symmetry to accept the electron density from the

occupied metal d orbital.

The o-component results in a net transfer of electron density from the ligand to the metal
and the z-component in a net transfer in the opposite direction. The bonding is synergistic

and results in an increase in the metal-carbon bond order and decrease in the carbon-

oxygen bond order.™

1.2.4.2 Wide-ranging choice of ligands

Transition metals readily combine with a wide range of molecules and this results in their

rich coordination chemistry and suitability for catalysis.

Basically, ligands can be classified in just two ways, those thought of as ionic, e.g. CI', H,
OH, CN, alkyl’, aryl”and COCHj; and those seen as neutral, e.g. CO, alkene, arsine, H,O
and amine. Those ligands that end up in the product of the reaction are seen as having
participated in the cycle whilst those ligands that remain associated with the transition
metal, and do not physically participate in the reaction in the sense that they do not form

products, still play a vital role in determining the activity and selectivity of the catalyst."
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1.2.4.3 Ligand effects

The use of ligands in transition-metal catalysis is essential, as it allows modification of the
steric and electronic environment at the active site. This leads to changes in the properties
and activity of the catalyst and so modifying certain ligands in the catalyst could control a
reaction. Three models have been proposed that aim to predict the effect of ligands

around a transition metal centre.

1.2.4.3.1 Trans-effect

The trans effect is an electronic effect that occurs in orbitals formed from metal-ligand
bonds. When two ligands are placed mutually trans to one another, an increase in the
orbital-orbital interaction occurs. Thus, a greater effect can be seen, in catalytic systems,
when an active trans-effect ligand is placed in a trans arrangement relative to the non-
participating ligands. Highly active trans-effect ligands are of use to a catalytic system

where ligand or substrate dissociation is the rate-determining step.'®

1.2.4.3.2 Electron donor-acceptor propertiesI 7

It has been shown that, for a carbonyl group attached to a transition metal, the CO infrared
stretching frequency varies with the nature and number of the ligands in the complex. In
1970, Tolman proposed that in the case of Ni(CO)s(ligand), the frequency of the carbonyl
band shown in the infrared spectrum is determined by the measure of the ligand’s donor-

acceptor properties. This frequency is related to the nature of the three groups bound to

the phosphorus atom.

1.2.4.3.3 Cone angle' 5

The cone angle is another parameter developed by Tolman, and explains the steric
influences arising from trivalent phosphorus ligands. Increasing the cone angle by having
bulky constituents on the phosphorus atom favours lower coordination numbers, the
formation of less sterically crowded isomers and increased rates and equilibria in

dissociative reactions.
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1.2.4.4 Variability of oxidation state

The ability to form complexes in a variety of oxidation states is common amongst the
transition metal complexes and, in theory, it is possible for the transition metal to have as
many formal positive oxidation states as it has valence s and d electrons. The fact that
transition metals have ready access to a range of oxidation states means that the catalyst is

able to change oxidation states several times during a reaction and is a major contribution

to the activity of transition metals as catalysts.

1.2.4.5 Variability of co-ordination number

The ability of transition metal complexes to contain a number of different ligands is well
known, for example the hydrogenation reaction catalysed by [RhCI(PPhs)s]." This is
particularly important if we consider a reaction between one or more substrates and the

need for a changing co-ordination sphere during that reaction.
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1.3 Rhodium Catalysed Carbonylation of Methanol to Acetic
Acid

The use of rthodium as a catalyst in the production of acetic acid was invented by
Monsanto in the 1960s. It is a classic example of a homogeneous catalytic reaction and it
can be thought of as six stoichiometric reactions produced by a series of oxidative
addition, insertion, elimination and substitution steps. The overall scheme is illustrated in

Figure 1-3. These steps will be discussed later on in this chapter.

I\ /CO

I/Rh\CO
2

MeCOI Mel — " —_
= [ e
co TOM&:I OH2 I\l _CO
Rh ~
/ N 1 CO
I l CO | 1 |
MeOH

— — MeCOZH
co _1 coMe | -
U
e Rh\
I co|

Figure 1-3: Catalytic cycle for the rhodium and iodide catalysed carbonylation of methanol to acetic
acid

The catalytic cycle takes place using a rthodium species, either dissolved or dispersed in a
liquid medium or supported on an inert solid, along with a halogen-containing catalyst

promoter, such as methyl iodide. During the reaction conditions, however, all the rhodium

20
is converted to the active catalyst [RhI»(CO)s]".

The only dependencies in this cycle are first order dependencies on the iodide promoter




Chapter 1 - Introduction

and rhodium concentrations. There is no effect from varying methanol concentrations or
from varying the partial pressure of CO above 3 atm. The concentrations of reactants and
products also have no effect. The preferred solvent and liquid reaction medium for this
catalytic cycle is the carboxylic acid itself.*’ When methanol is used as a solvent, large

quantities of diethyl ether are produced.

The presence of water in the reaction liquor is important in attaining a suitable reaction
rate. Hjortkjaer and J. ensen”? have shown that increasing the water concentration from 0 to
14% results in an increased rate of methanol carbonylation. Increasing the concentration
of water above this value causes no further change in reaction rate. One problem of large
water concentrations in the reaction medium, however, means that recovery of the acetic
acid product in near anhydrous form requires substantial energy for distillation or solvent
extraction techniques, as well as the need to use relatively large processing equipment
compared to other processes. On the other hand, reduced water concentrations can lead to
the formation of esters, rather than the desired carboxylic acid product, or even
precipitation of catalyst, especially if there is a reduced carbon monoxide content.”* In

industrial processes, typically a 14-15% concentration of water is used.
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1.4 Reaction Steps Involved in the Carbonylation of Methanol

Oxidative Addition

This reaction is typical of, but not exclusive to, the later d-block elements and is defined
as the addition of a substrate XY to a metal complex in such a way that both the formal
oxidation state and co-ordination number is increased by two in the resulting complex,24

and so that the X-Y bond is broken:
MLy + XY > M"”(X)(Y)Ly (1-D

In the Monsanto reaction, this first step takes place under a large molar excess of iodide,
the first step of the cycle being the reaction of methanol with hydrogen iodide, forming
methyl iodide. This involves the transformation of the rhodium metal from a d® to a &

configuration and the oxidation state changes from one to three. High-pressure IR
25
studies show only the presence of the [Rhly(CO);]™ species under reaction conditions.

The anionic rhodium (I) species is important since it is relatively nucleophilic and readily

reacts with methyl iodide. Kinetic data have been interpreted® as indicating that the rate

determining step is the oxidative addition of CH3I to [Rh(CO);Ih]".

This reaction occurs most readily if MLy is coordinatively unsaturated and if the metal
has an energetically accessible oxidation state. The higher oxidation states are usually
more stable for the heavier metals and in ligand systems that promote electron density

around the metal centre.

The resulting stereochemistry of this reaction is very important. The presence of the metal
centre not only means that the metal can interact with the carbon centre, in a reaction
analogous to the classic Sy2 reaction, but it can also bind to the halide. Hence reaction of
the XY molecule can either occur without severance of the two atoms, which bond to the

atom in a cis position, or with separation of X and Y in which case there is a possibility of

several isomers.

The exact mechanism of an oxidative addition reaction can vary with the nature of the
metal-ligand system, with the reactant that is oxidatively added and the medium in which
the reaction takes place. For an oxidative addition reaction between a metal centre and an

alkyl halide, studies have shown?”’ that two main mechanisms are possible, Sn2 or radical.
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1.4.1.1 Oxidative addition by nucleophilic displacement

The simplest view of an oxidative addition reaction, between a metal and an alkyl halide,
is the classic Sx2 reaction, such as the reaction between trans-IrC1(CO)(PPhs), and CH5L.
The rate is increased in the presence of polar solvents and this suggests that a polar

transition state is present in this mechanism (Figure 1-4).

y ¥
| L\ R\ R
+ RS
LoM: + //C —» | ,M—C—X |—» [L,M—C +X —» LMX(CRy)
v,
R |
R R

Figure 1-4: Oxidative addition mechanism by nucleophilic displacement

This reaction has been shown to be sensitive to ligand effects and to the nature of the alkyl
halide. Electron withdrawing ligands, such as CO, reduce the electron density around the
metal centre and make the complex much less reactive towards alkyl halides. For a
particular nucleophile, its reactivity towards alkyl halides is in the order: RI > RBr > RCI;

where Me > Et > Pr' > Bu'.

1.4.1.2 Oxidative addition by radical mechanisms

Oxidative addition reactions for certain complexes have been observed that result in
different effects than would be expected for a nucleophilic type mechanism. Such
reactions might be sensitive to traces of dioxygen, paramagnetic impurities and light or
can result in significant products being formed other than the desired product. Such

reactions proceed via a free radical mechanism, such as the reaction of [Co(CN)5]3' and

Mel.

11
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1.4.2 Migratory Insertion Reactions

A migratory insertion reaction may be defined as a reaction wherein any atom or group of

atoms is inserted between two atoms initially bonded together:
LM-X+YZ > LM-(YZ)-X (1-2)
There is no change in the oxidation state of the metal.

The insertion of carbon monoxide into metal-to-carbon bonds to form acyls has been
extensively studied,” especially in the area of catalysis. The mechanism for such a
reaction is a 1,2-migration of the alkyl group to a coordinated CO ligand, which must be

located in the cis position. This proceeds via a three-centre transition state as shown.

R
c’ R3 CR;

.C. yd

— | /N | — Mm—cC
M——CO M-----CO o

/

Figure 1-5: Migratory Insertion Mechanism

In the rhodium-catalysed methanol carbonylation reaction, the oxidative addition product
undergoes migratory insertion to form the rhodium (IIT) acyl species. This occurs rapidly

since the rhodium (IIT) methyl complex is highly reactive, and the oxidative addition

product is not seen under reaction conditions.*

1.4.3 Reductive Elimination
This step is the reverse reaction to oxidative addition and the two substrates, acetyl iodide
and iodide leave the coordination sphere of the metal to regenerate [Rhl>(CO),]"; acetic

acid and hydrogen jodide®! are also produced.

12
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1.5 Side Reactions

Although rhodium catalysed carbonylation is highly selective and efficient, the process
does suffer from a number of disadvantageous side reactions, particularly the water gas
shift reaction and propionic acid production as described below. These side reactions in
particular lead to a very small loss in yield. Other by-products are also produced under
these conditions, such as very small amounts of condensation products, their derivatives

and iodide derivatives. These trace compounds do not present a problem to either product
yield or product purity.
CH30H + CO -» CH;COH
H,0 + CH;0H + CO = HCO,CH;3; + H,0 - HCO,H + CH;0H
2CH3;0H - CH30CH;3 + H,0
CH;3;COH + CH;0H - CH3;CO,CH; + H,O
CO+H,0 - CO, + H;
4CH;0H + 2CO + 2H; - CH3CHO + CH3;CH(OCHj3), + 3H,0

CH50H + CO + 2H; &> CH3;CH,0H + H,0
Figure 1-6: Side reactions resulting from the rhodium catalysed methanol carbonylation reaction

1.6.1 The Water Gas Shift Reaction

The water gas shift reaction occurs as a by-product in the rhodium catalysed carbonylation
reaction at high temperatures via a competing step whereby HI oxidatively adds to
[Rh(CO),L,]; this generates low levels of carbon dioxide and hydrogen from carbon

monoxide and water.>? This side reaction is summarised as follows:
CO+H,0-> CO,+H, (1-3)

This side reaction has a number of disadvantages. The carbon monoxide is lost due to the
shift reaction and the CO, and H; gases produced leads to an increase of pressure in the
reaction vessel. The gaseous by-products dilute the CO gas in the reactor; there is a
lowering of the partial pressure and therefore yields, as the reaction is dependent upon a

minimum CO partial pressure.

The formation of hydrogen also results in the loss of another starting material.

13
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ROH + H,; - RH + H,O where R represents an alkyl group (1-4)

1.1.2 The Propionic Acid Side Reaction

Propionic acid is the major liquid by-product from this process. One of the ways it can be
produced is by the carbonylation of ethanol that is present as an impurity in methanol.
However, production of the by-product is much greater in acetic acid formation than can
be accounted for by this route. It has been proposed that acetaldehyde generated in this
reaction undergoes reduction by hydrogen to give ethanol; this subsequently yields
propionic acid.*

The stability of the catalyst has been shown to be sensitive to the reactor environment.
This is a potential problem since the transformation of the catalyst to the insoluble Rhl;
compound is a relatively facile one. As a result, water, methyl acetate, methyl iodide and

carbon monoxide concentrations must be monitored.

1.5.3 Other problems

A number of other problems plague the rhodium catalysed carbonylation reaction. Firstly,

the metal is rare and expensive, when compared to those used in other systems.

In addition to this, such carbonylation processes have to have specially designed plants,

constructed from exotic and expensive materials. Not only are acetic acid mixtures very

corrosive at high temperatures (>150 ©C), rhodium catalysed carbonylation reactions must
be carried out within specific limits on water, methyl acetate, methyl iodide and rhodium

concentrations to prevent precipitation of the rhodium catalyst from occurring. This limits
the plant output and causing increased running costs as a result of the need to remove both

low boiling point impurities and a substantial amount of water from the acetic acid.

14
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1.6 Iridium Catalysed Carbonylation of Methanol to Acetic Acid

The carbonylation of methanol to acetic acid based on a promoted iridium catalyst was
developed at the same time as for the rhodium catalyst but it was not until 1996 that this
process was commercialised.*® This showed an overall improvement in the rate and
selectivity compared to the rhodium-based technology, as well as an improvement on the
capital required to build new plants or expand existing ones. The iridium system also
offers significant improvements over the rhodium-based technology in terms of the
stability of the catalyst.®® It is particularly robust at low water concentrations (0.5 wt. %)
and is stable under a range of conditions that would cause the rhodium analogue to
decompose to an inactive form. The high solubility of the iridium catalyst means that
higher reaction rates are attainable. In fact, as water concentration is reduced, in this
system, the reaction rate increases dramatically, both for promoted and unpromoted
systems.>® In situ spectroscopic studies show that different catalytic species are dominant
depending upon the water concentration. When the reaction rate increases at low water
concentrations, the species [Ir(CO),IsMe] and [Ir(CO),l4] are observed, whereas at very
low water concentrations where the reaction rate is very slow, [Ir(CO)sl] and [Ir(CO);15]

are seen instead.’” Other variables that influence the reaction rate are [MeOAc], [Mel]

and CO partial pressure.

The mechanism of the iridium cycle is different from the analogous rhodium complex.
High-pressure infrared studies have shown the existence of two distinct cycles.®® The first
cycle occurs when neutral iridium species are present, such as [Ir[(CO);]. Carbonylations
arising from this complex are very slow, with the rate-determining step being the
oxidative addition of methyl iodide. The reaction is inhibited by increasing carbon
monoxide pressure and this is because [Ir[(CO)s] is a very poor nucleophile and no
reaction is able to take place unless one of the electron withdrawing CO groups is lost.?
The other cycle involves anionic iridium (III) species and takes place when low levels of
iodide are present.*® Tt is the preferred operating cycle. Although this cycle is similar to

the rhodium system the above differences make the process superior.
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HI, CO H, HI H,

=

[ir{(CO),1,H{H,0)] [Ir(CO),l,] [Ir{CO),I;H} fir(CO

)&;l CcoO, Hz%; co, 0 M co, sz\
I~
Ir{CO
[Ir(CO)41] ! } = [r(CO),L}
O ‘Neutral’ ‘Anionic’

2 HI, CO,

MeCOl

[Ir(CO),1] [IF(CO),l,(COMe)]  [If(CO),L,(COMe)}  [If(CO),l,Me]-

K [*r(CO)z 2(COMe)] ' 'L

[lf(CO)z Me] [!r(CD)zlee]

[Ir(CO),IzMe]

co co

Figure 1-7: Forster’s mechanism for the iridium catalysed carbonylation of methanol.*

Model studies have shown that, for the iridium system, the oxidative reaction of methyl
iodide is so rapid that [Ir (CO), I,]" is not observed.*! Studies by Haynes et al. found that
the rate of oxidative addition to the iridium complex, in aprotic solvents, was 120 times
faster compared to rhodium at room temperature. In comparison, the rate of migratory
insertion was estimated to be 10° times faster for rhodium than for iridium. Hence the rate-
determining step is believed to be the dissociation of the ionic iodide and co-ordination of
carbon monoxide followed by the migratory insertion of CO to form the iridium-acetyl

species. This is due to the greater strength of the iridium carbon bond.*?

The involvement of iodide dissociation in the rate determination has the effect that high
iodide concentrations have a detrimental effect on the overall rate of reaction. Likewise,

there is also a rate dependence on the carbon monoxide pressure.

[catalyst |x[CO]

[iodide] (1-3)

Rate <

This equation suggests that, unlike for the thodium mechanism, there is an inverse reliance
on the concentration of ionic iodide at the rate-determining step. Hence high rates of

reaction should be attainable by operating at low iodide concentrations. The mechanism
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also shows how increased iodide concentrations acts to poison the iridium catalyst since
ionic iodides act to inhibit the migratory insertion step. Species capable of mopping up
excess iodide in this system would act as promoters, enabling higher rates of reaction to be
achieved. These promoters also have a further role in preventing the build-up of inactive
variants of the catalyst produced in side reactions such as [Ir(CO),l4] and [Ir(CO)3l3]

formed in the water-gas shift reaction.

1.6.1 Methane Formation

In the iridium system, if too much iodide is present, the hydrogenolysis of methanol to

methane and carbon dioxide can be the predominant reaction.”’

CH3;0H + CO - CH4 + CO,

In this state, in situ high pressure IR measurements show that the iridium methyl complex
[Ir(CO)IsMe] is present under conditions where methane formation occurs. Haynes ef al.
have showed that the presence of methane occurs either by reaction with acetic acid or by

hydrogenolysis rather than by protolytic cleavage.43
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1.7 Palladium Catalysed Carbonylation of Methanol to Methyl

Acetate

In a similar process to that of rhodium and iridium methanol carbonylation, it has been
found that palladium(1l) and platinum(II) salts are able to catalyse the carbonylation of
methyl iodide in methanol to methyl acetate in the presence of a large amount of iodide.**
Palladium complexes generally undergo carbonylation, migratory insertion and reductive
elimination easily. Hence the rate-determining step is probably the oxidative addition and

like rhodium and iridium chemistry, a more nucleophilic centre may increase this step.

MeOH+ IH H.C |
¢ 3 \\PJ//
OH,* Mel i
Pdl,”

IH * CH,CO,CH, H ¢

\H—Pd<:

o

Pdl,(CO)

&4%%

Pd, |,

MeOH
Pdl,
CcO

Figure 1-8: Mechanistic pathway for the palladium catalysed carbonylation of methanol proposed by
Haynes et al.**
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1.8 Promoters in Carbonylation Reactions

In the rhodium system, the rate-determining step is the oxidative addition of methyl iodide
to the rhodium (I) species. The mechanism has only first order kinetic dependencies on
the rhodium catalyst concentration and the methyl iodide concentration and so the role as
iodide as promoters in the rhodium system is clearly related to the generation of methyl
iodide from methanol. Iodide sources, such as alkali metal iodides, that are incapable of
generating methyl iodide in the system cannot function as promoters in the catalytic

reaction.

The role of the iodide in the iridium system is much more complex than that of the
rhodium process. As with the rhodium system, iodide is important in generating the
methyl iodide needed for the oxidative addition step to take place. Anionic iodide
concentration also determines whether the anionic or the neutral cycle takes place in the
reaction or even whether a carbonylation or hydrogenolysis reaction occurs. Furthermore,
in the iridium reaction, the HI acts as a more potent competitor for the monovalent metal
species, compared to CH;I. This is particularly important when considering the water gas

shift reaction.
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1.9 Carbonylation of Other Alcohols

It is not only methanol that can undergo carbonylation reactions with rhodium/iodide

catalysts. The table below lists some of these reactions.

The carbonylation of ethanol proceeds in a mechanistic cycle similar to that seen in the
methanol carbonylation cycle.* The kinetics involved in these two cycles differs mainly
in the rate-determining step where the oxidative addition of ethyl iodide is much slower

than the oxidative addition of methyl iodide.

The carbonylation of iso-propanol*® is complicated by reaction of HI and iso-propanol
which react to give both n-and iso-propyl iodides. This leads to the formation of n- and
iso-butyric acids. This reaction is further complicated as the overall reaction rate does not
have a linear dependence on the iodide concentration as with the rhodium catalysed

carbonylation of methanol and ethanol.

Table 1-1: Products of selected alcohol carbonylation reactions

Alcohol Products Reference

C,HsOH C,HsCO,H 45
CH3;CH(OH)CH3 C;H,COH 46, 23
CH;3;CH(CO,H)CHj;
HO(CH,),OH HO,C(CH»)4CO,H 23
CH;(CH,);OH CH3(CH;);COH 23
(CH;);COH (CH3);CCOH 23
CH;CH(CH3)CH,COH

CeHsCH,OH C¢HsCH,COH 47
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1.10 Heterogeneous Approach to Methanol Carbonylation

A major problem for all homogeneous processes is that the dissolved catalyst must be
separated from the liquid product and recycled to the ‘reaction pot” without significant
loss of catalyst. Thus, the immobilisation of the homogeneous catalyst onto a solid
support in order to confine the catalyst is an important step in order to overcome the need

for an additional catalyst recycling stage.

A number of different solid supports have been utilised in heterogeneous rhodium
catalytic systems and have included such species as activated carbon,*® inorganic oxides,”

zeolites™® and a range of polymeric materials’ ! under vapour phase conditions.

Robinson e al.** studied the reaction of a carbonyl halide deposited onto activated carbon
in the vapour phase. They found that the reaction mechanism was the same in the vapour

phase as had been found for the liquid phase reaction.

Studies have also been carried out following the reaction of the rthodium complex
[Rh(Ph3P),(CO)CI] with methyl iodide.” Here the complex is attached to the surface of a
thin film of phosphinated polystyrene via a rhodium-phosphine bond. The phosphine
groups are quaternised by the methyl iodide whilst the anionic rhodium species on the
catalytic surface, such as [Rh(CO);1;] or [Rh(CO),L4]", are bound to the phosphonium

groups.

Covalently bound heterogeneous systems, as described above, however, are susceptible to
metal-ligand bond cleavage, meaning that the catalyst is prone to leaching from the solid
support. This is particularly a problem for methanol carbonylation where the high
temperatures and pressures and acidic medium means that the pendant phosphines are

particularly prone to degradation.

Zeolites catalysts have also been used to prepare supported rhodium carbonylation
catalysts. The activity of these catalysts depends upon which rhodium compound is used
to prepare the catalyst.”® IR studies involving reactions, in the gas phase, of the zeolite-
supported catalyst with CO followed with Mel have shown the presence of an acetyl

rhodium species, as with the liquid phase reaction.

Other techniques used to immobilise the metal species have also been carried out. One

method has involved rhodium attached to a polymer functionalised with chlorinated
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thiophenol groups. >> Another method uses the lon-pair interactions between ionic catalyst
complexes and polymer ion exchange resins.”® Such polymeric supported Rh(I) catalysts
been used in reactions carried out in the liquid phase with similar activity to the Monsanto

process, but this system is unstable due to loss of thodium.
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1.11 Project Aims

So far, this chapter has discussed the insertion of CO into the metal-alkyl bonds of

catalytic intermediates, particularly those found in the rhodium and iridium based

methanol carbonylation reactions based on the Monsanto and Cativa processes. Although

these reactions have been extensively studied by kinetic and in situ IR spectroscopic

studies, there are currently no reports within the literature regarding the study of EXAFS

or electrochemistry on these systems. The aim of this project is to combine these

techniques in order to study the catalytic systems, as well as using more conventional

techniques to study these catalysts. The basis of this approach is summarised in three

sections:

1)

2)

3)

The local environment surrounding a specific atom of the catalyst in the reaction
system will be studied. Whilst these catalysts have been previously studied by X-
ray absorption spectroscopy at the metal edge,’” little or no work has been done
with the iodine as the central atom. By studying the iodine as well as the metal
edges for the catalytic solutions, a triangulation technique can be used to give the

bond angles at the metal centre.

The addition of the iodide promoter to the catalytic systems has a marked effect on
the rate of catalysis. In the iridium system, the catalyst is poisoned in the presence
of excess iodide, so the understanding of the availability of iodide is very
important. Electrochemistry with ultramicroelectrodes will be used in order to

attempt to determine the iodide concentration in the system.

Iodine EXAFS will probe the environment surrounding the iodide promoter. The
average environment of the structure, with respect to the central atom, can be
analysed, providing the coordination numbers and distances between neighbouring
atoms. This technique has been used to analyse the solvation of ions in aqueous

and non-aqueous solvents. Here, the aim of this work is to look at the solvation of

the iodide molecule in aqueous acetic acid.
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Chapter 2

2 Introduction

This chapter will discuss the two principal experimental techniques used in this project,
EXAFS and ultramicroelectrodes. In the first section, details regarding the theory of
EXAFS will be briefly given, along with the different experimental techniques and layouts
that were used for these results. This will be followed by a discussion of how the data was
analysed, as well as the errors involved using this technique. Finally, the second section
will examine the theory behind microelectrodes, discussing their advantages and

limitations in electrochemical experiments.

2.1 Extended X-ray Absorption Fine Structure (EXAFS)
Spectroscopy

The intermediates involved in the carbonylation of methanol have been extensively
studied by using in situ IR and NMR spectroscopy.' Hitherto, little or no work has been
carried out using X-ray Absorption Fine Structure (XAFS) spectroscopy. This very
powerful analytical tool, by analysis of the extended X-ray absorption fine structure,
provides information on the type, number, atomic number and distances of the atoms
surrounding the absorbing element under study. The local environment, around the metal
centre, can be studied without interference from the bulk nature of the sample. Other
structural parameters may also be obtained, using this technique, such as co-ordination
geometries and Debye-Waller factors. The major drawback of EXAFS is that it provides
only limited information on complex catalytic cycles as it represents an average picture of
the co-ordination of the atom under study. As such, it is best used as tool to provide

complementary information to other techniques

It also requires a large signal to noise ratio since EXAFS is a relatively weak effect. The
availability of synchrotron radiation has resulted in EXAFS being established as a
practical tool in the determination of structural analyses of chemical or biological systems

where conventional diffraction techniques would not be possible.
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2.1.1 XAFS Spectroscopy

The use of X-ray absorption spectroscopy has been fundamental in a number of different
areas of research where, without this technique, structural details could not have been

found by conventional techniques.

When the X-ray photon energy is tuned into the binding energy of some core level of an
atom in the material, an increase in the absorption coefficient, known as the absorption
edge, occurs. This typically consists of two regions, the region before the edge, known as
the X-ray absorption near edge structure (XANES) and a post edge region known as the
extended X-ray absorption fine structure (EXAFS).

2.0 T
1.5 1
1.0 - Palladium
Edge \
0.5
' XANES
< - EXAFS -
OO T T 1
23500 24000 24500 25000 25500 26000
-0.5 1
Acquisition time = 60 ms
-1.0 -

Photon Energy (eV)

Figure 2-1: Pd K-Edge XAS Spectrum for Palladium Foil- Acquired at Station ID24 at the ESRF, in
Grenoble

The XANES region consists of features close to the absorption edge such as sharp spikes
and oscillations that are caused by many different effects, such as many-body interactions,
multiple scatterings, band structures and distortion of the excited state wavefunction by
the Coulomb field. XANES yields a great deal of information, such as coordination
geometry, but its analysis is very complex and it is only recently that it is beginning to be

understood.’

The EXAFS region generally refers to the region 40-1000 eV above the absorption edge,

1 consisting of sinusoidal oscillations that vary as a function of the photon energy (E).*
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This feature is largely a result of an interference process involving the scattering of an
ejected photoelectron from surrounding atoms. It can be demonstrated that the frequency
of the oscillations gives an indication of the interatomic distances whilst the atomic
numbers and the coordination numbers of the neighbouring atoms may be derived from

the intensity of the oscillations.

Absorption peaks are also present near or below the edges, a result of excitation of core
electrons to some bound states. A 1s electron gives rise to a K edge, a 2s electron to L;
edge and a 2p electron to Ly and Ly edges. Valuable bonding information can be
obtained from this pre-edge region, such as site symmetry, the electronic configuration
and the energetics of virtual orbitals. The edge position also contains information about

the charge on the absorber.

The probability that an atom absorbs an X-ray photon with sufficient energy depends on
the interaction of the initial and final states of the electron.’ The initial state is that of a
core electron close to the atomic nucleus, whilst the final state is less easily defined. The
core electron is ejected as an outgoing spherical wave. For a monatomic gas with no
neighbouring atoms, the final state is simply an outgoing spherical wave of wavelength 4

= 27k, where k is the photoelectron wave vector, and is related to the photon energy E by

k= CE-E,) @-1)

E is the X-ray photon incident photon energy,

the equation:

where:

h is Plank’s constant,
E, is the threshold energy of the absorption edge and

m is the electron mass.

If the absorbing atom has neighbouring atoms around the absorbing atom, the outgoing
photoelectron can be back scattered thereby producing an incoming electron wave. The
final state is therefore the sum of the outgoing and all incoming waves, one from each
neighbouring atom. Figure 2-2 shows how this interference between the outgoing and

incoming waves that gives rise to the sinusoidal variation of z vs. E known as EXAFS.
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The EXAFS interference function is normalised to the background z,(E) as expressed by

equation (2-2).

H(E) - 1, (E) 02

o

X(E)=

where:

4 is defined in the equation 7, = Iexp(-44), 1, is the transmitted flux, 7 is the incident flux

and ¢ is the thickness of the sample.

x(E) in E space must be converted to y (k) in & space in order that structural parameters can

be obtained. This is done through Fourier transformation.

Absorber  Scatterer Absorber  Scatterer

Figure 2-2: Constructive (left) and destructive (right) interference

The phenomenon of EXAFS can be observed for all materials apart from monatomic
gases. It yields short-range structural information but not long range crystallographic
order. Computer programs can be used to refine data to determine accurate interatomic
distances along with the type and number of neighbouring atoms in a co-ordination shell.
The global errors for EXAFS analysis have been estimated as 1.5% for bond lengths ® and

10-30% for co-ordination numbers.’

Transmission is just one way of recording EXAFS measurements. Another standard
technique, fluorescence, may be used for more sensitive measurements as it removes the
'background' absorption due to other components in the system. This is achieved by the
measurement of radiation at right angles to the incident beam. Other, more specialised,

techniques exist which are particularly of use for light atom EXAFS and include surface

30



Chapter 2- Experimental Theory

EXAFS (SEXAFS) and electron energy loss (inelastic electron scattering) spectroscopy
(EELS). The first two techniques will be discussed in more detail later on in this chapter.

2.1.2 EXAFS Theory

A number of authors have developed the basic EXAS formula. Sayers, Stern and Lytle, in
1971, first achieved this by assuming that the atoms are point scatterers. Ashley and
Doniach (1975), Lee and Pendry (1975)° and Grosso and Parravicini (1980) have carried
out more formal derivations based on Green’s function and generalisation to muffin-tin

scattering potentials.

There are two main theories of EXAFS that use the frequency and amplitude of the
absorption versus energy. These are the plane wave theory (sometimes called the short
range electron single scattering theory) and the curved wave theory. Both give

information on the type and bonding of the neighbouring atoms, as well as their distances

from the absorber.

The plane wave theory makes the assumption that the atomic radii are much smaller than
the interatomic distances. In this way, the outgoing or incoming spherical electron waves
can be approximated as plane waves. This theory holds at sufficiently high energy or
larger distances, however, at lower energies the plane wave approximation breaks down.
This can be a problem both in the case of light atom scatterers, which scatter only low
energy electrons, and in the case of multiple scatterings where low & data are needed. For

such situations, the curved wave theory is more appropriate.

2.1.2.1 Plane Wave Theory

The plane wave theory makes the simple assumption that the spherical photoelectron wave
can be approximated as a plane wave within the proximity of the backscattering atoms. In
order to provide structural information, the EXAFS intensity, y must be described as a

function of the photoelectron wavevector k. This is known as the plane wave equation.'®

X0) = = X wSi(). (No/kr).5inf 2kt + 2 1 1+ Y ) 0.0 exp(-2 ) B).€xp[-200/ 3 m(K)]

(2-3)
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The amplitude reduction factor S;(k) is needed to allow for energy losses due to multiple

excitations at the central atom. Electrons are excited to a bound state by excess energy in
the photo-ionisation process. This results in a shift in the energy of the EXAFS as well as
a different phase. This factor depends mostly on the type of central atom and is relatively

independent of the chemical environment.

