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A study of homogeneous nickel alkene oligomerisation and palladium Heck reaction
catalysts using Energy Dispersive EXAFS and Quick EXAFS is described. .

Acquisition time and concentration studies were performed on three main mckel
catalysts i.e. Ni(acac),, NiCl,(PEt;),, and NiBr,(PEt;), in order to find out the best
experimental conditions for obtaining data.

Ni-K-edge QUEXAFS was used to perform a time resolved study of the formation of
nickel metal particles from a mixture of the Ni(acac), catalyst and AlEt; cocatalyst at
room temperature. The study showed a real time change in the white line features of
the QUEXAFS spectra as the complex changed from the starting material to give
colloidal nickel particles Further analysis of the final spectrum indicated the possible
formation of 19 atom nickel metal clusters. At low temperature and in the presence of
hex-1-ene, the QUEXAFS data indicated the formation of a mononuclear nickel species
with only light atom coordination, possibly a square planar organometallic consisting
of one acac group in addition to an ethyl group and a coordinated olefin.

Time resolved Ni-K-edge EDEXAFS spectroscopy (13 seconds per spectrum) was
used to follow the formation of an organometallic intermediate from an in-situ reaction
mixture of Ni(acac),/AlEt,(OEt)/hex-1-ene at room temperature. The EDEXAFS
spectra showed a real time change in the white line features of the spectra from that of
the starting material, i.e. Ni(acac),, to that of the organometallic product over a period
of six minutes.

Ni-K-edge and Br-K-edge EDEXAFS and QUEXAFS studies were performed on
numerous mixtures of NiX,(PEt;), (X=CIl, Br) /AlEt; at low temperatures and room
temperature and in the presence and absence of hex-1-ene. The results indicated the
formation of adducts of the nickel and aluminium species at low temperatures and also
the loss of the halogen atom from the nickel coordination sphere at room temperature.
Some evidence was also found for the alkylation of the nickel species after loss of the
halogen atom.

QUEXAFS studies were also performed on the palladium-K-edge of the Heck
reaction mixture, Pd(OAc),/ methallylalcohol/ iodobenzene/ tri-n-butylamine/ NMP. In
situ QUEXAFS studies of the mixture showed the presence of carbon coordination
around the palladium atom in addition to iodine atoms. In the presence of
triphenylphosphine, bromobenzene was used as the aryl halide.The EXAFS of this
reaction mixture showed the formation of PdBr(OAc)(PPh;), , which on heating formed
PdBr,(PPh;),. In the absence of bromobenzene, EXAFS studies showed the formation
of palladium particles in the reaction mixture.
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ABBREVIATIONS

XAS : X-ray Absorption Spectroscopy
XANES X-ray Absorption Near Edge Structure
EXAFS Extended X-ray Absorption Fine Structure
EDEXAFS Energy Dispersive EXAFS
QUEXAFS Quick EXAFS

UV/visible Ultra-Violet/visible

cod 1,5-cyclooctadiene

Et Ethyl

acac Acetylacetonate

Ph Phenyl

OAc Acetate

NMP N-Methylpyrrolidinone

For the EXAFS spectra,
Experiment

----- Theory
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CHAPTER 1 HOMOGENEOUS NICKEL ALKENE
OLIGOMERISATION CATALYSTS.



1.1 Introduction to catalysis:

The I.U.P.A.C. has defined catalysis as the phenomenon in which a
relatively small amount of a foreign material called a catalyst augments the rate of’a
chemical reaction without itself being consumed (Burwell, 1976)1’2. In practice, this
means that a-catalyst reduces the activation energy of a reaction which must itself be

energetically favoured. This is shown below in Figure 1. 12,

= Jncatalysed reaction path
sesees« Catalysed reaction path

Free energy

Free of activation

energy

Reaction co-ordinate
Figure 1.1. Free energy plot showing the effect of catalysis.3

A catalytic system can be seen as a cycle of reactions connected in such a
way such that during one journey round the circle the substrates are converted to
products without any net change occuring in the catalyst at the end of the cycle. The
cycle can often consist of the catalyst being activated as the initial step to facilitating
a reaction to take place and then being "deactivated' at the end of the reaction to
release the original catalyst. An example of such a catalytic cycle is shown on

Figure 1.2



HCo' (CO),

I‘\co

HCo' (CO), : N
' CH,==CHR
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RCH,CH,COCo' (CO), RCH,CH,Co’ (CO);

\ / co
RCH,CH, Co' (CO)

4

Figure 1.2. Catalytic cycle of the cobalt catalysed hydroformylation of a

terminal alkene.3

As shown in the Figures 1.1 and 1.2, activation of one or more of the
reactants in order to persuade them to react together is an essential part of catalysis.
There are two main types of activation processes. These are: ‘activation by
coordination’ and ‘activation by addition’.

‘Activation by coordination’ is the process by which a substrate XY interacts
with the catalyst centre in such a way that the integrity of XY is maintained. An
example of the first type is the coordination of an olefin to
cyclopehtadienylcarbonyliron (Fp*) which renders the olefin susceptible to attack by

a wide range of nucleophiles under mild conditions as shown below in Figure 1.3%

- Nu
Nu /__/

p
Fp*jl\ — Fp

Figure 1.3. Addition of a nucleophile to a coordinated alkene.
3



A common example of ‘activation by addition’ is the oxidative addition
reaction where a substrate XY adds to a metal complex such that both the formal
oxidation state and the coordination number are increased by two in the resulting
complex’. An example of such a reaction is shown in Figure 1.4 as the-addition of

H, to Rh(I):

Rh!CI(PPh,), + H, —— Rh'"CIH,(PPh,),

x=2o0r3

Figure 1.4. Addition of H; to Rh(I) C1(PPhj),.

Finally, a catalyst can be as simple as a proton or as complex as an enzyme.
It can be purely inorganic in nature, purely organic or a mixture of the two. In this
thesis we will mainly be concerned with transition metal catalysts containing nickel

and palladium.

1.2 Transition metal catalysts:

There are numerous reasons’ which explain popularity of transition metals as
catalysts for reactions. These are:

a) Variability of the oxidation state: The ability to enter into redox cycles
and to readily interchange between oxidation states is an important reason for the
wide ranging catalytic activity of transition metals. In theory, a transition metal can
have access to as many formal positive oxidation states as it has valence d and s
electrons plus one. However, not all of the elements form stable complexes for all

of their available oxidation states. m-bonding ligands such as CO stabilise low



oxidation states while small o-bonding ionic ligands such as H and F coordinate to
metals in high oxidation states. |

b) Variability of the coordination number: Transition metals are able to
adopt different coordination numbers and stereochemistries. The ability of a
transition metal to accomodate several different ligands in its coordination sphere is
important factor in its ability to catalyse reactions e.g. in the hydroformylation
reaction in which an aldehyde is formed from an olefin, carbon monoxide and -
hydrogen, the transition metal must be able to accomodate olefin, carbonyl and
hydride groups in its coordination sphere together with other non-participative
groups. )

¢) Choice of ligands: Transition elements readily form linkages with almost
every other element in the periodic table and with most organic molecules. This
property allows them to have a very rich coordination chemistry and makes them
very suitable for their role as catalysts.

d) Bonding ability: d-block elements can form bonds with a wide range of
compounds. This is because they can form strong bonds with compounds containing
n-electron systems or having orbitals of suitable symmetry or energy to form dn-
bonds. Transition metals are also able to form very strong o-bonds with several
highly reactive species e.g hydride and alkyl groups thus stabilising these species,
which can then be used to act in a particular manner e.g. in the presence of an
olefin RhH,CI(PPh;), readily gives up its hydride ligands to the olefinic double
bond.

e) Ligand effects: A ligand can influence the behaviour of a transition metal
catalyst by modifying the steric or electronic environment at the active site. Usually
it is a combination of both effects.

The above properties of transition metals make them widely used catalysts.



1.3 Homogeneous vs Heterogeneous catalysis:

In homogeneous reactions, all the constituents of the reaction are present in
the same phase i.e. the liquid phase. In heterogeneous catalysis, one or more of thé
constituents are present in different phases. In such cases, the catalyst is usually
present as the solid phase and the reactants as liquids or more frequently as gases.
While in homogeneous catalysis, the catalyst is often a discrete entity, in
heterogeneous catalysis, the reaction takes place at the phase interface i.e. on the
catalyst surface. It has been estimated that nearly three quarters of all industrial
chemicals produced have involved the use of a catalyst during manufacture. 10% to
15% of these catalysts have been homogeneous catalysts. Besides cobalt, nickel is
the most frequently used metal for reactions such as carbonylation, cyclic and linear
oligomerisation4.

The advantages of heterogeneous catalysts over homogeneous catalysts
include the ease with which they can be separated from the reaction products
assuming that these are liquids or gases. Also, being bulk solids, heterogeneous
catalysts usually have higher thermal stability than homogeneous systems, thus
allowing the reaction to be run at higher temperatures giving rise to higher reaction
rates. In-situ regeneration of the catalyst is possible when using heterogeneous
catalysts but less possible when using homogeneous catalysts.

In contrast, the advantages of homogeneous catalysts are that they are more
selective than heterogeneous catalysts. They are also likely to be more active per
metal centre than heterogeneous catalysts. This is because in heterogeneous catalysts
there are numerous different sites of which only a proportion catalyses the reaction
of interest unlike in homogeneous catalysts where there is only one site.
Homogeneous catalysts are also more easy to study than heterogeneous catalysts as
there are few physical techniques which allow accurate monitoring of reactions
taking place on the catalyst surface. Ease of study also makes homogeneous

catalysts more easy to modify than heterogeneous catalysts.



1.4 Oligomerisation:

This is a process by which mono-olefins can be converted into a mixture of,
dimers, trimers, and higher oligomers in which the dimer predominates. This is

shown below in Figure 1.5:

H H H H % H
Se—cl + Se=c_ H>C/ N
oy M / e S

Figure 1.5. Oligomerisation of ethene.

The higher oligomers are probably formed as the result of co-oligomerisation
with the monomer. In most cases, the reaction is accompanied by isomerization of
the products. Alkene oligomerisation reactions are generally first order in catalyst
concentration and second order in alkene concentration. The rate of oligomerisation
decreases in the order ethene>propene>but-l—ene>cycloalkeneS. Oligomerisation
can be catalysed by numerous transition metal complexes of which nickel complexes

are the most widely used™ ",

1.5 The Nickel Effect:

In 1949, Ziegler and Gellert® discovered that long chain aluminium alkyls
could be produced by repeated insertion of ethylene molecules into the Al-C bond.
This growth reaction terminated, however, after the statistical insertion of
approximately 100 molecules. Olefins insert into the metal-carbon bonds of
monomeric aluminium alkyls at about 100°C - 160°C and 100 atm generating long

chain derivatives. The chain length can be controlled by the temperature, pressure
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and contact time. This "growth reaction" is used in the industrial synthesis of
unbranched aliphatic alcohols containing about 14C in the chain, for use in
biodegradable detergents. The alcohol results from controlled oxidation of the
product of growth reaction. . »

It was discovered in 1952, by K.Ziegler and his co-workers'®"!

that ethylene
reacts with triethylaluminium in the presence of nickel to produce 1-butene. Thus,
in the presence of nickel salts, the polymerisation of ethylene by triethylaluminium
is terminated after one insertion step. This is known as the “Nickel Effect” and the
reaction involving only one insertion step is known as ‘oligomerisation’.

The Shell Higher Olefin Process (SHOP)'? was started in 1977 to produce-a
range of olefins using the oligomerisation process. SHOP has the capability of
making considerable adjustments in output to suit market needs. This is
accomplished by oligomerising ethylene in the presence of a nickel catalyst to a
geometric distribution of olefins. Saleable olefins are recovered for distribution
while those for which no ready market exists are recombined isomerised and

metathesised to Cy; to Cy4 internal olefins which are hydroformylated by the Shell

process to linear detergent range alcohols used in the large surfactant market'?.

1.6 Nickel Alkene Oligomerisation Catalysts13 :

Active homogeneous alkene oligomerisation catalysts can be prepared from
almost every type of nickel compound. The nickel component in homogeneous
systems is most frequently a Ni** salt such as nickel acetylacetonate14 or a nickel
halide. The activity depends to some extent on the nature of the nickel salt.
Phosphines and phosphites are standard ligands. Other ligands include chelating
phosphines15 ! The catalyst is also reported to have been formed from organonickel
complexes and reactions have been reported involving a nickel hydride'’, nickel

18,19

alkyls or aryls™ ", nickel olefin”® complexes and also  m-allyl nickel

complexe521’22’23. The full activity of the catalyst is normally only observed in the

8



presence of a Lewis acid. In the majority of the cases, the Lewis acid is an
alkylaluminium sesquichloride or an aluminium trihalide. Systematic studies of the
effect of varying the concentration of the Lewis acid are not common. The optimum
value depends on the nature of both the Lewis acid and the nickel co'mponent“.’
Other metal halides may also be used and these include titanium(IV) chloride® and
boron trihalide’®. It has been thought that systems involving transition metal
fluorides are more effective than the chlorides. »

In this thesis, we have mainly been looking at various nickel complexes. In
these cases, the generation of an active catalyst involves the addition of a Lewis
acid/reducing agent, which may be present as an alkylaluminium sesquichloride or a
dialkylaluminium alkoxide®, trialkyl aluminium'*'®**%, butyllithium?*?°, diethyl
zinc, or sodium borohydridezs. Although the majority of catalysts consist of a
combination of nickel complex- Lewis acid, the Lewis acid is not always essential
e.g. ethene is slowly dimerised at moderate temperatures by [(C¢Hs)sP),NiBr(aryl)]
complexes29 and styrene is dimerised by m-allyINiX catalysts at room
temperature”’“. However, the nickel complex on its own cannot catalyse the
reaction at the moderate conditions of temperature and pressure used in the
presence of the Lewis acid.

Organoaluminium compounds of low Lewis acidities, such as dialkyl
aluminium alkoxides, are often used. Industrially, organoaluminium compounds are
used on a large scale for the oligomerisation and polymerisation of olefins.
Triethylaluminium is a common alkylating agent which is also a Lewis acid. Like
all organoaluminium compounds, it has an extensive chemistry. Generally, trialkyls
are colourless liquids or low melting solids which must be stored under an inert
atmosphere because they are very sensitive to atmospheric oxidation and hydrolysis.
The trialkyls inflame spontaneously when exposed to air. Stringent safety
precautions should be observed during their manipulationsz.

Thus, a typical catalyst for alkene oligomerisaton can be made by mixing a
nickel salt with triethylaluminium or an organoaluminium sesquichloride in a

solvent such as toluene.



Besides the Lewis acid, the solvent also plays a role in the reaction. In
general, aromatic or halohydrocarbons are preferred but individual cases are known
where the reaction proceeds satisfactorily in saturated hydroca\rbons26 and alcohols
or even in the absence of solvent. The dimerisation of propylene using [n*
{(CH3)4C4}NiCl],~(C,Hs);Al,Cly-lig as catalyst proceeds five times faster in
chlorobenzene than in benzene™.

The nickel component used in supported catalysts is frequently nickel oxide.
However, catalysts have also been prepared by reacting the support with an
organonickel complex e.g (COD);Ni and m-allylnickel complexes among others.
The support or the nickel complex may be pretreated with diethylaluminium
sesquichloride or triethylaluminium. The most frequently implemented support is
silica-alumina, which may be activated by treatment with a sulphur containing
ligand. The catalyst may also be prepared by hydrolysing the organonickel complex
with the support34’35’36. Reactions involving anchoring of nickel species to various
polymer supports are also known>"%, Other supports include activated charcoal,

polystyrene3 ? polyphosphinostyrene and polyvinylpyridine.

1.7 Reaction Mechanism:

It is known that oligomerisation can be catalysed by nickel atoms in the
absence of aluminium atoms. In the presence of an aluminium cocatalyst, the
catalysis by the nickel catalyst occurs more efficiently. In the presence of nickel
catalyst and aluminium cocatalyst, it was found that the rate of dimerisation was the
same as the rate of multiple insertion of ethylene molecules into the Al-C bond.* It
is thought that an aluminium hydride intermediate is not involved because such
compounds are effective catalyst poisons”"“.ln the absence of nickel, some
aluminium complexes will catalyse the reaction to polymerisation.

One of the reaction mechanism proposed for alkene oligomerisation involves

the reduction of the nickel(II) complex by trialkyaluminium to give nickel(0) which

10



then reacts with the olefins present in the reaction mixture to form an olefin
complex e.g. tri(ethene)nickel. It is then thought that a multicentre bond is formed
between the nickel(0) complex and the trialkylaluminium in which the a-carbon of
the trialkylaluminium bridges the nickel and aluminium atoms. This is shown below
in figure 1.6. In an arrangement of this type, the carbon atoms of the complexed
olefinic double bond as well as the B-H of the alkyl group, approach the Al atom

closely enough to permit an electrocyclic reorganisation®.

Figure 1.6. Interaction between tri(ethene)nickel and trialkylaluminium during

the nickel catalysed oligomerisation of ethene.*

It is known that stereoregular polymerisation of olefins results from the use
of nickel catalysts, prepared by mixing organoaluminum compounds with transition
metal halides, alkoxides or other derivatives. The active state in such systems is
believed to be a coordination complex containing the transition metal in a low
oxidation state, partially alkylated, and affording vacant coordination sites for olefin
to be taken up, subsequently to insert into an adjacent metal-carbon bond.

It has also been suggested” that the large variety of nickel catalyst systems
discussed in the previous section involve a common active species. The comparable
activity of the various systems supports this suggestion. Evidence has accumulated

11



that the active species is a nickel hydride.““5 It is thought that the nickel hydride
species is generated by established organometallic reactions, such as B-hydride
transfer from an intermediate alkyl species, the direct transfer of a hydrogen to the
nickel centre from a coordinated alkene molecule, and oxidative addition of a
Bronsted acid to a zero-valent nickel complex*>*.

The abstraction of a hydrogen atom from the olefin has been demonstrated
spectroscopically for propylene44 and possibly accounts for the formation of the
HNiX system in reactions involving zerovalent nickel systems like
[(C¢H5)3P1LNi(CO).

Attempts to isolate the catalytically active nickel hydride orﬂ alkyl complexes
directly from oligomerisation reactions have generally been unsuccessful. This is
likely to be because the hydride species exists in very small quantities when an
excess of alkene is present. This is because the nickel hydride species is expected to
react immediately with the olefin molecules also bonded to the nickel atom.

For nickel halogenophosphines, the catélytically active species can therefore
be thought of as consisting of a square planar hybridized nickel atom interacting
with a hydride (or alkyl), a phosphine, an electronegative group X, and olefin

molecules as shown in Figure 1.7."

Figure 1.7. Possible active species during the nickel catalysed oligomerisation of

olefins.

It is probable that the Lewis acid interacts with the nickel through the group

X. An understanding of the nature of this interaction can be obtained from an X-ray
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structural study of the adduct formed by [n3—C3H5NiCl-(P(cyclo-C6H1_1)3)] with
CH3AICl,; the nickel and the aluminium are bridged by a chlorine atomzz, as shown

below in Figure 1.8:

| Cl
,’ N
<\———‘Nl ~ AlCHa Clz
P (cyclo—-C¢Hi1)s

Figure 1.8. The structural formula of the adduct formed by [n3—C3_H5NiCl-
(P(cyclo-CgH,y),)] with CH3AICI.

It is possible that the Lewis acid in these complexes decreases the charge on
the metal. A second important function of the Lewis acid is to react with redundant
phosphine molecules, thereby creating free coordination sites at the nickel. This is
perhaps important for catalysts based on (R3;P),NiX, compounds.

Much of the evidence for the oligomerisation mechanism has been
accumulated either through detailed studies on the nature of the products formed
(e.g. labelling experiments) in catalytic reactions, or by the use of model systems
and is therefore mostly circumstantial.

Recent evidence to support the nickel hydride mechanism in ethene
oligomerisation has been obtained by Keim er al.*’ from in-situ NMR studies on a
catalyst derived from Ni(cod),. 'H NMR data recorded for a mixture of Ni(cod),
and the phosphine ligand (1) indicated the formation of a nickel hydride species by

the formation of a triplet at & 23.6. On treatment of the catalyst solution with
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ethene, the hydride resonance disappears and a new signal appears attributable to an
alkylnickel complex. Although the catalytic hydride complex could not be isolated,
the reaction of Ni(cod), with PCy; and (1) was shown to produce the hydride

complex (2), shown below in Figure 1.9. | »
F,C toluene ) Ni
Ni(cod), + OH + PCy, —> FC SN\
-10°C P H
F.C Ph,
PPh, 2
1

Figure 1.9. Formation of a nickel hydride species from the reaction of Ni(cod),

with [C,(CF3),(OH)(PPh;)] and PCys;.

The effectiveness of halohydrocarbons as solvents for the oligomerisation
reaction is probably associated with their polar, weakly basic nature, which enables
them to act as effective solvents for polar species. It is also thought that the
halohydrocarbon functions as a source of halide. This has never been substantiated,
but may be of importance in those reactions involving trialkylaluminium”.

A simple mechanism for the oligomerisation of e:thylene13 is shown in Figure
1.10 and consists of the following three distinctive steps: a) insertion into the Ni-H

bond, b) insertion into the Ni-C bond, and c) olefin elemination.
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Figure 1.10. Schematic diagram showing a mechanism for the nickel catalysed

. . i
oligomerisation of ethene 3,

The first step in Figure 1.10, involves the coordination of an ethene

molecule to the nickel hydride species. This is followed by migration of the hydride
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to the ethene to form an alkylnickel complex. A second ethene molecule
coordinates and migration of the alkyl group to the ethene follows. Two pathways
are available at this stage. The nickel hydride species can be regenerated via B-
hydride elimination of the dimeric product or alternatively, higher oligomers may»
be produced by further alkene coordination/migration processes. The degree of
oligomerisation is largely determined by the relative rates of the elimination and
alkyl migration steps which are in turn influenced by the nature of the donor ligand
present. Several reactions modelling the addition of a Ni-H to an alkene have been
described by Wilke®. Tertiary phosphine ligands have been found to exert the most
dramatic effect on products of oligomerisation reactions and have thus been studied

47498 In the case ethene oligomerisation, a preference for chain growth

in great detail
rather than product elimination is observed when bulky phosphines with large cone
angles are present.

It has been suggested that the elimination reaction proceeds via the transition
state shown in Figure 1.1177, whereas the alkyl to alkene migration step proceeds

through the less sterically hindered state shown in Figure 1.127.

H------- CHR C—=—=C
!
: l\ X | ll
1 1 \ {
{ i
{ 1 { 1
‘ — Ni-—-—CH, o Ni-------CH,
/ \ L l
X L CH,R
Figure 1.11. Transition state . Figure 1.12. Transition state
proposed during olefin proposed during the alkyl to
elimination.” alkene migration step.”’
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In the case of propene, the situation is complicated by the asymmetry of the
olefin. Results have confirmed that the first step is kinetically controlled and
produces mainly a Ni-n-propyl species which rearranges to the thermodynamically

more stable Ni-isopropyl species as shown in Figure 1.13."

Figure 1.13 (i) Schematic diagram of the nickel catalysed oligomerisation of

propene.”

The same choice exists in the second step and leads to the situation shown in
Figure 1.13 (ii)". The role of the Lewis acid in the catalytic reaction has received
little attention. A recent study indicates that variation of the Lewis acid affects the
first step in the dimerisation of propene but has no significant effect on the second,
and it is suggested that the nature of the anion influences the rate at which the Ni-n-
propyl species isomerises to the thermodynamically more stable Ni-isopropyl

species”.
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Recently, theoretical studies have been performed by Fan er al. * on ethene
oligomerisation by an organometallic nickel catalyst formed from Ni(acéc)z. The
studies involved calculations based on density function theory and proposed that
(acac)NiCH,CH3 was the actual catalyst while (acac)NiH was a precursor of
precatalyst. The studies showed that the nickel hydride (acac)NiH is very active in
the presence of ethylene and leads to (acac)NiC,Hs with an exothermicity of 44.7
kcal/mol. Thus a mechanism based on the regeneration of nickel hydride is not
considered viable and a modified mechanism where (acac)NiH is a precursor or

precatalyst while the actual catalyst is (acac)NiC,Hs was proposed.

1.8 Isomerisation of olefins:>%%¢

Some isomerisation is also thought to occur during the oligomerisation. This
is because the isomerisation of olefins is also catalysed by some nickel catalysts and
very similar nickel hydride intermediates may be involved in the oligomerisation
and isomerisation of olefins. Some isomerisation must also therefore be occurring in
oligomerisation reactions.

There are two mechanisms for isomerisations of olefins. These are,

1) Double bond migration and 2) Skeletal rearrangements.
1) Double Bond migrations: Double bond migration are often of the type

shown below in Figure 1.14.

RCH,CH=CH; + M—H

RCHz—(IfH—CHa
M

RCH=CHCH; + M—H

Figure 1.14. Rearrangement of an olefin through a n3-allyhnetalhydride.

19




2) Skeletal Rearrangements: Two types of nickel catalysed skeletal rearrzingements

of dienes have been observed. These are shown below in Figure 1.15:

/N N7 AN S
Cz/ c, QJ:Q
f [T + HNiX ll o— h\ —
1 / Ni Cl\
X Ni
X
§ i
Lo C, Cq
VRN .
?‘:2 C’z — \Cz C; + HNiX
C, Ni

Figure 1.15. Formation of a cyclopropylcarbinyl intermediate during the

rearrangement of a diene.

1.9 Analytical techniques to study nickel catalysts:

Various analytical and spectroscopic techniques may be applied to study the
intermediates obtained during catalysis. It is not always possible to isolate reaction
intermediates. It may be necessary to perform in-situ studies of the reaction
mixture. This may require stabilisation of the intermediate stage by dropping the
temperature of the reaction mixture e.g in the case of reactive alkyl species. Also
varying the concentrations and ratios of various components of the reaction mixture
will provide mixtures at different stages of the reaction which can then be studied.
Kinetic studies as the reaction proceeds can provide some insight into the rates of

the reaction, and also whether the reaction is a one stage or two stage process.
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Sometimes a combination of techniques may be required to provide information on
the intermediate. |

EXAFS was the main technique which was used in this thesis to study the
catalyst mixture both in the presence and absence of olefin. Further details about the
EXAFS technique will be given in Chapter 2 of this thesis. In summary, this
technique provided information on the identity of coordinating atoms around a
central metal atom. The information provided usually consisted of the type of atom,
coordination number, and distance from the central atom. EXAFS spectroscopy is
usually carried out at the number of synchrotron radiation sources available around
the world. These sources provide high intensity continuous radiation for use in
spectroscopy. Until recently EXAFS spectroscopy required 40 minutes or more to
acquire a spectrum. Over such a timescale, only species stable for over 40 minutes
can be studied. This makes it difficult to study reactions as they happen in solution.
Recent developments in EXAFS technology has made it possible to follow reactions
which occur over minutes. These developments include the use of QUEXAFS which
allows acquisition of spectra in minutes and EDEXAFS which allows acquisition of
spectra in seconds. Further details of EXAFS, QUEXAFS and EDEXAFS are given
in Chapter 2 of this thesis.

Among the various other techniques that can be used to study intermediates
is electronic absorption spectroscopy which may be used to obtain information on
oxidation states and also coordination geometry of various intermediate stages. This
can act as complementary to EXAFS studies of most compounds as it provides
information on the immediate environment of the metal atom.

'H, 31P, BC NMR studies of reaction mixtures at low and ambient
temperatures can also provide information on the nature of species present in the
mixture e.g. the presence of alkyl coordinated olefin and hydride species. In-situ
solution infra-red spectroscopy can also be useful in indicating the formation of new
functional groups. Two of the in-situ cells developed for infra-red spectroscopic
studies were the ICI®” and Moser™ cells which both consist of reaction cells fitted
with integral stirrers.
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While, crystallisation of the material in the reaction mixture and subsequent
X-ray crystallography can provide some insight into the general direction the
reaction is taking, it is not the same as an in situ experiment, as numerous changes
may happen to the reaction intermediates or products during the crystallisation

process.

1.10 Recent EXAFS studies of homogeneous and

heterogeneous catalysts:

Using EXAFS, it is possible to obtain information on the type and number
of atoms surrounding the absorbing atom, up to a distance of about 4-5 A as well as
the average distance to these atoms. Interatomic distances can be obtained to an
accuracy of 1% while coordination numbers of any particular shell can be
determined to an accuracy of 20%. The fact that EXAFS can be used on solids
(crystalline and amorphous), liquids, solutions and gases make this a very useful
technique.

EXAFS provides information on the average environment of a metal atom.
Like most other forms of spectroscopy, EXAFS should be used in combination with
other techniques. EXAFS is often used in combination with protein crystallography
in the study of bioinorganic systemség.

In situ and other forms of characterisation of heterogeneous catalysts has
often involved the use of EXAFS. This is because the metal centres of interest
located on the surface of a solid support can be probed directly without interference
from the surrounding matrix. EXAFS has been used to characterise nickel ion sites
in zeolite catalystsm’”’n. Woolery et al.” and Sano er al.”' have both shown that
the nickel in zeolite Y (introduced by ion exchange is present initially as
[Ni(OHz)ﬁ]2+ and that calcination results in a reduced Ni-O coordination of 4. The
formation of small nickel metal particles on silica and alumina supports have been

investigated using EXAFS™™,
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EXAFS studies have also been reported on homogeneous sytems. ‘Ballivet-
Tkatcenko et al.” carried out studies on active alkene polymerisation catalysts
derived from Adinitrosyl iron and cobalt complexes in solution. The inactive
precursors [M(NO),CL,], (M= Fe, Co), together with the AgBF, activated catalysts
were investigated by EXAFS and reference compounds were used to assist the data
analysis. For the iron catalyst species in acetonitrile, the results were consistent with
a trigonal bipyramidal coordination of three solvent molecules (non-equivalent) and
two slightly bent nitrosyl ligands.

Combined EXAFS and IR studies on an ethene hydroformylation catalyst
system derived from [H3Ru4(CO),]" have been reported by Evans et al.™. The in
situ formation of the cluster species [HRu3(CO),;]" was concluded from the Ru-K-
edge EXAFS data; the results were supported with results obtained using IR
measurements.

Ni-K-edge EXAFS studies on propene dimerisation catalysts”"", formed by
the interaction of solutions of NiCl,(PEts), with Al,Me;Cl; and AlEt; at -40°C
indicated a first coordination sphere of C and P atoms as opposed to a coordination
sphere of chlorine and phosphorus atoms in the staring material. In addition, the
catalytic intermediate showed Ni...Al shells at 2.97 A suggesting Ni-C-Al
interactions which stabilise the nickel centre. A possible structure is shown in

Figure 1.16.7

PEt\Ni /CH3 \Al /C1
PEt/ \CH3/ \Cl

Figure 1.16. Figure showing a possible intermediate formed in a solution of
NiCl, (PEt3),/ AL, Me;Cly/AlEt; at -40°C."”
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Studies of a Ni(acac), precursor in the presence of phosphine and also a
Lewis acid such as AlMe,(OEt) revealed the coordination of the phosphine followed

alkylation and subsequent coordination of trialkylaluminium. This is shown

schematically” in Figure 1.17. " ’
TEt;,
PEt;, - 60 °C
‘Ni(acac), Ets \ i >
1
AIEt,(OEY), AlMe,(OE1),
PPhs, 25 °C PEts, — 60 °C
Et.P, Me
0 Et SN
\N / /Nl
o '\PPh M ; PEts
3 AIR,
4 3

Figure 1.17. Schematic diagram showing the reaction of Ni(acac), with
AlEt;(OEt) and in the presence of phosphine78.

9
Andrews and Evans’ 3¢

also performed in-situ NMR and EXAFS studies of
homogeneous alkene oligomerisation catalyst Ni(cod),-Ph,PCH,C(CF;),0H formed
on addition of Pho,PCH,C(CF3),0H to Ni(cod), (cod= cycloocta-1,5-diene).

EXAFS was used by Goulon er al.*"** in the study of homogeneous
hydrogenation catalysts prepared from the reduction of transition metal complexes
by AlEt;. The EXAFS spectrum of nickel octoate solution in benzene after
reduction by AlEt; showed the formation of nickel metal clusters in solution.

Studies have also been performed on the bond angle determination at metal
coordination centres from ligand K-edge EXAFS®. This was possible by
triangulating the distances derived from both the ligand and metal absorption sites.
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This has been possible with the extension of EXAFS into the soft X-ray region

(S.0.X.A.F.S.) which has allowed access to common donor atoms such as
phosphorus, sulphur and chlorine. This paper reports bond angles at nickel in
phosphine complexes, some of which are precursors of alkene oligomerisation

catalysts. The results were compared to those derived using X-ray crystallography.

