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Summary

Zeolite crystallisation involves the use of structure directing agents (SDAs), which stabilise

the formation of specific framework structures. These are typically metal cations and organic

additives, of which the latter is gaining pervasive use for the production of new zeolites.

However, little is understood concerning the nature of the organic-framework interactions

that direct structure during the crystallisation process. This project sought to gain a more

coherent appreciation of the role of organic additives throughout crystallisation. This was

achieved by investigating a specific case study - this being 18-crown-6 ether (18C6) which

is capable of propagating the formation of the four different zeolites: Na-X, EMC-2, RHO

and ZK-5. Moreover, questions arise as to how the additive is differentiating between which

zeolite is crystallised.

This research was carried out by taking three primary approaches. The first of these was

the structural approach, whereby the location and orientation of the occluded additive was

determined using high resolution X-ray diffraction and structural refinement. This was fol-

lowed by the synthetic approach, in which the crystallisation field of the four zeolites were

explored. Lastly, the dynamic approach was taken, whereby the organic-framework interac-

tions between the occluded 18C6 and the zeolite host were probed. This was accomplished

by studying the decomposition of the additive with thermogravimetry, the molecular vibra-

tions with Inelastic Neutron Scattering (INS) spectroscopy and how the 18C6 impacts the

dynamics of the zeolite framework with high pressure X-ray diffraction.

Collaboratively, the approaches determined coherent distinctions in the relationship between

18C6 and the four zeolites. The crystallisation of zeolites Na-X and EMC-2 were observed

to be intertwined, whereby the 18C6/Na2O ratio of the hydrogel was the primary defining

factor in determining which crystallises. It was seen that the 18C6 behaves as a space-

filling species for zeolite Na-X, but expresses behaviour reminiscent of a true template in

the assembly of zeolite EMC-2. Concerning zeolite RHO, the 18C6 is evaluated to be a

structure directing agent that negates cocrystallisation of impurity phases. Finally, the 18C6

was seen to behave as a space-filling species that enhances the crystal growth rate of zeolite

ZK-5. In all four cases, it is observed that 18C6 is only involved in the crystal growth stage

of crystallisation. The initial accretion of structure during nucleation is instead determined

by the metal cations present in the hydrogel.
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Chapter 1

Introduction

1.1 Zeolites - A Microporous Mineral

Zeolites are a class of tectosilicate minerals, characterised as being crystalline inor-

ganic polymers with three-dimensional frameworks possessing porosity. Being tec-

tosilicates, their structure consists of TO4 tetrahedra (T = Si or Al) connected via

bridging apical oxygen atoms. These primary tetrahedra are arranged into regular

geometric subunits, known as secondary building units (SBUs). It is these assem-

blages of SBUs that define the distinct channels within the framework, and hence the

zeolite’s micropores - which are on a scale of 0.2-2 nm. As zeolite minerals are alumi-

nosilicates they contain anionic tetrahedral alumina species, bestowing the framework

with a net Coulombic charge. Therefore, metal cations are dispersed throughout the

structure in order to achieve neutrality. These cations are not physically bonded to

the framework and are thus mobile.[1, 2, 3]

Mn+
x/n

[
(AlO2)x (SiO2)y

]
· wH2O (1.1)

With the inclusion of metal cations M of charge n+, the composition of a zeolite

can be described by the empirical formula 1.1.[4] In addition to cations, zeolites also

contain extra-framework water as expressed in the formula.
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Figure 1-1: Representations of common secondary building units (SBUs): a double
4-ring (D4R), a double 6-ring (D6R) and a β-cage. The graphic above shows the
SBUs with the TO4 tetrahedra highlighted and the oxygen atoms shown in red. The
graphic below shows the SBUs via a simplistic stick model, whereby each vertex
corresponds to a T atom, and an oxygen atom exists somewhere along the edge
between vertices.

Figure 1-1 shows the structure of SBUs commonly found in zeolite frameworks. Here,

it can be seen how the arrangements of TO4 tetrahedra can be described as geometric

polyhedral shapes.[5] For example, the configuration of T atoms into a hexagon is

known as a single 6-ring (S6R). Moving into three dimensions, the arrangement

of two S6R faces to form a hexagonal prism is known as a double 6-ring (D6R).

Further complexity arises where these simplistic polygonal rings assemble into larger

geometric cages. This is illustrated in figure 1-1, whereby S6R and single 4-ring

(S4R) faces can arrange into a truncated octahedron. Within the zeolite community,

the nomenclature for this polyhedron is a β-cage, sometimes referred to as a sodalite

cage. Likewise, other polyhedra observed in zeolite frameworks are allocated more

facile terminology.[1, 2, 4, 6] Each framework type discovered must be approved by the

International Zeolite Association (IZA) Structure Commission, and upon acceptance is
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designated a three letter code. As of September 2018, the IZA Structure Commission

recognises 239 different zeolite framework types.[7]

Swedish mineralogist Axel F. Cronstedt[8] is credited as first discovering zeolites,

who upon heating a mineral in a blowpipe discovered that steam was produced. This

led him to coin the name zeolite, derived from the Greek words ‘zéō’ and ‘ĺıthos’,

meaning ‘boiling stone’. This naming outlines the hydrophilicity of zeolites, the

steam being a consequence of the anionic alumina integrated into the framework.

Although this suggests that zeolites are strictly aluminosilicates, in modern day the

term zeolite has a much looser meaning, referring to the characteristic framework

topologies observed. This includes zeolitic materials of varying chemistry, whereby

the framework can consist of other atoms such as S, P, Ga, Ge and transition metals.

Concerning the classical aluminosilicates, they are generally categorised into four

groups, depending on the proportion of silica to alumina integrated into the frame-

work, known as the Si/Al ratio. These are low -silica zeolites (Si/Al = 1-1.5), inter-

mediate-silica zeolites (∼2-5), high-silica zeolites (∼10-100) and pure silica zeolites

(→∞).[4] With a greater silica content, the zeolite becomes increasingly hydrophobic.

Furthermore, according to Lowenstein’s Rule[9] the Si/Al ratio of a zeolite cannot be

lower than unity. Reason being that it is unfavourable for two anionic alumina centres

to be adjacent to one another, due to electrostatic repulsion and the desire to form

angles close to 180°. Therefore, Al-O-Al linkages are forbidden and every alumina

centre must be completely surrounded by silica.

The novelty of zeolites is best illustrated by their versatile scope of applications.

Perhaps the most familiar use of zeolites being as molecular sieves, making use of

the framework’s crystalline pore geometries to selectively separate molecules by size

and shape.[10] This selectivity of the micropores for size and shape is also used for

gas adsorption and separation, with much research investigating the popular green

applications of zeolites for carbon dioxide capture[11] and hydrogen fuel storage.[12]

Molecular selecitivity can also be used in conjunction with catalysis, whereby ac-

tive sites are introduced into the zeolite framework. Such active sites are typically

Brønsted acid and Lewis base sites, established by hydroxyl bridges between the

Si and Al atoms. The most prominent industrial use of zeolite catalysts is in fluid

catalytic cracking for the refinement of petroleum.[4] Zeolites can also be used as ion-
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exchangers due to the presence of the mobile extra-framework cations.[13] Specific

examples where this attribute can be employed is in water softening[14] and selective

extraction of radionuclides from solution.[15] Furthermore, there is scope for emerg-

ing applications of using zeolites in drug delivery[16] and as sensors or components

of solar cells.[17]

1.2 The Crystallisation of Zeolites

In nature, zeolites crystallise from aqueous magmas under hydrothermal conditions.[1]

By replicating the hydrothermal chemistry, zeolites can be artificially grown in the

laboratory, albeit over much shorter timescales than mineral formation experienced

in nature. Modern laboratory synthesis of zeolites was pioneered in the late 1940s

by Richard Barrer and Robert Milton, originating with the landmark first definitive

preparation of a synthetic analogue of the zeolite mineral mordenite by Barrer.[18]

The work of Barrer also led to the production of a synthetic zeolite without a natural

equivalent,[19, 20, 21] which was later discovered to have a KFI-type framework and

develop what is now known as zeolite ZK-5.[22] In the 1950s, it was Milton alongside

his colleague Donald W. Breck in the Linde Division of the Union Carbide Corporation,

who developed the preparation of synthetic zeolites for commercial use.[4, 23, 24]

A typical synthesis procedure begins with the mixture of the precursor species into an

aqueous reaction medium known as a hydrogel. The Si and Al sources are generally

amorphous oxide species, either in a solid or colloidal form. Alongside the alumi-

nosilicate framework precursors a mineralising agent is included. This acts as both

the source of metal cation and hydroxide anion mineraliser. Alternative procedures

make use of fluoride anions as mineralising agent, however this is beyond the scope

of this monograph. Nevertheless, the hydrogel produced is basic in the order of pH

12-14.[4, 25, 26]

Upon preparation of the hydrogel, it is subsequently heated to an elevated temperature

within a closed environment. The purpose of enclosing the hydrogel is to produce

an autogeneous pressure from the water vapour produced with heating. During this

period of heating, there is a time frame known as the induction period, where the
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material within the hydrogel is still amorphous. After this period of time crystallites

begin to grow and can be detected. As time progresses, all of the amorphous solid

that was present in the hydrogel is converted into zeolite crystals, which can then be

separated from the mother liquor.

Fundamentally, zeolite synthesis chemistry is an exceedingly complex phenomenon,

of which there is still much debate over. Unlike most chemical reactions, zeolite

crystallisation is subject to a multitude of simultaneous reversible processes such

as polymerisation, depolymerisation, rearrangement, dissolution, precipitation and

nucleation.[27] Herein, the chemistry of zeolite synthesis is discussed at varying levels

of intricacy. This begins with the molecular level condensation reactions, followed by

the formation of periodic structure, the role of extra-framework species on structure

propagation and finally a comment on synthetic feasibility.

1.2.1 The Chemistry of Condensation

The different stages of the zeolite synthesis process can be understood by considering

general sol-gel chemistry.[1, 28] The reaction scheme of this process is shown in

figure 1-2, where only an Si source has been shown for simplicity. To begin with,

the Si-O-Si bonds within the network of the Si precursor are hydrolysed, forming two

silanol species. This hydrolysis reaction is catalysed by the mineraliser present in

the hydrogel, which is typically basic hydroxide ions. The process is iterative, and

consequently leads to the production of silicic acid (Si(OH)4), where the Si centre is

surrounded by silanol groups. It is pertinent to note that this sequential hydrolysis is

also a dissolution process, whereby the amorphous SiO2 solid now exists as monomers

in solution. As the solution is basic, the silicic acid monomers are deprotonated, and

exists as a series of anionic silicate and silanolate species. Within the 12-14 pH range

of the hydrogel used in zeolite synthesis, it is expected that the most abundant species

are the [SiO(OH)3]- and [SiO2(OH)2]2- anions.[25] In the case of the Al precursor,

the same hydrolysis reaction scheme can be applied, however it produces the anionic

aluminate [Al(OH)4]- monomer species.

The second stage of the sol-gel process involves the condensation of the silanol groups

of the silicate monomer species to reproduce the Si-O-Si bond. In this manner, the
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Figure 1-2: Reaction schemes for the steps of 1) Hydrolysis and 2) Condensation
observed in sol-gel chemistry. Here the substituent (RO) group corresponds to the
SiO2 network. The parallel double arrows demonstrate that the hydrolysis and con-
densation is iterative.

monomers condense to form anionic oligomers of the form [Si xOy(OH )z ]y−. These

are typically dimers, trimers and other larger species, which are integrated into the

growing crystalline structure. Figure 1-3 displays an example of such oligomer species

that can exist in solution. As with the hydrolysis process, the condensation process

is iterative, leading to the formation of a crystalline network of the form SiO2. The

aluminate species in solution are also involved in the condensation process, being

integrated into the oligomers and subsequent crystalline network via the formation of

Al-O-Si bonds. As mentioned previously, Lowenstein’s Rule[9] demonstrates that the

condensation of an Al-O-Al bond is forbidden due to electrostatic repulsion of the

anionic Al centres.

Strictly speaking, the condensation is the reverse of the initial hydrolysis step, with

both reactions occurring simultaneously in a dynamic reversible process. However,

the entirety of the zeolite synthesis process is attributed to a net transition from the

amorphous solid to the crystalline network via a solution of oligomer species. This

scheme is shown in figure 1-3, and is the basis of the Lowe equilibrium model[29]

which is used for computational modeling of the zeolite synthesis solution chemistry.

This figure illustrates how the synthesis process can be visualised as a continuous

dissolution-precipitation process, between the solid phases and the mother liquor.

That is to say that solid material is constantly present throughout synthesis, and that
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Figure 1-3: A simplistic diagram showing the reversible transitions from an amor-
phous solid to zeolite crystals via a solution intermediate. Based on the equilibrium
model proposed by Lowe[29] for computational modeling.

periodicity emerges by means of a transformation facilitated by the repeated disas-

sembly and reassembly of the T-O-T bonds. As the type of bonding is similar in both

the precursor oxide and the crystalline product, there is no significant enthalpy change

and hence thermodynamic driving force for the reorganisation process. Therefore, it

is clear to see how the synthesis process is dominated by kinetic factors.[26, 30, 31]

1.2.2 The Evolution of Order

Earlier, the synthesis process has been described as a multitude of simultaneous

hydrolysis and condensation reactions, however this does little to fully rationalise

how an amorphous solid evolves into a periodic crystal. The time frame between

the initiation of the reaction to when crystalline material is first detected is known

as the induction period, which can be divided into three stages.[32]. The first of

these is the relaxation time, corresponding to the time taken to form a quasi-steady-

state distribution of silicate and aluminate anions in solution. Upon formation of

this dynamic equilibrium, the next stage is nucleation, whereby stable nuclei emerge

amongst the amorphous material. These nuclei consequently grow to a detectable

size and further, following the final stage of crystal growth. Herein, each of these

stages will be described in greater detail.
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Relaxation Time

To begin with, the reactant precursors are mixed together leading to gelation and the

formation of the hydrogel. This initial mixture is known as the primary amorphous

gel, and is characterised by heterogeneity arising from the presence of species such

as coagulated precipitated silica and unreacted precursors. This is important, as it

illustrates the lack of any equilibria between the solid and solution phases. Upon the

initiation of the base catalysed hydrolysis and condensation reactions, the amorphous

gel begins to release the soluble anionic monomers into solution, eventually asserting

a dynamic equilibrium with the solution. At this point the hydrogel is referred to as

the secondary amorphous gel, being the state which then converts into the crystalline

product.[33, 34, 35]

Unlike in the primary state, the secondary amorphous solid displays the emergence

of local scale structure such as rings of T-atoms. These pockets of local structure

are known as ‘proto-nuclei’, and they form the basis for the subsequent nucleation

stage.[26, 36, 37] The assembly of these proto-nuclei from the dynamic equilibrium

can be assisted by cations and organic species in solution, which can arrange the

silicate and aluminate monomers into clusters.[38] However, it is pertinent to note

that at this stage there is no presence of geometric units that resemble SBUs.[39]

Originally Barrer proposed that the SBUs grow in solution and consequently connect

together into the zeolite framework.[40] However, it is now accepted that the SBUs

are only present in the crystalline product.

Nucleation

With continued dynamic assembly and disassembly of the T-O-T bonds, the nascent

proto-nuclei develop into established nuclei of adequate regular structure. The pre-

dominant feature of this nucleation stage, is that the cluster needs to grow to a critical

size, before continued periodic structure can propagate and continue to grow.[26] This

is illustrated by figure 1-4, which shows a representation of how free-energy varies

with the cluster size, being a sum of the surface energy and cohesive forces in the clus-

ter. The required critical nuclei size, and the free-energy barrier in which to produce

it, decrease with increased supersaturation, which consequently makes the nucleation
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process more spontaneous.[41] In hydrothermal zeolite synthesis specifically, the large

diversity of species present in solution makes it difficult to identify the supersaturation

of the reaction mixture.[27] Regardless, Thompson and Dyer[42] have suggested that

the critical size required for zeolite crystallisation is approximately 1-8 unit cells.

Figure 1-4: The energetics of nucleation - expressing how free-energy (∆G) varies
with cluster size (r), and how the critical nuclei size (rc) arises from the maxima in
the free-energy curve.

The nucleation can be classified by the nature in which the nuclei are introduced.

The first of these is primary nucleation, whereby the nuclei arise from within the

hydrogel and is either homogeneous or heterogeneous in character. If the nucleation

is homogeneous than the nuclei strictly form spontaneously from the solution itself.

In the heterogeneous case the nucleation is catalysed by foreign or unrelated material

in the solution upon which the nuclei can form.[32, 41] It is concluded that general

hydrothermal zeolite synthesis occurs via primary heterogeneous nucleation, whereby

the nuclei form on the amorphous solid phase in the hydrogel.[27] Strong evidence has

been reported for this process by Mintova et al.[43] who have used imaging microscopy

to observe the evolution of crystalline regions in amorphous gel nanoparticles.

The alternative mechanism is secondary nucleation in which parent crystals of the

desired zeolite phase are added to the hydrogel. This procedure is often referred

to as ‘seeding’, with the parent crystals being the ‘seeds’ from which the daughter

crystals grow onto. Consequently, this removes the need for spontaneous nucleation
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and reduces the synthesis time.[41] Mechanistically, the basic solution dissolves the

outer layers of the seed crystals, producing nutrients and preparing the surface for

growth.[27] From a synthetic standpoint this phenomenon can be used intentionally

to prepare crystalline high purity zeolites more quickly or without the need for organic

additives.[44, 45, 46, 47, 48]

Crystal Growth

The final stage of the crystallisation process concerns the accretion of the nuclei

into a periodic material body. The crystal itself is produced via a layer growth

mechanism,[32] whereby there is localised structure formation on the crystal sur-

face. The monomer and oligomer aluminosilicate species in solution diffuse to the

crystal surface and connect following condensation reactions. As with every other

step during the crystallisation, this reaction is in dynamic equilbirium. Therefore,

the growth maintains continuous adsorption-condensation and hydrolysis-desorption

of the aluminosilicate species on the crystal surface, with a net vector of increasing

crystal size.[27] It is during this phase of growth on the surface that the SBUs come

into being. As mentioned previously, in contrast to Barrer’s initial conceptions,[40] it

is accepted that there is no pre-fabrication of SBUs in the solution that subsequently

attach to the crystal.[26]

The rate determining step in the zeolite crystal growth process is the integration of

the aluminosilicate species onto the crystal surface. This contrasts the growth of

non-zeolitic crystals, where the process is mass transport and diffusion limited.[41]

Generally, the rate of zeolite crystal growth can be described by equation 1.2. Here,

the linear crystal growth rate G is equivalent to the change in crystal length L over

time t . This can also be expressed by the temperature dependent rate constant k

and the supersaturation s , which is related to the crystal growth rate by an exponent

a. As zeolite crystal growth is kinetically limited by the crystal surface reactions, this

exponent is typically between 1-2.[27]

dL

dt
= G = ksa (1.2)
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Assessment of the crystal growth rate is most commonly performed using two tech-

niques. The first is X-ray diffraction, whereby the increasing periodicity and crys-

tallinity can be observed over time, which produces a sigmoidal growth curve. This

sigmoidal shape is characterised by an initial accelerating growth rate due to increas-

ing crystal surface, followed by a deceleration and subsequent plateau due to depletion

of the solution nutrients.[49] A more direct approach is to use imaging microscopy,

and visually monitoring the crystal size increase with time. This technique provides

linear growth rates, which due to the eventual expenditure of nutrients also plateaus

with time.[35, 50]

Although all are not shown by equation 1.2, the linear growth rate has a strong depen-

dence on a number of parameters. The temperature of the crystallisation is perhaps

one of the most obvious ones, however this is integrated into the rate constant k . The

hydrogel composition is another influential factor, particularly the Si content,[51, 52]

water content and pH of the gel.[49, 53, 54] Aging is another parameter that can

influence the growth rate,[55] typically via enhanced dissolution of the precursors or

an increased population of nuclei. This depletes the abundance of nutrients available

for crystal growth, and hence decreases the synthesis time.

Ostwald’s Rule of Stages

Throughout the crystallisation process there is an additional phenomenon especially

significant for polymorphic systems in the nucleation stage. Upon development from

the supersaturated solution, a series of polymorphic phases will be in equilibrium, with

each stage being followed by the minimum change in free-energy. Consequently, the

system will traverse a landscape of successive structural transformations of increas-

ing thermodynamic stability.[41] This is known as Ostwald’s rule of stages, which

adequately portrays the metastability of zeolites.[26]

There is little discrepancy in the thermodynamic stability of different zeolite structures

as they all possess comparable heat of formations. This demonstrates that in the

early stages of synthesis the enthalpy barriers between different zeolite structures

are minimal, emphasising the significance of kinetic factors in zeolite crystallisation.

Furthermore, it is generally observed that the most thermodynamically stable zeolites
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Figure 1-5: A hypothetical landscape, displaying potential phase transitions of zeolite
frameworks of increasing framework density as a function of increased synthesis time
and/or temperature.

have a tendency to also possess the greatest framework density. Following Ostwald’s

law, in zeolite synthesis the first phase that is seen is the least thermodynamically

stable as well as the least dense.[1, 56] This is illustrated by the hypothetical landscape

shown in figure 1-5. Here it is shown that with increasing temperature or synthesis

time, the material will undergo successive transformations to denser zeolitic phases

if it remains in contact with the mother liquor. Accordingly, the final successive

phase that is typically observed is quartz, which is the most thermodynamically stable

silicate.[57]

1.2.3 The Direction of Structure

As zeolites are open framework materials, the cavity spaces need to be stabilised

throughout the entirety of the crystallisation process. This is achieved by the extra-

framework species that are present in the end zeolite product, chiefly being metal

cations and, if used, organic additives. These species stabilise the formation of the

anionic aluminosilicate clusters formed, which go on to produce certain structural fea-
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tures in the zeolite framework. During nucleation, these species achieve stabilisation

by occupying certain void spaces and promoting the reassembly of the aluminosilicate

clusters and T-O-T bonds into specific configurations. Alternatively, during crystal

growth the extra-framework species diffuse to the crystal surface and guide the assem-

bly of the growing layer around it. Based on this behaviour, these species are known

as structure directing agents (SDAs) during synthesis.[26, 58] Herein, the nature of

structure direction for both metal cations and organic additives are discussed.

Metal Cations

The concept of metal cations aiding in the formation of structure was first proposed

by Breck in 1964.[59] It was not until 1992, that Brunner rationalised this idea, by

suggesting that the metal cation promotes the formation of certain aluminosilicate

molecular clusters by minimising the potential energy.[60]

Currently, the process is understood as illustrated in figure 1-6. Upon formation of the

hydrogel, the metal cation is present in the solution surrounded by a hydration shell.

The hydrated cation can then migrate into developing sites in the amorphous phase

during the relaxation time, or close to an anionic site on the crystal surface during

the growth stage. In both cases, the coordination hydration sphere surrounding the

cation is subsequently substituted with anionic aluminosilicate species via electrostatic

interactions. The cation hence stabilises the aluminosilicate clathrate nanocluster,

and can rearrange coordinated species into the preferred geometry.[61] During the

relaxation time, this leads to the formation of the proto-nuclei of localised semi-

order, which go on to form the more structured nuclei. As for the crystal growth

stage, it is the cation that directs the geometry of the aluminosilicate species in the

emerging layer on the crystal.[26] This mechanism of cations stabilising the formation

of certain SBUs has been shown experimentally. Imaging microscopy shows that the

growing crystal surface terminates in metastable intermediate states that contain

certain complete SBUs occupied by a cation. This is important, as it demonstrates

that crystal terminations with incomplete SBUs are less stable.[62]

Typically, alkali metal cations are the most commonly used cations in zeolite hy-

drothermal synthesis. It is reported that smaller alkali metal cations express ‘structure
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forming’ properties, and larger cations ‘structure breaking’. This is associated with

the tightness of the hydration shell surrounding the cation, which gets progressively

looser with increasing size and consequential decreasing charge density. Originally, it

was thought that the larger alkali metal cations impede the crystallisation of zeolites

due to their softer hydration shell and subsequent clathration with aluminosilicate

species.[1, 63, 64] However, the concept of ‘structure breaking’ is not strictly accu-

rate, as it is seen that looser clathration is likely beneficial to directing more open

zeolite frameworks. The use of larger alkali metal cations is often integral to the

synthesis of some zeolites, such as RHO[65, 66] and ECR-18.[67]

Figure 1-6: Simplistic mechanism showing the concept of metal cation structure
direction. First the metal cation migrates to an anionic site on the crystal surface,
followed by substitution of the hydration shell with aluminosilicate monomers that
condense and grow into a new layer.
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Organic Additives

Like metal cations, organic additives can also be used to impose specific structure

during zeolite assembly. In 1967, Wadlinger et al.[68] first reported the use of organics

to prepare a new synthetic zeolite; zeolite beta. Since this time, the use of organics

has been incredibly popular to direct the crystallisation process towards new and

specific zeolite architectures. The pervasive use of organics is emphasised by the fact

that only less than 30 of the 239 zeolitic frameworks approved by the IZA Structure

Commission can be prepared without the use of an organic additive.[7, 56]

Mechanistically, the involvement of the organic additive being surrounded by water

which is substituted by clathration of the aluminosilicate species is very similar to

that of metal cations. However, the interaction between the organic molecule and

the aluminosilicate species is typically non-bonding van der Waals.[69, 70, 71] Chang

and Bell[72] termed these aluminosilicate-organic clathrates an ‘embryonic unit’, in

that it shows the initial indications of structure, much like a proto-nuclei. As has been

described previously, this aluminosilicate clathrate then undergoes dynamic hydrolysis-

condensation assembly with increasingly progressive order to that seen in the zeolite

product.

In addition to van der Waals interactions between the organic molecule and the grow-

ing framework, there is scope for hydrogen bonding if the molecule contains oxygen

atoms. Furthermore, in some cases the organic additive can maintain a positive

charge, such as quaternary ammonium species, in which electrostatic interactions

are involved.[73] Despite this, a large proportion of the additive is still organic in

character, resulting in preferential hydrophobic interactions with the aluminosilicate

species. Consequently, organic molecules prefer to interact with more siliceous neutral

monomers and oligomers in solution, which leads to an increased Si content in the

resulting zeolite product.[26]

Within the zeolite community, organic additives tend to be referred to as templates

and organic structure directing agents (OSDAs) interchangeably. However, strictly

speaking, this is inaccurate as these two terms relate to very different behaviour during

synthesis. Davis and Lobo[74, 75] have attempted to separate organic additives into

three primary categories which define their behaviour. These are space-filling species,
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OSDAs and true templates. The term OSDA suggests that the organic molecule

directs the assembly of a specific structure, whereas a space-filling species may not

necessarily do so. A space-filling species is not directly involved in the assembly, but

merely occupies the framework’s void spaces. The discrepancy between an OSDA and

a template is less clear but is generally attributed to greater host-guest interactions in

the latter. Often a true geometric template imprints its symmetry onto the growing

framework, with strong interactions preventing dynamic movement of the organic

species. Despite this, later studies have shown that an organic molecule can influence

zeolite crystallisation in additional ways. Such a case includes ‘structure blocking’,

whereby an organic additive is actively inhibiting the crystal growth of either the

primary phase, or the cocrystallisation of impurity phases.[76, 77]

Unlike with metal cations, there is a greater scope for manipulating the organic

additive used, which can aid in the rational design of new zeolites. Current work

concerns the use of computational calculations to both predict and design organic

additives most appropriate to direct the formation of a certain zeolite framework

topology.[78, 79, 80] These techniques make use of observing the strength of the

non-bonding interactions between the organic additive and the framework, judging

the degree of the geometric match-up and hence selecting the best template. How-

ever, this only considers the templating role of an organic additive, with behaviour

such as space-filling and ‘structure blocking’ being neglected. Therefore, to take

full advantage of organic additives a wider view needs to be taken to encompass all

available behaviours.

1.2.4 The Feasibility of Synthesis

From computational calculations, millions of hypothetical zeolite structures have been

enumerated, with a variety of different methods and databases reported.[81, 82, 83,

84] With the numerous possibilities, it raises the question as to why only 239 dif-

ferent zeolite framework types have been discovered thus far.[7] This is known as

the zeolite conundrum,[85] upon which many are attempting to rationalise which of

these hypothetical structures are actually feasible by a synthetic perspective. Ap-

proaches towards defining whether a zeolite is feasible has included the presence of
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certain geometric units,[85] the energetics of the framework with regards to strained

bond lengths and angles[86] and by observing distances between non-adjacent oxygen

atoms.[87]

One particular feasibility criterion is the property of framework flexibility, first estab-

lished by Sartbaeva et al.[88] This concerns a pervasive property called ‘the flexibility

window ’, which is expressed by all reported zeolites, and has thus become a means

to assess that a hypothetical framework is realisable if it possesses flexibility.[89] The

flexibility window is defined as the range of variable densities in which the framework

can exist, where connectivity is preserved and the framework T (Si, Al) atom tetra-

hedra retain their geometry. Consequently, only the T-O-T bridging angles between

tetrahedra are mobile, and the intratetrahedral O-T-O angles are rigid at 109.5°.

The flexibility window concept has also proven to be valuable in understanding the

framework dynamics of zeolites under high pressure.[90]

Although feasibility appears to be a constraint on the number of available new zeo-

lites, this may only apply to synthesis via conventional hydrothermal means. Recent

work has shown that ‘unfeasible’ zeolites can be prepared using an alternative syn-

thetic pathway known as the ADOR process.[91] In this method, a known zeolite

framework can be prepared and selectively cleaved at specific sites, producing zeolitic

layers. These layers can then be reorganised using structure directing species, and

subsequently reattached into a new periodic configuration. This demonstrates that

alternative syntheses can be used to bypass the zeolite conundrum.

1.3 The Project - A Case Study

Despite the prolific use of organic additives to promote the crystallisation of specific

zeolites, there is little information concerning the true nature of structure direction

and behaviour. As has been seen earlier, the role of an organic additive extends beyond

a pure geometric match-up, with current computational approaches only considering

the templating role in framework assembly.[78, 79, 80] Although the general theory

on structure direction stands, this is in itself vague with respect to organic additives.

Furthermore, there is often no experimental data that rationalises the role of the
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additive in the assembly process. It is this lack of experimental information on the non-

templating behaviour of additives, which has hence hindered the ability to properly

assess their efficacy in zeolite crystallisation. This is of intense interest and importance

within the community, as bringing clarity on this issue will aid in the ambition of

rationally designing new zeolites.[92]

In order to gain a more coherent understanding on the role of organic additives, a

specific case study has been considered herein. The organic molecule 1,4,7,10,13,16-

hexaoxacyclooctadecane, referred to as 18-crown-6 ether (C12H24O6, 18C6), has been

shown to promote the crystallisation of four different zeolites. These are zeolites Na-

X, EMC-2, RHO and ZK-5,[93] which possess different framework types, although

some of them share minor topological similarities as will become apparent. Moreover,

these four zeolites are prepared under very similar synthesis conditions. The synthe-

sis temperature as well as the hydrogel’s Si/Al content and pH are all comparable,

with the primary distinction being the metal cations present. Therefore, questions

arise as to what type of structure directing interaction and behaviour is driving the

crystallisation, and how is the 18C6 molecule differentiating between which zeolite

framework is assembled. Furthermore, there is the uncertainty as to what the possible

collaborative or antagonistic influence between the metal cations and the 18C6 are

on structure direction.

By studying the means in which a single organic molecule can impact the crystalli-

sation of a multitude of zeolites, it is hoped that more coherent information on

organic-framework interactions during assembly can be obtained. In this section, the

nature of the 18-crown-6 ether molecule is discussed, in addition to the structures

and current mechanistic synthesis theory of the four relevant zeolites.

1.3.1 18-crown-6 ether

The class of macrocyclic ethers known as crowns, were first prepared by Charles J.

Pederson in 1967,[94, 95] who noted them for their distinct selectivity for cations

analogous to biological systems. Later in 1987, Pederson won the Nobel Prize in

Chemistry[96] alongside his collaborators Donald J. Cram and Jean-Marie Lehn for

their work on these selective crown ether molecules and the associated cryptand
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Figure 1-7: Skeletal structures of 15-crown-5 ether, 18-crown-6 ether, 21-crown-7
ether and [2.2.2]cryptand.

family. Figure 1-7 shows the structure of 18-crown-6 ether (18C6), in addition to

two other common crown ethers and a cryptand molecule. Ever since their initial

discovery, these crown ether molecules have been used extensively in coordination

chemistry, and the selective separation of metal cations.[97]

The crown ether molecules contain an oxyethylene chain, of which it is the oxygen

atom electron lone pairs that coordinate to metal cations. The adept selectivity of the

crown ether is based on the physical size of the central cavity, whereby an optimum

fit within the cavity will maximise the coordinative interactions. This is illustrated

in table 1.1, which shows the 18C6 cavity size alongside the metal cation diameter

and formation constant to coordinate to the 18C6 molecule. As can be seen, the

diameter of the potassium cation lies within the cavity diameter of the 18C6 molecule,

indicating an optimal fit. Consequently, the formation constant of the potassium

cation-crown complex is at least a magnitude greater than the other alkali metal

cations. Similarly, there are correspondingly larger and smaller crown ethers for the

different sized metal cations. For example, 15-crown-5 ether preferentially coordinates

to sodium cations, and 21-crown-7 to caesium cations.[98] If the cation is so small

that it is substantially mobile within the central cavity, additional water molecules

will coordinate to the cation to stabilise the Coulombic charge. Alternatively, if the

cation is too large it will sit above the plane of the crown ether.[99]

Being a macrocyclic species, the 18C6 molecule possesses an inherent flexibility, mean-

ing that it can adopt a number of different conformations and symmetries. Coordi-

nation of the crown ether to a metal cation can consequently influence the molecular

44



Table 1.1: 18C6 cavity size, in addition to the ionic diameter of the alkali metal
cations.[98] Also shown is the formation constant of the corresponding metal cation-
crown complex in water at 25°C with an ionic strength of 0.01 M.[100]

Cavity Size Ionic Diameter Formation Constant
/Å /Å (log K)

18C6 2.60-3.20
Na+ 1.90 0.8 ± 0.2
K+ 2.66 2.05 ± 0.04
Rb+ 2.98 1.51 ± 0.08
Cs+ 3.38 0.96 ± 0.03

conformation, typically preferring certain geometries to maximise the coordinative

interactions between the crown’s oxygen lone pairs and the metal cation.[101, 102,

103, 104] Such a consideration is important, as the geometry and flexibility of an

organic additive is an integral factor in determining its structure direction capabilities

in zeolite framework assembly.[80]

1.3.2 Zeolite Na-X

Zeolite Na-X possesses a FAU-type framework with a face-centred cubic Fd3̄m sym-

metry, as shown in figure 1-8. Structurally, the framework consists of β-cages con-

nected together by a double 6-ring (D6R) unit, and associated symmetrically by an

inversion across the D6R. As a consequence of this arrangement, the FAU topology

contains a spherical t-fau supercage, which is unique to the framework.[6, 7] The

t-fau supercage has an internal diameter of 13 Å, and is characterised by the four

12-ring circular 7.4 Å diameter apertures. Overall there are eight t-fau supercages

per unit cell.[105]

There are a variety of different FAU-type zeolites that have been reported, however

they are often classified depending on their framework Si/Al ratio. The most common

are zeolites X and Y, whereby the latter is more siliceous.[106]. Unlike the other three

zeolites studied herein, zeolite Na-X is the only one that has an analogue that is found

in nature. This analogue is the mineral faujasite,[107, 108] from which the framework

type name originates.[7]
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Figure 1-8: Structure and idealised cell parameters[6] for the FAU framework of zeo-
lite Na-X, where SBUs are shown as solid polyhedra. Also shown are the constituent
β-cage and D6R SBUs, in addition to the t-fau supercage.

Crystallisation Process

Concerning the crystallisation of FAU-type zeolites, there is a wealth of literature

of different synthesis methods, many of which do not require the use of an organic

additive.[64] This observation, in combination with the fact that it can crystallise

in nature, suggests that this framework is relatively thermodynamically stable and

easy to assemble. Mechanistically, Zhang et al.[109] have reported that for low silica

zeolite X, there is evidence of small proportions of semi-complete β-cage structures

as soon as the Si and Al sources are mixed to form the hydrogel. This is followed by

the assemblage of the D6R units which connect the β-cages together, signaling the

onset of crystallisation. It is agreed that the Na+ cations in the hydrogel direct the

formation of the D6R units, being positioned comfortably within the octahedral site

of the hexagonal prism.[110, 111] This process consequently propagates the formation

of β-cage and D6R layers known as faujasite sheets.[112]

As the crystallisation of FAU-type zeolites is facile and clear, it may be questionable

what the addition of an organic additive will provide. Nonetheless, there are still
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reported syntheses where either 18-crown-6 ether or 15-crown-5 ether are used. In

both cases, it is accepted that Na+ cations in the hydrogel coordinate to the central

cavity of each crown ether, with the resulting metal cation-crown complex being

the structure directing entity. When 15-crown-5 ether is used as an additive, the

zeolite product is referred to as zeolite EMC-1.[64, 113, 114] In contrast, there is no

terminology for the analogue prepared with 18C6, so herein it has also been referred

to as zeolite Na-X.

Experimental studies demonstrate that both crown ethers enhance the rate of FAU-

type zeolite nucleation, however this does not necessarily guarantee the purity of

the final product.[105, 115] This is due to the nature of the close topological and

synthetic relationship between FAU-type and EMT-type zeolites. Often these two

frameworks are observed to be intergrown, based on the role of the crown ether in

the assembly of faujasite sheet layers.[111, 116] This will be discussed in greater detail

in the following section on the EMT-type zeolite EMC-2.

Regarding the behaviour of both crown ethers, there has been no clarification as

to what type of structure directing species they are in relation to assembly of the

FAU framework. However, both crown ethers are observed to be integrated into the

growing structure over time, but the molecules are not sufficiently occluded until

long range order has been established. It has been suggested that the 15-crown-5

ether is not a true geometric template, as the organic molecule can be adsorbed into

the empty calcined framework. This indicates an absence of true occlusion of the

molecule within the framework as it grows. In comparison the larger 18C6 cannot be

adsorbed, inferring a tighter fit in the framework as would be anticipated.[105]

1.3.3 Zeolite EMC-2

The possibility of a hexagonal polymorph of faujasite was originally postulated by

Moore[5] in 1964, however it was not until 1990 that Delprato et al.[113] successfully

managed to synthesise a pure sample of the polymorph. Presently, this zeolite is

known as EMC-2, and it is identified as having an EMT-type framework as shown in

figure 1-9. Being a polymorph, the EMT framework consists of connected β-cages and

D6Rs like the FAU framework, however the faujasite sheets are stacked in a hexagonal
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arrangement. Consequently, the β-cages on either side of a D6R within a faujasite

sheet are related by an inversion centre, and β-cages between sheets are associated

by a mirror plane. This is illustrated more clearly in figure 1-10, where symmetry

related β-cages have been labeled with numbers. It is the hexagonal arrangement of

faujasite sheets and the consequential symmetry between the β-cages that gives the

overall framework a P63/mmc space group.[6, 7]

Within the EMT framework there are two species of elliptical supercages, both of

which are displayed in figure 1-9. The smaller of these is the t-wof hypocage, which

has a maximum internal diameter of 12 Å, in addition to three elliptical 12-ring aper-

tures of approximately 6.9x7.4 Å in diameter. Each of these apertures are connected

to one of the larger species of supercages, this being the t-wou hypercage. This cage

is characterised by a maximum internal diameter of 14 Å and contains two 12-ring

circular apertures of diameter 7.4 Å alongside the three elliptical openings. Within

the EMT framework unit cell there are two of each species of supercage,[105] and it

is these cages that the 18C6 molecule occupies in the as-synthesised structure.[117]

Figure 1-9: Structure and idealised cell parameters[6] for the EMT framework of zeo-
lite EMC-2, where SBUs are shown as solid polyhedra. Also shown are the constituent
β-cage and D6R SBUs, in addition to the t-wof hypocage and t-wou hypercage.
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Figure 1-10: The cubic and hexagonal stacking of faujasite sheets resulting in the
FAU and EMT frameworks accordingly. β-cages 1 and 2 are associated by an inversion
centre (FAU), whereas those of the same number label are related by a mirror plane
(EMT).

Crystallisation Process

The synthesis of zeolite EMC-2 can be viewed as an extension of the mechanism for

FAU-type zeolites. Being cubic and hexagonal polymorphs the nature of crystallisation

is very similar, with a variety of intergrowth zeolite materials of the two frameworks

that can be readily prepared.[118] In contrast to FAU-type zeolites, the presence

of 18C6 in the hydrogel appears to be a necessity in order to ensure crystallisation

of zeolite EMC-2. When first reporting zeolite EMC-2, Delprato et al.[113] noted

that if 18C6 was absent from a typical EMC-2 producing hydrogel, zeolite Y would

preferentially crystallise. To this date, crystalline and pure zeolite EMC-2 has not

been prepared without 18C6.

Attempts to prepare zeolite EMC-2 in the absence of 18C6 have yielded fruitful infor-

mation concerning the crystallisation and the role of 18C6 in the assembly mechanism.

Reducing the molar quantity of 18C6 in the hydrogel is shown to produce smaller ze-

olite crystals,[93, 119] suggesting that 18C6 is directly involved in the crystal growth

stage. Burkett et al.[105] claimed that the lower limit of the hydrogel 18C6/Al2O3
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ratio in which to crystallise pure zeolite EMC-2 is 0.3. Below this, the product was

either amorphous or led to FAU-type zeolites analogous to synthesis without 18C6.

This lower limit was later reduced to 0.14 by Wendelbo et al.[120] who used rotation

of the autoclave during synthesis to promote diffusion and nucleation in the hydrogel.

However, at the lower edges of this boundary, it was observed that the zeolite EMC-

2 crystals lost their hexagonal platelet morphology, demonstrating that the crystal

growth mechanism is significantly impeded by the absence of 18C6.

It is agreed that the formation of the Na+-18C6 metal cation-crown complex is integral

to the assembly mechanism of zeolite EMC-2. This complex is generally referred to as

the [(18C6)Na+] macrocation.[105, 111, 112, 113, 115, 117] The role of the macro-

cation in the crystallisation process can be understood using the extended structure

approach. The Na+ cations assemble the faujasite sheet layers, as discussed earlier,

and the macrocation directs the arrangement of the subsequent faujasite layer.[112].

This agrees with observations by Terasaki and Ohsuna,[111, 116] that growth occurs

via a layer-by-layer mechanism of faujasite sheet deposition. Furthermore, it was seen

that the zeolite EMC-2 crystal surfaces terminate with complete D6Rs, demonstrating

that this SBU is integral to the growth mechanism.

Within the faujasite sheet, there are pockets that the [(18C6)Na+] macrocation can

comfortably fit into, lying planar in an ideal arrangement.[117] These pockets are

known as hypo- and hyperholes, as they go on to form the t-wof hypocage and t-

wou hypercage accordingly.[115] The location of these pockets are shown in figure

1-11. The [(18C6)Na+] macrocation adsorbs into these pockets, via electrostatic

interactions with alumina species integrated into the faujasite layer of the growing

crystal. Thereupon, the orientation of the new faujasite layer is dictated by the mirror

plane of the 18C6 molecule, leading to the EMT framework.[111] This suggests that

there is some degree of symmetry imprint to the framework from the organic molecule,

reminiscent of a true template. However, this is yet to be clarified. Recent geometric

simulations by Fletcher et al.[121] have demonstrated that the flexibility of the EMT

framework is unperturbed by the presence of the 18C6 molecule, implying a lack of

geometric match-up.

Although this mechanism is coherent, there is a caveat which explains the polymorphic

and intergrowth relationship between FAU and EMT-type zeolites. The procedure
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Figure 1-11: The hypo- and hyperhole pockets in the faujasite sheet of the crystal
surface that the [(18C6)Na+] macrocation adsorbs into to produce zeolite EMC-2.

above only works as long as the hypo- and hyperholes contain a monovalence from a

single alumina species that can be neutralised by the [(18C6)Na+] macrocation alone.

If the pockets possess a greater anionic charge, additional hydrated Na+ cations in

the solution will adsorb alongside the macrocation to ensure charge stabilisation.

Consequently, the entity occupying the pocket in the faujasite sheet is larger, which

due to sterics impedes the formation of the smaller hypocage. Instead, the spherical

t-fau supercage is assembled, leading to the cubic stacking of the FAU framework.

Therefore, this demonstrates that there is a limit to the Si/Al ratio of the EMT

framework, which is reported to be 2.6. Below this value, there is too much alumina

in the framework and FAU-type zeolites will preferentially crystallise. This caveat

also supports observations that if the Na+ content of the hydrogel is too high it will

likewise lead to the assembly of the FAU framework.[93, 105, 111, 113] Therefore, it

is believed that in order for zeolite EMC-2 to crystallise, the Na+ and Al content has

to be low and both the hypo- and hyperholes need to be occupied.[105, 117]

Studies have shown that it is both the shape and coordinating capabilities of the

18C6 molecule, that are necessary attributes for assembly of the EMT framework.

Crystallisation is less successful when using additives that lack one of these two

properties; for example, azo-analogues of 18C6 which have a similar shape but less

readily coordinate to Na+ cations, or [2.2.2]cryptand which has a strong affinity for
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Na+ cations but a different shape. Some have suggested that the importance of

coordination efficacy of the organic additive in zeolite EMC-2 synthesis is to regulate

the concentration of Na+ cations in solution.[105, 113]

Alternative Syntheses

There is a drive to prepare zeolite EMC-2 with either less or no 18C6 as this or-

ganic additive is both expensive and toxic making it unappealing to use. Therefore,

researchers are investigating alternative routes to crystallise zeolite EMC-2. One ap-

proach has been attempting to substitute 18C6 with a different organic additive.

Dhainaut et al.[122] designed organic additives that had a geometry optimised fit in

the EMT framework with molecular modeling. The most successful of these additives

were diazo-analogues of 18C6, whereby two azo-crown ethers were tethered together

by a hydrocarbon chain. Liu et al.[123] have also reported use of much larger organic

molecules, in the form of the polycationic polymer polyquaternium-6. However, in

both of these cases although crystalline zeolite EMC-2 was produced there was an

issue with zeolite Y cocrystallisation.

Another option is to use auxiliary agents that can be used alongside a lower mo-

lar quantity of 18C6 to promote the crystallisation. Such cases have used alkyl

glycosides[124] and sodium phosphate,[125] both of which actually showed evidence

of increasing the efficacy of 18C6 to direct the formation of the EMT framework.

By understanding that 18C6 is involved in the process of crystal growth, Bullot et

al.[126, 127] have attempted to bypass this by using triethanolamine as an auxiliary

agent to agglomerate EMT-type nuclei and increase crystal sizes. Although this ap-

proach displayed some success, there was still an underlying issue of low yield and

zeolite Y cocrystallisation. It is also worth noting that it has been shown that some

smaller organic molecules such as ethylene glycol and 1,3,5-trioxane express a more

latent role, being neither a beneficial or detrimental influence on the crystallisation

of zeolite EMC-2 with 18C6.[128]

At the other end of the spectrum, there are syntheses where 18C6 is completely

absent from the precursor hydrogel. Such an approach has been accomplished by

Ng et al.[129, 130] who have successfully prepared ultrasmall EMT-type nanocrys-
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tals without any organic additives. This was achieved by controlling the kinetics of

crystallisation using low temperatures, as it is apparent that the EMT phase is less

metastable than the FAU phase. Increasing the temperature or synthesis time led to

denser zeolitic phases, following Ostwald’s rule of stages. By irradiating the hydrogel

with ultrasonic waves Ng et al.[131] managed to enhance the rate of crystallisation

at the expense of reduced crystallite size and an increase in defects. Mou et al.[47]

have also attempted low temperature synthesis with zeolite EMC-2 parent seeds in an

organic-free hydrogel. Unfortunately, in all of these techniques only small EMT-type

crystallites have been produced at low yields, with the solid product being predomi-

nantly amorphous. This further illustrates the necessity of 18C6 in the crystal growth

stage of zeolite EMC-2.

1.3.4 Zeolite RHO

Zeolite RHO has the appropriately named RHO-type framework, which is displayed in

figure 1-12. This framework has body-centred cubic Im3̄m symmetry, and structurally

consists of double 8-rings (D8Rs) and truncated cuboctahedra known as α-cages.

Unlike EMT and FAU, the RHO topology does not contain any extra supercages.

The central void in the centre of the framework shown in figure 1-12 is another α-

cage, as is the nature of body-centred symmetry. The framework contains 8-ring

circular openings that are 3.6 Å in diameter, which has hence led to this zeolite

being designated a small pore zeolite.[6, 7] Although zeolite RHO was first prepared

by Robson et al.[65] in 1973, a zeolite of this framework topology was originally

proposed in 1968 by Meier.[132]

The RHO framework is characterised as expressing considerable flexibility, while still

retaining adsorption selectivity based on molecule or cation size.[133, 134, 135, 136]

This behaviour is driven by the framework’s capability to undergo a reduction in

symmetry to the I4̄3m space group, where the 8-ring apertures become increasingly

elliptical. The symmetry transition can be triggered using a number of approaches,

such as changing the identity of the extra-framework cations,[133, 137] adsorbing

gaseous species,[138] dehydration,[139] lowering the temperature[140] and applying

pressure.[141] It is interesting to observe that the stimuli of the symmetry change
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Figure 1-12: Structure and idealised cell parameters[6] for the RHO framework
of zeolite RHO, where SBUs are shown as solid polyhedra. Also shown are the
constituent α-cage and D8R SBUs.

can be due to both changes in the external environment and internal changes in

the extra-framework structure. Furthermore, such flexibility is not exclusive to the

aluminosilicate framework, as it is also expressed by isostructural materials of differing

chemistry.[142, 143, 144]

Crystallisation Process

Concerning the crystallisation of zeolite RHO, the hydrogel contains a mixture of Na+

and Cs+ cations. Experimentally it is seen that Cs+ cations are a necessity in order

to direct the formation of the structure. Specifically, the Cs+ cation promotes the

assembly of the D8R units,[145] and occupies it in the crystalline product.[137] The

importance of the cation is further emphasised by experimental observations that if

the Cs+ cation content of the hydrogel is too low it leads to the formation of FAU-

type zeolites. However, it is also seen that if the Cs+ cation content is too high

chabazite or pollucite will preferentially crystallise.[65, 66, 146] These two zeolites

possess CHA and ANA-type frameworks respectively, and are discussed in greater

detail in the following section. Presently, there is only one reported synthesis of
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zeolite RHO without caesium. This was performed by Liu et al.[145] who made use

of polycationic polymers to produce pure crystalline zeolite RHO. However, in this

case the polymer was still involved in the assembly of the D8R units, suggesting that

it is the formation of this SBU that is crucial to the crystallisation process.

In the absence of 18C6 as an organic additive, successful crystallisation of zeolite

RHO without any impurities can only be achieved in a narrow range of experimental

conditions. The presence of 18C6 expands the crystallisation field and is observed to

make the synthesis procedure increasingly facile.[137, 147, 148, 149] For the typical

organic-containing synthesis, Chatelain et al.[150] reported that failure to add 18C6

to the hydrogel would lead to poor crystallinity, and increased cocrystallistion of

chabazite and pollucite, as is seen for the Cs+ cation. This contrasts both zeolites

Na-X and EMC-2, where the former expresses no major influence on the presence of

18C6 and for the latter it is a necessity.[105]

The typical synthesis of zeolite RHO involves aging the hydrogel at ambient temper-

ature prior to hydrothermal treatment.[64] It is during this aging that the RHO-type

nuclei form. Studies have shown that aging the gel at elevated temperatures inhibits

the purity of the zeolite RHO crystallised, either by increased amorphous content or

cocrystallisation of chabazite. This demonstrates the metastability of zeolite RHO

in comparison to the denser and more thermodynamically stable chabazite, which is

where such issues with cocrystallisation arise. Raising the temperature enhances the

consumption of the metastable RHO-type nuclei, resulting in fewer nuclei present and

consequently fewer but larger crystals.[65, 151]

Mousavi et al.[152] investigated how certain synthesis conditions influence the 18C6-

free synthesis of zeolite RHO, with the trends observed agreeing with those reported

by others. Crystal growth is seen to be complete after 7 days of hydrothermal treat-

ment, at which point zeolite RHO is the most crystalline. Before this time period

amorphous material is present, and after there are signs of zeolite RHO transforming

into chabazite and pollucite. This is also apparent in the synthesis with 18C6.[148]

Although increasing the synthesis temperature increases the rate of crystallisation, the

optimum temperature for zeolite RHO appears to be approximately 100°C.[65] Above

this, pollucite is preferentially crystallised. With regards to the hydrogel composition,

increasing the water content is detrimental to the crystallisation of zeolite RHO as
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the loss of supersaturation reduces the rate of nucleation. This is true for other zeo-

lites, whereby increasing the water content proportionally decreases the length of the

crystals grown.[153] Finally, Mousavi et al. also studied the influence of increased

hydrogel alkalinity by increasing both the Na+ and Cs+ hydroxide content. However,

in doing so the greater concentration of Cs+ cations favours the crystallisation of

pollucite, as previously stated.[63] Moreover, increasing the hydrogel pH is shown to

enhance the dissolution of the silica and alumina precursors, hence increasing the rate

of nucleation as is also seen for other zeolites.[154]

With respect to the synthesis with 18C6, the crystallisation process has been studied

by Araki et al. using both powder X-ray diffraction and nuclear magnetic resonance

(NMR).[148] In the first 3 hours of synthesis the number of silanol groups in the hydro-

gel increases dramatically due to hydrolysis and depolymerisation of the silica source.

Between 3-20 hours there is little change in the Si environments. This corresponds to

the reversible formation and consumption of nuclei via dynamic condensation, where

both the dissolved and solid aluminosilicate species are in equilibrium. During this

time frame no periodicity is observed in the material, confirming that only nucleation

has occurred. After 24 hours there is rapid crystal growth, as confirmed by the rapid

decrease in silanol species in conjunction with the emergence of multiple Si-O-Si

environments. At 48 hours of synthesis and onwards, the crystal growth plateaus

to a gentle increase. This crystallisation time frame agrees with that observed by

Chatelain et al.[150] Concerning the 18C6, it is reported to be incorporated into the

material within the 20-48 hour time frame, congruent with the crystal growth stage.

Furthermore, it was seen that the nucleation phase occurs without the need of 18C6,

agreeing with observations on the crystallisation of zeolites Y and EMC-2.[105]

The Si/Al ratio of both the hydrogel and the growing framework are also shown to

influence the crystallisation process. Reducing the Na+ content of the hydrogel is

seen to produce a more siliceous framework, which is believed to in turn promote

crystallisation of zeolite RHO. However, the caveat is that if the hydrogel contains

too much silica, this will impede crystallisation altogether, resulting in an amorphous

solid. Alternatively, if the growing framework contains too much alumina it appears

to promote the cocrystallisation of the chabazite phase. Generally, it is thought that

if the Si/Al ratio of the growing framework is higher it promotes integration of 18C6

into the structure,[63] or vice versa.[93] In both cases, it is the more favourable
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hydrophobic interactions between more siliceous aluminosilicate species and 18C6

that dictate this trend in the crystallisation.

Although the exact involvement of 18C6 in the assembly mechanism is not known, it

is clear that it is involved in the crystal growth stage. The 18C6 molecule is expected

to occupy the α-cage in the crystallised zeolite RHO product,[93] but this is yet to be

verified. Furthermore, it has not been clarified whether or not the 18C6 coordinates

exclusively to Na+ cations, Cs+ cations or a mix during synthesis. However, Ke et

al.[155] have reported successful preparation of crystalline high-silica zeolite RHO

by purposefully producing the Cs+-18C6 sandwich complexes as structure directing

species in the hydrogel. This suggests that a similar structure directing species is

responsible for promoting crystallisation in the standard batch composition.

Impurity Phases

As seen herein, the two most common phases that cocrystallise alongside zeolite

RHO are chabazite and pollucite. Figure 1-13 shows the structure of the CHA and

ANA-type frameworks that belong to these zeolites accordingly. Also included are

the idealised cell parameters and the space group symmetry of the frameworks.[6, 7]

The CHA framework consists of D6R and t-cha cages interconnected along the c

axis. Topologically, there are no shared SBUs with the RHO framework, meaning it is

unlikely for intergrowth systems between the two to occur. The only shared feature

between the RHO and CHA frameworks are the presence of 8-ring apertures, which

are distorted in the latter. Unlike zeolite RHO, chabazite is a naturally occurring

zeolite, which is found in basaltic rocks.[156]

Like chabazite, ANA-type zeolite minerals can also be found in nature, in addition to

being one of the most dense zeolite frameworks reported.[157] There are a multitude

of different ANA-type zeolites discovered, each distinguished by different chemical

compositions such as Si/Al ratio and extra-framework cations. Of these, pollucite

is the most relevant, as this is a Cs+ cation containing ANA-type zeolite which

is most likely to crystallise from the Cs+ rich gel in zeolite RHO synthesis.[158]

Other variations include analcime,[159] analcite,[160] wairakite[161] and leucite.[162]
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Figure 1-13: Structures and idealised cell parameters[6] for the CHA framework of
chabazite and the ANA framework of pollucite. Also shown for the CHA framework
are the constituent t-cha cages and D6R SBUs. The ANA framework is viewed down
the a axis in the larger image, and the (111) direction in the smaller image.

Although identified as zeolites, these minerals are often classified as feldspathoids

due to similarities in structure and chemistry.[163] Structurally, the ANA framework

is less adequately described by conventional SBUs. Rather, the topology consists of

connected single 4-rings (S4R) and distorted single 6 (S6R) and 8-rings (S8R).

1.3.5 Zeolite ZK-5

As mentioned previously, zeolite ZK-5 was the first synthetic zeolite prepared that

did not possess an analogue found in nature.[19, 20, 21, 22] This zeolite possesses

a KFI-type framework, as shown in figure 1-14. This consists of α-cages in a body-

centred cubic Im3̄m symmetry, connected to one another via their S6R faces with a

D6R unit. Adjacent α-cages can also be described as being connected through their

S8R faces with a t-pau unit. The t-pau unit itself is constructed of two parallel S8R

faces, linked by four chains composed of three consecutive S4Rs. Consequently, the
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t-pau unit contains four puckered single 8-rings, positioned between the S4R chains

and perpendicular to the planar S8R faces.[6, 7]

Like zeolite RHO, ZK-5 is also identified as a small pore zeolite, but the framework’s

circular 8-ring openings express a larger diameter of 3.9 Å. Furthermore, both the KFI

and RHO frameworks share topological similarities such as the presence of α-cages in

a body-centred cubic array. In fact, these two frameworks are part of a zeolite family

of isoreticular structure, where the α-cages can be described as being at the vertices

of a hypothetical cubic supercell.[67, 164]

Figure 1-14: Structure and idealised cell parameters[6] for the KFI framework of
zeolite ZK-5, where the α-cage SBUs are shown as solid polyhedra. Also shown are
the constituent t-pau cage and D6R SBUs.

Crystallisation Process

Despite being first prepared in the late 1940s,[19] there is very little work reported

on the influence of synthesis conditions or the crystallisation mechanism of zeolite

ZK-5. Early syntheses for KFI-type zeolites made use of Na+ rich hydrogels with

the inclusion of large nitrogen containing organic cations for structure direction.[165]

More recent preparations have shown that KFI-type zeolites can readily crystallise
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from organic-free hydrogels that are rich in K+ cations. However, in these organic-

free systems, it is shown that only small quantities of Na+ cations can be tolerated,

with large concentrations actually inhibiting the crystallisation.[166]

Currently, there are three principal zeolite ZK-5 preparation methods in common use.

The first of these is the organic-free method reported by Robson[166] in 1973. This

method makes use of a K+ and Cs+ cation containing hydrogel, whereby Robson

argued that both cations are integral to the crystallisation process under the relevant

synthesis conditions. In 1991, Verduijn[167] reported that high-silica zeolite ZK-5

could be prepared by using an organic-free K+ cation rich hydrogel with a small

quantity of Sr2+ cations present. In the absence of this alkaline earth metal cation,

zeolite L is observed to preferentially crystallise as it too favours K+ cation rich

hydrogels.[64] Interestingly, Verduijn also showed that trace amounts of other alkaline

earth cations such as Ba2+ were also shown to enhance the crystallisation of zeolite

ZK-5.

The third commonly used method is that reported by Chatelain et al.[168] which

makes use of 18C6 in a K+ and Sr2+ cation containing hydrogel. Therein, it was

shown that the role of the 18C6 was to enhance the purity of the crystallisation, in

addition to increasing the Si/Al ratio of the framework as seen for the other zeolites

of interest herein.[93] Moreover, as with zeolite RHO it is expected that the 18C6

occupies the α-cages in the as-synthesised zeolite ZK-5. With regards to the influence

of cations, it was reported that a minimum K2O/Al2O3 ratio of 1.8 was required in

the hydrogel to produce zeolite ZK-5. A K2O content below this limit would fail to

propagate crystallisation. On the contrary, later studies have shown that hydrogels

rich in K+ cations will be dominated by the crystallisation of MER-type zeolites such

as zeolite W.[169]

Presently, there is no suggested mechanism of how either the 18C6 or relevant cations

direct the assembly of the KFI framework. It is also unclear whether any metal cation-

crown complex formed in solution is relevant in the crystallisation process. However,

ion-exchange and structural determination studies have shown a high affinity for K+

cations to occupy the puckered 8-rings in the t-pau units,[170] meaning it can by

hypothesised that this cation is involved in the assembly of these structural features.
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Impurity Phases

For each of the zeolite ZK-5 syntheses, zeolite W is a common cocrystallised phase.

This zeolite is a synthetic equivalent of the natural mineral merlinoite,[171, 172] both

of which have a MER-type framework as illustrated in figure 1-15. The structure is

composed of alternating columns of D8R and t-pau units connected by their S8R

faces. These columns are aligned with the S8R faces perpendicular to the c axis,

giving the the framework a tetragonal I4/mmm symmetry. Amongst these columns,

there are additional structural features that can be recognised in the framework. The

first of these is the t-ste cage, which links to the puckered 8-rings of two adjacent

t-pau units. The second feature is the presence of double crankshaft chains (dcc) of

S4Rs, that run continuously along the framework parallel to the c axis.[6, 7]

The cocrystallisation of zeolite W alongside ZK-5 can be explained by the MER frame-

work’s high affinity for K+ cations being integrated into the growing structure.[173,

174] As with zeolite ZK-5, it is also observed that the K+ cations occupy the t-pau

puckered 8-rings in the MER framework.[169] This further substantiates the the-

Figure 1-15: Structure and idealised cell parameters[6] for the MER framework of
zeolite W and merlinoite. Also shown are the constituent SBUs of D8Rs, t-pau and
t-ste cages, in addition to the double crankshaft chain (dcc).

61



ory that the K+ cation directs the construction of these puckered rings. Curiously,

Belhekar et al.[175] have shown that adding Sr2+ cations to a potassium-chabazite

producing hydrogel will drive the crystallisation to produce zeolite W. It has also been

observed that Sr2+ cations promote the formation of zeolite ZK-5,[167] as mentioned

previously. Collaboratively, these observations demonstrate that K+ and Sr2+ cations

have a tendency to aid in the assembly of both the KFI and MER frameworks.

1.3.6 The Project Aims

The purpose of the research herein was to obtain a better appreciation of organic

additives, in addition to the nature of the organic-framework interactions involved in

crystallisation and structure assembly. This was done by specifically examining the

role of 18C6 and how it differentiates between the crystallisation of zeolites Na-X,

EMC-2, RHO and ZK-5.

As has been discussed, there is already some understanding of how the 18C6 molecule

directs the assembly of zeolites Na-X and EMC-2 in the literature, however some of

this is still speculative. With regards to zeolites RHO and ZK-5, very little is reported

on the crystallisation process and how 18C6 is involved in framework construction. It

is also curious that each of the zeolites express very different dependencies on whether

or not 18C6 is used in synthesis. Both zeolites Na-X and ZK-5 can be prepared via

a wealth of different synthetic procedures, zeolite RHO requires 18C6 to expand the

synthesis condition limits, and for zeolite EMC-2 it is a necessity. Furthermore, there

are additional questions concerning the collaborative structure direction effects from

both metal cations and the 18C6 additive.

In order to glean information on this problem, this research has considered three

primary approaches which are reflected in the layout of the monograph herein. To

begin with, the structural approach is taken, whereby the identification, location and

orientation of the 18C6 molecule inside each of the four zeolites is studied. This is

followed by the synthetic approach, in which the classical techniques of investigating

the crystallisation process is taken. In particular, this includes studying the progress,

dependency and limits of the crystallisation field from both the organic additive and

metal cations. Lastly, the nature of the host-guest interactions and occlusion of the

62



18C6 molecule is discussed using the indirect ‘dynamic’ approach. Incorporated is

the investigation of the decomposition of 18C6, and how it differs amongst the four

zeolites. This is followed by separate studies into the dynamics of the occluded 18C6

and the framework, in addition to how they influence one another.
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Chapter 2

Experimental

2.1 Synthesis Methods

Herein, the synthesis procedures for the zeolites studied are detailed. Included are

the standard protocols from literature, in addition to the conditions which have been

varied for investigation. Also contained is the synthesis of the metal cation-crown

complexes.

2.1.1 Zeolite Synthesis

Materials

In the synthesis of all four zeolites, 1,4,7,10,13,16-hexaoxacyclooctadecane, com-

monly known as 18-crown-6 ether (C12H24O6, 18C6), was used as an organic addi-

tive. The silica source in each synthesis was colloidal silica (LUDOX® HS-40, 40 wt%

SiO2 suspension in water) and distilled water was used as solvent. For each zeolite,

the cations used differed, however the source of each cation species used was the

same. These include sodium hydroxide (NaOH), potassium hydroxide (KOH), stron-

tium nitrate (Sr(NO3)2) and aqueous caesium hydroxide (CsOH, 50wt% solution in

water). Depending on the synthesis, the source of alumina used was either sodium
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aluminate (NaAlO2) or aluminium hydroxide (Al(OH)3). All of the materials used

were purchased from Sigma-Aldrich, with the only exception being the aluminium

hydroxide from ACROS.

Hydrothermal treatment was performed using two different types of vessels where

specified. The first of these were Parr® Instrument ‘4749 23 ml General Purpose

Vessel’ stainless steel acid digestion autoclaves, using a 23 ml Teflon liner cup. The

other vessel used were Thermo Scientific Naglene� Teflon fluorinated ethylene propy-

lene (FEP) bottles.

Zeolite Na-X

Synthesis of zeolite Na-X containing 18C6 was performed using a variation of the

method used for zeolite EMC-2. To produce zeolite Na-X, a higher concentration

of sodium hydroxide was used, in order to favour the crystallisation of this zeolite

over zeolite EMC-2. The rationale behind this has been explained previously.[176]

The standard batch composition used in the preparation of the hydrogel is shown

in equation 2.1. The only variation employed during synthetic investigation was the

absence of 18C6 in the hydrogel.

1 Al2O3 / 3.0 Na2O / 9.6 SiO2 / 0.47 (18C6) / 91 H2O (2.1)

In a standard synthesis, 1.35 g 18C6 and 1.66 g sodium hydroxide were dissolved

in 8.7 g distilled water. After dissolution, 1.82 g sodium aluminate was added and

permitted to stir until homogeneous. 15.0 g of colloidal silica was added slowly to

this solution, so as to allow steady gelation. The newly formed hydrogel was then

stirred under ambient conditions for 4 hours to ensure it was thoroughly mixed. After

such time, the hydrogel was transferred to a sealed FEP bottle, before being treated

to 100°C for 8 days in an oven.

After the 8 days of hydrothermal treatment, the bottle was removed from the oven and

allowed to cool to ambient conditions, before the crystallised material was separated

via Buchner filtration. Next, the residue was washed with distilled water until the
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filtrate was of neutral pH. Washing was also performed to ensure any residual 18C6

on the crystal surface was removed. This powder was subsequently dried in a 100°C

oven overnight, before being ground and secured in a sample vial.

Zeolite EMC-2

Zeolite EMC-2 was prepared following a very similar procedure to that for zeolite

Na-X, but the concentration of sodium hydroxide in the hydrogel was much lower.

The method was the same as that used previously,[176] which was an adjusted vari-

ation of the documented procedure by Chao and Chatelain.[64, 128] A typical batch

composition used is shown with equation 2.2. The only major variations made herein

to the batch composition was the reduction in the molar ratio of 18C6 added.

1 Al2O3 / 2.0 Na2O / 9.7 SiO2 / 0.47 (18C6) / 87 H2O (2.2)

A standard synthesis was as follows. 1.35 g 18C6 and 0.83 g sodium hydroxide were

dissolved in 7.8 g distilled water. This was followed by the addition of 1.82 g sodium

aluminate, which was stirred until homogeneous, before slowly adding 16.0 g colloidal

silica to produce the hydrogel. After aging the hydrogel under stirring for 24 hours at

ambient conditions, it was transferred to a Teflon cup inside a sealed autoclave. This

autoclave was then heated to 110°C for 12 days. After heating, the autoclave was

cooled to ambient temperatures before separating the crystallised material from the

mother liquor via Buchner filtration. Next, the residue was washed with distilled water

until the filtrate was of neutral pH, and dried in a 100°C oven overnight. Subsequently

the product was ground and stored in a sample vial.

Herein, the crystallisation process was also studied ex situ. This was performed

by repeatedly doubling up the precursor quantities shown, to produce two units of

hydrogel. The process was repeated so as to produce a total of five units of hydrogel.

Each unit was then placed into a Teflon cup in a sealed autoclave, but subjected to

different lengths of hydrothermal duration at 110°C. These durations were 4, 6, 8,

10 and 12 days. Following the hydrothermal treatment, the crystallised product was

separated and washed following the same procedure above.
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Zeolite RHO

The preparation of zeolite RHO with 18C6 was performed following the method

reported by Chatelain et al.[64, 150] in 1995. Again, the procedure used was very

similar to that for zeolite Na-X and EMC-2, with subtle variations to the batch

composition and hydrothermal conditions. The hydrogel batch composition for the

standard procedure is shown in equation 2.3. This synthesis was investigated by

reducing the molar content of 18C6, in addition to the ratio between Na2O and

Cs2O. The exact changes to this ratio are described when relevant.

1 Al2O3 / 1.8 Na2O / 0.3 Cs2O / 10 SiO2 / 0.50 (18C6) / 100 H2O (2.3)

The typical preparation used for zeolite RHO was as follows. 1.47 g 18C6 and 0.71

g sodium hydroxide were dissolved in a mixture of 2.00 g caesium hydroxide solution

and 9.0 g distilled water. To this solution, 1.82 g of the sodium aluminate was added,

and stirred until homogeneous. Once the solution was clear, 16.7 g colloidal silica

was slowly added, leading to the formation of the hydrogel, which was aged under

stirring for 24 hours at ambient conditions. Subsequently the hydrogel was placed

into a Teflon cup inside a sealed autoclave, and heated to 110°C in an oven for 8 days.

Following this, the autoclave was removed and cooled to ambient temperature, before

separating the crystallised material from the mother liquor using Buchner filtration.

The separated residue was then washed with distilled water until the filtrate was of

neutral pH. This product was then dried in a 100°C oven overnight, before being

ground and secured into a sample vial.

The crystallisation of zeolite RHO was also studied following an ex situ method. This

was performed by multiplying the precursor quantities used by a factor of five, to

produce five units of hydrogel. The produced hydrogel was then separated into the

five units, with each unit being added to a Teflon cup inside a sealed autoclave.

These autoclaves were then subjected to different lengths of hydrothermal treatment

at 110°C, being 1, 2, 4, 6 and 8 days. After the required amount of time, the solid

material was retrieved following the vacuum filtration method described previously.
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Zeolite ZK-5

Herein, three variants of zeolite ZK-5 were synthesised using different methods of

preparation. The three procedures used different batch compositions, in addition to

different conditions of hydrothermal treatment. One of these methods used 18C6 as

an organic additive, whereas as the other two recipes make use of different metal

cations in the hydrogel. Their respective synthesis methods were as follows.

Zeolite ZK-5 with 18C6 was prepared following the procedure established by Chate-

lain et al.[93, 168] in 1996. This synthesis made use of both K+ and Sr2+ cations in

the precursor hydrogel. Herein, this procedure has been referred to as the Chatelain

method. The standard batch composition is shown in equation 2.4. Concerning this

synthesis, the molar content of SrO and 18C6 added to the hydrogel were varied.

1 Al2O3 / 2.7 K2O / 0.1 SrO / 10 SiO2 / 1 (18C6) / 220 H2O (2.4)

A typical synthesis was initiated by dissolving 1.5 g potassium hydroxide in 5.5 g

distilled water. 0.79 g of aluminium hydroxide was then added to this basic solution,

forming a suspension of which the mass recorded. This suspension was subsequently

heated to near 110°C under stirring, to allow the aluminium hydroxide to dissolve.

Once a clear solution was obtained, it was cooled to ambient temperature. The mass

of the solution was recorded, and any mass loss due to the evaporation of water was

resolved by topping up the solution with distilled water.