Weakly bound outer-electrons cause inelastic losses due to the excitation of the
neighbouring environment. This is dependent on the distance travelled and the mean free
path that, in turn, is dependent on valence electrons. A dampening factor, e(-2r/A(k)), is

used to compensate for this.

The Debye-Waller factor, exp(-2 y »°k>), consists of two components, which are caused by
static and thermal disorder. The static order arises since atoms within a shell may be at
different distances from the central atom. Furthermore, the distance of an atom from the
absorber is not constant because of thermal motion. Atoms close to the central atom will
move in sympathy whereas at larger distances, the correlation is weaker. Hence, shells at
larger distances will have a higher Debye-Waller factor. This increase in Debye-Waller

values leads to a dampening of EXAFS as the oscillations are broadened.

As the Debye-Waller factor is temperature dependant, a reduction in temperature would

reduce distortions due to thermal motion, making low temperature EXAFS a useful

technique.

2.1.2.2 Curved Wave Theory

The simplification used in the plane wave theory discussed previously leads to errors at
low values of £. This is particularly important if multiple scattering is present, for light
scatterers and for disordered systems.'' For actual theoretical calculations used in
computer programs, the more complicated curved wave theory is used, as this provides a

much better fit across the whole all the £ range.

Gurman, Binsted and Ross'? have used extended curved wave theory to include these
higher order scattering pathways, whilst a simplified curved wave theory has been applied
by Gurman'? to enable multiple scattering contributions to be calculated using an iterative

approach that requires less computational time.
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2.1.2.2.1 Multiple Scattering

The phenomenon of multiple scattering arises when an outgoing photoelectron is scattered
by more than one atom before it returns to the absorbing atom. Lee and Pendry’ showed
that generally, this is not important to the EXAFS contribution, the oscillatory waves
being cancelled out by the large coordination distances and the large number of scattering
pathways involved. However, multiple scattering becomes more important as atoms tend
towards a near co-linear fashion as in Figure 2-3. In this case, forward scattering from the
middle atom in a triatomic system is strong and causes a significant increase of EXAFS
amplitude as well as a change in phase. For bond angles above 150°, including multiple
scattering pathways in the refinement of the data is essential for a good fit."* Multiple

scattering calculations have been required to fit the EXAFS of systems having bond angles

as low as 120°.

This problem, particularly when low k data are crucially needed, requires a more exact

EXAFS theory, known as the spherical-wave or curved-wave approach, to be applied.

Figure 2-3: The single scattering pathway (I), the second (II) and the third (III) order multiple
scattering pathways for a three atom system. The EXAFS contribution to the distance A-C is the sum

of all these terms
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2.1.3 Synchrotron Radiation Sources (the ESRF and the SRS)

X-ray Absorption Spectroscopy (XAFS) is a relatively weak effect requiring high signal to
noise ratio. Using conventional techniques, data acquisition times are painstakingly long,
typically one or two weeks.'® The development of synchrotron radiation since 1975'7 has
been the major factor in the growth of XAFS. Synchrotron radiation is produced by the
acceleration of an electron beam, by a magnetic field, to close to the speed of light in an
ultra-high vacuum. The electrons are then injected into a storage ring and the electron
trajectory is maintained within the storage ring by arrays of magnets that constrain and
bend the path of the electrons into a circular shape. Once in the storage ring, the electrons

are kept at a fixed energy until the radiation is released to the experimental stations via

tangential ports.

The energy of the stored electrons and the radius of curvature in which they travel
determine the maximum photon energy available. The wavelength range available to the
beamline is limited by the characteristics of the beamline. On most beamlines at the SRS
in Daresbury, there are insufficient photons with wavelengths of below 0.9 A (13.8 keV)
to collect good quality data, whilst the presence of beryllium windows restricts the use of
photons whose wavelength is greater than 3.2 A (3.9 keV). Experiments requiring higher
energies can be carried out due to the presence of insertion devices such as Wigglers. This

enables the K edge of 2™ row transmission metals to be studied.

The advantages of synchrotron sources can be summarised as follows.

2.1.3.1 Broad Spectral Bandwidth

As the electrons travel around the circular path, they emit radiation covering a wide range
of energies, from far infrared to hard X-rays, such that beamlines located tangentially to
the ring can utilise the wide band of radiation produced. In this way, the radiation can be

tuned onto the absorption edges of numerous elements.

2.1.3.2 High Intensity

The nature of synchrotron radiation holds a measure of value over conventional X-ray
sources. The brightness of light means that spectra can be obtained over a much-reduced

timescale than otherwise possible and permits the analysis of dilute samples.
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2.1.3.3 High Collimation

One of the advantages of synchrotron radiation is that it is not isotropic but sharply folded

into a cone shape. This allows the beam to be imaged onto small samples with good

resolution.
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2.1.4 Data Acquisition

Standard EXAFS experiments were collected at the CLRC Synchrotron Radiation Facility
Source (SRS) at Daresbury Laboratory using stations 9.2 and 16.5 and at the European
Synchrotron Radiation Facility (ESRF) using station BM 29. Energy Dispersive EXAFS
(EDE) data were collected at the ESRF using station ID24 and at the SRS using station

9:3.

2.1.4.1 Transmission Mode

An EXAFS spectrum is generally collected by measuring the variation in absorption of the
monochromatic X-rays as the energy of incident photons is increased. This absorption
coefficient is measured by recording the attenuation of the X-rays after they have passed
through the sample. A typical experimental set-up for transmission EXAFS spectroscopy

is shown in the diagram below.

monochromator post-slit sample

reference \l/ transmission
ion chamber ion chamber

pre-slit

A4

beam

A 4

ouble Crystal Monochromator

Figure 2-4: Experimental arrangement for transmission EXAFS

For each wavelength selected by the monochromator, two ion chambers, placed before
and after the sample, are used to measure the number of incident and emergent photons
passing through them. The ion chambers are filled with mixtures of various rare gases, the
exact composition depending on the energy of the edge that is being studied. The first ion
chamber (ly) is filled with a mixture of gases to absorb approximately 20% of the incident
flux. The second ion chamber (I;) is filled with gas to absorb 80% of the incident flux. A
metal foil may be placed in between the second and third ion chamber to aid calibration in

the event of monochromator drift.
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2.1.4.2 Fluorescence Mode

EXAFS data can also be indirectly obtained by measuring the fluorescence intensity, I,
resulting from the fluorescence photons and electrons produced in the absorption process.
This mode is used primarily for one of two reasons. Firstly, it is used when there is too
low a concentration of absorbing atom in the sample for transmission spectroscopy to
work and secondly when the sample is too absorbing and cannot be diluted nor the path
length reduced. The fluorescence intensity is a direct measurement of the absorption
probability for thin or dilute samples such that an excitation spectrum of I¢/I, vs. photon

energy is comparable to a plot of absorption vs. photon energy seen in transmission

EXAFS.

A typical set-up for a fluorescence experiment is one where the sample is generally at

45° to the X-ray beam and the detector is placed perpendicular to the beam. This aids to
maximize the fluorescence yield over background scatter. The detector measures the total
photon count within a certain energy range, for example on the Ka emission, whilst

excluding X-ray scatter, thus obtaining a maximum signal to noise ratio.

sample

X-ray

L

Fluorescence detectors, | f

Figure 2-5: Typical experimental set-up for a fluorescence EXAFS experiment
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2.1.5 Time resolved EXAFS

The need to identify species during the course of a catalytic reaction is important,
particularly for the identification of catalytic intermediates. EXAFS studies on a reaction
can not only provide kinetic data, but can also be used to help determine the structures of
complex intermediates during the reaction.'® However, the long timescale required in
traditional scanning EXAFS experiments has meant that this technique is difficult to use
for investigating many fast processes,'® especially where the i situ determination of an
unstable catalytic intermediate is essential. A frequent solution to this problem is to cool
the reaction down to low temperatures; this has the effect of trapping labile intermediates,
allowing sufficient time for data collection to be carried out.”® However, improvements to
EXAFS station instrumentation, such as the increased use of insertion devices and the
construction of third generation light sources has now provided a reliable means of

obtaining data from fast kinetic reactions.’!

These improvements in beamline construction and detector systems? have allowed
several strategies to be developed for reducing the timescale needed for acquiring the
energy range needed in EXAFS measurements. Two examples of recent developments are

quick EXAFS (QEXAFS)™ and energy dispersive EXAFS (EDE or DEXAFS).*

2.1.5.1 QEXAFS

The technique of quick EXAFS can be thought of most simply as a derivative of the
standard scanning EXAFS experiment whereby the data is obtained point by point across
an energy range. Where this technique differs from conventional EXAFS is that a
continuous movement of the double crystal monochromator system is achieved across the
energy range using high geared stepping motors or a dc motor with encoder. This allows

EXAFS spectra over a range of approximately 500 eV to be collected in two minutes.”!

2.1.5.2 EDE

Energy dispersive EXAFS is another approach to the problem of increasing the speed of
data acquisition. This method is intrinsically much quicker than QEXAFS but requires
highly homogeneous and relatively concentrated samples as transmission is the only mode

of detection available using this technique.

38



Chapter 2- Experimental Theory

The concept behind EDE is the use of a ‘bent’ monochromator crystal that enables an X-
ray beam of desired energies to be focused onto a sample. This is achieved with the
monochromator being manipulated using a three-point or, more recently, a four-point
bending mechanism® and utilised in a Bragg reflection or Laue transmission
configuration. Data collection is then achieved using a highly linear detector, such as a
photodiode array (PDA) or a CCD, placed at sufficient distance away from the sample to

allow the beam to spread out and be collected with good spatial and hence high energy

resolution.

In this way, the timescale for the experiment is restricted only by the time to collect data

to a reasonable level of quality.

39



Chapter 2- Experimental Theory

2.1.6 EXAFS Stations

2.1.6.1 Station 9.2, SRS, Daresbury

Station 9.2 is on the Wiggler I beamline and employs a double crystal harmonic rejecting
Si(220) monochromator, with the first crystal cooled. This is connected to a stepper motor
that enables the angle 0 to be altered. By altering 0, the wavelength, and hence the energy

of the incident photons on the sample can be changed, according to the Bragg equation:

nA = 2dsin® (2-4)

where 7 is an integer (1 for the fundamental), d is the crystal spacing and 0 is the angle

between the monochromator crystals and the beam.

In this way a set energy range can be scanned for a given sample. The light reflected by
the second crystal contains higher harmonics (n =2, 3, 4, ...), as well as the fundamental
wavelength (n = 1). These higher harmonics pass unattenuated through the sample and so
must be removed by slightly offsetting the first crystal, in the parallel direction, with
respect to the second crystal. Without this, the higher harmonics would cause significant

distortion of the fine structure.

The size of the beam on the sample is controlled at the monochromator vessel, which has
entrance, and exit slits that control the size of the beam hitting the crystal. The exit slits
found after the monochromator are usually set at a wider distance in order to collect any
scatter from the Si crystals. The vertical height of the beam affects the energy resolution
of the spectrum. Movement of the beam during a scan can result in glitches or, worse,

phantom EXAFS.

Finally a metal foil is used to obtain an independent calibration; this is particularly
important since the stepper motor controlling the double crystal monochromator suffers

backlash when it moves more than 50 millidegrees.

A typical experimental setup used in a transmission EXAFS experiment on this station is

shown in Figure 2-6. Shown are the two ion chambers, with the sample positioned on a
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stage in the middle. For a standard scanning EXAFS experiment, the time needed is

usually two hours.

? | i ; A ) aad 3
T - ol 3 VIS G0 G o, iy

Figure 2-6: Sample arrangement on station 9.2 at the SRS, Daresbury. The photograph shows a
transmission experiment with the sample cell in between the two ion chambers.

2.1.6.2 Station 16.5, SRS, Daresbury

The main purpose of station 16.5 is for the X-ray absorption spectroscopy of dilute
systems. Its source is a 6 Tesla wavelength shifter and vertical collimation is achieved by
a 1.2 m uncoated plane mirror focused at infinity; this removes any degradation of the
monochromator’s energy resolution arising from the vertical opening of the entrance slits.
The monochromator used is a water-cooled Si 220 double crystal, whilst a second plane

mirror is positioned after the monochromator to provide vertical focusing of the beam,

should this be needed.

This arrangement enables the flux to be optimised at the sample. Furthermore,
experiments in fluorescence mode are enhanced by the use of the fluorescence detection
system consists of an array of 30 high-purity germanium diodes mounted in a common

cryostat and provided with high count-rate XPRESS signal processing electronics.

2.1.6.3 Beamline 29, ESRF, Grenoble

Beamline 29 allows conventional scanning X-ray absorption spectroscopy to be carried

out with a higher degree of performance relative to station 9.2 at the SRS in Daresbury.
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The beamline benefits from the intrinsic properties of the synchrotron source at the ESRF
whilst features on the beamline, such as a bending magnet source and a high performance
monochromator, enhance the quality of data obtained on the station. These characteristics
result in the beamline having a very large operational energy range with a high-energy

resolution. The beam is highly stable, with a very good signal to noise ratio, in the region

of 2x10* for well-prepared samples.

The monochromator is a double crystal, fixed exit double cam type, the operating
geometry of which is in the vertical plane. The first crystal is mounted so that it is able to
rotate and translate along a mechanical cam, thus directing the Bragg reflected beam
upwards, whilst the second crystal is free to rotate about a single axis, enabling the beam
to be diffracted through a fixed exit point. This design allows for simple changes of the
crystal pairs to be utilised; thus Si(111), Si(220), Si(311) and Si(511) crystal pairs are

available to the user.

An important feature of the double crystal monochromator design is that harmonic

rejection can be achieved by detuning the parallelism of the two crystals.
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2.1.7 EDE Stations

2.1.7.1 Station 9.3, SRS, Daresbury

The curved Si(111) crystal monochromator, on station 9.3, diffracts the synchrotron
radiation white beam, allowing all the required X-ray energies to be focused onto the
sample. A linear photodiode array (PDA) is positioned sufficiently far away from the
sample, and allows the beam to spread out and be collected with good spatial resolution.
A current is lost when X-rays interact with the diode; the number of X-rays absorbed is
proportional to the amount of charge lost from the diode. The photodiodes are reverse-
biased and isolated during operation. The time resolution, for an experiment, is the
integration time for a single accumulation; this means that a complete X-ray absorption
spectrum can now be obtained in millisecond timescales.”’ The limiting factor in the
accumulation of high accuracy data is the main data acquisition system, a combination of

Data 6000 ADC and memory unit. The potential for sub-millisecond time resolution is

being actively developed.

The X-STRIP? project is one such development that has been designed to improve energy
dispersive EXAFS (EDE) to new timing and sensitivity regimes. The detector is a linear
500 pm thick silicon X-ray sensitive strip detector that has been specially designed to
achieve low leakage of current. The microstrip consists of 1024 pixels, each with a
preamplifier that can remove background effects prior to signal integration at the front

end, along with the ability to enable signal integration and detector readout to occur

concurrently.

2.1.7.2 ID24, ESRF, Grenoble

The set-up used on ID24 is also designed to take advantage of the improved performance
of the ESRF storage ring. It consists of the coupling optics, the spectrometer and the
detector, with the X-ray radiation being generated by a tapered undulator in a high-3
section of the storage ring. This arrangement differs from that of a more conventional one
where a bending magnet source is used but offers a number of improvements to the user,
including the reduction of unwanted harmonics, a higher brightness and lower vertical

divergence and low monochromatic divergences.
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A typical flux for the beamline is 10' photons per second on the sample and has an
energy range of 5 to 25 keV, which can be tuned. The coupling optics are of the
Kirkpatrick type and consist of two mirrors that focus the beam in the vertical and the
horizontal planes. The first mirror is placed so as to provide vertical focusing and allow
for the critical energy of reflection to be varied. The second mirror serves as a source for
the dispersive spectrometer. A position-sensitive Princeton CCD camera was used to
convert the correlation into an energy position correlation. In this way, XAFS spectra can

be recorded simultaneously in a single X-ray shot.***°
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2.1.8 Data Analysis

The analysis of EXAFS data is typically carried out in three stages. Firstly, the data is
calibrated. The data is then imported into a program designed to remove the edge, leaving
only the required EXAFS region. The resulting spectrum of y(k) (intensity) versus £
(reciprocal space) is then curve-fitted to a theoretical model of the system using

EXCURVE®.

2.1.8.1 Calibration of Raw Data

The calibration of data is done using one of two methods. For standard EXAFS
experiments, a program called EXCALIB*' is used. This enables a plot of ion chamber
reading versus monochromator angle to be converted to a plot of absorption against
photon energy. The summing of a number of different scans may also be carried out at

this stage, resulting in an increased signal to noise ratio.

For any EDE study, the absorption spectra are measured as a function of pixel number and
therefore require calibration to convert this to energy. This is achieved by calibrating with
a spectrum recorded at a scanning EXAFS station; this is typically a metal foil recorded at
the SRS at Daresbury. In this way, the polynomial coefficients relating to the energy-
position on the detector are obtained and this is used to convert the measured absorption
spectrum to photon energy. This is achieved using Daresbury programs such as calibX>>

and proc16™, for example.
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2.1.8.2 PAXAS*

After calibration of the raw data, the program, PAXAS (Program for Analysis of X-Ray
Absorption Spectra), is used to present the data as a plot of absorption versus energy using
the appropriate monochromator d spacing. Obvious glitches, due to poor data collection,
are then edited from the spectrum, as these would be amplified by an increase in the £
weighting. The procedure for the background subtraction of the data, prior to analysis in

EXCURVE?* , 1s illustrated and described below.

2.1.8.2.1 Pre-edge background Subtraction

Subtraction of the pre-edge allows absorption by the spectrometer to be removed from the
absorption data. This pre-edge background is defined by three user adjustable variables,
the first two (L1 and U1) are found before the pre-edge while the third point (P1) is found
towards the end of the post-edge. This third point is then adjusted in the Y-direction,
producing a near-horizontal background subtracted absorption (BSA).
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Figure 2-7: Pre-edge background subtraction in PAXAS (left) and post edge background subtraction
(right)

2.1.8.2.2 Post-edge background Subtraction

The purpose of refining the post-edge is to remove any other unwanted features from the
absorption data, such as those caused by the sample matrix, for example. Such anomalies
would cause unwanted variations in the amplitude of the EXAFS oscillations, resulting in
unwanted peaks at R values below one angstrom in the Fourier transform,; it is unlikely
that interatomic distances would be seen below this value. Any glitches in the EXAFS

can be removed at this stage. The data is then &’ weighted, and refinement of the data is
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then carried out using coupled polynomials of order 6, 7, or 8. The weighting scheme is
important since it prevents the larger amplitude oscillations from dominating the smaller
ones in the determination of interatomic distances that are dependant only on the
frequency and not the amplitude. Indeed, the ¥’ multiplication has the effect of uniformly
evening out the EXAFS oscillations over the data range 3 - 16 A™.

A window in R space can also be set so that only the real coordination shells seen in the
Fourier transform are refined. This act removes features in the Fourier transform at very

low radius (below 1 A) caused by low frequency oscillations in the EXAFS.

After refinement, the coordination shells can be back transformed to give their EXAFS
contribution. This is then compared to the original EXAFS in order to ascertain whether

the refinement process has been carried out to a satisfactory level or not.
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Figure 2-8: k® weighted EXAFS with back transformations of the R-space spectrum (left) and the
Fourier transform (right) of a palladium foil.
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2.1.8.3 EXCURVE®

Once the data has been background subtracted in PAXAS, structural information can then
be obtained using the curve-fitting program, EXCURVE. This program was first written
in 1982 as an alternative to programs available at the time, using the spherical wave theory
developed by Lee and Pendry® and the computationally fast algorithms of Gurman et al”
to provide theoretical data. Caution is needed, in using this program, since it is possible to
fit more than one model to the experimental data. This is not a problem for the analysis of
a ‘model’ compound as additional information can be obtained and used to aid the

analysis. In the event of the analysis of an unknown system, however, chemical sense

should prevail, even if the model is shown to be statistically valid.

Before discussing how the experimental data is fitted in EXCURVE, it is worth defining

the key variables used to generate the theoretical model.

2.1.8.3.1 EXCURVE Variables

2.1.8.3.1.1 Phaseshifts

When a photoelectron leaves the absorbing atom, it undergoes a phase change (kR s + ;)
where 9; is the phaseshift due to the central atom’s potential. From there, it is
backscattered from the neighbouring atom, again with change of phase, as. A final change
of phase (kR + J;) occurs once the photoelectron re-enters the absorbing atom. The
change of phaseshift experienced by a photoelectron is determined by the potential of the
atom from which the scattering takes place. Phase shifts are thus dominated by the
strongly bound inner shell electrons, which are chemically insensitive. They are
calculated using ab-initio calculations, and used in fitting the EXAFS of model
compounds. Likewise, the backscattering amplitude can also be calculated and similarly

checked. The backscattering amplitude generally increases with atomic number.
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2.1.8.3.1.2 Excurve Parameters

Table 2-1: Table showing the structural dependent parameters relevant to EXCURVE

Ng The number of shells for which the theoretical model is calculated

N, The number of atoms in shell n.

Ty The type of atom in shell n.

R, The distance of shell n from the central atom.

A, The Debye-Waller factor for shell n, noted as 26°, where  is the mean square variation in
interatomic distances.

E¢ The difference between the calculated Fermi level energy and the known values from the
element. Typical values are found to be ~15t0 S eV.

EO The value of the photoelectron threshold energy used for the theory spectrum, relative to that
defined in the experimental spectrum.

AFAC | The scaling factor required to compensate for multiple excitations.

VPI A constant imaginary potential used in the curved wave theory to describe the lifetime of the
electron. Generally kept constant between compounds of the same element and local
environments.

Limax Maximum angular momentum used in phaseshift calculations.

Eiin Minimum energy used to calculate the theoretical spectrum. It is defined in terms of energy
above the edge in the experimental spectrum.

Enax Maximum angular momentum used in phaseshift calculation.

2.1.8.3.1.3 Quality of Fit

When refining a set of parameters in the program EXCURVE, the accuracy of the fit

between the experimental and the theoretical curve is measured in one of two ways.

The first way is known as the R-factor’® and this is a measurement of the total sum of

errors between the theoretical and experimental data points. The result of this is given as a

percentage against the experimental curve.

Resas =2 1/oi((x™" (k) - %" (%) |) x 100% (2-5)

The other way the experimental error is measured in EXCURVE is by the function known

as the fit index (FI). This function is obtained from the sum of the square of the
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differences between the theoretical and experimental data sets; refinement of a set of

parameters obtains a minimum in this function.
2.1.8.3.2 General Procedure Using Excurve

EXCURVE allows the refinement and obtaining of variables such as shell distances,

Debye-Waller values, coordination numbers and Er.

Once the data has been read into the program, a data window is set. EXAFS spectra are
not fitted below k = 2.5 A™! since XANES effects become dominant, and it is the quality of
the data that restricts its length.

Next, the data is k® weighted in order to amplify the higher energy range of the EXAFS
spectrum. This counteracts the effects of amplitude dampening at higher energy and so

the model fits the whole of the spectrum.

In fitting the experimental data, a model is produced by adding one shell at a time. The
number of shells that can be fitted to the data set is restricted by several factors. The most
important issue is the data length available. The resolution of the technique, AR, is given
by the equation AR = 1/ 2Ak, where Ak is the EXAFS window in terms of k. The

maximum number of variables that can be refined at the same time is also dependant upon

the data length.
This number of independent variables (N;4,) is given by the equation:

2AEAY

Nidp = ( ) (2'6)

where Ar is the difference between the closest and furthest shells being fitted.

Each shell is fitted with approximate values used for bond distances, coordination
numbers and Debye-Waller factors. Highly correlated variables, such as coordination
numbers and Debye-Waller values, should not be refined together. Checks are made using

different atoms to see what effect this had on the quality of the fit.

When a new shell is added, it is possible to determine its relevance using the FIT

command, available in the EXCURVE program. This statistical significance test, shown
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by Joyner™® et al. based on 200 data points, demonstrates that the addition of extra
parameters to the model should result in a decrease in the fit index of at least four percent.
If a reduction in the fit index is indeed satisfied, then the new shell is significant; this is an

optimistic assessment of the number of independent parameters.

Shells are added and refined, in turn, until the best fit and chemically sound theoretical

model are obtained.
2.1.8.3.3 Correlation Coefficient

The correlation between a pair of coefficients varies between the values —1 and 1. Where
two parameters are highly correlated, the coefficient is greater than 10.8]. This is often

caused by two similar backscatters being fitted at similar distances.

2.1.8.3.4 Maps

The function of the map command is to calculate the variation in fit-index as a function of
two parameters. This variation is displayed as a contour plot and gives an indication as to
the degree of correlation between the two parameters. A well-defined correlation should
result in a spherical contour plot with a steep increment, whereas an elongated contour
plot will occur where the parameters are of different importance. Poorly or wrongly

defined parameters give a shallow minimum.
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2.1.9 Error Estimation in EXAFS

It is worth noting that many forms of errors must be considered when analysing EXAFS
data. Errors obtained during data acquisition may occur from such features as photon
noise, electrical noise, noise due to beamline fluctuations and, more commonly, poor
sample preparation. Changes in flux with time can commonly be treated by measuring I,
at the same time and dividing the signal by I; or Is. Errors due to sample preparation are
more difficult to treat and several parameters should be taken into account. These include
effects such as those due to thickness and particle size, where the sample must be uniform
to the beam. The optimum thickness of a sample needed to give a calculated edge jump
can be obtained from the absorption coefficients of the samples, along with their densities.
Likewise, the Daresbury program ABSCALC?®, or similar programs available at the

Lawrence Berkeley Centre for X-ray optics®® can be used to calculate the optimum

thickness.

Harmonic effects can arise with overly thick samples, with the I,, I; or I detectors seeing
different fractions of the beam. In such cases, noise is introduced, as the detectors are no
longer linear, and glitches and beam fluctuations cannot be cancelled out. The detuning of

the second crystal of the monochromator should alleviate such problems.

Self absorption problems occur if the sample lies away from the regimes “thick dilute” or
“thin concentrated”.*! Outside these regimes, effects similar to those seen due to

harmonics or thickness effects occur.

Dilute samples usually suffer from statistical noise and this feature is important,
particularly in fluorescence measurements. As the measured signal consists of the desired
photons, Ny, plus background photons, Ny, then N must be very small in order to obtain a

reasonable signal to noise ratio.

Once the problems associated with sample preparation have been resolved, thought must
then turn to addressing the errors found when studying the data. Statistical data, such as
standard deviations are quoted as derived whereas experimental errors have been shown to
give an error of 1.5%?° in interatomic distances and 10-30% in coordination numbers.**

For scanning EXAFS experiments, the R factor should not normally exceed 30%,
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although a value of 40% is acceptable for dilute samples or energy dispersive experiments

where the signal to noise ratio is higher.

Debye-Waller factors also give a useful indication as to whether or not a model is good or

not; values above 0.03 and below 0.003 suggest that there are problems with the

theoretical model.
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2.2 Microelectrodes

Microelectrodes belong to a class of electrodes where at least one dimension is small
enough that their properties are a function of its size. In practice, this dimension lies

generally in the range of 0.1 to 50 um, orders of magnitude smaller than the conventional

electrodes widely used in chemistry.

Microelectrodes attain an electrochemical response different to when conventional
electrodes are used, due to the formation of quasi steady state diffusion fields that are
established at relatively short timescales.” High rates of mass transport to the surface of
the microelectrode occur* and kinetics of fast electrode reactions and of fast reactions in

solution can be studied under steady state conditions.*’ These features will be discussed

later in this chapter.

A survey of the electrochemical literature shows that microelectrodes have been used in a
number of systems.*® Microelectrodes were first used as early as 1945 to monitor oxygen
dissolved in biological tissues, although the first literature review carried out was the
biological study to monitor the electrochemical behaviour of cells and molecules in vivo.*
Nowadays, experiments involving microelectrodes are simple and cheap to perform. They
are based on sound fundamental principles and result in much improved quality of data

over conventional microelectrodes.

Several forms of microelectrodes exist. Of these, the microdisc and the microcylinder are
the most popular. The microdisc electrode consists of a conducting wire surrounded by an
insulating material; the end of the wire is exposed so that it is disc-shaped, and this is
where the electrochemistry takes place. The microcylinder electrode is manufactured in a
similar fashion to that of the microdisc except that a selection of the microelectrode is left
bare so that the electrochemistry can take place over a length of the wire, rather than the
cross section. Other geometries that have also been used are the sphere and hemisphere,
the microring, which can be considered as a closed band electrode and the line electrode
that may stand-alone or be assembled in an array. Other geometries include colloids,
conducting particle dispersions and scanning tunnelling microscope tips. The choice of
the geometry and size of the microelectrode depends upon the application in which the

microelectrode will be used. Other details such as electrode material, the necessity to
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reproducibly clean the electrode surface and the compatibility of the insulating material

with respect to the electrode material and the electrolyte must also be considered.

The reduction in area of the electrode results in three major effects, increased mass
transport, reduced double layer capacitance and reduced ohmic drop. Disc and ring
electrodes have the advantage that quasi-hemispherical diffusion fields are established at
relatively short timescales® allowing high rates of steady state mass transfer to the surface
of the electrode. The following sections consider the mass transport properties of
microelectrodes and explain how the kinetics of very fast electrode reactions can be
studied under steady state conditions. Other consequences that result from using a smaller
electrode are also discussed, such as how microelectrodes allow experiments to be

conducted in environments that were previously inaccessible.

2.2.1 Properties of Microelectrodes

2.2.1.1 Mass Transport

Mass transport is the movement of material in solution from one location to another. It
arises from differences in electrochemical or chemical potential at the two locations or

from movement of a volume element of solution.

There are three forms of mass transport to consider. These are diffusion, convection and
migration. Migration and diffusion have in common that the solute moves within the
solvent whilst convection moves solvent and solute together. Diffusion arises from
uneven distributions in concentration whereas migration is the movement of charged

species under an electric field.

Convection effects can be one of two types. In the first, natural convection, the whole
solution is transported from one location to another and arises from thermal gradients, or
density gradients within the solution. The other type of convection process is forced
convection and is achieved by processes such as stirring, pumping or bubbling of gas

through a solution.

For experiments with microelectrodes, the aim is to ensure that diffusion is the only form
of mass transport that takes place. For convection, this is done by keeping the temperature
of the solution constant, ensuring that no mixing takes place, and by ensuring that the

experiment is conducted before contributions from natural convection are seen; typically
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the experiment should stop after 30 seconds. Migration effects can be controlled with the
addition of a chemically and electrochemically inert background electrolyte in high
concentrations. The electrolyte ions carry the charges between the electrodes and the

charged species of interest remain largely unaffected by the electric field.

Diffusion at a microelectrode can be most simply explained by considering an experiment
where a potential step is applied to a microsphere electrode in a solution containing the
electroactive species with concentration ¢*, and a base electrolyte. The experiment of
interest is one where the potential is stepped from a value where no reaction takes place at
the electrode surface, to a value where electrolysis takes place at a diffusion controlled
rate. The redox reaction that takes place at the electrode surface gives rise to a
concentration gradient between that interface and the bulk solution. This concentration

gradient is obtained by Fick's second law™ in spherical coordinates:

Se(r,1) _ D[é'zc(r, H_ 28 1)}

St or’ rF oor 2-7

Where c(7,2) is the concentration of the electroactive species at time 7 and at a distance

(radial) from the centre of the electrode.

The initial condition for the experiment is
t=0,r>r;and c=¢c” (2-8)
and the boundary conditions for 7 > 0

atr=o,c=c" (2-9)
and

atr=rg,c=0 (2-10)
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where c¢ is the concentration of the electroactive species at time #, at a distance, r, away
from the centre of the sphere, 7 is the radius of the sphere and D is the diffusion

coefficient for the electroactive species.

