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Abstract

Zeolites are a type of crystalline aluminosilicate material that when produced synthetically find
use in a variety of contexts, many of which are directly beneficial to society at large. One such
application, which is of interest not only from the perspective of commercial profitability but
perhaps more pertinently in today’s climate from an environmental point of view, is catalysis.
Two important examples of commercialised catalytic reactions are selective catalytic reduction
(SCR) and the methanol-to-olefins (MTO) reaction, which, respectively, involve the catalytic
conversion of noxious NOy gases to nitrogen & water, and waste methanol to higher value
petrochemicals.

A central challenge in catalysis is the development of characterisation techniques capable of
navigating the structurally and compositionally complex internal landscapes of zeolitic catalysts.
While the bulk scale information gleaned through techniques like mass spectroscopy, XRD, and
NMR provide an established benchmark against which zeolite behaviour is currently assessed,
gaining spatially resolved insight into catalytic activity on a nanometric, single-catalyst length
scale is highly desirable in current research efforts focused on optimising and improving existing

catalytic systems.

Laser-based characterisation, being non-destructive and capable of molecular excitation, is
identified here as a viable but underexplored option for studying zeolites in a catalytic chemistry
context. Time-resolved photoluminescence spectroscopy (TRPS) and confocal-lifetime
microscopy are applied to zeolite systems, providing fresh insight into aspects of the zeolite’s
synthesis process. TRPS is further combined with in situ setups to provide new information on
zeolite behaviour during an active catalytic reaction as a function of time and temperature. Finally,
combined IR spectroscopy and X-ray microscopy studies were conducted on Cu-containing forms
of the high silica form (SSZ-13) of the zeolite chabazite (CHA).



Impact Statement

Zeolites are a group of materials that have a range of high-interest commercial applications, one
of which is the multimillion-pound chemical catalysis industry. The work in this thesis has
focused on applying advanced laser-based characterisation techniques such as time-resolved
photoluminescence spectroscopy, confocal imaging, and Raman spectroscopy, which are not
commonly utilised in the zeolite field, to provide new information on organic species adsorbed to
zeolite frameworks. This is an important result because carbon-based molecules are notoriously
difficult to visualise. Of particular relevance are the insights gleaned into calcination procedures
in zeolites including the effect of temperature and the impact this may have on structural integrity.
Additionally, the in situ experimentation tracking the methanol-to-olefins reaction demonstrates
the scope for monitoring catalytic reactions in real time and generating meaningful data on
chemical speciation.

The techniques used have been shown to be non-invasive, flexible, cost-effective, and capable of
being coupled to in situ setups. Further to this, these techniques do not require samples to be
modified. This is most successfully showcased in the label-free imaging studies of calcined zeolite
samples. In a first for the field, the thesis presents a series of 3D images and fluorescence lifetime
maps generated exclusively using the zeolite’s autofluorescent signal, enabling conclusions of a

chemical nature to be drawn.

Ultimately, the value of the project extends beyond the realm of catalytically active zeolites as
the techniques may feasibly be applied to other inorganic functional materials including supported

catalysts, gas storage materials, and other hybridised organic frameworks.
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The Scope of the Thesis

Zeolites are known to exhibit complex photoluminescence behaviours that are not yet
comprehensively understood. Photoluminescence is a form of light emission that can be measured
and even mapped to create images. Traditionally in zeolite research, the laser-based techniques
of spectroscopy and confocal imaging used to measure photoluminescence are not established as
industry-standard characterisation methods. Similarly, for experienced spectroscopy and imaging
practitioners, zeolites may represent a less frequently encountered subject of experimentation.
And while certainly not the first to utilise such techniques for zeolite characterisation, the premise
of this project represents a relatively untrodden bridge at the confluence of two traditionally
disparate streams of research. The overarching research question for this project was to determine
whether it is possible to utilise photoluminescent signal to gain new insight into the behaviour
and catalytic potential of zeolites. Happily, we can conclude that the answer to this question is,
yes.

The aim of the first two chapters of this thesis is to prime a reader with a broad yet functional
context of the two major focus areas for this thesis: zeolites in Chapter One, and
photoluminescence in Chapter Two. Subsequent chapters present novel pieces of research
utilising time-resolved photoluminescence spectroscopy, in situ experimentation, and advanced

multimodal imaging of zeolites.

Time-resolved photoluminescence spectroscopy has mainly been used in photonics applications
of zeolites to understand how dyes are affected by confinement. This work builds on this
catalogue of work but uses experimental conditions that are catalytically relevant with in situ
configurations, higher temperatures, and industrially relevant zeolite frameworks. Rather than
using zeolites to create materials with engineered emissive properties that are then optimally
characterised using photoluminescence spectroscopy, this research starts with crystals that are
broadly representative of those used in industry and attempts to use photoluminescence

spectroscopy to gain additional information on the samples.
The work in this thesis is differentiated from existing work in the following ways:

e It probes photoluminescence from metal-free, dye-free zeolites

e It uses a high sensitivity setup designed for lowly emissive solid samples

e It monitors a wide time-gate extending into the microsecond regime owing to the use of
a Q-switched laser

e It measures the effects on systems in situ under temperatures as high as 600 °C

e |t does not use oversized zeolite crystals

12



13



14

Chapter |

An Introduction to Zeolites



CHAPTER |: AN INTRODUCTION TO ZEOLITES

1 What is a Zeolite?

1.1 In Search of a Definition

We start by introducing the material that forms the basis of all experimentation presented in this
thesis: zeolites. The first documented studies of zeolites were conducted by mineralogist Axel
Cronstedt in 1756. He coined the term by amalgamating the Greek terms ‘zeo’, meaning to boil,
and ‘litho’, meaning stone, to describe a unique mineral material' originating from a volcanic
deposit in Northern Sweden that would have seemed at first glance as unremarkable as any other
rock had it not also appeared to intumesce and generate large amounts of steam upon heating.
Upon further inspection, mineralogists realised that this was only one of a zeolite’s many
fascinating properties, and much of the work conducted throughout the 1800s and into the early
20" century was focused on documenting the chemical behaviours of what they increasingly
understood to be a class, rather than just a single type, of special materials. These properties
included their reversible dehydration & ion exchange properties, adsorption behaviours as studied
by Grandjean in 1909 with his work on chabazite adsorption of ammonia, hydrogen, and air, and
molecular sieve properties as reported by Weigel and Steinhoff in 19252, Early historical
definitions identified zeolites as aluminosilicates with open tetrahedral frameworks that allowed
for reversible dehydration and ion exchange. While useful in differentiating zeolites from other
types of aluminosilicate materials, the property-centric definition did not readily lend itself
towards the classification of zeolites. Proposed classification systems that did exist remained
convoluted such as Hey’s 19352 proposal that attempted to classify zeolites based on dehydration

characteristics, or acid species in the case of a system used by Dana in 19424,

Although early attempts were made to conceptualise structure, such as Friedel’s work of 1896
that proposed zeolites possessed open spongy frameworks, it was not until 1930 that the first work
on natrolite and feldspathoid structures using oscillation and Laue photographs was published by
Linus Pauling®®. Structural characterisation represented an important shift in the way zeolites
were viewed. Rather than being minerals exhibiting special properties, it became increasingly
clear that zeolites also had complex, multi-layered structural hierarchies that presented new scope
for definition and classification. Advances in characterisation techniques and synthesis methods
meant that from the 1940s onwards, zeolite studies began to move out of the remit of mineralogists
and into the hands of crystallographers and chemists. Pioneering work in the mid-century
conducted by Robert Milton at Union Carbide saw his collaborators determining the structures of
the newly synthesised zeolite A’, zeolite X, and faujasite frameworks using single crystal x-ray

data around 1954, prompting a growing body of work within the zeolite community that has to

' This particular zeolite was more recently established as stilbite*?.
15



date identified 2488 unique zeolite frameworks. The deeper understanding of framework structure
arising from sophisticated crystallography techniques facilitated more unambiguous structural
means of classification, many of which were proposed through the 1960s by Breck®, Fischer &
Meier?®, and Smith!!. However, it also meant that something of a definition debate!? began to arise
in the 1980s, with some researchers advocating a more relaxed approach to the traditional
properties-based definition of a zeolite, instead offering definitions that paid greater attention to
the geometrical features of the frameworks redefining zeolites as materials “containing tunnels or
larger polyhedral cavities interconnected by windows large enough to allow ready diffusion of
the polyatomic guest species through the cavities”*3. The discovery of a new aluminophosphate
family of materials in 1982 that featured all the structural properties of zeolites in the absence of
silica also served to challenge pre-existing notions of what constituted a zeolite.

The historical struggle to agree upon a definition of what a zeolite is parallels an important point
regarding the nature of zeolite research as a whole. Complex and still not wholly understood, the
study of zeolites is a deeply applied field of science that has since its inception been greatly
interested with the practical applications of the fascinating chemical properties they display. Even
today, the quest to understand the more fundamental intricacies of zeolites, such as structure,
composition, or mechanisms of action, is an iterative narrative that continues to be developed in
tandem with a topical body of research that pertains to well-established and extremely high value
industrial applications. Where historically improvement in zeolite-based industrial process output
was achieved through educated trial-and-error primarily guided by a researcher’s experience and
intuition, significant advances in industrial optimisation in the 21% century have been borne of
developments in characterisation technologies that allow researchers to obtain a deeper academic
understanding of the materials in question and retrospectively make changes to existing
operational parameters. Equally, the search for an appropriate definition of a zeolite is something
that has developed, and likely will continue to develop, over time and may be slightly different

depending on whether a more academic or industrially pragmatic approach is being adopted.

The International Zeolite Association (1ZA) diplomatically considers structure, composition, and
properties in their most up-to-date definition® of a zeolite:
Classically, zeolites are defined as aluminosilicates with open 3-dimensional framework structures
composed of corner-sharing TO4 tetrahedra, where T is Al or Si. Cations that balance the charge
of the anionic framework are loosely associated with the framework oxygens, and the remaining
pore volume is filled with water molecules. The non-framework cations are generally
exchangeable and the water molecules removable. This definition has since been expanded to

include T-atoms other than Si and Al in the framework, and organic species (cationic or neutral)
in the pores.

In defiance of brevity, it is a surprisingly open-ended definition, being required to capture three
important definitional parameters. The following sections will elaborate upon these parameters,

which are namely composition, structure, and chemical properties.

16



CHAPTER |: AN INTRODUCTION TO ZEOLITES

1.2 Composition

Zeolite composition can be broken down into three components. They are the framework,
extraframework cations, and a sorbed phase.

The framework is the most structurally prominent component of the zeolite, and is made up of
silicon, aluminium, and oxygen. Silicon is the principal element of the framework and co-
ordinates tetrahedrally with oxygen, as shown in Figure 1. The silicon sites are also termed T sites,
where T denotes the tetrahedra of the TO4 configuration. In historical definitions of zeolites it is
the T sites that previously only applied to silicon or aluminium, although in recent decades certain
definitions, such as the IZA one presented previously, have been relaxed to include other atoms

like phosphorous as present in silicoaluminophosphate molecular sieves (SAPOs)*,

A)

Figure 1 Understanding charge compensation in adominantly silicon framework: A) Tetrahedral silicon
configuration showing Si** (blue), occupying the T-site, co-ordinating to four O% (red) bridging atoms
producing an overall neutral charge when co-ordinated to other Si-occupied T-sites, and B) AI’* (green)
substitution into the T-site generates an excess negative charge requiring charge compensation from a
cation (purple). It is largely assumed that the position of the Al-occupied tetrahedra defines the location of
the extraframework cationic species, as indicated here. This is relatively applicable for univalent cations (e.g.
H*, Na*, NH4") but is not necessarily applicable in cations with higher charge.

When trivalent aluminium (Al**) is isomorphically substituted into the dominantly silicon
tetravalent (Si**) framework, an excess negative charge is generated. To achieve net lattice
neutrality, a compensating positive cation is required to balance the charge. These may be from
the alkali or alkaline earth groups, or with RsN* (where R = H, aryl, alkyl) cations. These are
extraframework cations and are associated with the framework by steric effects and electrostatic
interactions. Extraframework cations have rich potential for changing the overall composition of
the zeolite as they can be swapped with different types of ions. Following calcination, the final
step of the synthesis process discussed in greater detail in Section 3, R:N* transform into protons
creating a strongly acidic catalyst due to the formation of Brgnsted acid sites. Conversely, group
IA & IIA compensated cations can be ion-exchanged for metals like copper or iron. Basic
compositional variation through extraframework cations is of interest because it can drastically

alter the chemical properties and performance of the zeolite.
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A fundamental compositional consideration of the framework is the silicon-to-aluminium ratio
(Si/Al, which describes the amount of aluminium present, and to an experienced zeolite scientist
may give some indication about the properties and stability of the sample. A higher aluminium
loading, for example, is associated with a higher degree of acidity. The limits of the SAR range
from 1 to infinity, with a low SAR considered as under 5, a medium SAR as between 5 to 10, and
a high SAR being over 10%. A related variant is the silica-to-alumina ratio, which reflects the

ratio of feedstock materials used during the synthesis process.

Additionally, the pores of zeolites are often occupied with a sorbed phase. Being hygroscopic,
this sorbed phase is commonly water, which often needs to be removed to vacate the microporous
volume prior to using the zeolite in a chemical application. It is also possible to have an organic
phase present in the cages, as is the case in as-made zeolites synthesised with an organic structure
directing agent (OSDA), and similarly may require removal via thermal processes prior to zeolite

usage.

All this compositional information may be generalised into the following empirical formula:
leIllJri sz;2+; (1 T1; 2T, ---)02(y1+y2...)]x_Z1A1; ZyA; ...

where M is the cation with charge ni, n, that compensates the negative

framework charge (Xin1+xz2nz+... = X)
T are the tetrahedrally co-ordinating elements (i.e. Si, Al)

A is the water or ion pairs

1.3 Structure

In the diagram of tetrahedrally co-ordinated silicon in Figure 1, we start to get some indication
about how structure begins to form. Unlike metals, zeolites, with their predominantly covalent
bonding, do not form close-packed structures. Rather they are open structures with significant
volumes of internal space. Like Lego pieces, if tetravalent units are the primary building blocks,
it is possible to join these pieces into slightly larger units called secondary building units (or
SBUs) as shown in Figure 2 where the corners of the polyhedra correlate with T atoms'. In a
modular fashion, these SBUs may be pieced together in various ways to create unique zeolite

frameworks.

iln diagrammatic representations of zeolite frameworks, the most frequently encountered of which are of
the ball-and-stick type as shown in Figure 2, the countercations and the oxygen atoms are not explicitly
marked out and removed for clarity, with the balls marking out T sites, and bridging oxygens indirectly
denoted by the sticks.

18
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<

<]

3 4 6 8

(1) (61) (39) (15)
spiro-5 4-4 6-6 8-8

(1) (6) (10) (3)

4-1 4=1 4-2 4-4=1

(3) (3) (9) (2)

5-1 5-2 5-3

(14) (4) (8)

6-2 2-6-2 6*1

(21) (3) (2)

Figure 2 Secondary building units and codes used to identify them. Numbers in parentheses are the
frequency with which the units feature in different frameworks. Reproduced from the IZA Atlas of Framework

Types®.

Understanding zeolite structure by conceptually building them from the ground up out of finite
units makes it easier to visualise the characteristic pore structures of zeolites, as they are most

directly constructed out of these SBUs.

Alternatively, it is possible to take a top-down approach to structure by considering a zeolite as a
crystal with long-range order and formalising the structure through constructs like crystal planes
and larger, infinitely-repeating building blocks. More technically, this means defining structural
parameters after performing geometrical refinement in the highest possible symmetry. This is a
useful way to understand zeolite structure, not least because structural information from X-ray

diffraction techniques pertains most directly to hkl planes in a crystal. More than this, combining

19



a ground-up with a top-down view of zeolite structure makes it possible to fathom zeolites as

materials with rich, multi-layered structures that build and evolve over different length scales.

We so far understand that zeolites are solid, crystalline materials with open frameworks.
Temporarily ignoring the implication of composition and chemical properties, let us consider the
meaning of a structured solid. Crystalline materials are defined as having long-range order. The
concept of ‘order’ is formalised through the lattice. The lattice is an abstract precursor to a
zeolite’s actual structure and can be defined simply as a regular arrangement of points that
propagate ad infinitum into space as shown Figure 3. The distance between each lattice point is
further defined as a primitive vector. In two-dimensional space, the lattice will be defined in terms
of two primitive vectors as demonstrated in Figure 3, where the vectors are labelled a and b. This
is extended to three primitive vectors for crystals occupying three-dimensional space. The area
bounded by the primitive vectors a and b is defined as the unit cell, shown by the shaded
parallelogram in Figure 3, and represents the smallest repeating unit that the overall structure can
be reduced down to. In principle, the environment of each lattice point should be equivalent to all
other lattice points. In other words, if it were possible to sit on one of the lattice points and look
at all the other lattice points around you in 360°, were you to move to another lattice point, the
view of lattice points around you should appear identical to the view from your previous position.

This concept of lattice point equivalence is how the term Bravais lattice™ is defined.

/ /
e

{)———{%———C%———;L

/  Unitcell /

e
S A S S

/ Lattice point

Figure 3 Schematic diagram of a two-dimensional Bravais lattice where lattice points are denoted by
open circles, a and b are the primitive vectors, 6 is the axial angle, and the shaded area represents a unit
cell

In two-dimensional space there are four crystal families that may defined by the parameters in
Table 1 and seven families in three-dimensional space. Note that the axial angle is defined as the
angle formed between primitive vectors a and b. According to this table, we can tell that the lattice

represented in Figure 3 is in fact a monoclinic crystal.

il The Bravais lattice can be described in more mathematical depth in terms of translation vectors, but this
has been omitted for the sake of keeping this discussion focused on the meaning of structure in zeolites.
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Table 1 Properties of crystal families in two and three dimensions including parameters for axial
distances and axial angle and Bravais lattice families where P means primitive, | means volume centred, C
means base centred and F means face centred. There are five 2D Bravais lattices and 14 3D Bravais lattices.

2D 3D Bravais Lattice
Crystal
family Axial Axial Axial Axial angle P I C F
distances angle distances
Monoclinic a#b 0 #90° azb#c a=y=90° m(2D) mS
(3D)
B #90° mP
(3D)

Orthorhombic a#b 6 =90° afb#c a=B=y= o (2D) o (2D) oS oF

%" oP (3D) ol (3D) (3D) (3D)

Hexagonal a=b 6=120° a=b#c a=pf=90° h(2D)
y =120 hP (3D)
Tetragonal a=b 6 =90° a=b#c a=B=y= T(2D) tl (3D)
90°
tP (3D)
Triclinic - - azb#c aZB#y aP
Trigonal - - a=b=c a=B=y# hR
90°
Cubic - - a=b=c a=f=y= cP cl cF
90°

It will suffice at this point to say that when the idea presented in Figure 3 is extended into three-
dimensions, there are seven different crystal families and a total of 14 unique Bravais lattices

when centring is taken into account, as shown in Table 1.

The explanation so far has not attempted to address any of the rules of symmetry that are so
tantamount to crystallography. However, it is hoped that in considering free space and the
seemingly infinite number of ways we may initially assume we can fill space with an ordered
construct, a reader will appreciate how formalising the lattice as a set of vectors results,

conveniently, in a relatively pared back list of options with which we can define a crystal.

As mentioned earlier, the lattice so far is an abstract point in space. Depending on the materiall, it
is possible to have more than one atom repeated per lattice point, as shown in Figure 4. The unit
that occupies a lattice point is termed a basis. The simplest basis exemplified in is a single atom,
as would be found in a metallic crystal. It is also possible to have a basis with two atoms occupying
a lattice point as exemplified with a real-life example of this being NaCl. Extending this idea, it
is possible to imagine that as the basis becomes increasingly polyatomic as described in Figure 4,

a more complex unit cell arrangement is produced, which is effectively the case in zeolites.
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Figure 4 Schematic diagram in which the combination of the lattice with the basis describes the
formation a crystal. An increasingly polyatomic basis yields a more complex crystal.

Where the lattice type and unit cell define the zeolite’s crystallographic symmetry, the type of
SBU and their configuration is what determines pore & channel diameter. In summary, zeolite
structure is complex, and it is no coincidence that the increase in recognised framework types has

been accompanied by significant advancements in X-ray diffraction characterisation capabilities.
1.4 Properties

Zeolites are frequently thought of in terms of their properties, the most important of which are
their porosity, acidity, and their capacity for reversible dehydration. In discussing zeolite

composition and structure, elements of these properties have already been indirectly explained.

1.4.1 Porosity

As discussed in Section 1.3, zeolites have complex, open frameworks. Owing to this high porosity,
zeolites have large, highly accessible internal volumes. A typical void diameter may be between
0.2-0.8 nm, and a pore volume between 0.10 to 0.35 cm?®/g. From a chemistry perspective these
voids are considered to be quite large, and are capable of acting as ‘molecular sieves’, exercising
size-selectivity to enforce a form of molecular traffic control over molecules moving in and out
of the zeolites. Different frameworks feature different internal pore geometries, with some
featuring a channel structure (e.g. MFI-type), and others featuring a pore-cage structure (e.g.
CHA). These are harnessed in size-selective catalytic reactions, some of which are highlighted in
Figure 5, where the nature of the pore structure dictates which reactants or products are permitted
to diffuse through the framework®. In the case of reactant selectivity, reactants are required to be
small enough to fit through the pores. Product selectivity is applicable to hydrocarbon pool
mechanisms where bulkier molecules may be generated within the larger cages but fail to diffuse
through the smaller channel openings. For restricted transition state selectivity as depicted in
Figure 5C some reactions are limited because the transition state occupies more space than what

is available inside the pores.
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A)

B)

CH;OH + <O @'z_—, O O

C)

Q. Q
A ©

Figure 5 Schematic diagram showing three types of shape selective catalytic processes including A)
reactant selectivity exemplified here with the cleavage of linear hydrocarbons, B) product selectivity
exemplified here by the methylation of toluene, and C) transition state selectivity exemplified here by the
disproportionation of m-xylene.

1.4.2 Acidity

An important feature of aluminium substitution is the generation of a negative charge, which
requires charge compensation by a cation (as discussed in Section 1.2). When the framework
charge is balanced by protons, a strong Brgnsted acid site (BAS) is formed across the bridging
Si-(OH)-Al site, as shown in Figure 6A. Generally, BASs give rise to the overall acidity of the
zeolite, which in turn make them highly applicable in industrial catalytic reactions. They may be
characterised in the IR spectrum as a band between 3650 and 3500 cm™ Y or in 'H MAS NMR as
a peak between 3.6-8 ppm?*e. Given they are closely linked to the presence of Al, changes in the

silicon:aluminium ratio affect both the concentration and strength of the overall zeolite acidity.
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Another form of acid site present in a zeolite are Lewis acid sites (LAS), shown in Figure 6, which
arise on tricoordinate silicon or aluminium sites, here considered a small structure defect that acts
as an electron-acceptor. LAS structures are varied and may be generated following heating as well

as from extraframework alumina species, three-fold-coordinated alumina, and even silanol

nestst®%,
A) Bronsted acidity B) Lewis acidity
+
H
\/\/\/\/ \/\/\ +/
Si Si Al Si
/ N/ N/ N/ \ /\/\/\/\
O 00 o0 oo O O 00 oo oo O

Figure 6 Schematic diagram of aluminium substitution generating acidity within in a framework
showing A) Brgnsted acid sites or B) Lewis acid sites

1.4.3 Reversible Dehydration

Reversible dehydration can be explained in terms of both their structure and bonding. High
internal surface area, which may be as great as 300-700 m?/g, enables zeolites to accommodate
large volumes of water?*?2, In thermal dehydration experiments that monitor water loss with
temperature, it has been observed that volume changes occur across a range of temperatures. This
can be explained by water being held across a range of semi-discrete energies dictated by different
types of interactions with extraframework cation sites and framework atoms. Externally adsorbed
water is thought to be bound more loosely than water contained within framework cavities. Within
the internal pore structure, water is bound to extraframework cation sites with the degree of
hydration inside the structure being heavily dependent on the hydration energy of the cations
present. For example, cations with a higher hydration energy such as Ca?* are able to retain more
water to a higher temperature within the framework than cations with a lower hydration energy
such as K*2, Further to this, it is important to note that there is a spectrum across which the term
‘reversible’ holds true. While the term implies frameworks are unvarying in the face of thermal
treatment, structural stability is often dependent on the type of framework and their charge, with
some zeolites experiencing semi-permanent volumetric changes due to bond damage. Alberti and
Vezzalini?* proposed three categories of reversibility based on the structural effects observed
before and after water loss: 1) reversible dehydration with no modification to the framework; 2)
reversible dehydration with significant distortion of the framework and cell volume loss; and 3)

partially reversible dehydration with breaking of T-O-T framework bonds.

Considering dehydration properties is relevant for two reasons. Firstly, it highlights how intrinsic

the sorbed phase, as first mentioned in Section 1.2, is to the zeolite. Although sometimes desirable
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to isolate the framework from a sorbed phase, even when handled carefully, thermal treatment is
not always able to remove all water from the zeolite in an experimental setting. In some of the
results presented in this thesis, it is necessary to consider the sorbed phase as an integral part of
the zeolite system as a whole, rather than results that aim to solely probe the framework. Secondly,
accounts of varied dehydration pathways? illustrate the internal zeolite environment as being
dynamic landscapes. Rather than seeing frameworks as rigid, static scaffolds around which
molecules adsorb and react, dehydration induces a state of flux within the framework where cation
sites, unit cell parameters, and covalent bonds are liable to shift, change, and remodel
themselves?®?’, This is an idea that shapes the interpretation of some of the results presented in
this thesis.
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2 Why are Zeolites Useful?

Over the years, the unique properties of zeolites discussed in Section 1 have been successfully
translated into a number of exceedingly practical applications in industries ranging from
automotive emissions control to agriculture. As such, zeolites command an exceedingly high
combined market value and a large cost-saving potential, making them interesting research
subjects for both industrial scientists and academics alike. Section 2.1 describes some
commercially established industry applications zeolites are currently used in. Section 2.2 outlines
novel applications of zeolites currently being investigated in an academic context. The research
presented in this thesis has primarily focused on zeolites within a catalytic context, however,
future areas of growth in the zeolite industry have been highlighted to suggest where the
characterisation techniques studied in this project may also be applied.

2.1 Zeolites in Industry

Zeolites are used in three main industrial applications: catalysis, adsorption, and ion exchange.

CATALYSIS GAS ION
SEPARATION EXCHANGE

e ©
e cationl

crude oil

refined J selective adsorption

products cation 2

Figure 7 Three main applications of zeolites in industry: catalysis, gas separation, and ion exchange?s.
Reproduced from Ref. 28 with permission from The Royal Society of Chemistry

2.1.1 Catalysis

Catalysis is the process of accelerating a chemical reaction using a rate-altering material that is

not itself consumed in the reaction?. Early on in a discussion of catalysis, reactions are usually
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categorised as being either homogenous or heterogeneous. This is because the benefits and
challenges of each type are distinct. A homogeneous catalyst will be in the same phase as the
reactant molecules (e.g. molecular catalyst in solution dispersed in a liquid reactant), making for
catalysts that are highly selective, active, and easy to characterise but potentially difficult to
operate at high temperatures. A heterogeneous catalyst will not be in the same phase as the
reactant (e.g. solid catalyst with reactant gases adsorbed on the surface), resulting in catalysts that
are generally more stable under extreme conditions. Ultimately, the difficulty in separating a
homogeneous catalyst from its reaction products is a costly deterrent that limits their use in scaled
up industrial processes. It is estimated that almost 90% of chemical processes use heterogeneous
catalysis at some point in the production chain, with industries as wide-ranging as
pharmaceuticals, automotives, and clean energy all making use of different types of catalysts®.

Zeolites are one of the commonest types" of heterogeneous catalysts used in industrial chemical
reactions. Catalytic applications exclusively utilise synthetic zeolites rather than natural zeolites,
because of their more flawless microstructure, phase purity, and controllable composition, factors
which all contribute to a crystal that is exponentially more tolerant of cyclical thermal gas
treatments. lllustrating the scope of the synthetic zeolite market alone, it is estimated that around
2 million metric tons are consumed globally each year. During the period 2018 — 2025, the market
for synthetic zeolites is expected reach a market value of over USD$8 billion®!, an almost 4-fold
increase on estimations of market size a decade earlier®, fuelled by a continued demand for
refining applications. When considering the multi-billion-dollar value of the products output from

zeolite catalysed reactions, the industrial interest in fundamental zeolite research is appreciable.

By far the most common current catalytic application of zeolites is fluid catalytic cracking (FCC).
FCC is used in petroleum refineries to separate high-molecular weight crude oils into higher value
gasoline and olefinic gases. It is estimated that FCC accounts for almost 95%3 of all synthetic

zeolite consumption worldwide.

Two other catalytic reactions with growing future interest are selective catalytic reduction (SCR)
and the methanol-to-olefins (MTO) reaction. SCR is a reduction reaction that converts toxic
nitrogen oxides (or NOy) into nitrogen gas and water using a reducing agent like ammonia and
zeolites as the catalyst3. First patented in the late 1950s by the Engelhard Corporation and first
commercially applied in thermal power plants in Japan two decades later, SCR technology was
developed for installation in gas turbines, coal-fired power plants, and boilers throughout the
1990s. In the last decade, SCR has been adapted as an emissions control measure in the
automotive industry. Increasingly stringent environmental regulations for mobile engines in the
US, Japan, and Europe have led to a surge in research surrounding emissions control. At present,

SCR is the technology of choice for current manufacturers needing to meeting regulations like

v Examples of other types of catalysts include precious metals and metal oxides.
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the US EPA NOy SIP Call (2003) or the latest European standard Euro 6¢ (2017). The most
popular commercial SCR catalysts are extruded TiO- anatase monoliths®*® embedded with active
base metal components like V20s% and WOs. However, an increasing amount of work is being
conducted on copper and iron ion-exchanged zeolite systems, which present themselves as viable
alternative catalytic materials due to their higher temperature operating window that makes them
well-suited to use inside diesel engines®. A study of copper catalysts used in the SCR process is

presented in Chapter 8.

The MTO reaction is a process that involves converting methanol into higher value olefin-based
petrochemicals. The value of MTO lies in its two-fold potential of firstly consuming waste
methanol, which is a common unwanted by-product of many chemical reactions, and secondly
reducing the pressure on non-renewable sources of petrochemicals. Although initially proposed
by Mobil in the 1970s, subsequent research unveiled the complexity of the reaction and
highlighted the need for a number of technical challenges to be overcome before a commercially
applicable technology would become viable. The fruit of a thirty-year-old research and
development effort prompted by an oil crisis in the late 1970s*’, China’s Dalian Institute of
Chemical Physics has been successful in the last ten years in commercially scaling up the MTO
process. After four years of operation, China’s Wison Clean Energy Co. plant in Nanjing claimed
to have produced more than 110 million kilograms of light olefins®, illustrating both a hefty local
appetite and the size of a potential international market for scaled up MTO products. An in situ

study of the MTO process is presented in Chapter 6.
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A summary of some of the established and emerging catalytic applications of zeolites are

included below in Table 2.
Table 2 Summary of zeolites employed in established and emerging industrial catalytic applications
Process Zeolite

Fluid catalytic cracking e Zeolite Y

(Fcc)39,40 ° ZSM-5
Selective catalytic e Copper zeolites (e.g. Cu-ZSM-5, Cu-SSZ-13,
reduction (SCR) Cu-IM5, Cu-SAPO-3441)

e Iron zeolites (e.g. Fe-ZSM-5)
e Other metal-exchanged zeolites (e.g. Co-
ZSM-5, Ga-ZSM-5, Ce-ZSM-5, Mn-ZSM-5,

In-ZSM-5)
Methanol-to-olefin e SAPO-34
(MTO) e DDR%
e SS7-13
e ZSM-5

Methanol-to-gasoline e ZSM-5
(MTG)*44 o UZM-12

Catalytic partial e Fe-and Cu-ZSM-5
oxidation (CPOX)*5:46 e Cu-SSz-13

2.1.2 Adsorption

Owing to their high porosity and hygroscopicity, zeolites have found use in situations where it is
desirable to adsorb certain materials. In these instances, the zeolites are not integrated into a
reaction step like they are in catalytic processes. Rather, they simply utilise their property of being
able to trap particular molecules in their shape-selective sieve-like frameworks. The permutations
of what substance needing to be removed from what bulk material is vast, and this section
mentions industries where zeolites have found greatest use. This is also the application for which
natural zeolites are used most often. Annual consumption for natural zeolites worldwide is
approximated to be 2.5 million metric tonnes. In contrast to the high specifications demanded by
catalytic processes, adsorption may still be achieved with less structurally exacting and more cost-
effective zeolite specimens originating from natural deposits. Major commercial distributors of

zeolites from natural deposits are found in Arizona, Northern Italy, and Saudi Arabia®’.
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An early application of natural zeolites was in agriculture. Pioneered heavily by Japanese
researchers from the 1960s onwards, the adsorptive properties of zeolites have been utilised in
crop improvement and incorporation into animal feed*, When mixed into arable soil, zeolites can
act as fertilisers carrying trapped nutrient elements for sustained release into their surroundings.
Conversely, they can also be used as substrates to deliver pesticides. They are also useful for
trapping trace heavy metal in soil and preventing their later uptake into the food chain. In livestock,
zeolites are FDA approved for usage as an anti-caking agent and feed additive (21 CFR 582-2727).
An amusing but nonetheless practical consequence of feeding livestock zeolites such as chabazite
is the improvement in excrement odour due to the ammonium trapping abilities of the ingested

frameworks*.

In aquaculture, natural chabazite and clinoptilolite are used to remove ammonia and toxic heavy
metals from water, improving the quality of the environment in which fish are kept. Similar to
agriculture, zeolites are also incorporated into fish food regimens. As an example, clinoptilolite
has been used as a feed additive to improve growth performance®®®! and to improve the quality

of fish meat farmed>253,

2.1.3 lon Exchange

In aqueous media, cations in the framework can be made to exchange with other cations. One
useful application of this is in water softeners, where sodium cations in the framework can be
exchanged to remove unwanted calcium or magnesium in water. This is often achieved with
zeolite A, which is the most commonly used replacement for phosphate builders in detergents,

but is also possible with natural clinoptilolite.

Nuclear is also an industry that has high requirements for dealing with waste. Two examples of
commercialised processes in the nuclear industry for dealing with waste gases include the removal
of iodine from light-water reactors over Ag-mordenite zeolites®® and NOx & ozone removal from
accelerators using silicalite®”. They are also used with unplanned nuclear waste to adsorb
radioactive products and were used in the aftermath of the Fukushima Daiichi nuclear disaster to

adsorb caesium from seawater surrounding the power plant®..
2.2 Zeolites in Research

Within the research community, zeolites are often assessed for their viability in other niche
applications. Two areas where academics have turned their attention are pharmaceuticals and

photonics applications.

In pharmaceuticals, porous zeolite frameworks have been identified as potential candidates for
sustained-release drug delivery systems. Sustained-release (SR) drug formulations are an
important area of research for pharmaceutical companies as reformulation of an existing drug

represents a less costly investment when compared to the cost of bringing a new drug to market.
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Additionally, drugs such as analgesics and medications for chronic disease that can be taken once
and released over the course of a day can have improved prospects for quality of life, reduce the
risk of overdose, and improve patient compliance. Researchers have been able to load drugs like

ketoprofen®and piroxicam®® into matrices and assess for encapsulation.

Zeolites have also been researched in a photonics context and considered as replacement for some
semiconductor-based devices. A comprehensive review of some of these photophysics
applications has been compiled by Alarcos et al.®* Some practical examples include using
lanthanide doped zeolites which emit luminescent random patterns to create ‘keys’ for use in anti-
counterfeiting applications®, or loading zeolites with dyes to create light-harvesting antenna
systems®2,
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3 How are Zeolites Made?

Zeolites may occur naturally or synthetically. Of the 248 framework structures recognised by the
International Zeolite Association (1ZA)?8, the vast majority can only be created synthetically. This
is especially true for more complex frameworks such as those with odd-ring numbers or extra-
large pores of 16 rings or more, which require synthetic intervention to stabilise. Natural zeolites
tend to be occluded with a wide range of contaminant metal ions and be mixed with more than
one type of naturally occurring framework structure. Synthesising a zeolite allows for a greater
amount of control over variables such as composition, crystal size distribution, crystallinity, and
phase purity.

3.1 Hydrothermal Synthesis

Generally speaking, zeolites are produced under hydrothermal conditions, a process that mimics
their formation in nature and involves crystallising zeolite out of high temperature, high vapour
pressure aqueous media. When composition and structure become more complex, it is also
possible to synthesise zeolites via heteroatom substitutions and topotactic transformation®,
However, the most common synthesis process for conventional, commercially relevant zeolites
(e.g. CHA, MFI, FAU), and the process used to synthesise the zeolites studied in this thesis, is a

hydrothermal synthesis in the presence of an organic structure directing agent (OSDA).

Organic SDAs, also known as templating agents, are purpose-built molecules that effectively act
as shape templates for the framework’s pore and channel morphologies around which the
aluminosilicate materials assemble. By engineering the size, shape, and polarity of the organic
SDA molecule, it is possible to create a templating agent for a different type of framework. Some
common examples of SDAs include quaternary and diquaternary ammonium cations and
phosphorous containing SDAs, and less common examples might include metal complexes,
imidazolium derivatives, and proton sponges. Organic SDAs are one of the most expensive
ingredients in the synthesis process, and template-free or self-assembling synthesis processes are

topics of interest within the zeolite research community.

A number of authoritative reviews of zeolite synthesis providing comprehensive overviews of the
history and mechanism of zeolite growth already exist, so the following explanation acts only as
a brief summary®-%, Zeolite genesis typically begins in a concentrated reaction gel medium that
includes an aluminium and silicon feedstock (e.g. AlOs and SiO>), organic SDA, solvents, and a
mineraliser. When first combined, the mixture is a non-equilibrium primary amorphous phase of
components. Upon heating, a series of equilibrium reactions begin, redistributing components
between the liquid and solid phases. Aided structurally by the organic SDA, silicate equilibrium
reactions begin generating solid material that feature early indications of chemical composition

and local order of the final zeolite. Still lacking in long-range order, the reaction gel at this point
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in the synthesis is called the secondary amorphous phase. Heterogenous nucleation sites arise out
of this semi-ordered phase, from which the final long-range ordered structures slowly self-
propagate. The resultant product, sometimes termed the as-synthesised zeolite, is a zeolite

framework with organic SDA occluded within its pore structure.
3.2 Detemplation

OSDA is not integral to the zeolite’s functionality and needs to be removed prior to its use in
catalytic applications or otherwise to vacate the framework’s internal volume. The removal
process is called detemplation. During synthesis, the aluminosilicate will often order itself tightly
around the organic SDA molecules leaving them sterically confined deep within the pore
structures. Detemplation, therefore, necessitates the breakdown of SDA molecules into fragments

small enough to extricate themselves from the framework.

The conventional method of achieving this is via a thermal calcination process, which involves
slowly heating the as-synthesised zeolite to temperatures as high as 550 °C under an abundant
supply of oxygen and decomposing the organic SDA over the course of 12 hours. The success of
a thermal detemplation is typically assessed using X-ray diffraction to ensure crystallinity has
been maintained, and UV-vis to ensure organic SDA has been removed. Thermal detemplation is
favoured because of its simplicity; the heating protocol can largely be automated, it doesn’t
require gases with complex safety protocol, and the ovens used are readily available, reliable

pieces of equipment.

However, detemplation is often acknowledged to be imperfect, posing challenges in the
reproducibility domain especially where the sample might have been heated too fast, too much,
or too little®®. The process has been known to precipitate problems in the framework such as
dealumination®°, framework damage (e.g. loss of crystallinity, formation of defect
structures)’"2, coke-like residues’®, and thermal stress cracking’ "6, which can be attributed to
its exothermic nature, as well as the formation of steam and CO,, and the volume expansion of
the solid framework due to gaseous phase OSDA within the micropores. Total removal of coke-
like residues can be challenging, as although one-step dry-air calcination can be effective for
maintaining crystallinity and avoiding dealumination”, a substantial amount of carbonaceous
material (up to 20 % by some accounts) can remain on the zeolite surface at temperatures as high
as 430 °C as a result of aromatic catalytic conversion happening alongside the template
degradation process’® 8798 This has led to the propensity for using a two-step calcination process
involving calcining first in an inert gas and then in air in a bid to circumvent some of the problems
listed above’. It is posited that in single-step high-temperature detemplation of high-silica
frameworks, the abrupt decomposition of OSDA molecules across a large temperature differential
leads to an uncontrolled increase in the internal pressure of the lattice, resulting in framework

damage. A two-step method may mitigate these effects by introducing temperature and
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compositional changes into the lattice gradually. While a modest body of research exists to
support this claim®, literature supporting the one-step method also exists’” with minimal research
addressing factors such as air flow. This highlights, to some extent, how preferences for thermal
detemplation are derived from a received wisdom rather than being entirely evidence based.
Alternative methods of detemplation researched in the last decade include H.O. mediated
oxidation® and ozonication, a technique tested in DDR® and MFI83#* topologies that involves
heating the as-synthesised zeolite in an 0zone environment at approximately half the temperature

required for a traditional thermal detemplation.

A mechanistic understanding of the breakdown of template molecules is not fully understood and
is likely to be dependent on the chemical nature of the OSDA used. PrsN* (Pr = n-propyl)
templates in MFI-type zeolites’®® and tetracthylammonium (TEA) in zeolite % have been
studied previously leaving broad scope for further dedicated research in different topologies.

3.3 lon Exchange

lon exchange may be performed either during or after the hydrothermal synthesis. This depends
in part on the nature of ions being exchanged in and out of the framework. Chapter 8 focuses on
the study of copper zeolites, so zeolite preparation based on the inclusion of copper will be

discussed here as an exemplar.

If synthesising directly, a copper complex may be incorporated into the primary amorphous phase
as a mineraliser®” or as a template®. Incorporation into a parent material may be achieved in either
liquid, solid, or gas phase. Wet ion exchange is a common way of achieving this and usually
involves mixing the parent zeolite in a solution of copper, such as CuSQ, in water, and creating a
slurry that is then mixed for some hours, filtered, dried and calcined. The process of immersing
the zeolite in copper solution may be repeated to control the amount of copper exchanged into the
framework. Copper might also be introduced by a vapour deposition process, which involves
heating a copper source (e.g. Cu-nitrate in a stoichiometric excess) and the vapour floated over a
bed of the parent zeolite in a reactor. This preparation method has the disadvantage of exhibiting
a copper gradient across the bed from the surface to the underlying bulk, meaning copper zeolite
might require separation from a more under-exchanged sample. Solid state exchange is yet
another alternative preparation that involves manually combining a copper source with the parent
zeolite via mechanical grinding for a period of time, followed by washing, filtering, drying, and

calcining the resultant zeolite again.

4 How are Zeolites Characterised?

Zeolite characterisation might be split into two categories: standard, and advanced.
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4.1 Standard Characterisation

Standard characterisation refers to a well-established battery of tests that benchmark the important
fundamental parameters of the zeolite in question. The instrumentation required to perform these
tests is typically commercialised and readily available in any chemistry lab. These include:

o X-ray diffraction (XRD) for structural information

e Brunauer-Emmett-Teller (BET) isotherms to estimate the surface area

e Thermogravimetric analysis (TGA) or differential scanning calorimetry (DSC)® for
information on adsorbed phases

e Scanning electron microscopy (SEM) for visual confirmation of structure

e UV-vis for information on absorption properties
4.2 Advanced Characterisation

Advanced characterisation refers to techniques that are more specialised and provide unique
insight into the zeolites themselves and their catalytic behaviour. These techniques often require
more specialised instrumentation or greater skill to operate than standard characterisation
techniques. As a result, these techniques are not necessarily applied to zeolite samples across the
board, with some particular groups and institutions specialising in specific advanced
characterisation techniques. In the case of beamlines, these setups may only be found at national

facilities. Some examples include:

e Solid-state nuclear magnetic resonance (NMR) spectroscopy to provide guantitative
information on the local coordination state in a solid

e X-ray techniques, especially beamline options, such as X-ray fluorescence (XRF), X-
ray absorption near edges spectroscopy (XANES), or X-ray tomography to provide
compositional information

e Electron imaging methods like transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) to provide high resolution images of the
structure of the sample

e Vibrational spectroscopies such as infrared, Raman, and fluorescence spectroscopy to
provide information on inter-atomic potentials that relate to structural and dynamic

properties of materials and adsorbates

A class of techniques used quite extensively in zeolite catalysis studies are in situ and operando
experiments. Operando refers to an experimental method where a spectroscopic measurement is
performed simultaneously with measurement of catalytic activity, usually via a mass spectrometer.
This means a catalytic reaction is performed in real-time under controlled temperature and
environmental settings, usually a special type of reaction cell®®. In situ refers to a similar type of
experiment that simulates real-life catalytic conditions but is not collecting information on
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catalytic activity (i.e. no mass spectrometer connected to the setup). It is possible to couple
operando setups into almost any spectroscopic modality from NMR® to infrared®® to X-ray
absorption® and beyond. As such, while not necessarily standard practice, the use of operando

techniques to assess the catalytic activity of a whole reaction is becoming increasingly common.