In a separate beaker, 0.11 g strontium nitrate and 1.35 g 18C6 were dissolved in 9.32

g distilled water. After complete dissolution, 7.5 g colloidal silica was slowly added

under stirring. Once the silica solution was homogeneous, the basic alumina solution

prepared previously was quickly added under stirring. This is due to the rapid gelation

of the hydrogel.

To ensure the hydrogel was thoroughly mixed, it was stirred for 30 minutes before

being transferred into a Teflon cup inside an autoclave. This autoclave was then

placed into a 150°C oven for 5 days. After this time, the autoclave was cooled to

ambient temperature, and the residue separated from the mother liquor via Buchner
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filtration. This residue was subsequently washed with distilled water until the filtrate

was of neutral pH. Following this, the product was dried in a 100°C oven overnight,

ground and stored in a sample vial.

Zeolite ZK-5 with K+ and Sr2+ cations was synthesised using the method re-

ported by Verduijn[167] in 1991. This preparation is without 18C6, and has been

referred to as the Verduijn method herein. Equation 2.5 displays the standard

batch composition of the hydrogel for this method. Herein, no variations to the

batch composition of this method were investigated.

1 Al2O3 / 2.3 K2O / 0.1 SrO / 10 SiO2 / 160 H2O (2.5)

The procedure for the Verduijn method was much the same as that of the Chatelain

method. First a basic solution was prepared by dissolving 1.31 g potassium hydroxide

in 5.0 g distilled water, to which 0.79 g of aluminium hydroxide was added. To

dissolve the aluminium hydroxide, the suspension was then heated to near 110°C

under stirring. The mass was recorded before and after heating, with any mass lost

topped up with additional distilled water. In a different vessel, 0.11 g strontrium

nitrate was dissolved in 5.0 g distilled water, before adding 7.6 g colloidal silica.

The basic alumina solution was then rapidly added to the silica solution, and stirred

for 30 minutes so the hydrogel could homogenise. The hydrogel was subsequently

transferred to an autoclave, heated to 150°C for 5 days, and filtered in the same

manner as the zeolite ZK-5 prepared with the Chatelain method.

Both the crystallisation process in the Chatelain and Verduijn methods were studied

using the ex situ method. In both cases, the quantities used in the batch preparation

of the hydrogel were multiplied by five, to produce five units of hydrogel. This batch

was then separated into five units, each of which was transferred to a sealed autoclave,

and heated to 150°C for different durations. These lengths of time being 1, 2, 3, 4

and 5 days. After hydrothermal treatment, the same filtration separation and cleaning

procedure was implemented.

Zeolite ZK-5 with K+ and Cs+ cations was produced following the procedure

reported by Robson[166] in 1973. This preparation is without 18C6, and has been
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refered to as the Robson method. The typical batch composition of the hydrogel is

shown in equation 2.6. The only variation investigated with regards to this synthesis

was the addition of 18C6 to the hydrogel.

1 Al2O3 / 1.44 K2O / 0.18 Cs2O / 6 SiO2 / 45 H2O (2.6)

A typical synthesis procedure was as follows. To begin with, 2.70 g potassium hy-

droxide was dissolved in 3.6 g distilled water and 1.78 g caesium hydroxide solution.

To this solution, 2.60 g aluminium hydroxide was added, and subsequently heated

to near 110°C under stirring to ensure dissolution. As previously, the mass before

and after heating was recorded, with any distilled water lost returned to the solution.

Once at ambient temperature, 15.02 g colloidal silica was slowly poured into the basic

alumina solution, upon which a runny and clear hydrogel was formed. This hydrogel

was then stirred for 10 minutes, to ensure it was thoroughly mixed, after which it

was transferred to a sealed FEP bottle and heated to 100°C for 8 days. After this

time, the bottle was cooled to ambient temperature and the residue separated from

the mother liquor using Buchner filtration. Upon separation, the residue was then

washed with distilled water until the filtrate was of neutral pH. The product was then

dried in an 100°C oven overnight, before being ground and stored in a sample vial.

2.1.2 Metal Cation-Crown Complex Synthesis

Isolated complexes of each metal cation coordinated to the central cavity of the

18C6 molecule were prepared for analysis. For each metal cation, the molar ratio

of metal salt to 18C6 was 2:1, to ensure that the metal cation was coordinated to

the 18C6. The metal salts used were sodium hydroxide, potassium hydroxide and

caesium hydroxide, to produce complexes labeled as Na+-18C6, K+-18C6 and Cs+-

18C6 accordingly.

A sample of the isolated metal cation-crown complex was prepared using the following

procedure. In each case 3 g of 18C6 and the respective quantity of metal cation

hydroxide were dissolved in the minimum volume of distilled water. These quantities

were 0.92 g sodium hydroxide, 1.3 g potassium hydroxide and 6.8 g caesium hydroxide
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solution. The volume of distilled water typically used was 4.5 ml. As water is already

present in the caesium hydroxide solution, no additional distilled water was included.

After complete dissolution, the solution was left to an open environment to permit

evaporation of the water. Hydroxide salt crystals subsequently formed via evaporative

crystallisation.

For inelastic neutron scattering (INS) spectroscopy each complex was prepared with

deuterated water. The purpose being to ensure that the majority of scattering from

the sample was due to the protons in the 18C6 molecule, and not any residual water

present. With regards to preparation of the complexes, the same method was used,

but with deuterium oxide (D2O) as a solvent as opposed to distilled water, in a

nitrogen glove bag. Upon solvent evaporation, the salt was dissolved in D2O once

again, and subsequently evaporated. This was repeated for three cycles, to remove

as much non-deuterated H2O as possible. The deuterium oxide solvent used was

purchased from Sigma-Aldrich.

2.1.3 Calcination and Dehydration

Filled and empty analogues of each zeolite were prepared, whereby the former contains

the 18C6 molecule in the framework cavities, and the latter having had the 18C6

removed. Removal of the 18C6 was performed via high temperature calcination.

Prior to analysis using certain experimental techniques, samples were dehydrated to

remove the extra-framework water. The techniques in question were high resolution

powder X-ray diffraction, high pressure powder X-ray diffraction and INS spectroscopy.

Calcination

The empty zeolite samples were prepared by calcining the as-synthesised sample in air

using a Carbolite tube furnace. The sample was heated at a ramp rate of 1 Kmin-1 to

100°C, 200°C and 300°C for 1 hour each, and 450°C for 6 hours. This gentle ramping

regime was used so as to reduce the possibility of any structural deterioration to the

sample. After calcination, the sample was cooled at a ramp rate of 1 Kmin-1, being

held static at 200°C for 1 hour and terminated at ambient temperature.
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Dehydration

Both the empty and filled as-synthesised zeolite samples were dehydrated under

vacuum using a Carbolite tube furnace. The sample was heated at a ramp rate of

1 Kmin-1 to 100°C for 1 hour and 200°C for 6 hours. After dehydration, the sample

was cooled at a ramp rate of 1 Kmin-1, being held static at 100°C for 1 hour and

terminated at ambient temperature.

The metal cation-crown complexes were dehydrated under vacuum at ambient tem-

peratures overnight. An ambient temperature was used to avoid melting or subli-

mation of the complexes. After dehydration, both the zeolites and complexes were

transferred under vacuum to an argon glove box, where they were subsequently sealed

under argon gas.

2.2 Characterisation Techniques

2.2.1 Powder X-ray Diffraction

X-ray diffraction is a technique used for the identification and structure determination

of crystals. In the case of polycrystalline materials, where a single-crystal is insuffi-

ciently large (typically < 0.1 mm), structural information can be obtained through use

of powder X-ray diffraction (PXRD). It should be appreciated that as a technique

X-ray diffraction is an accumulation of efforts from many scientists, most notably the

father and son, W. H. and W. L. Bragg. With regards to the development of powder

techniques, this was pioneered in the early 1900s by Debye and Scherrer, in addition

to A. W. Hull independently.[177] Although the instrumentation for single-crystal and

powder X-ray diffraction differ, the basic principles of diffraction are the same.

Within the crystal or crystallite, it is the electron cloud of the atoms that diffract the

X-rays. Whereby, the amplitude of the X-rays scattered by the atom are dependent

on the number of electrons within the cloud, providing the atomic scattering factor

f j , which increases with atomic mass. Although strictly speaking the physicality of

diffraction constitutes bending of electromagnetic waves, in principle the process can
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be understood as a reflection. This is illustrated in figure 2-1, where the atoms are

ordered into a periodic array, as they are in a crystal. Within the structure, we define

an environment which is associated with the atoms in a way that can be repeated

through the entirety of the crystal. This environment can therefore be used to describe

how the atoms are associated to one another via symmetry. This is called a lattice

point, and it is these points that exist along lattice planes.

Figure 2-1: Simplistic diagram displaying how Bragg’s Law is derived. The green
spheres represent atomic electron clouds.

path difference = XZ + ZY = 2dhklsinθ = nλ (2.7)

As shown in figure 2-1, the X-rays are diffracted by the electron clouds associated

with these lattice planes. In this case, the X-rays diffracted from points A and Z are

in phase, and hence interfere constructively, if the path difference XZY experienced

by the X-ray scattered from point Z is an integer of the X-ray wavelength λ. This

path difference is dependent on the spacing between the lattice planes dhkl in addition

to the angle of the incident X-ray θ. This relationship is expressed by Bragg’s Law,

which is shown by equation 2.7. This demonstrates that at a fixed X-ray wavelength

λ, where n is an integer (taken as unity), every set of lattice planes separated by a

specific dhkl spacing will produce a constructive X-ray diffraction signal at a certain

incident angle of θ.
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Returning to the periodic structure, parallel lattice planes associated to one another

by a consistent dhkl spacing are identified with a Miller index of the form hkl . Each set

of Miller planes are therefore identified by a specific angle of θ, and from measuring

the constructive diffraction signals, the physical dhkl spacing between the planes can

be calculated. Consequently, the Miller planes that are present provide the valuable

data concerning the crystal’s symmetry and structure. From these data, the crystalline

structure can be described by an environment known as a unit cell. This is defined as

the smallest volume of highest symmetry within a crystal, and is a true representation

of the repeating unit in the structure. Crystallographically, the crystal unit cell is

thus described by one of 14 Bravais lattices, derived from the 7 crystal systems and

4 lattice types (P, I, F, C). Furthermore, the symmetry between the atoms, or more

specifically the lattice points, within the unit cell are identified by one of 230 unique

space groups.[177, 178]

Routine PXRD analysis was performed using a Bruker AXS D8-Advance X-ray powder

diffractometer, equipped with a Vantec-1 detector and a Cu Kα radiation source of

wavelength 1.5418 Å. Measurements were performed in flatplate geometry mode.

Scans were performed for 18 minutes, from 2θ = 3-60° using a step size of 0.023°.

Samples were identified by indexing the diffraction patterns manually by comparison to

simulated patterns collated by Treacy and Higgins.[179] Determination of the unit cell

parameters was performed using the UnitCell software by Holland and Redfern.[180]

This software makes use of a non-linear least squares cell refinement with regression

diagnostics. For all methods of PXRD used, structure visualisation and production

of framework graphics were performed using CrystalMaker versions 9 and X.[181]

Relative Crystallinity Parameters

To qualitatively assess the crystallinity of the zeolite samples prepared, a method of

relative crystallinity was employed. Although distinct from absolute crystallinity,

the use of relative crystallinity is a simplistic approach that does not require the use

of NIST standard materials, and is desirable in cases where a very large number of

samples need to be assessed, such as herein. This method has been used previously

in the literature.[176]
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In this technique, an estimation is made on the ratio of how crystalline a sample is

compared to another. These assessments are only made between samples of the same

zeolite structure. To begin with, three Bragg peaks were chosen from the diffraction

pattern, to be used for analysis. The choice of Bragg peaks is predominantly those

with the greatest intensity that are present in all of the samples to be assessed. This

is particularly important for samples that express little crystallinity, possessing few

Bragg peaks in their diffraction pattern. Specifics on the choice of Bragg peak for

each zeolite are explained later on. Upon the selection of Bragg peaks, each peak

was fit to a Gaussian function and the peak intensity H and peak width σ calculated.

From these values, the peak full width half the maximum (FWHM ) and consequently

the peak area A were determined using equations 2.8 and 2.9.

FWHM = σ(2
√

2 ln(2)) (2.8)

A =
H × FWHM ×

√
2π

2
√

2 ln(2)
(2.9)

After calculating the area of each Bragg peak, the sample at which everything will be

compared to was chosen. In all cases, this was the sample that was prepared following

the standard method from literature, as described in Chapter 2.1.1. Often this was

the sample that expressed the greatest relative crystallinity. Next, the ratio between

the peak areas of each sample and the standard sample were calculated for each

corresponding Bragg peak of interest. Subsequently an average was taken of these

three ratios, and reported as the relative crystallinity. Being compared to itself, the

standard method would have a relative crystallinity of 1. Concerning the error in this

value, the error in the initial peak area was estimated, and the error was accumulated

from each of the values used to determine the relative crystallinity.

For zeolite EMC-2 the relative crystallinity was designated the ω value. The Bragg

peaks chosen for the determination of the ω value were those corresponding to the

Miller indices of (100), (002) and (101). These are the three lowest 2θ angle peaks

observed in the diffraction pattern. Typically these peaks show a degree of overlap

in the pattern. Consequently, when fitting the peaks to a Gaussian distribution
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they were simultaneously deconvoluted. The sample used to compare everything

to relatively, was prepared following the standard method used previously,[176] based

on the procedure by Chao and Chatelain.[64, 128]

The relative crystallinity of zeolite Na-X samples were referred to as the τ value.

Bragg peaks (111), (220) and (331) were chosen for the determination of this value.

The τ value of all samples were calculated relative to zeolite Na-X prepared following

the standard method in Chapter 2.1.1 with the addition of 18C6. In this instance, the

hydrogel used to prepare the sample had a batch composition as shown in equation

2.1 whereby the 18C6/Al2O3 molar ratio was 0.47.

The ρ value was the term assigned to the relative crystallinity of zeolite RHO

samples. Bragg peaks (310), (411)(330) and (420) were used in the determination of

the ρ value. This was done comparatively to the zeolite RHO sample prepared using

the standard method by Chatelain.[64, 150]

For zeolite ZK-5 the relative crystallinity was referred to as the κ value. The

Bragg peaks used in the determination were the (200), (411)(330) and (420) Bragg

peaks. The sample used to compare the crystallinity to comparatively was the zeolite

ZK-5 prepared with 18C6, K+ cations and Sr2+ cations, following the procedure by

Chatelain.[168] For consistency, this is also the standard sample used for zeolite ZK-5

prepared using different methods. κ values cannot be used to compare the crystallinity

of zeolite ZK-5 made with different methods, as there are underlying factors that can

influence the Bragg peak area. The primary reason for this is that if the zeolite is made

with different sized and charged cations, the cations will occupy different positions in

the framework, and hence Miller planes. Such phenomena will consequently impact

the intensity of certain Bragg peaks, regardless of how crystalline the sample is.

High Resolution Powder X-ray Diffraction

A more coherent determination of a crystalline sample’s structure is performed by first

obtaining high resolution powder X-ray diffraction data. Using these data, the

crystallographic structure consisting of atomic positions and statistical occupancies

can be determined with a technique known as Rietveld refinement. Although the
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mathematics behind the refinement process are complex, the principle is substantially

simple. This being that a model of the sample structure is simulated and fit to the

experimental data. Several parameters within the model are tuned so as to produce

a model that shows the best fit, while also depicting an accurate and realistic picture

of the sample structure.

These parameters in question are encoded within the Miller indices of the Bragg peaks

observed in the diffraction pattern, as mentioned previously. The position of the Bragg

peaks along the 2θ-scale dictate the size of the crystallographic unit cell, however the

magnitude of the peaks is a culmination of a variety of parameters that require

refinement. This is expressed by the structure factor F hkl , shown in equation 2.10

for a centrosymmetric space group. This equation demonstrates that the structure

factor is a sum of the parameters for each atom j in the unit cell. The parameters

of each atom that contribute to the structure factor are the atom’s scattering factor

f j , in addition to the x jy j z j crystallographic coordinates associated with the specific

hkl Miller plane of interest. Further considerations for the structure factor are the

statistical population of atom j in a specific site of the unit cell, known as fractional

occupancy, in addition to the isotropic thermal motion of an atom. The fractional

occupancy of a crystallographic site will consequently influence the intensity of Bragg

peaks associated with Miller planes that intersect this site. Likewise, increased atomic

thermal vibration about the equilibrium lattice site of atom j will compromise the

atom’s scattering efficiency.[177, 182]

F hkl =
n∑
j=1

f j e
[2πi(hx j +ky j +lz j )] (2.10)

The refinement process is initiated by using a reasonable starting structure. For

known zeolite frameworks, this is achieved by using previously reported structures

from the IZA structural database.[7] Following this, each parameter influencing the

structure factor is consequently adjusted. This is performed by an iterative process of

least squares fits, whereby the parameters are being refined to enhance the match-up

between the simulated model and the experimental data. How well the model and

data match-up is performed by a combination of visual inspection and mathematical

assessment via equation 2.11.[182, 183] Herein, the quality of the fit R is to be
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minimised. This is sometimes referred to as the χ2 value or goodness of fit G , where

G2 = χ2 . At each step i , the observed intensity Y io is compared to the calculated

intensity Y ic and subsequently scaled by the weighting factor assigned to the step

w i . This weighting factor being larger depending on the magnitude of the observed

intensity Y io .[177, 184] Throughout the refinement, the aim is to reduce the R value,

and hence the weighted sum of squared differences between the simulated model and

the experimental data.

R =
∑
i=1

wi(Y io − Y ic)2 (2.11)

Further factors that require attention and can be adjusted during the refinement

process include the scale, the background shape, the peak positions and the peak

profile. The peak profile used is typically pseudo-Voigt, and can be influenced by

factors such as the instrument used and sample grain size and strain.[177]

Zeolites Na-X, EMC-2 and RHO were studied by high resolution PXRD on the ID22

beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.

At this facility, electrons are accelerated by the synchrotron and injected into a storage

ring where the electron pathway is bent by magnets, consequently producing X-rays.

The incident synchrotron X-ray radiation used was of wavelength 0.49598 Å and the

detector parameters were calibrated with silicon. The ID22 instrument makes use

of a Si(111) monochromator, and a multianalyser stage consisting of nine analyser

crystals. The average scan length was 22 minutes, from 2θ = 0.5-45.0° using a step

size of 0.002°. The mounted capillaries were spun perpendicular to the X-ray beam,

to reduce preferred orientation effects. Measurements were taken at 100 K using a

liquid-helium-cooled cryostat. This was done to reduce the atomic thermal motions.

The samples used for analysis were the empty and filled zeolites prepared following

the standard methods described previously. Samples were dehydrated to remove the

extra-framework water content for ease in the structural refinement. Samples were

loaded into 1 mm diameter borosilicate capillaries under an inert nitrogen atmosphere

in a glove bag. Before mounting in ambient atmosphere, the capillaries were sealed

with vacuum grease and wax.
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High resolution PXRD of empty and filled zeolite ZK-5 was performed using a STOE

STADI MP diffractometer, equipped with a MYTHEN2 1K silicon strip detector. A

sealed Cu X-ray tube and Ge(111) monochromator were used to produce pure Cu

Kα1 radiation of wavelength 1.5406 Å. The scan length was 13.6 hours, from 2θ =

3-100° using a step size of 0.015°. Measurements were taken in Debye-Scherrer mode

using a transmission sample holder between two foils in inserts with 3 mm masks.

The samples analysed were not dehydrated.

The diffraction patterns from both the ID22 beamline and the STOE diffractometer

were used for structure determination. This was achieved via Rietveld refinements

using the TOPAS Academic software.[183] The starting structures used for specific

refinements have been detailed where appropriate.

High Pressure Powder X-ray Diffraction

A branch of X-ray diffraction which studies how crystalline materials respond to exter-

nal pressure is known as high pressure powder X-ray diffraction. This technique

can be used to study how the parameter of pressure influences the thermodynamic

crystalline state, in addition to the interatomic interaction potentials under a highly

strained environment. It is of particular interest for geochemists and earth scientists,

who study the behaviour and phases of solid state material in the Earth’s core.

The crystalline sample is subjected to high pressure through the use of a diamond anvil

cell (DAC), as shown in figure 2-2. This consists of two opposing diamonds with finely

polished tips between which a gasket with the sample is placed. Alongside the sample

is a pressure standard which can be used to accurately determine the applied pressure.

Typically this is a ruby chip, of which the R1 fluorescence wavelength is shifted by the

application of pressure.[185] The diamonds are pressed together, with the application

of pressurised gas into the cell. Although the pressure applied by the diamonds is

uniaxial, the sample is suspended in a pressure transmitting medium, which ensures

that the pressure applied to the sample is hydrostatic and multiaxial.[186] In zeolite

high pressure research, we consider two types of pressure transmitting media. These

are defined as penetrating and non-penetrating pressure media. The former can

transport into the open-framework pores of the zeolite, such as water or ethanol,
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whereas the latter does not, such as silicone oil. The presence of the medium inside the

zeolite framework can drastically influence the material’s mechanical behaviour.[90]

The DAC is consequently setup in the pathway of the incident X-ray radiation. Con-

sideration must be taken as the sample, as well as the constituents of the DAC, can

diffract the X-rays. With the use of a DAC the samples can be analysed by powder

X-ray diffraction with high pressure in situ. There are other devices used to submit

samples to high pressure, one such example being the Paris-Edinburgh cell.

Figure 2-2: Simplistic diagram showing the setup of a diamond anvil cell (DAC).

How compressible a material is, is assessed by the bulk modulus (B0). This ther-

modynamic parameter is a measure of the pressure dependence on the change in unit

cell volume. The bulk modulus B0 is hence determined using the Birch-Murnaghan

equations of state.[187] These are shown collaboratively by equations 2.12, 2.13

and 2.14, whereby V is the unit cell volume, V 0 the unit cell volume at zero pres-

sure, and p(V ) the pressure at unit cell volume V . Depending on the pressure

dependence of the unit cell volume, the experimental data can be fit to either a 2nd

or 3rd order fit. The pressure derivative B ′ is used to evaluate whether the material

expresses any unusual mechanical behaviour. Large or negative values can indicate

rapid stiffening[188] or pressure-induced softening accordingly.[189, 190]
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η = (V 0/V )1/3 (2.12)

(2nd order) p(V ) =
3B0

2
(η7 − η5) (2.13)

(3rd order) p(V ) =
3B0

2
(η7 − η5)

[
1 +

3

4
(B′ − 4)(η2 − 1)

]
(2.14)

In situ high pressure PXRD was performed on the ID15B and ID27 beamlines at the

European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The samples

used for analysis were the dehydrated empty and filled zeolites Na-X, EMC-2, RHO

and ZK-5 prepared using the standard methods. Dehydrated samples were used so

as to minimise the influence of extra-framework content on the framework dynamics.

The zeolite samples were loaded into DACs with a non-penetrating pressure trans-

mitting medium, alongside a ruby chip. The media used were Daphne 7373 oil and

silicone oil for the ID15B and ID27 experiments respectively. The exerted pressure

within the cell was accurately determined by excitation of the ruby chip with a laser

and detecting the shift of the fluorescence R1 emission line, which is proportional

to pressure.[185]. The incident synchrotron X-ray radiation used was of wavelength

0.4113 Å on beamline ID15B and 0.3738 Å on beamline ID27. The detector param-

eters were calibrated using silicon and CeO2 respectively. An image plate detector

was used, with three diffraction images taken at each pressure point which were av-

eraged and normalised using the FIT2D program.[191] Subsequent data processing,

such as masking and integrating over the plate area was performed using the Dioptas

software.[192]

The pressure was increased sequentially by approximate 0.1 GPa steps up to 2.0 GPa,

after which 0.5 GPa steps were used. The pressures were estimated to be accurate to

approximately 0.1 GPa below 3.0 GPa. Above this pressure, and upon decompression,

the error was estimated at 0.4 GPa. At each pressure point, the pressure was recorded

before and after the diffraction measurements were taken, to provide an average

throughout the measurement to account for subtle pressure variations. The samples

were pressurised until the crystallinity was substantially reduced, prior to complete
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pressure-induced amorphisation. Following this, the DACs were depressurised, with

some pressure points and diffraction patterns taken throughout the decompression

cycle back to ambient conditions.

To accurately determine the unit cell parameters, the TOPAS Academic[183] software

was used to perform Pawley refinements of the diffraction data. Pawley refinements

make use of a non-linear least squares cell refinement, refining the peak positions

without the constraint of a structural model that influences Bragg peak intensity.

For each sample, the initial refinement at ambient pressure was performed manually,

with the sequential refinements with increasing pressure performed using the Batch

mode. In this mode, the source data of a refinement is the refined output file from

the previous data point.

The bulk moduli of the zeolite samples were calculated using the PASCal webtool

by Cliffe and Goodwin.[193]. This is a principal axis strain calculator, which fits the

pressure dependance of the input unit cell volume data to the Birch-Murnaghan equa-

tions of state, determining the bulk modulus and pressure derivative. In addition, the

calculator outputs the principal axis compressibilities and orientation of the principal

axes relative to the crystallographic axes. The input data used were the unit cell

parameters and pressures within the 0-2.2 GPa range. Fits to the equations of state

were weighted with the 0.1 GPa error in the pressure determination.

The flexibility windows and high pressure structures of the zeolite samples were deter-

mined using the Geometric Analysis of Structural Polyhedra (GASP) software devel-

oped by S. A. Wells.[194, 195] This software constrains the framework TO4 tetrahedra

as rigid ‘ghost’ clusters, of fixed T-O bond length and tetrahedral O-T-O angles of

arccos(−1/3 ). The threshold to which an oxygen atom can mismatch its corre-

sponding vertex in a rigid tetrahedral cluster is set as 0.001 Å. The bridging T-O-T

angle between tetrahedra are unconstrained. Geometric relaxation occurs via iterative

fitting cycles, whereby all atoms are fitted into their respective clusters, followed by

relaxation of the atoms based on their steric contacts and cluster vertex positions.

The flexibility window is found as the selection of densities and unit cell volumes

where the constraints on the rigid tetrahedral cluster are retained, and the structure

successfully relaxes. The high pressure zeolite structures were simulated by inputting

the unit cell parameters determined from the Pawley refinements, and the structure
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geometrically relaxed to satisfy the rigid cluster constraints. Previous work has shown

good agreement between high pressure data and geometric simulations.[163, 196, 197]

The input structures used for simulation were CIF files of the four frameworks obtained

from the IZA structure database.[7]. For zeolite RHO in the I4̄3m space group,

an input CIF file was produced from the crystallographic coordinates reported by

Corbin et al.[198] Input CIF files of the frameworks containing the 18C6 molecule

were constructed using CrystalMaker version X[181] by manually inserting the 18C6

molecule into the centre of the relevant framework cavity. The Si-O bond length

constraint used was 1.64 Å for zeolites EMC-2, RHO and ZK-5, and 1.65 Å for zeolite

Na-X. As the zeolites are actually aluminosilicates, these average bond lengths were

estimated from the Si/Al ratios determined from SS MAS NMR and EDX analysis.

2.2.2 Thermogravimetry

Thermogravimetric analysis (TGA) was used to study the decomposition of 18C6

within the zeolites. The simplicity of this technique is that it measures the mass

of a sample as a function of temperature. This is used to study thermal events,

whereby mass is lost via chemical reactions such as oxidation, dehydrogenation and

decomposition. Herein a controlled atmosphere of air was used, however there is scope

to perform isothermal measurements under varying atmospheres to study certain

thermal events. The mass loss percentage (Mass%) of a thermal event can be

determined using the sample mass prior to ramping (m0 ), followed by the mass at

the reaction onset (monset ) and reaction offset (moffset ), as shown in equation 2.15.

This technique has shown limited use within zeolite research,[199] but is proven to

be particularly useful in the research of polymers and plastics.[200, 201, 202, 203]

Mass% =
monset −moffset

m0

× 100 (2.15)

Measurements were performed using a Setaram Setsys Evolution TGA 16/18 in-

strument. Samples were loaded into open 170 µL volume alumina crucibles, using

approximately 15-20 mg of sample. Prior to heating, the sample was purged with air

at a flow rate of 20 mlmin-1 at 30°C for 5 minutes. Following this, the samples were
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heated under the air flow from 30°C to 600°C at a ramp rate of 5 Kmin-1. It was

during this segment of heating that the mass of the sample was recorded over time

and temperature. The sample was then cooled under air flow back to the ambient

30°C of the instrument before removal.

For accurate mass determination, a measurement was taken on an empty crucible

to observe mass fluctuations from the instrumental error. Such fluctuations were

observed to be negligible in contrast to the mass changes observed for the thermal

events in the samples. However, the mass fluctuations from the empty crucible were

removed from the sample data for accurate mass loss determination. Zeolites Na-X

and EMC-2 expressed overlapping thermal events in their thermogravimetric (TG)

curves. In order to separate these events, intermediate stages of constant tempera-

ture were added to the ramping regimes. For zeolite Na-X the ramping was paused

at 130°C for 60 minutes, and for zeolite EMC-2, 180°C for 20 minutes. Decompo-

sition temperatures of the 18C6 were determined following the ISO 11358-3:2014

European Standard.[204] The decomposition temperature was hence defined as the

corresponding temperature at the peak in the dTG/dt curve, being the derivative of

the TG curve with time. Each sample scan was repeated giving a total of three scans,

with an average taken and the standard deviation reported as the error.

To calculate the mass% content of 18C6 in each sample, the onset and offset of

the decomposition was also resolved following the European Standard. The offset

was accepted as the last data point at approximately 600 °C, where all of the 18C6

is undoubtedly removed. The onset was determined as the midpoint between the

decomposition temperature for 18C6, and the dehydration temperature from the first

thermal event. Like with the 18C6 decomposition temperature, the dehydration tem-

perature was determined as the peak in the dTG/dt curve during the initial mass loss

corresponding to water loss. Consequently, the 18C6 mass% content was calculated

using equation 2.16. For each zeolite, this was calculated as an average from three

separate scans, and the error taken as the standard deviation.

18C6 mass% content =
monset −moffset

m0

× 100 (2.16)
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Mass Spectrometry

As a technique, TGA is exceptionally powerful as it can be coupled to a variety of

other analyses, to further identify the thermal events observed in the sample. Such

cases include Infrared spectroscopy and gas chromatography. Herein, the gas evolved

from the samples were analysed using mass spectrometry (MS).

The primary principle behind mass spectrometry being the separation of species based

on their mass, or more specifically their mass-to-charge ratio (m/z). In the case of

the TGA instrument, the gas evolved from the sample is first ionised, whereby one or

more electrons are removed from the gaseous species. These ions are subsequently

accelerated, so that each ion carries the same quantity of kinetic energy. Maintaining

a Coulombic charge the ions are deflected by a magnetic field, the angle of deflection

dependent on both the ion’s charge and molecular mass. Upon differentiation of the

ions via their mass and charge (m/z), they are detected. The stages of ionisation,

acceleration, deflection and detection are held under vacuum to ensure no impurity

species impact the kinetic energy of the ions.[205]

The mass-to-charge ratio (m/z) is calculated following equations 2.17 and 2.18. In

these equations m is the ion mass, Q the ion’s Coulombic charge, a the acceleration,

E the electric field strength, vB the vector cross product of the ion’s velocity (v) and

the magnetic field strength (B), z the charge number and e the elementary charge

(1.6022x10-19 C).

(m/Q)a = E + (vB) (2.17)

z = Q/e (2.18)

Mass spectrometry was performed by coupling the TGA instrument to a Pfeiffer

Vacuum Omnistar GSD 320, equipped with a quadrupole mass analyser and a SEM

detector. To begin with, ions with a m/z from 0-200 were screened in order to observe

the full assortment of fragments being produced from the sample. From this scan, the

mass spectrometry measurements were repeated but with specific m/z ions targeted
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to track the thermal processes with enhanced resolution. The m/z ions chosen were

18, 32 and 44, which respectively correspond to H2O, O2 and CO2. Both m/z ions

18 and 44 were tracked to observe the dehydration and 18C6 decomposition process.

Alternatively the m/z ion 32 was measured to investigate the sample’s uptake of O2

from the air flow. Other m/z ions measured include 58, 60 and 73, which refer to

specific decomposition fragments.

Differential Thermal Analysis

To assess the thermodynamics of 18C6 decomposition the samples were evaluated

using differential thermal analysis (DTA). In this technique both the sample

and an inert reference are treated to the same ramping regime simultaneously. The

temperature difference between the sample and the reference is recorded and termed

the differential temperature. Thermocouples attached to crucibles holding the sample

and reference are connected to a voltmeter, which detects the heat flow to and from

the sample. In doing this the thermodynamics of thermal events can be determined,

particularly whether they are endothermic or exothermic. This is useful for thermal

events whereby there may not necessarily be a mass loss, such as phase transitions.

Examples of this include crystallisation, glass and melting transitions.

DTA was performed using the same instrument as the thermogravimetric measure-

ments. The samples were loaded into 100 µL volume alumina crucibles, and placed

onto the instrument alongside an empty alumina crucible of the same volume. Sam-

ples were purged, heated and cooled under a 20 mlmin-1 air flow, following the same

ramping regime used for the thermogravimetric analysis. This being a ramp from

30°C to 600°C at a ramp rate of 5 Kmin-1, where the data were recorded. The alu-

mina crucibles were attached to thermocouples, so as to determine the temperature

difference between the two during heating, and hence the heat flow to the sample.

Activation of Decomposition

The activation energy (Ea) of 18C6 decomposition was estimated following the ISO

11358-3:2014 European Standard procedure,[204] based on the work by Ozawa, Flynn
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and Wall.[206, 207] To begin with, each zeolite sample was analysed following the

thermogravimetric procedure between 30-600°C, but by using different ramp rates.

The ramp rates used were 2, 5 and 10 Kmin-1. For zeolites Na-X and EMC-2, the

ramping regimes used included the static temperature stages at 130°C and 180°C

respectively.

The scan at each ramp rate was subsequently analysed as follows. The onset of

18C6 decomposition was determined by calculating the midpoint between the 18C6

decomposition temperature and the dehydration temperature, as explained previously.

Furthermore, the offset was assumed to be the final point at approximately 600°C,

where it can be ensured that the 18C6 is completely removed from the zeolite. The

data values between the onset and offset were then converted into the variable ‘α’,

corresponding to the progression of the decomposition reaction. This value was

calculated from the mass at time t (m t ) using equation 2.19 as follows:

α = 1− mt −moffset

monset −moffset

(2.19)

Using equation 2.19 the value of α before decomposition at the onset is 0.0, and

upon the completion of decomposition at the offset is 1.0. Determination of the α

value as a means of the reaction progression was performed for the scan at each

ramp rate for each sample. For every 0.1 interval of the α value, the inverse of the

corresponding temperature was taken and plotted against the logarithm to the base

10 of the ramp rate. This produces a straight line, for each α value. The gradient of

this straight line contains the activation energy, and by applying equations 2.20 and

2.21 this can be determined. In these equations E a is the activation energy, R the

molar gas constant (8.3145 JK-1mol-1), β the ramp rate (2, 5 or 10 Kmin-1) and T

the corresponding temperature at interval α for ramp rate β.

log(β) + 0.4567
Ea

RT
= constant (2.20)

log(β1) + 0.4567
Ea

RT 1
= log(β2) + 0.4567

Ea

RT 2
= log(β3) + 0.4567

Ea

RT 3
(2.21)
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For zeolites RHO and ZK-5, the activation energy was determined by calculating the

average energy from α intervals of 0.1, 0.2 and 0.3. Both zeolites Na-X and EMC-2

displayed decomposition profiles containing two events, so the activation energy of

each event was estimated. The dTG/dt and m/z 44 ion MS curves were deconvoluted

into two separate bands, with α intervals most representative of the corresponding

band chosen. α intervals where the two events overlapped were excluded. Conse-

quently, the α values selected for zeolite Na-X were 0.1, 0.15 and 0.2 to the first

event, and 0.8, 0.85 and 0.9 to the second event. Concerning zeolite EMC-2 these

were 0.1, 0.15 and 0.2 for the first event, and 0.7, 0.75 and 0.8 for the second event.

The error in each activation energy was reported as the standard deviation from the

three values used to determine the average energy.

2.2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique used to observe detailed

information of a sample surface, particularly the size and morphology of crystals.

This is achieved by irradiating the sample with a focused electron beam, which moves

across the surface in a raster fashion. The setup involves an electron column, equipped

with an electron gun at the apex. The electron gun accelerates the electrons by a

voltage of 1-50 kV between a cathode and an anode. These electrons then pass

through a series of demagnifying lenses, typically two or three, as well as a scanning

coil before the beam is defined through a narrow aperture. It is this defined beam

which subsequently is fired at the sample surface. The sample itself is placed on a

stage underneath the electron column under vacuum.

An alternative technique used in microscopy is field-emission scanning electron

microscopy (FESEM). The principle of the technique is much the same, however

it is generally characterised by producing narrower electron beams and high reso-

lution micrographs. In this technique, the electrons are produced via a tunneling

phenomenon known as field-emission. At the apex of the electron column, a strong

electrostatic field is subjected to a conducting metal point with a tip radius of approx-

imately 1000 Å. Consequently electrons are emitted, which can be channeled through

the lenses and apertures as described previously.
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Upon hitting the sample surface, a variety of different types of radiation can be re-

leased. The most important species for SEM, are secondary electrons and backscat-

tered electrons. Depending on the mode the user is utilising the microscope in,

certain detectors will be sensitive to specific forms of radiation which are then used

to produce the surface image. In the case of secondary electrons, the detectors used

are typically sensitive to emitted electrons with an energy lower than 50 eV. Detec-

tion of these electrons is most often used to study the topography of surfaces, in

addition to the orientation of crystals. Alternatively, backscattered electron detectors

are tuned to electrons of energy greater than 50 eV. This method is best suited for

observing the location of heavier atoms in the sample, which will produce a higher

signal intensity.[208, 209]

SEM micrographs were obtained using a JEOL SEM6480LV scanning electron micro-

scope. The specimen was prepared by suspending approximately 5 mg of zeolite in

a vial of ethanol via ultrasonication. A single drop of this solution was subsequently

added to a carbon sticker supported on an aluminium stub. Micrographs were taken

in secondary electron imaging mode, using accelerating voltages of 10, 15 and 20 kV,

in addition to magnifications between x2k and x5k. All of the micrographs herein

contain the individual imaging conditions. Particle size analysis was performed man-

ually using the program ImageJ.[210]. As many particles as possible were measured,

with an average calculated and the standard deviation reported.

FESEM micrographs were obtained using a JEOL FESEM6301F field-emission scan-

ning electron microscope. Specimens were prepared by mounting a highly orientated

pyrolytic graphite (HOPG) substrate onto an aluminium stub using a carbon sticker.

The substrate was then lightly dusted with sample, and subsequently coated with 20

nm of chromium to reduce charging on the zeolite surface. Secondary electron imag-

ing mode was used to image the sample surface, alongside an accelerating voltage of

2 kV and magnifications of x5k and x20k.

2.2.4 Energy Disperse X-ray Spectroscopy

Commonly coupled to SEM is a technique for elemental analysis known as energy

dispersive X-ray (EDX) spectroscopy. This method makes use of one of the
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atomic processes occurring in the sample upon irradiation with the electron beam.

The electron beam propagates the ionisation of an atom in the sample, by removing

an electron in a lower energy atomic shell. This initial process of excitation can also

be stimulated by other charged particles or photons, as long as the energy is greater

than the binding energy of the electron that is to be removed. Upon the formation

of this vacancy in the atom’s lower energy shell, an electron in a higher energy shell

will lower in energy to occupy the vacancy. Consequently this emits an X-ray photon.

This process is illustrated in figure 2-3.

Figure 2-3: Simplistic diagram showing the process by which an X-ray is emitted by
an atom for energy dispersive X-ray (EDX) spectroscopy.

Concerning the emitted X-ray, it is this photon which is detected, the energy of

which will correlate to the difference in energy of the two atomic shells involved. As

such, the energy of these X-rays are characteristic of certain elements, and can be

used as a identification technique for elemental analysis. This was first observed by

Henry Moseley, who reported that the energy of emitted X-rays varied via a linear

relationship to the element’s atomic number.[211]

Herein, EDX spectroscopy was performed in tandem while analysing samples using

SEM prior to chromium coating. As such, the sample preparation was the same.

Spectra were obtained using an Oxford INCA X-ray analyser, attached to a JEOL

SEM6480LV microscope. Quantitative analysis was performed on multiple sites on

a variety of crystals, with an average and standard deviation taken. Spectral line

intensities were measured and compared to a standard used for calibration.
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2.2.5 Inelastic Neutron Scattering Spectroscopy

Scattering experiments are a rapidly growing technique used in materials science

to study structure and dynamics at the atomic level. The incident probe used is

typically either electrons, X-rays or neutrons, with the latter being the probe of choice

herein. Neutrons are subatomic particles of neutral charge, which are scattered via

the strong nuclear force interaction by atomic nuclei in the sample. Although this

scattering is weak, it is beneficial as it enables penetration into the sample to probe

bulk properties.[212] Neutrons are typically produced from a reactor or spallation

source at national facilities. Such an example is the spallation source at ISIS Neutron

and Muon Source in Didcot, UK. Here, protons are accelerated in a synchrotron,

before being fired in pulses at a tungsten target which produces the neutrons.[213]

The principle of inelastic neutron scattering (INS) is that the neutron scattered

from the sample either loses or gains energy. In this sense, the incident energy of the

neutron does not equal the scattered energy. This is explained collectively by figure

2-4 and equations 2.22 and 2.23, where wavevector k is equal to 2π/λ, and λ is the

wavelength of the neutron. Figure 2-4 illustrates the neutron’s incident wavevector

k i , and the resulting scattering wavevector k f which is expressed by the momentum

transfer Q via the wavevector diagram. If the neutron is scattered elastically, meaning

there is no energy change and |k i | = |k f |, the momentum transfer is expressed by

equation 2.22. However, in the inelastic case, the momentum transfer is determined

via the cosine rule using equation 2.23.

Q = ki − kf (2.22)

|Q|2 = |ki |2 + |kf |2 − 2|ki ||kf |cos22θ (2.23)

The degree to which an atomic nuclei scatters a neutron is known as its scattering

length, which depends on the nuclear interaction between the nuclei and the neutron.

The value of the neutron scattering length is determined by the isotopic species and

spin state of each nuclide, meaning there is no lateral trend across the periodic table.

91



Figure 2-4: Simplistic wavevector diagram describing the source of momentum
transfer Q from inelastic scattering at an angle of 2θ.

In experiments, the scattering power of a nuclei is often referred to as its scattering

cross-section σ, which is the scattering rate summed over all directions compared

to the incident neutron flux, over an area perpendicular to the incoming beam. This

cross-section contains both a coherent and incoherent component. The coherent

contribution concerns the discernible patterns scattering from the nuclei, which can

be used to study structure and large scale excitation modes such as phonons. The

incoherent contribution is essentially the random nature of the leftover scattering,

which is used to study local dynamics in a system.[212]

Measurements of inelastic neutron scattering can be performed using a variety of

instruments, with time-of-flight setups having been used herein. The fundamental

principle behind this is that the energy transfer from the neutron is detected by its

consequential change in kinetic energy, and hence velocity and traveling time within

a fixed distance. This is detailed by equation 2.24. This time-of-flight t is separated

into two components, which is the primary time-of-flight from the moderator to the

sample t i and the subsequent secondary travel from the sample to the detector t f .

The remaining terms refer to the length of travel L and either neutron wavelength λ

or kinetic energy E of the respective segments before and after scattering. Both the

neutron mass mn and Planck constant h are unchanged.
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t = ti + tf =
mn

h
(Liλi + Lf λf ) =

Li√
2Ei/mn

+
Lf√

2Ef /mn

(2.24)

Determination of the energy transfer is achieved by using either a direct or indirect

geometry setup. Direct geometry instruments use choppers to ensure that the inci-

dent neutron beam is monochromatic. This fixes the incident energy E i and primary

component of the time-of-flight t i . Therefore, the neutron energy after scattering E f

is simplistically calculated from the neutron’s velocity and hence secondary compo-

nent of the time-of-flight t f . The calculation is the inverse in the indirect geometry

setup. In this case, a polychromatic incident beam is used, however only a single

scattered energy is detected. Therefore, E f is fixed and the selection of incident en-

ergies E i is calculated to determine the energy transfer. This results in an instrument

with no moving parts that explores a one-dimensional trajectory.[212, 213]

As inelastic neutron scattering involves an energy transfer at the sample, it can be

used as a spectroscopic technique. This is known as inelastic neutron scatter-

ing (INS) spectroscopy. The incident neutron transfers energy to the constituent

sample molecules, energy that corresponds to differences in vibrational energy levels.

Consequently, the molecule is excited and certain vibrational modes are activated.

Although the method of excitation and scattering differs, the principles behind the

molecular vibrations are the same as those in classical Infrared and Raman spectro-

scopic techniques. In INS spectroscopy, this makes use of the incoherent component

of scattering from the sample. The intensity of the j th molecular vibrational mode I j

is propotional to the expression shown in equation 2.25. The pre-exponential factor

consists of the energy transfer to the sample Q and the amplitude of vibration of

the atoms involved in the j th vibrational mode U j . The term inside the exponent

is known as the Debye-Waller factor, and includes the mean square displacement of

the molecule U total . As this term is strongly influenced by molecular thermal motion,

INS spectroscopy is performed at temperatures below 50 K. Lastly, the intensity of

the vibrational mode is dependant on the inelastic neutron scattering cross-section σ

of the atoms involved in the j th vibrational mode.[213]

I j ∝ Q2U j
2exp(−Q2U total

2)σ (2.25)
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INS spectroscopy was performed on the TOSCA indirect geometry spectrometer at

ISIS Neutron and Muon Source in Didcot, UK. The primary neutron flight path is 17

m, and the average secondary flight path 0.6 m. The neutron beam is moderated

with a 300 K water moderator, and chopped with a 4 blade chopper running at 10

Hz. The size of the beam that strikes the sample is 40 mm x 40 mm. Detection of

the scattered neutrons is accomplished with 130 squashed 3He tube detectors.

The samples studied were the dehydrated empty and filled analogues of the zeolites

prepared following the standard methods. The dehydrated metal cation-crown com-

plexes prepared using deuterium oxide and 18-crown-6 ether purchased from Sigma-

Aldrich were also studied. These samples were loaded into aluminium foil sachets,

and secured between two aluminium plates using indium wire as a seal. Sample load-

ing was performed in an inert argon atmosphere within a glove box. Measurements

on the spectrometer were taken from the energy transfer range of -20-8050 cm-1,

operating at a temperature of 10 K for 5-7 hours.

Identification of the 18C6 molecule vibrational modes was achieved with calculations

in the quantum-mechanics-based CASTEP software by Clark et al.[214] The input

structures used were the crystal structure configurations of the isolated 18C6, and the

metal cation-crown complexes of sodium, potassium and caesium.[103, 215, 216, 217,

218] The geometry of each species was optimised in CASTEP, prior to calculating

the vibrational modes. The output data and specific vibrations of the 18C6 species

were visualised using the Avogadro (version 1.2.0) software, developed by Hanwell et

al.[219] This software was also used to produce graphics that display the movement

of the 18C6 molecule.

2.2.6 Solid State Magic Angle Spinning Nuclear Magnetic

Resonance Spectroscopy

Analysis of both structure and dynamics on a local molecular-level scale can be per-

formed with nuclear magnetic resonance (NMR) spectroscopy. This technique

considers the atomic nucleus, which is both charged and spins, consequently generat-

ing a magnetic moment, whereby the nucleus possesses a non-zero magnetic quantum

number I . Upon the application of a strong magnetic field, the nuclear magnetic mo-
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ment of the nuclei is divided into 2I + 1 spin state orientations. Due to the vector

of the magnetic field, these spin states are energetically different and quantised. This

phenomenon is known as Zeeman splitting, with the Zeeman energy E z of these

states expressed by equation 2.26.

Ez =

(
γj

2π

)
hmjB0 (2.26)

In this equation, B0 is the applied magnetic induction field, h is the Planck Constant,

m j the magnetic quantum number and γj the gyromagnetic ratio of nucleus j . The

magnetic quantum number defines the different spin states available (2I + 1 ) and

the gyromagnetic ratio is the correlation between the nuclear magnetic moment and

angular momentum. With the quantisation of spin states, this process can be handled

like typical spectroscopy, where the differences between energy levels are measured.

In the case of NMR, the energies between spins states correspond to radiofrequency

radiation. A specific example concerns nuclei with a spin I = 1/2 , where the quan-

tised spin states are aligned parallel (+1/2 ) and antiparallel (−1/2 ) to the vector of

the applied magnetic field. In NMR spectroscopy, the nuclei of the same element in a

sample may be present in different local environments. These environments influence

the electron density or localised magnetic fields experienced by the nuclei, and hence

the energy between the spin states. Therefore, NMR is used as a tool to observe the

nature of different local environments of nuclei.

Although this process is simple for nuclei with a spin I = 1/2 such as 29Si, it is more

complex for those that are quadrupolar such as 27Al and 23Na. Quadrupolar nuclei

are those with integral or half-integral spin quantum numbers where I > 1/2 . Issues

arise as these nuclei have both a magnetic dipole moment and an electric quadrupole

moment, which interact with the electric field gradient at the nuclei. This is known

as quadrupole coupling, and leads to broadening of the resonances observed in the

NMR spectra.

Concerning NMR spectroscopy of solid state (SS) samples, there arises further issues.

In NMR, the nuclear spin experiences a number of internal interactions, which in the

solid state are dictated by orientation of the form 1/2 (3cos2θ − 1 ). In a solution this

95



is not a problem, as the isotropic rapid time-averaged rotation averages this value to

zero. However, in the solid state this anisotropy leads to resonance broadening. These

anisotropic interactions are minimised by axially spinning the sample at a magic angle

(54°44’) to the vector of the magnetic field. This method is hence termed magic

angle spinning (MAS), and successfully enhances the peak resolution. Another

useful technique in SS NMR is cross-polarisation (CP), for spin nuclides that are

either dilute or of low abundance in the sample. To combat this issue, a more

abundant nuclei, such as 1H, is excited and induced to transfer its magnetisation to

the nuclei of interest and increase detection sensitivity.[220]

SS MAS NMR spectroscopy was performed by the formerly EPSRC funded Solid State

NMR Service at Durham University. Measurements were made on a Varian VNMRS

spectrometer, operating with a 9.4 T magnet and equipped with two magic-angle

spinning probes. Samples were dehydrated and securely sealed within an inert argon

atmosphere, before shipping to the facility where they were handled under nitrogen.

Spectra were obtained on the 29Si (I = 1/2 , 4.7%), 27Al(I = 5/2 , 100%), 23Na

(I = 3/2 , 100%) and 13C (I = 1/2 , 1.1%) nuclei. All of the nuclei aside from 13C

were measured using direct excitation. Table 2.1 summarises the conditions used for

the measurements made in direct excitation mode, including spectrometer frequency

and chemical shift reference used. The 13C nuclei were recorded using 1H CP, as were

additional measurements with the 29Si nuclei. This mode was used for the 29Si nuclei

to assess the presence of Si-OH silanol species in the empty zeolite samples, of which

a negligible concentration was observed. Table 2.2 displays the conditions used for

these CP measurements.

Table 2.1: A summary of the NMR spectrometer conditions used to measure the
29Si, 27Al and 23Na nuclei measured by direct excitation. The term ν refers to the
Spectrometer Frequency, Pulse Dur. to the Pulse Duration and Acq. Time to the
Acquisition Time.

Nuclei ν /MHz Chemical Shift Spin Rate Pulse Acq. Time
Reference /Hz Dur. /µs /ms

29Si 79.435 neat Si(CH3)4 5000 4.0 20.0
27Al 104.198 1 M Al(NO3)3 (aq) 14000 1.0 10.0
23Na 105.784 1 M NaCl (aq) 14000 1.0 10.0
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Table 2.2: A summary of the NMR spectrometer conditions used to measure the
29Si and 13C nuclei measured by 1H cross-polarisation. The term ν refers to the
Spectrometer Frequency, TPPM to the two frequencies used for two-pulse phase-
modulated decoupling (TPPM) and Acq. Time to the Acquisition Time.

Nuclei ν /MHz Chemical Shift Spin Rate TPPM Acq. Time
Reference /Hz /kHz /ms

29Si 79.435 neat Si(CH3)4 5000 40, 55 20.0
13C 100.562 neat Si(CH3)4 5000 40, 55 20.0

SS MAS NMR spectroscopy of the 29Si nuclei was used specficially to determine the

Si/Al ratio of the zeolite samples. Within the framework, there are five possible silicon

environments available, that can be distinguished using NMR. These environments

are displayed in table 2.3 and figure 2-5, alongside the expected chemical shift at

which these environments appear in a 29Si NMR spectra. The notation used to refer

to these environments is Qx , where x is the number of adjacent silicon nuclei around

the central silicon of interest.[1, 221, 222] The distinction in these environments

arise due to the different degrees of shielding to the central silicon from adjacent

alumina species, which are negatively charged. Each environment that includes an

adjacent alumina species can also correspond to a silanol OH species. This can

only be distinguished via cross-polarisation. Every alumina centre in the framework

must be surrounded by silicon nuclei, as Al-O-Al bonds are forbidden by Lowenstein’s

Rule.[9] Therefore the Si/Al must be equal to unity or greater.

Table 2.3: A summary of the five different 29Si nuclei environments observed in SS
MAS NMR spectroscopy of aluminosilicate zeolites, and the anticipated chemical shift
region in which they appear.[1, 221, 222] The ‘-OAl’ species can also be considered
as ‘-OH’ silanol species. The Si are highlighted in bold to emphasise that it is the
number of adjacent ‘-OSi’ species that dictates the number in the Qx notation.

Notation Environment Chemical Shift δ range /ppm
Q0 Si(OAl)4 -80.0 to -90.5
Q1 Si(OSi)1(OAl)3 -88.0 to -97.0
Q2 Si(OSi)2(OAl)2 -93.0 to -102.0
Q3 Si(OSi)3(OAl)1 -97.5 to -107.0
Q4 Si(OSi)4 - 102 to -116.5
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Figure 2-5: The five possible Qx 29Si nuclei environments observed in SS MAS NMR
spectroscopy, and their respective chemical shift ranges.[1, 221, 222]

The 29Si NMR spectra obtained herein, contained five or less Qx environment reso-

nances, which were overlapping due to the close chemical shift range in which they

appear. Therefore, the resonances were first separated via deconvolution using Gaus-

sian functions for the peak shape. The Si/Al ratio was then calculated using equation

2.27.[223, 224] In this equation, n is the number of adjacent alumina species from

the central silicon nuclei, referring to the five different silicon environments. Con-

sequently, n = 4 − x , in relation to the x from the Qx notation for the number of

adjacent silicon species. The parameter I Si(nAl) correlates to the intensity of the

deconvoluted resonance for the relevant Qx silicon environment.

Si

Al
=

n=4∑
n=0

ISi(nAl)

/ n=4∑
n=0

n

4
ISi(nAl) (2.27)

Being both a local and sensitive probe, the values for the Si/Al ratio calculated by

this technique with NMR spectroscopy are accepted to be accurate. Herein, EDX

spectroscopy was also used to determine the Si/Al ratio of samples. Although EDX

is limited as it only probes the surface of samples, the data presented herein show

good agreement between the two techniques.
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Chapter 3

High Resolution X-ray Diffraction

To begin with, the structure of the four zeolites and location of the occluded 18C6

is considered. In doing so, a greater appreciation of the periodic structure can be

made, in addition to insights as to what structural features both cations and the

18C6 aid to assemble during crystallisation. This was achieved by studying the 18C6

containing (filled) and calcined (empty) zeolites by high resolution powder X-ray

diffraction followed by structural determination using Rietveld refinement.

The zeolite Na-X, EMC-2, RHO and ZK-5 samples used for analysis were prepared

following the standard procedures[93, 150, 168, 176] that are detailed in Chapter

2. Each zeolite was prepared with 18C6, whereby the as-synthesised powder was

separated into two portions. One of these portions was kept as-synthesised with the

18C6 intact, whereas the other portion was calcined to remove the 18C6 from the

framework cavities. Accordingly, these were the ‘filled’ and ‘empty’ zeolite samples.

The empty and filled analogues of zeolites Na-X, EMC-2 and RHO were analysed on

the high resolution X-ray diffraction ID22 beamline at the ESRF, Grenoble, France.

These samples were dehydrated prior to analysis, to remove the extra-framework wa-

ter content. The powders were loaded into 1 mm borosilicate capillaries under inert

atmosphere. Measurements were taken at 100 K to reduce thermal vibrations, and

the capillary was spun to reduce the effects of preferred orientation. The incident

synchrotron X-ray radiation was of wavelength 0.49598 Å and the detector param-

eters calibrated using silicon. The empty and filled samples of zeolite ZK-5 were
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analysed using a STOE STADI MP diffractometer in transmission mode at ambient

temperature. The incident radiation used was pure Cu Kα1 of wavelength 1.5406 Å.

For zeolite ZK-5, the two samples were hydrated.

Structural determination was accomplished using the Rietveld method of refinement

with the TOPAS Academic software.[183] Full details on the instrument setup and

mathematics behind the Rietveld method are explained in Chapter 2. The data range

in the diffraction patterns chosen to perform the refinements excluded the low angle

region as refraction from the capillary was shown to over represent the Bragg peaks

in this region. Appendix A contains details of the parameters used for the Rietveld

fits, such as the background and profile functions. Also included is a short description

of how the refinement was performed.

3.1 Chemical Analysis

Prior to structural determination, information was obtained concerning the chemical

content of the zeolite samples. This was performed so as to determine an accurate

framework Si/Al ratio, as both Si and Al have similar scattering factors and are

not easily distinguished using X-rays. Consequently, this was achieved by using solid

state magic angle spinning NMR spectroscopy (SS MAS NMR) on the 29Si and
27Al nuclei. NMR was chosen as it is sensitive to the local structure within the

framework, which cannot be discerned from the periodic structure determined from

X-ray diffraction.[225] In conjunction with this, the Si/Al ratio was also determined by

energy dispersive X-ray (EDX) spectroscopy. The second purpose of chemical analysis,

was to confirm the presence or absence of 18C6 in the relevant zeolite analogues. This

was performed using 13C nuclei SS MAS NMR and thermogravimetry.

3.1.1 Framework Si/Al Ratio

Figure 3-1 displays the 29Si nuclei SS MAS NMR for the filled zeolites Na-X, EMC-2

and RHO. These spectra were consequently deconvoluted, assuming that the reso-

nances express Gaussian functions. Each of the resolved resonances were successfully
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Table 3.1: The estimated framework Si/Al ratios of the four zeolites, determined
by both 29Si nuclei SS MAS NMR and EDX spectroscopy. For 29Si NMR the ratio
was calculated using equation 2.27 in Chapter 2. For EDX spectroscopy, the molar
amounts of Si and Al were measured from multiple sites on various crystals and
calculated as an average with the standard deviation shown in parentheses.

Si/Al Ratio
29Si NMR EDX

Na-X 2.75 2.9 (0.05)
EMC-2 3.85 3.9 (0.1)
RHO 3.93 3.7 (0.2)
ZK-5 4.0 (0.1)

Figure 3-1: SS MAS NMR spectra of the 29Si nuclei for filled zeolites a) Na-X, b)
EMC-2 and c) RHO. Blue dots correspond to the experimental data points, the red
line to the fit and the dotted black lines to the resolved peaks.
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assigned to one of the five possible silicon environments Qx , following the convention

by Lippma et al.[222] whereby the number x corresponds to the number of adjacent

Si atoms. From the intensity of these resolved resonances, the framework Si/Al ratio

was calculated using equation 2.27 in Chapter 2. These calculated Si/Al ratios are

shown in table 3.1. The table also contains the Si/Al ratios determined using EDX

spectroscopy. Although this technique only probes the surface of the zeolite crystals,

the values obtained from this technique are in good agreement with those from SS

MAS NMR. Furthermore, these Si/Al ratios agree with those reported in the literature

using the same synthesis procedure.[93, 128, 150]

Unfortunately, a 29Si nuclei SS MAS NMR spectrum was not recorded for zeolite ZK-

5. However, the Si/Al ratio calculated for zeolite ZK-5 using EDX spectroscopy still

agrees with the ratio expected from the synthesis method in the literature.[93, 168] In

addition, the congruence between the ratios from the NMR and EDX spectroscopic

techniques for the other zeolites reinforces the confidence in the value for zeolite

ZK-5.

The 27Al nuclei SS MAS NMR spectra for the filled zeolites Na-X, EMC-2 and RHO

are shown in figure 3-2. In these spectra, only a single resonance is observed which is

positioned at approximately 50-60 ppm. This corresponds to the tetrahedral environ-

ment of Al integrated into the framework structure. The absence of a resonance at 0

ppm confirms that there are no extra-framework octahedral Al environments within

the sample.[224, 226]

Figure 3-2: SS MAS NMR spectra of the 27Al nuclei for filled zeolites a) Na-X, b)
EMC-2 and c) RHO.
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3.1.2 Confirmation of Calcination

Figure 3-3 displays the 13C nuclei SS MAS NMR spectra for the empty and filled

analogues of zeolites Na-X, EMC-2 and RHO. In the filled analogues, there is a single

resonance at approximately 70 ppm, which corresponds to the ether C environment

in the occluded 18C6 molecules. Filled zeolite Na-X displays an additional broad low

intensity peak at 62 ppm, but this corresponds to an artifact from grease on the

sample holder. The spectra of the empty analogue of the zeolites display no 13C

resonance, confirming that the occluded 18C6 has been successfully removed.

Figure 3-3: SS MAS NMR spectra of the 13C nuclei for the empty and filled zeolites
a) Na-X, b) EMC-2 and c) RHO. The ∗ corresponds to an artifact from grease on
the sample holder.

To further validate that the 18C6 has been calcined from the zeolite host, the filled and

empty analogue of each zeolite was analysed using thermogravimetry. This was also

done to confirm 18C6 removal for zeolite ZK-5, as 13C SS MAS NMR spectra were

not recorded. The thermogravimetric (TG) curves of the empty and filled zeolites

are shown in figure 3-4. From each of the curves, it can be seen that the filled

zeolite contains two mass loss events, one starting at the onset of heating, and the

second above 150°C. The first of these events corresponds to the desorption of extra-

framework water, and the second to the decomposition of 18C6. This is corroborated

in Chapter 7, where both water and carbon dioxide are detected in the gas flow at

these respective events. As for the empty zeolites, the TG curves only express a

single mass loss event, that coincides with the desorption of the extra-framework

water. The absence of a second mass loss event confirms that no 18C6 is present

within the cavities of the empty zeolite samples.
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Chapter 7 contains a more comprehensive discussion of the 18C6 decomposition, and

how this relates to organic-framework interactions. Presently, all that needs to be

taken from these TG curves is that the occluded 18C6 is either present or absent for

structural analysis.

Figure 3-4: Thermogravimetric (TG) curves for the empty and filled analogues of
zeolites a) Na-X, b) EMC-2, c) RHO and d) ZK-5. Blue curves correspond to the
empty analogue, and red to the filled. Scans were recorded under an air atmosphere
from 30-600°C at a scan rate of 5 Kmin-1.

3.2 Zeolite Na-X

For both the empty and filled analogues of zeolite Na-X, Rietveld refinements were

performed on the diffraction patterns within the range of 2θ = 3.5-25.0°. The starting

structure used to carry out the refinement was the crystal structure reported by

Olson[227] for dehydrated zeolite NaX, but using a space group symmetry of Fd3̄m.
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Figure 3-5: Powder X-ray diffraction pattern for the empty zeolite Na-X in the range
2θ = 3.5-25.5°. The experimental data are shown in blue, the Rietveld fit in red and
the difference between the two in grey.

Figure 3-6: Powder X-ray diffraction pattern for the filled zeolite Na-X in the range
2θ = 3.5-25.5°. The experimental data are shown in blue, the Rietveld fit in red and
the difference between the two in grey.
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Figures 3-5 and 3-6 show the diffractions patterns and final Rietveld fits for the empty

and filled samples respectively. Also included are the goodness of fit G and the R

values Rwp and Rexp for the Rietveld fits. The final refined unit cell parameters and

atomic coordinates for both samples are contained in appendix A.0.1, in addition to

full structures of the unit cell.

Within the structure for the empty zeolite Na-X, four crystallographically distinct Na+

cation sites were determined. The location of these sites are illustrated in figure 3-7.

Site Na(1) is within the confines of the β-cage SBUs, with the cation associated with

the S6R faces that connect to the D6R units. Alternatively site Na(2) is associated

with the open S6R faces, and is located on the external surface of the β-cage. Both

of these sites are observed by Olson for dehydrated zeolite NaX with a Si/Al ratio of

1.2,[227] and other Na-FAU-type zeolites.[179]

Site Na(3) is located at the centre of the β-cage, and is shown to have a 100%

occupancy in the refined structure. Crystallographically, this site is close to site Na(1),

which has an occupancy of 61%. From the refined structure, these two sites possess

the largest isotropic thermal parameters Beq of all the cation sites. It is anticipated

that this is due to electrostatic repulsion between the two cations, if both sites are

occupied. Such repulsion will displace the cations from their average crystallographic

site, resulting in the increased isotropic thermal parameters.

The final cation site in the empty zeolite Na-X is site Na(4), which is located within the

t-fau supercage. Although this site is distant from the zeolite framework, it is aligned

with the S4R chains that link the S6R faces of the supercage. In the refined structure,

there are twelve potential positions within the supercage, each of which having an

occupancy of 18%. Therefore, this averages to approximately two of the twelve

sites being occupied per supercage. In comparison, the Olson[227] structure shows

these supercage cations being located much closer to the aluminosilicate framework.

However, the zeolite studied by Olson was reported to have a Si/Al ratio of 1.2

which is much lower than the zeolite Na-X studied herein as shown in table 3.1.

Consequently, it is expected that if the framework is less siliceous and hence more

anionic, the extra-framework cations will be positioned closer to the framework to

counter-balance the greater charge density.
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Figure 3-7: Location of the cation sites Na(1)-Na(4) which are present in the empty
zeolite Na-X. Sodium cations are shown as yellow spheres, and the framework is
shown as a stick model, with oxygen atoms removed. Also noted is the fractional
occupancy Occ. of each site.

Concerning the filled zeolite Na-X there are variations in the cation sites, likely due

to the presence of the 18C6 molecule within the framework cavities. The three sites

associated with the β-cages are still present, however they experience substantial

changes to their fractional occupancies. The occupancy of sites Na(1) and Na(3)

inside the β-cage are reduced, with site Na(1) halving in population to 30% and

Na(3) lowering to 80%. Interestingly, the isotropic thermal parameter of site Na(1) is

significantly reduced, likely due to the lower occupancy and less frequent simultaneous

occupancy of site Na(3) in the β-cage that can introduce atomic displacement as

discussed earlier. In contrast, site Na(2) on the external open S6R faces of the β-

cage is shown to double in occupancy to 48%. The Na(4) site is no longer occupied

by a Na+ cation, but by atoms associated with the occluded 18C6 species.

In the filled zeolite Na-X there are also two new cation sites. The first of these is

site Na(5), which is located in the centre of the D6R units with an occupancy of

31%. Although not observed in the empty structure, others have suggested that

the Na+ cation sits comfortably in the D6R unit, with evidence suggesting that it is
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involved in its assembly during crystallisation.[110, 111] However, energy calculations

by Lievens et al.[228] have shown that occupation of the D6R unit in FAU-type zeolites

is dependent on the framework’s Si/Al ratio. If the framework is more siliceous, with

a Si/Al ratio greater than 3, this site is energetically unstable. Alternatively, this

site becomes stable upon reduction of the Si/Al ratio to 3 or lower. From the

chemical analysis in table 3.1, it can been seen that the filled zeolite Na-X satisfies

this constraint for the D6R unit to be occupied. This suggests that dealumination

has occurred within the D6R unit of the empty zeolite during the calcination process,

however according to the X-ray diffraction data the Si/Al ratio is unchanged between

the empty and filled samples.

The second new cation site is Na(6), which is located in the centre of the t-fau

supercage and is associated with the occluded 18C6 molecule. Consequently, the

Rietveld fit demonstrates that the 18C6 is coordinated to a Na+ cation, existing as

the [(18C6)Na+] macrocation in the cavity. Concerning the 18C6 molecule, four

crystallographic sites were determined, which are shown in figure 3-8 alongside the

coordinated Na(6) site. The arrangement of the 18C6 molecule itself is best described

as a cluster, as the positions from the Rietveld fit indicate that the molecule is disor-

dered. This is likely due to an average of multiple orientations between supercages,

or that the occluded molecule is tumbling.

In addition, there was difficultly in distinguishing which of these 18C6 sites corre-

sponded to the carbon or oxygen atoms in the oxyethylene chain. The site identity

was determined based on the site occupancies, in conjunction with the proximity of

the site to the central Na(6) site and the goodness of fit G. It was assumed that

the crystallographic sites closer to the Na(6) site had a higher probability of being

oxygen atoms, as a closer contact is required to ensure the coordinative interaction.

Secondly, the fit was performed with the rationale that the carbon sites should have a

higher occupancy than the oxygen sites, as the 18C6 molecule contains more carbon

atoms.

With this in mind, the four 18C6 sites were assigned as shown in figure 3-8. This

consists of two carbon C sites and two oxygen Oc sites. Sites C(1) and C(2) possess

higher occupancies of 71% and 63% respectively, with the former being located at the

Na(4) site in the empty structure. These two sites also express high isotropic thermal
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Figure 3-8: Location of the C(1), C(2), Oc(1) and Oc(2) sites associated with the
18C6 molecule occluded in the filled zeolite Na-X. Site Na(6) is shown as a yellow
sphere, carbon sites as black spheres, oxygen sites as red spheres and the framework
is shown as a stick model, with oxygen atoms removed. Also noted is the fractional
occupancy Occ. of each site.

parameter Beq values of approximately 14. This further emphasises the disorder of the

18C6 molecule. The two oxygen atom sites Oc(1) and Oc(2) display the anticipated

lower occupancies, of 25% and 26% accordingly. This agrees with the rationale,

that less 18C6 oxygens should be present. Moreover, the Beq values of these two

sites are also significantly lower than the carbon sites, demonstrating that the oxygen

atoms display less atomic displacement. Such an observation is to be expected, as

the coordinative interaction to the central Na+ cation should reduce mobility.

Table 3.2 shows the interatomic distances between the sites associated with the

[(18C6)Na+] macrocation cluster. The first column contains the interatomic distances

that are below 3 Å and the second includes the distances that are greater. From the

second column, the data confirm that in the proposed structure the oxygen atoms are

closer to the central Na+ cation than the carbon atoms, as expected. The potential

C-C and C-O bond lengths shown in the first column are significantly greater than

the average lengths expected for organic molecules, these being approximately 1.5
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Table 3.2: The interatomic distances between atoms associated with the Na+-18C6
cluster in the t-fau supercage. Listed in ascending order. The first column consists
of distances shorter than 3 Å, and the second column to distances that are greater.

Interatomic Interatomic
Distance /Å Distance /Å

C(1)–C(1) 1.712(4) Oc(1)–Oc(1) 3.486(10)
C(1)–C(2) 1.996(11) Na(6)–Oc(1) 3.486(10)

Oc(1)–Oc(2) 2.214(10) C(2)–C(2) 3.543(7)
C(1)–Oc(1) 2.555(4) Na(6)–Oc(2) 3.770(10)
C(2)–Oc(1) 2.639(7) Na(6)–C(1) 4.198(4)
C(1)–Oc(2) 2.945(14) Na(6)–C(2) 4.786(7)

Oc(2)–Oc(2) 6.156(10)

and 1.4 Å respectively.[229] Based on the high disorder of the 18C6 molecule seen,

the interatomic distances determined from the structure are an average and cannot

be accepted as covalent bonds with confidence. However, using the interatomic

distances in the first column, a multitude of crude 18C6 molecules can be constructed

around the Na+ cation. It is concluded that the occluded 18C6 molecule exists as a

[(18C6)Na+] macrocation that is disordered in the periodic framework.

3.3 Zeolite EMC-2

Concerning the empty and filled samples of zeolite EMC-2, the 2θ = 3.65-20.50°

data range of the diffraction patterns were used for structural determination. The

starting structure used for the empty zeolite sample was the calcined zeolite EMC-2

crystal structure presented by Baerlocher et al.[117] with a space group symmetry of

P63/mmc. Baerlocher et al. have also reported a structure for the zeolite containing

the occluded 18C6, which was used as an aid for the refinement herein. In contrast

to the other zeolites studied, zeolite EMC-2 is the only one that has a previously

reported crystal structure for the filled analogue. The final Rietveld fits, in addition

to the goodness of fit G and R values, for the empty and filled zeolites are shown in

figures 3-9 and 3-10 respectively. Appendix A.0.2 contains the unit cell parameters,

atomic coordinates and full unit cell structures of the Rietveld fits.
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Figure 3-9: Powder X-ray diffraction pattern for the empty zeolite EMC-2 in the
range 2θ = 3.6-25.6°. The experimental data are shown in blue, the Rietveld fit in
red and the difference between the two in grey.

