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Abstract

A study has been undertaken with the aim of preparing ordered porous materials by

the ionothermal method. Two copper-carboxylate coordination polymer frameworks

were prepared using eutectic mixtures as solvent and framework building species and

two cobalt/nickel-diphosphonate coordination polymer frameworks were prepared

using eutectic mixtures as solvent. All four materials have been prepared previously

using different techniques. Three aluminium cobalt phosphate frameworks (a chain,

layered and three-dimensional porous structure) were also prepared using eutectic

mixtures as solvent. The layered material (termed CoAlPO-1) is novel and is the first

example of a zeotype material containing a cobalt-chlorine bond. The template is

choline, which is a component of the eutectic mixture solvent. The chain material

(CoAlPO-2) is a minor product in the synthesis of CoAlPO-1 and is also novel. The

template for CoAlPO-2 is the macrocycle cyclam. The 3-D material (CoAlPO-3) has

the previously reported levyne topology. As in CoAlPO-1 choline is the template,

which has never previously been reported in the synthesis of levyne topology

materials before.

A study has also been undertaken with the aim of preparing ordered porous materials

from polyhedral oligomeric silsesquioxanes (POSS) by first appropriately

functionalising the POSS for use in polymer synthesis and coordination polymer

preparation. An ester functional ised POSS was prepared by the

methoxycarbonylation of octavinylsilsesquioxane. It was anticipated that this
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material could be converted to a carboxylic acid functionalised POSS to be used in

the preparation of POSS coordination polymers. However, the synthesis of a

carboxylic acid species was not achieved. Two furyl functionalised POSS have been

prepared and their Diels-Alder reaction with maleimide investigated. It was

anticipated that the reaction would be efficient and that Diels-Alder reactions with a

maleimide functionalised POSS would result in a porous polymer. However, neither

furyl POSS underwent sufficient Diels-Alder reaction to proceed with preparation of

the polymer.
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1. Introduction

1.1 Zeolitic Materials

1.1.1 Background

Traditional zeolites are crystalline microporous (ca. 3-15 A) aluminosilicate

materials with well-defined pores and channels. Naturally occurring zeolites in the

Earth's crust were first discovered in 1756 by Cronstedt when he found a new

silicate mineral that lost water on heating [1], a process which was later shown to be

reversible by Damour in 1840 [2], Cronstedt derived the name of this new class of

mineral from the Greek words "zeo" (meaning to boil) and '"lithos" (stone).

The first non-naturally occurring zeolites were synthesised by Barrer in 1948 by the

conversion of known minerals using high temperatures and salt solutions that were

perceived to mimic zeolite formation in nature [3], He prepared a material that

displayed the same molecular sieve characteristics as the naturally occurring

chabazite zeolite, and was thus able to separate n-paraffins from aromatic

hydrocarbons. Soon afterwards Milton reported the synthesis of fourteen new

zeolites from milder conditions using aluminosilicate gels [4], There are now over

800 zeolites known, classified by 150 different framework types, each of which is

assigned a three-letter code by the International Zeolite Association (IZA) [5].
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Figure 1.1.1 Example of a zeolite framework: Zeolite A (LTA). nb: In diagrams of

zeolite frameworks often only the T atoms are plotted so each line represents a T-0-

T bond [5].

Zeolites are constructed from an open arrangement of corner sharing tetrahedral

building blocks [6], In the centre of the tetrahedra are either silicon or aluminium

cations, known as the T atoms. Each of these T atoms is surrounded by four oxygen

anions, so are designated TO4. The oxygen atoms bridge two adjacent tetrahedra

giving a framework ratio of O/T = 2 [4]. These TO4 tetrahedra are known as primary

building units (PBUs). Different geometric configurations of PBUs form secondary

building units (SBUs) (figure 1.1.2). It is these units that make up the unit cell and

are used to describe zeolitic frameworks [7], Ail known frameworks can be

generated from these arrangements, which can be as simple as 4, 6 and 8 T atom

rings, or more complex arrangements containing up to 16 T atoms [8]. A number of

different SBUs can be present in a specific zeolite, such as in Zeolite Type A (LTA),

which contains the 4, 6 and 8 rings and 4-4 (D4R) SBUs [9],
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Figure 1.1.2 Secondary Building Units (T atoms on corners)
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Aluminosilicate zeolites are negatively charged due to the Al04 tetrahedra (Al3+)
having a lower formal charge than the Si04 tetrahedra (Si4+). This results in the need

to have additional cations in non-framework positions to achieve overall

electroneutrality of the material. Originally these cations were first and second

column ions such as K+, Na+ and Ca2+ ions. A major advance in zeolite chemistry

was the introduction of organic molecules (such as quaternary amines and

alkylpyrdiniums) as the cationic species. This allowed for the synthesis of a greater

variety of frameworks than had previously been obtained.

It was postulated that the shape of the organic molecule could be imparted on to the

inorganic framework; that the organic molecule would act as a template for the

framework to form around. However, it has been found that most zeolites can be

formed with a variety of organic "templates' so these molecules are not true

templates. Instead the roles they usually fulfil are either as space fillers or as

structure directing agents (SDAs).
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Space filling agents do not offer any control over the pore topologies formed but

simply pack into the voids in the framework, making the composite more

thermodynamically stable than just the framework alone [6]. Most organic additives

in zeolite synthesis fall into this class of role. For example ZSM-5 can be synthesised

in the presence of at least twenty-two different organic molecules [10].

Structure directing agents show a closer correspondence between the organic cation

and the pore topologies formed. The organic species guides the synthesis of the

zeolite to a particular topology that is formed by using no other organic species.

However, by changing the other conditions slightly different frameworks can be

formed using the same SDA. Examples of true structure directing are rare but one

such case is the synthesis of hexagonal faujasite in the presence of 1,4,7,10,13,16-

hexaoxacyclooctane (18-crown-6) [11],

There is probably only one reported zeolitic material where true templating of the

framework by an organic cation occurs. ZSM-18, an aluminium silicate with the 1ZA

code MEI consisting of channels of twelve-membered rings intersected by seven-

membered rings, has been shown to have a very close match between the template

and the zeolite walls (figure 1.1.3) [12]. Although the structure can be synthesised

within a broad range of conditions it cannot be made without the trispyrrolidinium

cation. Computer calculations not only show that the template-structure energetic

interactions are favourable but also that there is a relationship between the

orientation of the template and the preference of the aluminium to occupy sites in

three-membered rings found in the structure. The interactions are sufficiently strong
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as to not allow any rotation of the molecule inside the pores, suggesting true

templating. This is not usually the case, which implies that it is more often the

organic molecule's spatial volume that is more important rather than its geometry

Although the term zeolite is strictly only used for aluminosilicate materials, other

ordered inorganic porous frameworks also exist and are referred to as zeotypes. This

group of materials includes the aluminophosphates, gallium phosphates, germanates

and pure silicates. High silica-containing aluminosilicate zeolites and pure silicate

frameworks were first found to be possible to synthesise when organic molecules

were added to the reaction gel [13]. The possibilities for forming new high silica

frameworks were opened up further when the organic molecules were used in their

hydroxide form, meaning that alkali cation hydroxide sources need no longer be used

to create the basic conditions required [14].

The aluminophosphates were the first microporous frameworks synthesised without

silica and are the most abundant of the non-aluminosilicate microporous materials.

[6],

Figure 1.1.3 Encapsulated Template in ZSM-18 [12]
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The first examples were synthesised in 1981 by Flannigan et al when more than

twenty new materials were reported, most of which had novel topologies [15].

Aluminophosphates are built up of strictly alternating AIO4 (Al3+) and PO4 (P5+)

tetrahedra to form neutral frameworks. Despite their electroneutrality they are similar

to aluminosilicates in that they are hydrophilic, rather than exhibiting

hydrophophobicity like the neutral pure silicates. This can be attributed to the

difference in electronegativity between aluminium and phosphorus. Since the

frameworks are neutral the only interactions between the framework and organic

species are Van der Waals forces. Like the aluminosilicates, the organic molecule

can fulfil either the role as space-filler, structure-directing agent or template.

Negatively charged aluminophosphate frameworks are formed if they contain

polyhedra such as AIO5 and A104(0H2)2 or terminal groups such as P-OH or P=0

groups [16]. Electronegativity and useful physical and chemical properties can also

be obtained by substituting into some of the aluminium or phosphorus positions other

metal ions such as Co2+, Zn2+ and Mg2+ [17]

1.1.2 Synthesis

Generally, aluminosilicate zeolite synthesis is carried out under hydrothermal

conditions. First a homogenous gel of the starting materials is formed in an alkaline

medium. It is then held at a defined temperature, which is usually between 100 and

250 °C, under autogenous pressure in a sealed autoclave (figure 1.1.4) for the

crystallisation period [8]. By varying the reactants (framework precursors, organic
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species, mineraliser etc) and the reaction conditions (temperature, time, pH etc), even

by slight degrees, a wide variety of frameworks can be formed.

Figure 1.1.4 Cross section ofan autoclave showing the steel casing and Teflon liner

The main difference between aluminosilicate synthesis and aluminophosphate

synthesis is that aluminophosphate synthesis is carried out at a slightly acidic pH.

However, aluminosilicate synthesis can be performed at a lower pH if fluoride ions

are used as mineralisers rather than hydroxide ions. The method can also be used to

introduce transition metals into the frameworks as insoluble metal hydroxides do not

form at lower pHs. The use of fluoride in aluminophosphate synthesis can catalyse

the formation of Al-O-P bonds and its incorporation into the framework results in a

negative charge, allowing for interaction with an organic cation. In all types of

molecular sieve framework the fluoride can either be occluded in a small cage such

as a D4R [ 18] or incorporated into the framework as a bridging species between two

T atoms [19].

The mechanism for zeolite formation proceeds via a multiphase reaction-

crystallisation process that involves liquid, amorphous solid and crystalline solid

phases [20], The process is complex due to the large number of variables that affect
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the crystallisation process, the complicated chemistry of alkaline solutions of

aluminium and silicon oxides and the inhomogeneity of the crystallising system [9].

All of these affect the kinetics and reaction pathway in ways that are poorly

understood.

It has been postulated that discrete aluminosilicate species known as pre-nucleation

building units (PNBUs) that have been identified, or are believed to form, in solution

can act as building blocks,in the formation of zeolite structures [9], The

crystallisation process would thus involve the formation of these species in solution

followed by their ordering and growth to form the final material. Even though 29Si

NMR and mass spectrometry studies have shown a number of species that resemble

the SBUs in solution there is no direct evidence that these species are involved in the

formation of aluminosilicate zeolites [21].

Figure 1.1.5 Simple schematic ofzeolite formation (adaptedfrom \22])



There is evidence however, that PNBUs that exist in solution during the synthesis of

aluminophosphates are involved in the framework formation mechanism. The

PNBUs can be the same as the SBUs or closely related depending on whether they

have undergone a rearrangement/isomerisation process before or during

condensation into the extended framework. Ferey and Taulelle were able to identify

the PNBU involved in the synthesis of AIPO4-CJ2 using in situ NMR techniques

[23], They showed that the PNBU isomerises, implying formation of a bridge within

the PNBU, allowing integration to the network. As integration takes place parallel to

isomerisation a mixture of different SBUs can be present in the framework. It may be

that a similar process occurs in the formation of aluminosilicate zeolites.

It has also been proposed that microporous aluminophosphate frameworks form

through first the formation of chain structures, followed by transformation to layered

structures and finally the formation of a three-dimensional framework [24]. This

mechanism has been suggested as often the first species to crystallise is a chain

structure. Depending on the experimental conditions this 'parent' chain, or other

chains derived from hydrolysis and condensation reactions of the parent chain, can

often be observed in more complex layered or porous frameworks crystallised from

the same reaction.

The properties of the solvent and its interaction with the reaction species play a

significant role in zeolite synthesis. Water decreases the viscosity of the system, acts

as a space filler and can also catalyse T-O-T bond formation [25]. Zeolite synthesis

can also be performed in organic solvents (solvothermal synthesis) and mixed
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aqueous-organic systems. What is most important is that there is a balance between

the framework forming species, the template and the solvent that allows for a

molecular sieve to form. This includes ensuring that hydrogen bonding between the

framework species and template is neither too high nor too low [26],

Recently, Morris et al reported a new method where ionic liquids and eutectic

mixtures were used in the formation of aluminophosphates [27], The attraction of

this technique, which is termed ionothermal synthesis, is that the solvent also acts as

the 'template'. This decreases the amount of competing interactions during the

reaction and may result in closer templating of zeolite frameworks. As the use of this

technique forms a large part of this thesis it will be discussed in more detail later.

1.1.3 Applications

Zeolites and other microporous materials are used in a great number of applications,

which arise from their ability to interact with other molecules and ions at their

surface and within their pores. Traditional applications include ion exchange,

adsorption and catalysis. Many of these uses benefit from the highly ordered

crystalline frameworks allowing the selective separation and adsorption of molecules

and ions on the basis of their size and shape [28], The atoms in the pore walls also

have an effect on the molecules that can be adsorbed. For example, aluminosilicate

molecular sieves are hydrophilic so can be used to adsorb water from organic

solvents, whereas pure silicate porous materials are hydrophobic and adsorb organic
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molecules from water. Zeolites can also be used for the purification and separation of

gases such as oxygen and nitrogen [7],

An important use of zeolites is in the petrochemical industry, where the world's

gasoline production is dependent on zeolites in their 'solid acid' form for the

fluidised catalytic cracking of petroleum [20], In oil refining, zeolites are involved in

various processes including hydrocracking, catalytic cracking, oligomerisation and

the aromatisation of olefins [7], Zeolites can also be used as supports for

homogeneous catalysts that can form inside the zeolite cages but are then too big to

escape through the connecting windows. The smaller substrate molecules can enter

the zeolite, react with the complex and leave again after the reaction has taken place

(figure 1.1.6). Not only can these 'ship-in-a-bottle' catalysts achieve the same

catalytic activity of the same complex under homogeneous conditions but they also

have the advantage of heterogeneous catalysts in that they are easily separated from

the products [29],

Figure 1.1.6 Schematic ofzeolites as shape selective catalysts
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As ion exchangers, zeolites have been used in the removal of ammonia from drinking

water and also in the removal of heavy metals from industrial wastewater [7]. This

ability has also led to their use as replacements for polyphosphates in soap powders

for the removal of calcium and magnesium from washing water [30]. This is of great

benefit to the environment as even though polyphosphates are very efficient and non¬

toxic to aquatic life, they result in increased eutrophication in lakes and streams.

Emerging applications of microporous solids include their use in medicine where the

reversible and selective adsorption and storage properties of zeolites could be

exploited in the design of artificial organs [7], Zeolites are also utilised in magnetic

resonance imaging (MRI) [31]. This technique relies on contrast agents being

administered to patients that bind to water and yield much faster proton spin

relaxation times. Gadolinium (III) is a very effective contrast agent but is toxic to

humans so cannot be administered directly, but on immobilisation inside a zeolite

(that is non-toxic) it is hidden from the body so is now being investigated as a

contrast agent for the gastrointestinal tract.

Other future uses for zeolites include as replacements for silicon dioxide insulators in

microchips. The increase in density of wiring required for higher performance chips

cannot be achieved using currently used materials but by using porous materials the

required lower dielectric constants are possible [32]. Another use of zeolites is as

templates for the construction of porous carbon structures, which are of interest for

the storage of natural gas and as electrode materials. It involves packing the space

within a zeolite with carbon molecules (e.g. poly(furfuryl alcohol) then removing the
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inorganic solid by dissolving it in acid [33], It has been found that using zeolite Y as

a template results in a microporous carbon with regular ordering identical to the

supercages of the zeolite [34], Lastly, the utilisation of zeolites in the drying of

organic liquids could be adapted to make them suitable for the adsorption of polar

molecules such as ethanol. This could lead to their use in the removal of alcohol

from drinks such as wine and beer (which is not thought to influence the taste) to

'soften' the drink [7].

1.2 Coordination Polymers

1.2.1 Background

Although zeolites have made a massive impact on the world's economy, the lack of

understanding of their mechanism of formation makes it very difficult to design them

to have specific pore sizes and properties and to therefore tailor them to suit specific

applications. As an alternative to zeolites there has recently been considerable

interest in the area of coordination polymers. These materials are prepared by the

assembly of discrete molecules in solution, a technique that has often been termed

modular chemistry or the molecular building block approach to porous materials. By

appropriately functionalising organic molecules with multiple groups that have the

ability to coordinate to a metal or hydrogen bond to each other it is possible for them

to self assemble to form a porous material.
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Figure 1.2. J Coordination polymer synthesis schematic showing an ML3 species

reacting with an organic building block (triangle) to form the coordination polymer

with the metal ligands filling the pores.

M M

Inorganic-organic hybrid porous materials were first studied during the 1970s by

Gravereau et al amongst others [35] but the recent interest in the area dates back to

the early 1990s and particularly the work of Robson, Hoskins et al [36]. They

proposed that by deliberate design of the individual components, ordered frameworks

might form spontaneously. It was postulated that assembly of the molecules using

intermolecular interactions and coordination bonds is an attractive technique as the

process is reversible, allowing mistakes in the framework building to be repaired and

the ordered growth continued.

Furthermore, from three-dimensional models they observed that even by using only

modest length organic molecules the resulting cavity volume of coordination

polymers would by relatively large compared to zeolitic materials. Therefore, by

increasing the length of organic molecule huge pore sizes previously unattainable in

ordered materials would result. Other promising features included easy diffusion of
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various species, interesting molecular sieve and ion-exchange properties and possible

post-framework formation functionalisation of the organic building blocks.

Moreover, the synthesis of coordination polymers offers a more rational design

process, which enables more control over the physical and chemical properties of the

framework. Careful design of the individual building blocks allows the design of

frameworks with desired properties and topologies including direct incorporation of

catalytic sites and chirality into the pores [37], A variety of organic molecules can be

used as long as they contain components that allow them to link together in a

particular orientation such as pyridyl, carboxylic acid and phosphonic acid groups

(figure 1.2.2).

Figure 1.2.2 Examples ofOrganic Building Blocks

The use of pyridyl functionalised molecules as building blocks such as 4,4'-dipyridyl

has resulted in a wide variety of framework topologies, including honeycomb [38],

adamantoid (also known as the superdiamondoid structure) [39], ladder [40], and

railroad [41] architectures (figure 1.2.3). These materials can have large channels and

completely different pore shapes and sorption properties compared to zeolites if the

anions and molecules that fill the pore space can be removed or exchanged without

resulting in the collapse of the framework [42],
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Figure 1.2.3 Example ofa nickel-dipyridyl framework with railroad topology [41]

Dipyridyl-based materials however suffer from poor thermal stability (generally

collapsing below 200 °C), a tendency to collapse when the species filling the pores

are removed and a tendency to interpenetrate. Interpenetration is the weaving of one

framework through another, occurring when the cavities created would be larger than

50 % of the volume of the structure and without it the crystal lattice would collapse.

It was initially thought that this always resulted in the filling of all the available pore

space but this has been found not to be the case. For example, a three-dimensional

silver dipyridyl structure reported by Yaghi et al was found to have void space

despite the presence of three interpenetrating frameworks [43],

The use of multi-carboxylic acid functionalised molecules as building blocks results

in neutral frameworks capable of shape and size selective ion exchange and other

zeolite like applications. These materials suffer from less interpenetration and are

much more thermally stable than dipyridyl frameworks (often stable up to between

300 and 400 °C). The multidentate coordination of benzene tricarboxylic acid (BTC)

for example results in the formation of a more rigid framework as it allows for the
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bridging of two different metal centres by three carboxylates of three separate

molecules. BTC molecules can effectively act as hexa-monodentate units linking

three metal ions. Furthermore, layers of metal-organic compound made from the

condensation of a metal complex and BTC can be held together by mutual 7i-stacking

with a guest molecule such as pyridine [44],

As already stated, coordination polymers can have extremely large pore sizes. In

2005 Ferey et al reported a thermally stable (up to 275 °C) chromium-benzene-1,4-

dicarboxylate structure, termed MIL-101. that has the largest surface area for an

ordered material ever recorded at 5900 m2g~' and with pore sizes between 29 and 34

A [45]. This by far exceeds the largest surface area of any zeolite, the biggest of

which is zeolite Y at 904 m2g"'. Although the crystal structure of coordination

polymers can usually be solved from single crystal x-ray data this becomes difficult

when the unit cell dimensions are very high. Therefore, M1L-101 was solved by

comparison of the experimental powder x-ray diffraction data with computer

simulation data from a library of possible coordination frameworks.

Another advance on zeolite chemistry is that multi-carboxylate containing molecules

have been used in the synthesis of homochiral coordination polymers. There are two

possible approaches to achieving chirality in coordination polymers: using organic

building blocks containing chiral groups or by using chiral solvent molecules that act

as template and coordinate to the metal centres to direct the formation of helices.

Rosseinsky et al demonstrated this latter technique in the preparation of a series of

chiral frameworks where the metal centres were not only coordinated by the linking
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BTC molecules but also had coordinated chiral solvent alcohol molecules to form

helices of uniquely one handedness [46].

The most thermally stable coordination polymers tend to be those synthesised using

phosphonic acid-containing molecules as the organic building blocks. Diphosphonic

acids were first used in porous material synthesis as a replacement for phosphoric

acid in metal-phosphate synthesis [47], This is because the mechanism of formation

of porous materials with phosphate groups shows that they severely limit the pore

size that can be obtained. However, if diphosphonic acids are used, the organic part

acts as a spacer unit linking the inorganic parts together, so possibly resulting in

larger pores. This method is also advantageous because unlike metal-phosphate

synthesis it does not require the use of a template, which on removal from phosphate

systems often results in their collapse. Initial studies focused on using phosphonic

acids with group four metals, but the method was soon extended to other transition

metals (Zr, V, Ni etc) and the group fourteen metals [48],

The predominant structure types of metal-diphosphonate frameworks are layered or

pillared structures (figure 1.2.4). This is due to the affinities of the hydrophilic metal-

oxide octahedra and the hydrophobic organic sections for each other and the solvent

[49], Often this results in the material having no porosity as the organic pillars can

take up all the space between the metal-oxide layers, but porous materials can be

achieved if the correct reaction conditions are found, often employing solvent

molecules or counterions as space tillers between the organic pillars [48, 50],

18



Figure 1.2.4 Example of a pillared diphosphonate framework prepared using

propylene diphosphonic acid [50]

It is also possible to prepare coordination polymers using organic molecules with

more than one type of functional group, such as carboxylic acid and phosphonic acid

groups. Distler and Sevov reported the first carboxylate-phosphonate framework

with a three-dimensional structure, a framework with one-dimensional S-shaped

channels, in 1998 [51]. Since then other porous carboxylate-phosphonate structures

have been reported [52], including examples that have also incorporated 4,4"-

dipyridyl and other molecules into the structure as a secondary metal linkers [53].

