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Abstract

The Flexibility Window (FW ) is a universal, geometric feature that can explain the
feasibility of all existing zeolites. Using template-based geometric simulations, it has
been shown that all known, IZA framework types can be made geometrically ideal
over a range of densities, yet less than 10% of hypothetical structures have this
property. This is an important distinction that can help narrow the search for new
frameworks. The geometric method employed is highly efficient for routine screening
over large databases, where more exhaustive techniques involving energy minim-
isation and atomic potentials are too demanding. A FW search should, therefore,
be the first point of call when evaluating the feasibility of a hypothetical structure.

In this study, 255 existing and 5,824 hypothetical zeolite structures have been
evaluated and characterised using the FW criterion. High-similarity groups of ex-
isting and hypothetical frameworks have been identified based on (i) common FW
descriptors (shape, length and area), and (ii) structural characteristics (d6r/d8r con-
nectivity). As a result, 26 target, ABC-6 hypothetical frameworks have been se-
lected that are of practical interest. Remarkably, five of these predicted structures,
194_3_1140 (SWY), 194_4_47060 (ANO), 164_2_612 (PTT), 166_4_600690 (AVE)
and 229_3_4866 (PWN), have been approved as real materials during the course
of this work (2018-2021).

The FW is, however, more than just a yes/no parameter of feasibility. It provides
valuable insight into fundamental relationships between framework geometry, flexib-
ility and physical properties. Using geometric simulations, it is possible to predict be-
haviour of known and hypothetical frameworks at the atomic level under non-ambient
conditions. Within the FW, frameworks can respond to external stimuli, such as
temperature, pressure and guest materials, by “ideal” deformations i.e. those that
leave the tetrahedra undistorted. Furthermore, it is the orientation and connectivity of
closed polyhedral building units, d6r, d8r and can, that determines the specific flex-
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ibility of each topology. This is confirmed experimentally for K-L zeolites which have
been studied under high-pressures using synchrotron, ToF neutron diffraction. As
a result, a new method of combining geometric modelling with Rietveld refinement
has been developed to determine the crystal structures of zeolites at high-pressures.
Furthermore, it is possible to predict framework compositions based on the observed
trend in FW areas and ∠T-O-T distributions.

Now, more than ever, there is a great demand for new zeolite materials with
unique topologies that offer potential solutions to tackle many of the 21st century
global sustainability challenges. Here, we have developed a robust protocol that
should be used to narrow the search so that efforts are focussed on targetting only
the most promising framework types. It is hoped that the strategies presented here
will assist in the discovery of many new zeolites in the near future.
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1.1 Introduction to Zeolites and their Applications

1.1 Introduction to Zeolites and their Applications

Zeolites are a remarkably versatile class of crystalline, microporous materials that
are produced worldwide for use in major industrial and commercial processes, ran-
ging from catalysis, ion-exchange and adsorption-separation to, more recently, drug
delivery and imaging. [1–5] They are renowned heterogeneous acid-catalysts in the
petrochemical industry, producing the majority of the world’s petrol via fluid cata-
lytic cracking, and find use in every day life as water softeners in domestic washing
powders. [2,6] Their success in such a wide range of sectors is a direct consequence
of their unique framework structures and chemical properties.

A zeolite framework is built from an arrangement of relatively rigid TO4 primary
building units (PBU), where T= Si, Al, P, Ge, that are connected via sharing vertex
oxygen atoms, inset of Figure 1-1. Angles between TO4 units (∠T-O-T) are flexible,
and range from 120-180◦ in existing zeolites. [7–10] As a result, tetrahedra can be
linked in various ways to form a number of different framework topologies that are
similar in lattice energy (��). [11, 12] Each is comprised of its own uniform micro-
pores, cages and channels of molecular dimensions. Zeolites are conventionally
classified as being small- (8 T-atoms), medium- (10), large- (12) or extra-large-pore
(>12) depending on the number of T-atoms that define the largest opening in the
framework. [13] Typically, their cavities are < 2 nm (20 Å) in diameter. As such,
zeolites behave as excellent molecular sieves. They can selectively uptake, store
and release guest materials that are of suitable shapes and sizes to diffuse into and
through their accessible void space. [14,15]

Pure silica, SiO2, zeolites do not contain any charge. However, the partial sub-
stitution of Si4+ with Al3+ in the framework forms an aluminosilicate material with a
negative charge associated with each Al site. To balance the charge, non-framework
cations reside in the pores and interact with framework oxygen atoms. These are
generally alkali or alkaline earth cations, such as Na+, K+ or Ca2+, and organic
quaternary ammonium cations, such as tetramethylammonium (TMA+). Framework
Si/Al ratios can vary, but are never < 1. Al-O-Al bonds are generally not observed as
this would cause close proximity of adjacent negative charges which are less stable
than isolated ones. This is referred to as Loewenstein’s rule. [16] Non-framework
cations can readily be exchanged for their electrochemical equivalents to form multi-
functional, host-guest materials with a range of properties. [17] NH4 exchange, fol-

3



1. INTRODUCTION

lowed by calcination, creates Brönsted acid sites (O-H), the strength and number of
which are controlled by the Si/Al ratio and associated Al-O bond lengths and ∠Si-O-
Al angles [18]. Acidic zeolites that are thermally stable provide ideal environments
for reactant, product and transition state, shape-selective catalysis. [19,20]

TO4

sod
cage

d6r

fau
cavity

Figure 1-1: Applications of zeolites in sustainable fields, such as CO2 capture, controlling
NO emissions, conversion of biomass to fuel, water purification and clean-up of radioactive
waste. Stereo image of the FAU framework is shown, built from TO4 primary building units
(PBU), where a T-atom = Si, Al, shown in blue in the inset. In the stereo view, O-atoms are
emitted. The vertices represent T-atoms and the edges represent oxygen linkages (i.e. T-O-
T). Vertex-sharing TO4 units are arranged to form larger composite building units (CBU), such
as d6rs (pink, hexagonal prism), and sod cages (green). Cavities and micropore systems
are of molecular dimensions and impart molecular sieving properties.

Considered as environmentally "green" materials, that are non-toxic and easily
regenerated after use, zeolites offer potential solutions to tackle many of the 21st
century, global sustainability challenges, such as hydrogen storage (clean energy),
drug delivery (healthcare), water purification, uptake of radioactive waste and heavy
metals (clean water), selective CO2 capture (climate action) and the reduction of
volatile organic compounds (VOCs) from gas emissions. [21–25] Small pore, metal-
exchanged zeolites are emerging as promising alternatives to toxic vanadium-based
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catalysts for the Ammonia-Selective Catalytic Reduction (NH3-SRC) of NO. [26–28]
Cu-SSZ-13 zeolites have recently been commercialised for this use to control NO
emissions from diesel engines. [29, 30] Increasing environmental concerns have
also focussed attention on reducing greenhouse gases and using renewable fuel
sources. SAPO-34 and ZSM-5 zeolites show great potential in the catalytic conver-
sion of methanol to hydrocarbons (MTH), an important reaction expecting commer-
cialisation in the near future. [19, 31, 32] Other metal-containing zeolites, such as
Sn-beta, are being trialled as catalysts for the conversion of biomass to fuel. Na-
Fe3O4/H-ZSM-5 composite materials also show potential for the conversion of CO2

into hydrocarbons, reducing dependence on petrochemicals, whilst mitigating CO2

emissions. [33–37]
Figure 1-1 highlights some sustainable applications of zeolites. The FAU frame-

work type is depicted. Primary TO4 units are shown in polyhedral/stereo view, where
T-atoms are the vertices and T-O-T linkages are the edges. The large fau cavity cre-
ates a large surface area, accessible to a number of guest molecules, making it the
most widely used catalyst in petroleum cracking.
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1. INTRODUCTION

1.2 Framework Structure Descriptors

To date, there are 255 unique zeolite framework types. Each is assigned an official
framework type code (FTC), consisting of three capital letters in boldface, by The
Structure Commission of the International Zeolite Association (IZA-SC). [13] These
are referred to as existing or IZA frameworks.

1.2.1 Framework Type

The terms "framework type" or "topology" refer solely to the connectivity of TO4 units,
irrespective of chemical composition. IZA-SC has optimized each existing frame-
work type assuming an ideal SiO2 composition in the highest topological symmetry.

1.2.2 Type Material

The terms "type material" or "related material" refer to the chemical composition of
the framework and non-framework species. Frameworks with the same underlying
topology can be synthesised in various chemical compositions. A number of "un-
conventional" zeolites, containing framework elements other than Al and Si, are be-
coming increasingly popular. Aluminophsophates, germanosilicates, borosilicates
and beryllosilicates have all been produced. [38–41] As a result, a large number of
related materials occur for each framework type. The type material can be described
using the IUPAC crystal chemical formula, for example |K6Na3(H2O)21|[Al9Si27O72]-
LTL. [42] This denotes the non-framework species, K, Na and H2O, along with the
framework composition, AlSi, and the framework type code, LTL.

The full list of IZA frameworks, along with their related materials, is contained
in The IZA Database of Zeolite Structures that is available online. [13] Due to the
distribution of atoms in the framework and the presence of guest materials in the
pores, the type material may have a different unit-cell, space group symmetry and
framework density (��) to the ideal framework type.

1.2.3 Framework Density (��)

The framework density (��) is defined as the number of T-atoms per 1000 Å3.
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1.2 Framework Structure Descriptors

1.2.4 Effective Pore Width

The effective pore width refers to the void space where no framework atoms are
present. It is calculated by subtracting the diameter of an O atom from the measured
O-O distance, assuming an O radius of 1.35 Å.

1.2.5 Building Units

t-can (can)
[46.65]

t-toc (sod)
[46.68]

channel

8R

Effective width = 4.1 Å

O O
6.8 Å

ltl cavity 

T

t-cub (d4r)
[46]

t-hpr (d6r)
[46.62]

t-opr (d8r)
[48.82]

Natural Tiles

t-kaa
[63]

t-pes
[52.62]

Figure 1-2: Framework descriptors. From left to right: 8-ring pore window (8R) showing
the 3$−$ distance and effective O-O width (using O radius of 1.35 Å), ltl cavity with a large,
12R opening and a channel formed from fused 5 and 6Rs curled up in a tube. The most
common natural tiles are shown, along with their names and face symbols, e.g. t-hpr [46.62].
The face symbol denotes the size and number (superscript) of the rings that build the tile.
The name in brackets, e.g. d6r, is the CBU equivalent. "Closed" polyhedral tiles enclose
a volume of space and have 3 edges meeting at a vertex. "Open" polyhedral tiles have 2
edges meeting at a vertex. These are marked with a circle for t-kaa and t-pes.

Due to the complexity of a zeolite framework, many structural descriptors have been
adopted to represent their topologies. These descriptors are common to several
zeolite framework types and allow structural relationships to be identified. [13,43–46]
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The most common way to describe a framework is in terms of n-rings (nR, where
n=no. of T-atoms forming the ring), secondary building units (SBUs) and composite
building units (CBUs). All of these units are constructed from the tetrahedral PBU,
TO4.

A ring is usually referred to as a cycle of T and O atoms. Figure 1-2 shows
an 8-ring (8R) pore window. SBUs and CBUs are polyhedral units that form cages
and cavities. A polyhedron whose maximum window is a 6R is called a cage, as
its pore openings are generally too small to be penetrated by guest species larger
than a water molecule, ∼2.75 Å. Those with larger pore windows are called cavities.
The ltl cavity with a 12R window is shown in Figure 1-2. Cages and cavities can
be connected in several ways to form 1, 2 or 3D-channels that may or may not be
interconnected. A channel is large enough for guest species to diffuse along its
length (i.e. it has a pore opening > 6 T-atoms). Each CBU is assigned a three-letter
name in lower case italics, for example d6r, can, sod, ltl. The term SBU is used
when the entire framework can be built solely from translations of one unit, where
neighbouring SBUs do not share T-atoms, otherwise the term CBU is used.

Chains

Infinite periodic building units are also present (PerBUs). These are called chains,
tubes and layers. Fused rings are frequently curled up to form tubes, as illustrated
in Figure 1-2.

Natural Tiles

The concept of natural tiling can also be used to deconstruct framework types. Sim-
ilar to CBUs, these tiles refer to face-sharing, edge-sharing, and vertex-sharing poly-
hedral units built from n-membered rings. When assembled together, these poly-
hedra can fill all of space to form the net of the framework. They are given a tiling
name and face symbol, which refers to the size and number (superscript) of rings
that define the tile.

"Closed" polyhedral units enclose a volume of space, and are formed when three
edges meet at a vertex. The most commonly observed "closed" polyhedra building
units amongst existing framework types are the d4r, d6r and can units.

"Open" polyhedral tiles can have two edges meeting at a vertex (marked with a
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circle in Figure 1-2. The most commonly observed are the t-kaa and t-pes tiles.
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1. INTRODUCTION

1.3 Design Of New Zeolite Frameworks

Natural zeolite materials have been known for over 250 years. The first mineral,
stilbite, was recorded by Cronstedt in 1756 [47]. Thousands of tonnes of natural
zeolites are still mined each year for use in agricultural applications, animal feeds and
waste-water treatment. [24,48,49] Synthetic zeolites, however, have the advantage
of purity and uniform channels. They can also be readily engineered. The choice
of zeolite material for a desired application is limited to a small number that can be
prepared in stable and active forms.

To date, nineteen zeolite framework types have been commercialised - AEL,
BEA, CHA, ERI, EUO, FER, FAU, MFI, MOR, MTW, MWW, RHO, TON, MER, EDI,
GIS, LTL, LTA, HEU. [6] Advancements in pre and post-synthetic methods to tailor
the properties of zeolites, by altering framework compositions, tuning pore sizes,
introducing active sites and controlling morphologies, mean that a handful of these,
namely FAU, MFI, CHA, MOR, FER and BEA, are continually being modified for
specific functions. [50] These treatments often begin with thermal or chemical activ-
ation to dehydrate (remove water) and calcine (remove organic templates) a material
to create accessible acid sites. Functionalisation of the inner or outer surface can
then be carried out to introduce or remove non-selective active sites and incorpor-
ate metals. This is achieved via ion-exchange or chemical vapour deposition (CVD).
This can also have the effect of altering pore shapes and sizes to enhance selectivity.

Demetallation, via acid leaching or steam treatment, is commonly used to in-
crease Si/Al ratios, improve thermal stability and to control the hydrophobic/hydro-
philic nature and distribution of acid sites. The introduction of meso or macro pores
via demetallation is also becoming increasingly popular to form hierarchical zeolites
with the aim of overcoming diffusion limitations that so often impede catalytic per-
formance. [51,52]

Despite this, challenges with regard to zeolite syntheses remain. More efficient
routes are required for large scale production that eliminate the environmental and
economic costs of using high hydrothermal temperatures and specific organic tem-
plates that are difficult to prepare and then destroyed during high-temperature com-
bustion. [53] This is an ongoing and active field of zeolite research.

However, not all future opportunities for zeolites rely on the optimisation of exist-
ing materials. Driven by the demand for more efficient, environmentally friendly and
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1.3 Design Of New Zeolite Frameworks

cost-effective processes, there is a great incentive for the rational design of new,
multi-functional and high-performance zeolite materials.

1.3.1 Generation of Hypothetical Frameworks

Considerable efforts have been made to accelerate the discovery of new materi-
als by constructing libraries of all possible zeolite frameworks that can, in theory,
exist. Using various methods, several research groups have, and still are, generat-
ing new frameworks, be it from arrangements of atoms in space to the stacking of
rings and polyhedra. Millions of hypothetical frameworks now exist in online data-
bases that can readily be screened to select the best materials for desired applica-
tions. The Atlas of Prospective Zeolite Structures has been freely accessible online
since 2004 and contains over two million hypothetical structures (including 108 IZA
frameworks) that are all low in energy (��) and theoretically feasible. [54] These
frameworks were generated by Treacy et al, using an enumeration algorithm called
SCIBS (Symmetry Constrained Inter-site Bonding Search) to generate all possible 4-
connected, periodic nets for each crystallographic space group, with up to six unique
T-atoms. [55,56] These frameworks represent a minor fraction of all possible topo-
logies that could exist if the number of unique T-atoms were increased. Another
database, created by Deem et al, contains over 2.7 million hypothetical frameworks,
of which at least three thousand are predicted to be thermodynamically accessible
as aluminosilicates. [57, 58] They were generated via a Monte Carlo search to de-
termine all possible Si positions in each of the 230 crystal space groups for up to
eight unique T-atoms. The majority of these structures have been further optimised
using the General Utility Lattice Programme (GULP) and have low energies with
respect to alpha quartz, Δ��, making them thermodynamically feasible. [59]

Tiling theory is also being used to assemble new frameworks from pre-existing
polyhedral units. [60–62] A similar approach has been taken by Mellot Draznieks et
al called the Automated Assembly of Desired Secondary Building Units (AASBU).
Frameworks are constructed from pre-defined SBUs and different modes of con-
nection are either promoted or disfavoured based on cost functions developed from
atom-atom Lennard Jones potentials. [63] Li et al modified this method by intro-
ducing an additional aluminium/phosphorous (Al/P) constraint to predict alumino-
phosphate materials. They have also recently predicted 84,292 ABC-6 structures
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by enumerating all possible stacking sequences of 6R units and developed a com-
putational method to design chiral and achiral zeolite frameworks with specified pore
geometries. One, two or three-dimensional channels are pre-defined in a structure
using vertical cylinders to represent forbidden zones. T-atoms are then assembled
around the channels using symmetry and T-T distance constraints in each space
group. [64–67]

It is hoped that having access to these hypothetical structures in advance will mo-
tivate the design of new synthetic routes to target them. These databases are also
an essential point of reference when a newmaterial is prepared. They provide theor-
etical diffraction patterns, cell parameters and densities to greatly assist in structure
determination. A number of freely available software programmes have also been
developed to assist in structure determination and to identify topological properties of
frameworks. Several existing projects, such as the RCSR and Epinet, aim at collect-
ing the different underlying nets of real or hypothetical structures to help researches
target and identify new materials. [68,69] The programme ToposPro, developed by
Blatov et al, can be used to deconstruct zeolite frameworks into their nets and natural
tiles, shown in Figure 1-3. [70] It can then analyse the underlying nets to determine
coordination sequences and vertex symbols and carry out geometrical calculations.
The programme has a built in database of 66,000 nets that can be screened to
determine if a new topology has been made. SYSTRE is another powerful tool that
calculates a finite series of numbers to uniquely identify the underlying net of a given
framework. [71]

1.3.2 Evaluation of Hypothetical Structures

With access to such large libraries of hypothetical structures, it is unsurprising that
database mining, machine learning and high-throughput screening techniques are
becoming increasingly popular to predict, evaluate and identify synthetic candidates
of potential practical interest. Among the most common parameters being screened
are internal surface areas, pore dimensions and accessible free-volumes, as these
characteristics are of significance for molecular sieving, adsorption and diffusion
applications.

Foster et al have usedDelaunay triangulation to calculate diameters of the largest
possible spheres that can (i) be included in the framework (D8) and (ii) diffuse through
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the channels (D 5 ), for existing and hypothetical structures. [72] This involves calcu-
lating circumspheres around sets of points that define void spaces (i.e. spheres
that pass through all vertices). Empty circumspheres outline the pore structure, the
largest of which is used to identify the largest possible included sphere, Figure 1-3.
Rigid spheres of molecular diameters are also used as probes to calculate the free
space available for diffusion within each framework.

Figure 1-3: Methods of generating and evaluating hypothetical structures. Examples show
the tiling method, to create new framework types from assembling pre-existing building units,
and evaluation of pore sizes by calculating the diameter of the largest possible included
sphere in a framework cavity (D8).

Zeo++ is another software programme that can be used to map the void space
in zeolite frameworks using a Voronoi network. Pore systems are partitioned into
n convex polyhedral cells, enabling pore diameters, accessible surface areas and
accessible volumes to be calculated. [73] Martin et al have used this software to
evaluate 148 IZA frameworks and 139,397 hypothetical structures from the Deem
database. A diverse group of 174 hypothetical structures have been selected based
on their pore characteristics and are likely to have a wide range of properties. [74]

Another programme, Delta Chem, written in Python, is designed to character-
ize porosity based on the convex hull of polyhedra that represent the void space.
[75] ZEOMICS is an automated computational method to fully characterise three-
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dimensional porous networks. Using crystallographic data it can identify large re-
gions of void space within a structure. Important quantities such as pore size dis-
tribution, accessible volume, surface area, largest cavity and pore limiting diamet-
ers are calculated by modelling channels and cages as overlapping cylinders and
spheres, respectively. ZEOMICS has been used to evaluate CO2 selectivity and
molecular sieving properties of existing zeolites. [76]

Li et al have employed high-throughput screening to identify hypothetical struc-
tures best suited for CO2 capture from flue gas. They use a grand canonical Monte
Carlo (GCMC)method to simulate the adsorption and separation of CO2 fromCO2/N2

mixtures. In doing so, they have calculated selectivity, working capacity, adsorbent
performance score, and regeneration ability for hundreds of hypothetical alumino-
silicate zeolite structures. Some of these are shown to have superior properties
to existing adsorbents in temperature swing adsorption (TSA), and vacuum swing
adsorption (VSA) processes. [77] They have also calculated the solvent-accessible
pore volumes and surface areas for 1,150 hypothetical ABC-6 structures which show
promise for NH3-SCR of NO. [66]

Evans et al are investigating the correlation between feasibility and mechanical
stability, or stiffness, of the framework. They have used machine learning to predict
bulk moduli and shear properties of pure-silica zeolites and 590,448 hypothetical
structures. From their results, it was observed that most hypothetical structures are
significantly less stiff and shear-resistant than the known zeolite frameworks. Shear
moduli decrease with an increase in pore volume, which is evidence of the structural
instability of large pore zeolites. [78,79]

Haldoupis et al have characterised the pores in over 250,000 hypothetical struc-
tures from the Deem database by evaluating the range of adsorbate molecules that
can feasibly diffuse through each zeolite. This is achieved by calculating the max-
imum diameter of a hard sphere that can be inserted at each grid point without
overlapping the framework. [80]

Taku Matsuoka et al have screened 4,558 structures from the hypothetical data-
base of Treacy et al in search of feasible zeolites containing a strong Brönsted acid
site. Several criteria were used to filter out unfeasible structures, including ring sizes,
densities and angles. Two descriptors were then used to assess acidity; ∠Si-O-Si
and the energy required to de-sorb ammonium ions. A short list of twelve structures
were selected for further DFT calculations and ranked based on their feasibility as
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acid catalysts. Six of these showed very strong acidity. [81]
These target frameworks have great potential, if they can be synthesised. Not

only could they replace current catalysts to improve the efficiency and sustainability
of existing processes, but they undoubtedly offer an abundance of new properties
that could serve future applications in industrial and commercial markets.

Since the 6th Edition of The Atlas of Zeolite Framework Types, published in in
2007, 79 new framework types have been approved by the IZA-SC. However, only
10 of these have been realised as conventional aluminosilicate materials. The re-
maining require stabilisation in the form of additional framework heteroatoms, such
as Ge and P. Enormous progress has been made in both the design and synthesis
of zeolite materials, yet the rate of discovery of new and useful frameworks is low.
Part of the reason is that the synthesis of zeolite materials is challenging, requir-
ing a narrow range of batch compositions, temperatures, and specialised organic
structure-directing agents. The resulting materials are also polycrystalline and struc-
ture determination is often based on poor quality PXRD data that comes with its
limitations of overlapping reflections. Another reason could simply be that many of
these hypothetical zeolites are not chemically feasible.
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1.3.3 Criteria for Selecting Feasible Structures

In 1990, Brunner referred to "the presence of yet unknown constraints" that must
be satisfied for a hypothetical framework to be chemically feasible. [82] In order to
establish such criteria, it is essential to discern fundamental characteristics that are
shared by all existing zeolites and then apply the same descriptors over the hypo-
thetical set. The IZA database is an invaluable resource. It provides a compilation
of up-to-date information for all existing zeolites, from which trends can be extracted
and fundamental synthesis-structure-property relationships discerned.

Many research groups have proposed criteria based on lattice energy (��), frame-
work density (��) and geometric parameters to discriminate hypothetical structures
from real ones. However, given the increasing diversity of existing zeolites, and the
wealth of hypothetical structures to choose from, identifying synthetic targets is not
an easy task.

The first step is almost always an initial energy calculation. Each structure in the
Atlas of Prospective Zeolite Structures has been optimised using a modified form
of Boisen, Gibbs and Bukowinsky (mBGB) cost function and then re-optimized in
the General Utility Lattice Program with SLC atomic potentials. There are 117,570
hypothetical structures in their database which haveΔ�� < 0.1 eV/SiO2 (with respect
to -quartz). [83] Energy minimisation has also been carried out on structures in the
Deem database, using SLC and BKS interatomic potentials. There are 2.7 million
refined structures in the Deem database, of which 314,000 are no higher in energy
than 30 kJmol−1 relative to -quartz. [57]

Framework energies of many existing zeolites are linearly correlated to their
framework densities (��), and tend to lie along a line of best fit with formula H =
−1.429(0.141)G+39.914(2.465), where x is �� and y is relative energy with respect
to -quartz, Δ��. [12] This has been confirmed experimentally. [84] The Feasibility
Factor (') has been introduced as ameasure of deviation from this line of best fit. [12]
A large deviation is indication that a hypothetical structure is unlikely to be synthes-
ised, especially in a high-silica composition. Frameworks with '< 5 are most likely
to be realised as conventional zeolites in high-silica and AlPO forms. [85] More than
100,000 hypothetical frameworks in Treacy’s online database fall within the favour-
able energetic band in which all known zeolites lie. However, a number of existing
frameworks, BOZ, BSV, CZP, JOZ, JSR, JST, NAB, NPT, OBW, OSO, PUN, RWY,
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SOS, andWEI should be deemed unfeasible based on this criteria as they have high
energies and large ' values.

Many other framework compositions are, of course, possible and these calcu-
lated lattice energies, Δ��, are for pure-silica compositions only. Although a hypo-
thetical structure may be deemed unfeasible as a pure-silica zeolite, it may exist in
other compositions. As a result, feasibility comparisons based on Δ�� alone are
likely to fail in detecting germanosilicates and beryllosilicates etc. To overcome this,
Li et al proposed the LIDs (local interatomic distances) criteria. They used the pro-
gram FraGen to calculate all T-T, T-O and O-O distances for existing frameworks
and showed that all zeolites obey several rules, without exception. T-O distances
are within 1.5967-1.6284 Å, O-O distances are within 2.6071-2.6588 Å and T-T dis-
tances are within 2.9435-3.0998 Å. Average T-O andO-O distances exhibit a positive
correlation, whilst T-O and T-T distances have a negative linear relationship and all
existing zeolites have only a very small deviation from these regression lines. If a
hypothetical zeolite deviates significantly, then it would suggest severe framework
distortion, making it an unlikely candidate for synthesis. The LID criteria is inclus-
ive of many existing frameworks that are deemed unfeasible by Δ�� calculations
alone. [86–88]

Liu et al have taken this a step further and proposed additional criteria based
on common T-T-T angles (∠T-T-T) within each ring of a framework. Using the pro-
gramme zeoTsites, developed by Sastre, they have obtained T-O and T-T distances,
∠T-O-T, vertex symbols and ring sizes for all existing zeolites. They report a range
of observed values for the maximum, minimum, and span of ∠T-T-T for each ring
size in a framework. For example, all 6Rs should fall within the intervals of Max
∠TTT = [102.5, 151.3◦], Min ∠TTT = [77.7, 120.0◦] and Span ∠TTT = [0.0, 63.4◦].
A hypothetical structure can be deemed unfeasible if one or more of its rings do not
fall within these intervals. [89]

Zimmermann and Haranczyk have also devised the average "Tetrahedral Order"
parameter. Each TO4 unit in a framework is given a number from 0 to 1, based on its
deviation from the ideal geometry, with 1 meaning that all TO4 are perfect tetrahedra.
They suggest that hypothetical structures with a value close to 1 are more likely to
display high thermal stability and be of industrial use. [90]

Perez et al combined the above methods with their own criteria to screen the
Deem database of hypothetical structures. They investigated the importance of dis-
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tances between T-atoms and their fifth closest neighbours, 3)5. They also explored
channel dimensionality as a measure of feasibility. It was found that IZA frameworks
exhibit a one-to-one correlation between the minimum 3)5 and the minimum T-O-T
distance. Applying all of the above constraints, they were able to reduce the number
of hypothetical candidates from > 300,000 to just 35 potentially useful structures. [91]

Junran Lu et al then introduced the non-adjacent O-O distance criteria. They
found that ring sizes in existing zeolites generally show a normal distribution of non-
adjacent O-O distances. The smallest, non-adjacent O-O distances allowed for hy-
pothetical structures should be 0.29 nm for 4Rs, 0.30 nm for 5-, 6- and 8Rs, 0.34
nm for 10Rs, and 0.33 nm for 12Rs. If a ring is“squashed” along one dimension,
the atoms may severely repel each other and increase the strain of the whole frame-
work. In feasible zeolites, all rings should be relaxed and all non-adjacent O-O pairs
should never be too close. They screened 941 hypothetical structure from the Deem
database and found that 153 could be ruled out based on these O-O distances. [92]

A different approach has been taken by Blatov et al, who are using a tile-packing
model to determine feasibility. The programme ToposPro is used to deconstruct
frameworks into natural tiles. Local connectivities and packing arrangements of the
smallest cages and rings in hypothetical frameworks are then determined and com-
pared to those most frequently observed in existing zeolites. They also apply a
"bottom-up" procedure to deconstruct existing tiles into half-units which are then re-
assembled into new tiles. Their model is rationalised on the basis that a zeolite
framework can be formed as a result of poly-condensation of building units which
are stabilised by templates in the reaction mixture. Using a modified Voronoi poly-
hedron concept, they have also modelled the sizes and shapes of zeolite cavities.
In doing so, a list of 40 hypothetical targets have been proposed, along with suitable
OSDAs that are likely to promote their formation. [45,61,62,70,93,94]

To date, no aluminosilicate frameworks have ��s < 12 T-atoms/1000 Å3 and
only two zeolite-type, gallogermanate materials have been reported with ��B < 10
T-atoms/1000 Å3; GaGeO-JU-65 (JSR) and GaGeS-UCR-20 (RWY). JU-65 con-
tains an 11R channel system and chiral cavities. Its framework is comprised of d6r
and spiro-5 units. [95] UCR-20 is built from fused 3Rs and contains both 8 and 12R
channel systems. [96] The presence of 3Rs allows this low-density zeolite to form.
UCR-20 (RWY) has a high Δ�� and has a large ', with significant deviation from
the feasibility line of �� vs Δ��. �� can, therefore, be used as an additional cri-
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terion to filter out hypothetical structures that are unlikely to form as conventional
aluminosilicates.

Framework Flexibility

Si Si
O

> 2.7 Å

In Window Out Window

O

Figure 1-4: The theoretical Flexibility Window (FW ). Zeolite frameworks are modelled in
GASP software using a rigid tetrahedron. Within the FW, frameworks can be geometric-
ally relaxed. All Si-O bond lengths (3(8−$) and ∠O-Si-O bond angles have ideal values
of 1.610(1) Å and 109.471(1)◦, respectively. ∠Si-O-Si are flexible, allowing frameworks to
adopt multiple, ideal configurations over a range of densities (left). Outside the FW, frame-
works cannot be geometrically relaxed. Deformations to TO4 units are inevitable and steric
clashes occur between non-adjacent O-O distances, which are < 2.7 Å (right).

Whilst the majority of feasibility criteria focus on parameters that describe the lattice
energy or topology under ambient conditions, it has long been known that zeolite
frameworks are flexible. Mechanical properties of the materials are often neglected,
despite providing valuable insight into the inherent stability of the structure. In 2006,
Sartabeava et al introduced the Flexibility Window (FW ), a purely geometric feature
where frameworks can be geometrically relaxed over a range of densities. [97, 98]
Geometric simulations are carried out using GASP software by Wells (Geometric
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Analysis of Structural Polyhedra). [99,100] Zeolite frameworks are modelled as rigid,
corner-sharing tetrahedra with freely rotating joints at the vertices (i.e. flexible ∠T-O-
T). This enables frameworks to formmultiple, stress-free configurations over a range
of densities. Figure 1-4 shows an example of a framework inside and outside the
FW. Within the window, the framework can be geometrically relaxed. For pure-silica
frameworks, this constitutes all tetrahedra having ideal Si-O bond lengths, 3(8−$ , of
1.610(1) Å and ∠O-Si-O of 109.471(1)◦, using an O radius of 1.35 Å. Outside the
window, non-adjacent O-O clashes occur (< 2.7 Å) or 3)−$ and ∠O-T-O within each
tetrahedron deviate from the ideal values.

In 2010, Kapko et al explored the flexibility of 194 IZA framework types known at
that time. It was found that almost all aluminosilicate and aluminophosphate zeolites
exhibit a FW whenmodelled in pure silica compositions, using ideal SiO4 tetrahedra.
Furthermore, the twelve frameworks which initially failed to relax did become flexible
if they were modelled in other compositions. This lead to the conclusion that some
frameworks may only exhibit flexibility if tetrahedra of various sizes are present, such
as AlO4 or GeO4. [101] Following on from that work, Dawson et al found that many
of these frameworks, were, in fact, flexible in SiO2 compositions if input structures
were first geometrically optimised using the Rational Functional Optimisation (RFO)
update technique. Only 6 (CZP, GOO, ISV, ITR, IWS andSTW) frameworks required
mixed compositions to fully relax within the FW and one framework, RRO, required
a smaller oxygen radius of 1.32 Å. [83] Dawson et al were then able to progressively
filter over 2 million hypothetical structures in their Atlas of Prospective Zeolites down
to 5,824 low-energy, flexible candidates by using a set of criteria that involved a FW
search. It was found that only ∼10% of hypothetical structures were, in fact, flexible,
despite having Δ�� <0.1 eV/SiO2 and meeting the Δ�� vs �� feasibility criteria.

As the FW is a universal feature amongst all existing zeolites, it is a useful se-
lection criteria for evaluating the feasibility of hypothetical structures, independent of
lattice energy, Δ��.

Key developments have been made in selecting criteria that assess whether or
not a hypothetical framework is feasible. However, it is desirable to have a descriptor
that can predict both feasibility and also if a material is likely to be of practical use.
For example, are they stable enough to withstand harsh process conditions under
high temperatures and pressures? Are they likely to require stabilisation in the form
of heteroatoms or templates? Are they flexible enough to allow unrestricted diffusion
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1.3 Design Of New Zeolite Frameworks

of reactant and product molecules to and from active sites? The FW criterion can
provide an insight into such properties.

In real materials, framework deformations can be induced by cation exchange,
hydration/dehydration, adsorption/desorption or temperature and pressure changes,
which all lead to either expansion or contraction of the unit-cell and, more signific-
antly, variations in pore dimensions. This is a particularly valuable asset during
molecular sieving and catalytic processes. Framework flexibility determines if a mo-
lecule of certain geometry can firstly enter the pore system and, secondly, diffuse
through channels to reach Brönsted acid sites for reactions to occur. It is also import-
ant that the framework is flexible enough for reactingmolecules to change orientation
and for desired product molecules to diffuse out.

Small pore, flexible zeolites, such as merlinoite (MER) and SSZ-13 (CHA), have
great potential for the selective adsorption of small gas molecules including CO2

and NO. Their frameworks can adapt easily to the electrostatic effects caused by
non-framework cations in the pores, whilst remaining in low-energy configurations.
Effective pore sizes can also be tuned via ion-exchange with different sized cations,
often referred to as the ‘molecular gate’ effect. This has been observed for potassium
merlinoite (K-MER), where partial exchange of K+ with Na+ and Cs+ cations causes
a change in the pore width, from wide to narrow, upon dehydration. In Na-K-MER,
there is a reduction in the unit-cell volume, accompanied by a decrease in the window
size from 3.1 to 2.2 Å, as framework O atoms move to optimise bonding distances
and maximise interactions with the smaller Na+ cations. Contraction of the effective
pore size reduces the CO2 adsorption property of the material. [102,103]

Another example can be given for H-ZSM-5 (MFI). When naphthalene is ad-
sorbed, the 10R channel windows distort from being nearly circular to highly ellipt-
ical. [104]

Numerous molecular simulation studies have also shown that framework flexib-
ility allows diffusion of tightly fitting molecules through small channels. Some struc-
tures can even admit molecules that are larger than their pore apertures. One of
the first examples of this was reported by Barrer and Vaughan who observed Ar and
Kr molecules, of 3.3 Å and 3.6 Å in diameter, can be admitted through sodalite win-
dows, which have an effective pore aperture of 2.4 Å. [105] Coker et al showed that
bulky aromatic molecules, with diameters of up to 9.5 Å, can be adsorbed into zeolite
NaX (FAU), of pore width 7.4 Å. [106] Using grand canonical Monte Carlo simula-
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tions on siliceousMFI structures, Clark et al also found that even small changes (on
the scale of 1/10 Å) in the framework oxygen positions were enough to affect the
electrostatics and reposition guest molecules. [107]

RHO is among the most flexible of zeolite structures. In the hydrated form, it
adopts the cubic, centro-symmetric Im3̄m symmetry. Upon dehydration, it distorts
to a lower symmetry, I4̄3m, form with more elliptical pores. [106,108,109] Different
monovalent cation forms of RHO exhibit high CO2 adsorption behaviour due to its
flexible framework structure and the mobility of non-framework cations. One study,
using high-resolution, in situ, synchrotron x-ray diffraction, showed that CO2 mo-
lecules, of diameter 2.98 Å, can pass through the 8R pore windows of dehydrated
Li-Rho, even though the effective pore aperture is much smaller at 1.9 Å. Framework
flexibility can account for this adsorption. [110] H-Rho has also been shown to exhibit
a 25% volume contraction when Ca2+ ions are introduced to form Ca-H-Rho. [111]

The influence of framework flexibility on the adsorption and diffusion of methane
in LTA zeolites was also investigated by Monte Carlo and molecular dynamics sim-
ulations. In this study, it was found that flexibility has a greater effect on diffusion
rather than adsorption. [112]

The FW criterion therefore becomes more than just a yes/no parameter to evalu-
ate feasibility. It can link the geometry and flexibility of frameworks to their distinctive
physical properties.

Previous reports have shown that the FW can be linked to pressure-induced
phase transitions, amorphisation, adsorption, diffusion and negative thermal expan-
sion. A number of in situ, high-pressure experiments on zeolites have confirmed that
framework flexibility is driven by firstly tilting rigid TO4 units around their vertex O
atoms. Flexible ∠T-O-T angles act as hinges allowing frameworks to accommodate
moderate pressures without any phase transitions. [113, 114] At higher pressures,
however, distortions to TO4 units can occur leading to amorphisation or phase trans-
itions. Sartbaeva et al have linked the high-pressure behaviour of analcime (ANA) to
its FW. [115–117] Predicted by geometric simulations, ANA has one of the smallest
FWs among existing zeolite frameworks. Experimental data from in situ x-ray dif-
fraction confirmed that ANA can withstand applied pressures whilst it remains within
its FW, but displays a pressure-induced phase transition from cubic to triclinic sym-
metry when it reaches the limit of its FW. The phase transition occurs to allow the
structure to remain within its FW in a triclinic state, as further compression of the
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cubic cell would take the structure outside of its FW. These findings show that the
ANA framework preferentially adopts configurations which can, in theory, be made
geometrically ideal.

Further studies using geometric simulations have proven to be successful in ra-
tionalising the high-pressure framework flexibility of ANA, EDI, LEV, SOD, FAU,
EMT, RHO and KFI structures in terms of co-operative anti-rotation of tetrahedra.
[108,118–124]

The importance of framework flexibility in adapting to bulky contents within the
pores has also been investigated. FAU and SOD frameworks were shown to exhibit
less flexibility upon compression and expansion when their pores are filled with water
and methanol molecules. In the presence of high loadings, the frameworks are
unable to expand or compress as much as the empty framework due to steric effects.
[122,124]

Nearchou et al used high-pressure, powder x-ray diffraction, in combination with
geometric modelling, to discern how occluded 18-crown-6 (18-C-6) ether molecules
in zeolites Na-X (FAU), Rho (RHO) and ZK-5 (KFI) influence framework flexibility.
It was observed that flexibility actually increases with occlusion of 18-C-6 for Rho
and ZK-5, which is indicative of a good geometric fit of the organic within the zeolite
cavity. [108]

The FWs of aluminosilicate LTA frameworks with non-framework cations has also
been explored. Whilst Na+ and Ca2+ were shown to have no effect on the framework
flexibility, steric effects of larger K+ cations significantly reduced compressibility and
the theoretical compression mechanism of the framework was altered. [125]

It has also been suggested that flexibility may play an important role during nuc-
leation. Frameworks that exhibit significant flexibility can readily accommodate or-
ganic templates and are more likely to appear during synthesis, such as SOD and
FAU, as the framework energy of formation is low. [83]

The FW is a universal feature that can explain the feasibility of all existing zeolites
and also provides insight into fundamental relationships between framework geo-
metry, flexibility and the physical properties of a zeolite. This geometric method
is also highly efficient for routine screening over large databases, where more ex-
haustive techniques involving energy minimisation and atomic potentials become
too demanding.
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1.4 Synthesis of New Materials

1.4.1 Hydrothermal Synthesis

Can zeolite synthesis be designed? The ideal strategy would be (i) to start with a
target application, (ii) computationally design a framework with the desired proper-
ties, (iii) predict a synthetic route using data mining and machine learning methods,
(iv) synthesise the material via high-throughput, combinatorial experiments (v) solve
the structure from diffraction data and, finally, (vi) show that the zeolite material is
suitable for the target application (i).

Advancements towards generating hypothetical structures with specific features
have been highlighted above. A lot of the difficulty remains in their syntheses. This
is due to the interconnection of several variables that influence the nucleation and
crystallisation process, the detailed mechanisms of which are still unknown.

Zeolite syntheses are normally carried out in batch systems using conventional
hydrothermal methods, typically at temperatures between 100-200◦C and autogen-
ous pressures. The batch preparation involves mixing a source of framework atoms,
traditionally silica and alumina, and a cation source in water to give a gel or suspen-
sion. The cation source is usually an alkali or alkaline earth metal in the form of
hydroxides, such as NaOH or KOH, to form highly alkaline conditions, pH >11. An
organic cation, most commonly in the form of a quaternary ammonium compound, is
generally required to provide either a structure directing, space-filling or templating
role. [126–128] These OSDAs can not only dictate the structure, but can alter the
morphology and chemical composition of the resulting zeolite. The reaction com-
position is given in terms of molar ratios of the oxide components

xM2O : ySiO2 : Al2O3 : zR2O : nH2O

where M+ is an inorganic cation and R+ is an organic cation. The precursor mixture
is aged for a length of time and then heated in a sealed autoclave until the crystalline
material is formed.

There are many reaction variables that dictate the pathway and kinetics, includ-
ing the nature of source materials, ageing, temperature, time, pH and organic and
inorganic cations. The variation of any one of these parameters can have an ef-
fect on several others, and this differs for each particular system. Conditions must
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be carefully controlled to ensure purity and minimise the production of competing
phases or amorphous material. Time and temperature are crucial parameters due
to the metastable nature of zeolites with respect to dense aluminosilicates. Kin-
etic control is a pervading factor throughout their syntheses. At high temperatures,
they tend to successively collapse into more thermodynamically stable phases over
time. A change in temperature may also affect the resulting morphology, as can
the OH/SiO2 ratio. The choice of source materials and the order of mixing are also
known to affect the zeolite phases, particle sizes and morphologies produced.

Much research is dedicated to zeolite syntheses and, although the specificmech-
anisms of nucleation are not clearly understood, a great deal of information has been
established.

Crystallisation is assumed to take place in two steps, via nucleation and growth,
involving solid and solution phases. There are two proposedmechanisms, (i) solution-
mediated and (ii) solid-phase reorganisation.

In the solution phase process, nuclei are generated in the liquid phase or at the
solid-liquid interface. The amorphous solid phase is said to act as a nutrient reservoir
from which a wide variety of precursor species can be generated. OH− ions promote
the dissolution of silica and alumina precursors. Upon heating, the mixture under-
goes changes due to equilibrium polymerisation/condensation reactions that occur.
NMR studies have confirmed the presence of monomers, dimers and =-membered
rings in the synthesis mixtures. The high stability of ring clusters has been confirmed
by DFT calculations. [129, 130] The size of these particles are determined by the
synthesis parameters, such as temperature, concentration of organic and inorganic
cations and pH. These soluble species diffuse to the site of nucleation where they
rearrange to form aluminosilicate crystals. The presence of hydrated alkali metal
cations or organic molecules in the reaction mixture also provide templating sites
for precursor particles to arrange themselves around. Upon addition of more and
more reactant material onto the surface of the critical nucleus, growth can occur
irreversibly until dissolution of the amorphous phase is complete.

In the solid-phase process, nucleation occurs inside the gel and crystals are
formed by a solid to solid reorganisation. [128].
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1.4.2 New Materials

Figure 1-5: New zeolite materials synthesised between 2017-2021, along with the date
approved, OSDA and method used. Framework types marked with an asterisk (*) were
predicted in the Atlas of Prospective Zeolites prior to their synthesis.

For zeolite syntheses, which depend on the synergistic effects of multiple variables,
selecting the right conditions to form a new crystal structure with desired physico-
chemical properties is extremely challenging. The discovery of newmaterials still re-
lies primarily on exploration of the parameter space, some scientific intuition and trial-
and-error experimentation, with minimal control over the resulting structures. Nev-
ertheless, the designed synthesis of zeolites has achieved some notable success
in recent years, particularly through the a-priori design of organic structure directing
agents (OSDAs), heteroatom substitutions and topotactic transformations. [131,132]

19 of the 69 new, IZA frameworks approved since 2007 (excluding interrupted
and disordered frameworks) have been predicted beforehand in Treacy’s database.
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These include the 18R extra-large pore ITQ-33 (ITT) and ITQ-44 (IRR) germano-
silicates, 189_5_13041473 and 189_5_7987379, and the Oxonitridophosphate-2
(NPT), 200_2_571. [133–135] This number is likely to have been higher had hy-
pothetical structures with > six unique T-atoms been generated. In fact, all seven of
the new frameworks with < six T-atoms, AlPO-91 (ANO), PST-33 (PTT), ECNU-21
(EWO), AlPO-78 (AVE), PST-29 (PWN) and STA-20 (SWY), synthesised in the last 4
years have been predicted in this database, 194_4_47060, 164_2_612, 65_4_663653,
166_4_600690, 229_3_4866 and 194_3_1140, respectively. [136–141]

Figure 1-5 shows materials synthesised within the last 5 years (2017-2021),
along with the OSDAs and methods used. ANO, AVE, PTT and SWY belong to
the ABC-6 family of zeolites, whose cage-based frameworks are built from layers
of 6-ring units in different stacking sequences. To date, over 150 types of ABC-6
zeolites, with 26 distinct framework topologies, have been discovered, among which
cancrinite (CAN), sodalite (SOD) and chabazite (CHA) are the best-known repres-
entatives. Due to their small pore windows and large internal cages, ABC-6 zeolites
are widely used in the MTO process and NH3-SCR of NO emissions. [66]

New ABC-6 type materials continue to be discovered, both as aluminosilicates
and aluminophosphates, due to the use of organic structure directing agents (OS-
DAs) that can template specific cages. Two of these new frameworks have recently
been synthesised as aluminophosphate materials, AlPO-78 (AVE) and AlPO-91
(ANO) using 5�5-azaspiro[4.5]decane as an organic template (Figure 1-5). This
OSDA is inexpensive and can be prepared via a simple one step route where pre-
cursors are mixed in water and no isolation steps are necessary. In the synthesis
of AlPO-78, a dual-templating strategy was adopted, using tetramethylammonium
(TMA+) cations as an additional template. AlPO-78 has a 24-layer stacking se-
quence, ABCBBABCCABAACABBCACCBCA, which is the longest of all existing
zeolites. [139]) AlPO-91 has a 16-layer stacking sequence, AABACCABAACABBAC,
and is the first framework in this family to contain five distinct cages. [136] Both of
these materials show promise for atmospheric water harvesting and the selective
uptake of olefins.

Using a very similar OSDA, 5-azonia-spiro[4.4]nonane, Lee et al were able to
synthesis the new aluminosilicate PST-33 (PTT), with a 4-layer stacking sequence,
AABC, and comparable CO2 adsorption properties to Na-Chabazite. A FAU-type
zeolite with Si/Al of 2.6 is required as the main Al and Si sources, and a specific K/Na
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concentration is critical to obtain pure PST-33. Other source materials and inorganic
cations lead to the formation of different phases. This highlights the importance of
co-operative structure direction among multiple cations.

Shin et al have focused on combining the structure-directing abilities of multiple
inorganic cations (ISDAs), such as alkali and/or alkaline earth metals, in the search
for new, industrially relevant zeolites. In doing so they have been able to prepare
PST-29 (PWN), using both Na and K in the presence of Me2DABCO as an OSDA.
They found that the Na/K ratio in the synthesis mixture is a critical factor governing
the crystallization of PST-29. If only one cation is used, either amorphous material or
another zeolite phase is produced. With the same approaches they have been able
to synthesise the RHO family of embedded isoreticular zeolites (PST-20 (RHO-G5),
PST-25 (RHO-G6), PST-26 (RHO-G7), and PST-28 (RHO-G8)). [140]

Using the multiple inorganic cation approach, Lee et al have also synthesised
existing RHO, KFI and OFF-type zeolites. A combination of tetraethylammonium
cations (TEA+) and the inorganic cations Na+, K+, Li+, Rb+ and Cs+ were included
in the reaction mixtures. [142] This method has also been used to speed up the
crystallisation time of chabazite. A pure phase was synthesised within hours using
both K+ with Sr2+ ions in the reaction mixture, without the need for either organic
templates or crystal seeds. [143] A new, small-pore aluminosilicate zeolite, EMM-
37 (ETV), with a 3D channel system, has also recently been synthesized using
1,1,1,1’-tetramethyl,3,3’-bipyrrolidine-1,1’-dium as a structure directing agent (SDA)
and metakaolin as the aluminium source. [144]

1.4.3 Molecular Modelling

Computational methods, includingmolecular dynamics simulations, electronic struc-
ture calculations and Monte Carlo techniques, have become invaluable tools that are
used to understand molecular interactions that take place during zeolite crystallisa-
tion, particularly the thermodynamic and kinetic effects of OSDA molecules on the
stabilisation of a zeolite structure. [145, 146] OSDAs can be screened within target
frameworks to find the optimum fit and most stable locations. OSDA-OSDA and
OSDA-zeolite Van der Waals interaction energies can be calculated to determine
the most energetically favourable candidates.

The early work by Lewis et al involved growing candidate OSDAs inside zeolite
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frameworks. Using their code, ZEBEDDE, they were able to predict templates for
the CHA framework. [147] The majority of designed OSDAs, however, are not com-
mercially available and their syntheses require long and complex pathways. Deem
et al have attempted to overcome this problem by creating a library of widely avail-
able reagents that can be used to create OSDAs through relatively simple chem-
ical reactions. Their simulations provide a synthetic pathway to each pre-designed
OSDA. [148] Using this method of de-novo design, combined with experimental stud-
ies, Davis et al reported a computationally guided synthesis of SSZ-52 (SFW). Pre-
dicted OSDAs were ranked based on rigidity, volume and stability under the syn-
thesis conditions. As a result, they were able to propose new synthetic routes to
obtain SSZ-52 using inexpensive OSDAs as alternatives to the ones currently in
use. [149,150]

Figure 1-6: Recently synthesised framework types. PTY, PWW built from bre units (blue)
and the interrupted framework -ITV which has the largest 30R pore opening observed
amongst existing zeolites.

Hong et al have shown the importance of combining existing synthesis know-
ledge with computer-aided design of OSDAs to target new zeolite structures. They
have generated a library of diazolium-basedmono- and di- cations which are screened
to calculate their stabilisation energies in the target frameworks. Syntheses are then
carried out using the excess-fluoride approach, where the F− concentration in batch
mixtures is higher than that of the OSDA, in an attempt to alter the phase selectiv-
ity of crystallisation. In doing so, they have been able to generate a number of
new zeolite structures EU-12 (ETL), PST-21 (PWO), PST-22 (PWW), PST-30 (PTY),
PST-31 (PTO) and PST-33 (PTT). [137,151–155]
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PST-31, (PTO) is a new, high-silica (Si/Al=16) zeolite that shows selectivity for
the cracking of =-hexane to light olefins. It has been synthesised using an OSDA
that consists of two pyrazolium moieties with a tetramethylene linker, together with
Na+ or K+ cations. The framework structure of PTO is unusual as it contains rings
that are all made from an odd number of atoms (from five to eleven), and 2D inter-
secting channels delimited by 9- 10- and 11Rs. STT is the only other framework
type to contain both 7R and 9R channels. Furthermore, the inversion symmetry of
the OSDA molecule is transferred to the PST-31 zeolite which indicates a true tem-
plating effect. This has so far only been observed to occur in ZSM-18 (MEI), where
the OSDA and zeolite cavity share the same 3-fold rotational symmetry. [156,157]

Based on structural relationships between existing PST-21 and PST-22 frame-
works, Hong et al also generated ten new and chemically feasible hypothetical struc-
tures from arrangements of the same bre ([42.54]) units (Figure 1-6). From their pre-
vious success in the syntheses of PST-21 and PST-22, they selected similar organic
compounds with potential to target these new frameworks. From energy-stabilisation
calculations they were able to rationally identify a suitable template for PST-30, which
is now approved by IZA-SC as framework type PTY. PST-30 is the first case to date
where the targeted synthesis of a particular hypothetical zeolite structure has been
successfully achieved by computationally searching for an appropriate OSDA. With
further experimental studies, both PWN and PTY have since been made in fluoride-
free routes.