1.11 Aims of the project:

The aims of this project include,

1) To perform concentration and acquisition time studies of the nickel
catalysts using Ni-K-edge EDE and QUEXAFS spectroscopy.

2) To perform in situ studies of the nickel alkene oligomerisation catalysts
using EDE and QUEXAFS spectroscopy at varying temperatures. This should
provide some indication of the coordination sphere of the nickel atom in such
catalyst solutions at varying temperatures in the presence and absence of the olefin.

3) To perform in situ studies of the palladium catalysts for the Heck reaction
using QUEXAFS spectroscopy. This set of experiments would be useful in
determining the nature of the coordination sphere around the central palladium atom

during the vinylation of aryl halides.
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CHAPTER 2 EXTENDED X-RAY ABSORPTION FINE
STRUCTURE SPECTROSCOPY.
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2.1 Introduction:

X-ray absorption spectroscopy is concerned with the changes in the
absorption spectrum observable on interaction of X-rays with matter. The
wavelength of X-rays that are absorbed by a particular element are a characteristic
of that element. This is because X-rays are only absorbed when they have the same
energy as the energy required for an electron in the atom to make a quantum leap to
another energy level or to be ejected from the atom. Thus, the wavelengths of X-
rays absorbed depend on the energy levels available in the atom. The extent to
which X-rays of a particular wavelength are absorbed depends on the absorption
coefficient at that wavelength.

Absorption Edges: As the wavelength A of the X-rays is decreased (or
equivalently as the energy of the photons is increased), the absorption coefficient,
u, generally decreases until a certain critical wavelength is reached where the
absorption coefficient increases abruptly by several-fold. This discontinuity in the
absorption coefficient corresponds to the ejection of a core electron from an atom
and is called an absorption edge. Further decrease in wavelength causes a similar
decrease in absorption coefficient but at a somewhat different rate until another
absorption edge is reached. There is one absorption edge for the K- shell, three for

the L- shell, and five for the M- shell. This shown in the Figure 2.1.!
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Figure 2.1." Cross-section of absorption against photon energy showing the K,

L, and M absorption edges.

Post-Edge Oscillations (XANES AND EXAFS): Small post-edge oscillations
can be observed in the X-ray absorption spectrum of an element surrounded closely
or bonded to other atoms. These oscillations can be divided into two overlapping
regions called the XANES region and the EXAFS region. See Figure 2.2.

The EXAFS region consists of oscillations in the region 30 eV above the
edge upto typically 1000 eV above the edge. These oscillations are caused by the
backscattering of the ejected photoelectron by the neighbouring atoms back to the
central atom. The constructive interference between the incoming (backscattered)
and outgoing photoelectron leads to sinusoidal oscillations in the EXAFS region of

the X-ray absorption spectrum.
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Figure 2.2. Ni-K-edge X-ray absorption spectrum of Ni(acac), (70mM in
toluene), showing the absorption edge, the XANES region and the EXAFS

region.

The XANES region extends from approximately 30 eV before the edge to
upto 70 eV past the edge. The oscillations in the XANES region are caused by
multiple scattering resonances of the ejected photoelectron in the continuum.

In this thesis, we will mainly be concerned with EXAFS spectroscopy as a

means to obtain chemical information.
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2.2 Extended X-ray absorption fine structure spectroscopy":

EXAFS spectroscopy involves the measurement of the X-ray .absorption
coefficient, p, as a function of photon energy E above the threshold of an
absorption edge. EXAFS spectra generally refer to the region 40 - 1000 eV above
the absorption edge. Near or below the edge, there are absorption peaks due to
excitation of core electrons to some bound states e.g. 1s to nd, (n+1)s, or (n+1)p
orbitals for the K-edge. The edge position also contains information about the
charge on the absorber. In between the pre-edge and the EXAFS region is the
XANES region which is only now being understood. It arises from effects such as
many-body interactions, multiple scatterings, distortion of the excited state
wavefunction by the Coulomb field, band structures etc.

Transmission and fluorescence are two of the several modes of EXAFS
measurements. Fluorescence has an advantage for dilute systems as it removes the
background absorption due to other constituents, thereby improving sensitivity by

orders of magnitude.

2.3 Theory of EXAFS spectroscopy:

EXAFS was first detected experimentally by Fricke? and Hertz’ in 1920,
although its capacity for structure has only been appreciated recently. One of the
first physical explanations of EXAFS was provided by Kronig*(1931). This was the
long range theory formulated in terms of Bloch waves in crystalline material.
However, he later formulated a short range theory (Kronig5 , 1932) based on the
modification of the final state of the photoelectron by atoms surrounding the excited
atom which was found to be more accurate. This theory of EXAFS was further
developed by Hartree er al.® in 1934, Petersen’ (addition of phaseshifts to the
photoelectron wavefunction), Kostarev® (application of the theory to condensed

matter), Schairawa et al’, Sawada'® (inclusion of the lifetime of the core hole
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state), and Shmidt"" (inclusion of Debye Waller factors into the theory). A review
of all the previous work on EXAFS was carried out by Azaroff'? in 1963. Schaich
(1973)" made a comparision of the short range and long range order theories based
on Bloch waves in crystalline materials. He concluded that the two wefe formall)’r
identical provided inelastic damping effects are taken into acount.

EXAFS is the final state interference effect involving scattering of the
outgoing photoelectron from the neighbouring atoms. The initial state is the
localised core level corresponding to the absorption edge. The final state is of the
ejected photoelectron which can be represented as an outgoing spherical wave
originating from the X-ray absorbing atom. When the absorbing atom haé a
neighbouring atom, the outgoing photoelectron wave will be backscattered by the
neighbouring atom producing an incoming electron wave. The final state is the sum
of the outgoing and all the incoming waves, one from each neighbouring atom. It is
the interference between the outgoing and the incoming waves which gives rise to
the sinusoidal variation of X-ray absorption coefficient, p, with photon energy E
above the threshold of the absorption edge. This is known as EXAFS.

In the case of a monoatomic gas such as krypton, the p vs E curve follows
the 2> decay as shown in Figure 2.3. As can be seen from the figure the curve

shows no post edge oscillations as there are no neighbouring atoms.
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Figure 2.3." X-ray absorption spectrum of the monoatomic gas krypton

showing few oscillations in the EXAFS region.

In the presence of neighbouring atoms e.g in Br,, the outgoing photoelectron
can be backscattered from the neighbouring atoms thereby producing an incoming
wave which can interfere constructively or destructively with the outgoing wave
near the origin, resulting in the oscillatory behaviour of the absorption rate. This
can be seen in Figure 2.4'. The amplitude and frequency of this sinusoidal
modulation of p vs E depends on the type (and bonding) of the neighbouring atoms

and their distances away from from the absorber respectively.
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Figure 2.4." X-ray absorption spectrum of bromine showing well defined

oscillations in both the XANES and the EXAFS region.

In a transmission experiment, the absorbance is given by,
ux = In (I,/D) (2.1)

where p= X-ray absorption coefficient, x= sample thickness, and I, and I are the
intensities of the incident and transmitted beams respectively.

For a monoatomic gas such as krypton, with no neighbouring atoms, a
photoelectron ejected by absorption of an X-ray photon will travel as a spherical

wave with a wavelength A = 2n/k where,
k= v 2m(E-Ey)/h? (22)

Here E is the incident photon energy and E, is the threshold energy of that

particular absorption edge.
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The modulation of the absorption rate in EXAFS, normalised to the

background absorptions (L) is given by,

»

Y(E) = [MGE) - 1oE)/ito(E) (2.3)

There are two main theories of EXAFS which use the amplitude and
frequency of the sinusoidal modulation of u vs E in order to obtain equations which
enable information to be obtained on the type (and bonding) of the neighbouring
atoms and their distances away from the absorber respectively. These are the plane
wave theory e.g the short range single electron single scattering theory and the
curved wave theory. The short range single electron single scattering theory makes
the plane wave approximation which assumes that atomic radii are much smaller
than the interatomic distance such that we can approximate the outgoing or
incoming spherical electron waves by plane waves. This is true at sufficiently large
kr i.e. high energy or at larger distances, r being the distance of the neighbouring
atom from the absorbing atom. At lower energies, the plane wave approximation
breaks down. This can be a problem in the case of light atom scatterers which
scatter only low energy electrons and also in the case of multiple scatterings where
low k data are needed. For such situations the curved wave theory is more
appropriate.

The Plane Wave Single Electron Single Scattering Theory: In 1970, Sayers et

1415 produced the basic plane wave EXAFS expression. Sayers er al.'*'* pointed

al
out that the Fourier transform of the EXAFS once corrected for the phaseshifts
produces peaks at distances corresponding to the shell radii of the coordination
shells of the neighouring atoms. This was a key point in the development of EXAFS
as a technique for structural determinations. Sayers er al. 1415 made the assumption
that atoms are point scatterers. In 1974, Stern” developed the EXAFS theory
further.

More formal derivations of the EXAFS equation based on Green's function

and generalisation to Muffin tin scattering potentials can be found in Ashley and
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Doniach'®, Lee and Pendry (1975)17, Lee (1976)18 and Grosso and Parravicini
(1980)". Adjustments were made in the theory for any amplitude reduction caused
by multiple excitations by Rehr er al.*® and Stern et al‘(1980)21. A recent derivation
of single and multiple scattering formalisms of EXAFS was obtained from Boland;
Crane and Baldeschwieler (1982)22.

Considerable work was done on the plane wave single electron single
scattering theory by Stern”, Stern Sayers and Lytlez4, Ashley and Doniach'®; Lee ét
al 17,

In summary, according to the plane wave theory EXAFS in k space is

described by the following equation:

s ; (2k + ¢ii (k)
x (k) ",Z N;S; (k)F;(k)e 2 gy 22 r]k‘r?%
j

(2.4)

Here F;(k) is the backscattering amplitude from each of the N; neighbouring atoms
of the jth type with a Debye Waller factor of o; (to account for thermal vibration
(assuming harmonic vibration) and static disorder,(assuming Gaussian pair
distribution) and at a distance r; away).
¢;;(k) is the total phaseshift experienced by the photoelectron.
™M 5 due to inelastic losses the scattering process (due to neighbouring
atoms and the medium in between) A; being the electron mean free path.
Si(k) is the amplitude reduction factor to many-body effects such as shake up/off
processes at the central atom (denoted by 1).

Each EXAFS wave is determined by the backscattering amplitude (N;F;(k)),
modified by the reduction factors S;(k), ¢?% and ¥V and 1/er-2 distance

dependence, and the sinusoidal oscillation which is a function of interatomic

distances (2kr;) and the phase shift ( ¢;(k)).
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While N is a linear term, ¢?°*" is an exponential damping which reduces
the amplitude at increasing k values. The sinusoidal EXAFS oscillation is caused by
the interference sin(2kr) term with a frequency 2r in k space. Distance r also
reduces the EXAFS amplitude by 1/r* which implies that the larger the distance, the
weaker will be the EXAFS signal (assuming other things are equal). Finally, the
effect of the total phase shift ¢(k) in shifting the sine wave in k space is such that it
not only changes the origin but also the frequency of the sine wave. It has relatively
little effect on the amplitude.

The amplitude function Fj(k) depends mainly on the type of backscatterer
and also to some extent on the reduction factor S;(k) which is mainly a function of
the absorber. The phase function contains information from both the absorber and
the backscatterer.

The Debye Waller factor contains important structural and chemical
information. It has two components- Oy, and oy, due to static disorder and thermal
vibrations respectively.

There are two categories of inelastic scattering processes which tend to
reduce the EXAFS amplitude. The first is caused by multiple excitations at the
central atom while the second is caused by excitation of the neighbouring atoms and
the intervening medium by the photoelectron. In the equation 2.4, the inelastic
losses due to multiple excitations (many body effects such as shake-up and shake-off
processes) at the absorber are approximated by an amplitude reduction factor
Si(k) <1, whereas, the inelastic losses due to an excitation of the neighbouring
environment is approximated by ¢”/*® where A(k), which depends on k, is the
electron inelastic mean free path.

In EXAFS, multiple scattering can become important when atoms are
arranged in a colinear array. Here the outgoing photoelectron is strongly forward
scattered by the intervening atom, resulting in a significant amplitude enhancement.
In fact, both the amplitude and the phase are modified by the intervening atom(s)
for bond angles ranging from 180° to 75°. The effect however drops off very

rapidly for bond angles below ca 150°. For these systems it is necessary to rewrite
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the equation 2.4 to take into account the multiple scattering involving the
intervening atoms. |
Curved-wave theory: The exact curved wave theory can be found in Lee and
Pendry (1975)17 and Gurman and Pettifer (1979)26. This theory is mathematically
complicated and difficult to apply in analysis. Gurman et al.*”*® developed a rapid

curved wave theory which can save upto 40 times in computation time.

2.4 Data Acquisition:

2.4.1 Synchrotron radiation:

A schematic representation of the S.R.S. at Daresbury is shown in Figure
2.5%. Synchrotron radiation is produced via the acceleration of an electron beam (in
an ultra high vacuum chamber) to close to the speed of light. The electrons are
accelerated using a radiofrequency booster and injected into a storage ring. The
electron trajectory is maintained within the storage ring for several hours by
constant magnetic fields and as the electrons travel at a fixed energy around the
circular path and at relativistic speeds, synchrotron radiation is emitted. The
radiation is in the form of a narrow cone that sweeps around the orbit as the
electrons rotate,and beamlines located at tangents to the ring enable the wide band

radiation produced (hard X-rays to far infra-red) to be utilised.
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The advantages of synchrotron radiation over conventional sources can be
summarised as follows:
1) Tuneability over a wide energy range with a continuous spectrum (i.e a broad
spectral bandwidth) : This means that the absorption edges of numeroﬁs elementg
can be reached with the synchrotron source. The energy of the stored electrons and
the radius of curvature of the bending magnets determines the maximum photon
energy available. On most stations at the SRS, there is insufficient quality of light
below ca. 0.9 A wavelength to obtain good quality EXAFS spectra. Beryllium
windows are also present on the beamlines and so the minimum photon energy
available is governed by the absorption of the light by the beryllium, hence the
photons with wavelengths greater than 3.2 A may not be used (Station 3.4 is an
exception as it has no beryllium windows). High energy photons with wavelengths
as low as 0.3 A are utilised in station 9.2. This is possible because of the presence
of a Wiggler magnet. The Wiggler magnet (a niobium - titanium alloy embedded in
copper and cooled in liquid helium) consists of three successive poles of alternating
polarity and causes the electron beam to undergo a localised "wiggle". This has the
effect of shifting the critical energy of the radiation to a higher level (See figure

2.6). Thus shorter wavelengths (higher energies) can be used.
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Figure 2.6. The synchrotron radiation spectrum obtainable from the S.R.S at

Daresbury, showing the broad spectral bandwidth.

2) High Intensity: The intensity of the radiation produced is a factor of 10° to 10°
times greater than that produced by the most powerful laboratory source. This
means that spectra can be recorded in a shorter time and on more dilute samples.

3) High Collimation: As mentioned earlier, the radiation is not isotropic but is
folded forwards by relativistic effects into a narrow cone (See Figure 2.7). High
resolution can be achieved because the small vertical angle of emission of the beam
ensures that the height of the beam is small ( ca. 2mm) many metres away from the

source.

electron orbit

——

acceleration

m = rest mass of electron
6, = mc*/E
£ = energy of stored electrons

Figure 2.7.*" Figure showing the emission of synchrotron radiation.
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4.2 Three types of EXAFS spectroscopy: EXAFS, QUEXAFS, and EDE:

There are three main types of EXAFS based on the mode of acquisition.
These are scanning EXAFS, Quick EXAFS (QUEXAFS), and Energy. Dispersive
EXAFS (EDE). While scanning EXAFS and QUEXAFS can be run in both the
transmission and fluorescence modes, EDE can only be run in the transmission
mode. In order to understand the latter two some understanding of the mechanism
of operation of the first i.e. scanning EXAFS is required. Although the bulk of this
thesis is based on data from EDE spectroscopy and some QUEXAFS, a few

representative spectra have also been obtained using scanning EXAFS spectroscopy.
a) Transmission Scanning EXAFS:

The experimental set up for EXAFS spectroscopy in the transmission mode is

shown below in Figure 2.8.

. stepper motor foil
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Figure 2.8. The experimental set-up for transmission EXAFS.

X-rays from the synchrotron source are collimated and the wavelength
selected by the monochromator. Slits before and after the monochromator control
the size of the beam hitting the sample, the vertical height of the beam being

important in determining the energy resolution of the spectrum. The double crystal
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monochromator on station 9.3 consists of two Si(220) crystals, that are connected to
a stepper motor to enable angle 6 to be varied and hence the desired energy range to
be scanned. However, the light reflected off the second crystal is not perfectly
monochromatic as it not only consists of the fundamental reflection (n=1 in the
Bragg equation, nA = 2dsinB) but contains higher order harmonics as well. The
higher order harmonics, which are not absorbed by the element under study, can
cause significant contamination of the fine structure as they pass through the sample
unattenuated. The rejection of the higher order harmonics is an important
experimental consideration and is achieved by misaligning the ﬁrst crystal off
parallel with respect to the second crystal. On misaligning the crystal, the
contribution to the signal from the higher order harmonics diminishes because the
rocking curves for these harmonics are much narrower compared to that of the
fundamental, and are also angularly displac:ed.30 Hence, it is important to remain
on one side of the curve during the scan. A pic20 motor is used to maintain the
misalignment and therefore a constant degree of harmonic rejection as the scan
proceeds. On Station 9.2, the double crystal monochromator consists of two Si(220)
crystals.

Ion Chambers: For each wavelength selected by the monochromator,
intensities of the incident and the emergent rays are measured by use of ion
chambers before and after the sample. Each ion chamber contains two plates, one
being at -400 V and the other having a Keithley amplifier attached. Transmittance
values of around 80% and 20% for I, and I, respectively are required and this is
achieved by filling the ion chambers with various mixtures of rare gases, depending
on the edge being studied. A relative absorbance (relative to the real absorbance
In 1o/1,) is measured by taking the log of the ratio of currents in each detector. The
absorbance is relative due to being superimposed on the baseline of the
spectrometer, which is itself energy dependent. A metal foil placed after second ion
chamber but before a third ion chamber (I,) may be used to calibrate the spectrum

in the event of monochromator drift.
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b) QUEXAFS*"*

This stands for Quick EXAFS. As mentioned earlier scanning EXAFS
spectroscopy involves using a double crystal monochromator which ié moved in
small angular steps to vary the output energy of the monochromator.”’ At each of
these positions, the monochromator is held fixed and the absorption of the sample
is measured. The measurement time is varied to ensure a sufficiently accurate
measurement of the absorption. The process is repeated at many energies until a
spectrum of absorption against energy is complete. The time taken to complete such
a scan is 30-90 minutes. Considerable reductions in total scan time can be achié%zed
by moving the monchromator at a constant angular speed and measuring the
absorption “on the fly'. This reduces considerably, as the time taken to wait while
the monochromator moves and while it settles from the acceleration and
decelaration of the move are reduced when the monochromator is scanned at
constant speed. Under these circumstances, it becomes important to synchronise the
data collection to monochromator movement by recording absorption (in
transmission or fluorescence) at regular time intervals.**?*** Thus, it is possible by
these means to collect spectra in times as low as 20-30 seconds.

The experimental set up for the QUEXAFS was at Station 9.3 on the 5T
wiggler at the SRS at Daresbury.’** The station was equipped with a vertically
focussing mirror, which in addition to providing extra flux also performs harmonic
rejection due to due to the critical angle cutoff of the mirror reflectivity. Also, there
is a very stable water-cooled monochromator.The monochromator is similar to that
for scanning EXAFS spectroscopy and is made up of two crystals. The crystals are
water cooled to prevent heating of the crystal. The advantage of the water cooled
crystal is that d-spacing does not vary as the temperature changes with heat from the
X-ray beam. The second crystal is long and flat and placed in a ‘channel cut’
position, thus allowing the monochromator to be moved through the required
energies with the diffracted beam from the first crystal ‘walking’ up and down the

second crystal. The second crystal is mounted on three piezoelectric ‘Inchworm’
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drivers, which have a travel distance of 25mm with a smallest step of 2 nm. The
drivers are used to align the two crystals, in order for the crystal planes to be
parallel with each other. To enhance the harmonic rejection, the second crystal is
misaligned slightly. Unlike the monochromator on Station 9.2 (scanniné EXAFS):
where the second crystal is operated by a servo system to maintain the
misalignment, the monochromator on Station 9.3 is operated without much
movement of the second crystal position. This is because of the perfection of the
second crystal, enabling almost exact alignment of the two crystals, the stability of
the inchworm drivers and the monochromator set-up. If a servo system was used a
settling time would be introduced to the system, which would lead to noise in ‘fl;e
QUEXAFS scan. A dc servo motor which is controlled by the output from an
encoder capable of encoding the Bragg angle position to 0.1 mdeg, and a shaft
encoder on the drive motor drives the monochromator. The disadvantage of using
stepper motors as on Station 9.2 to do QUEXAFS is that they move in a series of
sharp steps, forming a series of high frequency pulses, causing intensity fluctuations
in the monochromator output and giving rise to noise in the detection. The dc servo
motor moves in smooth continuous movements and can also be turned or swung out
at high speed whilst still achieving a static positional accuracy of 0.1 mdeg.
monochromator Bragg angle is driven by a DC stepper motor system encoded by a
0.1mdeg encoder.’®*” The high flux on the sample together with the use of a high
count rate 13 element solid state germanium fluorescence detector (3) make it
possible to obtain quality data on dilute solutions in less than 2 minutes.

Thus, although QUEXAFS was developed initially as a time resolved tool to
investigate time dependent events it is nowadays lending itself to replace the more
time consuming conventional point by point procedure, thus permitting a more
efficient use of beam time at synchrotron sources.”> A recent critical evaluation of
the speed limit of the QUEXAFS technique was made by Frahm and Wong32 who
determined that with current technology a 1000 eV EXAFS scan can be measured in
5-20 seconds and a 100 eV XANES spectrum in 1-2 seconds depending on the

crystal monochromator used and the energy range scanned. Further development
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would be needed to achieve sub-second time resolution. Applications of QUEXAFS
to time resolved studies include an investigation into the particle growthv of PtRh
clusters supported on NaY**, combination with XRD to perform in-situ studies of a
solid state production of cordierite from a precursor zeolite® and studies of high

temperature solid combustion reactions™ , among others.
¢) Energy Dispersive EXAFS:

EDE is a technique developed for time resolved studies of chemical
systems.‘“’42 Unlike scanning EXAFS and QUEXAFS it does not involve scanning
over the range of photon energies but involves measuring them all simultaneously
by using an experimental setup which uses a bent crystal monochromator and a
photodiode array detector. EDE is a technique that is currently employed at
Daresbury for the study of dynamic experiments. This has involved the development
of a high performance VME-based detector system using a photodiode array.*

Figure 2.9 shows the experimental set-up for the EDE station at
Daresbury.** A bent silicon crystal monochromator selects the appropriate range of
X-ray energies from the synchrotron radiation white beam which are spacially
dispersed and brought to a focus at the sample. A linear photodiode array (PDA) is

placed behind and registers the transmission spectrum across its active length.

49



SRS

Computer termminal.

Bent crystal
monochromator.

B

Sample. — Micro VAX.

Temperature
Contr(l)ller.

[ﬁj:] —— Cryuostat. ~—Microprocessor.

PD.A ' Eleﬁtronics.

< >

Figure 2.9. Schematic diagram showing the experimental setup for energy
dispersive EXAFS at Station 9.3 at the S.R.S in Daresbury.

Four different photodiode arrays were used during the course of this thesis.
They were as follows: The Reticon RL1024S, the Reticon 512T, the Reticon
512S8B, and the Hamamatsu S3904. Daresbury Laboratory staff carried out separate
investigations into each of these arrays and subsequently developed optimised drive
and signal processing electronics to suit each of thse systems. Over the range of

42,45

studies by Daresbury Laboratory, the following characteristics of each of the

photodiode arrays were determined.
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Table 2.1 Characteristics of the 4 evaluated arrays:42 AS

Device Type: - Ret1024S Ret512T Hama S3904 Ret 512SB

Active Length and 1" 1" 1" 172"

number of pixels 1024 512 1024 512 ]
Pixel Size (microns) 25 50 25 25

Reticon RL1024S: The problems encountered by the Daresbury laboratory***

included fixed pattern noise, poor linearity of response, low readout speed and
signal to noise ratio. Most of these problems were in part due to the early mgtgl
oxide semiconductor technology. -
Reticon 512T: This device gave much reduced fixed pattern -noise, an improvement
of x4 in linearity and of x2 in charge saturation. It is a 512 pixel device with 50pm
spatial resolution.
Hamamatsu S3904: This device showed an increase in speed by x8, an increase in
linearity of x4 better than the 512T and better energy resolution due to its 25 pm
spatial pitch. However, it was x5 less efficient in photon capture than the r512T,
possibly due to a thinner active area. It was, however, one of the best devices
tested.
Reticon 512SB: This device exhibited excellent linearity similar to the $3904 and it
is thought that readout speed could be increased by x5. Although this device gave
very good measuring parameters, its reduced sensing area of 12.5mm limited the
EXAFS range.

Calibration: Calibration of the EDE detector once again involved changing
the angle of the bent crystal monochromator to search for the edge signal from a
metal foil placed in the path of the beam. The degree of bend in the crystal was then
varied to get a better focus at the sample followed by further fine tuning. Once the
edge signal was found, this point of the detector is assigned the known energy value
of the edge. The same monochromator position was maintained for the rest of the
experiments based on this calibration. Post-edge energy values were assigned

relative to this edge position. These values were assigned by obtaining a well
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calibrated spectrum of the same foil using scanning EXAFS. The uncalibrated EDE
spectrum was then aligned with the scanning EXAFS spectrum of the foil. The
offset required to perfectly align all regions of the spectra was calculated. The
energy values in eV from the scanning EXAFS spectrum were then assiéned to the
pixel numbers of the EDE spectrum, using the equation y=mx+c where y=
calibration, x= pixel number, m=energy value in ev per pixel number, c= offset
required to align the spectra. The calibration at the ESRF in Grenoble was
performed using a more complicated quadratic equation such as y= ax’+bx+c,

where x= pixel number, c= offset and y= calibrated value in ev.

Setup of cells for I, and I, measurements in EDE: See figure 2.10.

Vacuum chamber S.R.S
containing solution cell

for measurement of I, . ..
Aluminium or kapton

foils for measurement
Sample stage is moved to of IO .

the left to allow the
measurement of IO . 77

a &=

Motor for moving sample stage
along the platform. Sample stage movable
along platform when
driven by the motor.

- Platform.

Figure 2.10. The motorised set-up of cells for the sequential measurement of I,

and I, as required for recording a complete EDE spectrum.
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EDE Setup at fhe ESRF at Grenoble Station ID24: While EDE experiments at
Daresbury usually involve silicon monochromator crystals in the Bragg geometry, it
is possible at the Grenoble ESRF also to use silicon monochromator crystals in the
Laue geometry. The difference between these two is that in the Bragg case there is
asymmetric broadening of the reflectivity profile leading to strong distortions of the
near edge structure and to a reduction in spectral resolution. In contrast the
reflectivity profile of the crystal in the Laue case are hardly affected by the crystal
bending and essentially preserves a rectangular shape.46

Figure 2.11 shows the experimental set-up using a Laue crystal in

transmission mode.

detector

i : Diode-array
|
!

Curved Laue
monochromator

Figure 2.11. Schematic diagram of the EDE spectrometer DEXAFS at Hasylab

employing transmission monochromator optics. *

A schematic diagram of the experimental setup of the optics and the
experimental hutches at station ID24 at the ESRF at Grenoble used for obtaining
EXAFS spectra is shown in Figure 2.12.
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d) Fluorescence EXAFS:

Measuring fluorescence intensity provides an alternative means of obtaining
relative values for p. Fluorescence detection is required when the element under
study is present in a low concentration, or when the sample is so thick that nearly
all the beam is absorbed. This method of recording EXAFS is essential for dilute
solutions since the fluorescence is of that of the absorber directly and so the
contribution from the solvent is effectively removed. For dilute solutions, the
fluorescence intensity obtained is a direct measure of the k-shell absorption
probability. Thus, an excitation spectrum (I¢# I versus photon energy) is equivalent
to an absorption spectrum ( p versus the photon energy).

Fluorescence detectors often consist of a thallium doped Nal detector,
comprising of a collimator, scintillator and photomultiplier or a 13 element solid
state germanium detector for very dilute samples. Experimentally, the sample is
placed at 45° to the beam. Scattering of the radiation also occurs from the sample in
this configuration but placing the detector in the horizontal plane at 90° to the beam
ensures that the scatter count is minimised, since the radiation from the S.R.S. is
polarised. Filters placed in front of the scintillation detector are used to further
reduce the scattered radiation accompanying the fluorescence radiation. The choice
of filter is dependent on the edge being studied; typically a (Z-1) foil is used for
first row transition elements so that the K-edge of the filter is at a higher energy
compared to the fluorescence.

Both scanning EXAFS and QUEXAFS spectroscopies can be carried out in

the fluorescence mode, but EDE can only be carried out in the transmission mode.
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2.4.3 Sample Preparation for XAS studies:

The experiments for this thesis were carried out on Station 9.3 of the S.R.S

at Daresbury and at Station ID24 of the E.S.R.F at Grenoble.
a) Room temperature samples:

Solid precursor samples were diluted with boron nitride to give 10% of the
element under study. Samples were held between kapton sellotape in aluminium
sample holders. Room temperature solutions of the precursors wer/; prepared under
air sensitive conditions using dried and degassed solvents. Samples were contained
in air tight aluminium cells (path length= 1cm) with kapton windows (Figure 2.13)
held between clamping plates.

Solution inlet Circular windows
and outlet. ’ surrounded by O-rings
to provide a seal.

Clamping plates to hold

—Kapton windows on
either side of solution
cell.

Stainless steel solution
cell with O-ringed
circular window.

Nuts and bolts to hold
the clamping plates in
place around the kapton
windows.

Figure 2.13. Room temperature cells for use in solution studies.
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seen from Figu}e 2.15, the prepared reagent solutions were placed in the reagent
syringes which were clamped into electronically driven syringe drivers. These
syringe drivers pumped the reagent solutions into a cooled observation cell wher?
mixing could take place at low temperatures. The cell was cooled using boil-off

from a liquid nitrogen dewar as shown in Figure 2.15.

. | ‘wo reagent syrmges
Line heater. d glass P driven by syringe drivers.
tabe /
(—___—_@-\ / Reagent outlet for waste
y [ Juti
Va 7 QF] solution.
Tabing. Thermscouple probe.
e Qutlet for hiquid
Rubber nitrogen boil off.
connecting . """ Tworeagentinlets to
tabe. allow solution into cell
i L H11T] separately.
Liquid ] Inlet for liquid
nitrogen 1 nitrogen boil off.
dewar. ' Stainless steel solution
Temperature cell
Contrel Box.
1 7 11] __-Solution cell window
To the computer &= >\ H——Path of nitrogen through
for instructions. - =90] cell body.

Figure 2.15. Schematic diagram showing the experimental set-up (not to scale)
used for low temperature studies of reaction mixtures at the S.R.S in

Daresbury.

As can be seen from the Figure 2.15, the observation cell had needle
connections to the two reagent syringes to enable solutions to be driven separately in
to the cell and mixed in situ. There is a single outlet or reagent waste tube out of the

cell. The cell has kapton windows clamped to either side of it.
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required temperature before being passed via steel tubes in and out of the steel body
of the observation solution cell as shown in Figure 2.15. A thermocouple probe
placed inside the cell body detects the temperature of the cell. This is relayed back
to the computerised temperature control box which adjusts the flow o'f the liqu{d
nitrogen boil off accordingly.

A more detailed drawing of the vacuum chamber*” is shown in Figure 2.17.
The vacuum chamber has beryllium windows which enable the X-rays to pass
through to the reaction cell inside the vacuum chamber. The beryllium windows are
placed on three sides of the box allowing for both transmission and fluorescence

experiments.

vacuum vacuum
tlange tight
box

N
transmission fluorescence
window (Be) g window (Be)

Figure 2.17. Vacuum chamber used for low temperature EXAFS studies of

reaction mixtures.

The chamber also has flanges for fitting vacuum pump tubing to evacuate the
vacuum chamber after the cell is placed in the chamber and prior to lowering the
temperature of the cell. The solution cell is secured to the chamber using vacuum

tight Edwards fittings or locks. The kapton windows of the observation cell were
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¢) Stopped flow studies:
These were carried out using a modified SFA-20 by Hi-Tech Scientific,

Salisbury, U.K. A schematic diagram of the modified SFA-20 stopped-flow system

for room temperature EXAFS studies is shown in Figure 2.19.

