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Abstract

The work presented in this thesis has been performed to increase the understanding of
the interactions of zeolites with water, under a range of reaction conditions. The systems
studied have been selected on the basis of their known hydrolytic instability or as model

systems for which new avenues for hydrolytic instability can more easily be followed.

The focus of research detailed in this thesis is split into three main sections. The
mechanism of the ADOR (Assembly, Disassembly, Organisation, Reassembly) process
for the synthesis of new zeolites from germanosilicate UTL is probed to deepen the
understanding of the intermediate species formed and how the local structure and
long-range order of the products are affected by reaction variables. Subsequently, the
CHA framework has been selected as a model system for the study of a newly-identified
bond lability exhibited by some non-‘ADORable’ aluminosilicate zeolite materials. To
further aid characterisation and understanding of this lability, a series of inter-zeolite
transformations from the FAU to CHA framework have been adapted to allow O
enrichment and 'O NMR spectroscopic investigation, to characterise and identify key

intermediate and framework species.

The complexity and high structural disorder of the materials studied in this work
mean that a multivariate approach to characterisation and analysis is required. Pri-
marily, solid-state NMR spectroscopy and powder X-ray diffraction have been used
to characterise the materials, elucidating differences between their local structure and
long-range order. In addition, energy-dispersive X-ray spectroscopy, scanning electron
microscopy, thermogravimetric analysis and density functional theory calculations have

also been used to further aid characterisation and understanding of these complex systems.

Results presented demonstrate that both zeolites and water interact strongly with one
another when combined. Zeolites and water are found to be reactive even under mild
conditions, e.g. room temperatures, where 'O NMR spectroscopy has shown the rapid

exchange of H,!’0O oxygen into the frameworks of UTL, CHA and FAU zeolites, by
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resolving signals attributed to framework zeolite linkages. Whilst favourable under
ambient conditions, these bond lability processes are also found to be selective, with
observed enrichment found to differ between frameworks with different topologies, com-
positions and extraframework cations. In some cases, observed exchange of framework
oxygen species has been attributed in part to the defective nature of zeolite frameworks.
A further mechanistic explanation for the enrichment of zeolites for which the structure
is not thought to be defective has also been predicted by collaborators using molecular
dynamics. Whilst this mechanism may explain the facile bond lability seen for CHA
frameworks, its widespread applicability to other zeolite frameworks that show rapid
exchange of framework oxygen with that in water is not known. Water is also found to
interact strongly with zeolite frameworks undergoing structural transformations, such
as during the ADOR process or during post-synthetic transformations. Here, under the
elevated temperatures of reaction conditions, ’O supplied from H,!'7O reagent has been
shown to be incorporated into the structure of zeolite frameworks, especially in regions

considered non-reactive within the reaction.

These results demonstrate that both zeolites and water interact and react when combined
and provide further evidence to the contrary that zeolites are perceived as static, inert
scaffolds. The findings have potential implications for the commercial uses of zeolites,

where a balance between framework stability and flexibility is important.
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Chapter 1
Materials and Concepts Introduction

This chapter serves as a general introduction to the background of zeolites and to the
specific materials and reaction methodology employed in the research presented in this

thesis.

1.1 Zeolites

1.1.1 Background

Zeolites are a class of inorganic aluminosilicate material first reported in the 1700s by
Swedish mineralogist Baron Axel F. Crgnstedt.'> The name zeolite is derived from
the Greek "Cco", (zeo, to boil) and "htnoc", (lithos, stone) as Crgnstedt observed the
evolution of steam from the surface of the zeolite, stilbite, as it was heated in a blow-
pipe.! Zeolites are characterised by their unique topology, where silicate (SiO4*~) and
aluminate (Al04°~) TOy4 tetrahedra are connected through bridging oxygen linkages to
form fully-connected, three-dimensional, periodic, crystalline frameworks. To date, there
are 253 unique framework topologies recognised by the International Zeolite Association
(IZA). Each of these is identifiable by a three-letter code, which generally serves as
a signature of the laboratory credited with their discovery. In this thesis, framework

codes in the text will be denoted in boldface e.g. LTA, corresponding to Linde Type A.*>

Zeolites are perhaps the most applicable and valuable class of porous solid to commercial
application, due to their widely-perceived stability and tolerance to a range of physical
conditions and to the molecular geometry of their pores and cavities.® Some zeolites,
such as Crgnstedt’s stilbite, are found in large naturally-occurring deposits across the
globe. These materials were likely useful for application even before their formal iden-

tification in the 1700s, and are now still excavated on a multi-million tonne scale every



year for a wide range of applications; from agriculture and water treatment to building
materials.®!0 The advent of synthetic zeolites in the 1940s marked the start of a new
era for the field, increasing the range of zeolites available and an enabling tuneability of
their properties.'! These new synthetic materials now dominate the focus of modern ze-
olite research and have led to a blossoming of application into fields such as industrial
catalysis, gas storage and capture and molecular sieving. %% 11=18 Synthetic zeolites now

4,19

comprise approximately 80% of the verified frameworks to date, with recent studies

estimating that this makes up just over half the global market value of $ 30 bn. (USD) for

zeolites, 20-21

1.1.2 Structure and Composition

The arrangement of TO4 tetrahedra within a zeolite framework is most easily described
by breaking the structure down to either composite or secondary building units (CBUs or
SBUs). SBUs are achiral units comprising up to 16 T atoms and 16 have been identified
to date. SBUs are denoted by indicating the number of atoms that make up that ring.
In instances where several rings make up an SBU, the numbers of atoms in each ring
are separated by a hyphen (Figure 1.1). A zeolite framework is said to be derivable
from a certain SBU if an integer number of a single SBUs can be used to produce the
full unit cell of a framework. Relatedly, CBUs are fragments of zeolite frameworks,
however they can be chiral. Further, the combination of multiple different CBUs may
be required to describe the structure of a single framework although their combination
may not necessarily derive its overall composition. They are most useful, however in the
comparison of different frameworks who share certain structural motifs. At last report
there were in the region of 60 CBUs common to more than one topology. CBUs are

denoted using a three-character italicised identifier (Figure 1.1).4>22-24

Considering a purely siliceous framework, the empirical formula of all zeolites can be
simplified to SiO, with the resultant materials representing crystalline polymorphs of sil-
ica. However, the substitution of trivalent aluminium for tetravalent silicon at T-sites
within the periodic lattice imparts a negative charge on the framework. Substitution of
silicon for aluminium into zeolite materials is permitted so long as Loewenstein’s rule for
aluminium avoidance is held. This dictates that no two aluminium will be found adjacent
to each other in the framework, in effect prohibiting Al-O-Al linkages and the formation
of zeolite material with Si/Al < 1.%> As substitution with aluminium results in a negative
framework, a source of positive charge is required in order to restore charge neutrality.
This is achieved by extra-framework cations, e.g. H*, Na*, K*, Cs*, Cu®*, Zn>*, NH,™,

which locate in the pores and cavities of the zeolite. Naturally occurring zeolites are often
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Figure 1.1: Structures of some common zeolite building units with shorthand
names indicated. (a) double four ring (d4r) BU (4-4), (b) eight ring (8) SBU, (c)
double six ring (d6r) BU (6-6), (d) chabazite cage (cha) CBU and (e) sodalite
cage (sod) CBU. Note some building units can be represented within zeolite
structures as both SBUs and CBUs. T atoms represented by blue dots, O atoms
located at non-marked vertices.

found with multiple charge-balancing cations present, whereas synthetic zeolites typically
only have one - determined initially by the cations present in the synthesis gel (often Na*,
K™*). Charge-balancing cations present in a framework can be exchanged by mild aqueous
ion exchange procedures and many different cations and combinations of cations can be
used to charge-balance a zeolite material, with the cation(s) of choice often having an
effect on the properties and catalytic application of the zeolite, particularly in cases where
active catalytic sites play a role in material function.®2%27 For example, the CHA mate-
rial with high Si/Al ratio, SSZ-13, has proven applications as a MTO (methanol to olefin),
gas separation and NH3-SCR (selective catalytic reduction) catalyst, when exchanged to
the proton (H*), ammonium (NH4*) or copper (Cu’*) forms, respectively.?83? Zeolites
have a high affinity to water as a consequence of their synthesis, the molecular geometry
of their pores and any species within them. Consequently, zeolites are often found in a
hydrated state with approximately 10-20 % of their mass coming from surface coordi-
nated water. With respect to this and the above discussed characteristics, zeolites can be

expressed by the empirical formula:



M,/ T [Si1_xAlL,Oz]- yH,0, (1.1)

where M is an extra-framework cation of valence n, x is < 0.5 and y may take any
value. Additional to the necessity for extra-framework cations, the inclusion of aluminium
within the structure of a zeolite has effect on the overall chemical properties of the mate-
rial. Naturally occurring zeolites are typically found to have moderate to high aluminium
content (Si/Al < 5), as did a number of the first synthetic zeolites (e.g. A, X, Y, mor-
denite), all of which were formed from Al-rich, dilute, organic structure-directing agent
(SDA)-free gels. The aluminium content of synthetic zeolites is dependent on a number
of conditions, but the composition of the synthesis gel is the most important, with higher
aluminium and water contents, presence of sodium cations and absence of organic SDAs
favouring materials with low Si/Al.533-3¢ A pure SiO, framework is highly hydrophobic
and all crystallographically same T-sites within it are degenerate. The incorporation of
aluminium during synthesis removes the degeneracy of crystallographically same T-sites
within the structure and contributes to an overall increase in material hydrophilicity as
the framework becomes charged and its bonds experience an average increase in polar-
ity. Aluminium is often considered to locate randomly within the structure of zeolites,
although some studies have shown it to locate with some preference at different sites and
types of ring in zeolites within certain topologies and likely through kinetically controlled
processes.>’* Due to the importance of aluminium in zeolites for control of properties
such as Brgnsted acidity, catalytic properties and hydrophobicity, the study of its siting
and distribution are a topic of major focus in zeolite research.*6~4° The ability to predict
and control aluminium siting and distribution during zeolite formation or transformation
would prove revolutionary in sectors such as industrial catalysis. Both steps have associ-
ated difficulties, however; prediction is hampered by the isoelectronic nature of Si** and
AIP*, making diffraction studies on known systems difficult, and control is hampered by
the many factors associated with hydrothermal synthesis. Although some studies have
showed promise so far, the field of aluminium location predictability and subsequent sit-

ing control is still very much a developing area. 6-46-50-54

1.1.3 Heteroatomic ‘Zeolites’

By definition, zeolites are confined to materials of aluminosilicate composition, however
the desire for implementation of these materials into commercial application has necessi-
tated the extension of scope of their structural-chemical properties. This has resulted in a
growing class of materials whose structures class as identical to zeolites but whose prop-

erties are enhanced by the replacement of aluminium for a different dopant element. 3-8



Many so-called ‘heteroatomic zeolites’ or ‘zeolite materials’ have been prepared with a
wide range of heteroatoms including e.g. main group: Ga**, Ge**; non-metal: B3+ and
transition metal: Ti**, Zn3* elements. Heteroatomic zeolites have expanded the scope of
zeolite science by producing materials with enhanced properties, such as titanosilicate TS-
1 (MFI), which serves as a superior selective oxidation catalyst with H,O,; stannosilicate
Sn-BEA, an excellent catalyst for a range of reactions, particularly biomass conversion,
and borosilicate materials, whose weaker Lewis acidity can be more suitable for some
catalytic reactions than those of aluminosilicates.>®~%3 Heteroatomic substituted zeolites
have also produced materials with novel topologies. One class of these materials which
have attracted particular attention is the germanosilicates. The larger size of the Ge atom
and its more diffuse bonding facilitates both larger rings in so-called ‘extra-large pore’
materials as well as locating preferentially within smaller rings, such as d4r. The germa-
nium atoms also introduce a point of hydrolytic instability into the material, which in the

case of germanosilicate IM-12 UTL, can be exploited for selective disassembly. %466

1.2 NMR Spectroscopy of Zeolites

Zeolites are suited to characterisation by NMR spectroscopy as the spectra of many NMR-
active nuclei found within their frameworks can be acquired with relative ease and can
provide information on their local structure, coordination and reactivity.%’-7® Together
with complementary techniques, such as X-ray diffraction and electron microscopy, an
increased bank of knowledge about a particular zeolite can be obtained. A selection of

the NMR-active nuclei most-relevant to this project are introduced below.

1.2.1 2°Si NMR

29Si is the NMR-active isotope of silicon with a natural abundance of 4.7% and a nuclear
spin (I) of % In NMR spectra of zeolites, the observed chemical shift (0) for a silicon
atom is principally determined by the crystallographic location of its T site within the
framework and its local connectivity through its oxygen linkages to its Next Nearest
Neighbours (NNN, X) Si(O-X)4 (X = Si, Al or H). Fully coordinated silicon bound
tetrahedrally within the lattice (X = Si, Al) is referred to as Q4 silicon, which can be
distinguished from those silicon atoms for which the lattice is broken and nH atoms
(forming silanols) coordinate to the framework through oxygen, producing Q*~" silicon
sites. With respect to the above, 298i NMR is one of the most common techniques

employed for the characterisation of zeolites using NMR spectroscopy.’’-32



For a defect-free pure silica zeolite, all silicon atoms have the same NNN (Si(O-Si)4)
and the observed distribution of chemical shifts in a 2°Si NMR spectrum is dependent
on the crystallographic locations of the different T sites and their relative populations,
symmetries and geometries.®? Incorporation of aluminium into the zeolite results in a
change to the atomic ordering (and therefore NNN) of the material, which is reflected in
the 2°Si NMR spectra. There are now five possibilities for NNN; Si(O—Si)4_(O—Al),,
(x = 0-4), each of which causes a shift of approximately + x-5 ppm from the original x

= 0 peak, resulting in a spectrum split into up to five distinctive peaks (see Figure 1.2).34%5

3Al

f T T T T T 1
-60 -70 -80 -90-100-110 —-120
#°Si 8 (ppm)
Figure 1.2: 295§ NMR spectrum of zeolite Y (FAU) (K* form), with a calculated
Si/Al ratio of 1.8. The peaks present correspond to tetrahedrally coordinated

silicon atoms of which the label indicates the number of aluminium atoms at the
nodes of the tetrahedron.

This splitting of silicon environments by proximity to NNN aluminium in >Si NMR
spectra allows the silicon to aluminium ratio (Si/Al) of a zeolite to be calculated from its

relative integrals (/) using:

4

4
(Si/Alnmr) = Y Isi(nan)/ Y., 0-25nlsi(nal), (1.2)
n=0 n=0

provided the spectrum used is sufficiently quantitative and the material is assumed to
be free of defects and Al-O-Al 778687 Quantitative NMR measurements are achieved
by having sufficient gaps between successive pulse and acquisition cycles to allow the
spins in the nucleus of interest to relax and realign with the external magnetic field. The
spin-lattice relaxation times for silicon are comparatively long and as such, experimental
relaxation times required for zeolites are often in the region of 120 s. This provides a
limiting factor for the speed of acquisition of 2°Si NMR of zeolites.’”-’® Consequently,
"H?Si cross-polarisation experiments are often used where magnetisation is transferred
from excited protons to silicon atoms in the local vicinity.3® This reduces the required

recycle delay significantly, however it comes at the expense of quantitative interpretation



as those silicon atoms in the framework closer to excited protons are enhanced dispropor-

tionately (covered in more detail in Section 2.1.4.4).7°

1.2.2 27A1NMR

27Al is the 100% abundant, NMR-active isotope of aluminium, which possesses I = %
As a quadrupole, the non-spherical charge distribution surrounding >’ Al nuclei result in a
net tensor; the Quadrupolar Moment (Q) of 14.66 fm? and a moderate ratio of magnetic

moment to angular momentum (gyromagnetic ratio, ) of 6.976 x 10 ~"rads~' T~

Similar to the 2°Si nuclide, the isotropic chemical shift, digo, Of 2TAl is dependent on the
crystallographic location of the aluminium within the zeolite framework. Although the ex-
pected coordination number (CN) of aluminium in zeolites is four (Alyy), both five (Aly)
and six (Alyy) can also exist, often as a result of processes such as hydration, hydrolysis
or dealumination (see Figure 1.3). The valency of 2’Al in zeolites has the greatest effect
on the observed chemical shift and Aly, Aly and Alyy have typical chemical shift ranges
of 50-70 ppm, 25-40 ppm and 0-20 ppm, respectively. Further, as a result of second-order
quadrupolar broadening effects present in NMR spectra of 2’Al zeolites recorded with
sample rotation, the peaks observed are broadened such that little to no structural or siting
information other than CN can be obtained easily. Consequently, NMR methodologies
that supress second-order broadening effects, such as the use of high magnetic fields or
multiple-quantum (MQ)-MAS, are often used to extract further information in 2’A1 NMR

studies (see section 2.1.4.5).47:67.70.77.89.90
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Figure 1.3: 27A1 NMR spectrum of SSZ-13(H*) (CHA), with a range of alu-
minium species of differing CN. Species with CN Alyy, Aly and Alyp are indi-
cated.



1.2.3 0 NMR

Oxygen is the most abundant element in zeolite frameworks and the only one for which it
is possible to connect to silicon and aluminium and to interact with any extra-framework
cations. This unique coordination environment for oxygen presents the opportunity
for extraction of large amounts of structural and chemical reactivity information by
oxygen NMR studies. This, however is made challenging by the characteristics of
the only NMR-active isotope of oxygen, !’0O. The O nucleus is quadrupolar with
I = % Q= -2.558 fm? and a Yy of —3.626 x 10 ~Trads~!T~1. These characteristics
make deconvolution of NMR spectra especially difficult as when spectra are obtained,
the lineshape components appear broad and often overlapped due to second-order
quadrupolar broadening. Further, the extremely low natural abundance of 0.037% of the
isotope necessitates the need for isotopic enrichment in materials of study in order to
provide 'O NMR spectra on a reasonable timescale.%®’> This, however is compounded
by the high-cost of isotopically-enriched oxygen-containing reagents, such as H,!’O
~ 90% enriched €1000-1500 / mL and 7Oy ~ €2000-3000 / L. The results of
isotopic enrichment can be affected by the method of 7O incorporation (gas-enrichment,
mechanochemical treatment, hydrothermal steaming, room-temperature slurrying, etc.)
and so care must be taken to achieve suitable enrichment, however a degree of control

and selectivity can be achieved by choosing the correct method.”?



There are a greater number of crystallographically-distinct oxygen atoms in zeolites than
T-sites, as such 7O NMR is often unable to distinguish between these and spectral-
assignments are regularly between different framework Si-O-X (X = Si, Al, B, Ga, Ge,
Ti, Zn) bonds or groups thereof, silanols (Si-OH) and if possible, Brgnsted acid Si-O(H)-
Al sites.”? The chemical shift ranges of Jjs, for zeolites are small &~ 60 ppm, so the
broadened resonances for like and non-like linkages often overlap (see Figure 1.4). How-
ever, as these resonances regularly have differing quadrupolar coupling constants (Cq)
(e.g. Si-'70-Si 4.6 — 5.2 MHz, Si-'70-Al 3.1 — 3.2 MHz), they can be separated and
high-resolution spectra achieved through multiple-quantum MAS techniques and/or by

increasing magnetic field strength. 731

80 40 0 40  -80
7O 8 (ppm)

Figure 1.4: 170 NMR spectrum of '"O-enriched SSZ-13(H*) (CHA), with over-
lapped regions for Si-O-Si and Si-O-Al resonances indicated.

Oxygen NMR studies in zeolites have proven to hold a wide variety of information on
the structure and characterisation of zeolite frameworks.”> Some examples include the
use of 70 solid-state NMR to fully characterise aluminosilicate LTA, FAU and siliceous

739295 Similar studies

FAU, or to probe the effect of extra-framework cation on Ji.
have also made use of a range of experimental techniques that can probe chemical reac-
tivities of zeolites for e.g. absorption, catalysis, Brgnsted acidity or can probe directly the
chemical reactions of zeolites e.g. hydrolysis, lability, efc. using in-situ NMR measure-

ments. 73,96-104



1.2.4 HNMR

Protons are regularly found bound to zeolite frameworks; through bonds to oxygen
to silicon as silanols (Si-OH) in defects or in layered structures; through oxygen to
aluminium (Al-OH) in extra-framework aluminium species or through oxygen bound to
both silicon and aluminium as in Brgnsted acid sites (Si-O(H)-Al). Further, the affinity of
water to zeolite frameworks means that water molecules (and protons) are almost always
absorbed to the surface of the zeolite interacting with surface silicon and aluminium

atoms.

The NMR-favourable properties (99.99%, (1) = %) of the proton and the diversity of its
species found in zeolite samples make 'H NMR spectroscopy a potentially useful tool
to aid material characterisation. However, 'H NMR is not regularly used alone in NMR
spectroscopy of zeolites, owing to large dipolar couplings found between 'H nuclei, which
result in broadened spectra in the solid state, requiring high sample rotation frequencies
or homonuclear decoupling techniques to remove. This tends to limit the use of 'H NMR
spectroscopy alone unless specific information held by protons only is needed; 'H-'H
double- and triple-quantum experiments have been used to discern the proximity of and
relationship between SDA location and silanol density in several zeolites. !%> Protons are
often employed in routine zeolite characterisation however, as a magnetisation-transfer
medium as their spins readily couple to other nuclei in the material.'% Exploiting this
using the cross-polarisation experiment®® (see section 2.1.4.4) can yield information on

spatial proximities of framework atoms and material defect levels.

1.2.5 Other Nuclei of Relevance

Other nuclei present in some zeolites, such as /B, '°F and ?*Na can provide useful
information through NMR spectroscopy. Just as the behaviour of boron and aluminium

in zeolites are similar, so too is the information contained in their respective NMR spectra.

B has a very coordination-sensitive &5, and can readily distinguish between different
trigonal, tetrahedral and other extra framework environments often found in borosilicate
zeolites. !9~ Flyorine and sodium are often found as extra-framework species in zeo-
lites and so '°F and >Na NMR spectra can provide structural information in systems of
interest. '”F NMR can indicate different structural motifs found within materials synthe-
sised in the presence of fluoride as well as being used to monitor other processes such
as dealumination by tracking the formation of alumino-fluoro species.!'>!13 23Na NMR

spectra can be used to indicate the location and siting preference for extra-framework
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cations in materials, where sodium, argably the most common extra-framework cation in
zeolites is present. In the case of the CHA framework, 23Na NMR has aided identification
of the four main cation siting environments in the framework and given an indication of

how alkali metals site in mixed-metal cases. 14115

1.3 Traditional Approaches to Synthetic Zeolites

Although established, the field of zeolite synthesis is continually expanding, with new
methodologies being developed to produce new materials and improve existing synthetic
routes. The majority of zeolite and zeolite material syntheses follow the same general
protocol and are typically carried out under hydrothermal conditions. Zeolites are syn-
thesised by the combination of silicas and aluminas in basic media to form amorphous
gels, which may also incorporate metal salts, organic templating agents and mineralis-
ing species. These reagents reversibly self-organise to form metastable, inorganic species
which precipitate out of aqueous solution as crystalline tectosilicate networks. %3336 This
section serves to set out the main principles of traditional zeolite synthesis and introduce

some of the synthetic concepts used in this work.

1.3.1 Hydrothermal Autoclave Synthesis

Hydrothermal synthesis via the autoclave route is the most popular method of making
zeolites. Reagents are combined and placed in Teflon liners, which are placed in steel au-
toclaves that in turn are sealed and heated to temperatures ~ 120-180 °C (see Figure 1.5).
Typically, a reaction gel is formed by the dissolution of silicon and aluminium (or a
heteroatomic species) in water. The high polarity, permittivity, specific heat capacity and
wide liquid-phase temperature range of water make it a suitable solvent for dissolution of
zeolite reagents, facilitating the transport of ions and charged species during the zeolite
synthesis process. Dissolution of reagents is often aided by the introduction of basic
media, such as alkali metal hydroxides, which increase the pH to form the correct species
in solution for coordination (Si(OH)4*~, AIOH4>") under hydrothermal conditions. The
form in which silicon and aluminium is added to the water can have consequences on
the synthesis; silicon can be added as fine solid silica (Si0,) powders, dispersed in
colloidal silica solutions, such as Ludox, or in the form of a coordinated organic, such as
the alkoxide tetraethylorthosilicate (TEOS), which is first hydrolysed in solution to the

reactive form.
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Figure 1.5: Components of an autoclave used in hydrothermal zeolite synthesis.
Left to right, steel body, Teflon liner and lid, steel blast ring, steel plate and lid.

At elevated temperatures and consequential autogenous pressures, the reactive species
form critical solutions, which possess a thermodynamic driving force for crystallisation.
However, due to the kinetic effects also present at elevated temperatures, reactive zeolite
gels possess a high degree of reversibility and many transient oligomeric species form,
before a thermodynamic sink leads to nucleation and agglomeration. ¢ Nuclei continue
to agglomerate and if they reach a minimum critical size, crystallisation occurs. !16-117
Indeed, several agglomerated zeolite phases may form during synthesis with the final
product achieved dependent on the selected reaction conditions.!'®!1° The difficulties
associated with predicting the crystallisation of metastable reactive phases under these
conditions and the influence of many different factors, e.g., mixing times, reaction times,

temperature, makes predictability and control in zeolite synthesis challenging.®

1.3.2 Reaction Variables and Mechanism

In addition to reaction conditions, reaction components can also influence the observed

products. A typical aluminosilicate reaction gel will satisfy the expression:

15105 : 0 —0.5A1,03: 0—0.5SDA — OH : 0 —0.5M>0 : 5 — 100H,0 : 0—0.1HF, (1.3)

where SDA-OH is the hydroxide form of the SDA and M has a valency of one. All
components added to the autoclave are accounted for within the reaction gel and the ratio
of silicon to aluminium generally reflects the expected silicon and aluminium content
of the material produced.® Greater concentrations of basic media generally support
the crystallisation of lower Si/Al materials, however if the same absolute volume of

hydroxide is present in more dilute solution this may hamper the crystallisation of a phase

12



as the agglomerates prefer to stay dissolved in the alkaline mother liquor. This trade-off
has to be weighed up against the factors for desired crystallite size and economics;
concentrated solutions and shorter reactions yield smaller crystallite sizes but longer
reactions of dilute mixtures may offer large ‘single’ crystals. Further, smaller crystallite
sizes approaching the nanoscale can hamper reaction processing but long reaction times

and large volumes of solvent are economically unfeasible. 16117120

The choice of source of hydroxide also influences the reaction products; the high con-
centration of hydroxide required in low-silica gels is achieved using alkali bases as the
abundance of the accompanying metal cation aids charge matching, reducing the positive
charge deficit introduced by AI’*. The positive alkali metal cations in the base can also
act loosely as a ‘template’ around which the aluminosilicate species grows.!16:117-120 T
syntheses of higher Si/Al zeolites, the templating role of the inorganic base is fulfilled by

an organic structure directing agent (SDA) (see Figure 1.6).
<] - _
o N OH
OH ) .

OH-
l/\N"”\/\/\/ ~—N
N\\ﬂ N*

Figure 1.6: Some examples of SDAs used in zeolite syntheses and their com-
mon abbreviations. (a) tetraethylammonium hydroxide (TEA-OH), (b) N,N,N-
trimethyladamantammonium hydroxide (TmAda-OH), (c) (6R, 10S) 6, 10-
dimethylazoniaspiro[4.5.]decane hydroxide, (DMAD-OH) and (d) 1,1’-(hexane-
1,6-diyl)bis(1,4-diazabicyclo[2.2.2.]octan-1-ium) hydroxide (diDABCO-C6)

Zeolite SDAs take the form of salts of alkylated quaternary amines, in either their
as-synthesised halide form or more commonly, as the analogous hydroxide salt obtained
through ion-exchange. In solution, SDAs disassociate to leave the positively charged
quaternary amine that acts to solve the charge imbalance brought about by aluminium in
the reaction medium. The larger size of organic amines over metal cations means that the
charge is distributed uniformly throughout the reaction gel, and clustering of aluminium

in the final product is limited. The organic SDA also serves to ‘direct’ the dissolved
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aluminosilicate species within the reaction medium, interacting with water and silica in
solution to form clathrates, resulting in the formation of a framework representative of
the SDA used. This ‘templating’ effect of the SDA was first proven using the silicalite-1
(MFI) - TPA (tetrapropylammonium) system by Chang and Bell in 1991 and later
backed up by Burkett and Davis in further studies on the same system utilising solid-state
NMR. 121-124 The synthetic tunability of alkylammonium salts presents an almost infinite
field for the synthesis of novel SDAs, where variations in chain lengths, bulk, charge

density, etc. can effect to produce zeolite frameworks with novel topologies. 125126

As mentioned above, the primary role of hydroxide within zeolite syntheses is to convert
the silicas and aluminas to their reactive species through increasing reaction pH. For low
and medium Si/Al ratio zeolites, the hydroxide contributed from alkali bases or SDA so-
lutions is often sufficient. However, in instances where high Si/Al (> 20) or pure-silica
frameworks are desired, additional mineralising agents and alteration of the reaction sys-
tem may be needed. The most popular choice for this is the use of fluoride, and in partic-
ular HE, which promotes synthesis of high- and pure-silica materials in low water, acidic
conditions. The presence of fluoride in syntheses promotes large crystal growth and min-
eralises reaction mixtures by countering the effect of positively charged SDA molecules;
in high-silica syntheses the latter is also achieved by the trivalent metal source (AI**, B3,
etc.). Like the SDA, fluoride anions in the material are removed following calcination,
so high silica zeolites synthesised via the fluoride route typically have a high level of
defects once calcined. For siliceous zeolites however, fluoride forms negatively charged
pentacoordinate (Si—O—)4SiF centres that, once calcined produce a neutral, defect-free
tetracoordinate framework. The most common source of F~ as a mineralising agent in
zeolite synthesis is HF; its use aiding the crystallisation of several all-silica zeolite ana-

logues 9,125,127-129

1.3.3 Issues with Hydrothermal Synthesis

The wealth of techniques developed to produce zeolites have yielded success, however
the number of structures actually produced makes up only a very small proportion of
those possible. in-silico studies predict that <0.1% of all feasible zeolites have been
produced in the laboratory, meaning a great void exists between the success of our

established synthetic techniques and what is, in theory, possible. 130-132

This so-called ‘zeolite conundrum’ primarily exists as a result of a disparity between
thermodynamic accessibility and kinetic feasibility. Many predicted zeolite structures

lie within 30 kImol~! of quartz and yet never materialise in real life as they remain
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kinetically inaccessible under traditional hydrothermal conditions. The plot in Figure 1.7
shows how synthesised structures lie at the lower density edge of the predicted region for
zeolitic materials and how many more materials exist with higher framework energies,

densities or both.

Energy vs. Density
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Figure 1.7: A plot showing the relationship between framework energy and
framework density for computationally predicted (black dots) and synthetically
produced (red line) zeolites. Figure adapted from Deem e al..'3°

1.4 Alternative Routes to Zeolites

Alternative strategies have been developed to increase the numbers of zeolite frameworks
to optimise the routes to known structures. These methods, utilising non-conventional
synthetic techniques, such as ionothermal or solvent-free conditions, ball-milling or
microwave treatment have yielded new materials from amorphous gel systems with some

132 attributes the success of these methods to

success. A recent review by Deneyer et al.
the increased degrees of freedom within syntheses, be it in the chemistry of the system
(composition, etc.) or in the environment itself (external system treatment, etc.). The
former strategy, where the chemistry and interactions of components within the system
is altered, has proven to be the most successful in forming new structures and synthetic
routes. Affecting the component interactions alters the kinetic profile of the reaction

resulting in new potential opportunities to access novel materials.
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A number of key methodologies for successful synthesis of new, or facile synthesis of
useful zeolites involve pre-formed zeolites as starting materials; the so-called ‘top-down’
approach. 133134 Transformations of existing zeolites open up new kinetic routes at higher
energies than those of amorphous gel syntheses (‘bottom-up’) as zeolites, utilising the
greater framework energy of the zeolite as a starting platform. Some significant top-down

approaches used in this work are introduced in Section 1.4.2.

1.4.1 Low-solvent Routes to Zeolites

An issue associated with hydrothermal synthesis of zeolites is the amount of water and or-
ganic structure directing agent present in the reaction medium. Both variables are associ-
ated with increased manufacturing cost and have negative implications for waste disposal.
In order to reduce reaction costs and utilise ‘greener’ syntheses, low-solvent or solvent-
free reactions are sought. '3-138 The high atom economy of these synthetic strategies pose
a particular advantage to this project, where in-situ '’O-isotopic enrichment of materials

1s desired.

1.4.1.1 Vapour-phase Transport and Dry-gel Conversion

Vapour-phase transport processes proceed by permitting the movement of certain
reactants in the gas phase. The process still requires small amounts of water, occasionally
having the OSDA (organic SDA) dissolved within. The dry-gel components; silicas,
aluminas and/or any heteroatom source; may be reacted before to kick-start the reaction
and are placed within the autoclave, separate from the liquid phase. Upon heating, the
vapour-phase transport network is initiated and crystalline zeolite materials can be made.
This technique for the synthesis of zeolites was first employed in the preparation of
ZSM-5 (MFI) by Xu, et al. in 1990.!3

In this work, the low solvent volume and high atom economy of the dry-gel conversion
process has been used to synthesise and modify the structure of zeolite materials and

combine them with H, 7O vapour, resulting in new '’O-isotopically enriched materials.

1.4.1.2 Mechanochemistry

Mechanochemical treatments can also be used in the preparation of zeolites to supply
energy to reagents and ensure their intimate mixing prior to heated reaction, or to

assist in place of heat and liquid in the form of post-synthetic reactivity of zeolites. 33
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Mechanochemical approaches to zeolite formation have gathered a great deal of attention
within the scientific literature and within industrial applications, owing to their low
solvent requirements, the ability to scale syntheses with ease and the reduction in the
required heating time. The cleaner, greener syntheses associated with mechanochemical
treatments reduces processing time and energy dependence, making them particularly
attractive for industrial applications. However, the knowledge of key parameters for the
mechanochemical preparation of zeolites is still developing with the preparation of only

some frameworks successful using this approach. 138

In this work, mechanochemical treatments have been used in the preparation of several
zeolites to ensure mixing of reagents prior to reaction and to assist in selective disassembly

and 17O—isotopic enrichment reactions of an ADOR-able zeolite (see Section 1.4.2.2).

1.4.2 Post-synthetic Reactivity of Zeolites

Zeolites are often perceived as stable, inert solids due to their use as catalysts, support me-
dia, efc. under a range of harsh operating conditions. They can also be very reactive, with
positive and negative consequences. Reactivity can of course be a hindrance, resulting
in material deactivation and degradation. However under certain conditions, weaknesses
can be exploited to form zeolites with novel topologies, convert between known topolo-
gies and to alter material characteristics, such as framework composition, 6:132.139:140 A
selection of post-synthetic reactions on zeolites important to this work are introduced in

this section.

1.4.2.1 Zeolite Instability

Aluminosilicate zeolite structures are susceptible to framework degradation through
a host of processes. Most often, excessive heat treatments or hydrolytic action are
responsible for reactions with zeolites, resulting in loss of function through catalytic

deactivation, dealumination and silanol nest formation, ¢-13%-140

Aluminosilicates with higher aluminium contents have a lower hydrothermal stability
due to the increased prevalence of weaker Si-O-Al linkages and the greater hydrophilicity
of the material. When heated, aluminosilicate linkages are most readily cleaved, leading
to zeolite dealumination and possibly structural degradation. Dealumination results in
the formation of penta- and hexa-coordinate aluminium within the material or on its

surface, altering its catalytic properties. Dealuminiation processes can be assisted by the
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presence of water and under some circumstances can provide routes to the formation
of new materials with enhanced properties. Heat-treatment and lanthanide-exchange
of Y zeolite (FAU) in the presence of steam, for example, results in dealuminated
US-Y (ultra-stable Y), which shows enhanced hydrothermal stability and exceptional
FCC (fluid catalytic cracking) turnover rates.%!#1-143 Recent studies of water’s role in
dealumination mechanisms have suggested that although rate-determining steps differ
across frameworks, the process was always initiated by attack of a water molecule anti- to
the position of the proton on the Brgnsted acid site, forming distorted tetra-/penta-hedral

aluminium structures, 140-144.145

The threat posed to zeolites by water is not limited to dealumination conditions. The
size of the water molecule means that it can readily navigate zeolite architectures and
its nucleophilicity and polarity enable it to interact with itself and the structure of the
zeolite. The framework interaction often highlights zeolite instability through hydrolysis
of framework bonds, such as Si—O-Si1, S1i—O—-Al, Si—O-B and Si—O-Ge. The result
can be detrimental to zeolites in commerce; deactivating catalysts and support materials.
In some instances however, instability can be advantageous. As the action of water on a
zeolite is heavily dependent on the material topology and composition and the nature of
the water present, several steps, such as choice of dopant atom, temperature and pH can

be taken to engineer material (in)stability in application. 13%-140.146

1.4.2.2 The ADOR Process

The ADOR (Assembly, Disassembly, Organisation, Reassembly) process is a method-
ology for synthesising new, high-silica zeolite structures through selective deconstruc-
tion and reconstruction of a parent zeolite material (see Figure 1.8). The process ex-
ploits the hydrolytic instability present in the structure of a parent germanosilicate zeolite,
most often IM-12 (UTL). Incorporation of germanium (Ge**) into zeolites produces het-
eroatomic, charge neutral materials with large pore and channel dimensions and readily
hydrolysable Ge —O bonds. 6%-146-150
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Ge-UTL
parent material

+ product (OKO)

Figure 1.8: A schematic of a typical ADOR reaction for Ge-UTL. Disassembly
(D), Organisation (O) and Reassembly (R) stages and key reaction intermediates
are shown.
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Within the structure of UTL, germanium locates preferentially in double four ring (d4r)
units found between two-dimensional layers, resulting in a structure of silicate-rich lay-
ers separated by germanium-containing d4rs and a perpendicular large-pore 12r and 14r
channel system.%+93:151.152 Tp the most simple ADOR transformation of UTL, the Ge—O
bonds in the d4r are hydrolysed, dismantling the unit and producing two-dimensional
sheets, following treatment with water;. Removal of the majority of the germanium from
the structure causes a contraction of the silicate sheets in the inter-layer spaces and forms
a disorganised, crystalline intermediate, IPC-2P*. The transient formation of IPC-2P*
and its structural disorder mean that its exact long-range order and structure is not fully
known. Further reaction in the inter-layer space results in the breakage of of some Si—O
linkages and deintercalation of Si from the d4rs. This results in further contraction of the
two-dimensional layers, producing a very disorganised intermediate with no interlayer
species, referred to as IPC-1P. Further reaction in water allows reintercalation of some
silicon from solution and a gradual increase in inter-layer space. When intercalation re-
sults in the equivalent reinsertion of a single four ring (s4r) into the structure, the material
can be isolated as IPC-2P, which is found to have the same inter-layer spacing as IPC-
2P*. Capturing the intermediate mid-way between the IPC-1P to IPC-2P transformation
isolates the IPC-6P intermediate. Upon isolation, the intermediate species can be topotac-
tically condensed by calcination processes to form high-silica zeolites with novel topolo-
gies; IPC-1P to IPC-4 (PCR), IPC-2P to IPC-2 (OKO) and IPC-6P to IPC-6.66:193:153 The
progress of the ADOR process can be tracked using powder X-ray diffraction by studying
the change in d>gg reflection, corresponding to the distance between silicate layers within
the structure of UTL (see Figure 1.9).
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Figure 1.9: Structures of (ai) Ge-UTL and (aii) IPC-1P, indicating the interlayer
spacings equivalent to dygp reflection in ADOR intermediates and (b) a plot of
d>op reflection value versus time for Ge-UTL hydrolysis in water at 100 °C.
Disassembly (D) and organisation (O) steps are indicated.

The ADOR transformation process is found to be very dependent on a range of condi-
tions, such as hydrolysis time and temperature, pH of hydrolysing media, presence of
extra organic species, pressure and heteroatom content. To date, 12 new zeolites of novel
topologies have been made as a result of ADOR transformation processes, many of which
are silica-rich and possess a greater framework energy than the starting zeolite, driving

into the region to the right of the traditional synthesis vector in Figure 1.7.66:154

1.4.2.3 Post-synthetic Transformations

An alternative approach for obtaining a desired zeolite framework is through post-
synthetic transformation (PST) (or inter-zeolite conversion) of a formed zeolite material
(see Figure 1.10). This approach can be used to form zeolites with novel topologies, con-
vert between known topologies and to alter material characteristics, such as framework
composition. Similar to Section 1.4.2.2, post-synthetic transformations of zeolites pro-
ceed by targeting instability in the parent zeolite and pushing the framework to form new
materials dependent on the reaction conditions and presence of extra reaction species,
such as structure-directing agents, and occasionally extra silicon/aluminium sources. The
instability in the parent material is usually introduced by carrying out the reactions in ba-
sic media, which is strong enough to cause bond cleavage of certain bonds in the structure
under reaction conditions, but not so strong that the overall structure is digested. 13156

Again, the starting materials possess a greater energy than typical zeolite reagents so less
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Figure 1.10: Schematic of a post-synthetic transformation of FAU to CHA inter-
zeolite conversion reaction.

energy is required to convert zeolitic starting materials to the high-energy products of
different topology, reducing costs and reaction times. These modifications have fewer
degrees of freedom also, so procedures are more likely to result in zeolitic materials. To
a degree, products can be predicted as there are known conversion routes between some
main groups of zeolites, such as FAU, CHA, MFI, STF and MTW. !5 Alteration of
framework composition and characteristics is achievable through post-synthetic topology
conversion, however this is not required and mild compositional alteration procedures
that do not compromise the integrity of the initial framework, such as demetallation
and ion-exchange are routinely used to modify zeolites without the need to synthesise

bottom-up. 40

The increased probability of reaction success and the savings in time, energy and reagent
costs that inter-zeolite conversions offer compared to hydrothermal syntheses makes them
sought after for application. However, the extent to which PSTs can be applied to trans-
form zeolites between one another is not fully understood. Aside from trial and error, few
methods have successfully predicted large groups of possible transformations which are
backed up by experiment. Some factors are predicted to have an effect, such as whether
the transformation involves an increase in framework density, whether the frameworks can
exist as competing phases, or are diffusionally or intergrowth linked, or share topological

and graph similarities. 15-157

1.4.2.4 Metallation and Demetallation

Framework composition alteration of zeolites is a useful post-synthetic strategy for
targeting specific zeolite catalysts. The strategy circumvents the necessity to synthesise a

framework in its desired composition, which can be challenging. Aluminium content is
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often altered in zeolites either to access more useful, higher Si/Al materials, exchanged

with other metals e.g. Ge or reinserted after dealumination processes.*®

Demetallation processes, such as the removal of aluminium can be achieved through
steaming (as in dealumination), however this often leads to silanol nest formation, so
processes where reagents, such as SiCly and SF¢ can be employed to remove aluminium
and repair defects. Similar processes resulting in the formation of high- and pure-silica
zeolites can be applied to ‘metalloid’ boro- and germano-silicate zeolites. High-silica
materials can be made from borosilicates by hydrothermal reaction in acetic acid and as
discussed in Section 1.4.2.2, germanium can be removed from materials by hydrolysis

reaction, 46:63.66

The reintroduction of aluminium into zeolites can also be performed using mild treat-
ments, typically involving solutions of sodium aluminate or aluminium chloride, with
aluminium directing into vacancies in the framework. The reinsertion process has re-
cently been achieved as a reversible post-synthetic process for germanosilicate UTL. This
enables a high level of control over the desired level of heteroatoms within the struc-

ture. 158,159

1.4.2.5 Ion-exchange

The least-intrusive way to tune the properties of a zeolite is through ion-exchange of
the extra-framework charge-balancing cations. As mentioned in Section 1.1.2, zeolites
are most commonly synthesised in their sodium or potassium forms, but are readily
converted to other cation forms, through successive mild aqueous thermal treatments in
the presence of the desired exchange cation. Typically, simple ionic salt solutions like
chlorides and sulfates of ~ 1-3 M are used for ion-exchange. In order to access the
catalytically-useful Brgnsted acidic form of materials, one must first exchange to the
ammonium form; often using ammonium chloride solution; before calcination in air,

liberating ammonia gas and the H* form of the material.

Cation-exchange is dependent on the kinetics of the exchange, affected by the nature of
the cation itself, the zeolite and the temperature of the exchange system. Extra-framework
cations have a preference to site close to the net-negatively charged heteroatom (Al
B3*, etc.), interacting with the adjacent framework oxygen atoms. However, X-ray
diffraction studies reveal that within the zeolite framework, cations are found to site

at specific locations, dependent on their relative energies of association. Within these
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location sites, the energies and molecular geometry of zeolite architectures can preclude
the passage of cations, which are accompanied by large hydration spheres, so different
exchange profiles and properties are seen for different cations. In some instances,
this preclusion has a temperature gating effect and additional heating of ion-exchange
solutions can produce different exchange profiles.?6?’ The gravity of this effect has
been demonstrated for the CHA where a selection of alkali metal cations; Li, Na and
K produced different cation siting profiles, which were found to be dependent on the
energy of association and size of the metal ion in solution. !'*!15 The location of cations
within the material may also be associated with their stability; divalent ions, such as
Cu?*, Zn%* and CaZ* in the chabazite framework are more likely to be found associated
with the d6r unit as they can be stabilised by the presence of two framework aluminium
in close proximity, if the Si/Al permits.'6%-1%4 The location and siting of the cations

within the framework can have important concenquences for the reactivity of the material.

The absolute hydration state of the zeolite also effects the siting environment of cations
in the structure. The large hydration spheres surrounding extra-framework cations in
hydrated zeolites mean that metals or Brgnsted acidic protons are found further from
the zeolite framework oxygens. However, the loss of hydration sphere upon dehydration
means they move much closer to the framework and in the case of Brgnsted acidic site,
bind directly to the oxygens adjacent to the heteroatom. These changes in association
can be picked up by localised coordination-sensitive analysis techniques like solid-state
NMR_ 7398

1.5 'O Isotopic Enrichment of Zeolites

The variety of reactivity discussed in Sections 1.3 and 1.4.2 demonstrate the flexibility
within and tunability of synthesis and modifications of zeolite frameworks. In all
reactions discussed, chemical bonds within the structure of the zeolite will be made
and or broken. As all bonds in a zeolite framework involve oxygen, this widespread
bond lability presents an enormous opportunity for framework '’O exchange to study

framework reactivity under different conditions.”?

Incorporation of 7O into a zeolite can be achieved in several ways, employing both during
and post-synthesis strategies. The approach used and the form of the 7O isotope may be
determined by the type of reaction or enrichment process studied. In this section, !’O

enrichment techniques relevant to this project are introduced.
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1.5.1 Reaction Incorporation

The simplest way to incorporate 7O into materials to study their reactivity is to do so
during a reaction. This in-sifu incorporation almost always uses H, 7O as the 7O source
for facile incorporation into the reaction system (see Figure 1.11). When incorporating
H, 170 into a reaction, the uniformity of material enrichment and overall concentration of
170 in solution is an important consideration of the final enrichment level of the mate-
rial. The high costs associated with H, !0 mean that reaction system optimisation is an

important consideration.

(@) (b)

Figure 1.11: Examples of methods for 7O isotopic enrichment of zeolites via
reaction incorporation: (a) reflux and (b) hydrothermal autoclave treatment.

Literature reports several examples of introduction of H,!7O into a reaction system to
study zeolites. First examples of '’O-enrichment of zeolites involved post-synthetic
hydrothermal exchange of 7O into the framework by heating the material in H,!’O
in a sealed autoclave. This approach requires acceptable amounts of H,!'’0 50-100%
of the mass of zeolite to be enriched.?!:165-169 More recently, UTL zeolite has been
enriched during its disassembly in H>!'’O to form !"O-enriched layered ADORable
intermediates. '3 Similar strategies for !’O-enrichment have been attempted on zeolites
and related materials via mechanochemical means. All of these strategies run the risk of
non-uniform enrichment as those bonds which are perturbed during the reaction are at a

greater possibility of enrichment than those that aren’t.”?

A reliable way to ensure uniform enrichment of a zeolite is to perform direct enrich-
ment of zeolites during synthesis. However, the large amounts of water (and therefore
H,'70) required in this case makes the reactions quite uneconomical and so this method

is scarcely employed unless low-water reaction conditions have been optimised. >
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1.5.2 1702(g) Post-synthetic Gas Exchange

The most widely accepted method to achieve uniform '"O-enrichment of a zeolite is
through post-synthetic 705 gas-exchange. By heating the chosen zeolite to temperatures
~ 500-700 °C under an atmosphere of 7O, gas, framework bonds are broken reversibly,
exchanging 170 for '°0 in the framework. (see Figure 1.12) This method has been re-

ported for the isotopic enrichment of a number of zeolites. The stability of the parent

material is an important consideration for this method with thermal degradation and dea-
73

lumination processes possible at elevated temperatures.

Figure 1.12: Method for 70, gas-exchange of zeolites. (a) Schematic of
quartz tube and sample experimental set-up, (b) zeolite sample in a quartz tube
for enrichment and (c) Schlenk apparatus used for enrichment.

1.5.3 Slurrying

Recent interest in the characterisation of microporous materials and their interaction with
water under ambient conditions has led to the development of new enrichment techniques,
which can be studied in-situ. The method of ‘slurrying’ is one such technique, whereby
small amounts of H,'70 and material of study are combined, typically ina 1 : 1 or 2
: 1 ratio at room temperature in a sealed system and subsequent analyses are taken (see
Figure 1.13).73104

Figure 1.13: Method for H, 7O slurrying enrichment of zeolites. (a) schematic
of prepared slurrying insert within NMR rotor and (b) experimental set-up of
loaded and unloaded slurrying inserts and NMR rotor.
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This method has been adapted for solid-state NMR studies of zeolites by sealing the ma-
terial and enriched water in 4 mm HRMAS rotor inserts, which in turn are sealed in 4 mm
rotors for NMR acquisition. Although facile, economical and proving to show interesting
results about the room-temperature reactivity of some zeolites, this method occasionally

produces results where non-uniform, no or very little !’O-enrichment is observed. 73104

1.6 Selected Frameworks Introduction

A general introduction to the zeolite frameworks for which the majority of this project is
focused, CHA, FAU and UTL, is provided.

1.6.1 Chabazite (CHA)

CHA framework materials receive a large amount of research interest with proven
applications. Chabazite is a small-pore zeolite and its framework materials are applied to
gas separation, MTO and NH3-SCR catalysis.?8-32

Structurally the CHA framework is simple, with one crystallographically-distinct T site
and four crystallographically-distinct T site oxygen sites. The constituent atoms combine
to form a periodic structure of d6r and cha cages with an atomic unit cell of T307.17°
Each of the four crystallographically-distinct oxygen sites (O — Oy4) sit in a unique com-
bination of rings; two 4-rings and a 6-ring (O1), a 4-ring and two 8-rings (O»), a 4-ring a
6-ring and an 8-ring (O3), and two 4-rings and an 8-ring (O4). Note that different nomen-
clature is used in this report to that of original and other published assignments. !70-172
Designations for O; and O4 have been swapped, making for easier comparison to the

verified crystal structure used in calculations and resulting discussions.*
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Figure 1.14: Structure of CHA framework showing crystallographically distinct
framework atoms and the locations of extra-framework cations with crystallo-
graphic designations.