Despite the great potential of the molecular building block approach to porous

materials there are various challenges to be overcome. Access to the pores is often

not possible due to collapse of the framework on guest removal, strong host-guest

interactions or interpenetration of the frameworks. However, interpenetration can be

prevented by filling the channels with hydrogen bonding guest molecules [41] or by

using very large guest molecules such as nitrobenzene [36],

19



Champness et al discovered that altering the size of the organic molecules could also

control the degree of interpenetration. It was found that lengthening the dipyridyl

building block increased the amount of interpenetration due to the creation of larger

cavities needing to be filled [54], whereas decreasing the distance between the two

pyridine units such as by using diazapyrene decreased the level of interpenetration

(figure 1.2.5) [55], This result may have been unexpected as increased n-n

interactions should have led to more efficient packing and therefore more

interpenetrating networks but in general it can be seen that increasing the lateral bulk

of the ligand results in fewer voids to be filled, so there is less interpenetration of

frameworks.

Figure 1.2.5 Example ofdiffering size ofpyridyl building blocks

N
N

N

N

Perhaps more importantly, it is difficult to control the orientation of the molecules to

allow them to link together in the desired manner. Although possible framework

topologies can be predicted, it is arguable whether true design of coordination

polymer frameworks has yet occurred. This is because the labile metal ions favoured

in coordination polymer synthesis (Cu+, Cu2+, Ag+, Cd2+, Zn2+, Co2+ and Ni2+) do not

have as strong a preference for a given geometry as other ions, leading to a lack of

predictability of the framework formed [56], Lack of predictability also arises from
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the flexibility of the organic building blocks although this can be overcome by using

rigid molecules.

Once one framework with a certain topology has been prepared however, making
subtle changes to the organic building block can result in the formation of a series of

closely related structures. Yaghi el al demonstrated this with the group of

coordination polymers derived from the MOF-5 framework, a benzene dicarboxylic
acid (BDC) based structure with a cubic topology [57], Lengthening the organic unit

or adding functional groups to the benzene ring such as an amine group does not

change the topology of the structure, only the pore size and functionality of the

framework (figure 1.2.6).

Figure 1.2.6 MOF-5 (top left) and some analogous frameworks using different

organic linkers. The yellow spheres represent the pore radius [57],
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1.2.2 Synthesis

The preparation of coordination polymers is achieved by self-assembly of the

individual building blocks into the final material. This can be performed at room

temperature by making use of diffusion techniques and evaporation of the solvent to

bring the molecules together and form the most thermodynamically stable product. A

very successful technique is the diffusion of a base through a metal and carboxylic

acid-containing molecule mixture [58]. Hydrothermal [59] and solvothermal [57]

techniques, where the high temperatures and pressures allow transition states to be

obtained and the most ordered structure to be formed have also proved to be very

successful.

Overall the exploitation of the coordination preferences of a transition metal is the

predominant controlling factor in the creation of a desired network topology.

However, anion control, hydrogen bonding, n-n stacking and other intermolecular

interactions also have a profound effect on the framework topology. The metal

ligands or counterions that are lost in the reaction or the reaction solvent occupy the

pores of the extended solid as either guest molecules or ions, depending on the

framework's charge. Access to the pores can be obtained by removal of the guest

molecules by heating the material or by ion exchanging with smaller ions, providing

that the framework doesn't collapse.
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1.2.3 Applications

The outlook for coordination polymers is very promising due to their zeolite type

properties and the multitude of potential applications of rationally designed porous

solids. Unique applications may arise from the ability to exploit the metal component

and/or its interaction with guest molecules to create porous materials with unusual

properties such as redox potentials, magnetic moments or light absorption properties

[33]. What's more, porous solids from distinct molecular entities can be produced in

high yields using simple synthetic methods, making them very attractive for large-

scale production.

Accessible metal centres in metal-benzene tricarboxylate frameworks offer the

possibility of uses in gas separation and liquid purification [60]. Highly selective

adsorption of molecules has been observed for neutral frameworks based on BTC,

which could also lead to their use in the removal of aromatics and halogenated

hydrocarbons from industrial processes. It has been found that frameworks based on

dipyridyl building blocks can have selective clathration and catalytic activity. The

{Cd(4-4'-bpy)2](N03)2}oo framework with a two-dimensional square topology

reported by Fujita et al reversibly bound the ortho isomers of dibromobenzene and

dichlorobenzene but not their meta or para isomers [61]. It was also found to promote

the cyanosilylation of aldehydes. Chiral coordination polymers are much easier to

prepare than in traditional crystalline materials [62], This could make a considerable

impact on enantioselective sorption and catalysis for reactions that do not require

high temperatures.

23



Recent studies have shown there are potential uses of coordination polymers in gas

storage. Hydrogen storage is of particular interest as alternatives are sought for fossil

fuels, however there is as of yet no adequate method for its safe storage and

transport. One possible solution to this is the use of coordination polymers as they

are lightweight, relatively easy to prepare and can be tailored to suit specific

requirements [63], The zinc-benzene dicarboxylate framework termed MOF-5

reported by Yaghi et al was found to show a high capacity for hydrogen storage at

room temperature (0.5 % by weight), which could be increased by substituting the

benzene section for naphthalene (IRMOF-8, 2 % hydrogen uptake by weight) [64],

Although these values are not practical for large-scale use (the target is 6 wt % by

2010 [65]), new materials are continually being prepared that are capable of storing

larger amounts of hydrogen. At the time of writing the record was held by the

extremely large pored MIL-101 reported by Ferey et al, which was found to have an

initial hydrogen storage measurement of 4.5 % uptake by weight at 77 K and 30 bar

[45].

Furthermore, it has been shown by Yaghi et al that a derivative of MOF-5 (termed

IRMOF-6, figure 1.2.7) was able to absorb amounts of methane exceeding that of

other crystalline microporous materials, representing 70% of that stored in a methane

cylinder but at much lower pressures [57]. The gas storage properties of this

coordination polymer framework, its small volume, low weight and fast kinetics for

recharging could lead to its use in methane-fuelled vehicles.
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Figure 1.2.7IRMOF-6. The yellow sphere represents the pore radius [57]

MOF-5 has also attracted interest for applications in surface science and metal

organic chemical vapour deposition (CVD) [66], Catalytically active nanocomposites

Pd@MOF-5 and Cu@MOF-5 were prepared by size-selective gas-phase loading of

typical OMCVD precursors [67], These studies could lead to the use of coordination

polymers as "crystalline solvent cages" for the analysis of the chemical and physical

properties of inorganic nanoparticles.

1.3 Ionic liquids and Eutectic Mixtures

1.3.1 Background

Ionic liquids are salts that are fluids at near ambient temperature (below 100 °C)

composed entirely of ions [68]. Although the first ionic liquid was made in 1914

[69], it was not until the 1980s that they were first proposed as solvents for use in

organic and inorganic synthesis and are now attracting interest as industrial solvents.

This is because whereas most traditional industrial solvents are volatile organic

compounds (VOCs), ionic liquids are non-volatile. Therefore, if they are designed to
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be environmentally benign, their use results in much less environmental pollution

than conventional solvents.

Other useful properties of ionic liquids that may benefit their use over conventional

solvents are that they have a high thermal stability, are non-flammable and have

excellent solvation properties [68]. Furthermore, there are least a million binary ionic

liquids and a further possible 1018 ternary ionic liquids, compared to only about 600

molecular solvents being in use today. This means that solvents can be designed and

tuned to optimise yields, selectivity, solubility and product separation in a wide range

of reactions.

Binary ionic liquids are generally based on four types of organic cations: N,N'-

dialkylimadazolium, N-alkylpyridinium, alkylammonium and alkylphosphonium

ions (figure 1.3.1). Common anions are halide ions, tetrafluoroborate (BFf) and

hexafluorophosphate (PF6-)- It cannot be predicted reliably which combinations of

organic cores, alkyl groups and anions will form near ambient temperature liquids as

salts that melt at ambient temperature are unlikely to have greatly differing structures

and interionic interactions from those with slightly higher melting points [70],

Therefore, there is an element of chance in ionic liquid synthesis.
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Figure 1.3.1 Common Ionic Liquid Cations

R
+

Analogues of ionic liquids can be formed from mixing high melting salts with

another compound. The formation of these liquids, termed either eutectic mixtures or

deep eutectic solvents, is a result of the hydrogen bonding between the two solids

mixed together [71]. These mixtures, like ionic liquids, are not inflammable, have a

vanishingly low vapour pressure and exhibit unusual solvent properties influenced by

the hydrogen bonding. Generally, compounds that can form hydrogen bonds by

donating or accepting electrons or protons are highly soluble in eutectic mixtures.

Abbott et al have shown that a number of eutectic mixtures can be formed from

mixtures of quaternary ammonium salts and another component. When urea and

choline chloride (hydroxyethyltrimethylammonium chloride) are mixed in a 1:2 ratio

the resultant product has a melting point of 12 °C, which is much lower than that of

urea (133 °C) and choline chloride (302 °C) [71]. Likewise, similar results are

obtained by mixing di- and tri-carboxylic acid molecules such as malonic acid (mp

135 °C) with choline chloride to result in a material with a melting point of 25 °C

[72]. Near ambient temperature liquids can also result by mixing choline chloride

and other ammonium chloride salts with halides of metals such as chromium, tin and

zinc [73].
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1.3.2 Synthesis

Ionic liquids are generally prepared by either metathesis of a halide salt with for

example an ammonium salt of the desired anion [74], by using an acid-base

neutralisation reaction [75] or by the quaternisation of an amine or phosphine to form

the cation [76], Different anions can be obtained by changing the alkylation reagent

but if it is not possible to obtain the desired anion direct from quaternisation then a

further anion exchange step can be employed [77].

Figure 1.3.2 Ionic Liquid Synthesis Schematic (from an amine) [77]

NRj

Step I

+ R'X

Most ionic liquids and the reagents used to prepare them are air and moisture

sensitive so have to be prepared and stored under inert, dry conditions. For example,

the imadazolium and ammonium based ionic liquids have a tendency to be

hygroscopic and will be hydrated if not stored under dry conditions.
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Whereas ionic liquids are often complicated to synthesise or involve a sequence of

synthetic steps, the synthesis of eutectic mixtures is very easy. The two separate

components are simply mixed together in the correct ratio and, if required, heated to

form a liquid. Also in contrast to ionic liquids eutectic mixtures are mostly

inexpensive and water and air insensitive (such as those prepared by the combination

of ammonium halides with metal halides) so pose no problems for handling or

storage [71-73].

1.3.3 Applications

The diversity and tunability of ionic liquids and eutectic mixtures will lead to their

uses in a wide range of applications. The first industrial process to use ionic liquids is

the BASIL (biphasic acid scavenging using ionic liquids) process and is operated by

BASF. It increases productivity of the company's alkoxyphenylphosphine

compound, which is an important precursor in the manufacture of printing inks and

glass fibre, by a factor of 80,000 compared to the conventional process [78]. In the

process an ionic liquid is created in situ to remove the reaction by-product hydrogen

chloride. The ionic liquid is immiscible with the reaction mixture and so can be

easily removed and recycled.

Ionic liquids and eutectic mixtures have also already found uses in scientific

laboratories [79], These include in synthesis, catalysis, batteries and fuel cells. The

eutectic mixture formed from zinc chloride and choline chloride has been found to

greatly enhance the yield of Diels-Alder reactions [80], In this system the eutectic
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mixture acts as both the solvent and the catalyst and can easily be recovered and

recycled. There are also potential uses for ionic liquids and eutectic mixtures as

embalming fluids, in ion drives for space travel, for the desulfurisation of fuels, as

lubricants and in metal finishing [68].

1.4 Polyhedral Oligomeric Silsesquioxanes

1.4.1 Background

Polyhedral oligomeric silsesquioxanes (POSS) are silicate cage structures of the

general formula [RSiOj 5]n (where n is any even number greater than four and R is

hydrogen or any organic group), derived from the hydrolytic condensation of trihalo-

or tri-alkoxy alkylsilanes. They were first discovered in 1946 by Scott when he was

studying the thermal rearrangement of branched-chain methylpolysiloxanes [81]. The

term silsesquioxane denotes that the silicon atom is connected to three oxygen atoms.

The prefix 'oligo' is used to indicate a small number of silsesquioxane links or

prefixes such as 'octa' or 'deca' indicate a specific number of links [82],

POSS geometries are often described by the term Tn, where T represents the number

of number of RSiOj 5 groups. The Tg species is the most studied and is particularly

interesting as it has an almost cubic shape analogous to the double four ring (D4R)

secondary building unit commonly found in zeolites (figure 1.4.1). The first cubic Tg

POSS to be reported was octamethylsilsesquioxane, which was one of the structures

isolated by Scott in 1946. He was unable to fully characterise it due to its low
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solubility in numerous solvents but its structure was confirmed in 1955 by Sprung

[83] and Barry [84],

Figure 1.4.1 Cubic POSS species where R is any organic group

Since then many other cubic POSS species have been prepared from the hydrolytic

condensation of appropriately functionalised silanes [85], All the saturated alkyl

functionalised POSS are chemically inert but POSS species with more useful groups

have also been prepared. For example, POSS molecules bearing vinyl or hydride

functionality offer the possibility of further reactions using the POSS species and

further functionalisation of the POSS core with potentially useful groups.

The silicate POSS core is thermally stable, remaining intact at temperatures above

400 °C. The attached organic groups are not as stable, tending to break down at much

lower temperatures. The POSS core, however, is susceptible to strong acids, bases

and oxidising agents, often making modification of the organic groups without

affecting the integrity of the inorganic cage very difficult [86], Functionalisation is

further complicated by the rigid structure of the POSS cage, its strong electron

withdrawing properties, (about the same as that of a CF3 group [87]) and the need for

R
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clean, high yielding reactions to be used. Otherwise undesirable partially or mixed

functionalised species result that are extremely difficult to isolate and purify.

Transition metals can be incorporated into the POSS cage structure in a variety of

ways leading to potentially catalytically active POSS species. Partially condensed

cubes with one corner missing can be capped with metal species to give either

monomeric or dimeric POSS species [88]. A variety of incompletely condensed

POSS species have been prepared via hydrolytic condensation reactions from alkyl-

and aryl- trichlorosilanes. Capping of these species with a trifunctional metal species

such as vanadium, molybdenum or zirconium complexes then gives the desired

product (figure 1.4.2). However, the hydrolytic condensation route to partially

condensed POSS only results in synthetically useful quantities if trifunctional silanes

with relatively bulky organic groups are used.

Figure 1.4.2 Corner capping ofa partially condensed POSS

Metals can also be incorporated into the POSS structure whilst the cube is being

formed [89], Hydrolytic condensation of a silicon triol with a metal triol results in a

cage structure with alternating silicon and metal corners (figure 1.4.3). The reaction

process is the same except the presence of the metal species results in a mixed

structure.
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Figure 1.4.3 A mixed titanium-silicon POSS species
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Feher et al have shown that completely condensed POSS cages can be partially

broken at one edge or corner using reactions with strong acids or bases, allowing for

their derivatisation by the addition of another functional group or by the

incorporation of a metal (figure 1.4.4) [90], The reactions have to be carefully

controlled to prevent complete destruction of the POSS cage and cleavage of the

organic groups. However, this route appears to be the most practical method to

obtaining metal containing POSS on a large scale.

Figure 1.4.4 An example ofPOSS cleavage followed by metal insertion
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1.4.2 Synthesis

As already stated, POSS cages are prepared by the hydrolytic condensation of a

silane consisting of three hydrolysable groups and a non-hydrolysable functional

group that remains intact. Typically trihalo- or trialkoxy- organosilanes are used,

which on addition to water (which can be generated in situ as in the case of
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octahydridesilsesquioxane [91]) are hydrolysed to silanols. The silanols then form

the POSS core through condensation reactions. The polycondensation process

follows a very complicated mechanism, and is dependent on what the functional

group is as well as a number of other factors such as temperature, concentration of

monomers, quantity of water and the nature of the solvent [82],

Manipulation of the organic groups attached to POSS cores can be carried out using

a variety of reaction techniques. A particularly useful reaction is hydrosilation, which

involves the addition of a silicon-hydrogen group over a carbon-carbon double bond

(figure 1.4.5). The reaction is very high yielding and is selective to addition at the a-

carbon of the double bond, resulting in linear alkyl chains. The reaction is generally

carried out under mild conditions using platinum, palladium or rhodium containing

catalysts [92], The most successful catalysts have been found to be the platinum

complexes Speirs catalyst and Karstedt's catalyst. They have been used with great

success in the reaction of hydride POSS species with alkene containing molecules

and the reaction of vinyl POSS species with silanes with a silicon-hydrogen bond

[93]. This has resulted in the preparation of useful POSS molecules onto which

further functionalisation can be achieved using either further hydrosilation reactions

or other standard synthetic chemistry techniques.
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Figure 1.4.5 Pt catalysed Chalk-Harrod hydrosilation mechanism [94]

HSiRj

Other useful reactions when attempting to functionalise POSS molecules include the

cross-metathesis of vinyl groups with other carbon-carbon double bond containing

species and the conversion of vinyl groups to epoxides and phosphines [95], Also of

some use is the anti-Markovnikov addition of for example hydrobromic acid to

create a linear alkyl halide functionalised POSS [96], This can then either be used

directly in suitable substitution reactions or can be converted to a Grignard reagent

for use in further reactions.

1.4.3 Applications

The unique shape and functionality of POSS molecules lends them to a variety of

applications. One particularly interesting use is as the cores of dendrimeric molecules

[97], Dendrimers are globular molecules with branches radiating from a central core

that can be used as catalytic supports. They have a large number of active sites and

offer an advantage over normal homogeneous catalysts as they can be easily
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separated from the substrate using filtration through a membrane due to their large

size. Typically dendrimer cores have between three and six reactive sites to which

branched organic 'arms' are attached to form what is known as a first generation

dendrimer. Further arms can then be attached to form a second-generation dendrimer

and so on. The arms are then terminated with appropriate functional groups, the

steric interactions between which are important to the dendrimer's properties.

The eight reactive sites of the POSS core makes them particularly suited to

dendrimers as a high concentration of branches can be obtained relatively quickly. It

has already been shown that a POSS-based dendrimer with arms terminated in

phosphine groups (figure 1.4.6) can improve the selectivity of the hydroformylation

of oct-l-ene to form the-desired linear aldehyde [98]. It has been shown by molecular

modelling that this selectively is due in part to the shape of the POSS core [99].

Figure 1.4.6 Phosphine POSS dendrimer. The POSS core is shown as a cube for

clarity.

PPh.

Ph2P PPh: PPh.
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The similarity of cubic silsesquioxanes to the D4R SBU found in zeolites has also

lead to their use as building blocks in the synthesis of polymers. By linking cubes

through all eight corners it is geometrically difficult to fill all the available space

suggesting that these molecules are ideal for the preparation of porous materials.

Harrison et al and Laine et al showed that mesoporous polymers could be prepared

through the copolymerisation of POSS molecules using the hydrosilation reaction

between octavinyl- and octahydride- functionalised species [100]. By varying the

length of the organic linkers between the POSS cubes it is possible to alter the size of

the cavities in the polymer.

It was further shown by Morris et al that these copolymers can be further derivatised

by 'ring-opening' the sides of some of POSS units and incorporating metals such as

titanium and molybdenum in a similar way that has been achieved using monomeric

POSS species [101]. This can result in the copolymers having possible uses in

heterogeneous catalysis. In general, tailoring these porous polymers for specific

applications is potentially easier than for zeolitic materials. This is because like

coordination polymers they are prepared from pre-formed molecular building blocks

that remain intact throughout the reaction process. Therefore, the resultant properties

and topology can be predicted to a much greater degree.
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Figure 1.4.7 Simple schematic ofa POSS copolymer network

Copolymerisation reactions have also been carried out between POSS molecules and

non-POSS molecules to give a variety of potentially useful materials. A successful

technique has been the polymerisation of octa-epoxy functionalised POSS with

amine-containing molecules [102], Epoxy polymers are widely studied due to their

excellent thermal, mechanical and electrical properties. Incorporation of octa-epoxy

functionalised POSS offers the possibility of further improving these polymers-

properties such as a reduction in network motion and a higher glass transition

temperature, which is obtainable without increasing the cross-linking density [103].

POSS copolymers can also be formed when the POSS additives are tethered to the

polymer chain through a linkage on only one corner of the POSS (figure 1.4.8) [104],

These types of polymers have also been found to enhance the physical and thermal

properties of plastics as a direct result of the size and shape of the POSS additives,

which gives them the ability to control the motions of the chains while still

maintaining the processability and mechanical properties of the base resin. Potential

uses for polymers with POSS additives include: lightweight polymers; in

heat/abrasion resistant paints; and fire retardants [105].
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Figure 1.4.8 POSS tethered to a section ofa polymer backbone [ 104]

There is significant interest in polymers containing POSS molecules for uses in

space. Standard polymeric materials (such as Teflon) on spacecraft in low Earth

orbits are rapidly degraded by atomic oxygen and vacuum ultraviolet radiation.

However, if POSS containing polymers are used the POSS core reacts with the

atomic oxygen to form a protective Si02 layer that can self-heal due to the POSS

being uniformly dispersed throughout the matrix [104],

Other uses for POSS molecules are as models for heterogeneous catalysts [106],

zeolite defect sites [107] and silica surfaces [108], Metal containing POSS species

can provide new homogeneous catalysts that mimic heterogeneous silica supported

catalysts. Also, silsesquioxane derivatives as ligands have been shown to enhance the

rate of many reactions including epoxidation and Diels-Alder reactions [109], There

is also potential for the use of POSS molecules in biology and medicine, such as in

cardiovascular interventional devices [110].
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1.5 Aims and Objectives

The main aim of this project was to prepare microporous materials using the new

methodologies of ionothermal synthesis and coordination polymer chemistry. It was

hoped that novel framework topologies would be prepared and that a rational design

process could be implemented. The synthesis of these materials could then be

appropriately adapted to tailor them for specific applications.

