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Abstract

The aim of this thesis was to utilise azamacrocycles as SDAs in the synthesis of open

framework materials. Firstly, azamacrocycles were obtained commercially or

synthesised to use as SDAs. Secondly, they were used as additives in the

hydrothermal synthesis of open framework materials. The products of the

hydrothermal reactions were then characterised using a variety of techniques; single-

crystal and powder X-ray diffraction, nuclear magnetic resonance and a number of

other complementary techniques.

Several azamacrocycles were investigated that produced a variety of framework

architectures. All these structures are discussed in detail. The chabazite topology was

crystallised using a cobalt 1,4,7-triazacyclononane complex, 1,5,9-

triazacyclododecane, 1,4,7,11-tetraazacyclotetradecane and a nickel 1,3,6,9,11,14-

hexaazatricyclo[12.2.1.1 ' Joctadecane complex which were located within the

chabazite cages. Two symmetries (trigonal and triclinic) of the chabazite framework

resulted from the use of different SDAs and inclusion of fluoride. The positions of

the fluoride atoms are also discussed.

The LTA topology was crystallised form fluoride-containing media in the presence

of a copper 1,4,7,11-tetraazacyclotetradecane complex, 1,4,7,11-tetramethyl-

1,4,7,11 -tetraazacyclotetradecane, 1,4,7,11 -tetraethyl-1,4,7,11 -

tetraazacyclotetradecane and from trimethylamine and 1,4,7,11-

tetraazacyclotetradecane acting as co-templates. The additives are most likely located

v



within the large a-cages. The AFI topology crystallised from a nickel 1,3,6,9,11,14-

hexaazatricyclo[12.2.1.16'9]octadecane complex that degraded during the reaction to

give another nickel complex that is located within the pores of the framework. This

study signifies the importance of collecting the highest quality data.

meso-5,1,1,\ 2,14,14-hexamethyl-1.4,8,11-tetraazacyclotetradecane crystallised a

• 2"hnovel layered phase in the presence of transition metal ions (Zn/Co ) where half of

the macrocycles are complexed to metal ions and the other half are free, meso-

5,7,7,12,14,14-hexamethyl-1,4,8,11 -tetraazacyclotetradecane and racemic-

5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane produce another novel

layered phase from fluoride-containing media. This phase undergoes a solid-state

transition upon thermal treatment to the open framework material with the AFO

topology.
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Chapter 1 — Introduction

1 Introduction

1.1 Zeolites

1.1.1 Background

Zeolites, or microporous materials, are classically defined as three-dimensional,

microporous, crystalline aluminosilicate species with well-defined pore structures.

The first zeolites to be discovered were naturally occurring minerals found in the

earth's crust. In 1756, Cronstedt discovered the first zeolite (stilbite, framework type

1 2 •code - STI) that was observed to rapidly lose water on heating. The word 'zeolite'

was derived from the Greek words 'zeo' (to boil) and 'lithos' (stone). Synthetic

zeolites were first made in the 1940's by Barrer3 and Milton4 who found new

framework architectures that had no naturally occurring counterparts.

Zeolites consist of an open arrangement of corner-sharing tetrahedra where the metal

cation at a tetrahedra centre (T) is surrounded by four oxygen anions (Figure 1.1). In

aluminosilicate materials SiC>4 tetrahedra are partially substituted by AIO4 tetrahedra,

which have a lower formal charge (Si4+ and Al3+). Therefore, every aluminium

incorporated into the framework requires additional cations occupying non-

framework positions to attain electroneutrality.
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Chapter 1 - Introduction

LTA VFI

Figure 1.1 — Examples ofzeoliteframeworks. Only tetrahedral atoms plotted therefore each line

represents a T-O-T bond.

McBain introduced the term 'molecular sieve' in 1932 to define solids with internal

pore structures capable of absorbing small molecules.3 Nowadays, all the above

terms are applied to porous oxide materials with varying chemical compositions to

that of the aluminosilicates, but they still must posses the property of well-defined

pore structures. Other metal cations that are able to occupy these tetrahedral positions

do not have to be isoelectronic with aluminium or silicon; examples are listed in

table 1.1.6 The most abundant of these materials being the aluminophosphates (or
n

AlPOs) discovered by Flanigen et al.

Metal oxide charge M

(M2+02)2' Be, Mg, Zn, Co, Fe, Mn
(M3+o2)'- Al, B, Ga, Fe, Cr
(M4+02)° Si, Ge, Mn, Ti
(M5+02)I+ P, As

Table 1.1 - Cations that can occupy framework T sites.

The simplest method to classify molecular sieves is on the basis of pore size and

channel system. Pore size can be represented by the size of or number of T-atoms

that define the aperture. The channel system can be defined by the dimensionality
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Chapter 1 — Introduction

and the shape of the pores. With the vast number of framework architectures known

today (136 framework types)1 this method of classification is deficient, therefore a

more detailed approach that allows comparisons between complex architectures was

required.

Primary building units (PBUs), which are MO4 tetrahedra, are arranged into

geometric configurations called secondary building units (SBUs). These SBUs are

empirical building blocks from which all known framework types can be

theoretically generated. Only the central atoms of the tetrahedra (T) are used for

simplicity, which produces a stick model (each lines represents T-O-T bonds) as in

figure 1.2.8 These SBUs can combine in a variety of fashions to form tertiary

building units; for example, the sodalite or p-cage can be constructed from either

four-rings or six-rings. The sodalite cage can then combine in a variety of fashions to

produce different framework types; e.g. EMT, FAU, LTA and SOD (Figure 1.3).

A □ o O
3(1) 4(61) 6(39) 8(15)

spiro-5 (1) 4-4(6) 6-6(10) 8-8(3)

d 0 R e?
4-1(3) 4=1(3) 4-2(9) 4-4=1(2)

Cr Q> CO
5-1 (14) 5-2 (4) 5-3 (8)

6-2(21) 2-6-2(3) fel (2)

Figure 1.2 - Secondary building units and their symbols. Frequency ofoccurrence in brackets.
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Chapter I — Introduction

1.1.2 Applications of Zeolites

The capability ofmicroporous materials to interact with other species both within the

pores and on the surface results in the tremendous number of applications these

materials are used for. The first published properties of zeolites were their ability to

exchange ions and reversible adsorb water.9 Zeolites have replaced polyphosphates

for the removal of alkaline earth ions from washing water, and thereby activate soap

powders in hard water.10 This ion exchange ability has also been exploited to remove

ammonia from drinking water and fish hatcheries, heavy metal ions from waste water

as well as radioactive ions from waste solutions.

Industrially, zeolites are of great importance to catalysis. The oil refining industry is

almost commercially dependent on zeolites for catalysts in hydrocracking, catalytic

cracking, isomerisation, oligomerisation and aromatisation to obtain the maximum
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Chapter 1 - Introduction

conversion of crude oil to fuels with specific properties (e.g. octane value),
• 1 1 19 • •

feedstocks and fine chemicals. ' They are also used in shape selective catalysis as

their well defined pores are able to separate molecules by size and shape (Figure

1.4). These pores intersect to form cages in a number of zeolites where catalysts can

be anchored, as they are too large to escape through the windows, giving rise to

'ship-in-a-bottle' catalysts.13 By specially tailoring zeolites for use as solid acids, the

Bronsted acid function can be controlled for the application required.14

Figure 1.4 - Schematic diagram of reactant shape selectivity: Rejection ofbranched-chain

hydrocarbons.

Shape selectivity is not only important in catalysis, but also in separation and

absorbing ofmolecules.15 The shape and size of the pores allows for a wide range of

applications, for example, an everyday laboratory use as a drying agent for organic

solvents to more complex separations of azeotropic solutions.11 This ability to

selectively absorb molecules also allows zeolites to separate gaseous mixtures.

Oxygen can be cheaply separated by zeolites (Li form of zeolite X) rather than by

traditional cryogenic methods, which are considerably more expensive. Purification

of gases can also be accomplished with zeolites. For example, copper modified

chabazite removes trace amounts of nitrogen from argon. Zeolite thin films and

layers are of interest for use as membranes in separation devices and membrane

reactors.16 Odours at home and in industry can be controlled by zeolites. Ammonia
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Chapter 1 - Introduction

can be a problem for livestock, which is absorbed by zeolites and then can be

immediately employed as a slow release nitrogen fertiliser. As zeolites are non-toxic,

they have found uses as soil amendments17 and livestock feed additives.

Emerging new applications for microporous materials are nearing commercialisation.

The demand to make electronic devices more compact relies on the dimensions of

the microchips themselves to shrink in size. This places strain on the insulators used

in these devices. Currently dense silicon dioxide with a dielectric constant of k = 3.9

- 4.218 is used, but, materials with lower dielectric constants than silicon dioxide are

required to shrink the dimensions of these devices even further. Films prepared from

pure mesoporous silica (MesoELK™)19 and microporous materials have
90 •

demonstrated dielectric constants in the range of 1.8 - 2.2. Many zeolites also

exhibit an unusual thermal property, they contract upon heating whereas most other

materials expand upon heating. Negative thermal expansion of zeolites can be used

to tailor a composite material to suit its application. As zeolites are non-toxic to

humans, gadolinium ions (Gd3+, which are toxic) anchored within zeolites can be

administered to humans as a contrast agent in magnetic resonance imaging.

Gadolinium binds water and results in proton spin relaxation times that are

significantly lower than that of free water.21 By using zeolites as host materials,
• • 99

photo-active guest molecules can be absorbed to produce lasing materials and non-

9T
linear optic devices .
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Chapter 1 — Introduction

Zeolites are now being applied to an enormous range of diverse applications. The

future of zeolites looks promising. The major challenge is now a matter of

synthesising tailor-made zeolites for specific applications.

1.1.3 Synthesis

The conditions of zeolite synthesis have changed little since the work of Barrer and

Milton4 in the 1950s. The general method involves mixing the reagents together to

form a homogenous aqueous gel and heating (<250°C) this in an autoclave (Figure

1.5) under autogenous pressure for a period of time. By varying the reactants

(framework cations, structure-directing agent, mineraliser, solvent and

concentrations) and conditions (temperature, time, pH and agitation) a variety of

framework architectures and compositions are now accessible. However, zeolite

formation is very sensitive to small variations in reaction parameters leading to

scarce reproducibility of results. Recent advances have included the use of organic

cations as structure-directing agents (SDAs), mineralising agents and microwave

heating.

Figure 1.5 — Cross section ofan autoclave showing the

teflon liner (inner) and metal-jacket (outer).
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Chapter 1 - Introduction

Zeolites were routinely synthesised from aluminosilicate gels on industrial scales

using alkali metals as SDAs. The discovery by Barrer that organic cations,

particularly quaternary ammonium salts and amines, can be used as SDAs to replace

alkali metals was revolutionary.24 This work led to the discovery of new framework

architectures and Si/Al ratios that were formerly unattainable. The next major

advance in microporous materials came with the discovery of the aluminophosphates

(AlPO-tt, Union Carbide Corporation).7 These were synthesised at lower pHs

(slightly acidic) than the aluminosilicates which were synthesised at pH ~ 10. Other

elements have now been incorporated into the frameworks of microporous materials,

the most interesting of these are the gallofluorophosphates.25

Crystallisation from solution is an important topic in chemistry. The goal of the

crystal engineer could be to grow single crystals (of a specific structure), which is

important for structure determination, or small crystals to give high external surface

area for catalysis. The processes involved in crystal growth are the formation of

nucleation centres followed by subsequent growth of these centres to form the final

material (Figure 1.6). These initial small particles are believed to be critical to the

properties of the final solid.26 Therefore, analysis of these nucleating species in

solution would be the starting point for the mechanism of zeolite formation.

However, the large number of reaction parameters that can be altered in zeolite

synthesis (time, temperature, pressure, solvent, reactant source and type, pH, SDA,

ageing time, reaction vessel etc) and the many framework types makes for a complex

solution. Also, variation of one of these variables may affect several other variables
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Chapter 1 - Introduction

in the system and also the formation of different framework architectures may

proceed through different reaction mechanisms.

Sic:
XfHVS'H 1J1 go',SiI O Silto

H XH H" /
« Q 1 os -O—Si

V of* I( H H H'0'lftNl

o hydrophobic hydration

overlap of
hydrophobic
hydration
spheres

crystal
growth

formation of

composite
species

Figure 1.6 — Schematic illustration ofsiliceous zeoliteformation (adaptedfrom reference 27).

Breck was the first to propose that there should be a relationship between species in
• • • • 98 • *

solution and in the crystal in siliceous zeolites. He called these species primary and

secondary building units (PBU and SBU respectively). He suggested that the PBUs

are the simplest complexes and that the SBUs (Figure 1.2) are the same in solution

and in the solid. Schuth el al. has shown the double 4 ring unit (D4R or 4-4), as

illustrated in figure 1.7, is present in silicate solutions containing
9Q • «

tetramethylammonium hydroxide. Electrospray ionisation mass spectrometry and
9Q •

Si NMR spectroscopy showed that the D4R was dominant in solution, but other
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Chapter 1 - Introduction

species were also present in lower quantities, such as; D3R, monomeric, dimeric,

linear and cyclic trimeric and different tetrameric species. This D4R can be isolated

as a solid and belongs to a class of materials called the polyhedral oligameric

silsesquioxanes (POSS).30 However, to date there is a lack of experimental proof that

these SBUs are involved in the mechanism of siliceous zeolite formation.

Figure 1.7 - Cubic siisesquioxane (Sig02nf'.

However, in aluminophosphates and gallophosphates, the concept of SBUs existing

in solution and in mechanisms is ever increasing. Taulelle has exploited in- and ex-

situ NMR spectroscopy to examine the species that are present in solution and in the

solid during metallophosphate synthesis.31 PBUs and pre-nucleation building units

(PNBUs) are shown to exist in the solution phase by in-situ and ex-situ NMR. Ex-

situ analysis of all the nuclei shows that the PBU is a monofluoromonophosphato

aluminium complex with six-fold coordination. This was reinforced by 3IP/27A1

double resonance NMR experiments carried out by Huang et al.32 The chemical shift

of this aluminium species was drastically affected when in-situ NMR was carried

out. This was attributed to loss of a water molecule from the coordination sphere of

aluminium in the supersaturated state.33
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Chavter I - Introduction

Analysis of A1PO-CJ2 formation showed condensation of the PBUs to form a PNBU,

which is a four-ring (4R) species (Figure 1.8). This PNBU 4R species is closely

related to the 4R building unit found in the crystal, with the exception of a missing

bridge that was thought to form during crystal growth. This mechanism was thought

to be applicable to the synthesis characterisation of other fluoro-aluminophosphate

materials. However, to view these PNBUs in solution a high degree of

supersaturation and slow crystallisation times are required.

O HO OH

^p_0—Al—F 0\ H° °H
HO/! i /P—O—Al—FOH OHj Condensation ho I

OH OH

OH2 OH "71- -2H20 | |/°
X -Al O P.

V AI Q p / \ N** /Alx u HO OH O
HO OH O

2-

Figure 1.8- Cyclic tetramer (4R) formation ofPNBU in AIPO-CJ2.

Ozin et al. has produced a model for the synthesis of aluminophosphate materials

based on the transformation of a chain to a layer then to three dimensional

framework structures. Twisting, controlled hydrolysis and condensation of the chains

can lead to the formation of different structure types.34 The synthesis of the

borosilicate molecular sieve ERB-1 proceeds through the formation of a layered

intermediate that, upon calcination, undergoes a transformation to the molecular

sieve with the MWW topology.35 Also, the aluminosilicate ferrierite (FER) can be

formed from a solid state transformation of the layered intermediate PREFER upon

calcination. Layered compounds were thought to be involved in the crystallisations

of zeolites beta and ZSM-48, however, it has been shown during their synthesis that
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Chapter 1 - Introduction

the layered materials completely degrade before formation of the zeolitic material

commences.37

In-situ X-ray diffraction experiments are hampered by the need for bulky reaction

vessels, nature of experiments (eg homogenous gel or clear solution), low

crystallinity of phases and fast crystal growth. This has been addressed with the use

of synchrotron radiation that is far more intense than lab sources and allows faster
^8 • ...

data collection. Using in-situ synchrotron diffraction experiments, the

gallofluorophosphates ULM-3 and -4 were found to undergo a 2D phase

intermediate.39 This explained why NMR could not observe the PNBUs in the

synthesis of these materials, as the degree of supersaturation required to observe

these species cannot be achieved.31 Diffraction experiments can provide information

on the kinetics of crystallisation and identify any crystalline intermediate present

during crystallisation. However, it cannot provide answers to the structures of

PNBUs or PBUs as several unit cells are required to generate Bragg reflections.

Recent small-angle X-ray scattering studies on Si-MFI have revealed that primary

units of 2.8 nm exist independent of silica source and template.40 The authors suggest

that crystal growth probably proceeds with these 2.8 nm sized species attaching to

the crystal and that these units are specific for each zeolite topology.

The D4R SBU observed in many zeolite architectures has been isolated as discrete

units within a crystalline material. The gallophosphate and germanate analogues of

the D4R building unit have now been hydrothermally synthesised by Morris el al.

The gallophosphate41 has occluded oxygen within the D4R whereas the germanate42
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Chapter 1 — Introduction

has occluded fluoride (Figure 1.9). This leads us to the question; What is the

mechanism of formation of such units? Are these D4R SBU species present in

solution or are they formed during crystal growth from smaller PNBUs (such as the

4R) or PBUs? These species could be present in the solutions of molecular sieve

synthesis below the values of detection.

#P
©Ga
©O
•F

Figure 1.9— GaP04 (left) and Ge02 (right) D4Rs.

Atomic force microscopy (AFM) has been used to study the growth of zeolitic

materials. Ex-situ studies have been carried out on several zeolites to image

nanoscale surface growth features. While it is not possible to determine the precise

species that attach to the surface, it is possible to determine growth rates and

mechanisms. Anderson et al. reported that zeolite A grows by means of a layer

mechanism where the height of the terraces were equal to half a unit cell (equal to a

beta-cage and a D4R).43 Zeolite Y was also shown to grow by a similar layer

mechanism. Defect and intergrowth sites on zeolite surfaces are generally catalytic

active. Understanding the nature of these sites and the process in which they form

would be beneficial to future design of catalytic materials. These sites are a

consequence of the growth process, therefore, by controlling the process of growth
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Chapter 1 - Introduction

these catalytic active sites can be tuned for the desired application. In-situ AFM in a

fluid cell was used successfully to study the nucleation and crystal growth of the

protein apoferritin. 4 For this to be applied to zeolite synthesis major engineering

problems would have to be addressed due to the conditions of hydrothermal

synthesis.

A complete understanding of the mechanism of formation would allow for the

rational design of new materials, which would be of immense value to future

applications. However, the mechanisms involved in the formation of zeolites are very

complex and still poorly understood. The synthesis of new architectures still has to

proceed through the screening of different conditions that can be selected carefully

with the knowledge gained so far on such materials.

1.1.3.1 Role of Structure Directing Agents

Organic cations, such as amines or quaternary ammonium salts, replaced alkali

metals as SDAs in the pursuit of new materials. The range of amines that are

accessible today exhibit a wide range of shapes and charge densities that the

spherical alkali metals lack. This has produced a variety of interesting materials with

different framework architectures.1

The mechanism of zeolite formation is still relatively poorly understood, as is the

role of the SDA. However, the selection of SDA can often have a profound effect on

the final structure, as can the conditions of synthesis. Many of the SDAs are located

within cages in microporous materials, and analysis reveals that many of them are
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too large to have entered after construction of the cages. Therefore, the mechanism is

thought to proceed with the SDA organising the framework species in solution

before condensation of the 'building blocks' to form the framework (Figure 1.6).

Lobo et al. have suggested that there are three roles in which the SDA can act; (i) as

space filling species, (ii) as structure-directing agents and (iii) as true templates.45

'Space filling' refers to the organic species simply occupying voids in the

microporous materials to help stabilise their structure. Most of the SDAs studied to

date fall into this definition. An example of this is the aluminosilicate ZSM-5, which

can be formed in the presence of at least 22 different organic cations (and also none

at all). Also, the aluminophosphate A1PO-5 can be formed in the presence of over 20

different cations and the same cations can form different framework types.46

Therefore, size, shape and charge density of the organic cations in these examples are

not important, just that they are able to pack into the voids.

A 'structure-directing agent' in the definition by Lobo states that a particular organic

cation leads to a unique structure that cannot be formed by any other additive.

Examples of this are the synthesis of CIT-147 (CON family) and work carried out by

Gies et al. on the system S^/additive/F^O . There was a correspondence between

the size and shape of the additive and the size and shape of the framework. In these

examples there is a remarkably good geometrical fit between guest molecules and the

framework producing a host-guest arrangement for optimised van der Waals

interactions.
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'True templating' occurs when the framework adopts the same geometric and

electronic configuration of the additive. Occurrences of this definition are scarce and

probably only one has been reported to date. ZSM-18 (MEI) is 'templated' by the

trispyrrolidinium cation, which forms a close geometrical relationship with the

framework structure of ZSM-18 (Figure 1.10).49

The rational design of templates has led to new framework architectures. Zones et al.

have designed the size and shape of templates so that they are either too large or of

the wrong geometry to fit into the cavities or pores of commonly encountered phases

to produce novel zeolites.30 The magnesium aluminophosphates STA-1 and -2 (type

codes SAO and SAT respectively) were synthesised using designed diquinuclidinium

cations as SDAs.51 Several groups have reported on the computer-aided design of

templates to selectively target a desired framework. Catlow et al. have developed the

code ZEBEDDE (ZEolites By Evolutionary De novo DEsign).52 The inorganic

framework structure is supplied and a template allowed to grow until the stabilising

effect of van der Waals overlap is maximised. Using this method, templates have
• ST

been computationally designed to target known frameworks. Xu et al. reported on

Figure 1.10— Trispyrrolidinium cation located within ZSM-18.

(T-atoms grey and oxygens red)
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the rational selection of amines as templates in aluminophosphate synthesis from

energy calculations of the host-guest relationship.54

However, as the majority of organic additives and frameworks show little or no

similarity in size and shape, it is difficult to design templates to target specific

framework architectures. Computer modelling has had limited success in designing

templates to target specific frameworks. Most computer-modelled templates form

entirely different structures than was calculated.

1.1.3.2 Solvent

As is the case in most chemical reactions, the properties of the solvent are vital to the

outcome of the reaction. This is also true for the synthesis of microporous materials

where the solvent interactions with the reacting species (Figure 1.11) are an

important factor in determining the outcome of the reaction.55 From this proposed

'mechanism', the balance of interactions between the solvent, framework and SDA

are critical to the successful crystallisation of zeolites. SDA-solvent interactions

should not dominate but allow the SDA to interact with framework species.

Conventional synthesis ofmicroporous materials is usually carried out using water as

the solvent. Recently non-aqueous solvent routes have been applied to produce new

architectures and control the morphology of the crystal.
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Figure 1.11 - Schematic illustration ofsiliceous zeoliteformation. Adaptedfrom reference 55.

Ozin et al. reported the synthesis of 'giant' crystals of dodecasil-3C, ferrierite and

silicalite using non-aqueous solvents with mineralising agents and reagent quantities

of water.56 With the use of HF-pyridine and HF-alkylamine, the water content of

reaction gels can be carefully controlled. Ozin has also postulated intermediates

based on chains that could be involved in transformations to layers then to three-

dimensional framework structures.34 Condensation of such species is believed to

depend on the water concentration.

The non-aqueous route has led to the discovery of new architectures. The

aluminophosphates JDF-2057 and HDA58 have been synthesised from alcoholic

media with an Al/P ratio that differs from unity. A number of gallophosphates have

also been synthesised from non-aqueous media. The first to be prepared were GaPO-

M1 and -M2 from ethylene glycol.59 Chippindale et al. also reported a GaPO

material with 16-membered elliptical pores.60
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1.1.3.3 Fluoride Route

Flanigen et al. first introduced fluoride as a mineralising agent in the synthesis of

microporous materials in the 1970s to synthesise silicate-1.61 Kessler et al. then

ft")

reported on the fluoride route in the synthesis of aluminophosphates. Replacement

of hydroxide ions by fluoride ions in the gel made it possible to obtain zeolites at

lower pHs than normal. At lower pHs the solubility of silica increases as

hexafluorosilicate species form, just as similar species form in aluminophosphates

(6-fold monofluoromonophosphato aluminium complex31). Also, transition metals

can be incorporated into the frameworks using this synthetic pathway as the lower

pH avoids the formation of their insoluble hydroxides. Since the initial mineralising

role, fluoride has been extensively investigated by several groups, particularly in the

synthesis of pure siliceous and metallophosphate molecular sieves, in the search for

novel framework architectures.

Fluoride can directly participate in the synthesis of microporous materials. Firstly, it

can become encapsulated at the centre of the D4R SBU (Figure 1.12) as found in
/T"3

A1PO- and GaPO-LTA, as well as the extra large pore gallophosphate cloverite ,

which exhibits 20-membered ring windows. Fluoride was thought to act as a SDA

for the D4R until the discovery that oxygen can also be located within this unit.41 It

seems to stabilise this unit like the action of most SDAs in open frameworks by

maximising the stabilisation effect of van der Waals overlap. Secondly, it can be

directly bound to the inorganic framework increasing the coordination number from

four-fold to five- and six-fold (Figure 1.12) as in A1PO-CHA, -AFI and -SAS.
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Figure 1.12 - Representation offluoride environments; a) D4R with encapsulatedfluoride h) 4R

with edge sharing Ai octahedra c) 4R with corner sharing Al trigonal bipyramids and d) 4R with

terminating Al trigonal bipyramid. P04 tetrahedra purple. MOxFy polyhedra grey andfluoride

green.

The occurrence of these other coordination numbers has led to a rich structural

diversity, which is more complex than found in tradition zeolitic materials. Without

the addition of fluoride, there are several architectures that cannot be formed; GaPO-

LTA, -CLO, A1PO-CJ2 and -LTA. Ferey has utilised the fluoride method in the

synthesis of the ULM-rc series of metallophosphates (M=Ga/Al)64 as has Camblor et

al. in the synthesis of the ITQ-rz65 series of silicates. As fluoride imposes a negative

charge on the framework of pure siliceous, alumino- and gallophosphate molecular

sieves, the SDA requires a positive charge to attain electroneutrality. Utilising this

method with different sizes, shapes and charge densities of SDAs can lead to new

architectures.
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1.2.1 Background

In 1967 Pedersen published the first report on crown or macrocyclic compounds.66

The discovery of dibenzo-18-crown-6 (Figure 1.13), although an unexpected by¬

product at the time, prompted a foundation for further development of this category

of compounds. Following its remarkable increase in solubility in methanol with the

presence of sodium ions, it was found to form stable complexes with a range of alkali

and alkaline earth metals in organic solvents. This property was observed for a whole

range of synthesised crown ethers (oxygen atoms as donors) with various metal salts
• • a7

and led to the discovery of host-guest chemistry.

Dibenzo-18-crown-6

Figure 1.13 - First crown ether discovered.

They were named 'crown' compounds due to their chemical structure and shape of

their complexes. Pedersen produced many macrocyclic compounds based on oxygen

as the donor atom, but many were soon synthesised containing nitrogen and sulfur as

donor atoms.68 Macrocyclic compounds can generally be described as 'compounds

having heteroatoms such as O, N, or S as the electron donor atoms in a ring structure

and the property of incorporating cations into their cavities'.69 Nitrogen containing

macrocyclic compounds or azamacrocycles are of particular interest and worthy of
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investigating as SDAs in the synthesis of microporous materials. A review of

macrocyclic compounds incorporated into zeolitic type structures to date is presented

in section 1.2.4.

1.2.2 Applications

The applications of these compounds are dominated by their ability to form stable

complexes, hence host-guest chemistry. The ability of a particular macrocyclic

compound to form a stable complex depends upon the relative diameter of the cavity

in the macrocycle, the diameter, charge and hardness of the cation, as well as the

donor atoms present in the macrocycle. These variables can be altered very slightly

in order to change the characteristics of the macrocycle and therefore 'tune' it for a

particular application. Applications of these compounds include selective capture of

ions for separation and transport, and solubilisation of inorganic salts/alkali metals in

organic solvents for applications in synthetic chemistry.69

1.2.3 Synthesis

Dibenzo-18-crown-6 was observed as a by-product in the synthesis of a diphenol

compound (Figure 1.14) from a mono-protected benzene- 1,2-diol derivative,

however the yield of the crown ether increased to 45% when unprotected benzene-

1,2-diol was used.66,673 Pedersen realised the high yield obtained for the crown ether

from the condensation of four molecules was facilitated by the sodium ion, hence the

template effect.
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R = H (10% impurity)

Figure 1.14 - Formation ofDibenzo-18-crown-6.

Bifunctional compounds are often applied to the synthesis of macrocycles, which

results in the formation of linear polymer by-products. To depress these side

reactions a number of methods are utilised; high dilution techniques, two-step

condensations and metal template reactions. High dilution reduces intermolecular

collisions required for chain extension and promotes the intramolecular ring closure

reaction. Two-step condensation involves reaction at one of the terminal groups on

both bifunctional molecules followed by separation and ring closure. Template

reaction employs a metal ion whose ionic radius corresponds to the cavity size of the

required macrocycle. The high dilution technique produces low yields as in the case

of the synthesis of 1,4,8,11-tetraazacyclotetradecane70 and the template method

requires further steps to remove the metal template with cyanide ions to obtain the

free macrocycle71.

As only nitrogen-containing macrocycles have been investigated as SDAs in this

investigation, then only the synthesis of these compounds will be discussed. Atkins

et al. reported a major development in the synthesis of azamacrocycles by using
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bissulfonamide sodium salts and sulfonate ester leaving groups in dipolar aprotic

solvents.72 This method eliminated the demand for high dilution and metal template

effect and so larger scale preparations of a range of azamacrocycles were attainable.

The critical cyclisation step (Figure 1.15) produces greater yields when methane- and

p-toluenesulfonate esters are used rather than di-halides (Table 1.2).72b

Figure 1.15 -Atkins cyclisation step.

X (Leavina erouD) Yield (%)
-OTs 80
-OMs 66
-CI 42
-Br 40
-I 25

Table 1.2 - Yields ofcyclisation for various leaving groups.

73
The method of Atkins has been developed further by the groups of Sherry and

Luis74 where a sulfonate ester group reacts with a halogen in the presence of a metal

carbonate. Luis reported increased yields when dimethylformamide was replaced by

acetonitrile and the correct metal carbonate was selected depending on the size of the

macrocyclic ring.
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Deprotection of the tosylated macrocycles can be carried out by several methods

including electrochemical reduction, reduction by sodium amalgam or lithium

aluminium hydride or hydrolysis by hydrobromic acid. The most common method is

to heat the sulfonamides in sulfuric acid at 100-110°C for approximately 2 days. The

method accidentally discovered by Lazar involves heating the protected macrocycles

in concentrated sulfuric acid rapidly to 160°C for 30 minutes results in almost

quantitative detosylation (Figure l.lb).73

Figure 1.16 — Deprotection of tosylatedmacrocycles.

1.2.4 Macrocycles as Structure-Directing Agents

Until recently macrocycles have been little studied as SDAs in the synthesis of

microporous materials. Their size and shape would seem to make them ideal

candidates for the synthesis of open framework materials. Nitrogen containing

macrocycles also differ to linear amines in that they can achieve a greater charge

density at the pHs of synthesis. Different heteroatoms and sized rings lead to

affinities for different metal ions. All these properties combined seem ideal in the

search for new architectures.
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In 1990 the first use of a macrocycle being utilised as a SDA was reported by

Delprato et al.76 They successfully crystallised the cubic and hexagonal end members

(FAU and EMT respectively) of the high silica zeolite faujasite as pure phases using

crown ethers as SDAs. The sodalite cages are linked differently in the two structures

through D6Rs producing cubic and hexagonal end members. In the FAU polymorph,

the cages are stacked ABCABC... giving the cubic form whereas in the EMT

polymorph the cages are stacked ABABAB... giving the hexagonal form (Figure

1.17).

The hexagonal end member EMT was previously a hypothetical zeolite known as

Breck's structure six (BSS)28'77 which was based upon different stacking of sodalite

cages found in FAU. EMT was synthesised using the crown ether 1,4,7,10,13,16-

hexaoxacyclooctadecane (18-crown-6) as a SDA whereas FAU can be synthesised

using 1,4,7,10,13-pentaoxacyclopentadecane (15-crown-5) as illustrated in figure

1.18.76 Intergrowths of the two polymorphs have been reported in the literature and
• 78

detailed examinations of the surface defects have been carried out. These can be

synthesised by combining 18-crown-6 and 15-crown-5 into the starting gel.
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FAU EMT

Figure 1.17 - Structure ofendmembers. Cubic polymorph FAU with ABCABC... stacking and

hexagonalpolymorph EMT with ABABAB... stacking. Only tetrahedral atoms plotted.

15-crown-5 18-crown-6

Figure 1.18 - Crown ethers used as SDAs.

15-crown-5 molecules were thought to be located within the supercage of FAU

whereas 18-crown-6 was located crystallographically in EMT.79 Two sites were

identified, one in a medium-sized cage that was well defined and the other was

disordered within the large cage, both coordinated to sodium ions (Figure 1.19).
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Figure 1.19 — Location of 18-crown-6 in EMT. Framework oxygens omittedfor clarity.

• • «... gQ18-crown-6 has also been reported in the synthesis of the high-silica zeolites RHO

and KFI81. The topologies of both structures are closely related. Their frameworks

consist of different body-centred cubic arrangement of a cages (Figure 1.20). In KFI

there is approximately 1 molecule of 18-crown-6 per unit cell, which is probably

occluded within the a cages. However, the successful crystallisation of KFI does not

depend on 18-crown-6 but on the presence of strontium (LTL-type crystallises in its

absence). The only benefit from 18-crown-6 seems to be enhanced crystallinity of the

product, which indicates that 18-crown-6 does not template KFI topology but helps

to stabilise the structure or is implicated in the crystal growth mechanism. RHO has

1-1.5 molecules of 18-crown-6 per unit cell depending on synthesis conditions and

exhibits similar synthetic properties to the KFI system. In the absence of 18-crown-6,

poorly crystalline RHO-type formed along with other phases such as chabazite

(CHA). In this system, 18-crown-6 has an improved effect on the final crystallinity

and purity of the material that also suggests a stabilising role.
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Figure 1.20 - Zeolites RHO and KFI. Only tetrahedral atoms plotted. Cell edges in blue.

More recently, 18-crown-6 has been involved in the synthesis of the aluminosilicate
89

clathrate MCM-61 that possesses the MSO framework topology. The clathrate

structure of MSO has no accessible void volume, as the largest channels are 6-

membered rings; however, it has two types of cages. The [610412] cages, formed from

ten 6-membered rings and twelve 4-membered rings, have occluded potassium

cations. These form larger [62046] cages where the disordered potassium-18-crown-6

complex is located (Figure 1.21). This cage is bound by an 18-membered ring that

closely resembles the size and shape of the complex suggesting the complex

performs a structure-directing role.
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Figure 1.21 - [6:o46] cage ofMCM-61 with occludedpotassium-18-crown-6 complex. Framework

oxygens omittedfor clarity.

The MSO topology is also shown in the aluminophosphate Mu-13 which is

templated by the macrocycle l,7,10,16-tetraoxa-4,13-diazacyclooctadecane

(Kryptofix 22, Figure 1.22).83 In each of the large [62046] cages in Mu-13, a

diprotonated Kryptofix 22 cation is located with two hydroxide counter anions to

attain electroneutrality.

Kryptofix 21 Kryptofix 22 Kryptofix 222

Figure 1.22 - Schematic representation ofKryptofix n used as SDAs.

Closer examination of the ALOa-PaOs-kryptofix /?-H20 system revealed that

depending on the synthesis conditions, crystallisation of LTA, a rhombohedral

variant of LTA and MSO topologies could be achieved.83'84 Kryptofix 21 on its own

led to an amorphous phase while in fluoride containing media, with or without TMA
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(tetramethylammonium cation), it led to A1PO-LTA. Kryptofix 22 led to Mu-13 as

described above, however in fluoride-containing media, with or without TMA, it led

to A1PO-LTA with impurities. Kryptofix 222 led to the crystallisation of A1PO-LTA

under various conditions. It can be formed in fluoride-free or fluoride containing

media in the presence of Kryptofix 222. It is also possible to prepare LTA in the

presence of an additional organic species, such as TMA chloride, with the drawback

of poor crystallinity and impurities. In the presence of all three species (Kryptofix

222, TMA and fluoride) it is possible to crystallise a rhombohedral variant of LTA.

In all cases, the Kryptofix n molecules are most likely to be located in the a cages

(Figure 1.23), as fluoride stabilises the D4Rs leading to improved crystallinity and

TMA is located in the smaller sodalite cages.

Figure 1.23 - a cage with occluded Kryptofix 222 in rhombohedral AlPO-LTA. Framework

oxygens omittedfor clarity.

Gallophosphate LTA can be prepared in the presence of crown ethers as organic

additives in fluoride-containing media.85 A potassium-18-crown-6 complex led to

GaPO-LTA only when synthesised from alcohol media. This was attributed to the

increased stability of the complex in alcohol media. The aza-crown ethers in figure

1.24 and the diaza-crown ethers, Kryptofix 22 and 222, can also be used in the
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synthesis of GaPO-LTA. These macrocyclic molecules are probably occluded within

the a cages.

1-Aza-12-crown-4 1-Aza-15-crown-5 1-Aza-18-crown-6

Figure 1.24 -Aza-crown ethers used as SDAs.

Porphyrin molecules have also been found to act as SDAs in the synthesis of open

framework materials. The porphyrin molecule 5,10,15,20-tetrakis-(N-methyl-4-

pyridyl)-porphyrin (Figure 1.25, R=Ri) has been used to template zeolites X and Y

(FAU topology) and the aluminophosphate VPI-5 (VFI).86 There is approximately

one porphyrin molecule per eight supercages in zeolites X and Y. Other groups have

used the 'build-bottle-around-ship' approach to encapsulate metalloporphyrins

(Figure 1.25, R=Ri,R.2) into the supercages of zeolites X and Y that exhibit
• • 87biomimetical catalysis.

R

/=\.
N=< Rl=

R

v_y—n N—Y

R

Figure 1.25 - Porphyrins.

Several groups have investigated the azamacrocycle 1,4,8,11-

tetraazacyclotetradecane (Cyclam, Figure 1.26) as a SDA. Its inclusion in open
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framework materials has led to a wide diversity in architectures. It has been

incorporated into the framework of two gallophosphates that were crystallised from

fluoride-containing and fluoride-free media. From fluoride-containing media a

layered structure of D4Rs that have occluded fluoride which are linked through a six

coordinate gallium-cyclam complex, four sites of the gallium-cyclam complex are

occupied by nitrogens from cyclam and the remaining two by oxygens from PO4

tetrahedra of D4Rs in adjacent layers to form a three dimensional framework (Figure

1.27).88
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Figure 1.26 -Azamacrocycles used as SDAs.

Figure 1.27— D4R layer, gallium-cyclam complex and structure overview ofcyclam-GaPO.

From fluoride-free media a chain structure is formed from gallium corner sharing

four-rings (Ga2P2C>4) which are connected to one another via a six coordinate

gallium-cyclam complex, four sites occupied by nitrogens from cyclam and the
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remaining two by oxygens from PO4 tetrahedra of 4Rs in adjacent chains leading to a

oq
three dimensional structure (Figure 1.28). Both of these cyclam gallophosphate

materials have a low thermal stability as cyclam has been incorporated into the

framework in both cases to form hybrid materials.

Figure 1.28 - Chain cyclam-GaPO (Mu-6) viewed along (110) direction. Framework oxygens

omittedfor clarity.

Wright et al. have investigated several azamacrocycles as SDAs in the synthesis of

metalloaluminophosphates (MAPOs) as shown in Figure 1.26. The results of this

work are summarised in table 1.3.

Azamacrocvcle Cation Phase
TMTACN Mg2+, Co2+ MAPO-18 90
Cvclam Co2+. Ni2+ Co/Ni-Cvclam-1 90
TMTACT Mg2+, MrT\Fe2+ STA-6 9I'92
TMTACT Co2+, Zn2+ STA-7 92
TMTACT Si4+ STA-6 93
HMHACO Mg2"1" MAPO-36, STA-7 92
HMHACO Co2+ STA-7 92

Krvptofix 222 Mg2+, Mir', Fe2+, Co2+ MAPO-5, MAPO-42 9U
Kryptofix 222 Zn2+ MAPO-42 90
Ni-TMTACT Mgi+, Mn2+, Zn2+ STA-6 forth) 93
Ni-TMTACT Co2+ STA-6 forth), STA-7 93
Ni-TMTACT Si4+ STA-6 forth) 93

Table 1.3 - Metalloaluminopliosphate synthesis using azamacrocycles.
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MAPO-18 (AEI framework topology) can be crystallised from

metalloaluminophosphate gels containing the macrocycle 1,4,7-trimethyl-l ,4,7-

triazacyclononane (TMTACN, Figure 1.26). TMTACN was found to be disordered

within the [4126286] cages of the MAPO-18 framework therefore the energy-

minimised position was calculated by computer modelling (Figure 1.29).

Figure 1.29 - TMTACN located within the cages ofMAPO-18 topology. Framework oxygens

omittedfor clarity.

When cyclam was employed as an SDA, in conjunction with Co2+ or Ni2+ ions, a

• . • . • 9"F *2"Fchain structure crystallises which is linked to four other chains via a Co /Ni -

cyclam complex (Figure 1.30).90 This chain structure is different to that observed

from the gallophosphate system (Figure 1.28). However, it is possible to crystallise a

zeolitic type material using cyclam as a SDA in the presence of fluoride ions which

will be discussed in more detail in chapter 5.
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Figure 1.30 - Co/Ni-Cyclam-1 viewed down the c-axis.

Two novel MAPOs were crystallised (STA-6 and STA-7) using the azamacrocycles

1,4,8,11 -tetramethyl-1,4,8,11 -tetraazacyclotetradecane (TMTACT) and

1,4,7,10,13,16-hexamethyl-1,4,7,10,13,16-hexaazacyclooctadecane (HMHACO)

combined with divalent metal cations (Figure 1.26, Table 1.3). However, when no

divalent metals were introduced into the starting gels, the topologies STA-6 and -7

could not be prepared. Instead A1PO-21 (AWO structure code) crystallised with no

intact macrocycle included within the framework. The framework topologies of

STA-6 and -7 (SAS and SAY structure codes respectively) are plotted in figure 1.31.
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Figure 1.31 - Framework topology ofSAS (STA-6) and SA V (STA-7). Framework oxygens omitted

for clarity.

The macrocycles are located within the cages of both structures but could not be

located crystallographically due to disorder. TMTACT can crystallise both phases

depending on the divalent metal ion present (Table 1.3) whereas HMHACO becomes

too strained to fit within the slightly smaller cages of STA-6, therefore it crystallises

STA-7 that has slightly larger cages to accommodate the macrocycle (Figure 1.32).

Figure 1.32 - Cagesfound in STA-6 and-7. Framework oxygens omittedfor clarity.

The use of Kryptofix 222 (Table 1.3) in the synthesis of microporous materials has

been shown to template alumino- and gallophosphate LTA materials described
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earlier. In the synthesis of MAPOs, MAPO-42 and/or MAPO-5 (LTA and AFI type

topology) can be crystallised depending on the divalent cation present. Again, the

macrocycle has been shown to be located within the a cages of the LTA structure.

Nickel complexed TMTACT has led to the crystallisation of an orthorhombic variant

of STA-6 and STA-7. The square planar Ni-TMTACT complex was found to be

within the cages of both structures. In STA-7, two orientations of the macrocycle was

determined crystallographically that has the macrocycle in trans-I and -III

conformations (Figure 1.33).

Ferey et al. have utilised hexacyclen (1,4,7,10,13,16-hexaazacyclooctadecane, Figure

1.26) as a SDA in the synthesis of the fluorinated gallophosphate MIL-1. 4 The

structure consists of layers with formula Ga5(P04)4F2 linked together by HP04

groups with hexacyclen located in the interlamellar region between HP04 groups

(Figure 1.34).

CAI
V
£Ni

»:

Figure 1.33 - Position ofNi-TMTACT (trans-I) complex within STA-7 cage.
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Figure 1.34 - View ofMIL-l along the a-axis.

More recently, cyclen (Figure 1.26) has templated the first scandium-containing open

framework material (Figure 1.35).95 The cubic structure consists of alternating ScC>6

octahedra and mixed sulfur/phosphorus tetrahedra. Tetraprotonated cyclen molecules

are located in the windows between the two types of cages and also within the

smaller cages.

Figure 1.35 - Polyhedral view ofcubic scandium-containing open framework material.
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Using macrocyclic compounds as SDAs has produced a wide variety of framework

architectures and compositions. Novel zeolites have been formed along with some

interesting chain and layered structures. The size and shape of macrocycles studied

so far seem ideal for forming cages. Many of them have done this but there are still a

few cases where this has not happened.

