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Abstract

The work described in this thesis focuses on the ion exchange and structural
properties of Clinoptilolite, whilst undergoing dehydration. Efforts have been made
to understand the overall framework structure and to derive the coordination
geometry around the cations at ambient, through dehydration to 600°C and finally on
to collapse of the framework.

Single crystal X-ray diffraction studies have identified three framework
variations caused by dehydration and the effect of different ion exchanged cations.
The first framework is the HEU topology, the second is the “heat collapsed” form of
the HEU topology, and the third is a new framework transformation where the
symmetry has lowered from monoclinic to triclinic.

Energy Dispersive Diffraction (EDXRD) techniques have provided a detailed
characterization of the unit cell changes of ion exchanged end members of
Clinoptilolite from ambient to collapse temperatures (up to 1100°C). The results
found match contemporary single crystal X-ray diffraction data collected up to
300°C.

A detailed EXAFS and TGA study has also been carried out on different ion
exchanged transition metal cations within the Clinoptilolite framework during
dehydration. From this study it has been possible to identify the effect of water loss
.upon the coordination shells of transition metals and the relationship of the cations to

framework structure.
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Figure 5.3.3A a and b: Fourier transform (FT) of the EXAFS data (a) and the EXAFS
spectra (b) as a function of temperature (Ambient to 600°C) for Fe exchanged
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Figure 5.3.4: The variation of the coordination number (N), bond distance (R), and
Debye-Waller factor (A) plotted as a function of temperature for the second

shells of Fe, Cu, and Co exchanged ClHnoptilolite. coeeeeeeeeeeeeeeeeeeeeeeeeeeeeevvne 230
Figure 5.4 a and b: Normalised XANES spectra for the Fe exchanged Clinoptilolite
from 100 10 600 C. oot e e e e e e e e e e e e e ee e e ee e e eeereeereeteesaanaeean e 236
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1.0 Thesis Overview

The aim of this project has been to employ a number of techniques to
characterize the effects of different cations and dehydration upon the framework of
the zeolite, Clinoptilolite. The results have considerable significance for the nuclear
industry, particularly the removal, by ion exchange, and entrapment later in cements,
of low grade nuclear waste; i.e. Caesium ("*'Cs) and Strontium *°Sr). A number of
Synchrotron Radiation Source (SRS) based X-ray diffraction techniques have been
engaged for these experiments. The SRS experiments are complemented by the use of
laboratory based experiments including Thermal Gravimetric Analysis (TGA),
Scanning Electron Microscopy (SEM), and X-ray powder diffraction.

Natural Clinoptilolite is ion exchanged with chloride solutions containing the
jons Cs*, K*, Na*, Li*, Sr**, Ca®*, and Mg®*. The whole unit cell has been defined and
monitored across the dehydration period to collapse by using the SRS technique
Energy Dispersive X-ray Diffraction (EDXRD). By using the whole intensity of the
synchrotron beam it is possible to take a diffraction pattern in a matter of seconds. A
relatively new 3-element detector was used in the experiments providing us with the
ability to study a large d-spacing range simultaneously. A specially designed and
built furnace allows a pellet of sample to be heated to 1200°C. This technique allows
a global view of the framework structure to be obtained for each ion exchanged
sample giving a clear view of the potential for better entrapment conditions for low
grade nuclear waste, the key being the temperatures at which the framework would
collapse around the ions removing the risk of ion exchange at a later date once in
storage. This work has been backed up by data from a rotating anode X-ray

diffractometer, SEM elemental analysis, and TGA for monitoring dehydration.
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To complement the EDXRD studies, the microcrystal or single crystal
diffraction facilities at the Daresbury Synchrotron Source has been used to collect
high quality diffraction data on single crystals as small 10x10x20um in size. This
experiment uses crystals of an average size of 40x40x10um in size, with some as
large as 100x60x20um. A natural sample of Clinoptilolite was taken for comparison
with the ion exchanged samples. The monovalent cation samples are fully exchanged
containing Cs*, K*, and Na®*, while the bivalent are only partially exchanged with
Sr**, Ca®* and Mg?*. This technique has given us detailed information on the location
of the cations within the channels of Clinoptilolite and the surrounding water. The
experiment has been taken further by initiating a newly developed heating unit which
can perform in situ, high temperature single crystal studies following the movement
of the framework and cations up to a temperature of 400°C. This heating system
covers the range across the major dehydration period, which is the period that
exhibits the greatest amount of change in both the framework and extra-framework
atoms. Without this new in situ, high temperature single crystal technique it would be
impossible to monitor accurately the structural changes identified within this thesis.

Finally a QUEXAFS study concentrating on the transition metals Fe, Co, and
Cu, was commissioned on station 9.3 of the Daresbury SRS. A furnace built in the
Royal Institution specially designed for the station allows the experimental data to be
collected simultaneously with a rise in temperature up to 900°C. The QuEXAFS
technique monitors a single atom type and provides information on the local structure
surrounding that atom. The technique can therefore give information on the local
structure around every cation as it heats up over the dehydration period to 900°C. The
XRD data monitors the unit cell for any changes during heating which can then be

compared with the EXAFS information.
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1.1 Zeolites: Introduction and Structural Description

Zeolites have a long history not only within a geological time scale but also
within the realm of science. The term “Zeolite” was first applied in 1756 by
Cronstedt', joining the Greek for “boil” and “stone”, to represent minerals that expel
water upon heating, seeming to boil. As zeolite science has progressed new types of
zeolites have been discovered, which can be used for different applications.

Zeolites are no longer defined as mere boiling rocks but as microporous
inorganic aluminosilicate compounds. The crystal structure can be visualized as an
aluminosilicate framework (aluminophosphate and pure silicate frameworks can also
be included) with pores or channels of an effective size range of 3 to over 15A.
Figure 1.1A depicts a number of zeolites with a range of channel sizes displayed.
These channels contain water and exchangeable cations. Both natural and synthetic
zeolite frameworks are based on Primary Building Unit (PBU), TO,4 tetrahedra, where
T is either a silicon or aluminium atom. The general formula for a natural zeolite
adheres to one rule, which is that the Si content in the framework is greater than the
Al (Si = Al). The introduction of Al into the framework gives a bulk negative charge
that is balanced by an extra framework cation. The types of cations vary depending
on the locality of formation and the surrounding rock types. Common cations found
are Na, K, and Ca; less frequent cations found are Li, Mg, Sr, and Ba'. The general
formula for a natural zeolite can therefore be described as:

(Lla Na’ K)a (MgacaasraBa)d [ Al(a+2d), Sin-(a+2d)’02n ] . mHZO
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Where round brackets signify extra-framework cations and square brackets denote
framework atoms.

The formation of a 3 dimensional framework structure takes place by the
joining of tetrahedral units into Secondary Building Units (SBU)?. These can take the
form of single or double ring structures as shown in figure 1.1B. By joining SBUs
together it is possible to form larger polyhedral blocks, the best example being the

‘sodalite unit’ or ‘B’ cage. This unit comprises both 4 and 6 ring SBUs which form a

1 O C
@@Q

4.1

Figure 1.1B: Secondary Building Units formed from tetrahedral to describe zeolite frameworks.

Points denote T atoms, and the straight line joining 2 T-atoms denotes the T-O-T bonds.

cubo-octahedron, which can be linked to 4 and 6 ring SBUs in different formations to
give a variety of different zeolites from the basic naturally occurring Sodalite zeolite

to the synthetic Zeolite- A. The SBUs can be simply connected to form actual
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frameworks, which depending on the combination of structural units formed, can

classify natural zeolites as follows':

1. Fibrous zeolites
2. Zeolites with singly connected 4 ring chains
3. Zeolites with doubly connected 4 ring chains

4. Zeolites with 6 ring chains

S. Zeolites of the mordenite group

6. Zeolites of the Heulandite group
There are many zeolites that have identical framework topologies based on these
structural unit affiliations; these are therefore grouped into families of zeolites.

The formation of the framework takes place with respect to cations present
and these cations order themselves with AIOH groups to influence framework
formation. The distribution of Al and Si atoms across the framework is a problem
that has been extensively investigated. Lowenstein’s rule, which forbids Al-O-Al
bridges, is the principle guiding rule for this type of work'. It has been discovered
that for most zeolite structures this rule applies. However, it has been noted that for
some high temperature synthesized Sodalite materials non-Lowenstein distributions
may have occurred'. Si/Al ratio varies greatly between zeolite types, as well as within
a genus too. Aluminium within the framework has two major effects on the zeolite,
which consequently covers most of the industrial applications for which zeolites are
used: First, the incorporation or substitution of aluminium in the framework causes a
net negative charge on the framework, for which extra-framework cations and
protonated sites compensate. The latter produces acid sites that play a large role in the
catalytic properties of these materials. Extra-framework cations sit within the

channels in well defined sites. Most natural zeolites contain cations from group 1 and
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2 of the periodic table and each cation has its own unique position within the
channels of each zeolite. Common cations are Na*, K*, Ca®*, and Sr**, although Fe*
can be present, as can in principle, almost any cationic species. The second effect of
aluminium is that the framework becomes hydrophilic. Water fills the channels in
two forms;

1. As part of the solvation sphere of each cation

2. As lone waters loosely bound to the framework

Zeolites contain a lot of water within the channels but are generally highly

disordered. As a consequence it is difficult to identify precise water sites by most

structural techniques’ 2,

1.2 The Heulandite Family of Zeolites

1.2.1 History and Nomenclature

Brooke first classified the Heulandite family of zeolites in 1822. Heulandites
were initially considered part of the Stilbite family, but Brooke' attributed them to a
separate genus due to the distinctly monoclinic nature of the crystals, as apposed to
Stilbite, which is orthorhombic in nature. It took a further 110 years before a mineral
discovered by Pirsson in 1890 in the Hoodoo Mountains of Wyoming was given the
name Clinoptilolite. Initially thought of as Mordenite, it was Schaller who justified
the evidence of monoclinic crystals, thus being different from Orthorhombic
Mordenite. In 1934 Hey and Bannister emphasized the similarity between
Clinoptilolite and Heulandite'.

It has been much more difficult defining the difference and therefore the

proper nomenclature for Heulandite and Clinoptilolite minerals. In 1960 Mason and
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Sand® almost simultaneously with Mumpton® proposed two redefinitions of
Clinoptilolite. The former suggested that Clinoptilolite is a zeolite of the Heulandite
group with Na + K > Ca. Mumpton defined Clinoptilolite as a zeolite of the
Heulandite family if a crystal survives heating at 450°C overnight. Failure due to loss
of crystallinity denotes Heulandite. Both Alietti (1972)° and Boles (1972)°
investigated the second definition by looking at the relationship between thermal
behavior and chemical composition clarifying the differences in both definitions.
Boles, finding these definitions to be limited for each mineral, proposed to denote a
zeolite as a Clinoptilolite if Si/Al >4 and as a Heulandite if the Si/Al ratio is < 4. This
definition has now been ratified and is commonly used to define the minerals within
this genus. To identify the individual zeolites in this family and each cation variant, a
suffix or prefix denoting the most abundant extra framework cation identified in the
mineral is used e.g. Na — Clinoptilolite, Ca — Heulandite, Clinoptilolite — K, and

Heulandite — Mg.