; StOp with Stoppmg Waste
Microswitch Syringe Reservoir

i

Drive
Plate

. {=3-{~ Light Path

Drive Solution

) i 3-Port : Cell
Syringes Reservoirs °

valves

Figure 2.19. Schematic diagram showing the modified SFA-20 stopped-flow
system (made by Hi-Tech Scientific, Salisbury) used for room temperature

EXAFS studies of reaction mixtures.

The stopped-flow system consisted of two reagent syringes filled and driven
by two syringe drivers which were controlled by a control box. On pressing the start
button on the control box, the solutions from the two reagent syringes are released
into a mixing chamber after which they enter an observation cell with kapton

windows to allow X-rays to pass through. Simultaneously, any waste or old solution
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2.5 Data Anélysis:

In order to extract useful information from the raw spectrum it was
necessary to process the data. Two separate programs were used to process the data,
These were PAXAS*** and EXCURVE92*. PAXAS is a PC program developed
by N.Binsted at Southampton, and was used to subtract the background absorption
from the raw XAS spectrum. EXCURV92, a programme developed in Daresury,
was used subsequently, to generate a theoretical model to be fitted to the
experimental EXAFS.

2.5.1 PAXAS:*"%

The first step in PAXAS was to calibrate the transmission or fluorescence spectra
with reference to a monitor spectrum of the relevant metal foil. In the case of
scanning EXAFS spectra, the data was collected as absorbance versus
monochromator. The next step involved editing out any glitches or spikes in the
spectrum using the edit facility of the programme. Glitches and spikes in the
spectrum are often caused by beam movements, sample inhomogeneity or additional
reflections from the monochromator. These were edited out of the spectrum, in the
case of sharp spikes, by moving the points of the spike down in the y-direction.
Where the glitch coverered a larger area, the relevant points were deleted and
replaced by a polynomial to fit the rest of EXAFS spectrum. However, care was
exercised when editing spectra by these methods as the spectrum may be corrupted.
It was therefore often preferable to edit these artefacts on the K weighted
background subtracted spectrum than on the raw spectrum.47

In order to reduce the signal to noise ratio, spectra were sometimes
averaged using PAXAS after they were aligned using the edit facility.

The spectrum now contained the background absorption of the spectrometer
together with the residual absorption by any other element within the sample. In

order that these effects were removed so that only absorption due to the central atom
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remains, pre-edée and post-edge background subtraction were performed. The result
of this background subtraction was a spectrum of x (k) versus k.

Pre-edge background subtraction:*’ Removal of the pre-edge background
was achieved by fitting the pre-edge absorption trend with a polynomial of order 5
or 3. The points Ul and L1 were defined by the program and then an extra point P1
is chosen (Figure 2.21 ). By altering the position and weighting of P1 satisfactory
pre-edge subtraction was obtained. The background subtracted absorption (BSA) can
be flat or gently sloping downwards. Poor pre-edge background subtraction can
result in very low frequency terms in the EXAFS spectrum, thus leading to
incorrect EXAFS amplitudes. /

Post-edge background subtraction:*’ This was performed by defining the
points U2, L2 and an extra point P2 and fitting these with either a polynomial of
order 6 or 7 or an inverse polynomial or a linked cubic polynomial (splines), such
that the amplitude of the EXAFS was divided equally (Figure 2.21). Various
weighting parameters were also used as part of the post-edge background
subtraction. These parameters were related by the equation,

W = W, + k' +e¥*
where w; was the total weighting, W, was varied in the range 0-5 and W, was
varied in the range 0-2. W, can be taken as 0,-1, or -2. As the amplitude of the
oscillations diminishes at high energy, the EXAFS was multiplied by a power of k,

normally 3, in order to compensate for this ( Figure 2.21).
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2.5.2 EXCURV92:%%!

The rapid curved-wave theory of Gurman et al*"* has been used by this program to
fit the experimental data to a calculated theoretical spectrum. In order to obtain a
theoretical spectrum, firstly, the phase shifts were calculated for the elements
present by ab initio methods. Von-Barth ground state potentials and Hedin
Lundqvist exchange potentials were used by the calculation for this purpose. The
parameters used to generate the theoretical spectrum are given below in Table 2.2.
These parameters were used to generate a theoretical spectrum. The parameters of
the theoretical spectrum were adjusted and refined by a least squ;res iteration to

optimise the fit of the theoretical spectrum to the experimental spectrum.

Table 2.2 Parameters for generating a theoretical EXAFS spectrum.

NS The number of shells for which the theory is calculated.

Nn The number of atoms in shell N.

Rn The distance of shell n from the central atom.

Tn The atom type for shell N.

An The Debye-Waller factor for shell n, defined as 2

Ef The difference between calculated Fermi-level energy and the

known value for the element.

Eo The magnitude of the photoelectron energy at zero wave vector.
This is not under user control when using Hedin-Lundgvist

potentials.
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Table 2.2 Parameters for generating a theoretical EXAFS spectrum (Cont'd).

AFAC | The energy independent amplitude factor intended to take care of
reduction in amplitude due to multiple excitations. This is different for,
each absorbing element, and is obtained from analysis of model
compounds.

Emin The minimum energy value for calculations or plots.

Emax The maximum energy value for calculations or plots.

Kmin Wave vector corresponding to (Emin+EQ).

Kmax Wave vector corresponding to (Emax +EQ)

Lmax The maximum angular momentum usedin theory calculations.

WPI Used to allow for experimental broadening when using Hedin-
Lundqvist potentials, as the imaginary part of the potential (VPI) is not
specified by the user.

In order to obtain the theoretical spectrum, it was necessary to input starting

values for the coordination numbers, shell distances, Debye-Waller factors and Ef.

The atom type of each shell was also defined. These variables were then refined

together, except the coordination numbers, as they are highly correlated with the

Debye-Waller factor. The co-ordination numbers were then refined separately

without the Debye-Waller factors to obtain the optimum fit. Refinement takes place

using an iterative procedure.

The goodness of fit between the theoretical spectrum and the experimental

spectrum was measured in two ways. The first was by calculating the R-factor’2.

The R-factor was calculated as the sum total of the errors between all the data points

given as a percentage of the experimental.

R=[[xT-yEIKdk* 100/ [yE(k)k’dk (2.5)
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The R-factor should not exceed ca.30% or standard compounds, although with
dilute samples-and noisy data this can be difficult to achieve.

The goodness of fit was also measured using the Fit Index*’. The fit index
calculates the sum of the square of the differences between the theoretical ana

experimental data points.
FI= I, [(0C-xOk’T (2:6)

A satisfactory fit index has a value of less than 8%107, with good fits being less than
5%10™. Statistical errors and correlation coefficients™ for the final values of each
parameter are also calculated using standard techniques within the EXCURV92
program.

There are many factors which restricted the number of shells that could be
fitted to a particular spectrum or data set. The most important factor was the length
of the data set. This also placed a limitation on the resolution obtained from a given
data set. The resolution determined the ease with which different shells could be

distinguished. It is given5 5 by the equation shown below.
AR = m/2Ak (2.7)

Ak is determined by the length of the data set starting from 3A™. This is because
EXAFS spectra are not fitted below ca. k= 3A™ | as this region is dominated by
XANES, and requires a different theoretical treatment. Thus, the resolution
obtained from a data set of length 14A™ is 0.14 A. This would mean that shells
separated by more than 0.14 A apart can be distinguished by the data analysis.
Thus, the length of the data affects the number of shells that can be distinguished in
a given data set.

The length of the data was also important in determining the number of

independent variables that can be iterated at one time when calculating the best
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theoretical specirum . The number of independent variables is given by the

following equation5 5,

Nigp = 2AKAr/7 (2.8). .

where Ar is the difference between the closest and the most distant shells being
fitted. The number of refined variables must not exceed the calculated Nig,.

Various tests have also been designed to determine the statistical signiﬁcancé
of shells and whether too many parameters have been included. The statistical test
of Joyner et al. 56 suggests that if a reduction in the fit index is satisfied by FI,.1/FI,
0.96, then the new shell is significant. In this test, only shells that are significant at
the 99% probability level are included.

The calculation of %7, provided an alternative test for determining the
significance of an additional shell. This is calculated using the equation given

below.
%> = (F1* Nig) / [(Nigp - Npare) * NiJ (2.9)

where, FI= The fit index,
Npaes= The number of refined variables
Nigp,= The number of independent parameters,

N,= The number of shells fitted according to equation 3

In order for a shell to be statistically significant, the value of x* must be lower than

its value before the new shell was introduced.
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CHAPTER 3. CONCENTRATION AND ACQUISITION
TIME STUDIES ON MODEL NICKEL COMPLEXES.
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3.1 Introduction:

EDE'"? is a technique which allows fast acquisition of EXAFS data and is
therefore suitable for time resolved studies of chemical systems.® It can also be used for
studies of model compounds. The experimental set-up required for EDE is given in
section 2.4.2.c and usually involves a dispersive focussing triangle shaped bent crystal
monochromator with a position sensitive detector which is able to achieve fast recording
of the energy dependent X-ray absorption spectrum,**%"*

Three EDE detectors were used at the SRS at Daresbury during the course of
this study. These were the Reticon 512T, Hamamatsu S3904, Hamamatsu S4874
detectors. The Reticon is a 500 pixel detecor with a 50um spatial pitch, while the two
Hamamatsu detectors are 1000 pixel detectors with 25 pm spatial pitch. The
characteristics of the PDA (photo-diode arrays) in each of these detectors was evaluated
by a range of studies carried out by Daresbury Laboratory staff.>"

QUEXAFS (Quick EXAFS), like EDE, is also a technique for fast recording of
EXAFS spectra to allow some time resolved work.'""'>?!*!5 The experimental set-up
required for QUEXAFS is detailed in 2.4.2.b and involves using a double crystal
monochromator which is moved in small angular steps to vary the output energy of the
monochromator. Data collection is synchronised to monochromator movement by

recording the absorbance at regular time intervals.''"'*'* Thus, spectra can be collected

1n minutes.

3.2 Objectives in this section:

The main objective of this section was to run spectra of the complexes
(NiBr,(PEt,),, NiCl,(PEt,),, and Ni(acac),) using different dilutions of analyte and also
to check the acquisition times required to optimise the EDE signal. This is because EDE
is a developing technique and like all spectroscopic technique requires the appropriate

concentrations and acquisition times to be used.
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This section will compare EDE with QUEXAFS data and will also be concerned
with the effect of the type of EDE detector and QUEXAFS on the quality of data
obtained e.g. Reticon 512T, Hamamatsu $S3904, Hamamatsu S4874, and QUEXAFS. ,

The data obtained from one of the EDE detectors and QUEXAFS was solved
and is presented, in this chapter, to see the comparability of the parameters obtained. In
all instances, tests were carried out to test the significance of a new shell” and to avoid

overfitting of data to short data sets”.

3.3 Experimental Details:

Details of the experimental set-up used for EDE and QUEXAFS spectroscopy
are given in Section 2.4. Three main types of EDE detectors were used for the model
studies in this chapter. These were the Reticon 512T 500 pixel (spatial pitch per pixel=
50um) detector, the Hamamatsu S3874 1000 pixel (spatial pitch per pixel= 25um)
detector and the Hamamatsu S4874 1000 pixel detector. Upto 10k or 381eV of data can
be obtained currently using EDE.

The Ni-K-edge EDE spectra of the three nickel complexes (Ni(acac),,
NiCl,(PEt,),, and NiBr,(PEt;), ) were obtained on the Reticon 512T detector using
varying concentrations (10mM, 25mM, 50mM, 100mM) of analyte, and using varying

numbers of scans (10, 100, 1000, 9000 scans). A comparision of these results is
presented in Sections 3.4 and 3.5. A comparision of the results obtained from the three
different EDE detectors and also QUEXAFS is presented in Section 3.7.

All the studies were carried out at room temperature, using the room
temperature cells detailed in Section 2.4.3. The NiX,(PEt;), (X= Br, Cl) solutions were
prepared in dried and degassed p-fluorotoluene. The Ni(acac), solution was prepared in
dried and degassed toluene.
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3.4 Introduction to the structures of the NiBr,(PEt,),, NiCL(PEL,),, and

Ni(acac),:

The three nickel complexes used for catalyst studies in this project were
NiBr,(PEY;),, NiCL(PEt,), and Ni(acac),. Data from X-ray crystallography and other
sources suggests that both NiBr,(PEt,), and NiCL,(PEt,), both adopt a trans square-planar
structure in the solid state.”” The square-planar structure of the complex along with
some of the relevant parameters obtained from X-ray crystallography are shown in

Figure 3.1.

Et,P Br
170°
2.23A
Ni
2.29A e
90°
Br PEt,

Figure 3.1. Square Planar NiBr,(PEt,), complex.

Unlike the diamagnetic halogenophosphines of nickel, anhydrous Ni(acac),
which is paramagnetic adopts a trimeric structure in the solid state” and in most non-
coordinating solvents. The nickel atoms are bound together in symmetrical linear chains
of three by the acetylacetanato-oxygen atoms such that a distorted octahedron of oxygens

surrounds each nickel atom (Figure 3.2).
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nickel
oxygen
carbon

Figure 3.2 Trimeric structure of anhydrous Ni(acac),.?*

Table 3.1% shows neighbouring atom distances to each nickel atom in the anhydrous
Ni(acac), , calculated from the atomic coordinates for the X-ray crystal structure®®. Each
nickel atom is crystallographically unique and the distorted structure results in a wide
range of Ni-O distances. The terminal oxygen atoms, for example, form short Ni-O
bonds (1.89A- 2.08A) whereas the bridging Ni-O bonds are on average longer, with
some of the bridges being asymmetric (distances ranging from 2.08A- 2.40A).
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Table 3.1 Table showing the neighbouring atom distances from each nickel atom,

calculated from the X-ray crystal structure for anhydrous Ni(acac),.”

Ni(1) Ni(2) Ni(3)
atom distance/A atom distance/A atom distance/A
o 1.976 0(6) 1.961 0(10) 1.887
o1 2.026 00) 1.966 0(12) 2.000
0@) 2.062 o) 2.037 0@3) 2.070
0(5) 2.142 0@3) 2.051 009) 2.081
o) 2.148 o) 2.076 0(6) 2.146
0@) 2.267 oQ) 2.180 o®) " 2.400
cQ6) 2.763 CQ) 2.821 cen 2.794
Ni2) 2.882 C(7) 2.831 Ni(2) 2.896
c@l) 2.894 Ni(1) 2.882 CQ6) 2.902
c(22) 2.971 Ni(3) 2.896 can 2.933
C(20) 3.175 C(22) 2.954 C®) 3.063
camn 3.176 c) 2.987 C@30) 3.147
c(1) 3.234 C(6) 3.049 c(12) 3.246
C(25) 3.504 ca2) 3.109 C@®) 3.433
c(7) 3.611 C(10) 3.328 C(6) 3.478

A plot of the EXCURVE calculated radial distribution function for the X-ray
crystal structure Ni-O distances for Ni(acac), (assuming a value for the Debye Waller
parameter of 0.003 A for each Ni-O interatomic distance)®’ shows that the spread of
distances is non-Gaussian in nature (Figure 3.3). However, a Gaussian distribution of
distances is assumed in the calculation of EXAFS theory and deviations from this type
of distribution can lead to an apparent shortening of an EXAFS derived average
distance.” Thus, the complicated structure of Ni(acac), presents several potential

problems where EXAFS analysis is concerned.
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In model EDE and QUEXAFS studies of the above mentioned three
compounds, the nickel K-edge was studied and in the case of NiBr,(PEt,),, even the
bromine K-edge EXAFS was studied, for chemical changes during and .prior to the
reaction taking place. The EDE and QUEXAFS data obtained was compared to the
structures and parameters obtained from X-ray crystallography and previous EXAFS
studies”***'. A comparision of the raw spectra from each of these nickel complexes is
shown below in Figure 3.4. As expected there are some similarities between the raw

spectra of the two NiX,(PEt;), (X= Cl,Br).
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Figure 3.4. Comparision of the Ni-K-edge EDE spectra (Reticon 512T detector) of
a) NiBr,(PEt;), (100mM solution in p-fluorotoluene, 1000 scans, Each scan= 31
ms) b) NiCL(PEt;), (100mM solution in p-fluorotoluene, 1000 scans, Each scan=
28 ms) ¢) Ni(acac), (100mM solution in toluene, 1000 scans, Each scan= 33 ms).
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3.5 Comparision of EDE spectra of three nickel catalyst complexes

obtained using different concentrations of the analyte:

Nickel-K-edge EDE spectra of the NiBr,(PEt,), complex in p-fluorotoluene were
obtained at concentrations of 10mM (1000 scans, each scan= 9.0ms), 25mM (1000
scans, each scan= 10 ms), 50mM (1000 scans, each scan= 25 ms), and 100mM (1000

scans, each scan= 31 ms) using 1000 scans. The results are shown in Figure 3.5.
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Figure 3.5. Comparision between the Ni-k-edge EDE (Reticon 512T) spectra of
solutions with varying concentrations of NiBr,(PEt,), in p-fluorotoluene a) 100mM
(1000 scans, each scan= 31 ms), b) SOmM (1000 scans, each scan= 25 ms), ¢)
25mM (1000 scans, each scan= 10 ms), d) 10mM (1000 scans, each scan= 9 ms).
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As the concentration of the nickel complex increased, the absorbance (edge
height) increased according to Beer's law, A= €Cl (i.e. where e= molar extinction
coefficient). The law applies under dilute conditions until the point that the detector is,
saturated by the absorbance. The concentrations looked at in this study were lower than
required for saturation of the detector.

Figure 3.5 shows that, given that the path length and absorption coefficient are
kept constant, the edge height of the spectra is proportional to the concentration of the
nickel complex.

A closer look at the kK weighted EXAFS regions of spectra Qf solutions of
increasing concentrations of NiBr,(PEt,), in p-fluorotoluene and Ni(acaé); in toluene are
shown in Figure 3.6 a and b, respectively. As expected, the results show that the signal
to noise ratio improved on increasing the concentration of the nickel complex. It may
have helped to increase scan times in order to obtain longer data sets. However, this is
not always the case. Also, longer scan times result in poorer time resolution during real

time studies of a reaction involving this complex.
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Fig.3.6 i) Comparision between k* weighted Ni-K-edge EDE (Reticon 512T) spectra
(1000 scans) of solutions of varying concentrations a) 100mM ( each scan= 31 ms)
b) S0mM ( each scan= 25ms) ¢) 25mM ( each scan= 10 ms) d) 10mM ( each
scan= 9ms) of NiBr,(PEty), in p-fluorotoluene. ii) Comparision between kK
weighted Ni-K-edge EDE (Reticon 512T detector) spectra (1000 scans) of solutions
of varying concentrations a) 100mM (each scan= 32 ms) b) 50mM (each scan= 26
ms) ¢) 25mM (each scan= 11 ms) d) 10mM (each scan= 10 ms) of Ni(acac), in

toluene.
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3.6 Comparision of the EDE spectra of three nickel catalyst cdmplexes

using varying numbers of scans:

The signal at any given concentration is optimised by increasing the integration
time of the signal so that the background absorption can be removed accurately. Further
improvement in the signal to noise ratio can be obtained by increasing the number of
scans appropriately. It is expected that the signal to noise ratio should improve as a
square root of the number of scans.

EDE spectra of NiBr,(PEt,;), (100mM in p-fluorotoluene) obtained using varying
numbers of scans are shown in Figure 3.7a. EDE spectra of Ni(acac), (100mM in

toluene) using varying numbers of scans are shown on Figure 3.7b.
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Figure 3.7. i) Comparision between EDE spectra obtained with varying numbers
of scans, a) 9000 scans, b) 1000 scans, ¢) 100 scans, d) 10 scans; scan duration= 31
ms, of NiBr,(PEt)), (100mM in p-fluorotoluene). ii) Comparision between EDE
spectra obtained with varying numbers of scans, a) 9000 scans, b) 1000 scans, ¢)

100 scans, d) 10 scans, scan duration= 32 ms, of Ni(acac), (100mM in toluene).
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A closer look at the I’-weighted EXAFS data of the same spectra can be seen on
Figure 3.8 a and b. As expected, the signal to noise ratio improved as the number of
scans was increased from 10 scans to 100 scans to 1000 scans. However, on increasing
the number of scans further to 9000 scans the S/N ratio worsenned. This is thought to be
related to the stability of the beam because movement of the beam can cause a

misalignment of the I, with respect to I, and thus cause greater noise in the data.
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Figure 3.8 i) Comparision between k’-weighted Ni-K-edge EDE data of
NiBr,(PEt;), (100mM in toluene) obtained using a) 9000 scans, b) 1000 scans, c)
100 scans, d) 10 scans; scan duration= 31 ms. ii) Comparision between k’-weighted
Ni-K-edge EDE data of Ni(acac), (100mM in toluene) obtained using a) 9000 scans,

b) 1000 scans, ¢) 100 scans, d) 10 scans; scan duration= 32 ms.
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3.7 Comparision of the results obtained from various EDE detectors

and QUEXAFS:

a) i) Comparision of Ni-K-edge EDE and QUEXAFS data obtained from NiBr,(PEL,),

in p-fluorotoluene:

Figure 3.9 shows a comparision of the data obtained using a Reticon 512T

EDE detector and QUEXAFS from NiBr,(PEt;), (100mM solution in p-fluorotoluene).

k)

Kx(k)

Figure 3.9. Figure showing a comparision between k’-weighted Ni-K-edge EXAFS
data obtained on a solution of NiBr,(PEt,)), (100mM in p-fluorotoluene) using a)
Reticon 512T EDE detector (1000 scans, scan duration= 31 ms) and b) QUEXAFS

(total acquisition time= 2 minutes).
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The EDE data obtained using the Reticon 512T was obtained in 31 seconds. The
QUEXAFS data was obtained in two minutes. As can be seen upto 12k of noise free
data was obtained using the QUEXAFS. The EDE data is noisy but can be used upto
9k. The fitted data is presented in Figure 3.10 and Table 3.2.
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Figure 3.10. Figure showing a comparision between a) Fitted Ni-K-edge, k° -
weighted QUEXAFS data (above) and its Fourier transform (below) and b) Fitted
Ni-K-edge k’-weighted EDE data (above) and its Fourier transform (below), of a
solution of NiBr,(PEt;), (100mM in p-fluorotoluene).
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Table 3.2. Table showing the parameters obtained from the fitted Ni-K-edge EDE
and QUEXAFS spectra, of NiBr,(PEt;), (100mM in p-fluorotoluene), as shown on
Figure 3.10. A comparision with scanning EXAFS data® is also made.

EDE Data: AFAC= 0.9, EF= 1(1), R= 30.0%.

QuE Data: AFAC= 0.9, EF= -1.5(4), R= 13.9%.

EXAFS Data: AFAC= 0.82, EF= 13.3 eV, VPI= -3.0 eV, R= 19.4%.

Type of coordinated atom P Br
EDE C.N 2.0 2.0 (1)
QuEC.N 1.97 (8) 2.08 (8)
EXAFS C.N 2 2»

EDE R/A 2.18 (2) 2.273 (5)
QuE R/A 2.276 (4) 2.315 Q)
EXAFS R/A 2.3 9) 2.3(3)
X-Ray R/A 2.26 2.30
EDE o/A? 0.012 (3) 0.009 (1)
QuE o/A? 0.008 (1) 0.004 (1)
EXAFS o/A? 0.01 (2) 0.0055 (5)

It is clear from Table 3.2, that both the EDE and QUEXAFS data supported the
presence of two shells consisting of i) 2 phosphorus atoms at 2.2 A from the central
nickel atom and ii) 2 bromine atoms at 2.3 A from the central nickel atom. This data
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supports previous scanning EXAFS data and also X-ray crystallography data. The data
supports the structure shown in Figure 3.1

The poorer resolution between shells obtained from the shorter EDE data is clear
from Figure 3.10 a and b, which show the broadening of the Fourier transform peak$
for the EDE data as compared to the Fourier transform peaks from the longer
QUEXAFS data. This is expected as resolution is proportional to m/2Ak where k=
length of the data set. |

a)ii) Comparision of bromine-K-edge EDE and QUEXAFS data using NiBr,(PEL;), in

p+fluorotoluene:

Figure 3.11 shows the k® weighted EXAFS data obtained from the bromine-K-
edge spectrum of NiBr,(PEt,), (140mM in p-fluorotoluene) using the Hamamatsu S3904

using 4000 scans (each scan= 190 ms). It also shows the bromine-K-edge spectrum of
NiBr,(PEt,), (140mM in p-fluorotoluene) using the Hamamatsu §4874 using 4000 scans

(each scan= 30.5 ms).
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Figure 3.11. Figure showing the k>-weighted Br-K-edge EDE data obtained on a)
sblution of NiBr,(PEt,), ( 140mM in p-fluorotoluene) using the Hamamatsu S3904
EDE detector (4000 scans, each scan 190 ms) b) solution of NiBr,(PEt,), (70mM in
p-fluorotoluene) using the Hamamatsu S4874 EDE detector (4000 scans, 30.5 ms)

The fitted data from the Hamamatsu S3904 and its Fourier transform are shown

on Figure 3.12. The parameters obtained from this fit are shown on Table 3.3.
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Figure 3.12. Figure showing the fitted k>-weighted Br-K-edge EDE EXAFS data of
NiBr,(PEt,), (70mM in p-fluorotoluene) obtained using the Hamamatsu S3904 EDE
detector (Figure 3.11 a) and its Fourier transform.
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Table 3.3: Table showing the Br-k-edge parameters obtained from the fitted kK’
weighted EDEXAFS spectrum (Figure 3.12) of NiBr,(PEt), ( 70mM in p-
ﬂuorotoluene)A and the fitted k° weighted scanning EXAFS data of NiBr,(PEt,),
(25mM in p-fluorotoluene).” : ,

EDE parameters: AFAC= (.80, EF(S.D)= -8.2 (0.9), R= 32.8%.

EXAFS parameters: AFAC= 0.81, E0= 13.9¢V, VPI= -3.6 eV, R= 21.1%.

Type of atom Ni P Br
EDE C.N 1.01 ) 1.80 3) 1.0 2)
EXAFS C.N 1 2 1

EDE R/A 2.294 (4) 3.206 (4) 4.44 (1)
EXAFS R/A 2.29 (1) 3.17 (4) 4.57 ()
X-ray R/A 2.30 3.24 4.60
EDE o/A? 0.0039 (4) 0.028 (4) 0.008 (2)
EXAFS o/A? 0.0082 (6) 0.004 (1) 0.022 (3)

Thus, the data obtained from the EDE detector (Hamamatsu S3904 detector, total scan
time= 12.6 minutes) does compare well to the data obtained using scanning EXAFS

spectroscopy (total scan time= more than 40 minutes).
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b) Comparision of nickel-K-edge EDE and QUEXAFS data from Ni(acac), in toluene:

The Figure 3.13 shows a comparision of the data obtained from the Reticon
512T EDE detector, the Hamamatsu S3904 detector and also some QUEXAFS data
using Ni(acac), (100mM in toluene). While the Reticon data was obtained m 33
seconds, the Hamamatsu data was obtained in 1.8 minutes, the QUEXAFS data was
obtained in two minutes. |

K (k)

Ky (k)

0 3 6 9 12
k/A*

Figure 3.13. Figure showing a comparision between the k’-weighted Ni-K-edge
EXAFS data of Ni(acac), (100mM in toluene) using a) EDE (Reticon 512 T
detector, 1000 scans, scan duration= 32 ms) and b) Hamamatsu S3904 detector

(1000 scans, scan duration= 105 ms) ¢) QUEXAFS (total acquisition time= 2

minutes).
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Once again, the Reticon gave data upto 10k in 32 seconds, the Hamamatsu
S3904 gave the same in 1.8 minutes, while QUEXAFS gave data upto 12k in two
minutes. The data from the Reticon and QUEXAFS studies were subjected to curye

fitting analysis and the results can be seen in Figure 3.14.
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Figure 3.14. Figure showing the fitted k’-weighted EXAFS data and Fourier
transform of Ni(acac), (100mM in toluene) obtained using a) QUEXAFS scan (scan
duration= 2 minutes) b) EDE (Reticon 512T detector) scan (1000 scans, each

scan= 31 ms).

The effect of shorter data lengths can also be seen from the broadenning of the

Fourier transform peaks shown in figure 3.14, which leads to poorer resolution between

shells.
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Table 3.6 Table showing a comparision of the k’-weighted Ni-k-edge parameters
from EDE and QUEXAFS (See Figure 3.14) of Ni(acac), (100mM in toluene) and

scanning EXAFS data”;

EDE data: AFAC= 0.9, EF(S.D)= 3.32 (0.29), R= 23.48%.

QUEXAFS data: AFAC= 0.9, EF(S.D)=2.38(0.56)), R= 20.28%,

EXAFS data: AFAC= 0.82, E,= 28.8 eV, VPI= -2.0 eV, R= 18.8 %.

Type of atom 0] C Ni C

EDE C.N 6.4 (1) - 1.4 (3) 11 (1)
QuE C.N 5.8 (1) 2.5(3) 1.12) 12.1 (8)
EXAFS C.N 6.1 3.8 1.3 8.2

EDE R/A 2.009 (3) L 2.86 (1) 4.45 (1)
QuE R/A 1.999 2) |2.874(12) |3.158(9) |4.42(1)
EXAFS R/A 1.98 2.85 3.09 4.33
EDE o/A? 0.017 (1) L 0.029 (4) 0.010 3)
QuE o/A? 0.015(1) ]0.0214) |0.019(2 |0.012(3)
EXAFS o/A* 0.015 0.010 0.022 0.017
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A comparision can be made between the EDEXAFS, QUEXAFS and scanning
EXAFS data. Some discrepancies do arise due to the complicated structure being looked
at, but overall the data remains comparable.

Both the QUEXAFS and EDEXAFS data could be fitted to a first coordination
shell of six oxygen atoms at 2.0 A which is as expected from the trimeric structure of
Ni(acac), and from X-ray crystallography data and scanning EXAFS data. QUEXAFS
parameters solved the data to a second shell of 3 carbon atoms at 2.9 A which wés
supported by scanning EXAFS data. However, EDEXAFS data did not achieve the
resolution required to distinguish between the carbon shell at 2.9 A and the nickel shell
at 3.1 A. QUEXAFS (data length= 12k), EDEXAFS (data length=9k) and scannihg
EXAFS (data length= 14k) data were fitted to show the presence of a nickel shell of 1.3
atoms at 3.1A to within statistical error. This supports the expected coordination number
and spatial distance for this shell as per X-ray crystallography. QUEXAFS, EDEXAFS
and scanning EXAFS data were all fitted to show the presence of a carbon shell at 4.4A.
" However, the coordination number of the atoms in this shell varied between the methods
used although the spatial distance from the central nickel atom was comparable within
statistical error. Thus, despite being a complicated structure QUEXAFS, EDEXAFS

and scanning EXAFS provided similar data for Ni(acac),.

¢) Comparision of nickel-K-edge EDEXAFS and QUEXAFS data from NiCl,(PEt;), in

p-fluorotoluene:

Figure 3.15 shows a comparision between EDEXAFS data obtained using the
Reticon 512T, the Hamamatsu S3904 and QUEXAFS data using NiCl,(PEt;), (100 mM
in p-fluorotoluene). It is quite clear from this figure that the Reticon EDE data is far
better than the Hamamatsu data both as it is less noisy and also that it requires less

acquisition time.
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Ky (k)

Figure 3.15. Figure showing a comparision between the k’-weighted Ni-K-edge
EXAFS data of NiCL,(PEt;), (100mm in p-fluorotoluene) obtained using a) Reticon
512T EDE detector (1000 scans, each scan= 28 ms) b) Hamamatsu S3904 EDE
detector (1000 scans, each scan= 105 ms) ¢) QUEXAFS (one scan, scan time= 2

minutes).

The Reticon and QUEXAFS data were solved to obtain a comparision between
the parameters obtained using EDE and QUEXAFS. This is shown in Figure 3.16 and
Table 3.8. It was decided not to solve the Hamamatsu data as it was too noisy compared

to the Reticon 512T.
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Figure 3.16. Figure showing the fitted k>-weighted Ni-K-edge EXAFS data and the
respective Fourier transforms of NiCL(PEt;), (100 mm in p-fluorotoluene) using a)
QUEXAFS (one scan, scan time= two minutes), and b) EDE (Reticon 512T EDE

detector, 1000 scans, each scan= 28 ms)

The Fourier transform data (Figure. 3.16) show quite clearly that the resolution
between shells was poorer with the shorter EDE data. This can be seen by the
broadenning of the peaks with shorter data sets. The parameters for the fitted data sets
shown above in Figure 3.16 are shown in Table 3.8. Previous results obtained from
transmission scanning EXAFS spectrum of NiClL,(PE,), (0.18M in p-fluorotoluene)® are
also shown Table 3.8.

i
N
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Table 3.8. Table showing the Ni-K-edge EDE, QUEXAFS parameters obtained for
NiCL(PEt,), (100mM in p-fluorotoluene), using the fitted spectra shown on Figure
3.19. The table also shows the parameters obtained from the scanning EXAFS
spectrum of NiCL(PEt), (0.18M in toluene).”