In situ and operando experiments are usually saddled with a host of logistical challenges, the most
common of which often relates to determining how the bulky reaction cells can be accommodated
within the geometry of a pre-existing spectroscopic setup. However, the pay-off can be significant
as the technique provides invaluable information that is directly applicable to real-world scenarios,

showcasing how zeolite systems evolve with time under a given set of conditions.
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1 Introduction to Photoluminescence

1.1 A Preamble

Speaking in the broadest of terms, photoluminescence is a consequence of a light-matter
interaction occurring when photons are absorbed, and light is re-emitted. Defined with greater
specificity, it is a spontaneous emission process occurring when excited orbital electrons return
to a lower energy state via the emission of photons. Any form of matter may potentially exhibit
photoluminescent properties. In the case of zeolites, a researcher would be primarily concerned
with solid-state photoluminescence. We have established in the previous chapter two
compositionally distinct phases of interest that co-exist to form a zeolite, which may be excited
to luminesce: firstly, the sorbed phase, which is typically molecular in nature; and secondly, the
zeolite framework itself, which has previously been illustrated to be a complex aluminosilicate

crystal.

Although it is known that zeolites may luminesce (see Section 2), it is very difficult to pinpoint
precisely where the luminescence is originating from. This difficulty arises most likely from the
fact that these two phases have different photoluminescence mechanisms, which upon excitation
may be occurring simultaneously and perhaps even interacting with each other. The
photoluminescence observed is therefore likely to be an amalgamation of emission from various
complex origins that, due to their non-singular source, are difficult to quantitatively analyse. What
will ensue from this point forward is a discussion of the basic theoretical principles of
photoluminescence. A standard molecular model using a Jablonski diagram is used to predicate
how emission is likely to arise from the sorbed phase is first presented. Thereafter, a discussion
of photoluminescence in solids is also presented to demonstrate how the emission mechanism is

different in infinitely ordered structures.

1.2 Photoluminescence in Molecules

1.2.1 Addressing the Jablonski Diagram

Jablonski diagrams are schematic representations of molecular energy levels. First proposed in
1933 by the Polish molecular photophysics pioneer Aleksander Jabtonski, this diagrammatic
representation of energy states is intended to simplify the visualisation of different molecular
absorption and emission processes. Figure 8 shows one such example with energy oriented along
the vertical axis. Horizontal lines represent eigenstates. The bold horizontal lines represent
electronic energy states and the thinner lines clustered around each bold electronic energy state

are the vibrational energy states. For clarity, the rotational energy states associated with each

v Framework here would also refer to extraframework cation species, which in the previous chapter
differentiated as a different component to the aluminosilicate framework.
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vibrational energy state are omitted from this diagram. The diagram is further subdivided into two
columns. Each column represents a different spin multiplicity, with the column on the left
denoting singlet states, and the column on the right denoting triplet states. Actual absorption and
relaxation processes are illustrated by vertical lines, with straight ones representing radiative

processes and wiggly ones representing non-radiative processes.

It is worth recognising that as molecules become increasingly polyatomic the number of
vibrational modes increase in a way the diagram does not reflect, at a rate of approximately three
times per additional atom®. The manifold of modes is therefore immense and impossible to
accurately picture in this style of visual representation. This means that Jablonski diagrams are at
best adumbrative representations. Indeed, considering the complexity of zeolite systems, being
overly-dogmatic in the simplification of process mechanisms can pose a barrier to interpretation.
Rather, it is necessary to adopt a more flexible approach to the abstraction of how these principles

apply to zeolites, being open-minded to the possibility of non-standard observations.
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Figure 8 A Jablonski diagram with energy on the vertical axis. Thick lines represent electronic states and
thinner lines represent vibrational energy states. Vertical lines linking higher and lower energy levels depict
different processes involved in the phenomenon of photoluminescence including absorption, non-radiative
decay, fluorescence, intersystem crossing, and phosphorescence®*.

Another point of simplification in this diagram that will be pointed out is the linear presentation
of the five main events of photoluminescence, namely: absorption, non-radiative decay processes,
fluorescence, intersystem crossing, and phosphorescence. While these five processes are usually
explained in a linear cause-and-effect manner, it is better to see photoluminescence as being
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random with these different processes occurring simultaneously in competition with each other
and having a probability of occurrence attached to them. The likelihood of an event begins to

determine which processes will dominate at different stages of the molecule’s energy transitions.

1.2.2 Absorption

Upon exposure to an excitation source, energy from an incident photon is transferred to an orbital
electron. Photon energy, as indicated by the Planck-Einstein relation, is determined by its
frequency:

E:h\):hz

where E = photon energy

h = Planck’s constant

v = frequency

¢ = speed of light

A = wavelength
The inverse relationship with wavelength implies that light residing closer to the ultraviolet end
of the electromagnetic spectrum will have higher energy. Depending on the energy gap between
eigenstates, certain wavelengths of excitation light may or may not be able to promote an
electronic transition. Assuming an excitation source with a sufficient amount of energy, this
process of absorption is the first transition documented in a Jablonski diagram. Absorption is
depicted by an arrow spanning the distance between the ground state and a higher energy state. It
is possible to appreciate here that depending on the amount of energy introduced into the system,
the exact excited eigenstate may be different. It is also statistically most likely that with the
majority of electrons residing in a Boltzmann distribution across the vibrational levels of the
ground state, the vast majority of absorption events occur typically between the ground state and

higher states (i.e. So to Sy) rather than between excited states (e.g. Sz to S4).

1.2.3 Relaxation

Following energy absorption, a molecule begins a multistep process of energy dissipation. The
relaxation processes described here all occur in competition with each other with varying degrees
of probability. Initially in this discussion, it is assumed that these processes are occurring within

the singlet manifold.

1.2.3.1 Vibrational Relaxation & Internal Conversion

The next set of oscillating lines depicted in Figure 8 represent non-radiative decay processes; that
is energy dissipation processes not involving the emission of light. The dark blue curved line
between vibrational levels of the same electronic level in Figure 8 describes vibrational relaxation,

which occurs when excess energy is dissipated kinetically across other vibrational modes. Where
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vibrational energy levels and electronic energy levels overlap significantly, it is also possible for
excited electrons to transition to a lower state in a transition called internal conversion, as
demonstrated by the light blue curved line in Figure 8. Mechanistically it is the same process as
vibrational relaxation and happens on the same time scale, but distinction is made due to the
transition between different energy levels. At higher energies, the distribution of vibrational and
electronic eigenstates becomes closer making the probability of an internal conversion event more

likely.

A large energy difference typically exists between the first excited state and the ground state.
Surmounting this energy gap by kinetic energy dissipation is less likely to occur, and subsequently
internal conversion is rarely the mechanism by which the system makes its final ground state
transition. Instead, radiative means of energy dissipation are more likely to take place.

1.2.3.2 Fluorescence

Relaxation from an excited singlet state to a lower electronic state (typically the ground state)
when accompanied with the emission of electromagnetic radiation is termed fluorescence. In most
cases this the most probable means by which a system will broach the S; to Sy transition. The
excited molecule will exist in this first excited state for a duration of time often spanning some

nanoseconds before the final relaxation step occurs.

1.2.3.3 Intersystem Crossing

It is possible for transitions to occur between electronic states with different spin multiplicity.
This is a non-radiative process termed intersystem crossing. According to the Pauli exclusion
principle, electrons in the ground state will have paired opposite spins as shown in Figure 9.
Singlet states, which have been the focus of the discussions so far, feature excited electrons with
spin that remains paired with the ground state electrons. In triplet states, excited electrons do not
have paired spin and are instead parallel, or with the same spin state. Although crossing between
different spin multiplicities is technically forbidden, certain situations can facilitate the process

such as molecules with a large spin-orbit coupling or situations where the Sp—S; is n —m*type.

Within the triplet manifold, it is then also possible for vibrational relaxation and internal
conversion to occur. Through these mechanisms, the molecule relaxes down to the first triplet

state®.

41



Lowest Excited Lowest Excited

Ground Singlet State Triplet State
State (Sy) (Sy) (Ty)

>

o . .

o Anti-bonding

L Orbital
Bonding
Orbital

Figure 9 Schematic diagram of spin pairing in singlet and triplet energy states. Arrows correspond to
spin.

1.2.3.4 Phosphorescence

Phosphorescence is, consequently, the final radiative relaxation step between the first triplet state
and the ground state. In returning to the ground state, phosphorescence also represents another

intersystem crossing event as the system returns to a paired ground state spin configuration.

While phosphorescence is not as common in solution-based photoluminescence studies due to the
higher number of quenching processes available to compete, in solid systems like zeolites, we
may expect to see phosphorescence. Some well-known examples of minerals exhibiting

phosphorescence include calcite®, celestite®”, and fluorite®.
1.2.4 Process Timescales

Each of the processes described occur on different timescales. A summary of the approximate
timescales of all of these processes are included below in Table 3. These timescales can be used
to relatively reliably estimate what is happening in a system. For example, fluorescence and
phosphorescence is experimentally identified by whether the emission appears to have a

nanosecond or millisecond lifetime.

Absorption is the fastest process, theoretically occurring instantaneously (i.e. femtoseconds)
before any molecular movement can take place. In contrast, relaxation processes are some orders
of magnitude slower. This is because many of these relaxation pathways occur via kinetic
processes. The timescale on which non-radiative decay processes occur is in the vicinity of 104
to 10"t s and is dictated by the time required for collision-like interactions to take place. As it is
fast, it is likely to occur shortly after absorption has taken place and will almost always happen
before fluorescence occurs (which happens on a nanosecond timescale) meaning that radiative
emission usually arises out of a thermally equilibrated S; state. Phosphorescence has the longest

time scales due to the statistical unlikeliness for intersystem crossing to happen.
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Table 3 Approximate timescales for absorption and emission processes®

Process Timescale (s)
Absorption 1015
Internal Conversion 104to 1012
Vibrational Relaxation 104to 1012
Fluorescence 10°to 107
Intersystem Crossing 108to 103
Phosphorescence 10“4to 101

1.2.5 Quenching

Quenching is a term describing processes, of which there are many, that decrease the fluorescence
signal emitted. It typically involves an alternative relaxation pathway to the ground state that sees
energy being dissipated by means other than photon emission during the Si—So transition. A
likely example is collisional quenching, which is a dynamic quenching method involving the
fluorophore either dissipating energy via an increased rate of kinetic interactions in a situation
such as heating, or by encountering particular molecules that are known guenchers via particular
interactions they tend to have®. Examples of quenchers include oxygen, halogens, and amines,
all of which induce quenching by different mechanisms (e.g. electron transfer, spin-orbit
coupling)®-192, Exciplex formation can induce quenching when quenchers form complexes with
the fluorophores in the excited state. It is also possible for static quenching to occur when
quenchers form non-fluorescent complexes with the fluorophore in the ground state, which
actually means that upon contact with the quencher fluorescence does not happen at all. Non-
molecular quenching pathways can also exist, such as the reabsorption of emitted light by either

the fluorophore itself or the medium around it'%,
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1.3 Photoluminescence in Solids

So far in molecular fluorescence, the critical energy transition associated with photoemission is
S1—So, Which can also be called the optical gap; that is to say the energy of the lowest excited
state that can be reached through the absorption of one photon“'. When molecules are extended to
form structures with long-range order (i.e. interatomic distance between atoms in a given area is
decreased and a periodic bonding structure is established), electron probability distributions
overlap to form what is effectively a continuous band of energy levels. The lower band is usually
referred to as the valence band and the upper band is termed the conduction band. The width and
spacing of these bands depend on the nature of the bonding in the crystal (as shown in Figure
10A), and the gap between these two is called the band gap. Materials where the band gap is large
are considered insulators, while materials with overlapping bands are conductors. Semiconductors

then represent materials with a moderate spacing between the bands.

In the case of semiconductors, there exist two types of band gaps: a direct gap and an indirect gap,
also shown in Figure 10B. In direct band gap semiconductors, the maximum value of the valence
band and minimum value of the conduction band feature the same momentum or k-value. In an
indirect band gap semiconductor, the maximum and minimum values of the valence and
conduction bands respectively do not have the same momentum value. In practical terms, this
means that direct band gap semiconductors can form electron-hole pairs more readily, whereas
an indirect band gap requires a photon of energy Egp to change momentum through interaction
with a phonon to form an electron-hole pair. Indirect gap processes, therefore, happen at a slower
rate as they require an intermediate phonon-mediated step to occur. Direct band gap
semiconductors like gallium arsenide may, therefore, be used to create optical devices like light

emitting diodes (LEDSs), where indirect band gap semiconductors may not.

Vi Remember than in general discussions of fluorescence, we are contemplating the effects of the
redistribution of electrons throughout a system where electrons and holes are still electrostatically bound
and not excited to the extent they are ionised. The optical gap can be easily confused with other ‘gaps’
including the fundamental gap or the HOMO-LUMO gap.
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Figure 10 Schematic diagram of band structure in solid materials with energy (E) oriented along the
vertical axis: A) The two bands closest to the Fermi band are the valence and conduction band. In metals
the bands overlap whereas in semiconductors and insulators they are separated by a band gap that
becomes larger as the material becomes more insulating. B) Semiconducting materials may have a direct
or indirect bandgap, which is dependent on the alignment of the crystal momentum (or k-vector) of the
conduction and valence bands. Indirect gaps require photons to pass through an intermediate state,
transferring momentum to the crystal lattice.

How then might we expect to see photoluminescence in a solid? It follows that in terms of
photoluminescence mechanisms, the band gap in a solid is somewhat analogous to the optical gap
in a molecule. Insulators like LiF (Eq=13.7 eV, =90 nm) have incredibly large bandgaps that
would not be responsive to even deep-UV irradiation, making them both transparent in the visible

and ideal for optical applications like UV-transparent windows in laser setups!®. Conversely,
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conductors like metals do not exhibit an optical response upon irradiation due to their metallic
bonding, which creates an overlap of the conduction and valence band and hence no optical gap

over which to excite or emit.

However, semiconductor materials exhibit band gaps surmountable by visible excitation (~1 eV).
Although electrons may be promoted to the conduction band via the absorption of a photon,
emission processes in semiconductors may vary depending on whether the band gap is direct or
indirect. Simple recombination of conduction band electrons with their corresponding valence
band holes may produce photoluminescence in some materials or be too fast to create radiative
emission in others'®. Alternative slower decay pathways may be created by the introduction of
defect sites. Additionally, photoluminescence may be induced in a solid material via the
introduction of an isolated luminescent centre!®, This involves introducing a dopant ion, typically
a metal, with an excited energy level lower than that of the host crystal, which may luminesce

upon excitation.

Modelling the electronic structure of zeolites is computationally demanding because of their
structural complexity, exceedingly large unit cell size, and abundance of structurally ‘soft’
bridging oxygen units'%. Consequently, the optical properties of zeolites are still not completely
understood on a theoretical level. Studies suggest their band gaps sit between that of an insulator
and a semiconductor, with SiO, chabazite calculated to have an indirect band gap of 5.5 eV,

In the interest of concision, the generic discussion on photoluminescence in solids is not extended
further, and an additional discussion pertaining directly to zeolites continues in Section 2.3. The
point of this brief comparison of photoluminescence in solids is to highlight that although the
basic principles of spontaneous emission are analogous for both molecules and crystals in that
they are concerned with changes in the energy of a system, they differ in what constitutes the
energy level. | hope to have implied in Section 1.2 that the energy levels of the molecule are
largely predetermined by its composition and structure; a molecule is either a fluorophore at a
particular wavelength of excitation or it is not. Being small, it is not possible to make large
changes to the molecule to create a photoluminescent effect without fundamentally changing the
molecule to something completely different'’. In comparison, there is a greater possibility to
induce or augment the optical properties of a solid through chemical interventions like doping or

defect-creation, although this is highly dependent on the sample.
1.4 Quantifying Photoluminescence

Any photoluminescence observed may be described using four key concepts. On a simple

observational level, it can be described in terms of the (1) wavelength emission, A, and the (2)

Vil This is to note that this discussion speaks incredibly broadly about photoluminescence and is set up to
be read in the context of inorganic zeolites. For example, it does not consider the effect of solvent
interactions as much as biology-based fluorescence spectroscopy resources would.
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intensity, or how brightly the sample is emitting. Plotting these two parameters against each other

allows for the construction of a photoluminescence spectrum.

The most important parameters are the (3) fluorescence lifetime and the (4) quantum yield.
Fluorescence lifetime, t, is the time it takes for a molecule to relax from an excited state to the
ground state and is be defined by the total time taken for a combination of radiative and non-

radiative processes to occur. T may be denoted in numerical terms as roughly:

where T =radiative decay rates
k = non-radiative decay rates

Where decay processes are purely radiative, the intrinsic or natural lifetime of the fluorophore, 7o
can be defined as:

1

Tog ==

A challenge of fluorescence, especially when it comes to quantifying information, is that not all
components of the fluorescence descriptors above are intrinsic. Non-radiative decay processes are
often dictated by local micro-environmental factors. For example, particular molecules such as
oxygen are efficient at non-radiative quenching of fluorescence through external conversion.
Similarly, changes in temperature and viscosity can impact on the amount of external conversion

in a system. As such, when k must be described in terms of separate components;
k=ki+ ke +kig

where kic = rate of internal conversion
kec = rate of external conversion

kis = rate of intersystem crossing

and an expression for ke may become further complicated simply by taking into account

guenching alone;

where [Q] is the concentration of the quencher, and ko is related to the diffusivity and
hydrodynamics of reactants. This example serves to demonstrate how considering one component
of non-radiative decay alone begins to complicate a descriptor such as fluorescence lifetime into

a multifactorial entity beyond the realm of numerical predictability:

1
T =
I+ kic + kis + kO[Q]
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Quantum yield is a dimensionless ratio of the number of photons emitted per excitation photon

absorbed:

number of photons emitted r T

" number of photons absorbed “T+k To

It can also be expressed as a ratio of rate constants where ['+k describes the rate at which the
excited state is depopulated, or alternatively by substitution as a ratio of fluorescence lifetimes. It
can be thought of as a descriptor of photon conversion efficiency and will be a number ranging
from zero to one, where unity represents, in practical terms, a very bright fluorophore. Perceived

intensity of the fluorophore is therefore directly linked to quantum yield.

Both the lifetime and quantum vyield are effectively non-intrinsic properties, as they are
susceptible to external influences that may change the rate constants. In this respect, the
photoluminescence signal cannot be readily analysed in an absolute sense; quantitative analysis
must be conducted with great consideration, and results should always be analysed with due
respect to the context. Drawing conclusions from photoluminescence data requires more of a ‘big
picture’ approach than other methods, which may be considered either a pro or a con depending

on what the application is.
1.5 Measuring Photoluminescence

Photoluminescence can be used to characterise samples in two principle ways, which are namely
spectroscopy and imaging. Each of these methods can also be measured in two modes: steady-

state or time-resolved.
1.5.1 Type of Measurement

1.5.1.1 Spectroscopy

Spectroscopy involves directing emitted photoluminescence onto a Charge-Coupled Device
(CCD) detector and recording intensity as a function of wavelength, to obtain a spectrum that
reflects the emission properties of a sample. It is possible to measure both the absorption and the
emission spectra of a sample, sometimes with variable wavelength excitation. Emission

spectroscopy is an important method of characterising photoluminescence.

1.5.1.2 Optical Imaging

In optical imaging, emitted signal is directed onto an imaging CCD, and an image is generated as
a function of intensity. Imaging provides spatially resolved information on where and how
brightly fluorophores emit across a sample. Using photon-counting add-ons it is possible to gain
pixel-by-pixel information on the lifetime of emitted light in a mapping technique called
fluorescence lifetime imaging microscopy (FLIM)%, Optimising the configuration with the use
of a pinhole to create a confocal imaging setup can serve to improve the resolution of the setup,
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although optical microscopy is an intrinsically diffraction-limited technique. Achieving sub-200
nm images is, nevertheless, possible through technological achievements in a field called ‘super-

resolution microscopy’109-112,
1.5.2 Measurement Mode

1.5.2.1 Steady-State

Steady-state is the simplest type of measurement. It involves irradiating the sample with a constant
source of light and measuring the photoluminescent intensity as a function of wavelength. The
measurement obtained in this mode captures all transitions across the entire temporal range as the
sample is being illuminated constantly. In this respect, the spectrum will show almost an average

of all the radiative transitions, with the emission band often being quite broad.

1.5.2.2 Time-Resolved

Time-resolved measurements use a pulsed light source. Compared to steady-state, time-resolved
measurements are decidedly complex but offer a wealth of information inaccessible with only a
continuous irradiation source. It is only possible to obtain very detailed time-resolved information
if the excitation pulse width and the detector temporal resolution used are less than the decay time
of the fluorophore. Achieving this necessitates the use of laser and detection instrumentation,
which can quickly escalate in price the more exacting the specifications of the laser and detection
system become.
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2 Photoluminescence in Zeolites

2.1 On Prior Art: The Aim of Previous Photoluminescence Studies

Prior art on the subject of zeolite photoluminescence can be split into two categories: (i) studies
that probe and analyse this autofluorescence, and (ii) studies that artificially introduce
fluorescence signal into the framework through tagging. These two types of studies tend to exhibit

distinctly different experimental aims.

In the case of introduced fluorescence, or what is also termed ‘tagged studies’, the researcher is
able to select a fluorophore that emits at a convenient wavelength, often with a quantum yield
high enough to generate a clear, bright signal uncompromised by noise and background signals.
With intelligent fluorophore selection, it is possible to some extent to engineer the wavelength
the sample emits at. This enables experimental design to become more complex, especially if
samples can be tagged with multiple dyes, each emitting at different wavelengths. Multi-channel
imaging, Forster resonant energy transfer (FRET) experiments, and super-resolution imaging
experiments are all made possible with selective tagging. Dyes are, therefore, used as a stepping-
stone to gain either deeper structural information, information on spatial distribution of active
sites, or monitor secondary effects in the tag that happen as a result of a two-step chemical process

in the zeolite.

Conversely, studies that monitor autofluorescence are generally focused on assigning the origin
of the signal. Given that autofluorescent signal is often uncontrollable, broad, low, and at times
difficult to assign, sophisticated imaging techniques are challenging to apply. However, the
absence of any fluorescent labelling means that any signal recorded originates from a source that
provides ‘real’, primary information on factors such as chemical speciation, defect sites within a
framework, or even dopant composition. The absence of tags also mitigates the risk of altering
underlying chemical and physical processes, meaning that any data generated is more greatly

representative of the chemistry occurring across the sample.

The following section briefly reviews the literature in both these areas.
2.2 Studies of Introduced Photoluminescence

‘Introduced photoluminescence’ here refers to emissive molecular dyes that are incorporated into
the zeolite frameworks in a guest-host manner. Although there is arguably some degree of overlap
between the concept of ‘introduced’ and the ‘intrinsic’ photoluminescence discussed in Section
2.3, introduced photoluminescence is defined to be occurring in zeolites that have been expressly
treated or synthesised with a non-structurally, non-catalytically functional component that purely
exists within the zeolite to luminesce with desirable properties. A number of authoritative reviews

and book chapters on tagged zeolite research already exist!3114-11660.117.118
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Early work focused on methods of floating dyes into the pore structures ensuring an even
distribution throughout the framework to avoid problems causing augmentation to the emission
such as surface aggregation, crystallisation, and excimer formation. In the simplest cases, zeolites
could simply be stained with dye uptake occurring via physisorption. Where incorporation was
achieved in this way or by ion-exchange, geometrically compatible linear dye molecules and
parallel, one-dimensional framework types (e.g. LTL, AFI) were favoured!!®12012!  The
development of self-assembling and ship-in-a-bottle synthesis methods facilitated the

incorporation of dyes too bulky to enter pores such as fluorescein“'" in zeolite Y*?? among others'??,

Once samples are loaded with dye, it is possible to start looking for areas of photoluminescence.
Distribution of dyes is demonstrated most compellingly through confocal imaging, which
provides visual confirmation of emissive locations. Where linear channel zeolites are used,
emissive sites can clearly be seen along the crystal axis or, depending on the dye, plugged at either
end of the crystal as demonstrated by Calzaferri® and Hashimoto!?*, Calzaferri also demonstrated
the presence of Forster resonance energy transfer (FRET) between dye molecules encapsulated
in adjacent channels, establishing important ground work for the effects of 1D confinement on
guest molecules!®. In studies where zeolites are simply stained with dye confocal imaging has
been used to visualise dye uptake as determined by diffusion, pore size and accessibility, and
structural hierarchy. Examples include oxazine 12 and 4-(4-diethylaminostyryl)-1-methyl-
pyridinium iodide (DAMPI)!?" staining of ZSM-5 to show mesoporous defects in large crystals.
Furfuryl alcohol condensation, which becomes emissive upon oligomerising on active catalytic
(acid) sites, has also been identified by Roeffaers et al. as a fluorescent marker useful for seeing
hierarchical pore structures in zeolites'® and metal-organic frameworks'?®. They have
successfully used this marker in their high-resolution single molecule mapping method termed
Nanometre Accuracy by Stochastic Catalytic reActions (NASCA) microscopy*®, a technique
which shares similar principles to single molecule super-resolution microscopy techniques like
stochastic optical reconstruction microscopy (STORM), This technique has been utilised to
great visual effect in catalytically relevant zeolite systems such as ZSM-5 containing fluid

catalytic cracking (FCC) particles to study reactivity*,

It is also possible to monitor photoluminescence through spectroscopic methods. Spectroscopy
tends to be the favoured method of analysis when studying dye-encapsulation in zeolites for
photonics applications. This is because phenomena like engineered quenching, blinking, or
energy transfer become more relevant when research is being conducted to use zeolites as
antennae, sensors, or waveguides. Recent advances in ultrafast laser systems have allowed for a
greater understanding of molecular dynamics of confined dyes. Time-resolved spectroscopy has
been used even before the advent of ultrafast laser setups to probe some of these dynamics. An

extensive review by Alarcos et al.%° focusing on fast-occurring photodynamics identified inter-

Vi An extremely common tag for basic confocal microscope experiments.
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and intra-molecular proton and electron transfer reactions as well as energy-transfer as potential
confinement induced events that may impact on the emission behaviour of dyes. Prior to this,
Hashimoto’s'” review of primarily aromatic fluorescent guest molecule studies summarised a
similar set of effects including inter-cage confinement, cationic and framework interaction, and
intra-cage charge and electron transfer that could all be responsible for changes in the emission
spectra. Spectroscopic studies show that it is indeed expected for emissive dyes to experience
significant spectral changes upon introduction to a zeolite framework, although specific
justification as to what causes these changes is difficult to generalise, being heavily dependent on
the size of both the dye molecule and the framework, and the structure, composition, and stability

of the dye.
2.3 Studies of Intrinsic Photoluminescence

‘Intrinsic photoluminescence’ here refers to luminescence that arises as a result of the zeolite
material itself. In line with the definition provided in Section 2.2, zeolites that exhibit intrinsic
photoluminescence have not been expressly treated to be luminescent. Admittedly, the inclusion
of luminescent centres from framework-associated metal ions treads the bridge between these two
definitions, as some researchers use metals rather than dyes as the emissive tag. However, given
that the research in this thesis is borne out of an applied catalytic zeolite context where metals are
introduced into a framework to impart some kind of catalytic benefit such as improving
conversion efficiency, metallic luminescent centres are discussed here as a form of intrinsic

photoluminescence.

Section 1.3 focused on the origin of photoluminescence in solids where the premise of the band
gap was discussed. Zeolites have large band gaps generally insurmountable by the energy of
visible light making them optically transparent. This is not to say that guest electronic states may
not be introduced into the band gap®3, similar to what is achieved with the rare-earth-doping of
the insulating material garnet, variants of which are used as solid gain media in certain lasers.
These additional states may be created by the inclusion of defects or optically active luminescent
centres such as transition metal ions, rare-earth ions, or other miscellaneous luminescent ions like
bismuth. Some well-studied examples include silver and iron inclusions®*1%¢, The mechanism
behind defect states is not as well studied as that of metal inclusion, which has been extensively

modelled*®” and tested for a range of different frameworks and metal ions*3.

Natural zeolites from well-known deposits throughout the world are often assessed with steady-
state spectroscopy and basic time-resolved apparatus. It was originally thought that natural
zeolites do not exhibit luminescence under any form of visible or UV light until noted by Claffy
in 1951 that base-exchanging copper and silver, under particular hydration conditions, could
induce a reversible luminescence®. It has since been demonstrated that natural zeolites do exhibit

photoluminescence (some examples of which include natrolite and heulandite'*°, clinoptilolite!,
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and chabazite-Ca'#?), and this early oversight was likely related to the lower sensitivity of
detection equipment being used at the time. Recent studies of natural zeolites assign a large
portion of luminescent behaviour to the presence of trace metals (e.g. Eu®" and Ce®* in the
chabazite-Ca study, Fe®*" in the natrolite and heulandite study). However, there is often a broad,
featureless aspect to these spectra that may not be satisfactorily assigned to particular electronic
transitions of trace metal speciation. This component of the spectrum in natural zeolites is usually
speculatively assigned as arising due to either adventitious organic species or structural defects
associated with the presence of trace metal, but without complex systematic experimentation it is
difficult to know what the unequivocal answer to this question is. This background is recognised
relatively ubiquitously in synthetic zeolites as well but is rarely studied. Indeed, it is specifically
cited as the reason why high quantum yield fluorophores need to be investigated to enable
imaging'® as dye candidates are required to overcome the background signal. For synthetic
zeolites there is also a small body of research by Karwacki et al. and others studying the
combustion and coking products formed during the detemplation process. Detemplation, as
explained in Chapter 1 Section 3.2, sees the breakdown of typically quaternary ammonium OSDA
molecules into coke that darkens the zeolite. Karwacki et al. used confocal microscopy to show
that in CrAPO-53 (AFI), SAPO-34%# (CHA), and ZSM-5'*° (MFI) zeolites the proliferation of
coke products gave rise to a strong light emission that persisted even at high temperatures.

A considerable amount of proof-of-concept work has been demonstrated in the literature to date
concerning studies of intrinsic zeolite photoluminescence. However, a primary challenge is the
difficulty in extracting specific information regarding chemical speciation using basic confocal
techniques. This is because although photoluminescence setups can be incredibly sensitive, they
are not necessarily lauded for their specificity. Additionally, catalytic systems pose a highly
complex backdrop of evolving chemistry that can be difficult to control. As such these previous
studies have not been able to conclusively comment on the specific nature of chemical species
observed. Utilising more advanced and multimodal characterisation techniques is one avenue via

which this body of work on intrinsic photoluminescence could be extended.
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1 Introduction

This chapter discusses the main characterisation techniques used in this thesis. The primary
techniques used are time-resolved photoluminescence spectroscopy, confocal microscopy,
fluorescence lifetime microscopy, and Raman spectroscopy/microscopy, all of which utilise lasers
as the main excitation source. Lasers are differentiated from other sources of light such as lamps
or light emitting diodes (LED) in three principal ways. Firstly, they can be spatially coherent,
which means they are capable of being tightly focused down to spot sizes of only a few hundreds
of nanometres — a spatial scale of the emitted light. Secondly, they can be temporally coherent,
which means they can output clean, single wavelength, practically monochromatic light. Finally,
although not exclusively, they can have controllable power output, which is one of the key factors
that determine different modes of operation.

A section on standard characterisation techniques is also included here. These include X-ray
diffraction, scanning electron microscopy, thermogravimetric analysis, and Brunauer-Emmett-
Teller gas analysis. These characterisation techniques are used to establish a baseline
understanding of the structure and composition of the samples. As the same SSZ-13 zeolite
samples are experimented upon throughout the thesis, a single set of results applicable to all the

chapters is presented here.

2 Lasers

2.1 Principle of Operation

A laser is a source of coherent, monochromatic light generated through stimulated emission of
electromagnetic radiation. The term ‘laser’ is itself originally an acronym that stands for ‘Light
Amplification by Stimulated Emission of Radiation’. Laser light is generated consequent to the
competitive co-existence of three types of atomic transitions depicted in Figure 11: absorption,

spontaneous emission, and stimulated emission.
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Figure 11 Three types of atomic transitions involving electromagnetic radiation: 1) Absorption, 2)
Spontaneous Emission, 3) Stimulated Emission

Absorption is the process whereby an atom reaches a metastable excited state upon interacting
with a photon. From the excited state, the atom may radiatively return to the ground state in two
different ways. It may occur in its own time through spontaneous emission, which results in the
release of a photon with random phase and direction. It may also be forced back to the ground
state through an interaction with a photon of a specific frequency in a process called stimulated
emission, which results in the emission of a photon with electromagnetic properties (e.g.
frequency, phase, polarization, direction of travel) identical to that of the incident photon,
producing an optical amplification effect. It is light produced by stimulated emission that

ultimately constitutes the coherent output of a laser.

If we consider that the three processes of absorption, spontaneous emission, and stimulated
emission occur simultaneously in competition with each other, a laser may in principle be
considered a set of conditions that cause stimulated emission to be favoured over spontaneous
emission and absorption. Firstly, to favour stimulated emission over absorption, it is necessary to
have more excited-state atoms than ground-state atoms. Placing a system in a state where more
atoms are in the excited-state rather than the ground-state is called population inversion and is a
critical step in the construction of a laser. Secondly, to favour stimulated emission over
spontaneous emission, it is necessary to ensure atoms in the excited-state are being depopulated
via stimulated emission faster than spontaneous emission, which may be facilitated by increasing

the concentration of photons.

2.2 Construction

To create the conditions described above, three components are utilised, as demonstrated in

Figure 12. They are:
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1. The optical resonator
2. The pump source

3. The gain medium

The optical resonator is the means by which light is concentrated, which in turn induces the system
to favour stimulated rather than spontaneous emission. A construct called an optical cavity or
Fabry-Pérot cavity is often employed. In its simplest iteration, this may be constituted by two
curved mirrors arranged opposite each other with an inter-mirror distance that allows for the
formation of a standing wave. More complex resonators may have arrangements of more than
two mirrors to create a longer optical path length, but the principle of operation remains the same.
To enable laser light to exit the cavity, one mirror is often partially reflective. This mirror is also
termed the output coupler and enables light to exit the cavity at a rate dependent on the reflectivity,

and transmissivity of the mirror material.

The gain medium, also known as the laser medium, is the material whose atoms will be excited
to a metastable state to induce stimulated emission. This medium has the biggest influence on the
output properties of the laser, such as wavelength. Depending on the application, one of four types
of gain media may be used, which include: liquids, gases, solids, or semiconductors. Liquids are
typically dyes dissolved in organic chemical solvents and are used in dye lasers. Common
examples of gas lasers include argon, krypton, and helium-neon lasers. The most typical types of
solid gain media used are crystals with a doped impurity, by far the most common of which are
yttrium aluminium garnet (YAG) crystals and titanium doped sapphire crystals. Semiconductors
are solid crystals that can be pumped with a simple electric current making them ideal for compact

laser applications.

Finally, the pump source is the energy input source for the system that excites atoms in the gain
medium. Examples include lamps, electrical discharges, or even laser light from another laser.
The pump source, gain medium, and optical resonator are all co-dependent on each other, and the

exact type or material used for one will depend on the material used in another.
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Figure 12 Components of a laser including the optical resonator, gain medium, and pump source
With this arrangement of components, laser light is generated thusly:

1. The gain medium is pumped with an external energy source to encourage spontaneous
emission. Due to careful materials selection, the gain medium is able to reach a state of
population inversion.

2. Over a period of time, spontaneously generated photons travel back and forth between
the mirrors, amplifying and proportionally increasing the amount of stimulated emission
events. Electromagnetic radiation travelling collinearly with the axis of the cavity will be
promoted, while non-aligned light is lost. The light may be reflected between the mirrors
many hundreds of times during the amplification process before it exits the cavity.

3. After reaching a lasing threshold, the light output from the laser can become coherent and
monochromatic.

2.3 Modes of Operation

Lasers can output power in two different ways, as shown in Figure 13. In the first mode of
operation, continuous wave (CW) output, power is continuously output at a stable rate. In high
power lasers, the power and even wavelength may be tuneable, whereas in low power lasers the
power level is usually fixed by design. In the second mode of operation, the laser power is pulsed
intermittently.

As shown in Figure 13B, pulsed lasers are defined by a number of parameters including the
duration of the pulse (i.e. the pulse width), how frequently the pulses are output (i.e. the repetition

rate), and the peak power of each pulse.
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A) Continuous Wave Output
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Figure 13 Two modes of laser operation including A) Continuous Wave (CW) and B) pulsed output

Depending on the timescale of each of the parameters listed above, the characteristics and
application of the pulsed laser will be different. For example, a laser with a millisecond pulse
width and low repetition rate in the Hz region would be considered a ‘long-pulse’ laser with lower
peak power than an ‘ultrafast’ laser, which may have a pulse width of only femtoseconds and a
repetition rate, often, in the order of kHz - MHz. A reliably timed pulse train is what allows for
time-resolved studies. In the case of single-excitation source setups, it is the downtime between
each laser pulse that is used as a window of opportunity to observe how emission dynamics
change (see Section 3.1.3 for further details). Alternatively, in multi-laser setups, a pulsed laser
can be used as a timing device to trigger gates (e.g. Kerr-gate Raman'*®) or as a pump in pump-
probe spectroscopic setups. The wealth of information generated in time-resolved studies is
coupled with an increasing complexity and requirement for precision within experimental setups,

which is discussed in the following section.
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3 Laser-Based Characterisation Techniques

3.1 Time-resolved Photoluminescence Spectroscopy (TRPS)

The time-resolved photoluminescence spectroscopy apparatus generates time-resolved
photoluminescence emission spectra. The experimental setup can be divided into two
components: the optical path, which is governed by the principles of classical optics; and the
electronic setup, which is concerned with synchronising the timing and triggering of signals, data
collection, and driving apparatus. Both components of the setup contribute to the quality of the
final dataset generated. Finessing elements of the optical setup results in maximal spectral
resolution and high signal-to-noise in detected spectra, whereas temporal resolution is primarily

dictated by the quality of the electronic timing setup.

3.1.1 Optical Path

The optical pathway is defined as a trained route of light that starts at the excitation source and
ends at the detector. The optical pathway can be split into two primary sections: the excitation
pathway, and the detection pathway (i.e. before and after the sample). The excitation pathway
describes all optical components between the laser and the sample, the said of which serve to
attenuate and deliver the laser onto the sample in an appropriate manner. The detection pathway
describes all the optical components between the sample and the detector, which conversely serve
to capture and deliver any light emitted from the sample following exposure to the excitation
source onto the detector. Each section of the optical pathway has different requirements for

optimisation.

Optics in the excitation pathway handle higher energy, coherent laser light. Optimised
components in this region will therefore be resistant to the effects of beam damage and transmit
a clean, undistorted and non-attenuated beam. For lenses handling visible, or near-visible, light
this generally means fused silica or quartz with an antireflective coating. A close-up of the

excitation pathway is shown in Figure 14.

For the specific setup used in this research, before delivering laser light onto a sample, the

excitation source needs to be:

a) Refined to output of 355 nm only;
b) Attenuated to a lower power; and,

c) Focused onto the sample

The 355 nm excitation source is generated by frequency tripling a 1064 nm Nd:YAG laser
(CryLas FTSS 355-50, Crylas GmbH, Berlin, Germany). Frequency tripling is a non-linear optical
conversion process usually realised in a cascaded process with lithium triborate crystals'*’. Even
after frequency tripling through the use of a dedicated unit, it is still possible to see faint residual

from the harmonic orders of 1064 nm, so these additional wavelengths are removed with a high
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quality 355 nm laser line bandpass filter (not shown in Figure 14) placed at the output of the laser

unit. Harmonic separators with refractory coatings may also be used.

Collimating lens tube o

@1 f50 quartz lenses & ee'%,b%("
Semrock 355 nm
bandpass filter

To
spectrometer

Nd:YAG 355 nm
laser

Linkam Cell

Figure 14 Optical path of time-resolved photoluminescence spectroscopy setup from the ARTIS lab
in the Department of Experimental Physics at the Politecnico di Milano with schematic diagram (top) and
photographs (bottom)

Following the first clean-up filter, the laser light is directed into a subminiature assembly (SMA)
fibre-optic coupling. The 600 um core fibre-optic is cut to a specific length to delay the optical
pulse by about 50 ns. This is the time required for the electrical circuit, which in itself requires
time to operate, to initiate gating. The overall effect of this delay is to synchronise the optical
pulse train with the electronic drivers. The fibre-optic has the additional benefit of channelling
laser light safely up to the optical bench, which is typically positioned some distance away from

the enclosed laser source for safety reasons.

Figure 14 displays laser light being delivered onto the sample at an angle from the fibre-optic
coupling via a lens tube stacked with a neutral density filter and a pair of UV-coated fused silica
collimating optics (22", f=25). An additional bandpass filter (FL355-10, Thorlabs) is included

to ensure clean 355 nm illuminates the sample. Although it is theoretically possible to include ND
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filters at any point, attenuating the laser power as early as possible in a free-coupled optical path
is desirable, primarily from a safety perspective as it limits the amount of power being transmitted

through exposed regions of the setup.

The primary goal of the detection side is to maximise the amount of light reaching the
spectrometer (Acton SP-2300i, Princeton Instruments, USA). A bare-minimum approach to
optical components is taken, with a mirror used to step the emitted light up to the plane of the
detector, and a set of achromatic collimating lenses (21, f= 100) matched to the aperture of the
spectrometer (f/4). Following the pair of collimating lenses, a final lens is included to focus the
beam onto the slit. The setup, being optimised for lowly emitting solid samples, includes an
intensifier (C9545-03, Hamamatsu Photonics, Japan) coupled to the CCD (Retiga R6, Q-imaging,
Canada), necessitating the use of yet another 355 nm bandpass filter to ensure any scattered laser
light capable of saturating the sensitive camera is removed. A 150 line/mm grating with blaze at

300 was used.

3.1.2 Electronic Setup

A small mirror on the side of the laser unit directs some of the scattered laser light into a
photodiode. The photodiode converts the optical pulse into an electronic pulse or signal, which is
in turn sent into a delay generator. The delay generator (DG535, Stanford Research Systems,
Sunnyvale CA, USA) is coupled to a homemade circuit based on a fast photodiode coupled to a
constant fraction discriminator, which were used to synchronise the laser pulses with the gated
intensifier. Delays were controlled by the generator itself, while the gated camera and acquisition

software is controlled via a computer. The overall jitter of the detection system was below 250

ps.

3.1.3 Modes of Data Collection

Figure 15 shows the three types of datasets collected. The laser used has a low repetition rate of
100 Hz, which means pulses occur every 10 ms. The pulse width is 1 ns, which makes for an
extremely low duty cycle of 0.00001%. The long period of the laser and the proportionally large
amount of time the laser spends without actual irradiation means there is flexibility with how data
is acquired between pulses. By changing the gate width and delay time in a gated camera it is
possible to create three types of measurements: quasi-CW spectra, gated spectra, and lifetime

measurements.

By utilising a very wide gate it is possible to generate a spectrum that mimics a CW spectrum as
it acquires information across a wide, indiscriminate time interval. The sample is not continuously
irradiated, however, resulting in the term ‘quasi-CW’ spectra. The gate width should be large
considering the type of information required. In the case of fluorescence, a faster emission process,
a gate width of 150 ns acquired with no delay with respect to time zero (i.e. the laser pulse) is

deemed sufficient to temporally capture the entire fluorescence process. Phosphorescence, which
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is a significantly longer micro-millisecond regime, forbidden triplet transition, requires a larger
gate width. Here 5 ms was selected, as well as a delay of 10 ps selected to ensure signal gathered

is not convoluted with the fluorescence signal.

Gated spectra are acquired by setting the gate width to 10 ns and a series of delays established
every 10 ns without temporal overlap, starting from a 0 ns delay with respect to the laser pulse.
This results in a series of spectra that slice different temporal regions of fluorescence decay and
show how the emission dynamics change with time. Depending on the origin of fluorescence,
different samples will exhibit different degrees of spectral evolution with time. Single fluorophore
systems, for example, will likely exhibit less variability with time making this dataset less
interesting. In the case of the zeolite samples, emission behaviours are not well understood so the
gated spectra dataset provides striking insight into what components the broadband illumination
is made up of.
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Figure 15 Typical modes of data collection using time-resolved photoluminescence setup. Diagrams
are not to scale. A) CW measurements are obtained by taking proportionally wide sampling gates in the
fluorescence (i.e. ns) region and phosphorescence (i.e. ms) region. B) Gated spectra are obtained by
sampling in a 10 ns gate that is delayed with 10 ns increments to obtain a time resolved series of spectra.
C) Lifetime measurements are obtained by sampling a 10 ns window more frequently in the fast’
fluorescence window (i.e. overlapping in the first 5 ns) and sampling less in the millisecond region to create
a series to fit for the lifetime.

The final type of measurement acquired were lifetime measurements. Unlike previous
measurements where the gate width and delay are set to visually optimise the spectrum output,
lifetime measurements, which also acquire a series of spectra, are optimised with the view to
perform a mathematical fit on the data generated. A series of delayed spectra with 10 ns gate

width were acquired at varying non-linear delays d. To optimise the fit, spectra were sampled
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more heavily in the early portion of the decay curve immediately following excitation. Uneven
temporal sampling was adopted to account for the different decay times of the emission
components. Each lifetime dataset was analysed across smaller spectral regions, as defined in the
results section. The spectral elements of each interval were summed to give three decay curves,
which were fitted independently to a multiexponential model function to recover the amplitude

and lifetime of two or three emission components.