1.2.2 Crystallography

The structural topology of the Heulandite framework has been well
categorized. It possesses a monoclinic C2/m space group symmetry with two sets of
channels. The first set is parallel to the 001 axis. The 8 (4.6 * 3.6 A) and 10
membered ring channels (7.5 * 3.1 A) run parallel to each other. An 8 membered ring
(4.7 * 2.8 A) channel running parallel to the 100 axis crosses both 001 channels. The
channels criss-cross each other creating a 2 dimensional channel system parallel to
the 010 axes forming a layer like structure. Figure 1.2.2A shows the 3D channel

formation of the Heulandite family.
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Two examples of sample inconsistency in Heulandite / Clinoptilolite are
given firstly by Gunter et al'® and secondly by Tarasevich et al'l.

Gunter et al used three different natural Heu samples to study the ion
exchange capacity for Pb®*. The natural Heu samples were of the following
composition:

HI1: Caz ¢ Kog Algs Sizz4 O72 21.6 H,O

H2: Ca;; Mgo3 Nay s K3 Alg Sigg2 O72 25.5 H,O

H3: Caz7 Na; 3 Ko, Algo Sizz1 072 21.4 H,O

The Heulandite crystals were crushed to around 100-500pum and stirred for 4
weeks in a 2 M solution of NaCl at 100°C. The result of this initial processing left H3
fully exchanged, while H1 and H2 still contained traces of other cations. The crystals
were then left for 3 weeks in a 2 M solution of lead acetate at 100°C. As with the first
process only H3 exchanged completely, while the other two samples still contained
prevailing cations.

Tarasevich et al completed similar ion exchange experiments on 2 different
Na - Clinoptilolite samples. K* and Pb>* were ion exchanged into Na — Clinoptilolites
with similar Si/Al ratios and ion exchange capacities. Tarasevich speculated that
some specific feature of the Clinoptilolite structure is responsible for the cation
selectivity. He suggested that a Ca rich natural Clinoptilolite used in his study would
be more preferential for bivalent cations such as Pb** due to specific crystallization of
the framework and its Si/Al distribution with respect to charge balance with bivalent
cations at formation; while a Na rich Clinoptilolite would be preferential for

monovalent cations for similar reasons.
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1.2.3 The Memory Effect in the Heulandite Family
Frameworks

There is also evidence that suggests that the environmental conditions present,
at the creation of a Heulandite family member, have an effect on the Si/Al
distribution throughout the framework. The evidence comes from three separate
approaches:

1. The study of growth texture of natural crystals

2. Structural modeling of HEU frameworks with both Na and Ca
cations by applying lattice energy minimization techniques

3. Hydrothermal synthesis of HEU frameworks

1]2, discovered that

Optical and X-ray techniques employed by Akizuki et a
each single crystal of Heulandite is made up of sectors with either triclinic or
monoclinic symmetry. This difference from growth sector to growth sector is due to
the atomic arrangement of the exposed tetrahedral framework on the growth step
surface. The distribution of Si/Al across the exposed tetrahedral framework defines
how growth of the crystal face will occur; if AI** is present an extraframework cation
will be absorbed for charge balance. Alternatively a Si** atom is incorporated and no
cation absorbed forming an adjacent tetrahedral unit. These pairs of diverging growth
processes cause the growth sectors to differ from sector to sector, forming crystals
made of interwoven polymorphs.

Structural modeling of HEU frameworks by computational methods has only
recently been implemented with success. Works by Channon et al”® and Ruiz-
Salvador et al’ have shown that calculations of the minimum energy for Si and Al in

water free Na Clinoptilolites and Ca Heulandites, contain different site preferences

for the major Al site depending on the type and location of the extra framework
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cation. Extra framework cations can occupy various sites within the channel
structure, which are unique to that cation which conversely effects the distribution of
Al throughout the framework.

In synthesizing HEU frameworks with different starting gel compositions,

1'* demonstrated that differing monovalent cation hydroxides affect the

Zhao et a
Si/Al ratio within the framework. Na and K cations present at formation tend to cause
a higher Si/Al ratio, which is opposite to the effect of Li. Rb in the gel keeps the
Si/Al ratio close to the starting gel proportions. These results have been interpreted as
demonstrating that different cations at formation cause different crystal growth
mechanisms to take place. For each cation a different effect is caused at each crystal

growth step, thus effecting the distribution of Al tetrahedra throughout the

framework.

1.3 Applications

1.3.1 lon Exchange and Adsorption

Typically, the major role of the Heulandite family of zeolite in industry is to
remove various toxic or unwanted cations, predominantly group 1 and 2 elements of
the periodic table. There is, however, a cation preference present within each unique
natural sample that is highly dependant on the environmental conditions present at
formation. There are however some generalizations that can be made. Certain cations
are generally considered to be more preferentially exchanged than others into
Clinoptilolite. The ease of exchange for certain elements is given below with the first

element named being the most preferentially exchanged element:
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e Cs'>Rb">NH,/>K'>Na*2Li*2H""
o Ba®* > Sr** > Ca®* > Mg?* 16
e Ba®2Pb”>Cd*2Zn* 2Cu* Y
The first two points are predicted based on experimental knowledge, while
the third point has been described theoretically”. In response to point three,
experiments were completed, which disagreed with the computational results.
Experiments revealed:
e  Pb*=Ba™>Cu™, Zn*, Cd”
Using a Na Clinoptilolite as a reference the following results have been
found:
e  NH/f2Pb*2Na'2Cd”*2Cu*=zZn™"
. Pb®* > NH,* > Cu® = Cd* > Zn** = Co?* > Ni** > Hg** ¥*
The overall trend is that larger cations exchange easier into Clinoptilolite than smaller

ones and that monovalent cations are preferentially exchanged over bivalent

elements.

1.3.2 Wastewater Cleansing

Studies have shown that ammonia can be removed from wastewater using
Clinoptilolite containing tuffs. Not only can the ammonia be removed by
Clinoptilolite, but also subsequent regeneration of the zeolite by NaCl and KCl
solutions strips residual ammonia leaving an ammonium phosphate fertilizer. The
Tahoe-Trukee Sanitation Agency in California has used Clinoptilolite for ammonia
removal between 1978 and 1993 with success 2°. NASA also use a Ca saturated

Clinoptilolite for the removal of ammonia from its advanced life support waste water
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system?'. Further research has shown that Clinoptilolite can also be used to remove

metals including Pb and Cd from wastewater.

1.3.3 Removal of low grade nuclear waste

Table 1.3.3A shows examples of zeolite use in the treatment of nuclear waste
(Taken from A.Dyer)zz. Both the USA and Great Britain use natural Clinoptilolite to
decontaminate radioactive wastewater of Cs* and Sr** radioisotopes>. Fission
products are produced from the storage of spent nuclear fuel elements removed from
the nuclear reactor and stored under water in ‘ponds’. ‘Pond cooling’ is necessary to
allow both thermal and radiation cooling of the elements to take place prior to
reprocessing. However, the long periods necessary for cooling create large amounts
of medium and low level nuclear waste. Table 1.3.3B shows the typical ion make up
of ‘pond’ water (Taken from A.Dyer)*.

The British Nuclear Fuels plc, Sellafield plant, in Cumbria uses natural
Clinoptilolite from the Mud Hills deposit in California to remove Cs and Sr isotopes

from the effluents, reducing the amount of radioactivity released into the Irish Sea.
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Table 1.3.3A: Examples of zeolite use in the treatment of nuclear waste

Type of effluent

Location

Zeolite used

Isotopes removed

High-level radioactive
waste
Purification from
above source
Process condensate
waste water
Low level waste water
from storage pond
Evaporator overheads
and waste water
Waste water from fuel

storage

Hanford Nuclear
Lab., USA
Hanford Nuclear
Lab., USA
Hanford Nuclear
Lab., USA
National Reactor
Station, Idaho, USA
Suvannah River, S.
Carolina, USA
British Nuclear Fuels,
Sellafield, UK

Linde AW-500
(Chabazite)
Large part
mordenite
Large part
mordenite

Clinoptilolite

Linde AW-500

Clinoptilolite

137CS
137CS
137Cs
]37CS
9OSI'

]37CS

137CS

9OSI_

Table 1.3.3B: Typical ion make up of ‘pond’ water (pH 11.5)

Ion Present Concentration
Na* 100 mgl™
Ca* 1.5 mgl’
Mg 0.7 mgl™
Cs* 17.0 pgl™
Sr** 0.52 gl

1.3.3.1 The 1986 Chernobyl Disaster

The aftermath of the meltdown of Chernobyl left enormous amounts of the

radioactive isotopes '*’Cs, '**Cs, *°Sr, and ¥Sr spread throughout the local and

regional environment. Around 500,000 tons of zeolite rock, predominantly
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Clinoptilolite, was processed in the Ukraine, Georgia, and Russia, for specific use in
and around Chernobyl**. The zeolites were used to build protective barriers and for a
number of agricultural applications. The Dnieper River was decontaminated using a
combination of Clinoptilolite dust and aluminium sulfate in the river, followed by
water filtration through Clinoptilolite tuff beds?. Similar filtration beds were used to
decontaminate drainage water running off the Chernobyl site. Filtration reduced
s by 95% and 25y by 50 — 60%. After one year filters carrying a radioactivity of
107 Ci/kg were exchanged and buried®.

On a wider scale Clinoptilolite was used for a variety of applications. In
Bulgaria 10% Clinoptilolite was added to cow feed. This reduced Cs radionucleides
in cow’s milk by 30%%°. Between 2-30wt.% of Clinoptilolite was added in powder
form to chocolate and biscuits to help remove Cs contamination in adults and
children %, Clinoptilolite was also tested in Western Europe to reduce radionucleide

levels in s0i127, plantszg, sheep”, broiler chickens30, and fruit juice31.

1.3.4 Agronomic and Horticultural Applications

The main purpose of a zeolite such as Clinoptilolite in such a field is for slow
release fertilization or a combination of ion exchange and mineral dissolution
reactions. In the case of Clinoptilolite it is the use of K and NH4 exchanged
Clinoptilolites that are of greatest importance®®. The term zeoponics has been applied

to the use of zeolite rich soils for plant cultivation.
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1.3.5 Animal Hygiene and Bedding Products

Clinoptilolite has many uses in this area, in particular for cat litter, which is
consumed worldwide with an annual volume equal to about that of the annual
production of natural zeolites®. Clinoptilolite favorably exchanges NH,* and can
have surface absorption of odours such as ethylene, aldehydes, mercaptans, ketones,

and H,S.