EDE data: AFAC=0.9, EF= 1.47(0.55), R= 23.33%.
QUEXAFS data: AFAC= 0.9, EF= -1.31(0.32), R= 17.01%.
EXAFS data: AFAC= 0.82, E,= 14.2¢V, VPI= 3.0eV, R= 19.2%.

Type of coordinated | P Cl C

atom

EDE C.N 4.12 (7 _ —
QUE C.N 4.12 (4) . 6.8 (7)
EXAFS C.N 2 2 -
EDE R/A 2.192 (3)

QuE R/A 2.204 (1) L 4.295 (7)
EXAFS R/A 2.14 (2) 221 () |
EDE o/A? 0.0093 (4) L L
QUE o/A? 0.0052(1) L 0.006 (1)
EXAFS o/A? 0.0012 (4) 0.004 (1) {

The fitted parameters in Table 3.8 show that due to the similarities between the
phase-shifts of the phosphorus and the chlorine atoms and the fact that the two shells are
at roughly the same radial distance from the central nickel atom, it was not possible to

distinguish between the two shells. Thus, it was only possible to fit the spectrum to a
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single shell of 4 phosphorus atoms at 2.192 (3)A rather than to two shells of 2
phosphorus atoms at 2.14 (2)A and two atoms of chlorine at 2.21(1) A. This was true
for both, the EDE and QUEXAFS data. It was possible to fit the scanning EXAFS data

to two shells, one of chlorine and one of phosphorus.

3.8 Conclusion:

The results on the whole indicate that both EDE and QUEXAFS provide
analysable data although the latter still provides longer data sets that therefore provides
better resolution between shells. 8k-9k of data can be obtained using EDE within 35
seconds and 12k of data using QUEXAFS in two minutes. Conventional scanning
EXAFS spectra usually provides 12k-14k of data within 40 minutes. Thus, a
considerable saving in acquisition time has been made with EDE and QUEXAFS
although there is still room for improvement of data lengths using EDE. A number of
new EDE detectors are being developed and promoted at the SRS in Daresbury which
should eventually lead to better quality data. Previous studies *'* have shown that the
Hamamatsu has better energy resolution than the Reticon 512T due to its 25um spatial
pitch and also better linearity than the Reticon 512 T. The Hamamatsu is however less
efficient at photon capture and takes longer to acquire a spectrum. Despite this, in our
comparisions we found that the Reticon provided data with a better signal to noise ratio
than the Hamamatsu using a smaller acquisition time.

Further, the studies have shown that with the current state of technology, the
quality of EDE data can best be obtained at concentrations above 50mM of the analyte
and 1000 scans. Increasing the number of scans to much more than 1000 scans results in
noisier data due to instability of the beam. Also, increasing the number of scans and
therefore the acquisition time of data results in poorer time resolution for real time
studies of chemical reactions.

The studies with the model compounds also show that the EDE and QUEXAFS
spectra both provide parameters that are comparable to scanning EXAFS and X-ray
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crystallography ﬁarameters on the same compounds. However, when two shells are
close together and the length of the data becomes important for the resolution of the two
shells, then EDE is at a disadvantage compared to QUEXAFS and scanning EXAFS.’
However, EDE is still at a developmental stage and improvements in data quality are

expected in a few years.
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CHAPTER 4. ELECTRONIC ABSORPTION AND
QUEXAFS SPECTROSCOPIC STUDIES OF Ni(acac)y/
AlEt3 CATALYST MIXTURES.
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4.1 Introduction:

The mechanism of nickel alkene oligomerisation catalysis has been studied
by numerous workers.!”” A number of nickel complexes have been used as the
catalyst with alkylaluminium cocatalysts.

This section of the thesis is devoted to a study of in situ mixtures of
Ni(acac),/AlEt; where Ni(acac), is the catalyst and AlEt; is the cocatalyst. As
mentioned in the introduction, AlEts is a strong Lewis acid and alkylating agent.®
On addition of triethylaluminium to nickel acetylacetonate, alkylation of the nickel
centre occurs with consequent loss of acac groups to the aluminium ion. The nickel
alkyls are unstable and undergo homolytic cleavage of coordinated alkyl groups by
coupling or by loss of an olefin molecule (in cases where the alkyl group has B-

hydrogens) to give metallic nickel as shown in Figure 4. 1.2?

Ni(acac), + al-CoHs

|

acac Ni—C,H, (30b)

/ l al-C,H, CgHs

e
CH.,CH,- acac Ni—H 3 C Hio0
Csz
a"C2H5
l CQH‘\ /
C.Hs +CH,
l C2H5
C.H-

Figure 4.1. Figure showing the mechanism by which a nickel diethyl species

may decompose to give alkene products and nickel metal.?
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The Ni(acac),/AlEt; mixture is known to catalyse the oligomerisation of
alkenes such as hex-l-ene. In-situ experiments of the nickel/aluminium catalyst
mixture would have to be in the presence of hex-1-ene. Previous EXAFS studies of
a similar catalyst mixture (i.e. Ni(acac),/AlIEt;(OEt), in the presence of hex-1-ene
have indicated the formation of an organometallic involving a coordinated olefin

and alkyl speciesg’10 as shown below.

N1
SV

NS
/

Figure 4.2. Figure showing the organometallic indicated to be present in
mixtures of Ni(acac),/AlEt;(OEt)/hex-1-ene (Ni:Al:hex-1-ene 1:2:20, [Ni]=
70mM in toluene) at 0°C using scanning EXAFS.

Studies involving AlEt; have shown that this cocatalyst is a much stronger
Lewis acid and it has been difficult to isolate the organometallic species. It will be
shown in this chapter that an organometallic as shown in Figure 4.2 is also formed
when AIEt; is used as a cocatalyst. However, this organometallic can only be
studied at low temperatures as at higher temperatures the reaction leads to nickel
metal precipitation. Time-resolved studies of nickel metal particle formation will
also be covered.

IR studies'® of this reaction mixture, based on a drop in absorbance at
1261cm™, showed that there is incomplete exchange of acetylacetonate groups for
alkyl groups at the point where catalytic activity is the highest. The same study also
showed that the nickel atom in the catalytic species still retains one acetylacetonate

ligand even after some alkylation and during catalysis.
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For the experiments in this chapter, the solvent used was toluene. This
allowed the catalyst to be studied with limited interference from any coordinating
solvent groupé. Otherwise, the oligomerisation reaction is thought to occur faster
and more efficiently in the presence of halogenated solvents. - R

The reaction was studied primarily using QUEXAFS spectroscopy with a
scan duration of two minutes to allow for some time resolution in the studies of any
reaction.'"'? Preliminary electronic absorption spectroscopic studies of the reaction

mixtures were also carried out.

4.2 Objectives:

a) To perform preliminary electronic absorption spectroscopy studies of the catalyst
mixtures in the presence and absence of hex-1-ene.

b) to use Ni-K-edge QUEXAFS to study the formation of nickel metal particles in
the Ni(acac),/AlEt; solution in the absence of hex-1-ene.

¢) to use Ni-K-edge QUEXAFS to study the nickel/aluminium mixture in the
presence of hex-l-ene i.e. Ni(acac),/AlEt;/hex-1-ene  (Ni:Al:hex-1-ene

1:2.5:20, [Ni]= 70mM) in toluene at -5°C and again at room temperature.

4.3 Preliminary electronic absorption spectroscopy studies of the

catalyst mixture Ni(acac),/AlEt;:

i) Spectrum of Ni(acac),, the starting material:

A spectrum of the starting material is presented in Figure 4.3.
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Figure 4.3. Figure showing the electronic absorption spectrum (scan duration=

4 minutes) of Ni(acac), (10mM in toluene).

A detailed analysis of the electronic absorption spectrum of Ni(acac), was
carried out by G.Maki in 1958." This showed that the peak at 1135 nm (e= 41
mol” cm™) is caused by a *A,, to *T, transition and the peak at 655nm (= 5 1

mol” cm™) is caused by a >A,, to *T,, transition.
it) In the absence of hex-1-ene:

An electronic absorption spectroscopic study of the Ni(acac),/AlEt; mixture
was carried out, in toluene, at room temperature, using varying ratios of Ni:Al e.g.

1:1, 1:2.5. In all instances, the concentration of nickel acetylacetonate in the
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reaction mixture was 10mM. The studies were carried out in a spectrometer cell

(See Appendix) under an atmosphere of argon. Each reaction was first scanned from

half a minute after mixing reagents. Scans were then taken every five minutes.
Figure 4.4 shows the spectra of the reaction mixture (Ni:Al 1:1, [Ni]=

10mM in toluene).

Absorbance

A/nm

Figure 4.4. Figure showing the electronic absorption spectra (scan duration= 4
minutes) of ’Ni(acac)Z/AlEt3 (Ni:Al 1:1, [Ni}= 10mM) mixture in toluene at
room temperature taken a) 0.5 minutes after mixing reagents up to b) 25

minutes after mixing.

The spectra clearly show the appearance of two new bands at 400 nm (e=
100 1 mol"cm'l) and at 500 nm (60 1 mol'lcm") as the reaction proceeded. These

bands are not caused by any product or starting material in the reaction mixture e.g.
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aluminium acetylacetonate, AlEt;, or even toluene. Spectra of all of these species
show absorbances below 350 nm, while the bands concerned appear at higher
wavelengths tﬁan that. From the low molar extinction coefficients, these bands are
likely to be d-d transitions. Square planar complexes usually exhibit a band (e= 50
- 500 1 mol” cm™) at 430- 670 nm and a second band at 370- 430 nm."“"> The
spectrum of the reaction mixture showed bands at 500 nm and 400 nm. The species
in the reaction mixture was therefore likely to be square planar.

As mentioned before the reaction should lead to alkylation of the nickel
species. However, the alkyl species are unlikely to be stable enough for
observation. It is therefore likely that an alkyl species stabilised by aluminium

interactions could be involved. A likely species is shown below in Figure 4.5.

Figure 4.5. Figure showing a possible alkylated apecies stabilised by aluminium
interactions.

Such a species with Ni-C-Al bridges has previously been implicated in the
reactions between other nickel complexes and alkylaluminium.l’9 The Ni-C-Al
interaction is thought to be one stabilising factor retarding B-hydride or reductive
elimination to afford metal.

Previous studies'® have also shown the formation of AlEt,(acac) as a product
of the reaction. Such a product can easily be formed from the alkylated species
shown in Figure 4.5 leading to a nickel diethyl species which then decomposes to

give nickel metal.
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Figure 4.6 shows the electronic absorption spectra of the catalyst mixture
Ni(acac),/AlEt; , using (Ni:Al 1:2.5, [Ni]= 10mM in toluene). Due to the higher
Ni:Al ratio, the reaction here occurred to give nickel metal very fast, As nicke}
metal particles formed, they gave rise to a colloidal mixture which led to the high
absorbance or scattering at lower wavelengths which also obscured changes in the
visible region of the spectrum. It was not possible to observe any changes in the

charge transfer region after this.

3.01

2.01

Absorbance

1.0

l——60——60 800 1000 ~ 1200 1400

Alnm

Figure 4.6. Figure showing the electronic absorption spectra of a) the
catalyst Ni(acac), (10mM in toluene) and b) Six consecutive scans of the
mixture Ni(acac);/AlEt; ( Ni:Al 1:2.5, [Ni]= 10mM) in toluene taken at
4 minute intervals with the first scan being taken 0.5 minutes after

mixing of reagents) .
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ii) In the presence of hex-I-ene:

Next, electronic absorption spectra of Ni(acac),/AlEt;/hex-1-ene (Ni: Al:hex-
1-ene 1:1:20, [Ni]= 10mM) were obtained at room temperature. 'I:he results.are
presented in Figure 4.7. The first spectrum was taken at half a minute after mixing
the reagents. The changes in the region 400-600 nm are less clear than in the

absence of hex-1-ene.

3.0,
5]
g 2.0;
=
£
Q
w
=]
< ,
1.0
C
a
0 . : —
400 > 600 800 1000

Figure 4.7. Figure showing the room temperature electronic absorption
spectra of Ni(acac),/AlEt;/hex-1-ene (Ni:Al:hex-1-ene 1:1:20, [Ni]=
10mM) taken at a) t= 0.5 b) 3.5 ¢) 6.5 minutes after mixing of reagents.
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These w.ere only preliminary experimehts of the reaction using electronic
absorption spectroscopy. Due to the lower concentrations of both the reagents, the
reaction proceeded at a rate slow enough to be observed using room temperature
electronic absorption spectroscopy. The exact experiments were not directly
repeatable using EXAFS because the concentrations required for EXAFS were much
higher (70mM- 80mM) than used for electronic absorption spectroscopy (10mM).

The next few sections of this chapter will be concerned with the QUEXAFS
spectra of the Ni(acac),/AlEt; mixtures in the presence and absence of hex-1-ene. A
spectrum of the metal foil will also be studied. All the mixtures in these sections
were studied at the SRS at the Daresbury Laboratory on Station 93 They were
studied in the transmission mode as detailed in Chapter 2. The variable temperature
equipment (with the vertically held syringe drivers) as detailed in Section 2.4.3 b,
was used for all these experiments. In all the cases, the two reagent syringes were
used to pump solution into the observation cell (volume= 0.7ml) at the same rate
(119 mi/hr) each. Thus, fresh solution entered the cell every 10.6 seconds. One of
the syringes would contain the Ni(acac), solution at twice the concentration
required in the cell mixture (as it would be diluted by half using the other reagent
solution) and the other syringe contained AlEt;/hex-1-ene solution in toluene at
twice the concentration required in the observation cell. (The figures given in the
brackets of the mixture throughout the rest of this chapter are of those of the
mixture composition in the observation cell after mixing.).

The EXAFS experiments were therefore carried out, using the variable
temperature equipment, to study any organometallic intermediates formed at low
temperatures. The EXAFS experiments were carried out at a range of temperatures
(—16°C, 0°C, and 20°C) to see the effect of changing the temperature on the
reaction mixture. As mentioned above, the formation of colloidal nickel metal

particles could also be studied using EXAFS.
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4.4 QUEXAFS spectrum of nickel metal foil:

Figure 4.8 shows a fited QUEXAFS spectrum of nickel metal foil and its
Fourier transform. The data confirms the theoretical parameters obtained based dn

the FCC structure of the metal.

Kx(k)

Amplitude

Figure 4.8. Figure showing fitted QUEXAFS data (one scan, scan time= 2

minutes) of nickel metal foil and its Fourier transform.
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Table 4.1. Table showing the parameters obtained from the fitted QUEXAFS
spectrum (one scan, scan time= 2 minutes) of nickel metal foil shown in Figure
4.8. : >
EF= -13.2(4) , AFAC= 0.9, R=28.87%.

Atom Coordination | FCC R/A FCC Value | o”/A™

type number Value R/A

Ni 12.0 (2) 12 2471 (2) | 2.492 0.0106
@

Ni 6.5 (8) 6 3.478 (9) | 3.524 0.019
2

Ni 28.0 (1) 24 4.320 (5) 4.316 0.0186
®)

Ni 14 .4(8) 12 5.144 (4) | 4.984 0.0062
@]

The parameters in the Table 4.1 show a first shell of 12 nickel atoms at
2.471(2)A, and second shell of six nickel atoms at 3.478(9)A as expected from the
FCC structure of the metal. However, coordination numbers for the third and fourth
shells were higher than expected. This could be because not all multiple scattering
paths were taken into account. In future experiments involving Ni(acac),/AlEt;
mixtures, the appearance of nickel shells at 2.471 A and 3.478 A could indicate the

formation of nickel metal particles in solution i.e. colloidal nickel."”

The particles of nickel that are likely to form in a Ni/Al mixture are more

likely to be small and dispersed clusters rather than foil.

Numerous workers have studied the chemical nature of nickel metal clusters
in the vapour state and in organic media.'¥?° EXAFS studies of nickel metal clusters

in the vapour state have also been carried out.?! These studies indicate a substantial
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contraction of the nearest neighbour distances in vapour phase nickel clusters as
compared to metallic nickel. The contraction in the nearest neighbour distances have
been thought to increase as the size of the clusters decreases. A similar contraction
has been seen in solvated nickel particles, but to a lesser extent. The observed bond,
length contraction was explained by a redistribution of cha\rge.21 It was thought that
in a cluster the total number of nearest neighbour atoms would be significantly less
than in bulk. This would lead to a reduction in the repulsive interactions between
non-bonded electron pairs. A contraction of nearest neighbour distances was

therefore thought to be the result.

It has also been seen that the contraction of nearest neighbour distances was
accompanied by an increase in the Debye Waller factors of the first shell in the case
of small metal clusters compared to the foil or even bulk metal. This was due to the
Jarge vibrational amplitude at the surface of the clusters and arises from the
relaxation of coordinatively unsaturated surface nickel atoms at certain faces of the

fine particle.”

4.5 QUEXAFS spectra of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]=

70mM) mixture at varying temperatures:

a) Comparision of the raw spectra at varying temperatures:

Figure 4.9 shows a comparision of the raw Ni-K-edge QUEXAFS spectra of
Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluene taken at different
temperatures (-16°C, 0°C, 20°C). At -16°C, the spectrum retained the white line
features of the starting material i.e. Ni(acac), , showing that the reaction had
proceeded little at these temperatures. At 0°C, the white line features of the
spectrum are softened, as the alkylation proceeded resulting in the octahedral

structure of the Ni(acac), breaking down. Finally, at room temperature, there was
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further change in the EXAFS spectrum of the reaction mixture as the reaction has
proceeded towards the formation of nickel metal particles. Thus, the spectra show

that the reaction proceeded to different extents at the different temperatures as

expected.

Absorbance

8300 ’ 8500 ' 8700 8900

Photon Energy /eV

Figure 4.9. Figure showing a comparision of the white line features of the Ni-
K-edge QUEXAFS spectra of the Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM)
mixture in toluene taken at different temperatures a) -16°C b) 0°C ¢) 20°C
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b) QUEXAFS spectra of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in
toluene at room temperature:

»

Figure 4.10 shows ten spectra (scan time= 2 minutes) of the Ni(acac),/AlEt;
(Ni:Al 1:5, [Ni]= 70mM) mixture in toluene at room temperature taken following
one another starting from t= 0 minutes i.e. from the mixing of the reagents, up fo
20 minutes after mixing. The figure shows quite clearly the change in the white line

features of the solution from that of Ni(acac), to that of nickel metal particles.

Absorbance

8300 ' 8500 ' 8700 8900

Photon Energy / éV

Figure 4.10. Figure showing ten consecutive QUEXAFS spectra (scan time = 2
minutes) taken of a room temperature solution of Ni(acac),/AlEt; (Ni:Al 1:5,
[Ni]= 70mM) mixture in toluene starting from a) t= 0 minutes, i.e. point of

mixing of the reagents in-situ up to b) 20 minutes after mixing reagents.
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The spectrum at t= 20 minutes, i.e. the last spectrum in the series shown in

Figure 4.10 was subjected to curve fitting analysis using EXCURV92. The results

>

are shown in Figure 4.11 and Table 4.2.

8t ) !
A /\ /\ /\ |
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Figure 4.11. Figure showing the fitted QUEXAFS data (one scan, scan time=
2 minutes) of a room temperature solution of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]=

70mM) mixture in toluene and its Fourier transform taken 20 minutes after

mixing the reagents.
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Table 4.2. Table showing the parameters obtained from the fitted QUEXAFS
spectrum of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluene taken
at room temperature and 20 minutes after the reagents were mixed in situ at

this temperature.

EF= 5.1 (3), AFAC= 0.9, R= 15.2%.

Atom Type Coordination Number | R/A o’ /A

Ni 5.5 (1) 2.454 (1) 0.022 (0)
Ni 1.5 (1) 3.472 (6) 0.021 (1)
Ni 2.6 (2) 4.309 (6) 0.021 (1)
Ni 3.7 (4) 5.136 (8) 0.022 (2)
0 0.8 (1) 1.955 (8) 0.027 (3)

Thus, the parameters obtained from the fitted spectrum show that nickel
metal particles were formed as upto four shells of nickel atoms could be fitted.
However, the fit was also significantly improved on adding an oxygen shell of 0.82
atoms at 1.955 A suggesting the presence of a mononuclear nickel species with
some Ni-O distances. This shell may also have resulted from the formation of an
oxygen or carbon shell on the surface of the nickel particles leading to the formation
of a micro-heterogeneous catalyst. 1

Numerous workers’>? have tried to determine the size of metal clusters
using EXAFS based on the first shell occupation number which has been known to
vary systematically with size since EXAFS samples the environment of low
coordination outer shells as well as the 12 coordinate central atom. The clusters in

these methods have been often assumed to be icosahedra.
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The following table shows the average atomic coordination numbers for an
FCC structure for up to 3 shells.”
Table 4.3. Table showing the average coordination numbers for FCC clusters
of 13-55 atoms.”

Number First shell Second shell Third shell
of atoms

in cluster

13 atoms | 5.54 1.85 3.69

19 atoms | 6.32 1.89 5.05

43 atoms | 7.26 3.07 8.93

55 atoms | 7.85 3.27 9.6

Based on the first shell occupancy of 5.5 atoms from the EXAFS parameters
(Table 4.2), the data in the above table would indicate an average cluster size of 13
atoms. However, it is known that with EXAFS analysis, there is an experimental
error of + 20% on the first shell occupancy number. This would make it difficult to
decide if we have a 13 atom or 19 atom structure.

Also, the occupancy numbers obtained from EXAFS spectroscopy are not
accurate because not all multiple scattering paths are included and there is a high
correlation between Debye Waller factors and the coordination number. Other
problems are caused by the presence of discrete closely spaced shells which would
make it difficult to obtain accurate coordination numbers and nearest neighbour
distances.

To overcome the problem of extracting a nearest neighbour occupancy figure
from the EXAFS spectrum, another method was devised by Mr.N.Binsted
(Southampton University) to estimate the sizes of metal particles in solution. This
method involved using a program to generate 1,2,3,4 shell model FCC clusters with
octahedral symmetry. The program generated the expected EXAFS spectrum of the

cluster by taking into account all the multiple scattering paths at each atom in the
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ECC cluster. An EXAFES curve was generated for each of the atoms in the cluster
and these were summed to give the final expected scattering pattern for the cluster.
The expected fine structure was compared to the experimental spectrum of the
nickel particle and the Ef and Debye temperature were refined. The cbre widths:
phase shifts and amplitude factor were obtained from nickel foil data. The fits
obtained for the spectra from each of these 1,2,3,4 shell clusters were then
compared. As many clusters were generated as there were shells in the EXAFS
spectrum plus one. This program was a development on a combined powder
diffraction and EXAFS package to determine crystal structure in powder samples
previously written by N.Binsted et al.*

The results from the new program were calculated for the experimental
spectrum of nickel particles, shown in Figure 4.11. The results indicated that on
average the data could best fit to a two-shell nickel cluster containing 19 atoms.
However, the fit was improved by a provision made for the presence of a small
quantity of a mononuclear nickel complexes containing Ni-O bonds. This preference
for a two-shell 19 atom cluster had to be interpreted with caution. It is very possible
that a variety of cluster sizes and symmetries were present in the sample and the
preferred two-shell model containing 19 nickel atoms was just an average form of
all the clusters. It could also merely be the dominant cluster of all the cluster sizes
present. If it was a mean structure it still provided some idea of the sizes of the
clusters present in the solution. Such a 19 atom cluster is shown below in Figure

4.12.
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Figure 4.12. Figure showing the 19 atom two shell FCC structure of a cluster
which could represent the mean of all the nickel metal clusters present in a

sample solution of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluene

at room temperature.

It should be noted that numerous Ni(0) complexes have been implicated as
the main catalytic species in the Ni/Al mixtures."* The nickel metal clusters formed
in this mixture could, in the presence of hex-1-ene be responsible for catalysing the
oligomerisation reaction. Such catalysis would be possible by the coordination of
olefin molecules to the nickel particles as they form® with catalysis occurring
microheterogeneously. This does not preclude the participation of the aluminium
reagent during the catalysis. However, the metal particles may also be a result of

decomposition of the active organometallic catalyst.
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¢) QUEXAFS spectra of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]=
toluene taken at 0°C:

70mM) mixture in

Figure 4.13 shows ten consecutive QUEXAFS spectra (scan time= 2
minutes) of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluene at 0°C

taken from the point of mixing of the reagents upto 20 minutes after mixing. The

white line features of the spectra look very similar to that of Ni(acac), , although

there are some differences which become apparent in the next part of this section

i.e. on analysing the data.
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Figure 4.13. Figure showing ten consecutive QUEXAFS spectra (scan time= 20

minutes) of Ni(acac),/AlEt; (Ni:Al 1:5) mixture in toluene taken at 0°C starting

a) from the time of mixing the reagents up to b) twent

reaction.
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The last spectrum of the series of spectra shown in Figure 4.13 (i.e.
spectrum taken at twenty minutes after mixing), was subjected to curve fitting

analysis. The fitted curve and its Fourier transform are shown in Figure 4.14.

Amplitude
e
W

Figure 4.14. Figure showing the fitted QUEXAFS data (one scan, scan time= 2
minutes) of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluene at 0°C

and its Fourier transform.
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Table 4.4. Table showing the parameters obtained from the fitted QUEXAFS
data (one scan, scan time= 2 minutes) of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]=
70mM) mixture in toluene at 0°C and its Fourier transform as shown in figure
4.14. ’
EF= 3.8(3), AFAC= 0.9, R= 24.4%.

Atom type Coordination number | R/A o’ /A’
0 43 (1) 2.011 (4) 0.024 (1)
Ni 3.3 (1) 2.454 (3) 0.025 (1)

The parameters reveal that despite an original white line similar to that of the
starting material the reaction had in fact proceeded to result in a mixture with some
nickel particles in it. This is clear from the shell of nickel atoms at 2.454 A. The
data also fitted to a first shell of four oxygen atoms at 2.011 A. Since the oxygen
coordination of the starting material, Ni(acac), is 6, it would seem that the mixture
contained 4.3/6 = ca. 2/3 of the nickel as Ni(acac), i.e. starting material. The
solution had a nickel coordination of 3.3 nickel atoms. Since 2/3 of the nickel in the
solution was present as Ni(acac),, therefore from the data in the above table, it
would seem that the rest of the nickel present as nickel particles must have an
average coordination number of 10.

The Ni-Ni distance of 2.454(3) A obtained is smaller than the expected
distance of 2.471(2) A from the metal foil. As mentioned before, this is thought to
be due to the reduction in repulsion interactions between non-bonded electron pairs
in small clusters as compared to the metal foil or bulk metal because of the larger
ratio of surface atoms in clusters. Also, the Debye Waller factor from this shell is
larger (0.0245) as compared to the metal foil (0.010). This is explained as being
due to the larger vibrational amplitude and surface relaxation possible in small

clusters compared to the metal foil or bulk metal.
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d) QUEXAFS Spectra of the Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in
toluene at -16°C.

»

Figure 4.15 shows a comparision of ten consecutive spectra of the
Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluene at -16°C taken from
the point of mixing the reagents in situ at -16°C upto 20 minutes after mixing. The
results show that the reaction had not proceeded very far at these temperatures as

the white line features of the spectra are very similar to that of Ni(acac),.
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Figure 4.15. Figure showing a comparision of ten consecutive QUEXAFS
spectra of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluene at -16°C
taken from a) the point of mixing the reagents in situ at -16°C up to b) 20

minutes after mixing.
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Although the white line features look very similar to that of the Ni(acac),
starting material it was still necessary to analyse the spectrum to find out if the
reaction had proceeded at all. Figure 4.16 shows the fitted QUEXAFS spectrum and
Fourier transform of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluen;

at -16°C taken at 20 minutes after mixing the reagents.

Amplitude

Figure 4.16. Figure showing the fitted QUEXAFS data and its Fourier
transform of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluene at

-16°C taken at 20 minutes after mixing the reagents.
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Table 4.5. Table showing the fitted QUEXAFS spectrum and Fourier
transform of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) mixture in toluene at
-16°C taken at 20 minutes after mixing the reagents.

EF= 3.8 (3), AFAC= 0.9, R= 24.80%.

Atom Type Coordination Number | R/A o’ /AT
(6] 4.7(1) 2.010 4) 0.0209 (9)
Ni 2.0 0) 2.443 (4) 0.021 (1)

As with the previous mixture, the oxygen coordination of 4.7 atoms suggests
that 4.7/6 i.e 78.3% of the nickel present in the mixture was in the form of the
Ni(acac), starting material. This is because a solution of the Ni(acac), starting
material would have an oxygen coordination shell of 6 atoms. The rest of the nickel
in the solution must have existed as nickel metal clusters. From the nickel
coordination of 2 nickel atoms at 2.443 A, it would seem that the rest of the nickel
(21.7%) existed as nickel particles with an average nickel coordination of 8. As
expected from such small nickel clusters, there is a contracted Ni-Ni distance and
larger Debye Waller factor than expected from the metal foil data shown in Table
4.1.

4.6 Ni-K-edge QUEXAFS spectra of Ni(acac),/AlEt; in
the presence of hex-1-ene at varying temperatures:

a) Comparision of the raw spectra at varying temperatures:

Figure 4.17. shows a comparision of the white line features of the

QUEXAFS spectra of the Ni(acac),/AlEt;/hex-1-ene (Ni:Al:hex-1-ene
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1:2.5:20, [Ni]= 70mM) mixture taken at varying temperatures (-16°C,
0°C).
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Figure 4.17. Figure showing a comparision of the Ni-K-edge QUEXAFS spectra
of Ni(acac),/AlEt;/hex-1-ene (Ni:Al:hex-1-ene 1:2.5:20, [Ni]= 70mM) at
varying temperatures a) -16°C and b) 0°C.

b) Ni-K-edge QUEXAFS spectra of Ni(acac),/AlEt;/hex-1-ene (Ni:Al:hex-1-ene
1:2.5:20, [Ni]= 70mM) at 0°C:

Figure 4.18 shows nine consecutive Ni-K-edge QUEXAFS spectra of
Ni(acac),/AlEt;/hex-1-ene (Ni:Al:hex-1-ene 1:2.5:20, [Ni]= 70mM) mixture at

0°C taken from the point of mixing the reagents in situ up to twenty minutes after
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mixing the reagents. The white line features of the spectra of the mixture were
different from-that of the starting material, Ni(acac),. This shows that reaction had
proceeded at these temperatures. In fact, the features (e.g. the shoulder on the edge)
are very similar to those of an organometallic identified in a previous EXAFS stud;

of a Ni(acac),/AIEt,(OEt)/hex-1-ene mixture.”"

-2
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Figure 4.18. Figure showing a comparision of nine consecutive Ni-K-edge
QUEXAFS spectra of Ni(acac),/AlEts/hex-1-ene (Ni:Al:hex-1-ene 1:2.5:20,
[Ni]= 70mM) at 0°C taken from a) the point of mixing the reagents in situ up

to b) twenty minutes after mixing the reagents.
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Figure 4.19 shows the fitted Ni-K-edge QUEXAFS spectrum and Fourier
transform of Ni(acac),/AlEts/hex-1-ene (Ni:Al:hex-1-ene 1:2.5:20, [Ni]= 70mM)

mixture at 0°C. The spectrum is last one of the series shown in Figure 4.18.

8T
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Figure 4.19. Figure showing the fitted Ni-K-edge QUEXAFS data (one scan,
scan time= 2 minutes) of Ni(acac),/AlEt;/hex-1-ene (Ni:Al:hex-1-ene 1:2.5:20,

[Ni]= 70mM) at 0°C and its Fourier transform.
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Table 4.6. Table showing the parameters obtained from the Ni-K-edge
QUEXAFS spectrum ( one scan, scan time= 2 minutes) of Ni(acac),/AlEt;/hex-
| 1-ene (Ni:Al:hex-1-ene 1:2.5:20, [Ni]= 70mM) at 0°C and its Fourier transform
as shown in Figure 4.19. ’
EF= 3.7(2), AFAC= 0.9, R= 19.72%.

Atom type Coordination number R/A c* /AT
0 2.1(4) 1.943 (4) 0.006 (1)
o 2.6(5) 2.086 (5) 0.003 (1)

The parameters in the table show very clearly that there was no nickel
coordination to the nickel atoms in the mixture. The coordination sphere consisted
only of light atom shells. A single shell of four oxygen atoms gave a poorer R factor
for the data, than a fit consisting of 2 oxygen atoms and 2-carbon atoms. The
average structure of 2 oxygen atoms at 1.943 A and 2.6 carbon atoms at 2.086 A

indicate the possibility of a structure as shown below:

Et
Figure 4.20. Figure showing a possible organometallic intermediate in the

Ni(acac),/AlEt;/hex-1-ene mixture at 0°C.