The solution to this equation is the sum of a transient term and a steady state term and can

be used to calculate the current at the electrode surface as shown by equation (2-11).

i=nFAD"Y?¢” + nFADc®
22 r (2-11)

s

Where 7 is the number of electrons transferred in the redox reaction and F' is Faraday’s

constant.

This equation shows that three different diffusion regimes exist, depending upon the
timescale of the experiment. These correspond to a time dependant state, a time
independent state and a state that is in between the two, as shown in Figure 2-9. It should
be noted that the differences in the electrochemical responses that occur at macroscopic
and microscopic electrodes arise due to the relative importance of those states at specific
timescales. Hence at short timescales, where planar diffusion dominates, the transient
term is greater than the steady state term and i = nFAD"?¢c® /(z"*t"'?). At intermediate
times planar diffusion evolves towards spherical diffusion, both terms have similar

magnitudes and 7 is the sum of the two terms. At long times, spherical diffusion

dominates and the transient term is negligible and the current is given by i = nFADc” / r .

The timescales for the different regimes is determined by rs2 / D, where r, is the radius of
the electrode and D is the diffusion coefficient of the species involved. If the timescale of

the experiment, ¢ << . / D, then the transient term is greater than the steady state term

and so planar diffusion dominates. At larger timescales, where ¢ >>7” / D, the steady

state term is dominant and so spherical diffusion will dominate. Thus, any electrode can
be used in the transient, regardless of size. To attain the steady state, however, the size of
the electrode must be small or else the onset of natural convection affects the diffusion

field before the steady state can be reached, and makes it impossible to obtain the true
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steady state limiting current. Hence, only electrodes with a characteristic dimension of

below 50 pm can give a true steady state.

1 ms : Planar Diffusion

Microdisc

10 ms : Transition From Planar
To Hemispherical diffusion

Microdisc

Increasing
Timescales

100 ms : Hemispherical Diffusion

Microdisc

Figure 2-9: Diffusion regimes at a microelectrode at different timescales

The same analysis procedure can be used to describe the shapes of voltammograms at
microelectrodes. At high scan rates and short timescales, a transient current will be
observed, and the microelectrode will behave as if it is a planar electrode. At larger values
of t, however, the transient current density is minimal, and the conventional cyclic
voltammogram is transformed to a polarographic type wave (Figure 2-10) that is easier to

treat analytically.
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Figure 2-10: Transient (left) and steady state (right) cyclic voltammograms at a microelectrode

Under steady state conditions, the current reaches a state given by the equation:

I, = 4nFDc”a (2-12)

Where [, is the current at time ¢, » is the number of electrons involved in the process, ¢” is
the concentration of electroactive species, D is the diffusion coefficient, F' is Faraday’s
constant and a is the radius of the microelectrode. From this it can be seen that the current

is directly proportional to the radius of the microelectrode and hence D can be determined

if n and ¢™ are known.

2.2.1.2 Discrimination against Charging Currents

When a potential is applied to an electrode in an electrolyte medium, a surface charge
exists. As the potential of the electrode is changed, a current must flow to and from the
electrode surface to adjust the surface change to the new potential. This is known as
charging current and complicates the electrochemical measurements for two reasons.
Firstly, the charging current is additive to the Faradaic response and distorts the
experimental data and secondly, the potential at the electrode and the solution interface

does not reach the desired value until the charging process is complete.

The solution to this problem is to increase the Faradaic to charging current ratio. This can

be achieved by reducing the electrode area. The smaller the electroactive area, the smaller
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the charging process. If we consider a potential step between E; and E,, the charging

current, i, decays as a function of time according to the equation

. E
== exp(——) 2-13)

where R is the cell resistance and C the capacitance of the microelectrode.

An electrode with a small surface area will have a small capacitance and the time constant
RC will be small. The charging current will be less at all times, that is the Faradaic to
charging current ratio is improved. Thus it is possible to get useful Faradaic information

at much shorter timescales.

2.2.1.3 Ohmic Drop

With microelectrodes, it can be seen that for non steady state conditions, the current is
proportional to the electrode area. Thus reducing the surface area leads to a decrease in
ohmic drop (the product of the electrode current and the solution resistance). For steady
state conditions, the ohmic drop appears to be independent of the size of the electrode,
although experimentally it has been shown that ohmic drop decreases with decreasing

electrode radius.

This property means that microelectrodes can be used in highly resistive media* and
allows experiments to be conducted in solutions with no supporting electrolyte,” frozen
solutions or even measurements in the gas phase.”' The ability to conduct experiments
without supporting electrolyte is particularly important as the presence of an electrolyte
often complicates the interpretation of the data due to its ability to form ion-pairs with the
reactants, intermediates or products. The low current resulting from the use of
microelectrodes has an additional advantage. It does not significantly polarise the
reference electrode and so a two-electrode system, with a working and a reference
electrode, can be employed.”® A further advantage of low iR drop and low charging
currents is that faster scan rates do not result in a distortion of the cyclic voltammetry,”

and scans rates as large as 10* Vs in conductive media are permitted without significant
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complications. It is particularly this fact which is of potential interest to us when looking

at the electrochemistry of species in acetic acid mixtures.
2.2.2 Drawbacks of using Microelectrodes

There are a number of disadvantages when using microelectrodes. Obviously, the smaller
the microelectrode is, especially below 5 pum, the harder it is to construct and clean. Often

the geometry of a new microelectrode is slightly different to an existing one. Below 5 um,
a microelectrode is fragile and its quality depends upon the smoothness of the surface; a
rough surface comprises a much larger surface area than a polished surface. The quality
of the microelectrode is also dependant upon the seal between the electrode and insulating
materials. If there are cracks between the conducting material and the insulator, the
surface area is significantly increased; this significantly affects the performance of the
electrode, especially as it is difficult to clean the electrode surface down the cracks.

However, microelectrodes can now be bought commercially, although this is an expensive

option.

Another problem, which occurs due to the small size of microelectrodes, is that the
instrumentation is particularly sensitive to electrical noise. This is because the currents
are very small, typically ranging from a few pA to a few nA. Thus great care is needed in
setting up the apparatus. Shielded cables should be used in making connections between
instruments, whilst the cell itself should be placed inside a Faraday cage to reduce outside

noise. In addition, all the instrumentation should be properly earthed, avoiding earth

loops.

As well as fabrication and experimental problems, the mathematics involved when using
microelectrodes is complex and challenging. The accessibility of a microdisc electrode is
not uniform due to the edge where the active surface meets the insulating material. This
means that the current density is greater at the edges than the centre of the disc. The
analytical and simulation techniques involved in describing the mass transport and the
chronoamperometric and chronopotentiometric properties of disc and ring electrodes have

been described elsewhere and will not be described here.>*

In summary, although microelectrodes have marked advantages over conventional

electrodes, the subtle limitations in this technique must be acknowledged. The absence or
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lack of supporting electrolyte, in a typical voltammetric experiment using microelectrodes,
has an effect upon the electrochemistry being followed. The presence of the ohmic drop
effect affects the shape and position of the wave, although not the amplitude of the wave
and therefore limiting current. A reduced supporting electrolyte concentration results in
an increase in the migration contribution to the mass transport in the region next to the
electrode.” Therefore, consideration of time-dependent diffusion and migration is

required for analysis of voltammograms obtained under conditions of low ionic strength.>®
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Chapter 3

3 Introduction

This chapter discusses the synthesis and the experimental details used in setting up various
catalytic runs under different conditions, as well as the preparation of samples for EXAFS
analyses. The experimental details used in the fabrication and characterisation of

ultramicroelectrodes are also discussed.

3.1 Synthesis and Catalysis of Methanol Carbonylation Catalysts

3.1.1 Purification of Reagents and Solvents

3.1.1.1 Methanol

Methanol (200 cm®) and magnesium turnings (1 g, 0.04 mol) were placed in a round-
bottomed flask under nitrogen. To this, iodine (0.1 g, 0.394 mmol) was added. The
mixture was then heated until the dark brown colour had disappeared. It was then

refluxed under nitrogen (24 h); the pure solvent was obtained by distillation.

3.1.1.2 Acetic Acid

Acetic acid was purified by first adding acetic anhydride to react with the water present.

It was then heated to reflux under nitrogen for several hours in the presence of 2-5%

(w/w) KMnO,.
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3.1.2 Analytical Techniques

3.1.2.1 IR Spectroscopy

The work here uses the monitoring of C-O stretching frequencies (2200-1800 cm)asa
key technique in the characterisation of the catalytic species. This is possible as a change
in the metal n-backbonding into the 6"(C-O) orbital of the carbonyl results in a change in
the interaction between the C-O group; hence a change in the stretching frequency of the

carbonyl group occurs.

IR spectra were recorded for all the carbonyl compounds using a solution cell fitted with
calcium fluoride windows with a path length of 0.2 mm. For other compounds, samples

were prepared as nujol mulls pressed between caesium iodide plates.

Spectra were recorded on a Perkin-Elmer 1710 spectrometer. The data were manipulated

using the PC based Perkin-Elmer “Grams” software.

For in situ IR measurements, the system used was an ASI Applied Systems React IR 1000
spectrometer. A sentinel-type probe with silicon windows was mounted at the bottom of a
Parr 300 cm’ autoclave made out of Hastelloy B2. This gave a pathlength of 10 pm. The
data was obtained and recorded using the PC based program, React-IR.

3.1.2.2 Elemental Analysis

Carbon, hydrogen and nitrogen elemental analyses were carried out at the University of
Strathclyde.

3.1.2.3 UV-VIS Spectroscopy

Solution spectra were obtained using a Perkin-Elmer Lambda 19 spectrometer in
conjunction with a Hi-Tech Scientific Rapid SFA-20 stopped-flow system.

3.1.2.4 NMR Spectroscopy

H, BC and *'P spectra were all recorded on a Bruker AC-300 spectrometer fitted with an

automatic sample changer.

68



Chapter 3 — Experimental Techniques

3.1.2.5 Mass Spectrometry

Electrospray characterisation was carried out using the VG Platform single quadrupole
mass spectrometer configured for open access operation (OAMS) whilst electron
ionisation techniques were performed using the VG 70-SE Normal geometry double

focusing mass spectrometer.

3.1.2.6 Gas Chromatography

This was achieved using a Perkin-Elmer Autosystem gas chromatogram fitted with a 3m *

Ya? * 2mm glass 6.6% CARBOWAX 20m Carbopack B 80-100 mesh column.
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3.1.3 Synthesis of Compounds

3.1.3.1 Bis(uz-chloro)-tetracarbonyl-di-rhodium

[RhCI(CO),], was prepared most readily using the method described by McCleverty and
Wilkinson.! Rhodium chloride hydrate (0.5 g, 1.29 mmol) was placed on top of a sinter
inside a sublimation tube that, in turn, was placed into an oil bath. CO gas was then
slowly passed through the tube, which was heated to approximately 95°C for five hours.
Excess moisture was wiped away from the sides of the sublimation tube with cotton wool.
Care was taken to ensure that the temperature did not exceed 100°C due to the formation

of anhydrous rhodium chloride, which is unreactive to CO.

The orange-red rhodium carbonyl chloride was collected, weighed and stored in a

dessicator.
The product was purified by sublimation at 60°C at a pressure of 0.lmmHg. Yield = 70%

The unreacted rhodium chloride was reactivated by adding aqua regia and stirring for
several days. The rhodium salt was recovered from the solution by using a rotary

evaporator.

IR w(CO): 2108 (m), 2092 (), 2080 (vw), 2036 (s), 2005 (w) cm’* (in dichloromethane);
2105 (m), 2089 (s), 2080 (vw), 2035 (s), 2003 (W) cm™ (in hexane).

El m/z 103, 149, 167, 194, 206, 241, 276, 304, 332, 360, 388 (M-).

3.1.3.2 Bis(uz>-iodo)-tetracarbonyl-di-rhodium

This was prepared according to the method by Maitlis et al.> An orange solution of
rhodium carbonyl chloride (0.05 g, 0.129 mmol) in n-hexane (25 cm’) was stirred over

potassium iodide (0.135 g, 0.813 mmol) under carbon monoxide (1 atm, 200°C, 24 h).

The resulting deep red solution was filtered to remove the sodium chloride salt produced

and then reduced under vacuo until the product precipitated out as an orange product.
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The mixture was sealed under CO, warmed to dissolve the product and left to crystallise at
0°C. The resulting product was filtered off as deep red needles. Reducing the filtrate as
before and recrystallising at —30°C yielded further product. Yield = 82%

IR v(CO): 2094 (m), 2078 (s), 2067 (W), 2027 (s), 1995 (w) em™ (in dichloromethane)

EI m/z 103, 333, 460 , 488, 516, 544, 572 (M-).
3.1.3.3 Rhodium Carbonyl lodide Salts

3.1.3.3.1 Synthesis of tetraphenylphosphonium diiododicarbonylrhodate (I)

This was prepared by using one of two methods.

Method One’:

[Rh(CO),Cl]» (0.1 g, 0.257 mmol) was dissolved in methanol containing hydriodoic acid
(0.5 ml) at 0 °C. The clear yellow solution obtained was treated with a methanol solution
of tetraphenylphosphonium iodide (0.2 g, 0.429 mmol). The mixture was then
concentrated to a small volume under reduced pressure. Addition of ice-cold distilled

water resulted in the precipitation of the product. Yield = 60%
IR w(CO): 2057 and 1985 cm™ (in dichloromethane)

Method Two*:

This preparation was achieved using a modification of the method used by Vallarino. The
rhodium carbonyl iodide dimer (0.05 g, 0.0875 mmol) was dissolved in methanol (6 cm’)
to give an orange solution. To this was added a slight excess of tetraphenylphosphonium

iodide (0.034 g, 0.1 mmol).

The resulting pale yellow solution was filtered and reduced in vacuo until a pale yellow
solid began to separate out. The solution was sealed under CO and left to crystallise at
0°C. The product was recovered by filtration, the filtrate volume being reduced again and

cooled to —30°C to afford a second crop of crystals. Yield=73%

In both cases, the compound readily loses carbon monoxide, to give the dinuclear species

[Rhz(CO)z14]%, and so filtration was carried out quickly under a pressure of CO.
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Required for [PPh4][Rh(CO),l5], C =41.52 %, H = 2.68 %; Found: C =41.5 %, H=2.3%.
IR v(CO): 2057 and 1985 cm™ (in dichloromethane)

ES- m/z 412.7 (M-)

3.1.3.3.2 Synthesis of tetrabutylammonium diiododicarbonylrhodate (I)

The preparation of this complex was the same as in the second method outlined above, for
the synthesis of the diiododicarboonyl rhodate salt, except that tetrabutylammonium
iodide was used instead of tetraphenylphosphonium iodide (0.037 g, 0.1 mmol). Yield =
87%

Required for [BusN]}[Rh(CO),I,], C =33.0 %, H=5.54 %; Found: C =32.3 %, H=5.7 %.
IR w(CO): 2057 and 1985 cm™ (in dichloromethane)

ES-m/z 126.7, 153.9, 167.8, 412.6 (M-)
3.1.3.4 Iridium Carbonyl Halide Salts

3.1.3.4.1 Synthesis of tetraphenylarsonium diiododicarbonyliridate (I)’

A solution of 5% aqueous 2-methoxyethanol (15 cm’) was added to iridium chloride
hydrate (0.1 g, 0.34 mmol). To this was added excess sodium iodide (0.13 g, 0.87 mmol).
The solution was then heated to 120 °C, during which time carbon monoxide gas was
gently bubbled through the solution. The carbonylation was done until the solution was

seen to turn a pale yellow, generally overnight.

A stoichiometric amount of tetraphenylarsonium chloride dissolved in minimal amount of
2-methoxyethanol was then added. The hot solution was then filtered under carbon
monoxide and water added until precipitation occurred. The solution was allowed to cool
under CO. The resulting material was filtered, washed with methanol and diethyl ether,

and dried in vacuo. Yield = 74%

Required for [AsPhs][Ir(CO)L], C = 35.27 %, H = 2.28 %; Found: C = 34.82 %, H = 2.47
%.

IR ¥(CO): 2048 and 1968 cm™ (in dichloromethane)
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ES-402.2,409.0,411.0, 412.9, 454.9, 500.8 and 502.9 (M-).

3.1.3.4.2 Synthesis of Tetraphenylarsonium dibromodicarbonyliridate (I)°

The synthesis of [(CsHs)4As][Ir(CO),Br;] was prepared, as described for the iridium

carbonyl iodide species, except that tetraphenylarsonium bromide was used instead of

sodium iodide.
IR v(CO): 2054 and 1972 cm’ (in dichloromethane)

ES-317.1,319.1, 321.0, 361.0, 363.1, 365.0, 367.0, 404.9, 407.0, 408.9 (M-)

3.1.3.4.3 Synthesis of Tetrabutylammonium diiododicarbonyliridate (1)

This was prepared as for the tetraphenylarsonium salt only that tetrabutylammonium

iodide was used instead. Yield = 86%
Required for [BusN][Ir(CO),l5], C =29.0 %, H=4.9 %; Found: C=31.0 %, H=4.3 %.
IR w(CO): 2048 and 1968 cm™ (in dichloromethane)

ES- m/s 502.9 (M-).

3.1.3.4.4 Synthesis of iodocarbonyl(1,2-bis {diphenylphosphinojethane)iridium (I)°

[BusN][Ir(CO)L2] (0.72g, 0.967 mmol) was dissolved in 10 cm® of THF. To this was
added a solution of dppe (0.3 g, 0.75 mmol) dissolved in THF (15c¢m’). The solution was
then heated to 60°C for 30 minutes after which time the solution turned bright orange.
The solution was then cooled to room temperature and the volume reduced to about 15
cm’ in vacuo. Ethanol (10 cm’) was added and the solvent was removed until the product

precipitated as an orange powder. The product was filtered and dried under vacuum.

Yield = 50%
Required for [Ir(CO)I(dppe)], C =43.5 %, H= 3.2 %; Found: C =42.7 %, H = 3.6%.

IR w(CO): 1988 cm™ (KBr Disk)
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3.1.3.5 Synthesis of Palladium Compounds

The starting materials Naz[PdCly] and (NHy4),[PdCls] were readily available from Strem

and used without further recrystallisation.

3.1.3.5.1 Synthesis of cis-Dichloro-ethylenediamine-palladium(1l)

A modification of the published procedure’ was used. This enabled a much purer product
to be synthesised.® PdCl, (0.5 g, 2.82 mmol) was dissolved under reflux in a solution of
water (10 cm®) and concentrated hydrochloric acid (3 cm®). The clear solution was then
filtered and the pH adjusted to a value of around 2 by the addition of solid NaOH.
Ethylenediamine was then added, dropwise, to the solution whilst the pH was kept at a
constant value of 2 by the addition of HCL. A clear colour change from red to yellow was
observed. Heating of this solution at 70°C for 1 hour gave the yellow precipitate

[PdCly(en)] upon cooling. Yield = 74%

Required for [Pd(en)Cl,}: C =10.1 %, H=3.4 %, N = 11.8 %; Found: C =10.21 %, H=
3.6 %,N 11.8 %.

3.1.3.5.2 Synthesis of tetra-n-butylammonium bis(1,-halo)-tetra-halo-di-palladium (I)

compounds

The compounds [BusN]»[Pd,Xs], where X =1 or Br, were prepared by the method
analogous to the synthesis of [BusN],[Pd;Clg] reported by Levason e al.’ The starting
materials Nay[Pdl4] and Na,[PdBr4] were prepared by stirring Nay[PdClL] (1.47 g, 5
mmol) with Nal (3.0 g, 20 mmol) or NaBr(2.06 g, 20 mmol) respectively in a solution of
methanol (100 cm®) overnight. The recovered product Nay[Pdl4] was then stirred for one
hour with BuyNI (1.85g, 5 mmol) in a solution of methanol (30 cm®) to give
[BusN]o[Pdls]. The solution was reduced to a small volume (5 cm®) and the addition of
water precipitated the product which was filtered and dried under vacuum to give a yield
0f 92%. Likewise, BusNBr (1.6 g, 5 mmol) was added to a solution of Nay[PdBr4] (5
mmol) in methanol (30 cm®) and again the solution was stirred for a period of one hour.

Recovery of this product gave a yield of 86%.

Required for [NBus]o[Pdyls]: C 26.4 %, H 4.8 %, N 2.0 %, 1 52.4 %; Found C 26.3 %, H
50%,N1.9%,152.2%.
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Required for [NBug]o[Pd,Brs]: C 32.6 %, H 6.2 %, N 2.4 %, Br 40.7 %,; Found: C 33.5 %,
H 6.4 %, N 2.6 %, Br42.6 %;

3.1.4 Methanol Carbonylation Reactions

3.1.4.1 Lab based Carbonylation Reactions

The carbonylation of methanol was carried out in the laboratory using a Fisher-Porter type
apparatus. The reaction vessel was pumped and flushed with carbon monoxide and the
solution injected into the vessel under a positive flow of CO. The Fisher-Porter bottle was
placed inside a Perspex cage after which it could be pressurised safely. A working
pressure of five atmospheres CO and 110°C was used for these reactions. Further safety
measures were applied with the introduction of a pressure release valve set to seven
atmospheres. The reaction was then heated and stirred for 24 hours using a magnetic

stirrer, after which the solution was tested by GC analysis.
3.1.4.2 In situ IR Carbonylation Reactions

The carbonylation reactions were followed by in situ IR, under the same conditions that
were used for the EXAFS analyses, in order to ascertain which catalytic species were

present during the reaction.

A series of catalytic reactions were carried out.

3.1.4.2.1 Solution One

A solution was made of [Ph4P][Ir(CO).l;] (0.2842 g, 0.321 mmol), Mel (8.84 g, 0.062
mol) , H,O (0.485 g ,0.027 mol) and MeOH (19.81 g, 0.618 mol). The pressure was
increased to 5 atm with CO and spectra were taken at temperatures of 25°C, 60°C and
110°C. After the catalytic reaction had taken place, the solution was cooled to room

temperature with additional spectra being taken.

3.1.4.2.2 Solution Two

A catalytic solution was prepared using [Ir(CO)I(dppe)] (0.135 g, 0.181 mmol ), MeOH
(19.80 g, 0.618 mol) and H,O (0.527g, 0.029 mol). The pressure of CO was set at 1.1
atm. Four scans were taken, after which Mel (0.8918 g, 9.27 mmol) was added to the
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reaction mixture. The pressure was then raised to 5 atm and the temperature increased to
110°C, due to the low solubility of the catalyst at lower temperatures. Spectra were taken
at this temperature and also of the catalytic species after the solution had been cooled to

room temperature.

3.1.4.2.3 Solution Three

The rhodium carbonyl chloride dimer, [Rh(CO),Cl], (0.0587 g, 0.1 mmol), was dissolved
in a solution of MeOH (15.08 g, 0.493) and H,O (1.21 g, 0.067 mol). One spectrum was
recorded of this solution at a CO pressure of 1.5 atm after which Mell (8.82 g, 0.061 mol)
was injected into the cell. Two more scans were obtained before the pressure of the cell

was increased to 5 atm with CO. The solution was heated to 25°C, 60°C and 110°C during

which scans were taken.

3.1.4.2.4 Solution Four

A catalytic solution was prepared consisting of the rhodium carbonyl dimer [Rh(CO),Cl];
(0.0583 g, 0.1 mmol), MeOH (14.854 g) and H,O (1.24 g). Two IR spectra were taken
with the partial pressure of the cell at 1.5 atm. Mel(8.828 g, 0.062 mol) was injected into

the cell and the CO pressure was raised to 5 atm. Spectra were taken of the solution at

25°C, 60°C and 100°C.
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3.1.5 EXAFS Cells and Equipment

Throughout this report, it was necessary for several different cells to be used in the
investigation of the catalytic species, due to the differing experimental conditions used for

the different studies.

3.1.5.1 Ambient Temperature EXAFS Cell

The ambient temperature EXAFS cell allows solutions to be studied in transmission mode.
The cell consists of a stainless steel body, which holds the Teflon spacer in place using a
number of bolts. A Kapton film, cut to the shape of the spacer was used to keep the

solution inside the Teflon spacer.

1 [€———— Sampling valves
o ‘ 7
— Teflon spacer
Kapton window
— Stainless steel body
@) Bolt

Figure 3-1: Ambient Temperature EXAFS Cell

The cell was pumped and flushed with an inert gas with small suba seals used to keep the

cell free from air. The solution was transferred to the cell using a syringe.

3.1.5.2 High Pressure Transmission EXAFS Cell

The high-pressure apparatus consisted of a stainless steel jacket. The cell itself was made
from Teflon that fitted inside the centre of the jacket. Boron nitride disks or quartz
windows were used to hold the solution in place and allowed the cell to be pressurised.

These were chosen as they did not absorb the X-rays to a great extent, and so allowed data
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to be obtained without interfering in the experiment itself. Metal disks were used to

secure the cell in place. A picture of the cell is shown in Figure 3-2..

Figure 3-2: Picture of transmission EXAFS pressure cell showing cell body, boron nitride disks, and
spacers.

Once the cell had been assembled and pressure tested, the taps were opened and the cell
was flushed with carbon monoxide gas. Once this had been carried out, the solution was
transferred into the Teflon spacer, using a thin syringe needle, until the cell was half filled
with liquid. Pressurisation of the cell was achieved by closing off one tap and increasing
the pressure on the cylinder head. The second tap was then closed with the cell at the
desired pressure. Heating of the cell was achieved using heating tape wrapped around the
stainless steel cell body. A K-type thermocouple placed under the heating tape and

attached to a temperature controller was used to manipulate the heating rate.

3.1.5.3 Design of a High-Pressure Fluorescence EXAFS Cell

The need for a new cell to study the reaction solutions iz situ under high-pressure and with
heating, by EXAFS, arose due to inherent problems with the existing cell that had been
previously modified from its original specification as a high-pressure IR cell. These

problems included its being extremely difficult to assemble, align, clean and to ensure that
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the cell was kept leak-tight. A new cell was designed with the aim of ensuring that these

problems would be solved, whilst allowing the solution to be stirred during the reaction.

The design chosen was a modification of the Fisher-Porter arrangement used in the
laboratory. In this way, the cell could be used for both fluorescence and transmission
EXAFS. The cell was made from a quartz tube sealed to the metal body using a screw-
type pressure fitting. This would allow the passage of X-rays to and from the cell whilst
allowing the cell to be kept under pressure. Heating of the cell was achieved using four
heating elements that were placed inside a copper body, the exact temperature of which

was controlled using a K-type thermocouple connected to a temperature controller.

The solution was transferred to the cell in the following way. The cell was pumped and
flushed with either inert gas or reactant carbon monoxide, after which the solution to be
studied was transferred via syringe under a flow of gas. A magnetic stirrer bar, added to

the quartz tube before it was sealed, provided stirring of the solution.

Figure 3-3: Picture of the EXAFS pressure cell showing the quartz glass cell, heating mantle and
stainless steel body with gas inlet and outlet valves
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An important requirement of the cell was one of safety. For a cell that was to be heated
and pressurised, it was important to minimise the risk of explosion, as well as cater for the
event of a glass explosion. To this end, a spring loaded pressure relief valve was fitted
into the apparatus and set at value lower than the safe working pressure of the glass tube.

To provide additional safety, the apparatus was wrapped in ballistic grade Kevlar.
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3.1.5.4 Stopped Flow Energy Dispersive EXAFS (EDE)

It is possible to monitor very fast homogeneous reactions by EDE using a stopped flow
system. This apparatus allows separate solutions to be injected into a cell where mixing of
the solutions takes place. From here, the reaction can be studied in real time. For these
experiments, conducted at the SRS in Daresbury, a specially designed cell system based

on the HiTech Scientific SFA20 was employed.

The reagent solutions were placed in two separate 5 cm® glass syringes that enabled a
‘stock’ solution to be available to the apparatus; these syringes were connected to two
separate 2.5 cm’ drive syringes on the stopped-flow accessory. A three-way valve
allowed the passage of the solution from the reservoir-syringe to the drive-syringe and
then from the drive-syringe to the reaction cell. The quantity of the solution entering the

reaction cell was controlled by the stop-syringe. This was set to 0.2 cr’.

The reagents were injected into the reaction cell by a drive bar pressurised at 5 atm. with
the use of compressed air. The waste solution went into the stop-syringe and caused a
sensor to prevent any more solution from being injected into the reaction cell. Emptying

the solution in the stop-syringe into the waste-syringe started subsequent runs.

The reaction cell consisted of a stainless steel body with three metal tubes attached, two
for the reagents to enter the solution and one for the waste solution to be removed once the
reaction has occurred. A 3 mm hole in the body of the cell allowed the X-rays to pass
through the solution with Kapton windows (0.05 mm thickness) being used to keep the
solution in the cell. A schematic diagram of the stopped flow cell used in an EDE

environment is shown in Figure 3-4.
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Bent Si(111) Reagent syringes
crystal ——H
[

[ ] Reaction Cell

Stop syringe
e BN

Waste syringe L]

Figure 3-4: Diagram of the stopped-flow apparatus

Photodiode array

82



Chapter 3 — Experimental Technigues

3.1.6 XAFS Experiments

3.1.6.1 Preparation of Samples

3.1.6.1.1 Determination of Sample Thickness

The thickness of the sample is a very important factor in obtaining good quality data and
should be as close as possible to the so-called “optimum thickness”. The use of software

such as the Daresbury program “abscalc”, was used to calculate these values.

3.1.6.1.2 Sample Preparation for EXAFS Studies in Solution

All manipulations were carried out under a nitrogen or argon atmosphere using standard
Schlenk techniques. Solutions for study were prepared in a three-necked round-bottomed
flask and transferred to the relevant EXAFS cell via syringe, ensuring that the cell is kept

under an inert atmosphere at all times.

3.1.6.1.3 Sample Preparation for Solid EXAFS Studies

Solid samples were finely ground using a mortar and pestle. The samples were then

placed inside an aluminium holder, using adhesive Kapton to keep the powder in place.
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3.1.7 Experiments Conducted on Station 9.2, SRS, Daresbury

Conventional scanning X-ray absorption spectra and quick EXAFS were recorded on
station 9.2 at the Synchrotron Radiation Source (SRS) at the Daresbury Laboratory
operating at 2 GeV (ca. 3.20 x 10™° J) and an average current of 140 mA. Data were
recorded in both transmission and fluorescence mode. For rhodium experiments, 60% of
the peak Io intensity is retained, whilst for iodine and palladium, this value is set to 70%.

All experiments were carried out at room temperature unless stated.

3.1.7.1 [Rh.Cly(CO),] in solution

A 40 mM solution of the rhodium carbonyl chloride dimer was prepared by adding
acetonitrile (5 cm®) to [Rh(CO),Cl], (0.0778 g, 2x10™* mol) with stirring. 4 cm® of this
solution was then transferred to the transmission EXAFS solution cell with a 10 mm path

length. Three ten-minute Rh-K edge QEXAFS scans were recorded.

3.1.7.2 [Rh2l»(CO),] in solution

Acetonitrile (5 cm’) was added to the rhodium carbonyl iodide dimer (0.1144 g, 2x10*
mol), yielding a 40 mM solution of the compound. 4 cm’ of this solution was then
transferred to the solution cell using a path length of 10 mm for transmission EXAFS.

Three Rh-K QEXAFS scans were recorded, each taking ten minutes to acquire.

3.1.7.3 (NH,[PdCl,] in solution

A 10 mM solution of ammonium tetrachloropalladate (0.0285 g, 1x10™ mol) in methanol
(10 cm®) was prepared with the aim of determining the quality of the data that could be
obtained from the fluorescence cell, using both scanning EXAFS and QEXAFS to look at
the Pd K-edge on beamline 9.2 at the SRS in Daresbury. For the scanning EXAFS
experiment, two 30-minute scans were recorded and summed, whilst ten four-minute
QEXAFS scans were recorded and summed for comparison. In both cases 100% peak I,

intensity was used, due to problems in the apparatus.
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3.1.7.4 Solvation of Hydrogen lodide in Aqueous Acetic Acid

A 40 mM solution of hydriodoic acid in 10% aqueous acetic acid was prepared by adding
0.106 cm’ hydriodoic acid (57% wt) to a degassed solution of water (1.8 cm’) and acetic
acid (18.2 cm®). This solution was then transferred to the transmission EXAFS cell with a

5 mm path length. Four scanning EXAFS scans of 30 minutes each were recorded.