When tri-/di-valent heteroatoms are present within the CHA structure, extra-framework
cations are found in up to four main locations (see Figure 1.14). The sites, denoted herein
as SI — SIIT and SIIT', are located within the d6r ring (SI), in the cha cage, just above
plane of the 6r ring of the d6r (SII) and in the cha cage at the 8r window, either close
to the corner of the 4r of the hexagonal prism or almost at the centre of the 8r (SIII and
SIIT'), respectively. The site of choice for extra-framework cations depends on the size
and charge of the cation and on the presence of other cations already in the framework.
Generally, however, divalent cations sit on SI and SII, with monovalent alkali metals
preferring SII, SIII and SIIT'. In the acidic form of SSZ-13 CHA, where protons sit on the
framework, the Brgnsted protons are found to bond to O; and O3, pointing into the d6r

and 8r window of the cha cage, respectively. !7?

1.6.2 Faujasite (FAU)

Like chabazite, faujasite is another example of a naturally-occurring zeolite, for which
materials of the same FAU topology can be prepared synthetically. Aluminosilicate FAU
materials, such as the Linde X and Linde Y, with Si/Al of 1-3 and < 3, respectively were
some of the first materials to be prepared synthetically on an industrial scale. Both X and
Y have applications as fluid catalytic cracking (FCC) catalysts, with the latter showing

superior qualities.

The FAU topology is crystallographically similar to that of CHA, with one and four
crystallographically-distinct T and oxygen sites, respectively. The constituent atoms

combine to form a periodic structure of d6r and sod cages with an atomic unit cell
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of T1920384. The arrangement of the dér and sod cages are such that the unit cell
contains eight distorted hexagonal prism supercages with /2r windows. Each of the

four crystallographically-distinct oxygen sites (O; — O4) are sited in two 4-rings and a

supercage 12-ring (O1), a 4-ring and two 6-rings (O7), two 4-rings and a 6-ring (O3), and
)_ 173

a 4-ring, a 6-ring and a supercage 12-ring (O4

Figure 1.15: Structure of FAU framework showing crystallographically distinct
framework atoms and the locations of extra-framework cations with crystallo-
graphic designations.

Extra-framework cations occupy four main sites within the structure of FAU; SI, ST, SII
and SIII. With the exception of SIII, these are located along the threefold symmetry
axis (see Figure 1.15). They are found: at the centre of the d6r that connect sod cages
(SI), facing SI within the sod cage at the 6r window (SI'), within the supercage at the 6r
window to the sod cages (SII) and in the supercage at the 4r windows to the d6r units and
sod cages. Occasionally cations can be found at a site referred to as SIII' at /2r windows
of adjacent supercages, these are scarcely populated however, due to their higher energies.
Sodium and potassium cations, of interest to this project, are found to site preferentially
at SI. SI, ST’ and SII are the only sites populated when the Si/Al of the zeolite <2.173-175
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1.6.3 IM-12 (UTL)

The UTL framework topology contains two-dimensional sheets that lie parallel to one-
another, separated by d4r units (see Figure 1.16). Perpendicular /2r and /4r channels run
between the two-dimensional sheets. The framework, which has a unit cell of T760;52,
comprising 12 and 23 crystallographically-distinct T and oxygen sites was the first to
be dubbed an ‘ultra-large pore’ zeolite due to the existence of its 12- and 14-membered

cavities, which are permitted by the inclusion of germanium in the synthesis. %411

Figure 1.16: Structure of Ge-UTL framework with preferential distribution of
germanium throughout the framework indicated. Viewed down (a) z and (b) y
axes.

The greater diffusivity of the germanium coordination sphere supports the larger cavities
and leads to a preferential incorporation within the strained d4r of material. Studies have
shown that germanium populates the d4r exclusively up to the point where approximately
% of the positions are filled. At this level of germanium incorporation, there is a tendency
to avoid Ge—O-Ge linkages and they are located as far away from each other in the d4r
as possible. At increased germanium loading, the dopant element can also be found at
a random distribution throughout the two-dimensional sheets, whilst increasing its occu-
pancy and forming Ge —O—Ge in the d4r. Si/Ge levels of the zeolite often approach 3-4.5.
Si/Ge of 11 and 3.5 are obtained by assuming sole occupancy of Ge in the d4r at % and %

population, respectively. 1>2
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Chapter 2
Characterisation Techniques

In this section a brief overview of the characterisation techniques used in this thesis and
the theory that underpins them will be provided. Instrument-specific details and practical

methodology are outlined in the following chapter.

2.1 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a widely used spectroscopic
technique for the characterisation of molecules and materials. The technique provides
element-specific information about the local environment of a nucleus, including the
local electronic structure and bonding arrangement. Not limited to routine structural
characterisation, the application of NMR spectroscopy to chemical systems can provide

information on chemical reactivity, reaction mechanism and short-lived intermediates.

The use of NMR spectroscopy in scientific research is divided broadly into liquid-state
and solid-state approaches. The former is most widely used, with spectra characterised
by sharp, well-resolved lineshapes, providing detailed information primarily on organic
or biological molecules. Solid-state NMR spectroscopy on the other hand is less widely
used, with the extraction of structural information often hampered by the anisotropic
nature of the interactions present, contributing to a broadening of lineshapes, which is
removed in solution by rapid molecular tumbling. It would appear then that solid-state
NMR spectroscopy has to overcome more challenges to extract structural information.
However, the anisotropic interactions can provide a wealth of information about chemical
environments, which is simply averaged away in solution-state NMR spectroscopy.
Solid-state NMR spectroscopy therefore is widely applied to the field of materials
chemistry where it excels in the characterisation of the structure and processes occurring

in inorganic and hybrid organic-inorganic materials. !>
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One advantage of NMR spectroscopy over other characterisation techniques is its sensi-
tivity to the local coordination environment of nuclei, meaning reactivity-based changes
are easy to investigate. Other characterisation techniques may only see these through
secondary changes, e.g., crystalline structure or structural stability and as such their de-
tection of system reactivity is indirect. Consequently, there is a huge potential for the
use of NMR spectroscopy to characterise reactions in real time for both solution- and

3-10

solid-state, utilising in-situ techniques, which is a particular focus in this project.

2.1.1 Nuclear Magnetic Resonance

NMR spectroscopy is based on the study of nuclei with a net magnetic moment i.e., a non-
zero nuclear spin. When placed in an external magnetic field (By) and applied with soft
radio-frequency (RF) pulses, signature resonances of the nucleus of study are detected,

providing much information on local atomic structure and coordination environments. !!

2.1.1.1 Fundamentals

A description of the fundamental underlying principles of magnetic resonance is given

below 2,11-15

Nuclei that possess a non-zero spin quantum number, / (e.g. %, 1, %, 2, %, ...), will possess

a spin angular momentum, I. The magnitude of I is quantised in units of 7 and is given
as,
1
\I| = [I(I+1)]2h. 2.1
As it has both direction and magnitude, spin angular momentum is a vector quantity. In
addition to the quantisation of the magnitude of I, the orientation is also quantized by
convention along the z-axis, giving the z-component of the spin vector as,
I, =m;h, (2.2)
were, my 1s the magnetic quantum number, which can take 27 + 1 values between + I and

—1.

The overall magnetic moment, @ of a precessing nucleus, is related to I through the

gyromagnetic ratio of the nucleus, y, which has the units of rad~'T~!. Importantly, the
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magnetic moment of a nucleus is not simply the sum of the magnetic moments of its
constituent nucleons. Instead, the magnitude of y, which is inherent for each isotope, is
related to the y and I by:

p=, 2.3)

providing an indication of the sensitivity of the nucleus to NMR. Combining Equations

2.2 and 2.3, it follows that the z-axis of the magnetic moment for a nucleus is:

W, = ymh. 2.4)

In the absence of a magnetic field, the 27 + 1 possible orientations of the spin vector
(and corresponding magnetic moment) are degenerate. Upon application of an external
magnetic field, B, the degeneracy of nuclei is lifted (known as the Zeeman interaction)

and the energy (E) becomes:

En = —W:By, 2.5)

as shown schematically in Figure 2.1.
@ A

bQQ b &? ééc?éé ééé : m,-1/2E

0
“O. B=0 (?) I hyB,
§7 o 58 °
Figure 2.1: Schematic representation of an ensemble of / = % nuclei and as-
sociated magnetic moments in the (a) absence and (b) presence of an applied

external magnetic field, By. The relative energies of the spin states (assuming y
is negative) and transition frequencies are indicated.

Combining Equations 2.4 and 2.5, where the magnetic quantum number, m; can take 271 +

1 values, gives 21 + 1 energy states, termed the Zeeman states, having energies of:

Eyy = —ymhB,. (2.6)

In the case of a spin—% nucleus, the two possible orientations, ‘spin-up’ or ‘spin-down’

are often referred to as o and 3, respectively.
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The population of the I = % Zeeman energy levels at thermal equilibrium is given by the
Boltzmann distribution,

Ng -

—=e kpT

Ng ’

2.7

where N is the population of the m;” state, kp is the Boltzmann constant and T is the

absolute temperature. The quantum selection rule for a spectroscopic transition is,

Amp = %1, (2.8)

giving for I = % nuclei one transition with,

AE = hvy = yhBy. (2.9)

Typically, the difference in populations of the ground and excited state is very small as
almost 50% of nuclei sit in the ground state. For example, for protons in a 9.4 T field
at 300 K gives an energy gap of 2.65 x 10~2° J, providing a population difference of
~ one spin in every 16,000. This makes NMR spectroscopy an inherently insensitive
spectroscopic technique, leading to a drive for higher magnetic field strengths to increase

this population difference. Equation 2.9 can be rearranged to give the transition frequency,

_ "By
2’

termed Larmor frequency, v (in Hz). At the magnetic field strengths (1-28 T) commonly

Vo (2.10)

used in NMR spectroscopy, Larmor frequencies typically fall within the radiofrequency
region of the electromagnetic spectrum, e.g., 10 to 1200 MHz. The Larmor frequency can

also be expressed as an angular frequency (®,), in rad s~

wy = —YB,. 2.11)

2.1.1.2 The NMR Experiment

In order to effect transitions between Zeeman states, energy must be supplied to the sam-

ple in the form of a radiofrequency pulse, with a frequency,

W, & @, (2.12)
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For an ensemble of n, I = % spins, the difference in population between the two Zeeman
states gives rise to a net bulk magnetisation vector (M) along the z-axis, given by the sum

of the components of magnetic moments for the n”” nucleus as,

M. =Y, (2.13)

If M is perturbed from its thermal equilibrium position along the z-axis it will precess

around this axis at the Larmor frequency, @y.

In the simplest NMR experiment, a single, short radiofrequency (RF) pulse is applied at
a frequency ~ @, which will interact with the spins and affect the bulk magnetization
vector, M. A pulse can be considered as two counter rotating magnetic fields (with fre-
quencies £+ o). The interaction is difficult to visualise in the static laboratory frame and
is best viewed in the rotating frame, a frame of reference that is itself rotating about the
z-axis at a frequency @,. In the rotating frame one component of the pulse can be viewed
as a static magnetic field that can interact with the spins, while the second (with — @f)
now rotates at —2 @, and can be neglected. It follows therefore that precession of the M

in the rotating frame occurs at an offset frequency, €,

Q= Wy — O f. (2.14)
around an effective magnetic field of,

Beffzg. (2.15)

Y
Depending on the frequency of the applied @,f, 2 may be positive, negative or zero. For
example, from Equation 2.14, if @, is greater than @, Q will be negative and M will
appear to precess backwards in the rotating frame. If @, is exactly equal to @ (termed
"on resonance"), M will be completely static, while if @, is smaller, then Q is positive

and M will precess forwards in the rotating frame.

The application of the RF pulse can be more easily visualized using the vector model
of Bloch, 117 within the rotating frame, as shown in Figure 2.2. The application of the
pulse, a static field, B;, applied along an axis in the xy-plane, results in nutation of M

around this axis at a rate or frequency given by,

o, = —yB). (2.16)
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Figure 2.2: Vector model representing the effect of a pulse on the bulk magneti-
sation vector, M, within the rotating frame. (a) initially aligned along the z-axis
at thermal equilibrium, (b) nutated into the xy-plane at an angle, 8 due to appli-
cation of an RF pulse B; along the x-axis and (c) subsequent free precession of
the magnetisation in the xy-plane at a rate of  after application of the pulse.

The extent to which the pulse causes nutation of M into the xy-plane is referred to as the

‘flip angle’, B, given by,

B = w1, (2.17)

where 7, is the pulse duration. When 8 = 90°, as in Figure 2.2b, M would lie in the
xy-plane itself, while B = 180°would place M along the z-axis. After the pulse has been
applied precession of M about B, at a frequency Q will occur. This precession is damped
by relaxation processes that aim to return the system to thermal equilibrium. The gradual
return of M to the z-axis is the longitudinal relaxation, often termed 7; relaxation. The

time taken for this process to occur can be determined using:

M,(1) — My = [M.(0) — Mole™ , (2.18)

where M_(0) is the magnetisation on the z-axis after the pulse is applied and My is the
equilibrium magnetisation. For solids, the value of T; can be low (i.e. relaxation can
be rapid) for certain lattices but it is more common for this relaxation to take minutes
or even hours in the solid state. The loss of coherent magnetisation in the xy-plane is
the spin-spin, or T> relaxation, which is related to the duration for which a signal can be

recorded.

It is during the relaxation period of the sample that spectral acquisition takes place, with
data recorded used to produce NMR spectra. The damped procession of nuclear spins
about M at a frequency € is recorded by detectors in the xy-plane and is known as the

free-induction decay (FID), containing a signal S(t), with both real and imaginary parts,
S(t) = e (2.19)
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To produce a frequency-dependent spectrum, a Fourier transform is needed, '3 giving:
S(w) = / P dt. (2.20)
0

2.1.2 Interactions in NMR Spectroscopy

A description of the atomic-level interactions that affect the nuclei present in a sample

and their effect on NMR spectra is provided.>!!-13

From the discussion above, all nuclides of one isotope (e.g., with the same ) would be-
have identically in response to the RF pulse. This would result in the production of a sin-
gle precession frequency and, hence, a single lineshape in the NMR spectrum. However,
the reason NMR spectroscopy has proven such a useful analytical tool in the chemical
sciences is that the nuclear spins are also affected by a variety of different interactions,
some between the spins and some between the spins and their environment. This leads to
different precession frequencies and signals in the spectrum that reflect the difference in

the local chemical environment of the spins.

2.1.2.1 Chemical Shift

The great attraction of NMR spectroscopy is that information on the local structural envi-
ronment of a nucleus of study is contained in its NMR spectra. When a nucleus is placed
in an external magnetic field, this causes a precession of the electrons creating a local
magnetic field (B’) which can oppose or add to the external By field. The currents created
will depend on the nature of the electron distribution (and therefore on the local bonding

or closely coordinated atoms). The field experienced by the nucleus, B, is given by,

B=B,—B’=B,1—-o0), (2.21)
where o is a field independent shielding parameter. This results in a pertubation of the
Larmor frequency for the nucleus to,

W,ps = YB = yB,(1 —0). (2.22)

The above equation shows that nuclei that experience different effective magnetic fields
will have inherently different Larmor frequencies. Distinguishing these frequencies from
one-another in a practical way is made challenging by o, the absolute shielding, which

is both small in magnitude and difficult to determine. Practically therefore, different
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resonance frequencies are defined as a chemical shift (§) (a deshielding parameter, usually

quoted in ppm), relative to a reference compound (with shielding G.f) as:

O — O,
5= 1061_—6”}1: ~ 10°(1 — Gre). (2.23)

The chemical shift can be related to the corresponding frequencies by:

Wyps — O
5= 1060”‘;)—10’4. (2.24)
re

2.1.2.2 Chemical Shift Anisotropy

The aforementioned equations would hold for cases where the electron distribution around
a nucleus was spherical. This, however, is not usually the case (owing to the directional
nature of many bonding interactions) as the shielding is anisotropic, or orientationally
dependent. This is best described as a second-rank tensor, ¢, with a corresponding shift
tensor, 0. In their principal axis systems (PAS) these two tensors are diagonal (i.e., with

three principal components). For example, dpas is given by,

§u 0 0
"™ =10 6» 0|, (2.25)
0 0 d3

The observed chemical shift of a resonance is given by,

8 = 8,1 sin> O cos? ¢ + 0 sin® 6 sin” O+ 033 cos’ 0, (2.26)

where 6 and ¢ describe the orientation of the PAS of the tensor, relative to Byp. A
schematic of a chemical shift tensor ellipsoid, with labelled angles and components is

displayed in Figure 2.3.
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Figure 2.3: Schematic of an ellipsoid representing a chemical shift tensor, la-
belled with angles that indicate ellipsoid orientation relative to the external mag-
netic field.

Each component contained within Equation 2.26 is clearly anisotropic, and ¢ itself is
clearly also orientationally-dependent. It is possible however, to rewrite Equation 2.26 in
terms of three different parameters, showing that the chemical shift interaction is com-
posed of an isotropic term and an anisotropic component. In the standard convention
tensor components, 811 > 822 > 033, however the Haeberlen convention'? used in this

thesis follows 1033 — Sisol > 1811 — Oisol > 1022 — isol. The isotropic chemical shift is

given by,
0
o = LT 02271 003 5;2 o (2.27)
The anisotropy is defined by an asymmetry, for which0 < n <1,
0 — 611
=) (2.28)
1 533 - 51'50
and a magnitude,
A= 533 - 5is0- (229)
This gives the observed shift as,
A 2 2
o= 5,~so+§[(3cos 0 —1)+n(sin” O cos2¢)]. (2.30)

While an orientation dependent shift will be seen for a single crystal, the effect of the
anisotropic nature of the chemical-shift anisotropy (CSA) for a powdered sample (where

many millions of crystallites with different orientations are present simultaneously) will

47



be to broaden the spectral lines. For example, the effect of varying 1 on the observed
powder pattern lineshape is shown in Figure 2.4. In solution, the anisotropy is averaged
to zero by the rapid tumbling of molecules, but the isotropic shift is retained, reducing

Equation 2.30 to 6 = Jjso.

—~
Q
~

!

—~
(e}
N

—~
O
~

A

3 (ppm)

Figure 2.4: Effect of varying 1 on a simulated lineshape for an isolated spin I =
% nucleus. The lineshape asymmetry takes values of 1 at (a) 0, (b) 0.5 and (c) 1.

2.1.2.3 Dipolar Coupling

The CSA is not the only anisotropic interaction that broadens lines in solid-state NMR
spectra. Another major contributing component is the dipolar coupling. The dipolar
coupling is a through-space magnetic interaction between two spins, occurring as a result
of the effect of the magnetic field generated by one spin at the second. The magnitude of
the dipolar coupling for two isolated spins (/ and S) at a distance r apart and at an angle

of 0 to the external magnetic field (see Figure 2.5) is given by:

1
w:—ngS§(3cosze—1), (2.31)
where wp™S is the dipolar coupling constant (and PAS denotes the principal axis system

of the dipolar tensor) and is given by,
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WPAS _ Mo 1iYsh (2.32)

D 3
4w Iig

where ryg is the internuclear distance between the two spins.

A

Figure 2.5: Schematic showing the key parameters of the dipolar coupling be-
tween a two-spin (I, S), I = % system.

1

For a powdered sample for two I = 5 nuclei as an isolated spin pair, this results in a

Pake-doublet powder-pattern lineshape, with a maximum width of 2 wp™S. However, in

a real NMR sample there are likely to be many different dipolar couplings to different

spins at different internuclear distances, this usually results in a Gaussian broadening of

the lineshape, significantly hampering the spectral analysis. For a homonuclear dipolar

coupling the spectrum is similar but splittings of 2 wp for a single crystal and a maximum

width of 3 wpPAS for a Pake powder pattern would be observed (Figure 2.6).

PAS
2,

@) o0 RN T (C) A
h 6ilso D 6ilso h 6ilso
3 (ppm) 3 (ppm) S (ppm)

Figure 2.6: Schematic showing the effect of a heteronuclear dipolar coupling
between two spin [ = % for (a) a single crystallite, (b) a powdered sample. (c)
shows the typical Gaussian-broadening of an NMR spectrum that is seen when
multiple such couplings are present.
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2.1.2.4 J coupling

A second type of spin-spin interaction present in NMR spectroscopy is the J coupling,
which is a through-bond interaction between the spins, mediated by the bonding elec-
trons.?%2! The J coupling has anisotropic and isotropic components and is described by
a tensor, JS. However, it is often much smaller in magnitude (usually less than 1000
Hz and often just 1-10 Hz) than the dipolar coupling (or CSA) and the multiplet line-
shapes that are produced by the couplings are often not resolved in the solid state. The
interaction has a much greater impact on NMR spectra in solution, where dipolar and
CSA interactions are averaged to zero, but the isotropic component of the coupling, Jis,,

1s retained.

2.1.2.5 Quadrupolar Interaction

There is an additional interaction that affects almost three quarters of nuclides in the
Periodic table, that can have severe consequences on the appearance of solid-state NMR
spectra. Nuclei with I > % are termed quadrupolar nuclei and possess a permanent
non-spherical nuclear charge distribution, or nuclear quadrupolar moment (Q) which is
specific to each nuclide. This interacts with the electric field gradient (EFG) present at

the nucleus and can lead to broadening of the lineshapes on the order of MHz.

The EFG is described by a tensor, V. which in its PAS (VPAS) is given by:

Vix 00
VA= 0 vy, 0 [, (2.33)
0 0 Vg,

where, IV,| > [Vyyl > V|, The quadrupolar interaction is described by both its magni-
tude, or the quadrupolar coupling constant (in Hz); value of Q can be described by both

its magnitude (Cop);

V.
Co— th & (2.34)
and asymmetry (1q);
Vi = Vyy
= 2.35
Mo T (2.35)

such that 0 < ng < 1.
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From both Cp and 1, the overall quadrupolar product, Pp (in Hz) can be calculated:
g
3

The quadrupolar interaction, although large, can usually be treated as a perturbation of the

Pp=Co\/1+ (2.36)

Zeeman energy levels. As previously outlined Section 2.1.1.1, there are 2 + 1 spin states,
meaning there are up to 2/ possible degenerate transitions, each at the Larmor frequency

(wop), as shown in Figure 2.7.

1¢ order 2" order
Zeeman Quad Quad

m=-5/2 — ST, | o,* 4o, o

o, | ST,
meaz Y eeTTA T

O | ST, ST | @+ 20, ST,
me=-t2 — Y e —r

@ | o7 CT| o, CcT
meH2 — Y e L o

@ | ST, ST, f0p- 205 ..

""" T ’ ST,

m=+32 —Y .-

o, | ST, ST, | w,~ 4o,
gy S S

Figure 2.7: Schematic showing the effect of the first- and second-order
quadrupolar perturbation of the Zeeman energy levels for a spin I = 5/2 nucleus.
The first-order interaction affects satellite transitions only, whist the second-
order interaction perturbs all transitions.

For the case of an I = 5/2 nucleus (and all half-integer spin quadrupolar nuclei) as in
Figure 2.7, there are five possible transitions between energy levels. The effect of the
quadrupolar interaction to a first-order approximation is to perturb all energy levels,
lifting the degeneracy of the transitions. However, the central transition (CT) between
levels with my = + % is unaffected, remaining at the Larmor frequency. The remaining
transitions, referred to as satellite transitions (ST) are perturbed by the quadrupolar
interaction, and their frequency now depends on @¢q, the quadrupolar splitting parameter,

giving rise to five lines within the NMR spectrum.

Integer-spin quadrupolar nuclei have no CT and all single-quantum transitions are

anisotropically broadened in the presence of even a small EFG. However, symmetrical
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MQ transitions are not affected by the first-order perturbation. As for half-integer-spin
nuclei, the symmetrical MQ transitions become anisotropically broadened by the

second-order perturbation.

The quadrupolar splitting is orientationally dependent and is given by,

wPAS
W = %[(3 cos? B — 1) + ng(sin’ B) cos29], (2.37)
where,  and 7y relate the PAS of the EFG to the laboratory frame and The value of a)QPAS
is given by,
C
PAS Y
0y =3T—~ 2.38
T (TES) (2.38)

in rads~!. However, it is not always sufficient to describe the quadrupolar interaction by
a first-order perturbation and if the interaction is significant second-order effects must be
included. The second-order contribution to the transition frequency is given by,
PAS\2
(05™)
2ax

This interaction is anisotropic i.e. orientationally dependent and affects all transitions,

o= A7, B (N) + A7, B> (Mo, B,Y) + A7, B* (Mo, B,7)].  (2.39)

including the CT. Here, A" and B" are spin- and transition-dependent coefficients, and
the Euler angles «, 3,y describe the orientation of the EFG PAS with respect to the
laboratory frame. Equation 2.39 also contains an isotropic term (resulting in a shift of
the signal away from the isotropic chemical shift, Jis,), and two anisotropic terms, a
second-rank and fourth-rank term, which have different orientational dependences. As

PASy2/ o its magnitude is usually a lot

the second-order broadening is proportional to (¢
smaller than the first-order term but can still have important consequences for the width
of the CT lineshape. The larger magnitude of the first-order broadening (proportional
to (oQPAS), means that in many practically relevant cases the ST are too broad to be

observed and only CT lineshapes are acquired.

Further, the local coordination environment around the nucleus has a large effect on the
magnitude of the EFG and the width of the quadrupolar broadened lineshape, with higher-
symmetry coordination environments, such as octahedral and tetrahedral coordination of-
ten having lower Cyp than those with more distorted environments or five-coordinate or
trigonal sites.?>~>* Examples of how lineshapes for spin I = 5/2 nucleus vary with Cp and

Nq are shown in Figure 2.8.
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Figure 2.8: Schematic showing the effect of varying ((a)-(c)) Cp and ((d)-(f))
Nq on a simulated quadrupolar lineshape for a spin I = 5/2 nucleus. (a)-(c), fixed
Nq =0.2 and Cg (a) = 0 MHz, (b) = 2 MHz, (c) = 4 MHz. (d)-(f), fixed Cp =3
MHz and ng (a) =0, (b) =0.5, (c) = 1.

2.1.3 Solid-state NMR Spectroscopy

The application of magnetic resonance to this project is primarily focused on extracting
information from materials in the solid state. In light of this, an overview of some of the

key experimental techniques and principles used in this project are given here.

2.1.3.1 Magic-Angle Spinning

As outlined throughout Section 2.1.2, a number of interactions exist between nuclei that
can lead to the broadening of spectral lines in NMR spectra of solids. In solution these
anisotropic interactions do not cause as many problems as the continual rapid tumbling
of molecules averages the anisotropic contributions to the CSA, dipolar coupling,
J-coupling and quadrupolar interaction to zero, enabling site specific information to be

extracted more easily.
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In order to overcome the limited resolution in NMR spectra of solids, inspiration from
solution is taken, mimicking the tumbling of molecules through physical motion of the
sample. This is achieved by rapid rotation about an axis inclined at an angle (termed, the
magic angle, 6/) to the external magnetic field.>>-2” When 0, is 54.736°, 3 cos?6 -
1 = 0, the interactions that have this orientational dependence (i.e. the CSA (Equation
2.30), dipolar coupling (Equation 2.31), J-coupling and first-order quadrupolar coupling
(Equation 2.37)) are removed, providing sample rotation is sufficiently rapid. This process

is referred to magic-angle spinning (MAS), a schematic of which is shown in Figure 2.9.

AB, %

DY

7
7

y

Figure 2.9: Schematic depicting magic-angle spinning. Typical MAS rates are
on the order of 10 -100 kHz. The angle 8, is equal to 54.736°.

By rotating the sample rapidly about the magic angle, the average orientation of all the
crystallites within the rotor is aligned with 8. This has the effect of cancelling the
(second-rank) anisotropic contributions of the interactions, producing sharper lineshapes
but retaining any isotropic terms. In order to completely remove the anisotropic contribu-
tions, the MAS rate has to be sufficiently rapid relative to the magnitude of the interaction
considered. To achieve this, solid-state NMR samples are packed into small, cylindrical
ZrO, rotors sealed with a finned cap which results in sample rotation upon the application
of a stream of compressed air. MAS rates for solid-state NMR experimentation are typi-
cally between 5 and 120 kHz, and although the notion to eliminate all anisotropic effects
may lead one to the assumption that the highest MAS rates should always be used, appli-
cation of these is not always practical. The greater the MAS rate employed, the smaller
the rotor volume that can withstand the associated forces. Hence, fast MAS comes with
the sacrifice of sample volume, causing a decrease in sensitivity, an increase in experiment
time or possible prohibition of time-limited experiments or those that require specific re-
action volume, such as sealed slurry systems. An example of the effect of sufficiently
rapid MAS is shown in Figure 2.10, where anisotropic contributions to the '*C NMR

spectrum of AI-MIL-53 metal-organic framework (MOF) are removed by the rotation.
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Figure 2.10: Example of the effect of MAS on the '3C (14.1 T) cross-
polarised NMR spectrum of an AI-MIL-53 metal-organic framework. (a) spec-
trum recorded under static conditions, (b) identical experiment recorded under
20 kHz MAS.

In the cases where MAS is insufficient to completely remove the broadening, additional
signals termed spinning sidebands (SSBs) are seen, separated from the central isotropic
peak by intervals of the MAS frequency. Whilst the presence of additional signals
could be a potential complication in spectral analysis at the MAS rates available and
for the magnitude of the interactions present in the samples studies in this work, this
is not detrimental to the spectrum overall. However, if integrating spectra to obtain
concentration/ratio-dependent information, the SSB contributions must also be consid-

ered.

For quadrupolar nuclei however, MAS is not always able to remove the anisotropic broad-
ening. Although MAS can successfully remove first-order quadrupolar anisotropic con-
tributions to the lineshape, these are often many MHz in size, and sufficiently rapid
MAS rates are not possible. Even under MAS then, the focus is often purely on the
CT. However, MAS is unable to remove the associated second-order contributions. The
second-rank term would be removed by MAS (as it is proportional to 3 cos?6 — 1), but
the fourth-rank anisotropic term would not (owing to its more complex angular depen-
dence). The forth-rank term remains under MAS and although the lineshape is narrowed
a true isotropic spectrum cannot be obtained, no matter how rapidly the sample is rotated.
Under MAS the second-order contribution to the quadrupolar interaction is modified from

Equation 2.39.

wPAS
@0 = “L (A} B(M0) + A B (Mg )+ Al B (o)) (240

It is still possible to extract the NMR parameters from quadrupolar broadened linehsapes
Co, Nq and 8is, from quadrupolar broadened lineshapes using analytical fitting. However,

this can become complicated if more than one spectral component is overlapped.
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2.1.3.2 Practical Considerations

When acquiring a solid-state NMR spectrum there are a number of practical considera-
tions that need to be taken into account in order to produce the optimum spectrum from
a given experiment. In this section, several considerations that apply to the majority of

cases will be outlined.

The signal produced for a particular NMR experiment is dependent on the gyromagnetic
ratio and the natural abundance of the isotope under study. However, as described in
Section 2.1.1.1 the low Boltzmann population differences result in inherently low sensi-
tivity for NMR. In order to increase the sensitivity of a spectrum N repeated experiments
(or transients) are acquired and combined to produce the overall FID which can then
be Fourier transformed. When this is the case the signal recorded in the experiments
increases by a factor of N, however the more random noise increases by only /N, giving

an effective /N increase in signal-to-noise per transient.

Combining successive transients is an effective way to increase the signal-to-noise in
NMR spectra, however it comes with implications for the overall experiment time.
Between successive transients, the sample needs to be allowed to fully relax for M to
re-align along By. If this does not happen, not only will the sensitivity gain be com-
promised, but the unequal averaging of signals in more sophisticated experiments (see
Section 2.1.4) may lead to distorted spectra. It is good practice, therefore, to wait ~ 5 T
increments before recycling the pulse program to ensure the spins are fully relaxed. Long
recycle intervals, of several minutes, or hours may be needed between scans due to the
lack of significant motion in the solid state. This can cause long experiment times when
many scans are needed to achieve suitable \/N increase in signal-to-noise. The strength
of the magnetic field can help to reduce T, with samples in greater magnetic fields
returning to alignment of M along By more quickly. Several experimental techniques,
discussed in more detail in Section 2.1.4, can also help tackle this, although this may

limit the extraction of quantitative information from the spectrum.

Another effective way to decrease the time required to produce a reasonable NMR spec-
trum is simply to increase the number of NMR-active spins in the sample. As the signal
to noise increases with a factor of v/N, the addition of more nuclide effectively increases
the rate of acquisition by the square of the nuclide concentration. However, when the
sample size is increased (and larger rotors are used) the maximum available MAS rate

decreases. This risks the incomplete removal of some anisotropic components, as dis-
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cussed in Section 2.1.3, producing broadened spectra, (which has concomitant effects on
sensitivity). Another approach to reduce the time for spectral acquisition is through the
use of isotopic enrichment (for nuclides where the natural abundance is <100%). By iso-
topically enriching the sample, the same square effect in the decrease of reaction time is
observed. The challenge arising from this technique is the development of cost-effective

and atom-efficient synthetic routes that are not detrimental to the material that is desired. !

2.1.4 Experimental Techniques

The key NMR experiments used in this thesis are outlined in this section.

2.1.4.1 Single-pulse

As shown in Figure 2.11 the simplest NMR experiment consists of a single pulse of RF
radiation applied to the sample placed within an external magnetic field, before acqui-
sition of the FID The radiofrequency pulse is applied to nutate the bulk magnetisation

vector into the xy-plane (i.e., a flip angle of 90° is used for maximum sensitivity).

Although in principle acquisition of the FID should start immediately after the pulse,
practically there is a short time (or dead time, Tp) where the signal cannot be recorded
(shown schematically in Figure 2.11), owing to the effects of the pulse itself (termed
ringing). Following acquisition, a recycle interval ideally equal to 5 T is left before the

subsequent pulse, as outlined in Section 2.1.3.2.

90°

L~

\/AVAV,\V

Figure 2.11: Schematic pulse sequence and subsequent FID for a conventional
single-pulse NMR experiment. The 90°pulse (dark grey) nutates magnetisation
fully into the xy-plane. The dead time 7p is indicated by the light grey box.

In some instances, particularly where there are several components that nutate at different

rates in an NMR sample (which can be the case for quadrupolar nuclei as the nutation rate
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observed depends on the magnitude of the quadrupolar coupling), it may be beneficial to
apply pulses with different flip angles, either to optimize the signal for particular com-
ponents of the system, or to use much shorter flip angles where more quantitative results
can be obtained. This latter approach also has the benefit of enabling more rapid spectral
acquisition (as the system returns to thermal equilibrium more quickly), but does result in
lower sensitivity per transient. In this work, ‘short-flip’ angle experiments have been used
extensively when studying H>'7O slurry-zeolite mixtures using 'O NMR experiments.
Here the free water in the slurry often produces a more significant signal in the 1’0 NMR
spectrum than the zeolite, but it nutates at a slower rate than the signals from different
chemical species in the zeolite framework. By shortening the flip angle, the unwanted
signal from water in the spectrum is reduced whilst the signals from the '’O-enriched
zeolite framework can be more easily seen (and any nutation differences between these

are minimised).

2.1.4.2 Spin-echo

The need for the dead time (7Tp) as described above not only reduces the sensitivity (as
some signal is not recorded), it can lead to distorted spectra. One approach to counteract
this is the spin-echo experiment (Figure 2.12). This involves the application of a second
pulse (with a flip angle of 180°) following the initial 90°pulse after a short time period,
7.28 This has the result that the start of the FID is delayed by a similar time, 7, enabling
a complete FID to be acquired (assuming T > Tp), and resulting in undistorted lineshapes

and minimizing the loss of information.

180°

90°

AN
T
Figure 2.12: Schematic depicting the pulse sequence and subsequent FID for

a conventional spin-echo NMR experiment. 7 indicates the delay period that
enables refocusing of the magnetisation.
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2.1.4.3 Decoupling

Whilst MAS is usually effective at reducing the dipolar couplings between neighbouring
spins, in some cases (i.e., where these are very large) it is not capable of fully removing
them, leading to residual broadening and poorer spectral resolution. For dipolar couplings
that remain under insufficiently rapid MAS (and for the isotropic J coupling that is
retained under sample rotation), decoupling can be used to further suppress the effect of

couplings between spins.

Heteronuclear decoupling works by effectively removing the interaction of spin S
during acquisition of the FID for spin I (Figure 2.13). This is achieved through the
application of a pulse, or series of pulses, on spin S that cause continual reorientation
of the § spin magnetisation, such that this coupling no longer broadens the spectral
lines. Unsurprisingly, there are many effective heteronuclear decoupling techniques that
employ trains of different pulses to remove the larger dipolar interaction. The most basic
of these is continuous wave (CW) decoupling (as shown in in Figure 2.13) where there is
a constant irradiation of spin S with a high-power RF pulse during the acquisition of the
FID.

Some more sophisticated multi-pulse decoupling techniques used in this work include the
TPPM and SPINAL-64 sequences.?*3? TPPM (two phase pulse modulation) decoupling
involves application of a train of pulses of alternating phases of + ¢ and —¢ to spin
S, typically referred to as TPPM-¢.%° When needed, a greater suppression of the dipolar
coupling was achieved by using the SPINAL-64 sequence, which involves similar trains of
alternating phase pulses but also varies ¢ part way through the cycle. Cycles are stitched

together to produce a total 64-pulse train.3"

59



90°

AWNDR

AR

Decoupling

T —

S

Figure 2.13: Schematic pulse sequence and subsequent FID for a conventional
single-pulse NMR experiment for spin /, whilst applying decoupling on spin S.

The concept of heteronuclear decoupling as described here is fairly easily implemented
owing to the appreciable differences in resonant frequency of neighbouring spins e.g.
'H - 70 or 'H — ?Al. This however, does mean the residual dipolar couplings from
same-spin nuclei will still exist, potentially broadening spectral lines. Efforts to remove
these through homonuclear decoupling techniques are significantly more complex and
experimentally challenging, however as they are not a specific concern to the work in this

thesis they will not be considered here.?

2.1.44 Cross-polarisation

Whilst improving the resolution of NMR experiments is important, the low natural
abundance or low inherent insensitivity of some nuclei makes acquisition of useful NMR
spectra in a reasonable time difficult. The problem of a low abundance isotope can
in principle, be addressed through isotopic enrichment, as described above. However,
this can be costly and involves additional lengthy synthetic procedures.! The problem
of inherent insensitivity, however, is more difficult to solve. Those nuclei with low
gyromagnetic ratio are less sensitive in NMR experiments (see Equations 2.3 and 2.4), 13
which can make spectral acquisition lengthy, particularly in the solid state where T

relaxation times can be long.
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In order to overcome this, the cross-polarisation (CP) experiment was developed by Pines,
Gibby and Waugh,3? which exploits the ability to transfer magnetisation between dipo-
lar coupled spins, I and S. This transfer is only facilitated if the eponymously named

Hartmann-Hahn match,

YiBir = ¥sBis, (2.41)

is fulfilled.3* Provided this holds i.e., the nutation rates are matched, then magnetisation
can be transferred between dipolar-coupled spins. When experiments are performed under
MAS, the conditions for the Hartmann-Hahn match are altered such that they become
dependent on the MAS rate (in rads™") with,

YiBir = YsBis &= g, (2.42)

where n =1 or 2. By fulfilling this match for a low-v dilute spin of interest, S with a highly
abundant, high-7 spin, I, the magnetization from / can be transferred to S to provide an
intense FID with good signal. This is the basis for the cross-polarisation experiment
(Figure 2.14). Practically, a selective 90°pulse is applied to highly abundant, high-y spin
I, after which magnetisation transfer occurs (assuming the Hartmann-Hahn condition is
met) during a spin lock, where long continuous pulses are applied to both spins, keeping
the magnetization ‘locked’ along a particular axis, exciting spin S. The S spin FID is then

acquired, with S spin decoupling if desired.

90° Decoupling

Spin Lock

: b .
v

Figure 2.14: Schematic pulse sequence and subsequent FID for a cross-
polarisation (CP) NMR experiment. The magnetisation from an initial pulse
on an abundant spin, / is transferred during the spin-lock (sometimes referred
to as contact pulse) to a lower-abundant, low-7, spin S. The I spin FID is then
acquired for S, whilst decoupling is applied for spin /.

CP experiments are a great resource for obtaining enhanced information about dilute

spins in reduced experimental times. The information within them however, must be
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analysed with caution. As the magnetisation transfer from / to S occurs through the
dipolar coupling, the signal obtained is strongly dependent on their respective spatial
proximities. Consequently, CP spectra are non-quantitative as not all of the dilute spins
in the molecule will be enhanced equally. This can in some instances have advantages
as by comparing spectra of the same material recorded with different spin-lock ‘contact
times’ can provide qualitative information on the local distances between non-equivalent
spins. Further, as the sequence starts with an / spin pulse the recycle intervals required
depend on the relaxation time of the more abundant, higher-y I spin, increasing the rate

of acquisition and increasing the sensitivity per unit time.

Selection of the most appropriate /, S spin pairs is also an important consideration for CP
experiments, as the maximum sensitivity gain relative to that of a single-pulse experiment
(i.e., MgSP/Ms®P) is given by 7i/ys, but also depends on a factor, € which reflects the

number of spins in each nucleus, 333>

MSP oy 1
M s (1+e)
S

) (2.43)

Typical sensitivity gains associated with using CP experiments can be on the order of
10.33 Here, epsilon is equal to the ratio of the population of spins (N1 and Ns) for / and
S, respectively with,
S(S+1)N

€= ﬁ (2.44)
For these reasons it is advantageous to choose a spin with a high natural abundance and
high-y that is prevalent within the sample as spin /. This is almost always 'H, but the
properties of '°F and its role in the synthesis of zeolites also make it a popular choice
for work related to this project.3®® CP has been used extensively in this project for
acquisition of 2°Si NMR spectra, as 2°Si has a reasonably low 7, a natural abundance of
only 4.7% and typically long T; relaxation times. 'H?°Si CP has a particular advantage
here as it also enhances the visibility of silanol defect sites in the material, which are
often present only in low concentrations but have important consequences on the stability

of zeolites. 3942

The above discussion has described the CP experiment and considerations between two /
= % nuclei as this encompasses the level up to which the technique has been utilised in this
work. It is possible to cross-polarise quadrupolar nuclei for experimental sensitivity gains,
however it is experimentally much more challenging, with more complex spin dynamics,

which will not be discussed in detail here. !!
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2.1.4.5 Multiple-quantum MAS

As discussed in Section 2.1.2.5, the quadrupolar interaction can broaden lineshapes
observed in NMR spectra, precluding the extraction of useful information. Although
MAS techniques (Section 2.1.3.1) are capable of removing first- and second-order
contributions to the quadrupolar broadening, it is unable to suppress the anisotropic,
fourth order terms in the second-order quadrupolar interaction, which have a more
complex angular dependence. In an attempt to improve the resolution of the lineshapes
of half-integer quadrupolar nuclei (and completely remove the second-order broadening),
techniques such as dynamic angle spinning (DAS) and double rotation (DOR) have
been developed, which utilise spinning about two axes; sequentially for DAS and
simultaneously for DOR.*>* Together, these rotations can completely remove the
second- and fourth-rank anisotropic terms of the second-order quadrupolar broadening.
Whilst effective, these techniques require the use of sophisticated, specialised hardware
and lengthy experimental set-up, introducing cost and skill barriers to their successful

implementation, and so are not widely used.

In 1995, however, the MQMAS experiment was introduced by Frydman and Hard-
wood.*>46 The experiment (for which a simple pulse sequence is shown in Figure 2.15),
can be performed under MAS conditions on standard laboratory hardware, and involves
a two-dimensional correlation of the central-transition (CT), collected in a time period #,
with that of a multiple-quantum transition of the same half-integer quadrupolar nucleus,
collected indirectly in 7,.4” The most commonly used experiments correlate the CT with
the triple-quantum (3Q) transition (referred to as 3QMAS), owing to their better sensitiv-
ity, but 5Q, 7Q and 9Q examples are also possible, which can have advantages in terms
of resolution but at the (often significant) cost of sensitivity.*® As multiple-quantum tran-
sitions are formally forbidden by the quantum-selection rules, MQMAS experiments are
associated with low sensitivity (with losses of a factor ~10 over conventional single pulse
spectra) and are inherently non quantitative as the excitation and conversion efficiency
depends on the quadrupolar coupling. Importantly however, maximum efficiency is ob-
tained using the same pulse durations irrespective of the quadrupolar coupling, enabling
these to be optimized easily within the experiment or on a related model system (if sen-
sitivity is limiting). Efficiency is improved (for all but the smallest Cp) as @1 increases,
so high power pulses are usually used for the excitation and conversion steps. MQMAS
efficiency does decrease with MAS rate, however, and these conditions result in optimum

pulse durations that are typically shorter. %"
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Figure 2.15: Schematic pulse sequence, coherence pathway transfer diagram
and subsequent FID for a triple-quantum MAS experiment. Two (typically high-
power) pulses are applied, exciting triple-quantum state magnetisation (P), be-
fore converting this to an observable single-quantum state (P»).

The initial pulse sequence introduced by Frydman and Harwood involves a series of
pulses for multiple-quantum excitation (reflecting approaches used in solution NMR),
but it has since been found that a longer high-power pulse (Py), typically a factor of 2.5 —

3 longer than P, gives greater multiple-quantum excitation.

The two-pulse MQMAS experiment introduced initially produces spectra which contain
both absorptive and dispersive components, which can cause spectral overlap, the distor-
tion of lineshapes and limit resolution. To address this, amplitude modulated z-filtered
pulse sequences have been developed.**-? These select a symmetrical multiple-quantum
coherence pathway upon excitation (0 — = p — 0 — —1) which, if combined equally
using a conversion pulse result in a purely absorptive two-dimensional lineshape. The
addition of a third pulse (P3) is required to excite observable single-quantum CT signal.
As shown in Figure 2.16, in contrast to the high-power, or ‘hard’, pulses P; and P;, P3
is ‘soft’ and of low power in order to selectively excite only the CT. A short delay, 7 is
included (where desired magnetization is stored along the z axis — hence z-filter) before
P3 to ensure the decay of any unwanted transverse magnetisation that may interfere with

the spectrum.
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Figure 2.16: Schematic pulse sequence, coherence transfer pathway diagram
and subsequent FID for a three-pulse triple-quantum z-filtered MQMAS NMR
experiment for spin /. Three pulses are applied to the nucleus of interest; the first
exciting triple-quantum coherences (P1), before a second (P;) converts this to
longitudinal magnetisation. A third, soft, pulse (P3) is then applied, selectively
exciting the single-quantum CT. CW decoupling for spin § is applied if needed.

As discussed in Section 2.1.4.3, decoupling can often be employed to improve the quality
of NMR spectra by removing the effects of dipolar coupling between neighbouring
nuclei. In this thesis, heteronuclear CW decoupling of 'H has been used extensively to
obtain good 7O 3QMAS NMR spectra. The pulse sequence for this applied to a z-filter

experiment is indicated in Figure 2.16.

Acquisition of an MQMAS experiment records successive CT FIDs in t, at increments of
the 7, evolution. This builds up a series of FIDs correlating the CT in ¢, with the indirectly
collected multiple-quantum transitions in ¢;, with a double Fourier transform producing
the two-dimensional spectrum. In such a spectrum signals appear as a set of ‘ridges’ that
lie along an axis with gradient, R, termed the MQMAS ratio. This is determined by the
ratio of the relative magnitude of the fourth-rank broadening of the two transitions, (i.e.,

the A* terms which depend on I and the coherence order, p) i.e.,

R=A; /Ay . (2.45)
2

An isotropic spectrum, free from broadening can be obtained from a projection orthogonal
to this axis, as shown schematically in Figure 2.17. In order to extract this spectrum
more easily it is usual to apply a ‘shearing’ transformation which yields ridges parallel

to d,, enabling the isotropic spectrum to be obtained from a projection onto d;. Cross-
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sections along each taken parallel to §, along each ridge yield MAS lineshapes for each
individual species, from which Jiso, 11 and C¢ can be determined using analytical fitting.
In this thesis the isotropic dimension of MQMAS spectra are referenced according to
the convention outlined in reference 48. Further information can be obtained from the
position of the centre-of-gravity of each lineshape, which gives 8is, and Pp. This can
be particularly useful for more disordered materials where simple MAS cross sections
cannot be easily extracted and fitted, but information on the average values of dis, and Pg

can still be obtained. *8->1-53
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Figure 2.17: Schematic showing the effect of a shearing transformation for the
triple-quantum MAS NMR spectrum of a spin 3/2 nucleus.

The MQMAS ratios, R are given in Table 2.1.

| Nuclear Spin(1) | 3Q | 5Q | 7Q 9Q
3/2 -7/9 n/a n/a n/a
5/2 19/12 | —25/12 n/a n/a
772 101/45 ] 11/9 | —161/45| n/a
9/2 91/36 | 95/36 7/18 —31/6

Table 2.1: MQMAS ratios, R, for half-integer spin nuclei.

2.2 X-ray Diffraction

PXRD is the ideal technique for rapid, routine analysis of crystalline material structure,
providing an overview of the long-range structural order of the material. In this thesis,
XRD has been used only for rapid, routine analysis, and while more extensive structural
studies are possible (i.e. Rietveld), only this aspect will be concentrated on here. When
combined with solid-state NMR spectroscopy which probes the local structural environ-

ment (as described in Section 2.1), a deeper understanding of the effects that various
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hydrolytic treatments have on zeolite materials can be obtained. Due to the sample vol-
umes used, the general crystallite size and the level of information needed, powder X-ray
diffraction techniques were used exclusively in this thesis. Within this section the back-

ground and application of the diffraction-based techniques used are outlined.

2.2.1 Crystallography

Crystalline solids are comprised of a regular, periodic array of atoms. Crystallography
is the practice used to determine the arrangement of these atoms, providing information
in the form of a crystal structure. Within a crystalline material, the smallest volume
repeating unit is referred to as the primitive unit cell. A unit cell is described by a
three-dimensional parallelepiped, as shown in Figure 2.18, with sides of length a, b and ¢
and angles o, B and y. As the repeating unit of the material, the unit cell can be used to

build up a picture of the overall long-range structure of the crystalline material.

a ./

Figure 2.18: Schematic representation of an arbitrary unit cell with cell lengths
a, b and ¢ and angles o, 8 and 7.