Such a structure has been indicated in previous EXAFS studies of such
systems.! Previous papers on this catalyst system have suggested a catalytic
intermediate with one acac group being retained by the nickel atom during
catalysis.’® Attempts to fit the shell at 2.9A gave mainly negative Debye Waller

factors. The methyl carbons of the acac group should be seen at this distance.
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At -16°C, the reaction did not proceed at all and the QUEXAFS spectrum of

the mixture fitted to the same parameters as the starting material i.e. Ni(acac),

¢) Ni-K-edge QUEXAFS spectra of Ni(acac),/AlEts/hex-1-ene (Ni:Al:hex-I-ene
1:2.5:20, [Ni]= 70mM) mixture in toluene at room temperature (i.e. 20°0):

Figure 4.21 shows ten consecutive Ni-K-edge QUEXAFS spectra of the
Ni(acac),/AlEts/hex-1-ene (Ni:Al:hex-1-ene 1:2.5:20, [Ni]= 70mM) mixture in
toluene at room temperature (i.e. 20°C), taken from the point of mixing the reagents
in situ up to twenty minutes after mixing. The figure shows quite clearly the change
in the EXAFS as the reaction proceeded. As well as the EXAFS changing, the
figure also shows that the edge height of the spectrum also drops.

1
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Figure 4.21. Figure showing a comparision between ten consecutive Ni-K-edge

QUEXAFS spectra (scan duration= 2 minutes), of Ni(acac),/AlEt;/hex-1-ene

(Ni:Al:hex-1-ene 1:2.5:20, [Ni]= 70mM) mixture in toluene at room

temperature (i.e. 20°C) taken from a) the point of mixing the reagents in situ

up to b) 20 minutes after mixing.
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Since the ten consecutive spectra showed numerous changes as the reaction
proceeded, it was decided to analyse the first and last spectra after mixing to see the
extent of the change in EXAFS. as the reaction proceeded at room temperature.
| Figure 4.22 shows the fitted QUEXAFS spectrum and Fourier transform of the ﬁrs;
spectrum shown in figure 4.21 i.e the spectrum taken two minutes after mixing the

reagents.

Kx(k)

Amplitude

10

Figure 4.22. Figure showing the fitted Ni-K-edge QUEXAFS data (single scan,
scan duration= 2 minutes) of Ni(acac),/AlEts/hex-1-ene (Ni:Al:hex-1-ene
1:2.5:20, [Ni]= 70mM) mixture in toluene at room temperature (i.e. 20°C)

taken at t= 2 minutes after mixing the reagents.
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Table 4.7. Table showing the parameters obtained from the fitted QUEXAFS
data (single ‘scan, scan duration=2 minutes) of Ni(acac),/AlEt;/hex-1-ene
‘ (1:2.5:20, [Ni]= 70mM) mixture in toluene at room temperature, taken two

minutes after mixing the reagents.

EF = 3.1(2), AFAC= 0.9, R= 15.8%.

Atom Type | Coordination number R/A oA’
o 2.854) 1.965 (2) 0.0096 (4)
Ni 0.84 (4) 2.456 (2) 0.0138 (7)

Tﬁe parameters in the Table 4.7 show that there was a nickel coordination
sphere at 2.456 A, once again indicating the formation of nickel metal particles.
Thus, even in the presence of hex-l-ene, the solution did deteriorate at room
temperature to give some nickel metal. From the data, it would seem that 2.85/6=
46% of the nickel was present as Ni(acac),, while the rest (54%) was present as
nickel clusters with an average coordination number of 1.6 atoms.

The spectrum of the same mixture taken at 20 minutes after mixing was also
analysed. Figure 4.23 shows the fitted EXAFS data and its Fourier transform. The
table 4.8 shows the parameters obtained from the fitted data.
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Figure 4.23. Figure showing the fitted Ni-K-edge QUEXAFS data (single scan,
scan time= 2 minutes) of Ni(acac),/AlEt;/hex-1-ene (1:2.5:20, [Nij= 70mM)
mixture in toluene at room temperature taken 20 minutes after mixing the

reagents.
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Table 4.7. Table showing the parameters obtained from the Ni-K-edge
QUEXAFS data (single scan, scan duration= 2 minutes) of Ni(acaé)zlAlEt;;/
hex-1-ene (Ni:Al:hex-1-ene 1:2.5:20, [Ni]= 70mM) mixture in toluene at room
temperature (i.e. 20°C) taken at t= 20 minutes after mixing the reagents as
shown in figure 4.22.

EF= 3.8(5), AFAC= 0.9, R= 23.8%.

Atom Type | Coordination number | R/A o? /AT
0 1.98 (8) 1.925 (6) 0.024 (1)
Ni 3.26 (8) 2.447 (3) 0.0227 (4)

The data shows that the mixture contained some nickel species with Ni-O
bonds and also some colloidal nickel as indicated by the coordination shell of 3
nickel atoms at 2.447 A. From the oxygen coordination of 1.98 atoms it would seem
that 1.98/6.1= 32% of the nickel was present as Ni(acac),, while the rest of the
nickel (69%) was present as nickel metal clusters with an average coordination of

4.7 nickel atoms.

4.7 CONCLUSIONS:

The results show that at low temperatures (0°C) a mononuclear nickel
organometallic species with 2 oxygen and 3 carbon bonds to the central nickel was
present in the Ni(acac),/AlEts/hex-1-ene reaction mixture. A structure as shown on

the next page is proposed.
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A  similar  species has been observed in  mixtures  of
Ni(acac),/AlEty(OEt)/hex-1-ene at 0°C.>1® At room temperature, these reaction
mixtures proceed further to give nickel metal.

In the absence of hex-1-ene, this reaction mixture resulted in the formation of
nickel metal clusters. These clusters were formed from the starting material over the
timescale of the QUEXAFS spectroscopy allowing some time resolution in the study
of the process. Detailed EXAFS analysis indicated that the mean size of nickel
particles in a reaction mixture of Ni(acac),/AlEt; (Ni:Al 1:5, [Ni]= 70mM) in
toluene was 19 atoms. This result had to be interpreted with caution as it could mean
the dominance of a 19 atom cluster or the presence of different sized clusters which
averaged to 19 atoms. At lower temperatures, the reaction to give nickel metal
particles proceeded to a lesser extent giving mixtures of nickel mononuclear species
and also nickel metal particles.

It was also noted in all the spectra containing some nickel clusters that the
nearest neighbour distance was consistently ca. 2.45 A, which was less than the
value expected from the metal foil ( 2.471 A). Similar contractions of nearest
neighbour distances were found in EXAFS studies of nickel metal vapour.21 These
contractions were considered as being due to the fact that in a cluster the total
number of nearest neighbour atoms is significantly less than in bulk. This leads to a
reduction in the repulsive interactions between non-bonded pairs. A contraction of
nearest neighbour distances is therefore thought to be the result. The contraction in

the nearest neighbour distances is thought to increase as the size of the cluster
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decreases and could be seen in solvated nickel particles but to a lesser extent than in
vapour phase.z-l

Electronic absorption  spectroscopy data of Ni(acac),/AlEt; mixtures
indicated that a species stable at room temperature (bands at 400nm and 500nm) wa;s
formed on the reaction between the Ni(acac), and AlEt;. Since the AlEt; is
responsible for alkylating Ni(acac), , it was thought that this stable species observed
at room temperature was a nickel alkyl species possibly stabilised by Ni-C-Al

interactions as shown below.

Such species have been indicated before in the reactions between nickel
complexes and alkylaluminium reagents.”9

The experiments performed using QUEXAFS and electronic absorption
spectroscopy were not exactly the same as the concentrations of the nickel reagent
required in each case was different.

The results overall show that the quality of data (up to 12k of data) obtained
using QUEXAFS (scan duration= 2 minutes) spectroscopy was quite good and in
some instances could provide some time resolution.

Recent theoretical studies of ethene oligomerisation by an organometallic
nickel cat:alyst28 have suggested that due to the mechanism of chain termination the
actual catalyst is proposed as being (acac)NiCH,CH; whereas (acac)NiH was
proposed as the precursor or precatalyst. However, neither of these species have
been identified using EXAFS spectroscopy as yet as they are very unstable in

solution.
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CHAPTER 5. ELECTRONIC ABSORPTION AND
EDEXAFS SPECTROSCOPIC STUDIES OF
Ni(acac)y/AlEty)(OEt) CATALYST MIXTURES.
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5.1 Introduction:

This chapter is concerned with a study of mixtures of Ni(acac),/AlEt(OEY)
" in the presence and absence of olefin i.e. hex-1-ene, where the Ni(acac), is the
catalyst and the AIEt,(OEt) is the cocatalyst. Such catalysts are known to catalyse
the oligomerisation reaction.’? As with most of such mixtures, at room temperature,
the Ni(acac), is alkylated by the aluminium cocatalyst and is further reduced to
nickel metal possibly by homolytic cleavage and coupling of bonded alkyl groups.*?
It is expected that at low temperatures and in the presence of hex-1-ene, the
alkylated species are stabilised by the olefin molecule to give an organometallic
intermediate which is stable enough at room temperature to be studied using EXAFS

spectroscopy.“’5 Figure 5.1 shows such an organometallic intermediate.

Et

Figure 5.1. Figure showing an organometallic intermediate possibly formed in
mixtures of Ni(acac),/AIEt,(OEt)/hex-1-ene at 0°C.*

Studies by Jones and Symes‘5 on the activity of this system (SmM of Ni
complex-AlEt,(OEt) for propene dimerisation (at 40°C and 600 1b/sq in) and using
toluene solvent have shown that the overall productivity g/g Ni(acac), was 226. The
initial activity g product/g Ni(acac), equivalent/hr was 6.8. The major products
were linear hexenes (78%).

The products expected from hex-1-ene dimerisation by this catalyst are
dodecene (dimer 85%) and octadecene (trimer 10%). Overall productivity (g
product/g Ni(acac),) was found to be 130. Activity (g product/g Ni(acac),/hr) for

hex-1-ene dimerisation was found to be 5.2.
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Keim et al.” studied the oligomerisation of 1-butene using 44 diketone and
tetraketone ligands. In all cases, the formation of predominantly (>80%) linear
dimers was favoured. The acidity of the diketone was the dominant influence on the
| properties of the catalyst and an almost linear correlation between pK, ;nd activit);
was observed.

The effect of solvent on the activity of this catalyst system for propene
dimerisation showed that the highest activity was obtained using toluene solvent.
Ether solvents gave slightly poorer results than toluene and coordinating solvents
like N-methylpyrrolidone, carbon disulphide and dimethyl sulphoxide gave much
poorer activities or none at all. Comparative kinetic exﬁeriments with hex-1-ene
showed that the initial rate of dimerisation was faster in diglyme than in toluene but
subsequent exponential loss of activity over a period of time was faster using
diglyme than toluene with the result that the overall activity of both solvents was
similar.

Jones and Symes® also studied the effect of the aluminium:nickel ratio on the
activity of the system. It was found that the optimum molar ratio for hex-1-ene
dimerisation by Ni(acac),/AlEt;(OEt) was 1:1. Further information of the effect of
the AlL:Ni ratio was found by IR observation of the absorbance frequency of 125mM
solutions of Ni(acac), at 1261 cm” when AlEt,(OEt) was added at concentrations of
OmM to 250mM. The reaction was observed at intervals for nearly 0.5 hr until the
precipitation of nickel metal began to affect the absorbances. The graph showing the

change in activity over a period of time and with AL:Ni ratio is shown in Figure

5.2.
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Figure 5.2. Figure showing the change in absorbance of Ni(acac), at 1261cm™

over a period of time and with increasing Al:Ni ratio.*

Other interesting results® found were that there was absence of any ethane
gas evolution during the catalysis using the AIEt,(OEt) suggesting that the ethyl
groups are retained within the catalytic species. The IR investigation showed that
complete exchange of alkyl groups with acetylacetonate ligands was not occurring at
the point where the activity was the highest. In fact, the results at low Al:Ni ratios
corresponded to the removal of only one of the chelating acac groups leaving the
other one present during catalysis. The precise function of the acac group in
catalysis was unclear, but the variation in performance between nickel complexes of
various B-diketones confirmed that the ligand was actively involved in the catalytic

species. It was thought that this involvement took the form of inductive and steric
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effects. The IR study of this system also reported the formation of aluminium

acetylacetonate (peak at 1288 cm™) in the reaction mixture.
. 5.2 Aims of this chapter: - >

The main objectives of this section were:

a) to study the reaction mixtures in the presence and absence of hex-1-ene using
electronic absorption spectroscopy, in order to obtain information on any stable
catalytic intermediates that may be formed.

b) To study the catalyst mixtures using EDE spectroscopy in order to follow any
changes in the coordination sphere of the nickel atom e.g. loss of oxygen
coordination from the starting material with consequent gain of carbon (formation
of organometallic) or nickel coordination (formation of colloidal nickel which is
thought to have a role in catalysis as a microheterogeneous catalyst).

¢) To obtain some evidence for the rates of the reaction using EDE spectroscopy.

5.3 Electronic absorption spectroscopy studies of Ni(acac),/AlIEt;(OEt) mixtures

in the presence and absence of hex-1-ene:
a) Electronic absorption spectrum of the Ni(acac),, starting material:

An electronic absorption spectrum of Ni(acac), (10mM in toluene) was
presented in section 4.3. The spectrum shows clearly 2 bands in the visible and near
IR region of the spectrum. These are at 655nm and 1135 nm, respectively. A
detailed analysis of the spectrum'® based on the octahedral coordination around the
nickel atoms showed that the peak at 1135 nm (= 4 1 mol” cm™) caused by a Ay,
to T, transition and the peak at 655 nm (= 51 mol” cm™) caused by a Ay, tO

3T, transition.

147



b) Electronic absorption spectra of Ni(acac),/AlEt,(OEt) catalyst mixture in the

absence of hex-1-ene:

Electronic absorption spectra of a mixture of Ni(acac)zlAlEtz(dEt) (Ni:Ai
1:2, [Ni]= 8mM) were obtained at room temperature, in a spectrometer cell
adapted for air-sensitive transfer of solutions (See appendix). The spectra were
obtained at intervals from 0.5 minutes after mixing up to 20 minutes after mixing.
The results are shown in Figure 5.3.

The results in the absence of hex-1-ene as shown in Figure 5.3, show the
appearance of two new bands at 400 nm (e= 1001 mol'em™) and 500nm (e= 200 1
mol'cm™) as the reaction proceeds. There are no new bands above 800 nm. The
lack of any bands at wavelengths> 1000nm indicates that this species was more
likely to be a square planar species than an octahedral or tetrahedral species.“’12

Square planar species usually exhibit bands (e= 50-500 1 mollecm™) at 430-670 nm
and 370-430 nm.

3.0—NI I

Absorbance

1.0

o — T 760 800
A/nm

Figure 5.3. Figure showing the electronic absorption spectra of Ni(acac),/
AlEt;(OEt) (Ni:Al 1:2, [Ni]= 8mM) at room temperature. The first spectrum
was taken at 0.5 minutes after mixing and subsequent spectra were taken at 4

minute intervals after the first one.
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The reaction involves alkylation and the resulting nickel alkyls are unlikely
to be stable at room temperature. Similar changes in the electronic absorption
spectrum were observed on using AlEt; co-catalyst (see chapter 4). As ix_l that case,
previous studies have shown that the reaction between the Ni(acac), and AlEtz(OEtS
should result in alkylation of the nickel centre with loss of one of the acac groups’.
However, it is unlikely that such a mono-alkyl species could be stable enough to be
observed at room temperature without any other stabilising ligands.

Therefore, as in the case of the reaction with AlEt;, an alkyl species

stabilised by Ni-C-Al interactions is proposed as shown in figure 5.4.

Figure 5.4. Figure showing a possible catalytic species observable in a mixture

of Ni(acac)y/AIEt;(OEt) (Ni:Al 1:2, [Ni]= 10mM) at room temperature.

Such a species shows good potential as a catalyst as it allows numerous sites
for olefin coordination as it is square planar and therefore coordinatively
unsaturated. The presence of both nickel and aluminium in such a species could
explain why nickel is thought to restrict polymerisation by aluminium to
oligomerisation (i.e. the nickel effect)’”*° or even why the presence of both nickel
and aluminium results in much higher catalytic activity for oligomerisation than
either component on its own. Such structures involving multicenterbonding systems
involving the alkylaluminium and the nickel complex have been proposed before.
EXAFS evidence for the occurrence of such Ni-C-Al interactions has been provided
before by Corker and Evans’ in the case of nickel halogenophosphine complexes
and triethyaluminium.
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¢) Electronic absorption spectra of Ni(acac),/AlEt,(OEt)/hex-1-ene i.e catalyst

mixture in the presence of hex-1-ene:

Electronic absorption spectra of a mixture of Ni(acac)z/AlEtz(OEt)/hex—l-en’e
(Ni:Al:hex-1-ene 1:2:20, [Ni]= 8mM) were obtained at room temperature using a
spectrometer cell adapted for air sensitive transfer of solutions. The spectra were
once again obtained at intervals from 0.5 minutes up to 20 minutes after mixing.

The results are shown Figure 5.5.
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Figure 5.5. Figure showing the electronic absorption spectra of Ni(acac)y/
AIEt,(OEt)/ /hex-1-ene (Ni:Al 1:2, [Ni]= 8mM) at room temperature. The first
spectrum was in both figures was taken at 0.5 minutes and subsequent spectra

at 4 minute intervals.
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The spectra, once again, showed the appearance of two new peaks at 400 nm
(e= 1001 mol’lcm'l) and 500 nm (e= 200 1 molcm™). By the same reasoning as
before a structure containing Ni-C-Al bridges can be proposed as shown in Figure
5.4. The spectra show that this structure was retained, even in the presence of
olefin, suggesting that the structure with bands at 400 nm and 500 nm, may be part
of the catalytic process. The spectrum at t= 0 minutes shows the starting material,

Ni(acac), spectrum (10mM in toluene) for comparision.

d) Electronic absorption spectra in time-drive following the progress of the

reaction:

It is clear that as the alkylation reaction proceeded, the spectrum of the
starting material, Ni(acac),, changed to give rise to the new peaks at 400nm and
500 nm showing a possible change from the octahedral symmetry of Ni(acac), to a
square planar product. Additionally, colloidal nickel particles may also have formed
in the reaction mixture in the absence and presence of hex-1-ene. Colloidal nickel
particles give rise to a large background absorbance.

It was therefore expected that as the reaction proceeded to give the product,
the two bands from the octahedral starting material i.e. Ni(acac),, at 1160nm and
650nm would show a drop in absorbance. An attempt was made to follow this drop
in the time-drive mode of the spectrometer using a mixture of Ni(acac),/
/AIEt,(OEt)/hex-1-ene (Ni:Al:hex-1-ene 1:2:20, [Ni]= 70mM). The results are
shown in Figure 5.6 a and b. That there is an initial drop in absorbance at both the
wavelengths is clear from the figures. However, in both cases, the background
absorbance caused by the formation of nickel metal particles in the mixture begins
to overlap with the drops in absorbance resulting in stagnation of the drop followed
by an increase in absorbance, as the background absorbance increases.

The gradient of the drop in absorbance could provide some idea of the initial
rate of reaction however it is difficult to say at which stage this drop in absorbance
begins to be affected by the increase in background absorbance.
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Figure 5.6. Figure showing the time drive electronic absorption spectra of
Ni(acac),/AlIEty(OEt)/hex-1-ene (Ni:Al:hex-1-ene 1:2:20, [Ni]= 70mM) mixture
at a) 1160nm b) 650nm.
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5.4 Time resolved second scale Energy Dispersive EXAFS""studies of the

Ni(acac),/AlEt;(OEt)/hex-1-ene at room temperature:

This section is concerned with a time resolved EDE study of the reaction
between Ni(acac),/AlEt,(OEt)/hex-1-ene at room temperature. An EXAFS spectum

of the starting material, Ni(acac), (70mM in toluene) is shown below in Figure 5.7.
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Figure 5.7. Figure showing the QUEXAFS spectrum of Ni(acac), (70mM in
toluene).

It can clearly be seen that the XANES region of the Ni(acac), spectrum
shows a high intensity peak at the position of the edge. As the concentration of the
octahedral starting material i.e. Ni(acac),, in a reaction mixture decreased, it was
expected that there would be a drop in the apparent edge height of the EXAFS as
the square planar organometallic product (see Figure 5.9) would not have the same
edge peak.

Equipment used for time resolved EDE spectroscopy: These EDE
experiments were carried out at the ESRF (ID 24) at Grenoble. A rectangular
shaped Si(111) Bragg monochromator was used for dispersion of the beam and
subsequent focussing at the sample. The monochromator was cooled in a
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gallium/indium bath. the detector consisted of a Thomson charged couple device
camera. It had 1242 pixels. The other details of the EDE spectroscopy are as given
in Section 2.4.2.c.

| In order to perform a time resolved study of the reaction in tﬂe catalyst’
mixture, Ni(acac),/AlEt,(OEt)/hex-1-ene (Ni;Al:hex-1-ene 1:4:12, [Nij= 70mM)
at the ESRF at Grenoble using high resolution EDE spectroscopy, specialised
stopped-flow equipment was used, as detailed in Section 2.4.3 c¢ along with a
photograph of the equipment. The equipment involved two reagent syringes which
pumped reagent solutions into a mixing chamber from where the freshly mixed
solution was passed directly in to a 20ul stainless steel observation cell, with a 1cm
path length enclosed on either side by kapton windows. (The numbers given in the
brackets can be identified on the photograph). At the start of the next reaction, the
used solution was emptied into a waste syringe before new reagent solutions were
pumped in again for observation. The stopped-flow system was connected to a
control box placed outside the X-ray hutch. The start button on the controller for
the stopflow system was electronically connected to the point of acquisition of the
EXAFS data such that the acquisition began at the same time as the mixing of the
reagents was stopped. Further details of the stopflow system are given in Section
2.4.3.c of this thesis.

A photograph of the equipment as set up in the station ID24 of the ESRF at
Grenoble is shown in Figure 5.8. As can be seen from the picture the main bulk of
the equipment i.e. syringes and syringe driver- (1), was placed below the path of
the evacuated beam pipe- (2). The actual observation cell- (3), was placed in the
path of the beam. The syringe driver was connected to the observation cell via steel
tubing-(4). The hemispherical grey area (containing a beryllium window-(5)) on the
right of the picture hides the monochromator hutch. The spacially dispersed X-ray
beam emerges from this hutch through the beryllium window, passes through the
observation cell, and then passes through the evacuated beam pipe- (2), to reach the
EDE detector- (6). The purpose of the steel tubing was to lessen the loss of photon
energy by interaction with air.
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Two reagent solutions i) Ni(acac); (140mM in toluene) and i)
AlEt,(OEt)/hex-1-ene mixture ([Al]= 560mM, [hex-1-ene]= 1668mM) in toluene,
“were used in each of the two reagent syringes of the equipment. On. mixing, a
reagent solution with initial composition (Ni:Al:hex-1-ene 1:4:12, [Ni]= 70mM)
was formed as equal injection rates were used for both the syringes. The reaction on
mixing the two reagents was observed from the point of mixing. 100 frames (frame
time= 13 seconds) i.e. spectra of reagent mixture were obtained over a period of 24
minutes from the point of mixing. This provided substantial time resolution of the
reaction as can be seen from the results shown in Figure 5.9.

The series of spectra shown in Figure 5.9 show a very rapid drop in edge
height along with other less clear changes in the EXAFS of the spectra as the
reaction proceeded. The drop in edge height is related to the drop in the amount of
starting material i.e. Ni(acac), as the reaction progressed. This is because octahedral
Ni(acac), has a very large absorbance in the XANES region which coincides with
the edge. The resulting square planar product species are not expected to have this
characteristic feature of the Ni(acac), spectrum based on previous studies of this
system“’5 and also the organometallic product formed when using AlEt; as the alkyl
aluminium reagent in this thesis (see Figure 4.18). Thus, as the reaction proceeded
with alkylation of the Ni(acac), , there was a loss in edge height over the first six
minutes of the study. This will serve in a later section of this chapter as a marker

for measuring the rate of this reaction.

156



*sjuadeal surxru

Ja)Je sajnurw 77 03 dn sjuadeas Jurxiur Jo jurod ayj wioay Suruiels ‘eanjesadurd) wWool je 3U9N[0} Ul INIXTUI
(I 1 QUB-T-XY: VAN “NWOL =[IND) aud-T-X3Y/(FHO) FHAIV/*(FBIB)IN JO U0IJILa 3y} Burmoro] ‘(spuodes €1
=OWI[} SUIBI] ‘SAWIBIJ (0]) B1)dS uondaosqe Kel-X 93pa--IN PIA[0SaT dwil} 3y} Suimoys ndyy *6'S A3y

»oULRqIOSqV

157



The Figure 5.9 also shows that after the initial part of the reaction was
completed within the first six minutes after mixing the reagents, the edge height no
longer dropped after that, showing that all the starting material was converted to
- product. N *

Figure 5.10 shows a two-dimensional overlay of the first 30 spectra obtained
of the reaction mixture, from the point of mixing. This figure shows more clearly
the change in the EXAFS as the reaction progressed, along with the 3 isobestic
points at which the direction of change in absorbance reversed. It shows the drop in
edge height and also a softenning of the EXAFS as the reaction progressed. In
addition, there was the appearance of a shoulder on the edge which was not

dissimilar to the spectra shown in Figure 4.18.
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; Due to insufficient data length, it was not possible to analyse the spectra
obtained in this experiment (there was less than 7k of EXAFS data). For tﬁis reason
it was decided to compare the raw features of the product spectrum (Figure 5.11)
_ obtained from this experiment with a scanning EXAFS spectrum® of the same
mixture at 0°C (Figure 5.12) and the QUEXAFS spectrum of the organometallic
catalytic product in the Ni(acac),/AlEt;/hex-1-ene mixture (Figure 5.13). Although
the mixtures used for the spectra in Figures 5.11 and 5.12 were identical, they were
different in composition from the mixture used for Figure 5.13 as a different
alkylaluminium species (AIEt;) was used. It is not expected that this would have
affected the nickel organometallic that was obtained. This can be seen from almost

the same electronic absorption spectra obtained for both mixtures.
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Figure 5.11. Figure showing the EDEXAFS spectrum number 30 from Figure
5.10 taken at 7 minutes and 36 seconds after mixing (scan duration= 13

seconds).
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Figure 5.12. Figure showing an EXAFS spectrum (one scan, scan time= 40
minutes) of Ni(acac),/AlEt;(OEt)/hex-1-ene (Ni:Al:hex-1-ene 1:2:20, [Ni]=
70mM) mixture taken at 0°C.
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Figure 5.13. Figure showing a QUEXAFS spectrum (one scan, scan time= two
minutes) of Ni(acac),/AlEt;/hex-1-ene (Ni:Al:hex-1-ene 1:2:20, [Ni]= 70mM)
measured at 0°C.
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As can be seen from the three spectra shown in Figures 5.11, 5.12, and
5.13, they are very similar and given the similarity of the starting materials it would
~seem that the same product was likely to have been formed. Although thf:
EDEXAFS spectrum obtained in Figure 5.11 was too short to be analysed, the
spectra in Figures 5.12 and 5.13 have been analysed and have been found to fit to a
shell of 2 oxygen atoms and a second shell of three carbon atoms (See Section 4.6 b
and Reference 4). No nickel shell could be fitted to the data showing that the
trimeric structure of the starting material was lost and no nickel metal had formed in
the mixture. Based on this qualitative study, it would seem that a structure similar to

that shown below in Figure 5.14 was formed as the product in this study.

Et

Figure 5.14. Figure showing a possible organometallic product formed in the

time resolved spectra shown in Figure 5.9.

5.5 Rates of the reaction of Ni(acac), catalyst with the AlEt;(OEt) cocatalyst in

the presence of hex-1-ene:

As mentioned in the previous section, the rate of drop in edge height
provided a marker for the rate of reaction between the octahedral nickel catalyst and
the aluminium cocatalyst in the presence of hex-1-ene. It was therefore decided to
obtain plots of the drop in edge height as the reaction progressed using varying
ratios and concentration of the nickel and aluminium components. The different
mixtures that were used were as follows:

a) Ni(acac),/AlEt;(OEt)/hex-1-ene (Ni:Al:hex-1-ene= 1:2:12, [Ni] in mixture =
35mM, [Al] in mixture= 70mM).

162



b) Ni(acac)zlAlEtz(OEt)/hex-1-ene (Ni:Al:hex-1-ene= 1:8:12, [Ni] in mixture =
35mM, [Al] in mixture= 280mM).

¢) Ni(acac),/AlEt,(OEt)/hex-1-ene (Ni:Al:hex-1-ene= 1:4:12, [Ni] ix}_mixture =
70mM, [Al] in mixture= 280mM). .

The height of the edge was plotted as the reaction progressed for up to 10
minutes for all the three mixtures. A comparision of the edge height plots for all the
three mixtures is shown on Figure 5.135.

From these graphs, a value was obtained for the rate of the reaction by
measuring the slope of the three graphs over the first two minutes of the reaction
using least squares analysis.

The rates of the reaction were found to be as follows:

Mixture a)  0.046(3)/e mmol 1! min™.

Mixture b)  0.087(9)/e mmol 1" min™.

Mixture ¢)  0.117(6)/e mmol 1" min™.

The order of the reaction between the nickel and aluminium components is
not known. However, on increasing the aluminium concentration by 4 times, (cf.
compositions of mixtures a and b) but keeping the concentration of nickel constant it
was found that the rate increased 1.9 times. This could indicate that the reaction is
of the order 0.5 in the aluminium reagent used.

On increasing the nickel concentration by 2 times and keeping the aluminium
concentration constant, (¢f. compositions of mixtures b and c) the rate of reaction
increased by 1.4 times. This would indicate that the reaction is of the order 0.7 in
nickel component.

The exact orders of the reaction would be difficult to say based on this single
experiment, but an indication of the order of the reaction with respect to each of the

components has been obtained.
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5.6 EDEXAFS spectra of the catalyst mixture in the absence of hex-1-ene:

It was next decided to study the reaction mixture in the absence of hex-1-
ene. Such a reaction mixture should result in colloidal nickel metal particles.’
AIEt,(OEt) is a weaker alkylating agent than AlEt; .

The study of the mixture in the absence of hex-1-ene was carried out on
Station 9.3, SRS at Daresbury. The variable temperature equipment detailed in
Section 2.4.3.b was used for preparing the mixtures in-situ. Of the two reagent
syringes used, both pumped in solutions into the observation cell (volume= 0.7ml)
at the same rate (119 ml/hr) each. One of the syringes contained Ni(acac), (140mM
in toluene) and the second syringe contained AIEt,(OEt)/ hex-1-ene (980mM/
2800mM in toluene) solutions. On mixing in the observation cell, these
concentrations would be halved as both syringes injected into the cell at the same
 rate. The values given in the brackets in the rest of the chapter show the
composition of the mixture after mixing.

Figure 5.16 shows a comparision of the EDEXAFS spectra of a mixture of
Ni(acac),/AlEt,(OEt) (Ni:Al 1:7; [Ni]= 70mM) in toluene, obtained over equal
intervals of time from six minutes after mixing reagents up to 50 minutes after

mixing the reagents.
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Figure 5.16. Figure showing a series of Ni-K-edge EDEXAFS spectra of a
mixture of Ni(acac),/AlEt;(OEt) (Ni:Al 1:7, [Ni]= 70mM in toluene) taken
from a) 6 minutes after mixing the reagents up to b) 50 minutes after mixing

the reagents. The spectra were taken of the mixture at room temperature.

The spectra show a softening of the white line features from the sharp
features of the octahedral Ni(acac), to the smaller EXAFS features of colloidal
nickel.

The first and last spectra of the above series of spectra were subjected to
EXCURVE analysis. Figure 5.17 shows the fitted EDEXAFS spectra and Fourier
transform of the mixture, Ni(acac),/AlEt,(OEt) (Ni:Al 1:7, [Ni]= 70mM) taken a)

6 minutes after mixing the reagents and b) 40 minutes after mixing the reagents.
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Amplitude

Figure 5.17. Figure showing the fitted EDEXAFS spectrum and Fourier
transform of the mixture Ni(acac),/AlIEt,(OEt) (Ni:Al 1:7, [Ni]= 70mM) taken
at room temperature and a) 6 minutes after mixing reagents b) 40 minutes

after mixing reagents.
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Table 5.1. Table showing the parameters obtained from the fitted EDEXAFS
spectrum shown on Figure 5.17a.
EF= 4.8(3), AFAC= 0.9, R= 32.0%.