3.1.7.5 Solvation of Tetrabutylammonium lodide in Aqueous Acetic Acid

A 40 mM solution of tetrabutylammonium iodide in 10% aqueous acetic acid was
prepared by adding a mixture of water (1.8 cm’®) and acetic acid (18.2 cm’) to the
tetrabutylammonium iodide (0.2957 g, 8.0x10™ mol). Four scanning I K-edge EXAFS

spectra were averaged, each scan taking 30 minutes.

3.1.7.6 Solvation of Potassium lodide in Aqueous Acetic Acid

A mixture of water (1.8 cm®) and acetic acid (18.2 cm®) was added to petassium iodide
(0.1328 g, 8.0x10™* mol) to form a 40 mM solution of potassium iodide. 4 cm’ of this -
solution was then transferred to the transmission EXAFS cell with a 10 mm path length.

Four scanning EXAFS scans were taken for the iodine K-edge.

3.1.7.7 [BuNJ,[Pd>ls] Solid

A finely ground sample of the solid was placed into an aluminium holder with a 3 mm
path length. Kapton adhesive was used, on both sides of the cell, to keep the sample in

place. Two ten minute QEXAFS scans over the Pd K-edge were recorded and summed in

transmission mode.

3.1.7.8 [Bu,NJ.[Pd.Brs] Solid

The sample was finely ground and then placed inside the aluminium holder with Kapton
adhesive used to keep the sample in the holder. A path length of 3 mm was used. Two

ten minute QEXAFS scans were recorded and summed for the Pd K-edge in transmission

mode with 70% harmonic rejection.
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3.1.7.9 PdCly(en) Solid

The solid sample was first finely ground using a pestle and mortar and placed inside an
aluminium holder of 3 mm path length. Again Kapton adhesive was used to keep the

sample in place. Two Pd K-edge QEXAFS scans were taken in transmission mode.

3.1.7.10 Methanol Carbonylation Experiments

A stock solution of methanol (38.44 cm®, 0.95 mol), water (2.1 cm’, 0.12 mol) and methyl
iodide (0.124 cm’, 2.0 mmol) was prepared prior to the catalytic experiments in order to

increase the accuracy at which the methyl iodide was weighed.

3.1.7.10.1 Catalytic Reaction involving [Rh(CO).L[

10 cm”® of the stock solution was added to the tetrabutylammonium rhodium carbonyl
iodide catalyst (0.065 g, 0.1 mmol) and stirred in the EXAFS cell. Scans were taken, in
fluorescence mode, of the solution prior to heating, and at temperatures of 50°C and

110°C, under a static pressure of carbon monoxide (5 atm).

3.1.7.10.2 Catalytic Reaction Reaction involving the in situ generated [Rh(CO)I(dppe)]

A catalytic solution was prepared by stirring a small amount of [Rhy(CO)4l2] (0.0673 g,
0.10 mmol) and the ligand, dppe (0.0821 g, 0.21 mmol), in 10 ¢cm’ of the stock solution
whilst in the EXAFS cell. The solution was first heated to 110°C, in order to ensure that

the rhodium complex had reacted. Scans of the Rh-K edge were then carried out in

fluorescence mode.

3.1.8 Experiments Conducted on Station 16.5, SRS, Daresbury

lodine K-edge X-ray absorption spectra were recorded on station 16.5 at the Synchrotron
Radiation Source (SRS) at the Daresbury Laboratory operating at 2 GeV (ca. 3.20 x 10"
J) and a typical beam current of 150 mA. A Si 220 double crystal monochromator was
used, detuned to 70% of maximum peak intensity. Data were recorded in both
transmission and fluorescence mode and a minimum of two scans per sample were

collected at ambient temperature to improve data quality.
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3.1.8.1 Solvation of Zinc lodide in Water

A solution of zinc iodide was prepared by taking zinc iodide (0.0298 g, 9.34x10™* mol)
and adding this to distilled water (10 cm®). 4 cm’® of this solution was then transferred to
the fluorescence EXAFS cell. Three spectra were recorded for the iodine K-edge using
fluorescence EXAFS.

3.1.8.2 Solvation of Tetrabutylammonium lodide in Acetonitrile

Tetrabutylammonium iodide (0.148 g, 4.01x10™ mol) was added to acetonitrile (10 cm?)
while stirring, making a 40 mM solution. The solution was transferred to the transmission

EXAFS cell with a 10 mm path length. Three spectra were recorded for the iodine K-edge

in transmission mode.

3.1.8.3 Solvation of Tetrabutylammonium lodide in Acetic Acid

Tetrabutylammonium iodide (0.037 g, 1.0x10-4 mol) was added to a volume of acetic acid
(10 cm®), while stirring, making a 10 mM solution. The solution was transferred to the

fluorescence EXAFS cell.

3.1.8.4 Solvation of Tetrabutylammonium lodide in Acetonitrile and Acetic Acid

Tetrabutylammonium iodide (0.0367 g, 1.0x10™* mol) was added to a solution of
acetonitrile and acetic acid, with stirring, making a 10 mM solution. The solution was
transferred to the fluorescence EXAFS cell. Three EXAFS scans over the iodine K-edge
were carried out, each scan lasting approximately 30 minutes. The experiment was

conducted in fluorescence mode.

3.1.9 Experiments Conducted on BM 29, ESRF, Grenoble

X-ray absorption spectra were measured in transmission mode on BM 29 at the ESRF
(Grenoble), operating at 6 GeV in 16 bunch mode with typical currents of 60-80 mA.
One or two scans were performed per sample, depending on the quality of the data
obtained, with each scan taking approximately 20 minutes. The Rh K-edge, the I K-edge,
the Pd K-edge and the Ir Lyj-edge were studied.
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3.1.9.1 [Rh2(CO)4,] in solution

Scanning EXAFS scans of the rhodium carbonyl iodide dimer in acetonitrile were
performed for the iodine K-edge. Acetonitrile (5 cm®) was added to rhodium carbonyl
jodide (0.1152 g, 2.02x10™* mol) to give a 40 mM concentrated solution. Four cm® of the

solution were then transferred to the solution cell with a 10 mm path length.
3.1.9.2 [BusNJ)[Pd.ls] in solution

A 40 mM solution of bis (tetra-n-butylammonium) bis(pt,-iodo)-tetra-iodo-di-palladium
(I1) (0.2918 g, 2.0x10™* mol) in acetonitrile (5 cm®) was prepared. This solution was then
placed into the transmission EXAFS cell with a 10 mm pathlength. Both palladium K

edge and iodine K-edge EXAFS spectra were recorded using a transmission cell with a 10

mm path length.

3.1.9.3 [Bu,NJ[Rh(CO).l,] in solution

An amount of tetrabutylammonium diiododicarbonylrhodate (I) (0.1324 g, 2.02x10™* mol)
was taken and dissolved in methanol (5 cm?) to give a 40 mM solution. 4 cm’ of this
solution was then transferred to the solution EXAFS cell with a 10 mm path length.
Rhodium K-edge and iodine K-edge absorption spectra were taken for a solution with a

path length of 10 mm.

3.1.9.4 Methyl lodide

A 40 mM solution of methyl iodide was prepared by mixing methyl iodide (0.025 cm’,
4.0x10-4 mol) in methanol (9.95 cm?®). The solution was then transferred to a transmission

cell with a 10 mm path length. One EXAFS scan, over the iodine K-edge.

3.1.9.5 [Bu NJ[Ir(CO)2l,] in solution

The tetrabutylammonium salt of the iridium carbonyl iodide anion was studied using
scanning EXAFS in transmission mode. Acetonitrile (3 cm®) was added to
[BuyN][Ir(CO),1,] (0.0897 g, 1.20x10™* mol) to make a 40 mM solution. The solution
was then transferred to a solution cell with a 2 mm path length. Both the iridium L-edge

and the iodine K-edge were studied.
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3.1.9.6 The reaction of methyl triflate with [BuN][Ir(CO).l,]

The oxidative addition product from the reaction of tetrabutylammonium iridium carbonyl
iodide and methy] triflate was studied by EXAFS. A solution of [BusN][Ir(CO),l;]
(0.0887 g, 1.20x10™ mol) in acetonitrile (2.32 ¢cm®) was added to methyl triflate (0.68 cm’,
6x10™ mol). The solution was then transferred to a 2 mm path length solution cell. The

iodine K-edge was studied.
3.1.9.7 Methanol Carbonylation Reaction

A 40 mM solution of [BusN][Rh(CO),l>] (0.0628 g, 0.096 mmol) in methyl iodide (0.25
cm’, 0.38 mmol), water (0.1 cm®, 5.8 mmol) and methanol (1.74 cm®, 42.8 mmol). This
solution was then transferred to the Fisher-Porter type pressure cell which was then

pressurised to 5 atmospheres with carbon monoxide. Two scans were taken, of the I K-

edge, of this solution at room temperature, 50 °C and at 110 °C.
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3.1.10 EDE Experiments

3.1.10.1 Experiments Conducted on Station 9.3, SRS, Daresbury

3.1.10.1.1 Time Resolved Stopped Flow Experiments with the reaction of

tetrabutylammonium diiododicarbonyliridate (I) and methyl triflate

Energy dispersive EXAFS were conducted using 2 GeV electron energy, multibunch
mode with 150 — 250 mA. A silicon (111) Bragg geometry monochromator was present.
The Ir L(IIT) edge was studied for these reactions and the detector used was the silicon
microstrip detector XSTRIP ' with a single spectrum exposure of ca 400 ps. Acetonitrile

was the solvent used in the reference cell.

The reaction syringes was loaded with a solution of tetrabutylammonium iridium carbonyl
iodide in dry acetonitrile (80 mM) and a solution of methyltrifluoromethylsulphonate
(methyl triflate) in dry acetonitrile (80 mM). Care was taken to ensure the system
remained anhydrous and so the system was flushed with anhydrous acetonitrile before use.

These solutions were then transferred to the drive syringes, ensuring that no bubbles were

present.

Absorption spectra of the pure catalyst were recorded by manually flushing the cell with
tetrabutylammonium diiododicarbonyliridate (I) solution until the waste solution turned a
pale yellow. An acquisition time of 600 ps was observed. A number of spectra were
obtained at different signal to noise ratios, this being achieved by altering the number of

scans that were averaged to obtain that spectrum.

The cell was then flushed, through, with methyl triflate and the waste solution turned
colourless. Once this had been achieved, the triggering of both syringes would release an
equivalent amount of both reagents into the reaction cell. The acquisition time of this
solution was 400 ps. Scans were recorded over different timescales of the reaction. For
this reaction, the quickest scan was taken after 1.2 ms, and the longest run was three

minutes.
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Figure 3-5: A photograph of the stopped-flow cell in use on the beamline

3.1.10.2 Experiments Conducted on ID 24, ESRF, Grenoble

Energy dispersive EXAFS were conducted using 6 GeV electron energy, 2/3 filling mode
and with 150 — 250 mA. A silicon (111) Bragg geometry monochromator was present.
The detector used for this study was a Princeton CCD camera with 1242 elements
horizontally and stripes of 64 elements vertically. Up to a maximum of eighteen stripes
can be obtained prior to readout of the CCD chip although fifteen stripes were used in this

study to afford that number of time resolved spectra. Palladium K-edge spectra were

recorded.

3.1.10.2.1 Nay[PdCl,] in solution

A 40 mM solution of Nay[PdCl4] was prepared by taking the salt (0.1137 g, 0.390 mmol)

and dissolving it in 10 cm® of methanol at room temperature. The solution was then
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transferred to a transmission EXAFS cell with a 10 mm path length. A similar cell

containing solely methanol was used as the reference cell.

3.1.10.2.2 Pre-reaction Palladium Solution

A methanolic solution of the catalytic solution was prepared by adding Na,PdCl4 (0.0574
g, 0.195 mmol), Nal (0.1109 g, 0.74 mmol) and methyl iodide (0.75 cm?®, 11.62 mmol) to
methanol (4 cm’, 98.75 mmol) in a three-necked round-bottomed flask under nitrogen gas.
A small amount of this solution was then transferred to a transmission EXAFS cell, with a
5 mm path length, which had previously been pumped and flushed with nitrogen gas. A

methanol reference cell was used.

3.1.10.2.3 Study of the Palladium Catalysed Carbonylation of Methanol to Methyl Acetate

The palladium tetrachloride salt (0.0574 g, 0.195 mmol) was taken and added to a small
three-necked round-bottomed flask. To this was added sodium iodide (0.1109 g, 0.74
mmol), methanol (4 cm’, 98.75 mmol) and methyl iodide (0.75 cm®, 11.62 mmol). A high
pressure EXAFS cell, fitted with quartz windows and a Teflon spacer with a 1 cm path
length, was flushed with CO gas. The solution was injected into the cell, which was then
pressurised to 5 atmospheres of CO. EDE experiments were then carried out at 140 °C

with air being used as the reference cell.
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3.2 Electrochemistry Experimental

3.2.1 Electrochemical Apparatus

3.2.1.1 Electrochemical Cell

The electrochemical cell consisted of a four-necked thermostatic pear-shaped cell, placed
inside an aluminium Faraday cage to minimise noise. The solution was purged through a
fine glass sinter with argon gas prior to running the experiment. The solution was kept

airtight by the use of quick-fit joints.

A water bath was connected to provide a constant temperature of 298+1 K.

3.2.1.2 Electrode Configuration

A two-electrode arrangement was chosen for these series of experiments. The working
electrode was a platinum microdisc, whilst the reference electrode was either a standard
calomel electrode or a quasi-reference platinum electrode, depending upon the solution
used. The working electrode is where the reaction of interest occurs. The reference
electrode provides a stable and fixed potential so that the drop in potential between the
electrode and the solution is precisely defined when a voltage is applied. Due to very
small currents at microelectrodes, the third electrode, found in conventional systems, was

not needed.

3.2.2 Electrochemical Instrumentation

Most of the experiments carried out involved cyclic voltammetry. The potential ramp was
applied using a Hi-Tek PPR1 waveform generator. A homemade current follower was
used to measure the current. The voltammograms and potential step experiments were
carried out and recorded on a computer fitted with an Advantek PCL-818L data

acquisition card, running a University of Southampton electrochemistry data-acquisition

program.
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3.2.2.1 Connections

It was found that electrical noise was transmitted at 50 Hz and amplified by the current
follower; all of the instruments, the Faraday cage and the water bath were earthed to

prevent this. All the connections were made using shielded cables, again to try and

minimise noise.
3.2.2.2 Software

Both cyclic voltammetry and potential step measurements were acquired with a Microsoft
Windows based program called, WinCV, developed at the University of Southampton by
J. Amphlett. Manipulation of the data was achieved with Microcal Origin software.

[Fr =
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[ Waveform Generator ] [ Current Follower ]
l

Reference Electrode

(\ Faraday Cage
Microelectrode ~

Thermostaticall
Controlled Cell )

>

Figure 3-6: Schematic diagram of a typical microelectrode arrangement
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3.2.3 Electrodes

3.2.3.1 Fabrication of Microelectrodes

The choice of materials used in the construction of the microelectrode depends upon the
geometry of the electrode as well as the nature of the electrochemical system under
investigation. Examples of common materials include platinum, gold and carbon fibres
whilst less common materials include tungsten, mercury, copper, silver, nickel and steel.
The most widely used insulators are glass, epoxy resin, polyethylene and quartz. For the
experiments reported in this thesis, platinum wires, supplied by Goodfellow Metals

Limited of Cambridge, were used, sealed in glass as described below.

The microelectrodes were made using equipment available at the University of
Southampton; an optical stereomicroscope was used to aid viewing of the platinum wire.
The glass pipettes used were cleaned first with distilled water and then with acetone, after
which they were thoroughly dried. The pipettes were made from soda glass as this

facilitated the melting of the glass.

A small length of platinum wire (typically 1 to 1.5 cm) was cut using a scalpel blade. This
was then placed into the tip of a glass pipette so that only a small amount of wire was left
on the outside. Platinum wire was chosen due to its surface being relatively stable and

different sized wires being most readily available.

The tip of the glass was then subjected to heat, thus sealing the platinum wire in the glass.
The glass pipette was positioned such that a heating coil could be placed around the tip
and a vacuum created at the other end. The temperature of the coil was gradually
increased until the glass was seen to melt around the wire. The coil was then moved up
the pipette and again the glass was melted and sealed the wire. This was repeated until

there was only 5 mm of wire left unsealed.

The joint between the platinum wire in the microelectrode and the copper wire used to
connect the microelectrode to the apparatus was made with indium metal. The indium
came in the form of a wire, approximately 2-3 mm of which was taken and cut up into
small fine pieces. These pieces were transferred to the microelectrode with tweezers.

Upon gentle heating, the indium was seen to melt. A stripped piece of insulated copper
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wire was then pressed into this liquid, thus forming a joint. The wire was attached to the
other end of the pipette either by tape or by epoxy resin to prevent this joint from being
disturbed. Finally the tip was ground with emery paper to reveal the platinum disc.

Glass Epoxy resin

2mm o=
1 /
Pt wire
Copper
< > wire

Figure 3-7: Diagram of a platinum microdisc electrode'’

3.2.3.2 Preparation of Microelectrodes

The cleaning of microelectrodes is particularly important in order to achieve consistency
and reproducibility. Once the microelectrode had been prepared, its surface was polished
with a selection of emery papers and then with very fine alumina powder. The principle
was the same for each stage. The microelectrode tip was manoeuvred, with very little
pressure, on the abrasive surface. Firstly, the electrode was successively polished with
finer grades of emery paper after which finer and finer grades of wet alumina powder were
used. An optical microscope was used at various times to establish the integrity and

quality of the platinum microdisc.

After the electrode had been polished until its surface appeared optically smooth under the
stereomicroscope, only alumina powder needed be used to clean the microelectrode
between experiments, providing that a particularly harsh chemical had not been used with
the electrode. However, to achieve accurate and reproducible results, the microelectrode

was pre-treated using a number of techniques.
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3.2.3.3 Cleaning of Platinum Electrodes

Various papers have reported different cleaning techniques when studying iodide systems.
Polishing of the electrode using alumina powder is a standard technique'? and is
particularly effective when using ferrocyanide solutions. Beran et al.”’ found that the use
of an electrode in different supporting electrolyte, or with various metal ions resulted in

changes of the electrode characteristics.

It has been established'* that, for platinum electrodes, aqueous iodides or gaseous
hydrogen iodide form a close-packed layer of zero-valent iodide, accompanied by the
evolution of hydrogen gas due to oxidative chemisorption. Rodriguez et al.'® showed that
by applying a sufficiently negative potential, or by exposure of the electrode to sufficient

amounts of hydrogen gas, iodine could be removed from the platinum surface.

Cleaning of the microelectrode using alumina powder, especially for the higher iodide
concentrations was not effective. Resulting voltammograms showed large amounts of
hysteresis, most probably due to iodine being coordinated to the platinum surface. In this
study, it was found that cycling the potential between 0 V and < -1.2 V at 500 mVs™ for
two minutes yielded highly reproducible results, especially for iodide concentrations

below 20 mM.

3.2.3.4 Characterisation of Microelectrodes

Every microelectrode was characterised before being used to carry out measurements.
This was achieved by recording a cyclic voltammogram for the oxidation of ferrocene
(3.54x10° mol cm®) in 0.1 M tetrabutylammonium tetrafluoroborate in acetonitrile, as the
supporting electrolyte, at a scan rate of 5 mVs™ in order to get a steady state response.
This experiment was used because the resulting CV curve should be sigmoidal in shape,
showing very little hysteresis between forward and reverse scans. The limiting current
was used to measure the radius of the microelectrode using the equation ; = 4nFDCa,
where 7 is the number of electrons in the electrochemical reaction, F is the Faraday
constant, 96485 C mol™, D is the diffusion coefficient of the ferrocene species to the

microelectrode, 2.58x10” cm? s'l, C is the bulk concentration used and 4 is the radius of

the microelectrode.
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For 50 pm, 25 pm, 10 and 5 pm diameter microelectrodes, the limiting current should be
3.04x10% A, 1.52x10® A, 6.079x10° A and 3.04x10” A respectively. Results were taken
as an average of three recordings with the electrode being cleaned between each

voltammogram (Figure 3-8).

1.0x107 -
-8
9.0x10 1 —— 5 Micron Electrode
8.0x10°4 — 10 Micron Electrode
1 25 Micron Electrode
7.0x10" 1 ——— 50 Micron Electrode
6.0x10™
5.0x10*
<C ]
= 4.0x10°
3.0x10*
2.0x10”
1.0x10* -
0.0 e
-1.0x10* . T T T v T T T T
0.0 0.1 0.2 0.3 0.4 0.5

E/V (vs Pt Gauze Electrode)

Figure 3-8: Cyclic voltammograms recorded from 0 to 0.6 V at 5 mVs™ at various sized platinum
microelectrodes in a solution of 3.54x10 mol cm® ferrocene solution in 0.1 M tetrabutylammonium

tetrafluoroborate supporting electrolyte at 25°C.

Table 3-1: Expected and calculated microelectrode radii showing calculated degree of error.

Reported radius IL/A Calculated radius | Calculated Error
/10 cm /10* em 1%
2.5 9.53x10” 2.70 8
5 1.86x10° 5.27 5.4
12.5 430x10° 12.2 2.4
25 9.74x10° 27.6 10.4

These small discrepancies in the reported electrode radii are within a reasonable degree of
error. There are a number of reasons that can lead to a discrepancy between the calculated
and the reported microelectrode radius. These include experimental error, which can
result as small variations of temperature, scan rate or solution concentration, or as human

error, which may occur when making up the solution or when reading an exact value of
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the limiting current. Other problems may lie in the manufacture of the microelectrode
since the Pt-glass seal is never perfect; this can be seen with SEM, for example, and will
increase the working radius of the microelectrode. Typically, experimental error can be as
much as 10% from one experiment to the next; producing an electrode that has a diameter

with only a 5% error compared to the original microwire is very difficult.

3.2.4 Solution Preparation

3.2.4.1 Chemicals

In all the experiments, aqueous solutions were prepared with Millipore grade water. This

grade of water was chosen due to the fact that it has particularly low conductivity (0.05

pSem™).

Tetrabutylammonium iodide was obtained from Aldrich and was 98% pure. All other

chemicals used were of Analar grade and supplied from BDH chemicals unless stated.

Acetic acid was dried and purified by adding acetic anhydride to react with the water

present. It was then heated to reflux in the presence of 2-5 % (v/v) KMnOQOs.

All solutions were degassed with argon before use.

3.2.4.2 Viscosity

The viscosity of the liquid was an important factor in these experiments. For a liquid
flowing under its own mass, then the time required for the liquid to fall down a vertical
tube between two lines is found to be proportional to the viscosity of the liquid divided by
its density. An Ostwald viscometer was used to measure the time taken for the solution to
flow between two points. In such a way, the measured time can be compared with a
calibration plot of viscosity against time previously recorded for ideal solutions. The
absolute viscosity of a fluid is strongly influenced by temperature. As temperature
increases, the viscosity of a liquid decreases and so viscosity measurements were carried

out using a thermostatic water bath to keep a constant temperature.
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Chapter 4

4 Introduction

The carbonylation of methanol to acetic acid or, indeed, methyl acetate involves a
catalytic cycle in which the metal is present in one of a number of different species; the
exact nature of this species is often dependant upon the conditions used during the
catalysis. Whilst much emphasise has been placed on the use of IR to characterise these
compounds, both as standalone species and as intermediates in the catalytic cycle, this

chapter focuses on the use of EXAFS to obtain structural information for such catalytic

species.

What is often absent from the information derived from EXAFS experiments is bond
angle information. Whilst multiple scattering effects can often yield angular information
regarding atoms adjacent to the absorbing atom,' this is only true if the bond angle is
greater than about 130 degrees. In these results, an alternative technique is employed
which uses trigonometry from bond lengths derived from both metal and ligand absorption

sites in order to calculate these bond angles.

The refinement of the data is dependant upon the model used in EXCURVE, particularly
if multiple scattering is employed in the calculations. Hence the model used for each
refinement is shown in the relevant discussion, along with the graphs and tables obtained
from the analyses. The resulting data, obtained from refinement of these models, was

compared to crystallographic data, if available.

Model compounds were synthesised and characterised by Extended X-ray Absorption
Fine Structure Spectrometry in order to aid characterisation of the in situ experiments.
This is particularly important as, often, a large excess of iodide is present during catalysis
and this leads to interference and a deterioration of the quality of the EXAFS data
collected. In order to reduce this effect, a reduced iodide concentration was used during
the in situ catalytic experiments. As such in situ IR experiments were also carried out to
ensure that catalysis was taking place at these reduced iodide concentrations. These

results are briefly discussed as an introduction to the ir situ EXAFS results later in this

chapter.
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4.1 Characterisation of Metal Compounds Using EXAFS
4.1.1 EXAFS characterisation of Palladium (ll) Catalysts

4.1.1.1 Sodium tetrachloropalladate

The crystal structure of tetrachloropalladate (II) ‘

has been reported in the literature with Pd-Cl

distances of between 2.287 A to 2.294 A.> The Py

Pd,Cl¢> (bridged dimer) is also reported in the ‘ U 0
literature,® with the Pd-C bond distance for

terminal chlorides being shorter (2.276 A and

2.261 A) than that for bridging chlorides (2.340 ‘

A and 2.361 A). Both models were considered
during the analysis of the EXAFS data.

The EDE spectrum of Na,PdCls in methanol was obtained using 100 scans of 1.7 ms

integration time. The EDE data and Fourier transform for the solution are shown below,

with the table giving structural parameters.
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Figure 4-2: The Pd K-edge k’-weighted EDE data and Fourier transform, phaseshift corrected for Cl,
of PAdC1%, solution sample at room temperature, 40 mM in methanol.
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Figure 4-1: Model of [PdCl,] fitted in EXCURVE.
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Table 4-1: Pd K-edge EXAFS derived structural parameters for PdCl,”, solution sample at room
temperature. Phaseshift corrected for Cl. R =22.09, E;=-3.9 ¢V and FI = 0.00029.

Atom | C.N R/A 267 /A
Cl | 3.9(1) | 2.30(0) | 0.0075(5)

Statistical errors are given in parentheses

Refinement of the EDE data shows that there are 4 chlorides in the first coordination
sphere surrounding the palladium atom at an average distance of 2.3 A. There is good
agreement between theoretical and experimental data, with the R factor of 22.1 being low
for energy dispersive EXAFS. Attempts to model the Pd,Cls™ species with two shells of
two chlorine atoms and a third shell with a palladium atom resulted in no improvement of
fit. The statistical errors involved when refining the coordination numbers were large and

no Pd-Pd distance was observed at the expected 3.40 A.

What is evident from the Fourier transform plot, in the above figure, is that the theoretical
data does not match the second shell that is present, at an approximate distance of 4.5 A,
in the experimental data. However, if we consider the symmetry of this species, especially
the linearity of the CI-Pd-Cl atoms, then multiple scattering should be considered when
refining this data. Refinement of the square planar complex PdCl,”> with Dsh symmetry,
using multiple scattering yields a multiple scattering path length of 4.60 A. This is in very
good agreement considering the Pd-Cl bond length and the fact that the second shell seen

in the Fourier transforms now fits for both experimental and theoretical cases.
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Figure 4-3: The Pd K-edge k’-weighted EDE data and Fourier transform, phaseshift corrected for Cl,
of PACL, solution sample at room temperature, 40 mM in methanol, employing multiple scattering.
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Table 4-2: Pd K-edge EXAFS derived structural parameters for PdCL”, solution sample at room
temperature. Phaseshift corrected for Cl. R =24.52, E;=-3.9 ¢V and F1 = 0.00035.

Atom | C.N R/A 26° /A
Cl 4 2.30(0) | 0.0082(6)

Statistical errors are given in parentheses

4.1.1.2 Bis(tetra-n-butylammonium) bis(u2-bromo)-tetra-iodo-di-palladium

The crystal structure of bis(tetra-n-butylammonium) bis(pi,- é é
bromo)-tetra-iodo-di-palladium is square planar with respect
to each palladium atom.* Here, bond distances were u
reported to be 2.413 A and 2.424 A for terminal bromides
and 2.452 A and 2.448 A for bridging bromides. e e
Figure 4-4: Model of [Pd,Br]* fitted
in EXCURVE.

Two QEXAFS scans were collected on station 9.2 at the SRS for a solid sample of
[BusN]2[Pdol]. The analysis of the average of these scans show a first coordination shell
of four bromine atoms at a distance of 2.43 A from the metal atom, an average of the
terminal and bridging bromide distances as reported in the crystal structure. The
experimental data is in good agreement with the theoretical model, with an R factor of

11.7%, apart from an extra shell being evident in the experimental data compared to the

theoretical model, as shown in the figure below.
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Figure 4-5: The Pd K-edge k*>-weighted EXAFS data and Fourier transform, phaseshift corrected for
Br, of [BusN],[Pd,Br¢], solid sample at room temperature.
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Table 4-3: Pd K-edge EXAFS derived structural parameters for [Bu,N];[Pd;Brg], solution sample at
room temperature. Phaseshift corrected for Br. R=11.73, E;=-1.4 eV and FI = 0.00007.

Atom

C.N

R/ A

262 /A

Br

3.99(5)

2.43(0)

0.0078(1)

Statistical errors are given in parentheses

If multiple scattering is applied to the analysis of this data, for a PdBrs model with Dsh

symmetry, then the calculated and the experimental Fourier transforms match for the

second shell at 4.87 A. This would fit a multiple scattering pathway occurring across the

linear Br-Pd-Br bonds.
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Figure 4-6: The Pd K-edge k’-weighted EXAFS data and Fourier transform, phaseshift corrected for
Br, of [BuyN];[Pd,Brg], solid sample at room temperature, employing multiple scattering.

Table 4-4: Pd K-edge EXAFS derived structural parameters for [Buy;N],[Pd,Brg], solution sample at
room temperature. Phaseshift corrected for Br. R=17.21, E;=-1.47 ¢V and FI = 0.00014.

Atom

C.N

R/A

262/ A

Br

4

2.43(0)

0.0079(1)

Statistical errors are given in parentheses
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4.1.1.3 Bis(tetra-n-butylammonium) bis(uy-iodo)-tetra-iodo-di-palladium

The crystal structure of bis(tetra-n-butylammonium) ‘ ‘
bis(pz-iodo)-te:tra—iodo-di-palladium5 shows the '
palladium iodide dimer to be square planar with respect

to the palladium atoms. Pd-I distances are 2.593 A and u

2.609 A for the terminal iodides and 2.591 A and 2.598 A

for the bridging iodides. ‘
Figure 4-7: Model of [Pd,I]* fitted
in EXCURVE.
The result for [Pd216]2' in methanol was obtained after one scan on BM29 at the ESRF.
The figure below shows EXAFS data and the Fourier transform for the solution, with the
table giving the solution and structural parameters. The results show that there are four
iodine atoms at a distance of 2.60 A in the first coordination shell. This is in very good
agreement with the crystallography data discussed earlier. As with the crystal data,
refinement of the experimental data showed the Pd-I distances for terminal iodides and for
bridging iodides to be the same, indicating that there is no lengthening of this bond
through bridging. The second palladium shell is also not observed, despite the quality of

data. There is excellent agreement between the experimental data and the theory for the

data, with an R factor of 19 being low.
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Figure 4-8: The Pd K-edge k’-weighted EXAFS data and Fourier transform, phaseshift corrected for
L, of [BuyN],[Pd;I¢], solution sample at room temperature, 40 mM in methanol.
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Table 4-5: Pd K-edge EXAFS derived structural parameters for [Bu,N],[Pd,I], solution sample at
room temperature. Phaseshift corrected for I. R =18.8%, Ef=-7.7 eV.

Atom C.N R/A 26°/ A
I 3.96(9) | 2.60(0) | 0.0082(2)

Statistical errors are given in parentheses

The data collected for the solid sample of [BusN],[Pd,I¢] is an average of two QEXAFS
scans collected on station 9.2 at the SRS. The refinement of this EXAFS data gave
comparable bond distances to that of the data analysed from when the species was in
solution. Refinement of the coordination number, however, gives a value of 3.86, below
the expected value, although it is still within the error for the experiment. Again the

experimental fit is in good agreement to the theoretical model with an R factor of 24.