However, only a few macrocycles have been investigated under a narrow range of

conditions. This leaves a large amount of variables still to be investigated in this

area. Altering the conditions of synthesis with the macrocycles studied so far should

produce different materials, as zeolite formation is very dependent on small variable

changes. Also, producing derivatives of these macrocycles as well as the search for

new macrocycles should produce new materials and lead to a greater understanding

of the types ofproduct you can expect to form.
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2 Aims of this Project

2.1 Synthesis of Microporous Materials Using

Azamacrocycles as SDAs

The main aim of this project was to utilise nitrogen-containing macrocycles as SDAs

in the synthesis of novel open framework materials. It is hoped that new architectures

may lead to new applications for microporous materials. The size/shape and charge

density of these azamacrocycles differ from that of the linear amines that have been

used successfully as SDAs in the synthesis of several framework architectures. It is

hoped that this difference can lead to template novel architectures.

The first objective is to obtain macrocycles for use in the synthesis of these materials.

Very few nitrogen containing macrocycles were available commercially at

economical costs, therefore known synthetic procedures were utilised to synthesise

several of these molecules. Different sized rings with different numbers of nitrogen

atoms were targeted for investigation in this thesis.

These azamacrocycles can be used in two ways as SDAs in the synthesis of

microporous materials; as free ligands or as metal complexes. As the free ligand, the

charge density on the azamacrocycle can be controlled by changing the number of

nitrogens or by carefully controlling the pH of the reactions. This approach could

lead to different materials from the same macrocycle. In the other approach, they can

be combined with a suitable metal to form a complex species that would then act as

the SDA. It was thought that by carefully controlling these conditions (as well as the
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reaction conditions), new materials could be synthesised that incorporated these

templates as either free molecules, directly bound to the framework giving inorganic-

organic hybrid materials or unbound complexes. This could lead to a better

understanding of the synthesis of open framework materials and therefore lead to the

rational design of new materials.1

2.2 Characterisation

An important part of this work will be characterisation of the synthesised materials.

The most useful of available techniques will be single-crystal X-ray diffraction.

Synthesis of these materials typically produces small crystals (30 x 30 x 10 pm) that

are unsuitable for a standard laboratory X-ray diffractometer, therefore high flux

synchrotron radiation is required to obtain data from these small crystals. Other

techniques will be used to fully characterise these materials. Powder X-ray

diffraction will be used for phase identification. Magic angle spinning nuclear

magnetic resonance (MAS NMR) on all active nuclei to aid structure solution.

Thermogravimetric analysis (TGA) and CHN elemental analysis to determine the

amount and ratios of volatiles present. Other techniques available to characterise

these materials are Extended X-ray Absorption Fine Structure (EXAFS), Electron

Spin Resonance (ESR), UV-VIS and magnetic susceptibility.
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3 Experimental Techniques

3.1 Hydrothermal Synthesis

The usual route of zeolite synthesis is crystallisation from a reactant slurry/solution

at high temperature (hydrothermal synthesis). The synthesis procedure involves

formation of the reaction gel, ageing and finally thermal treatment to obtain the

product. The nature of the material obtained is dependent on many experimental

variables and is often not easily reproducible. Typical synthesis conditions of an

aluminophosphate are a 1:1 ratio of aluminium to phosphorous dispersed in

approximately 100 molar equivalents of water, 0.5 molar equivalent of SDA (amine)

and fluoride producing a gel with a slightly acidic pH. The gel is stirred to

homogeneity and aged for one hour. It is then sealed in a polytetrafluoroethylene

lined acid digestion bomb and heated for a few days. The product is recovered by

vacuum filtration, washed, occasionally sonicated to separate the larger particles and

finally dried.

Many variables can be investigated such as framework cations and source, solvent,

mineraliser and source, ratios and concentrations, SDA, pH, time, temperature,

pressure, agitation and reaction vessel. Such complex chemical systems cannot be

efficiently investigated therefore miniature multi-autoclave reactors have been used

to screen many variables efficiently.1
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3.2 X-Ray Diffraction

A crystalline solid has a regular array of repeating atomic arrangement which is

repeated by translations of the repeating unit or unit cell. In 1912 Max von Laue

successfully recorded the first X-ray diffraction pattern from a crystal of copper

sulfate. Bragg's law described the mechanism by which X-ray diffraction occurs and

explains the interference pattern generated by reflection from the lattice (Figure 3.1).

The angle between the incident beam and the lattice planes is designated theta. The

lower beam has to travel an extra distance which is equal to AB + BC, known as the

path difference. This extra distance can be rewritten in terms of theta using

trigonometry; AB + BC = 2 d sin 0. For the maximum positive interference to occur

the path difference must be equal to an integer multiple of the radiation wavelength,

hence equation 3.1.

B

Figure 3.1 - Reflection ofX-raysfrom two lattice planes.

nX - 2d sin 0 (3.1)
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As X-rays penetrate deeply into the crystal, a large number of lattice planes will

reflect the incident beam producing constructive interference if equation 3.1 is

satisfied and destructive interference if not. These lattice planes are referred to as

Miller Indices which are symbolic vector representations for the orientation of an

atomic plane in a crystal lattice and are defined as the reciprocals of the fractional

intercepts which the plane makes with the crystallographic axes. These are

represented by three integers, (hkl), as in the (102) plane in figure 3.2. In this

example, the plane intercepts the unit cell along the a-axis once, never intercepts the

b-axis (or can be said to intercept it to oo) and the c-axis twice. Taking the reciprocals

gives Miller Indices of (102) for this plane. These Miller planes correspond to planes

of atoms within the crystal lattice. X-rays are scattered by electrons that surround the

nuclei of these atoms and the scattering increases with increasing number of

electrons, however, it also decrease with increasing theta.

This produces a diffraction pattern that has three properties of interest. Firstly, the

pattern has a particular geometry that can be related to the lattice and unit cell

geometry of the structure. Secondly, the pattern has symmetry in the arrangement of

spots and in their intensities. The symmetry of the diffraction pattern relates to the
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crystal symmetry and space group. For example, the pattern in figure 3.3 has an

inversion point at the centre (from a crystal with space group P-l). Thirdly, there is

no apparent relationship between the intensities of individual spots. These intensities

hold all the required information about the position of the atoms in the unit cell.

The diffraction pattern is the Fourier transform (FT) of the electron density within

the unit cell, also known as the forward Fourier transform. The relationship for this is

given in equation 3.2.

Each reflection is a wave which is made up of an amplitude and a phase. This is

represented by the complex number notation /. For a given atom j, its scattering

factor being // and atomic coordinates Xj, yj, zj. The values h,k,l are the Miller Indices

for one particular reflection and this equation shows how the structure factor F for
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that reflection relates to the crystal structure with N atoms. This equation is applied

to every reflection and produces a set of structure factors each of which consist of an

amplitude \F(hkl)\ and a phase o(hkl). However, in the diffraction experiment only

the amplitudes are obtained.

The reverse Fourier transform of the diffraction pattern is the crystal structure

expressed in terms of electron density which is represented by equation 3.3.

P(xyz) = —Y,F(hki)exp[-2m(hx + ky + /z)] (3.3)
V hid

The inclusion of the term 1/V, where V is the volume of the unit cell, is necessary to

produce the correct units for electron density (electrons per A3 or e A"3). This

equation is the basis for all Fourier synthesis calculations and shows how the electron

density can be obtained from the diffraction pattern. However, this is not possible

directly as the phases of each reflection are unknown. This is known as the phase

problem. Much of the work involved in solving a structure is recovering the lost

phase information so equation 3.3 can be calculated.

In order for this equation to give an accurate representation of the electron density,

the phases have to be known along with accurate values for the reflection amplitudes,

which should include (hkl) values in the range -oo to oo. This is never achieved and is

not a large problem as scattering factors decrease with increasing theta and do not

contribute much to the Fourier summations. However, inclusion of Ffooo) is important
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to obtain the correct electron density values. This corresponds to the complete in-

phase scattering by all atoms in the forward direction at 0 = 0 and therefore cannot be

separated from the undiffracted electron beam. There are several methods for solving

this phase problem by using statistical techniques such as direct methods.

Direct methods attempts to derive the structure factor phases, electron density or

atomic coordinates by mathematical relationships from a single set of intensities, of

which the phases are the most important for a successful structure solution. This

method relies on the fact that the amplitude and a phase of a structure factor are

related through electron density. As the amplitudes are known and by placing a series

of constraints on the electron density, the phases can be determined.

Such constraints are based on facts about the characteristics of the correct electron

density, p(x). The first constraint deals with the nature of matter. Since atoms occur

at discrete points as should electron densities giving rise to peaks of electron density

that reveal the positions of atoms. Also, the inequality relationship p(x)>0, expresses

the impossibility of negative electron density occuring. Equation 3.4 is the most

powerful of these constraints.

J /?3 (x)dV = max (3.4)

This operates over the whole volume of the unit cell and discriminates against

negative electron density as well as promoting the formation of concentrated electron
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density. This leads to the probability relationships among phases of different

reflections, especially the most intense ones that contribute the most to the sum.

Many atoms in a crystal structure can be regarded as being equal as it is difficult to

tell apart atoms that differ in a few electrons. As direct methods uses this assumption,

it would not be applicable for a structure containing a heavy atom. Instead, Patterson

syntheses would be suitable as it locates heavy atoms from the vectors between them.

Direct methods produces trial phases for the most significant reflections and

compares how well the probability relationships hold. For the most promising

combinations the Fourier transforms are calculated from the observed amplitudes and

trial phases. These are then examined for recognisable molecular fragments, and

when successful, most of the non-hydrogen atoms can be located. This is then the

model used to refine the structure, which is carried out by a least-squares technique.

The model structure is refined to find the remaining atoms and varying the numerical

parameters that describe the model structure to provide the best possible agreement

between the diffraction pattern calculated by Fourier transforms and the observed

one. Since the phases are not observed the comparisons are drawn entirely on the

amplitudes, |F0| and \FC\ for observed and calculated amplitudes respectively. Least-

squares analysis of the amplitudes defines the 'best fit' of two sets of data as defined

in equation 3.5.

If or IMFJ-F,2)2 (3.5)
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The first of these, refinement on F, has for many years been the most common, but

according to its reliability, which usually depends on standard uncertainties, w

(equation 3.6), on F2 (where a is the error of F0).

Least-squares refinement of crystal structures is similar to that of fitting a straight

line through a set of points except there are many more variables. If the equation of

the straight line is as 3.7, then the two variables are the gradient, m, and the intercept,

c. The equation can be re-written as in 3.8 with a set of observations (x;,_y,).

This represents a system of linear simultaneous equations in unknowns m and c in

which there are many more equations than unknowns. As there are no values of m

and c, which will exactly satisfy every equation, therefore a 'best-fit' straight line

through the points is desirable.

The residual of an observational equation, £,, can be defined as in equation 3.9. The
• • 9

definition of best fit is the values of m and c that minimise Zs, , which produces the

line of linear regression. This can be expressed in terms ofmatrices (equation 3.10).
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£i = V; - /WJC; -I •/ I I (3.9)

'*1 fl V
x2 1 r

m'

• • • • •

ij
(3.10)

It can also be re-written as

Ax = b (3.11)

where A is the matrix containing the x values, x is the vector of the unknowns m and

c, and b is the matrix containing the y values. Matrix A is known as the design

matrix. The least squares solution of equation 3.11 is found by multiplying both sides

by the transpose ofA (equation 3.12) and solving these sets of equations for x.

(ATA)x = ATb (3.12)

These are referred to as the normal equations of least-squares. There is the same

number of equations as unknowns. As stated earlier, the best-fit solution to these

normal equations is the one that minimises the sum of the residuals, Ss, . These

calculations are repeated several times until the changes in the unknown parameters

become insignificant. The observational equations can also be assigned weights, w„
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which would ensure that the equations thought to be more accurate are satisfied by

the solution more precisely.

The least-squares refinement of a crystal structure is very similar to finding the best-

fit straight line except it is much more complicated. There are many more variables

to contend with and so the equations are non-linear. As a consequence, an

approximate solution must be known before least-squares refinement can begin,

which itself produces an improved model. This calculation is repeated several times

until insignificant changes in the parameters are observed. The best-fit of these

equations are as defined in equation 3.5.

Several structural parameters are refined which describe, among others, the positions

and thermal motions of the atoms;

1. Atomic coordinates - three (x,y,z) for every atom in a general position, but one

or more will be constrained for an atom on a special position.

2. Atomic displacement parameters (ADPs) - one U per atom for an isotropic

model or six U values per atoms for anisotropic model.

3. Overall scale factor - puts the observed (|.F0|) and calculated (|FC|) values of

amplitudes on the same scale.

4. Site occupancy - not normally refined but useful when dealing with structural

disorder.

There are also a range of other parameters that can be refined depending on the

structure. For least-squares refinement to be accurate a large excess of observations

is required over refined parameters (typically observed/refined > 6).
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As was stated earlier, weightings can be assigned to each reflection to ensure that the

reflections thought to be more accurate are satisfied more precisely by the solution

(equation 3.6). The progress of refinement is monitored by the value of the

minimisation equation. This can be done using various equations, but the most

common values quoted are the /^-factors. There are two versions of this equation, an

unweighted and a weighted function. Historically the unweighted function, R, was

quoted (equation 3.13) which was based on the amplitudes of observed reflections.

"VII /7 I _ I J7 h
R -——° c (3.13)

Elf

However, the weighted version, wR, is most closely related to the minimisation itself,

which incorporates the reflection weights (equation 3.14).

wR2 = — —°—' (3.i4)
E^(f2-f2)2
Ew(f2)2

The goodness of fit is defined in equation 3.15 for A data and P refined parameters.

This is another measure of the accuracy of the structure and in theory this should

have the value ofunity which is normally quoted along with the ^-factors.
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For each of the refined or derived parameters (atomic positions, ADPs, bond lengths

and angles etc) there is an associated standard uncertainty, or estimated standard

deviation (ESD). ESDs for these parameters are a measure of the precision for that

particular value and are evaluated using equation 3.16. The Pj is the /th of P

parameters forN data.

This depends on the minimised function in the numerator, the numbers of data and

parameters and the diagonal terms of the inverse least squares matrix. Therefore,

high precision data is achieved when there is a good agreement between the observed

and calculated data (small numerator) and a large excess of data over parameters

(large denominator).

3.2.1 Single-Crystal X-Ray Diffraction

Nowadays, single-crystal X-ray diffraction is a routine technique for structure

solution. This is partly due to the computing power of modern computers, which can

evaluate the millions of calculations required to solve a structure in a few seconds,

and the evolution of the single-crystal diffractometer. Four-circle diffractometers

dominated the routine collection of diffraction data until area detectors appeared in

the early 1990's, which led to more efficient data collection.

£ wA
(3.16)
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Area detectors have many advantages; recording several reflections at the same time,

faster data set collection, collection time independent of structure size, high

redundancy of symmetry equivalent reflections, rapid screening of samples, not

necessary to obtain correct unit cell before data collection, complete diffraction

pattern recorded, reduced probability of incorrect unit cell, poorer crystal quality

tolerated, less movement of crystal during data collection, easier to use accessories

such as cryostreams. They also have a few disadvantages; more expensive, high¬

speed and capacity computing required, careful corrections, restricted detector size

can lead to problems with large unit cells, less discrimination against other radiation

wavelengths.

There are several types of area detectors but the most common one in use today is the

charge-coupled device (CCD). In this detector electrons strike a fluorescent phosphor

producing visible light. The phosphor is fibre-optically coupled to the CCD chip,

which is a semiconductor and produces electron hole pairs that are read out as

currents when light strikes it. The chip has to be cooled to limit thermal excitation of

electrons (background noise). Several calibrations and corrections are associated

with this device;

1. dark currents - recorded and subtracted from each measured frame

2. spatial distortion - CCD pixels have to be mapped to the pixels on the

phosphor plate

3. bad pixels - faulty pixels have to be labelled

4. non-uniform intensity response - different pixels may produce unequal

response to uniform X-ray intensities
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A typical experiment set-up is pictured in figure 3.4 showing the area detector,

goniometer, collimator, cryostream and centring microscope. An experiment would

involve selecting an appropriate crystal, mounting and centring it, and collection of a

single exposure. At this stage the crystal quality can be assessed and the appropriate

action taken.

Figure 3.4 — Bruker AXS SMART CCD area diffractometer at station 9.8 ofthe SRS Daresbury.

Next the unit cell is determined by collecting a series of frames (Figure 3.5) from

different regions of reciprocal space. The main advantage with an area detector is

there are more spots on which to index the crystal, therefore reducing the number of

wrongly indexed crystals. Then diffraction data is collected with optimised

parameters obtained from the determination of the unit cell, usually collecting in the

region of~750-2000 frames depending on the symmetry.
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Figure 3.5 - Screenshot ofa framefrom a typical data collection using an area detector.

Data reduction and correction have to be carried out on the raw frames. The

integrated intensities are extracted from the raw frames using the orientation matrix

to determine reflection positions, which itself is updated during the integration

process. The intensity of synchrotron radiation decays with time, therefore this has to

be corrected. Once the intensities have been extracted then structure solution can

proceed.

The crystals produced from hydrothermal synthesis were typically 30 x 30 x 10 pm

in size that meant that they were too small to be mounted using a single glass fibre

therefore were mounted using a two-stage fibre. This consists of -1-2 mm piece of

glass wool glued to ~5 mm glass fibre attached to a pip (Figure 3.6). The crystal

would then be mounted on the end of the glass wool by epoxy resin or viscous oil

(secure at ambient and low temperatures).
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Glass wool

Glass fibre

Pip

Figure 3.6- Two-stage crystal mounting.

Structure solution from single-crystal X-ray diffraction data by direct methods is now

routine with the power of the modern computer technology. However, the

availability of suitable single crystals from hydrothermal synthesis restricts the use of

standard laboratory equipment. There are two alternatives to this problem, the use of

high-flux synchrotron radiation for microcrystal work or powder X-ray diffraction.

No suitably sized crystals were obtained in the course of this work for data collection

on the in-house instruments so diffraction data were collected using high-flux

synchrotron radiation.

3.2.2 Powder X-Ray Diffraction

Suitable crystals for single-crystal X-ray diffraction ofmany materials are sometimes

very difficult to achieve. In this instance powder X-ray diffraction can be used to

gain structural information. However, the orientations of particles in a crystalline

powder are generally random (unless preferred orientation occurs, e.g. plate-like

crystals) which causes the observed diffraction pattern to be an average of the

particle orientations. This causes a loss of data through peak overlap as the three-
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dimensional diffraction pattern is now observed in two dimensions. This makes it

more difficult to index the sample and assign the correct space group. Also, structure

solution from powder X-ray diffraction is many times more difficult.

Although it is possible to solve the structures of microporous materials from

powders,4 it was not required in this investigation as suitable single crystals were

obtained. This technique was primarily used for phase identification purposes. It

allowed the identification of known phases by searching the peak positions in the

JCPDS database. Secondary, the powder X-ray diffraction pattern was refined to

check that the structures obtained from single-crystals were characteristic of the bulk

sample.

If a structural model is known then it can be refined to fit the observed powder

pattern. This is commonly known as a Rietveld refinement.5 The model is refined by

minimising the residual, S, by a least squares process where yio, yic and w, are the

observed and calculated intensities, and a suitable weight respectively at the zth step.

s = Y.^Ay«,-yJ e-")

This is achieved by first refining several profile parameters. This involves the

diffractometer zero point, background shape and peak shape. The peak shape is

defined by several parameters. After the model is as close as possible the atomic

positions, thermal parameters and site occupancies are then refined. By refining the

profile parameters only, accurate lattice parameters can be obtained from the
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structure-less model. This is known as a Le Bail6 refinement and can also be used to

extract intensities to obtain an hkl file.

As with the least squares refinement of a single crystal structure, powder refinement

is also monitored by several values, i?-factors. The profile Rp (equation 3.18) and

weighted profile Rwp (equation 3.19) are normally monitored during the course of a

refinement to assess the progress.

The more meaningful of these two is the weighted function Rwp but is heavily

dependent on the treatment of the background. Therefore, it is not an ideal measure

of comparing refinements between different samples.

A measure of the quality of the data is expressed in equation 3.20 where N and P are

the number ofprofile points and refined parameters respectively.

(3.18)

(3.19)

R
exp (3.20)
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In theory, the refined Rwp value should approach that of Rexp. A measure of this is the

goodness of fit function, /■ This can be thought as a measure of how well the model

structure fits the observed data (equation 3.21). This value should converge to unity

for a well-refined structure.

N

z =
N-P R

wp
(3.21)

exp

Monitoring these parameters alone can often be misleading while performing a

refinement experiment. It is often helpful to look at a plot of the observed and

calculated profiles and their difference. With experience, examining these plots may

spot problems associated with profile fitting.7 The highest possible resolution data

should be collected for powder X-ray diffraction. This reduces the problem of peak

overlap

Data for phase identification purposes were collected on a Philips Xpert

diffractometer using Cu Ka radiation and operating in Bragg-Bentano geometry with

a secondary monochromator. For refinement purposes, data were collected on a

STOE STADIP diffractometer using monochromated Cu Kai radiation collected in

Debye-Scherrer geometry using 0.5 mm quartz capillaries over 12 hours.
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3.2.3 Synchrotron Radiation

Synchrotron radiation is highly intense, concentrated in a narrow angular range,

polarised, has a very wide spectral distribution tuneable with appropriate

monochromating devices and is delivered as a series of short pulses of less than

nanosecond length.8 Each of these properties can lead to specific applications. The

high intensity and collimation of synchrotron radiation makes it ideal for data

collection ofmicrocrystals. Intensity measurements and measurements on very weak

reflections on microcrystals has lead to improved structure solutions and correct

space group assignment. This is also true for microporous materials, which typically

yield microcrystals (30 x 30 x 10pm) or crystalline powders that have large volumes

of empty space (and therefore poor scattering) which makes it difficult for data to be

collected on an in-house X-ray diffractometer.

X-ray diffraction studies benefit from synchrotron radiation as ultrafast high-

resolution data can be collected. This leads to a number of applications in high-

resolution powder diffraction, time-resolved crystallography, high-pressure,

anomalous dispersion studies, studies of thin films and microcrystal studies.9 The

importance of synchrotron radiation was demonstrated with a series of experiments

on fluorite where crystals of decreasing size were studied10 which later reached as

small as 2.2(5) pm3.11 The first work carried out on microcrystals of zeolitic

materials was by Vaughan et al.n

A schematic illustration of a storage ring is depicted in figure 3.7. Electrons are

accelerated to relativistic speeds, injected into the storage ring (operated at high
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vacuum) and held at a fixed energy by a constant magnetic field. The synchrotron

radiation is emitted tangentially from the orbit of the beam that ranges from

microwaves to X-rays, which are strongly polarised in the plane of the storage ring.

The energy lost from the beam due to emissions is replenished by radio frequency

power from a klystron. However, the electron current of the storage ring decays

exponentially and therefore needs to be refilled every 12-24 hours due to electrons

being slowly scattered out of the beam from electron-electron interactions and

scattering from gaseous molecules.

A storage ring consists of a number of straight and curved sections that will generally

support a number of experimental stations. These are constructed along the beam

lines, which collect the radiation emitted tangentially as the beam passes through

bending magnets and insertion devices.

Figure 3.7— Schematic illustration ofa storage ring.
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Single-crystal X-ray diffraction was carried out at station 9.8 at CCLRC Daresbury

Laboratory Synchrotron Radiation Source, Cheshire, UK. The station is placed 10.7

m from the 5T wiggler, which can receive up to 3.8 mrad of beam. This is focused in

the horizontal plane by a cylindrically bent asymmetrically cut triangular silicon

(111) monochromator cooled by GalnSn alloy. The (111) monochromator has an

asymmetric cut of 2.01 °, which gives an optimum focus at the sample for a

wavelength of approximately 0.7 A. The monochromator is mounted on a Huber

rotary table and can be positioned to a precision of 0.001 °. For our requirements the

station is set to approximately 0.68 A. The second optical component of station 9.8 is

a flat 1.2 m palladium coated (300 pm) zerodur glass mirror. This is mounted to

allow it to be cylindrically bent to provide vertical focusing of the monochromatic

beam. Its second purpose is to act as a harmonic rejecter. The station is equipped

with a Bruker AXS SMART CCD area detector diffractometer. The uncollimated

beam is 2.5 mm wide by 0.1 mm high. The SMART has a choice of collimators, 0.8,

0.5, 0.3 and 0.2 mm. The station comes equipped with an Oxford Cryosystems

Cryostream operating in the temperature range of 85 - 373 K.

3.3 Nuclear Magnetic Resonance Spectroscopy

IT
Nuclear magnetic resonance (NMR) is a valuable tool available to the synthetic

chemist. It allows the chemist to analyse nuclei with a non-zero magnetic moment,

which results in information about the structure.

When a nucleus is exposed to a magnetic field it can adopt a number of orientations

depending on its spin. The distribution between these orientations or energy levels is
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very small therefore they are exposed to energy in the radio frequency region, which

causes a transition from a lower to a higher energy level. NMR is the absorption of

radiation equal to the difference between these levels. The detector then measures

fluctuations in the magnetic field around the sample that is called the free induction

decay (FID). This is then represented as the frequency spectrum or the chemical shift

of the nuclei by Fourier transformation.

This chemical shift depends on the fact that electrons in a molecule shield the nuclei

from the external magnetic field to different degrees causing different atoms to

absorb energy at slightly different frequencies. The result is described in terms of

chemical shifts and given the symbol 5 measured in parts per million (ppm). These

peaks also have a fine structure caused by interaction between spins of different

atoms enabling connectivity to be established between atoms.

Solution NMRs ('H and 13C) were either recorded on a Varian Gemini 2000 or a

Bruker Avance 300 both operating at 300 MHz. However, microporous materials are

solid and therefore require the use of the technique of solid state NMR spectroscopy

as described in the next section.

3.3.1 Solid State NMR Spectroscopy

This technique is a valuable tool for the correlation of and aid in the solution of

microporous material structures. Unfortunately in the solid state the line widths are

increased dramatically by chemical shift anisotropy and dipole-dipole interactions of

neighbouring nuclei. However, there is a technique applied to minimise these effects,
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magic angle spinning (MAS). The magnetic field produced by a nucleus with a

magnetic moment pt at another nucleus at a distance r away will have a component in

the z direction is given by equation 3.22, where K is a constant and 6 is the angle

between Bz and the line joining the two nuclei.

B_ = (3 COS2 0-1) (3.22)
r

By having the sample at a particular angle within the magnetic field the dipolar

interactions disappear when Bz = 0. This is the angle for which 3cos 0-1 is zero or 0

= 54.44°. However, in a typical sample the internuclear vectors will be randomly

orientated so the trick is to make them behave as if they all had 0 = 54.44°. This is

achieved by spinning the sample at high speeds, typically in the range of 4 - 16 kHz

(Figure 3.8).

4»z
I

Figure 3.8- Magic Angle Spinning ofa solid sample.

Another factor that also influences the line widths of some nuclei is the strong

coupling of protons. This can be removed with high-power dipolar decoupling. These
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techniques lead to high-resolution solid state NMR. However, the rather long

relaxation times and insensitivity of certain nuclei means that experiments have long

accumulation times. This can be solved by a modification of dipolar decoupling

technique, which allows the exchange of polarisation between a pair of nuclei. This
• • 1T • •

is particularly useful in C MAS NMR, as it has low sensitivity, where the
• 11^ •

polarisation is transferred from H to C nuclei resulting in shorter accumulation

times for experiments. This is known as cross-polarisation (CP).

Solid state NMR has been used effectively to examine several zeolite systems and

has also proved a successful tool in this investigation for structural solutions. 13C,

15N, 19F, 27A1 and 31P MAS NMR experiments were carried out using the EPSRC

solid state MAS NMR service at Durham University on a Varian Unityplus 300 MHz

spectrometer.

3.4 Electron Spin Resonance Spectroscopy

Electron spin resonance (ESR) is a very similar technique to NMR except that

unpaired electrons are analysed instead of the nucleus.14 The technique is used on

radical and paramagnetic substances in order to obtain information on its structure

and bonds. The spin of an unpaired electron is associated with a magnetic moment

that is able to align itself in one of two ways within an external magnetic field. These

two alignments correspond to different energy levels. Distribution between these

energy levels is very small and therefore they are exposed to energy in the

microwave frequency region, which causes a transition from a lower to a higher

energy level. The transition can be induced if equation 3.23 is satisfied, where g is
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the Zeeman splitting constant, fi is the Bohr magneton and B is the applied magnetic

field.

AE(h v) = gj3B (3.23)

The precise energy difference between these two states of an electron depends on the

surrounding electrons in the molecule. As in NMR this can be used to investigate the

positions of unpaired electrons. This is further achieved due to magnetic hyperfine

interactions. The unpaired electron can interact with surrounding non-zero spins

(such as 'H, 13C, I4N, 19F etc) producing hyperfine splitting. Analysis of these

splittings can provide further information about the environment of the unpaired

electron.

Electron Spin Resonance spectra were recorded on a Bruker EMX10/12 spectrometer

with a shq9705 cavity. A microwave frequency of 9.54GHz, microwave power of 5

mW, amplitude modulation of 2 Gpp, receiver gain of 3.99x104 and sweep width of

4000 G. All data were collected at room temperature.

3.5 Magnetic Properties

Whenever an electric current flows a magnetic field is produced, which is also true

for atoms, as the orbital motion and the spin of atomic electrons are equivalent to

tiny current loops. Individual atoms create magnetic fields around themselves when

their orbital electrons have a net magnetic moment. The magnetic properties of a
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substance arise from the overall magnetic properties of its atoms. The main type of

magnetism associated with transition metal complexes is paramagnetism. Permanent

magnetic dipoles arise from the ordering of the spins of unpaired electrons within a

magnetic field.

3.6 Extended X-ray Absorption Fine Structure

As this technique was only applied to one of the structures only the basic theory has

to be addressed. Extended X-ray absorption fine structure (EXAFS)'5 is a form of

spectroscopy that allows structural information to be obtained from molecules

without the need for single crystals. It refers to the sinusoidal variation of the A-ray

absorption coefficient as a function of A-ray photon energy, which occurs after the

absorption edge of the excited element.

Atoms in molecules are able to absorb X-rays. The proportion of X-rays absorbed

increases dramatically at a certain energy for each element. This occurs when the

energy of the X-rays is equal to that required to eject an electron. These energies are

known as the absorption edges that correspond to the ejection of an electron from the

atom. The ejected photoelectron can be considered a wave and it interacts with

surrounding atoms. These photoelectrons have a low kinetic energy and are

backscattered by the surrounding atoms (Figure 3.9).
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Figure 3.9- Photoelectron interacting with surrounding atoms.16

This backscattering causes oscillations in the high photon energy side of the

absorption edge. Through careful analysis of the oscillating part of the spectrum after

the edge, information relating to the coordination environment of an excited atom

can be obtained. The sample is analysed by the comparison of the experimental data

against a theoretical model.

3.7 Thermal Analysis

Thermogravimetric analysis (TGA) is used to examine loss of mass in microporous

materials. The technique involves weighing a sample while it is being heated in a

controlled manner usually under an atmosphere of nitrogen or oxygen. The observed

changes in mass loss can provide information on the stability of the material and

provide information on the molecular formula. Samples were examined using a TA

Instruments SDT simultaneous DTA-TGA thermogravimetric analyser. Samples

were heated in an alumina crucible at a rate of 10 °C min"1 to a maximum

Page 79



Chapter 3 — Experimental Techniques

temperature of 1000 °C in a flowing atmosphere of oxygen or nitrogen at a rate of

100 ml min"1.

3.8 CHN Elemental Analysis

C,H,N elemental analysis can yield useful data on the organics present within the

material. It can provide an indication if the template is intact by examining the ratios

of C,H and N and also gives data on the quantity of organics present. Elemental

analysis was carried out using a Carlo Erba 1106 CHN Elemental Analyser.
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4 Tri-Aza Macrocycles as SDAs

4.1 Introduction

The TV-methylated form of 1,4,7-triazacyclononane, l,4,7-trimethyl-l,4,7-

triazacyclononane (TMTACN), yielded the AEI topology in the synthesis of

metalloaluminophosphates (see chapter 1.2.4). There were no reports of other tri-aza

macrocycles being investigated as SDAs in the synthesis of open framework

materials, which prompted an investigation with two of such compounds.

In this chapter, macrocycles containing three nitrogens, 1,4,7-triazacyclononane

(TACN) and 1,5,9-triazacyclododecane (TACD), have been investigated as SDAs in

the synthesis ofmicroporous materials (Figure 4.1).

TACN TACD

Figure 4.1 - Tri-aza macrocycles investigated as SDAs.

The synthesis of aluminophosphate materials from fluoride media using TACN as a

SDA produced crystalline powders that contain dense phases with a minor impurity

that is still to be identified. Addition of cobalt into the gel resulted in rhombohedral

chabazite (CHA) being formed. The CHA structure was also formed using TACD

from fluoride media with triclinic distortion of the framework. The structures of

these materials and different locations of fluoride will be discussed.
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4.2 Experimental

4.2.1 Macrocycle Synthesis

Both macrocycles were available commercially but were uneconomical to purchase

so were synthesised from known literature procedures.1 Deprotection was carried out

by the method of Lazar.

4.2.1.1 1,4,7-Triazacyclononane

To a mechanically stirred solution of 1,4,7-triazaheptane (20.63 g, 0.20 mol, Aldrich)

and sodium hydroxide (28.00 g, 0.70 mol, Fisher) in distilled water (300 ml) at 60 °C

was added dropwise a solution of p-toluenesulfonyl chloride (116.29g 0.61 mol,

Lancaster) in tetrahydrofuran (225 ml, Fisher). The resulting solution was allowed to

stir for a further two hours before evaporation of the solvents. The residue was

refluxed in ethanol (250 ml, Bamford) for three hours before being filtered, washed

with ethanol and dried under vacuum at 60 °C to give 1,4,7-tritosyl-1,4,7-

triazaheptane as a white solid. Yield 74 % - mp 174 - 175 °C (lit.lb 179- 180 °C); 1H

NMR (CDC13) 5 2.40 (s, 9 H), 3.16 (m, 8 H), 5.32 (m, 2 H) 7.36 (m, 12 H). NMR

comparable with literature values.lb

To a solution of 1,4,7-tritosyl-1,4,7-triazaheptane (30.00 g, 53.03 mmol) and

potassium carbonate (30.00 g, 0.22 mol, Fisher) refluxed in acetonitrile (700 ml,

Ultrafine) for one hour was added dropwise a solution of 1,2-dibromoethane (49.78

g, 0.26 mol, Aldrich) in acetonitrile (750 ml) over twenty hours. This was refluxed

for a further seven days before being filtered and the solvent evaporated to give the
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crude product. This was dissolved in dichloromethane (200 ml, Bamford), dried with

magnesium sulfate and solvent evaporated to give l,4,7-tritosyl-l,4,7-

triazacyclononane as a white powder. Spotting on TLC plates revealed a slight

impurity that was probably due to the 2+2 cycloaddition product. Yield 98% - mp

220 - 222 °C (lit.3 219 - 223 °C); 'H NMR (CDC13) 8 2.41 (s, 9 H), 3.40 (s, 12 H),

7.23 (m, 12 H). NMR comparable with literature values.

l,4,7-tritosyl-l,4,7-triazacyclononane (13.52 g, 22.85 mmol) was dissolved

completely in sulfuric acid (14 ml, 96 %, Prolabo) at 60 °C and heated to 180 °C in

six minutes with stirring. The resulting dark brown solution was then allowed to cool

to ~80 °C on standing before being cooled in ice. This was then added to anhydrous

diethyl ether (250 ml, BDH) with vigorous stirring, the precipitate was filtered and

washed thoroughly with diethyl ether (trihydrosulfate salt is very hygroscopic and

should be protected from moisture). This was then dissolved in hot distilled water

(6.2 ml), filtered and brought to boiling before hydrochloric acid (7 ml, 37 % in H2O,

Fisher) was added dropwise. The hot solution was left standing at room temperature

for one day before the crystals were filtered off, washed with cold (-10 °C)

hydrochloric acid (8 ml, 37 % in FhO), absolute ethanol (3x15 ml, Bamford) and

anhydrous diethyl ether (3x15 ml, BDH) then dried under vacuum at 60 °C to give

1,4,7-triazacyclononane trihydrochloride as a non-hygroscopic brown solid. Yield 78

% - mp 260 - 270 °C (lit.4 265 - 275 °C); 'H NMR (D20) 8 3.4 (s). NMR

comparable with literature values.4
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1,4,7-triazacyclononane trihydrochloride (4.14 g, 17.80 mmol) was dissolved in

distilled water (20 ml) and made basic (~ pH 12) with sodium hydroxide pellets

(Fisher). Sodium chloride (12 g, Fisher) was added and the solution extracted with

chloroform (8 x 30 ml), organic extracts dried with magnesium sulfate and solvent

evaporated to give the crude product as a viscous oil. This was then distilled at 40 °C

(0.1 mm Hg) to give 1,4,7-triazacyclononane as a colourless oil. Yield 70 % - ]H

NMR (CDC13) 5 1.83 (s, 3 H), 2.80 (s, 12 H). NMR comparable with literature

values.3

4.2.1.2 1,5,9-Triazacyclododecane

To a mechanically stirred solution of ,/V-(3-aminopropyl)-propane-1,3-diamine (39.36

g, 0.30 mol, Aldrich) and sodium hydroxide (40.00 g, 1.00 mol, Fisher) in distilled

water (400 ml) at 60 °C was added dropwise a solution of p-toluenesulfonyl chloride

(180.00g 0.94 mol, Lancaster) in tetrahydrofuran (340 ml, Fisher). The resulting

solution was allowed to stir for a further two hours at 60 °C and overnight at room

temperature and then solvents evaporated. The residue was refluxed in ethanol (250

ml, Bamford) for three hours before being filtered, washed with ethanol and dried

under vacuum at 60 °C to give l,5,9-tritosyl-l,5,9-triazanonane as a white solid.

Yield 76.6 % - mp 112 - 115 °C (lit.lb 116-119 °C); 'H NMR (CDC13) 5 1.71 (quin,

J = 6.5 Hz, 4 H), 2.41 (s, 6 H), 2.42 (s, 3 H), 2.95 (t, J = 6.0 Hz, 4H), 3.10 (t, J = 6.7

Hz, 4 H) 5.18 (s, 2 H), 7.29 (d, J = 7.8 Hz, 4 H), 7.30 (d, J = 8.2 Hz, 2 H), 7.63 (d, J

= 8.2 Hz, 2 H), 7.72 (d, J = 8.2 Hz, 4 H). NMR comparable with literature values."3
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To a stirred solution of l,5,9-tritosyl-l,5,9-triazanonane (41.36 g, 69.65 mmol) in

acetonitrile (850 ml, Aldrich) was added finely ground potassium carbonate (18 g,

0.13 mol, Fisher, dried under vacuum at 100 °C for 3 hours). This was refluxed for

one hour before a solution of 1,3-dibromopropane (20.30 g, 0.1 mol, Aldrich) in

acetonitrile (300 ml, Aldrich) was added dropwise over 10 hours. The resulting

solution was refluxed for a further 24 hours and filtered. The solvent was removed

and the crude product was dried under vacuum at 60 °C to give l,5,9-tritosyl-l,5,9-

triazacyclododecane. No further purification steps were taken at this stage. NMR

revealed required product present with impurities, mp 140 - 155 °C (lit.3 170 - 171

°C); 'H NMR (CDC13) 8 1.90 (quin, J = 6.8 Hz, 6 H), 2.42 (s, 9 H), 3.16 (t, J = 6.8

Hz, 12 H), 7.30 (m, 6 H), 7.63 (m, 6 H). NMR comparable with literature values.5

Crude l,5,9-tritosyl-l,5,9-triazacyclododecane (11.62 g, 18.33 mmol) was dissolved

completely in sulfuric acid (14 ml, 96 %, Prolabo) at 60 °C and heated to 180 °C in

six minutes with stirring. The resulting dark brown solution was then allowed to cool

to ~80 °C on standing before being cooled in ice. This was then added to anhydrous

diethyl ether (250 ml, BDH) with vigorous stirring, the precipitate was filtered and

washed thoroughly with diethyl ether (trihydrosulfate salt is very hygroscopic and

should be protected from moisture). This was then dissolved in hot distilled water

(6.2 ml), filtered and brought to boiling before hydrochloric acid (7 ml, 37 % in H2O,

Fisher) was added dropwise. The hot solution was left standing at room temperature

for one day before the crystals were filtered off, washed with cold (-10 °C)

hydrochloric acid (8 ml, 37 % in H2O), absolute ethanol (3x15 ml, Bamford) and

anhydrous diethyl ether (3x15 ml, BDH) then dried under vacuum at 60 °C to give
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1,5,9-triazacyclododecane trihydrochloride as a non-hygroscopic brown solid. Yield

65 % - mp 278 - 284 °C (lit.6 286 °C); !H NMR (D20) 6 2.19 (quin, J = 7.5 Hz, 6 H),

3.23 (t, J = 7.7 Hz, 12 H). NMR comparable with literature values.6

1,5,9-triazacyclododecane trihydrochloride (3.34 g, 11.92 mmol) was dissolved in

distilled water (20 ml) and made basic (~ pH 12) with sodium hydroxide pellets

(Fisher). Sodium chloride (12 g, Fisher) was added and the solution extracted with

chloroform (8 x 30 ml), organic extracts dried with magnesium sulfate and solvent

evaporated to give the crude product as a viscous oil. This was then distilled at 50 °C

(0.1 mm Hg) to give 1,5,9-triazacyclododecane as a colourless oil. Yield 85 % - 'H

NMR (CDC13) 8 1.66 (quin, J = 5.3 Hz, 6 H), 2.55 (s, 3 H), 2.78 (t, J = 5.1 Hz, 12 H).

NMR comparable with literature values.5

4.2.2 Hydrothermal Synthesis

4.2.2.1 [F, Co(TACN)2]-A!PO-CHA

Aluminium isopropoxide (0.50 g, 2.45 mmol, Aldrich) was dispersed in distilled

water (10 ml) with phosphoric acid (0.28 g, 2.45 mmol, 85 wt% in H20, Aldrich) and

the mixture stirred until homogeneous. TACN (0.08 g, 0.62 mmol) and cobalt (II)

acetate tetrahydrate (0.076 g, 0.31 mmol, Aldrich) were added and the mixture

stirred until homogeneous. Hydrofluoric acid (0.030 g, 0.72 mmol, 48 wt% in H20,

Aldrich) was then added and the initial pH was 5.0. This mixture was aged for 1 hour

at 25°C, transferred to a polytetrafluoroethylene-lined acid digestion bomb (23 ml,

Parr) and heated at 150°C for 96 hours. The resultant blue product was recovered by
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sonication, filtration, washed with distilled water and acetone then air-dried to reveal

a small amount of small blue single crystals among amorphous white powder.

4.2.2.2 [F, TACD]-AIPO-CHA

Aluminium hydroxide (0.15g, 1.91 mmol, Aldrich) was dispersed in distilled water

(3 ml) with phosphoric acid (0.34 g, 1.91 mmol, 85 wt% in H2O, Aldrich) and the

mixture stirred until homogeneous. Hydrofluoric acid (0.026 g, 0.62 mmol, 48 wt%

in H2O, Aldrich) was added then TACD (0.63 g, 3.68 mmol) to fix the initial pH to

5.5. This mixture was aged for 1 hour at 25°C, transferred to a

polytetrafluoroethylene-lined acid digestion bomb (23 ml, Parr) and heated at 170°C

for 72 hours. The resultant colourless crystalline product was recovered by

sonication, filtration, washed with distilled water and acetone then air-dried to reveal

small single crystals with an unidentified impurity.

4.2.3 Powder X-ray Diffraction

Powder X-ray diffraction patterns of all as-synthesised materials were first collected

on a Philips diffractometer using Cu Ka radiation and operating in Bragg-Bentano

geometry with a secondary monochromator for phase identification purposes.

Powder X-ray diffraction data for indexing and refinement purposes were collected

on a STOE STADIP diffractometer operating on monochromated Cu Kai radiation.

Powder data were collected in Debye-Scherrer geometry using 0.5 mm quartz

capillaries over 12 hours. Structureless refinements using Le Bail's method7 were
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o
#

carried out with GSAS to determine if single crystals were characteristic of the

batch materials.

Compound wRp Rp Comment
[F, Co(TACN)2]-A1PO-CHA
[F, TACDJ-A1PO-CHA

0.0315

0.1815

0.0247 Amorphous impurity
0.1109 Impurity

Table 4.1 - PXRD agreementfactorsfor as-synthesised materials.