Figure 3-10: Powder X-ray diffraction pattern for the filled zeolite EMC-2 in the
range 2θ = 3.6-25.6°. The experimental data are shown in blue, the Rietveld fit in
red and the difference between the two in grey.
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The structure determined for the empty zeolite EMC-2 contains a total of eight

crystallographic Na+ cation sites. These can be separated into two groups based

on what SBUs the cations are chiefly associated with in the EMT framework. The

first of these groups are the cation sites that are affiliated with either the interior or

external surface of the β-cages. Figure 3-11 illustrates the location of the cation sites

assigned to this group. Both sites Na(1) and Na(2) are located within the confines

of the β-cage, adjacent to the S6R faces that link to the D6R units. Between

them, the two sites can be distinguished by the symmetry about the D6R unit they

are adjacent to. Site Na(1) is associated with the D6R units that connect β-cages

related by an inversion centre and are considered as being within the same faujasite

sheet. On the other hand, site Na(2) is affiliated with the D6R units that are aligned

perpendicular to the c axis, and connect β-cages related by a mirror plane between

faujasite sheets. Occupancy wise, site Na(1) is populated approximately 72% of the

time, and site Na(2) has a 100% population. Site Na(5) is also located in the interior

of the β-cage, being positioned in the centre with an occupancy of 53%. As with

zeolite Na-X, these sites are in close proximity and express large isotropic thermal

parameters, suggesting atomic displacements due to electrostatic repulsion.

Sites Na(4) and Na(6) are associated with the open S6R faces, being positioned on

the external surface of the β-cage. Of these, the former can be further described as

being within the t-wou hypercage, and the latter the t-wof hypocage. Accordingly,

these sites exhibit occupancies of 44% and 81%. It should also be noted that the

Na(6) cation site is closer to the relevant S6R face than the Na(4) site is.

Disregarding the symmetry distinctions, the local positioning of these five cation sites

with respect to the β-cage is analogous to the sites observed for the empty zeolite

Na-X. This suggests that under the relevant Si/Al ratio range, these sites in a β-

cage environment are the most energetically favourable for Na+ cations to occupy.

Further similarities between the two empty analogues include the absence of any

cations occupying the centre of the D6R units. This observation for zeolite EMC-2 is

congruent with calculations by Lievens et al.[230] predicting that occupation of this

site is energetically unfavourable. In comparison to the source structure reported by

Baerlocher et al.[117] all of these cation sites are observed with the exception of site

Na(5). In the Baerlocher structure, the centre of the β-cage is instead occupied by

three water molecule oxygen sites as the sample has not been fully dehydrated.
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Figure 3-11: Location of the cation sites associated with the β-cages in the empty
zeolite EMC-2 structure. Sodium cations are shown as yellow and blue spheres, and
the framework is shown as a stick model, with oxygen atoms removed. Also noted is
the fractional occupancy Occ. of each site.

Figure 3-12: Location of the cation sites within the t-wof hypocage and t-wou
hypercage in the empty zeolite EMC-2 structure. Sodium cations are shown as yellow
and blue spheres, and the framework is shown as a stick model, with oxygen atoms
removed. Also noted is the fractional occupancy Occ. of each site.
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The second group of cation sites concerns those that are located within the larger

framework cages and are not in close proximity to any particular SBUs. The lo-

cation of these sites are shown in figure 3-12, within the relevant supercage type.

Site Na(3) is positioned inside the t-wou hypercage, close to the 12-ring apertures

perpendicular to the c axis that connect adjacent hypercages. In total there are six

of these sites per hypercage, each with an occupancy of 75%. With regards to the

t-wof hypocage there are two crystallographic cation sites. Site Na(7) is aligned to

the centre of the S6R faces, with two sites positioned in the distance between the

two opposing S6R faces. Around each of these Na(7) cation sites, there is a hexag-

onal arrangement of the Na(8) site. The occupancy of these two sites are 70% and

55% respectively. In contrast, none of the three supercage sites are reported in the

Baerlocher structure.[117]

With regards to the filled zeolite EMC-2 structure, the cation sites associated with the

β-cages shown in figure 3-11 are still present. However, all of these sites demonstrate

a significantly reduced fractional occupancy aside from site Na(6) where there is no

change. In contrast, the cation sites located in the hypo- and hypercages express

substantial changes, as the occluded 18C6 molecule is observed to occupy these

cavities. Unlike the clusters in zeolite Na-X, coherent 18C6 molecules were observed

in the structure of zeolite EMC-2. Furthermore, each of these 18C6 molecules appear

to exist as the anticipated [(18C6)Na+] macrocation.

Figure 3-13 shows the location of the atomic sites that form the [(18C6)Na+] macro-

cation that occupies the t-wof hypocage cavity. The coordinated Na+ cation within

the macrocation is the former isolated Na(7) site observed in the empty structure.

However, this site is seen to move closer to the centre of the hypocage. Furthermore,

the hexagonal arrangement of site Na(8) cations seen in the empty structure is now

replaced by the oxyethylene chain of the 18C6 molecule. This chain consists of sites

C(1), C(2), Oc(1) and Oc(2). In comparison to figure 3-12, it can be seen that the

oxyethylene chain is in a similar position and arrangement to the Na(8) site observed

in the empty structure. Consequently, it was considered that site Na(8) may actually

correspond to the oxyethylene chain of a 18C6 molecule that has not been success-

fully removed. However, this possibility can be rescinded as the 13C SS MAS NMR

spectrum in figure 3-3 confirms that there is no 18C6 present in the empty zeolite.
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Figure 3-13: Location and structure of the [(18C6)Na+] macrocation within the
t-wof hypocage of the filled zeolite EMC-2. Sodium cations are shown as yellow
spheres, oxygen atoms as red, carbon atoms as black and the framework is shown as
a stick model, with oxygen atoms removed. Also noted is the fractional occupancy
Occ. of the macrocation.

Returning to the filled zeolite, the new oxyethylene chain sites shown in figure 3-

13 correspond to two planar macrocations in the hypocage, that lie within the ab

plane of the unit cell. The occupancy of the entire molecule was determined to be

53%, meaning that predominantly there is one macrocation per hypocage with the

rare instance of two. In cases where two macrocations occupy the hypocage there is

expected to be significant electrostatic and steric repulsion leading to displacement

from the average positions.

This model of the occluded 18C6 species in the hypocage of zeolite EMC-2 mostly

conforms with that reported by Baerlocher et al.[117] The general position of the

macrocation, in addition to the observations that there are two sites with an occu-

pancy of approximately 50% is in agreement. The primary distinction is the geometry

of the oxyethylene chain. In the Baerlocher structure, the macrocation is not planar,

but has a staggered distribution of oxygen atoms, much like will be seen for the macro-

cation in the hypercage. In this conformation, the oxygen atoms alternate between

being in the plane of the Na+ cation and above it. Although this was the starting

structure used, during the refinement process for the data herein it was favourable, and

produced a better fit, when the macrocation adopted the planar geometry. Further-
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more, sites C(2) and Oc(2) express significantly larger isotropic thermal parameters in

comparison to the respective C(1) and Oc(1) sites. This demonstrates that although

the Rietveld fit shows a planar molecule, there is likely to be some displacement of

the C(2) and Oc(2) atoms, which would produce a more staggered-like geometry as

expected. This suggests that the oxyethylene chain of this macrocation site expresses

disorder.

The position of the atomic sites that form the [(18C6)Na+] macrocation occluded

in the t-wou hypercage are displayed in figure 3-14. Here, the Na(3) cation site

from the empty structure is now the Oc(4) site in the 18C6 oxyethylene chain. In

addition to the other new oxyethylene chain sites, there is the new Na(9) cation site,

which is coordinated to the 18C6 molecule. As mentioned previously, the geometry

of the occluded [(18C6)Na+] macrocation is staggered as is expected. Like with the

hypocage, there are two macrocation sites per hypercage, located adjacent to either

the bottom or top 12-ring apertures that are perpendicular to the c axis. Furthermore,

Figure 3-14: Location and structure of the [(18C6)Na+] macrocation within the
t-wou hypercage of the filled zeolite EMC-2. Sodium cations are shown as yellow
spheres, oxygen atoms as red, carbon atoms as black and the framework is shown as
a stick model, with oxygen atoms removed. Also noted is the fractional occupancy
Occ. of the macrocation.

116



each of these macrocation sites have an occupancy of 54%. Once again, this averages

to each hypercage predominantly being occupied by a single macrocation, with the

uncommon occurrence of two per cage. Unlike with the t-wof hypocage, it can be

seen that the two macrocation sites have a substantial separation between them,

making the possibility of two molecules per cage more feasible.

In comparison to the Baerlocher structure,[117] the location and occupancy of this

macrocation site in the hypercage is much the same. However, it is pertinent to

note that in the Baerlocher structure there is only one carbon atom site reported

in the oxyethylene chain of the 18C6 molecule. Consequently, there is only a single

carbon atom between the relevant oxygen atoms, and a complete 18C6 molecule

cannot be constructed. However, herein the position of both carbon atoms have

been successfully located, as shown in figure 3-14.

Table 3.3 displays the interatomic distances between the sites within the [(18C6)Na+]

macrocations. Although most of the reported C-C and C-O distances are slightly

greater than the anticipated bond lengths for organic molecules,[229] they have been

accepted as covalent bonds as termed in the table and shown in figures 3-13 and

3-14. Evidence supporting the feasibility of these covalent bonds, is the fact that

a single coherent molecule is observed in the structural model. This contrasts the

filled zeolite Na-X, where the 18C6 species was a disordered cluster and hence there

was less confidence in the distinct atomic connectivity. Moreover, the majority of

the macrocation atom sites in zeolite EMC-2 express a much lower isotropic thermal

parameter compared to zeolite Na-X, demonstrating reduced atomic displacement.

Table 3.3: The bond lengths associated with the [(18C6)Na+] macrocations occu-
pying the t-wof hypocage and t-wou hypercage in zeolite EMC-2. Values listed in
ascending order.

t-wof Hypocage t-wou Hypercage
Bond Length /Å Bond Length /Å

C(2)–Oc(1) 1.307(19) C(3)–Oc(4) 1.558(22)
C(1)–C(2) 1.689(19) C(4)–Oc(3) 1.620(21)

C(1)–Oc(2) 1.788(18) C(3)–C(4) 1.886(22)
Na(7)–Oc(1) 2.455(17) Na(9)–Oc(4) 3.267(22)
Na(7)–Oc(2) 4.273(18) Na(9)–Oc(3) 3.865(22)
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Overall, it is clear that the 18C6 molecule coordinates to a Na+ cation, and that this

[(18C6)Na+] macrocation occupies both the hypo- and hypercages in the framework.

It is interesting to note, that in both supercages, the 18C6 species exist within the

ab plane of the unit cell. Although the supercages are large enough to accommodate

two macrocations, the macrocations are not disordered but rather distinctly stacked

perpendicular to the c axis. This corroborates the current crystallisation theory, that

the macrocation directs the assembly of a new faujasite layer that is associated by

a mirror plane in the ab plane to the surface layer of the crystal.[111, 116] The

observation of a coherent 18C6 in the structure indicates a match-up between the

framework and macrocation symmetry. This suggests 18C6 is a template in synthesis.

3.4 Zeolite RHO

The Rietveld refinements of the empty and filled analogues of zeolite RHO were

performed using the 2θ = 5.0-25.0° range of the diffraction patterns. Initially the

refinements were attempted using the ambient Im3̄m space group, however superior

Rietveld fits were achieved using the lower symmetry I4̄3m space group. This lower

symmetry is showed in figure 3-15 and is characterised by an elliptical deformation of

the 8-ring apertures in both the α-cage and D8R units.

Figure 3-15: Structures of the RHO framework in the Im3̄m and I4̄3m space group
symmetries. Double 8-rings (D8Rs) are labeled.
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This reduction in the symmetry of the framework agrees with previous observations

when zeolite RHO is dehydrated or cooled to below ambient temperatures.[139, 140]

Consequently, the starting structure used for the refinements was the crystal structure

of zeolite RHO in the I4̄3m symmetry reported by Parise et al.[139] The diffraction

patterns and final Rietveld fits of the empty and filled samples are displayed in figures

3-16 and 3-17 accordingly. These figures also contain the refinement parameters

of the Rietveld fits. This includes the goodness of fit G, as well as the Rwp and

Rexp values. Appendix A.0.3 contains the final refined unit cell parameters, atomic

coordinates and full unit cell structures of both samples.

Concerning the refined structure for the filled zeolite RHO, the plot of the difference

between the experimental data and fit shows a discrepancy in the peak positions of

the Bragg peaks in the 2θ = 6.0-9.5° range. This is indicative of an issue with the

refined unit cell parameter. A closer inspection of the difference plot, shows that this

discrepancy also applies to the higher angle peaks. Overall, it is observed that the

fit is underestimating the lower angle peak positions, and overestimating the higher

angle peaks. There are two potential causes for this phenomenon. The first of these

is refraction from the sample capillary during the diffraction measurement, which can

shift the angles at which the Bragg peaks are detected. However, another cause is

a subtle change in the sample symmetry, particularly based on the flexible nature

of the RHO framework between the Im3̄m and I4̄3m space group.[136] However, as

mentioned, the best Rietveld fit was achieved using the I4̄3m symmetry.

Two crystallographic cation sites were determined in the empty zeolite RHO structure,

these being site Na and Cs. Figure 3-18 illustrates the location of these two sites in

the I4̄3m symmetry of the RHO framework, both of which are special positions. Site

Cs is located in the centre of the distorted D8R unit, with an occupancy of 71%.

Concerning site Na, the cation is associated with the S6R faces of the α-cage. The

positioning is best described by considering a single α-cage, where there are S6R

faces connected to the minor and major axes of the elliptical 8-ring opening. If the

S6R face is linked to the minor axis, the Na site is located within the confines of the

relevant α-cage. However, for the S6R faces joined to the major axis of the 8-ring

opening, the Na site is positioned within the adjacent α-cage. Compared to the Cs

site, the Na site has a lower occupancy of 17%, indicating that the extra-framework

zeolite content is predominantly Cs+ cations.
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Figure 3-16: Powder X-ray diffraction pattern for the empty zeolite RHO in the
range 2θ = 5.0-25.3°. The experimental data are shown in blue, the Rietveld fit in
red and the difference between the two in grey.

Figure 3-17: Powder X-ray diffraction pattern for the filled zeolite RHO in the range
2θ = 5.0-25.3°. The experimental data are shown in blue, the Rietveld fit in red and
the difference between the two in grey.

120



Figure 3-18: Location of the cation sites Na and Cs which are present in the empty
zeolite RHO. Sodium cations are shown as yellow spheres, caesium cations as pink
spheres and the framework is shown as a stick model, with oxygen atoms removed.
Also noted is the fractional occupancy Occ. of each site.

For both sites Cs and Na, the location in the framework is comparable to those

observed for the ambient Im3̄m space group by Robson et al.[65] However, in the

ambient structure the Cs site is positioned in the centre of the D8R 8-ring aper-

ture, and the Na site on either side of the S6R face. In conjunction with the data

herein, this strongly suggests that these cations are involved in the assembly of these

respective features during the crystallisation of zeolite RHO. However, although the

I4̄3m symmetry can be observed post-synthesis under certain conditions, it is unclear

whether it is involved in the crystallisation process of the as-synthesised Im3̄m form.

Moving to the filled zeolite RHO sample, both cation sites are present but with larger

fractional occupancies. For sites Cs and Na this is 95% and 32% respectively. This is

unusual, particularly because there is no significant change in the Si/Al ratio between

the empty and filled samples observed in the Rietveld fits. However, Si and Al are

difficult to distinguish using X-rays as the two atoms have similar scattering factors.

Therefore, it is considered that a subtle difference in the framework Si/Al ratio is

unlikely to be detected with the X-ray diffraction technique used herein. Such a

difference in the Si/Al ratio of the two samples can arise if there is dealumination
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during the additional calcination process that the empty sample is subjected to during

sample preparation. If the Si/Al ratio is different, it will consequently influence the

anionic charge of the framework and the distribution of the cations. This can manifest

as the change in the fractional occupancy of the Cs and Na sites.

Concerning the occluded 18C6 molecule itself, four crystallographic sites were deter-

mined for the constituents of the oxyethylene chain. This consists of the carbon C(1)

and C(2) sites, and the oxygen Oc(1) and Oc(2) sites. As with the other zeolite

samples, due to the difficulty in distinguishing the atomic identity of these sites a

judgement was made by considering the goodness of fit, interatomic distances and

where either an oxygen or carbon atom would rationally be located. The position of

these sites in the α-cage of the RHO framework are shown in figure 3-19. These sites

are considered as a cluster as was seen previously with zeolite Na-X. This is likely

due to the cubic symmetry of zeolite RHO, meaning that the 18C6 molecule is not

aligned along a single crystallographic axis, but is rather orientated differently be-

Figure 3-19: Location of the C(1), C(2), Oc(1) and Oc(2) sites associated with the
18C6 molecule occluded in the filled zeolite RHO. Carbon sites are shown as black
spheres, oxygen sites as red spheres and the framework is shown as a stick model,
with oxygen atoms removed. Also noted is the fractional occupancy Occ. of each
site.
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tween adjacent unit cells. Consequently, the structure determined from the Rietveld

fit is an average of these multiple orientations. It should also be noted that it was

unfavourable for the Rietveld fit to include either a Na or Cs cation site in the centre

of the α-cage and 18C6 cluster. This suggests that the isolated 18C6 molecule is

involved in the crystallisation of zeolite RHO, as opposed to a complexed macrocation

species as is seen for zeolites Na-X and EMC-2.

Structurally, the 18C6 cluster consists of a central core of twelve Oc(1) oxygen sites,

each with an occupancy of approximately 51%. This is surrounded by a shell of both

the C(1) and C(2) sites, of which there are twelve of each with the former having

an occupancy of 100% and the latter 94%. Lastly, the structure includes an outer

shell of four Oc(2) oxygen sites in a tetrahedral arrangement, with an occupancy of

99%. Unusually, the sum of the number of sites and fractional occupancies equates

to more than a single 18C6 molecule per α-cage. This suggests that it is possible

for two 18C6 molecules to occupy a single α-cage, however it is more likely that this

unusual observation is a result of the disorder between unit cells. Regardless, the

Rietveld fit indicates that there are a higher population of carbon atoms than oxygen

atoms in the α-cage, as is expected from the 18C6 molecule.

Table 3.4 contains the interatomic distances between the four crystallographic sites

of the 18C6 cluster. Although the C-C and C-O distances observed are greater than

the 1.5 and 1.4 Å expected for covalent bonds in organic molecules,[229] these values

Table 3.4: The interatomic distances between atoms associated with the 18C6
molecule cluster in the zeolite RHO α-cage. Listed in ascending order. The first
column consists of distances shorter than 3 Å, and the second column to distances
that are greater.

Interatomic Interatomic
Distance /Å Distance /Å

Oc(1)–Oc(1) 1.775(9) C(2)–C(2) 3.179(12)
C(2)–Oc(1) 1.840(12) C(1)–C(1) 3.433(12)
C(1)–C(2) 1.917(12) Oc(1)–Oc(2) 3.585(9)

C(1)–Oc(1) 1.978(9) Oc(2)–Oc(2) 6.865(9)
C(2)–Oc(2) 2.384(12)
C(1)–Oc(2) 2.427(9)
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are still closer to the expected values than was seen previously in filled zeolite Na-

X. However, the longer bond lengths can likewise be rationalised by the disorder of

the 18C6 molecule and the large isotropic thermal parameters indicating substantial

atomic displacement. Based on the interatomic distances, certain atomic sites can

be judged as having a high probability of being bonded to one another. These bonds

are C(1) to C(2), and both carbon sites to an Oc(1) oxygen atom. Unusually, the

interatomic distances between the Oc(2) site and both C sites are significantly longer

than those seen for the Oc(1) site. However, the Oc(2) site also possesses a much

greater isotropic thermal parameter compared to the Oc(1) site, highlighting the

influence of this factor on the disorder in the 18C6 bond lengths.

The findings herein confirm that the 18C6 molecule occupies the α-cage in the RHO

framework, as has previously been expected but never experimentally proven.[93]

Furthermore, it has been shown that the occluded 18C6 molecule is not coordinated

to any metal cations, and it is potentially this isolated species that participates in the

crystallisation of zeolite RHO.

3.5 Zeolite ZK-5

For the empty and filled analogues of zeolite ZK-5, the Rietveld refinements were

carried out using the 2θ = 14.0-69.0° data range from the diffraction patterns. The

crystal structure of the synthetic (Cs, K)-ZK5 zeolite reported by Parise et al.[231]

was used as the starting structure for the refinement. As this structure was for the

Cs+ cation containing zeolite, the Cs site in the structure was substituted for a K+

cation. The space group used in the structure was Im3̄m. The obtained diffraction

patterns and final Rietveld fits of the empty and filled zeolite ZK-5 samples are shown

in figures 3-20 and 3-21 accordingly. These figures also include the goodness of fit

G and R values of the Rietveld fits. The final refined unit cell parameters, atomic

coordinates and full unit cell structures are detailed in appendix A.0.4.

Concerning the structure of the empty zeolite ZK-5, three crystallographic K+ cation

sites were determined, as shown in figure 3-22. The first of these is site K(1), which

is located within the puckered 8-ring window of the t-pau unit with an occupancy of
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Figure 3-20: Powder X-ray diffraction pattern for the empty zeolite ZK-5 in the
range 2θ = 14.0-69.5°. The experimental data are shown in blue, the Rietveld fit in
red and the difference between the two in grey.

Figure 3-21: Powder X-ray diffraction pattern for the filled zeolite ZK-5 in the range
2θ = 14.0-69.5°. The experimental data are shown in blue, the Rietveld fit in red
and the difference between the two in grey.
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100%. The site itself is actually shared between two t-pau units, as this puckered

8-ring window connects two adjoining units that are orthogonal to one another. The

second site is K(2), which is positioned within the interior of the α-cage, adjacent to

the S6R faces that form the D6R units between cages. Within the α-cage there are

eight of these sites, each of which having an occupancy of 37%, which equates to

approximately three K(2) cations per α-cage. The last site is K(3) located inside the

t-pau unit, associated with the S8R face that links to the α-cage. In total, there are

two K(3) sites within the t-pau unit, each of which is populated 61% of the time.

Figure 3-22: Location of the cation sites K(1)-K(3) which are present in the empty
zeolite ZK-5. Potassium cations are shown as purple spheres and the framework is
shown as a stick model, with oxygen atoms removed. Also noted is the fractional
occupancy Occ. of each site.

All three of these sites agree with those observed in the crystal structure for the

(Cs, K)-ZK5 zeolite by Parise et al.[231] The primary distinction is that the Cs site

reported by Parise et al. is substituted for the K(3) site observed herein. These sites

are also congruent with those seen by Lievens et al.[170] for the as-synthesised zeolite

that only contains K+ cations. As with zeolites Na-X and EMC-2, it is also seen that

the D6R units are not occupied by a cation. Likewise, Lievens et al. have shown that

this site maintains a high energy in the KFI framework, and that the S8R windows

are more energetically favourable to be occupied.
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The K site located in the puckered 8-ring windows is consistently the most populated

of all the cation sites in the KFI framework.[170, 179, 231] This demonstrates that

this position in the framework has a favourable geometry and electrostatic charge

density to accommodate the K+ cation. Recognising this, it anticipated that the K+

cation plays an active role in directing the assembly of these puckered 8-ring windows

during the crystallisation process. This is corroborated by experimental evidence that

precursor hydrogels that are rich in K+ cations preferentially crystallise MER-type

zeolites which topologically contain a high density of t-pau units.[169]

Unlike the previous three zeolites, the zeolite ZK-5 sample studied was hydrated and

measured under ambient conditions. Consequently, the structure contained additional

oxygen atom Ow sites which correspond to the extra-framework water molecules.

Figure 3-23 illustrates the location of the four crystallographic water sites ascertained

within the structure. Site Ow(1) is positioned within the t-pau units and is likely

coordinated to the K(1) and K(3) cations that are likewise associated with this SBU.

Site Ow(2) is represented by a large cluster occupying the α-cages. However, each

of these sites possesses an occupancy of 21%, which averages as five of these Ow(2)

sites actually being occupied within the cage. Due to the proximity of this Ow(2)

site to the K(2) sites, it is anticipated that they are coordinated to one another.

In contrast, site Ow(3) is located at a comparable position to the K(2) site adjacent

to the S6R faces of the α-cage. Based on the occupancies of these two sites, it is

expected that this position in the framework is either occupied by a K+ cation, a water

molecule, or is vacant. As the Ow(3) site maintains a 54% occupancy, it means this

position is vacant 9% of the time. Lastly, the Ow(4) site is located within the S8R

windows of the α-cage, and hence predicted to be coordinated to the adjacent cation

in the K(3) site. It is pertinent to note, that this structural model demonstrates that

each cation site is potentially associated with hydrating water molecules.

With regards to the structure of the filled zeolite ZK-5, the majority of the cation

and water molecule sites are unchanged, both in position and population. The main

differences observed are as follows. The occupancy of site K(3) associated with the

S8R windows is greater in the filled structure; being 87%. This is analogous to what

was observed for the Cs sites in the S8R windows of zeolite RHO. Consequently

a similar reasoning can be applied to zeolite ZK-5, that during calcination the K+
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Figure 3-23: Location of the water oxygen sites Ow(1)-Ow(4) which are present
in the empty zeolite ZK-5. Water oxygen atoms are shown as red spheres and the
framework is shown as a stick model, with oxygen atoms removed. Also noted is the
fractional occupancy Occ. of each site.

cations that are blocking the 8-ring windows are being removed. In the filled structure,

there is also the addition of a new cation site K(4), in the centre of the α-cage. This

site has an occupancy of 34%, and is associated with the occluded 18C6 species.

With respect to the water molecules, the only change is that the Ow(2) site is now

the location of the C(1) site for carbon atoms in the 18C6 oxyethylene chain.

As with zeolites Na-X and RHO, the occluded 18C6 species was best described as

a cluster. It is anticipated that the production of multiple sites is based on the

cubic symmetry of the system, resulting in 18C6 molecules that are orientated along

different axes between unit cells. This disorder contrasts the observations of zeolite

EMC-2, where all the molecules are aligned along a single crystallographic axis. Figure

3-24 displays the location of the 18C6 cluster sites, of which there were four. Again,

the distinction between the elemental identity of sites was judged on the goodness of

fit and proximity of the site to the central cation in addition to the other atomic sites.

As with the other zeolites herein, the number of sites in the relevant α-cage and the

fractional occupancies were considered. With this mind, there are more carbon sites

present than there are oxygen, as expected for the 18C6 molecule.
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Figure 3-24: Location of the C(1), C(2), Oc(1) and Oc(2) sites associated with the
18C6 molecule occluded in the filled zeolite ZK-5. Site K(4) is shown as a purple
sphere, carbon sites as black spheres, oxygen sites as red spheres and the framework
is shown as a stick model, with oxygen atoms removed. Also noted is the fractional
occupancy Occ. of each site.

Structurally, the 18C6 species includes the central K(4) cation site, as mentioned

previously. This suggests that the occluded 18C6 entity exists as a coordinated

[(18C6)K+] macrocation. Such an observation contrasts the topologically similar

zeolite RHO, where the occluded 18C6 molecule in the α-cage was isolated. Returning

to zeolite ZK-5, the central K(4) site is surrounded by shells of the 18C6 oxyethylene

sites. Table 3.5 contains the estimated interatomic distances between the atoms

within the 18C6 cluster, from which the separation between the oxyethylene sites and

the K(4) cation site can be determined. The cation is first surrounded by a shell of

oxygen Oc(1) sites, that are positioned in an octahedral arrangement. The next layer

consists of carbon C(2) sites, followed by a cubic arrangement of oxygen Oc(2) sites.

Lastly the entity consists of an outer layer of carbon C(1) sites that are the furthest

from the central cation. Based on the low occupancy of the K(4) and oxyethylene

sites, it is anticipated that there is less than one 18C6 species per α-cage.
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Although the occluded 18C6 species has been described as a cluster, from the inter-

atomic distances in table 3.5 potential covalent bonds can be evaluated. This can

be done using the expected 1.4 and 1.5 Å lengths for the C-O and C-C bonds in or-

ganic molecules accordingly.[229] These values agree with the estimated C(2)-Oc(2),

C(2)-Oc(1) and C(1)-C(2) distances, meaning that it is feasible for these respective

atoms to be covalently bonded together. However, with these bonds a complete

18C6 molecule cannot be built, as the C(1) site is not connected to an oxygen site.

Inspection of the table shows that the C(1)-Oc(1) distance is the shortest available,

at 1.8 Å. Despite the fact that this distance is longer than expected for a covalent

bond, it is more in line with the interatomic distances observed for the other filled

zeolites herein. If these atomic sites are considered as covalent bonded, then it is

possible for a multitude of complete 18C6 oxyethylene chains to be constructed.

Table 3.5: The interatomic distances between atoms associated with the K+-18C6
cluster in the zeolite ZK-5 α-cage. Listed in ascending order. The first column
consists of distances shorter than 3 Å, and the second column to distances that are
greater.

Interatomic Interatomic
Distance /Å Distance /Å

C(2)–Oc(2) 1.331(18) Oc(1)–Oc(1) 3.094(30)
C(2)–Oc(1) 1.418(11) K(4)–Oc(2) 3.237(15)
C(1)–C(2) 1.434(18) K(4)–C(1) 3.597(18)

C(1)–Oc(1) 1.811(30) Oc(2)–Oc(2) 3.738(15)
C(2)–C(2) 1.935(11)
C(1)–C(1) 2.019(18)

K(4)–Oc(1) 2.188(30)
C(1)–Oc(2) 2.396(18)

Oc(1)–Oc(2) 2.662(30)
K(4)–C(2) 2.751(11)

Generally, for zeolite ZK-5 it can be accepted that the occluded 18C6 molecule likely

exists as a coordinated [(18C6)K+] macrocation. However, although some inter-

atomic distances between the oxyethylene chain sites are feasible as covalent bonds,

the system still appears to be considerably disordered within the periodic structure.

Nevertheless, the data confirm that the occluded 18C6 species occupies the α-cage

in the framework, as has been anticipated previously.[93]
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3.6 Chapter Summary

Overall, the findings in this chapter confirm the location and identity of the occluded

18C6 molecule in the four zeolites. In zeolites Na-X and EMC-2, the occluded 18C6

exists as the [(18C6)Na+] macrocation, which resides in the t-fau supercage in the

former, and both the t-wof hypocage and t-wou hypercage in the latter. The 18C6

molecule is located within the α-cage of both zeolites RHO and ZK-5 as expected,[93]

but as different species. In zeolite RHO the occluded 18C6 is not coordinated to any

metal cations, whereas in zeolite ZK-5 the data suggest it is coordinated to a K+

cation, resulting in the [(18C6)K+] macrocation.

The structural model for the 18C6 species in zeolite EMC-2 agrees with that reported

by Baerlocher et al.[117] It is observed that there are two [(18C6)Na+] macrocation

sites in both the hypo- and hypercages, with the molecules existing within the ab

plane. These findings agree with the current crystal growth mechanism of zeolite

EMC-2.[111, 116] Furthermore, the existence of coherent 18C6 oxyethylene chains

within the confines of the crystal symmetry indicates that 18C6 behaves as a true

template, directing the symmetry of the EMT framework during crystallisation.

As for the cubic zeolites, the 18C6 species is described as a cluster of atomic sites in

the periodic structure. The reason for this is based on the inherent symmetry of a

cubic crystal; whereby all three crystallographic axes are indistinguishable. Between

different unit cells the occluded 18C6 species are orientated along different directions,

meaning that the average structure is a sum of all these possibilities resulting in the

disordered cluster. This demonstrates that there is no periodic structure amongst the

18C6 species, as is seen in zeolite EMC-2. Although it is anticipated that the local

structure and conformation within each 18C6 species is the same for each zeolite,

this cannot be isolated.

Lastly, the data herein support the current understanding that certain cations direct

the assembly of specific SBUs. For zeolite RHO, this is the Cs+ cation that directs

formation of the D8Rs,[145] and for zeolite ZK-5 it is anticipated that the K+ cations

aid in the assembly of the t-pau units.[170]
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Chapter 4

Crystallisation of Zeolites EMC-2

and Na-X

Herein, the role of 18C6 in the crystallisation of zeolites EMC-2 (EMT) and Na-X

(FAU) is discussed. As mentioned previously, studies on zeolite EMC-2 demonstrate

the necessity of 18C6 as an organic additive to assemble the EMT framework. One

of the key attributes that determine the synthesis outcome is the ratio of Na+ cations

to [(18C6)Na+] macrocations in the precursor hydrogel. If there are too many Na+

cations in the gel it promotes the assembly of t-fau supercages, leading to the FAU

framework. To explore the influence of 18C6 on the synthesis process and the lim-

its of the zeolite EMC-2 crystallisation field, a variety of approaches were taken.

The amount of 18C6 in the hydrogel was systematically reduced, the crystallisation

followed ex situ over time and the synthesis of zeolite Na-X explored.

4.1 Varying the amount of 18C6

To begin with, the boundaries of the zeolite EMC-2 crystallisation field were investi-

gated. This was done by changing the molar quantity of 18C6 added to the precursor

hydrogel in the synthesis. In doing this, the dependency of the zeolite EMC-2 crys-

tallisation on the presence of 18C6 could be observed. An additional reason for this
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approach was to attempt to synthesise pure zeolite EMC-2 without the need of toxic

and expensive organics, which is ideal if this zeolite were to be used as a catalyst

in industrial processing. Zeolite EMC-2 was synthesised following the method pre-

viously reported,[176] which is an adapted procedure to that reported by Chao and

Chatelain.[64] The molar ratio of the precursor hydrogel was as follows:

1 Al2O3 / 1.96 Na2O / 9.68 SiO2 / x (18C6) / 87 H2O (4.1)

The quanitity x was sequentially varied from 0.467-0.019. Upon preparation, all

hydrogels were incubated under stirring for 24 hours, followed by transferal into a

Teflon cup within a stainless steel autoclave and treated to hydrothermal conditions

of 110°C for 12 days. The samples were subsequently analysed using powder X-

ray diffration (PXRD), scanning electron microscopy (SEM) and solid state nuclear

magnetic resonance spectroscopy (SS NMR) with magic angle spinning. Some of the

results included have been published.[176]

4.1.1 Powder X-ray Diffraction

Table 4.1 shows the samples prepared in this series, summarising their hydrogel com-

positions and results from powder X-ray diffraction. The Na+/[(18C6)Na+] ratio

was calculated by assuming that each 18C6 molecule in the gel coordinates to a sin-

gle Na+ cation to form the [(18C6)Na+] macrocation, giving a remainder of sodium

cations in solution. The ω value is a measure of the sample crystallinity, calculated

from the Bragg peak area relative to sample 1, as explained in Chapter 2. Sample 1

was prepared following the standard procedure and is used as a baseline throughout

this Chapter.

The powder X-ray diffraction patterns of the samples are shown in figure 4-1. Going

down through the patterns, the amount of 18C6 added to the hydrogel in each

sample decreases. There is a clear trend in the patterns, that as the amount of 18C6

is reduced the intensity of the Bragg peaks decrease and the amorphous silica hump

centred at 2θ = 26° emerges. This illustrates the declining crystallinity of the zeolite

structure with 18C6 hydrogel content. The material crystallised was identified as
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Table 4.1: Results from decreasing the amount of 18C6 in the zeolite EMC-2
precursor hydrogel. All samples were run at 110 °C for 12 days. The ω value was
calculated by comparing the Bragg peak area in the PXRD pattern relative to sample
1, explained in Chapter 2. The maximum number of 18C6 per hypo/hypercage (Max
18C6.) was estimated by assuming that all the 18C6 molecules in the hydrogel are
integrated into the framework.

Sample 18C6/ 18C6/ Na+/ Framework ω value Max 18C6.
Al2O3 Na2O [(18C6)Na+]

1 0.467 0.239 7.38 ± 0.004 EMT 1.00 ± 0.09 2
2 0.241 0.125 15.0 ± 0.02 EMT 0.66 ± 0.06 0.8
3 0.197 0.102 18.7 ± 0.03 EMT 0.63 ± 0.06 0.7
4 0.155 0.080 23.9 ± 0.04 EMT 0.42 ± 0.03 0.5
5 0.114 0.059 33.1 ± 0.07 EMT 0.50 ± 0.05 0.4
6 0.078 0.041 48.4 ± 0.2 EMT 0.39 ± 0.04 0.3
7 0.059 0.030 64.7 ± 0.3 EMT 0.20 ± 0.02 0.2
8 0.038 0.020 99.2 ± 0.6 FAU - 0.1
9 0.019 0.010 199 ± 3 FAU - 0.06

zeolite EMC-2 for samples 1-7, where the 18C6/Al2O3 ratio was reduced to 0.059.

Below this point, the diffraction patterns indicate that the samples are predominantly

amorphous, with weak Bragg peaks which have been indexed to zeolite Na-X (FAU).

Previously, Burkett et al.[105] reported that the lower limit of the 18C6/Al2O3 ratio in

the hydrogel capable of producing zeolite EMC-2 was 0.3. This limit was reduced to

0.14 by Wendelbo et al.[120] by tumbling the reaction vessel through crystallisation.

The results herein show that by using the adjusted formulation of the hydrogel, this

limit can be exceeded to as low as 0.059 using conventional hydrothermal methods.

However, at these low contents of 18C6 the crystallinity is considerably compromised.

Despite this, samples 5 and 6 are below the limit reported by Wendelbo et al. but

show patterns with coherent peaks.

Although crystalline peaks corresponding to zeolite EMC-2 are observed at a lower

than expected 18C6 content, there is the likelihood for cocrystallisation of FAU-type

zeolites. This is plausible, as the higher Na+/[(18C6)Na+] ratio of the hydrogel

favours the assembly of the FAU framework.[112] Regardless, evidence that the sam-

ples do not contain an observable degree of FAU stacking faults or intergrowths can

be seen in the diffraction data itself. Diffraction patterns of EMT-FAU intergrowths
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Figure 4-1: An overlay of the PXRD patterns for samples 1-9 where the hydrogel
18C6/Al2O3 ratio was varied from 0.467 to 0.019. Patterns in green correspond to
zeolite EMC-2 and blue to zeolite Na-X.
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simulated by Treacy et al.[118] show that the (103) peak broadens with an increased

proportion of FAU related stacking faults. From figure 4-1 the (103) peak does not

broaden relative to the other Bragg peaks throughout the series. Therefore, it can

be said that the samples are pure zeolite EMC-2, within the detection limitations

of the diffractometer. The diffraction data in figure 4-1 also present another point

of interest. Between samples 7 and 8 there is a distinct boundary between zeolites

EMC-2 and Na-X, with no apparent cocrystallisation. This contrasts what has been

seen previously, whereby there are intergrowths of the two phases.[120, 232]

Table 4.2 shows the unit cell parameters of samples 1-7 calculated using the program

UnitCell by Holland and Redfern.[180] Despite the decrease in crystallinity, it is ap-

parent that reducing the 18C6/Al2O ratio of the hydrogel does not infringe the unit

cell parameters of the zeolite EMC-2 produced. Consequently, the consistency of the

unit cell parameters indicate that the framework Si/Al ratio is mostly unchanged.

Although the presence of 18C6 is thought to increase the Si/Al ratio,[93] these data

suggest that reducing the 18C6 content of the hydrogel does not affect the extent

of Al that is assimilated into the framework. Furthermore, the degree to which 18C6

molecules occupy the framework hyper- and hypocages does not alter the size of the

unit cell. This agrees with geometric simulations reported by Fletcher et al.[121]

Table 4.2: Calculated unit cell parameters for zeolite EMC-2 samples 1-7 using the
program UnitCell, by Holland and Redfern.[180]

1 2 3 4 5 6 7
18C6/Al2O3 0.467 0.241 0.197 0.155 0.114 0.078 0.059

Unit cell parameter a /Å 17.20 17.22 17.21 17.23 17.21 17.16 17.21
Unit cell parameter c /Å 28.03 28.09 28.07 28.03 28.09 28.00 28.08
95% confidence a (x10-3) 1.65 1.66 1.67 1.78 1.78 1.92 2.27
95% confidence c (x10-3) 3.57 3.59 3.59 3.59 3.61 4.03 6.03

Figure 4-2 shows a plot of the hydrogel Na+/[(18C6)Na+] ratio against the ω value,

pertaining to sample crystallinity. It can be seen that there is a negative correlation

between these variables, whereby increasing the hydrogel Na+/[(18C6)Na+] ratio

impedes the crystallisation of zeolite EMC-2. This is expected, following the extended-

structure approach by Feijen et al.[112] The Na+ cations are required for the formation

of the faujasite sheets however the [(18C6)Na+] macrocation is specifically integral to
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Figure 4-2: A graph showing the relationship between the Na+/[(18C6)Na+] ratio of
the hydrogel and the ω value for the zeolite EMC-2 samples.

the assembly of these sheets into the EMT framework. Therefore, if the 18C6 supply

is insufficient to the Na+ cation concentration, FAU-type zeolites will preferentially

crystallise as seen here.

The significance of this data is that it suggests the influence of 18C6 in the synthesis

hydrogel is dependent on its molar content. Ohsuna et al.[116] reported that an

18C6 molecule is required to arrange all the faujasite layers into the EMT frame-

work, otherwise thermodynamics will dictate the assembly of the more stable FAU

framework. In contrast to seeding mechanisms, it does not appear to be possible for

the continued spontaneous growth in the hexagonal arrangement from zeolite EMC-2

crystals initially grown by small proportions of 18C6. This is why the crystallinity of

zeolite EMC-2 is reduced when the amount of 18C6 is low. The patterns observed

are due to the smaller crystallite sizes which are weakly diffracting.
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To further discern how 18C6 propagates the assembly of the EMT framework, samples

7 and 8 on either side of the EMT-FAU boundary were investigated. Both of these

hydrogel formulations were repeated, but subjected to hydrothermal conditions for

18 days as opposed to 12. The purpose of this was to see whether the extended

hydrothermal duration would promote the crystallisation of zeolite EMC-2, or result

in any thermodynamic transformations.[233] These samples are summarised in table

4.3, with the powder X-ray diffraction patterns shown in figure 4-3.

Table 4.3: Results from increasing the hydrothermal duration to 18 days, to observe
the EMT-FAU boundary. All samples were crystallised at 110°C. The ω value was
calculated as explained in Chapter 2. Am refers to the sample being identified as
primarily amorphous.

Sample 18C6/ 18C6/ Na+/ Framework ω value Hydrothermal
Al2O3 Na2O [(18C6)Na+] Duration /days

7 0.059 0.030 64.7 ± 0.3 EMT 0.20 ± 0.02 12
7b 0.059 0.031 63.9 ± 0.3 EMT 0.51 ± 0.05 18

8 0.038 0.020 98.1 ± 0.6 FAU - 12
8b 0.039 0.020 98.1 ± 0.6 Am - 18

For sample 7, it can be seen that the hydrothermal duration considerably enhances

the crystallinity of the zeolite EMC-2 phase, with the ω value more than doubling.

This indicates that the lower amount of 18C6 in the hydrogel can be compensated

by extending the length of hydrothermal treatment. In addition, this confirms the

lower boundary of the 18C6/Al2O3 ratio being 0.059 in order to synthesise zeolite

EMC-2. Moreover, the repeat of sample 8 with extended hydrothermal duration was

amorphous. It was expected that with increased hydrothermal treatment, the weakly

diffracting zeolite Na-X in sample 8 would become more crystalline, as was the trend

observed for zeolite EMC-2. This suggests that at these lower 18C6 contents there is

no inherent drive within the hydrogel to crystallise into a particular zeolite structure.

Although there is less 18C6, the 18C6 that is present can still coordinate to the

Na+ cations in solution and consequently reduce the concentration of isolated Na+

cations available for structure direction. Therefore, it is postulated that this Na+

concentration in the hydrogel is still insufficient for coherent crystallisation of zeolite

Na-X. Regardless, the data herein still reaffirms the 0.059 limit for the 18C6/Al2O3

ratio to crystallise zeolite EMC-2.
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Figure 4-3: An overlay of powder X-ray diffraction patterns for samples 7 and 8
where the hydrothermal duration was extended to 18 days to make samples 7b and
8b respectively. The patterns in green correspond to zeolite EMC-2, blue to zeolite
Na-X and black to amorphous aluminosilicate.

4.1.2 Scanning Electron Microscopy

Figure 4-4 shows the SEM micrographs of samples 1 and 8, being crystalline zeolite

EMC-2 and highly amorphous zeolite Na-X respectively. These micrographs show

the stark difference in morphology between these two materials. Zeolite EMC-2

in figure 4-4a shows a hexagonal platelet crystal habit, characteristic of EMT-type

zeolites.[113, 116] However, the hexagonal facet of the crystal has rounded corners,

in contrast to the sharper corners typically observed. In addition to this, observing
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the crystals perpendicular to the c axis they appear as needles, indicating that the

edges of the hexagonal plate are flattened. Sample 8 in figure 4-4b shows a collection

of irregularly sized ellipsoids, expected of amorphous silica, as is the case here. FAU-

type zeolites such as Na-X classically have an octahedral crystal habit,[113] however

uniform sized spherical variants have also been reported.[66] Seeing that in sample 8

there is an absence of either of these, it corroborates the amorphous nature of the

sample.

Figure 4-4: SEM micrographs on the 10 µm scale showing the contrast in morphol-
ogy. Micrographs a) Sample 1, 18C6/Al2O3 = 0.467, zeolite EMC-2 and b) Sample
8, 18C6/Al2O3 = 0.038, zeolite Na-X/amorphous. Both micrographs were taken at
x2k magnification with an accelerating voltage of 10 kV.

Figure 4-5 shows a selection of 5 µm scale SEM micrographs of samples within

the series. Here a clear representation of the transition from the hexagonal platelet

morphology to the irregular ellipsoids can be seen. Samples 1, 3 and 5 shown in figures

4-5a, 4-5b and 4-5c respectively, all show the presence of hexagonal platelet crystals.

Across these three samples the hexagonal facet corners are more rounded and appear

more akin to discs as the 18C6 content in the hydrogel is reduced. These disc shape

crystals have also been seen by Wendelbo et al.[120] where the 18C6/Al2O3 ratio

was reduced to 0.206. In contrast, the data herein show that the disc morphology

persists to sample 5, where the hydrogel 18C6/Al2O3 ratio is 0.114.

In addition to the loss of the hexagonal coherence, the platelets are also observed to

become thicker as the amount of 18C6 in the hydrogel is decreased. Figure 4-6 further

emphasises this, showing the particle size analysis of the length and thickness of the

crystals. Sample 1 shows flattening on the edges of the hexagonal facet, however the
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Figure 4-5: SEM micrographs on the 5 µm scale showing the change in morphology
with 18C6 content. Micrographs a) Sample 1, 18C6/Al2O3 = 0.467, zeolite EMC-2,
b) Sample 3, 18C6/Al2O3 = 0.197, zeolite EMC-2, c) Sample 5, 18C6/Al2O3 =
0.114, zeolite EMC-2, d) Sample 6, 18C6/Al2O3 = 0.078, zeolite EMC-2, e) Sample
7, 18C6/Al2O3 = 0.059, zeolite EMC-2 and f) Sample 8, 18C6/Al2O3 = 0.038,
zeolite Na-X/amorphous. All micrographs were taken at x5k magnification with an
accelertating voltage of 10 kV.
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Figure 4-6: The variation in particle size with the 18C6/Al2O3 ratio of the precursor
gel. Measurements taken from the SEM images using the software ImageJ.[210] The
green crosses show the average hexagonal platelet thickness, and the blue circles show
the average particle length.

subsequent samples show a uniform thickness along the platelets. These observations

indicate that there is enhanced growth along the c axis or (001) direction of the

crystal with reduced 18C6 content. However, this appears to contrast observations

by Ohsuna et al.[116] whereby the 18C6 molecule is believed to be responsible for

promoting assembly of the EMT framework along the (001) direction. If there is less

18C6 in the hydrogel, it would be expected to impede growth along this direction,

and consequently encourage growth along the (100) and (010) directions - increasing

the platelet length.

Thickening of hexagonal zeolite EMC-2 platelets has been reported by Dhainaut et

al.[122] Here, 1,4-di(azo-18-crown-6 ether)-butane (AC6-4) was used as the organic

additive, replacing 18C6. In comparison, the synthesis with AC6-4 produced smaller

and thicker platelet crystals, in addition to reducing the crystallinity to 60%. In
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congruence with the results herein, it suggests that the efficacy of an additive to

direct the EMT framework impacts the zeolite crystallinity and crystal thickness.

Moving from samples 5 to 6, there is an abrupt shift in the morphology, as seen

in figures 4-5c and 4-5d respectively. Between these samples the hexagonal platelet

crystal habit is lost, and the particles appear as irregular ellipsoids. It is worth noting

that in figure 4-5d of sample 6, a few hexagonal platelets can be seen. The amorphous

ellipsoid morphology persists through to samples 7 (figure 4-5e) and 8 (4-5f). Despite

samples 6 and 7 showing Bragg peaks corresponding to zeolite EMC-2 in their PXRD

patterns, the particles themselves are characteristic of amorphous silica. This indicates

that there is a minimum 18C6/Al2O3 ratio of 0.114 required to produce hexagonal

platelet crystals. It can be argued that in the case of samples 6 and 7 the 18C6 content

is so low that there is no inhibited or preferential direction of growth, producing a

‘crystal’ that appears spherical.

As mentioned previously, figure 4-6 shows the particle size analysis from the crystals

seen in the sample micrographs. It is clear that as the amount of 18C6 is reduced in

the hydrogel, the particles grown become smaller. This supports what has been seen

elsewhere in the literature.[120, 232] In addition to this, it also emphasises the abrupt

crystal size decrease and morphology change when the 18C6/Al2O3 ratio is reduced

below 0.114. However, amongst all the data points, the change in size is within the

error bars, illustrating that there is a broad spread of particle sizes in all the samples.

4.1.3 Solid State Nuclear Magnetic Resonance Spectroscopy

Solid state magic angle spinning NMR spectroscopy (SS MAS NMR) data were col-

lected using the formerly EPSRC funded NMR National Facility at Durham University.

The 29Si nuclei were analysed to determine the Si/Al ratio of the samples. The 27Al

and 23Na nuclei were also studied to observe any local structure changes with reduced

18C6 content.
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29Si Nuclei NMR

Figure 4-7 shows the 29Si nuclei SS MAS NMR of the samples that were previously

analysed by SEM. Only samples 1, 3 and 5 displayed enough coherence for confi-

dent assignment following the conventions by Lippmaa et al.[222] The other samples

were highly amorphous, meaning the coherence between the different local silicon

environments was lost. The observed resonances are listed in table 4.4, appearing at

approximate chemical shifts of -106, -100, -95 and -89 ppm. These resonances were

assigned to the Q4, Q3, Q2 and Q1 environments respectively.

Table 4.4 also lists the calculated Si/Al ratio of these samples, using equation 2.27

shown in Chapter 2. These values conform with the anticipated Si/Al ratio of ze-

olite EMC-2 being 3.5.[64, 115] In addition, the values are considerably consistent,

suggesting that the reduction in the hydrogel 18C6 content does not have a major

influence on the integration of Al into the zeolite framework. This confirms what was

predicted previously from the unit cell parameters.

Table 4.4: Chemical shift (δ/ppm) and type of silicon environments present from 29Si
SS MAS NMR spectra for samples 1, 3 and 5. The Si/Al ratio of the samples were
calculated using equation 2.27 and the intensity integrals from each of the silicon
environments. The ∗ indicates that the spectrum fit using deconvolution was not
ideal due to background noise.

1 3 5 ∗

Q4 /ppm -106.3 -106.1 -106.2
Q3 /ppm -100.5 -100.3 -100.5
Q2 /ppm -94.7 -94.5 -94.8
Q1 /ppm -89.6 -88.9 -89.2

Si/Al Ratio 3.85 3.29 3.46

Feijen et al.[115] reported that there was a strong connection between the 18C6

organic additive and the amount of Al in the framework structure. It was stated that

when crystallising zeolite EMC-2 the Si/Al ratio could not exceed a monovalence per

hypo/hyperhole, so as to accommodate a single [(18C6)Na+] macrocation. If the

amount of sodium cations in the hydrogel is too high relative to 18C6, additional Al

can be integrated into the structure, which in turn favours the assembly of stacking

faults and the FAU framework. Therefore, the presence of the 18C6 species regulates
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Figure 4-7: SS MAS NMR spectra of the 29Si nuclei for samples 1, 3, 5-9. The
values in italics indicate the 18C6/Al2O3 ratio of the precursor hydrogel in each
sample. Green spectra correspond to zeolite EMC-2 and blue to zeolite Na-X.
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the Si/Al ratio of the growing zeolite. One would expect that if the amount of 18C6

in the hydrogel is reduced, this would permit stacking faults and a lowering of the

Si/Al ratio. The data here suggest that this is not the case. However, the work by

Feijen et al. assumes that there is a 18C6 molecule for every hyper/hypocage in the

structure of zeolite EMC-2. From these results, it can be gleaned that the synthesis

mechanism does not require this constraint. Seeing the lower boundary at which

zeolite EMC-2 can be synthesised from table 4.1, it can be predicted that 20% of the

hyper/hypoholes need to be occupied to sufficiently direct the assembly of the EMT

framework.

27Al Nuclei NMR

The 27Al nuclei SS MAS NMR spectra of samples 3, 5-9 are shown in figure 4-8,

with the resonances listed in table 4.5. From these spectra, it can be seen that

only resonances were observed from 61-55 ppm, which is accordant to a tetrahedral

environment of Al.[224] Samples 5-7 possess visible shoulders in their spectra, which

is due to the higher field resonance at 55 ppm. This resonance is more prominent in

the more amorphous samples. Amongst the samples it can be seen there are two Al

environments and that upon reducing the 18C6 hydrogel content there is a switchover

from one to the other.

Table 4.5: Peak positions in the 27Al SS MAS NMR with different 18C6 contents
for samples 3, 5-9. The ∗ indicates that the peak has a shoulder.

3 5 6 7 8 9
27Al δ /ppm 60.6 60.1 ∗ 59.9 ∗ 54.9 ∗ 54.4 55.1

23Na Nuclei NMR

Figure 4-8 shows the 23Na SS NMR spectra of samples 3, 5-9, and table 4.6 shows

the peak positions of the observed resonances. The pattern is very much the same

as the 27Al nuclei, whereby reduction of the 18C6 hydrogel content leads to a shift

in the Na environment. This is not surprising, as the sodium cations are positioned
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Figure 4-8: SS MAS NMR spectra for the 27Al nuclei (right) and 23Na nuclei (left)
for samples 3, 5-9. The values in italics indicate the 18C6/Al2O3 ratio of the precursor
hydrogel in each sample. Spectra in green correspond to zeolite EMC-2 and blue to
zeolite Na-X.

in the framework so as to counterbalance the anionic alumina sites. Therefore, if the

aluminium is changing environment it follows that the sodium should too.

From the spectra, the two resonances observed were at approximately -4 ppm and

-11 ppm, as shown in table 4.6. Looking at previous 23Na NMR data reported by

Hunger et al.[234] it can be gleaned what these resonances correspond to. The -11

ppm resonance corresponds to two cation sites, which are shown in figure 4-9 as sites

S1 and S2. The former of these is within the β-cage, adjacent to a D6R unit, and the

latter within the t-wof hypocage, also adjacent to a β-cage. Both sites likely have a

similar resonance as they are associated with a single 6-ring (S6R) face. Furthermore,

as for the -4 ppm resonance, this was not observed by Hunger et al. Instead, they

report a resonance at -7 ppm which corresponds to site S1’, positioned inside the D6R

unit. These observations that sites S1 and S2 are occupied in zeolite EMC-2 agree

with the cation sites determined in the refined structure in Chapter 3. Moreover, the
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vacany of site S1’ within the D6R of zeolite EMC-2 is consistent with the structure,

as well as calculations by Lievens et al.[230] that this site is energetically unfavourable

to be occupied when the framework Si/Al ratio is greater than 3.

Later work by Feuerstein et al.[235] on zeolite Na-X showed resonances at -4 ppm and

-12 ppm. Despite being a different zeolite, it is possible that the work could provide

some insights based on the structural similarity of the EMT and FAU frameworks.

Table 4.6: Peak positions in the 23Na SS MAS NMR with different 18C6 contents for
samples 3, 5-9. The ∗ indicates that the peak has a shoulder and the exact position
cannot be resolved.

3 5 6 7 8 9

23Na δ /ppm
-4.63 -3.42 -5.35 ∗

-10.9 -11.8 -11.6 -12.1 -9.91

Figure 4-9: The three positions in the EMT framework occupied by sodium cations,
as described by Hunger et al. using 23Na SS MAS NMR.[234]
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Therein the -12 ppm resonance corresponded to a Na+ cation sitting in the D6R unit

or within the supercage adjacent to a S6R face - similar to site S2 reported by Hunger

et al.[234] The resonance at -4 ppm was claimed to belong to Na+ cations in the

FAU framework, in the same position as site S1. Based on this information, it can

be assessed that the resonances at -4 ppm and -11 ppm in the data relate to sites S1

and S2 in figure 4-9 accordingly. The resonance observed in sample 8 is at -12 ppm,

and as this sample was identified as weakly diffracting zeolite Na-X, it is possible that

this corresponds to sodium in the D6R unit.

A further possibility is that the resonance at -4 ppm corresponds to a Na+ cation

still coordinated within the 18C6 cavity occluded in the hyper/hypocages. Evidence

supporting this is that this resonance is only observed in samples 3, 5 and 6, which

contain a higher amount of 18C6 and produced crystalline zeolite EMC-2. However,

this cannot be confirmed.

4.1.4 Negating Seeding Effects

A method often used in zeolite synthesis is seeding.[64] This technique takes advan-

tage of secondary nucleation effects, by putting a small amount of crystalline zeolite

powder in the hydrogel, upon which solution nutrients can grow. Seed-assisted syn-

thesis is often used to aid in the crystallisation of zeolites, but alternatively it can

become an issue if impurity seeds in the gel drive the synthesis to produce a zeolite

not of the intended outcome. It could be argued that from the results of synthesising

zeolite EMC-2 with a reduced 18C6 content, leftover zeolite powder remaining in the

Teflon pot could seed the sequential synthesis, giving an inaccurate result. Through-

out these experiments, the Teflon pots used in synthesis were thoroughly cleaned

with acid and base, to dissolve zeolite seeds. However, to confirm that there is no

possibility of seeding, two experiments were carried out where zeolite EMC-2 seeds

were intentionally added to the synthesis gel.

To begin with, a repeated batch of sample 6 was prepared. This sample had an

18C6/Al2O3 ratio of 0.078 and was the second to last sample that produced zeolite

EMC-2 by reducing the 18C6 content. Double the reactant quantities were added and

the hydrogel was separated into two separate samples, upon which the zeolite EMC-2
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seeds were added to one. The purpose of this being to see the crystallisation of the

same batch with and without seeds. These samples were 10b and 10a respectively.

The quantity of seeds added was estimated as being visually the same amount of

powder that was often seen remaining in a Teflon pot post-synthesis and before

cleaning. To report this quantity, the mass% contribution of SiO2 in the gel from the

zeolite seeds was calculated, being 0.36%. Further synthesis details of the sample are

shown in table 4.7.

Table 4.7: Results from adding zeolite EMC-2 seeds to the gel to observe their
influence on crystallisation. For each sample the batch quantities were doubled and
the gel halved, with seeds only added to one of the halves. This gives the samples a
and b respectively. The amount of seeds added to the gel has been reported as the
Mass% of SiO2 in the gel which is contributed from the zeolite seeds. Am refers to
the sample being identified as primarily amorphous.

Sample 18C6/ 18C6/ Na2O/ Mass% SiO2 Framework Hydrothermal
Al2O3 Na2O Al2O3 from seeds Duration /days

10a 0.078 0.040 1.94 - Am/EMT 12
10b 0.078 0.040 1.94 0.36 Am/EMT 12

11a - - 1.94 - Am 18
11b - - 1.94 3.7 CHA/EMT/α 18

The powder X-ray diffraction patterns of samples 10a and 10b are shown in figure

4-10. It can be seen that both samples are predominately amorphous, evident by

the broad hump centred at 2θ = 26°. Both patterns show Bragg peaks belonging

to zeolite EMC-2 emerging from the background, indicating that the EMT structure

is developing. The seeded sample 10b shows marginally more intense Bragg peaks

compared to the sample 10a, however this slight difference is likely due to the presence

of the seeds themselves which are diffracting. This suggests that the seeds themselves

have not aided the crystallisation process.

These results agree with the research of Mou et al.[47] using seed-assisted methods

to synthesise zeolite EMC-2. According to Mou et al. a very specific window of

alkalinity is required to use a seed-assisted procedure. A higher alkalinity than used

herein is required, as it is necessary to partially dissolve the zeolite seeds, so they can

behave as nuclei and a substrate for growth. However, it is also worth noting that if

the alkalinity is too high the seeds can be thoroughly corroded, in addition to highly

basic hydrogels favouring the synthesis of FAU-type zeolites.[113] Furthermore, the
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Figure 4-10: PXRD patterns for samples with and without seeding. Patterns shown
in green correspond to zeolite EMC-2, black to amorphous, and purple to a mixed
phase. Sample 11b, which was mixed phase, shows the presence of zeolite EMC-2,
chabazite (purple italics) and α-quartz (red italics).

proportion of zeolite seeds added to the hydrogel needs to be much higher to make

seed-assisted synthesis viable. Mou et al. used a seed crystal mass% relative to

their silica source of 20%. Therefore, the strict conditions needed to permit seeding

nullifies the possibility that small amounts of zeolite EMC-2 powder could influence

the hydrogel at low 18C6 contents.

In order to further iterate this, another experiment was performed. In this case a

hydrogel without 18C6 was prepared, with tenfold the quantity of zeolite seeds and

an extended hydrothermal duration of 18 days to enhance crystallisation. These

samples were prepared from the same batch, with half being seeded and half as-

prepared, being samples 11b and 11a respectively. The batch information is shown
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in table 4.7 and the PXRD patterns in figure 4-10. The unseeded sample 11a was

identified as being amorphous, which was expected due to the absence of 18C6 in the

hydrogel. However, seeded sample 11b shows a weak mixture of phases, in addition

to a still prominent amorphous hump. Weak Bragg peaks in the pattern correspond

to the presence of zeolite EMC-2, however this could arguably be due to the presence

of the seeds themselves. Moreover, much sharper peaks in the pattern correspond

to the zeolite chabazite (CHA) and α-quartz. Both of these phases are denser and

hence more thermodynamically stable than zeolite EMC-2. From this, it is apparent

that the seeds fail to assist in the crystallisation of zeolite EMC-2. In summary, it can

be reported with confidence that there was no seed-assisted crystallisation in samples

1-11, which could have influenced the synthesis at low 18C6 hydrogel contents.

4.2 Tracking the Crystallisation of Zeolite EMC-2

To further study the role of 18C6 in the synthesis of zeolite EMC-2, the crystallisation

process was investigated ex situ over time. This was done by repeating the batch

prepared with a 18C6/Al2O3 ratio of 0.467 and treating it to hydrothermal conditions

for different durations of time. Doing this, ‘snapshots’ of the crystallisation process

could be taken, and analysed individually by comparing how crystallinity, unit cell

parameters and 18C6 content in the framework vary over time. The samples were

crystallised at 110°C and treated to 4, 6, 8, 10 and 12 days of hydrothermal conditions.

4.2.1 Powder X-ray Diffraction

Table 4.8 summarises the hydrogel content molar ratios and results from powder

X-ray diffraction. An overlay of the PXRD patterns is shown in figure 4-11. From

this, it is clear that zeolite EMC-2 becomes more crystalline the longer it is under

hydrothermal conditions. This is as expected, following the conventions of zeolite

crystallisation.[26, 64] Crystalline peaks corresponding to zeolite EMC-2 are first seen

after 6 days of hydrothermal treatment. Prior to this time frame, the product is

amorphous aluminosilicate material.
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Table 4.8: The results and synthesis conditions used to track the crystallisation of
zeolite EMC-2 over time. All samples were crystallised at 110°C, with the hydrother-
mal duration varied. The ω value was calculated by comparing the Bragg peak area
in the PXRD pattern relative to sample 1 (12e), as explained in Chapter 2. Am refers
to the sample being identified as primarily amorphous.

Sample 18C6/ 18C6/ Na2O/ Framework ω value Hydrothermal
Al2O3 Na2O Al2O3 Duration /days

12a 0.463 0.238 1.94 Am - 4
12b 0.463 0.238 1.94 EMT 0.19 ± 0.04 6
12c 0.468 0.243 1.93 EMT 0.33 ± 0.03 8
12d 0.468 0.243 1.93 EMT 0.48 ± 0.02 10
12e 0.468 0.239 1.96 EMT 1.00 ± 0.09 12

The ω values in table 4.8 and the plot shown in figure 4-12 further illustrate the

emerging crystallinity over time. Between 4-10 days of hydrothermal treatment the

crystallinity of zeolite EMC-2 appears to increase linearly, suggesting a constant rate

of crystal growth. Moreover, from 10-12 days the crystallinity appears to double,

with the rate of crystal growth increasing. This scheme demonstrates that the crys-

tallisation process is speeding up as it proceeds. This agrees with conventional crys-

tallisation theory, that the reaction should proceed via a sigmoidal curve.[26] Initially

the crystallisation rate increases due to increased surface area of the growing crystal.

However, the rate should slow down and level off as the nutrients in solution are used

up.

Concerning the crystallisation timescale, these results contrast what has been reported

by Feijen et al.[115] Therein, Feijen et al. claim that the crystallisation of zeolite

EMC-2 is fastest between 3-6 days, with the process being predominantly complete

after 8 days. This suggests a faster crystallisation than what has been seen herein.

However, there are two arguments as to why this could be. The first is that the

synthesis procedure described by Feijen et al. uses gibbsite as an alumina source, as

opposed to the sodium aluminate that has been used herein. Accordingly, the use of

different alumina and silica sources is known to have a strong influence on the rates

and mechanisms of nucleation and crystal growth.[64] The second argument is that

the method used to determine crystallinity by Feijen et al. compares the intensity

of two vibrations observed using Infrared spectroscopy. Consequently, variations are

expected to arise if a different characterisation technique is used.
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Figure 4-11: An overlay of the powder X-ray diffraction patterns from tracking the
crystallisation of zeolite EMC-2 over time. Patterns shown in green correspond to
zeolite EMC-2 and black to amorphous aluminosilicate.

Table 4.9 shows the calculated unit cell parameters of the samples, determined us-

ing the program UnitCell.[180] The unit cell dimensions appear to remain consistent

throughout the crystallisation process, indicating that insufficient hydrothermal du-

ration is not detrimental to the unit cell size of the synthesised zeolite EMC-2. The

consistency of the unit cell parameters, despite the reduced crystallinity, is shared with

the previous experiment where the 18C6 content was reduced. As such, the conclu-

sion can be drawn that the amount of aluminium being integrated into the growing

framework does not change over time. Hence the Si/Al ratio should be homogeneous

throughout the entirety of the crystals.
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Figure 4-12: A graph showing how the crystallinity of zeolite EMC-2 (ω value)
increases with the length of hydrothermal treatment.

Table 4.9: Calculated unit cell parameters for zeolite EMC-2 samples 12b-12e using
the program UnitCell, by Holland and Redfern.[180]

12b 12c 12d 12e
Hydrothermal Duration /days 6 8 10 12

Unit cell parameter a /Å 17.22 17.21 17.22 17.20
Unit cell parameter c /Å 28.03 28.10 28.09 28.03
95% confidence a (x10-3) 2.16 1.79 1.67 1.67
95% confidence c (x10-3) 5.21 3.71 3.69 3.67
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4.2.2 Thermogravimetric Analysis

To determine the amount of 18C6 integrated into the zeolite EMC-2 structure as

it crystallises over time, samples 12a-12e were analysed by thermogravimetry under

air. Any gas liberated from the sample was analysed by mass spectrometry (MS), to

aid in identifying the stages of sample mass loss. Samples were heated from 30°C

to 600°C at a constant ramp rate of 5 Kmin-1 as detailed in Chapter 2. A thorough

investigation into the decomposition of 18C6 in zeolite EMC-2 and the consequential

nature of the host-guest interactions is discussed in Chapter 7.

Figure 4-13 shows the thermogravimetric (TG) curve of the fully crystalline zeolite

EMC-2 sample crystallised for 12 days (12e). From this curve, it can be seen that

there are two stages of mass loss. The first happens very soon upon ramping, and

continues until the curve begins to plateau around 180°C. This mass loss is due to

Figure 4-13: Thermogravimetric curve and mass spectrometry signals of the zeolite
EMC-2 sample crystallised for 12 days (sample 12e). The TG curve is shown in black,
and the MS signals for water (m/z 18) and carbon dioxide (44) are shown in blue and
orange respectively. The sample was heated at a ramp rate of 5 Kmin-1, as explained
in the methods in Chapter 2.
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the desorption of extra-framework water. This is confirmed by the broad peak in the

MS curve for the mass-to-charge ratio (m/z) 18 ion, which corresponds to water.

A minor detail that can be seen at the start of the TG curve is a small mass loss

at a static temperature. This static temperature is the heat transfer delay to the

sample, and there is a mass loss as the sample is at 30°C in the instrument, which is

higher than ambient conditions. Consequently, at this raised temperature the zeolite

is already releasing water at a very slow rate. The second mass loss in the sample

after 220°C corresponds to the decomposition of occluded 18C6. This is confirmed

by the peaks in the MS signals for water, in addition to the m/z 44 ion which is

attributed to carbon dioxide. Both water and carbon dioxide are the products of

18C6 decomposition under air. Seeing these features in the MS signals, both water

and carbon dioxide were measured throughout the thermogravimetric analysis of all

the samples, to track the decomposition.

The thermogravimetric curves of all five samples are shown figure 4-14. From this, it

is apparent that the shape of the TG curve changes significantly as the crystallisation

progresses. The TG curve for the most crystalline zeolite EMC-2 sample (12e),

that was crystallised for 12 days, shows a unique inflection point. This inflection

corresponds to the onset of 18C6 decomposition which is sudden and rapid. Such

a feature is not seen in any of the TG curves for the remaining samples. Figure

4-14 shows that as the crystallisation proceeds the finishing mass% at 600°C of the

sample also increases. This indicates that over time the framework accommodates

more extra-framework content - being water and 18C6. For the early stages of

crystallisation, the mass loss due to 18C6 is less defined, and overlaps with the mass

loss due to adsorbed water.

Figure 4-15 shows the MS signals of carbon dioxide (m/z 44) liberated from the

samples over the course of the thermogravimetry measurements. As with the TG

curves, there are clear changes in the decomposition of 18C6 at different stages

of the crystallisation process. The basic trend that can be observed is that as the

crystallisation proceeds the intensity of the carbon dioxide signal during decomposition

increases. This confirms that more 18C6 is integrated into the growing framework over

time. The amorphous 4 day sample (12a) produces a weak signal for carbon dioxide,

indicating that only a small quantity of 18C6 is accommodated into the framework.

This seems to suggest that either the 18C6 is occluded within amorphous pockets, yet
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Figure 4-14: Thermogravimetric curves of the zeolite EMC-2 samples crystallised
for different hydrothermal durations. The samples were heated at a ramp rate of 5
Kmin-1, as explained in the methods in Chapter 2.

to reassemble into a crystalline structure, or within small crystallites of zeolite EMC-2

below the diffractometer detection limit. Upon gaining periodic structure after 6 days

of hydrothermal treatment (12b), the intensity of the carbon dioxide signal increases

due to more 18C6 integrated into the framework.

Between 6 to 10 days of hydrothermal treatment (12b-12d) the carbon dioxide signal

intensity has a comparable order of magnitude. This suggests that during this time

period there is no substantial increase in the amount of 18C6 in the material. However,

moving onto 12 days of hydrothermal treatment (12e) there is a large jump in the

carbon dioxide signal intensity. The signal being a whole order of magnitude larger

than the signals observed for the samples within the 6 to 10 day time frame. From
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Figure 4-15: Mass spectrometry signals of the m/z 44 ion, corresponding to carbon
dioxide, for the zeolite EMC-2 samples crystallised for different hydrothermal dura-
tions. The samples were heated at a ramp rate of 5 Kmin-1, as explained in the
methods in Chapter 2.

this it can be gleaned that there is a substantially large integration of 18C6 into the

growing zeolite between 10 to 12 days of hydrothermal treatment. This pattern of

incorporation being slow between 4 to 10 days followed by rapid thereafter mirrors

what has been seen with the ω values of crystallinity in table 4-12. In conjunction,

these data indicate rapid crystal growth within this 10 to 12 day time frame.