What is perhaps surprising, in the analysis of this data, is that there is no evidence of
multiple scattering in the theoretical model, although there is an indication that it is

present from the experimental data.
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Figure 4-9: The Pd K-edge K’-weighted EXAFS data and Fourier transform, phaseshift corrected for
L, of ][BuyN],[Pd,s], solid sample at room temperature.

Table 4-6: Pd K-edge EXAFS derived structural parameters for [Bu,N],[Pd,I¢] solid sample at room
temperature. Phaseshift corrected for I. R =23.89%, Ef=-6.18 eV, FI 0.00031.

Atom | C.N R/A 262 A
I 3.86(1) | 2.60(0) | 0.0094(4)

Statistical errors are given in parentheses

Iodine K-edge data of the solution spectra of [Pd,Is]* in methanol was also recorded.

Analysis of this data matched values found by refinement of the Pd K-edge spectrum of
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the same solution. Different refinements were carried out, either with a bridged iodine
atom as the central atom, or with a terminal iodine atom as the central atom. The better fit
gave a first coordination shell with 1 palladium atom at a distance of 2.56 A from the
central atom, with two nearby shells at 3.55 A and 3.71 A corresponding to the nearby
bridging and terminal iodine atoms respectively. A fourth shell is also present at a
approximately 5.1 A from the central atom and this relates to the furthest iodine atom,
which is linear; although this distance is slightly lower than expected, according to

crystallographic data, it is still within experimental error. Attempts to fit other atoms into

the model did not result in any improvement of fit.
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Figure 4-10: The I K-edge k’-weighted EXAFS data and Fourier transform, phaseshift corrected for
Pd, of [Pd,I¢][BuyN],, solution sample at room temperature, 40 mM in methanol.

Table 4-7: I K-edge EXAFS derived structural parameters for [Pd,Is][BusN],, solution sample at room
temperature. Phaseshift corrected for Pd. R =27%, Ef=-7.1 eV, FI 0.00038.

Atom | CN R/A 26%/ A

Pd | 1.09(4) | 2.56(0) | 0.011(0)
I 0.95 | 3.55(3) | 0.023(6)
I 1.02 | 3.713) | 0.019(4)
I 1.02(26) | 5.09(1) | 0.008(1)

Statistical errors are given in parentheses
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4.1.1.4 Cis-dichloro-ethylenediamine-palladium (l)

The crystal structure of cis-dichloro-ethylenediamine- , A
palladium (II) is reported in the literature as having Pd- J ‘
N distances of 1.980 A, Pd-Cl distances of 2.308 A and U -

o

Pd-C distances of 2.880 A.° W ‘

Figure 4-11: Model of [PdCl,(en)] fitted in
EXCURVE.

Refinement of Pd K-edge data taken for a solid sample of this compound gave a good fit
between the experimental data and the theoretical model, resulting in an R-factor of 23.5.
There are 1.82 N atoms and 1.92 Cl atoms surrounding the central palladium shell at
distances of 2.03 A and 2.31 A respectively. This is in good agreement with the
crystallographic data, within experimental error. The Pd-C distances were found to be

about 2.94 A, although the coordination number for the carbon atoms was not refined as

the resulting statistical error was too great.
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Figure 4-12: The Pd K-edge k’-weighted EXAFS data and Fourier transform, phaseshift corrected for
Pd, of PdCl,(en), solid sample at room temperature.

Table 4-8: Pd K-edge EXAFS derived structural parameters for PdClL,(en), solid sample at room

temperature. Phaseshift corrected for N. R =23.5%, Ef =-0.5 eV, FI 0.0003.

Atom | CN R/A 26* /A
N 1.8(1) | 2.04(0) | 0.005(0)
Cl | 1.92(6) | 2.31(0) | 0.008(0)
C 2 2.93(3) | 0.008(3)

Statistical errors are given in parentheses
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A contour map is plotted for the bond distances Pd-N (R1) and Pd-Cl (R2) in Figure 4-13.

The contours are approximately circular and so indicate that the Pd-N and Pd-Cl distances

are well defined.

Figure 4-13: Fit index contour map of the correlation between Pd-N (R1) and Pd-Cl (R2) distances
from the palladium centre for EXAFS solid of PdCl,(en). Lower contour = 0.426, Upper contour =
9.036, Increment 0.453. Approximate Minimum: 0.307 at 2.043, 2.314.

Comparison of this data with scanning EXAFS results acquired from analogous solid state

samples showed very good agreement between different compounds.

Table 4-9: Comparison of structurally derived parameters for different solid state PdCl,(ligand)

samples acquired by scanning EXAFS.

N Cl C
CN | Rexars a CN Rexars a CN Rexars a
(A) 2d°/4%) (A) (2d°/4) (A) 2d’/A)
PdCl(tmeda)” | 2.2(3) | 2.079(2) | 0.005(0) | 2.32) | 2.314(1) | 0.006(0) | 2.1(2) | 2.926(6) | 0.006(1)
PACL(bipy)° | 2.2(4) | 2.025(3) | 0.006(0) | 2.3(3) | 2.204(1) | 0.006(0) | 2.0(5) | 2.936(7) | 0.009(2)
PdClL(phen)® | 2.3(2) | 2.039(3) | 0.006(0) | 2.3(1) | 2.291(1) | 0.015(0) | 2.0(4) | 2.930(26) | 0.026(1)
PdCl,(en) 1.8(1) | 2.040) | 0.005(0) | 1.92(6) | 2.31(0) | 0.008(0) | 2 2.933) | 0.0083)

Statistical errors are given in parentheses
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4.1.1.5 Conclusion

The structures for the model compounds, Na,PdCly, [BusN],[Pdyls], [BusN]2[Pd,Brs], and
PdCl,(en) have been successfully determined by scanning or energy dispersive EXAFS in
transmission mode, with structural parameters being determined. The derived parameters

are in good agreement with those seen in crystallographic data within experimental errors.

Comparing the EXAFS for the different halides, it can be seen that this technique is
sensitive to the halide attached to the central atom. There is an increase in the Pd-halide
bond distance from chloride to bromide to iodide; this is due to decreases in
electronegativity and an increase in atom size. There is also evidence of multiple

scattering contributions across the X-Pd-X bond.

Furthermore, it is interesting to note that there is no evidence from the XAFS data that any
of these compounds are dimeric, even though palladium complexes have a tendency to
form bridged dimers. The addition of an additional palladium shell at 3.8 A, when refining
the data for the [PdI¢]* species, does not improve the fit; spurious palladium coordination
numbers result instead. It is known that for structural units linked by low frequency, high
amplitude vibrations, such as [-M-I bends, a damping effect can occur due to the
combined effect of the variations in both the equilibrium bond length (static Debye-Waller
factor) and those due to the vibrational envelope (dynamic Debye-Waller factor). Such

effects result in making many nonbonding interactions invisible.

111




Chapter 4 — EXAFS Characterisation of Methanol Carbonylation Catalysts

4.1.2 EXAFS characterisation of rhodium model compounds

4.1.2.1 Bis(uz-chloro)-tetracarbonyl-di-rhodium @)
o v

The structure of [Rh,Cl,(CO)4] consists of two square :

planar RhCl(CO), groups that intersect at an angle of u U

124° with a weak Rh-Rh distance of 3.138 A. X-ray ' O

crystallography data’ gave a Rh-C distance of 1.853 @

A, aRh-O distance 2.967 A and a Rh-Cl distance of igure i3 ol of [RACEONCILS Biss
2382 A in EXCURVE.

Three QEXAFS scans were recorded and summed. Analysis of this data, using multiple
scattering, gave three main backscattering shells. The first shell showed a Rh-C distance
of 1.85(1) A, a value in agreement with values seen in X-ray crystallography for this
structure and also for other rhodium carbonyl compounds such as
RhCI(CO)(SO,)(P(CsHs)3)2 (1.85 A). Refinement of the second peak, due to Rh-Cl, gave
an underestimation of the amplitude in the theoretical model, along with a relatively high
Debye-Waller value (0.016 A%). This problem was only resolved when the Rh-C-O bond
angle was included as an adjustable parameter, although this yielded an unlikely bond
angle of 168°. Refinement after the bond angle had been set to the known value of 177°

resulted in a deterioration of the fit.

The fit of the third shell, the Rh-O shell is only achieved once multiple scattering terms
were added into the refinement. This gave a Rh-O distance of 3.01(1) A; again this is in

good agreement with crystallographic values recorded in the literature.

A smaller fourth peak is also observed, in the Fourier transform, to the right of the Rh-O
shell and this is probably due to the Rh--‘Rh distance at 3.17 A. Fitting of the shell’s
amplitude is difficult, probably due to the weak nature of this bond.
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Figure 4-15: The Rh K-edge k’ weighted EXAFS data and Fourier transform, phaseshift corrected for
C, of [Rh,CL,(CO),], 40 mM in acetonitrile at room temperature, employing multiple scattering.

Table 4-10: Rh K-edge EXAFS derived structural parameters for [Rh,CL,(CO),], solution sample at
room temperature. Phaseshift corrected for C. R =30.8%, E¢=1.06 eV and FI = 0.00049.

Atom | CN | A 267/ A
C 2 | 1.85(1) | 0.008(1)
Cl 2 | 2.33(1) | 0.016(2)
0 2 | 3.01(1) | 0.002(1)
Rh 1 | 3.17(0) | 0.012(2)

Statistical errors are given in parentheses
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4.1.2.2 Bis(uz-lodo)-tetracarbonyl-di-rhodium @

Whilst the crystal structure of [Rh(CO),I], was not b
found in a literature search, it is likely to consist of a ‘ i i-) |
similar structure to its chloro analogue, consisting of :

two square planar RhI(CO), groups. O ‘
O

Figure 4-16: Model of [Rh(CO),I],
fitted in EXCURVE.

QuEXAFS scans for [RhyI,(CO)4] in acetonitrile were recorded and analysed. As with the
chloro- analogue, a four-shell model was employed, this time C, I, O and Rh
backscattering atoms were used. Refinement of this data was achieved using multiple
scattering gave a Rh-C distance of 1.87 A, a value close to that obtained for the rhodium
carbonyl chloride dimer. The Rh-I distance (2.64 A) is slightly lower than other distances
in the literature for the monomeric compounds Rh(CO)I(PPh;), (2.863 A) and

[C17H14N] [Rh(CO)zL;]8 (2.69 A), although still within experimental error. The C-O

distance of 1.12 A is similar to that of other thodium carbonyls reported in the literature.

As before, refinement gives a better fit when the Rh-C-O angle was included as a

adjustable parameter. This gave an angle of 178.8°.
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Figure 4-17: The Rh K-edge K weighted EXAFS data and Fourier transform, phaseshift corrected for
C, of [Rh,I,(CO),], 40 mM in acetonitrile at room temperature, employing multiple scattering.
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Table 4-11: Rh K-edge EXAFS derived structural parameters for [Rh,I,(CO),], solution sample at
room temperature. Phaseshift corrected for C. R =31.7%, E;=1.87 eV and FI = 0.00053.

Atom | C.N r/ A 267/ A
C 2 | 1.87(1) | 0.009(2)

I 2 | 2.64(0) | 0.011(2)

O 2 2.99(1) | 0.005(1)
Rh | 1 | 3.176) | 0.02(1)

Statistical errors are given in parentheses

Refinement of the iodine K-edge EXAFS data for this species fitted only one shell

corresponding to 1.84 rhodium atoms at 2.64 A away from the iodine atom. This

corresponds well with the Rh K-edge data obtained, although the EXAFS fit is poor at low

k. No improvement in fit is observed from additional shells to model the carbonyl units or

even the other iodine atom.
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Figure 4-18: The I K-edge Kk’ weighted EXAFS data and Fourier transform, phaseshift corrected for
Rh, of [Rh,I,(CO),], 40 mM in acetonitrile at room temperature.

Table 4-12: Rh K-edge EXAFS derived structural parameters for [Rh,I,(CO),], solution sample at
room temperature. Phaseshift corrected for C. R =32.8%, E;=-9.91 eV and FI = 0.00053

Atom

C.N

r/ A

26%/ A

Rh

1.84(6)

2.64(0)

0.011(0)

Statistical errors are given in parentheses
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4.1.2.3 Tetrabutylammonium diiododicarbonylirhodate (I)

The overall coordination geometry of cis- ‘ ‘
dichlorodicarbonylrhodate (I) anion is square planar with

two carbonyl ligands arranged in a cis configuration u

around the metal centre. X-ray crystallography data for

[4-HCsHs;NMe][Rh(CO),1,])° gave distances of Rh-1 = W, )
2.66 A, Rh-C = 1.85 A and Rh-O =2.99 A; for a similar (] O

compound, Rh(CO)I(PPhs), '° distances of Rh-C =

1.807 A, Rh-1=2.684 A and Rh-O =2.946 A were Figure 4-19: Model of [Rh(CO),I,] fitted
found. in EXCURVE.

Cruise, "' reported Rh-K edge EXAFS data for a solution sample of tetraphenylarsonium
cis-dichlorodicarbonyl-rhodate with a Rh-C distance of 1.835(2) A, a Rh-C-O distance of
2.954(2) A and a Rh-I distance of 2.644(1) A. Refinement of the EXAFS data for the
analogous tetra-n-butylammonium salt gave equivalent results, and demonstrates a

different cation has no effect on these bond lengths. Refinement of the Rh-C-O bond

angle gave an angle of 179.2°. This is in excellent agreement with the angle obtained from

the crystal data obtained by Maitlis ef al. Figure 4-20 shows the degree of error expected

when refining bond angles in EXAFS.

Figure 4-20: Fit index contour map plot of the correlation between Rh-C distance (R1) and x-axis-
Rh-C angle (TH1) for scanning EXAFS of [BuyN][Rh(CO),l,] in acetonitrile (40 mM)
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Figure 4-21: The Rh K-edge k’-weighted EDE data and Fourier transform, phaseshift corrected for C,
of [BuyN][Rh(CO),l,], solution sample at room temperature, 40 mM in acetonitrile, employing

multiple scattering.

Table 4-13: Rh K-edge EXAFS derived structural parameters for [Buy,N][Rh(CO),l;], solution sample
at room temperature. Phaseshift corrected for C. R =27%, E;=0.78 eV and FI = 0.00035.

Atom [ CN | r/A 262/ A
I 2 | 2.66(0) | 0.008(0)
C 2 | 1.84(1) | 0.005(1)
0 2 [ 2.991) | 0.008(1)

Statistical errors are given in parentheses

I K-edge EXAFS data also was recorded for this species under the same conditions. The

I-Rh bond distance matches well with the EXAFS data derived from the Rh K-edge (2.66

A). Refinement of the more distant shells show errors seen in the Debye-Waller values;

this suggest that these contributions are insignificant compared to the I-Rh shell.
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Figure 4-22: The I K-edge k’-weighted EDE data and Fourier transform, phaseshift corrected for Rh,
of [Bu,N|[Rh(CO),l,], solution sample at room temperature, 40 mM in acetonitrile, employing

multiplescattering.

Table 4-14: I K-edge EXAFS derived structural parameters for [Buy;N][Rh(CO),1,], solution sample at
room temperature. Phaseshift corrected for Rh. R =19.5%, E¢=-5.71 eV and FI = 0.00024.

Atom | CN | /A | 26%/A

Rh 1 | 2.66(0) | 0.007(0)

C 1 |[3.18(3) | 0.011(9)

I 1 3.9(1) | 0.04(4)

0 1 3.9(5) | 0.003(5)

C 1 | 4578) | 0.01(2)
0 1 | 5.60(4) 0

Statistical errors are given in parentheses

The EXAFS data obtained means that it is possible to obtain bond angle information
around the rhodium atom using distances derived from both metal and ligand absorption

sites. The errors presented here are estimated from the distance errors cited above.

\ 88(2)°
/

94(3)°

O

90(1) (/

C |
O/

Figure 4-23: Estimated bond angles for [Rh(CO).lL,]

118



Chapter 4 — EXAF'S Characterisation of Methanol Carbonylation Catalysts

The structure [4-HCsH;NMe][Rh(CO),1,] reported by Haynes et al.” gave the bond angles
to be I-Rh-1 = 92.6°, C-Rh-1 = 87.8° and C-Rh-C 93.4° and so there is a reasonable degree

of agreement between the crystal structure and the EXAFS model.

4.1.2.4 Conclusion

The aim of this work was to obtain the EXAFS spectra and structural parameters for
various rhodium carbonyl compounds for both the rhodium and iodine K-edges. The
results for the [Rh(CO),Cl], and [Rh(CO),I], show that this technique is sensitive to the
halide bound to the central absorbing atom, the Rh-Cl distance being 2.33 A and the Rh-I
distance being 2.64 A. Unlike the results seen in the Pd-K edge study of [Pd,I¢]>, the M-
M distances can be accurately refined for the rhodium dimeric compounds. This is most

likely due to the fact that the Rh---Rh distance than the Pd---Pd distance seen in [Pdle]*

The analysis of the [Rh(CO),l>]" species using both the Rh and I K-edges demonstrates
that it is possible to get accurate bond angles around the metal atom. This is facilitated by
the ease of obtaining high quality X-ray spectra in the hard X-ray region encompassing the

Rh and I K-edges.
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4.1.3 Iridium Model Compounds

4.1.3.1 Tetrabutylammonium diiododicarbonyliridate (I)

IR studies shows that the overall geometry of &
[Ir(CO),l,] is square planar, with the carbonyl ‘

ligands lying in a cis configuration with respect to

the iridium central atom. Although the crystal u

structure has not been reported, the polymer- |

O
EXAFS, with distances of Ir-C = 1.86 A, Ir-I =2.68 0 ©®
A and Ir-O = 3.02 A reported.’

supported compound has been characterised by

Figure 4-24: Model of [Ir(CO),l,] fitted in
EXCURVE.

Analysis of the Ir Ly EXAFS data for the iridium carbonyl iodide complex in solution
shows the presence of three coordination shells that correspond to 2 carbon atoms at 1.85
A, 2 iodine atoms at 2.67 A and 2 oxygen atoms at 2.98 A from the central iridium atom.
With multiple scattering pathways taken into account, refinement of the data results in a
good R-value, at 25.5 %, although small differences between the experimental and
theoretical EXAFS data are noticeable. Refinement of the Ir-C-O bond angle gave a value
of 173°. Separate refinements to distinguish whether the carbonyl groups lie in the cis or

trans arrangements are inconclusive.
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Figure 4-25: The Ir Li;-edge k>-weighted EDE data and Fourier transform, phaseshift corrected for
C, of [BuyN][Ir(CO),1;], solution sample at room temperature, 40 mM in acetonitrile, employing
multiple scattering.
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Table 4-15: Ir Lyy-edge EXAFS derived structural parameters for [Bu,N][Ir(CO),l,], solution sample
at room temperature. Phaseshift corrected for C. R =25.5%, E;=-10.8 ¢V and FI = 0.00024.

Atom | C.N r/A 26%/A
I 2 2.67(0) | 0.0080(8)
C 2 1.85(1) | 0.007(1)
0 2 2.98(0) | 0.0080(8)

Statistical errors are given in parentheses

EXAFS data were also recorded for the same solution at the iodine K-edge. The Ir-I bond
length is in excellent agreement with the data taken for the iridium edge, whilst a number

of other shells can be fitted up to 6 A. The carbonyl group linear to the iodine atom gives

a much better statistical fit than the adjacent carbonyl group, which must be included in

the refinement to fit the shells above 4 A. The introduction of multiple scattering

contributions into the refinement results in an improvement in the fit at the higher r-

values.
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Figure 4-26: The I K-edge k3-weighted EDE data and Fourier transform, phaseshift corrected for Ir,
of [BuyN][Ir(CO),1;], solution sample at room temperature, 40 mM in acetonitrile, employing multiple

scattering.

Table 4-16: I K-edge EXAFS derived structural parameters for [Bu,N][Ir(CO).l,], solution sample at

room temperature. Phaseshift corrected for Ir. R =24.8%, E;=-6 ¢V and FI = 0.00031.

Atom | CN r/A 26°/ A
Ir 1 2.67(0) | 0.0068(2)
C 1 3.17(4) | 0.017(9)
0 1 3.82) | 0.04(5)
I 1 3.81(5) | 0.03(1)
C 1 4.50(2) | 0.014(3)
0 1 52(1) | 0.01(3)

Statistical errors are given in parentheses
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As with the analogous [Rh(CO),Lz]" species described earlier, interatomic distances
distances derived from the metal and halide absorption sites were used to estimate bond
angles. In this case, resolution of angles around the metal atom is particularly relevant
since there is no crystal structure determination of this complex. The errors presented here

are estimated from the distance errors cited above.

O\ 87(2)° l

C

95(2)‘¢/|r>\/91(2)°
|

C

oS
84(2)°

Figure 4-27: Estimated bond angles for {Ir(CO),1,]
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4.1.3.2 Tetrabutylammonium diiodo(methyl)triflatodicarbonyliridate(!ll)

Although the crystal structure for this product ‘

is not recorded in the literature, the similar

compound, triiodo(n-

hexyl)dicarbonyliridate(III) has been reported ‘ \j/ /G\‘
by Maitlis ef al.'* Here the distances Ir-C =

2.044 A, Ir-CO=1.899 A, Ir-1 =2.71 A

(where the iodine is trans to the CO group), Q

Ir-1=2.775 A (resulting from the oxidative

addition) and Ir--CO = 3.05 A are reported. Figure 4-28: Mode of [MelnCA)::(O80,CHy]|

fitted in EXCURVE.

Analysis of scanning EXAFS data on the [IrI;(CO),]” complex, and its reaction with
methyl triflate showed a high degree of consistency. Refinement of the final complex,
considering multiple scattering contributions, was refined to the Ir(IlI) complex
[Ir(CH3)(O-SO3CF3)I,(CO),] {r(I—CO) = 1.97(1) A, r(Ir-CH3) 2.17(5) A, r(Ir—
0S0,CF3) =2.06(0) A, #(Ir-I) = 2.69 (0) and r(Ir--CO) 3.04(0) A; these values being
slightly shorter in general than the crystal structure reported above. The Ir-C-O bond
angle was set to 180 °. As in the case of the related complex [RhI,(CO),{C(O)CH3}
(solv)]", refinement of the 3 metal to light element shells was indicative of, but, by itself,
not conclusive proof, of the presence of all three coordination types. Significant
lengthening of the Ir—CO bonds is seen with the change of oxidation state from Ir(I) to
Ir(I1D), indicative of reduced back bonding to the CO groups from the higher oxidation

state metal centre.

123



Chapter 4 — EXAFS Characterisation of Methanol Carbonylation Catalysts

2 ) b J oY
1
| ‘! | J’
4- ‘ T
——— Experimental if
-~ Theo !
o ry
T T T T T T T
0 2 4 6 8 10 12 14
k(A™)

FT K chi (k)
i

—— Experimental
—— Theory

r/ Angstroms

Figure 4-29: The Ir Ly-edge ks-weighted EDE data and Fourier transform, phaseshift corrected for
C, of the reaction of [BuyN][Ir(CO),l,] and methy! triflate at room temperature, 40 mM in
acetonitrile, employing multiple scattering.

Table 4-17: Ir Ly-edge EXAFS derived structural parameters for the reaction of [Bu,N][Ir(CO),l,]
and methyl triflate at room temperature. Phaseshift corrected for C. R =27.9%, E;=-11.6 e¢V and FI

=0.00034.

Atom | C.N r/A 267/ A
C 1 1.97(1) | 0.004(2)
C 1 1.97(1) | 0.004(2)
C 1 2.17(5) [0.015(10)
0 1 2.06(0) | 0.007(2)
I 1 2.69(0) | 0.015(0)
I 1 2.69(0) | 0.015(0)
0 1 3.04(0) | 0.028(6)
0 1 3.04(0) | 0.028(6)

Statistical errors are given in parentheses

4.1.3.3 Conclusion

The reaction between tetrabutylammonium diiododicarbonyliridate (I)and methyl triflate

has been studied by scanning EXAFS spectroscopy. The results show that the oxidative

addition reaction can be seen, with the structure and structural parameters of starting

material and product being accurately determined, with very good agreement between

theoretical and experimental models. In the case of the product, the carbon atom arising

from the methyl group is distinguishable from the carbon atoms present in the carbonyl

group.
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4.2 In situ Reactions

4.2.1 In situ IR carbonylation Experiments

Infrared spectroscopy has long been an established technique in the determination of
which carbonyls are involved in methanol carbonylation reactions. The aim of this project
was to attempt to structurally characterise the metal species actively involved in the

mechanistic cycle by in situ EXAFS.

Preliminary carbonylation reactions were conducted, in order to establish which catalytic
reaction gave products using the low reagent concentrations needed at the start of the

reaction for EXAFS measurements to be successfully carried out.

The experiments carried in the laboratory were conducted in a Fisher Porter type apparatus
at 110 °C and at 5 atmospheres carbon monoxide. Reaction products were analysed using
gas chromatography techniques, quantitatively for palladium based reactions and
qualitatively for rhodium and iridium based reactions as acetic acid and methyl acetate

products were formed during the reaction.

In situ IR carbonylation experiments gives the clearest picture as to whether or not the
reaction is occurring under the specific conditions used, as well as the timescale at which
the reaction takes place. It also gives us a good idea as to which catalytic species are
active during the cycle. Mass spectroscopy, IR and NMR results taken of the post reaction
solution itself and also after volatiles had been removed from this solution did not give
any meaningful results, most probably due to catalyst decarboxylation occurring as CO

pressure was removed.

In situ IR spectroscopic experiments were carried out using the iridium complexes
[PhyAs][Ir(CO),l,] and Ir(CO)I(dppe) and the in situ generated rhodium products
[Rh(CO),1,] and [Rh(CO)I(dppe)] as the initial catalytic starting species. These catalyst
were used in solutions containing Mel, H;O and MeOH under an atmosphere of CO (5
atm.). Figures 4-1 to 4-11 show the raw infrared spectra indicating the extent of the

catalytic activity for each reaction.

From these experiments, it could be seen that when methyl iodide is added to the solution,

a band at 1247 cm™ is formed. Also, in all cases, no catalytic reaction took place until the
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temperature reached 110 °C; the increase in a band at approximately 1733 cm™,
corresponding to v (C=0), is due to the formation of methyl acetate produced by the
esterification of acetic acid and methanol. Furthermore, investigation into the carbonyl
region showed that, at this temperature, a predominant catalytic is present during a
timescale whereby both QEXAFS and EDE experiments could be carried out without

encountering changes in the environment of the metal centre.

Subtraction of these scans from background scans of the solution enabled data regarding
the state of the catalyst to be determined; this would be particularly useful as it would
provide information as to which species were prevalent when EXAFS experiments were
carried out under similar conditions. In the case of the catalytic reaction with
[PhsAs][Ir(CO).ly], the first scan after the addition of methyl iodide, bands are found at
2102.8 and 2049.3 cm™' showing that there is presence of [Melr(CO),I5]". These bands
remain at 60 °C, but change at 110°C, to 2124, 2098, 2064, 2048 cm™’, perhaps indicating
the presence of [Ir(CO).l4] in addition to [Ir(CO).1,], as shown in Figure 4-30.

For the reaction with [Ir(CO)I(dppe)], infrared data was not taken until the solution had
reached 60 °C, in order that the catalyst would be completely in solution. Observations
made at this temperature showed the presence of only one band at 2065 cm™', which

remained even after the temperature of the solution was increased to 110 °C and 160 °C.

Infrared studies of the catalytic reaction resulting from the in situ generated [Rh(CO),l,]
species showed a number of different species present during the reaction. Initially, v(CO)
bands are observed at 2113, 2087, 2077, 2044 and 2012 cm™ and this is due to the
[Rho(CO)4Cl;] at the start of the reaction. The addition of Mel to the solution, with
heating at 60°C, converts this to the species [Rh(CO),1], as seen by the peaks at 2062 and
1992 em™. At 110°C there are peaks at 2060 and 1990 cm™', whilst the increasing peak
intensity at 1734 and 1248 cm™ indicates the formation of methyl acetate and hence
catalysis. This shows the presence of [Rh(CO),l,] as the active catalyst during this

reaction (Figure 4-31).

The study of the catalyst reaction using the in situ generated [Rh(CO)I(dppe)] was
complicated by the fact that the background subtraction of the data resulted in spectra with

a low signal to noise ratio, making the assigning of peaks to specific rhodium species
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tenuous. Nevertheless, the reaction still gave clear indications that methyl acetate was

produced as a product to the reaction.

The palladium catalysed reaction was not carried out due the risk of palladium plating the

silicon windows in the IR probe.
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Figure 4-30: In situ IR showing the reaction of [Ir(CO),I,], MeOH and CH;I at 110°C. The main
picture is the raw data at selected intervals during the reaction whilst the insert gives the
background subtracted data showing the catalytic species.
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Figure 4-31: In situ IR showing the reaction of [Rh(CO),I,], MeOH and CH;I at 110°C. The main
picture is the raw data at selected intervals during the reaction, whilst the insert gives the
background subtracted data showing the catalytic species.
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4.2.2 EDE Study of the Carbonylation of Methanol to Methyl Acetate

For the in situ Energy Dispersive EXAFS study of the carbonylation of methanol to
methyl acetate, a completely homogeneous solution is required with the palladium catalyst
used remaining in solution during the reaction. In fact, of the palladium species prepared,
it was only the sodium tetrachloropalladate (II) species that was completely soluble in a
methanolic solution at the 40 mM concentration needed for the palladium species to be

studied in this way.

The catalytic carbonylation of methanol was followed using EDE in a stainless steel vessel,

capable of withstanding the pressures and heat used during the reaction.

The first species studied, in this carbonylation cycle, was the catalytic solution before the
addition of carbon monoxide. The analysis of this data was consistent for a model of four

iodine atoms surrounding the central palladium atom at an average distance of 3.9 A.

Again, as for the EXAFS analysis of the palladium iodide dimer in solution, there is a small
shoulder before the Pd-I shell, but attempts to fit this to a carbon atom failed, with refinement
yielding a Debye-Waller factor of 0.067 A>,
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Figure 4-30: The Pd K-edge k’-weighted EXAFS data and Fourier transform, phaseshift corrected for
I, of pre-catalytic reaction mixture at room temperature.

Table 4-18: Pd K-edge EXAFS derived structural parameters for the pre-catalytic reaction mixture at
room temperature. Phaseshift corrected for I. R =22.09%, Ef=-9 eV, FI 0.0012.

Atom

C.N

R/ A

26%/ A

I

3.9(1)

2.61(0)

0.008(0)

Statistical errors are given in parentheses
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Addition of CO to the reaction mixture produced an immediate change in the EXAFS.

However, heating of the solution to 140°C and subsequent monitoring of the reaction at

these temperatures for one hour did not yield further changes to the EXAFS region of the

absorption spectra, and so it is likely that only one palladium species is dominant during

this reaction cycle.
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Figure 4-31: The Pd K-edge k’-weighted EXAFS data and Fourier transform, phaseshift corrected for
C, of the reaction mixture after addition of CO.

Table 4-19: Pd K-edge EXAFS derived structural parameters for the reaction solution under a press
ure of carbon monoxide at room temperature. Phaseshift corrected for C. R =35.4%, Ef=-5.3 eV,

FI 0.00072.

Atom | C.N R/A | 26%/A
C 1 1.91(2) | 0.007(8)
I 3 2.63(0) | 0.006(1)
0 1 3.02(2) | 0.001(3)

Statistical errors are given in parentheses

The species is most likely to be a bridged dimer, as is seen in the crystal structure for the

platinum analogue."?
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4.2.3 Rhodium Catalysed Carbonylation Reactions

The carbonylation of methanol is carried out using a large molar excess of iodide over
rhodium.!* Therefore, under these conditions, it is likely that different rhodium
1odocarbonyl species will be present in the catalytic species at the same time.
[Rhy(CO)4l2], cis-[Rh(CO),L], [Rh(CO);1], cis and trans [Rh(CO),L] and [Rh(CO)Is]*
are some examples, all of which are relatively stable in polar solvents in the presence of

CO and iodide.