To make up the structure atoms are then placed within the unit cell (with positions usu-
ally described using fractional coordinates and the relevant symmetry operations that are
required to produce all symmetry related positions). Any crystal structure can be de-
scribed as belonging to one of seven crystal systems and one of 230 symmetry-related
space groups, which can be used to make symmetry-related distinctions between crys-
talline solids. The seven crystal systems and 230 space groups are often referred to using
a short-hand Hermann Mauguin notation that describes some of their structural features.
The most basic unit cell classification of crystal system, which details the unit cell param-

eters of the cell is shown in Table 2.2.
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| Crystal System | Shorthand | lengths | angles \

Cubic c a=b=c a=B=y=90°
Rhombohedral h a=b=c a=B=vy
Hexagonal h a=b#c | a=p=90°y=120°
Tetragonal t a=b+#c a=B=y=90°
Orthorhombic 0 a#b#c a=B=y=90°
Monoclinic m a#b#c| a=y=90° B =any
Triclinic a a#b+#c any

Table 2.2: Unit cell parameters of the seven different crystal systems.

Planes within a crystalline structure can be described using Miller Indices (hkl). The
point at which a Miller plane hkl bisects the abc axes of the unit cell is given by a/h, blk
and c/l. A visual representation of selected miller planes for a cubic unit cell is given in
Figure 2.19. As reflections related to Miller planes can be present in PXRD patterns, it

can be useful to use Miller planes to describe structural features in materials of study.

(a) (b) 1 ©

b/2
b/2 < c
a

al3
b/ b
(020) (120) (312)

Figure 2.19: Schematic showing the (a) (020), (b) (120) and (c) (312) Miller
planes within a cubic unit cell.

2.2.2 Bragg’s Law

When a wave encounters an obstacle, it can be diffracted, This phenomenon forms basis
of the diffraction experiment that was discovered in 1914 by Max von Laue, who observed
the deflection of monochromatic waves of electromagnetic radiation when incident upon
a material. When waves are diffracted, several diffraction pathways can be formed which
may result in constructive or destructive interference. The conditions required for these
constructive, superimposed wavefronts is encompassed by Bragg’s law, which states that
there is a relation between the wavelength of incident monochromatic radiation, A and

the scattering angle, 0, such that,

nA = 2dsin6. (2.46)
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Constructive interference is only observed for angles of incident radiation at specific dis-
tances, d between parallel lattice planes. A visual representation of the conditions re-

quired to satisfy Bragg’s law is shown in Figure 2.20.

Incident X-rays Diffracted X-rays

Figure 2.20: Schematic representation of the derivation of Bragg’s law for the
diffraction of X-rays by two parallel planes within a crystal lattice.

As a reflection present in a diffraction pattern will have been caused by diffraction of the
incident X-ray beam, if the angle of diffraction is known, one should be able to assign
the reflection to a Miller plane within the material. As an example, by obtaining d from
Equation 2.46 for a cubic crystal system (all lengths = a), possible values of a, h, k and [

can be derived:

1 h2+Kk*+12
e

(2.47)

2.2.3 The Diffraction Experiment

As described above, the diffraction experiment relies on the production of coherent re-
flections of monochromatic radiation, through diffraction from a crystalline sample. The
ideal case of this occurs when X-rays are diffracted from a single crystallite; a method

referred to as single-crystal X-ray diffraction (see Figure 2.21).
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Figure 2.21: Schematic representation of the X-ray diffraction experiment for a
single crystal.

Here, X-rays are generated by excitation of an X-ray source by bombardment with elec-
trons by acceleration across a potential. Ejection of a core-shell electron in the X-ray
source, causes de-excitation of an outer-shell electron and emission of a characteristic X-
ray. Typical X-ray sources include copper and molybdenum, both of which often utilise
the Koy emission, which specifically relates to emission from the highest energy occu-
pied L shell p-orbital n = 2 to fill a vacancy in the core K shell s-orbital n = 1. The
X-ray passes through gratings to ensure it is monochromatic before striking the sample.
Diffracted X-rays strike a detector at a diffraction angle, providing a reciprocal-space
picture of the crystal structure (or lattice) of study. Single-crystal X-ray diffraction can
provide full structural characterisation from the reciprocal lattice, including information
such as the internuclear distances between atoms within the crystalline material. The
method is however associated with some difficulties, such as the challenge of preparing
crystals of an appropriate size, the mounting of the crystals in the diffractometer and the

structure solution methods.

2.2.4 Powder X-ray Diffraction

A far more routine method of structural characterisation is powder X-ray diffraction. The
experimental set-up is similar to that of single-crystal X-ray diffraction, although this time
the sample is a poly-crystalline powder packed into a capillary tube or sample holder or
equivalent (see Figure 2.22). Incident X-rays are then diffracted by interaction with the
sample as before. However, as now there are multiple crystallites with varied orientations
relative to the incident X-ray beam, the diffraction spots of the reciprocal lattice form a
series of concentric circles, referred to as Debye-Scherrer cones owing to the orientational
distribution of the diffracted signal over multiple crystallites. In order to capture this, a
large flat-plate detector that captures all of the cone-shaped diffracted X-rays would be

required. Practically however, the detection of X-rays is routinely achieved by moving
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a smaller detector about an angle relative to the sample, which captures the X-rays to

provide diffraction-angle specific information.

X-ray source @@ @ /
electron beam
X-rays sample diffracted detector reciprocal space
X-rays diffraction pattern
filament

Figure 2.22: Schematic representation of the powder X-ray diffraction experi-
ment.

The powder X-ray diffraction experiment produces an output of diffracted reflection in-
tensity versus the diffraction angle, 26. As the diffraction pattern observed should be
similar for like materials, the method is used for routine structure characterisation. Ow-
ing to the orientational averaging caused by the large number of crystallites in a powder
sample, some information is lost compared to that of the single crystal case and it is diffi-
cult to determine exact atomic positions directly in a full structure solution. In some cases,
structures can be solved from high quality powder diffraction patterns. This is commonly
achieved using the Rietveld method which can determine atom positions using a structural
model and a least squares approach that considers the peak positions, widths and intensi-
ties in the powder pattern.”* Most often though, data may not be of acceptable quality or
no related structural model is available and the unit cell parameters can only be obtained
by examining the positions of hkl peaks across a whole diffraction pattern through Pawley

or Le Bail methods.>>™57

2.2.5 Le Bail Refinement

The Le Bail refinement method has been used in this thesis to examine a series of
post-synthetically transformed zeolite materials where a zeolite with one topology is
converted to one with another. In this transformation there is an obvious change in
crystalline topology, and occasions where mixtures of two known crystalline materials
are present. Disregarding peak intensities and using a structureless model as in a Le Bail
fit, is well suited to confirming the identities of phases present in these post-synthetically

transformed materials.
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The Le Bail method can be used to check and refine the unit cell parameters of the dif-
ferent phases by applying a least-squares fitting approach of the powder pattern against
a structureless model. The method essentially fits the best unit cell (i.e. peak positions),
peak shape and other instrument factors, (such as the zero point error) but without taking
into account the atomic positions, letting the peak intensities vary randomly. Therefore,
this fitting method serves as a very convenient way of checking whether the right material

has been formed.

2.3 Scanning Electron Microscopy

Optical microscopy produces an image for the viewer by focusing on the visible light
refection off of a subject. In an analogous manner, electron microscopy produces an
image by capturing the refection of electrons incident on a subject. Electron microscopy
is used routinely in the characterisation of solid materials to provide information on

particle size and morphology.

Practically, the sample under study is placed on a carbon black-coated specimen holder
and set within an evacuated chamber. For most materials, the sample is ‘sputtered’ with
a thin gold coating prior to sample acquisition, in order to reduce sample charging when
in the incident electron beam. However, electron microscopy of zeolites is one of the few
examples where this sputtering is not always needed as the materials are non-conductive
and scarcely build up any charge.’® Once the sample is mounted, a focused beam of
electrons is generated by heating a thermionic filament, typically a W or a LaBg source.
The formed electron beam is funnelled and accelerated by application of a voltage
(typically 5 kV) through the chamber to the sample, where it is rastered over the surface.
Upon interaction with the material, the incident electrons behave mainly in two different
ways; becoming either backscattered or exchanging places with an electron in the
material and knocking it out, referred to as secondary scattering. The scattered electrons
then strike a detector, contributing to the image brightness, from which topographical

information can be drawn.>3-5°

Backscattered electrons are produced by direct collision with atoms in the solid sample
and are reflected back at an angle of the incident electron beam with minimal (<1 keV)
energy loss. In this instance, electrons can collide with atoms up to several micrometres
below the surface of the material. As such, back-scattered images produced in a
modulated manner can be used to give depth-related information about the composition

of certain materials.
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Of most relevance to this project however, is the study of secondary scattered electrons.
The liberation of secondary scattered electrons from a material is also an inelastic
process. Secondary scattered electrons are typically of much lower energy, compared to
backscattered electrons, ~50 eV. Furthermore, as the probability of an electron escaping
from a material is proportional to the depth at which it sits within it, secondary scattered
electrons typically originate from the first few surface layers (< 1 um sample depth) of
a material only. Hence, proper detection gives an excellent indication of the external
surface of sample crystallites. Furthermore, as the specific orientation of crystallites and
fragments on crystallites will scatter secondary electrons at different angles, detection
can provide a degree of contrast to the images, resulting in a textured appearance and

depth gauge in images. %>’

To produce a focused, well-resolved and properly contrasted scanning electron mi-
croscopy (SEM) image, practical acquisition parameters, such as the acceleration volt-
age, working distance and spot size must be considered. Acceleration voltages between
5-10 kV are appropriate for routine imaging — at energies below this, the incident elec-
tron beam is typically incapable of liberating secondary-scattered electrons for imaging.
The working distance of the measurements i.e., the distance between the sample and the
beam-focusing condenser lens, must be controlled to ensure the effective electron current
at the sample does not result in a loss of focus of the sample or sample degradation. Typi-
cally, a working distance of 10 mm is used for routine imaging applications. The spot size
is the effective size of the electron beam incident upon the sample. Control of the spot
size is important as it is proportional to the current delivered to the sample, with larger
spot sizes producing larger currents, resulting in more secondary electrons and bright,
poorly contrasted images. The spot size is affected by the working distance and acceler-
ation voltage but can also be controlled by variation of lens apertures. Variation of lens
apertures affects the angle of incidence of the electron beam, affecting the area covered
by the incident electron beam. Typical spot sizes used for imaging are 15-20 nm.>%61 A

schematic of a scanning electron microscope is shown in Figure 2.23.
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Figure 2.23: Schematic of a conventional SEM-EDX instrument. Abbrevia-
tions: BSE (Backscattered Electron), SSE (Secondary Scattered Electron).

2.4 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDX) is a technique related to SEM, that detects
the emitted X-rays from a sample following the application of an incident electron beam.
The nature of the X-rays emitted from an irradiated sample depends on its elemental
composition. EDX spectroscopy is often carried out in tandem with SEM imaging,

through the use of coupled EDX detectors fitted to the microscope.

Within EDX spectroscopy, the goal is to sufficiently bombard the sample with electrons
such that core-shell electrons originating from atoms within the sample are emitted.
When this happens, outer-shell electrons from the same atom de-excite in order to fill
the vacancy, restore the core shell electronic configuration. Upon de-excitation of the
outer-shell electrons, characteristic X-rays are emitted that depend on the element and
transition, enabling the identification of elements within the sample. The majority of the
time, the wavelengths of X-rays detected in EDX experiments correspond to the Ko

transition, similar to those in X-ray diffraction (see Section 2.2).
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Ejection of a core-shell electron requires significantly enhanced penetration into the
sample, compared to SEM imaging. Consequently, far higher acceleration voltages are
used, typically 30-40 kV. Further alterations to the acquisition parameters, namely an
increased working distance to ~20 mm and an increased spot size help to maximize

current transfer to the sample and increase X-ray evolution.

Although accurate at determining specific wavelengths of X-rays emitted from the sample
and providing a good idea of the elemental composition of crystallites, the accuracy of
EDX results can be hampered by the nature and the design of the experiments. Firstly,
the depth of penetration of electrons into the sample has a strong influence on the X-
rays released and so only those atoms on the surface (< 3 um sample depth) of materials
typically emit electrons, providing a surface-coverage-skewed picture of the elemental
composition of different crystallites. Further, the number of crystallite points selected for
EDX analysis can also skew results and multiple points (typically > 30) should be selected

to get a reliable elemental composition of the material. %!

2.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a characterisation technique, used to provide
information about the thermal stability of materials. Practically, a small amount of
sample (3-5 mg) is placed in an inert crucible, typically aluminium oxide, and set on a
microbalance within a sealed chamber. A carrier gas, often compressed air or nitrogen,
flows through the chamberas the chamber is gradually heated. During heating, the
microbalance records the mass of the sample, which can be used indirectly to provide
information on processes, such as decomposition or the loss of physisorbed / chemisorbed

species.

In zeolites, the main element of mass loss observed in TGA traces arises from the loss of
the SDA or physisorbed water from framework pores, channels and from the solvation
spheres of extra-framework cations. The loss of organic material and water typically
happens up to temperatures of 300 °C, although the latter is a reversible process as
frameworks rehydrate upon exposure to atmospheric moisture.%? In this thesis, where the
effect of reagent water is important, it is useful to know the typical hydration state (or
% hydration level) of zeolites and the structural stability of materials so that dehydrated

frameworks can be obtained.
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In cases where structural decomposition does occur for thermal treatment of zeolites, it is
not often accompanied by mass loss in TGA traces. This is attributed to the non-volatile
nature of silicon and aluminium and their respective solid oxides, which are formed at
high temperatures. This is in contrast to other materials, e.g., MOFs, whose organic
linkers from framework decomposition are volatile and oxidise to COy ) species. Hence,
decomposition processes in zeolites are mainly characterised by exothermic / endothermic
processes with no significant mass change. These heat flows can be characterised by some

TGA apparatus, which have integrated differential thermal analysis (DTA) units.

2.6 Density Functional Theory

The assignment of solid-state NMR spectra, and therefore the extraction of detailed struc-
tural information, can pose a significant challenge. In recent years there has been growing
use of computational approaches alongside NMR experiments, to help interpret and as-
sign NMR spectra. Many of these calculations are carried out using Density functional
theory (DFT) to determine the electronic ground state of molecules and systems, by ap-
proximating the respective time-independent, non-relativistic Schrodinger equation. As
the equation can only be fully solved for single-electron systems, which are of scarce
interest, methodology has been developed to simplify approximations without any con-

siderable loss of accuracy. 536

2.6.1 Quantum Mechanical Background

The time-independent, non-relativistic Schrodinger equation is,

AY =EY, (2.48)

where H is the Hamiltonian operator, E is the energy of the system and ¥ is the ground
state wavefunction. The Hamiltonian operator for the system consists of terms related
to kinetic (T) and potential (electrostatic interaction) (V) energy, for both nuclei (n) and
electrons (e);

A

H= Tee + fnn + Vee + Vnn + vne- (2~49)

The Hamiltonian can be simplified using the Born-Oppenheimer approximation, which
allows the separation of the nuclear and electronic terms (with nuclei effectively assumed
to be static on the electronic timescale). 66 However, the above equation assumes electrons
behave as classical point charges, which is not the case and electronic exchange (Ex),

and electronic correlation (Cx) interaction energies must be considered. Ex arises from
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the Pauli exclusion principle, where no two electrons can occupy the same quantum state,

altering electronic energy of the system.

Cx describes the distribution of all electrons in a system simultaneously, which are found
to be partially localised. For simplicity, these two terms are often combined and referred
to as the exchange-correlation (Exc). This results in the electronic Hamiltonian, Helee

given by:

I:Ielec - 7Avee + Vee + EXC- (2-50)

This simplifies the dependence of the Schrodinger equation to be approximated to elec-

trons only as,

I:I elec\Pelec - EeleclPelec . (25 1)

2.6.2 Density Functional Theory Approximations

The approach of DFT to solving the Schrodinger equation for systems follows calculation
of the electronic densities of individual constituent components. Whilst most components
of the equation can be calculated accurately, it is difficult to determine exactly the interac-
tion between electrons, referred to as the ‘exchange correlation’. In DFT this is overcome
by the introduction of assumptions. A commonly used assumption is the Local Density
Assumption (LDA), which assumes that for a small unit of space, the electron density is
constant and equal to that of a uniform gas. In practice, this works well for solid lattice
systems, however in some instances more complex approximations, such as GGA (gener-
alised gradient approximation), which associates a gradient with the electronic densities

can be employed at an additional computational cost. !>

2.6.3 Application to Study of Periodic Lattice Materials

Computational modelling using DFT is of great use to the materials chemist, particularly
when periodic systems, such as zeolites are of interest. The nature of the DFT approach
to calculation of energies using electronic density configurations mean that large savings
in experimental time can be achieved by simplifying the periodic system to a repeating
unit, representative of the structure as a whole. This follows Bloch’s Theorem that the

potential, V at position r is the same as it is at position r, displaced by lattice vector, L, '©

V(r) = V(r+L). (2.52)
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The unit typically used for zeolite materials is based on the crystallographic unit cell
for that topology. This information is conveniently readily available as symmetry
relations and atomic positions in a crystallographic information file (CIF) obtained from
diffraction-based characterisation experiments. The IZA database hosts an extensive

repository of these files for zeolite topologies and any compositional variants. %’

Since electron density is periodic in most solids, so too is the magnitude of the wavefunc-
tion being described. Consequently, sampling points along the wavefunction are needed
for accurate characterisation. This is achieved by translation of the wavefunction to a re-
ciprocal lattice and a value for spacing between sampling points, referred to as k-points,
selected. Selection of sufficient k-points is critical for an accurate description of the wave-
function, with too few likely to result in inaccurate results and too many an unnecessary
computational expense.® The periodic nature of the electron density often results in the
use of plane waves as a basis set for the expansion of the wavefunction, with the compu-
tational accuracy then controlled by the number of planewaves (i.e., the energy cut off)
used.

Of interest to this project is the application of DFT calculations to model zeolite materi-
als to from idealised framework structures and from this, calculate their idealised NMR
parameters. Employing computation in this project is of particular value as the systems
dealt with often possess a degree of disorder and/or contain complex local structures with
many features that result in complex and/or overlapped NMR spectra. Hence, using com-
putation to predict the expected structural features and their associated NMR parameters
for systems of interest can greatly help with understanding the experimentally obtained
spectra. This, in turn, increases our understanding of the processes taking place on an
atomic level. To predict NMR parameters for some zeolites in this thesis, the Cambridge
Serial Total Energy Package (CASTEP) DFT code was used. %872

2.6.3.1 Geometry Optimisation

Optimisation of the starting structure is an important step for the accurate determination
of NMR parameters. To perform this optimisation, an initial model often, but not always,
obtained from diffraction of a similar or related material is modified. For this work, this
may involve the substitution of some silicon atoms in a siliceous unit cell for a heteroatom
(Al, Ge, B, efc.). In instances where the substitution is not charge neutral, a charge-
balancing cation, such as a Brgnsted proton or other metal cation also needs to be included
in the unit cell and its position in the framework optimized. Other molecules, like water

can also be added. This initial model is then modified by reducing the DFT calculated
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energy of the system by minimising the forces on the atoms. However, the DFT geometry
optimisation takes place under vacuum at absolute zero, comparisons to fully hydrated

systems or deductions about the effect of water inclusion must be made carefully.

2.6.3.2 Calculation of NMR Parameters

Following geometry optimisation, the NMR parameters for the specific atomic configura-

tion can be calculated. For chemical shifts, the calculated shieldings must be referenced

to compare with experimental measurements. This is usually achieved using a reference
calc

shielding, Of, that produces a computed chemical shift, o7 by,

Oref = OS¢ 4 5P (2.53)

180 °

The reference shielding is obtained by matching the experimental and calculated data

from one or more known reference compounds.

2.7 Molecular Dynamics

Molecular dynamics (MD) is a method for simulating the displacement and interaction
of atomic and molecular bodies within a system, according to Newtonian laws of motion.
Specifically, the forces acting on individual system components are calculated at time
intervals and then allowed to evolve for a time, At, before the same force calculations
are performed at the next interval. From this, MD aims to provide a snapshot of the
movement of atoms and molecules within a system on short timescales, typically on the
order of picoseconds (10 12 s), giving an idea of the theoretical dynamic evolution of the

system over time.

The information provided by MD helps to give a greater understanding of active chemical
systems and can show how processes, such as molecule motion, formation of transition

state intermediates and bond cleavage take place.

In this thesis MD has been used (in collaboration) specifically to explore the cleavage of
silicate and aluminosilicate bonds in zeolite frameworks, including the formation of the
active transition state. To do this, a sub-set of molecular dynamics, ab-initio molecular
dynamics (AIMD) has been employed. Classical MD techniques consider only a single
potential energy surface, typically the system ground state, to calculate the potential at

each interval. Selection of the ground state follows the implementation of the Born- Op-
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penheimer approximation. In some instances where excited states are of interest, as is the
case here, consideration of the ground state only is insufficient and incorporation of elec-
tronic effects is required to obtain a more complete picture of system behaviour. AIMD
incorporates the system electronic behaviour through DFT calculation of the varying elec-
tronic degrees of freedom. Unsurprisingly, this consideration requires considerably more
computation power meaning AIMD studies must be well-designed and tend to be on the
shorter side (5-15 ps). The application to AIMD in this specific project has significant
advantages over the classical empirical MD methodology as DFT characterises well the
energies associated with the changes to electronic state that occur when covalent bonds

are broken.”?
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Chapter 3

Materials & Methods

This chapter details the synthetic protocols followed and details of analytical methodol-
ogy used in this thesis. A break-down of the information detailed in this chapter and its

relation to any specific work is given at the start of each section.

A breakdown of the structural / chemical properties of 17O isotopically enriched samples

discussed in this thesis is given in the Appendix B.
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3.2 SDA Syntheses

Synthetic details and liquid-state NMR spectra (‘H and !3C) are provided.

3.2.1 (6R,10S5)-6,10-dimethyl-5-azoniaspiro[4.5]decane  hydroxide
(DMAD-OH)

Synthesis of DMAD-OH (Figure 3.1) was adapted from procedures in Wheatley et al.

and Marino ef al.. 12

OH"

0
o

Figure 3.1: Structure of (6R,10S)-6,10-dimethyl-5-azoniaspiro[4.5]decane hy-
droxide.

The corresponding bromide salt, (6R,10S)-6,10-dimethyl-5-azoniaspiro[4.5]decane bro-
mide was prepared by adding 1,4-dibromobutane (125.95 g, 0.5 mol) dropwise to a mix-
ture of potassium carbonate (82.93 g, 0.6 mol) and 2,6-dimethylpiperidine (56.06 g, 0.5
mol) in acetonitrile (500 cm?) at room temperature. Following addition, the mixture was
heated to 95 °C and stirred vigorously for 20 hours. The solution was cooled to room
temperature. The majority of the acetonitrile was removed under reduced pressure leav-
ing a mixture of product, product solution and potassium carbonate. The mixture was
dispersed in ethanol (100 cm?) and the potassium carbonate removed by filtration. The
solution was condensed and the minimum volume of diethyl-ether added to precipitate

the bromide salt.
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Figure 3.2: 9.4 T solution-state NMR spectra of (6R,10S)-6,10-dimethyl-5-
azoniaspiro[4.5]decane hydroxide synthesised in this work. (a) 'H and (b) 13C
NMR spectrum.

The presence of the bromide salt was confirmed by 'H and '3C solution-sate NMR

spectroscopy (Figure 3.2)

'H NMR (300 MHz, D,0): § (ppm) = 3.65 (t, 2 H), 3.52 (td, 4 H), 3.26 (t, 4 H), 2.08 (t,
2 H), 1.78 (d, 2 H), 1.65 (m, 1 H), 1.56 (m, 1 H), 1.34 (d, 6 H).
'H NMR (300 MHz, D,0): § (ppm) = 70.3, 63.5, 49.1, 30.4, 27.0, 25.8, 22.0, 17.5.

The bromide salt (74.4 g, 300 mmol) was exchanged to the hydroxide form by stirring in
distilled water (300 cm?) and Ambserb 900-OH ion-exchange resin (60 g) for 24 hours.
The solution was filtered and the process repeated once, forming a halide-free solution
(see Section 3.2.3).

3.2.2 N,N,N-Trimethyl-1-adamantylammonium hydroxide (TMAA-
OH)

Synthesis of TMAA-OH (Figure 3.3) was adapted from procedures in Zones, Hu et al.

and Kioke et al..?™

86



Figure 3.3: Structure of N,N,N-Trimethyl-1-adamantylammonium hydroxide.

The corresponding iodide salt, N,N,N-Trimethyl-1-adamantylammonium iodide was pre-
pared by dissolving 1-adamantylamine (20.0 g, 132 mmol) in chloroform (120 mL) at
room temperature. Tributylamine (58 g, 312 mmol, 74.4 cm?®) was added and the solu-
tion stirred for 15 minutes and cooled over ice. The solution is wrapped in tin foil before
methyl iodide (58.4 g, 400 mmol, 25 cm?) was added dropwise to the ice-cooled solution.
The solution was kept wrapped in tin foil to exclude light and stirred at 35 °C for 7 days.
The mixture was cooled and filtered before stirring with diethyl-ether (100 cm?) for 30
minutes. The precipitated solid was filtered and washed with diethyl ether.
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Figure 3.4: 11.8 T solution-state NMR spectra of N,N,N-Trimethyl-1-
adamantylammonium hydroxide synthesised in this work. (a) 'H and (b) 13C
NMR spectrum.

The presence of the iodide salt was confirmed by 'H and '3C solution-state NMR
spectroscopy (Figure 3.4)
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'H NMR (300 MHz, D,0): § (ppm) = 2.85 (s, 9 H), 2.20 (s, 6 H), 1.96 (d, 3 H), 1.58
(dd, 6 H).
TH NMR (300 MHz, D,0): § (ppm) = 57.4, 57.3, 34.6, 33.9, 29.9.

The iodide salt (25 g, 70 mmol) was exchanged to the hydroxide form by stirring in
distilled water (100 cm?) and Ambserb 900-OH ion-exchange resin (25 g) for 24 hours.
The solution was filtered and the process repeated twice, forming a halide-free solution
(see Section 3.2.3).

3.2.3 SDA Quality Control

Completeness of SDA ion-exchange from the halide salt to the desired hydroxide form
was confirmed through silver nitrate test. SDA solution (0.25 cm?) was acidified in HCI
solution (1.0 M, 2 cm?), before a few drops of silver nitrate solution (0.05 M) were added.
If no ‘silver mirror’ precipitate was observed, the solution was free of halide and the
exchange was complete.

6

The concentration of SDA hydroxide salt within aqueous solution was determined through
titration of the solution against HCI (0.01 M).

3.3 Zeolite Syntheses

3.3.1 High-Ge Ge-UTL

High germanium content Ge-UTL was prepared using methods adapted from the

literature.

GeO, (19.60 g, 188 mmol) was added to a solution of DMAD-OH (0.625 M, 240 cm’,
150 mmol) and mechanically stirred for 15 minutes, before SiO, (Cab-O-Sil M5) (17.98

g, 300 mmol) was added portionwise under stirring. The mixture was stirred under high

shear for 30 minutes, forming a reaction gel of composition:

0.5Ge : 0.4ADMAD — OH : 0.8510, : 35H,0. (3.1)

The gel was sealed in Teflon-lined steel autoclaves and heated to 180 °C for 7 days, before
quenching, cooling and filtering the product. The product was washed with distilled water
and acetone and dried at 80 °C. Calcination (Section 3.5.1) was performed at 575 °C for
6 hours. Product Si/Ge = 3 (EDX).
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3.3.2 Low-Ge Ge-UTL

Low germanium content Ge-UTL was prepared using methods adapted from the

literature.

GeO; (15.68 g, 150 mmol) was added to a solution of DMAD-OH (0.625 M, 240 cm?,
150 mmol) and mechanically stirred for 15 minutes, before SiO, (Cab-O-Sil M5) (17.98

g, 300 mmol) was added portionwise under stirring. The mixture was stirred under high

shear for 30 minutes, forming a reaction gel of composition:

0.4Ge : 0.4ADMAD — OH : 0.8S10; : 35H,0. (3.2)

The gel was sealed in Teflon-lined steel autoclaves and heated to 180 °C for 7 days, before
quenching, cooling and filtering the product. The product was washed with distilled water
and acetone and dried at 80 °C. Calcination (Section 3.5.1) was performed at 575 °C for
6 hours. Product Si/Ge = 4.5 (EDX).

3.3.3 Si-UTL

Siliceous Si-UTL was prepared using a method adapted from Xu et al..!?

Uncalcined high-Ge Ge-UTL (3.3.1, 300 mg) was stirred in HNO3 (1 M, 15 cm?) for
30 minutes. The mixture was sealed in an autoclave at 180 °C for 24 hours before

quenching, cooling and filtering. The material was then calcined to 550 °C for 6 hours.
The acidic heating process was repeated using the calcined material (now 250 mg). Cal-

cination (Section 3.5.1) was performed on the end product at 550 °C for 6 hours. Product
Si/Ge = 120 (EDX).
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3.34 AlGe-UTL

Alumino-germanosilicate Al,Ge-UTL was prepared using methods adapted from the

literature. !1-12

GeO; (10.46 g, 100 mmol) was added to a solution of DMAD-OH (0.625 M, 160 cm?, 100
mmol) and Al,O3 (0.15 g, 3 mmol) and mechanically stirred for 30 minutes, before SiO»
(Cab-O-Sil M5) (11.86 g, 197 mmol) was added portionwise under stirring. The mixture

was stirred under high shear for 30 minutes, forming a reaction gel of composition:

0.788S10; : 0.4Ge : 0.012A1,03 : 0.4DMAD — OH : 30H,O. (3.3)

Further DMAD-OH was added to adjust the pH to 12, before the gel was sealed in Teflon-
lined steel autoclaves and heated to 175 °C for 20 days, before quenching, cooling and
filtering the product. The product was washed with distilled water and acetone and dried at
80 °C. Calcination (Section 3.5.1) was performed at 550 °C for 6 hours. Product Si/Ge/Al
=17:5:1 (EDX).

3.3.5 AIl-CHA(Na) (SSZ-13(Na))

SSZ-13-type aluminosilicate Al-CHA(Na) was prepared using methods adapted from the

literature.3-13:14

A solution of NaOH (1 M, 2.00 cm?, 2 mmol), TMAA-OH (0.72 M, 2.78 cm?, 2 mmol)
and H,0 (3.22 cm?, 17.8 mmol) was prepared before A1(OH)3 (0.05 g, 0.65 mmol) was
added and stirred until the mixture was clear. SiO; (Cab-O-Sil M5) (0.6 g, 10 mmol) was
added portionwise and the mixture was stirred under high shear for 15 minutes, forming

a reaction gel of composition:

10Na;0 : 2.5A1,03 : 100Si0; : 20TMAA — OH : 4400H,0. 34)

The gel was sealed in Teflon-lined steel autoclaves and heated to 160 °C for 4 days, before
quenching, cooling and filtering the product. The product was washed with distilled water
and acetone until the pH reaced 12.5 and was then dried at 80 °C. Calcination (Section
3.5.1) was performed at 575 °C for 6 hours. Product Si/Al = 12 (EDX).
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3.3.6 Al-CHA(K)

Al-rich Al-CHA(K) was prepared using methods detailed in Akiporiaye et al..'

AI(OH)3 (2.05 g, 10 mmol) was added to a solution of KOH (3.25 g, 25 mmol) in H,O
(99.75 cm?, 5.55 mol) and stirred until dissolved. SiO, (Ludox AS-30 Colloidal Silica)
(30%, 10.0 g, 50 mmol) was added portionwise and the mixture was stirred under high

shear for 15 minutes, forming a thick reaction gel of composition:

2.5K70 : 1A1,03 : 55103 : 600H,0. (3.5

The gel was sealed in Teflon-lined steel autoclaves and heated to 150 °C for 5 days, before
quenching, cooling and filtering the product. The product was washed with distilled water
and dried at 80 °C. Product Si/Al = 5 (EDX).

3.3.7 Al-CHA(H)

Aluminosilicate AI-CHA(H) was prepared directly in the H-form using methods adapted

from the literature. 1617

A solution of AI(OH)3 (0.051 g, 0.50 mmol), TMAA-OH (1.14 M, 1.05 cm?®, 5 mmol)
and H,O (3.68 cm>, 20.4 mmol) was prepared. SiO, (Ludox AS-40 Colloidal Silica)
(40%, 1.5 g, 10 mmol) was added portionwise and the mixture stirred on high shear for 2

hours, forming a reaction gel of composition:

0.1A1,03 : 1Si0; : 0.5TMAA — OH : 44H,0. (3.6)

2 wt % SSZ-13(H) CHA seeds were then added and the gel stirred for 2 minutes. The
gel was sealed in Teflon-lined steel autoclaves and heated to 150 °C for 24 hours, before
quenching, cooling and filtering the product. The product was washed with distilled water
and acetone and then dried at 80 °C. Calcination (Section 3.5.1) was performed at 575 °C
for 6 hours. Product Si/Al = 23 (EDX).
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3.3.8 Si-CHA

Siliceous Si-CHA was prepared directly using methods adapted from the literature. '3:1°

Tetraethylorthosilicate (TEOS) (10.4 g, 50 mmol SiO,) was added dropwise to an aque-
ous solution containing TMAA-OH (1.10 M, 22.72 cm3, 25 mmol). The solution was
mechanically stirred and left to react for three days until the ethanol and water had evapo-
rated, leaving the desired SiO; : H,O ratio. Following this, HF (46.9%, 1.07 g, 25 mmol)

was added until the gel of molar composition,

1Si0, : 0.5TMAA — OH : 0.5HF : 3H,0, (3.7)

was reached and the mixture homogenised thoroughly by hand for 20 minutes. The gel
was sealed in Teflon-lined steel autoclaves and heated to 150 °C under rotation (300 rpm)
for 3 days, before quenching, cooling and filtering the product. The product was washed
with distilled water and acetone until the filtrate had neutral pH and then dried at 80 °C.
Calcination (Section 3.5.1) was performed at 600 °C for 6 hours. Product 100% Si (EDX).

3.3.9 B-CHA(H)

Borosilicate B-CHA(H) was prepared using methods detailed in the literature. !7-20

H3BO3 (0.124 g, 2 mmol) was added to an aqueous solution containing TMAA-OH (0.72
M, 5.56 cm?, 4 mmol), which was topped up with H>O (2.36 cm?, 130 mmol) and stirred
mechanically for 15 minutes. To this SiO, (Cab-O-Sil M5) (0.6 g, 10 mmol) was added
portionwise and the mixture stirred on high shear for two hours until the desired water

content had been reached to satisfy the gel composition:

1Si0; : 0.4TMAA — OH : 0.1B,03 : 44H,0. (3.8)

At this point, 2 wt% Si-CHA (Section 3.3.8) seeds were added and the gel was sealed
in Teflon-lined steel autoclaves and heated to 150 °C for 24 hours, before quenching,
cooling and filtering the product. The product was washed with distilled water and acetone
until the filtrate had neutral pH and then dried at 80 °C. Calcination (Section 3.5.1) was
performed at 550 °C for 5 hours. Product Si/B = 8 (EDX).
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3.3.10 Ti-CHA(H)

Titanosilicate Ti-CHA(H) was prepared directly in the H-form using methods adapted

from the literature. !”

Ti(OBu)4 (0.17 g, 0.5 mmol) was added to an aqueous solution containing TMAA-OH
(0.82 M, 17.1 cm?, 14 mmol) and stirred mechanically for 15 minutes. To this SiO;
(Ludox AS-40 Colloidal Silica) (1.5 g, 10 mmol) was added portionwise and the mixture
stirred on high shear overnight until the desired water content had been reached to satisfy

the gel composition:

1Si0; : 1.4TMAA — OH : 0.05TiO; : 1.4HF : 6H,O. (3.9

At this point, HF (46.9%, 0.597 g, 14 mmol) was added and the mixture homogenised
by hand. 2 wt% Si-CHA (Section 3.3.8) seeds were then added and the mixture further
combined by hand for 2 minutes.The gel was sealed in Teflon-lined steel autoclaves and
heated to 150 °C for 30 hours, before quenching, cooling and filtering the product. The
product was washed with distilled water and acetone until the filtrate had neutral pH and
then dried at 80 °C. Calcination (Section 3.5.1) was performed at 600 °C for 5 hours.
Product Si/Ti = 22 (EDX).

3.3.11 Zn-CHA(H)

Zincosilicate Zn-CHA(H) was prepared directly in the H-form using methods adapted

from the literature.

A solution of LiOH (0.034 g, 0.8 mmol) and H,O (2.4 cm?, 130 mmol) was prepared
before SiO, (Cab-O-Sil M5) (0.6 g, 10 mmol) was added and the mixture stirred me-
chanically for two hours to obtain a clear suspension. A second aqueous solution of
TMAA-OH (1.14 M, 3.68 cm?, 42 mmol) and Zn(OAc), (0.066 g, 0.3 mmol) was pre-
pared and stirred for five minutes, before addition to the silicate solution to form the gel

of composition:

1SiO; : 0.42TMAA — OH : 0.03ZnO : 0.08LiOH : 30H,O0. (3.10)

2 wt% Si-CHA (Section 3.3.8) seeds were added directly after the zinc solution and the
mixture stirred for 20 minutes. The gel was sealed in Teflon-lined steel autoclaves and
heated to 150 °C for 7 days, before quenching, cooling and filtering the product. The

product was washed with distilled water and acetone until the filtrate had neutral pH and
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then dried at 80 °C. Calcination (Section 3.5.1) was performed at 600 °C for 5 hours.
Product Si/Zn = 18 (EDX).

3.3.12 Al-FAU(Na) (Linde Type-Y)

Linde Y-type aluminosilicate AI-FAU(Na) was prepared using methods adapted from the

literature. 1421

H,0 (9.98 cm?, 554 mmol), NaOH (2.04 g, 51 mmol) and NaAlO, (1.05 g, 12.8 mmol)
was stirred mechanically until dissolved. Following this, NaySiO3 (30% SiO;) (11.36 g,
56.8 mmol SiO;) was added and stirred under high shear as a thick gel forms to give a

seed gel of composition:

10.67Na>O : 1A1,03 : 10S10, : 180H, 0. (3.11)

The gel was placed in a sealed container and left to incubate at room temperature for 24
hours. A batch gel was then prepared from H,O (65.49 cm?, 3.64 mol), NaOH (0.07 g,
1.75 mmol) and NaAlO; (13.09 g, 160 mmol) was stirred mechanically until dissolved.
Following this, Na;SiO3 (30% SiO») (71.22 g, 831 mmol SiO,) was added and stirred
under high shear until smooth (20 minutes). The batch gel takes the composition given
by:

4.3Nay0 : 1ALO3 : 10S10; : 180H,0. (3.12)

An overall reaction gel was then prepared by taking seed gel (8.25 g) and adding slowly
to the seed gel. Thorough mechanical mixing on high shear for 20 minutes was needed to

homogenise the gel. Following this, the reaction gel of composition:

4.62Na0 : 1A1,03 : 10S10; : 180H,0, (3.13)

was left to incubate at room temperature for 24 hours in a sealed poly bottle, before
heating to 100 °C for 6 hours. By this point the product had precipitated out of solution,
leaving a clear supernatant. The product was recovered by centrifugation, washing with
distilled water until the filtrate had pH 9 and was then dried at 80 °C. Product Si/Al = 1.7
(EDX).
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3.3.13 AIl-FAU(Na) (Linde Type-X)

Linde X-type aluminosilicate AI-FAU(Na) was prepared using methods adapted from the

literature. 1422

H,0 (30 cm?, 1.67 mol) and NaAlO, (22.37 g, 273 mmol) was stirred mechanically
until dissolved, whilst separately, HyO (70 cm?, 3.89 mol), KOH (21.53 g, 384 mmol)
and NaOH (31.09 g, 775 mmol) are combined and stirred until dissolved. The aluminate
solution is added quickly to the basic solution under mechanical stirring before H,O (71.8
cm?, 3.98 mol) and Na,SiO3 (30% SiO,) (46 g, 230 mmol Si0;) was added and stirred

under high shear for 20 minutes. Stirring forms a gel of composition:

5.5Nay0: 1.655.5K,0 : 1AL, 03 : 2.2510, : 122H,0. (3.14)

The gel was placed in a poly bottle and heated to 70 °C for 3 hours to incubate before
heating to 100 °C for 2 hours. By this point the product had precipitated out of solution,
leaving a clear supernatant. The product was filtered, washing with distilled water and
0.01 M NaOH and was then dried at 80 °C. Product Si/Al = 1 (EDX).

3.3.14 Al-LTA(Na) (Linde Type-A)

Linde A-type aluminosilicate Al-LTA(Na) was prepared using methods adapted from the

literature. 1423

H,0 (80 cm?, 4.44 mol) and NaOH (0.723 g, 18 mmol) was stirred mechanically until
dissolved, and divided into two portions. To the first solution, NaAlO; (8.26 g, 102 mmol)
was added and the mixture shaken in a capped poly bottle until the solution was clear (5
minutes). To the second solution, Na;Si03 (30% Si0,) (15.48 g, 77.4 mmol SiO;) was
added and the mixture shaken in a capped poly bottle for 10 minutes. The silicate solution

was then added to the aluminate solution, rapidly forming a gel of composition:

3.165Na;0 : 1A1,03 : 1.926S10; : 128H,0. (3.15)

The gel was homogenised by vigorous shaking in a capped poly bottle for 20 minutes.
The gel was then heated to 100 °C for 4 hours.The product was cooled to 5 °C in an ice
water bath and then filtered. The product was washed with distilled water until the pH
was less than 9 and was then dried at 80 °C. Product Si/Al = 1 (EDX).
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3.4 Synthesis by Post-synthetic Transformation

34.1 FAU to CHA

Post-synthetic transformation of FAU to CHA was adapted from methods detailed in the

literature, !3-14:24-32 1..33

particularly Muraoka et a
Starting material FAU(Na) (Si/Al = 1.7, 5 g) was ion-exchanged to K* form by 3 x ex-
change in KCI (0.66 M, 250 cm?) at 60 °C. Formed FAU(K) (Si/Al = 1.6, 0.5 g), KOH
(0.13 g, 2.32 mmol) and H,O (5.15 cm?>, 286 mmol), was stirred together to form the

mixture of composition:

1.1K20: 0.5A1,03 : 2.7S510, : 150H,0. (3.16)

Certain components of the gel are provided by the FAU(K) zeolite. The gel was sealed in
Teflon-lined steel autoclaves and heated to 150 °C for 4.5 days, before quenching, cooling
and filtering the product. The product was washed with distilled water and acetone and
then dried at 80 °C. Product Si/Al = 1.6 (EDX).

3.4.2 LTA to CHA

Post-synthetic transformation of LTA to CHA was attempted using methods detailed in

the literature.3*

H,0 (35.7 cm?, 1.99 mol), NaOH (1.82 g, 46 mmol) and TMAA-OH (0.588 g, 2.8
mmol)was stirred mechanically for 10 minutes, before dehydrated LTA(Na) zeolite (Si/Al
=1, 1 g) was added and the mixture stirred for a further 20 minutes. To this SiO, (Ludox
AS-40 Colloidal Silica) (14 g, 70 mmol) was added and the mixture stirred on high shear

for 2 hours, forming a solution of composition:

0.38Nay0 : 0.05A1,03 : 1510, : 0.04TMAA — OH : 36H,0. (3.17)

Certain components of the gel are provided by the LTA(Na) zeolite. The gel was sealed in
Teflon-lined steel autoclaves and heated to 150 °C for 24 hours, before quenching, cooling
and filtering the product. The product was washed with distilled water and acetone until
the filtrate had neutral pH and then dried at 80 °C.
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3.5 General Experimental Protocols

3.5.1 Calcination

Calcination is performed by placing zeolite material into an inert crucible and placing in
the calcination tube furnace, which is open to the atmosphere. The tube furnace is set to
ramp at a rate of 1 °C/min up to the target temperature, before holding for the specified

period of time and then ramping back down to room temperature at a rate of 2 °C/min.

3.5.2 Ion-exchange

Ion-exchange is performed by placing zeolite material in a 1-3M solution of the chloride
or nitrate salt of the desired exchange cation, with a typical solid : solute ratio of 1 : 60.
The mixture is stirred and heated to 80 °C for 18 hours, before the mixture is cooled,
filtered and the solid is re-suspended in a fresh solution of the desired ion-exchange

cation. The heating exchange procedure is repeated 2-4 times.

In the case of exchange to proton (H*) form, the zeolite material is first exchanged to the
ammonium (NH4*) form using NH4Cl in the manner described above. Calcination to the
proton form, liberating ammonia gas is achieved by heating in a Carbolite tube furnace to

700 °C for two hours in the manner described in Section 3.5.1.

3.5.3 Dehydration

Dehydration is performed by placing zeolite material into an open-ended glass vial within
a Schlenk tube, which is connected to a Schlenk line. The Schlenk tube is evacuated down
to a pressure of ~ 10 =2 Torr. The Schlenk tube is placed in a Buchi tube oven and heated
at a rate of 1 °C/min up to the target temperature and held at that temperature for 18
hours. Following dehydration, the pressure registers ~ 10 ~* Torr and the Schlenk tube
is cooled to room temperature. The Schlenk tube is flushed with argon and opened to the
atmosphere under flowing argon. The glass vials are then flame-sealed using a Bunsen

burner.

3.5.4 Slurry Preparation

Slurries are prepared by combining 25 mg of zeolite material with 25 uL of water; either
H!80 or H,!70 in a Bruker 4mm HRMAS PTFE rotor insert, which is sealed with plug

and screw-cap. The sealed inserts are stored in sample vials on the experimental bench.
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355 170, gas-enrichment

170, gas-enrichment was performed on a custom-built Schlenk apparatus. Zeolite mate-
rial is placed in a quartz tube fitted with a Youngs tap and attached to the apparatus. The
apparatus is evacuated, before introducing vacuum to the sample and leaving to equili-
brate at 0-10 mbar under dynamic vacuum for ~ 10 minutes. The sample tube is then
submerged in liquid nitrogen under dynamic vacuum at 0-1 mbar and left to equilibrate
for ~ 10 minutes. The system is then switched to static vacuum before 7O, is introduced
to the sample until a residual static pressure of ~ 200 mbar gas is left in the system. The
quartz tube is then sealed, removed from the Schlenk apparatus and liquid nitrogen and
left to return to room temperature. The sample is then heated in a Carbolite tube furnace
at a rate of 5 °C/min up to 300-800 °C, where it is held for 12-96 hours before cooling to

room temperature at a rate of 5 °C/min.

3.6 Analytical and Characterisation Equipment

Details of analytical and characterisation equipment are provided here. Any specific soft-

ware, hardware or experimental settings used are also included.

3.6.1 Solid-state NMR Spectrometers

Solid-state NMR spectra were acquired at five field strengths: 9.4 T (400 MHz), 14.1
T (600 MHz), 18.8 (800 MHz), 20.0 (850 MHz) and 23.5 T (1 GHz) on the following,
respective Bruker spectrometers; four-channel Avance III, three-channel Avance III,
four-channel Avance Neo, four-channel Avance Neo and four-channel Avance Neo.
All spectrometers were equipped with wide bore magnets, with the exception of 18.8
T (narrow bore). 4.0 mm low-y HX probes have been used for 'H, 7O and Si,
acquisition, 4.0 mm HX probes have been used for IH, 13C, 23Na and 27Al acqusition,
4.0 mm HFX probes have been used for 'H, ''B and '°F and 3.2 mm HX probes have

been used for 'H and 70 acquisition.

Chemical shift reference samples used were C3H7NO; (alanine) for 'H, BPO, (boron
phosphate) for 1B 13BC3H,NO, ('3C-enriched alanine) for 3C, H,O (water) for
170, (CoFy),, (polytetrafluoroethylene (PTFE)) for 19 NaCl (sodium chloride) for
23Na, Al(CsH70,)3 (aluminium acetylacetonate) for 2TAl and C4H720,0Sii6 (oc-

takis(trimethylsiloxy)silsesquioxane (Q8MS)) for 2°Si.
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3.6.2 Liquid-state NMR Spectrometers

Liquid-state NMR spectroscopy was acquired at 9.4 (400 MHz) and 11.8 T (500 MHz)

Bruker Avance III spectrometers using BBFO (Broad Band Fluorine Observation) probes.

3.6.3 X-ray Diffractometers

X-ray diffraction data have been acquired using capillary format. Data have been acquired
on STOE STADIP capillary diffractometers using CuKa radiation and MoK o radiation
at room temperature. Diffractometers were operated in Debye-Scherrer mode. Data have
been collected in the ranges of 3-500 (Cu) and 3-3060 (Mo). Data in this thesis is pre-
sented in CuKo format. This has been achieved by translation of MoKo data using a

script written by Ms Caroline Elliott.

3.6.4 Thermal gravimetric Analyser

Thermal gravimetric analysis was performed with TGA/DTA measurement on a Stanton
Redcroft STA-780 was used.

3.6.5 Scanning Electron Microscope

SEM images were collected on a Jeol JSM-5600 (tungsten filament) with a resolution of
3.5 nm using an acceleration voltage of 5 kV and a working distance of 10 mm. Further
SEM images were collected on a Jeol JSM-IT200 (tungsten filament) with a resolution of

1.5 nm using an acceleration voltage of 5 kV and a working distance of 10 mm.

3.6.6 Energy Dispersive X-ray Analyser

EDX data was collected using the electron gun integrated within a Jeol JSM-5600 electron
microscope with a resolution of 3.5 nm. An acceleration voltage of 20 kV and a working
distance of 20 mm was used. Additional EDX data was collected on an integrated Jeol

JSM-6700F scanning electron microscope.
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3.7 Computational Studies

3.7.1 Density Functional Theory Calculations

Geometry optimisations and NMR parameter calculations were performed using the
CASTEP (CAmbridge Serial Total Energy Package) 19.11 code.?3-3° PBE/TS and ZORA
were used with an energy cut-off of 60 Ry and a k-point spacing of 0.04 2 A 1. Structure

files were taken from the IZA Database.*9

3.7.2 Molecular Dynamics Simulations

Ab initio molecular dynamics simulations were performed at 300 K for 15 picoseconds

with an increment of 5 femtoseconds. MD simulations were employed DFT using the

1‘41

VASP 5.4. code, dispersion correction at the PBE functional leve Further details can

be found in the methods section of the publication by Heard et al. in reference 41
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Chapter 4

Mechanistic Investigations of the ADOR

Process

4.1 Declaration

Some of the work detailed in this chapter has been carried out in collaboration with re-
searchers at the University of St Andrews. Some ex-situ diffraction samples were prepared
and their powder patterns recorded by project student Olivia Dovernor. Development of
the hydrolysis protocol for ex-situ 2°Si NMR spectroscopic investigation was, in part, car-
ried out in collaboration with Dr Susan Henkelis. The ball-milling protocol for ADOR
hydrolysis and preparation of subsequent !’O-enriched sample was prepared in collabora-
tion with Dr Daniel Rainer. DFT calculations were performed and referenced by Profes-
sor Sharon Ashbrook. Selected 'O NMR spectra were carried out at the UK High-Field
Solid-state NMR Spectroscopy Facility, based at the University of Warwick. High-field
experiments were enabled by collaborative assistance from Dr Daniel Dawson, Dr Dinu

Iuga and Dr Trent Franks.