In addition to the intensity, the shapes of the peaks change over time. Between 4 to

10 days of hydrothermal treatment the signal appears as a single asymmetric curve,

with a tail at higher temperature. This indicates that the decomposition process

slows down as it proceeds after the apex. Moreover, for the 12 day sample the

peak still appears to be asymmetric, however the initial sharp peak is followed by a

broad shoulder. This suggests that there is a two event or component decomposition

mechanism. The nature of this will be discussed in greater detail in Chapter 7, where
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the decomposition is compared to other zeolites. Nonetheless, the change in shape

of the carbon dioxide curve demonstrates that the the interaction between the 18C6

and the framework also changes over time.

4.3 Zeolite Na-X Synthesis with 18C6

Having studied the synthetic role of 18C6 in the crystallisation of zeolite EMC-2,

the next stage was to investigate the influence on zeolite Na-X. In addition to their

structural similarity, the synthetic relationship between these two zeolites has been

shown herein and by others. The two synergetic parameters that control which

zeolite is crystallised in the presence of 18C6 are the molar amount of Na2O in

the hydrogel and the Si/Al ratio of the growing framework. It is agreed that the

higher the concentration of Na2O, the more favourable it is for FAU-type zeolites to

crystallise.[105, 111, 112, 113, 115, 116] This due to the role of sodium to produce

faujasite sheets in addition to enhancing the amount of aluminium in the frame-

work. As such, to study the role of 18C6 in the crystallisation of zeolite Na-X the

Na2O/Al2O3 ratio of the zeolite EMC-2 method hydrogel was increased from 1.96 to

2.96.

4.3.1 Powder X-ray Diffraction

Table 4.10 summarises the results from studying the role of 18C6 in the synthesis of

zeolite Na-X. A total of three samples were prepared. Both samples 13 and 14 were

of the same hydrogel composition, however the first was crystallised at 110°C and the

latter at 100°C. Sample 15 was prepared identically to sample 14, the only difference

being that no 18C6 was added to the hydrogel. The full synthesis procedures and

conditions are explained in Chapter 2.

The powder X-ray diffraction patterns of the three samples are shown in figure 4-

16. All three syntheses produced well crystalline zeolite Na-X, with no impurities or

appearance of an amorphous hump. The Bragg peaks of samples 13 and 14 show

comparable intensities. This is confirmed by the similar τ values listed in table 4.10,
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Table 4.10: Results from the synthesis of zeolite Na-X with and without 18C6. All
samples were incubated for 4 hours and treated to hydrothermal conditions for 8 days.
The temperature of hydrothermal treatment is shown. The τ value was calculated
by comparing the Bragg peak area in the PXRD pattern relative to sample 14, as
explained in Chapter 2.

Sample 18C6/ 18C6/ Na2O/ Framework τ value Hydrothermal
Al2O3 Na2O Al2O3 Temperature /°C

13 0.455 0.154 2.96 FAU 1.14 ± 0.05 110
14 0.452 0.156 2.90 FAU 1.00 ± 0.06 100
15 - - 2.90 FAU 1.80 ± 0.09 100

Figure 4-16: Overlay of the powder X-ray diffraction patterns for zeolite Na-X sam-
ples 13-15. The molar amount of 18C6 in the hydrogel is indicated by the 18C6/Al2O3

ratio.
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which correspond to the zeolite Na-X crystallinity as explained in Chapter 2. The

slightly larger τ value for sample 14 indicates that performing the synthesis at a

higher temperature only marginally increases the zeolite crystallinity. This agrees

with zeolite crystallisation theory, that a higher temperature should speed up and

enhance the crystallisation process.[26]

As mentioned earlier, between samples 14 and 15 the only difference in the synthesis is

that the latter contains no 18C6 in the hydrogel. Figure 4-16 shows that the intensity

of the Bragg peaks in the powder diffraction pattern are greater for sample 15 without

18C6. This can be seen clearly from the (111) peak, in addition to the significantly

larger τ value in table 4.10. These results illustrate that the crystallisation of zeolite

Na-X is enhanced in the absence of 18C6. This contrasts what is observed for the

synthesis of zeolite EMC-2. For zeolite EMC-2 the 18C6 molecule plays a crucial role

in the assembly, with its presence being a necessity.[105, 115, 116, 117] However, it

is known that zeolite Na-X and FAU-type zeolites can be readily made in the absence

of organic additives.[64, 66, 236]

In table 4.11 the calculated unit cell parameters of the three samples are shown.

These values were calculated using the program UnitCell.[180] Despite the differences

in crystallinity, the unit cell parameters of the zeolite Na-X samples are consistent.

This suggests that the Si/Al ratio of zeolite Na-X is not significantly influenced by

the crystallisation temperature or the presence of 18C6. This is of interest as typically

the use of organics in zeolite synthesis improves the integration of Si into the growing

framework,[93] resulting in a higher Si/Al ratio and consequently decreasing the unit

cell volume. Seeing that the crystallisation of zeolite Na-X is impeded by the presence

of 18C6, and that the Si/Al ratio is likely unchanged, it puts into question whether

it is genuinely playing a ‘structure directing’ role in synthesis; as is seen for zeolite

EMC-2.

Table 4.11: Calculated unit cell parameters for zeolite Na-X samples 13-15 using
the program UnitCell, by Holland and Redfern.[180]

13 14 15
18C6/Al2O3 0.455 0.452 -

Unit cell parameter a /Å 24.55 24.52 24.53
95% confidence a (x10-3) 0.72 0.72 0.72
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These results can be explained by the inherent attribute of the 18C6 molecule to

coordinate to alkali metal cations. By forming the [(18C6)Na+] macrocation in the

gel, the Na+ cation concentration in the hydrogel is depleted. As explained previ-

ously, high molar quantities of Na2O in the hydrogel favour the assembly of FAU-type

zeolites.[105, 111, 112, 113, 116] Therefore, it is apparent how the presence of 18C6,

by forming the [(18C6)Na+] macrocation, is impinging the crystallisation of zeolite

Na-X. A further explanation is how the [(18C6)Na+] macrocation favours the assem-

bly of the EMT framework, interrupting the instinctive pathway of the sodium rich

gel to assemble Na-X. In doing so, when the macrocation diffuses to the growing

crystal surface it is behaving as an inhibitor, slowing down the arrangement of the

next faujasite layer into the cubic symmetry. Furthermore, there is a large excess of

sodium cations present, meaning that the formation of the t-fau supercage is still

preferred over the t-wou and t-wof hyper and hypocages of EMT.[115]

From these arguments, the 18C6 molecule does not truly direct the structure of the

FAU framework. Moreover, if the Si/Al ratio is unchanged, and hence the integration

of Al into the framework, this would suggest that the [(18C6)Na+] macrocation is not

interacting with the growing framework. Or rather, if the macrocation is interacting

with the framework, it is not doing so strongly enough to increase the Si content

of the zeolite. Therefore, this suggests that the only role that 18C6 plays in the

synthesis of zeolite Na-X is that of a space-filling species - occupying the void of the

t-fau supercage. As such, it is predicted that the organic-framework interactions in

zeolite Na-X will be weak, especially relative to zeolite EMC-2. This will be explored

later on in Chapters 7 and 8.

4.4 Chapter Summary

To summarise, a variety of insights into the function of 18C6 in the synthesis of

zeolite EMC-2 and Na-X have been reported herein. Concerning zeolite EMC-2, the

strong dependency of the framework assembly on 18C6 has been illustrated. This

was clearly seen by the decrease in crystallinity (ω value) with 18C6. In doing so,

pure zeolite EMC-2, with no appearance of intergrowths, was prepared with a lower

amount of 18C6 in the hydrogel than previously reported. Although these samples
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had a modest crystallinity, this could be compensated by extending the length of

hydrothermal treatment.

Further observations were made, regarding how reducing the 18C6 content influences

the synthesis process. With the standard procedure the hexagonal platelet crystals

appeared to have flattened edges, which were resolved into a uniform thickness upon

reducing the 18C6 content. Furthermore, it was apparent that the presence of 18C6

in the hydrogel made the crystal hexagonal faces larger, but impeded growth along

the c or (001) direction of the crystal. In addition, initial steps of reducing 18C6 in

the hydrogel did not impact the Si/Al ratio of the grown zeolite EMC-2, but upon

decreasing the content further a switchover in the environments of Al and Na in the

framework was observed. This was thought to be due to the declining crystallinity

and appearance of amorphous aluminosilicate material in the samples.

With respect to the progression of the crystallisation, it was seen that the amount

of 18C6 integrated into the growing structure increases over time, as expected. The

integration in conjunction with the crystallinity, illustrates that within the 4 to 10 day

timescale of crystallisation the crystal growth rate is linear. After 10 days of crys-

tallisation there is a substantial increase in the crystallinity and 18C6 accommodated

within the zeolite. This agrees with the typical sigmoidal curve shape of crystallisation

typically seen in zeolite synthesis. In addition, the unit cell parameters of the zeolite

EMC-2 crystallised did not significantly change over time, suggesting that the Si/Al

of the crystal is consistent throughout growth.

Finally, concerning zeolite Na-X, the presence of 18C6 in the hydrogel was seen to

inhibit the crystallisation process. This was believed to be due to the 18C6 molecule

complexing with, and hence consuming sodium cations in the hydrogel. This con-

sequential reduction in sodium cation concentration is detrimental to the assembly

of zeolite Na-X. From these observations, it was deduced that 18C6 behaves as a

space-filling species in zeolite Na-X synthesis, whereas for zeolite EMC-2 it is a true

structure directing agent.
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Chapter 5

Crystallisation of Zeolite RHO

In this Chapter, the function of 18C6 as an organic additve in the crystallisation of

zeolite RHO is explored. Unlike with zeolite EMC-2, recent findings from Mousavi

et al.[152] have found that zeolite RHO can be prepared without the presence of

18C6 in the hydrogel. However, in such a case the field in which zeolite RHO can

crystallise is narrow, and a strict control of batch composition and synthetic conditions

are required. Currently, the 18C6 molecule is understood to influence the crystal

morphology, extend the limits of the crystallisation field, increase the Si/Al ratio and

enhance the purity of the produced zeolite RHO.[93, 148, 150] Whether 18C6 is

utilised in the synthesis or not, it is agreed that the Cs+ cation also plays an integral

role in the assembly of the RHO framework. Consequently, the molar quantity of Cs+

cations and 18C6 added to the hydrogel were varied separately, to differentiate their

individual roles in the crystallisation process. In addition, the crystallisation of zeolite

RHO in the presence of 18C6 was followed ex situ over time.

5.1 Varying the amount of Cs+ cations

To begin with, the limits of the crystallisation field determined by the Cs+ cation

content were investigated. In the preparation of zeolite RHO, the hydrogel contains

a mixture of Na+ and Cs+ cations, whether 18C6 is used or not. Previous studies in
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the absence of 18C6 have shown that the Cs+ cation content of the hydrogel needs

to be finely tuned to ensure that pure zeolite RHO crystallises. At low Cs+ cation

contents FAU-type zeolites preferentially crystallise and at higher contents ANA-type

zeolites are favoured.[66] This indicates that the assembly of the RHO framework

is dependent on the concentration of caesium in the hydrogel. Moreover, having

seen the role of the [(18C6)Na+] macrocation in the synthesis of zeolite EMC-2, it

is questionable whether there are comparable collaborative effects with Cs+ cations

in the preparation of zeolite RHO. The molar batch composition of the precursor

hydrogel to prepare zeolite RHO was as follows:

1 Al2O3 / y Na2O / x Cs2O / 10 SiO2 / 0.50 (18C6) / 100 H2O (5.1)

The variables y and x were systematically varied from 2.11-1.17 and 0-0.924 re-

spectively. The standard procedure reported by Chatelain et al.[150] having y and

x values of 1.8 and 0.3 accordingly. The molar ratio of both cation sources were

inversely altered, meaning an increase in the Cs2O content of the hydrogel was joined

by an equivalent decrease in the Na2O content. The purpose of this was to ensure

that the pH of the hydrogel was constant, as both cations have hydroxide sources and

alkalinity is a critical parameter in zeolite synthesis. In addition to this, by inversely

altering these two ratios, the total concentration of metal cations M+ in the hydrogel

was also consistent. Furthermore, the Cs+% content in each of the hydrogels was

calculated using equation 5.2 below, for ease. The value n referring to moles.

Cs+% Content =
n CsOH

n CsOH + n NaOH
× 100 (5.2)

Upon preparation of the hydrogels, they were aged under stirring for 24 hours. Fol-

lowing this, the hydrogels were transferred into Teflon cups within stainless steel

autoclaves. The loaded autoclaves were then placed into a 110°C oven for 8 days, to

treat the hydrogel to hydrothermal conditions. The produced powders were subse-

quently analysed by powder X-ray diffraction (PXRD) to identify the phase that was

crystallised. A full synthesis procedure is detailed in Chapter 2.
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5.1.1 Powder X-ray Diffraction

The samples prepared by varying the Cs+% content of the hydrogel are shown in

table 5.1. This table summarises the hydrogel compositions and identification of

the crystallised phases via powder X-ray diffraction. The ρ value was calculated as

a means of qualitatively evaluating the zeolite RHO crystallinity relative to sample

6, which was prepared using the standard procedure by Chatelain et al.[150] Within

this series, the ρ value was only calculated using the (310) and (330)(411) Bragg

peaks, due to inconsistencies in the relative intensity of the Bragg peaks with Cs+%

content. The source of this discord is due to large variations in Cs+ cation content in

the crystalline product, which is anticipated to influence occupancies and fractional

coordinates of these cations in the crystal structure. Such changes on the crystal

structure will ultimately vary the intensity of Bragg peaks of Miller planes associated

with these crystallographic positions. Further details on the method and limitations

of the ρ value are contained in Chapter 2.

Table 5.1: The results from varying the amount of Cs+ cations added to the precursor
hydrogel of zeolite RHO. All samples were prepared at 110°C for 8 days. The ρ value
was calculated by comparing the Bragg peak area in the PXRD pattern relative to
sample 6, the standard method,[150] as explained in Chapter 2. The less abundant
impurity phases are shown in italics and parentheses. Am refers to the sample being
identified as primarily amorphous. The ∗ indicates that the RHO-type phase shows
doubling, with weak peaks corresponding to space group I4̄3m.

Sample Cs+% Cs2O/ Na2O/ 18C6/ Framework ρ value
Content Al2O3 Al2O3 Al2O3

1 0 - 2.11 0.501 Am -
2 4 0.084 2.03 0.499 Am -
3 8 0.175 1.93 0.502 Am -
4 10 0.211 1.87 0.502 RHO∗ 0.49 ± 0.006
5 12 0.256 1.85 0.503 RHO 0.91 ± 0.01
6 15 0.308 1.82 0.502 RHO 1.00 ± 0.02
7 18 0.374 1.72 0.501 RHO 1.15 ± 0.01
8 22 0.457 1.62 0.501 RHO 1.20 ± 0.01
9 26 0.545 1.55 0.499 RHO 1.18 ± 0.01

10 30 0.629 1.47 0.500 RHO 1.19 ± 0.01
11 34 0.714 1.38 0.501 RHO 0.91 ± 0.01
12 38 0.800 1.30 0.500 RHO (ANA) 0.55 ± 0.006
13 44 0.924 1.17 0.502 RHO/ANA (KFI) 0.15 ± 0.002
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Figure 5-1: An overlay of the PXRD patterns for samples 1-7, from varying the
amount of Cs+ cations (0% - 18%) added to the precursor hydrogel of zeolite RHO.
Patterns shown in red correspond to zeolite RHO and black to amorphous. Indexing
in black corresponds to zeolite RHO.
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Figure 5-2: An overlay of the PXRD patterns for samples 8-13, from varying the
amount of Cs+ cations (22% - 44%) added to the precursor hydrogel of zeolite RHO.
Patterns shown in red correspond to phases primarily consisting of zeolite RHO and
purple to a mixture of phases. Indexing in black corresponds to zeolite RHO, purple
to pollucite (ANA) and red to zeolite ZK-5 (KFI).
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The powder X-ray diffraction patterns for samples 1-7 and 8-13 are shown in figures

5-1 and 5-2 respectively. These figures clearly illustrate that pure zeolite RHO can be

prepared within a wide window of Cs+% contents, from 10-34%. Below this range,

the product is amorphous, demonstrating that there is not enough caesium present

in the hydrogel to permit the spontaneous assembly of the RHO framework. The 8%

Cs+ content sample 3, which is just beneath the edge of the crystallisation field, shows

the emergence of the (100) Bragg peak for zeolite RHO. Alternatively, increasing the

Cs+% content of the hydrogel is shown to promote the evolution of impurity phases.

This is apparent in samples 12 and 13, where Bragg peaks corresponding to an ANA-

type zeolite are observed. This phase is attributed to a synthetic variation of the

mineral pollucite.

Topologically, the ANA and RHO frameworks are distinctly different, with no shared

SBUs or subunits. As such, it is unlikely that intergrowths of these two zeolites will be

present, as there will be a geometric mismatch in the framework. The ANA framework

is known to have a greater framework density than that of RHO,[6] indicating that

it is more thermodynamically stable and is anticipated to follow zeolite RHO via

successive transformations. Nevertheless, Vaughan et al.[63] detailed how caesium

rich hydrogels favour the formation of ANA-type zeolites, corroborating what has

been observed herein. Additionally, previous observations have also shown that in

the absence of 18C6, increasing the caesium content of the hydrogel promotes the

cocrystallisation of pollucite.[66]

The only other impurity phase observed amongst these samples is the presence of two

weak Bragg peaks corresponding to zeolite ZK-5 for the 44% Cs+ content sample

13. In contrast to the pollucite impurity, this is topologically more feasible, since

that both the RHO and KFI frameworks contain α-cages and are characterised by

single 8-ring (S8R) faces. However, due to the weak intensity of the Bragg peaks

the appearance of the zeolite ZK-5 impurity is of negligible importance compared to

pollucite.

A further feature of interest can be observed in the diffraction pattern of sample 4 in

figure 5-1. In this pattern all of the Bragg peaks either show a degree of asymmetry,

or splitting with a lower intensity component peak at higher 2θ. This is shown most

clearly by the (211) Bragg peak. This phenomenon is known as ‘doubling’ and corre-
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sponds to the presence of a lower symmetry zeolite RHO phase of different space group

and unit cell size. The less symmetrical space group in question is I4̄3m as opposed to

the typical Im3̄m. In the literature, the I4̄3m space group is commonly observed un-

der high pressure, heating or specific dehydration conditions.[136, 138, 139, 140, 141]

Furthermore, this space group is primarily characterised by a deformation in the D8R

units, leading to elliptical 8-ring apertures in the framework as seen previously in

Chapter 3.

The presence of a I4̄3m phase alongside the more symmetrical space group demon-

strates that the Cs+ content of the hydrogel is too low to ensure homogeneity in

the framework structure. It is understood that Cs+ cations occupy the D8R cages

in the framework and likely direct the assembly of these units in synthesis.[145, 179]

Consequently, it can be predicted that if the Cs+ content of the hydrogel is low,

the efficacy of the D8R assembly is compromised, leading to the elliptical distor-

tion observed in the I4̄3m structure. This is congruent with observations in the

literature that the lower symmetry phase can arise by changing the identity of the

extra-framework cations.[133, 137] Previously it has been reported in the literature

that it is the presence of 18C6 that prevents the elliptical distortion of the 8-ring

openings,[150] however the results herein disagree with this claim. Doubling is also

observed in other samples later on in this Chapter, and is also discussed in Chapter

9 where the relevant zeolites are studied with high pressure X-ray diffraction.

Generally, the Cs+ cation dependent crystallisation field for zeolite RHO is incredibly

wide, especially in comparison to the synthesis without 18C6.[66] This is further

emphasised by the fact that the ρ value is above 0.90 within the 12-34% Cs+ content

window, demonstrating that the high crystallinity is consistent. This indicates that

although the assembly of the RHO framework requires the Cs+ cation, the process is

not particularly sensitive to the quantity of cations available if 18C6 is present. This

will be investigated in the following section.

Table 5.2: Calculated unit cell parameters for zeolite RHO samples 4-13 using the
program UnitCell, by Holland and Redfern.[180]

4 5 6 7 8 9 10 11 12 13
Cs+% Content 10 12 15 18 22 26 30 34 38 44

Unit cell parameter a /Å 14.95 14.97 14.95 14.95 14.95 14.95 14.95 14.94 14.93 14.88
95% confidence a (x10-3) 1.08 1.24 1.24 1.24 1.24 1.23 1.23 1.07 1.12 1.13
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The unit cell parameters of the zeolite RHO phase for samples 4-13 calculated using

the program UnitCell[180] are shown in table 5.2. Between samples 4-11, where

zeolite RHO is the only phase, the unit cell size is consistent. This demonstrates

that the Cs+% content of the hydrogel does not influence the dimensions of the

unit cell crystallised. Consequently, two potential factors can be gleaned from this

trend, the first being it suggests that the Si/Al ratio is comparable amongst the

samples, further hinting that the Cs+ cations have little control on the abundance of

aluminium integrated into the growing framework. However, the presence of 18C6

as organic additive is likely to have a more dominant control of the Si/Al ratio, as is

convention.[93] The second factor, is that despite the drastic differences in the Cs+%

content of the hydrogel, the unit cell consistency implies that there is not a major

distinction in the amount of caesium integrated into the zeolite.

For samples 12 and 13, where pollucite has cocrystallised, the unit cell is smaller

compared to the pure zeolite RHO samples. This change is most prominent in sample

13, where pollucite is most abundant and the crystallinity of the zeolite RHO phase

is its lowest, having a ρ value of 0.15. This illustrates that in cases where the zeolite

phase has a low crystallinity the unit cell is contracted. This will be discussed further

later on.

5.2 Varying the amount of 18C6

Having observed that the crystallisation field in which to produce pure zeolite RHO is

wider in the presence of 18C6, the individual role of the 18C6 molecule was explored.

Although previously in Chapter 3 it has been observed that the 18C6 molecule oc-

cupies the α-cage, little is understood on how exactly the organic species aids the

framework assembly. Presently, it is understood that the 18C6 molecule enhances the

purity of the zeolite RHO phase, impeding the assembly of competing phases.[150]

However, the results seen in the previous section indicate that this only applies within

the confines of the crystallisation field dictated by the Cs+% content in the hydro-

gel. Furthermore, it has been seen in the literature that the use of 18C6 permits

crystallisation at a lower alkalinity of the hydrogel, and enhances the hydrophobicity

and hence Si/Al ratio, of the zeolite.[93] Herein the amount of 18C6 added to the
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hydrogel was systematically reduced, to glean additional information on the role of

the 18C6 molecule for crystallisation of zeolite RHO.

5.2.1 Powder X-ray Diffraction

The samples produced by varying the 18C6 content of the precursor hydrogel of

zeolite RHO are shown in table 5.3. These samples were prepared by following the

method by Chatelain et al.[150] where the Cs+% content of the hydrogel was held

constant at 15%. Also contained in the table are the hydrogel batch compositions,

identification via powder X-ray diffraction and the calculated ρ values. Again, these

ρ values were calculated relative to sample 6, being zeolite RHO prepared via the

standard procedure. All syntheses were repeated, showing the same product phases

and comparable relative crystallinities.

Figure 5-3 displays the powder X-ray diffraction patterns of the samples listed in table

5.3, where the 18C6/Al2O3 ratio of the precursor hydrogel was varied. These diffrac-

tion patterns clearly show that the crystallinity of the zeolite RHO phase declines

and the prominence of the amorphous hump increases upon reducing the hydrogel

Table 5.3: The results from reducing the amount of 18C6 added to the precursor
hydrogel of zeolite RHO. All samples were prepared at 110°C for 8 days. The ρ
value was calculated as explained in Chapter 2. The less abundant impurity phases
are shown in italics and parentheses. Am refers to the sample being identified as
primarily amorphous. The ∗ indicates that the RHO-type phase shows doubling, with
weak peaks corresponding to space group I4̄3m.

Sample Cs+% Cs2O/ Na2O/ 18C6/ Framework ρ value
Content Al2O3 Al2O3 Al2O3

6 15 0.308 1.82 0.502 RHO 1.00 ± 0.02
14 15 0.307 1.79 0.251 RHO 1.09 ± 0.02
15 15 0.303 1.78 0.125 RHO (CHA) 0.76 ± 0.01
16 15 0.301 1.80 0.100 RHO∗ (CHA) 0.45 ± 0.008
17 15 0.306 1.81 0.083 RHO (CHA) 0.49 ± 0.01
18 15 0.304 1.81 0.050 RHO (CHA) 0.31 ± 0.006
19 15 0.306 1.79 0.030 Am (RHO/CHA) 0.08 ± 0.003
20 15 0.304 1.78 0.020 Am (RHO/CHA) -
21 15 0.300 1.78 0.010 Am -
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Figure 5-3: An overlay of the PXRD patterns for samples 6, 14-21, from varying the
18C6/Al2O3 ratio of the zeolite RHO hydrogel from 0.502-0.010. Patterns shown in
red correspond to zeolite RHO and black to amorphous. Indexing in black corresponds
to zeolite RHO and purple to chabazite (CHA).
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18C6/Al2O3 ratio. This is emphasised by the calculated ρ values, which likewise de-

crease with the amount of 18C6 present in synthesis. Zeolite RHO is the dominant

phase within the 18C6/Al2O3 ratio range of 0.502-0.050. Beneath this boundary,

the sample is deemed predominantly amorphous, although a few weak Bragg peaks

corresponding to zeolite RHO and a chabazite (CHA) impurity phase persist until

the 18C6/Al2O3 ratio is 0.020. Decreasing the ratio further results in the sample

being purely amorphous within the limits of detection, signifying the edge of the

crystallisation field.

Synthesis using a 18C6/Al2O3 ratio of 0.125 or lower permits the crystallisation of

chabazite as an impurity phase. This agrees with earlier findings by Chatelain et

al.[93, 150] which state that the absence of 18C6 concedes the cocrystallisation

of chabazite and pollucite. As with pollucite (ANA), the CHA-type framework of

chabazite does not share any SBUs or subunits with the RHO topology.[6] This sug-

gests that distinct intergrowths or stacking faults between zeolite RHO and chabazite

are unlikely. Moreover, such intergrowths have not been observed in the literature.

What is curious from the diffraction patterns in figure 5-3 is how the chabazite

impurity phase only exists alongside the zeolite RHO phase. If zeolite RHO and

chabazite are competing phases, upon which 18C6 favours the former, it would be

conjectured that chabazite should dominate the crystallisation if the hydrogel no

longer has the faculty to produce zeolite RHO. However, seeing that the two phases

cocrystallise together, and that beyond the edge of the zeolite RHO crystallisation field

amorphous aluminosilicate is produced, it seems the relationship is more complicated.

Table 5.4 contains the unit cell paramaters of the zeolite RHO samples in this series,

determined using the program UnitCell.[180] These data illustrate that reducing the

hydrogel 18C6/Al2O3 ratio from 0.502 to 0.050, although impacting the crystallinity,

Table 5.4: Calculated unit cell parameters for zeolite RHO samples 6, 14-19 using
the program UnitCell, by Holland and Redfern.[180]

6 14 15 16 17 18 19
18C6/Al2O3 0.502 0.251 0.125 0.100 0.083 0.050 0.030

Unit cell parameter a /Å 14.95 14.97 14.96 14.95 14.93 14.93 14.82
95% confidence a (x10-3) 1.24 1.24 1.24 1.30 1.29 1.29 2.11

175



does not impinge on the unit cell size. This mirrors what was observed in Chapter

4 when conducting a similar study for zeolite EMC-2. Consequently, it suggests that

the 18C6 molecule has no influence on the size of the unit cell, and that the α-cage is

spacious enough that occupancy by the 18C6 does not lead to any expansion of the

framework. Furthermore, it hints that any changes to the Si/Al ratio with decreasing

hydrogel 18C6/Al2O3 ratio, are not so significant as to influence the unit cell size.

Concerning sample 19, below the edge of the crystallisation field, it is once again seen

that upon drastic decline of the zeolite crystallinity there is a contraction in the size

of the unit cell.

Observing that the cocrystallisation of chabazite is viable at lower 18C6/Al2O3 hy-

drogel ratios, it is postulated that chabazite could be a successive thermodynamic

stage, appearing before or after zeolite RHO. Although the hydrogel does not strictly

favour the production of pure zeolite RHO at low 18C6 concentrations, it is considered

whether this can be enhanced with extended hydrothermal duration. Previously with

zeolite EMC-2, it was seen that at the edge of the crystallisation field, the deficiency

of 18C6 could be compensated by longer hydrothermal treatment. To investigate

this, batch compositions of samples 18, 19 and 20 were repeated but prepared with

12 days of hydrothermal treatment as opposed to 8 days. These samples were conse-

quently designated 18a, 19a and 20a respectively. The samples are listed in table 5.5,

alongside their synthetic details and results from identification with X-ray diffraction.

The powder X-ray diffraction patterns are shown in figure 5-4.

Table 5.5: The results from increasing the hydrothermal duration to 12 days at
the 18C6 edge of the zeolite RHO crystallisation field. All samples were prepared at
110°C for 8 or 12 days. The ρ value was calculated as explained in Chapter 2. The
less abundant impurity phases are shown in italics and parentheses. Am refers to the
sample being identified as primarily amorphous.

Sample Cs+% Cs2O/ 18C6/ Framework ρ value Hydrothermal
Content Al2O3 Al2O3 Duration /days

18 15 0.304 0.050 RHO (CHA) 0.31 ± 0.006 8
18a 15 0.306 0.050 RHO (CHA) 0.67 ± 0.01 12

19 15 0.306 0.030 Am (RHO/CHA) 0.08 ± 0.003 8
19a 15 0.308 0.030 RHO/CHA 0.31 ± 0.006 12

20 15 0.304 0.020 Am (RHO/CHA) - 8
20a 15 0.310 0.021 RHO/CHA 0.09 ± 0.003 12
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Figure 5-4: An overlay of the PXRD patterns for samples 18, 19 and 20 where the
hydrothermal duration was extended to 12 days to make samples 18a, 19a and 20a
respectively. Patterns shown in red correspond to samples that are predominantly
zeolite RHO, purple to mixed phases and black to amorphous. Indexing in black
corresponds to zeolite RHO and purple to chabazite (CHA).
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Sample 18, which was prepared with a hydrogel 18C6/Al2O3 ratio of 0.050, was the

sample of lowest 18C6 content that was identified as predominantly zeolite RHO.

From figure 5-4, it is apparent that increasing the length of hydrothermal treatment

enhances the zeolite crystallinity. This is to be expected following crystallisation

convention, and is also emphasised by the increase in the ρ value from 0.31 to 0.67.

However, the chabazite impurity phase also shows an increase in crystallinity, which

suggests that both zeolite phases are growing in tandem as opposed to transforming

from one into the other. The same trend is observed for samples 19 and 20 with

extended hydrothermal duration. In both of these cases, the crystallinity increases,

but the diffraction patterns (19a and 20a) present a much greater abundance of

chabazite relative to zeolite RHO then what was seen for sample 18a.

Overall, these data demonstrate that the presence of 18C6 in the hydrogel is strictly

necessary to induce crystallisation of zeolitic material - including chabazite. Upon

increasing the concentration of 18C6 in the hydrogel, it is clear how 18C6 plays an

integral role in ensuring the purity of zeolite RHO. The reduction in crystallinity and

purity, propogated by the absence of 18C6, can not be compensated by extended

hydrothermal duration. Although these results seem to suggest that the assembly of

the RHO framework is highly dependent on 18C6 as an organic additive, this is not the

case as zeolite RHO can be prepared in hydrogels without 18C6,[66, 152] as explained

previously. In these cases there is little flexibility in the synthetic conditions and batch

compositions permitting crystallisation. However, herein it has been seen that the

presence of 18C6 vastly expands the realm of the crystallisation field. As such, it must

be expected that the 18C6 molecule plays a more latent role in framework assembly,

as opposed to directing the entirety of the crystallisation process which is expected

for zeolite EMC-2.

5.3 Tracking the Crystallisation of Zeolite RHO

To glean further information on the role of 18C6 in the synthesis of zeolite RHO, the

evolution of the crystallisation was studied over time using ex situ methods. The batch

composition explored was that reported by Chatelain et al.[150] which has a Cs+%

content of 15% and a 18C6/Al2O3 ratio of 0.5. The hydrogel batch was scaled up,
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separated into five different autoclaves and subsequently treated to different lengths

of hydrothermal treatment. The purpose of this being to gather ‘snapshots’ of the

crystallisation which can be analysed individually. Therefore, the development of

crystallinity, unit cell parameters and 18C6 integrated into the framework with time

could be compared. The samples were crystallised at 110°C and treated to 1, 2, 4, 6

and 8 days of hydrothermal conditions.

5.3.1 Powder X-ray Diffraction

A summary of the synthesis conditions and powder X-ray diffraction results of the

samples are shown in table 5.6. The ρ value was further used in this analysis as

a measure of relative zeolite RHO crystallinity compared to the standard - sample

6. Figure 5-5 displays the powder X-ray diffraction patterns of the samples, ar-

ranged in ascending order of hydrothermal duration. The diffraction patterns clearly

show how the zeolite RHO structure emerges and becomes increasingly crystalline

with extended hydrothermal treatment. This agrees with the conventions of zeolite

crystallisation.[26, 64]

After 1 day of hydrothermal treatment there is no observable periodicity in the sample.

This demonstrates that if any crystallite domains are assembled at this point in the

Table 5.6: A summary of the results and synthesis conditions used to track the
crystallisation of zeolite RHO with 18C6[150] over time. All samples were crystallised
at 110°C, with the hydrothermal duration varied. The ρ value was calculated as
explained in Chapter 2. The less abundant impurity phases are shown in italics and
parentheses. Am refers to the sample being identified as primarily amorphous. The ∗
indicates that the RHO-type phase shows doubling, with weak peaks corresponding
to space group I4̄3m.

Sample Cs2O/ Na2O/ 18C6/ Framework ρ value Hydrothermal
Al2O3 Al2O3 Al2O3 Duration /days

22a 0.301 1.80 0.500 Am - 1
22b 0.301 1.80 0.500 Am (RHO) 0.08 ± 0.002 2
22c 0.301 1.80 0.500 RHO∗ 0.50 ± 0.009 4
22d 0.301 1.80 0.500 RHO 0.95 ± 0.02 6
22e 0.301 1.80 0.500 RHO 0.93 ± 0.02 8
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Figure 5-5: An overlay of the PXRD patterns for samples 22a-22e, tracking the
crystallisation of zeolite RHO over time. Patterns shown in red correspond to samples
that are predominantly zeolite RHO and black to amorphous. Indexing in black
corresponds to zeolite RHO. Bragg peaks labeled with an ‘∗’ correspond to the I4̄3m
space group which manifest as a result of doubling.
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crystallisation process, they are below the limit of the diffractometer’s detection.

Bragg peaks corresponding to zeolite RHO are not observed until 2 days into the

hydrothermal treatment. However, at this point the sample still shows a prominent

amorphous hump, and the Bragg peaks are weak. From 4 days onwards, the Bragg

peaks are considerably sharper, with the amorphous silica hump centered at 2θ =

26° diminished. In addition to the evolution of crystallinity with time, figure 5-5 also

illustrates how there is a decline in the degree of doubling. The presence of the

lower symmetry I4̄3m space group is most prominent after 4 days of hydrothermal

treatment (22c), where the Bragg peaks corresponding to this phase are labeled with

an ‘∗’. With increased hydrothermal duration, the intensity of these Bragg peaks

decline relative to those of the typical, higher symmetry Im3̄m phase. This transition

can be seen most clearly via the (211) Bragg peak. Samples 22d and 22e show a

smaller proportion of doubling, based on the asymmetry and shoulders of these and

other Bragg peaks.

Figure 5-6 shows the ρ values listed in table 5.6 as a function of the hydrothermal

duration. This graph further emphasises the emergence of zeolite RHO over time, in

addition to illustrating that the growth in crystallinity follows a sigmoidal curve, as

is expected.[26, 64] From this, it can be gleaned that the majority of crystal growth

occurs within the 2-6 day time frame. After 6 days the crystallisation process is

complete, with the sample showing no significant increase in the ρ value and hence

relative crystallinity.

These results contrast the timescale reported by Araki et al.[148] using the same

hydrogel batch composition and hydrothermal conditions. Therein, the crystallisation

process occurs on a faster timescale, whereby Bragg peaks corresponding to zeolite

RHO are first observed after 1 day of hydrothermal treatment, and high crystallinity

achieved after 2 days. However, it is anticipated, but not explicitly made clear, that

Araki et al. prepared these samples from the same hydrogel as opposed to different

hydrogels with the same batch composition. Regardless, such discrepancies are within

the capricious nature of zeolite synthesis.[26, 64]

Concerning the presence of the I4̄3m phase, this was not observed by Araki et al.[148]

However, it is speculated that due to the faster progression of the crystallisation seen

therein, this lower symmetry phase may not have been captured. Consequently,
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Figure 5-6: The relative crystallinity of zeolite RHO (ρ value) as a function of the
length of hydrothermal treatment.

the data presented herein suggest that the lower symmetry I4̄3m space group is a

zeolite RHO phase that emerges earlier in the crystallisation process and successively

transforms into the Im3̄m phase. This is within the scope of possibility, based on

the known flexibility of the RHO framework.[140, 141] Earlier it was seen that the

possibility of doubling was enhanced when there was less 18C6 present in the hydrogel,

which is suspected to prevent flexibility and the ellipticity of the 8-ring openings.[150].

Therefore, it is postulated that in the early stages of crystallisation, the I4̄3m phase

can assemble due to insufficient integration of 18C6. As more 18C6 is incorporated

into the growing framework over time, it permits the subsequent transformation of

the framework into the high symmetry Im3̄m phase. This will be explored further,

upon discussion of the thermogravimetric data.

Table 5.7 summarises the unit cell parameters of zeolite RHO, calculated using the

program UnitCell.[180] These cell parameters correspond to the Im3̄m phase observed

in the samples. From the data values, it is clear that the size of the unit cell is
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Table 5.7: Calculated unit cell parameters for zeolite RHO samples 22b-22e using
the program UnitCell, by Holland and Redfern.[180]

22b 22c 22d 22e
Hydrothermal Duration /days 2 3 4 5

Unit cell parameter a /Å 14.92 14.94 14.93 14.93
95% confidence a (x10-3) 1.74 1.24 1.24 1.24

consistent throughout the crystallisation process. This statement is true even for

sample 22b after 2 days of hydrothermal treatment, which shows very low crystallinity

and few Bragg peaks. Such coherence in the unit cell size throughout crystallisation

is anticipated to be a result of the 18C6 molecule’s presence.

5.3.2 Thermogravimetric Analysis

To resolve how much 18C6 was integrated into the growing zeolite RHO over the

crystallisation process, each of the samples were analysed using thermogravimetry.

Samples 22a-22e were heated in an air atmosphere from 30°C to 600°C with a con-

stant ramp rate of 5 Kmin-1. Further details on the experimental procedure and equip-

ment used are contained in Chapter 2. To determine the thermal events throughout

the measurement, any gases liberated from the sample were identified using mass

spectrometry (MS). A thorough investigation into the 18C6 decomposition in zeolite

RHO, and the other zeolites of interest, is discussed in Chapter 7. In this Chapter,

the nature of the structure directing host-guest interactions between the 18C6 and

the zeolite framework are explored in greater detail.

Figure 5-7 shows the thermogravimetric (TG) curve of the crystalline zeolite RHO

sample prepared with 8 days of hydrothermal treatment using the Chatelain et al.[150]

method. The TG curve clearly demonstrates that there are two thermal events of

mass loss associated with the 30-600°C temperature range. The initial mass loss

below 200°C is attributed to the desorption of extra-framework water. This process

is further confirmed by the broad peak observed in the MS signal for the mass-to-

charge ratio (m/z) 18 ion, which corresponds to water. The second mass loss event

after 300°C is accompanied by peaks in the MS signals for both water and the m/z
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44 ion, characteristic of carbon dioxide. Consequently, this indicates that the second

mass loss step correlates to the thermal breakdown of 18C6, as both water and carbon

dioxide are the decomposition products. This agrees with previous thermal analysis of

18C6 containing zeolite RHO.[150] As both thermal events are coherently separated,

the mass% content of 18C6 could be accurately estimated from the TG curve.

The thermogravimetric curves of all five samples 22a-22e are presented in figure 5-

8. From this, the evolution of the TG curve over hydrothermal duration can be

appreciated. Sample 22a, after 1 day of hydrothermal treatment, shows the fewest

features. The TG plot is a smooth gradual curve, with no definitive thermal events.

In conjunction with the absence of any peaks in the MS signal for the m/z 44 ion, it

can be gleaned that no 18C6 has been integrated into the aluminosilicate structure at

this time frame. This sample was identified as amorphous from X-ray diffraction, so

it is clear that as no 18C6 has been incorporated into the material there has been no

Figure 5-7: Thermogravimetric curve and mass spectrometry (MS) signals of zeolite
RHO synthesised via the standard method for 8 days in the presence of 18C6 (sample
22e). The TG curve is shown in black, and the MS signals for water (m/z 18) and
carbon dioxide (44) are shown in blue and orange respectively. The sample was heated
at a ramp rate of 5 Kmin-1, as explained in Chapter 2.
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introduction of periodicity. Upon the emergence of Bragg peaks after 2 days (22b),

the higher temperature mass loss in the TG curve begins to develop. This confirms

that 18C6 is now being integrated into the growing zeolite. Moving from 2 to 4

days within the hydrothermal timescale, the magnitude of the mass loss due to 18C6

decomposition is greater, in addition to being more coherent and well separated from

the water desorption event. As to be expected, this is concomitant with the increase

in sample crystallinity, as indicated by figure 5-6.

In the final stage of the crystallisation between 4 and 6 days of hydrothermal treatment

(22c and 22d), the magnitude of the 18C6 decomposition event increases and the

mass loss due to extra-framework water is smaller. This indicates an increase in the

mass% of 18C6 incorporated into the material, but it also demonstrates a decline

Figure 5-8: Thermogravimetric curves of the zeolite RHO samples 22a-22e, crys-
tallised for different hydrothermal durations. The samples were heated at a ramp rate
of 5 Kmin-1, as explained in Chapter 2.

185



in the water content. Furthermore, both samples present a comparable total mass%

loss at 600°C where ramping has finished. Such an observation is interesting, as

it suggests that the mass% of extra-framework water occluded in the framework at

4 days is substituted with additional 18C6 after 6 days. Between 6 and 8 days of

hydrothermal treatment, for samples 22d and 22e accordingly, the TG curves are

analogous in shape. This confirms the crystallisation process is complete within this

time frame, and how there is little change in the sample crystallinity.

As mentioned earlier, from 2 days of hydrothermal treatment onwards it was observed

that 18C6 was integrated into the zeolite sample. Seeing coherent mass loss events

in the TG curves of these samples, as shown in figure 5-8, the 18C6 content mass%

could be accurately determined. These 18C6 content mass% values are displayed in

table 5.8 and are also plotted as a function of the hydrothermal duration in figure

5-9. The plot quantitatively demonstrates that there is a significant increase in the

18C6 content of the samples, with increasing length of crystallisation. Within the

1-6 day time frame there is a rapid increase in the integration of 18C6 into the

growing framework, after which there is no further significant addition of 18C6. This

emphasises that the crystallisation is complete after 6 days of hydrothermal treatment.

Moreover, it is interesting that the plot of 18C6 content mass% with time follows a

sigmoidal curve, analogous to that of crystallinity against time shown in figure 5-6.

Consequently, a direct relationship between the two can be ascertained, whereby the

amount of 18C6 incorporated into the material has a direct influence on propagating

the structural crystallinity. This is further exemplified by sample 22a, where there is

no 18C6 present, and the sample is identified as amorphous.

Regarding the crystallisation process observed by Araki et al.[148] it was reported that

18C6 is incorporated into the material after 20 hours of hydrothermal treatment. This

contrasts what has been seen herein, whereby after 1 day (24 hours), there was no

18C6 observed to be integrated within the sample. However, as mentioned earlier, the

timescale of the crystallisation process was reportedly quicker than has been observed

herein. Both the work herein and that by Araki et al. show a coherent relationship

between the sample crystallinity and the amount of 18C6 integrated in the sample,

both of which increase following sigmoidal curves. When the sample is amorphous no

18C6 is detected, and the sample crystallinity and 18C6 content plateau in tandem.

This agreement between these separate studies further consolidate the role of 18C6
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Table 5.8: A summary of the 18C6 decomposition data obtained from the TG curves
of samples 22a-22e. Decomposition temperatures taken as the peak in the derivative
dTG/dt curves. The ρ values for each of the samples are also reported. Standard
deviations are shown in parentheses. The 18C6 mass% content was determined using
equation 2.16 and the procedure explained in Chapter 2.

Sample Hydrothermal ρ value 18C6 Decomposition 18C6 Content
Duration /days Temperature /°C Mass%

22a 1 - - -
22b 2 0.08 ± 0.002 428 (0.3) 2.09 (0.09)
22c 4 0.50 ± 0.009 369 (0.3) 5.63 (0.09)
22d 6 0.95 ± 0.02 325 (0.3) 7.53 (0.09)
22e 8 0.93 ± 0.02 339 (0.3) 7.55 (0.09)

Figure 5-9: The amount of 18C6 integrated into zeolite RHO for samples 22a-22e,
as a function of the hydrothermal duration of synthesis.

to directly propagate the crystalline structure with its integration into the material.

This contrasts what was seen with zeolite EMC-2, whereby 18C6 is integrated before

any periodicity is introduced.

Additional information gleaned from the TG curves is the temperature at which the

18C6 molecule decomposes. These values are shown in table 5.8. Generally speaking,

the decomposition temperature is seen to decline with extended hydrothermal dura-
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Figure 5-10: The relationship between the decomposition temperature of the oc-
cluded 18C6 within the zeolite RHO samples 22b-22e, and the relative crystallinity ρ
value.

tion. However, based on the insignificant difference in the ρ values of the samples

prepared for 6 and 8 days, a clearer trend can be drawn between the zeolite crys-

tallinity and the decomposition temperature. This relationship is illustrated with the

plot shown in figure 5-10. A greater 18C6 decomposition temperatures is associated

with enhanced confinement, as will be discussed further in Chapter 7. As such, the

data herein suggest that with increased hydrothermal duration and crystallinity, the

18C6 is less confined and capable of decomposing at a lower temperature. The im-

plication of this, is that it suggests the α-cage cavity the 18C6 molecule occupies

expands during crystallisation. If such an expansion is occurring, it is not propagated

through to the unit cell size, which is shown to be constant.

However, it is postulated that there may be more to this story than initially appears.

As seen via the powder X-ray diffraction patterns, the zeolite RHO samples in the

earlier stages of crystallisation showed an increased proportion of the lower symmetry

I4̄3m phase. In this space group the 8-ring windows are elliptical, meaning that the di-

mensions of the aperture are shorter and longer along perpendicular directions. Such

a decrease in the pore size along the minor axis could lead to heightened confinement
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and hence an increase in the 18C6 decomposition temperature. Nevertheless, the

trend in the decomposition temperature demonstrates that the confinement experi-

enced by the occluded 18C6 molecule changes as the crystallisation proceeds.

5.3.3 Scanning Electron Microscopy

Figure 5-11 displays the SEM micrographs for samples 22a-22e, illustrating the evolu-

tion of crystal morphology throughout the crystallisation process. From X-ray diffrac-

tion, sample 22a was identified as being amorphous aluminosilicate after 1 day of

hydrothermal treatment. Micrograph 5-11a corroborates this, as the particles are

irregular and show no homogeneous features, which is typical of amorphous silicates.

A distinct crystal morphology is not observed until the hydrogel has been subjected

to 2 days of hydrothermal treatment, as shown in micrograph 5-11b. Herein, reg-

ular sized spherical crystals have emerged amongst the amorphous material. These

spheres can be attributed to zeolite RHO, as such a morphology is typically seen by

this zeolite,[93, 148] particularly in the early stages of crystal development.[66] The

appearance of zeolite RHO at this stage further agrees with the X-ray diffraction

patterns, whereby the corresponding Bragg peaks are first observed.

After 4 days of hydrothermal treatment, the spherical zeolite RHO morphology is the

primary abundant species observed, as illustrated by micrographs 5-11c-5-11e. This

is concomitant with the X-ray diffraction patterns, which demonstrate that there is

no amorphous material and zeolite RHO is the dominant crystalline phase in the

samples. Consequently, these SEM micrographs agree with the understanding of the

crystal growth timescale that has been reported herein.

Concerning the zeolite RHO crystal habit, although they appear spherical, it is feasible

that the resolution of the micrographs in figure 5-11 are too low to discern the distinct

crystal facets. Sample 6, which was prepared following the procedure by Chatelain et

al.[150] was studied using field emission SEM (FESEM) as shown in figure 5-12. This

sample was synthesised using the same batch hydrogel composition and hydrothermal

conditions as samples 22a-22e, but was prepared individually as opposed to the larger

scale batch following the ex situ method. This higher resolution micrograph illustrates

that the zeolite RHO crystals have defined facets, giving a rhombic dodecahedral
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Figure 5-11: SEM micrographs showing the progression of crystallisation for zeolite
RHO synthesised with 18C6. Micrographs a) Sample 22a 1 day, b) Sample 22b 2 days,
c) Sample 22c 4 days, d) Sample 22d 6 days and e) Sample 22e 8 days. Micrographs
were taken at x3k magnification, with a 5 µm scale, an accelerating voltage of 15 kV
and at a low vacuum pressure of 30 Pa.
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Figure 5-12: Field-emission SEM (FESEM) micrographs of zeolite RHO sample 6,
prepared with 18C6 using the standard procedure by Chatelain et al.[150] The high
resolution micrograph was taken at x5k magnification with a 5 µm scale, and shows
the true rhombic dodecahedron morphology of zeolite RHO. The inset contains a
micrograph taken at x20k magnification, with a 1 µm scale. Both micrographs were
taken using an accelerating voltage of 2.0 kV under vacuum.

morphology. This was reported by Mousavi et al.[152] as being characteristic of

zeolite RHO. Interestingly, the zeolite RHO synthesis explored by Mousavi et al. was

in the absence of 18C6. It can therefore be affirmed that the presence of 18C6 does

not appear to have any critical influence on the crystal morphology. Moreover, these

data demonstrate that the spherical particles observed in figure 5-11 throughout the

crystallisation process may in fact be rhombic dodecahedra.

The inset in figure 5-12 illustrates that crystals can form which appear as overlapping

rhombic dodecahedra. Such an observation indicates that twinning can occur during

crystallisation, whereby lattice interruptions can change the orientation of crystal

growth. Such twinning could be the true explanation of the well aggregated crystals

observed in figure 5-11, which can not be distinguished under the low resolution.

In addition to the crystal morphology, the size was also seen to develop over the

crystallisation, as to be expected. Figure 5-13 displays the zeolite RHO crystal growth

over the course of hydrothermal treatment. The average crystal size is seen to increase
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Figure 5-13: The variation in zeolite RHO crystal size over the progression of the
crystallisation process from 1-8 days. Measurements taken from SEM images using
the software ImageJ.[210]

over time, with a significant increase within the 2-4 day time frame. After 4 days

of hydrothermal treatment, the average is seen to continue to increase, however

the difference is not significant. The increasing trend in crystal size is analogous

to the trend in the relative crystallinity shown earlier in figure 5-6 via the ρ value.

Previously, the data herein indicated that the majority of crystal growth occurs within

the 4-6 day time frame, and that the crystallisation is complete from 6 days onwards.

Although the crystal growth rate shown in figure 5-13 appears to contradict this,

it merely contributes finer details to the understanding of the crystallisation process.

The micrographs demonstrate that the crystal growth is fastest within the first 4 days

of hydrothermal treatment, after which there is gentle crystal growth. During this

stage the nutrients in the hydrogel are depleted, hence impeding the crystallisation.

Therefore, the majority of the crystallisation process is complete after 4 days of

hydrothermal treatment.

In comparison to the work by Araki et al.[148] it was observed that the onset of gentle

growth is after 48 hours of hydrothermal treatment. Once again, this contrasts what
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has been observed herein. However, as mentioned earlier, the timescale reported

by Araki et al. is quicker than what has been observed herein. Nevertheless, both

the results therein and herein agree that the onset of gentle growth occurs when the

amorphous aluminosilicate hump is no longer observed in the powder X-ray diffraction

pattern. This is the case for sample 22d, after 4 days of hydrothermal treatment,

where the amorphous silicate hump centered at 2θ = 26° is no longer present.

In the absence of 18C6, the crystal size does not appear to change when compared

to the observations reported previously,[66] and that by Mousavi et al.[152]. Conse-

quently, this suggests that the 18C6 molecule does not play any role in the nucleation

of zeolite RHO which would propagate the formation of additional or fewer nuclei.

Any influence on the crystallisation process must involve the crystal growth phase,

whereby the 18C6 is likely to improve the rate of crystallisation.

5.3.4 Energy Dispersive X-ray Spectroscopy

To evaluate the variation of the Si/Al ratio throughout the crystallisation, samples

22a-22e were studied using energy dispersive X-ray (EDX) spectroscropy. From the

EDX spectra the atomic% of the constituent atoms were calculated, and hence the

Si/Al ratio. Several sites within the sample were measured, and used to calculate the

average Si/Al ratio and standard deviation for the sample. EDX analysis is known to

only probe the surface of particles, meaning that measurements do not represent the

entirety of the framework Si/Al ratio in the crystals. Although solid state NMR is

a more appropriate local probe to determine the Si/Al ratio, EDX spectroscopy was

shown to produce values which are in good agreement in Chapter 3.

The variation of the Si/Al ratio with hydrothermal duration is displayed in figure 5-

14. This ratio corresponds to an average of all the material in the sample, including

amorphous aluminosilicate, which is the case for samples within the 1-2 day time

frame. Although there appears to be a general decline in the average Si/Al, it is not

statistically significant, illustrating that the Si/Al ratio is consistent throughout the

crystallisation process. This agrees with the calculated unit cell parameters in table

5.7, which inferred such a trend from the similarity in unit cell size over time. Such a

consistency also extends to the Si/Al ratio of the non-zeolitic material, hence meaning
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Figure 5-14: The variation in zeolite RHO Si/Al ratio over the progression of the
crystallisation process from 1-8 days. Values calculated from EDX analysis, measuring
a selection of different crystals at different sites and taking an average.

that regardless of structure, whatever polymerises from the hydrogel has a comparable

Si/Al ratio. The consequence of this is that as the 18C6 is incorporated into the

framework, the rate of aluminium integration during crystal growth is constant. The

results herein agree with those by Araki et al.[148] whereby the Si/Al ratio was also

observed to be homogeneous during crystallisation.

Concerning the influence of 18C6, previously it was reported that synthesis in the

absence of 18C6, under similar hydrothermal conditions, crystallised zeolite RHO with

a Si/Al ratio of 2.6.[66] This value having been determined through 29Si nuclei solid

state NMR. When compared to the results herein, it can be seen that the inclusion

of 18C6 in the hydrogel drastically increases the Si/Al ratio, making the zeolite RHO

that crystallises more siliceous. Such a claim is concomitant with the findings by

Chatelain et al.[93] regarding zeolite RHO. Although there are slight variations in

the batch composition of alkali metal cations between the samples herein and those

reported previously without 18C6,[66] it is not anticipated to impact the Si/Al ratio

as strongly as the 18C6.
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5.4 Chapter Summary

Herein, a greater understanding of the role of 18C6 in the assembly of zeolite RHO is

reported. In the crystallisation process, both the Cs+ cations and 18C6 in the hydrogel

are known to induce structure direction. By methodically varying the hydrogel content

of either of these species, it was determined that the two have distinct functions, both

of which enhance different aspects of the crystallisation process.

Previously, it was shown that without 18C6 a very specific concentration of Cs+

cations is required to ensure the purity of zeolite RHO. When 18C6 is present in the

hydrogel, the Cs+ dependent crystallisation field in which to prepare pure zeolite RHO

is much wider, indicating that the crystallisation is less sensitive to the Cs+ content.

Zeolite RHO was observed to be feasibly crystallised within the Cs+% range of 10-

34%. Above this limit pollucite preferentially began to crystallise, and at the lower

edges doubling was observed before producing no crystalline material. The presence

of doubling suggests that if there is an insufficient supply of Cs+ cations, the D8R

units they direct can become distorted leading to the I4̄3m phase.

Seeing how 18C6 allows greater flexibility in the batch composition of the hydrogel

used, it was further gleaned that the 18C6 ensures the purity of the zeolite RHO

phase. Upon reducing the 18C6/Al2O3 ratio of the hydrogel to 0.125 and lower,

chabazite was permitted to cocrystallise alongside zeolite RHO. It was confirmed

that the presence of chabazite was not as a successive phase of zeolite RHO in the

crystallisation timeline, but rather grows in tandem alongside it. At the lower edges of

the 18C6 dependent crystallisation field, it was demonstrated that although extended

hydrothermal duration can enhance the crystallinity, it does not improve the purity.

Rather, longer hydrothermal treatment develops the periodicity of both zeolite RHO

and chabazite.

Further details on the function of 18C6 came to light as a consequence of studying the

crystallisation process ex situ. The first signs of zeolite RHO structure were observed

2 days into hydrothermal treatment, after which the majority of crystal growth occurs

within the first 4 days. At this stage the crystallisation is predominantly complete,

but is subsequently followed by gentle crystal growth and increasing crystallinity. In

the early stages of crystallisation the I4̄3m phase was observed. It was deduced that
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this is an earlier phase which assembles due to insufficient 18C6 and successively

transforms into the typical Im3̄m symmetry. Concerning 18C6 specifically, there was

a strong correlation between the amount of 18C6 incorporated into the zeolite and

the crystallinity. The initial integration of 18C6 into the material coincided with the

emergence of periodic structure. Curiously, it was recognised that the decomposi-

tion temperature of the occluded 18C6 decreased with increasing crystallinity and

hydrothermal duration. Although the implication of this was inconclusive, it suggests

that this was due to reduced confinement of the 18C6 molecule in the framework over

the course of the crystallisation. Either due to expansion of the α-cage, or the more

likely, the transformation of the I4̄3m phase which possesses a smaller pore size.

The presence of 18C6 in the synthesis did not impact the size of the zeolite RHO

crystals grown. Consequently, it was postulated that 18C6 does not enhance the

number of nuclei assembled, but controls purity by ensuring that only zeolite RHO

can crystallise. It is likely that the 18C6 molecules play a role in regulating the crystal

growth phase. Furthermore, the Si/Al was consistent throughout the crystallisation

process and it was evident that the inclusion of 18C6 makes zeolite RHO more siliceous

- as is anticipated.
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Chapter 6

Crystallisation of Zeolite ZK-5

Having discussed the crystallisation field for zeolites EMC-2, Na-X and RHO, herein

the synthesis of zeolite ZK-5 (KFI) is investigated. Unlike the previous zeolites,

little research has been reported concerning the crystallisation of zeolite ZK-5 or the

role that the 18C6 molecule plays. In addition to this, it is interesting that zeolite

ZK-5 can be prepared using a variety of hydrogel compositions containing different

metal cation species.[93, 167, 168] To investigate these concerted structure directing

roles from 18C6 and metal cations, a similar methodology used for zeolite RHO was

applied to zeolite ZK-5. Separately, the metal cation ratio and amount of 18C6 in

the hydrogel were varied, to observe their individual influences on the crystallisation

field. Furthermore, the crystallisation process in the presence and absence of 18C6

were followed over time using the ex situ method, and compared.

6.1 Varying the amount of Sr2+ cations

Initially, the Sr2+ cation dependent limits of the crystallisation field for zeolite ZK-5

were explored. Within the synthesis of zeolite ZK-5, the hydrogel primarily contains

K+ cations, with only a very small quantity of Sr2+ cations. As such, it is curious what

precise role the Sr2+ cations are playing in the crystallisation, and how dependent the

assembly of the KFI framework is on the cation’s abundance in the hydrogel. Zeolite
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ZK-5 was synthesised following the method reported by Chatelain et al.[93, 168] using

18C6 as an organic additive. As this recipe already contains 18C6, questions arise

as to whether there are collaborative effects between the 18C6 and either the K+ or

Sr2+ cations. Such effects leading to the preferential assembly of the KFI framework

over other potential topologies. The molar ratio of the precursor hydrogel was as

follows:

1 Al2O3 / 2.7 K2O / x SrO / 10 SiO2 / 1 (18C6) / 220 H2O (6.1)

The quanitity x was systematically varied from 0-0.338, with the standard reported

procedure having a value of 0.1.[168] Unlike the study into zeolite RHO where the

ratio of both metal cations were inversely altered, herein only the SrO ratio was

modified. The reason for this being that the source of Sr2+ used was strontium

nitrate, due to the low solubility of strontium hydroxide in water. Varying the K2O

content accordingly would alter the pH of the hydrogel, which is a critical parameter

in zeolite synthesis. Initial studies demonstrated that the variation of pH due to

changing the K2O ratio indeed impacted the crystallisation. Therefore, the hydrogel

pH was kept constant, at the expense of changing the total concentration of metal

cations M n+. For ease, the Sr2+% content in each of the hydrogels was calculated

using equation 6.2 below, where the value n refers to moles.

Sr2+% Content =
n Sr(NO3)2

n Sr(NO3)2 + n KOH
× 100 (6.2)

Upon preparing the hydrogels in the series, they were stirred for 30 minutes to en-

sure full dissolution and homogeneity, followed by transferal into a Teflon cup within

a stainless steel autoclave. The loaded autoclave was subsequently treated to hy-

drothermal conditions of 150°C for 5 days. The resulting samples were analysed by

powder X-ray diffraction (PXRD) to identify the crystallised phase. The full synthesis

procedure is detailed in Chapter 2.
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6.1.1 Powder X-ray Diffraction

Table 6.1 shows the initial series of samples prepared, summarising the hydrogel com-

positions and identification via powder X-ray diffraction. The κ value was determined

as a means of simplistic comparison of zeolite ZK-5 (KFI) crystallinity relative to sam-

ple 3, which was prepared following the standard procedure reported by Chatelain et

al.[168] In some cases where the sample was highly amorphous, the κ value was not

determined as not all of the relevant Bragg reflections used in the calculation were

present. The samples have been repeated, showing that the present phases are the

same at each Sr2+% content and that the relative crystallinity differs marginally.

Table 6.1: The results from varying the amount of Sr2+ cations added to the
precursor hydrogel of zeolite ZK-5 (KFI-type framework). All samples were run at
150°C for 5 days. The κ value was calculated by comparing the Bragg peak area
in the PXRD pattern relative to sample 3, the reported standard method,[168] as
explained in Chapter 2. The less abundant impurity phases are shown in italics and
parentheses. Am refers to the sample being identified as primarily amorphous.

Sample Sr2+% SrO/ K2O/ 18C6/ Framework κ value
Content Al2O3 Al2O3 Al2O3

1 0 - 2.67 1.01 Am (KFI/MER) -
2 1 0.055 2.66 1.00 KFI (MER) 0.69 ± 0.03
3 2 0.106 2.66 1.01 KFI (MER) 1.00 ± 0.02
4 3 0.154 2.66 1.02 KFI (MER) 0.91 ± 0.02
5 4 0.221 2.64 1.01 KFI (MER) 0.47 ± 0.01
6 5 0.280 2.65 1.02 MER (KFI) 0.10 ± 0.003
7 6 0.338 2.68 1.01 Am (KFI/MER) 0.11 ± 0.004

The powder X-ray diffraction patterns of these samples are shown in figure 6-1. From

the diffraction patterns, it can be seen that zeolite ZK-5 is predominantly synthesised

within the Sr2+% content window of 1-4%. However, within this window, and seen

throughout this Chapter, pure zeolite ZK-5 was not successfully crystallised, as there

was always a small impurity of zeolite W (MER-type framework). Such an occurrence

has been reported previously in the initial studies into the synthesis of zeolite ZK-5

prepared with strontium.[167] It is not surprising given the topological similarities

between the KFI and MER frameworks, particularly the presence of t-pau cages.[6]

Moreover, both of these zeolites can be crystallised in potassium rich gels, whereby the

K+ cations are shown to occupy the puckered 8 ring faces of the t-pau units.[169, 170]
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Figure 6-1: An overlay of the PXRD patterns from varying the amount of Sr2+

cations added to the precursor hydrogel of zeolite ZK-5 from 0-6%. Patterns shown
in orange correspond to phases primarily consisting of zeolite ZK-5, purple to zeolite
W and black to amorphous. Indexing in black refers to zeolite ZK-5 and purple italics
to zeolite W (MER).
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This suggests that the K+ cations direct the assembly of these units, subsequently

leading to either the KFI or MER topology, as discussed in Chapter 3.

Below the aforementioned Sr2+% content window, where no strontium is added to

the precursor hydrogel altogether, very little crystallisation occurs. The sample is

primarily amorphous, with few Bragg peaks corresponding to both zeolites ZK-5 and

W. This was not originally anticipated, as previous research on zeolite ZK-5 suggest

that in the absence of Sr2+ cations the hydrogel should favour the crystallisation of

LTL-type zeolites such as zeolite L.[167, 170] However, in these cases the hydrogel is

devoid of organic additive. Consequently, it can be deduced that for the case herein

for sample 1, the presence of 18C6 peturbs the conventional crystallisation pathway

leading to LTL framework assembly. As such, it is the intrinsic nature of the 18C6

molecule to direct the KFI framework under these conditions that dominates the

hydrogel chemistry. This will be further explored later on.

Above the zeolite ZK-5 Sr2+% content window, the crystallisation process appears

to take a drastic change. Upon increasing the Sr2+% content to 5% as shown by

sample 6 in figure 6-1, the hydrogel favours the crystallisation of zeolite W with

zeolite ZK-5 present as an impurity. Increasing the Sr2+% content of the hydrogel

up to 6% appears to impede the prevalent zeolite W crystallisation. In this case, the

hydrogel returns to producing a predominantly amorphous mixed phase of zeolites

ZK-5 and W, as seen with the 0% Sr2+ sample 1. Compared to what was seen

previously with zeolite RHO in Chapter 5, the secondary cation window in which to

synthesise zeolite ZK-5 is relatively small. Furthermore, the results herein illustrate

that the hydrogel is extremely sensitive to the Sr2+% content in which to produce

zeolite W. Interestingly, research by Belhekar et al.[175] presented that the addition

of strontium to Na+ and K+ containing hydrogels that would conventionally produce

chabazite, led to the favoured crystallisation of MER-type zeolites. In conjunction

with these findings, the results herein suggest a strong relationship between specific

quantities of Sr2+ and the assembly of the MER framework.

By inspecting the diffraction patterns in further detail, finer subtleties in the data can

be gleaned. The κ values, as listed in table 6.1, show that the 2% Sr2+ sample 3,

made by the standard procedure,[168] expresses the highest relative crystallinity of

zeolite ZK-5 in the series. Either side of this point, the crystallinity declines. One
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of the more striking observations from this is how the relative crystallinity of the 4%

Sr2+ zeolite (sample 5) is approximately half of that of the 2% Sr2+ zeolite (sample

3). Following this, there is a drastic drop in crystallinity. As seen in figure 6-1 it

is at this point that there is a switchover in predominant crystallisation from zeolite

ZK-5 to W. Such a sharp decline in crystallinity is also shown moving from 1% Sr2+

content to entire absence. This contrasts the more gradual crystalline to amorphous

transitions observed with varying the Cs+ content in the synthesis of zeolite RHO.

Furthermore, increasing the Sr2+% content from 2% (sample 3) to 5% (sample 6),

the relative intensity of the zeolite ZK-5 (433)(530) peak decreases, and the zeolite W

(240)(420) peak increases. This emphasises the improved inclination of the hydrogel

to favour zeolite W crystallisation with increasing Sr2+ content. Consequently, it

can be gleaned that within the explored window at which crystalline material can be

produced, there is a gentle balance between the crystallisation of zeolites ZK-5 and

W. Lower Sr2+% contents in the hydrogel promote crystallisation of zeolite ZK-5,

and higher contents favour zeolite W.

Table 6.2 contains the calculated unit cell parameters of samples 1-7 calculated using

the program UnitCell.[180] Between samples 2-5, where ZK-5 is the primary phase,

the unit cell size is considerably consistent. Therefore, the unit cell dimensions are

retained despite the different Sr2+% contents in the precursor hydrogel and conse-

quential varying crystallinity and cocrystallisation of zeolite W.

Table 6.2: Calculated unit cell parameters for zeolite ZK-5 samples 1-7 using the
program UnitCell, by Holland and Redfern.[180]

1 2 3 4 5 6 7
Sr2+% Content 0 1 2 3 4 5 6

Unit cell parameter a /Å 18.42 18.60 18.58 18.59 18.59 18.59 18.55
95% confidence a (x10-3) 15.0 1.33 1.32 1.33 1.03 2.89 4.5

When zeolite W is the primary crystalline phase, as in sample 6, the unit cell parameter

of the zeolite ZK-5 phase is still preserved. This is not the case for the predominantly

amorphous phase samples 1 and 7. In both cases the unit cell is smaller compared

to the crystalline zeolite ZK-5 samples, being even more so for the 0% Sr2+ content

sample. However, this value should be taken with caution due to the large 95%
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confidence range and few diffraction peaks used in the calculation. Nevertheless, the

data suggest that increasing amorphous character of the sample results in contraction

of the unit cell. Potential explanations for this observation are that the frameworks are

more siliceous, and as a consequence contain fewer water molecules. Regardless, such

alterations in the unit cell for the highly amorphous samples are not critical. What

is important is that varying the Sr2+% content of the hydrogel does not impinge the

unit cell in the crystalline zeolite ZK-5 samples.

To examine the influence of Sr2+ cations on the framework assembly at the edges

of the crystallisation field, samples 1 and 7 were investigated further. These sam-

ples contained 0% and 6% Sr2+ content in their precursor hydrogels respectively, and

ultimately produced predominately amorphous aluminosilicates. Therefore, both of

these samples were repeated, but subjected to an extended hydrothermal duration

of 10 days to observe which phase will favourably crystallise, as dictated by ther-

modynamics. These samples are shown in table 6.3, with the corresponding powder

X-ray diffraction patterns displayed in figure 6-2. Following extended hydrothermal

duration, it can be seen from samples 1a (0% Sr2+) and 7a (6% Sr2+) that zeolite

W preferentially crystallises at the edges of the crystallisation field. In both of these

cases there is still a small impurity of zeolite ZK-5, yet zeolite W dominates the

crystallisation. Initially, this suggests that at these molar compositions the hydrogel

has an intrinsic tendency to assemble the MER framework. The assembly of the KFI

framework as an impurity phase is again due to the topological congruence.

Table 6.3: The results from increasing the hydrothermal duration to 10 days on
the edges of the Sr2+% content crystallisation field. All samples were crystallised at
150°C. The κ value was calculated as explained in Chapter 2. The less abundant
impurity phases are shown in italics and parentheses. Am refers to the sample being
identified as primarily amorphous.

Sample Sr2+% SrO/ K2O/ Framework κ value Hydrothermal
Content Al2O3 Al2O3 Duration /days

1 0 - 2.67 Am (KFI/MER) - 5
1a 0 - 2.72 MER (KFI) - 10

3 2 0.106 2.66 KFI (MER) 1.00 ± 0.02 5
3a 2 0.105 2.67 KFI/MER (OFF) 0.66 ± 0.02 10

7 6 0.338 2.68 Am (KFI/MER) 0.11 ± 0.004 5
7a 6 0.340 2.70 MER (KFI) - 10
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Figure 6-2: An overlay of the PXRD patterns for samples 1, 3 and 7 where the
hydrothermal duration was extended to 10 days to make samples 1a, 3a and 7a
respectively. The patterns shown in orange correspond to phases primarily consisting
of zeolite ZK-5, purple to zeolite W and black to amorphous. Indexing in black refers
to zeolite ZK-5, purple italics to zeolite W (MER) and red italics to zeolite T (OFF).
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Due to this subsequent crystallisation of zeolite W over time, it was questioned

whether this is truly due to the nature of the hydrogel composition at the field edges,

or whether zeolite W is a more thermodynamically stable phase. The key point here

being whether zeolite ZK-5 is the initial phase, which is succeeded by zeolite W

with increased hydrothermal treatment. Such a process being conceivable, following

Ostwald’s rule of successive stages.[1, 56] In order to discern this, the standard 2%

Sr2+ formulation (sample 3) was also repeated and treated to extended hydrothermal

conditions for 10 days. This sample was designated 3a, and is shown in table 6.3 and

figure 6-2. From the powder X-ray diffraction pattern it can be seen that the sample

is now a more coherent and balanced mixture of the zeolite ZK-5 and W phases. In

addition to this, there is a small impurity of zeolite T, an OFF-type zeolite. Although

zeolite T is not topologically associated to either the MER or KFI frameworks, it is

one of the relatively few zeolites that favour synthesis in potassium rich hydrogels.[64]

The details within the diffraction pattern for sample 3a strongly suggest the initial

steps towards a zeolitic transformation. This is shown most clearly by the enhanced

intensity of the zeolite W (240)(420) peak relative to the ZK-5 (433)(530) peak.