Many of the ABC-6 structures that were first discovered as AlPOs or SAPOs have
since been realised as aluminosilicates. Xie was able to synthesise three zeolite
materials in aluminosilicate compositions, SSZ-105 (ERI/LEV intergrowth), SSZ-98
(high silica ERI), and SSZ-112 (AFT), by combining molecular modelling and trail
and error experimentation. [158] From energy minimisation calculations, candidate
OSDAs were ranked based on their interaction energies and optimal loadings. Us-
ing de-aluminated zeolite Y (FAU) as the source material, the phase selectivity could
be enhanced to produce the target frameworks. Xie also reported the synthesis of
gmelinite (GME) in OSDA-free media by the hydrothermal conversion of a FAU-type
zeolite. These inter-zeolite transformations, using FAU as a reagent, are commonly
employed in the syntheses of CHA, AFI and LEV-type zeolites. It is thought that
the presence of FAU-type zeolites increase the crystallisation rate as the framework
decomposes into small aluminosilicate fragments that can easily reassemble into
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a new framework. [159, 160] A study by Corma et al showed the possibility of us-
ing FAU-type zeolites to facilitate conversion into other d6r-containing frameworks.
They suggest that the FAU framework supplies d6r subunits which can readily re-
assemble in the synthesis mixture. Using FAU zeolites as a source reagent, Corma
et al were able to control the kinetics of formation of chabazite over zeolite beta in
the presence of TEA cations. [161]

This theory opens up an alternative route in the rational design of new zeolites. It
may be possible to control the types of subunits present in solution by using existing
materials as a source of common building units.

STA-20 (SWY), is another new material that has been prepared via a dual tem-
plating method. Through molecular modelling studies it was found that swy cav-
ities could be targetted by tuning the chain lengths of quaternary ammonium oli-
gomers of bisdiazabicyclooctane (DABCO) cations. Trimethylammonium cations
were also found to have the most favourable interactions to target gme cavities.
Using both hexamethylene bisdiazabicyclooctane (diDABCO-C6) and trimethylam-
ine as co-templates, STA-20 was formed. The framework structure was also solved
by scanning transmission electron microscopy and Rietveld refinement using a hy-
pothetical structure predicted in Treacy’s database, 194_3_1140. [141] This zeolite
has since been prepared as an aluminosilicate, STA-30, by tuning synthesis para-
meters with 1,8-(1,4-diazabicyclo[2.2.2]octane)octyl (diDABCO-C8) and K+ cations.
Via the same computational and experimental methods, Turrina et al have been able
to synthesise other ABC-6 zeolite frameworks, AFX (SAPO-56), SFW (STA-18), and
GME (STA-19). [162]

Hong et al were also able to prepare an aluminosilicate with the IWR topology via
computational assessment of candidate pyrrolidine-based OSDAs. This zeolite was
previously prepared only in germanosilicate, borosilicate or pure silica compositions.
[163]

The use of computational stimulations alongside combinatorial and high-throughput
(HT) synthesis techniques offers great opportunities in advancing toward the rational
design and synthesis of new structures. [164] The silicogermanate ITQ-33 (ITT),
an extra-large pore zeolite with a framework structure containing 3 and 4Rs, was
discovered using an automated, high-throughput system to screen gels with hexa-
methonium cations in fluoride and hydroxide media. 192 experiments were carried
out in parallel, allowing the effects of multiple parameters to be evaluated as effi-
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ciently as possible. This zeolite shows high selectivity in the alkylation of benzene
with propylene due to its interconnecting 10 and 18R, 3D channel system. [133]
Similarly, Ge-free ITQ-24 (IWR) has been obtained as a pure silica zeolite with the
use of data mining, pre-designed OSDAs and high throughput experimentation. An-
other large pore zeolite, ITQ-21 was formed during 144 experiments using N-methyl-
sparteinium as an OSDA. [165]

In the past decade, machine learning (ML) methods have rapidly evolved to ad-
dress some of the complex problems associated with the designed synthesis of new
zeolite structures. [166] Unlike other computational methods, ML algorithms have
the ability to learn from existing data and predict outcomes under unexplored con-
ditions. For example, Jensen et al have used automatic data extraction to collate
zeolite synthesis recipes from over 70,000 papers to train machine learning mod-
els to reveal synthesis-structure trends and predict alternative organic molecules for
cage based zeolites. [167] Yu and co-workers have used a decision tree method io
investigate relationships between structural and synthetic parameters. They have
made a database, ZEOBANK, that contains synthesis conditions for known and hy-
pothetical structures. [168]

1.4.4 Topotactic Transformations

A number of zeolite structures can be visualized as 2D layers that are connected
to form 3D frameworks. Topotactic transformations involve obtaining high silica
zeolites from layered starting materials in a dehydration-condensation process. The
Assembly–Disassembly–Organisation–Reassembly (ADOR) mechanism has been
successful in the synthesis of a number of zeolites. This involves the selective and
controlled disassembly of a parent zeolite into layered building units. These are then
re-organised into a suitable orientation before being reassembled into a new zeolite
structure. [169,170]

Roth et al applied the ADOR mechanism to a parent UTL zeolite to form new
frameworks with the name IPCn, where n is 2, 4, 6, 7, 9 and 10. [171] UTL germano-
silicate frameworks are comprised of silica rich layers linked by germanium-rich d4r
units. These inter-layer Ge-O bonds are selectively hydrolysed upon treatment with
0.1 MHCl acid and the framework is unzipped. The constituent layers are unaffected
by this acid treatment and are shown to preserve the original UTL framework con-
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nectivity. The addition of specifically chosen organic linkers can re-organise these
layers in such a way as to promote new zeolite framework structures with controlled
pore sizes. For example, the use of octylamine as a linker forms IPC4 (PCR) whilst
Si(CH3)2(OCH2CH3)2 forms IPC2 (OKO). Calcination at 540◦C removes the organ-
ics and causes an irreversible condensation of silanol groups. The layers are re-
assembled into these new structures which are closely related to the parent UTL
zeolite, but with different pore architectures. In IPC-4 (PCR) the layers are linked by
oxygen atoms to form orthogonal 10 and 8R channels. In IPC2 (OKO) the layers
are linked by single 4R units to form a 12R by 10R channel system.

The ADOR process has also led to the synthesis of frameworks with high lattice
energies that were previously considered unfeasible. IPC9 and IPC10 can be syn-
thesised from a parent UTL zeolite using choline as a linker in the re-organisation
step. In contrast to traditional, reversible hydrothermal methods, the presence of an
irreversible condensation step during re-assembly allows these higher energy struc-
tures to be realised. The ADOR mechanism opens up an alternative synthetic path-
way to target new zeolite structures. The recently synthesised ECNU-21 (EWO) has
been prepared from parent germanosilicate CIT-13 using this method. [138] Zeolites
MWW, CDO, NSI, SOD, FER, CAS, AFO, AFT, RRO and RWR have also been ob-
tained. [169]

1.4.5 Charge Density Mismatch

The Charge Density Mismatch (CDM) approach relies on the co-operation of OSDAs
with high and low charge densities. [172] In this method, a relatively large OSDAwith
a low charge density, such as TEA+ or TPA+, is added to a synthesis mixture with
a low Si/Al ratio. This creates a charge imbalance. The large OSDAs cannot com-
pensate for the excess negative charges and this hinders crystallisation of low-silica
zeolites. For crystallisation to occur, it is necessary to add stoichiometric amounts
of a smaller cations with high charge densities, such an Na+, to compensate the
charge. UZM-9 (LTA) and UZM-5 (UFI) are two zeolites synthesized by the CDM ap-
proach. They crystallise from the same aluminosilicate gels containing TEA+ TMA+

and Na+ ions. Whilst only one new framework, UFI, has been discovered using this
method, several new compositions of existing frameworks have been found.
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1.4.6 "Green" Synthesis

Although zeolites are used in many sustainable processes, their syntheses, partic-
ularly on a larger-scale, are not energy-efficient. [173] Better methods of producing
zeolites are continually being explored, such as OSDA-free, ionothermal, solvent-
free, and microwave synthesis. [174] The production of zeolites from fly ash, a main
by-product generated from coal combustion, has been also commercialised in sev-
eral countries. [175]

1.4.7 Heteroatom Substitution

Many new zeolites have been synthesised through substitution of framework silicon
and aluminium atoms for other elements such as Be, Ge, P, Mg, Ga, Zn and Co.
Aluminophosphate (AlPOs) zeolites have neutral frameworks consisting of strictly
alternating [AlO4]− and [PO4]+ tetrahedra. In accordance with Loewenstein’s rule,
no Al-O-Al linkages can exist and AlPO frameworks have no odd-membered rings.
The IZA database now contains 49 AlPO-based framework types.

The incorporation of germanium into a zeolite framework offers a route to gen-
erate new structures with much larger pores that can accommodate diffusion of big-
ger molecules. Thermally stable, low-density zeolites that contain large pores and
channels have the potential to be high performance catalytic materials. Brunner and
Meier have shown that there is a trend between the ring size in pure silica zeolites
and the framework density (��). Zeolites with the lowest ��s and the largest pores
also contain the maximum number of small, 3 and 4Rs. However, in SiO2 compos-
itions, this introduces severe strain in the framework as small ∠T-O-T are required.
Heteroatoms such as Ge, Be and Zn, allow more variation of 3)−$ and ∠T-O-T
which can stabilise the formation of 3 and 4R building units. [131,176] For example,
lovdarite and nabesite are natural zeolites that have 3Rs in their structures and they
both contain beryllium atoms. From this observation, a series of synthetic framework
beryllosilicates have been hydrothermally synthesised. LSJ-10 (JOZ) has been syn-
thesised using Be(OH)2, K+ and TEA+ cations. The JOZ framework contains spiro
5R units with a central BeO4 tetrahedron. The short and strong Be-O bonds impart
greater thermal stability. [41]

Corma et al have shown that germanium can stabilize the formation of d4r units.
A number of large-pore and low density germanosilicates, ITQ-n, have been syn-
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thesised using carefully designedOSDAs, such as quaternary ammonium and phos-
phonium cations in both hydroxide and fluoride media. ITQ-40 (-IRY) is an extra-
large pore germanosilicate zeolite that is synthesised using Ge and NH4F with di-
ethyldiphenylphosphonium as an OSDA. The -IRY framework contains both d4r and
d3r units which stabilise the large 16R by 16R by 15R pores. As a result it has the
lowest �� observed amongst silica zeolites, of 10.1 T/1000 Å3. [39] ITQ-37 (-ITV)
is a mesoporous, chiral germanosilicate zeolite with the largest channel opening
amongst existing zeolites (30R) and a �� of 10.3 T/1000 Å3, shown in Figure 1-6.
It can be synthesised using a large, diquaternary ammonium OSDA (C22N2H40)2+

containing four chiral centres. [177]
In light of these findings, many extra-large pore, low density, hypothetical zeolites

that are deemed thermodynamically accessible may be realised as germanosilic-
ates. The drawback of using germanium, however, is that the tetrahedral Ge-O
bonds hydrolyse easily in air. Germanosilicates tend to have low hydrothermal sta-
bility and require the presence of large OSDAs for stabilisation. Germanium is also
significantly more expensive than silica or alumina. Many attempts have been made
to decrease the amount of Ge in the framework through post-synthetic treatments,
but other methods, such as the ADOR process, have used this weakness to their
advantage.

Corma et al have also introduced new concepts for the preparation of OSDAs
using phosphorous containing cations, self-assembling aromatic molecules and OS-
DAs that mimic the transition state of the reaction to be catalysed. ITQ-51, an extra-
large pore zeolite with 16Rs, was synthesised using bulky proton sponges. This
framework was also predicted in Deem’s database. [178]

1.4.8 High Pressure

The structural response of zeolite frameworks to non-ambient conditions is important
for their practical applications. High-pressure structure refinements have confirmed
that, up to at least 3-5 GPa, framework tetrahedra behave as “rigid-units." Zeolites
accommodate moderate pressures by firstly tilting tetrahedra around bridging oxy-
gen atoms that act as flexible hinges. T-O bond lengths are preserved, but changes
to the inter-tetrahedral ∠T-O-T angles occur freely. At higher pressures, distortion
of tetrahedra eventually becomes inevitable and contraction of T-O bond distances
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occur. [113]

3.2GPa

ITQ-29 (LTA) ITQ-50 (IFY)

Figure 1-7: ITQ-29 (LTA) to ITQ-50 (IFY) phase transition under high-pressure conditions.

In 2013, Corma et al reported the formation of the first new zeolite phase, ITQ-50
(IFY), from a non-reversible, pressure-induced phase transition of pure-silica ITQ-
29 (LTA). [179] Using high-pressure x-ray and neutron diffraction methods, they ob-
served that ITQ-29 undergoes two transformations under pressure. The first, at 1.2
GPa, is fully reversible and the second, at 3.2 GPa, forms a new crystalline phase,
shown in Figure 1-7. The structure was recovered upon pressure release and solved
from PXRD, indicating a cubic to tetragonal phase transition. Under pressure, Si-O
bonds in ITQ-29 are broken and re-formed into ITQ-50. lta cages are converted into
ify cages and d4r units are converted into sti units, whilst the sod cages remain
intact throughout. The ITQ-50 material is shown to have enhanced performance for
propene/propane separation.

From this study, it is evident that constructive phase transitions, with a change
in topology, can occur in zeolites. This opens up high-pressure as an unexplored
route for the discovery of new materials with different properties.
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1.4.9 General Observations

From many systematic studies over the years, some general observations regarding
choice of synthesis conditions can be made.

• High temperatures and high pH tend to give denser materials.

• High water content in OH− media leads to higher porosity.

• Inorganic cations can direct the formation of specific secondary building units
(SBU). Na+ cations promote structures with d6r units or gme cages, whereas
K+ and Rb+ cations promote can cages.

• The majority of zeolite syntheses are carried out in gel compositions where
M/(Si+Al) < 3 and Si/(Si/Al) > 5, where M=cation.

• A high concentration of inorganic cations tends to decrease the Si/Al ratio
of the resulting framework, whereas larger organic cations increase the Si/Al
ratio.

• For quaternary ammonium cations, a C/N+ ratio between 11 and 16 works
well for preparing high silica zeolites. The size, shape, charge, rigidity and
hydrophobicity of organic cations can be tuned to template certain cavities of
the zeolite framework.

• Low OH−/Si and high Si/Al ratios favour products rich in 5Rs.

• Replacement of OH− by F− allows syntheses to be carried out under neutral
or acidic conditions. This is particularly useful when the OSDA is not stable at
a high pH.

• Less dense materials can be formed at low water concentrations in F− media.

• Heteroatoms promote the formation of smaller ring units in the framework,
which in turn lead to zeolites with larger pores. F− and Ge favour frameworks
with d4r units, whilst B, Ga, Be and Zn have a tendency to form frameworks
with 3Rs.
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1.5 Project Aims

The different methods referred to in Chapter 1 highlight some of the recent achieve-
ments made in generating hypothetical structures and in the synthesis of new zeolite
materials. With continued motivation and research, the methods used to synthesise
zeolites have greatly improved. Several new strategies have already emerged, most
notably the use of heteroatoms, F− media, novel organic templates, topotactic and
interzeolite transformations, the multiple inorganic cation approach and the charge
density mismatch (CDM) method. This has led to the formation of new frameworks
with some interesting features, such as hierarchical pores, odd-rings (11R and 15R)
(-IRY), chirality (-ITV), low ��s (RWY) and > 36 unique T-atoms (PSI).

Now, more than ever, there is a great demand for new zeolite materials that
can meet current standards in the shift toward more sustainable and energy effi-
cient technologies. However, the rational design and synthesis of a target frame-
work remains one of the most challenging issues in the field of zeolite research.
There are millions of hypothetical structures awaiting discovery, yet only a handful
of new framework types are approved by the IZA-SC each year. Many of these
"new" framework types also include previously synthesised materials whose struc-
tures have since been solved due to improved diffraction methods, Figure 1-8.

Establishing simplemodels and descriptors that can readily distinguish real zeolites
from purely hypothetical ones is an important step towards narrowing the search for
new structures. This research aims to address some of the challenges faced in the
prediction and synthesis of new zeolite framework types.

1.5.1 Hypotheses

1. The Flexibility Window (FW ) is an essential parameter when evaluating the feas-
ibility of hypothetical zeolite structures.
2. Hypothetical frameworks that have similar geometric characteristics to existing
zeolites are more likely to be synthesised under similar reaction conditions
3. Hypothetical structures can be targetted by using OSDA molecules of suitable
geometric shapes and sizes to fill framework cavities.
4. The FW can provide insight into high-pressure behaviour
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1.5.2 Objectives

(i) Use the FW criterion to screen a hypothetical database, remove unfeasible struc-
tures and select new, industrially relevant frameworks to target
(ii) Explore flexibility-structure-property relationships amongst existing and feasible
hypothetical structures
(iii) Explore different hydrothermal reaction conditions using a pre-selected template
to target new structures
(iv) Use high-pressures as a route to target new structures

Figure 1-8: Number of new framework types approved each year by the IZA-SC
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Experimental Methods
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2. EXPERIMENTAL METHODS

2.1 Synthesis

2.1.1 Synthesis of Organic Template

The divalent N,N‚-dimethyl-1,4-diazabicyclo[2.2.2] octane (Me2DABCO) cation was
prepared following the method described by Higgins and Schmitt. [180] The reaction
scheme is given in Figure 2-1.

Figure 2-1: Synthesis of Me2DABCO dihydroxide

8.0533 g (71.8 mmol) 1,4-diazabicyclo[2.2.2] octane (DABCO 98%, Aldrich) was
refluxed in 300 ml (5137.8 mmol) CH3OH and 35ml (1943.4 mmol) H2O at 90◦C. 9
ml (144.6 mmol) methyl iodide (99%, Aldrich) was added drop wise over 10 minutes.
The solution was refluxed for a further 2 hours and left to crystallise slowly overnight.
Crystals were separated by filtration, washed with 30 ml of cold CH3OH and dried
under high vacuum to yield 22.4955 g of Me2DABCO di-iodide (Diquat) (79%). The
product was converted to the di-hydroxide form by anion exchange in aqueous solu-
tion using 180 ml of Aberlyst A-26 hydroxide exchange resin. The diquat was dis-
solved in 180 ml of H2O and added to the top of the column. The suspension was
allowed to sit undisturbed overnight and then eluted slowly over 2 hours. A fur-
ther 150 ml of H2O was passed through the column and the resulting solution was
concentrated by evaporation at 50◦C and 60 mbar. Approximately 30 ml of a pale
yellow solution was collected and made up to 100 ml in H2O. The concentration was
determined to be 9 wt% Me2DABCO2+ (1.124 N solution) by titration with 0.08 M
potassium acid phthalate (KHP), using phenolphthalein as an indicator. The yield
was 98.9%.
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NMR spectra for the organic template are given in the Appendix, Figures 8-18 and
8-19

2.1.2 Zeolite Syntheses

All zeolite materials were prepared in FEP bottles or stainless steel autoclaves with
Teflon liners.

Synthesis of Linde Type L (K-L) with rod-shaped morphology

The reference sample, KL, was synthesised following a verified method by J. P.
Verduijn. [181] An aqueous magnesium nitrate solution was made by dissolving 1.3
g Mg(NO3)26H2O in 500 g H2O. 1.6 g Al(OH)3 (Acros, ≥ 63.5% Al2O3) was added to
a solution of 3.0 g KOH (≥ 85% pellets, Sigma) in 5.0 g H2O. The solution was stirred,
heated to boiling until clear, cooled to room temperature and the water loss due to
evaporation was corrected. 15 g of SiO2 (Ludox HS-40, Sigma) was added to 10 g
H2O and 1.5 g magnesium nitrate solution and stirred at 350 rpm for 3 minutes until
homogeneous. The aluminate solution was added slowly to the silica solution whilst
stirring, along with 2.7 g of H2O. This was left to stir at 350 rpm for approximately 3
minutes until the gel thickened. The batch composition of the final synthesis mixture
was 2.3 K2O : 10 SiO2 : Al2O3 : 160 H2O : trace MgO. The gel was transferred to
a Teflon lined, stainless steel autoclave and placed in a pre-heated oven at 175◦C
for 48 hours under static conditions. The solid product was then cooled to room
temperature (1 hour), recovered by filtration, washed repeatedly with H2O until the
pH of the filtrate was 10, and dried overnight in an oven at 100◦C.

Synthesis of KL-D with clam-shaped morphology

KL-D samples were synthesised using the divalent Me2DABCO2+ cation. 0.166 g
Al(OH)3 (Acros, ≥ 63.5% Al2O3) was added to a solution of 0.744 g KOH (≥ 85
wt%, Sigma Aldrich) in 6.313 g H2O and stirred at 350 rpm at 80◦C until the solution
was clear. 0.946 g Cab-O-Sil (fumed silica, Sigma Aldrich) was then added slowly to
form a thick gel, followed by 1.807 g of Me2DABCOdihydroxide (9 wt%, 1.124N). The
batch composition of the final synthesis mixture was 5.3 K2O : 15 SiO2 : Al2O3 : 430
H2O : 0.87 RO. The gel was transferred to a Teflon lined, stainless steel autoclave
and placed in a pre-heated oven at 140◦C for 7 days. The solid product was cooled,
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recovered by filtration, washed repeatedly with H2O and then dried overnight in an
oven at 100◦C.

For synthesis of KL-S, 10wt% of KL seeds were added to the final batch mixture
prior to crystallisation in place of the organic cations.

Synthesis of KL-T with clam-shaped morphology

KL-T samples were synthesised using the monovalent TEA+ cation. 0.107 g Al
powder (Acros) was added to a solution of 0.394 g KOH (≥ 85 wt%, Sigma Ald-
rich) in 3.680 g H2O and stirred at 350 rpm for at 100◦C until the solution was clear.
1.809 g Cab-O-Sil (fumed silica, Sigma Aldrich) was added to a second solution of
0.8 g KOH (≥ 85 wt%, Sigma Aldrich) in 11.532 g H2O and stirred at until homogen-
eous. 0.727g TEAOH (35 wt%, Sigma Aldrich) was dissolved in 1.619 g H2O and
added to the aluminate solution before finally mixing with the silica solution. The
batch composition of the final synthesis mixture was 4.5 K2O : 15 SiO2 : Al2O3 : 495
H2O : 0.44 R2O. The gel was transferred to a Teflon lined, stainless steel autoclave
and placed in a pre-heated oven at 100◦C for 12 days. The solid product was cooled,
recovered by filtration, washed repeatedly with H2O, and then dried overnight in an
oven at 100◦C.

Synthesis of K-ZSM-10 (MOZ)

Aluminosilicate zeolite ZSM-10 was synthesised following a similar method to that
reported by Ciric and Higgins and Schmitt. [180,182] 0.108 g Al powder (Sigma Ald-
rich) was added slowly to a solution of 0.430 g KOH (85 wt%, Sigma Aldrich) in 3.278
g H2O (deionised) and stirred at 350 rpm for 30 minutes in a fume hood. 1.924 g
Cab-O-Sil (Sigma Aldrich) was added to a solution of 0.838 g KOH (85 wt%, Sigma
Aldrich) in 9.692 g H2O and stirred at 350 rpm for 30 minutes in a sealed FEP bottle.
3.488g of [Me2DABCO](OH)2 (9 wt%, 1.124N) and 1.440 g H2O were added to the
alumina solution and stirred until homogeneous. The SDA-alumina solution was ad-
ded slowly to the silica solution whilst stirring at 350 rpm. The resulting mixture was
left to stir in the sealed FEP bottle in a fume hood for 2 days at room temperature.
The approximate batch composition of the final synthesis mixture is 4.8 K2O : 16
SiO2 : A;2O3: 516 H2O : 0.89 RO (where R = [Me2DABCO]2+). After ageing, the
gel was transferred to a pre-heated oven at 100◦C for 11 days under static condi-
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tions. After 11 days, the solid product was cooled, recovered by filtration, washed
repeatedly with deionised water, and then dried overnight in an oven at 100◦C. The
resulting powder was a pale brown colour. Preferably, the alumina source is alu-
minium powder which gives consistent results producing ZSM-10. However, it can
be made using Al(OH)3 but the crystallinity is generally lower.

2.1.3 Dehydration and Calcination

All zeolites were calcined in air at 550◦C for 3-5 hours and dehydrated for a total of
22 hours, dwelling at the maximum temperature of 200◦C for 10 hours, with a ramp
rate of 1◦C/min.

2.2 Characterisation

2.2.1 Powder X-ray Diffraction (PXRD)

The structures, phase purity and crystallinity of all as-synthesised, calcined and de-
hydrated samples were analysed by PXRD. For phase-identification, as-synthesised
zeolite powders were lightly ground using a pestle and mortar. PXRD data were col-
lected at ambient pressure on a STOE STADI P powder diffractometer using Cu K1
(1.54060 Å) radiation in transmission geometry, with a curved Ge (111) monochro-
mator and a multi-MYHTEN detector. Data were collected for 10 minutes over a 2�
scan range from 2.00◦ to 75.365◦ with a step size of 0.015◦. For structural analysis
and refinements, as-synthesised (filled) and calcined (empty) samples were packed
into 0.5-mm-diameter glass capillaries. PXRD data were collected on the same
STOE STADI P powder diffractometer, again using Cu K1 (1.54060 ) radiation in
transmission geometry. The capillaries were rotated rapidly and data were collected
for 60minutes over a 2� scan range from 2.00◦ to 85.985 ◦ with a step size of 0.015◦.

2.2.2 Nuclear Magnetic Resonance (NMR)

Solid-state, Magic Angle Spinning (SS MAS-NMR)29Si NMR spectra were collec-
ted at The Solid-State NMR Facility at The University of St Andrews. Data were
recorded using a Bruker Avance III spectrometer equipped with a 9.4 T wide-bore
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superconducting magnet (Larmor frequency of 79.5 MHz for 29Si). Samples were
packed into standard 4 mm rotors and rotated at the magic angle at a rate of 14 kHz.
The spectra were recorded with signal averaging for between 640 and 760 transi-
ents with a recycle interval of 120 s. Chemical shifts are reported in ppm relative
to tetramethylsilane, using forsterite (Mg2SiO4,�= –62 ppm) as a secondary solid
reference.

2.2.3 Microscopy

Morphology and crystallite sizes were determined from Field Emission Scanning
Electron Microscopy (FESEM). Elemental analysis was determined from Energy
Dispersive X-ray Spectroscopy (EDX). FESEM images were obtained using both
a JEOL FESEM 6301F and JEOL 7900F field-emission scanning electron micro-
scope attached to a 100 mm2 Ultim Extreme EDX. Powder samples were placed
on an aluminium stub using a carbon sticker and coated with 20 nm of gold to re-
duce charging on the zeolite surface. Particle sizes were calculated using the open
source programme Image J.

2.2.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded using a Perkin Elmer FT-IR Spectrometer in the range
4000-600 cm−1.

2.2.5 Time-of-Flight Powder Neutron Diffraction (ToF-PND)

Time-of-flight powder neutron diffraction data were collected under ambient condi-
tions using both the POLARIS and PEARL instruments at the ISIS facility, Rutherford
Appleton Labs, Didcot, UK [183,184]. For ambient pressure measurements, dehyd-
rated zeolite powders were placed in sealed, null-scattering vanadium canisters.
Data from POLARIS were collected across the entire d-spacing range from 0.2 to
20 Å using all five available detector banks.

2.2.6 ToF-PND at High Pressure

High pressure experiments were carried out on the PEARL instrument as ISIS, Fig-
ure 2-2 shows the experimental setup. Dehydrated samples were loaded into a null-
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scattering TiZr gasket with a pellet of lead, Pb, as a pressure marker in a dry, argon
glovebox, Figure 2-2 (a). In the first experiment, Fluorinert was chosen as a non-
penetrating pressure transmitting medium (PTM) and, in the second, a 4:1 mixture of
perdeuterated methanol/ethanol (m.e.) was chosen as a penetrating PTM. Samples
were compressed using the Paris–Edinburgh (PE) cell equipped with single-toroidal,
zirconia-toughened alumina (ZTA) anvils, shown in Figures 2-2 (b and c). The press
is contained within an evacuated sample tank surrounded by transverse detector
banks situated normal to the incident beam, Figure 2-2 (d). Pressure measurements
were collected at applied cell loads from 7 to 50 tonnes in 5 tonne intervals across
a d-spacing range from 0.5 to 4.1 Å. To ensure the centre of the gasket remained at
the calibration position throughout the experiment, the alignment camera and control
mechanism were used, shown in Figure 2-2 (e). Pressures in GPa were obtained
from the equation of state (EoS) for Pb, using the d-spacing (Å) of the (111) or (200)
Bragg reflections in the diffraction pattern. [185] All measured data were reduced
and visualised using the MANTID software package and output in a format suitable
for refinement in GSAS [186,187].

47



2. EXPERIMENTAL METHODS

(a)

(b)

(c) (d)

(e)

Figure 2-2: High pressure experimental setup. (a) Samples are loaded into a gasket situated
at the centre of zirconia-toughened alumina (ZTA) anvils. (b) Samples are compressed using
the Paris-Edinburgh (PE) press. (c) An overhead crane is used to insert the PE press into
a vacuum tank.(d) The vacuum tank lies within a steel frame. (e) An alignment camera and
control mechanism are used to ensure the centre of the gasket remains at the calibration
position throughout the experiment.

Bulk Modulus

The elastic behaviour of the samples was determined by fitting unit-cell paramet-
ers at each pressure point to the P-V isothermal Birch-Murnaghan equation of state
(BM-EoS), equations 2.1 and 2.2. From this, the isothermal bulk modulus (�, GPa)
and its dimensionless pressure derivative (�′) were determined, equations 2.3 and
2.4. [188] This was carried out using the web-based tool PASCal. [189] � is the in-
verse of the volume compressibility, i.e. a large bulk modulus indicates a relatively
incompressible material.

%(+) = 3�
2 (�
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� =
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1
3
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The parameter �′ is usually around 4 and any significant deviation from this can be
an indicator of unusual mechanical behaviour and dynamic instability. Principle axis
compressibilities ( ) were calculated using equation 2.5
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2.3 Characterisation Theory

The characterisation of crystalline zeolite materials typically requires several tech-
niques, of which powder x-ray diffraction (PXRD) and solid state nuclear magnetic
resonance (SS-NMR) are among the most common. Originally, PXRD patterns of
these materials were used as fingerprints, but with improved diffraction techniques
a wealth of information can be derived from these data.

2.3.1 Diffraction

It is the translational symmetry of crystalline materials that gives rise to diffraction.
When a beam of radiation is incident on a crystalline sample, constructive interfer-
ence effects between scattered waves from the periodic array of atoms produce a
diffraction pattern characteristic to the material, equation 2.6. Analysis of this diffrac-
tion pattern allows the crystal structure (atomic locations) to be determined. Gener-
ally, three types of radiation are used in diffraction experiments, x-ray, electron and
neutron, because their wavelengths are comparable to interatomic distances. X-rays
are scattered via their interaction with an atom’s electron cloud, whereas neutrons
are scattered directly by the nuclei of the atoms. The structure factors, �(ℎ:;), are the
fundamental quantities on which the function of electron or neutron density depend,
2.7. The amplitudes, |�(ℎ:;) |, can be measured directly from the observed intensity
of each peak, where � ∝ |�ℎ:; |2. The peak intensities, therefore, give information
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on the electron density (�GHI) (for XRD), or the nuclear density (�GHI), (for ND),
which correspond to the atom positions in the crystal. Both neutrons and x-rays can
be used to provide similar and complimentary information about a material due to
differences in their interactions with matter.

=� = 23ℎ:; sin� (2.6)

Forward Fourier transform in terms of discrete atoms

�(ℎ:;) =
∑
9

594G?(−8�2* 9B8=
2�/�2)4G?[28�(ℎG 9 + :H 9 + ;I 9)] (2.7)

2.3.2 ToF-PND

Neutrons have wavelengths similar to atomic spacings, permitting diffraction meas-
urements to be performed. They interact with the nucleus of an atom rather than the
electron cloud. The interaction is weak, making them a highly penetrating probe and
this enables investigations of bulk properties under non ambient conditions. Collec-
tion times are, however, much longer than in XRD. Conventional diffraction exper-
iments usually use a monochromatic beam of radiation of known wavelength, �.
The scattered radiation is measured as a function of scattering angle, 2�, either by
step scanning a small detector or by using a large position sensitive detector (PSD)
covering a range of scattering angles. In time-of flight neutron diffraction (ToF) the
sample is irradiated with a pulsed, white beam containing neutrons of many differ-
ent wavelengths. This makes use of the fact that neutrons have mass, 1.67G10−27

Kg, and travel at a finite speed directly related to their energy and wavelength. The
relationship is given via the de Broglie equation 2.8, where E = velocity, ℎ = planck’s
constant, 6.626G10−34 m2Kgs−1, < = mass and � = wavelength

� = ℎ/<E (2.8)

By combining Bragg’s Law, equation 2.6, with the de Broglie relationship, equation
2.8, it is possible to calculate the d-spacing using equations 2.9 and 2.10, where
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! is the known path length from source to sample (!1) and from source to detector
(!2) and C is measured in �s. For the PEARL instrument, !1 = 12.8m and !2 = 0.8m

C =
<

ℎ
!B8=�3 (2.9)

C = 505.56!B8=�3 (2.10)

In constant wavelength diffraction, the d-spacing is limited by d<8= = �/2 (assuming
that the detector can be placed at 2� = 180◦). However, pulsed spallation neutron
sources, such as ISIS, produce high energy, short wavelength neutrons allowing
measurements of very small d-spacings (d ∝ �). This gain in d-spacing resolution
is vital for analysis of powder diffraction data where reflections are often overlapped.
It also allows precise determination of structural parameters, especially anisotropic
displacement parameters. With ToF diffraction, it is also possible to collect a com-
plete diffraction pattern in a single detector. This is useful for high-pressure studies
where large sample cells are required and contribute Bragg reflections to the dif-
fraction pattern. Detectors placed at 90◦ can detect a diffraction pattern without
unwanted reflections from the pressure cells.

For zeolites with aluminosilicate compositions, it is not possible to obtain the
Si/Al ordering in the framework from standard PXRD measurements. In neutron
diffraction (ND), the scattering power (cross-section) of an atom is dependent on
properties of the nucleus and is not strongly related to the atomic number. Unlike
XRD, this means that it is easier to detect light atoms, such as Li, in the presence of
heavier ones and the technique is more sensitive to Si and Al ordering in the zeolite
framework. Furthermore, there is no dependence on scattering angles so intensities
do not decrease with increasing �.
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2. EXPERIMENTAL METHODS

2.3.3 Rietveld Refinement

Rietveld refinement is a least squares technique that involves estimating structural
parameters (atomic coordinates, occupancy factors, displacement parameters, etc.)
together with profile parameters (peak shapes) and their uncertainties by fitting an
atomicmodel to data. [190,191] The calculated intensity is compared to the observed
intensity at each 2� and the best fit is determined by changing certain parameters
of the model to minimise the error between the two. The function being minimised
is given by equation 2.11, where H8 are the observed and calculated intensities, and
$8 is the weighted factor, 1/H8, that accounts for experimental uncertainties.

"2 =

=∑
8=1

$8[H8(>1B) − H8(20;2)]2 (2.11)

The process is an iterative one, in which themodel improves during each cycle and is
followed by monitoring a weighted profile factor given in equation 2.12 which should
converge to a low value.

'F?% =

√√√√√ "2

=∑
8=1

$8H2
8(>1B)

G100 ≡

√√√√√√√√√ =∑
8=1

$8(|�> |2 − |�2 |2)

=∑
8=1

$8 |�> |2
G100 (2.12)

The reduced "2
A43

, given in equation 2.13, is equivalent to the variance and depends
on the number of observations (N) and parameters (P). This is why noisy data can
often bemisleading and result in lower 'F? values which should be treated with care.

"2
A43

= (
'F?

'4G?
)2 = "2

# − % (2.13)

where

'4G? =

√√√√ # − %
=∑
8=1

$8H2
8(>1B)

(2.14)

The goodness of fit (GOF) is equivalent to the standard deviation and tends towards
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a value of 1 for the best fit, equation 2.15.

�$� =
'F?

'4G?
(2.15)

If the starting model is close to the correct one, the structure factor phases should
also be close to the true values. Difference Fourier maps, |�> |-|�2 |, can then be gen-
erated to reveal missing or excess atoms and the whole structural model is refined
further. Geometric restraints can also be applied to bond distances and angles to
guide the refinement towards chemically feasible structures.

2.3.4 Peak Functions

Peak functions are used to describe the peak width (FWHM) and peak asymmetry of
diffraction or NMR peaks. These are commonly Gaussian, Lorentzian or a combin-
ation of functions. Equation 2.16 is used to model a Gaussian peak shape, where
�0 = 4 ln 2, FWHM = full width at half maximum, G0 = position of peak maximum,
�<0G = maximum peak intensity or the peak area.

� =
�<0G

�,�"

√
�0
�

exp(−�0(G − G0)2
�,�"2 ) (2.16)

The Lorentzian peak function is given in equation 2.17, where �1 = 4.

� =
�<0G

�,�"

√
�0
�

1
1 + �1

(G−G0)2
�,�"2

(2.17)

For refinements using XRD data, a combination of both peak functions, called a
pseudo-Voigt function, is commonly used as it can be tailored to a specific peak
shape. The pseudo-Voigt function is given by equation 2.18, where � = fraction of
Lorentzian , L = Lorentzian and G=Gaussian functions.

� = �<0G�! + (1 − �)� (2.18)

The peak width, FWHM, can vary across a diffraction pattern as a result of both in-
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strumental and sample broadening. This can be modelled using Caglioti functions
*,+,,, - and ., which are included as variables during Rietveld refinements
using equations 2.19 and 2.20 for Gaussian and Lorentzian broadening, respect-
ively. [192]

�,�" =

√
(* tan2 � + E tan� +,) (2.19)

�,�" =
G

cos� + . tan� (2.20)

A strategy adopted when *,+,,, - and . are unknown is to determine 2� and
FWHM from a reference material, either by whole-pattern fitting or by individual peak
fitting, and then solve for the three unknowns *,+,, .

The sample also contributes to the peak widths, where broadening arises due
to micro strain, crystallite size or stacking faults. The Sherrer equation can be used
in some instances to determine crystallite size from the peak widths. This is given
in equation 2.21, where: L = crystallite size �(ℎ:;) = full width at half maximum for
the major peak of the XRD pattern, subtracting the instrumental contribution to the
broadening. K = Scherrer constant = 0.9, � = wavelength and � = Bragg angle.

! =
 �

�(ℎ:;) cos� (2.21)
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2.3.5 SS MAS-NMR

-125-120-115-110-105-100-95-90-85-80

δ (ppm) 

Si(nAl) δ (ppm)

Si(0Al) − 102 to  − 116

Si(1Al) − 97   to  −107 

Si(2Al) −92    to  −100 

Si(3Al) − 85   to  − 94 

Si(4Al) − 82   to  − 92

Figure 2-3: 29Si NMR chemical shifts for Si(nAl) environments.

Solid state nuclear magnetic resonance (SS-NMR) is an analytical tool with high
sensitivity, useful for obtaining information on local environments, symmetry and
dynamics at the atomic scale. It is often used as a complimentary technique to
diffraction methods which determine the average long range structure.

The atoms that make up a zeolite framework, and themajority of extra-framework
cations in the pores, have isotopes which possess nuclear spin, I, and are NMR act-
ive. 29Si (I=1/2, 4.7%), 27Al (I=5/2, 100%) and 23Na (I=3/2, 100%) are some of
the most frequently investigated nuclei. NMR active nuclei interact with a magnetic
field, �, which causes Zeeman splitting of nuclear spin states. Transitions can then
be induced between these states by electromagnetic radiation that corresponds to
the discrete energy difference between the spin levels. Through-space interactions
between NMR active nuclei are orientation dependent. Anisotropic interactions alter
the nuclear spin energy levels and cause line broadening in the NMR spectra. In
solutions, these anisotropic interactions are averaged as a result of Brownian mo-
tion. In solids, such as crystals and powders, these orientation-dependent interac-
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tions lead to significant line broadening and lower the resolution of the NMR spectra.
The most important technique for averaging these nuclear anisotropic interactions
in solids is magic angle spinning (MAS). This technique involves rotating the solid
sample around an axis oriented at 54.74◦ with respect to the external magnetic field,
�. The dipolar interactions and anisotropic chemical shielding equations contain the
term (3 cos 2� − 1), which becomes zero when � is approximately 54.74◦.

NMR active nuclei interact with � to different extents depending on their nature
and chemical environment which determines whether they are shielded or deshiel-
ded from the applied magnetic field relative to an external standard. This is reported
as a chemical shift, �8B>, which is the difference between the frequency of the NMR
nucleus and the reference compound. Empirical relationships between this chem-
ical shift (�8B>) and structural parameters, such as bond lengths and angles, allow
for analysis of framework atoms, distribution and co-ordination of extra-framework
species, surface sites, and adsorbate complexes in zeolites. [193] The 29Si chemical
shift values are directly related to the shielding of the 29Si nucleus by the electronic
structure of its immediate environment. Generally, 29Si chemical shifts become less
negative with increasing T–O bond length and decreasing T–O–T bond angle. It is
thought that this is due to the s-hybridisation of oxygen bond orbitals. [194] There are
many empirical relationships between the structure (bond lengths and angles) and
the observed chemical shift. [194,195] One such relationship is given by Daswon et
al. Equation 2.22 can be used to predict 29Si �8B> from the mean Si–O bond length
(A(8$) and Si–O–Si bond angle (�(8$(8) in a zeolite material. [193]

�8B> = 11.531(A(8$)+27.28�(A(8$)+83.732>B(�(8$(8)+0.20246�(�(8$(8)−59.999
(2.22)

Each Si atom in a zeolite framework can be surrounded by up to 4 Al atoms,
Si(nAl) (where n = 0-4). Loewenstein’s rule imposes a certain degree of local or-
der and requires every Al atom in the framework to be surrounded by 4 Si atoms,
Al(4Si). A typical 29Si NMR spectra can consist of one to five peaks correspond-
ing to the five possible Si(nAl) environments in the zeolite framework. Each Si(nAl)
environment is be observed within a characteristic chemical shift range, shown in
Figure 2-3. Increasing substitution of Si for Al (n) in each Si(nAl) unit results in a
change of chemical shift Δ�8B> of ∼5 ppm towards less negative values as the cent-
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ral Si becomes less shielded. The areas under the peaks are directly proportional
to the populations of the respective structural units. Deconvolution of the spectra
involves peak fitting, most commonly using a Gaussian peak function. The relat-
ive signal intensities can then be used to calculate the concentrations of the Si(nAl)
units present in the zeolite framework. [196] For a zeolite with a single T-site, the
intensities of 29Si signals (assuming the signals for Si(nAl) are well separated) can
be directly related to P(nAl), allowing the Si/Al to be determined from equation 2.23,
were, � is the intensity of the peaks and = represents the number of Al atoms that
are coordinated to each SiO4 tetrahedron through bridging oxygen atoms. This for-
mula is derived from the fact that each Si-O-Al linkage incorporates 1/4 AI atom to
an Si(nAl) unit (Loewenstein’s rule).

(8

�;
=

∑4
n=0 �(8(=�;)∑4

n=0 0.25=�(8(n�;)
(2.23)

However, equation 2.23 cannot be directly applied to spectra for zeolites with
multiple T-sites. Crystallographically inequivalent Si atoms each contribute their own
families of Si(nAl) signals. [197, 198] When the chemical shift difference between
inequivalent Si(nAl) units on different T-sites is similar to the difference between
Si(nAl) and Si((n+1)Al) units, then overlapping and broadening of peaks occur. Each
peak intensity can then be considered a composite of multiple peaks. This has
previously been reported for zeolites Mazzite (MAZ), Offretite (OFF), Silicalite (MFI)
and STA-30 (SWY). [196, 199–202]. In such cases, dealumination can be used to
remove Si(nAl) signals (where n > 0). The 29Si NMR spectra is simplified, leaving
one or more Si(0Al) peaks depending on the number of unique T-sites.
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3. THEORETICAL METHODS

3.1 Geometric Analysis of Structural Polyhedra (GASP)

3.1.1 Crystal Structures

To explore the Flexibility Windows (FWs) of existing and hypothetical zeolites, in-
put crystal structures in SiO2 composition were used. All 255 DLS-optimised IZA
framework types were obtained from The Database of Zeolite Structures. [13] A
subset of 5,824 low energy, hypothetical zeolite frameworks were also taken from
The Atlas of Prospective Zeolite Structures, which contains 2,175,685 unique to-
pologies. [54, 83] The hypothetical structures were generated using the Symmetry
Constrained Intersite Bonding (SCIBS) method to produce all possible 4-connected
nets within each crystal space group. Structures have been enumerated with up to
six unique T-atoms. A simulated annealing method was used to favour a regular tet-
rahedral arrangement of neighbouring Si atoms to emulate zeolite frameworks, with
3)−) distances and ∠T-T-T angles of approximately 3.05 Å and 109.47◦, respect-
ively. These structures have been optimised using DLS-76 and a modified version
of a cost function devised by Boisen, Gibbs and Bukowinsky (BGB) for a pure SiO2

composition. Frameworks with low BGB costs have framework energies comparable
to existing zeolites. [55,56] The frameworks in this subset have Δ�� < 0.1 ev/T-atom
above that of -quartz, are flexible, and have a small Feasibility Factor (') (i.e. a
small deviation from the line of best fit of Δ�� vs ��). [83] They are considered
to be reasonable targets for synthesis. Any zeolites containing 3-membered rings
(3Rs) are excluded from this set as they are intrinsically strained and considered
inaccessible, at least as a pure silicate or aluminosilicate frameworks. Hypothetical
structures have a numeric label that corresponds to the space group number, the
number of unique T-atoms, and the graph number, e.g. 194_3_1139 corresponds
to space group no. 193 (P63/mmc). It has 3 unique T-atoms and is given a graph
number 1139.
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3.1 Geometric Analysis of Structural Polyhedra (GASP)

3.1.2 Geometric Relaxation

T

O

LO-O

dT-O

O

T-atom Crystal Radius (Å) Tetrahedron (Å)
dT-O LO-O

Si 0.26 1.61 2.63
P 0.17 1.52 2.48
Al 0.39 1.75 2.86
Ge 0.39 1.74 2.84
Ga 0.47 1.82 2.97
Zn 0.60 1.95 3.18
Be 0.27 1.62 2.65
B 0.11 1.46 2.38
O 1.35
Li+ 0.60
Na+ 0.95
K+ 1.33
Rb+ 1.48
Cs+ 1.69
Ca2+ 0.99

Figure 3-1: GASP input parameters to define the size of the geometric template. An ideal
tetrahedron is shown, defined by a bond length, 3, and edge length, ! (i.e. nearest neighbour
O-O distance).

GASP (Geometric Analysis of Structural Polyhedra) software is used tomodel zeolite
frameworks as an assembly of rigid, corner-sharing tetrahedral units, TO4, that are
geometrically regular, with flexible and force-free T-O-T hinges between them. [99]
Atoms are treated as hard-spheres and only the most local interactions and steric
effects are considered i.e. the T-O bonding within each tetrahedron and steric over-
lap of non-adjacent O-O distances. The configuration is optimised by fitting an ideal
geometric “template” to a cluster of atoms, as shown in shown in Figure 3-1. The
table in Figure 3-1 lists input parameters to define the size of the template. For
zeolite frameworks modelled with SiO4 units, oxygen atoms are constrained to the
vertices of a an ideal tetrahedron, with an Si-O bond length 3 of 1.61 Å and edge
length ! (i.e. nearest neighbour O-O distance) of 2.63 Å, given by equation 3.1.

! = 3
√
(8/3) (3.1)
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3. THEORETICAL METHODS

The geometry of the input structure is first optimised to minimise the mismatch
between the framework atoms and template vertices. This is called a geometric re-
laxation and involves rotating polyhedral vectors of the template and incrementally
varying atomic positions, whilst keeping the cell-parameters constant. A cost func-
tion is also used to avoid steric clashes of oxygen atoms, which are given a Pauling
hard-sphere radius of 1.35 Å. The mismatch between the template and framework
is expressed as the square of the vectors from the oxygen atoms to the vertices of
the template. The framework tetrahedra are said to be geometrically relaxed when
all 3(8−$ bond lengths and ∠O-Si-O angles reach the ideal values of 1.610(1) Å and
109.471(1)◦, respectively (the standards for -quartz). The bonding is not described
by interatomic potentials. Van derWaals forces, electrostatic interactions and repuls-
ive coulomb forces are not considered in this geometric analysis. Unless specified,
crystal structures have been modelled as pure silica frameworks, with empirical for-
mula SiO2. This is an oversimplification, as the space group, cell-dimensions, atomic
coordinates and bond lengths of a real zeolite material will depend upon its chemical
composition and some variability within each tetrahedron is permitted. It is possible
to model frameworks in other compositions, using tetrahedra of varying sizes. How-
ever, to compare the flexibility of different framework types, it is better to start with
a common, charge neutral SiO2 composition, so evaluations are based only on the
underlying topology. This overcomes the additional layer of complexity that would
arise from a random heteroatom distribution, framework charges and non-framework
species. The symmetry of each framework is also reduced to P1, allowing maximum
exploration of the Flexibility Window (FW ).

GASP carries out a number of cycles until it stops when the mismatch criteria
is satisfied. The framework is considered geometrically relaxed and "inside the
window". This generally takes a few seconds for unit-cells containing hundreds of
atoms. If the mismatch between framework atoms and the geometric template is
greater than 1 × 10−3 Å, relaxation will be stop by default when the greatest move-
ment of any atom is less than 1 × 10−6 Å. The framework is then deemed "outside
of the window".

It was necessary to determine a robust method for carrying out geometric re-
laxation before high-throughput screening of the hypothetical frameworks. An auto-
mated batch script was written to screen 255 IZA frameworks to provide a binary "In
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3.1 Geometric Analysis of Structural Polyhedra (GASP)

Window/Out Window" parameter. The steps are summarised in Figure 3-2. Crys-
tal symmetries were reduced to P1 and the GASP "duper" command was used to
identify any duplicate atoms. In some cases, i.e. SOD, a symmetry-breaking step
was required. The GASP "jiggle" option was used to marginally move some of the
atoms off high symmetry positions. In other cases, e.g. LTL, it was necessary to
scale the unit-cell parameters by ∼0.1%, or to generate a super-cell, for the frame-
work to fully relax within the window. If geometric optimisation was still not achieved
within the mismatch criteria, the framework was considered outside the window. The
same script was then applied to screen 5,824 hypothetical frameworks. GASP input
files for a single point geometric relaxation are shown in the Appendix, Figure 8-1.
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3.1.3 Flexibility Window Search

Geometric 
Relaxation

FW plot

1. Input crystal structure in SiO2 composition

2. Reduce symmetry to P1

3. Use “duper” option to 
remove duplicate atoms

4. Use “relax” option to 
initiate geometric relaxation

Scale unit-cell 
axes by 0.1%

or double unit-
cell 

Use “jiggle” 
option to break 

symmetry

Mismatch 

> 1 x 10-3

Out Window

In Window

5. Use “search xxx ” option to initiate a FW search within a crystal 
system (xxx = cub, hex, tet etc.)

6. Use “gradual” option to find 
all window edges and explore 
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Figure 3-2: Flow chart summarising the steps required for carrying out a geometric re-
laxation and Flexibility Window Search using GASP. Additional steps (dotted outlines) are
sometimes required for frameworks to relax.
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For those structures classified as being "inside the window", a full FW search was
carried out to determine the limits of geometric relaxation over a range of densities.
This involved systematically varying the unit-cell parameters, a, b, c;  , �, �, along
each direction, with a step size of 0.01 (Å and ◦), and geometrically relaxing the
framework at each point. GASP identifies the edges, or limits, of the FW when
relaxation of the framework can no longer be achieved, i.e. the mismatch is above
the threshold. The cell-parameters and volumes at the window edges are recorded.

In principle, the FW is defined in the six-dimensional (6D) space of the six cell-
parameters. However, in this work, periodic boundary constraints were applied, ap-
propriate to cubic, hexagonal and tetragonal crystal systems, so that FW shapes
could be plotted in 1D or 2D. For example, a hexagonal cell has two independent vari-
ables which can be plotted, the a and c-lattice parameters. There are eight search
directions to explore as parameters can compress and expand simultaneously, or in-
dividually, with the angles  , � and � maintained at 90°, 90° and 120°, respectively.
A triclinic unit-cell lies in six dimensions, defined by six variable cell-parameters and,
therefore, has 728 search directions. When all six unit-cell dimensions are allowed
to vary, more framework configurations may be accessible. However, characterising
and comparing FWs across different framework types in dimensions > 3D becomes
a challenge.

Within each crystal system, framework symmetries were reduced to P1 so that
all atoms in the unit-cell were defined. GASPs "gradual" option was used to generate
geometrically relaxed structures at intervals within the FW. Lattice-parameters were
changed linearly from the input structure to points along the FW edges. From these
new cells, a number of additional FW searches were carried to define the FW shape.
Shapes, lengths and areas of the FW region were then evaluated. An automated
batch script was written to carry out the steps in Figure 3-2. The same process was
then used to screen 5,824 hypothetical frameworks for a FW. GASP input files and
FW plots showing the "gradual" option are shown in the Appendix, Figures 8-2 and
8-3

3.1.4 Flexibility Window Plot

FWs can be plotted in 2D with the variable lattice-parameters on the G and H axes,
Figure 3-3. Cell-parameters have been normalised with respect to the input struc-
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ture. This allows for better comparisons to be made between structures that differ
largely in the size of their unit-cells. The percentage change in length of each unit-
cell axis was calculated using equation 3.2, where G = cell-parameters at the window
edges and G8 = cell-parameters of the input structure.

%2ℎ0=64 = −100(1 − G

G8
) (3.2)

FW lengths, !�, , were calculated for cubic structures using equation 3.3, where
GD??4A , G;>F4A , HD??4A , H;>F4A are the limits of the G and H values, respectively.

!�, =

√
((GD??4A − G;>F4A)2 + (HD???4A − H;>F4A)2 (3.3)

FW areas, ��, , were calculated for hexagonal and tetragonal structures by in-
tegrating the area of the boundary enclosing the FW region using thematlab function
’polyshape.’