The first objective of this project was to prepare crystalline materials using eutectic

mixtures as solvent. It was postulated that one component of the eutectic mixture

would either form part of the porous framework or act as a template. Without water

or any other solvent present the eutectic mixture may have acted as a true template.

By altering the eutectic mixture more rationally designed analogues could then be

prepared.

The second objective was to prepare crystalline porous materials by appropriately

functionalising polyhedral oligomeric silsesquioxane molecules with carboxylic acid

groups. It was hoped that by using these almost cubic shaped molecules, which

closely resemble the D4R SBU commonly found in zeolites, coordination polymers

could be formed with the aluminium cobalt phosphate 1 (ACO) zeolite topology.

A second aim of this project was to prepare a polymeric material where the POSS

molecules are linked through Diels-Alder reactions. As the Diels-Alder reaction is

thermally reversible the framework building process would be similar to that of
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coordination polymer chemistry. Therefore, a highly ordered polymeric material with

a topology analogous to the ACO zeolite topology would result.
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2. Experimental and Analytical Techniques

2.1 Air and Moisture Sensitive Synthetic Chemistry

For air and moisture sensitive chemistry standard Schlenk techniques were used. All

reaction vessels and syringes were oven dried before use and all solvents and liquid

reactants were either obtained dry or were dried using established procedures [1].

For all reactions a Schlenk line was used fitted with a Drierite (anhydrous calcium

sulfate) column through which argon passed through before entering the line. A

magnetic stirrer was placed in the Schlenk glassware to be used, which was then

fitted with a rubber seal and evacuated of air then refilled with argon. This

filling/evacuation procedure was repeated twice before any reagents were added to

ensure an inert atmosphere was obtained. Solvents were added via a syringe from

storage under a dry, inert atmosphere. Before filling the syringes with liquid they

were filled with argon then evacuated three times as for the reaction vessel. All solid

reagents were added to the reaction flask under a steady stream of argon.

For reactions performed at reflux a condenser was fitted under a steady stream of

argon. Argon was passed over the reaction and through an oil bubbler to ensure an

inert atmosphere was maintained.
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2.2 Ionothermal Synthesis

The usual route of zeotype synthesis (hydrothermal synthesis) is crystallisation from

a reactant solution/slurry at high temperature and autogenous pressure in a sealed

autoclave [2], The reactants include the framework building species, the structure

directing agent/template, the solvent and if required a mineraliser such as

hydrofluoric acid. Ionothermal synthesis is similar to hydrothermal synthesis except

that the solvent (the ionic liquid or eutectic mixture) is also the template. Also,

ionothermal zeotype synthesis can sometimes be performed in an open vessel such as

a round-bottomed flask.

Typically an ionothermal procedure involves partially filling a Teflon lined autoclave

with the solvent and then adding the other reactants before sealing the autoclave and

heating for a few days in an oven. Many variables can be investigated such as

framework cations, solvent, time and temperature. The product is recovered by

vacuum filtration, washed and if required sonicated to separate the larger particles.

Finally the product is dried.

Ionothermal synthesis has mostly been used for aluminophosphate synthesis, for

which an aluminium source (eg aluminium isopropoxide) and a phosphate source (eg

phosphoric acid) are required plus any other desired additives such as a source of

transition metals. For coordination polymers organic molecules functionalised with,

for example, carboxylic acids or phosphonic acids and a metal source (eg cobalt

acetate) are necessary, plus any other additives required such as a base.
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2.3 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is a valuable tool for the organic

and inorganic synthetic chemist, allowing the analysis of nuclei with non-zero

magnetic moments, resulting in structural information on the material [3].

Atomic nuclei with an intrinsic angular momentum known as a nuclear spin (1) adopt

21 + 1 orientations in the presence of a magnetic field (B0). Nuclei with an odd mass

number have nuclei spins of 1/2, 3/2, 5/2 etc. In solution state NMR 'H and ljC are

the most important nuclei and both have spins of a 1/2. For these nuclei only two

orientations are possible: a low energy orientation aligned with the magnetic field

and a high energy orientation opposed to the magnetic field. When a radio frequency

signal that matches the energy difference between the two levels (equation 2.1) is

applied to the system some of the low energy nuclei are promoted to the high energy

level. A small portion of the radio signal is absorbed and the signal is measured from

the re-emission of the radiation as the nuclei relax to the ground state again.

Equation 2.1 E = h.D l) = yB0/27t

Commonly the method used to obtain NMR spectra is FT (Fourier Transform) NMR

spectroscopy. The FT NMR spectrum is measured by applying the radio frequency

signal as a single pulse that generates an oscillating magnetic field at a right angle to

the applied magnetic field. The sample being analysed has a net magnetisation

initially aligned in the direction of the applied field, which on application of the pulse
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is disturbed and its oscillation is detected. The frequency of the oscillation is the

difference between the NMR resonance frequency and the excitation frequency. As

the magnetisation oscillates it decays as relaxation allows it to return back to

equilibrium. This oscillation signal from the sample's nuclei is known as the free

induction decay (FID), which after Fourier transformation (FT) shows the nuclei's

frequency or chemical shift spectrum.

The precise frequency at which at nucleus comes into resonance depends on the

applied magnetic field and also the differences in magnetic environment experienced

by each nucleus. These differences are mainly caused by variations in electron

density and their movement, which creates a magnetic field, resulting in each

chemically distinct atom coming into resonance at a slightly different frequency from

the others. The signals obtained are described as having a chemical shift (8) from a

standard frequency and are measured in parts per million (ppm). The common

standard for 'H, 13C and 29Si NMR is tetramethylsilane, which is chosen because it

only has one signal (which appears at one extreme of the spectrum), is inert, volatile,

non-toxic and cheap.

With 'H NMR spectra the absorption of the signal is generally proportional to the

number of protons coming into resonance at that frequency. Therefore, the area

under the peaks can be used to calculate how many protons are in a specific

environment. Furthermore, these peaks are also split into a fine structure due to the

interactions (coupling) between neighbouring or nearby magnetic nuclei. With first

order 1H-1 H coupling if a carbon is connected to another carbon with n identical
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hydrogens its signal will be split into n + 1 peaks, the intensities of which are given

by the coefficients of the terms in the expansion of (x + l)n. For example if a methyl

group is connected to a methylene group with identical hydrogens its signal will be

split into a triplet with intensities of the peaks being 1:2:1. This allows for the

connectivity between the atoms in the molecule to be established.

All solution NMR spectra ('H, 13C and 29Si) were recorded on a Varian 300 or a

Bruker 300 spectrometer operating at the appropriate frequency.

2.4 Mass Spectroscopy and MALDI-TOF

Mass spectroscopy involves the vaporisation of compounds and the production of

ions from the resultant gas phase molecules [3]. The ions are then separated

according to their mass to charge ratio (m/ze), detected and recorded. Usually only

singly charged ions are produced so the abundance of the ions is generally plotted

against m/z. The types of ions produced can be predicted so the output provides

valuable evidence of a compound's structure and mass. Electrospray ionisation (ESI)

mass spectroscopy produces a single peak allowing for straightforward confirmation

of a sample's mass.

Matrix-assisted laser desorption - time of flight (MALDI-TOF) spectra is a powerful

tool for the determination of molecular weights of very large molecules such as

proteins and dendrimers, which are outside the range of conventional mass

spectrometers [4]. For MALDI, the sample to be analysed is mixed with an excess of
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an ultraviolet absorbing matrix, which is usually a low molecular weight aromatic

acid. On irradiation with a focused beam at the appropriate wavelength, the excess

matrix sublimes and transfers the embedded analyte molecules into the gas phase.

Singly protonated ions are formed from the numerous ion-atom collisions, which are

then accelerated into the spectrometer.

Mass spectroscopy was carried out by the University of St Andrews Mass

Spectrometry Service on a Micromass GCT spectrometer and a Micromass LCT

spectrometer. MALDI-TOF spectroscopy was carried out by the University of St

Andrews Biomolecular Mass Spectrometry and Proteomics Service on a Micromass,

TofSpec 2E, MALDI-TOF mass spectrometer.

2.5 CHN Elemental Analysis

CHN (carbon, hydrogen, nitrogen) elemental analysis provides information on the

ratios of these three elements in a material. From comparison with the calculated

values it is possible to verify the composition and purity of a material. Elemental

analysis was carried out by the St Andrews Microanalysis Service on a Carlo Erba

1106 CHN Elemental Analyser.
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2.6 Infra-Red Spectroscopy

Most molecular vibrations can be detected and measured in the infra-red region of

the electromagnetic spectrum. The most useful range of the spectrum is between

4000 cm"1 and 625 cm"1 (cm"1 is the scale in which the reciprocal of the wavelength

is measured). Vibrations of individual types of bonds and functional groups occur in

well-defined areas, providing useful structural information on a material [3],

Liquids for analysis are prepared by squeezing a drop of the liquid between flat

plates of sodium chloride (which are transparent through the 4000-625 cm"1 region)

before the infra-red beam is passed through the sample. Solid samples are mixed

with a hydrocarbon (usually nujol) to form a thick paste or mull before pressing

between the plates. Alternatively the sample is ground with potassium bromide and

pressed into a disc using a special mould and hydraulic press. This method eliminates

the problems of bands due to the mulling agent in the spectrum, although this is not

usually a problem.

All FT1R spectra were recorded on a Perkin-Elmer 1710 spectrometer or a Perkin-

Elmer Spectrum GX IR spectrometer.
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2.7 X-Ray Diffraction

X-ray diffraction is the main method for the structural characterisation of crystalline

inorganic solids. It is used to determine the average atomic positions in a solid and

from them the distances and bond angles between the atoms.

X-rays are typically generated by bombarding a metal (usually copper or

molybdenum) with high-energy electrons. The electrons slow down as they enter the

metal and generate radiation with a continuous range of wavelengths called

Bremsstrahlung [5]. Superimposed on this are sharp peaks resulting from collisions

between the incoming electrons and the electrons in the inner shells of the metal

atoms. This leads to the ejection of the inner shell electrons. The vacancies are then

filled by electrons dropping from higher energy shells and the excess energy is

emitted as x-ray photons.

A crystalline solid is made up of a large number of units that are regularly repeated

in all directions, resulting in an ordered structure [6], These units can be atoms,

molecules or segments of molecules. The smallest repeating unit is known as the unit

cell, which has three sides (conventionally denoted a, b and c) and three angles (a, |3

and y). However, symmetry (other than translation symmetry, i.e. moving from one

point in the unit cell to another) within a unit cell relates the atoms and molecules

within the cell to each other, thus the unique, independent part of the structure is

usually only a fraction of the unit cell and is known as the asymmetric unit.

Restrictions are imposed on the unit cell parameters by rotational and reflection
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symmetry, leading to seven types of crystal symmetry known as crystal systems

(table 2.1). Symmetry elements allow these crystal systems to be subdivided into

thirty-two point groups that are then subdivided into two hundred and thirty space

groups due to translational symmetry [7],

Table 2.1 Crystal systems

Crystal system Essential symmetry Restrictions on unit cell
Triclinic None None

Monoclinic one 2-fold rotation and/or mirror P II II o o

Orthorhombic three 2-fold rotations and/or mirrors a = (3 = y = 90°
Tetragonal one 4-fold rotation a = b;a = p = y = 90°

Rhombohedral one 3-fold rotation a = b = c;a = P = y(^ 90°)
Hexagonal one 6-fold rotation a = b; a = P = 90°; y = 120°

Cubic four 3-fold rotation axes a = b = c;a = P = y = 90°

The three dimensional symmetry of a crystalline material is conventionally described

as the crystal lattice. The lattice defines points in space that have the same

environment (symmetry). These lattice points can lie either on the atoms or on

symmetry elements (for example an inversion centre or a rotational axis) and are

connected to each other by equally spaced parallel lines that cut through the unit cells

called Miller planes, which are described by Miller indices (h, k and 1). The distance

between the Miller Planes is referred to as the d spacing.
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Figure 2.1 Reflection ofx-rays from two lattice planes

The crystal lattice acts as a diffraction grating for x-rays. A diffraction pattern occurs

when an x-ray beam is scattered by the electrons surrounding the atoms or ions and

there is constructive interference between all the beams diffracted in the crystal

lattice. For constructive interference to occur Bragg's law must be satisfied. The path

length difference (2dsin0) between scattering from successive planes must be an

integer number of wavelengths. 0 (theta) is the angle between the incident beam and

the lattice planes.

Equation 2.2 Bragg's Law

nX, = 2dsin0

The complete pattern of scattered x-rays produced by a crystal is obtained by rotating

the crystal in the x-ray beam, which allows diffraction to be measured at different

values of 0. The result is a regular pattern of spots (known as the reciprocal lattice),
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which has three points of interest that correspond to the structure [6]. Firstly, the

geometry of the pattern is related to the lattice and unit cell geometry so gives

information on the repeat distances between the repeating units. Secondly, the

symmetry of the pattern is related to the symmetry of the unit cell so allows

determination of the crystal system and space group. Thirdly, the different intensities

of the spots hold information on the actual positions of the atoms within the unit cell

of the material.

2.7.1 Single crystal XRD

Single crystal x-ray diffraction is the most straightforward method for obtaining

structural information on a crystalline solid and is the method of choice if suitable

crystals are obtained. For single crystals each set of Miller planes can be brought into

the reflecting position using three degrees of freedom (cp, x and co) of a four circle

diffractometer. The remaining degree of freedom (29) is then scanned so that data is

collected in a range of orientations and obtained for the full three-dimensional lattice.

X-ray reflections (positions and intensities) used to have to be observed one at a time

but nowadays diffraction experiments routinely use area detectors, which can record

a number of incident beams at the same time. The most common of these is the

charge-coupled device (CCD) detector. Due to the size of these detectors it is

possible to reduce the number of rotation axes for the crystal so it is now no longer

necessary to bring all the reflections into the horizontal plane to record them,

allowing for faster data collection and a complete diffraction pattern to be collected.
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Single crystal data collected at the University of St Andrews was collected at 293 K

using a Bruker SMART diffractometer with graphite-monochromated Mo Ka

radiation (X = 0.71074) or Cu Ka radiation (X, = 1.54180). The crystal structures were

solved using the direct methods program SHELXS-97 and refined with a full matrix

least-squares technique using the program SHELXL-97.

2.7.2 Powder XRD

When suitable crystals for single crystal x-ray diffraction cannot be obtained powder

x-ray diffraction can be used to solve a sample's structure. However, the orientations

of the particles (crystallites) in a crystalline powder are generally random, causing

the observed pattern to be an average of the particle orientations so it appears as a

pattern of concentric rings. The diffractometer therefore only has two variables (20

and co) and the three-dimensional pattern is observed as a two-dimensional pattern.

Therefore there is a loss of data through peak overlap and it is much more difficult to

index the sample, assign the correct space group and solve the structure than by using

single crystal XRD.

Although it is possible to solve the structures of microporous materials using powder

XRD it was not necessary during this project. Instead it was used for the

identification of known phases and confirmation of structures prepared. Reitveld

refinement of a sample's observed powder pattern against a structural model

(equation 2.3) minimises the residual (S) by a least squares process, where yi0 andyic
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are the observed and calculated intensities and w, is a suitable weight at the z'th step

This is achieved by first refining several profile parameters involving the

diffractometer zero point, background and peak shape. When a close fitting model is

obtained the atomic positions, thermal parameters and site occupancies are then

refined to give the final structure solution.

As with least squares refinement of single crystal data, the progress of powder

refinements are monitored by R-factors, normally the profile Rp and the weighted

profile R,vp, the more meaningful of the two being the weighted R-factor. However,

Rwp is heavily dependent on the treatment of the background so is not ideal for

comparing refinements between different samples.

[8],

Equation 2.3 s = Z wi lw - yic r

Equation 2.4

Equation 2.5 E w,y,o
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The quality of the data is expressed by equation 2.6, where N is the number of profile

points and P is the refined parameters. In theory the value of Rw/, should approach

that of Rexp. A measure of this is the goodness of fit function, %, which shows how

well the structural model fits the data. This value should converge to unity for a well-

refined structure.

When refining a structure it is also helpful to look at the plot of the observed and

calculated profiles and the difference between them. In a well refined structure the

two sets of values should fit exactly. Also, the highest possible resolution data should

be collected to minimise peak overlap and background noise.

Data for phase identification purposes were collected on a STOE STADIP

diffractometer using monochromated Cu Kai radiation in flat plate geometry. Data

for refinement was collected on a STOE STADIP diffractometer using

monochromated Cu Kai radiation collected in Debye-Scherrer geometry using 0.7

mm quartz capillaries over 12 hours.

Equation 2.6

Equation 2.7
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2.7.3 Synchrotron Radiation

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

polarised, tuneable beam of x-rays delivered in a series of short pulses of less than a

nanosecond in length [9], It is created by accelerating electrons to relativistic speeds,

injecting them into a storage ring (operated at high vacuum) and holding them at a

fixed energy using a constant magnetic field. Synchrotron radiation is emitted

tangentially from the ring and has a continuous spectrum ranging from infra-red to x-

rays, of which any wavelength can be selected by the use of a monochromator [6].

The electron current of the storage ring decays exponentially due to electrons being

scattered out of the beam from electron-electron interactions and scattering from

gaseous molecules. It therefore has to be refilled every 24 hours.
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Synchrotron radiation allows diffraction experiments on very small crystals or

weakly scattering crystals because of the high intensity and low divergence of the

beam [11]. The ultrafast high-resolution data obtainable using synchrotron radiation

has led to improved structure solutions of zeolitic materials, which are often only

obtained as microcrystals. It can also be used for other applications such as collection

of high resolution powder data, time-resolved crystallography and high-pressure

studies.

Single-crystal x-ray diffraction was carried out at either station 9.8 or 16.2smx at the

CCLRC Daresbury Laboratory Synchrotron Radiation Source, Cheshire, UK [12].

Station 9.8 is a high flux, tuneable, monochromatic, single crystal diffraction facility,

which utilises a Bruker-Nonius APEX1I CCD area detector and D8 diffractometer at

X-ray wavelength between 1.45 A and 0.30 A. The station is placed 10.7 m from the

5T wiggler and can receive up to 3.8 mrad of beam. This is focussed in the horizontal

plane by a cylindrically bent asymmetrically cut triangular silicon monochromator,

cooled by GalnSn alloy. There is a choice of either a (111) or (220) monochromator

crystal. The (111) crystal has an asymmetric cut of 2.01°, which gives in an optimum

focus at the sample for a wavelength of 0.7 A. At this wavelength the AX/X = 0.1 %.

The operational range of this crystal is from 1.45 A to 0.45 A. The (220) crystal has

an asymmetric cut of 1.03°, which gives in an optimum focus at the sample for a

wavelength of 0.3 A. At this wavelength the AX/X = 0.1 %. The operational range of

this crystal is from 0.8 A to 0.30 A. The monochromator is mounted on a Huber

rotatory table and can be positioned to a precision of 0.001°. For normal use (and for

our requirements) the station is set to approximately 0.68 A. The second optical
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component is a flat 1.2 m palladium coated (300 mm) zerodur glass mirror. This is

mounted to allow it to be cylindrically bent to provide vertical focussing of the

monochromatic beam. Its second purpose is to act as a harmonic rejecter. At 0.68 A

the mirror operates at 6 mrad to the incident beam. The mirror has been successfully

used between 0.48 A and 1.45 A. The station operates a Bruker-Nonius APEXII

CCD area detector and D8 diffractometer. The APEXII has a choice of four standard

collimators (0.8, 0.5, 0.3, 0.2 mm) plus two for microcrystal work (0.1, 0.05 mm

under testing). The uncollimated beam is 2.5 mm in width by 1.0 mm high.

Station 16.2smx is used as an overflow for station 9.8. It is a high flux, fixed

wavelength, monochromatic, single crystal diffraction facility. It utilises a Bruker-

Nonius APEXII CCD area detector and D8 diffractometer at an X-ray wavelength of

0.846 A. The APEXII has a choice of four standard collimators (0.8, 0.5, 0.3, 0.2

mm) plus two for microcrystal work (0.1, 0.05 mm under testing).

2.8 Thermal Analysis

Thermogravimetric analysis (TGA) is used to study the loss of mass in porous

materials. The technique involves weighing a sample whilst it is being heated in a

controlled manner, usually under oxygen or an inert gas. The observed changes in

mass provide information on the stability and molecular formula of the material.

Combining TGA with mass spectroscopy (TG-MS) provides further information on

what masses are being lost from the material, allowing assignment of molecules or

molecular fragments lost on heating.
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TG-MS analysis was carried out by the St Andrews Microanalysis Service on a

Netzsch STA 449C analysis coupled to a Pfeiffer mass spectrometer (200 amu).

Samples were heated at 5 °C min"1 to a maximum of 600 °C under an atmosphere of

argon at a rate of 50 ml min"1.
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3. Eutectic Mixtures in the Synthesis of Coordination

Polymers

3.1 Introduction

Conventionally porous coordination polymers are prepared using either

hydrothermal, solvothermal or room temperature diffusion techniques. Finding new

methodologies to form these materials may result in the formation of novel

framework topologies. Furthermore, it may be possible to impart more rational

design into the process of making new materials. lonothermal synthesis, a novel

method of making porous materials by using ionic liquids and eutectic mixtures as

solvent and template, is an attractive route to these goals. Since there are fewer

interactions between the framework building species and water, the interactions with

the other species in the reaction mixture are more important.

At the time of writing the only reported use of ionothermal synthesis to prepare a

porous coordination polymer was in the synthesis of Zn(03PCFt2C02) NH4 (figure

3.1.1) by Liao et al [1], The eutectic mixture prepared by mixing urea and choline

chloride was used as the solvent and partial decomposition of the urea to ammonium

cations during the synthesis provided the template for the framework. No framework

was formed at ambient temperature suggesting that the conditions in the autoclave

during ionothermal synthesis were responsible for the break-up of the urea.
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Figure 3.1.1 Zn(0jPH2C02) NH4 framework [1]

This chapter is concerned with the use of eutectic mixtures to prepare porous

coordination polymers through two different methodologies. The first uses one of the

components of the eutectic mixture itself to form part of the coordination polymer

framework. The second method uses a eutectic mixture in the preparation of metal-

phosphonate and metal-carboxylate frameworks where the eutectic mixture either

remains intact throughout the reaction or decomposes to contribute to the formation

of a porous framework.