The model function is:

N
F(d) = Z Ari(1— e~/ + W - Of fset,
i=1

where F = the total fluence (i.e. the integral of the emission intensity within the gate window)
d = the acquisition delay for each time point of the sequence
Aiand 7 (i = 1, 2, 3) = the amplitude and lifetime of the emission components

The term [1 — exp(—W/i)] is required to correct for the finite width (W) of the sampling window
(10 ns). The fitting method was based on a standard least mean square algorithm derived from the

math library provided by the Numerical Algorithms Group*#.
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3.2 Confocal Laser Scanning Microscopy (CLSM)

A confocal microscope uses the principles of fluorescence to detect light emitted from a sample.
A basic microscope configuration is depicted in Figure 16. A focused laser acts as the excitation
source. It is directed onto the sample with a reflective dichroic mirror. The laser spot is rastered
across the sample, such that an image is built up point-by-point.
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OBJECTIVE
LENS
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Figure 16 Diagram showing the setup for a A) Confocal laser scanning microscope (CLSM), and B)
Fluorescence lifetime imaging microscope (FLIM)

A confocal microscope is differentiated from a basic epifluorescence microscope through the use
of a pinhole in front of the detector. The addition of a pinhole prevents out of plane light from
convoluting the signal from the focal plane, as shown in Figure 17. Rejecting out of plane light
means that the thickness of the focal plane becomes thinner than the volume of the sample. By
stepping through the z-axis of the sample, it is possible to generate a series of images, or a ‘z-

stack’ that provide representative images of the internal volume of the sample.

Confocal experiments were carried out on a Leica TCS SP8 microscope equipped with a 405

nm UV laser and a tuneable super-continuum white light laser.
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Figure 17 Schematic diagram of focal planes and the relationship with the pinhole. Light emitting from

above or below the focal plane is geometrically rejected by the pinhole.
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3.3 Fluorescence Lifetime Imaging (FLIM)

FLIM is an imaging technique that maps fluorescence lifetimes pixel by pixel. As mentioned
earlier in Chapter 2, the fluorescence lifetime is an important quantitative descriptor of the
fluorescence emitted and can be described as the amount of time the fluorophore spends in the
excited state before returning to the ground state. It can be seen from Figure 5, the optical setup
used is exactly the same as a confocal microscope, with the addition of a Time Correlated Single
Photon Counting (TCSPC) card. Although confocal imaging can be performed with a CW laser,
TCSPC requires a pulsed laser.

TCSPC is a statistical technique that revolves around individually detecting a high volume of
single photons, measuring their arrival times with respect to a reference signal (locked to the
excitation laser pulse) and then reconstructing a histogram of photons detected with time, as
shown in Figure 18. This is a different means of reconstructing fluorescence decay curves
compared to the method used in the TRPS setup. TCSPC counts individual photons, which
therefore requires a statistically significant volume of photons to be collected for this technique
to work. In a simpler analogy, TCSPC could be likened to a stopwatch, where a starting pulse
signals the beginning of the measurement, after which point the detection system starts recording
the arrival of photons, and a stop pulse signals the end of the measurement.

START START
LASER LASER
PULSE PULSE
STOP STOP
EMITTED EMITTED
PHOTON PHOTON

0, O
_ _

- . - .

Start/Stop Interval Start/Stop Interval
3.2ns 4.8 ns

Figure 18 Schematic diagram of start/stop triggering in TCSPC. The laser pulse acts as the start trigger
and the detection of an emitted photon acts as the stop pulse. The time duration between the start and stop
pulse is digitally recorded and binned in a computer software. The total ensemble of counted photons are
then gathered together to form a decay curve, which is then numerically fitted to yield lifetime values.
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Figure 19 Primary electronic components in TCSPC signal processing including a Constant Fraction
Discriminator (CFD), electrical delays (DEL), Time-to-Amplitude Converter (TAC), Analogue to Digital
Converter (ADC), and digital memory (MEM).

Figure 19 shows the main electrical components on a TCSPC card for signal processing. The
system receives two inputs; the start-signal direct from the laser and the input signal emitted from
the sample. At first, the electronics evaluate pulse height and discard pulses below a given
threshold to eliminate small amplitude noise. The CFD then analyses and normalises the pulse
shape of individual pulses, to extract timing information from pulses of variable amplitude. This
information allows the system Instrument Response Function (IRF) to be more finely tuned. The
CFD analysis is especially important when the detector is a photomultiplier tube (PMT), as the

pulse amplitudes can vary significantly.

Normalised pulses from the CFD are then fed through to the TAC, which is a linear ramp
generator initiated and halted by the start and stop signals respectively. The resulting output is
voltage proportional to the time difference between the two signals. Voltage from the TAC is fed
to the ADC, which assigns digital timing values to allow the reconstruction of the histogram. All
measured TAC pulse amplitudes are sorted into different time bins. The ADC resolution will
determine how many discrete time values are allowed, although higher resolution generally means

that processing power must be exceedingly fast to prevent lag in the system.

Lifetime values are obtained by fitting the reconstructed TCSPC data with a multiexponential
function. In this respect, it is worth noting that the lifetime values are virtually all numerical, and
changes to the fitting method or algorithm can yield different lifetimes. Fitting may be performed
using different methods including a tailfit or an exponential reconvolution'***! and is typically

evaluated using a x> metric.
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3.4 Raman Spectroscopy

Another type of light-matter interaction that can be measured is inelastic scattering, also known
as Raman scattering. Raman scattering is one of four main types of scattered radiation that may
arise during a light-matter interaction, the others being Mie and Rayleigh, which are elastic
methods meaning the energy of the incident photon is conserved, and Brillouin, which is another
form of inelastic scattering meaning the energy of the resultant radiation differs to that of the

incident.

Raman scattering is theoretically conceptualised in a quantum manner in polarisable molecules
as a change in vibrational state via promotion to an intermediate virtual excited state (see Figure
20A). A virtual state differs from an actual energy state in that it is not an eigenfunction of a real
state and is effectively unobservable. Incident light is absorbed exciting the molecule to the virtual
state and re-emits upon return to the ground state, which is the same energy level but with a
different vibrational energy; higher in the case of Stokes Raman scattering and lower in the case

of anti-Stokes Raman scattering.
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Figure 20 Two models to explain Raman scattering. A) Quantum model for Raman scattering showing
energy changes between different vibrational states via promotion to a virtual state and B) Classical model
for Raman scattering using a diatomic molecule in a mass on a spring model where mn is the mass, xn is the
force displacement, and K is bond strength.
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A classical model may also be offered (see Figure 20B) if light is considered in its particle form
as a photon that is incident on a molecule. Using a diatomic molecule as a model for a mass on a
spring, where m is atomic mass, X is displacement, and K is bond strength, it is possible to apply
Hooke’s law, which would state that the displacement of the two masses oscillate as a cosine
function dictated by the bond strength and atomic mass, meaning that particular bonds have a
unique oscillatory function. If an electromagnetic wave vector (i.e. incident light source) were to
interact with a polarisable molecule, classical theory would state that an electric dipole moment

would be induced, deforming the molecule and causing a characteristic scattered light vibration.

Raman scattering may be measured spectroscopically using the same principle components used
in a photoluminescence spectroscopy setup (i.e. a laser excitation source, a diffraction grating, a
CCD detector). Unlike photoluminescence, however, Raman scattering does not involve
excitation to a higher eigenstate and instead occurs practically instantaneously. This negates the
need for any time-resolved dimension to the experimental setup. The focus of a Raman
spectroscopy setup is rather to improve sensitivity, as Raman scattering is known to be very weak,
and spectral resolution, as Raman scattering produces spectra with discrete, spectrally narrow
bands associated, typically, with molecular vibrations. The technigque can be also combined with

microscopy to facilitate spatial resolution, a technique termed Raman microscopy.
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4 Preliminary ‘Standard’ Zeolite Background

Characterisation
4.1 Zeolite Background

Chabazite (CHA) is a triclinic crystal, noted for its unique network of cages connected by
narrower channels (see Figure 21Error! Reference source not found.A). Structure-wise, it is
a well-known member of the ABC 6-family of zeolites, comprised of a stacked sequence of 6-
rings arranged to form double 6-rings at the apices of its rhombic unit cell. The eight ringed cages
have an aperture of roughly 3.8 x 3.8 A2, The largest internal cage diameter is 8 A, and the pore

limiting diameter is 4.2 A,

Trimethyladamantammonium hydroxide (TMAda) is a quaternary ammonium hydroxide (see
Figure 21Error! Reference source not found.B) that is used as the OSDA for synthetic high-
silica form of chabazite called SSZ-13. While TMAda reliably produces a high quality SSZ-13
product, it is generally the most expensive component of the synthesis process and some studies
have focused on finding alternative cheaper templating agents'®* or even template-free
methods>+*%® for synthesis. It is generally thought that OSDAs direct zeolite crystallisation
through charge compensating interactions between the OSDA and the framework, with the shape,
size, charge, hydrophobicity, and flexibility of the template all influencing how effectively the
structure is directed®. Rather than requiring one OSDA molecule per cage, the templating effect
of a few cages then enables longer range crystallisation. OSDAs have also been shown to be
closely associated with the location of aluminium T-sites’®’, meaning that the amount and
distribution of OSDA will be associated with the Si/Al and the distribution of Al.
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Figure 21 Structural diagrams of zeolite and organic structure directing agent. (A) Chabazite-type
zeolite structure® and (B) trimethyladamantylammonium hydroxide (TMAda) structure

4.2 X-Ray Diffraction (XRD)

4.2.1 Technigue Background
X-ray diffraction (XRD) employs an x-ray source to generate bulk average information on the

crystallinity of a sample. It works on the principle of diffraction and results in a spectrum of peaks
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correlating with constructive interference arising from Bragg’s law. It determines, in the first
instance, whether a sample is amorphous or crystalline as only regularly arranged materials with
long-range crystal planes will act as a diffraction grating. An amorphous material will not generate
a diffraction pattern. Where materials are crystalline, XRD provides information on lattice

spacing and plane alignment.

XRD works by illuminating a monochromatic X-ray source at a sample at an angle, with
diffracted rays being detected. The sample is scanned through a range of diffraction angles to
capture all lattice plane orientations generating a spectrum of X-ray counts vs. 26 °. As crystalline
materials typically have characteristic d-spacings based on bonding and composition, XRD can
be used to fingerprint materials.

4.2.2 Method
Powder X-ray diffraction was measured using a Rigaku Miniflex X-ray instrument with a Cu tube
source of 600 mW and 1D D/teX detector and divergent slits. Diffraction patterns were collected

between 5-50 26 ° with an increment of 0.017 ° (26) and an acquisition time of 1 sec/step.

4.2.3 Results & Discussion
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Figure 22 XRD patterns for calcined (red) and uncalcined (black) SSZ-13 material

Figure 22 shows XRD patterns for the uncalcined and calcined SSZ-13 material. The clear
ensemble of peaks in both samples indicates the satisfactory crystallinity of both samples, further
implying that the framework has not been adversely affected by the thermal calcination process.
The position of reflections are consistent with 1ZA data®.
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4.3 SEM
4.3.1 Technique Background

Scanning electron microscopy (SEM) involves irradiating a sample with a focused electron beam
in a vacuum chamber. The use of a highly focused electron beam creates a significant depth of
field in images. Many different types of detectors can be incorporated into an SEM, but images
are usually generated by detecting secondary electrons (i.e. electrons emitted from the sample
following excitation with the incident electron beam) with an Everhart-Thornley detector. It is
also possible to detect reflected or back-scattered electrons, X-rays, and cathodoluminescence.
Secondary electrons are emitted from the sample surface resulting resolution as low as 1 nm.
When coupled with the large depth of field, SEM’s high-resolution renders images with a
distinctive 3-dimensional quality and a realistic, photographic feel. This makes the technique

particularly well suited to visualising morphology and surface texture in a sample.

4.3.2 Method

Zeolite powder was sprinkled sparingly onto a carbon tab and then coated with gold for 35
seconds. Actual layer thickness is unknown. SEM images were obtained on a JEOL JSM-6701F
Field Emission Scanning Electron Microscope. 10 keV voltage, 8.7 working distance, and 250x

magnification were used to acquire both images.

4.3.3 Results & Discussion

Widefield SEM images of uncalcined and calcined SSZ-13 are shown in Figure 23. Some slight
charging is visible. Both samples show a relatively uniform size distribution (around 30 pm) of
crystals with good cubic regularity. Heat treatment does not appear to have affected the external
crystallinity of the samples. Some evidence of crystal intergrowth appears in both samples, arising

as a result of the synthesis process.
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A) Uncalcined SSZ-13

Figure 23 SEM images of A) uncalcined and B) calcined SSZ-13 zeolite (10 keV, WD 8.7, 250x)

4.4 TGA
4.4.1 Technique Background

Thermogravimetric analysis (TGA) involves heating a sample continuously up to a set
temperature and monitoring changes in mass. The results of TGA can provide information on
phase transitions, desorption, decomposition, or chemical reactions. In zeolites, TGA is most
commonly applied to determine what percentage of its mass is from adsorbed species such as

water, which would be seen as a mass loss around 100 °C, or organic material.

4.4.2 Method

8 mg of calcined sample and 39 mg of uncalcined sample were loaded separately into a Q50 TGA
Instrument (TA Instruments, Denver, USA). N flowed at 40 mL/min was used as a balance gas
and 60 mL/min of 21% O- in He was used during the actual measurement. The samples were
heated in air at 1 °C/minute up to 150 °C and held for 2.5 hours. They were then heated to 350 °C
at 2.2 °C/minute and held for 3 hours, and then heated at 0.8 °C/min to 580 °C and held for 3

hours.
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4.4.3 Results & Discussion
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Figure 24 TGA curves of uncalcined (black) and calcined SSZ-13 (red) showing the percentage of the
original sample weight as a function of the temperature at the sample

Table 4 Mass loss of uncalcined and calcined SSZ-13 based on TGA data

Mass loss
Mass loss Mass loss
(wt %) Total mass loss
Sample (wt %) 250 °C < T < 500 (wt %) (Wt %)

T <250 °C o 500 °C < T :
Uncalcined
SS7-13 -0.5 11.5 10.2 21.2
Calcined
55713 10 0 0 10

Figure 24 shows TGA data for uncalcined and calcined SSZ-13 samples. Overall, the uncalcined
sample loses 21% of its total mass and the calcined sample loses 10%. The uncalcined sample is
known to contain organic templating agent so the higher overall mass loss is attributed to this.
Below 250 °C uncalcined sample does not experience significant mass loss (see Table 4),
indicating that the template is either broadly stable or yet to decompose sufficiently to evacuate
the pores up to this temperature. A modest mass loss is visible at 150 °C during the isothermal
portion of the temperature programme. The relative stability of the trace until 300 °C could also
be due to hydrocarbon pool chemistry in an oxidising environment, which causes the formation
of bulkier molecules that continue to be retained in the framework%®. Between 250 and 500 °C
the largest proportion of the total mass loss is seen, and this is attributed to the removal of organics.
At temperatures exceeding 500 °C and during the isothermal hold for 3 hours at 580 °C, additional

mass loss is seen, implying that in template material is progressively depleted at these higher
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temperatures. A true detemplation would see the as-synthesised material being held for at least

550 °C for 10-12 hours, ensuring as much organic material is removed as practically possible.

Unlike the uncalcined SSZ-13, the calcined sample experiences the majority of its mass loss
below 250 °C. The rapid mass loss below 200 °C is attributed to water loss. Beyond this
temperature, the sample mass is exceedingly stable. Additionally, at 580 °C there is not any
significant change in the trace. This indicates that the sample was appropriately calcined as there
is no major indication of organic-related mass loss, and it indicates that the framework is
thermally stable up to at least 580 °C.

45 UV-vis

4.5.1 Technique Background

Ultraviolet-visible spectroscopy (UV-vis) is a type of absorption spectroscopy that irradiates
sample using light in the ultraviolet and visible regions. It operates on the principle that molecular
species can absorb photon energy to excite electrons to higher orbitals. The wavelength of the
light absorbed corresponds to different type of energy transitions with more readily excited
electrons absorbing longer wavelengths. As an analytical technique for zeolites it is frequently
used to determine the presence of different molecular species and transition metal ions.

45.2 Method

UV-vis spectra were acquired under ambient conditions with a Shimadzu 2700 UV-vis
spectrophotometer fitted with an optical integrating sphere for solid powdered samples. Zeolites
were pressed into a sample holder and mounted vertically in the integrating sphere. A standard
barium sulfate (BaSO4, Sigma-Aldrich, 99%) sample was used for baseline scans. Spectra were

collected from 200-1400 nm at a scan speed of 150 nm/min, and a resolution of 0.5 nm.

4. 5.3 Results & Discussion

UV-vis data for calcined and uncalcined SSZ-13 are included in Figure 25. The uncalcined
material features a broad absorption band at 700 nm, which is attributed to the occluded OSDA.
In contrast, the calcined material shows a flat spectrum indicating overall a minimal amount of
absorption due to the OSDA being largely evacuated from the framework. Absorption at around

250 nm is associated with the framework and has been similarly reported by Wardani et al*®,
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Figure 25 UV-vis spectra of uncalcined (black) and calcined SSZ-13 (red)

5 Sample Preparation

Sample was synthesised by Ines-Lezcano Gonzalez of the Beale group.

Template stabilised SSZ-13 zeolite (Si/Al = 15) was synthesised under hydrothermal conditions
with TMA (Sachem) as the organic structure directing agent as previously described!**1°, 20.83
g of etraethyl orthosilicate (TEOS) and 1.36 g of aluminium isopropoxide were hydrolysed in
79.82 g of 13.2 wt% n,n,n-trimethyl-1-adamantylammonium hydroxide (TMAda) to form the
synthesis gel. After stirring the mixture at room temperature 2.08 g of 48 wt% HF was added as
a mineraliser. The mixture was then mechanically stirred for 8 hours to homogenise. The molar

ratio was:
Si0,:0.033 Al,03:0.5 TMAda:0.5 HF: 3 H,O

The gel was then autoclaved at 150 °C and the solid zeolite recovered with filtration. As-made
zeolite was then dried overnight in air at 80 °C to form a white powder that was stored in glass
vials under atmospheric conditions. This dried sample is termed the ‘uncalcined sample’. A
portion of the as-made zeolite was subjected to a standard calcination procedure to obtain the

proton form. This involved placing the sample in a ceramic dish in a static oven and heating in
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air to 120 °C at 1°C/min and holding it at this temperature for 2.5 hours, then heating it further,
to 550 °C at 4 °C/min and holding at this temperature for 10 hours to create the white calcined

sample.
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Chapter IV.

Understanding the Dynamics of
Fluorescence Emission During
Zeolite Detemplation using Time
Resolved Photoluminescence

Spectroscopy
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CHAPTER IV: UNDERSTANDING DETEMPLATION WITH TRPS

1 Introduction

Photoluminescence in zeolites has been previously reported, most frequently in the context of a
background signal that convolutes the bands seen in vibrational spectroscopy methods such as
Raman and IR spectroscopy, particularly in in situ studies with increasing temperature®®, This is
often the case when organic products begin to form in catalytic reactions or when coking starts to
occur®2, In such studies the presence of photoluminescence mars the ability to collect meaningful
spectra and gating systems may be employed to remove the background, although these have
limited effectiveness and are often complex and costly*#. Instead of considering this fluorescence
emission as an unwanted signal to be subtracted out as a background, it is possible to analyse light
emission from fluorophores that proliferates naturally throughout the course of a catalytic reaction
as asignal inits own right. The origin of this optical activity has been attributed to various sources.
Some studies such as those by Liu et al. who recorded the emission from SDA in zeolite structure
ITQ-26 and a prolific body of work by Hashimoto et al.**” focus the interpretation of emission
spectra on the presence of adsorbed organic species. The effect of metal loading on PL spectra
has also been previously acknowledged in studies on copper species!®416516¢ sjlver clusters®®,
lanthanoid complexes!®’, manganese doping®®, and europium exchanged frameworks*®®, as well
as non-metallic sulphide clusters!™, Studies also exist that focus on PL emission of the framework
itself such as Planells et al. and their work on PL in crystallised silicalite-1 films’t and Wang et
al. in their work on zeolite derived glasses, which attribute PL to an ordered-disordered
transition'’>173, Theoretically, studying photoluminescence (PL) is an excellent way to gain
further insight into the adsorbed organics residing within the complex internal landscape of zeolite
microstructures because it directly pertains to molecular-level processes of energy absorption and
emission. Subsequently, changes in emission lifetime and spectral peak positions can be linked
to guest molecule behaviour and numerous non-intrinsic material properties such as different non-
radiative decay pathways, energy transfer, and intersystem crossing, all of which may be

influenced by environmental factors.

In this chapter, time-resolved photoluminescence spectroscopy (TRPS) has been identified as an
alternative complementary means of analysing carbonaceous species in catalysis. TRPS is an
established non-destructive spectroscopy technique that uses laser excitation to induce
characteristic photoemission from a sample!’®. Using an intensified camera and a pared back
optical geometry, fluorescence and phosphorescence information can be detected with a high
degree of sensitivity. Although traditional steady-state fluorescence measurements often yield
broad, relatively featureless spectral profiles with limited chemical specificity, TRPS features the
addition of a time gate to the detection system, which imparts datasets with an enhanced capability
to differentiate emissive components within the sample. Analysis can, therefore, be conducted in
two directions, namely temporal or spectral, with the possibility to visualise data by either time-
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gated spectra, decay profiles in specific spectral regions, or simultaneously in both. The use of a

UV-laser makes the system well-placed to specifically probe volatile organic species.

The purpose of this chapter is to demonstrate the capabilities of TRPS when analysing adsorbed
organics in zeolites, and to demonstrate how this technique could be applied to more complex
systems in the future. For this reason, a controlled detemplation of an industrially relevant
chabazite (CHA) topology zeolite was selected. To ensure stable crystallisation during the
synthesis process, commercial zeolites are commonly manufactured with organic structure
directing agents (OSDA), the commonest of which are typically amine or alkyl cations. The
OSDA, which is not integral to the zeolite’s catalytic functionality, is decomposed and removed
from the framework via a thermal calcination process called detemplation. Characterisation of the
carbogenic species formed during detemplation have previously been attempted using UV-vis &
fluorescence microspectroscopy*® and positron annihilation lifetime spectroscopy’®, with both
studies focusing on MFI-type zeolites. In this paper, a comparative study between three zeolite
samples quenched at different stages of the calcination procedure (i.e. an uncalcined, a partially

calcined, and a fully calcined chabazite zeolite) was conducted.

In the first section, the PL spectrum of the OSDA N,N,N-trimethyl-1-adamantylammonium
hydroxide (TMA) was established, and subsequently probed in the uncalcined sample. A focus
was placed on the confinement effects guest molecules experience when trapped inside
chabazite’s characteristic cage-channel structure. In the second section, gated spectra are used to
highlight the similarities and differences between PL spectra of an uncalcined and a partially
calcined zeolite. In the third section, a comparison between an uncalcined and a calcined zeolite
show that gated spectra and lifetime analysis can track the depletion of TMA molecules. By
studying lifetime components discernible in different spectral regions, it was possible to attribute
certain spectral variations to the steric effects of occlusion, and other variations to the formation
of new combustion species that disappear following a full calcination. In studying the long-lived
microsecond range, phosphorescent signatures attributed to the presence of occluded template

were recorded.

2 Experimental Section

2.1 Sample Preparation

Four samples were analysed in this study: template material, uncalcined chabazite, calcined
chabazite, and a chabazite sample quenched halfway in temperature through the calcination
process. Template material was measured in solution form and comprised 25 % TMAda and 75

% water (Sachem).
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Template stabilised SSZ-13 zeolite (Si/Al = 15) was synthesised as described previously in
Chapter 3 Section 5 under hydrothermal conditions'’® with TMAda (Sachem) as the organic
structure directing agent. As-made zeolite was dried overnight in air at 80 °C to form a white
powder that was stored in glass vials under atmospheric conditions. This dried sample is termed
the ‘uncalcined sample’. A portion of the as-made zeolite was subjected to a standard calcination
procedure. This involved placing the sample in a ceramic dish in a static oven and heating in air
to 120 °C at 1 °C/min and holding it at this temperature for 2.5 h, then heating it further, to 550
°C at 4 °C/min and holding at this temperature for 10 h to create the calcined sample. " The
intermediate sample was synthesised by observing the same calcination conditions but quenching

the sample after completion of the temperature ramp to 550 °C.

2.2 Theoretical Calculations

Theoretical calculations were performed by Dr. Misbah Sarwar from Johnson Matthey.

A combined Monte Carlo-Simulated Annealing procedure is used to determine low energy sites
for the TMAda template molecule in the CHA framework. The calculations were run using the
Sorption and Forcite modules within Materials Studio 201778, The COMPASS forcefield”® was
used to describe all zeolite-template interactions. The Monte Carlo part of the calculations was
used to locate possible sites for the sorbate molecule within the zeolite structure. The CHA
framework was optimised prior to the Monte Carlo simulation. During the Monte Carlo
simulation both the zeolite framework and the template molecule are assumed rigid, which results
in a strained system. To find the global minimum a simulated annealing procedure was used on
the lowest energy configurations obtained from the Monte Carlo simulations where the
framework, template, along with the cell parameters were optimised. The zeolite framework was
assumed to be siliceous and the balancing charge accounted for by scaling the charges on the

framework atoms?®, The charges used in the simulation are given in Table 1.

Table 5 Charges for simulation where q is charge measured in electrostatic units of charge (esu).

Calculated by Dr. Misbah Sarwar.

Atom g (esu)

Si +0.862

o) -0.445

C attached to N and methyl group 0.248
C attached to Nand C 0.407
sp3C -0.106

C with 3 C neighbours -0.053
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H 0.053

N -0.628

2.3 Raman Spectroscopy

Raman spectra were obtained from an InVia confocal Raman microscope equipped with a 50x
objective lens (Nikon, L Plan Apo, 50x/0.45, WD17) and Peltier cooled CCD. Sample was
irradiated with either an 830 nm diode laser with 500 mW maximum power output, or a 514 nm
argon laser (Stellar PRO, Modu-laser) with 50 mW maximum power output. A grating with 1200

lines/mm was used. Attenuated power at the sample is achieved using neutral density filters.
2.4 Time-Resolved Photoluminescence (PL) Spectroscopy and Data
Analysis

The time-resolved fluorescence spectroscopy setup used is a variation of the Q-switched laser &
gated camera setup previously described by Dozzi et al.*®. Powdered samples were flattened on
an aluminium plate and liquid samples were measured in a quartz cuvette. The sample surface
was irradiated at a 45° angle with the 355 nm third harmonic of a pulsed Nd:YAG (CryLas FTSS
355-50, Crylas GmbH, Berlin, Germany). The system works at low rep rate of 100 Hz with a
laser pulse width of 1 ns, allowing us to measure the lifetime of both permitted singlet transitions
in the nanosecond regime and dipole forbidden triplet transitions in the microsecond or
millisecond regime. A low power density of 0.9 uW/cm?was used. A mirror was placed above
the sample at 45° to step the emitted signal (375 — 750 nm) onto a simple optical system
comprised of two lenses (& 1 inch, f = 100 mm) that focused the light onto the slit of an Acton
SP-2300i spectrometer (focal length = 300 mm, f/4 aperture) matching its aperture. Signal was
detected with a high-speed image intensifier (C9545-03, Hamamatsu Photonics, Japan) and CCD
camera (Retiga R6, Q-imaging, Canada). The image intensifier provides a minimum gate time
of 3 ns and a variable amplification factor. The CCD camera is coupled to the image intensifier
by a lens system. The detector was fully characterized in terms of spectral sensitivity,
photometric gain and temporal response before the experiment. A delay generator (DG535,
Stanford Research Systems, Sunnyvale CA, USA) and homemade circuit based on a fast
photodiode coupled to a constant fraction discriminator were used to synchronise the laser pulses
and gated intensifier. The overall RMS jitter of the detection system was below 500 ps, which

sets the accuracy of lifetime measurements below 1 ns.

Data were collected in three modes. The first mode was ‘quasi-CW spectra’, where the gate width
on the intensifier was set to 150 ns synchronous with the laser pulses for fluorescence regime

CW, and to 5 ms with a 10 ps delay capturing the CW spectrum of any longer-lived
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phosphorescent components. For fluorescence, a gate much longer then its average decay time
was used to capture almost all the signal, while removing the ambient light and reducing the
electronic noise; for phosphorescence, the gate was required to remove the short living emission.
The second mode was ‘gated spectra’, where the gate width was set to 10 ns and a series of
delayed spectra were acquired every 10 ns, starting from a 0 ns delay with respect to the laser
pulses. This was to ensure no temporal overlap between the spectra measured. Finally, ‘lifetime
measurements’ were acquired by setting a gate width of 10 ns and acquiring a series of delayed
spectra at varying delays d. To optimise the fit, spectra were sampled more heavily in the early
portion of the decay curve immediately following excitation. Uneven temporal sampling was
adopted to account for the different decay times of the emission components. Each lifetime dataset
was analysed across specific spectral regions, as defined in the results section. The spectral
elements of each interval were summed to give spectrally resolved decay curves, which were
fitted independently to a multiexponential model function to recover the amplitude and lifetime

of two or three emission components.

The model function is:

N
F(d) = Z Ati(1—e /%) + W - Offset,
i=1

where F is the total fluence, i.e., the integral of the emission intensity within the gate window, d
is the acquisition delay for each time point of the sequence, while Ai and =i (i = 1, 2, 3) are the
amplitude and lifetime of the emission components. The term [1 — exp(—W/z)] is required to
correct for the finite width (W) of the sampling window (10 ns). The fitting method was based
on a standard least mean square algorithm derived from the math library provided by the
Numerical Algorithms Group (NAG).
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3 Results & Discussion

3.1 Defining Organic Products Present During Detemplation

To highlight the capability of TRPS, detemplation of chabazite was selected due to the relative
predictability of the organic products present within the zeolite framework at different stages in
the detemplation process. Following synthesis, uncalcined chabazite appears white to the naked
eye (see Supplementary 1A). Prior to the calcination procedure, TMAda molecules are contained
within the cages of the framework. Template molecules for chabazite framework are large relative
to the cage size. Energy minimised modelling (see Figure 26) reveals that a maximum of one
template molecule may occupy a single cage. Shown to be highly spatially restricted and only
able to sit in one alignment within the cage volume, there is no scope for multiple TMAda
molecules to occupy a single cage. This means that in this uncalcined zeolite system, we do not
expect to see significant TMAda molecule-molecule interactions such as excimer formation,

which has been postulated in zeolite studies of adsorbed organics to augment PL lifetime

182,183,184

dynamics

Figure 26 Energy minimized optimized structure of TMAda inside a chabazite cage. Calculations
performed by Dr. Misbah Sarwar from Johnson Matthey

During the calcination process, the zeolite sample begins to discolour and darken (see
Supplementary 1B). This is as a result of the proliferation of bulky template combustion
derivatives and coke®. At this stage it is expected that a mixture of template molecules and
calcination products will be present in the zeolite. Following the calcination process, the sample
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returns to being white (see Supplementary 1C). It is expected that whole template molecules will
no longer remain following an extended thermal treatment process and given the colour change
of the sample it is unlikely that significant amounts of coke remain however it is possible that

trace amounts of smaller template combustion derivatives may be present.

Uncalcined Chabazite
—— Calcined Chabazite
—— Trimethyladamantylammonium Hydroxide
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Figure 27 Raman spectra at 830 nm 250 mW excitation of synthetic uncalcined chabazite (blue), calcined
chabazite (red), and 514 nm 25 mW excitation of OSDA (black) acquired with 1200 I/mm

The presence of TMAda in uncalcined chabazite was confirmed using Raman spectroscopy (see
Figure 27). Specifically, the bands in uncalcined chabazite at 777, 800, 941, 977, 985, 1103, 1200,
1283, 1305, 1368, 1444, and 1452 cm™ display agreement with the template spectrum and can be
attributed to C-C stretching and H-C-C bending of the adamantane structural base unit®®.
Following calcination, these bands are no longer visible, implying that whole TMAda molecules
are no longer present following the thermal treatment. Residual in the calcined chabazite are a
double peak at 466 & 484 cm™ and at 803 and 831 cm™. The band at 466 cm™ is dominant in the
calcined chabazite sample and is well established as the class A vibration of the SiO- unit cell18:187
and the 484 cm is characteristic to the chabazite framework. The bands at 803 and 831 cm™ are
assigned to weaker symmetric vs(T-O-T) stretches!®® of the framework. There are no obvious
D or G bands associated with graphitic carbon structures, so it is likely that the hydrocarbon
speciation present is predominantly molecular. Characteristic Raman spectra showing template
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fingerprint or molecular combustion derivative peaks could not be obtained from the partially
calcined chabazite using conventional 514 nm or 830 hm Raman spectroscopy due to the high
fluorescence background. However, an alternative method of Kerr-gated Raman (see Figure 28)

shows a D and G band confirming the presence of amorphous and graphitic carbon structures as
part of the coke build-up.
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Figure 28 Kerr-gated Raman spectroscopy of partially calcined sample acquired at 400 nm

3.2 Effect of Confinement on Template Emission Inside Zeolite
Pores

In the following section, the emission behaviour of TMAda is established and then compared with
the emission behaviour of an uncalcined, template-laden chabazite sample. The discussion

surrounding this comparison is focused on how the emission behaviour of TMAda changes when

it is confined within the pores of a zeolite.
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Figure 29 Comparison of TRPS ensemble data for uncalcined zeolite and template. A) Continuous
wave spectra of uncalcined zeolite (purple) and template (orange) fluorescence emission in solid line and
phosphorescence emission in dotted line, B) Gated spectra of uncalcined zeolite (purple) and template
(orange) at 10 ns gate intervals C) Lifetime analysis in two spectral regions (417-480 and 480-600 nm) with

decay curves.

Table 6 Table of lifetimes and amplitudes in two spectral regions (417-480 nm and 480-600 nm)

Wavelength
Sample A1%
Range (nm)
Template 417-480 0.79
480-600 0.83
Uncalcined  417-480 0.84

A% A%
0.20 0.01
0.16 0.01
0.14 0.01

T1 T2 T3 A1T1%  Ac12%  As1s%  Tav
16 65 21.8 46.1 45.3 8.6 5.6
1.1 56 212 474 45.3 7.3 4.6
1.6 59 16.2 551 35.2 9.7 45
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480-600 077 021 0.02 20 6.7 173 472 42.3 10.5 5.6

The CW fluorescence and phosphorescence emission spectra of TMAda and uncalcined chabazite
are presented in Figure 29A. TMAda has a significantly lower emission intensity than uncalcined
chabazite. This can be explained by the fact that uncalcined chabazite is a highly scattering
powder, whereas TMAda is measured as a liquid being in solution with water. High levels of
scattering in the powder produce a large increase in the laser intensity in the superficial layer of
the sample as the photons repeatedly bounce back and forth before being either absorbed or
reflected. Similarly, the solution form of TMAda is likely to experience quenching as the
fluorescence intensity and lifetime are influenced by the solvent polarity and viscosity, and by the

concentration.

The CW spectrum of TMAda features a broad emission curve peaking at 420 nm, with a sharp
double peak at 388 nm and 396 nm. The double peak is ascribable to a Raman signature. The 396
nm peak is equivalent to the Raman band of O-H for water at 3400 cm, which is further
confirmed by a variable excitation wavelength study where the peak position shifts accordingly
with respect to the excitation wavelength®, and the 388 nm band (equivalent to a 2395 cm™*
Raman shift) is likely a C-H stretch Raman peak associated with the template material. The
instantaneous nature of these bands, which appear at a time on par with the response function of
the TRPS system, is evident in the gated spectra (see Figure 29B) where the bands are no longer
visible from the second time gate onwards and are consistent with their Raman origin. The CW
spectra of uncalcined zeolite is a broad fluorescence emission profile with a peak at 450 nm and
a broad shoulder appearing from 540 nm onwards. When a millisecond gate was applied,
phosphorescence signal from the template was no longer observable. However, uncalcined
chabazite exhibits a phosphorescence signal with a peak at 525 nm. A more extensive analysis of

the phosphorescence is included further on in Figure 31.

Time gating makes it possible to decouple the Raman contribution from true photoluminescence
signal in the template material. In gated spectra measurements (see Figure 29B), it is possible to
see that TMAda has two different spectral profiles. In the first window, the fluorescence profile
has a peak at 490 nm, whereas from 30 ns onwards the peak is at 450 nm. At 20 ns the peak
appears to be at an intermediate position at 470 nm. Rather than a peak shift, this suggests that
TMAda has two primary emissive components with different lifetimes that combine to form
different profiles at different time gates. The first gate, therefore, shows a fast-living component
that appears to have predominantly disappeared after 30 ns, as the emission spectrum from this

time-gate onwards is centred around 450 nm.

Similarly, the uncalcined chabazite’s broad fluorescence emission curve also changes across
different time windows. The dynamic appears more complex than the TMAda alone, and there

are at least two discernible components. The first component can be seen clearly in first time gate
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CHAPTER IV: UNDERSTANDING DETEMPLATION WITH TRPS

where the profile looks similar to the CW spectrum but with the peak at 440 nm appearing more
pronounced. This means the CW spectrum is being dominated by fast-living species that decay
within the first 10 ns. The second component is visible from the second time gate onwards where
the spectrum is centred around 500 nm. There are also visible differences in the full width half
maxima (FWHM) of the spectrum at 20-30 ns compared to 50 ns onwards, implying there is likely
contribution from a complex of other fluorescence components. The use of time-resolved spectra
enables the identification of TMAda’s two primary components and demonstrates that the second

component instead appears to red-shift from 450 nm to 500 nm upon confinement.

Based on the emission dynamic visible for both samples in the gated spectra, two spectral regions
were selected for lifetime analysis. 417-480 nm was selected to capture both the longer-living
component in the TMAda and the fast component in the uncalcined material, and 480-600 nm
was selected to separate out the uncalcined material’s longer-living component. Both samples
were fit to a triexponential function. As indicated from the gated spectra, the fluorescence
amplitude of 1 is the greatest for both samples in both spectral regions. In the spectral region 417-
480 nm, the lifetimes are all shorter in the uncalcined sample with a tay 0f 4.5 ns versus 5.6 ns in
the template. However, a lengthening of 11 & 12 iS seen in the spectral region 480-600 nm, where
71 = 1.1 ns & 12 = 5.6 ns for the template and 11 =2.0 ns & 12 = 6.7 ns for the uncalcined chabazite.
Although in this temporal domain T3 is shorter in this region for the uncalcined chabazite, this
sample also exhibits a microsecond length phosphorescent component not present in the template

material.

Overall, in this spectral region there is a significant increase in emission lifetimes. This is coupled
with an increase in fractional amplitude values for 1, & T3 in this region (A2%, As% = 0.20, 0.02
for uncalcined chabazite; and 0.16, 0.01 for template), highlighting an interesting change in
emission dynamics when TMAda is confined within the framework structure. It is postulated that
confinement reduces permutations for steric conformation and by extension self-quenching of the
TMAda leading to an extended triplet state lifetime and greater intersystem crossing efficiency.
Room temperature phosphorescence (RTP) of TMAda has been previously reported by
Ramamurthy et al.**1%2 who suggest that cationic sites in zeolites may induce singlet-triplet spin
conversion in molecules. Casal et al.!®® also observed an increase in the lifetime of B-phenyl-
propiophenone at room temperature in silicalite, attributing an increased stability of the triplet

state to steric confinement within the channels.

It is known that zeolite samples have complex photoluminescence mechanisms that have variably
been attributed to composition!#2, metal loading!® or metals stabilised inside a matrix'*, and
product formation* in previous studies. It has been assumed here that in the case of uncalcined
chabazite, a significant proportion of the emission is arising as a result of the photoemissive

excitation of TMAda. The assumption does not discount contribution from other emission
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pathways. Indeed, uncalcined zeolite systems offer an interesting model for studying the
confinement effects of a crystalline lattice on photoexcitable molecules. Although
photoluminescence studies on confinement effects exist where highly emissive molecules are
floated into zeolite pores!® and monitored for changes in spectral profiles, a host of problems
often arise during the sample preparation process that critically hamper deeper interpretation of
results, including surface aggregate formation and crystallisation!’. These are problematic in that
they no longer represent a measurement from a sample with evenly distributed, geometrically
confined fluorophores. Further to this, the size discrepancy between the host cages and adsorbent
molecules poses as a double-edged sword; zeolite channels need to be large enough (or adsorbent
molecules small enough) to achieve confinement of introduced molecules in the first place, but
the sites of entrapment may not be restrictive enough to induce effects of electronic orbital
deformation on the molecules. The OSDA is an ideal candidate for observing changes in emission
properties due to confinement effects as they are distributed more evenly throughout the sample
and represent the upper size limitation for molecules that can be accommodated within a zeolite
cage, and by extension experience a significant degree of steric and electronic confinement. In
the case of chabazite, the TMAda acts to template the cage portion of chabazite’s cage-channel
structure and would be impossible to retrospectively introduce a molecule of this size into the
pores due to the size selectivity of the channel diameters.
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CHAPTER IV: UNDERSTANDING DETEMPLATION WITH TRPS

3.3 Proliferation of Carbonaceous Deposits in Part-Calcined

Sample

Size selectivity of chabazite channels necessitates the decomposition of bulky TMAda molecules

into smaller before pores can be successfully evacuated. When colour changes become discernible

to the naked eye, it is a reasonable indication that coke has begun to build up on the zeolite sample.
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Figure 30 Comparison of TRPS fluorescence ensemble data for uncalcined zeolite and intermediate
zeolite. A) Continuous wave spectra of uncalcined zeolite (purple) and intermediate zeolite (green)
fluorescence emission in solid line and phosphorescence emission in dotted line, B) Gated spectra of
uncalcined zeolite (purple) and intermediate zeolite (green) at 10 ns gate intervals C) Lifetime analysis in
three spectral regions (440-480, 480-600 and 600-680 nm) with decay curves
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Table 7 Table of lifetimes and amplitudes in three spectral regions (440-480, 480-600 and 600-680 nm)

Sample Wavelength A% A% A% T T2 T3 Am - fetz - Adta Tav
Range (nm) % % %

Uncalcined 440-480 082 0.16 0.02 1.6 5.8 159 052 037 011 48

480-600 0.77 0.21 0.02 20 6.7 173 0.47 042 0.11 5.6

600-680 0.77 0.21 0.02 1.9 6.3 159 0.48 043 0.09 5.0

Intermediate 440-480 0.88 0.11 0.01 1.2 5.6 20.1 058 0.34 0.08 4.2

480-600 089 011 001 13 59 204 0.61 033 0.06 4.0

600-680 091 008 000 13 56 204 0.68 0.27 0.04 33

CW spectra in Figure 30A show that the intermediate zeolite has a peak at 540 nm, and an
emission intensity lower than the uncalcined sample. The CW emission intensity of this sample
is neither directly comparable with the uncalcined sample nor representative of the concentration
of fluorophore molecules present as it is significantly darker and likely to be reabsorbing some of

the emission.

Gated spectra in Figure 30B show that the intermediate sample has a fast component present with
a peak at 540 nm in the first 10 ns window that heavily influences the profile of the CW spectrum.
This faster component, which so far appears characteristic to the intermediate sample is attributed
to the proliferation of new hydrocarbon products. The difference in peak position between the
uncalcined material at 440 nm and the intermediate sample at 540 nm implies there has been a

dramatic change in the speciation of fast emitting components following a thermal treatment.

From 40 ns onwards, the gated spectra show that the intermediate and uncalcined samples exhibit
a significant degree of similarity. The component visible in the uncalcined sample from 40 ns
onwards was assigned to the presence of the occluded template molecules. Detection of this signal
in the intermediate sample suggests that whole TMAda molecules are still present after 6 hours
of ramping the sample up to 550 °C under air flow. Comparisons between the uncalcined and the
intermediate sample serve as worthwhile examples of how pulling apart the temporal aspect of an
emission spectrum can be very useful in systems with complex origins of emission. In both
samples, it is evident that fast components, which can vary hugely in concentration and
composition across a sample, may cloud the interpretation of CW spectrum. Probing different
time windows makes it possible to discern how template molecules and combustion by-products

co-exist alongside each other, each with different local microenvironmental influences.

Lifetime analysis was conducted in three spectral regions: 440-480 nm, which captured the fast
component of the uncalcined sample; 480-600 nm, which was selected as the probe region for
occluded TMAda as per the previous section; and 600-680 nm, which covers the tail of both

curves. A triexponential fit was used.
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Although a strong visual correlation between the uncalcined and intermediate samples in the gates
from 40 ns onwards exists, the lifetime analysis in the template probe region of 480-600 nm shows
differences in 1 values. In the intermediate samples 11 and 12 become shorter, with the fractional
amplitude of the faster component 11 increasing with respect to 2 (i.e. A1% = 0.89, Ax% = 0.11
in intermediate zeolite; A1% = 0.77, A% = 0.21 in uncalcined zeolite), relating to the overall
decrease in whole TMAda molecules in the intermediate sample and the proliferation of new
hydrocarbon species. Although having a lower percentage amplitude than the uncalcined sample,
the 13 of the long-living components in the intermediate samples are markedly longer (20 ns vs.
15 ns) across all spectral regions. In the long wavelength region (480-600 nm) we observe a
significant reduction in the average lifetime of the intermediate (tav = 3.3 ns) sample with respect
to the uncalcined sample (zav = 5.0 ns). This confirms that the emission in this band is dominated
by reaction products that, being likely small organic molecules, exhibit fast relaxation dynamics.
This is well represented in Figure 30C, where the fastest fluorescence decay is that of the
intermediate sample in the third band. It is expected that the template derivatives present in the
intermediate sample, being smaller and capable of travelling along size-selective diffusion
pathways, will have a greater freedom of distribution across the crystals, with some remaining in
the centre following quenching and others residing towards the surface®. By extension, not all
combustion products will necessarily experience the degree of steric confinement imposed upon
the TMAda molecules, opening up a wider range of possibilities of lifetime states one might

expect to see.
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Figure 31 Comparison of TRPS phosphorescence ensemble data for uncalcined zeolite and
intermediate zeolite. A) Continuous wave spectra of uncalcined zeolite (purple) and intermediate zeolite
(green) fluorescence emission in solid line and phosphorescence emission in dotted line, B) Lifetime analysis
in one spectral region (480-600 nm) with decay curves and table of lifetimes and amplitudes.