Figure 3-3 shows examples of the different FW shapes observed amongst IZA
frameworks. CHA, OFF and CAN frameworks, with hexagonal unit-cells, show
unique 2D FW plots. The 1D FW of the FAU framework, with a cubic unit-cell, is also
shown. The shaded regions within the FW identify all configurations where geomet-
ric relaxation can be achieved. The FW edges mark the limits of geometric relax-
ation. Within the FW, (shaded regions) rigid TO4 units of the framework can rotate
co-operatively (in equal and opposite directions) around force-free joints between
them. The framework can adopt multiple ideal and stress-free configurations over a
range of cell-dimensions. The input structures are marked with a red square at the
origin and are shown to lie at the lowest density edge of the window. Data are norm-
alised with respect to the input cell for ease of comparison between frameworks of
different sizes. In Figure 3-3, dashed lines at G = 0 and H = 0 are used to guide the
eye to regions of expansion (low density) and compression (high density). Regions
of the FW have been shaded here to focus on differences between framework types.
The grey region shows extension of the c-lattice parameter and contraction of the
a-lattice parameter. The yellow region shows the reverse, compressing the unit-cell
along c whilst expanding along a. The blue region shows simultaneous compression
along both a and c axes, and the orange region (barely visible in these plots) shows
expansion along both directions.
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Figure 3-3: Normalised FW plots. Hexagonal frameworks CHA, OFF and CAN have a 2D
FW shape where the a and c-lattice parameters are plotted on the x and y axes, respect-
ively. Data are calculated with respect the input cell dimensions and plots for hexagonal
zeolites are set to the same scale for ease of comparison. The shaded regions show all
possible unit-cell sizes where geometric relaxation can be achieved. The limits of geomet-
ric relaxation, also called the window edges, enclose the FW area. Regions of expansion
and compression within the FW are shaded: grey for expansion along the c-direction with
simultaneous compression along the a-direction, blue for compression along both the a and
c-directions and yellow for compression along c and expansion along a.The 1D FW of the
cubic FAU framework is shown by a solid grey line (where a=c).
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3.1.5 Space Group Symmetry

Crystal structures within the FW are output from GASP in P1 symmetry. The pro-
gram FINDSYM, which is freely accessible online, was used to identify the space
group symmetry of these structures. [203]

3.1.6 FWs for Type Materials

It is possible tomodel zeolite frameworks in compositions other than SiO2. A range of
bond lengths and atomic radii can be specified to reflect the compositions of the type
material, i.e. aluminosilicates, AlPOs, germanosilicates etc, with a mixture of tetra-
hedron sizes. These are shown in the table in Figure 3-1. Non-framework cations
can also be sterically included. Crystal structures for zeolite materials in their true
compositions were obtained from the IZA database. In the case of ordered alumin-
osilicates, where Al sites in the framework are known and localised, a larger AlO4

tetrahedron, with 3�;−$ of 1.75 Å and !$−$ of 2.86 Å, was used at specific sites.
In cases where the distribution of Al in the framework is random, an average 3)−$
bond length was used, calculated from the Si/Al ratio. For example, a material with
Si/Al=3 was modelled using a tetrahedron with 3)−$ of 1.65 Å and !$−$ of 2.69 Å.
FW shapes were compared for framework types modelled in SiO2 and mixed com-
positions. Table 3.1 shows how ∠Si-O-T in real materials can change significantly
upon hetero atom substitution. [173] It has also been shown that real materials with
longer 3)−$ and !$−$ lengths can display more distortion of tetrahedral ∠O–T–O
. [9] This introduces greater flexibility within each tetrahedron and can be accounted
for in GASP by using softer restraints on Al-O distances and angles. This allows
greater deviation from the strict, ideal geometry at minimal energetic cost.

Table 3.1: ∠Si-O-T and 3)−$ in zeolite materials, where T=Si, Al, Ge and B

T-atom 3)−$ (Å) average ∠Si–O–T (°)

Si 1.61 155 ± 20
Al 1.75 135 ± 10
Ge 1.74 145 ± 15
B 1.35 125 ± 10
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3.1.7 Polyhedral Rotations

Folding mechanisms within the FW were analysed using the "polycomp" utility in
GASP. Framework geometries for compressed structures were compared to the in-
put structure. Atomic differences were quantified in terms of tetrahedral rotations
around an axis, described by a vector with x, y, and z components. The magnitude
of each TO4 rotation around the axis is given in degrees.

3.2 Database Mining

A data mining approach was taken to screen structural properties of IZA and hypo-
thetical frameworks.

3.2.1 Co-ordination Sequence and Vertex Symbol

Each framework has a unique co-ordination sequence and vertex symbol. The co-
ordination sequence consists of a series of integers =8 that state the number of T-
atoms in each shell, 8, surrounding a chosen T-atom. For example, when 8=1, each
T-atom is connected to four neighbouring ones through oxygen bridges, so =1=4.
These neighbouring T-atoms are then linked in the same manner to =2 T-atoms in
the next shell and so on. It is possible for two structures with distinct topologies to
have identical co-ordination sequences up to a given shell, however this is rare. The
vertex symbol indicates the size of the smallest ring associated with each of the six
angles around a T-atom. Co-ordination sequences and vertex symbols were used to
identify structural similarities between hypothetical and existing frameworks. In the
subset of 5,824 hypothetical structures, 78 known IZA framework types were identi-
fied and filtered out according to their coordination sequences and vertex symbols.

3.2.2 Framework Density (��)

Framework density (��) is the number of T atoms (=)0C><B) per 1000 A3. �� values
were calculated using the equation 3.4, where + is the volume. .

�� =
=)0C><B

+
∗ 1000 (3.4)
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3.2.3 Calculation Of Average Smallest Ring Size

The smallest ring sizes were extracted from the vertex symbols of each T-atom in
IZA and hypothetical frameworks. For structures with more than one unique T-atom,
the average smallest ring size, A0E, was calculated using equation 3.5, where A) is
the smallest ring size on each T-atom and = is the number of unique T-atoms in the
framework.

A0E =

∑
A)

=
(3.5)

3.2.4 Topological Analysis

TOPOSPro software was used to decompose frameworks structures into their nat-
ural tiles. A list of CBUs were taken from the IZA database and a batch script was
written to extract natural tile face symbols and match them to their corresponding
CBUs. This also enabled new cavities to be identified that are yet to be realised in
existing zeolites. Natural tiles with their face symbols and corresponding CBUs are
given in the Appendix Tables 8.3, 8.4, 8.5.

3.2.5 d6r and d8r connectivities

Many zeolites can be built entirely from translations of one SBU. Frameworks where
d6rs or d8rs act as SBUs have desirable properties. For example, those with the
CHA, FAU and RHO framework types are excellent industrial catalysts. Table 3.2
shows a list of all existing frameworks that can be built entirely from translations of
d6r or d8rs as SBUs. Existing and hypothetical frameworks with d6r and d8r units
were identified using a batch script.
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Table 3.2: IZA frameworks that can be built entirely from d6r or d8r units as true SBUs

FTC Type Material Largest ring size �� SBU

AEI AlPO-18 8 15.1 d6r
AFT AlPO-52 8 15.1 d6r
AFX SAPO-56 8 15.1 d6r
CHA Chabazite 8 15.1 d6r
EMT EMC-2 12 13.3 d6r
FAU Faujasite 12 13.3 d6r
GME Gmelinite 12 15.1 d6r
KFI ZK-5 8 15 d6r
SAV Mg-STA-7 8 14.6 d6r
TSC Tschörtnerite 8 13.2 d6r or d8r
MER Merlinoite 8 16.4 d8r
RHO Rho 8 14.5 d8r

The connectivities of d6r and d8r units were evaluated by viewing the frameworks
along [100] direction and counting the smallest number of T-atoms between two
adjacent units. The arrangement can either be aligned (A), if they are connected via
translation along the c-axis, or staggered (S) if they are connected via translations
along both the a and c-axes. For example, S0 refers to a staggered arrangement
(S) with no T-atoms between two units. S0 therefore identifies frameworks where
d6r or d8r units act as true SBUs. This is illustrated in Chapter 4, Figure 3-3.

3.2.6 Identification of Chains

Many zeolite frameworks can be constructed from infinite double or single chains of
edge-sharing, 4, 6 and 8Rs running parallel to one or more of the crystallographic
axes. Traditionally, the double zig-zag (dzc), double saw chains (dsc) and double
crankshaft (dcc) are built from connected 4Rs with periodicities (<) of 2, 3 and 4,
respectively. However, they can also arise from puckered 6 and 8Rs, shown in Figure
3-4.

Chains in both existing and hypothetical structures were identified using lattice-
parameters. The repeating unit in each chain has a length ∼< × 2.5 Å, where <
is equal to the number of T-atoms in each unit. For example, dzc, dsc and dcc
chains, where <=2, 3 and 4, have repeat units of length ∼5 Å, 7.5 Å and 8.3-10 Å,
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respectively. The number (=) of these repeating units is then reflected in the unit-cell
dimensions, where a, b or c = ∼ =< × 2.5 Å.

Some frameworks can also be viewed as having a combination of chains, with
both dsc, dcc and/or dzc constituents. The unit-cell dimensions for these frame-
works are the sum of the dcc, dsc and dzc parts. For example, AVL has a dsc-
dcc-4-8 chain which is 17.5 Å, the sum of one dcc and one dsc unit (10 Å + 7.5
Å).

Zeolites containing certain chains are often grouped in the same family. For
example, the can-sod family tend to have dzc, whereas the chabazite family have
dcc chains. Some frameworks contain finite chains, or chains which include both
planar and puckered rings. Visually, these follow the shapes of the traditional dsc,
dcc or dzc chains, but are harder to identify from lattice parameters alone. LEV is an
example of a framework where the chains resemble dcc and dsc, but contain planar
rings, circled in Figure 3-4.
Cell-parameters for IZA frameworks containing crankshaft chains, saw chains and
zig-zag chains are given in Tables 3.3, 3.4 and 3.5, respectively.
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Chain m nm x 2.5 Å e.g. FTC

dzc 2 n x 5.2 CAN

dzc-6 2 n x 5.2 BCT

dzc-4-6 8 n x 20 AFG

dsc 3 n x 7.5 OFF

dsc-8 3 n x 7.5 FER

dsc-4-8 6 n x 15 EAB

dsc-4-6 3 n x 7.5 LAU

dsc-4-6 6 n x 15 ERI

dcc 4 n x 10 GME

dnc 4 n x 10 VFI

dcc-4-8 6 n x 15 CHA

6-6-4 5 n x 12.5 SSF

dsc-dcc-4-8 7 n x 17.5 AVL

dcc-dsc-4-6-8* LEV

1
2

Figure 3-4: Infinite chains of repeating 4, 6 and 8Rs present in zeolite frameworks. The
repeating unit in each chain has a length ∼ < × 2.5 Å, where < is equal to the number of
T-atoms in each unit. The length of each repeat unit is shown, with T-atoms numbered. The
number of these repeating units, =, is then reflected in the unit-cell dimensions which can
be calculated by ∼ =< × 2.5 Å. Combinations of the traditional chains. LEV is an example
of a chain that contains elements of the traditional chains but is not infinite, it is broken up
by planar rings at intervals along the chain
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Table 3.3: IZA framework types with crankshaft chains where at least one unit-cell dimension
is ∼= × 10 Å.

Crankshaft chains

FTC Symmetry chain a Å b Å c Å

MER tetragonal dcc 14.0 14.0 10.0
AFT hexagonal dcc-4-8 13.7 13.7 29.4
AFX hexagonal dcc-4-8 13.7 13.7 19.7
CHA trigonal dcc-4-8 13.7 13.7 14.8
GME hexagonal dcc 13.7 13.7 9.9
SFW trigonal dcc-4-8 13.7 13.7 44.2
GIS tetragonal dcc 9.8 9.8 10.2
SIV orthorhombic dcc 9.9 14.1 28.1
APC orthorhombic dcc 9.0 19.4 10.4
PHI orthorhombic dcc 9.9 14.1 14.0
ACO cubic dcc 9.9 9.9 9.9
ATT orthorhombic dcc/dsc 10.0 7.5 9.4
AWO orthorhombic dcc/dsc 9.1 15.0 19.2
DON orthorhombic dcc 18.9 23.4 8.5
PUN orthorhombic dcc 14.7 8.6 18.9
STO monoclinic dcc nc 29.9 8.4 24.7
UEI orthorhombic dcc/dsc 19.5 9.4 15.1
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Table 3.4: IZA framework types with saw chains where at least one unit-cell dimension is
∼= × 7.5 Å

Saw Chains

FTC Symmetry chain a Å b Å c Å

MOZ hexagonal dsc 31.2 31.2 7.6
WEN hexagonal dsc 13.6 13.6 7.6
OFF hexagonal dsc 13.1 13.1 7.6
LTL hexagonal dsc 18.1 18.1 7.6
SOR orthorhombic dsc 20.9 17.7 7.6
LTF hexagonal dsc 31.2 31.2 7.6
MAZ hexagonal dsc 18.1 18.1 7.6
OWE orthorhombic dsc 14.4 7.2 9.1
MRT orthorhombic dsc 13.6 7.5 13.6
SAO tetragonal dsc 13.4 13.4 21.9
EON orthorhombic dsc 7.6 18.1 25.9
MOR orthorhombic dsc-8 18.3 20.5 7.5
FER orthorhombic dsc-8 19.0 14.3 7.5
MTF monoclinic dsc-4-6 9.6 30.4 7.2
RTE monoclinic dsc-4-6 14.1 13.7 7.4
STF monoclinic dsc-4-6 14.1 18.2 7.5
SZR orthorhombic dsc-4-6 18.9 14.4 7.5
LAU monoclinic dsc-4-6 14.6 12.9 7.6
AWW tetragonal dsc-4-6 13.6 13.6 7.6
IFR monoclinic dsc-4-6 18.6 13.4 7.6
SSF hexagonal dsc-6-6-4 17.2 17.2 12.8
EAB hexagonal dsc-4-8 13.2 13.2 15.0
ERI hexagonal dsc-4-6 13.1 13.1 15.2
SWY hexagonal dsc-4-6 13.1 13.1 30.3
SAT trigonal dsc-4-6-8 12.9 12.9 30.6
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Table 3.5: IZA framework types with zig-zag chains where at least one unit-cell dimension
is ∼= × 5.2 Å

Zig-zag chains

FTC Symmetry chain a Å b Å c Å
ABW orthorhombic dzc 9.9 5.3 8.8
AFG hexagonal dzc-4-6 12.5 12.5 20.8
ATN tetragonal dzc 13.1 13.1 5.3
ATO trigonal dzc-6 20.9 20.9 5.1
ATS orthorhombic dzc 13.2 21.6 5.3
BCT tetragonal dzc-6 9.0 9.0 5.3
BIK orthorhombic zc 7.5 16.2 5.3
CAN hexagonal dzc 12.5 12.5 5.3
CAS orthorhombic zc 5.3 14.1 17.2
CFI orthorhombic dzc 14.0 5.3 26.0
CHI orthorhombic zc 5.0 31.2 9.0
DAC monoclinic zc 18.6 7.5 10.4
EWO orthorhombic zc 13.9 17.5 5.2
GON orthorhombic zc 16.5 20.2 5.1
IFO orthorhombic zc 16.4 4.9 22.8
JBW orthorhombic dzc dsc 5.3 7.5 8.2
LIO hexagonal dzc-4-6 12.3 12.3 15.6
LOS hexagonal dzc-4-6 12.6 12.6 10.3
MTT orthorhombic zc 5.3 22.0 11.4
MTW monoclinic zc 25.6 5.3 12.1
MVY orthorhombic zc 5.0 8.2 14.0
NPO hexagonal zc 8.4 8.4 5.3
NSI monoclinic zc 14.1 5.3 8.9
OSI tetragonal dzc-6 18.5 18.5 5.3
SFE monoclinic dzc 11.5 5.3 14.0
SFH orthorhombic dzc 5.3 34.3 21.5
SFN monoclinic dzc 25.2 5.3 15.0
SSY orthorhombic dzc 5.3 22.6 14.0
TOL trigonal dzc-4-6 12.3 12.3 30.9
TON orthorhombic zc 14.1 17.8 5.3
VET tetragonal zc 13.0 13.0 4.9

76



3.2 Database Mining

3.2.7 Identification Of ABC-6 zeolites

A
B

C

A
B

C

A

a

a

c

a

4R
6R

Figure 3-5: ABC-6 stacking sequence. 6Rs build the framework by translations along the
a and c-axes, connected through tilted 4Rs (grey). 6Rs located at (0,0,z), (1/3,2/3,z), and
(2/3,1/3,z) in the unit-cell are denoted A, B andC, respectively. ThePTT framework is shown,
with stacking sequence AABC. d6rs (shaded pink) arise from AA stacking.

A large number of framework types can be constructed from an array of 6Rs to form
the ABC-6-family, the most notable of which is the CHA framework. Over 150 types
of ABC-6 zeolites, with 25 distinct topologies, have been discovered, including the
newly synthesised framework types, ANO, PTT, AVE and SWY. ABC-6 frameworks
show desirable properties for methanol to olefin reactions and catalytic reduction of
NO emissions.

The 6Rs that build the framework are translated along the a-axis, located at
(0,0,z), (1/3,2/3,z), and (2/3,1/3,z) and connected through tilted 4Rs along the c-
axis, Figure 3-5. The rings are denoted A, B and C, respectively.

Existing and hypothetical ABC-6 frameworks were identified from the a and c-
lattice parameters. a is between 12.3-13.8 Å and c is = × 2.5 Å, where n is the
number of 6Rs in the stacking sequence. The stacking sequence for PTT shown in
Figure 3-5 is AABC. n=4, so the lattice parameter is ∼10 Å. The different stacking
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sequences give rise to various types of well-defined, polyhedral cavities. The full list
of existing ABC-6 frameworks is given in Table 3.6.

Table 3.6: ABC-6 family of zeolites with a summary of their average a-lattice parameters (Å)

FTC Symmetry a (Å) b (Å) c (Å) Largest
Ring

ABC-6
stacking sequence

no. of
layers CBU

d6rs only a = ∼13.7 Å

GME hexagonal 13.7 13.7 9.85 12 AABB 4 d6r, gme
CHA trigonal 13.7 13.7 14.767 8 AABBCC 6 d6r, cha
AFX hexagonal 13.7 13.7 19.695 8 AABBCCBB 8 d6r, gme, aft
AFT hexagonal 13.7 13.7 29.449 8 AABBCCBBAACC 12 d6r, gme, cha, aft
SFW trigonal 13.7 13.7 44.1601 8 AABBAABBCCBBCCAACC 18 d6r, gme

d6rs and single 6-rings a = ∼12.8-13.2 Å

OFF hexagonal 13.1 13.1 7.565 12 AAB 3 d6r, can, gme
PTT trigonal 12.9 12.9 10.0312 8 AABC 4 d6r, lev, sod
AFV trigonal 13.2 13.2 12.5838 8 AABCC 5 d6r, lev, cha
ERI hexagonal 13.1 13.1 15.175 8 AABAAC 6 d6r, can, eri
EAB hexagonal 13.2 13.2 15.005 8 AABCCB 6 d6r, gme, eab
AVL trigonal 13.2 13.2 17.482 8 ABBACCA 7 d6r, gme, avl
LEV trigonal 13.2 13.2 22.578 8 AABCCABBC 9 d6r, lev
SWY 13.07 13.07 30.26 8 AABAABAACAAC 12 d6r, gme, can
SAT trigonal 12.9 12.9 30.577 8 AABABBCBCCAC 12 d6r, can
ANO hexagonal 12.9 12.9 40.3613 8 AABACCABAACABBAC 16 d6r, gme, can, ave, eab
AVE trigonal 12.9 12.9 60.6099 8 ABCBBABCCABAACABBCACCBCA 24 d6r, can, lev, ave

single 6-rings only a = ∼12.3-12.7 Å

CAN hexagonal 12.5 12.5 5.254 12 AB 2 can
SOD* cubic 9.0 9.0 8.965 6 ABC 3 sod
LOS hexagonal 12.6 12.6 10.34 6 ABACAC 6 can, los
LIO hexagonal 12.3 12.3 15.632 6 ABACAC 6 can, los, lio
AFG hexagonal 12.5 12.5 20.789 6 ABABACAC 8 can, lio
FRA trigonal 12.7 12.7 25.259 6 ABCABACABC 10 can, sod, los
TOL trigonal 12.3 12.3 30.869 6 CACACBCBCACB 12 can, sod, lio
MAR hexagonal 12.4 12.4 30.469 6 ABCBCBACBCBC 12 can, los, lio
FAR hexagonal 12.6 12.6 35.743 6 ABCABABACBACAC 14 can, sod, lio
GIU hexagonal 12.6 12.6 41.026 6 ABABABACBABABABC 16 can, sod

3.2.8 Sphere Viewer

The porosity of IZA frameworks were evaluated using either CrystalMaker software®
or the programme sphere viewer, written by Mike Treacy. [54] In both cases, diamet-
ers of the largest included sphere (�8) and largest free-spheres (� 5 ) that can fit into
and diffuse through the framework were calculated. Zeolites were modelled with
ideal SiO2 frameworks, where Si and O atoms were treated as hard spheres. O
atoms were given diameters of 2.7 Å and all extra-framework atoms ignored.
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3.2.9 Modelling and Energy Minimisation

CrystalMaker® software was used to model zeolite frameworks, create structural
images, carry out energy calculations and measure distances, kinetic diameters and
effective pore sizes. In stereo drawings, vertices correspond to T-atom positions and
edges to T-O-T links. Unit-cells are marked with dashed lines and the orientation
indicated by the axes. The effective pore size is calculated assuming atoms are
hard spheres. The distance between two opposite oxygen atoms (in even rings)
is measured and twice the IZA-recommended value of the oxygen radius (1.35 Å)
is subtracted. Kinetic diameters of the organic cations TEA and Me2DABCO were
estimated using Van der Waals radii and evaluating the smallest sphere or ellipsoid
that could envelope the molecules. However, these are rough approximations and
may not reflect the true molecular sizes. [204]

Simplified energyminimisation and structure optimisation were also carried out in
CrystalMaker® through a combination of Monte Carlo and least squares steps. Crys-
talMaker® uses a standardised set of Molecular Mechanics 3 (MM3) and Universal
Force Field (UFF) potentials for short-range interactions, plus long-range Williams
and UFF potentials. Individual framework cavities were isolated and optimised. Sur-
faces were terminated with hydrogen atoms. Organic structures were taken from the
NIST Chemistry WebBook and were also optimised. [205] The zeolite cavities were
modelled in pure SiO2 compositions and framework charges were not included in
the calculations.

�(18=38=6) = �(cavity+>A60=82) − (�(>A60=82) + �(cavity)) (3.6)

One organic molecule was manually placed into the centre of each cavity and en-
ergy minimisation was carried out. Binding energies were calculated using equation
3.6 to give the energy difference between the zeolite cavity with OSDA occluded, and
the sum of the empty cavity and isolated OSDA of the same conformation. Although
the full energy surface was not explored and non-framework cations and framework
charges were not included, this method allowed comparison of the templating ability
of cations towards different cavities.
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4.1 Introduction

In 2006, Sartabaeva et al introduced the Flexibility Window (FW ), a purely geomet-
ric feature defining a range of unit-cell parameters/densities where frameworks can
be modelled in multiple configurations, each with perfectly uniform tetrahedra. [97]
In 2010, Kapko et al explored FWs of the 194 existing IZA frameworks known at that
time and found that almost all aluminosilicate and aluminophosphate zeolites were
flexible. [101] Following on from that work, Dawson found that many hypothetical
structures lack this feature, despite having lattice energies Δ�� < 0.1 eV/SiO2 and
meeting the Δ�� vs �� feasibility criteria. A set of 5,824 low energy, flexible hy-
pothetical structures was identified from over two million in the Atlas of Prospective
Zeolite Structures. [83] Previously, the Flexibility Index, Fo, (defined as �<0G/�<8= ,
where � = density) has been used as a simple, one-dimensional (1D) description of
the six-dimensional (6D) FW space (defined by the six unit-cell parameters). This
allowed comparisons to be made across the different framework types. However,
it was found that Fo parameters for both FAU and SOD frameworks were greatest
when their unit-cells were maintained as being topologically cubic. Whilst estab-
lishing the extremes of density is useful in quantifying the extent of flexibility across
different frameworks, it does not provide any insight into the specific ways in which
a zeolite framework can, in theory, flex with negligible energetic cost. For example,
if it is known that a framework can change the ellipticity of its pore windows, or de-
form particular cages and channels, whilst remaining geometrically ideal, then this
has important practical implications. A flexible framework will more readily adapt
to guest molecules, maximise favourable interactions and assist diffusion to active
sites. It is, therefore, instructive to visually examine the FW space to find better
ways of understanding and comparing flexibility across both existing and hypothet-
ical frameworks.

As a number of new IZA framework types have been approved since these previ-
ous studies, it is necessary to carry out an up to date FW search. In this work, geo-
metric simulations have been used to explore the flexibility of all 255 IZA frameworks
that have been approved to date. The concepts learned from existing frameworks
have been used to devise a set of FW and topological descriptors to screen the set
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of 5,824 hypothetical frameworks. In doing so, 399 feasible, cubic and hexagonal
structures, that are of practical interest, have been identified. 333 of these are part
of the ABC-6 family, of which 26 have been selected as the most promising targets
for synthesis.

4.2 Geometric Relaxation

4.2.1 IZA Frameworks

The full description of the FW search is given in Chapter 3 Theoretical Methods. An
initial geometric relaxation was carried out over all 255 IZA frameworks to provide
a binary "in FW/out FW " parameter. It was originally found that only 97 of these
frameworks (in SiO2 composition) could be geometrically relaxed in the FW. How-
ever, closer inspection of frameworks outside the FW revealed only minimal TO4 dis-
tortions and no O-O clashes, e.g. mismatch values for LTL showed it was 0.0012
Å away from the ideal TO4 geometry. In the majority of cases, real zeolites have
been shown to adopt structures that lie at the low-density edge of their FWs, which
has been attributed to coulomb repulsions of framework O atoms. [97] This sug-
gested that many frameworks were laying just outside of their upper FW boundar-
ies. In some cases, decreasing the lattice-parameters by ∼0.1% offered a solution.
Other frameworks required an initial symmetry-breaking step, particularly those with
double zig-zag chains (dzc) and 180◦ ∠Si–O–Si angles, such as MTN. This was
achieved by either doubling the input unit-cell to remove some translational sym-
metry constraints, or by incrementally moving atoms off high symmetry positions,
which then allowed geometric relaxation to proceed. The results of the initial FW
search are shown in Table 4.1. 209 out of 255 IZA frameworks, shown in black,
could be geometrically relaxed within the FW, using an ideal 3(8−$ bond length of
1.610(1) Å, and ∠O-Si-O angle of 109.471(1)◦, whilst those in red could not be re-
laxed within the criteria (i.e. mismatch > 1 × 10−3 from ideal values). Framework
types for materials that have been commercialised as catalysts and adsorbents are
highlighted in yellow in Table 4.1. New frameworks types approved by the IZA-SC
during the course of this study (2018-2021) that were predicted in the Atlas of Pro-
spective Zeolites are shown in green.
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Table 4.1: 255 existing IZA zeolite framework types. Those that can be geometrically relaxed
within the Flexibility Window using 3(8−$ of 1.610(1) Å and ∠O-Si-O of 109.471(1)◦ are
shown in black, whilst those that could not be relaxed within the window are shown in red.
An asterisk (*) next to the framework indicates that it is partially disordered and a "-" indicates
that the framework is interrupted, where not all T-atoms are 4-connected. Zeolite framework
types that have been commercialised as catalysts and adsorbents are highlighted in yellow.
New frameworks types approved by the IZA-SC during the course of this study (2018-2021)
that were predicted in the Atlas of Prospective Zeolites are shown in green.

Framework Type Codes (FTC) for the 255 IZA approved structures

ABW ATT CSV FAU ITT LTN NON RHO SFV* TON
ACO ATV CTH* FER ITV MAR NPO RON- SFW TSC
AEI AVE CZP FRA ITW MAZ NPT RRO SGT TUN
AEL AVL DAC GIS IWR MEI NSI RSN SIV UEI
AEN AWO DDR GIU IWS MEL OBW RTE SOD UFI
AET AWW DFO GME IWV MEP OFF RTH SOF UOE*
AFG BCT DFT GON IWW MER OKO RUT SOR UOS
AFI BEA* DOH GOO JBW MFI OSI RWR SOS UOV
AFN BEC DON HEU JNT MFS OSO RWY SOV UOZ
AFO BIK EAB IFO JOZ MON OWE SAF SSF USI
AFR BOF EDI IFR JRY MOR PAR- SAO SSO* UTL
AFS BOG EEI IFT- JSN MOZ PAU SAS SSY UWY
AFT BOZ EMT IFU- JSR MRE* PCR SAT STF VET
AFV BPH EON IFW JST MRT PCS* SAV STI VFI
AFX BRE EPI IFY JSW MSE PHI SBE STO* VNI
AFY BSV ERI IHW KFI MSO PON SBN STT VSV
AHT CAN ESV IMF LAU MTF POR SBS STW WEI
ANA CAS ETL IRN LEV MTN POS SBT SVR- WEN-
ANO CDO ETR IRR LIO MTT PSI SEW SVV YFI
APC CFI ETV IRY- LIT- MTW PTO SFE SVY* YUG
APD CGF EUO ISV LOS MVY PTT SFF SWY ZON
AST CGS EWO ITE LOV MWF PTY SFG SYT-
ASV CHA EWS ITG LTA MWW PUN SFH SZR
ATN CHI- EWT* ITH LTF NAB PWN SFN TER
ATO CLO- EZT ITN* LTJ NAT PWO SFO THO
ATS CON FAR ITR LTL NES PWW SFS TOL

Outside the FW

In agreement with Kapko, framework types EUO, GOO, ISV, ITR, IWV, MVY, OSO,
RRO, STW and VNI were found to be inflexible. [101] In this work, input structures
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were taken from the IZA database which have been DLS optimised. However, in later
work carried out by Dawson, several framework types that were previously thought to
be inflexible, including EUO, IWV, MVY, OSO, -PAR, and PUN, were found to have
a FW if they were first relaxed using the Rational Functional Optimisation (RFO)
update technique before being input to GASP for final verification. [83] It is likely
that frameworks considered outside the window in this work may be geometrically
relaxed if such a technique were used. Nevertheless, this provides some insight into
the difficulty of obtaining perfectly regular TO4 units in such frameworks. Despite
46 frameworks being deemed outside the window, no case has been found where
the tetrahedra cannot be made almost regular. Residual deformations for these
frameworks are all < 0.1 Å. Whilst they do not quite meet the strict flexibility criteria,
they are extremely close to the ideal. Further inspection showed all but one of the
frameworks have a largest mismatch value ≤ 0.065 Å. The only framework to deviate
further is MVY, with a mismatch value of 0.088 Å. The framework structure is built
of small, edge-sharing 4Rs that form a one-dimensional, elliptical 10R channel, and
it has only been synthesised as a borosilicate, MCM-70, Si10B2O24.

Only 7 framework types outside the window have been realised as synthetic
aluminosilicates, (EUO, PWO, MFS, PTY, LTJ, IWV and NES), the remaining being
natural zeolites (GOO and MON) or synthetic germano-, zinco-, beryllo- and boro-
silicates that do not contain any of the common "closed" building units, d6r, can, d8r,
gme or sod, found amongst many of the commercial and most widely used zeolites.

Many of the frameworks outside the window also contain edge-sharing 4Rs, d4r
or modified d4r units. An example can be given for theRRO framework which is built
from stacks of t-bru (bre) units [4254] forming chains of fused 4 and 5Rs. This t-bru
tile is a 1,3-stellated cubic unit (i.e. a modified d4r, where two edges are broken).
Although it was outside the FW in this search, Dawson found that RRO can be
geometrically relaxed within a very narrow FW region if the oxygen radius is reduced
from 1.35 to to 1.32 Å. Modelling oxygen atoms as hard spheres is a simplification
and some deviation in the precise value of the atomic radius may be required for
other frameworks to relax if they contain this same t-bru unit, such as PTY. It was
also observed that chiral environments may induce a chiral distortion of TO4 units.
All natural tiles that make up the LTJ framework can be considered open (where only
two edges meet at a vertex) and are visibly distorted, shown in Figure 4-1. Other
chiral frameworks include GOO, OSO, CZP and STW, which were also found to be
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outside the window. Other tiles with strained 4Rs, such as t-euo [4.52], in framework
types EUO and IWV, and building units made from fused 5Rs, such as t-non [4.58 ]
in IWV and t-pes [54 .62] inMFS, require some deformation of TO4 units to form. This
is because mutual repulsion between T-atoms and between O atoms mean that 4Rs
prefer to be planar.

There are only 20 existing framework types to date that contain odd ring channels
(from 7 to 15 T-atoms) and themajority of these were found to be outside the window.
For example, PWO was the first framework containing only odd 9R channels to be
synthesised as an aluminosilicate material, PST-21. It is likely that F− ions may be
critical for directing the crystallization of this framework. However, this is not always
the case. PST-31 (PTO) is an aluminosilicate material that contains 7, 9 and 11Rs
and it can be relaxed within the window. This opens up the possibility that, in some
cases, the criteria for declaring a framework type flexible are overly strict, since real
materials can tolerate small strains that are necessary for their formation. However,
when bond lengths and angles are strained, the lattice energy,Δ��, of the framework
increases. In these cases, the introduction of heteroatoms can provide a much wider
range of accessible ∠T-O-T and release the stress caused by framework distortions.

4.2.2 Hypothetical Frameworks

The same FW search was carried out over 5,824 hypothetical structures. It was
initially found that only 1,804 could be geometrically relaxed, which was lower than
expected for this low-energy set, previously deemed flexible by Dawson et al. [83]
However, as observed for the IZA frameworks, mismatch values were marginal and
scaling the input unit-cells by ∼0.1% allowed geometric relaxation to proceed for a
number of cases.

However, 2,451 frameworks could not be geometrically relaxedwithin the threshold.
Many frameworks outside the window are either very dense or contain extremely
large and odd-ring (15R) channels. Only one existing framework is known to have
a 15R channel; Germanosilicate ITQ-40, with an interrupted framework type -IRY,
where all T-atoms are not fully connected. These extra-large pore zeolites are likely
to be unstable as real materials, whilst extremely dense structures are unlikely to
be considered true zeolites, resembling the feldspathoids or clathrates, which have
very limited adsorption capacity (6R pore windows). In some cases, particular ar-
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rangements of building units were observed that are not yet found to exist amongst
IZA frameworks, such as the d4r-d6r-d4r arrangement shown in Figure 4-1. This
succession of parallel, fused 4 and 6Rs is severely restricting framework flexibility.

Figure 4-1: Examples of existing and hypothetical frameworks that are outside the Flexibility
Window. The chiral LTJ framework is built from open and distorted tiles, such as t-euo which
has strained 4Rs highlighted red. Hypothetical frameworks outside the window have high
�� values, odd 15R channels and unfavourable arrangements of building units, such as
64r-d6r-d4r, which have not yet been found amongst existing IZA frameworks.

4.2.3 Framework Density (��) vs Average Smallest Ring Size
(A0E)

Once the presence of a FW was confirmed, the next step was to select themost feas-
ible targets for synthesis. A data mining approach was taken to draw correlations
between existing and hypothetical frameworks. To date, �� values for IZA frame-
works range from 7.6 T/1000 Å3 (RWY) to 21.2 T/1000 Å3 (CZP). In fact, 248 frame-
works have �� values < 20 T/1000 Å3, with the remaining seven frameworks (��
>20) being zincophosphates or pure silica zeolites, (CZP (Zincophosphate), VET
(Silicate), AEN (AlPO), MVY (Borosilicate), PSI (AlPO), JNT (MgAlPO), MTF (Silic-
ate)). On the other hand, �� values <12 T/1000 Å3 have only been encountered for
the gallophosphate cloverite material (interrupted -CLO framework), having a 20 T-
atom pore opening, for the sulfide UCR-20 (RWY), with a framework built from 3Rs
that are fused in a tetrahedral arrangement, and for the germanosilicates, ITQ-44
(IRR), ITQ-40 (-IRY) and ITQ-37 (-ITV), built from d4r and 3R units.

In 1989, Brunner and Meier showed that the range of �� values for zeolites de-
pends on the average smallest ring size (A0E) in the framework. [206] Here, the ring
size is determined from the vertex symbol for each unique T-atom in the structure.
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In the majority of cases, the size of the smallest ring is the same for every tetrahed-
ral atom. However, in some structures, the smallest ring on each T-atom may be
different, so the average ring size is calculated. When plotting �� vs A0E, Brunner
and Meier noted a clear gap between microporous zeolite frameworks and dense
structures, of at least one �� unit in width, offering a clear distinction between the
two classes of materials. This is shown by the shaded region in Figure 4-2. They
also observed that it is only possible to obtain the lowest density zeolite structures
(i.e. those with the largest rings) by subsequently decreasing the size of the smallest
ring. The distribution of �� values as a function of A0E for all IZA framework struc-
tures (with �� values taken from the ideal framework types in SiO2 composition)
are shown in Figure 4-2 as orange circles. The remaining 3,373 flexible hypothet-
ical frameworks were also plotted (yellow diamonds) alongside the dense structures
(quartz, cristobalite, tridymite, moganite, milarite, paracelsian, scapolite, banalsite,
albite and cordierite, shown as blue circles). Those framework types that have been
synthesised as conventional aluminosilicates are shown as red squares. The upper
and lower �� limits for IZA zeolites are shown as orange dotted lines, and the lower
�� limit of the dense structures is shown as a blue dotted line. The trend of �� in-
creasing with A0E is clear for both known and hypothetical frameworks. Of the 3,373
hypothetical frameworks that met the FW criterion, 3,215 were also within the �� vs
A0E limits predicted by Brunner. 60 of these were found to be existing IZA framework
types and were removed from the set. 158 hypothetical frameworks were found to be
flexible, despite being in the higher-density region. It would be thought that a higher
density would signify less flexibility. However, it appears that certain framework de-
formations are permitted and that these must be determined by the geometry rather
than the porosity or density of a framework. PST-6 (PSI) is an aluminophsophate
with 36 crystallographically distinct tetrahedral sites, the highest of all known IZA
frameworks, and has an �� of 20.7 T/1000 Å3. Despite having one-dimensional 8R
and 10R channels, it has a low micropore volume. However, its ideal framework is
shown to be flexible. Similarly, MCM-35 (MTF) is a pure silicate material with an ��
of 20.7 T/1000 Å3, yet it lies within the FW. Other IZA frameworks with �� values
greater than 20 T/1000 Å3, AEN, JNT, CZP, MVY and VET, lie close to, or within, the
boundary between zeolites and dense structures. These frameworks were found to
be outside the FW. They can all be regarded as zeolite-type materials, having un-
conventional compositions, such as the chiral zincophosphate material CZP. This
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framework was previously shown to lie outside of the Δ�� vs �� criteria, with a
high feasibility factor, ' = 20.92. [85] MVY also has an unusually high �� value of
22 T/1000 Å3 and has only been realised as a borosilicate material, making it more
similar to the dense paracelsian structure BaSi2Al2O8 rather than a true zeolite. [207]
VPI-8 (VET), with an �� of 20.2 T/1000 Å3 is also outside the FW. Although it is es-
sentially a pure silicate material (Si/Zn > 2000 from chemical analysis), its framework
structure is built using a "pinwheel” t-vet building unit that is formed from fused 5Rs,
[516.64 ]. The central part of this unit can be derived from the alpha-quartz structure,
with puckered, heart-shaped 8Rs. [208] At the other extreme, UCR-20 (RWY) has
the lowest �� value of all existing zeolites. It is the only framework type to exist as
a sulfide material. [96] Despite having the highest ' of 51.69, its ideal framework is
shown to be flexible.

This highlights the importance of flexibility as a geometric property that is com-
plimentary to both Δ�� and �� when evaluating framework feasibility. From the
plot, it is apparent that structures with A0E > 5 are unlikely to occur, particularly in
aluminosilicate compositions. In fact, 123 IZA frameworks have A0E = 4, including
many of the commercialised structures and all of the hexagonal, small-pore ABC-6
family, which are among the best catalysts for the reduction of NO emissions and
methanol-to-olefin (MTO) reactions. Furthermore, the majority of IZA structures real-
ised as synthetic aluminosilicates have framework T-atoms associated with 4-rings,
with �� values between 12 and 18 T/1000 Å3 (red squares in Figure 4-2).

Identifying hypothetical frameworks that are realisable as aluminosilicate mater-
ials is important for practical applications because their thermal stability is generally
much higher than that of unconventional zeolites. It must also be remembered here
that hypothetical structures containing 3Rs are excluded in this subset, as they are
intrinsically strained and considered inaccessible, at least as a pure silicate or alu-
minosilicate frameworks. Although one synthetic aluminosilicate, ZSM-18 (MEI,)
containing 3Rs has been synthesized, it appears that aluminosilicates are not the
most adequate compositions. Silicon and aluminium atoms are too big to form the
small T–(O)–T–(O)–T angles required for a triangular face. Introducing Be2+, Zn2+

or Mg2+ atoms into the framework, which show a strong preference for sites with
small ∠T-O-T, can provide the necessary stabilisation. Frameworks with 3Rs also
tend to be extra-large pore structures. Despite these zeolites being desirable for
catalytic applications, their high synthesis costs and thermal instabilities are their

89



4. IDENTIFICATION OF FEASIBLE HYPOTHETICAL STRUCTURES

downfall.
During this study, 5 new framework types were approved by the IZA-SC that

were found in our hypothetical set. These were synthesised as aluminophosphates,
AlPO-91 (ANO), AlPO-78 (AVE) and aluminosilicates PST-33 (PTT), PST-29 (PWN)
and STA-30 (SWY). These are marked with black squares and labelled in Figure 4-
2. Notably, they have an A0E = 4. This appears a prime region to target frameworks
with potentially useful applications. After categorising all IZA and hypothetical frame-
works as either "in window" or "out window," the set was further screened to include
only those likely to be synthesised as conventional aluminosilicates. This reduced
the number to 1,797 hypothetical frameworks having A0E = 4 and �� value between
12 and 18 T/1000 Å3. IZA frameworks studied in this work with A0E = 4 and �� value
between 12 and 18 T/1000 Å3, are listed in the Appendix, Table 8.6.
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Figure 4-2: �� vs average smallest ring size, A0E , for IZA and hypothetical frameworks. Ex-
isting zeolite framework types are shown as orange circles, with aluminosilicatesmarkedwith
a red square. 5 new framework types, aluminophosphates, AlPO-91 (ANO) and AlPO-78
(AVE), and aluminosilicates, PST-33 (PTT), PST-29 (PWN) and STA-30 (SWY), are marked
with black squares. Blue circles show dense types (from left to right and top to bottom:
moganite, albite, cordierite, banalsite, scapolite, paracelsian, milarite, quartz, cristobalite
and tridymite). Hypothetical frameworks within the Flexibility Window are shown as yellow
diamonds. The upper and lower �� limits for IZA zeolites are shown as orange dotted lines,
and the lower �� limit of the dense structures is shown as a blue dotted line.

4.3 Flexibility Window (FW) Search

A FW search was then carried out on IZA frameworks (A0E = 4, �� between 12 and
18 T/1000 Å3) to find the extent of geometric relaxation over a range of densities. As
discussed in the theoretical methods section, constraining the unit-cell parameters
for cubic, hexagonal and tetragonal crystal systems allows the FW to be plotted
in either 1D (cubic) or 2D (hexagonal and tetragonal). Although this limits a full
representation of the 6D space of the FW, it still allows for comparisons to be made
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within each crystal system. FW plots for all cubic, hexagonal and tetragonal IZA
frameworks are shown in the Appendix, Figures 8-4 to 8-11.

4.3.1 Classification of Framework Types

1A 1A* 1B 1C 2A 2B 3

Comp c (%) 23 10 12.5 10.5 11.5 - 12.5 8 3 - 4

Comp a (%) 2-8 7.5 3.5 - 4.5 4.3 5.5-6 4-5 6.5

Iso exp c +
comp a (%) 

7 2.4 3.5-5 4.7 2.5-4 4.2 2.5 - 3

Iso comp (%) 1.5 - 4 7.5 3 3 4.5 - 5 3 - 4.5 13

Convex edge      

Flat top  

Flat bottom 

Connectivity S0 S0 S1+ A2 S0+ A1 A0

d6r/d8r      

can   

dcc   

dsc    

dzc  

Composition AlSi/AlPO AlSi AlSi/AlPO AlSi AlPO AlSi AlSi

Temp (°C) 
80-100 (AlSi)

150-200 (AlPO)
100

80-100 (AlSi)
150-200 (AlPO)

175
160-
190

100-
175

EFC Na and K Na Na Na and K K 

Figure 4-3: Framework classification system. Frameworks are grouped into six categories,
labelled 1A, 1B, 1C, 2A, 2B and 3, based on (i) characteristic FW descriptors (ii) common
building units and (iii) their arrangement and connectivity in the framework. Groups 1, 2 and 3
are distinguished by frameworks having 1) d6r/d8r units (no can) 2) d6r and can units and 3)
can units (no d6r). Sub-category labels A-C are assigned based on characteristic framework
flexibility, for example all frameworks in category 1A can compress along c-direction by 23%,
apart from EMT which is an exception to the rule and is classified as 1A*. This flexibility
coincides with the arrangement and connectivity of CBUs in the framework. For example
all frameworks in category 1A have a staggered arrangement of d6r units. Compositions
of the type materials in each category are given, along with their crystallisation temperature
ranges and the most common extra-framework cations (EFC) used in their syntheses. Comp
- compression, exp-expansion, Iso - isotropic (ratios between the lattice-parameters remain
constant), FTC-framework type code.
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Figure 4-3 shows the framework classification system. Frameworks were grouped
into six categories, labelled 1A, 1B, 1C, 2A, 2B and 3, based on (i) characteristic FW
features (ii) common "closed" polyhedral building units and (iii) their arrangement
and connectivity in the framework. Groups 1, 2 and 3 are distinguished by frame-
works having 1) d6r/d8r units (no can) 2) d6r and can units and 3) can units (no d6r).
Sub-category labels A-C are assigned based on characteristic framework flexibility,
for example all frameworks in category 1A can compress along c-direction by 23%,
apart from EMT which is an exception to the rule and is classified as 1A*. This flexib-
ility coincides with the arrangement and connectivity of CBUs in the framework. For
example all frameworks in category 1A have a staggered arrangement of d6r units.
Compositions of the type materials in each category are given, along with their crys-
tallisation temperature ranges and the most common inorganic cations used in their
syntheses.

The most commonly observed "closed" polyhedral building units amongst cu-
bic, hexagonal and tetragonal framework types are the d6r, d8r and can units. The
connectivities of d6r, d8r and can units were evaluated by viewing the frameworks
along [100] direction and counting the smallest number of T-atoms between two ad-
jacent units. The arrangement can either be aligned (A), if they are connected via
translation along the c-axis, or staggered (S) if they are connected via translations
along both the a and c-axes, Figure 4-4. For example, S0 refers to a staggered
arrangement (S) with no T-atoms between two units. S0 therefore identifies frame-
works where d6r or d8r units act as true SBUs. The different arrangements and
connectivities of d6r, d8r and can units across the framework types are represen-
ted in their FW shapes. Figure 4-4 summarises the different FW shapes exhib-
ited by hexagonal and tetragonal frameworks. The d6r units in Figure 3-3 are used
as an example. However, the same assignments can be made for d8r and can
units. The connectivity of these units also determine the presence of infinite chains
in the framework. For example, double saw-chains (dsc) running parallel to [001] are
formed from stacks of d6r-can-d6r units, observed in frameworks that have A1 con-
nectivity in category 2B. Double crankshaft chains (dcc) are formed from staggered
arrangements of d6r or d8r units with a connectivity of S0, observed in frameworks
in category 1A. Lastly, double zig-zag chains (dzc) are formed from stacks of can
cages, in frameworks where d6r units are absent, in category 3. A table listing the
IZA frameworks in each category is given in the Appendix, Figure 8-12.
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d6r Aligned
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Figure 4-4: Flexibility window shapes in each category. d6r units are shown in pink and
their connectivities (i.e. the smallest no. of T-atoms between them) are marked with red
circles.

It was found that this could be extended further to frameworks containing d4r
units or modified d4r, d6r and d8r units (resembling the unit but with some edges
broken). The BCT framework has a FW that could be categorised in group 3, Figure
4-5. It’s framework contains columns of stacked t-lau cages forming dzcs running
parallel to [001]. These t-lau units [42.64] can be considered as modified d6r units
[46.62], i.e. where two of the side bonds are broken. Similarly, AFS and BPH frame-
work types are built from modified d4r [46] units that are connected to form t-afo tiles
(bph) [46.63], and MAZ and LTF are built from stacked gme cages. These frame-
work types all have dscs running parallel to the [001] direction and their FW shapes
are similar to those in category 2B, Figure 4-5. Finally, framework type GIS can be
built from modified d4r and d8r units that form a t-gis tile [46.84]. These are as-
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sembled in a staggered arrangement, S1, with dccs running parallel to both [001]
and [100] directions. This would place it in category 1A and, as would be predicted,
the framework can compress along the dccs by 23% in both the a and c-directions.
A high-pressure study of gismondine (GIS) revealed that Si and Al tetrahedral units
were stable up to 7.6 GPa, undergoing volume contractions of only 0.05 and 0.08%,
respectively. This large FW is likely to explain why Gismondine can withstand such
high pressures with little deformation. [209]

From these observations, it can be said that an ideal zeolite framework is flex-
ible in specific ways, dictated by the arrangement and connectivity of its smallest,
closed polyhedral cages, and this is represented in the shape of its FW. The focus
in this study has remained on frameworks containing d6r, d8r and can units, which
are commonly observed in aluminosilicate materials. The majority of frameworks
containing d4rs and modified units tend to be germanosilicates, where longer Ge-O
bonds and smaller Ge-O-Ge angles can relive the strain. Whilst these frameworks
exhibit interesting FW features, further exploration of their FWs is cause for future
work.
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Figure 4-5: Flexibility window shapes and structural building units for BCT, GIS, MAZ and
AFS. Chains are highlighted in red.
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4.3.2 FW Shapes
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Figure 4-6: Flexibility window shapes and framework structures of CAN, CHA, OFF and
LEV. Note the different scales of the axes. Geometrically relaxed structures generated at
points along the FW edges are numbered. d6r units are shaded in pink. dzc, dcc and dsc
chains are highlighted in red. Planar 4 and 6R hinges between d6r units are outlined in
green.
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Figure 4-7: 3$−$ and ∠T-O-T for geometrically relaxed structures at points along the FW
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To understand how the arrangement and connectivity of these units affects frame-
work flexibility, CAN, CHA, OFF and LEV frameworks were explored in more detail.
Geometrically relaxed structures were generated at points along the FW edges, la-
belled in Figures 4-6 (a-d). Input structures are marked with a red square at the
origin. CAN, CHA, OFF and LEV frameworks belong to categories 3, 1A, 2B and
1B, respectively, and are all part of the ABC-6 family of zeolites.

The CAN framework, shown in Figure 4-6 (a), is built solely from columns of
base-sharing can units which surround 12R channels, parallel to [001]. Continuous
double zig zag chains (dzc), made from edge-sharing 4Rs, form around a 3-fold axis
running parallel to the c-direction, highlighted in red. It has a stacking sequence AB,
consisting purely of single 6Rs. Framework tetrahedra can maintain regularity in
multiple high-density configurations, when the a and c hexagonal-parameters are
compressed simultaneously, by up to 13%. Notably there is no room for expansion
and the FW exhibits a "flat top" edge.

In contrast, the CHA framework, Figure 4-6 (b), can be built entirely from d6r
units, with a stacking sequence AABBCC. d6rs are connected via tilted 4Rs in a
staggered arrangement around a puckered 8R [100] pore window to form dccs run-
ning parallel to the c-direction. The FW shape is entirely different. The framework
can be collapsed 23% along the c-direction before clashes begin to occur between
oxygen atoms. The framework can also expand significantly whilst maintaining geo-
metric regularity. However, simultaneous compression along both hexagonal axes
cannot occur unless some tetrahedral distortion is permitted.

In themiddle lies theOFF framework, Figure 4-6 (c), built from columns of aligned
d6r-can-d6r units that surround 12R channels parallel to [001] and puckered 8R pore
windows [100]. dscs run along the c-direction. The stacking sequence, AAB, is a
combination of single and double 6R units. As expected, the extent of flexibility lies
somewhere between the two extremes, and the FW shape exhibits both the convex
and concave outer and inner edges, respectively, but also shows a "flat top" and "flat
bottom" edge.

The LEV framework, shown in Figure 4-6 (d), is structurally similar to CHA, com-
prised of d6r units and lev cavities. Its ABC-6 stacking sequence, AABCCABBC,
contains both single and double 6Rs. d6r units are connected via planar 6Rs and
4Rs in a staggered arrangement around a puckered 8R [100] pore window. Whilst
its FW exhibits the same, well-defined outer edge, it is different to CHA along the
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inner edge.
In all cases, input structures are found to lie towards the low-density edge of

the window. Their frameworks seek to be expanded as far as the topology and Si-
O bond length will allow. Further exploration of the specific flexibility mechanisms
around the low density FW edges is relevant for applications of real zeolite materials.

Changes in 3$−$ and ∠T-O-T for geometrically relaxed structures along the FW
edges are plotted in Figure 4-7.
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Figure 4-8: Folding mechanism of the can unit. O atoms are coloured in red, pink and green
to follow the TO4 rotations. Flat arrows indicate TO4 rotations within the plane and curved
arrows indicate rotations out of the plane. O-O clashes are marked with an orange star.
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Figure 4-7 (a) shows 3$1−$1 (blue), 3$2−$2 (orange) and 3$4−$4 (yellow) dis-
tances of the puckered 6Rs [100]. These O atoms are labelled in Figure 4-8. 3$1−$1

is effectively a measurement of the height of a can cage along the c-direction, whilst
the 3$2−$2 and 3$4−$4 follow the shape of the 6Rs [100]. Figure 4-7 (b) shows
changes in ∠T-O1-T (orange) and ∠T-O3-T (blue) in the 6R [001] surfaces of the can
cages. The shaded region highlights the top edge of the window (i.e. structures
1-3). The input structure 3 is marked with a dashed line.