4.2.4 Single-Crystal X-ray Diffraction

The crystal recovered from the samples were too small for standard laboratory

single-crystal X-ray diffractometers so diffraction data were collected on a Bruker

AXS SMART CCD area-detector diffractometer on the high-flux single-crystal

diffraction station 9.8 at CCLRC Daresbury Laboratory Synchrotron Radiation

Source, Cheshire, UK. The synchrotron beam was monochromated with a bent

Si(lll) crystal providing a wavelength of approximately 0.68 A (exact wavelength

for each experiment given in corresponding table). Data reduction was carried out

using Bruker SAINT package (exact version given in CIF file) and synchrotron beam

intensity decay was corrected using SADABS9. Cell refinement was carried out by

Bruker SAINT packages (see CIF files).

Structures were solved by direct methods (SHELXS-97) and refined with full-matrix

least squares technique (SHELXL-97)10 using WinGX11. In all cases, all non-

hydrogen atoms were refined anisotropically and hydrogen atoms were geometrically

placed. Details of data collections and structure refinement parameters are given in

tables for each structure. Full details of structure determinations are available on

attached CD as Crystallographic information files or WinGX instruction files.
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4.2.5 Nuclear Magnetic Resonance

Solution NMR (]H and 13C) were either recorded on a Varian Gemini 2000 or a

Bruker Avance 300 both operating at 300 MHz.

4.2.6 Thermal Analysis

[F, TACD]-AlPO-CHA was examined by thermogravimetric analysis (TGA) using a

TA Instruments SDT 2960 simultaneous DTA-TGA thermogravimetric analyser.

Samples were heated in an aluminium crucible at a rate of 10°C min"1 to a maximum

temperature of 1000°C in a flowing atmosphere of oxygen (100 ml min"1). Re-

calcined aluminium oxide was used as the reference material.

The organic content of [F, TACDJ-A1PO-CHA was determined using a Carlo Erba

1106 CHN elemental analyser.

[F, TACD]-AlPO-CHA was calcined in flowing oxygen at 600 °C with a heating rate

of 1 °C min"1 for 400 minutes.

4.3 Results and Discussion

4.3.1 TACNasSDA

TACN produces the material [F, Co(TACN)2]-AlPO-CHA from fluoride-containing

media in the presence of Co2+ ions. This has the same framework topology as the
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natural mineral chabazite (CHA) which was first solved in 1958 by Smith et al.n The

silicoaluminophosphate analogue of the CHA topology was synthesised using

methylbutylamine as a SDA but the exact location of this species was restricted due

to disorder.13 The authors reported on charge coupling between the framework and

ammonium species to attain electroneutrality. Triclinic aluminophosphate CHA was

prepared from fluoride media with morpholine as a SDA14 that transforms into the

rhombohedral form after thermal treatment15. The pure siliceous form was latter

synthesised by Camblor et al. from fluoride media using N,N,N-

trimethyladamantammonium as a SDA.16

Identification code IF, CO(TACN)2|-A1PO-CHA
Empirical formula [A16P6024(OH)FMCo(C6N3H15)2]3
Formula weight 3255.17

Temperature 150(2) K
Wavelength 0.68750 A

Crystal system, space group Trigonal, R -3
Unit cell dimensions a = 13.7317(7) A a = 90°

b= 13.7317(7) A p = 90 °
c= 14.8197(14) A y= 120°

Volume 2420.0(3) A3
Z, Calculated density 1, 2.234 Mg/m3
Absorption coefficient 0.927 mm"1
F(000) 1647

Crystal size 0.04 x 0.04 x 0.01 mm

Theta range for data collection 2.12 to 29.34°

Limiting indices -12<=h<=19

-18<=k<=5

-21 <=1<=7

Reflections collected / unique 3350 / 1472 [R(int) = 0.0219]
Completeness to theta = 29.34 90.00%

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1472 / 0 / 86

Goodness-of-fit on F2 1.124

Final R indices [I>2sigma(I)] Rj = 0.1005, WR2 = 0.3030
R indices (all data) R, = 0.1125, WR2 = 0.3111
Largest diff. peak and hole 1.742 and-1.459 e. A"3

Table 4.2 — Crystal data and structure refinementfor [F, Co(TACN)J-AlPO-CHA.
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This material could not be synthesised in pure form (amorphous material present)

therefore analysis was restricted to single-crystal and powder X-ray diffraction.

Single-crystal data and structure refinement details of [F, Co(TACN)2]-A1PO-CHA

are presented in table 4.2. Bond lengths, angles and anisotropic displacement

parameters are tabulated in the Appendix. The asymmetric unit is simple with an

AIPO4 unit, a sixth of the Co(TACN)22+ complex and disordered fluoride (Figure

4.2).

Api
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Figure 4.2 - Asymmetric unit of[F, Co(TACIS)2J-AIPO-CHA.

The CHA framework is composed of double six-membered rings (D6Rs) of

alternating aluminium and phosphorous tetrahedra, which are linked through 4-

membered rings (Figure 4.3) to produce a three dimensional structure with eight-

membered ring windows (Figure 4.4).
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Figure 4.3 - D6Rs linked by 4Rs.
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Figure 4.4 - Ball and stick andpolyhedral view of[F, Co(TACN)2]-AlPO-CHA along the c-axis.

Framework oxygens omittedfor clarity.

At the intersection of these pores, [8662412] cages (CHA cage) are formed where the

Co(TACN)22+ template species is located. It is quite reasonable to assume that this

complex is intact within the cages from the X-ray diffraction data. Also, this complex

has been shown to be stable in slightly acidic media.17 The Co(TACN)22+ complex is

beautifully ordered within the CHA cages (Figure 4.5) with cobalt in octahedral

geometry. Complex-framework contacts exist at distances listed in table 4.3. These

contacts are probably outside the range of hydrogen bonding but are still strong

enough to direct order on the complex.
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D-H—A
1)11

Distance/A
H—A

Distance/A
D—A

Distance/A
D-H—A

Angle/0
Nl-Hl—Ol1 0.9300 2.7420 3.52(2) 142.43

Nl-Hl-02 " 0.9300 2.7630 3.61(2) 151.66

Nl-Hl-03111 0.9300 3.1510 3.66(2) 116.74

C2-H2A—021V 0.9900 2.7200 3.53(2) 139.68

C3-H3A—03 v 0.9900 2.4703 3.44(2) 166.14

C10-H3B—04V1 0.9897 2.5948 3.48(2) 148.77

Table 4.3 - Framework contactsfor [F, Co(TACN)J-AlPO-CHA.

Symmetry operators; i) 1/3-y,- 1/3+x-y,- 1/3+z, ii) -2/3+x-y,-l/3+x,5/3-z, Hi) -l+x,y,z, iv) y,l-x+y,2-z,

v) 2/3+x-y,l/3+x,l/3-z, vi) l/3-x+y,l/3-x,1/3+z.

Figure 4.5 - Co(TACN)22+ complex within CHA cage. Ball and stick view left with framework

oxygens omittedfor clarity and spacefilling view right.

Fluoride does not form any close contacts with the complex, as it is located within

the D6R. Carbon, nitrogen and cobalt are at closest distances of approximately 4.5,

5.2 and 6.8 A from fluoride respectively. Fluoride is too far away to have any

influence on the ordering of the complex. However, the shape of the complex fits

very well with the shape of the cage.
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The positive charge on the complex is counter-balanced partly by fluoride, which is

disordered within the D6R (Figures 4.3 and 4.6). This is analogous to the position of

the fluoride found by Bull in pure siliceous CHA from single-crystal X-ray

diffraction.18 However, the material had 1+ charge per CHA cage (N,N,N-

trimethyladamantammonium cation) with the charge balancing coming from both

fluoride within the D6R and Si (Q3) defect sites which was reinforced by l9F and 29Si

MAS NMR.

Figure 4.6- Location offluoride within the D6R. Framework oxygens omittedfor clarity.

In the CHA topology, eight D6Rs surround every CHA cage which itself is

surrounded by eight D6Rs. This produces a 1:1 correlation of D6Rs and CHA cages.

Considering that the overall charge of the Co(TACN)2 is 2+, then every D6R must

contain a charge of 2- if every CHA cage is fully occupied. The location of two

fluorides within the D6R (required to charge balance) is highly unlikely on the

ground of steric hindrance and electrostatic repulsion. Therefore, the Co(TACN)22+

complex may be partially occupied (50%) which would require only one fluoride per

D6R to counter balance the positive charge. As the material was not synthesised

phase pure, neither elemental analysis nor TGA could be useful in determining the

organic content of the sample. Therefore, the X-ray diffraction structure was re¬

examined with the complex set at 50% occupancy and overall fluoride content at one
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per D6R. Refinement of this model produced significant electron density at 0.59 and

0.69 A from carbons C2 and C3 respectively of the macrocycle (Figure 4.7). Also,

unusual thermal parameters for cobalt and much higher agreement factors suggested

that the occupancy levels were well above 50% for the complex.

Figure 4.7 - Electron density surrounding macrocycle set at 50% occupancy.

Fourierpeaks are yellow.

1 o i/r
.....

Bull and Camblor have reported the presence of defect sites within pure siliceous

CHA. Camblor gave a composition of [Ci3H24NFo.5]3[Si36072(OH)i 5] which included

fluoride and defect sites to attain electroneutrality. With this information, the

complex being present in 100% of the cages and fluoride being fixed at one per D6R

then the composition [Al6P6024(OH)F][Co(TACN)2] can be postulated. The

occupancy levels of the fluoride were refined until satisfactory thermal parameter

were achieved and were not refined anisotropically due to the disorder involved. The

position of fluoride in this structure is different to that of other aluminophosphates

with the CHA topology previously reported in the literature and in this work (Figure

4.8). This will be discussed in section 4.3.3.
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Figure 4.8 - Overview ofthe location offluoride and Co(TACN)22+ complex. Framework oxygens

andmacrocycle hydrogens omittedfor clarity.

The powder X-ray diffraction pattern of [F, Co(TACN)2]-A1PO-CHA (Figure 4.9)

shows the amorphous shape of the background and a poor signal to noise ratio that is

consistent with an amorphous impurity present.

This material may have applications as a heterogeneous reducing agent or a

heterogeneous electron transfer mediator as Co(II) is a good one electron outer

sphere reducing agent.19
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[F, Co(TACN)2]-A1P0-CHA Hist 1
Lambda 1.5406 A, L-S cycle 160 Obsd. and Diff. Profiles

2-Theta, deg

Figure 4.9- Le Bail refinement ofas-made [F, Co(TACN)2J-A iPO-CHA. Red crosses indicate

experimental data, green line calculated andpurple the difference plot. Peakpositionsfor CHA are

coloured black.

4.3.2 TACDasSDA

TACD produced an open framework material with the distorted chabazite framework

as was previously prepared from fluoride media.14 The crystal data and structure

refinement details are given in table 4.4. Initial analysis of the structure located all

the framework atoms with ease, however location of the template species proved to

be very difficult.
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Identification code [F, TACDj-AlPO-CHA
Empirical formula [A16P6024F2][C9H23N3]
Formula weight 943

Temperature 150(2) K
Wavelength 0.68750 A

Crystal system, space group Triclinic, P-l
Unit cell dimensions a = 9.1576(5) A a = 86.4790(10) °

b = 9.1813(5) A P = 77.9170(10)°
c = 9.3157(5) A y = 88.3670(10)°

Volume 764.36(7) A3
Z, Calculated density 1, 2.049 Mg/m3
Absorption coefficient 0.640 mm"1

F(000) 476

Crystal size 0.04 x 0.03 x 0.03 mm

Theta range for data collection 2.15 to 29.30°

Limiting indices -12<=h<=12

-12<=k<=12

-12<=1<=12

Reflections collected / unique 7823/4136 [R(int) = 0.0276]
Completeness to theta = 29.30 89.70%

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4136/0/172

Goodness-of-fit on F2 1.057

Final R indices [I>2sigma(I)J Rt = 0.0753, wR2 = 0.2354
R indices (all data) Rj =0.0805, wR2 = 0.2410
Largest diff. peak and hole 4.126 and -0.632 e.A"3

Table 4.4 - Crystal data and structure refinementfor [F, TACDJ-AIPO-CHA.

The asymmetric unit of [F, TACDJ-AIPO-CHA contains three aluminium, three

phosphorus, twelve oxygen and one fluorine atoms (Figure 4.10). The TACD

template could not be located due to gross disorder of the molecule (Highest

difference peak 4.126 and deepest hole -0.632 e.A"3). This is refelected in the

agreement factors in table 4.4.
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The framework structure is consistent with other materials possessing the triclinic

chabazite topology as shown in Figure 4.11 (see also chapter 5.3.1). The template in

this case could not be resolved into a chemical sensible molecule even when treated

as a disordered template (1,2 and 1,3 distance restraints). TACD was found

disordered within the chabazite cages of the structure. The Fourier peaks resemble a

cyclic molecular structure, which indicate that it still may be occluded intact within

the framework (Figure 4.12). Fragments with chemical sensible bond lengths and

angles can be picked out from the Fourier peaks, but combining them all into the

twelve-membered ring for TACD was unsuccessful.
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Figure 4.11 - Ball and stick andpolyhedral view of[F, TACDJ-AIPO-CHA along the a-axis.

Figure 4.12 - Chabazite cage with disordered TACD occluded. Framework oxygens omittedfor

clarity and Fourier peaks are in yellow.

The powder X-ray diffraction pattern of the as-made material revealed there to be an

impurity phase that has not yet been identified (Figure 4.13). This hampered any

attempts to ascertain if the template is still intact. There was not enough material for

13C MAS NMR to be carried out, therefore CHN and TGA analysis were collected.
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[F, TACD]—A1P0—CHA
Lambda 1.5406 A, L-S cycle 326

Hist X

Obsd. and Diff. Profiles

Figure 4.13 - Le Bail refinement ofas-made /F, TACDJ-AIPO-CHA. Red crosses indicate

experimental data, green line calculated andpurple the differenceplot. Peak positionsfor triclinic

CHA are coloured black.

If TACD was occluded intact then the formula [AI6P6O24F2HC9H23N3] can be

proposed, assuming that the template is in 100 % of the chabazite cages. CHN

analysis was not consistent with this formula (calculated C 11.46, H 2.47, N 4.46;

found C 7.99, H 2.45, N 3.55 %). From the TGA curve (Figure 4.14) the first mass

loss observed could probably be attributed to water (observed 3.39 %) and the

second mass loss is consistent with the X-ray diffraction formula (observed 19.46,

calculated 18.43 %). However, as there is an impurity phase present and the TACD

template cannot be resolved from the electron density, it is unclear whether the

organic is still intact within the framework. To be absolutely certain of this, [F,

TACDj-AlPO-CHA will have to be synthesised phase pure at higher yields to collect

13C MAS NMR and elemental analysis.
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Figure 4.14 - TGA curve of[F, TACDJ-AIPO-CHA in flowing oxygen.

This triclinic form can be calcined to give various forms of chabazite depending on

the degree of hydration. It adopts the rhombohedral form when dehydrated and two

stable hydrated phases of triclinic symmetry.20 This was taken into consideration

when refining the powder X-ray diffraction pattern of calcined [F, TACDJ-AIPO-

CHA as shown in figure 4.15 (agreement factors; Rp =0.0500 wRp = 0.0786). There

is still a slight impurity present after calcination suggesting there is another phase

present.
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calcined [F, TACD]-A1P0-CHA
Lambda 1.5406 A, L-S cycle 179

Hist 1

Obsd. and Diff. Profiles
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Figure 4.15 -Le Bail refinement ofcalcined [F, TACDJ-AIPO-CHA. Red crosses indicate

experimental data, green line calculated andpurple the differenceplot. Peak positionsfor

dehydratedphase and hydratedphases A and B are coloured black, red and blue respectively.

4.3.3 Location of Fluoride

Both of these templates produced the aluminophosphate topological ly equivalent to

CHA. However, the location of fluoride in both these structures is totally different.

The triclinic variant of chabazite is well known and has been shown to transform to

the rhombohedral phase upon thermal treatment.

The location of fluoride was revealed by single-crystal X-ray diffraction studies on

both materials. In the trigonal form it was found within the D6Rs bonded to

aluminium rendering it five-coordinated (as is the case with the pure siliceous form).

However in the triclinic form it was found to occupy a different site which bridged
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two aluminium atoms of the 4R that connects the D6Rs making this aluminium

octahedral (Figure 4.16).

Figure 4.16 - Location offluoride in [F, Co(TACN)2/-/l IPO-CHA (top)

and in [F, TACDJ-AIPO-CHA.

This demonstrates the different locations that fluoride can adopt within microporous

materials.

4.4 Conclusions

This demonstrates that macrocyclic complexes can be occluded within the

frameworks of microporous materials. The Co(TACN)2 was occluded intact which

suggests that it is stable under hydrothermal conditions. This provides scope to

investigate other catalytic active complexes for incorporation into open framework

materials. In certain cases the organics within open framework materials cannot be

resolved crystallographically. The study of [F, TACDJ-A1PO-CHA reinforces the

need for complementary characterisation techniques other than X-ray diffraction to
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fully characterise these materials and also the need for pure phases, especially if they

are to be used in further applications such as catalysis.
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5 Tetra-Aza Macrocycles as SDAs

5.1 Introduction

Cyclam was previously investigated in the synthesis of alumino- and gallo-phosphate

(chapter 1.2.4) based materials where it was directly incorporated into the

frameworks of these structures as metal-cyclam complexes. It produced two

structures in the gallophosphate system depending on the inclusion of fluoride ions

whereas the aluminophosphate system was yet to be investigated with the addition of

fluoride. TMTACT produced either STA-6 or -7 (SAS and SAV structure codes

respectively) depending on the divalent metal ion present (chapter 1.2.4). This

prompted an investigation into the aluminophosphate system using cyclam, and

closely related macrocycles, as SDAs in the crystallisation of open framework

materials.

This chapter is concerned with macrocyclic polyamines that contain four nitrogen

heteroatoms in the ring structure. 1,4,7,10-tetraazacyclododecane (cyclen), 1,4,8,11-

tetraazacyclotetradecane (cyclam), 1,4,8,12-tetraazacyclopentadecane (TACPD),

1,4,8,11 -tetramethyl-1,4,8,11 -tetraazacyclotetradecane (TMTACT), 1,4,8,11 -

tetraethyl-1,4,8,11-tetraazacyclotetradecane (TETACT), mes'0-5,7,7,12,14,14-

hexamethyl-1,4,8,11-tetraazacyclotetradecane (Tet-A) and racemic-5,7,7,12,14,14-

hexamethyl-1,4,8,11-tetraazacyclotetradecane (Tet-B) have been investigated as

SDAs in the synthesis of open framework materials (Figure 5.1).
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Figure 5.1 - Tetra-aza macrocycles investigated as SDAs.

A variety of framework architectures have been crystallised by subtly changing the

reaction conditions or the substituents on the macrocyclic ring. A triclinic variant of

the aluminophosphate chabazite (CHA) was formed using cyclam as a SDA. A

monoclinic variant of SAS was formed using a copper-cyclam complex. Copper-

cyclam with trimethylamine, TMTACT and TETACT produced the LTA topology.

Tet-A produced a novel phase in fluoride media, which is a layered precursor to the

AFO topology, and in the presence of cobalt or zinc it produced a layered phase

where half of the macrocycles were coordinated and the other half free. Tet-B

produced the same phase as Tet-A in fluoride media. Cyclen and TACPD were not

incorporated intact into any open framework materials.
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5.2 Experimental

5.2.1 Macrocycle Synthesis

Cyclen, TACPD and cyclam were used as supplied. TMTACT and TETACT were

synthesised by TV-alkylation of cyclam and Tet-A/B from known literature

procedures.

5.2.1.1 1,4,8,11 -Tetramethyl-1,4,8,11 -tetraazacyclotetradecane

This was prepared by the known literature procedure ofBarefield el al.'

A stirred solution containing 1,4,8,11-tetraazacyclotetradecane (4.005 g, 20.0 mmol,

Aldrich), formic acid (60 ml, 94.5%, Aldrich), formaldehyde (60 ml, 37 wt% in H2O,

Aldrich) and distilled water (20 ml) was refluxed for 24 hours. The reaction mixture

was then cooled to ~5°C in an ice bath and sodium hydroxide solution (30 wt% in

H2O, Fisher) was added with stirring until pH>12. This was extracted with

dichloromethane (5 x 100 ml, Bamford), organic extracts combined, dried with

magnesium sulfate (Fisher) and solvent evaporated to yield the crude product. The

crude product was then distilled at 150°C (0.5 mm Hg) to give a white solid. Yield

82.1% - mp 40 - 43 °C (lit.2 41 - 43 °C); !H NMR (CDCI3) 8 1.64 (quin, J - 6.9 Hz,

4 H), 2.20 (s, 12 H), 2.40 (m, 16 H), 13C NMR (CDCI3) 8 24.61 (CH2), 43.67 (CH3),

53.97 (CH2), 54.25 (CH2). NMR comparable with literature values.1
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5.2.1.2 1,4,8,11 -Tetraethyl-1,4,8,11 -tetraazacyclotetradecane

A solution of 1,4,8,11-tetraazacyclotetradecane (1.502 g, 7.50 mmol, Aldrich),

potassium carbonate (8 g, Fisons) and iodoethane (4.741 g, 30.40 mmol, Aldrich) in

chloroform (100 ml, Fisher) was refluxed for 20 hours, filtered and solvent

evaporated to give crude product as an oil. This was then distilled at 180°C (0.5 mm

Hg) to give a colourless oil. Yield 75.3%; *H NMR (CDC13) 5 1.00 (t, J = 7.2 Hz, 4

H), 1.62 (quin, J = 7.0 Hz, 12 H), 2.49 (m, 24 H), 13C NMR (CDC13) 8 12.6 (CH2),

23.4 (CH3), 49.5 (CH2), 50.3 (CH2), 51.4 (CH2).

5.2.1.3 meso- and racemic- 5,7,7,12,14,14-HexamethyM ,4,8,11-

tetraazacyclotetradecane

The two diastereoisomers, Tet-A and Tet-B, were prepared and separated by known
•2

literature procedures.

Hydrobromic acid (84.8 ml, 0.75 mol, 48 wt% in H20, Aldrich) was added dropwise

to a stirred and cooled solution of ethane- 1,2-diamine (21.60 g, 0.359 mol, Aldrich)

in methanol (240 ml, Fisher). The white precipitate was filtered, washed with diethyl

ether (BDH). A second crop was isolated by addition of diethyl ether to the filtrate.

The combined product (ethane-1,2-diamine dihydrobromide) was dried under

vacuum at 60°C. Yield 95%.

Ethane-1,2-diamine dihydrobromide (78.10 g, 0.352 mol), acetone (700 ml, P&R)

and ethane-1,2-diamine (21.20 g, 0.352 mol) were heated with stirring at 45°C for

one hour during which a white precipitate formed. The solution cooled in an ice bath,

filtered, washed with ice-cold acetone then ether and dried under vacuum at 60°C to
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give 5,7,7,12,14,14-hexamethyl-l,4,8,l l-tetraazacyclotetradeca-4,11-diene. Yield

80.5%.

To a stirred solution of 5,7,7,12,14,14-hexamethyl-1,4,8,1 l-tetraazacyclotetradeca-

4,1 1-diene (80.0 g, 0.167 mol) in methanol (1000 ml) was added sodium borohydride

(15 g, Avocado) in small portions. The solution was heated gently until

effervescence ceased. Potassium hydroxide solution (2 mol T1, Fisher) was then

added until pH was 12, cooled to room temperature and filtered. 50% of the

methanol was removed and cooled in an ice bath to produce a white precipitate. The

remaining methanol was removed and cooled in an ice bath to produce a second crop

of Tet-A. This was recrystallised from aqueous methanol to give Tet-A dihydrate.

Yield 25.1% - mp 145 - 148°C (lit.3'4 146 - 148 °C); 13C NMR (CD3OD) 5 21.2

(CH3), 24.5 (CH3), 28.9 (CH3), 42.8 (C), 48.8 (CH2), 52.4 (CH), 52.6 (CH2), 54.2

(CH2).

Tet-B was recovered from the above aqueous filtrate by the addition of potassium

hydroxide pellets (50.0 g) and extracted with diethyl ether (6 x 150 ml), organic

extracts combined, dried with sodium sulfate (Fisher) and evaporated to give crude

Tet-B. This was recrystallised from diethyl ether to give Tet-B monohydrate. Yield

36.1% - mp 99 - 105 °C (lit.3'4 97- 105 °C); 13C NMR (CD3OD) 8 21.2 (CH3), 27.9

(CH3), 28.8 (CH3), 42.01 (C), 45.8 (CH2), 48.2 (CH2), 52.3 (CH), 53.9 (CH2).
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5.2.2 Hydrothermal Synthesis

5.2.2.1 [F, cyclam]-AIPO-CHA

This was synthesised from various reaction compositions and sources of aluminium.

The optimised synthesis conditions which was phase pure by powder X-ray

diffraction is as follows:-

Aluminium hydroxide (0.23g, 2.95 mmol, Aldrich) was dispersed in distilled water

(10 ml) and phosphoric acid (0.34 g, 2.95 mmol, 85 wt% in H2O, Aldrich) and the

mixture stirred until homogeneous. Hydrofluoric acid (0.035 g, 0.84 mmol, 48 wt%

in H2O, Aldrich) was added then addition of cyclam (-0.18 g, -0.9 mmol, Aldrich)

to fix the initial pH to 5. This mixture was aged for 1 hour at 25°C, transferred to a

polytetrafluoroethylene-lined acid digestion bomb (23 ml, Parr) and heated at 170°C

for 96 hours. The resultant colourless crystalline product was recovered by

sonication, filtration, washed with distilled water and acetone then air-dried to reveal

small single crystals.

5.2.2.2 [F, Cu-cyclam]-AIPO-SAS

Cyclam (0.20 g, 1.0 mmol, Aldrich) and copper (II) acetate hydrate (0.20 g, 1.0

mmol, Aldrich) were added to a solution containing aluminium isopropoxide (0.60 g,

2.94 mmol, Aldrich) in distilled water (10 ml) with stirring. Phosphoric acid (0.34 g,

2.95 mmol, 85 wt% in H2O, Aldrich) was then added and allowed to mix thoroughly

before addition of hydrofluoric acid (-0.04 g, 48 wt% in H2O, Aldrich) to fix the

initial pH in the range 4-4.2. This mixture was aged for 1 hour at 25°C, transferred to

a polytetrafluoroethylene-lined acid digestion bomb (23 ml, Parr) and heated at

Page 113



Chapter 5 — Tetra-Aza Macrocvcles as SDAs

170°C for 72 hours. The resultant pink crystalline product was recovered by

sonication, filtration, washed with distilled water and acetone then air-dried to reveal

small single crystals.

5.2.2.3 [F, Cu-cyclam]-AIPO-LTA

Aluminium hydroxide (0.23 g, 2.95 mmol, Aldrich) was dispersed into distilled

water (10 ml) and phosphoric acid (0.34 g, 2.95 mmol, 85 wt% in H2O, Aldrich) and

the mixture stirred until homogeneous. Then cyclam (0.1 g, 0.5 mmol, Aldrich) and

copper (II) acetate hydrate (0.1 g, 0.5 mmol, Aldrich) were added to the mixture and

stirred until homogeneous. Hydrofluoric acid (0.04 g, 0.96 mmol, 48 wt% in H2O,

Aldrich) was added then various amounts of trimethylamine (40 wt% in H2O,

Aldrich) to fix the initial pH in the range of 3-6. This mixture was aged for 1 hour at

25°C, transferred to a polytetrafluoroethylene-lined acid digestion bomb (23 ml,

Parr) and heated at 190°C for 48 hours. The resultant crystalline product was

recovered by sonication, filtration, washed with distilled water and acetone then air-

dried to reveal small single crystals.

5.2.2.4 [F, TMTACT]-AIPO-LTA

Aluminium hydroxide (0.13 g, 1.67 mmol, Aldrich) was dispersed into distilled

water (12 ml) and phosphoric acid (0.19 g, 1.67 mmol, 85 wt% in H2O, Aldrich) and

the mixture stirred until homogeneous. TMTACT (0.23 g, 0.89 mmol) was added

and stirred until homogeneous. Then hydrofluoric acid (-0.03 g, 0.72 mmol, 48 wt%

in H2O, Aldrich) was added to adjust the initial pH to 6. This mixture was aged for 1
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hour at 25 °C, transferred to a polytetrafluoroethylene-lined acid digestion bomb (23

ml, Parr) and heated at 170°C for 72 hours. The resultant crystalline product was

recovered by sonication, filtration, washed with distilled water and acetone then air-

dried to reveal small single crystals.

5.2.2.5 [F, TETACT]-AIPO-LTA

Aluminium hydroxide (0.13 g, 1.67 mmol, Aldrich) was dispersed into distilled

water (12 ml) and phosphoric acid (0.19 g, 1.67 mmol, 85 wt% in H2O, Aldrich) and

the mixture stirred until homogeneous. TETACT (0.20 g, 0.64 mmol) was added and

stirred until homogeneous. Then hydrofluoric acid (-0.03 g, 0.72 mmol, 48 wt% in

H2O, Aldrich) was added to adjust the initial pH to 5.5. This mixture was aged for 1

hour at 25°C, transferred to a polytetrafluoroethylene-lined acid digestion bomb (23

ml, Parr) and heated at 170°C for 72 hours. The resultant crystalline product was

recovered by sonication, filtration, washed with distilled water and acetone then air-

dried to reveal small single crystals.

5.2.2.6 [F, Tet-A]-AIPO-1

Aluminium hydroxide (0.23 g, 2.95 mmol, Aldrich) was dispersed into distilled

water (10 ml) and phosphoric acid (0.34 g, 2.95 mmol, 85 wt% in H2O, Aldrich) and

the mixture stirred until homogeneous. Hydrofluoric acid (0.04 g, 0.96 mmol, 48

wt% in H2O, Aldrich) and Tet-A (0.16 g, 0.56 mmol) were added to the mixture and

stirred until homogeneous. Trimethylamine (45 wt% in H2O, Aldrich) or further Tet-

A was added to adjust the initial pH to 4 (can be crystallised from gels in the pH
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range 3-6). This mixture was aged for 1 hour at 25°C, transferred to a

polytetrafluoroethylene-lined acid digestion bomb (23 ml, Parr) and heated at 150°C

for 96 hours. The resultant colourless crystalline product was recovered by

sonication, filtration, washed with distilled water and acetone then air-dried to reveal

small single crystals.

5.2.2.7 [F, Tet-B]-AIPO-1

Aluminium isopropoxide (0.39 g, 1.90 mmol, Aldrich) was dispersed into distilled

water (10 ml) and phosphoric acid (0.22 g, 1.90 mmol, 85 wt% in H2O, Aldrich) and

the mixture stirred until homogeneous. Hydrofluoric acid (0.04 g, 0.96 mmol, 48

wt% in H2O, Aldrich) was then added then Tet-B (-0.15 g, 0.53 mmol) to adjust the

initial pH to 5.5. This mixture was aged for 1 hour at 25°C, transferred to a

polytetrafluoroethylene-lined acid digestion bomb (23 ml, Parr) and heated at 190°C

for 48 hours. The resultant colourless crystalline product was recovered by

sonication, filtration, washed with distilled water and acetone then air-dried to reveal

small crystals.

5.2.2.8 [Co, Tet-A]-AIPO-2

Aluminium hydroxide (0.19g, 2.44 mmol, Aldrich) and cobalt (II) acetate

tetrahydrate (0.15 g, 0.6 mmol, Aldrich) were dispersed in distilled water (10 ml) and

phosphoric acid (0.35 g, 3.04 mmol, 85 wt% in H2O, Aldrich) and the mixture stirred

until homogeneous. Then Tet-A was added (0.5-0.6 g, 1.76-2.11 mmol) so that the

initial pH of the gel was approximately 7. This mixture was aged for 1 hour at 25°C,
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transferred to a polytetrafluoroethylene-lined acid digestion bomb (23 ml, Parr) and

heated at 190°C for 52 hours. The resultant pale blue crystalline product was

recovered by filtration, washed with distilled water and acetone then air-dried to

reveal small single crystals.

5.2.2.9 [Zn, Tet-A]-AIPO-2

Aluminium hydroxide (0.19g, 2.44 mmol, Aldrich) and zinc (II) acetate dihydrate

(0.13 g, 0.6 mmol, Aldrich) were dispersed in distilled water (10 ml) and phosphoric

acid (0.35 g, 3.04 mmol, 85 wt% in H2O, Aldrich) and the mixture stirred until

homogeneous. Then Tet-A was added (0.5-0.6 g, 1.76-2.11 mmol) so that the initial

pH of the gel was approximately 7. This mixture was aged for 1 hour at 25°C,

transferred to a polytetrafluoroethylene-lined acid digestion bomb (23 ml, Parr) and

heated at 190°C for 48 hours. The resultant crystalline product was recovered by

filtration, washed with distilled water and acetone then air-dried to reveal a small

number of small single crystals.

5.2.3 Powder X-ray Diffraction

Powder X-ray diffraction patterns of all as-synthesised materials were first collected

on a Philips diffractometer using Cu Ka radiation and operating in Bragg-Bentano

geometry with a secondary monochromator for phase identification purposes.

Powder X-ray diffraction data for refinement purposes were collected on a STOE

STADIP diffractometer operating on monochromated Cu Kai radiation. Powder data
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were collected in Debye-Scherrer geometry using 0.5 mm quartz capillaries over 12

hours. Structureless refinements using Le Bail's method5 were carried out with

GSAS6 to determine if single crystals were characteristic of the batch materials.

Compound wRp Rp Comment

[F, Cyclam]-AlPO-CHA 0.0733 0.0488 Phase pure

[F, Cu-cyclam]-AlPO-SAS 0.0636 0.0386 Phase pure

[F, Cu-cyclam]-AlPO-LTA 0.1270 0.0785 Phase Pure

[F, TMTACT]-AlPO-LTA 0.1374 0.0848 Phase Pure

[F, TETACT]-AlPO-LTA 0.1087 0.0709 Phase Pure

[F, Tet-A]-AlPO-l 0.0540 0.0395 Phase pure

[F, Tet-B]-AlPO-l 0.1418 0.0782 Minor impurity
[Zn-Tet-A]-AlPO-2 few crystals isolated from amorphous material
[Co-Tet-A] -A1PO-2 0.0547 0.0253 Phase pure

Table 5.1 - PXRD agreementfactorsfor as-synthesised materials.

5.2.4 Single-Crystal X-ray Diffraction

The crystals recovered from all samples were too small for standard laboratory

single-crystal X-ray diffractometers so diffraction data were collected on a Bruker

AXS SMART CCD area-detector diffractometer on the high-flux single-crystal

diffraction station 9.8 at CCLRC Daresbury Laboratory Synchrotron Radiation

Source, Cheshire, UK. The synchrotron beam was monochromated with a bent

Si(l 11) crystal providing a wavelength of approximately 0.68 A (exact wavelength

for each experiment given in corresponding table). Data reduction was carried out

using Bruker SAINT package (exact version given in CIF file) and synchrotron beam

intensity decay was corrected using SADABS7. Cell refinement was carried out by

either LSCELL8 or Bruker SAINT packages (see CIF files).

Structures were solved by direct methods (SHELXS-97) and refined with full-matrix

least-squares technique (SHELXL-97)9 using WinGX10. In all cases, all non-
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hydrogen atoms were refined anisotropically and hydrogen atoms were geometrically

placed. Details of data collections and structure refinement parameters are given in

tables for each structure. Full details of structure determinations are available on

attached CD as Crystallographic information files or WinGX instruction files.

5.2.5 Nuclear Magnetic Resonance

Solution NMR ('H and I3C) were either recorded on a Varian Gemini 2000 or a

Bruker Avance 300 both operating at 300 MHz.

MAS NMR experiments were carried out using the EPSRC Solid-state NMR Service

(Durham) on a Varian Unityplus 300 MHz spectrometer. Chemical shifts are

reported with respect to 1 M aqueous AICI3, TMS, CFCI3, CH3NO2 and 85% H3PO4

for 27A1, 13C, 19F, I5N and 31P respectively.

[F, cyclam]-AlPO-CHA:

13C CP MAS NMR spectra were obtained using a spinning rate of 4.5 kHz,

acquisition time of 15 ms, relaxation delay of 2 s and a contact time of 1ms. 15N CP

MAS NMR spectra were obtained using a spinning rate of 4.5 kHz, acquisition time

of 20 ms, relaxation delay of 2 s and contact time of 5 ms.

[F, Tet-A]-AlPO-l:

27A1 MAS NMR spectra were obtained using a spinning rate of 8.2 kHz, acquisition

time of 6 ms and relaxation delay of 0.2 s. 3IP MAS NMR were obtained using a

spinning rate of 4 kHz, acquisition time of 20 ms and relaxation delay of 120 s. 19F
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MAS NMR spectra were obtained using a spinning rate of 14.7 kHz, acquisition time

of 5 ms and relaxation delay of 20 s. 13C CP MAS NMR spectra were obtained using

a spinning rate of 4.2 kHz, acquisition time of 20 ms, relaxation delay of 1 s and a

contact time of 1ms. 15N CP MAS NMR spectra were obtained using a spinning rate

of 4.3 kHz, acquisition time of 40 ms, relaxation delay of 2 s and contact time of 20

ms.

5.2.6 Thermal Analysis

Phase pure samples were examined by thermogravimetric analysis (TGA) using a TA

Instruments SDT 2960 simultaneous DTA-TGA thermogravimetric analyser.

Samples were heated in an aluminium crucible at a rate of 10°C min"1 to a maximum

temperature of 1000°C in a flowing atmosphere of oxygen (100 ml min"1). Re-

calcined aluminium oxide was used as the reference material.

The organic content of the samples were determined using a Carlo Erba 1106 CHN

elemental analyser.

Samples were calcined in flowing oxygen at 600 °C with a heating rate of 1 °C min"1

for 400 minutes.

5.2.7 Extended X-ray Absorption Fine Structure (EXAFS)

EXAFS data were recorded using station 8.1 at the Daresbury Synchrotron Radiation

Source (energy 2 GeV, current typically 200 mA) operating in transmission mode.
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Wavelength selection was accomplished using a double crystal Si(lll)

monochromator set at 50% harmonic rejection. The Co K-edge was determined using

cobalt foil while the samples were mounted as a self-supporting wafer. Data were

processed with EXCALIB (raw data processing), EXBACK (background

subtraction) and EXCURV98 (comparing theoretical and experimental EXAFS).11 In

fitting the data, curved wave theory was used and theoretical phase shifts were

generated from within the EXCURV98 program. Statistical significance testing for
i -j

the addition of each shell was applied using the method of Joyner et al.

5.2.8 Other Techniques

Electron Spin Resonance spectra were recorded on a Bruker EMX10/12 spectrometer

with a shq9705 cavity. A microwave frequency of 9.54GElz, microwave power of 5

mW, amplitude modulation of 2 Gpp, receiver gain of 3.99xl04 and sweep width of

4000 G. All data were collected at room temperature.

UV-VIS specta were recorded on a Perkin Elmer Instruments Lamda 35 UV/VIS

spectrometer equipped with a Labsphere RSA-PE-2D diffuse reflectance sphere.

Background was recorded with barium sulfate and samples were ground with barium

sulfate and placed in quartz cells. Spectra were recorded from 1100 - 190 nm at 60

nm min"1 with an interval of 0.1 nm and a 2.00 nm slit.

Magnetic susceptibility data were collected on a Johnson-Matthey magnetic

susceptibility balance.
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5.3 Results and Discussion

5.3.1 Cyclam as SDA

The use of cyclam as a templating agent produces the material [F, cyclam]-AlPO-

CHA from fluoride media that has the same framework topology as the triclinic form

of chabazite (CHA). Crystal data and structure refinement details for [F, cyclam]-

A1PO-CFLA are given in table 5.2. The use of fluoride ions in the preparations of

microporous materials is well known in the search for novel frameworks. The

stronger complexing action of fluoride over oxygen towards aluminium makes it

likely that fluoride will become incorporated into the framework.

• • • • IT
The triclinic form of the mineral chabazite was first prepared by Guth and the

structure reported independently by Simmen14 (powder data) and Kariuki15 (single-

crystal data) using morpholine as a SDA. It has also been synthesised from fluoride

containing non-aqueous media using pyridine as a SDA.16 These materials transform

into rhombohedral CHA upon calcination.
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Identification code [F, cyclam|-AIPO-CHA
Empirical formula [Al6P6O24F2]2--[C10H26N4]2+
Formula weight 972.05

Temperature 293(2) K
Wavelength 0.69300 A

Crystal system, space group Triclinic, P-l
Unit cell dimensions a = 9.0993(4) A a = 77.881(2)°

b = 9.2232(5) A p = 87.2050(10) °
c = 9.3929(4) A y = 87.7770(10) °

Volume 769.48(6) A3
Z, Calculated density 1,2.098 Mg/m3
Absorption coefficient 0.519 mm"1
F(000) 492

Crystal size 0.03 x 0.03 x 0.03 mm

Theta range for data collection 2.20 to 29.42 °

Limiting indices -12<=h<=12

-12<=k<=12

-12<=1<=12

Reflections collected / unique 7642/4033 [R(int) = 0.0124]
Completeness to theta = 29.42 88.10%

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4033 / 13 /271

Goodness-of-fit on F2 1.117

Final R indices [I>2sigma(l)] R, = 0.0480, wR2 = 0.1341
R indices (all data) R, =0.0515, wR, = 0.1369

Largest diff. peak and hole 0.809 and -0.627 e.A"3

Table 5.2 - Crystal data and structure refinementfor [F, cyclam]-AlPO-CHA.

The asymmetric unit of [F, cyclam]-AlPO-CHA consists of three aluminium, three

phosphorus, twelve oxygen and one fluorine atoms with half a molecule of cyclam

that is disordered over two positions (Figure 5.2).
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Figure 5.2 - Asymmetric unit of[F, cyclamj-AlPO-CHA. Hydrogens omittedfor clarity.

The CHA framework topology consists of double six-membered rings (D6Rs) of

alternating aluminium and phosphorus tetrahedra, which are linked through four-

membered rings (Figure 5.3) to produce a three dimensional pore structure with

eight-membered ring windows (Figure 5.4).

•P

•F
•o

Figure 5.3 - D6Rs linked by 4Rs.

6 2 12At the intersection of these pores, [8 6 4 ] cages are formed where the template

species are located. In the triclinic fluorinated form, each six ring of the D6Rs

contains one octahedral aluminium that connects to another octahedral aluminium of
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another D6R through two bridging fluorines, which are dimerised into edge-sharing

octahedra (Figure 5.3 and 5.5).

Figure 5.4 - Ball and stick andpolyhedral views of[F, cyclamJ-AIPO-CHA along the a-axis.

Figure 5.5 - Edge-sharing octahedral aluminium.

Cyclam is occluded intact (13C NMR, Figure 5.7) within the [8662412] cages formed

at the intersection of 8-membered ring pores (Figure 5.6). It is incorporated as a

diprotonated species as would be expected from the synthesis conditions and

reinforced by two peaks in l3N MAS NMR (Figure 5.7).
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Figure 5.6- Disordered cyclam within the chabazite-like cage.

Framework oxygens and macrocyclic hydrogens omittedfor clarity.

13C MAS NMR 15N MAS NMR

-100 -200

ppm ppm

Figure 5.7-13C and15NMAS NMR ofIF, cyclamJ-AlPO-CHA.

X-ray diffraction reveals two resolvable orientations of the cyclam molecule within

the cage. The macrocycle adopts the trans-III conformation in both cases. Both

orientations share six carbon atoms (CI, C4 and C7 and symmetry equivalents) with

the remaining eight atoms almost coincident with one other (Figure 5.8). However, a
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number of atoms have relatively large anisotropic displacement parameters and one

of the orientations has bond angles that deviate from chemical sensibility (see

Appendix for crystallographic tables) indicating that the disorder may be more

complex than modelled. However, no other chemically sensible disordering schemes

could be resolved from the residual electron density (largest difference peak and

deepest hole, 0.809 and -0.627 e.A3 respectively).

Figure 5.8- Orientations ofcyclam within [F, cyclam]-AlPO-CHA. Both orientations ofcyclam

together (top) and separated (bottom) showing trans-Ill conformation.

Cyclam does form close contacts with framework oxygens, typical distances from

the nitrogens and carbons of cyclam are <3.3 A. These are reasonable distances for

hydrogen bonding to occur; however, due to the disorder present in cyclam and the

position of the extra protons, no chemically feasible hydrogen bonds could be

detected crystallographically.
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X-ray diffraction refinement gives a chemical formula of [Al6P6024F2]2"-[CioH26N4]2+

for [F, cyclam]-AlPO-CHA which is also consistent with TGA analysis. The mass

losses observed (Figure 5.9) can be attributed to cyclam and fluoride (calculated

24.72%, observed 24.77%). CFIN analysis is also consistent with the refined

structure (calculated C 12.36, F1 2.70, N 5.76; found C 12.06, H 2.71, N 5.62%).