Coordination number | R/A /A
O 4.08 (8) 1.981 (3) 0.0202 (6)
Ni 1.41 (6) 2.440 (3) 0.0193 (7)

Table 5.2. Table showing the parameters obtained from the fitted EDEXAFS
spectra shown in Figure 5.17b.
EF= 4.5(4), AFAC= 0.9, R= 26.8%.

Coordination R/A c?/A™
Number
O 2.01 4) 1.960 (4) 0.0112 (6)
Ni 1.45 (4) 2.459 (3) 0.0173 (6)

The tables show that the oxygen coordination of the nickel dropped over a
period of time as the mixture started to form nickel metal particles. This is shown
by the coordination shell of nickel atoms at ca. 2.459 A."® The low coordination
numbers indicate that the clusters may be small in these mixtures. As with the metal
particles formed when using AlEts, even here the exact values obtained from nickel
metal foil for nearest neighbour distances and corresponding Debye Waller factors
do not apply to small clusters.'*?* Thus, as shown in the tables 5.3 and 5.4, the Ni-
Ni distance was smaller than the expected 2.471 A. As explained, before this is
again due to a redistribution of charge and a decrease in repulsion between non-
bonded pairs in the case of small clusters which have more surface atoms than in

foil or bulk metal. As before, the Debye Waller factors were higher than expected
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from the QUEXAFS spectrum of the foil (0.010). This is because of the larger
vibrational amplitude available to the atoms in smaller clusters.

The oxygen coordination of 2 indicates that 2/3 of the nickel in the mixture
existed as nickel particles rather than as Ni(acac), , as Ni(acac), has;-an averag’e
coordination number of 6 oxygen atoms. Despite this, the mean value of the nickel
coordination was only 1.4. The mean value of 1.4 nickel atoms does indicate that

the clusters in this solution were very small.
5.7. CONCLUSIONS:

The results in this chapter show the current extent to which EDE can be used
to follow a reaction as it occurs. By reducing the time required to acquire a
spectrum, greater time resolution can be achieved but this can affect the quality and
length of the data so that it can be difficult to analyse.

The EDE spectra of Ni(acac),/AlEt,(OEt)/hex-1-ene mixture at room

temperature indicated the formation of an organometallic intermediate shown below.

Et

The result was based on a qualitative comparision of the spectra with those of the
expected organometallic. Since the length of the data was <7k a full analysis could
not be carried out. However, the white line features of the spectra showed
substantial changes as the reaction progressed showing the extent to which the
acquisition time of 13 seconds/ spectrum allowed for time resolution of the
progression of the reaction.

The EDEXAFS spectrum in_the absence of hex-1-ene showed the formation

of nickel metal clusters, as were formed when AlEt;was used as the cocatalyst in

Chapter 4. As in Chapter 4, the Ni-Ni distances of the clusters were smaller than
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that of the metal foil and the Debye Waller factors higher. Once again, it would
seem that the contractions in Ni-Ni distances seen in the clusters as compared to the
foil is caused by the fact that there are fewer nearest neighbour atoms in a cluster as
| compared to the bulk. This leads to a reduction in the total repulsion between non:
bonded electron pairs and therefore a contraction in bond distances. The increase in
Debye Waller factors of: the clusters is thought to be due to the larger vibrational
amplitude at the surface of clusters, as compared to to the foil, which leads to a
relaxation of coordinatively unsaturated surface nickel atoms at certain faces of the
cluster.

The electronic absorption spectra of the mixture in the presence and absence
of hex-1-ene, showed the formation of a nickel alkyl species possibly stabilised by

Ni-C-Al interactions as shown below.

However, a similar species with aluminium coordination could not be seen at
the expected 2.9 A (expected Ni-C-Al distance) using EDEXAFS. This could be
because the conditions of the electronic absorption spectroscopy and EXAFS
experiments were different. This could mean that the reaction could have progressed

to different extents in the two experiments.
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CHAPTER 6. ELECTRONIC ABSORPTION AND
EDEXAFS SPECTROSCOPIC STUDIES OF NiX (PEt;),
(X= Br, CI) /AIEt; MIXTURES.
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6.1 INTRODUCTION:

This chapter is concerned with a study of NiX,(PEt;), (X= Cl, Br) catalysts
in the presence of AlEt, cocatalyst. The structure that a Ni(II) phosphineic;f the type’
NiX,(PR;), (X= Cl, Br) usually takes depends on the phosphine. P(aryl);
complexes are usually tetrahedral while P(alkyl); complexes are usually square
planar and for mixed alkyl/aryl complexes planar-tetrahedral isomerism is usually
exhibited.'? NiX,(PEt;), (X=Cl, Br) complexes are diamagnetic and trans-square
planar in solid and in solution.>*

NiX,(PEt,), complexes have been used before as catalyst precursors for
propene dimerisatioh."“’ Catalyst preparation involves adding an excess of the alkyl
or alkyl aluminium halide reagent to the nickel complex dissolved in an aromatic or
halohydrocarbon solvent.

Studies of the NiCL,(PEt,),/AlEt, catalyst for propene dimerisation have been
performed previously. The catalyst mixture was prepared at -40°C in p-
fluorotoluene. All the catalyst samples prepared were homogeneous in nature but
were found to decompose if the temperature was maintained above ca. 5°C for any
length of time. The results from this study were used to demonstrate that the
catalysts are very active at the temperatures and conditions used in the study and to
be employed in future XAS measurements.! GC-MS studies showed that the
propene had oligomerised to form a variety of isomers of methylpentene of which 4-
methylpent-2-ene was the dominant (44 %) product." The C, product composition
identified was consistent with previously reported data on similar systems.”
Previous studies of similar systems have also found that chlorobenzene and
dichloromethane are excellent solvents for the catalysis studies but are extremely
poor solvents for XAS measurements as they absorb at the Ni-K-edge.

EXAFS spectra of NiX,(PEt;), (X= Cl, Br) in p-fluorotoluene have been
recorded previously.1 EXAFS spectra of NiX ,(PEt;), (X= CI, Br) in the solid state

1 Distinguishing phosphorus

in boron nitride have also been previously studied.
from chlorine in EXAFS analysis presents difficulties because of the similarities in
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the phaseshifts of the two elements."” A similar problem has not been experienced
with NiBr,(PEt;), because the phaseshifts of phosphorus and bromine are different.

In the presence of aluminium cocatalyst it is expected that alkylation will
occur. It is not entirely certain whether alkylation will occur with loss of the’
halogen ions or phosphine ligands or a combination of both. EXAFS could confirm
any loss of such atoms from the coordination sphere e.g. loss of bromine ions from
NiBr,(PEt,), on addition of alkylaluminium reagents is clear from bromine—K-edgé
data of the mixture.

It is thought that the main catalytic species consists of organometallic species
formed from the alkylation of the nickel species followed by a step hydride
elimination and subsequent olefin coordination.” However, the ease of formation of
colloidal nickel in such species has lead to some speculation that catalysis may occur
microheterogeneously on the surface of such colloidal particles. The exact role of
the aluminium atom in the actual catalysis is difficult to say although it provides the
carbon atoms for the alkylation of the nickel centre. Direct nickel to aluminium
interactions have not been observed although interaction via carbon bridges have
been observed.' Catalysis has previously been demonstrated to occur at the
aluminium atom.!* On its own, the aluminium atom can polymerise but not
oligomerise,'® while the nickel atom on its own can oligomerise at a rate much
slower than in the presence of the aluminium cocatalyst.'” Thus, a species involving
both the nickel and aluminium atoms is thought to be responsible for
oligomerisation.

This chapter will concentrate on the EDEXAFS, QUEXAFS and electronic
absorption spectroscopy of mixtures of NiX,(PEt;)/AlEt; (X= Cl, Br) in the
presence and absence of hex-1-ene. Both EDEXAFS'** and QUEXAFS*? allowed
faster acquisition of data than scanning EXAFS. A problem which could be
encountered in the EXAFS studies involving NiX,(PEt;), complexes was the
absorbance of X-rays at the Ni-K-edge by chlorine and bromine atoms. Increased
acquisition times were required, in cases where chlorine and bromine atoms are
present in the solution, for a better S/N ratio.
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6.2 Aims of this chapter:

‘a) To study the catalyst mixtures using electronic absorption spectroscopy.

>

b) To obtain Ni-K-edge and where possible Br-K-edge EDEXAFS or QUEXAFS
spectra of the following reaction mixtures:

i) NiCl,(PEt,),/AlEt; catalyst mixture at 0°C and 20°C in the presence and absence
of olefin i.e. hex-1-ene.

ii) NiBr (PEt,),/AlEt; catalyst mixture at 0°C and 20°C in the presence and absence

of olefin i.e. hex-1-ene.
6.3. Electronic absorption spectra of NiX,(PEt,),/AlEt; (X= Cl, Br) mixtures:
i) NiCL (PEt,),:

The complex has a trans-square planar structure. Figure 6.1 shows the
electronic absorption spectrum of NiCL,(PEt;), (4mM in p-fluorotoluene) obtained at

room temperature.
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Figure 6.1. Figure showing the electronic absorption spectrum of NiClL,(PEt,),
(4mM in p-fluorotoluene) at room temperature.
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ii) NiCL(PEt;) /AlEL, :

Figure 6.2 shows a series of electronic absorption spectra of the mixture
NiCL(PEt;),/AlEt, ([Ni]= 20mM, Ni:Al 1:2) obtained by adding AlEt; (2 mi,
80mM in p-fluorotoluene) to NiCl,(PEt;), (2 ml, 40mM in p-fluorotoluene). The
spectra were obtained at regular intervals from 0.5 minutes after mixing up to 32
minutes after mixing the reagents as shown in Figure 6.1. The spectrum . of

NiCL(PEt,), (20mM in p-fluorotoluene) is also shown for comparision.
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Figure 6.2. Figure showing the electronic absorption spectra of mixture
NiClL (PEt,),/AlEt, in p-fluorotoluene, ([Ni]= 20mM, Ni:Al 1:2) from a) 0.5
minutes after mixing up to b) 32 minutes after mixing the reagents. A spectrum

of the starting material (NiCL(PEt,),) is also included for comparision (see c).
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From Figure 6.2, it can be seen that there was a clear change in the spectra
on addition of the alkylaluminium reagent. Two new peaks appeared at 700nm (e=
70 1 mol™ cm™) and 1000nm (6= 50 1 mol’ cm™). While square planar d* nickel
species generally exhibit two bands (e= 50-500 1 mol'cm™) at 430-670 nm and at
370-430 nm, tetrahedral species exhibit bands at 600-750 nm and 1000-1200nm.”
Octahedral d® species generally® exhibit three bands at 1430-770 nm, 900-500 nm,
and 526-370 nm. From the above data, it would seem that the complex formed was
not a square planar d* species and is also unlikely to have been a tetrahedral d°
species, as the ligand PEt; possesses too strong a field to give a tetrahedral species,
except if only one PEt, group is present. Since there were no splittings of the bands
it would seem that the complex was not a tetragonally distorted octahedron.
However, it would be difficult to obtain a high spin regular octahedral d® structure
from the donor sets present.

If the complex was not d®, it was unlikely to be d’ as AlEt, is a reducing
agent. It could therefore be d® or d' . It was unlikely to be d'® as such species do
not give absorptions at low energy. Therefore, the species could have been a &

species of the type P,Ni(u-Cl), NiP,.

PEt3

\ /Cl\ /P Et3
PEta/ \c1/ \PEt3

Figure 6.3. Possible dimer formed in a mixture of NiCL(PEt,),/AlEt; in p-

fluorotoluene at room temperature.

The dimer shown in Figure 6.3 is likely to form by the process of radical

elimination shown in Figure 6.4.
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Figure 6.4 Figure showing the possible formation of Ni(I) species in a
NiCl,(PEt,),/ AlEt, solution.

As can be seen from Figure 6.4, the Ni(I) species could be formed from the
loss of an alkyl radical from a nickel alkyl species leading to the formation of Ni(I)
monomers.

The electronic absorption spectrum® of a square planar Ni(I) species
(Ni(Pcy,),Cl - dimer) was found to show no bands at >500nm. The same study
also showed that the Ni(0) (i.e. Ni(P"Bu3), species formed, also showed no bands at
>500 nm. However, tetrahedral Ni(I) species are known to show a band at
1000nm, as with Ni(P,)X? involving the terdentate phosphine ligand, P,= 1,1,1-
tris(diphenyl phosphinomethyl)ethane.

Based on the above evidence, it was difficult to be precise about the nature
of the species present in solution except to say that it could be a tetrahedral d° Ni(I)

complex.
Low temperature electronic absorption spectra:

Figure 6.5 shows the electronic absorption spectra of the mixture
NiCL(PEt;),/AlEt; ([Ni]= 70mM, Ni:Al 1:2.5) obtained using the low temperature
EXAFS equipment detailed in Chapter 2 adapted for electronic absorption

179



spectroscopy dsing mylar windows instead of kapton windows. The mixture was
formed using -equal volumes of NiCl(PEt;), (140mM in p-fluorotoluene) and AlEt,
(350mM in p-fluorotoluene).
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Figure 6.5. Figure showing the electronic absorption spectrum of NiCL (PEt,),/
AlEt; (INi]= 70mM, Ni:Al 1:2.5) taken at -3°C.
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The spectra in Figure 6.5 show the two bands at 700 nm and 1000 nm
suggesting that as in the case of the room temperature experiment, a te&ahedral d
Ni(I) species may have formed.

This experiment involved higher concentrations of the nickel complex apd
could therefore be repeated using EDEXAFS, unlike the room temperature
experiment using lower nickel complex concentrations.

A similar low temperature experiment was carried out using equal volumes
of NiBr,(PEt,), ([Ni]= 140mM solution in p-fluorotoluene) and AlEt; ([Al]=
840mM in p-fluorotoluene) to give a mixture with composition, ([NiJ= 70mM,
Ni:Al 1:6). The low temperature EXAFS equipment detailed in Chapter 2, modified
to include mylar windows for electronic absorption spectroscopy, was used. The
results (Figure 6.6) once again showed the formation of a peak at 1000nm showing

that the reaction followed a similar course to the chloro-analogue of the nickel

species.
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Figure 6.6. Figure showing the electronic absorption spectrum of
NiBr,(PEt,),/AlEt, in p-fluorotoluene, ([Ni]= 70mM, Ni:Al 1:6) at -5°C.
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6.4. Equipment used for EXAFS studies in this chapter:

In all cases, except where indicated otherwise, the variable temperature
- equipment described in Section 2.4.3 was used for the room temperature and low
temperature EDEXAFS studies. As mentioned before, the equipment contained two
reagent syringes connected by steel tubing to the observation cell where mixing
occurred. The compositions of the mixtures given henceforth in brackets are the

compositions of the reagents in the observation cell.
6.5. EDEXAFS spectra of NiCl,(PEt,),/AlEt, in the absence of hex-1-ene;

The fitted EDEXAFS and QUEXAFS spectra of the starting material
NiCL,(PEt,), are given in Chapter 3. The Ni-K-edge data was found to fit to a single
shell of 4 phosphorus atoms at 2.23A. It was difficult using these techniques to
differentiate between the chlorine and phosphorus shells as they have very similar
phase shifts.

The experiments in this section will be concerned with any changes in the
nickel coordination sphere of this complex on addition of AlEt; both in the presence

and absence of the olefin.
i) at low temperatures:

Figure 6.7 shows the Ni-K-edge EDEXAFS spectrum of NiCL(PEt,),/AlEt,
( [Ni]= 70mM, Ni:Al 1:2.5 in p-fluorotoluene) obtained at 2°.
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Figure 6.7. Figure showing the fitted Ni-K-edge EDEXAFS data (1000 scans,
total scan time= 1020 ms) and Fourier transform of NiClL,(PEt,),/AIEt, (Ni:Al

1:2.5, [Ni]= 70mM) mixture in p-fluorotoluene at -2°C.
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Table 6.1. Table showing the parameters obtained from the fitted Ni-K-edge
EDEXAFS data (1000 scans, scan time= 1020 ms) and Fourier transform of
NiCL(PEt,), /AlEt, (Ni:Al 1:2.5, [Ni]= 70mM) at 2°c.

EF= 2.3(3), ARAC= 0.7, R= 29.7%. , ,
Coordination R/A c’/A"
number
P 3.67 (6) 2.201 (2) 0.0191 4)
Al 0.7 (2) 3.15 2) 0.022 (6)

From the parameters shown it can be seen that the data could be fitted to 4
phosphorus atoms. As with the starting material (see Chapter 3), this shell of four
phosphorus atoms could consist of 2 phosphorus atoms and two chlorine atoms
which are difficult to distinguish between, due to the similarities in phase shifts of
the two types of atom. An aluminium shell could be also fitted to the EXAFS data
at a non-bonding distance of 3.15 A. Such a shell could have arisen from the
formation of Ni-Cl-Al bonds with some of the AlEt, attacking the chlorine atom.
From the aluminium coordination of 0.7, it would seem that only part of the nickel
halogenophosphine had reacted to form such an adduct. The rest is still likely to be

starting material.
ii) at room temperature:
Figure 6.8 shows a fitted EDEXAFS spectrum and Fourier transform of

NiCL(PEt;), /AlEt; (Ni:Al 1:4, [Ni]= 70mM) mixture which was taken at room

temperature. The parameters obtained from the fit are shown in Table 6.2.
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Figure 6.8. Figure showing the fitted Ni-K-edge EDEXAFS data (1000 scans,
total scan time= 1420 ms) and Fourier transform of NiCL(PEt,) /AIEt, (Ni:Al

1:4, [Ni]= 70mM) mixture in p-fluorotoluene at room temperature.
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Table 6.2. Table showing the parameters obtained from the fitted Ni-K-edge
EDEXAFS data (1000 scans, scan time= 1420 ms) and Fourier transform of
NiCL(PEt,),/AlEt, (Ni:Al 1:4, [Ni]= 70mM) at room temperature.

EF= 0.6(6), AFAC= 0.9, R= 39.1%

Coordination R/A o’/A?
number
P 2.11(6) 2.197 (5) 0.0121 (7)
Ni 1.5 (2 2.460 (6) 0.024 (2)

As can be seen from the Table 6.2, the data at room temperature could be
fitted to a first shell of 2P atoms showing, that there was still some material with
Ni-P bonds present in the mixture. It is possible that this shell actually consisted of
1 Pand 1 Cl atom as it is difficult to distinguish between phosphorus and chlorine
atoms using EXAFS as they have very similar phaseshifts.

In addition, the data was also fitted to a shell of 1.5 nickel atoms at 2.460 A.
This shows that nickel clusters had formed in the reaction mixture. As in previous
cases of the nickel clusters, the Ni-Ni first shell distance of 2.460(6) A was shorter
than the expected 2.471(2)A from the foil. However, the contraction is less in this
case, when p-fluorotoluene is used as solvent, than when toluene was used as the
solvent, in the case of the Ni(acac), experiments. Also the Debye Waller factor of
this shell was higher (0.0242) than that expected from the foil (0.010). The increase
in Debye Waller factors has been thought to be due to the large vibrational
- amplitude at the surface of the clusters and arises from the relaxation of

coordinatively unsaturated surface nickel atoms at certain faces of the fine particle.
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6.6. QUEXAFS of NiCL(PEt,),/AlE, in the presence of hex-1-ene:

i) at low temperatures:

The Ni-K-edge QUEXAFS (one scan, scan duration= 2 minutes) of
NiCl,(PEt;),/AlEt;/hex-1-ene (Ni:Al:hex-1-ene 1:3:20, [Ni]= 70mM) mixture in p-
fluorotoluene was obtained at -3°C in order to find out the changes happening at the

nickel centre. Figure 6.9 shows the fitted Ni-K-edge QUEXAFS spectrum and its

Fourier transform.
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Figure 6.9. Figure showing the fitted Ni-K-edge QUEXAFS data (one scan,
scan duration= 2 minutes) and Fourier transform of NiCl,(PEt,),/AlEt;/hex-1-
ene (Ni:Al:hex-1-ene 1:2:20, [Ni]= 70mM) mixture in p-fluorotoluene at
-3%C.
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Table 6.3. Table showing the parameters obtained from the fitted Ni-K-edge
QUEXAFS spectrum (one scan, scan duration= 2 minutes) and Fourier
transform of NiCL(PEt,),/AlEt,/hex-1-ene (Ni:Al:hex-1-ene 1:2:20, [Ni]=

70mM) mixture in p-fluorotoluene at -3°C.
EF= -0.8(4), AFAC= 0.8, R= 20.5%.

Coordination R/A oY/A?
number
p 4.04 (8) 2.184 (2) 0.014 (4)

At low temperatures, the data from the catalyst mixture in the presence of
hex-1-ene, fitted to a single shell of four phosphorus atoms at 2.184 A. It would
seem that the reaction had not proceeded much from the starting material i.e.

NiCL(PEt,),. As with the mixture in the absence of hex-1-ene, it is possible that an

adduct had formed between the NiCL(PEt,), and the AlEt; but since an aluminium
shell could not be fitted at 3.1 A, this is unlikely.
There was little evidence of a carbon shell from the fitted data, indicating

that little or no alkylation had taken place at these low temperatures.

ii) at room temperature:

Figure 6.10 shows the fitted Ni-K-edge QUEXAFS data (one scan, scan
duration= two minutes) and Fourier transform of NiCL(PEt,),/AlEt;/hex-1-ene
(Ni:Al:hex-1-ene 1:2:20, [Ni]= 70mM) mixture in p-fluorotoluene, obtained at

room temperature.
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Figure 6.10. Figure showing the fitted Ni-K-edge QUEXAFS data (one scan,

scan duration= two minutes) and Fourier transform of NiCl (PEt;),/AlEt,/

/hex-1-ene (Ni:Al:hex-1-ene 1:2:20, [Ni]= 70mM) mixture in p-fluorotoluene at

room temperature.
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Table 6.4. Table showing the parameters obtained from the fitted Ni-K-edge
QUEXAFS data (one scan, scan duration= two minutes) and Fourier
transform of NiCl(PEts),/AlEts/hex-1-ene (Ni:Al:hex-1-ene 1:2:20, [Ni]=
70mM) mixture in p-fluorotoluene at room temperature.

EF= -3.7(6), AFAC= 0.8, R= 32.1%.

Coordination R/A AT
number
P 3.8 (1) 2.198 (4) 0.0162 (5)
Al 1.2 (3) 3.25 (2) 0.023 (7)

The data in the above table shows that at room temperature the nickel atom
had a first coordination shell 4 phosphorus atoms at 2. 198A. This phosphorus shell
could, as in the starting material, have consisted of 2 phosphorus and 2 chlorine
atoms. The resolution between the two was difficult due to similarities in the phase
shifts of the two atoms and the length of data required for resolution.

A second shell of 1 aluminium atom at the non-bonding distance of 3.25 A
was also found to improve the fit. As in the absence of hex-1-ene, it could be that
Ni-Cl-Al bonds had been formed as a result of the AlEt, attacking the chlorine

atoms rather than the nickel centre to result in an adduct.
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6.7. Ni- and Br-K-edge QUEXAFS and EDEXAFS of NiBr,(PEt,),/AlEt, at

varying temperatures:

The fitted EDEXAFS and QUEXAFS spectra for the Ni- and B+-K edge of
NiBrz(PEt3)2 are given in Chapter 3. The Ni-K-edge data was found to fit to 2
phosphorus atoms at 2.23 A and 2 bromine atoms at 2.32 A. Unlike NiCL(PEty),
there was little difficulty in distinguishing between the shells of phosphorus and
bromine atoms either in the EDEXAFS or the QUEXAFS data.

The Br-K-edge data was found to fit to a first shell of one nickel atom at
2.23A , a second shell of 2 phosphorus atoms at 3.3A and a shell of one trans-
bromine at 4.5 A.

In the next few sections we will look at the changes in the nickel and
bromine coordination spheres of the starting material NiBr,(PEt;), on addition of

AlEt, both in the presence and absence of hex-1-ene.

i) at low temperature:

Figure 6.11 shows the fitted Ni-K-edge QUEXAFS data (one scan, scan duration=
two minutes) and Fourier transform of NiBr (PEts),/AlEt (Ni:Al 1:6, [Ni]=

70mM) mixture in p-fluorotoluene obtained at -5°C.
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Figure 6.11. Figure showing the fitted Ni-K-edge QUEXAFS data (one scan,

scan duration= two minutes) and Fourier transform of NiBr,(PEt,),/AlEt,

( Ni:Al 1:6, [Ni]= 70mM) in p-fluorotoluene at -5°C.
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Table 6.5. Table showing the parameters obtained from the fitted Ni-K-edge
QUEXAFS data (one scan, scan duration= two minutes) and Fourier

transform of NiBrz(PEt3)2/AlEt3 (Ni:Al 1:6, [Ni]= 70mM) at -5%C.

-EF= 1(1), AFAC= 0.80, R=29.3%. - >
Coordination R/A o* A’
number
P 2.0 (D) 2.190 (9) 0.005 (1)
Br 2.0 (1) 2.313 (3) 0.0080 (8)

The data in the table shows that, at -SOC, the nickel atom had an average
coordination of 2 phosphorus atoms at 2.190 A and 2 bromine atoms at 2.313 A.
This is the same as the fit which was obtained for the starting material i.e.
NiBr, (PEt;),. Thus, at -59C, it would seem that the reaction had not proceeded very

far.

The bromine-K-edge spectrum of the same mixture was very difficult to

analyse and has not been presented.
ii) at room temperature:

Figure 6.12 shows the Ni-K-edge fitted EDEXAFS spectrum (average of 10
frames, 99 scans, total scan duration= 250 ms) and Fourier transform of
NiBr,(PEt,),/AlEt, (Ni:Al 1:6, [Ni]J= 70mM) mixture in p-fluorotoluene as

obtained at room temperature.
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Figure 6.12. Figure showing the fitted Ni-K-edge EDEXAFS data (10 frames,

99 scans, total scan duration= 250 ms) and Fourier transform of

NiBr,(PEt,),/AlEt, (Ni:Al 1:6, [Ni]= 70mM) in p-fluorotoluene at room

temperature.
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Table 6.6. Table showing the parameters obtained from the fitted Ni-K-edge
EDEXAFS data (10 frames, 99 scans, total scan duration= 250ms) and Fourier
transform of NiBr,(PEt,),/AlEt, (Ni:Al 1:6, [Ni]= 70mM) in p-fluorotoluene at
room temperature. ,

EF= 2(1), AFAC= 0.9, R= 39.8%.

Coordination R/A o® /A
number
P 2.06 (9) 2.11 (1) 0.014 (1)
Br 2.0 (2) 2.364 (7) 0.017(1)
Al 1.2 (2) 3.06 (2) 0.015(5)

The data in the above table shows that on average, the nickel atoms in the
mixture had a first coordination shell of 2 phosphorus atoms at 2.11A, followed by
a second coordination shell of 2 bromine atoms at 2.364 A. In addition, an
aluminium shell of 1.4 aluminium atoms was seen at 3.07 A suggesting Ni-Br-Al
bridges could have been present in the species in solution. The P, Br, and the Al
shells were all found to improve the fit significantly at 1% probability. The solution

may therefore contain an adduct species of the type shown in Figure 6.13, along

/AlEt3

Bf

with some starting material.
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Figure 6.13. Figure showing a possible nickel species present in a solution of
NiBr,(PEt,),/AlEt; (Ni:Al 1:6, [Ni]J= 70mM) in p-fluorotoluene at room

temperature.
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The BrQK-edge spectrum of the same mixture at room temperature was

obtained in a-completely separate experiment. Figure 6.14 shows the fitted Br-K-
edge EXAFS data (4000 scans, scan duration= 150 ms) of NiBr (PEt;),/AlEt,

(Ni:Al 1:6, [Ni]= 70mM) in p-fluorotoluene obtained at room temperature.

Amplitude

Figure 6.14. Figure showing the fitted Br-K-edge EDEXAFS data (4000 scans,
scan duration= 150 ms) and Fourier transform of NiBr,(PEt,),/AIEt; (Ni:Al

1:6, [Ni]= 70mM) in p-fluorotoluene at room temperature.
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Table 6.7. Table showing the parameters obtained from the fitted Br-K-edge
EDEXAFS data (4000 scans, scan duration= 150 ms) and Fourier trahsform of
NiBr,(PEt,),/AlEt, (Ni:Al 1:6, [Ni]= 70mM) in p-fluorotoluene at room
temperature. - s
EF= 3.5(7), AFAC= 0.7, R= 37.6%.

Coordination R/A oA
number
Al 0.92 (4) 2.197 (7) 0.005 (1)
Al 1.9 (1) 2.416 (7) 0.0111 (10)

As can be seen from the parameters in the above table, the average
coordination around the bromine atom in the reaction mixture consisted of one
aluminium atom at 2.197 A and two further aluminium atoms at 2.416 A. It is
possible a number of aluminium bromide species with varying Al-Br distances may

have been formed in solution as shown in Figure 6.15.

Al)Brg = =~ AlBr4- + AIBr*

Figure 6.15. Possible aluminium bromide species formed in a solution of
NiBr,(PEt,),/AlEt, (Ni:Al 1:6, [Ni]= 70mM) in p-fluorotoluene at room

temperature.

It is clear from the EXAFS data, that whatever other species may have been
present in the reaction mixture there was no large atom coordination, as the data
could not be fitted to any atoms other than aluminium atoms.

A comparision of the raw spectra of the Br-K-edge of the NiBr,(PEt;),/AlEt;
(Ni:Al 1:6, [Ni]= 70mM) in p-fluorotoluene obtained at room temperature (as
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fitted in Figure 6.14 and Table 6.6) and the starting material (NiBr,(PEt,), 140mM

in p-fluorotoluene) is shown in Figure 6.16.
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Figure 6.16. Figure showing a comparision of the Br-K-edge EDEXAFS
spectrum of a) NiBr,(PEt,), (140mM in p-fluorotoluene) with the Br-K-edge
EDEXAFS spectrum of b) NiBr,(PEt,),/AIEt; (Ni:Al 1:6, [Ni]= 70mM) in p-

fluorotoluene at room temperature.

As can be seen from the comparision of the bromine-K-edge before and after
the addition of AIEt;, there was a considerable change in the EXAFS and XANES
region on addition of AlEt, showing that reaction had occurred. The lack of
oscillations at higher energy after addition of AlEt; would indicate the loss of nickel
coordination and replacement by lighter atoms.
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6.8. Ni- and Br-K-edge QUEXAFS and EDEXAFS spectra of NiBr,(PEt,),/

AlEt3 in the presence of hex-1-ene:
» i) at low temperature:

Figure 6.17 shows the fitted Ni-K-edge EDEXAFS spectrum (10 scans, scan
duration= 2 minutes) and Fourier transform of NiBr(PEt;),/AlEt;/hex-1-ene
(Ni:Al:hex-1-ene 1:6:20, [Ni]= 70mM) mixture in p-fluorotoluene obtained at -

59C. Table 6.7 shows the parameters obtained from the fitted spectrum.

Figure 6.17. Figure showing the fitted Ni-K-edge QUEXAFS spectrum (10
scans, scan duration= 2 minutes) and Fourier transform of NiBr,(PEt,),/
AlEt,/hex-1-ene (Ni:Al:hex-1-ene 1:6:20, [Ni}= 70mM) mixture in p-

fluorotoluene obtained at -5°C.
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Table 6.8. Table showing the parameters obtained from the fitted Ni-K-edge
EDEXAFS spectrum (10 scans, scan duration= 2 minutes) and Fourier
transform of NiBr,(PEt,)./AlEt /hex-1-ene (Ni:Al:hex-1-ene 1:6:20, [Ni]=
| 70mM) mixture in p-fluorotoluene obtained at -5°c. - ’
EF= -4.2(6), AFAC= 0.7, R= 23.3%.

Coordination R/A oA
number
C 092 1.95 (1) 0.009 (3)
P 2.1(1) 2.209 (6) 0.0120 (8)
Br 1.08 ©9) 2.367 (6) 0.021 (6)

The parameters in the above table show that the average coordination around
the central nickel atom consisted of one carbon atom, two phosphorus atoms and
one bromine atom. A possible intermediate species therefore indicated at low

temperatures is as shown in Figure 6.18.

PE’tz\Ni /Et
Br/ \PEG

Figure 6.18. Figure showing a possible species present in solutions of

NiBr,(PEt,) /AlEt,/hex-1-ene at -5°C.
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Althougvh it is clear that there was carbon coordination, the exact nature of
the carbon shell i.e. length of alkyl group was difficult to ascertain. Since the

coordination numbers were not integral values a mixture of species may have been
o >

present.
Figure 6.19 shows the fitted Br-K-edge EDEXAFS data of the same mixture

obtained at -12°C and its Fourier transform.