The can folding mechanism is illustrated in Figure 4-8. TO4 rotations in the plane
are shown with straight arrows, whilst rotations around a perpendicular axis are
shown by curved arrows. The limiting clashes between oxygen atoms are marked
with an orange star.

All TO4 units in the CAN framework are arranged in a zig-zag manner, which
allows unrestricted, co-operative anti-rotation of rigid tetrahedra (i.e. in equal and
opposite directions). A continuous rearrangement of the ideal CAN framework al-
lows it to reach multiple high-density configurations at no geometric cost. With com-
pression along a and c-directions, there is a pronounced flattening of the can cages,
which inevitably results in a concurrent folding inwards. In this way, the framework
can fold isotropically by up to 13%. Heights of the can cages decrease, as shown by
a reduction in 3$1−$1, whilst 6Rs [100] become triangular, as 3$2−$2 and 3$4−$4

decrease and increase, respectively (ditrigonalisation process), Figures 4-7 (a&b).
This takes place until the onset of O2-O2 clashes at the high density edge (structure
12, Figure 4-8). Compression along the a-direction can occur when ∠T-O3-T de-
crease as low as 112◦ as TO4 units co-operatively anti-rotate in equal and opposite
directions in the a/b-plane until the onset of O2-O2 clashes in the 4R units. Previous
high-pressure studies of natural cancrinite-group minerals have shown that these
frameworks exhibit high pressure stability, with bulk moduli ∼47 GPa. No amorph-
isation or phase transitions have been reported to occur for these frameworks up
to 6.63(2) GPa. [210–213] Furthermore, high-pressure structure refinements of can-
crinite zeolites have confirmed that 6Rs experience a ditrigonalisation process and
that can cages flatten along [001] direction. This pronounced flexibility is reflected in
the large, theoretical FW. The isotropic compression and FW shape of CAN, along
with others in category 3 (LIO, AFG, LOS, BCT), is consistent with previous DFT
studies on the theoretical elastic behaviour of zeolite frameworks. [78,79]MEP, CAS,
LOS, LIO, AFG, ATO, CAN, EPI, DAC and BCT have been shown to have the low-
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est elastic anisotropy as pure SiO2 materials. The flexibility of the CAN framework is
also reflected in its ability to accommodate several kinds of non-framework cations
and anions, such as Na+, K+, Ca2+, CO3

2−, SO4
2−, Cl−, C2O4

2−, PO4
3− and H2O in

a number of boding configurations.

d6r compression

Figure 4-9: Folding mechanisms of d6r units. O atoms are coloured in red and TO4 units
in blue. Flat arrows indicate TO4 rotations within the plane and curved arrows indicate ro-
tations out of the plane. O-O clashes are marked with an orange symbol. a) shows the
symmetrical folding mechanism of d6r units that dictate the curved outer edge of the FW
seen in categories 1 and 2, b) shows compression of a d6r unit along the a-direction which
causes the flat top and bottom FW edges seen for category 2B frameworks and c) shows
the unsymmetrical d6r folding mechanism observed in frameworks of category 1B which
causes the variability seen along the inner FW edges.

Figures 4-7 (c, e and g) show changes to 3$−$ in 6Rs [001] (blue) and Figures 4-7
(d,f and h) show ∠T-O1-T (orange) and ∠T-O3-T (yellow) in the planar 6Rs [001] and
∠T-O4-T (blue) of the 4Rs [100]. This is effectively a measure of the d6r height along
the c-direction.

d6r folding mechanisms are illustrated in Figure 4-9. (a) shows the symmetrical
unfolding of d6r units upon compression or expansion along the c-direction. This
dictates the curved outer edge of the FW, (b) shows compression of the d6r along
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the a-direction which results in the flat top and flat bottom edges of the FWs and c
shows the unsymmetrical unfolding of a d6r unit which causes variability along the
inner edges.

Observations for CHA, OFF and LEV frameworks are as follows:

• FW plots for CHA, OFF and LEV have a common curved outer edge. This is
dictated by the symmetrical unfolding mechanism of their common d6r units,
illustrated in Figure 4-9 (a) using the CHA framework as an example.

• The arrangement and connectivity of d6r units dictates the specific ways in
which a framework is flexible. As a result, the FW shapes differ in the extent
of compressibility along the a and c-directions.

• Heights of the d6r units increase and decrease to compensate framework
compression and expansion along the c-axis, respectively. ∠T-O4-T can, in
theory, span a range from 112-178◦ without deforming TO4 units. There is a
noticeable flattening of the oxygen atoms at the 6R [001] surface.

• The CHA framework can compress by 23% along the c-axis due to the dccs
that run parallel. In theory, the ellipticity (longest/shortest 3$−$) of the puckered
8R pore window can double in each direction upon both expansion and com-
pression. This is significant as the dimensions of this 8R determine accessibil-
ity into the internal channel system. However, inversion in ellipticity of channels
at high-pressure have been shown to lead to phase transitions in real materi-
als. [113]

• Compression of the CHA framework along the a-direction can occur at the top
edge of the window, when the structure is maximally expanded. If d6r units
were compressing in this direction, a reduction in 3$1−$3 would be expected.
However, O-O distances remain constant and when the framework is viewed
along the [001], d6r units appear undistorted. This is because d6r units share
two common O atoms, forming a 4R hinge between them, Figure 4-6 (b). The
4R hinge can rotate in the a/c-plane and reduce the distance between neigh-
bouring d6r units, without the d6rs themselves compressing. d6rs act as ‘rigid
units’ connected via a 4R joint. This is similar to the wine-rack topology in
MOFs that are said to "breathe" upon external stimuli (e.g. guest molecule ad-
sorption/desorption), transforming between open/closed or narrow/wide pore

102



4.3 Flexibility Window (FW) Search

forms. Gatta et al have also reported that fibrous zeolites (NAT, THO, and
EDI ) which have T5O10 or 4=1 units accommodate pressure by first rotating
these SBUS as "rigid block-units." The estimated bulk modulus of the SBU is
approximately twice that of the zeolite (i.e. ∼115 GPa for the SBU compared
to ∼43 GPa for NAT). [113]

• Compression of the CHA framework cannot occur along the a-direction at the
bottom edge of the window. TO4 units within 4R joints cannot anti-rotate as
they are constrained within neighbouring d6r units. This is illustrated more
clearly in Figure 4-10.

• The OFF framework can compress by 8% along the c-axis. The ellipticity of
the 8R window changes by 12% in each direction upon expansion and com-
pression. Compression is limited by the onset of O-O clashes in the can cages
stacked between aligned d6r units.

• The FW for OFF exhibits a flat top and bottom edge. d6r units are able to
compress along the a-direction, illustrated in Figure 4-9 (b). can cages and
single 6Rs increase the separation between adjacent d6r units. As a result,
d6r units do not share any O atoms and TO4 within the planar 6Rs and 4R
joints are free to anti-rotate as they are not constrained within neighbouring
d6rs. This is illustrated in Figure 4-10.

• When OFF is viewed along the [001], O-atoms in the 6R window become
triangular in shape until the onset of O1-O1 clashes. ∠T-O1-T and ∠T-O3-T
are reduced as low as 112◦ due to TO4 units anti-rotating in the a/b-plane.
3$1−$3 in the 6Rs [001] also decrease from 5.2 to 4.6 Å

• d6r units in the LEV framework are staggered with respect to the c-axis, and
are connected via a planar 6R that acts as a hinge in the same way as the 4R
of the CHA framework.

• d6r units do not share any O atoms. Polyhedra in the planar 6Rs are free to
anti-rotate around different axes as they are not constrained within neighbour-
ing d6r units and this causes greater flexibility along the a-direction than is
observed for CHA. When viewed along the [001], O-atoms in the 6R window
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become triangular in shape. 3$1−$3 in the 6Rs [001] decrease from 5.2 to 4.7
Å and then increase again at the bottom edge.

• The inner edges of the FW are markedly different for LEV. This occurs as
d6r units follow an unsymmetrical folding path, illustrated in Figure 4-9 (c).
Tetrahedra in the 6R [001] surfaces twist in opposite directions, resembling a
screw/torsion mechanism.

Figure 4-10 summarises how the arrangement of TO4 units cause different fold-
ing mechanisms for CAN, CHA, OFF and LEV frameworks along their FW edges.
The zig-zag arrangement of TO4 in the CAN framework causes an isotropic folding.
For CHA, OFF and LEV, it is the orientation and connectivity of d6r units with re-
spect to the chosen crystallographic axes that determines flexibility. This is due to
constraints on TO4 units within planar 4- and 6Rs. Planar rings tend to have fixed
∠T-T-T angles at 180 − 360/=. When they lie parallel to the axis of compression,
they confer rigidity to the framework. For 4R units in particular, whichever way their
tetrahedra rotate to adjust ∠T-O-T, the T-T constraint leaves little room for flexibility.
This is heightened when 4Rs are fused together, as they are within d4r, d6r and
d8r prisms. On the other hand, puckered rings and isolated rings between d6r units
(>4 T-atoms) show much more variability of internal ∠T-T-T bond angles. This has
significant consequences as each ring provides a potential binding site for cations.
Puckered rings that have more flexibility are able to maximise bonding with cations.

In theory, the FW shapes of frameworks in categories 1 and 2 show that they ex-
hibit negative linear compressibility. The volume decreases as one lattice-parameter
actually increases. In the case of CHA, the overall unit-cell volume decreases from
2391.5 to 2167.5 Å3 as the c-parameter increases from 14.767 to 15.777 Å and the a-
parameter decreases from 13.675 to 12.595 Å. NLC has not been observed in a real
zeolite material yet. A similar observation has, however, been made by Coudert et
al who found that ATT, ABW, APC, GIS, MSO, MER, PHI, UEI, AHT, AWO and LAU
framework types theoretically exhibit NLC properties in SiO2 composition. [78,79]
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8R

4R
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OFF CHA
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6R

6R

Figure 4-10: Summary of the folding mechanisms along FW edges for CAN,OFF, LEV and
CHA frameworks viewed along [100]. TO4 units are coloured in blue and O atoms in red.
For CAN, the stacking arrangement of can cages are shown. TO4 shaded in yellow highlight
the zig-zag chains which allows the isotropic folding mechanism to occur. For OFF, LEV and
CHA, connectivities between adjacent d6r units are shown around their 8R pore windows.
TO4 units shaded in green highlight the 6R and 4R joint units between d6rs in the LEV and
CHA frameworks, respectively. In the case of CHA these tetrahedra are constrained within
neighbouring d6r units.The TO4 units shaded in cyan highlight the tetrahedra of planar 6Rs
that separate d6r units in theOFF framework which are free to anti-rotate in a different plane.

4.3.3 FWs of Hypothetical Structures

Using the same classification system, a FW search was carried out over the hypo-
thetical set. To reduce the number of frameworks, the initial focus was placed on
cubic and hexagonal topologies. For hexagonal structures, the set was screened for
ABC-6 frameworks by selecting those with a-lattice parameters less than 14 Å. This
left 333 hexagonal and 66 cubic candidates. TOPOsPro was used to deconstruct
these frameworks into their natural tiles. Face symbols were used to identify known
CBUs and any new tiles that are yet to be realised in existing zeolites. Those con-
taining d6r and can units were selected and their FWs were plotted. Whilst there
was some variability amongst the FW shapes, the majority of hypothetical frame-
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works could be classified accordingly into one of the six groups. The full list of target
hypothetical frameworks is given in the Appendix, Figures 8-13 and 8-14.

A subset of 26 of the most promising candidates have been selected. FW plots
for these frameworks are given in the Appendix, Figures 8-15 and 8-16. Among
this set are the recently synthesised ABC-6 framework types 194_3_1140 (SWY),
194_4_47060 (ANO), 164_2_612 (PTT), 166_4_600690 (AVE) and cubic frame-
work 229_3_4866 (PWN). Within each category, there are some attractive candid-
ates for synthesis. Molecular modelling will be very useful in identifying or designing
suitable OSDA molecules that have highly favourable interaction energies and can
fit perfectly in the framework cavities. [214]

194_4_47045 is comparable with CHA and AFX in category 1A, Figure 4-11. It
has a 16-layer stacking sequence built from staggered d6r units connected through
4Rs to form 3D, 8R channel systems perpendicular to the c-axis. The maximum
diameter of a sphere that can diffuse along the channels (� 5 ) is approximately 3.8
Å and the largest included sphere has a diameter (�8) of 7.8 Å. 194_5_1577459 is
structurally similar to AFT in category 1A, Figure 4-11. Values for � 5 and �8 are
3.8 Å and 8 Å, respectively. These frameworks are potential candidates for MTO
reactions or the reduction of NO emissions.

Figure 4-12 shows potential large-pore candidates. 194_2_25 is a large-pore
zeolite with 1D, 12R channels running parallel to [001], formed from a stacking se-
quence of alternating gme, can and d6r units around a 3-fold axis. It has an 8 layer
stacking sequence, ABBABAAB, containing single and double 6Rs and a maximum
� 5 of 6.18 Å, comparable to OFF in category 2B. 194_3_1684 and 194_3_2075
are comparable to ERI. They are small-pore zeolites with a similar unsymmetrical
stacking of can cages connected by d6r units along the c-axis. Also shown is the
recently synthesised AVE structure which was predicted in the hypothetical set.

Frameworks with large 1D 12R channels find use as host-guest antennae sys-
tems for light harvesting and the aromatisation of hexane into benzene, whilst frame-
works similar to ERI are likely to show catalytic activity for the SCR of NO by am-
monia. Some frameworks do not contain the same stacked columns of d6r-can-d6r
observed in existing zeolites to place them in category 2B. It is likely that there will
be another FW category, 2C, for these frameworks if they are synthesised.

Hypothetical frameworks in group 3 are not included in the list of targets as they
are less likely to be of practical use. Existing frameworks in group 3 are natural
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zeolites which form under highly alkaline conditions. They are often referred to as the
cancrinite-sodalite family, resembling the feldspathoids, where apertures are formed
from 6Rs only (apart fromCANwhich has a 12R channel). These frameworks do not
show typical zeolite properties, such as molecular sieving, although some materials
in this group have been shown to trap CO2 at high temperatures [105].
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Figure 4-11: Similarities between hypothetical and existing structures in category 1A.
Framework structures and FW plots for existing CHA and AFT framework types and hy-
pothetical structures 194_4_47045 and 194_5_1577459. d6r units are shown in pink, cha
cages in blue, gme in purple and aft in white.
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Small pore 8R channels Large pore 12R channels

ERI OFF

194_3_1684 194_2_25

194_3_2075 164_3_179628

166_4_600690 (AVE) 194_4_80611

Figure 4-12: Hypothetical structures in category 2. These frameworks are all remarkably
similar in their [001] projections, but differ in the arrangement of their CBUs when viewed
along [100]. Small pore 8R zeolites are structurally similar to ERI. Large pore 12R zeolites
are structurally similar to OFF.
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4.3.4 FW Lengths (�,!) and Areas (�,�)

Figures 4-13 and 4-14 show calculated FW lengths (�,!) and areas (�,�) for IZA
frameworks (blue) and 26 ABC-6 hypothetical frameworks (red). Frameworks with
odd 3-, 5-, 7- and 9Rs, and d4r units, have the smallest �,�. These tend to be
germano- or beryllo-silicate materials. This is likely due to the restrictions on their
T-O-T bond angles. The geometry of germanosilicate frameworks, with d4rs and
3Rs, show a preference for smaller T-O-T angles that are otherwise strained in pure
SiO2 compositions and this is reflected in their small FW areas. For example, SBN
is a germanosilicate with both strained 3- and 4Rs of small T-O-T angles (132◦), but
it also has some T-O-T angles of 180◦. There is little room for any flexibility without
some deformation of TO4 units and, as a result, it has the smallest FW amongst
non-interrupted frameworks, shown in Figure 4-15. On the other hand, RWY and
JST have the largest �,! values amongst cubic frameworks despite being gallo-
germanate materials with 3R building units, Figure 4-15. RWY has a high Δ�� and
a large ', with significant deviation from the feasibility line of �� vs Δ��. However,
the 3Rs in these frameworks are able to act as rigid units whilst the links between
them are freely flexible.

A table of �,! and �,� values is given in the Appendix, Tables 8.7 and 8.8.
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Figure 4-13: FW lengths (�,!) for cubic frameworks
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Aluminosilicates and AlPOs Germano & beryllosilicates
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Figure 4-14: FW areas (�,�) for hexagonal and tetragonal frameworks in SiO2 compos-
ition, along with 26 ABC-6 hypothetical structures. Frameworks shown in blue are alumin-
osilicates or AlPOs and have larger �,� values. Frameworks that contain odd 3, 5, 7 or
9Rs and/or d4r units are shown in white and have the smallest �,� values. The majority
of these zeolites exist as germanosilicates, gallogermanates, beryllosilicates, borosilicates
or MAPOs. 26 target ABC-6 hypothetical frameworks are shown in red.
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Figure 4-15: FWs and structures of SBN and RWY.

4.3.5 FW Shapes and Areas (�,�) for Type Materials

To see if framework composition had an affect on the FW shape, existing zeolites
were modelled using templates with bond lengths and atomic radii based on the
composition of the type material. Refined crystal structures for type materials were
taken from the IZA database. However, in some cases, the crystal symmetry is
different for the typematerial and FW comparisons could not be made. For example,
the GIS framework type is tetragonal in SiO2 composition and has a 2D FW, but the
aluminosilicate Gismondine material is monoclinic and has a 4D FW.
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Figure 4-16: The trend in FW areas (�,�) for hexagonal and tetragonal frameworks mod-
elled in their real compositions.

Figure 4-16 shows the trend in FW areas (�,�) for hexagonal and tetragonal
frameworks modelled in their real compositions. Comparing ideal structures and
real materials showed that all aluminosilicate and AlPO frameworks retain the same
FW shape, but the area/size of the FW changes, as would be expected when using
a longer bond length/larger framework tetrahedra. Figure 4-17 shows FWs for the
GME framework type in SiO2 composition and the Gmelinite type material in an
aluminosilicate composition, with Si/Al=2 and average 3)−$ of 1.65 Å to reflect a
random T-atom distribution. Figure 4-16 shows the trend in �,� values for zeolite
materials. Interestingly, the AlPO ACP-1 (ACO) has the largest �,� of the materials
explored. The ACO framework type in SiO2 is cubic and has a relatively small �,!

in comparison. Furthermore, the ACO framework has dccs running parallel to the c-
axis and a staggered arrangement, S0, of d4r units. The FW shape, when modelled
in a tetragonal crystal system, shows identical features to other frameworks types
with S0 arrangements of closed building units, Figure 4-17. This would place it
in category 1A. A table of �,� values for zeolite type materials is shown in the
Appendix, Table 8.9.
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This again confirms that the geometry of the framework dictates the specific flex-
ibility. However this study requires further work. For example, introducing tetrahedra
of different sizes in the most strained sites opens up the possibility that the FW could
be used to predict chemical composition. If the framework could be geometrically
relaxed when larger tetrahedra are placed at specific sites, it could reflect localised
T-atom positions in real materials. It is also possible that frameworks which can ac-
commodate a wide range of tetrahedral sizes are more likely to be synthesised in a
number of compositions.

(a) (b)

(c)
(d)

Figure 4-17: FWs for type materials. (a) shows the FW plot for the GME framework in SiO2
composition. (b) shows the FW plot for the Gmelinite type material in an aluminosilicate
composition, with Si/Al=2 and average 3)−$ =of 1.65 Å. (c) shows the FW plot for ACP-1
(ACO) modelled as an AlPO in a tetragonal unit-cell and (d) shows the ACO framework with
an S0 connectivity of d4r units.
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4.4 Discussion

4.4.1 Supporting the geometric model

Due to the increasingly large numbers of hypothetical structures that exist, it is highly
desirable to establish criteria that predict which ones are likely to be synthesised.
Determining what is and what is not chemically feasible, however, is a difficult task.
It is often the case with zeolites that one rule does not fit all, and many times an
‘unfeasible’ zeolite has indeed been synthesised. For example, in 2015, Li et al
suggested that all existing ABC-6 zeolites are comprised of no more than four types
of cages. [66] In 2021, AlPO-91 (ANO), a 16-layer, ABC-6 aluminophosphate con-
taining five types of cages, d6r, can, gme, eab and ave, was synthesised. [136]

The FW property can be used as a complement to existing criteria, such as Δ��,
�� and LID, when evaluating large databases of hypothetical structures. Frame-
works that are over-looked by other descriptors, such as ANO mentioned above,
and RWY with a large Δ�� and ', are considered feasible by the FW criterion. [12]

Despite being an integral property of all existing zeolites, framework flexibility
and dynamics have been neglected in nearly all of the current proposed criteria for
determining the feasibility of hypothetical structures. This is mainly because calcu-
lations involving ab initio or molecular dynamics require high computing power and
are time consuming. By simplifying the chemistry and modelling local interactions
with a geometric template, a framework can be approximated by a set of very stiff
tetrahedra with freely flexible links between them. Energy minimisation is not car-
ried out and Van der Waals, coulomb forces and electrostatic interactions are not
considered. It is then much quicker to carry out high-throughput computations and
to analyse systems containing hundreds of atoms.

Despite its simplicity, this geometric model can be supported by previous ab initio
calculations and high-pressure studies. Force constants for 3(8−$ bonds are shown
to be significantly higher than ∠Si-O-Si angle-bending forces. Ab initio andmolecular
orbital calculations have also shown that 3(8−$ have a deep potential energy well,
with a preference for values around 1.61-1.62 Å, whereas ∠Si-O-Si have a relatively
flat potential energy curve. The low energy barriers are indicative of a very flexible
angle, at least between 140 and 180◦. [10,215,216]

High-pressure studies of pyrope, Mg3Al2(SiO4)3, have also shown that Si-O bond
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lengths in an SiO4 unit remain effectively constant up to 19 GPa, with an estimated
bulk modulus of 580(24) GPa for SiO4. [217] A number of high-pressure diffraction
studies have also shown that zeolite frameworks accommodate pressure by firstly
tilting rigid TO4 units around flexible oxygen hinges before any distortion within the
tetrahedra occurs. [113] This confirms that the forces acting within each tetrahedron
are much stronger than the forces that act between them. The rigid unit mode (RUM)
theory has also been developed to help understand low-energy deformations that
lead to phase transitions in silicate materials. This is where soft lattice vibrational
modes, (RUMs), can propagate with rotations and translations of undistorted SiO4

tetrahedra. The RUMs usually have low frequencies because the energies involved
in changing flexible ∠T-O-T angles are not large. [118, 218] Using this theory, the
FW could be said to describe a theoretical region where the potential energy of a
framework is zero if the force constants at the hinges (i.e. ∠T-O-T) are set to zero
(Hooke’s Law � = −:G).

It is evident that there is an energetic incentive for real zeolite materials, and
hypothetical ones, to lie within their theoretical FWs. A geometrically ideal frame-
work within the FW effectively corresponds to a local energy minimum. Outside the
window, frameworks are, in theory, intrinsically strained and this comes with an en-
ergetic penalty, even in the absence of other long-range interactions. However, the
majority of hypothetical structures do not have a FW, at least when modelled in SiO2

compositions. This confirms the importance of framework flexibility in identifying
topologies that are likely to exist in real materials.

4.4.2 Advantages of the FW criterion

Predicting properties

In addition to evaluating the feasibility of hypothetical structures, the FW model can
provide insight into important properties. It has previously been used to rationalise
phenomena that occur within existing zeolite materials under non-ambient condi-
tions. [219] Within the window, frameworks can respond to external stimuli, such
as temperature, pressure and guest materials, by “ideal” deformations i.e. those
that leave the tetrahedra undistorted. Anti-rotation mechanisms of corner sharing
tetrahedra simultaneously induce compression and extension within the framework.
When one ∠T-O-T angle increases, it necessitates a decrease around another. This
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allows the framework to be flexible but non-collapsible. [220]

Plotting the FW is also visually informative. Very similar structures have been
classified into one of six categories based on common FW shape characteristics.
These groups provide relationships between geometric flexibility, framework struc-
tures, synthesis conditions and physical properties.

Understanding the specific flexibility of a framework type is important for practical
applications. Copper-exchanged zeolites possessing d6r units are known to perform
well as catalysts in the selective catalytic reduction (SCR) of NO from diesel engines.
[221] For these zeolites, geometric simulations have shown that ideal flexibility is as
a combined effect of soft cavities and channels built from puckered rings that are
surrounded by rigid d6r units built from fused planar 6Rs and 4Rs. This is important
as the preferred locations for Cu-coordination in these zeolites is just above the plane
of 6Rs of d6r units. In theory, the framework pores are freely flexible whilst the Cu
active sites can remain in stable positions. This is most notable for frameworks in
category 1A, which can significantly alter the dimensions of their 8R channels, whilst
d6rs move as rigid blocks within the FW. These frameworks have the advantage
of adapting easily to the size and shape of adsorbate molecules without distorting
TO4 units. This is particularly important for diffusion properties when pore sizes are
comparable to the kinetic diameters of guest molecules. This may explain why CHA
and others in category 1A are such a good candidates for MTO and SCR reactions.
Hypothetical frameworks in the same category are also likely candidates for such
catalytic processes.

Similar to existing frameworks in category 2A, hypothetical structures in the same
group could be of interest for industrially relevant separations (e.g. ethane/ethene,
propane/propene) and for water-based adsorption applications.

Frameworks in category 3 often resemble the feldspathoids with a more compact
stacking of 6R layers, leading to small apertures formed from 6Rs only. Existing
materials in this category are normally found as natural minerals but have been
shown to exhibit CO2 storage properties at high temperatures. [105]

ABC-6 zeolites show great potential for a number of sustainable applications and
it is likely that the hypothetical structures identified in this family will also find use in
many future applications.
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Predicting synthesis conditions

It is reasonable to suggest that if a hypothetical framework adopts a similar arrange-
ment of cavities and channels to known zeolites then this increases the likelihood
of it being synthesised under similar reaction conditions. Common building units
between frameworks in the same categories may also facilitate the conversion of
one zeolite into another. Many types of frameworks containing d6r units, such as
CHA, AFX, AEI, ERI and LEV, can be synthesised by inter-zeolite conversion (IZC)
using FAU as a reagent. [66, 159–161] This is important as it opens up the pos-
sibility of a more cost-effective route to synthesise new zeolites from a structurally
similar one. Hypothetical frameworks in category 1 may be targeted using FAU as
a reagent.

Predicting compositions

FW areas can be linked to framework compositions. It has been shown that hexagonal
germanosilicates exhibit much smaller FW areas than aluminosilicates and AlPOs.
In reality, however, coulomb interactions place an additional constraint on the FW.
Existing materials do show some T-O-T angle preferences due to electron-electron
repulsions on non-adjacent oxygen atoms. [8, 10, 216]. It is likely that real zeolite
materials would not be able to reach such high-density configurations as shown to
be theoretically possible within the FW, at least not under ambient conditions, or
as pure silicates. Calculated potential energy curves for ∠Si-O-Si become much
steeper as values reach < 120◦, consistent with the fact that ∠Si-O-Si < 120◦ are
rare in silicate materials. [215] Molecular orbital calculations have also shown that
amorphisation of -quartz begins when ∠Si-O-Si angles reach 120◦ and there is
a drastic increase in strain-energy. [216] However, germanosilicates show the op-
posite trend to ∠Si-O-Si. The potential energy minima lies at ∼130◦ and there is a
steep increase in energy for ∠Ge-O-Ge > 145◦. [222] Furthermore, the energy well
is much deeper, indicating a greater preference and less flexibility for small angles in
GeO2 materials. This is likely to explain why germanosilicate frameworks, such as
SNB, generally show smaller FW areas, Figure 4-14. The ∠T-O-T angle preference
is reflected in the framework geometry. It may be that the most flexible angles (that
can span between 140-180◦) determined by geometric simulations are more likely
to be ∠Si-O-Si, whereas those that can reach lower angles within the window (< 130

118



4.5 Future work

◦) are more likely to be ∠Si-O-T.

Predicting high-pressure behaviour

Some framework silicates, such as the feldspars, have been shown to maintain their
structures under pressure, even when ∠Al-O-Si reach values < 105◦. [223] The FW,
therefore, has great potential for use in high-pressure studies where it can be used
to predict the stability and compression mechanisms of zeolite frameworks.

It is evident that flexibility is an important structural property of real zeolite ma-
terials and should be considered when evaluating the feasibility of a hypothetical
one.

4.5 Future work

Modelling frameworks in different crystal systems

For the majority of structures explored in this work, it was found that the maximum
symmetry of the framework was maintained within the FW. However, the flexibility
of a framework type in different crystal systems has not been explored. This may
be unconventional, but the question arises as to whether it would yield the same
lattice expansion and compression. It is likely that constraints on the crystal sys-
tems are limiting the configurational space and that these frameworks could adopt
other configurations if the FW was explored in lower symmetries to open up addi-
tional degrees of freedom. This has been shown to occur for the ACO framework
type, which has a small �,! when modelled in a cubic cell in SiO2 composition, but
has the largest �,� when modelled as an AlPO in a tetragonal unit-cell. However,
variation of the entire ensemble of lattice parameters a, b, c, , �, �, would make
analysis much less straightforward. Furthermore, comparing these results to that
of Kapko, who has explored the FWs in 6D, the same trend of flexibility is gener-
ally observed amongst existing framework types. The relative widths of the FW, Fo,
(�<0G/�<8=) are remarkably similar. For example, LEV (explored in a trigonal crystal
system in this work) has Fo = 1.18, similar to Kapko’s value of 1.15 (in a triclininc
cell). [101]
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Modelling frameworks in different compositions

It is not expected that perfectly regular tetrahedra would be found in all real zeolite
materials. Other long-range forces and non-framework content can allow for small
distortions within TO4 units. It is likely that IZA and hypothetical frameworks out-
side the window might be flexible if Si atoms are substituted for other elements such
as Al, P and Ge. Predicting whether heteroatoms are necessary for the realisa-
tion of hypothetical structures is of great importance for the synthesis of new ma-
terials. Many real materials can only be synthesised via heteroatom incorporation,
for example the MgAlPO JU-92 material (JNT). These frameworks are usually dis-
torted and tetrahedral deformations are stabilised by heteroatoms and host-guest
interactions. A study of pure silica zeolites revealed 3(8−$ values can range from
1.54 to 1.67 Å, offering much greater variability than the strict criterion of 1.610(1) Å
used in this geometric model. [9] In fact, even in pure silica zeolites ∠O-Si-O within
each tetrahedron range from 129.2 to 96.8 ◦, with a mean value of 109.5+/-2.6◦.
The small distortions typically seen in crystal structures may be inevitable in certain
framework topologies. Although the FWs of real zeolite materials has been touched
upon in this work, further investigations should be undertaken to discover the affect
of both framework and non-framework constituents on flexibility. Dawson showed
that framework types CZP, ISV and GOO can relax in mixed compositions, using
tetrahedra of varying sizes that directly reflect the hetroatom locations of the type
material. [83] This confirms that specific heteroatom sites in the framework can re-
lease the strain caused by tetrahedral deformations that are not permitted in purely
SiO2 compositions. GOO has also been shown to have a FW if explicit Al/Si ordering
is considered and softer Al-O constraints are used in GASP. [224] This introduces
greater flexibility within each tetrahedron, with opportunity for more distortion from
the ideal geometry at minimal energetic cost.
∠Si-O-T in real materials also change significantly upon heteroatom substitu-

tion. [7, 10, 173] Corma et al have used ab initio quantum-chemistry calculations
to evaluate the energetic penalty associated with ∠T-O-T of pure SiO2 and GeO2

zeolites. [222] Framework types feasible as GeO2 materials have ∠T-O-T angle dis-
tributions close to 133◦, whereas pure SiO2 have angles close to 157◦. Exploring
∠T-O-T distributions within the FW may give an indication as to which sites are prefer-
able for hereoatom substitutions. It has already been seen that �,� values increase
when zeolite frameworks are modelled with heteroatoms compared to pure silica. It
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is likely that frameworks that can accommodate a wide range of tetrahedral sizes,
and have large �,�s, are more likely to be synthesised in diverse compositions. For
example, ABC-6 zeolites with the AFX and CHA framework types have the largest
�,� values and can be made as both aluminosilicate and AlPO materials. On the
other hand, frameworks that have a very small �,� are more likely to have structural
instabilities. SYT has the smallest �,� of hexagonal and tetragonal frameworks. It
is an interrupted, extra-large pore zeolite with 24 x 8 x 8-ring channels.

Representing zeolite frameworks in an ideal SiO2 composition is a simplifica-
tion, but an important starting point, particularly in identifying feasible aluminosilic-
ate materials. However, it is likely that a number of hypothetical frameworks have
been overlooked that are only flexible in heteroatom compositions, where different
T-atoms would provide a greater variety of bond lengths and angles. Furthermore,
non-frameworks cations are essential in the synthesis and stability of real zeolites.
The presence of non-framework content within the pores must also affect framework
flexibility and would need to be considered further. An ideal search over all existing
and hypothetical structures would consider mixed framework compositions and even
non-framework cations. This can be achieved by using additional steric terms and
softer constraints on ∠O-T-O in GASP.

Folding mechanisms

For frameworks in category 3, the FW edges were much less defined in the higher
density regions. Upon further exploration, it became apparent that certain com-
pressed configurations within the window could only be accessed by following a,
non-linear folding path from the input structure, i.e. the framework would need to
fold from A to B first and then from B to C (A to C directly is not possible). An ex-
ample is shown for the LIO framework in the Appendix, Figure 8-17. This indicates
that neighbouring points in the FW, i.e. those with similar unit-cell parameters/dens-
ities, may not necessarily be topological neighbours. To transform between the two
configurations within the window may require the framework to unfold and then ini-
tiate a new folding mechanism to reach the desired one. When studying the FW in
6D space, Kapko et al also found that some structures exhibit multiple folding paths,
leading to variations at the high density end of the window. [101] A number of differ-
ent configurations can also exist at each density if the six unit-cell parameters are
free to vary. It is possible that, in these 2D FW plots, a range of configurations are
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compatible at each density and the topology may not be uniquely determined by the
cell-parameters. GASP only reports the first configuration it encounters and, there-
fore, further exploration would be necessary. This can be achieved by incrementally
moving the atomic positions and then carrying out further geometric relaxations.

Extending the FW Search

In this work, FW shapes for frameworks with A0E > 4, and with building units other
than d6r and can, have been touched upon, but not explored in detail. Frameworks
with open building units are likely to exhibit more variability of FW shapes that re-
quire more in-depth analysis. Ideally, this would also be extended to orthorhombic,
monoclinic, and triclinic crystal systems. However, methods of comparing and visu-
alising the FW shapes of these crystal systems (with > 2 variables) will need to be
addressed.

Predicting properties

Linking the geometric FW to physical properties is also an interesting area for fur-
ther study, in particular, comparing the high-pressure structural response of zeolite
materials across each FW category.
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4.6 Conclusions

2,175,685 Hypothetical Structures

5,824 Low Energy Subset

3,313 geometrically relaxed in Flexibility Window (FW)

3,155 within ideal region of FD vs rav

1,797 rav=4 and 12 ≤ FD < 18 T/1000 Å3

1,343 Hexagonal unit-cell

405 a/b-lattice parameter < 14 Å

333 d6r

251 d6r 
and can

Category 2

82 no can

Category 1

72 no d6r

Category 3

938 a/b >
14 Å

66 Cubic 
a<45 Å

1,358 

388

158

2,451
60 IZA 

zeolites

26 target ABC-6 
structures

Figure 4-18: Flow chart showing the steps taken in screening a hypothetical dataset and
evaluating feasibility.

255 existing and 5,824 hypothetical zeolite structures have been evaluated and char-
acterised using the Flexibility Window (FW ) criterion. A flow chart describing the
steps taken in screening the hypothetical dataset is shown in Figure 4-18. Evalu-
ation is based purely on geometric quantities that represent local framework inter-
actions. This is ideal for screening large databases, by-passing the need for time-
consuming energy-minimisation calculations. Using FW and structural descriptors,
high-similarity groups of existing and hypothetical frameworks have been identified.
Among the hypothetical structures are many promising candidates for synthesis as
conventional aluminosilicates or AlPOs. 333 of these are in the small pore, ABC-
6 family, which are among the best catalysts for MTO reactions and control of NO
emissions. 26 of these have been selected as themost promisingmaterials to target.
Comprised of cavities built from four- and six-rings, these frameworks are likely to
be synthesised using a co-templating approach with designed OSDAs. FW shapes
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have provided a new insight into evaluating the feasibility of hypothetical structures
and in linking geometry to physical properties. During this work (2018 to 2021), 5
new structures that were predicted in this flexible set were synthesised. It is apparent
that the FW is a necessary structural feature for real zeolite materials.
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Chapter 5

Synthesis of Cage-based Zeolites
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5.1 Introduction

333 feasible, ABC-6 hypothetical frameworks were identified in Chapter 4. 26 of
these frameworks, in categories 1 and 2, have been selected as the most promising
targets for synthesis and are shown in Table 5.1, along with their pore sizes and
building units. These cage-based frameworks, built from d6r units, are potential
candidates for MTO reactions and controlling NO emissions via NH3-SCR.

An attractive feature of ABC-6 frameworks is that they contain well-defined cavit-
ies and channels that can be approximated as capped cylinders, Figure 5-1. Whilst
the length of these cavities differ between framework types (due to their 6R stacking
sequences), they are of similar size in cross-section, ∼ 7-8 Å, Figure 5-1 (a). This
offers the advantage of using diqauternary 1,4-diazabicyclo[2,2,2]octane (DABCO)
or quinuclidine cations as OSDAs, which are known to yield high-silica, cage-based
zeolites. [225] Linear oligomers of these cations, where two units are connected via
a polymethylene chain, can also be used promote these tubular cavities, the lengths
of which can be controlled by varying the number of methylene carbon atoms in
the connecting chains, Figure 5-1 (b). Zeolites with the GME, AFX, SFW and SWY
framework types have been synthesised using DABCO and quinuclidine oligomers
of differing chain lengths. [141,162,202,226].

During the course of this work, three of the target structures in Table 5.1 were
approved by the IZA-SC as new framework types, SWY,ANO andPTT. Hypothetical
framework 194_3_1140 (SWY) is classified in category 2B, with an A1 connectivity of
d6r units. It has a similar structure and FW shape to existing frameworks LTL,MOZ,
OFF and ERI. These are all built from ordered arrangements of alternately stacked
d6r-can-d6r units which form dsc chains running parallel to the [001] direction. In line
with the classification system (Chapter 4, Table 4-3), SWY has been synthesised in
an aluminosilicate composition using K+ cations at a temperature of 120◦C. Energy
minimisation calculations were used to predict a DABCO oligomer with 8 methylene
links (DABCO-C8) to promote the swy cavities. [202]
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Table 5.1: List of target ABC-6 hypothetical structures in each category. Frameworks high-
lighted in red were synthesised during the course of this study. D8 and D 5 are diameters (Å)
of the largest included and largest free spheres that can be accommodated in the framework
pores.

Hypothetical
code D8 (Å) D 5 (Å)

Small
pore

��

(T/1000Å3)
d6r

connectivity Category a (Å) c (Å) Natural Tiles

164_4_48296770 7.14 3.46 yes 15.98 S0 1A 13.0371 20.4079 t-hpr(d6r),t-gme(gme),t-lev(lev),t-grc(lta)/t-ify
194_4_47045 7.78 3.8 yes 14.97 S0 1A 13.5882 40.0076 t-hpr(d6r),t-gme(gme),t-cha(cha),t-aft(aft)
194_4_47046 7.78 3.93 yes 14.98 S0 1A 13.5994 40.1124 t-hpr(d6r),t-gme(gme),(421.62.815)
194_5_1577459 8 3.77 yes 14.93 S0 1A 13.7389 49.1761 t-hpr(d6r),t-gme(gme),t-aft(aft)
194_5_1577966 7.89 3.62 yes 14.93 S0 1A 13.7794 48.8716 t-hpr(d6r),t-gme(gme),t-cha(cha),t-aft(aft)
166_5_92947232 7.15 3.37 yes 15.83 S1 1B 13.1203 68.6371 t-hpr(d6r),t-gme(gme),t-lev(lev),t-eab(eab)/ave
194_3_1139 7.09 3.63 yes 16.08 S1 1B 13.1669 29.8305 t-hpr(d6r),t-gme(gme),t-lev(lev),t-eab(eab)/ave
194_5_3297449 7.28 3.91 yes 16 S1 1B 13.2755 44.2167 t-hpr(d6r),t-gme(gme),t-lev(lev),t-eab(eab)/ave
194_3_1140 (SWY) 7.07 3.49 yes 15.99 A1 2B 13.0988 30.3047 t-hpr(d6r),t-can(can),t-gme(gme),t-swy
194_4_80611 6.96 6.37 no 16.35 A1 2B 13.0102 35.0478 t-ato,t-hpr(d6r),t-kno,t-can(can),t-gme(gme)
194_4_85342 6.44 2.95 yes 17.39 A5 2 12.4774 35.1956 t-hpr(d6r),t-can(can),(412.617.86)
194_3_2074 6.64 3.13 yes 16.99 A3 2 12.6609 25.4389 t-hpr(d6r),t-can(can),t-lev(lev),t-los(los)
194_3_2075 6.68 3.17 yes 16.87 A3 2 12.695 25.4828 t-hpr(d6r),t-can(can),(412.611.86)
194_3_1684 6.62 3.25 yes 16.82 A3 2 12.7577 25.3023 t-hpr(d6r),t-can(can),t-gme(gme),(49.614.83)
164_3_161005 6.65 3.1 yes 17.06 A4 2 12.6731 15.1747 t-hpr(d6r),t-can(can),t-lev(lev),(46.614)
164_3_222212 6.69 3.18 yes 16.85 A3 2 12.7044 12.7376 t-hpr(d6r),t-can(can),t-eab(eab)
164_4_49101145 6.53 3.01 no 17.27 A6 2 12.5707 20.3146 t-hpr(d6r),t-can(can),t-lev(lev),t-znl
164_4_48296777 6.61 5.82 no 16.63 S4 2A 12.668 20.7666 t-ato,t-hpr(d6r),t-kno,t-can(can),t-gme(gme)
194_2_25 6.75 6.24 no 16.56 S2 2A 12.8914 20.1377 t-ato,t-hpr(d6r),t-kno,t-can(can),t-gme(gme)
194_3_858 6.56 6.09 no 17 S4 2A 12.6648 30.4975 t-ato,t-hpr(d6r),t-kno,t-can(can),t-gme(gme)
194_4_34693 6.4 5.99 no 17.33 S6 2A 12.5575 40.5543 t-ato,t-hpr(d6r),t-kno,t-can(can),t-gme(gme)
194_4_47060 (ANO) 6.88 3.35 yes 16.6 S2 2A 12.8678 40.3409 t-hpr(d6r),t-can(can),t-gme(gme),t-eab(eab),t-ave(ave)
164_2_612 (PTT) 6.78 3.26 yes 16.72 A2 1C 12.7883 10.1348 t-hpr(d6r),t-toc(sod),t-lev(lev)
164_4_63587728 6.52 3.02 yes 17.26 A5 1C 12.5487 17.8419 t-hpr(d6r),t-toc(sod),t-lev(lev)
194_2_26 6.77 3.31 yes 16.65 A2 1C 12.8443 20.1757 t-hpr(d6r),t-gme(gme),t-sod(sod),t-eab(eab)/ave
194_4_47052 6.9 3.44 yes 16.69 A2 1C 12.9211 39.7807 t-hpr(d6r),t-gme(gme),t-sod(sod),t-lev(lev),t-eab(eab)/ave

Nearly all existing members of the ABC-6 family have been synthesised in alu-
minosilicate compositions. Most recently, AlPO-52 (AFT) was made for the first
time as an aluminosilicate (SSZ-112) using a dual templating approach and Zeolite
Y (FAU) as a reagent. [158] It is thought that FAU provides a source of common d6r
subunits which can direct the formation of other d6r-containing frameworks. [161]
This is not surprising since many of the larger cavities can be considered hybrids of
smaller ones that are fused with d6r units. Figure 5-1 illustrates the transformation of
gme cages into larger lev, cha and avl cavities by subsequent addition of d6r units,
breaking 3 bonds and inverting the rings.

All of the hypothetical frameworks in Table 5.1 contain d6r units and many have
more than one type of cavity. Using a "co-templating" method and Zeolite Y (FAU)
as a reagent are two possible routes to target these structures.
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Cavity Di (Å)
Effective 
height (Å)

lev 7.1 7
eab 7.1 8.9
cha 7.4 9
pau 6.7 9.3
ave 6.9 9.5
avl 7.8 10.8
eri 7.1 12.5
aft 7.8 13.1
sfw 7.8 18
swy 7.1 20

d6r

gme lev cha avl

(a) (b)

(c)

aft swy

height

Figure 5-1: ABC-6 zeolite cavities. (a) lists values for the maximum diameter of a sphere
(D8) that can be included in each cavity, along with the effective height of the cavity. (b) shows
DABCO and quinuclidine oligomers that are ideal templates for aft and swy cavities. The
connecting polymethylene chain lengths can be tuned to provide the ideal fit within target
framework cavities. [162,202]. (c) illustrates how larger cavities can be considered hybrids
of smaller ones that are fused with d6r units. gme - lev - cha - avl transformations can take
place by breaking 2 bonds (red) and inverting the ring (dashed lines).

ABC-6 frameworks have near identical projections viewed down [001] direction.
They all exhibit the same columnar features, but differ in the stacking sequences of
6Rs. A stacking fault between one of these layers can easily form an intergrowth of
two zeolites, for example ERI/CHA, GME/CHA, OFF/ERI, ERI/LEV and CHA/AFX.
These intergrowths often exhibit unique catalytic and adsorption properties, [158,
227,228] Existing and hypothetical frameworks in the same FW categories are highly
likely to form as intergrowths or appear as competing phases under similar reaction
conditions.

In this work, the hydrothermal phase space of Al2O3-GSiO2-HM2O-RO gels has
been explored (where M=Na+ or K+ and R=Me2DABCO) in attempt to target new,
cage-based zeolites in the ABC-6 family. Me2-DABCO has previously been used as
an OSDA to target cage-based zeolites, such as ZK-5 (KFI), ZSM-10 (MOZ), SSZ-98
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(ERI), SSZ-102 (ESV), high-silica levyne (LEV), PST-32 (SBT), EU-1 (EUO), SSZ-
23 (STT) and the new framework PST-29 (PWN), which corresponds to hypothetical
code 229_3_4866. DABCO (un-methylated) has also been used in the synthesis of
ZSM-4 (MAZ). [140,180,229–236]

The Me2DABCO2+ cation has a kinetic diameter of ∼7 Å and effective length of
∼9.5 Å, shown in Figure 5-2. It is an ideal size to fill many of the ABC-6 cavities
common to the hypothetical targets in Table 5.1. One molecule would nicely fit into
eab, ave, lev and cha cavities, and two molecules, oriented perpendicular to each
other, would fit into eri and aft cavities.

7Å

9
.5
Å

Figure 5-2: Kinetic size of the Me2DABCO molecule
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5.2 Results and Discussion

5.2.1 Exploring Synthesis Parameters

Table 5.2: A selection of synthesis conditions and resulting zeolite phases formed from a
study of Al2O3-GSiO2-HM2O-RO gels (where R=Me2DABCO and M= K+ or Na+). G and H
are varied to explore a range of SiO2/Al2O3 and MO2/Al2O3 molar ratios at temperatures of
100 or 140◦C). H2O/SiO2 ratio was kept between 30-40 for all samples reported here.

Sample Ageing
(hours) Temp (◦C) Crystallisation

Time (days)
SiO2/
Al2O3

K2O/
SiO2

Na2O/
SiO2

R/
SiO2

Phases

10 48 100 9 3 0.3 0.051 MER
2 48 100 12 3 0.3 0.056 CHA/LTL
3 48 100 12 5 0.3 0.056 MOZ/CHA
4 48 100 12 5 0.4 0.056 MER
5 48 100 12 5 0.3 0.056 MOZ/CHA
6 48 100 12 8 0.4 0.056 MER
7 48 100 11 10 0.3 0.056 MOZ
8 48 100 12 14 0.15 0.15 0.056 MOZ/OFF
9 48 100 12 14 0 0.3 0.056 ANA
10 48 100 12 15 0.3 0.056 MOZ
11 48 100 10 15 0.3 0.056 MOZ
121 48 100 12 15 0.3 0.058 LTL
130 48 100 10 15 0.36 0.06 MOZ
14 72 100 15 15 0.36 0.056 MOZ/Gibbsite
15 48 100 9 15 0.8 0.056 MOZ/Gibbsite
16 48 100 11 16 0.3 0.056 MOZ
17 48 100 12 20 0.3 0.056 MOZ/OFF
18 48 100 12 30 0.3 0.056 minor MOZ peaks
19 0 140 4 15 0.3 0.056 LTL/OFF
20 0 140 7 15 0.3 0.056 LTL/OFF
210 0 140 7 15 0.35 0.058 LTL
22 48 140 11 13 0.3 0.058 LTL
23 48 140 7 15 0.3 0.056 LTL/OFF
24 48 140 4 15 0.3 0.056 MOZ/OFF
Synthesis of ZSM-10 (sample 11) reported in [182]
Al powder, fumed silica, KOH, Me2DABCO(OH)2 used as reagents.
0 Al(OH)3 used as aluminium source
1 TEAOH used in place of Me2DABCO

Table 5.2 lists zeolite phases formed from a selection of syntheses during a wider
study of Al2O3-GSiO2-HM2O-RO containing gels. Here, R=Me2DABCO and M= K+

or Na+. G and H were varied to explore a range of SiO2/Al2O3 and MO2/Al2O3 molar
ratios at temperatures of 100 or 140◦C. For the samples listed, the H2O/SiO2 ratio
was kept between 30-40. The synthesis conditions chosen to target new hypothetical
structures were inspired by existing recipes for structurally similar ABC-6 zeolites.
Full details of OSDA and zeolite syntheses are given in Chapter 2, Experimental
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Methods.
In these DABCO-mediated syntheses, minor changes in the batch variables

either promoted one of the phases listed in Table 5.2, or entirely inhibited any crys-
talline growth, leading to amorphous material.

At temperatures of 100◦C, and batch SiO2/Al2O3 ratios < 8, the predominant
phases were pure Zeolite W (MER) or mixed phases of ZSM-10 (MOZ) with K-L
(LTL) and chabazite (CHA). Pure phase ZSM-10 (MOZ) was found to crystallise in
a narrow compositional range, with batch ratios of K2O/SiO2 = 0.3, SiO2/Al2O3 =
16, H2O/SiO2 = 33 and RO/SiO2 = 0.056 at a temperature of 100◦C for 10-12 days.
Increasing the batch SiO2/Al2O3 up to 30 resulted in mixed phases of ZSM-10 (MOZ)
and offretite (OFF), with a significant loss in crystallinity.

Figure 5-3 shows PXRD, FTIR and 29Si (9.4 T, 14 kHz MAS) NMR spectra for
samples 1, 3, 11, 16 and 18, synthesised whilst varying batch SiO2/Al2O3 ratios,
Table 5.2. From bottom to top, increasing SiO2/Al2O3 from 3 to 5, 15, 16 and 30
promoted MER, CHA/MOZ and MOZ phases, respectively.

There are only two reports in the literature on the synthesis of ZSM-10 (MOZ)
using Me2DABCO as an OSDA. [180,182] In agreement with Ciric, it was found that
ZSM-10 could be formed under static conditions after ageing the batch mixture for
48 hours at room temperature. [182]. Higgins and Schmitt managed to reduce the
crystallisation time to 4 days by removing the ageing period and instead stirring the
reaction mixture whilst gradually heating it up to 140◦C. [180] However, in this work,
it was found that using an identical gel composition and increasing the temperature
to 140◦C promoted either pure phase K-L or mixtures of K-L and offretite. Reducing
the crystallisation time to 4 days at 140◦C did produce some ZSM-10 if the mixture
was aged for 48 hours at room temperature prior to heating. However it was still
always mixed with an offretite phase.

The fact that OFF, LTL and MOZ appear as competing phases is unsurprising
given the high similarity of their framework structures, shown in Figure 5-4. They
are all grouped in FW category 2B, with an A1 connectivity of d6r units. The MOZ
framework is a combination of both LTL andOFF building units. Columns of d6r-can-
d6r units are arranged around 3-fold axes to form one-dimensional (1D) 12R channel
systems that run parallel to [001] direction. K+ cations are commonly located in the
centres of can cages which are common to all three frameworks and are important
units in the growth mechanism of LTL. [237] In LTL and MOZ frameworks, 12R2
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Batch 
SiO2/Al2O3

3

5

15

16

30

MER

CHA/MOZ

MOZ
*

* ** *

Sample no. 1

Sample no. 3

Sample no. 11

Sample no. 16

Sample no. 18

*

MOZ

MOZ

δ (C-H) νs (C-H)

νa
(O-T-O)

Si(0Al)Si(4Al)

Si(3Al)

Si(2Al)

Si(1Al)

νs(O-H)δ (O-H)

Figure 5-3: PXRD, FTIR and 29Si (9.4 T, 14 kHzMAS) NMR spectra for samples synthesised
with Me2DABCO whilst varying batch SiO2/Al2O3 ratios. From bottom to top, samples 1, 3,
11, 16 and 18 with increasing batch SiO2/Al2O3 from 3 to 5, 15, 16 and 30. Phases change
from MER to CHA/MOZ to MOZ. PXRD reflections for the MOZ phase in sample 3 are
indicated with an asterisk.
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5. SYNTHESIS OF CAGE-BASED ZEOLITES

channels are formed from stacks of ltl cavities which are interconnected via two
elliptical 8R channels (8R2). In MOZ, a second 12R channel is present (12R1),
identical to that found in OFF. The MOZ framework differs from LTL and OFF in that
it also contains columns of pau cages which form an additional 8R channel (8R1).
The 8R windows are all aligned and diffusion is possible in 3-dimensions. [13].

pau

12R1

12R2

ltl

12R2d6r

12R1

LTLOFF MOZ

Figure 5-4: OFF, LTL and MOZ framework structures and their respective FWs. All three
frameworks are in FW category 2B, with an A1 connectivity of d6r units. Columns of d6r-
can-d6rs are arranged around 3-fold axes to form 1D 12R channels. 12R1 channels are
common to both OFF and MOZ frameworks and 12R2 channels are common to LTL and
MOZ. d6r units are shown in pink, can in dark green, pau in light green and ltl cavities in
yellow.