4.2 Introduction

The ADOR process is a recently established method for synthesising new, high-silica
zeolite materials from pre-existing zeolites by exploiting inherent weaknesses within their
parent structures. In order to work, the reaction system requires a starting zeolite material
possessing a structural weakness which can be exploited under mild reaction conditions,
without detriment to or compromise of the bulk of the zeolite layers. Germanosilicate
zeolites provide an ideal system for application of the ADOR protocol owing to the more
hydrolytically unstable Ge—O bonds woven into a stable silicious material. The ADOR

reactivity of germanosilicate zeolites has proven very versatile under variation of a range
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of conditions; starting material, temperature, pH, solvent system, pressure, reaction

volume, reaction time, reaction set up and atmosphere. !> These investigations have

produced a range of materials with a varied composition, pore structure and catalytic

activity. 2328

To date, six different germanosilicate zeolites have been found to be ‘ADORable’,

producing 13 new zeolites with novel topologies (see Table 4.1) The most successful

zeolite for producing new materials has been UTL.?*3% Consequently, the focus of

the work detailed in this chapter is the ADOR reactivity of UTL in water. Chemistry

falling within this reaction space has received much attention since the inception of the

methodology, producing seven new materials to date. Despite this, the exact process by

which the parent UTL zeolite disassembles and rearranges to form isolatable crystalline

intermediates and zeolite precursors is still unclear.

| New Zeolite | Parent Material | Pore System | Reference

IPC-2 (OKO) UTL 12x10 ref. 2

IPC-4 (PCR) UTL 10x8 ref. 2

IPC-6 (*PCR) UTL 10x8 + 12x10 ref. 14
IPC-7 UTL 12x10+ 14x12 ref. 14
IPC-8 UTL 10x8 + 14x12 ref. 8 (synthesis not disclosed)
IPC-9 UTL 10x7 ref. 7
IPC-10 UTL 12x9 ref. 7
IPC-12 Uuov 12-8 (1D) ref. 31
IPC-13 CIT-13 (*CTH) 12x8 ref. 8 (synthesis not disclosed)
IPC-15 SAZ-1 (*CTH) 10 ref. 32
IPC-16 SAZ-1 (*CTH) 12x8 ref. 32
IPC-17 IWR 12x8 ref’s 4,8 (synthesis not disclosed)
IPC-18 IWW 12-8x8 ref. 17

Table 4.1: Table detailing zeolites made by the ADOR protocol. Note only some new
ADORable zeolites have to date been verified and assigned framework codes by the IZA.

Contributing factors to the gap in understanding include; the unknown chemical com-

position of some early intermediates of the ADOR process, the speed with which the

ADORable species react and rearrange in hot water during hydrolysis, the disparity

between the similar long-range order and different local structure of some isolatable

intermediates and the significance of the post-disassembly, pre-assembly induction

period seen in some reactions.

Through high-throughput powder X-ray diffraction

analysis, local structural disorder analysis and the development of novel !’O-enrichment

protocols for in- and ex-situ reaction monitoring using solid-state NMR spectroscopy,

specific reaction intermediates along the ADOR process have been isolated and char-
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acterised, providing novel insights to the disassembly and rearrangement of UTL in water.

Solid-state NMR spectroscopy and X-ray diffraction techniques are ideally suited to mon-
itor the changes occurring in the ADOR process, which involve both local structural
changes and long-range order rearrangements. In this chapter, these techniques have suc-
cessfully been employed to increase mechanistic understanding of ADOR zeolite disas-

sembly, organisation and reassembly.

4.3 Starting Materials Synthesis and Characterisation

The characterisation of parent UTL materials are discussed here. Synthesis details are

disclosed in Section 3.3.

4.3.1 Ge-UTL ‘High-Ge’

High-germanium content UTL was synthesised according to the procedure in Section
3.3.1, producing a highly crystalline material, stable to calcination at 550 °C (see
Figure 4.1). SEM and EDX analyses show a single phase of large platelet type crystals,

typical for UTL materials, with a Si/Ge ratio of ~ 3.%°

| [T .
M i@

5 10 15 20 25 30 35 40
26 (°) CuKa,

Figure 4.1: Powder X-ray diffraction patterns for (a) reference UTL material >
and (b) synthesised high-Ge Ge-UTL.
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Solid-state NMR spectroscopic characterisation of the calcined framework show a broad
lineshape centred at 4 ppm for 'H, typical of the water present in hydrated zeolite
frameworks. The 2°Si MAS and CP MAS NMR spectra reveal an expected overlapped
lineshape owing to the presence of a number of crystallographically inequivalent Q*
framework silicon sites and a very low level of Q3 defects. (see Figure 4.2) This confirms
the material has been successfully reproduced as a low-defect, periodic tectosilicate

zeolite framework.

15 10 5 0 5 70 -9 10 130 150
'H 3 (ppm) *Si 8 (ppm)

Figure 4.2: (a) 'H and (b) 2°Si (14 kHz MAS, 9.4 T) NMR spectra and (c) SEM

image of synthesised high-Ge GeUTL used in this project. Red overlay in (b)

corresponds to "H??Si CP spectrum (5000 s contact time).

4.3.2 Ge-UTL ‘Low-Ge’

Low-germanium content UTL was synthesised according to the procedure in Section
3.3.2, producing a highly crystalline material, stable to calcination at 550 °C (see
Figure 4.3). SEM and EDX analyses show a single phase of large platelet type crystals,
typical for UTL materials, with a Si/Ge ratio of ~ 4.5.%°

M
JJ (@)

5 10 15 20 25 30 35 40
20 (°) CuKa,

Figure 4.3: Powder X-ray diffraction patterns for (a) reference UTL material >
and (b) synthesised low-Ge Ge-UTL.
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Solid-state NMR characterisation of the calcined framework show a broad lineshape
centred at 4 ppm for 'H, typical of water in hydrated zeolite frameworks, with a small
shoulder at 7 ppm indicative of silanol species. The 2°Si MAS and CP MAS NMR spectra
reveal an overlapped lineshape owing to the range of crystallographically inequivalent
Q* framework silicon sites and a very low-level of Q? defects (see Figure 4.4). Although
some evidence of silanols in the 'H spectrum, overall this confirms the material has been

successfully synthesised as a low-defect, periodic tectosilicate zeolite framework.

1 I T T T 1
15 10 5 0 -5 -70 -90 -110 -130 -150
"H 5 (ppm) #8i 8 (ppm)

Figure 4.4: (a) 'H and (b) 2°Si (14 kHz MAS, 9.4 T) NMR spectra and (c) SEM
image of synthesised low-Ge GeUTL used in this project. Red overlay in (b)
corresponds to "H?’Si CP spectrum (5000 s contact time).

4.3.3 Si-UTL

Siliceous UTL was synthesised according to the procedure in Section 3.3.3, producing a
crystalline material, stable to calcination at 550 °C. SEM and EDX analyses show a single
phase of distorted platelet type crystals, with a Si/Ge ratio of ~ 180 (see Figure 4.5). The
change in morphology and visible degradation of the crystals indicate the integrity of the

material is slightly compromised by the degermanation process. 3334

Mo (b)

L. (a)

10 15 20 25 30 35 40
26 (°) CuKa,

[

Figure 4.5: Powder X-ray diffraction patterns for (a) reference UTL material >
and (b) synthesised Si-UTL.
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Solid-state NMR spectroscopic characterisation of the calcined framework show a broad
lineshape centred at 0 ppm for 'H, typical of water in hydrated zeolite frameworks, with
a shoulder at 7 ppm indicative of silanol defect species. The 2°Si MAS and CP MAS
NMR spectra reveal an overlapped lineshape owing to the range of crystallographically
inequivalent Q4 framework silicon sites, but with a more significant level of Q3 and a
small amount of Q? defects (see Figure 4.6). This analysis confirms the material has been
successfully synthesised but with an amount of silanol defects. This is likely caused by

the lack of an additional silicon source in the acidic degermanation-stabilisation process.

15 10 5 0 5 70 9 10 130 -150
'H 8 (ppm) ?8i 8 (ppm)

Figure 4.6: (a) 'H and (b) 2°Si (14 kHz MAS, 9.4 T) NMR spectra and (c) SEM

image of synthesised Si-UTL used in this project. Red overlay in (b) corresponds

to 'H?°Si CP spectrum (5000 us contact time).

434 Al-UTL

Aluminated UTL was synthesised according to the procedure in Section 3.3.4, producing
a crystalline material, stable to calcination at 550 °C (see Figure 4.7). SEM and EDX
analyses show a single phase of large platelet type crystals, typical for UTL materials,
with a Si/Al ratio of ~ 18 and a residual germanium content by atom of 1% (Si/Al/Ge =
90/5/1).%3
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5 10 15 20 25 30 35 40
20 (°) CuKa

Figure 4.7: Powder X-ray diffraction patterns for (a) reference UTL material >°
and (b) synthesised Al-UTL.

Solid-state NMR spectroscopic characterisation of the calcined framework show a broad
lineshape centred at 3 ppm for 'H, typical of water in hydrated zeolite frameworks. The
small amount of Brgnsted acid sites stabilising the negatively charged aluminosilicate
framework are likely to overlap with this peak. The 2°Si MAS and CP MAS NMR spectra
reveal an overlapped lineshape owing to the range of crystallographically inequivalent Q*
framework silicon sites and a significant level of Q3 and small amount of Q2 defects. The
27A1 MAS NMR confirms tetrahedral aluminium the material, however the significant
peak at O ppm also confirms a significant amount of 6-coordinate aluminium is also
present (see Figure 4.8). The very sharp lineshape may suggest that this species is extra
framework Al that is hydrated within the pore. The above confirms the material has been
successfully synthesised, although the framework is likely to contain a large amount of

defects where aluminium has been incorporated in place of germanium.

T T T T 1 T T T T 1 T T T T T T 1
15 10 5 0 -5 -70 90 -110 -130 -150 80 60 40 20 0 -20 —40
"H & (ppm) 28i 8 (ppm) ZAl 3 (ppm)

Figure 4.8: (a) 'H, (b) 2°Si and (c) 2’Al (14 kHz MAS, 9.4 T) NMR spectra and
(d) SEM image of synthesised Al-UTL used in this project. Red overlay in (b)
corresponds to "H??Si CP spectrum (5000 us contact time).
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4.4 Following the ADOR Process using ex-situ X-ray

Diffraction

As outlined in Section 1.4.2.2, owing to the differences in the interplanar spacing
of disassembled intermediates of the ADOR process, the (200) reflection; present in
all diffraction patterns concerning the ADOR transformations of UTL; can be used
to follow disassembly and organisation steps of an ADOR transformation by isolat-
ing reactive intermediates. The development of a standard protocol by Henkelis et
al.,'>13 provided a starting point for optimisation of the reaction conditions applicable to

X-ray diffraction analysis that enabled the ADOR transformation in water, to be followed.

In this section, optimisation of initial reaction conditions for ADOR hydrolyses to be
studied using solid-state NMR spectroscopy were developed, using the work in references
12 and 13 as a starting point. PXRD was used as the primary characterisation method for

optimisation reactions.

4.4.1 Optimisation of Reaction Conditions

Henkelis et al. developed a reaction protocol for tracking the ADOR process where small
samples were taken throughout a reaction to track the disassembly and rearrangement
in water at a range of temperatures. Owing to the small sample volume required for
PXRD analysis, sampling could take place frequently even at high temperatures; every
minute for the first five minutes and thereafter every five minutes up to and including
60 minutes, after which samples were taken every 30 minutes. This method proved
effective at enabling the reaction transformation to be followed, using PXRD analysis.
Employing this method at 100 °C, the disassembly step is completed after approximately
five minutes, with reassembly starting after a 60 minute induction period and completing
within four hours of the reaction starting. Thus, a complete ADOR rearrangement can be

comfortably captured at 100 °C in eight hours.'>!3
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In this work, larger sample sizes applicable for solid-state NMR analysis (using 4 mm
rotors for 2°Si NMR experiments were required at specified intervals. It was seen by
Henkelis et al. that it was not possible to achieve these larger sample sizes at higher
temperatures as the time taken to remove sufficient product from the reaction flask was
greater than the generation and evolution of intermediates, particularly within the first 60
minutes of reaction. !%!3 Consequently, the reaction temperature in this study was reduced
to 92 °C as this slowed the rate of disassembly sufficiently without compromising the

reaction mechanism.

4.4.2 Development of Standard Protocols for High-throughput
ADOR Hydrolysis

To ensure consistency in analysis of the ADOR hydrolysis reaction in water for Ge-UTL
in this thesis, a set of standard hydrolysis protocols were devised (see Section 4.4.5). To
aid this, a full time profile for this reaction system was required and as such, a complete set
of PXRD measurements for the 92 °C hydrolysis was obtained, using the high-throughput
technique as documented in reference 13 at 92 °C, with a standard solid : water ratio of
1:200 and a starting UTL material of Si/Ge = 4.5 (see Figure 4.9). Specific reaction

details are found in Section 4.4.5.1.
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Figure 4.9: Plot showing the variation in d-spacing for the d>gp reflection in ex-

situ PXRD patterns of samples taken throughout the disassembly, organisation

and reassembly of ‘low-Ge’ Ge-UTL in water at 92 °C. Typical d-spacing for
(200) reflection of key intermediate materials indicated on plot.

The results, shown in Figure 4.9 suggest the ADOR reaction follows the desired pathway
at 92 °C in water for Ge-UTL hydrolysis, although it was found to be slightly slower than
that reported by Henkelis. !>!3 Initially the material rapidly hydrolyses through IPC-2P*
(one minute) to IPC-1P (= 20 minutes), before a three-hour induction period is found,
after which rearrangement occurs and the material passes through IPC-6P (six hours),
before forming the end product IPC-2P (seven hours). The expected and achieved (200)

reflection positions for key intermediates are listed in Table 4.2.
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Intermediate Z’;E:itzd EXZ:;;H/IE?M ]éiplgzglgn(tf )1 Formed After
UTL 14.53 14.39 6.14 n/a
IPC-2P* 11.62 11.21 7.81 1 min
IPC-1P 10.40 10.42 8.48 30 min
IPC-6P 11.15 11.20 7.87 360 min
IPC-2P 11.62 11.73 7.58 420 min

Table 4.2: Key intermediates in the ADOR hydrolysis transformation for Ge-UTL in
water and their dypp and CuK, 260 reflection positions.

4.4.3 Intermediate Identification

The versatility of the ADOR process means the method of producing materials by
various hydrolysis routes has a negligible effect on the quality of the final product and as
such, appropriate hydrolyses can be employed to target desired structures under specific
conditions. Furthermore, structurally similar isolated materials prepared by different

routes are comparable using powder X-ray diffraction.

The powder diffraction patterns of intermediates of interest to this project, formed through
the hydrolysis of Ge-UTL (Si/Ge = 4.5) in water at 92 °C under standard conditions
(see Section 4.4.5.2) are displayed in Figure 4.10. IPC-X materials (X = 1P, 2P, 2P*,
6P) are highly disordered and as such their PXRD patterns exhibit broad and sometimes
featureless lineshapes (see Figure 4.10). The intermediates are characterised typically by
the position of their (200) reflection only. '®3-37 EDX analyses of disassembled precursor
materials show all germanium has been removed from disassembled precursor materials

and these are completely siliceous, with the exception of IPC-2P*, which has Si/Ge ~ 12.
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Figure 4.10: Plot showing the PXRD patterns of isolated intermediates in the
disassembly, organisation and reassembly of ‘low-Ge’ Ge-UTL in water at 92
°C. (a) Parent Ge-UTL Si/Ge = 4.5, (b) IPC-2P*, isolated after 1 minute, (c)
IPC-1P, isolated after 1 hour, (d) IPC-6P, isolated after 6 hours and (e) IPC-
2P, isolated after 8 hours. (200) reflection highlighted in blue for each plotted
material.

4.4.4 Further Considerations for ADOR Hydrolyses

To build a more detailed picture of the versatility of the ADOR hydrolysis reaction at 92
°C in water and to explore the possibility for further adaptions e.g., for !’O-enrichment
during the hydrolyses, the conditions for the standard ADOR hydrolysis reaction detailed

above was further optimised.

An important consideration for the hydrolysis reaction developed here is the effect
of sampling (i.e. removing solid and reaction solution from the reaction) and the
implications this has on the propagation of the reaction, particularly if large sample
volumes are required. Although zeolites remain insoluble in water at all temperatures,
highly soluble species are generated during the ADOR hydrolysis of UTL. For example,
germanium oxides and aqueous silicate species, which may play important roles in
reintercalation and the kinetics of rearrangement and formation of IPC-1P, IPC-6P and
IPC-2P intermediates are generated. %37 Depending on the point in the reaction at which
the sampling occurrs (e.g., disassembly, organisation, reassembly) and the amount of
sample/solution removed, the concentrations of aqueous species will be affected, possibly

then affecting the overall progress of the reaction.
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Using a standard solid : water ratio of 1:200 reaction of Ge-UTL in water at 92 and
100 °C, reactions, the methods in Section 4.4.5.3 and 4.4.5.4 were performed and the
products compared. Sampling ~ 100 mg of material required the removal of 10-20 mL
solvent, which appeared to have an effect on the rate of the hydrolytic disassembly and
rearrangement (see Figure 4.11). The reduced rate of reaction when filtrate is returned
to the flask is ascribed to the decreased concentration of hydrolysed solid in the reaction
mixture, which results in a reduced proabability of collision with important dissolved
species for reintercalation processes. Further, the strong temperature dependence of
organisation and reassembly steps mean that returning cold filtrate to the reaction flask

will negatively affect the reaction rate.
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(O]
©
Eo 10.5
_08

10.0

95 I I I I I
1 60 240 360 1440
Reaction time
/ mins

Figure 4.11: Plot of d»gg reflection position as a function of reaction time of
the disassembly and organisation steps in continual Ge-UTL hydrolyses under a
range of conditions. 92 °C filtrate discard = red, 100 °C filtrate discard = blue,
92 °C filtrate replace = black, 100 °C filtrate replace = green. Expected dzgp
reflection position for key ADOR intermediates indicated on plot in grey.

The absolute ratio of solid : water is known to affect the expected products; Bignami
et al. showed how the mechanism of the ADOR rearrangement is completely changed
under low solid : water ratios, where the IPC-1P intermediate never fully forms and
instead a gradual degermanation and reintercalation process of silicate species takes

place, producing IPC-2P-like materials with increased disorder. 1°

To assess the effect of solid : water on the formation of intermediates in the ADOR hy-
drolysis of Ge-UTL in water at 92 °C, a series of reactions were carried out by varying

this ratio and their products compared. Hydrolysing Ge-UTL for two hours should, under
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standard conditions (solid : water 1:200) form IPC-1P. In some cases, however, lower
solid : water hydrolyses may be desired; for example when !"O-enriched materials are
targeted (see Section 4.6.3).19 Table 4.3 below shows that a ratio of 1:80 is sufficient
at preserving the ‘standard’ ‘high-volume’ ADOR pathway at 92 °C and 100 °C, as evi-
denced by the formation of IPC-1P after 2 hours of reaction. This finding will be exploited

to achieve !’O-enriched materials that have been fully and extensively hydrolysed.

. Filtrate Discarded Filtrate Replaced
solid : water
IPC-1P formed? | IPC-1P formed? | IPC-1P formed? | IPC-1P formed?
92°0) (100 °C) 92°C) (100 °C)
1:200 v v v v
1:80 v v v v
1:60 X X X v
1:40 X X X X
1:8 X X X X

Table 4.3: Formation of IPC-1P ADOR intermediate for the hydrolysis of Ge-UTL in
water under varying solid : water and temperature conditions after two hours of reaction.

Considering the results of the reactions carried out in this section, some general consider-
ations to be taken in to account for following ADOR reactions of Ge-UTL when aiming
to follow the hydrolysis mechanism for ‘high-volume’ hydrolyses are as follows: all re-
actions where an external heat source is applied will be carried out at 92 °C, solid : water
ratios of 1:80 or 1:200 will be used, and when taking multiple samples at specified time
points during a continuing hydrolysis reaction, a similar proportion of the reaction solu-
tion will be removed from the flask as that of the proportion of solid removed from the
overall reaction mixture and any reaction solution removed during sampling will not be

returned to the reaction flask.

4.4.5 Optimised Reaction Protocols

4.4.5.1 Standard High-throughput Reaction

Zeolite UTL Si/Ge = 4.5 (600mg) was hydrolysed in distilled water (120 cm?) (solid :
water 1:200) at 92 °C under rotation at 400 rpm for 8 hours. Samples were taken from
the reaction at specified time intervals (for 1-5 minutes; every minute, for 5-60 minutes;
every 5 minutes and for 60-480 minutes; every 30 minutes) in the minimum amount of
hydrolysing solution. Isolated intermediates were filtered, washed with distilled water
and dried at 80 °C for 10 minutes, before PXRD analysis.
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4.4.5.2 Standard Hydrolyses

Zeolite UTL Si/Ge = 4.5 (200mg) was hydrolysed in distilled water (40cm?) (solid :
water 1:200) at 92 °C under rotation at 400 rpm for 1-24 hours. Samples were filtered,
washed with distilled water and dried at 80 °C for 60 minutes.

4.4.5.3 Filtrate Replacement Hydrolyses

Zeolite UTL Si/Ge = 4.5 (600mg) was hydrolysed in distilled water (120 cm?) (solid :
solute 1:200) at 92 °C under rotation at 400 rpm for 24 hours. Samples ~ 100mg in
~ 15-20cm’ solute were taken from the reaction at specified time intervals (1, 60, 120,
300 and 1440 minutes) and were filtered and dried at 80 °C for 60 minutes. The isolated

filtrate was returned to the reaction flask.

4.4.5.4 Filtrate Discard Hydrolyses

Zeolite UTL Si/Ge = 4.5 (600mg) was hydrolysed in distilled water (120 cm?) (solid :
water 1:200) at 92 °C under rotation at 400 rpm for 24 hours. Samples ~ 100mg in ~
15-20cm? water were taken from the reaction at specified time intervals (1, 60, 120, 300

and 1440 minutes) and were filtered and dried at 80 °C for 60 minutes.

4.4.5.5 Varied solid : water Hydrolyses

Zeolite UTL Si/Ge = 4.5 (200mg) was hydrolysed in different volumes of distilled water
(1.6, 8, 16, 40 cm3) (solid : water 1:8, 1:40, 1:80, 1:200) at 92 °C under rotation at 400
rpm for 1-24 hours. Samples were filtered, washed with distilled water and dried at 80 °C

for 60 minutes.

4.5 TFollowing the ADOR Process using ex-situ »Si NMR
Spectroscopy

The previous section addressed optimisation of ADOR hydrolyses to assess the mecha-
nism of disassembly and reassembly of Ge-UTL in water. Although PXRD is effective
at capturing the formation and lifetimes of different hydrolytic intermediates generated

during hydrolysis, it provides an average picture of the long-range order of the system
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and is unable to offer significant insight into the changes to local structure and the
atomic-scale mechanism of disassembly or organisation taking place. However, the
sensitivity to local structural disorder of solid-state NMR spectroscopy and the ability
to probe certain species present in ADOR intermediates; such as Si—OH, using 'H?°Si
CP experiments; make it well-suited to study materials, processes and intermediates

generated through the ADOR process.

Solid-state NMR spectroscopy has been used extensively in study of the ADOR process,
shedding light on several important structural and mechanistic aspects unattainable
through diffraction-based approaches. 2°Si NMR spectroscopy has been used to charac-
terise the chemical environments of new zeolites and intermediates formed through the
ADOR process, providing information on defect level and disparities between expected
silanol concentrations from diffraction models and actual level of disassembly using
Q%:Q* ratios. >!1314.17-19.21,22,32.38-41 Eyrthermore, the study of degermanation processes
in germanosilicate zeolites also provided information on the chemical shifts of silicon
atoms located within the d4r of ADORable zeolites — something also achieved through
"B NMR and its preferential location within the UTL framework. 10333442 27A] NMR
spectroscopy has been employed to the extension of the ADOR process to catalytic
applications and 2’Al NMR studies have monitored both synthetic and post-synthetic
incorporation of Al into the UTL structure, with time-resolved studies offering insight
into rate of incorporation under different reaction conditions.”-1%-1540:43 19 NMR
spectroscopy has proven valuable in the characterisation of ADORable germanosilicate
materials by identifying the proportion and location of germanium within the d4r
units. The preference of Ge to organise in 4r sheets within d4r of UTL, rather than
randomly is postulated to be a driving factor for the success of UTL-derived ADOR

4,16,31,39.43.44 Eyrther, 170 NMR spectroscopy experiments have shown a

processes.
surprising level of exchange of framework oxygen sites within the bulk zeolite layers
in 70-enriched hydrolyses and demonstrated how the hydrolysis mechanism followed

depends on system treatment; e.g., reflux hydrolysis vs. mechanochemistry. 13:19-21

In this section, 2°Si MAS NMR spectroscopy is used to explore the changes to the local
structure of hydrolytic intermediates as they disassemble and organise to form crystallo-
graphically distinct materials. Further, changes to the local structure of crystallographi-

cally same IPC-1P intermediates, during the ‘induction period’ are also investigated.
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4.5.1 Effect of Reaction Sampling on End Product

Using information obtained from studies in Section 4.4.4, the end products of hydrolyses
carried out using the standard method (Section 4.4.5.2) and filtrate discard hydrolyses
(Section 4.4.5.4) were compared after eight hours of hydrolysis, using X-ray diffraction
and 2°Si solid-state NMR spectroscopy. Example PXRD patterns and 2°Si NMR spectra
are displayed in Figure 4.12.

(a) (b)
JM F SN D 70 -9 _-\1%0 130 150
© ) Si & (ppm)
J T T — T * 4 ; : : : .
10 20 30 40 50 ~70 -0 110 130 -150
20 (°) CuKa St epm)

Figure 4.12: Comparison of (a,c) PXRD patterns and (b,d) (9.4 T, 14 kHz) >°Si
MAS NMR spectra of [PC-2P products obtained from the hydrolysis of UTL in
water at 92 °C for eight hours using (a,b) standard hydrolyses and (c,d) filtrate
discard hydrolyses. Red overlay in (b,d) corresponds to 'H?’Si CP spectrum
(5000 us contact time).

Figure 4.12a,b show that both materials produced are the expected [PC-2P product and as
such the ADOR transformation is complete. It is noted that a small amount of amorphous
material has formed in (a), as shown by the slight broad feature in the baseline between ~
20-30 26. The solid-state NMR spectra in Figure 4.12b,d agree with the PXRD findings
as the local structure of both materials appear as IPC-2P. Integration of 2°Si lineshapes
using DMfit* produce Q3:Q* ratios of 1:4.92 and 1:4.89 for standard and filtrare dis-
card hydrolyses, respectively. It is interesting that both of these materials, which are
fully organised to IPC-2P, exhibit Q3:Q* significantly lower in Q* than that expected,
when compared to idealised IPC-2P models derived from structural analyses. Further,
the CP MAS spectra, shown overlaid, suggest that the two samples possess slightly dif-
ferent distributions of silanols. Both spectra show a significant peak in the Q° region
for Si(O-S1)30—H, as expected, but the standard hydrolysis sample in Figure 4.12b also
possesses a small amount of Q? Si(0-Si),(0O-H), species. Although a small amount of
these Q? sites are present, this is not sufficient to indicate a vastly different mechanis-
tic result is obtained when carrying out ADOR hydrolyses of UTL in water using either
of these two methods, provided the temperature, time and initial solid : water remain
consistent. Consequently they will both be used henceforth in this chapter to support

NMR-spectroscopic investigations.
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4.5.2 Intermediate Identification

To learn more about the changes to the local structure of ADOR intermediates formed
during the hydrolysis of UTL in water, a series of standard hydrolysis reactions (see
Section 4.4.5.2) were performed at 100 °C, taking samples after 1, 60, 240 and 480 min-
utes. '3 The kinetics of the ADOR hydrolysis reaction at this temperature mean that the
expected products at each of these intervals are expected to be IPC-2P*, IPC-1P, IPC-2P
and IPC-2P.'> The PXRD patterns (Table 4.4 and Appendix Figure C.1) and 2°Si MAS
NMR spectra (Figure 4.13) of the resulting materials are compared.

Hydrolysis Expected | Experimental .
Time / min Expected Product Do/ A doo | A Experimental Product
SM* UTL 14.53 14.39 UTL
1 IPC-2P* 11.62 11.85 IPC-2P*
60 IPC-1P 10.40 10.58 IPC-1P
240 IPC-2P 11.62 11.58 IPC-2P
480 IPC-2P 11.62 11.60 IPC-2P

Table 4.4: Comparison of the (200) reflection position for products obtained by standard
ADOR hydrolysis of Ge-UTL in water at 100 °C with their expected (200) peak posi-
tions. '3 * SM denotes Starting Material.

Table 4.4 shows that the isolated products of the 100 °C reactions have dgp reflection at
positions similar to the ideal materials, so the reaction is deemed to have proceeded suc-
cessfully. Furthermore, the 2°Si MAS NMR spectra (Figure 4.13) display a rapid spectral
change from that of the parent UTL structure is seen after just one minute of hydroly-
sis, resulting in Q> and Q* signals as hydrolysis occurs. Normalising by Q* intensity in
Figure 4.13 clearly shows how the proportion of Q3 and Q* changes over time, with a
maximum proportion of Q? sites seen after one hour for IPC-1P and the highest levels
of disassembly and disorder. Following this, reorganisation and reintercalation processes
occur to form IPC-2P at four and eight hours. Similar to that seen in Section 4.5.1, there

is a discrepancy between the experimentally obtained Q>:Q*.
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Hydrolysis | Structure-derived | Experimentally-derived
Time / min Q*Q* Q*:Q*
SM#* oo oo
1 1:7.0 1:3.1
60 1:2.5 1:2.6
240 1:7.0 1:6.2
480 1:7.0 1:6.1

Table 4.5: Comparison of Q3:Q* of materials obtained by standard ADOR hydrolyses of
Ge-UTL in water at 100 °C with their expected Q3:Q* derived from structural models. *
SM denotes Starting Material.

Table 4.5 shows how, after 1 minute of hydrolysis, the level of germanium removal
and silanol formation is significant with a lower Q3:Q* than expected from structures
indicated by PXRD. This corroborates with the idea that initial hydrolysis and germanium
removal is incredibly rapid at 100 °C and shows that the separation of silica-rich layers
happens at a slower rate than this initial germanium removal. Data for one hour shows
a fairly good agreement for the highly disassembled intermediate, IPC-1P, before it
reassembles to IPC-2P. The IPC-2P materials formed are more defective and silanol-rich
than the structural models would predict. In reality, this persistently higher concentration
of silanols may be caused by hydrolytic removal of germanium from within the silica-rich
layers of the UTL material, or through incomplete reintercalation of silicon species from

the reaction solution.

Whilst it is expected that the change in structure of the ADOR hydrolysis products will
result in changes to the 2°Si MAS NMR lineshapes in Figure 4.13, it is interesting to
observe that changes to the local structure of materials are observed even when the Q*.Q*
and PXRD-derived structures are the same. For example, IPC-2P* and IPC-2P (1 min
vs. 4 hr vs. 8 hr samples all exhibit different lineshapes. Furthermore, there is evidence
of a change in the local-environment of Q* species between 1 hr IPC-1P and the IPC-
2P materials, even though the Q* species (present in the siliceous layers where ADOR
processes are not expected), should be largely crystallographically similar in both of these

materials. A subsequent study to explore this observation was carried out in Section 4.5.3.
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Figure 4.13: 2°Si (14 kHz MAS, 9.4 T) NMR spectra of products obtained from
the hydrolysis of UTL in water at 100 °C using standard hydrolyses for varying

amounts of time. Product identification from PXRD (left) and reaction time
(right) are indicated on each spectrum trace.

4.5.3 The Induction Period

Within this section, the ‘induction period’ that takes place between disassembly and re-
assembly steps of the ADOR process is investigated. During this time, there are no visible
changes to the long-range order of the disassembled IPC-1P intermediate, as shown in
Figure 4.9, however, it is suspected that local structural changes occur that initiate silicon
reintercalation, leading to the subsequent change in d>gp and inter-layer spacing. The ex-
act structural rearrangements occurring in the induction period are unclear, but it is clear
that the rate at which they occur is dependent on the temperature of the reaction sys-
tem. Lower reaction temperatures lengthen the lifetime of the IPC-1P phase dominance,
following Avrami-Erofeev kinetics, with no change to dygp observed at all for reactions
carried out below 70 °C.!2 A series of 92 °C standard hydrolysis reactions in water are in-
vestigated here, to explore the changes to the local structure occurring during UTL ADOR
hydrolyses. The 2°Si MAS NMR spectra of the products are shown in Figure 4.14.
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Figure 4.14: 2°Si (14 kHz MAS, 9.4 T) NMR spectra of products obtained from
the hydrolysis of UTL in water at 92 °C using standard hydrolyses for varying
amounts of time to study the induction period for reorganisation from IPC-1P.

DMfit-derived Q3:Q4 (left) and reaction time (right) are indicated on each spec-
trum trace.

Figure 4.14, shows that the Q>:Q* integral ratios for products isolated are as expected
for ADOR hydrolyses taking place under these conditions with the dominant product
in all reactions >1 hour being IPC-1P, with the exception of the eight hour experiment.
Figure 4.9 shows that products present after one, two, three and four hours of reaction
indicate a long induction period occurs and exhibit very similar long-range order. It is
clear, however that during this time, the local structure of the intermediate materials
constantly change, evidenced by the differences in lineshape and proportion of the Q>

and Q* environments in the structures.
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The highly disorganised nature of the IPC-1P intermediate makes it difficult to identify
exactly which structural and environmental changes are observed when comparing the
spectra in Figure 4.14, yet a few conclusions can be drawn. When comparing IPC-2P*
materials at one minute with IPC-1P at times > 1 hour, the sharper lineshape in the latter
makes it clear that the silanol (Q3) distribution is more ordered here. This narrower
lineshape persists again until the material changes phase by reorganisation to IPC-2P.
More ordered silanols may be expected for IPC-1P materials as they occur dominantly at

the interface of the inter-layer region of the silicon-rich 2D sheets.

The change in 2°Si chemical shift in spectra in Figure 4.14 indicate that there is a
constant change of local structure of the Q* silicon environments in the siliceous IPC-1P
structure, prior to any re-intercalation of aqueous silicate species occurring. Exactly what
structural rearrangements happen during this period is unclear, but there appears to be
the growth and loss or disordering and reordering of the local structure as the material
remains as IPC-1P. The disordered nature of the IPC-1P structure and the large number
of crystallographically-distinct silicon sites in the material make it difficult to identify
exactly what these different Q* line-shape components are from 2°Si NMR spectra. It
is possible that this is to do with the departure from and rearrangement to a material
that contains s4r. Amongst the large-pore germanosilicates with d4r, Ge-UTL is unique
for its tendency to form Ge s4r, or 4r ‘faces’ of GesO4 rings within the d4r, which
makes the ‘inter-layer region’ increasingly hydrolytically unstable and therefore ideal
for ADOR-type transformations. 3?46 It it feasible to suggest that the local structure
of defective IPC-1P, rich in germanium- or silicon-rich rings and an IPC-2P precursor
where silicon-rich s4r are required may be somewhat similar, hence the similarity
of the lineshapes produced by one hour and four hour samples in Figure 4.14. The
changes observed between these timepoints at two and three hours may be part of the
reorganisation process. Either way, it is clear that reorganisation of the material is
necessary in order to form a product with the local structure as captured in the result at
four hours, in order to kickstart silicon reintercalation and the ‘organisation’ step of the
ADOR process.

There is a preference for germanium to locate in specific positions for Ge-UTL, partic-
ularly on the surface of the siliceous sheets, connected through T—O-T linkage to the
d4r.* This position should not actively take part in the ADOR process, however germa-
nium in this ‘silicate layer’ position will be hydrolysed upon contact with water. This may
offer an explanation as to why the Q*:Q* ratio observed is lower than that expected for

IPC-1P as one germanium removed here will produce four Q? silanol groups. Yet further
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hydrolysis or reintercalation at this position should not result in a change to the inter-layer
spacing of the material. Reintercalation is in fact necessary to facilitate the production of
an inter-layer species from which s4r in IPC-2P can grow. It is proposed therefore to be
vital that silicon reintercalation at this T6 position occurs during the induction period in
order to allow filling of the inter-layer space (organisation) and an increase in d»gg to form
IPC-2P structures.

4.6 Following the ADOR Process using 70 NMR Spec-

troscopy

Previous sections in the chapter have highlighted the importance of PXRD and 2°Si MAS
NMR spectroscopy techniques to study the ADOR process. The former underlined the
effect of ADOR transformations on the long-range order of materials and intermediates
formed and showed that through adaption of hydrolysis conditions the products of ADOR
transformations of UTL can be controlled. The latter showed how the local structural
disorder of these ADORable intermediates is also influenced by hydrolysis conditions
how this can influence the next stages of the reactions, providing complementary

information to X-ray diffraction.

The introduction of the 7O isotope to the reaction and its subsequent study using !’O
NMR spectroscopy can provide a further insight into the mechanism of the ADOR pro-
cess, by shining a light on specific zeolite reactivity. Employing !’O-enriched reagents
(H2'70, 703, in specifically-designed ADOR reactions enables the study of specific
solid-liquid, solid-gas interactions and can provide information on how reversible kinetic
bond lability and irreversible thermodynamic bond hydrolysis processes are facilitated in

ADOR transformations.

4.6.1 Strategy

The high costs associated with the use of "O-enriched reagents mean their use in an
extensive suite of experiments to explore the effect of the ADOR process on the local
coordination environment of oxygen in UTL materials is not feasible. Instead, using the
knowledge of ADOR process tunability and control as explored in Sections 4.4 and 4.5 it
is possible to design a set of specific experiments that target specific materials generated
in the ADOR process for further study. This in turn enables extraction of information
from interesting structures, revealing information about the ADOR mechanism and the

roles of different intermediates.
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4.6.2 Enriched UTL Material Preparation

The following sections detail the synthetic protocols used to successfully enrich targeted
UTL and UTL-derived materials in '70. The ratio of solid : water used in each reaction

is indicated where appropriate.

4.6.2.1 H,'70 Continual Hydrolysis Reaction

Calcined zeolite UTL (Si/Ge = 4.5) (800 mg) was combined with a 3.5% solution of
H, 70 (prepared from distilled water and 20% H, 7O enriched water) (64 mL). The mix-
ture was heated to 92 °C for 24 hours under rotation at 400 rpm. Samples were taken from
the reaction at 1 minute and 1, 2, 5 and 24 hours such that the solid : water ratio in the
flask remains constant. The solids were filtered and washed with the minumum amount
(< 5 mL) of distilled water and dried at 80 °C for 10 minutes. Solid : water = 1 : 80 (by

mass).

4.6.2.2 H,'"0 Low-volume Hydrolysis Reaction

Calcined zeolite UTL (Si/Ge = 4.5) (300 mg) was combined with a 20% solution of
H, !0 made up from distilled water and 40% H» 170 enriched water (16 mL). The mixture
was heated to 92 °C for 18 hours under rotation at 400 rpm. The reaction was cooled to
room temperature, filtered and washed with 5 mL distilled water. The solid was dried at
80 °C for 10 minutes. Solid : water = 1 : 8 (by mass).

4.6.2.3 H,'70 Incipient Wetness Impregnation

Calcined zeolite UTL (S1/Ge = 4.5) (200 mg) was combined with a solution of hy-
drochloric acid (6 M, 40 mL). The mixture was heated to 92 °C for 18 hours under
rotation at 400 rpm. The reaction was cooled to room temperature, filtered and washed
with distilled water. The solid was dried at 80 °C for 10 minutes and found to be IPC-2P.
Solid : water = 1 : 200 (by mass).

Isolated IPC-2P as prepared above was impregnated dropwise with 40% H, 70O (100 uL)
at a rate slower than that rate at which the enriched water is absorbed into the pores of the
material. In practice, addition of enriched water took ~ 10 minutes at room temperature
and produced a dry IPC-2P solid enriched in H,!7O.

126



4.6.2.4 H,'0 Slurries

Calcined zeolite UTL of desired composition (25 mg) was placed in a PTFE HRMAS
NMR 4 mm rotor insert and 40% H,!7O enriched water (25 uL) added gradually under
mixing. The rotor insert was sealed using the accompanying plug and cap and was stored

in a sample vial on the benchtop. Solid : Water =1 : 1 (by mass). See also Section 3.5.4.

4.6.2.5 1702(g) Post-synthetic gas-exchange

Calcined zeolite UTL (Si/Ge = 4.5) (= 50 mg) was dehydrated under vacuum overnight
(=~ 2.0x10 =3 Torr) at 300 °C, cooled and sealed under argon. The sample was then
sealed in a quartz tube before evacuation and exposure to an atmosphere of 200 mbar
70% 1702(g). The material was sealed under the enriched gas atmosphere and heated in a
tube furnace at 700 °C for 48 hours, using a positive and negative temperature ramp of 5

°/min. See also Section 3.5.5.

4.6.2.6 H,'70 Ball-milling

Calcined zeolite UTL (Si/Ge = 4.5) (~ 500 mg) was combined with 40% H» 170 enriched
water (100 uL) in a PTFE bottle with yittria-stablized zirconia (YSZ) milling media of 3
mm diameter (250 g). The bottle was sealed and milled on rotary ball mill at 150 rpm for
varying periods of time; 30, 120 an 240 minutes. The resulting materials were filtered and
washed using ethanol (50 cm?) and dried at 80 °C for 10 minutes. Procedure developed

in reference 21.

4.6.2.7 Synthesis of Ge!’0,

Germanium ethoxide (1.0 mL), distilled water (0.5 mL) and 40% H,'’0 (0.5 mL) were
stirred at 400 rpm at room temperature for 24 hours. The white gel formed upon comple-
tion of hydrolysis was dried at 80 °C under flowing nitrogen for five hours. The material
was calcined under flowing nitrogen using a stepped ramping program of 300 °C for 2
hours and 575 °C for five hours, with a positive temperature ramp of 1 °C/min up and a

negative 2 °C/min down. Procedure adapted from that in reference 47.
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4.6.3 Hydrolysis Reactions

The results in this section follow on from previously published work that aimed to
uncover the mechanism of the ADOR process under low volume (low solid : water)
conditions.'® In addition to finding the new mechanism for hydrolysis in low-volume
conditions, the study revealed that the rearrangement and exchange of framework oxygen
species with those in the hydrolysing solution was more extensive than first thought.
Significant exchange of 'O into framework sites in the two-dimensional zeolite layers
was observed using 7O solid-state NMR spectroscopy at high magnetic fields.!® This
result confirmed not only the expected presence of Si—!’OH silanols formed irreversibly
through hydrolysis but also the reversible kinetic formation of Si—!"0—Si linkages that
make up the zeolitic layers of hydrolysed IPC-#P intermediates.

By recreating and redeveloping standard hydrolysis reactions in the presence of H,!70O,
this section uncovers more about the rate at which reversible bond lability and irreversible
bond hydrolysis processes occur in Ge-UTL and the related IPC-2P intermediate struc-

ture.

4.6.3.1 High-volume Continuous Hydrolysis

W_} 24 hours

A . 5hours

2 hours

FPY -‘-_,_,_l\.__ 1 hour
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A - SM
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20 (°) CuKa

Figure 4.15: Powder X-ray diffraction patterns of products obtained from the
continual hydrolysis of Ge-UTL in water (3.5% H,'70) at 92 °C. Hydrolysis
time is indicated on each trace.
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Hydrolysing Ge-UTL using the method outlined in Section 4.6.2.1 successfully resulted
in the high-volume ADOR hydrolysis mechanistic pathway (see Section 4.4.4 for further
details) with a solid : water of 1 : 80. This ratio and a 3.5% concentration of H,!’0O
provided an adequate amount of !’O incorporated into disassembled materials to facili-
tate facile NMR spectroscopy study. The PXRD patterns and quantitative 7O and 2°Si
NMR spectra of the isolated products of this reaction are displayed in Figure 4.15 and
Figure 4.16, respectively. Comparison of the identity of intermediates suggested from
PXRD-derived long-range order structural assignment and NMR spectral intensities are
detailed in Table 4.6.
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Figure 4.16: (a) 2°Si (14 kHz MAS, 9.4 T) quantitative and (b) 'O (14 kHz
MAS, 20.0 T) short flip angle NMR spectra of products obtained from the con-
tinual hydrolysis of Ge-UTL in water with a 3.5% H,'7O concentration at 92
°C. Hydrolysis time is indicated on each trace.

The diffraction patterns in Figure 4.15 confirm that the expected hydrolysis pathway is
largely followed and in qualitative agreement with the observed Q3:Q* ratio (Table 4.6)
derived from 2°Si MAS NMR spectra in Figure 4.16a. In this instance, the induction
period is shorter than typically expected for a 92 °C reaction under ‘high-volume’ condi-

tions. This is likely caused by the lower solid : water ratio of 1:80 (previous studies based
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on 4.4.5.2 used 1:200). This lower solid : water will produce a higher concentration of

aqueous species, whilst still following the high-volume disassembly mechanism, which

will likely result in a faster reintercalation / pre-assembly period. 419

Hydrolysis Experimental d>qq / A | Experimental Q3:Q*
Time / min Expected Product (product) (product)
1 IPC-2P* 11.31 (IPC-2P%*) 1:2.4 (IPC-1P)
60 IPC-1P 10.42 (IPC-1P) 1:3.1 (IPC-1P)
120 IPC-1P 11.23 (IPC-6P) 1:3.4 (IPC-1P-6P)
300 IPC-6P 11.65 (IPC-2P) 1:4.4 (IPC-6P)
1440 IPC-2P 11.73 (IPC-2P) 1:5.9 (IPC-2P)

Table 4.6: Comparison and characterisation of materials obtained from the continual
hydrolysis of Ge-UTL in water with a 3.5% H;!’O concentration at 92 °C.

Alongside the hydrolysis taking place in the above reaction, the spectra, acquired at high
field, provide evidence of additional processes taking place during ADOR hydrolysis that
confirm exchange of UTL framework oxygen species. Both the nature of this enrichment
and the rate at which it occurs is surprising; 'O NMR signal can be acquired in these
materials even within one minute of reaction in enriched water, which is comparable to
the rate at which the rapid ADOR hydrolysis occurs under these conditions. In order to
further understand the surprisingly rapid enrichment process observed, the short-flip 170

MAS NMR spectra have been normalised in Figure 4.17.
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Figure 4.17: 170 (14 kHz MAS, 20.0 T) short flip angle NMR spectra of prod-
ucts obtained from the continual hydrolysis of Ge-UTL in water with a 3.5%
H,'70 concentration at 92 °C. Spectra are scaled to take account of the number
of transients averaged and the mass of sample in the rotor. Hydrolysis time is
indicated on each trace. The small amount of five hour sample recovered (*) was
studied by packing into a 4 mm PTFE HRMAS NMR rotor insert.

From Figure 4.17, it is is clear that rapid framework enrichment takes place at short
hydrolysis times, with a continued high rate of framework exchange up until IPC-1P
becomes the dominant phase at 1-2 hours. As the reaction time increases and the material
transforms to IPC-2P, exchange of the framework oxygens continues, producing a highly
enriched material after 24 hours. The lower absolute level of enrichment obtained for
the material at five h reaction time arises from the low volume of sample recovered from
this reaction. This had to be packed with a 4 mm PTFE HRMAS insert within the rotor.
Although this, in principle, can be accounted for in terms of the mass, it isn’t clear if
the measurement is strictly comparable. Furthermore, this sample also has a surprisingly
high level of water present (signal at O ppm), which will lead to small differences after

scaling for the sample mass.
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In order to aid spectral deconvolution of the complex lineshapes in the 70O MAS NMR
spectra in Figure 4.17b and learn more about the local structural environment of the
newly-exchanged oxygen species in the materials, two dimensional high-resolution solid-
state NMR experiments were performed. {'H}'’0 MQMAS NMR experiments for se-

lected intermediates are displayed in Figure 4.18.
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Figure 4.18: 70 (14 kHz MAS, 20.0 T) {'H}!70 MQMAS NMR spectra of
products obtained from the continual hydrolysis of Ge-UTL in water with a
3.5% H,'70O concentration at 92 °C. Spectra displayed correspond to samples
hydrolysed for (a) 1 minute, (b) 2 hours and (c) 24 hours.

The spectra in Figure 4.18 show that as hydrolysis time increases, there is a qualitative
increase in sensitivity of each MQMAS NMR experiment, which have been recorded
using the same spectral parameters and similar sample masses. With the exception of
Figure 4.18a, where a small amount of germanium is likely present, the materials in each
spectrum are purely siliceous, taking the form of layered Q* tetrahedral silicate sheets
terminated by Q> silanol groups. Therefore, potentially resolvable resonances in these
spectra correspond to oxygen present in framework Si—!’O—Si linkages and Si—'"OH

48-57 the resonance observed

silanols. !” Using published examples from the literature,
can be best assigned to Si-O-Si linkages within the structure of the intermediates. The
crystal structure of the UTL framework contains 23 crystallographically-distinct oxygen
sites, 21 of which are found in the siliceous layers.?® However, the complexity of the
UTL framework and the broadening of spectral lineshapes attributed to second-order
quadrupolar effects, which are not removed in MQMAS, precludes the resolution
and assignment of any specific crystallographic sites to regions within the observed

resonance. 58,59

Interestingly, no evidence of isotopically-enriched silanols are observed in the 70O MQ-
MAS spectra (despite clear evidence for silanol formation in 2°Si NMR spectra). Consid-
ering their role in the hydrolysis reaction and their interactions with aqueous species in
this reaction system, possible reasons for this could include a back reaction with water in

the air (unlikely given the sample handling), or more likely rapid relaxation arising from
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proximity to, or exchange with, water in the pores. This was observed in previous work
on ADOR layered intermediates where Si— !?OH signal was not seen in MQMAS exper-
iments unless very strong 'H decoupling was used, and 'H!’O CP signal was extremely
poor unless at very low temperature. ! "H!’0 CP MAS NMR experiments at room tem-
perature were also unsuccessful for the samples studied here, leading to the conclusion
that the rapid relaxation and/or ongoing exchange with the water of the terminal silanol

species is occurring in these samples. 1

4.6.3.2 Low-volume Hydrolyses

To further understand the mechanistic pathway associated with the low-volume hydrolysis
experiment carried out in reference 19, a !’O-enriched hydrolysis experiment was devised
using low-volume conditions (see Section 4.6.2.2). Contrary to the previous experiment
however, this hydrolysis was carried out in the absence of hydrochloric acid, using dis-
tilled water (3.5 % H,'70) only. The NMR-spectra of the resulting IPC-2P product are
displayed in Figure 4.19.
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Figure 4.19: (a) 29Si (14 kHz MAS, 9.4 T) quantitative and (b,c) 70 (14 kHz
MAS, 14.1 T) NMR spectra of Ge-UTL hydrolysed in 3.5% H,'70 at 92 °C
under low volume conditions. (b) short flip angle and (c) {'H}'’O MQMAS

NMR spectra. Red overlay in (a) corresponds to 'H?°Si CP spectrum (5000 s
contact time).
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Integration analysis of the quantitative 2°Si MAS NMR spectrum in Figure 4.19a yields
a Q3:Q% ratio of 1:4.1, indicating the local structure of the material is similar to IPC-2P,
in agreement with the PXRD pattern and confirming that structural disassembly and
hydrolysis has occurred. The 'H*Si CP MAS NMR spectrum overlaid in Figure 4.19a
indicates the presence of both Q3 and a low level of Q? defects present in the material
following hydrolysis, as would be expected. In the absence of acid, it is anticipated that
the mechanism for ADOR disassembly will differ; previous studies have shown how
alteration of hydrochloric acid concentration can be used to control the products of the
ADOR hydrolysis reaction with increasing concentrations of acid helping to push the
products formed from IPC-1P to IPC-2P-like materials as this helps to aid reintercalation
of aqueous silicate species.!* Here however, as described above, the product formed
resembles IPC-2P and so the effect of acid concentration on the "O-exchange of species

into the zeolite framework can be compared to previously published data. ®

The level of 7O enrichment of ADOR intermediates found by Bignami et al. and the
enrichment observed in 4.6.3.1 is very similar to that seen in Figure 4.19. Hydrolysing the
material in this way once again results in the exchange of 7O isotope into the Si—O—Si
sites of the zeolite layers, forming an isotopically-enriched IPC-2P-like material (see
Figure 4.19b,c). In comparison, the levels of enrichment observed in this experiment
are likely to be lower than those seen in reference 19, owing to the lower proportion of

H, 70 present in the reaction mixture (20% v.s. 3.5%).