Kx(k)

Amplitude

Figure 6.19. Figure showing the fitted Br-K-edge EDEXAFS data (4000 scans,
scan time= 46 ms) and Fourier transform of NiBrz(PEts)zlAlEtslhex-l-ene
(Ni:Al:hex-1-ene 1:6:20, [Ni]= 70mM) mixture in p-fluorotoluene obtained at

-12°C.
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Table 6.9. Table showing the parameters obtained from the fitted Br-K-edge
EDEXAFS data (4000 scans, scan time = 46 ms) and Fourier transform of
NiBr,(PEt,),/AlEt, /hex-1-ene (Ni:Al:hex-1-ene 1:6:20, [Ni]= 70mM) mixture in
| p-fluorotoluene obtained at -12°c. ’
EF=-10.62 (1.04), AFAC= 0.9, R= 46.7%.

Coordination R/A c? A
number
Ni 0.74 (2) 2.302 (5) 0.0095 4)
P 0.66 (9) 3.24 (1) 0.010 (2)
Br 0.6 (1) 4.51(1) 0.010 3)

The results show that the data could be fitted to a solution containing some
NiBr,(PEt;),. Since the coordination numbers were lower than expected for a
solution containing only starting material, it is possible that some of the bromine in
the solution may have existed as another species e.g. bromide ions which have no
EXAFS. The fit does not improve on adding aluminum atoms to the coordination
sphere and it is therefore unlikely that there was any aluminium bromide in the
solution. It was also difficult to fit the spectrum to any other combination of atoms.
Also increasing the coordination numbers of the nickel, phosphorus and bromine
atoms worsened the fit. It is therefore difficult to decide on the composition of this
mixture except to say that it may have contained a mixture of some starting material

and some bromide ions.
i1) at room temperature:

The bromine-K-edge EDEXAFS spectrum of the same mixture, at room

temperature, revealed that there was virtually no EXAFS to the edge. This is shown
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in Figure 6.20. It is possible that bromide ions had been formed from the nickel
species subsequent to alkylation. This could be an explanation for the lack of any

EXAFS.

80 | | ]
ul |
0 WNJWWWM”W\M
waol
-80 | 4
0 3 I3 9 12

k/A?!

Figure 6.20. Figure showing the Br-K-edge EDEXAFS data (4000 scans, scan
time= 24 ms) of NiBrz(PEt3)2/AlEt3/hex-1-ene (Ni:Al:hex-1-ene 1:6:20, [Ni]=

70mM) mixture in p-fluorotoluene obtained at room temperature.
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6.9 CONCLUSIONS:

The electronic absorption spectroscopy results have shown that the

- reaction between NiCL (PEt,) /AlEt, resulted in a stable new species with a possiblg

oxidation state of Ni(I). This species could be tetrahedral. More evidence will be

required to decide on the exact nature of this Ni(I) species. A similar Ni(I) species

was indicated as having been formed in a solution of NiBr (PEt,),/AlEt, despite the
poor quality of the spectrum.

EDEXAFS data of NiCL(PEt,) /AlEt, mixture at low temperatures
indicated little change in the coordination sphere of the nickel atom compared to the
starting material i.e. a first shell of 4 phosphorus atoms which could not be
separated into two shells of 2 chlorine atoms and 2 phosphorus atoms. This was due
to the similarity in phaseshifts of the two atoms. However, a shell of aluminium
atoms was observed at the nonbonding distance of 3.15 A. This is likely to be the
result of Ni-Cl-Al bonds formed as a result of the AIEt; attacking the chlorine

atoms of the starting material. Such a species is shown below.

1Et3
Cl\ é /PEt3
Ni
PEt — 1
AIE

At room temperature this mixture was found to yield nickel metal clusters with

nickel coordination seen at 2.460A.
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In the presence of hex-1-ene at 0°C, once again there was no change in
the coordination sphere of the nickel atom compared to starting material. A shell of
aluminium atoms could also not be identified indicating that the solution still

. contained mainly starting material. However, at room temperature, an-aluminium
shell was observed at 3.23 A indicating that the AlEt; had begun attacking the
halogenophosphine.

The reaction involving NiBr (PEt) /AlEt, did not proceed at all at low
temperatures. At room temperature and within 4 minutes, it seemed from the Ni-K-
edge that some adduct may have been formed between the nickel species and the
aluminium species. This was clear from the coordination of one aluminium atom
seen at 3.102 A, in addition to a shell of two phosphorus atoms at 2.131 A and two
bromine atoms at 2.371 A, indicating the presence of Ni-Br-Al bridges. A possible

structure for the adduct is shown below:

llEt3
Br\ :E _— PEG
N
PEGT l\ r
j\lEt3

The reaction was not studied after 4 minutes and so any further loss of bromine
atoms from the nickel coordination sphere could not be observed.

The bromine-K-edge spectrum of the mixture taken 15 minutes after the

mixing of the reagents indicated loss of nickel from the bromine coordination sphere
and the possible formation of an aluminium bromide species.
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The Ni-K-edge spectra of the catalyst mixture, NiBr (PEt) /AlEt, , in the
presence of hex-l-ene and at low temperatures, indicated the formation of the

species shown below:

3\ Et
N

PEt3

The bromine -K-edge of the same mixture at low temperature confirmed the
presence of some nickel and phosphine coordination around the bromine atom. At
room temperature, the formation of bromide ions was indicated by the lack of any
oscillations in the Br-K-edge EXAFS of the mixture.

The results presented in this chapter indicated the extent to which EXAFS
(EDEXAFS and QUEXAFS) can be used to obtain information about the
coordination sphere of a metal atom in a catalyst mixture. Although mixtures are
difficult to look at, still EXAFS provides considerable evidence as to the direction
the reaction is taking by following any changes in the coordination sphere of the

metal atom i.e. nickel in this case.
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CHAPTER 7. EXAFS AND QUEXAFS STUDIES OF THE
PALLADIUM CATALYSTS FOR THE HECK REACTION.
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7.1 Introduction to the Heck reaction:1

The palladium catalysed vinylation provides a convenient method of forming
carbon-carbon bonds at unsubstituted vinylic positions. It is a useful method for the
synthesis of a variety of olefinic compounds. The reaction generally does not
require anhydrous or anaerobic conditions although limitation of the access of
oxygen is advisable when arylphosphines are used as a component of the catalyst.
The transformation is invaluable because it cannot be carried out in a single step by
any other known method (except in certain Meerwein reactions).

The general reaction is as shown below:

»

H PdL,X R\ 7/
— Go— iy . C==C + Base H*X~
/C C + RX '+ Base /C ~

" R = Aryl, heterocyclic; benzyl, or vinylic
X = Bromide, iodide, or (rarcly) chloride
L = A ligand

Figure 7.1. Figure showing the general reaction for the palladium catalysed

vinylation of organic halides.

During the seventies and eighties, a few research groups explored the scope
and limitations of the method.?**”"® The organic halide employed is limited to aryl,
heterocyclic, benzyl or vinyl types with bromides and iodides used most often”"®”’.
Halides with easily eliminated B-hydrogen atoms (i.e. alkyl derivatives) cannot be
used as they form olefins by elimination under normal conditions. The base needed
may be a secondary or tertiary amine, sodium or potassium acetate, carbonate or

bicarbonate.
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When nucleophilic secondary amines are used as co-reactants with most
vinylic halides, a variation occurs that often produces tertiary allylic amines as the

major products. This is shown in Figure 7.2.

| %

C. €
D T S N sy~
£=C +/c_c\+ 2R;NH —== R;N—C ¢ '+ R,NH;X

X

Figure 7.2. Figure showing the effect of nucleophilic secondary amines on the

Heck reaction.

A range of olefins can be used in the Heck reaction. A primary factor in
determining the reactivity of the olefin is the size and number of substituents on the
double bond carbon atoms. Ethene is the most reactive olefin. "

The catalyst is commonly palladium acetate, although palladium chloride or
preformed triarylphosphine palladium complexes, as well as palladium on charcoal
have been used. A reactant, product or solvent may serve as ligand L in reactions
involving organic iodides, but generally a triarylphosphine or a secondary amine is
required when organic bromides are used.

The reaction occurs between 50°C and 160°C and proceeds homogeneously.
Temperatures up to 160°C can be used before the reactions become heterogeneous
and metal is precipitated. &

Amines are often used as bases as specific solvents are necessary to dissolve
other inorganic bases e.g. dimethylformamide has been used to dissolve potassium
carbonate'? and methanol has been used to dissolve sodium acetate'”.

Solvents such as N-methylpyrrolidinone, acetonitrile, dimethylformamide,
methanol, and hexamethylphosphoramide are used but are not necessary.

There are several other variations of the reaction in which the organic halide
is replaced with reagents such as organometallics, diazonium salts or aromatic
hydrocarbons
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Other related reactions such as the palladium catalysed replacement of allylic
substituents with carbanionic reagents”, the palladium promoted nucleophilic

15,16

substitution at olefinic carbons and the palladium catalysed coupling reactions of

L

halides and organome:tallics’7 have not been dealt with in this chapter.

7.2 Mechanism of the Heck reaction:

Stoichiometric reactions with organopalladium compounds indicate that they
are involved in the vinylic substitution”'®. A possible scheme for the mechanism is
shown in Figure 7.3. It is thought that under the reaction conditions, the palladium
(II) complex is reduced to give finely divided palladium metal by oxidising some of
the olefin present'>. The finely divided metal then reacts with the organic halide
intermediate. The organopalladium complex then adds to the double bond of the
olefin. The resulting adduct is then thought to undergo elimination of a
hydridopalladium halide if an sp>-bonded hydrogen atom is present B to the
palladium group. The reaction is catalysed in the presence of a base because the
hydridopalladium halide dissociates reversibly and the base shifts the equilibrium to
the palladium(0) species. This latter compound then rereacts with the organic halide

and the cycle begins again.
PdX H\c—c/ 2L PdL, 4 HX x\c=c/
A N AR N
Catalytic cycle:
PdL, + RX ——— RPdL,X

RP{L,X H\C"'C/ R é é PdL,X
2 X + = ] 2

H
L R

N
R—C—C—PdL,X ——  C=C. + HPdLX
1 (|: 2 /77N 2

HPAL,X + Base ——— PdL, + Base-H*X"

Figure 7.3. Figure showing a possible mechanism for the palladium catalysed

vinylation of organic halides.
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Today, a coordinatively unsaturated 14-electron palladium(0)  species,
usually coordinated with labile donor ligands (tertiary phosphines) is assumed to be
the catalytically active complex®®. This complex is normally generated in situ.
Tetrakis(triphenylphosphine) palladium(O)ZI, which forms a tris(triphenjlphosphines
palladium(0) complex in solution, is frequently employed.22 .

A more detailed mechanism for the Heck reaction is given in Figure 7.4.%

[PA(PPh3)]
1-PPh3

[Pd(PPhg3)s]
‘-PPh;, A

~HX
[(PPhy)oPd] oxidative addition
base @
[HPd(PPh3),X] [R'-Pd(PPh3)2X]
syn-

@ insertion R

PJ(PPh),X R'  Pd(PPh;).X

syn-
elimination

R'\ A R? H
R R? H  R?

internal rotation

Figure 7.4. Figure? showing a schematic diagram of the mechanism of the
Heck reaction. R'= alkenyl, aryl, R®*= aryl, alkyl, alkenyl, CO;R', R'= alkyl,

X= I, Br(Cl), OSO,CFs.
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As shown in the schematic diagram in Figure 7.4, the catalytically active
species, bis(triphenylphosphine)palladium(0) is generated after endergonic loss of a
phosphine ligand23 from tris(triphenylphosphine)palladium(0) complex. The
complex bis(triphenylphosphine)palladium (0) is a well characterised conii)ound.z“"x

Palladium(II) salts, such as palladium acetate or bis(triphenylphosphine)
palladium dichloride, which can be reduced in the reaction medium are commonly
used. A discussion of the reducing agent is further given by Hayashi et al”

In the first step of the cycle shown in Figure 7.4, haloalkenes and haloarenes
are commonly assumed to oxidatively add to bis(triphenylphosphine)palladium(0)
generating a c-alkenyl or c-aryl palladium(II) complex. This reaction should lead to

the thermodynamically stable?®?’

28,29,30

trans-c—alkenyl or aryl palladium complex in
several steps probably via a cis-c-alkenyl or arylpalladium(Il) intermediate.

. Next, the alkene molecule is coordinated possibly after elimination of
another phosphine ligand.31 This is followed by insertion of the alkene into the o-
alkenyl or c-aryl palladium bond®* to give a c-alkylated complex viav a 4-centre
transition state.

After the cis addition of the alkene, the reaction terminating B-

333435 can occur only after internal rotation in the alkylpalladium

hydride elimination
species. In this way, the essential syn orientation of a B-hydrogen is provided for
elimination. The catalyst is regenerated after reductive elimination of HX in the
presence of base. The base is known to have a rate increasing effect as a ligand.36

Recently, palladium dispersions containing small metal particles (20-80A)
have been of increasing scientific interest.”’ They have been found to have superior
catalytic properties for some organic reactions e.g. hydrogenation and
dehyrohalogenation compared with molecular complexes.37’38’39 Different methods
for preparing palladium colloids are available, ‘!

Colloidal palladium only shows good activity for activated aryl bromides
e.g. 4-bromoacetophenone where the high turnover factors can be compared with

42,43 F

the fastest Heck reactions of activated aryl bromides reported in literature. or
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deactivated aryI bromides and chlorides, palladium colloids show only very low
activity, if any at all. In general, irreversible agglomeration of the metal leading to
deactivated palladium species is observed here instead.
| It was again shown in 1996 by Beller et al.* that palladium 4c'olloids are
effective and active catalysts for the olefination of aryl bromides. It was found that
the addition of phosphines strongly retards the reaction rate of the colloid catalyst.
As mentioned before the study once again showed that this type of catalyst is not
suitable for the activation of non-activated substrates e.g. technically interesting aryl
chlorides.

The direction of addition of the organopalladium species to unsymmetrically
substituted double bonds appears to be largely sterically controlled. The organic
group of the organopalladium complex goes on the less substituted carbon atom of
the double bond®. When allylic alcohols are used as the olefinic compound,
carbonyl compounds are usually obtained as significant or exclusive products‘”s"”’48

as shown in the Figure 7.5 below.

H
N\ | PAL,X,
/C=(ll——(l}—-OH + RX + Base ———
H KR
R .
LR LA
R—C—C—C + —C—C—C + BascH'X"™
I ‘ \Rr * I l \R:
H H

Figure 7.5. Figure showing the carbonyl products obtained from the palladium

catalysed reaction between allylic alcohols and organic halides.

The carbonyl compounds result from palladium hydride elimination
involving the B hydrogen atom on the hydroxyl bearing carbon atom. Rates of
reaction of the allylic alcohols are generally higher than those of simple olefins,

suggesting that hydroxyl coordination may be involved.
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The mechanism of the reaction

leading to carbonyl compounds is

exemplified in the Figure 7.6 by the arylation of 3-buten-2-ol. A similar scheme

was proposed for the olefin arylation reaction’.

ROH
PdX/PR,), m PA(PR,),

n=23or4

Pd(PR,), + ArX - Pd(ArXX)}PR,), + (n — 2)PR,

OH

Pd(ArXXXPRy), + CH==CHCHCH; —

OH
(RyP)AX)PAdCH,CHCHCH;,

OH
+ | ArCH,CHCHCH;,

Ar n PAX)XPR,),
1 11
Ar OH Ar OH
-PR,
1 == | CH,=~C—CHCH, | === | CH;—C—CHCH,
H—Pd—X Pd
/\
PR, | RP X
1—-[HPA(X)PR,] ~[HPAXIPR,]
Ar OH Ar (!?
CH/~=C—CHCH, CH,CH—CCH,
H OH
~PR,
I == | ArCH==CHCHCH, | == ArCHCH,CHCH,
H~—Pd-—PR, Pd
/\
X RP X
j181
PR l~[HPd(X)PR,]
OH
ArCH=CHCHCH,
OH (¢}
~[HP&XIPR,] 1
ArCH,CH=C—CH, ArCH.CH.CCH,
H—~—Pd—PR;
X
v

Figure 7.6. Figure showing a possible mechanism for the palladium catalysed

arylation of 3-buten-2-ol.
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Initially, the palladium(II) catalyst is thought to be reduced by the allylic
alcohol to the true catalyst, a palladium(0Q)-triphenylphosphine complex or, in the
case of palladium(Il) acetate reactions, simply to finely divided palladigm metal. In
| the latter reactions the precipitation of the palladium metal can be seen when th:e
reactants are mixed together. The palladium(Q) species then oxidatively adds the
aryl halide to form an aryl palladium complex. The last complex then adds to the
allylic double bond to give adducts I and II. These adducts then undergo elimination
of the hydridopalladium group to form olefin n-complexes with the hydride.
Dissociation at this stage produces the 2-aryl alcohol from I and either the 3-aryl
alcohol or the 3-aryl carbonyl product from II. The presence of triphenylphosphine
increases the rate of dissociation possibly by displacing the olefinic group from the
metal in a second order reaction. If dissociation does not occur then readdition and
elimination reactions of the hydride group occur leading ultimately to the carbonyl
derivative at which point the reaction becomes irreversible. The dissociated free
hydride rapidly decomposes, since once formed the unsaturated alcohols are
generally stable in the reaction mixtures.

Chalk and Magennis*”*® studied in detail the product distribution from
reacting various isomers of methallylic alcohol and halobenzenes (X = I, Br) using a
palladium chloride catalyst. The results are shown in Table 7.1. In all the cases
shown in the Table 7.1, the halobenzene (5S0mmol) was reacted with of methallylic
alcohol (75mmol) in the presence of sodium bicarbonate (60mmol) and palladium

chloride (0.45mmol) in 20 ml of a solvent. This was NMP at 130°C when X= 1
and HMPA at 140°C for X = Br.
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Table 7.1. Table showing the distribution of the products obtained by the

reaction of iodobenzene and bromobenzene with various isomers of

methallylalcohol.
Allylic alcohol Time, | Halo- | Conver | Product: | Product: | Other
hr gen sion, % | 3-Aryl 2-Aryl Products
Carbonyl | carbonyl | GC
GC GC Yield
Yield, % | Yield %
%
CH,=C(CH;)CH,0H 4 I 100 95 5 None
CH,=C(CH;)CH,0H 4 Br 100 95 5 None
CH;CH=CHCH,O0H 1 I 100 69 31 None
CH;CH=CHCH,0H 1.5 Br 93 69 31 None
CH,=CHCH(CH;)OH |2 I 100 100 --- None
CH,=CHCH(CH;)OH |2 Br 100 70 - Unknown
30%.

Further work on the same reactants was carried out by Melpolder and Heck*

this time using palladium acetate catalyst. The details are given in the Table 7.2. In

all instances shown in the table the yields were determined using GLC and are based

on the aryl halide used. All reactions were carried out in capped glass tubes under

argon with acetonitrile as solvent and triethylamine as base. There was ca.400x

excess of reactants (allylic alcohol and halobenzene) compared to palladium in these

solutions.
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Table 7.2. Table showing the products of the reaction between iodobenzene and

bromobenzene with various isomers of methallylalcohol.

Allylic alcohol Halo | Time, | Conver | Product: | Product: Other
-gen | Hr sion, % | 3-Aryl 2-Aryl Products
carbonyl | Carbonyl | Yield
Yield % | Yield % %
CH;CH=CHCH,0H |1 12 84 74 26 None
(CH;),C=CHCH,OH |1 96 51 62 3 Others
25.3%
CH,=C(CH;)CH,0H | I 8 95 96 4 None
CH,=CHCHOHCH; I 5 95 90 10 None
CH,=CHCHOHCH; |Br |35 |95 |50 2 Others
50%.

7.3 Objectives of this chapter:

In this chapter, we will be concerned primarily with EXAFS studies of

catalyst structure in two main reaction mixtures. These are:

1) Pd(OAc),/methallylalcohol/iodobenzene/tri-n-butylamine/NMP

2) Pd(OAc),/PPhs/bromobenzene/methallylalcohol/tri-n-Butylamine/NMP

The products expected from both these mixtures are detailed in the Table

7.2. The only difference between the mixtures used for the EXAFS experiments in

this thesis and those detailed in Table 7.2 is that in the EXAFS experiments, NMP

was used as solvent instead of acetonitrile and tri-n-butylamine was the base instead

of triethylamine. In addition, the reactants i.e. methallylalcohol and halobenzene are

only 50x in excess of the palladium complex compared to 400x in the catalytic runs
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shown in Table 7.2. this was necessary to obtain a high enough concentration of the

palladium complex to enable study by EXAFS.

Throughout this rest of this chapter the isomer of methallylalcohol that

~ will be used is 2-methyl-2-propen-1-ol.

>

7.4 Equipment used for palladium catalyst studies:

The equipment shown in Figure 7.7 was used for all the EXAFS studies of

palladium catalysts both in situ, in the reaction mixture and otherwise.

Thermocouple connection to

Temperature Controller.

Inlet and outlet tubes for
reaction solutions.

Connection to temperature
Controller.

Stainless steel solution cell.

Cylindrical heater cartridges
(30W).

Central window of solution
cell.

Insulating base.

Figure 7.7. Figure showing the equipment required for in situ studies of

palladium Heck reaction catalysts.
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As can be seen from Figure 7.7, the equipment involved a cell consisting of
kapton windows clamped against a central cell using clamping plates. The cell also
had inlet and outlet tubes which allowed air sensitive transfer of solution into and
'out of the cell. The cell was heated using 30W heating cartridges pla?:ed in two’
cylindrical slots on either side of the central window. These could heat the solution
in the cell to 65°C in ca.l minute. The temperature of the cell was monitored by
using a thermocouple located near the centre of the cell as shown in Figure 7.7.
Both the heating cartridges and the thermocouple were connected to a central
temperature controller. The cell was placed on an insulating plate which prevents
heat loss from the cell. This setup was then placed in front of the X-ray beam for
EXAFS studies. The cell could also be set at 45° for fluorescence EXAFS studies.
The reaction solution could thus be studied at room temperature and then again at

65°C in the same cell.
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7.5 Why fluorescence EXAFS and QUEXAFS ?

v The studies of the palladium catalysts were carried out using fluorescence
EXAFS and QUEXAFS. The reason for this is that the solubilty of the palladium
acetate in most solvents was low and the low concentration of the palladium salt in
solution was better suited for fluorescence studies than transmission EXAFS studies.
This was because at low concentrations the absorption of the liquid (which
contained bromine or iodine atoms) became important and this affected the quality
of the EXAFS data obtained.

While QUEXAFS scans enabled fast acquisition of data, these scans could
also be averaged to obtain better data quality . EDE was not yet possible on the
palladium edge at Daresbury as palladium mirrors were used in the focussing of the
beam for EDE experiments here. In addition, the Bragg geometry monochromator
provided very poor resolution at the Pd-K-edge. So the studies had to be restricted
to QUEXAFS and EXAFS.

All the EXAFS studies were carried out on Station 9.3 at the SRS in
Daresbury. Although the ESRF at Grenoble has the facilities for carrying out
palladium edge EDE studies these were not possible due to lack of time.

EXCALIB: This was the program used for averaging a number of
QUEXAFS spectra of the same product. It can be accessed at Daresbury laboratory
and involved the simple input of data e.g. file number, mode of acquisition and
detector details. Once averaged, the data was background subtracted using PAXAS

in the same way as described in Chapter 2.
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7.6 EXAFS spectrum of palladium foil:

An EXAFS spectrum of palladium foil was run before starting the
experiments on the Heck reaction. This enabled us to see the EXAFS parametets
obtained using palladium foil. The spectrum consisted of a single scan obtained in
thirty minutes. Upto 16 A of data was obtained. The spectrum is shown in Figure

7.8.

Amplitude

Figure 7.8. Figure showing the fitted palladium-K-edge EXAFS data (one scan,

scan time= 31 minutes) of palladium foil and its Fourier transform.
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Table 7.3. Table showing the parameters obtained from the fitted palladium-K-

edge EXAFS spectrum of palladium foil.
EF= 1.1 (2), AFAC= 0.80, R= 13.7%.

Atom type | Coordination | FCC R/A FCC c*/A™
number Coordination R/A
number
Pd 12.1(1) 12 2.739 (1) 2.751 0.0096 (1)
Pd 6.7 (6) 6 3.854 (5) |3.890 0.019 (1)
Pd 21.3 (10) 24 4.765 (3) | 4.764 0.0154 (4)
Pd 6.4 (4) - 5.385 (4) |- 0.0064 (6)

Table 7.1 shows the parameters obtained from the EXAFS spectrum of

palladium foil. Thestructural parameters obtained in the table compare well to

values based on the FCC structure of palladium metal.

Thus, in future palladium edge study of reaction mixtures, the presence of a

palladium shell at 2.75 A, 3.89 A, and 4.76 A may indicate the formation of some

palladium metal in solution.
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7.7 EXAFS analysis of palladium acetate:

Palladium acetate is the starting material for all the catalyst mixtures looked
at in this chapter. It is known to exist as a trimer in the solid state.* Figure 7.9

shows the trimeric structure.

MC\ \P d/

Figure 7.9. Figure showing the trimeric structure of palladium acetate.”

The molecules are known to consist of a nearly equilateral triangle of
palladium atoms (ca. 3.15 A apart) which are joined together by double acetate
bridges such that the coordination at the metal atoms is approximately square
planar. A certain amount strain is involved in the structure and this is a possible
explanation for the relatively low stabilty of the trimeric molecule.! No metal-metal
bonding is involved, the position of the metal atoms being a compromise between
the square planar coordination and reasonable angles at the coordinating oxygen
atoms. X-ray crystallography studies found that the Pd-Pd distances range between
3.105 A and 3.203 A (See Table 7.2). These ranges are thought to reflect the slight

distortions caused by the packing requirements.
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Table 7.4. Table showing the main X-ray crystallography parameters obtained

on trimeric palladium acetate.”

Range bl No. of | Average g
independent
values
Pd-O 1.973-2.014 A 0.009 A 24 1.992 A
Pd-Pd 3.105-3.203 A 0.001 A
(non-
bonded)
Pd-O-C 127.8-133.2° 0.8° 24 130.3°
0-C-O 124.8-128.7° 1.1° 12 126.4°
O-Pd- 163.5-168.9° 0.4° 12 166.4°
trans-O

It was decided as part of the initial experiments to obtain the EXAFS
spectrum for palladium acetate in the solid state (as a 10% mixture with boron

nitride). This is shown in Figure 7.10.
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Figure 7.10. Figure showing the fitted Pd-K-edge EXAFS spectrum (one scan,

scan time= 46 minutes) of Pd(OAc);, (10% in boron nitride), and its Fourier
transform.
The parameters obtained from the fitted curves as shown in Figure 7.10 are

given in Table 7.5.
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Table 7.5. Table showing the parameters obtained from the fitted palladium—K—
edge EXAFS spectrum of Pd(OAc); (10% in boron nitride) shown Figure 7.10
and some corresponding X-ray crystallography data.
EF= -2.56 (28), AFAC= 0.8, R= 25.4%.

»

Shell Coordinates 6] Pd

EXAFS C.N 4.10 (7) 2.1(3)

X-ray C.N* 4 2

EXAFS R/A 1.995 (1) 3.113 (8)
X-ray R/A% 1.973-2.014 (9) 3.105-3.203 (1)
o’ /A 0.0028 (2) 0.022 (2)

As can be seen from the table above, the EXAFS data from the spectrum of
palladium acetate in the solid state compare well with X-ray crystallographic data.*
The data has confirmed the existence of palladium acetate as a trimer in the solid
state. As expected, the palladium atoms had a first coordination shell four oxygen
atoms at 1.995 A, and two palladium atoms were seen at 3.113 A.

Since all the experiments of the palladium acetate reaction mixtures were to
be carried out in a solution of NMP, therefore a QUEXAFS spectrum of palladium
acetate in NMP solvent was also obtained. The fitted QUEXAFS data is shown

below in Figure 7.11 and the parameters obtained from it are given in Table 7.6.
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Figure 7.11. Figure showing the palladium-K-edge QUEXAFS data (one scan,
scan time= 5 minutes) of Pd(OAc), (70mM in NMP) and its Fourier transform.
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Table 7.6. Table showing the parameters obtained from the fitted QUEXAFS
data of Pd(OAc), (70mM in NMP solvent).

"EF= -1.1 3), AFAC= 0.8, R= 24.6%.

Atom Type

C.N

R/A

/A7

o

4.37 (7)

1.998 (2)

0.0038 (3)

Generally, the acetate may exist in monomeric, dimeric, or trimeric forms

in solution depending on the solvent used.”® In a solution with NMP (N-

methylpyrrolidinone), the QUEXAFS spectrum in Figure 7.6, showed a first

coordination shell of only 4 oxygen atoms at 1.998 A. A subsequent shell of two

palladium atoms at 3.15A was not seen indicating that the trimeric structure of

palladium acetate had broken down in solution. As no palladium shell could be

fitted to the data it is likely that the acetate existed as a monomer in NMP solvent.

The presence of an oxygen coordination shell of four atoms suggested that a

possible structure for the palladium acetate in solution could be as shown below in

Figure 7.12.

Figure 7.12. Figure showing a possible monomeric structure for palladium

acetate in NMP solvent.




7.8. Studies of catalyst reaction mixture I: Pd(OAc),/NMP/

/iodobenzene/2-methyl-2-propen-1-ol /tri-n-butylamine :
i) Introduction:

A mixture of Pd(OAc),/NMP/iodobenzene/2-methyl-2-propen-1-ol/tri-n-
butylamine using the molar ratio 1/60/50/50/36, [Pd]= 41mM, was prepared at
room temperature using Pd(OAc), (15mg) in NMP (4 ml), iodobenzene (4 ml),
methallylalcohol (3 ml), tri-n-butylamine (6 ml). The acetate was first dissolved in
NMP to give a light brown solution. On subsequent addition of iodobenzene, tri-n-
butylamine and methallyl alcohol, to the acetate solution, in that order, a deep red
solution resulted. On heating the red solution to 70°C for 5-10 minutes the deep red
solution turned yellow in colour. On leaving the yellow solution to cool overnight it
reverted back to the red colour. It is worth noting that when the methallyl alcohol
was added to the palladium acetate/NMP solution prior to the addition of
iodobenzene, colloidal palladium seemed to form which on subsequent addition of
iodobenzene and on leaving overnight dissolved once again give the red solution.
But in order to avoid complications, this reaction mixture was always prepared by
adding the iodobenzene and tri-n-butylamine to the palladium acetate in NMP
solution before adding the methallyl alcohol. It is known that the palladium acetate
is reduced in the presence of the allyl alcohol to give palladium metal. It is likely,
therefore, that the palladium metal therefore must be reacting with the iodobenzene

and tri-N-butylamine to give the red product in solution.
ii) Electronic absorption spectroscopic studies of the reaction mixture:

Electronic absorption spectroscopic studies of the red reaction mixture at
room temperature showed no peaks in the visible region of the spectrum. The

absorption spectrum of palladium acetate in benzene/toluene solution shows a single

231



broad charge transfer band (€=1000 1 mol?! cm™) at 394 nm.”! There was little

change in the visible part of the spectrum on heating.
-iii) X-ray crystal studies:

An attempt was made to separate the red product from the red reaction
solution by washing the solution with n-pentane. Immediately, on addition of the n-
pentane to the red solution, a deep red oil settled to the bottom of the reaction vessel
and the clear organic solvent mixture remained at the top. This could be decanted
off. This indicated the ionic nature of the red product. The red product was
crystallised in two steps. First, any remaining NMP solvent still present in the red
oil was removed by placing the red oil under vacuum for two days. The deep red oil
became a deep red semi-solid. The semisolid was dissolved in methallylalcohol and
placed in a enclosed beaker of n-pentane. Overnight deep red needle-like crystals
formed. X-ray crystal analysis of the crystal and refinement of the data was
performed by Mr.A.Genge, of the Department of Chemistry (Southampton
University), using a Rigaku AFC X-ray Crystallography diffractometer.

The results showed that the crystals had the chemical formula [NBu3H]+2
[Pd216]2'. Thus, the deep red colour of the catalyst solution prior to heating was due

to the formation of the ionic complex shown in Figure 7.13.

T C(4) %

Pd(17) 1

1(3) , g

Figure 7.13. Figure showing the X-ray crystal structure of [NBu3H]+2[Pd2Lg]2 i
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Although the hydrogen atom on the tributylammonium ion could not be
detected it is thought to be present from the geometry at the central nitrogen atom.
Selected X-ray crystal parameters obtained for [NBu;H] ", [Pd216]2 are given in
Table 7.7. Further details are given in the appendix. Similar species involving the
[Pd,Is)* anion have been characterised before.”*% It will be noted later during this
chapter, that during catalysis while the central Pd(u>I)Pd bridges are retained the
terminal iodines are lost and replaced by organic species e.g. olefin groups with

consequent loss of [NBu;H*I] from the crystal salt.