1.3.6 Gas Separation

The gas adsorption characteristic of Clinoptilolite strongly depends upon the
extraframework cations>*. Nitrogen uptake, relative to methane increases the further
away from pure Ca or K forms of Clinoptilolite. It has been suggested, by Barnes et
al.®, that a specific K/Ca distribution within the channels could act as a hydration-
controlled nano-valve. Partly exchanged Clinoptilolites applied to Nz and O,
separation from air yielded increasing separation rates for the sequence K> Rb > Na

> Cs > Li%,

1.4 Project Aims

As the introduction has shown, Clinoptilolite has a number of practical
applications which have been studied closely. The aim of this project is to
understand the effect of cations and internal water on the crystal structure, within an

industrial setting, particularly ion exchange of low grade nuclear waste.
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In this thesis we report on a series of in situ studies which investigate aspects
of the Si/ Al framework structure at different temperatures and with different cations
using a number of techniques to characterize their effect on the framework.

Firstly, we will study the single crystal X-ray diffraction results of a number
of ion exchanged Clinoptilolites, identifying the repercussions of varying cations and
dehydration upon the framework of Clinoptilolite. Secondly, we will study the unit
cell of ion exchanged Clinoptilolites with respect to cation type and charge, the
effects of dehydration, and determining the temperature at which the framework
collapses. The final study looks closely at the local structure surrounding transition

metal cations by using the QUEXAFS technique.
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2.0 Summary

In the last chapter we were introduced to zeolites, and more precisely
Clinoptilolite, introducing the many and varied applications for which this mineral
can be used. From this background on the mineral and the extent of the aims of this
project it is necessary to provide a background to the experimental techniques that
have been employed to complete this thesis.

The thesis has made extensive use of Synchrotron Radiation (SR) techniques,
including energy dispersive X-ray diffraction techniques (S-EDXRD), single crystal
or microcrystalline X-ray diffraction, and EXAFS. Laboratory based techniques are
used to complement and contribute to the SR studies, with data being reported on
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and

rotating anode (L-EDXRD).
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2.1 Introduction

X-ray diffraction techniques are one of the most common and powerful tools
that can be employed in solid state chemistry to aid with phase identification and
structure solution of materials that possess long-range structural order, such as in
most zeolites. Diffraction can effectively be used on a number of sample forms from
crystals to powders and a variety of sample sizes.

The first diffraction technique to be discussed is energy dispersive X-ray
diffraction (S-EDXRD). This is a low resolution diffraction technique compared to
single crystal and high resolution powder diffraction methods, but what the technique
loses in resolution it gains in the sheer intensity of X-rays on the sample. Its
advantages are very quick data collection times for time resolved studies and high
intensity X-rays for studies which would normally be impossible under normal lab X-
ray conditions such as in situ synthesis experiments within a steel autoclave. In this
project S-EDXRD has been applied for monitoring the reaction of Clinoptilolite on
raising the temperature through dehydration to collapse, which is needed to identify
any alteration in the framework and or phase transitions that might occur whilst
heating.

Single crystal X-ray diffraction is the best technique available to provide good
data for producing a structure solution. However, in many cases it is impossible to
produce single crystals of a sufficient size to be mounted and then diffract.
Fortunately, as Clinoptilolite is a natural zeolite, crystals are available in nature. The
microcrystalline X-ray diffraction station 9.8 at Daresbury SRS has previously solved
structures for crystals as small as Sum across. The natural crystals used in this project

are typically 40x40x10um.
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While the long range order of ion exchanged Clinoptilolite has been
monitored using diffraction techniques, short range order around single cations has
been explored using a combined X-ray diffraction and Extended X-ray Absorption
Fine Structure (EXAFS) technique based on station 9.3 at Daresbury SRS. A series of
in situ studies have been completed following the effect of dehydration on transition
metal cations within the channels of Clinoptilolite.

Thermogravimetric analysis (TGA) provides weight loss information during
the dehydration of each ion exchanged Clinoptilolite sample. The data have been
collected at Birkbeck Colleges Chemistry Department. Elemental analysis data
collected on Birkbeck Colleges Geology Department SEM was essential for each
experiment as it was necessary to know the amount of ion exchange that had taken
place.

Rotating anode X-ray diffraction (L-EDXRD) data have been collected at the
Materials Science Laboratory (MSL) Daresbury SRS. In order to validate the S-
EDXRD results. The rotating anode works in a similar way to S-EDXRD, but has
much less intensity and is completed in a laboratory as apposed to from a

synchrotron.
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2.2 Synchrotron Radiation

Synchrotron radiation was originally noted as a byproduct of electron
synchrotrons used for high energy physics experiments. Electrons following a curved
path, induced by a magnetic field, at ultra relativistic speeds (close to the speed of
light) produce synchrotron radiation'. Figure 2.2A provides a simplified schematic
of the synchrotron storage ring. All the synchrotron experiments shown in this thesis
have been completed at the Daresbury Synchrotron Radiation Source (SRS) near
Runcorn, England. This synchrotron, like others around the world, creates
synchrotron radiation by the same methodology. A linear accelerator or LINAC
accelerates the electrons in a booster ring before they are injected into the storage
ring at ultra relativistic speeds. Within the storage ring powerful bending
electromagnets maintain the electrons in a constant orbit. As the electron beam is
bent it emits a whole range of electromagnetic radiation called synchrotron or white
radiation. The radiation is produced tangentially by the emitting electrons into a 360°
fan around the circumference of the storage ring. The radiation covers a wide
spectrum of wavelengths from infrared to hard X-ray. This energy is channeled from
the storage ring by a series of beam lines away from the storage ring to the
experimental stations. The continual loss of energy, from the orbiting electrons, needs
to be restored. A continuous radio frequency produced by a ‘klystron’ is used. Loss
of beam current is due to scattering and colliding of the electrons within the beam. At
the Daresbury SRS refill of the beam occurs a minimum of once every 24hrs, and can
be as often as every 6 hours depending on the quality of the vacuum in the storage
ring and beamlines. A poor vacuum leads to low lifetimes and low intensities, which

leads to an increase in the number of refills. A high quality vacuum (10” Torr) is
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the straight sections between the bending magnets. A ‘wiggler’ magnet shifts

radiation up to higher energies by altering the radius of curvature of the beam while

an undulator creates a series of very sharp peaks in the spectrum, allowing flux

enhancement at certain frequencies. Stations 16.4 and 9.3, used in this project are

both on beamlines equipped with ‘wiggler’ devices' ™.

Synchrotron radiation has a number of unique benefits over conventional

laboratory based sources, which for the experiments described within this thesis have

great relevance:

The first benefit is that the X-ray intensities are orders of magnitude greater
(around 108 times) over a broader spectrum, than available from conventional
laboratory sources. The high intensity X-ray beam supplied allow experiments to
be completed on smaller or very dilute samples and allows high-speed data
collection. Furthermore, the sheer intensity of the high energy X-ray beam enable
it to pass through stainless steel autoclaves allowing in situ experiments under a
variety of environmental conditions, which would be impossible off line in a
laboratory.

The second major benefit is that the white beam covers a broad range of
wavelengths from infrared to hard X-rays. This wide range of wavelengths can
be tuned for specific experiments such as in EXAFS where a specific energy
range is chosen for each element.

The third major benefit is that the beam can be highly collimated allowing very
high resolution data to be collected on very dilute or small samples without the
data being saturated by excess background scatter, spurious radiation, or

secondary internal diffraction from the sample.
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e The fourth benefit is that the beam is strongly polarised in the plane of the
synchrotron — a property which may be of major benefit in studies of magnetic

systems.

2.3 Basic X-Ray Diffraction Theory

X-ray diffraction (XRD) is used in chemistry for phase identification of
crystalline materials as each diffraction pattern is unique and can therefore be used as
a ‘fingerprint’ to identify the material or materials present in a crystalline sample.

In both powder and single crystal diffraction a monochromatic beam of X-
rays is predominantly used, which is diffracted by each set of lattices planes in
accordance with the Bragg equation:

A =2dsin® 2.1)
where A is the wavelength of the X-ray radiation, d is the distance between lattice
planes and 0 is the angle of the detector in relation to the incident X-ray beam. The
spacing, d, of a set of planes in a crystal is defined as the perpendicular distance
between any pair of adjacent planes in the set. Powder diffraction patterns are
typically plotted as intensity versus 20. The intensity of each reflection is directly
proportional to the square of the amplitude:

T o | Fa | 2 (2.2)

Where the amplitude F is given by the diffracted X-ray wave from the sample.
It is the combination of both intensity and diffraction peak position that gives rise to
the ‘fingerprint’ of each diffraction pattern and it is this which allows us to identify
the unique phase or phases present in the sample®®.

A regularly repeating lattice is required to produce sharp Bragg peaks; and while

scattering of X-rays is caused by the electrons of the atom, it is often considered, for
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ease of description, to be caused by the lattice planes or the atoms themselves. X-rays
are diffracted by the crystal lattice because they have a wavelength similar to the
inter-atomic separation of ca.1A. Braggs law is based on the criteria for constructive
interference which occurs when the reflected beams are in phase, resulting in a strong
reflection of each lattice layer resulting in a sharp intense peak. At other angles of
incidence, the scattered beams interfere destructively and cancel each other out.
Knowledge of each crystallographic system and the associated unit cell parameters
will allow the Bragg angle for each set of planes in a given crystal to be calculated for
a given wavelength. Conversely, a given set of reflections, recorded at a known
wavelength, can be indexed and used to calculate the cell parameters of the
crystalline material®*®.

Advances in powder diffraction technology, and in particular with the advent
of high resolution (HRPD) facilities, it is now possible not only to identify the phases
present but also to solve the structure of materials from the powder data alone>® ' *°,
The traditional angle dispersive method for collecting X-ray diffraction patterns in a
laboratory employs a detector which is on a moveable arm. The X-rays are fired at
the sample and the detector arm is moved in an arc around the sample collecting data
incrementally across a chosen 20 range. The beam is usually collimated at a series of
points to improve the quality of the data. The size of the increment and data
collection time at each point is determined by the quality of data required. For simple
phase identification a data collection strategy of 0.04° increments over a range of 5-
40° and a data collection time of <1 second per point may be sufficient. Alternatively
if the data is to be used in structure solution much higher quality data is required and
the collection strategy altered accordingly. However, for time resolved in situ

experiments under different environmental conditions, the use of angle dispersive
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HRPD is not always the best choice. The low X-ray intensity associated with lab and
SRS HRPD due to a monochromatic wavelength is not strong enough to penetrate
reaction vessels and the angle dispersive experimental set up is not suitable when
collection of the pattern needs to be in seconds and not minutes. Therefore it is
necessary to turn to other diffraction techniques such as Energy Dispersive X-ray

Diffraction which is described in the next section.

2.4 Energy Dispersive X-ray Diffraction (S-EDXRD)

Energy dispersive X-ray diffraction can be used to study a variety of different
experimental conditions from in situ synthesis to high pressure experiments’'% The
whole diffraction pattern can be collected rapidly within a limited d-spacing,
depending on the set up of the detectors, which is primarily due to the high intensity
X-rays channelled directly from the synchrotron.