Two reactions were carried out here. The first used the tetrabutylammonium
diiododicarbonylrhodate (I) as the catalytic species whereas the second catalytic species
was formed in situ by the reaction with bis(u,-iodo)-tetracarbonyl-di-rhodium and the
ligand bis(diphenylphosphino)ethane. Scans were obtained before the start of the reaction,
at 50°C during the reaction and at 110°C, when the carbonylation occured, according to

observations obtained previously with infrared techniques.

The reaction with tetrabutylammonium rhodium carbonyl iodide, methanol and methyl
iodide did not result in significant change in the EXAFS during the catalytic reaction;
refinement for each experiment was best fitted to the [Rh(CO),l,]” model, regardless of

changes in temperature (Figure 4-43).
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Figure 4-32: The Rh K-edge k’-weighted EDE data, phaseshift corrected for C, of 10 mM solution
of [BuyN][Rh(CO),I,] with catalytic mixture, at room temperature (R = 44.1), at 50°C (R = 37.3)
and at 110°C (R = 51.5)
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Figure 4-33: The Rh K-edge K’-weighted EDE data and Fourier transform, phaseshift corrected for C,
of 10 mM solution of [Bu,N][Rh(CO),I;] with catalytic mixture, 110°C.

Table 4-20: Rh K-edge EXAFS derived structural parameters for [Bu,N][Rh(CO),1,] in the catalytic
mixture (10 mM) at 110°C. Phaseshift corrected for C. R =51.5%, E;= 0.8 eV and FI = 0.00229.

Statistical errors are given in parentheses

Atom | CN | /A | 26%/A
I 2 [ 2.67(0) | 0.01002)
C 1.88(2) | 0.005(2)
0 2 | 3.01(1) | 0.008(3)

Infrared measurements taken of the sample after volatiles had been removed gave strong

carbonyl stretching frequencies at 2060 and 1989 cm™, with a very weak band at 1714

cm™ which would correspond to an acyl group; thus the majority of the catalyst appears to

have remained in the original [Rh(CO),I,]” form.

The second catalytic study by EXAFS, using the in-situ generated [Rh(CO)I(dppe)], was

not possible due to solubility issues at the low methyl iodide concentrations used. The

catalyst is insoluble at room temperature and at higher temperatures formed single crystals

of [(CH3CO)Rh(CO)I(dppe)] in the reaction vessel during the reaction.
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Table 4-21: Crystallographic data for [(CH;CO)Rh(dppe)L;]

Crystal data and structure refinement.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal Orange Prism
Crystal size

A range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8= 25.03°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [F* > 2o(F*)]
R indices (all data)

Largest diff. peak and hole

C28H27IzOP2Rh
798.15

1202) K
0.71073 A
Triclinic

P-1
a=9.1046(2) A
b=10.2633(2) A
c=14.8334(4) A
1362.15(5) A’

2

1.946 Mg / m*
3.031 mm™

768

0.20 x 0.15 x 0.08 mm>
3.07 - 25.03°

a=92.2310(10)°
B=94.0810(10)°
¥ =99.413(2)°

-10<h<10,-12<k<12,-17<1<17

8589
4560 [Ry = 0.0147]
94.9 %

Semi—empirical from equivalents

0.7935 and 0.5824

Full-matrix least-squares on F~

4560/0/309
1.052

R1=10.0220, wR2 = 0.0545
RI=10.0239, wR2 = 0.0555

0.820 and -0.814 ¢ A3
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Figure 4-34: View of the structure of [(CH;CO)Rh(dppe)l;] with numbering scheme adopted.
Ellipsoids are shown at a 40% probability.

Table 4-22: Selected bond distances and angles for [(CH;CO)Rh(dppe)l,]

Selected Bond lengths [A] and angles [°].
C27-Rhl 1.986(3) 01-C27-Rhl 126.0(2)
P1-Rhl 2.2579(7) | C28-C27-Rhl 111.9(2)
P2-Rhl 2.2781(8) | C1-P1-Rhl 123.85(9)
12-Rh1 2.6996(3) | C7-P1-Rhl 108.96(9)
11-Rhl 2.7011(3) [ C13-P1-Rhl 107.30(9)
C15-P2—Rhl 111.70(10)
C21-P2—Rhl 120.47(10)
C14-P2—-Rhl 109.20(9)
C27-Rh1-P1 90.95(8)
C27-Rh1-P2 92.45(9)
P1-Rh1-P2 84.61(3)
C27-Rh1-12 103.29(8)
P1-Rh1-12 165.16(2)
P2—Rh1-12 90.57(2)
C27-Rh1-]1 99.27(8)
P1-Rh1-I1 89.93(2)
P2-Rh1-I1 167.16(2)
12-Rh1-I1 91.825(9)
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4.2.3.1 EXAFS Characterisation of Methyl lodide

The rhodium-catalysed carbonylation of methanol was

also conducted using the iodine

edge to follow the catalyst during the reaction. The presence of methyl iodide in the

system is problematic in the characterisation of this species and so this first monitored, by

scanning EXAFS, to provide information regarding Debye-Waller values and bond

lengths.

Scanning I-K EXAFS measurements were taken of a neat solution of methyl iodide. The

results show a carbon atom at 2.11 A away from the iodine atom.
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Figure 4-35: The I K-edge k’>-weighted EDE data and Fourier transform, phaseshift corrected for C,

of Mel, solution sample at room temperature.

Table 4-23: I K-edge EXAFS derived structural parameters for Mel at room temperature. Phaseshift

corrected for C. R=34.8%, E;=-1.6 eV and FI = 0.00096.

Atom | C.N r/ A

26%/A

C 1 [2.107(8)

0.006(1)

Statistical errors are given in parentheses

The rhodium catalysed carbonylation reaction was carried out in the reaction vessel at a

pressure of 5 atmospheres of CO in transmission mode. By using the bond lengths and the

Debye-Waller values determined in other studies, two cluster models were set-up and

refined together, in the program Excurve, in order to determine the ratio of the different

species in the mixture. Once this had been determined, bond angles and Debye-waller

values were refined to ensure the integrity of the analysis. Refinement of the data gave
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sensible bond lengths and Debye-Waller values although, unfortunately, it was impossible

to refine more than one shell for each cluster model.
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Figure 4-36: The I K-edge K’-weighted EDE data and Fourier transform, for a two-cluster model,
phaseshift corrected for C, of 10 mM solution of [BuyN][Rh(CO),IL,] with catalytic mixture, 110°C.

Table 4-24: I K-edge EXAFS derived structural parameters for a two-cluster model in the catalytic
mixture (40 mM) at 110°C. Phaseshift corrected for C. R =49.2%, E;=-6.3eV and FI = 0.00148.

Atom | CN | rA 262 /A
C 1 [2.128(5) | 0.0064(2)
Rh 1 | 2.65(1) | 0.006(1)

Statistical errors are given in parentheses

4.2.3.2 Conclusion

Whilst these results show that analysable EXAFS data of organometallic species can be

acquired, under conditions of high temperature and pressure, using the equipment that had

been designed, it does underline the negative effect that iodides have on obtaining good

quality EXAFS data. For analysable data to be collected at the Rh-K edge, the methyl

iodide concentration used had to be much lower than had been carried out in the

laboratory. EXAFS analyses of the in situ reaction involving tetrabutylammonium
rhodium carbonyl iodide as the catalytic species showed that the [Rh(CO),l,] species is
the major intermediate involved in the carbonylation cycle. Single crystal data obtained

for the reaction involving the in situ generated [Rh(CO)I(dppe)] species showed that
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oxidative addition and migratory insertion had taken place during this reaction to form

[(CH3CO)Rh(dppe)L>].

The investigation into the state of the catalyst during the catalytic reaction by EXAFS
using the iodine K-edge poses an interesting problem if we consider the diverse nature of
the iodides in the catalytic system. Not only are iodides present in the catalyst itself, but
methyl iodide is also present in large concentrations relative to the catalyst. Refinement of
the EXAFS data for a two cluster model, using the structural parameters derived from the
individual components, shows that it is possible to determine the ratio of the different
species involved. The volatile nature of Mel means that it is likely that not all of the
chemical remains in solution and so the ratio of 11:1 (Mel:catalyst) is not unbelievable.
Further refinement of I-C and I-Rh shells yields sensible bond lengths and Debye-Waller

values. It was not possible to refine other shells in the rhodium complex.
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Figure 4-37: Fit index contour map plot of the correlation between NO, the central atom in cluster 1,
and N2, the central atom in cluster 2, for I-K edge scanning EXAFS of [Buy,N][Rh(CO),1,] catalytic
solution
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4.2.4 The Energy Dispersive Study of the Oxidative Addition of
Methyltrifluoromethylsulphonate to Tetrabutylammonium

diiododicarbonyliridate (I)

Stopped flow techniques play an essential role in the understanding of the mechanisms
involved in the reactions of homogeneous catalytic systems.' This technique, in
conjunction with Energy Dispersive EXAFS, 'S provides a firm basis for time resolved X-
ray absorption spectroscopy to be applied to understanding the chemical reactivity and

structural nature of chemical intermediates involved in catalytic reactions.

The oxidative addition of methyl iodide to [Ir(CO),l;] is considered to be the initial step
in the Cativa' process. Methyltrifluoromethylsulphonate (CH30SO,CF3) was used in
place of methyl iodide, not only because it is less absorbing to X-rays, but also since it is a
highly reactive methylating agent, allowing the reaction to occur under ambient conditions
at the desired timescale. Although kinetic studies have been conducted using Vaska’s
complex, [Ir(CO)CI(PPhs),], and both methyl iodide and methyl triflate,'® no work has
been done on the study of the oxidative addition to the iridium square planar complex. In
this experiment, the use of the silicon microstrip detector allowed spectra to be obtained at
a range of acquisition times, 400 us being the quickest and 1.2 ms being the longest
timescales used. The readout time is relatively low at about 12 ps, and the total number of

spectra that can be obtained for one run is 1500.

The number of scans recorded to obtain good quality data is an important feature of
energy dispersive EXAFS experiments. If not enough scans are taken, and averaged, then
the signal to noise ratio is poor and the data is difficult to analyse. Conversely, if too
many scans are taken, the time for data acquisition is increased and instability of the

synchrotron beam on the sample and detector may result in poorer data.

For the solution of tetrabutylammonium iridium carbonyl iodide, EDE spectra were
acquired from the average of 100000, 10000, 1000, 100, 10 and I scans. For the spectrum
acquired from only 1 scan, a high noise level was observed, but this decreased on further
increasing the number of scans averaged, as expected. The study showed that a value of
between 100 and 1000 resulted in the reaction to be studied in a short timescale with good
resolution, with no significant improvement in the data being evident using more

averaging. These results follow the same pattern displayed by similar work on the time
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resolved study on Ni(dpm),, where a similar number of scans was needed to obtain good
quality data."” However, the use of the X-strip detector in this study meant that the time
taken for one scan was significantly reduced compared to when the conventional
photodiode array was used; in the nickel study, the time for one scan was 20 ms, 30 times

slower than for the study of the iridium carbonyl iodide complex.
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Figure 4-38: Comparison of Selected Normalised EDE spectra of 80 mM [Bu,N][Ir(CO),l,] solution in
acetonitrile measured using a Si(111) rectangular crystal with different number of scans at room
temperature.

The results of the study showed significant changes in the absorption Ir L(III) spectra of
the starting material, [NBuy][IrI;(CO),] in acetonitrile (80 mM) and the reaction mixture
after reaction with a solution of CF3SO3Me in acetonitrile (80 mM). Even in the first
scan, a change in the edge position can be seen (1.2 ms after mixing). Further changes are

then seen over a period of 180 seconds in the EXAFS region, indicating that a further step

has taken place.

138



Chapter 4 — EXAFS Characterisation of Methanol Carbonylation Catalysts

This matches changes seen spectrophotometrically at room temperature using similar
conditions. The observation cell was made of fused silica, with the windows of 10 mm

high grade Spectrasil B for observation over the range 200-850 nm.

The spectra shown in figure 3 shows the visible-UV at various timescales of the reaction.
Two reaction stages appear prominent, one occuring immediately after the addition of the
methyl triflate to the catalyst, and the other resulting several minutes after the reaction has
first started. Unfortunely, due to limitations in the equipment, it is not possible to study

the kinetics of this first step as the reaction is much faster than the timescale of the

equipment.
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Figure 4-39: UV absorption during the reaction of tetrabutylammonium iridium carbonyl iodide (40
mM) and methyl triflate (40 mM), in acetonitrile using stopped-flow at room temperature. (a) is
tetrabutylammonium iridium carbonyl iodide, (b) is the reaction after 30 seconds, (c) the reaction
after 3 minutes and (d) the reaction after 10 minutes. Spectrum (e) is the UV absorption resulting

from methyl triflate.

This reaction behaviour is identical to observations made during scanning EXAFS
experiments for the starting material and the product. Unfortunately, the presence of
glitches early on in the absorption spectra, due to the new detector, prevented the

refinement of the EXAFS being carried out.
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Figure 4-40: Selected absorption spectra taken from the reaction of [Bu,N][IrI;(CO),] (40 mM) with
CH;SO;CF; (40 mM) in acetonitrile solution at room temperature.

These absorption spectra show similarities between the starting material and the final
state, but with small changes in the XANES region indicative of a subtle change in
coordination geometry. The proposed transition state would be a square pyramidal
complex [Ir'(CH;)L,(CO),] with the CF;SO;™ group unbound. This group contributes
relatively little to the EXAFS and thus this binding will not cause a substantial change in
the EXAFS features. The similarity of the position of the first EXAFS maximum to that of

the final product suggests that this also is indeed attributable to an Ir(1II) centre.

4.2.4.1 Conclusion

The reaction between [NBuy][Irl,(CO),] and CF3SOs;Me in acetonitrile showed promising
results in obtaining EXAFS in the sub millisecond timescale using the new XSTRIP
detector. Both EDE and UV-VIS spectrocopy showed that the mechanism proceeds over
two stages, the first step occuring almost immediately whilst the second step occurs over a

longer period. Analysis of the EDE data shows that a change in edge position and EXAFS
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has already occurred by the time of the first spectrum recorded (400 ps), whilst the UV-
VIS study is simply much too slow to see this first change occuring. Structural
characterisation of these results was not possible, mainly due to problems with the
detector; analysis of spectra obtained with high signal to noise ratios showed glitches early

on in the absorption data.
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Chapter 5

5 Introduction

It has already been mentioned in chapter 4 that the thodium and iridium catalysed
carbonylation of methanol have been extensively studied, particularly by IR spectroscopy.
Work has generally focused on the nature of the catalyst rather than the nature of the
organic components, which must also exist in the reaction mixture in order to ensure that
the catalyst is kept both stable and active. These are recognised as being an ionic iodide,
such as hydrogen iodide and a metal iodide or ionic organic iodide; in a carbonylation

process these organic components can be represented by the following important reaction:

Mel +CO+H,0 —» AcOH + HI (5-1)

The concentration of HI plays a key role in the stability and activity of the catalyst. In the

rhodium catalysed carbonylation, Rh(I) is oxidised by HI to the inactive Rh(IIl) form. HI

is also part of the cycle for the water-gas shift reaction, which leads to the formation of the
by-product CO, from CO. Hence, it is clearly desirable to understand and measure the

effect of the concentration of HI, and other iodide species, on the reaction mechanism.

As has already been mentioned in chapter 2, the use of microelectrodes has been
fundamental in enabling improvements in the quality and analysis of electrochemical
experiments; measurements are now possible that otherwise would have been impossible
by conventional means. In particular, this technique has great advantages in
electrochemical experiments carried out in non-conducting media, such as organic

solvents, where ohmic drop effects are particularly strong and detrimental to experimental

analysis.

The mechanism of the electrochemical oxidation of iodide is believed to be dependent
upon the solvent used. Popov and Geske' proposed that in acetonitrile this occurred via a
stable triiodide intermediate, the evidence of which was two waves with a 2:1 height ratio

of wave 1 to wave 2.
61" > 2137 + 4e” (with 2/3 ¢ per I) (5-2)

20 > 3L, + 2¢” (with 1/3 € per I (5-3)
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This mechanism was also observed by Vorhiers and Schurdak on their work on iodides in
nitromethane.> However, in pyridine, the electrooxidation of iodide is thought to proceed

by the mechanism:
2I' > I, + 2¢" (with 1e per I') (5-4)
I, > 2I" + 2¢” (with 1e per I) (5-5)
Equation (5-4) can proceed through the triiodide ion:’
21y > 3L +2¢° (5-6)

and is reported to be favoured by alcohols, water and, surprisingly, acetic acid,’ assuming
that iodine is formed at the electrode at concentrations below its solubility and at levels

such that the formation of Is” can be neglected.

Linear-sweep voltammetry experiments were carried out in order to investigate half wave
potentials and determine the diffusion coefficients of iodide species at known
concentrations, under different conditions. The aim of this was to determine whether or
not these results gave an indication as to the validity of this technique in the determination
of HI concentration in the catalytic mixtures used in carbonylation reactions. Experiments
were conducted in water, acetonitrile and acetic acid solvents using hydriodic acid, zinc
iodide and tetrabutylammonium iodide as iodide sources; this would provide a simple
model on which to understand the electrochemistry of hydriodic acid in acetic acid.
Further analyses were carried out using EXAFS to investigate the environment

surrounding the iodide atom in different solvents, particularly in relation to solvation.

The choice of reference electrode in an electrochemical study of this type is particularly
important. It must be stable and provide reproducible results and, ideally, must act to
minimise both contamination and the liquid-junction potential. Hence two reference
electrodes were considered for this study, a ‘real’ electrode, the standard calomel electrode
(SCE), and a quasi reference electrode, a platinum gauze electrode. To prevent

reproducing tables and graphs, the results obtained when a SCE electrode was used are

available in appendix II.
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5.1 The electrochemical study of the oxidation of iodides

5.1.1 The Background Voltammetry of Pure Solvents

It is reported that the anodic oxidation of iodide to triiodide or iodine occurs at similar
potentials'. To ensure that the solvents were not electrochemically active at these
potentials, blank cyclic voltammetry experiments were carried out without the addition of

any iodide species present in order to determine the limits of the accessible potential range

Acetic acid, as a solvent, exhibits a low dielectric constant, € = 6.2, which results in a
slight dissociation of all electrolytes and therefore high resistivity of the solution. The
electrochemistry of acetic acid, in the absence of supporting electrolyte, showed that the
negative potential limit was determined by the hydrogen evolution reaction (HER). This
prevented any useful cyclic voltammetry experiments from being conducted below —0.1 V
(vs. SCE). Above a potential of 1 V a slight increase in the background current occurs,
but this is negligible compared to the current obtained for the concentration of iodide used
in the voltammetric experiments. The addition of supporting electrolyte to this solvent
showed a similar working potential for electrochemical experiments to be carried out, but
a more defined HER is shown. The current for the reduction of HI would be obscured by
this background current. These details are shown in (Figure 5-1), with and without the
presence of tetrabutylammonium tetrafluoroborate supporting (IBAB) electrolyte. Here,
and in all subsequent voltammograms, the start point is shown by a cross hair, with arrows

indicating the direction of sweep. Numbers shown in the plots indicate the sequence at

which the voltammetry was carried out.

The use of acetonitrile as solvent in these electrochemical experiments is restricted by its
reduction wave, which occurs at ca —1.0 V (Figure 5-2). At positive potentials, as with
the acetic acid solvent, the background current gradually increases. This is only
significant after a potential of +1.5 V, possibly due to surface reactions on the electrode.
In any event, this is outside the potential window for most experiments considered here.
Other problems need to be considered, however, when acetonitrile is used as an
electrochemical solvent. Its high volatility prohibits prolonged purging of the solution. In
addition, its lower solubility to iodine yields inferior data, particularly in respect to the
return sweep and the reproducibility of half wave potentials. This will be discussed in

more detail later on in this chapter.
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Figure 5-1: Steady state voltammogram of degassed acetic acid without TBAB supporting electrolyte
(__ ) and with TBAB supporting electrolyte (__ ). Experimental conditions: 25-pm diameter Pt
microdisc electrode. Scan rate =10 mVs~’. Temperature =25 °C
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Figure 5-2: Steady state voltammogram of degassed acetonitrile without TBAB supporting electrolyte
(__ ) and with TBAB supporting electrolyte (__ ). Experimental conditions: 25-pm diameter Pt
microdisc electrode. Scan rate =10 mVs~, Temperature =25 °C.
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5.1.2 Voltammetric Behaviour of lodides in Aqueous Solutions

The figures below show cyclic voltammograms of a 0.18 M solution of iodide in 1 M
potassium chloride in water, the supporting electrolyte for this study. The iodide sources
used are potassium iodide and lithium iodide. The voltammograms obtained start as
normal sigmoidal waves which are characterised by a sharp decrease in current, before
reaching a constant value that is approximately 70% of the limiting current of the first
wave at 0.4 V. This is due to a very rapid partial passivation of the electrode surface. The
same results are observed by Ma and Vitt who proposed that only one anodic wave is seen
with no evidence of higher oxidation products.” The proposed formation of iodine on the
platinum surface makes determination of an exact value for the limiting current very
difficult. The reverse wave shows a stripping peak in Figure 5-3, corresponding to the
removal of iodine from the platinum surface, although this is not shown in Figure 5-4
where lithium iodide is used. After this, the return wave follows the forward wave almost
exactly. It is remarkable that this passivation is a) partial and b) so reversible that the

reverse scan gives the same current as the forward scan.
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Figure 5-3: Cyclic voltammogram recorded at a 25 um platinum microdisc electrode in a degassed
solution of potassium iodide (1.8x10™* mol ¢cm™) in 1M potassium chloride. The starting potential was
0 V and the scan rate 5 mVs™. The cyclic voltammogram was recorded at a temperature of 25 °C.
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Figure 5-4: Cyclic voltammogram recorded at a 25 pm platinum microdisc electrode in a degassed
solution of lithium iodide (1.8x10™ mol cm™) in 1M potassium chloride. The starting potential was 0 V
and the scan rate 5 mVs™. The cyclic voltammogram was recorded at a temperature of 25 °C.

Studies have shown that, for platinum electrodes, aqueous iodides undergo spontaneous
oxidation upon chemisorption, forming a layer of zerovalent atomic iodine on platinum
electrodes at potentials between 0 and +0.4 V versus the standard calomel electrode.® At
potentials greater than this, further deposition of the atomic iodine leads to the formation
of molecular iodine, which can either dissolve into the solution phase, or form a solid
deposit of iodine on the electrode surface.” The deposition of the iodine on the electrode
surface changes the conductivity and kinetic properties of the electrode in a complicated
fashion, thus causing difficulties when analysing the data. The exact mechanism of how
the formation of this molecular iodine occurs is not known® and is outside the scope of this

project but emphasises the need to ensure that the electrode surface is clean before each

run.

Results, for the electrochemistry of lithium iodide (Figure 5-4), were initially intended to
yield the value of the diffusion coefficient (D). The CVs only show one wave moreover,
after 0.4 V vs. SCE, iodine is adsorbed onto the platinum surface, and this corresponds
well with those observations made by Bejerano e al.” Due to the problem of iodine
adsorption, it was not possible to obtain a value for the limiting current and hence

impossible to calculate a value of D.
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5.1.3 Cyclic Voltammetry without Supporting Electrolyte

The catalysed carbonylation of methanol to acetic acid involves a mixture of methyl
acetate, acetic acid, methanol, methyl iodide, water as well as the catalyst and any
additives. Hence, steady state voltammetry was first carried out on an iodide species

without the presence of any supporting electrolyte.

The steady state voltammetry of tetrabutylammonium iodide in acetonitrile (Figure 5-3),
appears to be much more favourable than that for the voltammetry of iodides in water in
that it yields two well-defined oxidation waves on the forward sweep, which correspond to
two successive redox reactions. The return sweep did not follow the forward wave as
would be expected for a reversible reaction, however, and the hysteresis shown is great.
This could be attributed to the low solubility of the iodine on the surface of the platinum

electrode in acetonitrile and its deposition on the electrode surface.
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Figure 5-5: Cyclic voltammogram of tetrabutylammonium iodide in degassed acetonitrile without
supporting electrolyte. Experimental conditions: [Bu,;NI] =5 mM. 25-um diameter Pt microdise
electrode. Scan rate =10 mVs~', Temperature =25°C.
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The electrochemical oxidation of tetrabutylammonium iodide in glacial acetic acid is
noticeably different to that when acetonitrile is used, as shown in Figure 5-6. As with
acetonitrile a two step mechanism is evident but the potential window over which the
cyclic voltammetry occurs is much larger in acetic acid. As a result, the first wave is
much more drawn out and merges into the start of the second wave. This indicates that
there is a substantial ohmic drop effect in such solvents which affects the voltammogram.
The return sweep follows the path of the forward scan with no hysteresis, even without the
presence of supporting electrolyte. This is obviously due to the iodine being much more

soluble in acetic acid than in acetonitrile.
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Figure 5-6: Cyclic voltammogram of tetrabutylammonium iodide in degassed acetic acid without
supporting electrolyte. Experimental conditions: [Buy,NI] =5 mM. 25-pm diameter Pt microdisc
electrode. Scan rate =10 mVs”. Temperature =25 °C.

Equations (5-2) and (5-3) suggest that the theoretical ratio of the two wave heights should
be 2:1, corresponding to the ratio of the number of electrons involved in each step.
However, in the absence of supporting electrolyte, this is not the case and the ratio varies
from 1:1 seen in acetonitrile, to 3:2 in acetic acid as shown in Table 5-2 and Table 5-3.
These results strongly suggest that diffusion is not the only form of mass transport under

these conditions and that migrational effects also contribute to the limiting current values
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seen. At this stage, it is not possible to conclude whether or not the mechanism involves
the I'/I;" and I37/I; couples because the wave height ratios found experimentally are very

different to 2:1.

These and later results show that migration significantly affects the voltammetry of iodide
species when supporting electrolyte has not been used. Such effects mean that any value
calculated for the diffusion coefficient, from the limiting current, is not a true value.
However, for the purposes of this report, such values are recorded for comparison in later
discussions. D was derived from a series of experiments carried out by changing the
tetrabutylammonium iodide concentration, along with microelectrode radius according to

the equation
iim = 4nFDca 5-7

where ij;, is the limiting current, » is the number of electrons transferred, F' is Faraday’s
constant, a is the radius of the electrode, D is the diffusion coefficient and c¢ is the

concentration of the electroactive species .

The limiting current was plotted against the product ¢ x a as shown in Figure 5-7 and
Figure 5-8, and the calculated diffusion coefficients are recorded in Table 5-1 below.
These results show a huge discrepancy between data obtained with the Pt gauze electrode
and with the SCE reference electrodes; the diffusion coefficients obtained with SCE were
significantly larger. This effect cannot be explained in terms of migration as the limiting
current would be expected to decrease. Instead, leaching of chloride ions from the SCE
into the solution is likely to add to the limiting current, due to oxidation of the CI  ions,

although probably not to the extent observed in these results.

Table 5-1: Diffusion Coefficients for Iodide and Triiodide ions in acetonitrile and acetic acid solvents
without supporting electrolyte.

Acetonitrile Acetic Acid
Reference D@ D (I3) D (@) D 13)
Electrode Used / cm’s™! / em’s™! / cm’s™! / cm’s™!
Pt Gauze 2.9x10” 4.94x10” 4.7(1)x10® 52(1)x10°
SCE 3.8x107 7.4x107 4.5x10° 9.48x10°
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Although it is not as dramatic as seen in aqueous solutions, the formation of the iodine
film on the electrode surface hampers the analysis of the electrochemistry of iodide using
microelectrodes. This manifests itself as slight variations in the half wave potential of the
first wave upon subsequent electrochemical scans; this can be attributed to the presence of
iodine on the surface of the electrode and can occur even after rigorous cleaning of the
electrode, as mentioned in chapter 3. It was very difficult to obtain reproducible results
and for this reason, the investigation into the half wave potential of these electrochemical
processes was not carried out. Another indication as to the formation of iodine on the
surface of the electrode is that often the second wave does not plateau out as expected,
instead the current is seen to decrease as the plateau is reached. This can be explained
simply in that the rate of iodine adsorption is quicker than the rate at which the iodine is
dissolved into the solvent. This is particularly evident when acetonitrile is used as the

solvent (Figure 5-5).
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Table 5-2: Observed limiting currents for Bu,NI in acetonitrile at different concentrations using
different size Pt microdisc electrodes. No supporting electrolyte. Reference electrode = Pt gauze.
Temperature = 25 °C.

[Bu,NIJ Microelectrode Limiting Limiting Ratio
radius Current Current
/ mol cm” /cm (Wave 1) (Wave 2) Wave 1:Wave 2
9.02x10” 5.27x10™ 421x10” 3.26x10” 1.3
9.02x107’ 1.22x10 8.582x10” 6.823x10” 1.3
9.02x107’ 2.76x10 1.8268x10® 1.634x10° 1.1
4.98x10° 5.27x10™ 2.26x10° 1.716x107 1.3
4.98x10° 1.22x107 4.749x10°® 3.85x10° 1.2
4.98x10° 2.76x107 1.036x107 8.762x107° 1.2
1.2x10" -
] P
1.0x10” - _ /
B Data Points for Wave 1
. @ Data Points for Wave 2 e
8.0x10° -
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< 6.0x10
4.0x10° 4
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Figure 5-7: Graph of steady state diffusion limited current versus a x [I'] for Bu,NI in acetonitrile.
Experimental conditions: Scan rate = 10 mVs-1. Reference electrode = Pt. Temperature 25°C.
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Table 5-3: Observed limiting currents for a solution of different concentrations of Bu,NI in acetic
acid, and for different microelectrode radii. No supporting electrolyte. Experimental conditions:

Scan rate 10 mVs™. Reference electrode = Pt gauze electrode. Temperature =25 °C.

[Bu,NI] Microelectrode Limiting Limiting Ratio
radius Current Current

/mol cm™ /cm (Wave 1) (Wave 2) Wave 1:Wave 2
1.22x10°® 2.7x10™ 3.619x107° 2.412x10"° 1.5
1.22x10°° 1.22x10° 1.707x10” 9.266x107"° 1.8
1.22x10°° 2.76x10” 3.660x10” 1.898x10” 1.9
2.71x10° 2.7x10™ 7.56x107"° 5.736x107"° 1.3
2.71x10°® 5.27x10* 1.7058x10” 9.582x107"° 1.8
2.71x10° 1.22x10° 3.969x10” 2.24x10” 1.8
2.71x10° 2.76x10° 8.962x10” 5.24x10” 1.7
5.19x10-6 5.27x10™ 3.3x107 1.913x10” 1.4
5.19x10-6 1.22x10° 7.555x10” 4.152x10” 1.8
5.19x10-6 2.76x10” 1.730x10° 9.618x10” 1.8

1.8x10°

1.6x10°

1.4x10° - F

1.0x10°
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, ® Data points for wave 1
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I
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Figure 5-8: Graph of steady state diffusion limited current versus a x [I'] for BuyNI in acetic acid.
Experimental conditions: Scan rate =10 mVs™. Reference electrode = Pt gauze electrode.

Temperature 25 °C.
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5.1.4 Varying the Concentration of Supporting Electrolyte.

To avoid the difficulties reported in the previous section, the addition of supporting
electrolyte was considered in subsequent experiments. Cyclic voltammetric experiments
were carried out for tetrabutylammonium iodide in either acetic acid or acetonitrile

solutions using different concentrations of tetrabutylammonium tetrafluoroborate (TBAB)

as supporting electrolyte.

In all cases, the introduction of the TBAB supporting electrolyte, to the solution, resulted
in a significant change of the height of the observed waves. This is mainly due to the
reduction of migration effects, as the limiting current is only directly independent of the
supporting electrolyte concentration when the latter is at least 50 times that of the redox
species.'® Upon addition of the supporting electrolyte, the ratio of the limiting currents
quickly settled to a ratio of 2:1 (wave 1 to wave 2) as migration effects are reduced, as
shown in Table 5-4 and Table 5-5. It should be noted that the limiting current is due to
several fluxes, the diffusion flux and the migration flux. As supporting electrolyte is
added to the solution, the diffusion flux becomes more significant until it becomes the
only factor. At this point, the diffusion flux is proportional to the diffusion coefficient
which itself is a function of temperature, viscosity and ionic strength. Thus differences in
the wave heights at the higher supporting electrolyte concentrations are presumably due to

small changes in the viscosity of the solvent medium.