The most commonly studied coordination polymers consist of an organic molecule

functionalised with carboxylic acid groups that coordinate to transition metal

clusters. Eutectic mixtures can be prepared from di- and tri-carboxylic acid

containing molecules and choline chloride [2], The reaction of these solvents with a

transition metal salt was studied to see if this would result in the carboxylic acid

containing molecule coming out of solution to form the organic part of a metal-

organic framework (figure 3.1.2).
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Similarly, the zinc chloride/choline chloride eutectic mixture was studied in the same

way [3], This time, however, an organic molecule with groups that could coordinate

to a metal was added in an attempt to form a coordination polymer with organic

molecules linked by zinc clusters (figure 3.1.2).

Figure 3.1.2 Coordination Polymer Synthesis from Eutectic Mixtures Schematic

The decomposition of urea in coordination polymer synthesis using eutectic mixtures

was previously utilised to form a template. Here it was investigated whether it could

be used to form part of the actual framework. A very similar break-up of N-

methylformamide (NMF) has been observed in the formation of a porous cobalt-

formate framework templated by methyl ammonium prepared by Mike Friel in St

Andrews in 2004 (figure 3.1.3). In this case the NMF supplies both the formate and

the methyl ammonium ions, so it was thought that a similar thing might happen with

urea [4],

HO

/
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Figure 3.1.3 Crystal Structure of cobalt-formate framework templated by methyl

ammonium [4]

Also in this chapter the use of eutectic mixtures as solvent in the synthesis of metal-

phosphonate frameworks and metal-carboxylate frameworks is studied.

Diphosphonic acids containing benzene rings and benzene dicarboxylic acid were

chosen as building blocks as the benzene rings impart rigidity and a precisely defined

shape into the structure. Interactions between aromatic rings and guest molecules can

also give these materials potentially useful properties.

3.2 Experimental

3.2.1 Preparation of Eutectic Mixtures

Eutectic mixtures were prepared by mixing choline chloride with either succinic

acid, urea or zinc chloride (x) in the correct ratio.
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Eutectic mixture X ratio x: choline chloride
EMI succinic acid 1:1

EM2 succinic acid 2:1
EM3 urea 2:1
EM4 zinc chloride 1:2

3.2.2 Preparation of Coordination Polymers from Eutectic Mixture Components

General method for unsuccessful preparations of metal-succinate frameworks.

Into a Teflon lined autoclave was placed the succinic acid/choline chloride mixture

(EMI or EM2), the transition metal source and in some reactions a base. The

autoclave was heated in an oven for a period of days. If a solid product formed it was

recovered by dissolving the eutectic mixture in distilled water followed by filtration.

It was then washed with distilled water and acetone then air dried. All solid samples

were submitted for powder XRD and checked for single crystals.

EM (g) MX2.XH2O (g, mmol) T(°C) Time (days) Result
EMI (5.04) Zn(0Ac)2.2H20 (0.25, 1.14) 150 3 no product
EMI (5.00) Zn(OAc)2.2H20 (0.25, 1.14) 200 3 no product
EMI (5.04) Zn(0Ac)2.2H20 (2.00, 9.11) 150 3 no product
EMI (5.09) Ni(0Ac)2.4H20 (0.26, 1.04) 150 3 no product
EMI (5.01) Ni(OAc)2.4H20 (0.99, 3.98) 150 3 no product
EMI (5.06) Ni(0Ac)2.4H20 (2.09, 8.40) 150 3 no product
EMI (2.48) Ni(0Ac)2.4H20 (0.75,3.01) 150 3 no product
EMI (3.20) Ni(OAc)2.4H20 (0.26, 1.04) 110 3 no product
EMI (3.63) Co(OAc)2.4H20 (0.25, 1.00) 110 3 no product
EMI (3.63) Co(OAc)2.4H20 (0.25, 1.00) 110 3 no product
EMI (2.03) Co(N03)2.6H20 (0.20, 0.68) 180 14 no product
EMI (2.52) Mn(0Ac)2.4H20 (0.77, 3.14) 150 3 no product
EMI (5.09) Cu(0Ac)2.H20 (1.47, 7.36) 150 3 no product
EMI (4.09) Cu(N03)2.6H20 (1.47, 6.32) 150 3 no product
EM2 (4.00) Cu(0Ac)2.H20 (0.24, 1.20) 150 3 no product
EM2 (4.02) Co(OAc)2.4H20 (0.24, 0.96) 150 3 no product
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EM (g) MX2.xH20 Base T(°C) Time Result

(g, mmol) (days)
EMI Ni(0Ac)2.4H20 Pyridine 150 3 Green amorphous
(3.96) (0.25, 1.00) 4 drops solid
EMI Cu(OAc)2. H20 Pyridine 150 3 no product
(4.09) (0.25, 1.25) 4 drops
EMI Cu(OAc)2. H20 Et3N 110 3 no product
(2.56) (0.25, 1.25) (0.1 ml)
EM2 Cu(OAc)2. H20 NaOH 3M 150 3 no product
(4.06) (0.25, 1.25) 0.26 ml
EM2 Co(OAc)2.xH20 NaOH 3M 150 3 no product
(4.02) (0.25, 1.00) 0.25 ml

Copper-succinate framework. Into a Teflon lined autoclave was placed the succinic

acid/choline chloride eutectic mixture (2.5 g, 9.62 x 10" mol), copper acetate

monohydrate (0.25 g, 1.25 x 10"3 mol), sodium hydroxide (0.20 g, 5.00 x 10° mol)

and water (0.11 g, 6.11 x 10"3 mol). The autoclave was heated at 110 °C for 2 days.

The green crystalline product was recovered by dissolving the eutectic mixture in

water followed by filtration. It was then washed with distilled water and acetone then

air dried.

General method for unsuccessful preparations of a cobalt-formate framework.

Into a Teflon lined autoclave was placed the urea/choline chloride eutectic mixture,

the cobalt source and in some cases an acid. The autoclave was heated in an oven for

a period of days. If a solid product formed it was recovered by dissolving the eutectic

mixture in distilled water followed by filtration. It was then washed with distilled

water and acetone then air dried. All solid samples were submitted for powder XRD

and checked for single crystals.
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EM (g) MX2.xH20
(g, mmol)

Acid (g) T(°C) Time

(days)
Result

EM3

(3.00)
CU(0Ac)2.H20

(0.52, 2.60)
none 150 3 Brown

amorphous
solid

EM3

(3.09)
CoC12.xH20
(0.50, 3.85)

none 150 3 blue solid

EM3

(2.59)
Co(OAc)2.4H20

(0.25, 1.00)
none 170 3 Green

amorphous
solid

EM3

(2.44)
CU(0Ac)2.H20

(0.25, 1.25)
none 170 3 No product

EM3

(4.28)
Co(OAc)2.4H20

(0.15, 0.60)
BDC (0.11) 150 3 Grey

amorphous
solid

EM3

(4.02)
Co(OAc)2.4H20

(0.25, 1.00)
H3PO4
(0.18)

150 3 Blue solid

EM3

(4.21)
CoC12.xH20
(0.25, 3.85)

H3PO4
(-0.18)

150 3 Blue

amorphous
solid

EM3

(3.82)
Co(OAc)2.4H20

(0.21, 0.84)
1M HC1

(-0.1)
150 3 green

amorphous
solid

Unsuccessful preparation of a zinc-bipyridine framework. Into a Teflon lined

autoclave was placed the zinc chloride/choline chloride eutectic mixture (EM3) (4.00

g) and bipyridine (0.23 g, 1.47 x 10° mol). The autoclave was heated at 150 °C for 3

days. The product was recovered by dissolving the eutectic mixture in distilled water

followed by filtration. It was then washed with distilled water and acetone then air

dried.
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3.2.3 Preparation of Diphosphonic Acid Containing Molecules

(4.4'-Diphenylylene-dimethylene)diphosphonic acid was synthesised and supplied

by Dr Paul Wheatley.

p-Xylylene di-isopropylphosphonate. p-Xylylene dibromide (4.95 g, 1.90 x 10"2

mol) was refluxed in tri-isopropyl phosphite (50 ml) for 6 hours. The reaction was

cooled and petroleum ether was added to form the product as a white precipitate

(6.39 g, 78 %). 'H NMR (CDC13, 300 MHz): SH 1.16 (12H, d, JH 6.144, CH3), 1.26

(12H, d, JH 6.144, CH3), 3.07 (4H, d, JH 19.970, CH2), 4.59 (4H, m, CH) and 7.23

(4H, m, ArH). I3C NMR (CDC13, 75 MHz) 5C 23.83 (2C, CH3), 24.03 (2C, CH3),

35.35 (2C, CH2), 70.46 (2C, CH), 129.86 (4C, aryl-CH) and 130.40 (2C, aryl-C).31P

NMR (CDC13, 121 MHz) 8P 25.75 (2P, m, CH2P). CHN (calc): 55.23 (55.29) C, 8.32

(8.35) H.

p-Xylylene diphosphonic acid, p-xylylene di-isopropylphosphonate (2.80 g, 6.45 x

10° mol) was refluxed in concentrated hydrochloric acid (20 ml) for 4 hours. The

product, which had formed as a white precipitate was recovered by filtration, washed

with cold water and air dried (1.45 g, 85 %). ]H NMR (DMSO, 300 MHz): SH 2.90

(4H, d, J„ 19.97, CH2) and 7.14 (4H, s, ArH). 3,P NMR (DMSO, 121 MHz) 5P 22.30

(2P, t, JP 18.93, CH2P). CHN (calc): 36.25 (36.11) C, 4.47 (4.54) H.
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3.2.4 Preparation of Metal-Phosphonate Frameworks

Cobalt-dibenzyldiphosphonate framework. Into a Teflon lined autoclave was

placed the urea/choline chloride eutectic mixture (5 g), (4,4'-diphenylylene-

dimethylene)diphosphonic acid (0.12 g, 4.44 x 10"4 mol) and cobalt acetate

tetrahydrate (0.25 g, 1.00 x 10"J mol). The autoclave was heated at 150 °C for 3 days.

The purple solid product was recovered by dissolving the eutectic mixture in distilled

water followed by fdtration. It was then washed with distilled water and acetone and

finally air dried.

Nickel-dibenzyldiphosphonate framework. Into a Teflon lined autoclave was

placed the succinic acid/choline chloride eutectic mixture (5 g), (4,4'-diphenylylene-

dimethylene)diphosphonic acid (0.13 g, 4.81 x 10"4 mol) and nickel acetate

tetrahydrate (0.23 g, 9.24 x 10~4 mol). The autoclave was heated at 150 °C for 3 days.

The yellow solid product was recovered by dissolving the eutectic mixture in

distilled water followed by filtration. It was then washed with distilled water and

acetone and finally air dried.

Nickel-benzyldiphosphonate framework. Into a Teflon lined autoclave was placed

the succinic acid/choline chloride eutectic mixture (4 g), p-xylylene diphosphonic

acid (0.11 g, 6.47 x 10"4 mol) and nickel acetate tetrahydrate (0.16 g, 6.43 x 10"4

mol). The autoclave was heated at 180 °C for 3 days. The yellow solid product was

recovered by dissolving the eutectic mixture in distilled water followed by filtration.

It was then washed with distilled water and acetone and finally air dried.

77



To confirm that the p-xylylenediphosphonate was still intact the framework was

destroyed in 6M hydrochloric acid. The white residual solid was then submitted for

"H NMR. 'HNMR (DMSO, 300 MHz): 5H 2.90 (4H, d, JH 19.97, CH2) and 7.14 (4H,

s, aryl-H).

Cobalt-benzyldiphosphonate framework. Into a Teflon lined autoclave was placed

the urea/choline chloride eutectic mixture (4 g), p-xylylene diphosphonic acid (0.11

g, 6.47 x 10~4 mol) and cobalt acetate tetrahydrate (0.14 g, 5.62 x 10~4 mol). The

autoclave was heated at 180 °C for 3 days. The purple solid product was recovered

by dissolving the eutectic mixture in distilled water followed by filtration. It was then

washed with distilled water and acetone and finally air dried.

General method for unsuccessful preparations of a porous cobalt-benzyl¬

diphosphonate framework. Into a Teflon lined autoclave was placed the

urea/choline chloride eutectic mixture (EM3), p-xylylene diphosphonic acid (P2) and

cobalt source. The autoclave was heated in the oven for a period of days. The purple

solid product was recovered as before.

E. M. (g) P2

(g, mmol)
MX2.XH2O (g, mol) T(°C) time

(days)
Result

EM3

(4.41)
0.10, 0.59 Cu(N03)2.xH20

(0.15, 0.64)
110 3 blue solid

EM3

(4.02)
0.10, 0.59 Co(OAc)2.4H20

(0.14, 0.56)
150 14 purple

solid
EM3

(4.01)
0.01, 0.59 Co(OAc)2.4H20

(0.14, 0.56)
150 28 purple

solid
EM3

(1.00)
0.08, 0.47 Co(N03)2.6H20

(0.09, 0.31)
110 3 purple

solid
EM3

(1.00)
0.10, 0.59 Co(N03)2.6H20

(0.15, 0.52)
110 15 purple

solid
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3.2.5 Preparation of Metal-Dicarboxylate Framework

Chain Cu-BDC framework. Into a Teflon lined autoclave was placed the

urea/choline chloride eutectic mixture (4 g), benzene- 1,4-dicarboxylic acid (0.10 g,

6.02 x 10"4 mol) and copper nitrate hydrate (0.23 g, 9.89 x 10~4 mol). The autoclave

was heated at 110 °C for 3 days. The blue/purple crystalline product was recovered

as before.

Attempted preparation of a porous Cu-BDC framework (general procedure as

above):

E. M. (g) BDC

(g, mmol)
Cu(N03)2.xH20

(g, mmol)
T(°C) Time

(days)
Result

EM3 (4.32) 0.20, 1.20 0.22, 0.95 110 3 Cu-BDC chain
framework

EM3 (4.17) 0.10, 0.60 0.23, 0.99 150 3 no solid

3.3 Results and Discussion

3.3.1 Coordination Polymers from Eutectic Mixture Components

It was expected that simply heating a dicarboxylic acid/choline chloride eutectic

mixture in an autoclave with a transition metal salt would result in the formation of a

coordination polymer. However, despite trying a variety of metal salts and conditions

this did not prove to be the case, with either nothing or amorphous materials being

formed. This may be because the interactions between the two components of the
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eutectic mixture are too strong to allow for one of them to leave the mixture and

form a coordination polymer. Alternatively, the lack of coordination polymer

formation may have been due to the carboxylic acid protons not being removed to

form carboxylate groups, essential for coordination polymer synthesis.

It was therefore thought that an additional reactant would have to be added to form a

coordination polymer. It was anticipated that addition of a base would disrupt the

hydrogen bonding in the eutectic mixture as some of the carboxylic acids would be

deprotonated. This would result in re-equilibration and a metal-organic framework to

be formed. Deprotonation of some of the carboxylic acids would also aid in their

coordination to the metal centre.

The addition of triethylamine or pyridine, which are common basic additives in

coordination polymer synthesis, did not produce any favourable results. However,

the addition of sodium hydroxide solution when copper acetate hydrate was used as

the metal source and heating at 1 10 °C for three days resulted in the formation of a

green crystalline material. The unit cell of this material was obtained from single

crystal data at the synchrotron radiation source at Daresbury [5] and was found to be

the same as a material reported by Ang et al (a = 6.4370 A, b = 7.6230 A, c = 8.0810

A, a = 103.90°, P = 73.50°, y = 98.62°; space group: P-l; crystal system: triclinic) [6].

The structure consists of chains where slightly distorted square pyramidal copper

centres are bridged by two succinate ligands, coordinated in the equatorial

environments (figure 3.3.1). A water molecule occupies the axial position. Hydrogen
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bonding between coordinated and guest water molecules and the oxygen atoms of the

carboxylates hold the chains together.

Figure 3.3.1 Crystal Structure of the known Cu-succinate framework [6] prepared

using a eutectic mixture

The method reported by Ang et al involved dissolving succinic acid in a sodium

hydroxide solution then adding copper acetate dihydrate and 2-pyridinemethanol. A

precipitate was formed, which was removed by filtration and the crystals were

obtained by slow evaporation of the filtrate at room temperature. Doubling the

amount of 2-pyridinemethanol resulted in the formation of another framework where

the 2-pyridinemethanol was part of the structure. Ang states that the 2-

pyrdinemethanol acts as a buffer in the structure where it is not coordinated, so it

may be that eutectic mixture conditions give a similar pH.

The structure contains a lot of water, which may have come from the water in the

copper source or from the sodium hydroxide solution. The molar ratio of eutectic

mixture to water in the reaction mixture is not that high (1.57:1) so the product has
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not formed under true ionothermal conditions. There is also the possibility that the

structure is not formed during heating in the autoclave but is formed when the

eutectic mixture is dissolved in water prior to filtration. To test for this the reaction

was carried out as normal but the eutectic mixture was dissolved in ethanol. The

resultant product was not the same material so it seems likely that this copper

succinate framework was not formed ionothermally.

To check if the sample was phase pure a powder x-ray pattern was collected from 5

to 80 °C on a STOE stadip diffractometer using Cu K«i radiation. Le Bail fitting of

the pattern in triclinic P-l did not satisfactorily model all the observed peaks,

implying that even though the majority of the product was the Cu-succinate chain

framework there was another crystalline material in the sample (wRp = 17.47 %. %2 =

56.70). This was expected as the sample could be seen to not be a homogeneous

green colour.
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Figure 3.3.2 Plot of the Reitveld refinement of the PXRD Pattern of the Cu-succinate

framework. The red crosses are ofthe observed powder pattern and the green line is

the calculated powder pattern. The purple line shows the difference between the

observed and calculatedpatterns.
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Simply heating the urea/choline chloride eutectic mixture with a metal salt was

unsuccessful in forming a coordination polymer. It may be that adding an extra

reagent would help achieve the desired result but reactions performed with the

addition of acids did not result in any crystalline materials. Substituting the urea for a

urea derivative such as methylurea, which would break-up to form methylamine, and

make the system closer to that which resulted in the cobalt-formate framework

described earlier may also produce better results.

Only one reaction was performed with the zinc chloride/choline chloride eutectic

mixture. Bipyridine was chosen as the organic building block as it was thought that a

carboxylic acid containing molecule may prefer to form a eutectic mixture with the

choline chloride rather than a coordination polymer with the zinc chloride. A
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crystalline material was not formed but further studies into this system may result in

the formation of a coordination polymer.

3.3.2 Metal-Phosphonate Frameworks

The zinc phosphonate/carboxylate prepared by Liao et al in urea/choline chloride

showed that eutectic mixtures could be used as the solvent in coordination polymer

synthesis. Therefore it was expected that the technique could be used to prepare

porous metal-phosphonates containing aromatic rings. (4,4'-Diphenylylene-

dimethylene)diphosphonic acid had been used by Dr Paul Wheatley to prepare a

cobalt-dibenzyldiphosphonate structure (figure 3.3.4). The reaction was carried out

in an autoclave in a water/methanol mixture with cobalt acetate tetrahydrate as the

cobalt source. This resulted in a purple powder containing small needle single

crystals (unit cell: a = 5.1715 A, b = 9.3854 A, c = 15.6294 A, a = 103.36°, [3 =

93.02°, y = 98.68°; space group: P-l; crystal system: triclinic).

By changing the solvent to urea/choline chloride it was possible to prepare the same

material. However, the purple powder was not highly crystalline and did not contain

any single crystals. Comparison of each of the two materials' powder x-ray

diffraction patterns by eye confirmed they were the same material but this could not

be proved satisfactorily by Reitveld refinement due to the poor quality of the PXRD

data (figure 3.3.3). Furthermore, the peaks are not in exactly the same positions. This

may be due to some residual solvent distorting the structure.
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Figure 3.3.3 PXRD Patterns of Co-dibenzyldiphosphonate prepared solvothermally

(purple) and ionothermally (blue).
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The structure consists of layers of cobalt oxide octahedra pillared by layers of the

dibenzyldiphosphonate (figure 3.3.4). Each cobalt atom is coordinated to six oxygens

belonging to phosphate groups. From the single crystal data it can be seen that the

benzene rings may be able to rotate.

Further characterisation of this material was not possible as a highly crystalline,

phase pure sample was not obtained. Although the layered structure was the only

crystalline phase present much of the sample was amorphous powder.
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Figure 3.3.4 Crystal Structure ofCo-dibenzyldiphosphonate framework

There was no ammonia like smell from the cooling autoclaves (characteristic of the

break-up of urea), suggesting that the eutectic mixture remained intact throughout the

reaction. If it had broken up it may have acted as a space filler between the

phosphonate molecules, resulting in the formation of a porous solid. It may be that

the 7i-7i interactions between the benzene rings are too strong for it to make a

difference, although there are many examples of porous metal-organic frameworks

containing aromatic rings suggesting this is not the case [7].

By changing the solvent to succinic acid/'choline chloride it was possible to prepare a

nickel analogue of this material. Even though this material also contained no single

crystals it was much more crystalline than the cobalt version, however a Reitveld

refinement was still not possible.
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Figure 3.3.5 PXRD Patterns of Co-dibenzyldiphosphonate (purple) and Ni-

dibenzyldiphosphonate (blue)
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A p-xylylene diphosphonic acid was prepared by first refluxing p-xylylene

dibromide in triisopropylphosphite (Arbusov reaction) and then hydrolysing the

resulting ester in refluxing concentrated hydrochloric acid. Using this compound

nickel- and cobalt- phosphonate structures could be made in the same way as with

(4,4"-diphenylylenedimethylene)diphosphonic acid. It was expected that an analogue

of the dibenzyl structure would be formed except with the organic molecule

containing only one benzene ring. Again no single crystals were formed and although

the powder XRD patterns of the cobalt and nickel versions showed the same peaks,

the nickel containing material was again much more crystalline.

