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ABSTRACT

Molecular sieves have been scientifically and industrially important materials since

their inception. These porous, crystalline networks of tetrahedrally coordinated atoms
bridged by oxygen are known for their extremely high surface area and low density, making
them excellent systems for catalysis. The framework of the AIPO, family of molecular sieves
is itself non-catalytic, but through heteroatomic substitution these materials can diversify into
the catalytically active silicoaluminophosphate (SAPO) and metalloaluminophosphate
(MAPO) families of heterogeneous acid and redox catalysts. Research into the methods by
which these substitutions occur, and the effects therein on the crystallization of the sieves, is
of great importance, as discoveries can lead to refined control over material property and

function.

To that end, this thesis is concerned with heteroatomic substitution in AIPO,
molecular sieves. SAPO-5 and MAPO-5 were chosen as model systems. Both the dry-gel
conversion and hydrothermal synthesis methods were used to produce crystallization
intermediates for study. Solid state NMR spectroscopy was used as the primary method of
investigation. The SAPO-5 study determined that the dry-gel conversion methods of steam
assisted conversion and vapour phase transport follow similar reaction pathways. After an
initial divergence caused by the lack of organic structure directing agent in the gel in the VPT
method, crystallization is similar between methods, and silicon incorporation results in two
populations of silicon sites. One is well incorporated into the framework, while the other
either represents reagent silica or dense silicon islands within the framework. The vapour
phase silicon uptake method provides a contrast to this data, producing a uniquely well-
incorporated silicon population (albeit with significantly less substitution). The MAPO-5

study, looking at manganese and iron substitution, showed that metal centers coordinate with

iv



phosphorous very early in the reaction, and are incorporated into the developing sieve before
any channels or framework structure are formed. It showed that the use of the hydrothermal
synthesis can be effective in capturing crystallization intermediates, and that the presence of

paramagnetic materials does not exclude NMR from being a vital source of information.

KEYWORDS: Molecular sieve, AIPO4, SAPO, MAPO, AFlI, dry-gel conversion (DGC),

hydrothermal synthesis (HTS), heteroatomic substitution, crystallization.
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CHAPTER ONE
Thesis Introduction

1.1 Overview
Microporous materials are crystalline systems which possess a regular network of

channels or pores. Figure 1.1 describes some common microporous materials. They
typically have very low densities and high surface areas as a result of their porous or
channeled nature. This also explains their usage in the physisorption of gasses and other
small molecules, as these can fit and travel within microporous channel networks.*® The
shapes of the openings which define these pores can restrict certain molecular shapes,
sizes or configurations from entering the system in a form of shape selectivity. These
features make molecular sieves widely useful in the fields of separation and
heterogeneous catalysis.’”™

Only valences of elements which are stable in a tetrahedral coordination can be
located in a microporous framework due to the geometric constraints of their bond
lengths and angles. The largest and currently most well-studied group of microporous
materials are the aluminosilicate zeolites.'>*? Types of these materials are found at small
abundance naturally in the earth’s crust and many have been made synthetically, as have
some novel zeolitic structures.

Zeolites, being made of a network of tetrahedrally co-ordinated aluminum and
silicon nuclei bridged by oxygen atoms, carry overall negative charges, and so can be
loaded with protons to perform acid catalysis. Depending on the type of elemental
substitution, molecular sieves with variable, predictable and tunable catalytic sites are

achievable. Efforts have been made to produce sieves able to participate in acid/base and



redox catalysis.** ** A working knowledge of the methods of elemental substitution that
take place during a sieve crystallization is required for the production of shape selective,
heterogeneous catalysts that have tunable catalytic properties, and that endeavour is the

focus of this thesis.
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Figure 1.1: A comparison of the pore opening sizes of some
common frameworks, labeled with the standard three-letter
code.?
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1.2 Primer on the Field of Zeolitic Materials

1.2.1 Natural Zeolites: Discovery and Prevalence
Axel Frederik Cronstedt, a Swedish mineralogist, is credited as the discoverer of

the aluminosilicate zeolites." Further proof of these remarkable structures came with the
advent of X-ray diffraction techniques, with the first zeolite structure being solved in the
1930’s.1® At that time, the world knew that microporous materials could be used as
molecular sieves in applications of ion exchange and molecular storage, and that their

synthesis was poorly reproducible and they were difficult to find in abundance in the



earth’s crust. Zeolite minerals can be found in great abundance in sedimentary rock."
Large zeolite deposits have been discovered in the United States of America, Japan, Italy,
the Indian subcontinent, and many other locations around the world. The most commonly
mined zeolite minerals are clinoptilolite, mordenite and chabazite. In 2010, 2.75 million
metric tonnes of zeolite minerals were mined from the earth and processed for sale. At
prices ranging from $70 to $120 per metric tonne depending on the grade and type of
zeolite in question, the global market for naturally occurring zeolites represents between

192 and 330 million dollars annually.*®

1.2.2 Richard Barrer: The Father of Modern Zeolite Science

The contributions Richard Barrer made to the field of microporous material
synthesis and development have gone unmatched in its entire history. Barrer first
recognized that zeolites could be used for gas storage, one of their most important and
definitional uses.'® His early work pioneered the classification of zeolitic materials on the
basis of their pore size. He was the first person to report a reliable synthesis of a natural
zeolite. He published frequently throughout his career on a wide range of subjects
pertaining to the microporous sciences; synthesis gel chemistry, diffusion in solid
systems, molecular sieve adsorption, etc. Most importantly he managed to determine and
characterize how alkylamines and alkylammonium salts can be used as space filling
agents, structure directing agents and templating agents in the laboratory synthesis of
zeolites.?® This finding made it possible to create new zeolite frameworks that did not
exist in nature. The benefits of this discovery extended beyond aluminosilicates.

Nitrogen-containing organic complexes are used commonly today in a far broader



collection of microporous material syntheses. Furthermore, his discovery of facile
synthetic routes to materials with industrially important abilities changed molecular
sieves from a field of niche interest to one of significant academic and industrial

importance.

1.2.3 Structural Building Units, Topology Codes, and the I1ZA
Without a standard method of classification, porous material scientists would

have had a hard time keeping up with the expansion and development of zeolites that has
occurred over the past ca. 70 years. Definitions and designations for new materials were
beginning to become splintered. For instance, it became common in the Union Carbide
laboratories to assign names to their materials that reflect their compositions (e.g. SAPO
= Silico-Alumino-Phosphate, MAPO = Metal Alumino-Phosphate) along with a number
to differentiate between structure types (SAPO-5, SAPO-11, SAPO-34, etc.). Elsewhere,
novel materials were named based on the laboratories or individuals responsible for their
discovery (VPI-5 = Virginia Polytechnical Institute, ZSM-11 = Zeolite Socony Mobil,
ZK-4 = Zones-Kerr). To avoid confusion in future publication, a common language was
needed when referring to these materials. To begin describing such complicated
structures, first they must be broken down to their least complicated common structural
building units (SBUs).

Connecting simple SBUs together and arranging them in certain fashions can
result in the creation of more complicated SBUs, and further to complete topological
motifs. For example, Figure 1.2 shows a primitive cubic arrangement of sodalite ()
cages (truncated octahedra) separated at their square windows by double-4 rings (d4R,

cubes) produces the LTA (a) cage, the descriptive constituent of the LTA topology,



which many zeolites and other molecular sieves adopt. SBUs differ from crystallographic
unit cells in that repeating an SBU along with a translation in any crystallographic
direction will not commonly reproduce the desired structure. It is the orientation and
connectivity of multiple SBUs that produce a unit cell. When one of these is discovered
and proven to be unique, it is given a three-letter designation, or topology code. Multiple
different materials can have the same topology, differing in the constitution or proportion
of the framework elements. These topologies are recognized, documented and officially
assigned by the current reigning body in zeolitic science; the International Zeolite

Association (1ZA)?, which has held that position for the past ca. 50 years.

LTA (o) cage

Sodalite () cage

LTA Topology

Figure 1.2: An LTA cage formed by the cubic arrangement of sodalite cages separated
by d4R rings.

1.2.4 Novel Methods of Zeolite Synthesis

The first zeolitic syntheses, attempting to produce natural materials, were done
using a large volume of water as a solvent. It was found that a nutrient gel containing
oxides of desired framework constituents and water, given enough time, heat and

pressure, would form relatively simple zeolitic structures. The complexities of potential



synthetic zeotypes were expanded with the introduction of organic structure directing
agents (SDASs).

The addition of organic species to the nutrient gel provides a template over which
the framework can grow. Without actually joining into the framework, these species have
a marked effect on structure, regardless of their involvement in direction. It is believed
there are three methods by which an organic species can direct zeotypical structure.?? The
first has the SDA acting as a space-filling agent. It serves to prevent water from filling
the framework voids in a developing sieve. An important feature is that one space-filler
can direct for multiple different structures, and there is no direct connection between the
species and the formed framework. A “true” SDA is similar to a space-filling agent in
every way except that one SDA will only direct for one structure. This exception is also
true for “true” templates, with the added condition that there must be some shape
similarity between the template and the eventual shape of the framework. The terms
space-filling agent, structure directing agent, and template are often used interchangeably
in the literature. With Barrer’s innovation of using quaternary amines as SDAs, the began
to serve a second purpose: altering the pH of the starting gel.

It has been demonstrated that water is essential to sieve synthesis. However,
progress has been made using non-aqueous solvents in similar conditions. These solvents,
typically alcohols or ionic liquids, provide interesting systemic properties. For instance,
using ethylene glycol as a solvent instead of water, Venkatathri was able to synthesize
SAPO-35 with a higher level of silicon substitution than had been previously reported.?

Using imidazolium-based ionic liquids, Recham et al. were able to synthesize lithium and



iron-substituted aluminophosphates crystals in record sizes, sought after for their

potential usage in lithium-ion battery technology.?*

The addition of fluoride ions to zeolitic syntheses has many effects. It can assist in
the breaking of starting material T-O-T bonds through acid hydrolysis (being that a
common source of fluoride is hydrofluoric acid), mineralizing the desired framework
elements and preparing them for reaction. Fluoride has also been used successfully in a
structure directing role. It can corral charged organic SDASs into their proper location
within the framework. It can also serve more directly in structure direction. Most
specifically, the fluoride ion is known to direct for d4R SBUs in many different systems
(AIPO,, GaPO,, etc.).* %

By a wide margin, the most popular and well-documented methods of sieve
synthesis are hydrothermal synthesis (HTS) and dry-gel conversion (DGC). These

methods will be discussed in detail in a following section.

1.3 Aluminophosphate (AIPO,) Molecular Sieves
Elemental substitution of silicon for phosphorus is, ignoring topology, what

distinguishes a zeolite from an AIPO,. Further substitution led to the development of
SAPO and MAPO sieves, the focus of this thesis. To provide a simpler background of the
synthesis, development and chemical bonding nature in these materials, they will be
explained in terms of the AIPO, systems in this section, and special details about
elemental substitution and application of the materials made in this thesis will be

provided in the next section.



1.3.1 Comparison of Zeolite and AIPO, Systems
There are a number of consequences to using aluminophosphate instead of silica

or aluminoilicate in framework systems which are very important to note. In synthesis,
zeolites tend to form from more basic pHs (8-12), while mild acidity or basicity more
often lead to successful AIPO, syntheses (6-8). Low-pH syntheses tend to form dense
AIPO, phases. The source of aluminum for both systems tend to be hydroxides (e.g.
pseudoboehmite), and in AIPO, systems the overwhelming majority of syntheses use
orthophosphoric acid as a source of phosphorus. This combination tends to keep the pH
around neutral. In zeolites, the use of various forms of silica instead (fumed, colloidal,
etc.) means that the reaction gel becomes more basic than would be good for an AIPO,
synthesis.”” Another factor in determining the reaction pH is the use of a template, which
tends to be a tertiary alkylamine or quaternary alkylammonium species for both cases.
Zeolites have a negative framework charge, and so are readily useful as acid
catalysts, while AIPO, sieves are neutrally charged and must be further modified to
display framework catalytic ability. Directly after workup, however, both material types
will tend to have their channels filled with organic structure directing agents from the
synthesis. The SDA serves a multi-pronged purpose in both cases. They fill pore voids,
adding to the stability of the crystallite, balance framework charge, as well as manage the
pH of the solution, as was previously mentioned. AIPO,s, being one of the first
modifications on naturally-inspired zeolites, serve as an excellent base when attempting
to model and study elemental substitution in frameworks. Over 25 elements have been
successfully substituted into AIPO4s?’, representing a large number of publications and a

diverse family of materials with varied abilities over the past ca. 30 years.



1.3.2 Restrictions on Connectivity in AIPO,s
Crystalline AIPO4s will have a strictly alternating network of aluminum and

phosphorus oxide tetrahedra. This protects the charge neutrality, as well as prevents the
incidence of AIl(I11)-O-Al(Ill) bridges, which are unstable arrangements due to charge
repulsion (a restriction known as Loewenstein’s rule).” P(V)-O-P(V) bridges are also not
present, this arrangement is energetically unfavourable, and does not exist in a crystalline
AIPO,?® As such, the Al/P atomic ratio of any pure AIPO4 will be fixed at 1. This fact
can be used to determine the degree and type of elemental substitution that takes place
when trying to create SAPO or MAPO systems, as will be shown below. Another
consequence of these rules is that AIPO, sieves will only possess even-numbered rings

and pore openings.

1.3.3 Crystallization of AIPO, Molecular Sieves
Studying HTS reactions, a great deal of information has already been obtained

about the crystallization of AIPO4 molecular sieves. Many aspects of the crystallization
procedure are shared between different porous materials such as zeolites and AIPO,s.
There appear to exist three different stages of crystallization in a zeolite system:
induction, nucleation and propagation.”® Materials progress through these steps from
amorphous gels to crystalline structures as can be observed via powder XRD.

The induction period of molecular sieve crystallization is defined as the time
between the start of the reaction and the first moment at which crystalline material can be
detected using XRD. Materials collected during this time will appear to be amorphous
using XRD by definition. During this time, the oxide form of desired framework

elements are hydrolyzed and made available for eventual transition into the crystalline
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framework. Equilibria are established between solutions of framework constituents and
semi-organized phases of different degrees of order that will become the framework.
These phases form under the influence of the organic structure directing agents or
cations. When enough highly ordered framework pieces join together, small seeds for the
framework are formed that can be detected by XRD, and the crystallization enters the
nucleation phase.

Nucleation is a more difficult phase to define, in that during this phase there is a
constantly shifting equilibrium between semi-ordered and ordered crystal structure.
Oxygen bridges between framework tetrahedra in the proper crystal structure and
improper, disordered structures are constantly being made and broken. The difference is
that in this phase, the reaction equilibrium begins to shift toward crystal nuclei that have
sufficient 3-D ordering in order to propagate into the eventual framework structure. Once
this occurs, the rapid phase of crystal propagation begins. By this stage, the crystal unit
cell has been laid out, and crystals grow very quickly in three dimensions for as long as
sufficient reactive framework nuclei exist inside the reaction solution.

Propagation is the final stage in sieve crystal growth. In this stage, new
framework tetrahedra are attracted to sites on crystal nuclei to which multiple
attachments can be made. The bulk of the change in crystallinity can occur in a
surprisingly short window of time, which is the reason it can be difficult to collect
crystallization intermediates for study. As more nuclei aggregate and the nuclei
themselves grow, the crystalline sieves become larger. Crystallinity will cease to increase

once the concentration of precursor has dropped.
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Figure 1.3: A proposed model for the DGC crystallization of an AFI framework. a) An
amorphous collection of pre-framework molecules organize around the organic SDA. b)
Layers of these precursors form atop one another, condensation reactions link them together.
¢) The sieve pore systems become apparent, further condensation finalizes the sieve®.

The actual method of transport of framework tetrahedra to their spots in the
crystal lattice on a crystal nucleus is a matter of some debate.® It is thought that this
could occur via the diffusion of tetrahedral species in solution, or that a dense gel could
reorganize itself into a low-density phase without the use of solution phase diffusion. A
combination of these two pathways is a third possibility.

AIPO, family sieves have a few subtle differences in crystallization from zeolites,
and are not studied nearly as well.*® ** The aluminum oxide in the reaction gel appears to
react with phosphoric acid to form an amorphous or layered aluminophosphate phase.

The possibilities are similar to those in zeolites, either the solid phase rearranges as the
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crystallization proceeds or framework components dissolve and reorganize in that
manner. Organized by the SDAs, building units or chains can be brought into close

enough proximity to condense into sieve systems as well.