Table 8 Fractional amplitude and lifetime values for phosphorescence measurements in uncalcined
and intermediate samples

Sample A% A% A% T T T, Aimi% A%  AsTz% | Tav

Uncalcined
0.80 | 0.10 | 0.10 | 53.1 | 239.5 | 811.3 0.28 0.17 0.55 |[368.0
Phosphorescence

Intermediate 0.69 | 0.18 | 0.13 | 44.3 | 185.4 | 840.7 | 0.18 0.19 0.64 |356.8
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Phosphorescence

Both the uncalcined and intermediate zeolites exhibit measurable phosphorescence behaviour.
The CW spectra in Figure 31A show that the intermediate sample peaks at 545 nm and the
uncalcined sample peaks at 520 nm. Lifetime analysis was conducted across the entire spectral
region, and triexponential fits were used. Even if data are rather noisy due to the scarcity of
photons in the long tail of the emission, a tentative lifetime fit could be done also for the
phosphorescence dataset (Figure 6B). It may be noted that in the leading edge of the fitted curves
uncalcined and intermediate behave in a similar way, with the intermediate displaying a slightly
slower damping before reaching the same slope (i.e. lifetime) of the uncalcined in the long term.
Notwithstanding some caution in drawing conclusions from a non-completely reliable dataset, it
could be speculated that the same triplet states of TMAda, which might be the origin of the
phosphorescence in the uncalcined sample, are also present in the intermediate sample with the

possible existence of additional long emitting compounds.
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3.4 Depletion of Template Signature from Uncalcined to Calcined

Sample

In the final section of this discussion, the depletion of template material is monitored in a
comparison of uncalcined and calcined chabazite. Immediately discernible differences are visible
in the CW spectra (see Figure 32A), where the calcined sample, when compared to the uncalcined
sample, appears to have a generally simpler, Gaussianesque spectral profile centred around 410
nm. The peak intensity is also over two times lower than the uncalcined sample. Gated spectra in
Figure 32B highlight the simpler emission dynamic of the calcined material, with minimal
changes occurring between the 10 ns and 20 ns windows when compared to the uncalcined
material. Compared to the uncalcined material, all gated spectra of the calcined material show a
marked decrease in luminescence activity in the red region (i.e. from 480 nm onwards). Although
the normalisation in Figure 32B effectively shows the contrast in peak positions, the CW spectra
comparison in Figure 32A more accurately highlights the large discrepancy in emission in this
region. This is directly attributable to the depletion of whole TMAda molecules and the majority
of coke products, which appear broadly to have been removed as demonstrated by previous
Raman measurements (see Figure 27) and the white sample colour. The loss of phosphorescent
signal in the calcined sample is compatible with the depletion of TMAda and further supports the
notion that the phosphorescence exhibited in the uncalcined and intermediate samples in synthetic
zeolites pertains to occluded hydrocarbon material rather than arising from the framework itself.
Phosphorescent lifetimes can be easier to fit than multiexponential fluorescence lifetimes that
require more refined sampling around time zero. This enhanced component separation makes
phosphorescent signatures ideal for flagging the presence of templating material. In future work,

this approach may be utilised in in situ detemplation monitoring.
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Figure 32 Comparison of TRPS ensemble data for uncalcined zeolite and calcined zeolite. A)
Continuous wave spectra of uncalcined zeolite (purple) and calcined zeolite (aqua) fluorescence emission
in solid line and phosphorescence emission in dotted line, B) Gated spectra of uncalcined zeolite (purple)
and calcined zeolite (aqua) at 10 ns gate intervals C) Lifetime analysis in three spectral regions (380-440 ,

440-480 and 480-600 nm) with decay curves

Table 9 Table of lifetimes and amplitudes in three spectral regions (380-440, 440-480 and 480-600 nm)

Wavelength
Sample A% A% A%
Range (nm)
Uncalcined  380-440 0.89 0.10 0.01
440-480 0.82 0.16 0.02
480-600 0.77 0.21 0.02
Calcined 380-440 0.83 0.15 0.01
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15
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1.9

T2
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T3
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Aim1%  Ax12%
0.65 0.29
0.51 0.37
0.47 0.42
0.55 0.37
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440-480 0.78 0.21 002 19 69 198 045 0.43 0.11 6.1

480-600 0.77 021 002 19 71 198 0.43 0.43 0.13 6.5

Lifetime analysis was conducted in three spectral regions: 380-440 nm, which again captured the
fast component of the calcined sample; 440-480 nm; and 480-600 nm, which is the probe region
for the template. A triexponential fit was used. Compared to the uncalcined sample, the T values
in the calcined sample are virtually identical across all spectral ranges, giving an average of 11 =
1.9 ns, 12 = 7.0 ns, 13 = 19.8 ns. A notable difference in the calcined sample is the fractional
amplitude values in the spectral region 380-440 nm, which has a greater contribution from A%
and less from A% when compared to the two other spectral regions. This means that the region
380-440 nm is generally faster than the regions 440-480 and 480-600 nm, where longer-lived
components have a slightly greater bearing in the overall composition of lifetimes. In comparing
the uncalcined sample with the calcined sample, the lifetimes in the calcined sample are longer
for all three components across all three spectral regions with the exception of 11 in region 480-
600 nm of the calcined sample, which is 0.1 ns shorter than the uncalcined sample. It should be
noted that the significantly decreased signal in this region for the calcined sample makes
meaningful lifetime fitting more challenging. The global increase of lifetimes here would be
consistent with the depletion of contribution from occluded hydrocarbons, which are shown to
have a faster lifetime. Coupled with the depletion of phosphorescence, which was previously
flagged as an alternative way of tracking the presence of occluded template, this lengthening of
lifetimes can be used to show that TRPS is capable of detecting the presence of OSDA but even

further decouple the original OSDA emission from an additional PL signal.

Based on this, it is possible to speculate the emission source in the calcined zeolite originates
primarily from a single type of fluorophore that experiences different quenching effects, with the
multiexponential fit correlating to different relaxation pathways. In this case, variations visible in
the decay curves as presented in Figure 32C can be justified assuming the fluorophore experiences
a varied response to quenching; more specifically that molecules with a higher Stokes shift will

experience fewer quenching effects.

While the implication is that whole molecules of TMAda are no longer extant in the sample, this
does not necessarily mean hydrocarbons are completely eradicated from the sample as it is
possible that other molecules may have different emission signatures to TMAda. At this point,
the following question offers itself for debate: is the emission measured from a calcined zeolite
borne of trace carbon surviving the calcination, or is it an intrinsic photoluminescent signature of
the framework? The presence of two residual Raman bands in Figure 27 at around 800 cm™* could
be interpreted as alluding the presence of a small amount of hydrocarbon material left in the
sample but they have also been assigned to framework stretches, and the fluorescence spectra in
Figure 32, if assigned to trace carbonaceous species, would appear to reflect a simpler molecular

hydrocarbon configuration leftover in the zeolite cages. The lack of phosphorescence additionally
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implies that any hydrocarbon remaining is likely to be small relative to the size of the cages and
perhaps even mobile within the pore structures, experiencing less confinement and subsequently

not exhibiting any phosphorescence.

It is also possible that the PL emission originates from the framework itself, as supported by a
series of studies conducted on other silica-based mesoporous structures. Glinka et al.** recorded
a series of PL emission spectra from MCM-41 mesoporous sieves and noted the similarity in PL
emission from silica nanoparticles, attributing the emission to non-bridging oxygen hole centres.
The molecular sieves in this study do, however, utilise an OSDA in the synthesis process, so it is
not entirely possible to exclude the contribution of emission from an organic molecule. Equally,
there are other studies postulating that UV excitation can induce PL from defect sites in a one-
photon process in non-templated silica based materials like silica particles'®, silicon quantum

dots embedded in an array®¢, bulk amorphous Si0,1%7198.19.200 and fused silica™.

Ultimately, it is the time-resolved aspect of this study that bolsters the conclusion that the
emission arising in the calcined sample is likely to be coming from the framework. Previous
comparisons with organic-heavy samples (i.e. uncalcined and intermediate samples) show that
organic-based emission in zeolites is most characteristically defined by a fast-lived component
that is no longer extant beyond the 10 ns window, a complex ensemble of emission profiles
relating to the range of different species and decay pathways, and a phosphorescent component
arising as a result of steric confinement. In contrast, the calcined sample appears to display a
comparatively simple, single-source emission dynamic that experiences less change in the gated
spectra, minimal difference in lifetime analysis across different spectral regions, and exhibits no
phosphorescence. It is possible then that the PL signal in calcined CHA is arising due to defect
sites in the aluminosilicate framework, representing an intrinsic zeolite emission. The overall
intensity of the calcined sample is also significantly lower than the uncalcined material, implying
that this intrinsic framework signal is being drowned by the more intense organic-based emission

arising in the uncalcined material.
3.5 Conclusion

Detemplation of chabazite has been successfully studied using a sensitive TRPS method. Three

signatures were established for the different samples:

1) A characteristic emission spectrum for the OSDA was established with a red-shift
occurring upon confinement.

2) Phosphorescence signal can be used to signature the presence of occluded organic
material.

3) An intrinsic zeolite emission related to framework defects is recorded in the calcined

sample.
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In future studies, it is envisioned that this technique will be able to inform researchers on other
topical questions regarding adsorbed organics, a common example of which is the formation of
carbonaceous deposits in catalytic reactions, which affect the conversion efficiency of acidic
zeolites.?%? Proliferation of coke deposits are problematic as they have been correlated with
progressive deactivation of the catalyst?®32%, The flexibility of the setups mean it is also possible
to accommodate in situ operando studies of zeolite systems, which could form the basis of future

experimentation.
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Chapter V

Power Dependency Study

In collaboration with the Valentini group in the Experimental Physics Department at the
Politecnico di Milano
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CHAPTER V: POWER DEPENDENCY STUDY

1 Introduction

In the previous chapter, emission spectra for calcined and uncalcined chabazite were obtained
with 355 nm irradiation at room temperature and analysed. Emission signature arising from the
occluded OSDA was established, as was a characteristic emission postulated to be arising from
the framework itself in the case of the calcined material. In this chapter, a study on the effect of
laser power as a function of zeolite composition, temperature, and laser positioning is presented.
This study is conducted as a precursor to in situ experimentation, which is presented in Chapter
6.

Beyond the experiments presented here, laser-based analytical techniques are already gaining
traction within the community as increasingly popular options for characterising zeolite materials.
Vibrational spectroscopy techniques such as Raman and IR spectroscopy?®?, photoluminescence
spectroscopy?*?, and optical imaging techniquest®>2%206 which all employ a laser excitation
source, have been used to great effect in the last decade to reveal new insights on zeolite structure
and chemical behaviour. Particularly in the field of catalysis, lasers, with their relatively compact,
benchtop-friendly size and operation, have shown themselves to be excellent candidates for the
primary excitation source in operando spectroscopy setups and are frequently used to study

product formation in catalytic reactions in real time.

It is known that zeolites can be susceptible to laser damage. Irradiation damage can be either seen
on the sample itself, where the surface may appear to become discoloured or burned after a period
of laser exposure!!’, or in the recorded spectra or image, where signal may appear to bleach or

rise dramatically, peaks to broaden, or background noise to overwhelm meaningful signal.

In experiments performed under ambient conditions without particular time constraints on the
measurement (e.g. the experiment in Chapter 4), laser damage is avoided simply by reducing the
amount of power at the sample while maintaining a reasonable signal-to-noise ratio, and by
reducing the total exposure by switching the laser off between experiments. However, avoiding
laser damage becomes increasingly difficult in situations where samples are subjected to repeated
irradiation over an extended period of time like in operando experiments, which can see data
being collected hundreds of times over the course of five hours or more. In these cases, dedicated
equipment is often incorporated into the setups to either raster the sample under a fixed laser?”’,
raster the laser over a fixed sample®®, or to fluidise the sample bed?®2%, all with the view to
reduce the contact time between the sample and the laser beam. In experiments where temperature
is a consideration, a UV excitation source can be used instead of an infrared source to avoid the
background effects associated with black-body radiation?!*?12213 although it is known that UV

irradiation can induce its own set of photophysical effects in the zeolite framework*’%,
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Assessing the degree to which a measured spectrum is being influenced by laser irradiation is,
therefore, an important challenge. Preventing damage to the sample is desirable on a practical
level to increase the longevity of the sample in extended experimentation. But more importantly,
the primary goal of understanding power regimes within which zeolite samples may be influenced
by the laser light is for a researcher to decouple the effects of ‘real’ photonic absorptive and
emissive processes from laser-induced artefacts in a spectrum such as peak broadening or artificial
peak shifting.

In this chapter, time-resolved photoluminescence spectroscopy was used to record
photoluminescence spectra at different laser powers to determine the influence of laser power on
peak intensity and spectral profile. As a precursor to in situ catalytic studies also carried out during
this project, the power study was conducted with respect to: i) high and low temperature regimes
to assess the environmental effects of in situ experimentation; ii) calcined and uncalcined zeolites
to assess the effects of organic adsorbents that vary widely in concentration and composition
throughout the course of a catalytic reaction: and iii) static and moving laser arrangements to
mimic the effect of rastering. For each experiment, the aim was to comparatively determine
whether the laser influences the spectra acquired, with the view to decouple laser effects from

‘pristine’ sources of emission and interpret spectra more meaningfully.
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2 Experimental Section

2.1 Sample Preparation

In this chapter an uncalcined and a calcined chabazite sample were studied. The preparation is the
same as described in Chapter 4. Preliminary UV-vis and Raman characterisation are also supplied
in Chapter 4.

2.2 Time-Resolved Photoluminescence (PL) Spectroscopy and Data
Analysis
The time-resolved fluorescence spectroscopy setup used is as described in Chapter 3. Sample was

loaded into a temperature-controlled FTIR600 Linkam cell sealed with quartz windows and

aligned in the beam path. Inert He gas was flowed through the cell during measurements.

2.3 Pulsed Laser Characterisation

To characterise the Q-switched laser, the average power, repetition rate, and pulse duration were
measured. From these parameters, the energy per pulse and peak power were calculated as

follows:
E _ Paverage
ulse —
P Rrate
Where Epuse = Energy per pulse in joules

Paverage = Average power in watts

Rrae = Repetition rate in pulses per second

E
Ppeak — pulse
Dpulse
Where Ppeak = Peak power in watts

Dpuise = Pulse duration at FWHM in seconds

A repetition of 100 Hz was used with a pulse duration of 1 ns (1 x 10° s). A power meter
(Gigahertz-Optik, P9710 Optometer) was used to measure the average power. A range of
operating powers were achieved using neutral density filters (Thorlabs) with optical densities
ranging from 0.1 to 3, attenuating the power at the sample. It is worth noting that the theoretical
value of the optical density of the filters only holds for visible light. Table 10 presents theoretical

and actual power values.
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Table 10 Power values for neutral density filters used to attenuate power at sample

Theoretical Measured Energy per .
Optical  Theoretical Average Average pulse Peak Power
Density Attenuation  Laser Power Laser Power
J/pul (W)
(W) (W) (uJ/pulse)
0.1 1.26 900 900 9 9000
0.5 3.16 358.86 415 4.15 4150
1 10 113.4 90 0.9 900
2 100 11.34 22 0.22 220
3 1000 1.13 0.9 0.09 90

2.4 Data Collection Method

A total of eight power series were collected as a function of three different parameters:
temperature, calcination state, and laser spot handling. Comparisons were made between room
temperature (25 °C) and high temperature (350 °C+), calcined® and uncalcined zeolite, and a
stationary laser spot and a laser spot moved between each measurement. Table 11 outlines the

eight experiments conducted.

Table 11 Outline of eight power study experiments conducted

Uncalcined Calcined
Room Stationary Laser Stationary Laser
Temperature . )

Moving Laser Moving Laser
High Temperature Stationary Laser Stationary Laser

Moving Laser Moving Laser

® Calcined material was subjected to a complete ex situ calcination in an oven prior to experimentation. It
was then dehydrated in situ at 150 °C prior to acquiring measurements at 25 °C.
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3 Results

3.1 Calcined Chabazite
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Figure 33 Photoluminescence (PL) measurements of calcined chabazite. A) Normalised PL power
series spectra of sample at (top left) room temperature with moving laser position, (top right) room
temperature with fixed laser position, (bottom left) 400 °C with moving laser position.

Figure 33 shows the normalised spectra of calcined chabazite grouped with respect to temperature
and laser position. At room temperature for both the moving and static laser experiments the peak
for all spectra is at 430 nm. The spectral profile does not appear significantly different for varying

laser powers for either the moving or static laser experiments.

At 400 °C, the intensity is over 5 times greater than the room temperature measurements (see
Figure 34) and the spectral profile is generally broader with the peak appearing to red-shift from
440 nm at room temperature to 480 nm at elevated temperature. In both the moving and static
laser experiments, there appears to be a peak shift between 90 and 415 uW from 470 nm to 500

nm, although the shift is more pronounced in the moving laser experiment.
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Figure 34 Comparison between non-normalised room temperature and high temperature spectra for
calcined zeolite at 90 pW demonstrating differences in peak height
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3.2 Uncalcined Chabazite
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Figure 35 Photoluminescence (PL) measurements of uncalcined chabazite. A) Normalised PL power
series spectra of sample at (top left) room temperature with moving laser position, (top right) room
temperature with fixed laser position, (bottom left) 360 °C with moving laser position, and (bottom right)
360 °C with fixed laser position.

Figure 35 shows the normalised spectra of uncalcined chabazite grouped with respect to
temperature and laser position. Across all temperatures and laser positions, the recorded spectra
appear to slightly red-shift above 22 uW. At room temperature with 0.9 uW irradiation the peak
is centred at 460 nm, and with 900 uW irradiation the peak is centred at 475 nm. At 360 °C with
0.9 uW irradiation the peak is centred at 475 nm, and with 900 uW irradiation the peak is centred

at 505 nm representing a total peak position change of 30 nm.
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3.3 Gated Spectra
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Figure 36 Averaged gated spectra of calcined and uncalcined chabazite at room and high temperature.
Spectra were close enough at each different power that for each time gate (i.e. 0 ns, 30 ns) the spectra for
each power (e.g. 0.9-900 uW) were averaged. Spectra were obtained with a 10 ns gate width moved with a
30 ns delay interval. From 60 ns onwards the signal was not high enough.

Gated spectra are presented in Figure 36. At room temperature, the spectra for both the calcined
and the uncalcined material appear are in agreement with the previous gated spectra analysis
presented in Chapter 4. As previously, the uncalcined features a sharper peak at 440 nm in the O
ns window and a broader peak at 500 ns in the 30 ns window. This was previously attributed to
the confinement effects of template material. The calcined material also shows a peak in the 0 ns
window at around 410 nm, as previously shown, and exhibits a less shifted peak in the 30 ns
window at around 450 nm. This narrower peak profile was attributed to framework luminescence
in Chapter 4.

The high temperature gated spectra of the uncalcined material show that although the CW
measurements at room temperature and high temperature appear to have the same peak position,
the time-resolved the emission components exhibit a slight difference. The fast luminescence in
the 0 ns region features a broad emission peak at 477 nm in both cases. In the 30 ns window, the
uncalcined material features an emission spectrum with a single peak at 525 nm. The calcined
material also appears to have a peak at 525 nm, but it also additionally has a shoulder feature at
456 nm. This implies that in the calcined material, there is may be an additional emissive process

occurring or that the sample may have somehow been changed by the calcination process resulting
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in an additional longer lived peak. It is interesting to note again that for both samples at high

temperature the peak profile and positions are different to that at room temperature, implying that

a different emissive process is taking place at low and high temperatures.

3.4 Peak Intensity Analysis
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Figure 37 Integrated intensity plotted as a function of power at A) Room temperature at 430 nm for
calcined chabazite and 465 and 510 nm for uncalcined chabazite, and B) high temperature at 430, 470, and
500 nm for calcined chabazite and 480 and 500 nm for uncalcined chabazite.

Table 12 Fit data for peak intensity data plotted as a function of power

Intercept

Slope

Residual sum of
squares

R-square

RT

(Uncalc/Calc)

4.2+0.14/

2.86+0.15

0.97+0.14/

1.12+0.07
0.17/
0.09
0.96/
0.99

RT Moving

(Uncalc/Calc)

4.0+0.29/

2.75+0.10

0.97+0.15/

1.12+0.05
0.22/
0.04
0.95/
0.99

HT
(Uncalc/Calc)
5.4+0.24/
4.86+0.14
1.0+0.13/
1.11+0.07
0.15/
0.08
0.97/
0.99

HT Moving

(Uncalc/Calc)

5.6+0.28/
4.7+0.10
0.95+0.15/
1.14+0.05
0.2/
0.04
0.96/
0.99
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Figure 37 shows the integrated intensity plotted on a log scale as a function of power. As expected,
the intensity increases with power. The residual sum of square (RSS) values are worse for the
uncalcined material than the calcined material. Between 22 -900 uW a more linear fit can be made
and within which region it doesn’t appear that there is a significantly disproportionate response
with increasing laser power as a result of factors like laser damage or non-linear optical effects.
At extremely low power (i.e. 0.9 uW) in the uncalcined material this response does not appear to
be completely proportionate, resulting in poorer RSS values. This is likely related to the organic
material present in the sample, which may bleach more readily at higher laser powers. In this case
it is suggested that effects of photobleaching on organic material are considered as systematic

issues.
4 Discussion

4.1 Effect of laser power on emission spectrum

The power study appears to show two primary results. The first is that at room temperature and
high temperature, both samples do not appear to be adversely affected by an increase in laser

power in a significant way.

As expected from the previous chapter, there are some visible differences in the spectral shape.
The broader emission of the uncalcined sample in Figure 35 when compared to the calcined
sample in Figure 33 is attributed to the presence of OSDA, which remains within the cages of the
zeolite structure following synthesis and prior to calcination. In contrast, the spectra of the
calcined material, being devoid of significant concentrations of organic material, is narrower and

lower in intensity.

In both cases, neither the peak position or spectral shape in Figure 33 and Figure 35 appear to be
significantly affected when the power is increased. This appears to be the case in both the moving
laser and static laser experiments. This implies that within the power range studied here, the
photoluminescence of the zeolite framework itself is relatively impervious to the influence of
laser. This is further supported by the plot of power against peak intensity, which shows a linear
agreement between 22 — 900 pW.

The uncalcined chabazite demonstrates slightly more spectral variation at room temperature with
changing power. Although the peak position is unchanged at different powers for both the static
and moving laser experiments, the width of the falling edge of the spectrum does show a slight
increase as laser power increases. This effect is more pronounced in the moving laser experiment,
which could be attributed to either a slight photobleaching effect occurring by overexposing the
sample in the static experiment, or to inhomogeneity in the zeolite that becomes evident as the
laser is moved to different areas of the sample. This effect may feasibly be attributed to both as

the red region of the uncalcined PL spectrum is due to occluded organic material, which is both
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volatile under the influence of a laser and likely to vary in concentration across the sample. In
complex emission systems at room temperature, it is perhaps the case that increasing laser power
preferentially pumps different fluorophores to produce spectra with slightly different peak centres.
Overall, the variation is attributed to the organic material, which is generally more susceptible to

photobleaching
4.2 Effect of temperature on emission spectrum

In both samples there is a significant increase in emission intensity when the temperature is
increased. This phenomenon has been reported previously in zeolites and is acknowledged as a
particular challenge as a background that needs to be overcome in operando Raman studies®®?.
Such a dramatic increase in emission intensity is remarkable as it is typically expected that
photoluminescence signal would quench with increasing temperature®. Temperatures exceeding
360 °C would certainly be considered an extreme environment for a molecular fluorophore to be

emitting so effectively.

Interestingly, although the calcined and uncalcined samples possess distinct spectral features at
room temperature spectra, at high temperature the difference between the samples is no longer
clearly evident. Rather, at high temperature the spectral series for each sample begin to look the
same. At irradiation up to 90 uW, samples exhibit broadened spectra with a peak centred at around

460 nm. From 415 uW and above, the spectra are instead centred at around 500 nm.

Further to this, the high temperature gated spectra show similarity between both samples. At 0 ns
the fast signal was centred at 477 nm, and at 30 ns the peak is centred at 525 nm. This indicates a
common emission mechanism is responsible for PL at high temperature. Additionally, the marked
differences between the room temperature and high temperature spectra in each sample, as well
as the similarity between the high temperature datasets for the calcined and uncalcined sample,
imply that the emission mechanism at high temperature differs from the emission mechanism at
low temperature. At elevated temperature, the emission might be attributed to an alternative, non-
molecular radiative pathway in the chabazite framework itself, which is the common denominator
between the two samples. In the high temperature calcined sample, there is an additional feature
in the 30 ns gated spectra at 456 nm. This phenomenon is explored in greater depth in an in situ
study in Chapter VI.

4.3 Conclusion

In this study, a comparative analysis was conducted between a series of power studies acquired
as a function of temperature, laser position, and sample composition. In the region of 0.9-900 pW,
the calcined and uncalcined sample were both found to be relatively stable. In the region between

22-900 pW the power relationship appeared linear. This means that operating laser
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characterisation at powers below 900 uW are unlikely to damage the sample too significantly.

Higher than this, it is likely that the effects of photobleaching will become more pronounced.

At high temperature, an unexpected increase in emission intensity occurred. The sample did not,
however, behave unexpectedly with increasing power at high temperature maintaining a
proportional increase in signal intensity with power. This unexpected result will be explored
further in the following chapter with an in situ experiment.
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Chapter VI

In situ Time-Resolved
Photoluminescence Spectroscopy

Studies of Detemplation and MTO

In collaboration with the Valentini group in the Experimental Physics Department at the
Politecnico di Milano

To be submitted to in Journal of Physical Chemistry C
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1 Introduction

In Chapter IV, a room temperature emission signature was measured for a zeolite undergoing
detemplation. It was established that this signal was arising from a molecular origin of either
occluded template material or template derivatives forming during the detemplation process. A
non-molecular emission component was also speculated to be visible in the calcined sample. At
this stage, it was proposed that the signal may be somehow intrinsic to the aluminosilicate
framework. Chapter V constituted a power study, performed to determine whether the emission
signal exhibited any power dependency under different temperature and sample conditions, and
to determine whether experiments were being conducted in a ‘safe’ power region that wasn’t
causing excessive non-linear damage to the sample. In this chapter, yet another characteristic
emission signal was observed when the sample was elevated to a high temperature. Across two
compositionally differing samples, a calcined and an uncalcined sample, the imposition of
temperature resulted in an emission spectrum that appeared almost identical irrespective of the
presence of an adsorbed molecular phase. This prompted speculation that zeolites may exhibit
interesting behaviours at high temperatures (i.e. >300 °C).

In this chapter, the same time-resolved photoluminescence spectroscopy is extended to include
an in situ setup with the aim of discovering how the photoluminescence effects recorded in
previous chapters evolve and change with time. The results are split into two sections: Part A, and
Part B. Part A builds directly on the work in Chapter IV focusing on in situ detemplation
experiments, performed in real time in a reaction cell. To the best of this author’s knowledge the
only other similar in situ study* noted was a combined UV-vis/fluorescence spectroscopy study
by Karwacki et al** of detemplation in an MFI crystal, which is discussed further in Section 4.1.1.
The experiments presented in this chapter would therefore appear to be unique and without direct
literature precedent. As a complement to the detemplation experiments, two additional in situ
experiments were also conducted. The first is a heating study of calcined SSZ-13, conducted to
discern the effects of temperature on a zeolite framework in the absence of significant
concentrations of adsorbed organic species. The second is a heating study of calcined silicon-only
SSZ-13 in air, conducted to discern the effects of temperature on a framework in the absence of

aluminium and significant volumes of adsorbed molecular species.

Part B showcases how the technique may be extended to study actual catalytic reactions by
successfully recording spectral differences during the methanol-to-olefins (MTO) reaction. The

MTO reaction has been introduced in Chapter | and involves the conversion of methanol into

10 This is not to say that other studies on related topics do not exist. A selection of those that do explore the
effects of heating on a zeolite are discussed in Section 4, but these are not performed under in situ conditions
combined with a TRPS setup.
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higher value hydrocarbons over a zeolite catalyst. In this thesis, the same SSZ-13 sample is used

to catalyse this reaction®?,

A major conclusion drawn from the results of the experiments in this chapter is that there is a
high-temperature emission mechanism differing from the room temperature signal acquired in
Chapter 1V attributed to a molecular origin. The origin of this high-temperature emission
mechanism is assigned in the discussion to the proliferation of oxygen point defects. Oxygen
point defects have been relatively extensively theorised in modelling of silica materials. However,
providing experimental evidence is very challenging because doing so requires, in effect, atomic
level resolution of bonding differences in an element that is vastly abundant in the sample. Point
defects are not necessarily accompanied by significant changes in composition or sample structure,
but it is expected that local electronic properties in the material would be different where defects
are arising, which is something photoluminescence spectroscopy would be capable of detecting

if the defects create new energy states that can act as emission pathways.
In this chapter, this postulate is supported by:

e Previous modelling studies in silica and zeolite materials that predict the formation of
oxygen point defects

e  Temperature behaviours in the detemplation and silicon-only chabazite fulfilling some of
the theoretical expectations of point defects

e Changes in spectral intensity and shape during the MTO reaction correlating with oxygen
point defects acting as potential active sites in the catalyst

As a final note, the in situ experiments have been analysed by presenting the following types of

datasets:

e CW spectra, which are often separated into different temperature regions to look at
intensity trends

o Normalised CW spectra, which are included to show how spectral profiles change with
temperature

e Analysis of peak intensity and position as a function of temperature, included in
graphical form to visualise trends, and in tabulated form to quantify changes more easily

e Gated spectra'?, to see how the emission dynamics might change as a function of time

11 Note that SSZ-13 is not necessarily the most efficient catalyst for use in this reaction. Instead, SAPO-34,
a silicoaluminophosphate zeolite based on the same CHA topology, is generally acknowledged as the
catalyst of choice for MTO. However, SSZ-13 is used from the point of view of continuity, given that its
emission behaviour has been well-studied up to this point in the thesis and that any further changes observed
in situ may be more accurately assigned to the progression of the catalytic reaction.
12 Gated spectra were not acquired for all experiments owing to the time required to record this data,
which did not always conform to the time constraints associated with in situ experimentation.
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Mechanism in Framework

2 Experimental Section

2.1 In situ Setup

The time-resolved photoluminescence spectroscopy setup described in Chapter 3 was used in this
set of experiments. Samples were loaded into a Linkam CCR1000 reaction cell fitted with quartz
windows. An Oasis 3 water cooler (Solid State Cooling Systems, New York) was connected via
1/8” tubing and push-fit connections to cool the Linkam cell when being operated at temperatures
over 200 °C. An EcoSys-P mass spectrometer (European Spectrometry Systems, Northwich) was

used to monitor products travelling from the exhaust line.

Inert He gas and synthetic air (pre-mixed 20 % O, in N2) were used in this experiment. He was
used to flush lines or provide an inert sample environment, and synthetic air was used for active
detemplation experiments. Figure 38 shows the gas schematic diagrams. 1/16” PTFE tubing with
Swagelok connections were used throughout. Gases were modulated via mass flow controllers
(Brooks Instrument, Pennsylvania) and connected to the reaction cell via a three-way valve, with
only one gas source able to flow through the cell at any given time. An on-off switch (not shown)
was also installed in each gas line to prevent leakage through the system. Due to the small cell
and sample volume, all outgas flow from the reactor was directed into the mass spectrometer to
maximise signal. A non-return valve was installed in the vent line coming out of the mass
spectrometer to prevent exhaust gas reuptake. For the methanol-to-olefins experiment (see Figure

38B) a syringe pump was installed into the line with a T-piece.
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Figure 38 Gas schematic diagrams for A) basic setup used in detemplation and temperature studies, and
B) methanol-to-olefins setup

2.2 Temperature Protocol

Three different type of temperature protocol were used for in situ experiments. They were
continuous temperature ramping, quenching, and temperature ramp reversal. These are
summarised in Figure 39. Fresh sample was used for all experiments with as-synthesised material
for studies related to detemplation and pre-calcined material for the MTO reactions.

In continuous temperature ramp studies, the sample was slowly ramped up to a target temperature.
The aim of this study was to mimic a catalytically relevant environment in situ, using similar
heating gradients, to see how photoluminescence signal changes throughout the course of a
reaction. For the detemplation study, this involved heating at a rate of 2 °C/min with at least 30
mL/min gas flow. The samples were held for a period of time at 100 °C. This was to ensure the
zeolite was gradually dehydrated to prevent framework steaming, a process known to damage the
sample, at higher temperatures. Two repeats of this study were conducted, one where the laser
position was fixed and another where the laser was rastered across the sample between
measurements. An increased oxygen flow rate was also used in the second repeat to reduce the

rate of sample darkening.
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Figure 39 Temperature protocol for different experiments: A) Continuous temperature ramp study of
detemplation, B) quenching study, C) continuous temperature ramp study of MTO reaction. Note that times
are representative and actual experiment times were longer in some cases to accommodate acquisition
times. The MTO experiment also featured an additional activation period at 550 °C prior to methanol injection

In the quenching study, the sample was brought to 100, 300, and 500 °C and then quenched back
to room temperature each time (see Figure 39). The aim of this study was to determine whether
the spectra observed were affected by temperature. Detemplation was chosen, as the changes in
the photoluminescence at different stages of the process have previously been established (see
Chapter 1V). If elevated temperatures were seen to be affecting the spectral profile of the emitted
signal, it was expected that there would be a difference between the spectra at high temperature
and following a rapid quench to room temperature. The sample was cycled through three different
temperatures, being first brought to 100 °C at a rate of 2 °C/min and then quenched to room
temperature at a rate of 8 °C/min, then being reheated to 300 °C and quenched at the same rate,
and finally brought to 500 °C and back down to room temperature. The sample was held at each

target temperature for 15 min before being quenched.

In the temperature reversibility study, the sample was ramped continuously through a range of
temperatures to reach a target temperature of 500 °C, and then slowly brought back to room
temperature. The aim of the study was to determine whether temperature effects behave in a
reversible fashion or not. Determining whether temperature effects are reversible or not may
provide insight into the mechanism of high temperature photoluminescence. This study was
conducted on a calcined chabazite sample (SAR=15) and a calcined silicon only chabazite sample.
Although similar in principle to the quenching study, the temperature reversibility study was
120



CHAPTER VI: IN SITU TRPS PART A (DETEMPLATION)

conducted on pre-calcined zeolites under non-reactive gas conditions. It was not expected that the
sample would show significant chemical changes in the way a zeolite undergoing detemplation
would, therefore it was decided that continuously ramping the temperature up and down would

be the most time-efficient experiment.
2.3 Si-only SSZ-13 Characterisation

A silicon-only SSZ-13 sample is studied in Section 3.2. The sample was synthesised in the same
manner as described previously in fluoride media but without aluminium feedstock. XRD data in
Figure 40 confirms the CHA structure, with characteristic bands at 9.58, 13.00, and 20.86
corresponding to the (100), (-110), and (-210) reflections®. A slight difference in the position of
the bands is seen, which are shifted to higher angles, and can be attributed to the lack of Al

stressing the framework.
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Figure 40 Powder XRD data of calcined Si-rich SSZ-13 (blue), uncalcined Si-rich SSZ-13 (red), and
calcined Al-containing SSZ-13 (SAR=15; black). Acquired by Dr Miren Agote Aran.

NMR data in Figure 41 confirms the absence of Al from the Si-only sample. In the 2’ Al solid state
NMR spectrum, the line at around 60 ppm corresponds to tetrahedrally co-ordinated AlO42%4. A
small amount of extraframework Al can also be seen in this sample at around 0 ppm, which would
have an octahedral AlOg co-ordination. In contrast, the Si-only sample shows no lines,
highlighting the lack of Al present. In the 2°Si solid state NMR trace both samples exhibit a band
at -111 ppm, which is corresponds to a tetrahedrally co-ordinated Si atom Si(OSi). This band is

more intense in the Si-only sample as this form of silicon environment vastly dominates.
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Figure 41 27Al (top) and 2°Si (bottom) solid state NMR of Si-rich SSZ-13 sample compared to Al-containing
SSZ-13 (SAR=15). Spectra were acquired with a Bruker Avance Il unit with a widebore BB/1H WVT probe
(tuned to 104.27 MHz for 2’Al and 79.49 MHz for 2°Si) at a magnetic field strength of 9:4T. Acquired by Dr

Miren Agote Aran.

Additional IR spectroscopy in Figure 42 also demonstrates the absence of Al in the Si-rich sample.
Al-containing SSZ-13 features a band at 3730 cm™, which is attributed to the OH stretching of
isolated silanol groups, as well as two Brgnsted acid sites at 3600 and 3580 cm™'¢%, The high
frequency site at 3600 cm™ has been attributed to Bransted acid sites sitting in the eight-membered
ring windows of the CHA structure, whereas the low frequency site at 3580 cm™ are acid sites
that are not directly exposed to the eight-membered rings?'®. While the Si-only sample exhibits
the isolated silanol group band at 3730 cm, there is no evidence of either the high or low

frequency Bransted acid sites, which is to be expected given the lack of Al.
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Figure 42 FTIR data of Si-rich SSZ-13 (blue) and Al-containing SSZ-13 (SAR=15; black). Acquired on
Nicolet iIS10 spectrometer under inert He gas conditions at 150 °C. Acquired by Dr Miren Agote Aran.

3 Results

3.1 Uncalcined SSZ-13

3.1.1 In situ Detemplation

3.1.1.1 Visual Changes

Visual changes in the sample are documented in
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Table 13. Over the course of a detemplation it is expected that the white synthesised sample may
turn black as a result of acid promoted hydrocarbon pool chemistry followed by incomplete
combustion of the aggregated products, which are in turn decomposed and removed rendering the
sample white again®. The in situ experiment here represents the first half of the detemplation
process. To stem the production of combustion products, oxygen availability was increased by

doubling the rate of synthetic air flow in the second experimental repeat.
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Table 13 Visible changes in sample as a function of temperature during detemplation for two
experimental repeats under different air flow conditions with photos at select temperatures showing sample
packed inside Linkam CCR1000 cell and crucible edge

Temperature

(°C)

Room temp to
350

375

450

475

500

550

Visual changes

30 mL/min air flow

60 mL/min air flow

White ﬁ)owder

Yellow around the edges

Coking visible on edges

Coke ring extending to almost
halfway across the sample

Sample slightly yellow around
edges of crucible edge

Ring of black around the crucible
edge, yellow spreading across
centre

Sample is no longer white. White
areas are pale yellow, and there is
a fine ring of black around the
edge.

Border of coke increasing. Yellow
colour becoming darker.
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3.1.1.2 Continuous Wave Spectra

A) 30 mL/min O, flow, fixed laser position
55000

{44000

- 33000
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Intensity (a.u.)
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B) 60 mL/min O, flow, moving laser position
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128000
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- 14000
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Figure 43 CW fluorescence emission spectra tracking the detemplation process of uncalcined H-
SSZ-13: A) 30mL/min oxygen flow with fixed laser position B) 60 mL/min oxygen flow with moving laser
position.
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The detemplation experiment was repeated twice (see Figure 43). In the first, spectra were
measured from the same fixed laser position and in the second the laser was moved to a new spot
prior to each measurement. These are also referred to as experimental repeat 1 (fixed laser) and
experimental repeat 2 (moving laser). For both experiments, trends in peak intensity and spectral

shape were subdivided into four sections as shown in Figure 44.
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Figure 44 Proposed regions of activity in the detemplation process for moving laser experiment: A)
Room temperature to 300 °C B) 300 to 350 °C C) 375 to 525 °C, and D) 550 °C

The first region of interest is from room temperature to 300 °C, shown in Figure 44A. At room
temperature a triple peak is visible in the spectrum. The central peak at 399 nm (3106 cm™) partly
encompasses the region for the O-H Raman stretch of water, indicating the sample is hydrated.
That the 399 nm peak is associated with the presence of water is further confirmed by its
diminishment from 100 °C onwards, indicating that the sample is dehydrating. Throughout this
early dehydration period, peak intensity reduces to less than 2 % of the original hydrated intensity,
and is tracked in Figure 46C. Normalised spectra in Figure 45 show that the biggest changes to
the spectral profile occur between 100 and 300 °C.
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Figure 45 Normalised CW of detemplation at representative temperatures for moving laser
experiment: A) Room temperature to 300 °C B) 300 to 350 °C C) 375 to 525 °C, and D) 550 °C

Figure 44B shows the second region of interest from 300 to 350 °C. This region is characterised
by relative stability in the spectral shape and intensity. The raw data presented here show that the
fixed laser experiment appears to have a higher emission intensity than the moving laser
experiment with spectral profiles that appear to almost overlay in this temperature region.
Conversely, the moving laser experiment seems to show a small degree of intensity evolution
with increasing temperature. However, in the scheme of the whole experiment, peak intensity in
this temperature region appears relatively stable until 375 °C (best visualised in Figure 45C) with
the variation in the moving laser experiment perhaps attributable to sample heterogeneity. Further
to this, the normalised dataset in Figure 45 shows that even the spectral profile of the moving
laser experiment in this temperature region appears the same, with the peak position centred at

445 nm for both repeats of the experiment.

The third region of interest in Figure 44C covers the temperature range between 360 and 525 °C.
In this region, the sample exhibits a dramatic increase in peak emission intensity. Normalised
spectra in Figure 45C show that the peak position of 445 nm remains fixed and there is little to
no evidence of peak broadening. Figure 43 shows that the highest intensity recorded is in the fixed
laser experiment at around 500 °C, implying that the laser itself may be contributing to the

emission mechanism.
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The final proposed region of interest encompasses spectral variations viewed after holding the
sample at 550 °C for some hours. At 550 °C the peak centre has red-shifted to from about 450 nm
at 525 °C to around 500 nm.

60000

—o— Fixed Laser
—o— Moving Laser

50000

40000 -

30000 -

Intensity

20000 -

10000 -

T T T T T T T T T T T
0 100 200 300 400 500 600
Temperature (°C)

Figure 46 Peak intensity plotted as a function of temperature for in situ detemplation for fixed laser
experiment (black) and moving laser experiment (red)
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Table 14 Values of maximum peak intensity for in situ detemplation experiment for two experimental
repeats. A single value taken from peak intensity of each spectrum was selected to denote the increasing
intensity. Peak position (i.e. wavelength) was not taken into account. Peak intensity is also formulated as
percentages of the maximum intensity of the original room temperature measurement and as a percentage
of the maximum intensity of the previous measurement to show evolution.

Max. Peak Max Peak Peak Height 9% | P8ak Heignt %
Temperature Intensity Position of Initial RT D'gfésigcues()f
°C) (a.u.) (nm) Measurement 1o asurement
Moving Fixed Moving | Fixed . Moving Fixed Moving : Fixed
25 36715 | 11797 396 399 - - - -
100 6744 3892 403 405 18 33 18 33
200 3213 1776 436 449 9 33 48 46
300 2501 1455 436 436 7 12 78 83
310 2531 - 447 - 7 - 101 -
320 2449 - 446 - 7 - 97 -
325 1931 1931 - 447 16 - 106
330 2374 - 446 - 6 - 97 -
340 2371 - 448 - 6 - 100 -
350 2353 1803 448 447 6 15 99 93
360 2673 - 447 - 7 - 112 -
370 2649 - 447 - 7 - 99 -
375 - 2551 - 447 22 - 105
385 2510 - 449 - 7 - 95 -
390 2737 - 447 - 7 - 109 -
400 3044 7060 447 447 8 60 111 277
410 7706 - 445 - 21 - 101 -
420 8074 - 442 - 22 - 105 -
427 - 13569 - 448 115 - 137
430 8521 - 448 - 23 - 106 -
440 8640 - 447 - 24 - 101 -
450 9971 15345 445 449 27 130 115 113
460 17323 - 450 - 47 - 109 -
470 18011 - 453 - 49 - 104 -
475 - 18850 - 446 160 - 151
480 19283 - 456 - 53 - 107 -
490 21452 - 457 - 58 - 111 -
500 23586 @ 18891 457 448 64 160 110 100
510 36266 - 464 - 99 - 110 -
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520 40264 - 475 - 110 - 115 -
530 45539 - 484 - 124 - 116 -
540 51318 - 485 - 140 - 120 -
550 51930 | 33675 500 457 141 285 110 129
550 50102 | 1584 504 473 136 13 96 5
550 52397 @ 24955 505 473 143 212 105 1576
550 49536 | 27651 509 472 135 234 95 111
550 59128 | 30083 545 485 161 255 119 109

3.1.1.3 Gated Spectra
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Figure 47 Gated spectra of moving laser detemplation experiment with time gates at 0 20, 40, and 60

ns grouped by temperatures ranging from 25 to 500 °C

Gated spectra in Figure 47 at room temperature show a lifetime dynamic consistent with that

discussed in Chapter IV. Up until 400 °C, there appears to be evolution in the gated spectra. At

100 °C, the 20 ns gate shows similarity to the room temperature ensemble with a peak at 408 nm
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and a second component with a peak at 470 nm. At 200 and 300 °C the fast-lived component in
the first window has a peak at around 440 nm and an additional shoulder at around 530 nm. The

longer-living component at these temperatures also appears to have shifted to around 505 nm.