Differences in the extent to which the material is enriched may also be caused by the
differences in absolute concentration of zeolite and H>'’O in high- and low-volume
hydrolyses. High (solid : water = 1:80) and low (solid : water = 1:8) hydrolysis reactions
proceed through different mechanisms and so it may be expected that the framework
enrichment observed in their corresponding spectra are affected by this. i.e., the more
extensive rearrangement observed under high-volume conditions may present the
opportunity to access further Si—O—Si linkages for which a less complete rearrangement

under low-volume conditions cannot. !°

Once again unfortunately, the high structural similarity of oxygen environments within the
structure of the UTL silicate layers and the second-order quadrupolar broadening effects
present make difficult the assignment of resolved oxygen sites to any particular specific
group within the IPC-2P structure and as several hypotheses cannot be confirmed on the
basis of the current experiments. It remains clear, however that exchange of framework

oxygen in Si—O-Si sites with Hy 7O is a favourable process.
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4.6.3.3 Incipient Wetness Impregnation of IPC-2P

It is desirable to distinguish whether the exchange of framework oxygens observed in pre-
vious hydrolyses and 'O NMR studies is consequential of ADOR processes, or whether
this exchange occurs independently from hydrolytic disassembly and rearrangement. Fur-
thermore, as the ADOR mechanism is strongly temperature dependent, the effect of tem-
perature on any the framework oxygen exchange will also be explored. To achieve this,
a sample of IPC-2P was prepared using high-volume hydrolysis in 6M HCI. The mate-
rial was dried before reintroduction of H,'7O by direct dropping of 40% enriched water
onto the sample (see Section 4.6.2.3). 70O NMR spectra of the post-synthetically treated

70-enriched material are shown in Figure 4.20.
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Figure 4.20: (a,c) (14 kHz MAS, 14.1 T) and (b,d) (14 kHz MAS, 23.5 T)
(a,b) 70 quantitative short flip angle and (c,d) {'H} 'O MQMAS NMR of IPC-

2P post-synthetically enriched in 7O by incipient wetness impregnation using
H,!70.

From Figure 4.20 it is clear that this method of treatment also facilitates the framework
exchange of oxygen atoms with those found in the H,!'”O reagent. Extensive incorpora-
tion of 70 isotope is observed for materials treated in this way, with evidence of both
Si—170-Si and Si—'"OH resolvable in MQMAS spectra recorded at both fields (14.1
T (Figure 4.20c) and 23.5 T (Figure 4.20d). Resonances resolved at 14.1 T correspond
roughly to 81 ~ 26-35 ppm (Si—'70-Si) and §; ~ 16-23 ppm (Si— "OH).
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The evidence of framework enrichment observed in this experiment provides a number
of pieces of information that help to provide a better understanding of bond lability
processes occurring in ADOR intermediates. Firstly, the extent of the enrichment
observed here is significant, confirming that the process for this exchange is energetically
favourable, even when at room temperature and in the absence of a solvent. The
mechanism behind this enrichment therefore must not require a carrier phase or a large
excess of water molecules in order to facilitate it. Secondly, as no ADOR processes
are occuring in this sample, it is likely that more than just ADOR-reactive species are
taking part in the framework oxygen exchange. Terminal silanol groups generated from
the enrichment process are enriched as are silicate linkages, which are not expected
to be reactive under these conditions. Furthermore, the extent to which the material
is enriched overall points to the fact that a greater proportion of the silicate linkages
than those involved in ADOR surface reintercalation processes have been exchanged,
meaning those linkages within the two-dimensional silicate sheets are also reactive under
these conditions, however further NMR experiments and lineshape fitting analysis would
be required to confirm this. This would mean the mechanism of this room-temperature
lability, is not constrained by steric effects under these conditions, which may prohibit

mechanisms involving large amounts of water.
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Whilst this experiment above confirms room-temperature lability in the disassembled
IPC-2P intermediate by simple hydration with small amounts of water, several questions
about the mechanism for this process remain. The IPC-2P material, although not
compromised in the process is inherently defective, containing a large amount of silanol
defects on its surface. The role of these in the structure and reactivity of the material
is not fully understood. Secondly, despite significant washing with distilled water upon
workup, the fact that the material was hydrolysed using 6 M HCI means that the presence
of additional acidic proton species within the material framework cannot be completely
ruled out. It may be possible that the presence of any excess hydrated acidic protons
could facilitate the reversible bond cleavage and framework oxygen exchange observed
in NMR studies.

To further understand the processes occurring that lead to the surprising framework oxy-
gen exchange observed in Ge-UTL and its ADOR-derived daughter material, further ex-

periments exploring alternative methods for framework enrichment are desired.

4.6.4 In-situ Slurrying Reactions

The successful enrichment of IPC-2P by room-temperature treatment with H, 'O in Sec-
tion 4.6.3.3 prompted the study of pristine UTL starting materials, in an attempt to under-
stand the effect of framework integrity on the observed oxygen exchange. As it has been
shown that 170 exchange takes place at low-volume and room temperature, it should
be straightforward to study the mechanism using small amounts of zeolite and H,'7O.
This makes the reaction easily scalable, making it adaptable for in-sifu solid-state NMR
analysis (see 4.6.2.4). Provided the system remains sealed, this approach provides the
additional possibility for time-resolution; giving an idea of any reactivity over time as
other processes, e.g., ADOR hydrolysis or framework degradation take place. The effect
of framework composition on any bond lability has also been investigated in this study,

with germanium and aluminium content of parent UTL material explored.
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4.6.4.1 High-Ge Ge-UTL

A sample of high-germanium Ge-UTL was prepared with Si/Ge = 3. This material was
combined in a slurry with either H>!7O (40%) or H,'®0 and studied using solid-state
NMR spectroscopy (as in Section 4.6.2.4).

The PXRD patterns are shown in Figure 4.21, revealing that even with these very low
ratios of solid : water (1 : 1 by mass), framework hydrolysis is observed as the structure
becomes similar to [PC-2P. The low relative proportion of water in the slurry and its con-
finement as an essentially sealed system within the HRMAS insert may make it difficult
for a complete ADOR process to take place with insufficient opportunity for full cleansing
if the inter-layer space that would allow disassembly and organisation to occur. Instead, it
is most likely that both of these processes are incomplete in materials and that the identity

of the intermediate is germanium-containing [PC-2P*.
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Figure 4.21: PXRD patterns of high-Ge Ge-UTL, slurried in H; 'O for varying
amounts of time. (a) Starting Material (b) 7 days, (c) 50 days, (d) 100 days, (e)
300 days and (f) 500 days.

Analysing the extent of the disassembly occurring during this treatment, it can be seen
that the UTL material is essentially broken down to IPC-2P* after seven days in the
slurry (Figure 4.21b). The material stays this way under these conditions until 500 days
(Figure 4.21f), where some broadening of the (200) reflection is observed. It may be

expected that the material has started to degrade after this amount of time under these
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conditions. The strong reflection at ~ 26 °present strongly in all slurry diffraction pat-
terns is assignable to & quartz phase GeO,. This material is formed from the germanium
removed during hydrolysis in the slurry and crystallises out as there is insufficient liquid

to keep the metal solvated under these conditions.
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Figure 4.22: (a) °Si (14 kHz MAS, 9.4 T) quantitative, (b,d) 'O (14 kHz
MAS, 14.1 T) and (c,e) 70 (14 kHz MAS, 20.0 T) time-resolved NMR spectra
of high-Ge Ge-UTL, slurried in Hy!’O for varying amounts of time. Oxygen
spectra taken at slurry age (b,d) 583 and (c,e) 27 days using (b,c) short flip-angle
and (d,e) {'"H}'7O MQMAS NMR experiments.

NMR spectra of samples slurried with H, 17O (Figure 4.22) reveal evidence of two com-
peting chemical processes. Firstly, 2°Si MAS NMR spectra (Figure 4.22a) show clear
evidence of ADOR hydrolysis in water occurring on the small scale of the in-situ ro-
tor insert experiment ~ 50 mg and under very low-water conditions (solid : water = 1
: 1), producing a Q*:Q* of 1:3.8. This is similar to that seen by Bignami ez al. for the
hydrolysis of UTL under similar conditions using 6 M HCL. '31° Secondly, surprisingly
high levels of 7O framework enrichment are observed in 7O NMR experiments (Fig-
ure 4.22b-d). Resonances present in {'H}!70 MQMAS NMR spectra acquired at 20.0
T (Figure 4.22¢) can be assigned to Si-OH and Si-O-Si species at 8| ~ 12-18 ppm and
25-30 ppm, respectively. The high density of silanols present in the 27 day spectrum is at-
tributed to the high germanium content of the framework, which has resulted in extensive
disassembly and a highly disordered intermediate. As the slurry ages to 583 days (Fig-
ure 4.22d), Si-O-Si species are again present as well as the formation of a small amount
of crystalline, quartz-phase Ge'’0, at §; ~ 28-38 ppm and 42-45 ppm, respectively. This
small amount of Ge!’O, formed corroborates with the observation of a similar species in
the PXRD patterns of Figure 4.21.4
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4.6.4.2 Low-Ge Ge-UTL

A similar set of NMR and PXRD experiments was performed for a sample of low-
germanium Ge-UTL (Si/Ge = 4.5).
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Figure 4.23: PXRD patterns of low-Ge Ge-UTL, slurried in H, %0 for varying
amounts of time. (a) Starting Material (b) 7 days, (c) 50 days, (d) 100 days, (e)
300 days and (f) 500 days.

The PXRD patterns are shown in Figure 4.23, revealing again that even with these very
low ratios of solid : water (1 :1 by mass), clear framework hydrolysis is observed as the
structure becomes IPC-2P-like. Again, evidence of ADOR hydrolysis is observed for this
material, at a similar rate to that of the high-Ge Ge-UTL material in Figure 4.21 as the

IPC-2P* material is formed.
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Figure 4.24: (a) 2°Si (14 kHz MAS, 9.4 T) quantitative and (b,c) 17O (14 kHz
MAS, 14.1 T) time-resolved NMR spectra of low-Ge Ge-UTL, slurried in H; 170
for varying amounts of time. Oxygen spectra taken at slurry age of 300 days
using (b) short flip-angle and (c) { 'H}!’0 MQMAS NMR experiments.

NMR spectra of the sample slurried with H,'7O (Figure 4.24) again reveal evidence of
two competing chemical processes; irreversible ADOR hydrolysis and reversible bond la-
bility and 7O framework enrichment. 2°Si MAS NMR spectra (Figure 4.24a) show clear
evidence of ADOR process hydrolysis in water occurring on the small scale, producing a
Q3:Q% of 1:3.4. This is slightly slower than that seen for high-Ge Ge-UTL material in Fig-
ure 4.22, attributable to the lower germanium content of the material here. Moderate lev-
els of 170 framework enrichment are observed in 7O NMR experiments (Figure 4.24b,c),
but longer slurrying times are needed to get significant framework enrichment, which in-
dicates that the germanosilicate ADOR hydrolysis process has an influence on the rate of
reversible bond lability facilitated for a material. ADOR hydrolyses introduce defects and
silanol species to the structure, which could facilitate reversible lability within the layers.
Resonances present in { 'H}!7O MQMAS NMR spectra at 14.1 T (Figure 4.24c) can be
assigned to Si-OH and Si-O-Si species at §; ~ 18-22 ppm and 26-34 ppm. Interestingly,
the lower amount of germanium present in the starting material means that even at long
slurry times it is not possible to resolve any Ge!’O, in the NMR spectra, even though

some evidence is seen by the PXRD slurry study in (Figure 4.23b).
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4.6.4.3 Si-UTL

A similar set of NMR and PXRD experiments was performed for a sample of post-
synthetically de-germanated Si-UTL (Si/Ge = 120).

20 (°) CuKa

Figure 4.25: PXRD patterns of Si-UTL, slurried in H, 'O for varying amounts
of time. (a) Starting Material (b) 7 days, (c) 50 days, (d) 100 days, (e) 300 days
and (f) 500 days.

The PXRD patterns shown in Figure 4.25 and reveal the significance of germanium pres-
ence within the slurried framework. Although slightly defective, the Si-UTL framework
appears to withstand the slurrying treatment and no changes to the long-range order crys-

tallinity of the material are observed.
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Figure 4.26: (a) 2°Si (14 kHz MAS, 9.4 T) quantitative and (b,c) 7O (14 kHz
MAS, 14.1 T) time-resolved NMR spectra of Si-UTL, slurried in H217O for
varying amounts of time. Oxygen spectra taken at slurry age of 300 days using
(b) short flip-angle and (c) {'H}'’0 MQMAS NMR experiments.

NMR spectra of the slurry with 40% enriched water (Figure 4.26) again reveal evidence
of two competing chemical processes; irreversible ADOR hydrolysis and reversible bond
lability and 7O framework enrichment. Despite the degermanation process, >°Si MAS
NMR spectra (Figure 4.26a) show clear evidence of ADOR process hydrolysis in water
occurring on the small scale, producing a Q*:Q* of 1:3.4. The surprisingly high concentra-
tion of Q? sites observed compared to the lack of change to the PXRD patterns of slurried
intermediates indicates that germanium removal from the d4r units may introduce defects
that cause a more extensive destruction of part of these units, without compromising the
overall positioning and orientation of the two-dimensional zeolitic sheets. Moderate lev-
els of 170 framework enrichment are observed in '’O NMR experiments (Figure 4.26b,c),
which is surprising for a pure-silica zeolite (where there are, in principle, no hydrolyti-
cally accessible Ge atoms). However, exchange is likely enabled by the availability of
silanol groups in the starting material, which would be expected to be resolved at 6| ~
15-20 ppm in Figure 4.26¢. The resonance present in { 'H} 'O MQMAS NMR spectra at
14.1 T (Figure 4.26¢) can be assigned to Si-O-Si species at §; ~ 25-35 ppm.
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4.6.4.4 AlGe-UTL

A similar set of measurements were also performed for a sample of hydrothermally syn-

thesised Al,Ge-UTL (Si/Al/Ge = 90/5/1, (Si/Al = 17).
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Figure 4.27: PXRD patterns of Al,Ge-UTL, slurried in H,'®O for varying
amounts of time. (a) Starting Material (b) 7 days, (c) 50 days, (d) 100 days,
(e) 300 days and (f) 500 days.

The PXRD patterns shown in Figure 4.23, reveal that even with these very low ratios of
solid : water (1 : 1 by mass), distinct framework hydrolysis is observed as the structure
becomes [PC-2P-like. It appears that the inclusion of aluminium and germanium in the
structure in this instance has produced a highly hydrolytically unstable material, which

breaks down to IPC-2P* as was seen for both high-Ge and low-Ge Ge-UTL samples.
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Figure 4.28: (a) 2°Si (14 kHz MAS, 9.4 T) quantitative, (b,c) 7O (14 kHz MAS,
20.0 T) and (d) 2’Al (14 kHz MAS, 9.4 T) quantitative time-resolved NMR spec-
tra of Al,Ge-UTL, slurried in H,'”O for varying amounts of time. Oxygen spec-
tra taken at slurry age of 17 days using (b) short flip-angle and (c) {'H}'’O
MQMAS NMR experiments.

NMR spectra of the sample slurried with enriched water (Figure 4.28) again reveal evi-
dence of two competing chemical processes; irreversible ADOR hydrolysis and reversible
bond lability, leading to 7O framework enrichment. 2°Si MAS NMR spectra (Fig-
ure 4.28a) show clear evidence of ADOR hydrolysis in water occurring on the small
scale, producing a Q3:Q% of 1:3.6. It is unclear, however, whether this Q3 site formation
is completely attributable to ADOR hydrolysis or in fact is also to do with partial zeolite
degradation. The idea of partial zeolite degradation is supported by considering the 2’Al
MAS NMR spectra in Figure 4.28d. While tetrahedral aluminium is seen in slurried sam-
ples, there is a loss of octahedral aluminium when slurried and the significant decrease
in the amount of signal obtained indicating that aluminium is lost from the structure of
the zeolite and is now likely found in solution. In spite of this, some !0 framework en-
richment is observed in 17O NMR experiments (Figure 4.28b,c). It is possible to observe
this in {'H}'70 MQMAS NMR spectra recorded at 20.0 T (Figure 4.28c) resonances that
can be assigned to Si-OH, Si-O-Al and Si-O-Si species at §; ~ 11-15 ppm, 20-21 ppm
and 25-28 ppm, respectively. Overall, however, information from silicon, aluminium and
oxygen NMR spectra here would suggest that the calcined Al,Ge-UTL framework is ef-
fectively unstable to hydrolytic treatment even if some reversible bond lability processes

are observed in 'O NMR spectra.
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4.6.5 GeO;

To confirm the assignment of the resonance at 01 =~ 42-45 ppm in Figure 4.22 to quartz-
phase Ge!’0,, a sample of this material was prepared according to literature procedure
(Section 4.6.2.7).%" The resulting 7O NMR spectra of the material are displayed in Fig-
ure 4.29.
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Figure 4.29: 70 (14 kHz MAS, 14.1 T) NMR spectra of hydrothermally pre-
pared Ge'!’0,. (a) quantitative short-flip angle and (b) {'H} 70 MQMAS NMR
experiments.

Figure 4.29b shows a single environment as expected for Ge!’O,, in agreement with
reference 47, with a high Cp (7.1 MHz) as expected for Ge!70,, along with a sharp line
shape, centred at O ppm, attributed to water. Following this characterisation, the resonance

at 81 ~ 42-45 ppm in slurried ADOR hydrolysis samples can be assigned to Ge'’0,.

4.6.6 Gas-enriched Ge-UTL

Analysis of samples enriched using the slurrying method described above has provided
information on the local structure of oxygen in IPC-2P*-type materials. For some of
the 170 MQMAS NMR spectra presented in Figure 4.22, Figure 4.24, Figure 4.26 and
Figure 4.28, the Si—O-Si resonances often appear to comprise of more than one over-
lapped component, particularly in the region of 20 to —20 ppm J,, where the ‘step’
of the quadrupolar lineshape appears more significant than expected for a second-order

broadened lineshape. To expand the knowledge of oxygen environments resolved in 17O
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NMR spectra of UTL materials, high-temperature framework oxygen exchange under a
170, @ atmosphere (70, @ gas-enrichment) was performed (Section 4.6.2.5). This pro-
cess should identify initial oxygen environments present in a standard Ge-UTL sample
and may increase understanding of any highly overlapped resonances present in oxygen

NMR spectra of the IPC-2P* slurry products.

4.6.6.1 Product Characterisation

70 NMR spectra of Ge-UTL (Si/Ge = 4.5) post-synthetically exchanged with 1702(g)
are shown in Figure 4.30. The MQMAS NMR spectrum of the material (Figure 4.30b)
shows signal in the region typically associated with Si—O—Si species, suggesting these
have been enriched. The linkages present in this material however, also include Si-O-Ge
and Ge—Oge, which are known to possess similar characteristic NMR parameters.47-60:61
It is possible therefore that the resonance observed at 14.1 T contains overlapped signals
for different oxygen species. This is perhaps confirmed by the short-flip angle spectrum

in Figure 4.30a, which clearly comprises more than one quadrupolar lineshape.
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Figure 4.30: 70 (14 kHz MAS, 14.1 T) NMR spectra of low-Ge Ge-UTL,
post-synthetically oxygen exchanged in a 70% atmosphere of 170, @ by heating
to 700 °C for 48 hours, following an initial 700 °C dehydration step overnight.
(a) Quantitative short-flip angle and (b) {!H}'’0 MQMAS NMR experiments.
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4.6.6.2 Effect of Field Strength

The high similarity and overlap of the resonances present in Figure 4.30 mean it is not
possible to fully determine the NMR parameters of the oxygen sites for a typical low Ge
Ge-UTL material. To gain further insight, the effect of magnetic field strength on reso-
nance position was investigated. !’0O NMR spectra were acquired at fields of 9.4, 14.1,
20.0 and 23.5 T and are displayed in Figure 4.31. For quadrupolar resonances possessing
a very similar isotropic chemical shift, the NMR frequency is inversely dependent to the
applied magnetic field®! by:

2
3 Co

Seg = Siso — —~F(1)—2(1+ —), 4.1

v2i 3
where O¢g and iy, are the centre of gravity and isotropic chemical shift, respectively, F(I)
is the spin-dependent factor of the central transition (% for I = % nucleus), Cq and nq
are the magnitude and asymmetry of the quadrupolar interaction, respectively and vy is
the magnetic field strength. The effect of this is such that the centre of gravity (COG) of
the signal tends to their isotropic chemical shift. In this instance, where the lineshapes
of S1—0O-Si/Ge linkages will also be broadened by the local compositional disorder in
the zeolite, considering the field dependence of the centres of gravity of the lineshape
component will provide information on the NMR parameters and the different species

present.
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Figure 4.31: 70 (14 kHz MAS) NMR spectra of gas-enriched Ge-UTL sample,
acquired at (a,e) 9.4 T, (b,f) 14.1 T, (c,g) 20.0 T, (d,h) 23.5 T. (a-d) Quantitative
short-flip angle and (e-h) {'H} 'O MQMAS NMR experiments.

Figure 4.31 demonstrates how the magnetic field strength has an effect on the signal in the
70 MQMAS NMR spectra for gas-enriched Ge-UTL. When field-strength is increased,
there is evidence for the presence of two distinct resonances. The resonances are least
resolved at 9.4 T, where a combination of the effect of field strength, chemical shift and
the large Cyp of components present (expected Cgp of Si—O-Si/Ge ~ 5.0-6.0 MHz) make
resolution more difficult. In contrast, the MAS spectra at this field clearly cannot be
explained by the presence of a single second-order broadened lineshape. By extracting
individual rows from the sheared MQMAS, the COG of the individual lineshapes can be

extracted in 97, giving some insight into the isotropic value of their chemical shift. By

rearranging Equation 4.1 to:
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3C3F(I) 2

_ 70 n

Op =y (13 32+ 00 (4.2)
it can be seen how the isotropic chemical shift can be estimated for these species for
a linear plot, where the y-intercept is equal to the value of 0iso. The resulting plot for

gas-enriched Ge-UTL is displayed in Figure 4.32.
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Figure 4.32: COG of resonances for gas-enriched Ge-UTL plotted as a function
of the inverse square of the field strength at which they were recorded. Si—O-Si
=red, Si—O-Ge = blue.

From Figure 4.32, evidence for two similar resonances in MQMAS NMR spectra is pro-
vided. These resonances have similar di5, of ~ 31 and 45 ppm (error estimated to be
+ 2 ppm), so may be overlapped at certain fields. Furthermore, it is observed that as
the gradients of both lines observed are similar, significant changes in magnetic field will
be needed to resolve these species. Considering the gradient of the lines produced is in-
fluenced by the Cy of resonances (see Equation 4.2), this is unsurprising. The potential
framework species observed in spectra of this gas-enriched Ge-UTL are likely limited to
Si—0-Si/Ge, (as the prevalence of Ge—O—Ge in UTL materials is not always known,
owing to Si/Ge content and Ge distribution throughout the framework) both of which
will possess similar quadrupolar coupling constants in this material.>”-61-%3 Based on the
knowledge obtained and the results of DFT calculations, the strongly overlapped reso-
nances in 70O NMR spectra of gas-enriched Ge-UTL (Figure 4.31) and some related 7O
slurry end products are assigned as follows: Si—O-Si at 65, ~ 45 ppm (broadened over
40 - —20 ppm 0 in 14.1 T, 14 kHz MAS NMR spectra) and Si—O-Ge at djso ~ 31 ppm
(broadened over 20 - —40 ppm &5 in 14.1 T, 14 kHz MAS NMR spectra). From Equation
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4.1, the value of Py for the Si—O-Si and Si—O-Ge resonances can be calculated from
the plot in Figure 4.32, taking values of 5.2 and 5.1 MHz, respectively (expected error +
0.2 MHz). Pg can also be calculated from 6 and 0, positions, however owing to diffi-
culties associated with estimating COG in both dimensions for overlapped lineshapes, the

method calculating from &, only was preferred.

4.6.7 Ball-milled Ge-UTL

There has been a high degree of interest recently in using facile, ambient and
mechanochemical approaches to !’O-enrich organic, inorganic and framework materi-
als.%4%° By combining efforts to increase the understanding of the ADOR process with
the drive for sustainability and scalability of chemical processes, a mechanochemical ap-

proach to the ADOR process was developed (Section 4.6.2.6).2!

The approach resulted in
successful hydrolysis of a parent Ge-UTL material to produce various daughter zeolites
with reduced reaction and processing times and using less solvent under ambient condi-
tions.?! The conditions for hydrolysis used here can also provide an interesting view on
the effect of mechanochemistry on the local structure of the zeolite material and as such,
NMR spectroscopy may provide information on how the ADOR process proceeds under
extremely low volume conditions (solid : water = 5 : 1 (mass)) and when significant

external force is present.

4.6.7.1 Effect of Milling Time

The ball-milling reaction of Ge-UTL with H,!’O (40%) was performed for varying
lengths of time lengths of time to gain insight into the rate at which framework hydrolysis
proceeds, the level and position of framework enrichment and the local structure of the
intermediates formed. Samples were isolated after 30, 120 and 240 mins of milling time.
After just 30 mins of milling time the samples began to resemble a highly disordered
IPC-2P* type intermediate by PXRD (from the position of the (200) reflection), however
the Q3:Q* from 2°Si MAS NMR spectroscopy of 1:3.2-3.8 indicate that the material has
been hydrolysed and is highly defective and rich in silanols (see Appendix Figure D.1).
In contrast to the end products of other non-sealed hydrolysis reactions systems, whose

products are purely siliceous, the ball-milled materials have a Si/Ge of 10-20 (EDX).
Analysis of the 'O NMR spectra of the materials provides no evidence of significant

framework enrichment within the first 30 minutes of hydrolysis under mechanochemi-

cal conditions, with no significant signal observed in 7O NMR spectra, despite some
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evidence for ADOR hydrolysis from PXRD patterns and 2°Si MAS NMR spectra.?! As
mechanochemical treatment continues however, higher levels of framework enrichment
of hydrolysed IPC-2P*-like materials can be seen (Figure 4.33), estimated to be in the

region of 10%, when compared to levels of sensitivity seen for related !’O-enriched ma-
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Figure 4.33: 170 (14 kHz MAS, 14.1 T) NMR spectra of Ge-UTL samples, ball
milled in H,'70 for (a,d) 20, (b,e) 120 and (c,f) 240 minutes. (a,b) Quantitative
short-flip angle and (c,d) {'H}'"O MQMAS NMR experiments.

The 'O spectra of the mechanochemically hydrolysed samples are similar to those of
the enriched materials previously discussed. Some signals are similar to those seen for
the gas-enriched starting material (Figure 4.30) with what appears to be two strongly
overlapped components in the framework Si—O-Si/Ge region but also exhibit signals
from Ge!’0, as seen in the low-volume in-situ slurrying experiments (Figure 4.22).
The resolution of the latter of these species is not entirely surprising as the extremely
low-volume conditions of the mechanochemical treatment provides little opportunity
to remove any germanium hydrolytically extracted from the zeolite and the ethanolic
washing of the end product has a reduced effect on pre-formed GeO,. This does,
however, raise a point of contention with regard to the proposed germanium content of
the reaction end product and whether the non-zero Si/Ge measured by EDX is affected
by the presence of Ge!’O, in the mixture or whether the zeolitic components of the
product (IPC-2P*) do actually contain germanium within their framework. Although
zeolite-type crystallites were selected specifically for EDX-analyses, it is not possible to
confirm the exclusion of all Ge'’O, material in the measurements. Considering the level
of hydrolysis observed here and the IPC-2P-type diffraction patterns produced,?! it is

conceivable to suggest that some Ge is still contained within the structure of the materials.
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4.6.7.2 Effect of Field Strength

As the spectra recorded at 14.1 T (Figure 4.33) again provide evidence of strongly over-
lapped resonances for framework silicate and germanosilicate oxygen sites, the effect of
the external field strength on the position of resonances was again investigated for the
mechanochemically hydrolysed samples, as described for gas-enriched materials above.
As the level and position of enrichment or level of ball-milled materials does not appear

to change significantly after two hours treatment, the 120 minute sample was chosen for

multi-field analyses (see Figure 4.34).
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Figure 4.34: 170 (14 kHz MAS) NMR spectra of Ge-UTL, ball milled in H,'’O
for 120 minutes, acquired at (a,f) 9.4 T, (b,g) 14.1 T, (c,h) 18.8, (d,i) 20.0 T,
(e,j) 23.5 T. (a-e) Quantitative short-flip angle and (f-j) {'H}!’0 MQMAS NMR

experiments.
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Figure 4.34 shows two well resolved signals at all field strengths, but with evidence of a
further signal being resolved at higher field. Figure 4.35 plots the variation of the centre of
gravity of these signals as a function of field strength, allowing the NMR parameters to be
determined.®! Two of these signals are very similar to those seen in Ge-UTL, confirming
them as Si—O-Si and Si—O-Ge, while the third matches well with GeO,. Once again,
the centre of gravity of the resonances is found to have a strongly linear correlation with
the inverse square of the field strength. The resonances resolved in the MQMAS spectra
in Figure 4.34 are assigned as follows: Si—O-Si at 5o = 44 ppm (40 - —20 ppm 9, in
14.1 T, 14 kHz MAS NMR spectra), Si—O-Ge at diso ~ 29 ppm (20 - —40 ppm 98, in
14.1 T, 14 kHz MAS NMR spectra) and GeO; at 85, ~ 51 ppm (40 - —40 ppm &5 in 14.1
T, 14 kHz MAS NMR spectra). Expected errors for dis, are =+ 2 ppm. From Equation 4.1,
the value of Pg for the Si—O-Si and Si—O—Ge resonances can also be calculated from
the plot in Figure 4.35, taking values of 5.4, 5.1 and 7.1 MHz, respectively (expected error
+ 0.2 MHz) and agreeing with that seen for the gas-enriched UTL material.
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Figure 4.35: COG of resonances for 120 minute mechanochemically hydrolysed
Ge-UTL plotted as a function of the inverse square of the field strength at which
they were recorded. Si—O-Si =red, Si—O-Ge = blue, Ge—O-Ge = green.

The intensity of the signal attributed to Si—O—Ge in 7O MQMAS NMR spectra of ball-
milled materials indicates that although the material has been hydrolysed under the reac-
tion conditions, actually not all germanium is removed from its position within the frame-
work during this hydrolysis process. Furthermore, it demonstrates a surprising degree of
reversibility and lability within the germanosilicate linkages, in addition to the lability of
silicate linkages seen previously. The inclusion of germanium, which produces strongly

hydrolytically unstable Ge-O bonds can still facilitate reversible Ge-O bond hydrolysis
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that exchanges %0 for 170 under these conditions. This provides a degree of confidence
in the EDX analyses that showed germanium presence in the zeolitic-type crystallites
analysed and points to a truly dynamic and reversible disassembly pathway for ADOR

materials under these conditions.

4.7 Summary and Conclusions

The work detailed in the chapter has studied the ADOR process for germanosilicate
UTL, focusing on the interactions and reactivity of the zeolite with water. Using X-ray
crystallography and NMR spectroscopy techniques, the effect of this treatment on the
long-range order and local structure of the materials has been uncovered, building on

published studies and on pre-existing knowledge.

The ADOR process is known to be strongly dependent on a number of reaction condi-
tions, particularly temperature, overall reaction volume and composition (ratio of solid to
solvent). Changing these variables has been shown previously to not only change the rate
of reaction, but also the expected products and the mechanism for their formation. As
this chapter aimed to build on these findings by studying the mechanism and processes
for the formation of particular intermediates and to learn more about the synergy of their
local and long-range structure, a series of initial experiments were first needed to develop

protocols that would produce model materials for further analyses.

The rate of the ADOR processes under some conditions meant that accurately charac-
terising certain intermediates of the ADOR process would be challenging. To obtain
an overview of the standard ADOR reaction, i.e. one carried out at high-volume and
elevated temperature, a high-throughput PXRD study was performed, taking samples
at incremented times to determine the ‘standard’ reaction pathway and intermediates
formed. In this instance, the solid : water ratio was kept as constant as possible by not re-
placing the filtrate when removing samples for filtration and subsequent PXRD analysis.
Analysis of this data using PXRD confirmed the rapid formation of IPC-1P for ADOR
species hydrolysed in water, before an induction period and gradual reintercalation, of

silicon in solution to form IPC-2P and the stable aqueous product.

Using this reaction as a model and aiming to replicate the pathway under a range of con-
ditions, the effect of removing and replacing filtrate from reactions when performed with
varying solid : water ratios was explored using PXRD. This effectively demonstrated how

the ratio of zeolite to reaction hydrolysing solution affects the products formed and the
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rate at which this happens. By comparing continual hydrolyses like the high-throughput
reaction to single hydrolysis reaction products, the effect of continual reaction sampling
was found to be negligible provided solid : water remained roughly the same. It was
found that decreasing the solid : water ratio from 1 : 200 to 1 : 80 was the limit if the
desire is to form the same products (as determined by PXRD under the same conditions
of a 92 °C reaction), provided the solvent used in sampling was returned to the reaction

flask following filtration.

Having developed a subset of experimental conditions that, according to PXRD analyses
can reliably produce the same ADOR products and intermediates, >°Si NMR spec-
troscopy was employed to explore the effect of varying reaction conditions on the local
structure of the material. 2°Si NMR spectroscopy of key intermediates indicates that
changes to the local structure of the zeolite are much more significant and occur much
more rapidly under hydrolysis than indicated by PXRD, particularly, the rate of germa-
nium removal and generation of Q3 silanols as seen in the silicon NMR spectra occurs
noticeably before the change in dygp of the PXRD patterns do. Further, it was again
observed that the Q3:Q* does not reach the idealised ratio for the zeolite intermediate, as
per previous reports. It is possible that the Q*:Q* following reorganisation is adversely
affected by the loss of single germanium atoms in the two-dimensional layers of UTL,

which can generate four silanol sites when in completely isolated positions.

To learn more about the effect of ADOR hydrolyses on the local structure of the
materials, 7O NMR spectroscopic studies were performed, requiring the development
of cost-effective enrichment protocols for starting materials and reaction intermediates.
UTL materials were enriched using a variety of high temperature hydrolysis, slurrying,
high-temperature gas exchange and mechanochemical hydrolysis approaches. It was
found that the reaction of UTL frameworks at room temperature with water was
sufficient to cause hydrolysis and degermanation of the framework. Furthermore, during
this period, surprising levels of reversible room-temperature bond lability, evidenced by
the exchange of 7O isotope into the framework picked up in 7O NMR spectroscopy
studies are observed. It was found that Si—O—Si sites within different UTL frameworks
are reversibly cleaved, enriching without specific detriment to this aspect of the frame-
work. The level of enrichment observed does appear to be affected by the germanium
content (and overall hydrolytic stability) of the material, with germanium-rich materials
enriching more and producing both Si—!"OH and quartz-phase Ge!’O,. Enrichment
of UTL materials in this manner has been seen before under elevated-temperature or

room-temperature acidic conditions, but for of room-temperature water alone.
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Further 70 NMR spectroscopic investigations of the ADOR process have identified
the location and nature of Si—O-Ge linkages within pristine and partially hydrolysed
Ge-UTL materials. Through development of a more environmentally friendly H, 'O hy-
drolysis process utilising mechanochemistry, partially hydrolysed IPC-2P* intermediates
were formed, enriched and analysed at a range of magnetic fields. The results reveal how
the local structure of materials changed from their pristine form under mechanochemical
hydrolysis, when compared to a 7O gas-enriched starting material. The strong overlap of
framework Si—O-Si and Si—O-Ge linkage resonances in 'O MQMAS NMR spectra
at intermediate field strengths meant a multi-field analysis approach was targeted with
Oiso extracted for individual resonance groups achieved by exploiting the variation of

position as a function of external magnetic field strength.

Together, the results presented in this chapter have increased our understanding of the
mechanism, reactivity and physical interactions that underpin the ADOR process for ger-
manosilicate UTL in water. The results obtained have implications for the kinetics and
mechanism of the ADOR process and the manipulation of germanosilicate zeolites; vari-
ation of the reaction conditions observed a change in rate for hydrolytic rearrangement
when solvent solutions are manipulated. This reinforces the importance of solid : wa-
ter ratio in ADOR transformations and highlights the importance of the concentration
of aqueous silicate species in solution for promoting re-intercalation organisation steps.
The versatility of the ADOR hydrolysis reaction with water was also demonstrated by the
wide range of hydrolysis techniques employed. In particular, the use of mechanochem-
istry here was particularly successful for the formation of novel structural intermediates.
This highlights the importance of this technique as a research tool but also demonstrates
its aptitude in performing both solid-state hydrolysis reactions and economical !’O frame-
work enrichment in short reaction times with relative ease. Finally, this work has revealed
the surprising ease with which non-destructive bond lability can take place in ADORable
zeolite frameworks. Although this often took place in frameworks with an inherent weak-
ness and increased flexibility, there is evidence that continual bond lability, particularly
involving Si—O linkages can proceed without requiring or causing any loss of a pristine

tetrahedrally coordinated zeolite framework structure.
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Chapter 5

Bond Lability in Zeolite Frameworks
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5.2 Introduction

The work in Chapter 4 uncovered a surprisingly facile bond lability exhibited by Ge-UTL
and related ADOR-derived materials when treated with H217O(1). Through a range of
experiments, signals from Si—O-Si, Si—-O-Ge, Si—-O-Al, Si—OH and Ge-—0O-Ge
species were resolved in 70O NMR spectra of materials treated with H,'7O-enriched
reagents under mild conditions. These results have extended the understanding of a pre-
viously observed flexibility of zeolites under mild conditions, characterising unexpected

framework oxygen exchange and reversible, extensive bond lability in zeolites. !
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Whilst framework flexiblity and dynamics are undoubtedly observed under these
conditions, the exact reasons for the reversible bond lability are unknown. Indeed, for
almost all cases of mild-condition-facilitated '7O-enrichment discussed in Chapter 4,
the framework was either defect-rich; having a large amount of silanols in a layered
or heavily defective structure, or is hydrolytically unstable due to the presence of
germanium. Despite this, there is some evidence that exchange of framework oxygens
for 70 occurs in some zeolite framework linkages and sites (particularly intra-layer
Si—0O-Si) considered to be more isolated from defective sites or unresponsive to ADOR
transformation processes. Exchange at these sites is therefore of great interest and further
exploration of how similar framework sites in related zeolites behave is desired. If these
sites are easily exchangeable, it should be possible to propose the mechanistic pathway

for how this exchange proceeds.

In order to probe when zeolite frameworks are able to be enriched and at which specific
sites, a series of experiments were devised, predominantly focussed on studying the ex-
change that occurs by slurrying with water aluminosilicate zeolite frameworks that are
known to be stable under harsh conditions, particularly where water is present. The inter-
actions of aluminosilicates with water under a range of conditions is a topic of significant
interest within the scientific community as zeolite instability in hot aqueous or steaming
conditions can have detrimental consequences for industrial zeolite applications.*2? This
study is to our knowledge one of the first that aims to understand the interactions of ze-
olites with water under ambient conditions.?!22 As such, it was desired that frameworks
considered in this study would be topologically simple, have industrial relevance and be
able to be prepared with varying aluminium and/or heteroatom content. This led us to the
chabazite (CHA) and faujasite (FAU) frameworks, both of which possess only a single T

site and four O sites.

5.3 Bond Lability in SSZ-13(H) CHA

As outlined in Section 1.6.1, CHA is an example of a naturally occurring zeolite that
has a crystallographically simple framework topology. The T35072 unit cell has only
one and four crystallographically distinct T and O sites, respectively.?? Furthermore,
the synthetic production of CHA frameworks is well established and many examples of
silicate, aluminosilicate and other heteroatomic (B, Ti, Zn...) framework preparations
exist in the literature.?*38 Combined with its industrially relevant uses as a MTO and
ammonia-SCR catalyst, the above reasons make the chabazite topology an excellent

choice of starting framework for further exploration of the bond lability of zeolites. 33
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As a model system to start exploring bond lability in CHA, an SSZ-13-type material in
the Brgnsted-acid (H* form (SSZ-13(H)) was selected. The aluminosilicate material has a
Si/Al of 11 and was first documented by the Chevron corporation in 1985.43 The specific
SSZ-13(H) sample used in this thesis was provided by Dr Stacey Zones of Chevron.

5.3.1 Characterisation of the Starting Material

The SSZ-13(H) was received in its calcined form. Prior to the investigation of bond
lability the material was again calcined (see Section 5.8.1) and characterised by PXRD

(Figure 5.1), solid-state NMR spectroscopy (Figure 5.2) and EDX spectroscopy.

D U IS BV ()

10 20 30 40 50
26 (°) CuKa

Figure 5.1: Powder X-ray diffraction pattern of (a) the reference SSZ-13(H)
material** and (b) the calcined SSZ-13(H) material used in this work.

Figure 5.1 demonstrates that the in-house calcination of the zeolite has not been detrimen-
tal to the structure of the material and the long-range order of the zeolite still resembles

that of the starting CHA material.

(@) (b)
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Figure 5.2: (9.4 T, 14 kHz) (a) 2°Si and (b) 2’ Al MAS single-pulse NMR spectra
of calcined Chevron SSZ-13(H). Red overlay in (a) is the 'H2Si CP NMR spec-
trum (5000 us contact time). Asterisk (*) in (b) denotes a spinning sideband.

Solid-state NMR characterisation of SSZ-13(H) confirms the framework as a good ex-
ample of a tetrahedrally coordinated aluminosilicate zeolite (Figure 5.2). The 2’Al NMR

spectrum in Figure 5.2b shows almost exclusively tetrahedral coordination of aluminium
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within the framework, whilst 2°Si NMR spectra in Figure 5.2a show evidence of a high
proportion of Q* framework coordinated Si atoms within the structure. Deconvoluting the
lineshapes allows assignment of specific resonances in the single-pulse (black) spectrum
for Figure 5.2a, that can be made as follows: Si(O—Si)4 (—112 ppm), Si(O-Si)3(O—Al)
(- 106 ppm), Si(O—-Si)(0O—Al), (=100 ppm) and Si(O—-Si)3(OH) (=102 ppm).+—47
Due to their low prevalence, the latter two resonances are difficult to distinguish in the
single-pulse NMR spectrum alone and cross-polarisation spectra were acquired particu-
larly to investigate the presence of silanol defect sites within the material. It is clear from
the red trace in Figure 5.2b that the parent calcined SSZ-13(H) does have some silanol de-
fects, but the intensity of these is thought not to be above that of standard expected defect
levels (typically <5%). Using DMfit, the 2°Si MAS NMR spectrum was fitted to produce
a Si/Al of 10.2. This is comparable to the Si/Al value of 11 obtained from EDX measure-
ments. As the unit cell of CHA contains 36 T sites, these values of Si/Al correspond to

approximately three aluminium atoms per unit cell in the material.

5.3.2 Characterisation of 1702 (g)-enriched Products

To aid the understanding of any bond lability observed using !’O-enriched reagents in the
SSZ-13(H) material, a 170, (g)—enriched sample was first prepared. As mentioned in Sec-
tion 1.5.2, post-synthetic gas exchange is thought to be the most effective way of produc-
ing uniformly '"O-enriched for zeolite material.*® SSZ-13(H) was dehydrated and post-
synthetically exchanged with 1702(g) as detailed in Section 5.8.3. The gas-enrichment
process did not result in any apparent change to the crystallinity and the long range order

of the material (see Figure 5.3).
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Figure 5.3: Powder X-ray diffraction pattern of (a) the calcined SSZ-13(H) ma-
terial and (b) 70, (g)—enriched SSZ-13(H).

Characterisation of the framework in the gas-enriched sample (Figure 5.4) using 2°Si
and 2’Al NMR spectroscopy shows some slight differences to the starting material. Al-
though the local structure is largely preserved during the gas-enrichment procedure, there
are some changes to the relative intensities of silicon environments, as shown in Fig-
ure 5.4a. Comparison with Figure 5.2a shows the gas-enriched material has relatively
slightly fewer Si(O—Si)3(O—Al) sites. Interestingly however, there does not seem to be a
greatly increased intensity of silanols in the red CP trace of the same figure. It is possible
therefore that something other than loss of some aluminium atoms has occurred in the
SSZ-13(H) material during the high-temperature gas-enrichment process. This is perhaps
confirmed in Figure 5.4b, which shows both an increased linewidth for the peak corre-
sponding to tetrahedral aluminium, indicating a slight increase in disorder for Al species
and the growth of octahedral aluminium species at ~ O ppm. It is proposed therefore that
during the high temperature enrichment process, the coordination of aluminium atoms
within the zeolite framework is altered, having an impact on its local connectivity to oxy-
gen and bonds to silicon. Despite this it is clear that the structure of the CHA framework is
preserved throughout the gas-enrichment process and the majority of T site coordination

in the zeolite remains tetrahedral. Thus, the sample is still suitable for further study.

(a) (b)
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Figure 5.4: (9.4 T, 14 kHz) (a) 2°Si and (b) 2’ Al MAS single-pulse NMR spectra
of of 170y, -enriched SSZ-13(H). Red overlay in (a) is the 'H*Si CP NMR
spectrum (5000 ps contact time).
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The 70O NMR spectra in Figure 5.5 reveals the successful incorporation of 17O into the
framework sites of SSZ-13(H) CHA by post-synthetic exchange with 1702(g). The quan-
titative short-flip angle spectrum in Figure 5.5a shows a complex lineshape composed of
multiple overlapped quadrupolar broadened resonances. Separation of these resonances
in the MQMAS spectrum in Figure 5.5b resolves three main regions of interest (see Ta-
ble 5.1), which can be assigned22’49‘52 as two distinct Si—O—Si resonances at 01 ~ 32
ppm, 27 ppm and a third, broad region at 8; &~ 17 ppm, assigned to Si—O- Al environ-

ments.

Oxygen Site Location (ppm) Oiso (ppm) | ICql/MHz | ng

1,62
Si—-0-Si 1 32.6,19.1 45.5 5.2 0.21
Si-0-Si2 | 28.0,10.2 35.9 54 0.19
Si—-O-Al1 19.4,18.3 29.1 3.7 0.52

Table 5.1: NMR parameters and tentative assignments for SSZ-13(H) CHA enriched in
170, using high-temperature 1702(g) exchange.

(@)
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Figure 5.5: (14.1 T, 14 kHz) 70 MAS NMR spectra of of 1702(g)—enriched

Chevron SSZ-13(H). (a) Quantitative short flip-angle and (a) {'H} '’O MQMAS
NMR spectra.

Considering the framework sites within the CHA unit cell for the SSZ-13(H) material of
this composition (Si/Al = 11) with completely isolated aluminium atoms, there are to be

six times as many Si—O-Si sites as Si—O—Al (0.167 Si—O—-Al per Si—O-Si). It might
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be unsurprising therefore that the Si—O— Al linkage region in this spectrum is broad and
not fully resolved as their expected abundance is small compared to that of the Si—O-Si
linkages. Despite this, and the inherent non-quantitivity of the MQMAS experiment,
rough integration of Si—O-Si and Si—O- Al linkages produce a Si—O-Si: Si—O-Al
of 8 : 1, pointing to a fairly uniform, if slightly preferential enrichment of Si—O-Si
linkages in this experiment (ideal uniform value 6 : 1). Within the resolved Si—O-Si
signals, the relative integral intensities of the two are approximately 1 : 1, indicating
similar levels of enrichment. The !’O-enrichment level of this material is predicted to be
~ 10%.

It is perhaps surprising that two distinct O signals environments are resolved for
Si—O-Si linkages in SSZ-13(H). Considering that the topology should have four
distinct O environments, one might expect better resolution of four different oxygen
resonances at the moderate magnetic field used, as is the case for 170 NMR spectra for
other crystallographically simple zeolites, such as aluminosilicates A (LTA),>'”? X /Y
(FAU)>%33 and sodalite (SOD),>*> or of siliceous ferrierite (FER).®

For this reason, DFT calculations were performed on a dehydrated, siliceous CHA struc-
ture, to predict the expected NMR parameters for oxygen atoms. The results are detailed
in Table 5.2. The environments detailed in Table 5.2 correspond to the three ring struc-

tures that each oxygen atom is found to be at the intersection of in CHA.

| Oxygen Site | Environment | 85, (ppm) | ICql / MHz |

01 4r, 4r, 6r 40.8 5.58
02 4r, 8r, 8r 26.2 5.85
03 4r, 6r, 8r 28.3 5.81
04 4r, 4r, 8r 38.2 5.68

Table 5.2: DFT Calculated NMR parameters for oxygen environments within an ide-
alised, dehydrated SiO, CHA framework structure.”’

From the calculation results above it is evident that isotropic chemical shifts and
quadrupolar couplings for both O1 and O4 are similar as is O2 and O3. It may be
expected then that the NMR signals for crystallographically different oxygen atoms with
similar parameters will therefore overlap. It follows therefore, that the experimental
NMR spectrum of '7O-enriched CHA materials contain two separate resonances for
each of the Si—O-Si and Si—O-Al linkages. This certainly appears to be the case
for Si—O-Si resonances in 1702(g)-enriched SSZ-13(H) Si—O-Si resonances. Further

exploration is needed however to confirm this is the case for Si—O— Al sites.
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The computational results detailed in Table 5.2 are for an idealized, dehydrated silica ze-
olite and so will be affected by any changes to the local coordination environment upon
Al incorporation and the addition of a Brgnsted proton (which could be located on the
framework or on the water within the pores) and the presence of water itself. This is
in contrast to the results obtained from the 1702(g) exchanged sample (Table 5.1), which
was considered to be ‘air-hydrated’ when acquisition of NMR spectra took place. This
increase in the local disorder in the hydrated sample will result in small changes of chem-
ical shift and quadrupolar splitting and will likely lead to a broadening of the '7O signals.
In instances where the aluminium content is very high e.g., Si/Al = 3-5, the appearance of

‘two distinct signals’ for each of Si — O — Si and Si — O — Al may be less apparent.