S-EDXRD has several fundamental differences from regular laboratory
powder XRD. The first major difference is that S-EDXRD peaks are measured as a
function of X-ray energy unlike with angle dispersive powder XRD where it is
measured as a function of 0. This difference is effected by a simple change in design
of the diffractometer. Powder X-ray diffractometers have a variable angle detector
where as in S-EDXRD the detector angle is fixed. The second difference is that a
white, i.e. variable wavelength, beam is used in S-EDXRD as opposed to constant in
normal XRD. These differences are summed up in the alteration of Bragg’s law used

for traditional XRD equation 2.1, and that for S-EDXRD:

nA =2dsin 0 2.3)
A =hc/E 2.4)
n(hc/E) = 2d sin 6 2.5)
6.1992 = Ed sin 6 (2.6)

43



@ % '
% >

# 1

!

| *4- 39
. E

!
# < %
! !
# /] 4
0 10 (

+

G() (

I( $ $&

(

1#

$ " #

&

%
# J
# & 1
#
[
1o I #
!
# F
*9*KPJSSPJSP
5& B
$ " (1
($
## ($ ) H.G(1
(II
8 % ( % " (

EE

1

% &

1 0GO



% E ! ! 0 !

: $
# ! ! 0 !0 (
) *4- 39 1#
! ,. E % E(
# ! I
| # # !
I # >2 !
! / 1 I
/ , # # !
| # I ! 0 # #

! E448 >2( |/ P

G < % E
$ ! # 1 # # !
7
b$
) " # ! ) n
0 0 ? 0
& # & + 3
&"3 & 7" 1 "# & ! ( # " " " 8% #"



0( % 9") 11% 5& "$" %
%" 3 %% 1
9 ( (

$" J&
/] ( +# 01 $& " " 3

............ ## ($ ) H. (1

0( %

0$& ( $ "# & G K/ 4! $4 " ($ % #" 0 ( " ( |

0GO

5& G K/ 4! $4 " ($ #" 0 ( " ( ' 10G0 O( % !")

) & " & & "% "# & # ($



2.4.1 Calibration of Detector Angle and Energy Scale

Station 16.4 uses a Germanium single crystal solid state detector which works
by photons exciting electrons in the germanium crystal. The single crystal has a
current running across it which channels the electrons to a multichannel analyser
which counts the number of electrons per photon event. A photon event is defined by
the count time of the detector which for 16.4 is around 2pseconds. A longer or shorter
count time might hinder data collection by either truncating or overlapping photon

events.

Initially each detector needs to be calibrated to calculate the start (a) and step
(b) parameters, which is completed with the use of an americium radioactive dial
source which is placed in front of each of the detectors. The dial source has 6
fluorescence lines given from Cu, Rb, Mo, Ag, Ba, and Tb, standards. The collection
time for each standard varies depending on the fluorescence energy of each element.
For example a low energy sample such as Cu has a collection time of 300 seconds, as
opposed to Tb, which has a collection time of 12 seconds. The channel number
positions of the 6 fluorescence lines given from Cu, Rb, Mo, Ag, Ba, and Tb,
standards are plotted with energy (KeV) against channel number; the energy
calibrants (a) and (b) are obtained from the resulting linear fit. By using the start and
step parameters calculated above it was possible to convert the horizontal scale of the

data sets from channel numbers to energy (KeV).

However, in order to calculate accurately the angle of the detector, which is
needed for conversion of the horizontal axis into a d-spacing scale, a pure standard of
known structure was required. For all the S-EDXRD experiments undertaken in this

thesis a pure sample of gypsum was used as the calibrant. The gypsum sample is
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DLConverter has a number of useful features including the conversion of several raw
data files from energy KeV to d spacing or 20, with the output data file also
converted into a format suitable for processing in software such as GSAS and Xfit. It
is possible to convert data from all three detectors on station 16.4 in ASCII

simultaneously making data processing a much quicker process.

The post processing of the data was completed in the Rietica program which
is a Rietveld structure solution program designed to deal with both neutron and X-ray
diffraction data including the new data formats created from synchrotron
experiments. Rietveld technique is a profile fitting technique where a structural
model is refined to obtain the best fit to the whole of the diffraction pattern. The
Rietveld technique is described fully in references 17 and 18. This software is
particularly useful for 16.4 data of the nature refined within this thesis as it can be

used to affect a simple Le Bail fit to the data.

The origins of the Le Bail method are to be found in the early work of Rietveld
(1969). Rietveld proposed a simple summation approach to the evaluation of an
observed structure-factor magnitude for partially and indeed completely overlapped
reflection.

Rietveld’s approach was simple. The peak area is proportional to the square of the
structure-factor magnitude and the problem thus reduces to finding the peak area. For
an isolated peak, the observed peak area is easy to evaluate. All that needs to be done
is to add together the background-subtracted profile points. For overlapping peaks,
the contribution for a given reflection is weighted by the calculated peak contribution
for that reflection divided by the sum of the calculated peak values for each

contributing reflection. This gives the sum rule shown in equation (2.9).
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Aj (0bs) + Az (obs) =Y (obs(i) —back(i)) 2.9)

Which indicates that the sum of the observed peak areas evaluated by Rietveld’s
algorithm is always equal to the background-subtracted area of the observed Bragg
peaks in the powder diffraction data.

The Iterative Le Bail Algorithm was created when Le Bail et al. (1988) noted that the
Rietveld approach to obtaining estimates of structure-factor magnitudes could be
extended to the situation where there is no initial structural model. If the structure is
unknown and, as a result, no calculated structure-factors can be generated, then the
simplest thing to presume is that all the integrated intensities are initially equal. The
particular initial value does not matter as the sum rule expressed in equation (2.9)
ensures that the observed integrated intensities are correctly scaled. Clearly, after one
iteration, isolated peaks will have an observed intensity equal to the observed area
under the Bragg peak. For overlapping reflections, the procedure has to be tackled
iteratively. The Le Bail method is a recursive version of the original Rietveld
approach to observed stucture-factor magnitude evaluation where the observed peak
ares for the rth iteration are useed as the calculated peak areas for the (r +1)th

iteration. Generalising to the N-peak overlap this gives equation (2.10).

(obs(i) — back(i)) (2.10)

' A7 (obs)*q,, (i)
AE,: l)( b )= m m
. 2 O, A" (0bs)*q, ()

Where A" (obs) =1Vn=1,...,N.

Applying this recursive algorithm to two overlapping peaks leads to a good estimate

of the Bragg peak area.
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The Le Bail method is generally robust and converges relatively rapidly, however
there are occasional instabilities. These instabilities occur in one such case when
peaks are broad, with weak intensity, and the background has been slightly over
estimated. The Le Bail estimates become chaotic, with each iteration, due to the
appearance of negative intensities, therefore, convergence is not attained between the
observed and calculated data. In general though, the Le bail method is a successful

approach to extracting integrated intensities from a powder diffraction pattern.

This kind of unit cell refinement is the most that can be achieved from 16.4
diffraction data due to the poor resolution of the data. However, as the structure of
Clinoptilolite is known this can be used as a starting model and saved for each
successive data file, which speeds up data processing as the fit described for each

separate data file can evolve from pattern to pattern.

2.5 Single Crystal X-ray Diffraction

Single crystal X-ray diffraction provides the user with the best data available
for the refinement of a structure, making it a significantly more powerful technique to
powder X-ray diffraction for a number of reasons. Firstly the data are collected in 3
dimensions as opposed to 1 dimension in powder data. In powder diffraction data,
reflections are only collected in the orientation of the crystal that satisfy Bragg’s law.
For the same resolution there must be the same number of reflections in both the
single crystal and powder X-ray diffraction data. However, less peaks may be seen in
the powder pattern due to multiplicity of reflections occurring where reflections have
the same d-spacing. With single crystal data the sample is rotated in all three
dimensions thus collecting all reflections that satisfy Bragg’s law. The difference

being that a powder XRD plot might only contain for example 40 reflections, while a
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single crystal experiment might include 5000 reflections. The powder XRD pattern
might be considered as a planar slice through a single crystal pie. Secondly, single
crystal data tend to contain less background noise and are therefore of a better
quality, which is an aid when it comes to refining a structure. Finally, the data are
collected one reflection at a time rather than in powder diffraction where peak
reflections are broad and can overlap. Single crystal X-ray diffraction has the obvious
limitation of the need for crystals of a suitable size, which in many cases are
unavailable. However, SR offers the possibility of microcrystalline diffraction using
crystals as small a Sum'>®, We exploit this possibility in using station 9.8 of the

SRS.

2.5.1 Structure Solution and Refinement

The raw intensity data once collected can not be solved directly it must first be
manipulated to give useable information, which is achieved by firstly converting the

hkl intensity I for each reflection into its corresponding structure factor F*(hkl).

2.11
FX(hkl) = Y £j(0).exp(-87°U , sin® 8/ A%).exp[27i(hx,, + ky, +1z,)] @10

Where f; is the scattering factor, which describes the amplitude of the scattered wave
by the ith atom, and j the scattering efficiency of the atom.

If one assumes spherical atoms, the scattering power for each atom is a function of
the atom type and (sin@)/A. It is independent of the position of the atom in the cell.
The scattering power of a given atom for a given reflection is known as its scattering

factor ( fo) and is expressed in terms of the scattering power of an equivalent number

of electrons located at the position of the atomic nucleus.
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At (sin B)/A = 0 the value of the scattering factor is always equal to the total number
of electrons in the atom. As (sin 0)/A increases, however, the scattering factor
decreases, because X-rays scattered from an electron in one part of an atom will be to
an increasing extent out of phase with those scattered in another part of the electron
cloud. Thus the variation of the scattering factor is a consequence of the finite size of
the atom regarded as the scattering source.

Thermal motion also has an effect on the X-ray intensities. The normal scattering
factor curves are calculated on the basis of the electron distribution in a stationary
atom, but in fact the atoms in crystals are always vibrating about their rest points. The
magnitude of the vibration depends on the temperature, mass of the atom, and the
firmness with which it is held in place by covalent or other forces. In general, the
higher the temperature, the greater the vibration. The effect of such thermal motion is
to spread the electron cloud over a larger volume and thus cause the scattering power
of the real atom to fall off more rapidly than that of the ideal, stationary. Thus the

proper scattering factor for a real atom is not simply f,, but rather the expression
given in equation 2.12%,

f — foe—B(sinze)/ll (2.12)

where B is related to the mean-square amplitude (#*) of atomic vibration by

equation 2.13.

B = 872u® (2.13)

As a first approximation, the relative scattering powers of different kinds of atoms are

the same regardless of the radiation used. Secondary effects, that come under the title
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of anomalous scattering, arise, however, when the wavelength of the incident beam
lies near an adsorption edge in the scattering element. Standard scattering factors

(f;) are calculated on the assumption that the frequency of the incident radiation

differs greatly from that of any natural adsorption frequency of the atom. Although
this is generally the case for light atoms and the radiation commonly used in X-ray
diffraction, it is often not true for heavier atoms. If the frequency of the incident beam
does fall near a natural frequency of some atom type, an anomalous phase change
occurs on scattering by atoms of that type resulting in what is termed anomalous
scattering or dispersion. The scattering type itself is anomalous in the sense that
correction terms must be applied to the normal scattering factors. Thus they are

represented by the expression

Fimom = £, + Of +ibf "= fHOf” 2.14)

o

where f, is the normal scattering factor, Af’ is a real correction term (usually
negative), and Af” is the imaginary component. The correction terms Af’ and Af”

that arise from anomalous scattering are almost independent of sin 0. This occurs
because the effect involves primarily the inner electrons of the atom. Hence for a
given atom the effects of dispersion are relatively greater at high sin 0 than at low.