No single crystals were obtained but the sample of the nickel analogue was very

crystalline and was suitable for Reitveld refinement. The powder pattern was

collected from 5-80° 20 on a STOE stadip diffractometer using Cu Kai radiation. Le

Bail fitting of the pattern in space group Pca2| and orthorhombic crystal system, with
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a unit cell of a = 9.4964 A, b = 5.6211 A, c = 21.7589 A gave a reasonable fit (wRp

= 8.02 %, x2 = 4.78), showing the sample was phase pure and exactly the same as a

material synthesised hydrothermally by Stock and Bein in 2002 [8].

Figure 3.3.6 Plot of the Reitveld refinement of the PXRD Pattern of the Ni-

benzyldiphosphonate framework. The red crosses are of the observed powder pattern

and the green line is the calculated powder pattern. The purple line shows the

difference between the observed and calculatedpatterns.

Similar frameworks have also been reported containing lead and copper instead of

nickel [9]. The structure is similar to the dibenzyldiphosphonate framework

described above as it consists of layers of metal oxide octahedra pillared by the

diphosphonate molecule. However, there are a few significant differences. Firstly,

although the metals are also in an octahedral environment one of the ligands is water.

A second difference in the metal oxide sheets is their shape: the layers of the

dibenzyldiphosphonate structure are flat whereas the layers of the

benzyldiphosphonate framework have a 'zig-zag' topology.
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Table 3.3.1 Crystal data and structure refinement for Ni-benzyldiphosphonate

framework [8]

Identification code Ni-benzyldiphosphonate
Empirical formula (NiP03)2C8H82H20
Temperature 298 K

Wavelength 1.54051 A

Crystal system, Space Group Orthorhombic, Pca2|
Unit cell dimensions A = 9.4964 A a= 90°.

B = 5.6211 A (3= 90°.
C = 21.7589 A y = 90°.

Volume 1161.5 A3
Z 4

Pcalc (g Cm"J) 2.369

Profile range 5 <= 20 <= 80

No. of data points 3749

Obs. Reflections 431

Atomic Parameters 60

Profile Parameters 8

R values wRp = 0.0802
Rp = 0.595
RF = 0.1290

Another significant difference between the two frameworks is the directions that the

organic pillars are facing. The dibenzyldiphosphonates are all at the same angle from
the metal-oxide layer whereas the layers of benzyldiphosphonates alternate between

two different directions.
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Figure 3.3.7 Crystal structure ofNi-benzyldiphosphonate framework

r

^ ^ ^ ^ ^ ^

To further confirm that the two structures were the same the nickel product was

added to 6M hydrochloric acid to dissolve the metal and leave the p-xylylene

diphosphonic intact for solution NMR. This would prove that the diphosphonic acid

was still intact in the framework. This procedure resulted in the hydrochloric acid

turning green and the formation of a residual white solid. The 'H NMR of this solid

confirmed it was the p-xylylene diphosphonic acid. Furthermore, to verify that water

was coordinated to the nickel and cobalt FTIR spectra were obtained. Both the cobalt

and nickel analogues showed spectra similar to that of the frameworks reported and

the expected signal of the SM-O-Fl vibration (-605 cm"1).

Further attempts to produce a porous material were made using this diphosphonic

acid, a cobalt source, the urea/choline chloride eutectic mixture and by changing the

reaction conditions. It was expected that by making the reaction conditions closer to

those of Liao et al that the urea would break-up and form a spacer between the

benzene rings and a porous material would result. The quantity of solvent was

reduced from four grams to one gram and cobalt nitrate was substituted for cobalt

•On
#p
#o
Cc
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acetate. However, despite an ammonia-like smell being produced on cooling of the

autoclaves, the resulting framework was found to be the same as before.

It was also anticipated that a longer reaction time could result in the formation of a

porous solid. It was thought that longer reaction times might have resulted in more

urea break-up and therefore more chance of the decomposition product acting as a

template or spacer between the benzyldiphosphonates. It was also postulated that the

general topology might change from the hydrophobic areas and hydrophilic areas

being separated into layers into another type of framework. Unfortunately, all

attempts resulted in the same non-porous, layered structure being formed.

3.3.3 Metal-Dicarboxylate Framework

In addition to phosphonic acid building blocks, reactions were also performed using

benzene-1,4-dicarboxylic acid (BDC). By reacting with copper nitrate in the

urea/choline chloride eutectic mixture at 110 °C a dark blue/purple crystalline

material was formed. The unit cell (a = 4.0900 A, b = 6.0370 A, c = 9.8200 A, a =

93.57°, (3 = 99.19°, y = 100.16°; space group: P-l; crystal system: triclinic) was

determined from a single crystal at the synchrotron radiation source at Daresbury [5]

and was found to be the same as that of a material already reported by Zimmermann

et al [10].
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The structure consists of chains of BDC molecules linked through the equatorial sites

of octahedral copper ions (figure 3.3.8). The axial sites are occupied by ammonia

ligands. The chains are held in place by hydrogen bonding between the N-H of the

ammonia molecules and an oxygen of the benzendicarboxylate ligand.

Figure 3.3.8 Crystal Structure ofCu-benzenedicarboxylate framework

The method used to prepare this material is very different from that reported by

Zimmermann et al. Their procedure consisted of combining copper nitrate hydrate

and benzenedicarboxylic acid in methanol and an aqueous ammonia solution and

allowing the solvent to evaporate. If the structure prepared by the ionothermal route

is exactly the same as that prepared by Zimmermann et al it implies that the urea has

broken down during synthesis to provide the ammonia ligands. The eutectic mixture

is therefore incorporated into the structure, which was a main aim of this work. It is

anticipated that changing the reaction conditions may result in a porous framework

templated by ammonia or ammonium. However, initial attempts at changing the

reactant ratios and the reaction temperature proved to be unsuccessful.
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To check if the sample was phase pure a powder x-ray pattern was collected from 5

to 80 °C on a STOE stadip diffractometer using Cu Kai radiation. Le Bail fitting of

the pattern in triclinic P-l did not satisfactorily model all the observed peaks,

implying that even though the majority of the product was the Cu-BDC chain

framework there was another crystalline material in the sample (wRp = 15.77 %. x2 =

16.36). This was expected as the sample could be seen to not be a homogenous blue

colour. However purification of the sample by sonification was not possible as this

resulted in transformation of the product to an unknown green phase.

Figure 3.3.9 Plot of the Reitveld refinement of the PXRD Pattern of the Cu-BDC

framework. The red crosses are ofthe observedpowder pattern and the green line is

the calculated powder pattern. The purple line shows the difference between the

observed and calculatedpatterns.
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3.4 Conclusion

It has been demonstrated that eutectic mixtures can be utilised in the preparation of

coordination polymers, either as the reaction solvent or part of the coordination

polymer framework. It is not possible to form frameworks just by mixing succinic

acid/choline chloride with a metal salt. This is probably due to the pH of the reaction

mixture. Adding a base to the mixture does result in the formation of a framework,

although the use of aqueous sodium hydroxide means the reaction does not take

place under ionothermal conditions. Further studies need to be undertaken to see if a

framework can be formed whilst retaining the ionothermal nature of the synthesis.

The synthesis of metal-diphosphonate frameworks is possible under ionothermal

conditions. No novel frameworks were formed, which indicates that the eutectic

mixture is acting similarly to a normal solvent and not affecting the reaction that

much. However, a copper-benzenedicarboxylate framework was formed under

ionothermal conditions where the eutectic mixture directly contributed to the

formation of the coordination polymer. The framework contained ammonia ligands

that were a result of the urea decomposing during the reaction

Even though no porous coordination polymers were formed using a eutectic mixture

in this study other studies have shown it to be possible to do so. Therefore, by

altering more reaction variables novel porous materials may potentially be formed

using the organic building units studied in this chapter. Otherwise, there are many
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other organic building blocks that can be used that might give novel framework

topologies when reacted under ionothermal conditions.
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4. Eutectic Mixtures in the Synthesis of Aluminium

Cobalt Phosphate Frameworks

4.1 Introduction

It was reported in 2004 by Morris et al that novel porous aluminophosphate

frameworks could be prepared by using ionic liquids as both the reaction solvent and

template (figure 4.1.1) [1]. This new methodology was termed ionothermal synthesis

and has numerous advantages over the conventional hydrothermal route to zeolitic

frameworks. Firstly, because the ionic liquid can act as both solvent and template

there is no competition between the solvent and template to direct the structure,

possibly allowing for closer templating. Therefore there is an increased possibility of

novel framework topologies being formed and more rational design of zeolitic

materials.

Figure 4.1.1 AlPOframeworks from ionic liquids as solvent and template [1], Blue,

pink and red spheres correspond to aluminium, phosphorus and oxygen respectively.

N + N
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Furthermore, as ionic liquids have a vanishingly low vapour pressure it can be

possible to perform the synthesis of porous frameworks in an open flask. This

eliminates the safety concerns over autoclave synthesis where high pressures can be

built up during the reaction. Other advantages are that ionic liquids can have unusual

solvation properties and that it is potentially possible to synthesise 1018 ionic liquids

compared to around six hundred conventional solvents, therefore also increasing the

probability of novel frameworks being formed.

Morris et al furthered this work by reporting the synthesis of a layered

aluminophosphate material (termed SIZ-6) and three aluminium cobalt phosphate

frameworks (SIZ-7, SIZ-8 and SIZ-9) [2], Each of the frameworks was prepared

using l-ethyl-3-methylimidazolium bromide as solvent and template. The only other

zeolitic materials to be made in this way were reported by Xu et al in 2005 [3]. The

ionic liquids l-ethyl-3-methylimidazolium bromide and l-hexyl-3-

methylimidazolium bromide were used in the synthesis of silicoaluminophosphate

frameworks with the AEL topology, which was carried out at atmospheric pressure

in a round-bottomed flask.

Also reported by Morris et al was the use of a eutectic mixture as solvent and

template in the formation of a porous aluminophosphate (figure 4.1.2) [1], This

methodology was also included in the definition of ionothermal synthesis due to the

ionic character of eutectic mixtures. A novel framework with an interrupted structure

was synthesised using a urea/choline chloride mixture as the solvent. It was expected

that the quaternary amine choline chloride would act as the template however the
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template was found to be ammonium, formed in situ from the partial decomposition

of the urea.

In the same paper the synthesis of the non-zeolitic framework A1PO-CJ2 was

reported, prepared with the addition of fluoride, again with ammonium as the

template (figure 4.1.2). These results suggest that in these systems ammonium

formed in situ is the preferred template over choline. Therefore, to prepare a

framework templated by choline an alternative to urea has to be used.

Figure 4.1.2 AlPO frameworks from eutectic mixtures as solvent and template [1],

Blue, pink, red and green spheres correspond to aluminium, phosphorus, oxygen and

fluoride respectively.

In this chapter the use of carboxylic acid/choline chloride eutectic mixtures as

solvent and template in the synthesis of aluminium phosphate materials is studied. It

was anticipated that the competition between which molecules would act as template

would be removed and new porous frameworks would be formed templated by

choline. This is desirable as choline is very cheap and very safe (it is used in baby

food), making it an ideal choice of template.

ho^/N\'ci
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4.2 Experimental

4.2.1 Preparation of Eutectic Mixtures

Eutectic mixtures were prepared by mixing choline chloride with a multi-carboxylic

acid containing molecule (x) in the correct ratio.

Eutectic mixture X ratio x: choline chloride
EMI succinic acid 1:1
EM2 glutaric acid 1:1
EM3 citric acid 1:2

4.2.2 Attempted Preparation of Aluminium Phosphate Frameworks

General method for unsuccessful attempts at preparing a porous A1PO. Into a

Teflon lined autoclave was placed the succinic acid/choline chloride eutectic mixture

(4 g), an aluminium source and phosphoric acid (85 wt% in H20). In some reactions

cyclam or cobalt acetate tetrahydrate was also added to the reaction mixture. The

autoclave was heated in the oven for 3 days. The white solid product was recovered

by dissolving the eutectic mixture in distilled water followed by filtration. It was then

washed with distilled water and acetone and air dried.
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E.M. (g) A1 source

(g, mmol)
h3po4

(g, mmol)
Other (g, mmol) T(°C) time

(days)
EMI (4.98) Al(0'Pr)3

(0.11, 0.61)
0.19, 1.65 none 150 3

EMI (5.08) Al(0'Pr)3
(0.10, 0.55)

0.17, 1.48 none 180 3

EMI (4.07) Al(0'Pr)3
(0.16, 0.88)

0.23, 2.00 Cyclam
(0.11, 0.55)

150 3

EMI (4.22) Al(0'Pr)3
(0.23, 1.26)

0.32, 2.78 Cyclam
(0.25, 1.24)

150 3

EMI (4.07) Al(0'Pr)3
(0.10, 0.55)

0.18, 1.56 Cyclam
(0.12, 0.60)

180 3

EMI (4.22) Al(0'Pr)3
(0.22, 1.21)

0.32,2.78 Cyclam
(0.24, 1.20)

180 3

EMI (4.12) Al(0'Pr)3
(0.21, 1.15)

0.31,2.69 CO(OAC)2.4h20
(0.21, 0. 84)

150 3

EMI (3.95) Al(01Pr)3
(0.22, 1.21)

0.29, 2.52 Co(OAC)2.4h20
(0.20, 0.80)

180 3

EMI (4.03) Al(OH)3
(0.19, 2.44)

0.38, 3.30 none 150 3

EMI (3.94) Al(OH)3
(0.20, 2.56)

0.37, 3.21 Cyclam
(0.12, 0.60)

150 3

EMI (4.06) Al(OH)3
(0.19, 2.44)

0.36, 3.12 Cyclam
(0.12, 0.60)

180 3

4.2.3 Preparation of Aluminium Cobalt Phosphate Frameworks

CoAlPO-1. Into a Teflon lined autoclave was placed the succinic acid/choline

chloride eutectic mixture (4 g), aluminium isopropoxide (0.23 g, 1.26 x 10"3 mol),

phosphoric acid (0.31 g 85 wt% in water, 2.69 x 10° mol), cobalt acetate tetrahydrate

(0.20 g, 8.03 x 10"4 mol) and cyclam (0.13 g, 6.49 x 10~4 mol). The reaction mixture

was heated at 150 °C for 6 days. The blue solid product was recovered by dissolving

the eutectic mixture in distilled water followed by filtration. It was then washed with

distilled water and acetone and air dried.
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Solution 'l-I NMR of the template was obtained by dissolving a sample in

hydrochloric acid (0.8 ml, 6 M) and D20 (4 drops). 'H NMR (D20, 300 MHz): SH

1.35 (9H, s, CH3), 2.19 (2H, m, NCH?) and 2.75 (2H, m, CH?OH).

CoAlPO-1 could also be prepared under the same conditions except using the

glutaric acid/choline chloride (EM2) and citric acid/choline chloride (EM3) eutectic

mixtures as solvent.

Attempted CoAlPO-1 synthesis in a round-bottomed flask. Into a round-bottomed

flask fitted with a drying tube was placed the succinic acid/choline chloride eutectic

mixture (4 g), aluminium isopropoxide (0.23 g, 1.26 x 10"J mol), phosphoric acid

(0.31 g 85 wt% in water, 2.69 x 10"3 mol), cobalt acetate tetrahydrate (0.20 g, 8.03 x

10"4 mol) and cyclam (0.13 g, 6.49 x 10"4 mol). The reaction mixture was stirred and

heated at 150 °C for 7 days. The white solid product was recovered as for before.

CoAlPO-3. Into a Teflon lined autoclave was placed the succinic acid/choline

chloride eutectic mixture (4 g) aluminium isopropoxide (0.22 g, 1.08 x 10"3 mol),

phosphoric acid (0.32 g 85 wt% in water, 2.78 x 10 J mol), cobalt acetate tetrahydrate

(0.21 g, 8.43 x 10~4 mol) and cyclam (0.15 g, 7.49 x 10~4 mol). The reaction mixture

was heated at 180 °C for 3 days. The blue solid product was recovered by dissolving

the eutectic mixture in distilled water followed by filtration. It was then washed with

distilled water and acetone then air dried.
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Solution NMR of the template was obtained as for the layered CoAlPO structure. 'H

NMR (D20, 300 MHz): 5H 1.83 (9H, s, CH3), 2.13 (2H, m, NCHA and 2.69 (2H, m,

CH?QH"). 13C NMR (D20, 75 MHz): 5C 53.07 (3C, CH3), 54.83 (1C, NCH2) and

66.35 (1C, CH2OH).

CoAlPO-3 could also be prepared under the same conditions except using pyridine

instead of cyclam.

4.3 Results and Discussion

4.3.1 Attempted Preparation of Aluminium Phosphate Frameworks

Attempts to synthesis a porous aluminium phosphate framework by simply heating

an aluminium and phosphate source in an autoclave with succinic acid/choline

chloride were found to be unsuccessful. By using aluminium isopropoxide as the

aluminium source an aluminophosphate dense phase was formed, previously

reported by Mooney [4], Switching to aluminium hydroxide as the aluminium source

resulted in the formation of the dense phase berlinite [5].

It was therefore thought that choline would not act as a template so to make an open

framework another possible template would have to be added. For this the

macrocycle cyclam (1,4,8,11-tetraazacyclotetradecane) was chosen. Nitrogen

containing macrocycles have been shown to be excellent templates in the synthesis

of zeolitic materials due to their size, shape and high charge density [6].
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Furthermore, macrocycles with different heteroatoms and ring sizes have varying

affinities to metal ions, which may play a role in the crystallisation of transition

metal containing zeotypes [7], With regards to this work, macrocycles have the

added advantage over other possible templates in that they are solid rather than

liquid. This means that there is no possibility of products forming due to

solvothermal reaction conditions, or intermediate conditions, instead of the desired

ionothermal conditions.

Cyclam has been used before in the synthesis of zeolitic materials, where it is either

located as a template unbound to the framework [8] or is coordinated to a metal in

the framework and is part of an inorganic-organic hybrid structure [9], However, the

addition of cyclam to this reaction mixture did not result in the formation of a porous

material.

4.3.2 CoAlPO-1

On addition of cobalt acetate tetrahydrate to the reaction mixture as well as the

cyclam a blue crystalline solid was formed after heating in an autoclave at 150 °C

(figure 4.3.1). This solid, termed CoAlPO-1, was initially thought to be a layered

aluminium cobalt phosphate templated by cyclam, however on solution of the

structure by single crystal x-ray diffraction the template was found to be choline.
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Figure 4.3.1 Crystal Structure ofCoAlPO-1 showing layers ofCoAlPO separated by

a layer ofcholine molecules.

The asymmetric unit of CoAlPO-1 consists of two cobalt, six aluminium, eight

phosphorus, thirty-two oxygen and two chlorines, with four choline molecules in

ordered positions (figure 4.3.2). The chemical formula is [AI3C0P4O16CI]""

.[C5H13NOH]2+.

Table 4.3.1 Crystal data and structure refinementfor CoAlPO-1

Identification code CoAlPO-1

Empirical formula C20AI6CI2C02N4O36P8
Temperature 293(2) K
Wavelength 1.54180 A
Crystal system, Space Group Triclinic, P-l
Unit cell dimensions A =14.167(7) A a = 67.69(6)°.

B = 15.045(5) A p = 75.26(6)°.
C = 15.104(3) A y = 89.65(6)°.

Volume 2865.6(18) A3
Crystal size 0.1 x 0.05 x 0.01 mm3
Theta range for data collection 3.19 to 68.06°.
Index ranges -16<=h<= 17,

-17<=k<= 17,
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-17<=1<= 18
Reflections collected 35630

Completeness to theta = 68.06° 91.3 %
Refinement method Full-matrix least-squares on F^
Data / restraints / parameters 9538 /0/703

Goodness-of-fit on F~ 1.710

Final R indices [l>2sigma(I)] R1 =0.1869, wR2 = 0.4371
R indices (all data) R1 =0.2468, wR2 = 0.5038
Largest diff. peak and hole 1.930 and-1.942 e.A"3

Figure 4.3.2 Asymmetric unit ofCoAlPO-1

The framework topology is very similar to the layered gallium phosphate material,

DMAP-GaPO, reported by Wragg and Morris [10]. It consists of alternating

inorganic and organic layers. The secondary building unit (SBU) is a double four-

membered ring (D4R) opened out on one edge, linking it to another of the repeating

units to form a chain. The chains are linked through phosphorus and aluminium

centred tetrahedra to form sheets (figure 4.3.3).
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Figure 4.3.3 Crystal structure ofCoAlPO-1 showing a CoAlPO sheet

The cobalt atoms are coordinated tetrahedrally to three oxygens and one chlorine.

The cobalt-chlorine bond is the first to be found in zeolitic frameworks. This may be

due to the conditions in this system being less harsh than conventional zeotype

synthesis, where it would have been hydrolysed to a cobalt-oxygen bond. This opens

up the opportunity for these bond types to be utilised in some way and also the

possibility of more novel bond types in zeolitic materials being formed.

Figure 4.3.4 Crystal structure ofthe CoAlPO-1 SBU
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Often cobalt sites in zeolitic frameworks are disordered, sharing occupancy of

aluminium sites. However, in this structure the cobalt is ordered. The cobalt positions

are on the corner of every D4R-like unit, with the cobalt-chlorine bond alternating

between pointing to the layer above and pointing to the layer below.

Unexpectedly, choline was found to be the template rather than cyclam (figure

4.3.5). ft is therefore presumed that the addition of cyclam alters the pH of the

reaction mixture to a value more suited to CoAlPO synthesis. There may be

competition between the choline and cyclam as to which acts as template, such as the

competition between ammonium and choline in the previous A1PO synthesis using

this methodology, but in this system choline is the favoured template. This may be

due to the formation of hydrogen bonds between the chlorine atoms in the framework

and the hydroxide groups of the choline.

Figure 4.3.5 Crystal structure ofthe choline layer in CoAlPO-1

The crystal data for CoAlPO-1 collected on the in house diffractometer (Bruker

SMART diffractometer with graphite-monochromated Cu Ka radiation) is not good

due to the small size and weak x-ray scattering of the crystals. Unfortunately better

data was not obtained at the SRS so a Reitveld refinement on the powder data was
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attempted, although this was complicated as the sample was not phase pure or highly

crystalline. The powder x-ray pattern was collected from 5 to 90 °C on a STOE

stadip diffractometer using Cu Kai radiation. Le Bail fitting of the pattern in triclinic

P-l did not satisfactorily model all the observed peaks. This was expected as it was

known that there were additional phases in the sample. Addition of the

aluminophosphate dense phase and two other aluminium cobalt phosphate phases

(discussed later) gave a much more reasonable fit (wRp = 4.99 %. %2 = 2.958). The

liveplot (figure 4.3.6) of the calculated pattern does not match entirely with the

observed pattern as some of the modelled peak shapes and heights aren't exact fits to

the observed data. However, it confirms that the crystalline material in the sample is

mostly CoAlPO-1 and the dense phase.