When acetonitrile is used as the solvent (Figure 5-9), addition of the supporting electrolyte
into the solution also has the effect of reducing the hysteresis present during the
electrochemical runs. When a 40 times excess of supporting electrolyte is used, for cyclic
voltammetry experiments, the return wave closely follows the path of the forward scan.

Changes in the half wave potential with increasing supporting electrolyte concentration

are not observed.

When acetic acid is used as the solvent, the shape of a linear-sweep voltammogram is
markedly different to that when no supporting electrolyte is used (Figure 5-10). Without
supporting electrolyte, the linear sweep voltammogram is particularly ‘drawn out’ and the
limiting currents are much greater than when supporting electrolyte is present. The former
can be attributed to the presence of ohmic drop effects whilst the latter can be again

explained by migrational contributions. Upon additions of supporting electrolyte, the
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limiting current becomes smaller; this is primarily due to the decrease in migration but

also due to a slight increase in viscosity.

In conclusion, these results highlight that without the addition of supporting electrolyte,
both migration and ohmic drop effects play an important role in the determination of the
magnitude of the limiting current. Ohmic drop effects are particularly prevalent with

acetic acid, presumably because of its resisitivy.

If we consider the diffusion coefficients obtained without supporting electrolyte, they are
1.5 times and 2.5 times greater, for I and I3™ respectively, than those obtained when

supporting electrolyte is used. These values show the extent of migration occurring for

each oxidation.

Without supporting electrolyte, the ratio of the two limiting currents is 1.2 in acetonitrile

and 1.5 in acetic acid, whereas the theoretical value is 2. This value is reached when the

[BusyNIJ/[TBAB] ratio is as low as 1.5.
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Table 5-4: Observed limiting currents and calculated diffusion coefficients for solutions of BuyNI in
acetonitrile with increasing [TBAB]. Experimental conditions: Microdisc electrode radius 1.22x10°
cm. [Bu,NI|=5 mM. Scan rate 10 mVs”. Reference electrode = Pt gauze electrode. Temperature =

25°C.
[TBAB] | Limiting | Diffusion Limiting Diffusion Ratio
/mol em™ | Current Coefficient | Current Coefficient Wave 1:Wave 2
/A / em’s-! /A / em’s-!
(Wave 1) (Wave 1) (Wave 2) (Wave 2)

0 4.749x10° | 3.02x10° | 3.851x10° 4.92x10” 1.23
5.03x10” | 3.689x10° | 2.35x10° | 1.875x10°® 2.65x107 2.0
1.004x10*| 3.22x10° | 2.05x10° | 1.498x107 1.91x10” 2.1
2.01x10™* | 3.065x10® | 1.95x10° | 1.5217x10° 1.94x10 2.0

1.00x10”
7.50x10° A
5.00x10° A
<
2.50x10° 1 /
/' ——— 0 M Supporting Electrolyte
——— 0.05 M Supporting Electrolyte
0.00 - —— 0.2 M Supporting Electrolyte
| + | L I

T
0.2 06 0.8

E/V (vs Pt Electrode)

Figure 5-9: Linear sweep voltammograms of tetrabutylammonium iodide (5 mM) in degassed
acetonitrile, without and with additions of supporting electrolyte. Experimental conditions: 25-pm Pt
microdisc electrode. Scan rate =10 mVs”. Reference electrode = Pt gauze electrode. Temperature =

25°C
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Table 5-5: Observed limiting currents and calculated diffusion coefficients for solutions of BusNI in
acetic acid with increasing [TBAB]. Experimental conditions: Microdisc electrode radius 1.22x10”
cm. [Bu,NI] =5 mM. Scan rate 10 mVs”. Pt-gauze reference electrode. Temperature = 25 °C.

[TBAB] | Limiting | Diffusion Limiting Diffusion Ratio
/mol cm™ | Current Coefficient Current Coefficient Wave 1:Wave 2
/A /cm’s-! /A /em’s-!
(Wave 1) (Wave 1) (Wave 2) (Wave 2)
0 8.13x10” | 5.18x10° | 5.14x10” 6.54x10° 1.6
4.8x10° | 5.47x10” | 3.48x10° | 2.63x10” 3.36x10° 2.1
| 9.6x10° | 4.88x10” | 3.12x10° | 2.40x10” 3.06x10° 2.0
1.46x10* | 4.35x10° | 2.77x10° | 2.28x10” 2.90x10° 1.9
1.98x10™ | 4.20x10” | 2.68x10° | 2.05x10” 2.60x10° 21
1.4x10° 1
- /,__—-"""
1.2x10° ; '
. ——— 0 Supporting Electrolyte
—— 0.2 M Supporting Electrolye
1.0x10°
8.0x10°
6.0x10° -
S _
4.0x10°
2.0x10° 4
0.0-
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Figure 5-10: Linear sweep voltammograms of tetrabutylammonium iodide (5 mM) in degassed acetic
acid, with and without supporting electrolyte. Experimental conditions: Microdisc electrode radius
1.22x10° cm. Scan rate =10 mVs™. Reference electrode = Pt gauze. Temperature =25 °C
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5.1.5 Diffusion Coefficient Calculations for lodide and Triiodide
Species With Supporting Electrolyte

The values of the diffusion coefficients of the iodide and triiodide species quoted earlier
are based on the results of one individual experiment. More accurate values were obtained
from plots of the limiting current versus the iodide concentration multiplied by the
microelectrode radius. Slopes resulting from this plot are equal to the value 4nF'D, hence
the diffusion coefficient can be determined, providing » is known. This is much more
accurate as the plot is drawn from data obtained from a number of experiments; again each

experiment is based on the average of a series of electrochemical runs.

Experiments were carried out for BusNI in both acetonitrile and acetic acid solvents,
where the supporting electrolyte concentration was 40 times that of the concentration of
the iodide. At these concentrations of supporting electrolyte the contribution of migration
to the rate of mass transport is negligible. Those results for experiments conducted in
acetonitrile are presented in Table 5-6 and Figure 5-11 whilst results in acetic acid are

presented in Table 5-7 and Figure 5-12.
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Table 5-6: Limiting currents for electrochemical runs with BuyNI in acetonitrile using supporting
electrolyte. Experimental conditions: Scan rate 10 mVs-1. Reference electrode = Pt gauze electrode.
Temperature = 25 °C.

[Bu,NI] | Microelectrode | Limiting Limiting Ratio
/mol cm” radius Current Current Wave 1:Wave 2
/cm /A /A
(Wave 1) (Wave 2)
1.81x10° | 2.7x107 2.42x10” 1.39x10° | 1.7
1.81x10° |  527x10* | 4.92x10” 2.33x10” 2.1
1.81x10° 1.22x10° 1.24x10® 6.13x10” 2.0
1.81x10° 2.76x107° 2.82x10® 1.40x10°® 2.0
2.01x10° 5.27x10™ 5.29x107 2.46x10” 2.2
2.01x10° 1.22x107 1.35x10® 6.22x10”° 99
2.01x10° 2.76x107 2.84x10® 1.36x10° 2.1
2.730x10°° 5.27x10™ 7.90x10” 3.71x10” 2.1
2.730x10° 1.22x107 1.85x10® 8.80x10” 2.1
2.730x10°° 2.76x107 4.04x10® 1.95x10° 2.1
4.5x10° -
4.0x10° /
35x10°4{ m Data Points for Wave 1
3.0x10° _ ® Data Points for Wave 2
2.5x10°
< 2.0x10° e
1.5x10° -
1.0x10°
_9 )
5.0x10 : A ,
0.0 //; /
T T T T T
0.00 2.50x10° 5.00x10° 7.50x10°

[I7*a/mol cm’?

Figure 5-11: Plot of steady state diffusion limited current versus a x [I'] for Bu,NI in acetonitrile.
Experimental conditions: Scan rate = 10mVs™. Reference electrode = Pt gauze electrode.

Temperature = 25 °C.
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Table 5-7: Limiting Currents for Electrochemical Runs with Bu,NI in acetic acid using supporting
electrolyte. Experimental conditions: Reference electrode = Pt Gauze Electrode. Temperature =

25°C.
[Bu/NIJ Microelectrode Limiting Limiting Ratio
/ mol cm? radius Current Current Wave 1:Wave 2
/cm /A /A
(Wave 1) (Wave 2)
1.19x10° 2.7x10™ 2.71x1071° 1.37x1071° 2.0
1.19x10°® 1.22x107 1.16x10” 5.08x107° 2.3
1.19x10°® 2.76x107 2.64x107 1.13x10” 23
8.09x10® 2.7x10* 1.07x10” 4.98x107 2.1
8.09x10® 5.27x10™ 2.39x10” 1.13x10° 2.1
8.09x107° 1.22x107 5.63x10”7 2.59x10~ 2.2
8.09x10® 2.76x107 1.46x10° 6.33x10” 2.3
16x10° 1
1.4x10°
& ®  Data Points for Wave 1
1.2x10™ @ Data Points for Wave 2
1.0x10° -
8.0x10°
< E 2
~ 6.0x10° - ) el
. / L
4.0x10° / i
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Figure 5-12: Plot of steady state diffusion limited current versus a x [I'] for Bu,NI in acetic acid.
Experimental conditions: Scan rate =10 mVs™, reference electrode = Pt gauze. Temperature = 25°C.

162



Chapter 5 — Electrochemical Oxidation of lodide Species

The results obtained show that when an excess of supporting electrolyte is used, the
calculated diffusion coefficients are similar for experiments where the SCE and the
platinum gauze reference electrode have been used, as shown in 7able 5-8. The statistical
errors quoted in parentheses are based on the error in the slope of the line. It should be
noted that the experimental error is a combination of different parameters, such as
concentration and electrode radius as well as, more importantly, the fact that the limiting
current used is an average value obtained from repeated voltammograms. Typically, the
experimental error can be as little as 5% and as large as 10%. The diffusion coefficient of
2.1(1)x10” cm’s™ obtained for the jodide species in acetonitrile seems realistic
considering the value of 1.4x107° cm?s™ obtained for the same species in water,'' whereas
the diffusion coefficient of 2.5(2)x10™ in acetic acid is almost a magnitude slower. If
viscosity effects were solely accountable for this change in the diffusion coefficient, we
would expect that the diffusion coefficient of iodide in acetic acid would be 6.3x10%cm’s"
I in fact it is only 40% of this value. Possible explanations for the measured diffusion
coefficients being lower than expected are that the initial iodide species was not
completely dissociated in acetic acid or, perhaps, that the electrochemical oxidation does
not actually correspond to an iodide ion or a triiodide ion but involves a much bigger

species, such as a solvated ion, or a contact ion pair.

Table 5-8: Diffusion Coefficients for Iodide and Triiodide ions in acetonitrile and acetic acid solvents
in excess supporting electrolyte.

Acetonitrile Acetic Acid
Reference D (@) D (13) D @) D (13)
Electrode Used / em’s! / em’s! / em’s’! / em’s!
Pt Gauze 2.1(1)x10” 2.0(1)x10” 2.5(2)x10° 22(2)x10°
SCE 2.1(1)x10” 1.9(1)x107 2.4(2)x10° 2.2(2)x10°
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5.1.6 The effect of mixed acetic acid/acetonitrile solutions on the

voltammetry of iodide ions.

As has been mentioned, the differences seen in the values for the diffusion coefficients of
I" and I5™ in acetic acid and acetonitrile cannot simply be explained by the differences in
viscosity between acetic acid (1.28 cP at 25°C) and acetonitrile (0.38 cP at 25°C). The
electrochemistry of these ions, paying particular attention to the diffusion coefficient, was
investigated for a mixed solvent system using acetic acid and acetonitrile solvents. The
purpose of this was to determine when the change in diffusion coefficient was no longer
due to viscosity effects but rather solvent effects. Various tetrabutylammonium iodide
solutions were made, keeping [BusNI] and [TBAB] constant, but using different ratios of
acetic acid to acetonitrile. The limiting current was then measured using a typical
arrangement with a 25 pym diameter platinum microdisc electrode and a platinum gauze
electrode in a thermostatic cell at a temperature of 25°C. This was repeated three times

and the limiting currents obtained, averaged.

The results reported in Table 5-9 below show that the electrochemistry is a two step
oxidation process with a wavel:wave2 height ratio of 2, despite the changing solution
conditions. The table does show, however, that the diffusion coefficient values decrease
as the acetic acid concentration increases. To show that this was not solely a viscosity
effect, the viscosities were measured for the different solvent ratios. The diffusion
coefficients reported in the table below were then adjusted by multiplying the viscosity so
that they could be compared relative to the viscosity of the mixture and plotted against the
percentage of the acetic acid in the solvent mixture. Figure 5-13 shows that the changes
in diffusion coefficient reported are due to changes in viscosity, until the ratio of
acetonitrile to acetic acid is 60:40 v/v. After this amount, the decrease in the diffusion
coefficient appears to be proportional to the increase in the percentage of acetic acid in the
solution, suggesting that either the hydrodynamic radius of the iodide ion is getting larger
with the increased concentration of acetic acid or that ion pairing occurs at these acid

concentrations.
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Table 5-9: Limiting Currents for Electrochemical Runs with Bu,NI in mixed solutions of acetonitrile
and acetic acid using sup?orting electrolyte. Experimental conditions: Scan rate 10 mVs™. Microdisc
electrode radius 1.22x10™ cm. Reference electrode = Pt gauze electrode. Temperature =25 °C.

Percentage I/A D/cm?sT I/A |D/cm’s! Ratio Measured
Acetic Acid Wvl:Wy 2 Viscosity
(%) (Wave 1) (Wavel) | (Wave2)| (Wave?2) (Cp)
100 5.73x107° 3.69x10° [2.69x10™°| 3.45x10° 2.1 1.28
93 6.97x10° 4.47x10°  [3.21x10™| 4.11x10° 20 1.21
87 7.49x107° 4.80x10° [3.53x10™°] 4.53x10° 2.1 1.16
80 8.57x10° 5.49x10° [4.19x10°| 5.37x10° 2.0 1.10
73 9.86x107"° 6.33x10° [4.61x10™| 5.91x10° 2.1 1.03
67 9.60x10™° 6.15x1°  [4.62x10™°| 5.94x10° 2.1 0.98
60 1.18x107 7.59x10° |5.74x10"°| 7.38x10° 2.1 0.92
53 1.38x107 8.88x10° [7.15x10™| 9.16x10° 1.9 0.85
47 1.61x10” 1.03x10° |8.48x10™°| 1.09x107 1.9 0.82
40 1.74x10° 1.12x10° | 8.42x10™°| 1.08x107 2.1 0.74
33 1.95x10” 1.25x10° | 1.01x10”° | 1.29x107 1.9 0.68
27 2.10x10” 1.35x10° | 1.06x10” | 1.36x107 2.0 0.64
20 2.41x107 1.55x10° | 1.21x107 | 1.55x10° 2.0 0.56
13 2.66x10° 1.71x10° | 1.32x10° | 1.69x107 2.0 0.50
7 3.07x107 1.97x10° | 1.53x10° | 1.96x107 2.0 0.44
0 3.43x10° 2.20x10° | 1.55x10° | 1.99x107 % 0.38
9.0x10° i
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Figure 5-13: Plot of viscosity adjusted diffusion coefficients against the percentage of acetic acid in the
solvent mixture
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5.1.6.1 The effect of adding acetic acid to a solution of BuyNI in acetonitrile (with
supporting electrolyte)

The addition of small aliquots of acetic acid were added to a solution of BusNI in
acetonitrile with TBAB supporting electrolyte in order to determine what effect, if any, it
had on the electrochemistry of the oxidation waves. Upon addition of the first aliquot of
acetic acid a shift in the half wave potential was observed, as well as an increase in the
height of the hydrogen reduction curve. Further additions of acetic acid did not yield any
further changes in the electrochemistry apart from dilution and viscosity effects. These
results show that the electrochemical oxidation is easier in acetic acid than in acetonitrile,

as seen by the shift in half wave potential.
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Figure 5-14: Plot of steady state diffusion limited current versus a x [I'] for Bu,NI in acetonitrile with
subsequent aliquots of acetic acid. Experimental conditions: [Bu,NI] =2.73 mM. Scan rate =10 mVs’
!. Reference electrode = Pt gauze electrode. Temperature = 25°C.
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5.1.7 The electrochemistry of HI In acetic acid

The anodic oxidation of HI in acetic acid was followed using different [HI] and different
sized microdisc electrodes. A two step mechanism was observed as shown previously,
with a wavel:wave2 ratio of approximately 2, corresponding to the mechanism suggested
earlier. Again a plot of a * [HI] / I;, was drawn in order to find the diffusion coefficient
(Figure 5-15); this value, for both iodide and triiodide species, was found to be slightly
higher than when tetrabutylammonium iodide was used (3 .4(1)x10'6 em’s™ and 2.9(0)x10°
§ em?s™, respectively); this would be true if the extent of dissociation of HI was greater in
acetic acid than tetrabutylammonium iodide in acetic acid providing that the solvation of
the iodides was similar.

Table 5-10: Limiting Currents for Electrochemical Runs with HI in acetic acid with supporting

electrolyte. Experimental conditions: Scan rate 10 mVs™. Microdisc electrode radius 1.22x10™ cm.
Reference electrode = Pt gauze electrode. Temperature =25 °C.

[BuNI| Microelectrode Limiting Limiting Ratio
/mol em™ radius Current Current Wave 1:Wave 2
/cm /A /A
(Wave 1) (Wave 2)
5x107 2.7x10™ 1.24x107° 5.99x107! 2.1
5x107 5.27x10* 2.46x107° 1.22x107° 2
5x107 1.22x107 5.32x1071° 2.61x107° 2
5x107 2.76x107 1.28x10” 5.36x1071° 2.4
1.25x10° 2.7x10™ 2.90x107° 1.40x107 2.1
1.25x10® 5.27x10™ 5.69x1071° 2.71x1071° 2.1
1.25x10°® 1.22x107 1.17x10”° 5.82x1071° 2
1.25x10° 2.76x107° 3.03x107 1.29x10” 23
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Figure 5-15: Linear sweep voltammograms of HI (1.25 mM) in degassed acetic acid with supporting
electrolyte. Experimental conditions: Microdisc electrode radius 1.22x10” cm. Scan rate =10 mVs™.
Reference electrode = Pt gauze. Temperature =25 °C

3.5x10° -
3.0x10° - ®  Data Points for Wave 1 »
@ Data Points for Wave 2 i
2.5x10° /
2.0x10°
< 1.5x10° -
i o P o
o

1.0x10° ™
5.0x10™° e

1 e

00 ¥°
| ' I L 1 ! | o 1 5 1 L
00 7.0x10™ 1.4x10° 2.1x10° 2.8x10° 3.5x10°

[I1*a/mol cm®

Figure 5-16: Plot of steady state diffusion limited current versus a x [I'] for HI in acetic acid.
Experimental conditions: Scan rate = 10mVs~. Reference electrode = Pt gauze electrode.
Temperature = 25°C.
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5.1.8 The electrochemistry of zinc iodide in acetic acid

Preliminary investigations were undertaken for the electrochemistry of zinc iodide was
investigated since research has shown it to have use as a promoter in the rhodium
catalysed carbonylation of methanol. The electrochemical oxidation of zinc iodide (0.67
mM), with TBAB supporting electrolyte, in acetic acid was investigated using various
sizes of microdisc electrodes. The cyclic voltammetry of this compound in acetic acid is
noticeably different to that of tetrabutylammonium iodide and hydriodic acid, as the two
oxidation waves almost merge into one, as shown in Figure 5-17. Therefore, the diffusion
coefficient can only be determined if we assume that the limiting current of the first wave
is 2/3 of the value of the total height, and that the limiting current of the second wave is
1/3 of the value of the total height, as suggested in the mechanisms outlined earlier. This

yields the calculated diffusion coefficients for I and I5” as 2.5(3)x10™ cm?s™” and
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2.4(4)x10° cm?’s™ respectively.

Figure 5-17: Cyclic voltammogram of zinc iodide in acetic acid. Experimental conditions: Microdisc
electrode radius 1.22x10° cm. Scan rate 10 mVs-1 (left), 500 mVs™ (right). Temperature 25°C.
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5.1.9 Summary

These results show that the electrochemical oxidation of iodide can be affected by the
formation of an iodine film on the surface of the platinum electrode, most noticeably in
water. In contrast, the reactions are much cleaner in non-aqueous solvents and these
results show that the mechanisms involved in the electrochemical oxidation of iodide are

the same in both acetonitrile and acetic acid solvents for tetrabutylammonium iodide and

hydriodic acid.

These results highlight the need for supporting electrolyte in these experiments in order to
get useful and usable data. Without it, migration and ohmic drop affect the shape of the
wave and make subsequent analysis very difficult if not impossible. With supporting
electrolyte, the wave ratio of 2:1 predicted in the mechanism described earlier can be seen;

in fact only a small amount of electrolyte is needed to achieve this value.

The results show a difficulty in reaching a definitive value for the diffusion coefficient. In
acetonitrile and acetic acid, the diffusion coefficient for the iodide ion is 2.1(0)x10™ ecm®s™
and 2.5(2)1»(10'6 cm’s! respectively. The difference in these values cannot be simply
explained in terms of viscosity and so other effects such as solvation or an ion pairing
effect should be considered, as well as the possibility that the source of the iodide itself
might not be completely dissociated. Interestingly, these results are matched for Znl, in
acetic acid, D = 2.5(3))(10'6 em?s™ and 2.4(4))(10'6 cm’s™, forand Iy respectively, whilst
for HI these diffusion coefficients are larger, D = 3.4(1)x10 cm?s™ and 2.9(0)x10° cm’s”
! and so it is worth considering whether the counter ion plays any part in the diffusion of

I'. For these reasons, an EXAFS study into the extent of iodide solvation under different

solvent conditions was investigated.
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5.2 Investigation into lodide Solvation by EXAFS

The discrepancies reported in the diffusion coefficients for I and I5™ in acetic acid and
acetonitrile solvents were not simply due to viscosity, as the experimentally found D only
accounts for 40% of the viscosity corrected D expected. Therefore other effects must be
considered which would produce a lower limiting current than expected. These would

include an incomplete dissociation of the iodide source, ion pairing effects or solvation of

the iodide ion.

Therefore, X-ray absorption fine structure (XAFS) measurements were used to explore the
solvation sphere surrounding the iodide ion in various solutions, including those
containing water. Similar studies to determine the extent of hydration in other species by
examining bond distances and coordination numbers have already been carried out,
particularly for metal cations, such as Cr3+,]2 Rh3+,13 Ni2+,14 U* and Th*"."> Research into
halide hydration by EXAFS has, however, been limited to the study of bromide ion

hydration in supercritical water'® and in methanol."”

While neutron diffraction and X-ray diffraction methods are very powerful techniques in
the structural investigation of solid and liquid disordered systems, X-ray absorption
spectroscopy holds a number of advantages over these techniques due to its atom
selectivity. Systems using XAFS techniques need neither long-range order nor high
concentrations to be investigated. As XAFS is a local technique structural informations
related to different coordination shells around the photoabsorber atom can be easily
obtained, compared to X-ray or neutron diffraction techniques. However, a disadvantage

and limitation of the XAFS technique is its lack of sensitivity to large bond distances and

to disordered systems.18

Iodine K-edge EXAFS spectra were recorded to study the hydration structure of iodide
species under different solvent conditions. Due to the low intensity of the EXAFS, the
spectra recorded for each experiment consisted of four summed spectra acquired over a
total time of approximately 2 hours. The monochromator was detuned to 70% in order to
remove anomalies due to the higher harmonics. The XAS analysis of the solvated iodide
ions was carried out using the oxygen as the first coordination shell. Refinements to fit

the hydrogen atom are very difficult due to the low scattering amplitude from the
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hydrogen atom, especially in disordered systems. The strong correlation between
coordination numbers and Debye-Waller values resulted in a strong uncertainty on the
coordination numbers and so it was important that these results were checked to ensure
that they gave realistic values. The data was ¥ weighted as the more important

contributions, from the light scattering atoms, would be seen at low values of & Al
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5.1.1 The Solvation Structure of Zinc lodide in Water

Refinement of the EXAFS data for the solution of zinc iodide in water was carried out for
a model of an iodide ion surrounded by the oxygen atom from the water molecule. Any
contribution to the EXAFS due to ion pairing between the I" and the Zn®* ions was not
observed, with only the refinement showing only the presence of one shell corresponding
to I[JO (Figure 5-18). The results of this analysis gave good agreement in fit between
both the experimental and the theoretical data, both in £ and 7 space, with an R-factor of
17.5. After 6 A, the experimental data becomes noisy and it becomes difficult to fit the
experimental data to the theoretical data. This feature is apparent in all this work; after 8
A"l the data is unanalysable. This is due to the fact that the majority of the contribution to
the EXAFS occurs from light scattering atoms.

The coordination numbers and distances obtained from this data, shown in Table 5-11,
(8.6 and 3.53 A respectively) are in good agreement with similar results in the literature.
Measured coordination numbers for Cl” and Br™ in water, at room temperature, give
reported values of 6.4"° and 7.2'® respectively and so the higher coordination number seen
in hydrated iodide continues this trend. Indeed, molecular simulations carried out by
Rasaiah et al.?’ showed that the hydration number for I" in water at 25°C was 7.9, in fairly

good agreement with the value obtained here by EXAFS. Likewise, the distance for the I-
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O shell (3.53 A) is greater than those reported for the Br-O distance (3.36 A).

Figure 5-18: The I K-edge K’-weighted EXAFS data and Fourier transform, phaseshift corrected for
O, of a 40 mM solution of Znl; in water at room temperature.
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Table 5-11: I K-edge EXAFS derived structural parameters for a solution of Znl, in water at room
temperature. Phaseshift corrected for O. R =17.5, E;=-3.8 eV, FI = 0.00085.

Atom | CN | R/A | 26*/A
) 8.6(4) | 3.53(2) | 0.062(3)
Statistical errors are given in parentheses

5.1.2 Solvation of Tetrabutylammonium lodide in Acetonitrile

A solution of BuyNI in acetonitrile was also analysed by XAFS. The quality of the data is
very good, with the experimental EXAFS in good agreement with the theoretical data as
shown Figure 5-19. Refinement of this data gave approximately one I-N shell at a distance
of 2.15 A from the central iodine atom. Although this data shows that no solvation is
taking place around the iodide ion, the distance is suggestive of the I---C bond distances
seen in structures such as Bul, for example, rather than the I---N distance seen in BuyNI
itself (Figure 5-24). As this is unlikely, it would be worth considering whether or not this

result is actually an artefact of the synchrotron radiation.
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Figure 5-19: The I K-edge k>-weighted EXAFS data and Fourier transform, phaseshift corrected for
N, of a 40 mM Bu,NI in a solution of acetonitrile at room temperature.

Table 5-12: I K-edge EXAFS derived structural parameters for a solution of Bu,NI in acetonitrile at
room temperature. Phaseshift corrected for C. R =15.0, E¢=-12.5 eV, FI1=0.00045.

Atom | CN | R/A | 26%/A
N 0.74(3) | 2.15(0) | 0.019(3)
Statistical errors are given in parentheses
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5.1.3 Solvation of Tetrabutylammonium lodide in Acetic Acid

Two EXAFS scans in fluorescence mode were recorded and averaged for 40mM solution
tetrabutylammonium iodide in acetic acid. The analysis of these scans showed a first
coordination sphere of approximately 2.8 oxygen atoms at a distance of 3.3 A from the
central atom (Table 5-13). The data is particularly noisy after 5 A ! and the R-factor is
particularly high for this analysis (Figure 5-20). Whilst it is possible that ion pair effects
are responsible for the ‘lower than expected’ diffusion coefficients seen for the iodide and
triiodide species in acetic acid, here the possibility of solvation effects are considered.
Although it is very difficult to distinguish between carbon and oxygen light scattering
atoms in EXAFS, the coordination number and the I---O distance found from refinement of
this data is consistent with those values obtained from the hydration of iodides seen
elsewhere in this study, rather than the I---N shell seen for BuyNI in acetonitrile; hence a
model where the iodide ion is surrounded by 3 acetic acid molecules by hydrogen bonding

interactions is proposed.
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Figure 5-20: The I K-edge k>-weighted EXAFS data and Fourier transform, phaseshift corrected for
O, of a 10 mM BU,NI in a solution acetic acid at room temperature.

Table 5-13: I K-edge EXAFS derived structural parameters for a solution of tetrabutylammonium
iodide in acetic acid at room temperature. Phaseshift corrected for O. R=50.1, E;=4.1 ¢V, FI =

0.00645.

Atom | CN | R/A | 26*/A
0) 2.8(5) | 3.30(6) | 0.045(9)
Statistical errors are given in parentheses
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5.1.4 Solvation of lodide Species in Aqueous Acetic Acid

The effect on solvation by adding water to a solution of iodide in acetic acid was also
studied using EXAFS. Aqueous solutions of iodide in acetic acid were prepared for the
different iodide species, hydriodoic acid, tetrabutylammonium iodide and potassium
iodide. Refinements of CN, the coordination number, R, the near-neighbour distance, and
o?, the mean-square variation in R due to both static and thermal disorder were carried out
for a one-shell model of an iodide ion coordinated to an oxygen model, for each set of
data. Values for these results are very similar within experimental and statistical error,
with an I---O interatomic distance of approximately 3.5 A and coordination numbers
between 4.5 and 5 observed, as shown by Figures 5-20, 5-21 and 5-22. Thus, there is
greater degree of solvation surrounding the iodide ion, for these solutions, compared to a
solution of pure acetic acid, as would be expected due to the presence of water. Values for
o” 0of 0.039 (BuyNI), 0.031 (HI) and 0.027 (KI) are in between those seen for the iodide
ion in pure water and in pure acetic acid; these values are similar to those values reported

by Fulton ef al. in their study of bromide ion-water distances by XAFS (0.023 — 0.04).
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Figure 5-21: The I K-edge k’-weighted EXAFS data and Fourier transform, phaseshift corrected for
O, of a 40 mM Bu,NI in a solution of water and acetic acid (1:9 v/v) at room temperature.

Table 5-14: I K-edge EXAFS derived structural parameters for 40 mM Bu,NI in a solution of water
and acetic acid (1:9 v/v) at room temperature. Phaseshift corrected for O. R =43.5, E;=-0.08 eV and

FI=0.00441.

Atom | CN | R/A | 26°/A
) 5.1(5) | 3.45(3) | 0.077(6)
Statistical errors are given in parentheses
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Figure 5-22: The I K-edge k’-weighted EXAFS data and Fourier transform, phaseshift corrected for
O, of a 40 mM HI in a solution of water and acetic acid (1:9 v/v) at room temperature.

Table 5-15: I K-edge EXAFS derived structural parameters for 40 mM HI in a solution of water and
acetic acid (1:9 v/v) at room temperature. Phaseshift corrected for O. R =24.9, E;=-4.0 eV.

Atom | CN | R/A | 26*/4
O 4.6(2) | 3.54(2) | 0.061(3)
Statistical errors are given in parentheses
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Figure 5-23: The I K-edge k’-weighted EXAFS data and Fourier transform, phaseshift corrected for
O, of a 40 mM KI in a solution of water and acetic acid (1:9 v/v) at room temperature.

Table 5-16: I K-edge EXAFS derived structural parameters for 40 mM KI in a solution of water and
acetic acid (1:9 v/v) at room temperature. Phaseshift corrected for O. R=31.5, E;=-1.8 eV, FI =

0.00203.

Atom C.N

R/A 2%/ A

0

4.4(4)

0.054(4)

3.50(2)

Statistical errors are given in parentheses
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5.3 Conclusions

The investigation, by EXAFS, into the solvation structure of iodides in water, anhydrous
acetic acid, anhydrous acetonitrile and aqueous acetic acid gives results that are in good
agreement with information that is in the literature. The hydration number seen for Znl, in
water is very close to the value of 7.9 obtained by molecular dynamic simulations,”® whilst
the I[JO distance obtained in the structure of strontium iodide dihydrate®! is 3.41 A, similar
to the value obtained by EXAFS for the hydrated zinc iodide species. Neutron scattering

studies carried out to determine the hydration structure of cations and anions under

ambient conditions showed that the H-O axis of the water was axially aligned to the anion
2

with the proton seated between the anion and the oxygen atom.