5.3.3 Effect of Slurrying with H,!’O

After characterization of a uniformly 7O enriched SSZ-13(H) CHA, the enrichment of
SSZ-13(H) by simply slurrying with isotopically enriched water was investigated using
70 NMR spectroscopy, H,!70, following the protocol outlined in Section 5.8.2. The
initial (unenriched) zeolite was combined with small amounts of 40%-enriched H>'’O
(1 : 1 solid : water (mass)), producing surprisingly rapid framework !’O-enrichment as

detailed in Figure 5.6.

10 (a) 1 hour 10 (b) 1 day 7 days
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g 8
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Figure 5.6: (14.1 T, 14 kHz) {'H}'70 MQMAS NMR spectra of calcined
Chevron SSZ-13(H), slurried with small amounts of 40% H,!’0. NMR spec-
tra taken after (a) 1 hour, (b) 1 day, (c) 7 days, (d) 14 days and (e) 47 days of
reaction.
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From Figure 5.6 it is clear that there has been significant exchange of framework oxygen
atoms in SSZ-13(H) with the 7O atoms in the H, !’O reagent. Furthermore, the exchange
occurs rapidly and under ambient conditions with good levels of signal seen even in an
MQMAS spectrum even after just a few hours of hydration (typical MQMAS experiment
length 14-16 h at 14.1 T). In Figure 5.6, the growth of signals associated with the CHA
framework can be identified, in addition to the presence of water (0 ppm). Although signal
from water itself should not be seen in an MQMAS spectrum, any restricted rotation as
a result of hydrogen bonding to other water molecules or to the framework, will result
in water oxygen with a slight quadrupolar moment, allowing it to pass through the triple-
quantum filter. The four framework resonances resolved are attributed to two different sets
of Si—O-Si and Si—O-Al signals, with NMR parameters extracted from the spectrum
of the 47 day slurry (Figure 5.6¢e) given in Table 5.3.

Oxygen Site Locagf“;fpm Siso (ppm) | ICol /MHz | nq | Likely O site
Si—0-Sil | 334,215 46.5 52 024 | Ol,04
Si—0-Si2 | 304, 17.0 40.9 54 026 | 02,03
Si—O-Al1| 239,261 37.6 35 045 | Ol, 04
Si—O-Al2 | 20.5,19.4 32.6 3.9 049 | 02,03

Table 5.3: NMR parameters and tentative assignments for SSZ-13(H) CHA slurried with
40% H, 70 for 47 days.

These signals can be tentatively assigned by comparison with the NMR parameters pre-
dicted using DFT calculations. For these, a set of four structures were constructed from
the idealized SiO, CHA structure considered above, with one Si replaced by an Al, and
the charge-balancing 'H placed on each of the four crystallographically different O sites
in the framework (given in Table 5.2), although the different hydration states of the mate-
rials should be noted. Figure 5.7 shows the centre-of-gravity of each O signal in an 1’0
MQMAS spectrum (at 14.1 T) using the DFT-calculated parameters. This figure shows
that two sets of Si—O—Al and Si—O-Si linkages are likely to be seen (with differing
01 positions) in good agreement with experiment, allowing the signals to be tentatively
assigned to those from O1/04 at higher §; and those from O2/03 at lower 8. There is
no evidence in the experiment of signals that could be attributable to Brgnsted acid sites
(these would have much lower &, as a result of larger Cq values). However, this likely
reflects the different hydration state of the real material, which has substantial numbers
of water molecules in the pores. Although studies have shown that Brgnsted acid pro-
tons in SSZ-13(H) sit preferentially on O3 and 04,8 it is likely that hydrated materials
may have H located partially or fully on the water molecules in the pore, or perhaps even

dynamic on the NMR timescale. This difference in hydration state may also cause small
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structural changes in the framework and small shifts in the expected position of 17O sig-

nals associated with the framework oxygens between experiment and calculation.

50 T T T T I
60 40 20 0 =20 -40 -60
70 8, (ppm)

Figure 5.7: (14.1 T) Predicted centre-of-gravity (from DFT calculated NMR
parameters for 4 models of Al-substituted CHA) of resonances in 7O MQMAS
NMR spectra for SSZ-13(H). The colour denotes the type of framework linkage,
with Si—O-Si linkages (blue), Si—O—Al linkages (silver) and Si—O(H)—Al
linkages (orange).

The spectra in Figure 5.6 show extensive !’O enrichment of the framework, although
quantifying this in absolute terms in in-sifu reactions is difficult. The relative level of
enrichment does vary with hydration time, as shown in the (normalised) 70 MAS NMR
spectra in Figure 5.8, which have been acquired with a short flip angle. At short slurrying
times the spectra are dominated by the signal from water (6 = 0 ppm) although signals at
higher shift (at 0-60 ppm) suggest framework O species are now enriched. The relative
enrichment of the framework clearly increases with increasing hydration time, although

the overlap of all signals makes accurate deconvolution challenging.
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Figure 5.8: (14.1 T, 14 kHz) 70O short flip-angle NMR spectra for Chevron
SSZ-13(H), slurried for varying amounts of time. All experiments displayed are
normalised by the number of scans.

The observed framework enrichment in SSZ-13(H) CHA that occurs at room temperature
must do so in a continual and reversible exchange process. Further to this, there is evi-
dence in Figure 5.6 to suggest that the rate at which oxygens are exchanged in the material
is dependent on the nature of the linkage (i.e. silicate or aluminosilicate) and also that the
location of that linkage within the framework may also affect its exchange ability. From
Figure 5.6 two Si—O-Al signals and a single Si—O-Si signal is present at very short
enrichment times (1 hour), before the gradual increase in intensity of a second Si—O-Si
site over the subsequent seven days. Whilst it is not easy to determine absolute intensi-
ties from the overlapped and non-quantitative MQMAS data, it does appear qualitatively,
at least that Si—O— Al linkages in the material enrich preferentially over Si—O—Si link-
ages at short hydration times, with a lower Si—O-Si : Si—O-Al ratio than expected.
Furthermore, the second Si—O-Si signal appears to enrich more slowly, appearing with
increased intensity at longer slurrying times. These observations are further confirmed
through analysis of the ; sum projections of the MQMAS NMR spectra of Figure 5.6,
displayed in Figure 5.9.
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Figure 5.9: (14.1 T, 14 kHz) & positive projections of { 'H}!’0 MQMAS NMR
spectra for Chevron SSZ-13(H), slurried for varying amounts of time.

Assuming the projection of the sample post-synthetically enriched using exchange with
1702(g) in Figure 5.9 is representative of uniformly enriched SSZ-13(H), it can be seen
that the two Si—O-Si signals with d; = 40-25 ppm have approximately equal intensity,
i.e. it is likely that of the four crystallographically distinct sites present in the CHA
framework, two contribute to each Si—O-Si signal, as proposed earlier. Combining
with the aluminosilicate linkages, which appear at 01 = 25-10 ppm, the relative ratio of
Si—0O-Si : Si—O-Al within the gas-enriched spectrum is slightly below the ideal ratio
of 8 : 1 expected for this Si/Al.

Figure 5.9 also shows sum projections onto §; of 17O MQMAS spectra of SSZ-13(H)
zeolites slurried with water for different times. Although the hydration states of the
two materials are likely to be different, these do show some differences to that of the
gas-exchanged sample. The Si—O- Al linkages account for a far greater proportion of
the overall signal intensity, with two distinguishable peaks present, as can also be seen in

MQMAS spectra (Figure 5.6). Interestingly, the same is not true for Si—O-Si linkages.
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Here, one Si—O-Si signal increases in intensity much more slowly with slurrying time,
first visible after one day. Furthermore, this signal never exhibits the same intensity as
the Si—O-Si resonance at higher 81, in comparison to the gas-enriched material, where
both have approximately equal integrated intensities. This implies that there may be a
barrier to obtaining uniform enrichment for the second Si—O—Si resonance. The relative
intensities of the two Si—O - Si peaks after 47 days are between 2 : 1 and 3 : 1. However
as equal intensities are observed for the gas-enriched framework, it is possible that only
one of the two types of linkage expected to contribute to the second Si—O-Si signal is

significantly enriched (resulting in a ratio of 2 : 1; similar to what is seen experimentally).

The exchange of framework oxygen atoms for those in the aqueous solvent in the slurry
must involve the cleavage of Si—O and Al-O bonds. It is of interest therefore, to study
the effects of this oxygen exchange on the local structure and connectivity of the Si and
Al T atoms that make up the framework. Figure 5.10 shows 2°Si MAS NMR spectra
of SSZ-13(H) after slurrying. Even after long slurrying times, there is no significant
effect of the framework oxygen exchange on the local structure and connectivity, with
Al content and distribution (as determined by the relative intensities of Q* Si species)
remaining consistent. The Si/Al of the framework remains at ~ 10 as for the starting
material. Further, the '"H*Si CP MAS NMR spectra (red traces in Figure 5.10) also show
no significant changes to the starting material. There is a slight change in the 'H?°Si CP
MAS NMR spectra after 137 days, (Figure 5.10a) with the loss of the shoulder at ~ —106
ppm. Similarly, the 2’Al MAS NMR spectra in Figure 5.10b,d show no changes at all
with slurrying time. At approximately 200 days later the coordination of the aluminium
remains tetrahedral with no losses of intensity or the visibility of any penta- or octa-hedral

coordination.
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Figure 5.10: (9.4 T, 14 kHz) (a,c) 2°Si and (b,d) ?’Al single-pulse MAS NMR
spectra for Chevron SSZ-13(H), for (b,d) starting material, (a) 137 days and (b)
202 days. Red overlay in (a,c) is the 'H?°Si CP MAS NMR spectra (5000 s
contact time). Asterisk (*) in (b,d) denotes spinning sideband.

The long-range order of the zeolite structure was also assessed through a PXRD study,
with samples prepared identically to those used in H,!7O slurry experiments (5.8.2), but
instead using ngO. Recording diffraction patterns for materials after set amounts of
time (Figure 5.11) shows that the reaction of the zeolite with water, as in slurrying and

framework-enrichment process has no effect on the long-range order or crystallinity of
the SSZ-13(H).
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Figure 5.11: PXRD patterns for SSZ-13(H) slurried with H, 1Oinal: 1 (mass)
ratio for different durations.

Clearly then, the oxygen exchange with the framework is happening continually and
rapidly at room temperature, with bond cleavage a reversible and sustainable process
within the material. Furthermore, it also appears that the exchange is easier for some
oxygen atoms within the framework than for others, with some signals appearing more
rapidly than others as a function of hydration time. As yet, the exact mechanism for this

process is not clear.

5.3.4 Mechanistic Study

Whilst several mechanisms for bond-cleavage of Si—O and Al-O bonds exist in the
literature, most are not applicable to the work carried out here. For example, those
describing Al-O bond hydrolysis take place with the presence of the Brgnsted proton

on the framework throughout the reaction; 1460

something unlikely here, considering
the aqueous environment of the slurring conditions, which should solvate the Brgnsted
protons. Proposed Si—O reaction mechanisms require either higher activation energies
than attainable at room temperatures, or are both thermodynamically and kinetically

infeasible. +14.20.61-65

In an attempt to increase the understanding of the lability taking place within the
SSZ-13(H) CHA structure, ab-initio molecular dynamics (AIMD) simulations were
performed in collaboration with researchers at Charles University in Prague, which aimed

to provide insight into possible mechanistic pathways that facilitate bond cleavage upon
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the interaction with water. The MD simulations carried out are therefore specific to the
CHA framework however, the simplicity and applicability of the CHA topology to that
of a model system means it is possible that similar types of bond cleavage processes may

occur in other zeolites.

The MD simulations reveal two novel mechanisms for the initial bond cleavage in SSZ-
13(H) CHA that support the possibility of framework bond cleavage (and subsequent oxy-
gen exchange) under ambient conditions. The mechanisms found differ for Si—O - Si and
Si—O-Al linkages, but have energy barriers that appear accessible at room temperature,
i.e., between 30 and 60 kImol ! (see Figure 5.12).
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Figure 5.12: Mechanisms for bond cleavage in SSZ-13(H) CHA as predicted
by AIMD simulations. Atom colours: oxygen = red, silicon = blue, aluminium
= purple and hydrogen = pink.

For Si—O-Al bond cleavage, the framework bond can be broken by interaction with a
single water molecule attacking the aluminium on which the Brgnsted proton resides.
This then results in inversion of the AlO4 tetrahedron, cleaving the framework Al-O
bond. Bond cleavage is possible for each of the four distinct Si—O(H)— Al sites that may
surround the Al, provided they are bound in some way to the Brgnsted acid proton at the
time of attack. Interestingly, the mechanism shows that addition of the acidic proton from
solution is possible during this mechanism, yet the solvation state of the protons in this
ensemble is predicted to be 99%. This would indicate that the acidic proton in hydrated
SSZ-13(H) is associated closely to the framework at some point, allowing bond cleavage

to be possible at room temperature.

For Si—O-S1 linkages the mechanism is slightly more complex, as can be seen in Fig-
ure 5.12. To facilitate Si—O bond cleavage here, simulations show that the formation

of a chain of hydrogen-bonded water molecules, typically with a chain length of four is

177



required. This is initiated by the attack of a water molecule at the silicon centre at an
angle to the Si—O bond, forming a pentacoordinate silicon. Following this, the hydrogen
bonded water chain forms, encompassing the initial water and ending at the oxygen adja-
cent to silicon that is now pentacoordinate. A proton is then shuttled in a Grotthuss-type
mechanism from the initial water molecule to the framework oxygen, cleaving the Si—O
bond. %567 As shown in Table 5.4, calculations predict that this type of mechanism leads to
low energy barriers for the bonds containing O1 and O4 oxygens. Although calculations
were performed only for O1 and O4, a low barrier is also predicted for bonds involving
03. This is not the case for O2, owing to steric hindrance caused by the framework topol-
ogy, which prevents the formation of the hydrogen bonded chain and the backside attack.
Interestingly, the formation of the required hydrogen bonded chain would not be possible
if water molecules were in free space. Under these conditions water molecule oxygens
would typically form two hydrogen bonds, making the formation of a chain of this man-
ner unfeasible. In the confines of the zeolite framework however, the pore and channel
architectures restrict this value of hydrogen bonds to 0.86, allowing water molecules to
spread out and assemble in the correct orientation. The predicted activation energies for

bond scission at different O sites are detailed in Table 5.4.2%!

Oxygen Site | AA* kJmol~! | AAx, kimol~!

Si—-01-Si11 63 1
Si—04-Si12 63 24
Si—-01-Al1 32 17
Si—04-Al 2 24 16

Table 5.4: Calculated activation energies (AA¥) and overall reaction (AAsxp) enthalpies
derived from AIMD simulations for bond cleavage at O1 and O4 Si—O-Si and Si—O-Al
sites in SSZ-13(H) CHA at 300 K.2!

The simulations performed describe only the first cleavage of the framework bonds, and so
do not explain the complete enrichment process. There must be subsequent mechanistic
steps that then facilitate the exchange of !’O oxygen into the framework, reforming the
bonds broken initially. All in all, the complete exchange of oxygen from water into the
zeolite framework will require the breaking and reformation of four bonds. Whilst it is
unclear how these proceed mechanistically in detail, it is suggested that due to the lack of
significant signals that can be attributed to silanol defects etc. in the NMR spectra, these
subsequent steps are likely not to be rate determining, and the largest barriers to reaction

are associated with initial bond cleavage.
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5.4 Effect of the Countercation in SSZ-13(M) CHA

The mechanistic studies described in Section 5.3.4 provide evidence to support the sur-
prising framework oxygen exchange observed for SSZ-13(H) CHA using 70 NMR spec-
troscopy. The computational work suggests that, at least for the mechanism proposed, the
presence of the Brgnsted proton on the framework is important for Si—O— Al scission
and the availability of protons for the Grotthuss-type proton shuffle mechanism is needed
to enable Si—O-Si cleavage. It is of interest therefore, to explore the reactivity under
slurrying conditions for zeolites for which acidic protons are absent. To do this and to
ensure a degree of comparability, the calcined Chevron SSZ-13(H) was ion-exchanged
(see Section 5.8.4) to a variety of different metal cationic forms (Na*, K*, Cu®*, Zn?")

and 7O enrichment using a slurrying approach then studied.

5.4.1 Characterisation of the Exchanged Starting Materials

Metal cation-exchanged materials were first prepared by ion-exchange with the appropri-
ate Na*, K*, Cu?* or Zn?* ionic salts as detailed in Section 5.8.4. Retention of the crys-
tallinity of the materials was confirmed by PXRD characterisation (Figure 5.13), showing

that all materials still exhibit the CHA structure.
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Figure 5.13: Powder X-ray diffraction patterns of metal-exchanged SSZ-13(M)
CHA materials.
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29Si and 2’Al MAS NMR spectra of the ion-exchanged samples are shown within Fig-
ure 5.15 and Figure 5.16, respectively. 2°Si NMR spectra show no significant changes
when compared to the SSZ-13(H) starting material, indicating that no significant increase
in silanol defects has occurred and that the aluminium content or distribution has not
changed significantly. Similarly, no significant changes are seen in the 2’Al MAS NMR
spectra, although for K* (Figure 5.16bii) and Zn>* (Figure 5.16dii) materials, a small
amount of octahedral aluminium is observed. This however, is not thought to impact
the integrity of the material. For the Cu?*-exchanged material (Figure 5.16cii), the >’Al
lineshape appears broadened, most likely due to the paramagnetic copper centre on the
framework. %® Details of the Si/Al of exchanged materials are given in Table 5.5 along
with values of Si/Al for subsequently 1702(g)—enriched materials, which will be discussed

in the next section.

Cationic Form EDX-derived Fit-F:alculated E11)7X—derive§ Si/Al Filt;calculateq Si/Al
Si/Al SM Si/Al SM (0)) @ enriched Oz(g) enriched
H 11 10 12 11
Na 15 11 15 14
K 12 11 12 11
Cu 14 11 15 13
Zn 14 12 14 13

Table 5.5: Comparison of the EDX-derived and fit-calculated Si/Al for SSZ-13(X) CHA
materials studied in this project. SM = starting materials, 'O, @ = 70, @ gas-enriched.

5.4.2 Characterisation of 1702 (g)-enriched Products

As for the Brgnsted acidic SSZ-13(H) material (Section 5.3.2), post-synthetic 1702(g)
gas-enrichment of the ion-exchanged materials was performed. Once again, the observed
exchange of oxygen atoms in these samples is thought to show uniform enrichment of
framework oxygen and hence provide an overview of oxygen coordination environment

within these materials.

The enrichment conditions used for the ion-exchanged materials are detailed in Section
5.8.6. Interestingly, the experimental conditions needed for satisfactory levels of 17O
exchange into framework oxygen sites are far less extreme than those for the proton form
of the same material. i.e. similar levels of framework enrichment for the cation-exchanged
zeolites here could be achieved with lower temperatures, far shorter heating times and
generally easier sample handling and preparation. Furthermore, although the 170 NMR
spectra of the gas-enriched metal-form materials presented in this thesis are dehydrated

prior to the gas-enrichment procedure, framework hydration is found to have far less of an
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effect on the success of high-temperature 170, @ gas-enrichment than it does for H-form
materials. Although the reasons behind why high-temperature oxygen exchange is more
facile for SSZ-13(M) materials than for SSZ-13(H) is not known, the findings seem to be
relatively consistent with that seen in other zeolites.*® Successful !’O-enrichment of SSZ-

13(M) materials is achieved as evidenced by 7O NMR spectra displayed in Figure 5.14.
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Figure 5.14: (14.1 T, 14 kHz) 70O MAS NMR spectra of of '7O,, -enriched

Chevron SSZ-13(M). (a-d) quantitative short flip-angle and (e-h) {'H} "0 MQ-
MAS NMR spectra. M = (a,e) Na*, (b,f) K*, (c,g) Cu*, (d,h) Zn?*.

Post synthetic gas-enrichment of cation-exchanged SSZ-13 materials show the nature
of the extra-framework cation (and potentially the enrichment procedure used) have a
pronounced effect on the 7O signals seen in the spectrum, and potentially on the lo-
cal oxygen coordination environments. By comparison to 7O NMR spectra of SSZ-
13(H) (Figure 5.5), all spectra (with the exception of SSZ-13(Na)) show two distinct
signals for Si—O-Si linkages, yet the extent to which the signals from Si—O-Al sites
are resolved differs. Overall, the 'O NMR spectra of the Cu?* exchanged material most
closely resembles that of the parent SSZ-13(H), which is surprising considering the pres-
ence of the paramagnetic Cu?* cation in the framework. K* (Figure 5.14b,f) and Zn**
(Figure 5.14d,h) exchanged materials both exhibit 'O MQMAS spectra with two dis-
tinct Si—O—Si signals but also show higher levels of enrichment of Si—O— Al linkages.
It is thought that the SSZ-13(K) material has the highest level of 7O enrichment of
Si—O-Al linkages within the SSZ-13(M) series and spectra show the best resolution
of two Si—O-Al signals, as was seen for the SSZ-13(H) enriched via slurrying (Fig-
ure 5.6). The 7O NMR spectra of the Na*-exchanged material (Figure 5.14a,e) show
only a single signal for both Si—O-Si and Si—O-Al species, the former of which is
reasonably broad and covers much of the region seen for the two Si—O-Si signals in
the other materials. In order to determine whether the method used for !’O enrichment
(i.e., the high-temperature gas exchange), or the nature of the extra-framework cation (and

subsequent structural changes) is affecting the number and type of 7O signals seen, 2°Si
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and 2’ Al NMR spectra were recorded (Figure 5.15 and Figure 5.16) for all ion-exchanged

materials.
(a) Na (b) K (c) Cu (d) Zn
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Figure 5.15: (9.4 T, 14 kHz) 2°Si MAS NMR spectra of (a-d) 7O, (g-enriched
Chevron SSZ-13(M) and (e-h) each corresponding starting material. M = (a,e)
Na*, (b,f) K, (c,g) Cu?*, (d,h) Zn?*.

The enrichment is confirmed to proceed with relatively little effect on the overall frame-
work structure, with similar 2°Si MAS NMR spectra (Figure 5.15) seen prior to and post
enrichment. Comparing the spectra of the starting and '"O-enriched materials of each
SSZ-13(M), there appears little change in the connectivity of silicon in the materials
and limited generation of silanol defects. Analysis of the Si/Al ratio in the products
does reveal there may be a slight loss of aluminium associated with the high-temperature
gas-exchange procedure, as evidenced by the values derived from analytical fitting in
Table 5.5. The values obtained for Si/Al pre- and post- gas-enrichment procedure are
closely related for all materials, however it is likely that there are some errors associ-
ated with these measurements. For EDX-derived Si/Al, the sensitivity of the technique to
only the surface layers of the material likely introduces an error of + 1-2 for this mea-
surement. Likewise, Si/Al calculated from analytical fitting suffers from inaccuracies

associated with peak fitting, resulting in an estimated error of 4 1.
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Figure 5.16: (9.4 T, 14 kHz) *’Al MAS NMR spectra of (a-d) '"O5, -enriched
Chevron SSZ-13(M) and (e-h) each corresponding starting material. M = (a,e)
Na™, (b,f) K*, (c,g) Cu®*, (d,h) Zn**.
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The 2’Al NMR spectra of the ion-exchanged materials (Figure 5.16) show that the
high-temperature enrichment process has resulted in some changes in the coordination
environment of aluminium within the SSZ-13(M) frameworks. For all zeolites, the
signal from tetrahedral aluminium appears broader following high-temperature 1702(g)
treatment, which could result from either a small increase in quadrupolar coupling, higher
levels of disorder (i.e., an increase in defects or presence of different charge-balancing
mechanisms) or potentially increased couplings to the NMR-active '’O. For all materials
with the exception of SSZ-13(Na), the presence of a shoulder on the AI(IV) peak is
observed at ~ 45 ppm.

27A1 NMR spectra (Figure 5.16) show that the high-temperature enrichment process has
resulted in a change in the coordination of aluminium within the SSZ-13(M) series. For
all zeolites, the tetrahedral aluminium peak appears broader following high-temperature
1702(g) treatment and for all materials with the exception of SSZ-13(Na), the presence of
a 4/5-coordinate species is observed at ~ 45 ppm. This observed change in coordination
may account for the differences seen between 'O spectra of 170, (g)—enriched materi-
als and is likely a result of slight weakening of the integrity of the framework around
aluminium T sites. Interestingly however, this aluminium species is generated without
any significant influence on the local structure around silicon (where the NMR spectra
do not change significantly upon enrichment) but the formation of these new Al species
may have an effect on the reaction of the frameworks with water and on '’O enrichment.
Based on these data, the structure of this aluminium species is unknown and it is difficult
to say whether this is true 5-coordinate zeolite aluminium or another unknown aluminium
species, such as broad distorted tetrahedron 4-coordinate. %7 To investigate this further,
{TH}?”A1 MQMAS NMR studies were performed for the SSZ-13(H) and SSZ-13(M)
materials. The spectra, displayed in Appendix E.1 reveal that distorted tetrahedral co-
ordinated Al is present in the samples, following high temperature gas-exchange. This
distorted aluminium species has been observed in zeolites previously, with its formation
attributed to distortion of the tetrahedral environment of the Al centre.”!~7* This distortion
has been proposed to be caused by polarisation by nearby octahedral Al sites or residual
Brgnsted protons, which will be more closely associated with the framework following
their high-temperature gas enrichment. It has also been seen to be formed reversibly from
ordered octahedral Al. Octahedral Al is seen only in the SSZ-13(H) samples, from which
all the SSZ-13(M) materials were ion-exchanged. It is therefore likely that the mate-
rial history and heat treatments are responsible for producing these distorted aluminium

species.
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5.4.3 Effect of Slurrying with H,!’O

1 : 1 slurries (by mass) of 40% H»!70 and calcined and air-hydrated ion-exchanged SSZ-
13(M) zeolite were prepared (Section 5.8.2) in an analogous manner to those of SSZ-
13(H) (Section 5.3.3). Once again, facile, room-temperature bond lability was observed
for the CHA materials. 17O MAS NMR spectra, recorded at 20.0 T after 30 days of

slurrying time are shown in Figure 5.17.
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Figure 5.17: (20.0 T, 14 kHz) (a-d) quantitative short flip-angle and (e-h)
{'H} 70 MQMAS NMR spectra of calcined Chevron SSZ-13(M), slurried with
small amounts of 40% H,'70 for 30 days. M = (a,e) Na*, (b,f) K*, (c,g) Cu*,
(d,h) Zn?*.

Owing to the reduced second-order quadrupolar broadening at increased magnetic field,
acquisition at 20.0 T has the advantage of increasing the resolution of the '’O signals
from the Si—O-Si and Si—O- Al resonances and the water peak at O ppm (Figure 5.14)
and further increases the separation of resonances in the indirect dimension of {'H}!'’0
MQMAS NMR spectra (Figure 5.17e-h).

The increased line separation achieved at high field helps to distinguish the individual
signals resolved for the slurried samples of SSZ-13(M). Overall, it appears that Si—O— Al
sites are once again preferentially enriched at these hydration times, by comparison
to spectra of SSZ-13(H) (Figure 5.6). Furthermore, the resolution of two signals for
aluminosilicate linkages is greater for all SSZ-13(M) than in the analogous gas-enriched
materials, although these materials have slight structural differences caused by the state
of framework hydration, which could affect 'O NMR signals. A possible mechanistic
reason for the relatively enhanced intensity of Si—O— Al signals in SSZ-13(M) materials
(where the Brgnsted proton is absent) is that the computationally predicted bond cleavage
mechanism did not require interactions with multiple water molecules and a Grotthus-
type proton shuttle, as is the case for Si—O-Si (see Section 5.3.4). It is possible then
that the role (if any) that the Brgnsted proton plays in Si—O—Al scission in SSZ-13(H)
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slurries is also fufilled by M in SSZ-13(M) slurries (or by the more likely association of
this O with any remaining H defects), or that the energy barriers for Al-O bond cleavage
are still accessible at room temperature for these weaker bonds even when the interaction

with water/protons is reduced.

Two signals for Si — O — Si linkages are seen for all materials with the exception of
SSZ-13(Na), where only a single signal (similar to that which enriched more rapidly in
SSZ-13(H)) is seen. In all subsequent 7O NMR spectra acquired for the slurry of the
sodium-exchanged zeolite, a second Si—O-Si site is never seen. Generally however, the
intensity of the ‘second” Si—O-Si signal (i.e., that at lower 1) in SSZ-13(M) spectra is
of lower intensity than that for the corresponding signal in SSZ-13(H), as confirmed by
the 61 MQMAS projections in (Figure 5.18). This could reflect poorer levels of enrich-
ment (perhaps owing to a reduced interaction with water and/or reduced availability of
protons) or possibly a structural change which would result in different NMR parameters
and 0 shifts for the different oxygen species. It is possible to comment qualitatively on
the relative rates of enrichment observed. Across the series, the following rate trend is
observed: H*, Cu>* > K* > Zn>* > Na* for SSZ-13 materials, determined from qualita-
tive analysis of signal-to-noise levels in short-flip angle single pulse and MQMAS spectra
recorded with an identical number of scans. It must be considered however that other
factors, such as the exact experimental set up and multiple quantum transfer efficiency
between samples with different countercations and hydration states may lead to a greater
uncertainty, particularly when spectra are acquired many days apart and where absolute

signal is difficult to measure.
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Figure 5.18: (20.0 T, 14 kHz) &, sum projections of {'H}'’O MQMAS NMR
spectra for SSZ-13(M), slurried for 30 days.

The exact reasons for the difference in overall and relative enrichment rates for SSZ-
13(M) CHA materials are unknown and even speculation would likely require a more
detailed structural characterization of the fully hydrated material which is challenging for
the small scale in-situ experiments. It is probable that the nature of the cation plays an
important role. The relative efficiency of oxygen exchange cannot be explained simply by
counterion charge. Although the CHA framework can facilitate high diffusivity of guest
molecules, it is still a small-pore zeolite with a relatively low pore volume and small ring
windows. 7576 Considering this and the enrichment behaviour observed, it is plausible that
the size of the countercation and also its hydration sphere may play a role in facilitating
(or hindering) bond cleavage and oxygen exchange. The estimated radius of hydration
is expected to be: Zn** > Cu?* > Na* > K*> H*.7730 Of these, the divalent Zn>** and
Cu?* cations are predicted to site within hydrated CHA frameworks at the base of the cha
cages above the d6r in hydrated materials. 28182 This position (SII in Figure 1.14) is more
spacious than others and therefore the bulk of the cation size may have a lesser steric effect
on any bond lability. This is particularly crucial if bond cleavage for oxygen exchange

requires the formation of a hydrogen bonded chain of water molecules. Further, the larger
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size of the Zn”* hydration sphere and hence greater steric effect may be responsible for
the overall lower enrichment level seen in this material. The alkali metal cations, K* and
Na™ are predicted to site closer to the cha (SIII) and in the cha cages, near the 4r windows
(SIIT").>883:84 Cations near these positions are likely to place a greater steric hindrance
to any bond cleavage processes taking place, particularly around the O2 site. It follows,
therefore, that the hydrated metal cations, particularly hydrated Na* may block access
of water molecules to specific oxygen sites in the framework, limiting the hydrolytic
bond lability and preventing or reducing the framework oxygen exchange processes from
occurring. Whilst this theory is based on the computational prediction that Si—O-Si
sites in SSZ-13(H) slurries need the interaction with protons and a H-bonded chain of
water molecules to facilitate bond cleavage, it is plausible that these steric effects will
also hamper the mechanism of action in SSZ-13(M) slurries, which may too utilise H-
bonded water. Additionally, the availability of water molecules to interact with the zeolite
framework or contribute to any H-bonded chains may also be affected by the strength with

which the water molecules are held by the extra-framework cation.
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Figure 5.19: (9.4 T, 14 kHz) °Si MAS NMR spectra of (a-d) H,!’O slurried
Chevron SSZ-13(M) and (e-h) the corresponding starting material. M = (a,e)
Na*, (b,f) K*, (c,g) Cu?*, (d,h) Zn**. Slurry ages indicated on plot.

%%

During slurrying of these materials, the silicon and aluminium sites remain tetrahedrally
coordinated and no significant changes to the Si/Al ratio and their respective framework
T site distributions occur (see Figure 5.19 and Figure 5.20). This means, once again,
the room-temperature bond lability and framework oxygen exchange process occur with-
out detriment to the overall framework structure. Small amounts of distorted tetrahedral
aluminium are again seen in {'H}?’Al MQMAS NMR spectra, displayed in Appendix
E.2.
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Figure 5.20: (9.4 T, 14 kHz) 2°Si MAS NMR spectra of (a-d) H,'7O slurried
Chevron SSZ-13(M) and (e-h) the corresponding starting material. M = (a,e)
Na*, (b,f) K*, (c,g) Cu*, (d,h) Zn?*. Slurry ages indicated on plot.

5.5 Effect of Framework Composition in CHA

The low concentration of aluminium in SSZ-13 mean these atoms are often isolated in
the framework, resulting in strongly acidic Brgnsted protons. Further, the introduction of
aluminium into the framework results in increased framework hydrophilicity and average
bond polarity and a decreased average bond enthalpy. Aluminium, however, is not the
only dopant element that can be incorporated into the CHA framework and that can have
an effect on its stability and structure. It is of interest therefore to investigate the effect of
framework composition on the room-temperature bond lability seen above by varying the

Al content or substituting AI** for other T-atoms, such as B**, Ti** and Zn>*.

These cations will have a different effect on the overall framework charge, compared to
AIP*. B3*, having the same valence as aluminium in zeolites will produce the most sim-
ilar effect. However the reduced acidity of borosilicate zeolites will result in changes to
the charge distribution, bond polarity and reactivity. Substitution for Ti** will produce
a charge-neutral framework that possesses a degree of polarity as the single T site of
the CHA framework will not be populated in a uniform manner. It is desired to charac-
terise the reactivity of this material with water against a purely siliceous CHA framework,
where all T sites are crystallographically equivalent. CHA is one of only a handful of
frameworks where substitution of aluminium for a divalent cation has been achieved. ex-
change for Zn>* here provides a great opportunity to study how materials with increased

framework charge and Brgnsted acidity behave under aqueous conditions.
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5.5.1 Characterisation of the Substituted Starting Materials

In keeping with the previous work on SSZ-13(H), CHA materials of varied composi-
tion and negative framework charge were prepared directly in the proton-form using pub-
24,28,29,34.85.86 Materials prepared in this manner and those pre-
pared with neutral frameworks for this study are: Si-CHA, B-CHA(H), Ti-CHA and

Zn-CHA(H). Syntheses are detailed in Section 3.3. These materials are known to display

lished literature methods.

a degree of framework flexibility based on the heteroatom selected, showing variations
in pore geometry and host-guest interaction efficacy, having implications for CO,/CHy
separation efficiency.®” Additionally, a low silica (Si/Al = 5) CHA material was prepared
in the K*-form,®® and ion-exchanged (to NH4*-form). However, the low thermal stability
of the resulting material meant it was not possible to produce the H* form without com-
promising the framework structure. Instead, the bond lability of an Al-CHA (K) material
was investigated, as described in Chapter 5 as part of an investigation into post-synthetic
transformations (PST). The PXRD patterns of synthesised heteroatomic CHA materi-
als are presented in Figure 5.21, confirming the CHA framework has successfully been

formed in each case.

10 20 30 40 50
26 (°) CuKa

Figure 5.21: Powder X-ray diffraction pattern of (a) SSZ-13(H), (b) Si-CHA,
(c) B-CHA(H), (d) Ti-CHA and (e) Zn-CHA(H).

The local structure of the frameworks was characterised by performing 2°Si NMR exper-
iments for calcined heteroatomic materials, as shown in Figure 5.22. Generally, all mate-
rials show small amounts of Q3 framework silanol defects (8§ ~ — 102 ppm) as evidenced
by CP MAS NMR spectra, alongside the Q* framework site at § ~ —102 ppm. For B-
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CHA(H) it is proposed the overlapped signals/shoulders at 6 —113, —110 and — 106 ppm
are attributed to boron in neighbouring T sites, which experiences lattice distortion. The
Q4 Si(0O-Si)3(0O-B) and Q3 silanol defect peaks are found overlapped between —102
and —99 ppm.?%38 In the case of Si-CHA an increased number of transients had to be
averaged to achieve the signal-to-noise seen in Figure 5.22a and as such this material is
considered almost non-defective. It was not possible to perform accurate lineshape fitting
on 2°Si MAS NMR spectra of heteroatomic materials to determine the Si/X ratio (X =
B, Ti, Zn), however EDX measurements indicate that materials have heteroatom contents
(Si/X) of 8 (B-CHA(H)), 22 (Ti-CHA) and 18 (Zn-CHA(H)), or a total of 4, <2 and <2

per crystallographic unit cell, respectively.
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Figure 5.22: (9.4 T, 14 kHz) ?Si single-pulse MAS NMR spectra for calcined
heteroatom-substituted CHA materials. (a) Si-CHA, (b) B-CHA(H), (c) Ti-
CHA and (d) Zn-CHA(H). Red overlay on spectra is the TH2°Si CP NMR spec-
trum (5000 us contact time).

Elemental boron is 80.1% !'B, which has I = 3/2, reasonably good NMR sensitivity and
NMR parameters (both chemical shift and quadrupolar coupling) that are very sensitive to
the coordination number.3° The study of borosilicate zeolites using ''B NMR is therefore
relatively straightforward and potentially informative, provided a boron nitride (BN)-free
probe is available. Insight into the !'B local environment in B-CHA(H) will also provide
information on the effect of any reversible bond lability processes on the framework. ''B
MAS NMR spectra of two forms of the starting material are shown in Figure 5.23. The
sharp signal at — 3.5 ppm is assigned as tetrahedrally coordinated B(IV), within the CHA
framework itself, with the small Cq reflecting the symmetric coordination environment.

In the as-synthesised material, the presence of the neighbouring peak at — 2 ppm is inter-
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esting. Tetrahedrally coordinated peaks like this have been reported previously, however
no definitive assignment to a particular chemical species has been made. These tetrahe-
dral species are predicted to be partially hydrated and capable of transitioning between
tetrahedrally coordinated B(IV) species associated with acidic water (H3O") to trigonally
bound framework species fully coordinated to a water molecule as a function of material

9091 This is cited as a reason for why this species at — 2 ppm is less prominent

hydration.
in the calcined sample (Figure 5.23b), where overall framework hydration is expected
to be lower. During the calcination process however, a trigonal species with higher Cq,
with a higher 8i5,, most likely attributable to non-framework boron, formed during cal-
cination. 382192 Although occasionally a reversible process, the leeching of boron in this
manner is a known problem for borosilicate zeolites in the proton form as hydrolysis
of framework linkages under high-temperature conditions (e.g., those of the calcination
temperature) is increasingly favourable, compared to analogous aluminosilicate materi-

als. 38,90-92
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Figure 5.23: (14.1 T, 14 kHz) B single-pulse NMR spectra for B-CHA(H). (a)
calcined and hydrated and (b) as-synthesised materials.

5.5.2 Effect of Slurrying with H, 170

Despite the increased defects present in some heteroatomic materials, the enrichment of
the zeolite frameworks using H 7O slurrying was studied using the same approach for
SSZ-13(H) and SSZ-13(M) (see Section 5.8.9).

It was only possible to successfully enrich Si-CHA using post-synthetic exchange with

170, @ (see Section 5.8.8). The absence of any dopant elements in Si-CHA means that

191



70 NMR spectra, particularly of the 1702(g) enriched sample (which is expected to have
higher levels or more uniform enrichment) should produce the highest resolution spectrum
and the greatest chances of resolving signals from the four distinct O species (if this is

indeed possible). The 170 NMR spectra gas-enriched spectra are shown in Figure 5.24.
(a)
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Figure 5.24: (14.1 T, 14 kHz) 7O MAS NMR spectra of of 70, -enriched Si-
CHA. (a) Quantitative short flip-angle and (b) {'H}'’O MQMAS NMR spectra.

Considering the 70 NMR spectra of SSZ-13(H) and SSZ-13(M) seen previously, one
may expect two separate Si—O-Si resonances for the gas-enriched Si-CHA. In Fig-
ure 5.24a, the presence of more than one quadrupolar lineshape is evident, yet complete
separation of the four signals in the MQMAS NMR spectrum (Figure 5.24b) has not been
fully achieved, but the resonance positions agree well with those predicted previously
using DFT (for a dehydrated material) in Figure 5.7. In order to unambiguously
determine whether the Si—O-Si signal can be resolved into signals from the distinct

Si—0O-Si linkages, a spectrum at a higher magnetic field is needed.

Exposure of unenriched Si-CHA to H,'7O in a slurry results in some framework enrich-
ment, as shown in Figure 5.25. When comparing the enrichment rate to those of the
aluminosilicate slurries discussed previously, it is apparent that the pure silica material
exchanges framework oxygens far more slowly, or in much lower quantities (see large
free water peak at 0 ppm), possibly due to the increased hydrophobicity of the material.
Nonetheless, the fact that framework enrichment is observed for Si-CHA, in the absence

of any polar bonds, negative framework charge or any extraframework charge-balancing

192



cations, is particularly surprising. Whilst possibly less energetically favourable than the
breaking of bonds in acidic zeolites, the mechanism for Si-CHA bond cleavage is likely
to be similar to that seen for Si—O-Si bonds in SSZ-13(H) and SSZ-13(M) materials.
Although the exact mechanism for this exchange is unknown, and although the material
will contain a very low level of silanol defects, it is clear that it is not only these that are
being enriched (as the signal seen is too intense for that). It may be, however, that even
low levels of defects can act as points of weakness in a framework, increasing the lability
of the entire material. Loss of 70 signal is not seen in enriched materials exposed to air,
which suggests that an interaction with the strongly hydrogen bonded water provided by

the exposure to H'JO, is required for O exchange.
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Figure 5.25: (14.1 T, 14 kHz) 170 MAS NMR spectra of Si-CHA, slurried with
small amounts of 40% H,'7O for 10 days. (a) quantitative short flip-angle and
(a) {'"H}7O MQMAS NMR spectra.

Interestingly, the resonance resolved in the 170 MQMAS experiment overlays most well
with the Si—O-Si signal at higher 8 in SSZ-13(H) spectra. Unfortunately it is unclear
from the spectra in Figure 5.24 and Figure 5.25, whether the local atomic structure of
the aluminosilicate CHA will cause any change in the position of NMR resonances or

whether there is more preferential enrichment of some O sites in a Si-CHA slurry.

Whichever mechanism is followed to exchange framework oxygen with those in free wa-
ter within the slurry, the local coordination environment of Si and the overall long-range
order of the material is not compromised, for materials enriched using either a slurry or
gas-exchange, as shown using 2°Si MAS NMR (Figure 5.26) and PXRD (not shown).

The 70 enrichment of titanosilicate and zincosilicate CHA frameworks in a slurry was
subsequently studied using 'O NMR spectroscopy. Titanosilicate frameworks are well
suited to this NMR-based investigation as the direct coordination of Ti to O produces a
very significant change in chemical shift. Oxygens in Ti—O bonds in this study are pre-
dicted to have §js, between 600-800 ppm. 8 As a result, enrichment of any Ti—O linkage
should be easily identified in !70 NMR spectra. As for zincosilicate frameworks, intro-
duction of Zn** should result in a double negative charge on the framework, creating two
Brgnsted acidic sites. The suggested need for a Brgnsted proton to facilitate the rate of

framework oxygen exchange for CHA materials makes study of this framework compo-
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Figure 5.26: (14.1 T, 14 kHz) 2°Si MAS NMR spectra of Si-CHA, (a) slurried
with small amounts of 40% H,'’O for 10 days and (b) gas-enriched in 70%
170, (@) At 600 °C for 18 hours. Red overlay on spectra is the "H*’Si CP NMR

spectrum (5000 s contact time).

sition particularly interesting. !’0O NMR spectra of Ti-CHA and Zn-CHA (H) materials,

enriched using a slurry, are shown in Figure 5.27.
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Figure 5.27: (14.1 T, 14 kHz) 170 MAS NMR spectra of of (a,c) Ti-CHA and
(b,d) Zn-CHA (H) slurried with small amounts of 40% H,!7O for 7 days. (a,b)
Quantitative short flip-angle and (c,d) {'H}!’0 MQMAS NMR spectra.

For the titano- and zinco-silicate materials, a broad signal corresponding to Si—O-Si
is seen at 8; ~ 32 ppm, however, there is no evidence of Ti—O or Zn—O resonances
in Figure 5.27. Furthermore, both MQMAS NMR spectra exhibit a resonance at 6| ~
18 ppm, attributable to Si—OH silanols.”® The extent of the silanol defects resolved
indicates the frameworks are most likely unstable to slurrying processes and are highly

defective. For this reason their study within this experiment was not continued.
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Protonated borosilicate zeolites are generally less Brgnsted acidic than their aluminosil-
icate analogues, owing to the reduced polarity of the B—O bond. It is of interest, there-
fore, to understand the effect this has on the room-temperature bond lability of these
frameworks. The B-CHA(H) material was slurried in an identical manner to those mate-
rials studied previously. Additionally, high magnetic field experiments (23.5 T) were car-
ried out on a sample of the same borosilicate material that had been treated with H, 7O
through an incipient-wetness enrichment procedure (Section 5.8.10). The procedure is
similar to the slurry enrichment procedure, except that the system is not sealed and so the
isotopically-enriched water is either fully absorbed into the material or is able to evaporate

from the surface of the sample. 'O NMR spectra are shown in Figure 5.28.
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Figure 5.28: '70 MAS NMR spectra of B-CHA(H), (a,c) slurried in H,!7O for
89 days, recorded at 14.1 T, 14 kHz MAS. (b,d) Incipient wetness treated with
H>'70 and left for 89 days, recorded at 23.5 T, 20 kHz MAS. (a,b) quantitative
short flip-angle and (c,d) {'H} 'O MQMAS NMR spectra.

Clearly, room-temperature bond lability facilitates the framework oxygen exchange
in B-CHA(H), as shown in Figure 5.28. Significant quantities of the 17O isotope are
found sited within Si—O-Si linkages for both the slurry and incipient wetness treated
materials. The mechanism of bond lability (and therefore the rate and positon of
enrichment) is expected to be similar for both of these materials, owing to the similarities

in their preparation, however the time during which exchange can take place is expected
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to be shorter for the samples enriched using incipient-wetness as these will be more
susceptible to ambient evaporation. As such, the bond lability in B-CHA(H) is judged
to be facile and to take place on a rapid timescale. The 23.5 T 70 MQMAS spectrum
(Figure 5.28d shows evidence for two Si—O-Si resonances (8 of 20-30 ppm) and
an intense resonance centred at 8; ~15 ppm, which can be assigned to Si—OH. A
similar picture is seen for the slurried sample in Figure 5.28c, with high levels of
enrichment but only one clear Si—O-Si signal seen is resolved. It is likely that this
resonance is the sum of the two seen at 23.5 T, which has become overlapped in the lower
field (14.1 T) experiment. Interestingly, Si—O—B linkages could not be seen in either
spectra. At 14.1 T, these are predicted to be centred in the region (81, 8;) ~ (40, 20) ppm.

Three main conclusions can be drawn from the 170 enrichment of B-CHA(H). Firstly,
when compared to the aluminosilicate materials, the presence of the heteroatom in the
framework does not significantly impact the ability for, or rate of, Si — O — Si enrichment.
Secondly, it is interesting that the substitution of aluminium by boron does extensively
change the local structural environment of the oxygen atoms in the material, with two
signals attributed to Si—O-Si resonances resolved in similar positions to that of '7O-
enriched SSZ-13 samples. It is proposed that a similar effect occurs for other heteroatomic
T sites, e.g. Ti** and Zn?*, such that the MQMAS spectra recorded for these materials at
14.1 T (see Figure 5.27) may contain two strongly overlapped Si—O - Si sites. Finally and
more generally, the flexibility of boron coordination in these calcined B-CHA (H) mate-
rials can become irriversible at the levels of water exposure used in slurry and incipient
wetness studies. In the case of the incipient wetness sample; which was considered dry at
time of acquisition; ''B NMR spectra (Figure 5.29a,c,e) show that for both approaches,
boron is fully hydrolysed from the framework and a dynamic, solution-type lineshape for
a B(OH); species (high chemical shift but little quadrupolar broadening) is observed. This
is accompanied by an increased Si— OH concentration and broadening of the Q* signal in
the 2°Si MAS NMR spectra (Figure 5.29b,d,f).
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Figure 5.29: (a,c.e) (14.1 T, 14 kHz) "B and (b,d,f) (9.4 T, 14 kHz) 2°Si MAS
NMR spectra of B-CHA(H). (a,b) Incipient wetness treated with Hp 170 and left
for 30 days, (c,d) slurried in H> 0 for (c) 87 days, (d) 28 days, (e,f) calcined
starting material. Red overlay on spectra for (b,d,f) is the 'H?°Si CP NMR spec-
trum (5000 us contact time).

Considering the enrichment of Brgnsted acidic CHA frameworks with varying het-
eroatom substitution, it is clear that the efficiency of framework oxygen exchange within
these materials is not dependent on a single factor e.g., availability of a Brgnsted proton,
framework charge, defect prevalence or acidity strength. Without a doubt, however, is
the ability of CHA framework materials to readily exchange oxygen atoms in framework
Si—0O-Si sites at room temperature. The overall trend for framework enrichment in M-
CHA(H) observed is roughly as follows: Al > B > Zn ~ Ti > Si. Interestingly, this trend
does not seem to follow the one seen by Yue ef al. in reference 87, when assessing the
distortion and flexibility of the 8 window in CHA: Ga > Ti ~ B > Si > Al.%” This sug-
gests that other descriptors of zeolite framework flexibility may not necessarily indicate
whether a zeolite framework is susceptible to aqueous-mediated framework flexibility and
bond lability processes. It is interesting, yet unclear why of all Si—-O-X (X = Al, B, Ti,
Zn) linkages present in the CHA materials studied, evidence of bond lability was seen for
the Si—O- Al linkage only.
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5.6 Effect of Framework Topology - Expansion to FAU

The need for hydrogen-bonded chains of water molecules to facilitate the lability of bonds
with attack at specific orientations relative to a bond in the CHA topology was predicted
computationally to be an important factor in the ability of the framework to readily un-
dergo 7O exchange.?! However, it has been shown that other zeolite topologies, specif-
ically MOR and FER, also demonstrate such facile framework oxygen exchange, albeit
qualitatively speaking at a slightly slower rate.?> To further understand lability processes
ongoing in zeolites, the study above was expanded to the FAU topology. This framework
was chosen due to its structural similarity to the CHA framework; particularly as the ma-
terials can be interconverted (see Chapter 6); and as in-depth 70O NMR spectroscopic in-

vestigations and spectral assignments exist in the literature for dehydrated frameworks.>°

5.6.1 Characterisation of the Starting Material

Sodium-form Linde type-Y FAU (Si/Al = 1.7) was prepared using literature methods (see
Section 3.3.12).%* The material was characterised using PXRD (Figure 5.30) and 2’Al
and 2°Si NMR spectroscopy (Figure 5.31).
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Figure 5.30: Powder X-ray diffraction pattern of (a) reference FAU material *
and (b) synthesised Al-FAU(Na).