Table 7.7. Table showing selected X-ray crystal parameters obtained from

[Pd,I]* [NBusH] .

Parameter Value

Bond distance: Pd-1 (terminal) 2.611(2)-2.5931(8)

Bond distance: Pd-I(bridging) 2.604(2)-2.609(8)

Radial distance: Pd-Pd 3.840(1)

Bond angle: Pd-I-Pd 94.89(4)°

Bond angle: I-Pd-1 (external to | 91.30(4)°-92.10(4)°
bridge)

Bond angle: I-Pd-1 (inside bridge) | 85.11(4)°

The X-ray crystal structure showed the extent of the reaction but did not
provide evidence of the complexes actually present in the reaction solution at room
température. In order to find out more about the complexes present in solution, in
situ studies of the reaction solution were carried out using QUEXAFS spectroscopy.

Dissolving the red iodide salt in place of the palladium acetate in the various
reagent solutions and heating, once again resulted in the yellow catalyst solution as

before, which on cooling overnight reverted to the red solution.
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iv) QUEXAFS spectrum of the reaction mixture 1 at room temperature:

Six fluorescence QUEXAFS spectra of the red reaction mixture 1 were taken
at room temperature in the solution cell shown in Figure 7.7 . The fitted QUEXAFS

data and its Fourier transform are shown in Figure 7.14.
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Figure 7.14. Figure showing the fitted in-situ Pd-K-edge data (average of six

fluorescence QUEXAFS scans, scan time=5 minutes) of Pd(OAc),/

iodobenzene/methallylalcohol/tri-n-butylamine/NMP reaction mixture at room

temperature.
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Table 7.8. Table showing the parameters obtained from the fitted Pd-K-edge
fluorescence QUEXAFS data of Pd(OAc),/iodobenzene/methallylalcohol/tri-n-
butylamine/NMP reaction mixture.

'EF= -4 (1), AFAC= 0.8, R= 40.4%.

Atom Type C.N R/A o’/A

C 2.1 (5) 2.11 (2) 0.0159 (5)
I 3.0 (1) 2.633 (4) 0.0086 (4)
Pd 1.0 (3) 3.82 (2) 0.008 (3)

The data show that the average coordination around a palladium atom in the
mixture consisted of a shell of ca. 2 carbon atoms at 2.105 A , and a shell of 3
iodine atoms at 2.633 A and a third shell of a single palladium atom at 3.820 A.
(Despite using an average of six five minute scans the data were still very noisy and
has led to a 40% fit). All the shells were found to be significant to the fit. A first
shell of oxygen atoms was also tried but this led to a worse fit than using carbon
atoms. The palladium shell was found to be significant to 1% probability.

It is clear solution from the iodine coordination, that an iodide was involved
in the reaction. The formation of an organometallic was indicated by the carbon
coordination shell. There was also clear indication of a species containing palladium
atoms bridged by two iodine atoms as indicated by the non-bonding distance of
3.820 A. This was similar to the iodine bridges found in the species which were
crystallised out from the reaction solution (See Figure 7.13).

The data could on average fit the species shown in Figure 7.15.

235



Figure 7.15. Figure showing two catalytic intermediates which could be formed
in the Pd(OAc)z/iodobenzene/methallylalcohol/tri—n—butylamine/NMP reaction

mixture at room temperature.

The chloride analogue of a species similar to 1 i.e.di-p-chlorodichlorobis
(ethylene) dipalladium was synthesised before in 1967 by Ketley er al.’? under
similar reaction conditions by a method involving the reaction between a palladium
chloride slurry in dichloromethane and ethene (10 atm) at 50°C.

However, given the data in Table 7.8, it is difficult to say which of the two
species shown in Figure 7.15 could have been formed or whether a mixture of both

was present in the reaction solution.
v) NMR studies of reaction solution 1:

In situ NMR studies of the catalyst reaction mixture were difficult to
perform because of the large excess of organic reagents such as iodobenzene,
methallyl alcohol and solvent NMP in the reaction mixture which diluted the signals
from any organometallic palladium complex formed. Also, the concentration of the
palladium in the reaction mixture used for the EXAFS experiments and in all the
catalysis studies by other workers has been low (< 4mg in 0.5 ml) due to the poor

solubility of palladium acetate in most solvents.
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Further studies using a number of other techniques may have to be used to

further characterise any species actually present in solution.
- vi) QUEXAFS spectrum of the reaction mixture 1 on heating to 65°C: -- R

On heating the reaction mixture 1 (Pd(OAc),/ iodobenzene/
methallylalcohol/ tri-n-butylamine/ NMP; l1/60/50/50/36, [Pd]= 41mM), in situ for
5 minutes at 65°C, the colour changed from deep red to yellow. Three fluorescence
QUEXAFS scans (scan time= 5 minutes) and two fluorescence EXAFS scans (scan
time= 30 minutes) of the reaction mixture were taken in succession and since they

were later found to be identical they were then averaged. The fitted average data are

shown in Figure 7.16.

Amplitude

Figure_7.16. Figure showing the fitted average EXAFS data and Fourier
transform of Pd(OAc),/iodobenzene/methallylalcohol/tri-n-butylamine/NMP;
1/60/50/50/36, [Pd]= 41mM) at 65°C using the average of three fluorescence
QUEXAFS scans (scan time= 5 minutes) and two fluorescence EXAFS scans

(scan time = 31 minutes).
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Table 7.9 Table showing the parameters obtained from the fitted fluorescence
EXAFS data and Fourier transform of Pd(OAc)zliodobenzene/methallylalcohol/
tri-n—butylamine/NMP; 1/60/50/50/36, [Pd]= 41mM) at 65°C using the average
- of three fluorescence QUEXAFS scans (scan time= 5 minutes) and tweo
fluorescence EXAFS scans (scan time = 31 minutes).

EF= -6.7 (7), AFAC= 0.8, R= 38.2%.

Atom Type | C.N R/A c*/A

C 1.7 2) 2.035 (9) 0.008 (2)
I 3.0 (1) 2.647 (3) 0.0116 (4)
Pd 1.0 (2) 3.854 (9) 0.007 (2)

_The table shows that the average coordination around a palladium atom in
the reaction mixture involved a first coordination shell of 2 carbon atoms at 2.035
A, and a seco.nd coordination shell of 3 iodide atoms at 2.65A and a third
coordination shell of a single palladium atom at 3.86A. As before, the coordination
shell of carbon atoms gave a better fit than when oxygen atoms were used
suggesting the formation of an organometallic. The presence of palladium atoms at
3.854 A indicates that Pd(u-2I)Pd bridges were present in the species in solution (as
in the crystal salt obtained from the same solution (see Figure 7.13).

The data could on average fit to the species shown in Figure 7.15. However,
this is only one of the possibilities and other spectroscopic studies will have to be

carried out to study all the species formed in the reaction solution.
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7.9. A fluorescence EXAFS study of reaction mixture 1 in the

absence of methallylalcohol:

In order to find out the reaction that occurred in the absence of methallyl

alcohol, the following reaction mixture was studied using fluorescence EXAFS.

i) at room temperature:

A scanning fluorescence EXAFS spectrum (one scan, scan time= 30
minutes) was obtained of the yellow-brown mixture, Pd(OAc),
(0.15g)/iodobenzene(4ml)/tri-n-butylamine(6ml)/NMP(4ml) (molar ratio: 1/50/25/
60, [Pd]= 50mM). The fitted EXAFS data and its Fourier transform is shown in

Figure 7.17.
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Figure 7.17. Figure showing the Pd-K-edge fluorescence EXAFS data (one

scan, scan time=230 minutes) of Pd(OAc),/iodobenzene/tri-n-butylamine/NMP

at room temperature.
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Table 7.10. Table showing the parameters obtained from the fitted Pd-K-edge
fluorescence EXAFS data (one scan, scan time= 30 minutes) of | Pd(OAc)zl
iodobenzene/tri-n-butylamine/NMP at room temperature.
EF= -7.04 (0.61), AFAC= 0.9, R= 41.9%.

Atom Type Coordination R/A o’ /AT
Number

0 2.1 (1) 2.034 (6) 0.007 (1)

I 2.0 (1) 2.676 (5) 0.014 (1)

Table 7.10 shows the average coordinatidn around a palladium atom in the
reaction mixture, as being a shell of ca. 2 oxygen atoms at 2.034 A and a shell of 2
iodine atoms at 2.676 A. Since the main source of oxygen in this solution was the
palladium acetate starting material, it is likely that the reaction solution either
contained a mixture of 50% starting material and 50% palladium iodide salt (see
Figure 7.12) in it or a single complex containing both acetate groups and iodide
groups. The exact nature of such a complex if present would be difficult to decide

upon at this stage.
ii) at 65°C:

A palladium-K-edge fluorescence EXAFS spectrum (one scan, scan time=30
minutes) of Pd(OAc),(0.15g)/iodobenzene(4ml)/tri-n-butylamine(éml)/ NMP(4ml)
(molar ratio: 1/50/25/60, [Pd]= 50mM) was obtained after heating the reaction
mixture in-situ to 65°C. The fitted EXAFS data and its Fourier transform are shown

in Figure 7.18.
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Figure 7.18. Figure showing the fitted Pd-K-edge fluorescence EXAFS data

(one scan, scan time= 30 minutes) of Pd(OAc),/iodobenzene/tri-n-

butylamine/NMP reaction mixture at 65°C, and its Fourier transform.
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Table 7.11. Table showing the parameters obtained from the fitted Pd-K-edge
fluorescence EXAFS data (one scan, scan time= 30 minutes) of Pd(OAc)zl
iodobenzene/tri-n-butylamine/NMP reaction mixture at 65°C, and its Fourier
transform.

EF= -6.2 (9), AFAC= 0.8, R= 35.5%.

»

Atom type | Coordination R/A c*/A™
number

I 3.4 (1) \ 2.655 (4) 0.0105 (4)

Pd 1.0 2) 3.82 (1) 0.003 (2)

The parameters in Table 7.8 show that the palladium atom in the catalyst
reaction mixture in the absence of methallylalcohol and at 65°C, had on average a
first coordination shell of 3.4 iodine atoms at 2.655 A and a second coordination
shell of one palladium atom at 3.82 A. Although an oxygen/carbon shell was
difficult to fit, it is possible that the reaction mixture contained some palladium
jodide salt and possibly other species such as the starting material, palladium acetate

or an organometallic.

7.10. Studies of the catalyst reaction mixture 2: Pd(OAc),/PPhs/

bromobenzene/methallylalcohol/tri-n-butylamine mixture:

i) Introduction:

When bromobenzene was used instead of iodobenzene then in the presence
of methallylalcohol, Pd(OAc), was reduced to palladium metal which does not
catalyse the reaction on its own. For this reason, when bromobenzene was used as
the organic halide, PPh; had to be added to the catalyst mixture to prevent

formation of palladium metal. In the presence of PPhs, the catalyst precursor
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formed was Pd(OAc)z(PPhg)z.A QUEXAFS spectrum of the Pd(OAc),/PPh; in

NMP is given in the following subsection.

ii) Fluorescence EXAFS spectrum of Pd(OAc),/PPh; in NMP:

A fluorescence scanning EXAFS spectrum (one scan, scan time= 31
minutes) of Pd(OAc),/PPh; in NMP (Pd:P 1:2, [Pd]= 70mM) was taken at room

temperature. The fitted spectrum and its Fourier transform are shown below in

Figure 7.19.
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Figure 7.19. Figure showing the fitted Pd-K-edge fluorescence EXAFS data
(one scan, scan time= 30 minutes) of Pd(OAc),/PPh; mixture (Pd:P 1:2,
[Pd]=70mM) in NMP at room temperature.
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Table 7.12. Table showing the parameters obtained from the fitted Pd-K-edge
fluorescence EXAFS data (one scan, scan time= 30 minutes) of Pd(OAc),/PPh;
‘mixture (Pd:P 1:2, [Pd]= 70mM) in NMP at room temperature and its Fourier
transform. | '
EF= -7.9 (5), AFAC= 0.8, R= 24.2%.

Atom Type | Coordination R/A o’ /A
number

0 2.0 2) 2.09 (1) 0.013 (4)

P 1.8(2) 2.218 (6) 0.019 (2)

The data in Table 7.8 show that the palladium atom in the Pd(OAc),/PPh;
(Pd/P 1:2, [Pd]= 70mM) mixture in NMP on average had a first coordination shell
of 2 oxygen atoms at 2.086 A and a second coordination shell of two phosphorus
atoms at 2.218 A. Both shells were found to be significant in improving the fit. The

data support the formation of the species shown below in Figure 7.20.

OAc\ . /PPh3
PPh/ N0ac

Figure 7.20. Square planar structure of Pd(OAc);(PPhs),.

This species has been synthesised before by treating diacetatatopalladium(II)
in benzene with an excess of triphenylphosphine in benzene to obtain lemon yellow

crystals of the product - diacetatobis(triphenyphosphine)palladium(II)s1.
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iii) Fluorescence EXAFS spectra of the catalyst reaction mixture 2 in situ catalyst
ie. Pd(OAc),/PPhs/bromobenzene/methallylalcohol/tri-n-butylamine:

a)_at room temperature:

Fluorescence scanning EXAFS spectra (two scans, scan duration= 30
minutes) of the in situ catalyst mixture 2 i.e. Pd(OAc)»(0.3g)/
PPh;(0.7g)/bromobenzene(5.2ml)/methallylalcohol(6.2ml)/tri-n-butylamine  (12ml)
(molar ratio: 1/2/38/57/39 , [Pd]= 56mM) were obtained at room temperature.

The fitted EXAFS data are shown in Figure 7.21.
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Figure 7.21. Figure showing the fitted fluorescence EXAFS data (two scans,
scan time=30 minutes) of Pd(OAc),/PPh;/bromobenzene/methallylalcohol/ tri-
n-butylamine/NMP catalyst mixture at room temperature and its Fourier

transform.
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Table 7.13. Table showing the parameters obtained from the fitted fluorescence
EXAFS data. (two scans, scan time= 30 minutes) of Pd(OAc),/PPhs/
bromobenzene/methallylalcohol/tri-n-butylamine/NMP  catalyst mixture at

room temperature and its Fourier transform.
EF= -11.9 (7), AFAC= 0.8, R= 25.38%.

Atom Type | Coordination R/A /A’
number

0O 1.91 (1) 2.097 (8) 0.014 (2)

P 1.04 (8) 2.305 (7) 0.009 (2)

Br 0.98 (6) 2.490 (4) 0.0089 (7)

The Table 7.9 shows that the average coordination around a palladium atom
in the reaction mixture, Pd(OAc),/ PPhy/ bromobenzene/ methallylalcohol/ tri-n-
butylamine/ NMP, consisted of a first coordination shell of 1.91 oxygen atoms at
2.097 A, a second shell of 1.04 phosphorus atom at 2.305 A and a third
coordination shell of 0.98 bromine atom at 2.490 A. This data could indicate a
mixture of products e.g. some Pd(OAc), and also a Pd(PPh;),Br, species given the
oxygen, phosphorus and bromine coordination shells. The data could also indicate

the presence of the species shown below in Figure 7.22.

O/ \Br

Figure 7.22. Figure showing a species possibly present in the catalyst reaction

solution 2 at room temperature.
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A similar species involving the dimethylphenylphosphine was prepared by
Powell and Jack® in 1972. This species was a dimer involving 2 acetate bridges

between the palladium atoms. It is shown more clearly in the Figure 7.23 below:

»

PPh

Figure 7.23. Figure showing a palladium complex with bridging carboxylate

groups.

Such a species would have a very similar coordination sphere (upto three
shells, O, P, Br) to its monomer . Thus, the fit shown in Figure 7.23 could relate to
such a species as it has the relevant shells of 2 oxygen atoms, 1 phosphorus atom
and 1 bromine atom.

However, as mentioned before a similar coordination fit would be obtained
with an equimolar solution of Pd(OAc),/Pd(PPh;),Br,. As will be seen in the next
section, the EXAFS of the above solution on heating fits to a solution containing

>90% of Pd(PPh,),Br,.
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b) at 60°C:

In situ fluorescence EXAFS spectra ( 2 scans, scan duration= 30 minutes)
were taken of the catalyst mixture 2 i.e. Pd(OAc),/ PPhs/ bromobenzene/
methallylalcohol/ tri-n-butylamine/ NMP at 60°C. The fitted EXAFS data is shown

in Figure 7.24.

Amplitude

Figure 7.24. Figure showing the fitted fluorescence EXAFS data (2 scans, scan
time =30 minutes) of Pd(OAc),/ PPhi/ bromobenzene/ methallylalcohol/ tri-n-

butylamine mixture at 60°C and its Fourier transform.
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Table 7.14. Table showing the parameters obtained from the fluorescence
EXAFS spectrum of Pd(OAc),/PPhs/bromobenzene/methallylalcohol/tri-n-
butylamine mixture at 60°C and its Fourier transform.

EF = -0.65 (1.80), AFAC= 0.80, R= 28.7%.

Atom Type | Coordination number | R/A o*/A™
P 2.0(1) 2.22 (2) 0.022 (2)
Br 2.0 2) 2.47 (1) 0.016 (1)

The table shows that the palladium in the reaction mixture had a first
coordination sphere of two phosphorus atoms at 2.22 A and a second coordination

sphere of two bromine atoms at 2.47 A which could suggest the formation of

structures as shown below in Figure 7.25.

NSNS
3 \ PPh/ \Br

Br

/

PPh Br

Figure 7.25. Figure showing the possible structures of the catalyst present, in

the reaction solution 2 on heating to 65°C.
It is not possible to say from the EXAFS data if such a species is likely to be

cis or trans.
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7.11. Fluorescence EXAFS spectrum of catalyst mixture 2 in the
absence of bromobenzene i.e. Pd(OAc)2/PPh3/methallylalcohol/tri-n-

butylamine/NMP: . ,

A fluorescence EXAFS spectrum of the catalyst mixture 2 in the absence of
bromobenzene, was obtained using Pd(OAc),(0.032g)/ PPh3(0.07g)/ methallyl
alcohol(0.6ml)/ NMP(2ml) (molar ratio: 1:2:50, [Pd]= 54mM), first at a) room
temperature and then at b) 65°C. The fitted fluorescence EXAFS data and their

respective Fourier transforms are shown in Figure 7.26.

3t ’ - 4

FAT YWY

2 4 6 8 2 4 6 8 10
k/A1 k/A?

e
a

Amplitude
[—3
w

Figure 7.26. Figure showing the fitted fluorescence EXAFS spectra ( one scan,
scan duration= 30 minutes) of catalyst mixture 2 in the absence of
bromobenzene, i.e. Pd(OAc),/ PPhi/ methallylalcohol/ tri-n-butylamine/ NMP

mixture at a) room temperature and b) in-situ at 65°C.
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Table 7.15. Talﬁle showing the parameters obtained from fitted fluorescence
EXAFS data ( one scan, scan duration= 30 minutes) of catalyst mixture 2 in
the absence of bromobenzene, i.e. Pd(OAc);/ PPhs/ methallylalcohol/ tri-n-
butylamine/ NMP mixture at room temperature.

EF= -7.7 (6), AFAC= 0.8, R= 21.6%.

Atom type | Coordination R/A c*/A™
number

0 2.12) 2.080 (8) 0.011 (4)

P 2.1 (2) 2.222 (8) 0.019 (3)

Table 7.16. Table showing the parameters obtained from fitted fluorescence
EXAFS data ( one scan, scan duration= 30 minutes) of catalyst mixture 2 in
the absence of bromobenzene, i.e. Pd(OAc),/ PPhs/ methallylalcohol/ tri-n-
butylamine/ NMP mixture at 65°C.

EF= -2.13(8), AFAC= 0.8, R= 36.28%.

Atom Type | Coordination R/A cY/A’
number

P 1.9 (1) 2.251 (7) 0.021 (2)

Pd 3.0 (1) 2.708 (5) 0.0163 (6)

The data from the tables show that at room temperature the methallylalcohol did not
affect the Pd(OAc),/PPh; catalyst at all and the coordination around the palladium
atom remained unaffected by the methallylalcohol. At 65°C, in the absence of
bromobenzene, some palladium metal began to form in the mixture. This can be

seen from the palladium shell which formed at 2.708A which is at the same distance
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as expected from palladium metal foil distances. ‘The formation of the palladium

metal is due to the reductive properties of the allyl alcohol, which reduced the

palladium acetate triphenylphosphine to metal. The palladium particles were small

and disordered as there were few peaks at larger R.

7.12 CONCLUSIONS:

The results obtained in this chapter show the extent to which EXAFS

spectroscopy can provide information on the species present in some Heck reaction

palladium catalyst solutions.

To start with, X-ray
from catalyst mixture 1,
butylamine/ NMP showed

solution. EXAFS studies o

crystallography studies of the species which crystallised
i.e. Pd(OAc),/ iodobenzene/ methallylalcohol/ tri-n-
the formation of [N-Bu,H*,[Pd,Is]” in the catalyst

f the catalyst in-situ have indicated the presence of a

Pd(u*-I)Pd structure, similar to that of the crystal salt along with some carbon

coordination and a drop in iodide coordination. The exact nature of the carbon shell

was not clear from EXAFS but it could be a result of olefin (methallylalcohol)

coordination with loss of [NBu;H™I"] from the crystal salt. The carbon shell could

also be due to phenyl coordination. Both possible structures are shown below.

|
O N

12

/I Ph\/l /I

[NBusH] ",

252



In the absence of the olefin i.e. methallylalcohol, the EXAFS of the reaction
mixture fitted to a shell of 2 oxygen atoms and a second shell of 2 iodine atoms. It
is possible that the reaction solution consisted of a mixture of the palladium acetate
starting material and some palladium iodide salt. It is also possible thét a single’
species with acetate bridges and Pd-I bonds may also be present with some of the
acetate groups in the starting material being replaced by iodine atoms. It is difficult
to be certain from the EXAFS. On heating this mixture, the oxygen shell
disappeared and the coordination of the iodine shell increased indicating the
increasing formation of the palladium iodide salt in the mixture.

Next the results from catalyst mixture 2 i.e. Pd(OAc),/PPh,/bromobenzene/
methallylalcohol/tri-n-butylamine/NMP were studied. These results indicated that at
room temperature the reaction mixture contained either an equimolar mixture of

Pd(OAc), and Pd(PPh;),Br, or contained >90% of the species shown below.
/ PPh3
Pd
N
é/ \ Br

On heating EXAFS studies of the mixture indicated the formation of the

species (Pd(PPh;,),Br,) of the type shown below.

Such a species could take part in the catalysis by alkylation with loss of

halogen atoms.
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APPENDIX
A.1  Solvent Purification

Solvents were distilled under argon from the following,

solvent drying agent
toluene, hex-1-ene sodium/benzophenone
p-fluorotoluene calcium hydride

iodobenzene, methallyl alcohol, tri-n- | molecular sieves (4 A)

butylamine

A.2  Compound Preparation and Reagents

Ni(acac),' and NiX,(PEt;),” were prepared according to literature methods, using
dried and degassed solvents. All the complexes were vacuum dried and stored under
nitrogen prior to use.

AIEt, (1.6M in toluene) and AlEt,(OEt) (1.9M in toluene) were purchased from
Aldrich and used without further purification. All manipulations involving these reagents
were performed using standard inert atmosphere techniques.’

Pd(OAc), was purchased from Alfa chemicals (Johnson Mathey). NMP
(anhydrous) was purchased from Fluka and used without further purification.

A.3 ELECTRONIC ABSORPTION SPECTROSCOPY
Solution spectra were recorded at room temperature on a Perkin Elmer Lambda
19 Spectrometer. Figure A.1. on the next page shows a lem quartz cell adapted for use

with air-sensitive samples.
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Figure A.1. Figure showing an electronic absorption spectrometer cell adapted for

use with air-sensitive samples.

Molar absorption coefficients (g, /I"'mol'cm™) were calculated according to the
Beer-Lambert law,
A = log,(I/I) = gmoCl
Where, A is the absorbance, I, is the intensity of incident radiation, I is the intensity of
transmitted radiation, ¢ is the concentration (mol 1) and 1 is the sample path length

(cm).

A4  X-ray parameters of [NBu,H],'*[Pd,IJ* : These are given in detail on pages
261-268.

A.5 References to the appendix:

1. K.A.Jensen, P.H.Nielsen and C.Pedersen, Acta. Chem.Scand., 1963, 17, 1115.

2. R.G.Charles and M.A.Pawlikowski, J. Phys. Chem., 1958, 62, 440.

3. D.F.Shriver and M.A.Drezdon, “The Manipulation of Air-Sensitive
Compounds”, Wiley-Interscience, New York, 2nd Edition, 1986.
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Empirical Formula

Formula Weight

Crystal Coio'r, Habit

Crystal Dimensions

Crystal System

Lattice Type

No. of Reflections Used for Unit

Cell Determination (26 range)

Omega Scan Peak Width
at Half-height

Lattice Parameters

Space Group
Z value
Dcalc

Fooo

#(MoKa)

EXPERIMENTAL DETAILS

A. Crystal Data

Ci2H8lgPdaN

1160.59

purple, plate

0.45 X 0.13 X 0.05 mm
triclinic

Primitive

15 ( 19.7 - 22.8°)

0.44°

a = 11.779(8) A
b= 11.787(8) A
c= 8.690(5) A
o = 110.98(5)°
8 = 100.57(6)°
v = 61.67(4)°.
V = 991(1) A3
PI (#2)

2

3.887 g/cm?
1034.00

111.56 cm™?

B. Intensity Measurements
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Diffractometer

Radiation

Attenuator
Take-off Angle

Detector Aperture

Crystal to Detector Distance
Temperature

Scan Type

Scan Rate

Scan Width

28moz

No. of Reflections Measured

Corrections

Structure Solution
Refinement

Function Minimized
Least Squares Weights
p-factor

Anomalous Dispersion

No. Observations (1>2.500(1))

No. Variables

Reflection/Parameter Ratio

Rigaku AFCT7S

MoKa (X = 0.71069 A)
graphite monochromated

Zr foil (factor = 8.59)
6.0°

9.0 mm horizontal
13.0 mm vertical

400 mm

-123.1°C

w-26

16.0°/min (in w) (up to 4 scans)
(1.47 + 0.35 tan 6)°

50.0°

Total: 3668
Unique: 3479 (Rin: = 0.028)

Lorentz-polarization
Absorption
(trans. factors: 0.7914 - 1.0000)

C. Structure Solution and Refinement

Patterson Methods (DIRDIF92 PATTY)
Full-matrix least-squares

Sw(|Fo| - |Fel)?

1 _4Fd?
o3(Fe) — a?(Fo?)

0.0220

All non-hydrogen atoms
2320

154

15.06
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Residuals: R; Rw

Goodness of Fit Indicator

Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map

0.030 ; 0.038
1.26

0.01

1.16 e~ /A%

-0.69 e~ /A3
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Table 1. Atomic-coordinates and.Bi,o/Beg

atom x y z Beg
1(1) 0.81498(5) 0.69883(6) 0.70339(7) 2.94(1)
1(2) 0.55426(6) 0.60832(6) 0.72332(8) 3.70(1)
1(3) 0.62374(5) 1.04241(5) 0.99484(7) 2.56(1)
Pd(1) 0.59461(6) 0.82167(6) 0.85151(7) 2.10(1)
N(1) 0.2775(6) 0.3930(7) 0.7410(9) 3.02)
cQ) 0.2070(8) 0.5441(9) 0.832(1) 3.6(2)
c() 0.1863(8) 0.6350(9) 07361) 3602
c(3) 0.1278(9) 0.7821(9) 0.843(1) 3.9(2)
C(4) 0.088(1) 0.882(1) 0.753(1) 5.603)
C(5) 0.2365(9) 0.3133(9) 0.800(1) 3.7(2)
C(6) 0.1050(8) 0.3246(9) 0.737(1) 3.3(2)
() 0.0561(9) 0.258(1) 0.814(3) 4.0(2)
c(8) -0.0715(9) 0.2621(10) 0.739(2) 4.1(2)
c(9) 0.4207(98) 0.3455(9) 0.750(1) 3.7(2)
C(10) 0.4987(9) 0.2103(9) 0.634(1) 3.5(2)
c(11)” 0.6384(9) 0.1811(10) 0.636(1) 3.7(2)
c(12) 0.7217(10) 0.043(2) 0.522(1) 4.9(3)
H(1) 0.2568 0.5635 0.9275 4.3062
H(2) 0.1254 0.5625 0.8626 4.3062
H(3) 0.2668 0.6123 0.6964 4.3565
H(4) 0.1297 0.6228 0.6456 4.3565
H(5) 0.1899 0.7950 0.9246 4.6598
H(6) 0.0539 0.7998 0.8934 4.6598
H(7) 10.1607 0.8661 0.7002 6.7040
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Table 1. Atomic coordinates and B;,o/Beg (continued)

atom x y z B,

H(8) 0.0537 0.9715 0.8280 6.7040
H(9) 0.0241 0.8727 0.6714 6.7040
H(10) 0.2358 0.3464 0.9170 4.4772
H(11) | 0.2978 0.2205 0.7648 44772
H(12) 0.0461 0.4180 0.7614 3.9307
H(13) 0.1090 0.2821 0.6213 3.9307
H(14) 0.0460 0.3043 0022 4.7720
H(15) 0.1180 0.1658 0.7970 4.7720
H(16) -0.1339 0.3537 0.7556 4.9558
H(17) -0.0993 0.2208 0.7910 4.9558
B(18) -0.0620 0.2142 0.6248 4.9558
H(19) 0.4368 0.4105 0.7297 4.3939
H(20) 0.4476 0.3429 0.8589 4.3939
H(21) 0.4643 0.2074 0.5256 4.1795
H(22) 0.4940 0.1428 0.6643 4.1795
B(23) 0.6425 0.2481 0.6043 4.4222
H(24) 0.6716 0.1861 0.7455 4.4222
H(25) 0.8083 0.0302 0.5298 5.8386
H(26) 0.7188 -0.0255 0.5525 5.8386
H(27) 0.6908 0.0367 0.4118 5.8386
H(28) 0.2523 0.3803 0.6267 3.6883
P4(1%) | 0.40539(6) 1.17833(6) 1.14849(7) 2.10(1)
13%)  0.37626(5) 0.95759(5) 1.00516(7) 2.56(1)
I(1*) ' 0.18502(5) 1.30117(6) 1.29661(7) 2.94(1)
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Table 1. Atomic coordinates and B;,,/B.y (continued)

atom x y z Beg

1(2%) 0.44574(6) 1.39168(6) 1.27668(8) 3.70(1)

8
ng = ga’z(Un(aa')Z -+ ng(bb')2 + []33(CC')2 + 2Uy2aa"bb* cosy + 2Ujsaa"cc” cos B + 2U43bb" cc” cos 0’)
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Table 4. Bond Angles(®) (continued)

atom
H(12)
C(6)
C(8)
H(14)
()
H(16)
H(17)
NQ)
c(10)
H(19)
c(9)
c(11)
H(21)
C(10)
Cc(12)

H(23)

C(11)
H(25)

H(26)

atom
C(6)
C(7)
o(7)
C(7)
C(8)

C(8)

C(8)

c(9)

C(9)

C(9)

C(10)
C(10)
C(10)
c(11)
c(11)
c(11)
c(12)

c(12)

- C(12)

atom
BQ)
H(14)
H(14)
H(15)
H(17)
H(17)
H(18)
H(19)
H(19)
H(20)
H(21)
H(21)
H(22)
H(23)
H(23)
H(24)
H(26)
H(26)

H(27)

angle
109.5
109.0
109.0
109.3
108.5
109.3
109.3
107.8
108.2
109.6
108.9

108.9

109.5

108.4

108.6

109.5

109.6

109.4

109.5

atom
C(6)
C(6)
C(8)
o(7)
o(7)
H(16)
NQ1)
NQ)
C(10)
c(9)
Cc(9)
c@i)
C(10)

C(10)

c(12) -

c(11)
c(11)

H(25)
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atom
C()
G(7)
c(7)
C(8)
C(8)

C(8)

co

C(9)
C(9)

C(10)
C(10)
C(10)
c(11)
c(11)
c(1)
c(12)
c(12)

C(12)

atom
C(8)

H(15)

H(15)

H(16)

H(18)-

H(18)
C(10)
H(20)
H(zd)
c(11)
H(22)
H(22)
C(12)
H(24)
H(24)
H(25)
H(27)

H(27)

" angle

111.8(8)
1088
108.8
109.5
109.7
109.6
116.3(8)
106.6
108.2
111.8(8)
108.8
108.9
113.4(8)
108.4
108.4
109.4
109.5

109.4