K-L and offretite would appear to be the more thermodynamically stable phases
under these conditions. Both of these zeolites can form easily in OSDA-free, K+-
containing gels under high temperature conditions (175◦C), particularly when batch
Si/Al ratios are greater than 5 [166]. Me2DABCO cations were found to be essential
in the synthesis of ZSM-10, which requires a much lower crystallisation temperature
(100 ◦C). This is due to the thermodynamic metastability of the ZSM-10 framework.
Any attempts to synthesise ZSM-10 in OSDA-free media were unsuccessful, leading
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5.3 Energy Minimisation

to amorphous material or K-L. This would suggest that Me2DABCO cations promote
the formation of pau cavities that are unique to theMOZ framework but are absent in
both LTL and OFF. Despite this, Higgins and Schmitt observed that offretite actually
formed first during their experiments and then converted into ZSM-10 after heating
for 2 days at 140◦C. In this work, decreasing the crystallisation time, whilst gradually
heating to 140◦C, produced amorphous material or ZSM-10/offretite mixtures and
increasing the crystallisation time promoted K-L/offretite. However, crystallisation
was carried out under static conditions here, and Higgins and Schmitt observed that
K-L always contaminated their static syntheses.

5.3 Energy Minimisation

When competing phases are produced under the same synthesis conditions, un-
derstanding and quantifying OSDA-zeolite interactions is essential in shifting the
synthesis towards the desired structure. To understand the role of Me2DABCO in
the syntheses of MOZ, LTL, CHA and MER phases, energy minimisation calcula-
tions were carried out in CrystalMaker® software. Individual ltl, pau and cha cavities
were isolated and optimised as these cavities are large enough to accommodate the
OSDA. ltl cavities are common to both MOZ and LTL frameworks, pau cavities are
common to bothMOZ andMER frameworks and cha cavities are unique to the CHA
framework. TEAmolecules were also modelled for comparison as these have a sim-
ilar kinetic diameter of ∼8 Å. Literature reports of zeolite syntheses in the presence
of TEA+ support its templating role for pau cavities common to both MOZ and MER
frameworks. [238,239]

Zeolite surfaces were terminated with hydrogen atoms. Individual cavities were
modelled rather than the entire unit-cell to focus on the immediate environment of
each organic cation. However, it is possible that the OSDAs may prefer locations
that span between unit-cells. Crystal structures of DABCO and TEA were taken
from the NIST Chemistry WebBook and were optimised. [205] One molecule was
introduced into the centre of each cavity as two molecules resulted in steric overlap
with framework O atoms.
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5. SYNTHESIS OF CAGE-BASED ZEOLITES

A simplified energy minimisation was then carried out. Although the full energy
surface was not explored, and non-framework cations and framework charges were
not included, an approximate comparison of OSDA-zeolite interactions could be
made. Binding energies �(18=38=6) were calculated as �(18=38=6) = �(cavity+>A60=82) −
(�(>A60=82) + �(cavity)) and are shown in Table 5.3.

Table 5.3: Calculated binding energies (�(18=38=6)) of organic cations in ltl, pau and cha
cavities)

Organic cation Calculated �(18=38=6) (kJmol−1)

ltl pau cha
Me2DABCO 2+ +51 -239 -263

TEA + -124 -329 -341

These calculations show that TEA+ interacts more strongly than Me2DABCO2+

with all framework cavities. Within the ltl cavity, TEA and DABCO molecules lie
at the periphery of the 12R windows, above reported K-sites. This is a favourable
binding site which has previously been reported in K-L with adsorbed benzene mo-
lecules. [240] Despite K-L (LTL) being a predominant phase in Me2DABCO syn-
theses, this cation has a positive and unfavourable binding energy in the ltl cavity,
whilst TEA molecules interact more strongly and have a favourable, negative bind-
ing energy, despite adopting the same position. However, electrostatic interactions
have been neglected in these energy minimisation calculations. Frameworks have
been modelled in charge-neutral SiO2 compositions and these values should be
taken with caution. Nevertheless, the geometric fit of the OSDAs inside each zeolite
cavity can provide some insight into the kinetic stabilisation. Figure 5-5 shows the
optimised configurations of the organic cations inside the ltl, pau and cha cavities.
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b

a

b

c

(a) (d)

(c)

(b) (e)

(f)

ltl

pau

cha

TEA Me2DABCO

Figure 5-5: Optimised configurations of TEA in the (a) ltl, (b) pau and (c) cha cavities and
Me2DABCO2+ in the (d) ltl, (e) pau and (f) cha cavities viewed along [001] and [100] direc-
tions. Framework oxygen and T atoms (Si/Al) are shown as red and blue sticks, respectively.
Carbon and hydrogen atoms of the organic molecules are shown as black and pink spheres,
respectively. Nitrogen atoms are not visible in the space-filling view. Approximate molecular
sizes were calculated using Alvarez van der waals radii [241] in CrystalMaker® software(ref)
of C 1.77 and H 1.20 Å.

Based on the theoretical findings, both OSDAs appear well suited to direct syn-
theses towards pau cavities. To test the specificity of Me2DABCO molecules in the
synthesis of ZSM-10, they were replaced with tetraethylammnium cations (TEA+)
which are shown to be more energetically favourable for templating pau cavities.
However, syntheses under the same conditions with TEA consistently produced K-
L, sample 12 Table 5.2.

It is surprising that TEA cannot form ZSM-10 under the explored experimental
conditions. A similar observation has been made by Lee et al in the synthesis of
PST-29, a new, cubic zeolite (PWN) which also contains pau cavities. PWN cor-
responds to one of the target hypothetical structures, 229_3_4866, identified in this
work. From an exploration of Me2DABCO-containing, aluminosilicate gels, the au-
thors found that PST-29 formed in a very narrow composition range. [140]. De-
creasing the H2O/SiO2 ratio with Me2DABCO yielded ECR-18, a synthetic version of
paulingite (PAU), again with the same pau cavities building the framework. However,
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5. SYNTHESIS OF CAGE-BASED ZEOLITES

similar to the synthesis of ZSM-10, the use of TEA+ instead of Me2DABCO inhibited
formation of PST-29, giving a mixture of chabazite (CHA) and erionite (ERI). It is
evident that Me2DABCO cations must promote formation of zeolite cavities that are
of similar size, but their specificity is weak. It is likely that they affect the gel chem-
istry, or inhibit nucleation of other zeolite phases under different reaction conditions,
rather than providing a true templating effect.

5.4 Phase Selectivity

DABCO

As-synthesised (11)

Calcined (11)

νa (O-T-O)

νs (C-H)

δ (O-H)

δ (C-H)

νa (N-C)

γ t,w,s

(C-H)

16

Figure 5-6: FTIR data for ZSM-10 samples. As-synthesised sample 11 (blue), as-
synthesised sample 16 (orange), calcined sample 11 (yellow) and DABCO (purple). The
peak from the organic at ∼1472 cm−1 is marked with a dashed line to guide the eye. For
sample 16, this peak is likely to arise from �B(#−�) bending modes of ammonia formed from
decomposition of the organic SDA.

The ageing process was found to be critical in forming pure phase ZSM-10 and
avoiding the formation of amorphous material or competing phases. Despite this, it
was found that Me2DABCO cations are not always incorporated into the final zeolite
product. FTIR data for as-synthesised and calcined ZSM-10 (samples 11 and 16)
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5.4 Phase Selectivity

are shown more clearly in Figure 5-6, along with DABCO for reference. The broad
peaks at 3350 - 3450 cm −1 and the weaker peaks at 1636 cm−1 observed in all
spectra correspond to the � ($−�) stretching and �(�−$−�) bending vibrations of
water molecules in the hydrated samples. Assignment of the vibrational frequencies
for DABCO are based on literature reports. [242, 243] For as-synthesised ZSM-10
(sample 11), FTIR peaks are observed at 2902, 2989, 1472, 1407 and 1380 cm−1

due to the �B(�−�) symmetric stretching, �B(�−�) bending and �(C-H) twisting/wag-
ging/scissoring vibrations of the organic molecules occluded in the pores. Despite
being synthesised under identical reaction conditions, the majority of peaks from
the organic are absent in sample 16. Only a small peak is observed at ∼1472 cm−1,
which is not present in the fully calcined sample. As all other C-H vibrations are
absent, this peak could arise from �B(#−�) bending modes of ammonia formed from
the decomposition of the organic SDA. [244] Higgins and Schmitt followed the de-
composition of Me2DABCO by in situ NMR. It was shown that de-methylation and
subsequent ring opening process occur at temperatures as low as 80◦C. [180] It is
possible that de-methylation or decomposition of the organic is another variable in
these experiments and may be causing the product selectivity. It would certainly ex-
plain why K-L dominated syntheses at higher temperatures and why C-H vibrations
are absent in FTIR spectra of samples 1, 3, 16 and 18, Figure 5-3. [180]

The FTIR spectrum for ZSM-10, sample 16, is identical to that reported by Hig-
gins and Schmitt. No C-H vibrations from the organic are observed, but the same
peak at ∼1472 cm−1 is present, although they do not comment on this. From tem-
perature programmed amine desorption (TPAD) analysis, they calculated 4-6 times
less amine than would be expected based on pore-filling of the zeolite. SS 13C NMR
also revealed that de-methylation had occurred to form HMeDABCO which was oc-
cluded in ZSM-10. It is possible that FTIR peaks at ∼1472 cm−1 could arise from
�B(#−�) bending modes of protonated N atoms of the DABCO molecule. However
this would not explain the absence of other C-H vibrations which are clearly visible
in FTIR data for ZSM-10, sample 11. It is possible that Me2DABCO cations are not
always fully incorporated into the pore system or are easily removed/decomposed
by subsequent washing and drying steps.
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Figure 5-7: PXRD data for ZSM-10 samples. The simulated, theoretical pattern is shown
in blue, as-synthesised ZSM-10 (sample 11) is shown in orange, calcined ZSM-10 (11) is
shown in purple and as-synthesised ZSM-10 (16) is shown in yellow. Changes in the intens-
ities of indexed peaks are visible upon calcination.

PXRD data show minor changes in peak intensities from as-synthesized to cal-
cined ZSM-10, Figure 5-7. Most notable are the decrease in 110 and disappearance
of the 510 peaks, and the increase in 111, 201 and 320 peaks upon removal of the
organic. The as-synthesised and calcined patterns are consistent with those re-
ported by Higgins and Schmitt. [180] The presence of non-framework content in the
pores of ZSM-10 is evident from the increased relative intensities of high angle to low
angle peaks when comparing experimental PXRD patterns to the theoretical pattern
of the empty framework structure and to that of the dehydrated structure reported by
Dorset. [245]

It is apparent that the formation of ZSM-10 relies on the presence of Me2DABCO
during nucleation. A long ageing period and low crystallisation temperature are re-
quired to keep the OSDA intact. Despite this, Me2DABCO cations evidently have a
weak structure directing effect. This becomes apparent in the absence of K+. Re-
placement of K+ with Na+ in the batch mixture results in the formation of ANA-type
zeolites. This highlights the importance of cooperation between both the inorganic
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5.4 Phase Selectivity

K+ and organic Me2DABCO cations in producing ZSM-10.

The alkalinity of the batch mixture also affects product selection. If the K2O/SiO2

ratio is > 0.36, or the reagent source is changed from Al powder to Al(OH)3, ZSM-10
with reduced crystallinity or a dense Gibbsite (Al(OH)3) phase are formed.

At SiO2/Al2O3 < 10 and K2O/SiO2 > 4, zeolite W is the dominant phase, hav-
ing the characteristic MER PXRD pattern shown in Figure 5-3. At SiO2/Al2O3 = 5,
CHA appears to be the dominant phase, although it is always found mixed with
MOZ or LTL. A kinetic ternary diagram showing results from Me2DABCO-mediated
syntheses in this work and those extracted from the literature is shown in Figure 5-8.
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Figure 5-8: Ternary phase diagram for synthesis of hexagonal zeolites using Me2DABCO
template. Green circles are for frameworks synthesised at 100◦C in this study and red filled
circles are for frameworks synthesised > 100◦C from the literature. The cation used is either
K, Na, Cs or a combination.
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5. SYNTHESIS OF CAGE-BASED ZEOLITES

5.5 K-L Morphologies

An interesting findingwhilst exploring synthesis conditions was an alternativemethod
to tune the crystal morphology of KL zeolites using small amounts of the mono and
di-quaternary ammonium cations, tetraethylammonium (TEA+) and N,N‚-dimethyl-
1,4-diazabicyclo[2.2.2] octane (Me2DABCO2+), under low temperature conditions
(100-140◦C). For zeolite catalysts, tailoring physical and chemical properties, such
as crystal size, morphology, surface features and active sites, can have a marked
effect on their adsorptive performance and catalytic activity. Establishing practical
routes that influence mechanisms of nucleation and growth to achieve desired physi-
cochemical properties is highly desirable. For example, it has been shown that modi-
fying the size and morphology of zeolite crystals can improve catalytic or adsorptive
activity, particularly for frameworks with one-dimensional (1D) channel systems. For
these applications, it is desirable to have smaller crystallites that are wide in diameter
but short in length along the channel direction. This allows for the most efficient ac-
cess into the pore system, maximising the number of apertures at the surface whilst
minimising diffusion pathways through the channels. [246–250].

Previous attempts to prepare KL in the presence of organic cations, such as tet-
ramethylammonium (TMA+), reported in the literature generally formed poorly crys-
talline samples or mixed phases with zeolites T (ERI/OFF) and W (MER). [251] Pure
KL has formerly been synthesised in the presence of TEA+, however no discussion
of the crystal morphology was reported. [252]

The undulating 12R channels of KL zeolites have free diameters measuring ap-
proximately 7.3 Å at the pore windows and 12.8 Å at their widest points, Figure 5-9.
This allows diffusion of guest molecules. [240, 253, 254] Major interest in LTL-type
zeolites first arose from reports that Pt-KL was a highly selective and stable catalyst
for the aromatisation of hexane to benzene. [248,255] More recently, these zeolites
have attracted significant attention for their ability to form host-guest composite ma-
terials used in sensing, optoelectronics, drug delivery and gene therapy. [256–264]

The typical crystal morphology of KL is a faceted cylinder, or hexagonal prism,
often referred to as being rod-shaped, Figure 5-9. The [001] crystal surfaces at the
top and bottom of the cylinder are known as pinacoidal faces and the symmetrically
equivalent [100] surfaces forming the side walls are called prismatic faces. The as-
pect ratio is defined as the average length/diameter (L/D), where L ismeasured along
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5.5 K-L Morphologies

the [001] channel direction and D along the perpendicular [100] direction, labelled
in Figure 5-9. Syntheses with organic cations produced crystals with clam-shaped
morphologies, and reduced length-to-diameter aspect ratios (L/D).

TEAMe2DABCO

[001]

[100]

c

Le
n

gt
h

 (
L)

Diameter (D)

7.3Å

7.5Å

ltl

~12.8 Å

a

Figure 5-9: Zeolite KL 12R channel and crystal morphologies. Stacked ltl cages (yellow) run
parallel to the crystallographic c-axis to form undulating 1D channel systems with restricting
pore apertures of ∼7.3 Å and maximum diameters of ∼12.8 Å at their widest points. The
typical morphology of KL is a hexagonal prism. The [001] surfaces are called pinacoidal
faces and the symmetrically equivalent [100] surfaces are called prismatic faces. The aspect
ratio is the average length/diameter (L/D). Diffusion in the 12R channels is proportional to
the [001] length, L, whilst access to the pore system is dependent on the [001] surface
area, of diameter D. Syntheses using TEA and Me2DABCO cations promote a clam-shaped
morphology with reduced aspect ratio.

5.5.1 Results

Synthesis conditions and properties of all KL samples used in this study are listed
in Table 5.4. For comparison, a reference sample, KL, was prepared in the absence
of organic cations from a gel with molar composition 2.3 K2O : 10 SiO2 : Al2O3 :
160 H2O : trace MgO at 175◦C, following the verified method by J. P. Verduijn. [181]
Analysis by EDX yielded the following chemical composition, | 8.4 |[�;8.4(827.6$72].
Other samples were prepared by adding either Me2DABCO2+, TEA+ or KL seeds to
the synthesis mixtures, labelled as KL-D, KL-T and KL-S, respectively. In the pres-
ence of organic templates, it was necessary to vary synthesis parameters to reduce
the co-crystallisation of competing phases, such as Zeolite T (OFF/ERI), W (MER),
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ZSM-10 (MOZ), and PHI. [265].

Table 5.4: Synthesis conditions and properties of synthesised KL samples.

Sample KL0 KL-D KL-T KL-S1

Morphology Rod Clam Clam Various2
Length L/ �< 0.88 0.82 0.30 -
Diameter D / �< 0.44 0.95 0.55 -
Aspect Ratio L/D 2 0.9 0.5 -
Si/Al 3.32(7) 3.7(1) 3.44(6) 3.67(6)
Ageing Time / hours 0 0 48 48
Time / days 2 7 12 11
Temperature / ◦C 175 140 100 100
R/SiO2 0 0.058 0.058 0
SiO2/Al2O3 10.000 15 15 16
M2O/SiO2 0.23 0.35 0.3 0.3
H2O/SiO2 16 29 33 33
R - Me2DABCO2+ TEA+ -
0 Reference sample prepared from ref [181]
1 addition of KL seeds (10 wt% of batch SiO2)
2 variety of shapes from hexagonal prisms to flat discs and wool-ball shapes

Phase identification was determined from PXRD, Figure 5-10. The samples are
highly crystalline and all major peaks can be indexed as KL. KL-T and KL-S samples
show traces of a Zeolite T impurity, with characteristic 110, 210, 321 and 112 peaks
at 2� values of 7.7, 13.4, 23.7 and 24.9◦, respectively. This is due to similarities
in both their synthesis conditions and framework structures, which have stacks of
alternating d6r and can cages along the [001] direction. KL-S samples also show
peaks at 2� values of 18.4 and 20.3◦ that can be indexed as the 002 and 110 peaks
from an Al(OH)3 phase.

FTIR spectra are shown in Figure 5-11. All samples have characteristic bands at
1006 and 1162 cm−1, corresponding to the �0B($−)−$) asymmetric stretching modes
of KL, and at 723 and 772 cm−1, corresponding to the �B($−)−$) symmetric stretch-
ing vibrations. [266] The �($−�) bending and �($−�) stretching modes of water mo-
lecules inside the channels are observed at 1650 and 3475 cm−1, respectively. KL-T
spectra show peaks at 2916, 2989 and 1400 cm−1 due to the �B(�−�) symmetric
stretching and �B(�−�) bending vibrations of TEA+ molecules.

144



5.5 K-L Morphologies

FESEM micrographs are shown in Figure 5-12. These images were used to
calculate the average aspect ratios given in Table 5.4. Crystals from the reference
sample, KL, are consistent with the hexagonal, rod-shaped morphology reported in
the literature, Figures 5-12 (a-c). The prismatic and pinacoidal faces are smooth,
with average lengths L= 0.88 �m and diameters D = 0.44 �m, respectively, giving
an aspect ratio of 2. In the presence of organic cations, the crystal morphology be-
comes markedly different to that of the reference sample. Figures 5-12 (d-f) and
(g-i) show FESEM images for samples KL-D and KL-T, respectively. The crystals
appear clam-shaped, having domed pinacoidal surfaces formed from layered over-
growths of different heights and are similar to those of ZSM-10 (MOZ), Figures 5-12
(m-o). For these samples, the maximum thickness was used to measure L along
the [001] direction and the maximum width of the [100] surface was used to meas-
ure D, as illustrated in Figures 5-12 (d-e). KL-D crystals have average lengths L=
0.82 �m and diameters D = 0.95 �m, giving an aspect ratio of 0.9 and KL-T crys-
tals have average lengths L= 0.3 �m and diameters D = 0.55 �m, giving an aspect
ratio of 0.5. The presence of a minor Zeolite T phase is confirmed in Figures 5-12
(g-i), with clam-shaped KL crystals seen growing on top of, or around, rod-shaped
Zeolite T crystals. [267,268] FESEM images of KL-S samples, synthesised using KL
seeds, are shown in Figures 5-12 (j-l). A variety of morphologies can be observed,
with a wide range of particle size distributions. Figure 5-12 (j) shows highly uniform
hexagonal prisms and Figure 5-12 (k) inset shows discs with flat piancoidal surfaces,
often referred to in the literature as being hockey-puck-shaped. The aspect ratios of
the discs range from 0.1-0.3, with lengths L averaging 0.1-0.6 �m and diameters D
0.9-1.7 �m. In addition, aggregates of flat discs formingwool-ball shapes are visible,
Figure 5-12 (l). These unique features may be the result of intergrowths, twinning or
defects.
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Figure 5-10: PXRD patterns of KL (blue), KL-D (orange), KL-T (yellow) and KL-S (purple).
KL peaks for the reference sample are indexed. Peaks marked with blue triangles and red
stars are characteristic to Zeolite T and Al(OH)3 phases, respectively.
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Figure 5-11: FTIR spectra of KL (blue), KL-D (orange), KL-T (yellow) and KL-S (purple)
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Figure 5-12: FESEM images (a-c) KL (LTL) reference sample synthesised at 175◦C show-
ing rod-shaped morphology with L= 0.7-1 �m and D = 0.35-0.5 �m, (d-f) KL-D synthesised
at 140◦C in the presence of Me2DABCO cations showing clam-shaped particles. (g-i) KL-T
synthesised at 100 ◦C in the presence of TEA cations, (j-l) KL-S synthesised at 100◦C in the
presence of KL seeds and (m-o) ZSM-10 (MOZ) synthesised at 100◦C in the presence of
Me2DABCO cations. 147
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5.5.2 Discussion

It has been found that the aspect ratios of KL crystals can vary widely, resulting in
different morphologies. Elongated tubes, flat plates, discs and clam shapes have all
been reported. [269]

The formation of KL is not typically dependent upon the presence of organic
templates and can be synthesised using only inorganic K+ cations. However, it has
previously been shown that the presence of organic cations can alter the relative
growth rates of crystal surfaces by binding to specific faces and either accelerating
or retarding the addition of precursor species. Furthermore, organic templates often
influence the dissolution and size of precursor particles in the reacting gel which can
affect the resulting morphology. [269,270]

In the absence of organic cations, anisotropic growth occurs predominantly along
the [001] direction, forming rod-shaped KL crystals, with large prismatic and small
pinacoidal surfaces. Figures 5-12 (a-c) show the typical, hexagonal cylinders of the
reference samples, with high aspect ratios and smooth outer surfaces. Theoret-
ical studies, alongside high-resolution transmission electron microscopy (HRTEM)
and atomic force microscopy (AFM), have provided valuable insight into the growth
mechanism of KL. By evaluating surface structures with the lowest energy termin-
ations of hydroxyl groups, it has been shown that dominant growth occurs in the
[001] direction through columnar assembly of can cages and d6r sub-units. This
is more facile than lateral growth, which occurs in the [100] direction via bridging
can cages across the large 12R channel. [271–273] This anisotropic growth leads
to rod-shaped crystals that have large prismatic and small pinacoidal faces.

Upon addition of organic cations, the aspect ratios decrease, leading to the form-
ation of clam shaped crystals, Figures 5-12 (d-i). The surface features are notably
rougher for both KL-D and KL-T samples, with terrace overgrowths of variable heights
on the pinacoidal faces. Some crystals also exhibit an irregular, bi-conical morpho-
logy, as seen in Figure 5-12 (f). A similar coarse surface is observed for ZSM-10
particles, Figure 5-12 (m-o). It is considered that rough, layered surfaces tend to
form by non-classical, 3D nucleation, where precursor particles attach to crystal sur-
faces and undergo structural rearrangements. [270] Modifiers which preferentially
bind to the [001] surface sterically impede this particle attachment and suppress
growth, forming crystals with non-uniform lengths.
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Similar clam-shaped KL crystals have been synthesised using modifiers such as
crown ether, ethanol, n-butanol, diethylamine and triethanolamine. [269, 274–276]
Cho et al have shown that crown ether molecules act as pore-fillers, which sit in the
12R channels of KL and stabilise the bridging of can cages to promote lateral growth.
The resulting crystals have much larger pincoidal surfaces and decreased channel
lengths. It follows that TEA and DABCO cations in the 12R cavity may also cause
preferential growth of the prismatic faces, increasing the diameter of the crystals
and, consequently, the number of pore openings at the external surface.

In Table 5.4, the respective lengths (L) and diameters (D) of the crystals are
compared. In the presence of Me2DABCO2+, average diameters increase and lat-
eral growth [100] is promoted, forming crystals with large pinacoidal surfaces. On
the other hand, KL-T crystals are much shorter along the channel length, but average
diameters remain similar to those of the reference sample. This suggests that TEA+

is a growth inhibitor along the [001] direction. These observations could be due to
the difference in size and shape between the cations. The TEA+ molecule is relat-
ively spherical and measures ∼8.5 Å in diameter. As the restricting 12R windows
only allow diffusion of molecules smaller than 7.5 Å, TEA+ cations are likely to be
occluded in the ltl cage or may cause a blockage at the surface, thereby hindering
the addition of further growth units onto this face, Figure 5-13. A similar observa-
tion was made for TEA occluded in the 12R channels of offretite. From 13C NMR,
Hwajun Lee et al observed two local environments for TEA. Despite offretite having
a large 12R channel, the TEA molecules were difficult to exchange. The authors
suggest that one of the four ethyl groups of a TEA molecule is present inside the
adjacent gme cages which traps it in the 12R. [142] This may also be the case for
KL-T samples in this work.
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(a) (b)

~ 8 Å ~ 7 Å

Figure 5-13: ltl channel viewed along 001 direction (a) with a TEA+ molecule occluded in
the pore due to restricting 12-ring window aperture of 7.1 A and (b) a Me2DABCO2+ molecule
which is free to diffuse along the 1D channel. Framework oxygen and T atoms (Si/Al) are
shown in red and blue, respectively. Carbon and hydrogen atoms of the organic molecules
are shown in black and pink, respectively, Nitrogen atoms are not visible in the space-filling
view. Approximate molecular sizes were calculated using Alvarez Van der Waals radii [241]
in CrystalMaker® software. The kinetic diameters of the organic molecules are given below.

The negative binding energy for TEA+, shown in Table 5.3, confirms favour-
able interactions in the ltl cavity. The Me2DABCO2+ molecule is more elliptical in
shape, measuring ∼7 x 9 Å. It is possible that these cations diffuse through the 12R
channels, which would be consistent with the positive binding energy calculated for
Me2DABCO2+. This could also explain why vibrations from the organic cation are
observed in KL-T FTIR spectra, but are absent for KL-D, Figure 5-11. As observed for
ZSM-10, it may be that Me2DABCO2+ molecules are either not incorporated into the
zeolite or are removed during the filtering, washing and drying steps. Furthermore,
the chemical compositions of all KL samples in this study are similar, Table 5.4, sug-
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gesting that these organics are acting as pore-fillers or growth modifiers rather than
traditional templates. Previous studies have shown that adding organic molecules
with hydrogen bonding moieties to the synthesis gel, such as 1,3-polyols, ethanol,
alkylamines and triethanolamine, reduce the aspect ratio of KL crystals. It is thought
that these organics preferentially bind to the [001] crystal surfaces and inhibit growth
in this direction by physically blocking solute attachment. [269,275–277]

In the presence of organic cations, it was found that KL could be formed from a
gel with molar composition 5.3 K2O : 15 SiO2 : Al2O3 : 430 H2O : 0.87 RO/0.44 R2O
at temperatures between 100-140◦C. However, the same batch composition without
these organics produced amorphous material unless KL seed crystals were added.
It is, therefore, unclear whether these cations facilitate crystallisation or merely act
to inhibit or promote growth of crystal surfaces. It is also difficult to establish a dir-
ect relationship between the presence of quaternary ammonium cations and crystal
morphology due to the interplay between all synthesis variables, such as temperat-
ure, time and batch composition. Even changing one parameter is known to have an
effect on several others, altering the dynamic equilibrium during the crystallisation
process.

In this work, it was found that increasing the H2O/SiO2 ratio and SiO2/Al2O3 pro-
moted the formation of clam-shaped KL in the presence of TEA+ and Me2DABCO2+.
However, in the literature, it is found that increasing H2O/SiO2 normally produces
larger KL crystals with high aspect ratios due to a lowering of the gel viscosity.
[278–280] As quaternary ammonium cations were added as hydroxides, the alka-
linity of the batch mixture is increased and this could be counteracting the dilution.
It has previously been shown that increasing the alkalinity of the gel suppresses
growth in the [001] direction, resulting in shorter, clam-shaped crystals with over-
growths on pinacoidal faces, similar to observations for KL-D and KL-T in this work,
Figures 5-12 (d-i). [269, 279, 281] The lower synthesis temperatures could also be
favouring the formation of more nuclei, resulting in smaller sized crystals.
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5.6 Local and Average structure of ZSM-10

There are only three records in the literature on the crystal structure of ZSM-10
(MOZ). From this experimental study, it was found that K+ and Me2DABCO cations
are crucial to the formation of ZSM-10, yet no satisfactory structural model exists
where non-framework K+ and organic sites have been located. PXRD and FTIR data
for as-synthesised ZSM-10 (sample 11) confirmed the presence of non-framework
content occluded in the pores. Furthermore, the only structural analyses to date have
been carried out on the calcined and dehydrated sample. Subjecting the zeolite to
high temperatures required for calcination and dehydration often lead to structural
deformations and can change the locations of non-framework cations. Analysis of
the as-synthesised and hydrated sample is important in providing details on the syn-
thesis and exchange properties of the zeolite. There are also no reports of SS-NMR
studies for ZSM-10. This motivated further analysis to determine the local and aver-
age structures of both as-synthesised and calcined ZSM-10.

Higgins and Schmitt determined the structure of ZSM-10 from synchrotron x-
ray and electron diffraction data. They initially proposed two, tentative framework
models for ZSM-10, A and B, identical in their [001] projections, but differing in the
arrangement of tetrahedra along the [100]. [180] Model A is comprised of columns
of d6r and can units, comparable to LTL and OFF framework types, whilst model
B resembles the MAZ framework formed from stacks of gme cages. Similarities
between ZSM-10 and K-L FTIR spectra lead to the conclusion that Model A was the
most likely of the two. Dorset later analysed this zeolite using synchrotron powder
and electron diffraction data, which supported model A of Higgins and Schmitt. [245]
A theoretical justification of model A was also reported by Forster et al, who carried
out a comprehensive search of every possible topology consistent with diffraction
data of ZSM-10. [282] However, in both experimental studies, any attempts to locate
non-framework K cations from Fourier maps were unsuccessful, despite K being
detected from EDX and elemental analyses.

5.6.1 SS-NMR

Figure 5-14 shows the 29Si NMR spectrum for ZSM-10 (sample 11). The spectrum
consists of five signals which could be assumed to correspond to the five Si(nAl)
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environments possible in a zeolite framework (where n = 0-4). However, simple in-
tegration of the peaks assuming one T-site, and calculation of the Si/Al ratio using
equation 2.23, leads to a Si/Al ratio of 2.88, which is at variance with EDX data
(Si/Al of 4.28) and previous reports of this structure having Si/Al ratios greater than
3.5 [180,182]. As EDX is a bulk measurement, amorphous silica or extra-framework
Al will be detected, if present, and it is possible that this is affecting the observed
Si/Al. However, the structure of ZSM-10 contains six crystallographically unique T-
sites. It is highly likely that each Si(0Al) environment is generating its own family
of 29Si NMR signals. When the chemical shift difference between signals from in-
equivalent Si(nAl) units is similar to the chemical shift difference between Si(nAl)
and Si((n+1)Al) units, the 29Si NMR spectra become complex with overlapping and
broadening of multiple peaks. The signals are composites, and the Si/Al cannot
be directly calculated from simple integration of five Si(nAl) peaks. This has previ-
ously been reported for zeolites Mazzite (MAZ), Offretite (OFF), Silicalite (MFI) and
STA-30 (SWY). [196,200–202]

To assign the 29Si peaks and de-convolute the NMR spectra of ZSM-10, some
assumptions were made. The 29Si chemical shift becomes less negative by ∼5-7
ppmon going fromSi(0Al) to Si(1Al). Changes in bond lengths and angles that cause
some splitting of the Si(nAl) signal do not span more than ∼7 ppm. Therefore, the
contributions to any one signal are Si(nAl) and Si((n–1)Al). [193,283] The peak with
the most negative chemical shift, in this case at -107 ppm, corresponds exclusively
to Si(0Al). The next peak centred at -102 ppm has contributions from both Si(1Al)
sites and Si(0Al) from a more de-shielded T-site. Table 5.5 shows the assignments
of the peaks in the 29Si MAS-NMR of ZSM-10 following the assumption that splitting
of the Si(nAl) signals do not span more than ∼7 ppm.
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Figure 5-14: Deconvolution of 29Si (9.4 T, 14 kHz MAS) NMR spectrum of ZSM-10 (sample
11) using a Gaussian peak function. Observed data are shown as blue ticks, the individual,
de-convoluted signals as green lines, the calculated fit as a solid red line and the difference
(observed-calculated) in pink. Bottom: Predicted Si(0Al) chemical shifts for the six inequi-
valent T-sites are marked (predicted from equation 2.22 of Dawson [193]). Stick heights
indicate the multiplicity of the T-site. These T-sites are shown in the inset, where A is the
average T-O bond length and � is the average ∠T-O-T angle around each site.

Table 5.5: Assignment of 29Si signals in an ZSM-10 with one or multiple T-sites based on
the assumption that splitting of the Si(nAl) signals do not span more than ∼5-7 ppm. H is
the fraction of T-sites that contributes to each peak and is assumed to be a constant if the
Si/Al ordering is random.

� (ppm) Assignment (1 T-site) Assignment (multiple T-sites)

–107 Si(0Al) H Si(0Al)
–102 Si(1Al) H Si(1Al) + (1–H) Si(0Al)
–97 Si(2Al) H Si(2Al) + (1–H) Si(1Al)
–92 Si(3Al) H Si(3Al) + (1–H) Si(2Al)
–87 Si(4Al) H Si(4Al) + (1–H) Si(3Al)
–82 not observed (1–H) Si(4Al)

Using the crystal structure of ZSM-10 (MOZ) from ref [245], it is possible to use
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equation 2.22 of Dawson et al to predict 29Si chemical shifts (�8B>) for each of the
six T-sites. [193]. The chemical shift predictions are shown in Figure 5-14, where
the predicted peak heights are determined from the multiplicity of each T-site, which
are in a ratio of 1 : 2 : 2 : 1 : 1 : 2 (T1, T2, T3, T4, T5 and T6). The chemical shit
values are given in the Appendix, Table 8.11.

From the predicted chemical shifts, it could be possible that the signal at -111
ppm corresponds to T5(0Al). However, equation 2.22 is based purely on Si(OSi)4
species. It is known that 29Si chemical shifts are sensitive to second-neighbour
effects and the presence of Al in the framework moves 29Si peaks to lower fields.
[283–285] It is likely that these predicted peaks are shifted up-field and would be
less negative in the aluminosilicate material. However, it is possible that Si atoms
may preferentially sit on T-sites adjacent to T5 and the signal could really be much
lower than anticipated. There is not sufficient evidence from one spectrum and no
other reports of 29Si NMR on ZSM-10 exist in the literature. Therefore, given the
small intensity of the peak at -111 ppm, it is more probable that it is from amorphous
SiO2.

Table 5.6: Assignment of the signals in the 29Si NMR spectrum of ZSM-10 and their relative
intensities. The intensity column includes 1.28% amorphous SiO2 and the corrected intensity
column has removed this impurity.

shift (ppm) Assignment Intensity (%) Corrected intensity (%)

–111.8 amorphous SiO2 1.28 —
–108.5, –107.3 H Si(0Al) 3.93 + 9.15 14.16
–102.9, –100.9 H Si(1Al) + (1–H) Si(0Al) 34.19 + 11.38 43.26
–97.6, –95.2 H Si(2Al) + (1–H) Si(1Al) 26.41 + 4.57 34.35
–93.1 H Si(3Al) + (1–H) Si(2Al) 6.97 6.11
–90.0 H Si(4Al) + (1–H) Si(3Al) 2.12 2.12
not observed (1–H) Si(4Al) — —

The 29Si MAS NMR spectrum of ZSM-10 is shown in Figure 5-14, along with a
decomposition using Gaussian-type lines. In total, nine lines were used to achieve
a reasonable fit, with chemical shifts of –111.8, –108.5, –107.3, –102.9, –100.9,
–97.6, –95.2, –93.1 and –90.0 ppm. The signal at –111.8 ppm is characteristic of
amorphous Si and can be ignored. The remaining signals are grouped as shown
in Table 5.6, along with their integrated intensities. From Table 5.6, it can be seen
that only the highest and lowest peaks have single contributions from either Si(0Al)
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or Si(4Al). In this case, the (1–H)Si(4Al) signal is not clearly observed. The Si/Al
ratio calculation is therefore based on the relative intensity of the HSi(0Al) peak. H
is assumed to be a constant that refers to the fraction of T-sites contributing to each
peak. This, however, assumes that the geometry of each T-site is constrained by
the framework, which is not entirely true but allows an approximation to be made for
the Si/Al.

If there is no preferential occupation of one or more T-sites with Si or Al, the
relative intensity of the HSi(0Al) peak can be used to calculate the Si/Al ratio. The
probability of an Si-O-Al linkage is proportional to the fraction of Al in the framework,
G, and the probability of an Si-O-Si linkage is therefore 1 − G. The Si/Al ratio is
R=(1− G)/G. The probability of an Si atom on a given T site having = Al neighbours
is then given by the binomial equation 5.1, where G is the fraction of Al (%Al / 100)
and $ is the number of possible arrangements of n Al around Si. [199]

%(n�;) = $G=(1 − G)4−n (5.1)

For n = 0 to 4, $ has values of 1, 4, 6, 4, 1, respectively, given by equation 5.2.

$ =
4!

=!(4 − =)! (5.2)

Using equation 5.1, the probability of a T-site having no Al, (i.e. a single contri-
bution from Si(0Al)) can be determined. The MOZ framework contains six T-sites
in a ratio of 1 : 2 : 2 : 1 : 1 : 2, such that H = I/9, where I is an integer. This is
substituted into equation 5.1 to give equation 5.3.

%(0�;) = I

9 (1 − G)
4 (5.3)

The probability, P(0Al), can be taken from the corrected intensity of themost negative
peak, 0.1416, to give equations 5.4 and 5.5. Equation 5.5 gives the fraction of Al in
the framework, G.

0.1416 = I

9 (1 − G)
4 (5.4)
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G = 1 − 4

√
1.2744
I

(5.5)

For the cases of 1 ≤ I ≤ 8, equation 5.5 can be solved to predict what the
composition would need to be to give an intensity of ySi(0Al)=14.16%. These are
shown in Table 5.7. Intensities for each I are plotted in Figure 5-15 and compared
to the observed intensities. The calculations for z are given in the Appendix, Table
8.12.

Table 5.7: Values of G and I determined from Equation 5.5. Si/Al ratios for each G are also
given for comparison.

I 0 1 2 3 4 5 6 7 8 9

G — — 0.11 0.19 0.25 0.29 0.32 0.35 0.37 0.39
Si/Al = (1 − G)/G — — 8.43 4.20 3.03 2.46 2.12 1.89 1.72 1.59

Figure 5-15: Plot of experimental peak intensities for the Si(nAl) peaks of ZSM-10 (solid red
line) and theoretical peak intensities for the compositions and values of I given in Table 5.7.
For clarity, the theoretical I = 3 line, which agrees best with the experimental intensities, is
shown as a dashed red line and all other theoretical lines are black.
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From Figure 5-15 and the predicted compositions in Table 5.7, it can be seen
that a composition of G = 0.190 (Si/Al = 4.2) with z = 3 gives theoretical values that
are in good agreement with the experimental values. From these result, one third of
the T-sites (assumed to be T5 and T6) contribute to the Si(0Al) signal at ∼–108 ppm,
with the other two thirds (T1, T2, T3 and T4) contributing to the next signal at ∼–102
ppm. Compared to the value of Si/Al=2.88 calculated assuming a single T-site, this
Si/Al=4.2 is in much better agreement with EDX data. However, this is assuming a
totally random distribution of Al in the framework and disregarding any preferential
Al partitioning over the T-sites. For more conclusive results, additional 27Al NMR
data for ZSM-10, or 29Si NMR for de-aluminated ZSM-10 on a clean sample with no
amorphous SiO2, would need to be obtained.
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5.6.2 Rietveld Refinement of ZSM-10 (MOZ)

Table 5.8: Crystallographic data for ZSM-10

Crystallographic Data for ZSM-10

Calcined As-synthesised
Data collection Transmission PXRD Transmission PXRD
Wavelength (Å) 1.5406 1.5406

2� range (◦) 2-85.985 2-85.985
Step size 0.015 0.015
Temp (K) 298 298

Unit Cell

Space Group P6/mmm (#191) P6/mmm (#191)
a (Å) 31.5425(12) 31.5629(12)
c (Å) 7.52629(19) 7.53156(18)

Volume (Å3) 6484.9(3) 6497.9(3)
Refined Chemical Composition |K18.8|[T108O216].50H2O |K18.26|[T108O216].53H2O

SS MAS-NMR [Al20.65 Si87.35O216]
Si/Al = 4.2

EDX Analysis Si/Al=4.05 Si/Al=4.28

Refinement

data range (2�) (◦) 7.8-86 7.8-86
(d-spacing) (Å) 1.13-11.25 1.13-11.25

no. of observations 5211 5211
no. of contributing reflections 983 985

no. of variables 93 117
no. of restraints 189 250

'�(%) 2.55 2.87
'4G? 1.18 1.17
'F? 4.76 5.29

"2
A43D243

= ('F?/'4G?)2 16.24 20.61
�$� = ('F?/'4G?) 4.03 4.54
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Table 5.9: Interatomic Distances (Å) for ZSM-10.

Interatomic Distances (Å)

Calcined As-synthesised

Si1-O7 1.703(10) K1-O10 2.863(9) Si1-O7 1.727(12) K1-O10 2.963(10)
Si1-O8 1.648(8) K1-O15 2.858(8) Si1-O8 1.607(8) K1-O12 3.485(8)
Si1-O9 1.610(6) K1-O15 2.854(8) Si1-O9 1.625(7) K1-O12 3.481(8)
Si2-O10 1.642(8) K1-O20 3.396(10) Si1-O9 1.625(7) K1-O15 2.819(7)
Si2-O11 1.597(5) K2-O9 3.249(12) Si2-O9 1.622(8) K1-O15 2.815(7)
Si2-O12 1.646(7) K2-O12 2.923(8) Si2-O10 1.653(9) K1-O20 3.31851
Si2-O9 1.679(7) K2-O14 3.305(12) Si2-O11 1.614(6) K2-O9 3.230(12)
Si3-O12 1.598(8) K3-O13 2.973(15) Si2-O12 1.654(8) K2-O12 2.868(8)
Si3-O13 1.656(5) K3-O14 3.146(9) Si3-O12 1.697(9) K2-O14 3.336(9)
Si3-O14 1.626(7) K4-O9 3.149(11) Si3-O13 1.643(6) K4-O7 3.8220(14)
Si3-O15 1.665(9) K4-O9 3.149(8) Si3-O14 1.622(6) K4-O9 3.139(12)
Si4-O14 1.628(6) K4-O11 2.944(13) Si3-O15 1.650(9) K4-O9 3.139(9)
Si4-O16 1.676(9) K4-O11 2.944(12) Si4-O14 1.613(5) K4-O11 2.913(15)
Si4-O17 1.639(9) H2O4-O16 2.924(11) Si4-O14 1.613(5) K4-O11 2.913(12)
Si5-O17 1.629(10) H2O4-O16 2.922(11) Si4-O16 1.688(10) K4-H2O5 2.856(9)
Si5-O18 1.600(9) H2O8-O8 2.655(10) Si4-O17 1.696(10) K4-H2O5 2.856(13)
Si5-O19 1.663(7) H2O1-O20 2.698(11) Si5-O17 1.645(11) K4-H2O9 3.407(9)
Si6-O15 1.773(8) H2O8-O7 2.84996(27) Si5-O18 1.595(8) K3-O13 2.916(15)
Si6-O19 1.588(7) H2O8-O7 2.845(9) Si5-O19 1.649(8) K3-O14 3.111(8)
Si6-O20 1.587(8) Si5-O19 1.649(8) K3-O16 3.854(6)
Si6-O21 1.568(5) Si6-O15 1.710(9) K3-H2O2 2.169(22)

Si6-O19 1.620(8) K3-H2O4 3.613(22)
Si6-O20 1.579(6) K3-H2O4 3.610(22)
Si6-O21 1.587(5) K5-H2O2 1.859(11)

K5-H2O2 1.859(11)
K5-H2O2 1.859(11)
K5-H2O2 1.859(11)
K5-H2O4 2.004(13)
K5-H2O4 2.004(13)
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Figure 5-16: PXRD data and associated Rietveld refinement profiles for calcined and as-
synthesised ZSM-10, respectively. Observed and calculated profiles are shown as blue
crosses and red lines, respectively. Backgrounds are plotted with orange dotted lines. The
residual (observed minus calculated intensity) plot is shown below as a cyan line and the
positions of contributing Bragg reflections for ZSM-10 are marked with vertical green bars

Figure 5-16 show diffraction data and associated Rietveld refinement profiles for
calcined, and as-synthesised ZSM-10, respectively.
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Calcined ZSM-10

The complete structure of calcined, aluminosilicate ZSM-10 (sample 11) (P6/mmm;
a = 31.5425(12) Å, c = 7.5263(2) Å) was refined from PXRD data using the structural
model of Dorset. [245] Full Rietveld refinement was carried out using the GSASII
package, the compete details of which are provided in Table 5.8. [286]. Due to the
extreme asymmetry of the first two peaks at low 2� (5.6 and 6.4◦), refinements were
carried out using data from to 8-85.965◦. Instrument parameters were first refined
using aNIST standard Si powder. Backgroundswere fitted with 15Chebyschev coef-
ficients. The crystal domain size, scale factor, cell parameters, asymmetry (SH/L)
and Gaussian peak width profile (U) parameters were all initially refined. A simpli-
fied chemical composition of Si108O216 was used, assuming a composite T-site for
both Si and Al framework atoms. To keep the geometry of the structural model reas-
onable, geometric restraints were applied on framework 3)−$ bond lengths, with
target values of 1.64 ∓ 0.03 Å to reflect the presence of Al, with a calculated Si/Al
ratio of 4.2 fromMAS-NMR data. Atomic co-ordinates were then refined. Interatomic
distances for calcined ZSM-10 are shown in Table 5.9.

With just the atoms of the framework, the initial R values were 'F?= 22.74% '�

= 20.03% with a GOF = 19.07. These R values are significantly higher than Dorset’s
'F? and '�2 values of 0.16 and 0.1418, respectively, with just the framework atoms.

From a series of Fourier difference maps, non-framework atom positions were
found and their identities and occupancies were rationalised based on their dis-
tances to framework oxygen atoms and the requirement for charge compensation
of Al atoms in the framework. The first Fourier difference map revealed two strong
electron density peaks in the centres of can cages and 8R channels [001], shown
in Figure 5-17 (a). These were assigned as K atoms (K1 and K2) and refinement of
site occupancies gave values close to 1. Inclusion of these K+ cations reduced the
R values to 'F?= 13.32% '� = 5.927% with a GOF = 11.19.

A second Fourier difference map was then calculated which revealed prominent
peaks in the 8R windows [100] of the pau cages, shown in Figure 5-17 (b). The
chemical formula for ZSM-10 is [�;20.77(887.23$216], based on a calculated Si/Al ra-
tio of 4.2 from SS MAS-NMR. Sites K1 and K2 provide 11 K+ cations for charge
compensation of 11 framework Al atoms. It was not possible to accurately determ-
ine the quantities of K and DABCO present in the as-synthesised sample (prior to
calcination) from TGA analysis. EDX values for K/Al were also in excess of that
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5.6 Local and Average structure of ZSM-10

required for charge balance (which is discussed later). Therefore, the amount of
charge compensation provided by K and DABCO (or remaining protons after calcin-
ation) is not known. The remaining electron density sites in the 8Rs were tested as
both K+ and H2O (modelled as O atoms). Placing O atoms at these positions gave
refined occupancy values much greater than 1, whereas K cations gave refined oc-
cupancy values less than 1. It was reasonable to assign these sites to K+ cations.
This produced amuch better refinement with R values being further reduced to 'F?=
10.97% and '� = 4.55% with a GOF = 9.21.

A third Fourier map found residual electron density peaks at the periphery of the
12R2 channel, in the ltl cages, Figure 5-17 (c). Again, it was found that K atoms at
these sites refined with fractional occupancies and gave a better fit to the data. R
values improved to 'F?= 10.32% and '� = 3.87% with a GOF = 8.67.

A fourth Fourier map found a number of weaker peaks in the centres of the 12R1,
12R2 and pau 8R [001] channels, Figure 5-17 (d). As the majority of these peaks
are > 3 Å from framework O and non-framework K atoms, these additional sites
were assigned to water molecules. H2O1, H2O4 and H2O8 are closer than 2.95 Å
to framework O atoms. H2O1 and H2O8 are within hydrogen bonding distances to
framework O atoms but closer than ideal to be K-O. However, H2O4-O16 could be a
chemically reasonable K-O distance. Testing this site with K atoms gave extremely
low occupancy values and, considering a total number of 18.77 K+ were already
present in the unit-cell, it seems more reasonable to suggest that water molecules
occupy these sites.

The fractional occupancy for H2O10 refined to a value close to 1. Testing this
site with K cations didn’t make much difference to the overall fit. However, if K atoms
were placed here, all 3 −$ distances would then be > 3.3 Å, placing them further
away from framework O atoms. As all other K sites in this model have at least one
3 −$ < 3 Å, it again made more sense to place water molecules here. Refinement
with all of the remaining sites modelled as water gave the best fit to the data, whilst
maintaining a chemically feasible model. Fractional occupancies for non-framework
content were refined freely, but constraints were used on 3$−$ and 3 −$ distances
to ensure that they did not approach any atoms of the framework structure too closely
(i.e. <2.7 Å). 3$−$ between water molecules were monitored closely, alongside
their fractional occupancies, to ensure that no chemically unreasonable distances
arose. 3$−$ <2.5 Å, can be justified by fractional occupancies of < 0.5 at these
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sites. Thermal displacement parameters were initially refined and were constrained
to be equal for each atom type to keep the number of parameters to a minimum.
However, due to their strong correlation with fractional occupancies, they were fixed
during the latter refinement cycles. Atomic co-ordinates for K1 were also fixed in the
final cycles to allow convergence with max shift/esd of 0.01.The structure became
more stable and refinement converged with 'F?= 4.76% '� = 2.55% with a GOF =
4.03.

In the final model, there are four cation sites and ten water sites, with refined oc-
cupancies giving a total of 18.77 K+ and 50 H2O per unit-cell. The chemical formula,
| +18.77 |[�;20.77(887.23$216], is consistent with that calculated from SS MAS-NMR
data. This formula would suggest that there is one Me2DABCO molecule per unit
cell, providing the additional 2+ charge required to balance that of the framework.
After calcination, this charge balance will be provided for by two protons.

The fit provided by this model is shown in Figure 5-16 (a).

164



5.6 Local and Average structure of ZSM-10

(a) (b) (c)

(d) (e)

Figure 5-17: Fourier difference maps for calcined ZSM-10 showing residual electron density
peaks (green points) in (a) the can cages and adjacent 8R2 channels (assigned to K1 and
K2 sites), (b) in the centre of the 8R1 [100] windows that form pau cages (assigned to K3)
(c) 12R2 channels at the periphery of the ltl cages (assigned to K4), (d) the 8R1 and 12R1
channels (assigned to H2O molecules) and (e) at the centre of the 12R2 channels (also
assigned to H2O molecules). Framework O and Si atoms are shown as red and brown
spheres, respectively, K+ cations are shown as green spheres and O atoms from water
molecules are shown as red spheres in the channels.
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As-synthesised ZSM-10

The complete structure of as-synthesised ZSM-10, prior to calcination, (P6/mmm; a
= 31.5629(12) Å, c = 7.53156(18) Å) was then determined from full Rietveld refine-
ment using the calcined structural model as a starting point. The compete details of
which are provided in Table 5.8.

With just the atoms of the framework, initial R values were 'F?= 25.55% and '�
= 21.55% with a GOF = 21.66. Fourier difference maps located the same locations
for non-framework species as observed in the calcined material, Figure 5-18 (a).
K1 and K2 sites refined with occupancies close to 1, improving the R values 'F?=
15.93% and '� = 7.09% with a GOF = 13.53.