Figure 5.30 confirms a FAU structure material has been obtained. Figure 5.31 shows
how the material, which possesses only a single crystallographic T site has a fully
tetrahedrally-coordinated framework, with only signals from tetrahedrally coordinate Al
seen (Figure 5.31b). Additionally, a Q* local structure with minimal defects is seen
for the 2°Si NMR spectrum in (Figure 5.31a), containing Si(O—Si)s, Si(O—Si)3(0—Al),
Si(O-Al)2(O-Si),, Si(O-Si)(O—Al)3 and Si(O-Al)4 at —97 ppm, —93 ppm, —88 ppm,
—84 ppm and —79 ppm, respectively.
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Figure 5.31: (9.4 T, 14 kHz) (a) *°Si and (b) ?’Al MAS single-pulse NMR
spectra of as-synthesised AI-FAU(Na). Red overlay in (a) is the 'H*’Si CP
NMR spectrum (5000 us contact time). Number of NNN silicon atoms () for
S1(0O-S1)4_,(0O-Al),, indicated in red on figure in (a).

5.6.2 Characterisation of 1702 (g)-enriched Products

It was possible to successfully 70, (g)—enrich the Al-FAU(Na) material to a good level,
provided prior dehydration procedures were carried out (see Section 6.9.5). Combined
with a lower target enrichment temperature, the known high-temperature degradation
of aluminium-rich zeolite frameworks was minimised and material crystallinity was re-

tained. 7O NMR spectra of the resulting material are shown in Figure 5.32.
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Figure 5.32: (14.1 T, 14 kHz) 70O MAS NMR spectra of '70y , -enriched Al-

FAU(Na). (a) Quantitative short flip-angle and (b) {'H}!’0 MQMAS NMR
spectra.

Unsurprisingly, the observed enrichment of this material is dominated by Si—O-Al
linkages, owing to the lower Si/Al, when compared to the other framework materials
discussed in this Chapter. At this field, one broad Si—O— Al signal is seen, centred at (91,
02) =~ (25, 21) ppm. Some Si—O-Si signal is also seen between &; of 37 and 45 ppm.
Although not possible to confirm unambiguously, extracting rows from the MQMAS
spectrum provides evidence that this spectral feature may contain two separate Si—O—Al
and Si—O-Si signals at ~ 22 and ~ 28 (Si—O—Al) and ~ 39 and ~ 42 ppm (Si—O-Si),
respectively. MAS NMR spectra acquired with a short flip angle in Figure 5.32a show

little resolution of distinct signals.

From the 2’Al and 2°Si NMR spectra of the 1702(g)-enriched product (Figure 5.33), there
is evidence that the enrichment procedure did result in some changes to the framework.
Figure 5.33a shows a slight broadening and change in distribution of silicon species (from
relative intensities) following the high-temperature treatment, accompanied by an increase
in 'H?°Si CP signal; indicating the formation of silanol species. Figure 5.33b also demon-
strates an increase in disorder of the aluminium species in the material, with some broad-
ening of the 2’Al signal at low frequency. No formation of octahedral extra-framework

aluminium is observed.

201



(@) (b)

[ I I I I I 1 [ T T T T I 1
—60 -70 —-80 —90 -100-110-120 100 80 60 40 20 O -20

293j § (ppm) Al 8 (ppm)

Figure 5.33: (9.4 T, 14 kHz) (a) Si and (b) >’ Al MAS NMR spectra of 'Oy, -

enriched AlI-FAU(Na). Red overlay on spectra for (b) is the TH2°Si CP NMR
spectrum (5000 s contact time).

5.6.3 Effect of Slurrying with H,!’0

Based on the results of the 17Oz(g) enrichment, enrichment of Al-FAU(Na) was performed
using a slurry (see Section 5.8.11). From Figure 5.34, it can be seen that treating the FAU
material in this way does result in some enrichment. The 170 MQMAS spectrum (ac-
quired after 7 days of slurrying time) shows significant signal only for Si—O— Al linkages,
with little evidence of Si—O—Si signals in spectra. Furthermore, the level of enrichment
seen for AI-FAU(Na) is noticeably lower than that seen for CHA frameworks. The obser-
vation that non-uniform framework enrichment is observed in this AI-FAU(Na) material
is particularly interesting, considering that the extraframework countercation is sodium.
It is therefore unclear whether the presence of sodium in the pores and channels of the
FAU framework is causing the slower and non-uniform enrichment as it did for CHA
(Section 5.4), or whether this is attributed to the differences between the CHA and FAU

frameworks.
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Figure 5.34: (14.1 T, 14 kHz) 70 MAS NMR spectra of AlI-FAU(Na) slurried
with small amounts of H,!7O for 7 days. (a) quantitative short flip-angle and (a)
{'H} 70 MQMAS NMR spectra.

The Al-FAU(Na) material however is stable to the slurrying procedure as evidenced by
27A1 and 2°Si NMR spectra in Figure 5.35. The local structure of the silicon and alu-
minium species is largely unaffected, with spectra obtained resembling those of the initial
starting material displayed in Figure 5.31. The small volumes of sample used for these

slurrying experiments mean that the presence of a 2°Si probe background signal is more

pronounced between —95 and — 120 ppm.
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Figure 5.35: (9.4 T, 14 kHz) (a) 2°Si and (b) >’Al MAS NMR spectra of of Al-
FAU(Na) slurried with small amounts of H,!’O for 575 days. Red overlay on
spectra for (b) is the "H>*Si CP NMR spectrum (5000 ps contact time).
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5.7 Summary and Conclusions

The work presented in this chapter builds on findings from Chapter 4, where facile,
reversible room-temperature bond lability processes were uncovered in germanosilicate
(and related) framework materials, using !’O NMR spectroscopy. In an attempt to
further understand the molecular-level interactions of the zeolitic frameworks and the
enriched water that enabled framework oxygen exchange to take place, related studies

were performed on a model chabazite system; Al-SSZ-13(H).

The results uncovered that surprisingly extensive framework oxygen exchange occurs
when this material is simply placed in contact with water under ambient conditions
and that this exchange occurs rapidly (evidence of framework enrichment observed by
170 NMR < 1 hour after contact), without detriment to the local atomic coordination
environment of the T sites, overall framework composition or the long-range crystalline
order of the material. A possible explanation for the rapid and reversible bond lability
observed in this material was suggested through a MD study, which revealed a potential
mechanism for bond cleavage in the material, with energy barriers accessible at room
temperature. Mechanistic investigations suggest that targeted attack of the aluminium
atom within the Si—O(H)—- Al linkage by water anti to the bond results in bond scission.
For Si—O-Si linkages, the ability to form a hydrogen-bonded chain of four water
molecules in the zeolite pore between neighbouring silicon atoms, one of which is
adjacent to the Brgnsted proton enables Si—O-Si linkage cleavage, mediated by the
Grotthus-type shuffle of the acidic proton. The formation of the hydrogen bonded water
chain might not be possible at certain sites within this (or indeed other) frameworks,
resulting in more facile enrichment of Si—O—Al over Si—O-Si. While this doesn’t
prevent completely enrichment of Si—O-Si by another route, it may be that this is

significantly slower.

204



To further understand the mechanism of bond lability, ion-exchange of Al-SSZ-13(H)
was performed. Surprisingly however, extensive framework enrichment was seen in
SSZ-13(M) slurries (M = Na, K, Cu, Zn) in the absence of significant Brgnsted protons.
Whilst the exact reasons for the bond lability observed in these materials are unknown,
it is clear that the presence of different countercations have an effect on the efficacy of
this bond lability in CHA. Changing countercation produces different preferences for
framework enrichment, with the most stark differences obtained when the Na't cation is
present; something which is thought to indicate a solvation sphere mediated blocking
effect on the bond cleavage mechanism. Further work using larger cations e.g. Cs* is

proposed to investigate this trend.

Further to this, the effect of framework composition on framework oxygen exchange
was investigated. It was found that all heteroatomic frameworks studied, where T sites
have been substituted for Si, B, Ti and Zn also exhibited extensive framework oxygen
exchange. Of these, the pure-silica Si-CHA material was of most interest. Being a
non-polar framework with no extraframework cations and minimal defects, the material
still exhibited framework oxygen exchange with H>!'7O. Whilst the exact mechanism
is not yet clear, it demonstrates the ability for zeolite frameworks to act dynamically
and flexibly under ambient conditions. The studies of other heteroatomic materials
were unsuccessful in enriching any heteroatomic linkages and instead tended to break
down under reaction conditions. For B-CHA(H) this was accompanied by the irre-

versible sequestration of boron from the framework, evidenced through I'B NMR studies.

Finally, the ability of the FAU framework to exhibit reversible bond lability was also
examined. Experiments on the Na* form of a Linde-Y type framework revealed frame-
work oxygen exchange is still possible, despite a change in topology and an increased
aluminium content. Interestingly, slurry-enrichment of Si—O— Al sites only was observed
for this material, although it is not yet known whether this is a consequence of the change
in topology from CHA or due to the unique behaviour of sodium-exchanged frameworks.
Further investigations of the FAU framework are presented in Chapter 6 alongside a

post-synthetic framework transformation study.

Some further work which may help increase understanding of mechanism(s) of frame-
work lability can be identified. It is necessary to understand the relative importance of
both topology and aluminium content of the framework on the efficiency of enrichment
within a slurried zeolite sample. Preparation of CHA frameworks with varying Si/Al

ratio and preparation of zeolites with other framework topologies, particularly purely
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siliceous analogues, would be desired. The importance of the chemical history of a
framework is also of interest. For example, do materials prepared directly in a certain
form enrich differently to similar materials prepared using ion exchange? Will materials
that have once been in a proton form always exchange more efficiently than those
that have not, due to even very small amounts of residual protons? Finally, does this
framework exchange also apply to T sites, e.g., silicon? Whilst more involved than
70 NMR studies, could analogous 2°Si NMR studies using 2°Si-enriched TEOS or

colloidal silica reagent also be performed to possible highlight reversible T site exchange?

Despite the questions that remain about the more general lability of all zeolite topologies
and compositions, it is clear that for the industrially-relevant zeolites studied here, these
processes are widespread and facile. The use of zeolite frameworks in commercial appli-
cations is widespread, particularly for size- and shape-selective processes. Although these
results do not change the ability of currently employed zeolites to perform these reactions,
they do perhaps raise questions on how these reactions proceed and whether water con-
tent in feedstocks for future zeolite-based processing applications should be considered
in process design. A particular sector where this work may be of relevance is in biomass
processing, where water-rich feedstocks can now be processed using zeolites.”® There
may be conflicting points of view on whether enhanced framework flexibility under aque-
ous conditions would be of use here. For example, the performance of more labile zeolite
frameworks may be advantageous, facilitating greater access to the active site of the cat-
alyst for more substrates. However, the continual lability exercised by some frameworks
may reduce the shape selectivity surrounding an active site, making reaction turnover less

efficient.

5.8 Sample Preparation

5.8.1 Calcination of SSZ-13(H) CHA

As-received zeolite was calcined at 550 °C for six hours in air. The positive and negative

temperature ramp rates used were 1 and 2 °C, respectively.

5.8.2 Preparation of SSZ-13(H) CHA Slurries

Calcined zeolite (25 mg) was combined with H, 70 (40%, 25 uL) in a Bruker 4 mm
HRMAS NMR rotor insert as detailed in Section 3.5.4.
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5.8.3 Preparation of 1702(g)-enriched SSZ-13(H) CHA

Calcined zeolite (= 100 mg) was dehydrated (300 °C, 16 hours) under vacuum and sealed
under argon before being heated (600 °C, 72 hours) in an atmosphere of ~ 200 mbar

1702(g) in a manner described in Section 3.5.5.

5.8.4 Preparation of Ion-exchanged SSZ-13(M) CHA

Calcined zeolite (200 mg) was combined with a 3 M solution of selected metal salt (NaCl,
KNO3, CuSOy4 or ZnCl, (50 cm?) and heated to 80 °C for 16 hours whilst stirring. The
product was filtered and the process repeated with a fresh metal solution. The product
was again filtered and washed with distilled water. When exchanging using CuSO4 the
pH of the exchange solution is adjusted to 3.5 using HNO3.

5.8.5 Preparation of SSZ-13(M) CHA Slurries

Calcined zeolite (25 mg) was combined with H»!7O (40%, 25 uL) in a Bruker 4 mm
HRMAS NMR rotor insert as detailed in Section 3.5.4.

5.8.6 Preparation of 1702(g)-enriched SSZ-13(M) CHA

Calcined zeolite (=~ 100 mg) was dehydrated (300 °C, 16 hours) under vacuum and sealed
under argon before being heated (600 °C, 18 hours) in an atmosphere of ~ 200 mbar

1702(g) in a manner described in Section 3.5.5.

5.8.7 Preparation of Si-CHA Slurries

Calcined zeolite (25 mg) was combined with H,!70 (40%, 25 uL) in a Bruker 4 mm
HRMAS NMR rotor insert as detailed in Section 3.5.4.

5.8.8 Preparation of 1702(g)-enriched Si-CHA

Calcined zeolite (= 100 mg) was dehydrated (300 °C, 16 hours) under vacuum and sealed
under argon before being heated (550 °C, 48 hours) in an atmosphere of ~ 200 mbar

170, (¢ in @ manner described in Section 3.5.5.

5.8.9 Preparation of M-CHA (H) Slurries

Calcined zeolite (25 mg) was combined with H>!’O (40%, 25 uL) in a Bruker 4 mm
HRMAS NMR rotor insert as detailed in Section 3.5.4.
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5.8.10 Preparation of B-CHA(H) Incipient Wetness Sample

H,!70 (90%, 35 uL) was dropped onto the surface of calcined B-CHA(H) zeolite (70
mg) and mixed. The mixture is left to stand in air for 30 minutes before being sealed in a

sample vial.

5.8.11 Preparation of Linde Y FAU(Na) Slurries

Calcined zeolite (25 mg) was combined with H>!’O (40%, 25 uL) in a Bruker 4 mm
HRMAS NMR rotor insert as detailed in Section 3.5.4.

5.8.12 Preparation of 1702 (g)-enriched Linde Y FAU(Na)

Calcined zeolite (=~ 100 mg) was dehydrated (300 °C, 16 hours) under vacuum and sealed
under argon before being heated (500 °C, 48 hours) in an atmosphere of ~ 200 mbar

1702(g) in a manner described in Section 3.5.5.
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Chapter 6

Tracking Zeolite Framework

Interconversions

6.1 Acknowledgements

Selected 70 NMR experiments were carried out at the UK High-Field Solid-state NMR
Spectroscopy Facility, based at the University of Warwick. High-field experiments were

enabled by collaborative assistance from Dr Dinu Iuga and Dr Trent Franks.

6.2 Introduction

The limited number of known zeolite framework topologies that have been prepared
experimentally has led to a focus on the development of methods for their synthesis,
aiming to find novel zeolite topologies or novel routes to topologies with real-world
value. Of interest are ‘non-conventional’ routes to zeolites using pre-crystallised units,
which negate the need to start from lower-energy primary reagent sources and whose
subsequent reactions have a greater degree of product control. A previously discussed
example of this is the ADOR process, (see Chapter 4). Synthetic developments have led
to the production of a number (= 10%) of zeolites, on which commercial applications
are now dependent. Many more framework topologies and/or material compositions
also exist, with potentially commercially-relevant properties. Whilst many zeolites may
exhibit desirable properties or activity, their implementation into industrial or commercial
processes is often hampered by aspects of their synthesis, e.g. reaction time, nature of
reagents, impurity phases or waste generated and control of local structure/defects, which

negatively affect associated costs and sustainability factors.
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One method that addresses some of the concerns above is the zeolite framework in-
terconversion or post-synthetic transformation (PST) route.!™ PST methods are well-
established within the literature and work, as the name suggests, by converting one fully-
formed zeolite framework into another. The PST itself often takes the form of a short hy-
drothermal reaction under basic conditions, sometimes in the presence of a small amount
of an additional silica or alumina source and/or SDA. The ability to tune a PST reaction
based upon the starting material and desired reaction product means that the synthesis
of some zeolite frameworks can be achieved far more economically and sustainably than
traditional hydrothermal methods starting from silicas and aluminas. PST reactions are
characterised by reduced reaction preparation and heating times, provided the starting ze-
olite is formed and tend to use safer and less expensive reagents when compared to their

syntheses from primary reagent sources.

6.3 Application to Framework Bond Lability Study

PST methods are popular within the literature, yet the exact mechanistic conditions
required to evoke PST more generally remain unclear. Whilst some reports describe the
feasibility of PST reactions in terms of factors that relate the two zeolites, such as shared
types of building units, recrystallisation compatibility, competing reaction syntheses,
framework condensation reactions or graph similarity, whether this is a single factor
that determines if two frameworks are able to interconvert remains unknown.> Outside
of using previously used reaction conditions for other interconvertible framework pairs,
the development of a topological conversion reaction between any two given zeolite
frameworks therefore remains largely down to trial and error, with an unpredictable

chance of success.

Despite the challenges described above, it is clear that conversion between a pair of
frameworks during PST is likely to require each zeolite to exhibit a degree of framework
flexibility and bond lability. The PST reaction therefore becomes an interesting example
of how aluminosilicate zeolite frameworks can selectively, yet non-destructively, undergo
structural rearrangement in mild aqueous conditions, where they would otherwise be

predicted to act as stable, inert scaffolds.

Considering the results for framework lability under slurrying documented in Chapter
5, it may be unsurprising that both FAU and CHA regularly appear in PST reactions.
Furthermore, both frameworks exist as a related PST pair, with the conversion of FAU

frameworks to CHA well-documented.* ' As this reaction is described within the lit-
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erature, both PXRD and solid-state NMR (2’Al, 2°Si) studies have been performed to
characterise changes seen in the long- and short-range structure. To our knowledge how-
ever, no spectroscopic studies on the effect of PST on the local-structural environment of
oxygen throughout the transformation have been reported. The knowledge obtained from
prior slurrying studies (Chapter 5) and the widespread documentation on the FAU-CHA
transformation provides a unique opportunity not only to increase understanding of the
related PST reaction, but also the possibility to improve the understanding of the lability

of framework linkages under different reaction conditions.

6.4 Development of Reaction System

Building on the bond lability and slurrying studies previously described, this chapter aims
to uncover the activity and reactivity of the bonds within zeolite frameworks during the
PST. Consequently, the PST reaction followed for the FAU-CHA transformation needs
to be suitable for cost-effective isotopic enrichment, using H»'’O. Due to the large num-
ber of reports of FAU to CHA transformations in the literature, existing protocols were

surveyed and the most appropriate then adapted for '’O-enrichment. 4

6.4.1 Practical Considerations

Several key factors may help identify whether a hydrothermal reaction is feasible for
adaption to facilitate !’O-enrichment.?° Firstly, the reaction needs to be able to be scaled
such that a relatively low volume of aqueous solvent is required. Owing to the high cost
of the isotopically-enriched H,!70, small reactions and the ability to use reagents with
higher levels of enrichment are needed. For the specific PST reaction studied here, it
is desirable to have a system for which a gradual conversion of FAU to CHA may be
observed over several days, such that reaction intermediates can easily be isolated and
studied, without the possibility of missing the transformation completely, but enabling
information on the mechanistic pathway to be obtained. Furthermore, in order to ensure
maximum comparability and negate the possibility of further interfering factors, it is es-
sential that the PST reaction system developed does not change the overall composition
of the zeolite formed, and as such, only transformations that require no additional SDAs,
silica or alumina reagents will be considered. The lability of any framework linkages
should therefore only be determined by the interaction of the basic reaction solvent with

the zeolite framework.
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6.4.2 Reaction Selection

Based on the criteria described above, a selection of PST reactions from the literature

were trialled. 1!

It was found that several protocols could be successfully replicated in-house, yielding the
desired transformation of the Linde Y-type FAU material (see Section 3.3.12) to one of
the CHA structure. Of these, the protocol published by Muraoka et al.® was found to
be reproducible and effected the PST reaction in the presence of hot KOH only, without
the need for any additional silica, alumina or SDA sources. Furthermore, as this reaction
takes place over a five day period, with relatively concentrated reagent solutions (i.e. low

volumes of basic solution), it was deemed as the most suitable for use in this study.

6.4.3 Reaction Optimisation

The original reaction by Muraoka et al. in reference 8 involves the ion-exchange of
the Al-FAU(Na) with Si/Al = 2.7 to the K* form, before hydrothermal treatment of the
AI-FAU(K) in KOH to form Al-CHA(K). As the Si/Al of the material used in this work
is slightly lower (Si/Al = 1.7), the effect of ion-exchange and the concentration of base
used was investigated. Following this, the reaction conditions as well as the effect of
changing the overall reaction volume was investigated, in an attempt to make the reaction

as economical as possible for isotopic enrichment using H, '7O.

6.4.4 Original Protocol

For reference, the original protocol as detailed in reference 8 is briefly summarised here:

The starting AlI-FAU(Na) (Si/Al = 2.69) (1.0 g) was dispersed in KCI solution ((4 g KCl
in 80 g of deionized water), (0.67 M, 84 cm?)) and agitated at 333 K for 2 h. The solid
sample was recovered via filtration and washed with deionised water. This procedure was

repeated three times.

The solid product was dispersed in KOH solution. This mixture had a chemical composi-

tion of:

2.2KOH : 1.0A1(OH)3 : 2.7Si0; : 150H,0, (6.1)
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equivalent to zeolite (0.5 g) in KOH (= 5.2 cm? of 0.55 M solution). The mixture was
heated to 423 K under autogenous pressure for 110 h in a Teflon reactor encapsulated in a
stainless-steel autoclave tumbled at 20 rpm. Products were filtered, washed with distilled

water and left to dry at 353 K.

6.4.5 Effect of Ion-exchange Reactions

To minimise loss of material associated with consecutive ion-exchange procedures, tem-
perature, length and number of these exchanges were optimised. Maintaining the concen-
tration of KCl solution at 0.66 M, it was found that an increase of ion-exchange tempera-
ture to 353 K resulted in amorphisation of the framework. Repeating ion-exchanges only
once but each with a length of 16 hours also caused framework degradation. By keeping
the ion-exchange temperature at 333 K with a 0.66 M ion-exchange solution, a subse-
quent successful PST reaction (determined by PXRD) was achieved with the original 2

hour exchanges but repeating these only twice.

6.4.6 Concentration of Base

Owing to the higher concentration of aluminium in the starting zeolite used in this work,
the effect of varying the concentration of KOH used was studied. The amount of KOH
used in the reaction in Equation 6.1 is in excess for a standard zeolite framework (2.2
K* for every negative charge imparted by AI**). Although an aim of this study is to
destabilise the FAU framework to promote inter-zeolite conversion (IZC), zeolites are
susceptible to complete degradation in the presence of strong base, especially those that
are aluminium-rich. An effort therefore was made to reduce the required concentration
of this reagent, whilst keeping total reaction volume constant. As reactions were taking
place at lower concentrations of KOH, reaction times were extended up to 14 days to

allow for any changes to reaction rate. Results are summarised in Table 6.1.
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. KOH Reaction
(7
Reaction Concentration (M) | Time (days) PST Success? Comments
Initial 0.55 5 Yes Complete in 3 days
Reduced OH™ 0.50 5 Yes Success
Reduced OH™ 2 0.45 5 Yes Success
Increased Time ..
Reduced OH- 0.45 14 Yes Reduced crystallinity
Increased Time ..
Reduced OH- 2 0.42 14 Yes Reduced crystallinity

Table 6.1: Effect of varying hydroxide concentration and reaction length on the conver-
sion of FAU to CHA in the PST reaction. Reaction success determined by PXRD.

It was found that the KOH concentration could be decreased by 0.1 M and still produce
a complete FAU-CHA PST transformation within five days. The completeness of the
reaction was determined to be the point at which no reflections from the FAU framework
were visible in PXRD patterns. Interestingly, although this still resulted in a complete
framework conversion, increasing the reaction time upwards to 10-14 days resulted in a
reduction in crystallinity of the predominantly CHA phase formed after about 10 days.
As indicated in Table 6.1, reducing the concentration of KOH further had no effect on
the outcome of the longer reaction. Reaction times of 10-14 days therefore may have a

negative effect on the stability of the material.

6.4.7 Hydrothermal Conditions

Several options exist for the incorporation of 7O into the PST reaction, using commer-
cially available isotopically-enriched reagents. Of these, the use of H,!'7O is once again
most useful here. Whilst the literature details many examples of enrichment of zeolites
with 70, this is almost always achieved post-synthetically using high-temperature
exchange with 170, (g).zo As the characterisation of any framework exchange occurring
during synthesis is desired here and incorporation of 17O into materials is desired to take
place during the PST reaction, this method is not appropriate here in the first instance.
Instead, inspiration from the metal-organic framework (MOF) world is taken, utilising

dry-gel conversion (DGC) / solvent free reactions.
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Using the optimised KOH concentrations determined above, DGC reactions were
attempted by having either (i) zeolite and KOH solid mixed and separated from distilled
water, or (ii) by having zeolite separated from an aqueous KOH solution. Unfortunately,
in both cases, the product PXRD patterns showed the presence of a poorly crystalline
phase, without the expected primary reflections for FAU and CHA frameworks.

11 were unsuccessful as reaction

Attempts to recreate solvent-free FAU-CHA reactions,
products were resolved to be of the FAU (starting material) structure. This prevented
the opportunity to exploit these protocols to enrich during the synthesis with an in-situ
steaming approach by first dehydrating the required reagents and replacing the lost mass

of coordinated water with a similar amount of H,!7O.

From the reactions carried out above it appears, at least for this PST reaction, that disper-
sion of the zeolite within basic solution and direct interaction of the KOH with the FAU
framework 1s essential for successful interzeolite conversion. Consequently, the initial

reaction method that uses this approach was followed.

6.4.8 Reaction Scale and % 17O-content

When attempting to enrich a material in 70, it is useful to explore potential syntheses,
particularly those that utilise H,'’O by varying the percentage H,!’O content of the
solvent to see what level is needed for practical NMR spectroscopic studies. 2" It was seen
in Chapter 4 for isotopically-enriched ADOR hydrolyses that a H, 7O content of ~ 5%
was sufficient to effect good levels of framework enrichment in high volume reactions,

however the enrichment level used in slurrying reactions for CHA in Chapter 5 is 40%.

In the current format, the overall reaction requires ~ 5.2 cm? of water reagent, to yield ~
400 mg product. This volume is too high for any useful level of H,!'7O incorporation at
reasonable cost, however only approximately 150 mg product is needed for subsequent
characterisation and analysis. It was found that halving the overall reaction volume (250
mg zeolite and 2.6 cm® of water) successfully produced the desired PST, according to
PXRD patterns of the products. Further attempts to decrease the overall solvent volume
by reducing this by half again (i.e. 250 mg zeolite and 1.3 cm® of water) were not

successful in producing the PST product.
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In a test reaction for !’O-enrichment for a FAU-CHA PST with total solvent volume of
2.6 cm?, the substitution of 0.5 cm? H, 160 for 20% H> 70 (i.e., an overall percentage 170
concentration in the water = 3.85%) was found to give a level of !7O-isotope incorporation
sufficient to obtain good sensitivity in 7O NMR spectra (see Figure 6.1) on a reasonable
timescale. The cost of 20% H,!70 reagent is ~ £200 / mL, giving an enrichment cost for
each PST reaction in the region of £100. This is comparable, if not more economical, than
the cost of in-situ-enrichment techniques for other framework materials using H»'70, e.g.,
MIL-53 MOF, where 130 uL of 90% H,'70 (@ £1600 / mL), was used, costing ~ £200

worth of H, 7O per synthesis.?!?2

[ I I I 1
80 40 0 -40 -80
70 3 (ppm)

Figure 6.1: (14.1 T, 14 kHz) 70 MAS NMR spectrum of !’O-enriched Al-
CHA(K), formed through the PST of AlI-FAU(K) in H,'’0-doped KOH solution
for five days. Spectrum acquired with 4096 transients with a recycle interval of
1 s (total experiment time =~ 1.2 hours).

6.4.9 Finalised Protocol

The reaction optimisations and evaluation of isotopic enrichment level discussed above
led to the development of a new protocol for the PST of a FAU topology material to one
of CHA topology.

Ion-exchange: Al-FAU(Na) zeolite (Si/Al = 1.7) (5.0 g) was dispersed in KCI (0.66 M,
250 cm?) and heated under stirring at 333 K for 2 hours. The mixture was cooled and
filtered. The ion-exchange was repeated twice further using identical quantities of the
same KCI solution. The three-times exchanged material was washed with distilled water
and dried at 80 °C for 1 hour, obtaining AlI-FAU(K) with Si/Al = 1.6 (?°Si NMR).
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PST reaction: AI-FAU(K) zeolite (Si/Al = 1.6) (0.25 g) was combined with a solution
of KOH (0.55 M, 2.14 cm®). H'°0 or H,'°0 with a 20% H,'70 (0.5 cm?) was added,
forming an overall unenriched / 3.85% enriched KOH solution (2.64 cm?, 0.45 M). This

provides an overall reaction composition of,

1.67KOH : 1.0AI(OH); : 1.6Si0; : 81H,0. (6.2)

The mixture is fully dispersed, sealed in a Teflon-lined steel autoclave and heated
statically for up to five days. Autoclaves are removed from the oven, cooled and the
solids filtered and washed with the minimum volume of distilled water before drying at
80 °C for 5 minutes.

Steaming Reaction: To assess the effect of the hydrothermal treatment only on the zeolite
material, a PST-style reaction in the absence of KOH was performed.

AI-FAU(K) zeolite (Si/Al = 1.6) (0.25 g) was combined with distilled water (2.14 cm?).
H, '°0 or H,!°0 with 20% H,'70 (0.5 cm3) was added, forming an overall unenriched /
3.85% enriched aqueous solution (2.64 cm?, 0.45 M). This provides an overall reaction

composition of,

1.0A1(OH)3 : 1.6SiO; : 81H,0. (6.3)

The mixture is fully dispersed, sealed in a Teflon-lined steel autoclave and heated stati-
cally for three days. Autoclaves are removed from the oven, cooled and the solids filtered
and washed with the minimum volume of distilled water before drying at 80 °C for 5

minutes.

6.5 PST Reaction in '°0

The FAU-CHA PST reaction developed in Section 6.4.9 was used to prepare a series
of PST products and intermediates with natural abundance levels of 17O. The prepared
materials: Al-FAU(Na) (Na* SM), Al-FAU(K) (K* SM, from ion-exchange), three-day
steamed Al-FAU(K) (3 days SM) and five PST products (1-5 days reaction time); obtained
by sequential quenching of reactions at 24 hour intervals from the reaction start time to
five days; were studied using PXRD, lineshape fitting and 2’Al and 2°Si NMR analysis.

Powder X-ray diffraction patterns for obtained materials are shown in Figure 6.2.
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Figure 6.2: PXRD patterns of selected samples, isolated from a FAU-CHA PST
reaction, carried out as described in Section 6.4.9. Identity of isolated material
detailed on figure. Primary reflections of frameworks: FAU (111) and CHA
(100), highlighted in blue and red, respectively.

PXRD patterns of the obtained intermediates show that the main structural PST phase
change takes place between 1-3 days, with the 2 day sample (48 hours reaction time)
showing a clear mix of FAU and CHA reflections (primary reflections of each material
present at 6.1°and 9.4°(20), respectively). Between 3 and 4 days the material becomes
predominantly CHA with very little evidence of the primary FAU reflection present

thereafter, at which point the transformation is considered complete.

The 3 day ‘hydrothermal steaming’ reaction (3 day SM) on Al-FAU(K), performed in the
absence of KOH retains an almost identical PXRD pattern to the K*-form starting ma-
terial. For this reason, the patterns in Figure 6.2 confirm that the key factor promoting
the PST reaction within this system is the presence of the KOH and that hydrothermal
(in)stability of the material in hot aqueous conditions alone is not affecting the PST reac-
tion. In order to verify the transformation between phases, Le Bail fits were performed
for the initial AlI-FAU(K), 3-day hydrothermally steamed FAU and day 5 product CHA

materials.
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6.5.1 Structural Characterisation

Whole diffraction pattern fitting analysis was achieved using the Le Bail method to
confirm the crystal topology of the initial and formed PST phases, FAU and CHA.?3>-%
Lineshape analysis was performed using GSAS within the EXPGUI interface. Verified 2
models for FAU and CHA were taken from Olson ef al.?’ (hydrated Al-FAU(Na)) and

Calligaris et al.?® (hydrated Al-CHA(K)).

The Le Bail fits of FAU-CHA PST FAU starting material, FAU 3 day PST steamed mate-
rial and CHA 5 day PST end product, are shown in the Appendix, in Figure F.1, Figure F.2
and Figure F.3, respectively. By comparing to the structural models, it is confirmed that
the desired CHA material is formed through PST methods (Figure F.3). Furthermore,
it is confirmed that the 3 day PST steamed material (Figure F.2), heated in the absence
of KOH, remains as FAU starting material (Figure F.1). Details of the cell parameters
obtained from Le Bail fitting are shown in Table 6.2, Table 6.3 and Table 6.4. The far
smaller unit cell volume for CHA is attributed to its significantly smaller number of unit
cell atoms (120 atoms) vs. 576 for FAU.

| a/A | /A | c/A | a° | B° | v° |cell volume/A? |
[ 24.90(4) | 24.90(4) [ 24.90(4) [ 90.000 | 90.000 | 90.000 [  15442(8) |

Table 6.2: Le Bail fit results for AI-FAU(K) PST starting material (FAU space group F d
-3 m). x> =2.468.

’ al A ‘ b/A ‘ clA ‘ o° ‘ B° ‘ y° ‘ cell volume / A3 ‘
| 24.98(8) | 24.98(8) [ 24.98(8) | 90.000 | 90.000 | 90.000 [  15587(8) |

Table 6.3: Le Bail fit results for AI-FAU(K) PST 3 day steamed material (FAU space
group Fd —3 m). % =3.763.

| a/A | b/A | c/A | a° | B° | y° |cellvolume/A® |
| 13.78(1) | 13.78(1) | 15.46(7) | 90.000 | 90.000 | 120.000 |  2544(1) |

Table 6.4: Le Bail fit results for AI-CHA(K) 5 day PST product (CHA space group R
-3 m). x> =1.634.
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6.5.2 NMR Spectroscopic Characterisation

Assessment of the local structure of the starting, intermediate and product materials of

the PST reactions was performed using 2’Al and 2°Si NMR spectroscopy.

A factor critical to this PST study was the condition that the PST reaction proceed with-
out any change to the composition of the material, enabling a degree of comparability
between the amount/type of local structural species (e.g. any Si—O-Si/ Si—O-Al link-
ages) observed when 7O NMR studies are performed. For this reason, 2°Si MAS NMR
spectra (Figure 6.3) are of interest as they will reveal any changes in T-site connectivity
during the PST and provide the opportunity to calculate the Si/Al of the starting material,

intermediate or product.
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Figure 6.3: (9.4 T, 14 kHz) 2°Si MAS NMR spectra of selected samples, isolated
from an optimised FAU-CHA PST reaction. Identity of isolated material detailed
on figure. Number of NNN silicon atoms (n) for Si(O-Si),(O—Al)4_j,, indicated
in red on figure for selected materials.
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From Figure 6.3 it is clear that the various treatments applied to the initial AI-FAU(Na)
material have had differing effects on the local atomic structure of silicon throughout
the material. Firstly, the transition between FAU and CHA topologies is most obvious
in samples transformed for 1-2 days, where the most disordered silicon distributions
occur. This is slightly earlier than the changes observed in PXRD patterns (2-3 days)
(see Figure 6.2), indicating that local structural changes may pre-date the changes to
the long-range order of the material. Ion-exchange to the K* form and the change of
topology to CHA both result in a slight increase in 2°Si shielding, evidenced by the net
upfield shift in peaks as the starting FAU is transformed to CHA. The effect observed
for ion-exchange of AI-FAU(Na) to AI-FAU(K) may be explained by a slight increase
in shielding experienced by T-site silicon atoms as the larger hydrated K* cation fills
the pores of FAU in place of hydrated Na*. The further shift to lower frequency as
FAU transforms to CHA is also shown by the verified NMR spectra?®2%-30 and is likely

due to the increase in shielding experienced as the ‘smaller-pore’ CHA material is formed.

To verify whether the composition of the materials isolated had changed over the course
of the reactions, analytical fitting analysis was performed for the 2°Si MAS NMR spectra
in Figure 6.3. The results of the fitting analysis are displayed in Table 6.5.

| Material | Calculated Si/Al |

Na* SM 1.71

K* SM 1.63
3 day SM 1.58
1 day PST 1.61
2 day PST 1.55
3 day PST 1.56
4 day PST 1.58
5 day PST 1.61

Table 6.5: Si/Al of materials isolated from a FAU-CHA PST reaction, determined from
their respective 2°Si MAS NMR spectra. Estimated error in values is +0.1

The fitting results reveal that no specific changes to the Si/Al occur following ion-
exchange from Al-FAU(Na) to AI-FAU(K). This signals a great success in terms of reac-
tion development and indicates that subsequent PST products produced using this method
should be comparable using 2°Si NMR spectroscopy. It is interesting that during the PST
reaction there appears to be a change to the aluminium distribution, demonstrated by dif-
ferences in the intensities of the five resolved (Si(O-Si1),(O—Al)4_, peaks in each 295
NMR spectrum. The effect is most pronounced for the leftmost Si(O— Al)4 peak, which
decreased in intensity during the course of the reaction. As Si/Al remains constant, this

peak intensity must be distributed elsewhere within the material, having the net effect
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that silicon atoms in these PST-formed CHA will have a greater probability of being con-
nected to at least one further silicon atom via direct oxygen linkage than in the parent
FAU material. This is perhaps best illustrated by comparing the relative intensities of

each signal between samples, as shown in Figure 6.4.
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Figure 6.4: Percentage contribution of each type of silicon environment to the
spectrumfor each product isolated from the optimised FAU to CHA PST reac-
tion. 4 Si NNN (blue), 3 Si NNN (orange), 2 Si NNN (grey), 1 Si NNN (green)
and 0 Si NNN (red). Percentage background contribution excluded from calcu-
lation. Least-squares line of best fit shown.

Within Figure 6.4, the gradient of the lines of best fit indicate any net change in
prevalence of types of silicon NNN linkage, within the isolated intermediates. From these
data, excluding for Si(O—Si1)4 (blue), which stays fairly constant when excluding the first
Na*™ SM point, a significant decrease in the amount of Si(O—Al)4 (red) is seen, whilst
the relative prevalence of all other signals increase, especially that of Si(O-Si);0-Al
(orange), indicating a shift in the distribution of aluminium throughout the materials

formed.

The exact reasons behind this change in aluminium distribution is unknown, yet this
finding may challenge one major theory for IZC reactions that they simply proceed
through the rearrangement of pre-crystallised units. As mentioned in Section 1.6, both
FAU and CHA materials have a common d6r building unit, so could feasibly interconvert
through a SBU rearrangement, which would result in only a very small amount of
aluminium rearrangement. A similar conclusion was reached by Muraoka et al. in
reference 8, the PST study on which the synthetic procedure used in this work was
initially based. The authors used Monte-Carlo methods, determining that whilst the d6r
motif remains intact during PST, the organisation of aluminium within the d6r common
building units rearranges, in order to site Al in an energetically preferred location within
the framework. This hypothesis was tested by comparing distributions of Si NNN
from 2°Si NMR spectra between hydrothermally synthesised FAU and CHA and PST
synthesised (from FAU) CHA. Recently, the first evidence of PST reactions taking

place between the rearrangements of non-SBU zeolite fragments has been observed. '
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Here, the authors suggest that zeolitic fragments, common to FAU, LTA and MFI and
often chains of five T-atoms consisting of at least three aluminium atoms rearrange to
form CHA materials with more energetically preferred locations of aluminium. These
fragments are formed through stepwise disintegration of parent zeolites—SBU—fragments.
Mechanistically it is still unclear how these fragments rearrange. It would be possible
for a mechanism of this nature to produce the 2°Si NNN result observed above, but to
satisfy Figure 6.4 it would require a specific set of rearrangements to occur, primarily
involving fragmentation at Si(O— Al)4 junctions and rearrangement of those aluminium

into Si(O—Si)3(O—Al) environments.

To investigate changes to the T site environments further, 2’ Al MAS NMR spectra were
recorded for the same intermediates. The resultant spectra are shown in Figure 6.5 and
show throughout that there is no observable change in chemical shift and no significant
change to the local tetrahedral coordination environment of aluminium within the isolated
zeolite at any stage of the transformation. Further, the overall intensity of the aluminium
signal resolved is also unchanged, indicating that there is no significant loss of the

number of Al atoms as indicated by calculated Si/Al.

This appears to contradict some observations made for 2°Si MAS NMR spectra, where
it seems aluminium species must relocate or change coordination during the PST. As it
is not expected that the PST reaction would continue for the isolated intermediates in the
ex-situ NMR measurements performed here, intermediate phase aluminium species are
expected. Based on this, it is most likely that any aluminium intermediate species must
be coordinated tetrahedrally, but the MAS NMR performed is insensitive to the specific
connectivity. To investigate this '"H—2’Al CP NMR experiments could be performed.
A further, alternative explanation is that, owing to the cease in reactivity upon isolation
from hydrothermal conditions, the consistently crystalline material formed is more closely
reminiscent of an intergrowth of crystalline FAU and CHA phases. This would mean that
there is a preference to crystallise a mixture of stable tetrahedrally-coordinated framework
materials over that of any transient, partially amorphous reactive state. This points to
the idea that this PST never approaches extensive zeolite framework digestion and re-

nucleation to form a new phase from disordered, amorphous species.
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Figure 6.5: (9.4 T, 14 kHz) >’Al MAS NMR spectra of selected samples, iso-
lated from an optimised FAU-CHA PST reaction. Identity of isolated material
detailed on figure.
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Structural characterisation of products and intermediates of the FAU-CHA PST reaction
confirm that the reaction proceeds as a ‘pure’ PST, with retention of framework composi-
tion throughout. Interestingly, PXRD patterns show that at all points reflections assignable
to either FAU, CHA or both materials are present, indicating the state of materials present
throughout the transformation retain a degree of crystallinity and do not completely frag-
ment. This is supported by >?Al MAS NMR experiments, which show aluminium coor-
dination in all isolated intermediates retains its tetrahedral coordination. However, 2°Si
MAS NMR experiments show, similar to observations in some other PST studies, that
during framework transformation, the distribution of aluminium changes in materials.
This was evidenced by 2°Si NMR spectra, which show an average increase in number of

silicon NNN for any one given silicon atom.

6.6 PST Reaction with 1’0 Enrichment

Having characterised the effect of the PST reaction on the long-range order and local
structural coordination of T-site atoms in the zeolitic materials, a 70 NMR study was
performed on an analogous suite of PST-derived materials, which were synthesised using

the procedure in Section 6.4.9.

6.6.1 Structural Characterisation

The materials obtained from the reactions using !’O-enriched water were first charac-
terised by PXRD to ensure that the desired FAU-CHA transformation had also been suc-

cessful. Diffraction patterns are plotted in Figure 6.6.
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Figure 6.6: PXRD patterns of selected samples, isolated from an optimised !’O-
enriched FAU-CHA PST reaction. Identity of isolated material detailed on fig-
ure. Primary reflections of frameworks: FAU (111) and CHA (100), highlighted

in blue and red, respectively.

The similarity of the obtained diffraction patterns to those of the previous materials with
natural-abundance levels of 7O (Figure 6.2) shows that the 70-enriched PST reaction
has proceeded successfully, forming the desired CHA phase. It is noted that this particular
set of reactions has proceeded slightly more rapidly than the previous set as the sample
from the 2-day reaction in Figure 6.6 is resolved as an almost pure CHA phase, rather

than the mixed phase product seen at the same time point in Figure 6.2.

6.6.2 NMR Spectroscopic Characterisation

Once again, >’Al and 2°Si MAS NMR spectra were collected for all isolated materials
from the PST. 2°Si NMR spectra are shown in Figure 6.7.
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Figure 6.7: (9.4 T, 14 kHz) 2°Si MAS NMR spectra of selected samples, iso-
lated from an optimised !’O-enriched FAU-CHA PST reaction. Identity of
isolated material detailed on figure. Number of NNN silicon atoms (n) for
Si(0O-Si1),(O—Al)4_p, indicated in red on figure for selected materials.
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As for the natural-abundance samples (Figure 6.3), the 2°Si MAS NMR spectra for
the '7O-enriched reaction show both a small decrease in chemical shift for each signal
and a change in the distribution of different silicon NNN linkages, evidenced by the
relative change in intensities of each peak in the spectrum. Once again, it is visible that
there is a decrease in the prevalence of the Si(O—Al)4 linkage at times greater than two
days; when the phase transformation is shown to be complete by PXRD. Further, the
slightly increased rate of this PST reaction, as indicated by PXRD patterns (Figure 6.6)
is also captured by NMR spectroscopy. Here, disruption to silicon local coordination
environment is evident for 1 day and 2 day PST samples, which is once again slightly
ahead of the changes observed by PXRD.

The change in the relative proportions of silicon NNN environments following phase
transformation to CHA is again evident for materials of this reaction set. In Figure 6.4, the
relative intensity of the Si(O—Si)4 signal is increased, with a complementary, observable
loss in intensity of the Si(O—Al)4 signal. Determination of Si/Al again confirms that
no aluminium is lost from the structure and 2’Al MAS NMR spectra (Figure 6.8) also
indicate no significant changes to the aluminium coordination through PST transformation
to CHA.
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Figure 6.8: (9.4 T, 14 kHz) >’Al MAS NMR spectra of selected samples, iso-
lated from an optimised '"O-enriched FAU-CHA PST reaction. Identity of iso-
lated material detailed on figure.
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It appears therefore that the optimised PST reaction has been repeated successfully using
H,'70. Tt is also suggested that the reaction has proceeded using the same mechanism
as similar results are observed for 2’Al and 2°Si NMR spectra. This result is, of course,
expected as the only change to the reaction system is the isotopic molecular weight of the

solvent.

Evidence of any !70O isotopic incorporation to the materials was then studied using high-

field solid-state NMR spectroscopy. Resulting spectra are shown in Figure 6.9.
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Figure 6.9: (20.0 T, 14 kHz) '’0O MAS NMR spectra of selected samples, iso-
lated from an optimised 170-enriched FAU-CHA PST reaction. (a-f) quantitative
short flip-angle and (g-1) {'H}'’0 MQMAS NMR spectra for (a,g) 3-day SM,
(b,h) 1 day PST, (c,1) 2 days PST, (d,j) 3 days PST, (e,k) 4 days PST and (f,]) 5
days PST.
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Evidently, the use of Hy!'7O as the solvent these PST reactions has resulted in good
incorporation of 170 into the structure of the zeolitic materials, with good levels of en-
richment, considering the percentage !’O content of the reaction solution. To investigate
the observed enrichment, the spectra were first compared to those of previously published
70 NMR studies for protonated Linde Y-type zeolite (Si/Al = 2.6) (Al-FAU(H), referred
to as HY herein).3136 Specifically, the assignments of 7O MQMAS NMR spectra
for a dehydrated, 1702(g)—enriched HY in reference 35 by Peng ef al. are used to aid
assignment. n.b. the isotropic dimension of MQMAS spectra in this thesis are referenced
according to the convention outlined by Pike et al.3” following shearing transformation.
For all materials, strong evidence of Si—O-Al linkage enrichment is observed, as seen
for a broad region between ~ 20-32 ppm &81.3> The width of the signal in §indicates a
distribution of local environments, but there are only four crystallographic O sites in the

FAU framework, which are proposed to cluster in a 3 : 1 ratio.

Focusing first on FAU materials (Figure 6.9a,g (3 day SM) and Figure 6.9b,h (1 day
PST)), we see that the only !"O-enriched linkages present at significant intensity are
Si—O-Al. Although this material (as indeed do all the materials for this PST), has a
low Si/Al (= 1.6), given the prevalence of Si—O-Si linkages in the materials (= 60%
linkages are Si—O-Si) the resolution of some these would be expected if they were
enriched (predicted ~ 30-50 ppm &;).% This may indicate that, as for the Al-FAU(Na)
slurrying experiments in Chapter 5, siliceous linkages within the FAU topology are
also challenging to enrich under these elevated temperature conditions. It is not known
whether this lack of enrichment is caused by inefficient reversible bond lability processes
in alkali metal-exchanged FAU, even at 150 °C, or whether this stage of the PST
mechanism does not involve the cleavage of Si—O-Si linkages, or both. The observation
of only enriched Si—O-Al linkages in the 1 day PST is interesting however, as it
supports the previously published ideas that aluminium, or aluminium-containing species
are the reactive and mobile species within a PST reaction. 8 However, for the material to
remain crystalline and tetrahedrally coordinated, some Si—O-Si linkages would also
have to re-form. It is likely then, that at the early stages of the PST reaction, limited bond
breakage takes place and the FAU framework bond lability at elevated temperature is

similar to that of the reversible lability seen in FAU slurry experiments.

Taking into account the understanding of bond lability mechanisms in zeolites gathered
so far in this thesis, some conclusions can be drawn from the FAU materials. Firstly,
it appears that FAU frameworks in (Figure 6.9a,b,g,h) are less willing to interact with

water than the CHA materials, owing to their persistent ‘free water’ peak at 0 ppm in
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the short flip-angle experiments (Figure 6.9a,b). The analogous peak disappears from the
materials from 2 days onwards (Figure 6.9c) when CHA materials are formed, which
is less time than for the 3 day SM FAU material where it is still present. Secondly, at
the one day stage in the PST (Figure 6.9b,h), it is highly unlikely that bonds within
Si—O-Si linkages are labile in the PST reaction as they are unresolved in 70O NMR
spectra. This finding is interesting, considering that the *°Si MAS NMR spectra in
Figure 6.7 show a change to their local coordination even at this point and while
the material is crystalline FAU in PXRD. It may be suggested then that after 1 days
PST time, the local-structure of silicon reflects a varied state of T-site coordination,
where some aluminosilicate linkages have been enriched (possibly through non-PST
processes) and some Si—O bonds are beginning to break within the structure. Spectra
of attempted 'H?’Si CP NMR experiments showed no significant signal gains for
this time point, possibly due to the ex-situ nature of the study, or a lack of proton
proximity in the materials. It would be interesting, though, to try 'H!’O CP experi-

ments to see if any Si—O oxygen species, within the proximity to protons can be resolved.