Scattering factors have been tabulated for all elements and are of varying accuracy
depending on the wave functions used, the completeness of the mathematical
treatment, and the accuracy of the numerical methods used. These mathematical
details do not contribute substantial error to scattering factors as now calculated, but
an additional source of error does arise in practice by the scattering contribution from

outer electrons either in bonds or non-bonding orbitals, which is only partially
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allowed for in the tabulated values. Neglect of these effects does not result in
substantial discrepancy between |F0| and IFCI except for low order reflections.

For example, the difference between the scattering factors of bonded and unbonded
hydrogen atoms is relatively large. The scattering factor error for a free hydrogen
atom produces anomalously low values for hydrogen atom thermal parameters. This
follows because the electron in the bonded atom is more localised than that in the free
atom. Calculation of the scattering factors for hydrogens in a molecule results in
values as much as 50% above those for the isolated atom at certain values of sin 0.
The atomic positions are effectively defined by the electron clouds as the X-rays are
scattered primarily by the electrons. Equation 2.15 shows that the intensity of any

reflection is proportional to the square of the amplitude.

Ly o= IFhkll : 2.15)

After conversion of the reflection intensities to structure factors has been achieved for
all reflections an accurate representation of electron density can be defined by the

fourier series as equation 2.16:

POY.2)= Ly o |Fy|? (2.16)

However, to calculate the electron density we require the phases of the structure
factor. Equation 2.11 only gives [Fuq|- To calculate the phase, and therefore finally
define the electron density at every location, three methods are available; Patterson”,
Direct methods®, and isomorphous replacement26’29. Firstly it is necessary to
eliminate systematic errors within the data caused by the material or the geometry of

the diffractometer used.
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Systematic errors produce systematic shifts in the results. They may be inherent in
the method of observation or data processing, the apparatus used, or the observer.
Such errors may or may not decrease precision. Systematic errors that do not alter the
precision are those that do not change the distribution representing the random errors
but only displace it. Such errors are especially problematic because there is no
evidence in the data itself that betrays their presence. Other systematic errors may
alter the distribution of the errors, such that it is decreasing precision, without shifting
the mean value. The most common effect is a combination of these resulting in an
unknown change in the accuracy accompanied by a decrease in precision.

In general the effect of absorption is to reduce preferentially the intensity of
reflections at low values of sin 6. If the crystal is regular, absorption will vary
regularly with sin 0, and in particular, absorption for a spherical crystal, it will vary
exponentially with sin® . If the data from spherical crystals are not adjusted for
absorption, thermal parameters will compensate by adjusting to values less than the
true values.

For example, a plate like crystal will have stronger absorption along the long y axis
than along the narrower x axis. Thus reflections from planes parallel to y are more
strongly altered at low sin 0, while those planes parallel to x are most affected at high
sin 0. The net result is a decrease in the apparent thermal parameters corresponding to
vibration along x and an apparent increase in those corresponding to vibration y.
When anisotropic thermal parameters have been used in the refinement, they will
show values that are to small along x and to large along y. In this case, the thermal
parameters are shifted by varying amounts from their true values, but the model
cannot compensate accurately for absorption. Thus both accuracy and precision are

decreased.
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Before carrying on a definition of thermal parameters is required. These are
parameters provided with the input data that describe the thermal motion of the
atoms. The usual scattering factors are calculated on the.assumption of atoms at rest,
but in fact atoms in crystals oscillate with appreciable amplitudes about their rest

positions. The effect of this motion is to modify the scattering factors of the atoms by

multiplying them by the scattering power identified in equation 2.10 as e~2¢" /%

The correction for thermal motion can be applied to structure factor calculations at
several levels of approximation. The overall isotropic vibrations assumes that all the
atoms are vibrating with the same amplitude and that there motions, like their shapes,
are spherically symmetric. This approximation makes for the fastest computation,
since the scattering power need only be evaluated by reflection and the result used to
multiply the calculated structure factor. This approach is generally used in the early
stages of a structural analysis.

The next and most complicated thermal parameter is the individual atom anisotropic
approximation. Here the assumption of spherical symmetry is abandoned and the
single atomic thermal parameter is replaced by six parameters that describe the size
and orientation of the vibration ellipsoid. Each individual atom is treated
individually, with the only factorizations being employed are those accounting for
centers of symmetry and lattice centering. The greatly increased number of terms that
must be handled can increase the computing significantly. Anisotropic temperature
factors are only added at the later stages of analysis.

Thermal factors can also be correlated to occupancy, which can lead to false readings
in both the temperature factor and electron density peak. This manifests itself, for
example, as one atom misidentified as another, where an atom such as nitrogen

identified wrongly as oxygen would result in a high temperature factor and low
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electron density. The opposite, a nitrogen identified as carbon, would result in an
extremely low temperature factor and high occupancy.

In order to avoid these errors, measures must be taken to reduce absorption to
negligible values, these take the form of corrections applied to the data.

Absorption corrections are difficult to apply due to the complexity of the calculations
involved. To obtain a theoretical correction for a reflection it is necessary to calculate
the absorption for the actual path length travelled within the crystal by the beam
reflecting from each infinitesimal portion of the crystal and then to integrate these
results over the entire crystal. This means that a precise description of the crystal
form needs to be ascribed and extensive computer calculations are needed to solve
the problem.

As a result, the use of empirical corrections has become common, especially in cases
where many reflections are involved and the absorption arises from the crystal and
the surrounding medium (e.g. protein crystallography). North et al. (1968) proposed
a method for giving a common approximation for absorption which involved setting
X to 90° and measuring the variation in the integrated intensity of one or more
reflections as ¢ is rotated through 360°. This process rotates the reflecting plane
about it’s normal and rotates the crystal about the axis connecting the observed
reciprocal lattice point to the reciprocal lattice origin. This observed variation can be
easily converted to an approximate correction as a function of ¢ and applied to the
whole data set. The approximations made for this correction are drastic and become
more problematic as Bragg angle increases. This correction technique is better on the
whole than no correction at all, but is best used on low-resolution data with

molybdenum radiation.
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The effect of absorption is to attenuate the X-ray beam as it passes through the
sample. However, there is an additional attenuation that can occur when a crystal is
set at the Bragg angle for a reflection. This is termed extinction and is defined by two
different kinds, primary and secondary extinction.

A crystal can be thought of as being separated into blocks formed by dislocations of
various kinds that can be observed in a crystal. Primary extinction results from an
interference process that occurs within regions of perfectly regular lattice planes.
Within a single block, fixed phase relations exist between the incident and reflected
rays so that the block scatters as a unit, coherently. This is in contrast to rays from
separate blocks where no fixed phase relations exist and the block scatters
individually, incoherently.

The multiple reflections within a mosaic block, where a set of planes at the Bragg
angle, reflects part of the incident energy, this is followed by a second reflection from
the underside of the planes and so on for multiple times. The direction of the rays
alternates between that of an incident or once-reflected ray. Since a phase change of
T/2 takes place on each reflection, any ray that is reflected a number of times »n differs

in phase 7 from one reflected by n-2 times. The net effect of multiple reflections is to

reduce the intensity of the reflected ray from |F | 2to | F l .

Secondary extinction arises for reflections of such intensity that an appreciable
fraction of the incident radiation is reflected at a given instant by the first mosaic
blocks encountered. The deeper ones thus receive less incident intensity and therefore
reflect less power than would otherwise have been the case. The magnitude of
secondary extinction will depend critically on the size of the crystal; small crystals

will suffer less from the effect than larger ones. Furthermore crystals with less well
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aligned blocks will suffer less than those in which the alignment is more parallel,
because fewer planes are in position to reflect at a given instant.
To solve the problems of extinction Zachariasen (1967)*! developed a general theory

defining the extinction factor for a reflection (equ. 2.17).

y=1"11, (2.17)
where [ ”is the observed intergrated intensity on an absolute scale and
I, = |FC|2Lp, the subscript k emphasizing the kinematic approximation in the

derivation of the structure factor. L and p stand for Lorentz and polarization factors
and y stands for an overall extinction factor that embodies parameters for both types
of extinction. The structure factors are readily corrected using the equation given in

2.18

| Fomrrected |=| Foext I (1+g IF | 2Lp) (2.18)

Here g is the extinction coefficient characterizing only a given crystal and a given
radiation. The use of this correction provides good correction for primary and
secondary extinction, providing primary extinction is not severe.

In addition to the usual diffraction pattern that results from the periodicity of the
crystal lattice, other diffraction effects arise from the presence of irregularities in the
structure. These include stacking faults in layer structures, order-disorder regions
common in alloys, certain kinds of structural disorders found in molecular crystals,
dislocations and other defects that present in most crystals, and unusual twinning at
the molecular level. These and other structural irregularities lead to diffuse diffraction

effects that on film may take the form of enlarged, elongated, or variously shaped
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diffuse reflections, highly diffuse regions, or diffuse lines joining the discrete Bragg
reflections.

The structure factors derived from intensities hold the key to atom positions within a
refinement. The structure amplitudes |F0 | and its relationship to intensity (I) depends
on a number of factors related to the individual reflection and to the apparatus used to
measure its intensity. Therefore the equation of the relationship of amplitude to

intensity given in equ. (2.19) is rewritten as equ. (2.20).

la |F|? (2.19)

| | =(KI/Lp) ' (2.20)

the term K is constant for any set of measurements and is normally omitted from data

reduction calculations. Here p is the polarisation factor given by

P=(1+c0s%20)/2 (2.21)

And is a function of 20, independent of data collection method except when a crystal
monochromator is used. L is the Lorentz factor, which is method dependent. For the

equiinclination Weissenberg it is given by equ (2.22)

_ sin &
sin 260(sin® @ —sin? )

p (2.22)

172
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where | is the equi-inclination setting angle. For zero-level reflections equ (2.22)

reduces to equ (2.23).
L=_1 (2.23)
sin 28 )

This expression is applicable to zero-level Weissenberg photographs, the zero-layer
reflections of rotation and oscillation photographs, and diffractometer data obtained
by the usual 20 or w scans. The polarisation term p arises because of the nature of the
X-ray beam and the manner in which its reflection efficiency varies with the
reflection angle. The usual X-ray beam is unpolarised and therefore the electric
vectors associated with its photons can point in any direction. Photons running
parallel to the reflecting plane are reflected to an extent that is determined only by
electron density in the plane and is independent of the reflection angle 26. The
reflection at right angles to the reflected plane has a contribution from both electron
density and c0s*20 and therefore decreases to zero at 20 at 90°, because the initial
energy is equally divided between the two vectors. However, no more than half the
intensity will be lost top this effect.