From 400 °C onwards, the gated spectra show the greatest similarity. The first time-window
features a peak centred at 440 nm. From 400-550 °C, this peak position no longer changes. All
temperatures also show a second longer lived component with a peak at 505 nm. This peak also
does not change position across this temperature range. Notably, the spectral profile of the longer
living component in this temperature region changes to a more symmetric shape than what was
observed at lower temperatures. It is interesting to note that the sharp increase in emission
intensity at 400 °C also appears to be associated here with a different lifetime dynamic in the
gated spectra that interestingly does not appear to evolve with further temperature elevation. This
spectral ensemble may tentatively be ascribed to a different emission source than the low

temperature measurements.

Additionally, from 400 °C the spectra in the 60 ns gate is more clearly defined than in the datasets
from room temperature to 300 °C, where the signal in the 60 ns gate appears as a background
signal. This indicates that between 300 and 400 °C a longer living emission pathway appears to
have formed.
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3.1.2 Quenching Study

Figure 48 shows all emission spectra for this experiment. Most notable from this plot is once
again the dramatic increase in intensity observed beyond 350 °C. A plot tracking the peak intensity

is included in Figure 49.

A) Cycle 1: 25°C - 100°C B) Cycle 2: 25°C - 300°C
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Figure 48 CW fluorescence emission spectra tracking the heating and quenching of an uncalcined
H-SSZ-13:A) Cycle 1, where sample is ramped from 25 to 100 °C; B) Cycle 2, where sample has been
guenched back to 25 °C and is then ramped to 300 °C; C) Cycle 3, where sample has been quenched back
to 25 °C and is then ramped up to 500 °C; D) Cycle 3 continued, where the sample is quenched back to
25 °C.

Figure 48A shows initial room temperature emission spectra. This spectrum is like previous
spectra acquired from uncalcined SSZ-13 framework zeolites (see Chapter IV and V) and exhibits
a primary peak at 440 nm and a shoulder feature at around 550 nm. In Chapter IV, this spectrum
was attributed to emission from the sterically confined organic structure directing agent. The
spectral profile appears the same for each of the three repeats. Slight differences in peak emission

intensity can be attributed to inhomogeneity across the sample.

Figure 48A also shows the first temperature cycle. Upon heating to 100 °C, the intensity of the
emission spectrum decreases to 57 % of the original room temperature signal (see Table 15). This
is in line with what has been observed previously (see Section 3.1.1). Quenching the sample back
to room temperature sees the emission intensity increase, but to only 84 % of the original room
temperature measurement. The spectral profile in all room temperature measurements even after

guenching from 100 °C are the same implying that the sample has not experienced any change.
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In terms of the detemplation process, this is to say that there does not appear to be any major
compositional changes (i.e. template decomposition) that have happened yet. However, at 100 °C
there is some peak broadening in the red, indicating the emission pathways at this temperature are

perhaps different.

Figure 48B shows the second temperature cycle where the sample is heated again from room
temperature to 300 °C. Upon heating, the spectrum intensity increases to almost 3 times the last
room temperature measurement, but shows a 6-fold increase in peak intensity upon guenching
back to room temperature as shown in Figure 49. Although the elevated temperature spectra at
100 and 300 °C share a similar shape, upon guenching back to room temperature the spectrum
appears changed compared to previous room temperature measurements. Following elevation to
300 °C, the shoulder previously described at around 550 nm appears to have decreased, although
the peak position is in a similar place. This observation is reasonable, because at 300 °C one would
expect to start seeing structural changes to the occluded template material. Unpublished in situ
NMR studies have shown that 300 °C is the temperature at which the adamantane cage begins to
separate from its functional group®®. Given that the 550 nm shoulder feature has previously been
ascribed to the occluded template material, depletion in this region is consistent with changes to
either the structure or concentration of the template material. Interestingly, in the transition from
300 °C back to room temperature, an increase in emission intensity is observed, indicating that in

this zeolite system at 300 °C, temperature appears to be acting as a quenching mechanism.

13 Conducted in proprietary studies by Johnson Matthey
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Figure 49 Peak intensity plotted as a function of temperature of quenched uncalcined chabazite for
sample being heated to 100 °C (black), heating up to 300 °C after being quenched to room temperature from
100 °C (red), heating up to 500 °C after being quenched to room temperature from 300 °C (blue), and
quenching back down to room temperature from 500 °C (green)

Figure 48C & D shows the spectral behaviour during the final temperature cycle from room
temperature to 500 °C and back to room temperature. Figure 49 shows how the peak intensity
changes with temperature. During the ramp up to 500 °C, the emission intensity gradually
decreases with temperature up until 300 °C. Interestingly, in the previous temperature cycle,
300 °C appeared to have a quenching behaviour on the emission as is replicated in this

temperature cycle.

From 350 °C, the sample appears to reach an inversion point where the peak intensity suddenly
increases, with temperature no longer appearing to quench, before again significantly dropping in
intensity again at 500 °C. From 400 °C, a different spectral shape is observed with the peak
position red-shifting to 515 nm. It is postulated that the significant change in emission intensity
and broadening of spectral profile from 350 to 450 °C is evidence of a wholly different emission

mechanism.

At 500 °C the peak shifts again to 560 nm and is additionally accompanied by a significant drop
in emission intensity. This spectral profile is maintained throughout the quench back down to
room temperature. Figure 49 shows that during the quench back to room temperature, the
emission intensity first drops at 450 °C. However, following this the emission intensity begins to

increase again as the temperature continues to drop. When the sample reaches room temperature
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for the final time, the peak emission intensity is 44 % of the original recorded room temperature
emission intensity and is shifted by around 150 nm. The same sample measured 24 h later at room
temperature shows the same spectral profile with some increase in emission intensity, indicating

that the peak shift represents a permanent change in the sample.

At 500 °C it is expected that further changes are being made to the occluded template material,
with a higher degree of template degradation and perhaps formation of template derivative
molecules as previously indicated in Chapter 1V. It is already known from a study of a sample
quenched halfway through the detemplation process (i.e. the ‘intermediate sample’) in Chapter
IV that the emission spectrum becomes significantly red-shifted with decreased intensity due to
the proliferation of new hydrocarbon species with different emission characteristics. The
darkening of the sample is partially responsible for the decreased intensity due to self-absorption.
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Table 15 Values of maximum peak intensity for quenched detemplation experiment formulated as
percentages of the maximum intensity of the original room temperature measurement and as a percentage

of the maximum intensity of the previous measurement

RT

Peak
— — _Pea(l)< Height %
Temperature Peak Peak  Height%of o o0 o of
. Comment |ntensity Position Initial RT Previous
°C) Measureme
(a.u.) (nm) nt Measuremen
t
Original room
25 1492 446
temp
100 854 466 57 57
Quenched from
25 100°C 1248 441 84 74
300 2367 474 159 277
Quenched from
25 300°C 7853 436 526 629
Ramping up to
50 500°C 6509 439 436 275
Ramping up to
100 500°C 5185 440 347 66
Ramping up to
150 500°C 3753 440 251 58
Ramping up to
200 500°C 2630 445 176 51
Ramping up to
250 500°C 1933 472 130 52
Ramping up to
300 500°C 2039 475 137 78
Ramping up to
350 500°C 6590 447 442 341
400 Egg;‘g‘”g upto 65980 460 4422 3235
Ramping up to
450 500°C 54796 513 3672 832
500 52784 556 3537 80
450 g#e”‘:h'”g o 53036 561 3554 97
400 g#e”‘:h'”g o 1930 560 129 4
350 Quenching to 375 562 25 1
RT
300 %G”Ch'”g to 414 569 28 21
250 Quenching to 606 568 41 162
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25

662

580

44

160
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3.2 Silicon-only SSzZ-13

Figure 50 shows the heating and quenching of a siliceous (i.e. Si:Al %) pre-calcined chabazite

sample. Compared to other in situ experiments so far, this experiment is unique in that the zeolite

sample does not experience any huge increase in emission intensity with different temperatures,

with all spectra scaling onto a more limited y-axis. It is interesting to note that the absence of this

phenomenon is accompanied by an absence of aluminium in the framework.

A) Increasing T from 25°C to 500°C

B) Decreasing T from 400°C to 25°C
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Figure 50 CW fluorescence emission spectra tracking the heating and quenching of a calcined
silicon-rich SSZ-13 sample for A) sample heating from 25 to 550 °C, B) sample cooling from 550 to 25 °C,
C) normalised spectra, and D) peak emission spectrum intensity plotted as a function of temperature for
sample being heated to 550°C (black), quenched back to room temperature (red), and at room temperature
one day after experimentation (blue) to demonstrate overall changes in emission intensity with evolving

temperature.

A view of all normalised spectra in Figure 50C shows that most spectra overlay in a similar

fashion, especially during the heating process where the room temperature and high temperature

emission profiles occupy a similar position. The peak position does not shift dramatically except

upon cooling where a small blue-shift of around 10 nm is evident. During the quenching process,

the tailing edge of the spectrum appears to experience broadening, however at room temperature

following quenching the spectra appears very similar to the original room temperature spectrum.
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Compared to previous experiments, the emission spectra for silicon-only chabazite appears

relatively narrow and is most similar to the calcined SSZ-13 sample studied in Chapter IV.
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Figure 51 Regions of activity: A) Room temperature to 250 °C, B) 275 to 300 °C, C) 325 to 400 °C, and
D) 450 °C

Figure 51A shows that between room temperature and 250 °C the peak intensity decreases in a
similar fashion to what was observed in Section 3.1 and Section 3.2. Overall, it appears the
dehydrating the sample reduces the emission intensity. Between 275 and 425 °C the emission
intensity appears to increase slightly, and between 450 and 550 °C there does not appear to be
any appreciable relationship between the change in temperature and change in emission intensity.
Similarly, when quenching the temperature from 550 °C back to room temperature although there
is generally a slight trend of decreasing emission intensity with decreasing temperature. A room
temperature experiment acquired one day later after the sample had been exposed to atmosphere
showed an increase in emission intensity comparable to the original room temperature
measurement. Increase in emission intensity at room temperature here is likely related to

hydration, given that zeolite frameworks are highly hygroscopic.

More so than any other in situ experiment, the silicon-only chabazite showed the greatest amount
of reversibility in its emission behaviour following a heat treatment. This is particularly clear from
the minimal change in the normalised spectral shape from the beginning to the end, and restored

emission intensity. Additionally, during heating the sample exhibited the least number of
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discernible trends with non-variable spectral shape and seemingly temperature-independent
intensity behaviour. Further to this, between 350 and 450 °C there was no obvious jump in

emission intensity like what has been recorded in other in situ experiments.

Table 16 Values of maximum peak intensity for Si-CHA heating experiment formulated as percentages
of the maximum intensity of the original room temperature measurement and as a percentage of the
maximum intensity of the previous measurement

Max. Max Ll H(I:igﬁtk %
Temperature Peak Peak  Height%of .. 20 o
Comment |ntensity Position Initial RT .
°C Previous
(°C) Measureme
(a.u.) (nm) i Measuremen
t
o5 Original room 1337 412
temp

100 981 412 73 73
200 661 407 49 67
225 319 410 24 48
250 296 408 22 93
275 455 406 34 154
300 432 406 32 95
325 551 406 41 127
400 528 400 39 96
425 577 403 43 109
450 536 403 40 93
475 468 401 35 87
500 407 400 30 87
525 522 397 39 128
550 436 400 33 84
400 %e”‘:h'”g © 673 400 50 146
300 (Fg_llJ_enchmg to 236 401 18 35
200 %J_enchlng to 472 402 35 200
100 %J_enchlng to 353 402 26 75

o5 S_llj_enchlng to 319 408 o4 91

25 Day after 1604 412 120 502
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4 Discussion

4.1 Initial Observations

Three in situ experiments monitoring the photoluminescence spectra of as-synthesised chabazite
undergoing detemplation, as-synthesised chabazite undergoing a cyclic heating-quenching
program, and a previously calcined silicon-rich chabazite sample undergoing heating. Figure 50
attempts to broadly compare these experiments by taking the peak emission intensity from each
spectrum measured at each temperature and then plotting them together. Most striking in the
comparison is the dramatic increase in emission intensity seen beyond 350 °C in the as-
synthesised heating and quenching experiments. The effect is incredibly pronounced, with the
peak intensity at these elevated temperatures reaching over 10 times that which is observed in

spectra acquired at room temperature.
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Figure 52 Comparison of peak emission intensity for detemplation of as-synthesised chabazite, cyclic in
situ quenching of as-synthesised chabazite, and heating of silicon-rich chabazite

At first glance, it is reasonable to consider that most obvious difference between the samples
exhibiting this high temperature response and the sample that does not is the presence of an
occluded OSDA. In the previous chapter, the evolution of this OSDA following a period of
pyrolysis has been shown to result in a changing emission spectrum. 350 °C might then be
identified as the point at which emissive OSDA-derived PAHSs and the like begin to proliferate,

which in turn manifests as an increase in visible emission.
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This course of reasoning is confounded, however, by the fact temperature is typically considered
to be a significant collisional quenching mechanism® (see Chapter I1). This has been shown to be
the case irrespective of the origin of emission?'®. Temperature is considered to be such a powerful
quenching mechanism that 250 °C?' frequently represents the upper extremity of the term ‘high
temperature’ in the context of photoluminescence experimentation, with molecular origin
fluorescence having been evidenced to quench at temperatures below even 100 °C?'821°, This is
in stark contrast to the conventional understanding of ‘high temperature’ in the field of catalysis,
which routinely subjects samples to thermal treatments in excess of 500 °C during the final step
of preparation (i.e. detemplation), pre-catalytic activation, and catalyst regeneration. It is quite
unexpected, therefore, to see such a pronounced photoemissive response in zeolite samples from
350 °C onwards, a temperature environment that would certainly be considered extreme from a
fluorescence standpoint. Despite the focus on molecular origin luminescence from occluded
template material in Chapter 3 at room temperature, it is not likely that the proliferation of
carbonaceous species in the zeolite is solely responsible for the elevated emission observed during

in situ experimentation??°.

Our attention turns to the other significant difference between the two sample sets, which is the
aluminium content of the framework. While the as-synthesised samples both have an SAR of 15
(see Chapter I11), the silicon rich sample has an SAR of . The following section considers the
implications of the presence of Al and discusses the possibility of high-temperature emission

originating from the framework itself.
4.2 High Temperature Photoluminescence and Formation of Point

Defects

4.2.1 Previous Evidence of High Temperature Photoluminescence in Zeolites

High-temperature proliferation of photoluminescence in silica-based materials has previously
been reported, although in zeolite samples* specifically the studies available are on this
phenomenon are extremely limited. The most immediately relevant example is a paper by Bai et
al.?2, which reports a strong broadband luminescence from zeolite samples subjected to high-
temperature annealing, data of which is reproduced in Figure 53A & B. This experiment measured
NH4-FAU zeolites annealed at a series of high temperatures at room temperature with a 325 nm
excitation source and showed an increasing photoluminescence signal between 500 and 550 nm
from 100 to 500 °C. The plot tracking peak position with temperature in Figure 53B are similar
to data collected in Figure 49. The emission is assigned to oxygen defects such as neutral oxygen

vacancies, non-bridging oxygen hole centres, and interstitial defects. Of all the related studies,

14 Most photoluminescence studies of zeolites focus on photoluminescence arising from metal ion-
exchange and pore-confined metal clusters.
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this work bears the greatest resemblance to the data generated in this thesis; most specifically
because of the use of a UV excitation source, the relatively featureless nature of the emission
recorded, the peak position being still within the visible rather than NIR, and the intensity ratio

as a function of temperature.

Mech et al.??? also report a temperature-induced photoluminescence in their studies of Er*
exchanged zeolite L whose emission spectrum is again attributed to the supposed introduction of
oxygen vacancies, achieved by a three-step anneal at 200, 400 and 600 °C. The study includes the
emission spectrum of an oxygen vacancy enhanced zeolite L recorded at 355 nm, which appears
broadband and centred at 550 nm, and additionally claims that zeolite without induced oxygen
vacancies do not exhibit photoluminescence. Although the similarity between the broadband
emission spectrum presented and the data obtained in this thesis is notable, the paper itself is
perhaps problematic in that it only presents samples borne of one type of annealing process and
no emission dynamic from other sample preparations to compare against. There are also a few
room temperature studies of zeolite films that, in a similar line of reasoning, attribute the

photoluminescence observed to structural defects!’22,

High-temperature photoluminescence is slightly more widely reported in non-zeolite silica-based
materials!®224225226 One noteworthy example is a study by Nakamura et al.??’ who observe a
similar behaviour in their study of annealed porous silicon powder. This study also captures a
guenching behaviour at low temperature (see Figure 53D) similar to what is seen in the early
stages of the detemplation and quenching experiments presented in this thesis (see Figure 46 &
Figure 49). A similar trend is also reported by Li et al.?? and Cullis et al.?®® This trend is attributed
by Nakamura et al. to the formation of surface defects generated by hydrogen atom desorption,
with re-emergent emission intensity at high temperature arising as a result of suppression of
surface defects by oxygen passivation. In contrast to the results presented in this thesis, the peak
intensity following annealing in these samples never exceeds the original room temperature
intensity. This discrepancy may be related to the non-zeotypic nature of the silicon-based sample
studied.
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Figure 53 Photoluminescence spectra of annealed silica-based samples reproduced from literature:
A) Photoluminescence spectra of zeolites annealed at temperatures from 100 to 700 °C and B) Peak position
plotted as a function of annealing temperature. Reprinted from Journal of Photoluminescence, 145, Zhenhua
Bai, Minoru Fujii, Kenji Imakita, Shinji Hayashi “Strong white photoluminescence from annealed zeolites”,
288-291 (2014) with permission from Elsevier??!; C) Photoluminescence spectra of porous silicon powder
annealed at various temperatures and D) Peak intensity plotted as a function of annealing temperature.
Reprinted from Journal of Photoluminescence, 4/6, T. Nakamura,T. Ogawa,N. Hosoya,S. Adachi, “Effects
of thermal oxidation on the photoluminescence properties of porous silicon”, 682-687 (2010) with permission
from Elsevier??’

Another related effect is photoluminescence in crystalline silicon that is attributed to quantum
size effects of the silicon structure itself rather than defect sites. Efficient visible light emission
has previously been reported in crystalline silicon samples etched to achieve different structural
features such as wafers preferentially oriented along particular crystal planes and quantum-
confined silicon wires?®®. Tanaka et al.?®* considered this as a possible source of
photoluminescence in their study of Si species trapped in zeolite pores alongside the contribution
of aforementioned oxygen vacancies. Additionally, they collate numerical values for the photon
energy values of different types of emission components, with 2.6 eV being assigned to oxygen

defects, 4.0 eV to polysilanes in supercages, and 1.6 eV for silicon nanoparticles.

Defect formation, a common theme in the previous literature discussed here, presents itself as an
interesting mechanism for high-temperature luminescence and its theoretical basis is explored

further in the proceeding section.
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4.2.2 Types of Oxygen Point Defects in Zeolites

In Chapter 1, a crystal was defined as a repeating structure based on a lattice with specific
geometric requirements. In zeolites the lattice is defined by the tetrahedral co-ordination of Si**
and O% atoms. A point defect occurs when there is an irregularity on a lattice point. Theoretically
it is possible to have three types of point defects: vacancies, substitutions, and interstitials (see
Figure 54). Further to this, defects can be considered as either intrinsic or extrinsic, intrinsic
involving atomic species native to the material and extrinsic involving those that are chemically
different to the host. Point defects influence the local energy arrangements of the regular host
lattice through strain and the framework mutually exerts a stress on the defect. Due to the porosity
and semi-ionic nature of zeolite bonding, a zeolite framework should be able to accommodate a

relatively high number of point defects.
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Figure 54 Point defect structures in solid crystalline materials including self-interstitials, which is termed
as a Frenkel or Schottky defect in ionic structures when paired with a vacancy, substitutional defects,
vacancies, and interstitial defects

Perspective depending, many aspects of zeolites could be considered point defects. For example,
APP* could be considered an extrinsic substitutional defect on the Si site but is not always viewed
as such as its presence is considered fundamental to the definition of a zeolite. Defects in SiO»
have been studied since the 1950s and have been recognised to drastically alter electronic and
optical properties of the material?®2. Despite the commonalities between their structures, this is
not so much the case in zeolites where the relationship between oxygen defect formation and
optical properties has been shown thus far to be relatively under-discussed topic. This section will

attempt to outline the types of possible oxygen point defects in zeolites, taking into account the
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defect classification that has already been defined for SiO.. Industrially applicable zeolites tend

to feature higher Si:Al ratios, so due consideration of the SiO, defect model is not unwarranted.

Oxygen point defects are complex and usually formed via a combination of vacancies, interstitials,
and substitutions. Five types of oxygen defects are summarised in Table 17 and Figure 55: the E’
centre, non-bridging oxygen hole centres (NBOHCs), oxygen deficient centres (ODCs), self-
trapped excitons (STEs), and interstitial oxygen. These features have all previously been detected
as unique structures using electron paramagnetic resonance (EPR) or electron spin resonance
(ESR) spectroscopy?3. Most importantly, these selected defect structures, of which in practice
there are more, are of interest for their visible photoluminescence properties. Formation of any of
these vacancies is complex and will often happen in a multi-step process requiring defect
precursors that is not always well understood. Some of these formation steps rely upon exposure
to a highly energetic source of irradiation or elevated temperature.

Table 17 Summary of different types of oxygen point defects occurring in silica structures

Defect Description Notafion Do Paras Optical Bands
Type magnetic
Unpaired spin in a dangling
tetrahedral orbital of an under- s
coordinated Si atom. Variants of 5.85 eV or 211 ﬁm235
E’ Centre | the defect type exist depending =Sje Para : e ission:
on the annealing process, None ’
nature of irradiation, and water
content?34,
Absorption:
Hole trapped on oxygen.
May form from fission of a 1.97 anq 4.'8 ?st?
Emission:

NBOHCs strained Si-O-Si bond or when =Si—e Para
H is radiolytically liberated from
OH groups in wet silica?3®,

1.91 eV or 649 nm
(T=20 LJS) 237,238
2 eV or 619 nm?37.238
Oxygen monovacancy when a
bridging oxygen is missing.

Absorption:
These are separate to E’- 5 6.9 and 7.6239240 g\
centers, which are_ also forms of s Emission:
ODCs ODCs. ODC(l) is a neutra! | = I_— i= (1) Dia 2.7 eV or 459 nm (1=4
vacancy formed of relaxed Si-Si | =Siee (ll) ns)?41

bridge and ODC(ll) is an
unbonded, unrelaxed Si bridge.
The origin of ODC(ll) is
unknown.

When an exciton (i.e. bound
state of an electron-hole pair)
interacts with phonons
suppressing the ability of the L

exciton to move through the Emission:

STEs crystal; a deformation of the i 2-3evor619-413

4.4242 ¢V or 281 nm
(1=10.4 ms) 24

198
lattice around the exciton. nm
Potentially formed when Si-O
bond ruptures and forms -O-
0233_
IErETEl Interstltlgl o>'<ygen gan 90cur Absorption
naturally in high purity silica or - 4.8 eV or 258 nm
oxygen can be generated by expelling Emission:
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O atoms from their usual sites 1.8-2.0 eV or 688-620

into the lattice. Indications that nm (depending on
atomic O is mobile at 400 °C?%3 excitation A)%*4
2.0-2.5 eV or 620-495
nm245

Figure 55 Examples of different oxygen point defects in silica where red atoms represent Si and grey
atoms represent O, including a) non-bridging oxygen hole centres (NBOHC), b) oxygen deficient centres,
and C)(i)E’ and (ii) E’ centres

4.2.3 Characterisation of High Temperature Point Defect Formation

Point defects, many of which have shown to be paramagnetic in the preceding section, have
traditionally been best studied using techniques capable of discerning spin properties. The
commonest example is nuclear magnetic resonance (NMR) spectroscopy as well as electron spin
resonance (ESR) and infrared (IR) spectroscopy. Similar to data showing high-temperature
photoluminescence, there are few studies relating directly to oxygen vacancy formation in zeolites

although these studies exist extensively in the context of silica materials.

Density functional theory (DFT) modelling by Catlow et al.?*® as shown in Figure 56 predicted
that calcination could transform Brgnsted acid sites into oxygen vacancies coupled with Al
impurities in cluster model calculations based on siliceous chabazite. It was thought that two types
of paramagnetic centres may form: one being an electron bound to Si next to the oxygen vacancy
(i.e. E’ centre) formed upon removal of OH", and another being an electron hole localised on

oxygens at the dehydrogenated Brgnsted site. Pinpointing hole localisation was noted to be
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challenging with simulations over one, two, three, or even four oxygen sites (both bridging and
non-bridging) appearing to yield different types of electronic defects with a global energy
minimum characterised by a three- or four- centre hole configuration. It was also implied that

vacancy migration could lead to the formation of an ODC(II) defect.
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Figure 56 Transformation of Brgnsted acid sites. Reprinted from Catlow et al.?*6 with permission from
Taylor & Francis.

It is known that certain frameworks with particular silicon-to-aluminium ratios have been shown
to be crystallographically stable up to 900 °C?4?48, However, a relevant question arising from
theoretical modelling is whether the presence of oxygen point defects is even possible given that
many of the bridging oxygen sites in question are critically important to the structural integrity of
the framework. The possibility of a stable three-coordinate aluminium configuration within a
zeolite has been proposed by Al K-edge XANES of mordenite and zeolite beta?*®. This study
stated that at temperatures above 400 °C a portion of tetrahedrally coordinated aluminium
converted to a three-coordinate species, which remained stable to room temperature, but
converted back to tetrahedral aluminium after exposure to ambient atmospheric conditions. Al-
EXAFS has also been used to show that aluminium maintains its position within the framework

following thermal treatment?®°.

Dehydroxylation, the process by which Catlow et al. propose E’ centre formation may occur in
zeolites, has been shown to occur by FTIR studies®®*. Yun et al.?®2 summarised the following two
pathways for dehydroxylation: heterolytic dehydroxylation by dehydration, and homolytic
dehydroxylation by dehydrogenation. Similar to DFT modelling, they too propose that

dehydrogenation leads to the generation of a hole localised over one of the aluminium-associated
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oxygen sites?? using a combination of mass spectrometry-temperature programmed desorption
(MS-TPD), electronic structure calculations, and XRD in SSZ-13.
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Figure 57 Heterolytic (top) and homolytic (bottom) dehydroxylation pathway reproduced from Yun et
al.?5?

In situ experimental work by Balint et al.>* claimed to provide evidence for oxygen vacancy in
MFI-type zeolite using *?°Xe-NMR and ac-conductivity studies. They too suggest that oxygen
vacancies form in H-ZSM-5 via dehydroxylation at temperatures above 400 °C, although Bai et
al. claim from their assignment of photoluminescence signal solely to oxygen vacancies that this
defect formation is visible from as low as 100 °C. Their *Xe-NMR are corroborated with
previous NMR studies that also conclude the formation of paramagnetic vacancies at high
temperature®®®. Notably, they propose a kinetic model for the rate of vacancy formation during
heating in an oxygenated environment, which is summarised in Figure 58. Up to 400 °C where
dehydroxylation is low, a negligible rate of defect formation is assumed. From 500 to 600 °C,
where dehydroxylation is thought to be occurring, they assume the formation of a diamagnetic
oxygen deficient centre and propose the following rate constant for oxygen vacancy formation

using Krogner-Vink notation:

p L3
Vo = 1 ,
Z[Alsi]P(Oz)l/z

The aluminium ratio is used as a fixed rate limiter, which additionally implies that the

concentration of holes is directly proportional to the rate of dehydroxylation (i.e. temperature).

At higher temperatures from 700 to 900 °C, they propose that the oxygen vacancies formed are
re-incorporated with gas-phase oxygen to form paramagnetic oxygen sites with labile holes. Their

model is interesting given that it is based on dynamic in situ data.
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Figure 58 Model describing formation of oxygen vacancies?**. Reproduced from Ref. 250 with
permission from the PCCP Owner Societies.

4.2.4 Interpretation of Data Generated

The proliferation of emission intensity at high temperatures is thus attributed to the formation of
oxygen point defects. The correlation is drawn based on the following arguments.

Firstly, a previous body of literature has demonstrated that lattice defects associated with oxygen
sites in SiO; are capable of augmenting the optoelectronic response of the material. In particular,
NBOHCs, ODCs, STEs, and interstitial oxygen all exhibit photoluminescent emission between
413 and 688 nm (see Table 17). It is interesting to note that the peak position recorded in high
temperature spectra is 450 nm or greater, and that in the case of the detemplation experiment in
Figure 48, with increasingly high temperatures (i.e. 500 °C and greater) the peak position is red-
shifted to almost 550 nm. It should also be noted that photoluminescence spectra alone are not
enough to discriminate between different types of defect structures as certain emission bands
outlined in Table 17 have similar energies (e.g. NBOHCs and interstitial oxygen), and EPR or

ESR are required for more detail.

Secondly, the existence of oxygen point defects within a zeolite structure has been shown to be
feasible, and that dehydroxylation®® is at least one reasonable mechanism by which this might
occur. Studies from a broad range of research areas all tend to support the idea that E’ centres and
oxygen deficiency centres are likely to preferentially form out of the dehydroxylation process.
However, even with modelling and evidence of defects, it is still very difficult to know what the

actual pathway of defect formation is.

Thirdly, the gated spectra confirm a definite evolution in the emission dynamics of the sample;

namely that the longer living component undergoes both a red-shift and a lengthening of the
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lifetime (see Figure 47) between 300 and 400 °C, indicating a new emission pathway is being
established. Cross-referencing back to previous chapters, this is consistent with what was
observed in Chapter 5’s Figure 36 where the same behaviour was observed in both calcined and

uncalcined (i.e. organic-rich) material.

Finally, the results of the Si-chabazite provide an interesting support to the idea that high
temperature photoluminescence is generated by oxygen vacancies. Critical to models explaining
oxygen vacancy formation is the negative charge of substituted AI**, which may be compensated
by protons located on O? sites, oxygen vacancies in the absence of gas-phase O,, and O holes in
the presence of a gas phase. OH" groups are predominantly extant in the framework as a result of
Al** requiring charge compensation, meaning that vacancy concentration is generally related to
the Si:Al ratio of the zeolite. The absence of AI** in silicon-only chabazite therefore means many
of the preferential oxygen vacancy sites are no longer available, partially explaining why at high
temperature the silicon-only chabazite experiences minimal changes in emission intensity and
spectral shape. As demonstrated in Figure 50, the silicon-only sample only really experiences
significant emission intensity changes in the early stages of the heating process and at 24 hours
after the experiment following exposure to the atmosphere. More clearly evident in the
comparison in Figure 59, the silicon rich sample also does not experience a change in peak
position with increasing temperature, and retains a similar profile to its room temperature
spectrum, compared to the higher aluminium-content sample, which experiences a change in

spectral profile at high temperature.
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Figure 59 Comparison of high temperature spectra recorded at 400 °C for silicon-rich SSZ-13 (black)
and as-synthesised SSZ-13 with an SAR of 15 (red)

Thus, high temperature experimentation may be providing direct evidence of point defect
formation. Table 17 identified that oxygen deficiency centres, non-bridging oxygen hole centres,
self-trapped excitons, and interstitial oxygens feature photoluminescence bands in the same
region as exhibited in the recorded spectra. Up till 200 °C, it is not expected that the emission
spectrum generated is arising as a result of oxygen defects. This is because the spectral features
have previously been analysed and assigned to the presence of occluded organic template material.
Additionally, from the discussion preceding this, previous studies on oxygen point defects tend
to identify 400 °C as the temperature at which oxygen point defects are likely to form, whether
by dehydroxylation, annealing or otherwise. Based on the intensity dynamic in Figure 46, it could
be argued that the first emission spectrum with contribution from oxygen defect emission is not
visible until 400 °C when the peak intensity starts to rise. Additionally, gated spectra from 400 °C
onwards have the greatest amount of similarity with each other compared to gated spectra
measurements from room temperature to 300 °C, which still appear to have varying components.
Between 400 and 550 °C, the emission intensity appears to rise almost linearly in line with Balint
et al.’s prediction that vacancy formation increases linearly with increasing temperature. In
combination, this could reasonably be interpreted to mean that the emission spectrum for 400 °C

onwards is depicting the presence of oxygen point defects.
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The silicon-only chabazite experiment raises interesting considerations regarding the nature of an
‘intrinsic’ framework photoluminescence signal. With its peak position unwavering at around 410
nm or 3.0 eV, perhaps this is simply photoluminescence somehow arising as a result of the
complex structural configuration of the framework itself, or perhaps it is arising as a result of a
different type of point defect?"-28 formed with statistical inevitability in the siliceous framework
during synthesis rather than by high temperature heating. Either way, the more practically inclined
may be satisfied to accept simply that the framework itself practicably carries an intrinsic

photoluminescence that may require due acknowledgment in spectroscopic studies.

High temperature emission mechanisms provide interesting avenues of thought in further in situ
experimentation. Certainly, greater understanding of these proposed defect structures would be
gleaned with complimentary ESR studies. Beyond this, the lifetimes associated with these
structures, which can be long in the case of singlet-triplet transitions, could be used to monitor

the formation of defects during in situ lifetime analysis studies.

4.3 Quenching Effects

4.3.1 Dehydration

One of the most consistent observations across all experiments is the decrease in emission
intensity at low temperatures®®, and its reversible increase in emission intensity following
exposure to atmosphere. That this phenomenon appears to be reversible with exposure to
atmosphere implies that dehydration may be partially responsible. At first, this may seem counter-
intuitive as it is generally assumed that water acts as a quencher reducing the photoluminescence
efficiency of a system?92%° although admittedly, this is only a generic summation, the veracity

of which may not necessarily hold true in all environments.

In the study of reversible hydration photoluminescence behaviours in inorganic materials, there
are studies in similar systems that report the opposite effect (i.e. an increase in photoluminescence
following dehydration). This is the case in a study of Zn/Al layered double hydroxide
nanoplatelets??, a historical study of Cu- and Ag- exchanged zeolites®*, and a study of terbium-

exchanged MFI zeolite?®2, among others.

However, there also exist studies on Ag-exchanged zeolites that seem to show a similar
photoluminescence response to dehydration as what has been observed here. A study of LTA(LI)-
Ag zeolites showed an intense blue emission in its partially hydrated state and a green emission
in its fully hydrated state®®®. Perhaps most relevant is a study by Lin et al.?®*, which discusses the

illumination mechanism of Ag* clusters in relation to a hydrated/dehydrated zeolite environment

!5 Note that in the MTO experiment between room temperature and 550°C in Figure 63 the emission
intensity appears to increase. This is rather due to the high temperature phenomenon discussed in Section
4.1.1.
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and reports that dehydration is responsible for the decrease in emission intensity and the formation
of a new peak at a different wavelength. The emission intensity is recovered once the sample is
rehydrated. An important difference here is the inclusion of Ag, which are well known
luminophores and will follow a very different emission pathway to the samples presented here.
However, they postulate that H,O molecules may be co-ordinating with Ag® atoms and the zeolite
framework to participate in the emission process and yield a unique photoluminescence spectrum.
Although metal-ions are not present in any of these samples, organic adsorbents are and it may
also be postulated that in a framework noted for its abundance of negative charge centres, H,O is

also participating by acting as a pathway through which charge transfer process may be facilitated.
4.3.2 Thermal Quenching

An alternative explanation to dehydration-related quenching may also be thermal quenching. This
may be the case where the original room temperature signal appears to be convoluted with the
Raman feature of water as is the case in Section 3.1.1. The depletion of the water Raman band
with dehydration initially gives the appearance of a much more drastic emission decrease. Further
decrease in emission intensity at 200 and 300 °C may then instead simply be arising as a result of
thermal quenching, which is still the traditionally expected emission response to temperature (in
spite of the discussion in Section 4.1.1), rather than the loss of a water facilitated emission
pathway. This may be further supported by the quenching experiment in Section 3.2 where the
measurements at room temperature and 100 °C feature presence of a water Raman peak at 396
from where the sample has not been held at 100 °C long enough for water to be removed. In this
case, changes in emission intensity are still visible, implying that here these might be only

temperature dependent.
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Part B. Methanol-to-Olefins Reaction

5 Method

The calcined zeolite was first activated at 550 °C prior to experimentation. This is a standard
procedure to remove adsorbed organics and water from the sample. Activation was achieved by
starting a flow of synthetic air at 60 ml/min to the sample and ramping the sample to 150 °C at
2°C/min and holding it for 30 minutes. The sample was then brought up to the target temperature
of 550 °C at a rate of 3 °C/min and held at temperature for 1 hour. After activation, the sample
was brought back down to 100 °C. Synthetic air flow was stopped, and inert gas flow was begun
at 30 ml/min, leaving the system for another 30 min for inert gas to equilibrate in the lines.

To begin the MTO reaction, the methanol syringe pump was switched on, injecting methanol at
a rate of 1.6 g MeOHy/ g cat. h into the system alongside inert gas flow. The system was maintained
at 100 °C to allow methanol to equilibrate for 30 minutes. Temperature was ramped up to 450 °C
at 1 °C/min. An EcoSys-P mass spectrometer (European Spectrometry Systems, Northwich) was

used to monitor products travelling from the exhaust line.

6 Results

6.1 Visual Changes

The methanol-to-olefins experiment was repeated twice (see Figure 60) under the same conditions

(see Section 2.2.2). Visual changes in the sample are recorded in
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Table 18. For both experiments, trends in peak intensity and spectral shape were roughly

subdivided into three regions of activity as shown in Figure 61 and Figure 62.
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Table 18 Visible changes in sample as a function of temperature during methanol-to-olefins reaction
for two experimental repeats under same experimental conditions including photographs

Temperature
°C)

Room temp to
200

250

300

350

375

400

160

Visual changes

Repeat 1

Repeat 2

Whité powder

Sample starting to turn green

Sample darkening to olive yellow

Rapid colour change beginning

Sample light green around edges

Light green across whole sample

Olive green

Olive green with dark ring around
edge
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Very dark green with black ring

450 around edge

550 Very dark green Very dark green/black across sample
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6.2 Continuous Wave Spectra
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Figure 60 CW fluorescence emission spectra tracking the methanol-to-olefins reaction over
activated H-SSZ-13 for A) experimental repeat 1, and B) experimental repeat 2
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Figure 61A shows the sample at room temperature prior to activation and at 550 °C after 2 hours
of activation. The 550 °C spectrum is similar to the high temperature spectra presented in the in
situ detemplation experiment in Section 3.1.1. Most similar is the large increase in emission
intensity demonstrated between the room temperature and high temperature measurement, in this

case a 4-fold increase (see Table 19), and the significant broadening of the spectral profile.
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Figure 61 Three proposed regions of activity in the MTO process for experimental repeat 1 (red) and 2
(blue): A) Sample activation, B) 100 to 300 °C, C) 325 to 400 °C, and D) 450 °C

Figure 61B shows the first proposed region of interest during the MTO reaction. This region is
characterised by a broad spectral profile and a general trend of decreasing emission intensity.
Upon dropping the temperature to 100 °C and introducing methanol the emission intensity
increases to a peak value over 9 times that of the emission intensity at 500 °C. As the temperature
is increased through to 300 °C, the intensity decreases again to a level comparable with the

original 550 °C pre-methanol spectrum.

The second proposed region of interest between 325 and 425 °C is shown in Figure 61C.
Compared to the previous region of interest, the overall emission intensity is much lower, which

corresponds with the overall darkening of the sample (see
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Table 18). The main peak has also further red-shifted with increasing temperature from around
464 nm at 300 °C to around 500 nm at 350 °C in experimental repeat 1. This region of interest
features the emergence of a second emission band in the red. In both experimental repeats, the
average position of this second band appears at around 670 nm (see Figure 62C). In the first
experimental repeat, the band does not appear until 400 °C but in the second experiment evidence

of the band can be seen from 325 °C.

Itis likely that this band can be explained by the formation of new reactant products in the MTO

reaction.
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Figure 62 Data analysis for MTO spectra between 325 and 450 °C: A) Normalised spectra smoothed with
a 30-point Savitsky-Golay filter; B) Changing peak positions with temperature

The final proposed region of interest is at the target temperature of 450 °C, as shown in Figure
61D. Although there is significant similarity in the normalised spectra at this temperature (see
Figure 62A & B) there is a discrepancy in the emission intensity, with experimental repeat 1
showing a maximum intensity almost three times that of experimental repeat 2 (see Table 19).
That being said, in terms of an overall trend both repeats show that the intensity at 450 °C relative
to previous temperatures is behaving similarly, with the experiment appearing, overall, to be quite
reproducible (see Figure 63). Differences can be reasonably attributed to the heterogenous nature

of catalysis, and the fact that it is almost impossible to perfectly replicate any catalytic reaction.
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Figure 63 Peak intensity tracked as a function of temperature for MTO reaction for experimental repeat
1 (blue) and repeat 2 (red)

Table 19 Values of maximum peak intensity for in situ MTO experiment formulated as percentages of
the maximum intensity of the original room temperature measurement and as a percentage of the maximum
intensity of the previous measurement. Asterisk (*) refers to position of the secondary non-maximal peak
emergent at higher temperatures.

_ » Peak Reako
Temperature = Max. Peak Intensity ~ Max Peak Position Height % of Height %
Initial RT Difference of
(°C) (a.u.) (nm) M Previous
easurement
Measurement
RT 7579 5370 395 395 - - - -
550°C 30536 22491 445 475 403 419 403 419
100°C 190456 @ 192199 430 427 2513 | 3579 624 376
150°C 100337 93523 432 444 1324 1742 53 55
200°C 81663 79581 435 444 1078 @ 1482 81 55
250°C 69072 60395 435 480 911 1125 85 53
275°C 59400 - 435 - 784 - 86 -
300°C 27825 10883 477 508 367 203 47 12
325°C 13503 5802 500 548 178 108 49 51
° 514 525
350°C 9407 7363 (664%) 124 137 70 56
] - 515
375°C - 4711 (667%) - 88 - 43
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500 670
400°C 11164 2884 (514%) 147 54 | 119 = 53
(663%)
) - 678
425°C - 2462 (505%) - 46 - 55
; 674 678
450°C 6293 2125 (504%) 83 40 56 86

6.3 Mass Spectrometry
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Figure 64 Mass spec trace from in situ MTO experiment monitoring chemical species present in the
exhaust line from the Linkam cell

Figure 64 shows mass spectrometry data presented from the point at which methanol was
introduced into the system, evidenced by the trace for m/z=32. Data collection was compromised
prematurely at 425 °C. Formation of heavier products including masses 26 corresponding to C,/Cs
hydrocarbons and 41 were seen to emerge at 200 °C and grow with increasing temperature.

Formation of benzene (m/z=78) and toluene (m/z=91) were not observed in significant amounts.

7 Discussion

7.1 Product Formation Leads to Quenching at High-Temperature

In the previous section, a proliferation in emission intensity and a pronounced band in the red

region at high temperature were attributed to the formation of point defects. In these studies, a
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different relationship between emission intensity and temperature is observed. Rather than
continuing to increase with temperature, in the MTO experiments the peak emission decreases
with temperature and begins to exhibit an evolution in the emission structure as shown in the

comparison in Figure 65.

In this system, it is known that organic species are actively forming as a result of a catalytic
reaction that is being fed ample volumes of methanol. It follows that changing colour of the

sample is accompanied by a decrease in emission intensity.

Quenching due to the adsorbed organic phase could be due to collisional quenching, from an

increased concentration of product, or self-absorption due to the darkening of the sample.

_ —— Uncalcined SSZ-13 in air @ 550 °C
35000 —— Calcined SSZ-13 in air @ 550 °C
—— Calcined SSZ-13 during MTO @ 450 °C
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Figure 65 Comparison of photoluminescence spectra acquired at high temperatures including
uncalcined SSZ-13 in air at 550 °C (black; from detemplation experiment in Part A), calcined SSZ-13 in air
at 550 °C (red; from the activation period of the MTO reaction), and calcined SSZ-13 during the MTO reaction
at 450 °C (blue)

7.2 Evolution of Band Structure due to Product Formation

In the MTO reaction it is expected that new products will be formed throughout the reaction. The
compositional change of the adsorbed species appears to be responsible for both quenching and
increasing the emission intensity at different stages of the reaction. Table 20 broadly summarises
the different stages of the MTO process, listing products that are expected to form at certain
temperatures when performed over a CHA topology zeolite. These products have been confirmed

in spectroscopic operando studies using UV-vis, Raman, and IR spectroscopy?°%2%,
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Table 20 Summary of the different stages of the MTO reaction in CHA topology zeolites including
what products are expected to form with approximate temperature ranges?®3

Stage Description Products Expected

1 Equilibration | Following methanol adsorption at DME
& Induction 100 °C, dimethyl ether (DME) forms.
(<250 °C) Dehydration
2 Autocatalysis | Period of active hydrocarbon pool | 250-260 °C: Olefinic species, minor
(250-300 °C) | catalysis. amount of aromatics
Secondary reactions diversify initial | 270-280 °C: Alkyl-substituted benzenium
olefinic product into more | ions, naphthalenes, dienylic carbocations,
hydrocarbon types. ethylene, propylene, butylene

290-300 °C: Polyenes

Methylbenzenes

3 Deactivation | Catalyst begins to deactivate (i.e. 320-450 °C: Polycyclic aromatic

(300 °C<) reduced methanol conversion) carbocations*, methylbenzenes,
methyladamantanes, methylnaphthalenes
Phenanthrene derivatives

Pyrene

Graphitic coke

Below 300 °C, the emission spectrum still bears some shape similarity to that recorded in the
experiments of Part A. For this reason, the spectra in this temperature range are disregarded, as it
is not certain whether these are due to catalytic product formation. Additionally, the main n-> nt
* absorption for simple alkenes is at wavelengths below 200 nm. Therefore, it is not expected that
characteristic photoluminescence spectrum for any early olefinic species would be observed.
From 300 °C, however, the fluorescence intensity appears to be quenched, demonstrating a new
behaviour to what was observed in Part A. From this point onwards, the emission signature is
therefore primarily attributed to product speciation. At 300 °C, a single peak is visible at 500 nm
and a secondary emission peak at 650 nm emerges after 350 °C. By 450 °C, a visible peak at 675
nm is extant. These temperatures correlate with the middle of the active hydrocarbon pool process

and proceed into the deactivation stages of the overall reaction.