Following the crystallographic transformation to CHA at 2-3 days reaction time,
Si—O-Si linkages are more clearly seen in 7O NMR spectra (Figure 6.9c-1). The ob-
servation of Si—O-Si linkages in NMR spectra of CHA materials could once again be
caused by either, or a combination of, PST processes or by bond lability processes. Owing
to their absence in the 3 day SM, or 1 day PST (Figure 6.9a,b,g,h), it could be suggested
that framework oxygen exchange in CHA materials is thought to be primarily a conse-
quence of CHA topology-specific lability processes. This observation is supported by the
continued growth of the Si—O-Si framework resonance region at days four and five of
PST reaction (Figure 6.9¢,fk,1), where the PST reaction is thought to be complete (by
PXRD). Owing to the composition of the reaction mixture, the effect of the extra K* (or
OH™ in the reaction solvent is not fully known, however as seen in Chapter 5, potassium-
exchanged CHA materials do enrich by lability processes at room temperature, so the
effect of the hot KOH solution is not predicted to be fundamental to bond lability here.
This result once again reinforces the apparent favour of bond lability processes in CHA
over FAU.

6.6.3 70 NMR Spectral Assignment

Having gained a qualitative understanding of the types of framework linkage enriched
during the FAU-CHA PST, spectra are compared against that of published and previously
obtained FAU and previously obtained CHA 70O NMR spectra.
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Firstly, 8 and 85 values from 7O MQMAS NMR spectra for PST materials recorded at
20.0 T (Figure 6.9) were used to determine i, and Pq. It was found that for all spectra,
the Si—O— Al region could be separated into two overlapping ridges in the 0; dimension

and that either one or two Si—O—Si ridges could be resolved. The results are detailed in
Table 6.6.

’ Material \ Linkage \ 01 (ppm) \ 02 (ppm) \ Oiso (ppm) \ Pq / MHz ‘

Si-O-Al 1 24.5 37.7 42.1 3.1
3 day SM | Si-O-Al 2 28.1 434 48.3 33
Si-O-Si 1 34.3 47.6 34.3 4.5
1 day Si-O-Al 1 23.2 34.4 39.3 33
PST Si-O-Al 2 26.0 38.7 44.2 3.5
2 day S%—O—Al 1 23.7 35.9 40.5 3.2
PST Sl'—O—A.I 2 27.2 41.3 46.5 3.4
Si-O-Si 1 334 427 54.2 5.0
Si-O-Al 1 22.5 34.1 38.5 3.1
3 day Si-O-Al 2 27.8 41.0 47.1 3.6
PST Si-O-Si 1 32.7 423 53.2 4.9
S1-O-Si 2 36.7 44.1 58.5 5.6
Si-O-Al 1 22.5 34.7 38.6 3.0
4 day Si-O-Al 2 26.7 427 46.5 2.9
PST Si-O-Si 1 32.3 41.3 52.3 5.0
Si-O-Si 2 36.7 42.5 57.9 5.8
Si-O-Al 1 229 355 394 3.0
5 day Si-O-Al 2 26.5 41.1 45.6 3.2
PST Si-O-Si 1 325 41.2 52.6 5.0
S1-O-Si 2 35.4 42 56.2 5.6

Table 6.6: 'O NMR parameters for signals in 70 MQMAS (20.0 T) NMR spectra of
isolated !’O-enriched PST products, shown in Figure 6.9.

The NMR parameters detailed in Table 6.6 are reasonably self-consistent and extracted
values of §js, and P fall within the ranges expected for 70 NMR parameters for silicate
and aluminosilicate zeolite linkages.?%33735383% Generally those NMR parameters
obtained experimentally for FAU and CHA materials are quite similar in magnitude,
reinforcing the similarity between the two frameworks and the similarity in local
environments between the two frameworks and the similarity in their resolved NMR
spectra. This provides a degree of confidence in the results obtained, such that they can
be compared to related and published 7O NMR parameters for FAU and CHA materials.

The 70 NMR parameters of selected FAU PST intermediates are compared to those
of published parameters for dehydrated 1705 () gas-enriched HY* and a slurried and a
1702(g) gas-enriched (see Section 5.6) starting material prepared in this project. Spectra

are shown in Figure 6.10) and NMR parameters detailed in Table 6.7.
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] Material \ Linkage \ 01 (ppm) \ 02 (ppm) \ Oiso (ppm) \ Pq / MHz ‘

3 day PST Si-O-Al 1 25.0 29.4 39.5 3.4
SM Si-O-Al 2 29.6 36.4 47.5 3.5
70y gas- | Si-O-Al'l 29.3 19.9 41.1 4.8
enriched Si-O-Al 2 32.8 24.4 46.7 5.0
SM Si-O-Si 44.1 44.1 55.0 5.0
Al- Si-O-Al 1 2355 26.4 36.8 3.4
FAUNNa)7 | Si-O-Al2 27.5 31.7 43.3 3.6
day slurry Si-O-Si 1 37.0 33.7 55.0 4.8
Si-O-Al2,3.4 - - 27.5 2.7

Published Si-O-Al 1 - - 33.3 3.6
HY Si-0-Si 2,3,4 - - 44.0 53
Si-O-Si 1 - - 50.0 5.2

Table 6.7: 7O NMR parameters for resonances extracted from !’0 MQMAS NMR spec-
tra of '’O-enriched FAU materials recorded at 14.1 T (Figure 6.10) and published dehy-
drated HY.

By comparing the values presented in Table 6.7, it can be seen that there are few
similarities, especially between the PST SM and published HY data. This result is
initially surprising, considering the consistency of the NMR parameters obtained for
these '"O-enriched PST intermediates and that the published experimental data is
also supported by the results of DFT calculations on the dehydrated structure.® The
differences between the experimental results presented for FAU materials enriched in
this project in Table 6.7 is surprising, considering they all originate from the same batch
of starting material, however the effect of the charge balancing cation and their method

of 170O-enrichment will most likely affect the observed resonances.

Furthermore, the hydration state of the materials will also affect the resonances observed
within 7O NMR spectra. The published HY parameters correspond to a fully dehydrated
zeolite, where the Brgnsted proton is found on the framework, which will cause lengthen-
ing of bonds in the Si—O(H)— Al linkage and distortion of the local oxygen environment.
In contrast, the PST and slurry materials studied here can expect to be extensively
hydrated, owing to their method of preparation. Here, the Brgnsted proton is fully
solvated from the framework, causing lesser framework distortions and hence differing
Oiso and P values, as observed. The sample enriched in-house by high-temperature
exchange with 1702(g) here is ‘air hydrated’, having been left on the experimental bench,
following high-temperature treatment. Its hydration state is expected to be between the
published HY and the slurried and PST materials. Unfortunately in this case, an exact
comparison to published assigned HY oxygen resonances has not been possible for this

system.
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Direct comparison of spectra in Figure 6.10 shows how different the enrichment profiles
observed for the FAU materials are, with their main difference being their levels of hydra-
tion. The hydrated spectra for slurry (Figure 6.10a,d) and PST (Figure 6.10c,f) materials
are the most similar. It is possible that the effect of the cation (Na for slurry and K for
PST) may have a slight influence on the small differences seen between these two spectra,

although this could also be caused by their enrichment method.
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Figure 6.10: (14.1 T, 14 kHz) 70 MAS NMR spectra of Si/Al = 1.6 Linde Y-
type AI-FFAUM), '70-enriched using different methods. (a,d) M = Na, slurried
for 7 days 1 : 1 (mass) 40% H,!70, (b,e) M = Na, dehydrated and 1702(g) gas-
enriched at 500 °C for 48 hours and (c,f) M = K, 3 day PST SM from optimised
70-enriched FAU-CHA PST reaction. (a-c) quantitative short flip-angle and
(d-f) {'H}'70 MQMAS NMR spectra.

Similar observations for PST-synthesised CHA materials, when compared to other en-
richment methods are also observed. As a fully assigned '’O NMR spectrum for alumi-
nosilicate CHA is not published in the literature, other examples of 170-enriched CHA

materials are presented here (see Figure 6.11).

241



80 40 0 40 -80 80 40 0 -40 -80 80 40 0 40 -80
70 § (ppm) 70 8 (ppm) 70 8 (ppm)
~10-2) 0-© 00
0 o
R 0 R 10 4
§ 10+ &
£ £ 201
o S
o o
30 -
Q
0
T T 40 T T T T T
0 -20 -40 60 40 20 0 -20 -40 60 40 20 0 -20 -40
70 3, (ppm) 70 3, (ppm) 70 3, (ppm)

Figure 6.11: (14.1 T, 14 kHz) 170 MAS NMR spectra of Al-CHA(K) materials
with varying Si/Al, 7O-enriched using different methods. (a,d) Si/Al = 5, slur-
ried for 7 days 1 : 1 (mass) 40% H,'70, (b,e) Si/Al = 11 (SSZ-13), slurried for
14 days 1 : 1 (mass) 40% H,!70 and (c,f) Si/Al= 1.6, 5 day PST from optimised
70-enriched FAU-CHA PST reaction. (a-c) quantitative short flip-angle and
(d-f) {'H} 'O MQMAS NMR spectra.

The isotropic chemical shifts and Pg values for the CHA materials 170-enriched using

PST and slurry methods (Figure 6.11) are shown in Table 6.8 and compared to published

data.3®
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] Material \ Linkage \ 01 (ppm) \ 07 (ppm) \ diso (ppm) \ Pq / MHz ‘

Si-O-Al 1 24.6 26.8 38.2 3.5
Is)riz}:liST Si.—O—A.l 2 29.0 33.7 45.8 3.7
Si-O-Si 1 35.9 29.3 52.1 5.0
Al-CHA(K) 7 | Si-O-Al 1 23.7 25.2 36.5 3.5
day slurry Si-O-Si 1 34.4 24.8 48.7 5.1
Si-O-Al 1 20.8 18.7 30.8 3.7
SSZ-13(K) 14 | Si-O-Al 2 23.3 24.8 35.9 3.5
day slurry S1-O-Si1 1 28.4 11.7 36.8 5.3
Si-O-Si 2 33.2 20.7 45.8 5.3
Si-O-Al 1 20.5 19.4 32.6 3.9
Published Si-O-Al 2 23.9 26.1 37.6 3.5
SSZ-13(H) Si-O-Si 1 30.4 17.0 40.9 54
Si-O-Si 2 334 21.5 46.5 5.2

Table 6.8: 'O NMR parameters for resonances extracted from 70 MQMAS NMR spec-
tra of !’O-enriched CHA materials recorded at 14.1 T (Figure 6.11) and published slurried
SSZ-13(H).

Comparing the results of NMR parameter extraction for CHA materials !’O-enriched
by slurry methods with those of the !’O-enriched PST reaction, there are again both
similarities and differences for the materials with similar hydration states. Generally,
the resolved ;s, and Pg of PST-derived resonances agree with those seen for materials
enriched using slurrying techniques, indicating that the PST products are !’O-enriched
CHA. There are, however some differences in the position of individual Si—O—- Al and
Si—0O-Si signals, when compared to the results from SSZ-13(M) CHA materials and the
resolved 17O NMR parameters resemble more closely that of the more poorly-enriched,
lower Si/Al Al-CHA(K) slurry and the low Si/Al FAU PST and slurry materials
characterised earlier. It is possible that the differing Si/Al of these PST CHA materials
and the SSZ-13(H) may cause the large difference in 0is,. However, as one Si—O-Si
linkage resonance is consistently resolved with good resolution in PST materials, it is
thought that the PST-produced materials themselves are not uniformly enriched, making
it difficult to draw comparisons of resolved sites between samples as no clear picture of

the expected uniformly enriched zeolite material is known.
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In order to learn more about the local atomic oxygen coordination at different sites in
PST-formed CHA materials, a hydrated CHA material of low Si/Al, with a more uniform
level of '"O-framework enrichment is desired. This could be achieved by successful
1702(g) gas-enrichment of a CHA, which has so far not proven possible, owing to low
framework stability. Alternative enrichment techniques involving aqueous processes,
such as incipient wetness, mechanochemistry or prolonged hydrolytic treatments could

also be considered.??

Although it is not easy to assign specific signals in 17O NMR spectra to specific O sites
in FAU and CHA materials formed though PST reactions, it is possible that the trans-
formation has an effect on the selectivity of the framework enrichment, owing to the
differences in NMR spectra of some of the resolved linkages in !’O-enriched PST CHA
materials and hydrothermally synthesised and '"O-enriched materials. One further piece
of evidence in support of a different enrichment method under aqueous PST conditions
is found when considering the relative integrated intensities of signals from framework
linkages extracted as rows from 17O MQMAS NMR spectra of PST products. Although
a non-quantitative experiment, the similarity in Pg values for like-linkages obtained from
MQMAS NMR experiments allows this comparison to be drawn. Peng et al.>> deter-
mined a 3:1 ratio between each of the two Si—O-Si and Si—O-Al signals seen in NMR
spectra of HY, determining them to be split as Si—0;34—X and Si—0O; — X, where X = Si,
Al. As seen in Chapter 5, a different intensity ratio is seen, with each of the two Si—O-X
signals for X = Si and Al having a 1:1 ratio; Si—O14—X and Si—0O;3—X. When signals
from the same type of linkage have been resolved in PST-enriched materials in this study,
the resolved integrated intensities have been roughly 1 : 1 for FAU Si—O-Al linkages,
1.5: 1 for CHA Si—O-Al linkages and 2 : 1 for CHA Si—O-Si linkages, indicating that
the enrichment observed in the PST process may have a slight degree of selectivity. Work-
ing out exactly which, if any crystallographically distinct oxygen sites these correspond
to will help greatly in understanding the mechanism of the PST reaction and the role of
framework-water interaction. This however, is beyond the scope of the current work as
the NMR signals resolved in spectra discussed here have been found to depend on how
samples have been prepared and enriched, and also differ depending on their framework

composition (Si/Al, hydration state and extra-framework cation).
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6.7 Further Approaches to ’0O-enrichment

An ideal strategy to aid any spectral assignment is to perform 7O enrichment processes
on natural-abundance synthesised PST materials. This, in effect, should eliminate any
reactivity-related issues for bond liability and exchange and focus only on the effect that
material framework structure has on the local oxygen coordination environment and / or

ability to exhibit bond lability processes under aqueous conditions.

Using the natural abundance PST materials characterised in Section 6.5, the K*-
exchanged SM, 2 day and four day PST materials were selected for further study as they
represent a good selection of FAU starting material, intermediate phase and CHA end
product (see Figure 6.2). The materials were subject to a washing procedure (Section
6.9.1) in an effort to remove any excess potassium species in their pores and channels,
before being either slurried with H,!'”’O or enriched by high-temperature gas-exchange
with 170y (g).

The 2°Si and 2’Al MAS NMR spectra for high-temperature post-synthetic gas-exchange
and slurrying processes for natural abundance PST materials are documented in the Ap-

pendix Section G.1 and Section G.2, respectively.

6.7.1 1702(g)-enrichment of PST Materials

As for previous investigations, '’O NMR spectra of high-temperature 1705 y)-exchanged
PST materials were desired to give an idea of spectra resulting from potentially ‘uniform’
enrichment. Owing to the small sample volumes generated in the PST reactions, the suc-
cess of this particular method here was limited, as only a few trial enrichment procedures
to optimise reaction conditions were possible. Figure 6.12 shows that for all samples;
K*-exchanged SM, 2 day PST intermediate and 4 day PST product, it was possible to
incorporate some 70 isotope into the structure of the zeolite — as evidenced by the signal
resolved between 20-60 ppm. Enrichment conditions used for the washed materials are
detailed in Sections 6.9.6-6.9.8.
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Figure 6.12: (20.0 T, 14 kHz) 'O MAS quantitative short flip-angle NMR spec-
tra of 170y (g)-enriched PST materials (a) K*-exchanged FAU SM, (b) 2 day PST
FAU-CHA intermediate and (c) 4 day PST-formed FAU product.

When considering the signal-to-noise ratio of the 17O spectra and taking into account
sample mass and experiment time, generally, the levels of 17O incorporation into the
framework here are lower (30-50 % of others) when compared to other 1705 (g)-enriched
zeolite frameworks characterised in this thesis. From Figure 6.12 it can be seen that the
only material for which a useful amount of 7O isotope has been incorporated is the
Al-FAU(K) pre-PST SM (Figure 6.12a). It is not known why the 2 day intermediate and
4 day end product materials were not successfully 1702(g)-enriched and may possibly just
be due to selection of non-ideal enrichment parameters for the phases present. However,
70 NMR spectra for both of these materials exhibit a signal, centred at 0 ppm. It
is possible that this hydration peak is attributed to H,!’O water stuck in the pores of
the zeolite framework, following the dehydration and high-temperature gas-enrichment
heating processes. The sign that this water is trapped may hinder the passage of 1702(g)
through the pores and channels of the framework, making successful framework oxygen
exchange processes at high temperature difficult. Surface area measurements, such as
BET analysis, or TGA analysis to gauge the level of residual water may prove useful here

to indicate why enrichment using 1702(g) was not very successful.

It was possible only to record the {!H}!7O MQMAS NMR spectrum for K*-exchanged
FAU SM. This is shown in Figure 6.13.
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Figure 6.13: (20.0 T, 14 kHz) {'H}!"0 MQMAS NMR spectrum of 7O (g)-
enriched K*-exchanged FAU PST SM.

Even for frameworks that did not enrich here using 1702(g)—enrichment techniques, no sig-
nificant changes in the crystalline long-range order were observed and 2’Al MAS NMR
spectra (Appendix Figure G.2) did not show significant changes. The 2°Si NMR spectra
in Appendix Figure G.1, however do show that the heat treatment has slightly disrupted
the local coordination environment of silicon in the material, with peak broadening seen.
This may result in a slight weakening of the structural integrity of the framework over-
all, without disrupting the crystallinity. Owing to the small sample volumes obtained
from gas-enrichment, the 2°Si NMR spectra are slightly disrupted by the broad resonance
attributed to 2°Si in the probe background (see Appendix Figure A.1).

672 H,'0 Slurrying of PST Materials

1 : 1 (mass) zeolite : Hy!'7O slurries were prepared for K*-exchanged SM, 2 day PST
intermediate and 4 day PST products in a similar manner to previous slurries discussed
in this thesis. Specific preparation details are given in Sections 6.9.9-6.9.11. 70 NMR
spectra of the resulting materials were taken after a period of approximately two weeks

and are shown in Figure 6.14.

(a) (b) (c)

80 40 0 40 80 8 40 0 40 80 8 40 0 40 80
170 & (ppm) 170 & (ppm) 170 & (ppm)

Figure 6.14: (20.0 T, 14 kHz) 'O MAS quantitative short flip-angle NMR spec-

tra of Hy'’O-slurried PST materials (a) K*-exchanged FAU SM, slurried for 12

days, (b) 2 day PST FAU-CHA intermediate, slurried for 13 days and (c) 4 day

PST-formed FAU product, slurried for 14 days.
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Generally, the level of framework enrichment within the slurried PST materials is poor,
when compared to similar FAU or CHA materials discussed previously in this thesis.
Once again, the K™-exchanged SM (Figure 6.14a) is the only material for which some
170 isotope incorporation into the framework structure (signal between 20-60 ppm) is
clear, but even this is on a low level (similar to that seen for gas-enrichment, above).
Consequently, once again it was only possible to record the {'H}!’0 MQMAS NMR
spectrum for K*-exchanged FAU SM, as shown in Figure 6.15.

0

70 3, (ppm)

| | |
60 40 20 0 -20 -40
70 8, (ppm)

Figure 6.15: (20.0 T, 14 kHz) {'H}!"0 MQMAS NMR spectrum of 70 (g)-
enriched K*-exchanged FAU PST SM.

It was perhaps expected that a low level and Si—O— Al-selective framework enrichment
is observed for the AI-FAU(K) as this is what was observed for the pre ion-exchanged
Al-FAU(Na) material, characterised in Chapter 5 (and Figure 6.10). What is perhaps
more surprising is that both the 2 day intermediate and the 4 day product, both of which
contain CHA phase materials, do not appear to enrich significantly using this approach.
This is in contrast to what was seen for CHA materials of similar Si/Al or containing
the H* extra-framework cation, which would have predicted that these PST-synthesised
CHA materials would have displayed reversible bond lability under these conditions. The
exact reason for the lack of observable bond lability in the PST-formed CHA materials
is unknown, but it is possible that this is for reasons similar to those responsible for the
poor 1702(g) enrichment of PST materials in Section 6.7.1, i.e. extra-framework cations
blocking the pores may hamper the ability of these materials to slurry. Further work is

needed to explore these differences.

For slurried samples of PST materials, the overall framework integrity is preserved, as
evidenced from the crystalline long-range order and >°Si and >’Al1 MAS NMR spectra
(Appendix Figure G.4) did not show significant changes. Only for the 2°Si MAS NMR
spectrum of the Al-FAU(K) slurry in Appendix Figure G.3a, is an increase in 'H?°Si
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observed, indicating some slight hydrolysis processes have occurred here. Owing to the
small sample volumes used in slurries, the >°Si NMR spectra are once again slightly
disrupted by the broad resonance attributed to >?Si in the probe background (see Appendix
Figure A.1).

6.8 Summary and Conclusions

This chapter has described an exploratory study into the FAU-CHA zeolite post-synthetic
topology conversion. It was hoped that studying the PST reaction using !’0O NMR would
characterise the reactivity of different zeolite framework linkages in FAU and CHA
materials under aqueous conditions, shedding light on any irreversible PST and reversible
bond lability processes, and whether these two processes are synergetic under reaction

conditions.

The wealth of published studies on PST transformations, including those on the
FAU-CHA system of interest meant that many variations of successful reactions in the
literature exist. In order to be suitable for this study, it was desired that the transformation
would be ‘pure’; requiring no extra source of T-site reagent (silicas, aluminas, efc.) or
additional organic SDAs. The published example in Muraoka et al.® was chosen as
successful transformation from K*-exchanged Linde Y-type FAU to CHA is performed
in small amounts of KOH only. Through optimisation of the synthetic approach, the
required amount of preparatory ion-exchanges, KOH concentration and total volume
of reaction solution for the PST was decreased, enabling the effect of water on any
topology conversion or bond lability processes to be studied more easily. Furthermore,
the decrease in the overall amount of water solvent required for the reaction meant that
an efficient and economical approach to in-situ '’O enrichment was developed, involving

dilution of small amounts of 20% H, 'O directly into the reaction solvent.

Analysis of the materials produced using PXRD and Le Bail fitting confirmed that CHA
successfully forms from the starting FAU framework. Following this, 2°Si MAS NMR
spectra uncovered how the distribution of silicon NNN atoms changes throughout PST
reaction from FAU to CHA, without alteration of the overall Si/Al. This tendency has
been observed previously for the FAU-CHA transformation, with aluminium distri-
butions of the CHA materials formed also being different to those of hydrothermally
synthesised FAU.® The reasons behind this apparent framework reorganisation during
PST are still not fully understood, however 70O NMR spectra of mid-conversion PST

intermediates show enrichment only of Si—O- Al linkages, indicating that these are the
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most (or only) mobile reactive species during the conversion of FAU to CHA. Only
when CHA is the predominant phase and changes to 2°Si MAS NMR spectra have
ceased are signals from Si—O-Si linkages observed in 7O NMR spectra. Whilst it is
not possible to confirm unequivocally from these data, this points to the idea that FAU
framework Si—O-Si linkages are resistant to bond lability even under hydrothermal
conditions and that lability in Al-O bonds are very important to the success of PST
reactions. Furthermore, the results demonstrate the surprising favourable lability of
Si—O-Si linkages under aqueous conditions. Interestingly however, post-PST slurrying
of AI-CHA(K) materials did not provide any evidence of significant room-temperature
lability processes in the synthesised materials. Together with a lack of ability to enrich
the materials using 1702(g), this indicates that the pores and channels of the formed
materials may be blocked, perhaps by additional K* ions from the synthesis, which could
play a templating role in the PST. Further study of produced materials, using surface

area, EDX or TEM methods may help explain this finding.

Throughout the PXRD and NMR studies for !’O-enriched PST reactions, no evidence
of (temporarily) formed amorphous or defective material was observed. At all points,
isolated intermediates resembled either crystalline FAU, CHA or both, with order and
tetrahedral coordination of T-sites also preserved. Owing to the ex-situ nature of this
study, this points to the idea that the PST reaction mechanism does not involve extensive
fragmentation and reorganisation of the zeolite structure and that pathways to access

higher framework energy, crystalline, ordered snapshots are favourable.
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Building on the 170 NMR work on CHA in Chapters 4 and 5 in this thesis and together
with published 7O NMR spectra, it was hoped that the favourable conversion of FAU
to CHA under these reaction conditions would aid spectral assignment for specific
oxygen linkages of CHA. Further, it was hoped that any ability to ‘follow’ specific
oxygen linkages throughout the PST would open the possibility of effectively tracking
the movement of oxygen atoms from one zeolite framework to another. Unfortunately
however, the hydration state of the dehydrated model published HY FAU system was
not compatible with the highly hydrated PST FAU materials isolated from the PST
reaction. This largely precluded the assignment of different framework linkages to
specific resonances in 7O NMR spectra. However, going forward this could be remedied
by producing an appropriate Si/Al FAU material, 1’0, g-enriching and then dehydrating
it to match the published HY (AI-FAU(H)) material. Furthermore, the same strategy
could be employed for CHA materials by the hydrothermal production of an appropriate
low Si/Al Al-CHA(K) material, uniformly enriching it in '’O using 1702(g) and either
dehydrating it to match the state of the HY sample or hydrating it to match the state
of PST-synthesised AI-CHA(K) materials, or both. This strategy would also help to
understand whether the NMR parameters of resonances resolved from PST-formed CHA
materials were more closely related to that of the parent PST FAU material than to that

of similar, hydrated, hydrothermally synthesised CHA materials.

The results in this chapter have once again uncovered the widespread lability of frame-
work zeolite linkages under aqueous conditions. Although previous chapters have also
described this phenomenon, something particularly evident here is the selectivity with
which these bond lability mechanisms operate, even at elevated temperatures as seen in
the PST reaction. Observable framework oxygen exchange is seen again to be strongly
dependent on framework topology, with differences in observed framework enrichment
seen for FAU and CHA materials at elevated temperatures in basic conditions. Observ-
ing framework enrichment throughout a PST reaction where known structural changes
are occurring and yet limited to no framework degradation or compositional alteration is
observed, indicates that certain zeolites can display both structural stability and flexibility
at the same time, shedding light into how these materials behave in industrial processes
involving aqueous elevated temperature conditions. Further, this provides weight to the
argument that the PST mechanism of zeolites must not involve extensive framework frag-

mentation.

251



6.9 Sample Preparation

Further material preparations required, following PST reaction for selected samples are

detailed here.

6.9.1 Washing Procedure

PST-synthesised zeolite materials (50 mg) were dispersed in distilled water (5 cm?) and
stirred at room temperature for 2 hours. Samples were filtered and the process repeated
with the same volume of fresh distilled water. The samples are filtered again, washed with

distilled water and dried at 80 °C for 10 minutes.

6.9.2 Al-CHA(H) Preparation

Calcined Al-CHAK (750 mg) was combined with a 3 M solution of NH4Cl and heated
to 80 °C for 16 hours whilst stirring. The product was filtered and the process repeated
with a fresh solution. The product was again filtered and washed with distilled water. The

ammonium form material was then calcined to 550 °C for 6 hours as described in Section
3.5.1.

6.9.3 Al-CHA(H) Slurry Preparation

Calcined zeolite (25 mg) was combined with H, 70 (40%, 25 uL) in a Bruker 4 mm
HRMAS NMR rotor insert as detailed in Section 3.5.4.

6.9.4 SSZ-13(K) CHA Slurry Preparation

Calcined zeolite (25 mg) was combined with H, 70 (40%, 25 uL) in a Bruker 4 mm
HRMAS NMR rotor insert as detailed in Section 3.5.4.

6.9.5 Linde Y FAU(Na) 1702(g)-enrichment Preparation

Calcined zeolite (= 100 mg) was dehydrated (300 °C, 16 hours) under vacuum and sealed
under argon before being gas-enriched (500 °C, 48 hours) in an atmosphere of ~ 200 mbar

170, (¢) 3 described in Section 3.5.5.
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6.9.6 PST SM AI-FAU(K) 70y -enrichment

Ion-exchanged Al-FAU(K) SM (=~ 100 mg) was dehydrated (300 °C, 16 hours) under
vacuum and sealed under argon before being gas-enriched (500 °C, 48 hours) in an atmo-

sphere of ~ 200 mbar "0, (g) @S described in Section 3.5.5.

6.9.7 PST Intermediate 1702(g)-enrichment

Two day PST intermediate zeolite (= 100 mg) was dehydrated (300 °C, 16 hours) un-
der vacuum and sealed under argon before being gas-enriched (500 °C, 72 hours) in an

atmosphere of ~ 200 mbar 17Oz(g) as described in Section 3.5.5.

6.9.8 PST End Product Al-CHA(K) 1702(,6,)-enrichment

Four day PST Al-CHA(K) (= 100 mg) was dehydrated (300 °C, 16 hours) under vacuum
and sealed under argon before being gas-enriched (500 °C, 72 hours) in an atmosphere of
~ 200 mbar 70, (g) 8S described in Section 3.5.5.

6.9.9 PST SM AI-FAU(K) Slurry Preparation

Ton-exchanged AI-FAU(K) SM (25 mg) was combined with H,!’O (90%, 25 uL) in a
Bruker 4 mm HRMAS NMR rotor insert as detailed in Section 3.5.4.

6.9.10 PST Intermediate Slurry Preparation

Two day PST intermediate zeolite (25 mg) was combined with H, 170 (90%, 25 ul)in a
Bruker 4 mm HRMAS NMR rotor insert as detailed in Section 3.5.4.

6.9.11 PST End Product AlI-CHA(K) Slurry Preparation

Four day PST AI-CHA(K) (25 mg) was combined with H; 170 (90%, 25 uL) in a Bruker
4 mm HRMAS NMR rotor insert as detailed in Section 3.5.4.
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Chapter 7
Summary & Outlook

Although perceived as stable inorganic scaffolds, this work has added to the evidence
that zeolites possess a degree of structural dynamics and flexibility through studying their
interactions with water. 70O NMR spectroscopy has revealed the reactivity of zeolite
linkages and how the local coordination environment of zeolite frameworks continually
changes as framework oxygen species exchange with the oxygen atoms of water. NMR
spectroscopic studies of T site zeolite nuclei (29Si, 27A1, 1B, etc.) and diffraction studies
of the long range order provide evidence that this framework oxygen exchange can occur
in both reactive and non-reactive regions of zeolites undergoing structural rearrangements
as well as in zeolites whose frameworks would appear otherwise unaffected by interaction
with water. The underlying reasons behind this chemical reactivity are not yet fully
understood but these studies on ‘model” zeolites provide a foundation for a more general
understanding of this bond lability in zeolites and also open up new opportunities for

study of oxygen structure in framework materials using 'O NMR spectroscopy.

The ADOR process for zeolites, in which hydrolytically unstable germanosilicate zeolites
are selectively disassembled and organised in aqueous conditions for the formation of
novel zeolite frameworks, was studied, aiming to extend the knowledge of the effect
of hydrolysis of parent UTL germanosilicate in acid on the local structure to include
the effect of water alone. Analysis of products from '’O-doped hydrolysis reactions
revealed that '7O exchanges with framework oxygen into Si—O-Si linkages that are
not thought to be disrupted by ADOR hydrolysis processes. Further, this framework
exchange is observed to have taken place even when no long-range structural changes
to the material are happening; in slurries with purely siliceous UTL and during the
induction period, where structural rearrangements of silicon atoms in IPC-1P are seen.
Low-volume hydrolysis of UTL using mechanochemical methods was also realised,

providing an efficient, lower energy, scalable alternative to the disassembly step in the
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ADOR process. Mechanochemical treatment in the presence of H,!7O also produced
efficient '7O-enrichment of the material, something to our knowledge has not been
used extensively for the enrichment of zeolites and producing the first evidence of
Si—O-Ge linkages present in UTL-derived hydrolysis products. The ease with which
mechanochemically-assisted !’O-enrichment was obtained for UTL-derived materials
makes this a promising method for further !’O-enrichment studies of hydrolytically

stable and unstable zeolites.

The SSZ-13 zeolite with CHA framework was chosen as a model system to study the
effect of room-temperature framework oxygen exchange with water in an industrially-
relevant, hydrolytically stable aluminosilicate zeolite. NMR and PXRD studies showed
evidence of rapid oxygen exchange using the slurry method with no effect on the long
range order of the structure, its composition or the local coordination environment of
its T site atoms, even when the charge balancing cation was altered. By comparing
70 NMR spectra of slurried zeolite frameworks, it is seen that the nature of the charge
balancing cation has an effect on observed enrichment. Indeed, different extraframework
cations appeared to dictate selective enrichment of specific crystallographic oxygen sites
and different types of linkage (Si—O-Si or Si—O—Al). Evidence for selectivity in
enrichment of specific sites is supported by comparison to the 1702(g)—enriched materials,
indicating that, in general, Si—O— Al linkages are more labile and preferentially enriched
using slurrying. An AIMD study carried out on the SSZ-13(H) material, for which
particularly favourable oxygen exchange was observed, verifies this, showing that only
one water molecule is needed to cleave Si—O—- Al bonds with low energetic barriers.
The Brgnsted proton is considered to be important for Si—O—Si bond scission, with the
formation of a hydrogen bonded chain of water molecules encompassing the Brgnsted
acid site predicted to facilitate bond breaking on the adjacent Si—O-Si linkage. This
however, is clearly not the only mechanism facilitating bond lability in CHA as evidence
of ‘slower’ exchanging sites where sterics preclude the formation of H-bonded chains
and the enrichment of the SSZ-13(M) frameworks where only residual acidic protons

remain, are also observed.

Framework enrichment was also observed for FAU framework materials treated in a
similar manner to CHA. This once again challenges the applicability of the predicted
mechanisms of the CHA material, pointing to the need for a greater understanding of
lability processes in zeolites in the hope that a more general mechanistic understanding
can be resolved. Whilst the occurrence of aqueous oxygen exchange processes with zeo-

lites do not to our knowledge determine their ability to act as catalysts, absorbents, inert
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scaffolds, efc., it is beneficial to understand the processes by which this lability occurs
and the factors that may affect them (topology, framework composition, extra-framework
cations, efc.). Going forward, a greater understanding of the factors that influence bond
lability pocesses for zeolite in aqueous conditions is beneficial and could be used to help
design reaction systems where framework flexibility is either desirable or to be avoided.
From a research point of view, the knowledge that one can enrich zeolites in 'O isotope
by simple dropping water on to them at room temperature is very useful, providing a
simple method to help characterisation of local atomic structure in these commercially
relevant materials. It is of interest to extend the understanding of the applicability of this
slurrying method to other inorganic or hybrid materials, such as ALPOs, SAPOs, ZIFs
and MOFs.

The known lability of framework linkages in FAU and CHA frameworks was ex-
ploited in an attempt to increase understanding of the inter-zeolite conversion, or
post-synthetic transformation process between the two closely related topologies.
Despite the widespread use of the PST method for the economical conversion of zeolites,
the underlying mechanism by which many framework topologies convert is not fully
understood. A reaction system was developed, producing Al-CHA(K) from AI-FAU(K)
by heating only in aqueous KOH. In an attempt to increase understanding of the PST
process, adaption of the synthesis for economical '’O-enrichment was successful, with
incorporation of 70 from the water reagent very favourable under hydrothermal reaction
conditions. Unfortunately however, from the data generated it was not possible to
formulate a mechanism of how the transformation proceeds, although, owing to the
retention of crystallinity and T site coordination throughout, it was possible to rule out
that the transformation proceeds with extensive structural fragmentation. Furthermore,
the rearrangement of T site distribution observed and the extensive Si—O-—Al linkage
resolution in 70O NMR spectra does add weight to previously published arguments
that aluminium atoms are the mobile phase in the PST. Interestingly, selectivities in
framework site enrichment were seen within the PST transformation, with Si—O-Al-
only enrichment seen for FAU as in previous slurry experiments and Si—O-Si sites
only enriched when the material long range order resembles CHA. This indicates that
some types of framework linkage may remain non-labile in aqueous conditions, even at
elevated temperatures. This observed discrepancy between the lability of some different

types of linkage is incredibly interesting.
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Further studies to deepen the understanding of bond lability during the PST process are
desired, especially ones that highlight the importance of water in the transformation.
This could be achieved by substitution of the water solvent, changing conditions from
hydrothermal to solvothermal. Analysis of 70O NMR spectra of PST intermediates was
made difficult by the strong overlap of many signals attributed to framework linkages and
due to the lack of an applicable, fully assigned 'O NMR spectrum for FAU. A uniformly
enriched, hydrated 70O NMR spectrum bearing similar Si/Al and counteraction is desired
for both FAU and CHA to help with the assignment of observed resonances to different
species within the zeolites. This information would be greatly useful to unpicking the
structural conversions taking place during the transformation, hopefully providing an
insight into the mechanism. It is possible that this understanding would then be more
widely applicable to other known PST transformations, even helping to predict whether a

pair of framework topologies are convertible.

The use of 'O NMR spectroscopy in this thesis has revealed how extensive the inter-
actions between zeolites and water are, and how water is capable of both supporting
structural conversions of zeolites and reacting with pristine, fragmented and defective
zeolite frameworks to exchange oxygen atoms with those of the zeolite structures. The
results discussed reflect only a very small portion of the reactivity of water with zeolites,
but make clear that accounting for this interaction is very important when considering the

deployment of zeolites in aqueous conditions.

Looking forward, this thesis has implications for the field of zeolite science and for
structure-reactivity studies in of materials chemistry. The results detail the reactivity
and the sensitivity of aluminosilicate zeolites and silicate, germanosilicate, borosilicate,
titanosilicate and zincosilicate zeolite materials to water under a variety of conditions.
The products produced have shed light on novel reactivity pathways, with some inter-
esting and potentially useful crystalline products produced. Further, in cases where
non-crystalline products have been obtained from reaction with water or for cases where
no structural changes to a material are seen, e.g. !’O bond lability studies, the surprising
reactivity and flexibility of zeolite frameworks has been demonstrated. For industrially
relevant zeolites, such as FAU and CHA, although it is unlikely that reactivity with water
is responsible for their catalytic properties, this behaviour should be considered when
these materials are selected for a particular application. This consideration is particularly
relevant as the scientific community seeks to address society’s needs, for example in
finding renewable energy sources. Zeolites are well suited to biomass refinery processes,

however the feedstocks for these are often aqueous.
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A large proportion of the work in this thesis has been dedicated to finding novel routes for
studying crystalline microporous materials and their reactivity processes. To that end,
effort has been invested in designing processes that allow simple study of otherwise
complex reactivity pathways through analysis of the long-range order of isolated inter-
mediates, or through the design of isotopic enrichment processes for solid-state NMR
spectroscopy. Isolating intermediates of the ADOR process and analysing using both
long-range and local-structural characterisation techniques has greatly deepened the un-
derstanding of the reactive processes occurring during disassembly and organisation steps.
The 70O NMR techniques developed for aluminosilicates highlight changes to the local
structure in zeolites that are otherwise silent when diffraction-based techniques only are
considered. When designing these experiments an effort has been made to keep them
as simple as possible and specific to the material of study, whilst still making them ap-
plicable to zeolite materials in general. In particular, it is hoped that room-temperature
slurrying and mechanochemical approaches to '’O-enrichment using H 7O are applica-
ble to a wide range of zeolites. If approaches similar to these are utilised in the future and
can enable a greater understanding of framework material structure and reactivity, then

the exercise will have been worthwhile.
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Appendix A

**Si Probe Background

A.1 ?’Si Probe Background

All °Si MAS NMR spectra presented in this thesis have been recorded on a Bruker 4.0
mm low-} wide bore probe at 9.4 T. This probe is known to contain a 2°Si background
signal, which can overlap with expected zeolite resonances. To characterise the level of
background present in the probe, a 2°Si MAS NMR spectrum was acquired for NaCl. The

resulting spectrum is shown in Figure A.1.

| | | | | |
—-60 -80 -100 -120 -140 -160

?Si & (ppm)

Figure A.1: (9.4 T, 14 kHz) *°Si MAS NMR spectra of NaCl, recorded on a
Bruker 4.0 mm low-Y wide bore probe at 9.4 T by averaging 680 transients with
arecycle interval of 120 s.

Whilst this signal will be present in all 2°Si NMR presented in this thesis, the effect will
be most pronounced in NMR spectra of samples with lower volume or lower levels of
silicon. Practically this includes the low Si/Al FAU and PST-synthesised CHA materials
discussed in Chapter 6 in this thesis and particularly their slurry and gas-enriched samples,

for which small sample volumes are used.
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Appendix B

70-enriched Sample Information

Some samples in this thesis possess high structural similarity. Small changes, e.g. hydra-
tion state and charge-balancing cation can have an effect on the observed characterisation,
particularly for 70O NMR spectra. The information detailed in this section describes the

characteristics of the materials at the point at which their 70 NMR spectra were recorded.

For all materials, hydration states have been assigned qualitatively, based on physical
properties of the sample and prevalence of signals attributed to water in !’0 NMR spectra.
Expected levels of hydration: wet > air-dried > incipient wetness > air dry > air hydrated

> dehydrated.
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B.1 0-enriched Samples Chapter 4
. . Framework . Extra-framework | Enrichment | Hydration
Figure Material Cor(r;lim;(i;ion Si/X Cation Method yState
. ADOR . . . .
Figure 4.16 Intermediates Si n/a n/a hydrolysis | air-dried
. ADOR . . . .
Figure 4.17 Intermediates Si n/a n/a hydrolysis | air-dried
. ADOR . . . .
Figure 4.18 Intermediates Si n/a n/a hydrolysis | air-dried
. ADOR . . . .
Figure 4.19 Intermediates Si n/a n/a hydrolysis | air-dried
Figure 420 | IPC-2P Si n/a n/a MOt air-dried
Figure 4.22b,d IPC-2P Si n/a n/a slurry air dry
Figure 4.22c,e IPC-2P Si n/a n/a slurry wet
Figure 4.24 IPC-2P Si n/a n/a slurry air dry
Figure 4.26 Si-UTL Si n/a n/a slurry air dry
Figure 4.28b,d IPC-2P Si, Al ~ 10 n/a slurry wet
Figure 4.29 GeO, Ge n/a n/a hydrolysis | air-dried
. . air-
Figure 4.30 Ge-UTL Si1, Ge 4.5 n/a gas hydrated
. . air-
Figure 4.31 Ge-UTL Si, Ge 4.5 n/a gas hydrated
Figure 4.33 IPC-2P Si, Ge 4.5 n/a ball mill | air-dried
Figure 4.34 IPC-2P Si, Ge 15 n/a ball mill | air-dried

Table B.1: Structural and chemical characteristics of 17O isotopically enriched materials
presented in Chapter 4 of this thesis, ordered by thesis figure discussed.
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B.2 '70-enriched Samples Chapter 5

Framework

. . .. . Extra-fi k | Enrich t | Hydrati
Figure Material Cor(r;;i)osglon Si/X | ¥ raczriilir(r)lswor Ill\tllzthrz)l(eln ystr;téon

. . air-
Figure 5.5 SSZ-13(H) Si, Al 10 H gas hydrated

Figure 5.6 SSZ-13(H) Si, Al 10 H slurry wet

Figure 5.8 SSZ-13(H) Si, Al 10 H slurry wet

Figure 5.9 SSZ-13(H) Si, Al 10 H slurry wet

. . air-
Figure 5.14 SSZ-13(M) Si, Al 10 | Na, K, Cu, Zn gas hydrated

Figure 5.17 SSZ-13(M) Si, Al 10 | Na, K, Cu, Zn slurry wet

Figure 5.18 SSZ-13(M) Si, Al 10 | Na, K, Cu, Zn slurry wet

. . . air-
Figure 5.24 Si-CHA Si n/a n/a gas hydrated

Figure 5.25 Si-CHA Si n/a n/a slurry wet

Figure 5.27a,c | Ti-CHA(H) Si, Ti 22 H slurry wet

Figure 5.27b,d | Zn-CHA(H) Si, Zn 18 H slurry wet

Figure 5.28a,c | B-CHA(H) Si, B 8 H slurry wet
Figure 5.28b,d | B-CHA(H) | Si,B 8 H MOt | gir-dried

. . air-
Figure 5.32 | Al-FAU(Na) Si, Al 1.7 Na gas hydrated

Figure 5.34 | AlI-FAU(Na) Si, Al 1.7 Na slurry wet

Table B.2: Structural and chemical characteristics of 'O isotopically enriched materials
presented in Chapter 5 of this thesis, ordered by thesis figure discussed.
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B.3 !"O-enriched Samples Chapter 6

Framework . .
Figure Material Composition | Si/X Extra-fra'mework Enrichment | Hydration

. Cation Method State

(Si, X)

Figure 6.1 Al-CHA(K) Si, Al 1.6 K PST air-dried

. AL-FAU(K)/ . o
Figure 6.9 ALCHA(K) Si, Al 1.6 K PST air-dried

Figure 6.10a,d | AI-FAU(Na) Si, Al 1.7 Na slurry wet

. . air-
Figure 6.10b,e | AI-FAU(Na) Si, Al 1.7 Na gas hydrated
Figure 6.10c,f | AI-FAU(K) Si, Al 1.7 K PST air-dried

Figure 6.11a,d | Al-CHA(K) Si, Al 5 K slurry wet

Figure 6.11b,e | SSZ-13(K) Si, Al 10 K slurry wet
Figure 6.11c,f | AI-CHA(K) Si, Al 1.7 K PST air-dried

. AI-FAU(K)/ . air-
Figure 6.12 ALCHA(K) Si, Al 1.6 K gas hydrated

. Al-FAU(K)/ . air-
Figure 6.13 AL-CHA(K) Si, Al 1.6 K gas hydrated

: AL-FAU(K)/ .
Figure 6.14 ALCHA(K) Si, Al 1.6 K slurry wet
: AL-FAU(K)/ .
Figure 6.15 ALCHA(K) Si, Al 1.6 K slurry wet

Table B.3: Structural and chemical characteristics of 'O isotopically enriched materials
presented in Chapter 6 of this thesis, ordered by thesis figure discussed.
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Appendix C

Diffraction Patterns of ADOR

Intermediates

C.1 ADOR Intermediates Produced from Standard Hy-

drolysis Reactions

PXRD patterns of ADOR intermediates produced from standard hydrolysis reactions per-
formed at 100 °C, with a solid : water of 1:200.

w‘j 8 hours
WA. ol hiours
l ANt -hu...ﬁn__ 1 hour
M 1 minute

JMR - SM

I
5 10 15 20 25 30 35 40
26 (°)

Figure C.1: PXRD patterns of ADOR intermediates produced from standard
hydrolysis reactions of different length, performed at 100 °C, with a solid : water
of 1:200.
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Appendix D

NMR Spectra of Ball-milled Ge-UTL

Materials

D.1 *’Si MAS NMR Spectra of Ball-milled Ge-UTL Ma-

terials

29Si MAS NMR spectra of intermediates formed through ball-milling of Ge-UTL with

water. Solid : water of 5:1.

4 hrs

N
I
(2]

20 min

SM

I T T 1
-80 -100 -120 -140
28i § (ppm)

Figure D.1: (9.4 T, 14 kHz) ?Si MAS NMR spectra of Ge-UTL ball-milled
with water (solid : water = 5:1) for varying amounts of time.
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Appendix E

{'TH}*”A1 MQMAS NMR Studies of
SS7Z.-13 Materials

E.1  {'H}*’Al MQMAS NMR Spectra of '’y -enriched

Materials

Le Bail fits for PST materials are presented; FAU-CHA PST FAU starting material (Fig-
ure F.1), FAU 3 day PST steamed material (Figure F.2), CHA 5 day PST end product

(Figure E.3).
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Figure E.1: (9.4 T, 14 kHz) {'H}?’Al MQMAS NMR spectra of '705g)-
enriched SSZ-13(X) materials. X = (a) H, (b) Na, (¢) K, (d) Cu, (e) Zn.

27Al 5, (ppm)
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E.2 {'H}* A1 MQMAS NMR Spectra of H;O Slurry

[d
Materials
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Figure E.2: (9.4 T, 14 kHz) {'H}?’Al MQMAS NMR spectra of H, !0 slurry
materials SSZ-13(X) materials, slurried with small amounts of 40% H,!7O for
330 days. X =(a) H, (b) Na, (¢) K, (d) Cu, (e) Zn.

27Al 5, (ppm)
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Appendix F

Le Bail Fits for PST Materials

F.1 Le Bail Fits

Le Bail fits for PST materials are presented; FAU-CHA PST FAU starting material (Fig-
ure F.1), FAU 3 day PST steamed material (Figure F.2), CHA 5 day PST end product
(Figure E.3).
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Figure F.1: Le Bail fit of FAU-CHA PST FAU starting material. Powder pattern
(black), background (green), fit (red) and difference (blue).
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Figure F.2: Le Bail fit of FAU 3 day PST steamed material. Powder pattern

(black), background (green), fit (red) and difference (blue).
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Figure F.3: Le Bail fit of CHA 5 day PST end product. Powder pattern (black),

background (green), fit (red) and difference (blue).
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Appendix G

Further 7O-enriched PST Materials

G.1 "0, -enriched PST materials

NMR spectra of natural abundance PST-synthesised materials are provided. 2°Si and 2’Al
NMR spectra for three-day FAU starting material, 2 day mixed phase PST intermediate
and 4 day PST CHA product are shown in Figure F.1 and Figure F.2, respectively.

I T T T T T 1 I T T T T T 1 I T T T T T 1
-60 -70 -80 -90-100-110 -120 -60 -70 -80 -90-100-110 -120 -60 -70 -80 -90-100-110 -120
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28 § (ppm) 28i & (ppm) 28 § (ppm)

Figure G.1: (9.4 T, 14 kHz) 2°Si MAS NMR spectra of (a-c) starting and (d-f)
170, g)-enriched materials for natural abundance (a,d) K*-exchanged FAU SM,
(b,e) 2 day PST intermediate phase and (c,f) 4 day PST CHA materials. Red
overlay corresponds to 'H?°Si CP NMR spectrum (5000 ps contact time).
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Figure G.2: (9.4 T, 14 kHz) 2’Al MAS NMR spectra of (a-c) starting and (d-f)
170, g)-enriched materials for natural abundance (a,d) K*-exchanged FAU SM,
(b,e) 2 day PST intermediate phase and (c,f) 4 day PST CHA materials.

G.2 H,YO0 slurry-enriched PST materials
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Figure G.3: (9.4 T, 14 kHz) 2°Si MAS NMR spectra of (a-c) starting and (d-f)
H, 70 slurry-enriched materials for natural abundance (a,d) K*-exchanged FAU
SM, (b,e) 2 day PST intermediate phase and (c,f) 4 day PST CHA materials.
Red overlay corresponds to 'H?’Si CP NMR spectrum (5000 s contact time).
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Figure G.4: (9.4 T, 14 kHz) 2’ Al MAS NMR spectra of (a-c) starting and (b-d)
H,!70 slurry-enriched materials for natural abundance (a,d) K*-exchanged FAU
SM, (b,e) 2 day PST intermediate phase and (c,f) 4 day PST CHA materials.
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