Figure 4.3.6 Plot of the Reitveld refinement of the PXRD Pattern ofCoAlPO-1. The

red crosses are of the observed powder pattern and the green line is the calculated

powder pattern. The purple line shows the difference between the observed and

calculated patterns. There are four phases: CoAlPO-1 (brown ticks), CoAlPO-2

(purple ticks), CoAlPO-3 (black ticks) and the A1PO dense phase (blue ticks).
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Although this result further elucidates the potential of eutectic mixtures in the

synthesis of crystalline porous materials it was not possible to obtain a phase pure

sample or better crystals of CoAlPO-1 by changing the reaction conditions and

stoichiometry. Changing the solvent to either the glutaric acid or citric acid/choline

chloride eutectic mixture also resulted in CoAlPO-1 as the major product at 150 °C.

In all three cases also present was the dense phase formed in the absence of cobalt

acetate and cyclam, the amount of which seemed to decrease with extended reaction

times.

An attempt was made to synthesise CoAlPO-1 in a round bottomed flask under

atmospheric pressure, as achieved by Morris et al in the preparation of A1PO

frameworks using ionic liquids [1], However, all that formed was the same

aluminium phosphate dense phase present in successful synthesises of CoAlPO-1.

This suggests that the slight increase in pressure that happens in an autoclave is

required to make CoAlPO frameworks using this eutectic mixture.

4.3.3 CoAlPO-2

Present in each sample of CoAlPO-1 obtained was also a very minor blue crystalline

product found to be a CoAlPO chain structure templated by cyclam. This material,

termed CoAlPO-2, has an asymmetric unit containing one aluminium/cobalt site, two

phosphorus, eight oxygen, five carbon, two nitrogen and fourteen hydrogen (figure

4.3.7). The chemical formula is [Alo,982Coo.oi8P40i6]".[CioH28N4]+. The crystal
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structure was solved using single crystal X-ray diffraction data collected on station

9.8 of the synchrotron radiation source (SRS) at Daresbury [11],

Table 4.3.2 Crystal data and structure refinementfor CoAIPO-2

Identification code CoAIPO-2

Empirical formula ClO H28 All.96 Coo.04 N4 Oi6 P4
Temperature 150(2) K
Wavelength 0.69100 A
Crystal system, Space group Triclinic, P-l
Unit cell dimensions a = 7.8215(13) A a= 102.253(2)°.

b = 8.7905( 15) A (3= 97.237(3)°.
c = 8.9928( 15) A y = 102.486(3)°.

Volume 580.27(17) A3
Crystal size 0.075 x 0.05 x 0.005 mirA
Theta range for data collection 2.38 to 30.05°.
Index ranges -11<=h<=11,

-12<=k<= 12,
-12<=1<= 12

Reflections collected 6612

Completeness to theta = 30.05° 94.0 %
Refinement method Full-matrix least-squares on F^
Data / restraints / parameters 3473 /0/164

Goodness-of-fit on 1.097

Final R indices [I>2sigma(I)] R1 =0.0703, wR2 = 0.2282
R indices (all data) R1 =0.0778, wR2 = 0.2330
Largest diff. peak and hole 2.364 and -0.860 e.A"3

Figure 4.3.7Asymmetric unit ofCoAIPO-2
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The framework is made up of linear chains where each aluminium/cobalt position is

connected by two oxygen-phosphorus-oxygen bridges (figure 4.3.9). Each

phosphorus has two hanging phosphorus to oxygen bonds that hydrogen bond to the

hydrogens on the nitrogen atoms of the template cyclam. The cyclam is in the trans-

IV conformation, which is one of five possible conformations (figure 4.3.8) [12].

Conformations of cyclam differ in the direction the hydrogens on the nitrogens are

facing. The trans-IV conformation has the nitrogen hydrogens on one NH-CEE-CHE-

NH section pointing in one direction and the nitrogen hydrogens on the other NH-

CH2-CH2-NH section pointing in the opposite direction.

Figure 4.3.8 Crystal structure showing the conformation of cyclam between the

CoAlPO-2 chains.

There appears to be no relationship between CoAlPO-2 and CoAlPO-1. Therefore, it

would appear that CoAlPO-2 is not a parent chain that is condensed into the layered

structure but is the result of a very minor side reaction.
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Figure 4.3.9 Crystal Structure ofCoAlPO-2
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4.3.4 CoAlPO-3

When the reaction temperature was increased from 150 °C to 180 °C the major

reaction product was another aluminium cobalt phosphate framework. This material,

termed CoAlPO-3, was found to be a three-dimensional zeolitic framework with the

levyne topology (LEV). This topology was first reported as an aluminium silicate by

Barrer and Kerr in 1959 [13]. The crystal structure was solved using single crystal X-

ray diffraction data collected on station 9.8 of the synchrotron radiation source (SRS)

at Daresbury [11],

Table 4.3.3 Crystal Data and Structure Refinementfor CoAlPO-3

Identification code CoAlPO-3

Empirical formula A144.66 Co9.34 0216P54

Temperature 293(2) K
Wavelength 0.7103 A
Crystal system, Space group Rhombohedral, R-3c
Unit cell dimensions a = 13.0970(9) A a= 90°.

b= 13.0970(9) A b= 90°.
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c = 45.627(6) A g = 120°.
Volume 6778.0(11) A3
Crystal size 0.05 x 0.05 x 0.05 mirA
Theta range for data collection 2.01 to 30.99°.
Index ranges -16<=h<= 18,

-18<=k<= 18,
-65<=1<=64

Reflections collected 18199

Independent reflections 2317 [R(int) = 0.0822]
Completeness to theta = 30.99° 96.3 %
Refinement method Full-matrix least-squares on F^
Data / restraints / parameters 2317/0/84

Goodness-of-fit on 1.076

Final R indices [I>2sigma(I)] R1 =0.0787, wR2 = 0.2681
R indices (all data) R1 =0.1328, wR2 = 0.3207
Largest diff. peak and hole 2.301 and -0.626 e.A"3

The asymmetric unit of the inorganic framework consists of two aluminium/cobalt

positions, two phosphorus and six oxygen (figure 4.3.10). It was not possible to find

the organic template crystal lographically due the high symmetry of the structure. The

chemical formula of the material is [AI0.817C00183PO4]"1 183.[C5Hi3NOH]i .ig3+

Figure 4.3.10 Asymmetric Unit ofCoAlPO-3

The levyne topology is very similar to the chabazite topology. It consists of large

cages with dimensions of approximately 3.6 x 4.8 A, which are linked through eight

ring windows or by double four rings and are capped by double six rings (figure
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4.3.11). If the template was removed the structure would have a two-dimensional

channel system allowing for passage of very small molecules through the material.

Figure 4.3.11 Crystal Structure ofCoAlPO-3
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An aluminium cobalt phosphate material with the levyne topology has already been

reported by Barrett and Jones in 2000 [14], This material, termed CoDAF-4, was

made hydrothermally using 2-methylcyclohexylamine as template. The ratio of

aluminium to cobalt was 4.45:1, which is very similar to the ratio of 4.46:1 obtained

for CoAIPO-3. Using resonant (anomalous) powder x-ray diffraction Barrett and

Jones found that the cobalt ions preferred to occupy aluminium sites that minimised

the potential number of Co-O-P-O-Co linkages.
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Figure 4.3.12 Crystal structure of the large cages of CoAlPO-3 (only T atoms

shown)

Not only was it not possible to locate the template crystallographically, it was also

not possible to assign it by solid state NMR due to the paramagnetism of cobalt.

Therefore, an attempt was made to identify the template by comparison of

thermogravimetric mass spectroscopy (TG-MS) data for CoAlPO-3 with that of

CoAlPO-1. Since it was known that the template of CoAlPO-1 is choline it was

expected that if CoAlPO-3 had the same template there would be significant

similarities in the two spectra.

Although the TG-MS data of CoAlPO-1 was not of high quality it did show a few

expected masses from fragments of choline (35.19, 44.22, 50.22, 52.21 and 70.19).

The CoAlPO-3 data also showed these same masses but in far less quantity as for

CoAlPO-1, especially masses 50.22 and 52.11, which could with most certainty be

assigned to choline. This is possibly due to there being less template and it having

difficulties escaping from the framework cages. Neither set of data showed any

expected masses of fragments of cyclam.
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Figure 4.3.13 TG-MS Data for CoAlPO-1 and CoAlPO-2

3.00E-11

2.50E-11

| 2.00E-11
S 1.50E-11
c 1.00E-11
- 5.00E-12

O.OOE+OO

200 400 600

temperature

a. Data for CoAlPO-l showing masses 35.19 (purple), 44.22 (blue), 50.22 (yellow),
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b. Data for CoAlPO-1 showing only masses 50.22 (purple) and 52.21 (blue).
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c. Data for CoAlPO-3 showing masses 50.22 (blue) and 52.21 (purple).

The TG-MS data was far from conclusive so therefore after sonicating the sample in

distilled water to ensure complete removal of any extra-framework species, the
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framework was dissolved in hydrochloric acid and deuterium oxide for analysis by

solution state NMR. The 'H NMR spectrum obtained showed only a slightly shifted

downfield choline resonance pattern (8h 1.83, 2.13 and 2.69; choline chloride in D20

gives signals at 2.23, 2.56 and 3.08 respectively) and no signals for cyclam. The l3C

NMR also showed only signals from choline (5c 53.07, 54.83 and 66.35; choline

chloride in D20 has signals at 54.17, 55.81 and 67.56). It was therefore deduced that

the template of CoAlPO-3, like CoAlPO-1, was choline.

Despite slight alterations to the reactant stoichiometry a phase pure sample of

CoAlPO-3 was not obtained, therefore further analysis was not performed. Also,

these alterations to the reactant stoichiometry did not result in the formation of

another framework as the major product, as is often the case with zeolite synthesis.

Substituting the cyclam for pyridine also resulted in the major product being

CoAlPO-3. It would therefore appear that the levyne topology is the default structure

for this system at 180 °C.

4.4 Conclusion

These results provide further evidence that eutectic mixtures can be used as solvent

and template in the formation of new crystalline framework topologies. Both

CoAlPO-1 and CoAlPO-3 are templated by choline proving that choline from the

eutectic mixture can act as a template in the formation of CoAlPO frameworks. This

is an excellent result as choline is inexpensive and very safe, making it an ideal

template. It also means that derivatives of choline chloride could be used to form a

117



eutectic mixture and used as both solvent and template in zeotype synthesis, resulting

in the formation of different framework topologies and compositions. Using chiral

derivatives of choline may lead to the formation of chiral frameworks if close

templating can be achieved.

CoAlPO-1 is the first aluminium cobalt phosphate framework to contain cobalt-

chlorine bonds. Since this study was completed copper-chlorine bonds have also

been formed in coordination polymers using choline chloride containing eutectic

mixtures, proving that using eutectic mixtures in porous material synthesis gives

reaction conditions that may have the potential to form more novel bond types [15].

The CoAlPO-2 framework was formed as a minor side-product in the synthesis of

CoAlPO-1. Unlike CoAlPO-1 and CoAlPO-3 it is templated by cyclam rather than

choline. This shows that the template in ionothermal synthesis needn't come from the

solvent but that a templating agent can also be added to the reaction mixture,

allowing the eutectic mixture or ionic liquid to act solely as a solvent. This technique

would still have many benefits over the use of conventional solvents. For example,

the vanishingly low vapour pressure of ionic liquids and eutectic mixtures means that

reactions can be performed at lower pressure than in traditional methods, which

eliminates some of the safety concerns of zeotype synthesis.

No phase pure samples of the CoAlPO frameworks were obtained. It can be seen

from other studies that control over phases formed in all ionothermal synthesis is

difficult. However, if the correct reaction conditions and stoichiometry are found
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phase pure samples and more control over the product formed may be achieved, so

the inability to achieve this in this study should not deter further work in this area.
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5. Attempted Synthesis of Carboxylic Acid

Functionalised POSS

5.1 Introduction

A carboxylic acid or carboxylate functionalised POSS is desirable as it could be used

to form a porous framework. The carboxylic acid POSS can either form an extended

network through intermolecular hydrogen bonding or carboxylate groups can be

coordinated to a metal cation to form a coordination polymer. If the POSS molecules

are linked together through all eight corners in either of these ways the resultant

porous framework can only have a few possible topologies [1], one of which is the

aluminium cobalt phosphate 1 (ACO) topology (figure 5.1.1) [2],

Figure 5.1.1 ACO Topology

There is one example of POSS molecules that have crystallised into a porous

framework [3], This POSS was a tertiary alcohol functionalised species prepared

from the hydrosilation reaction between octahydridesilsesquioxane and an alcohol-

alkene molecule at high pressure. The framework has cavities between 8-9 A,
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however it is only held together by hydrogen bonding between the alcohols and

water molecules so is not as stable a framework as that which would be formed

through hydrogen bonding between carboxylate groups or by coordination of

carboxylates to metals.

Only one carboxylic acid functionalised POSS species has been reported, formed

through a multistep procedure resulting in a benzaldehyde functionalised POSS

(figure 5.1.2) [4]. Controlling oxidation of the aldehyde groups by synthetic methods

proved difficult but it was found that the aldehyde groups oxidised in air over a

period of several months. It was intended for this molecule to be used in the

synthesis of POSS frameworks and attempts were made at using it for this purpose,

but all were unsuccessful.

Figure 5.1.2 Carboxylic acid POSS (SisOn core drawn as a cube for clarity)

Other POSS molecules have been made with groups that can possibly be converted

to carboxylic acid groups such as alcohols, aldehydes and esters [4,5]. Due to the
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potential difficulty in controlling oxidation reactions required to convert alcohols and

aldehydes to carboxylic acids, it was decided to pursue the route of forming an ester

functionalised POSS and then hydrolysing this species to give an octacarboxylic acid

species.

One possible route was by the methoxycarbonylation of octavinylsilsesquioxane to

form an octamethylpropanoate functionalised POSS followed by hydrolysis of the

ester groups under mild basic conditions. Alkoxycarbonylation of alkenes has been

recently reported as a highly selective route to industrially important esters [6].

Methoxycarbonylation involves the addition of carbon monoxide and a methoxy

group (from methanol) to a vinyl group to form a methyl ester. It has been used

previously with great success in the conversion of ethene to methyl propanoate,

where a palladium catalyst with the highly sterically hindered bidentate phosphine

ligand l,2-bis(di-fer/-butylphosphinomethyl)-benzene (DTBPMB) gives exceptional

selectivity (99.9 %) for the linear product [7]. The reaction has been shown by

deuterium labelling to progress through the 'hydride' mechanism (figure 5.1.3) [8],

Figure 5.1.3 Methoxycarbonylation hydride mechanism

Pd
P CO
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It was thought that hydrolysis of the ester-substituted POSS to form a carboxylate

functionalised material should be possible. However, since the POSS core is

sensitive to strongly acidic and basic conditions hydrolysis would have to be carried

out under as mild conditions as possible in order to keep it intact. Hydrolysis of the

ester was attempted under basic conditions, as hydrolysis has already proved

unsuccessful under acidic conditions [9], Also, the carboxylate ion is very unreactive

towards nucleophilic substitution so the reaction is irreversible.

A second technique for converting ester functional groups on POSS to carboxylic

acid groups was also investigated. This technique involved the synthesis of a tertiary

butyl ester functionalised POSS and conversion of the esters to carboxylic acids

(figure 5.1.4). This conversion is not a hydrolysis reaction as above but still involves

the use of an acid, so there was still the possibility of breaking the POSS core.

Figure 5.1.4 Mechanism of the reaction between a tertiary butyl ester and

trifluoroacetic acid

o
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5.2 Experimental

5.2.1 Preparation of Vinyl and Hydride Precursors

Octavinylsilsesquioxane [10]. To a mixture of ethanol (1.6

L) and water (100 ml) at 0 °C was added trichlorovinylsilane

(80 ml, 0.62 mol) dropwise. The reaction mixture was stirred

at room temperature for 7 weeks. The precipitate was

filtered, washed with cold acetone and dried under vacuum to yield a white solid

(10.88 g, 22%). 'H NMR (CDCb, 300 MHz): 8H 5.7-6.1 (24H, m, vinyl-H). 13C

NMR (CDC13, 300 MHz): 8C 129.05 (CH=CH2) and 137.40 (CH=CH?).

Octahydridesilsesquioxane [11], To iron (III) chloride (50 g, 0.31

mol) was added concentrated hydrochloric acid (20 ml), methanol

(40 ml), hexane (350 ml) and toluene (50 ml). To this mixture was

added trichlorosilane (20 ml, 0.20 mol) in hexane (150 ml) dropwise over a period of

12 hours and the reaction mixture was stirred overnight. The top layer was then

removed and dried over K2CO3 (14 g) and CaCE (10 g). The mixture was filtered

and the solution was reduced in vacuo to -20 ml. On cooling a white crystalline

product precipitated, which was recovered by filtration and washed with hexane

(1.04 g, 10 %). The mother liquor and washings were then reduced in vacuo to -10

ml and a second crop of crystals was collected (0.31 g, 3 %). 'H NMR (CDCI3, 300

MHz): SH 4.25 (8H, s, SiH). MS (ESI) m/z (relative intensity): 422.80 (100), 423.80

(33), 424.80 (29) and 425.80 (9).

//
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The iron (III) chloride layer was recycled and the procedure was repeated as above to

yield a white crystalline solid (2.21 g, 21 %). 'H NMR (CDC13, 300 MHz): SH 4.25

(8H, s, SiH).

5.2.2 Attempted Preparation of a Carboxylic Acid POSS via

Methoxycarbonylation of Octavinylsilsesquioxane

l,3,5,7,9,ll,13,15-Octakis[methylpropanoate]-

octasiloxane. Pd2(dba)3 (45.7 mg, 7.283 x 10"3 mol)

[dba = dibenzylidene-acetone], l,2-bis(di-/ert-

butylphosphinomethyl)-benzene (0.198 g, 5.018 x 10"

4
mol) and octavinylsilsesquioxane (0.50 g, 7.90 x 10

toluene (30 ml) under argon. Dry methanol (5 ml) and methanesulfonic acid (65 pi, 1

x 10~3 mol) were added and the reaction mixture was transferred into a Hastelloy

autoclave that had been evacuated and fitted with a paddle stirrer. The autoclave was

pressurised to 30 bar CO and heated to 80 °C for 41 hours. The autoclave was then

cooled, vented, the contents were removed and the product was purified on a florisil

column (ethyl acetate/petroleum ether) and recrystallised from ethyl

acetate/petroleum ether to yield small, white needle like crystals (0.38 g, 43 %). 'H

NMR (CDCI3, 300 MHz): SH 0.9 (16H, m, SiCH.CHA 2.3 (16H, m, SiCH^CH?) and

3.6 (24H, s, OMe). ,3C NMR (CDC13, 75 MHz) 5C 7.17 (8C, SiCH?CHA 27.64 (8C,

SiCH?CHA 52.10 (8C, OMe) and 174.65 (8C, COO). 29Si NMR (CDC13, 59.6

MHz): 8Si -67 (8Si, CH2Si03). IR (nujol mull): v/cm"1 1738 (CO-O str.), 1236 (CO

str.) and 1095 (CO str.). CHN (calc): 34.90 (34.52) C, 4.71 (5.07) H.
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Attempted preparation of 1,3,5,7,9,11,13,15-

Octakis[lithium propanoate]octasiloxane.

Octakis[methyl-propanoate]octasiloxane (150 mg,

1.347 x 10"4 mol) was dissolved in a mixture of THF

and water (ratio 5:2). Lithium hydroxide (11 ml, 0.15

M, 1.65 x 10~J mol) was added and the reaction mixture was stirred at RT for 3 days.

The solvent was removed in vacuo and the product was precipitated from a

water/acetone mixture to yield a white solid. 'H NMR (D20, 300 MHz): Sh 0.76

(16H, m, SiCH?CH?) and 2.25 (16H, m, SiCH.CHA. I3C NMR (D20, 75.5 MHz): 5C

13.63 (8C, SiCH2CH2), 34.50 (8C, SiCH^CHA and 188.31 (8C, COO). 29Si NMR

(D20, 59.6 MHz): 6Si -42.32, -50.00, -50.43 and -58.00 to -58.50.

Attempted preparation of 1,3,5,7,9,11,13,15-Octakis[lithium propanoate]-

octasiloxane 2. Octakis[methyl-propanoate]octasiloxane (0.05 g, 4.49 x 10° mol)

was dissolved in methanol (9 ml) and distilled water (1 ml). Lithium hydroxide

(0.0175 g, 4.17 x 10"4 mol) was added and the reaction mixture was refluxed for 7

hours. The solvent was removed in vacuo to yield the product as a white solid. 'H

NMR (D20, 300 MHz): 8H 0.79 (4H, m, SiCH2), 0.93 (12H, bs, SiCH2), 2.21 (16H,

m, SiCH2CH?) and 3.30 (8H, s, OMe). 13C NMR (D20, 75.5 MHz): 8C: 9.31 & 9.45

(8C, SiCH2CHA. 30.70 & 30.76 (8C, SiCH2CLb), 48.79 (OMe) and 184.36 (8C,

C=0). 8Si 29Si NMR (D20, 59.6 MHz) -39.38, -48.49 and -56.58. MS (ESI) m/z

(relative intensity): 157.13 (5) and 433.24 (100).
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5.2.3 Attempted Preparation of a Carboxylic Acid POSS via a Tertiary Butyl

Ester POSS

1,3,5,7,9,11,13,15-octakis[methyl-3,3-dimethyl-

pentanoatejoctasiloxane. Octahydridesilsesquioxane

(0.3 g, 7.06 x 10"4 mol) and methyl-3,3-dimethyl-4-

pentenoate (1.2 ml, 7.59 x 10~J mol) were dissolved

in hexane (60 ml) and the solution was cooled to 0

°C. Platinum(0)-l,3-divinyl-l,l,3,3-tetramethyldisiloxane complex (Karstedt's

catalyst) solution in xylenes (200 pi) was added and the reaction mixture was

allowed to warm to RT and stirred for three days until there was no Si-H resonance

visible in the !H NMR. The platinum was removed on a short silica plug eluted with

diethyl ether, the solvent was removed and the product was recrystallised from

methanol to yield a white crystalline solid (0.752 g, 68 %). *H NMR (CDCR, 300

MHz): 5h 0.57 (16H, m, 0.58, SiCllA. 0.97 (48H, s, 2 x Me), 1.41 (16H, m,

SiCH?CHA 2.19 (16H, s, CCH2C02Me) and 3.64 (24H, s, OMe). 13C NMR (CDC13,

75 MHz): 8C 6.46 (SiCHA. 26.89 (2 x Me), 34.22 (SiCH2CHA. 35.72

(CCH?CO?Me). 45.36 (CH2C(CH3)2CH2, 51.48 (OMe) and 173.16 (C=0). 1R (nujol

mull): v/cm"1 1737 (CO-O str). CHN (calc): 48.56 (49.20) C, 8.18 (7.74) H.