As discussed previously, it remains the case that the emission properties of fluorophores forming
during the reaction will be affected by the chemical environment posed by the framework. It is
not possible for us to experimentally reproduce zeolite material loaded with only one type of
confined fluorophore with the view to create a control or comparator, for example, as it is
sterically impossible to force them into the framework. Therefore, direct comparisons should not
necessarily be made between literature measurements of chemical standards and those measured
from within the zeolite. Of the list of products expected to form around 300 °C, methylbenzene
(or toluene) excited at 266 nm has a fluorescence maximum at 280 nm, which has been shown to

shift to the red with elevated temperatures at a rate of around 2 nm per 100 K®27 polycyclic
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aromatic hydrocarbons, which are known to form at temperatures in excess of 350 °C, are well
known to be fluorescent. Assignments are on this topic discussed in greater depth in Chapter VII.
It is likely that the band at 650 nm is due to PAHS.

As an example, the proliferation of graphitic or amorphous carbon species, for example, is likely
to cause a degree of quenching as they are generally not emissive and will also cause self-
absorption owing to their dark colour. Raman spectra of a zeolite quenched partway through the
detemplation process shows evidence of D and G bands (see Chapter IV Figure 28), meaning it
is not unreasonable to consider the presence of such quenching products during coke-forming
catalytic processes.

7.3 Active Reaction Sites

Based on the discussion in Section 4.1.1, it is likely that oxygen sites are forming during high-
temperature treatment of the zeolite samples. Further to being responsible for interesting emission
dynamics, oxygen vacancies are also of interest for their potential as active sites in reactions such
as MTO. There have been previous catalytic studies in oxide materials that indicate oxygen
vacancies play a role as activation sites for different molecules (e.g. CO over Cu-Y0Os-stabilised
Zr0,%8 CH,0 over TiO»?*°, high-temperature CH, activation over lithium-doped MgO?°, CH,4
activation is unambiguously mediated by oxygen vacancies over Ce0;2'1,%%). It might be

reasonable to consider that like CH4, CH30H may also be activated by either oxygen vacancies.

The data presented show that from 100 °C the peak photoluminescence emission intensity
progressively decreases. Prior to this, an activation was conducted at 550 °C under oxygen flow,
which was not characterised in detailed temperature steps but may have feasibly allowed for the
introduction of both total oxygen vacancies or paramagnetic O sites, effectively ‘pre-loading’ the
zeolite with defects. Based on the detemplation experiment, during a further temperature ramp
we may expect to see a further increase in vacancies with temperature. Conversely, what is
observed is a decrease in intensity from 300 °C onwards, which could be related to quenching
either in the form of self-quenching from changing colour or from the growth of more non-
emissive components like graphite. These seem unlikely, however, because at this early
temperature, it is neither likely for graphite to be forming nor was any significant colour change

observed (see
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Table 18).

An alternative explanation could be that assuming high temperature emission relates to defects,
the formation of catalytic products is interfering with the defect emission. If this is the case, we
know that from detemplation study, we don’t expect to see an emission increase again until >
300 °C. However, this dynamic is not observed, with the emission intensity instead being lowest
between 300 and 450 °C. The spectral changes in this temperature region indicate that evolution
in the reaction products is being observed. Therefore, it is postulated that the oxygen vacancies
are acting as active sites in the MTO reaction, being filled as activation takes place over them.
This offers an explanation for the continued diminishment of the characteristic oxygen vacancy
signal. If so, this could be a powerful method for seeing when changes in reaction rates might
happen during in situ experimentation. Additionally, it might also be postulated that the oxygen
vacancies provide an alternative activation pathway in addition to standard MTO mechanisms.

8 Conclusion

While it was first presumed that in situ work would yield spectra that directly reflect the changing
chemical speciation within the framework at different points in the detemplation process and the
methanol-to-olefins reaction, the results instead demonstrated that the zeolite framework itself
begins to contribute more significantly to the emission spectra at high temperatures (i.e. 350 °C+).
In the absence of a growing proportion of organic phase being fed by a constant supply of reactant,
as is the case in the MTO reaction, the emission spectrum of the zeolite at high temperature
exhibits a broadband emission with an extremely pronounced increase in intensity. In the
discussion presented, it was postulated that the elevated temperatures provide the energy required
for oxygen point defects to form within the framework, either in the form of deficiency centres or
interstitials. This supports earlier DFT work that predicted the presence of oxygen vacancies. As
such, it is demonstrated that in situ photoluminescence spectroscopy may actually be used in
certain zeolitic systems to monitor the presence of framework aberrations at high temperature.
This would certainly warrant further studies as the phenomenon of defect formation is very
difficult to capture in other modalities and may otherwise go undetected as the window to ‘see’
such effects has been shown to be relatively small, in this case requiring high temperatures. This
technique presents itself as an attractive option to accompany existing techniques like ESR or
EPR, which are already used to probe defects, by acting as a bulk characterisation technique for

point defects.

By contrast, in the MTO reaction in situ data produced spectra that seemed to evolve in a manner
more representative of the changing chemistry occurring within the sample. The general intensity
guenching exhibited at higher temperatures with greater product formation lends greater weight

to the argument that increases in intensity at high temperature in the first set of experiments are
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due to an alternative emission mechanism pathway such as framework defects. This highlights
the broad scope of the technique, which in this context monitored the formation of hydrocarbon
pool products. In the right catalytic system, the setup could be used alongside fingerprinting
methods like Raman as a technique utilised for its sensitivity in detecting the presence of species
of interest. It is still unclear what the significance of potential defect sites on catalytic performance
might be. A recent study by Yarulina et al., for example, postulated that silanol defects were of
utmost importance being associated with a faster rate of coke formation and therefore deactivation
during MTO over DDR-type zeolite catalysts*2. Equally, a study by Liang et al. claimed that
silanol or framework defects did not aggravate catalyst deactivation in an MTO study using MFI
zeolites prepared using different synthesis methods?’2. Future in situ studies that evaluate the
relationship between catalyst structure and functional performance are necessary, particularly
those that more widely appraise different frameworks in the same reaction.

Consequently, there are a multitude of avenues for future work utilising this technique. On the
topic of defect formation, further studies utilising zeolites with different topologies, SARSs,
synthesis methods, and post-processing methods could be characterised to identify any trends.
Taking full advantage of the technique’s flexibility in accommodating in situ apparatus, further
catalytic reactions could be performed such as MTO over different topology or metal-exchanged
frameworks. In future work, the setup used here could be modified to include additional excitation
lines or detection probes (e.g. UV-vis) to yield even greater amounts of simultaneously acquired
data.
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Chapter VI

Multimodal Imaging of Emissive
Sites in Partially Detemplated

Crystals

In collaboration with the Central Laser Facility

Submitted to Angewandte Communications as Omori N, Candeo A, Mosca S, Lezcano-Gonzalez
I, Robinson I, Greenaway A, Collier P, Beale A. (2020) Multimodal Imaging of Autofluorescent

Sites Reveals Varied Chemical Speciation in SSZ-13 Crystals.
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1 Introduction

The internal landscape of a zeolite is exceedingly chemically complex. Being not only
compositionally and structurally varied over a micron length scale, the results of the last few
chapters have also highlighted the propensity for localised variability on a micro- to hanometre
length scale. High-temperature spectroscopic studies in Chapter V expressed the possibility that
the aluminosilicate framework, far from being a perfect crystalline structure, has the capacity to
accommodate an appreciable number of point-defects. Similarly, it is also well acknowledged that
where catalysis is concerned, the internal volume plays host to a variety of different hydrocarbon
products, the content of which likely varies compositionally from pore to pore depending on its
proximity to the crystal surface®23, Were it possible shrink in size and hop from lattice point to
lattice point, looking around, the surrounding chemical environment would appear appreciably
different with each step through the zeolite?’,

Within the field of catalysis, however, the nanoscale complexity of these materials is often
overlooked in favour of a more top-down summation of their properties. This is primarily related
to the predominant use of bulk average characterisation techniques, which by their nature
actualise a broader understanding of the samples. Structural and compositional parameters like
crystallinity (XRD), silicon-to-aluminium ratios (digestion followed by ICP-MS or EDXRF), and
cation loading are all considered in terms of averaged values that are correlated with bulk catalytic
performance metrics like conversion efficiency and selectivity of a batch of material. In an
industry that commercially uses hundreds of kilograms of zeolites to catalytically convert many
cubic metres of gases?”, a bulk average characterisation approach is highly applicable and
certainly not remiss. However, with growing needs for more exacting catalytic design in systems
such as standard catalytic reduction (SCR)?® and methanol-to-olefins (MTO)?"’, garnering a
deeper understanding of the real microstructural characteristics of a zeolite may provide the
answers required for next-generation catalyst development. Single crystal imaging and mapping

techniques provide the spatial resolution required to achieve this.

Atomic imaging methods are able to provide highly detailed structural information due to their
unparalleled resolution. Transmission electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM), and scanning tunnelling electron microscopy (STEM) techniques
are now able to provide 2D and 3D atomic-scale structural information®”®. Traditionally these
techniques have struggled to provide spatial and chemical information of adsorbed organic
phases?”®, although in more recent advancements, atomic methods such as atom probe
tomography (APT) have also been able to provide carbon-sensitive chemical information by
creating 3D compositional reconstructions of coked ZSM-5 crystals?®, These techniques may

also necessitate significant sample modification (e.g. wafer formation for TEM, gold coating for
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SEM) and require high vacuum sample chambers, meaning that the scope for imaging zeolites in

a catalytically representative environment can be limited.

The previous chapters have demonstrated the relevance of photoluminescence spectroscopy from
a chemistry perspective. Although this technique is also a bulk average technique, an extension
of this laser-based characterisation technique that does provide spatial resolution is confocal laser
scanning microscopy (CLSM) and its advanced derivative fluorescence lifetime imaging (FLIM).
CLSM generates fluorescence intensity images, whereas FLIM generates maps containing pixel-
by-pixel information of fluorescent decays. Sharing the benefits of its spectroscopic counterparts,
these imaging techniques are also non-destructive and can be acquired under ambient conditions,

inviting the possibility of in situ imaging studies.

Similar to early discussions on the nature of photoluminescence spectroscopy research,
fluorescence imaging studies can be divided into two categories: those that utilise a fluorescent
dye, and those that utilise an intrinsic auto-fluorescence signal. The majority of work today
focuses on imaging a distribution of dye particles to gain further insight into structural domains,

or to comment on catalytic activity based on the behaviour and interactions of the dyes used.

Early studies simply stained zeolite samples with dyes to see where the structure was able to
uptake it, such as Bonilla et al.’s confocal study of grain boundaries in MFI-type zeolite
membranes?®!. More selective staining has also been conducted by Weckhuysen et al. who have
used thiophene to tag Brensted acid sites?22%3, Thiophene is a particularly useful dye for zeolite
imaging studies, as it is non-emissive in its monomer form, only becoming fluorescent after it
oligomerises in the presence of Brgnsted acid sites. They have also identified furfuryl alcohol as
a molecule that can behave similarly as a tag by becoming emissive only upon oligomerisation
onto an active site, using it to develop a 3D imaging?“ and single-molecule imaging method called
nanometre accuracy by stochastic chemical reactions (NASCA)®%132 a technique similar to

super-resolution stochastic optical reconstruction microscopy (STORM)?,

Metal doping, which is known to induce luminescence in zeolite samples, has also been imaged
in lanthanide(111)-doped zeolites to show dopant distributions across films with the view to use
the emissive behaviour in optical authentication systems®®. Less work has been conducted on
imaging the autofluorescence of zeolites. Karwacki et al.}*% have focused on imaging the
growing fluorescence that arises from large ZSM-5, SAPO-34, SAPO-5, and CrAPO-5 crystals
during the detemplation process, attributing the emission observed to the proliferation of
fluorescent intermediate products. Further, they use the images to comment on the intergrowth

structure of large zeolite crystals.

FLIM has so far only been used to study tagged crystals. It has previously been demonstrated in
zeolite L to show J-aggregate coupling between pyronine dye molecules inside nanochannels?®.
Bulk FLIM studies of pyronine inside zeolites have indicated multiexponential decays, which
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implies that molecules interact with each other inside the pore structure?®”. Multimodal lifetime
imaging studies were able to show an increase in lifetimes towards the centre of the zeolite L
crystals, which were correlated with aggregate formation. FLIM has also been applied to metal-
organic frameworks?® (MOFs) to study the incorporation of fluorescein isothiocyanate and
rhodamine B isothiocyanate into a UiO-67 framework. Changes in lifetime were attributed to
nanoscale defects and regions of higher dye concentration, all of which were visually mapped to

show spatial distributions.

This chapter presents a multimodal imaging study of partially detemplated chabazite. The results
show a spatial distribution of template derivatives, but moreover is able to identify three unique
types of emissive products. Building upon the spectroscopic understanding of these samples from
Chapters 4?%° to 6, the capabilities of optical microscopy are pushed to interrogate the relationship
between catalyst structure and function.

The study is differentiated from the prior art on zeolite imaging in three critical ways. Firstly, the
imaging performed is label-free. This is thanks, in part, to a unique set of 30 um chabazite crystals
that are large enough to image while maintaining satisfactory resolution. Although they are
arguably larger than typical industry-sized chabazite catalysts, they are more than just model
systems being only 3-4 times larger than those synthesised and applied in catalytic studies®®,
meaning the results shown here have a more direct catalytic relevance. Secondly, it uses a
multimodal combination of CLSM, FLIM, and Raman mapping. The use of FLIM in a label-free
zeolite study may thus far be considered a novel contribution to the field. Finally, the results of
the study are able to begin to comment on the chemical speciation throughout the crystals. This
represents an important advancement in the chemical relevance of optical microscopy to the field
of catalytic chemistry, as this characterisation technique has predominantly been used to comment

on either crystal structure or the distribution of active sites throughout the crystal structure.
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2 From Spectroscopy to Imaging

It is important to consider that imaging brings its own set of technical challenges when compared
to spectroscopy, which should be considered prior to mounting the samples into a commercial
confocal microscope. Commercial microscopes refer to pre-built imaging systems that are
purchased as a whole unit, typically inclusive of the laser source, and offer minimal scope for
customisation when compared to home-made setups. Two points of consideration are: the
wavelength of excitation and signal-to-noise.

2.1 Wavelength of Excitation

UV irradiation is often favoured in spectroscopy because the higher energy beam is able to induce
photoexcitation in a wide range of organic molecules and semiconductor materials. In the free-
coupled spectroscopy setup used, alignment of a light source that is invisible to the naked eye
through UV-appropriate fused silica optics is feasible. UV optics can be extraordinarily expensive
as they require material components like glue that do not luminesce or degrade with UV excitation,
and mounting these into commercial microscopes can be challenging. For this reason, the lowest
wavelength available on the commercial microscope used in this experiment is 405 nm. In the

case of fluorescence lifetime measurements, the lowest wavelength available is 488 nm.

As spectroscopy data so far has been obtained at 355 nm, emission intensity of TMAda at 405 nm
is assessed with two different fluorimeters (see Figure 66). Emission intensity at 405 nm is
significantly lower in both cases as the peak emission intensity appears to be deeper in the UV.
Therefore, it is unlikely that imaging will be able to directly observe template material. Instead,
it is more likely that imaging will provide information on template derivatives or other catalytic

hydrocarbon products.
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Figure 66 Fast fluorimeter scans of TMAda in solution with water on Horiba fluorimeter acquired with
lamp at 325, 355, and 405 nm (detector = 800 V, scan speed = medium)
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2.2 Signal-to-Noise

A sufficient signal-to-noise ratio is necessary in confocal imaging to ensure the axial and
transverse resolution is good enough. It is worth considering that autofluorescence from zeolites
is not as strong as emission from dyes, which is why the spectroscopy setup utilised an intensified
camera with minimised optical components to reduce signal loss. They are also a highly scattering
material. Scatter is handled in the spectroscopy setup through the use of angular offset between
the excitation and detection pathways'’*. It is generally easier to tell when scattered light is
entering a time-resolved spectroscopy system as it will have no lifetime (or a measured lifetime
so fast it encroaches on the instrument response function (IRF)).

Commercial imaging systems typically house a higher number of optical components and signal
loss through reflection or absorption can be more significant. They also tend to use a co-linear
arrangement of the excitation and detection pathway, which can allow for a significant amount of
scattered light to leak through to the detector. In a confocal microscope it is possible to generate
images made up almost entirely of scattered laser light rather than ‘real’ emission, which is
actually of a relatively low intensity. For basic imaging systems that don’t have lifetime
functionality, it can be difficult to recognise when images are being constructed out of scattered
light.

Where autofluorescent imaging is concerned, there is not a lot that can be done if meaningful
signal-to-noise ratio cannot be obtained from the zeolite when loaded into a microscope. Success
is equally dependent on selecting samples that lend themselves towards imaging at a particular

wavelength.
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3 Method

3.1 Sample Preparation

Parent chabazite material was synthesised as described earlier in Chapter I1l. The following four
samples were analysed in this study:

1. as-made uncalcined chabazite,

2. partially calcined chabazite quenched at 275 °C (i.e. halfway through a temperature ramp
to 550 °C),

3. chabazite calcined twice at 550 °C, and

4. chabazite calcined at 630 °C.

Calcination in all cases involved placing the sample in a ceramic dish in a static oven and heating
in air to 120 °C at 1 °C/min and holding at temperature for 2.5 h, then heating to the target
temperature (i.e. 550 or 630 °C) at 4 °C/min and holding at the nominated temperature for 10 h.

3.2 Imaging
3.2.1 Scanning Electron Microscopy (SEM)

SEM images were obtained on a JSM-6701F Field Emission Scanning Electron Microscope
(JEOL, Tokyo) using the equipped secondary electron (SE) detector. Images were obtained under
high vacuum (5.15 x107 torr/6.87 x 10° Pa) at 10 kV with scan speed of 735. All samples were

coated with gold for 35 s, but actual thickness is unknown.

3.2.2 Confocal Imaging

Confocal images were obtained on a Leica SP8 microscope (Leica Microsystems, Germany) at
405 nm excitation with a continuous wave diode laser (NKT Photonics, Denmark) that delivered
a maximum power of 7 mW to the sample. A 63x water-immersion objective (Leica, HC Pl Apo,
63x/1.4) was used to collect images with a resolution of 1024 x 1024. Images were averaged

across the whole acquisition frame 3 times.

Single-colour images were collected using a single hybrid detector with a detection window set
from 450 to 650 nm. Two-colour images were collected using two hybrid detectors, the first
detection window spanning from 450 to 550 nm and the second detection window spanning from

550 to 650 nm. Z-stacks were collected with a z-step of 0.4 — 0.8 pm*"',

i Exact z-step is specified in results section.
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3.2.3 Fluorescence Lifetime Imaging Microscopy (FLIM)

FLIM images were obtained on a Leica SP8 microscope at 488 nm with a pulsed supercontinuum
laser (NKT Photonics, Denmark) featuring a variable repetition rate (10-80 MHz) that delivered
a maximum power of 50 mW to the sample. The repetition rate was selected on a sample-by-
sample basis. A HC Plan Apo 63x water objective (Leica Microsystems, Germany) was used to
collect images with a resolution of 1024 x 1024. Integrated photon counting hybrid detectors were

used in conjunction with the PicoQuanT TCSPC system (PicoQuanT GmbH, Germany).

Fitting was performed in SymPhoTime 64 software (PicoQuanT GmbH, Germany) using an
exponential reconvolution?®2%2, Images are spatially binned by 2* and fit to either a
biexponential or triexponential function depending on the x2 value*. In some cases, a truncated
tailfit was used between 1.45 ns to the end of the time window, which is dependent on the
repetition rate and typically at 95 ns. The nature of the fit is specified on an image by image basis.
A 100 nm smoothing filter was used in the FLIM maps.

3.3 Raman Spectroscopy

Raman spectra were obtained from an InVia confocal Raman microscope (Renishaw, Wotton-
under-Edge, UK) equipped with a 50x objective lens (Nikon, L Plan Apo, 50x/0.45, WD17) and
Peltier cooled CCD. The sample was irradiated with either an 830 nm diode laser with 34 mW
maximum power output, or a 514 nm Stellar PRO argon laser (Modu-laser, USA) with 10 mW
maximum power output. Attenuated laser power at the sample was achieved using neutral density
filters. A grating with 1200 lines/mm was used, yielding an overall spectral resolution of 1 cm™.
Raman maps were acquired using an x-y motorised stage, which was moved in 1.5 um steps to
raster across a region of interest. At each point, Raman spectra were collected in the spectral
region 1015 to 1472 cm with an acquisition time of 20 s and 10 accumulations totalling an
overall acquisition time of 18-20 hrs per map, and an irradiance of 5000 W/cm?.

The spatial distribution of the most significant Raman bands were reconstructed by calculating
the correlation of a triangular template (cantered at the frequency v with a base width Av of 20
cm™t) with the Raman spectrum detected in each analysis point in the spectral band Av. The
following method, quoted as TC descriptor?®32%4, is more selective than other mapping methods?*°.
Since 830 nm was used with a long working distance objective lens, the nominal spot dimension

is around 5um and the depth of field is at least 10 um. The entire z-depth is likely to be excited

il gpatial binning involves taking two or more pixels and combining their information with the view to
increase signal. Here, the binning was performed after the data was acquired; it is also possible to bin CCD
pixels prior to readout. Binning in this manner decreases the spatial resolution but not temporal resolution,
and instead improves signal-to-noise. In the case of 2x2 binning, this would mean a 1024x1024 image
would effectively become a 540x540 pixel image.
il As the fitting procedure is purely numerical, multiexponential fits beyond three exponents is usually
not performed as the fourth, fifth, and higher exponents generally have increasingly smaller contributions
to the overall fit.
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as the spectra were acquired without a pin hole, relatively high laser power, and the crystal
medium’s low absorption and tendency to scatter allows for greater photon propagation through

the volume.
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4 Results

4.1 SEM Imaging**

4.1.1 Uncalcined Chabazite

The widefield SEM image in Figure 67 show that the synthesis process is effective in producing
regular cubic crystals with a relatively uniform size distribution of 20-30 pm cubes. The cluster
views at x1900 magnification demonstrates a reasonable average representation of the sample.
There appear to be some instances of planar defects on the external surfaces, also visible in the
x1000 magnification image but overall there don’t appear to be major synthesis problems. Bright
areas on the crystal surfaces are attributed to charging effects, which still arise despite the gold

coating.

Figure 67 SEM images of as-synthesised uncalcined chabazite crystals including widefield image
(left), x1900 magnification cluster view and x1000 single crystal zoom (right)

Xix SEM images have not been acquired for the partially calcined sample.
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4.1.2 Chabazite Calcined twice at 550 °C

Based on the widefield image and x1000 magnification SEM image in Figure 68, two calcination
treatments do not appear to adversely impact the external appearance of the crystals, which don’t
look appreciably different to the as-synthesised uncalcined sample shown in Section 4.1.1. The
surface defects that are present look similar to the uncalcined sample. Some crystal intergrowth
is visible in the cluster image at x1000 magnification, however this is a product of the synthesis
process rather than the calcination. The image acquired at x3700 magnification shows a broken

crystal with a series of shear planes perpendicular to the cubic axes of the crystal. This likely

indicates some crystals have experienced cracking as a result of thermal stress.

Figure 68 SEM images of chabazite crystals calcined twice at 550 °C including widefield image (left),
x1000 magnification cluster view and x3700 single crystal zoom (right)
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4.1.3 Chabazite Calcined at 630 °C

The widefield image in Figure 69 shows that the overall cubic structure appears to be maintained.
Magnified images show the same kind of planar defects visible in the uncalcined material, as well
as some evidence of crystal breaking with fracture planes similar to what is seen in the twice
calcined sample in Section 4.1.2. Some amount of cracking due to high temperature is
understandable, meaning the morphologies visible in Figure 69 are in line with expectations.

Although some thermal damage is evidenced, it is not substantial in that the overall structure of

the samples are maintained.

Figure 69 SEM images of chabazite crystals calcined once at 630 °C including widefield image (left),
and cluster views (right)
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4.2 Confocal and Fluorescence Lifetime Imaging (FLIM)

4.2.1 Uncalcined Chabazite

Figure 70 shows single-channel confocal images of uncalcined chabazite. Overall, the samples
do not exhibit significant emission. Bright regions demarcating the crystal edges and across the
faces of the crystals may be attributed to some form of impurities. In all cases, the intensity of the
bright spots is heavily overstated by the use of z-stack summation, maximised detection window

and brightness control, which have been optimised to best elucidate the structure of the crystals.

Figure 70 Single-channel confocal images of uncalcined chabazite including a summed projection of a
z-stack (left) and single-plane images (right top and bottom) obtained from three different crystals.

FLIM was attempted on the uncalcined chabazite but an appreciable number of photon counts
could not be detected from the samples to generate a lifetime map. It was established in Chapter
IV that the primary signal detected in spectroscopic studies of the uncalcined chabazite material
was originating from the framework-encapsulated organic structure directing agent. While this
structure was excitable at the higher energy wavelength of 355 nm, it is not expected that imaging
at a lower energy of 405 nm can yield meaningful maps of template distribution. As FLIM is
restricted to 488 nm, successful TCSPC FLIM is pushed even further out of the realm of
probability. With the assumption that as-synthesised chabazite is the most compositionally
predictable sample analysed here, being comprised of only aluminosilicate framework and an
adsorbed organic phase of known composition (i.e. template) there remains no further component
of the material that imaging is expected to elucidate. In the spirit of rigour, FLIM was also

unsuccessfully attempted on the template material (i.e. 25 % TMAda in water), confirming that
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the combination of the excitation wavelength and detection system used are not able to probe the
methylated adamantane molecules. The results of this sample also imply that the framework itself
is optically transparent at this wavelength, which is consistent with the observations of previous

studies™®.

4.2.2 Partially Calcined Chabazite

Figure 71 shows a single-channel z-stack of partially calcined chabazite acquired every 0.4 um.
Overall, a greater emission signal is visible compared to the uncalcined chabazite in Section 4.1.1,
with luminescence generically visible across the whole crystal face implying that new emissive
species excitable at 405 nm have formed during the calcination process. Consistent with SEM
images, the overall cubic structure is maintained, although the luminescence also unveils evidence

of internal cracking predominantly along (h00) and (0k0) planes through the crystal.

The z-stack, which first acquires images from the upper outermost plane of the crystal and then
moves down through the bulk of the crystal, also highlights two regions of photoluminescence:
the first being a roughly 5 um thick border around the edge of the crystal that appears to be an
evenly distributed luminescence of the crystal itself; and the second being a central region of
emissive dots that rather than being uniform across the crystal as the first region is, appear to have
more localised, deposit-like morphologies. This central region of emissive deposits is also,
according to the z-stack, localised towards the surface of the crystal, being visible only within 2.2
um from the uppermost surface. Although it is not expected that z-stack imaging would be
possible through the totality of the crystal volume due to the highly scattering nature of the
material, the homogenous region of luminescence is still visible from the edges of the crystal for
a further 3 um (up to image J), indeed implying that the two different presentations of

luminescence have different distributions throughout the crystal.

Figure 72 shows a two-channel image of the top plane of the crystal. Here, it is visible that the
evenly distributed photoluminescence is predominantly emissive between 450 to 550 nm, whereas
the localised emission from the deposits in the centre is centred between 550 to 650 nm. The
contrast between the two detection windows is highlighted in the channel overlay image. This
further implies, alongside the differing distribution patterns throughout the bulk of the crystal,
that the different morphologies of the two emissive regions should correspond to different types

of chemical speciation.

185



z=17.9 pm ST z=18.2 pm
t=0.000sec t=0.000sec

z=18.6 ym . o AT z=19.3 ym
t=0.000sec : n Ry t=0.000sec

m 2=20.4 ym
t=0.000se t=0.000sec

K L

Figure 71 Single-channel confocal z-stack images of a partially detemplated chabazite acquired with
a 0.4 um z-step size at 405 nm.
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Figure 72 Two-channel confocal imaging of partially detemplated chabazite including 450 to 550 nm
(left), 550 to 650 nm (centre) and channel overlay (right) acquired at 405 nm

Figure 73 shows confocal imaging of the partially detemplated chabazite acquired at 488 nm. The
frequency histogram shows that the average lifetimes are generally quite short, being centred at 2
ns. The lifetime map shows the lifetimes of the edge region are slightly longer, however on

balance the emission is generally fast throughout.
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Figure 73 Single-channel fluorescence lifetime imaging ensemble of the top surface of a partially
detemplated chabazite crystal acquired at 488 nm: A) Average lifetime map, B) average lifetime
distribution histogram, and C) average decay with truncated triexponential tailfit
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Figure 74 Single-channel fluorescence lifetime imaging ensemble of an inner plane of a partially
detemplated chabazite crystal acquired at 488 nm: A) Average lifetime map, B) average lifetime
distribution histogram, and C) average decay with truncated triexponential tailfit

Table 21 Table of lifetimes and amplitudes for partially calcined chabazite

| As Az As T1 T2 T3 TavA ,
Sample  kcnt  [kCnt  [KCnt X
s] s] s] [ns] [ns] [ns] [ns]
Top Plane
(Figure 2.93 0.07 1.4 0.6 5.9 1.7 1.01 1.61
73)
Inner

(E:gﬂree 3347 103 155 0.7 6.9 2.0 1.24  3.15

74)
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Figure 73, Figure 74 and Table 21 shows the single-channel FLIM dataset including the average
lifetime map, lifetime histogram, decay, and table of lifetimes for a surface plane and inner plane
of a crystal. The amplitude weighted average lifetime is 1.01 ns for the top plane and 1.24 ns for
the inner plane, sampled 3.5 um from the surface, constituting a reasonably fast overall lifetime
dynamic in this sample when compared to other samples. The longest component of the
triexponential fit is only 5.9-6.9 ns and appears to be concentrated on the outer edges of the crystal.
In the inner plane FLIM image the regions of longer lifetime, denoted in pale green, patched in
between the cracks are more visible, perhaps indicating that a different species or environment is
present in these areas. The central region that features globular deposits has a much faster average
lifetime. The fast average lifetime is in-line with previous postulates made regarding this sample;
namely that its dark colouring and strong emission background in Raman spectroscopy indicate
it has the most significant build-up of organic material of all samples studied here and is therefore
consistent with findings in Chapter IV that carbonaceous species exhibit fast lifetimes of only a

few nanoseconds.

190



CHAPTER VII: MULTIMODAL IMAGING OF EMISSIVE SITES

4.2.3 Chabazite Calcined Twice at 550 °C

Figure 75 shows confocal images of chabazite calcined twice to 550 °C. In a widefield view, it
appears that a number of crystals display a strong emission from the centre of each crystal face.
Consistent with SEM imaging again, the cubic structure is well maintained, but similar to the
partially calcined chabazite there is evidence of significant internal cracking. Compared to the
partially calcined chabazite, the fractures along (h00) and (0k0) planes are more pronounced with

some crack apertures being larger than 500 nm.

Zooming into one crystal, the emission pattern in this sample set is characterised by a distribution
of what appears to be well-defined circular agglomerates concentrated at the centre of the crystal
faces. The deposit-like nature of the central region of these crystals is similar to the partially
calcined sample in Section 4.2.2, where crystals appeared to exhibit a homogenous emission
across the crystal edges as well as a series of deposits towards the centre. Dissimilar to the partially
detemplated samples, however, is the fact that: a) emissive deposits in the twice calcined sample
appear to span further across the samples in some cases encroaching on the edges of the crystal,
being overall less confined to the centre of the crystal than in the partially detemplated sample;
and b) the homogenous region of emission visible around the edge of the partially detemplated
sample does not appear as evident in the twice calcined sample, with the crystal itself appearing
comparatively less emissive than the discrete deposits. Towards the edges, there are instances
where the agglomerates appear to be aligning themselves in lines parallel to the cubic axes of the
crystals. This is more clearly visible in the second zoomed in view which also shows the

approximate size of the emissive deposits to be around 400 nm.

Figure 75 Single-channel confocal images of chabazite calcined twice at 550 °C including widefield (left)
and two zoomed-in views (right) acquired at 405 nm
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Figure 76 Two-channel confocal z-stack images of chabazite calcined twice at 550 °C acquired with a
0.8 um z-step size at 405 nm. Stack images from the uppermost plane (first frame) and then moves down
through the bulk of the crystal, explaining the poorer signal from the centre of the crystal in later frames.

A two-channel confocal z-stack displayed in Figure 76 provides even further information
regarding the nature of emissive deposits in these samples. The agglomerated deposits appear to
be predominantly localised within 3 pum of the crystal surface. This is evidenced by the changing
distribution of emissive sites through the first five frames™ of the z-stack, as well as the evidence
of fringing around the edge of the crystal at deeper z-stack slices that also measure approximately
3 wm thick, which can be rationalised as an orthogonal view of emissive deposits that are likely
to be agglomerated on the other faces of the crystal based on their consistent intensity through the

z-slices.

From around 2 um into the z-stack, there is also evidence of a different type of sub-surface

emissive region that features stronger emission between 550 to 650 nm, rather than the surface

* Corresponding to a z-stack depth of around 3 um.
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deposits that are mainly emissive from 450 to 550 nm. These larger regions, which appear with a
reddish hue in the z-stack, are shaped and distributed in a way such that they do not immediately
appear to be governed by pore structure or crystallographic geometric restrictions. 3D rendering
additionally shows how these regions are positioned at different depths within the centre of the

crystal volume.
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Figure 77 Single-channel fluorescence lifetime imaging ensemble showing uppermost (1) and inner
(2) plane of chabazite calcined twice at 550 °C acquired at 488 nm: A) Average lifetime map, B) average
lifetime distribution histogram, and C) average decay with truncated triexponential tailfit. Spikes in the decay
curve at around 98 ns are scatter-related and are trimmed out of the fitting.
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Figure 78 Single-channel fluorescence lifetime imaging ensemble of chabazite calcined twice at
550 °C acquired at 488 nm: A) Average lifetime map, B) average lifetime distribution histogram, and C)
average decay with truncated triexponential tailfit. Spikes in the decay curve at around 98 ns are scatter-
related and are trimmed out of the fitting.

Table 22 Table of lifetimes and amplitudes for chabazite calcined twice at 550 °C in Figure 77 and
Figure 78

A A A
! 2 3 L T2 T3 TavA

Sample X
[k;nt [kgnt [kgj”‘ [ns]  [ns]  [ns]  [ns]

Top Plane
(Figure 5.02 9.21 - 9.85 2.88 - 5.34 2.32
77)

Inner
Plane
(Figure
77)

3.29 7.07 3.8 14.85 5.8 1.59 6.77 1.78

Top Plane
(Figure 2.4 3.7 1.6 9.5 3.7 1.0 4.7 1.69
78)
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Figure 79 Single-channel fluorescence lifetime imaging ensemble with spectral regions of interest
showing uppermost (1) and inner (2) plane of chabazite calcined twice at 550 °C acquired at 488 nm:
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A) Average lifetime map, B) spectra in regions of interest, and C) decay curves for regions of interest and
overall decay

Table 23 Table of lifetimes and amplitudes for chabazite calcined twice at 550 °C in Figure 79 for top
plane and central plane both overall and in each region of interest. Some components are fitted to only two
components based on a sufficiently good x? value.

Area Al Az A3 T1 T2 T3 TAVA )(2
(kCnts) (kCnts) (kCnts) (ns) (ns) (ns) (ns)
° Overall 7.2 21.1 16.4 124 47 10 46 159
= ROI 1 1.2 4.3 36 114 44 09 40 1126
o ROI 2 0.5 0.9 118 29 59 1.49
) ROI 3 0.7 1.4 10.1 | 2.9 53 115
- ROI 4 0.8 1.4 1103 29 56 158
Overall =~ 12.9 34.1 321 135 49 11 48 1263
v | ROI1 3.8 12.3 71 85 13 03 21 1169
c | ROI2 0.3 0.5 - 133 33 - 73 107
ool ROI3 3.1 6.1 - 125 33 - 64 19
ROI 4 1.8 4.1 - 112 31 - 55 168

Figure 79shows average data from fluorescence lifetime imaging of the sample. Two planes from
the same crystal are depicted: the uppermost plane, and an inner plane 4 um from the surface.
Figure 79shows FLIM data from the uppermost plane of an additional crystal. As demonstrated
by the x? values, the overall images as well as ROI 1 were fit to a triexponential fit, but other
selected ROIs converged to a biexponential fit. The overall lifetime fitting for the central plane
shows a high »? value. This highlights the complexity of the decay behaviour here. This behaviour
is particularly evident in ROI 1, whereas other ROIs in this plane have more stable biexponential
decays. ROI 1 can therefore be pinpointed as being markedly different from other regions of the

sample.

In all cases, it is evident from the decay curves alone that the overall lifetimes of these sample are
longer than the previous sample, with the weighted average lifetime of this sample being
approximately 4-6 times longer than the partially detemplated sample in Section 4.2.2, indicating
that there has been an evolution in the nature of species present in this sample. The agglomerated
deposits concentrated at the centre and along the edges still exhibit the shortest lifetimes in the
map, with regions of longer lifetimes being attributed to the sub-surface emission regions visible
in the two-channel z-stack. Although the average lifetime of the uppermost plane in Figure 77
appears longer than Figure 78, this is primarily attributed to the lack of a T3 component, as the

numerical values for 11 (9.85 & 9.5 ns) and 12 (2.88 & 3.7 ns) are very similar.

The inner plane FLIM in Figure 77 shows the sub-surface deposits first seen in two-colour z-stack
imaging in Figure 76. Where the two-colour stack showed that the subsurface deposits appeared
to have emission in the red (i.e. 550-650 nm), the FLIM shows that these regions have a markedly
longer lifetime with a 11 of 14.85 ns and a weighted tay Of 6.8 ns compared to the surface-bound

agglomerated deposits.
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Figure 79 and Table 23 show another one-channel FLIM dataset with spectral information in
separate ROIs. Overall, the amplitude-weighted average lifetime of the top plane is longer than
the inner plane (4.6 vs 4.8 ns), with the agglomerated deposits in ROI 1 of the uppermost plane
exhibiting the shortest lifetimes in the top map at 4 ns. ROI 2 and ROI 3 exhibit longer lifetimes
(5.9 and 5.3 ns respectively). However, spectral analysis at 405 nm and 488 nm exhibits minimal
difference for each ROI with a common peak at 470 nm (at Aex=405 nm), indicating that the
different lifetimes may be attributed to local environmental factors or morphological

configurations.

The inner plane generally shows regions with longer lifetimes for sub-surface deposits. This is
partially attributed to the greater degree of confinement emissive materials will experience this
deep within the crystal. Particular attention is drawn to ROI 1, however, which not only exhibits
a shorter average lifetime of 2.1 ns but also features a spectral peak at 495 nm rather than 465 nm

(at Aex=405 nm), indicating that this emissive species is likely to be chemically distinct.

Based on morphology, lifetime, and spectra there appear to be three types of emissive deposits.
The first being the well-defined agglomerates clustered on the surface, and the second and third
being the larger sub-surface deposits, one of which exhibits a long lifetime and the other a short
lifetime. In Chapter 1V, a lengthening of lifetimes was attributed to both a decrease in organic
material, and of occlusion within a pore structure. In the case of subsurface deposits in Figure 77,
it is certainly likely that the greater degree of steric confinement will be responsible for their
longer lifetimes. It is possible that the partially detemplated sample in Section 4.2.2 may have had
shorter lifetimes due not only to its higher concentration of organic material, but due to smaller
organic molecules formed from the early stages of the decomposition process®! of a larger parent
entity that tended to experience less size-related confinement effects. Conversely, it is expected
that this sample, which has been subjected to two high temperature heat treatments and appears
predominantly white to the eye, is likely to have a different type of organic matter adsorbed; a
lower concentration of molecules that are perhaps larger, remaining and in fact having been
generated within the pores as a result of further hydrocarbon pool chemistry, thus experiencing

more acutely the effects of spatial confinement.

* Unpublished industrial in situ NMR data shows that at around 300 °C the adamantane cage loses its
functional group, after which point it is presumed that each loose component begins to decompose into
even smaller compounds.
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4.2.4 Chabazite Calcined at 630 °C

Figure 80 shows two-colour confocal z-stack images of chabazite calcined once at 630 °C.
Significant areas of the crystals appear to be optically transparent with less visible emission, as is
the case in the as-synthesised samples in Section 4.1.1. This is in contrast to the partially calcined
and sample calcined twice at 550 °C, which show more homogenous regions of emission all the
way across the crystal. Emissive regions in this sample have a markedly different distribution
characteristic to that seen in the partially detemplated and twice calcined chabazite samples. The
distribution of circular deposits at the centre of the crystal face is no longer evident. Rather, there
appear to be larger deposits of around 2 um in diameter punctuating the top face. Close to the
edges, some evidence of cracking is visible in these samples, although not to the extent that it is

seen in the partially detemplated or the twice calcined samples.

In the inner planes, there appear to be larger emissive regions that emit more strongly in the 550
- 650 nm window. This is similar to the subsurface deposits observed in Section 4.2.3, although
the regions appear 2-3 larger here.
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z=-36.8 um

z=-31.5 um

z=-27.6 um

Figure 80 Two-channel confocal images z-stack of chabazite calcined once at 630 °C acquired at 405
nm. Blue channel is from 450-550 nm and red channel is 550-650 nm. Z values are nominal heights from
stage with top plane at -36.8 um and inner plane 11.7 um lower at -25.1 pm.




Fluorescence lifetime imaging in Figure 81 show that this sample has the longest average lifetimes

of all the samples, with the average lifetime distribution centred around 11 ns.
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Figure 81 Single-channel fluorescence lifetime imaging ensemble of the upper plane of a chabazite
crystal calcined once at 630 °C acquired at 488 nm: A) Average lifetime map, B) average lifetime
distribution histogram, and C) average decay with truncated triexponential tailfit

Table 24 Table of lifetimes and amplitudes for chabazite calcined once at 630 °C

Sample

Average
(Figure
78)

Region of
Interest
(marked)

200

Az

[kCnt

s]

11

3.2

Az

[kCnt

s]

1.3

4.3

As

[kCnt

s]

1.2

T1

[ns]

13.5

14.9

T2 T3 TavA ,
[ns] [ns] [ns]
3.4 0 8.1 2.74

3.7 8.5 8.6 1.47
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Figure 82 Single-channel fluorescence lifetime imaging ensemble of chabazite calcined once at
630 °C acquired at 488 nm: A) Average lifetime map and B) decay curves fit with an exponential
reconvolution for regions of interest

201



Table 25 Table of lifetimes and amplitudes for chabazite calcined twice at 550 °C in Figure 82 for top
plane and central plane both overall and in each region of interest.

Area A1 Az A3 T1 T2 T3 TAVA )(2

(kCnts) (kCnts) (kCnts) (ns) (ns) (ns) (ns)

Overall 11 5.9 1.9 120 0.3 3.1 2.3 2.36
% ROI'1 0.1 0.2 11.8 25 6.9 1.38
%_ ROI 2 0.1 0.3 10.9 2.2 5.1 11
a3 ROI 3 3.6 0.1 0.2 4.1 0.3 1.56

Overall 3.6 9.3 6.4 12.7 0.6 4.0 3.9 2.43
§ ROI'1 0.9 2.5 5.3 11.8 | 3.5 0.4 2.5 1.16
% ROI 2 1.1 1.6 126 3.2 7.0 1.29
S ROI 3 0.1 0.5 9.8 0.9 2.6 1.21

Figure 81 and Figure 82 shows lifetime data from the inner plane of a chabazite crystal calcined
once at 630 °C*", Based on the ¥ values, like the previous sample the overall images were fit to
a triexponential, whereas the majority of the ROIs converged to a biexponential fit. While the
decay curve initially shows an extremely fast component is extant in the sample, this sample
overall has the longest lifetimes with a weighted average lifetime of 8.1 ns. The edges have a
shorter lifetime than the central areas, which are shown from the analysis of a region of interest
to have a longer weighted average of 8.6 ns. The overall difference in lifetimes here again
indicates some level of difference between the chemical speciation in this sample and previous
samples, with the longer lifetimes in the centre of the crystal likely being associated with a greater

confinement effect being imparted on the emissive materials.