The decrease in the relative crystallinity of the ZK-5 phase is further emphasised by

the significant reduction of the κ value to 0.66 ± 0.02. Therefore, it is abundantly

clear when compared to sample 3, that the zeolite ZK-5 phase transforms into zeolite

W over time under hydrothermal conditions. Collating the data within this study, it

seems to suggest that zeolite ZK-5 is a less thermodynamically stable phase, which can

only be captured within a specific crystallisation window. The size of this window is

dictated by the hydrogel Sr2+% content and hydrothermal duration. If the hydrogel

Sr2+% content is too high or low then zeolite W will preferentially crystallise, in

addition to if the hydrothermal duration is too long. Other experimental parameters

such as alkalinity and temperature will influence the crystallisation, however this is

beyond the scope of this study.

Concerning the Sr2+ cation, there is still little clarity to its exact role in the synthesis

mechanism. As mentioned previously, the K+ is believed to direct the puckered eight

rings of the t-pau units of both the MER and KFI frameworks.[169, 170] In addition,

both zeolites ZK-5 and W appear to favour crystallisation in hydrogels containing

small quantities of strontium.[167, 175]. As such, it is difficult to determine whether

the Sr2+ intrinsically favours the formation of one framework over the other, or
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whether its role is more general. From the perspective of the methods themselves,

it has been seen that in the absence of 18C6, the use of strontium produces a more

siliceous zeolite ZK-5 than that of using caesium.[166, 167] This observation suggests

that the Sr2+ cation impinges the integration of aluminium into the growing zeolite

framework. Due to the similar size of the K+ and Sr2+ cations,[100] it is likely that

the difference in valency is the predominate factor distinguishing their mechanistic

roles. Therefore, it is predicted that the Sr2+ cation is impacting the framework

Si/Al ratio during crystallisation, and it is this attribute of the cation that is causing

the differentiation between zeolites ZK-5 and W seen herein.

It has been seen that even though 18C6 is present, the crystallisation can be forced

to produce zeolite W by slight variations in the Sr2+% content of the hydrogel.

Concerning syntheses with 18C6, further questions arise as to the role of 18C6 and

whether it is genuinely directing the assembly of the KFI framework. Currently, 18C6

appears to have no function to discriminate the crystallisation of alternative zeolite

phases. This will be investigated in the following section.

6.2 Varying the amount of 18C6

Seeing the influence of Sr2+ cations on the crystallisation of zeolite ZK-5, the role of

18C6 was subsequently studied. Despite there being reported methods to crystallise

zeolite ZK-5 with different mixtures of cations, the only reported use of 18C6 as an

organic additive is in a Sr2+ and K+ hydrogel mixture.[168] To isolate the 18C6 role in

this procedure a collection of synthetic approaches were implemented. First, the 18C6

content in the hydrogel was reduced to observe the direct influence on the synthesis

procedure. Following this, the edges of the crystallisation field with regards to Sr2+%

content seen previously, were studied in a similar means by varying the 18C6 content.

Lastly, attempts were made to include 18C6 in the reported method using a Cs+ and

K+ hydrogel mixture.[166] The purpose is to observe whether the relationship between

18C6 and zeolite ZK-5 crystallisation is consistent despite hydrogel composition.
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6.2.1 Powder X-ray Diffraction

The samples prepared with varying quantities of 18C6 in the precursor hydrogel are

shown in table 6.4. These samples are based on the standard method reported by

Chatelain et al.[168] where the Sr2+% content of the hydrogel is 2%. Details of the

synthesis procedure are elaborated in Chapter 2. The κ value was calculated relative

to the standard sample 3, as seen here and in the previous section.

Table 6.4: The results from reducing the amount of 18C6 added to the precursor
hydrogel of zeolite ZK-5. All samples were prepared at 150°C for 5 days. The κ
value was calculated as explained in Chapter 2. The less abundant impurity phases
are shown in italics and parentheses.

Sample Sr2+% SrO/ K2O/ 18C6/ Framework κ value
Content Al2O3 Al2O3 Al2O3

3 2 0.106 2.66 1.01 KFI (MER) 1.00 ± 0.02
8 2 0.106 2.65 0.50 KFI (MER) 1.10 ± 0.03
9 2 0.102 2.66 - KFI (MER) 1.18 ± 0.03

The powder X-ray diffraction patterns of samples 3, 8 and 9 are shown in figure

6-3. All three syntheses produced well crystalline zeolite ZK-5, with zeolite W as a

minor impurity phase. The κ values listed in table 6.4 indicate that by reducing the

amount of 18C6 in the hydrogel the relative crystallinity of zeolite ZK-5 increases,

with 18C6-free sample 9 being the most crystalline. This can be seen visually from

the diffraction patterns by simply comparing the intensities of the (100) Bragg peaks.

Consequently, this indicates that the absence of 18C6 in the hydrogel enhances the

crystallisation of zeolite ZK-5.

These data mirror what was seen previously with zeolite Na-X in Chapter 4. In the

case of zeolite Na-X, such trends were explained by the formation of the [(18C6)Na+]

macrocation in the hydrogel, which is known to play a critical synthetic factor in

the crystallisation of zeolites EMC-2 and Na-X. However, although an equivalent

[(18C6)K+] macrocation was observed in the structure of zeolite ZK-5 in Chapter

3, it is not known whether it is involved in the assembly mechanism. In addition,

despite the structural similarities between zeolites RHO and ZK-5 whereby the 18C6

occupies the framework α-cage,[93] the dependency of the crystallistion on 18C6 is

entirely different. For zeolite RHO, it was seen in Chapter 5 that 18C6 was necessary
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Figure 6-3: An overlay of PXRD patterns for samples 1, 8 and 9 where the hydrogel
18C6/Al2O3 ratio was varied from 1.01-0. Patterns in orange correspond to zeolite
ZK-5. Indexing in black refers to zeolite ZK-5 and purple italics to zeolite W (MER).

to produce a pure and well crystalline product. Furthermore, this illustrates that

the 18C6 molecule is playing different roles concerning structure direction between

zeolites RHO and ZK-5, so other conclusions need to be drawn.

The unit cell parameters of samples 3, 8 and 9 are shown in table 6.5. These values

were calculated using the program UnitCell.[180] The data indicates that the unit

cell size is reasonably consistent, despite the absence of 18C6. By convention it is

expected that the use of organics in synthesis produces a more siliceous zeolite,[93]

which will propagate itself as a unit cell contraction. Although the unit cell is smaller

for sample 3, which contains the greatest quantity of 18C6, it is not a substantial
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difference. Therefore, this indicates that any differences in the Si/Al ratio are in-

consequential. This trend is comparable to what was observed with zeolites EMC-2,

Na-X and RHO upon varying 18C6 content.

Table 6.5: Calculated unit cell parameters for zeolite ZK-5 samples 3, 8 and 9 using
the program UnitCell, by Holland and Redfern.[180]

3 8 9
18C6/Al2O3 1.01 0.50 -

Unit cell parameter a /Å 18.58 18.61 18.61
95% confidence a (x10-3) 1.32 1.33 1.33

Regarding the crystallisation process, the data appear to suggest that the use of

18C6 in the precursor hydrogel impinges the crystallinity of the produced zeolite

ZK-5. Accordingly, it was questioned whether the edges of the crystallisation field,

determined by the Sr2+% content previously, are constrained by the presence of 18C6.

To explore this, samples 1 and 7, having Sr2+ hydrogel contents of 0% and 6%, were

repeated without 18C6 in the synthesis. These samples were designated as 1b and 7b

respectively, with their molar hydrogel compositions shown in table 6.6. In addition,

the samples were crystallised under the same hydrothermal conditions of 150°C for 5

days, for comparison.

Figure 6-4 shows the powder X-ray diffraction patterns of samples 1 and 7 compared

to 1b and 7b respectively. From these patterns, it is apparent that there is little

difference in the crystallisation in the absence of 18C6, with samples 1b and 7b

remaining predominately amorphous. For the 0% Sr2+ edge of the crystallisation

Table 6.6: The results from removing 18C6 from the precursor hydrogel to the
higher and lower limits of the Sr2+% content boundary. All samples were crystallised
at 150°C for 5 days. The less abundant impurity phases are shown in italics and
parentheses. Am refers to the sample being identified as primarily amorphous.

Sample Sr2+% SrO/ K2O/ 18C6/ Framework
Content Al2O3 Al2O3 Al2O3

1 0 - 2.67 1.01 Am (KFI/MER)
1b 0 - 2.68 - Am (KFI/MER)

7 6 0.338 2.68 1.01 Am (KFI/MER)
7b 6 0.340 2.69 - Am
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Figure 6-4: An overlay of PXRD patterns for samples 1 and 7, where 18C6 has
been removed from the precursor hydrogel to produce samples 1b and 7b. Patterns
in black correspond to samples designated as being primarily amorphous. Indexing in
black refers to zeolite ZK-5 diffraction peaks, and purple italics to zeolite W (MER).

field, it can be seen that peaks corresponding to both zeolites ZK-5 and W are

present. Upon removing 18C6 these peaks are less intense, but the difference is

trivial. In contrast, crystalline Bragg peaks were no longer observed when 18C6 was

removed from the hydrogel for the 6% Sr2+ edge of the crystallisation field. This

indicates that at this hydrogel composition the 18C6 is playing a more active role in

the crystallisation of both zeolites ZK-5 and W. However, as with the 0% edge, both

of these samples were designated as primarily amorphous aluminosilicate due to the

prominence of the amorphous silica hump and the weak intensity of any Bragg peaks.

Generally, it would appear that, unlike the standard 2% Sr2+ sample, the presence

of 18C6 does not significantly impede the crystallisation of zeolite ZK-5, but neither
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does it enhance it. This supports the previous claim herein that the Sr2+ hydrogel

contents of 0% and 6% are the exisiting edges of the crystallisation field. Further-

more, it suggests that the roles of 18C6 and Sr2+ are complex and heavily entangled

with one another, as the individual role of each cannot be easily separated. So far,

the data illustrate that the Sr2+ cations take a more direct role in assembling the KFI

framework, whereas the 18C6 acquiesces throughout most of the crystallisation pro-

cess. This suggests that the 18C6 is merely a space-filling species that occupies the

growing framework cavities, as opposed to actively directing the zeolite’s structure.

To further elucidate structure directing roles between cations and 18C6, the synthesis

of zeolite ZK-5 was investigated using different cations. The method reported by

Robson et al.[166] uses a mixture of Cs+ and K+ cations, whereby there is a majority

of the latter. This procedure is known to produce zeolite ZK-5 with a lower Si/Al

ratio than both of the alternative methods involving strontium.[167, 168] However,

what is interesting is that the Robson method has not been reported with the presence

of 18C6 or any other organic additive. Consequently, the addition of 18C6 to the

Cs+ containing hydrogel in this method was investigated. In doing so, observations

regarding the relationship between the use of 18C6 and different metal cation species

could be distinguished.

Table 6.7 details the zeolite ZK-5 samples prepared using the Robson method. Through-

out these samples the molar ratios of the Cs+ and K+ cations were kept constant,

with only the amount of 18C6 added to the hydrogel varied. All samples were pre-

pared under hydrothermal conditions at 100°C for 8 days. Full experimental details

for these samples are included in Chapter 2.

The κ value was calculated relative to the standard sample 3 used previously. Despite

their precision, these κ values should not be used to compare crystallinity directly to

the previous samples prepared with strontium. The κ value assumes that the zeolite

prepared in each case contains the same cations in the same crystallographic positions.

Herein the zeolite ZK-5 prepared will contain heavier Cs+ cations in different positions,

ultimately altering the relative intensity of Bragg peaks. However, amongst the zeolite

ZK-5 samples prepared with caesium the κ value can be used as a comparative

measure of crystallinity. Chapter 2 contains further details on this limitation.
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Table 6.7: The results from adding 18C6 to the precursor hydrogel of zeolite ZK-5
synthesised using Cs+ cations.[166] All samples were prepared at 100°C for 8 days.
The κ value was calculated as explained in Chapter 2. The less abundant impurity
phases are shown in italics and parentheses. Am refers to the sample being identified
as primarily amorphous.

Sample Cs2O/ K2O/ 18C6/ Framework κ value
Al2O3 Al2O3 Al2O3

10 0.178 1.45 - KFI (MER) 0.45 ± 0.01
11 0.179 1.44 0.46 KFI (MER) 0.59 ± 0.02
12 0.178 1.44 0.69 Am (KFI/MER) -

Figure 6-5: An overlay of PXRD patterns for samples 10-12, where 18C6 was sys-
tematically added to the zeolite ZK-5 synthesis procedure containing Cs+ cations.
Patterns in orange are identified as zeolite ZK-5 and black to predominantly amor-
phous aluminosilicate. Indexing in black refers to zeolite ZK-5 and purple italics to
zeolite W (MER).
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Figure 6-5 shows the powder X-ray diffraction patterns of samples 10-12. As seen

previously, all the samples show a small impurity of zeolite W cocrystallising alongside

the intended zeolite ZK-5. Concerning the addition of 18C6, the 18C6/Al2O3 ratio

of the precursor hydrogel is increased from 0 to 0.46 between samples 10 and 11

respectively. Upon the addition of 18C6 the zeolite ZK-5 phase is more crystalline, as

indicated by the greater intensity and sharpness of the Bragg peaks. This is further

supported by the increase in the κ value as shown in table 6.7. These data suggest

that the presence of 18C6 is enhancing the crystallisation process and the assembly of

the KFI framework. Interestingly, this contrasts what was seen previously with zeolite

ZK-5 prepared with Sr2+ cations.

It was anticipated that increasing the 18C6/Al2O3 ratio of the precursor hydrogel to

0.69 should enhance the crystallinity of zeolite ZK-5 even further. Such a case would

agree with the current trend, in addition to the trends observed for zeolites EMC-2

and RHO upon reducing the 18C6 hydrogel content. However, as can be seen from

figure 6-5, sample 12 prepared with this addition of 18C6 is primarily amorphous, with

weak Bragg peaks corresponding to zeolites ZK-5 and W. The implication here is that

the 18C6 is inhibiting the crystallisation process. This conforms with the same trend

observed earlier for zeolite ZK-5 synthesised with strontium. However, the caesium

containing hydrogel appears to be more sensitive to the 18C6 content.

Table 6.8 shows the unit cell parameters of samples 10-12, determined using the

program UnitCell.[180] Between samples 10 and 11 the data show a good consistency,

with a slight unit cell expansion for the latter. This is likely due to the framework

occupation by the 18C6 molecule, although involvement of 18C6 in assembly should

contract the unit cell due to reduced aluminium integration. In contrast, the unit

cell paramater harshly declines upon increased addition of 18C6 to the precursor

hydrogel. However, such unit cell contraction with decreased crystallinity has been

seen previously herein.

From this initial assessment, the data collectively suggest that the 18C6 can promote

the crystallisation of zeolite ZK-5 in caesium containing hydrogels at low concen-

trations, but at high concentrations it encumbers the process. However, from a

framework assembly point of view, this trend needs to be put into context. First the

roles of the K+ and Cs+ cations need to be considered. It can be expected that in
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Table 6.8: Calculated unit cell parameters for zeolite ZK-5 samples 10-12 using the
program UnitCell, by Holland and Redfern.[180].

10 11 12
18C6/Al2O3 - 0.46 0.69

Unit cell parameter a /Å 18.63 18.67 18.58
95% confidence a (x10-3) 1.20 1.24 1.94

the caesium containing synthesis of zeolite ZK-5, the K+ cations are directing the

puckered eight rings of the t-pau units,[169, 170] as expected for the strontium con-

taining synthesis. From the crystallographic structure of caesium containing zeolite

ZK-5,[179] the Cs+ cations occupy the S8R faces between the t-pau units and the

α-cages. Using this information it can be recognised that the Cs+ cation may play a

role in assembling the α-cages and t-pau units together.

Returning to the 18C6 molecule, it is expected to occupy the α-cage in the KFI

framework.[93] As such, it can be gleaned that the 18C6 species aid in the assembly

of the α-cages, which is the case for the caesium containing synthesis procedure. As

the synthesis can proceed in the absence of 18C6, it can be deduced that the 18C6

molecule once again fulfils the role as space-filling species, as opposed to performing

true structure direction. Furthermore, if the 18C6 concentration in the hydrogel is

too high the molecule must be actively interrupting the assembly of the framework.

It is known that 18C6 preferentially coordinates to K+ cations in solution. Therefore,

it is expected that if the 18C6 content is too high in the hydrogel it is removing

isolated K+ cations, which would go on to direct the assembly of the t-pau units and

propogate the KFI framework.

With this proposed mechanism in mind, it raises a question as to why the effect of

varying 18C6 is so different between the strontium and caesium containing syntheses.

The general trend between both studies, is that the presence of 18C6 impedes the

crystallisation process, with the stronium synthesis showing subtle differences and

the caesium synthesis first showing an increase followed by a drastic decline in crys-

tallinity. It is believed that the origin of this distinction is based on the different

hydrogel compositions between the two synthesis procedures. As shown in Chapter

2, the caesium containing synthesis hydrogel has a lower H2O/Al2O3 ratio. In this
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case, it is clear how in the caesium containing hydrogel, variations in the 18C6 con-

tent will have a relatively greater influence on the 18C6 concentration. In addition

to this, the caesium synthesis has a lower K2O/Al2O3 ratio, meaning there is a less

abundant excess of isolated K+ cations in solution. Both of these factors explain

the increased sensitivity of the crystallisation compared to the strontium containing

hydrogel. Nevertheless, both synthesis procedures strongly suggest that the 18C6

molecule is behaving as a space-filling species throughout crystallisation.

6.3 Tracking the Crystallisation of Zeolite ZK-5

Having seen the influence of 18C6 and Sr2+ cations on the crystallisation field, the

progression of the crystallisation process over time was subsequently studied ex situ.

This was done by studying two reported syntheses of zeolite ZK-5, where the main

distinction is whether 18C6 is present in the hydrogel. The first of these was the

method by Chatelain et al.[168] which was the standard procedure explored in the

previous two sections. The alternative method studied is the procedure reported by

Verduijn,[167] which predates the Chatelain method, and does not use 18C6 or any

other organic additive. Both of these procedures use strontium containing hydrogels.

Herein, the same precursor sources were used for both syntheses.

1 Al2O3 / 2.3 K2O / 0.1 SrO / 10 SiO2 / 160 H2O (6.3)

1 Al2O3 / 2.7 K2O / 0.1 SrO / 10 SiO2 / 1 (18C6) / 220 H2O (6.4)

The hydrogel batch compositions of the Verduijn and Chatelain method are shown

in equations 6.3 and 6.4 respectively. As mentioned, the principal difference between

these two compositions is the presence of 18C6. However, it can also be seen that the

K2O and water content also differ. Concerning the K2O/Al2O3 ratio, this is greater in

the Chatelain composition in equation 6.4. In actuality, this value is reported as being

between 1.8-2.3.[168] However, this has been increased so the pH of both hydrogels
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are consistent, being 14.1 for the Verduijn method and 14.2 for the Chatelain method.

Therefore, the influence of alkalinity on the crystallisation process could be neglected.

Regarding the water content, both values are accepted within the available range of

crystallisation as reported by Verduijn.[167]. In addition to this, both H2O/Al2O3

ratios of 160 and 220 were explored by Chatelain et al. and it was seen to not impact

the crystallinity of the resulting zeolite ZK-5.[168] Consequently, the importance of

water was disregarded. Any potential differences from water content will arise in

small distinctions in the degree of supersaturation and crystallite size.[26]

To study the crystallisation ex situ, scaled up batches of each of the synthesis methods

were prepared. Upon formation of the hydrogel, the mixture was allowed to stir for

30 minutes to ensure it was thoroughly homogenised. The hydrogel was subsequently

separated into five Teflon cups, sealed into stainless steel autoclaves and put into an

150°C oven simultaneously. One of the autoclaves was removed from the oven each

day, for 5 days, and considered a ‘snapshot’ of the same crystallisation at that time

frame. Through this method, the two syntheses could be compared to shed further

light on the role of 18C6 in the crystallisation process with time. Chapter 2 contains

further details of the synthesis procedures with and without 18C6.

6.3.1 Zeolite ZK-5 synthesis without 18C6

To begin with, the Verduijn batch composition, which does not contain 18C6, was

investigated.[167] The batch composition prepared being the standard shown in equa-

tion 6.3. The κ value was further used in this analysis as a measure of relative

crystallinity compared to the standard zeolite ZK-5 preparation - sample 3.

Powder X-ray Diffraction

Table 6.9 summarises the hydrogel molar ratios and the results from powder X-ray

diffraction for this study. Evidently the hydrogel molar ratios are the same for all

samples as they were prepared from the same batch. Figure 6-6 contains an overlay

of the PXRD patterns of the samples, arranged in order of hydrothermal duration.
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Table 6.9: The results and synthesis conditions used to track the crystallisation of
zeolite ZK-5 using the Verduijn method,[167] without 18C6, over time. All samples
were crystallised at 150°C, with the hydrothermal duration varied. The κ value was
calculated as explained in Chapter 2. The less abundant impurity phases are shown
in italics and parentheses. Am refers to the sample being identified as primarily
amorphous.

Sample SrO/ K2O/ 18C6/ Framework κ value Hydrothermal
Al2O3 Al2O3 Al2O3 Duration /days

13a 0.100 2.30 - Am - 1
13b 0.100 2.30 - Am (KFI/MER) 0.04 ± 0.002 2
13c 0.100 2.30 - KFI (MER) 0.16 ± 0.005 3
13d 0.100 2.30 - KFI (MER) 0.20 ± 0.006 4
13e 0.100 2.30 - KFI (MER) 0.37 ± 0.01 5

These data clearly demonstrate that zeolite ZK-5 becomes more crystalline the longer

it is subjected to hydrothermal conditions, as to be expected following crystallisation

convention.[26, 64]

After 1 day of hydrothermal treatment the sample is identified as being amorphous.

This indicates that assembled crystallite domains, if any, are below the limit of detec-

tion for the diffractometer. No substantial crystal growth has initiated in the hydrogel

at this point. Crystalline Bragg peaks corresponding to zeolite ZK-5 and W are first

seen after 2 days of hydrothermal treatment, however at this point the product is still

primarily amorphous, showing very little periodicity. From 3 days onwards the Bragg

peaks are considerably sharper, increasing in intensity and the amorphous silica hump

centered at 2θ = 26° is diminishing. Zeolite W is present as an impurity in all of the

samples displaying Bragg peaks. It was anticipated that there may be a distinction

between the appearance of zeolite ZK-5 and W throughout the crystallisation pro-

cess, whereby the more metastable zeolite ZK-5 phase would crystallise first and be

proceeded by the production of zeolite W. The data herein show that both zeolite

phases appear at the same point in the crystallisation timeline. However, comparing

the relative intensities of the zeolite ZK-5 (200) peak and the zeolite W (020)(200)

peak over time illustrates that the former crystallises more quickly than the latter.

Consequently the rate of crystal growth of these two phases are different and they

grow separately.
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Figure 6-6: An overlay of PXRD patterns for samples 13a-13e, tracking the crystalli-
sation of zeolite ZK-5 without 18C6 over time. Patterns shown in orange correspond
to zeolite ZK-5 and black to predominantly amorphous aluminosilicate. Indexing in
black refers to zeolite ZK-5 and purple italics to zeolite W (MER).

The κ values in table 6.9 are plotted in figure 6-7 over time, further supporting how

the crystallinity increases over time. Moreover, the plot shows that the crystallinity

of zeolite ZK-5 increases linearly between 1 to 5 days of hydrothermal treatment,

suggesting that the rate of crystal growth is constant. This is analogous to the

rate of growth observed previously for zeolite EMC-2 in the presence of 18C6. Typ-

ically, crystallisation is expected to follow a sigmoidal curve, whereby crystallisation
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is initially accelerating due to increasing crystal surface area before decelerating due

to exhaustion of nutrients in the hydrogel.[26] However, from observing the powder

X-ray diffraction patterns in figure 6-6 this discrepancy between experiment and ex-

pectation can be clarified. As mentioned earlier, it is apparent that after 5 days of

crystallisation there is still a weak hump at 2θ = 26°, characteristic of amorphous

aluminosilicate and suggesting incomplete crystallisation. Consequently, it can be

predicted that extended hydrothermal treatment on this batch composition would

enhance the crystallinity, and lead to a plateau in the κ value. The plateau signifying

crystallisation is complete and producing a curve resembling a sigmoidal function.

Figure 6-7: A graph showing how the crystallinity of zeolite ZK-5 (κ value) increases
with the length of hydrothermal treatment in the absence of 18C6 in the hydrogel.

From the diffraction patterns, the program UnitCell[180] was used to calculate the

unit cell parameters of samples that showed zeolite ZK-5 Bragg peaks. The results

are shown in table 6.10. These data indicate that the unit cell size is consistent

throughout crystallisation. This suggests that there is no significant change in the

amount of aluminium that is being integrated into the framework during crystal

growth. Therefore, it can be accepted that the Si/Al ratio of the crystal should
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Table 6.10: Calculated unit cell parameters for zeolite ZK-5 samples 13b-13e using
the program UnitCell, by Holland and Redfern.[180]

13b 13c 13d 13e
Hydrothermal Duration /days 2 3 4 5

Unit cell parameter a /Å 18.60 18.61 18.58 18.62
95% confidence a (x10-3) 2.38 1.43 1.34 1.25

be reasonably homogeneous throughout the crystal within the 2-5 day window of

the crystallisation process. In addition, despite the differing crystallinity amongst

samples the unit cell size remains consistent, expressing that there is no expansion or

contraction of the unit cell upon enhanced periodicity.

6.3.2 Zeolite ZK-5 synthesis with 18C6

Having studied the crystallisation for zeolite ZK-5 in the absence of 18C6, the next

step was to observe how 18C6 influences this process. This was done by following the

procedure by Chatelain et al.[168] and using the batch composition shown in equation

6.4. Use of the κ value was continued through to this section, and adopted to compare

the crystallinity relative to sample 3, the standard zeolite ZK-5 preparation.

Powder X-ray Diffraction

A summary of the hydrogel molar ratios and powder X-ray diffraction results for this

experiment are shown in table 6.11. Figure 6-8 contains an overlay of the powder X-

ray diffractions for these samples, arranged in order of hydrothermal duration. After

1 day of hydrothermal treatment crystalline Bragg peaks are already present in the

sample, belonging to both zeolite ZK-5 and W. However, at this stage the product is

still predominantly amorphous. From 2 days of hydrothermal treatment onwards the

diffraction patterns indicate that the sample is well crystalline zeolite ZK-5, with a

small quantity of zeolite W as an impurity. Consequently, this suggests that most of

the crystallisation occurs within the 1-2 day time frame. After this point, there does

not appear to be much distinction in the diffraction patterns.
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Table 6.11: The results and synthesis conditions used to track the crystallisation
of zeolite ZK-5 using the Chatelain method,[168] with 18C6, over time. All samples
were crystallised at 150°C, with the hydrothermal duration varied. The κ value was
calculated as explained in Chapter 2. The less abundant impurity phases are shown
in italics and parentheses. Am refers to the sample being identified as primarily
amorphous.

Sample SrO/ K2O/ 18C6/ Framework κ value Hydrothermal
Al2O3 Al2O3 Al2O3 Duration /days

14a 0.103 2.66 1.02 Am (KFI/MER) 0.11 ± 0.004 1
14b 0.103 2.66 1.02 KFI (MER) 0.79 ± 0.02 2
14c 0.103 2.66 1.02 KFI (MER) 0.78 ± 0.02 3
14d 0.103 2.66 1.02 KFI (MER) 0.86 ± 0.02 4
14e 0.103 2.66 1.02 KFI (MER) 0.89 ± 0.02 5

Concerning the cocrystallisation of zeolite W, the diffraction pattern for sample 14a

after 1 day of hydrothermal treatment shows an interesting feature. In this diffraction

pattern there are only two Bragg peaks observed corresponding to zeolite W, both

of which are very broad and low intensity. Typically, the (240)(420) peak is one

of the more intense diffraction peaks, and the first to emerge, as has been seen

previously herein. The consequence of this is that it illustrates that zeolite W must be

crystallising either later on, or more slowly within the time frame of the crystallisation

process. This possibility will be discussed further later on.

The progression of the crystallisation of zeolite ZK-5 is shown most clearly by the κ

values in table 6.11, which are plotted against the hydrothermal duration in figure

6-9. From this, it can be seen that from 2 days of hydrothermal treatment onwards,

the crystallinity increases very gradually. Using this data, an assessment on the crystal

growth timescale can be made. Within the first 24 hours of hydrothermal treatment

the crystallisation process is slow. The crystallite domains are small, and consequently

the surface area of the growing crystals are also small, retarding the rate of crystalli-

sation. After 1 day the rate of crystal growth is sudden and rapid. During the 1-2

day time frame the crystal growth slows down, before fundamentally plateauing from

2 days onwards. Although the crystallinity of the zeolite ZK-5 continues to increase

signifying gentle crystal growth, it can be generally accepted that the crystallisation

process is complete after 2 days of hydrothermal treatment. These data follow the

expected sigmoidal curve of crystal growth.[26]
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Figure 6-8: An overlay of PXRD patterns for samples 14a-14e, tracking the crys-
tallisation of zeolite ZK-5 with 18C6 over time. Patterns shown in orange correspond
to zeolite ZK-5 and black to predominantly amorphous aluminosilicate. Indexing in
black refers to zeolite ZK-5 and purple italics to zeolite W (MER).

Table 6.12 contains the calculated unit cell parameters of samples 14a-14e, using the

program UnitCell.[180] The most striking observation is how consistent the unit cell

length is for zeolite ZK-5 samples synthesised within the 2-5 day time frame. This

coincides with the findings gleaned from the κ values, whereby the crystallisation is

complete after 2 days of hydrothermal treatment. Preceding this point, after 1 day

of hydrothermal treatment, the unit cell is slightly smaller. Therefore, within the
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Figure 6-9: A graph showing how the crystallinity of zeolite ZK-5 (κ value) increases
with the length of hydrothermal treatment in the presence of 18C6 in the hydrogel.

1-2 day time frame of crystallisation, where the crystal growth rapidly accelerates,

the unit cell expands. There are two feasible explanations for this. The first is that

the framework is more siliceous in the early stages of crystal growth, but over time

aluminium is increasingly integrated into the framework. In this case, there should be

a decreasing Si/Al ratio gradient from the centre to the surface of the crystals. The

alternative, more likely, explanation concerns the integration of the 18C6 molecule.

Within the 1-2 day time frame of rapid crystal growth, there is a congruent accelerated

assimilation of 18C6, which consequently expands the unit cell. These two arguments

will be explored later on.

Information concerning the role of the 18C6 in the synthesis can be gleaned by

comparing the findings from tracking the crystallisation process using the Verduijn

and Chatelain procedures.[167, 168] It is transparent that the presence of 18C6 in the

hydrogel radically accelerates the rate of crystallisation. From figures 6-6 and 6-8, it

can be seen that after 1 day of hydrothermal treatment the sample is amorphous in
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Table 6.12: Calculated unit cell parameters for zeolite ZK-5 samples 14a-14e using
the program UnitCell, by Holland and Redfern.[180]

14a 14b 14c 14d 14e
Hydrothermal Duration /days 1 2 3 4 5

Unit cell parameter a /Å 18.57 18.62 18.62 18.62 18.62
95% confidence a (x10-3) 1.61 1.25 1.25 1.25 1.25

the absence of 18C6, but has zeolite ZK-5 and W Bragg peaks emerging when 18C6

is present in the hydrogel. Furthermore, in the presence of 18C6 the crystallisation

is complete after 2 days, whereas crystalline material is only beginning to appear at

this stage without the use of 18C6.

Further distinctions between the syntheses with and without 18C6 are the influence

on unit cell size consistency. As seen in tables 6.10 and 6.12, the synthesis with 18C6

produces a more consistent unit cell size in the crystalline zeolite ZK-5 samples. This

conveys that the 18C6 molecule, by being integrated into the structure, is ensuring

that the unit cell and the framework itself adhere to uniformity. Previous data have

demonstrated the role of 18C6 as a space-filling species. The homogeneity of the unit

cell suggests that the 18C6 is imposing ‘molecular quality control’ on the assembly

of the framework, rather than strictly directing it.

It is worth noting that an attribute which appears to be unaffected by the presence

of 18C6 is the relative rate of zeolite W crystal growth. In both cases, the powder

X-ray diffraction patterns illustrate that the zeolite W phase grows more slowly than

the zeolite ZK-5 phase. However, as with zeolite ZK-5, the zeolite W phase begins

crystallising and reaches its completion much earlier if 18C6 is present in the hydrogel.

Thermogravimetric Analysis

Thermogravimetry was used to determine the quantity of 18C6 integrated into the

growing framework of zeolite ZK-5 throughout the crystallisation process. Samples

14a-14e were heated under an air atmosphere from 30°C to 600°C at a constant ramp

rate of 5 Kmin-1 as detailed in Chapter 2. Any gases liberated from the sample were

analysed by mass spectrometry (MS), to identify the thermal event occurring at each
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mass loss. A comprehensive study of the 18C6 decomposition in zeolite ZK-5, in

addition to the other zeolites of interest, are discussed in Chapter 7. Therein, the

nature of the host-guest organic-framework interactions are considered.

Figure 6-10 shows the thermogravimetric (TG) curve of the highly crystalline zeolite

ZK-5 prepared using the standard procedure by Chatelain et al.[168] with 18C6 (sam-

ple 14e). The TG curve illustrates two thermal events during the ramping regime,

both of which are well separated. The first mass loss which occurs below 200°C, and

starts from the onset of heating, corresponds to the desorption of extra-framework

water. This is confirmed by the broad peak observed in the MS signal for the mass-

to-charge ratio (m/z) 18 ion, characteristic of water. The second mass loss event

above 300°C corresponds to the decomposition of the occluded 18C6 species. This is

confirmed by the peaks in the MS signals for water and the m/z 44 ion, correlating

to carbon dioxide. Both water and carbon dioxide being the products from complete

Figure 6-10: Thermogravimetric curve and mass spectrometry signals of zeolite ZK-5
synthesised via the standard method for 5 days in the presence of 18C6 (sample 14e).
The TG curve is shown in black, and the MS signals for water (m/z 18) and carbon
dioxide (44) are shown in blue and orange respectively. The sample was heated at a
ramp rate of 5 Kmin-1, as explained in Chapter 2.
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combustion and decomposition of 18C6. Due to the coherent separation of these two

thermal events, the mass% content of 18C6 could be estimated from the TG curve.

At the beginning of the TG curve it can be seen that there is a very slight mass loss

at the static initial temperature. This static temperature corresponds to the delay

in heat transfer to the sample. The starting temperature of the instrument is 30°C,

which is greater than ambient conditions. Therefore, at this raised temperature water

is being desorbed from the sample very slowly. This rate of desorption consequently

increases upon ramping, as shown from the m/z 18 ion MS signal.

The thermogravimetric curves of the five samples 14a-14e are plotted in figure 6-11.

Between 1 and 2 days of hydrothermal treatment the shape of the TG curve changes

Figure 6-11: Thermogravimetric curves of the zeolite ZK-5 samples 14a-14e, crys-
tallised for different hydrothermal durations. The samples were heated at a ramp rate
of 5 Kmin-1, as explained in Chapter 2
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drastically, after which the curves are very much analogous. The curves from 2 to 5

days of hydrothermal treatment show distinct and separate events for the desorption

of water and subsequent decomposition of 18C6. This trend in TG curve shape

mirrors the progression of crystallisation. Samples 14b-14e are similar as they are all

well crystalline zeolite ZK-5, whereas sample 14a is primarily amorphous. In addition,

the radical change in curve shape occurs within the 1-2 day time frame, as this is

the period where the majority of crystal growth occurs. Amongst samples 14b-14e

the shape of the TG curve during the decomposition of 18C6 is subtly different. For

the more crystalline samples 14d and 14e the onset of decomposition is sharper and

the curve has an asymmetric shape, with a tail at higher temperature. This detail

is indicative of the 18C6 decomposition decelerating as it proceeds. In contrast,

samples 14b and 14c show a much broader mass loss step, which is more symmetric

in shape. These features of the TG curves suggest that even though the samples are

all crystalline zeolite ZK-5, there are local structural differences which are influencing

the decomposition of 18C6.

Concerning sample 14a, after 1 day of hydrothermal treatment, it is unclear from

figure 6-11 whether there is any 18C6 occluded within the material. Figure 6-12 shows

the thermogravimetric curve of sample 14a, in conjunction with the MS signals for

the m/z 18 and 44 ions, referring to water and carbon dioxide. As with the crystalline

zeolites, the large mass loss below 200°C corresponds to desorption of water. This is

confirmed by the broad peak in the m/z 18 signal during this stage. From the MS

signal for the m/z 44 ion it is apparent that there is a peak in the carbon dioxide

present after 400°C. This confirms that there is 18C6 within this sample, however the

low intensity of this signal demonstrates that it is only a small quantity. There is also

a low intensity peak in the MS signal for the m/z 18 ion at this temperature.

Table 6.13 contains a summary of the information on 18C6 occluded within samples

14a-14e, gleaned from the TG curves shown in figure 6-11. For the crystalline zeolite

ZK-5 samples prepared from 2 days of hydrothermal treatment onwards, the 18C6

content mass% was determined, and seen to be consistent. There is a minor increase

in mass% content with time, however the variance in these values is insignificant.

As seen previously in figure 6-12, sample 14a prepared after 1 day of hydrothermal

treatment indeed contains 18C6, but at such a low quantity it can not be accurately

determined from the TG curve. This trend clearly shows that within the 1-2 day
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Figure 6-12: Thermogravimetric curve and mass spectrometry signals of sample
14a - after 1 day of hydrothermal duration. The TG curve is shown in black, and
the MS signals for water (m/z 18) and carbon dioxide (44) are shown in blue and
orange respectively. The MS signals are shown on different axes due to the different
magnitudes of the signals. The sample was heated at a ramp rate of 5 Kmin-1, as
explained in the methods in Chapter 2.

Table 6.13: A summary of the 18C6 decomposition data obtained from the TG
curves of samples 14a-14e. Decomposition temperatures were taken as the peak in
the derivative dTG/dt curves. The ∗ indicates the decomposition temperature was
estimated from the peak in the m/z 44 ion MS signal. The κ values for each of the
samples are also reported. Standard deviations are shown in parentheses. The 18C6
mass% content was determined using equation 2.16 in Chapter 2.

Sample Hydrothermal κ value 18C6 Decomposition 18C6 Content
Duration /days Temperature /°C Mass%

14a 1 0.11 ± 0.004 428∗ (1.4) -
14b 2 0.79 ± 0.02 429 (1.4) 2.14 (0.12)
14c 3 0.78 ± 0.02 423 (1.4) 2.07 (0.12)
14d 4 0.86 ± 0.02 382 (1.4) 2.26 (0.12)
14e 5 0.89 ± 0.02 358 (1.4) 2.39 (0.12)
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time frame there is a substantial increase in the integration of 18C6 into the zeolite

sample. This coincides with the time frame of substantial crystal growth. After

2 days the 18C6 content is unchanging as crystallisation is complete. These data

further agree with the predictions drawn from the calculated unit cell parameters in

table 6.12. Whereby, within the 1-2 day time frame the unit cell expands due to

increased occlusion of 18C6 with crystal growth. This is followed by the consistency

in the unit cell due to constant 18C6 content.

From the data in table 6.13, further trends on the crystallisation process can be as-

certained. It can be seen that the decomposition temperature of the 18C6 within

the zeolite decreases upon increased hydrothermal duration in synthesis. This corre-

lation is shown clearly in figure 6-13, where these two parameters are plotted against

each other. The decomposition temperature is unchanged for samples prepared with

1-2 days of hydrothermal treatment, despite drastic differences in crystallinity. After

this time frame the decomposition declines, following a vague sigmoidal curve. An

decrease in the decomposition temperature of 18C6 is indicative of diminished con-

finement within the cages, and smaller framework pore sizes. This is a relationship

that will be explored in greater detail in Chapter 7.

Figure 6-13: The decomposition temperature of the occluded 18C6 within samples
14a-14e, as a function of the duration of hydrothermal treatment.
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Figure 6-14: A plot showing how the decomposition temperature of the occluded
18C6 within crystalline zeolite ZK-5 samples 14b-14e varies with the relative crys-
tallinity κ value.

Although the 18C6 decomposition appears to be dependent on the hydrothermal du-

ration during synthesis, it is believed a more accurate connection can be gleaned with

the κ values of the crystalline zeolite ZK-5 samples. Figure 6-14 shows this corre-

lation, including a straight line fit. This plot demonstrates how the decomposition

temperature decreases with increasing crystallinity. The implications of this are that

although these samples all produced crystalline zeolite ZK-5, the subtle differences

in crystallinity clearly produce more drastic changes in the degree to which the 18C6

molecule is confined within the framework. Previous findings suggested that the crys-

tallisation process was ‘complete’ after 2 days of hydrothermal conditions, however,

something is occurring structurally within the zeolite which is leading to these obser-

vations. The increased asymmetry of the TG curves for the decomposition of 18C6

in figure 6-11 supports this deduction. Therefore, the conclusion is that although the

average periodic structure within these samples are the same, there must be changes

in the local structure occurring within the 2-5 day time frame. Such local changes

in the cavity volume, size and geometry being responsible for the reduction in 18C6

confinement and hence 18C6 decomposition temperature.
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Scanning Electron Microscopy

Figure 6-15 contains SEM micrographs of zeolite ZK-5 samples 13e and 14e, prepared

without and with 18C6 respectively. Within both of these mcirographs, there are two

distinct morphologies present. The first of these are cube crystals, which is a char-

acteristic morphology of zeolite ZK-5 and KFI-type zeolites.[168, 170] A proportion

of the cube crystals are intergrown with additional vertices, giving the appearance

of two superimposed cubes positioned angularly from one another. This is indicative

of twinning, and suggests that in both syntheses, with and without 18C6, there are

common lattice interruptions during growth.

Figure 6-15: SEM micrographs showing the morphology of zeolites ZK-5 and W
when prepared a) without 18C6 (sample 13e) and b) with 18C6 (sample 14e). Both
micrographs are taken at x2k magnification, with a 10µm scale and under a low
vacuum of 30 Pa. Micrograph (a) contains an inset at x1k magnification, showing
the larger morphology indicative of zeolite W, in this sample. The micrographs in (a)
were taken using an accelerating voltage of 20 kV, and (b) 15 kV.

The second crystal species is much larger, and has a more elliptical morphology. In

both syntheses, the surface contains striations along the length of the crystal, giving

the appearance of long steps around the narrower perimeter. Consequently, the tips

of the elliptical crystals appear as irregular steps, as though the crystal itself is an

aligned collection of rods. As with zeolite ZK-5, the crystals show some instances of

twinning, whereby crystals will intergrow perpendicular to one another. These crystals

have been identified as the zeolite W impurity phase in the samples. Typically MER-

type zeolites are shown to have distinct rod shape crystal habits.[174, 175] However,
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others have reported irregular morphologies which appear as collections of rods into

elliptical or dumbbell shaped arrangements.[169, 237] This is more congruent to what

is observed herein. Such contrasts in crystal habit are likely due to differences in the

molar quantities of water and alumina in the precursor hydrogel compared to that

used in the literature.[237]

These micrographs confirm that zeolite ZK-5 and W are separately growing entities

through the crystallisation process. It is interesting to note that the surface of the

zeolite ZK-5 crystals are much smoother than those of zeolite W. This demonstrates

that the crystal growth of zeolite ZK-5 is more uniform along the crystallographic axes.

In addition, figure 6-15 also illustrates that the presence of 18C6 in the hydrogel does

not significantly impact the grown crystal habit.

Figure 6-16 displays the SEM micrographs for samples 14a-14e, showing the progres-

sion of crystal morphology in the presence of 18C6. As to be expected, there does

not appear to be any significant changes in the crystal morphology within the 2-5 day

time frame, as shown by figures 6-16b-6-16e. This is true for crystals of both zeolite

ZK-5 and W. These observations further support the conclusion that the crystallisa-

tion process is complete from 2 days of hydrothermal treatment onwards. Despite

extended hydrothermal treatment, there is no impact on the crystal morphology for

either of the two zeolites present. Each of these micrographs show substantial exam-

ples of zeolite ZK-5 twinning, as discussed earlier. Moreover, there are additionally

instances of intergrowths between zeolite ZK-5 and W. Topologically this is feasible,

as both of these zeolites contain t-pau units.

The most drastic distinction is with sample 14a, shown in figure 6-16a. This is to be

expected as this is the sample that was prepared with 1 day of hydrothermal treat-

ment, producing amorphous aluminosilicate with weak Bragg peaks corresponding to

zeolites ZK-5 and W. This sample contains few zeolite ZK-5 crystals, however there

is still evidence of twinning. The zeolite ZK-5 crystals are smaller than those seen in

the other samples, as evidenced by the smaller 5 µm scale of the micrograph. Pre-

dominantly the sample contains small disordered aggregates, typical of amorphous

aluminosilicate. Interestingly the sample contained no morphology reminiscent of

what is expected for zeolite W, indicating that any crystallites of this zeolite formed

are small and dispersed within the amorphous aggregations. These micrographs cor-
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Figure 6-16: SEM micrographs showing the progression of crystallisation for zeolite
ZK-5 and W synthesised with 18C6. Micrographs a) Sample 14a 1 day, 5 µm scale,
b) Sample 14b 2 days, 10 µm scale, c) Sample 14c 3 days, 10 µm scale, d) Sample
14d 4 days, 10 µm scale and e) Sample 14e 5 days, 10 µm scale. All micrographs
were taken using an accelerating voltage of 15 kV under a low vacuum of 30 Pa.
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roborate with the previous conclusions herein. They emphasise that crystal growth

primarily occurs within the 1-2 day time frame of crystallisation. In addition, they

substantiate the claim that zeolite W begins growing later on during the hydrothermal

process, compared to zeolite ZK-5.

In addition to the crystal morphology, the trend in particle size justifies the suggested

time scale of crystallisation. Figure 6-17 illustrates the growth of the zeolite ZK-5

crystals with increased hydrothermal duration. As to be expected, the crystal size

follows a loose sigmoidal curve, analogous to the κ values and the theoretical concep-

tions of zeolite crystal growth. Within the 1-2 day time frame the crystals increase in

size, after which there is no significant change. Once again, these data confirm that

there is no significant crystal growth after 2 days of hydrothermal treatment. Fur-

thermore, these observations corroborate that the variations in 18C6 decomposition

temperature are due to internal structural changes in the crystals.

Figure 6-17: The variation in zeolite ZK-5 crystal size over the progression of the
crystallisation process from 1-5 days. Measurements taken from SEM images using
the software ImageJ.[210] The orange crosses correspond to samples 14a-14e prepared
with 18C6, and the blue cross to sample 13e, prepared without 18C6.
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Figure 6-17 also includes a data point corresponding to zeolite ZK-5 prepared without

18C6 for 5 days of hydrothermal treatment - sample 13e. From this, it can be seen

that there is no significant difference in the zeolite ZK-5 crystal size whether 18C6 is

present in the gel. Previously it was observed that the presence of 18C6 hastens the

onset and accelerates the rate of crystallisation. In addition, figure 6-15 presented that

there is no difference in crystal morphology with 18C6. Therefore, this establishes

that the 18C6 has no influence on the relative growth rate of any of the crystal

facets. Rather, the 18C6 molecule enhances the rate of crystal growth uniformly. In

conjunction with this, it can be deduced that 18C6 does not influence the formation

of zeolite ZK-5 nuclei. This is because both syntheses, with and without 18C6, use

the same quantities of nutrients in the hydrogel. If 18C6 was promoting the formation

of zeolite ZK-5 nuclei, it would be anticipated that the crystals would be significantly

smalller.

Figure 6-18: The variation in zeolite W crystal size over the progression of the
crystallisation process from 2-5 days. Measurements taken from SEM images using
the software ImageJ.[210] Purple points correspond to samples 14b-14e prepared
with 18C6. Blue points correspond to sample 13e prepared without 18C6. Crosses
correspond to crystal length and circles to crystal width.
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The correlations concerning crystallisation are further shared by the zeolite W crystals,

as shown in figure 6-18. Although the onset of zeolite W crystallisation is later, the

crystal length and width is unchanged from 2 days of hydrothermal treatment onwards.

Considering that the nutrients in the precursor solution are depleted after 2 days, it

is logical that the crystals reach their limit of crystal growth. Furthermore, there is

no influence on the dimensions of the zeolite W crystals in the presence of 18C6.

Energy Dispersive X-ray Spectroscopy

To estimate how the Si/Al ratio of the zeolites vary over the course of the crystalli-

sation, samples 14a-14e were analysed using energy dispersive X-ray (EDX) spec-

troscopy. Measurements were taken on a selection of different crystals at different

sites in the samples, and an average calculated. A limitation to EDX analysis is that it

only probes the crystal surface, and is deemed not as sufficient or accurate compared

to solid state NMR for Si/Al determination. However, in Chapter 3 the Si/Al ratio

deduced by both techniques were in good agreement for zeolites Na-X, EMC-2 and

RHO.

Figure 6-19 shows how the Si/Al ratio of zeolite ZK-5 varies with increased hydrother-

mal duration. Between 2-5 days of hydrothermal treatment there does not appear to

be any significant variation in the amount of aluminium contained within the frame-

work. This corroborates what was suspected from the consistency of the unit cell

parameters of these samples. Additionally, this is to be expected if the nutrients in

the solution have been depleted and the crystallisation process is complete. It also

suggests that there is no dealumination with increased hydrothermal treatment within

this time frame. Although the average Si/Al ratio appears to decline within the 1-4

day time frame and sharply increase after 5 days of hydrothermal treatment, the er-

ror bars between samples overlap. Therefore, across the entirety of the crystallisation

process, there is no significant change in the Si/Al ratio.

The plot in figure 6-19 also includes zeolite ZK-5 prepared without 18C6. In compari-

son to zeolite ZK-5 prepared with 18C6, it can be seen that the assembled framework

is more siliceous when 18C6 is present in the hydrogel. This agrees with conventions

regarding organics and increased hydrophobicity.[93] Furthermore, it can be seen that
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Figure 6-19: The variation in zeolite ZK-5 Si/Al ratio over the progression of the
crystallisation process from 1-5 days. Values calculated from EDX analysis, measuring
a selection of different crystals at different sites and taking an average. The orange
circles correspond to samples 14a-14e prepared with 18C6, and the blue circles to
sample 13e, prepared without 18C6.

the spread of Si/Al ratios is narrower when 18C6 is used in synthesis. The importance

of this observation is that it fortifies the role of 18C6 to control the integration of

aluminium into the framework during crystal growth. Not only is the zeolite more

siliceous, but the Si/Al ratio is more consistent between separate crystals.

Regarding the zeolite W crystals, the Si/Al ratio over the course of the crystallisation

is shown in figure 6-20. As seen with zeolite ZK-5, there is no significant difference in

the Si/Al of zeolite W throughout the crystallisation process, as the error bars at each

stage overlap. This illustrates that the ratio of silicon and aluminium incorporated

into the growing crystals is consistent throughout the entirety of the crystal growth.

It is curious that the average Si/Al ratio at 4 days of hydrothermal treatment sharply

decreases, however the wide standard deviation attributed to this value indicates that

such a change in the average is not significantly different.
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Figure 6-20: The variation in zeolite W Si/Al ratio over the progression of the
crystallisation process from 2-5 days. Values calculated from EDX analysis, measuring
a selection of different crystals at different sites and taking an average. Purple circles
correspond to samples 14b-14e prepared with 18C6. Blue circles correspond to sample
13e prepared without 18C6.

Figure 6-20 also includes a data point for the zeolite W crystals observed in sample

13e, without 18C6. As was seen for zeolite ZK-5, the Si/Al ratio is significantly lower

in the absence of 18C6 in the hydrogel. Although such a trend is expected for zeolite

ZK-5 due to the known role of 18C6 as an organic additive, it is intriguing to see that

the influence on how siliceous the framework is extends to the zeolite W impurity.

If 18C6 were only being integrated into zeolite ZK-5, making it more siliceous, it

would consequently be expected to make zeolite W more aluminous, as the ratio of

nutrients in the hydrogel is the same. As it is the incorporation of 18C6 into the

growing framework which enhances the hydrophobicity, these data suggest that 18C6

is also accomodated into the zeolite W structure.
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6.4 Chapter Summary

Within this chapter, the role of 18C6 in the assembly of zeolite ZK-5 has been

outlined. Experimentation of systematically varying the hydrogel content of Sr2+

cations and 18C6 has demonstrated that their functions as structure directing species

are strongly entangled. However, modest insights into the impact these species have

on the crystallisation individually have been made.

By varying the Sr2+% content in the hydrogel it has become apparent that the

crystallisation of zeolite ZK-5 only occurs within a very narrow and specific window,

being 1-4%. Above or below this window, the hydrogel intrinsically favours the

formation of zeolite W. In addition, the metastability of zeolite ZK-5 within the

crystallisation field has been illustrated. Increased hydrothermal duration will lead to

subsequent transformations into the more thermodynamically stable zeolite W phase.

In contrast, varying the 18C6 content in the hydrogel shows to have trivial influence

on the crystallisation product. This is true even at the Sr2+ dependent edges of the

crystallisation field. Upon complete removal of 18C6 from the precursor hydrogel, the

crystallinity of the zeolite ZK-5 was observed to increase marginally. This suggests

that the 18C6 is not directing the assembly of the KFI framework as literally as is

the case for zeolites EMC-2 and RHO. As such, it is anticipated that the 18C6 role

is more analogous to simple space-filling. Also, it is expected that a [(18C6)K+]

macrocation species forms in the gel and is involved in the assembly process. This

agrees with the observation of the macrocation in the framework from Chapter 3.

The true function of 18C6 in preparing zeolite ZK-5 becomes clear upon observing

the progression of the crystallisation over time. It is observed that 18C6 accelerates

the crystallisation process, regarding the onset and the rate of crystal growth. In

the presence of 18C6, the majority of crystal growth occurs within the 1-2 day time

frame, where there is a rapid uptake of 18C6. After 2 days, the crystallisation is

complete. At the equivalent time in the synthesis without 18C6, the crystallisation

has only initiated. Despite these observations 18C6 does not appear to influence the

crystal size, and consequently the nucleation, during the synthesis process. However,

the presence of 18C6 does lead to a more consistent unit cell size and a more siliceous

framework, as is convention.

239



Other findings of interest concern what is occuring in the 18C6 synthesis when crys-

tallisation is complete. At this stage there is a negative correlation between the zeolite

ZK-5 crystallinity (κ value) and the 18C6 decomposition temperature. Amongst these

samples, the crystal is no longer growing, the material is crystalline and the Si/Al

ratio and unit cell size are unchanged. Consequently, it is predicted that any factors

that are influencing the decomposition temperature are due to internal local changes

in the zeolite structure. Later on in Chapter 7 it will be seen that 18C6 decompo-

sition temperature is correlated to confinement. Therefore, it is predicted that the

framework cages expand with increasing hydrothermal duration.
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Chapter 7

Decomposition of Occluded

18-crown-6 ether

Herein, the decomposition of 18C6 occluded within each of the as-synthesised zeolites

is discussed. The purpose of this study was to observe differences in the decompo-

sition profile which provide information on the host-guest interactions between the

framework and the 18C6 molecule. In understanding these organic-framework inter-

actions, insights into the nature of structure assembly during synthesis can be made.

Each of the zeolites was studied using thermogravimetric analysis in conjunction with

mass spectrometry of the liberated gases to identify the reactions at each sequence

of mass loss. Differences in the thermodynamics and kinetics of decomposition are

also studied. This was done by differential thermal analysis (DTA) and estimation of

the decomposition activation energy using the thermogravimetric data.

7.1 Thermogravimetric Analysis

To begin with, thermogravimetric analysis (TGA) was used to study the 18C6 decom-

position. The samples were heated from 30°C to 600°C at a ramp rate of 5 Kmin-1

under an air atmosphere at a flow rate of 20 mlmin-1. The evolving gas was analysed

using mass spectrometry (MS), with an initial scan of ions with a mass-to-charge ra-
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tio (m/z) of 0-200. The was followed by a scan of m/z ions of specific interest. Two

ions which were consistently used to track the decomposition of 18C6 were the m/z

ions 18 and 44, which correspond to water and carbon dioxide respectively. Further

details are elaborated in Chapter 2.

7.1.1 Metal Cation-Crown Complexes

Before studying the decomposition of 18C6 occluded within a zeolite framework,

the isolated 18C6 itself was studied. As seen previously, the cations used in the

conventional synthesis of the four zeolites vary. This being exclusively Na+ cations

for zeolites EMC-2 and Na-X, a mix of Na+ and Cs+ cations for zeolite RHO and an

abundance of K+ with a small quantity of Sr2+ cations for zeolite ZK-5.[64] As such,

the prospect of collaborative structure directing effects during synthesis come into

question. Most importantly for this experimental analysis however, is the possibility

that different cations coordinated to the cavity of the 18C6 molecule can influence

its decomposition.

Crown ether complexes of the form “[M(18C6)]+ OH-” were prepared for the Na+,

K+ and Cs+ cations, using the synthesis procedure detailed in Chapter 2. These

complexes contain a hydroxide counter anion and were sampled as they were deemed

to represent the realistic complexes that could be formed in the synthesis hydrogel.

A complex for the Sr2+ cation was neglected due to the minimal quantities used in

the synthesis of zeolite ZK-5. Figure 7-1 shows the thermogravimetric (TG) curves

of these three complexes compared to vacant 18C6. The three complexes show an

initial mass loss prior to 100°C, which corresponds to the loss of residual water, as

confirmed by the MS data in figure 7-2. Aside from this, the TG curves of the three

complexes are very similar to the vacant 18C6, as to be expected. Furthermore, it is

worth noting that the residual mass remaining for the complexes in figure 7-2 is due

to the presence of excess metal hydroxide - which was used in the sample preparation.

Figure 7-1 also shows the decomposition temperature of each of the samples within

parentheses in the legend. Each of these temperatures were determined from the peak

in the derivative dTG/dt of the thermogravimetric curve. Upon coordination to one

of the metal cations, the decomposition temperature of 18C6 is mostly unchanged,

242



Figure 7-1: Thermogravimetric curves of 18C6 (black dotted) and the corresponding
Na+ (red), K+ (green) and Cs+ (blue) complexes. The curves are plotted against the
percentage of total mass lost from the initial mass. The decomposition temperatures
in parentheses are determined from the peak in the derivative dTG/dt curve.

being within a ± 19°C range from the vacant 18C6 molecule. Consequently, it was

deemed that there will be a negligible difference in the decomposition temperature

from different metal cations within the zeolite hosts. Therefore, any changes in

decomposition temperature will be due to features of the zeolite framework.

Concerning the MS signals, as shown in figure 7-2, both water and carbon dioxide are

seen as products during the decomposition event. Both of these signals are centred

at the same position as the calculated decomposition temperature. There are subtle

differences in the shapes of the MS signals, which is apparent in figure 7-2c for the

K+ complex. In this sample, the signal is composed of two sharp overlapping peaks,

suggesting a two-component decomposition mechanism. Although this would appear

to be unique, the MS curves for the other samples show shoulders or a distinct

asymmetric shape, with a tail on the lower temperature scale. This suggests that

in these samples there are also two overlapping peaks however they have not been

resolved. Generally, this illustrates that the presence of the cation has trivial influence

on the MS signals for water and carbon dioxide, as well as the TG curve.
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Figure 7-2: Thermogravimetric curves and mass spectra signals of water (m/z 18)
and carbon dioxide (m/z 44) for a) 18C6, b) Na+-18C6, c) K+-18C6 and d) Cs+-
18C6. The TG curve is shown in black, the water MS signal in blue and the carbon
dioxide MS signal in orange.

In addition to the production of water and carbon dioxide, other decomposition prod-

ucts have been observed using mass spectrometry. Figure 7-3 shows the mass spec-

trum over time of the liberated gas from the vacant 18C6, scanning the m/z ion

range from 0-200. As the experiment was performed under air flow, the high in-

tensity signals throughout the entirety of the experiment below m/z 45, are due to

the constituents of air. This includes water and carbon dioxide, whereby the signal

increases further during decomposition. One of the prominent features in this spec-

trum is the detection of fragments larger than m/z 45 that appear 30-50 minutes

into the experiment. The high intensity fragments detected above this range are sep-

arated by a mass of 13-15, which is due to a difference in CH3, CH2 and CH species.

Among these fragments, the three with the highest intensity signals were the m/z

58, 60 and 73 ions. Consequently, these ions were measured at a higher resolution

in subsequent thermogravimetric analyses to observe the fragmentation of the 18C6

molecule. Figure 7-3 includes the likely structure of these fragments.
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Figure 7-3: Mass spectrum of the evolved gas from 18C6 during the thermogravime-
try measurement. Ions within the m/z range of 0-200 were detected. The figure shows
the abundance of ion fragments seen during decomposition. Beneath the spectrum
are the likely structures of the m/z fragments 58, 60 and 73.

Figure 7-4 shows the TG curves for 18C6 and the three metal cation-crown ether

complexes, in addition to the MS signals of the m/z 58, 60 and 73 fragment ions.

The peaks in the MS signals for the fragments appear at the position of the 18C6

decomposition, confirming that they are products of the 18C6 breakdown. Between

the crown ether complexes the intensity of the MS signals are the same order of

magnitude, indicating that the degree of fragmentation is similar. As for the vacant

18C6, the signal intensities are four orders of magnitude greater than those for the

complexes. Part of this is due to the fact that the crown complex samples possess a
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lower mass% content of organic ‘18C6’. However, this does not explain the substantial

difference seen. Therefore, it is considered that the coordinated metal cation may be

impeding the production of large fragments during decomposition. It is worth noting

that between samples only the magnitude of the signal intensity has been compared,

as the signal intensity is subject to variations between measurements, such as gas flow

and pressure. Regardless, the data herein indicate that the presence of metal cations

can have an impact on the fragmentation of the 18C6 molecule during decomposition

in the zeolite hosts. In studying the liberated fragments of the 18C6 decomposition, it

must also be remembered that further fragmentation occurs within the gas analyser.

Therefore, the m/z ions detected can be secondary fragments of the products that

are liberated from the sample in reality.

Figure 7-4: Thermogravimetric curves and mass spectra signals of the m/z 58, 60
and 73 fragments for a) 18C6, b) Na+-18C6, c) K+-18C6 and d) Cs+-18C6. The TG
curve is shown in black, the m/z 58 MS signal in red, m/z 60 in purple and m/z 73
in grey.
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7.1.2 The Zeolites

The zeolite samples analysed with thermogravimetry were the hydrated forms of

those studied previously in Chapter 3 with high resolution X-ray diffraction. These

were prepared using the standard procedures that have been used throughout this

monograph,[93, 150, 168, 176] and outlined in detail in Chapter 2. Table 7.1 contains

a summary of the framework and synthesis information for the zeolite samples.

Table 7.1: The framework and synthesis data for the zeolites studied. This includes
the maximum diameter of an occluded sphere in the pores,[238] the 18C6/Al2O3 of
the precursor hydrogel and the Si/Al ratio. These ratios have been calculated using
Energy Dispersive X-ray Spectroscopy (EDX), with an average taken from multiple
sites on various crystals. Standard deviations are show in parentheses.

Framework Pore Si/Al 18C6/Al2O3 Max. diameter of an
Diameter /Å [6] Ratio Hydrogel Ratio occluded sphere /Å [238]

RHO 3.6 3.7 (0.2) 0.5 10.37
ZK-5 3.9 4.0 (0.1) 1.0 10.61

EMC-2 7.3 7.5 x 6.5 3.9 (0.1) 0.47 11.49
Na-X 7.4 2.9 (0.05) 0.47 11.18

Table 7.2 summarises the 18C6 decomposition data obtained from the thermogravi-

metric analysis, including the 18C6 decomposition temperature, 18C6 mass% content

and water mass% content. As the precursor hydrogels prepared for the synthesis of

each zeolite contained similar molar quantities of 18C6, the mass% content is indica-

tive of how much 18C6 is integrated into the framework. The exception is zeolite

ZK-5, where the molar quantity of 18C6 added is double that which is seen in the

other zeolites, but the mass% content in the crystalline product is the lowest. Hence,

it can be deduced that it is somewhat less favourable for the growing KFI framework

to occlude the 18C6 molecule, compared to the other frameworks. This reiterates

the conclusion from Chapter 6 where the synthesis of zeolite ZK-5 was investigated.

In addition, table 7.2 shows the decomposition temperature of isolated 18C6. From

this it is apparent that the 18C6 decomposition temperature increases upon occlusion

within a zeolite framework. Moreover, there is a clear trend that the decomposition

temperature is greater the smaller the host zeolite’s pores. This illustrates that within

the smaller pore zeolites there is enhanced confinement of the 18C6, meaning more
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thermal energy is required to permit the decomposition and liberation of the 18C6

molecule. Consequently, this suggests that there are stronger host-guest or organic-

framework interactions in the smaller pore zeolites, with zeolite RHO having the

strongest of the four studied.

Previous thermogravimetric studies by Feijen et al.[199] reported that the decomposi-

tion temperature of 18C6 was independent of the zeolite host’s structure, but rather

imposed by the framework’s Si/Al ratio. The data herein disagree with this conclu-

sion. As shown in table 7.1, the Si/Al ratios of the zeolites RHO, ZK-5 and EMC-2

studied herein are comparable, with zeolite Na-X being less siliceous. Feijen et al.

only considered FAU and EMT-type zeolites, which have architectural similarity, so

it can be seen why the Si/Al ratio may be seen as the defining parameter. However,

having analysed zeolites RHO and ZK-5, it is apparent that the framework geometry

dominates the decomposition temperature of 18C6.

Table 7.2: The results from TG analysis of the isolated 18C6 and occluded 18C6
within the four zeolites. Decomposition temperatures were taken as the peak in the
derivative dTG/dt curve and m/z 44 ion MS signal. The 18C6 and water content
mass% was taken as the average calculated from separate runs at different ramp rates
(2, 5 and 10 Kmin-1), and calculated using equation 2.16 in Chapter 2. Standard
deviations are show in parentheses.

Framework Pore Decomposition 18C6 Content Water Content
Diameter /Å [6] Temperature /°C Mass % Mass %

18C6 203 (6.0)
RHO 3.6 387 (0.30) 7.32 (0.09) 9.94 (0.18)
ZK-5 3.9 347 (1.4) 2.94 (0.12) 11.5 (0.10)

EMC-2 7.3 7.5 x 6.5 219 (9.1) 262 (1.7) 15.2 (0.07) 9.87 (0.07)
Na-X 7.4 204 (2.8) 256 (0.70) 10.2 (0.11) 15.3 (0.11)

In addition to the influence on the temperature of decomposition, the thermogravi-

metric curves and MS signals of each of the zeolites show unique features. The TG

curves of the smaller pore zeolites RHO and ZK-5 are shown in figures 7-5 and 7-6

respectively. Both of these graphs have the Mass% axis to the same scale, in order to

emphasise the difference in the amount of 18C6 contained in the sample. Moreover,

both zeolites show desorption of extra-framework water, peaking at approximately

130°C, well separated from the decomposition of 18C6 above 300°C. Hence, these

two events are distinctly coherent. In zeolite RHO, the MS signals for water and car-
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Figure 7-5: Thermogravimetric curve and mass spectra signals of water (m/z 18)
and carbon dioxide (m/z 44) for zeolite RHO, ramping from 30°C to 600°C at a ramp
rate of 5 Kmin-1. The TG curve is shown in black, the temperature in red dotted and
the MS signals of the liberated gas for water and carbon dioxide shown in blue and
orange respectively.

bon dioxide during the decomposition process follow a symmetric bell curve shape.

This contrasts what is seen for zeolite ZK-5 in figure 7-6. Here the signals are asym-

metric, showing a higher temperature tail. The curve shapes for the two zeolites are

consistent with those seen from the derivative dTG/dt curves, as shown in Appendix

B. The asymmetry of the signals for zeolite ZK-5 illustrate that as the decomposition

of 18C6 proceeds it slows down with temperature. Furthermore, the appearance of

one peak in the MS signals for zeolites RHO and ZK-5 suggest that the decomposition

process occurs via a single event.

As mentioned previously and shown in table 7.2, the 18C6 decomposition temperature

is much higher in zeolite RHO than it is zeolite ZK-5. Primarily, this is due to

the smaller pores in zeolite RHO. However, a further matter should be taken into

consideration. Within the framework of zeolite RHO Cs+ cations occupy the double
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Figure 7-6: Thermogravimetric curve and mass spectra signals of water (m/z 18)
and carbon dioxide (m/z 44) for zeolite ZK-5, ramping from 30°C to 600°C at a ramp
rate of 5 Kmin-1. The TG curve is shown in black, the temperature in red dotted and
the MS signals of the liberated gas for water and carbon dioxide shown in blue and
orange respectively.

8-rings (D8Rs),[145, 179] potentially blocking the liberation of the decomposition

products through the 8-ring apertures. Consequently, it is possible that additional

thermal energy is required for the Cs+ cations to become mobile enough to permit the

passage of decomposition products. This will be discussed later on with differential

thermal analysis.

For zeolites Na-X and EMC-2, under the typical ramping regime of 5 Kmin-1 there

was an overlap of the events of water desorption and 18C6 decomposition. In order to

isolate these two events, as is seen for zeolites RHO and ZK-5, the ramping regimes

were adjusted. Consequently, a static intermediate step in the regime between the

two events was introduced, to ensure the desorption of all the extra-framework water

prior to 18C6 decomposition. These were 60 minutes at 130°C for zeolite Na-X and

20 minutes at 180°C for zeolite EMC-2. The thermogravimetric curves are shown
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Figure 7-7: Thermogravimetric curve and mass spectra signals of water (m/z 18)
and carbon dioxide (m/z 44) for zeolite Na-X, ramping from 30°C to 600°C at a
ramp rate of 5 Kmin-1. This includes an intermediate stage where the temperature
was held at 130°C for 60 minutes. The TG curve is shown in black, the temperature
in red dotted and the MS signals of the liberated gas for water and carbon dioxide
shown in blue and orange respectively.

in figures 7-7 and 7-8 respectively. Both of these zeolites show two overlapping

peaks in the MS signals for water and carbon dioxide during the decomposition stage

of 18C6. This is corroborated by the double peak shape of the derivative dTG/dt

curves included in Appendix B, which show that the TG curve shape is indicative of

two overlapping mass loss events. In the case for both of these zeolites, the m/z

44 ion MS signal was deconvoluted into two separate peaks, and the apex of each

taken as the decomposition temperature of each event, as shown in table 7.2. These

deconvoluted signals are also contained in Appendix B.

Initially it was thought that the two event decomposition seen in zeolite EMC-2 could

be due to 18C6 molecules occluded in the different sized t-wou hypercage and t-wof

hypocage. However, such an explanation can be dismissed as two events were also
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Figure 7-8: Thermogravimetric curve and mass spectra signals of water (m/z 18)
and carbon dioxide (m/z 44) for zeolite EMC-2, ramping from 30°C to 600°C at a
ramp rate of 5 Kmin-1. This includes an intermediate stage where the temperature
was held at 180°C for 20 minutes.The TG curve is shown in black, the temperature
in red dotted and the MS signals of the liberated gas for water and carbon dioxide
shown in blue and orange respectively.

seen in zeolite Na-X, which possesses a single size t-fau supercage for occupation.

Therefore it can be deduced that it is the 18C6 molecule itself which is decomposing

via a two event mechanism. In contrast to zeolites RHO and ZK-5, it is possible

that in the large pore zeolites the weaker host-guest interactions facilitate a lower

temperature decomposition pathway. However, this is speculative.

Zeolite EMC-2 shows a further unique feature, which is not seen in the other zeolites

and has not been reported in the literature. This can be seen in figure 7-8 where

the onset of 18C6 decomposition occurs suddenly and rapidly, producing an inflection

point in the TG curve. This is emphasised by the sharp first peak in the MS signals

for water and carbon dioxide. Furthermore, prior to the onset of decomposition there

is a slight increase in mass in the TG curve. This has been seen in repeated scans,
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in addition to measurements at different ramp rates. Figure 7-9 includes an enlarged

inset, showing the mass increase more clearly. This mass increase is also further

supported by a positive spike in the dTG/dt derivative curve, as shown in Appendix

B. Confirming that the sample mass was increasing, a decrease in the MS signal

for the m/z 32 ion, corresponding to oxygen of the form O2, was seen to coincide

with the mass increase. This is shown in figure 7-9. The consequence of this is

that it suggests that the zeolite is adsorbing oxygen from the air flow, permitting the

oxidation of 18C6 in the pores prior to decomposition. Interestingly, this decrease in

the MS signal for the m/z 32 ion was not observed for the other zeolites.

It is unclear why the apparent adsorption of oxygen prior to decomposition is unique

for zeolite EMC-2. However, it is most likely due to the larger aperture size and cavity

volumes in the EMT framework, enhancing the accessibility of oxygen into the pores

to oxidise the 18C6 molecule before it decomposes into fragments. This complements

Figure 7-9: Thermogravimetric curve and mass spectra signal of m/z 32 for zeolite
EMC-2, ramping from 30°C to 600°C at a ramp rate of 5 Kmin-1. The TG curve
is shown in black, the temperature in red dotted and the MS signal of the liberated
m/z 32 ion gas in green
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the decomposition mechanism suggested by Feijen et al.[199], observed using Infrared

spectroscopy. Therein, it is reported that the 18C6 undergoes a cleavage of one ether

bond, producing a vinyl group and an alcohol group on opposing ends of the newly

formed acyclic chain. With the data herein, it is possible that the ether cleavage

is catalysed by oxygen within the pore, resulting in further oxidation and additional

alcohol functionalities on the vinyl group.