1.00-

0.95-

0.90-

cn

<u 0.85 ■

0.80

0.75-

24.77 %

200 400 600 800 1000

Temperature (°C)

Figure 5.9- TGA of [F, cyclam]-AIPO-CHA.

As-made triclinic form of A1PO-CFIA can be calcined to produce various forms of

chabazite depending on the degree of hydration. In its dehydrated form it adopts

rhombohedral symmetry but distorts reversibly in the presence of water. Tuel et al.

have revealed there are two stable hydrated phases of A1PO-CHA adopting triclinic
17. •

symmetry. This was taken into consideration when refining the powder X-ray

diffraction pattern of a sample of calcined [F, cyclam]-AlPO-CHA. All three phases

were found to be present in the calcined material as shown in the powder pattern

profile in figure 5.10 (agreement factors; 7?p=0.0576 w7?p=0.0920).
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A1P0-CHA
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Hist 1

Obsd. and Diff. Profiles

o

W
o

X

o

o

ll I Fill/11' -'i W ■■ WFg.,~P...gat

to
-p
c
p
o
o

10. 0 20. 0 30 . 0 40.0 50 .0 60 .0 70 .0

2-Theta, deg

80.0 90.0

Figure 5.10 - Le Bail refinement ofcalcined [F, cyclamJ-AlPO-CHA. Red crosses indicate

experimental data, green line calculated andpurple the differenceplot. Peakpositionsfor

dehydratedphase and hydratedphases A and B are coloured blue, red and black respectively.

Attempts have been made to synthesise this material with transition metal complexes

as SDAs. However a new phase, [F, Cu-cyclam]-AlPO-SAS, and [F, cyclam]-AlPO-

LTA were observed when a copper complex was used. Seeding experiments were

also carried out with [F, cyclam]-AlPO-CHA seeds to encourage the CHA phase to

crystallise with the incorporation of transition metal complexes of cyclam. However

only amorphous materials were isolated from these reactions.

5.3.2 Cu-cyclam Complex as SDA

Using a copper-cyclam complex as an SDA has produced two aluminophosphate

phases from fluoride media. [F, Cu-cyclam]-AlPO-SAS crystallises with only the
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copper-cyclam complex present whereas [F, Cu-cyclam]-AlPO-LTA crystallises

with the addition of trimethylamine (TMA) into the reaction gel.

5.3.2.1 [F, Cu-cyclam]-AIPO-SAS

Addition of Cu (II) ions into the reaction gel along with cyclam produced another

crystalline phase from fluoride media that was pink in colour. An aluminium source

which is less acidic was used to maintain the desired ratios of starting materials (A1:P

1:1) at the optimum pH for crystallisation (~5), as the addition of a pH modifier

produced either LTA or amorphous phases. The powder pattern produced a novel

phase that was later identified by single-crystal X-ray diffraction as being a highly

distorted version of the SAS topology. Wright et al. first reported the STA-6 (SAS)
18

structure using TMTACT as a template in the presence of divalent metal cations.

However, the template could not be located crystallographically in any of the as-

synthesised materials. Tetragonal SAS has the unit cell a = b = 14.322(2), c =

10.424(1) A, a,(3,y = 90° whereas in the monoclinic variant, [F, Cu-cyclam]-AlPO-

SAS, the unit cell is a = 10.3738(4), b = 14.8060(5), c = 13.4494(5) $ and

90.275(1) °. Crystal data and structure refinement details are given in table 5.3.
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Identification code [F, Cu-cycIam)-AlPO-SAS
Empirical formula [A18P8032F2]22--[CUC,oH24N4.2H20]22+
Formula weight 2627.01

Temperature 150(2) K
Wavelength 0.68870 A

Crystal system, space group Monoclinic, P2!/n
Unit cell dimensions a = 10.3738(4) A a = 90 0

b= 14.8060(5) A p = 90.2750(10)°
c= 13.4494(5) A y = 90°

Volume 2065.73(13) A3
Z, Calculated density 1, 2.112 Mg/m3
Absorption coefficient 0.955 mm"1
F(000) 1318

Crystal size 0.07 x 0.04 x 0.015 mm

Theta range for data collection 1.98 to 29.35 °

Limiting indices -14<=h<=14

-16<=k<=19

-17<=1<=18

Reflections collected / unique 14425 / 5587 [R(int) = 0.0300]
Completeness to theta = 29.35 89.60%

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5587/0/304

Goodness-of-fit on F2 1.118

Final R indices [I>2sigma(I)] R, =0.0516, wR2 = 0.1483
R indices (all data) R, =0.0591, wR2 = 0.1513
Largest diff. peak and hole 1.042 and-1.392 e.A"3

Table 5.3 - Crystal data and structure refinementfor [F, Cu-cyclamJ-AIPO-SAS.

The asymmetric unit of [F, Cu-cyclam]-AlPO-SAS contains four aluminium, four

phosphorus, sixteen framework oxygens and one fluorine atoms with half of the

hydrated copper-cyclam complex (Figure 5.11)
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Figure 5.11 -Asymmetric unit of[F, Cu-cyclamJ-AlPO-SAS.

The SAS structure can be assembled from chains of face-sharing D6Rs, where each

D6R is rotated around 90° in relation to the previous one with respect to the direction

of the chain (Figure 5.12). Each chain is linked to four others through Al-O-P bonds,

which results in the formation of large cages (Figure 5.13). These cages are

accessible through eight-membered ring windows parallel to the a-axis but are

separated from adjacent cages in the 6c-plane by six-membered rings.
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Figure 5.12 - Chains ofD6Rs running parallel to a-axis.
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Figure 5.13 - Ball and stick view of[F, Cu-cyclamJ-AIPO-SAS along the a-axis.

Hydrogen atoms omittedfor clarity.

Previously STA-6 had been synthesised in the absence of fluoride which crystallised

in either a tetragonal or an orthorhombic space group depending on the presence of
• 18 • •nickel. The consequence of the framework having a higher symmetry than the

template usually results in disorder of the template species, therefore making it

difficult to resolve the electron density into a chemically sensible structure. The

addition of fluoride ions into the SAS framework results in a monoclinically

deformed variant that allowed the hydrated copper-cyclam complex to be located

crystallographically within these cages (Figure 5.14). The complex is fully ordered

and examination of the residual electron density revealed no other configuration of

the copper-cyclam complex. Cyclam itself adopts the trans-Ill conformation. The

hydrogens on the axial water molecules of the complex could not be found
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crystallographically or by the method of Nardelli.19 However, this water molecule

may still H-bond to the framework, as close enough contacts exist (oxygens 3.057

and 3.189 A; fluoride 2.796 A).

CCu
CAI

CO
CN
CH
«C

Figure 5.14 - Hydrated Cu-cyclam complex ordered witltin SAS cage.

Examining intermolecular interactions with PLATON reveals that the hydrogen

bonded to N1 of the Cu-cyclam complex forms hydrogen bonds to the fluoride of the

framework which is connected to five coordinated aluminium (Figure 5.14, Table

5.4). Analysis of the hydrogen bonded to N4 of the macrocycle did not result in any

interactions. The Nl-Hl—F H-bond could be important in the ordering of the

complex, which probably acts as an anchor.

D-H-A
D-H

Distance/A
H—A

Distance/A
D—A

Distance/A
D-H-A

Angle/0
N1-H1-F11 0.9035 1.9012 2.832(3) 178.97

Table 5.4 - Hydrogen bond geometryfor [F, Cu-cyclamJ-AIPO-SAS.

Symmetry operators; i) l-x,l-y,l-z-
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In tetragonal SAS there are two crystallographically distinct tetrahedrally

coordinated atoms of aluminium and phosphorus that construct the D6R. Typical

bond angles for these aluminium and phosphorus tetrahedra are in the range 107.7°-

111.1° and 105.9° - 112.5° respectively. These bond angles are normal for similar

tetrahedrally connected aluminophosphate materials. However, in the fluoride

containing SAS structure (monoclinically deformed) there are three

crystallographically distinct atoms of aluminium and phosphorus. All three

phosphorus atoms are tetrahedral with typical bond angles in the range 105.7°-

112.7°, which are not that different from the tetrahedral phosphorus angles in

tetragonal SAS. From the three distinct aluminium atoms in the monoclinic D6R,

two are tetrahedral with bond angles in the range 107.6°-111.9° while the other has

an addition fluoride atom making it five-coordinated (Figure 5.15).

SAS F - SAS

Figure 5. J5 - D6Rs in SAS (tetragonal) and F-SAS (monoclinic).
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Atoms Angle
013'-All-03 89.15(0)
013'-A11-011" 126.5

013'~All-04 115.9

O^'All-Fl 88.2

03-A11-01 lu 88.5

03-A11-04 90.3
03-AI1-F1 175.3

Ol 1"-A11-F1 89.9

Ol 1"-AI 1 -04 117.5

04-AU-F1 94.2

Table 5.5 - Bond angles of5-coordinated aluminium. Atoms labelled as in figure 5.16.

Symmetry operators; i) l-x,-y.l-z, ii) l+x,y,z.

This five coordinated aluminium species, AIO4/2F2", is a distorted trigonal bipyramid

(tbp), which breaks the tetragonal symmetry of the framework (Figure 5.16). Bond

angles in a regular tbp are 90° between the equatorial ligands, 120° between the

equatorial and axial ligands and 180° between both axial ligands. This aluminium

species is slightly distorted from a regular tbp (as it is constrained with being part of

the framework), which is one of the reasons that allow it to stay part of the

aluminophosphate framework.

Figure 5.16 - Illustration of5- and 4-coordinated aluminium.
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This tbp species is also part of a 4R that shows no real distortion in the tetrahedral

bond angles, however, the Al-O-P bond angles in both the D6R and 4R are

drastically distorted. Al-O-P bond angles are typically -150° for tetrahedrally

coordinated aluminophosphates, as is the case for tetragonal SAS. In the monoclinic

distorted variant, Al-O-P bond angles range from -140-170° which distorts the 4R

(Figure 5.17) causing the aluminium atoms to move further away (from 4.429 to

4.700 A) and the phosphorus to move closer together (from 4.493 to 4.3 A). This

results in the monoclinic distortion of the unit cell.

Figure 5.17- Environment of tbp AlO^F2' species.

X-ray diffraction refinement gives a chemical formula of [AI8P8O32F2]2"

•[CuCi0H24N4.2H2O]2+ for [F, Cu-cyclam]-AlPO-SAS which is also consistent with

TGA analysis. The mass losses observed (Figure 5.18) can be attributed to water

from the hydrated complex (calculated 2.74%, observed 2.70%) and cyclam from the
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same complex and fluoride from the framework (calculated 18.14%, observed

16.50%). CHN analysis is also consistent with the refined structure (calculated C

9.14, H 2.15, N 4.27; found C 8.93, H 1.90, N 4.13%).

1.00
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?
- 0.90
g>
d)

§

0.85

0.80

1 1 1 1 1 1 1 1 1 1 1 1

0 200 400 600 800 1000

Temperature (°C)

Table 5.18 - TGA of[F, Cu-cyclamJ-AlPO-SAS.

From the TGA curve in figure 5.18 it is evident that the water molecules from the

hydrated copper cyclam complex are being removed from the framework before the

complex. This observation could provide a use for this material. Small molecules

could be absorbed once the water is removed. However, preliminary investigations

into this with nitrogen absorption resulted in no observable absorption. This is most

probably due to the steric effects in this material as the water molecule is much

smaller than the nitrogen molecule.
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The UV-VIS spectra gives LMCT (ligand to metal charge transfer) and d-d

transitions at kmax = 272 and 512 nm (Figure 5.19). This is consistent with values
• 20

reported in the literature for square planar CU-N4 geometry.

Wavelength (nm)

Figure 5.19 - UV-VIS spectra of/F, Cu-cyclamJ-AlPO-SAS.

Calcination of this material was expected to yield the tetragonal variant of SAS as

previously obtained by Wright et a/.18a However, in addition to the expected

tetragonal phase (space group P4/mnc) other peaks are present in the X-ray

diffraction pattern of the calcined material (Figure 5.20). There are not enough of

these other peaks present to index the new phase and a manual search of powder

patterns of known zeolites failed to score a match.
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Calcined [F, Cu-cyclam]-A1P0-SAS Hist 1
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Figure 5.20 - Le Bail refinement ofcalcined /F, Cu-cyclamJ-AlPO-SAS. Red crosses indicate

experimental data, green line calculated andpurple the differenceplot. Peak positionsfor

tetragonal SAS are coloured black.

Agreement factors of Rp=0.1063 wi?/>=0.1810 where achieved in space group

P4/mnc. The rather large agreement factors reflect that there is another phase present

after calcination. Attempts to obtain this material pure failed as virtually no

difference in intensities was obtained from various calcination conditions. There are

differences from this material and the one reported by Wright el al\ the framework is

aluminophosphate based with the charge compensation arising from fluoride whereas

in the previously reported STA-6 material, divalent metal cations were incorporated

into the framework to counter balance the charge imposed by the complex. Also, a

copper complex was incorporated. These differences result in another phase being

formed under thermal treatment that is influenced by the differences mentioned in

1 1 i 1 i 1 i i r

i i i I I I i i i
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Page 140



Chapter 5 - Tetra-Aza Macrocvcles as SDAs

the two materials. Nothing else can be concluded until this new phase can be

identified.

Attempts to synthesise this material with other transition metals have so far failed.

The incorporation of intact transition metal complexes into open framework

materials can lead to future applications of microporous materials especially in 'ship-

in-a-bottle' catalysis.

5.3.2.2 [F, Cu-cyclam]-AIPO-LTA

This phase was produced with the addition of trimethylamine (TMA) and copper-

cyclam into the reaction gel. TMA was initially added to adjust the pH of the

reaction gel in search of the copper-cyclam complex being occluded within the CHA

or SAS topology as previously described, however it appears to co-template the LTA

phase. TMA was added after all the other reagents were thoroughly mixed to adjust

the initial pH (Table 5.6). From powder X-ray diffraction patterns (Figure 5.21),

samples psw87a-c were phase pure and characteristic of the cubic LTA structure,

psw87d has two phases (LTA and a dense phase) and psw87e and psw87f are dense

phases. These dense phases, which do not incorporate copper in the structure, started

to compete with the LTA phase at pHs higher than 5 (Table 5.6).
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Sample pH Colour Phase

psw87a 6 Pink LTA

psw87b 5.5 Pink LTA

psw87c 5 Pink LTA

psw87d 4.5 Pink/white LTA + Dense

psw87e 4 White Dense

psw87f 3.5 White Dense

psw87g 3 White Dense

Table 5.6 - Productsfrom varyingpH ofsynthesis.

psw87a
psw87b
psw87c
psw87d
psw87e
psw87f

11 A A A

< i 1 i

JL , . J . 1 * A A .1

j . J
i . . A A a a

( ) ■ h * h »_1_1 _L ■ ' . . - «

Figure 5.21 - Powder X-ray diffraction patterns ofpsw87 series.

Microporous materials with the LTA structure were first synthesised as an

alumininosilicate by Breck et al. The gallophosphate and aluminophosphate

LTA analogues were prepared in the 1990s from fluoride media using dipropylamine

and a tetramethylammonium cation as templates respectively. Both of these organic

templates were thought to be occluded within the large a-cage of the structure. The

asymmetric unit of [F, Cu-cyclam]-AlPO-LTA consists of partially occupied

aluminium, phosphorus, oxygen, fluorine carbon and nitrogen atoms (Figure 5.22).
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Crystal data and structure refinement details for [F, Cu-cyclam]-AlPO-LTA are

given in table 5.7.
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®N
•C

Figure 5.22 - Asymmetric unit of[F, Cu-cyclamJ-AIPO-LTA.

Identification code [F, Cu-cyclaml-AIPO-LTA
Empirical formula [Al6P6024F].2o]l6[C3HioN]2 160

[CuC10H24N4.2H2Ol8.576
Formula weight 7789.06

Temperature 150(2) K
Wavelength 0.68870 A

Crystal system, space group Cubic, F m -3 c

Unit cell dimensions a = 23.7050(19) A a = 90°
b = 23.7050(19) A p = 90 0
c = 23.7050(19) A y = 90 0

Volume 13320.5(18) A3
Z, Calculated density 1, 1.843 Mg/m3
Absorption coefficient 0.778 mm"1
F(000) 7394

Ciystal size 0.04 x 0.04 x 0.04 mm

Theta range for data collection 1.66 to 29.47°

Limiting indices -33<=h<=6

-33<=k<=33

-26<=1<=28

Reflections collected / unique 12744 / 894 [R(int) = 0.0429]
Completeness to theta = 29.47 97.30%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 894/0/38

Goodness-of-fit on F2 1.708

Final R indices [I>2sigma(I)] R, =0.1324, wR2 = 0.3580
R indices (all data) R, = 0.1383, wR2 = 0.3640
Largest diff. peak and hole 5.066 and-1.751 e.A"3

Table 5.7- Crystal data and structure refinementfor [F, Cu-cyclamJ-AIPO-LTA.
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The structure consists of a cubic arrangement of corner sharing D4Rs (with occluded

fluoride when synthesised from fluoride media) producing a three dimensional

channel system with 8-membered ring windows (Figure 5.23). Two types of cages

are formed, the a-cage and sodalite cage (Figure 5.24).

Figure 5.23 - Polyhedral view ofthe cubic LTA structure.

Figure 5.24 - Large a-cage (left) and sodalite cage (right). Framework oxygens omittedfor clarity.

The single-crystal structure refinement had a poor agreement factor, Ri~13%, even

though synchrotron X-ray diffraction data were collected at 150K. This is due to the

large amount of residual electron density (Fourier peaks, largest difference peak and
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deepest hole, 5.066 and -1.751 e.A"3 respectively) in the centre of the a-cages where

the copper cyclam complex is expected to be located (Figure 5.25). TMA has been

found crystallographically within the sodalite cages which was similar to the

aluminophosphate LTA by Marler et al.24 In this material, a co-templating role was

observed with kryptofix 222, tetramethylammonium cation and fluoride, which were

located within the a-cages, sodalite cages and the D6Rs respectively. This is

consistent with [F, Cu-cyclam]-AlPO-LTA regarding the locations of the template

species. However, due to the cubic symmetry of the system, TMA was found

disordered over four positions and the structure of the Cu-cyclam complex could not

be resolved crystallographically. Solid state MAS NMR experiments were not

attempted due to the presence of paramagnetic copper (II).

Figure 5.25 - Large a-cage (left) showing residua! electron density and sodalite cage (right)

showing disordered TMA molecule. Framework oxygens omittedfor clarity and Fourier peaks in

yellow.

A sample was selected as being characteristic of the copper-containing LTA samples

for further analysis (psw87b). Electron spin resonance (ESR) confirmed that copper

•p
WAI
•n
•c
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(II) was present and also showed that it was most likely present as a complex with

cyclam (Figure 5.26).

[*10* 3]

[G]

Figure 5.26 - Experimental (left) and simulated (right) ESR spectra of[F, Cu-cyclamJ-AlPO-LTA.

The feature at ~1600 G is due to iron impurities in the glass capillary used. The g

values obtained from the low-resolution experimental spectra are gy ~ 2.15, gj_ ~ 1.98

and A|| ~ 205G. These are similar to values obtained for copper-cyclam complexes in
the literature suggesting that the copper cyclam complex is of square planar

• • 9 S

geometry with respect to the nitrogens in cyclam.

The incorporation of the copper-cyclam complex is also reinforced by UV-VIS. The

spectra gives LMCT (ligand to metal charge transfer) and d-d transitions at Xmax =

272 and 516 nm (Figure 5.27). This is consistent with values reported for [F, Cu-

cyclam]-AlPO-SAS and in the literature for square planar CU-N4 geometry.20
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Wavelength (nm)

Figure 5.27- UV-VISspectra of[F, Cu-cyclam]-AlPO-LTA.

CHN analysis of [F, Cu-cyclam]-AlPO-LTA gave 7.68 % carbon, 2.69% hydrogen

and 3.45% nitrogen. This resulted in an approximate ratio of 0.81:0.19 for

cyclam:TMA. Two mass losses were observed in the TGA, 9.54 and 14.45%, which

would include the organics (TMA and cyclam), fluoride and water (Figure 5.28). If

this information was used in addition to cyclam being present as Cu-cyclam2+ with

water in the axial positions, TMA being protonated (as would be expected from

synthesis conditions) and the positive charges being counter-balanced by fluoride, a

chemical formula of [A16P6O24Fi.2]1-2"-[TMA0.135]0 135+-[Cu-cyclam.2H2O]0.5361'°72+

can be proposed which allows for some surface water (calculated C 7.46, H 1.54, N

3.44; found C 7.68, H 2.69, N 3.45%).
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Figure 5.28 - TGA ofIF, Cu-cyclam]-AlPO-LTA.

Adding an additional template species to produce open framework species can be

applied to include other macrocyclic complexes, which may not posses a strong

templating role in microporous material synthesis and therefore are not incorporated.

This could be extended to include catalytic active species into 'supercages' of open

framework materials.

5.3.3 TMTACT/TETACT as SDA

Both of the templates, TMTACT and TETACT crystallised the LTA topology as

described in the previous section. The synthesis this time only included the

macrocycles and no other organic species were added to the reaction gels. No single

crystal data were collected on either sample as location of the template would be

very difficult as was shown for [F, Cu-cyclam]-AlPO-LTA. Therefore, powder data

were collected for both materials and structureless refinements carried out to
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conclude that the LTA topology had been crystallised. CHN and TGA analysis were

also carried out to ascertain if the SDAs had been occluded within the framework

intact. Unfortunately, there was not enough material to record l3C MAS NMR

spectra.

TMTACT crystallised the phase [F, TMTACT]-A1P0-LTA and gave agreement

factors ofRp - 0.0848 and wRp = 0.1374 in space group Fm-3c and a unit cell of a =

23.6836(3) A. This is consistent with the aluminophosphate LTA topology.23 The

rather large agreement factors are due to the asymmetric peak shape being difficult to

fit in the refinement. The refined powder pattern profile is shown in figure 5.29.

[F, TMTACT]-A1PO-LTA Hist 1
Lambda 1.540G A, L-S cycle 177 Obsd. and Diff. Profiles
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Figure 5.29 - Le Bail refinement of[F, TMTACTJ-AIPO-LTA. Red crosses indicate experimental

data, green line calculated andpurple the difference plot. Peak positionsfor cubic LTA are

coloured black.
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As this material was phase pure then TGA and CHN analysis would provide

information on the organic content. Analysis of the C/N ratio from CHN (found C

10.31, H 2.81, N 3.58 %) and theoretical calculation found that they were in

agreement (found 2.88, calculated 3.00) and probably occluded intact. The TGA

curve shows two distinct mass losses (Figure 5.30). The first can be attributed to

water (6.77 %) and the second to the organics (19.01 %). By using this information a

formula for this material can be proposed;

[AI12P12O48] [H2~TMTACT] 1 264F2.528-7.41OH2O, assuming that the TMTACT is

occluded di-protonated from the synthesis conditions and is counter balanced by

fluoride to attain electroneutrality (CHN found C 10.31, H 2.81, N 3.58; calculated C

10.78, H 2.95, N 3.59%).

1.00-

0.95

0.90-

0.85-

0.80-

0.75-

0.70-
200 400 600 800 1000

Temperature (°C)

Figure 5. 30 - TGA curve of[F, TMTACTJ-AIPO-LTA in flowing oxygen.

The macrocycle TMTECT also crystallised the LTA topology which gave agreement

factors ofRp = 0.0709 and wRp = 0.1087 in space group Fm-3c and a unit cell of a =

23.7264(5) A. The refined powder pattern profile is shown in figure 5.31.
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[F, TETACT]-A1P0-LTA Hist 1
Lambda 1.5406 A, L-S cycle 183 Obsd. and Diff. Profiles
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Figure 5.31 - Le Bail refinement of[F, TETACT/-AIPO-LTA. Red crosses indicate experimental

data, green line calculated andpurple the differenceplot. Peakpositionsfor cubic LTA are

coloured black.

As for [F, TMTACTJ-A1P0-LTA, analysis of CF1N and TGA provides information

on the organic content. Again the C/N ratio from CHN (found C 12.00, H 2.83, N

3.62 %) and theoretical value found them to be not too dissimilar (found 3.32,

calculated 3.86) therefore probably intact. The TGA curve shows two distinct mass

losses (Figure 5.32). The first can be attributed to water (3.80 %) and the second to

the organics (20.72 %). By using this information a formula for this material can be

proposed; [Ali2Pi2048][H2-TETACT]i.i39F2278-4.090H20, assuming that the

TETACT is occluded di-protonated from the synthesis conditions and is counter

balanced by fluoride to attain electroneutrality (CHN found C 12.00, H 2.83, N 3.62;

calculated C 12.70, H 2.89, N 3.29 %).
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Figure 5.32 - TGA curve of[F, TETACTj-AlPO-LTA inflowing oxygen.

5.3.4 Tet-A/Tet-B as SDA

The use of these macrocycles as SDAs produced two novel phases, [F, Tet-A/-B]-

A1PO-1 and [Co/Zn-Tet-A]-AlPO-2. From fluoride-containing media, the phase [F,

Tet-A/-B]-AlPO-l crystallised. The addition of divalent metal cations in fluoride

media produced amorphous materials, while from fluoride free media the phase

[Co/Zn-Tet-A]-AlPO-2 crystallised. This shows that by carefully controlling the

conditions of synthesis, different phases can be formed from the same macrocycle.

5.3.4.1 [F, Tet-A]-AIPO-1

Inspection of [F, Tet-A]-AlPO-l crystals through an optical polarising microscope

revealed marked striations on all faces of the crystals. The poor quality of the crystals

was reflected in the refinement of the structural model against the X-ray diffraction

data. The refinement of anisotropic displacement parameters on the

Page 152

1000

3.80 %

20.72 %



Chapter 5 — Tetra-Aza Macrocodes as SDAs

aluminophosphate framework led to oddly shaped thermal ellipsoids. Looking at the

asymmetric unit there is a large number of crystallographically independent atoms in

framework (Figure 5.33), however the solid state MAS NMR experiments failed to

resolve the individual crystallographic sites for aluminium, phosphorus and fluorine.

From the 27A1,31P and 19F MAS NMR spectra (Figures 5.34 and 5.35), broad single-

line resonances indicate that these atoms are in similar chemical environments and

therefore could be treated this way for the purpose of refinement. Crystal data and

structure refinement details are given in table 5.8.

Identification code |F, Tet-A|-AlPO-l
Empirical formula [A11OP1O04OF2]2--[C16H38N4]2+
Formula weight 1544

Temperature 150(2) K
Wavelength 0.68870 A

Crystal system, space group Orthorhombic, Pca2)
Unit cell dimensions a = 16.8349(3) A a = 90°

b = 9.6773(2) A P = 90°
c = 32.7691(6) A y = 90 °

Volume 5338.62(18) A3
Z, Calculated density 4, 1.921 Mg/m3
Absorption coefficient 0.483 mm"1

F(000) 3120

Crystal size 0.06 x 0.05 x 0.025 mm

Theta range for data collection 1.68 to 29.36°

Limiting indices -23<=h<=17

-13<=k<=13

-46<=1<=44

Reflections collected / unique 38169/ 14152 [R(int) = 0.0861]
Completeness to theta = 29.36 93.50%

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 14152/683 /530

Goodness-of-fit on F2 1.029

Final R indices [I>2sigma(I)] R, = 0.1035, wR2 = 0.2858
R indices (all data) R, =0.1261, wR2 = 0.2959
Absolute structure parameter 0.0(13)
Largest diff. peak and hole 2.290 and -1.430 e.A"3

Table 5.8 - Crystal data and structure refinementfor [F, Tet-A]-AlPO-l.
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The asymmetric unit contains ten aluminium, ten phosphorus, forty oxygen, two

fluorine atom and a molecule of Tet-A (Figure 5.33).

19f mas nmr

I 1 1 ' 1 1 1 ' 1 1 I
-50 -100 -150 -200 -250 -300

PPm

Figure 5.34 -19FMASNMR of[F, Tet-AJ-AlPO-1. Asterisks denote spinning sidebands.
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ppm ppm

Figure 5.35 - 27Al and 31PMAS NMR of[F, Tet-Aj-AlPO-1. Asterisks denote spinning sidebands.

From this information, the structure was then re-examined to determine which atoms

could be treated with similarity restraints (EADP instruction, see SHELXS-97)9.

Aluminium and phosphorus initially had ten crystallographic independent sites, each

of which was reduced to four with the introduction of restraints on chemically

equivalent atoms. The two fluoride atoms were also restrained together and the forty

crystallographic independent oxygens were treated as twenty. This improved the

anisotropic displacement parameters of the framework atoms to physically sensible

values. Bond lengths and angles are comparable to similar materials of this nature

(see Appendix for tables).

The structure of [F, Tet-A]-AlPO-l contains alternating aluminium- and phosphorus-

centred tetrahedra sharing comers to produce a layered structure with Tet-A

molecules occupying the interlamellar region (Figure 5.36). The fluoride is directly

bonded to aluminium in the framework and extends out into the interlamellar space

which Tet-A molecules occupy.
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Figure 5.36 - Polyhedral views of[F, Tet-A]-AlPO-l.

The 27A1 chemical shift (Figure 5.35) is dependent on the coordination number. For
9 ft

aluminophosphates, four-coordination is in the region of 40 ppm. Simulation of the

quadrupolar bandshape with one aluminium species gives a reasonable fit with 8jS0 =

44.4 ppm and r| = 0.15 indicating that aluminium is tetrahedral. The P chemical
9 f\

shift (8 = -27.8 ppm) also confirms that the phosphorus centres are also tetrahedral.

,9F NMR (Figure 5.34) contains an intense peak at 8 = -183.7 ppm with a slight

upfield shoulder probably due to an impurity. This confirms the presence of fluoride

within the structure, which cannot be unambiguously achieved crystallographically.

Attempts to synthesise this material in the absence of fluoride led to an amorphous

phase. As the crystallographic independent sites could not be resolved into separate

resonances in the NMR experiments, this shows that the sites are chemically very

similar agreeing with the refinement. 13C and '^N MAS NMR (Figure 5.37)
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reinforces the X-ray structure determination that Tet-A has been included into the

structure intact.

C MAS NMR N MAS NMR

50

PPm

-300

ppm

Figure 5.37-13C and ISNMAS NMR ofIF, Tet-AJ-AlPO-1.

The inorganic framework has a chemical formula of AI10P10O40F2 with an overall

charge of 2-. From the acidic synthesis conditions and charge balancing

considerations, it was reasonable to expect each Tet-A molecule to be di-protonated.

Examining the environment around Tet-A showed close enough contacts with the
• 27 •framework existed to form hydrogen-bonds. Analysis using the PLATON suite

revealed Tet-A forms several H-bonds to the aluminophosphate framework (Table

5.9 and Figure 5.38).

D-H—A
D-H H—A D—A D—H*"A

Distance/A Distance/A Distance/A Angle/0
Nl-Hl A—Fl1 0.9207 2.5436 3.372(11) 149.94

N4-H4B-O30 0.9206 1.7557 2.658(12) 165.72

N8-H8A-F2 0.9200 2.4960 3.308(10) 147.32

N11-H11B-039' 0.9205 1.7190 2.609(14) 161.84

C3-H3B-F2" 0.9897 2.3774 3.352(11) 168.01

C10-H10A"*F 1111 0.9903 2.3444 3.228(12) 148.20

Table 5.9 - Hydrogen bondgeometry for [Zn-Tet-A]-AlPO-2.

Symmetry operators; i) l-x,l-y,-l/2+z, ii)-l/2+x,l-y,z, in) l/2-x,l+y,-l/2+z.
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Figure 5.38 - Detailedfragment ofthe H-bonding scheme in [F, Tet-Aj-AlPO-1.

Non H-bonding hydrogens andframework oxygens removedfor clarity.

All the terminal bonds of the framework participate in H-bonding to the occluded

Tet-A. Two pairs of symmetry equivalent fluorides form H-bonds to nitrogens N1

and N8 and to carbons C3 and CIO, although the latter two are probably weak as the

C-H bond is not as polar as N-H or O-H bonds. Terminal oxygens, 030 and 039

form H-bonds to nitrogens N4 and N11 respectively.

TGA analysis of [F, Tet-A]-AlPO-l is also consistent with the formula obtained from

X-ray diffraction, [AlioPio04oF2]2"-[Ci6H3gN4]2+. The first small mass loss observed

can be attributed to surface water while the major mass loss observed (Figure 5.39)

corresponds to one molecule of Tet-A per formula unit (calculated 21.02%, observed

21.18%). CHN analysis is also consistent with the refined structure (calculated C

12.45, H 2.48, N 3.63; found C 12.65, H 2.51, N 3.66%).
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Figure 5.39 - TGA of[F, Tet-AJ-AlPO-1 in flowing oxygen.

Looking closely at this structure reveals that it resembles AFO (A1PO-41) topology.

Translation of the layers by 0.5 a (-8.4 A) and 0.5 b (-4.83 A) followed by

condensation in the c-direction would produce the AFO topology (Figure 5.40).

Translation

Condensation

►

[F, Tet-A]-AlPO-l AFO Topology

Figure 5.40 - Transformation of[F, Tet-A]-AlPO-l to AFO topology.

This type of transformation has been reported for PREFER and ERB-1, which gives

structure types FER and MWW upon thermal treatment.28 A sample of [F, Tet-A]-
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A1P0-1 was thermally treated to 600 °C at a heating rate of 1 °C min"1 and held at

600 °C for 400 minutes in flowing oxygen. The experimental powder pattern of the

calcined material resembled that of the calcined aluminophosphate with the AFO

structure (space group P 2\). There are differences in the relative intensities and the

peaks are broader in calcined [F, Tet-A]-AlPO-l due to poor crystallinity which

might be related to structural disorder from the condensation reaction (Figure 5.41).

Calcined [F, Tet-A]-A1P0-1 Hist 1
Lambda 1.5406 A, L-S cycle 228 Obsd. and Diff. Profiles
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Figure 5.41 - Le Bail refinement ofcalcined [F, Tet-A]-AlPO-1. Red crosses indicate experimental

data, green line calculated andpurple the differenceplot. Peakpositionsfor AFO are coloured

black.

The cell refined to a = 13.9177(30), b = 8.3478(12), c = 9.8077(28) kg = y = 90, p

= 109.039(19) ° in P 2] with agreement factors of wRp = 0.0972 and Rp = 0.0683.

This is in good agreement with the published cell for calcined AFO (to a = 13.7915,

b = 8.3591, c = 9.7179 A, a = y = 90, (3 = 110.6 °).29
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This structure can also be formed with the racemic isomer, Tet-B. however no

suitable single-crystals could be found for single-crystal X-ray diffraction

experiments. Therefore, a structureless refinement of the experimental powder

pattern using Le Bail method in GSAS produced an agreement factor of wRp =

0.1418 and Rp = 0.0782 with a = 16.7720(8), b = 9.6507(5), c = 33.0454 (28) kp =

y = p = 90 ° in spacegroup Pca2i (Figure 5.42). This is in accordance with the refined

unit cell from powder data of the Tet-A templated version (a = 16.9698(16), b =

9.6906(4), c = 33.0129 (23) A, a = y = p = 90 °).

Figure 5.42 - Le Bail refinement of[F, Tet-B]-AIPO-1. Red crosses indicate experimental data,

green line calculated andpurple the difference plot. Peakpositions are coloured black.

CHN analysis is also consistent with Tet-B (C:N ratio correct, Tet-A 3.46, Tet-B

3.42, calculated 3.43) being incorporated within the structure but at less levels than

Tet-A (calculated C 12.45, H 2.48, N 3.63; found C 10.89, H 2.37, N 3.18%). By

analysing the CFTN data for both materials, Tet-B has been incorporated at
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approximately 87 % the level that Tet-A was incorporated. This may just be a

consequence of the different reaction conditions or it can be a consequence of the

difference between the two isomers.

The second mass loss in the TGA (observed 18.40 %, calculated from CHN analysis

18.42 %) could be attributed to Tet-B as shown in figure 5.43 (at 87 % level of Tet-

A). TGA analysis of [F, Tet-B]-AlPO-l also shows there to be a significant amount

of water in the structure. The first observed mass loss could be attributed to this

water if the amount of Tet-B is already known from CHN analysis (observed 3.33

%).
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Figure 5.43 - TGA of[F, Tet-BJ-AlPO-1 inflowing oxygen.

The solid state transformation observed for [F, Tet-A]-AlPO-l upon thermal

treatment can also be achieved by the Tet-B analogue. The experimental powder

pattern of calcined [F, Tet-B]-AlPO-l resembled that of calcined [F, Tet-A]-AlPO-l

which was shown above to have the AFO structure (Figure 5.44). There are
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differences in the relative intensities and the peaks are broader in calcined [F, Tet-B]-

A1PO-1 due to poorer crystallinity of the as-synthesised material.

Calcined [F,Tet-B]-A1P0-1 Hist 1
Lambda 1.5406 A, L-S cycle 249 Obsd. and Diff. Profiles
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Figure 5.44 - Le Bail refinement ofcalcined [F, Tet-BJ-AlPO-1. Red crosses indicate experimental

data, green line calculated andpurple the difference plot. Peak positions forAFO are coloured

black.

The cell refined to a = 13.8788(46), b = 8.3331(20), c = 9.7016(30) Ap = y = 90, (3

= 107.995(23) ° in P 2i with agreement factors of wRp = 0.0606 and Rp = 0.0916.

This is also in good agreement with the published unit cell for calcined AFO; a =

13.7915, b = 8.3591, c = 9.7179 A, a = y = 90, p = 110.6 °.
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Tet-A Tet-B

Figure 5.45 - Diastereoisomers, Tet-A and Tet-B.

The structures of Tet-A and Tet-B are very closely related, which is not surprising

that they form the same phase. Investigating the subtle differences of how the two

isomers pack into the inter lamellar regions would require better quality crystals and

collecting single-crystal X-ray diffraction data for materials containing both isomers.

At present, all that can be concluded from this is that they are acting as space-filling

species.

5.3.4.2 [Co/Zn-Tet-A]-AIPO-2

Transition metals were investigated in the aluminophosphate system as they form

stable complexes with Tet-A and Tet-B. However, only amorphous phases were

recovered in the presence of fluoride. Experiments were carried out in its absence

and the [Co/Zn-Tet-A]-AlPO-2 phase crystallised. The crystals of [Co-Tet-A]-AlPO-

2 were also not of the highest quality as reflected in the refinement against the X-ray

data but [Zn-Tet-A]-AlPO-2 gave a satisfactory refinement (Table 5.10). References

will be made to the zinc-containing compound but are also applicable to the cobalt-

containing sample. Crystal data and structure refinement details are given in table

5.10 for both structures.
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Identification code [Zn-Tet-A]-AlPO-2 [Co-Tet-A]-AlPO-2
Empirical formula [A14(P04)4(HP04)2]4"- [A14(P04)4(HP04)2]4"-

[ZnCl6H36N4]2+-[C16H38N4]2+.2H20 [COC16H36N4]2+-[C16H38N4]2+.2FLO
Formula weight 1352.15 1345.71

Temperature 150(2) K 150(2) K

Wavelength 0.69040 A 0.68920 A

Crystal system, space group Triclinic, P -1 Triclinic, P -1

Unit cell dimensions a = 9.498(3) A a = 85.295(7) ° a = 9.4614(8) A a = 85.372(2)°
b = 11.791(4) A P = 76.105(7)° b= 11.7168(10) A p = 75.818(2)°
c= 13.735(5) A y = 89.183(8)° c= 13.6647(12) A 7=89.362(2)°

Volume 1488.2(9) A3 1463.8(2) A3
Z, Calculated density 1, 1.509 Mg/m3 1, 1.527 Mg/m3
Absorption coefficient 0.609 mm"1 0.500 mm'1

F(000) 708 705

Crystal size 0.04 x 0.04 x 0.01 mm 0.04 x 0.03 x 0.01 mm

Theta range for data collection 2.30 to 28.75 ° 2.15 to 29.45 °

Limiting indices -13<=h<=l3 -13<=h<=13

-15<=k<=16 -16<=k<=16

-18<=1<=18 -19<=1<=18

Reflections collected / unique 12512/7429 [R(int) = 0.0241] 11980/7315 [R(int) = 0.0779]

Completeness to theta = 29.45 88.00% 82.10%

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 7429 / 0 / 349 7315 /31 / 349

Goodness-of-fit on F2 0.965 1.088

Final R indices [I>2sigma(I)] R, = 0.0658, wR2 = 0.1761 R, =0.0878, wR, = 0.2397
R indices (all data) R, = 0.0768, wR2 = 0.1820 R, =0.0969, wR2 = 0.2518

Largest diff. peak and hole 1.815 and -0.764 e.A"3 2.363 and-1.341 e.A"3

Table 5.10 - Crystal data and structure refinementfor /Zn/Co-Tet-AJ-AIPO-2.

The asymmetric unit contains two aluminium, three phosphorus, twelve framework

oxygens, one water molecule and a half each of a zinc-Tet-A complex and a free Tet-

A molecule (Figure 5.46).
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Figure 5.46 -Asymmetric unit of[Zn-Tet-A]-AlPO-2.

The structure is based on chains of alternating aluminium- and phosphorus-centred

tetrahedra. (Figure 5.47). The chains themselves have the same structure and

formula, [AI2P3O12]3", as the chains found in the aluminophosphate Ir(chxn)3-

[A12P3012].4H20.30 They consist of edge-sharing four-membered rings running

parallel to the crystallographic a-axis.

Figure 5.47- AI2P3O12 chain viewed along b-axis.
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These chains are linked into layers by the zinc ions, which lie on a centre of

inversion. These zinc ions form complexes with half of the Tet-A molecules in a

• • 31
similar manner to other inorganic-organic hybrid materials (Section 1.2.4). The

layers are parallel to the ac-plane which are linked into a three dimensional

framework through hydrogen bonding to the remaining uncoordinated Tet-A

molecules (Figure 5.48).

Figure 5.48 - Views of[Zn-Tet-AJ-AlPO-2 showing the two types of Tet-A molecules, one

coordinated and the other uncoordinated.

It was difficult to be absolutely certain of the position of the hydrogen atoms

required to attain electroneutrality. From the conditions of synthesis, it is most likely

that the uncoordinated Tet-A is diprotonated which also leaves one of the hanging

three P-O bonds to be protonated, although from the diffraction data it is not clear

which one should be protonated. The protons on the diprotonated Tet-A molecule

were delocalised over the four nitrogens with 50% occupancy. This gives the

chemical formula Al^PO^FlPO^ [ZnCieF^N^ C16FI38N4.2FI2O.
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Examining intermolecular interactions within the structure with reveals that the Zn-

Tet-A complex does not take part in hydrogen-bonding whereas the uncoordinated

Tet-A molecule and the water molecule hydrogen-bond to the [AI2P3O12]3" chains.

The Tet-A molecule hydrogen-bonds to both adjacent layers linking the structure into

three dimensions (Figure 5.49). The water molecule (013) forms two hydrogen-

bonds to the framework; one to an oxygen (07) from a hanging P-0 bond and the

other to a bridging oxygen (09) from an Al-O-P bridge (Table 5.11 and Figure 5.50).

Figure 5.49 - Overall view ofhydrogen-bonding showing how ac-layers are linked.

The uncoordinated Tet-A contains two crystallographic independent nitrogen atoms,

N11 and N14. As the protons were delocalised over all four nitrogen atoms with 50%

occupancy, all four nitrogens have two hydrogen-bonds each to the framework. This

results in four H-bonds to the layer above and four to the layer below. Nitrogen N11

H-bonds to two hanging P-0 oxygens, 03 and Ol 1, and nitrogen N14 also H-bonds

to two hanging P-0 oxygens, 07 and 011 (Figure 5.50).

Page 168



Chapter 5 - Tetra-Aza Macrocvcles as SDAs

Figure 5.50 - Detailedfragment of the hydrogen bonding scheme in [Zn-Tet-AJ-AlPO-2. Non

hydrogen bonding atoms removedfor clarity.

D-H-A
D-H

Distance/A
H—A

Distance/A
D-A

Distance/A
D-H—A

Angle/0
N11—H11A—03" 0.9196 1.7029 2.616(4) 171.31

N11—H1 lB—Ol 1 0.9198 1.9639 2.866(4) 166.35

N14—H14A—011 0.9203 1.9278 2.837(4) 169.38

N14-H14B-OT 0.9192 1.8187 2.701(4) 160.17

013-H131-0711 0.9049 1.9331 2.806(6) 161.67

013-H132—091" 0.9046 2.2310 3.103(6) 161.78

Table 5.11 - Hydrogen bond geometryfor /Zn-Tet-AJ-AlPO-2.

Symmetry operators; i) l-x,-y,l-z, ii) -l+x,l+y,z, Hi) l-x,l-y,l-z.
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No other characterisation could be carried out on the zinc-containing sample as there

were only a few crystals recovered from the synthesis. The structure has been

characterised in greater detail with cobalt as phase pure samples could be prepared.