The greater efficiency of reflection associated with I parallel to the reflection plane,
will be represented to a greater extent in the reflected beam than that of I
perpendicular to it. This will normally cause little problems except when its from a
crystal monochromator. A partially polarised X-ray beam from this can affect the
subsequent reflection from the crystal under study and so the polarisation correction

is applied as shown in equ (2.24).

_ 1+ Kcos®20

2.24
1+ K ( )
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where K is the ratio of the power in the m beam to that in the ¢ beam in the
monochromised source. ® and ¢ define electric vectors associated with an
unpolarised X-ray beams photons in any direction normal to the direction of
propagation. ¢ defines the vector at right anles to the reflecting plane and 7 the vector
parallel to the plane. The usual monochromising crystals show very non-ideal
reflection. K is not predicted accurately by theory. Thus it is to determine K for a
particular apparatus, although cos 20, where 0 is the diffraction angle of the
monochromator crystal, can be used as an approximation.

The lorentz factor arises because the time required for a reciprocal lattice point to
pass through the sphere of reflection is not constant but rather varies with its position
in reciprocal space and the direction in which it approaches the sphere. The simplest
case can be seen in a diffractometer where the crystal and the reciprocal lattice are
rotated at a constant angular velocity m. The linear speed of a reciprocal lattice point

at a distance d* reciprocal lattice unit from the origin as it approaches the sphere is

v=d*w (2.25)

v =(2sin0)w (2.26)

The time required for a point to pass through the sphere along a path of length p is

t=plv 227)
or
t=p/(2wsin @) (2.28)
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The path length depends on the angle between the surface of the sphere and the path

followed by the reciprocal lattice point. It can be shown without difficulty that

pa 2.29)
cos@
By dropping the constant term ® from equ. (2.28)
1
10— (2.30)
2cosfsin 8
since
2 cos 0 sin 6 = sin 20 (2.31)

Coded information on the method of data measurement is often given to enable the
proper form of the Lorentz expression to be used. The Lorentz Polarisation factors
are imputed into weights to define error from diffractometer geometry and also those
arising from sample preparation.

Once all errors are corrected for, structure solution can take place. For all the
analyses presented here Direct methods have been used, the basic principle of which
being that there is a probabilistic relationships between the phases of the reflections
and their intensities. Other methods that could have been used are the Patterson
function and Isomorphous Replacement technique, which are also described.

All these corrections were completed in the SADABS® program included in the

Bruker software suite, for more inforamtion see the instruction manuel.
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2.5.1.1 Direct Methods

Direct Methods are so called because they make use of relationships between the
intensities of the various reflections, which lead directly to a solution to the phase
problem.

In 1948 Harker and Kasper33 showed that as a result of the symmetry elements, useful
relationships arise between the amplitudes of specific pairs of reflections. Instead of
the measured structure factors, they employed unitary structure factors (U), which

have been normalised by use of F(000), the total number of electrons in the unit cell:
U = F/F(000) (2.32)

They give an indication of what fraction of the electrons are scattering in phase for

that reflection. An example may be derived for the center of symmetry in space group

P1: the resulting inequality is:
1
E U2h2k21 (2'33)

This means that wherever U?,,,,, is very large, i.e greater than 2, the second order of

this reflection Uy must have a positive sign, and this must be increasingly
probable as the values of U for the two reflections increase. This and similar
inequalities are not sufficient on their own to define enough phases to solve the
structure.

Measured structure factors have magnitudes that fall off strongly with 0, the

scattering angle, because of the 8- dependence of the atomic scattering factors. This
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makes it difficult to compare them with one another, but the effect can be corrected
by normalising F by means of the expectation value for its scattering angle,
essentially the mean value for that range of . Since the 0-dependence of F* is also
dependent on atomic vibrations, an overall displacement factor as well as a scale
factor for converting intensities to an absolute scale can be estimated by comparing

and correcting for the mean displacement factor. As in equation (2.34):
<F?>=key, fi>exp(-2Bsin® 6/ %) (2.34)

The calculation of normalised structure factors has the bonus of giving both the scale
factors and the overall displacement factor for the data. To identify discrete atomic
peaks within the electron density map, the effects of atomic shape are removed from
the F, and convert them to E’s or normalised structure factors. The structure factor F,
is related to the normalised structure factor Ey, by the ralationship in 2.35.

E,, * atomic scattering factor = F, 2.35)
This relationship assumes all the peaks are the same shape. The deconvolution of the

map to remove the peak shape is expressed in 2.36.

2
| = _Fal (2.36)

€ lejﬂ

Where ¢, is a factor which accounts for the effect of space group symmetry on the

£,

observed intensity. Normalised structure amplitudes, Ehl , as defined above in

equation 2.36 is the expected intensity of the h reflection. The bets way of estimating
I is as a spherical average of the actual intensities, which in practice involves
seperating reflections into ranges of (sin 0)/ A and averages taken of intensity and (sin

0)/ A in that range. Interpolation between the calculated values I is aided when they
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are plotted such as on a Wilson plot34. A Wilson plot depicts ln(‘F | 2/ 2 f*)versus

(sin® 8)/ A% which is used to determine the average value of the temperature factor and
to place the observed data on an approximate absolute scale. Interpolation between
the points on the plot can be done quite satisfactorily by fitting a curve locally to
three or four points. This is repeated for different sets of points along the plot. Special
care must be taken in calculating E’s at low angles. if these are systematically
overestimated this could easily result in the in failure to solve apparently simple
structures. These E’s normally more involved with more phase relationships than
other reflections and therefore have strong influence on phase determination.

The next important step in the development of Direct Methods was the formulation
by Sayre of a relationship based only on these two assumptions: that the electron
density in a structure can never have a negative value and, that it is concentrated in a

well defined maxima:

Fyy = kz Fwr-Fyopiisr (2.37)
Wkl

This equation states that the structure factor for any reflection hkl can be calculated
as the sum of the products of the structure factors of all pairs of reflections whose

indices sum to it.

The earliest formulation of the triplet-relation (10) for the centrosymmetric case was
via Sayre's equation (Sayre, 1952%°). This equation can be derived from Fourier

theory giving the Sayre's Equation, which is given in equation 2.38.

1
F, =§V > F.F, , (2.38)
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It is emphasised that, given an equal-atom structure, Sayre’s equation is exact. The
summation above contains a large number of terms; however, in general it will be

dominated by a smaller number of large |FgFy.x|. Rewriting 2.38 to

\FH| expigy =LE IFKFH_KI expi(@y + 0y _x) (2.39)
gV %

and considering a reflection with large |Fy| it can therefore be assumed that the terms
with large |FxFy.x| have their angular part approximately equal to the angular part of

|Fp| itself. For one strong |FxFy.x| this leads to:

expig, =expi(Px + 9y ) (2.40)
or
Py +Pk + Py =0 (2.41)

the triplet relation. Thus by introducing the obvious argument that the most important
terms in Sayre’s equation (2.38) must reflect the phase ¢, the triplet relation is

found.

In the event that only a number of larger terms in (2.38) are available the scaling
constant f/gV has no meaning. Nevertheless most likely the phase information
included in these terms is correct and thus an expression such as equation 2.42:

Y |FeFuxlexpil@y +0,)
|2K IFKFH—K |expi(¢K Pk )|

expig, = (2.42)

in which K ranges over a limited number of terms may be very helpful.

The so called tangent formula (Karle and Hauptman, 1956)*
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Y Easin(d +6, )
tang, = ZK E, ooy ) (2.43)

in which the signs of numerator and denominator are used to determine the quadrant
of the phase ¢, is closely related to (2.42). This formula is used in almost all direct

method procedures.

The triplet relation, although a two-dimensional phase relation, is very successful in
solving three-dimensional crystal structures. Nevertheless, it may be more
appropriate to try to solve structures with three-dimensional phase relationships, the

quartet relations.

The positive quartet relation is formulated as:

Py +P+P+P kL =0 (2.44)

for large E4 = NllEHEKELE.H.K.Ll.

Analogous to the treatment of the triplet relation now three strong reflections H, K
and L are combined and the electron density must be found in the sets of planes. As a
result the electron density will be found near the points of intersection of the three
planes which are indicated for only a few planes from the sets. For a strong reflection
-H -K -L it is much more likely that its plane of maximum electron density will run

through the points of intersection than that it will clear these points. The quartet
relation (2.44) follows as straightforward as the triplet relation (Schenk, 1973) 37,

This quartet relation, however, is not as strong as the triplet relation because of the
factor N’ in E4. It will be recalled that in E; a term N appears. The reliability is
improved by combining the quartet with an identical one constructed from two

triplets:
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Py +Px +0 =0

n ¢, + ¢-H—K—L +@y,, =0 ~0
Pyt +O, +O_y i,

(2.45)

which holds for large E; and large |Ep.x| Reflection H+K strong indicates that the
electron density will be found near the intersection of H and K and thus a large |Ep.|
is an additional indication that quartet (2.42) is true. So in conclusion a large value of
E4 and large |Epk|, |[Ens1] and |Ex..| are indications that the positive quartet relation

(2.44) is likely to be true, and thus positive quartets are controlled by the magnitudes

of 7 structure factors.

In the event that the sum of the four phases is equal to x :

Py P +P Py L =7 (2.46)

the resulting relationship is referred to as the negative quartet relation and such a

relationship exists for reasonably strong intensities for H, K, L and -H- K-L.

It can be seen that for all indicated positions three out of four planes intersect. If
atoms are located at these points the resulting unitary structure factors of H, K, L and
-H-K-L will be 0.5. Thus for a negative quartet relation the reflections H, K, L and -
H-K-L will in general not be found amongst the very strongest. As the same holds for
the other cross terms it can be stated that the negative quartet relation (2.46) is likely

to be true for reasonably large values of E, and small |Ep.k|, |[En+c| and |Eg.z).

2.5.1.2 Patterson Function

262 introduced a function in 1934, which is a Fourier transform of the set of

Patterson
squared but not phased reflection amplitudes (h k 1 F?). This function does not

produce an electron density map of the contents of the unit cell but rather a density
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map of the vectors between scattering objects in the cell. The densities in the
Patterson map go as squares of the numbers of electrons of the scattering atoms,
Patterson maps of crystals that contain heavy atoms are dominated by the vectors
between heavy atoms. However, because the number of peaks in a Patterson map is
also related to the square of the number of atoms, protein Patterson maps are rarely
interpretable.

2629 calculated a difference Patterson (Fph - Fp)® with

In 1954, Perutz and co-workers
the amplitudes of a mercury-labelled haemoglobin crystal and the amplitudes of an
isomorphous native haemoglobin crystal. Here, the scatter of the light atoms is

mathematically removed (leaving noise, of course) so that the difference Patterson

map ought to show simply the vectors between heavy atoms.

When both structure factor amplitudes and phases are known the distribution of the
atoms in the unit cell can be calculated for all reflections hkl in terms of electron

density for each point x,y,z in the unit cell using a Fourier synthesis.

2.16
p(X,y,2)= éz Y Y |F,, | explip(hkl)].expl-27i(hx + ky +12)] (2.16)

h k

Here the reflections with indices (hkl) cover a sphere of reciprocal space. Protein

crystallographers sometimes call the electron density map calculation a Fourier.