1.3.4 The Dry-gel Conversion Process
Another method of synthesis used in this thesis was dry-gel conversion.* In this

method, a solid precursor gel is subjected to heat and autogeneous pressure inside an
autoclave. A small amount of water is also in the autoclave, physically separated from the
dry-gel. The water vaporizes and saturates the reactor, including the gel itself, throughout
the reaction. This simplifies the reaction when compared to a similar HTS, as the reagents
are in very close contact and need not find each other in solution in order to begin to
react. DGC reactions require less solvent than HTS, and the products of a DGC reaction
require far less workup than those for a HTS, making DGC a research-friendly method of
sieve synthesis. In reality, the term "dry-gel™ is a misnomer: the gel is usually at least half
water by mass.

Three distinct methods of DGC were used in combination in this thesis. The first,
steam assisted conversion (SAC), has all reagents for the desired sieve inside the dry-gel.
The second, vapour phase transport (VPT), changes the position of the organic SDA from
the dry-gel to the water in the autoclave. Upon heating, the SDA vaporizes along with the
water and condenses on the sieve. The third method, called vapour phase silicon uptake
(VPSU), removes the source of the desired substitution element (silicon, in this case)
from the dry-gel. Instead, TEOS is added to the water in the autoclave, and it condenses
on the dry-gel through the course of the reaction. Studying the incorporation of silicon

from a different source provides the ability to compare and contrast multiple points of
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entry for a desired framework element. All three methods possess the common benefit
over HTS in that a reaction can be reliably halted by quenching the reactor in cold water.
There is no reason, however, to assume that the crystallization mechanisms at play in a
HTS reaction would be different from a DGC, as both require oxide species to be
solubilised before reaction occurs. The only difference, essentially, is that the reagents
would be at a much higher concentration within that solvent in a DGC reaction. An
explanation of crystallization that works for DGC would likely apply to HTS, keeping in
mind this difference in concentration. A proposed dry-gel crystallization is shown in

Figure 1.3.

1.4 Si- and Transition Metal-Substituted AIPO, Sieves

1.4.1 Substitution of Silicon and Transition Metals into AIPO,
Sieves

There has been a considerable amount of work done to look into heteroatomic
substitution into AIPO,s. The nature of the atoms and the method of substitution that
occurs have a direct effect on the catalytic activity of the sieve, and so this process is one
of the main focuses of this thesis. Acknowledging the fact that a pure AIPO4 would have
a l:1ratio of Al : P, elemental analyses can be easily interpreted into information about

what kind of substitution has occurred over the course of a crystallization.
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Figure 1.4: An AIPO, framework undergoes three different methods of heteroatomic substitution®.

Silicon substitution in AIPO, sieves has been found to follow any combination of
three distinct mechanisms, labeled SM1, SM2 and SM3, shown in Figure 1.4.3 * In
SM1, one silicon atom will take the place of one aluminum atom in the tetrahedral
framework. In SM2, silicon replaces phosphorus. In SM3, two silicon atoms will take the
place of an adjacent aluminum and phosphorus pair in the framework. These mechanisms
are observant of the final state of the sieve, i.e. they do not describe how the substituting
atom got to its place in the framework. That is not to say that they are not helpful
descriptions. For instance, SM1 substitution produces energetically unfavourable Si-O-P
bridging units. As such, this substitution mechanism is unlikely in SAPO systems. SM2
is the preferred method of silicon substitution. This method leads to the presence of Q°

silicon nuclei (Q", a notation where n = the number of silicon atoms in the second
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coordination sphere from the silicon nucleus in question. These nuclei are distinguishable
via NMR). This substitution will upset the charge neutrality of the AIPO, framework,
producing bridging hydroxyl groups that act as Bronsted acid sites. SM3 substitution
causes the development of silica islands within a framework.

Transition metal substitution in AIPQ,s, forming the MAPO family, is less well
studied than silicon, but the number of publications regarding it has increased in recent
years.>>*? Interest has peaked due to the fact that MAPO sieves can be used as shape
selective heterogeneous redox catalysts. Transition metals with a 3+ oxidation state will
tend to take the place of aluminum atoms in the developing framework. When in the +3
state, the MAPO framework is charge neutral. Reducing the metal center produces a site
with an overall negative charge that can support a Bronsted acid site, much in the same
fashion as in similar SAPO sieves. This potential dual catalytic activity is currently the

subject of much study.

1.4.2 Applied SAPOs — Heterogeneous Acid Catalysis
Four different methods of catalytic selectivity are available to sieve catalysts.

41
First, the pore openings may have such a shape or size that prohibits the entrance of one
reagent while allowing another via sterics. Second, the openings or channels may be of
such a shape that does not allow certain reaction products to exit the sieve. In this way,
the reaction will convert products between isomers until the one that has proper geometry
to exit is able to do so. Third, the geometry in the pore system may disallow certain
transition states in a reaction, and so direction of that reaction can be controlled in that

fashion. Fourth, unique from the first three, is the idea of molecular traffic control. A

sieve with a two-dimensional channel system may allow reagents to enter through one
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channel and exit through the other, with catalysis occurring at the channel intersections.
This feature keeps the catalytic sites inside the sieve accessible, and increases the
turnover rate of the catalyst.

The acidic sites in SAPO sieves resemble those which exist in zeolite syntheses.
Si-O-Al bridging units present in the sieve will attract positively charged guest molecules
in order to balance the framework charge. These cations (commonly alkylammonium
SDAs or alkaline/alkali earth metal cations) can be ion-exchanged for protons, producing
the acid catalyst form of the sieve. This form of site creation produces Bronsted acid
sites. The deprotonation of this site or the loss of the bridging hydroxyl group can

produce a Lewis acid site.

1.4.3 Applied MAPOs — Heterogeneous Redox Catalysis
Redox catalysis using sieve systems is a goal that the field has been reaching

toward for some time. Particularly the laboratory of Robert Raja has been paying special
attention to molecular sieves applied as redox catalysts.**** Transition metals substituted
into AIPO, sieves are well studied because of the potential for redox chemistry to occur
without destruction of the framework, resulting in a shape selective, heterogeneous redox
catalyst. It has been shown, in addition, that an observable colour change in the samples
can be used as an indicator of oxidation and reduction of the tetrahedrally coordinated
framework transition metals.***° As a direct result, MAPO systems of various topologies
and substituted using a wide variety of transition metals have been studied for their
potential as redox and acid catalysts.*”>* The development of this class of materials has

opened the door to a new application, and this serves as an example of the potential that
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investigation of crystallization and substitution in molecular sieves has to expand the
utility of these special materials.

Molecular sieve catalytic oxidation, by way of an instructive example, can be
carried out via a free-radical pathway.> A metal center in a MAPO sieve can be oxidized
and accept a hydroxyl group from an oxygen donor species (alkylperoxy species in this
example, also hydrogen peroxide) producing an alkoxy radical intermediate. Reaction
with a second oxygen donor species reduces the metal center back to its original
oxidation state, producing H,O and an alkylperoxy radical. These radical species can then
go on to oxidize targeted reagents into desired products. The process is summarized in

the equations below:
RO,H + M" > RO« + M"'OH
RO,H + M"'OH > RO,¢ + M" + H,0
ROe + R'H > R’s + ROH
RO, + R'H > R’ + RO;H

The use of the tetrahedrally-coordinated framework metal center M facilitates this
process and increases the turnover rate of the catalyst. This, combined with the
aforementioned shape selectivity of the molecular sieve, makes for an extremely efficient

heterogeneous catalyst system.
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1.4.4 Accomplishments to Date in Substituted AIPO, Sieves
Owing to their promising abilities and relatively simple synthesis, a good deal of

research has been done to study substituted AIPO, sieves of various kinds. For instance,
low or poor silicon incorporation has shown to produce acid catalysts with only slightly
acidic character. As such, efforts have been made to increase the overall concentration of
acid sites in the sieve, i.e., the number of incorporated silicon nuclei, without producing
large silica islands. It has been shown that methods which slowly make available silicon
nuclei for incorporation can achieve this goal.*®

The maximum heteroatom substitution possible into an AIPO, framework is
constantly being improved upon. All-silica systems, isostructural with certain AIPO4s not
inspired by zeolites, have even been synthesized (these species are useless as acid
catalysts, but are an interesting point of research nonetheless).”” Increasing the amount of

silicon substituted into an AIPO, framework without creating dense silica phases is a

persistent goal in the porous material sciences, and the record varies between materials.

1.4.5 Deficits in Substituted AIPO, Research

For all the work that has gone into studying AIPO, sieves and their substituted
counterparts, there still remain several questions to be answered. A great deal of
publications have been put forth that study sieves crystallized hydrothermally to
completion, paying special attention to their thermal stability, decomposition and/or
catalytic activity. Even when synthesized using the DGC method, studies on sieves focus
on finished crystals and their properties, and comparing these results to similar sieves

synthesized via HTS. This information is valuable for the application of these materials in
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industry, but does not offer insight into how the sieves came to be in the first place, and a
comprehensive knowledge of this process is quite valuable.

Using the dry-gel conversion method, crystallization intermediates for study are
easy to synthesize reliably. This means that snapshots of a crystallizing sieve can be
taken, and using various characterization techniques (most notably solid state NMR
spectroscopy) data can be obtained that paint a picture about how these complicated
crystallizations occur. This information could be used to develop methods of control over
very precise sieve characteristics: their size, shape, and the amount and type of catalytic
sites that exist within them. These types of studies are underrepresented in the literature,

despite their evident value as research tools.

1.5 Thesis Motivation and Outline
The goal behind this thesis was to develop a method of studying the

crystallization of molecular sieve systems. A fully realized, standard method of
investigation would lead to a clearer picture of the crystallization process; the role and
contribution of every variable within the reaction. Familiarity with the origins and
development of such complicated structures will lead to the future ability to control the
shapes, sizes and catalytic properties (in other words, the functions) of microporous
materials.

While the performance of molecular sieves of many kinds are well studied and
detailed in literature, the happenings during the crystallization of these materials are
under-represented. Specifically, in the field of aluminophosphates and their substituted
forms, information within the scientific community about exactly what goes on while

these materials form is spotty at best. The dry-gel conversion method provides a unique
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opportunity while studying molecular sieve crystallization: the same mechanisms are
likely at play as during a HTS reaction, however it can be reliably halted to obtain
crystallization intermediates for study. In this way, through multiple characterization
techniques but spearheaded by solid-state NMR, snapshots of the reactions at different
times can be used to show how sieve formation occurs, and this information can be used
to develop control over these complicated systems.

To that end, the works behind this Master’s thesis will be presented as follows.
After an overview of the experimental methods commonly used in the projects is
described in chapter two, studies on three different heteroatomlically substituted
molecular sieve systems will be presented. Chapter three details the results of attempts to
study the crystallization and silicon substitution into the aluminophosphate AFI
framework synthesized via three variations of the dry-gel conversion method. Chapter
four reports on the results of the hydrothermal synthesis of two transition-metal
substituted aluminophosphate AFI, again paying attention to sieve substitution. Chapter

five summarizes the thesis and makes suggestions for future work.
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CHAPTER TWO
Experimental Details

2.1 Overview
The goals of the projects described by this thesis required an adaptable but well-

outlined system of synthesis and characterization. This chapter provides information on
some common experimental details. It provides background information on the
hydrothermal synthesis (HTS) and dry-gel conversion (DGC) methods of molecular
sieve synthesis as well as some common methods of sieve characterization: powder X-ray
diffraction (XRD) and solid state nuclear magnetic resonance spectroscopy (SS-NMR).
Project-specific details on sample and data collection can be found at the outset of each

chapter.

2.2 Molecular Sieve Synthesis
Hydrothermal synthesis’® (HTS) is a common method of molecular sieve

synthesis. In this method, sources of all desired framework elements (Al, P, Si, transition
metals, etc.) are added together with water and homogenized into a gel. Also present in
the gel is an organic structure directing agent. Aluminophosphate-based sieves tend to
form more effectively from gels that are mildly acidic. When the gel is well
homogenized it is added to a TEFLON lined autoclave and heated to the required
temperature for the required time. After the reaction, the gel must be washed and the

product isolated from the solution before it can be characterized or used.
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Dry-gel conversion*® (DGC) was also used for some synthetic work done in this
thesis. Three variations of DGC were used. First, steam-assisted conversion (SAC),
where the dry-gel contains all precursor species and the steam source is only water.
Second, vapour-phase transport’ (VPT), where the SDA is in the lower cup and only
contacts the dry-gel during crystallization. Lastly, a third configuration, less well-studied,
where the silicon, in the form of tetraethyl orthosilicate (TEOS), is found in the lower
cup, and the dry-gel is devoid of silicon.? Over the course of the crystallization, the TEOS
boils and travels to the developing framework in the dry-gel by the fashion of vapour-

phase silicon uptake (VPSU).

a)

Water, precursor gel

Water

Dry gel
(without SDA) Water,
TEOS

Dry gel
(without Si)
Water, SDA

Figure 2.1: Drawings of autoclave reactors set to perform a) HTS, as well as three variations on the
DGC method, b) SAC, c¢) VPT and d) VPSU.

A typical dry-gel synthesis and sieve crystallization proceeds as follows.® X An
appropriate amount of aluminum source (typically alumina or aluminum hydroxide) is
stirred in water to obtain a homogenous suspension. Phosphorus, usually in the form of

orthophosphoric acid, is then slowly added to the mix and stirred vigorously (at this stage
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the syntheses of different DGC dry-gels (SAC, VPT or VPSU) differs, the description
will continue assuming SAC conditions). Colloidal silica is then added drop-wise as the
mix continues to stir. The organic SDA is then added and the mix is placed in an oil bath.
Gentle heating (ca. 120°C) is employed to remove excess water, and the mix is manually
stirred and heated in an 80°C oven until a white solid is obtained. The solid is ground to a
powder and used as the precursor gel in crystallization reactions inside of stainless-steel
autoclaves, described in Figure 2.1 (in the case of VPT or VPSU, the sources of SDA or
silicon, respectively, are not added to the dry-gel mix, and are instead added to the lower-
cup steam source later on).

Typically, 1.00 g of precursor gel is placed in the TEFLON inside cup of the
autoclave assembly. The noted amount of water (along with SDA or TEQOS, as is
necessary) is added to the TEFLON outside cup of the same assembly. The autoclaves
are sealed and heated at various temperatures for various times. When removed from the
oven, the autoclaves are quenched in cold water to stop the reaction. When necessary
(e.g. for SEM characterization) the sieves are washed multiple times with deionised

water.

2.3 Powder X-ray Diffraction (XRD)
The nature of many solid-phase syntheses is such that the reactions occur over

relatively long time spans. With a large volume of samples, a rapid, reliable method of
characterization and quality assurance was desirable. This method would also have to be

useful for powdered, solid samples. This was done using powder X-ray diffraction.****
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X-rays can be diffracted in the same way that visible light is diffracted by a
physical grating. Being of a shorter wavelength, X-rays require a finer grating than
visible light in order to be diffracted, and the periodic nature of electron density in a
crystalline sample fills this requirement perfectly. Powdered samples can be thought of
as a population of micro-crystals in an infinite number of orientations. When bombarded
with X-rays, at appropriate angles constructive interference will occur between waves
reflecting off of layers of atoms in the sample. The specific angles are dependent on the
crystal structure and reveal some important structural information, specifically, the
spacing between defined lattice planes (known as Miller indices) as described by Bragg

diffraction® illustrated in Figure 2.2.

100

nA = 2dsin6

Figure 2.2: a) Bragg’s Law. Constructive interference will occur at angles 6 where AB + CD = nl.
b) Miller indices displayed on a hypothetical cubic unit cell.

Single crystal X-ray diffractograms can be interpreted into precise spatial
information about the unit cell and atomic movement within solids. XRD information can
be used for structural determination. However it is much more common in microporous

1.1 The heights and positions of reflections

materials to use XRD as a fingerprinting too
are indicative of particular framework topologies. These fingerprints have been verified

and indexed with a high degree of discrimination, and so a sample whose diffractogram
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matches that of one from an index (e.g., the ones provided by the International Zeolite
Association'” synthesis commission) will possess the same framework. For the purposes
of this study, XRD was also used as it has been in the past to monitor and roughly
quantify the progress of crystallization reactions from amorphous dry-gel powder to
highly order molecular sieve, and through any layered intermediates that may exist in
between.

It is crucial at this point to clarify that although XRD is one of the most frequently
used methods of characterization in this work, its usefulness ends at verifying the
framework of a given sample. Central to the experiments described here is the concept of
heteroatomic substitution into these frameworks. A fully-crystallized SAPO-5 molecular
sieve would have an identical X-ray diffractogram to its AIPO4-5 cousin, and so XRD is

less effective for monitoring incorporation.