The X-ray diffraction data collected for the cobalt-containing compound was not of

as high quality as the zinc sample, but still produced the same structure after

refinement. All bond lengths and angles are very similar for both structures (for bond

lengths and angles see appendix) including the positioning of the water molecule.

Similar hydrogen bonds were also observed in the Co sample (Table 5.12).

D-H—A
D-H

Distance/A
H—A

Distance/A
D-A

Distance/A
D-H—A

Angle/0
N11-H11A—03' 0.9199 1.7083 2.619(5) 169.95

Nll-HllB-Oll 0.9200 1.9407 2.847(5) 168.13

N14-H14A—Ol1 0.9200 1.9306 2.840(5) 169.45

N14-H14B-071 0.9197 1.7858 2.672(5) 160.86

013-H131-07" 0.9637 1.8778 2.805(7) 160.44

013-H132-09'" 0.9662 2.1689 3.098(6) 160.86

Table 5.12 - Hydrogen bond geometry for [Co-Tet-A]-AlPO-2.

Symmetry operators; i) l-x,-y,l-z, ii) -l+x,l+y,z, Hi) l-x,l-y,l-z.

Magnetic susceptibility measurements of the cobalt (II) sample yielded an effective

magnetic moment of -4.7 pe, which is consistent with cobalt (II) high spin

octahedral/pseudo octahedral coordination. NMR was not carried out on this material

as it was paramagnetic. Instead, EXAFS spectra were collected at the Co K

absorption edge. Despite the slightly poor quality of the spectrum at values of k

above 9 A"1 (Figure 5.51) the final refinement confirmed that the coordination around

cobalt was indeed octahedral. The resultant four equatorial Co-N distances (2.09 A)

compared very well with those from the single-crystal X-ray diffraction refinement

(two at 2.092(4) A and two at 2.100(5) A), as did the distances of the axial oxygen
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atoms (2.09 A from EXAFS and 2.073(2) A from X-ray diffraction). The eight

closest carbons from the macrocycle also fitted very well.

EXAES (experiment)*k**3
CW SS Theoryk"

Figure 5.51 — Comparison ofobserved and calculated EXAFS data (left) and the associated

Fourier transform (right).

6 a

k/Angptroms-1

' (experiment)
1 (theory)

3 5

r/Angstroms

Co-N/A Co-O/A Co-C/A Co-C/A
Refined Distances

2M2Jj?

4 4

(ca. ± [0.03] A)
Occupation numbers . _

(N)
Debye-Waller factors 0()|2 0,010 0.012 0.015
(2o )

AFAC = 0.90; R(%) = 26.72

Table 5.13 - Summary ofCo K edge EXAFSfor [Co-Tet-AJ-AlPO-2.

TGA analysis of [Co-Tet-A]-AlPO-2 is also consistent with the formula obtained

from X-ray diffraction, [Al4(P04)4(HP04)2]4"-[CoCi6H36N4]2+-[Ci6H38N4]2+.2H20

(Figure 5.52). The first mass loss observed is due to the two water molecules per

formula unit and also some surface water (observed 3.66%, calculated 2.68%). The

next two mass losses are due to the uncoordinated and coordinated Tet-A molecules.

The first of these mass losses (19.14%) is a little lower than that calculated for the
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uncoordinated molecule of Tet-A per formula unit (21.29%). The last mass loss

(25.11%) is a little higher than expected for the coordinated Tet-A molecule

(21.14%). Overall, the observed mass loss of Tet-A molecules is consistent with the

structure (observed 44.25%, calculated 42.43%). CHN analysis also confirms that the

chemical formula of [Co-Tet-A]-AlPO-2 is correct (calculated C 28.56, H 5.99, N

8.33; found C 27.66, H 5.91, N 7.95%). The structure of this material collapses when

attempts to remove the organics by calcination as happens with other inorganic-

organic hybrid materials.

Figure 5.52- TGA of/Co-Tet-AJ-AIPO-2.

The unusual nature of this material offers a new approach to the synthesis of

inorganic-organic hybrid materials that may have applications in catalysis. Chemical

modification by incorporating different transition metal ions into this structure may

produce materials with specific applications.
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5.4 Conclusions

Different materials can be synthesised by subtly changing the conditions of the

reaction. Cyclam was located disordered in the triclinic variant of chabazite within

the cages. The charge of diprotonated cyclam was counter balanced by fluoride

penetrating into the cage. Addition of copper into the reaction gel crystallised the

monoclinic variant of SAS, where an ordered di-hydrated Cu-cyclam complex was

located. The water molecules could be removed relatively easily as shown by TGA

but absorption of nitrogen failed. The differences in structures produced with the

addition of copper are startling and cannot be readily explained. Water molecules are

present in the complex but can be removed easily indicating they are labile and

probably do not contribute to the architecture formed. However, the distribution of

charge in diprotonated cyclam compared to the Cu-cyclam complex is different and

probably has a more marked effect in the mechanism of formation. By replacing

copper with trimethylamine in the reaction gel a co-templating action of cyclam and

trimethylamine seems to be crystallising the LTA topology.

A small change in the SDA by methylating or ethylating the nitrogens of cyclam

results in the LTA topology in both instances. This has increased the size of the

SDA, which is probably occluded within the larger a-cages.

Changing the template again by having several methyl groups on the carbon

backbone leads to different architectures depending on the reaction conditions.

Utilising Tet-A or Tet-B as a SDA in fluoride media produces a novel layered

compound. The organic SDAs are located in the interlamellar regions with fluoride
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extending into this space. Upon calcinations, the framework undergoes a solid state

transformation into a zeolitic aluminophosphate with the AFO topology. The reaction

is most likely a simple condensation reaction. This is the first time such a

transformation has been reported for aluminophosphate materials. Using Tet-A in the
94- 9+

presence of transition metal ions (so far Co and Zn ) from fluoride free media

crystallises the novel layered materials where half the SDA is coordinated and the

other half free.

All of the tetra-aza macrocycles have produced cage structures, except Tet-A and

Tet-B. This may be due to the interactions of these molecules during the

crystallisation process. The external surfaces of these isomers may be somewhat

more hydrophobic than the others studied, and Tet-A/B are more difficult to dissolve

in the reaction media (water).

These materials demonstrate the scope of materials that can be synthesised by subtly

altering the conditions of reaction. By examining such systems, a better

understanding of the synthesis of these materials can hopefully lead to the rational

design of such materials for specific allocations.
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6 Hexa-Aza Macrocycles as SDAs

6.1 Introduction

Macrocycles containing six heteroatoms have been investigated as SDAs for open

framework materials in this chapter. As discussed in the introduction (chapter 1.2.4),

other hexa-heteroatom macrocycles have been used to synthesise other open

framework material; 18-crown-6 has been incorporated into many zeolite topologies

(EMT, RHO, KFI, MSO), kryptofix 22 (MSO, LTA), l-aza-18-crown-6 (LTA),

hexacyclen (MIL-1) and HMHACO (SAV).

In this chapter, aza-macrocycles containing six nitrogens have been studied.

1,4,7,10,13,16-hexaazacyclooctadecane (Hexacyclen) and nickel complexes of

1,3,6,9,1 l,14-hexaazatricyclo[12.2.1.16'9]octadecane (HATCOD-A) and

1,3,6,8,1 l,14-hexaazatricyclo[12.2.1.18,11]octadecane (HATCOD-B) were

investigated as SDAs in the synthesis of open framework materials (Figure 6.1).

HATCOD-A HATCOD-B Hexacyclen

Figure 6.1 - Hexa-aza macrocycles investigated as SDAs.

Hexacyclen and HATCOD-B were unsuccessful as SDAs in both fluoride-containing

and fluoride-free media. However, HATCOD-A produced two architectures,
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chabazite (CHA) and aluminophosphate-5 (A1P0-5 or AFI) from fluoride-containing

media.

6.2 Experimental

Hexacyclen was used as supplied and HATCOD-A and -B were synthesised from

known literature procedures.1

6.2.1 Macrocycle Synthesis

6.2.1.1 Nickel 1,3,6,9,11,14-hexaazatricyclo[12.2.1.16,9]octadecane

Diethylenetriamine (30.95 g, 0.3 mol, Aldrich) and formaldehyde (79.10 ml, 37 wt%

in H2O, 0.9 mol, Aldrich) were added to a stirred methanol (150 ml, Fisher) solution

of nickel (II) chloride hexahydrate (35.65 g, 0.15 mol, Lancaster). The mixture was

then heated at reflux for four hours until a brownish yellow solution resulted. The

solution was filtered hot to remove any insoluble material and allowed to stand

overnight at room temperature. The yellow crystals that formed were filtered, washed

with cold methanol (20 ml) and diethyl ether (20 ml, BDH) and air dried to give

NiCi2H26N6Cl2.2H20. Yield 83.2 % - calculated C 34.32, H 7.20, N 20.01, found C

34.76, H 7.52, N 19.89%.

NiCi2H26N6Cl2.2H20 (5.53 g, 13.17 mmol) was dissolved in hot distilled water (50

ml) and an aqueous solution of excess sodium perchlorate (16.0 g, 0.11 mol, BDH)

was added with stirring. The solution was allowed to stand in the refrigerator until

yellow crystals formed, which were filtered, washed with methanol (10 ml) and air
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dried to give NiCi2H26N6(ClC>4)2. Yield 76.7 % - calculated C 28.15, H 5.12, N

16.42, found C 28.53, H 5.37, N 16.32 %.

NiCi2H26N6(C104)2 (5.02 g, 9.81 mmol) was suspended in acetonitrile (25 ml,

Aldrich) and excess ammonium hexafluorophosphate (8.15 g, 50.0 mmol, Acros)

dissolved in minimum amount of acetonitrile was added. The complex went into

solution and the white precipitate of NH4CIO4 was removed by filtration. Water was

added dropwise to the solution to induce crystallisation. The yellow crystals were

filtered, washed with 5:1 mixture of water and acetonitrile and air dried to give

NiC,2H26N6(PF6)2. Yield 84.3 %. 13C NMR (CD3N02) 6 48.5, 49.3, 56.0, 56.2, 71.1,

76.6. NMR comparable with literature values.la

6.2.1.2 Nickel 1,3,6,8,11,14-hexaazatricyclo[12.2.1.1811]octadecane

To a stirred methanol (75 ml, Fisher) solution of nickel (II) chloride hexahydrate

(17.83 g, 75.0 mmol, Lancaster) were added triethylenetetramine (10.97 g, 75.0

mmol, Aldrich), formaldehyde (26.37 ml, 37 wt% in FLO, 0.3 mol, Aldrich) and

ethylenediamine (4.50 g, 75.0 mmol, Aldrich). The mixture was then heated at reflux

for ten hours until a dark orange solution resulted. The solution was filtered hot to

remove any insoluble material and allowed to cool to room temperature. A saturated

methanol solution of excess sodium perchlorate (12.0 g, 0.085 mol) was added to the

filtrate and the solution was allowed to stand in a refrigerator until orange crystals

formed. The crystals were filtered, washed with cold methanol (20 ml) and

recrystallised from distilled water. These were filtered and air dried to give
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NiCi2H26N6Cl208. Yield 51.3 % - calculated C 28.15, H 5.12, N 16.42, found C

28.45, H 5.08, N 16.30%.

NiCi2H26N6(C104)2 (8.05 g, 15.72 mmol) was suspended in acetonitrile (30 ml,

Aldrich) and excess ammonium hexafluorophosphate (14.67 g, 90.0 mmol, Acros)

dissolved in minimum amount of acetonitrile was added. The complex went into

solution and the white precipitate of NH4CIO4 was removed by filtration. Water was

added dropwise to the solution to induce crystallisation. The orange crystals were

filtered, washed with 5:1 mixture of water and acetonitrile and air dried to give

NiC,2H26N6(PF6)2. Yield 82.9 % - calculated C 23.90, H 4.35, N 13.94, found C

24.04, H 4.11, N 13.74 %. 13C NMR (CD3CN) 8 47.1, 48.3, 55.2, 55.3, 69.9, 75.5.

NMR comparable with literature values.lb

6.2.2 Hydrothermal Synthesis

6.2.2.1 [Ni-HATCOD-A]-AIPO-CHA

Aluminium hydroxide (0.15g, 1.91 mmol, Aldrich) and Ni-HATCOD-A.Cl2.2H2O

(0.40 g, 0.95 mmol) were dispersed in distilled water (8 ml) and the mixture stirred

until homogeneous. Phosphoric acid (0.22 g, 1.91 mmol, 85 wt% in H20, Aldrich)

and hydrofluoric acid (0.04 g, 0.96 mmol, 48 wt% in H20, Aldrich) were added and
"2

the mixture stirred until homogeneous. Sodium hydroxide solution (1 mol dm" ,

Fisher) was then added to fix the initial pH to 5.5. This mixture was aged for 1 hour

at 25°C, transferred to a polytetrafluoroethylene-lined acid digestion bomb (23 ml,

Parr) and heated at 170°C for 7 days. The resultant crystalline product was recovered
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by sonication, filtration, washed with distilled water and acetone then air-dried to

reveal a small number of small single crystals among amorphous material.

6.2.2.2 AIPO-AFI-1

Aluminium hydroxide (0.15g, 1.91 mmol, Aldrich) and Ni-HATCOD-A.Cl2.2H2O

(0.40 g, 0.95 mmol) were dispersed in distilled water (8 ml) and the mixture stirred

until homogeneous. Phosphoric acid (0.22 g, 1.91 mmol, 85 wt% in H2O, Aldrich)

and hydrofluoric acid (0.04 g, 0.96 mmol, 48 wt% in H2O, Aldrich) were added and

the mixture stirred until homogeneous. The initial pH of the solution was 2.8. This

mixture was aged for 1 hour at 25°C, transferred to a polytetrafluoroethylene-lined

acid digestion bomb (23 ml, Parr) and heated at 170°C for 7 days. The resultant

purple crystalline product was recovered by sonication, filtration, washed with

distilled water and acetone then air-dried to reveal a small number of small single

crystals.

6.2.3 Powder X-ray Diffraction

Powder X-ray diffraction patterns of all as-synthesised materials were first collected

on a Philips diffractometer using Cu Ka radiation and operating in Bragg-Bentano

geometry with a secondary monochromator for phase identification purposes.

Powder X-ray diffraction data for refinement purposes were collected on a STOE

STADIP diffractometer operating on monochromated Cu Kai radiation. Powder data

were collected in Debye-Scherrer geometry using 0.5 mm quartz capillaries over 12
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hours. Structureless refinements using Le Bail's method were carried out using

GSAS3 to determine if the single crystals were characteristic of the batch materials.

Compound wRp Rp Comment
[Ni-HATCOD-A]-AlPO-CHA few crystals isolated from amorphous material
[F, Ni-HATCOD-A]-AlPO-AFI 0.0586 0.0389 Phase pure

Table 6.1 - PXRD agreementfactorsfor as-synthesised materials.

6.2.4 Single-Crystal X-ray Diffraction

The crystal recovered from the samples were too small for standard laboratory

single-crystal X-ray diffractometers so diffraction data were collected on a Bruker

AXS SMART CCD area-detector diffractometer on the high-flux single-crystal

diffraction station 9.8 at CCLRC Daresbury Laboratory Synchrotron Radiation

Source, Cheshire, UK. The synchrotron beam was monochromated with a bent

Si(lll) crystal providing a wavelength of approximately 0.68 A (exact wavelength

for each experiment given in corresponding table). Data reduction was carried out

using Bruker SAINT package (exact version given in CIF file) and synchrotron beam

intensity decay was corrected using SADABS4. Cell refinement was carried out by

Bruker SAINT packages (see CIF files).

Both structures were solved by direct methods (SHELXS-97) and refined with full-

matrix least-squares technique (SHELXL-97)5 using WinGX6. In all cases, all non-

hydrogen atoms were refined anisotropically and hydrogen atoms were geometrically

placed. Details of data collections and structure refinement parameters are given in

tables for each structure. Full details of structure determinations are available on

attached CD as Crystallographic information files or WinGX instruction files.
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6.2.5 Nuclear Magnetic Resonance

Solution NMR ('H and 13C) were either recorded on a Varian Gemini 2000 or a

Bruker Avance 300 both operating at 300 MHz.

6.2.6 Thermal Analysis

Phase pure samples were examined by thermogravimetric analysis (TGA) using a TA

Instruments SDT 2960 simultaneous DTA-TGA thermogravimetric analyser.

Samples were heated in an aluminium crucible at a rate of 10°C min"1 to a maximum

temperature of 1000°C in a flowing atmosphere of oxygen (100 ml min"1). Re-

calcined aluminium oxide was used as the reference material.

The organic content of the samples were determined using a Carlo Erba 1106 CHN

elemental analyser.

6.3 Results and Discussion

6.3.1 HATCOD-A as SDA

This SDA produced two open framework materials, chabazite and A1PO-5 (CHA and

AFI structure codes respectively). However it is not possible to conclude from

single-crystal X-ray diffraction studies if the SDA has been occluded intact in both

materials. The crystallisations yield only a few micro crystals of each material. AFI

crystallised as a pure phase but there was not enough product collected to allow
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further analysis except powder X-ray diffraction and microanalysis. The CHA phase

crystallised in the presence of an amorphous impurity that restricts analysis to single

crystal X-ray diffraction.

6.3.1.1 [Ni-HATCOD-A]-AIPO-CHA

Identification code [Ni-HATCOD-Al-AlPO-CHA
Empirical formula [Al18Pl8072][NiC12H26N6]3
Formula weight 3134.39

Temperature 150(2) K
Wavelength 0.68500 A

Crystal system, space group Trigonal, R-3
Unit cell dimensions a = 13.707(2) A a = 90°

b = 13.707(2) A (3 = 90 °
c= 15.089(4) A y= 120°

Volume 2455.1(8) A3
Z, Calculated density 3, 2.120 Mg/m3
Absorption coefficient 0.959 mm"'

F(000) 1584

Crystal size 0.04 x 0.03 x 0.02 mm

Theta range for data collection 2.10 to 29.24°

Limiting indices -18<=h<=16

-10<=k<=18

-19<=1<=21

Reflections collected / unique 5363 / 1551 [R(int) = 0.0392]
Completeness to theta = 29.24 92.60%

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1551/0/57

Goodness-of-fit on F2 1.158

Final R indices [I>2sigma(I)] R, = 0.1000, wR, = 0.3078
R indices (all data) R, =0.1151, wR2 = 0.3253
Largest diff. peak and hole 2.762 and -0.670 e.A"3

Table 6.2 - Crystal data and structure refinementfor [Ni-HATCOD-A]-AlPO-CHA.

The structure of chabazite has been discussed well in the previous chapters. Cyclam,

TACD and Co-(TACN)2 complex have been incorporated into the chabazite like

cages of the structure (chapters 4 and 5). The different positions of fluoride have also

been discussed. Ni-HATCOD-A complex has also been used as a SDA for the
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chabazite topology. This material was synthesised from slightly acidic (pH 5.5)

fluoride media that produced a few micro crystals as a minor product from which the

major product was amorphous. Crystal structure and refinement details for [Ni-

HATCOD-A]-AlPO-CHA are given in table 6.2

Initial analysis of the crystal structure revealed no fluoride and a highly disordered

HATCOD-A. Attempts to synthesise this material phase pure failed. Different

aluminium and phosphorus sources, pH modifiers, Ni-HATCOD-A counter-anions

and inclusion of fluoride were investigated. In the initial experiment sodium

hydroxide was used to adjust the pH, however, using an organic base produced

amorphous phases. Different aluminium and phosphorus sources had no effect in

increasing the yield or purity of the products. Although fluoride was not located from

X-ray diffraction, synthesis from fluoride-free media failed. Therefore, either

fluoride exists within the structure and cannot be located crystallographically or it is

aiding the crystallisation mechanism of this phase and not being incorporated. 19F

MAS NMR would be a very useful tool in determining whether fluoride is being

occluded, but without a significant improvement in yield, and phase purity, this

cannot be achieved. Also CHN analysis and 13C MAS NMR would give an

indication whether HATCOD-A is occluded intact, which cannot be performed due

to the purity.

[HATCOD-A]-A1PO-CHA crystallises in the trigonal space group R-3. The

asymmetric unit contains one aluminium, one phosphorus, three oxygens and one
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nickel (Figure 6.2). The carbon and nitrogen atoms of HATCOD-A could not be

located due to disorder.

The aluminophosphate framework is comparable to other chabazite type materials

(Figure 6.3). Location of fluoride from single-crystal X-ray diffraction studies failed,

nevertheless fluoride may still be occluded and acting as counter anions to attain

electroneutrality for the positive charge of the nickel (II) complex. However, as seen

in other materials, defect sites could also occur that could account for charge

balancing. This will never be fully resolved until such time as this material can be

synthesised at high enough yields and purity to be fully characterised.

Figure 6.3 - Ball and stick andpolyhedral views of[HA TCOD-A/-AIPO-CHA along the c-axis.

03

•P
Ik, Al
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$Ni

Figure 6.2 - Asymmetric unit of[HA TCOD-A[-AlPO-CHA.
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From the synthesis conditions (pH 5.5) it is reasonable to assume that the template is

still intact. However, three-fold symmetry down the c-axis with nickel on an

inversion centre makes it very difficult to resolve the electron density of the carbon

and nitrogen atoms around nickel (Figure 6.4). This would give six possible

orientations at best for the carbon and nitrogen backbone, which makes it very

difficult to resolve into a chemical sensible model.

Figure 6.4 - Chabazite cage showing residual electron density around Ni atom. Framework

oxygens omittedfor clarity and Fourier peaks in yellow.

The size of the chabazite cage is large enough to accommodate the Ni-HATCOD-A

complex. The crystal structure of Ni-HATCOD-A.C12-2H20 has been reported'3 and

shows the orientation of the carbon and nitrogens around the central nickel atom

(Figure 6.5). Analysis of this complex reveals approximate maximum dimensions of

9.7 x 8.4 x 5.7 A (covalent radii: C 0.077, N 0.075, H 0.037 nm) which will fit within

the chabazite cage with approximate dimensions of 10.5 x 9.0 x 6.54 A (O 0.073

nm), allowing for atomic radii.
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Figure 6.5 - Crystal structure ofNi-HA TCOD-A with approximate dimensions.

Any formula proposed from the little data available on this material will be

speculative. Nevertheless, it is not unreasonable to assume that the nickel atom is

fully occupied within the chabazite cage from the thermal parameters, therefore

[Al6P6024]-[NiCi2H26N6]2+ can be proposed. The overall 2+ charge would have to be

counter balanced with either fluoride or defect sites, or a combination of both.

Although fluoride was not detected by XRD its presence cannot be ruled out. This

leads to the formula [Al6P6024(0H)xF2-x]2"-[NiCi2H26N6|2 where the positive charge

of the complex can be counter balanced by either defect sites or fluoride.

6.3.1.2 AIPO-AFI-1

Aluminophosphate-5 (A1PO-5, AFI topology) was first synthesised by Flanigen et al.

using tetrapropylammonium hydroxide as a SDA which crystallised in a hexagonal

space group.7 It structure consists of a one-dimensional 12-ring pore system. A1PO-5

is known to crystallise in both hexagonal and orthorhombic space groups depending

on the SDA used and the presence of fluoride.8 It is also known to undergo a

• • 7 O Q ••11

reversible thermal orthorhombic-hexagonal phase transition. ' ' A material with the

AFI topology crystallised in the orthorhombic space group Ccc2 from acidic fluoride
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media (pH 2.8) using Ni-HATCOD-A as a SDA. Crystal structure and refinement

details for this material are shown in table 6.3.

Identification code A1PO-AFI-1

Empirical formula [Al24P24096F4][NiC8H26N6]2
Formula weight 3532.92

Temperature 150(2) K
Wavelength 0.68500 A

Crystal system, space group Orthorhombic, Ccc2
Unit cell dimensions a = 13.8485(14) A a = 90°

b = 23.072(2) A (3 = 90°
c = 8.5126(9) A y = 90 °

Volume 2719.9(5) A3
Z, Calculated density 1, 2.157 Mg/m3
Absorption coefficient 0.850 mm"1
F(000) 1764

Crystal size 0.1 x 0.02 x 0.02 mm

Theta range for data collection 1.65 to 29.21 °

Limiting indices -19<=h<=19

-32<=k<=21

-12<=1<=12

Reflections collected / unique 10043 / 3727 [R(int) = 0.0467]
Completeness to theta = 29.21 96.40%

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3727/ 1 / 173

Goodness-of-fit on F2 1.123

Final R indices [I>2sigma(I)J R, =0.1157, wR2 = 0.3146
R indices (all data) R, =0.1411, wR2 = 0.3389
Absolute structure parameter 0.03(11)
Largest diff. peak and hole 1.806 and-1.079 e.A""3

Table 6.3 - Crystal data and structure refinementfor AlPO-AFI-l.

The asymmetric unit contains three aluminium, three phosphorus, twelve oxygen,

one fluorine and half occupied nickel atom (Figure 6.6). It produced the one-

dimensional channel system characteristic of the AFI topology with the nickel atoms

being located within the channels (Figure 6.7).
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Initial analysis of the structure located the nickel atom with a large number of

Fourier peaks around it. This could not be resolved into a chemical sensible model
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for the HATCOD-A template. Location of the carbon backbone of HATCOD-A was

found to be impossible even though restraints on 1,2 and 1,3 distances were

introduced. Either the template was grossly disordered within the channels or it was

no longer intact. As it was synthesised at a high pH (2.8) it is quite probable that the

template is no longer intact. CHN analysis is consistent with the Ni-HATCOD-A

template being destroyed during synthesis (calculated for [Al6P6024F]2[NiCi2H26N6]

C 7.94, H 1.44, N 4.63; found C 5.65, H 1.41, N 4.66%). Comparison of the C:N

ratio in HATCOD-A and as-made AFI shows that the template is no longer intact

(HATCOD-A 1.71, as-made AFI 1.21). CHN analysis revealed that there were

approximately 8.5 carbons per six nitrogen atoms. This could be consistent with

losing the four methylene or two ethylene bridges from the template molecule. It is

known that methylenediamine (NCH2N) groups are unstable10 which would account

for this linkage breaking at the pH of synthesis. Therefore, it is probable that the

backbone has broken-up producing an unknown nickel complex that acts to direct the

crystallisation of the AFI topology. This is not unreasonable as A1PO-5 has been

synthesised using a nickel complex, Ni(ten)2 (ten = bis(di(2-aminoethyl)amine), as a

SDA.11

Analysis of the refined nickel atom revealed unusual thermal parameters, which

indicated that it was not fully occupied within the structure. As no data for the

chemical composition other than CHN is available therefore it is difficult to be

certain on the occupancy factor for nickel. However, an estimate can be made based

on the amount of fluoride found by X-ray diffraction and the results of CHN

analysis. As there has to be double the amount of fluoride than nickel to attain
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electroneutrality (assuming no defects and an overall 2+ charge for the complex)

then the nickel occupancy can be based on fluoride. Therefore, nickel was set to 50%

occupancy as only one fluoride was found in the asymmetric unit. However, this

alone would not be enough to be certain on the correct values, as the location of

fluoride from X-ray diffraction is sometimes difficult.

With the above data a formula for this material can be postulated. Based on the

knowledge of the methylene bridges, CHN analysis and occupancy factor of nickel

the following formula can be put forward; [Ali2Pi2048F2][NiC8H26N6]. This is in

accordance with the CHN analysis, observed C 5.65, H 1.41, N 4.66% and calculated

C 5.44, H 1.48, N 4.76. The nickel complex could actually be Ni(ten)2 as loss of the

four methylene bridges could form this complex (Figure 6.8). However, the disorder

is still to great to allow location of this complex.

<rN7
C>0 — cN>o

N N N N

Ni-HATCOD-A Ni(ten)2

Figure 6.8 - Proposed degradation ofNi-HATCOD-A to Ni(ten)2.

The position of fluoride within this structure is particularly interesting. Synthesis of

A1PO-5 with tetrapropylammonium fluoride8a produces the architecture illustrated in

figure 6.9, this material will be referred to as [Pr4NF]-AlPO-AFI and crystallises in

the space group P6cc. The position of fluoride differs somewhat from the material
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crystallised using HATCOD-A (referred to as A1PO-AFI-1 herein) in a number of

ways that it is not obvious at first.

if pi Xf W X.

OW G

•X Jv\ /\

Figure 6.9 - Location offluoride in AIPO-AFI-1 (left) and in [Pr4NF]-AIPO-AFl (right).

Figure 6.9 shows that each of the 12-ring pores in [Pr4NF]-AlPO-AFI is surrounded

by six fluoride atoms (when viewed along crystallographic c-axis) whereas in A1PO-

AFI-1 there are only four fluoride atoms. It can also be thought of as the number of

fluorides in the 4-rings that surround the 6-rings; all three of the 4-rings in the case of

[Pr4NF]-AlPO-AFI and only two in the case ofAIPO-AFI-1 (Figure 6.10).

Figure 6.10 - Location offluoride in AIPO-AFI-1 (left) and in [Pr4NF]-AlPO-AFl (right).
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There is another difference in the location of fluoride in these two structures, within

the 4-rings that runs parallel to the c-axis. In [Pr4NF]-AlPO-AFI, each of the 4-rings

has an associated fluoride whereas in A1PO-AFI-1 only alternating 4-rings has

associated fluorides (Figure 6.11).

c;K:K>

Figure 6.11 - Location offluoride in A1PO-AFI-1 (top) and in [Pr4NF]-AlPO-AFl (bottom).

Key as in figure 6.10.

Another difference observed is in the distance in bond lengths and angles associated

with these two variants of the AFI topology. There is a marked difference in the bond

lengths and distances between atoms of these two structures. In [Pr4NF]-AlPO-AFI

there are unusual distances for the Al-0 bonds (1.478-1.700 A) in the five-

coordinated aluminium (Figure 6.12). At the time the authors attributed this to the

effects of the fluoride atom.83 Also, a rather long Al-F bond was also observed (2.195

A, Figure 6.12). However in A1PO-AFI-1, the bond lengths and angles are more

characteristic for this type of material; Al-O in the range of 1.776-1.818 A and Al-F

1.876 A.
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Figure 6.12 - Bond lengths and atom distances in AlPO-AFI-l (left) and in

lPr4NF]-AlPO-AFI (right).

A 27A1 NMR study of [Pr4NF]-AlPO-AFI confirmed there were two aluminium

environments in the ratio of 11:1 for four- and five-coordinated aluminiums.8b The

same authors carried out a 27A1-19F REDOR NMR experiment that revealed the Al-F

bond distance to be approximately 1.92 A as compared to 2.195 A observed from the

XRD study. The Al-F bond distance from XRD in A1PO-AFI-1 (Al-F 1.876 A) is in

better agreement with that from the NMR study (Figure 6.12). The synchrotron XRD

study coincides with this Al-F bond length and also the ratio of four- and five-

coordinated aluminium atoms by examining the contents of the unit cell a ratio of

11:1 results from AlPO-AFI-l. However, the NMR study suffered from an impurity

that overlapped the five-coordinate NMR signal therefore a precise bond distance

was not obtained, but nevertheless it was in good agreement with the observed data.

Examining the average Al-O-P bond angles of both XRD structures provides a

marked difference. The average bond angles were -155.6° and -150.3° for [Pr4NF]-
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A1P0-AFI and A1PO-AFI-1 respectively. The previously mentioned NMR study

revealed the average Al-O-P bond angles to be 151°. This was calculated from the
97

relationship between A1 chemical shift and Al-O-P bond angle proposed by Mtiller

et al.n This is very close to the average Al-O-P bond angles calculated from the

synchrotron study ofA1PO-AFI-1.

With all this information, it is possible that the authors of [Pr4NF]-AlPO-AFI

assigned the wrong unit cell and space group. Data for [Pr4NF]-AlPO-AFI were

collected using an Enraf-Nonius CAD4 diffractometer using molybdenum radiation

and the unit cell calculated from 25 reflections.83 The authors of the NMR study have

concluded that their results are consistent with a lowering of symmetry from

hexagonal P6cc. The correct symmetry could be orthorhombic with space group

Ccc2. However, this would not be known definite until [Pr4NF]-AlPO-AFI was re¬

examined to determine the correct symmetry of this system.

Although this information was only achieved with the aid of crystallography, it

demonstrates the power of synchrotron radiation over conventional laboratory

sources for the determination of structures. The XRD study of [Pr4NF]-AlPO-AFI on

its own was not enough to fully characterise the material. The NMR study revealed

the correct bond length of Al-F as XRD results in the average structure. Furthermore,

the Al-F bond length in other materials has also been improved upon from the XRD
• IT •

study by NMR techniques. This outlines the necessity for good data collection and

the use of complementary techniques such as NMR to fully characterise materials.
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6.4 Conclusions

As has been shown in the previous chapters, azamacrocyclic complexes can be

incorporated into the void regions of microporous materials. Even if it is not evident

from the X-ray diffraction studies of these materials, it is not unreasonable to assume

that HATCOD-A is still intact within the chabazite framework. However, in the case

of A1PO-5 topology, the template is believed to have degraded during the

crystallisation process. The high pH of the system was the probable reason for this

observation. Although it has proved difficult to synthesise these materials phase pure,

it still remains a goal as full characterisation cannot be achieved from the poor yield

of crystalline material.

The study of [Pr4NF]-AlPO-AFI shows that other techniques are useful in the

characterisation process. The use of NMR revealed the wrong space group had

initially been assigned which resulted in unusual bond lengths and angle. The power

of synchrotron radiation was demonstrated as a technique for the characterisation of

open framework materials in the study of A1PO-AFI-1.

The synthesis of A1PO-AFI-1 has shown another route that can be used to

incorporate organic species into the framework. By designing templates that possess

linkages which can break during the crystallisation process, other macrocyclic

complexes may be incorporated.
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7 Conclusions and FurtherWork

7.1 Conclusions

This thesis has shown azamacrocycles can be incorporated into the voids of open

framework materials. Most of them were incorporated into the cages of several

architectures. Tet-A and Tet-B were exceptions to this. Also Ni-HATCOD-A broke-

up in one example to form another nickel complex that was located within the

channels of AlPO-5.

Due to the shape of these macrocycles, cage structures were expected to

preferentially crystallise. Co(TACN)2, TACD, cyclam and Ni-HATCOD-A formed

the chabazite framework topology. Cu-cyclam formed an interesting variant of

AlPO-SAS from fluoride media. TMTACT, TETACT and trimethylamine with

cyclam all crystallise the LTA topology. Tet-A formed a novel layered material in

the presence of transition metal ions (Co/Zn2+) where half of the Tet-A is coordinated

and the other half is free. Tet-A and Tet-B both formed a novel layered precursor to

A1PO-AFO.

The thermal treatment of [F, Tet-A]-A1PO-1 resulted in the AFO topology being

formed. This is the first such solid state transition for an aluminophosphate. This

again questions the mechanisms of formation in open framework materials.

The location of fluoride in this thesis has been discussed. The different positions it

can occupy within the same framework topology have complicated the understanding
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of the role of fluoride and the mechanisms of crystallisation further. It was found to

be in close proximity to the positive charge on the SDAs in several of the materials

discussed ([F, TACDJ-A1PO-CHA, [F, cyclam]-AlPO-CHA, [F, Cu-cyclam]-AlPO-

SAS and [F, Tet-A]-AlPO-l). In other materials, it seemed to be too far away to be

interacting. Due to this, new architectures are more likely to be formed from fluoride

media as it can be found in several sites.

The power of synchrotron radiation has been highlighted in this thesis by collecting

data from microcrystals. A few of the crystals examined in this thesis were not of the

highest quality and therefore it would be difficult to get workable data from a

standard laboratory diffractometer. [PrNF]-AlPO-AFI was initially collected on a

standard laboratory diffractometer and solved in the wrong space group. This

resulted in the position of fluoride being false which was confirmed by NMR and by

the synchrotron study presented here.

7.2 FurtherWork

• Synthesise materials phase pure (if they were not obtained so) in order to fully

characterise them. Computer modelling of the templates that cannot be located

crystallographically so conclusions may be postulated about framework

interactions.

• Investigate the mechanism by which [F, Tet-A]-AlPO-l transforms into the AFO

topology, which can be followed by in-situ powder X-ray diffraction and NMR.

The hydrothermal crystallisation of AFO may itself proceed via a layered
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intermediate. Another such solid state transformation was observed for [F, Cu-

cyclam]-AlPO-SAS. Future work may try to obtain this phase pure and solve its

structure.

• Design and synthesise other macrocycles that are specific in shape and size so

they are unable to fit into the pores or cages of commonly synthesised zeolites.

This may lead to the crystallisation of new architectures (especially from fluoride

media) that may have promising future applications.

• Investigate other framework cations, such as the aluminosilicates,

metalloaluminophosphates and gallophosphates using such macrocycles.
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8 Appendix

Supplementary information is tabulated for all crystal structures; bond lengths,

angles, anisotropic displacement parameters, fractional occupancies and hydrogen

atom coordinates. Crystallographic Information Files (CIFs) and WinGX instruction

files for all structures are attached on data CD.

8.1 Crystallographic Information

8.1.1 [F, Co(TACN)2]-AIPO-CHA

Identification code [F, Co(TACN)2]-AIPO-CHA
Empirical formula [A1, 8P, 8072(0H)3F3] [Co(C6N3H15)2]3
Formula weight 3255.17

Temperature 150(2) K
Wavelength 0.68750 A

Crystal system, space group Trigonal, R -3
Unit cell dimensions a = 13.7317(7) A a = 90°

b= 13.7317(7) A p = 90 °
c= 14.8197(14) A y = 120°

Volume 2420.0(3) A3
Z, Calculated density 1, 2.234 Mg/m3
Absorption coefficient 0.927 mm"1
F(000) 1647

Crystal size 0.04x0.04x0.01 mm

l heta range for data collection 2.12 to 29.34°

Limiting indices -12<=h<=19

-18<=k<=5

-21<=1<=7

Reflections collected / unique 3350/ 1472 [R(int) = 0.0219]
Completeness to theta = 29.34 90.00%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1472/0/86

Goodness-of-fit on F2 1.124

Final R indices [l>2sigma(I)] R, =0.1005, wR2 = 0.3030
R indices (all data) R, = 0.1125, wR2 = 0.3111
Largest diff. peak and hole 1.742 and-1.459 e. A"3

Table 8.1 - Crystal data and structure refinementfor [F, Co(TACN)2]-A IPO-CHA.
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X y z U(eq) Occupancy
Al(l) 0.8977(2) 0.3413(2) 0.9344(1) 0.027(1) 1.0

P(l) 1.1094(2) 0.4327(2) 1.0542(2) 0.042(1) 1.0

0(1) 1.0112(10) 0.3497(11) 0.9951(7) 0.114(4) 1.0

0(2) 0.7882(8) 0.2088(10) 0.9717(6) 0.097(4) 1.0

0(3) 0.9341(8) 0.3424(8) 0.8167(5) 0.069(2) 1.0

0(4) 0.8674(10) 0.4504(8) 0.9657(7) 0.090(3) 1.0

Co(l) 0.3333 0.6667 0.6667 0.025(1) 1.0

N(l) 0.2072(6) 0.5792(6) 0.7496(5) 0.040(2) 1.0

0(2) 0.2292(10) 0.4981(11) 0.7988(9) 0.075(4) 1.0

0(3) 0.1957(12) 0.6559(11) 0.8157(11) 0.083(4) 1.0

F(l) 0.6667(12) 0.3333(11) 0.8406(11) 0.090(20) 0.3

F(2) 0.7758(12) 0.3305(11) 0.8840(11) 0.100(20) 0.7

Table 8.2 - Atomic coordinates and equivalent isotropic displacementparameters (A2) for [F,

Co(TACN)J-AIPO-CHA. U(eq) is defined as one third of the trace ofthe orthogonalized Uy tensor.

Al( 1 )-0( 1) 1.751(12)
Al(l)-F(2) 1.771(17)
Al(l)-0(2) 1.772(10)
Al(l)-0(4) 1.805(10)
Al(l)-0(3) 1.813(8)
P(l)-0(3)#1 1.495(8)
P( 1 )-0(4)#2 1.501(9)
P( 1 )-0(2)#3 1.504(9)
P(l)-0(1) 1.533(9)
0(2)-P(l)#4 1.504(9)
0(3)-P(l)#5 1.495(8)
0(4)-P( 1 )#2 1.501(9)
Co(l)-N(l)#6 1.968(6)
Co(l)-N(l)#7 1.968(7)
Co(l)-N(l)#8 1.968(6)
Co(l)-N(l) 1.968(7)
Co(l)-N(l)#9 1.968(6)
Co(l)-N(l)#10 1.968(6)
N(l)-C(2) 1.483(13)
N(l)-C(3) 1.503(14)
C(2)-C(3)#9 1.406(18)
C(3)-C(2)#8 1.406(18)
F( 1 )-F( 1 )# 11 0.22(3)
F(l)-F(2)#12 1.65(2)
F(l)-F(2)#13 1.65(2)
F(l)-F(2) 1.649

F(l)-F(2)#l 1 1.74(3)

P(l)#4-0(2)-Al(l) 144.0(7)
P(l)#5-0(3)-Al(l) 146.1(6)
P(l)#2-0(4)-Al(l) 145.4(7)
N(l)#6-Co(l)- 85.1(3)
N(l)#6-Co(l)- 180.0(3)
N(l)#7-Co(l)- 94.9(3)
N(l)#6-Co(l)-N(l) 94.9(3)
N( 1 )#7-Co( 1 )-N( 1) 179.998(1)
N( 1 )#8-Co( 1 )-N( 1) 85.1(3)
N(l)#6-Co(l)- 94.9(3)
N(l)#7-Co(l)- 94.9(3)
N(l)#8-Co(l)- 85.1(3)
N( 1 )-Co( 1 )-N( 1 )#9 85.1(3)
N(l)#6-Co(l)- 85.1(3)
N(l)#7-Co(l)- 85.1(3)
N(l)#8-Co(l)- 94.9(3)
N( 1 )-Co( 1 )-N( 1 )# 10 94.9(3)
N(l)#9-Co(l)- 179.998(2)
C(2)-N(l)-C(3) 109.8(10)
C(2)-N(l)-Co(l) 108.5(6)
C(3)-N(l)-Co(l) 110.4(6)
C(3)#9-C(2)-N(l) 113.0(9)
C(2)#8-C(3)-N(l) 113.8(9)
F(l)#l l-F(l)- 113(8)
F(l)#l l-F(l)- 113(7)
F(2)#12-F(l)- 105.8(4)
F(l)#l 1-F(1)-F(2) 113(7)
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F(l)-F(2)#14 1.74(2) F(2)#12-F(l)-F(2) 105.8(7)
F(l)-F(2)#15 1.74(2) F(2)#13-F(l)-F(2) 105.8(7)
F(2)-F(l)#l 1 1.74(3) F(l)#l l-F(l)- 61(7)

F(2)#12-F(l)- 77.9(8)
0( 1)-Al( 1 )-F(2) 174.1(6) F(2)#13-F(l)- 77.9(7)
0(l)-Al(l)-0(2) 100.3(5) F(2)-F(l)-F(2)#l 1 173.5(8)
F(2)-A1( 1 )-0(2) 76.3(6) F(l)#l l-F(l)- 61(7)
0(l)-Al(l)-0(4) 112.4(6) F(2)#12-F(l)- 173.5(11)
F(2)-Al(l)-0(4) 65.0(6) F(2)#13-F(l> 77.9(7)
0(2)-Al(l)-0(4) 110.0(5) F(2)-F(l)-F(2)#14 77.9(8)
0(l)-Al(l)-0(3) 105.1(5) F(2)#l l-F(l)- 97.9(12)
F(2)-Al(l)-0(3) 80.8(5) F(l)#l l-F(l)- 60(7)
0(2)-Al(l)-0(3) 113.4(4) F(2)#12-F(l)- 77.9(7)
0(4)-Al(l)-0(3) 114.7(4) F(2)#13-F(l)- 173.5(10)
0(3 )#1-P(1 )-0(4)#2 112.4(6) F(2)-F(l)-F(2)#15 77.9(7)
0(3)#l-P(l)-0(2)#3 111.9(5) F(2)#l l-F(l)- 97.9(12)
0(4)#2-P( 1 )-0(2)#3 110.4(7) F(2)#14-F(l)- 97.9(11)
0(3)#1-P(1)-0(1) 106.8(6) F(l)-F(2)-F(l)#l 1 6.5(8)
0(4)#2-P(l)-0(l) 108.7(7) F(1)-F(2)-A1(1) 174.3(4)
0(2)#3-P(l)-0(l) 106.5(7) F( 1 )# 11 -F(2)-A1( 1) 173.1(13)
P(1)-0(1)-A1(1) 140.0(10)

Table 8.3 - Bond lengths /Aj and angles [°]for [F, Co(TACN)J-AIPO-CHA. Symmetry

transformations used to generate equivalent atoms; #1 -x+y+5/3,-x+4/3,z+l/3, #2 -x+2,-y+l,-z+2, #3

y+l,-x+y+l,-z+2, #4 x-ypc-1,-z+2, #5 -y+4/3rx-y-1/3,z-1/3, #6 x-y+2/3pc+l/3,-z+4/3, #7 -x+2/3,-

y+4/3,-z+4/3, #8 -x+y,-x+l,z, #9 -y+l,x-y+l,z, #10y-l/3,-x+y+l/3,-z+4/3, #11 -x+4/3,-y+2/3,-z+5/3,

#12 -x+y+l,-x+l,z, #13 -y+lpc-y,z, #14 x-y+l/3pc-l/3,-z+5/3, #15 y+l/3,-x+y+2/3,-z+5/3.