Contrary to the calcined sample, an additional Fourier map located greater elec-
tron density peaks at K4 sites in the 12R2 channels, with much smaller peaks at K3
in the 8R [100] windows. With cations and water molecules placed at these sites,
the R values significantly reduced to 'F?= 6.99% and '� = 3.274% with a GOF =
5.94. However, the fractional occupancy for K3 refined to half the value observed in
the calcined sample. Furthermore, H2O2 and H2O4 sites refined with occupancies
greater than 1. This gave evidence that extra content must be filling the pau cages,
which are presumably where the organic cations are located. This is in agreement
to the previous energy minimisation calculations and reports in the literature. [140]

Attempts were then made to model ZSM-10 with the organic cation inside the
pau cages at locations determined from energy minimisation. Only one Me2DABCO
molecule can fit into the centre of each pau cage due to size restrictions. How-
ever, due to the high space-group symmetry mmm at the centre of the unit-cell,
and due to atoms of the organic sitting on general positions, a number of symmetry
related atoms were generated. The organic molecule can take many orientations
around the [100] direction and appears to be disordered in the pau cavity. Further-
more, the atoms of the organic have low atomic numbers and are weakly scattering.
This makes locating them extremely difficult, particularly from powder x-ray diffrac-
tion data. Fractional occupancies for each of the atoms were initially assigned to
satisfy the chemical formula of C8N2 and assuming one DABCO molecule per pau
cage but then allowed to refine with constraints on the occupancies. The refined
values were very low < 0.1. However, this would make chemical sense if there is
only one Me2DABCO per unit-cell and not every pau cage is filled. The presence
of these atoms in the refinement made little difference to the overall R values, how-
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ever the observed fit to the data improved. Me2DABCO cations were kept in the
pau cages and further refinement cycles were carried out. Initially the molecular
geometry of the Me2DABCO cation was fixed, but in further refinements the atomic
coordinates were allowed to vary, with restraints on C-C and C-N bond lengths of
approximately 1.45-1.55 Å, respectively. However, high correlation was observed for
these atomic positions, so in the final refinement cycles, the molecular geometry of
the Me2DABCO molecule was kept fixed. Further Fourier maps located water sites
H2O3, H2O5, H2O8 and H2O9. A new site also appeared in the centre of the unit-cell
within the 8R1 windows at z=0 [001]. This could be a possible site for K cations, in
cases where not every pau cage contains a Me2DABCO cation. However, this would
require longer contacts to framework oxygen atoms and would result in a short K5-
K3 separation of 3 Å, making it unlikely that both of these sites are simultaneously
occupied. However testing these sites with O atoms gave refined occupancy values
much greater than 1, whereas K + cations refined with fractional occupancies. This
produced a much better refinement with R values being further reduced to 'F?=
5.29% and '� = 2.87% with a GOF =4.54.

Atomic co-ordinates for K1 were, again, fixed in the final refinement cycles. This
time it was also necessary to fix the positions of framework O14, O18 andO20 atoms
to allow convergence with max shift/esd of 0.01. If these framework O atom positions
were refined, convergence could be obtained, but with extremely small T-O bond
lengths < 1.55 Å for T4-O14, T5-O18 and T6-O20, despite geometric constraints
with heavy weighting. Keeping these positions fixed made little difference to the
overall R values.

In the final model, there are five cation sites and eight water sites, with re-
fined occupancies giving a total of 18.28 K+ and 53 H2O per unit-cell. The chem-
ical formula, | +18.28 |[�;20.77(887.23$216], is consistent with the calcined structure
and the calculated Si/Al from NMR. This supports the assumption that there is one
Me2DABCO molecule per unit-cell, occupying the pau cage and providing the ad-
ditional 2+ charge required to balance that of the framework. As there are two pau
cages per unit-cell, not every pau cage is filled with an organic molecule. This would
agree with previous observations when comparing FTIR data for different ZSM-10
samples (11 and 16). Me2DABCO may be necessary for the nucleation and ageing
periods of ZSM-10, but is not required for growth. Fewer OSDA molecules are in-
corporated into the final product than would be assumed based on traditional pore
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filling. The fit provided by this model is shown in Figure 5-16 (b).

(a) (b)

(c) (d)

Figure 5-18: Fourier difference maps for as-synthesised ZSM-10 showing residual electron
density peaks (green) in (a) the cancrinte cages and adjacent 8R2 channels (Figure c K1
and K2), (b) 12R2 channels at the periphery of the ltl cages (K4 Figure c), (c) in the centre of
the 8R1 windows viewed along [100] that form pau cages and the 8R1 and 12R1 channels
and (K3 Figure d) and (d) at the new site K5 centres of the pau cages.
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Non-framework Species

The effective pore widths for 12R1, 12R2 and 8R channels in the calcined material
are approximately 6.7 x 6.8 Å, 7 x 8 Å, 6.5 x 2 Å, respectively, in agreement with
Ciric who reports a 7-8 Å effective pore width. In the as-synthesised material, the
pore width of the pau cage is slightly smaller along [100], likely due to interactions
with the occluded organic. Six symmetrically independent tetrahedral sites (T) are
present in the framework of ZSM-10: one (T1) builds the 12R2 channels, two (T5
and T6) form the 12R1 channels, two (T4 and T5) form the 8R1 channels and a
mixture of T sites form the d6rs and can cages.

The coordination environments of the four K+ ion positions in calcined ZSM-
10 are shown in Figure 5-19, and their approaches to framework oxygen atoms
are given in Table 5.9. Six K1 atoms lie in the centres of the can cages and are
coordinated to eight framework oxygen atoms. Five K2 atoms are coordinated to
twelve framework oxygen atoms in the centres of the 8R2 channels. The position of
these two K sites coincide with K1 and K2 sites of KL, which are both fully occupied.
Four K3 atoms are coordinated to six framework oxygen atoms in the plane of the
8R1 windows [100] of the pau cavities and to two water molecules. K3 sites are
comparable to K sites in zeolite W (MER), which is comprised of similar stacks of
pau cages. Four K4 atoms are found at the periphery of the 12R2 channels and
are coordinated to six framework oxygen atoms and two water molecules. Again,
these sites are identical to K sites in K-L. The 12R1 channels appear to be free of
any K+ ions. This observation has also been made in the structurally similar LZ-135
(LTF) zeolite, where the identical 12R1 channels are presumed to contain the TMA+

ions prior to calcination. It could be that Me2DABCO cations are also occupying the
12R1 channels of ZSM-10. However, given the negative binding energy and better
geometric fit of Me2DABCO cations in the pau cavity, it is more likely to be found
here. The fact that Me2DABCO is required for the crystallisation of ZSM-10 and not
for the structurally similar K-L and offretite zeolites supports this assumption as the
only different CBU between their respective frameworks is the pau cage.

Approximately 50 water molecules are found in the unit-cell of ZSM-10. 37 are
located in the two 12R channels, with the remaining 13 found in the pau cages.
These water molecules adopt similar arrangements to those previously reported in
K-L, offretite and Zeolite W. [287,288]. The 50 water molecules found to be present
is consistent with literature reports of ZSM-10 adsorbing ∼13 wt% H2O. [180,182]
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Figure 5-19: Refined crystal structures of ZSM-10 (MOZ). a) shows the hexagonal sym-
metry of ZSM-10, with one unit-cell outlined in red. Si atoms are shown in dark blue, O in
red, K in purple and O atoms from H2Omolecules in light blue. (b) shows the cation and wa-
ter sites in ZSM-10. K1, K2 and K4 are identical to those found in K-L (LTL). One orientation
of the Me2DABCO molecule inside the pau cage is shown. K5 sites are also located in the
centres of the pau cages prior to calcination. The 12R1 channels are common to both MOZ
and OFF framework types and the 12R2 and 8R2 channels are common to both MOZ and
LTL frameworks. (c) FESEM image showing the particle size and morphology of ZSM-10.

5.6.3 Discussion

Refined crystal structures of as-synthesised and calcined ZSM-10 have been pro-
posed based on PXRD data and modelling. The framework structures are in close
agreement to themodel reported byDorset. [245] However locations of non-framework
content were not included in previous models. Dorset collected diffraction data on
samples that had been exchanged with ammonia, dehydrated and calcined to the
hydrogenated form, with the likelihood that all, or part, of the K+ cations had been
removed. Similar observations were made by Higgins and Schmitt. [180] PXRD data
for their H-ZSM-10 samples, formed after ammonia exchange, were in close agree-
ment to calculated peak intensities from a structural model which did not include K+

cations. However, in both of these reports, EDX analyses still detected residual K+
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in the zeolite after three ion exchanges with ammonia. These residual cations are
likely to be trapped in the small can cages, so it is surprising that Dorset could not
locate these sites from Fourier difference maps.

In this work, it was found that non-framework K+ sites could be detected in Fourier
difference maps. EDX analyses confirmed a K/Al ratio of 0.98-1.17, much greater
than Dorset’s sample with K/Al molar ratio of 0.27. The presence of non-framework
content is also evident from the increased relative intensities of medium angle to
low angle PXRD peaks. Slightly larger a and c lattice parameters are also observed
in comparison to the dehydrated and calcined structure reported by Dorset, with a
= 31.390(2) A, c = 7.5147(8). Although calcination was carried out, the ZSM-10
samples were stored in air and the water content of the zeolite is quite high, most
likely causing this expansion of the unit-cell. This is comparable to the hydrated
structure reported by Higgins and Schmitt with unit-cell a = 31.575(7) A, c = 7.525(4).
Furthermore a feasible structural model with the organic occluded in the pores has
been presented.

From a series of difference Fourier maps, five non framework-atom positions
were found in as-synthesised ZSM-10, with migration of K5 cations onto K3 sites
upon calcination. Three of the cation sites, K1, K2 and K4 are identical to those
observed in zeolite KL. In agreement with the theoretical study by Forster, K cations
were found in the can cages and 8MRs. [282] Migration from site K5 onto K3 upon
calcination is likely due to expansion of the pau cavity of approximately 0.3 Å along
[100] once the stabilising organics have been removed. K moves to a site where it
makes shorter and more favourable contacts with framework oxygen atoms.

Me2DABCO molecules are likely to be located in the centres of the pau cages.
Some of these sites are 2.5-3.1 Å from framework oxygen atoms and K3 cations,
suggesting possible hydrogen bonding and electrostatic interactions.

The chemical formula for the calcined sample is
| +18.77(H2O)50 |[�;20.77(887.23$216]-MOZ, with a Si/Al = 4.2 calculated fromSSMAS-
NMR data. For NMR analyses of ZSM-10, it was assumed that each signal is a
composite that arises from peak splitting of multiple T-sites in the ZSM-10 frame-
work. In the case of the structurally similar K-L zeolite, it has been shown that Si/Al
ratios can be calculated by fitting the NMR spectrum as if the zeolite contained only
one T-site. However, the mean ∠T-O-T values were almost equal for each of the in-
dependent T-sites in K-L, allowing a satisfactory calculation of Si/Al. [289]. Looking
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at the bond lengths and angles of the refined ZSM-10 structures, it is evident that
larger angles occur around T5 and T6 sites and smaller angles occur around T1
and T4 sites. This is indicative of a higher concentration of Si on T5 and T6 sites,
with Al preferentially located on T1 and T4 sites, which have the highest average
3)−$ and the lowest average ∠T-O-T. [290] This does make chemical sense as T5
and T6 sites form the 12R1 channels, which appear to be free of any charge balan-
cing cations, whilst T1 and T4 sites form the ltl and pau cavities that are occupied
by K and Me2DABCO cations. Refinement data show some ∠T1-O-T1 and ∠T4-
O-T4 < 120◦ in the as-synthesised and calcined structures. Ab initio calculations
have shown that the ideal range for ∠Si-O-Si are between 140-180◦, whilst those
of ∠Si-O-Al are between 120-145◦. Angles below 120◦ may appear too low to be
chemically feasible, however these studies have not taken into account the effect
of charge-balancing cations on the stability of the Si-O-Al linkages. [290] A similar
observation can be made for some 3)−$ < 1.6 Å or > 1.75 Å. However, Barrer also
reported some 3)−$ values of 1.53 Å and 1.74 Å, and some ∠T-O-T of ∼120◦, in
the structurally similar synthetic zeolite L. [253] Furthermore, these bond lengths are
within the ranges deemed chemically feasible, of 3(8−$ between 1.547-1.674 Å and
3�;−$ of 1.671-1.785 Å. [8,9]

It is possible that movement of the K1 atoms inside the can units is causing a
smeared electron density which is compensated for by lengthening and shortening
of the surrounding T-O bonds. This could be the reason why atomic coordinates
of K1 and some O atoms in the can cages had to remain fixed in order to allow
refinements to converge within 0.01. This suggests that there were many structural
solutions to the refinement, where the K1 atoms are moving around inside the can
units.

Although Higgins and Schmitt report a Si/Al ratio of 3.5 from EDX data, their
analyses from ammonia degradation were consistent with a much higher Si/Al of 5.4.
[180] EDX analyses in this study also showed a K/Al ratio > 1 in the as-synthesised
sample. However, EDX values should be taken with caution as the samples were
seen to charge in the beam. This could be causing K ions to become mobile which
would lead to errors in EDX data. [247] It is also possible that residual amorphous
material is present which may be composed of a higher K content. This has been
reported in the syntheses of K-L zeolites. [291]

Further studies would need to be carried out in order to confirm the framework
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models proposed here. High resolution neutron diffraction may allow determination
of the Si/Al ordering in the framework, alongside 27Al NMR and 29Si NMR on a de-
aluminated sample to more accurately calculate the Si/Al.

KL crystals with reduced aspect ratios and clam-shaped morphologies have also
been synthesised in the presence of small amounts of the mono and di-quaternary
ammonium cations, TEA+ and Me2DABCO2+. Lateral growth dominates in the pres-
ence ofMe2DABCO2+, increasing the crystal diameters and pinacoidal surface areas.
In contrast, TEA+ cations appear to suppress growth on the pinacoidal 001 planes,
forming crystals that are much shorter along the channel lengths. It is not clear how
these organic cations influence crystal growth at the microscopic level. It may be
that these cations bind to growing crystal surfaces and block particle attachment or
affect precursor-crystal interactions by stabilising complexes in solution. The res-
ulting morphology is very sensitive to alterations in the synthesis conditions and it
is likely that the increased alkalinity and lower crystallisation temperatures are also
contributing factors. The obtained information can be used for fine-tuning both the
crystal size and morphology of zeolite KL, which is expected to have an impact on
the performance of the material.

5.7 Further Work

It is necessary to carry out further NMR analyses on the as-synthesised ZSM-10
zeolite. 13CCP-MASNMR analysis will show if Me2DABCOmolecules are intact and
occluded within the pores of ZSM-10. 29Si MAS NMR analysis of a de-aluminated
sample of ZSM-10 is also required to accurately determine chemical shifts from in-
equivalent T-sites. Furthermore, 27Al MAS NMR analysis can be used to provide an
accurate calculation of Si/Al ratio. The potential of DABCOmolecules to target cage-
based zeolites with similar structures has been demonstrated. Although none of the
target hypothetical structures were obtained, this work has provided an important
starting point for future synthesis experiments. Energy minimisation can be used to
calculate OSDA-zeolite interaction energies for other DABCO-based templates that
are of suitable dimensions to direct formation of new, cage-based, ABC-6 structures.
A method of particular interest is using FAU-type zeolites, or other existing materials
in the same FW categories, as reagents to target these new structures.
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5.8 Conclusions

In this work, the hydrothermal phase space of Al2O3-GSiO2-HM2O-RO gels has been
explored (where M=Na+ or K+ and R=Me2DABCO) in attempt to target new, cage-
based zeolites in the ABC-6 family. Although none of the target zeolites were ob-
tained under the experimental conditions, screening synthesis parameters did lead
to the formation of K-L zeolites with distinct particle morphologies. Furthermore,
pure phase ZSM-10 zeolites were synthesised with the organic template occluded
in the pores. There are no reports in the literature on the crystal structure of ZSM-10
where non-framework sites have been detected. In this work, refined crystal struc-
tures of as-synthesised and calcined K-ZSM-10 have been proposed from PXRD
data and modelling. 29Si SS MAS-NMR data have also been collected for ZSM-10,
of which there are no reports in the literature.

This study has shown the importance of identifying synthesis-structure relation-
ships and tuning reaction conditions to control phase selectivity between structurally
similar zeolites that arise as competing phases. Co-operation between inorganic
and organic SDAs is shown to be essential in the synthesis of ZSM-10, and it is
necessary to control the temperature and ageing period to inhibit the formation of
K-L and offretite. It is likely that new frameworks will also form under a narrow range
of batch compositions and will require more specific OSDAs to target them. How-
ever, it is difficult to establish a direct relationship between synthesis parameters
and the resulting zeolite. The crystallisation process is a function of many variables,
which include time, temperature, pressure, gel composition, inorganic and organic
cations, reactant source, pH, ageing time, and so on. The effect of varying one
of these parameters is difficult to evaluate in a straightforward manner, because it
may have an effect on several others. Nevertheless, exploring reaction conditions
of existing zeolites with different OSDAs provides an important starting point for tar-
getting hypothetical frameworks that are structurally similar. Furthermore, screening
the hydrothermal phase space can lead to improvements in existing materials.
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Chapter 6

Zeolites at High Pressure
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6.1 Introduction

The study of porousmaterials under high-pressure conditions is crucial for the under-
standing and development of structure-property relationships. Subjecting a zeolite
framework to high-pressures can drastically alter pore geometries, increase the se-
lective uptake and diffusion of guest materials in the channel systems, improve ac-
cessibility to active sites and even induce chemical reactions. [292]. In some cases,
reconstructive phase transitions can occur, making it possible to access new, high-
pressure structures. [179,293].

In this work, the impact of extra-framework content on the pressure stability and
flexibility of aluminosilicate zeolite K-L (LTL) is explored. High-pressure, time-of-
flight (ToF) neutron diffraction experiments were conducted on the PEARL instru-
ment at ISIS Neutron and Muon Source, UK. Changes in the structure of zeolite
K-L with filled and empty channels were measured up to pressures of 4 GPa, using
Fluorinert and a 4:1 mixture of perdeuterated methanol and ethanol (m.e.) as non-
penetrating and penetrating pressure transmitting media (PTM), respectively. The
empty framework will be referred to as K-L and the filled framework as K-L(m.e).

6.2 Crystal Structures of K-L at Ambient Pressure

Figure 6-1 shows the crystal structure of aluminosilicate K-L. Columns of alternating
d6r-can-d6r units are arranged around a 3-fold axis to form 1D 12R channel systems
that run parallel to the crystallographic c-axis [001]. In terms of CBUs, these 12R
channels are formed from stacks of ltl cavities. These are interconnected with smal-
ler, elliptical 8R channels. The unit-cell is hexagonal, with space group P6/mmm.
With their freely accessible pores (12R diameters ∼7 Å), LTL-type zeolites are con-
sidered ideal host systems for dye molecules, chromophores, organic materials and
metals. In fact, their channel systems can direct the assembly of guest molecules,
and this has led to the discovery of new, composite materials with catalytic, photo-
chemical and optical properties. [288,294]

Figures 6-2 (a-c) show ToF powder neutron diffraction data and associated Ri-
etveld refinement profiles for K-L and K-L(m.e) at ambient pressure.

All refinements were performed using the GSASII package, in the space group
P6/mmm, and starting with the crystal structure of dehydrated K-L at 298K, reported
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Figure 6-1: Crystal structure of the aluminosilicate Linde Type L zeolite, K-L, (LTL). (a)
Viewed down [001] axis in polyhedral form. Si/AlO4 tetrahedra are shown in blue and one
unit-cell is outlined in grey. Non-framework potassium sites are labelled as K1, K2 and K3.
K1 sites (pink) are located in the can cages, K2 sites (green) are in the 8 membered rings
(8R) and K3 sites (purple) are located in the ltl cavities that form the 1D 12-ring (12R) channel
systems. (b) Viewed down [100] axis in stereo form showing the arrangement of composite
building units (CBUs), ltl cavities, can cages and d6r units.

by Newsam. [240, 286] The structure of dehydrated K-L at ambient pressure was
determined using data collected from the low angle, 90◦ and back-scattering banks
of the POLARIS instrument, over the d-spacing range 0.6 to 13 Å. A small contri-
bution to the diffraction pattern from the stainless steel caps was accounted for by
an iron phase (Fe metal) in space group Im3̄m. The sum of phase fractions was
constrained to equal 1 and was initially refined. It was then fixed throughout further
refinements. Backgrounds were fitted with six Chebyschev coefficients. The scale
factor, peak width profiles (sig-1 and sig-2), atomic co-ordinates and cell paramet-
ers were all refined. In the final cycles, thermal displacement parameters were also
included as variables, but were constrained to be equal for each atom type. The
diffractometer constants, DIFA, DIFC and zero, remained fixed during refinement. A
composite T-site was used for Si and Al atoms. Analysis by energy dispersive x-ray
spectroscopy (EDX) yielded the following chemical composition, |K+8.4|[Al8.4 Si27.6
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(a) (b)

(c) (d)

Figure 6-2: Diffraction data for K-L and K-L(m.e) samples collected at ambient pressure.
(a-c) ToF neutron diffraction data and associated Rietveld refinement profiles for dehydrated
K-L. (a) shows data collected on the POLARIS neutron diffractometer (data shown is from
backscattering detector). (b & c) show data collected on the PEARL neutron diffractometer
for K-L(m.e) and K-L, respectively. Observed and calculated profiles are shown as blue
crosses and red lines, respectively. Backgrounds are plotted with orange dotted lines. The
residual (observed minus calculated intensity) plot is shown below as a cyan line and Bragg
reflections for K-L are marked with vertical green bars. (d) shows indexed powder x-ray
diffraction (PXRD) data for characterisation of as-synthesised, hydrated K-L samples.

O72]. Site occupancies were determined from this chemical formula. In accordance
with the structure of dehydrated K-L reported by Newsam, K1 and K2 sites are fully
occupied. [240] The remaining K3 site in this model was given an occupancy of 0.57
to make up the amount required for charge compensation. Site occupancies for all
atoms were fixed throughout refinement cycles. K+ ions are located at three crystal-
lographic sites, coordinated to six framework oxygen atoms. K1 sites are located at
the centres of the can cages, K2 sites are found in the centre of the 8MR channels
at z = 1/2 and K3 sites reside in the ltl cages. These sites are labelled in Figure
6-1.

Refinement of K-L(m.e.) at ambient pressure was carried out using data collec-
ted from the PEARL instrument. Backgrounds were fitted with twelve Chebyschev
coefficients. Generating Fourier difference maps showed some residual electron
density in the 12R channels but the diffuse nature of the maps, likely due to mo-
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bility of guest molecules and partial occupancies of these sites, made it difficult to
assign atoms. It was found that multiple water/methanol site distributions were able
to produce a reasonable fit to the powder diffraction patterns, without any significant
improvements to the 'F? values. Therefore, non-framework sites for hydrated alu-
minosilicate and gallosilicate K-L were used as a starting point. [287,288] As it was
not possible to distinguish between methanol or water molecules in the refinements,
non-framework sites were modelled with oxygen atoms and labelled in accordance
with water sites reported by Gigli et al. [287]. All atomic coordinates were refined,
along with thermal parameters for the framework atoms, which were constrained to
be equal for each atom type, site occupancies for the non-framework species and in-
strument parameters. Thermal parameters were fixed for the guest molecules due to
the high correlation with site occupancies. Refined distances, given in the Appendix,
Table 8.34 show some non-framework sites as being 1.6-1.8 Å apart, with occupan-
cies close to one. At such proximities, it is very unlikely that these adjacent sites are
simultaneously occupied by water molecules. Attempts were made to model these
sites with carbon and oxygen atoms from methanol molecules. Soft restraints were
used on the interatomic C-O distance, with a target value of 1.43 Å. However, this
arrangement gave extremely large esd values and caused refinements to diverge.
From these distances, it is not possible to say with certainty whether they can be
considered C-O bonds from methanol, but it is plausible that in some instances wa-
ter and/or methanol molecules are found here and that the guest molecules are more
mobile than the fixed crystallographic positions account for. In penetrating media,
the a-axial length contracts and the c-axial length expands as guest molecules enter
the 12R channels. It is likely that this is due to some host-guest hydrogen bonding
and electrostatic interactions, indicated by the close proximity of water/methanol mo-
lecules, 2.5-3.1 Å, to framework oxygen atoms and K4 cations. Full Rietveld refine-
ment statistics and crystal structures at ambient pressure are given in the Appendix,
Tables 8.21, 8.22, 8.23 and 8.24.

6.3 GASPSimulations and the Flexibility Window (FW )

The theoretical Flexibility Windows (FW ) of K-L and KL(m.e.) are shown in Figure
6-3, defined in the two-dimensional space of a hexagonal unit-cell, with the ambient
structure located at the origin (red square). Here, the a and c axial lengths are
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the variable parameters. Following on from Chapter 4, the LTL framework type is
classified in category 2B, with an A1 connectivity of d6r units. The FW of the empty
framework in SiO2 composition, as modelled in Chapter 4, can be referred to as the
intrinsic FW. In this work, the framework is modelled in a composition that reflects
the type material. The tetrahedron size has been increased to represent the Si/Al
ratio and non-framework species are sterically included. This is referred to as the
extrinsic FW. Within the FW region, all tetrahedral bond lengths 3)−$ and ∠O-T-O
angles are fully relaxed at 1.642(1) Å and 109.47(1)◦, respectively. As the ordering of
Al is not known, this particular 3)−$ length represents a random distribution of silicon
and aluminium in the framework, assuming 3(8−$ and 3�;−$ are 1.61 and 1.75 Å,
respectively, and accounting for a Si/Al ratio of 3.3. Gatta et al have previously shown
that Si/Al ordering does not significantly influence compressibility of the edingtonite
zeolite (EDI). Modelling the LTL framework in this way, therefore, seems reasonable.

K-L (empty) Extrinsic FW K-L (m.e.) Extrinsic FW

Figure 6-3: Extrinsic FWs of K-L and K-L(m.e.), respectively, with geometrically simulated
models of K-L and K-L(m.e.) in space-filling representation shown below. K1, K2 and K3
are shaded in pink, green and purple, respectively. Water molecules are represented as
spheres with radii of 1.39 Å (light blue), and methanol molecules are represented as diatomic
molecules with a ‘methyl’ sphere of radius 2.0 Å (grey) and a ‘hydroxyl’ sphere of 1.39 Å
(yellow), connected by a bond of 1.43 Å.
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6.3 GASP Simulations and the Flexibility Window (FW )

K+ cations, water and methanol molecules are modelled sterically, but are not
involved in the bonding. K+ cations are given a radius of 1.33 Å, water molecules are
represented as a molecular sphere with a radius of 1.39 Å and methanol molecules
are represented as a diatomic molecule with a ‘methyl’ sphere of radius 2.0 Å and
a ‘hydroxyl’ sphere of 1.39 Å, connected by a bond of 1.43 Å. [295, 296] These
geometrically relaxed models are shown in Figure 6-3. The intrinsic FW of the LTL
framework in SiO2 composition, and the extrinsic FW of K-L in an aluminosilicate
composition, are identical. The presence of K+ in the cavities does not restrict the
framework flexibility or affect the limits of geometric relaxation upon compression or
expansion. Non-framework cation sites are located in the large, 12R cavities, 8R
channels and can cages which readily accommodate K+ ions.

(a) (b) (c)

Figure 6-4: Non-framework sites in the 12R ltl cavity. (a) shows water sites (light blue) loc-
ated from Rietveld refinement of K-L(m.e.) at ambient pressure using ToF neutron diffraction
data. Geometric relaxation is not possible for this arrangement. (b) shows nine simulated
water sites that are all > 2.7 Å apart which allows geometric relaxation to take place. (c)
shows a simulated arrangement of three methanol and six water molecules that also allows
geometric relaxation to take place. K3 sites are shown in purple.

For K-L(m.e.) however, an extrinsic FW could not be obtained using water sites
from the refined structure. Geometric simulations showed the LTL framework itself
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was still flexible, but due to symmetry, some of the non-framework sites were less
than 2.78 Å apart. These distances are shorter than the Van der Waals contacts
between two water molecules (twice the molecular sphere radius of 1.39 Å) and
are reported as steric clashes in GASP. In reality, these sites have fractional oc-
cupancies as water and/or methanol molecules are disordered. To overcome this,
non-framework sites in the 12R were modelled > 2.7 Å apart. The structure could
be geometrically relaxed with nine water molecules, or three methanol and six wa-
ter molecules, in the ltl cavity. This is much less than the fourteen water molecules
found from refinement in this work, and the ∼16-18 water molecules reported in the
literature. [287, 288] However, it has been observed that water sites in the ltl cavit-
ies form hydrogen-bonded clusters in the form of bipyramidal hexagonal prisms with
3$−$ ∼2.55 Å. This allows a maximum of 31.1 water molecules to reside in the ltl
cavity at pressures of ∼ 4GPa. [287] Figure 6-4 shows the difference between the
observed non-framework sites from Rietveld refinement at ambient pressure and
the simulated sites that are geometrically allowed. Model (c) would account for the
high occupancy of non-framework sites that are 1.6-1.8 Å apart as being occupied
by a C-O from methanol. Despite this model being chemically (and geometrically)
plausible, the best profile fit to the data was still obtained with model (a). This rein-
forces the difficulty in locating weakly scattering, disordered and often mobile guest
species in the zeolite pores, particularly from powder diffraction data.

With simulated sites from models (b) and (c), an extrinsic FW could be obtained.
Figure 6-3 shows that the presence of water/methanol molecules in K-L(m.e.) does
not sterically limit the FW upon compression, but does so upon expansion. In
Chapter 4, it was shown that, in ideal frameworks, d6r units expand to accommod-
ate framework compression, and contract to accommodate expansion, with their TO4

units rotating in opposite directions. In the geometric simulations for K-L(m.e.), K3
cations at the periphery of the ltl cavities retreat further into the 8R channels to ac-
commodate penetration of water and methanol molecules. When the c-parameter is
then maximally extended, d6r units contract, and clashes occur between framework
oxygen atoms of the d6r units and these K3 cations. This limits any compression in
the a-direction and the FW shape is different in the upper regions. The framework
is able to remain flexible upon compression as TO4 units in the d6r rotate in the
opposite direction, avoiding any K-O clashes.
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6.4 Compression Data

6.4 Compression Data

For structural analyses at high-pressures, experimental unit-cell parameters were
initially extracted using the Le Bail whole pattern fitting method. K-L and K-L(m.e.)
retain P6/mmm symmetry and do not undergo complete amorphisation up to the
highest investigated pressure of 4.24 GPa. Experimental data are shown in the
Appendix, Figure 8-22. Despite the small number of pressure points, bulk moduli
and compressibilities have been calculated using the web-based tool PASCal [189].

(a) (b)

Figure 6-5: Pressure dependence of K-L and K-L(m.e.) lattice-parameters using non-
penetrating (red squares) and penetrating (green triangles) pressure media. (a) shows unit-
cell volume-pressure data fitted with II-BM-EoS and (b) shows changes in unit-cell para-
meters. Solid and dotted lines are drawn as a guide to the eye, distinguishing the a and
c-lattice parameters, respectively. Compression data for K-L(m.e.) in penetrating media are
calculated with respect to the filled structure at 0.29(2) GPa.

6.4.1 K-L in Non-Penetrating Media

From Pamb to 4.15(4) GPa, the unit-cell volume of empty K-L decreases by 12.9%,
with Δa = −4.3% and Δc = −5.1%, Figure 6-5. Volume-pressure data was fitted
from Pamb to 1.71(2) GPa, to account for the hydrostatic pressure range for Fluor-
inert, which is limited to pressures below 2.3 GPa, Figure 6-5a [297]. In this pressure
range, the unit-cell volume decreases by 4.2%, with Δa =−1.3% and Δc = −1.7%.
A second-order Birch–Murnaghan equation-of-state (II-BM-EoS) [188] ,with an im-
plied B’=4, provided the best fit to experimental data, giving a refined bulk modulus,
B0, of 37(1) GPa with V0 = 2203(2) Å3. Since the bulk modulus values determ-
ined for zeolites with non-penetrating PTM range from 15 to 70 GPa, the empty K-L
framework can be classified as one of the most compressible zeolites. [113] The cal-
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culated principal axes of compression (K) coincide with the hexagonal unit-cell axes,
which decrease linearly with increasing pressure. A II-BMEoS yields the following
axial elastic parameters for empty K-L: K2 = 10.8(8) TPa−1 and K0/1= 7.3(8) TPa−1.
These K values indicate slight anisotropic compression of the lattice parameters,
with the c-axial length decreasing at a slightly faster rate with respect to pressure,
Figure 6-5b.

6.4.2 K-L(m.e.) in Penetrating Media

From Pamb to 3.32(4) GPa, the unit-cell volume reduction with respect to the empty
K-L framework is 4.2%. However, from Pamb to 0.29(2) GPa, the c-axial length ini-
tially increases, Δc = +0.2%. Penetration of guest molecules from the PTM into the
zeolite channels causes a significant change in the observed compressibility. From
0.29(2) to 3.32(4) GPa, the unit-cell volume contraction is 3.8% and the unit-cell
axes display strong anisotropic compression behaviour, with Δc = −2.7% and Δa
=−0.6%, highlighted in Figure 6-5b. Volume-pressure data, shown in Figure 6-5a,
were fitted from 0.29(2) to 3.32(4) GPa using II-BM-EoS, to account for the differ-
ent compressibility observed once the framework channels are filled. The refined
bulk modulus was calculated to be B0 = 70(1), with V0= 2204(1) Å3. A linearised
II-BMEoS yields the following axial elastic parameters: K2 =8.9(1) TPa−1 and K0/1
= 1.7(4) TPa−1.

6.5 High-Pressure Structural Analysis

Starting from the refined K-L and K-L(m.e.) structures at Pamb, geometrically relaxed
models were simulated at each pressure point using experimental unit-cell paramet-
ers determined from the Le Bail whole pattern fitting method. These cell-parameters
are plotted with the extrinsic FW of K-L in Figure 6-6. As both extrinsic FWs for K-L
and K-L (m.e.) are comparable in the high-density regions, only the extrinsic FW for
K-L is shown in Figure 6-6 for simplicity. The LTL framework contains two crystal-
lographically distinct T-sites, labelled as T1 and T2 in Figure 6-7. T1 sites form the
12Rs and T2 sites form the smaller d6r and can units. Six distinct ∠T-O-T angles
are also identifiable in the framework. ∠T1-O1-T1 and ∠T1-O2-T1 are angles in the
12Rs, ∠T2-O3-T2 and ∠T2-O5-T2 are angles in the 6Rs, and ∠T2-O6-T2 and ∠T2-

186



6.5 High-Pressure Structural Analysis

O4-T1 are angles in the 4Rs. Full structural parameters at each pressure point are
given in the Appendix. Pore ellipticity, (&), has been calculated by longest/shortest
3$−$ in the ring. Compression mechanisms were quantified in terms of rigid TO4

rotations with respect to the ambient frameworks, illustrated in Figure 6-7.
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Figure 6-6: Theoretical extrinsic Flexibility Window of K-L (area shaded in light grey), with
experimental lattice parameters plotted. The FW contains all possible unit-cell sizes where
the framework can be geometrically optimised. The limits of geometric relaxation, also called
the FW edges, are shown as dark grey points at the boundary. All data are calculated with
respect to the empty structure at P0<1 , shown at the origin, 0. Labels 1-7 (red squares) show
the change in experimental lattice parameters for the empty framework at pressure points
of 0.19, 0.46,0.91, 1.31, 1.71, 2.74 and 4.15 GPa, respectively. Labels a-f (green triangles)
show the change in lattice parameters for the filled framework at pressure points of 0.29,
0.58, 1.13, 1.93, 2.89 and 3.32 GPa, respectively.

Geometric simulations show that two different compression mechanisms take ef-
fect within the FW, which can be attributed to the stabilising effect of non-framework
molecules in the channels. The stiffening of zeolite frameworks due to guest material
in the pores has been reported in several other high-pressure studies. [298,299].

The LTL framework is almost twice as compressible in non-penetrating me-
dia, with B0= 37(1) GPa compared to B0 = 70(1) in penetrating media. Fluorinert
fluids consist of large, branched fluorocarbon compounds, for example, perfluoro-
tributylamine, which has a molecular diameter of 9.4 Å [300]. These molecules are
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much larger than the 12R channel apertures, with diameters∼7 Å and cannot penet-
rate into the pores. In contrast, water, methanol and ethanol molecules, with diamet-
ers of 2.75, 3.6 and 4.3 Å, respectively, are of the correct dimensions to penetrate
the 12R channels. Initially, this causes a contraction of the a-lattice parameter and
expansion of the c-lattice-parameter at the lowest investigated pressure of 0.29(2)
GPa. However, once the 12R channels are filled, the LTL framework becomes con-
siderably more stable to increasing pressures.

K-L and K-L(m.e.) structures were compared at similar pressures of 1.71(2) and
1.93(2) GPa, respectively. Geometric simulations show that compression of K-L in
the a-direction occurs via the softer 12R channels, which increase in ellipticity by
10.7%. T1 units are most affected by pressure and anti-rotate by 9.7◦ around an
axis parallel to the crystallographic c-axis, Figure 6-7. ∠T1-O1-T1 is already the
smallest angle in the ambient structure (127◦), suggesting it may preferentially be
∠Si-O-Al as there is less energetic penalty in attaining smaller angles than for ∠Si-
O-Si. Newsam has previously reported an aluminium preference for the T1 site in
LTL frameworks. [289] , The 6Rs [001] are more rigid, and show less deformation.
The empty framework also compresses along the c-direction via the dscs which run
parallel. T2 units anti-rotate by 8.6◦, around an axis perpendicular to the [111] plane,
which cause deformation of the ltl and can cages. When the 12R channels are filled
with water/methanol molecules from the penetrating medium, contraction in the a-
plane is hindered. Whilst the a-lattice parameter decreases considerably for K-L,
it remains comparatively stable to increasing pressures for K-L(m.e.), Figure 6-5b.
Consequently, compression of the filled framework occurs predominantly along the
c-direction and there is little change to bond angles and channel apertures along the
a-direction. T1 sites still anti-rotate about the same axis, but with a much smaller
rotation angle of 1.6◦. With the 12R channels stabilised by extra-framework content,
it is the T2 units that are now most affected by pressure, displaying rotations of 2.8◦

around an axis that lies perpendicular to the [110] plane. This results in more notice-
able flattening of the d6r units, Figure 6-7. These results concur with Gigli et al, who
also report anisotropic behaviour of lattice parameters for hydrated aluminosilicate
and gallosilicate LTL-type zeolites compressed in methanol:ethanol:water mixtures
(m.e.w) [287,288].
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Pamb
1.71(2) GPa

0.29(2) GPa 1.93(2) GPa

Figure 6-7: Geometrically simulated compression mechanisms. (b) K-L in non-penetrating
media. The empty framework compresses via its 12R channels, along the crystallographic
a-axis. (c) shows the compression mechanism of K-L(m.e.) in penetrating media. The
filled framework compresses via its d6r and can units, along the crystallographic c-axis.
Solid arrows show pressure-induced anti-rotations of adjacent T1 and T2 sites in equal and
opposite directions. Dotted arrows indicate a decrease in size across channel apertures.

K-L is also pushed outside of its Flexibility Window at pressures greater than
2.5 GPa, Figure 6-6.The empty structure can no longer be geometrically relaxed
as ∠T1-O1-T1 angles in the 12R channels are significantly low, < 110°, causing
unfavourable steric clashes between non-adjacent oxyygen atoms. ∠T2-O6-T2 in
the 4Rs also approach 180°. The framework becomes inherently strained and can
no longer accommodate pressures by varying ∠T-O-T. Distortion of TO4 units is in-
evitable. There is a geometric incentive for a framework to remain within its FW
upon compression. Outside of the FW region, the framework is already geomet-
rically ‘stressed’ and compression here would come with a higher energetic cost,
even in the absence of long-range or host–guest interactions. At the window edges,
this considerable strain may trigger amorphisation. If tetrahedral bond lengths are
decreased to 1.63 Å and 1.60 Å, geometric relaxation of structures at 2.74(3) and
4.15(4) GPa can be achieved without any O-O steric clashes and the framework
would be entering a "new" FW of smaller bond length. At pressures greater than 2.5
GPa, a discontinuity is also observed in volume-pressure and unit-cell parameter
data, Figure 6-5, coincident with the framework leaving the FW. Diffraction peak
profiles become significantly broad and intensities decrease at higher pressures. It
is evident that there is a greater increase in the long-range structural disorder. How-
ever, it is important to consider the hydrostatic pressure range for Fluorinert, which is
limited to pressures below approximately 2.3 GPa [297]. As such, these discontinu-
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ities could also be explained by entering the non-hydrostatic regime of the pressure
transmitting medium. In contrast, geometric simulations show that K-L(m.e.) ad-
opts a different compression mechanism and can withstand pressures up to at least
3.32(4) GPa without leaving the FW. Although additional data with m.e. were collec-
ted at a higher pressure point of 4.24 GPa, the quality of experimental data meant
that unit-cell parameters could not be extracted. It may be that, at pressures greater
than 3.32(4) GPa, the filled structure is pushed outside of the window.

6.6 GASP-Rietveld Method

Attempts were made to determine the crystal structures of K-L and K-L(m.e.) at
high-pressures from Rietveld refinement of the ambient structural model. However,
this lead to unstable refinements that either did not converge or produced chemic-
ally unfeasible results. Extracting information from diffraction data at high-pressures
is difficult, particularly for materials, such as K-L, that have weakly scattering com-
positions and a disordered arrangement of non-framework molecules in the pores.
Data quality is also compromised by the requirement of small sample volumes, peak
broadening and the presence of overlapping signals from lead, zirconia and alumina
phases of the pressure marker and pressure cell.

To facilitate Rietveld refinements, geometrically optimised, high-pressure struc-
tures were used as starting models. Remarkably, these models gave a good fit to
the experimental data and significantly improved the 'F? values even before refining
any atomic positions. Backgrounds were fitted using Chebyschev polynomials with
6-15 variable coefficients. In addition to the K-L samples, lead, zirconia and alumina
were included as additional phases, with the sum of phase fractions constrained
to equal 1. Geometric restraints were then used on framework 3)−$ and ∠O-T-O,
with target values of 1.642(1) Å and 109.5◦, respectively, to keep the geometry of
the structural model sensible throughout. All atomic coordinates were refined, along
with thermal parameters for the framework atoms, which were constrained to be
equal for each atom type, fractional occupancies for the extra-framework content,
instrument parameters, background, and scale factor. Thermal parameters for the
guest molecules were kept at a fixed value, as simultaneously varying fractional
occupancies, atomic coordinates, and thermal parameters led to an unstable refine-
ment. Although data quality at high pressures does prevent unambiguous refine-
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ments, using the simulated models led to convergence up to pressures of 2 GPa.
Figure 6-8 shows Rietveld refinement plots for K-L and K-L(m.e.) at pressures of
0.19 and 0.29 Ga, respectively. All refinement plots and parameters for structures
at other presure points are given in the Appendix. In accordance to the theoretical
findings, the refined structures show that flexibility of the LTL framework is driven by
co-operative anti-rotation of rigid TO4 units around flexible T-O-T angles. Adjacent
tetrahedra rotate in equal and opposite directions, causing expansion of one ∠T-O-T,
which is compensated by contraction of another. As expected, the empty framework
does show more variations away from the ideal geometry, with average 3)−$ values
steadily decreasing with pressure, whereas no significant changes to TO4 units are
observed for the filled framework up to at least 1.91 GPa. For K-L(m.e.), at pressures
> 1 GPa, generating Fourier difference maps showed an electron density peak in the
8MR channel, at z=0. This site has previously been reported to appear as K3 cations
migrate to a new K4 site upon compression of K-L in penetrating media. [287, 288]
K3 and K4 site occupancies were then refined to follow this cation migration, but
constraining the sum of K cations to keep the composition fixed. Geometric simula-
tions can explain this cation migration. As discussed previously, K-L(m.e.) can only
remain within the extrinsic FW upon compression if K3 cations retreat further into
8MR channel to accommodate penetration of water/methanol molecules.

Figure 6-8: TOF, neutron powder diffraction data with associated Rietveld refinement fits
for (a) K-L and (b) K-L(m.e.) at 0.19 and 0.29 GPa, respectively. Observed and calculated
profiles are shown as blue crosses and red lines, respectively. Backgrounds are plotted with
orange dotted lines. The residual (observed minus calculated intensity) plot is shown below
as a cyan line. Bragg reflections for each phase are marked with vertical bars; K-L in green,
Pb in purple, Alumina in cyan and Zirconia in pink.
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6.7 Future Work

In this work the high-pressure structural behaviour of LTL-type zeolites have been
explored using geometric simulations and Rietveld refinements. For the LTL frame-
work, no pressure-induced phase transitions or amorphisation were observed, des-
pite pushing the structure out of its theoretical FW. It is likely that other materials in
the same category follow the same trend of high-pressure behaviour. High-pressure
data were also collected for the structurally similar ZSM-10 (MOZ) zeolite, which has
an identical FW shape and is also classified in category 2B, with an A1 connectivity
of d6r units. However, data quality was not sufficient to extract reliable unit-cell para-
meters and the observed flexibility mechanisms could not be compared. Continu-
ation of this study would involve further investigation of pressure-induced structural
changes to different zeolite frameworks in each of the six FW categories, with par-
ticular focus on what happens to these frameworks at the boundaries and outside
of their FWs. These would provide greater insight into the relationship between the
geometric FW and the physical properties and structural integrity of a framework
under non-ambient conditions.

6.8 Conclusions
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Figure 6-9: GASP-Rietveld method: Schematic illustrating howGASP software can be used
to overcome some of the challenges associated with structure refinement at high-pressures.
The traditional approach is shown in blue and the new steps of structure prediction and
analysis are highlighted in green.

Neutron diffraction techniques under extreme conditions have become increasingly
sophisticated [301–303]. However, analysis of data at high-pressures is often chal-
lenging and it is difficult to extract information from Rietveld refinements alone, par-
ticularly for porous zeolites materials which have weakly scattering compositions,
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complex structures that are often low symmetry and have disordered arrangements
of non-framework cations. Here, computational techniques become valuable ac-
companiments to experimental data. In this study, it has been shown that geometric
modelling, implemented in GASP software, is a fast and straightforward tool that
can facilitate structural analyses of zeolite frameworks at high pressures, when Ri-
etveld refinements alone fall short. A schematic illustrating how GASP software can
be used to overcome some of the challenges associated with structure refinement
at high-pressures is shown in Figure 6-9. Experimental lattice parameters can be
used to simulate geometrically optimised, high-pressure structures which can then
be refined using diffraction data. This opens up the possibility of using geometric
modelling to predict high-pressure behaviour of other existing and hypothetical struc-
tures at the atomic level, where flexibility is based on collective movements of rigid
TO4 units. Furthermore, the theoretical Flexibility Window can provide valuable in-
sight into the structural integrity of a zeolite framework, which is of great importance
for their practical applications, particularly under non-ambient conditions.
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7.1 Objectives 1 & 2 : Identify feasible hypothetical
structures using the FW criterion and explore FW -
structure-property relationships

The FW is a universal feature that can explain the feasibility of all existing zeolites
and provides insight into fundamental relationships between framework geometry,
flexibility and physical properties. This geometric method is highly efficient for routine
screening over large databases to identify new materials with desired properties,
where more exhaustive techniques involving energy minimisation and atomic po-
tentials become too demanding. Using the FW criterion, high-similarity groups of
existing and hypothetical frameworks have been identified based on (i) common
FW descriptors (shape, length and area), and (ii) structural characteristics (d6r con-
nectivity). As a result, 26 target, ABC-6 hypothetical frameworks have been selected
that are of practical interest. The small-pore frameworks (8R channels) in category
1 are comparable to the existing CHA-family of zeolites that show promise for MTO
reactions and NH3-SCR of NO from diesel emissions. Geometric simulations show
that their pore windows are extremely flexible, which is a desirable property for ad-
sorption and diffusion processes, particularly when the size of a guest molecule is
closely matched to the pore diameter. The large-pore zeolites (1D, 12R channels)
in category 2 are similar to OFF and LTL framework types, which can form multiple,
host-guest composite materials for light harvesting and aromatisation of benzene.
These new, ABC-6 zeolites are likely to be synthesised using rigid DABCO cations,
which show specificity towards cage-based zeolites.

7.2 Objective 3 : Use exploratory synthesis methods
to target new structures

The hydrothermal phase space of Me2DABCO-containing gels has been explored
in attempt to target new, ABC-6 zeolites identified from the FW search. Simplified
energy minimisation calculations showed Me2DABCO cations are ideal templates
for cage-based zeolites, as the kinetic diameter of ∼7 Å is a close match to the ef-
fective width of the pores. Under the experimental conditions explored in this work,
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no new structures were obtained. However, five of the target framework types, iden-
tified from the FW search, were synthesised by other research groups during the
course of this study. In fact, one framework, PWN (229_3_4866), was synthes-
ised from Me2DABCO-containing gels, under near identical reaction conditions to
those explored here. It formed under a very narrow batch composition range, which
highlights the importance of experimental screening. The syntheses of other new
structures will likely require careful control of synthesis parameters and more spe-
cific OSDAs that provide a better templating effect.
Exploration of synthesis conditions can also lead to better routes of preparing ex-
isting materials. In this work, K-L zeolites with different particle morphologies have
been synthesised under low temperature conditions. The low aspect-ratio crystals
are likely to impact their diffusion properties. Pure phase ZSM-10 has also been
synthesised under static conditions and non-framework cations have been detec-
ted through PXRD and FTIR analyses. Refined crystal structures of as-synthesised
and calcined ZSM-10 have been proposed, where, for the first time, non-framework
cation positions have been located. In addition, the first 29Si SS MAS-NMR analysis
has been carried out to determine the Si/Al ratio.

7.3 Objective 4 : Use high-pressure as a route to tar-
get new structures

K-L zeolites were studied under high-pressure conditions, using synchrotron ToF
neutron diffraction. Frameworks were compressed within and outside of the theor-
etical FW in attempt to induce structural rearrangement into a topologically unique
framework. Although no pressure-induced transitions occurred, these experiments
provided insight into the relationship between the geometric FW and pressure stabil-
ity of K-L zeolites. Furthermore, geometric simulations showed that non-framework
content reduces flexibility and alters the compression mechanisms within the FW.
This was observed experimentally and shows the potential of geometric modelling
to predict high-pressure behaviour of other existing and hypothetical structures at
the atomic level. As a result, a new method of combining geometric modelling with
Rietveld refinement was used to determine the structures of K-L zeolites at high
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pressures.

7.4 Summary

Zeolites have important industrial applications worldwide and there is a great de-
mand for the development of new and useful framework types. However, the syn-
thesis of new zeolites still heavily relies on extensive trial and error experiments
that are time-consuming, costly, and not suitable to meet the large-scale demand.
Simulation methods have increased the rate at which new framework types are pre-
dicted, yet the synthesis of a pre-designed topology is an ongoing challenge. The
problem is that the number of hypothetical materials is infinite. To make experi-
mental investigations more efficient, it is essential to narrow the search so that ef-
forts are focussed on targetting only the most promising new frameworks. This can
be achieved by examining relationships between known zeolites and establishing
criteria that can eliminate undesirable and unfeasible hypothetical structures from
the millions that have been generated. In this work, a new FW shape criterion has
been developed to accelerate the discovery of new zeolites. This provides more
than just a yes/no parameter when evaluating the feasibility of a structure. From a
relatively simple geometric model, it is possible to explain the feasibility of all existing
zeolites and link the geometry and flexibility of frameworks to their distinctive phys-
ical properties, whilst by-passing the need for time-consuming energy-minimisation
calculations. This is ideal for screening large databases of hypothetical structures.
Furthermore, geometric stimulations can be used to assist in structure determination
of zeolite materials under high-pressure conditions. This opens up the possibility of
using geometric modelling to predict high-pressure behaviour of existing and hypo-
thetical structures at the atomic level. During this work (2018 to 2021), five new
zeolite frameworks that were predicted using the FW criterion were synthesised.
This confirms the importance of framework flexibility in identifying topologies that
are likely to exist in real materials. With continued motivation and research, more
of these target frameworks will undoubtedly be synthesised in the near future. It
is hoped that the strategies presented here, combining experimental methods with
geometric modelling, will assist in the discovery of new zeolite materials that will find
success in future applications.
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8.1 Chapter 3

8.1.1 GASP Input files

1   # GASP Input file for single point geometric relaxation in SiO2 composition
2   
3   
4   ELEMENT
5   si 0.26 # Atom type, Pauling hard-sphere radius (Å)
6   o 1.35
7   /ELEMENT
8   POLY
9   tet si o 1.61 # Polyhedral shape, central atom, vertex atoms, bond length (Å)

10   /POLY
11   OPTION
12   relax # Initiates a geometric relaxation
13   smallmove 1e-6 # Relaxation stops when the largest move made by any atom is
14   smallmis 1e-3 # < 1x10-6 or mismatch between template and atoms is < 1x10-3
15   /OPTION
16   INPUT
17   structure ZEO.cif # Input crystal structure in P1 symmetry
18   /INPUT
19   OUTPUT
20   structure ZEO-00.cif # Output geometrically relaxed crystal structure in P1 symmetry
21   bonding ZEO-00.bonding # with bonding, mismatches, O-O clashes, T-O bond lengths, T-O-T 
22   mismatch ZEO-00.mis # and O-T-O angles and polyhedral geometries reported
23   bonds ZEO-00.bondlength
24   angles ZEO-00.angles
25   pol ZEO-00.pol
26   /OUTPUT
27   
28   
29   # GASP Input file for FW search in hexagonal crystal system
30   
31   
32   ELEMENT
33   si 0.26 # Atom type, Pauling hard-sphere radius (Å)
34   o 1.35
35   /ELEMENT
36   POLY
37   tet si o 1.61 # Polyhedral shape, central atom, vertex atoms, bond length (Å)
38   /POLY
39   OPTION
40   relax # Initiates a geometric relaxation
41   smallmove 1e-6 # Relaxation stops when the largest move made by any atom is
42   smallmis 1e-3 # < 1x10-6 or mismatch between template and atoms is < 1x10-3
43   search hex # Initiates search directions for a hex unit-cell (a and c 

variables)
44   /OPTION
45   INPUT
46   structure ZEO-00.cif # Input geometrically relaxed crystal structure in P1 symmetry
47   bonding ZEO-00.bonding # with bonding information
48   /INPUT
49   OUTPUT
50   window ZEO-win-YY # Output structures at the edges of FW
51   /OUTPUT

Figure 8-1: A single-point GASP input file used to geometrically relax a structure and a
GASP input file for a FW search to find the limits of geometric relaxation (i.e. FW edges)
for a hexagonal unit-cell
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1   # GASP Input file for a gradual search
2   
3   ELEMENT
4   si 0.26 # Atom type, Pauling hard-sphere radius (Å)
5   o 1.35
6   /ELEMENT
7   POLY
8   tet si o 1.61 # Polyhedral shape, central atom, vertex atoms, bond 

length (Å)
9   /POLY

10   OPTION
11   relax # Initiates a geometric relaxation
12   smallmove 1e-6 # Relaxation stops when the largest move made by any 

atom is
13   smallmis 1e-3 # < 1x10-6 or mismatch between template and atoms is < 

1x10-3
14   gradual 8 # generates 8 relaxed structures as cell-parameters change linearly from 

input to FW edge
15   /OPTION
16   INPUT
17   structure ZEO-00.cif # Input geometrically relaxed crystal structure in P1 

symmetry
18   bonding ZEO-00.bonding # with bonding information
19   new cell a b c alpha beta gamma #Input new cell parameters at FW edges
20   /INPUT
21   OUTPUT
22   gradualname ZEO-grad-ZZ # Output 8 relaxed structures as starting points for 

further FW searches
23   /OUTPUT
24   
25   # GASP Input file for FW shape search in a hexagonal crystal system
26   
27   
28   ELEMENT
29   si 0.26 # Atom type, Pauling hard-sphere radius (Å)
30   o 1.35
31   /ELEMENT
32   POLY
33   tet si o 1.61 # Polyhedral shape, central atom, vertex atoms, bond length (Å)
34   /POLY
35   OPTION
36   relax # Initiates a geometric relaxation
37   smallmove 1e-6 # Relaxation stops when the largest move made by any atom is
38   smallmis 1e-3 # < 1x10-6 or mismatch between template and atoms is < 1x10-3
39   search hex # Initiates search directions for hex unit-cell
40   /OPTION
41   INPUT
42   structure ZEO-00.cif # Input geometrically relaxed crystal structure in P1 symmetry
43   bonding ZEO-00.bonding # with bonding information
44   new structure ZEO-grad-ZZ.XX.cif # Use previously relaxed structures as input for 

further FW searches
45   /INPUT
46   OUTPUT
47   window ZEO-win-ZZ # Output structures at FW edges
48   /OUTPUT

Figure 8-2: GASP input files for a gradual search and FW shape search. The gradual
option is used to generate geometrically relaxed structures at intervals across the FW. Lattice
parameters are changed linearly from the input structure to a FW edge. Additional FW
searches are then carried out from these starting structures.
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Figure 8-3: FW plot showing gradual searches. Geometrically relaxed structures are gen-
erated at intervals across the FW (black squares). Lattice parameters are changed linearly
from the input structure (red square) to a FW edge. Additional FW searches are then carried
out from these starting structures generated within the window.