In addition to the adsorption of oxygen observed from the MS signal of the m/z

32 ion in figure 7-9, there is a subsequent hump throughout the decomposition of

18C6. Rather than oxygen, this hump corresponds to methanol produced during the

decomposition process. The production of methanol during decomposition is seen

in the other three zeolites. Nevertheless, these data are a strong indication that

the decomposition mechanism is different in zeolite EMC-2, compared to the other

zeolites studied.

Previously it was seen that 18C6 and its derivative metal cation-crown complexes ex-

press fragmentation during the decomposition process. The primary fragments studied

were the m/z 58, 60 and 73 fragments. As such, this aspect of the decomposition

was also studied within the confines of the zeolite hosts.

Figures 7-10 and 7-11 show the thermogravimetric curves and MS signals for the

m/z 58, 60 and 73 fragment ions for zeolites Na-X and EMC-2 respectively. From

this, it can be seen that the intensity of the fragments observed are considerably

lower than those seen with isolated 18C6 and the cation-crown complexes, shown in

figure 7-4. The primary reason for this is due to the fact that the zeolite samples

themselves contain a lower mass% content of 18C6, meaning the fragment products of

decomposition are not as abundant. Regardless, zeolite Na-X only showed a peak for

the m/z 60 fragment during the decomposition of 18C6. As for zeolite EMC-2, peaks

for all three fragments were detected in the early stages of decomposition, being

more intense than those observed for zeolite Na-X indicating a higher abundance

of fragments. In addition, a peak for the m/z 58 fragment is also observed at

approximately 400°C. At this temperature there is no observed mass loss in the sample,

meaning that whatever this peak corresponds to it is not to a significant thermal event.

Also, this peak was not seen in repeated scans. Due to the low intensity of this peak

it is likely a small amount of the fragment trapped within the pores.
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Figure 7-10: Thermogravimetric curve and mass spectra signals of the m/z 58, 60
and 73 fragments for zeolite Na-X, ramping from 30°C to 600°C at a ramp rate of 5
Kmin-1. The TG curve is shown in black, the temperature in red dotted and the MS
signal of the m/z 58, 60 and 73 fragments in red, purple and grey respectively. The
MS signal has been smoothed to reduce the amount of noise from the signal baseline.

Figure 7-11: Thermogravimetric curve and mass spectra signals of the m/z 58, 60
and 73 fragments for zeolite EMC-2, ramping from 30°C to 600°C at a ramp rate of
5 Kmin-1. The TG curve is shown in black, the temperature in red dotted and the
MS signal of the m/z 58, 60 and 73 fragments in red, purple and grey respectively.
The MS signal has been smoothed to reduce the amount of noise from the signal
baseline.
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Concerning zeolites RHO and ZK-5, no fragments were detected by mass spectrome-

try throughout the thermogravimetric measurement. However, there are two potential

explanations for this lack of fragmentation. The first is that due to the higher temper-

atures required for the 18C6 decomposition in zeolites RHO and ZK-5, any fragments

liberated from the sample would rapidly oxidise and decompose before reaching the

gas analyser. Furthermore, both zeolites RHO and ZK-5 have a lower mass% content

of 18C6 compared to zeolites EMC-2 and Na-X (table 7.2). Therefore, any fragments

produced would be at a concentration below the gas analyser limit of detection. This

is likely, as the peaks in the MS signals for zeolites EMC-2 and Na-X already have a

low signal-to-noise ratio.

7.2 Differential Thermal Analysis

Having observed the differences in the means of 18C6 decomposition within each of

the zeolite frameworks, further thermodynamic data were obtained using differential

thermal analysis (DTA). Herein it has been seen that the temperature needed to

activate the decomposition process is greater the smaller the pores of the host zeolite

structure. However, this does not provide any information as to what the energetics

of the decomposition reaction are.

Figure 7-12 shows the DTA curves of the four zeolites and isolated 18C6, heated

under the same ramping regime. All of the zeolites show a broad endothermic hump

below 200°C due to the desorption of extra-framework water. As for the isolated

18C6 there is a sharp endothermic peak at approximately 45°C, which correlates

to the sample melting in the crucible. The exothermic DTA peak positions agree

with the decomposition temperatures seen previously from the thermogravimetric

curves in table 7.2. This is pertinent for the smaller pore zeolites RHO and ZK-5,

as it indicates that the occluded 18C6 does not decompose prior to being liberated

from the framework. This confirms that there is greater confinement and host-guest

interactions in the smaller pore zeolites.

Regarding the shape of the decomposition DTA curves, they are congruent with the

shape of the MS signals for water and carbon dioxide. Both zeolites RHO and ZK-5
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show single peak exotherms, with the latter having an asymmetric tail, which can

be seen more clearly in the inset. Zeolites EMC-2 and Na-X also show the two

overlapping peaks in their respective DTA curves, supporting the observations that

there is a two-event decomposition mechanism. These double peaks have also been

reported by Feijen et al.[199] and Chatelain et al.[128] for these two zeolites.

Figure 7-12: Differential thermal analysis (DTA) curves for the four zeolites: RHO
(red), ZK-5 (orange), EMC-2 (green), Na-X (blue) and the isolated 18C6 (black
dotted). The samples were heated at a ramp rate of 5 Kmin-1 from 30 °C to 600°C.
The inset includes the same curves but with the baseline removed using a polynomial
function and normalised to show the heatflow per mg of 18C6 in the sample. The
area under the curves are an indicator of the energy released upon decomposition.

The inset included in figure 7-12 contains the DTA curves after baseline correction and

normalisation. The water desorption event and baseline were removed manually using

a polynomial function. The curves were then normalised to represent the heatflow per

mg of 18C6 within the sample. The purpose of this being to emphasise the differences

in the enthalpy of decomposition when the 18C6 molecule is occluded into different

frameworks. Compared to the zeolites, the exotherm area for the isolated 18C6 is

the smallest, albeit comparable to the exotherm for zeolite RHO. This illustrates

that although the 18C6 is the most confined within zeolite RHO, the enthalpy of

decomposition is most similar to that of the isolated compound. Furthermore, the
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exotherm area appears to increase in the order of zeolite ZK-5, Na-X and EMC-2.

This is consistent with the ascending order of the framework cage volume occupied by

the 18C6 molecule, as shown in table 7.1. Hence, this demonstrates that the enthalpy

of decomposition for 18C6 is greater in the more voluminous framework cages.

The significance of these data returns to how the host-guest interactions between

the framework and the 18C6 molecule are influencing the decomposition process.

From the thermogravimetric analysis, it is clear that the pathway of decomposition is

different within each of the zeolites. As such, it is difficult to glean a coherent expla-

nation. However with reasonable assumptions, feasible trends can be ascertained.The

MS signals for water and carbon dioxide, shown previously in figures 7-5, 7-6, 7-7 and

7-8 have comparable peak areas during decomposition. This suggests that although

the pathway of decomposition is different, carbon dioxide and water are produced in

a similar quantity during decomposition in each zeolite. Since the state of the de-

composition products are comparable, and the enthalpy of decomposition is different,

it indicates that the initial state of the 18C6 is energetically different.

Within the isolated 18C6 there are intermolecular forces between molecules, which

influence the enthalpy of decomposition. As the enthalpy for 18C6 is alike to that of

zeolite RHO, it illustrates that the non-bonding interactions between the framework

and the 18C6 molecule are similar in behavior to the intramolecular forces in the

isolated compound. Seeing that the enthalpy of decomposition is greater in the

larger pore zeolites, this demonstrates that the host-guest interactions are weaker,

resulting in a weaker stabilisation effect and a greater enthalpy of decomposition.

This is not surprising, as it is to be anticipated that the zeolites with smaller pore

volumes will interact more strongly with the occluded 18C6, based purely on spacial

considerations. However, the results herein testify to these expectations.

7.3 Activation of Decomposition

Seeing how the host-guest interactions influence the thermodynamic aspects of the

18C6 decomposition process, the impact on kinetics was subsequently studied. The

activation energy of 18C6 decomposition was estimated using the technique devel-
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oped by Ozawa, Flynn and Wall.[206, 207] Thermogravimetric measurements on

isolated 18C6 and the four zeolites were repeated at different ramp rates: 2, 5 and

10 Kmin-1. The mass% was then converted into a standardised parameter known as

α, representing the progression of the decomposition process. For each ramp rate

scan, the temperature at specific points in the progression of the decomposition were

recorded, and compared to calculate the activation energy. A detailed description of

this method is explained in Chapter 2.

Table 7.3 contains the estimated activation energies, in addition to the framework

pore sizes, and the Si/Al ratios calculated via EDX analysis. Separate energies were

calculated for the two events in zeolites EMC-2 and Na-X, deconvoluted from both

the dTG/dt curve and m/z 44 ion MS signals. The most distinct observation is that

the activation energy of decomposition significantly increases from the isolated 18C6

to the occluded state within a zeolite host. This mirrors what was seen previously,

whereby the decomposition temperature is greater upon occlusion. This observation

in the activation energy can be explained by the reduced accessibility of oxygen for

decomposition, in addition to the physical confinement from the framework.

Table 7.3: Summary of the results determining the activation energy of decompo-
sition (Ea) per mole of 18C6. This was calculated following the ISO 11358-3:2013
standard, as explained in Chapter 2. Approximate Si/Al ratios of the zeolites were
measured using EDX spectroscopy on multiple sites on various crystals and calculated
as an average. Standard deviations are shown in parentheses.

Framework Pore Si/Al Ratio Ea per mole of 18C6
Diameter /Å [6] /kJmol-1

18C6 44.5 (0.39)
RHO 3.6 3.7 (0.2) 139 (2.4)
ZK-5 3.9 4.0 (0.1) 145 (5.1)

EMC-2 7.3 7.5 x 6.5 3.9 (0.1) 136 (5.9) 119 (1.3)
Na-X 7.4 2.9 (0.05) 124 (4.7) 128 (7.5)

In contrast, amongst the four zeolites the estimated values for the activation energy

of decomposition are comparable. The values for the zeolites RHO, ZK-5 and the

first decomposition event in zeolite EMC-2 are within the boundaries of each others

standard deviations. Interestingly, the second event in zeolite EMC-2 has a signif-

icantly lower activation energy. However, experimental observations combined with

the decomposition mechanism reported by Feijen et al.[199] suggest that this second
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event is a sequential step, succeeding the first event. In this matter, the activation

energy of this second event can be disregarded. This is because the kinetics of the

first event, corresponding to the onset of decomposition and initial cleavage of the

crown, are of primary interest.

The only observable significant difference in the activation energies are between zeo-

lite Na-X and the other three zeolites. In this case, zeolite Na-X has a lower activation

energy, indicating that the 18C6 decomposition process is faster within this frame-

work. Due to the similarity in pore size between zeolite Na-X and EMC-2, this was

not believed to be the factor responsible for this observation. From the zeolite prop-

erties, the only potential parameter causing this distinction, is the fact that zeolite

Na-X has a lower Si/Al ratio than the other three zeolites, as shown in table 7.3. This

would also explain why the other three zeolites have similar activation energies, as

their Si/Al ratios are comparable. Furthermore, zeolite ZK-5 expressed the greatest

activation energy and highest Si/Al ratio, however both these values are within the

limits of the standard deviations for zeolites RHO and EMC-2. Therefore, it can be

surmised that the amount of Al integrated in the framework may have a negative

correlation to the activation energy of 18C6 decomposition.

It must be recalled that one of the roles of 18C6 within synthesis is to regulate the

assimilation of Al into the growing framework, this typically being that the addition of

organics into zeolite synthesis results in the zeolite framework being more siliceous.[64,

93] As such, it is interesting to see such a relationship between the Si/Al ratio and

the presence of 18C6 when it is both being occluded within, and removed from the

framework. In the synthesis of high-silica zeolites the structure direction is generally

characterised by the hydrophobic interactions between the organic additives and the

silica framework.[74]. Herein, if the decomposition process is indeed slower in the more

siliceous zeolites it would suggest that it is the hydrophobic host-guest interactions

that are involved in increasing the activation of decomposition.

Further studies into the influence of Si/Al ratio on the kinetics of 18C6 decompo-

sition need to be investigated to verify this relationship. Unfortunately, due to the

aforementioned role of 18C6 to control the Si/Al in synthesis, the means of prepar-

ing different Si/Al ratio zeolite Na-X analogues in the presence of 18C6 is difficult

by nature. In spite of this, it is clear that the kinetics of 18C6 decomposition are
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independent of the host framework geometry. This contrasts the thermodynamic

relationships observed via thermogravimetry and DTA.

7.4 Chapter Summary

Within this Chapter, investigations into the host-guest interactions within the zeo-

lite frameworks were made by studying the decomposition behaviour of the occluded

18C6 guest molecule. Initially it was elucidated that the 18C6 decomposition tem-

perature is independent of whether or not an alkali metal cation is coordinated to the

molecule’s central cavity. From this, it was confirmed that any perturbations in the

decomposition process observed in the zeolites are due solely to the attributes of the

zeolite host. The only observable difference between the isolated crown and metal

cation-crown ether complexes was that the latter expressed a decreased degree of

18C6 fragment production. The suggested explanation for this being that the cation

impedes the fragmentation of the molecule via electrostatic interactions.

Concerning the zeolites, one of the primary insights was how there appears to be a

less favourable integration of 18C6 into the framework for zeolite ZK-5, compared to

the other zeolites. Furthermore, it was gleaned that there is an inverse relationship

between the 18C6 decomposition temperature and the framework pore size - indicat-

ing that there is enhanced confinement in the smaller pore zeolites, as to be expected.

Mechanism wise, the decomposition appeared as a single event in the smaller pore

zeolites RHO and ZK-5, but as a two event pathway in the larger pore zeolites EMC-2

and Na-X. In particular zeolite EMC-2 was shown to adsorb oxygen prior to decom-

position, being a unique mechanism constituent not observed in the other zeolites.

Such a pathway is believed to be due to the more spacious cage volume, and weaker

host-guest interactions in zeolite EMC-2.

Differential thermal analysis illustrates that the enthalpy of 18C6 decomposition is

lower for the smaller pore zeolites. This supports the conclusions made with ther-

mogravimetry, that in the smaller pore zeolites the occluded 18C6 molecule is more

confined and experiences stronger host-guest interactions. However, although the

thermodynamics of decomposition are dominated by the framework geometry, the
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kinetics are independent. Rather, the data suggest that the lower the Si/Al ratio of

the framework, the lower the activation energy and hence greater the rate of 18C6

decomposition. If the framework is more siliceous, the host-guest interactions are

anticipated to be more hydrophobic in nature. Therefore, it is postulated that it is

the increased hydrophobic nature of the interactions, as opposed to strength, that is

retarding the decomposition kinetics.
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Chapter 8

Inelastic Neutron Scattering

Spectroscopy

To gain more information on the organic-framework interactions between the occluded

18C6 and the zeolite host, inelastic neutron scattering (INS) spectroscopy was em-

ployed. This technique was used to observe the dynamics of the 18C6 molecule and

to study how the zeolite framework influences these motions. Such experimental data

can provide insights into the nature of the van der Waals interactions that distinguish

which of the zeolites are assembled.

There were three primary reasons as to why INS spectroscopy was chosen to probe

these molecular vibrations. Firstly, in classical Infrared (IR) and Raman spectroscopic

techniques the intensity of bond vibrations are highly associated with the abundance of

the species in the sample. This is problematic for zeolites as the Si-O bond vibrations

are consequently of high intensity and breadth, meaning they obscure the weaker

and fine detail required from the occluded 18C6 molecule. However, 1H has a large

neutron cross section, so when using INS the vibrations from organic species are more

visible than those of the zeolite host. Furthermore, as INS is not limited by optical

selection rules all vibrational modes are theoretically active and hence measurable.

Lastly, an additional benefit to the use of INS is that the entirety of the molecular

vibrational range (0-4000 cm-1) can be observed, which includes low energy modes

pertaining to rotations and phonons.
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Herein, the filled and empty analogues of the four zeolites were studied, alongside

the isolated 18C6 and the Na+, K+ and Cs+ cation-crown ether complexes. The

zeolite samples used for analysis were the same as those studied with high resolution

X-ray diffraction for full structural refinement in Chapter 3. The syntheses employed

were the standard procedures that have been used previously.[93, 150, 168, 176] The

metal cation-crown ether complexes were prepared using the same protocol as the

samples that were analysed using thermogravimetry, however deuterated water was

used for the dissolution. As water present in the samples would appear in the INS

spectra, both the zeolite and metal cation-crown ether complexes were dehydrated,

following the methods used previously. Full experimental details on the synthesis of

the zeolites and the metal cation-crown ether complexes, in addition to the calcination

and dehydration protocols, are contained in Chapter 2.

The INS spectroscopy was performed on the indirect geometry TOSCA instrument at

the ISIS Neutron and Muon Source, Didcot, UK. The dehydrated samples were loaded

into aluminium foil sachets and sealed under argon between two aluminium plates with

indium wire. Measurements were taken at 10 K for between 5 to 7 hours, scanning an

energy transfer range of -20-8050 cm-1. To identify the vibrational modes observed

in the INS spectra, the quantum-mechanics-based CASTEP software developed by

Clark et al.[214] was used. These calculations were performed by collaborators, using

the crystal structure configurations of the isolated 18C6 as well as the Na+, K+ and

Cs+ cation-crown ether complexes.[103, 215, 216, 217, 218] Prior to the CASTEP

calculations, the geometry of each species was optimised.

8.1 Metal Cation-Crown Complexes

To begin with, the metal cation-crown complexes were examined using INS vibrational

spectroscopy. As mentioned previously, there is scope that within each of the zeolites

a different alkali metal cation can coordinate to the occluded 18C6, hence influencing

the dynamics of the organic molecule. Therefore, to ensure a coherent study, the

influence imposed by the coordinated cations was studied prior to that by the zeolite

framework.
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Figure 8-1 displays the INS spectra for the isolated 18C6 and each of the metal

cation-crown complexes in the spectral range of 0-1600 cm-1. For the isolated 18C6,

each vibrational mode shown is labeled with the energy observed from the spectrum.

Also included are the energy ranges at which certain vibrational modes in the 18C6

molecule are anticpated, as reported by Fukuhara et al.[102] Table 8.1 summarises

these ranges, in addition to including a short description as to what type of vibration it

corresponds to. Two types of vibrational modes that will be of interest herein are the

radial and circular modes of the 18C6 molecule. Radial modes refer to collaborative

vibrations whereby the molecule breathes multiaxially in all directions. Alternatively,

the circular modes are vibrations whereby the vector of motion is contained within

the 2-dimensional plane of the crown. Both motions are considered to be skeletal,

consisting of a combination of multiple bond bends and torsions to produce a global

dynamic in the molecule.

Table 8.1: A summary of the frequency ranges anticipated for certain vibrational
modes in the isolated 18C6 molecule, as reported by Fukuhara et al.[102]

ν /cm-1 Vibrational Assignment
< 70 Breathing modes, out of the plane of the ring
> 200 CCO deformation and COC bending
< 300 Radial modes, C-C and C-O torsions

300-600 Circular modes
< 600 Skeletal bending and torsions

820-1160 C-O and C-C stretching, CH2 rocking
1220-1310 CH2 twisting
1330-1440 CH2 wagging
1440-1500 CH2 bending
2800-3000 CH2 antisymmetric and symmetric vibrations of the oxyethylene group

Returning to the spectra of the different 18C6 species, there appears to be very

trivial differences between the vibrational modes in the 800-1600 cm-1 region. As

these vibrational modes correspond to discrete bond vibrations, such a congruence in

the spectra demonstrates that the structure of the 18C6 molecule is retained upon

formation of the complexes.

Greater distinctions in the vibrational spectra are apparent upon inspection of the

lower energy region from 0-700 cm-1. This region corresponds to the skeletal radial

and circular modes, and is shown in figure 8-2 in more detail. In the Cs+-18C6
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complex the low energy region below 200 cm-1 has lost the coherence between the

different breathing and radial vibrational modes. Such broadening of the spectral

signals is characterised by disorder of the 18C6 molecule. From previous studies, it is

known that unlike Na+ and K+, the Cs+ cation is too large to fit within the central

cavity of the 18C6 molecule. Rather, the Cs+ cation sits above the plane of the

crown ether.[103, 218] Therefore, these data demonstrate how in such a position the

Cs+ cation is both sterically and electrostatically smearing the breathing and radial

vibrations of the 18C6 molecule.

As displayed in figure 8-2, the spectral region above 200 cm-1 also shows further

differences for the Cs+-18C6 complex, compared to the other two complexes and

the isolated 18C6. The most striking difference is the complete absence of the two

Figure 8-1: INS vibrational spectra (0-1600 cm-1) for the isolated 18C6 (black), and
the metal cation-crown complexes: Na+-18C6 (red), K+-18C6 (green) and Cs+-18C6
(blue). The spectra have been normalised to account for the mass of sample put on
the spectrometer within the neutron beam path.
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doublets, consisting of the 404, 416 and 452, 464 cm-1 vibrational modes, in the

Cs+-18C6 sample. In addition, there are more subtle distinctions in the Cs+-18C6

complex spectra, such as the shifting of peak positions to different frequencies and

doublets that are replaced by a single vibrational mode. For the latter, such instances

include the 312, 322 cm-1 and 570, 582 cm-1 doublets that are present in the 18C6

spectra. A further point worth of note, is the appearance of new vibrational modes

in the Cs+-18C6 complex, which are not present in the isolated 18C6 spectra. In

particular, there are two new vibrational modes that overlap with the 268 cm-1 mode,

positioned at approximately 250 and 280 cm-1.

As mentioned previously, the congruence between the spectra concerning the discrete

bond vibrations demonstrates that the 18C6 molecule’s structure and connectivity

is retained. However, such a disagreement in the skeletal range is indicative of the

molecule being in a different conformation. In possessing inherent flexibility the

18C6 molecule is capable of adopting a variety of different conformational symme-

tries, which can subsequently be influenced by the presence of a coordinated metal

cation. Regarding the isolated 18C6 molecule, calculations demonstrate that the

Figure 8-2: INS vibrational spectra (0-700 cm-1) for the isolated 18C6 (black), and
the metal cation-crown complexes: Na+-18C6 (red), K+-18C6 (green) and Cs+-18C6
(blue). The spectra have been normalised to account for the mass of sample put on
the spectrometer within the neutron beam path.
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Figure 8-3: The 18C6 molecule in the D3d and Ci symmetry conformations. The
former is typically adopted in methanol and other polar solvents, and the latter is
observed in the solid crystal.[102, 103, 104, 215]

two most energetically stable conformers of the 18C6 molecule are the D3d and Ci

symmetries.[101, 102, 104] These two conformations are illustrated in figure 8-3. By

identifying the vibrational modes that are absent and present in the skeletal region,

the conformation of the 18C6 molecule can be determined from the INS spectra.

A vibration at approximately 416 cm-1 is characteristic of a circular mode in the

Ci conformer.[101, 102] Seeing this vibrational mode in the INS spectra of the iso-

lated 18C6 studied herein demonstrates that the crown ether molecules possess this

symmetry. This agrees with the determined crystal structure of 18C6 in the solid

state.[215]

The INS data for both the Na+ and K+ complexes indicate that the 18C6 molecule

proceeds to exist in the Ci symmetry. This disagrees with both the ab initio calcula-

tions by Glendening et al.[103] as well as the reported crystal structures of these two

complexes.[216, 217] However, in both of these instances the complex considered

is a thiocyanate salt, whereby the metal cation is coordinated to both the oxygen

atoms in the 18C6 oxyethylene chain and a thiocyanate anion. The complexes syn-

thesised herein contain hydroxide counter anions and deuterated water, so that the

coordinated complex is under analogous conditions to those in the zeolite hydrogel.

Consequently, such differences in the identity of the counter anion are anticipated to

influence the electrostatic environment around the metal cation, and by extension the

18C6 conformation.
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Regarding the Cs+-18C6 complex, the absence of the 416 cm-1 vibrational mode indi-

cates that the 18C6 molecule is not in the Ci conformation. Rather, it is the presence

of the vibration at approximately 280 cm-1, which is characteristic of the D3d sym-

metry. This agrees with the crystal structure of the thiocyanate crown complex,[218]

as well as the symmetry of the 18C6 molecule alone in the ab initio calculations by

Glendening et al.[103] It is this symmetry that the K+-18C6 complex was anticipated

to occupy, as opposed to the Ci symmetry seen herein. However, closer inspection

of the INS spectrum of the K+-18C6 complex in figure 8-2 shows evidence of the

280 cm-1 vibration with low intensity. Moreover, the 360 cm-1 vibrational mode of

the D3d symmetry appears as a shoulder of the 350 cm-1 vibration in the K+-18C6

complex spectra. These subtle similarities indicate that although the 18C6 molecule

is predominantly in the Ci conformation for the K+-18C6 complex, there is evidence

that some molecules are adopting the D3d symmetry.

To fully identify the vibrational modes in the Ci symmetry, the CASTEP software[214]

was used by collaborators to calculate the vibrational energies of the 18C6 molecule.

Table 8.2 lists the calculated vibrational modes alongside the corresponding equivalent

in the observed INS spectrum. As shown, there is a good agreement between the two

datasets. The full calculated IR spectrum and a list of all the vibrational modes are

shown in Appendix C. CASTEP calculations were also performed on the Cs+-18C6

complex, where the 18C6 molecule is in the D3d symmetry. These data are displayed in

table 8.3, and as with the isolated 18C6, show good agreement with the experimental

INS spectra. For the Cs+-18C6 complex, the calculated IR spectrum and all the

anticipated vibrational modes are also presented in Appendix C. For both symmetries,

the congruence between the calculated and observed data further confirms that in

each instance the 18C6 molecule is in the assigned conformer.

In context to the zeolite synthesis, these data herein suggest that the presence of Na+

or K+ cations will have an insignificant impact on the vibrations of the 18C6 molecule.

Therefore, any perturbations in the vibrational modes are expected to manifest as a

response to the interactions from the zeolite framework. Alternatively, the Cs+ cation

evidently influences the conformation and subsequent skeletal vibrations of the 18C6

molecule. However, as discussed previously, it is currently believed that there is no

instance of Cs+ cations coordinating to the occluded 18C6 molecule in any of the

zeolites studied.
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Table 8.2: Experimental observed (νobs) and the CASTEP calculated (νcalc) vibra-
tional modes for the 18C6 molecule in the Ci conformation. Appendix C contains the
calculated IR spectrum and a table of all the vibrational modes. The abbreviation
‘str’ corresponds to a stretching vibration.

νobs νcalc Vibrational νobs νcalc Vibrational
/cm-1 /cm-1 Assignment /cm-1 /cm-1 Assignment

37 breathing 404 406 circular
45 breathing 416 419 circular
59 56, 58 breathing 452 450 circular
75 68 radial 464 463 circular
83 82 radial 524 526 circular
87 radial 539 543 circular
94 98 radial 570 576 circular

101 101, 102 circular 582 588 circular
110 114 circular 834 840, 841 C-O/C-C str, CH2 rock
120 circular 864 884, 886 C-O/C-C str, CH2 rock
131 circular 890 904 C-O/C-C str, CH2 rock
147 145, 153 circular 938 916 C-O/C-C str, CH2 rock
164 160 circular 986 969 C-O/C-C str, CH2 rock
171 180 circular 1054 1065, 1067 C-O/C-C str, CH2 rock
195 184, 203 circular 1096 1091 C-O/C-C str, CH2 rock
226 213 circular 1142 1152 C-O/C-C str, CH2 rock
234 circular 1229 1197 CH2 twist
268 262, 263 circular 1273 1283 CH2 twist
312 304, 308 circular 1338 1336 CH2 wag
322 circular 1378 1373, 1374 CH2 wag
350 341, 351 circular 1449 1461, 1463 CH2 bend

Table 8.3: Experimental observed (νobs) and the CASTEP calculated (νcalc) vi-
brational modes for the Cs+-18C6 complex, where the 18C6 molecule is in the D3d

conformation. Appendix C contains the calculated IR spectrum and a table of all
the vibrational modes. The abbreviation ‘str’ corresponds to a stretching vibration.
Vibrations below 200 cm-1 are not shown, due to the disorder in the INS spectrum.

νobs νcalc Vibrational νobs νcalc Vibrational
/cm-1 /cm-1 Assignment /cm-1 /cm-1 Assignment

237 241 circular 837 842, 843 C-O/C-C str, CH2 rock
253 260 circular 871 889 C-O/C-C str, CH2 rock
264 261 circular 929 930 C-O/C-C str, CH2 rock
283 274 circular 953 950 C-O/C-C str, CH2 rock
321 314 circular 1085 1083 C-O/C-C str, CH2 rock
360 358 circular 1112 1111 C-O/C-C str, CH2 rock
529 527, 533 circular 1140 1142 C-O/C-C str, CH2 rock
548 551 circular 1247 1264 CH2 twist
587 587 circular 1279 1280, 1281 CH2 twist

1364 1389 CH2 wag
1413 1416, 1417 CH2 wag
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8.2 The Zeolites

Having studied the isolated metal cation-crown complexes, the 18C6 containing zeo-

lites were subsequently analysed. The INS spectra from the 0-1600 cm-1 region for

the four zeolites, both empty and filled, are shown in figure 8-4 alongside the iso-

lated 18C6 with the vibrational mode energies labeled. Through direct comparison of

the filled and empty spectra of each zeolite, the vibrational modes from the zeolite

framework and the occluded 18C6 can be differentiated clearly.

Figure 8-4: INS vibrational spectra (0-1600 cm-1) for the isolated 18C6 (black),
and the filled zeolites: Na-X (blue), EMC-2 (green), RHO (red) and ZK-5 (orange).
Also shown are the INS spectra of the empty zeolites (black dotted), as labelled. The
spectra have been normalised to account for the sample mass and the mass% content
of 18C6.
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The initial observations that can be made here are whether the 18C6 molecule has

endured the crystallisation process and is intact within the zeolite pores. Concerning

the 800-1600 cm-1 region of discrete bond vibrations, there is a good match-up

between the isolated 18C6 and the filled zeolites. Such a congruence illustrates that

the bond connectivity of the 18C6 molecule has been retained. At the lower edge of

this energy range, there is clear broadening of the vibrational modes, which primarily

correspond to CH2 rocking motions. Interestingly, the CH2 wagging and twisting

vibrations within the 1220-1440 cm-1 region express no such observable broadening.

The reason for this distinction, is that the lower energy 820-1160 cm-1 region is

more sensitive to the conformation of the oxyethylene chain.[102] Consequently, it

is deduced that the framework is influencing the oxyethylene chain conformation,

softening the vibrational modes. The framework’s impact on the 18C6 conformation is

deemed to be subtle, as the 416 cm-1 vibrational mode indicative of the Ci conformer is

present in all four zeolites. Therefore, if there are any perturbations to the oxyethylene

chain, it does not have a major impression on the molecule’s symmetry.

Greater distinctions in the 18C6 dynamics between the zeolites are apparent from the

skeletal bending and torsions observed below 600 cm-1. Figure 8-5 illustrates the INS

spectra of the isolated 18C6 and the four zeolites within the 0-700 cm-1 region. All

four zeolites express broadening to the majority of the 18C6 spectral peaks. Such

broadening is recognised as softening of the 18C6 skeletal modes as a direct response

of the molecule’s confinement in the zeolite cavities.

The INS spectra of both zeolites RHO and EMC-2 display coherent peaks from the

occluded 18C6 throughout the energy range, aside from the low energy radial mode

region. However, zeolites ZK-5 and Na-X show a greater degree of incoherence but

this is understood to be for different reasons. Concerning zeolite ZK-5, a comparison

of the spectra of the filled and empty analogues illustrates that below 300 cm-1 there

is an excellent match-up. This demonstrates that any spectral peaks observed below

this energy are from the zeolite framework, as opposed to the occluded 18C6. The

likely cause for this absence of vibrational modes is the small quantity of 18C6 present

in zeolite ZK-5, as discussed in Chapter 7. Table 8.4 displays the estimated 18C6

mass% content determined by TGA, being 2.94%. This is considerably lower than

the other zeolites. Therefore it is anticipated that the vibrational modes below 300

cm-1 are not being detected within the resolution of the spectrometer.
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Figure 8-5: INS vibrational spectra (0-700 cm-1) for the isolated 18C6 (black), and
the filled zeolites: Na-X (blue), EMC-2 (green), RHO (red) and ZK-5 (orange). Also
shown are the INS spectra of the empty zeolites (black dotted), as labelled. The ∗
displays the location of the Ci characteristic 416 cm-1 mode. The spectra have been
normalised to account for the sample mass and the mass% content of 18C6.

Table 8.4: The average 18C6 and water content mass% values determined with TGA
for the filled zeolites from Chapter 7. Standard deviations are shown in parentheses.

Zeolite 18C6 Content Water Content
Mass % Mass %

ZK-5 2.94 (0.12) 11.5 (0.10)
RHO 7.32 (0.09) 9.94 (0.18)

EMC-2 15.2 (0.07) 9.87 (0.07)
Na-X 10.2 (0.11) 15.3 (0.11)
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For zeolite Na-X, the story is very different. Within the radial mode region spectral

peaks from the 18C6 are definitely present, however they show substantial broadening.

This is most noticeable when comparing the INS spectrum of zeolite Na-X to those for

RHO and EMC-2. In zeolite Na-X the 200-300 cm-1 region expresses an incoherent

hump, and below 150 cm-1 the spectral peaks are broad with diminished intensity. As

displayed in table 8.4, the mass% content of 18C6 in zeolite Na-X was determined to

be greater than that in zeolite RHO - being 10.2% and 7.32% accordingly. Therefore,

such poorly resolved peaks are unlikely to arise from the 18C6 content. Alternatively,

the behaviour suggests that the 18C6 molecule shows dynamic disorder, whereby

it is rotating within the cavity of the framework. Such a postulation is supported

by the fact that the FAU framework expresses the largest pore diameter of the four

zeolites,[6] in addition to having a voluminous spherical cavity that the 18C6 molecule

occupies - this being the t-fau supercage.[93, 238]

With regards to the radial modes for zeolites RHO and EMC-2, they are seen to shift

to a higher wavenumber. This is attributed to the physical confinement of the 18C6

molecule within the zeolite cavities, which thus requires a higher energy to permit the

breathing vibrations in a limited space. This is analogous to what has been observed

with the out-of-plane C-H bending modes of benzene occluded in zeolite NaY.[239]

Despite the absence of visible radial modes for zeolite ZK-5 explained previously, it is

anticipated that such energy shifts also transpire as the 18C6 molecule occupies the

α-cage as it does for zeolite RHO.

In addition to the disorder in the radial mode region, zeolite Na-X also expresses

unique features to the other zeolites in the circular mode region of the INS spectra.

For zeolites ZK-5, RHO and EMC-2 it is generally observed that the circular modes

are shifted to lower wavenumbers. This trend is ascribed to the zeolite framework in-

teracting with the 18C6 molecule via the van der Waals and electrostatic interactions,

which weaken the rigidity of the 18C6 molecule. Such energy shifts are not apparent

in the discrete bond vibrations in figure 8-4, however the skeletal region is more sensi-

tive to subtle changes in molecular environment. In zeolite Na-X, the circular modes

of the 18C6 are predominantly unshifted. This demonstrates that in this zeolite the

host-guest organic-framework interactions are weaker. This further corroborates the

understanding that there is more spacial freedom and hence tumbling of the 18C6

molecule in the zeolite Na-X t-fau cavities.
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Although there are these broad trends with regards to the circular modes, the observed

deviations provide further insights into the nature of the host-guest organic-framework

interactions. One such variation concerns the 350 cm-1 vibration, which is shifted to

a higher energy in zeolites ZK-5, RHO and EMC-2, but is absent in zeolite Na-X.

Figure 8-6 contains a graphical representation of this vibrational mode, displaying

either extreme of the atomic displacements. This vibration is primarly characteristed

by the C-C bond torsion about the gauche OCCO oxyethylene species on either side

of the 18C6 molecule. This torsion is shown with the Newman projection in figure

8-7, whereby the C-C bond rotates from a staggered to an eclipsed conformation. In

Figure 8-6: Graphical representation of the 350 cm-1 and 452/464 cm-1 circular
vibrational modes of the 18C6 molecule. Determined via CASTEP calculations. The
yellow arrows illustrate the primary movements in the chain. Scan QR codes for
videos.
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Figure 8-7: Newman projection along the C-C bond of the gauche OCCO species
in the oxyethylene chain. Representation of the torsion of this C-C bond, from
a staggered to eclipsed conformation, which is observed in a number of circular
vibrational modes.

addition, this vibrational mode is also identified by the close approach of the oxygen

atoms on either end of the gauche oxyethylene species.

It is thought that although the 350 cm-1 vibration is a circular mode, it is shifted to a

higher energy based on the torsion of the gauche C-C bond. This torsion introduces

movement out of the molecular plane which is physically confined by the zeolite

cavities, analogous to the radial modes. However, the absence of the mode in zeolite

Na-X is likely based on the disorder and tumbling of the 18C6 molecule in the t-fau

cavity. In being disordered, the coherence of this vibrational mode is lost.

A further difference in the 18C6 circular modes between the zeolite hosts are the 452

and 464 cm-1 vibrations. From the INS spectra in figure 8-5, it can be seen that these

two spectral peaks are present in zeolite Na-X but absent in the other three zeolites.

The 18C6 molecule vibration responsible for these peaks is also represented graphically

in figure 8-6. Both peaks correspond to the same molecular vibration, based on the

degeneracy of the vibrational mode and symmetry of the 18C6 molecule. As with the

350 cm-1 mode, the 452 and 464 cm-1 vibration is characteristed by a C-C bond torsion

about the gauche OCCO oxyethylene species. This can also be represented by the

same Newman projection in figure 8-7. However, the unique movement observed in

the 452 and 464 cm-1 vibration concerns a substantial bending in the trans oxyethylene

species. This is reminiscent of the 18C6 molecule creasing.
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In this instance, it is rationalised that the 452 and 464 cm-1 vibration is absent

in zeolites RHO and ZK-5 based on the smaller cavity size. As shown previously,

the volume of the α-cage is comparatively smaller than the t-fau, t-wof and t-wou

supercages in the FAU and EMT framework. Therefore, it is postulated that due to

the reduced space, the framework is interacting with the 18C6 molecule, softening

these vibrations to the extent at which they are no longer visible in the measurement

obtained.

Concerning the larger pore zeolites Na-X and EMC-2, the volume of the supercages

are comparable. However, the reason for the vibrations being present in the former and

not the latter is due to the differing geometry of the cavities. In zeolite Na-X the t-fau

cavity is spherical, and consequently the 18C6 molecule is seen to be tumbling in the

supercage. Such molecular freedom, and insufficient organic-framework interactions

prevent this vibrational mode from being softened to an indistinguishable degree.

In zeolite EMC-2, although the supercages are voluminous, the elliptical geometry

is what permits interactions with the 18C6 molecule, and hence softening of the

molecular vibrations. This establishes that it is both cavity size and geometry that

are integral in influencing the host-guest organic-framework interactions.

As mentioned previously, both the 350 and degenerate 452 and 464 cm-1 vibrations

involve a torsion about the gauche OCCO oxyethylene species. Furthermore, the

two vibrations appear to be mutually exclusive within the zeolite hosts. The former

vibration is absent in zeolite Na-X, and the latter two are not observed in zeolites ZK-5,

RHO and EMC-2. Although this has been rationalised by the extent of the organic-

framework interactions, this is believed to manifest by influences on the 18C6 molecule

conformation. Earlier it was discussed how the 820-1160 cm-1 region is sensitive to

the oxyethylene chain conformation,[102] and that this is likely to be perturbed by

the zeolite framework. The absence of these circular modes pertaining to the gauche

oxyethylene species torsion suggests that it is these gauche segments of the molecule

that are being conformationally perturbed. It is these subtle changes to the gauche

oxyethylene conformation that give rise to the differences in the softening of the

vibrational modes. Consequently, it is anticipated that the framework interactions to

the conformation are analogous between zeolites ZK-5, RHO and EMC-2, but differ

in zeolite Na-X.
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Having observed features in the INS spectra and elucidating the nature of the host-

guest organic-framework interactions, this can be extended to glean insights into the

interactions involved with structure assembly during crystallisation. From the data

herein, it is apparent that the 18C6 molecule has the most molecular freedom and

experiences the weakest host-guest organic-framework interactions within the zeo-

lite Na-X t-fau supercages. This suggests that the interactions between the 18C6

molecule and the growing framework are likewise weak during the crystallisation as-

sembly process. This agrees with the understanding that in the presence of 18C6,

assembly of the FAU framework is dependent on excess Na+ cations, and not strictly

the 18C6 molecule itself.[115] Therefore, it is deemed that 18C6 behaves as a space-

filling species in the synthesis of zeolite Na-X, as has been concluded from the previous

work herein.

For zeolites EMC-2, RHO and ZK-5, there is a clear indication of host-guest interac-

tions experienced by the 18C6 within the framework cavities. Interestingly, there is

a good match-up between the INS spectra of zeolites EMC-2 and RHO, particularly

in the radial mode region. This illustrates that the degree of 18C6 confinement is

comparable between the two zeolites. As mentioned previously, it is anticipated that

the radial mode region in zeolite ZK-5 is reminiscent of zeolite RHO, but this cannot

be determined due to the low mass% content of 18C6. Between zeolites EMC-2 and

RHO, although the product of the host-guest interactions on the 18C6 molecule are

similar, it is likely that the means of confinement are different due to the contrasting

cavity volumes. However, as has been discussed, the confinement observed for zeolite

EMC-2 is postulated to be a consequence of the elliptical geometry of the cavities

in zeolite EMC-2. Therefore, this demonstrates that the 18C6 molecule should play

an integral role in ensuring that the EMT framework cavities are the correct ge-

ometry during crystallisation. This agrees with the current understanding that the

[(18C6)Na+] macrocation occupies the hypo- and hyperholes in the faujasite sheets,

arranging the growing faujasite sheet to produce the corresponding t-wof hypocage

and t-wou hypercage.[105, 111, 112, 113, 116]

In seeing that the 18C6 molecule experiences host-guest interactions in zeolite RHO,

it can also be accepted as evidence that 18C6 exhibits structure direction during

synthesis. In comparison to zeolite Na-X, both zeolites possess spherical supercages

with cubic symmetry, that the 18C6 molecule occupies. However, in the INS data
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there is little evidence to suggest that the 18C6 molecule is tumbling within the

α-cage of zeolite RHO, as is seen with the t-fau supercage in Na-X. Consequently,

this is expected to be due to the smaller volume of the α-cage, which hinders the

18C6 molecule from being capable of rotating, presumably beyond the plane of the

molecule. In such a case, it is expected that the synthesis mechanism is analogous to

that for zeolite EMC-2. On the growing crystal surface, the 18C6 molecules occupy

the pockets which form the α-cage, enabling growth around the species based purely

on the molecule size. Therefore, the 18C6 is confined to a specific plane, and is

incapable of tumbling within the spherical cavity. Such implications on the 18C6

molecule’s size within the α-cage will be discussed further upon studying the zeolites

under high pressure in Chapter 9. The distinction between stronger and weaker host-

guest interactions amongst the zeolites is summarised in figure 8-8. This emphasises

the importance of both the size and geometry of the framework cavities.

Figure 8-8: A graphic summarising the primary findings from this Chapter. The
zeolites can be categorised based on the strength of the observed host-guest organic-
framework interactions, which are due to different features of the framework.
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8.3 Chapter Summary

By probing the vibrational modes of the 18C6 molecule occluded within each of the

zeolites, insights have been gleaned into the host-guest organic-framework interac-

tions. To begin with, the influence of potential metal cations coordinated to the 18C6

molecule was assessed. It was observed that upon coordination to Na+ or K+ cations

the 18C6 vibrations were unaffected, and the molecule remained in the Ci conforma-

tion seen in the native state. Alternatively, the Cs+ cation distorts the molecule into

the D3d geometry. Although there was some evidence of a small abundance of the

D3d conformer for the K+-18C6 complex, in the consideration of the zeolites it was

accepted that the relevant Na+ or K+ cation effects can be neglected.

Concerning the zeolites, the 18C6 molecule remains intact following occlusion via

crystallisation, whereby the Ci conformation is retained. For each of the zeolites, the

skeletal vibrations of the 18C6 molecule are broadened, due to the confinement within

the zeolite cavities as opposed to being contained within a 18C6 solid crystal. These

data demonstrate that the host-guest interactions experienced by the 18C6 molecule

are very different in zeolite Na-X compared to zeolites EMC-2, RHO and ZK-5. In

zeolite Na-X the host-guest organic-framework interactions are relatively weak, and

the 18C6 molecule is observed to be disordered, tumbling within the spherical t-fau

supercage. Consequently, these data support the concept that the role of 18C6 in

zeolite Na-X crystallisation is as a space-filling species.

The host-guest interactions that are observed for zeolites EMC-2, RHO and ZK-

5 are stronger, indicating some degree of structure direction. For zeolite EMC-2

the nature of the host-guest interactions are likely dictated by the geometry of the

framework cavities, corroborating the relationship of the [(18C6)Na+] macrocation

directing the formation of the elliptical t-wof and t-wou cages. In zeolites RHO and

ZK-5 the interactions are purely based on the size of the α-cage cavity. Although

this cage is spherical, there is no indication of 18C6 disorder, as seen in zeolite Na-X.

Therefore the 18C6 molecule is fixed within a certain plane within the α-cavity. It is

thus postulated that the 18C6 molecule adsorbs to the crystal surface and promotes

growth around the molecule.
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Chapter 9

High Pressure X-ray Diffraction

In this Chapter, the empty and filled analogues of the four zeolites are studied using

high pressure X-ray diffraction. Previously, the nature of the organic-framework in-

teractions have been probed by studying how the framework interacts with the 18C6

molecule, influencing its decomposition and dynamics. The approach herein takes

the opposing perspective, investigating how the 18C6 molecule is interacting with

the framework. This was done by observing how the occlusion of the 18C6 impacts

the zeolite framework’s compression and subsequent low frequency modes.

The samples analysed by high pressure X-ray diffraction were the same as those used

for high resolution X-ray diffraction for full structural refinement in Chapter 3 and INS

spectroscopy in Chapter 8. These zeolite samples were prepared using the standard

procedures that have been used throughout.[93, 150, 168, 176] Each zeolite was

prepared with 18C6, and subsequently a portion of these samples were calcined to

remove the 18C6 from the framework cavities, giving the ‘filled’ and ‘empty’ zeolites

respectively. All samples were dehydrated prior to analysis. The purpose of this was

to remove any extra-framework water that may influence the mechanical behaviour

of the framework. Chapter 2 contains full synthetic procedures of all the zeolites, in

addition to the calcination and dehydration protocols.

Aside from where mentioned, all of the samples were analysed on the high pressure

X-ray diffraction ID15B beamline at the ESRF, Grenoble, France. The powders were
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loaded into diamond anvil cells (DACs) alongside a ruby chip, with Daphne 7373 oil

as a non-penetrating pressure transmitting medium. Accurate determination of the

applied pressure was achieved by detecting the shift of the R1 fluorescence of the

ruby chip included in the DAC.[185] The incident synchrotron X-ray radiation was of

wavelength 0.4113 Å.

The pressure was increased sequentially, with diffraction patterns taken at each point

at ambient temperature. The DAC was pressurised until the zeolite samples were

close to pressure-induced amorphisation, upon which the pressure was slowly released.

Where possible, diffraction patterns were taken as the DAC was depressurised to ob-

serve whether the unit cell showed indications of returning to its original size. Accurate

unit cell parameters at each pressure were determined through Pawley refinements

using the TOPAS Academic software[183] in the Batch mode. The estimated errors

for the unit cell parameters were 0.004 Å for the cubic zeolites and 0.05 Å for zeolite

EMC-2. The framework structure at each pressure and the flexibility window were

simulated using the GASP software by collaborators.[195]. As explained previously,

this window is the landscape in which the framework can feasibly move whereby the

silica and alumina tetrahedra (TO4) are rigid, but the connectivity of the framework is

retained. Within these constraints, the tetrahedral O-T-O angle is fixed, however the

apical bridging T-O-T angles between tetrahedra are free to fluctuate as a response

to unit cell variations.[88] Further details regarding the experimental setup and the

analysis techniques are contained in Chapter 2.

For each of the zeolites, the bulk modulus (B0) was determined as a means to com-

pare the compressibility and isothermal pressure dependence of the unit cell volume.

The bulk modulus was calculated through use of the Birch-Murnaghan equations

of state,[187] which are detailed in Chapter 2. Herein, the bulk modulus has been

calculated via these equations using the PASCal calculator developed by Cliffe and

Goodwin.[193] For each sample, only data points within the 0-2.2 GPa range were

used for calculations, the reason being that the Daphne 7373 oil used as pressure

transmitting medium is known to solidify at 2.2 GPa,[240] hence changing the com-

pressibility. The bulk modulus was calculated from the refined lattice parameters and

weighted by the 0.1 GPa uncertainity in the pressure.
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9.1 Zeolite Na-X

The first of the zeolites analysed here using high pressure X-ray diffraction was zeolite

Na-X. In comparison to other zeolites, FAU-type zeolites are one of the few that have

been studied extensively under high pressure. Aspects that have been investigated

include the use of different pressure transmitting media,[241] Si/Al ratios[242] and the

nature of pressure-induced amorphisation.[243] Aside from the pressure transmitting

media, little has been reported concerning the influence of extra-framework content

on the compression of zeolite Na-X. Furthermore, the impact of occluded 18C6 has

not been reported.

Herein, the compression of both the empty and filled zeolite Na-X are explored. In

doing so, the intrinsic nature of the framework compression can be studied, in addition

to the influence expressed by the occluded 18C6. The unit cell parameter a for both

zeolites were extracted from the X-ray diffraction data using Pawley refinements to

the Fd3̄m space group.

9.1.1 Unit Cell Contraction

The variation in the cell parameter a as a function of pressure for the empty ze-

olite Na-X is shown in figure 9-1a. Included in this figure, are the edges of the

empty FAU framework flexibility window, which have been simulated using the GASP

software.[195] The plot demonstrates that the zeolite remained within the confines

of the flexibility window over the pressure range studied. Consequently, it can be

deduced that there are no deformations of the TO4 tetrahedra within this range. The

compression was halted at 3.7 GPa, prior to the onset of pressure-induced amorphi-

sation, indicating that under the conditions used zeolite Na-X amorphises before it

reaches the lower edge of the flexibility window.

The cell parameter is shown to decrease linearly with pressure, however there is a

subtle change in gradient at approximately 2.2 GPa. The source of this change is the

solidification of the Daphne 7373 oil at this pressure.[240] Despite the solidification

and subsequent variation in the compressibility, the medium is still capable of trans-
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mitting the pressure hydrostatically to the zeolite sample. This gradient change is

observed for all the measurements performed using Daphne oil. Upon reducing the

exerted pressure, the compression of the unit cell is observed to be reversible, with

the cell expanding and approaching its ambient structure. It is interesting to see that

the decompression follows the same pathway as the compression. This illustrates that

within the confines of the flexibility window it is the intrinsic nature of the framework

to show reversible mobility, with no delay in expansion.

In contrast, the compression of the filled, 18C6 containing zeolite Na-X sample shows

additional features of interest. Figure 9-1b displays the contraction of the unit cell

with pressure for the filled zeolite Na-X, plotted against the same cell parameter a

scale as was shown in figure 9-1a. An observable distinction is the contraction of the

flexibility window as a consequence of the 18C6 occlusion in the t-fau supercage. This

is most prominent with the lower edge of the window. Therefore, according to the

geometric simulations, the 18C6 molecule’s steric bulk is restricting the framework

tetrahedra from tilting into the t-fau supercage. Further contraction of the unit cell

must therefore distort the intra-tetrahedral bond lengths and angles. In conjunction

with the narrowing of the flexibility window, experimentally the filled zeolite Na-X was

seen to leave the confines of the window. The zeolite was observed to exist outside

of the window above approximately 2.8 GPa. Above this pressure, it can be gleaned

that the tetrahedra are distorted. Furthermore, the compression was continued until

5.1 GPa, where amorphisation was imminent.

The expansion of the unit cell with decompression displayed a degree of hysteresis.

It was observed that the unit cell presented a lower rate of expansion compared to

the contraction under pressure. Subsequently the zeolite returned to the flexibility

window, and coincided with the rate of contraction seen with compression. The

implications of this is that the unit cell contraction and tetrahedral distortions are

reversible. The hysteresis expressed likely corresponds to the reassertion of the tetra-

hedral angles alongside the crystalline structure. Such observations agree with work

by Huang et al.[244] and Havenga et al.[245] which establish the ‘structural memory’

and reversible amorphisation of FAU frameworks. The origin of which is based on the

presence of the extra-framework hydrated cations that aid in the realignment of the

SBUs.
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Figure 9-1: Variation of cell parameter a with pressure for a) empty zeolite Na-X
and b) filled zeolite Na-X. Cell parameters were calculated from the powder X-ray
diffraction patterns. Compression points are shown with blue circles and decompres-
sion with black squares. Also shown, with the black dotted line, is the extent of the
relevant empty or filled FAU framework flexibility window.
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Figure 9-2 shows the unit cell variation with pressure for both the empty and filled

zeolite Na-X samples. For the filled zeolite Na-X, the onset of amorphisation was

observed at a higher pressure to the empty analogue. This retention of crystallinity

and resistence to pressure is a consequence of the t-fau supercage being occupied by

the 18C6 molecule, which behaves as a structural support via its steric bulk. This

phenomenon of extra-framework content bracing the zeolite’s periodicity has been

seen previously. Such instances are sodalite containing bromide anions,[246] and

silicalites with penetrating pressure media.[247]

Figure 9-2: Variation of cell parameter a with pressure for both the empty and filled
zeolite Na-X. Cell parameters calculated from the powder X-ray diffraction patterns.
Compression of empty zeolite Na-X is shown with blue circles, and filled Na-X with
purple diamonds.

These data from the figure also demonstrate that the compression of the unit cell is

consistent between both the filled and empty zeolites. This is likely a consequence

of the 18C6 molecule’s inherent flexibility, allowing it to adjust to the contraction.

Furthermore, it shows that the 18C6 molecule has no influence on the intrinsic con-

traction of the unit cell. However, as discussed previously, the filled zeolite Na-X is
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shown to leave the simulated flexibility window suggesting that the framework tetra-

hedra are distorted under pressure. Therefore, although the presence of the 18C6

molecule does not influence the unit cell contraction, it does introduce strain into

the framework, forcing the rigidity of the tetrahedra to be compromised. However,

this would manifest as local deformations that cannot be observed in the periodic

structure.

9.1.2 Compression Mechanism

To fully appreciate the influence of occluded 18C6 on the zeolite Na-X framework

dynamics, further analyses was performed to understand the mechanics of the zeolite

compression. Although the contraction of the unit cell appears to be unchanged by

the presence of the 18C6 molecule, this was assessed further by estimating the bulk

modulus (B0) for the two materials.

Figures 9-3a and 9-3b present the unit cell volume as a function of pressure for

the empty and filled zeolite Na-X respectively. Both figures also contain the Birch-

Murnaghan 2nd order fit, bulk modulus and pressure derivative (B’) calculated in

PASCal. In accordance with the Birch-Murnaghan equations of state, the pressure

derivative is 4 in the case of the 2nd order fit. As such, this confirms that there is

no anomalous compression behaviour for these materials, such as pressure induced

stiffening or softening.[193]

The bulk moduli were estimated at 37 and 35 GPa for the empty and filled zeolites

correspondingly. The congruence between these values further consolidates that the

18C6 molecule has negligible influence on the compressibility of the framework. Both

bulk moduli exist within the anticipated range for open-framework silicates, being

approximately 15-70 GPa.[90] Furthermore, these values agree with those reported

by Colligan et al.[242] for the topologically analogous, purely siliceous zeolite Y (FAU)

in silicone oil. The Si/Al ratio of the zeolite Na-X studied herein was 2.9, as reported

previously. Consequently, these data demonstrate that the Si/Al ratio also does not

impact the material’s compression behaviour. This is concomitant with the general

understanding of zeolite compression, whereby the mechanism is dictated by the

geometry of the framework topology.[90]
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Figure 9-3: Variation of unit cell volume with pressure (0-2.2 GPa) for a) the empty
zeolite Na-X and b) the filled zeolite Na-X. The blue circles show the data points
for the empty zeolite, and the purple diamonds the filled zeolite. The black lines
show the Birch-Murnaghan 2nd order fits, calculated using the webtool PASCal.[193]
Included is the estimated bulk moduli (B0) from the fits, and the corresponding
pressure derivatives (B’).

288



To interpret the compression mechanism of the FAU framework, the refined unit cell

parameters were used with the GASP software[195] to simulate the structure at each

pressure point. Previously, such geometric simulations with the GASP software have

shown good agreement with experimental observations.[163, 196, 197] As well as the

framework structures, the T-O-T bridging angles that link the TO4 tetrahedra can be

reported. Consequently, the folding mechanism of the framework can be described in

terms of variations in the T-O-T bridging angles with pressure. Typically, these T-O-T

bridging angles in the framework can be arranged into groups, which express the same

angle, and variation with pressure. These groups are dictated by their positioning in

the framework, the geometry of the tetrahedra associated with the angle and the way

in which the lattice parameters are contracting.

Figure 9-4 displays the FAU framework, with the position of the four crystallographi-

cally distinct oxygen atoms labeled.[7, 179] These positions fortuitously coincide with

the four different groups of T-O-T bridging angles identified from the GASP simula-

tions. The angle groups have been labeled via the oxygen atom which the bridging

angle is associated with. Therefore, the labels are O(1), O(2), O(3) and O(4). Angle

O(1) corresponds to the oxygen atoms that link the two single 6-ring (S6R) faces of

the D6R units. Both angles O(2) and O(3) are associated with the S6R faces of the

D6R units, which connect to the β-cages. The distinction, is that angle O(3) further

links to the open single 4-ring (S4R) faces of the β-cage, and angle O(2) to the open

S6R faces of the β-cage. Lastly, angle O(4) is positioned between the open S4R and

S6R faces of the β-cage. Although not directly associated with the D6Rs, from figure

9-4 it can be seen that angle O(4) connects the separate D6Rs across the β-cage.

The simulated T-O-T bridging angles as a function of the applied pressure are shown

in figure 9-5. As was seen with the unit cell contraction, there is a change in gradient

for all the angles at approximately 2.2 GPa, which correlates to the solidification of

the Daphne oil. The figure illustrates that angle O(1) increases by approximately 11°,

whereas the remaining three angles decrease by the same magnitude. The similarity in

angle variation demonstrates that there is no unusual mechanical behaviour and highly

suggests that the compression mechanism is collaborative amongst the tetrahedra.

Therefore, the intrinsic collapse of the framework is not driven by one particular

structural feature.
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Figure 9-4: The topology of the FAU framework, with the β-cages and D6R units
emphasised as opaque solids. T atoms (Si and Al) are positioned at the vertices of
the polyhedra and oxygen atoms are positioned on the edges. The structure includes
labels showing the four different oxygen environments and bridging T-O-T angles
observed in the framework.

It is interesting that there is a distinction in the vector of the angles associated

solely with the D6Rs (angle O(1)), and those that are linked to the β cages. The

decrease of angles O(2), O(3) and O(4), suggests that the β cages are folding inwards,

consequently reducing the size of the 6-ring openings in the S6R faces. Conversely,

the increase in the O(1) angle demonstrates that the S6R faces of the D6Rs are

moving further away from one another, essentially expanding the length of the D6R

unit. Havenga et al.[245] have reported that the D6R is the ‘weakest link’ that is

most prone to compression in the FAU framework. However, the data herein show

that all the angles are distorted by a similar degree, suggesting that the softness of

the framework is homogeneous across the structural units.

Upon closer examination of the structures simulated in the GASP software, subtleties

of the compression which manifest from the bridging angles, are apparent. Figure 9-6

illustrates the dynamics of the tetrahedra to accommodate the increasing pressure.
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Figure 9-5: The evolution of the T-O-T bridging angles with pressure, for the empty
zeolite Na-X, FAU framework. Angles simulated using the GASP software,[195] from
the experimental unit cell parameters. Angles O(1) are shown with red circles, O(2)
with green squares, O(3) with blue triangles and O(4) with yellow diamonds.

In this figure the tetrahedra are represented by opaque solids, and the apical oxygen

atoms as black spheres. Within the D6Rs, the tetrahedra on either of the S6R faces

tilt inwards, increasing the O(1) angle as shown in figure 9-5. The consequence of

this is that the tetrahedra straighten up and the D6R lengthens, as discussed earlier

and displayed more clearly in figure 9-6. With regards to the S6R faces, the dynamics

were the same for the S6R faces of the D6Rs and those on the β-cages which are

open to the t-fau supercage. In both instances, the tetrahedra pairs separated by

an obtuse angle tilt towards each other, into the 6-ring opening. This motion is

expressed as the decrease in the T-O-T bridging angle. From the most compressed

structure at 3.7 GPa, it is observed that the six oxygen atoms within the S6R face

configure into a triangular arrangement. In this configuration the tetrahedra appear

to be ‘locked’ and incapable of tilting into the 6-ring opening any further.
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Due to the consistency of the unit cell contraction between the empty and filled zeolite

Na-X, it is anticipated that the compression mechanism is the same when 18C6 is

occluded in the cavity. This is corroborated by the agreement in the bulk moduli for

both zeolites. Experimentally there is no unusual compression behaviour in the filled

zeolite Na-X which suggests that the framework moves via an alternative mechanism.

Figure 9-6: Diagrams showing the difference in the D6Rs (above) and S6R faces
(below) between the ambient (0 GPa) and most compressed (3.7 GPa) structures of
the empty zeolite Na-X. FAU framework simulated in the GASP software.[195] The
TO4 are shown as solid polyhedra, and the oxygen atoms as black spheres, with oxygen
O(1) being labeled. The direction at which the tetrahedra tilt upon compression are
shown with the orange arrows.
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Consequently, the mechanism is intrinsic to the FAU framework, and is independent

of the occluded 18C6, which must be capable of flexing in response to the tetrahedral

movements. However, as seen in figure 9-1b the flexibility window of the zeolite is

substantially narrowed upon occlusion of the 18C6 molecule. This indicates that the

18C6 molecule can only flex so far, before it is strained and its steric bulk restricts

the rigid tetrahedral movement via the compression mechanism. Therefore, due to

the steric clash, the tetrahedra are forced to distort at a lower pressure than they

would otherwise in the empty zeolite. Despite this, the presence of the 18C6 delays

the onset of amorphisation, and supports the crystallinity to higher pressures.

This interpretation of how the 18C6 molecule behaves during the compression pro-

vides insights into its role throughout the crystallisation process of zeolite Na-X. If

the 18C6 molecule were a true template, it would be anticipated that due to the

geometric match-up between the 18C6 molecule and the cavity, it would influence

the compressibility of the framework. As explained earlier, this is likely not the case

due to the inherent flexibility of the 18C6 molecule. The capacity of 18C6 to brace

the framework against amorphisation while also introducing tetrahedral distortions

at a lower pressure, is analogous to the behaviour observed for bromide anions in

sodalite.[246] As with the bromide anions, this is highly suggestive that the 18C6 is

merely a space-filling species. In this instance, there is no direct framework assem-

bly via stereo-recognition of a fixed shape of the 18C6 to which the framework can

assemble. Such a resolution agrees with the current understanding of the FAU frame-

work assembly with 18C6.[105, 112, 115, 117] It is believed that due to excess sodium

cations in the hydrogel, the 18C6 no longer assembles the EMT framework, but rather

behaves as a space-filling species for the t-fau supercage of the FAU framework.

9.2 Zeolite EMC-2

In contrast to FAU-type zeolites, there is no reported experimental data on the high

pressure X-ray diffraction of EMT-type zeolites. Previous geometric simulations have

been performed on the EMT framework, using the GASP software.[121] Therein, it is

shown that occlusion of 18C6 into the t-wof hypocages does not impact the intrinsic

flexibility window of the EMT framework. Thus, it was postulated that 18C6 does
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not behave as a true geometric template during assembly, but rather is involved in

the free-energy of the crystallisation process. This somewhat aligns with the current

understanding of the synthesis mechanism.[105, 112, 115, 117] The [(18C6)Na+]

macrocation directs the assembly pathway towards the EMT framework, over the

more thermodynamically stable FAU, through electrostatic interactions.

Herein, the behaviour of zeolite EMC-2 under high pressure is reported for the first

time. Both analogues of this zeolite with and without 18C6 are studied, to clar-

ify whether the 18C6 molecule has no influence on the compression, as predicted

by geometric simulations.[121] High pressure X-ray diffraction analysis of the filled

zeolite EMC-2 sample was performed on the ID27 beamline at the ESRF facility

in Grenoble, France. In this instance, silicone oil was used as the non-penetrating

pressure transmitting medium and the incident synchrotron X-ray radiation was of

wavelength 0.3738 Å. The experiment was still performed using a DAC with a ruby

chip for pressure determination. Cell parameters a and c were calculated from the

X-ray diffraction patterns using Pawley refinements with the hexagonal P63/mmc

space group. Moreover, the subsequent data analysis was performed in the same way

as the other zeolite samples. Further experimental and analysis details are specified

in Chapter 2. As with the other zeolites reported herein, the empty zeolite EMC-2

sample was analysed on the ID15B beamline at the ESRF facility, using the same

setup.

9.2.1 Unit Cell Contraction

The variation of the unit cell dimensions a and c with compression for the empty and

filled zeolite EMC-2 samples, is shown in figure 9-7. Included in this figure, is the

extent of the two-dimensional flexibility window of the EMT framework, as simulated

previously by Fletcher et al.[121] using the GASP software. The shape and size of

the flexibility window is identical for both the empty and filled frameworks. These

data demonstrate that under the pressures explored, both zeolite samples existed well

within the confines of the flexibility window. Therefore, it can be assumed there

are no distortions of the framework tetrahedra during compression. Both zeolites

express isotropic compression, as cell parameters a and c decrease concurrently with
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increasing pressure. Furthermore, the unit cells of the two zeolites contract along the

same direction within the flexibility window. Although there is a disparity between

the two data sets it has been attributed to the different pressure transmitting media

used, which can influence the compressibility.

The contraction of the separate cell parameters as a function of pressure for the

empty zeolite EMC-2 is shown in figure 9-8. Upon compression, the cell parameter a

decreases linearly with pressure, showing no unusual behaviour. In contrast, the cell

parameter c initially decreases linearly with pressure, before settling into a level plateau

between 2.7-3.6 GPa, and sharply dropping at the highest pressure measurement of

4.0 GPa. Seeing that the plateau in the cell parameter occurs after 2.2 GPa, it

is anticipated that this unusual behaviour is a response to the solidification of the

pressure transmitting Daphne oil. Unfortunately, this suggests that in this instance

Figure 9-7: Unit cell dimensions of empty and filled zeolite EMC-2 throughout
compression. Empty zeolite EMC-2 is shown with green circles, and filled with purple
diamonds. Also shown with black dots, is the extent of the flexibility window of the
EMT framework, simulated by Fletcher et al.[121] using the GASP software.
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the oil is no longer exerting pressure multiaxially once it has solidified. The sudden

contraction in cell parameter c between 3.6-4.0 GPa is believed to be due to the

drastic drop in Bragg peak intensity and crystallinity that were observed in the X-ray

diffraction pattern. This is shown alongside the other diffraction patterns in Appendix

D.

With the empty zeolite EMC-2 close to total amorphisation at 4.0 GPa, the pressure

was released, to permit the subsequent expansion of the unit cell back to ambient

conditions. Figure 9-8 shows that both cell parameters express a hysteresis upon

decompression. This behaviour is further accentuated by the substantial further con-

traction of the cell parameter c with decreasing pressure to 3.0 GPa, before expanding

as is expected. Previously, the filled zeolite Na-X expressed unit cell hysteresis with

decompression, due to leaving the flexibility window and distortion of the framework

tetrahedra alongside drastic amorphisation. In this case for empty zeolite EMC-2,

the unit cell parameters are well within the flexibility window, as shown by figure 9-7.

Therefore, it is gleaned that the origin of the hysteresis for the empty zeolite EMC-2

must be due to the severe amorphisation, which also manifested as the sudden drop

in the cell parameter c with compression. This is further substantiated by the fact

that the crystallinity of the empty zeolite EMC-2 at ambient pressure after the exper-

iment, is lower than what was observed prior to the application of pressure. This is

shown in Appendix D. Although some crystallinity returns upon decompression, it is

clear that there is a degree of irreversible amorphisation that has been administered

to the zeolite.

Figure 9-9 displays the variation in cell parameters a and c with pressure for the

filled zeolite EMC-2. These data demonstrate that for the filled zeolite, both cell

parameters decrease linearly with pressure. In figure 9-9b there is disparity from this

linear trend for the c parameter between 1.0-3.0 GPa, which is due to the pressure

transmitting media. After 5.0 GPa, both cell parameters show a decline in the rate of

contraction with pressure, suggesting that there is increasing strain in the structure

as it is approaching the edge of the flexibility window, as shown in figure 9-7.

On releasing the pressure on the filled zeolite, only two decompression points were

taken at 4.2 and 2.3 GPa. Although not as coherent as the decompression behaviour

of the empty zeolite EMC-2, it provides subtle insights into how the filled zeolite is
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Figure 9-8: Variation of the unit cell parameters with pressure for empty zeolite EMC-
2, without 18C6. Figure a) cell parameter a and b) cell parameter c. Cell parameters
calculated from the powder X-ray diffraction patterns. Compression points for cell
parameter a are shown with green circles, and cell parameter c with purple circles.
Decompression points are shown with black squares.
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Figure 9-9: Variation of the unit cell parameters with pressure for filled zeolite EMC-
2, with 18C6. Figure a) cell parameter a and b) cell parameter c. Cell parameters
calculated from the powder X-ray diffraction patterns. Compression points for cell
parameter a are shown with green circles, and cell parameter c with purple circles.
Decompression points are shown with black squares.
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responding to the pressure release. Concerning cell parameter a in figure 9-9a, it

can be seen that the unit cell expands following the same pathway as was observed

for compression. In contrast, cell parameter c shows evidence of a hysteresis with

pressure release, indicating a delay in the expansion with decompression. This is

more comparable to what was observed for the empty zeolite EMC-2. From the X-

ray diffraction patterns in Appendix D, it can be seen there is also some degree of

irreversible amorphisation for the filled zeolite EMC-2. As such, this suggests that

the lack of hysteresis for cell parameter a upon decompression is the true ‘unusual’

behaviour, as it does not follow the intrinsic behaviour of the empty framework.

It is postulated that a potential explanation for cell parameter a reasserting itself

without delay, is due to the presence of the 18C6 molecule. It is possible that due

to the alignment of the 18C6 molecule along the ab plane in the t-wof and t-wou

cages, the molecule’s steric bulk is aiding in the realignment of the framework. This

is comparable to the ‘structural memory’ effect from hydrated cations in FAU-type

zeolites.[244, 245] However, due to the lack of data upon decompression and returning

to ambient pressure, this is merely speculation.

Although the empty and filled zeolite EMC-2 samples show some distinct features

in their compression behaviour, the variation in unit cell volume is extremely similar,

as shown in figure 9-10. This implies that both the empty and filled zeolite EMC-

2 samples express a similar compressibility, as the unit cells are compressed at a

comparable rate with external pressure. This will be discussed in further detail later

on, upon calculation of the bulk moduli of the samples. Furthermore, it is interesting

to see that although the pressure transmitting medium used for the empty zeolite

EMC-2 solidified, leading to a loss of multiaxial compression, the net contraction of

the entirety of the unit cell is unaffected.

The last compression point for the empty zeolite EMC-2 at 4.0 GPa, illustrates that

the unit cell is smaller than is expected from the trend seen for the filled zeolite.

As explained previously, this is due to the drastic loss in crystallinity the sample

experienced at this pressure. With regards to the filled zeolite EMC-2, the rate of

unit cell contraction decreases after approximately 5 GPa, as conveyed with both of

the cell parameters in figure 9-9. From the superposition of the unit cell volume for the

empty and filled zeolites, it is abundantly clear that the filled zeolite EMC-2 is more
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resistant to pressure-induced amorphisation. This establishes that the presence of

the 18C6 molecule within the framework cavities braces the structure, preserving the

zeolite’s crystallinity. This mirrors the behavior observed for zeolite Na-X, in addition

to the behaviour of other zeolites with large extra-framework content.[246, 247]

Figure 9-10: Variation in unit cell volume with pressure for both the empty and filled
zeolite EMC-2. Unit cell volume calculated from the cell parameters refined from
the X-ray diffraction patterns. Empty zeolite EMC-2 is shown with green circles, and
filled zeolite EMC-2 with purple diamonds.