Ull U22 U33 U23 U13 U12

Al(l) 0.027(1) 0.027(1) 0.019(1) 0.000(1) -0.001(1) 0.007(1)
P(l) 0.043(1) 0.050(1) 0.035(1) -0.002(1) 0.000(1) 0.026(1)
O(l) 0.097(8) 0.113(9) 0.077(6) -0.035(6) -0.037(6) 0.011(6)
0(2) 0.061(5) 0.113(8) 0.053(5) -0.007(5) -0.008(4) -0.005(5)
0(3) 0.077(5) 0.089(6) 0.046(4) -0.001(4) -0.007(4) 0.047(5)
0(4) 0.116(8) 0.064(5) 0.098(7) 0.020(5) 0.009(6) 0.052(6)
Co(l) 0.026(1) 0.026(1) 0.023(1) 0.000 0.000 0.013(1)
N(l) 0.032(3) 0.049(4) 0.032(3) 0.001(3) 0.002(2) 0.014(3)
C(2) 0.065(7) 0.081(8) 0.074(7) 0.050(7) 0.025(6) 0.032(6)
C(3) 0.082(8) 0.068(7) 0.103(10) 0.006(7) 0.051(8) 0.041(7)

Table 8.4 - Anisotropic displacementparameters (A2) for [F, Co(TACN)J AlPO CHA. The

anisotropic displacementfactor exponent takes theform; -2iC [ h2 a*2 U,, +... + 2 h k a* h* Ut2 ].
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X y z U(eq) Occupancy
H(l) 0.1410 0.5401 0.7167 0.049 1.0

H(2A) 0.1883 0.4790 0.8570 0.090 1.0

H(2B) 0.1995 0.4281 0.7630 0.090 1.0

H(3A) 0.1173 0.6409 0.8141 0.099 1.0

H(3B) 0.2103 0.6381 0.8772 0.099 1.0

Table 8.5 - Hydrogen coordinates and isotropic displacement parameters (A2) for [F, Co(TACN)2j-

AlPO-CHA.

8.1.2 [F, TACD]-AIPO-CHA

Identification code [F, TACDJ-A1PO-CHA
Empirical formula [A16P6024F2][C9H23N3]
Formula weight 943

Temperature 150(2)K
Wavelength 0.68750 A

Crystal system, space group Triclinic, P-l
Unit cell dimensions a = 9.1576(5) A a = 86.4790(10) °

b = 9.1813(5) A p = 77.9170(10)°
c = 9.3157(5) A y = 88.3670(10)°

Volume 764.36(7) A3
Z, Calculated density 1, 2.049 Mg/m3
Absorption coefficient 0.640 mm"1
F(000) 476

Crystal size 0.04 x 0.03 x 0.03 mm

Theta range for data collection 2.15 to 29.30 °

Fimiting indices -12<=h<=12

-12<=k<=12

-12<=1<= 12

Reflections collected / unique 7823 / 4136 [R(int) = 0.0276]
Completeness to theta = 29.30 89.70%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4136/0/172

Goodness-of-fit on F2 1.057

Final R indices [I>2sigma(I)] R, = 0.0753, wR2 = 0.2354
R indices (all data) R, = 0.0805, wR2 = 0.2410
Fargest diff. peak and hole 4.126 and -0.632 e.A"3

Table 8.6 - Crystal data and structure refinementfor [F, TACDj-AlPO-CHA.
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X y z U(eq) Occupancy
P(l) 0.1182(1) 0.3135(1) 0.6012(1) 0.007(1) 1.0

P(2) 0.1295(1) -0.1193(1) 0.8219(1) 0.007(1) 1.0

P(3) 0.3327(1) -0.1500(1) 0.3580(1) 0.007(1) 1.0

Al(l) -0.1336(1) 0.3436(1) 0.4237(1) 0.007(1) 1.0

Al(2) -0.1043(1) 0.1255(1) 0.8423(1) 0.007(1) 1.0

Al(3) 0.3661(1) 0.0611(1) 0.5881(1) 0.007(1) 1.0

F(l) 0.5086(3) 0.1065(3) 0.4167(3) 0.009(1) 1.0

0(1) -0.1405(3) 0.2545(3) 0.2677(3) 0.011(1) 1.0

0(2) -0.2814(3) 0.3027(3) 0.5706(3) 0.012(1) 1.0

0(3) 0.0376(4) 0.3063(4) 0.4727(4) 0.016(1) 1.0

0(4) 0.1476(4) 0.4726(3) 0.6229(4) 0.013(1) 1.0

0(5) 0.0174(4) 0.2537(3) 0.7427(3) 0.014(1) 1.0

0(6) -0.2711(3) 0.1282(4) 0.7836(3) 0.012(1) 1.0

0(7) -0.1462(4) 0.1740(3) 1.0236(3) 0.012(1) 1.0

0(8) -0.0269(3) -0.0498(3) 0.8321(3) 0.012(1) 1.0

0(9) 0.02478(3) -0.0084(3) 0.7602(3) 0.011(1) 1.0

0(10) 0.4975(3) 0.1480(3) 0.6875(3) 0.010(1) 1.0

0(11) 0.2652(3) 0.2320(3) 0.5675(3) 0.011(1) 1.0

0(12) 0.2657(3) -0.0353(3) 0.4654(3) 0.010(1) 1.0

Table 8.7 - Atomic coordinates and equivalent isotropic displacement parameters (A2) for [F,

TACD/-AIPO-CHA. U(eq) is defined as one third ofthe trace ofthe orthogonalized Ui} tensor.

P(l)-0(11) 1.505(3) O(10)#3-P(3)- 109.83(17)
P(l)-0(5) 1.524(3) 0(12)-P(3)-0(2)#1 108.13(17)
P(l)-0(4) 1.526(3) 0(6)#1-P(3)-0(2)#1 107.02(18)
P(l)-0(3) 1.537(3) 0(4)#4-Al( 1 )-0( 1) 106.09(16)
P(2)-0(9) 1.507(3) 0(4)#4-Al( 1 )-0(3) 109.42(17)
P(2)-0(l)#l 1.527(3) 0(l)-Al(l)-0(3) 109.34(16)
P(2)-0(7)#2 1.532(3) 0(4)#4-Al( 1 )-0(2) 107.02(16)
P(2)-0(8) 1.539(3) 0(l)-Al(l)-0(2) 113.65(15)
P(3)-O(10)#3 1.524(3) 0(3)-Al(l)-0(2) 111.11(16)
P(3)-0(12) 1.524(3) 0(6)-Al(2)-0(5) 111.37(16)
P(3)-0(6)#l 1.540(3) 0(6)-Al(2)-0(7) 106.57(16)
P(3)-0(2)#l 1.556(3) 0(5)-Al(2)-0(7) 107.52(16)
AI(l)-0(4)#4 1.724(3) 0(6)-AI(2)-0(8) 109.38(16)
Al(l)-0(1) 1.725(3) 0(5)-AI(2)-0(8) 111.82(16)
Al(l)-0(3) 1.742(3) 0(7)-Al(2)-0(8) 110.02(16)
Al(l)-0(2) 1.742(3) 0(1 l)-Al(3)-0(9) 97.65(15)
Al(2)-0(6) 1.726(3) 0(11 )-Al(3)-F( 1) 91.69(13)
Al(2)-0(5) 1.731(3) 0(9)-Al(3)-F(l) 170.53(14)
Al(2)-0(7) 1.735(3) 0(11)-A1(3)-0(12) 93.00(14)
Al(2)-0(8) 1.740(3) 0(9)-A!(3)-0(12) 95.29(14)
Al(3)-0(11) 1.819(3) F(1)-A1(3)-0(12) 85.72(12)

Page 208



Chapter 8 - Appendix

Al(3)-0(9) 1.827(3) O(ll)-Al(3)-O(10) 92.55(14)
Al(3)-F(l) 1.871(3) O(9)-Al(3)-O(10) 92.32(14)
Al(3)-0(12) 1.883(3) F(l)-AI(3)-O(10) 85.70(12)
AI(3)-O(10) 1.886(3) O(12)-Al(3)-O(10) 169.91(14)
Al(3)-F(l)#3 1.890(3) 0(11)-A1(3)-F(1)#3 171.33(14)
AI(3)-A1(3)#3 2.889(2) 0(9)-Al(3)-F(l)#3 91.01(13)
F(1)-A1(3)#3 1.890(3) F(1)-A1(3)-F(1)#3 79.64(12)
0(1)-P(2)#1 1.527(3) 0( 12)-Al(3)-F( 1 )#3 86.54(12)
0(2)-P(3)#l 1.556(3) O(10)-Al(3)-F(l)#3 86.71(12)
0(4)-Al(l)#4 1.724(3) 0(11)-A1(3)-A1(3)#3 131.75(12)
0(6)-P(3)#l 1.540(3) 0(9)-Al(3)-AI(3)#3 130.57(12)
0(7)-P(2)#2 1.532(3) F( 1 )-Al(3)-Al(3)#3 40.06(8)
O(10)-P(3)#3 1.524(3) 0( 12)-Al(3)-Al(3)#3 84.96(10)

0( 10)-Al(3)-Al(3)#3 85.06(10)
0( 11 )-P( 1 )-0(5) 1 12.17(18) F(1)#3-A1(3)- 39.58(8)
0( 11 )-P( 1 )-0(4) 108.85(18) A 1(3 )-F( 1)-A 1(3 )#3 100.36(12)
0(5)-P(l)-0(4) 106.99(18) P(2)#1-0(1)-A1(1) 153.4(2)
0(1 l)-P(l)-0(3) 109.91(18) P(3)#l-0(2)-Al(l) 128.17(19)
0(5)-P(l)-0(3) 109.55(19) P(l)-0(3)-Al(l) 142.2(2)
0(4)-P(l)-0(3) 109.30(19) P(l)-0(4)-Al(l)#4 151.0(2)
0(9)-P(2)-0(l)#l 113.59(17) P(l)-0(5)-Al(2) 152.2(2)
0(9)-P(2)-0(7)#2 109.45(17) P(3)#l-0(6)-Al(2) 140.7(2)
0( 1 )# 1 -P(2)-0(7)#2 106.08(17) P(2)#2-0(7)-AI(2) 141.6(2)
0(9)-P(2)-0(8) 110.22(17) P(2)-0(8)-Al(2) 136.5(2)
0(l)#l-P(2)-0(8) 108.66(17) P(2)-0(9)-Al(3) 142.3(2)
0(7)#2-P(2)-0(8) 108.66(18) P(3)#3-O(10)-Al(3) 126.37(18)
0( 10)#3-P(3)-O( 12) 114.39(17) P(1)-0(11)-A1(3) 146.9(2)
0(10)#3-P(3)-O(6)#l 107.14(17) P(3)-0(12)-A1(3) 126.27(18)
0(12)-P(3)-0(6)#1 110.08(17)

Table 8.8 - Bond lengths [A] and angles [°]for /F, TACDJ-AIPO-CHA. Symmetry transformations

used to generate equivalent atoms; Symmetry transformations used to generate equivalent atoms:

#1 -x,-y,-z+l #2 -x,-y,-z+2 #3 -x+l,-y,-z+l #4 -x,-y+l,-z+l

Ull U22 U33 U23 U13 U12

P(l) 0.007(1) 0.006(1) 0.008(1) -0.001(1) -0.002(1) 0.000(1)
P(2) 0.008(1) 0.006(1) 0.006(1) -0.001(1) -0.002(1) 0.000(1)
P(3) 0.007(1) 0.009(1) 0.007(1) -0.001(1) -0.002(1) -0.001(1)
Al(l) 0.010(1) 0.006(1) 0.007(1) -0.001(1) -0.003(1) 0.000(1)
Al(2) 0.008(1) 0.009(1) 0.006(1) 0.000(1) -0.002(1) 0.000(1)
Al(3) 0.006(1) 0.007(1) 0.009(1) -0.001(1) -0.001(1) 0.000(1)
F(l) 0.009(1) 0.007(1) 0.010(1) 0.000(1) -0.002(1) 0.000(1)
O(l) 0.016(1) 0.007(1) 0.009(1) -0.002(1) -0.004(1) 0.000(1)
0(2) 0.013(1) 0.009(1) 0.011(1) 0.000(1) 0.001(1) -0.003(1)
0(3) 0.012(1) 0.022(2) 0.016(2) -0.005(1) -0.008(1) 0.003(1)
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0(4) 0.019(2) 0.004(1) 0.016(1) -0.001(1) -0.002(1) -0.001(1)
0(5) 0.013(1) 0.013(1) 0.013(1) 0.003(1) 0.002(1) -0.002(1)
0(6) 0.010(1) 0.020(2) 0.008(1) -0.001(1) -0.005(1) 0.001(1)
0(7) 0.018(2) 0.012(1) 0.006(1) -0.001(1) -0.004(1) -0.001(1)
0(8) 0.007(1) 0.010(1) 0.018(1) -0.001(1) -0.003(1) 0.000(1)
0(9) 0.01 1(1) 0.010(1) 0.010(1) -0.002(1) 0.001(1) -0.003(1)
0(10) 0.007(1) 0.011(1) 0.012(1) -0.002(1) -0.002(1) -0.001(1)
0(11) 0.009(1) 0.010(1) 0.014(1) -0.001(1) -0.003(1) 0.002(1)
0(12) 0.009(1) 0.010(1) 0.011(1) -0.004(1) -0.002(1) 0.000(1)

Table 8.9 - Anisotropic displacementparameters (A2) for [F, TACDJ-AIPO-CHA. The anisotropic

displacementfactor exponent takes theform; -2it2 [ It2 a*2 Un +... + 2 it k a* b* UI2 ].

8.1.3 [F, cyclam]-AIPO-CHA

Identification code [F, cyclam]-A1PO-CHA
Empirical formula [A16P6024F2][C,OH26N4]
Formula weight 972.05

Temperature 293(2)K
Wavelength 0.69300 A

Crystal system, space group Triclinic, P-l
Unit cell dimensions a = 9.0993(4) A a = 77.881(2)°

b = 9.2232(5) A p = 87.2050(10) °
c = 9.3929(4) A y = 87.7770(10)0

Volume 769.48(6) A3
Z, Calculated density 1, 2.098 Mg/m3
Absorption coefficient 0.519 mm"1
F(000) 492

Crystal size 0.03 x 0.03 x 0.03 mm

Theta range for data collection 2.20 to 29.42 °

Limiting indices -12<=h<=12

-12<=k<=12

-12<=1<=12

Reflections collected / unique 7642/4033 [R(int) = 0.0124]
Completeness to theta = 29.42 88.10%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4033 / 13/271
Goodness-of-fit on F2 1.117

Final R indices [I>2sigma(I)] R, =0.0480, wR2 = 0.1341
R indices (all data) R, =0.0515, wR2 = 0.1369
Largest diff. peak and hole 0.809 and -0.627 e.A"3

Table 8.10 - Crystal data and structure refinementfor /F, cyclam]-AiPO-CHA.
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X y z U(eq) Occupancy
P(l) 0.1175(1) 0.8651(1) 0.6775(1) 0.010(1) 1.0

P(2) -0.3136(1) 0.8863(1) 0.8929(1) 0.011(1) 1.0

P(3) -0.1448(1) 0.3275(1) 0.8603(1) 0.011(1) 1.0

Al(l) 0.1318(1) 0.8964(1) 0.3447(1) 0.011(1) 1.0

Al(2) 0.3353(1) 0.8730(1) 0.9273(1) 0.011(1) 1.0

Al(3) -0.0622(1) 0.6317(1) 0.9090(1) 0.010(1) 1.0

F(l) 0.1080(2) 0.5074(2) 0.9216(2) 0.013(1) 1.0

O(l) 0.2652(2) 1.0119(2) 0.2506(2) 0.019(1) 1.0

0(2) 0.1248(2) 0.7360(2) 0.2786(2) 0.018(1) 1.0

0(3) 0.1766(2) 0.8474(2) 0.5263(2) 0.016(1) 1.0

0(4) 0.0409(2) 1.0174(2) 0.6639(2) 0.018(1) 1.0

0(5) 0.2513(2) 0.8619(2) 0.7694(2) 0.016(1) 1.0

0(6) 0.2857(2) 1.0384(2) 0.9809(2) 0.021(1) 1.0

0(7) 0.5214(2) 0.8661(2) 0.8871(2) 0.021(1) 1.0

0(8) 0.2964(2) 0.7226(2) 1.0688(2) 0.017(1) 1.0

0(9) 0.0130(2) 0.7429(2) 0.7386(2) 0.017(1) 1.0

0(10) -0.1462(2) 0.4957(2) 0.8123(2) 0.013(1) 1.0

O(ll) 0.0274(2) 0.7350(2) 1.0324(2) 0.015(1) 1.0

0(12) -0.2363(2) 0.7369(2) 0.9120(2) 0.016(1) 1.0

0(2) 0.5813(10) 0.5855(11) 0.6812(12) 0.051(2) 0.5

N(3) 0.5495(13) 0.7271(13) 0.5726(13) 0.080(3) 0.5

0(5) 0.7874(13) 0.6501(16) 0.4340(20) 0.084(4) 0.5

N(6) 0.6964(9) 0.5430(10) 0.3878(11) 0.059(2) 0.5

N(3') 0.6590(12) 0.6186(12) 0.5957(11) 0.067(2) 0.5

0(2') 0.5165(15) 0.6590(15) 0.6637(13) 0.070(3) 0.5

N(6') 0.4520(30) 0.3040(40) 0.6520(30) 0.390(40) 0.5

0(5') 0.7070(40) 0.7310(40) 0.3410(20) 0.420(50) 0.5

0(1) 0.4589(7) 0.5355(7) 0.7898(6) 0.069(2) 1.0

0(4) 0.6947(14) 0.7600(13) 0.4903(11) 0.149(6) 1.0

0(7) 0.3875(11) 0.4069(7) 0.7427(8) 0.107(4) 1.0

Table Hit- Atomic coordinates and equivalent isotropic displacementparameters (A2) for [F,

cyclam]-AlPO-CHA. U(eq) is defined as one third of the trace of the orthogonalized Uy tensor.

P(l)-0(9) 1.5041(19) 0(2)-Al(l)-0(l) 111.14(10)
P(l)-0(5) 1.5217(19) 0(2)-Al(l)-0(4)#2 108.93(10)
P(l)-0(4) 1.5283(19) 0( 1 )-Al( 1 )-0(4)#2 111.95(10)
P(l)-0(3) 1.5322(18) 0(2)-Al(l)-0(3) 108.07(10)
P(2)-0(12) 1.5035(18) 0(l)-Al(l)-0(3) 108.47(10)
P(2)-0(7)#l 1.5251(19) 0(4)#2-Al( 1 )-0(3) 108.16(10)
P(2)-0( 1 )#2 1.528(2) 0(7)-Al(2)-0(5) 105.87(10)
P(2)-0(6)#3 1.530(2) 0(7)-Al(2)-0(6) 110.10(11)
P(3)-0(l 1 )#4 1.5178(19) 0(5)-Al(2)-0(6) 110.96(10)
P(3)-O(10) 1.5218(18) 0(7)-Al(2)-0(8) 107.38(10)
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P(3)-0(2)#5 1.5386(19) 0(5)-Al(2)-0(8) 112.21(10)
P(3)-0(8)#4 1.5460(19) 0(6)-Al(2)-0(8) 110.16(10)
Al( 1 )-0(2) 1.725(2) 0(12)-Al(3)-0(9) 96.29(9)
Al( 1 )-0( 1) 1.729(2) 0( 12)-A!(3)-F( 1 )#4 94.80(8)
Al(l)-0(4)#2 1.731(2) 0(9)-AI(3)-F( 1 )#4 168.68(9)
Al(l)-0(3) 1.7348(19) 0(12)-A1(3)-0(11) 93.50(9)
Al(2)-0(7) 1.719(2) 0(9)-Al(3)-0(l 1) 96.00(9)
Al(2)-0(5) 1.7254(19) F(1)#4-A1(3)-0(11) 85.55(8)
Al(2)-0(6) 1.740(2) 0(12)-A1(3)-F(1) 173.88(8)
Al(2)-0(8) 1.742(2) 0(9)-Al(3)-F(l) 89.64(8)
Al(3)-0(12) 1.8269(19) F(1)#4-A1(3)-F(1) 79.21(7)
Al(3)-0(9) 1.828(2) 0(11)-A1(3)-F(1) 87.34(8)
Al(3)-F(l)#4 1.8630(16) 0( 12)-A 1(3 )-0( 10) 91.77(9)
Al(3)-0(11) 1.8795(19) O(9)-Al(3)-O(10) 92.67(9)
Al(3)-F( 1) 1.8845(16) F( 1 )#4-Al(3)-0( 10) 84.73(8)
Al(3)-O(10) 1.8984(19) 0(11)-Al(3)-O(10) 169.30(9)
A1(3)-AI(3)#4 2.8872(14) F(l)-Al(3)-O(10) 86.45(8)
F(1)-A1(3)#4 1.8630(16) 0(12)-A1(3)-A1(3)#4 134.67(8)
0(1)-P(2)#2 1.528(2) 0(9)-Al(3)-Al(3)#4 128.95(8)
0(2)-P(3)#5 1.5386(19) F( 1 )#4-Al(3)-Al(3)#4 39.88(5)
0(4)-Al(l)#2 1.731(2) 0(11)-A1(3)-A1(3)#4 85.39(6)
0(6)-P(2)#3 1.530(2) F(1)-A1(3)-A1(3)#4 39.33(5)
0(7)-P(2)#6 1.5251(19) 0( 10)-Al(3)-Ai(3)#4 84.28(6)
0(8)-P(3)#4 1.5460(19) A1(3)#4-F(1)-A1(3) 100.79(7)
0(11)-P(3)#4 1.5178(18) P(2)#2-0( 1 )-Al( 1) 146.92(14)
C(2)-C( 1) 1.491(11) P(3)#5-0(2)-Al(l) 143.58(13)
C(2)-N(3) 1.507(13) P(l)-0(3)-Al(l) 140.44(13)
N(3)-C(4) 1.506(13) P(l)-0(4)-AI(l)#2 141.99(13)
C(5)-C(4) 1.459(14) P(l)-0(5)-Al(2) 153.06(13)
C(5)-N(6) 1.461(12) P(2)#3-0(6)-AI(2) 137.94(14)
N(6)-C(7)#7 1.457(11) P(2)#6-0(7)-Al(2) 161.08(16)
N(3')-C(2') 1.487(13) P(3)#4-0(8)-AI(2) 128.33(13)
N(3')-C(4) 1.499(12) P(l)-0(9)-Al(3) 143.03(13)
C(2')-C(l) 1.547(13) P(3)-O(10)-Al(3) 126.84(11)
N(6')-C(7) 1.49(2) P(3)#4-0(l 1)-A1(3) 125.91(11)
N(6')-C(5')#7 1.489(19) P(2)-0(12)-A1(3) 147.61(13)
C(5')-C(4) 1.482(18) C(l)-C(2)-N(3) 115.1(8)
C(5')-N(6')#7 1.489(19) C(4)-N(3)-C(2) 103.6(9)
C(5')-C(7)#7 1.88(2) C(4)-C(5)-N(6) 1 10.2(9)
C(l)-C(7) 1.528(10) C(7)#7-N(6)-C(5) 118.2(10)
C(7)-N(6)#7 1.457(11) C(2')-N(3')-C(4) 101.9(9)
C(7)-C(5')#7 1.88(2) N(3')-C(2')-C(l) 113.3(10)

C(7)-N(6')-C(5')#7 78.5(13)
0(9)-P( 1 )-0(5) 113.05(11) C(4)-C(5')-N(6')#7 91(2)
0(9)-P( 1 )-0(4) 111.15(11) C(4)-C(5')-C(7)#7 130.7(14)
0(5)-P(l)-0(4) 107.93(11) N(6')#7-C(5')-C(7)#7 50.7(9)
0(9)-P(l)-0(3) 109.31(11) C(2)-C(l)-C(7) 106.9(6)
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0(5)-P(l)-0(3) 106.36(11) C(2)-C(l)-C(2') 33.4(6)
0(4)-P(l)-0(3) 108.86(11) C(7)-C(l)-C(2') 115.2(6)
0(12)-P(2)-0(7)#1 108.82(11) C(5)-C(4)-C(5') 51.1(18)
0( 12)-P(2)-0( 1 )#2 111.47(11) C(5)-C(4)-N(3') 77.3(10)
0(7)#1 -P(2)-0( 1 )#2 106.98(12) C(5')-C(4)-N(3') 109.1(14)
0( 12)-P(2)-0(6)#3 111.29(11) C(5)-C(4)-N(3) 124.2(9)
0(7)# 1 -P(2)-0(6)#3 108.98(12) C(5')-C(4)-N(3) 116.6(14)
0( 1 )#2-P(2)-0(6)#3 109.18(12) N(3')-C(4)-N(3) 54.5(6)
0( 11 )#4-P(3)-0( 10) 113.97(10) N(6)#7-C(7)-N(6') 80.4(12)
0(11 )#4-P(3)-0(2)#5 110.98(11) N(6)#7-C(7)-C(l) 111.9(6)
0( 10)-P(3)-O(2)#5 106.97(10) N(6')-C(7)-C(l) 129.1(14)
0(1 l)#4-P(3)-0(8)#4 108.30(11) N(6)#7-C(7)-C(5')#7 59.7(12)
O(10)-P(3)-O(8)#4 109.68(11) N(6')-C(7)-C(5')#7 50.8(9)
0(2)#5-P(3 )-0(8)#4 106.71(11) C(l)-C(7)-C(5')#7 171.5(12)

Table 8.12 - Bond lengths [A] and angles [°]for [F, cyclamJ-AIPO-CHA. Symmetry

transformations used to generate equivalent atoms; #1 x-l,y,z, #2 -x,-y+2,-z+l, #2 -x,-y+2,-z.+2, #4 -

x,-y+l,-z+2, #5 -x,-y+l,-z+l, #6x+l,y,z, #7-x+l,-y+l,-z+l.

Ull U22 U33 U23 U13 U12

P(l) 0.010(1) 0.011(1) 0.009(1) -0.002(1) 0.000(1) -0.001(1)
P(2) 0.009(1) 0.010(1) 0.013(1) -0.003(1) 0.002(1) -0.001(1)
P(3) 0.013(1) 0.010(1) 0.011(1) -0.003(1) 0.000(1) -0.003(1)
Al(l) 0.013(1) 0.010(1) 0.009(1) -0.003(1) 0.001(1) -0.001(1)
Al(2) 0.009(1) 0.013(1) 0.012(1) -0.004(1) 0.000(1) -0.002(1)
Al(3) 0.010(1) 0.009(1) 0.012(1) -0.002(1) 0.000(1) -0.002(1)
F(l) 0.012(1) 0.013(1) 0.014(1) -0.003(1) 0.000(1) 0.000(1)
O(l) 0.021(1) 0.018(1) 0.017(1) 0.001(1) 0.005(1) -0.006(1)
0(2) 0.028(1) 0.013(1) 0.013(1) -0.006(1) 0.000(1) -0.001(1)
0(3) 0.016(1) 0.023(1) 0.009(1) -0.005(1) 0.001(1) -0.002(1)
0(4) 0.016(1) 0.013(1) 0.025(1) -0.005(1) -0.002(1) 0.003(1)
0(5) 0.013(1) 0.023(1) 0.013(1) -0.005(1) -0.003(1) 0.000(1)
0(6) 0.028(1) 0.017(1) 0.020(1) -0.010(1) -0.005(1) 0.002(1)
0(7) 0.008(1) 0.026(1) 0.026(1) -0.002(1) 0.001(1) -0.002(1)
0(8) 0.014(1) 0.017(1) 0.018(1) 0.000(1) 0.002(1) -0.005(1)
0(9) 0.019(1) 0.015(1) 0.015(1) 0.001(1) 0.000(1) -0.007(1)
0(10) 0.016(1) 0.010(1) 0.015(1) -0.004(1) -0.002(1) -0.002(1)
O(ll) 0.016(1) 0.012(1) 0.018(1) -0.005(1) -0.006(1) 0.000(1)
0(12) 0.014(1) 0.011(1) 0.023(1) -0.006(1) 0.000(1) 0.001(1)
C(2) 0.035(4) 0.049(5) 0.072(7) -0.018(5) -0.020(5) 0.012(4)
N(3) 0.093(9) 0.080(8) 0.071(7) -0.026(6) 0.003(6) -0.04(6)
0(5) 0.047(6) 0.088(10) 0.120(12) -0.028(9) 0.003(7) -0.030(6)
N(6) 0.041(4) 0.053(5) 0.088(7) -0.024(5) -0.008(4) -0.012(3)
N(3') 0.067(6) 0.072(6) 0.060(6) -0.014(5) -0.001(5) 0.004(5)
0(2') 0.089(10) 0.070(8) 0.052(7) -0.017(6) -0.010(6) 0.002(8)
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N(6') 0.130(20) 0.670(100) 0.230(40) 0.200(50) 0.030(20) 0.150(40)
C(5') 0.710(110) 0.370(60) 0.150(30) 0.120(30) -0.180(50) -0.460(70)
C(l) 0.070(4) 0.086(4) 0.051(3) -0.021(3) -0.005(3) 0.027(3)
C(4) 0.197(12) 0.167(10) 0.098(7) -0.047(7) 0.037(7) -0.135(10)
C(7) 0.162(9) 0.053(3) 0.089(5) 0.004(3) 0.080(6) 0.0010(4)

Table 8.13 - Anisotropic displacementparameters (A2) for [F, cyclamJ-AIPO-CHA. The anisotropic

displacementfactor exponent takes theform; -2n2 [ h2 a*2 Uu +... + 2 h k a* b* UI2].

X y z U(eq) Occupancy
H(2A) 0.6053 0.5074 0.6284 0.076 0.5

H(2B) 0.6675 0.5990 0.7333 0.076 0.5

H(3A) 0.4793 0.7143 0.5125 0.120 0.375

H(3B) 0.5204 0.8007 0.6179 0.120 0.375

H(5A) 0.8513 0.5988 0.5098 0.125 0.5

H(5B) 0.8489 0.6994 0.3526 0.125 0.5

H(6A) 0.7554 0.4663 0.3736 0.088 0.375

H(6B) 0.6324 0.5078 0.4619 0.088 0.375

H(3'A) 0.6492 0.5436 0.5494 0.100 0.375

H(3'B) 0.7284 0.5931 0.6623 0.100 0.375

H(2'A) 0.4435 0.6810 0.5896 0.105 0.5

H(2'B) 0.5283 0.7483 0.7006 0.105 0.5

H(6'A) 0.5117 0.2313 0.6977 0.587 0.375

H(6'B) 0.4884 0.3481 0.5631 0.587 0.375

H(5'A) 0.7725 0.6476 0.3317 0.624 0.5

H(5'B) 0.7321 0.8179 0.2667 0.624 0.5

H(1 A) 0.3875 0.6161 0.7916 0.103 1.0

H(1B) 0.4968 0.5033 0.8865 0.103 1.0

H(4A) 0.6748 0.8394 0.4072 0.224 1.0

H(4B) 0.7555 0.8014 0.5530 0.224 1.0

H(7A) 0.3530 0.3429 0.8327 0.161 1.0

H(7B) 0.2997 0.4502 0.6939 0.161 1.0

Table 8.14 - Hydrogen coordinates and isotropic displacementparameters (A2) for [F, cyclamj-

AIPO-CHA.
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8.1.4 [F, Cu-cyclam]-AIPO-SAS

Identification code [F, Cu-cyclamj-AlPO-SAS
Empirical formula [A1I6P I6G64F4][CuCioFF?4N4.2H20]2
Formula weight 2627.01

Temperature 150(2)K
Wavelength 0.68870 A

Crystal system, space group Monoclinic, P 2fn
Unit cell dimensions a = 10.3738(4) A a = 90 0

b= 14.8060(5) A p = 90.2750(10)°
c= 13.4494(5) A y = 90°

Volume 2065.73(13) A3
Z, Calculated density 1, 2.112 Mg/m3
Absorption coefficient 0.955 mm'1
F(000) 1318

Crystal size 0.07x0.04x0.015 mm

Theta range for data collection 1.98 to 29.35 0

Limiting indices -14<=h<=14

-16<=k<=19

-17<=I<=18

Reflections collected / unique 14425 / 5587 [R(int) = 0.0300]
Completeness to theta = 29.35 89.60%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5587/0/304

Goodness-of-fit on F2 1.118

Final R indices [I>2sigma(l)] R, =0.0516, wR2 = 0.1483
R indices (all data) R, = 0.0591, wR2 = 0.1513
Largest diff. peak and hole 1.042 and-1.392 e.A"3

Table 8.15 - Crystal data and structure refinementfor [F, Cu-cyclamJ-AlPO-SAS.

X y z U(eq) Occupancy
Cu(l) 0 0 0 0.015(1) 1.0

Al(l) 0.7655(1) 0.1053(1) 0.3492(1) 0.008(1) 1.0

Al(2) 0.2296(1) 0.1006(1) 0.3870(1) 0.007(1) 1.0

Al(3) 0.5075(1) 0.1041(1) 0.7278(1) 0.006(1) 1.0

Al(4) 0.9978(1) 0.2320(1) 0.6158(1) 0.006(1) 1.0

P(l) 0.2327(1) 0.1045(1) 0.6198(1) 0.007(1) 1.0

P(2) 0.7592(1) 0.1079(1) 0.5973(1) 0.007(1) 1.0

P(3) 0.4858(1) 0.1058(1) 0.2647(1) 0.007(1) 1.0

P(4) -0.0005(1) 0.2350(1) 0.3784(1) 0.006(1) 1.0

F(l) 0.7909(2) 0.0916(2) 0.2204(2) 0.022(1) 1.0

O(l) 0.8562(2) 0.1748(2) 0.6431(2) 0.012(1) 1.0

0(2) 0.8037(3) 0.0131(2) 0.6312(2) 0.014(1) 1.0

0(3) 0.7525(3) 0.1168(2) 0.4869(2) 0.016(1) 1.0
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0(4) 0.5954(2) 0.1217(2) 0.3365(2) 0.014(1) 1.0

0(5) 0.4978(2) 0.1630(2) 0.1713(2) 0.011(1) 1.0

0(6) 0.4786(3) 0.0069(2) 0.2313(2) 0.013(1) 1.0

0(7) 0.3601(2) 0.1320(2) 0.3163(2) 0.013(1) 1.0

0(8) 0.0986(2) 0.1638(2) 0.3475(2) 0.014(1) 1.0

0(9) 0.0109(2) 0.2515(2) 0.4901(2) 0.012(1) 1.0

0(10) 0.0301(2) 0.3245(2) 0.3275(2) 0.011(1) 1.0

O(ll) -0.1340(2) 0.2038(2) 0.3487(2) 0.015(1) 1.0

0(12) 0.2626(3) 0.1233(2) 0.5103(2) 0.015(1) 1.0

0(13) 0.1822(3) 0.0098(2) 0.6339(2) 0.017(1) 1.0

0(14) 0.1309(2) 0.1714(2) 0.6562(2) 0.012(1) 1.0

0(15) 0.3557(2) 0.1213(2) 0.6793(2) 0.014(1) 1.0

0(16) 0.6264(2) 0.1267(2) 0.6417(2) 0.013(1) 1.0

0( 17) 0.0183(3) -0.0049(2) 0.1871(2) 0.030(1) 1.0

N(l) -0.1632(3) 0.0722(2) 0.0141(2) 0.014(1) 1.0

0(2) -0.1370(4) 0.1634(3) -0.0259(3) 0.022(1) 1.0

0(3) -0.0045(4) 0.1912(3) 0.0086(3) 0.023(1) 1.0

N(4) 0.0871(3) 0.1194(2) -0.0221(3) 0.019(1) 1.0

0(5) 0.2179(4) 0.1334(3) 0.0188(3) 0.023(1) 1.0

0(6) 0.3106(4) 0.0598(3) -0.0150(3) 0.023(1) 1.0

0(7) -0.2828(4) 0.0321(3) -0.0287(3) 0.020(1) 1.0

Table 8.16 - Atomic coordinates and equivalent isotropic displacementparameters (A2) for [F, Cu-

cyclam]-AlPO-SAS. IJ(eq) is defined as one third of the trace ofthe orthogonalized Uq tensor.

Cu(l)-N(4)#l 2.008(3) 0( 13 )#3 -Al( 1 )-0(3) 89.15(13)
Cu(l)-N(4) 2.008(3) 0(7)-Al(2)-0(12) 109.00(14)
Cu(l)-N(l)#l 2.012(3) 0(7)-Al(2)-0(8) 107.64(13)
Cu(l)-N(l) 2.012(3) 0(12)-Al(2)-0(8) 109.95(13)
Cu( 1 )-0( 17) 2.524(3) 0(7)-Al(2)-0(2)#3 109.91(13)
Al( 1 )-F( 1) 1.766(2) 0( 12)-Al(2)-0(2)#3 111.25(14)
Al(l)-0(4) 1.790(3) 0(8)-Al(2)-0(2)#3 109.01(14)
Al( 1 )-0( 11)#2 1.792(3) 0( 15)-Al(3)-0( 10)#4 108.99(13)
Al(l)-0(13)#3 1.802(3) 0(15)-A1(3)-0(16) 111.91(14)
Al( 1 )-0(3) 1.865(3) 0( 10)#4-A l(3)-0( 16) 107.91(13)
Al(2)-0(7) 1.722(3) 0(15)-Al(3)-0(6)#3 109.53(14)
Al(2)-0(12) 1.726(3) O(10)#4-Al(3)- 108.79(13)
Al(2)-0(8) 1.731(3) 0( 16)-AI(3)-0(6)#3 109.64(13)
Al(2)-0(2)#3 1.736(3) 0(9)#2-Al(4)-0(5)#4 105.89(13)
Al(3)-0(15) 1.720(3) 0(9)#2-Al(4)- 109.21(13)
Al(3)-O(10)#4 1.723(3) 0(5)#4-Al(4)- 109.42(13)
Al(3)-0(16) 1.728(3) 0(9)#2-AI(4)-0(l) 111.14(13)
Al(3)-0(6)#3 1.740(3) 0(5)#4-Al(4)-0(l) 110.27(13)
Al(4)-0(9)#2 1.721(3) 0( 14)#2-Al(4)-0( 1) 110.79(13)
Al(4)-0(5)#4 1.725(3) 0(13)-P(1)-0(15) 112.10(16)
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Chapter 8 - Appendix

F(l)-Al(l)-0(3) 175.38(13) N(4)-C(5)-C(6) 111.6(3)
0(4)-Al(l)-0(3) 90.35(13) C(7)#l-C(6)-C(5) 114.0(4)
0(ll)#2-Al(l)-0(3) 88.52(13) N(l)-C(7)-C(6)#l 111.7(3)

Table 8.17 - Bond lengths [A] and angles f°Jfor [F, Cu-cyclam/-AIPO-SAS. Symmetry

transformations used to generate equivalent atoms; #/ -x,-y,-z, #2 x+l,y,z, #3 -x+I,-y,-z+I, #4

x+l/2,-y+l/2,z+l/2, #5 x-l/2,-y+l/2,z-l/2, #6x-l,y,z.

Ull U22 U33 U23 U13 U12

Cu(l) 0.013(1) 0.012(1) 0.019(1) -0.001(1) -0.001(1) -0.001(1)
Al(l) 0.007(1) 0.008(1) 0.008(1) 0.000(1) 0.000(1) -0.001(1)
Al(2) 0.007(1) 0.007(1) 0.008(1) 0.000(1) 0.001(1) 0.002(1)
Al(3) 0.006(1) 0.005(1) 0.007(1) -0.001(1) 0.000(1) 0.000(1)
Al(4) 0.007(1) 0.006(1) 0.006(1) -0.001(1) 0.000(1) 0.000(1)
P(l) 0.007(1) 0.007(1) 0.007(1) -0.001(1) -0.001(1) 0.001(1)
P(2) 0.007(1) 0.007(1) 0.008(1) 0.000(1) 0.001(1) -0.001(1)
P(3) 0.007(1) 0.006(1) 0.007(1) 0.001(1) 0.000(1) 0.000(1)
P(4) 0.007(1) 0.006(1) 0.007(1) 0.001(1) 0.000(1) 0.001(1)
F(l) 0.029(1) 0.029(1) 0.008(1) -0.003(1) 0.003(1) 0.006(1)
O(l) 0.011(1) 0.012(1) 0.014(1) -0.002(1) 0.001(1) -0.003(1)
0(2) 0.015(1) 0.006(1) 0.020(1) 0.002(1) 0.000(1) 0.001(1)
0(3) 0.015(1) 0.023(1) 0.009(1) 0.000(1) 0.000(1) -0.002(1)
0(4) 0.009(1) 0.017(1) 0.015(1) -0.002(1) -0.003(1) 0.001(1)
0(5) 0.013(1) 0.008(1) 0.011(1) 0.004(1) 0.000(1) 0.001(1)
0(6) 0.018(1) 0.008(1) 0.012(1) 0.001(1) 0.000(1) -0.001(1)
0(7) 0.009(1) 0.015(1) 0.014(1) 0.002(1) 0.005(1) 0.000(1)
0(8) 0.013(1) 0.013(1) 0.015(1) -0.001(1) -0.001(1) 0.007(1)
0(9) 0.018(1) 0.014(1) 0.006(1) 0.000(1) 0.000(1) 0.002(1)
0(10) 0.014(1) 0.010(1) 0.010(1) 0.004(1) -0.001(1) -0.002(1)
O(ll) 0.009(1) 0.014(1) 0.021(1) 0.004(1) -0.001(1) -0.003(1)
0(12) 0.019(1) 0.018(1) 0.008(1) 0.001(1) 0.001(1) 0.003(1)
0(13) 0.015(1) 0.008(1) 0.028(2) 0.000(1) 0.003(1) 0.000(1)
0(14) 0.012(1) 0.010(1) 0.012(1) -0.002(1) -0.001(1) 0.005(1)
0( 15) 0.007(1) 0.019(1) 0.016(1) -0.005(1) -0.004(1) 0.002(1)
0(16) 0.008(1) 0.016(1) 0.017(1) 0.000(1) 0.006(1) 0.001(1)
0(17) 0.026(2) 0.047(2) 0.016(2) -0.007(1) -0.001(1) 0.009(1)
N(l) 0.013(1) 0.014(1) 0.017(2) -0.002(1) 0.001(1) 0.001(1)
C(2) 0.019(2) 0.016(2) 0.031(2) 0.004(2) 0.000(2) 0.002(2)
C(3) 0.023(2) 0.011(2) 0.035(2) -0.002(2) 0.000(2) -0.002(1)
N(4) 0.016(2) 0.015(2) 0.026(2) -0.003(1) -0.001(1) -0.002(1)
C(5) 0.016(2) 0.021(2) 0.031(2) -0.001(2) -0.002(2) -0.006(2)
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C(6) 0.015(2) 0.023(2) 0.030(2) -0.002(2) 0.002(2) -0.004(2)
C(7) 0.013(2) 0.019(2) 0.029(2) -0.001(2) -0.007(2) -0,001(1)

Table 8.18 - Anisotropic displacement parameters (A2) for [F, Cu cyclam] AlPO SAS. The

anisotropic displacementfactor exponent takes theform; -2J12 [ h2 a*2 Uu +... + 2 h k a* b* UI2 ].