2.4 Solid State Nuclear Magnetic Resonance Spectroscopy (SS-NMR)

2.4.1 Overview
Table 2.1: Relevant NMR parameters.

27 29 . 31
Isotope Al Si
Spin, | 5/2 1/2 1/2
Abundance (%) 100 4.7 100
Gyromagnetic Ratio, y 6.976 5319 10.839
(10 rad/s*T) ' ' '
Larmor Frequency @ 9.4
T,v. (MH2) 104.308 79.468 161.924
Quadrupole Moment
(Barns) 0.15 0 0
Reference Material AINO ). | CpHygeSis (TTMSS) | HPO4NH, (ADP)

The phenomenon of nuclear magnetic resonance (NMR) has been exploited in the

fields of chemistry, particle physics, and medicine for roughly 75 years, and in that time
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NMR has made large contributions to modern science.'®?* Central to the concept is the
fact that NMR active nuclei possess spin and charge, therefore also possessing
magnetization vectors. The Z components of these vectors will align with or against a
stronger, external magnetic field, By, such as the ones produced by the electromagnets
inside NMR spectrometers. This has the effect of splitting the energy levels of these
once-degenerate magnetizations into 21 + 1 non-degenerate states, as seen in Figure 2.3,
where | is the spin of the isotope in question. NMR parameters relevant to this study are

summarized by Table 2.1.%

B,=0 B, # 0

i i 172 Bo
—::: Alz = “.’hB(I #
-m Bulk Magnetic
1/2 Procession

Figure 2.3: A small population difference in nuclear spin states, described by a
Boltzmann distribution, is the cause of the precessing bulk magnetization with
which the applied B, pulse interacts.

2. 2 3 small population

The basic principle of NMR is explained as follows:
difference exists between nuclei whose magnetization z-components are aligned with and
against the external field, resulting in a net or bulk magnetization, as seen in Figure 2.3.

This magnetization vector will precess around the applied field at a given frequency, vy,
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the Larmor frequency, and electromagnetic radiation of the same frequency can be used
as a probe for this magnetic environment through nuclear magnetic resonance. This
frequency depends on the strength of the external magnetic field as well as a property of
the nucleus known as the magnetogyric ratio, y. Subjecting a population of spins in the
sample to a source of radiation of the same frequency (“pulsing the sample”, typically the
frequency is in the MHz range) can exert torque on the bulk magnetization vector of the
sample. When the pulse ends and the vector relaxes to its equilibrium state, its motion
can be characterized and interpreted into important information about the magnetic and

structural environment of the nuclei under study. This is because the nuclei are under the

influence of spin interactions, described in Table 2.2.2%
Table 2.2: Descriptions of Nuclear Spin Interactions.
Interaction Strength (Hz) Description
Zeeman 10° - 10° Interaction between the external magnetic
field and the bulk magnetization.
Dipole coupling 10%-10° Interaction between two nuclei through
space.
Quadrupole coupling 10% - 10° Effect of the electric field gradient for non-
spin-1/2 nuclei.
Spin coupling 1-10° Interaction between two nuclei through
bonds.
Chemical shift 10%-10° Nuclei are shielded or deshielded from the
external field by circulating electrons.

2.4.2 Solid-State Versus Solution Phase NMR
The molecules in solids are far less mobile than those in solution, and so the

directional nuclear interactions that make solids so difficult to characterize in solution
conditions are averaged out to zero or to their isotropic values via molecular tumbling

over the timescale of the NMR experiment. In solids, high signal resolution is difficult to
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achieve, even in the best cases, but the situation can be improved by a number of
different means, for instance by employing stronger and stronger external magnetic
fields, using signal-boosting pulse sequences, or by subjecting the sample to magic-angle

spinning (MAS)*.

Figure 2.4: NMR rotor with internuclear vector rs defining angles 0,8 and y. By coincides
with the laboratory z-axis.

The mathematical treatments of many of the aforementioned nuclear interactions,
most significantly dipolar and chemical shift interactions, all possess a common
directional dependence. For instance, in the case of the dipole-dipole interaction, the
internuclear axis forms the angle 6 with the laboratory z axis. To employ MAS, the
sample is packed into a ceramic NMR rotor. This rotor sits in the NMR probe inside a
stator at a specific angle, B, with respect to the lab-frame z-axis, called the spinning
angle. A third angle, y, is defined between the spinning axis and the internuclear axis.
Over the course of a rotation, the value of 6 will oscillate between f — ¢ and § — . The
now time-dependant value of 6 becomes directly reliant on a modifiable experimental

variable, the angle B. This treatment is illustrated in Figure 2.4. When set to 54.74°, the
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magic angle, the directional components of most internuclear interactions become 0, and
so the dipole and (1* order) quadrupole interactions are eliminated and chemical shift and

spin-coupling are reduced to their isotropic values, as shown below:

Heteronuclear Dipolar Broadening:
1
v=v, + ED(l — 3co0s%0)

Chemical Shift (axial symmetry):

(3cos?6 — 1)
Ozz = Ojso T (0// - O-iso) f

1% Order Quadrupole Broadening (axial symmetry):
) 1
st _ (2€Q _Z 29 _
Wi —(2 )(m 2)(3cos 6—-1)
Under Fast MAS:
1
3cos?0 —1 = E(Scosz,/j’ —1)(3cos?y — 1)

When 3 = 54.74:
3co0s’0—-1=0

...where v is the experimental frequency, v, is the resonance frequency absent

dipolar coupling, D is the dipolar coupling constant, 6, and o, are components of the

1st

CSA tensor and ojs is the isotropic CS constant, oy is the 1% order quadrupolar

frequency for an mth-energy level transition and wq is the quadrupole frequency.
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2.4.3 NMR experiments

2.4.3.1 The One Pulse MAS Experiment with Decoupling and the
Spin Echo

The one pulse or simple MAS experiment®® with decoupling is a two-channel
pulse sequence illustrated in Figure 2.5. On the observed channel, a pulse is applied to the
sample. This exerts torque on the bulk magnetization aligned with the laboratory z-axis,
tipping it into the x-y plane, and so is called a 90° or a /2 pulse. As soon as the pulse
ends, the bulk magnetization begins to relax back to its equilibrium value, recorded in a
free induction decay (FID) graph, which is Fourier-transformed into a NMR spectrum.
The mechanics of this relaxation are sensitive to the type of nucleus under study and its

environment in the sample.

90° 90° 180° Spin-Echo
X MAS X CP X
Contact
€—>c——>
T T
H 'H 20 'H
'H Decoupling Contact | 'H Decoupling 'H Decoupling

Figure 2.5: Schematic diagrams of NMR pulse sequences used in this thesis.

The strength of the dipolar coupling between *H and the observed nucleus is often
too strong to be averaged out by MAS. Proton decoupling is thus employed during signal
acquisition. A long pulse is applied to the sample at the proton Larmor frequency. This
decoupling pulse occupies the proton spin-system, applying constant torque and stopping
it from interacting with the observed spin system. Effectively, this removes the dipolar

coupling that exists between the abundant *H and the less abundant observed nucleus,
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simplifying spectral interpretation and increasing resolution. The MAS experiment can
provide quantitative information about nuclear environments, and is used in this thesis as
the main source of NMR information, identifying the presence and prevalence of
different nuclear sites within developing molecular sieve samples.

Application of the radiofrequency pulse and acquisition of the FID from the
nuclei are both done through the same cable within the physical NMR setup. In order to
prevent pulse breakthrough, which would result in distortion of the signal, a short time
passes before signal acquisition begins, called the dead time. For some samples,
particularly ones with severe CSA or dipole interactions, a large portion of the FID can
be lost in this dead time, resulting in broadening and distortion of the signal. To avoid
this, a modification can be made to the pulse sequence in order to acquire the full FID.
This is the aim of the spin-echo experiment seen in Figure 2.5.

After a 90° pulse, the spin magnetization is allowed to dephase under the effects
of CSA and dipolar coupling for a given time, t. At this point, a 180° pulse is applied so
that the magnetization components refocus in the x-y plane over another t period. At the
end of the second t period, the FID can be collected in its entirety from the top of the

echo, undistorted by the required dead time.

2.4.3.2 The Cross Polarization Experiment
The collection of spectra for dilute spin systems can be difficult due to low

isotopic abundance, low magnetogyric ratios and long relaxation times. For these

reasons, the cross-polarization (CP) technique®, which can significantly enhance the
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apparent receptivity of a spin system, is a widely used pulse sequence. The CP pulse
sequence is shown in Figure 2.5.

Cross polarization between a non-receptive nucleus, S, and a receptive one, |
(very commonly *H), is mediated by the dipolar interaction, and is strongly dependent on
internuclear distance. After an initial 90° pulse on the I channel, a contact pulse is applied
to both channels for a given amount of time, the contact time. The powers of these two

contact pulses must be chosen to satisfy the Hartmann-Hahn*> matching condition:

ViByy = vsBis £ v,

Where B; is the strength of the radiofrequency pulse, v;s are the Larmor
frequencies of spin system I and S, and v is the rotor spinning speed.. When this
condition is met, in a rotating frame of reference, the differences in energy between spin
states of both spin systems become close enough that magnetization can be transferred
from the | system to the S system. This phenomenon has multiple effects on the
observation of dilute system S:

1) The signal strength of any resonances is enhanced by a maximum factor of v, / vs .

2) In the case of 'H, the pulse delay now depends only on the relaxation of the H
system, leading to shorter waiting periods between scans and more scans over the
same amount of time.

3) Due to dependence on internuclear distance, CP can be used to edit the spectra of

S nuclei based on their proximity in the sample to | nuclei, leading to structural

information.
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During the collection of the observed nucleus FID, decoupling must be applied to
the I channel to avoid the effects of severe dipolar coupling between systems | and S. The
selective amplification of certain signals means that a CP spectrum cannot give
quantitative data. In this thesis, CP was used as a signal enhancment technique and as a
way to monitor which nuclear sites (S systems) were in close proximity to protons (I

systems) during the crystallization of molecular sieves.

2.4.3.3 T, Measurement: The Inversion and Saturation Recovery
Experiments

Inversion Recovery Saturation Recovery
T
1 >
180" € >9¢° (90} o
T

A 4

- Vl\f“‘ — 5

||‘| T .||HH )

0 | I 0

M, (1) = My(1-2e7T)) M, (1) = M,(1-e7T))

Figure 2.6: Pulse diagrams and simulated data for the inversion and saturation recovery T, measurement
experiments. The equations used to fit the data and extract the parameter T, are included.

The spin-lattice relaxation time (T1) of a nucleus is defined as the time it takes for
the z-component of the magnetization vector of a nucleus to return to its equilibrium

position after being subjected to a radiofrequency pulse. The amount of time between
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scans in an NMR experiment is dictated by the Ty, a property of a given nucleus in a

3336 can reveal

sample. Measurement of the T; through inversion or saturation recovery
how long to wait between scans for efficient relaxation, and can also reveal information
about the efficiency of the exchange of energy between a spin and its surroundings i.e.
the magnetic relaxation pathways available to a spin system.

For nuclei with relatively short T;S, measurement can be done using the inversion
recovery experiment shown in Figure 2.6. A 180° pulse is first applied to flip the full
magnetization, My, upside-down on the z axis. A period of time, T, is then waited for the
magnetization to relax along the z-axis before a 90° pulse is applied, pushing the vector
onto the x-y plane. Acquisition of the FID begins at this point, and the experiment is
repeated increasing the t value. Plotting the intensity of the NMR signal against the t
value produces a graph simulated in Figure 2.6. The values are initially negative, but pass
through a null point and become positive as longer t values are applied, eventually
reaching a plateau when t is long enough to allow total relaxation along the z-axis. Fitting
of this curve to the equation shown in Figure 2.6 provides the T for a specific nucleus in
a specific sample.

The inversion recovery experiment provides a very accurate measurement of Ty,
but for nuclei which relax slowly, where T; is long (e.g. >30 seconds), inversion recovery
can require an unreasonable amount of time to perform, as 5T; needs to pass between
scans. The saturation recovery experiment, also detailed in Figure 2.6, solves this
problem at the cost of accuracy. A series of 90° pulses, separated by a very short t. time,

are applied to saturate the system and push all magnetization into the x-y plane. After this

comb pulse, a length of time, T, is then waited while the magnetization relaxes along the
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z-axis before another 90° pulse pushes it back into the x-y plane and the FID is collected.
Increasing the t value and plotting it against the signal intensity produces a graph
simulated in Figure 2.6, which when fitted to the adjacent equation, produces a
reasonable approximation of the T, of the system. The wait time in between multiple
scans becomes irrelevant with the use of the combing pulse, and so the saturation
recovery is more experimentally efficient when dealing with systems which have long
Ts.

The exponential equations in Figure 2.6 were developed for and are most accurate
when dealing with systems which relax under the effects of the magnetic internuclear
interactions listed previously. When additional relaxation pathways are available (i.e.
paramagnetism, conductivity), the optimized values of T, which arise from a fit of the
data from an inversion or saturation recovery become less reliable. In the case of a
paramagnetic system, it has been noted that the use of a stretched exponential equation
models the relaxation more accurately.*’

M, (1) = Mo(1-2¢™Ty)"

The stretching factor, n, allows this equation to more closely model the relaxation
of a nucleus in a hypothetical system with evenly-spaced paramagnetic sites throughout
the sample. This model closely resembles a MAPO molecular sieve in which the metal
centers are paramagnetic (MnAPO-5, FeAPO-5, etc.) and was used to that effect in this

thesis.
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CHAPTER THREE

Studying the Crystallization of SAPO-5 Molecular Sieves

Synthesized via Dry-gel Conversion

3.1 Introduction
The field of molecular sieves has been a closely studied branch of material

science since their discovery. These crystal structures are unique in that they feature
networks of pores and channels as a feature of their unit cells, producing low density and
high surface area. The sizes of these pore systems range from the microporous (< 2 nm
pore opening) to the macroporous (> 50 nm pore opening). The openings can be circular,
ellipsoidal or have a pronounced shape, meaning the materials can be shape and size
selective when it comes to their guests." Applications for these materials exist in the
fields of molecular storage, gas separation/purification and heterogenous catalysis.®® The
most well known family of molecular sieves are the aluminosilicate zeolites. Since the
1980’s, however, a new class of materials has garnered significant attention: the
aluminophosphates (AIPO,s).*°

AIPO, sieves are frameworks of tetrahedrally coordinated aluminum and
phosphorus atoms linked together by oxygen. Due to charge repulsion and bond
instability, the ordering of these frameworks strictly alternates between aluminum and
phosphorus, and the framework is therefore charge-neutral.™" > While AIPO, systems
have applications in molecular storage and as catalyst supports, they lack inherent
chemical activity. Their true value comes in their receptivity to framework atomic
substitution. By exchanging atoms in the AIPO, framework with atoms of different

valency, catalytic sites can be produced that act as Brgnsted or Lewis acid sites. Such is
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the case when silicon is added to the framework, producing the heterogeneous, shape
selective acid catalyst family of the SAPOs.*®

Typically SAPOs are made via a hydrothermal synthesis (HTS) method.'* ** The
volumes of solvent (water, in the case of HTS) are easily manageable and products easy
to retrieve on a laboratory scale but quickly become unmanageable with scale-up, and so
from an industrial point of view a hydrothermal synthesis is non-ideal. Furthermore, the
precise mechanisms of atomic substitution are difficult to study within a hydrothermal
system, as reliable collection of reaction intermediates can be difficult. An alternative
approach was employed in this study: dry-gel conversion (DGC).*®

In DGC, the starting material is an amorphous gel containing desired framework
elements that is physically separated from a small quantity of water in an autoclave
reactor. This method of synthesis produces several benefits. A reduction in the necessary
amount of solvent means that DGC can be run at a lower cost and with easier clean-up
than HTS. Product retrieval is also facilitated in DGC, precluding the need for post-
reaction filtration and treatment. Perhaps most importantly to this work, temperature and
reaction progress control are much more closely correlated in DGC than in HTS. This
means that by quenching the reactions with cold water at fixed times, a reliable method of
obtaining reaction intermediates emerges. In the past, DGC has been performed in two
slightly different ways: steam-assisted conversion (SAC), where the SDA resides with the
starting dry-gel, and vapour-phase transport (VPT), where the SDA resides with the
steam source.*®™

Despite all the work that has gone into the field, understanding of the

crystallization or substitution mechanisms are still underdeveloped. As such, the
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predictable design of a molecular sieve based on experience is still not feasible.
Understanding how the materials crystallize becomes easier when using the DGC method
of synthesis and when collecting crystallization intermediates. The use of DGC instead of
HTS does not significantly change the crystallization mechanism, i.e. conclusions drawn
from a DGC synthesis would apply to similar sieves crystallized hydrothermally due to
the fact that crystallization only occurs after the condensation of liquid water onto the
dry-gel, indicating that the reaction conditions are similar in a microscopic sense.