However, at this stage of the structure determination only the structure factor
amplitude [F(h)| has been measured, while the phase ¢ (h) is not yet known.
Fortunately the Patterson function can be calculated using the observed amplitudes
without knowing the phases. This synthesis will give the distribution of the
interatomic vectors in the unit cell for all reflections hkl in terms of Patterson density

for each point u,v,w in the unit cell.
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p(x,y,2)= éZ > SIF,, | cos 2z + kv + iw) 2.47)
h k ]

Here the reflections with indices (hkl) cover a sphere of reciprocal space. Peaks in the
Patterson function occur at endpoints of vectors between all pairs of atom sites, and
therefore correspond to interatomic vectors. Given two atoms in the unit cell with
coordinates X1, y1, z; and X», Y2, z; the Patterson will show a peak at the point uvw

according to the relations

u=Xx;-X2
V=Yi-y2
W=271-2p

but also a peak at

u=Xz-Xj
V=Y2-Y1
W=1Z-2

Since both peaks represent vectors of equal size but of opposite direction, the

Patterson will display additional inversion symmetry.

There are two properties of a Patterson, which need to be considered in a comparison

with a Fourier.

o The unit cell in real space and Patterson space are identical. If the unit cell
contains N atoms, the Patterson will show N peaks, corresponding to the N
vectors that exist for each of the N atoms. The vector of an atom to itself has
length 0, so that the N atoms givé a large origin peak. The unit cell of the

Patterson will therefore contain N-N peaks spread all over the cell.
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o This is aggravated by Patterson peaks being less sharp than Fourier peaks.

The combination of these two properties make the native Patterson of a
macromolecule non-interpretable. However, assuming the derivative |Fpy| and native
|Fp| amplitudes have been properly scaled, the Patterson map calculated from the
isomorphous difference |Fpy|-|Fp| amplitudes is largely empty in case N is of the order

1-5, so that it becomes possible to analyse and solve the Patterson.

2.5.1.3 Isomorphous replacement

The structure factor can be described in terms of an amplitude and a phase. If both the
amplitude and phase are known, the electron density which gave rise to the diffracted
waves can be reconstituted by a Fourier synthesis. However, in a crystallographic
diffraction experiment only the amplitude can be recorded, but the phase is lost. So,
instead of being able to obtain a direct image of the structure in a crystal it is
necessary to measure the direction and intensity (or amplitude squared) of each
diffracted X-ray beam, and then reconstitute its phase. This is the phase problem of

crystallography.

When there are no similar proteins of which the structure has already been
determined, the structure needs to be determined ab initio. To this end the crystals are
"derivatised" by introducing heavy metal atoms. If only a few metal ions are present
in the crystal, the "heavy metal structure" can be determined by a Patterson analysis.
If the crystal essentially stays unperturbed ("isomorphous"), the technique of Multiple
Isomorphous Replacement can exploit the heavy metal structure to determine phases

for the protein.
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o Derivative crystals usually display decreased diffraction due to radical
induced radiation damage. They may show loss of birefringence, reduced
lifetime in the beam, increased mosaicity to the point of disorder, cracking
and dissolving. It is often necessary to determine a compromise between the
soaking parameters (especially soaking time and derivative concentration) and
level of substitution together with acceptable diffraction quality (say 3A).
This compromise can initially be determined by soaking, microscopic

examination and taking X-ray exposures.

o The crystals must not display non-isomorphism. The unit cell parameters
should be unchanged. Autoindexing will be required after collecting some

data. Cell dimension changes of 0.5% will give intensity changes of 15% at

3A.

» Isomorphous differences should decrease smoothly with increasing resolution.
If differences are due to non-isomorphism they will increase at higher
resolution. To determine this at least a wedge of data must be collected and
processed. Normal probability analysis can then be used to check the
significance of isomorphous and anomalous differences. It will be essential
not to overestimate the usable resolution, which will not necessarily be
limited by the resolution range of the data set, but often by lack of

isomorphism at higher resolution.

2.5.1.4 Prior Knowledge

In solving the structures, some prior knowledge of the structural chemistry is

desirable. In the case of Clinoptilolite it is known that it has an ordered framework
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comprising mostly Si and O, which will have the highest concentration of electron
density. The more disordered cations will have less electron density and depending
on the occupancy of each cation the electron density will be variable. For example, a
fully occupied calcium cation will have an electron density of around 20 A>, but that
for a disordered cation site with less than half occupancy could be around 3 A3,
Mixed cation samples may contain similar sized elements (i.e. K and Ca) which can

only be distinguished by their bond lengths.

2.5.1.5 R-factors

Refinements normally proceed via a least square fitting procedure aimed at

minimising the R-factors, wR2 and R;:

(2.48)
wR2 = thu (Fozbs,hkl _Fcil,hkl)z %
E W (Fois,hkl )?
) L (2.49)
1 Z fo

The R factors asses the percentage difference between the observed and calculated
structure factors, assesses the quality of the model. The lower the R factors the better
the quality of the model. For inorganic material an R factor less than 6 is normally
accepted. However, under certain circumstances a higher R factor is allowable. Least
square refinements are commonly guided by the geometry of fourier maps of the
electron density.

All of the structure solutions and refinements in this work were carried out using the

shelx-97 suite of programs as part of the WinGX>® software package.
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system diffractometer. The diffractometer has a Siemens SMART CCD area-detector,
with a three-circle fixed-y, goniometer. The beam is collimated and the wavelength
tuned accurately by a silicon (111) crystal monochromator and a palladium coated
focusing mirror. Various collimators are available to reduce further the size of the
beam just before the sample. All the experiments reported here employ a 0.5mm
collimator. To heat the crystals, we used two approaches. For temperatures below
100°C, the Oxford Instruments cryostream was used as it has a greater tolerance at
these temperatures. Above 100°C we employ a hot blower system®’, which was
specially designed for the station and works on the same type of system as the
cryostream. Both have been well calibrated and can hold a constant temperature with
an accuracy +-0.5°C whilst blowing hot air across the sample.

Before a data collection begins the crystal is checked for quality by taking an
orientation matrix, which checks the orientation of the crystal with respect to the
beams and calculates the unit cell dimensions: the crystal can also be checked for
twinning, and finally the intensity of the scatter. If the crystal is deemed to be
acceptable, a hemisphere or sphere of data can be collected. For most of the data
collections within this thesis only hemispheres were collected to reduce collection
times (Av. Collection times for 20°C ~5Shrs). All the data collections and post
collection integration data processing is performed by the SMART software
provided with the detector to give a final hkl file ready for solving. All of the Direct
method solutions were completed with the SHELX/SHELXTL suite of programs”.
In particular, all of the structure solutions and refinements in this work were carried

out using the shelx-97 suite of programs as part of the WinGX software package.
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2.6 Extended X-ray Absorption Fine Structure

(EXAFS)

The basic theory of EXAFS is quite simple. For every element there is a
specific adsorption edge identified at a characteristic X-ray energy level. The
adsorption edge can be observed when the X-ray energy is sufficient to excite a core
electron. Above this level photo electrons are created. There electrons scatter off
surrounding atoms resulting in interference with the outgoing photoelectron wave
which manifests a set of oscillations beginning around 30eV above the absorption
edge, known as the Extended X-ray absorption Fine Structure (EXAFS) region.
Shorter bond distances to neighboring atoms give larger spaced oscillations, while an
increase in the number of atoms in a co-ordination sphere results in an increase in
amplitude. The size of neighboring scattering atoms also effects the oscillations. The
higher in atomic number a scattering atom is the greater scattering power“"”. The
region immediately above the absorption edge is known as the X-ray absorption near
edge structure (XANES) region. Both regions are illustrated in figure 2.6A below.
Detailed discussion of the EXAFS and XANES phenomena and the theory of EXAFS
are given in Koningsberger et al (2000)* and Teo (1986)*.

The EXAFS technique has a number of major benefits. Firstly the technique
provides information on the local environment surrounding a single element.
Secondly, the wavelength can be tuned to the adsorption edge of a specific element.
Thirdly this technique can be used on a range of different sample types including
liquids. The local environment around an element is determined from the type and

intensity of the oscillations produced.
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If an X-ray has just sufficient energy to excite a core level electron, then the resultant
photoelectron will leap into unoccupied states. This is the region that is explored by
XANES and is generally regarded as being the energy region between the absorption
edge and where the EXAFS oscillations begin.
XANES can provide information about vacant orbitals, electronic configuration and
site symmetry of the absorbing atom. The absolute position of the edge contains
information about the oxidation state of the absorbing atom. In the near edge region,
multiple scattering events dominate. For more information see references 48 and 49.
The photoelectron is characterised by a wave-vector K, which is given by:
k=(2mE)"*/(h/2m) (2.50)
where m is the mass of the electron, h is Planck’s constant and E is the kinetic energy
of the photoelectron, which is equal to the difference between the X-ray energy and a
threshold energy associated with the ejection of the electron. The EXAFS adsorption
function x(K) is defined by the equation:

X(K)=(U-Ho)/ Ho (2.51)
Where the coefficient u refers to absorption by an atom in the material of interest
while p, refers to absorption by an atom in the free state, both of which are functions
of k.

EXAFS theories*' relate (k) to the scattering by atoms in the coordination

shell of an ejected photoelectron from the central absorbing atom, by the expression:

Y A,(K)sin[2KR; +26,(K)] (2.52)
J

where j which refers to a summation of coordination shells; R; is the distance from

the central absorbing atom to the j* coordination shell; and §(K) is the phase shift.
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The calculation of the phase shifts are best described in references**%"'. The factor
Aj(K) is an amplitude function for the j™ shell, and is defined by the expression:
A(K)=(N;/KR*)F/(K)exp(-2K>5) (2.53)
where N; is the number of atoms in the j shell and & is the root mean square
deviation of the interatomic distance about R;. Exp(-2K&)) is a Debye-Waller factor

to account for the smearing of the EXAFS due to the static and dynamic disorder of
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the atoms, and the analogue of the temperature factor in diffraction theory. Fi(K)
accounts for electron backscattering and inelastic scattering, and is related to the
backscattering factor f{K) and the mean free path A for inelastic scattering by the
expression:

F;(K)=f(K) -exp(-2RyA) (2.54)
The backscattering factor f{K) describes the amplitude of the EXAFS oscillation and
is related to the atomic number z of the backscattered species. The variation of this
term with K may therefore be used to recognise the species around the emitting
atom™*’,

The EXAFS data can be collected in one of two modes, either in transmission
or fluorescence mode. Transmission mode is the method of collection used for all the
experiments in this thesis. Transmission data are collected from ion chambers before
and after the sample recording the intensity of primary photons using ion chambers to
measure the incident (I,) and transmitted (I;) beam intensities. Fluorescence data are
typically collected on samples with weak dilute amounts of the chosen element or for
samples where the chosen element falls low in atomic number, for example Na. The
sample is tilted 45° to the incident beam, thus facing as much sample surface area
into the beam and also toward the solid state detector array, 90° to the beam, where

the fluorescence emissions are detected. These experimental configurations are below

in figure 2.6.3A below.
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2.6.1 Analysis of EXAFS Data

The raw EXAFS data were refined using the EXCALIB*?, EXBROOK’? and
EXCURVE98>* software. All experiments were completed on station 9.3 at the
Daresbury SRS and in transmission mode, where the EXAFS are recorded by
measuring the intensity of the X-ray beam before and after passing through the
sample.