9.2.2 Compression Mechanism

To assess the compressibility of the zeolite EMC-2, both with and without occluded

18C6, the bulk moduli (B0) of the two samples were estimated from the compression

data. Figures 9-11a and 9-11b display the unit cell volume as a function of pressure

for the empty and filled zeolite EMC-2 accordingly. In addition, the figures contain the

Birch-Murnaghan 2nd order fit, alongside the consequential bulk modulus and pressure

derivative (B’). The fit and derived values were calculated with PASCal,[193] using
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Figure 9-11: Variation of unit cell volume with pressure (0-2.2 GPa) for a) the empty
zeolite EMC-2 and b) the filled zeolite EMC-2. The green circles show the data points
for the empty zeolite, and the purple diamonds to the filled zeolite. The black lines
show the Birch-Murnaghan 2nd order fits, calculated using the webtool PASCal.[193]
Included is the estimated bulk moduli (B0) from the fits, and the corresponding
pressure derivatives (B’).
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the data within the 0-2.2 GPa region. As is the case with the 2nd order fit, the

pressure derivative is equal to 4. This demonstrates that within the relevant pressure

range the two materials express linear compression behaviour.

For the empty and filled zeolites, the bulk moduli were estimated at 40 and 41 GPa

respectively, which complies with the 15-70 GPa range expected for open-framework

silicates.[90] Concerning the error in these calculated values, there is no significant

difference between them. Therefore, these data emphasise that the presence of the

18C6 molecule has no influence on the intrinsic compressibility of the EMT framework.

This agrees with the predictions by Fletcher et al.[121], upon seeing that the flexibility

window is likewise unaffected by the occlusion of 18C6. Although the flexibility

window for zeolite Na-X was observed to narrow with the occlusion of 18C6, the

independence of the compressibility is shared with zeolite EMC-2. Furthermore, it is

interesting to see that the bulk moduli calculated for zeolite EMC-2 are comparable to

those seen for zeolite Na-X. Although these two zeolites have different topologies and

symmetries, they share the same SBUs of D6Rs and β-cages. With this considered,

it is not surprising that they possess similar compressibilities. Moreover, it can be

anticipated that the compression mechanism of these two zeolites will also share

certain aspects.

To develop the compression mechanism of the EMT framework, the structure at each

pressure was simulated from the experimental unit cell parameters using the GASP

software.[195] In addition, the T-O-T bridging angles from the simulated structures

were reported, as was performed herein with zeolite Na-X. In doing so, insights into

the structural features that drive the material’s compression could be determined.

The EMT framework is displayed in figure 9-12, with the position of the twelve

different T-O-T bridging angle groups determined from the GASP simulations labeled.

The labels correspond to the oxygen atom at the centre of the T-O-T angle, located

on the edge of the opaque β-cage and D6R polyhedra. The twelve different angle

groups in the EMT framework correspond to the twelve different crystallographic

oxygen atom positions. These angle groups have been labeled so as to coincide with

the same number labeling of the EMT framework used in the refined structure in

Chapter 3 and Appendix A.0.2. Therefore, the labels are O(1)-O(12).
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In figure 9-12 the SBUs are shown via an exploded-view diagram, to provide a clearer

image of where the T-O-T angles are located. The D6Rs orientated along the c-axis

have been labeled m-D6Rs, and those directed diagonally, nonparallel to all three

axes, have been labeled i -D6Rs. The purpose of this, is that although connectivity

wise these units are the same, symmetrically they are not. The m-D6R is positioned

between two β-cages associated by a mirror plane, and the i -D6R between two β-

cages associated by an inversion centre. This is the consequential nature of the

hexagonal arrangement of faujasite sheets in the EMT framework. The difference

between these two D6R species will be highlighted later on.

Angles O(1), O(4), O(6) and O(9) correspond to the oxygen atoms in the S6R faces

of the i -D6Rs. Both angles O(1) and O(6) are connected to the S4R faces of the

β-cage, however the former is associated with the t-wof hypocage, and the latter the

t-wou hypercage. Alternatively, angles O(4) and O(9) connect to the S6R faces of

the β-cage, and are associated with the hypercage and hypocage respectively. As for

Figure 9-12: The topology of the EMT framework, with the β-cages and D6R units
emphasised as opaque solids. T atoms (Si and Al) are positioned at the vertices of the
polyhedra and oxygen atoms are positioned on the edges. Included is an exploded-
view diagram of specific aspects of the framework, with labels showing the twelve
different oxygen environments and bridging T-O-T angles observed.
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the oxygen atoms located between the S6R faces of the i -D6R, these are labeled O(3)

and O(5). Angle O(3) is located between adjoining hyper- and hypocages, whereas

O(5) links two different hypercages.

As for the m-D6Rs, only angles O(10)-O(12) are associated with the SBU. Angles

O(10) and O(11) are associated with the S6R faces of the m-D6Rs, however the

former is connected to the S4R faces of the β-cage, and the latter the S6R faces.

Angle O(12) corresponds to all the oxygen atoms located between the S6R faces of

the m-D6R.

The remaining O(2), O(7) and O(8) angles are positioned within the β-cage, and are

not within either of the D6Rs. Angle O(2) is the hinge between the m- and i -D6Rs,

located between the S4R and S6R faces of the β-cage. Angles O(7) and O(8) are

also positioned between the β-cage’s S4R and S6R faces, however they link different

i -D6Rs. The distinction between these two angles, is that angle O(7) is positioned

between different hypercages, whereas angle O(8) is associated with both a hyper-

and a hypocage.

Figure 9-13 displays the progression of the simulated T-O-T bridging angles over the

course of the compression. It is illustrated that both angles O(3) and O(5) increase

separately by approximately 16°, and correspond to the oxygen atoms within the

diagonally aligned i -D6Rs. This mirrors what was observed for the D6Rs in zeolite

Na-X, and similarly demonstrates that the distance between the S6R faces of the D6R

is increasing. Angles O(1), O(2), O(4), O(6), O(7), O(8) and O(9) all show a linear

decrease with pressure, varying in magnitude from 13-17°. Interestingly, these seven

angles belong to oxygen atoms associated with the open S6R faces of the β-cages,

again reminiscent of the analogous angles in the FAU framework.

As it is, angles O(1)-O(9) express that the compression of the EMT framework follows

a similar mechanism to that of the FAU framework. However, angles O(10)-O(12) dis-

play unusual behaviour with increasing pressure, with all three angles being associated

with the m-D6Rs. Both angles O(10) and O(12) are mostly unchanged despite the

contraction of the unit cell, demonstrating little relative motion of the two tetrahedra

connected to the oxygen atom. This suggests that these tetrahedra are experiencing

the majority of the framework strain during compression. For angle O(10), there is
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Figure 9-13: The evolution of the T-O-T bridging angles with pressure for the empty
zeolite EMC-2, EMT framework. Angles simulated using the GASP software,[195]
from the experimental unit cell parameters. Angles shown with the following colours:
O(1) red, O(2) orange, O(3) yellow, O(4) light green, O(5) dark green, O(6) blue,
O(7) purple, O(8) pink, O(9) brown, O(10) white, O(11) black and O(12) grey.

an acute decrease between 3.6-4.0 GPa, which coincides with the sudden contraction

observed for cell parameter c in figure 9-9b. Moreover, the shape of the trend for an-

gle O(11) reflects that seen for cell parameter c over the entirety of the compression.

Initially the angle decreases linearly, before plateauing at approximately 2.7-3.6 GPa

and sharply declining at 4.0 GPa. Angle O(11) refers to the oxygen atoms within the

S6R faces of the m-D6Rs, aligned to the c-axis. Consequently, it is gleaned that it is

these oxygen atoms that are controlling the unusual behaviour in the contraction of

cell parameter c.

These data highlight the stark difference in the two species of D6R, which behave

uniquely with compression. The reason for this being their distinct positions within

the EMT topology. Although the connectivity of the two D6Rs are the same, they

differ in their geometric configuration. This is shown with clarity in figure 9-14 by

inspecting the D6Rs perpendicular to the S6R plane. The tetrahedra between the

S6R faces of each D6R are arranged into two different configurations. The i -D6R
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Figure 9-14: The difference in the configuration of the tetrahedra between the i -D6R
and m-D6R species. The former is in a staggered configuration, whereas the latter
is eclipsed.The TO4 are shown as solid polyhedra, and the oxygen atoms as black
spheres.

has the tetrahedra staggered, whereas in the m-D6R they are eclipsed. This is a

consequence of the symmetrical relationship of the β-cage on either side of the D6R,

as explained previously.

The i -D6R species share the same configuration as the D6Rs in the FAU framework.

As a result of this, they show the same behavior upon compression. However, for the

m-D6R species, although two of the three groups of bridging angles show no change,

the tetrahedra are still moving, just more subtly. These movements are shown in

figure 9-15. The tetrahedra in the i -D6Rs in zeolite Na-X tilt so that the oxygen

atoms within the S6R face are within the same plane. However, herein the m-D6Rs

distort in such a way that the S6R face is increasingly concave. This is clearly shown

by the O(11) atoms on opposing S6R faces, which move further apart from another,

whereas the O(10) atoms appear static. This follows the trends seen in figure 9-13,

where angle O(11) is the only angle that varies, by which it decreases.

The implication of these data, is that it indicates the m-D6R is more rigid than its

counterpart which is also present in the FAU framework. Although this manifests from

the configuration of the D6R, it is further emphasised by the β-cages on either side.
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Figure 9-15: Diagrams showing the difference of configuration in the m-D6Rs be-
tween the ambient (0 GPa) and most compressed (4.0 GPa) for the empty zeolite
EMC-2. Structures simulated in the GASP software.[195] The TO4 are shown as solid
polyhedra, and the oxygen atoms as black spheres. Oxygen atoms O(10)-O(12) are
labeled. The direction at which the tetrahedra tilt upon compression are shown with
the orange arrows.

As can be seen in the EMT framework diagram in figure 9-12, across the m-D6Rs

there are three consecutive S4Rs, which are part of the five S4R chains of the t-wof

hypocage. Consequently, this introduces strain into the m-D6Rs with pressure, and is

an additional origin of the reduced mobility of the tetrahedra. Previously, Havenga et

al.[245] reported that the D6Rs are the ‘weakest link’ in the FAU framework, which
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appeared to be somewhat true. However, although this statement can be extended to

the i -D6Rs in the EMT framework, in contrast the m-D6Rs are in fact very resistant

to compression and are arguably the ‘most rigid’ link.

The compression mechanism disclosed for the empty zeolite EMC-2 can be applied to

the filled zeolite EMC-2. Such an assumption is substantiated by the consistency of

the unit cell contraction, the flexibility window and compressibility of zeolite EMC-2

whether 18C6 is occluded in the cavities or not. Consequently, this agrees with the

previous deductions by Fletcher et al.[121] that the 18C6 is not a true geometric

template. Clearly the hyper- and hypocages are so spacious that their compression

is unperturbed by the presence of the 18C6. Although, it is seen that the 18C6

molecule allows the framework to resist the onset of amorphisation up to higher

pressures. This is analogous to what was deduced for zeolite Na-X, however, in this

case the framework flexibility window is identical for both the empty and filled cases.

As such, it is probable there is no steric clash between the 18C6 molecule and the

framework within the confines of the flexibility window. This illustrates that there

is more to the story of the 18C6 molecule’s role to direct the assembly of the EMT

framework.

Returning to the accepted synthesis mechanism of the EMT framework assembly, the

18C6 molecule sits into the hypo- and hyperholes in the faujasite sheets, subsequently

aligning the growing faujasite sheet into the hexagonal arrangement.[105, 112, 115,

117] These sheets are thus connected by the formation of the m-D6R units between

β-cages in the sheets. Having observed the rigidity of this unit, it seems likely that the

presence of the 18C6 molecule aids in their assembly via directing the growth of the

new faujasite sheet. It is possible that it is the rigidity of the m-D6R units that dictates

why zeolite EMC-2 cannot be prepared without 18C6 under conventional synthesis.

This puts into question whether it is feasible that the m-D6Rs between β-cages can be

spontaneously assembled without the use of organic additives. Regardless, the data

herein support the current expectations that the 18C6 molecule subtly influences the

free-energy of crystallisation to promote the formation of the EMT framework.
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9.3 Zeolite RHO

Concerning zeolite RHO, the framework behaviour under high pressure has previ-

ously only been investigated using penetrating pressure media. It is observed that

the structure undergoes a phase transition from the ambient Im3̄m space group to

I4̄3m.[141, 144] These two phases are identified by their centric and acentric sym-

metries respectively, giving them the nomenclature of the C-form and A-form by Lee

et al.[141] The lower symmetry A-form has been reported to manifest at specific

dehydration and heating conditions,[136, 138, 139, 140] as has been seen herein in

Chapter 3 using low temperature high resolution X-ray diffraction. The A-form was

also observed in Chapter 5, where in synthesis the phase cocrystallised in Cs+ cation

deficient hydrogels and early on in the crystallisation timeline. Although the impact

of the extra-framework cation species on the framework symmetry under pressure has

been investigated,[141] the influence of occluded 18C6 has not been addressed.

Herein, both the empty and filled zeolite RHO are studied under compression. In doing

this, the impact of the 18C6 molecule on the framework’s intrinsic flexibility and the

phase transition to the A-form can be understood. For both zeolite samples the unit

cell parameter a for the two symmetries were extracted from the X-ray diffraction

data using Pawley refinements to the relevant Im3̄m and I4̄3m space groups.

9.3.1 Unit Cell Contraction

Figure 9-16 shows an example of the powder X-ray diffraction patterns for empty

zeolite RHO upon increasing the pressure within the 0.2-1.1 GPa range. From the

diffraction patterns, it can be seen that with the application of pressure there is

doubling of the Bragg peaks. This indicates that both the C and A-form are existing

simultaneously and that with increasing pressure there is a switchover from the former

to the latter. This transition is characterised by an elliptical distortion of the S8R

faces. Consequently, the unit cell is less symmetrical, and substantially contracted,

as demonstrated by the shift of the Bragg peaks belonging to the A-form to a higher

2θ angle. The phase transition was also observed for the filled zeolite RHO, as shown

by the diffraction patterns in Appendix D.
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Figure 9-16: The powder X-ray diffraction patterns, from 2θ = 2.0-5.3°, for the
empty zeolite RHO with increasing pressure from 0.2-1.1 GPa. These patterns show
the ‘doubling’ in the diffraction pattern, indicative of the transition from the C-form
to the A-form. The former is indexed with white circles, and the latter with black.

Figures 9-17a and 9-17b display the cell parameter a as a function of pressure for

the empty and filled zeolite RHO samples accordingly. Both the C and A-form of the

framework are shown. Included in the plots are the edges of the flexibility window

for the relevant RHO framework in both space group symmetries, which have been

simulated using the GASP software.[195] It was observed that for both the empty

and filled zeolites, the upper edge of the flexibility window was identical for the two

forms. Concerning the empty zeolite, the two forms exist well within the confines of

their respective flexibility windows. This stays true for the C-form in the filled zeolite,

however the A-form marginally exits the flexibility window at the final pressure point

of 5.8 GPa. Therefore, there is scope for minor TO4 tetrahedral distortions at this

pressure.

In the empty zeolite RHO, the onset and offset of the phase transition are at approx-

imately 0.3 and 1.0 GPa respectively. These pressures being where the A-form first

appears, and when the C-form is last observed. Considering the 0.1 GPa error in the

recorded pressure, the boundaries of the phase transition are identical for the filled
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Figure 9-17: Variation of cell parameter a with pressure for a) empty and b) filled
zeolite RHO. Cell parameters were calculated from the powder X-ray diffraction pat-
terns. Compression points are shown in red, and decompression in black. Circles
correspond to the C-form, and diamonds to the A-form. Also, shown by the black
dotted lines are the flexibility window edges for the empty and filled analogues of both
forms of the RHO framework, as labeled.
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zeolite RHO. This illustrates that the 18C6 molecule has no impact on the trans-

formation to the A-form, or the elliptical distortion to the framework. This agrees

with the earlier findings in Chapter 5, whereby the appearance of the I4̄3m phase

was dependent on the Cs+ content in the hydrogel, but not the 18C6/Al2O3 ratio.

For both the empty and filled zeolites, the flexibility window of the less symmetrical

A-form is larger than the ambient C-form, indicating that the former framework is

more flexible. This suggests that due to the limited degree to which the C-form can

be compressed, it is more energetically favourable for the framework’s symmetry to

be lowered, so as to permit further compression without distorting the tetrahedral

units.

Compression of the empty zeolite RHO results in the linear contraction of cell param-

eter a for both forms, as can be seen in figure 9-17a. At approximately 2.2 GPa the

gradient of the contraction declines, due to the solidification of the Daphne oil used

to transmit the pressure.[240] Decompression of the sample showed the unit cell to

respond by expanding and following the same pathway observed with compression.

Upon the return to more ambient pressures, the zeolite was observed to revert back

to the higher symmetry C-form, demonstrating that the phase transition is reversible.

Furthermore, the agreement between the compression and decompression pathways

extends for both the A and C-forms. Due to fewer diffraction patterns being taken

with decompression, the onset and offset of the returning phase transition to the

C-form cannot be determined with accuracy. However, the current data suggest that

there is no hysteresis in the reverse transition.

Regarding the filled zeolite RHO, the compression behaviour is much the same as

the empty analogue. Both forms show linear contraction of cell parameter a with

pressure, followed by a gradient change at approximately 2.2 GPa. Despite leaving the

flexibility window there is no observable hysteresis, and the decompression follows the

same pathway as the compression cycle. This confirms that there is likely negligible

distortion of the framework tetrahedra at the greatest pressure point of 5.8 GPa.

Moreover, the phase transition is reversible, as the sample returns to the C-form at

ambient pressure. Although there is little clarity, the data again suggest that there is

no hysteresis in the reverse phase transition with decompression.
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Figure 9-18: Variation of cell parameter a with pressure for both the empty and filled
zeolite RHO. Cell parameters calculated from the powder X-ray diffraction patterns.
Compression of empty zeolite RHO is shown in red, and filled in purple. The C-form
is shown with circle data points, and the A-form with diamonds.

The unit cell variation with pressure for both the empty and filled zeolite RHO sam-

ples is shown in figure 9-18. The filled zeolite RHO showed signs of pressure-induced

amorphisation at a higher pressure compared to the empty analogue. This demon-

strates the enhanced resistance to amorphisation from the 18C6 molecule’s steric

bulk, which improves the framework’s structural integrity upon external stimuli. This

is the same behaviour seen herein for zeolites Na-X and EMC-2, in addition to other

zeolites containing additional extra-framework content.[246, 247] Concerning zeolite

RHO, the unit cell contraction of the empty and filled samples is consistent in both

the C and A-forms observed. Therefore, it can be gleaned that in both symmetries the

18C6 molecule retains its innate flexibility, meaning it can adapt to the movements

of the framework tetrahedra. Consequently, the intrinisic compression behaviour of

the framework is independent of 18C6 occlusion.
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9.3.2 Compression Mechanism

To quantitatively assess the compressibility between the empty and filled zeolite RHO

samples, the bulk modulus (B0) of each was determined. This term was calculated

for both the C and A-form observed with each sample, to discern any differences

in physical behaviour with the phase transition. The variation in unit cell volume

with pressure for empty and filled zeolite RHO are shown in figures 9-19a and 9-

19b respectively. Contained in the figures are the Birch-Murnaghan 2nd order fits

calculated in PASCal,[193] using data within the 0-2.2 GPa range. The bulk modulus

and pressure derivative (B’) for each form are also reported alongside the fit. All

four forms were successfully fit to the 2nd order equation, giving a pressure derivative

equal to 4, indicating that they show no anomalous behaviour.

Beginning with the empty zeolite, the bulk moduli determined for the C and A-forms

accordingly are 37 and 22 GPa. The initial compressibility for the ambient structure

is analogous to that observed herein for zeolites Na-X and EMC-2. However, the data

demonstrate that the A-form is significantly less resistant to compression compared

to the C-form. This is to be expected, as the current understanding is that the

more symmetrical C-form transforms into the more flexible, and hence compressible,

A-form to concede further unit cell contraction without tetrahedral distortions. Both

bulk moduli are within the range anticipated for open-framework silicates.[90] In

comparison to other research concerning zeolite RHO, Lee et al.[141] reported the

bulk modulus of the A-form to be much greater, at 50 GPa. However, the experiments

disclosed therein use an alcohol penetrating pressure transmitting medium. In this

case it is foreseen, that the alcohol enters the zeolite framework, enhancing the

material’s resistance to compression, following experimental convention.[90, 241]

The filled zeolite RHO also displays a reduction in the bulk modulus between the C

and A-forms, with similar reasoning. As shown in figure 9-19 these values are 29

and 23 GPa respectively. Concerning the lower symmetry A-form, the bulk modulus

has no significant difference between the empty and filled zeolites. This agrees with

the observations of unit cell contraction, corroborating that the compressibility of

the framework is not perturbed by the presence of the 18C6 molecule. However, as

demonstrated in figure 9-17, the flexibility window of the A-form is narrowed when the

18C6 is occluded within the α-cage cavity. Similar physical behaviour and contrasting
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Figure 9-19: Variation of unit cell volume with pressure (0-2.2 GPa) for a) the
empty zeolite RHO and b) the filled zeolite RHO. The red data points correspond to
the empty zeolite, and purple the filled zeolite. Circles represent data points for the
C-form, and diamonds to the A-form. The black lines show the Birch-Murnaghan 2nd

order fits, calculated using the webtool PASCal.[193] Included is the estimated bulk
moduli (B0) from the fits, and the corresponding pressure derivatives (B’).
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simulated flexibility between the empty and filled analogues is comparable to what

was observed herein for zeolite Na-X. Consequently, the same understanding can be

applied to zeolite RHO. Such observations are therefore attributed to the inherent

flexible nature of the 18C6 molecule. Upon compression the 18C6 molecule can adapt

to the unit cell contraction, having no influence on the framework compressibility.

However, at a certain point the 18C6 is strained and can no longer flex, so its steric

bulk prevents the rigid tetrahedra from tilting any further. This leads to internal

distortions to the tetrahedra and narrowing of the flexibility window.

In contrast, the C-form of zeolite RHO shows a significantly lower bulk modulus

when the framework is occupied by 18C6. This demonstrates that the material is

more compressible when the 18C6 is present. Strangely, this contradicts conven-

tion, that filling the zeolite pores with extra-framework content should make it less

compressible. Furthermore, it also disagrees with the observations herein with the

A-form and zeolites Na-X and EMC-2, whereby the compressibility is independent of

the occluded 18C6. Although unconventional, this behaviour is actually supported by

the simulated flexibility windows shown in figure 9-17. It can be seen that according

to the GASP software simulations, the flexibility window for the C-form of zeolite

RHO is wider when 18C6 is occluded in the α-cage cavity. Therefore, although this

experimental observation is unusual, it is not unfounded. In order to glean a more

coherent understanding of this behaviour, the compression mechanism of the empty

framework was explored.

As with empty zeolites Na-X and EMC-2, the compression mechanism of the RHO

framework was determined by simulating the structures from the experimental unit

cell parameters using the GASP software.[195] From the geometric simulations the

T-O-T bridging angles can be reported, and from analysis sorted into angle groups

that express the same trend with compression. As seen previously, these groups

are dependent on the geometry and positioning of the framework tetrahedra in the

structure. Herein, structures were simulated for both the C and A-forms observed

during the experiment.

Figure 9-20 shows the topology of the RHO framework in both the C and A-forms,

in addition to the position of the different T-O-T bridging angles observed from the

simulations. The labels shown in the figure correspond to the oxygen atoms at the
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Figure 9-20: The topology of the RHO framework, in the centric C-form (Im3̄m)
and acentric A-form (I4̄3m), shown as open wire-frames. T atoms (Si and Al) are
positioned at the nodes of the wire-frame and oxygen atoms are positioned on the
connections between nodes. The structure includes labels showing the different oxy-
gen environments and bridging T-O-T angles observed in the two structures.

centre of the T-O-T bridging angles, located on the connections between the nodes

of the wire-frame. The ambient α-cage and D8R are labeled in the C-form structure,

and their distorted equivalents in the A-form.

For both forms, the angle groups observed herein agree with the different crystallo-

graphic oxygen atoms reported in their refined structures.[7, 140, 179] Regarding the

C-form, there are only two angles groups recognised, which have been labeled O(1)

and O(2). Angle O(1) corresponds to all of the oxygen atoms contained within the

S6R face of the α-cage, and angle O(2) to the oxygen atoms connecting the S8R

faces of the D8R unit. Furthermore, it can be seen that the S8R faces of the α-cage

alternate between these two angle groups. From this perspective, the O(1) angles

are adjacent to the S6R faces of the α-cage, and the O(2) angles to the S4R faces.

Generally speaking, upon the transition from the C-form to the A-form, the O(2)

angle group remains, whereas the O(1) angles subdivide into two groups. To prevent

any confusion, the three angles ascertained in the C-form have been labeled O(3),

O(4) and O(5). Both angles O(3) and O(4) correlate to the oxygen atoms within
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the S6R faces of the α-cage, however from this perspective an exact definition of

their distinction is difficult. The most clear difference between these two species is

that within the elliptical S8R opening the O(3) angles correspond to oxygen atoms

at either end of the major axis, and the O(4) angles to the minor axis. Angle O(5)

relates to the oxygen atoms connecting the elliptical faces of the distorted D8R. This

also correlates to the oxygen atoms between the S8R and S4R faces on the α-cage.

Figure 9-21 displays how the simulated T-O-T bridging angles for both the C and

A-form vary as a function of the applied pressure. Starting with the C-form, upon

compression angle O(1) decreases by approximately 4°, and angle O(2) increases by a

marginal 2°. This suggests that the relative tilting of the tetrahedra as a response to

the pressure is very minimal, especially as the C-form is only observed within a small

pressure range, below 1.1 GPa. This constraint on the motion, which is also observed

by the narrow flexibility window, is likely due to strain from the framework symmetry.

Consequently, this leads to the favourable transition to the lower symmetry A-form.

Comparing the structures of the C-form at 0.2 and 1.0 GPa, there is trivial difference.

However, there are subtle motions in the framework tetrahedra, the vectors of which

are shown in figure 9-22. The O(1) oxygen atoms appears to move towards the centre

of the S8R face of the α-cage, and the O(2) oxygen atoms away from the centre.

Once zeolite RHO has transformed into the A-form, the trend observed for the devel-

opment of the T-O-T bridging angles changes drastically. As shown in figure 9-21,

in this symmetry all of the angles express a decrease with compression, but by dif-

ferent extents. Angle O(3) shows the greatest deviation with pressure, decreasing

by approximately 11°. Moreover, angle O(4), which is observed to be the widest

angle, shows a more gentle decline resulting in a net decrease of an estimated 7°.

However, it is curious to see that angle O(5) shows a trivial decline of 1° over the

whole compression, demonstrating that this angle is essentially static.

Observation of the simulated structures portrays a clear picture of why these angles

are behaving in such a manner. Figure 9-22 includes the simulated structures of the

distorted α-cage in the A-form at both the least (0.3 GPa) and most pressurised (5.0

GPa) stages of the compression. As is displayed, the S8R faces of the α-cage are

increasingly elliptical, whereby the major axis is extended and the minor axis narrowed.

Concerning angle O(3), it can be observed how the tetrahedra on either side of the
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Figure 9-21: The evolution of the T-O-T bridging angles with pressure, for the empty
zeolite RHO. Angles simulated using the GASP software,[195] from the experimental
unit cell parameters. Data points for angles within the C-form symmetry are shown
with circles, and the A-form with diamonds. Angles O(1) are shown in black, O(2)
in purple, O(3) in red, O(4) in green and O(5) in blue.

oxygen atom are tilting so as to scissor and diminish the inter-tetrahedral angle within

the S8R face. Consequently this lengthens the major axis of the elliptical face, and

is manifested as the great decline in the O(3) angle with pressure.

With regards to angles O(4) and O(5), the mechanism is less coherent. The tetrahe-

dra on either side of the O(4) oxygen atoms appear to move collaboratively, so the

motion is best described as a vector of the oxygen atom moving closer to the centre

of the 8-ring opening. As for angle O(5), the tetrahedra on either side of the O(5)

oxygen atom do not appear to move relative to one another to an observable extent.

Overall, the simulations demonstrate that the compression and deformation of the

α-cage is driven by both the O(3) and O(4) angles on either axis of the elliptical S8R

faces. This is why angle O(5) is mostly static throughout the compression.
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Figure 9-22: Diagrams showing the different tetrahedra motions in the α-cage for
the C-form (above) and A-form (below). Structures were simulated using the GASP
software.[195] Due to subtle movements, only the 0.2 GPa structure of the C-form is
shown. For the A-form, the structures at the lowest (0.3 GPa) and highest pressure
(5.0 GPa) are shown. The TO4 are displayed as solid polyhedra, and the oxygen
atoms as black spheres, with T-O-T bridging angles labeled. The direction at which
the tetrahedra tilt upon compression are shown with the orange arrows.
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Based on the consistency of the unit cell contraction for both forms of the empty

and filled zeolite RHO, it can be assumed that the compression mechanism identified

for the empty framework can be extended to the filled. However, calculations of the

bulk moduli and geometric simulations indicate that the filled Im3̄m C-form is more

compressible than its empty counterpart. As such, it is anticipated that for the filled

C-form of zeolite RHO the tetrahedra are tilting at a faster rate with pressure. The

reason being for this behaviour, is likely based on the steric bulk of the 18C6, forcing

the tetrahedra to displace to a greater degree around the organic molecule.

As seen previously, the α-cage cavity is less voluminous compared to the t-fau, t-wof

and t-wou cavities in zeolites Na-X and EMC-2. Consequently, the framework’s re-

straint on the 18C6 molecule’s inherent flexibility is preventing it from adapting to the

exerted pressure, leading to the escalated movement of the tetrahedra. Nevertheless,

with a lack of high resolution X-ray diffraction data and a subsequent full structural

Rietveld refinement, the true nature of this behaviour cannot be fully rationalised. If

there is some connection between the occupation of the α-cage and the increasing

compressibility, such a trend should also be observed in zeolite ZK-5. This will be

discussed in the following section.

From these data, implications concerning the role of 18C6 in the structure direction

of zeolite RHO can be gleaned. It is interesting to recognise that for the A-form of

zeolite RHO, the occlusion of 18C6 has no impact on the material compressibility yet

narrows the simulated flexibility window, analogous to observations for zeolite Na-X.

However, it is only in the ambient C-form of zeolite RHO that the 18C6 expresses

an influence on the framework compression. This suggests that there is a degree of

geometric or steric match-up between the 18C6 molecule and the Im3̄m symmetry

of the α-cage. A match-up which is subsequently lost when the α-cage is distorted,

leading to the filled zeolite to behave identically to the empty analogue. From the

mechanism, the α-cage and S8R faces are increasingly elliptical with compression and

unit cell contraction, which is unperturbed by the 18C6 molecule as the geometric

match-up of symmetry has been removed. Although indirectly, this observation agrees

with the findings concerning the experimental synthesis of zeolite RHO. Previously it

was discussed how the 18C6 molecule actually has no bearing on the I4̄3m A-form

of zeolite RHO, but rather controls the purity by preventing the cocrystallisation of

competing zeolitic phases. In this instance, it is clear why the compression data
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suggest that the 18C6 molecule behaves as a space-filling species for the A-form

α-cage, comparable to the t-fau cavity for zeolite Na-X.

9.4 Zeolite ZK-5

The last of the zeolites analysed using high pressure X-ray diffraction was zeolite ZK-5.

As with zeolite EMC-2, there is no experimental data reported in the literature on how

KFI-type zeolites behave under pressure. Geometric simulations on the KFI framework

using the GASP software have not been performed previously. The only expectations

concerning the compression behaviour of zeolite ZK-5 is provided by Khosrovani et

al.[248] who have modelled the landscape of cell parameter a variation using DLS

simulations. This being a common technique used to refine framework structures

by designating the anticipated atomic distances.[249] The primary conclusions by

Khosrovani et al. were that zeolite ZK-5 may behave similarly to analcime with

pressure. Moreover, it was observed that zeolite ZK-5 in the I4̄3m symmetry was

more flexible than the ambient Im3̄m form, as has been seen herein with zeolite RHO.

Such a similarity is logically rational, as topologically the KFI and RHO frameworks are

similar, in that they contain α-cages in a body-centred cubic arrangement. Therefore,

it was initially anticipated that zeolite ZK-5 would undergo a similar phase transition

of symmetry reduction.

To understand the true nature of zeolite ZK-5 under compression, both the 18C6

containing and empty analogues of the zeolite were studied. In doing so, the intrinsic

behaviour of the KFI framework could be appreciated, in addition to the impact of

the 18C6 molecule. The unit cell parameter a for the filled and empty zeolite samples

were extracted from the X-ray diffraction data using Pawley refinements to the Im3̄m

space group. Any variations to this symmetry are explained herein.

9.4.1 Unit Cell Contraction

Powder X-ray diffraction patterns for empty zeolite ZK-5, with increasing pressure

from 1.2-1.8 GPa, are displayed in figure 9-23. These patterns demonstrate that at a
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pressure of 1.5 GPa and higher, substantial splitting was observed in the majority of

the Bragg peaks. The only Bragg peaks not shown to split were those pertaining to

Miller indices where the values for h, k and l are identical. This feature is exhibited

by the (222) peak in the figure. Such splitting behaviour is attributed to a tetragonal

symmetry change, whereby in this case cell parameter c is shorter than cell parameters

a and b. Consequently, the tetragonal zeolite ZK-5 phase was indexed and refined

to the I4/mmm space group. This phase transition was also expressed in the filled

zeolite ZK-5 samples. The diffraction patterns for both the empty and filled zeolites

are shown in Appendix D.

In comparison to analcime, experimental data has shown a pressure-induced transfor-

mation from the ambient cubic to a triclinic symmetry.[250] Furthermore, later geo-

metric simulations have shown scope for low density analcime to become tetragonal

Figure 9-23: The powder X-ray diffraction patterns, from 2θ = 2.2-6.3°, for the
empty zeolite ZK-5 with increasing pressure from 1.2-1.8 GPa. These patterns show
the Bragg peak splitting, attributed to a cubic (Im3̄m) to tetragonal (I4/mmm)
phase transition. Patterns in orange correspond to the cubic phase, and purple to the
tetragonal phase. Bragg peaks identified with a black circle correspond to the zeolite
W (MER) impurity phase.
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within the flexibility window.[197] This is interesting, as it consolidates the similar-

ities in compression behaviour between zeolite ZK-5 and analcime, as predicted by

Khosrovani et al.[248]

Concerning the zeolite ZK-5 herein, the transition to a tetragonal symmetry can be ra-

tionalised upon understanding the set-up within the diamond anvil cell (DAC). Within

the DAC, pressure is physically exerted along two opposing directions, which is applied

hydrostatically and multiaxially to the sample via the pressure transmitting medium.

As seen in Chapter 6, zeolite ZK-5 is seen to possess a cube shaped morphology.

Questions arise as to whether these cubes are no longer randomly orientated in the

DAC, but preferentially aligned with the cubic cell parameter a parallel to the vector

of pressure between the diamonds. Therefore, the cell parameter aligned within the

DAC will experience greater compressive force, resulting in the shorter cell parameter

c in the tetragonal phase. Such a phenomenon would suggest that at this stage the

applied pressure is no longer multiaxial.

Figures 9-24a and 9-24b show the variation in the unit cell dimensions a and c with

compression for the empty and filled zeolite ZK-5 samples accordingly. Included in

these figures are the extent of the two-dimensional tetragonal, and one-dimensional

cubic flexibility windows for the empty and filled analogues, simulated using the GASP

software.[195]. The data demonstrate that for both samples the cubic and tetragonal

phases exist well within their respective windows, indicating no distortions of the

framework tetrahedra during compression.

With regards to the flexibility windows themselves, the extent of the cubic window

is identical between filled and empty KFI frameworks. Although the 18C6 molecule

has steric bulk, the inherent flexibility of the 18C6 molecule is capable of adapting

to accommodate the contraction of the framework. This is analogous to the obser-

vation for the EMT framework herein and by Fletcher et al.[121] Therefore, similar

deductions from zeolite EMC-2 can be applied to zeolite ZK-5. It can be gleaned

that the 18C6 molecule has little role as a true geometric template, rather it is in-

volved in lowering the energetics of crystallisation. Furthermore, it is curious to see a

disparity in the flexibility window size upon 18C6 occupation between zeolites RHO

and ZK-5. Reason being that in both of these zeolites, the 18C6 is occluded within

the α-cage,[93] so it was anticipated that the impact of the 18C6 molecule would
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Figure 9-24: Unit cell dimensions of the a) empty and b) filled zeolite ZK-5 through-
out compression. Empty zeolite ZK-5 is shown with orangle circles, and filled with
purple circles. Also shown are the extents of the corresponding flexibility windows of
the empty and filled KFI framework, simulated using the GASP software.[195] The
black dots show the tetragonal window, and the fine dashed line the cubic window,
as labeled.
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be similar. This suggests that it is the presence of the different connecting SBUs to

the α-cage that are dictating differences in the movement of the α-cage’s tetrahedra,

and hence how the 18C6 molecule interacts with these motions. However, this will

be elaborated further upon study of the compression mechanism.

On the other hand, the tetragonal flexibility window for the KFI framework displays

some narrowing with 18C6 occupation. Although the majority of the window edges

are contracted to some degree the most drastic change is in the region where cell

parameter c is greater than cell parameters a and b, this being the region of the

window that the experimental data does not venture through. In itself, this potentially

highlights that it is favourable for the tetragonal distortion whereby cell parameter

c expresses greater contraction, as the framework is more flexible in this region.

Returning to the comparison between the empty and filled tetragonal windows, these

simulations demonstrate that upon leaving the cubic regime, the 18C6 molecule’s

steric bulk plays a clearer role in restricting the tetrahedral movements.

Figures 9-25a and 9-25b show cell parameters a and c as a function of pressure

for the empty and filled zeolite ZK-5 samples respectively. To emphasise the cubic

to tetragonal phase transition data points to the former are shown in orange, and

the latter in purple. For the empty zeolite ZK-5 sample, cell parameter a shows

consistent decline with compression, expressing a continuity in this parameter even

after transitioning to the tetragonal symmetry. In contrast, upon the phase transition

cell parameter c displays a drastic contraction and initially a greater rate of contraction

compared to the a parameter. Similar trends are observed for the filled zeolite,

however it is pertinent to mention that cell parameter c contracts less drastically

after the phase transition. Alternatively the data illustrate a consistent contraction

of cell parameter a in the filled zeolite, which is similar to the empty analogue.

In both samples, it appears that cell parameter c is more compressible than the a

parameter. This is either due to the potential loss of multiaxial compression, or due to

the break in symmetry and consequential axial strain in this unit cell. Furthermore, the

data demonstrate that the 18C6 has no significant influence on the phase transition,

being at approximately 1.4 GPa for both zeolite ZK-5 samples. However, the steric

bulk of the 18C6 molecule clearly hinders the sharp contraction of cell parameter c

throughout the phase transition.
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Figure 9-25: Variation of cell parameters a and c with pressure for a) empty and b)
filled zeolite ZK-5. Cell parameters were calculated from the powder X-ray diffraction
patterns. Compression of the cubic phase is shown in orange, the tetragonal phase
in purple, and decompression of both phases in black. Circles correspond to cell
parameter a, and diamonds to cell parameter c. Dotted lines illustrate the shift in
cell parameters between the two symmetries.
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Concerning the decompression, the most striking observation for the empty zeolite is

that there is a hysteresis in the return to the cubic symmetry. The reversible transition

back to the ambient cubic phase occurred below 0.8 GPa, which is almost half the

pressure at which the transition under compression was seen. Regardless, both cell

parameters follow the same pathway seen with contraction, further substantiating

that the framework tetrahedra are not distorted, and that the deformation to the

cell parameters is reversible. Of course, there is an exception to this observation,

whereby cell parameter c deviates from the compression pathway in the hysteresis

region below 1.5 GPa. For the filled zeolite the phase transition is likewise reversible

however it is unclear whether there is a hysteresis due to the lack of data points. If

there is a hysteresis for the filled zeolite, it is likely less prominent due to the reduced

contraction of cell parameter c. It is anticipated that the occluded 18C6 exerts a

degree of structural memory to the framework, allowing it to reassert itself more

rapidly with declining pressure. This compares to observations of hydrated sodium

cations in FAU-type zeolites.[244, 245]

A comparison of the unit cell volume contraction as a function of pressure for both the

empty and filled zeolite ZK-5 samples is shown in figure 9-26. These data illustrate

that the unit cell contraction is consistent for the cubic phase, regardless of whether

18C6 is occluded within the α-cage. This coherence is weaker as the samples are

compressed closer to the phase boundary, whereby the filled zeolite ZK-5 shows a

slightly greater degree of contraction. Upon transitioning to the tetragonal phase,

the empty zeolite ZK-5 substantially contracts, as seen with the cell parameters in

figure 9-25. In the tetragonal region, both samples contract with pressure, however

the filled zeolite expresses a larger unit cell volume at comparable pressures. This

further consolidates the understanding that the steric bulk of the 18C6 is restricting

the intrinsic collapse of the unit cell under compression. Consequently, upon increased

contraction of cell parameter c in the tetragonal phase, the 18C6 molecule is behaving

as a physical brace against contraction. This contrasts the behaviour seen with the

other zeolites studied herein.

Unfortunately, due to experimental time restraints the empty zeolite ZK-5 could not

be compressed to a point closer to the onset of pressure-induced amorphisation.

Therefore, the ability of the 18C6 molecule to preserve periodicity to higher pressures

could not be explored. However, based on what has been seen herein with the other
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Figure 9-26: Variation of unit cell volume with pressure for both the empty and filled
zeolite ZK-5. Unit cell volume calculated with the cell parameters determined from
the powder X-ray diffraction patterns. Compression of empty zeolite ZK-5 is shown in
orange, and filled in purple. The cubic phase is shown with circle data points, and the
tetragonal phase with diamonds. The black dotted line emphasises the approximate
position of the phase boundary.

zeolites, it is predicted that the same behaviour will be expressed within zeolite ZK-

5. Reason being that within the tetragonal phase the 18C6 molecule’s steric bulk

is already impeding the unit cell contraction, before the onset of amorphisation has

been reached. Furthermore, this behaviour is attributed to the mere presence of

extra-framework content, and not to any other specific properties.

9.4.2 Compression Mechanism

To gain a complete appreciation of how the occluded 18C6 impacts the framework

dynamics of zeolite ZK-5, additional analyses were performed to understand the zeo-
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lite’s compression mechanism. This was particularly of interest, after observing that

the filled zeolite ZK-5 expresses a less contracted unit cell when in the tetragonal

phase. Consequently, the bulk moduli (B0) of the two materials were calculated.

Figures 9-27a and 9-27b display the variation in the unit cell volume with pressure

for the empty and filled zeolite ZK-5 samples accordingly. The data showed the

most suitable agreement to a 3rd order Birch-Murnaghan fit, suggesting non-linear

compression behaviour. The figure contains the fits calculated in PASCal,[193] us-

ing data within the 0-2.2 GPa range. The bulk moduli of the cubic and tetragonal

phases have been determined separately, due to their differences in mechanical be-

haviour. Moreover, the bulk modulus of each phase agrees with the range expected

for open-framework silicates.[90] Also included is the pressure derivative (B’) of the

respective fits, which demonstrate that the materials express dynamic instabilities

such as variation in stiffness with pressure.

The bulk moduli for the cubic phase in the empty and filled zeolites are reported as

57 and 53 GPa respectively. This illustrates that the filled cubic phase is significantly

more compressible than the empty equivalent. Additionally, the pressure derivative of

the fits for both samples are negative, which is indicative of pressure-induced softening

of the cubic phases.[193] The derivative for the filled sample is more negative, further

consolidating the observation that the occlusion of the 18C6 molecule appears to

enhance the mechanical softness of the framework.

Although unusual, this mirrors the behaviour seen in the C-form of zeolite RHO.

Interesting, both zeolites ZK-5 and RHO are of Im3̄m symmetry in their ambient

form, and they have the 18C6 molecule occupying the α-cage. This suggests that

the structural similarities between these zeolites, and how this relates to the occluded

18C6 molecule, are responsible for the improved compressibility. However, concerning

zeolite ZK-5 the geometric simulations illustrated that the flexibility of the framework

is independent of whether the 18C6 molecule is present. Consequently, the enhanced

framework mobility may not be due to the 18C6 molecule’s geometric characteristics

in zeolite ZK-5.

The tetragonal phase for the empty and filled zeolites appear to be significantly

more compressible, expressing respective bulk moduli of 31 and 37 GPa. This is to be
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Figure 9-27: Variation of unit cell volume with pressure (0-2.2 GPa) for a) the empty
zeolite ZK-5 and b) the filled zeolite ZK-5. The orange data points correspond to
the empty zeolite, and purple the filled zeolite. Circles represent data points for the
cubic phase, and diamonds to the tetragonal phase. The black lines show the Birch-
Murnaghan 3rd order fits, calculated using the webtool PASCal.[193] Included is the
estimated bulk moduli (B0) from the fits, and the corresponding pressure derivatives
(B’).
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expected, as it suggests that the zeolite is undergoing a symmetry transition to permit

further compression while ensuring the framework tetrahedra remain undeformed.

The pressure derivative of both tetragonal phases are less negative than their cubic

predecessors, indicating less pressure-induced softening. Between the empty and filled

zeolites, the filled tetragonal phase is more resistant to compression than the empty, as

to be expected. In this instance, it is clear that the steric bulk of the 18C6 is interfering

with the unit cell contraction. This reaffirms what was seen from the comparison of

the unit cell volume of the two samples in figure 9-26. Moreover, it agrees with

the geometric simulations, which demonstrate that the tetragonal flexibility window

narrows with 18C6 occlusion.

To gain a better rationale of the framework behaviour, a model of the compression

mechanism for zeolite ZK-5 was built. This was performed by following the same

procedure used for the other zeolites herein. From the experimental cell parameters

at each pressure, structures of the KFI framework were simulated using the GASP

software.[195] This was done separately for both the cubic and tetragonal phase

of the empty zeolite ZK-5. The T-O-T bridging angles from the simulations were

reported, and subsequently arranged into angle groups that display the same trend

with pressure. For the cubic phase, four different angle groups were observed, which

further divided into nine upon transitioning to the tetragonal phase. These angle

groups correspond to the number of different crystallographic oxygen atoms in the

structure of the Im3̄m[7, 179] and I4/mmm symmetries respectively.

Figure 9-28 shows the structure of the KFI framework, with views down the a and c

axes. Due to the tetragonal phase transition, it is observed that there are geomet-

ric differences in the t-pau units depending on their alignment with a certain axis.

Therefore, these t-pau units were given new nomenclature, based on the axis that is

perpendicular to the plane parallel to the S8R faces. Units perpendicular to the c

axis were designated ‘c-pau’, and those orientated perpendicular to either the a or b

axis were equivalent and dubbed ‘ab-pau’. These two t-pau unit species are labeled

in the figure.

Within figure 9-28 there are also labels for the oxygen atoms at the centre of the differ-

ent T-O-T bridging angles observed in the GASP simulations. Due to the subdivision

of the cubic angles into the tetragonal, the tetragonal angle notation O(1a)-O(4c) is
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used, whereby the cubic angles O(1)-O(4) can also be identified. Overall, it can be

seen that the primary cause of angle group division is the differentiation between the

ab-pau and c-pau units.

In the cubic phase, angle O(1) corresponds to oxygen atoms that adjoin the S8R

and S4R faces of the α-cages. This divides into three separate subgroups with the

tetragonal phase transition. The oxygen atoms of angle O(1a) are associated with

two different ab-pau units, one of which is orientated to the a axis and the other

the b axis. Oxygen atoms associated with the S8R faces parallel to the ab plane

are designated angle O(1b), and are connected between an ab-pau and a c-pau unit.

In fact, angles O(1c) are also located between the two different t-pau unit species,

however these oxygen atoms are exclusively positioned in the middle of the S4R chains

that link the S8R faces of the c-pau units.

The remaining angles divide into two subgroups in the tetragonal phase, and the

differentiation is best described in terms of the S4R chains of the two t-pau species.

Figure 9-28: The topology of the KFI framework in the cubic Im3̄m symmetry,
as viewed down the a and c axis as labeled. The framework is shown as an open
wire-frame, with the α-cage shown as an opaque polyhedron. T atoms (Si and Al)
are positioned at the nodes of the wire-frame and oxygen atoms are positioned on the
connections between nodes. The structures include labels showing the four oxygen
angles in the cubic phase (O(1)-O(4)), which divide into the nine subgroups in the
tetragonal phase (O(1a)-O(4c)).
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The O(2) angles in the cubic phase correlate to oxygen atoms of the S6R faces of

the D6R units, which are adjacent to the S4R faces of the α-cage. The first of the

subgroups are the O(2a) angles, which are purely associated with the S4R chains of

the c-pau units. Alternatively the second group, the O(2b) angles, correlate to the

S4R chains of the ab-pau units. Angle O(3) represents the oxygen atoms located

between the S6R faces of the D6R units. This group divides into the two subgroups

of angles O(3a) and O(3b) in the tetragonal phase. These correlate to oxygen atoms

adjacent to two S4R chains, with angle O(3a) being between the chains of c-pau and

ab-pau units, and O(3b) between the chains of two different ab-pau units. One of

these ab-pau units being orientated along the a axis, and the other the b axis. Lastly

there is angle O(4), which in the cubic phase is positioned between the S8R faces

of the α-cage and the D6Rs. Both subgroup angles O(4a) and O(4b) are associated

with the connection of the S4R chains to the S8R faces in the t-pau units. In this

perspective, the former is located in the ab-pau units, and the latter the c-pau units.

Moreover, angles O(4a) and O(4b) can be described as being in the S8R faces parallel

to the ac/bc and ab planes respectively.

Figure 9-29 illustrates how the simulated T-O-T bridging angles in both phases of

zeolite ZK-5 vary with pressure. The cubic phase expresses conventional behaviour

with pressure, whereby the angles show a linear variation with pressure. Angles O(1),

O(2) and O(4) decrease with pressure by a comparable magnitude of approximately

4°; with angles O(2) and O(4) overlapping. All three of these angles correspond to

oxygen atoms within the α-cage, demonstrating a general contraction of the entirety

of the cage with pressure. Visually, the motions of the framework tetrahedra are

comparable to those observed for zeolite RHO, and displayed previously in figure 9-

22. The tetrahedra on either side of the O(4) angle tilt towards the centre of the

S8R face, meanwhile the O(1) oxygen atoms appear static.

Alternatively, angle O(3) shows an increase with pressure of 8°, twice as large as that

seen for the other three angles. As this angle correlates to the oxygen atoms between

the S6R faces of the D6R, the data suggest that the D6R units are straightening

up with compression. Concerning the movement of the tetrahedra, the motions are

incredibly comparable to those seen for the D6Rs in zeolite Na-X, shown in figure

9-6. Generally, it is observed that the tetrahedra are tilting collaboratively so that

the O(3) oxygen atoms are moving towards the centre of the D6R unit. Interestingly,
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Figure 9-29: The evolution of the T-O-T bridging angles with pressure, for the empty
zeolite ZK-5. Angles simulated using the GASP software,[195] from the experimental
unit cell parameters. Data points for angles within the cubic phase (O(1)-O(4)) are
shown with circles, and the tetragonal phase with diamonds (O(1a)-O(4b)). The
black dotted line displays the approximate phase boundary.

in the KFI framework the α-cages on either side of the D6R unit are associated by

an inversion centre, as seen in zeolite Na-X and by the i -D6Rs in zeolite EMC-2.

This further corroborates that the dynamics of the D6R under compression is directly

correlated to its symmetry in the framework.

In contrast, the tetragonal phase expresses unusual angle development over the course

of compression in figure 9-29. Angles O(1a), O(1b), O(2b) and O(3b) appear static

throughout the compression, showing an approximate angle variation of 1° from 1.5-

3.0 GPa. Although not directly similar, angle O(4a) shows an initial decline with

pressure, before being immobile from 1.9 GPa onwards. As for the remaining an-

gles, they show more drastic changes with increasing pressure. The reason for this

distinction in angle behaviour is clear upon recognising the location of these angles.

Generally, the angles that are not static with pressure correspond to oxygen atoms

contained within the S4R chains of the c-pau units. This suggests that the c-pau

units are displaying the greatest degree of flexibility in response to the compression.
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Concerning these c-pau associated angles, O(1c) and O(3a) display a sudden change

in gradient and correlation at 1.9 GPa. At this same pressure, angle O(4b) also

presents an increase in the rate of variation. This switchover in mechanical behaviour

coincides with the trend observed for angle O(4a), where the angle becomes static af-

ter 1.9 GPa. The implication of these observations, is that it suggests that throughout

the compression of the tetragonal phase there is a shift in the framework dynamics.

If such a change in the compression mechanism is occurring in the experimental data

for zeolite ZK-5, it does not impact the trend in the cell parameters of the unit

cell. Furthermore, of the angles associated with the c-pau units, angle O(2a) does

not express any distinct gradient or correlation change. Consequently, to understand

the nature of the mechanism shift and the specific angle behaviour, the simulated

structures require greater scrutiny.

Figure 9-30 shows the tetrahedra in the S6R face of the D6R units in the cubic phase

at 0 GPa, and the tetragonal phase at 3.0 GPa. These diagrams clearly demonstrate

the drastic deformation of the S6R face during the compression. The primary point of

interest here is the observation that the tetrahedra on either side of the O(2a) angle

move towards the centre of the S6R face, and lock in the aligned position as shown,

breaking the face’s 3-point symmetry. Within the D6R unit, the opposing S6R faces

are in this locked configuration, however the faces are related symmetrically by an

inversion centre. It is this locking of the tetrahedra in the S6R which is believed to

be the primary cause for the shift in compression mechanism. At 1.9 GPa this lock is

first observed, and manifests itself as the consistency of the O(4a) angles after this

pressure, as shown in figure 9-29. These O(4a) angles are positioned on either side

of the aligned tetrahedra, and upon locking force all other angles to respond to the

increasing pressure. Although the O(2a) angle continues to decrease after 1.9 GPa,

this is due to the consequential deformations across the rest of the D6R.

The formation of the S6R face lock is more adequately explained upon inspection of

the S4R face between the S6R faces on the α-cage. As shown in figure 9-30, between

0-1.9 GPa, the tetrahedra at opposite ends of the unit form the lock seen on either

side of the O(2a) angle. Subsequently, this leads to the small increase in the O(1c)

angle, and the distortion in the shape of the S4R face. As can be seen for the 1.9

GPa structure, the tilting of the tetrahedra appears to reach a physical limit, whereby

the S4R face is highly strained, and these motions can no longer continue. It is this
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strained configuration that appears to produce the lock. Upon increasing the pressure

further, the only possible movement around the S4R face is the scissoring motion. In

this motion the O(1c) oxygen atoms move collaboratively outwards, and the O(2a)

oxygen atoms tilt closer together, into the confines of the α-cage. Therefore, it is

this new scissoring motion after 1.9 GPa that causes the O(1c) angle to suddenly

decrease.

Figure 9-30: Diagrams showing the different tetrahedra motions in the S6R faces
of the D6Rs and the S4R faces of the α-cage at 0, 1.9 and 3.0 GPa. The structures
included belong to both the cubic and tetragonal phases, being identified by a C
or T respectively. The TO4 are displayed as solid polyhedra, and the oxygen atoms
as black spheres, with T-O-T bridging angles labeled. The direction at which the
tetrahedra tilt upon compression are shown with the orange arrows.
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Regarding the rest of the KFI framework, the tetragonal phase transition results in the

squashing of the S8R faces that are in the ac and bc planes, as shown in figure 9-31.

This figure illustrates how upon initial formation of the tetragonal phase at 1.5 GPa

the S8R is still circular. However, as a consequence of the scissoring motion of the

S4R faces explained above, this leads to the S8R face becoming increasingly elliptical,

with the minor axis parallel to the c axis. In contrast, the S8R faces that are in the

ab plane, and hence perpendicular to the c axis, remain circular with compression.

Concerning the motions of the tetrahedra in these faces, they mirror the observations

seen for the cubic Im3̄m phases of both zeolite RHO and ZK-5.

An interesting feature of the compression mechanism associated with the shift at 1.9

GPa, is that the S4R scissoring appears to facilitate a global collaborative motion

across the unit cell. From 1.9 GPa onwards, the D6R units appear static, with

the links between them expressing the greatest motion. Figure 9-31 illustrates this,

whereby the ac and bc S8R faces are squashed and the D6R units as a whole tilt

towards the centre of the circular ab S8R faces. Such movements of the D6R units

result in a considerable elliptical distortion to the entirety of the α-cage. Therefore,

it is anticipated that this will drastically reduce the volume within the α-cage cavity.

This mechanism for the compression of the empty zeolite ZK-5 can be used as a

skeleton to understand the mechanism for the filled zeolite ZK-5 sample. As seen

previously in the experimental data, the unit cell contraction for the cubic phase is

similar for the two samples. Furthermore, via the bulk moduli it was observed that

the filled zeolite was more compressible than the empty analogue in this phase. Con-

sequently, it is anticipated that the physical motions of the compression mechanism

are the same for the filled zeolite, however the tetrahedra are expected to move at a

greater rate with pressure. It is this enhanced movement that can be attributed to

the materials increased softness.

For the tetragonal phase of zeolite ZK-5 the mechanical behaviour was more conven-

tional, in that with the presence of 18C6 the zeolite was less compressible. Moreover,

it was observed that the unit cell volume was greater than that of the empty sample

at equivalent pressures. In this instance, the data suggest that the proposed compres-

sion mechanism herein occurs more slowly with pressure for the filled zeolite. This

is likely based on the steric bulk of the 18C6, which under these higher pressures, is
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Figure 9-31: Diagrams showing the different configurations of the S8R faces of
the α-cage and the ‘global’ motion observed in the unit cell. For the S8R faces,
structures at 0, 1.5 and 3.0 GPa are shown. For the ‘global’ motion, the unit cell
structure at 1.9 and 3.0 GPa is shown. The structures included belong to both the
cubic and tetragonal phases, being identified by a C or T respectively. The TO4 are
displayed as solid polyhedra, and the oxygen atoms as black spheres, with T-O-T
bridging angles labeled. The direction at which the tetrahedra tilt upon compression
are shown with the orange arrows.
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incapable of flexing to adapt to the intrinsic movements of the KFI framework. As

such, the unit cell is more resistant to compression compared to the empty frame-

work. With regards to the shift in the compression mechanism observed from the

GASP simulations, this is intrinsic to the KFI framework. Therefore, it is anticipated

that this mechanical shift will also occur in the filled zeolite ZK-5. However, finer de-

tail on how the 18C6 molecule influences the onset of this shift cannot be determined

with the current data. In order to glean a more coherent understanding, structural

Rietveld refinements from higher resolution diffraction data are required.

Between zeolites RHO and ZK-5 there are clear similarities in the compression be-

haviour, although the mechanical specifics may differ. For both zeolites, the ambient

structure of Im3̄m symmetry shows resistance to compression, with little mechanical

movement of the framework tetrahedra. Upon increased pressure, the symmetry is

lowered in some manner, which both increases the softness of the material and ex-

pands the flexibility window. By doing so, the zeolite framework is capable of further

compression without distorting the rigid silica and alumina tetrahedra. In compari-

son, the cubic zeolite Na-X which possesses a symmetry of Fd3̄m, already displays

a relatively wide flexibility window and no phase transition with pressure is required.

Therefore, the data herein suggest that such symmetry changes as a response to

multiaxial pressure are intrinsic of body-centred cubic zeolites.

In comparison to other cubic zeolites, research in the literature supports this argu-

ment concerning pressure-induced phase transitions in body-centred cubic zeolites.

This is summarised in table 9.1, which lists the cubic zeolites studied under high

pressure in the literature. Two commonly researched zeolites with body-centred sym-

metry are analcime (Ia3̄d) and sodalite (Im3̄m). As mentioned previously, analcime

expresses a cubic to triclinic phase change with pressure,[250] and from geometric

simulations shows scope to become tetragonal while remaining within the flexibility

window.[197]. Furthermore, experimental high pressure data of sodalite by Werner

et al.[251] demonstrate that the zeolite undergoes a change in compressibility with

pressure, likely attributed by a phase change. Alongside this, density functional the-

ory calculations by Knorr et al.[252] indicate that sodalite is capable of undergoing

a phase transition into the I4̄3m symmetry, analogous to zeolite RHO. On the other

hand, there is zeolite A (LTA) which has a face-centred lattice type, in addition

to a wealth of experimental high-pressure data.[253, 254, 255] Within these studies
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there is no reported pressure-induced change in symmetry other than amorphisation

observed in all zeolites. In conjunction with FAU-type zeolites[241, 242, 243] such

as Na-X, which have face-centred symmetry, this corroborates that this symmetry

change behaviour is intrinsic to body-centred cubic zeolites.

Table 9.1: A summary of the pressure-induced symmetry changes observed in cubic
zeolites studied using high pressure X-ray diffraction. Contained are the reported
space groups under ambient and high pressure conditions.

Zeolite Framework Ambient Pressure-Induced
Type Space Group Space Group

Analcime ANA Ia3̄d P1̄ [250]
Leucite ANA I41/a P1̄ [256]

Pollucite ANA Ia3̄d P1̄ [257]
Wairakite ANA I2/a P1̄ [258]

ZK-5 KFI Im3̄m I4/mmm
RHO RHO Im3̄m I4̄3m [136, 141, 144]

Sodalite SOD Im3̄m I4̄3m [251, 252, 259]

A LTA Fm3̄c - [253, 254, 255]
Na-X FAU Fd3̄m - [243]

Y FAU Fd3̄m - [242]

These data provide some insights into the role of the 18C6 in the assemby of the KFI

framework. One of the oddities observed with these data is how upon occlusion of

the 18C6 molecule the ambient cubic form of zeolite ZK-5 is more compressible. The

increased softness of the material, as seen in zeolite RHO, indicates that there is some

form of geometric or steric match-up between the 18C6 molecule and the α-cage.

In seeing this behaviour in both zeolites RHO and ZK-5, it further consolidates that

the contributing factor is the symmetry of the α-cage itself. Previously in Chapter 7

it was seen that the α-cage is smaller than the supercages present in both zeolites

Na-X and EMC-2. Furthermore, it has been determined that the 18C6 molecule

experiences greater confinement in both zeolites RHO and ZK-5. Keeping this in

mind, it is clear that the 18C6 must have less molecular flexibility and freedom in

these two zeolites than it does in zeolites Na-X and EMC-2. Consequently, upon the

onset of compression the 18C6 molecule has less capability to flex and accommodate

the applied force, so the framework is forced to move around the steric bulk of the

18C6 species. Upon transformation to the tetragonal phase, the Im3̄m symmetry of

the α-cage is lost, and the filled zeolite ZK-5 is more compressible, as expected. Such
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a trend was also observed with zeolite RHO after transitioning to the A-form. This

highlights that there is some aspect of the α-cage symmetry that causes the 18C6

molecule to enhance the softness of the framework.

From the geometric simulations, it was observed that the flexibility window of the

KFI framework is identical for both the empty and filled derivatives. This attribute is

shared with the EMT framework, and in that instance Fletcher et al.[121] gleaned that

the 18C6 must not behave as a true geometric template during assembly. However,

as seen from the compression mechanism herein for the empty zeolite ZK-5, the

flexibility of the framework is dictated by the S4R chains of the t-pau units. As such,

it is anticipated that the extent of the flexibility window of the KFI framework is

limited by the movement in these S4R chains, and not by any drastic contractions of

the α-cage. In this case, the contents of the α-cage have no bearing on the magnitude

of the flexibility window.

9.5 Chapter Summary

Within this Chapter, further insights have been gleaned into the role of 18C6 as an

organic additive for each zeolite. This was done by studying how the presence of the

18C6 in the zeolite cavities subtly influence the intrinsic compression behaviour of the

framework with high pressure powder X-ray diffraction. Amongst all four zeolites aside

from ZK-5, it was observed that the presence of the 18C6 in the cavities enhances the

framework’s structural integrity, retaining the sample crystallinity to higher pressures.

Such an attribute being typical of extra-framework content, particularly that which

expresses significant steric bulk. Although this property was not seen for zeolite ZK-5

due to experimental time constraints, this behaviour is anticipated.

Concerning zeolites Na-X and EMC-2, the occlusion of 18C6 showed no significant

influence on the material’s compressibility. The implication here being that the 18C6

molecule possesses an innate flexibility, meaning it can bend to accommodate any

movements of the framework tetrahedra. From geometric simulations it was deter-

mined that for zeolite Na-X the framework flexibility is substantially reduced with

18C6 occupation. This suggests that although the 18C6 can flex, its steric bulk still
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impedes framework mobility. Consequently, it was determined that the 18C6 likely be-

haves as a space-filling species for zeolite Na-X. As for zeolite EMC-2, it has previously

been seen that the empty and filled flexibility windows are identical. Furthermore,

the model compression mechanism demonstrates that there are two species of D6R

in the EMT framework, which behave differently. One is a geometric analogue of the

D6Rs in the FAU framework, and behave identically to those in zeolite Na-X under

pressure. However, the D6Rs unique to zeolite EMC-2 express much greater rigidity.

From this, it was proposed that the 18C6 enables the assembly of these rigid D6R

units during the alignment of faujasite sheets, which are less favourably assembled

under conventional means in synthesis. Therefore, these data agree with Fletcher et

al.[121] that the 18C6 molecule is not a true geometric template for zeolite EMC-2,

but rather subtly influences the free-energy of crystallisation.

Unlike the two zeolites already discussed, both zeolites RHO and ZK-5 exhibited

phase transitions upon compression. For zeolite RHO, the change in symmetry from

the centric Im3̄m symmetry to the acentric I4̄3m had previously been described using

penetrating pressure transmitting media. However, the transition of zeolite ZK-5 from

a cubic symmetry to tetragonal is not reported. From the data herein, and obser-

vations of other zeolites, it was postulated that pressure-induced symmetry changes

are intrinsic to body-centred cubic zeolites. The lowering of the structural symmetry

was deemed to be favourable, as geometric simulations indicated it permits further

compression while retaining the rigidity of the framework tetrahedra.

Regarding how these data implicate the role of 18C6 in the synthesis of zeolites RHO

and ZK-5, it was deemed that it shows some extent of geometric templating. In both

zeolites, the occlusion of the 18C6 molecule was shown to enhance the mechanical

softness of the material in the ambient higher symmetry phase. Upon the change

to a lower symmetry in zeolites RHO and ZK-5 this trend was no longer observed.

In the lower symmetry, the 18C6 molecule respectively had no influence or increased

the resistance to compression. Therefore, these data suggest that there is a degree

of geometric and symmetric match-up between the 18C6 molecule and the α-cage.

Under compression the framework is forced to become more mobile and moves around

the steric bulk of the 18C6 molecule.
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Chapter 10

Discussion, Conclusion and Future

Work

To conclude, a discussion is presented on all of the results herein and how they impact

the field. In this monograph, three main approaches were taken to rationalise the role

of 18C6 in the crystallisation of the zeolites Na-X, EMC-2, RHO and ZK-5. These

were the structural approach, the synthetic approach and the dynamic approach.

To sufficiently evaluate these results each of the four zeolites are initially discussed

individually, combining the findings from these three approaches. This is followed by

a review that focuses on the behaviour of the 18C6 molecule and how it distinguishes

between the zeolites during the crystallisation process. Lastly, this monograph closes

with a summary of the primary conclusions made, in addition to the scope of future

work considered for this research.

10.1 Discussion

The purpose of this research was to gain a better appreciation of how organic additives

are involved in the crystallisation of zeolites. This was performed by considering a

case study of how the additive 18C6 is capable of propagating the crystallisation

of four different zeolites. Through the experimental and analytical research herein,
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information has been gleaned on the distinct structure directing behaviour of the

18C6 molecule with regards to the assembly of each of the four zeolite structures.

10.1.1 Zeolites Na-X and EMC-2

Beginning with the crystallisation of zeolite Na-X, all of results herein strongly demon-

strate that 18C6 behaves as a space-filling species. The definition of this is that the

18C6 takes a more latent role in the crystallisation by occupying the cavities as they

are grown. Structurally, it was observed that the occluded 18C6 species exists as

a [(18C6)Na+] macrocation in the t-fau supercage. However, these data suggest

that the molecule is disordered in the periodic structure. This is supported by INS

spectroscopy, where this disorder is rationalised by the tumbling of the 18C6 species

within the supercage. This tumbling is not seen in any of the other zeolites and is

due to the fact that the supercage is spacious and has a spherical geometry. The INS

spectra of zeolite Na-X also illustrate that the vibrational modes of the 18C6 molecule

are predominantly unperturbed by the framework, indicating weak organic-framework

interactions. These observations of a spacious supercage and weak interactions are

further corroborated by the high pressure X-ray diffraction analysis. Therein, it was

demonstrated that the mechanical softness of the zeolite framework was not influ-

enced by the occlusion of the 18C6 species. Consequently, in the filled Na-X zeolite

the dynamics of the framework and occluded 18C6 molecule are independent of one

another.

Synthesis wise, it is observed that in the absence of 18C6 in the precursor hydrogel

the produced zeolite Na-X is more crystalline. It is anticipated that the inclusion of

18C6 in the hydrogel leads to the formation of the [(18C6)Na+] macrocation, which

removes isolated hydrated Na+ cations. These isolated Na+ cations are essential to

the assembly of S6Rs in the crystallisation of FAU-type zeolites.[110, 111] Therefore,

by reducing the concentration of Na+ cations in the hydrogel, 18C6 is effectively

retarding the crystallisation process. This supports the other findings herein, which

suggest that the 18C6 species is not actually directing the formation of any particular

structure per se. Rather, it is the structure direction of the Na+ cations that domi-

nates the hydrogel crystallisation chemistry. In fact, this is why there is an abundance

345



of synthesis procedures to prepare FAU-type zeolites without the need of 18C6 or any

other organic additive.[64] Fundamentally, the crystallisation of zeolite Na-X in the

presence 18C6 is a caveat of how this molecule is involved in the formation of zeolite

EMC-2, as will be discussed.

Concerning zeolite EMC-2, there is strong evidence that 18C6 expresses structure

direction throughout crystallisation. From the structural analysis, it was seen that the

18C6 species exists as the [(18C6)Na+] macrocation within both the t-wof hypocages

and t-wou hypercages. In both of these cages, the macrocation is perpendicular to

the crystallographic c axis. This agrees with the previously reported structure by

Baerlocher et al.[117] Furthermore, these observations reinforce two key points. The

first is that integration of the macrocation into the growing framework requires it to

be orientated along the ab plane of the unit cell, upon which the molecular species

is confined in the relevant supercage and does not tumble. The absence of tumbling

motion is confirmed by the INS spectra. The second key point, is that the occluded

macrocation can be adequately described by the crystal symmetry and is shown to

exhibit periodicity. This highlights that there is a match-up in symmetry between the

framework and the organic species, typical of a true template.

In addition to symmetry, there may also be a match-up of a geometric nature between

the 18C6 and the framework. Although the physical volume of the zeolite EMC-2

cavities are comparable to that of the zeolite Na-X t-fau supercage,[238] the INS

spectra demonstrate that the occluded 18C6 species are experiencing much stronger

host-guest organic-framework interactions in the former zeolite than the latter. The

distinction is that the supercages in zeolite EMC-2 are elliptical, whereas in zeolite Na-

X they are spherical. Consequently, it is this elliptical geometry which is facilitating

the enhanced organic-framework interactions in zeolite EMC-2.

By exploring the synthetic approach it is evident that 18C6 is imperative for the

crystallisation of zeolite EMC-2. By studying the crystallisation ex situ, it is clear

that 18C6 is involved in the crystal growth phase, agreeing with the results reported

by Burkett et al.[105] Specifically, detectable crystallites pertaining to zeolite EMC-2

appear after 4 days of hydrothermal treatment, upon which the crystal growth rate

and 18C6 integration is slow. After 10 days of treatment, both the 18C6 content and

sample crystallinity increase sharply. Therefore, it is in this 10-12 day window that the
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majority of crystal growth and hence 18C6 integration occurs. The molar quantity

of 18C6 in the precursor hydrogel is also shown to be essential to the crystallisation

process. Herein, it has been observed that pure zeolite EMC-2 can be prepared with

molar quantities of 18C6 below the limits previously reported by Burkett et al.[105]

and Wendelbo et al.[120] If the hydrogel is deficient in 18C6, the crystallinity of the

produced zeolite EMC-2 is poor but can be compensated by extending the length of

hydrothermal treatment. It was observed that below a 18C6/Al2O3 ratio of 0.059,

the hydrogel presented signs of preferentially crystallising a FAU-type zeolite.

Currently, these results discussed so far agree with the accepted crystallisation mech-

anism of zeolite EMC-2.[111, 112, 115, 116, 117] The Na+ cations in solution are

involved in the assembly of the faujasite sheets, much the same as is seen for the

preparation of zeolite Na-X. Within these sheets there are pockets which are termed

Figure 10-1: A scheme showing the two pathways that the crystallisation can take
depending on the 18C6/Al2O3 ratio of the hydrogel. Also shown are the hypo- and
hyperholes in the faujasite sheets.
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hypo- and hyperholes by Feijen et al.[115] as they go on to produce the respective

hypo- and hypercages. These pockets in the faujasite sheet are shown in figure 10-1.