This chapter details the DGC synthesis of SAPO-5 (AFI topology, large-pore
sieve), a well-known, highly stable silico-aluminophosphate. The synthesis of SAPO-5 is
well studied and robust, and crystallization is rapid in comparison with other SAPO
systems, making it a desirable research target. Studies based on SAPO-5 already in
publication tend to be interested in crystalline sieves investigating their catalytic or
adsorption properties, or with novel methods of synthesizing SAPO-5.% 2*! Studies on
the structural properties of SAPO-5 as they relate to function have also been published.
Sastre et al. were able to use energy calculations to probe the connections between silicon
concentration, framework silica island formation and acid catalyst strength in SAPO-5
and SAPO-34.% Zibrowius et al. used *°Si and 'H MAS NMR to look at silicon
incorporated into crystalline aluminophosphate sieves synthesized via HTS.® They were
able to clearly identify the presence of two distinct hydroxyl groups within frameworks,
also apparent using IR spectroscopy. Most recently, Li et al. were able to synthesize
SAPO-5 hydrothermally in novel crystal morphologies by adding acetic or hydrochloric

acid to the developing gel.** In addition, SAPO-5 sieves have proven useful in various
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hydrocracking and hydroisomerization reactions (especially if loaded with catalytic Pt)
and so are industrially important materials.®’

Figure 3.1 shows the hexagonal unit cell of AFI as part of the full pore opening on
the left, and illustrates the channel system from two different perspectives on the right.
Lines in the illustration represent a T-O-T linkage, where T represents a tetrahedrally
coordinated Al, Si or P atom, in contrast to the common chemical bond notation. The
synthesis of reaction intermediates which could be used to determine the order of events
during the DGC synthesis of these molecular sieves was a main goal. Specific attention
would be paid to the incorporation of silicon into the framework. It is hoped that a similar
method of study can be used on other aluminophosphate or zeolitic sieve systems as well
as other heteroatomic substitutions. Characterization and analysis of the products were
carried out by powder X-ray diffraction (XRD), multi-nuclear solid state magic-angle

spinning nuclear magnetic resonance spectroscopy (SS-MAS-NMR), energy-dispersive

X-ray spectroscopy (EDX) and scanning electron microscopy (SEM).

Figure 3.1: a) Schematic drawing of the AFI pore opening showing the crystal unit cell. One line

represents a T-O-T bridge. b) Skeletal drawings of the AFI channel system. The channel is open along the
‘e D

c-axis.
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3.2 Experimental Details

3.2.1 Synthesis
The synthesis methods used to obtain crystallization intermediates for study were

based on literature procedures.'” ** 3 Three different variations of the DGC procedure
described below were used to investigate the effects of different reaction participants on
the crystallizing sieve. The same reagents and molar ratios would be used commonly
between all three lines, including the organic structure directing agent, triethylamine
(TEA). The molar ratio was set at 1.0 Al,O3 : 1.0 P,05 : 0.6 SiO, : 1.0 TEA : 40 H,O for
the beginning dry-gel synthesis, where possible. The method below describes the SAC
method of synthesis.

Aluminum hydroxide (AI(OH)s;, Sigma-Aldrich) was stirred vigorously in
deionized water. Phosphoric acid (85%, Caledon) was added slowly after which the
beaker was covered with Parafilm and left to stir for 1 hour. Colloidal silica (LUDOX-
HS40, 40% wt suspension in water, Aldrich) was added to the beaker, which was left to
stir for a further 30 minutes. Triethylamine (TEA) (99.5%, Aldrich) was then added
drop-wise, and the complete dry-gel precursor was left to homogenize once more for 30
minutes. Afterwards, the majority of the water was gently boiled off in an oil bath, and
once the dry-gel became too thick for a magnetic bar to stir, manual homogenization was
performed until the gel solidified. The beaker was then placed in an oven at 80 °C
overnight to complete drying. The newly solid product was then ground into a fine
powder and placed in the autoclave for reaction.

Typically, 1.00 g of dry-gel precursor was added to the inside cup of a stainless
steel Teflon-lined double cup autoclave assembly. To the bottom of the outside cup a

fixed mass of deionized water was added. The seams of the assembly were sealed off
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with Teflon tape before the assembly was closed. The autoclave reactors then were
placed into ovens at various temperatures (170-180°C) for various amounts of time (1
hour — several days). When removed from the oven, the autoclaves were quenched with
cold water to cease the reactions occurring within. The products were then retrieved and

washed with deionized water (if necessary).

Other syntheses of SAPO-5 involve a relocation of some reagents. For the VPT
method, rather than adding TEA to the starting dry-gel, it was added to the outside cup
of the autoclave assembly mixed with water. The amount used in this study was 0.40 g.
In another method, here called vapour-phase silicon uptake (VPSU), the silicon source is
added to water in the outside cup of the autoclave. The volatile silicon source used here
was tetraethyl orthosilicate (TEOS, 98%, Aldrich). 0.20 g of TEOS were used for this

study. Details of the DGC reaction are shown in Table 3.1.

Table 3.1: Summary of relevant synthesis details for the three DGC methods used to synthesize SAPO-5.

Silicon source

Colloidal silica

Colloidal silica

Parameter SAC VPT VPSU
Dry-gel ALO,:P,0,:0.6SiO, | ALLO,:P,0.:0.6Si0, | AlLO,:P,0O,:
formula : TEA:40H,0 :40H,0 TEA:40H,0

Tetraethyl

orthosilicate

Water added
1.20 1.20 0.80
(g/g of dry-gel)
Temp. (°C) 170 170 180

3.2.2 Characterization
Product identification and determination of relative crystallinity was done through

XRD using a Rigaku diffractometer using Co Ka radiation (A = 1.7902 A). MAS, Hahn



47

echo and cross-polarization NMR experiments, investigating *’Al, #Si and *'P nuclei,
were performed using a Varian/Chemagnetics Infinityplus 400 WB NMR spectrometer
operating at 9.4 T. The Larmor frequencies of #’Al, ?°Si and *'P nuclei were set at 104.1,
79.6 and 161.7 MHz, respectively. The spectra taken were standardized against 1M
AI(NO3); solution (0 ppm), tetrakis(trimethylsilyl) silane (major peak -9.8 ppm from
TMS at 0 ppm) and ammonium dihydrogen phosphate (0.81 ppm from 85% H3PO, at 0
ppm) for ’Al, °Si and *'P, respectively.”> ** SEM and EDX measurements were done
using a Hitachi S-4500 field emission scanning electron microscope equipped for EDX

with an EDAXTM system.

3.3 Results and Discussion

3.3.1 Added Water Optimization
The first step towards obtaining crystallization intermediates was to determine the

correct amount of water to be added to the bottom cup of the autoclave for the three
synthesis methods under study. As the incorporation of silicon into an AFI framework
was the main topic of study in this work, the crystallinity of samples was important to
optimize. Literature reports have variously used low and high relative amounts of water"
%2 to varying degrees of success in synthesizing AFI sieves, and so ranges of added water
were used. The products of these experiments were studied using XRD and *°Si NMR to
investigate the effect water content made on the crystallinity and silicon content in the
SAPO-5 sieve.

The results of the SAC optimization based on added volume of water are shown
in Figure 3.2. According to previously reported studies, the resonances centered around -

90, -95, -100, -105, and -110 ppm have been assigned to Si(OAl)s, Si(OAl)3(OSi),
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Si(OAI)2(0Si),, Si(OAI)1(0Si); and Si(OSi), respectively.®® ** 4 This work will refer to
these silicon sites in the common notation: Q° for Si(OAl), Q* for Si(OSi), etc. A range
of added amounts of water from 0.3 g to 1.8 g per gram of dry-gel were tested. The
spectra clearly indicate the amount of water added has a marked effect on the degree of
silicon incorporation for this synthesis method. Simultaneously, it is clear that the amount
of added water had little to no effect on the crystallinity of the sieves as observed by

XRD.
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Figure 3.2: Si MAS spectra and X-ray diffractograms for the added water optimization
of the SAC synthesis of SAPO-5.

After three days reaction under SAC conditions, in all cases a peak centered
around -91.5 ppm is present. This peak can be assigned to Q° nuclei, i.e. silicon atoms

with only aluminum in their second coordination spheres, Si-(OAl)4. Increasing the
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relative amount of these kinds of silicon nuclei in the sieve is desirable, as they represent
homogeneously incorporated silicon nuclei that act as acid sites. The other main feature
of the spectra is a broader, asymmetric peak centered around -110 ppm (Q*) but with
significant intensity between -100 and -115 ppm. This resonance represents Q** nuclei,
which could either be unreacted silica left over from the added reagents or may represent
silica islands within the sieve. The relative size of the Q° peak compared with dense silica
phase peaks of any kind (specifically Q*, though not exclusively) was used to determine
which amount of water was able to yield the highest amount of silicon incorporation. A
clear difference can be seen between the 0.3 g and 1.2 g samples: more silicon is
incorporated as Q° nuclei when using more added water. From 1.2 g to 1.8 g of added
water, the relative sizes of the incorporated Q° silicon peak at -90 ppm versus the dense
phase peaks do not change significantly,. Based on these data, the optimized amount of
added water at this temperature was set at 1.2 g per gram of dry-gel, and this amount was
used to obtain crystalline intermediates with significant silicon incorporation.

An optimization of the added amount of water in the VVPT synthesis method based
on XRD results can be seen in Figure 3.3. The crystallinity of all samples, ranging from
0.4 g to 2.0 g added water per gram of added dry-gel precursor are comparable. The
minor amorphous halo seen in the 1.6 g of water added sample excluded it from usage.
The other samples would have to be compared based on their silicon uptake, as studied
using °Si NMR. For the water optimization of the VPT syntheses the same NMR
parameters were used as for the SAC samples. Figure 3.3 shows the results of these
experiments, with accompanying X-ray diffractograms. The diffractograms all show

highly crystalline AFI frameworks developed after the three-day reaction time. Only a
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Figure 3.3: Si MAS spectra and X-ray diffractograms for the added water optimization of
the VPT synthesis of SAPO-5.

very slight difference in crystallinity can be observed between the samples. The #Si
NMR results are also similar to the SAC results, with the finished crystals showing well-
resolved Q° nuclei peaks at ca. -90 ppm and the presence of leftover dense silica starting
material present as signified by the peak centered ca. -110 ppm. There is no pattern noted
for better silicon incorporation with increasing or decreasing water added, as was the case
in the SAC method. Incorporation does change depending on how much water was used,
but not in a predictable fashion. Based on the relative sizes of the incorporated and non-

incorporated silicon sites, as well as the aforementioned slight differences in crystallinity
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Figure 3.4: *°Si MAS spectra and X-ray diffractograms for the added water optimization of the VPSU
synthesis of SAPO-5. Impurities are marked with an asterisk.

notable via XRD, the added amount to be used in the crystallization runs was set at 1.2 g
of water per 1.00 g dry-gel.

The results of water volume optimization in the VPSU method looking at XRD
and 2Si NMR are shown in Figure 3.4. Aside from the 1.6 g added water sample, which
shows a significant presence of co-crystalline SAPO-18%, all the samples are well
crystalline AFI frameworks when looking at XRD after the three-day reaction time. The
2°Sj one pulse MAS NMR spectra of the crystallized samples show only one sharp peak
at ca. -90 ppm. This peak can be assigned to Q° well incorporated framework silicon

nuclei. No other peaks were visible, indicating little, if any, silicon was present that had
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other silicon atoms as its next closest neighbours, i.e. no silica was present in the finished
product. Without another peak for comparison, this made selection of the optimized
synthesis parameters difficult. Based on crystallinity and the symmetry and resolution of

the Q° peak, the 0.8 g of water sample was chosen for the crystallization run.

3.3.2 Steam Assisted Conversion

X-ray diffractograms for the synthesis intermediates of SAPO-5 under SAC
conditions are shown in Figure 3.5. After three days reaction time, highly crystalline AFI-
framework crystals seem to be the dominant species in the powder, with no discernible
co-crystalline phase or impurity. The peaks in these diffractograms match literature
patterns for the AFI framework®’. On closer inspection, the bulk of the crystal structure
forms in a very short time early on in the reaction. The onset of crystallization occurs
between 2.5 and 3 hours, after which well-crystallized AFI framework crystals are
present. The crystallinity improves over the next ca. three hours up to six, and then
remains stable up to three days and beyond.

The dry-gel diffractogram shows that the material is amorphous in nature prior to
any autoclave heating. Very weak and/or broad reflections can be seen in the low-angle
region for the samples collected at 1 — 2.5 hours reaction time, but the dominant character
of these diffractograms remaining amorphous. The amorphous phase is present and
dominant up until the onset of crystallization. No crystalline intermediate phase forms
between the amorphous phase and the final crystal structure. This is in agreement with
previous work from this group when studying the crystallization of AIPO,4-5 sieves made

via SAC.
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Figure 3.5: X-ray diffractograms for the crystallization of SAPO-5 under SAC conditions.

The lack of any layered intermediate indicates that the AFI crystal grows in three
dimensions without the need of stacking or layering framework components first. The
rapid completion of crystallization indicates that the induction and nucleation periods of
crystal growth are short. It is likely that, under the influence of the SDA, small AFI
framework crystallites form early on in the reaction. Being that the crystallization occurs
so rapidly, these simultaneously forming crystal nuclei are able to aggregate and grow

into large crystals very efficiently.
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XRD does not provide any data on elemental composition. This fact is
particularly important to keep in mind for these data, as both SAPO-5 and AIPO4-5
crystallize in an AFI framework, and look identical when analyzed by XRD. These
measurements were taken to monitor bulk crystallinity and to ensure the correct products
were made, but NMR was used to investigate heteroatomic substitution.

Figure 3.6 shows the ’Al and *'P Hahn echo and MAS spectra, respectively, for
selected crystallization intermediates in the SAC synthesis of SAPO-5. Samples were
selected based on their progress in the reaction according to XRD in order to get an idea
of the aluminum and phosphorus environments in a sample which is amorphous, mid-
reaction and fully crystallized. The assignments given to the resonances found here match
previously published data on the NMR spectroscopy of AIPO4-5 or SAPO-5 molecular
sieves.*® *® The %Al spectra for the SAC method show that the aluminum in the dry-gel
can be described by three distinct sites. Two broad peaks centered around 5 and -13 ppm
can be assigned to unreacted alumina and octahedrally coordinated (Al(OP)4(H,0),)
respectively. A sharper peak centered around 40 ppm has been assigned to tetrahedrally
coordinated aluminum (AI(OP),) as it exists in the AIPO, framework. As the reaction
progresses to completion, the signal at 40 ppm sharpens and becomes more intense, at the
expense of the other two signals. The final product is dominated by this product peak,
indicating a high degree of crystal purity, as supported by XRD. The *P MAS dry-gel
spectrum also possesses three signals centered around -18 ppm, -5 ppm, and -20 ppm.
The broad peak at -18 ppm represents the wide array of phosphorous environments

present in
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the amorphous precursor. The most intense, sharp peak at -20 ppm has been attributed to
not fully condensed, framework phosphorous (P(OAI3)(OH)), i.e. some local
phosphorous ordering is present. The shoulder at -5 ppm has been assigned to impurities
which are invisible to XRD in these samples. As the reaction progresses, a sharper,
asymmetric peak centered around -28 ppm emerges from the initial pattern which begins
as two signals at ca. -26 and -29 ppm. These can be assigned to SAPO-5 precursor
phosphorus environments. As the reaction reaches completion the sole peak visible is
located at -29 ppm, and as such the final product spectrum is dominated by phosphorus in
the SAPO-5 framework. These results agree with previous work from this group studying
the crystallization of the structurally-related AIPO4-5 system in a similar manner.*
Scanning electron micrographs of crystalline samples of SAPO-5 are shown in
Figure 3.7, and the results of the EDX analysis are listed in Table 3.2. The SEM image
for the SAC synthesis shows an aggregation of small crystallites covered in circular
nodes which could be amorphous starting material or crystal nuclei. The EDX results
show that the SAC crystals are 4.77 % (atomic) silicon. Flat crystal surfaces were used as
the targets for EDX elemental analysis in order to get a more reliable reading on the
atomic ratios of the sieves. In the case of the SAC method, the P/Al and (Si+P)/(Si+Al)
ratios are both very close to unity. This indicates that SM3 was the method of silicon
incorporation for this synthesis, as two silicon atoms tend to take the place of an Al-P

pair and therefore do not disturb the Al:P ratio of an AIPO, crystal.
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Figure 3.7: Selected scanning electron micrographs of SAPO-5 crystals synthesized
via dry-gel conversion.
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Table 3.2: Elemental compositions (atomic %) of crystalline samples of SAPO-5 synthesized via dry-gel
conversion.