8.1.2 GASP Output files

Table 8.1: GASP output after geometric relaxation of the LTL framework showing the worst
mismatches from the ideal geometry. The value is marginally above the threshold of 0.001
and shows no O-O clashes.

GASP Mismatch Output

Measure |mismatch| mismatch2 clash clash2
Worst 0.00123555 1.53E-06 0 0
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Table 8.2: GASP output from geometric relaxation showing the worst mismatches and O-
O clashes for IZA frameworks deemed outside the FW. Frameworks highlighted in grey are
synthetic aluminosilicates. The remaining are synthesised using hetero atoms such as Ge or
P. Frameworks in red show O-O clashes as well as deviations from the ideal TO4 geometry.

FTC |Mismatch| Mismatch^2 Clash Clash^2

PTY 0.001771 0.000003 0.000000 0.000000
MON 0.002206 0.000005 0.000000 0.000000
JBW 0.002379 0.000006 0.000000 0.000000
RSN 0.002885 0.000008 0.000000 0.000000
VSV 0.003158 0.000010 0.000000 0.000000
RWR 0.003973 0.000016 0.000000 0.000000
NAB 0.005683 0.000032 0.000000 0.000000
MFS 0.006512 0.000042 0.000000 0.000000
ITH 0.008257 0.000068 0.000000 0.000000
PWO 0.008799 0.000077 0.000000 0.000000
VET 0.009172 0.000084 0.000000 0.000000
SOS 0.010995 0.000121 0.000000 0.000000
JRY 0.011637 0.000135 0.000000 0.000000
CSV 0.013589 0.000185 0.000000 0.000000
ITR 0.017275 0.000298 0.000000 0.000000
UTL 0.017962 0.000323 0.000000 0.000000
ITT 0.020526 0.000421 0.000000 0.000000
LTJ 0.020677 0.000428 0.000000 0.000000
NON 0.024413 0.000596 0.000000 0.000000
CFI 0.028175 0.000794 0.000000 0.000000
SOF 0.031265 0.000977 0.000000 0.000000
OKO 0.033086 0.001095 0.000000 0.000000
VNI 0.033192 0.001102 0.000000 0.000000
PCS 0.036018 0.001297 0.000000 0.000000
EUO 0.036882 0.001360 0.000000 0.000000
GOO 0.039798 0.001584 0.000000 0.000000
OSO 0.041133 0.001692 0.000000 0.000000
IWV 0.043067 0.001855 0.000000 0.000000
NES 0.054390 0.002958 0.000000 0.000000
EEI 0.061181 0.003743 0.000000 0.000000
CDO 0.065352 0.004271 0.000000 0.000000
MVY 0.087630 0.007679 0.000000 0.000000
STT 0.008206 0.000067 0.012424 0.000154
ITG 0.009084 0.000083 0.013003 0.000169
VFI 0.010231 0.000105 0.020143 0.000406
IWW 0.010251 0.000105 0.009522 0.000091
SEW 0.011326 0.000128 0.002301 0.000005
AFY 0.011985 0.000144 0.009813 0.000096
RRO 0.017549 0.000308 0.015685 0.000246
POR 0.019576 0.000383 0.011514 0.000133
STW 0.019690 0.000388 0.000441 0.000000
CZP 0.019762 0.000391 0.031970 0.001022
SOV 0.022733 0.000517 0.023159 0.000536
EWS 0.023570 0.000556 0.004830 0.000023
JNT 0.027277 0.000744 0.018758 0.000352
CTH 0.034384 0.001182 0.014385 0.000207
ISV 0.043436 0.001887 0.043575 0.001899
IWS 0.052136 0.002718 0.087398 0.007638
IFT 0.059269 0.003513 0.001820 0.000003
AEN 0.064353 0.004141 0.070831 0.005017
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8.1.3 Natural Tilings

Table 8.3: Most common natural tiles observed in IZA frameworks.

No. of
frameworks

Tiling
Name CBU

58 t-kah
41 t-cub d4r
39 t-pes
33 t-hpr d6r
33 t-tes mor
27 t-mel mel
24 t-lau lau
20 t-mtw mtw
20 t-lov
20 t-can can
19 t-umx
18 t-dmp
16 t-bru bre
14 t-cor
13 t-nuh stf
11 t-toc sod
11 t-gme gme
11 t-kaa
11 t-afi afi
10 t-kdk
10 t-non non
10 t-grc lta
8 t-opr d8r
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Table 8.4: Natural tiles and their corresponding CBUs

Face Symbol Label CBU Face Symbol Label CBU

(42.62.82) t-kdq abw (49.65.83) t-lev lev
(415.62.89) t-aft aft (46.611) t-los los
(46.612) t-trd ast (412.68.86) t-grc/t-ify/t-niw lta
(48.64.82) t-ocn atn (418.86.122) t-lil/t-afe/t-bpa ltl
(412.65.86) t-avl/t-eri avl (47.68.8) t-ltn ltn
(46.64) t-aww aww (3.43.53) t-mei mei
(52.62.82) t-bik bik (4.52.62) t-mel mel
(46.63) t-afo bph (58) t-pen mfi
(42.54) t-bru/t-ewt-1 bre (54) t-tes mor
(46.65) t-can can (68) t-ber mso
(54.63.82) t-cas cas (512) t-red mtn
(412.62.86) t-cha cha (42.54.62) t-mtw/t-sfg-4 mtw
(48.68.82) t-rpa clo (46.62.86) t-plg mwf
(32.43) t-irr-1 d3r (43) t-kzd nat
(46) t-cub d4r (4.58) t-non non
(46.62) t-hpr d6r (38.86) t-trc obw
(48.82) t-opr/t-kuo d8r (412.86) t-pau pau
(48.512.610) t-rob(2) double rut cage (516.62.82) t-fer pcr
(49.68.83) t-eab/t-ave eab/ave (47.85) t-phi phi
(418.64.124) t-fau fau (44.54.62) t-tte rte
(54.102) t-dac-1/t-mfi-1 fer (44.54) t-cle rth
(46.84) t-gsm gis (46.68) t-toc sod
(49.62.83) t-gme gme (4.56) t-nuh stf
(64) t-hes jbw (54.62.102) t-ton ton
(42.64) t-lau/t-oth lau/ats (424.68.818) t-vsr tsc
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Table 8.5: Natural tile face symbols

Face Symbol Label Face Symbol Label

(63) t-kah (52.102) t-rro-1
(52.62) t-pes (6.122) t-una
(42.62) t-lov (65.102) t-odp
(62.122) t-umx/t-ssy-1 (32.4.8.92) t-nab-1
(6.82) t-dmp (42.58.102) t-uwy-1/t-mww-2
(4.62) t-cor (43.54) t-bet
(62.102) t-bcp/t-bbr/t-jry-2 (44.64.104.122) t-iwr
(62.82) t-kaa (54.122) t-mse-3
(65) t-afi (54.82.102) t-dac-2
(4.52.82) t-kdk (58.64) t-szr
(4.52) t-euo (62.104) t-mfi-2
(42.54.122) t-fvw/t-bog-2 (63.102) t-bog-1
(42.82) t-kdt/t-kds (66.122) t-apf
(4.52.102) t-mel-1 (94) t-nab-2
(42.102) t-bal (103) t-srs
(42.84) t-ste (4.52.122) t-bea-1
(42.64.102) t-ftt (412.122) t-fny
(45.83) t-oto (412.66.122) t-bph/t-eni
(52.83) t-kaj (42.124) t-bbo
(63.122) t-ato (42.52.63) t-iww-1
(54.64) t-nna/t-imf-7 (42.58.82) t-dah
(3.53) t-znb (42.84.102) t-fry
(4.82) t-bco/t-csv-1 (43.52.62) t-wwf
(43.83.122) t-kno (44.64.82.102) t-cgf-1
(44.62) t-ohc (303) t-itv-3
(46.617) t-lio (63.303) t-itv-4
(46.58.82.102) t-pty/t-pww/t-stw (46.58.64.84) t-rth/t-ite
(52.122) t-itn-1 (46.64.84) t-jsn/t-zne
(54.6.102) t-mel-2 (46.66.182) t-irr-3
(62.142) t-sfh-1 (49.56.122) t-maz
(64.122) t-osi/t-asv (512.68) t-doh/t-sgw
(312.4.85.104) t-obw (520.102) t-oko-3
(4.102) t-pon combined with 6.10^2 (54.102.122) t-oko-2
(410.66.82.122) t-sfo/t-afr (54.64.102) t-imf-6
(412.64.84) t-cgf-2 (56.92) t-ith-1
(42.104) t-uwy-2 (58.62) t-imf-3
(42.122) t-ezt-1 (6.102) t-jry-1
(42.512.102) t-tun-2 (6.92) t-thj
(42.56) t-sfs-3 (64.142) t-cfi-2
(42.58.62.104) t-itg (64.82) t-oop
(42.64.104) t-kdr (67.142) t-etn
(42.82.122) t-czp-3/t-ezt-2 (82.104) t-lig
(43.52.102) t-sfs-2 (102.122) t-bto-z
(43.52.63) t-don (104.122) t-uwy-4
(43.52.82) t-uov-1 (106.182) t-itt
(43.62.123) t-sao-2/t-gie-2 (126.182) t-irr-4
(44.202) t-mot-a (142.202) t-ifu-2
(44.54.63) t-mim (152.163) t-iry-1
(44.54.64.142) t-sfh-2 (310.85.102) t-boz-2
(44.58.66.102) t-sff/t-wan (312.43.62.116) t-jsr
(44.62.82) t-xvi/t-tti (62.302) t-itv-2
(44.64.122) t-sty (46.58.82.102) t-pww
(32.43.86) t-ucn (4.58.85) t-etl-2
(32.45.8.103) t-pun (4.62.8.102.122) t-sfv-1
(32.63) t-npo (4.62.82.123) t-yfi-2
(32.83) t-cne-e (4.62.83) t-kdl
(324.86.128) t-sod-a-2 (4.62.83.104) t-sfv-2
(34) t-sod-a-1 (4.63.102) t-pon-2
(34.42.62.82.102) t-sfg (4.64.83) t-aen
(34.42.86) t-joz (4.72.102) t-sfg-2
(34.44.86.122) t-sos (4.92.103) t-ith-2
(34.6.103) t-jst-1 (410.620) t-uoz
(34.62) t-whw (412.512.82.122.142) t-ifu-4
(34.82.142) t-oso (412.56.76.122) t-meg
(36.4.62.84) t-boz-1 (412.62.82.102) t-cgs
(38.106) t-jst-2 (412.64.86) t-fup
(38.46.812) t-npt (412.810.124) t-uce
(4.122) t-czp-2 (414.524.122.202) t-ifu-5
(4.5.6.9.103) t-itr (415.524.163) iry
(4.5.9.122) t-sof-1 (415.62.123) t-wof
(4.52.10.142) t-cth-2 (415.68.89) t-swy
(4.52.62.102.122) t-con (416.58.616.74.82) irn
(4.52.62.103) t-ith-3 (418.612.86.122) t-evh
(4.52.63.102.122) t-sfs-1 (418.62.812) t-sfw
(4.52.63.82) t-rwr (42.10.122) t-ron
(4.52.66) t-sto-1 (42.516.610.104) t-tun-1
(4.54.62) t-sew-1 (42.302) t-itv-1
(4.54.82) t-iww-2 (4.5.6.7) t-pto-1

Face Symbol Label Face Symbol Label

(42.516.614.82) t-mtf (422.58.616.84) ufi+lta
(42.516.84) t-ktg (43.512.6.83) t-dtr
(42.52.10.123) t-sov (43.52.62.122) t-iws-1
(42.52.102) t-mfs-1 (43.52.63.102) t-bof
(42.52.112.122) t-pos-3 (43.52.63.122) t-ifr
(42.52.123) t-isv (43.56) t-sgt
(42.52.124) t-iws-2 (43.56.63) t-doo
(42.52.62.112) t-pos-2 (43.6.102) half t-etv-1
(42.52.63.92.102) t-chi (43.88) t-vni-2
(42.52.8.102) t-rro-2 (44.122) t-gie-1
(42.520.122) t-utl-4 (44.242) half syt-1
(42.54.142) t-utl-2 (44.510.142) ift-1&2
(42.54.202) t-ifu-3 (44.52) t-csv-1
(42.54.62.122) t-sfe (44.52.102) t-sew-3
(42.54.62.82.102) t-sti-1 (44.52.82.102) t-etv-2
(42.54.82.103) t-iww-3 (44.524.66.104) t-ews
(42.56.62) t-cfi-1 (44.524.68.124) t-iwv
(42.6.82.102) t-lit (44.54.62.84) t-bre
(42.62.103) t-imf-1 (44.54.64.10.122) t-sew-4
(42.62.86) t-goo (44.54.64.84) t-itw
(42.64.124) t-sao-3 (44.54.66.102) t-tun-3
(42.68.104) t-sfg-5 (44.54.82) t-yfi-1
(42.86.122) t-sor (44.54.84) t-ygr
(420.524.64.84.102) ifw (44.56.8.122) t-eon-2
(421.66.125) t-wou (54.6.122) t-sfv-3
(421.68.83) t-etr-2 (42.53.7) t-pto-2
(44.56.92) t-sof-2 (46.6.122) half_t-usi-1
(44.58.122) t-irr (46.6.82) t-krs
(44.58.62.122) t-ssy-2 (46.610) t-mse-1
(44.58.66.82.104) t-uov-2 (46.612.82) t-jsw
(44.62.102.122) t-bog-3 (46.620) t-znl
(44.63.122) t-ats (46.623) t-giu
(44.63.82) t-mrt (46.66.84) t-por
(44.68.202) t-clo-1 (46.68.102) t-lau-1
(44.82) t-jnt-2/t-owe (46.82.122) t-umd
(44.82.102) t-wen (46.88) t-kry
(44.86) t-owe (47.514.62.146) t-ift-3
(448.632.206) t-clo-2 (47.52.6.82) t-ltf
(45.52) t-cai (47.64.83) t-awo
(45.52.62) t-sew-2 (48.54.68.82.102) t-csv-2
(45.56.122) t-eon-1 (48.58.84) t-heu-2
(45.62.83) t-kdm (48.612.82) t-sas
(454.656) ltn+lta (48.62.102.122) t-usi-2
(46.103.122) t-kze (48.64.74) t-irn-1
(46.512) t-detx2 (48.68.84.242) t-syt-2
(46.530.103.212) t-ewt-3 (49.125) t-ucs
(46.54.65.82) t-mil (49.510.64.72.92) t-stt
(46.54.66.82) t-rte (49.6.83.124) t-sbt
(46.54.82) t-ifu-1 (49.62.86.123) t-znf
(46.56.152) t-iry-2 (510.84) t-cdo
(46.58.66.104) t-mse-2 (43.68.123) t-ssf
(46.58.94) t-pwo (54.62) t-pto-3
(512.614.106) t-mww-1 (56.103) t-ewt-2
(512.62) t-mla (56.122) t-sfs-4
(512.62.82) t-yfi-3 (56.6.83) t-etl-1
(512.620.82) t-eei-2 (56.62.182) half_t-sso-2
(512.64) half t-sso-2 (56.8.122) t-mor
(512.67.143) t-svy (58.102) t-imf-4
(512.82) t-eei-1 (58.612) t-nns
(514.82.102) t-mfs-2 (58.62.102) t-mtt
(516.610.102) t-euo-1 (58.64.106) t-svr
(516.64) t-vet (58.82.102) t-heu-1
(516.68.84) t-ihw (6.112) t-pos-1
(52.10.122) t-itn-3 (6.162) t-ifo-1
(52.102.122) t-itn-5 (6.182) t-sso-1
(52.123) t-bea-2 (6.72) t-ukc
(52.142) t-utl-3 (62.102.122) t-mse-4
(52.65) t-sfg-3 (62.83) t-ana
(52.82) t-unj (64.102) t-mvy
(524.68.104) t-nes (64.162) t-ifo-2
(54.104) t-uwy-3 (68.84) t-jnt-3
(54.122.142) t-utl-3 (69.182) t-kup
(54.63.103) t-imf-2 (8.92) t-nat
(54.63.104) t-imf-5 (83) t-jnt-1
(54.64.122) t-mtw-1 (84) t-ltj
(54.67) t-sto-2 (86) t-krq
(54.72) t-sfg-1 (415.83.182) t-etr-1
(54.84) t-ukf (44.520.69.94) t-pto-4
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8.2 Chapter 4

Table 8.6: IZA frameworks with A0E = 4 and 12 < �� < 18
FTC Type material Composition EFC Temp (°C) Small pore FD Connectivity Chains ABC-6 a (Å) b (Å) c (Å) Symmetry FW Type FW Length (Å) FW Area (Å2) Tilings and CBUs
EMT EMC-2 AlSi Na 110 no 13.3 A11 d6r 17.215 17.215 28.082 hexagonal 4B 4.13 t-hpr(d6r),t-toc(sod),t-wof,t-wou
PTT PST-33 AlSi Na, K 175 yes 16.5 A3 d6r dsc(4-6-rings) 12.937 12.937 10.031 trigonal 4A 0.84 t-hpr(d6r),t-toc(sod),t-lev(lev)
OFF Offretite AlSi Na/K 100-160 no 16.1 A2 d6r dsc AAB 13.063 13.063 7.565 hexagonal 3A 0.67 t-hpr(d6r),t-ato,t-kno,t-can(can),t-gme(gme)
LTL Linde Type L AlSi K 175 no 16.7 A2 d6r dsc 18.126 18.126 7.567 hexagonal 3A 0.56 t-hpr(d6r),t-ste,t-kaa,t-can(can),t-lil(ltl)
MOZ ZSM-10 AlSi K 100 no 17 A2 d6r dsc 31.202 31.202 7.551 hexagonal 3A 1.10 t-hpr(d6r),t-ato,t-ste,t-kaa,t-kno,6t-can(can),t-pau(pau),t-lil(ltl)
SWY STA-20 AlPO-Si 160 yes 16 A2 d6r dsc(4-6-rings) 13.072 13.072 30.262 hexagonal 3A 3.21 t-hpr(d6r),t-can(can),t-gme(gme),t-swy
ERI Erionite AlSi K 100-160 yes 16.1 A2 d6r dsc(4-6-rings) AABAAC 13.054 13.054 15.175 hexagonal 3A 1.22 t-hpr(d6r),t-can(can),t-eri(eri)
ANO AlPO-91 AlPO 170 yes 16.5 S3 d6r dsc(4-6-8-rings) 12.884 12.884 40.361 hexagonal 3B 4.41 t-hpr(d6r),t-can(can),t-gme(gme),t-eab(eab), t-ave(ave)
SAT STA-2 AlPO 190 yes 16.4 S3 d6r dsc(4-6-8-rings) AABABBCBCCAC 12.871 12.871 30.577 trigonal 3B 2.81 t-hpr(d6r),t-can(can),t-niw
AVE AlPO-78 AlPO 170 yes 16.5 S3 d6r dsc(4-6-8-rings) 12.880 12.880 60.610 trigonal 3B 5.98 t-hpr(d6r),t-can(can),t-lev(lev),t-ave(ave)
SBS UCSB-6GaCo GaPO-Co 180 no 13.7 S5 d6r dsc-finite 17.193 17.193 27.333 hexagonal 3B 2.91 t-hpr(d6r),t-kdt,t-dmp,t-can(can),t-fny,t-ucs,t-znf
SBT UCSB-10GaZn AlPO-GaZn 180 no 13.7 S11 d6r dsc-finite 17.191 17.191 41.030 trigonal 3B 6.46 t-hpr(d6r),t-kdt,t-dmp,t-can(can),t-fny,t-sbt
SBE UCSB-8Co AlPO-Co 180 no 13.7 S6 d8r dsc-finite 18.534 18.534 27.134 tetragonal 2B 3.09 t-dmp,t-kdt,t-opr(d8r),t-umd,t-ocn(atn),t-uce
EAB TMA-E AlSi Na 80-100 yes 16 S2 d6r dsc(4-8-rings) AABCCB 13.178 13.178 15.005 hexagonal 2B 1.19 t-hpr(d6r),t-gme(gme),t-eab(eab)
LEV Levyne AlSi Na 80-100 yes 15.9 S2 d6r dsc/dcc(4-6-8-rings) AABCCABBC 13.168 13.168 22.578 trigonal 2B 1.58 t-hpr(d6r),t-lev(lev)
AFV ZnAlPO-57 AlPO Zn 175 yes 15.7 S1 d6r dsc/dcc(4-8-rings) AABCC 13.226 13.226 12.584 trigonal 2B 0.67 t-hpr(d6r),t-lev(lev),t-cha(cha)
AVL ZnAlPO-59 AlPO Zn 150 yes 15.8 S1 d6r dsc/dcc(4-8-rings) ABBACCA 13.238 13.238 17.482 trigonal 2B 1.07 t-hpr(d6r),t-gme(gme),t-avl(avl)
GIS Gismondine AlSi Na 85 yes 16.4 S1 d4r dcc 9.801 9.801 10.158 tetragonal 2A 3.45 t-gsm(gis)
GME Gmelinite AlSi Na 90-140 no 15.1 S1 d6r dcc AABB 13.672 13.672 9.850 hexagonal 2A 1.31 t-hpr(d6r),t-kno,t-gme(gme)
CHA Chabazite AlSi Na/K 100-160 yes 15.1 S1 d6r dcc(4-8-rings) AABBCC 13.675 13.675 14.767 trigonal 2A 1.22 t-hpr(d6r),t-cha(cha)
AFX SAPO-56 AlPO-Si 200 yes 15.1 S1 d6r dcc(4-8-rings) AABBCCBB 13.674 13.674 19.695 hexagonal 2A 3.40 t-hpr(d6r),t-gme(gme),t-aft(aft)
AFT AlPO-52 AlPO 150 yes 15.1 S1 d6r dcc(4-8-rings) AABBCCBBAACC 13.691 13.691 29.449 hexagonal 2A 4.83 t-hpr(d6r),t-gme(gme),t-cha(cha),t-aft(aft)
SFW SSZ-52 AlSi Na 135 yes 15.1 S1 d6r dcc(4-8-rings) AABBAABBCCBBCCAACC 13.681 13.681 44.160 trigonal 2A 7.92 t-hpr(d6r),t-gme(gme),t-sfw
MER Merlinoite AlSi Na, K 150 yes 16.4 S1 d8r dcc 14.012 14.012 9.954 tetragonal 2A 2.06 t-ste,t-opr(d8r),t-pau(pau)
FRA Franzinite AlSi 17.1 A0 can dzc(4-6-rings) ABCABACABC 12.662 12.662 25.259 trigonal 5 3.33 t-can(can),t-toc(sod),t-los(los)
MAR Marinellite AlSi 17.6 A0 can dzc(4-6-rings) ABCBCBACBCBC 12.392 12.392 30.469 hexagonal 5 4.06 t-can(can),t-toc(sod),t-lio
FAR Farneseite AlSi 17.1 A0 can dzc(4-6-rings) ABCABABACBACAC 12.601 12.601 35.743 hexagonal 5 4.76 t-can(can),t-toc(sod),t-lio
GIU Giuseppettite AlSi 17.1 A0 can dzc(4-6-rings) ABABABACBABABABC 12.559 12.559 41.026 hexagonal 5 5.21 t-can(can),t-toc(sod),t-giu
CAN Cancrinite AlSi Na 200 no 16.9 A0 can dzc AB 12.494 12.494 5.254 hexagonal 5 0.68 t-ato,t-can(can)
LOS Losod AlSi Na 95 16.9 A0 can dzc(4-6-rings) ABACAC 12.607 12.607 10.340 hexagonal 5 1.22 t-can(can),t-los(los)
LIO Liottite AlSi 17.6 A0 can dzc(4-6-rings) ABACAC 12.281 12.281 15.632 hexagonal 5 1.87 t-can(can),t-los(los),t-lio
AFG Afghanite AlSi 16.9 A0 can dzc(4-6-rings) ABABACAC 12.548 12.548 20.789 hexagonal 5 2.52 t-can(can),t-lio
TOL Tounkite AlSi 17.9 A0 can dzc(4-6-rings) CACACBCBCACB 12.279 12.279 30.869 trigonal 5 2.60 t-can(can),t-los(los),t-lio
TSC Tschörtnerite AlSi yes 13.2 A1 d6r 30.742 30.742 30.742 cubic 1 2.76 t-hpr(d6r), t-opr(d8r), t-toc(sod), t-grc(lta), t-vsr(tsc)
KFI ZK-5 AlSi Sr K 150 yes 15 A1 d6r 18.578 18.578 18.578 cubic 1 1.42 t-hpr(d6r),t-pau(pau),t-grc(lta)
FAU Faujasite AlSi Na 100 no 13.3 A3 d6r 24.345 24.345 24.345 cubic 1 2.78 t-hpr(d6r),t-toc(sod),t-fau(fau)
MWF ZSM-25 AlSi 135 yes 16.1 A3 d8r 44.744 44.744 44.744 cubic 1 0.18 t-oto,t-opr(d8r),t-gsm(gis),t-phi(phi),t-plg(mwf),t-pau(pau),t-grc(lta)
PAU Paulingite AlSi Na, K 100 yes 15.9 A3 d8r 34.838 34.838 34.838 cubic 1 1.78 t-oto,t-opr(d8r),t-gsm(gis),t-phi(phi),t-plg(mwf),t-pau(pau),t-grc(lta)
PWN PST-29 AlSi Na, K 120 yes 15.6 A3 d8r 24.867 24.867 24.867 cubic 1 1.50 t-oto,t-opr(d8r),t-plg(mwf),t-pau(pau),t-grc(lta)
RHO Rho AlSi Cs 110 yes 14.5 S2 d8r 14.919 14.919 14.919 cubic 1 0.63 t-opr(d8r),t-grc(lta)
LTN Linde Type N AlSi Na 100 yes 17 S3 d6r 35.622 35.622 35.622 cubic 1 3.00 t-hpr(d6r), t-can(can), t-toc(sod), t-ltn(ltn) t-grc(lta)
SAV Mg-STA-7 AlPO-Mg 190 yes 14.6 A1 d6r 18.653 18.653 9.441 tetragonal 0.49 t-hpr(d6r),t-pau(pau),t-fup
SAS STA-6 AlPO-Mg 190 yes 14.9 A2 d6r dsc(4-6-rings) 14.349 14.349 10.398 tetragonal 1.27 t-hpr(d6r),t-sas
APC AlPO-C AlPO 100-150 yes 17.7 S1 d4r dcc 8.992 19.356 10.392 orthorhombic t-kdm
AEI AlPO-18 AlPO-Si 160-215 yes 15.1 S1 d6r dsc(4-6-rings) 13.677 12.607 18.497 orthorhombic t-hpr(d6r),t-per
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8.2.1 FW plots for IZA frameworks in SiO2 composition

Figure 8-4: FW plots of IZA frameworks
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Figure 8-5: FW plots of IZA frameworks
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Figure 8-6: FW plots of IZA frameworks
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Figure 8-7: FW plots of IZA frameworks
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Figure 8-8: FW plots of IZA frameworks
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Figure 8-9: FW plots of IZA frameworks
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Figure 8-10: FW plots of IZA frameworks
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Figure 8-11: FW plots of IZA frameworks
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8.2 Chapter 4

8.2.2 Classification of frameworks

FTC CBU  Connectivity Chains FW Type Symmetry*
AFT d6r S0 dcc-4-8 1A hexagonal

AFX d6r S0 dcc-4-8 1A hexagonal

CHA d6r S0 dcc-4-8 1A trigonal

GME d6r S0 dcc 1A hexagonal

SFW d6r S0 dcc-4-8 1A trigonal

MER d8r S0 dcc 1A tetragonal

EMT d6r S0 1A* hexagonal

TSC d6r S0 Linear cubic 

FAU d6r S0 Linear cubic 

KFI d6r S0 dsc-4-6 
b Linear cubic 

RHO d8r S0 dcc-4-6 b Linear cubic 

AVL d6r S0&S1 dcc-dsc-4-8 1B trigonal

AFV d6r S0&S1 dcc-4-8 
b 1B trigonal

EAB d6r S1 dsc-4-8 1B hexagonal

LEV d6r S1 dcc-dsc-4-6-8 
b 1B trigonal

SAS d6r S1 dzc-4-6 1B tetragonal

SBE d8r S5 dsc 
b 1B tetragonal

MWF d8r A2 dsc-dcc-4-8 b Linear cubic 

PAU d8r A2 dsc-dcc-4-8 b Linear cubic 

PWN d8r A2 dsc-dcc-4-8 b Linear cubic 

PTT d6r A2 dsc-4-6 b 1C trigonal

LTN d6r + can   S0
a Linear cubic 

SBS d6r + can   S4 dsc b 2A hexagonal

SBT d6r + can   S10 dsc b 2A trigonal

ANO d6r + can   S2 dsc-4-6-8 2A hexagonal

SAT d6r + can   S2 dsc-4-6-8 2A trigonal

AVE d6r + can   S2 dsc-4-6-8 2A trigonal

OFF d6r + can   A1 dsc 2B hexagonal

LTL d6r + can   A1 dsc 2B hexagonal

MOZ d6r + can   A1 dsc 2B hexagonal

SWY d6r + can   A1 dsc-4-6 2B hexagonal

ERI d6r + can   A1 dsc-4-6 2B hexagonal

FAR can A0 dzc-4-6 
b 3 hexagonal

FRA can A0 dzc-4-6 b 3 trigonal

GIU can A0 dzc-4-6 
b 3 hexagonal

MAR can A0 dzc-4-6 b 3 hexagonal

LOS can A0 dzc-4-6 3 hexagonal

CAN can A0 dzc 3 hexagonal

AFG can A0 dzc-4-6 3 hexagonal

LIO can A0 dzc-4-6 3 hexagonal

TOL can A0 dzc-4-6 3 hexagonal

Category

2

A

B

C

A

B

3

1

Figure 8-12: Classification of IZA frameworks (i) in FW (ii) A0E = 4 (iii) 12<��<18 (iv) d6r,
d8r and/or can units. Connectivities and arrangements of d6r or d8r units are given for
frameworks in categories 1 and 2. Connectivities and arrangements of can units are given
for frameworks in category 3. 0 smallest connectivity and arrangement of can cages is given
for LTN. 1 planar 6- or 8Rs rings occur at intervals along the chain. * symmetry in SiO2
composition.
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8.2.3 Target Hypothetical Frameworks

333 ABC-6 Hypothetical Candidates 

1A/B
(8R)

189_3_2127
189_4_201809
164_4_48296770
194_3_1139
194_4_70267

194_4_34522
194_4_34514
194_5_3297449
194_5_1577965
194_5_1577966

194_5_2175799
194_5_2175943
194_5_2175945
166_4_452028
166_4_405642

166_5_90722330
166_5_92947232
166_5_85638191
166_5_46678809
166_5_30850739

166_5_46640139
166_5_34604120
166_5_30848386
166_4_601287
166_5_84919681

194_5_1577459
194_5_2175791
194_4_71135
194_4_47046
194_4_47045

1C
(8R)

164_2_612 (PTT)
164_4_63587728
164_4_49072940
166_3_6805
194_2_26
194_3_1653
194_3_868
194_4_71137
194_4_47052

166_3_6096
166_4_1186100
166_4_1096979
166_4_601250
166_4_451374
194_5_1608690
194_5_1608208
194_5_1608210
194_5_1608695

166_5_85625416
166_5_84707391
166_5_85625339
166_5_85638114
166_5_31074575
194_5_2175952
194_5_1577956
166_4_1178425
166_4_1178737

166_5_46678242
166_5_46640167
166_5_34771896
166_5_46678772
166_5_34607002
166_5_84694015
166_5_34771905
166_5_31074576
166_5_46678204

166_5_31074567
166_5_46640169
166_5_84915918
166_5_90722023
166_4_405613
166_5_99993173
194_5_3270312
194_5_3297427
194_4_35205

194_5_1608204
194_5_1577466
194_5_3268735
166_3_6807
194_4_35204
194_4_35195

2
(12R)

194_5_3713580
194_5_1585316
194_5_3713688

194_5_3710813
194_5_1585130
194_4_80503

194_5_1577452
194_5_3710808
194_4_34512

164_4_48296777
194_3_858
194_3_1945

194_4_34693
194_5_1585135
164_3_179628

194_4_80611
194_2_25

2
(8R)

164_3_222212
164_3_161005
164_4_63782889
164_4_49101145
164_4_49098089
194_3_1946
194_3_1684
194_3_2074
194_3_2075
194_4_107047
194_4_107048
194_3_860
194_3_1140 
(SWY)
194_4_62104
194_4_85332
194_4_70317
194_4_85336
194_4_85331
194_4_80613
194_4_85343
194_4_70315
194_4_80509
194_4_85342
194_4_80510
194_4_80505
194_4_47050
194_4_47060 
(ANO)
194_4_34694
194_4_34521
194_4_34708
194_4_47059
194_5_4842446
194_5_4841948
194_5_4841931
194_5_4841929
194_5_4842447
194_5_4841929
194_5_4842447
194_4_34700

194_5_4841947
194_5_3268707
194_5_3920211
194_5_3711021
194_5_3920209
194_5_3270284
194_5_3713689
194_5_3713900
194_5_3268787
194_5_3710815
194_5_3713699
166_3_8908
194_5_3920204
194_5_3920386
194_5_3920205
194_5_3297486
194_5_3710820
194_5_3297488
194_5_3713901
194_5_3711020
194_5_3920375
194_5_3713700
194_5_3711016
166_3_6104
194_5_3920382
194_5_3920376
194_5_3270358
194_5_3710809
194_5_3920115
194_5_3270360
194_5_3920120
194_5_3713581
194_5_3920119
194_5_3920113
194_5_3711010
194_5_3711009
194_5_1585820
194_5_1585137
166_5_99993617
166_4_601259
166_4_452027

194_5_2175789
194_5_1585822
194_5_1585144
194_5_1577951
194_5_2176369
194_5_2175939
194_5_1585331
194_5_2176361
194_5_1585330
194_5_2175938
194_5_2176354
194_5_1585317
194_5_2176368
194_5_1577467
194_5_1577453
194_5_2176355
194_5_1585829
194_5_2175798
194_5_1577952
194_5_1585830
194_5_1577958
194_5_1585131
166_4_1207010
166_4_1093317
166_4_1178277
166_4_1206887
166_4_1108456
166_4_600691
166_4_600682
166_4_402578
166_4_600720
166_4_600690 
(AVE)
166_4_601286
166_4_600719
166_5_100015447
166_5_30900501
166_5_30848385
166_5_34557291
166_5_34607012
166_5_46680739

166_5_92953519
166_5_84932544
166_5_92953117
166_5_92947506
166_5_90729854
166_5_91256803
166_5_84932540
166_5_92947104
166_5_84932235
166_5_84919994
166_5_84707615
166_5_91249727
166_5_46639572
166_5_30900531
166_5_34559590
166_5_46642127
166_5_34556638
166_5_34607011
166_5_46640141
166_5_30900530
166_5_46642100
166_5_46680738
166_5_46642126
166_5_30898177
166_5_30850740
166_5_46680767
166_5_30897464
166_5_46678213
166_5_46639601
166_5_46678214
166_5_34557293
166_5_34604118
166_5_30897496
166_5_31071551
166_5_46680730
166_5_30848346
194_5_1608032
194_5_1608024
194_5_1608697
166_5_46642091
194_5_1608691

164_4_49072939
164_4_48267398
164_4_48293139
194_3_867
194_4_80816
194_4_80817
194_4_85338
194_4_70265
194_4_34707
194_4_35190
194_4_35191
194_4_35197
194_5_4841972
194_5_4841973
194_4_34698
194_5_3268785
194_5_3722324
194_5_3297447
194_5_3722319
194_5_3722135
194_5_3920216
194_5_3710819
194_5_3722320
194_5_3920215
194_5_3270286
194_5_3920380
194_5_3722137
166_3_8899
194_5_3722022
194_5_3722326
194_5_3268709
194_5_3711014
194_5_3722023
194_5_1585815
194_5_1585145
166_5_34769023
166_5_34769649
166_5_46640131
166_5_46680731
166_5_30898138
166_5_31074577

194_5_1608031
194_5_1608217
194_5_2175953
194_5_1608022
194_5_1608203
194_5_2176359
194_5_1585816
194_5_1608218
194_5_1608017
194_5_1608018
166_4_1207015
166_4_403287
166_4_454264
166_4_454295
166_4_451335
166_4_454265
166_5_84694243
166_5_90729547
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Figure 8-13: 333 ABC-6 hypothetical structures as promising candidates for synthesis.
Structures highlighted in red have been approved as new framework types during the course
of this work.
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Figure 8-14: 66 cubic hypothetical structures as promising candidates for synthesis. Struc-
tures highlighted in red have been approved as new framework types during the course of
this work.
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8.2.4 FW plots for target hypothetical frameworks

1A

1B

1C

Figure 8-15: FWs for hypothetical frameworks in category 1
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2A

2

Figure 8-16: FWs for hypothetical frameworks in category 2
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8.2.5 FW Lengths and Areas

Table 8.7: Normalised FW lengths (�,!) for cubic frameworks in SiO2 composition.

FTC �,! (a.u.)

RWY 1
JST 0.749828
LTN 0.729982
ITV 0.684778
FAU 0.677922
TSC 0.672719
CLO 0.646017
SOD 0.500448
PAU 0.432814
PWN 0.365628
KFI 0.345852
LTA 0.266159
MEP-Melanophlogite 0.231705
MEP 0.230843
ACO 0.195959
AST 0.180023
RHO 0.154183
BSV 0.124035
JSR 0.062879
NPT 0.051681
MTN - Dodecasil 0.04734
MWF 0.044791
ANA 0.005582

222



8.2 Chapter 4

Table 8.8: Normalised FW areas (�,�) for hexagonal and tetragonal IZA frameworks and
target ABC-6 hypothetical structures modelled in SiO2 composition. Frameworks in red are
germanosilicates, borosilicates and beryllosilicates and have odd-rings. These have the
smallest �,� values

FTC �,� Composition FTC �,� Composition

GIS 1 Aluminosilicate CHA 0.173159315 Aluminsolicate/AlPO
AWW 0.511538 AlPO EAB 0.172048914 Aluminosilicate
194_4_47046 0.430581 194_3_2074 0.165071011
MER 0.41773 Aluminosilicate 194_4_34693 0.164880423
194_5_1577966 0.395768 194_3_2075 0.163245503
AFX 0.388834 Aluminsolicate/AlPO AFS 0.157268762 MAlPSiO
194_4_47045 0.387737 OSI 0.155819176 AlPO
194_5_1577459 0.377325 LEV 0.153261068 Aluminosilicate
SFW 0.359107 Aluminosilicate 164_3_222212 0.138011823
AFT 0.345357 Aluminsolicate/AlPO AFI 0.135567626 AlPO
SSF 0.328737 Borosilicate, 5R 194_3_1684 0.134777589
MAR 0.309398 Aluminosilicate MOZ 0.13306702 Aluminosilicate
WEN 0.304272 Aluminosilicate ATN 0.132418225 AlSiPO/MAPO
FAR 0.300933 Aluminosilicate 164_3_161005 0.131760765
CAN 0.297215 Aluminosilicate 164_4_49101145 0.130672522
FRA 0.295867 Aluminosilicate LTL 0.129831335 Aluminosilicate
GIU 0.289324 Aluminosilicate AVL 0.127101896 AlSiPO/ZnAlPO
194_3_1139 0.280582 BPH 0.120899096 Aluminosilicate/Beryllophosphate
LIO 0.279872 Aluminosilicate AFV 0.114595531 ZnAlPO
GME 0.278302 Aluminosilicate ATO 0.111137347 AlPO
AFG 0.277826 Aluminosilicate DFO 0.087383597 MAPO, d4r
LOS 0.266823 Aluminosilicate UOZ 0.086912197 Germanosilicate, d4r
SBT 0.263856 GaZnAlO NAT 0.0857022 Aluminosilicate, 9R
194_3_1140 0.259052 ETR 0.085686634 GaAlSi
194_4_47052 0.255811 ASV 0.081596695 Germanosilicate, d4r
DFT 0.255349 CoPO SAO 0.075813573 MAPO
ANO 0.244909 AlPO SAV 0.073465107 MAPO
194_4_47060 0.244053 EWT 0.072321137 silicate
SAS 0.24016 MAPO / silicate BEC 0.065593142 Germanosilicate, d4r, 5R
SWY 0.238823 Aluminosilicate/AlSiPO MAZ 0.060092383 Aluminosilicate, 5R
EMT 0.238716 Aluminosilicate UFI 0.058332084 Aluminosilicate d4r
MSO 0.232064 Aluminosilicate IRR 0.055885616 Germanosilicate, d4r, 5R
NPO 0.222426 Nitridophosphate, 3R 164_4_48296777 0.04790203
AVE 0.220359 AlPO MSE 0.047650049 Aluminosilicate/Aluminogerminate, 5R
194_5_3297449 0.22008 LOV 0.042091535 Beryllosilicate, 3R, 9R
194_2_25 0.215946 MEL 0.040284648 Aluminosilicate, 5R
194_2_26 0.214018 RON 0.034007067 Beryllo-aluminosilicate, 3R
BCT 0.20811 Aluminosilicate/MgSiO LTF 0.030260081 Aluminosilicate, 5R
SAT 0.207196 AlPO DOH 0.024545123 silicate, 5R
164_2_612 0.2004 VFI 0.023625679 AlPO, 180 T-O-T
166_5_92947232 0.200086 DDR 0.023245019 silicate, 5R
TOL 0.196983 Aluminosilicate MEI 0.018032872 Aluminosilicate, 3R, 5R
164_4_63587728 0.196189 MWW 0.017963579 Boroaluminosilicate, 5R
OFF 0.194083 Aluminosilicate IFY 0.015814241 silicate, synthesised under high-pressure, d4r
194_3_858 0.190784 IRY 0.014714709 Germanosilicate
164_4_48296770 0.186626 SGT 0.013248803 silicate, fused 5R
PTT 0.185623 Aluminosilicate POS 0.012994576 Germanosilicate, d4r
194_4_80611 0.18389 OBW 0.011040106 Beryllosilicate, 3R
194_4_85342 0.18242 SBN 0.005345277 gallogermanate, 180 T-O-T 3R, 9R
SBS 0.177825 GaCoPO AFY 0.005033564 CoAlPO, d4r
ERI 0.177267 Aluminosilicate BEA 0.00369279 chiral Aluminosilicate disordered, 5R
SBE 0.17571 CoAlPO SYT 0.001179235 Germanosilicate interrupted
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Table 8.9: Normalised FW areas (�,�) for type materials modelled using real framework
compositions

FTC Type
material Composition

Average
radius
(Å)

Average
3)−$
(Å)

�,�

(a.u.)

AFX SAPO-56 ’Al23 Si5 P20’ 0.28 1.65 0.490036629
CHA Chabazite ’Si/Al=2’ 0.3 1.65 0.435960112
GME Gmelinite ’Si/Al=2’ 0.3 1.65 0.431601793
CAN Cancrinite ’Si/Al= 1’ 0.32 1.68 0.423030592
GIU Giuseppettite ’Si/Al = 1’ 0.32 1.68 0.408651921
FAR Farneseite ’Si/Al = 1’ 0.32 1.68 0.391266301
LIO Liottite ’Si/Al = 1’ 0.32 1.68 0.390570038
FRA Franzinite ’Si/Al = 1’ 0.32 1.68 0.389403546
WEN Wenkite ’Si/Al=1.5’ 0.31 1.66 0.381618445
LOS Losod ’Si/Al = 1’ 0.32 1.68 0.370468454
AFT AlPO-52 ’Al/P=1’ 0.28 1.65 0.342115207
AVE AlPO-78 ’Al/P=1’ 0.28 1.65 0.299993597
EMT EMC-2 ’Si/Al=3.8’ 0.29 1.64 0.293744413
SFW SSZ-52 ’Si/Al=8’ 0.27 1.63 0.292896534
AFG Afghanite ’Si/Al = 1’ 0.32 1.68 0.287658678
SBS UCSB-6GaCo ’Ga24 Co24 P48’ 0.35 1.7 0.280211503
ANO AlPO-91 ’Al/P=1’ 0.28 1.65 0.272522551
EAB TMA-E ’Si/Al=3’ 0.3 1.65 0.245511105
SBT UCSB-10GaZn ’Ga36 Zn36 P72’ 0.38 1.7 0.245363947
SAT STA-2 ’Mg5.4 Al30.6 P36’ 0.29 1.64 0.244378396
TOL Tounkite-like_mineral ’Si/Al = 1’ 0.32 1.68 0.232118218
MSO MCM-61 ’Si/Al=13.3’ 0.27 1.62 0.232064108
SSF SSZ-65 ’Si/B=35’ 0.26 1.6 0.224731607
PTT PST-33 ’Si/Al=4.1’ 0.28 1.64 0.217351846
ERI Erionite ’Si/Al=3’ 0.3 1.65 0.216580725
SWY STA-20 ’Al36 P30.4 Si5.6’ 0.29 1.64 0.209128636
AFV AlPO-57 ’Zn4.35 Al10.65 P15’ 0.32 1.68 0.20285654
LEV Levyne ’Si/Al=2’ 0.3 1.65 0.180958655
AVL AlPO-59 ’Zn6.2 Al14.8 P21’ 0.31 1.66 0.177085594
AFS MAPSO-46 ’Al/P=1’ 0.28 1.65 0.152137047
AFI AlPO-5 ’Al/P=1’ 0.28 1.65 0.150041441
OFF Offretite ’Si/Al=3.5’ 0.28 1.64 0.145958901
BPH Beryllophosphate-H ’Be/P=1’ 0.22 1.61 0.131696253
ETR ECR-34 ’Ga11.6 Al0.3 Si36.1’ 0.31 1.66 0.117867796
IRY ITQ-40 ’Ge54.7 Si21.3’ 0.10909179
IRR ITQ-44 ’Si34.3 Ge17.7’ 0.3 1.65 0.103543932
DFO DAF-1 ’Mg14 Al52 P66’ 0.29 1.64 0.103224168
MOZ ZSM-10 ’Si/Al=3.5’ 0.28 1.64 0.100737886
LTL Linde_Type_L ’Si/Al=3’ 0.3 1.63 0.100407786
VFI VPI-5 ’Al/P=1’ 0.28 1.65 0.084716635
MAZ Mazzite ’Si/Al=2.6’ 0.3 1.65 0.074530193
EWT EMM-23 ’Si’ 0.26 1.61 0.074232708
LTF LZ-135 ’Si/Al=2.4’ 0.3 1.65 0.066091349
ATO SAPO-31 ’Al/P=1’ 0.28 1.65 0.056739403
DDR Deca-Dodecasil_3R ’Si’ 0.26 1.63 0.05451117
DOH Dodecasil ’Si’ 0.26 1.61 0.025967721
MWW ITQ-1 ’Al0.4 B5.1 Si66.5’ 0.25 1.6 0.018378083
MEI ZSM-18 ’Si/Al=x’ 0.26 1.61 0.017496773
AFY CoAPO-50 ’Co3 Al5 P8’ 0.34 1.69 0.013155492
ITT ITQ-33 ’Si19.98 Ge26.02’ 0.33 1.65 0.009736697
ACO ACP-1 Al0.88 Co7.12 P8 0.36 1.71 0.535021784
SAS STA-6 Mg3 Al13 P16 0.28 1.64 0.240152819
BCT Mg-BCTT Mg2.28 Si5.72 0.3 1.63 0.20811046
ASV ASU-7 Ge 0.39 1.69 0.107960485
SAO STA-1 Mg5 Al23 P28 0.28 1.64 0.076582322
BEC ITQ-17 Ge 0.39 1.65 0.072846795
MSE MCM-68 Si/Al=9 0.27 1.63 0.069919382
POS PUK-16 Ge26.1 Si37.9 0.31 1.66 0.043580729
RON Roggianite Be8 Al16 Si32 0.3 1.65 0.029529819
IFY ITQ-50 Si 0.26 1.65 0.018281359
BEA Beta polymorph A Al7 Si57 0.28 1.63 0.006447717
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8.2.6 LIO Compression

A

C

B

X

P-6m2

P3m1

P3m1

A

C

B

Figure 8-17: FW for LIO showing a non-linear folding path from A to B to C. A to C directly
is not possible.
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8.3.1 NMR of organic template
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Figure 8-18: 1H NMR of Me2DABCO in D2O solution
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Figure 8-19: 13C NMR of Me2DABCO in D2O solution
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Figure 8-20: Ternary phase diagram for all samples synthesised in this work shown as mole
fractions of SiO2Al2O3andM2O where M is either K, Na, Cs or Sr or a combination
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8.3 Chapter 5

8.3.2 SS MAS-NMR ZSM-10 (sample 11)

Table 8.11: Predicted 29Si chemical shifts for Si(0Al) on each of the 6 T sites in the MOZ
refined framework taken from ref [245]. (prediction method from Dawson et al [193]

Predicted shift with relative intensities

�8B>(ppm) relative intensities T site
-107.4841609 1 T1
-110.4241587 2 T2
-109.1774218 2 T3
-107.8951313 1 T4
-115.5416412 1 T5
-111.6643561 2 T6

Table 8.12: Observed experimental peak intensities for the “Si(nAl)” peaks of ZSM-10
(sample 11) and calculated theoretical peak intensities for the compositions and values of
I.

P(nAl) n Ω Obs z = 2 z = 3 z = 4 z = 5 z = 6 z = 7 z = 8 z = 9

P(0Al) 0 1 0.1416 0.1419 0.1419 0.1419 0.1419 0.1419 0.1419 0.1419 0.1419
P(1Al) 1 4 0.4326 0.5641 0.4190 0.3649 0.3444 0.3390 0.3415 0.3481 0.3572
P(2Al) 2 6 0.3435 0.2477 0.3184 0.3272 0.3254 0.3239 0.3252 0.3297 0.3372
P(3Al) 3 4 0.0611 0.0429 0.1041 0.1365 0.1508 0.1547 0.1529 0.1479 0.1414
P(4Al) 4 1 0.0212 0.0033 0.0158 0.0272 0.0344 0.0369 0.0353 0.0303 0.0222

%(=�;) = Ω(I/9)G=(1 − G)4−=

%(0�;) = (//9)(1 − G)4

%(1�;) = (//9)4G(1 − G)3 + (1 − (//9))(1 − G)4

%(2�;) = (//9)6G2(1 − G)2 + (1 − (//9))4G(1 − G)3

%(3�;) = (//9)4G3(1 − G) + (1 − (//9))6G2(1 − G)2

%(4�;) = (//9)G4 + (1 − (//9))4G3(1 − G)
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8. APPENDIX DATA

8.3.3 SS MAS-NMR ZSM-10 (sample 16)

Si(0Al)

Amorphous 
SiO2

Si(1Al)
Si(0Al)

Si(2Al)
Si(1Al)

Si(3Al)
Si(2Al)

Si(4Al)
Si(3Al)

Figure 8-21: Deconvolution of 29Si (9.4 T, 14 kHz MAS) NMR spectrum of ZSM-10 (sample
16) using a Gaussian peak function.

Table 8.13: Assignment of the signals in the 29Si NMR spectrum of ZSM-10 (sample 16)
and their relative intensities. The intensity column includes 4.1% amorphous SiO2 and the
corrected intensity column has removed this impurity.

shift (ppm) Assignment Intensity (%) Corrected intensity (%)

–111.7 amorphous SiO2 4.1 —
–107.7, –105.7 y Si(0Al) 10.57 + 6.83 18.14
–102.7, -100.9 y Si(1Al) + (1–y) Si(0Al) 26.12 + 13.64 41.46
–98, –95.5 y Si(2Al) + (1–y) Si(1Al) 20.16 + 9.24 30.66
–93.1 y Si(3Al) + (1–y) Si(2Al) 6.77 7.06
–89 y Si(4Al) + (1–y) Si(3Al) 2.58 2.69
not observed (1–y) Si(4Al) — —
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8.3 Chapter 5

Table 8.14: Values of G and I determined from Equation 5.5. Si/Al ratios for each G are also
given.

z 0 1 2 3 4 5 6 7 8 9

x — -0.1304 0.0495 0.1411 0.2007 0.2441 0.2778 0.3051 0.3279 0.3474
Si/Al = (1-x)/x — -8.6706 19.2112 6.0869 3.9823 3.0971 2.6002 2.2780 2.0499 1.8787

Table 8.15: Observed experimental peak intensities for the “Si(nAl)” peaks of ZSM-10
sample 16 and calculated theoretical peak intensities for the compositions and values of
I.