Reaction of 1,3,5,7,9,11,13,15-octakis[methyl-3,3-dimethylpentanoate]octa-

siloxane with trifluoroacetic acid. 1,3,5,7,9,11,13,15-octakis[methyl-3,3-

dimethylpentanoate]octasiloxane (0.07 g, 4.48 x 10"3 mol) in trifluoroacetic acid (5

ml) was stirred at RT for 1 hour. The trifluoroacetic acid was removed in vacuo and
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the residue was dissolved in dichloromethane (40 ml), washed with distilled water (3

x 10 ml) and dried over MgSC>4. The product was recovered as a white solid and

shown to be POSS starting material. 'H NMR (CDCf, 300 MHz): SH 0.57 (16H, m,

0.58, SiCHA 0.96 (16H, s, 2 x Me), 1.40 (16H, m, SiCHjCPh), 2.19 (48H, s,

CCPbCCbMe) and 3.63 (24H, s, OMe). 29Si NMR (CDC13, 59.6 MHz): 5Si -65.09, -

65.79 and -65.90 (03SiC).

Attempted transesterification of Methyl-3,3-dimethyl

4-pentenoate. Methyl-3,3-dimethyl 4-pentenoate (5 ml,

0.032 mol) and concentrated sulphuric acid (8 drops)

were heated in /er/-butanol (75 ml) in a distillation setup for 8 hours. The solvent

was removed in vacuo to yield a colourless oil that was shown to be the methyl ester

starting material. 'H NMR (CDC13, 300 MHz): SH 1.13 (6H, s, CH3), 2.31 (2H, s,

CH2), 3.64 (3H, s, OMe), 4.92-5.00 (2H, m, CH?=CH1 and 5.84-5.94 (1H, m,

CH2=CH).

Hydrolysis of Methyl-3,3-dimethyl-4-pentenoate. Methyl-

3,3-dimethyl-4-pentenoate (5 ml) in aqueous NaOH solution (3

M, 120 ml) was refluxed for 45 minutes. Two layers were still

present so ethanol (2x10 ml) was added and the reaction was refluxed for a further 3

hours. The reaction was cooled and acidified with dilute HC1. The organic layer was

extracted with dichloromethane (3 x 100 ml), dried over MgS04, filtered and the

solvent was removed to yield a clear, colourless oil (3.40 g, 84 %). *H NMR

(CD3OD, 300 MHz): 5H 1.04 (6H, s, CH3), 2.17 (2H, s, CH2), 4.80-4.92 (2H, m,
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CH=CjHb) and 5.79-5.88 (1H, m, CH=CH2). 13C NMR (CD3OD, 75 MHz): 8C 27.40

(CH3), 36.80 (Me2CCH2), 47.57 (CH2), 111.30 (CH=CH2), 148.30 (CH=CH2) and

175.60 (COOH). MS (ESI) m/z (relative intensity): 127.02 (100). 1R: v/cm"1 1708

(saturated C02H str.). CHN (calc): 65.21 (65.60) C, 10.06 (9.44) H.

Attempted esterification of 3,3-dimethyl-4-pentenoic acid. 3,3-dimethyl-4-

pentenoic acid (0.410 g, 3.20 x 10~3 mol) and concentrated sulphuric acid (10 drops)

were refluxed in tert-butanol (50 ml) for 12 hours. The solvent was removed in

vacuo to yield a yellow oil that was shown to be the carboxylic acid starting material.

'H NMR (CDCI3, 300 MHz): 8H 1.16 (6H, s, 2 x Me), 2.34 (2H, s, CCEECCbMe),

4.94-5.03 (2H, m, CHCIH) and 5.86-5.96 (1H, m, CH=CH2).

Attempted conversion of 3,3-dimethyl-4-pentenoic acid to a te/7-butyl ester via

an acid chloride. Into dry dichloromethane (10 ml) under argon was added 3,3-

dimethyl-4-pentenoic acid (0.54 g, 4.21 x 10"3 mol), dimethylformamide (3 drops)

and oxalyl chloride (4 ml, 4.59 x 10"2 mol). A bubbler was fitted and the reaction

mixture stirred overnight at room temperature. The solvent and excess oxalyl

chloride were then removed in vacuo and the residue was redissolved in dry

dichloromethane (10 ml). /er/-Butanol (0.5 ml, 5.23 x 10"3 mol) was added and the

reaction mixture was cooled to -78 °C. Pyridine (0.4 ml, 4.95 x 10° mol) was added

and the reaction was stirred at RT overnight. The solvent was removed in vacuo to

yield a brown solid. No satisfactory spectral data was obtained.
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Attempted synthesis of 1,3,5,7,9,11,13,15-

octakis[t-butylbutanoate]octasiloxane.

Octahydridesilsesquioxane (0.05 g, 7.90 x 10° mol)

was dissolved in dry toluene (5 ml) under an argon

atmosphere. 7er/-butylbutenoate (0.1 ml, 6.17 x 10"

4
mol) was added and the solution was cooled to 0

°C before addition of Kartstedt's catalyst in xylenes (100 pi). The reaction mixture

was then allowed to warm to room temperature and stirred for two days under argon.

The solvent was removed in vacuo to yield a brown oil, which was redissolved in

diethyl ether and filtered through a florisil plug eluted with diethyl ether to remove

the platinum. The solvent was then removed in vacuo to yield an oily solid. 'H NMR

(CDC13, 300 MHz): 5H 0.44-0.54 (1H, broad hump, unknown), 0.56-0.68 (9H, broad

hump, SiCH->CH?CH->). 0.93-1.02 (11H, multiplet, unknown), 1.37 (72H, s,

C(CHfh). 1.56-1.72 (10H, multiplet, CH9CH9CH9"). 1.90-2.08 (6H, multiplet,

unknown), 2.12-2.24 (9H, multiplet, CH9CH9CH9) and 2.32-2.46 (6H, multiplet,

unknown). 13C NMR (CDC13, 75 MHz): 8C 12.53 (SiCH2), 12.61 (unknown), 17.54

(SiCH2CH2), 27.10 (C(Ctt>V>). 36.00 (SiCH2CH2CH2), 37.50 (unknown), 79.70

(C(CH3)3) and 171.50 (C=0). MS (ESI) (m/z) (relative intensity): 1331.28 (100),

1332.27 (65) and 1333.29 (20). IR (nujol mull): v/cm"1 1731 (CO-O str).

The reaction was repeated under reflux with dry toluene as the solvent and at RT

using dry hexane as solvent. Each yielded a yellow oil with the same 'H NMR as

above.

131



5.3 Results and Discussion

5.3.1 Attempted Preparation of Carboxylic Acid POSS via

Methoxycarbonylation of Octavinylsilsesquioxane

Methoxycarbonylation of octavinylsilsesquioxane formed a silsesquioxane species

functionalised with eight methyl propanoate groups. It was accomplished using the

zero valent L2Pd(dba)3 complex [where Li = l,2-bis(di-/ert-butyl-

phosphinomethyl)benzene and dba = trans,trans-dibenzylideneacetone] as the

catalyst. The reaction was performed under 30 bar of CO at 80 °C in a Hastelloy

autoclave but it could also be performed at room temperature on a smaller scale by

bubbling CO through the solution. However, scaling up this procedure was difficult

due to problems in controlling the flow rate of carbon monoxide over a long period

of time.

Nuclear magnetic resonance spectroscopy ('H and 13C) indicated that all the vinyl

resonances (8h 5.7-6.1) of octavinylsilsesquioxane had disappeared after 41 hours.

The 'H NMR showed the emergence of two multiplet resonances (SH 0.9 and 2.3),

which were assigned to the CH2 groups and a singlet peak (Sh 3.6) assigned to the

methoxy group. In line with the steric requirements of the system, there was no

evidence of formation of the branched ester product. Therefore, as a far as could be

deduced from NMR 100 % conversion to the linear ester product had been achieved.
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Chemical analysis and 29Si NMR further proved that addition to all corners of the

cube had been achieved. The IR spectrum showed the expected ester carbonyl stretch

at 1738 cm"1. Purification of the product by chromatography followed by

recrystallisation resulted in the formation of crystals suitable for obtaining single

crystal x-ray data.

The crystal structure was obtained on a Bruker SMART diffractometer with graphite-

monochromated Mo Ka radiation (7, = 0.71074) at 293 K. The silsesquioxane core of

the structure is crystallographically well behaved, however the atoms on the organic

arms do not refine as well. The further away from the silsesquioxane core the atom is

the larger the anisotropic displacement parameters become, which must be due to

some unresolved disorder and/or molecular motion of the terminal units. Disorder of

the terminal carbon and oxygen atoms is resolvable for about half of the ester groups,

but there remains some significant disorder that cannot be modelled satisfactorily.

Table 5.3.1 Crystal Data and Structure Refinement Details

Identification code Ester POSS

Empirical formula (Si80l2)(CH2CH2C02CH3)8
Formula weight 1273.45

Temperature (K) 293(2)
Wavelength (A) 0.71074

Crystal system Tetragonal
Space group P4/ncc
Unit Cell Dimensions

a(A) 17.813(2)
b (A) 17.813(2)
c (A) 15.704(3)
«(°) 90

fH°) 90

y (°) 90

4982.9(12)
z, 4
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Calculated density (Mg/mJ) 1.654

F(0 0 0) 2592

Crystal size (mm) 0.07 x 0.07 x 0.07
Reflections collected/unique [7?jnt] 20 040/1797 [0.131]
Refinement method full-matrix least-squares on F1
Data/restraints/parameters 1797/70/170
Goodness-of-fit on F2 2.544
Final R indices [/> 2cr(7)] R\ = 0.1989, WR2 = 0.5647
R indices (all data) Ri = 0.2221, wR2 = 0.5745
Largest difference in peak and hole (e A~J) 1.156 and-1.027

Figure 5.3.1 Crystal structure ofOctakis[methylpropanoate]octasiloxane molecule

Collecting data at 150 K at the synchrotron source at Daresbury did not improve the

quality of the diffraction data to any great degree. This type of problem is common

with silsesquioxane materials of this kind. In fact, as already seen, there are examples

where the disorder of the organic part is such that only the cubic silsesquioxane core

can be found using single crystal x-ray diffraction [4], In this case all the non-

hydrogen atoms were found from the difference Fourier syntheses, although the

subtle details of the structure could not be elucidated unambiguously.
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Figure 5.3.2 Crystal Structure of the Packing of Octakis[methylpropanoate]-

octasiloxane. For clarity, individual molecules are represented in different colours.

It was unnecessary to purify the ester POSS for the hydrolysis step as the

methoxycarbonylation catalyst did not interfere with the reaction, so only the

palladium was removed on a small florisil plug eluted with ethyl acetate. The

methoxycarbonylation catalyst's ligand was removed after hydrolysis was complete

due to its insolubility in water.

Hydrolysis of the octamethylpropanoate silsesquioxane was attempted with an excess

of aqueous lithium hydroxide to form the octa-lithium propanoate salt. This method

of ester hydrolysis has been employed successfully before using low temperatures

and dilute solutions of lithium hydroxide giving very high yields of the carboxylate

[12].

The 'H NMR of the resulting hydrolysis product showed the loss of the methoxy

hydrogen signals and the transformation of the signals of CH2's from second order

triplets to multiplets with an [AX]2 splitting pattern (Sh 0.76 and 2.25) (figure 5.3.3).

This is usually due to a predominance of the trans configuration along the silicon-
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carbon-carbon-carbon chain, resulting in inequivalent hydrogen environments on

each carbon.

Figure 5.3.3 [AX2] Splitting Pattern

Hydrolysis of the ester groups was confirmed by the loss of the methoxy carbon

signal in the I3C NMR spectrum and the absence of the ester carbonyl stretch in the

IR. However, 29Si NMR did not show the expected single POSS peak at about -65

ppm but showed a peak at -42 ppm and several peaks around -50 to -58 ppm.

Furthermore, satisfactory mass spectrometry or MALDI-TOF data for the sample

was not obtained so it was concluded that the POSS cube had broken up or

undergone rearrangement.

It was thought that if a 1:1 ratio of ester groups to lithium hydroxide was used the

ester groups would hydrolyse before the silicon-oxygen bonds, minimising the

amount of POSS cube break-up. Performing the reaction at room temperature did not

result in significant ester hydrolysis, but by refluxing the reaction mixture almost

complete conversion of the esters to carboxylate groups occurred. However,

examination of the product using 29Si NMR again showed more than one signal (8si -
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39.38, -48.49 and -56.58), of which none were in the expected region. Again POSS

break-up had resulted.

5.3.2 Attempted Preparation of a Carboxylic Acid POSS via a Tertiary Butyl

Ester POSS

No milder methods of base promoted hydrolysis could be identified so it was

concluded that a different approach to preparing a carboxylic acid functionalised

POSS would have to be found. Trifluoroacetic acid is very efficient at converting

tertiary butyl esters to carboxylic acid groups [13]. The reaction only works with

tertiary alkyl groups as the intermediate carbocation is stabilised. Since the reaction

is not a hydrolysis reaction it was anticipated that it could be used to make carboxylic

acid functionalised POSS.

Before starting on preparing this POSS it was decided to check what would happen

to the molecule's core under the conditions expected to result in the formation of

carboxylic acid groups. For this 1,3,5,7,9,11,13,15-octakis[methyl-3,3-

dimethylpentanoate]octasiloxane, reported by Feher et al was used [5(a)], It was

prepared by Feher's method except that hydrosilation was performed using

Karstedt's catalyst instead of Speirs catalyst. This allowed the reaction to be carried

out at room temperature. Even though longer reaction times are required, this

promotes formation of the silicon-carbon bond at the a-carbon rather than P carbon

of the vinyl group [9]. Cooling the reaction mixture to 0 °C before addition of the

catalyst also aids formation of the linear product.
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After stirring the ester POSS in trifluoroacetic acid for one hour at room temperature,

it was recovered without any break-up or rearrangement of the POSS core, shown by
29the " Si NMR (Ssi -65.90) being exactly the same as for the starting material.

Therefore the preparation of a tertiary butyl ester POSS was pursued.

It was originally believed that methyl-3,3-dimethyl-4-pentenoate, used in the

synthesis of Feher's ester POSS, could be converted to the tertiary butyl ester and

then hydrosilated to the octahydridesilsesquioxane core. However, acid catalysed

transesterification and esterification of the 3,3-dimethyl-4-pentenoic acid proved

unsuccessful.

This implies that the methyl ester and carboxylic acid molecules are too unreactive to

convert to the tertiary butyl ester. Converting carboxylic acid groups to acyl

chlorides, the most reactive of the acid derivatives, and then to a less reactive

derivative is a common method in the preparation of esters, amides and anhydrides.

Oxalyl chloride is often used for the conversion of carboxylic acids to acyl chlorides

and it was anticipated that an intermediate could be formed that could be used to

make a tertiary butyl ester, which could then be attached to the POSS by

hydrosilation (figure 5.3.4).
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Figure 5.3.4 Preparation ofa carboxylic acid POSS via a t-butylester POSS reaction

mechanism (Sif)12 core depicted as a cube and only one organic 'arm' shown for

clarity)

Addition of oxalyl chloride and DMF to the 3,3-dimethylpentenoic acid in dry

dichloromethane resulted in effervescence of the reaction mixture. This was expected

as carbon monoxide and hydrochloric acid are formed along with the acid chloride.

Tertiary butanol and pyridine were added to convert the intermediate to the tertiary

butyl ester and after stirring overnight the product was analysed. No satisfactory

NMR data were obtained implying that the reaction was unsuccessful.

Due to the lack of time remaining for the project to be completed it was decided to

postpone this work and attempt to hydrosilate tertiary-butylbutenoate to the

octahydride POSS and convert the product to a carboxylic acid functionalised POSS

(figure 5.3.5).
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Figure 5.3.5 Reaction mechanism for the preparation ofan octabutanoic acid POSS

(SisO/2 core depicted as a cube and only one organic 'arm' shownfor clarity)

It was anticipated that hydrosilation of tertiary-butylbutenoate to

octahydridesilsesquioxane would be as straightforward as hydrosilation of methyl-

3,3-dimethylpentenoate to octahydridesilsesquioxane. However, the initial attempt in

toluene using Karstedt's catalyst at room temperature resulted in a more complicated

'H NMR spectrum than expected. No vinyl resonances of the alkene were present

suggesting full hydrosilation had taken place but whereas three CH2 signals and a t-

butyl signal were predicted, there were in fact six resonances other than the t-butyl

signal.

Although the resolution of the splitting patterns of the proton resonances is poor and

the integration does not add up to exactly the correct number of protons, it is

postulated that the reaction results in the formation of two types of organic arms

attached to the POSS core: the expected linear t-butylbutanoate and the branched t-

butylbutanoate resulting from P-addition across the double bond. If this is the case

the ratio between the two types of functionality is approximately 1:1.
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Further characterisation of the reaction product by mass spectrometry and MALDI-

TOF appears to show that the product has a mass of 1331 g mol", or breaks down to

a product with this mass in the spectrometer. It could be that this mass correlates to a

POSS molecule with four t-butyl ester functionalised arms and four carboxylic acid

functionalised arms. However, this seems unlikely as it expected that there would be

some evidence of POSS molecules with other numbers of t-butyl ester functional

groups.

Figure 5.3.6 MALDI-TOF spectrum of the product in the attempted synthesis of a

tertiary butyl ester POSS
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It is not clear why a mixture of functionalisation occurs in this case as room

temperature hydrosilation reactions are usually very 'clean' reactions and are better

at giving linear products than reactions carried out under reflux. It could also have

been expected that the steric bulk of the t-butyl group would aid linear product

formation as this would be the least hindered product to form.
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Similar results were obtained when the solvent was changed to hexane. It was

therefore decided to attempt the reaction under reflux conditions. Performing the

reaction at higher temperature may have resulted in a change in the ratio of products

forming due to the change in kinetics and which product was favoured. However, no

change in ratios was observed.

5.4 Conclusion

The synthesis of carboxylic acid functionalised POSS was attempted via the

conversion of ester functionalised POSS. A carboxylic acid POSS was not

synthesised, however a novel ester functionalised POSS was synthesised via the

methoxycarbonylation of octavinylsilsesquioxane. Alkoxycarbonylation is a one-step

catalytic reaction where a carbonyl group followed by an alkoxy group is inserted

onto the terminal end of a vinyl group. It is an extremely efficient reaction with a

high conversion rate and selectivity, making it ideal for use on POSS molecules.

Although it is possible to perform the reaction at room temperature and under 1 bar

CO it was found to work better at 30 bar CO and at 80 °C, reaching 100 %

conversion to the desired product after 41 hours. A full catalytic study was not

undertaken as it was not the aim of this project, but it may be that different quantities

of catalyst and different reaction conditions result in a quicker reaction time.

It was anticipated that the methoxycarbonylation product could be converted to a

carboxylic acid functionalised POSS by hydrolysis under mild basic conditions.

However, although the conditions used gave full hydrolysis of the ester groups they
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were not mild enough to prevent break-up of the POSS core, which is susceptible to

acids, bases and oxidising agents. Despite this ester POSS being unsuitable for

conversion to a carboxylic acid POSS it may have other applications, for example in

the synthesis of dendrimers or polymers.

The preparation of a carboxylic acid POSS may be possible by conversion of a

tertiary butyl ester functionalised POSS as it would appear that the core is not

susceptible to attack by trifluoroacetic acid. However, this study was unsuccessful in

the preparation of a pure, linear chain, t-butyl ester POSS. Therefore significant

progress would have to be made on the preparation of this type of functionalised

POSS.

Even if a carboxylic acid POSS is synthesised preparation of a coordination polymer

will probably not be a trivial matter due to the difficulties in ordered assembly of

molecules with such high functionality. It may actually be that this approach to a

crystalline porous framework is unfeasible due to the inherent disorder of the organic

"arms' of the POSS molecules and because of the eight fold functionality, which is

much higher than that of any other molecule used in coordination polymer synthesis.
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6. Synthesis and Use of Furyl Functionalised POSS in

Diels-Alder Reactions

6.1 Introduction

As described earlier, it is possible to prepare porous network polymers from the co-

polymerisation of cubic POSS. Functionalised materials of this type have the

potential to be used in heterogeneous catalysis, challenging silica supported catalysis,

organic polymers and zeolites. The porosity of these materials can be altered by

varying the length and rigidity of the organic linkers and is also dependent on the

efficiency of the polymerisation reaction.

Harrison et al and Laine et al have shown that porous polymers can be formed by the

hydrosilation reaction between octavinyl-POSS and octahydride-POSS (figure 6.1.1)

[1]. The polymers have high surface areas with pore sizes in the mesoporous range

and are thermally stable to temperatures beyond 300 °C. It was found that the most

reactive species for polymerisation were molecules with spacer units between the

vinyl and hydride groups and the POSS cage. This is due to improved segmental

mobility and increased reactive group flexibility and accessibility.
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Figure 6.1.1 Polymer formation through hydrosilation reactions between octavinyl-

POSS and octahydride-POSS (SisO/2 core depicted as a cube for clarity)

Morris et al furthered this work by showing that functionalisation is possible post

creation of the polymer by 'ring-opening' the sides of some of the POSS units and

incorporating metals to give the polymer catalytic properties [2]. It has already been

shown that titanium-POSS species are excellent homogeneous catalysts and that

titanium-containing silicates are excellent oxidation catalysts [3]. Therefore, further

studies of POSS based polymers functionalised with metals such as titanium could

see them become rivals of traditional and more established porous heterogeneous

catalysts.