X y z U(eq) Occupancy
H(l) -0.1774 0.0791 0.0819 0.022 1.0

H(2A) -0.2022 0.2068 -0.0015 0.033 1.0

H(2B) -0.1408 0.1625 -0.0995 0.033 1.0

H(3A) 0.0198 0.2496 -0.0218 0.034 1.0

H(3B) -0.0031 0.1983 0.0818 0.034 1.0

H(4) 0.0952 0.1252 -0.0906 0.028 1.0

H(5A) 0.2139 0.1338 0.0923 0.034 1.0

H(5B) 0.2506 0.1930 -0.0031 0.034 1.0

H(6A) 0.3068 0.0554 -0.0884 0.034 1.0

H(6B) 0.3995 0.0776 0.0037 0.034 1.0

H(7A) -0.2733 0.0266 -0.1016 0.030 1.0

H(7B) -0.3564 0.0729 -0.0155 0.030 1.0

Table 8.19 - Hydrogen coordinates and isotropic displacement parameters (A2) for [F, Cu-cyclamJ-

A1PO-SAS.
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8.1.5 [F, Cu-cyclam]-AIPO-LTA

Identification code [F, Cu-cyclam|-AIPO-LTA
Empirical formula [Al6P6024F,.2o]l6[C3H,oN]2.160

[CUCIOH24N4 2H20]S 576

Formula weight 7789.06

Temperature 150(2) K
Wavelength 0.68870 A

Crystal system, space group Cubic, F m -3 c

Unit cell dimensions a = 23.7050(19) A a = 90°
b = 23.7050(19) A p = 90°
c = 23.7050(19) A y = 90°

Volume 13320.5(18) A3
Z, Calculated density 1, 1.843 Mg/m3
Absorption coefficient 0.778 mm"1
F(000) 7394

Crystal size 0.04 x 0.04 x 0.04 mm

Theta range for data collection 1.66 to 29.47°

Fimiting indices -33<=h<=6

-33<=k<=33

-26<=1<=28

Reflections collected / unique 12744/894 [R(int) = 0.0429]
Completeness to theta = 29.47 97.30%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 894/0/38

Goodness-of-fit on F2 1.708

Final R indices [I>2sigma(l)] R, = 0.1324, wR2 = 0.3580
R indices (all data) R, =0.1383, wR2 = 0.3640
Fargest diflf. peak and hole 5.066 and-1.751 e.A"3

Table 8.20 - Crystal data and structure refinementfor [F, Cu-cyclumj-AlPO-LTA.

X y z U(eq) Occupancy
P(l) 0.1820(1) 0.5000 0.4039(1) 0.027(1) 1.0

Al(l) 0.1896(1) 0.5854(1) 0.5000 0.034(1) 1.0

0(1) 0.1687(2) 0.5526(1) 0.4380(2) 0.037(1) 1.0

0(2) 0.2439(2) 0.5000 0.3856(2) 0.037(1) 1.0

0(3) 0.1468(2) 0.5000 0.3512(2) 0.034(1) 1.0

F(l) 0.2500 0.5000 0.5000 0.100(5) ?

N(l) 0.0 0.5000 0.5000 0.220(60) ?

C(l) 0.0485 0.5000 0.4583 0.380(60) ?

Table 8.21 - Atomic coordinates and equivalent isotropic displacementparameters (A2) for [F, Cu-

cyclam]-AlPO-L TA. U(eq) is defined as one third ofthe trace of the orthogonalized Uy tensor.
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P(l)-0(3) 1.500(5) 0(1)#1-P(1)-0(1) 110.3(3)
P(l)-0(1)#1 1.519(3) 0(3)-P(l)-0(2) 107.3(3)
P(l)-0(1) 1.519(3) 0(l)#l-P(l)-0(2) 1 10.47(17)
P(l)-0(2) 1.530(4) 0(l)-P(l)-0(2) 110.47(17)
Al(l)-0(2)#2 1.722(5) 0(2)#2-Al( 1 )-0( 1) 116.14(15)
Al( 1 )-0( 1) 1.736(4) 0(2)#2-Al( 1 )-0( 1 )#3 116.14(15)
Al(l)-0(1)#3 1.736(4) 0(1)-A1(1)-0(1)#3 115.8(3)
Al(l)-0(3)#4 1.747(5) 0(2)#2-Al( 1 )-0(3)#4 100.1(3)
0(2)-Al(l )#2 1.722(5) 0( 1 )-Al( 1 )-0(3)#4 102.45(16)
0(3)-Al(l)#5 1.747(5) 0( 1 )#3-Al( 1 )-0(3)#4 102.45(16)
N(l)-C(l) 1.516(1) P( I )~0( 1)-Al( 1) 139.4(3)

P(l)-0(2)-Al(l)#2 140.0(4)
0(3)-P(l)-0(l)#l 109.10(17) P(l)-0(3)-Al(l)#5 157.3(4)
0(3)-P(l)-0(l) 109.10(17) C(l)#6-N(l)-C(l) 119.6

Table 8.22 - Bond lengths [A] and angles [°]for [F, Cu-cyclamJ-AlPO-LTA. Symmetry

transformations used to generate equivalent atoms; #1 x,-y+l,z, #2 -x+l/2,-z+l,-y+l, #3 x,y,-z+l, #4

-z+l/2,x+l/2,-y+], #5y-l/2,z,-x+l/2, #6 -y+l/2,-z+lpc+l/2, #7x,-y+l,-z+l, #8y-l/2,zpc+l/2, #9-x,-

y+l,-Z+l, #10 z-l/2,-x+l/2,y, #11 -z+l/2,-x+l/2,-y+l, #12 z-l/2pc+l/2,y, #13 -x,y,z, #14 -y+l/2,-z+l,-

x+1/2

Ull U22 U33 U23 U13 U12

P(l) 0.028(1) 0.023(1) 0.029(1) 0.0 0.001(1) 0.0

Al(l) 0.033(1) 0.038(1) 0.030(1) 0.0 0.0 -0.003(1)
0(1) 0.046(2) 0.028(2) 0.038(2) -0.008(1) -0.004(1) 0.007(1)
0(2) 0.025(2) 0.046(3) 0.039(3) 0.0 0.004(2) 0.0

0(3) 0.035(2) 0.032(2) 0.035(2) 0.0 -0.004(2) 0.0

F(l) 0.091(13) 0.104(8) 0.104(8) 0.0 0.0 0.0

Table 8.23 - Anisotropic displacementparameters (A2) for [F, Cu-cyclamJ-AlPO-LTA. The

anisotropic displacementfactor exponent takes the form; -2TC2 [ It2 a*2 Uu +... + 2 h k a* b* UI2 ].
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8.1.6 [F, Tet-A]-AIPO-1

Identification code [F, Tet-A]-AlPO-l
Empirical formula [AlioP,o04oF2][C,6H38N4]
Formula weight 1544

Temperature 150(2)K
Wavelength 0.68870 A

Crystal system, space group Orthorhombic, Pca2,
Unit cell dimensions a = 16.8349(3) A a = 90°

b = 9.6773(2) A p = 90 °
c = 32.7691(6) A y = 90°

Volume 5338.62(18) A3
Z, Calculated density 4, 1.921 Mg/m3
Absorption coefficient 0.483 mm'1
F(000) 3120

Crystal size 0.06 x 0.05 x 0.025 mm

Theta range for data collection 1.68 to 29.36 °

Limiting indices -23<=h<= 17

-13<=k<=13

-46<=1<=44

Reflections collected / unique 38169/14152 [R(int) = 0.0861]
Completeness to theta = 29.36 93.50%

Absorption correction None

Refinement method Full-matrix least-squares on F
Data / restraints / parameters 14152/683/530

Goodness-of-fit on F2 1.029

Final R indices [I>2sigma(I)] R, =0.1035, wR2 = 0.2858
R indices (all data) R, =0.1261, wR2 = 0.2959
Absolute structure parameter 0.0(13)
Largest diff. peak and hole 2.290 and -1.430 e.A-3

Table 8.24 - Crystal data and structure refinementfor [F, Tet-Aj-AITO-L

X y z U(eq) Occupancy
Al(l) 0.4449(2) 0.2793(3) 0.2625(1) 0.011(1) 1.0

Al(2) 0.1808(2) 0.5026(3) 0.1919(1) 0.010(1) 1.0

Al(3) 0.6822(2) -0.0283(3) 0.2789(1) 0.007(1) 1.0

Al(4) 0.6938(2) 0.1926(3) 0.4304(1) 0.011(1) 1.0

Al(5) 0.4344(2) -0.0018(3) 0.3780(1) 0.008(1) 1.0

Al(6) 0.6655(2) 0.7690(3) 0.4317(1) 0.011(1) 1.0

Al(7) 0.4310(2) 0.0018(3) 0.4998(1) 0.010(1) 1.0

Al(8) 0.4287(2) 0.4818(3) 0.4121(1) 0.007(1) 1.0

Al(9) 0.4163(2) -0.2931(3) 0.2587(1) 0.011(1) 1.0

Al(10) 0.6854(2) 0.4922(3) 0.3147(1) 0.008(1) 1.0

P(l) 0.3643(2) 0.4807(2) 0.1972(1) 0.012(1) 1.0

P(2) 0.6356(1) 0.2669(2) 0.2528(1) 0.010(1) 1.0
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P(3) 0.3669(1)
P(4) 0.6190(2)
P(5) 0.3546(1)
P(6) 0.6154(1)
P(7) 0.6130(2)
P(8) 0.3820(1)
P(9) 0.3675(2)
P(10) 0.6033(1)
0(1) 0.5167(4)
0(2) 0.6618(4)
0(3) 0.4008(4)
0(4) 0.2758(5)
0(5) 0.6548(4)
0(6) 0.6328(4)
0(7) 0.6653(5)
0(8) 0.6580(5)
0(9) 0.3720(5)
0(10) 0.5358(4)
O(ll) 0.2670(4)
0(12) 0.6428(5)
0( 13) 0.6257(5)
0(14) 0.2816(4)
0( 15) 0.7934(4)
0(16) 0.4003(4)
0(17) 0.6245(5)
0( 18) 0.6242(5)
0(19) 0.5471(4)
0(20) 0.5259(4)
0(21) 0.4128(4)
0(22) 0.4228(4)
0(23) 0.1171(4)
0(24) 0.6767(4)
0(25) 0.6749(5)
0(26) 0.6563(5)
0(27) 0.4056(5)
0(28) 0.6379(5)
0(29) 0.4083(5)
0(30) 0.3839(6)
0(31) 0.3816(5)
0(32) 0.3709(4)
0(33) 0.5264(5)
0(34) 0.4117(4)
0(35) 0.2823(4)
0(36) 0.3836(5)
0(37) 0.3961(5)
0(38) 0.3726(5)
0(39) 0.6292(6)

0.0001(2) 0.2859(1)
-0.0073(2) 0.3688(1)
0.2053(2) 0.4380(1)
0.4731(2) 0.4051(1)
-0.0094(2) 0.4937(1)
0.7714(2) 0.4401(1)
0.4818(2) 0.3222(1)
0.6993(2) 0.2519(1)
0.7392(8) 0.2549(2)
0.1162(7) 0.2497(2)
-0.1580(7) 0.4804(2)
0.4524(9) 0.2063(3)
-0.1723(7) 0.2512(2)
0.5992(7) 0.4298(2)
0.0941(8) 0.4715(2)
0.3364(8) 0.2126(2)
0.1274(8) 0.4770(2)
0.0368(7) 0.3782(2)
0.2349(8) 0.4341(3)
0.3462(7) 0.4294(2)
-0.0161(7) 0.3229(3)
0.0408(8) 0.2912(3)
0.2313(8) 0.4327(2)
0.3408(7) 0.4408(2)
0.6120(8) 0.2890(2)
0.8503(8) 0.4733(2)
0.2747(7) 0.2577(2)
0.4630(8) 0.3978(3)
0.6256(7) 0.4422(2)
-0.1548(8) 0.4046(2)
0.3818(7) 0.2124(2)
0.1000(8) 0.3851(2)
0.3345(8) 0.2891(2)
0.4766(8) 0.3637(3)
-0.0221(8) 0.3271(3)
-0.1488(8) 0.3865(2)
0.3705(8) 0.2219(2)
0.4742(10) 0.1533(3)
0.1260(8) 0.4003(2)
-0.1313(7) 0.2609(2)
0.0349(9) 0.4851(3)
0.1075(8) 0.2628(2)
0.4520(7) 0.3101(2)
0.6225(8) 0.2160(2)
0.6140(8) 0.3025(2)
0.4929(7) 0.3679(3)
-0.0120(9) 0.5381(3)
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0.009(1) 1.0

0.010(1) 1.0

0.010(1) 1.0

0.009(1) 1.0

0.012(1) 1.0

0.010(1) 1.0

0.010(1) 1.0

0.010(1) 1.0

0.023(1) 1.0

0.018(1) 1.0

0.018(1) 1.0

0.026(1) 1.0

0.016(1) 1.0

0.021(1) 1.0

0.024(1) 1.0

0.022(1) 1.0

0.022(1) 1.0

0.016(1) 1.0

0.023(1) 1.0

0.024(1) 1.0

0.018(1) 1.0

0.021(1) 1.0

0.023(1) 1.0

0.018(1) 1.0

0.023(1) 1.0

0.025(1) 1.0

0.023(1) 1.0

0.021(1) 1.0

0.016(1) 1.0

0.023(1) 1.0

0.018(1) 1.0

0.021(1) 1.0

0.024(1) 1.0

0.020(1) 1.0

0.020(1) 1.0

0.028(1) 1.0

0.024(1) 1.0

0.034(1) 1.0

0.024(1) 1.0

0.021(1) 1.0

0.026(1) 1.0

0.024(1) 1.0

0.016(1) 1.0

0.025(1) 1.0

0.028(1) 1.0

0.018(1) 1.0

0.034(1) 1.0
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0(40) 0.4189(4) 0.3619(8) 0.3074(2) 0.021(1) 1.0

F(l) 0.4173(4) 0.0064(6) 0.5500(2) 0.023(1) 1.0

F(2) 0.1706(4) 0.5127(6) 0.1417(2) 0.023(1) 1.0

N(l) 0.4557(5) 0.8946(8) 0.1240(3) 0.029(2) 1.0

N(4) 0.4523(5) 0.6069(8) 0.0916(2) 0.022(2) 1.0

N(8) 0.2914(5) 0.6501(8) 0.0732(2) 0.024(2) 1.0

N( 11) 0.2983(5) 0.9349(8) 0.1047(3) 0.026(2) 1.0

C(2) 0.5116(6) 0.7861(10) 0.1371(3) 0.030(2) 1.0

C(3) 0.5253(5) 0.6827(11) 0.1022(3) 0.030(2) 1.0

C(5) 0.4522(5) 0.5095(8) 0.0570(2) 0.019(2) 1.0

C(6) 0.3687(4) 0.4473(11) 0.0522(3) 0.028(2) 1.0

C(7) 0.3036(5) 0.5506(10) 0.0397(3) 0.029(2) 1.0

C(9) 0.2288(6) 0.7529(10) 0.0649(3) 0.033(3) 1.0

C(10) 0.2236(6) 0.8569(11) 0.1002(3) 0.036(3) 1.0

C(12) 0.2987(5) 1.0557(9) 0.1320(2) 0.033(3) 1.0

C(13) 0.3843(5) 1.1106(12) 0.1338(4) 0.038(3) 1.0

C(14) 0.4474(5) 1.0132(9) 0.1518(3) 0.020(2) 1.0

C(15) 0.5218(7) 1.1025(16) 0.1582(6) 0.057(5) 1.0

C(16) 0.4818(8) 0.5742(15) 0.0170(3) 0.040(2) 1.0

C(17) 0.5100(8) 0.3930(13) 0.0686(4) 0.047(2) 1.0

C(18) 0.2275(7) 0.4737(16) 0.0273(4) 0.044(4) 1.0

C(19) 0.2676(8) 1.0130(14) 0.1743(3) 0.040(2) 1.0

C(20) 0.2451(8) 1.1661(14) 0.1125(4) 0.047(2) 1.0

Table 8.25 - Atomic coordinates and equivalent isotropic displacementparameters (A2) for [F, Tet-

Aj-AlPO-1. U(eq) is defined as one third ofthe trace ofthe orthogonalized Uy tensor.

Al(l)-0(29) 1.711(8)
Al(l)-0(19) 1.730(7)
Al(l)-O(40) 1.732(7)
Al(l)-0(34) 1.753(8)
Al(2)-F(2) 1.655(8)
Al(2)-0(23) 1.722(8)
Al(2)-0(4) 1.738(8)
Al(2)-0(8)#1 1.743(8)
Al(3)-0(14)#2 1.724(7)
Al(3)-0(5) 1.728(7)
Al(3)-0(2) 1.730(7)
Al(3)-0(13) 1.730(9)
Al(4)-0(7) 1.719(8)
Al(4)-0(15) 1.719(7)
Al(4)-0(12) 1.717(8)
Al(4)-0(24) 1.759(7)
AI(5)-0(31) 1.689(8)
Al(5)-0(22) 1.730(8)

F(l)-AI(7)-0(33) 114.0(4)
F(l)-Al(7)-0(9) 109.1(4)
0(33 )-Al(7)-0(9) 106.5(4)
F(l)-Al(7)-0(3) 110.1(3)
0(33)-Al(7)-0(3) 109.7(4)
0(9)-Al(7)-0(3) 107.2(4)
O(20)-Al(8)-O(3 8) 107.5(4)
O(20)-Al(8)-O( 16) 109.2(4)
0(38)-Al(8)-0( 16) 110.7(4)
O(20)-Al(8)-O(21) 113.0(4)
0(38)-Al(8)-0(21) 110.1(4)
0(16)-A1(8)-0(21) 106.4(4)
0(36)#5-Al(9)- 110.1(4)
0(36)#5-AI(9)- 111.6(4)
0(1)#5-A1(9)- 110.3(4)
0(36)#5-Al(9)-0(32) 108.7(4)
0( 1 )#5-Al(9)-0(32) 105.7(4)
0(37)#5-Al(9)-0(32) 110.3(4)
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o

o

O

O

o

o

O

o

o

O

r-*s

U)

U)

U)

to

to

to

>—>

v—»

>—»

i—»

—a

ON

00

LK)

to

00

Ol

-P

>—*

N-/

w

<s—^

>

>

>

>

jo

jv

>

>

00

-o

00

NO

—»

ON

o

U)

ON

o

4t

4fc

44=

Ul

4^

LO

44=

4^

Ol

ON

—»

oo

>

'to

^5
00

44=44=Si=8=
wO45

NOto ' lO
nDN0"0N0'~0"0^0"0N0N0"OTJ"0'^N0 NONONONOOOOOOOOO-4-0^4

44=
no

0oo
1II ooo —N/l— ^̂w 4^

IIIIIIII■I OOOOOOOOOO U)U)U)K)W-K)W
N/I^a

00[OW W4^ -P—

-U)oo
"5= N/i

o
\1

U)WWUJWWWWWWvlsJv]>vlsjs>)viNjtO-K)^U)K)K)-K)-^--K)WK)--K)--OK)--O^K)- 00\lNjsjsjsj0000NlsJ4i4^4^4^4^^-t^4^0NW0N4^W\00NU)^OWUi\0WWWUiN)Oi0NW4^^^0WUiNja\Nj 4^4^4^4 -̂P-P4^4^4^4^^iui(yiiyi4^4^^i4^oooovjoovioooov]Nj«saoo'—a—J's]sjv]sjoos)oo'Ooosa—asjoooooo
10

P

CTQ

a

tO tO

ON

'S

OJ

"0"10 -—S/—\ ONto
tOtO 00-O

1i>>
tOtO ONN/i

ii>>

ONN/i——
44= N/i

■o-to

OOOOO
o

^=

O^- tO to

oôcL
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Chapter 8 - Appendix

C(13)-C(14) 1.537(4) P( 1 )-0(29)-Ai( 1) 160.9(5)
C(14)-C(15) 1.537(4) P(5)-0(31)-A1(5) 151.2(5)

P(3)-0(32)-Al(9) 142.7(5)
0(29)-Al(l)-0(19) 107.5(4) P(7)-0(33)-Al(7) 141.6(6)
0(29)-Al( 1 )-O(40) 109.4(4) P(3)-0(34)-Al(l) 145.7(5)
O(19)-Al(l)-O(40) 109.9(4) P(9)-0(3 5)-Al( 10)# 1 144.3(5)
0(29)-Al(l)-0(34) 112.3(4) P( 1 )-0(36)-Al(9)#4 145.2(6)
0(19)-AI(l)-0(34) 107.1(4) P(9)-0(37)-Al(9)#4 149.1(6)
O(40)-Al( 1 )-0(34) 110.6(4) P(9)-0(38)-Al(8) 149.1(6)
F(2)-Al(2)-0(23) 111.3(4) P(9)-O(40)-Al(l) 139.8(5)
F(2)-AI(2)-0(4) 112.4(4) C(14)-N(l)-C(2) 115.8(7)
0(23 )-A l(2)-0(4) 106.1(4) C(3)-N(4)-C(5) 120.0(7)
F(2)-A1(2)-0(8)#1 108.1(4) C(9)-N(8)-C(7) 113.8(7)
0(23)-AI(2)-0(8)#l 108.5(4) C(12)-N(l 1)-C(10) 118.1(8)
0(4)-Al(2)-0(8)#1 110.3(4) N(l)-C(2)-C(3) 110.0(8)
0( 14)#2-Al(3 )-0(5) 109.0(4) N(4)-C(3)-C(2) 111.9(8)
0( 14)#2-Al(3)-0(2) 112.3(4) N(4)-C(5)-C(16) 113.4(8)
0(5)-Al(3)-0(2) 107.8(4) N(4)-C(5)-C(6) 109.3(7)
0(14)#2-A1(3)-0(13) 110.1(4) C(16)-C(5)-C(6) 111.6(8)
0(5)-AI(3)-0(13) 110.3(4) N(4)-C(5)-C(17) 106.2(8)
0(2)-Al(3)-0(13) 107.3(4) C(16)-C(5)-C(l 7) 107.7(9)
0(7)-Al(4)-0(15) 111.1(4) C(6)-C(5)-C(17) 108.5(8)
0(7)-AI(4)-0(12) 110.8(4) C(7)-C(6)-C(5) 115.1(8)
0(15)-A1(4)-0(12) 107.5(4) N(8)-C(7)-C(6) 109.1(7)
0(7)-Al(4)-0(24) 109.5(4) N(8)-C(7)-C(l 8) 113.3(9)
0( 15)-Al(4)-0(24) 107.8(4) C(6)-C(7)-C(l 8) 110.5(9)
0( 12)-Al(4)-0(24) 110.1(4) N(8)-C(9)-C(10) 110.1(8)
0(3 l)-Al(5)-0(22) 110.4(4) N(11 )-C( 10)-C(9) 111.1(8)
0(31)-A1(5)-0(10) 110.8(4) N(11 )-C( 12)-C( 19) 109.5(9)
O(22)-Al(5)-O(10) 106.9(4) N(11 )-C( 12)-C( 13) 107.6(8)
0(31)-AI(5)-0(27) 110.4(4) C(19)-C(12)-C(13) 112.2(9)
0(22)-Al(5)-0(27) 110.7(4) N(ll)-C(12)-C(20) 107.2(9)
0( 10)-Al(5)-O(27) 107.4(4) C( 19)-C( 12)-C(20) 111.2(9)
0( 11 )#3-Al(6)-0( 18) 112.2(4) C(13)-C(12)-C(20) 109.0(9)
0(1 l)#3-Al(6)-0(6) 107.3(4) C(14)-C(13)-C(12) 116.7(9)
0( 18)-Al(6)-0(6) 109.4(4) N(l)-C(14)-C(15) 116.4(9)
0(11)#3-A1(6)- 108.4(4) N(l)-C(14)-C(13) 107.8(8)
0( 18)-Al(6)-0(28)#4 110.8(4) C(15)-C(14)-C(13) 105.7(10)
0(6)-Al(6)-0(28)#4 108.5(4)

Table 8.26 - Bond lengths [A] and angles [°Jfor [F, Tct-AJ-AlPO-1. Symmetry transformations

used to generate equivalent atoms; #1 x-l/2,-y+l,z #2 x+l/2,-y,z #3 x+l/2,-y+l,z #4 x,y+l,z #5 x,y-

l,z #6 x-l/2,-y,z
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Ull U22 U33 U23 U13 U12

Al(l) 0.011(1) 0.004(1) 0.019(1) 0.000(1) 0.002(1) -0.003(1)
Al(2) 0.012(1) 0.003(1) 0.014(1) -0.002(1) 0.006(1) -0.001(1)
Al(3) 0.006(1) 0.005(1) 0.012(1) 0.000(1) 0.000(1) -0.001(1)
Al(4) 0.011(1) 0.004(1) 0.019(1) 0.000(1) 0.002(1) -0.003(1)
Al(5) 0.006(1) 0.005(1) 0.012(1) 0.001(1) 0.004(1) 0.001(1)
Al(6) 0.011(1) 0.004(1) 0.019(1) 0.000(1) 0.002(1) -0.003(1)
Al(7) 0.012(1) 0.003(1) 0.014(1) -0.002(1) 0.006(1) -0.001(1)
Al(8) 0.006(1) 0.005(1) 0.012(1) 0.000(1) 0.000(1) -0.001(1)
Al(9) 0.011(1) 0.004(1) 0.019(1) 0.000(1) 0.002(1) -0.003(1)
Al(10) 0.006(1) 0.005(1) 0.012(1) 0.001(1) 0.004(1) 0.001(1)
P(l) 0.011(1) 0.012(1) 0.014(1) -0.001(1) 0.005(1) -0.003(1)
P(2) 0.009(1) 0.005(1) 0.015(1) 0.000(1) 0.001(1) 0.000(1)
P(3) 0.005(1) 0.006(1) 0.016(1) -0.001(1) 0.005(1) 0.000(1)
P(4) 0.007(1) 0.011(1) 0.012(1) 0.000(1) 0.006(1) -0.001(1)
P(5) 0.009(1) 0.005(1) 0.015(1) 0.000(1) 0.001(1) 0.000(1)
P(6) 0.005(1) 0.006(1) 0.016(1) -0.001(1) 0.005(1) 0.000(1)
P(7) 0.011(1) 0.012(1) 0.014(1) -0.001(1) 0.005(1) -0.003(1)
P(8) 0.009(1) 0.005(1) 0.015(1) 0.000(1) 0.001(1) 0.000(1)
P(9) 0.007(1) 0.011(1) 0.012(1) 0.000(1) 0.006(1) -0.001(1)
P(10) 0.009(1) 0.005(1) 0.015(1) 0.000(1) 0.001(1) 0.000(1)
O(l) 0.017(2) 0.020(2) 0.031(2) 0.000(2) 0.001(2) 0.005(2)
0(2) 0.021(2) 0.011(2) 0.022(2) 0.002(2) 0.001(2) -0.001(2)
0(3) 0.022(2) 0.011(2) 0.021(2) 0.001(2) -0.001(2) -0.003(2)
0(4) 0.019(2) 0.023(2) 0.038(2) 0.007(2) 0.000(2) 0.003(2)
0(5) 0.020(2) 0.009(2) 0.021(2) -0.001(2) 0.002(2) -0.005(2)
0(6) 0.024(2) 0.014(2) 0.024(2) -0.002(2) -0.004(2) 0.003(2)
0(7) 0.028(2) 0.020(2) 0.026(2) 0.002(2) -0.001(2) 0.006(2)
0(8) 0.027(2) 0.015(2) 0.026(2) 0.007(2) 0.006(2) 0.005(2)
0(9) 0.027(2) 0.015(2) 0.026(2) 0.007(2) 0.006(2) 0.005(2)
0(10) 0.010(2) 0.017(2) 0.022(2) -0.006(1) 0.000(2) -0.001(2)
O(ll) 0.009(2) 0.023(2) 0.036(2) -0.002(2) 0.004(2) 0.005(2)
0( 12) 0.032(2) 0.017(2) 0.023(2) 0.002(2) 0.005(2) -0.005(2)
0(13) 0.018(2) 0.022(2) 0.015(2) -0.004(2) -0.004(2) 0.001(2)
0( 14) 0.010(2) 0.017(2) 0.037(2) -0.006(2) -0.001(2) 0.000(2)
0(15) 0.017(2) 0.020(2) 0.031(2) 0.000(2) 0.001(2) 0.005(2)
0(16) 0.021(2) 0.011(2) 0.022(2) 0.002(2) 0.001(2) -0.001(2)
0(17) 0.025(2) 0.017(2) 0.026(2) 0.001(2) 0.001(2) 0.002(2)
0( 18) 0.033(2) 0.014(2) 0.028(2) -0.005(2) 0.006(2) 0.000(2)
0(19) 0.009(2) 0.023(2) 0.036(2) -0.002(2) 0.004(2) 0.005(2)
0(20) 0.010(2) 0.017(2) 0.037(2) -0.006(2) -0.001(2) 0.000(2)
0(21) 0.020(2) 0.009(2) 0.021(2) -0.001(2) 0.002(2) -0.005(2)
0(22) 0.025(2) 0.017(2) 0.026(2) 0.001(2) 0.001(2) 0.002(2)
0(23) 0.022(2) 0.011(2) 0.021(2) 0.001(2) -0.001(2) -0.003(2)
0(24) 0.020(2) 0.021(2) 0.024(2) -0.009(2) 0.002(2) -0.004(2)
0(25) 0.031(2) 0.017(2) 0.023(2) -0.006(2) -0.002(2) 0.004(2)
0(26) 0.017(2) 0.023(2) 0.020(2) 0.000(2) 0.003(2) 0.002(2)
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0(27) 0.017(2) 0.023(2) 0.020(2) 0.000(2) 0.003(2) 0.002(2)
0(28) 0.036(2) 0.018(2) 0.029(2) 0.008(2) -0.004(2) -0.010(2)
0(29) 0.028(2) 0.020(2) 0.026(2) 0.002(2) -0.001(2) 0.006(2)
0(30) 0.038(2) 0.041(3) 0.021(2) 0.000(2) -0.004(2) -0.009(2)
0(31) 0.031(2) 0.017(2) 0.023(2) -0.006(2) -0.002(2) 0.004(2)
0(32) 0.024(2) 0.014(2) 0.024(2) -0.002(2) -0.004(2) 0.003(2)
0(33) 0.019(2) 0.023(2) 0.038(2) 0.007(2) 0.000(2) 0.003(2)
0(34) 0.032(2) 0.017(2) 0.023(2) 0.002(2) 0.005(2) -0.005(2)
0(35) 0.010(2) 0.017(2) 0.022(2) -0.006(1) 0.000(2) -0.001(2)
0(36) 0.033(2) 0.014(2) 0.028(2) -0.005(2) 0.006(2) 0.000(2)
0(37) 0.036(2) 0.018(2) 0.029(2) 0.008(2) -0.004(2) -0.010(2)
0(38) 0.018(2) 0.022(2) 0.015(2) -0.004(2) -0.004(2) 0.001(2)
0(39) 0.038(2) 0.041(3) 0.021(2) 0.000(2) -0.004(2) -0.009(2)
0(40) 0.020(2) 0.021(2) 0.024(2) -0.009(2) 0.002(2) -0.004(2)
F(l) 0.027(2) 0.024(2) 0.018(2) -0.002(2) 0.008(3) -0.005(2)
F(2) 0.027(2) 0.024(2) 0.018(2) -0.002(2) 0.008(3) -0.005(2)
N(l) 0.028(4) 0.030(4) 0.029(3) -0.006(3) -0.004(3) -0.003(3)
N(4) 0.019(3) 0.024(4) 0.022(3) 0.004(3) -0.003(3) -0.001(3)
N(8) 0.021(3) 0.023(3) 0.029(3) 0.003(3) -0.003(3) -0.002(3)
N(11) 0.023(3) 0.021(4) 0.035(4) 0.001(3) -0.003(3) -0.005(3)
C(2) 0.025(4) 0.033(4) 0.034(4) 0.001(3) -0.005(3) -0.003(3)
0(3) 0.023(4) 0.026(4) 0.040(4) -0.003(3) 0.003(3) 0.000(3)
0(5) 0.014(3) 0.028(4) 0.015(3) 0.001(3) 0.002(3) 0.000(3)
0(6) 0.028(4) 0.032(4) 0.024(4) -0.003(3) 0.004(3) 0.003(3)
0(7) 0.028(4) 0.032(4) 0.027(4) 0.000(3) 0.004(3) 0.002(3)
0(9) 0.030(4) 0.030(4) 0.038(4) -0.005(4) -0.006(3) -0.002(3)
C(10) 0.035(4) 0.027(4) 0.047(4) -0.001(4) 0.008(4) 0.000(4)
0(12) 0.030(4) 0.033(4) 0.036(4) -0.003(4) -0.004(4) -0.001(4)
0(13) 0.041(5) 0.036(5) 0.038(4) -0.003(4) 0.005(4) 0.000(4)
0(14) 0.014(3) 0.027(4) 0.020(3) -0.006(3) 0.001(3) -0.002(3)
0(15) 0.033(8) 0.048(10) 0.089(12) -0.031(9) -0.009(7) -0.006(6)
0(16) 0.036(3) 0.049(4) 0.034(3) 0.002(3) 0.004(2) -0.003(3)
0(17) 0.042(3) 0.045(4) 0.052(3) -0.005(3) 0.003(3) 0.004(3)
0(18) 0.038(8) 0.064(10) 0.031(6) -0.009(6) -0.011(5) -0.011(7)
0(19) 0.036(3) 0.049(4) 0.034(3) 0.002(3) 0.004(2) -0.003(3)
C(20) 0.042(3) 0.045(4) 0.052(3) -0.005(3) 0.003(3) 0.004(3)

Table 8.27 - Anisotropic displacementparameters (A2) for [F, Tet-AJ-AlPO-1. The anisotropic

displacementfactor exponent takes the form; -27T2 [h2 a*2 Uu +... + 2 h k a* b* UI2].
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X y z U(eq) Occupancy
H(1 A) 0.4718 0.9270 0.0989 0.044 1.0

H(1 B) 0.4064 0.8550 0.1205 0.044 0.5

H(4A) 0.4133 0.6714 0.0867 0.033 1.0

H(4B) 0.4370 0.5583 0.1144 0.033 0.5

H(8A) 0.2783 0.6023 0.0965 0.036 1.0

H(8B) 0.3384 0.6958 0.0781 0.036 0.5

H(11A) 0.3366 0.8745 0.1137 0.039 1.0

H(11B) 0.3134 0.9644 0.0791 0.039 0.5

H(2A) 0.4898 0.7371 0.1611 0.046 1.0

H(2B) 0.5628 0.8286 0.1451 0.046 1.0

H(3A) 0.5446 0.7331 0.0778 0.045 1.0

H(3B) 0.5670 0.6160 0.1103 0.045 1.0

H(6A) 0.3711 0.3733 0.0314 0.042 1.0

H(6B) 0.3532 0.4040 0.0784 0.042 1.0

H(7) 0.3231 0.6030 0.0154 0.043 1.0

H(9A) 0.1771 0.7056 0.0615 0.049 1.0

H(9B) 0.2410 0.8024 0.0392 0.049 1.0

H(10A) 0.1793 0.9221 0.0951 0.055 1.0

H(10B) 0.2121 0.8069 0.1259 0.055 1.0

H(13A) 0.4008 1.1353 0.1058 0.057 1.0

H(13B) 0.3843 1.1968 0.1501 0.057 1.0

H(14) 0.4285 0.9791 0.1790 0.030 1.0

H(15A) 0.5646 1.0454 0.1696 0.085 1.0

H(15B) 0.5096 1.1778 0.1772 0.085 1.0

H(15C) 0.5388 1.1412 0.1320 0.085 1.0

H(16A) 0.5298 0.6284 0.0223 0.059 1.0

H(16B) 0.4405 0.6346 0.0057 0.059 1.0

H(16C) 0.4939 0.5008 -0.0027 0.059 1.0

H(17A) 0.4944 0.3532 0.0949 0.070 1.0

H(17B) 0.5640 0.4303 0.0706 0.070 1.0

H(17C) 0.5086 0.3210 0.0475 0.070 1.0

H(18A) 0.1870 0.5408 0.0190 0.067 1.0

H(18B) 0.2078 0.4199 0.0505 0.067 1.0

H(18C) 0.2391 0.4115 0.0045 0.067 1.0

H(19A) 0.2955 0.9297 0.1834 0.059 1.0

H(19B) 0.2105 0.9941 0.1726 0.059 1.0

H(19C) 0.2769 1.0881 0.1938 0.059 1.0

H(20A) 0.2651 1.1887 0.0852 0.070 1.0

H(20B) 0.2454 1.2495 0.1295 0.070 1.0

H(20C) 0.1908 1.1306 0.1104 0.070 1.0

Table 8.28 - Hydrogen coordinates and isotropic displacementparameters (A2) for [F, Tet-A]-
AlPO-1.
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Identification code | Zn-Tet-A)-AlPO-2
Empirical formula [A14(P04)4(HP04)2]4-

[ZnC16H36N4]2+-[Cl6H38N4]2+.2H20
Formula weight 1352.15

Temperature 150(2)K
Wavelength 0.69040 A

Crystal system, space group Triclinic, P -1
Unit cell dimensions a = 9.498(3) A a = 85.295(7)°

b = 11.791(4) A p = 76.105(7)°
c= 13.735(5) A y = 89.183(8)°

Volume 1488.2(9) A3
Z, Calculated density 1, 1.509 Mg/m3
Absorption coefficient 0.609 mm"1
F(000) 708

Crystal size 0.04 x 0.04 x 0.01 mm

Theta range for data collection 2.30 to 28.75 °

Limiting indices -13<=h<=13
-15<=k<=16

-18<=1<= 18

Reflections collected / unique 12512/7429 [R(int) = 0.0241]
Completeness to theta = 28.75 88.00%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7429 / 0 / 349

Goodness-of-fit on F2 0.965

Final R indices [I>2sigma(I)] R, = 0.0658, wR2 = 0.1761
R indices (all data) R, = 0.0768, wR2 = 0.1820
Largest diff. Peak and hole 1.815 and -0.764 e.A'3

Table 8.29 - Crystal data and structure refinementfor [Zn-Tet-A]-A!PO-2.

X y z U(eq) Occupancy
Zn(l) 0.0 0.0 0.0 0.022(1) 1.0

P(l) -0.2571(1) -0.0824(1) 0.2272(1) 0.016(1) 1.0

P(2) -0.8354(1) 0.0997(1) 0.3721(1) 0.014(1) 1.0

P(3) -0.3975(1) 0.1699(1) 0.4661(1) 0.014(1) 1.0

Al(l) -0.5351(1) 0.0058(1) 0.3423(1) 0.015(1) 1.0

Al(2) -0.1433(1) 0.0094(1) 0.4021(1) 0.014(1) 1.0

0(1) -0.1439(3) -0.0224(3) 0.1463(2) 0.033(1) 1.0

0(2) -0.2206(3) -0.0762(2) 0.3321(2) 0.023(1) 1.0

0(3) -0.2768(3) -0.2069(2) 0.2125(2) 0.031(1) 1.0

0(4) -0.4046(3) -0.0191(2) 0.2352(2) 0.026(1) 1.0

0(5) -0.6990(2) 0.0428(2) 0.3116(2) 0.021(1) 1.0

0(6) -0.1531(3) -0.0695(2) 0.5150(2) 0.023(1) 1.0
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0(7) -0.8326(3) 0.2269(2) 0.3501(2) 0.026(1) 1.0

0(8) 0.0351(2) 0.0451(2) 0.3426(2) 0.020(1) 1.0

0(9) -0.2389(2) 0.1373(2) 0.4223(2) 0.022(1) 1.0

0(10) -0.5556(3) -0.1153(2) 0.4263(2) 0.027(1) 1.0

0(11) -0.4143(3) 0.2974(2) 0.4667(2) 0.023(1) 1.0

0(12) -0.4926(3) 0.1229(2) 0.4018(2) 0.026(1) 1.0

N(l) 0.1692(5) -0.0797(4) 0.0544(4) 0.058(1) 1.0

N(4) 0.0894(5) 0.1523(4) 0.0306(5) 0.066(2) 1.0

C(2) 0.2672(7) 0.0072(8) 0.0632(6) 0.084(2) 1.0

0(3) 0.2023(8) 0.1186(6) 0.0828(4) 0.069(2) 1.0

0(5) 0.0120(10) 0.2544(5) 0.0468(5) 0.069(2) 1.0

0(6) -0.1033(9) 0.2689(5) -0.0119(10) 0.113(4) 1.0

0(7) 0.2128(9) -0.1930(7) 0.0222(7) 0.088(3) 1.0

0(8) 0.1006(14) 0.3600(7) 0.0468(9) 0.128(4) 1.0

0(9) -0.0763(14) 0.2401(8) 0.1638(6) 0.122(4) 1.0

C(10) 0.3434(8) -0.2467(7) 0.0445(7) 0.091(3) 1.0

N( 11) 0.6545(3) 0.6502(3) 0.3728(2) 0.024(1) 1.0

N(14) 0.6511(3) 0.6186(2) 0.6100(2) 0.023(1) 1.0

0(12) 0.7743(4) 0.6427(4) 0.4277(3) 0.029(1) 1.0

0(13) 0.7448(4) 0.5630(3) 0.5232(3) 0.029(1) 1.0

0(15) 0.6099(4) 0.5473(3) 0.7104(3) 0.026(1) 1.0

0(16) 0.4806(4) 0.5594(3) 0.2974(3) 0.028(1) 1.0

0(17) 0.6227(4) 0.5416(3) 0.3307(3) 0.026(1) 1.0

0(18) 0.5285(6) 0.6307(4) 0.7841(3) 0.041(1) 1.0

0(19) 0.7495(6) 0.5080(4) 0.7406(4) 0.043(1) 1.0

C(20) 0.7526(6) 0.5158(5) 0.2449(4) 0.052(1) 1.0

0(13) 0.9259(4) 0.3624(4) 0.4233(5) 0.089(2) 1.0

Table 8.30 - Atomic coordinates and equivalent isotropic displacementparameters (A2) for fZn-Tet-

AJ-AIPO-2. U(eq) is defined as one third of the trace of the orthogonalized Uj tensor.