Synthesis | Al | Si | P | PIAI| Si/P | Si/Al | (Si+P)/Al | (Si+P)/(Si/Al) | SM
SAC |818 | 477 | 813|099 | 059 | 058 | 1.6 1.0 3
VPT | 510|158 502 | 099 | 031 | 031 | 13 0.99 3
VPSU | 7.41 | 056 | 7.03 | 0.95 | 0.08 | 0.08 | 1.0 0.95 2

Figure 3.8 shows the 2°Si single pulse and CPMAS NMR spectra for selected
crystallization intermediates in the SAC synthesis of SAPO-5. The intermediates were
chosen based on the X-ray diffractograms seen in Figure 3.5 in order to get an idea of the

silicon environments that were present during different stages of crystallization. The one

Si MAS »8Si CP

-101.1 ppm

-110.4 ppm

50 -100  -150  ppm 50 -100  -150 ppm

Figure 3.8: Si MAS and CP spectra for selected crystallization intermediates in the
SAC synthesis of SAPO-5.
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pulse spectrum collected for the dry-gel shows a broad, single peak centered around -110
ppm, meaning that the starting form for silicon is a Q*, dense phase silica, Si(OSi)s. This
indicates that no silicon insertion occurs into an aluminophosphate precursor phase,
supported by the fact that no such phase is observable via XRD. The peak is not
symmetrical, showing shoulders on the left side. These represent small quantities of Q°
and Q? silicon nuclei, likely existing at surface sites within the dense silica phase(e.g.
Si(OSi),;(OH),, Si(0Si);0H).

A signal emerges at the 8 hours reaction time mark, this time centered ca. -90
ppm, which can be attributed to Q°, well incorporated silicon sites within the growing
sieve. This peak grows with time, while the dense silica peak shrinks; this indicates that
the silicon is gradually activating from the silica starting material phase and being
incorporated homogeneously into the developing sieve. No significant intermediate
spectra where Q®, Q% or Q" nuclei dominate were collected, which would have indicated
the incorporation of large silica-like chunks into the developing sieve (e.g. Al-O-Si-O-Si-
O-Al). This slow dissolution of silicon leads to well-incorporated, dispersed silicon
nuclei. The spectra of the finished product show a significant peak centered ca. -110 ppm.
This is potentially unused starting material, but could be indicative of large silica islands.
The silicon does not begin to incorporate until after the AFI framework peaks are seen
via XRD.

The CP spectra shown in Figure 3.8 complement the single pulse spectra. A short
contact time of 0.8 ms was used for these experiments in order to selectively enhance
silicon centers which were in close proximity to protons. A peak at ca. -110 ppm can be

seen in the dry-gel, which gradually gives way to a peak at ca. -90 ppm in the finished
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sieve. Present in all of these spectra as the dominant peak, however, is a broad resonance
centered around -100 ppm, indicative of Q? nuclei. This signal decreases in intensity as
reaction progress continues, meaning that at least some of these silicon atoms are from
the starting material and are being slowly, evenly incorporated into the developing
SAPO-5 sieve. A small shoulder at ca. -90 ppm in the two hours reaction time sample can
be seen in the CP spectra. This indicates that at least a small amount of silicon exists as
QP nuclei, although the amount of this kind of silicon nucleus is extremely low, and may
not be bridged to aluminum. This signal gets larger consistently as the reaction
progresses. A minute amount of silicon may find its way into the developing sieve early
on, but as evidenced by the one pulse spectra, significant silicon incorporation does not

begin until the crystal is already well-formed.

3.3.3 Vapour Phase Transport
Figure 3.9 shows the XRD data taken for intermediates collected for SAPO-5

samples synthesized using the VPT method. The end products show highly crystalline,
pure AFI frameworks with little, if any, amorphous halo or other co-crystalline phases.
The starting materials, conversely, are amorphous in nature, indicating a completely
amorphous precursor gel. In these respects, the data mirror those collected for the SAC
synthesis, indicating both methods can be used to grow pure crystals from amorphous

precursors. However, this is where the similarities between the methods end.
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Figure 3.9: X-ray diffractograms for the crystallization of SAPO-5 under VPT conditions.
Impurity peaks are marked with an asterisk.

Firstly, it is evident that the onset of crystallization occurs later in VPT, around
the 4.5 hour mark. This indicates that the nucleation phase of crystallization is taking
much longer to begin. This is easily rationalized: as the crystals require the influence of a
SDA to form, and considering that the SDA is no longer readily available from the start
of the reaction in the dry-gel, the crystallization takes significantly longer to begin. Once
SDA can condense on the gel surface and the reaction does begin, however, the full
crystal structure is apparent via XRD in very short time. The crystal structure is relatively
stable, with the appearance of some co-crystalline SAPO-18-like materials over longer

timescales (not shown). Due to the fact that TEA is a structure directing agent, not a true
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template, it can direct for multiple different crystal structures based on sensitive reaction
parameters. The presence of impurity peaks or co-crystalline phases is likely a result of
an anomaly in that particular reaction (contaminated autoclave, improper added amount
of water, SDA, etc.) and not indicative of the crystallization of the target sieve.

An interesting contrast is the presence of two low-angle diffractions, easily visible
in the diffractograms for the one to four hour reaction time samples. These two broad
reflections are accompanied by a number of similarly broad reflections in the mid range.
This indicates that before structure direction can begin under the influence of
triethylamine, another phase is being formed. Similar studies into the crystallization of
AIPO4-5 have described this phase as a “12-membered ring-like” AFI precursor
developed under the influence of the SDA and held in place by relatively weak hydrogen
bonding.® The pseudo-pores are larger than true AFI pores and ellipsoidal in shape. As
can be seen in the diffractogram for the 4 hours 45 minutes reaction time sample, the
lowest angle diffraction for the AFI framework is almost coincident with the lowest angle
reflection for this intermediate. This indicates that the d-spacing is similar between the
two materials, and so they could conceivably be related. Also from the 4 hours 45
minutes sample, it can be seen that the AFI framework is developing directly from this
intermediate. This shows that there are no other intermediates, and further supports that
the structures are indeed related. This differs from the SAC synthesis, where the AFI
framework develops directly from the amorphous precursor. when the silicon
incorporation begins to take place, and the effect these new synthesis parameters have on

it, remain to be seen using NMR.
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The VPT #’Al and P spectra shown in Figure 3.6 display a slightly different
pattern than the SAC, particularly in the dry-gel. The dominant peaks in these spectra are
octahedral aluminum for the #’Al spectrum and amorphous material for the *'P spectrum.
The introduction of SDA to the dry-gel via VPT causes rapid change in the Al and P
environments, and after as little as one hour of reaction time, the spectra change
drastically, now being dominated by signals for tetrahedral aluminum at ca. 40 ppm and
not fully condensed phosphorus at ca. -19 ppm. As crystallinity becomes apparent at
around the 5 hours reaction time mark, the aluminum peak shifts slightly to 37 ppm and
intensifies, and the characteristic fully condensed tetrahedral phosphorus peak appears at
ca. -30 ppm, which then intensifies and dominates the spectrum as crystallinity is
established. These results indicate that a dry-gel which does not contain the precursors to
a molecular sieve can be rapidly converted into an AFI precursor gel under VPT
conditions, as has been previously reported and exploited. The inclusion of silicon sites
into the frameworks does not seem to have any significant bearing on the condensation of
aluminum or phosphorus sources into an AFI sieve. This supports the assertion that
during SAPO-5 crystallization, an AIPO,4 core forms which then expands as crystallinity
increases, incorporating silicon into the outer coordination spheres only. While the SAC
and VPT methods seem to produce different initial crystallization environments, after a
very brief period of reaction the systems begin to converge. The SDA seems to produce
ordered phosphorous framework sites and tetrahedral framework aluminum sites very
efficiently, and so after only a hour of reaction time, the VPT spectra closely resemble

the SAC dry-gel spectra, coming from very different beginnings.
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The SEM images in Figure 3.7 of crystals of SAPO-5 synthesized via VPT
resemble those made via SAC. Similarly sized crystallites are readily apparent alongside
a significant amount of amorphous material or crystal nuclei. EDX results in Table 3.2
indicate that the SM3 substitution pathway is observed for this synthesis method as well.
The amount of silicon which makes it into the sieve from the reactant dry-gel is different
between these two synthesis methods. Nearly twice as much silicon is incorporated in the
SAC method when compared with the VPT method, as shown in the Si/P and Si/Al
ratios. Reconsidering the >’Al and **P NMR spectra above, it would appear that a starting
dry-gel with a significant presence of tetrahedrally coordinated aluminum centers and not
fully condensed phosphorous is more amenable to silicon incorporation than one with
amorphous sources of Al and P. This difference is likely based on the pH change
involved in the presence or absence of the basic tetraalkylammonium SDA in the dry-gel.
The amounts of silicon being incorporated in either case are comparable with previously
published work.3 "4

Figure 3.10 shows the *Si one pulse and CP MAS spectra for the samples of the
VPT crystallization run taken at the noted reaction times. The MAS spectrum of the dry-
gel as well as the early reaction time samples all show a single, broad peak centered
around -110 ppm, indicating the presence of Q* silicon nuclei like those that exist in the
dense silica starting material. The asymmetry of this peak is less pronounced than in the
SAC method, indicating fewer surface sites or defect sites where silanol groups are
present, which would weigh the peak more heavily on the deshielded side. The Q* signal
at ca. -110 ppm in the CP spectra is actually enhanced from the dry-gel to the three hour

sample. This is likely due to the activation of silicon source or the introduction of the
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Figure 3.10: %Si MAS and CP spectra for selected crystallization intermediates in the VPT
synthesis of SAPO-5.

SDA to the dry-gel, both of which would result in the enhancement of Q* silicon nuclei
due to increasing proximity to cross-polarising protons.

The first instance of incorporated Q° silicon nuclei can be seen in the spectrum of
the 8 hours reaction time sample, in the presence of a very small peak visible at the -90
ppm position. This signal is enhanced to an even greater degree in the corresponding CP
spectrum, likely due in one part to the activation of the dense silica starting material
causing hydrolysis of the Si-O-Si bridges, and in part to the introduction of gas-phase
SDA protons to the gel. Both these effects would cause amplification of the Qg signal in
the 8 hour CP spectrum. This peak does not grow significantly over the next two hours

(spectrum not shown), but is clearly visible in the spectrum of the 16 hours reaction time
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sample. As the reaction progresses, this peak continues to grow, while the starting
material peak diminishes at a comparable rate, indicating that the new Q° silicon species
are being incorporated into the framework homogeneously, as was the case with the SAC
crystallization. The first instance of incorporated silicon does not appear until the eight
hour sample, while crystal structure is observable via XRD as early as 5 hours. This
indicates that an AIPO,-5 sieve is first formed and then gradually incorporates silicon as
it becomes available. The three-day sample shows a well-resolved major peak centered at
-91.0 ppm, signifying Q° silicon nuclei, as well as an asymmetric peak centered ca. -110
ppm indicating either silica islands within the sieve or leftover reagent silica.

CP spectra, also shown in Figure 3.10, show a dry-gel sample with Q? silicon
nuclei being the dominant peak. After a short reaction time, a shoulder at ca. -110 begins
to intensify. This is likely due to the introduction of the SDA via the VPT method. As the
SDA permeates the dry-gel, the cross-polarization between SDA protons and Q* silica
becomes stronger, and so the peak becomes more evident. This can also signify the
hydrolysis of Si-O-Si bridges to form silanol sites within the starting material silica
(Si(0Si)30H). As the reaction progresses this peak diminishes and the Q° peak around -
90 ppm becomes the dominant peak as the sieves develop. Starting material silicon
nuclei, represented by a peak centers around -101.5 ppm are now under the influence of
proton CP, and are also still visible, supporting the MAS spectrum data. This shows that
the gas-phase SDA is able to permeate the dry-gel and direct for the structure of the
sieve, as well as find its way into the silicon starting material.

The relatively low level of silicon uptake seen in the VPT method when compared

with SAC can be explained as a result of this crystallization study. From the beginning of
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the VPT synthesis, without the initial structure direction of the SDA, the phosphorous
and aluminum begin to form an intermediate which is not AFI, and which may not be
amenable to silicon incorporation. As the SDA is introduced to the dry-gel and structure
direction begins, this phase begins to give way to the AFI sieve and silicon incorporation
can begin. This delay in the ability of the dry-gel to incorporate silicon into sieve

precursors explains the significant drop in silicon atomic % in the VVPT final products.

3.3.4 Vapour Phase Silicon Uptake
The X-ray diffractograms for samples synthesized under VPSU conditions are

shown in Figure 3.11. Crystalline AFI framework sieves are detectable as early as 6 hours
and 15 minutes. This makes VPSU the slowest method of synthesis out of the three
detailed here (with a spread of ca. 2 hours). The material goes from largely amorphous to
crystalline inside of an hour, indicating that the nucleation phase is as quick as the other
two DGC methods in this study. Broad, low-angle reflections are present in the dry-gel,
similar to those seen in the VPT-synthesized intermediate samples. This semi-crystalline
phase is quickly degraded back to a fully amorphous phase after only one hour of heating.

Highly crystalline AFI framework sieves are detectable after seven hours reaction
time, and are stable up to three days reaction time. Indeed, longer crystallization times
seem to improve the crystallinity. This indicates that the by-products of TEOS hydrolysis,
if present in the dry-gel (ethanol, ethane, ethene, acetaldehyde), are not interfering with
the crystallization mechanism. No side reaction seems stop TEA from performing
structure direction, or framework atoms from quickly forming into the desired sieve. This

would be evident in the presence of a large amorphous halo or co-crystalline phase, yet
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all the peaks for diffractograms taken of samples synthesized for seven hours and up can

be assigned to AFI. A significant amount of white powder, amorphous by
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Figure 3.11: X-ray diffractograms for the crystallization of SAPO-5 under VPSU conditions.
XRD (pattern not shown), was sometimes found in the lower cup of the autoclave after
reaction. This is likely to be silica that was produced as a hydrolysis product of TEOS
when the reaction started, but before the TEOS could boil and condense on the dry-gel.
This result indicates that not all the silica added to the lower cup will be found in the

finished sieve, and a lower than usual amount of silicon in the crystal products can be

expected.
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Assuming that silicon is in fact being added to the developing framework
(confirmed using #Si NMR, shown below), the completed sieves indicate that this
method of silicon incorporation is effective, as has been shown in past reports. The
marked increase in crystallinity and total absence of co-crystalline or amorphous phase,
coupled with the slower onset of crystallization, indicate that the incorporation of silicon
using the VPSU method causes a more gradual, reliable method of synthesis, leading to
purer crystal samples over longer reaction times.

The #’Al and P spectra for the VPSU crystallizations seen in Figure 3.6 follow
nearly the same progression as those for the SAC syntheses. This is evidence that the
presence of TEA in the dry-gel is the cause of the conversion of reagent aluminum and
phosphorus sources partially into tetrahedrally coordinated aluminum and not fully
condensed phosphorus which can condense into the amorphous precursors to the desired
framework. The VPSU reaction is, however, notably slower than the SAC reaction.

The SEM images in Figure 3.7 of the SAPO-5 crystals made using the VPSU
method show a relatively large crystallite covered again in either starting materials or
crystal nuclei. The VPSU method EDX results in Table 3.2 show a divergence from the
first two syntheses as well. As seen in the (Si+P)/Al ratio, the primary method of
substitution appears to be SM2. This result agrees with the °Si NMR and CP spectra
above, which indicate only the presence of Q* silicon centers. The amount of silicon
within the sieves is far lower than in the previous methods. This result is unsurprising, as
there would be a lower effective molar ratio of silicon within the dry-gel when compared

with the other two synthesis methods because of the aforementioned premature TEOS
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hydrolysis. The lower presence of silicon is also supported by the relatively low amount

of signal acquired during the NMR analysis.
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Figure 3.12: 2°Si MAS and CP spectra for selected crystallization intermediates in the VPSU
synthesis of SAPO-5.