Figure 5-24: Crystal structure of tetrabutylammonium iodide showing selected interatomic
distances.”

The crystal structure of tetrabutylammonium iodide, shown in Figure 5-24, shows that the
nearest neighbouring atoms to the iodine atoms are the a carbon atoms; the nearest such
carbon atom is 3.6 A from the iodine atom. If contact ion pairing effects were being seen
in the electrochemical oxidation of iodide in acetic acid, then we would expect the EXAFS
data obtained for such solutions to reflect this. What the EXAFS data does show is that
the iodine atom is surrounded by three light scattering atoms at a distance similar to that
seen in the hydration structure of zinc iodide (3.3 A). Addition of water to this solution

does not significantly change this interatomic distance yet increases the coordination
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number to a value that is the same, within experimental error, regardless whether HI,
BuyNTI or KI has been used. This implies that in a solution of acetic acid, the iodide ion is

solvated by three acetic acid molecules.

This information is relevant to us in our explanation of the different diffusion coefficients
obtained for iodide species in acetic acid and hydriodic acid. The EXAFS data for
tetrabutylammonium iodide in acetic acid shows that the iodine atom is solvated by acetic
acid molecules whilst data obtained for tetrabutylammonium iodide in acetonitrile shows
no such feature, as summarised in Table 5-17. Such a solvation effect on the iodide ion
would increase the hydrodynamic radius, thereby significantly changing the diffusion
coefficient. However, whilst we can say that solvation of the iodide by acetic acid does
play a role in the electrochemical analysis, the data does not allow us to say that it is only
solvation that causes these variations in diffusion coefficient. The differing values of D
found for BuyNI, HI and Znl, in acetic acid could suggest that each species dissociates to
differing extents in acetic acid, or that the changes in diffusion coefficient is a result of ion
pairing effects from different counter ions. In addition, although refinement of the
EXAFS data for BuyNI in acetic acid shows one shell corresponding to approximately 3
IO bonds at a distance 3.3 A apart, information that is present due to ion pairing effects
may be hidden by this peak. It is important to stress that the EXAFS experiments were
conducted in absence of the tetrabutylammonium tetrafluoroborate supporting electrolyte

and therefore would not show any resulting ion pairing resulting.

Table 5-17: Summary of values obtained for tetrabutylammonium iodide in different solvents

Solvent D(I) D (1) Shell CN R

/ em’s! / em’s’!
Acetonitrile | 2.1(0)x10° | 2.0(1)x10” [N 0.74(3) | 2.15(0)
Acetic Acid | 2.5)x10° | 2.2(2)x10° IO 2.8(5) | 3.30(6)
Water 1.4x10™ 0D - I--0 8.6(4) | 3.53(2)

179




Chapter 5 — Electrochemical Oxidation of lodide Species

5.4 References

" A. 1. Popov and D. H. Geske, J. Am. Chem. Soc., 1958, 80, 1341.

2 J. D. Voorhiers and E. J. Schurdak, Anal. Chem., 1962, 34, 939.

3 L. N. Trevani, E. Calvo and H. R. Corti, Electrochem. Commun., 2000, 2, 312.

*R. T. Iwamoto, J. Am. Chem. Soc., 1959, 31, 955.

>L.Maand J. E. Witt, J. Electrochem. Soc., 1999, 146, 11.

®R.F. Lane and A. T. Hubbard, J. Phys. Chem., 1975, 79, 808.

7 (a) T. Bejerano and E. Gileadi, J. Electrochem. Soc., 1977, 124 1720 (b) T. Bejerano
and E. Gileadi, J. Electrochem. Soc., 1977, 82, 209.

8 “Encyclopaedia of the Electrochemistry of the Elements”, P. G. Desideri, L. Lepri and
D. Heimler, A. J. Bard, Ed. Marcel Dekker: New York, 1976; Vol. 1, Chapter 3.

® T. Bejerano and E. Gileadi, J. Electroanal. Chem. Interfacial. Electrochem.,1977, 82,
2009.

10 (a) Bond A. M., Fleischmann M. and Robinson J., J. Electroanal. Chem., 1984, 72, 11
(b) K. B. Oldham, Anal. Chem., 1997, 69(3), 446.

11 W. M. Flarsheim, Y-Min Tsou, 1. Trachtenberg, K. P. Johnston and A. J. Bard, J. Phys.
Chem., 1986, 90, 3857.

12'9. Diaz-Moreno, A. Munoz-Paez, J. M. Martinez, R. R. Pappalardo and E. S. J. Marcos,
J. Am. Chem. Soc., 1996, 118, 12654.

3 1. Sakane, A. Munoz-Paez, S. Diaz-Moreno, J. M. Martinez, R. R. Pappalardo and E. S.
J. Marcos, J. Am. Chem. Soc., 1998, 120, 10397.

4 M. Benfatto, J. A. Solera, J. Chaboy, M. G. Proietti and J. Garcia, Physical Review B.,

1997, 56, 2447.
SH. Moll, M. A. Denecke, F. Jalilehvand, M. Sandstrom and 1. Grenthe, Inorg. Chem.,

1999, 38, 1795.

165, L. Wallen, B. J. Palmer, D. M. Pfund, J. L. Fulton, M. Newville, Y. Ma and E. A.
Stern, J. Phys. Chem. A., 1997, 101, 9632.

7P, D’ Angelo, A. Di Nola, M. Mangoni and N. V. Pavel, J. Chem. Phys., 1996, 104,
1779.

8 «X_ray Diffraction of Ions in Aqueous Solutions; Hydration and Complex Formation”,

M. Magini, G. Licheri, G. Paschina and G. Piccaluga, I, CRC Press: Boca Raton, 1988.

180



Chapter 5 — Electrochemical Oxidation of lodide Species

P H.K.De Jong, G. W.Neilson and M. C. Bellissent-Funel, J. Chem. Phys., 1996, 105,

5155.
20§ Koneshan, J. C. Rasaiah, R. M. Lynden-Bell and S. H. Lee, J. Phys. Chem. B, 1998,

102, 4193.

1 W. Buchmeier and H. D. Lutz, Acta Crystallogr. Sect. C, 1986, 42, 651.

2 (a) D. H. Powell, G. W. Neilson and J. E. Enderby, J. Phys.: Condens. Matter, 1993, 5,
5723 (b) A. K. Soper, G. W. Neilson and J. E. Enderby, R. A. Howe, J. Phys. C: Solid
State Phys., 1977, 10, 1793 (c) J. E. Enderby, Chem. Soc. Rev., 1995, 159 (d) S.
Cumming, J. E. Enderby, G. W. Neilson, J. R. Newsome, R. A. Howe, W. S. Howells and

A. K.Soper, Nature, 1980, 287, 714.

2 (. Wang, A. Habenschuss and B. Wunderlich, Mol Cryst. Lig. Sci. Technol., Sect A.,
1995, 246, 115.

181



Chapter 6

Final Conclusions



Chapter 6 — Final Conclusions

Chapter 6

6 Conclusions

This thesis focused on the EXAFS analysis of catalytic precursors as well as catalytic
intermediates; values such as interatomic distances were refined with a high degree of
accuracy, whereas parameters that are used to define the amplitude of the EXAFS signal,

such as Debye-Waller values and coordination numbers yielded a higher degree of error.

The introduction of multiple scattering theory into the analysis improved the completeness
of the data, especially in fitting models containing carbonyl groups. The phase change
and amplitude enhancement associated with multiple scattering enabled the M-C-O bond
angle to be accurately determined, although good quality data is needed to do this.

Multiple scattering effects were also observed along linear X-M-X bonds.

The report shows that for EXAFS analysis of a sample using two edges, in this case the
transition metal and the iodide, bond angles surrounding the metal and carbon atoms can
be determined. Both [Rh(CO),l;]" and [Ir(CO).l,] structures were solved by this method;

this is of particular relevance as the single crystal for these species is particularly difficult

to grow.

The in situ characterisation of organometallic compounds involved in the carbonylation of
methanol was also investigated. Palladium and rhodium catalysed reactions were carried
under a pressure of 5 atmospheres carbon monoxide and at a temperature of 110°C using
EDE and QEXAFS respectively. For the palladium catalysed reaction, the anionic
species, [PA(CO)I;], was formed by the addition of CO to [Pd,l]* and remained the
dominant species during the catalytic cycle whereby methanol is converted to methyl
acetate. Analysis of the QEXAFS results obtained for the [BusN][Rh(CO),l;] catalysed
carbonylation reaction showed that only the species [Rh(CO),I,]” was present during the
timescale of the reaction; however little carbonylation occurred under these conditions.
The crystal structure of [(CH3;CO)Rh(dppe)l:], obtained from the catalytic reaction of
[Rh(CO)I(dppe)], Mel and methanol demonstrated that the oxidative addition and methyl
migration steps occurred. The results particularly show, however, that good quality and

analysable EXAFS data can be obtained under these conditions in fluorescence mode.
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The iodine concentration, however, is at the limit for which this quality of data can be
obtained and this shows that the acquisition of analysable EXAFS data at iodine

concentrations used in the industrial methanol carbonylation reactions is not a trivial

matter.

The oxidative addition reaction of methyl triflate to tetrabutylammonium iridium carbonyl
iodide was followed using stopped flow techniques and Energy Dispersive EXAFS using
the new X-STRIP detector. Results showed a classic two-stage ionic oxidative addition
mechanism with the first step being evident after only 1.2 ms and a slower stage occurring

over a three minute period.

This report also focused on the use of microelectrode voltammetry as a technique to
determine hydrogen iodide concentrations in industrial mixtures. The reduction of HI was
not investigated due to the potential window of the experiment being limited by the

evolution of hydrogen gas at negative potentials in acetic acid.

As the degree of dissociation of HI to H" and I” in acetic acid was not known,
tetrabutylammonium iodide was chosen as a useful model to study the electrochemistry of
iodide both in acetonitrile and acetic acid. Thus both D and » are known, the

concentration of redox active species can be calculated by the equation:
iim = 4nFDca (6.1)

where ij;, is the limiting current, # is the number of electrons transferred, F' is Faraday’s
constant, a is the radius of the electrode, D is the diffusion coefficient and c is the

concentration of the electroactive species.

Studies of the voltammetry of tetrabutylammonium iodide, with the supporting electrolyte

tetrabutylammonium iodide, showed it to proceed via a two step oxidation mechanism in

both acetonitrile and acetic acid:
6" > 215 + 4e” (with 2/3 ¢ per I) (6.2)
213 > 31, + 2e (with 1/3 € per I) (6.3)

Despite the use of microelectrodes, however, the 2:1 wave height ratio predicted by this
mechanism was not seen in the absence of supporting electrolyte, due to presence of

migrational effects. The addition of tetrabutylammonium tetrafluoroborate as supporting
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electrolyte ensures that migrational effects are now insignificant and that diffusion is the
only form of mass transport and restores this theoretical ratio; thus equation 6.1 holds true

and the value of D can be meaningfully determined.

When tetrabutylammonium iodide is used as the source of the iodide, calculation of the
diffusion coefficient for I" and I3 in acetonitrile gives values of 2.1x10” em®s™ and
2.0x10°° cm’s™ respectively whilst in acetic acid, these values are almost 10 times slower
at 2.5x10° cm?s™ and 2.2x10°® cm?s™!. In all cases, the diffusion coefficient for I3 is
slightly smaller than I'. In a solution of HI in acetic acid, these values of D are seen to be

3.4x10° cm?s™ (I') and 2.9x10° cm’s™ I3).

Other work focused on the use of EXAFS to determine the extent of solvation of an iodide
ion under different solvent conditions, in order to explain the lower diffusion coefficients
found for iodide species dissolved in acetic acid. The I---O distance found by EXAFS
corresponds to that where a proton is situated between the ion and the oxygen atom,
although this cannot be seen in the EXAFS data. The hydration number for iodide in
water (8.4) is in good agreement with molecular dynamics simulations, whilst results
indicate that the iodide ion is solvated by acetic acid, which could explain the diffusion

coefficient obtained in the electrochemistry experiments.

In conclusion, EXAFS spectroscopy provides a powerful means of providing structural
information, such as coordination and geometrical environment of species under
conditions where other techniques, such as X-ray crystallography, cannot be used. This
technique was used to obtain structural parameters such as bond distances and bond angles
for catalytic precursors and in particular the iz situ reactions involved in the rhodium,
iridium and palladium carbonylations of methanol. Of course, the strength of EXAFS is
its use in conjunction with other characterisation techniques, such as infrared and mass

spectroscopy, although it shows limitations when strong absorbing atoms are present.

Experiments involving the electrochemistry of iodides using microdisc electrodes showed
that, for the solvents acetonitrile and acetic acid, migrational effects are seen to contribute
to the shape of the voltammograms. The analysis of such data is difficult, even for simple
redox reactions involving only a one electron transfer; thus it would be difficult to work
with real industrial solutions as initially intended. Whilst the addition of supporting
electrolyte means that only diffusion need be considered when analysing data, this is not

ideal for industrial applications. Finally, the diffusion coefficients are different for iodide
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species dissolved in water, acetonitrile and acetic acid solutions and are not viscosity
related. In an industrial solution where more than one iodide species is present and the
liquor consists of a mixture of solvents, the determination diffusion coefficient and hence

HI concentration is a tenuous and difficult proposition.
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Appendix |
Catalytic reaction of [Ph,As][Ir(CO).l,]
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Catalytic reaction of [Ir(CO)i(dppe)]
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the region showing catalytic activity.

187



Appendix 1

Catalytic reaction of in situ generated [Rh(CO),l,]
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Catalytic reaction of in situ generated [Rh(CO)l(dppe)]
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Appendix [l

Table 1: Crystal data and structure refinement.

Identification code 02807011

Empirical formula CogHy71,OP,Rh

Formula weight 798.15

Temperature 1202) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.1046(2) A a=922310(10)°
bh=10.2633(2) A F=94.0810(10)°
c=14.8334(4) A ¥ =99.413(2)°

Volume 1362.15(5) A’

Z 2

Density (calculated) 1.946 Mg/ m’

Absorption coefticient 3.031 mm™

F(000) 768

Crystal Orange Prism

Crystal size 0.20 x 0.15 x 0.08 mm’

@range for data collection 3.07-25.03°

Index ranges ~10<h<10,-12<5k<12,-17<1L17

Reflections collected 8589

Independent reflections 4560 [Riny=0.0147]

Completeness to §= 25.03° 94.9 %

Absorption correction Semi—empirical from equivalents

Max. and min. transmission 0.7935 and 0.5824

Refinement method Full-matrix least-squares on F*

Data / restraints / parameters 4560/0/309

Goodness-of-fit on /2 1.052

Final R indices [F* > 2 o(F%)] RI =0.0220, wR2 = 0.0545

R indices (all data) R1=0.0239, wR2 = 0.0555

Largest diff. peak and hole 0.820 and —0.814 ¢ A~

Diffractometer: Nonius KappaCCD ares detector (¢ scans and @ scans to fill asymmetric unit sphere). Cell determination: DirAx
(Duisenberg, A JM.(1992). 1. Appl. Cryst. 25, 92-96.) Data collection: Collect (Collect: Data collection software, R. Hooft, Nonius
B.V., 1998). Data reduction and cell refinement: Denzo (7. Otwinowski & W. Minor, Methods in Enzymology (1997) Vol. 276:
Macromeolecular Crystallography, part A, pp. 307-326, C. W. Carter, Ir. & R. M. Sweet, Eds., Academic Press). Absorption
correction: SORTAV (R. H. Blessing, Acta Cryst. A51 (1995) 33-37; R. H. Blessing, J. Appl. Cryst. 30 (1997) 421-426). Structure
solution: SHELXS97 (G. M. Sheldrick, Acta Cryst. (1990) A46 467-473). Structure refinement: SHELX7L97 (G. M. Sheldrick (1997,
University of Gottingen, Germany). Graphies: Cameron - A Molecular Graphics Package. (D. M. Watkin, L. Pearce and C. K. Prout,
Chemical Crystallography Laboeratory, University of Oxford, 1993).

Special detfails: All hydrogen atoms were placed in idealised positions and refined using a riding model,
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Table 2. Atomic coordinates [x 10%], equivalent isotropic displacement parameters
[A? x 10°] and site occupancy factors. U,, is defined as one third of the trace of the
orthogonalized U” tensor.

Atom X V z Ueq S.o.f.

Cl  2669(3) 1884(3)  1246(2)  11(1) 1
C2  2086(3)  1565(3)  357(2) 16(1) 1
C3  2287(3)  2497(3)  -291(2)  19(1) 1
C4  3072(3) 3741(3)  -67Q2) 18(1) 1
C5  3688(4)  4062(3)  811(2) 17(1) 1
C6  3485(3)  3139(3)  1469(2)  14(1) 1
C7  26553) 1641(3) 3188(2)  12(1) 1
C8  3906(3) 1550(3)  3764(2)  18(1) 1
C9  4108(4)  2194(3)  4618(2)  23(1) 1
C10  3064(4) 2918(3)  4898(2)  22(1) 1
Cil  1817(4)  3021(3)  43332)  20(1) 1
Cl2  1618(3)  2396(3)  3479(2)  15(1) 1
CI3  2833)  160(3)  19932)  13(1) 1
Cl4  —1383) -857(3) 2693(2)  12(1) 1
Cl5  1480(3) -2210(3) 4016(2)  12(1) 1
Cl6  1596(3) -3450(3) 4353(2)  16(1) 1
Cl7  1928(4) -3558(3) 5274(2)  20(1) 1
C18  2164(3) -2452(3) 5860(2)  20(1) 1
C19  2057(3) -1225(3) 5532(2)  18(1) 1
C20  1717(3) -1102(3) 4621(2)  15(1) 1
C21  1713)  -3622(3) 2355(2)  11() 1
€22 753(3)  —4452(3) 1769(2)  16(1) 1
€23 -70(4) -5662(3) 1455(2)  19(1) 1
C24  -1485(4) -6056(3) 1738(2)  20(1) 1
C25 -2083(3) -5240(3) 2320(2)  18(1) 1
C26 —1271(3) -4025(3) 2635(2)  16(1) 1
C27  2575(3) —1747(3)  959(2) 12(1) 1
C28  3743(3) -2265(3)  425(2) 18(1) 1
11 6018(1)  277(1)  1855(1)  15(1) 1
2 4690(1)  -3155(1) 2798(1)  15(1) 1
Ol  1342(2) -1727(2)  638(2) 20(1) 1
PL 2309(1)  697(1)  2110(1)  10(1) 1
P2 1207(1) -2027(1) 2800(1)  10(1) 1
Rhl  3370(1) —1137(1) 2213(1) 9(1) 1
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Table 3. Bond lengths [A] and angles [°]. C15-C16 1.402(4)
C15-P2 1.825(3)
C1-C2 1.392(4) C16-C17 1.390(4)
C1-Co 1.393(4) C16-H16 0.9500
Cl-Pl 1.812(3) C17-C18 1.382(5)
C2-C3 1.384(4) C17-H17 0.9500
C2-H2 0.9500 C18-C19 1.383(4)
C3-C4 1.373(5) C18-HI8 0.9500
C3-H3 0.9500 C19-C20 1.380(4)
C4-C5 1.386(5) C19-H19 0.9500
C4-H4 0.9500 C20-H20 0.9500
C5-C6 1.387(4) C21-C22 1.385(4)
C5-H5 0.9500 C21-C26 1.407(4)
Co-H6 0.9500 C21-P2 1.824(3)
C7-C8 1.392(4) C22-C23 1.386(4)
C7-Cl12 1.396(4) C22-H22 0.9500
C7-Pl 1.817(3) C23-C24 1.385(5)
C8-C9 1.392(4) C23-H23 0.9500
C8-H8 0.9500 C24-C25 1.380(5)
Co-C10 1.376(4) C24-H24 0.9500
C9-H9 0.9500 C25-C26 1.386(4)
C10-Cl1 1.384(4) C25-H25 0.9500
C10-H10 0.9500 C26-H26 0.9500
C11-Cl12 1.384(4) C27-01 1.192(4)
Cli-HI11 0.9500 C27-C28 1.521(4)
C12-H12 0.9500 C27-Rht 1.986(3)
C13-Cl4 1.525(4) C28-H28A 0.9800
C13-P1 1.830(3) C28-H28B 0.9800
CI3-HI3A 0.9900 C28-H28C 0.9800
C13-H13B 0.9900 I11-Rhl 2.7011(3)
C14-p2 1.853(3) 12-Rhl 2.6996(3)
Cl4-HI4A 0.9900 P1-Rhl 2.2579(7)
C14-H14B 0.9900 P2-Rhl 2.2781(8)
C15-C20 1.399(4)
C2-C1-C6 119.3(3) C5-C4-H4 120.0
C2-C1-P1 120.2(2) C4-C5-C6 1202(3)
C6-C1-Pl 120.5(2) C4-C5-HS 119.9
C3-C2-Cl1 120.2(3) C6-C5-H5 119.9
C3-C2-H2 119.9 C5-C6~Cl 120.0(3)
C1-C2-H2 119.9 C5-C6-H6 120.0
C4-C3-C2 120.4(3) C1-C6-H6 120.0
C4-C3-H3 119.8 C8-C7-C12 119.0(3)
C2-C3-H3 119.8 C8-C7-P1 120.5(2)
C3-C4-C5 119.9(3) C12-C7-P1 120.4(2)
C3-C4-H4 120.0 C7-C8-C9 120.3(3)
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C7-C8-H8 119.9 C22-C21-C26 119.1(3)
C9-C8-H8 119.9 C22-C21-P2 122.8(2)
C10-C9-C8 120.0(3) C26-C21-P2 118.1(2)
C10-C9-H9 120.0 C21-C22-C23 120.8(3)
C8-C9-H9 120.0 C21-C22-H22 119.6
C9-C10-Cl11 120.4(3) C23-C22-H22 119.6
C9-C10-H10 119.8 C24-C23-C22 119.8(3)
C11-C10-H10 119.8 C24-C23-H23 120.1
C12-C11-C10 119.9(3) C22-C23-H23 120.1
Cl2-C11-H11 120.0 C25-C24-C23 120.2(3)
C10-C11-H11 120.0 C25-C24-H24 119.9
C11-C12-C7 120.5(3) C23-C24-H24 119.9
C11-C12-H12 119.8 C24-C25-C26 120.5(3)
C7-C12-H12 119.8 C24-C25-H25 119.8
C14-C13-P1 108.78(19) C26-C25-H25 119.8
C14-C13-HI3A 109.9 C25-C26-C21 119.6(3)
P1-C13-HI3A 109.9 C25-C26-H26 120.2
C14-C13-H13B 109.9 C21-C26-H26 120.2
P1-C13-H13B 109.9 01-C27-C28 122.1(3)
HI3A-C13-H13B 108.3 01-C27-Rhl 126.0(2)
C13-C14-P2 111.82(19) C28-C27-Rhl 111.902)
C13-C14-H14A 109.3 C27-C28-H28A 109.5
P2-C14-H14A 109.3 C27-C28-H28B 109.5
C13-C14-H14B 109.3 H28A-C28-H28B 109.5
P2-C14-H14B 109.3 C27-C28-H28C 109.5
HI4A-C14-H14B 107.9 H28A-C28-H28C 109.5
C20-C15-C16 118.8(3) H28B-C28-H28C 109.5
C20-C15-P2 120.6(2) C1-P1-C7 106.17(13)
C16-C15-P2 120.3(2) C1-P1-CI3 104.66(13)
C17-C16-C15 119.8(3) C7-P1-C13 104.27(14)
C17-C16-H16 120.1 CI-P1-Rh1 123.85(9)
C15-C16-H16 120.1 C7-P1-Rhl 108.96(9)
C18-C17-C16 120.6(3) C13-P1-Rhl 107.30(9)
C18-C17-H17 119.7 C15-P2-C21 104.57(13)
C16-C17-H17 119.7 C15-P2-C14 104.19(13)
C17-C18-C19 119.9(3) C21-P2-C14 105.38(13)
C17-C18-H18 120.1 C15-P2-Rhl 111.70(10)
C19-C18-H18 120.1 C21-P2-Rhl 120.47(10)
C20-C19-C18 120.2(3) C14-P2-Rhl 109.20(9)
C20-C19-H19 119.9 C27-Rh1-P1 90.95(8)
C18-C19-H19 119.9 C27-Rh1-P2 92.45(9)
C19-C20-C15 120.7(3) PI-Rh1-P2 84.61(3)
C19-C20-H20 119.6 C27-Rh1-12 103.29(8)
C15-C20-H20 119.6 P1-Rh1-12 165.16(2)




Appendix 11 - Crystallographic Data

P2-Rh1-12
C27-Rhi1-I1
P1-Rhi-I1
P2-Rh1-I1
[2-Rh1-11

90.57(2)
99.27(8)
89.93(2)
167.16(2)
91.825(9)
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Appendix Il

Table 1: Observed limiting currents for a solution of BU,NI in acetonitrile at different concentrations
using different sized microdisc electrodes with no supporting electrolyte. Experimental conditions:

Scan rate = 10 mVs™. Reference electrode = SCE. Temperature =25 °C.

[BuyNI] | Microelectrode Limiting Limiting Ratio
radius Current Current
/mol cm” /cm (Wave 1) (Wave 2) Wave 1:Wave 2
2.25x10° 5.27x107 1.082x10° 1.203x107° 0.9
2.25x10° 1.22x107 2.708x10™ 3.021x10° 0.9
2.25x10° 2.76x107° 6.02x10° 5.98x10° 1.0
5.63x10° 5.27x10™ 2.52x10% 2.71x10° 0.9
5.63x10° 1.22x10° 6.81x10° 6.39x10° 1.1
5.63x10° 2.76x107 1.52x107 1.486x107 1.0
7
2.0x10" 4
1.5x107 B Data Points for Wave 1 e
e Data Points for Wave 2 =
1.0x107 - e
s‘ u#,/ P
/3‘;{
5.0x10° e
/"'/
,r,.'fr: .
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Figure 1: Plot of steady state diffusion limited current versus & x [I'] for BU;NI in acetonitrile.
Experimental conditions: Scan rate =10 mVs". Reference electrode = SCE gauze electrode.
Temperature = 25 °C.
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Table 2: Observed limiting currents for solutions of different concentrations of BU,NI in acetic acid,
and for different microelectrode radii. No supporting electrolyte. Reference electrode = SCE. Scan
rate 10 mVs™. Temperature = 25 °C.

[BusNI] | Microelectrode Limiting Limiting Ratio
radius Current Current
/ mol cmi” /ecm (Wave 1) (Wave 2) Wave 1:Wave 2

1.17x10° 5.27x10™* 6.46x107° 4.14x107° 16
1.17x10° 1.22x107 1.83x10” 1.17x10” 1.6
1.17x10° 2.76x107 4.38x10” 2.88x10” 15
3.16x10° 5.27x10* 2.00x107 1.27x10° 1.6
3.16x10° 1.22x10° 5.85x10” 3.84x10” 1.5
3.16x10° 2.76x10™ 1.40x10° 9.48x10” 1.5
8.12x10° 5.27x10™ 5.76x10” 3.94x10” 1.5
8.12x10° 1.22x107 1.56x10° 1.11x10® 14
8.12x10° 2.76x107 3.87x10% 2.76x10™ 1.4
1.32x107 5.27x10* 9.26x10” 6.63x10” 1.4
1.32x107 1.22x10° 2.50x10° 1.79x107 1.4
1.32x10” 2.76x107 5.93x10° 4.32x10° 14

6.0x10° - e

50x10°1  w Data Points for Wave 1 / P

1 @ Data Points for Wave 2 e o
4.0x10° w4
< 3.0x10° - o
: - /i e ./
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o] #F
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Figure 2: Graph of steady state diffusion limited current versus « x [I'] for BU,NI in acetic acid. Scan
rate = 10 mVs-1, reference electrode = SCE, temperature 25°C.
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Table 3: Observed limiting currents and calculated diffusion coeflicients for solutions of Bu,Niin
acetonitrile with increasing [TBAB]. Experimental conditions: Microdisc electrode radius 1.22x10°
cm. [BugNI] = 2. 25 mM. Reference electrode = SCE. Temperature = 25°C,

[TBAB] | Limiting | Diffusion Limiting Diffusion Ratio
/mol cni® | Current | Coefficient | Current Coefficient Wave 1:Wave 2
/A / em’s-1 /A / em’s-!
B (Wavel)  (Wavel) (Wave 2) {(Wave 2)

0 2.71x10° | 3.84x10° | 3.02x10° 8.56x10” 0.9
3.608x10° | 1.97x10° | 2.79x10° | 9.41x10” 2.66x107 2.1
6.361x10° 1.83x10° = 2.59x106” | 8.60x10~ 2.44x107 2.1
9.979x10” | 1.73x10®° | 2.45x10° | 8.05x10” 2.28x107 22

Table 4: Observed limiting currents and calculated diffusion coefficients for solutions of BuyNi in
acetic acid with increasing [TBAB]. Experimental conditions: Microdisc electrode radius 1.22x10°
cm. [Bu NI} =3.25 mM. Reference electrode = SCE. Temperature = 25°C.

[TBAB] = Limiting = Diffusion Limiting Diffusion Ratio
/mol cm” | Current | Coefficient | Current Coefficient Wave 1:Wave 2
/A /em’s-t /A /em’s-!
{(Wave 1) {(Wave 1) {Wave 2) {(Wave 2)

0 492107 4.82x10° | 3.22x107 6.3x10° 1.5
4.65x10° | 5.13x107  5.04x10° | 2.58x10” 5.07x10° 2.0
1L19x10™" | 3.71x10° | 3.63x10° = 1.88x10” 3.69x10° 2.0
1.73x107 | 3.46x10° | 339x10° | 1.78x107 3.48x10° 19
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Table 5: Observed limiting currents for electrochemical runs with Bu NI in acetounitrile using
supporting electrolyte. Experimental conditions: Scan rate = 10 mVs”. Reference electrode = SCE.
Temperature = 25°C,

[BuNIj Microelectrode | Limiting | Limiting Ratio
/mol em” radius Current Current
/em /A /A
(Wave 1) | (Wave 2) Wave 1:Wave 2

1.98x10° 2.70x10™ 2.50x107 | 1.25x107 2.0
1.98x10° 5.27x10* 5.32x107 | 2.47x107 22
1.98x10° 1.22x107 1.30x10% | 6.20x107 2.1
1.98x10° 2.76x107 2.97x10% | 1.33x10° 22

Figure 3: Plot of steady state diffusion limited current versus a x [I'] for Bu,NI in acetonitrile.
Experimental conditions: Scan rate = 10 mVs ™. Reference electrode = SCE. Temperature =25"C.

Table 6: Observed Limiting Currents for Electrochemical Runs with Bw,NI in acetonitrile using
supporting electrolyte. Experimental conditions: Scan rate = 10 mVs™, Reference electrode = SCE.
Temperature = 25°C.

[Bu NI Microelectrode = Limiting Limiting Ratio
/ mol cm” radius Current Current Wave 1:Wave 2
/ocm /A /A
{(Wave 1) {(Wave 2)

1.14x10° 2.7x107 2.95x107" 1.65x107° 1.8
1.14x10° 5.27x10™ 5.63x10" | 3.07x10" 1.8
1.14x10° 1.22x107 1.27x107 7.30x10™" 1.7
1.14x10° 2.76x107 2.78x107 1.54x10” 1.8
6.28x10° 2.7x10* 7.41x107" 3.75x107° 2.0
6.28x107° 5.27x10™ 1.46x107 7.33x107"° 2.0
6.28x10° 1.22x107 3.70x107 1.75%107 2.1
6.28x10° 2.76x107 8.79x10” 4.12x107 2.1
8.07x10° 5.27x107 2.44x107 1.20x10™ 2.0
8.07x10° 1.22x107 6.89x107 3.25x107 2.1
8.07x10™ 2.76x107 1.520x10® 6.90x10” 22
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Figure 4: Plot of steady state diffusion limited current versus a x [T'] for BU4NI in acetic acid. Scan
rate = IOmVs’l, reference electrode = SCE. Temperature = 25°C.
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