Zn( 1 )-N( 1) 2.108(4) 0(3)-P(l)-0(4) 109.43(17)
Zn(l)-N(l)#l 2.108(4) 0(l)-P(l)-0(2) 110.47(15)
Zn(l)-N(4) 2.112(4) 0(3)-P(l)-0(2) 107.82(15)
Zn(l)-N(4)#l 2.112(4) 0(4)-P( 1 )-0(2) 105.58(14)
Zn( 1 )-0( 1) 2.140(3) 0(7)-P(2)-0(5) 112.29(15)
Zn( 1 )-0( 1 )# 1 2.140(3) 0(7)-P(2)-0(6)#2 109.96(15)
P(l)-0(1) 1.487(3) 0(5 )-P(2)-0(6)#2 108.51(14)
P(l)-0(3) 1.519(3) 0(7)-P(2)-0(8)#3 111.39(14)
P( 1 )-0(4) 1.563(2) 0(5)-P(2)-0(8)#3 105.58(13)
P( 1 )-0(2) 1.569(3) 0(6)#2-P(2)-0(8)#3 108.96(14)
P(2)-0(7) 1.505(3) 0( 11 )-P(3 )-0( 10)#2 109.49(15)
P(2)-0(5) 1.539(2) 0(1 l)-P(3)-0(9) 111.11(14)
P(2)-0(6)#2 1.540(2) 0( 10)#2-P(3)-O(9) 108.35(14)
P(2)-0(8)#3 1.547(2) 0(11)-P(3)-0(12) 109.87(14)
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P(3)-0(l 1) 1.511(2) 0( 10)#2-P(3)-O( 12) 109.39(16)
P(3)-O(10)#2 1.527(3) 0(9)-P(3)-0(12) 108.59(15)
P(3)-0(9) 1.538(2) O(4)-Al(l)-O(10) 109.20(13)
P(3)-0(12) 1.543(2) 0(4)-Al(l)-0(5) 110.23(12)
Al(l)-0(4) 1.724(3) O(10)-AI(l)-O(5) 111.08(13)
Al( 1 )-0( 10) 1.743(3) 0(4)-AI(l)-0(12) 112.67(14)
Al(l)-0(5) 1.749(2) O(10)-AI(l)-O(12) 109.24(14)
Al( 1 )-0( 12) 1.760(3) 0(5)-Al(l)-0(12) 104.36(12)
Al(2)-0(6) 1.725(3) 0(6)-Al(2)-0(2) 105.11(13)
Al(2)-0(2) 1.731(3) 0(6)-Al(2)-0(8) 111.02(12)

Al(2)-0(8) 1.736(2) 0(2)-Al(2)-0(8) 112.00(12)
Al(2)-0(9) 1.757(3) 0(6)-Al(2)-0(9) 110.28(13)
0(6)-P(2)#2 1.540(2) 0(2)-Al(2)-0(9) 111.33(13)
0(8)-P(2)#4 1.547(2) 0(8)-Al(2)-0(9) 107.15(12)
O(10)-P(3)#2 1.527(3) P( 1 )-0( 1 )-Zn( 1) 155.0(2)
N(l)-C(2) 1.425(9) P(l)-0(2)-AI(2) 143.31(17)

N( 1 )-C(7) 1.465(8) P(l)-0(4)-Al(l) 128.10(16)

N(4)-C(5) 1.407(8) P(2)-0(5)-Al(l) 130.97(15)

N(4)-C(3) 1.460(8) P(2)#2-0(6)-Al(2) 160.81(19)
C(2)-C(3) 1.460(10) P(2)#4-0(8)-AI(2) 136.29(16)

C(5)-C(6) 1.508(12) P(3)-0(9)-Al(2) 135.54(16)

C(5)-C(8) 1.513(10) P(3)#2-0( 10)-Al( 1) 149.58(18)

C(5)-C(9) 1.620(10) P(3)-0(12)-A1(1) 146.85(17)

C(6)-C(7)#l 1.422(12) C(2)-N(l)-C(7) 124.6(5)

C(7)-C(6)#l 1.422(12) C(2)-N(l)-Zn(l) 107.5(4)

C(7)-C(10) 1.471(9) C(7)-N(l)-Zn(l) 117.1(4)

N(11 )-C( 12) 1.507(5) C(5)-N(4)-C(3) 122.1(5)

N(11 )-C( 17) 1.511(5) C(5)-N(4)-Zn(l) 124.2(4)

N(14)-C(13) 1.498(5) C(3)-N(4)-Zn(l) 106.3(4)

N(14)-C(15) 1.523(5) N(l)-C(2)-C(3) 115.3(5)

C(12)-C(13) 1.520(5) N(4)-C(3)-C(2) 116.0(5)

C(15)-C(18) 1.535(6) N(4)-C(5)-C(6) 112.7(5)

C(15)-C(19) 1.537(6) N(4)-C(5)-C(8) 116.4(8)

C(15)-C(16)#5 1.559(5) C(6)-C(5)-C(8) 115.2(7)
C(16)-C(17) 1.532(5) N(4)-C(5)-C(9) 104.9(5)

C(16)-C(15)#5 1.559(5) C(6)-C(5)-C(9) 105.0(9)

C(17)-C(20) 1.534(6) C(8)-C(5)-C(9) 100.4(7)
C(7)#l-C(6)-C(5) 131.0(7)

N(l)-Zn(l)-N(l)#l 180.0(3) C(6)#l-C(7)-N(l) 118.3(6)

N(l)-Zn(l)-N(4) 84.7(2) C(6)#l-C(7)-C(10) 115.7(7)

N( 1 )# 1 -Zn( 1 )-N(4) 95.3(2) N(l)-C(7)-C(10) 120.2(8)

N( 1 )-Zn( 1 )-N(4)# 1 95.3(2) C(12)-N(l 1 )-C( 17) 115.4(3)

N( 1 )# 1 -Zn( 1 )-N(4)# 1 84.7(2) C( 13)-N( 14)-C( 15) 116.9(3)

N(4)-Zn(l)-N(4)#l 180.0(3) N(11)-C(12)-C(13) 115.3(3)

N(l)-Zn(l)-0(1) 90.95(17) N(14)-C(13)-C(12) 111.2(3)

N(l)#l-Zn(l)-0(1) 89.05(17) N(14)-C(15)-C(18) 104.1(3)

N(4)-Zn(l)-0(1) 93.42(19) N( 14)-C(l 5)-C( 19) 108.7(3)
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N(4)#l-Zn(l)-0(1) 86.58(19) C(18)-C(15)-C(19) 109.7(4)
N(l)-Zn(l)-0(1)#1 89.05(17) N( 14)-C( 15)-C( 16)#5 111.1(3)
N( 1 )# 1 -Zn( 1 )-0( 1 )# 1 90.95(17) C( 18)-C( 15)-C( 16)#5 114.2(3)
N(4)-Zn(l)-0(1)#1 86.58(19) C( 19)-C( 15)-C( 16)#5 108.9(3)
N(4)# 1 -Zn( 1 )-0( 1 )# 1 93.42(19) C( 17)-C( 16)-C( 15)#5 118.5(3)
0( 1 )-Zn( 1 )-0( 1 )# 1 180.0(2) N(11 )-C(l 7)-C(16) 107.2(3)
0(l)-P(l)-0(3) 114.04(17) N( 11 )-C( 17)-C(20) 108.4(3)
0(l)-P(l)-0(4) 109.15(16) C(16)-C(17)-C(20) 113.7(4)

Table 8.31 Bond lengths [A] and angles [°]for [Zn Tet-A] AlPO 2. Symmetry transformations

used to generate equivalent atoms; #1 -x,-y,-z, #2 -x-l,-y,-z+l, #3 x-l,y,z, #4x+l,y,z, #5 -x+l,-y+l,-

Z+l.

Ull U22 U33 U23 U13 U12

Zn(l) 0.018(1) 0.020(1) 0.026(1) 0.000(1) -0.004(1) 0.004(1)
P(l) 0.013(1) 0.022(1) 0.012(1) 0.001(1) -0.002(1) 0.003(1)
P(2) 0.009(1) 0.019(1) 0.014(1) 0.002(1) -0.004(1) 0.002(1)
P(3) 0.012(1) 0.014(1) 0.016(1) 0.002(1) -0.004(1) 0.002(1)
Al(l) 0.009(1) 0.019(1) 0.016(1) 0.002(1) -0.004(1) 0.003(1)
Al(2) 0.008(1) 0.023(1) 0.013(1) 0.001(1) -0.004(1) 0.002(1)
O(l) 0.022(1) 0.052(2) 0.019(1) 0.008(1) 0.003(1) -0.002(1)
0(2) 0.022(1) 0.031(1) 0.016(1) 0.001(1) -0.007(1) -0.003(1)
0(3) 0.049(2) 0.024(1) 0.023(1) -0.003(1) -0.014(1) 0.003(1)
0(4) 0.020(1) 0.040(2) 0.016(1) 0.003(1) -0.002(1) 0.013(1)
0(5) 0.009(1) 0.035(1) 0.019(1) -0.004(1) -0.005(1) 0.005(1)
0(6) 0.020(1) 0.036(1) 0.013(1) 0.005(1) -0.005(1) 0.000(1)
0(7) 0.029(1) 0.019(1) 0.033(1) 0.004(1) -0.013(1) 0.003(1)
0(8) 0.009(1) 0.033(1) 0.018(1) 0.001(1) -0.005(1) 0.000(1)
0(9) 0.012(1) 0.027(1) 0.025(1) -0.001(1) -0.001(1) 0.002(1)
0(10) 0.031(1) 0.025(1) 0.018(1) 0.007(1) 0.002(1) 0.007(1)
O(ll) 0.026(1) 0.015(1) 0.028(1) 0.002(1) -0.008(1) 0.002(1)
0(12) 0.023(1) 0.025(1) 0.037(2) -0.009(1) -0.017(1) 0.005(1)
N(l) 0.034(2) 0.056(3) 0.084(3) 0.035(2) -0.026(2) -0.001(2)
N(4) 0.049(3) 0.052(3) 0.101(4) -0.041(3) -0.015(3) 0.002(2)
C(2) 0.043(3) 0.127(7) 0.099(6) -0.033(5) -0.046(4) 0.017(4)
C(3) 0.081(4) 0.096(5) 0.035(3) 0.012(3) -0.030(3) -0.051(4)
C(5) 0.132(6) 0.028(2) 0.046(3) 0.004(2) -0.021(3) 0.003(3)
C(6) 0.077(5) 0.026(3) 0.218(12) 0.007(4) -0.008(6) 0.014(3)
C(7) 0.076(5) 0.071(5) 0.122(7) -0.019(4) -0.032(4) 0.054(4)
C(8) 0.192(12) 0.054(5) 0.132(9) -0.028(5) -0.014(8) -0.046(6)
C(9) 0.187(11) 0.087(6) 0.065(5) 0.001(4) 0.015(6) 0.054(7)
C(10) 0.071(5) 0.086(5) 0.109(7) 0.020(5) -0.019(4) 0.038(4)
N( 11) 0.027(2) 0.022(1) 0.022(1) -0.001(1) -0.004(1) 0.003(1)
N(14) 0.027(2) 0.016(1) 0.024(2) 0.002(1) -0.008(1) 0.003(1)
C(12) 0.026(2) 0.035(2) 0.024(2) 0.001(2) -0.003(1) 0.000(2)
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C( 13) 0.033(2) 0.028(2) 0.026(2) -0.002(2) -0.009(1) 0.010(2)
C( 15) 0.038(2) 0.020(2) 0.022(2) 0.005(1) -0.011(1) -0.001(1)
C( 16) 0.036(2) 0.020(2) 0.030(2) 0.003(1) -0.012(2) 0.003(1)
C( 17) 0.031(2) 0.017(2) 0.029(2) -0.002(1) -0.006(1) 0.004(1)
C( 18) 0.062(3) 0.036(2) 0.022(2) -0.005(2) -0.005(2) -0.009(2)
C( 19) 0.054(3) 0.037(2) 0.043(3) 0.014(2) -0.029(2) -0.003(2)
C(20) 0.046(3) 0.042(3) 0.063(3) -0.029(2) 0.004(2) 0.009(2)
0( 13) 0.030(2) 0.050(2) 0.187(6) -0.054(3) -0.013(3) 0.004(2)

Table 8.32 - Anisotropic displacementparameters (A2) for [Zn-Tet-AJ-AlPO-2. The anisotropic

displacement factor exponent takes theform; -27V2 [ h2 a*2 Un +... + 2 h k a* b* Ut2 ].

X y z U(eq) Occupancy
H(l) 0.1229 -0.0974 0.1216 0.088 1.0

H(4) 0.1478 0.1726 -0.0330 0.099 1.0

H(2A) 0.3443 0.0156 0.0002 0.125 1.0

H(2B) 0.3139 -0.0180 0.1184 0.125 1.0

H(3A) 0.1605 0.1193 0.1561 0.103 1.0

H(3B) 0.2805 0.1767 0.0639 0.103 1.0

H(6A) -0.1566 0.3379 0.0123 0.169 1.0

H(6B) -0.0490 0.2909 -0.0818 0.169 1.0

H(7) 0.2535 -0.1706 -0.0509 0.132 1.0

H(8A) 0.1772 0.3412 0.0820 0.193 1.0

H(8B) 0.0376 0.4184 0.0810 0.193 1.0

H(8C) 0.1445 0.3887 -0.0228 0.193 1.0

H(9A) -0.0075 0.2294 0.2067 0.183 1.0

H(9B) -0.1409 0.1738 0.1750 0.183 1.0

H(9C) -0.1338 0.3086 0.1805 0.183 1.0

H(10A) 0.4117 -0.1877 0.0505 0.136 1.0

H(10B) 0.3892 -0.2937 -0.0100 0.136 1.0

H(10C) 0.3164 -0.2947 0.1079 0.136 1.0

H(11A) 0.6784 0.7061 0.3207 0.036 0.5

11(1 IB) 0.5711 0.6727 0.4162 0.036 0.5

H(14A) 0.5669 0.6415 0.5924 0.034 0.5

H(14B) 0.6982 0.6830 0.6192 0.034 0.5

H(12A) 0.7931 0.7199 0.4453 0.044 1.0

H(12B) 0.8637 0.6175 0.3813 0.044 1.0

H(13A) 0.6962 0.4932 0.5121 0.043 1.0

H(13B) 0.8380 0.5406 0.5394 0.043 1.0

H(16A) 0.5036 0.6027 0.2306 0.042 1.0

H(16B) 0.4176 0.6082 0.3449 0.042 1.0

H( 17) 0.6096 0.4779 0.3848 0.039 1.0

H(18A) 0.4398 0.6558 0.7644 0.061 1.0

H(18B) 0.5906 0.6968 0.7828 0.061 1.0

H(18C) 0.5032 0.5927 0.8523 0.061 1.0
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H(l9A) 0.8020 0.4558 0.6927 0.064 1.0

H(l9B) 0.7247 0.4689 0.8083 0.064 1.0

H(l9C) 0.8109 0.5742 0.7401 0.064 1.0

H(20A) 0.7707 0.5807 0.1942 0.078 1.0

H(20B) 0.7315 0.4479 0.2141 0.078 1.0

H(20C) 0.8386 0.5021 0.2718 0.078 1.0

H( 131) 1.0144 0.3333 0.3976 0.133 1.0

H(132) 0.8602 0.3072 0.4245 0.133 1.0

Table 8.33 - Hydrogen coordinates and isotropic displacementparameters (A2) for [Zn-Tet-A]-

AlPO-2.

8.1.8 [Co-Tet-A]-AIPO-2

Identification code [Co-Tet-A]-AlPO-2
Empirical formula [A14(P04)4(HP04)2]4"-

[CoC,6H36N4]2+-[C16H38N4]2+.2H20
Formula weight 1345.71

Temperature 150(2)K
Wavelength 0.68920 A

Crystal system, space group Triclinic, P -1
Unit cell dimensions a = 9.4614(8) A alpha = 85.372(2)

b= 11.7168(10) A beta =
c = 13,6647( 12) A gamma =

Volume 1463.8(2) A3
Z, Calculated density 1, 1.527 Mg/m3
Absorption coefficient 0.500 mm"1
F(000) 705

Crystal size 0.04 x 0.03 x 0.01 mm

Theta range for data collection 2.15 to 29.45 °

Limiting indices -13<=h<=13
-16<=k<=16

-19<=1<=18

Reflections collected / unique 11980/7315 [R(int) = 0.0779]
Completeness to theta = 29.45 82.10%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7315 /31 /349

Goodness-of-fit on F2 1.088

Final R indices [I>2sigma(I)] R! = 0.0878, wR, = 0.2397
R indices (all data) Ri = 0.0969, wR2 = 0.2518
Largest diff. peak and hole 2.363 and-1.341 e.A"3

Table 8.34 - Crystal data and structure refinementfor fCo-Tet-A/-AlPO-2.
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X y z U(eq) Occupancy
Co(l) 0.0 0.0 0.0 0.015(1) 1.0

P(l) -0.2515(1) -0.0817(1) 0.2259(1) 0.016(1) 1.0

P(2) -0.8327(1) 0.1007(1) 0.3712(1) 0.014(1) 1.0

P(3) -0.3974(1) 0.1699(1) 0.4665(1) 0.015(1) 1.0

Al(l) -0.5316(1) 0.0069(1) 0.3409(1) 0.015(1) 1.0

Al(2) -0.1417(1) 0.0095(1) 0.4017(1) 0.014(1) 1.0

O(l) -0.1352(4) -0.0225(4) 0.1448(3) 0.032(1) 1.0

0(2) -0.2164(3) -0.0762(3) 0.3309(2) 0.022(1) 1.0

0(3) -0.2737(4) 0.2059(3) 0.2114(3) 0.032(1) 1.0

0(4) -0.3987(4) -0.0160(3) 0.2334(2) 0.026(1) 1.0

0(5) -0.6951(3) 0.0441(3) 0.3103(2) 0.020(1) 1.0

0(6) -0.1538(3) -0.0703(3) 0.5154(2) 0.022(1) 1.0

0(7) -0.8299(4) 0.2279(3) 0.3495(3) 0.025(1) 1.0

0(8) 0.0381(3) 0.0458(3) 0.3421(2) 0.020(1) 1.0

0(9) -0.2381(3) 0.1373(3) 0.4227(2) 0.022(1) 1.0

0(10) -0.5531(4) -0.1146(3) 0.4257(3) 0.027(1) 1.0

O(ll) -0.4138(3) 0.2975(2) 0.4674(2) 0.021(1) 1.0

0(12) -0.4917(3) 0.1237(3) 0.4011(3) 0.025(1) 1.0

N(l) 0.1685(5) -0.0789(4) 0.0516(5) 0.057(2) 1.0

N(4) 0.0910(6) 0.1518(4) 0.0265(5) 0.058(2) 1.0

C(2) 0.2780(7) 0.0088(5) 0.0568(8) 0.073(3) 1.0

C(3) 0.2022(7) 0.1207(6) 0.0841(5) 0.065(3) 1.0

C(5) 0.0054(7) 0.2569(4) 0.0525(5) 0.066(2) 1.0

C(6) -0.0999(9) 0.2720(6) -0.0152(8) 0.101(5) 1.0

C(7) 0.2235(7) -0.1886(5) 0.0097(7) 0.074(3) 1.0

C(8) 0.1001(13) 0.3614(8) 0.0503(11) 0.100(4) 1.0

C(9) -0.0754(13) 0.2400(8) 0.1636(5) 0.084(3) 1.0

C(10) 0.3509(9) -0.2451(8) 0.0430(9) 0.081(3) 1.0

N(11) 0.6564(4) 0.6508(3) 0.3733(3) 0.022(1) 1.0

N(14) 0.6494(4) 0.6179(3) 0.6114(3) 0.021(1) 1.0

C( 12) 0.7769(5) 0.6436(4) 0.4276(3) 0.026(1) 1.0

C(13) 0.7448(5) 0.5630(4) 0.5234(3) 0.025(1) 1.0

C( 15) 0.6056(5) 0.5459(3) 0.7116(3) 0.024(1) 1.0

C( 16) 0.4843(5) 0.5605(4) 0.2958(4) 0.025(1) 1.0

C( 17) 0.6262(4) 0.5418(3) 0.3300(3) 0.024(1) 1.0

C(18) 0.5228(7) 0.6287(4) 0.7866(4) 0.036(1) 1.0

C(19) 0.7446(6) 0.5063(5) 0.7420(4) 0.036(1) 1.0

C(20) 0.7582(6) 0.5169(6) 0.2442(5) 0.045(2) 1.0

0(13) 0.9276(5) 0.3632(5) 0.4248(6) 0.078(2) 1.0

Table 8.35 - Atomic coordinates and equivalent isotropic displacement parameters (A2) for fCo-Tet-

A]-AIPO-2. U(eq) is defined as one third of the trace ofthe orthogonalized Uy tensor.

Page 237



——-0

UiUiK)4^
iiiV333o OO^OW^WvlK)^

p

p 3

P
ui

p

f/1

n

'V

p

Kt

z

z

z

z

p
3s

"3=

O

P

t©

O

00

p

OS

O

OJ

0

/-—\ NO

p

Ul

p

-J

p

000>>>>>>>>"3"°'1=5 —00OS33v
T13ID

NO
to

toto 4^bo

>

>

>

>

>>

>

>

/-"N bO

'ro

1o

33

3

6 ©

6

00

6 N

ON

6

fo

66
bo0

6

N/l

6

bo

o

fo

bO

-0

"0

-0

*v

tO

bO

bO

bO

Z

N—'

N-^

Z

c

C

6

O

>—»

N/i

00

ON

\ ,✓

4fc
NO

tO

pppp
foOQQ iiiipoop -~ĴK)U>
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V*VOOj

°
N>

I

pp
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Chapter 8 - Appendix

C(15)-C(16)#5 1.541(5) C(6)-C(5)-C(8) 114.3(7)
C(16)-C(17) 1.533(5) N(4)-C(5)-C(9) 107.6(5)
C(16)-C(15)#5 1.541(5) C(6)-C(5)-C(9) 111.3(8)
C(17)-C(20) 1.533(5) C(8)-C(5)-C(9) 102.4(8)

C(7)#l-C(6)-C(5) 123.0(6)
0(l)#l-Co(l)-0(l) 180.0(3) N(l)-C(7)-C(6)#l 111.5(5)
0( 1 )# 1 -Co( 1 )-N( 1) 89.9(2) N(l)-C(7)-C(10) 118.3(6)
0(l)-Co(l)-N(l) 90.1(2) C(6)#l-C(7)-C(10) 112.6(6)
0( 1 )# 1 -Co( 1 )- 90.1(2) C(12)-N(l 1 )-C( 17) 115.1(3)
0(l)-Co(l)-N(l)#1 89.9(2) C(13)-N(14)-C(15) 117.4(3)
N(l)-Co(l)-N(l)#l 180.0(4) N(ll)-C(12)-C(13) 114.2(4)
0( 1 )# 1 -Co( 1 )- 94.0(2) N( 14)-C( 13)-C( 12) 111.7(4)
0(l)-Co(l)-N(4)#l 86.0(2) N(14)-C(15)-C(19) 108.2(4)
N( 1 )-Co( 1 )-N(4)# 1 94.90(17) N(14)-C(15)-C(18) 104.5(3)
N(l)#l-Co(l)- 85.10(17) C(19)-C(15)-C(18) 109.7(4)
0( 1 )# 1 -Co( 1 )-N(4) 86.0(2) N(14)-C(l 5)- 111.9(3)
0(l)-Co(l)-N(4) 94.0(2) C(19)-C(15)- 108.7(3)
N(l)-Co(l)-N(4) 85.10(17) C(18)-C(15)- 113.7(4)
N( 1 )# 1 -Co( 1 )-N(4) 94.90(17) C(17)-C(16)- 118.0(3)
N(4)# 1 -Co( 1 )-N(4) 180.0(3) N(11)-C(17)-C(20) 108.4(4)
0(l)-P(l)-0(3) 114.1(2) N( 11 )-C( 17)-C( 16) 106.7(3)
0(l)-P(l)-0(2) 110.33(19) C(20)-C(17)-C(16) 113.9(4)

Table 8.36 - Bond lengths [A] and angles [°]for [Co-Tet-AJ-AIPO-2. Symmetry transformations

used to generate equivalent atoms; #1 -x,-y,-z, #2 -x-1,-y,-z+1, #3 x-l,y,z, #4 x+l,y,z, #5 -x+1,-y+l

z+1.

Ull U22 U33 U23 U13 U12

Co(l) 0.011(1) 0.017(1) 0.017(1) 0.001(1) -0.001(1) -0.001(1)
P(l) 0.013(1) 0.020(1) 0.016(1) -0.001(1) -0.003(1) -0.001(1)
P(2) 0.008(1) 0.018(1) 0.017(1) 0.002(1) -0.004(1) -0.001(1)
P(3) 0.011(1) 0.014(1) 0.019(1) 0.001(1) -0.004(1) -0.001(1)
Al(l) 0.009(1) 0.018(1) 0.018(1) 0.002(1) -0.004(1) -0.001(1)
Al(2) 0.006(1) 0.021(1) 0.016(1) 0.001(1) -0.003(1) -0.001(1)
0(1) 0.019(2) 0.055(2) 0.019(2) 0.004(1) 0.002(1) -0.008(2)
0(2) 0.020(2) 0.029(2) 0.020(1) -0.002(1) -0.009(1) -0.007(1)
0(3) 0.048(2) 0.022(2) 0.029(2) -0.005(1) -0.017(2) 0.000(1)
0(4) 0.019(2) 0.037(2) 0.019(1) 0.002(1) -0.002(1) 0.008(1)
0(5) 0.010(1) 0.029(2) 0.023(1) -0.005(1) -0.006(1) 0.001(1)
0(6) 0.018(1) 0.030(2) 0.019(1) 0.003(1) -0.006(1) -0.003(1)
0(7) 0.026(2) 0.017(1) 0.033(2) 0.003(1) -0.013(1) -0.002(1)
0(8) 0.008(1) 0.028(2) 0.023(1) -0.003(1) -0.003(1) -0.003(1)
0(9) 0.012(1) 0.024(2) 0.028(2) -0.004(1) -0.002(1) 0.001(1)
0(10) 0.027(2) 0.023(2) 0.025(2) 0.008(1) 0.001(1) 0.004(1)

Page 239



Chapter 8 - Appendix

0(11) 0.023(2) 0.013(1) 0.028(2) 0.000(1) -0.009(1) -0.001(1)
0(12) 0.019(2) 0.025(2) 0.036(2) -0.008(1) -0.015(1) 0.003(1)
N(l) 0.028(3) 0.052(3) 0.093(5) 0.034(3) -0.033(3) -0.007(2)
N(4) 0.039(3) 0.044(3) 0.092(5) -0.036(3) -0.009(3) -0.007(2)
C(2) 0.044(4) 0.091(6) 0.102(7) -0.032(5) -0.047(5) 0.008(4)
0(3) 0.075(5) 0.091(6) 0.036(3) 0.010(3) -0.030(3) -0.053(5)
0(5) 0.118(8) 0.022(3) 0.055(4) 0.010(3) -0.023(4) -0.006(3)
0(6) 0.057(5) 0.029(4) 0.204(14) -0.002(5) -0.009(7) 0.012(3)
0(7) 0.075(6) 0.065(5) 0.102(7) -0.038(5) -0.054(5) 0.040(4)
0(8) 0.119(10) 0.050(5) 0.130(10) -0.031(6) -0.020(8) -0.025(6)
0(9) 0.127(9) 0.058(5) 0.058(5) -0.006(4) -0.006(5) 0.020(5)
C(10) 0.063(6) 0.062(5) 0.117(8) 0.017(5) -0.026(6) 0.024(4)
N(11) 0.022(2) 0.019(2) 0.024(2) -0.001(1) -0.005(1) 0.000(1)
N(14) 0.024(2) 0.017(2) 0.024(2) 0.001(1) -0.010(1) 0.001(1)
0(12) 0.022(2) 0.030(2) 0.025(2) -0.001(2) -0.005(2) -0.003(2)
0(13) 0.025(2) 0.026(2) 0.025(2) -0.004(2) -0.007(2) 0.004(2)
0(15) 0.030(2) 0.020(2) 0.024(2) 0.003(2) -0.012(2) -0.004(2)
0(16) 0.027(2) 0.019(2) 0.030(2) 0.000(2) -0.010(2) 0.000(2)
0(17) 0.022(2) 0.018(2) 0.030(2) -0.003(2) -0.005(2) 0.000(2)
0(18) 0.050(3) 0.033(3) 0.023(2) -0.005(2) -0.005(2) -0.010(2)
0(19) 0.042(3) 0.031(2) 0.042(3) 0.013(2) -0.026(2) -0.009(2)
C(20) 0.032(3) 0.041(3) 0.058(4) -0.023(3) 0.003(3) 0.002(2)
0(13) 0.025(2) 0.045(3) 0.167(7) -0.046(4) -0.015(3) 0.003(2)

Table 8.37 - Anisotropic displacementparameters (A2) for [Co Tct AJ-AIPO-2. The anisotropic

displacementfactor exponent takes theform: -2U2 [ h2 a*2 Uu +... + 2 h k a* b* U12J.

X y z U(eq) Occupancy
H(l) 0.1256 -0.1005 0.1192 0.085 1.0

H(4) 0.1491 0.1746 -0.0373 0.086 1.0

H(2A) 0.3497 0.0205 -0.0095 0.109 1.0

H(2B) 0.3309 -0.0178 0.1084 0.109 1.0

H(3A) 0.1546 0.1148 0.1574 0.097 1.0

H(3B) 0.2763 0.1827 0.0710 0.097 1.0

H(6A) -0.1447 0.3481 -0.0043 0.152 1.0

H(6B) -0.0401 0.2764 -0.0858 0.152 1.0

H(7) 0.2624 -0.1678 -0.0644 0.110 1.0

H(8A) 0.1762 0.3410 0.0859 0.150 1.0

H(8B) 0.0397 0.4223 0.0837 0.150 1.0

H(8C) 0.1455 0.3881 -0.0201 0.150 1.0

H(9A) -0.0048 0.2294 0.2054 0.126 1.0

H(9B) -0.1387 0.1722 0.1744 0.126 1.0

H(9C) -0.1347 0.3075 0.1826 0.126 1.0

H(10A) 0.4203 -0.1862 0.0492 0.122 1.0

H(10B) 0.3996 -0.2970 -0.0073 0.122 1.0
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H(10C) 0.3153 -0.2886 0.1087 0.122 1.0

H(11A) 0.6794 0.7077 0.3214 0.033 0.5

H(11B) 0.5723 0.6720 0.4177 0.033 0.5

H(14A) 0.5656 0.6416 0.5934 0.032 0.5

H(14B) 0.6968 0.6824 0.6215 0.032 0.5

H(12A) 0.7962 0.7212 0.4454 0.039 1.0

H(12B) 0.8667 0.6180 0.3807 0.039 1.0

H(13A) 0.6959 0.4930 0.5114 0.038 1.0

H(13B) 0.8377 0.5399 0.5401 0.038 1.0

H(16A) 0.5088 0.6036 0.2284 0.037 1.0

H(16B) 0.4209 0.6100 0.3433 0.037 1.0

H( 17) 0.6120 0.4773 0.3841 0.035 1.0

H(18A) 0.4339 0.6539 0.7669 0.054 1.0

H(18B) 0.5849 0.6953 0.7860 0.054 1.0

H( 18C) 0.4969 0.5897 0.8549 0.054 1.0

H( 19A) 0.7974 0.4538 0.6937 0.054 1.0

H(19B) 0.7189 0.4669 0.8101 0.054 1.0

H(19C) 0.8066 0.5729 0.7415 0.054 1.0

H(20A) 0.7764 0.5823 0.1931 0.068 1.0

H(20B) 0.7385 0.4483 0.2129 0.068 1.0

H(20C) 0.8441 0.5042 0.2716 0.068 1.0

H( 131) 1.0220 0.3332 0.3944 0.118 1.0

H( 132) 0.8567 0.3043 0.4257 0.118 1.0

Table 8.38 - Hydrogen coordinates and isotropic displacementparameters (A2) for [Co-Tet-A]-

AIPO-2.
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Chapter 8 - Appendix

Identification code [Ni-HATCOD-A]-AlPO-CHA
Empirical formula [AligP lg072][NiC]2H26N6]3
Formula weight 3134.39

Temperature 150(2)K
Wavelength 0.68500 A

Crystal system, space group Trigonal, R-3
Unit cell dimensions a = 13.707(2) A a = 90°

b= 13.707(2) A P = 90 0
c= 15.089(4) A y= 120°

Volume 2455.1(8) A3
Z, Calculated density 3, 2.120 Mg/m3
Absorption coefficient 0.959 mm"1
F(000) 1584

Crystal size 0.04 x 0.03 x 0.02 mm

Theta range for data collection 2.10 to 29.24°

Limiting indices -18<=h<=16

-10<=k<=18

-19<=1<=21

Reflections collected / unique 5363 / 1551 [R(int) = 0.0392]
Completeness to theta = 29.24 92.60%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1551/0/57

Goodness-of-fit on F2 1.158

Final R indices [I>2sigma(l)] R, =0.1000, wR2 = 0.3078
R indices (all data) R, = 0.1151, wR2 = 0.3253
Largest diff. peak and hole 2.762 and -0.670 e.A"3

Table 8.39 - Crystal data and structure refinementfor [Ni-HA TCOD-AJ-AIPO-CHA.

X y z U(eq) Occupancy
P(l) 0.4350(1) 0.1058(1) 0.9395(1) 0.016(1) 1.0

Al(l) 0.6628(2) 0.1020(2) 0.9345(1) 0.018(1) 1.0

O(l) 0.5554(4) 0.1305(5) 0.9552(4) 0.031(1) 1.0

0(2) 0.3525(5) 0.0095(4) 1.0001(3) 0.027(1) 1.0

0(3) 0.4255(5) 0.2093(4) 0.9634(4) 0.032(1) 1.0

0(4) 0.3998(5) 0.0720(5) 0.8426(3) 0.030(1) 1.0

Ni(l) 0.0 0.0 1.0000 0.044(1) 1.0

Table 8.40 - Atomic coordinates and equivalent isotropic displacement parameters (A2) for [Ni-

HATCOD-A/-AIPO-CHA. U(eq) is defined as one third of the trace ofthe orthogonalized Uy tensor.
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P( 1 )-0( 1) 1.528(5) 0(3)-P(l)-0(4) 110.1(3)
P(l)-0(3) 1.531(5) 0(l)-P(l)-0(2) 110.3(3)
P(l)-0(4) 1.536(5) 0(3)-P(l)-0(2) 106.7(3)
P(l)-0(2) 1.538(5) 0(4)-P(l)-0(2) 108.8(3)
Al(l)-0(3)#1 1.724(5) 0(3)#1-A1(1)-0(1) 110.1(3)
Al( 1 )-0( 1) 1.730(5) 0(3 )# 1 -A l( 1 )-0(4)#2 111.3(3)
Al(l)-0(4)#2 1.733(5) 0( 1 )-Al( 1 )-0(4)#2 110.1(3)
AI(l)-0(2)#3 1.742(5) 0(3)# 1 -Al( 1 )-0(2)#3 105.9(3)
0(2)-Al(l)#3 1.742(5) 0( 1 )-Al( 1 )-0(2)#3 110.6(3)
0(3)-Al(l)#4 1.724(5) 0(4)#2-Al( 1 )-0(2)#3 108.6(3)
0(4)-Al(l)#5 1.733(5) P(1)-0(1)-A1(1) 150.3(4)

P(l)-0(2)-Al(l)#3 143.6(4)
0(l)-P(l)-0(3) 109.9(3) P(l)-0(3)-Al(l)#4 150.0(4)
0( 1 )-P( 1 )-0(4) 110.9(3) P(l)-0(4)-Al(l)#5 146.1(4)

Table 8.41 - Bond lengths [A] and angles f°Jfor [Ni-HATCOD-AJ-AlPO-CHA. Symmetry

transformations used to generate equivalent atoms; #1 -y+lpc-y,z #2 x-y+l/3pc- l/3,-z+5/3 #3 -x+1,-

y,-z+2 #4 -x+y+l,-x+l,z #5 y+l/3,-x+y+2/3,-z+5/3

Ull U22 U33 U23 U13 U12

P(l) 0.022(1) 0.015(1) 0.014(1) 0.003(1) 0.002(1) 0.011(1)
Al(l) 0.016(1) 0.016(1) 0.015(1) 0.005(1) 0.000(1) 0.004(1)
O(l) 0.019(2) 0.034(3) 0.039(3) -0.001(2) -0.002(2) 0.014(2)
0(2) 0.032(3) 0.025(2) 0.026(2) 0.012(2) 0.007(2) 0.016(2)
0(3) 0.052(3) 0.021(2) 0.029(3) 0.005(2) 0.007(2) 0.024(2)
0(4) 0.039(3) 0.034(3) 0.014(2) -0.001(2) 0.000(2) 0.017(2)
Ni(l) 0.056(1) 0.056(1) 0.021(1) 0.000 0.000 0.028(1)

Table 8.42 Anisotropic displacement parameters (A2) for [Ni HATCODA]AlPO CHA. The

anisotropic displacementfactor exponent takes theform: -2H2 / h2 a*2 Un +... + 2 h k a* b* Ui2 ].
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8.1.10 AIPO-AFI-1

Identification code AIPO-AFI-1

Empirical formula [AI24P24096F4J[NiC8H26N6]2
Formula weight 3532.92

Temperature 150(2)K
Wavelength 0.68500 A

Crystal system, space group Orthorhombic, Ccc2
Unit cell dimensions a = 13.8485(14) A a = 90°

b = 23.072(2) A p = 90 0
c = 8.5126(9) A y = 90°

Volume 2719.9(5) A3
Z, Calculated density 1, 2.157 Mg/m3
Absorption coefficient 0.850 mm"1
F(000) 1764

Crystal size 0.1 x 0.02 x 0.02 mm

Theta range for data collection 1.65 to 29.21 0

Limiting indices -19<=h<=19
-32<=k<=21

-12<=1<= 12

Reflections collected / unique 10043 / 3727 [R(int) = 0.0467]
Completeness to theta = 29.21 96.40%

Absorption correction None

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3727/ 1 / 173

Goodness-of-fit on F2 1.123

Final R indices [I>2sigma(l)] R, =0.1157, wR2 = 0.3146
R indices (all data) R, = 0.141 1,WR2 = 0.3389
Absolute structure parameter 0.03(11)
Largest diflf. peak and hole 1.806 and-1.079 e.A"3

Table 8.43 - Crystal data and structure refinementfor AIPO-AFI-1.

X y z U(eq) Occupancy
Al(l) 0.3931(2) 0.2723(2) -0.0420(5) 0.051(1) 1.0

Al(2) 0.1007(2) 0.4402(1) -0.0057(3) 0.034(1) 1.0

Al(3) 0.2146(4) 0.3214(2) 0.4842(4) 0.059(1) 1.0

P(l) 0.2119(3) 0.3402(2) -0.1529(4) 0.052(1) 1.0

P(2) 0.1069(2) 0.4339(1) 0.3631(3) 0.029(1) 1.0

P(3) 0.1004(2) 0.2239(2) 0.3277(4) 0.057(1) 1.0

0(1) 0.3967(11) 0.2770(9) 0.1543(17) 0.132(7) 1.0

0(2) 0.3142(9) 0.3231(5) -0.1128(19) 0.086(4) 1.0

0(3) 0.1416(9) 0.2942(5) -0.1005(18) 0.102(6) 1.0

0(4) 0.1900(8) 0.3971(5) -0.0687(16) 0.097(6) 1.0

0(5) 0.0980(6) 0.4420(5) 0.1902(11) 0.062(3) 1.0

0(6) 0.0107(10) 0.4160(5) 0.4252(17) 0.107(6) 1.0
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0(7) 0.1322(9) 0.4911(5) 0.4310(20) 0.122(8) 1.0

0(8) 0.1832(9) 0.3917(5) 0.4027(19) 0.089(4) 1.0

0(9) 0.2033(10) 0.3492(4) 0.6761(13) 0.076(4) 1.0

0(10) 0.3308(8) 0.3215(4) 0.3869(11) 0.060(3) 1.0

0(11) 0.1228(7) 0.2836(4) 0.3827(18) 0.075(4) 1.0

0(12) -0.0005(9) 0.2072(5) 0.3750(20) 0.098(5) 1.0

F(l) 0.2500 0.2500 0.5730(9) 0.059(3) 1.0

Ni(l) 0.5000 0.5000 0.3942(4) 0.041(1) 0.5

Table 8.44 - Atomic coordinates and equivalent isotropic displacement parameters (A2) for AIPO-

AFl-1. U(eq) is defined as one third of the trace ofthe orthogonalized Uy tensor.

Al( 1 )-0( 1) 1.675(15) 0(4)-Al(2)-0(6)#4 110.9(7)
Al(l )-0(3)#l 1.685(13) 0(7)#3-Al(2)-0(6)#4 114.3(5)
Al(l)-0(12)#2 1.701(10) 0(9)-AI(3)-0(ll) 124.7(7)
Al(l)-0(2) 1.711(14) O(9)-Al(3)-O(10) 120.2(7)
Al(2)-0(5) 1.669(10) 0(11)-Al(3)-O(10) 114.6(6)
Al(2)-0(4) 1.675(12) 0(9)-Al(3)-0(8) 90.5(6)
Al(2)-0(7)#3 1.731(9) 0(1 l)-Al(3)-0(8) 94.7(6)
Al(2)-0(6)#4 1.742(9) O(10)-Al(3)-O(8) 92.1(5)
Al(3)-0(9) 1.761(11) 0(9)-AI(3)-F(l) 88.2(4)
Al(3)-0(11) 1.768(14) 0(11)-A1(3)-F(1) 87.2(4)
Al(3)-O(10) 1.810(11) O(10)-Al(3)-F(l) 87.3(3)
Al(3)-0(8) 1.817(10) 0(8)-Al(3)-F(l) 178.1(7)
Al(3)-F(l) 1.878(4) 0(9)#5-P(l)-0(3) 109.8(9)
P(l)-0(9)#5 1.475(12) 0(9)#5-P( 1 )-0(2) 109.6(8)
P(l)-0(3) 1.507(9) 0(3)-P(l)-0(2) 110.8(9)
P(l)-0(2) 1.510(13) 0(9)#5-P(l)-0(4) 109.1(8)
P(l)-0(4) 1.526(10) 0(3)-P(l)-0(4) 109.8(5)
P(2)-0(8) 1.476(9) 0(2)-P( 1 )-0(4) 107.7(9)
P(2)-0(7) 1.482(10) 0(8)-P(2)-0(7) 109.2(7)
P(2)-0(5) 1.489(10) 0(8)-P(2)-0(5) 111.6(8)
P(2)-0(6) 1.492(12) 0(7)-P(2)-0(5) 107.1(9)
P(3)-0(l)#l 1.477(15) 0(8)-P(2)-0(6) 112.1(6)
P(3)-0(l 1) 1.488(13) 0(7)-P(2)-0(6) 108.6(9)
P(3)-0(12) 1.503(12) 0(5)-P(2)-0(6) 108.1(8)
P(3)-O(10)#l 1.503(8) 0(1)#1-P(3)-0(11) 108.7(10)
0(1)-P(3)#1 1.477(15) 0(1)#1-P(3)-0(12) 106.8(11)
0(3)-Al(l)#l 1.685(13) 0(11)-P(3)-0(12) 110.3(7)
0(6)-Al(2)#6 1.742(9) 0( 1 )# 1 -P(3)-0( 10)# 1 108.0(6)
0(7)-Al(2)#7 1.731(9) 0( 11 )-P(3 )-0( 10)# 1 114.0(7)
0(9)-P(l)#8 1.475(12) 0( 12)-P(3)-0( 10)# 1 108.8(7)
O(10)-P(3)#l 1.503(8) P(3)#1-0(1)-A1(1) 175.5(15)
0(12)-Al(l )#9 1.701(10) P(l)-0(2)-Al(l) 149.1(7)
F(1)-A1(3)#1 1.878(4) P(l)-0(3)-Al(l)#l 156.0(11)

P( 1 )-0(4)-Al(2) 143.8(7)
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0(1)-AI(1)-0(3)#1 111.2(9) P(2)-0(5)-Al(2) 169.4(9)
0(1)-A1(1)-0(12)#2 111.8(9) P(2)-0(6)-Al(2)#6 145.2(8)
0(3)#1-A1(1)- 112.1(8) P(2)-0(7)-Al(2)#7 151.3(8)
0(l)-Al(l)-0(2) 109.1(8) P(2)-0(8)-Al(3) 147.9(9)
0(3)#l-Al(l)-0(2) 109.7(6) P( 1 )#8-0(9)-A 1(3 ) 149.0(6)
0( 12)#2-Al( 1 )-0(2) 102.5(7) P(3)#l-O(10)-Al(3) 135.8(7)
0(5)-AI(2)-0(4) 110.6(7) P(3)-0(l 1)-A1(3) 139.5(6)
0(5)-AI(2)-0(7)#3 107.0(8) P(3)-0( 12)-Al( 1 )#9 147.7(10)
0(4)-Al(2)-0(7)#3 105.0(8) A1(3)#1-F(1)-A1(3) 132.5(5)
0(5 )-A l(2)-0(6)#4 109.0(6)

Table 8.45 - Bond lengths [A] and angles [°]for AlPO-AFI-1. Symmetry transformations used to

generate equivalent atoms; #1 -x+l/2,-y+l/2,z #2 x+l/2,-y+l/2,z-l/2 #3 x,-y+l,z-l/2 #4 -x,y,z-l/2 #5

x,y,z-l #6 -x,y,z+l/2 #7x,-y+l,z+l/2 #8 x,y,z+l #9 x-l/2,-y+l/2,z+l/2.

Ull U22 U33 U23 U13 U12

Al(l) 0.026(2) 0.086(3) 0.043(2) 0.001(2) 0.007(1) -0.036(2)
Al(2) 0.043(2) 0.033(1) 0.025(1) 0.017(1) -0.018(1) -0.017(1)
Al(3) 0.091(3) 0.052(2) 0.034(2) 0.013(2) 0.016(2) 0.063(2)
P(l) 0.051(2) 0.059(2) 0.046(2) -0.018(2) 0.036(2) -0.024(1)
P(2) 0.045(1) 0.021(1) 0.022(1) 0.001(1) -0.002(1) 0.020(1)
P(3) 0.045(2) 0.084(3) 0.042(2) 0.029(2) 0.027(1) 0.044(2)
0(1) 0.121(11) 0.223(19) 0.050(8) -0.035(10) 0.002(8) 0.104(12)
0(2) 0.066(7) 0.080(8) 0.111(11) 0.046(8) -0.003(7) -0.030(6)
0(3) 0.094(8) 0.090(8) 0.121(11) -0.073(8) 0.081(8) -0.076(7)
0(4) 0.090(8) 0.088(8) 0.114(10) -0.075(7) 0.076(8) -0.071(7)
0(5) 0.041(4) 0.117(9) 0.027(4) -0.015(5) 0.008(4) -0.012(5)
0(6) 0.113(9) 0.090(7) 0.120(10) 0.075(8) 0.099(9) 0.086(7)
0(7) 0.101(8) 0.083(8) 0.182(16) -0.107(10) -0.108(10) 0.070(7)
0(8) 0.086(8) 0.057(6) 0.122(10) 0.047(7) 0.015(8) 0.052(6)
0(9) 0.130(10) 0.044(5) 0.053(6) -0.010(4) 0.033(6) 0.046(5)
0(10) 0.081(6) 0.058(5) 0.040(4) 0.010(4) 0.010(4) 0.055(5)
O(ll) 0.061(6) 0.052(5) 0.113(10) 0.043(6) 0.004(6) 0.029(5)
0( 12) 0.070(6) 0.076(7) 0.149(13) 0.033(9) 0.065(8) 0.047(6)
F(l) 0.119(9) 0.046(5) 0.012(3) 0.000 0.000 0.058(6)
Ni(l) 0.039(2) 0.065(3) 0.020(2) 0.000 0.000 0.006(2)

Table 8.46 - Anisotropic displacementparameters (A2) for AIPO AFI1. The anisotropic

displacementfactor exponent takes theform: -2ti: [ h2 a*2 U+... + 2 h k a* b* Ul2 ]•
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