Spectral information is also presented in Figure 82. The overall lower levels of emission can be
seen in the traces. The majority of the regions of interest are predominantly emissive at 475 nm,
however the concentrated blue dots in ROI 3 have a peak emission at 515 nm indicating this may

be a different species.

i There is an apparent discrepancy between the lifetime values in Figure 81 and Figure 82. Specifically, the weighted
average lifetimes in Figure 81 appear longer (around 8 ns) than those presented in Figure 82. This can be explained by
the nature of the algorithmic fit used. In Figure 81, an exponential tailfit is used where only the decaying portion is
fitted, whereas in Figure 82 an exponential reconvolution is used where the initial portion of the decay including the
IRF is synthetically fitted. As might be expected, the exponential tailfit will tend to be biased towards longer lifetimes,
as extremely fast lifetimes associated with the early part of the decay are not included. Thus, even if only present in
small amounts, the reconvolution fit will present comparatively shorter lifetimes as it considers all elements of the
lifetime evolution. Arguably, a reconvolution might be seen as more ‘complete’, however the choice of fitting method
depends on the intended outcome; a selective interest in longer lived components might, for example, justify the use of
a tailfit. In either case, the comparison could be seen as an example of the subjectivity of numbers and the opacity of
their meaning in the context of fluorescence studies, highlighting the need for comparative, qualitative interpretation
to understand what they could mean in a non-abstracted sense.
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Table 25 shows another set of one-channel FLIM data. The overall lifetime of the top plane
appears very short at 2.3 ns. However, it becomes evident from an analysis of ROIs that this
shortening is biased by the highly localised deposits that exhibit an extremely fast lifetime in ROI
2. In the inner plane, the overall lifetime again appears longer. Regions of longer lifetimes are
concentrated at the centre of the inner plane, correlating to the lengthening of lifetimes seen due
to spatial confinement. Additionally, the lifetimes, morphology and spatial distribution of the sub-
surface deposits in ROI 1 appear to correlate with the sub-surface deposits in ROI 1 in Figure 2
A2. Across the chabazite calcined once at 630 °C, then, there appear to be at least two distinct
types of emissive deposits, one of which may have commonality with a type also observed in the

chabazite sample calcined twice at 550 °C.
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4.3 Raman Spectroscopy & Mapping

4.3.1 Averaged Raman Spectra

Raman spectra were acquired at 830 nm for all samples except the partially calcined chabazite,
which exhibited a fluorescence background that overwhelmed Raman signal as displayed in
Figure 83. As previously assigned in Chapter 4, the Raman spectra for as-synthesised chabazite
shows all the peaks of the occluded template at 777, 800, 941, 977, 985, 1103, 1200, 1283, 1305,
1368, 1444, and 1452 cm™. These are all attributed to the C-C stretching and H-C-C bending of

the adamantane structural base unit of the quaternary ammonium salt!es,

In both calcined samples, the ensemble of OSDA assigned peaks are no longer visible, implying
that significant concentrations of whole TMAda molecules are no longer present following the
thermal treatment. Rather, the signal is comprised of bands at 335 cm™, 466 & 484 cm™ and 803
& 831 cm™. The bands in the region 330 to 490 cm™ are attributed to the aluminosilicate
framework, with the 466 cm™ being the well-established class A vibration of the SiO unit
cell®8187 Further to this, the 484 cm™ band is attributed to T-O-T bending in 4-membered rings
and the 335 cm™ band is attributed to 6-membered ring bending®32%, The trio of peaks in the 330
to 490 cm region are characteristic to the CHA topology, and absence of the 6-membered ring
Raman band as well as broadening of the 4-membered ring Raman band has previously been
attributed to amorphization secondary to desilication of the crystal**®, As such, the Raman spectra

here also attest to the crystalline, compositionally stable nature of these samples.

The bands at 803 and 835 cm™ have been variably reported in previous studies of Cu-SSZ-132%7-2%
samples but have not been explicitly assigned in these papers. It is suggested that the 835 cm™®
band may be due to extraframework Al species?®. They have also been observed in
PdOx/silicalite-1 substrates'®® and been assigned as symmetric vs(T-O-T) stretches!®, which are
nonetheless expected to be comparably weaker than the framework vibrations from 330-490 cm-
!, During faster, unoptimised acquisitions, this peak is not immediately visible, so it is not

uncommon for this region of the calcined chabazite spectrum to appear flat.
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Figure 83 Averaged Raman spectra acquired at 830 nm across ten different points

4.3.2 Raman Mapping

Given that imaging appears to be showing visible distributions of an emissive material most likely
attributable to hydrocarbon speciation, it is presumed that the lack of carbon-related Raman peaks
in the averaged Raman spectra in Section 4.3.1 is due to their low concentration and subsequently
weak signal. The framework peaks at 466 & 484 cm™ overwhelmingly dominate the spectrum of
the calcined chabazite samples. In a bid to detect the extremely low concentration of organic
material believed to be present in the calcined samples, a smaller Raman detection window non-
inclusive of the framework assigned peaks was selected. Knowing that carbon stretches were
visible up to 1500 cm™ from the uncalcined spectrum, the region between 1015-1470 cm™ was

selected with the view to detect residual template derivatives through extensive acquisitions.

The averaged Raman spectra for the region 1015-1470 cm™ are shown in Figure 84. The peaks of
the uncalcined sample are consistent with those obtained in the extended range Raman acquisition
in Section 4.3.1. However, the two calcined samples show a new series of peaks not previously
visible in the extended range scans. For each sample a series of maps tracking the presence of

each peak are presented.

Raman mapping on the partially calcined sample was not viable due to the high fluorescence

signal exhibited.
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Figure 84 Average Raman spectra from maps of each SSZ-13 sample showing uncalcined chabazite
(black), chabazite calcined twice at 550 °C (red), and chabazite calcined once at 630 °C (blue).

4.3.2.1 Uncalcined Chabazite

The averaged Raman spectrum, shown in Figure 84, features a clear signal-to-noise ratio, with
peaks present at 1036, 1102, 1109, 1198, 1223, 1283, 1305, 1328*, 1349, 1367, 1414, 1441, 1450
cm™. These are consistent with peaks from the extended range scan in this region and are
attributed to the occluded template material. Figure 85 shows a series of intensity maps showing
the presence of selected peaks at 1035, 1102, 1198, 1223, 1282, and 1441 cm™ across the crystal
area. Intensity maps show that, as expected, all the peaks are broadly present all the way across
the crystal face. This is due to template being relatively evenly distributed through the crystal,

and the lack of z resolution given by the technique.

206



CHAPTER VII: MULTIMODAL IMAGING OF EMISSIVE SITES

Map at 1035 cm™! Map at 1102 cm™? Map at 1198 cm™’

0.2 15
0.25 0.6
0.15 10
_ 02 _ —~
04
g 015 g 01 E 5
> o T o
005 0.2
0.05 5 5
B
0 - 0 0
-10 0 10 -10 0 10 -10 0 10
X () X (um) X (um )
Map at 1223 cm™ Map at 1282 cm™' Map at 1441 cm™’
15 03 15 "
015 0.25 04
10 10 =
. . 02 . ] 03
E o1 E 0.15 E
> > > 0: a 0.2
0.1
0.05
005 5 01
0 0 =,
-10 0 10 -10 0 10 -10 0 10
X (yzm ) X (um) X (um)

Figure 85 Raman maps of uncalcined chabazite at 1035, 1102, 1198, 1223, 1282, and 1441 cm™'. Units
for x and y axes are given in pm and colour scale on right indicates Raman peak intensity in counts. Outline
of cubic crystal denoted by transparent grey line.

4.3.2.2 Chabazite Calcined Twice at 550 °C

Figure 86 shows a series of Raman maps for chabazite crystal calcined twice at 550 °C. Compared
to the uncalcined sample, a different average Raman spectrum is visible in this sample. There are
visible bands at 1038, 1075, 1196, 1223, 1299, 1347, and 1439 cm™. It is speculated the bands at
1196 and 1223 cm™ are due to the framework?®3%® (also marked in orange in Figure 84). It is
possible to view the band at 1196 cm™ as being the same as the template-assigned band at 1198
cmt in the uncalcined sample (see Figure 85). However, the corresponding distribution of 1196
and 1223 cm* perhaps indicate that the bands should be viewed as a doublet associated with the

framework.

The band at 1223 cm™ has previously been assigned as an asymmetric Si-O-Si stretch, potentially
arising as a result of silicon enrichment at the surface of the crystal. In line with this assignment
to framework vibrations, the maps for the peaks 1195 and 1223 cm™ show a relatively intense
distribution all the way across the crystal face. In particular, the 1223 cm™ map shows the greatest
intensity around the edge of the map, correlating with silicon enrichment towards the external

aspects of the crystal.

Bands at 1038, 1075, 1299, 1347, and 1439 cm are therefore assigned to vibrations from residual
organic species adsorbed to the framework (also marked in aqua in Figure 84). It is challenging
to assign these bands to specific vibrations given that it is not precisely known the nature of
carbonaceous material extant in the sample after a two-stage heat treatment. However, it is
possible to comment on the spatial distribution of some of these bands. In particular, the peak at

1038 cm* appears to be distributed towards the centre of the crystal, while the peak at 1075 cm™*
207



appears distributed more intensely towards the edge of the crystal. In both cases, these bands are
spread over a larger surface area of the crystal. Conversely, the bands at 1344 and 1439 cm
appear to be highly concentrated in a single localised area of the crystal. This would imply that in
attributing the peaks to a particular chemical entity, the difference in spatial distribution would
likely correlate to the presence of different molecular species. The species responsible for the
band at 1439 cm?, for example, is likely to be separate to the species generating the band at 1038
cm?, however, there is arguably similarity between the maps for 1439 and 1344 cm, meaning

these two bands could be vibrational modes of the same molecule. Based on spatial distribution

patterns, these maps indicate there might be as many as three types of organic molecules present
(1439 cm, 1077cm?, and 1038 cm™).
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Figure 86 Raman maps of chabazite calcined twice at 550 °C at 1038, 1077, 1196, 1223, 1344, and 1439
cm-L. Units for x and y axes are given in um and colour scale on right indicates Raman peak intensity in
counts. Outline of cubic crystal is shown as thick grey outline in map 1038 and 1223 cm™.

4.3.2.3 Chabazite Calcined Once at 630 °C

Figure 87 shows a two sets of Raman maps of chabazite crystal calcined once at 630 °C acquired
from two crystals. Similar to the twice calcined chabazite in Section 4.3.2.2, the framework
assigned peaks at 1196 and 1223 cm™ are visible in the averaged Raman spectrum for both crystals.
As expected, the intensity maps show peaks distributed across the whole crystal with 1223 cm*

again being more concentrated around the edges.

The bands at 1038 and 1074 cm* both show characteristic distributions across the two samples.
In Figure 87A, the 1074 cm™ band is distributed evenly across the sample at a lower intensity
than that of the framework peaks, and residual 1038 cm™ is visible at the centre of the crystal with
a comparable distribution pattern to the twice calcined sample. The band at 1439 cm™ is also

present in this sample, and like the twice calcined sample, appears to be tightly localised to a
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single area. In Figure 87B, the 1038 cm™* map shows a localised distribution in the centre, and the
1074 cm™ map appears more broadly distributed across the crystal similar to Figure 87A. The

distribution of this looks similar to the subsurface emission regions shown in Figure 82.

The averaged spectra in Figure 84 show that the region between 1299 and 1400 cm* is depleted
compared to the twice calcined sample implying that this sample may have lower levels of coke
present. This is reflected further in the Raman maps, which show minimal meaningful signal at
1344 or 1439 cm™,
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Figure 87 Raman maps of two chabazite crystals (A and B) calcined once at 630 °C at 1038, 1077,
1196, 1223, 1344, and 1441 cm-2. Units for x and y axes are given in um and colour scale on right indicates
Raman peak intensity in counts. Outline of cubic crystal denoted in transparent grey line.
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5 Discussion

5.1 Ascribing Fluorescence to Chemical Speciation

Not all organic molecules are fluorescent. The following section will discuss what chemical
species might be present in the samples imaged. Table 26 summarises some of the fluorescence

emission properties for two broad categories of chemical species: PAHs and carbon

nanostructures.

Table 26 Summary of fluorescence emission characteristics including wavelengths of emission (Aem)
for a given wavelength of excitation (Aex) and associated lifetime values drawn from a selection of

literature sources

Type

PAH

Carbon
nanostructur

210

es

Emissive Product

Anthracene30?

Anthracene excimer in NaX zeolite'84
Benzo[a]anthracene3%?
Benzo[a]pyrene3%3
Benzo[k]fluoranthene3%

Chrysene3®

Dibenz[ah]anthracene3%*

Fluoranthene3o!

Naphthalene

1-methylnapthalene3%®
2-methylnapthalene3®®
Dinapthylethane in zeolite Y183
Dinapthylpropane in zeolite Y18
Dinapthylpropane dimer in zeolite Y183

Phenanthrenes3%3

Nanodots formed in MgAPQO-44310

Nanodots formed in ITQ-29

Purified SWNT in dimethylformamides3!!

Aex
(nm

)
245

370
288
297
307
268

297
281

266

265
265
275
280
280
251

550
450
634

Aem
(nm)

401

520
387
405
403
382

430
465

325

340
340
325
330
405
366

630
525

1000-
1300

Average Lifetime (ns)

5.7%2 (vapour phase)
5.1392 (in methanol)
5.33%%2 (in cyclohexane)

10-43

26.73% (in water)
10.23% (in water)
13.43%(in cyclohexane)

30 ms3% (crystalline form)

44307 (crystalline form)
32304 (in water)

16.63% (in cyclohexane)
39308 (in water)

34304 (in water)

30 (in water)

24 (in water)

14.63% (in cyclohexane)
37.4%% (in water)
4.1-6.5 (in water)
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Other

SWNT produced by laser ablation
dispersed in solution3!?

Oxidised MWNT313

Oxidised MWNT modified with 1,4-
butanediamines!?

Oxidised MWNT modified with 1,2-
propanediamines!3

Oxidised MWNT maodified with 1,2-
ethylenediamine3*?

DNA-wrapped SWNT?314

Graphene oxide (in water)3t5

337

204
356

434

337

730
400

520

454
442

457

410

1128
620

2.3

4.6
6.1

3.4

10.9

125
0.03-0.14

Table 27 Comparison of principle Raman features in selected PAHs based on experimental data from
literature sources316:317

Napthalene  Anthracene Phenanthre

ne

2 513% 521w 551

4 7655 754M 715

6 1021M 1011M 1039
10 1383° 14095 1351
12 1464M 1484M 1443
13 1578M 1559M 1526
14 1629V 1632 1573
17 30575 30528 3075%

S=strong, M=moderate, W=weak

Chrysene

570

773
1021
1380

1436

1576

1604

30643

5.1.1 Polycyclic Aromatic Hydrocarbons

Pyrene

5955

1067%
14075

1594M

1629M
3053%

Vibration type

C-C-C bending

Ring breathing
C-C stretching

Ring deformation & C-C
stretching

C-H bending & C-C
stretching

C=C stretching (in-
phase)

C=C stretching

C-H stretching (out of
phase)

When initially surveying literature for information on fluorescent organic species, the most

commonly discussed family of molecules are aromatic hydrocarbons or hydrocarbons containing

conjugated double bonds. It has been established in Chapter 2 that fluorescence is an electronic

phenomenon occurring as a result of electrons undergoing energy transitions. In the context of

molecular structure, these electrons must necessarily be delocalised or ‘n” electrons, or lone pair

electrons. Compounds containing = -electrons are likely to fluorescence. Aromatic rings, in
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particular, have smaller HOMO-LUMO gaps that correspond to m—m* transitions. This is

increasingly the case the more highly-conjugated pi systems are.

The act of substituting may also make molecules more or less likely to fluorescence depending
on the parent molecule, a concept rather authoritatively examined by Williams and Bridges®®.
Where a substituent tends to localise pi electrons, fluorescence will be diminished. Benzene, for
example, is a weakly fluorescent aromatic compound requiring 20-25 pg/mL to detect
fluorescence with an absorption peak at 254 nm and an emission maximum at 291 nm.
Substituting an ortho-para-directing group such as NH, to create aniline optically activates the
benzene ring, enhancing the freedom of the pi-electrons and by extension its ability to fluoresce,
being detectable with at concentrations of only 0.01 pg/mL. Conversely, substituting a meta-
directing group like NO; to form nitrobenzene deactivates the ring’s fluorescence. Broadly
speaking, trends in ortho-, para-, and meta-directing groups tend to be relatively, but not wholly,
consistent, with aromatic compounds substituted with NH,, OH, F, OCHs;, NHCH3, and N(CHs)2
groups tending to be visibly emissive, and those with Cl, Br, I, and NHCOCHj5 tending to be less
or non-fluorescent. A typical example of the effects of Br or | substitution is their quenching effect
in fluorescein®?®. The effect of disubstitution is less clear, although as molecules become more
complex, it would appear that increased emission associated with higher orders of conjugation
tend to outweigh the quenching effects of meta-directing groups. This is particularly the case in
polycyclic aromatic hydrocarbons (PAHSs) where the number of pi-electrons available from the
increased number of rings in compounds like naphthalene or anthracene lead to significantly
greater fluorescence than that observed in benzene. Luminescent PAHs have been shown to form

readily in simple setups such as gas flame reactors®%,

Spectroscopic studies of PAH monomers where emission is dominated by n—m* transitions show
that emission generally lies between 300-450 nm. This generally appears to be the case from the
selection of literature figures presented in Table 26. Experimentally, it is not uncommon in
contexts that expect to see PAH formation, such as studies of soot formation in flames, to see
broadband, structureless emission extending from beyond 450 nm. One school of thought
attributes higher wavelengths of emission to progressively bulkier PAHs possessing over four
cyclic rings®21:322, More recent studies have refuted this, instead attributing emission in the region
of 500-600 nm to the formation of dimers of moderate-sized PAHs®2, Where dimers are present,
it is thought that they may have longer lifetimes than monomers measured under the same
circumstances®?+3?%, This is supported by studies of anthracene and bisnapthalenes that have been
loaded into zeolite frameworks and form dimers as a result of geometric confinement!84183, In a
potentially chicken-egg line of reasoning, the broadening of the emission profile and red shift of
peak emission is attributed to PAH dimerization, although this has broadly been supported by

other studies performed outside of zeolites on related molecules®26-328,
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It is also important to remember that due to the size limitations of the cage structure, there is an
upper limitation on the size of PAH that might fit within the zeolite. Increasingly large structures
like chrysene, which are listed in Table 26, may become prohibitively large, especially when
functionalised. This is relevant when rationalising whether the lifetimes exhibited are compatible
with literature values of PAH species; longer lifetimes like those seen in fluoranthene may not be

seen in a zeolite as this molecule might be too large to fit in the pores.

Thus far, PAHSs, highly conjugated molecules, and certain substituted derivatives of these are
considered to be the primary classes of ‘natively’ fluorescent organic molecules. An additional
class of organic compounds that could be considered in the context of zeolites are those that
become fluorescent following a chemical process. A typical example of this from the life sciences
is cortisol, which is non-fluorescent but becomes so fluorescent when dissolved in a solution of
concentrated sulphuric acid and ethanol that it may be used as an assay*?°. Another example from
the life sciences that involves an acid-induced fluorescence is 5-aminolevulinic acid (5-ALA)
induced fluorescence of protoporphyrin 1X (PplX), which can be used to visualise regions of
metabolic activity in tissue, such as gliomas, intraoperatively3®. It is possible to consider that the
acidic nature of zeolites may have the capacity to chemically induce fluorescence. This concept
has indeed already been demonstrated in studies by Karwacki et al. where thiophene-based

chemosensors were artificially introduced into zeolite frameworks to visualise acid sites'*®.

Raman spectra for PAHs have been modelled and experimentally validated relatively
comprehensively®537, Generally, the strongest Raman modes are those associated with C-C &
C=C stretching as well as ring breathing, which have been summarised in Table 27, and shift with
increasing conjugation as a result of changes in m-electron distributions. These modes are
predominantly found between 500 and 1700 cm™ at visible range excitation, although it has been
noted that resonance effects dependent on the wavelength of excitation (in particular UV) will
result in the preferential resolution enhancement of modes between 1400-1600 cm™ %3, Further
to this, these vibrations can also be influenced by steric repulsion, hydrogen bonding, and the
presence and location of functional groups, so it is difficult to observe definitive systematic
variations in peak position as a function of PAH structure or size®’. Similarly, the weak
polarisability of most functional groups makes the generally Raman inactive, so the technique

cannot always specify to what extent substitution may have occurred.

Although studies exist on template removal in zeotype structures, there are none that directly
relate to TMAda in CHA frameworks. Related studies on the topic utilising vibrational
spectroscopy include removal of tetrapropylammonium (TPA) from MFI zeolites3327814% 1 9-
diaminononane from cobalt containing SBE aluminophosphates®®?, tetraethylammonium from
zeolite B%, triethylamine from SAPO-5 and AIPO4-5%4, and TPA & tetramethylammonium in

SAPO-37%%. Geus et al. noted the nonuniform degradation of template due to the crystal’s internal
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growth structure and use IR spectroscopy to track the diminishment of C-H bands over the course

of the calcination3%.

It is likely that pyrolysis of the TMAda template molecule (C13H2sNO) within the confines of a
framework will see both the destruction and regeneration of derivative organic species through a
mechanism called the hydrocarbon pool. It is expected that the template, which features a
trimethylamine (TMA) component, will act as sufficient fodder for substituted aromatics to form.
Separate studies of TMA decomposition on Pt(111) substrates using electron energy loss
spectroscopy (EELS) indicate that sequential CN bond cleavage occurs, followed by the
generation of dimethylamino species ((CHs).N) from 127 °C, methylnitrene species (CHsN),
methylene amido species (CH:N) and finally dehydrogenation at temperatures exceeding
227 °C**®, Based on previous literature that studies the hydrocarbon pool mechanism in the
methanol-to-olefins reaction in CHA frameworks?*3¥" and ethene to propene conversion in MSE
frameworks?’3, some specific chemical species might be expected. In methanol conversion in
CHA and MFI frameworks, these include neutral aromatics, charged monoenyl and cyclopentenyl
species, charged poly-alkylated benzenes, charged alkylated naphthalenes, and complex
carbenium species®®. In ethene to propene conversion, substituted bicyclic aromatics,

naphthalenes, and isopropylmethylnaphthalenes can be expected.

5.1.2 Graphitic Compounds

Large scale solid-state graphitic materials are not reported to have visible emission and rather, on
their own, are generally considered to be efficient quenchers that quash emission from other
fluorophores via long range energy transfer processes®®340341 This characteristic has been
exploited in biosensing technologies®*2. However, physically or chemically manipulating can lead
to instances where fluorescence might be observed. There is limited literature that suggests as-
prepared graphene oxide might exhibit fluorescence. This has been attributed to local disorder-
induced states in the pi-pi* gap of sp2 sites, bond disorder-induced energy gaps, and quasi-
molecular fluorophores formed by COOH and similar dangling functional groups®®. The
existence of structural defects has, in turn, primarily been attributed to the generally abrasive
synthesis process, which involves the oxidation and exfoliation of graphite sheets**®. Graphene

oxide has also been shown to exhibit ultrafast fluorescence (1 ps — 2 ns) when dispersed in water3®,

5.1.3 Carbon Nanostructures

Another class of potentially luminescent species are carbon nanostructures. These include
morphologies like nanotubes, nanodots or nanoribbons3* that have all been shown to luminesce.
The chemical composition can vary from being graphitic in the case of single or multiwalled

carbon nanotubes (SWNT or MWNT) to aromatic3* in the case of some nanodots. They are
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primarily grouped together by their size, which are generally not larger than a few tens of
nanometres and is the reason for the complex 1D quantum effects are thought to contribute to

some of the pathways of emission.

Carbon nanoparticles generated via nitric acid oxidation of carbon soot with a known graphitic
composition were shown to luminesce at 520 nm with a 450 nm excitation source3#. In this study,
luminescence was similarly attributed to the incorporation of either nitrogen or oxygen defects in
the form of dangling functional groups.

Carbon nanotubes have been shown to luminesce between 500-600nm if oxidised or
functionalised®¥312 and have lifetimes ranging from 1.3-12.5 ns (see Table 26). This is dependent
on the synthesis method and functionalisation or post-processing of the tube. Their emission
intensity is great enough to image®!. Zeolites have been used in the past as a size-selective
substrate to grow SWNTs on®¥. In these studies, metal-exchanged LTA, FAU, and SOD-type
frameworks were used to catalytically decompose vapour-phase acetylene (CzH,) in a fixed bed
flow reactor. A study of spent coked FCC FAU catalyst residue has also showed that pulsed 532
nm laser ablation can form SWNTSs and silica nanowires through vapour/solid-liquid-solid self-

assembly34#,

Carbon nanodots have previously been prepared from organic templated aluminophosphate
zeotypes®10:349.350351 These studies are of interest because they purport the formation of emissive
nanoparticles through effectively partially detemplating a sample. In a study by Mu et al., an as-
synthesised MgAPO-44 zeolite was heated from room temperature to 400 °C in air and held
isothermally at the maximum temperature for 4 hours, during which time it is posited that carbon
nanodots formed via carbonisation of the templating agent N-methylpiperazine®°. Nanodot-
containing zeolite was then dispersed in water at different concentrations. X-ray photoelectron
spectra (XPS) pointed towards the presence of C=C, C-N/C-O, and C=0 bonds with
approximately 22% of the content containing N-groups. The luminescence appeared to be
concentration dependent, with the highest concentration (1.36 g/L) yielding Aex = 550 nm and Aem
= 625 nm versus a concentration of 0.92 g/L having Aex = 520 nm and Aem = 600 nm. A similar
study was performed in 1TQ-29 (LTA) zeolite, which also claimed that fluorescent carbon
nanodots could also be formed in small pore zeolite framework types ITW but not MFI or BEA®,
In all studies, the emission is generally centred at 500 nm and above, and they report some degree

of dependence on the excitation wavelength.

In Raman spectroscopy, carbon nanostructures exhibit a D and G peak®?2. The D band at 1332
cm? represents carbon atom vibrations in disordered graphite and the G band at 1582 cm™ is
related to electron-phonon coupling interactions of ordered sp? carbon atoms in a 2D hexagonal
lattice. There are no clear D and G peaks visible in the Raman maps acquired, which also feature

particularly long acquisition times. However, being collected at 830 nm in a bid to reduce the
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overall fluorescence background of the samples, it is also the case that the spectra have been
acquired at a wavelength that is not tailored or sensitive to graphitic structures, and that resonance
enhancement using an excitation source such as 514 nm should probably be attempted first before

ruling out the presence of carbon nanostructures on the basis of the Raman data®®?.

5.1.4 Additional Lifetime Augmenting Factors

It is broadly evident from the table above that numerous other factors may affect lifetime. In the
case of PAHSs, the physical form and solvent are shown to dramatically change the lifetimes. This
highlights the highly contextual nature of lifetime measurements, with the local environment
requiring serious consideration in the interpretation of results. Beyond what is summarised in the

table, there are some further parameters that might affect lifetimes.

Early spectroscopic studies exploring the effect of methyl groups on the fluorescence behaviours
of aromatic molecules saw an increase in fluorescence lifetime®2, although more recent in-depth
studies demonstrate that while methyl groups do alter the lifetimes, it depends on where they have
been substituted, how extensive asymmetry within the molecule generated by the substitution is,
and what the parent aromatic is®4. Naphthalenes, for example, were shown to have shorter

lifetimes with the addition of methyl groups®®.

Another parameter that may have an effect on lifetime is temperature. Between 500 — 1200 K
(227 — 927 °C) in an inert gas environment, naphthalene, fluorene, anthracene, and pyrene were

all found to decrease in lifetime with increasing temperature®.

The zeolite framework is likely to have an overall effect on the emission properties based on the
confines of the geometry as well as the chemically active sites throughout. Generally, it is thought
that confinement will serve to sterically stabilise molecules and prevent certain vibrations, which

might also lead to an increase in lifetime!’.

On a more generic level, concentration is well known to cause an effect on the lifetime of a
fluorophore, although whether it induces quenching or lengthening is highly dependent on the
sample. Using a classic example of common laser dyes, rhodamine B experiences quenching at
high concentrations but coumarin does not®*®, Increase concentration of pyrene indicates
formation of an excimer that leads to a more complex multiexponential emission with a longer
component®’. Addressing the acidity of zeolite frameworks, the effect of pH on lifetime is not
globally well established. Sources in the life sciences®23° and food science indicate that
seemingly more alkaline conditions might increase lifetimes with studies showing dyes that are
sensitive to pH changes can experience lifetime increases of 1-2 ns®®, Based on this, it may be
the case that the pH of zeolites could globally supress lifetimes, although the extent to which this

is the case is difficult to ascertain. The study of carbon nanodots generated during zeolite template
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pyrolysis seemed to show that when dispersed in solution, low pH (1-5) led to a decrease in

photoluminescent intensity3°,

5.1.5 Summary

So far it can be concluded that:

e It is highly likely and reasonable, based on literature sources, that the products being
formed during the detemplation of SSZ-13 will be fluorescent

e Substituted PAHs are expected to form and comprise the bulk of emission between 400-
450 nm

e The formation of dimerised PAHSs is feasible based on the extensive steric confinement
from the framework, and would be responsible for some emission above 450 nm

e Carbon nanostructures can be expected to form, and would be broadly responsible for
emission from 450 nm and above

e Modified graphitic species may be present and would be responsible for emission from
450 nm and above

e Chemically induced fluorescence from non-natively fluorescent molecules could be

reasonable on the basis that the framework imparts a chemically relevant effect

Note that for all of the trends in lifetime and emission characteristics described here, the effect of
the zeolite framework has not fully been taken into account. Certainly, it is expected that the steric
confinement and abundance of chemically active sites will have an additional effect on the

lifetimes, although it is difficult to definitively state what these effects will be.
5.2 Evidence of Different Emissive Species

Based on differences in deposit shape, distribution, lifetime, and Raman mapping it is possible to
speculate that confocal imaging is showing different types of emissive species in the partially
detemplated chabazite, the chabazite calcined twice at 550 °C, and the chabazite calcined once at
630 °C. Five characteristic emission behaviours have been proposed in these crystals, as
summarised in Table 28 and Figure 88. The morphology & distribution, emission windows, and
average lifetimes have been summarised and then tentatively linked to some Raman features. In
all cases, they are believed to be due to carbonaceous species rather than the framework, based

on the wavelengths of visible excitation and emission.
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Figure 88 Schematic diagram of five types of emissive behaviours in three samples. Black lines
demarcate the edge of the crystal.
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Table 28 Summary of different proposed chemical species based on their emissive features

Emission Emission
Morphology Peak at Peak at T1A/A Raman Speculated
i SENRlE S Aex =405 Ax =488 (ns) Features Species
Distribution X & P
(nm) (nm)
1 Partially | Broad 450-500 450-550 @ 1-2 | Unknown Preliminary
calcined | emission template
across whole decomposition
crystal face derivatives
2 | Partially | 400 nm 450-550 450-550 - Unknown Polycyclic
calcined | deposits aromatic
clustered in hydrocarbons
center of the
crystal
2  Calcined | 400 nm 470 500 4-5 - Polycyclic
twice at | deposits aromatic
550 °C clustered hydrocarbons
across center
of the crystal
face
3 | Calcined | Medium- 495 535 2-3 Carbon
twice at | sized nanonstructures
550 °C subsurface
deposits,
approximate
@2-4 ym
4 Calcined  Large 485 520 6-7 1038 & Substituted or
twice at | regions of 1077 cm- | highly confined
550 °C subsurface 1 polycyclic
emission, @5 aromatic
pum or hydrocarbons
greater
5 | Calcined | Concentrated 505 535 2-3 - Carbon
once at | regions of nanostructures
630 °C emission,
surface and
subsurface
4 Calcined  Large 480 530 7-8 1038 & Substituted or
once at | regions of 1077 cm-  highly confined
630 °C subsurface 1 polycyclic
emission aromatic
hydrocarbons

5.2.1 Type 1 Emission

The first type of emission behaviour (hereafter termed ‘Type 1 Emission’) is denoted in Figure

88A in orange and refers to a homogenous, structureless emission across the crystal face that

doesn’t conform to any particular shape. This is seen mainly in the partially detemplated sample.

It appears to have a short average lifetime of 1-2 ns and predominantly emits in the region of 450-

500 nm. This emission behaviour might be explained by an even distribution of an emissive

species throughout the existing pore structure of the zeolite, as pore structures exist on a length

scale below Abbe’s diffraction limit. Based on studies of nanodots, which were formed after at

least 4 hours of being held at 400 °C or higher31934%35 it js unlikely that these are nanostructures

as the sample was only brought to 300 °C and was quenched after reaching this temperature.
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Instead, these emissive products might be arising directly as a result of preliminary template

pyrolysis.

5.2.2 Type 2 Emission

The second type of emission behaviour (hereafter termed ‘Type 2 Emission’) exemplified in red
in Figure 88 are the clustered deposits concentrated in the centre of the crystal faces in the partially
detemplated chabazite and the chabazite calcined twice at 550 °C. These deposits appear roughly
circular with an average diameter of 400 nm. In the chabazite calcined twice at 550 °C, they
appear more concentrated on the external surfaces of the crystal. The peak emission region is at
470 nm and the lifetime is in the range of 4-5 nm. Raman mapping suggests that a band at 1038
cm? could be assigned to this emissive product. While the morphology and distribution of these
deposits is compellingly similar for both the partially calcined and the twice calcined chabazite,
it is not certain that the chemical composition of these deposits are the same. It is likely that in
the sample calcined to completion that the composition is an evolution of that which is present in
the partially calcined sample.

Of all the regions identified, this type has the emission peak with the lowest wavelength. It should
also be acknowledged that despite the weighted average being listed as 4-5 ns the 1, component
is relatively long at around 11 ns. Based on this, it is possible that these deposits are PAHS,
substituted or otherwise, formed as a result of more extensive hydrocarbon pool chemistry. In the
partially calcined sample, the early indications of this deposit formation are visible, although the
agglomerates are not yet fully defined. This could be evidence of the early stages of hydrocarbon
pool chemistry occurring. The deposits in the twice calcined chabazite, then, are as a result of
more extensive hydrocarbon pool chemistry. These products could be more extensively recylised

or substituted than those seen in type 1 emission.

5.2.3 Type 3 Emission

The third type of emission behaviour (hereafter termed ‘Type 3 Emission’) observed in the
chabazite calcined twice at 550 °C are the subsurface deposits represented in green in Figure 88.
These regions are larger than the red deposits and measure around 3 pum across. They overall
appear to be more emissive in the red (i.e. 550-650 nm) and also have a shorter lifetime compared
to the type 2 emissive deposits. Raman mapping of the same sample shows that a similar localised
distribution is seen in intensity maps of the bands 1344 and 1439 cm™. The distribution pattern of
these bands is different to the Raman bands suspected to be associated with Type 2 emission,
further suggesting that Type 1, 2, and 3 emission behaviour are arising from different chemical

species.

Based on their emission peak, which is at 500 nm, and their shorter lifetimes, it is speculated that

these deposits could be carbon nanodots or similar nanoscale structures. Beyond the weighted
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lifetime presented in Table 28, these deposits do exhibit the shortest t1 and 12 values of all the
emissive deposits proposed here. The shorter lifetimes in the framework would be consistent with
nanostructures as these would be too small to experience significant steric confinement, unlike
bulkier PAHSs that might experience longer lifetimes. Modified graphitic materials in the form

SWNTSs or graphene oxide were also shown to have short lifetimes (see Table 26).

5.2.4 Type 4 Emission

Like type 3 emission, type 4 emission behaviour is another form of subsurface deposit present in
the chabazite calcined twice at 550 °C and once at 630 °C. Unlike type 3 emission, type 4 emission
regions are larger with an average diameter of 5 um or greater and have an emission peak slightly
more towards the blue region at 485 nm. These also have the longest average lifetimes at 7-8 ns.
The distribution map for the 1077 cm™* Raman band appears to show similarities to the confocal
imaging distributions. Where type 3 emission was potentially attributed to carbon nanostructures,
the longer lifetimes indicate that these might be a type of bulky, substituted PAH instead. This
could make these regions compositionally similar to type 2 emission. The longer lifetimes could
be as a result of similar types of PAH undergoing greater confinement effects from being trapped
deeper in the framework.

5.2.5 Type 5 Emission

The fifth type of emission (hereafter termed ‘Type 5 Emission’) occurs in the chabazite sample
calcined once at 630 °C. These are concentrated regions of emission that appear like bright spots
both on and below the surface. The average lifetimes are 2-3 ns and the peak emission is 505 nm
when excited at 405 nm, which is behaviourally very similar to type 3 emission. The distribution
might be likened to the Raman map at 1038 cm although this is not conclusive. Distinction has
been drawn between type 3 and 5 emission on the basis that type 5 emission morphologically
appears smaller (1-5 um), although arguably this could be from the same source. In this case, type
5 emission might be also be attributed to carbon nanostructures as described in the earlier

discussion.

5.3 Evidence of Morphological Features

5.3.1 Crack Formation

The most straightforward morphological change visible in the crystals is the formation of cracks.
These cracks are most visible in the partially detemplated and the twice calcined zeolites, as they
both exhibit the greatest amount of emissive background against which the cracks may contrast.
The cracks themselves are not sites of emission, indicating they are acting as non-size selective

diffusion pathways along which emissive products may readily escape. They also appear to be
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quite abundantly distributed across the area of the crystal, concordant with the x3700 SEM image

in Figure 68, which shows a view of a fractured crystal with a laminar cross-sectional topography.

Thermal stress cracking is not unexpected’>"2747>6and may be explained by the abrupt extrusion
of the adsorbed organic template phase across a large temperature differential leading to an
uncontrolled increase in the internal pressure of the lattice, which results in framework damage
and could also feasibly be exacerbated by the presence of water. Cracks large enough to cleave
structurally analogous SAPO-34 crystals have been three-dimensionally imaged by serial block-
face scanning electron microscopy (SBFSEM) and have been attributed to phase impurities (e.g.
cristobalite) causing tensile strain in the crystals during crystallisation, which remains
incorporated in the final crystal structure®®!. Regions of tensile strain then act as preferential
fracture planes when further external stress is applied.

It is difficult to assess whether hairline cracks are already present in such abundance in the
uncalcined material resultant of the synthesis process, as the framework itself appears optically
transparent. Although SEM does provide some evidence of planar defects on the surface of the
as-synthesised crystals, it is unclear whether such an extensive network of cracks forms at this
stage or after exposure to a certain level of heat. In comparing the partially detemplated chabazite,
which was heated to only around 400 °C before being quenched, to the twice calcined chabazite,
which was heated up to 550 °C, it does appear that although the density of cracking™ is similar
in both samples, the size of the voids appear markedly larger in the twice calcined chabazite,
implying the cracking process is temperature dependent and evolves with exposure to heat. It is
possible that with further heating, some of these cracks may anneal, as the chabazite calcined
once at 630 °C seems to exhibit less evidence of cracking. This may partially be due to the overall

lack of crystal emission, which may downplay the extent of the crack network.

It might be concluded that the heat treatment employed in these particular experiments is not ideal.
This is feasible, as the primary purpose of exploring detemplation here was not to finesse the
thermal process but to observe the formation emissive products. Based on the extent of cracking
in these results, it would appear that heating up to 550 °C twice does not produce an ideal result,
and that if a two-step procedure were being utilised, the first step should likely be performed to
temperatures less than 400 °C, with the final ramp to 550 °C being performed as slowly as
possible’. Indeed, in zeolites being synthesised for the purpose of catalysis, a much more
considered calcination process is typically employed with pre-heating phases, slower ramp rates,
and the introduction of oxidative gases at a later stage in the process, as previously outlined in
Chapter | Section 3.2.

xdii Cracking refers in this context, of course, to the process of crystal fracturing and splitting rather than
the catalytic definition.
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The following conclusion might be drawn. Heat treatments are generally the preferred method of
detemplation and are known to induce problems in the framework if performed hastily. The results
here, which see the zeolites being treated with more haste than caution, show a network of cracks
that appear to become more pronounced the longer and more frequently the sample is heated. The
introduction of cracks potentially has implications for the long-term efficacy of the catalyst in its
capacity as a molecular sieve, especially if the zeolites are to be used in applications that require
cyclical thermal regenerative processes. It is difficult to assess whether the overall effect of this
may be positive or negative, however, as though premature evacuation of incompletely converted
products from size-restricted pores might seem at first negative, the newly formed crevices may
also make available a larger internal surface area to a greater influx of reactant gases. Further
studies that image a series of zeolites subjected to a range of permutations of thermal detemplation
would be useful in assessing the relationship between thermal cracking and catalytic efficiency.
It would be worth assessing the effect of heating rates, humidity, and maximum temperature on

the crystals in further structured experimentation.

5.3.2 Pore Formation

The twice calcined chabazite also showed evidence of potential pore formation. Pores are
channels that do not conform to the framework’s microstructure being of a larger length scale,
and generally exceed 50 nm in diameter®2, This is based on the observation that type 2 emission
deposits appear to be aligning themselves in lines perpendicular to the crystal edges. This apparent
tendency to self-organise implies that a diffusional limitation is being imposed on the emissive

deposits, which is more consistent with the idea of macropores rather than cracks.

5.3.3 Regions of Non-specific Structural Change

A possible explanation for the sub-surface emissive behaviours visible in the chabazite calcined
twice at 550 °C and once at 630 °C is if these regions correspond to a type of induced structural
change such as a phase change. It is possible that if there is a kind of structural or compositional
change occurring in these regions that the local chemistry promotes the formation of a different
type of emissive species based on different confinement properties, which are thought to govern
hydrocarbon pool mechanisms®®3, Alternatively, it could be that emissive products themselves are
the same but the change in local environment (due to an induced structural or compositional
change in this area) causes the lifetimes to change. This may be through processes such as dimer

formation or interactions with the framework.

The evidence of red-shifted emission, however, indicates that it is most likely a different
speciation arising in these regions. This is further supported by Raman mapping studies, which
show through the tracking of peaks at 1439 and 1344 cm that there are regions that in the twice

calcined sample that morphologically correspond to the type 3 emission, whereas in the once
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calcined sample there is no such evidence of these peaks. Overall, it could still be the case that
type 3 emission is corresponding to local regions of structural or compositional change (e.g.
siliceous phase like quartz or cristobalite, amorphous phase, or compact aluminosilicate like
labradorite®®*). These regions still occupy only a small percentage of the overall bulk volume,

explaining why XRD studies may not pick up on this.
5.4 Spatial Distributions of Emissive Sites Indicate Position of

Bronsted Acid Sites

Charge compensation of aluminium sites is an intrinsic feature of zeolite frameworks. As
mentioned in Chapter 1, there is a certain degree of flexibility regarding the nature of the
counterion. In the case of an as-synthesised framework, it is predominantly the OSDA that
provides charge neutrality, but following thermal treatments and ion-exchange processes, it may
be provided by protons, which result in H-form zeolites with Brgnsted acid sites, or indeed any
cationic species such as Na*, K*, or transition metals like Cu?*, Fe>***, or Mn?* 3%, A correlation

may be made between the observation that emissive deposits appear to be migrating from the

centre of the crystal outwards, and fluorescence tomography imaging collected by Robinson et al.
of Cu-SSZ-13 crystals in Figure 89. These samples are the same chabazite crystals studied here
following a wet-ion exchange preparation method that introduces Cu(ll) into the micropore

network.

In the images Al signal is generally lower due to its lower concentration. Of note in these images
is the zoning effect, where Cu appears uniform at the centre of the crystal but absent in the a 7-8
um region from the outer edge. The contrast in the Si map implies silicon enrichment towards the
outer aspect of the crystal. Based on the localised distribution of Cu, it is possible to speculate
that by extension, charged sites are concentrated towards the centre of the crystal. Further to this,
it may be speculated that emissive products emanating from the centre of the crystal may also be
related to this site distribution, and that lifetimes in subsurface species may additionally be

lengthened via interactions with Bragnsted acid sites.
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Figure 89 XRF tomography of wet-ion exchanged Cu-SSZ-13 crystals obtained at Argonne Sector 2ID
with 10 keV showing elemental maps of Al (top left), Si (top right), Cu (bottom left), and channel overlays
(bottom right). 70 projections were measured over a 210° span. Si & Al show significant self-absorption, as
expected, resulting in shadowing across the right side of the crystals. Images courtesy of Dr Lu Xi Li and
Prof lan Robinson.
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6 Conclusion

Multimodal imaging studies are presented as a promising avenue for studying the spatial
distribution of emissive species across a crystal, with wavelength optimisation providing the key
to probing target species with greater accuracy. In the case of imaging, a 405 nm laser for confocal
imaging and a 488 nm laser for FLIM strikes a practical balance, yielding data sets bearing
chemical relevance on readily available commercial imaging setups®V. Within this near-UV to
visible range excitation, maps showing the distribution of organic material associated with the
detemplation process have been successfully collected. Further to this, Raman studies conducted
at 830 nm makes it possible to avoid the materials’ considerable fluorescence background™" and
provide greater chemical specificity with maps that show an intensity distribution of particular
peaks.