2°Sji MAS and CP NMR are shown in Figure 3.12. No spectra for the 0 reaction
time sample were collected as this sample contained no silicon. The MAS results raise a
stark contrast to the prior two DGC methods. The spectra for the short reaction times
shows a broad resonance, centred around -90 ppm but spanning from -70 to -105 ppm.
This peak is evidence for a few important pieces of information. The majority of the
signal in these samples is centered around -95 ppm, which indicate well incorporated
silicon nuclei. While peaks for SAPO sieves indicating Q° to Q* nuclei are commonly

assigned between -90 and -110 ppm, peaks around -60 to -90 ppm are more commonly
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assigned to alkoxy- or hydroxyl-bound silicon nuclei. These types of silicon centers are
found in the decomposition products of the silicon source used in the VPSU method,
TEOS.* *® Unique silicon centers can be seen in the ?°Si NMR spectra of these samples
as a result of the incorporation of these organosilicon moieties. It has been noted in the
past that organosilicon moeities can be incorporated into mesoporous silicon systems, and
the presence of signal in the range of -75 to -85 ppm indicates that T" silica species
(organically linked siloxanes with attached hydroxyl groups) are prevalent in the early
samples for this method. These are decomposition products of TEOS being incorporated
into the dry-gel. Being that the signal does not become appreciably higher than ca. -75
ppm, only T and T? sites are prevalent in the sample, and so (EtO)-Si-(OAl); and
(EtO),-Si-(OAl), groups are present. Oddly, there is little intensity in any collected
spectrum for T* silicon nuclei, indicating there is little presence in the samples of a
silicon center bound to three alkoxy groups. This hydrolysis can occur in TEOS in the gas
phase or after condensation via a or B elimination or through a free-radical pathway.*
The free radical pathway results in T* silicon nuclei, and so it is more likely that a or B
elimination was the main method of TEOS decomposition under these synthesis
conditions. In fact there is no T" signal present in samples which are crystalline by XRD,
and so these organic groups do not seem to exist in the actual framework, but
organosilicon species are present in the developing sieve when made using VPSU. This
indicates that under VPSU synthesis conditions, the silicon is able to travel from the
lower cup of the autoclave into the dry-gel in the upper cup and begin condensing and

decomposing on the dry-gel itself homogeneously.
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The decomposition seems to cause some degree of Si-O-Si bridge building, as
indicated by the minor presence of Q" silicon nuclei signified by the shoulders noticed
at -105 ppm in the early reaction time spectra. The lack of intensity of a signal at ca. -110
ppm, even in the CP spectra, indicates that a comparably low number of Q* silicon nuclei
are being generated by TEOS decomposition. This means that any silica-like phase that is
generated as a result of TEOS decomposition (SiO, is a common product) is only able to
produce small silica crystallites with few Q* silicon nuclei in the dry-gel. An illustration

of this procedure is given in Figure 3.13.
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Figure 3.13: Illustrations of unique Si nuclear environments during the VPSU synthesis of SAPO-5. In the
early to middle stage of the synthesis, T" alkoxysilicon sites are present in the dry gel in addition to Q"
sites. As the reaction proceeds and the sieve develops, further hydrolysis of the ethoxy groups by the dry-
gel leads to well-incorporated Si sites in the finished SAPO-5 sieve.

As the reaction progresses, the broad peak begins to narrow after approximately
seven hours; exactly the same point in the reaction where AFI frameworks begin to
crystallize as shown by XRD. The peak narrows over the duration of the reaction until it

is well-resolved and centered around -90 ppm, representing Q° incorporated silicon sites
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in @ SAPO-5 sieve. This pattern is confirmed when examining CP MAS spectra of the
same samples; no new information is revealed by these spectra.

The change in spectra over the course of the reaction and the timing of this
change show that the VPSU method is able to incorporate silicon more thoroughly than
SAC and VPT. The silicon incorporation starts at the same time as the crystallization,
meaning that the sieve will be a SAPO all the way through, instead of having an AIPO,
core. The sharpness of the finished product peak indicate that the overwhelming majority
of silicon in the sample is in the Q° state: little or no silica islands or unreacted precursor
silicon remain at the end of the reaction. The VPSU method of synthesis is evidently able
to homogeneously deliver TEOS to the developing gel surface and graft on alkoxysilicon
sites through TEOS decomposition and hydrolysis. Further condensation provides well-
incorporated silicon centers within the finished sieve. While the same experimental
parameters were used for these spectra as were used for the SAC and VPT synthesized
samples, the VPSU spectra required more scans in order to get a comparable signal-to-
noise ratio. This, along with the lack of any reagent silicon sites being apparent in the #Si
NMR, are solid NMR evidence that there is less silicon inside the VPSU samples,

regardless of how well the present silicon is incorporated.

3.4 Comparisons Between DGC Methods
Mechanistically, the three synthesis methods follow noticeably different

pathways. Using the SAC method, the dry-gel is amorphous, containing silicon in a
dense, silica-like state and appreciable amounts of aluminum and phosphorus in both
amorphous and co-ordinated states, respectively, indicating some very early action of the

SDA on the gel. The sieves become crystallographically evident after 2.75 hours and
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quickly grow into hexagonal crystals. These crystals contain aluminum, silicon and
phosphorous in framework positions, in addition to some silica-like silicon, and have
incorporated a relatively high amount of silicon in the SM3 fashion. In contrast, the VPT
dry-gel seems to possess a short-lived semi-crystalline phase in the XRD at early reaction
times. This dry-gel contains silica, as did the SAC dry-gel, but shows no evidence of co-
ordination between aluminum and phosphorous until at least 1 hour reaction time. At that
point the aluminum and phosphorous are in the tetrahedral and not fully condensed form,
respectively. Crystalline sieves begin to show at 4.75 hours reaction time, when
framework phosphorous becomes detectable by NMR. Crystalline VPT samples are
similar in appearance, diffraction and spectroscopy to SAC samples, except they contain
significantly less silicon (also incorporated in the SM3 fashion). It is apparent that the
SAC and VPT methods begin in different reaction conditions, but shortly after the
introduction of the SDA to the dry-gel in VPT, the two methods converge
mechanistically and begin to resemble one another. The VPSU samples stand out,
however the dry-gel is highly similar to that of the SAC method in terms of #’Al and *!P
NMR. The silicon is detectable in the sample as early as 2 hours, long before crystallinity
becomes noticeable at 6.5 hours. Under these reaction conditions a low amount of silicon
was incorporated into the sieves, this time following SM2 substitution. No silica phase
was observed.

The most significant findings of this study come from the VPSU results. The
VPSU method delivers silicon to the developing sieve in an individual manner, and so the
silicon that is incorporated preferentially crystallizes in a more dispersed manner than is

seen in SAC and VPT. This is important to the catalytic activity of the sieve, as the
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incorporation of dispersed silicon centers leads to more acid sites and a stronger acid
catalyst.”™ °® There is markedly less silicon in the VPSU crystals, as determined using
EDX. These results show that the concentration and type of silicon center (i.e. acid site)
inside AFI frameworks can be directly controlled as a result of synthesis conditions, and

that a tailored molecular sieve catalyst is a realistic aspiration.

3.5 Analogous Study of SAPO-11
An analogous study of the similarly structured SAPO-11 molecular sieve was

attempted alongside the SAPO-5 study. The SAPO-11 sieve, with AEL topology, has a
smaller, ovular pore opening and, like SAPO-5, a one-dimensional network of channels.’
SAPO-11 has proven to be useful in a number of catalytic applications, and has been
studied well when synthesized via HTS and DGC in terms of its catalytic activity as well
as molecular dynamic studies focussing on the SDA (commonly dipropylamine, DPA)
residing within the channel network.>*®® For these reasons, and for its structural
similarity to SAPO-5, SAPO-11 was chosen as a target system to provide insight into any
differences in the crystallizations of these two materials. The SAPO-11 project was
significantly less successful than the SAPO-5 project, but any useful progress made is
detailed within this section. The target molar ratio of the product, the reagents used and
the methods of synthesis and characterization are all identical to those detailed for SAPO-
5 (vide supra) except for the SDA, where DPA (+99%, Sigma) replaces TEA. The
synthesis of SAPO-11 as well as any diffraction or NMR assignments were based on
previously published literature.>® ¢

An optimization of the amount of added water for the SAC synthesis of SAPO-11

resulted in crystalline samples for added amounts between 0.25 and 2.00 g of water per
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gram of dry-gel as evidenced by XRD. The dry-gel itself displayed some broad low angle
reflections in the XRD, similar to those noted in the early stages of the SAPO-5 VPT
crystallization. When examined through 2°Si solid state NMR these samples all displayed
broad peaks spread around the entire Q" range of silicon nuclear environments. The bulk
of the intensity of these peaks, however, was centred around ca. -110 ppm, indicating that
the silicon was not incorporating in a homogeneous manner, if indeed it was
incorporating into the sieve at all. Other accounts of SAPO-11 synthesis show well
incorporated silicon centers signified by a sharp peak at ca. -90 ppm. This makes it safe
to assume that efficient silicon incorporation had failed under these conditions, and that
the vast majority of silicon was in its precursor silicate form.

The VPT method of synthesis was less successful than the SAC method. After
optimising the amount of added water/DPA mixture, the concentration of DPA in the mix
was varied for optimization. Lack of reproducibility was the main source of experimental
failure for this run of experiments. A successful batch of samples which showed a steady
progression from amorphous precursor to crystalline product was not synthesized. Often,
the dry-gel would possess crystalline structure, and an as-yet unidentified structure
would dominate the product patterns. Re-optimization of the synthesis parameters and
development of a reliable synthesis would be necessary before this line of
experimentation could move forward.

The VPSU method of synthesis was modestly successful. Crystalline samples

were achieved from amorphous precursors. Figure 3.14 shows the XRD and °Si NMR
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Figure 3.14: XRD and #Si NMR for products in the optimization of TEOS concentration in the
VPSU synthesis of SAPO-11.

results of the optimization of TEOS/water mixture concentration. The incorporation of
silicon into the sieve was effective when the concentration of TEOS was low as
evidenced by the sharp peak at -91.4 ppm. The XRD for this sample does seem to show
some co-crystalline AFI material as well, however. The other concentrations appear to
produce more crystalline products, however a broader array of silicon environments are
present. This indicates a less homogenous method of silicon incorporation is occurring
within this sample when synthesized with a higher concentration of TEOS. Higher
concentrations of TEOS mixture push the intensity of the broad peak toward the -110
ppm Q* nuclei area, showing that at high concentrations the silicon tends to aggregate

and form Si-O-Si bridges more readily as TEOS decomposes on the dry-gel, as might be
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expected. The low signal-to-noise ratio of these spectra indicates that a relatively low
amount of silicon is entering the sieve, despite the increase in TEOS mixture
concentration.

Reliable methods of sieve synthesis which are reproducible and incorporate
silicon in a homogeneous manner must be developed before any interpretations can be
made for the results of studying the incorporation of silicon during the crystallization of

the SAPO-11 sieve under DGC conditions.

3.6 Conclusions
We have been able to collect crystallization intermediates for the DGC synthesis

of SAPO-5, the silicoaluminophosphate molecular sieve with AFI topology, made three
different ways as confirmed using XRD. The VPT synthesis shows a dry-gel that adopts a
layered precursor phase before crystallizing into the AFI framework, while the SAC and
VPSU methods crystallize to AFI straight from the amorphous precursor. All three
methods form highly crystalline AFI sieves after a timescale of hours, with the ordering
of relative rate of crystal formation being SAC>VPT>VPSU. The sieves continue to
crystallize stably up to at least 3 days reaction time.

The methods of silicon incorporation for the SAC and VPT methods are similar as
evidenced by °Si NMR experiments. After a brief period early in the synthesis where the
methods differ significantly, the crystallizations become similar after the SDA is
introduced to the dry-gel. The VPSU method does not show the presence of dense silica.
Instead, the silicon incorporates into the sieve shortly after being hydrolysed from its
TEOS source, with little evidence of permanent or significant condensation into a dense

silica-like state. Organosilicon species were detected in the sieve precursors for this
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synthesis, indicating that the TEOS source is not completely hydrolyzed and condensed
into silica before it begins to interact with aluminum in the developing dry-gel.

These three synthetic methods, despite their similarities, show that control over
the physical properties of SAPO-5 catalysts can be achieved through control of synthesis
conditions. We have shown the ability to control the concentration and level of
substitution of silicon within these sieves by switching DGC methods. This control, when
developed, can be used to create tailored acid catalysts for specific purposes. Future work
should focus on catalytic performance and fine control of the amount of silicon

incorporation in the VPSU method.
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CHAPTER FOUR
The Crystallization of Transition-Metal Substituted AIPO,4-5

Molecular Sieves Under Hydrothermal Synthesis Conditions

4.1 Introduction
Porous materials have been used to catalyze reactions for a large part of history.

Especially in the last several decades, porous aluminosilicates, called zeolites, have been
particularly useful, not just to those interested in their catalytic activity but also in the
fields of molecular storage and ion exchange."” The similar family of framework
aluminophosphates (AIPO,4s) have attracted significant attention over the past few
decades.® Both these systems are repeating frameworks of tetrahedrally coordinated p-
block elements bridged by oxygen. These materials feature large cavities, pores and
channels as a repeating motif in their crystal structure. Their popularity came partly as a
result of their inherent catalytic inactivity as neutrally charged frameworks. Though
unable to perform any catalysis themselves, they serve as excellent supports for catalytic
sites. In the past, precious metal catalysts have been adsorbed onto and absorbed into
AIPO,s to take catalytic advantage of their shape selectivity.>*! Substitution of catalytic
framework elements into the AIPO, framework itself is another way AIPO, sieves can
become catalysts. Incorporation of silicon tetrahedra into an AIPQy, for instance, leads to
the solid acid catalyst SAPO-n family.>** The focus of this work is the substitution of
first row transition metals into the AIPO,4 framework, leading to solid redox catalysts
belonging to the MAPO-n family.*>*’

The majority of publications regarding MAPO systems are concerned with the

function of finished sieves. MAPO catalytic activity is constantly being probed and



85

tested, and so a large number of publications concern optimization or study of specific
reactions.’®?# For instance, MnAPO-5 has shown promising results in the catalysis of
several reactions, e.g. the oxidation of cyclohexane, the oxydehydrogenation of ethane

23-25

and the isopropylation of ethylbenzene. Efforts have been made in an attempt to

synthesize and study MAPOs in novel ways, for instance using microwave heating to
speed up the reaction, or attempting to get information from electron pair resonance.? %
Sensor applications have also been tested, and FeAPO-5 has proven itself to be a useful
humidity sensor.”® 2° This wide array of research is not surprising given the versatility
and robustness of the MAPO family. An important feature of these systems is that the
metal centers can cycle between oxidations states (in the case of Mn and Fe, between the
2+ and 3+) during redox catalysis within the framework® > * without disrupting the
overall crystal structure of the sieve.

The AIPO4-5 sieve with AFI topology is well-studied and can be easily
synthesized by a variety of methods, most popularly by HTS. It has a high thermal
stability and (like all crystalline molecular sieves) extremely narrow pore size
distribution,® * * In addition to these desirable qualities, it has proven to be highly
amenable to framework substitution by a large number of heteroatoms. Many
publications detail substitution of silicon, light alkaline earth metals and first row
transition metals, in addition to some more exotic elements.***® Incorporation of
heteroatoms gives these materials the ability to perform in catalytic applications of
various kinds, and the fact that several heteroatoms can be incorporated means that a

wide array of different materials can be made to cater to numerous applications. For this

reason, study of the substitution of first row transition metals into the AIPO4-5 sieve was
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seen as a desirable research goal. Despite a great deal of effort being put into the study of
the functional activity of transition metals in molecular sieves, relatively few publications
are available which detail the crystallization of these sieves and the metal substitution
which occurs therein. Solid state NMR has been useful in analyzing these reaction
features, but the introduction of potentially paramagnetic transition metals makes
collection and interpretation of NMR data complicated. Nevertheless, there is a wealth of
information that can be had when studying reaction intermediates in the crystallization,
and this study aims to produce some of that information. In this work, the hydrothermal
method of molecular sieve synthesis was used to study the crystallization of transition
metal substituted AFI-type aluminophosphate molecular sieves. Crystallization
intermediates were collected during the synthesis of MNAPO-5 and FeAPO-5, two well-
studied and industrially relevant systems. The intermediates were characterized using
solid state NMR, supported by XRD and SEM/EDX, in an attempt to develop a picture of
the crystallization and substitution that occurred while these complex molecular

superstructures formed.

4.2 Experimental

4.2.1 Synthesis and Preparation
The synthesis of MAPO sieves (MnAPO-5 and FeAPO-5) were carried out

according to a literature procedure.®” The structure directing agent used was triethylamine
(TEA). The desired molar ratio was set at 0.94 Al : 1.00 P : 0.06 Me : 0.75 TEA : 20 H-
0, where Me represents the transition metal and TEA was the organic structure directing
agent. First, the 3.00 g of the aluminum source (CATAPAL B pseudoboehmite, 72%

Al,O3, Sasol) was added to 6.48 g of deionised water and stirred for thirty minutes. A
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solution of either 0.60 g of the manganese source or 0.99 g of the iron source in 6.48 g of
deionised water (Mn(CH3COO),¢4H,0, 99% and Fe(NOs3)3¢9H,0, 99%, Sigma-
Aldrich) was then added slowly and allowed to homogenize for one hour. 4.59 g of
phosphoric acid (H3zPO4, 85%, Caledon) was added drop wise as the source of
phosphorus, and the developing gel was stirred for two hours. Lastly, 3.09 g of
triethylamine (99.5%, EMD) was added and the gel was stirred for an additional two
hours.