The EXCALIB program prepares the raw data for refinement by normalising
the data, converting the data from the raw measured values of I, and I; (from the ion
chambers) and the monochromator position, to energy against adsorption coefficient.

The EXBROOK program processes the transformed raw data into the pure
structural data removing all the other aberrations in the data. Each data set has the
pre-edge subtracted removing any contributions to the pre-edge slope due to mass
adsorption. Compton and other scattering are removed by fitting this slope to a
polynomial. This subtraction is extrapolated to include the absorption data, yielding
the absorption coefficient of the absorber as illustrated in Figure 2.6.1A.

After the pre-edge slope has been subtracted we need also subtract the
background, which contains other features which complicate its removal. These are
mostly detector counting errors and absorption by elements in the sample other than
the one under investigation. The background subtraction is attained by fitting a
simple polynomial and a cubic spline in order to produce a plot of X(E), which can be
seen in figure 2.6.1B. The data that remains is the fine structure EXAFS modulation
per absorbing atom needed for the end refinement.

To complete the background subtraction the data must be converted from X(E)
to a (k) scale, where k is the photoelectron wave vector space described in equation

(1) above. The satisfactory completion can only be attained be monitoring the
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weighted x(K) plot and the associated Fourier transform, which contain vital
information needed to producing the best subtraction. Fourier transform techniques
can be used to assist the analysis by isolating a single shell. However, in most cases a
fourier transform of the EXAFS data is used to represent the partial radial distribution
function. The weighted x(K) plot shows EXAFS oscillations in the form y(k), which
for a good fit should bisect the zero point of the (k) axis. The fourier transform plot
should be monitored particular in the region between 0-1A, In order to minimise any
peaks in this region and to maximise the first shell peak beyond it.

The final refinement of the EXAFS data takes place using EXCURV98. This
software goes beyond the plane wave theory used earlier to using the more complex
curved wave theory. Least squares refinement is also used to fit the experimental data
to a theoretical model which is devised from a reference compound, which in this
case are from single crystal studies on group 1 and 2 ion exchanged Clinoptilolite
samples, as these are the closest examples to the experimental models.

EXCURVO9S refines several parameters, the interatomic distance (R), the
Debye-Waller factor (A), the edge position relative to the calculated vacuum zero
(Ef), and the co-ordination number (N), which are refined independently to give the
best possible fit between the observed data and the theoretical model. Fourier
transforms are also used as before to give approximate bond distance information

from the central atom to each shell or scattering atom.
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Figure 2.6.1A: A schematic illustration to show the effect of pre-edge subtraction on the EXAFS
spectrum. The dashed line in (a) represents the extrapolated polynomial which is subtracted

from the raw data to give the absorption per absorbing atom shown in (b).
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Ning = 2AKAR/ (2.55)

where Ak and AR are respectively the widths in k- and R-space over which most of
the data was collected. The degree of determinancy is the value of Nj,4/p, which if
less than 1 cannot be accepted as it indicates less than one observation per
parameter*®.
Further pitfalls for the unwary refiner are the correlations that form between certain
parameters. The principle culprits involved with strong correlations are between the
coordination number (N) and the Debye-Waller factor (A) and also between the bond
distance (R) and the threshold energy (Ey). If these factors remain highly correlated
they produce a false minimum disrupting the whole refinement and giving a wrong
R-factor™.

The R-factor as with single crystal data gives an idea of the quality of fit of
the EXAFS data in k-space. Unlike in single crystal data where an R-factor of 6 is
generally required, here, a fit of less than 30 is considered acceptable and below 20
excellent; values less than 15 are difficult to obtain. In most EXAFS fits, where only

the first shell is required, higher values will be expected, generally above 20.

2.6.2 Multiple Scattering

In models that contain more than just a single shell, it is prudent when moving
forward with a refinement to use multiple scattering for shells beyond the first. It
becomes even more necessary to use multiple scattering when the bond angles
between the central atom, its first shell, and consecutive shells, are close to 180°. In
this case the ejected electron scatters off both the nearest scattering atom and that of

the next scattering atom beyond, culminating in an enhancement of the EXAFS
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e QuEXAFS (quick EXAFS) using either transmission or fluorescence
configurations.

e REFLEXAFS (glancing angle reflectivity XAS) for studying surface and near-
surface effects.

¢ EDE (Energy Dispersive EXAFS).

e In situ QUEXAFS/XRD experiments using a range of specially designed cells to
analyse these materials under realistic elevated temperature and/or pressure
systems.

The In situ QUEXAFS/XRD temperature studies described later were performed

using the experimental configuration shown in figure 2.6.3B below and in

transmission mode. The station has a choice of monochromators; a scanning Si(111)
with the energy range 4.8 - 15 keV and a scanning Si(220) with the energy range 6.4 -

40 keV. The majority of elements studied within this thesis fall into the Si(111)

energy range, making combined QUEXAFS/XRD possible. A specially designed

furnace was used to heat the samples in situ in the beam, collecting both EXAFS and

XRD data together up to 900°C. It was therefore possible to monitor the zeolite for

structural solid state transformations up to near collapse conditions.

The XRD data collected in this study has not been used as it is the EXAFS

data that is relevant. Therefore, the XRD technique in this case will not be discussed.
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1. Run a blank buoyancy curve with an inert sample of similar volume
and subtract this curve from the experimental one.

2. Use smaller samples and therefore smaller volumes to minimise the
effect.

3. Counterpoise the experimental sample with a sample of similar
volume and heat them both together and the same time. The up thrust
on both samples cancels out the effect.

The TGA experiments presented here were carried out at the Chemistry Department
of Birkbeck College, on a Shimadzu TGA system. The sample size varied from 10-15
mg and then ramped at 5°C/min to a temperature of 600°C. All the analysis was

carried out with the Shimadzu analysis software.

2.8 Scanning Electron Microscope (SEM) and Energy
Dispersive Analysis of X-rays (EDAX)

The SEM probe was used to check the sample crystallinity and EDAX
analysis equipment was employed to identify the amount of ion exchange and the
elemental composition of the Clinoptilolite samples prior to each experiment. The
electron source for the scanning electron microscope (SEM) is an electron gun with a
tungsten ‘hairpin’ filament heated to about 2700K to produce thermionic emission. A
negative potential applied to the filament of around 10-30 KV accelerates the
electrons through an aperture in an earthed anode plate. A high vacuum of around 10
* Torr or better is needed so that the filament does not oxidise or scatter the electron
beams. Magnetic lenses give a fine beam focus onto the specimen. Two electron

lenses produce a demagnified image of the source on the specimen, but more lenses
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can be used for more high resolution systems. An electron detector captures the
diffracted electrons from the sample and in a scanning mode captures a high
resolution image of its topography. Again this whole procedure in the specimen
chamber is also held under a high vacuum. Most SEM machines come with the
EDAX system also incorporated allowing the specimen to be viewed prior to

elemental analysis®.

2.8.1 Energy Dispersive Anaiysis of X-rays (EDAX)

This technique is also sometimes referred to as EDXA (energy dispersive x-
ray analysis) or EDAX. Energy Dispersive X-ray Spectroscopy (EDS) or EDXA are
preferred since EDAX has been adopted as a trademark and name by one of the
suppliers of EDS systems.

Next to secondary electrons and backscattered electrons, the characteristic X-
rays that are produced by the interaction of an electron beam with a sample are
perhaps the most widely used signals in an SEM.

X-rays result from the incoming electrons knocking inner shell electrons out
of atoms in the sample. As outer electrons drop into the vacancy, they are obliged to
dispose of the excess energy, often as an x-ray photon. Since each element has its
own unique set of energy levels, the emitted photons are indicative of the element
that produced them. Analyzers are then used to characterize the X-ray photons for
their energy (or wavelength) and abundance to determine the chemistry of the
sample“.

Due to the small size of the electron probe, it is possible to obtain elemental
analyses for volumes as small as 1 um in diameter. This capability is useful for

determining the presence of contaminants, investigating phase differences, and
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locating inclusions, as well as determining qualitative or quantitative elemental
composition.

EDAX operates by using a crystal of silicon or germanium to detect the x-
rays. Each photon generates multiple electron-hole pairs equal in total energy to the
energy of the photon (each pair has a fixed energy determined by the crystal). A
voltage is applied to the crystal to separate the electrons and holes so that the charges
appear as a small step-change in the voltage. Pre-amplifiers and amplifiers process
the signal and pass it to a multichannel analyzer (analog-to-digital converter) so that
the X-ray spectrum can eventually be displayed as a histogram of X-ray intensity as a
function of energy®.

The detector crystal is kept under vacuum at liquid nitrogen temperatures, and
requires a window of some kind to isolate it from the SEM chamber. Early windows
were made out of beryllium, which, however, severely attenuated X-rays from
elements lighter than sodium. Improvements in materials, has led to a generation of
"thin-window" detectors, which can pass X-rays down to and including boron.

X-ray analyses may be broadly divided in to qualitative and quantitative
analyses. Qualitative analyses are those that are concerned with determining the
elements in a sample and a rough measure of their abundance. Qualitative analyses
would include survey analyses, line-scan profiles, and X-ray maps. Quantitative
analysis is used to determine the elemental composition at one or more points, which
involves careful determination of the identification and abundances of the elements
present in a sample. Accuracy is often possible to tenths of a percent when standards
are used. Standardless analyses can generally provide a compositional estimate, but
with less accuracy. Several requirements must be met to ensure the success of a

quantitative analysis. Samples must generally be flat, homogenous, and thick to
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satisfy assumptions in the analysis software and all elements should be measurable
within the sample. Standards are advisable to account for particular characteristics of
the microscope. The relative X-ray intensity varies with the angle of the surface of
the sample. Therefore, the surface must be at some known, consistent angle if not
altogether flat, which is necessary to supply the maximum effective X-rays to the
detector; badly orientated samples will produce poor results. Likewise, samples must
also be homogenous with depth so that the beam is entirely contained in a single
phase; rough edged samples produce secondary scatter from other parts of the sample
and also block X-rays producing poor results. Standards can help to account for
peculiarities in geometry or detector, and even for chemical environment.

The samples for the work presented were analysed on a Jeol733 Superprobe
with an Oxford Instrument ISIS/INCA microanalytical system (EDAX). The samples
were mounted on aluminium studs with carbon sticky pads on the upper surface on to
which the sample is mounted. Each sample was scanned in at least 10 different
positions and an average produced to give an idea of elemental content across the

whole sample.

2.9 Summary

This chapter has aimed to introduce the reader to the various techniques that
have been employed in this thesis. The following chapters are the results of in situ
studies that have been completed to structurally characterise Clinoptilolite in a

number of ion exchanged forms.
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