The coordinated [(18C6)Na+] macrocation adsorbs into these pockets, lying paral-

lel to the ab plane, as seen in the crystal structure herein. The adsorption of the

macrocation is based on electrostatics with the anionic alumina in framework of the

faujasite layer. The adsorbed macrocation subsequently directs the assembly of the

new faujasite layer by imbuing its molecular mirror plane symmetry. It is anticipated

that this likewise occurs via predominantly electrostatic interactions. This leads to

the assembly of both the hypo- and hypercages, as mentioned.

As discussed in the literature, the limiting factor on whether this mechanism proceeds

is the 18C6/Na2O ratio in the hydrogel.[93, 105, 111, 113] If this ratio is too low, and

hence the Na+ cation concentration too large, this leads to the formation of zeolite

Na-X. The Na+ cations in solution promote the formation of the FAU framework based

on the observation that they decrease the Si/Al ratio of the framework, making it

increasingly anionic. By doing so, a single macrocation cannot adequately counter

balance the anionic charge in the hypo- and hyperholes, so additional Na+ cations

must also be adsorbed. Consequently, the entity inside the pocket is too large to

effectively assemble the hypocage. Instead, the t-fau supercage of zeolite Na-X

is assembled. With this in consideration, it explains the experimental observations

herein concerning the crystallisation of zeolite Na-X. This being that the Na+ cations

are dominating the crystal growth chemistry, and how the [(18C6)Na+] macrocation

takes a latent role in the FAU framework assembly as a space-filling species. The

scheme in figure 10-1 illustrates this concept of the two synthesis pathways to either

zeolite EMC-2 or Na-X depending on the 18C6/Al2O3 ratio of the hydrogel.

However, although this mechanism is reasonable, agrees with the results so far and

explains how zeolite EMC-2 crystallises it still does not explain why it requires the use

of 18C6 as a template. Although not explicitly answered, the findings from the sim-

ulated compression mechanism and high pressure X-ray diffraction of zeolite EMC-2

provide potential insight. Nevertheless, before discussing the compression mechanism,

a point must first be reiterated concerning the EMT topology of zeolite EMC-2. Al-

though all the D6Rs within the EMT framework possess the same connectivity, they

can be divided into two groups depending on their difference in symmetry. These

being the i -D6Rs nonparallel to all three axes, and the m-D6Rs that are perpendic-
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ular to the c axis. The i -D6Rs are those located between β-cages associated by an

inversion centre, within the same faujasite sheet and are the sole species observed in

the FAU framework. Alternatively, the m-D6Rs are unique to the EMT framework,

and connect β-cages associated by a mirror plane, between faujasite sheets. Locally,

it can be seen that in the i -D6Rs the TO4 tetrahedra between the S6R faces are

staggered, whereas in the m-D6Rs they are eclipsed. These differences are illustrated

in figure 10-2.

Within the simulated compression model it was observed that these two species of

D6Rs respond to the application of pressure differently. As expected, the i -D6Rs

behave similarly to the D6Rs in zeolite Na-X. Conversely, the m-D6Rs are incred-

ibly rigid, expressing little deformation throughout the unit cell contraction in the

simulation. The source of this rigidity being the eclipsed conformation of the TO4

tetrahedra. It is this contrast in D6R flexibility which is postulated to be the factor

responsible for the need of 18C6 in the crystallisation of zeolite EMC-2. The obser-

vation that the i -D6Rs are more flexible, suggests that they are more spontaneously

assembled. This is further supported by the fact that the synthesis of FAU-type zeo-

lites, containing this D6R exclusively, is so facile.[64] As for the more rigid m-D6Rs,

Figure 10-2: The difference in the symmetry and geometry of the i -D6R and m-
D6R units in the EMT framework. The D6Rs are viewed perpendicular to the S6R
faces, with TO4 tetrahedra shown as solid polyhedra, and the oxygen atoms as black
spheres.
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they are less spontaneously assembled and require the use of the 18C6 species tem-

plate. By occupying the hypo- and hyperholes in the faujasite sheet, the [(18C6)Na+]

macrocation directs the hexagonal arrangement of the new faujasite layer. Conse-

quently, this results in the formation of the m-D6Rs between the existing and new

faujasite layers.

With regards to the driving force, it is hypothesised that the macrocation offers an

alternative assembly pathway or subtly influences the free-energy of crystallisation.

In terms of assembly, the distinction between the D6Rs is believed to be based on

kinetics as opposed to thermodynamics, as previously it has been shown that the

predicted enthalpy of formation for siliceous zeolites of the EMT and FAU-type are

comparable.[30, 31, 57] Therefore, it is anticipated that there must be a significant

distinction in the kinetic landscape that dictates that the m-D6Rs, and hence the

EMT framework, requires a template to be assembled. This may explain why FAU-

type zeolites can be prepared within a day in the absence of organic additives, whereas

zeolite EMC-2 requires 12 days with an additive.[64]

Although the results discussed so far highlight the role of 18C6 as a true template

in the crystallisation of zeolite EMC-2, not all of the research performed herein has

attested to this argument. From the high pressure X-ray diffraction, it was observed

that occupation of the framework cavities by the 18C6 species had no influence

on the material’s compressibility. This behaviour was also observed for zeolite Na-

X, where there has been shown to be ample space in the supercage for the 18C6

molecule to tumble. Furthermore, it was seen by Fletcher et al.[121] that the EMT

framework flexibility window was identical for both the empty and 18C6 containing

structures. This shows an agreement between both experimentation and simulation on

the physical properties of the filled zeolite EMC-2. The significance of this property is

that it establishes that the hypo- and hypercages are so spacious that they can collapse

without interacting with the occluded 18C6 species. Consequently this suggests a lack

of geometric match-up between the additive and the framework, and that the 18C6

is not a true template.

A counter argument for this observation on the framework flexibility is that it has

nothing to do with the geometry of the supercages or the 18C6 species. Rather,

it is a combination of the fact that the cavity is large and that the 18C6 molecule
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is inherently flexible. It is possible that although the supercages are collapsing, the

18C6 species flex and respond to the changes, meaning it is not behaving as a steric

entity that braces the framework against contraction. If this is the case than 18C6, or

strictly speaking the [(18C6)Na+] macrocation, can still be considered as a template

in the crystallisation of zeolite EMC-2.

10.1.2 Zeolites RHO and ZK-5

Moving onto zeolite RHO, the role of 18C6 involves structure direction but lacks

the transparent geometric templating seen for zeolite EMC-2. From the structural

analysis, it was seen that the 18C6 molecule occupies the α-cage of the RHO frame-

work, as predicted by Chatelain et al.[93] Furthermore, the zeolite was seen to exist

in the lower symmetry I4̄3m space group. This was due to the zeolite sample being

both dehydrated and cooled to below ambient temperatures, in agreement with the

observations of others.[139, 140]

Concerning the occluded 18C6 species, it did not appear to be coordinated to any

metal cations, existing as the isolated organic molecule. As with zeolite Na-X, the

18C6 species were described as a cluster of atomic sites in the crystal structure.

However, unlike zeolite Na-X, this is not thought to be due to tumbling in the cavity,

as the INS spectra of zeolite RHO exhibit defined low energy breathing modes for the

18C6 molecule. Rather, the disorder in the periodic structure is anticipated to be due

to the intrinsic nature of the cubic symmetry in that all three crystallographic axes are

identical. Individually, the 18C6 molecules maintain the same local structure, however

they are orientated differently between unit cells and hence lack any periodic order.

The average structure seen with X-ray diffraction is a sum of all the orientations

expressed in the sample, resulting in the cluster. It is thought that the molecule

may not be tumbling in the α-cage based on the smaller volume of the cage.[238]

Additionally, the INS spectra suggest that the 18C6 dynamics are being softened due

to strong host-guest organic-framework interactions.

The structural analysis also demonstrates that the Cs+ cations occupy the D8R units,

and that the Na+ cations sit adjacent to the S6R faces of the α-cage. Consequently,

it is expected that these two cations are involved in the assembly of these respective
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topological features in the ambient Im3̄m space group. Interestingly, it was observed

from the synthetic approach that if there is a deficiency of Cs+ cations in the hydrogel

it will lead to doubling and the appearance of the I4̄3m phase alongside the ambient

symmetry. From this, it is postulated that the D8Rs that are being assembled are

distorted with elliptical 8-ring openings, as the supply of Cs+ cations is insufficient

to brace the D8Rs into a rigid prism. This would agree with the results of others,

where changing the identity of the extra-framework content can lower the framework

symmetry.[133, 137]

The role of the 18C6 molecule in the crystallisation of zeolite RHO became more

apparent upon varying the molar quantity added to the precursor hydrogel. It was

demonstrated that use of 18C6 expands the crystallisation field, increasing the range in

which the Cs+ concentration can be varied and still produce zeolite RHO. Previously,

it has been seen that in the absence of 18C6 only a narrow Cs2O/Al2O3 ratio range

can be used.[66] Furthermore, it was shown that at low 18C6 contents in the hydrogel,

chabazite would cocrystallise in tandem with zeolite RHO. This demonstrates that

18C6 controls the purity of the crystallisation by ensuring that cocrystallisation of

impurity phases does not occur. This agrees with the current understanding of the

role of 18C6.[137, 147, 148, 149, 150] Regardless, it is unclear whether the 18C6

performs this by promoting the growth rate of zeolite RHO, inhibiting the growth

rate of chabazite, or a mixture of the two.

By studying the crystallisation process ex situ, it was established that the 18C6 is

involved in the crystal growth stage as shown by Araki et al.[148] Herein, crystal-

lites corresponding to zeolite RHO were first observed after 2 days of hydrothermal

treatment. In these early stages of crystal growth, the I4̄3m phase was seen to be

present alongside the ambient structure. As the crystal growth continued, only the

ambient Im3̄m phase was detected, suggesting that the lower symmetry form may be

present in the nucleation phase. After 4 days of hydrothermal treatment the growth

decelerates to a gentle rate. The incorporation of 18C6 into the zeolite was seen to

coincide with the emergence of crystallinity, with both reaching completion after 6

days. This mostly agrees with the timescales reported by Araki et al. and Chatelain

et al.[150] Moreover, herein it was also observed that the decomposition temperature

of the occluded 18C6 decreases as the crystallisation proceeds. This will be discussed

later alongside zeolite ZK-5.
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In the crystallisation of zeolite ZK-5 the role of the 18C6 is perhaps the most ambigu-

ous. In the structural analysis it was observed that the occluded 18C6 resides within

the α-cages as expected by Chatelain et al.[93] However, what has not been reported

before is that the 18C6 appears to exist as the coordinated [(18C6)K+] macroca-

tion. As with the other cubic zeolites, the 18C6 species was described as a cluster of

atomic sites in the periodic crystal structure. Consequently, a similar reasoning for

the disorder can be used. Due to the poor definition in the INS spectra based on the

low mass% content of 18C6, it cannot be clarified whether of not there is tumbling

within the framework cavity. However, based on the fact that the α-cage is occupied

and the cavity volume is analogous to zeolite RHO,[238] it can be accepted that

molecular tumbling is improbable. Therefore, it is accepted that the disorder is due

to the multiple orientations of the macrocation between unit cells. Further evidence

suggesting that the molecule is not tumbling, is the fact that the INS spectra show

evidence of strong host-guest interactions that are confining the 18C6 species. This

contrasts zeolite Na-X, where the interactions are weak and tumbling is observed.

From both the synthetic and structural approaches, it is clear that the K+ cations

play a vital role in directing the assembly of the t-pau cages. Specifically the puckered

8-rings that connected adjacent t-pau units in an orthogonal manner. Nonetheless,

the role of the Sr2+ cation is less clear. It was observed that zeolite ZK-5 could only

crystallise in a very narrow range of Sr2+, of which the quantities were substantially

small. Above or below this range, zeolite W was shown to preferentially crystallise.

Furthermore, no exclusive Sr sites were observed in the crystal structure, and based

on the small quantities in the hydrogel it seems unlikely that there is a substantial

amount present in the zeolite. Rather, it is anticipated that some of the K sites

may possesses a trace population of the Sr2+ cation. Overall, it seems that the role

of the Sr2+ cation is simply to inhibit the crystallisation of zeolite W. Such a role

is analogous to the use of Mg2+ cations in the synthesis of zeolite L, which is also

prepared with a K+ cation rich hydrogel.[64] Curiously, the original patent by Verduijn

for zeolite ZK-5 states that other alkaline earth cations can be used to enhance zeolite

ZK-5 crystallisation.[167] Whether this involves influencing the nucleation or crystal

growth stage is yet to be clarified.

Of all the zeolites studied herein, it has been shown by thermogravimetry that zeolite

ZK-5 possesses the lowest mass% content of 18C6. This has further been emphasised

353



by the crystal structure which shows that the [(18C6)K+] macrocation atomic sites

have a considerably low occupancy. This contrasts logic, as the zeolite ZK-5 hydrogel

actually contains a 18C6/Al2O3 content that is double the ratio used for the other

zeolite syntheses. This illustrates that although 18C6 is abundant, very little is actu-

ally incorporated into the growing framework. The absence of 18C6 in the precursor

hydrogel is actually shown to improve the crystallinity of the zeolite ZK-5 produced.

Moreover, at the edges of the crystallisation field where the Sr2+ cation content is

varied, the presence of 18C6 does little to influence the synthesis. This latency in

the crystallisation process strongly suggests that the 18C6 behaves as a space-filling

species.

Studying the synthesis ex situ has demonstrated that 18C6 increases the rate of

crystallisation. This includes the onset of crystallisation in addition to the crystal

growth rate. The observation that the onset of crystallisation is faster suggests

that the 18C6 species is involved in the nucleation stage. However, this contrasts

observations that the zeolite ZK-5 crystal size is unperturbed by the presence of

18C6. Regardless, most of the 18C6 is integrated into the sample during the 1-2 day

window of hydrothermal treatment, after which only gentle crystal growth and little

change in crystallinity is observed. Whether or not the 18C6 species is involved in

the nucleation, it clearly plays a substantial role in the crystal growth stage.

For both zeolites RHO and ZK-5, as the crystallisation progresses the occluded 18C6

was shown to decompose at a lower temperature. This observation is unusual, and

has not been recorded previously for zeolites prepared with organic additives. The

trend demonstrates that there is some change in the environment experienced by the

occluded species in the framework cavity as the crystallisation proceeds. Concerning

zeolite RHO, this decrease in the decomposition temperature was observed while

substantial crystal growth was still occurring. Whereas for zeolite ZK-5 the change

in the decomposition was seen during the gentle growth phase. The importance

of this is that for zeolite ZK-5 the parameters that can be probed for the periodic

structure show no significant change that can be responsible for the variation in

decomposition temperture. These parameters include the crystallinity, crystal size,

Si/Al ratio and unit cell volume. Consequently, the cause of this phenomenon must

be subtle variations in the local structure of the framework.
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Thermogravimetry has shown that the 18C6 decomposition temperature is indepen-

dent of whether a metal cation is coordinated to the central cavity. Nevertheless, the

decomposition temperature was different in all four zeolites, with an inverse correla-

tion between the temperature recorded and the size of the apertures in the framework.

With the application of this observation, it implies that over the course of the crys-

tallisation process the framework apertures or cavities are getting larger, weakening

the confinement of the 18C6 species. However, this hypothesis requires further in-

vestigation. Furthermore, it is anticipated that this phenomenon may be an aspect

of zeolite crystallisation in general, as opposed to a direct result of the use of 18C6.

Hence, it was not studied further during the time frame of this research.

Another property shared by zeolites RHO and ZK-5 is their mechanical behaviour

observed with high pressure X-ray diffraction. For both zeolites the structure was

seen to undergo a pressure-induced transition to a more compressible lower symmetry.

In zeolite RHO, this was a gradual transformation from the Im3̄m (C-form) to the

I4̄3m space group (A-form), as has been seen previously.[141, 144, 198] With regards

to zeolite ZK-5, there was a sudden shift from the cubic Im3̄m to the tetragonal

I4/mmm symmetry which has not been reported. This feature of pressure-induced

reduction in symmetry is predicted to be intrinsic to body-centred cubic zeolites.

For example, it has been shown previously that the body-centred cubic ANA-type

zeolites[197, 250, 256, 257, 258] and sodalite[251, 252, 259] also express evidence of

symmetry changes. Alternatively, face-centred cubic zeolites that have been studied

under compression have not been reported to demonstrate a transition in symmetry.

This includes zeolite A,[253, 254, 255] in addition to FAU-type zeolites,[241, 242, 243]

such as zeolite Na-X that has been studied herein.

By recognising how frameworks respond to external pressure, the concept of pressure-

induced symmetry changes in body-centred zeolites is reasonable. Clearly the degrees

of freedom in which the framework TO4 tetrahedra can tilt and maintain the high

symmetry are limited. Consequently, to facilitate further compression and unit cell

contraction the zeolite can undergo one of two potential mechanisms. Either it retains

the high symmetry and imposes the rigid tetrahedra to distort, or the tetrahedra

remain undistorted and it is the symmetry that is forced to break. The result is

the mechanism that results in the lowest energy penalty. Considering that the T-O-

T bridges between tetrahedra are more flexible than the internal tetrahedral O-T-O
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angles, the break in symmetry is more favourable.[88, 90] Therefore, pressure-induced

symmetry changes are predicted to be seen in other body-centred cubic aluminosilicate

zeolites such as paulingite. In contrast, non-body-centred cubic zeolites such as Linde

Type N and tschörtnerite are anticipated to show no such transition.

Concerning the relevance of 18C6, the pressure at which the symmetry changes occur

is unperturbed by the occlusion of the organic molecule in both zeolites RHO and

ZK-5. However, the most interesting feature manifests in the mechanical behaviour.

For both zeolites, it was observed that the material becomes more compressible when

the 18C6 is occluded in the α-cage cavity of the ambient Im3̄m C-form. This con-

tradicts conventional theory, that the presence of additional extra-framework content

increases a zeolite’s mechanical stiffness.[90] The increase in compressibility is defined

by enhanced mobility of the framework tetrahedra around the steric bulk of the 18C6

species. Interestingly, upon the pressure-induced transformation to the lower symme-

try, the enhanced softness is lost. The tetragonal phase of zeolite ZK-5 is observed

to increase in stiffness with the occlusion of 18C6, as is convention. Alternatively,

the A-form of zeolite RHO expresses no significant change in compressibility, which

is comparable to zeolites Na-X and EMC-2 with 18C6 occupation. Seeing that the

increased softness is only observed in the Im3̄m symmetry phases, it suggests that

there is some form of geometry or symmetry match-up between the occluded 18C6

species and the α-cage. Such a behaviour being within the remit of a true templating

organic additive.

In spite of this evidence of a potential geometric role, the true nature of how 18C6

influences the crystallisation differs between zeolites RHO and ZK-5. For zeolite RHO

the 18C6 clearly has some structure directing role in the crystallisation, controlling

the purity of the crystal growth phase. Conversely, 18C6 merely enhances the rate

of crystallisation for zeolite ZK-5, but does not necessarily ‘direct structure’ per se,

as the KFI structure can be assembled in the organic additive’s absence. Although

this is possible for zeolite RHO, it is only under specific hydrogel formulations. Nev-

ertheless, a similar layer-by-layer crystallisation mechanism can be proposed for these

two zeolites, as shown in figure 10-3 with respect to zeolite RHO specifically. On

the crystal surface there will be holes that can be termed α-pockets, as they go on

to form coherent α-cages. The relevant 18C6 species consequently sit within these

α-pockets and the α-cage is assembled around it within the new crystal layer. Like-
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Figure 10-3: A proposed mechanism of how 18C6 is integrated into the growing
framework of zeolite RHO. The 18C6 species occupy the α-pockets on the crystal
surface, aiding in the assembly of the α-cage. This mechanism can also be applied
to zeolite ZK-5.

wise, the Cs+ or K+ cations can direct the assembly of the adjoining D8Rs or t-pau

SBUs for zeolites RHO and ZK-5 respectively. Currently it is not known which of the

α-cages or adjoining SBUs in the new layer are assembled first. It is postulated that

for zeolite RHO the adsorption of the 18C6 species inhibits the growth of chabazite,

whereas in zeolite ZK-5 the adsorption lowers the kinetic activation barrier of crystal

surface growth.

10.1.3 The Role of 18C6

To summarise, these data herein demonstrate that 18C6 is involved predominantly in

the crystal growth stage of crystallisation for all four zeolites. Therefore, with regards

to the initial nucleation stage it is the metal cations that dictate the structure of

the nuclei that are formed. If an extended structure approach[112] is taken, then in

each case the primary cations are the relevant metal cations. For zeolites Na-X and

EMC-2 these are the Na+ cations that aid in building the β-cages and D6Rs for the

faujasite sheets. Concerning zeolite RHO it is the Na+ and Cs+ cations that direct

the assembly of the α-cages and D8Rs accordingly. Finally, for zeolite ZK-5 the nuclei
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are accreted by the K+ cation directed t-pau units. The subsequent layer-by-layer

growth is faciliated by the secondary cation, which in each case is the relevant 18C6

species that has been discussed herein. Strictly speaking, this means that it is not

the 18C6 that is actually differentiating the synthesis pathway as to which zeolite is

crystallised. Rather, the 18C6 is aiding the pathway that is initially dictated in the

nucleation phase by the mix of metal cations in the hydrogel. Nevertheless, it is clear

how the involvement of 18C6 differs in the crystal growth phase of each zeolite.

10.2 Conclusion

The results herein demonstrate coherent differences in both the nature of the host-

guest interactions and role of 18C6 in the crystallisation of zeolites Na-X, EMC-2,

RHO and ZK-5. This has been achieved by studying these four zeolites using a

combination of structural, synthetic, and dynamic methods. From investigating the

crystallisation process it has been verified that the zeolites Na-X and EMC-2 coexist

within the same metastable landscape. The zeolite that is preferentially crystallised

is dictated by the 18C6/Na2O ratio of the hydrogel, whereby larger concentrations

of Na+ cations favour zeolite Na-X. For both zeolites, it is the [(18C6)Na+] macro-

cation that is observed in the framework cavities and involved in the crystallisation

process. Using INS vibrational spectroscopy, it has been observed that the host-

guest organic-framework interactions in the crystalline material are stronger in zeolite

EMC-2, whereas in Na-X they are weak and the macrocation tumbles. Overall, it has

been deduced that 18C6 behaves as a space-filling species in the synthesis of zeolite

Na-X, and a template for zeolite EMC-2. The primary distinction between these two

zeolites, is how the macrocation directs the geometry of the larger supercages.

Regarding zeolites RHO and ZK-5, the relevant organic species involved in the crys-

tallisation were evaluated to be the isolated 18C6 molecule and the [(18C6)K+]

macrocation accordingly. From INS spectroscopy, both of these species were ob-

served to experience strong host-guest interactions within their retrospective zeolite

hosts, dictated by the size of the framework α-cage. Although evidence from high

pressure X-ray diffraction suggests that the 18C6 species have a template-like symme-

try match-up with the framework, investigations into the synthesis process indicate
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otherwise. For zeolite RHO, the 18C6 behaves as a structure directing agent by en-

suring the purity of the crystallisation. Alternatively, the function of the [(18C6)K+]

macrocation is reminiscent of a space-filling species that substantially increases the

crystal growth rate.

Overall, it is clear that the cations also play an integral role in the synthesis mech-

anism. The results herein suggest that the nucleation phase for all four zeolites is

controlled exclusively by the cations, and that the crystal growth phase involves both

the cations and the relevant 18C6 species. Furthermore, this research emphasises that

the role of an organic additive extends far beyond a pure geometric match-up. Rather,

the additives are involved in a complex free-energy landscape of crystallisation, aiding

structural assembly in a multitude of ways.

10.3 Future Work

One of the key points raised in this research is how 18C6 is shown to be involved

in the crystal growth of the four zeolites. Although this was primarily determined

via studying the crystallisation processes using ex situ methods, it may be helpful to

use an approach utilised by Burkett et al.[105] Here multiple syntheses are prepared,

with the difference being the time at which the 18C6 precursor is added to the

hydrogel prior to hydrothermal treatment. Assuming that 18C6 is only necessary for

the crystal growth phase, it stands to reason that it does not need to be present in

the hydrogel during nucleation. If the crystal size and Si/Al ratio is not influenced

by this late addition of 18C6, then it will further consolidate the role of 18C6. This

same approach can be used to determine the stage that the Sr2+ cations are involved

in during the crystallisation of zeolite ZK-5. Unfortunately these experiments could

not be performed due to time constraints on the project.

Regarding zeolite RHO, research can be performed to verify whether 18C6 is specifi-

cally enhancing the crystal growth or inhibiting the assembly of chabazite. This could

be achieved by extensively investigating the synthesis of chabazite with the addition

of 18C6 to the hydrogel. However, there are no reported syntheses of chabazite that

make use of a Na+/Cs+ mix in the hydrogel like zeolite RHO, making this area of

359



research problematic. In addition, further ex situ crystallisation experiments can be

performed to verify whether the I4̄3m phase is present in the early stages of crystalli-

sation. This will require studying small nuclei lacking periodic order in the nucleation

phase, meaning a technique such as Small Angle X-ray Scattering will be necessary.

Over the course of the research herein a variety of ideas and hypotheses have been

developed which constitute further research. Although these concepts are not directly

related to the primary interest of 18C6, research would nonetheless be beneficial in the

understanding of general zeolite crystallisation. One such topic concerns the observed

phenomenon of the decomposition temperature of occluded 18C6 decreasing as the

crystallisation proceeds. Although this was rationalised as subtle changes in the pore

structure over time this needs to be properly assessed. This could be done by using

the scattering technique of X-ray Atomic Pair Distribution Function, to accurately

record the variations in the local bond distances. Another hypothesis raised herein

considers why the crystallisation of zeolite EMC-2 requires an organic template. This

is thought to be due to the m-D6Rs which are less spontaneously assembled than

the i -D6Rs. Evidence for this could be obtained by running density-functional theory

calculations to determine the energetic discrepancies between these units, in addition

to the FAU and EMT frameworks. Herein it has also been postulated that all body-

centred cubic zeolites exhibit pressure-induced reductions in symmetry to facilitate

increased compressibility without distorting the framework TO4 tetrahedra. This can

be validated by using high pressure X-ray diffraction to study other cubic zeolites with

and without body-centred symmetry.

The final area of future work concerns the application of the methodology developed

herein to other zeolites. In doing so, a wider appreciation of organic-framework

interactions in general crystallisation can be made. Such areas of study would include

other examples where a single organic additive can be used to prepare a diversity

of different zeolites. An example of such an additive is the tetramethylammonium

cation.[260] Alternatively, the opposite can be studied whereby a single zeolite type

can be prepared using a multitude of different organic additives; such as MFI-type

zeolites.[73, 261] In this case, it would be beneficial to observe how different organic

additives are interacting with the growing framework and directing structure. Lastly,

in seeing the available behaviours of the 18C6 molecule herein, questions now arise

as to how we can exploit this to rationally prepare new zeolites.

360



Appendices

361



Appendix A

High Resolution X-ray Diffraction -

Refined Structures

Included are the final refined unit cell parameters, crystallographic atomic coordinates

and full unit cell structures for the empty and filled zeolites. Full details on the

experimental setup and Rietveld refinement procedure are contained in Chapter 2.

Herein, the goodness of fit G is equal to Rwp/Rexp .

A.0.1 Zeolite Na-X

Empty Zeolite Na-X

The starting structure used was the crystal structure of dehydrated zeolite NaX re-

ported by Olson[227] with a Fd3̄m space group. The data range from the diffraction

pattern used was 2θ = 3.5-25.0°. The refinement was performed using 100,000

iterations and a χ2 convergence criteria of 0.001.

Six background functions were used. The modified Thompson-Cox-Hastings pseudo-

Voigt (TCHZ) peak shape was used. The final refined profile functions for this peak

shape were as follows: pku = 0.070(5), pkv = -0.220(6), pkw = -0.080(2), pkz =

0.080(2), pky = 0.092(4) and pkx = 0.0126(3).
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Si and Al atoms were defined as being in the same position, with the same isotropic

thermal parameter Beq. The sum of the fractional occupancy of Si and Al was fixed

as 1.0. While refining the fractional occupancy of Si, it was constrained between

0.70-0.75, based on the Si/Al ratio calculated by 29Si SS MAS NMR. The framework

O atoms did not have their positions refined, as attempts to do so resulted in an

unrealistic model and an inferior goodness of fit G. However, errors on the O atom

positions were estimated from the error in the framework T atoms.

The extra-framework cations were added to the structural model sequentially. When

refining the position of site Na(1), the x , y and z coordinates were constrained as

equivalent. For site Na(2), the x and z coordinates were constrained as equivalent,

and y equal to ‘1-x ’. The position of site Na(3) was not refined as it was a special

position. For site Na(4), the x and z coordinates were constrained as equivalent, and

y set as 1/3. The fractional occupancy of all sites were constrained with 1.0 as a

maximum.

Table A.1: Final refined unit cell parameters and atomic coordinates for the empty
zeolite Na-X. The abbreviation ‘Occ.’ refers to the fractional occupancy of the crys-
tallographic site.

Symmetry Unit Cell Refinement
Cubic a /Å 24.6056(1) G 7.5836
Fd3̄m Rwp 14.8279

Rexp 1.9553
Atom x y z Occ. Beq

Si 1.0718(1) 0.2500 0.1608(1) 0.750(42) 0.080(37)
Al 1.0718(1) 0.2500 0.1608(1) 0.250(42) 0.080(37)

O(1) 1.0208(1) 0.2292(1) 0.1250 1 0.051(51)
O(2) 1.0919(1) 0.2012(1) 0.2012(1) 1 0.051(51)
O(3) 1.216(1) 0.2679(1) 1.216(1) 1 0.051(51)
O(4) 1.0533(1) 0.3020(1) 0.1980(1) 1 0.051(51)
Na(1) 0.0504(5) 0.0504(5) 0.0504(5) 0.606(18) 20.0(11)
Na(2) 0.1139(3) 0.8861(3) 0.1139(3) 0.227(8) -7.14(29)
Na(3) 0.2500 0.2500 0.2500 1.000(34) 20.0(12)
Na(4) 0.4744(9) 0.3333 0.4744(9) 0.184(6) 9.2(13)
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Figure A-1: Final refined unit cell structure for the empty zeolite Na-X, viewed down
the a axis. T atoms are shown as blue spheres, oxygen atoms as red spheres and
sodium cations as yellow spheres.

Figure A-2: Final refined unit cell structure for the empty zeolite Na-X, viewed down
the (110) axis. T atoms are shown as blue spheres, oxygen atoms as red spheres and
sodium cations as yellow spheres.
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Filled Zeolite Na-X

The starting structure used was the final refined structure of the empty zeolite Na-X

herein. The data range from the diffraction pattern used was 2θ = 3.5-25.0°. The

refinement was performed using 100,000 iterations and a χ2 convergence criteria of

0.001.

Six background functions were used. The modified TCHZ peak shape was used. The

final refined profile functions for this peak shape were as follows: pku = -0.048(16),

pkv = -0.0024(5), pkw = -0.082(15), pkz = 0.082(15), pky = 0.089(4) and pkx =

0.0127(5).

Si and Al atoms were defined as being in the same position, with the same isotropic

thermal parameter Beq. The sum of the fractional occupancy of Si and Al was fixed

as 1.0. While refining the fractional occupancy of Si, it was constrained between

0.70-0.75, based on the Si/Al ratio calculated by 29Si SS MAS NMR. The framework

O atoms did not have their positions refined, as attempts to do so resulted in an

unrealistic model and an inferior goodness of fit G. However, errors on the O atom

positions were estimated from the error in the framework T atoms.

The extra-framework cation sites Na(1)-Na(3) experienced the same constraints on

their positions as the empty structure. Cation position Na(4) was substituted with

position C(1). Sites Na(5) and Na(6) were added and their atomic coordinates

were not refined as they exist at special positions. The carbon and oxygen sites

associated with the 18C6 species were added sequentially. For site C(1), the x and

z coordinates were constrained as equivalent, and y set as 1/3. For site C(2), the

x and z coordinates were constrained as equivalent. The atomic coordinates of site

Oc(1) were not refined as it exists at a special position. For site Oc(2), the x and

z coordinates were constrained as equivalent, and y equal to ‘1-x ’. The fractional

occupancy of all sites were constrained with 1.0 as a maximum.
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Table A.2: Final refined unit cell parameters and atomic coordinates for the filled
zeolite Na-X. The abbreviation ‘Occ.’ refers to the fractional occupancy of the crys-
tallographic site.

Symmetry Unit Cell Refinement
Cubic a /Å 24.6516(1) G 5.9827
Fd3̄m Rwp 10.8734

Rexp 1.8175
Atom x y z Occ. Beq

Si 1.0712(1) 0.2492(1) 0.1604(1) 0.750(42) 0.331(21)
Al 1.0712(1) 0.2492(1) 0.1604(1) 0.250(42) 0.331(21)

O(1) 1.0208(1) 0.2292(1) 0.1250 1 0.482(34)
O(2) 1.0919(1) 0.2012(1) 0.2012(1) 1 0.482(34)
O(3) 1.216(1) 0.2679(1) 1.216(1) 1 0.482(34)
O(4) 1.0533(1) 0.3020(1) 0.1980(1) 1 0.482(34)
Na(1) 0.0626(4) 0.0626(4) 0.0626(4) 0.301(6) 3.45(51)
Na(2) 0.1141(2) 0.8859(2) 0.1141(2) 0.479(5) 0.21(21)
Na(3) 0.2500 0.2500 0.2500 0.792(14) 20.0(9)
Na(5) 0.1250 0.1250 0.1250 0.310(6) -2.61(37)
Na(6) 0.5000 0.5000 0.5000 0.433(13) 19.1(16)
C(1) 0.4755(4) 0.3333 0.4755(4) 0.708(9) 13.9(7)
C(2) 0.3008(4) 0.5697(7) 0.3008(4) 0.625(10) 13.4(7)

Oc(1) 0.3500 0.6500 0.2500 0.245(6) 10.6(9)
Oc(2) 0.1617(10) 0.8383(10) 0.1617(10) 0.260(9) 7.24(124)
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Figure A-3: Final refined unit cell structure for the filled zeolite Na-X, viewed down
the a axis. T atoms are shown as blue spheres, oxygen atoms as red spheres, sodium
cations as yellow spheres and carbon atoms as black spheres.

Figure A-4: Final refined unit cell structure for the filled zeolite Na-X, viewed down
the (110) axis. T atoms are shown as blue spheres, oxygen atoms as red spheres,
sodium cations as yellow spheres and carbon atoms as black spheres.
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A.0.2 Zeolite EMC-2

Empty Zeolite EMC-2

The starting structure used was the crystal structure of calcined zeolite EMC-2 re-

ported by Baerlocher et al.[117] with a P63/mmc space group. The data range from

the diffraction pattern used was 2θ = 3.65-20.50°. The refinement was performed

using 100,000 iterations and a χ2 convergence criteria of 0.001.

Eighteen background functions were used. Due to peak anisotropy two different peak

shapes were used, depending on the hkl Miller index and angle θ of the relevant Bragg

peak. Peak type 1 was used for Bragg peaks with a Miller index of 0kl . Peak type

2 was used for all other Bragg peaks. Both peak types made use of a pseudo-Voigt

peak shape, which included two profile functions P v for the Gaussian and Lorentzian

components. These were calculated using equation A.1.

P v = a + (b)tan(θ) +
c

cos(θ)
(A.1)

Parameters a, b and c were used to calculate the relevant profile functions. For peak

type 1, the refined Gaussian function parameters were as follows: a = 0.00(47), b =

0.23(4) and c = 0.00(47). The type 1 refined Lorentzian parameters were as follows:

a = 0.9(40), b = 0.2(40) and c = 0.1(40). For peak type 2, the refined Gaussian

function parameters were as follows: a = 0.01(40), b = 0.35(3) and c = 0.00(40).

The type 2 refined Lorentzian parameters were as follows: a = 0.5(170), b = 0.3(16)

and c = 0.0(170).

Si and Al atoms were refined as being in the same position, with the same isotropic

thermal parameter Beq. The sum of the fractional occupancy of Si and Al was fixed

as 1.0. While refining the fractional occupancy of Si, it was constrained between

0.75-0.83, based on the Si/Al ratio calculated by 29Si SS MAS NMR. The framework

O atoms did not have their positions refined, as attempts to do so resulted in an

unrealistic model and an inferior goodness of fit G. However, errors on the O atom

positions were estimated from the error in the framework T atoms.
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The extra-framework cations were added to the structural model sequentially. When

refining the position of site Na(1), the atomic coordinate y was constrained to equal

’2x -1’. For sites Na(2) and Na(7), the x and y coordinates were fixed as 1/3 and

2/3 respectively. For site Na(3), the y coordinate was constrained to equal ’x/2’.

For site Na(4), the x coordinate was constrained to equal ’y/2’. For sites Na(5) and

Na(6), the x and y coordinates were fixed as 2/3 and 1/3 respectively. The fractional

occupancy of all sites were constrained with 1.0 as a maximum.
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Table A.3: Final refined unit cell parameters and atomic coordinates for the empty
zeolite EMC-2. The abbreviation ‘Occ.’ refers to the fractional occupancy of the
crystallographic site.

Symmetry Unit Cell Refinement
Hexagonal a /Å 17.3998(3) G 3.9671
P63/mmc c /Å 28.3101(8) Rwp 9.9488

Rexp 2.5078
Atom x y z Occ. Beq

Si(1) 0.0360(4) 0.4295(4) 0.1099(3) 0.829(88) -0.889(58)
Al(1) 0.0360(4) 0.4295(4) 0.1099(3) 0.171(88) -0.889(58)
Si(2) 0.0895(4) 0.3650(4) 0.0161(3) 0.818(99) -0.889(58)
Al(2) 0.0895(4) 0.3650(4) 0.0161(3) 0.182(99) -0.889(58)
Si(3) 0.1524(4) 0.4884(4) 0.9273(3) 0.829(115) -0.889(58)
Al(3) 0.1524(4) 0.4884(4) 0.9273(3) 0.171(115) -0.889(58)
Si(4) 0.1539(4) 0.4874(4) 0.1994(3) 0.829(121) -0.889(58)
Al(4) 0.1539(4) 0.4874(4) 0.1994(3) 0.171(121) -0.889(58)
O(1) 0.0574(4) 0.5287(4) 0.0931(4) 1 0.562(92)
O(2) 0.0706(4) 0.4310(4) 0.1611(4) 1 0.562(92)
O(3) 0.9303(4) 0.3610(4) 0.1044(4) 1 0.562(92)
O(4) 0.0882(4) 0.3978(4) 0.0716(4) 1 0.562(92)
O(5) 0.0000(4) 0.2914(4) 0.0000(4) 1 0.562(92)
O(6) 0.1300(4) 0.4560(4) 0.9836(4) 1 0.562(92)
O(7) 0.1678(4) 0.3356(4) 0.0162(4) 1 0.562(92)
O(8) 0.2368(4) 0.4736(4) 0.9124(4) 1 0.562(92)
O(9) 0.1861(4) 0.5931(4) 0.9251(4) 1 0.562(92)

O(10) 0.1868(4) 0.5934(4) 0.1905(4) 1 0.562(92)
O(11) 0.2361(4) 0.4723(4) 0.1810(4) 1 0.562(92)
O(12) 0.1264(4) 0.4576(4) 0.2500(4) 1 0.562(92)
Na(1) 0.5640(7) 0.1280(7) -0.0225(12) 0.722(18) 15.2(13)
Na(2) 0.3333 0.6667 0.1815(13) 1.000(24) 17.6(18)
Na(3) 0.2375(13) 0.1187(13) 0.1006(10) 0.751(14) 8.71(83)
Na(4) 0.1609(27) 0.3217(27) 0.1168(25) 0.438(14) 20.0(22)
Na(5) 0.6667 0.3333 0.5831(23) 0.528(24) 16.3(29)
Na(6) 0.6667 0.3333 0.0870(12) 0.814(22) 9.01(14)
Na(7) 0.3333 0.6667 0.6861(17) 0.696(23) 16.3(24)
Na(8) 0.4332(11) 0.0904(11) 0.1994(7) 0.546(9) 5.06(72)
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Figure A-5: Final refined unit cell structure for the empty zeolite EMC-2, viewed
down the (110) axis. T atoms are shown as blue spheres, oxygen atoms as red spheres
and sodium cations as yellow spheres.

Figure A-6: Final refined unit cell structure for the empty zeolite EMC-2, viewed
down the c axis. T atoms are shown as blue spheres, oxygen atoms as red spheres
and sodium cations as yellow spheres.
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Filled Zeolite EMC-2

The starting structure used was the final refined structure of the empty zeolite EMC-

2 herein. The refinement was also aided by the as-synthesised crystal structure of

zeolite EMC-2 reported by Baerlocher et al.[117] The data range from the diffraction

pattern used was 2θ = 3.65-20.50°. The refinement was performed using 100,000

iterations and a χ2 convergence criteria of 0.001.

Nineteen background functions were used. As with the empty zeolite EMC-2, the

two different pseudo-Voigt peak shapes were used with the functions calculated using

equation A.1. For peak type 1, the refined Gaussian function parameters were as

follows: a = 0.01(41), b = 0.25(4) and c = 0.00(41). The refined type 1 Lorentzian

parameters were as follows: a = 0.9(45), b = 0.2(45) and c = 0.1(45). For peak

type 2, the refined Gaussian function parameters were as follows: a = 0.01(37), b =

0.37(3) and c = 0.00(37). The refined type 2 Lorentzian parameters were as follows:

a = 0.1(147), b = 5.3(14) and c = 0.0(148).

Si and Al atoms were refined as being in the same position, with the same isotropic

thermal parameter Beq. The sum of the fractional occupancy of Si and Al was fixed

as 1.0. While refining the fractional occupancy of Si, it was constrained between

0.75-0.83, based on the Si/Al ratio calculated by 29Si SS MAS NMR. The framework

O atoms did not have their positions refined, as attempts to do so resulted in an

unrealistic model and an inferior goodness of fit G. However, errors on the O atom

positions were estimated from the error in the framework T atoms.

The extra-framework cation sites Na(1), Na(2), Na(4)-Na(6) experienced the same

constraints on their atomic coordinates as was used in the empty structure. Site Na(3)

was substituted for site Oc(4). For site Na(9) the x and y coordinates were both

fixed as 0.0. The carbon and oxygen atoms associated with the 18C6 species were

added to the structure sequentially. For site Oc(2), the y coordinate was constrained

to equal ’1-x ’. For both sites Oc(3) and Oc(4), the y coordinate was constrained to

equal ’x/2’ for their respective x coordinates. Furthermore, site C(4) was constrained

so that atomic coordinates x and y were equal. Atomic sites representing the 18C6

species in the hypocage (Na(7), C(1), C(2), Oc(1) and Oc(2)) were constrained

so that they all possessed the same fractional occupancy. The same was done for
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the atomic sites representing the 18C6 species in the hypercage (Na(9), C(3), C(4),

Oc(3) and Oc(4)). The fractional occupancy of all sites were constrained with 1.0 as

a maximum.

Table A.4: Final refined unit cell parameters and atomic coordinates for the filled
zeolite EMC-2. The abbreviation ‘Occ.’ refers to the fractional occupancy of the
crystallographic site.

Symmetry Unit Cell Refinement
Hexagonal a /Å 17.3738(2) G 4.4248
P63/mmc c /Å 28.2932(7) Rwp 8.9600

Rexp 2.0250
Atom x y z Occ. Beq

Si(1) 0.0378(3) 0.4295(3) 0.1113(3) 0.829(77) -2.07(4)
Al(1) 0.0378(3) 0.4295(3) 0.1113(3) 0.171(77) -2.07(4)
Si(2) 0.0888(4) 0.3650(4) 0.0181(2) 0.827(84) -2.07(4)
Al(2) 0.0888(4) 0.3650(4) 0.0181(2) 0.173(84) -2.07(4)
Si(3) 0.1514(3) 0.4866(4) 0.9284(2) 0.829(96) -2.07(4)
Al(3) 0.1514(3) 0.4866(4) 0.9284(2) 0.171(96) -2.07(4)
Si(4) 0.1512(3) 0.4880(3) 0.1991(2) 0.829(107) -2.07(4)
Al(4) 0.1512(3) 0.4880(3) 0.1991(2) 0.171(107) -2.07(4)
O(1) 0.0574(4) 0.5287(4) 0.0931(4) 1 0.785(73)
O(2) 0.0706(4) 0.4310(4) 0.1611(4) 1 0.785(73)
O(3) 0.9303(4) 0.3610(4) 0.1044(4) 1 0.785(73)
O(4) 0.0882(4) 0.3978(4) 0.0716(4) 1 0.785(73)
O(5) 0.0000(4) 0.2914(4) 0.0000(4) 1 0.785(73)
O(6) 0.1300(4) 0.4560(4) 0.9836(4) 1 0.785(73)
O(7) 0.1678(4) 0.3356(4) 0.0162(4) 1 0.785(73)
O(8) 0.2368(4) 0.4736(4) 0.9124(4) 1 0.785(73)
O(9) 0.1861(4) 0.5931(4) 0.9251(4) 1 0.785(73)

O(10) 0.1868(4) 0.5934(4) 0.1905(4) 1 0.785(73)
O(11) 0.2361(4) 0.4723(4) 0.1810(4) 1 0.785(73)
O(12) 0.1264(4) 0.4576(4) 0.2500(4) 1 0.785(73)
Na(1) 0.5800(9) 0.1600(9) -0.0225(17) 0.503(17) 20.0(20)
Na(2) 0.3333 0.6667 0.1697(15) 0.770(23) 20.0(23)
Na(4) 0.1851(23) 0.3701(23) 0.1108(24) 0.141(8) -6.54(136)
Na(5) 0.6667 0.3333 0.5617(40) 0.246(21) 19.9(59)
Na(6) 0.6667 0.3333 0.1164(12) 0.844(21) 11.4(13)
Na(7) 0.3333 0.6667 0.7099(17) 0.525(8) 11.5(23)
Na(9) 0.0000 0.0000 0.9080(22) 0.535(8) 20.0(30)
C(1) 0.6004(12) 0.6984(12) 0.7142(9) 0.525(8) -7.38(64)
C(2) 0.4984(19) 0.8913(17) 0.7828(13) 0.525(8) 15.4(24)
C(3) 0.1898(22) 0.2310(17) 0.8754(19) 0.535(8) 2.48(15)
C(4) 0.1698(20) 0.1698(20) 0.8176(21) 0.535(8) 11.1(20)

Oc(1) 0.4147(5) 0.5853(5) 0.7834(7) 0.525(8) 9.45(19)
Oc(2) 0.1915(13) 0.8085(13) 0.7170(18) 0.525(8) 20.0(28)
Oc(3) 0.2092(21) 0.1046(21) 0.8287(18) 0.535(8) -0.702(1050)
Oc(4) 0.2171(17) 0.1086(17) 0.0946(12) 0.535(8) 8.97(170)
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Figure A-7: Final refined unit cell structure for the filled zeolite EMC-2, viewed down
the (110) axis. T atoms are shown as blue spheres, oxygen atoms as red spheres,
sodium cations as yellow spheres and carbon atoms as black spheres.

Figure A-8: Final refined unit cell structure for the filled zeolite EMC-2, viewed down
the c axis. T atoms are shown as blue spheres, oxygen atoms as red spheres, sodium
cations as yellow spheres and carbon atoms as black spheres.
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A.0.3 Zeolite RHO

Empty Zeolite RHO

The starting structure used was the crystal structure of zeolite RHO in the I4̄3m

symmetry reported by Parise et al.[139] The data range from the diffraction pattern

used was 2θ = 5.0-25.0°. The refinement was performed using 100,000 iterations

and a χ2 convergence criteria of 0.001.

Fifteen background functions were used. The modified Thompson-Cox-Hastings

pseudo-Voigt (TCHZ) peak shape was used. The final refined profile functions for

this peak shape were as follows: pku = -0.6(73), pkv = -0.017(11), pkw = 0.0(73),

pkz = 0.0(73), pky = 0.00(4) and pkxz = 0.025(4).

Si and Al atoms were refined as being in the same position, with the same isotropic

thermal parameter Beq. The sum of the fractional occupancy of Si and Al was fixed

as 1.0. While refining the fractional occupancy of Si, it was constrained between

0.79-0.84, based on the Si/Al ratio calculated by 29Si SS MAS NMR. Aside from

O(3), the framework O atoms did not have their positions refined, as attempts to do

so resulted in an unrealistic model and an inferior goodness of fit G. However, errors

on the O atom positions were estimated from the error in the framework T atoms.

The extra-framework cations were added to the structural model sequentially. The

atomic coordinates of the Cs and Na sites were not refined as both exist at special

positions. An X-ray adsorption factor for the Cs site was included, which equated to

ADPs = 0.084(11). The fractional occupancy of all sites were constrained with 1.0

as a maximum.

375



Table A.5: Final refined unit cell parameters and atomic coordinates for the empty
zeolite RHO. The abbreviation ‘Occ.’ refers to the fractional occupancy of the crys-
tallographic site.

Symmetry Unit Cell Refinement
Cubic a /Å 14.5483(2) G 4.1619
I4̄3m Rwp 8.1188

Rexp 1.9507
Atom x y z Occ. Beq

Si 0.2703(2) 0.1210(2) 0.4246(2) 0.837(85) 2.08(8)
Al 0.2703(2) 0.1210(2) 0.4246(2) 0.163(85) 2.08(8)

O(1) 0.2181(2) 0.2181(2) 0.4046(2) 1 2.19(9)
O(2) 0.1261(2) 0.1261(2) 0.6182(2) 1 2.19(9)
O(3) 0.0349(3) 0.2029(3) 0.3912(3) 1 2.19(9)

Cs 0.0000 0.0000 0.5000 0.705(5) 12.0(2)
Na 0.3333 0.3333 0.3333 0.165(17) 0.87(201)

Figure A-9: Final refined unit cell structure for the empty zeolite RHO, viewed down
the a axis. T atoms are shown as blue spheres, oxygen atoms as red spheres, caesium
cations as pink spheres and sodium cations as yellow spheres.
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Filled Zeolite RHO

The starting structure used was the final refined structure of the empty zeolite RHO

herein. The data range from the diffraction pattern used was 2θ = 5.0-25.0°. The

refinement was performed using 100,000 iterations and a χ2 convergence criteria of

0.001.

Thirteen background functions were used. The TCHZ peak shape was used. The

final refined profile functions for this peak shape were as follows: pku = -0.9(9), pkv

= 0.105(9), pkw = -0.00(98), pkz = -0.00(98), pky = 0.01(3) and pkxz = 0.030(5).

Si and Al atoms were refined as being in the same position, with the same isotropic

thermal parameter Beq. The sum of the fractional occupancy of Si and Al was fixed

as 1.0. While refining the fractional occupancy of Si, it was constrained between

0.79-0.84, based on the Si/Al ratio calculated by 29Si SS MAS NMR. Aside from

O(3), the framework O atoms did not have their positions refined, as attempts to do

so resulted in an unrealistic model and an inferior goodness of fit G. However, errors

on the O atom positions were estimated from the error in the framework T atoms.

The atomic coordinates of the Cs and Na sites were not refined as both exist at special

positions. An X-ray adsorption factor for the Cs site was included, which equated to

ADPs = 0.0777(6). The carbon and oxygen sites associated with the 18C6 species

were added sequentially. The atomic coordinates of sites C(1) and Oc(2) were not

refined, as both exist at special positions. For site C(2), the x and y coordinates

were constrained as equivalent. This was also done for site Oc(1). The fractional

occupancy of all sites were constrained with 1.0 as a maximum.
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Table A.6: Final refined unit cell parameters and atomic coordinates for the filled
zeolite RHO. The abbreviation ‘Occ.’ refers to the fractional occupancy of the crys-
tallographic site.

Symmetry Unit Cell Refinement
Cubic a /Å 14.5606(1) G 6.0646
I4̄3m Rwp 10.7869

Rexp 1.7787
Atom x y z Occ. Beq

Si 0.2700(2) 0.1207(1) 0.4230(2) 0.840(70) -0.176(38)
Al 0.2700(2) 0.1207(1) 0.4230(2) 0.160(70) -0.176(38)

O(1) 0.2181(2) 0.2181(2) 0.4046(2) 1 -0.0706(71)
O(2) 0.1261(2) 0.1261(2) 0.6182(2) 1 -0.0706(71)
O(3) 0.0320(3) 0.2099(3) 0.3904(3) 1 -0706(71)

Cs 0.0000 0.0000 0.5000 0.946(2) 6.47(5)
Na 0.3333 0.3333 0.3333 0.315(15) 10.5(13)

C(1) 0.3333 0.6667 0.5000 1.000(19) 19.7(9)
C(2) 0.4451(8) 0.4451(8) 0.7093(12) 0.940(19) 20.0(10)

Oc(1) 0.4569(7) 0.4569(7) 0.3696(9) 0.506(14) 12.5(11)
Oc(2) 0.6667 0.3333 0.3333 0.989(31) 19.2(12)

Figure A-10: Final refined unit cell structure for the filled zeolite RHO, viewed down
the a axis. T atoms are shown as blue spheres, oxygen atoms as red spheres, caesium
cations as pink spheres, sodium cations as yellow spheres and carbon atoms as black
spheres.
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A.0.4 Zeolite ZK-5

Empty Zeolite ZK-5

The starting structure used was the crystal structure of zeolite (Cs, K)-ZK5 reported

by Parise et al.[231] with a space group of Im3̄m. The Cs site in the structure was

substituted with a K site. The data range from the diffraction pattern used was

2θ = 14.0-69.0°. The refinement was performed using 100,000 iterations and a χ2

convergence criteria of 0.001.

Fourteen background functions were used. The modified Thompson-Cox-Hastings

pseudo-Voigt (TCHZ) peak shape was used. The final refined profile functions for

this peak shape were as follows: pku = 0.11(17), pkv = -0.01(1), pkw = 0.00(17),

pkz = 0.00(17), pky = 0.303(15) and pkx = 0.000(4).

Si and Al atoms were refined as being in the same position, with the same isotropic

thermal parameter Beq. The sum of the fractional occupancy of Si and Al was fixed

as 1.0. While refining the fractional occupancy of Si, it was constrained between

0.79-0.82, based on the Si/Al ratio calculated by 29Si SS MAS NMR. The framework

O atoms did not have their positions refined, as attempts to do so resulted in an

unrealistic model and an inferior goodness of fit G. However, errors on the framework

O atom positions were estimated from the error in the framework T atoms.

The extra-framework cations were added to the structural model sequentially, followed

by the water oxygen Ow sites. The atomic coordinates of the K(1) and K(2) sites were

not refined as both exist at special positions. For site K(3), the atomic coordinates

x and y were fixed at 0.0. For site Ow(1) the atomic coordinates y and z were fixed

at 0.0 and 0.5 respectively. The atomic coordinates for site Ow(2) were not refined

as it exists at a special position. For site Ow(3), all three atomic coordinates were

constrained to be equivalent. Lastly, for site Ow(4) the atomic coordinates x and y

were fixed at 0.0. The fractional occupancy of all sites were constrained with 1.0 as

a maximum.
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Table A.7: Final refined unit cell parameters and atomic coordinates for the empty
zeolite ZK-5. The abbreviation ‘Occ.’ refers to the fractional occupancy of the
crystallographic site.

Symmetry Unit Cell Refinement
Cubic a /Å 18.6835(2) G 6.0243
Im3̄m Rwp 9.5785

Rexp 1.5900
Atom x y z Occ. Beq

Si 0.0836(1) 0.2032(2) 0.3194(2) 0.814(38) -2.46(5)
Al 0.0836(1) 0.2032(2) 0.3194(2) 0.186(38) -2.46(5)

O(1) 0.1280(2) 0.1280(2) 0.3145(2) 1 -1.28(11)
O(2) 0.2522(2) 0.2522(2) 0.4081(2) 1 -1.28(11)
O(3) 0.0000(2) 0.1783(2) 0.3369(2) 1 -1.28(11)
O(4) 0.2500(2) 0.1085(2) 0.3915(2) 1 -1.28(11)
K(1) 0.0000 0.2500 0.5000 1.000(10) 2.25(20)
K(2) 0.1500 0.1500 0.1500 0.373(8) 5.21(94)
K(3) 0.0000 0.0000 0.3647(7) 0.607(12) 8.38(104)

Ow(1) 0.0984(8) 0.0000 0.5000 1.000(24) 14.2(10)
Ow(2) 0.3333 0.4000 0.5000 0.203(8) -5.89(109)
Ow(3) 0.1325(8) 0.1325(8) 0.1325(8) 0.538(17) -6.35(96)
Ow(4) 0.0000 0.0000 0.2870(10) 0.320(13) -9.47(111)

Figure A-11: Final refined unit cell structure for the empty zeolite ZK-5, viewed
down the a axis. T atoms are shown as blue spheres, oxygen atoms as red spheres
and potassium cations as purple spheres.
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Filled Zeolite ZK-5

The starting structure used was the final refined structure of the empty zeolite ZK-5

herein. The data range from the diffraction pattern used was 2θ = 14.0-69.0°. The

refinement was performed using 100,000 iterations and a χ2 convergence criteria of

0.001.

Fourteen background functions were used. The TCHZ peak shape was used. The

final refined profile functions for this peak shape were as follows: pku = 0.02(5), pkv

= 0.031(7), pkw = -0.01(5), pkz = 0.00(5), pky = 0.178(11) and pkx = 0.000(3).

Si and Al atoms were refined as being in the same position, with the same isotropic

thermal parameter Beq. The sum of the fractional occupancy of Si and Al was fixed

as 1.0. While refining the fractional occupancy of Si, it was constrained between

0.79-0.84, based on the Si/Al ratio calculated by 29Si SS MAS NMR. The framework

O atoms did not have their positions refined, as attempts to do so resulted in an

unrealistic model and an inferior goodness of fit G. However, errors on the framework

O atom positions were estimated from the error in the framework T atoms.

The extra-framework cation sites K(1)-K(3), and water oxygen sites Ow(1), Ow(3)

and Ow(4) experienced the same constraints on their positions as the empty structure.

Site Ow(2) was substituted with position C(1). Site K(4) was added and its atomic

coordinates were not refined as it exists at a special position. The carbon and oxygen

atoms associated with the 18C6 species were added to the structure sequentially.

For site C(1), the atomic coordinate z was fixed at 0.5. For site Oc(1), the atomic

coordinates y and z were both fixed at 0.5. The atomic coordinates for site Oc(2)

were not refined as it exists at a special position. The fractional occupancy of all

sites were constrained with 1.0 as a maximum.

381



Table A.8: Final refined unit cell parameters and atomic coordinates for the filled
zeolite ZK-5. The abbreviation ‘Occ.’ refers to the fractional occupancy of the
crystallographic site.

Symmetry Unit Cell Refinement
Cubic a /Å 18.6907(1) G 7.4288
Im3̄m Rwp 12.0462

Rexp 1.6216
Atom x y z Occ. Beq

Si 0.0826(2) 0.2024(2) 0.3191(2) 0.840(46) -1.74(6)
Al 0.0826(2) 0.2024(2) 0.3191(2) 0.160(46) -1.74(6)

O(1) 0.1280(2) 0.1280(2) 0.3145(2) 1 -1.08(12)
O(2) 0.2522(2) 0.2522(2) 0.4081(2) 1 -1.08(12)
O(3) 0.0000(2) 0.1783(2) 0.3369(2) 1 -1.08(12)
O(4) 0.2500(2) 0.1085(2) 0.3915(2) 1 -1.08(12)
K(1) 0.0000 0.2500 0.5000 1.000(8) 2.17(22)
K(2) 0.1500 0.1500 0.1500 0.370(9) 8.68(90)
K(3) 0.0000 0.0000 0.3703(7) 0.867(14) 15.1(70)
K(4) 0.5000 0.5000 0.5000 0.342(19) 5.68(211)
C(1) 0.3234(18) 0.4236(17) 0.5000 0.243(12) -4.52(129)
C(2) 0.3735(11) 0.4468(9) 0.5532(9) 0.360(28) 20.0(41)

Oc(1) 0.3830(30) 0.5000 0.5000 0.207(25) -4.06(222)
Oc(2) 0.4000 0.4000 0.4000 0.357(31) 20.0(46)
Ow(1) 0.0868(10) 0.0000 0.5000 0.923(22) 20.0(14)
Ow(3) 0.1261(8) 0.1261(8) 0.1261(8) 0.556(19) -3.17(89)
Ow(4) 0.0000 0.0000 0.2847(22) 0.308(16) -3.89(142)
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Figure A-12: Final refined unit cell structure for the filled zeolite ZK-5, viewed
down the a axis. T atoms are shown as blue spheres, oxygen atoms as red spheres,
potassium cations as purple spheres and carbon atoms as black spheres.
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Appendix B

Thermogravimetric Data

Contained herein are a collection of graphs relevant for the study of 18C6 decom-

position in Chapter 7. This includes graphs containing the thermogravimetric (TG)

and derivative dTG/dt curves of the four filled zeolites. For zeolites Na-X and EMC-

2, there are the mass spectrometry (MS) carbon dioxide (m/z 44) signals observed

during thermogravimetry, with the deconvoluted peaks.

384



Figure B-1: Thermogravimetric (TG) curve and derivative dTG/dt curve for zeolite
Na-X, ramping from 30°C to 600°C at a ramp rate of 5 Kmin-1. This includes an
intermediate stage where the temperature was held at 130°C for 60 minutes. The TG
curve is shown in black, the temperature in red dotted and the dTG/dt curve shown
in green.

Figure B-2: Thermogravimetric (TG) curve and derivative dTG/dt curve for zeolite
EMC-2, ramping from 30°C to 600°C at a ramp rate of 5 Kmin-1. This includes an
intermediate stage where the temperature was held at 180°C for 20 minutes. The TG
curve is shown in black, the temperature in red dotted and the dTG/dt curve shown
in green.
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Figure B-3: Thermogravimetric (TG) curve and derivative dTG/dt curve for zeolite
RHO, ramping from 30°C to 600°C at a ramp rate of 5 Kmin-1. The TG curve is
shown in black, the temperature in red dotted and the dTG/dt curve shown in green.

Figure B-4: Thermogravimetric (TG) curve and derivative dTG/dt curve for zeolite
ZK-5, ramping from 30°C to 600°C at a ramp rate of 5 Kmin-1. The TG curve is
shown in black, the temperature in red dotted and the dTG/dt curve shown in green.
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Figure B-5: Deconvolution of the MS signal of carbon dioxide (m/z 44) for zeolite
Na-X, ramping from 30°C to 600°C at a ramp rate of 5 Kmin-1. This includes an
intermediate stage where the temperature was held at 130°C for 60 minutes. The
MS signal is shown in blue, the pseudo-Voigt function deconvoluted peaks in dotted
black, and the composite in red.

Figure B-6: Deconvolution of the MS signal of carbon dioxide (m/z 44) for zeolite
EMC-2, ramping from 30°C to 600°C at a ramp rate of 5 Kmin-1. This includes an
intermediate stage where the temperature was held at 180°C for 20 minutes. The
MS signal is shown in blue, the pseudo-Voigt function deconvoluted peaks in dotted
black, and the composite in red.
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Appendix C

CASTEP Calculated Data

The vibrational data herein was calculated by collaborator Keith Butler, using the

CASTEP software.[214] Chapter 2 contains further details on how the calculations

were performed.

Figure C-1: Calculated Infrared spectrum for the isolated 18C6 molecule in the Ci

conformation. The molecular structure used is shown.

388



Table C.1: The CASTEP calculated (νcalc) vibrational modes for the isolated 18C6
molecule in the Ci conformation, alongside the estimated Infrared active intensity of
the mode.

νcalc Intensity νcalc Intensity νcalc Intensity
/cm-1 /km mol-1 /cm-1 /km mol-1 /cm-1 /km mol-1

27.7726 0.0881464 1010.21 0 1461.47 2.87187
56.2379 0 1015.64 16.5789 1463.34 0
58.4867 0.289907 1064.85 12.473 1481.76 0
68.312 0 1066.81 0 1483.06 0.127265

81.5726 0.141634 1078.71 8.96519 1507.44 0
97.8484 0 1090.58 0 1507.5 2.13746
101.213 0 1103.37 5.98558 1522.03 0
101.958 0.212265 1111.16 0 1522.11 7.49695
114.24 0 1129 0 1531.3 5.66904

145.041 4.93471 1151.96 15.4399 1531.58 0
153.031 0.492609 1161.13 0 1548.34 0
160.257 0 1165.12 25.1638 1548.6 0.752242
179.894 0 1171.81 0 1557.43 0
184.239 3.12444 1172.95 38.101 1559.69 0.413059
202.91 0 1179.34 60.8852 1569.32 0
213.21 1.90325 1179.77 0 1569.53 2.295

261.867 0 1185.65 33.1532 2965.4 26.9405
262.635 1.04497 1188.78 0 2965.52 0
303.578 0.953136 1189.65 100 2975.34 0
308.12 0 1196.52 0 2975.35 2.81345

340.741 1.0177 1244.88 1.54734 2987.79 0
351.313 0 1246.1 0 2987.83 37.6516

405.6 0.302046 1268.75 0 2994.79 65.0156
419.486 0 1269.72 1.99276 2995.77 0
450.336 0 1282.66 8.88482 3002.59 11.4984
463.279 1.44015 1282.93 0 3002.63 0
526.535 0 1307.52 1.5251 3006.59 9.29243
543.194 3.20397 1308.6 0 3006.83 0
576.118 1.35532 1309.75 3.65463 3017.1 13.3609
587.663 0 1310.09 0 3017.13 0
840.033 0 1335.64 18.8976 3025.02 0
841.35 0.239467 1336.23 0 3025.11 26.9516

848.518 6.07323 1372.68 18.8389 3028.38 0
848.799 0 1373.78 0 3029.26 46.5745
883.633 0 1400.72 26.3343 3033.67 0
886.498 13.1839 1401.25 0 3033.86 40.2643
904.442 1.6535 1420.21 0 3088.72 23.9999
915.563 0 1425.73 4.54494 3088.82 0
960.889 0 1434.32 5.94621 3114.19 8.35738
968.599 15.0503 1438.7 0 3115.21 0
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Figure C-2: Calculated Infrared spectrum for the Cs+-18C6 complex, with the 18C6
moelcule in the D3d conformation. The molecular structure used is shown.
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Table C.2: The CASTEP calculated (νcalc) vibrational modes for the Cs+-18C6
complex, with the 18C6 moelcule in the D3d conformation, alongside the estimated
Infrared active intensity of the mode.

νcalc Intensity νcalc Intensity νcalc Intensity
/cm-1 /km mol-1 /cm-1 /km mol-1 /cm-1 /km mol-1

43.1037 0.0155677 961.296 0.214252 1458.47 0.0350525
44.7233 0.0156883 961.684 0.119861 1458.65 0.036539
49.3011 0.0647417 981.236 19.8929 1479.56 0.538844
75.1738 0.000421835 981.246 20.0357 1479.88 0.52858
87.7181 0.45062 1075.74 4.59047 1489.5 0.00114498
88.6587 0.464641 1075.88 4.57241 1521.88 0.784975
97.1282 0.0267162 1082.78 0.0968815 1522.81 4.31716
98.5522 0.0210315 1107.69 0.22526 1523.19 5.04868
123.551 3.82944 1107.93 0.327384 1528.04 2.851
130.17 0.167187 1111.1 0.00214935 1528.12 1.48394

131.332 0.169799 1123.05 0.0204088 1530.2 2.4042
156.393 1.13014 1131.61 17.2307 1546.24 0.330538
160.111 0.0231809 1132.12 18.0029 1546.9 0.111204
169.185 1.01686 1142.36 6.00466 1547.29 2.07189
170.181 1.00807 1149.26 100 1550.79 0.36553
218.615 0.435856 1149.68 99.9726 1551.27 0.558871
241.26 0.380094 1162.97 0.288194 1552.77 0.750244
242.06 0.67347 1163.09 0.465204 2992.19 0.274856

242.916 0.910501 1171.07 0.612445 2992.39 3.21139
260.488 0.701693 1171.42 0.552202 2992.55 2.86123
261.486 0.601959 1176.56 0.00889871 2999.74 3.37034
274.344 0.0462211 1176.97 0.0209311 2999.84 3.61328
313.348 0.0231809 1263.58 0.000120524 3000.47 27.5794
313.639 0.0293678 1270.09 2.00394 3008.83 1.68624
351.775 0.000321398 1270.31 1.69988 3008.92 1.78505
357.527 0.00508211 1280.36 0.0256717 3009.2 1.74823
358.458 0.0038166 1280.67 0.0805103 3015.87 10.2191
525.895 0.776579 1284.27 12.1779 3015.94 9.77738
526.74 0.764124 1307.85 0.0044594 3016.25 1.96457

532.586 0.00106463 1314.88 0.0966204 3042.01 20.4937
550.6 0.156119 1316.01 0.111646 3042.27 20.7501

550.725 0.157425 1327.07 5.64267 3042.91 10.8183
587.334 0.163853 1327.86 5.55716 3044.72 3.80622
842.176 0.533702 1332.79 0.0234621 3044.85 2.97786
842.754 0.541998 1388.53 0.0109677 3045.08 0.568473
851.401 6.37811 1400.8 30.7295 3054.68 6.10896
856.416 3.18642 1401.25 30.4029 3054.78 5.76689
856.608 3.19173 1416.16 0.740502 3055.19 42.1395
888.719 1.29827 1416.62 0.736223 3057.31 0.0895697
929.896 0.0000803496 1423.34 0.00691006 3057.54 0.0902527
950.437 0.00566464 1447.02 0.0921007 3057.8 0.0592377
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Appendix D

High Pressure X-ray Diffraction

Patterns

Included are the powder X-ray diffraction patterns obtained under high pressure. Data

for both analogues of zeolites Na-X, RHO and ZK-5 were collected on the ID15B

beamline. The empty zeolite EMC-2 was also analysed on this instrument. The filled

zeolite EMC-2 was analysed on the ID27 beamline. Both of these beamlines are

located at the ESRF, Grenoble, France. Full details on the experiments are explained

in Chapter 2.
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Figure D-1: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the compression cycle of empty zeolite Na-X.
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Figure D-2: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the decompression cycle of empty zeolite Na-X.
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Figure D-3: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the compression cycle of filled zeolite Na-X.
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Figure D-4: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the decompression cycle of filled zeolite Na-X.
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Figure D-5: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the compression cycle of empty zeolite EMC-2.
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Figure D-6: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the decompression cycle of empty zeolite EMC-2.
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Figure D-7: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the compression cycle of filled zeolite EMC-2.
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Figure D-8: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the decompression cycle of filled zeolite EMC-2.
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Figure D-9: Powder X-ray diffraction patterns in the 2θ range of 2-10° as a func-
tion of pressure for the compression cycle of empty zeolite RHO. Indexing in black
corresponds to the Im3̄m phase and red the I4̄3m phase.
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Figure D-10: Powder X-ray diffraction patterns in the 2θ range of 2-10° as a function
of pressure for the decompression cycle of empty zeolite RHO. Indexing in black
corresponds to the Im3̄m phase and red the I4̄3m phase.
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Figure D-11: Powder X-ray diffraction patterns in the 2θ range of 2-10° as a func-
tion of pressure for the compression cycle of filled zeolite RHO. Indexing in black
corresponds to the Im3̄m phase and red the I4̄3m phase.
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Figure D-12: Powder X-ray diffraction patterns in the 2θ range of 2-10° as a func-
tion of pressure for the decompression cycle of filled zeolite RHO. Indexing in black
corresponds to the Im3̄m phase and red the I4̄3m phase.
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Figure D-13: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the compression cycle of empty zeolite ZK-5. Indexing in black corre-
sponds to the cubic phase and purple to the tetragonal phase. Bragg peaks labeled
with a black dot belong to the zeolite W impurity.
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Figure D-14: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the decompression cycle of empty zeolite ZK-5. Indexing in black
corresponds to the cubic phase and purple to the tetragonal phase. Bragg peaks
labeled with a black dot belong to the zeolite W impurity.
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Figure D-15: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function of
pressure for the compression cycle of filled zeolite ZK-5. Indexing in black corresponds
to the cubic phase and purple to the tetragonal phase. Bragg peaks labeled with a
black dot belong to the zeolite W impurity.
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Figure D-16: Powder X-ray diffraction patterns in the 2θ range of 1-8° as a function
of pressure for the decompression cycle of filled zeolite ZK-5. Indexing in black
corresponds to the cubic phase and purple to the tetragonal phase. Bragg peaks
labeled with a black dot belong to the zeolite W impurity.
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[119] C Berger, R Gläser, and J Weitkamp. Synthesis of large crystals of zeolite EMT

and zeolite Y with elevated nSi/nAl-ratio. In Studies in Surface Science and

Catalysis, volume 170, pages 303–310. Elsevier, 2007.
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