Across three samples taken from different stages of the detemplation process, a comparison of
the morphology of emissive deposits, highlighted through confocal imaging, the lifetime of
deposits, possible with FLIM, and vibrational characteristics, through Raman mapping, has
demonstrated that there are likely to be at least four unique types of emissive speciation present

in the samples. These include:

1. Anemissive species (type 1) distributed fairly evenly throughout the zeolite matrix with
a shorter lifetime, primarily seen in the partially detemplated sample and possibly
associated with smaller molecules directly resulting from the template decomposition
process;

2. An agglomerated emissive species (type 2) with a highly characteristic morphology and
medium duration lifetime, appearing to originate from the centre of the crystal in the
partially detemplated sample, and emanating towards the surface of the crystal in the
twice calcined sample, possibly comprised of late hydrocarbon pool products like
substituted PAHSs;

3. Anemissive species localised both subsurface and close to the surface, with an emission
centred more towards the red but with a shorter lifetime, seen in both calcined materials
(type 3/5), which is tentatively assigned to carbon nanostructures; and

4. Anemissive species spanning across larger subsurface regions with a significantly longer
lifetimes (type 4), and seen in both calcined materials, possibly associated with late

products of hydrocarbon pool chemistry and also potentially influenced by both the local

xv Given that UV imaging setups (<405 nm; corresponding with the excitation source used in previous
fluorescence spectroscopy studies) are not usually commercially available.

*¥ Fluorescence background remains a challenge in Raman spectroscopy despite optimised wavelength
selection, as evidenced by the partially detemplated sample whose background remained overwhelming
even at 830 nm. These samples require additional intervention with technologies such as Kerr-gated Raman.
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microstructural changes that promote their production and the confinement effects of the

framework.

The imaging has also shown a propensity for crystals to thermally crack after repeated heating,
as shown in the twice calcined material, which may have repercussions in the long term efficiency

of the catalyst’s use.

These images are differentiated from the existing body of imaging studies in that they are label-
free, and therefore provide an exciting insight into the spatial variation of zeolitic catalysts in their
native, untainted state. In particular, Raman mapping demonstrates in a compelling manner the
capacity for monitoring the fingerprint of the residual organic material. There exist, however,

caveats that can be addressed in future studies.

It remains that zeolites don’t globally lend themselves towards imaging in commercial systems.
It has been established that in these particular CHA type samples, the nature of the template used,
and the relatively large size of the cages is likely to facilitate the formation of emissive products.
This may not necessarily be the case across the board for all zeolite families depending on the
synthesis process used and pore size. Compared to the biological samples for which these imaging
systems are geared, zeolites are incredibly lowly emitting. As an example, FLIM images of
biological material are comprised of thousands of counts per pixel, whereas zeolite images feature
up to two orders of magnitude less counts per pixel, resulting in the need to spatially bin the
images, which further compromises the overall resolution. Scatter from the crystal microstructure
can also convolute the decay curves (as seen in Figure 74, Figure 78, and Figure 81) prompting
the need for manual fitting interventions. The carbonaceous material is also highly subject to
irreversible damage from laser power, requiring a delicate hand to balance the trade-off between
excitation power and resolution during image acquisition. This is also a key limitation in the move
towards techniques like multiphoton imaging using NIR lasers, which may provide access to UV
range excitation, but is coupled with an increased tendency for the samples to absorb, heat, and
burn. In the case of Raman mapping, extremely long acquisition times of 24 hours and longer are
required to detect signal to the level demonstrated in this chapter. In the interest of total time taken,
a static Raman grating is preferred although this comes at the expense of being able to offer only

a limited detection window.

Further success in label-free zeolite imaging studies will likely be achieved through the
development of customised imaging setups. The key points of difference between the samples the
commercial systems are optimised for and inorganic zeolites are that biological samples tend to
be:

e tagged to have higher quantum yield, which improves resolution and acquisition times;
and
e soft, transparent materials that don’t scatter, absorb, or burn as much.
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To this end, a customised imaging setup will most likely require a homemade system featuring
an optical pathway with greater geometric offset to deal with scatter, and significantly fewer

optical components to minimise signal loss.

Ultimately, these limitations should not be seen as prohibitive factors that undermine further
meaningful usage of the technique in future zeolite interrogations, but rather as a list of
surmountable challenges that can be addressed with further intelligent experimentation in a future
project. The truly novel potential of this technique should not be understated and is perhaps best
framed in terms of the XRF images in Figure 89. XRF is an established technique that is already
used to successfully analyse composition and elemental distributions in zeolite samples. In Cu-
zeolite samples, Figure 89 shows a characteristic zoning distribution of copper that is concentrated
at the centre of the crystal. It is interesting to note that the spatial distributions of emissive species
in Figure 77, Figure 78, and Figure 81 seem to correlated similarly with a concentration towards
the centre of the crystal. Given that the ion-exchange sites are associated with the distribution of
Al, it follows also that template derivatives would also be able to mirror this effective Al
distribution as the OSDA cations will also be preferentially located around the charge-introducing
Al sites™'. As such, on the basis of their chemical relationship to the framework, the emissive
deposits are in fact able to indirectly provide information on the distribution of framework
elements as well as the distribution of the organic phase themselves, providing even further insight

than what XRF mapping is already providing.

Lifetime maps then are not necessarily of interest because the numerical lifetime values are
independently meaningful, but rather because they become useful if they are viewed as a map
representative of degrees of confinement and chemical influence from factors like
silicon:aluminium concentration. The fluorescence maps in this sense can be viewed not simply
as a means of viewing a distribution of hydrocarbons, where different lifetimes correlate with
discrete chemical species, but as a means of seeing how the local chemical environment is
different across the crystal by seeing the degree to which it influences the lifetime of a guest
species. In this sense, FLIM & confocal images provide a wholly unique way of visualising a
zeolite and represent perhaps the closest iteration of a chemist’s ideal imaging modality as they
elucidate the arguably intangible concept of a ‘chemical environment’. Viewed in this manner,
the appeal and potential of FLIM in an inorganic chemistry context should become relatively clear.
Systematic experimentation imaging families of zeolites synthesised and reacted under strict
conditions will likely yield abundantly useful datasets that provide insight into how the chemical

environment changes and influences catalysis. Extending studies into other inorganic materials

»vi Although it should be noted that in the case of Cu?* two negative framework charges are required,
generally in close proximity, so the distribution of copper might more directly speak to the distribution of
Al pairs or higher Al concentrations.
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may provide similar forms of insight. Finally, conducting multi-wavelength studies will make it

possible to probe different regions and forms of speciation.
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Chapter VIII

Multimodal Study of Copper:
Elucidation of NOx Species in
SCR Catalysts

In collaboration with the B22 and 114 beamlines at the Diamond Light Source
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CHAPTER VIII: MULTIMODAL STUDIES OF CU-ZEOLITES

1 Introduction

Selective catalytic reduction (SCR) is a process that uses a catalyst to convert nitrogen oxides in
the presence of a reductant, like ammonia or urea, into water and diatomic nitrogen. It can be

generally described as follows:

4NHs+ 4NO + 0,—4Ny+6H,0 (1)

2NH3+NO+NO;—2N,>+3H,0 2)

Nitrogen oxides, or NOy gases, are a serious pollution problem that pose as a hazard to human
respiratory function and environmental ecosystems**®. Almost 50 % of NOx emissions originate
from combustion engines used in transport, with a further 20 % arising from the stationary
production of energy such as thermal power plants and industrial boilers*®’. Owing to its capacity
for high conversion efficiency and stability, SCR has been employed since the 1960s to purify
NOy emissions. In the automotive sector, SCR has already been commercially applied to reduce
NOx emissions in diesel cars using an exhaust fluid reductant source such as an aqueous urea
solution like AdBlue™. The majority of heavy-duty diesel vehicles use it, and some passenger
diesel cars by Volkswagen and BMW utilise the technology to help vehicles meet Euro6
standards.

A range of potential catalysts can be employed in this technology. The most standard type used
in cars is an extruded ceramic monolith matrix that carries catalytically active metal oxides such
as titanium oxide, vanadium, and molybdenum. Base metals do not have high thermal durability.
More recently, small pore Cu-zeolites have been identified as excellent catalysts in the SCR
reaction, being lauded for their unrivalled NOx conversion®*®3%3  Additionally, their strong
performance in the highly topical®” low-temperature SCR (LT-SCR) region (i.e. <250 °C*""), and
durability following hydrothermal ageing®’* make them excellent candidates for vehicular SCR,
and the current catalysts of choice for commercialized SCR in heavy goods diesel vehicles®”.
This chapter focuses on one specific challenge arising in NH3-SCR, which is the unwanted
formation of N>O. N,O is an unwanted by-product observed in SCR over copper- and iron-

374

exchanged small-pore zeolite catalysts®™, as well as Mn-Fe spinels®”®. Although historically

exempt from emissions regulations due to their believed lack of toxicity, harmful indications
following long-term exposure®’® and a global warming potential almost 300 times that of CO,*"
mean that N>O will inevitably become the subject of increasingly exacting legislation beyond
Euro6. Unwanted N>O formation in SCR is not well understood as the focus of studies is generally

on the formation of N».

N>O has been observed in systems catalysed by VO,/Ti0,*7*37 as well as with Cu-ZSM-5, Cu-
beta, Cu-Y, Cu-SSZ-13, and Cu-SAPO*’. Chemically speaking, a number of different N>O
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formation pathways have been proposed in these studies, which happen alongside the primary

SCR reactions described in (1) & (2). These include:

2NH3+20,— N0 +3 H;0 3
2NH3+2NO+0;—N;0 +3H,0+N; (4a)
ANHz+4NO+30,—4N,0+6H,0 (4b)
ANH3+4NO2+0,—4N,0+6H,0 (5)
3NO—N;0+NO; (6)
NHsNO3;—N,0 +2H,0 (7

The simplest option is perhaps the oxidation of NHs, as expressed in reaction (3). Equations (4a)
& (4b) have been of relative interest given that there is experimental evidence to suggest that NO
and NHs are simultaneously extant in a standard SCR system and may react to form N,0O3%1.382,
Mechanistically, this has been rationalised as a dual Eley-Rideal (ER) and Langmuir-
Hinshelwood (LH) process®®32#4 where it is thought that NO reacts with adsorbed NHs species
via the ER mechanism3%:38:387 Tn their work on ‘fast SCR’, Tronconi and Nova proposed a nitrate
route that concluded N-O was a primary product arising from the thermal decomposition of nitrate
species®839 as outlined in reaction (7). This option has been explored in Cu-zeolite
catalysts*0-391:392393 and VO catalysts®® alike. An extensive review of the mechanistic aspects of
N>O formation has been published by Brandenberger et al., which details reaction steps in a

394

manner beyond the scope of this paper>™*. This work further explores the decomposition pathway

of ammonium in the formation of N;O.

Independent of the particular mechanism underlying the process, studies of various properties,
including different catalysts and different reaction conditions, have been shown to yield different
rates of NoO formation. Some have noted trends in N>O production as a function of the
framework, with Cu-ZSM-5, Cu-beta, and Cu-Y all forming larger amounts of N,O than Cu-SSZ-
13 under the same conditions®’. Others have observed increased formation in environments

395, while other focus on increased accessibility to oxygen®®. The

featuring an excess of NO;
effects of hydrothermal ageing®*” have also been reviewed. As yet, there is no conclusive common

denominator that unites these observations.

In the work presented in this chapter, it is posited that there may be a correlation between N,O
formation and the nature of copper speciation throughout the catalyst. Working under the
assumption that NH4sNO;3 acts as a source of N,O, as broadly expressed in reaction (7), it is
proposed that there may exist sites within Cu-zeolites that act as preferential sites for nitrate

formation. In samples where there is an excess of such sites, it is hypothesised that N,O formation
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rates will be higher. Central to this idea is a piece of work conducted by Deka et al.**, which
involved comparing the DeNOx selectivity of two Cu-zeolites prepared by two different methods
(i.e. wet ion exchange and vapour deposition). In a Cu K-edge XANES experiment, reproduced
here in Figure 90, there was evidence to suggest that the zeolite prepared by vapour deposition
contained a linear Cu" species. This can be seen in the form of the pre-edge feature at 3a, which
is not present in the wet ion exchanged sample and has previously been seen in systems like Cu,O

or CuAlO; owing to a transition from a 1s orbital to a double degenerate 4pyy orbital*®”.
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Figure 90 Cu K-edge XANES spectra wet ion exchanged and vapor deposition prepared Cu-zeolites.
Features of interest are marked with numbered lines. Reproduced from Deka et al.3%

In this chapter, the presence of copper aluminate species, which has previously been associated

400398401 is identified as a site for preferential nitrate

with the deactivation of Cu-zeolites
formation.

To test this hypothesis, two Cu-zeolite samples were produced. The first is an efficient and high
performing Cu-SSZ-13 sample known to produce low N>O amounts prepared through a standard
wet ion exchange method. The second is a Cu-SSZ-13 sample prepared via a solid-state exchange
method thought to contain varying amounts of different copper aluminate species. To verify the
disparity in copper speciation between the two Cu-zeolite preparations, the samples were analysed
on the hard X-ray nanoprobe at beam 114 of the Diamond Light Source (DLS) using a
combination of X-ray fluorescence (XRF) and X-ray absorption near edge spectroscopy
(XANES) maps. The N,O performance of each Cu-zeolite was then monitored in an operando
infrared spectroscopy study on the multimode infrared imaging and microspectroscopy

(MIRIAM) B22 beamline at the DLS, differentiated from lab-based IR setups by its high

brilliance irradiation source and superior signal-to-noise.
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2 Methods

2.1 Sample Preparation

A parent SSZ-13 zeolite (Si/Al = 13) was synthesized using N, N, N-trimethyladamantammonium
hydroxide as a structural directing agent in a fluoride media, under static hydrothermal
conditions'*!7® The proton form of the zeolite was obtained by calcining the sample in air by
heating at 1 °C min' to 120 °C, held for 2.5 h and then at 4 °C min™! to 550 °C, held for 10 h.
Crystals synthesised were 30 pm on average. Copper-exchanged forms of the zeolite were created
via the following two preparations.

The first method was a wet ion exchange method as reported previously*”>. An amount of the H-
SSZ-13 was added to an aqueous solution of copper sulphate and heated at 80 °C for 2 h under
stirring. The product was recovered by vacuum filtration, washed with copious amounts of water,
dried overnight at 80 °C and calcined in air. This sample is hereafter referred to as Cu-Zeolite
Wet Ion Exchange (CZ-WIE).

The second method was a solid ion-exchange preparation. Cu-nitrate was combined in a five-time
stoichiometric excess with H-SSZ-13 framework in a mortar and pestle and mechanically
incorporated. The resultant sample was filtered and dried at 120 °C overnight, before being
calcined again at 550 °C with a ramp rate of 2 °C min™'. The resultant sample featured a Cu loading

of 3 wt%.. This sample is hereafter referred to as Cu-Zeolite Solid State Exchange (CZ-SSE).
2.2 Preliminary Zeolite Characterisation

2.2.1 UV-vis

UV-vis spectra were acquired under ambient conditions with a Shimadzu 2700 UV-vis
spectrophotometer fitted with an optical integrating sphere for solid powdered samples. Zeolites
were pressed into a sample holder and mounted vertically in the integrating sphere. A standard
barium sulfate (BaSO4, Sigma-Aldrich, 99%) sample was used for baseline scans. Spectra were
collected from 200-1400 nm at a scan speed of 130 nm/min and a resolution of 0.5 nm.

2.2.2 Raman Spectroscopy

Raman spectra were obtained from an InVia confocal Raman microscope (Renishaw, Wotton-
under-Edge, UK) equipped with a 50x objective lens (Nikon, L Plan Apo, 50x/0.45, WD17) and
Peltier cooled CCD. The sample was irradiated with either an 830 nm diode laser with 34 mW
maximum power output, or a 514 nm Stellar PRO argon laser (Modu-laser, USA) with 10 mW
maximum power output. Attenuated laser power at the sample was achieved using neutral density

filters. A grating with 1200 lines/mm was used, yielding an overall spectral resolution of 1 cm™.
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2.2.3 XRD

Powder X-ray diffraction was measured using a Rigaku Miniflex X-ray instrument with a Cu tube
source of 600 mW and 1D D/teX detector and divergent slits. Diffraction patterns were collected

between 5-50 26° with an increment of 0.017 (26°) and an acquisition time of 1 sec/step.

2.3 Advanced Characterisation

2.3.1 XRF and XANES

Nano-XRF and nano-XANES experiments were performed on the 114 hard X-ray nanoprobe
beamline at the Diamond Light Source. Sample was suspended in isopropanol and deposited onto
silicon nitride wafers, which were mounted into the beamline. The sample was then scanned
across the X-ray beam, focused to a spot-size of 100 nm, to form a map with 100 nm lateral

resolution. Signal was detected using a four-element silicon drift detector.

The incident nano-XRF beam energy was chosen at an energy above that of the respective Si, Al,
and Cu K-edges. Nano-XANES data were obtained by compiling a series of nano-XRF maps
collected at 100 different photon energies crossing the Cu K-edge. The map was then derived as
the integral of the Cu Ko emission at each energy, resulting in a stack of images. These were
aligned to correct for thermal drift and analysed using principal component analysis (PCA) and
clustering tools available in the freely-available package HyperSpy“®.

2.3.2 Operando IR Spectroscopy

The infrared micro-spectroscopy experiment employed a Bruker Hyperion 3000 infrared
microscope-fitted with either a x36 magnification objective & condenser-coupled to a Bruker
Vertex 80V FTIR instrument at MIRIAM beamline B22 of Diamond Light Source. A slit size of
25 x 25 pm and a beam size of 10x10 pm? was used.

Bulk transmission IR experiments were performed on 6 mm thick wafers of catalyst particles (~10
mg) which were formed by pressing at a pressure of 1.5-ton cm for 1 min. Wafers were placed
onto a CaF, window mounted inside a temperature-controlled Linkam FTIR600 reaction cell. Gas
stream inlets to the cell were controlled by a mass flow controller. Prior to experimentation,
wafers were dehydrated by heating at 300 °C under nitrogen 100 ml min N, flow. When adsorbed
water bands were no longer visible in the spectrum, the Linkam cell was cooled down to the
desired reaction temperature under N flow at a rate of 10 °C min.

Spectra were recorded from selected points across the sample with 256 scans and 4 cm™ !
resolution, equivalent to 32 s per measurement, using the Bruker OPUS software. NH3;-SCR was

performed using a base gas mixture of 500 ppm NO, 500 ppm NHs;, and 1000 ppm O (balance
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N>) at 180 °C. The outlet of the cell was connected to a mass spectrometer to provide qualitative

information for reactant consumption and product formation.

3 Results & Discussion

3.1 Preliminary Zeolite Characterisation

3.1.1 UV-vis

UV-vis confirms the presence of copper species within the zeolite. An intense absorption band is
visible in the CZ-WIE and CZ-SSE samples at 200-225 nm. Previous studies have assigned this
feature to the charge transfer between of 0> Cu?* or 3d'°-3d%4s1 Cu* transitions*®, although its
presence in the copper-free zeolite means it could also partly be arising as a characteristic
transition of the zeolite*®. The broad absorption band at 800 nm in the CZ-WIE and CZ-SSE is
assigned to the d > d transition of isolated distorted octahedral hexa-aqua®"' complexes of Cu?*
and has been previously identified in Cu-SSZ-13%%, Cu-ZSM-5%7, Cu-SAPO-34*® and Cu-
BEA?®8, As the band is broad, it is likely that the absorption band may be due to three different
types of Cu?* complexes including divalent complexes charge compensated by an Al pair (e.g.
[Cu(H20)6]?"), monovalent, single Al charge compensated complexes (e.g. [Cu-OH(H:0)s]*), and

complexes involving organic ligands*®.

it Measured at ambient temperature, it is assumed the samples are hydrated.
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Figure 91 UV-vis of SSZ-13 including blank framework (magenta), 4x wet ion exchanged Cu-zeolite (blue),
and solid-state exchanged Cu-zeolite (orange)

The CZ-SSE exhibits increased absorption in the region between 350-620 nm, which can be
assigned to charge transfer in O-Cu-O and Cu-O-Cu linear copper systems like CuO*’’. This is
also evidenced in UV-vis studies of copper loading in zeolites where higher copper loadings are
accompanied by an increase in oxidic copper species*®. CZ-SSE also has a shoulder at around

300 nm that has previously been observed in optical transmission studies of CuAIO,*1°.

Overall, the UV-vis data indicates that both samples clearly evidence the presence of copper
speciation, with the CZ-SSE exhibiting multiple copper environments.

3.1.2 Raman Spectroscopy

Raman spectra were acquired for the CZ-WIE, the CZ-SSE, and the copper-free parent zeolite of
both types of copper-exchanged samples. Representative spectra from 5 different areas of the
sample were acquired and then averaged to create the traces presented in Figure 92. The copper-
free parent zeolite appears to be quite homogenous with the characteristic chabazite quartz peak
at 484 cm™. As previously discussed in Chapter 3, bands at 803 and 833 cm™ have been assigned
to vs(T-O-T) stretches®® of the silicalite structure. These bands are weak and only visible in longer

accumulations.
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The first batch of wet ion exchanged Cu-zeolite preparations (i.e. series AG02) show strong
crystallinity of the chabazite doublet and no further meaningful bands. The second CZ-WIE batch
(i.e. series AG03) has a higher background noise and two additional bands in the spectrum at 607
and 809 cm™. Additionally, the chabazite doublet appears compromised. It could be the case that
this preparation may have interfered with the structure of the parent material, highlighting the
need to characterise material regularly during ion-exchange processes. This batch of sample was

not used in further analysis.

In the CZ-SSE sample the chabazite doublet is clearly visible indicating crystallinity is maintained.
However, there appear to be two unique bands at 655 and 833 cm™. Despite previous assignment
to silicate stretches, the 833 cm™ peak, unaccompanied by a band at 803 cm™, appears
disproportionately intense in the CZ-SSE sample. It is instead speculated that these peaks may be

attributed to a unique copper environment.

Previous studies have explored the spectroscopic features of mononuclear and dinuclear CuxOy
complexes that might be extant in Cu-zeolite samples. A study by Pappas et al.?*” exploring the
structure-activity relationship for Cu-CHA presented Raman data for hydrated and activated Cu-
SSZ-13 samples with bands at 510, 580, and 830 cm™ that were assigned to [Cu(trans-u-1,2-
0,)Cul?* species®®. A shoulder feature is also observed at around 620 cm™, which could be
associated with bis(p-oxo) dicopper(111) and mono-(u-oxo) dicopper(ll) species?®®411412_ Fyrther,
Vanelderen et al. showed that such vibrational frequencies can be influenced by the type of
framework the molecular copper species are being hosted in*®, Based on this, it may be
reasonable to consider that the band at 830 cm™ could be associated with species featuring an O-
O bond and that the band at 630 cm™ could be linked to a Cu-O structure. Future computational

studies could be used to clarify the nature of these Raman vibrations.
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Figure 92 Averaged Raman spectra of CZ-WIE and CZ-SSE acquired at 830 nm including the parent H-
SSZ-13 batch (dark grey), the solid-state exchanged Cu-SSZ-13 (aqua), and two batches of wet ion
exchanged samples denoted AG02 (red) and AGO03 (blue).

3.1.3 XRD

Figure 93 shows XRD patterns for both Cu-zeolite samples. Each sample shows agreement with
the expected peaks for a CHA zeolite®4!*, The signal-to-noise of these unsmoothed spectra shows
a high level of crystallinity, with neither sample appearing to have diminished crystallinity as a
result of the ion-exchange preparation. Diffraction peaks from alternative copper phases (e.g. CuO
at 35.6° & 38.8°45; CuAl,04 at 36.8°4%; CUAIO; at 36.6° & 37.8°41¢) were not visible in the XRD
patterns, which may relate to either no such phase being present, too low in concentration for the

sensitivity of the system, or a distribution of small non-periodic particles.
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Figure 93 XRD of Cu-SSZ-13 including WIE-CZ (red) and SSE-CZ (black)

3.2 Advanced Characterisation

3.2.1 XRF & XANES

Nano-XRF and -XANES analysis was conducted to establish the nature and distribution of copper
species across each SCR catalyst. In particular, XANES is used to establish the presence of an
aluminate phase in the CZ-SSE preparation.

Overlaid XRF elemental maps of silicon (red), aluminium (green), and copper (blue) acquired
with 100 nm resolution are shown in Figure 94. The crystals in Figure 94A show the CZ-WIE
samples are larger than the CZ-SSE sample in Figure 94B with an average crystal size of 60 um
compared to 15 um. In both cases, a regular cubic structure can be seen.

CZ-WIE shows a relatively uniform distribution of copper across the sample and thin regions of
copper depletion on the crystal edges where the silicon map appears more pronounced. Copper
distribution is expected to be even across the sample considering the wet-ion exchange
preparation method, which sees copper starting in solution as a Cu?* hexaaqua ions and being
drawn in a sponge-like fashion into the porous structure when water ligands are dropped during
dehydration. Conversely, in the CZ-SSE sample the copper appears to be zoning around the edge

of the crystal, with a region of copper depletion instead being present in the centre of the crystal.
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This can be attributed to the synthesis method of mechanical incorporation, which forces ion-

exchange to occur in the solid-state almost exclusively via surface diffusion.

A.

Figure 94 Nano-XRF images of copper SSZ-13 catalysts prepared by two different ion-exchange
methods. A)nano-XRF (step size = 100 nm, detector 0.05) elemental map of CZ-WIE showing silicon (red)
and copper (blue) b) nano-XRF (step size = 100 nm, detector 0.05) elemental map of CZ-SSE showing

silicon (red) and copper (blue). Scale bars on the axes are shown in microns.
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Figure 95 Normalised XANES spectra of CZ-WIE and CZ-SSE. Feature 1 at 8975-8980 eV; feature 2 at
8982 eV; feature 3 at 8986 eV; feature 4 at 8995 eV.

Figure 95 shows normalised XANES spectra of CZ-WIE and CZ-SSE. In total, four features of
interest have been identified, all of which have been previously assigned by Deka et al.>%. Feature 1,
expanded for clarity between 8975 and 8980 eV, is assigned to dipole forbidden 1s>3d transition in
Cu?*. The feature is present in both samples but shifted from 8977 in the CZ-SSE sample to 8978 in
CZ-WIE sample. Feature 2 at 8982 eV is associated with 1s orbital to double degenerate 3pxy
transitions in linear Cu* systems like CuAIO,. Although present in both samples, the feature is much
more prominent in the Cu-SSE sample indicating a higher concentration of Cu(l) species. Feature 3 at
8986 eV is only seen in CZ-WIE and is associated with a Cu?* 1s>4p, ligand Cu?* charge transfer.
Feature 4 at 8995 eV is seen in both samples. In contrast to the XANES presented by Deka et al. the
peak height ratio appears different, with the CZ-SSE sample being higher than the CZ-WIE sample.
Difference can also be seen in the tail of the spectra. CZ-SSE appears to be experiencing a frequency
shift relative to the CZ-WIE sample that is consistent with the longer bond length associated with Cu*

systems.

Overall, XANES indicates that both samples are exhibiting multiple copper environments. However,
a side-by-side comparison of the two catalysts show considerable differences in the intensity ratios of
all the edge-features discussed. In particular, the prominence of feature 2 indicate that there is more
Cu* in the CZ-SSE sample than the CZ-WIE sample. Additionally, the CZ-SSE sample is in good

agreement with a Cu-SSZ-13 zeolite previously shown to have an aluminate phase present. It is worth
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noting that although Deka et al. use a vapour deposition method to create an aluminate rich catalyst,
solid-state exchange is generally a more systematic preparation method as vapour deposition is known

to have problems with gradients of copper impregnation across the zeolite bed3%,

3.2.2 Insitu IR Spectroscopy

In situ synchrotron IR micro-spectroscopy was used to understand the role of key surface species
in NHs-SCR reaction and to find their correlation with Cu speciation. Figure 96 shows in situ IR
spectra for CZ-WIE and CZ-SSE exposed to NO + O, and NO + O, + NHj3 respectively at 180 °C.
Figure 97 shows the concentration of N>O recorded from the mass spectrometer in the NO + O;
+ NHs experiment, confirming that N-O production is higher in the CZ-SSE sample.
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Figure 96 In situ FTIR spectra of CZ-WIE and CZ-SSE exposed to (a) NO + Oz and (b) NO + Oz + NH3s at
180 €
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Figure 97 Mass spectroscopy data for N2O concentration in CZ-WIE and CZ-SSE upon exposure to NO
+ 02+ NHz at 180 <.

The region between 1200-2000 cm™ was selected to focus on viewing nitrogen-associated bands.
In the NO + O, experiment, over the course of 20 minutes bands at 1625, 1602, and 1570 cm*
appeared in both samples. Bands in the region 1500-1650 cm™ are usually attributed to surface

nitrate groups with different co-ordinations. The band at 1570 cm* has previously been assigned
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to monodentate nitrate on Cu sites, whereas the band at 1602 cm has been linked to monodentate
nitrate on Al sites. Bridging nitrates on Al sites have been observed as a band at 1625 cm™.
Initially, it would appear that bridging nitrates on surface Al sites formed in the first 5 minutes of
gas exposure. The CZ-WIE sample appears to show greater evolution in the peak ratio of 1625
cm? over the 20 minute period, compared to the CZ-SSE sample, which exhibits less evolution

after the first 5 minutes.

With the introduction of NHj, the IR spectra appear markedly different. The trio of bands at 1625,
1602, and 1570 cm™ are no longer immediately visible. The absence of bands between 1500—
1650 cm™ can be explained by nitrate species being rapidly consumed by gaseous NHa. In the
first minute of exposure, the CZ-WIE sample has two bands at 1612 and 1575 cm™, which rapidly
deplete by 5 minutes under gas flow. Emergent from this time point onwards are two main bands
at 1448 and 1268 cm™as well as a shoulder feature at 1395 cm™. The CZ-SSE sample also appears
to show these three bands at 1448, 1395, and 1268 cm™* with the addition of a band at 1433 cm™.
Four of these bands (i.e. 1612, 1448, 1395, 1268 cm™) might be ascribed in the following manner.
Exposure to NH3 is expected to generate bands associated with at least three types of adsorbed
NHs species in Cu-SSZ-13%. These include ammonium ions formed on Brgnsted acid sites as a
result of incomplete ion exchange (8(NH4")ss at 1448 and S(NH4*)s at 1395 cm™), [Cu(NH3)4)**
complexes arising from NH3 coordination with Cu?* Lewis sites ((NH3)as at 1612 cm™?, and NHs
wagging in [Cu(NHs)4]?" at 1268 cm 47421 Given that the band at 1448 cm™ appears stronger
than at 1612 cm™, it could be speculated that the absorption of NH4* ions is stronger on Brgnsted
acid sites rather than Lewis acid sites. This has previously been explored by Lezcano-Gonzalez
et al. who found that NH," ions formed on Brgnsted acid sites react very slowly and usually

behave as NHs storage sites*!’.

Less readily assigned is the intermediate band at 1433 cm™, which is present in the CZ-SSE
sample from as early as 1 minute of exposure to gases but not in the CZ-WIE sample. This unique
band accompanies both unique bands observed in the Raman characterisation and edge features
in the XANES spectra, implying that there is reasonable cause to consider an association between
the intermediate 1433 cm™ band and the copper environment of the CZ-SSE preparation. It is
speculated based on preliminary analysis that this band is related to the linear Cu species observed
in the XANES data and may also be associated with the higher N>O concentration observed in
Figure 97. For example, a species like CuAIO, may have more coordinated NHs ligands or more
Cu?* ions accessible to NHs. More confident assignments can be made with further simulation
work, which is currently underway. Understanding what is co-ordinating the copper will likely
have the greatest bearing on future interpretation. Some features that could be investigated include
aluminates, mixed valence structures, O-O stretches, and copper-oxo complexes. Simulating the

likelihood of different structures forming as a function of copper loading might also be useful if
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it is thought that localised copper concentration may be occurring based on some of the zoning

features seen in XRF imaging.
3.3 Conclusion

In this chapter, a multimodal study of two types of Cu-SSZ-13 preparations was presented. One
type, prepared by a solid-exchange method, was shown to exhibit features in XANES spectra that
could be attributed to a linear copper species. In in situ IR spectroscopy experiments, the
traditionally prepared wet-ion exchanged sample and the CZ-SSE sample were shown to have
similar responses when exposed to a combination of NO + O gases, but markedly different
responses when exposed to NO + O, + NHs;. Bands in NO + O, exposed samples were assigned
to surface nitrate groups linked to either Cu or Al sites. Bands in NO + O, + NH3 exposed samples

were generally assigned to ammonium ions on Brgnsted acid sites and copper complexes.

The data presented indicates that the different preparation methods have yielded Cu-SSZ-13
samples with subtle yet visible differences in their characterisation and behaviour. While the
XANES indicates the presence of a linear copper species like Cu,0 or CuAIO, the data generated
is not able to comment on what this species might ‘look”’ like or how it might be distributed. Given
that both samples have been subjected to standard high temperature activations and gas
experiments, it is expected that the Cu(l) species must be stable, making a compound such as an
aluminate phase one such possibility. Based on the higher production rate of N,O, this would also
indicate that the species should be readily accessible. By exclusion, a crystalline phase might not
constitute a large enough surface area to be considered ‘readily accessible’, meaning it may

instead be a disperse species occurrent throughout the sample.

These results are part of an ongoing body of research and represent the first stages of
characterisation. So far, the data imply that catalyst performance in a reaction might be affected
by the synthesis process, highlighting the importance of utilising advanced characterisation
techniques (like XRF, XANES, or optical methods) early on in the zeolite preparation process to
gain a thorough understanding of how the native material originally presents and how it might
evolve in the course of a reaction. In the context of this particular system, the observations
documented here would undoubtedly be enhanced by computational interventions like DFT,
which are currently underway. In a more generic vein, further comparative studies on zeolites
prepared in different manners when applied as catalysts might provide further useful insight into

the mechanism of SCR.
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Chapter IX

Summary & Conclusion

1 Summary of Chapters

This thesis has explored the different ways in which light can interact with a zeolite. To achieve
this, a range of characterisation techniques were utilised featuring excitation sources spanning

different regions of the electromagnetic spectrum, as summarised in Figure 98.

Chapter IV, VII, & VIII

Chapter VII Raman spectroscopy
Confocal imaging (574 & 830 nm)
(405 & 488 nm)
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| | | |
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X-ray uv IR
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[ ]
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| Chapter VIII
gg{;‘: ;e;(\P/\III\IIES In situ IR spectroscopy
mapping Chapter IV, V, & VI

In situ time-resolved PL . \;; Multiphoton imaging (800 nm)
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Figure 98 Placing the experiments of the thesis into context against the broader electromagnetic spectrum

In Chapter 1V, time-resolved photoluminescence spectroscopy was used to analyse a set of SSZ-
13 samples that were representative of different stages of the detemplation process. An as-
synthesised zeolite, partially detemplated zeolite, and fully detemplated zeolite were characterised

with CW spectra, gated spectra, and lifetime measurements. The results of this chapter
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demonstrated that by considering temporal evolution, characteristic emission spectra with unique

features could be obtained for each sample. The three principle observations were:

1) That a characteristic emission spectrum for the OSDA was established with a red-shift
occurring upon confinement;

2) That phosphorescence signal can be used to signature the presence of occluded organic
material; and,

3) That an intrinsic zeolite emission related to framework defects was recorded in the
calcined sample.

In Chapter V, a power study was conducted to determine the stability of calcined and uncalcined
SSZ-13 samples at high and low temperature under a range of different laser powers. The samples
were found to be broadly stable between 0.9-900 puW of 355 nm irradiation. Some spectral
variation was seen in the uncalcined sample however this was attributed to the tendency for
organic materials to bleach. One particular observation of interest was the tendency for all samples
to exhibit high levels of broadband emission at elevated temperatures. Where PL emission is
assigned to organic molecules, this behaviour is unexpected. This phenomenon was explored in

further in situ studies in the following chapter.

Chapter VI focused on a series of in situ studies of zeolite samples with different temperature
protocols. The primary aim of these studies was to determine how reproducible responses to
temperature were, whether they were reversible, and whether they happened in all samples or
only selected types. In the first part of this chapter, an in situ detemplation was performed,
followed by a temperature cycling experiment, and then a heating experiment on silicon-rich SSZ-
13. It was found that at room temperature, the emission spectra acted as a more simple reflection
of the type of guest molecules present in the framework. However, at higher temperature, an
abrupt change in emission intensity meant that the emission spectrum no longer appeared to
reflect speciation in such a simple manner. Additionally, the point at which emission intensity
appeared to increase seemed to occur consistently between 360-400 °C. It was instead speculated
that an alternative emission mechanism in the form of structural point defects was the reason for
this behaviour. Further to this, the silicon-rich sample did not experience an increase in emission
intensity, supporting the theory that the leap in intensity could be associated with oxygen

vacancies surrounding aluminium sites.

In the second part of this chapter, an in situ MTO reaction was performed. Unlike the in situ
detemplation studies, the system did not experience a broadband increase in emission intensity,
instead showing a distinct evolution in the peaks present. This was attributed to the addition of a
constant source of reactant, which promoted continuous catalytic activity throughout the duration
of the experiments. Rather than begin to form significant amounts of structural defects, the

abundance of newly forming organic products on the internal surfaces of the framework meant
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that the emission signal at high temperature continued to be broadly representative of the chemical

species present in the system.

Chapter VII took the same type of samples analysed in Chapter IV tracking the detemplation
process and placed them under a microscope. The samples were imaged in confocal modality at
405 nm and in FLIM modality at 488 nm. Where the UV irradiation in Chapter IV meant that it
was possible to comment on the presence or absence of OSDA, the visible wavelength excitation
meant that a different category of species was being studied. In this case, distributions of organic
products of the combustion process and hydrocarbon pool chemistry were being mapped. Based
on a comparative study that used imaging, lifetime information, fluorescence emission spectra
information and Raman data, it was found that there were at least four types of emissive
behaviours present in the samples. They are summarised as follows:

1. An emissive species (type 1) distributed fairly evenly throughout the zeolite matrix with
a shorter lifetime, primarily seen in the partially detemplated sample and possibly
associated with smaller molecules directly resulting from the template decomposition
process;

2. An agglomerated emissive species (type 2) with a highly characteristic morphology and
medium duration lifetime, appearing to originate from the centre of the crystal in the
partially detemplated sample, and emanating towards the surface of the crystal in the
twice calcined sample, possibly comprised of late hydrocarbon pool products like
substituted PAHSs;

3. Anemissive species localised both subsurface and close to the surface, with an emission
centred more towards the red but with a shorter lifetime, seen in both calcined materials
(type 3/5), which is tentatively assigned to carbon nanostructures; and

4. Anemissive species spanning across larger subsurface regions with a significantly longer
lifetimes (type 4), and seen in both calcined materials, possibly associated with late
products of hydrocarbon pool chemistry and also potentially influenced by both the local
microstructural changes that promote their production and the confinement effects of the

framework.

In Chapter VIII, two types of Cu-exchanged SSZ-13 samples, prepared via different methods,
used in the SCR reaction were analysed in an extended multimodal Diamond synchrotron study
using XRF and XANES mapping to image the crystals and IR spectroscopy to probe chemical
species forming on the zeolite during an in situ reaction. In this study, XRF mapping showed that
copper distributions across the crystals were not uniform with preparation, with solid-state
exchanged samples having slightly higher concentrations around the outer perimeters of the
crystals. IR spectroscopy showed the evolution of nitrate species, showing differences depending

on the sample preparation method.
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2 Considerations for the Presented Work

As experimental subjects, zeolites are decidedly demanding in the face of laser excitation,
requiring not only exceedingly stable environmental controls for temperature and humidity, but
large wavelength windows to accommodate their broadband signal and gentle irradiation sources.
Far from needing an amenably cushioned environment to coax out some statistically improbable
event, as might be the case in, say, a neutrino observatory, zeolites seem to produce instrumental
responses somewhat frustratingly readily. Especially at elevated temperatures or in the presence
of reactants, the absence of rigorous control over the experimental setup can see zeolites
expressing themselves in a histrionic and cacophonous manner across the dynamic range of a
spectrometer. A multitude of rapidly changing signals arising from sample burning, unwanted
chemical interactions, and environmental heating can serve to confound the ‘real’ signal arising
from the actual catalytic reaction. Consequently, although this writeup has focused on the results
that constitute a relative success, the undocumented portion of the work in this project was largely
concerned with establishing the best operational parameters under which the data should be
acquired. Indeed, an underlying theme of the results is that despite being broadly reproducible,
which is certainly relevant for the bulk scale upon which industrial catalysis generally operates,
there is repeated evidence to suggest that on a nanoscale, zeolites exhibit a considerable degree
of variability. Some examples to be considered include the results of Chapter VIII, which focused
on the performance of two Cu-zeolites prepared via different routes and implied that despite
appearing similar in bulk characterisation methods, changes in the synthesis process appeared to
visibly affect certain recorded elements of catalytic behaviours. A more visually compelling
example are the micrographs in Chapter VII, which showed, especially in widefield views, that
distributions of emissive deposits were variable from crystal to crystal. In situ spectroscopic
studies also showed that although trends in peak position, height, and spectral profile were broadly
reproducible in experimental repeats, they did not exhibit exact agreement. Additionally, the
postulate that high temperature emission profile changes were evidence of oxygen deficiencies
further implies that under more extreme environmental conditions, the frameworks in fact become
more labile and capable of reassembling themselves on a local level with an as yet undetermined
amount of variation. Advanced interrogation of these samples, therefore, necessitates thoughtful
accommodation of the idiosyncrasies of each zeolite sample, which are themselves uniquely

dependent on a vast number of factors such as the framework, dopant composition, et cetera.

The changing energy and characteristics of each wavelength range brings with it a different set of
challenges for characterisation. Firstly, changing the irradiation wavelength probes different
aspects of the sample. For example, deeper UV excitation can stimulate a response from the
framework or the organic templating agent, as demonstrated in Chapter IV. Due to their

decreasing energy, visible range wavelengths will not be capable of probing the aluminosilicate
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framework but rather certain classes of fluorescent molecules like polycyclic aromatic
hydrocarbons. UV and visible excitation will generally excite some form of luminescence, which
can be problematic if using techniques like Raman spectroscopy, so wavelength selection
becomes important in the experimental design. Secondly, changing the irradiation wavelength
changes the way in which the samples become damaged. Higher energy UV sources have a higher
tendency to photobleach organic products, but NIR sources at high power can globally damage
the sample by heating the framework and causing the entire sample to either physically move
across the field of view or sustain visible thermal damage. Finally, UV irradiation can be
challenging to manipulate in imaging mode given that the beam is not visible to the naked eye
and that standard microscope optics can’t handle the higher energy associated with it. One way
around this could be multiphoton excitation.

3 Future Work

The work in this thesis is differentiated from contemporary work by its focus on label-free
emission signal. This positions the spectroscopic signatures and images uniquely within the field
as they provide insight into the characteristics and distribution of ‘real” emissive products that can
be interpreted with respect to the chemistry of the catalytic systems they represent. Future work
in this area will likely be earmarked by further studies that push the boundaries of label-free

experimentation.

To this end, these experiments will undoubtedly be improved with the advent of more sensitive
detectors with improved signal-to-noise ratios and expanded dynamic ranges. As discussed in the
conclusion for Chapter 1V, customised spectroscopic setups and microscopes using minimal
optical components that are trained with a geometrically offset excitation and detection pathway

are recommended for future studies.

On the in situ and operando front, the commercial market for reaction cells, dominated by Linkam
and Harrick, is surprisingly small with available options having a number of design features that
make them functionally incompatible with more complex experimental setups. Some issues
include large dead volumes, unreliable connections, and limited configuration options for
experiments performed in transmission mode in inverted microscopes. The size and orientation
of the reaction chamber eventually becomes a limiting factor when being integrated into optical
pathways, so customising their construction will ultimately be an important step in creating in situ

and operando experiments with optimised experimental parameters.

The simplest and most immediate extension to this current work would be to simply repeat the
room temperature imaging and spectroscopic studies of early stage zeolite synthesis samples

using different frameworks templated in different ways, of which such permutations there would

250



CHAPTER IX: CONCLUSION

be many. At certain wavelengths, these types of studies would give a clearer idea of which
framework groups exhibit greater amounts of intrinsic fluorescence and indeed whether some
families have a greater potential to retain organic material even after post-synthesis heat

treatments.

A more involved but higher impact extrapolation of the work would be to utilise correlative
techniques that allow the same crystal or sample area to be characterised across different imaging
modalities. This could be readily performed on commercial options like the Zeiss ZEN Shuttle &
Find exist, which enable samples to be moved between Zeiss optical microscopes and Zeiss
electron microscopes, although it is more likely that this will be achieved using the more
traditional method of fiducial markers. For example, it could be possible to correlate XRF and
XANES mapping, electron microscopy, and optical microscopy if the samples were loaded onto
metallic TEM grids.

Although advanced optical microscopy techniques like super-resolution or lightsheet may be
more widely practiced in the future, it is unlikely that these will be realised without the use of
targeted dyes. This is due to the generally low-level, broadband nature of zeolite autofluorescence,
which does not lend itself to stimulated emission depletion or structured illumination. Certainly,
the ability to resolve finer structures will provide greater scope to see product distribution on a
length scale that tends closer to the dimensions of the framework channels.

In a bid to correlate UV spectroscopy studies with imaging, multiphoton excitation could also be
attempted. Multiphoton FLIM using 600-900 nm excitation from a Ti:Sapphire laser was in fact
attempted during the early stages of this project, although the, at the time, insurmountable
challenge of heating from the NIR wavelengths caused the samples to behave in a non-
representative manner and burn. Using a pulsed laser with a lower repetition rate may be one way

to overcome this problem
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