P(nAl) n Ω Obs z = 2 z = 3 z = 4 z = 5 z = 6 z = 7 z = 8 z = 9

P(0Al) 0.1814 0.1814 0.1814 0.1814 0.1814 0.1814 0.1814 0.1814 0.1814
P(1Al) 0.4146 0.6727 0.4820 0.4090 0.3794 0.3698 0.3704 0.3766 0.3862
P(2Al) 0.3066 0.1351 0.2678 0.2964 0.3009 0.3005 0.3007 0.3033 0.3084
P(3Al) 0.0706 0.0104 0.0620 0.0973 0.1152 0.1218 0.1213 0.1166 0.1094
P(4Al) 0.0269 0.0004 0.0066 0.0151 0.0215 0.0246 0.0243 0.0208 0.0146

%(=�;) = Ω(I/9)G=(1 − G)4−=

%(0�;) = (//9)(1 − G)4

%(1�;) = (//9)4G(1 − G)3 + (1 − (//9))(1 − G)4

%(2�;) = (//9)6G2(1 − G)2 + (1 − (//9))4G(1 − G)3

%(3�;) = (//9)4G3(1 − G) + (1 − (//9))6G2(1 − G)2

%(4�;) = (//9)G4 + (1 − (//9))4G3(1 − G)
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8.3.4 Crystal structures of calcined and as-synthesised ZSM-10

Table 8.16: Refined atomic positions, occupancy factors (F), and displacement parameters
(Uiso) for calcined ZSM-10 (sample 11) determined from PXRD data. M =site multiplicity

Label Atom
Type x y z F Uiso M Wyckoff

site symmetry

K1 K 0.80753 0.61523 0.5 0.9894 0.0413 6m mm2(120)
K2 K 0.2903(4) 0 0.5 0.8796 0.0413 6k mm2(100)
K3 K 0.5918(5) 0 0 0.6245 0.0413 6j mm2(100)
K4 K 0.8275(4) 0.8275 0 0.6358 0.0413 6j mm2(110)
T1 Si 0.20866(26) 0.15550(25) 0.5 1 0.0002 12q m(001)
T2 Si 0.28921(18) 0.19342(19) 0.2033(6) 1 0.0002 24r 1
T3 Si 0.38579(21) 0.29335(20) 0.2149(7) 1 0.0002 24r 1
T4 Si 0.43019(27) 0.37606(27) 0.5 1 0.0002 12q m(001)
T5 Si 0.52791(26) 0.37313(29) 0.5 1 0.0002 12q m(001)
T6 Si 0.48579(19) 0.29119(21) 0.2053(6) 1 0.0002 24r 1
O7 O 0.15386(25) 0.15386 0.5 1 0.0003 6k mm2(110)
O8 O 0.1965(3) 0.09826 0.5 1 0.0003 6m mm2(210)
O9 O 0.23978(26) 0.18179(28) 0.3240(8) 1 0.0003 24r 1

O10 O 0.30655(28) 0.15332 0.2468(16) 1 0.0003 12 m(010)
O11 O 0.2737(4) 0.1911(5) 0 1 0.0003 12 m(001)
O12 O 0.33293(26) 0.24838(22) 0.2619(11) 1 0.0003 24r 1
O13 O 0.3885(5) 0.3056(4) 0 1 0.0003 12 m(001)
O14 O 0.40148(30) 0.34308(26) 0.3273(9) 1 0.0003 24r 1
O15 O 0.42408(26) 0.27266(29) 0.2569(11) 1 0.0003 24r 1
O16 O 0.42812(27) 0.42812 0.5 1 0.0003 6 mm2(110)
O17 O 0.48823(30) 0.3919(4) 0.5 1 0.0003 12 m(001)
O18 O 0.58382(28) 0.41618 0.5 1 0.0003 6 mm2(+-0)
O19 O 0.51913(29) 0.33797(23) 0.3233(9) 1 0.0003 24 1
O20 O 0.49039(32) 0.2452 0.2620(16) 1 0.0003 12 m(010)
O21 O 0.4912(5) 0.3009(4) 0 1 0.0003 12 m(001)

H2O1 O 0.5643(7) 0.2821 0.5 0.384(31) 0.0413 6 mm2(210)
H2O2 O 0.5674(3) 0.0503(3) 0 0.579(17) 0.045 12 m(001)
H2O3 O 0.38866(24) 0.69433 0.4393(24) 0.339(14) 0.045 12 m(010)
H2O4 O 0.5000(6) 0.5001 0.7451(16) 0.496(12) 0.045 12 m(110)
H2O5 O 0.9267(3) 0.0733 0 0.67(3) 0.045 6I mm2(+-0)
H2O6 O 0.6522(6) 0.3740(5) 0.8245(9) 0.453(9) 0.045 24r 1
H2O7 O 0 0 0 0.76(6) 0.045 1a 6/mmm
H2O8 O 0.0993(3) 0.04957 0.5 0.471(25) 0.045 6m mm2(210)
H2O9 O 0.92717(25) 0.92717 0.1858(8) 0.539(17) 0.045 12n m(+-0)

H2O10 O 0.5964(4) 0.4036 0 1 0.045 6I mm2(+-0)
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Table 8.17: Refined atomic positions, occupancy factors (F), and displacement paramet-
ers (Uiso) for as-synthesised ZSM-10 (sample 11) determined from PXRD data. M =site
multiplicity

Label Atom
Type x y z F Uiso M Wyckoff

site symmetry

K1 K 0.8058 0.61177 0.5 0.9894 0.0413 6 mm2(120)
K2 K 0.2891(4) 0 0.5 0.974(11) 0.0413 6 mm2(100)
K3 K 0.5952(8) 0 0 0.279(12) 0.0413 6 mm2(100)
K4 K 0.8248(4) 0.8248 0 0.639(14) 0.0413 6 mm2(110)
K5 K 0.5 0.5 0 0.337(20) 0.0413 3 mmm(110)
T1 Si 0.20883(28) 0.15373(28) 0.5 1 0.0002 12 m(001)
T2 Si 0.28831(19) 0.19354(19) 0.2069(7) 1 0.0002 24 1
T3 Si 0.38837(22) 0.29450(21) 0.2129(7) 1 0.0002 24 1
T4 Si 0.42802(28) 0.37602(28) 0.5 1 0.0002 12 m(001)
T5 Si 0.52841(28) 0.37262(30) 0.5 1 0.0002 12 m(001)
T6 Si 0.48431(21) 0.29013(23) 0.2070(7) 1 0.0002 24 1
O7 O 0.15448(31) 0.15448 0.5 1 0.0003 6 mm2(110)
O8 O 0.1941(4) 0.09706 0.5 1 0.0003 6 mm2(210)
O9 O 0.24050(30) 0.18151(32) 0.3245(9) 1 0.0003 24 1

O10 O 0.3052(3) 0.15263 0.2471(17) 1 0.0003 12 m(010)
O11 O 0.2758(4) 0.1951(5) 0 1 0.0003 12 m(001)
O12 O 0.33198(28) 0.24838(25) 0.2699(11) 1 0.0003 24 1
O13 O 0.3860(5) 0.3045(4) 0 1 0.0003 12 m(001)
O14 O 0.4015 0.3431 0.3273 1 0.0003 24 1
O15 O 0.42502(28) 0.27273(30) 0.2584(12) 1 0.0003 24 1
O16 O 0.4309(3) 0.4309 0.5 1 0.0003 6 mm2(110)
O17 O 0.4874(3) 0.3903(5) 0.5 1 0.0003 12 m(001)
O18 O 0.5838 0.4162 0.5 1 0.0003 6 mm2(+-0)
O19 O 0.5191(3) 0.33892(26) 0.3211(10) 1 0.0003 24 1
O20 O 0.4904 0.2452 0.262 1 0.0003 12 m(010)
O21 O 0.4894(5) 0.3010(4) 0 1 0.0003 12 m(001)

H2O2 O 0.5654(4) 0.0488(4) 0 0.664(23) 0.045 12 m(001)
H2O3 O 0.38759(29) 0.6938 0.4301(24) 0.590(16) 0.045 12 m(010)
H2O4 O 0.5 0.5001 0.7339(17) 0.554(27) 0.045 12 m(110)
H2O5 O 0.9255(4) 0.0745 0 0.77(4) 0.045 6 mm2(+-0)
H2O6 O 0.6564(6) 0.3760(5) 0.8246(12) 0.480(11) 0.045 24 1
H2O8 O 0.0989(4) 0.04934 0.5 0.356(28) 0.045 6 mm2(210)
H2O9 O 0.9233(4) 0.9233 0.1856(11) 0.535(19) 0.045 12 m(+-0)

H2O10 O 0.5978(5) 0.4022 0 0.72(3) 0.045 6 mm2(+-0)
C1 C 0.5236(7) 0.4288(7) 0.000(4) 0.0416 0.045 24 1
C2 C 0.4948(17) 0.4744(8) 0.823(4) 0.0416 0.045 24 1
C3 C 0.5552(10) 0.5213(14) 0.078(5) 0.0416 0.045 24 1
C4 C 0.4684(12) 0.4609(25) 0.095(4) 0.0416 0.045 24 1
C3 C 0.5301(9) 0.5510(15) 0.0975(15) 0.0416 0.045 24 1
C5 C 0.4839(6) 0.5154(6) 0.8048(20) 0.0416 0.045 24 1
C6 C 0.4381(11) 0.4852(10) 0.082(4) 0.0416 0.045 24 1
C7 C 0.448(5) 0.552(5) 0 0.0803 0.045 12 m(001)
N1 N 0.5161(13) 0.4723(14) 0.0000(14) 0.0416 0.045 24 1
N2 N 0.4810(9) 0.5297(17) 0.0000(14) 0.0416 0.045 24 1
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Table 8.18: ∠T-O-T angles (Å) for ZSM-10

∠T-O-T (◦)

calcined as-synthesised

Si1 O7 Si1 117.0(5) Si1 O7 Si1 121.4(6)
Si1 O8 Si1 156.8(8) Si1 O8 Si1 150.9(9)
Si1 O9 Si2 144.9(6) Si1 O9 Si2 145.1(7)
Si2 O10 Si2 139.0(6) Si2 O10 Si2 141.0(7)
Si2 O11 Si2 146.8(8) Si2 O11 Si2 149.8(9)
Si2 O12 Si3 145.9(6) Si2 O12 Si3 142.5(6)
Si3 O13 Si3 155.4(9) Si3 O13 Si3 154.8(10)
Si3 O14 Si4 146.6(6) Si3 O14 Si4 147.39(29)
Si3 O15 Si6 136.2(5) Si4 O16 Si4 114.7(6)
Si4 O16 Si4 123.9(6) Si4 O17 Si5 149.6(9)
Si4 O17 Si5 146.4(8) Si5 O18 Si5 156.6(6)
Si5 O18 Si5 154.6(8) Si3 O15 Si6 134.6(5)
Si5 O19 Si6 151.5(7) Si5 O19 Si6 149.8(7)
Si6 O20 Si6 147.4(9) Si6 O20 Si6 147.2(4)
Si6 O21 Si6 160.4(10) Si6 O21 Si6 158.4(10)
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Table 8.19: Interatomic 3$−$ distances (Å) between non-framework water molecules in the
pores of ZSM-10

Interatomic Distances (Å)

H2O2-H2O4 2.711(8) H2O4-H2O2 2.709(14)
H2O2-H2O4 2.709(8) H2O3-H2O3 2.773(12)
H2O2-H2O2 2.665(19) H2O3-H2O6 2.734(12)
H2O10-H2O6 2.713(8) H2O3-H2O6 2.734(10)
H2O10-H2O6 2.713(7) H2O2-H2O2 2.746(19)
H2O3-H2O3 2.618(11) H2O7-H2O9 2.689(4)
H2O3-H2O3 2.303(21) H2O6-H2O6 2.769(14)
H2O3-H2O6 2.303(19) H2O6-H2O6 2.706(12)
H2O9-H2O9 2.297(4) H2O6-H2O6 2.642(14)
H2O6-H2O6 2.196(27) H2O5-H2O9 2.708(9)
H2O1-H2O3 1.364(21) H2O5-H2O9 2.708(8)
H2O3-H2O3 0.91(4) H2O8-H2O9 2.728(6)
H2O6-H2O6 0.83(4) H2O8-H2O9 2.725(7)
H2O4-H2O2 2.710(14) H2O8-H2O8 2.713(9)

H2O9-H2O9 2.797(12)

Table 8.20: Elemental Analysis for as-synthesised and calcined ZSM-10 (sample 11)

Element Average Atomic %

calcined As synthesised

Al 5.05 5.58
Si 20.44 23.90
K 4.95 6.55

237



8. APPENDIX DATA

8.4 Chapter 6

8.4.1 K-L crystal structures at ambient pressure

Table 8.21: Refined atomic positions, occupancy factors (F), and displacement parameters
(Uiso) for dehydrated K-L determined from ToF neutron diffraction data collected on the
POLARIS instrument at ambient pressure

Atom
Type Label x y z F Uiso Wyckoff

Site Symmetry

K K_1 0.3333 0.6667 0.5 1 0.026(2) 2d -6m2(100)
K K_2 0 0.5 0.5 1 0.026(2) 3g mmm(010)
K K_3 0 0.3178(8) 0 0.57 0.026(2) 6j mm2(010)
O O_1 0 0.27365(24) 0.5 1 0.0107(2) 6k mm2(010)
O O_2 0.1640(5) 0.3277 0.5 1 0.0107(2) 6m mm2(101)
O O_3 0.2651(3) 0.5275 0.2537(4) 1 0.01334 12o m(100)
O O_4 0.10173(12) 0.41455(14) 0.32241(22) 1 0.0107(2) 24r 1
O O_5 0.4267(4) 0.8526 0.2738(3) 1 0.0107(2) 12p m(100)
O O_6 0.14501(17) 0.47680(16) 0 1 0.0107(2) 12p m(001)
Si Si_1 0.09310(24) 0.35739(27) 0.5 0.767 0.009(1) 12q m(001)
Al Al_1 0.09310(24) 0.35739(27) 0.5 0.233 0.009(1) 12q m(001)
Si Si_2 0.16507(22) 0.49751(20) 0.21207(30) 0.767 0.0081(6) 24r 1
Al Al_2 0.16507(22) 0.49751(20) 0.21207(30) 0.233 0.0081(6) 24r 1

Table 8.22: Rietveld refinement parameters for dehydrated K-L determined fromToF neutron
diffraction data collected on the POLARIS instrument at ambient pressure

data range (d-spacing) (Å) 0.6-13
no. of observations 9518
no. of variables 67
a (Å) 18.4199(6)
c (Å) 7.4937(2)
volume (Å3) 2201.92(9)
R4G? 1.21
RF? 2.00
reduced "2 = ('F?/'4G?)2 2.72
GOF = ('F?/'4G?)2 1.65
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Table 8.23: Refined atomic positions, occupancy factors (F), and displacement parameters
(Uiso) for dehydrated K-L(m.e.), determined from ToF neutron diffraction data collected on
the PEARL instrument at ambient pressure

Atom
Type Label x y z F Uiso Wyckoff

Site Symmetry

K_1 K 0.3333 0.6667 0.5 1 0.030(5) 2d -6m2(100)
K_2 K 0 0.5 0.5 1 0.03 3g mmm(010)
K_3 K 0 0.2994(21) 0 0.57 0.03 6j mm2(010)
O_1 O 0 0.2698(8) 0.5 1 0.0203(9) 6k mm2(010)
O_2 O 0.1647(13) 0.3295 0.5 1 0.0203 6m mm2(101)
O_3 O 0.2637(11) 0.5274 0.2494(13) 1 0.0203 12o m(100)
O_4 O 0.1039(4) 0.4137(5) 0.3197(7) 1 0.0203 24r 1
O_5 O 0.4265(14) 0.853 0.2753(11) 1 0.0203 12p m(100)
O_6 O 0.1413(6) 0.4770(6) 0 1 0.0203 12p m(001)
Si_1 Si 0.0921 0.3578 0.5 1 0.014 12q m(001)
Si_2 Si 0.1665 0.5019 0.2102 0.767 0.0193 24r 1
Al_1 Al 0.0921(8) 0.3578(8) 0.5 0.767 0.014(3) 12q m(001)
Al_2 Al 0.1665(7) 0.5019(7) 0.2102(10) 0.233 0.0193(21) 24r 1
w7 O 0.132(3) 0.0658 0.282(7) 0.268(20) 0.065 12o m(010)
w6 O 0.268(3) 0.1338 0 0.332(31) 0.065 6l mm2(210)
w5 O 0 0.1570(31) 0.356(6) 0.233(21) 0.065 12n m(210)
w4 O 0 0 0.081(9) 0.36(5) 0.065 2e 6mm(100)
w3 O 0.1184(31) 0.237 0.159(4) 0.485(25) 0.065 12o m(100)

Table 8.24: Refinement parameters for dehydrated K-L(m.e)., determined from ToF neutron
diffraction data collected on the PEARL instrument at ambient pressure

data range (d-spacing) (Å) 0.7-4
no. of observations 2948
no. of variables 51
a (Å) 18.3786(15)
c (Å) 7.5277(4)
volume (Å3) 2202.02(21)
R4G? 1.66
RF? 1.43
reduced "2 = ('F?/'4G?)2 0.74
GOF = ('F?/'4G?)2 0.86
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8.4.2 Compression data

(a)

0.19(1) 

0.46(1)

0.91(1)

1.31(1)

1.71(1)

2.74(3) 

4.15(4)

(b)

0.29(2) 

1.13(2)

0.58(3)

1.93(2)

2.89(3)

3.32(4)

Figure 8-22: Experimental ToF neutron diffraction patterns with increasing pressure for K-
L using (a) Fluorinert as a non-penetrating PTM and (b) a 4 : 1 mixture of perdeuterated
methanol:ethanol (m.e.) as a penetrating PTM. Pressure is given in GPa
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8.4.3 Crystal structures at high-pressures

Non-penetrating media

(a) (b)

(c) (d)

(e)

Figure 8-23: TOF, neutron powder diffraction data with associated Rietveld refinement fits
for K-L (a-e) from 0.19(1) to 1.71(2) GPa. Observed and calculated profiles are shown as
blue crosses and red lines, respectively. Backgrounds are plotted with orange dotted lines.
The residual (observed minus calculated intensity) plot is shown below as a cyan line. Bragg
reflections for each phase are marked with vertical bars; K-L in green, Pb in purple, Alumina
in cyan and Zirconia in pink.
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Table 8.25: Refined atomic positions, occupancy factors (F), and displacement parameters
(Uiso) for K-L at the investigated pressure points where Rietveld refinement was possible.
Structures are determined from ToF neutron diffraction data collected on the PEARL instru-
ment, using Fluorinert as a non-penetrating PTM. GASP-simulated structures were used as
input models for refinement

Atom
Type Label x y z F Uiso Wyckoff

Site Symmetry

0.19(1) GPa

K_1 K 0.33333 0.66667 0.5 1 0.02 2d -6m2(100)
K_2 K 0 0.5 0.5 1 0.02 3g mmm(010)
K_3 K 0 0.3178 0 0.57 0.02 6j mm2(010)
O_1 O 1 0.2740(13) 0.5 1 0.008 6k mm2(010)
O_2 O 0.1618(10) 0.3236 0.5 1 0.008 6m mm2(101)
O_3 O 0.2660(10) 0.532 0.2432(25) 1 0.008 12o m(100)
O_4 O 0.1064(8) 0.4139(8) 0.3254(11) 1 0.008 24r 1
O_5 O 0.4256(10) 0.8512 0.2755(24) 1 0.008 12p m(100)
O_6 O 0.1457(12) 0.4798(11) 1 1 0.008 12p m(001)
Si_1 Si 0.0941(7) 0.3560(8) 0.5 1 0.008 12q m(001)
Si_2 Si 0.1672(8) 0.4995(7) 0.2106(11) 1 0.008 24r 1

0.45(1) GPa

K_1 K 0.33333 0.66667 0.5 1 0.02 2d -6m2(100)
K_2 K 0 0.5 0.5 1 0.02 3g mmm(010)
K_3 K 0 0.3178 0 0.57 0.02 6j mm2(010)
O_1 O 1 0.2767(16) 0.5 1 0.008 6k mm2(010)
O_2 O 0.1584(14) 0.3169 0.5 1 0.008 6m mm2(101)
O_3 O 0.2665(14) 0.5331 0.2395(28) 1 0.008 12o m(100)
O_4 O 0.1053(10) 0.4138(9) 0.3249(15) 1 0.008 24r 1
O_5 O 0.4230(14) 0.846 0.2804(26) 1 0.008 12p m(100)
O_6 O 0.1474(14) 0.4798(13) 1 1 0.008 12p m(001)
Si_1 Si 0.0942(10) 0.3568(11) 0.5 1 0.008 12q m(001)
Si_2 Si 0.1684(10) 0.4998(10) 0.2093(16) 1 0.008 24r 1
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0.91(1) GPa

K_1 K 0.33333 0.66667 0.5 1 0.02 2d -6m2(100)
K_2 K 0 0.5 0.5 1 0.02 3g mmm(010)
K_3 K 0 0.3178 0 0.57 0.02 6j mm2(010)
O_1 O 1 0.2743(21) 0.5 1 0.008 6k mm2(010)
O_2 O 0.1590(24) 0.318 0.5 1 0.008 6m mm2(101)
O_3 O 0.2636(22) 0.527 0.243(4) 1 0.008 12o m(100)
O_4 O 0.1035(12) 0.4119(11) 0.3236(21) 1 0.008 24r 1
O_5 O 0.4223(21) 0.845 0.283(3) 1 0.008 12p m(100)
O_6 O 0.1429(16) 0.4723(15) 1 1 0.008 12p m(001)
Si_1 Si 0.0958(17) 0.3578(16) 0.5 1 0.008 12q m(001)
Si_2 Si 0.1675(16) 0.4968(14) 0.2148(25) 1 0.008 24r 1

1.31(1) GPa

K_1 K 0.33333 0.66667 0.5 1 0.02 2d -6m2(100)
K_2 K 0 0.5 0.5 1 0.02 3g mmm(010)
K_3 K 0 0.313 0 0.57 0.02 6j mm2(010)
O_1 O 1 0.2733(15) 0.5 1 0.008 6k mm2(010)
O_2 O 0.1584(14) 0.3168 0.5 1 0.008 6m mm2(101)
O_3 O 0.2625(14) 0.525 0.2526(30) 1 0.008 12o m(100)
O_4 O 0.1045(9) 0.4125(8) 0.3251(14) 1 0.008 24r 1
O_5 O 0.4218(13) 0.8435 0.2685(26) 1 0.008 12p m(100)
O_6 O 0.1425(12) 0.4687(11) 1 1 0.008 12p m(001)
Si_1 Si 0.0938(10) 0.3556(10) 0.5 1 0.008 12q m(001)
Si_2 Si 0.1649(11) 0.4956(9) 0.2133(16) 1 0.008 24r 1

1.71(2) GPa

K_1 K 0.33333 0.66667 0.5 1 0.02 2d -6m2(100)
K_2 K 0 0.5 0.5 1 0.02 3g mmm(010)
K_3 K 0 0.3178 0 0.57 0.02 6j mm2(010)
O_1 O 1 0.2761(16) 0.5 1 0.008 6k mm2(010)
O_2 O 0.1559(14) 0.3118 0.5 1 0.008 6m mm2(101)
O_3 O 0.2622(14) 0.5243 0.256(3) 1 0.008 12o m(100)
O_4 O 0.1070(10) 0.4135(9) 0.3256(16) 1 0.008 24r 1
O_5 O 0.4255(13) 0.851 0.2657(30) 1 0.008 12p m(100)
O_6 O 0.1387(13) 0.4633(13) 1 1 0.008 12p m(001)
Si_1 Si 0.0926(9) 0.3530(11) 0.5 1 0.008 12q m(001)
Si_2 Si 0.1643(11) 0.4966(9) 0.2124(17) 1 0.008 24r 1
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Table 8.26: Refinement parameters for K-L at the investigated pressure points, determined
from ToF neutron diffraction data collected on the PEARL instrument using Fluorinert as a
non-penetrating PTM

Pressure (GPa) 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2)

data range (d-spacing) (Å) 0.6-4 0.6-4 0.4-4 0.48-4 0.4-4
no. of observations 3140 3881 3634 3512 3809
no. of variables 32 32 32 36 36
a (Å) 18.391(5) 18.351(5) 18.292(6) 18.249(4) 18.186(5)
c (Å) 7.4791(12) 7.4567(12) 7.4300(14) 7.4015(11) 7.3673(12)
volume (Å3) 2190.9(7) 2174.7(7) 2153.0(8) 2134.8(6) 2110.3(7)
R4G? 6.40 3.69 1.74 3.16 3.20
RF? 7.55 7.12 7.11 6.26 6.11
reduced "2 = ('F?/'4G?)2 1.39 3.72 16.73 3.92 3.65
GOF = ('F?/'4G?) 1.18 1.93 4.09 1.98 1.91

Table 8.27: Interatomic distances (Å) for K-L at the investigated pressure points

Pressure (GPa) P0<1 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2)

T1-O1 1.635(2) 1.631(10) 1.613(15) 1.651(26) 1.616(15) 1.562(13)
T1-O2 1.645(9) 1.626(12) 1.676(18) 1.65(4) 1.658(19) 1.657(17)
T1-O4 1.655(2) 1.628(7) 1.618(11) 1.605(19) 1.607(11) 1.626(11)
T2-O3 1.657(6) 1.623(11) 1.600(18) 1.57(3) 1.608(18) 1.621(17)
T2-O4 1.612(2) 1.645(10) 1.659(15) 1.616(26) 1.586(15) 1.579(15)
T2-O5 1.659(7) 1.647(11) 1.653(18) 1.68(3) 1.642(18) 1.622(18)
T2-O6 1.633(2) 1.620(9) 1.601(12) 1.653(18) 1.641(11) 1.659(12)
Average 1.642 1.631 1.634 1.632 1.623 1.618
K1-O3 2.855(2) 2.879(12) 2.881(14) 2.932(17) 2.894(13) 2.873(15)
K2-O5 2.889(2) 2.905(10) 2.951(11) 2.937(12) 3.016(11) 2.913(13)
K3-O4 3.031(4) 3.069(11) 3.051(13) 3.017(15) 3.047(11) 3.013(1)
K3-O6 2.809(9) 2.842(16) 2.853(18) 2.732(21) 2.734(16) 2.586(19)
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Table 8.28: Bond angles (◦) for K-L at the investigated pressure points

Pressure (GPa) P0<1 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2)

T1- O1 - T1 130.48(28) 133.6(14) 136.0(19) 133.8(27) 133.2(18) 138.2(18)
T1- O2 - T1 146.841(1) 143.1(8) 134.9(11) 134.8(18) 135.7(11) 133.9(11)
T2 - O3 - T2 137.01(10) 138.7(11) 138.0(13) 141.8(17) 140.2(12) 140.9(14)
T2 - O4 - T1 144.07(12) 148.3(8) 146.7(11) 143.6(16) 147.0(10) 150.6(11)
T2 - O5 - T2 141.45(14) 139.7(11) 139.6(14) 141.9(18) 150.1(14) 147.0(15)
T2 - O6 - T2 153.40(16) 152.9(12) 153.3(15) 148.9(21) 148.1(14) 141.3(15)
Average 142.2 142.7 141.4 140.8 142.4 142.0

Table 8.29: 12-ring channel distances and ellipticity (Å) for K-L at the investigated pressure
points

Pressure (GPa) P0<1 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2)

O1-O1 [001] 10.081(6) 10.07(3) 10.15(4) 10.03(5) 9.97(4) 10.02(4)
O2-O2 [001] 10.465 10.77(2) 10.073(1) 10.075(5) 10.013 9.847
O1-O1 [100] 7.4937(2) 7.479(1) 7.457(1) 7.430(1) 7.402(1) 7.369(2)
12 ring & 1.04 1.07 1.01 1.00 1.00 1.02

Table 8.30: 8-ring channel distances and ellipticity (Å) for K-L at the investigated pressure
points

Pressure (GPa) P0<1 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2)

O1-O1 [001] 8.339(6) 8.73(3) 8.92(2) 8.97(1) 8.27(3) 8.14(4)
O5-O5 [001] 4.68 4.74 4.895 4.911 4.947 4.693
O5-O5 [100] 3.390(3) 4.12(2) 4.18(2) 3.23(3) 3.43(2) 3.45(3)
8 ring & 1.79 1.84 1.82 1.83 1.67 1.73

Table 8.31: 6-ring channel distances (Å) for K-L at the investigated pressure points

Pressure (GPa) P0<1 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2)

O3-O5 [001] 5.1563(1) 5.089(1) 4.982(2) 5.046(2) 5.035 5.1450(4)
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Penetrating media

(a) (b)

(c)

Figure 8-24: TOF, neutron powder diffraction data with associated Rietveld refinement fits
for K-L(m.e.) (a-c) from 0.29(2) to 1.93(2) GPa. Observed and calculated profiles are shown
as blue crosses and red lines, respectively. Backgrounds are plotted with orange dotted
lines. The residual (observed minus calculated intensity) plot is shown below as a cyan line.
Bragg reflections for each phase are marked with vertical bars; K-L in green, Pb in purple,
Alumina in cyan and Zirconia in pink.
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Table 8.32: Refined atomic positions, occupancy factors (F), and displacement parameters
(Uiso) for K-L at the investigated pressure points where Rietveld refinement was possible.
Structures are determined from ToF neutron diffraction data collected on the PEARL instru-
ment, using m.e. as a penetrating PTM. GASP-simulated structures were used as input
models for refinement

Atom
Type Label x y z F Uiso Wyckoff

Site Symmetry

0.29(2) GPa

K_1 K 0.33333 0.66667 0.5 1 0.035(12) 2d -6m2(100)
K_2 K 0 0.5 0.5 1 0.035 3g mmm(010)
K_3 K 0 0.306(5) 0 0.57 0.035 6j mm2(010)
O_1 O 1 0.2717(12) 0.5 1 0.0196(13) 6k mm2(010)
O_2 O 0.1670(9) 0.334 0.5 1 0.0196 6m mm2(101)
O_3 O 0.2637(9) 0.5274 0.2549(22) 1 0.0196 12o m(100)
O_4 O 0.1043(6) 0.4162(7) 0.3271(10) 1 0.0196 24r 1
O_5 O 0.4283(10) 0.8567 0.2728(23) 1 0.0196 12p m(100)
O_6 O 0.1449(11) 0.4783(11) 0 1 0.0196 12p m(001)
Si_1 Si 0.0931(6) 0.3589(8) 0.5 1 0.041(4) 12q m(001)
Si_2 Si 0.1655(7) 0.4991(7) 0.2123(11) 1 0.041 24r 1
w7 O 0.026(11) 0.051 0.216(17) 0.23(4) 0.065 12o m(010)
w6 O 0.2919(25) 0.146 0 0.89(5) 0.065 6l mm2(210)
w5 O 0 0.127(8) 0.253(26) 0.18(4) 0.065 12n m(210)
w3 O 0.2309(21) 0.1154 0.180(5) 0.77(5) 0.065 12o m(100)

1.13(2) GPa

K_1 K 0.33333 0.66667 0.5 1 0.004 2d -6m2(100)
K_2 K 0 0.5 0.5 1 0.004 3g mmm(010)
K_3 K 0 0.314(5) 0 0.4857(17) 0.004 6j mm2(010)
O_1 O 1 0.2695(10) 0.5 1 0.0052(9) 6k mm2(010)
O_2 O 0.1715(8) 0.3431 0.5 1 0.0052 6m mm2(101)
O_3 O 0.2634(8) 0.5269 0.2623(21) 1 0.0052 12o m(100)
O_4 O 0.1006(6) 0.4145(7) 0.3240(9) 1 0.0052 24r 1
O_5 O 0.4291(9) 0.8582 0.2707(21) 1 0.0052 12p m(100)
O_6 O 0.1463(10) 0.4768(9) 0 1 0.0052 12p m(001)
Si_1 Si 0.0916(6) 0.3590(7) 0.5 1 0.045(5) 12q m(001)
Si_2 Si 0.1648(7) 0.4980(7) 0.2138(11) 1 0.045 24r 1
w7 O 0.02441(20) 0.04882 0.218(17) 0.20(3) 0.065 12o m(010)
w6 O 0.2883(24) 0.1441 0 1 0.065 6l mm2(210)
w5 O 0 0.115(5) 0.264(17) 0.31(5) 0.065 12n m(210)
w3 O 0.2276(20) 0.1138 0.178(5) 0.89(6) 0.065 12o m(100)
K_4 K 0 0.5 0 0.2 0.004 3f mmm(010)
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1.93(2) GPa

K_1 K 0.33333 0.66667 0.5 1 0.026(6) 2d -6m2(100)
K_2 K 0 0.5 0.5 1 0.026 3g mmm(010)
K_3 K 0 0.311(8) 0 0.25 0.026 6j mm2(010)
O_1 O 1 0.2705(11) 0.5 1 0.0079(9) 6k mm2(010)
O_2 O 0.1673(10) 0.3346 0.5 1 0.0079 6m mm2(101)
O_3 O 0.2708(10) 0.5418 0.2266(18) 1 0.0079 12o m(100)
O_4 O 0.1020(6) 0.4135(6) 0.3234(11) 1 0.0079 24r 1
O_5 O 0.4195(10) 0.8389 0.2892(17) 1 0.0079 12p m(100)
O_6 O 0.1455(10) 0.4784(9) 0 1 0.0079 12p m(001)
Si_1 Si 0.0910(8) 0.3579(8) 0.5 1 0.046(4) 12q m(001)
Si_2 Si 0.1688(8) 0.4989(7) 0.2109(13) 1 0.046 24r 1
w7 O 0.021(19) 0.0405 0.217(24) 0.13(5) 0.065 12o m(010)
w6 O 0.2865(26) 0.1432 0 0.68(5) 0.065 6lmm2(210)
w5 O 0 0.120(4) 0.289(12) 0.47(5) 0.065 12n m(210)
w3 O 0.223(4) 0.1116 0.201(14) 0.33(5) 0.065 12o m(100)
K_4 K 0 0.5 0 0.631 0.026 3f mmm(010)

Table 8.33: Refinement parameters for K-L(m.e.) at the investigated pressure points, de-
termined from ToF neutron diffraction data collected on the PEARL instrument using m.e.
as a penetrating PTM

Pressure (GPa) 0.29(2) 1.13(2) 1.93(2)

data range (d-spacing) (Å) 0.4-4 0.4-4 0.4-4
no. of observations 3881 3881 3881
no. of variables 51 48 51
a (Å) 18.364(4) 18.324(4) 18.291(4)
c (Å) 7.5108(11) 7.4583(12) 7.3987(10)
volume (Å3) 2193.6(5) 2168.5(6) 2143.6(6)
R4G? 3.84 3.91 3.98
RF? 4.15 4.03 4.24
reduced "2 = ('F?/'4G?)2 1.17 1.06 1.88 6
GOF = ('F?/'4G?) 1.08 1.03 1.37
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Table 8.34: Interatomic distances (Å) for K-L(m.e.) at the investigated pressure points.

Pressure (GPa) P0<1 0.29(2) 1.13(2) 1.93(2)

T1-O1 1.656(6) 1.658(9) 1.660(9) 1.632(11)
T1-O2 1.658(24) 1.635(11) 1.630(10) 1.650(13)
T1-O4 1.650(6) 1.619(7) 1.618(6) 1.605(8)
T2-O3 1.631(19) 1.639(11) 1.650(10) 1.627(13)
T2-O4 1.663(7) 1.616(9) 1.613(9) 1.648(11)
T2-O5 1.604(24) 1.641(11) 1.645(10) 1.673(13)
T2-O6 1.6478(24) 1.639(8) 1.636(8) 1.612(10)
Average T-O 1.644 1.635 1.636 1.635
K1-O3 2.911(6) 2.879(11) 2.840(10) 2.830(9)
K2-O5 2.888(5) 2.847(10) 2.826(9) 2.991(7)
K3-O4 3.137(15) 3.147(29) 3.040(28) 3.03(5)
K3-O6 2.988(30) 2.94(6) 2.82(6) 2.88(10)
K4-O5 3.023(10) 3.330(8)
K4-O6 2.918(19) 2.880(19)

K3-w6 2.80(5) 2.82(5) 2.90(6) 2.87(10)
K3-w3 3.16(5) 3.35(7) 3.45(7) 3.50(13)
w3-O2 2.964(25) 2.91(4) 3.02(3) 2.83(9)
w5-O1 2.44(6) 3.24(18) 3.34(9) 3.17(8)
w3-w7 1.91(6) 2.87(4) 2.852(31) 3.3(3)
w3-w6 1.29(3) 1.67(3) 1.64(3) 1.79(9)
w3-w5 2.43(5) 2.09(8) 2.17((8) 2.08(6)
w4-w7 2.58(6)
w5-w7 3.11(6) 1.70(26) 1.52(9) 1.74(27)
w6-w7 3.03(7) 4.15(6) 4.13(4) 4.20(7)

Water sites with interatomic separations less than 2.5 Å are not likely to be simul-
taneously occupied. Although data quality did not permit unambiguous distinctions
between water and methanol in the pores, it is plausible that both molecules may
be found at w3 and w6 sites but are more mobile than the fixed crystallographic
positions account for.
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Table 8.35: Bond angles (◦) for K-L with m.e. at the investigated pressure points

Pressure (GPa) P0<1 0.29(2) 1.13(2) 1.93(2)

T1- O1 - T1 130.48(28) 124.5(8) 126.5(12) 122.3(11)
T1- O2 - T1 146.841(1) 148.463 152.0(8) 162.1(8)
T2 - O3 - T2 137.01(10) 144.2(4) 140.5(10) 138.5(10)
T2 - O4 - T1 144.07(12) 145.7(4) 147.4(7) 143.8(6
T2 - O5 - T2 141.45(14) 137.6(5) 138.9(10) 140.2(9)
T2 - O6 - T2 153.40(16) 147.6(6) 153.2(11) 154.1(10)
Average 142.2 141.3 143.1 143.5

Table 8.36: 12-ring channel distances and ellipticity (Å) for K-L(m.e.) at the investigated
pressure points

Pressure (GPa) P0<1 0.29(2) 1.13(2) 1.93(2)

O1-O1 [001] 9.92(2) 9.98(3) 9.88(3) 9.89(3)
O2-O2 [001] 10.488 10.595 10.43(2) 10.6
O1-O1 [100] 7.5277(4) 7.511(1) 7.458(1) 7.398(1)
12 ring & 1.06 1.06 1.06 1.07

Table 8.37: 8-ring channel distances and ellipticity (Å) for K-L(m.e.) at the investigated
pressure points

Pressure (GPa) P0<1 0.29(2) 1.13(2) 1.93(2)

O1-O1 [001] 8.58(2) 8.38(3) 8.44(3) 8.39(3)
O5-O5 [001] 4.68 4.558 4.5 5.104
O5-O5 [100] 3.38(1) 3.41(2) 3.42(2) 3.11(2)
8 ring & 1.83 1.84 1.88 1.72

Table 8.38: 6-ring channel distances (Å) for K-L( m.e.) at the investigated pressure points

Pressure (GPa) P0<1 0.29(2) 1.13(2) 1.93(2)

O3-O5 [001] 5.1860(5) 5.239(2) 5.2578(3) 4.729(2)
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8.4.4 GASP simulations

Non-penetrating media

Table 8.39: Refinement parameters showing how well the simulated K-L models fit the data
before refining atomic co-ordinates

Pressure (GPa) 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2) 2.74(3) 4.15(4)

d-spacing range (Å) 0.6-4 0.6-4 0.4-4 0.48-4 0.4-4 0.6-0.4 0.6-0.4
no. of obs 3140 3881 3634 3512 3809 3089 3183
no. of var 11 22 21 20 25 20 16
a (Å) 18.390(5) 18.349(5) 18.287(7) 18.246(5) 18.178(7) 17.910(15) 17.627(18)
c (Å) 7.4937(2) 7.4796(13) 7.4549(11) 7.4289(16) 7.3980(13) 7.3655(18) 7.257(4) 7.100(5)
volume (Å3) 2190.6(7) 2173.6(6) 2151.4(9) 2132.8(7) 2107.8(10) 2016.0(21) 1910.6(24)
R4G? 6.41 3.77 1.74 3.16 3.21 3.03 2.74
RF? 7.76 5.24 6.04 7.17 6.74 7.43 9.14
reduced "2 1.46 1.93 12.04 5.15 4.41 6.00 11.16
GOF 1.21 1.39 3.47 2.27 2.1 2.45 3.34

Average T-O
fixed (Å)

1.642 1.642 1.642 1.642 1.642 1.61 1.60

Table 8.40: Bond angles (◦) of simulated K-L structures

Pressure (GPa) 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2) 2.74(3) 4.15(4)

T1- O1 - T1 125.978 121.6 118.914 116.823 114.379 118.079 112.17
T1- O2 - T1 152.923 157.303 159.992 162.084 164.529 160.826 166.742
T2 - O3 - T2 141.521 142.708 143.305 143.722 144.162 143.278 148.704
T2 - O4 - T1 142.264 139.719 138.009 136.536 134.914 136.781 119.85
T2 - O5 - T2 140.739 141.704 141.791 141.491 141.229 140.089 136.852
T2 - O6 - T2 161.261 162.861 164.223 165.588 166.948 166.401 166.14
Average 144.11 144.32 144.37 144.37 144.36 144.24 141.74

Table 8.41: 12-ring channel distances and ellipticity (Å) of simulated K-L structures

Pressure (Gpa) 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2) 2.74(3) 4.15(4)

O1-O1 [001] 9.855 9.798 9.693 9.608 9.504 9.471 9.167
O2-O2 [001] 10.633 10.659 10.683 10.697 10.709 10.48 10.443
O1-O1 [100] 7.479 7.456 7.428 7.397 7.365 7.231 7.117
12 ring & 1.079 1.088 1.102 1.113 1.127 1.107 1.139
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Table 8.42: 8-ring channel distances and ellipticity (Å) of simulated K-L structures

Pressure (Gpa) 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2) 2.74(3) 4.15(4)

O1-O1 [001] 8.506 8.551 8.601 8.639 8.68 8.455 8.49
O5-O5 [001] 4.734 4.733 4.729 4.724 4.715 4.638 4.611
O5-O5 [100] 3.28 3.243 3.196 3.14 3.085 3.028 2.804
8 ring & 1.797 1.807 1.819 1.829 1.841 1.823 1.841

Table 8.43: 6-ring channel distances (Å) of simulated K-L structures

Pressure (Gpa) 0.19(1) 0.45(1) 0.91(1) 1.31(1) 1.71(2) 2.74(3) 4.15(4)

O3-O5 [001] 5.241 5.255 5.27 5.28 5.291 5.17 5.159

Table 8.44: Polyhedral rotation output from GASP: magnitude of T1 anti-rotations in 12 MR
at investigated pressures w.r.t P0<1

Rx Ry Rz Rotation (◦)

0.19(1) GPa

0.00 0.00 0.10 5.69
0.00 0.00 -0.10 5.69

0.46(1) GPa

0.00 0.00 0.11 6.49
0.00 0.00 -0.11 6.48

0.91(1) GPa

0.00 0.00 0.13 7.67
0.00 0.00 -0.13 7.66

1.31(1) GPa

0.00 0.00 0.13 7.67
0.00 0.00 -0.13 7.66

1.71(2) GPa

0.00 0.00 0.17 9.75
0.00 0.00 -0.17 9.74
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Table 8.45: Polyhedral rotation output from GASP: magnitude of T2 anti-rotations at invest-
igated pressures w.r.t P0<1

Rx Ry Rz Rotation (◦)

0.19(1) GPa

0.04 -0.05 -0.06 5.02
-0.04 0.05 -0.06 5.02
0.04 0.05 0.06 5.02
-0.04 -0.05 0.06 5.02
-0.02 0.06 0.06 5.02
0.02 0.06 -0.06 5.02
-0.02 -0.06 -0.06 5.02
0.02 -0.06 0.06 5.02
-0.07 -0.01 -0.06 5.02
0.07 0.01 -0.06 5.02
-0.07 0.01 0.06 5.02
0.07 -0.01 0.06 5.02

0.46(1) GPa

0.05 -0.06 -0.07 5.78
-0.05 0.06 -0.07 5.78
0.05 0.06 0.07 5.77
-0.05 -0.06 0.07 5.77
0.03 0.07 -0.07 5.78
-0.03 -0.07 -0.07 5.78
0.03 -0.07 0.07 5.77
-0.03 0.07 0.07 5.77
-0.08 -0.01 -0.07 5.78
0.08 0.01 -0.07 5.78
-0.08 0.01 0.07 5.77
-0.08 0.01 0.07 5.77
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Rx Ry Rz Rotation (◦)

1.31(1) GPa

0.05 -0.07 -0.08 6.68
-0.05 0.07 -0.08 6.68
0.05 0.07 0.08 6.68
-0.05 -0.07 0.08 6.68
0.03 0.08 -0.08 6.68
-0.03 -0.08 -0.08 6.68
0.03 -0.08 0.08 6.68
-0.03 0.08 0.08 6.68
-0.09 -0.01 -0.08 6.68
0.09 0.01 -0.08 6.68
-0.09 0.01 0.08 6.68
0.09 -0.01 0.08 6.68

1.71(2) GPa

0.07 -0.09 -0.10 8.60
-0.07 0.09 -0.10 8.60
0.07 0.09 0.10 8.60
-0.07 -0.09 0.10 8.60
0.04 0.10 -0.10 8.60
-0.04 -0.10 -0.10 8.60
0.04 -0.10 0.10 8.60
-0.04 0.10 0.10 8.60
-0.11 -0.02 -0.10 8.60
0.11 0.02 -0.10 8.60
-0.11 0.02 0.10 8.60
0.11 -0.02 0.10 8.60
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Penetrating media

Table 8.46: Refinement parameters showing how well the simulated K-L models fit the data
before refining atomic co-ordinates. At pressures of 0.58 and 3.32 GPa, data quality pre-
vented unambiguous refinements and only lattice parameters could be extracted by the Le
Bail method

Pressure (GPa) 0.29(2) 0.58(2) 1.13(2) 1.93(2) 2.89(2) 3.32(4)

d-spacing range (Å) 0.4-4 0.4-4 0.4-4 0.4-4 0.4-4 0.4-4
no. of obs 3881 3881 3881 3881 3881 3881
no. of var 23 20 23 33
a (Å) 18.362(4) 18.355(6) 18.323(4) 18.295(5) 18.271(9) 18.255(1)
c (Å) 7.5094(11) 7.497(2) 7.4590(13) 7.3950(13) 7.3361(25) 7.314(2)
volume (Å3) 2192.6(6) 2187.6(9) 2168.6(6) 2143.6(7) 2121.0(12) 2110(2)
R4G? 3.85 3.93 3.10 4.21
RF? = 4.58 4.28 4.96 5.31
reduced "2 = ('F?/'4G?)2 1.42 1.19 2.56 1.59
�$� = ('F?/'4G?) 1.19 1.09 1.6 1.26

Average T-O
fixed (Å)

1.642 1.642 1.642 1.642 1.642 1.642

Table 8.47: Bond angles (◦) of simulated K-L structures

Pressure (GPa) 0.29(2) 0.58(2) 1.13(2) 1.93(2) 2.89(3) 3.32(4)

T1- O1 - T1 122.974 122.333 120.523 118.902 117.249 116.718
T1- O2 - T1 155.929 156.569 158.382 160.003 161.657 162.189
T2 - O3 - T2 142.484 142.63 142.999 143.236 143.488 143.525
T2 - O4 - T1 141.263 140.768 139.287 137.492 135.804 135.176
T2 - O5 - T2 142.969 142.868 142.307 140.713 135.804 138.675
T2 - O6 - T2 160.529 161.055 162.778 165.424 167.64 168.516
Average 144.36 144.37 144.38 144.30 143.61 144.13

Table 8.48: 12-ring channel distances and ellipticity (Å) of simulated K-L structures

Pressure (GPa) 0.29(2) 0.58(2) 1.13(2) 1.93(2) 2.89(3) 3.32(4)

O1-O1 [001] 9.849 9.825 9.756 9.693 9.626 9.604
O2-O2 [001] 10.644 10.651 10.669 10.683 10.694 10.698
O1-O1 [100] 7.508 7.497 7.46 7.397 7.339 7.314
12 ring & 1.081 1.084 1.094 1.102 1.111 1.114
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Table 8.49: 8-ring channel distances and ellipticity (Å) of simulated K-L structures

Pressure (GPa) 0.29(2) 0.58(2) 1.13(2) 1.93(2) 2.89(3) 3.32(4)

O1-O1 [001] 8.516 8.53 8.569 8.606 8.64 8.651
O5-O5 [001] 4.73 4.73 4.731 4.732 4.73 4.729
O5-O5 [100] 3.349 3.328 3.257 3.131 3.02 2.973
8 ring & 1.800 1.803 1.811 1.819 1.827 1.829

Table 8.50: d6r distances (Å) of simulated K-L structures

Pressure (GPa) 0.29(2) 0.58(2) 1.13(2) 1.93(2) 2.89(3) 3.32(4)

O3-O5 [001] 5.249 5.252 5.262 5.269 5.275 5.277

Table 8.51: Polyhedral rotation output from GASP: magnitude of initial T1 anti-rotations in
the 12MR at investigated pressures w.r.t P0<1

Rx Ry Rz Rotation (◦)

0.29(2) GPa

0.00 0.00 0.11 6.20
0.00 0.00 -0.11 6.19
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Table 8.52: Polyhedral rotation output from GASP: magnitude of initial T2 anti-rotations at
investigated pressures w.r.t P0<1

Rx Ry Rz Rotation (◦)

0.29(2) GPa

0.03 -0.05 -0.06 4.76
-0.03 0.05 -0.06 4.76
0.03 0.05 0.06 4.76
-0.03 -0.05 0.06 4.76
0.03 0.05 -0.06 4.76
-0.03 -0.05 -0.06 4.76
0.03 -0.05 0.06 4.76
-0.03 0.05 0.06 4.76
-0.05 0.00 -0.06 4.76
0.05 0.00 -0.06 4.76
-0.05 0.00 0.06 4.76
0.05 0.00 0.06 4.76
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Table 8.53: Polyhedral rotation output from GASP: magnitude of T1 anti-rotations in 12 MR
at investigated pressures w.r.t filled structure at 0.29(2) GPa

Rx Ry Rz Rotation (◦)

1.13(2) GPa

0.00 0.00 0.02 0.92
0.00 0.00 -0.02 0.92

1.93(2) GPa

0.00 0.00 0.03 1.57
0.00 0.00 -0.03 1.57

2.89(2) GPa

0.00 0.00 0.04 2.27
0.00 0.00 -0.04 2.27

3.32(4) GPa

0.00 0.00 0.04 2.50
0.00 0.00 -0.04 2.50
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Table 8.54: Polyhedral rotation output from GASP: magnitude of T2 anti-rotations at invest-
igated pressures w.r.t filled structure at 0.29(2) GPa

Rx Ry Rz Rotation (◦)

1.13(2) GPa

0.01 -0.02 -0.01 1.34
-0.01 0.02 -0.01 1.34
0.01 0.02 0.01 1.34
-0.01 -0.02 0.01 1.34
0.01 0.02 -0.01 1.34
-0.01 -0.02 -0.01 1.34
0.01 -0.02 0.01 1.34
-0.01 0.02 0.01 1.34
-0.02 0.00 -0.01 1.34
0.02 0.00 -0.01 1.34
-0.02 0.00 0.01 1.34
0.02 0.00 0.01 1.34

1.93(2) GPa

0.03 -0.03 -0.01 2.76
-0.03 0.03 -0.01 2.76
0.03 0.03 0.01 2.76
-0.03 -0.03 0.01 2.76
0.01 0.04 -0.01 2.76
-0.01 -0.04 -0.01 2.76
0.01 -0.04 0.01 2.76
-0.01 0.04 0.01 2.76
-0.04 -0.01 -0.01 2.76
0.04 0.01 -0.01 2.76
-0.04 0.01 0.01 2.76
0.04 -0.01 0.01 2.76
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2.89(3) GPa

0.05 -0.05 -0.02 4.07
-0.05 0.05 -0.02 4.07
0.05 0.05 0.02 4.07
-0.05 -0.05 0.02 4.07
0.02 0.06 -0.02 4.07
-0.02 -0.06 -0.02 4.07
0.02 -0.06 0.02 4.07
-0.02 0.06 0.02 4.07
-0.07 -0.01 -0.02 4.07
0.07 0.01 -0.02 4.07
-0.07 0.01 0.02 4.07
0.07 -0.01 0.02 4.07

3.32(4) GPa

0.05 -0.06 -0.02 4.57
-0.05 0.06 -0.02 4.57
0.05 0.06 0.02 4.57
-0.05 -0.06 0.02 4.57
0.02 0.07 -0.02 4.57
-0.02 -0.07 -0.02 4.57
0.02 -0.07 0.02 4.57
-0.02 0.07 0.02 4.57
-0.07 -0.02 -0.02 4.57
0.07 0.02 -0.02 4.57
-0.07 0.02 0.02 4.57
0.07 -0.02 0.02 4.57
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(a) (b)

(c) (d)

(e) (f)

Figure 8-25: Structural evolution of ∠T-O-T and 3$−$ channel distances with pressure. (a)
and (b) show cooperative increase and decrease in bond angles for empty and filled K-LTL,
respectively. 12-ring angles in a-plane are shown in blue squares (∠T1-O1-T1 decrease and
∠T1-O2-T2 increase), d6r angles in a-plane are shown in green circles (∠T2-O3-T2 increase
and ∠T2-O5-T2 decrease) and angles in c-plane are shown in red diamonds (∠T2-O6-T2 in-
crease and ∠T2-O4-T1 decrease). (c-f) show changes in the largest and shortest 3$−$
distances with pressure for 12-ring channel in non-penetrating PTM, 12-ring channel in pen-
etrating media, 8-ring channel in non-penetrating media and 8-ring channel in penetrating
media, respectively.
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