After stirring, the gel was transferred to TEFLON lined stainless steel autoclaves.
The autoclaves were sealed and placed in the oven at temperatures ranging from 160 to
180°C for times ranging from thirty minutes to three days. On removal from the ovens,
the autoclaves were quenched in cold water to decrease the temperature and then opened
(as soon as it was safe to do so) to decrease the pressure. These were done in an attempt
to halt the reaction as reliably as possible with the aim of collecting crystallization
intermediates. After removal from the autoclave, the samples were washed liberally with
deionised water, isolated and dried in air at 80°C overnight. The samples were then

ground into a fine powder for analysis.

4.2.2 Characterization
Product identification and determination of relative crystallinity was done using

XRD. The instrument used was a Rigaku diffractometer using Co Ko radiation (A =
1.7902 A). NMR experiments investigating 2’Al and *'P nuclei were performed using a
Varian/Chemagnetics Infinityplus 400 WB NMR spectrometer operating at 9.4 T. The
Larmor frequencies of >’Al and *'P nuclei were set at 104.1 and 161.7 MHz, respectively.

The spectra taken were standardized against 1M AI(NO3); solution (0 ppm) and
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ammonium dihydrogen phosphate (0.81 ppm from 85% HsPO,) for #’Al and *'P,
respectively.®® In addition to one-pulse MAS experiments, inversion recovery and
saturation recovery pulse sequences were used to determine the spin-lattice relaxation
times, T1, using the normal exponential and stretched exponential modelling functions.*®”
“ SEM and EDX measurements were done using a Hitachi S-4500 field emission
scanning electron microscope equipped for EDX with an EDAXTM system. Crystallized
samples were calcined in air, increasing the temperature by 100°C per hour up to 550°C
and then maintaining that temperature for 24 hours. Any colour change in the sample was

noted by visual inspection and the samples were re-analyzed using XRD in order to

confirm the structures had not collapsed during calcination.

4.3 Results and Discussion

4.3.1 XRD: Synthesis and Calcination

Figure 4.1 shows the X-ray diffractograms for selected intermediates in the
hydrothermal synthesis of MNAPO-5 synthesized at 170°C. The zero hour sample shows
a small reflection around the 8° 20 region which is an unidentified impurity. The
reflection lines up with the lowest angle reflection seen for the desired AFI framework,
but the pattern for the starting material is otherwise featureless; the pattern describes
(mainly) an amorphous solid with no apparent layering or periodicity of any kind. As the
reaction progresses, reflections indicative of the AFI framework become apparent at the
two hour reaction time mark*. As the reaction proceeds, these reflections become more

intense, indicating reaction progress and crystal growth. The intermediates at two and
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three hours reaction time show semi-crystalline samples, while any samples collected

after that time show highly crystalline AFI sieves. These sieves are stable up to the three
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Figure 4.1: X-ray diffractograms for the crystallization of MnAPO-5 under HTS conditions.
Impurity peaks are marked with an asterisk.

day reaction time, showing no degradation or any co-crystalline phase. This indicates
that, even in the presence of manganese and acetate ions, the AFI sieve is able to form
efficiently under the structure direction of triethylamine, and that the introduction of the
new species did not alter the gel environment enough to stop vital framework constituents

from becoming active and reacting.
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A similar series of diffractograms can be found in Figure 4.2 representing the
hydrothermal synthesis of FeAPO-5 at 180°C. This higher reaction temperature has

accelerated the reaction. Samples collected up to 1.5 hours show a purely amorphous
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Figure 4.2: X-ray diffractograms for the crystallization of FeAPO-5 under HTS conditions.
material. A semi-crystalline intermediate that begins to show the AFI framework
reflections was collected at 1.5 hours. At two hours, highly crystalline AFI is present, and
these reflections remain, becoming slightly more intense, over the next three days of
reaction time. As was seen in the MnAPO-5 crystallization run, no co-crystalline phase

can be detected by XRD from the outset of the reaction up to the longest reacted sample
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at three days. No significant degradation in the crystallinity is detectable from six hours
up to three days.

Figure 4.3 shows the results of the calcination of the three day reaction time
sample of MnAPO-5 and FeAPO-5. A small portion of the sample was slowly heated to
550°C and held at that temperature for three days. As the XRD patterns show, no
significant degradation occurred over this time. The sieves are stable at this temperature.
The first evidence for transition metal framework incorporation came as a result of the
calcination experiments as well. After calcination, a colour change was readily apparent
in the materials. The MnAPO-5 sample changed in colour from white to deep purple, and
the FeAPO-5 samples changed from a light grey colour to a light yellow colour, seen in
Figure 4.4. These changes are consistent with oxidation occurring between the 2+ and 3+
states of tetrahedrally coordinated Mn and Fe centers, possibly within the framework.?*
%0. 31 On long-term exposure to air, the intensity of the colour of the samples fades
noticeably. Introduction of a reductant (e.g. Hz(g)) to the system would likely speed up
this process. These results provide evidence that metal species exist within these samples
that can be used for cyclic catalytic redox chemistry. Confirmation of these results,
clarification of the actual state of the metal centers (framework or extra-framework) and
the determining the role of the metal centers in sieve crystallization would be the next

goal of these works.
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MnAPO-5

3 days calx.
@ 550°C

>

FeAPO-5

Figure 4.4: Effect of calcination on the colour of MAPO samples synthesized via HTS. MnAPO-5 changes
from white to dark purple, while the FeAPO-5 changes from pale grey to pale brown-yellow. No change to
crystal structure is observable using XRD. The colours slowly revert over long time scales exposed to air.

4.3.2 SEM/EDX Results
SEM/EDX results investigating the crystal morphology and elemental

composition of crystalline three-day samples of MnAPO-5 and FeAPO-5 are shown in
Figure 4.5. The SEM images show highly crystalline aggregates of crystals, box-like or
barrel-like in appearance, with ~10 um to a side. Little to no amorphous material could be
seen in the sample. Flat crystal surfaces on the “walls” as well as the “lids” of the barrels
were used as targets for EDX analysis. The Al/P ratios of MnAPO-5 and FeAPO-5 were
calculated at 0.91 and 0.90, respectively. The (Al+M)/P ratios, where M represents Mn or
Fe, were calculated as 1.0 and 0.96, respectively. This result offers further proof that

transition metal substitution had occurred to an appreciable degree. An Al/P
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Figure 4.5: SEM images of MNAPO-5 and FeAPO-5 crystals. Mass % determined by EDX.

I** in a method

ratio lower than one indicates that the metals preferentially replace A
similar to the SM1 substitution seen in SAPO-5.* As noted in Figure 4.5, the metal

content of the MnAPO-5 and FeAPO-5 sieves were 3.14% and 2.09% by mass,
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respectively. Similar metal loadings into AFI sieves have been reported via EDX in

previously referenced literature.®”*"

4.3.3 Solid-State NMR results

38.3 ppm

_J

Oh 0Oh

150 100 50 0 -50 -100 -150 ppm 200 100 0 -100 -200 ppm

TTAIMAS SIPMAS
Figure 4.6: ’Al and *'P MAS NMR spectra of crystallization intermediates in the hydrothermal
synthesis of MnAPO-5. Note the enlarged spinning sidebands.

Al and *P MAS NMR spectra of selected crystallization intermediates in the
hydrothermal synthesis of MnAPO-5 are shown in Figure 4.6. All resonances for both
nuclei can been assigned in terms of previously published work, and no anomalous
resonances were detected.*® *° At the outset of the reaction, the aluminum spectrum is
dominated by a sharp, symmetric peak centralized around 6.6 ppm. This peak has been

attributed to octahedrally coordinated aluminum, i.e. Al(-OAl)s. This signal remains as
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the dominant spectral contributor until a small resonance becomes detectable at the two
hours reaction time mark. This resonance is centralized at 38.3 ppm and represents
tetrahedrally coordinated, framework aluminum, i.e. Al(-OP),. From two to six hours,
this new signal becomes more intense until it nearly matches the intensity of the reagent
peak at the six hour mark. From six hours until a maximum reaction time of three days,
the product peak becomes the new dominant resonance in the spectrum, although some
reagent alumina is still apparent. This extra aluminum is likely present due to unreacted,
extraframework alumina. This would technically lead to an over-representation of
aluminum in the final, bulk crystalline sample, but this was not apparent in the EDX
results (vide supra), confirming that the aluminum resonance at 6.6 ppm was either
removed during the washing procedure or was otherwise excluded from the crystalline
framework. No resonances were detected in any intermediates other than those for
amorphous alumina and framework aluminum centers, providing evidence that there is a
direct transition between these two forms of aluminum without an intermediate phase
during the crystallization of MnAPO-5.

The *'P NMR spectra in Figure 4.6 show the development of the phosphorous
environments. The spectrum collected for the zero time sample shows a broad resonance
centered at -17.4 ppm. This resonance has been assigned to bulk, amorphous
phosphorous oxide species at varying degrees of condensation. Resonances in this
spectral region can be assigned to phosphorous atoms connected to tetrahedrally or
octahedrally coordinated aluminum or hydroxyl groups, or which are coordinated to
cationic SDA species, but they do not represent framework phosphorous.®® This

resonance is the dominant signal from the outset of the reaction until roughly the one
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hour and thirty minutes mark. As will be explained below, the peaks centered at 80 ppm
and -120 ppm are spinning side bands which have been amplified by the presence of
paramagnetic material within the sample. Within a reaction time of thirty minutes, a new
signal develops and overtakes the broad precursor phosphorous signal, centered around -
28.9 ppm. This broad, asymmetric signal has been attributed to tetrahedrally co-ordinated
framework phosphorous. After only two hours, this signal is the dominant contributor to
the *'P spectrum. As the reaction proceeds, the signal remains mainly unchanged. No
other phosphorous environment was detected in any reaction intermediate, indicating
another direct transition from dense, amorphous starting material to framework
phosphorous. The framework phosphorous signal appears earlier in the reaction than does
the framework aluminum signal. This indicates that phosphorous becomes reactive earlier
in the hydrothermal synthesis of these AFI sieves than aluminum. At the end of the three
day crystallization time, the only notable peak in the *'P spectrum is that of the
tetrahedrally coordinated framework phosphorus. The NMR spectra show that framework
environments for >’Al and *'P do not appear until the 1.5-2 hour mark in reaction time,
which coincides with the appearance of AFI reflections in the XRD developing from the
amorphous precursor occurring at roughly two hours as well.

Figure 4.7 shows complimentary one pulse ?’Al and *P NMR results for the
hydrothermal synthesis of FeAPO-5. The results shown here match those for the
MnAPO-5 sieves closely, and so it is likely that a similar reaction mechanism is followed
for these two materials. Small but important differences can, however, be detected. The

2Al spectra of the zero hour mark sample shows a sharp peak at 6.4 ppm. Once again,
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this peak can be assigned to octahedrally coordinated alumina-phase aluminum. The
amorphous aluminum remains as the major signal contributor until one hour and thirty
minutes reaction time, at which point a small resonance is detected at 37.6 ppm. This
signal can be assigned to tetrahedrally coordinated, framework aluminum. In as little as
thirty minutes from that point, the product peak nearly matches the reagent peak, and
after six hours it has become the dominant signal in the spectrum. Over the next three
days of reaction, the product peak grows even more, and at this point the reagent peak has
nearly vanished. A resonance is present at 6.4 ppm in the final spectrum, signifying the
presence of octahedral, alumina-phase aluminum in the final product. The diminishment
of this signal with respect to the analogous MnAPO-5 ?’Al crystalline spectrum is
reflected in the relative amount of metal within the samples as determined by EDX.
Nearly twice as much Mn made it into the sieve as did Fe, and this result is echoed in the
reduced presence of alumina in the FeAPO-5 crystalline product.

The 3'P spectra in Figure 4.7 show the very rapid transformation of amorphous
phosphorous into framework phosphorous. The zero time sample shows only the
amorphous peak, as does the one hour sample, centered at -17.4 ppm. Within thirty
minutes from that time, the amorphous peak has all but disappeared, replaced in near-
entirety by a sharp, symmetric peak centered at -29.4 ppm. As was the case with
MnAPO-5, this peak represents tetrahedral framework phosphorous. A small residual
peak representing amorphous starting material can be detected in the one hour and thirty
minutes sample spectrum. After two hours, no amorphous material can be detected, and
the product phosphorous peak grows in intensity and sharpness from that point up to

three days reaction time. No intermediate spectrum showed the presence of other
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phosphorous environments, and so another direct transformation is suspected. The
presence of framework environments as early as one hour and thirty minutes reaction
time matches nicely with the appearance of AFI reflections in the XRD progression at the

same time.

37.6 ppm(
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Figure 4.7: Al and *'P MAS NMR spectra of crystallization intermediates in the
hydrothermal synthesis of FeAPO-5.

4.4 Data Analysis

4.4.1 T, Relaxation
Direct observation of the metal environments in intermediates by NMR would

provide useful information about structure and substitution. NMR-active isotopes of both

Mn and Fe exist, however collection of >**Mn and °’Fe solid-state NMR spectra is not
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trivial in the case of these molecular sieves.*® This is due partly to the poor NMR
receptivity of >'Fe but is mainly due to the fact that the metals are paramagnetic. The
magnetic moments of a nucleus and an unpaired electron in a strong external magnetic
field are able to interact with one another, and the introduction of this “paramagnetic
moment” allows nuclei to relax much more efficiently.* * Too efficiently, in many
cases, to allow direct observation of a nucleus with a paramagnetic electron
configuration. The effect of this phenomenon is that spectra for paramagnetic nuclei are
difficult to acquire; the signals are severely broadened and can potentially be shifted from
their “diamagnetic” values determined by the CSA interaction. This does not, however,
mean that NMR is not useful in the study of paramagnetic materials.

The effect of an available paramagnetic relaxation pathway from one nucleus on
another neighbouring nucleus is a source of valuable information. In this case, the
paramagnetic Mn or Fe centers can cause relaxation enhancement in *!P nuclei. In the
case of a system with poor spin diffusion, this enhancement is a through-space interaction
that depends on r.s)°, where | and S are the target nucleus and the paramagnetic electron
(i.e. the paramagnetic nucleus) respectively.> Any evidence for paramagnetic relaxation
enhancement in *'P nuclei would therefore mean that paramagnetic centers are physically
close to P sites, i.e. within the framework (if the framework is present). This distance
dependence would mean that the majority of the P sites in the MAPO solids would not be
close enough to a paramagnetic center to feel the effects of this paramagnetic relaxation
(the number of Al being replaced by transition metals is less than 5%), and the NMR
spectra would be dominated by a signal representing this majority which behaved as

though it were in a purely diamagnetic solid. A much smaller paramagnetic signal which
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would be broadened, have enhanced spinning sidebands and may experience a
paramagnetic shift would also appear, representing those P sites directly linked to a metal
center. These P sites could potentially have paramagnetic shifts severe enough to make it
difficult to detect them (so-called “NMR invisible” phosphorous).>*™°

There are cases, however, where the effects of paramagnetic relaxation can
propagate throughout a solid; for instance, if the system possesses efficient spin diffusion,
or where the other nuclear relaxation mechanisms are not strong enough to dominate over
paramagnetic relaxation, even at considerable distances (the strength of paramagnetic
coupling is orders of magnitude higher than most internuclear interactions). In general,
paramagnetic effects are known to travel well throughout solids and in some solutions.**
%838 \With this information in mind, 3'P data was collected in an effort to provide further
proof of paramagnetic metal framework incorporation and to determine if any important

information could be obtained from reaction intermediates.

Table 4.1: T, relaxation times for reaction intermediates of SAPO-5, MnAPO-5 and FeAPO-5 measured
using 3P saturation or inversion recovery pulse sequences.

Sample | Reaction Progress | T; (S)

Amorphous 25.7
SAPO-5 ' semi-crystalline | 44.2
Crystalline 36.6

Amorphous 0.0462
MnAPO-5 [ semi-crystalline | 0.0135
Crystalline 0.0088
Amorphous 0.0610
FeAPO-5 [ gemi-crystalline | 0.0111
Crystalline 0.0119
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Table 4.1 lists the T, spin-lattice relaxation times for amorphous, semi-crystalline
and crystalline samples of MnAPO-5 and FeAPO-5 synthesized hydrothermally and
determined by the 3'P inversion recovery experiment. For comparison, T relaxation
times for crystallographically similar samples of diamagnetic SAPO-5 were also
examined via saturation recovery. There is a stark contrast between the T;s of the
paramagnetic and diamagnetic materials. The diamagnetic sample data was fit to and
optimized with the standard exponential saturation recovery equation in order to extract
the relaxation time, while the more suitable stretched exponential equation was used in
the case of the paramagnetic samples when studied using the inversion recovery
sequence. These two pulse sequences are described in detail in the experimental section,
but it is worth mentioning that while the inversion recovery sequence provides more
accurate relaxation data, it also requires that efficient relaxation occurs between scans,
and so is only experimentally feasible for samples with short T;s. The saturation recovery
sequence provides adequately reliable relaxation data and the delay between scans is
independent of the sample relaxation efficiency, and so this sequence is useful for
samples with longer T;s. Figure 4.8 shows the fitting of a representative set of data for a
paramagnetic sample. The curve is fit to the stretched exponential equation postulated by
Bain et al., and agrees with it adequately with an acceptable B value (the “stretching”

exponent, 0 < < 1) of 0.44. The stretched exponential equation is detailed below:

M, = b — a(exp I— (Til)ﬁl)

M) represents the signal intensity of a certain peak after delay time t, b and a are
optimized values representing the hypothetical intensity of signals M, and M),

respectively, T, is the calculated spin-lattice relaxation time and B is the stretching



103

exponent (the value of b is set at 100 due to the fact that intensity data was scaled for this
experiment). The equation for a diamagnetic relaxation system is identical except for the
presence of the stretching exponent . This bi-exponentiality has been found to better
represent a system with uniformly-spaced paramagnetic centers in solids, which closely
resembles the MAPO-5 samples under study here.”® The tables at the bottom of Figure
4.8 show the details of the fit, listing the fit equation used, R? values approaching unity,
and optimized values of a, b, p and T, along with standard errors.

The difference between the relaxation times of the materials spans four orders of
magnitude in the largest cases, but in general, diamagnetic samples have T;s in the tens
of seconds range, while paramagnetic samples have T;s in the tens of milliseconds range.
This effect is noted throughout the crystallization, indicating that paramagnetic metal
centers affecting the relaxation of P sites throughout the entire synthesis. This indicates
that the precursor is highly homogeneous, making it amenable to efficient metal
incorporation. The T;s for the amorphous paramagnetic materials are notably longer than
those of semi-crystalline or crystalline samples. The metals inside the precursor gel could
be in a mixture of oxidation states, and so the relaxation pathways available to these two
samples would not be identical. The lack of amorphous material in the samples evidenced
by XRD and the molar ratios noted by EDX indicate that the paramagnetic Mn and Fe are
incorporated into the sieve network and are not in the form of extraframework metal
oxides. The relaxation data for a comparable diamagnetic sample of SAPO-5 are also
detailed in Figure 4.8. It shows that, using the standard exponential fitting equation, a T,

relaxation time of 44.4 s fits the data very accurately. This T; is significantly longer than
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Figure 4.8: A) Representative 3P inversion recovery spectra for a sample of MnAPO-5 with scaled
intensity vs. 7 for the same data set in the graph below. 7 increases along the z-axis. The data fit is detailed
in the table below. B) A similar set of representative saturation recovery spectra for a sample of SAPO-5.
Spectra marked with an asterisk have a lower signal-to-noise ratio due to a temporary drop in *H

decoupling efficiency.
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that found for the paramagnetic sample, and is more typical for a phosphorous nucleus in
a diamagnetic environment, providing further evidence that paramagnetic coupling is a

major contributor to the relaxation of P site spins within the MAPO samples.

4.4.2 Spinning Side-Band Enhancement

/J L crystalline

SAPO-5
precursor

crystalline

precursor FeAPO-5
crystalline
precursor MnAPO-5

rrFerrrrreryrerrererrprr YA AICPTLETPLLLT
200 150 100 50 0 -50 -100-150-200 ppm

Figure 4.9: Comparison of the **P NMR spectra of crystalline and precursor gel samples
of diamagnetic SAPO-5 with paramagneticFeAPO-5 and MnAPO-5.

Dipolar coupling between *'P nuclei and a paramagnetic electron (the pseudo-

contact effect) is very strong. As a result of this, MAS is less effective in averaging an
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anisotropic powder pattern into an isotropic peak, and so at the same spinning speed a
paramagnetic sample will produce a spectrum with more intense spinning sidebands than
a diamagnetic sample.** **® Figure 4.9 shows *'P MAS spectra for precursor and
crystalline samples of MnAPO-5 and FeAPO-5 synthesized hydrothermally, as well as
crystallographically similar SAPO-5 samples synthesized via dry-gel conversion. The
difference between the diamagnetic and paramagnetic spectra are obvious on sight, and
are caused by the effect of paramagnetic transition metals on 3P sites. First, the spinning
side band enhancement effect described above is readily apparent. The paramagnetic
samples show enhanced spinning sidebands in both the amorphous precursor and the
crystalline product, while the diamagnetic SAPO-5 spectra show flat baseline where the
spinning sidebands would be. The resonances for the paramagnetic samples are notably

broader than corresponding diamagnetic SAPO-5 samples; an effect commonly noted in
NMR studies of paramagnetic materials.®*®" This effect is most apparent for the
MnAPO-5 samples as a possible result of the higher weight % of Mn in the samples
which was earlier noted by EDX. The chemical shifts for amorphous phosphorus and
framework phosphorous are similar between sample types. This could either mean that no
paramagnetic shift had occurred and the signal represents the entire P population, or that
a severe paramagnetic shift had occurred, and the signal at the diamagnetic value
represents only the diamagnetic P sites. The recycle delay used for these acquisitions was
0.5 s, which is not enough time for a P site in a diamagnetic sample to relax efficiently
between scans. After the first few pulses the P population would become saturated and no
new information would be obtained by subsequent scans. The data obtained indicate that

the T, for diamagnetic SAPO-5 samples is on the order of 20-40 seconds, meaning that
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an effective time to wait between scans would be on the order of 1-3 minutes. On
repeating these acquisitions under identical conditions (except for the pulse delay which
was set to 60 s) the spectra produced are similar to those for the initial acquisition. These
results, coupled with the previously mentioned T; data, show that paramagnetic
relaxation pathways are available to P sites homogeneously over the entire course of the
crystallization and that efficient spin diffusion is present in both the systems studied by
this work.

Previous work done within this group noted similar NMR results when working
with paramagnetic metal substitution. Chen et al. noted enhanced spinning sidebands and
a broadening of signal in *'P NMR inside cobalt-substituted AIPO,-5 sieves without any
paramagnetic shift.®® Labouriau et al. noted a similar effect when studying the same
system>*, going on to note that the intensity of the unshifted peak increased upon sample
calcination. They interpret this result by stating that extraframework paramagnetic cobalt
(in the oxide form) would exit the pore network on calcination, and so a larger population
of phosphorous would become NMR “visible” as they gained distance from paramagnetic
centers. The shifted NMR invisible phosphorous signal would, presumably, decrease in
intensity at the same rate, however they note that the enhanced spinning side bands and
signal broadening are applied to the diamagnetic phosphorous signal, as is the case in this
work. P signal broadening and enhanced spinning sidebands are noted in other AIPO,
framework when studying Mn and Fe substitution. Sinha et al. noted the effects in
MnAPO-41 and MnAPO-11, and used EPR to classify the metal centers more directly,
eventually identifying at least 4 distinct Mn?* sites in their samples.®® These examples,

alongside the work presented here, indicate that the effects of paramagnetic relaxation
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inside AIPO4 molecular sieves seem to act on these systems in a bulk fashion, rather than
a more localized manner noted in some other systems.

The crystallization and substitution which occurs during the hydrothermal
synthesis of the AFI framework sieves MnAPO-5 and FeAPO-5 has become clearer
through the use of solid state NMR spectroscopy, complimented by XRD and SEM/EDX
data. These processes are similar between the two metals studied by this work. Based on
these results, it appears that the ageing period before reaction in the autoclave helps to
efficiently homogenize the eventual framework constituents. The aluminum in the
precursor is still octahedral and the phosphorous is amorphous, but due to the efficient
paramagnetic relaxation enhancement noted in the 3P NMR analysis, it would appear
that paramagnetic metals are in close proximity to the phosphorous source, if not already
bridged to phosphorous through oxygen. The latter hypothesis is supported by the fact
that framework P sites are evident in the spectrum shortly before framework Al sites, and
also before significant presence of the framework in X-ray diffractograms. As the
reaction proceeds the crystal structure becomes more apparent via XRD as octahedral Al
is attached to P-O-M complexes under the structure direction of TEA. The precursor 2’Al
and *!P signals shrink as the product signals grow, and eventually the crystalline sieve is
finished with well-incorporated metal centers. The higher weight % of Mn in the sieve
can be explained by the fact that the ionic radius of Mn®" is closer to that of AI** than
Fe**, and so Mn®" is a better fit within the sieve than is Fe®". " In addition, it has been
noted that in this synthesis both Fe®* and Fe®** ™ would be present, and a difference in the
difficulty of these two ions in terms of framework incorporation can also be used to

explain the slight difference in weight % between the two metals studied here.
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4.5 Conclusions
The hydrothermal method of molecular sieve synthesis was used to produce

transition metal substituted variants of the AFI-framework aluminophosphate AIPO,-5.
Manganese and iron were chosen as model systems due to their past use in sieve
synthesis as well as the potential application of MnAPO-5 and FeAPO-5 in
heterogeneous redox catalysis of industrially important processes. Through the use of
XRD, solid state NMR and SEM/EDX, important aspects of the crystallization process,
which was quite similar between metals, were determined. The precursor material is
amorphous, however paramagnetic relaxation enhancement of *'P nuclei indicates that
the metals are in close proximity or even oxygen-bridged to phosphorous at the start of
the reaction, where no sieve crystals are apparent and all aluminum is in the octahedral
alumina phase. This is evidence of metal incorporation at a very early stage in the
reaction. Framework phosphorous sites are evident earlier than crystalline sieves or
indeed framework aluminum, providing evidence for preferential metal bridge building
and the presence of P-O-M complexes. As crystallization progresses, the aluminum is
incorporated into a tetrahedral position in the framework directly from its precursor
octahedral state through reaction with P-O-M complexes, and the crystal is formed in as
little time as two hours. Over as many as three days, the crystals grow into large, barrel-
like aggregations. More manganese can be incorporated into the AFI sieve than iron,
explained by the larger ionic radius and ambiguous oxidation state of iron in the
precursor. Efficient spin diffusion is present in both samples, and the effects of
paramagnetic relaxation pathways can been seen in the NMR spectra for amorphous

precursors as well as crystalline samples.
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In the future, an even clearer picture of the reaction and incorporation mechanism
for these materials and many like them could be painted using increasingly complex
NMR experiments. Studying interatomic distances and connectivity in crystallization
intermediates would provide increasingly precise information about the movement of
reagents and development of the framework. Further NMR studies of organic nuclei (**C,
1415\ etc.) within the SDA or other reagents could also provide useful information. Once
again, solid state NMR has proven to be invaluable in the study of the crystallization

process of molecular sieve systems.
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CHAPTER FIVE

Summary and Suggestions for Future Work

5.1 Thesis Summary
Microporous materials, being of considerable industrial utility and research

interest, have been under serious chemical investigation since their first synthesis the
mid-20" century.™® In that short time, molecular sieves have evolved into a diverse
family of materials with industrially relevant applications. This work attempted to
characterize the processes by which these remarkable materials crystallize, paying
particular attention to heteroatomic substitution; the process by which interesting new
catalytic properties can be introduced into otherwise non-catalytically active frameworks.
With that background, this work sought to study the crystallization of molecular
sieve systems where heteroatomic framework substitution took place, building on
previous work from within this group. Successful projects studying the substitution of
multiple heteroatoms into the AIPO4-5 molecular sieve (AFI topology) have been
detailed. Hydrothermal and dry-gel conversion syntheses of these systems were
performed and optimized based on previously published literature. Reaction
intermediates were collected for study and analyzed using XRD, NMR and SEM/EDX.
Chapter three details the study of the silicon substituted aluminophosphate system
with AFI topology known as SAPO-5.%*" This material has significant potential as,
among other things, a heterogenous acid catalyst. The number and the type of acid sites
found within this material are dependent on the substitution of silicon into the
aluminophosphate framework during crystallization, and so its study will hopefully lead

to a heightened ability to tailor these useful acid catalysts. The process was monitored
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using three different modifications of the dry-gel conversion method, SAC, VPT and
VPSU.

Through solid state NMR, it was determined that the SAC and VPT methods are
very closely related. At the outset of the reaction, the two dry-gels are significantly
different, both by XRD and NMR, as a result of the absence of triethylamine structure
directing agent in the VPT dry-gel. After a very brief time under VPT conditions,
however, the two crystallization methods converge. The incorporation of silicon also
appears to occur in a similar fashion as well. In the dry-gel, the silicon exists as a dense
silica-like phase, which through hydrolysis becomes activated and available for
incorporation into the developing sieve under the influence of structure direction. In both
the SAC and VPT cases, there exists a remnant of that dense phase in the crystalline
sieve, either as framework silica islands or extra-framework starting material. The SM3
method of substitution was found to dominate in these syntheses. The VPSU method uses
a volatile organosilicon species as a source of framework silicon, and was found to
follow a similar crystallization pathway as the SAC method. The silicon incorporation
was, however, much more dispersed, with only well-incorporated silicon centers found in
the final product. Organically linked silicon were present in the precursor prior to sieve
crystallization, but were absent from the finished sieve. The SM2 method of substitution
was the dominant form in this synthesis.

Chapter four details the substitution of manganese and iron atoms into the AIPO,-
5 sieve, creating MnAPO-5 and FeAPO-5, respectively, under hydrothermal synthesis
conditions.”*** Metal-substituted aluminophosphates (MAPOs) are highly sought after

materials due to their redox catalytic activity, although relatively few publications detail
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their crystallization or substitution. The introduction of paramagnetism means that direct
observation of the metal centers in these materials using NMR would be non-trivial, but
indirect observation would provide useful information. In the case of both metals, the
crystallization from precursor to sieve occurred directly from amorphous to crystalline
materials with no intermediate phase. The crystallites formed were uniformly large,
barrel-like aggregates of thick plate-like crystals. Metal loadings were less in the iron
case than with manganese: likely a result of the similarity in ionic radius of Mn®* to AI*".
EDX-determined molar ratios agree with the popular assertion that metals preferentially
substitute for AI** in the sieve framework. Calcination of these materials resulted in a
dramatic colour change as a result of the redox activity of the MAPO sieves. Long-term
exposure to air resulted in a reversal of this colour change.

Paramagnetic effects on **P MNR spectra were evident early in the synthesis, and
remain evident for the entirety of the crystallization. The paramagnetic effects of even a
relatively small number of metal centers are felt by the majority of the 3P spin
population. Signal broadening and enhanced spinning sidebands are evident from the *'p
spectra, but no paramagnetic shift seems to have occurred and the signal is found at the
“diamagnetic” chemical shift. This indicates that in both cases that efficient spin
diffusion is present, and the signal coming from the relatively small number of
phosphorous directly bridged to paramagnetic metal centers is not readily apparent. These
“NMR invisible phosphorous” may be represented as a part of the main signal, or they
may be shifted further than the boundaries of the frequency range of interest. Direct

observation of the paramagnetic metal centers by NMR would be non-trivial, but the
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effect of these paramagnetic centers on neighbouring *'P nuclei provides useful
information.

The results of these studies likely apply to systems other than those mentioned
here. This thesis represents a possible standard method of study for the crystallization of
all molecular sieves, resulting in faster publication of crystallization data and a
heightened awareness of occurrences during molecular sieve synthesis. This awareness
will become more important as new synthesis methods and new types of molecular sieves

become more prevalent.

5.2 Future Work

It is recommended that the following steps be taken in order to complete or
expand upon the studies mentioned in this thesis. They serve the purpose of expanding
the amount of available data on molecular sieve crystallization in order to discover
significant patterns and draw meaningful conclusions.

1) Expand on the number of microporous systems under study, exploring other
AIPO, frameworks, as well as analogous sieves of different construction (true
zeolites, GaPQOys, MOFs, etc.).

2) Attempt to incorporate different elements, both novel and well-studied (Mg, Cr,
V, Co, Zn, Cu etc.) into well-studied frameworks and study their incorporation
and substitution patterns looking for contrasts.

3) Attempt to synthesize well-characterized systems using novel methods (i.e.
solvothermal, ionothermal) in an attempt to correlate solvent type to incorporation

and/or substitution.
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4) Use more complicated solid state NMR techniques (REDOR, HETCOR, 3QMAS,
etc.) and/or vibrational spectroscopy to study intermediates and obtain clearer
information about the crystallization process.

5) Perform catalytic testing on fully crystallized, pure sieves, in an attempt to

correlate synthesis or incorporation parameters to catalytic activity.



10.

11.

12.

13.

14.
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