This chapter is concerned with the preparation of furyl functionalised POSS species

and their reaction with maleimide. It was anticipated that a Diels-Alder reaction (1,4-

cycloaddition of alkenes) would occur. Co-polymerisation with a maleimide
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functionalised silsesquioxane would then result in the linking of the POSS cubes

together to form a porous polymer.

The Diels-Alder reaction is one of the most important reactions in synthetic

chemistry [4], utilised in the formation of widely used organic molecules such as

morphine [5], Prof. Otto Diels and his student Kurt Alder first reported it in 1928

when they correctly identified the product of the reaction between cyclopentadiene

and quinone (figure 6.1.2) [6], They won the Nobel Prize for their discovery in 1950.

Figure 6.1.2 Diels-Alder Reaction between cyclopentadiene and quinone

Generally the reaction is between a conjugated diene (a four n electron system) and a

dienophile (a two n electron system) [7], The product (or adduct) contains two new a

bonds that are formed at the expense of two 7t bonds, o bonds are stronger than n

bonds so the formation of the adduct is energetically favourable although the reaction

is generally reversible. The reaction can be made more favourable if the dienophile

contains electron-withdrawing groups and the diene has electron-donating groups or

vice versa.
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Additionally, the Diels-Alder reaction is a concerted process, i.e. bond breaking and

bond forming happens at the same time. The reaction is highly stereospecific syn

addition and the configuration of the dienophile is retained in the product. Also, it is

necessary for the diene to react in cis conformation rather than the trans

conformation. This is because reaction in the trans conformation would result in a

six-membered ring with a severely strained trans double bond.

Wudl et al reported a polymeric material with individual units linked through Diels-

Alder reactions in 2002 when a multi-diene (multi-furan) and a multi-dienophile

(multi-maleimide) were polymerised to form a highly cross-linked network (figure

6.1.3) [8], The polymerisation reaction was very efficient, reaching completion

(95±5 %) after just three hours heating at 75 °C. The polymer is a tough solid at

room temperatures with excellent mechanical properties. Its most interesting

property is that it has the ability to repeatedly mend itself under mild conditions

without having to undergo special surface treatment. This property is a direct result

of the thermal reversibility of the Diels-Alder reactions that link the individual

monomers together and allows fractured parts of the polymer to be fixed many times.
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Figure 6.1.3 Polymer formed through Diels-Alder reactions between the monomers

reported by Wudl et a! [8]
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Polymers where only the cross-links between the polymer backbones were formed

using Diels-Alder reactions have also been prepared. Chujo et al again utilised the

reaction between furan and maleimide groups to form an organic-inorganic polymer

hybrid [9], In this case the reaction was performed at ambient temperature with acid

catalysis.

The reversibility of Diels-Alder reactions in which bonds can form and break many

times is similar to the crystallisation process in zeotype synthesis. It is this

reversibility in zeotype synthesis that allows for highly ordered materials as mistakes

in the framework formation can be fixed and growth of the crystalline framework

continued. It was therefore postulated that if the desired POSS monomers could be

prepared they could be polymerised into a highly ordered polymer. As with POSS

coordination polymers, by linking cubes through only their corners it is

geometrically difficult to fill all available space so a porous material was expected to

result.
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6.2 Experimental

6.2.1 Preparation of Furyl POSS 1 (FP1) and attempted Diels-Alder Reaction

between FP1 and Maleimide

1,3,5,7,9,11,13,15-octakis[dimethyfurylethane]-

octasiloxane (FP1). Octavinylsilsesquioxane (0.30

g, 4.739 x 10"4 mol) was dissolved in dry toluene

(25 ml) under an argon atmosphere. The solution

was cooled to 0 °C and chlorodimethylsilane (0.5

ml, 4.54 x 10"J mol) and Karstedfs catalyst in xylenes (250 pi, 1.12 x 10"3 mol)

added. The reaction mixture was allowed to warm to RT and stirred for 3 days,

resulting in the formation of a green solution. A small amount of the reaction mixture

was removed and the solvent was removed in vacuo to check for completion of the

reaction. 'H NMR (CDC13, 300 MHz): 5H 0.35 (48H, m, CH3), 0.60 (16H, m,

SiCHoCHA and 0.80 (16H, m, SiCHoCHA.

On completion of the hydrosilation n-butyl lithium in hexane (2 ml, 2.5 M, 5.00 x

10~J mol) and furan (0.8 ml, 5.52 x 10° mol) were added to dry THF at-78 °C under

argon. The reaction mixture was allowed to warm to RT and stirred for 2 hrs 30 mins

then transferred by cannular over to the POSS solution and stirred at 0 °C for 3 hrs 30

mins. Any unreacted organolithium was quenched with isopropanol and the solvent

was removed in vacuo to yield a yellow oil. The oil was dissolved in hexane, filtered

to remove the precipitate and purified on a florisil column eluted with diethyl ether.
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The solvent was removed in vacuo and the residue recrystallised in methanol to yield

white needle crystals (0.17 g, 22 %). 'H NMR (CDC13, 300 Mhz): 5H 0.23 (48H, s,

Si-CH3), 0.55 (16H, m, SiCHzCHA 0.75 (16H, m, SiChbCHA 6.35 (8H, m, furyl

H), 6.61 (8H, m, furyl H) and 7.61 (8H, m, furyl H). 13C NMR (CDC13, 75 MHz): 8C

-3.98 (Si-CH3), 4.31 (SiCH2), 6.64 (SiCH2), 109.25 (furyl-C), 119.97 (furyl-C),

146.62 (furyl-C) and 159.21 (furyl-C).

General method for unsuccessful Diels-Alder

reactions between FP1 and maleimide. FP1 and

maleimide in approximately a ratio of 8:1 moles (1:1

ratio between furyls and maleimide) were dissolved

in the desired solvent and stirred or heated for a

period of time. In each case no reaction was observed.

FP1 (g, mol) Maleimide

(g, mol)
Solvent (ml) T Time

0.10, 6.09 x 10° 0.067, 6.90 x 10"4 Diethyl ether
(10 ml)

RT 4 days
(in the dark)

0.10, 6.09 x 10° 0.067, 6.90 x 10"4 Diethyl ether
(10ml)

reflux 2 days

0.08, 4.87 x 10"5 0.08, 4.87 x 10° toluene (25 ml) reflux 24 hrs

0.10, 6.09 x 10"5 0.067, 6.90 x 10"4 THF (15 ml) reflux 2 days
0.06, 3.65 x 10° 0.06, 6.18 x 10"4 DCM (3 ml) reflux 5 hours

0.04, 2.44 x 10"5 0.03, 3.09 x 10"4 methanol (12 ml)
DCM (0.12 ml)

RT 5 days
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6.2.2 Attempted Preparation of Furyl POSS 2 (FP2)

Attempted preparation of Furyl POSS 2 (FP2).

Furfuryl alcohol (0.6 ml, 6.82 x 10"3 mol) and

triethylamine (0.9 ml, 6.49 x 10"3 mol) were stirred

in dry diethyl ether (30 ml) under an argon

atmosphere at 0 °C. To this chlorodimethylsilane (2

ml, 0.018 mol) in dry diethyl ether (15 ml) under

argon was added dropwise with vigorous stirring over a period of 1 hour, during

which time a white precipitate formed. The reaction mixture was stirred at 0 °C for

1.5 hours then allowed to warm and stirred at RT for 1 hour. The mixture was

filtered by cannular and the solvent removed to yield a clear, colourless oil that was

found to be only furfuryl alcohol. 'H NMR (CDCI3, 300 MFIz): 8h 4.40 (2H, s,

CFFOFQ. 6.10 (1H, m, furyl-H), 6.18 (1H, m, furyl-H) and 7.21 (1H, m, furyl-H).

6.2.3 Preparation of Furyl POSS 3 (FP3) and attempted Diels-AIder Reaction

Between FP3 and Maleimide

Preparation of a furyl alkene (FA). 1,2-

epoxyhexene (1 ml, 8.86 x 10° mol) and

furfurylamine (3 ml, 0.034 mol) were refluxed in isopropanol (15 ml) for 4.5 hours.

The solvent and excess furfurylamine were removed in vacuo to yield a red/brown

oil (1.23 g, 71 %). 'H NMR (CDC13, 300 Mhz): SH 1.50 (2H, m, CfTCFFCH), 2.15

(2H, m, CH2CH2CH), 2.45 (1H, m, CFtCFFNFO. 2.70 (1H, CFICFFNH). 3.63 (1H, m,
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CHOH), 3.79 (2H, s, NHCH2C). 4.94-5.04 (2H, m, CH=CHA 5.75-5.89 (1H, m,

CH=CH2), 6.17 (1H, d, Jh 3.07, furyl-H), 6.31 (1H, dd, JH 1.79 and 1.54, furyl-H)

and 7.36 (1H, dd, JH 1.28 and 0.77, furyl-H). 13C NMR (CDC13, 75 MHz): 8C 30.28

(CH7=CHCHA 34.40 (CH2CH2CH), 46.19 (NHCHAA 54.80 (CHCH2NH), 69.43

(CHOH), 107.50 (furyl-CH), 110.55 (furyl-CH), 115.12 (CHZ=CH). 138.11

(CH2=CH), 142.29 (furyl-CH) and 153.90 (furyl-C).

Reaction of FA with maleimide. FA (0.132 g, 6.47

x 10"4 mol) and maleimide (0.098 g, 1.00 x 10° mol)

were stirred in dichloromethane (10 ml) for 3 days.

The solvent was removed in vacuo to yield an orange oil. 'H NMR (CDCI3, 300

Mhz): §H 1.50 (4H, m, CH7CH->CH). 2.15 (4H, m, CH2CH2CH), 2.30-3.45 (4H, m,

CHCHtNH and 3H, m, D-A adduet H), 3.63 (2H, m, CHOH). 3.79 (4H, s,

NHCH2C), 4.94-5.04 (4H, m, CH=CHA 5.23 (1H, m, D-A adduet H), 5.75-5.89

(2H, m, CH=CHA 6.17 (1H, m, furyl-H), 6.25 (1H, m, D-A adduct H), 6.35-6.50

(1H, m, furyl-H), 6.63 (1H, s, maleimide H) and 7.36 (1H, m, furyl-H). MS (ESI) m/z

(relative intensity): 196.11 (87), 293.12 (4), 294.17 (58), 315.09 (100) and 316.16

(4).

1,3,5,7,9,11,13,15-octakis[epoxyhexane]octasiloxane.

Octahydridesilsesquioxane (0.25 g, 5.86 x 10~4 mol) was

dissolved in dry toluene (10 ml) under argon. 1,2-

Epoxyhexene (1.2 ml, 0.011 mol) was added and the

reaction mixture was cooled to 0 °C. Karstedt's catalyst
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in xylenes (70 pi) was added and the reaction mixture was allowed to warm to RT

and stirred for 3 days. The solvent was reduced in vacuo and filtered through a

florisil plug eluted with diethyl ether (300 ml) to remove the catalyst. The solvent

was removed in vacuo to yield a clear, colourless oil (0.56 g, 78 %). 'H NMR

(CDC13, 300 Mhz): SH 0.56 (16H, m, SiCHA 1.42 (32H, m, SiCHAHA 2.39 (8H,

m, CH), 2.67 (8H, m, CH), 2.82 (8H, m, CH). 13C NMR (CDC13, 300 MHz): 5C

12.32 (SiCHAHAHAHA 23.06 (SiCHAHAHAHA 29.40 (SiCH2CH2CHAH2),

32.52 (SiCH2CH2CH2CH2), 52.65 (CHAHCHA 66.27 (CHAHCHA 29Si NMR

(CDCI3, 59.6 MHz): 8si -66.91, -67.70 and -68.69. MS (ESI) m/z (relative intensity):

1231.06 (100), 1232.07 (64) and 1233.09 (17) (+Na). CHN (calc): 46.30 (47.65) C,

7.87 (7.33) H.

Preparation of furyl POSS 3 (FP3).

1,3,5,7,9,11,13,15-octakis[epoxyhexane]octa-

siloxane (0.25 g, 2.07 x 10"4 mol) and

furfurylamine (0.7 ml, 7.92 x 10° mol) were

refluxed in isopropanol (20 ml) overnight. The

majority of the solvent and excess furfurylamine

were removed in vacuo to yield an orange oil (0.35 g, 91 %). 'H NMR (CDCI3, 300

Mhz): 5h 0.60 (16H, bs, SiCH2), 1.39 (48H, m, CHAHAHA 2.40-2.75 (16H, m,

CHCHoNH), 3.57-3.75 (8H, m, CHOH), 3.83 (16H, m, NHCHAT 6.11-6.20 (8H, m,

furyl-CH), 6.27-6.31 (8H, m, furyl-CH) and 7.32-7.37 (8H, m, furyl-CH). I3C NMR

(CDCI3, 75 MHz): 5C 21.88 (SiCHA 27.45 (SiCHAHA 32.25 (SiCHAHAHA

33.90 (CHAHCHA 44.80 (NHCHAT 53.64 (CHCH-»NHT 68.29 (CHOH), 107.48
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(furyl-CH), 109.28 (furyl-CH), 140.96 (furyl-CH) and 151.80 (furyl-C). 29Si NMR

(CDC13, 59.6 MHz): 5Si -66.92, -67.64 and -68.56. CHN (calc): 51.63 (53.20) C, 7.39

(7.31) H, 4.16 (5.64) N.

Reaction between FP3 and maleimide. FP3

(0.14 g, 6.95 x 10"5 mol) and maleimide (0.54

g, 5.56 x 10"4 mol) were stirred in

dichloromethane (5 ml) overnight. 'H NMR

(DMSO, 300 MHz): 5H 0.46-0.66 (80H, bs,

SiCH2), 1.07-1.45 (240H, m, CH0CH7CHA.

2.26-2.48 (64H, m, CHCHoNH and 24H, m,

CHOH), 3.41-3.85 (80H, m, NHCHoC). 5.04-5.20 (8H, m, D-A adduct H), 6.20-6.32

(64H, m, furyl-CHs and 8H, m, D-A adduct H), 6.90 (H, s, maleimide H) and 7.50-

7.62 (32H, m, furyl-CH).

6.3 Results and Discussion

6.3.1 Furyl POSS 1 (FP1) and attempted Diels-Alder Reaction between FP1 and

Maleimide

It was believed that a furylsilane functionalised POSS would be an ideal target for a

monomer with which to perform Diels-Alder reactions. The first target molecule was

a POSS molecule with a furyl group attached to the end of a dimethylethylsilyl arm
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(FP1) as it was anticipated that this molecule would not have any difficulties in

undergoing a Diels-Alder reaction with maleimide.

Figure 6.3.1 Mechanism for the preparation of FP1. The POSS core is shown as a

cube with only one organic 'arm 'for clarity.

The furyl POSS was prepared by first functionalising octavinylsilsesquioxane with a

chlorosilane group by hydrosilation of chlorodimethylsilane to the POSS core. After

three days of stirring at room temperature in the presence of Karstedt's catalyst the

'H NMR of the product showed the expected signals of the desired product (SH 0.35,

0.60 and 0.80) and no signals of the octavinylsilsesquioxane. Therefore, as far as

could be deduced from 'H NMR, 100 % conversion to the octakis[chloro-

dimethylsilylethanejoctasiloxane had been achieved.

Due to the sensitivity of the silicon-chlorine bond to moisture, the product was not

isolated and the reaction with the furyl lithium was carried out in situ. NMR ('H and

13C) confirmed that the desired product had been formed. Purification of the product

by chromatography followed by recrystallisation gave the furyl functionalised POSS

product as very small, colourless needle crystals. The yield of 22 % was very low
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suggesting that the best chromatography conditions were not found. However,

despite trying numerous other conditions a better yield could not be obtained.

Despite the presence of single crystals a crystal structure was not obtained due to the

poor diffraction of the crystals. As mentioned in chapter five, this is a common

problem with POSS materials due to the inherent disorder of the organic arms.

However, further confirmation that FP1 had been made was obtained from MALDI-

TOF spectroscopy. The spectrum showed a large peak at m/z = 1665 (figure 6.3.2),

which matches the mass of the furyl POSS plus a sodium ion.

Figure 6.3.2 MALDI-TOF spectrum ofFPl

CD: I .;0 C6il S* 115.40 CC L 5m <3S. 1*1 'X*. Cm <1 I T|
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Diels-Alder reactions of this POSS were then attempted with maleimide. The

reaction was first tried by stirring the two reactants in the dark as performed by

Kwart and Burchuk [10]. No reaction was observed after four days so the reaction

mixture was refluxed for a further two days, but still no reaction was observed.

Further experiments were carried out under different conditions and using previously

reported techniques for similar systems, such as refluxing in toluene, refluxing in

i6W3$.ri66C.M
lefiTSSi

Yi

ifjf,v43i:r.?M3
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dichloromethane and using copper nitrate as a catalyst, however in each case no

reaction was observed [4, 11],

6.3.2 Attempted Preparation of Furyl POSS 2 (FP2)

It was believed that the lack of a reaction happening might be due to the steric

hindrance around the furyl group as a result of the close proximity of the two methyl

groups and silicon atom. It was therefore decided to attempt to make a POSS

molecule where there was less steric hindrance around the furyl group. This was

initially attempted by reacting furfuryl alcohol with chlorodimethylsilane to form a

furylsilane molecule with a spacer group between the furyl and the dimethylsilyl

group. It was anticipated that this molecule could then be hydrosilated to the

octavinylsilsesquioxane to form a furyl POSS (FP2) on which Diels-Alder reactions

could be performed (figure 6.3.3). However, the furylsilane molecule could not be

prepared successfully so it was decided to follow an entirely different approach.

Figure 6.3.3 Mechanismfor the proposed synthesis ofFP2. The POSS core is shown

as a cube with only one organic 'arm 'for clarity.

,4=71 o
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6.3.3 Furyl POSS 3 (FP3) and attempted Diels-Alder Reaction between FP3 and

Maleimide

An efficient reaction is between epoxide and amine functionalised molecules [12]

and it was anticipated that this reaction could be used to convert an epoxy

functionalised POSS to a furyl functionalised POSS by the reaction with

furfurylamine (FP3). This would result in a furyl POSS with little steric hindrance

around the furyl group and therefore a more likely possibility of a Diels-Alder

reaction taking place. It would also have accessible secondary alcohol and amine

groups on which further reactions could be performed, so enhancing a polymer

formed in this ways utility.

Figure 6.3.4 Mechanism for the preparation ofFP3. The POSS core is shown as a

cube with only one organic 'arm 'for clarity.
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However, before attempting to synthesise this molecule it was decided to first check

whether the molecule formed between the reaction of 1,2-epoxyhexene and

furfurylamine would undergo a Diels-Alder reaction with maleimide. The furyl

molecule was prepared by refluxing the two reactants in isopropanol. An
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approximately three-fold excess of furfurylamine was used to ensure that only one

epoxide reacted with each furfuryl molecule.

An attempted Diels-Alder reaction of this molecule with maleimide was carried out

in refluxing dichloromethane. Although the 'H NMR was very complicated it

suggested that a Diels-Alder reaction had partially taken place. Mass spectrometry

confirmed that a product with the same mass as the Diels-Alder adduct had formed

(m/z = 294.17 [M+H] and 315.09 [M+Na]). The mass spectrum also showed the

presence of the furfuryl alkene (FA) in the reaction mixture (m/z = 196.11). An

attempt at purifying the furfuryl alkene Diels-Alder adduct was not made due to a

lack of time and because it was only a test reaction, which when applied to the POSS

system would not be necessary. Therefore, as it appeared that a Diels-Alder reaction

had occurred, the synthesis of a furyl functionalised POSS by this route was

proceeded with.

1,2-Epoxyhexene has been used to prepare an epoxy functionalised POSS before by

Fie et al in 2004 [12]. Even though the organic arms of this molecule would probably

be too long and "floppy' to create an ordered polymer it was decided to synthesise it

and convert it to the furyl functionalised molecule, as if polymerisation was

successful it may have resulted in a large pored polymer. Preparing shorter chained

(or chains with less rotational freedom) epoxy POSS could then be attempted at a

later date for the preparation of other polymeric materials.
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The epoxyhexane functionalised POSS was prepared by the hydrosilation of 1,2-

epoxyhexene to octahydridesilsesquioxane using Karstedt's catalyst. As far as could

be deduced from 'H and ljC NMR the desired product had formed, although the 29Si

NMR showed more than one peak (8si -66.91, -67.70 and -68.69). As the peak at -

66.91 was much larger than the other peaks it was clear that the vast majority of the

product was the desired epoxy POSS. Therefore, it was then heated in isopropanol

with an excess of furfurylamine to form the furyl functionalised POSS. 'H NMR

confirmed the desired product had formed and did not show any epoxy signals. The

29Si NMR was similar to that of the epoxy POSS showing that the silicate core had

remained intact during the reaction and subsequent purification.

The MALDI-TOF spectrum of this furyl POSS contained a large signal at m/z =

1792. This correlates to the desired product with a furfurylamine segment lost from

one of the arms. The spectrum also showed species where two, three and four

furfurylamine segments had been lost. There was no evidence to suggest that

products where two epoxide groups had reacted with the same amine group had

formed, either from the same POSS molecule or from different molecules to form

dimers or larger species.
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Figure 6.3.5 MALDI-TOF spectrum ofFP3

The majority of the solvent and excess furfurylamine could be removed by heating

the product under vacuum for a few hours. Lengthening the time of this procedure

did not increase the amount of isopropanol removed. This is probably due to it being

entangled in the POSS molecule's organic arms, which is not an uncommon problem

in POSS chemistry.

The furyl POSS was deemed pure enough to continue with as any impurities might

have been able to be washed out on formation of a porous polymer. The reaction

with maleimide was carried out at room temperature in dichloromethane (figure

6.3.6). After stirring overnight it could be seen from the 'H NMR that a reaction had

taken place and that about 20 % of the furyl groups had been converted to something

else. Although the spectrum was complicated the additional peaks observed

suggested that some of the furyl groups had undergone a reaction with the

maleimide. Increasing the reaction time and temperature did not increase the level of
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conversion. No further spectral analysis could be obtained so the formation of a

Diels-Alder adduct on the furyl POSS has not yet been confirmed.

Figure 6.3.6 Mechanism for the formation of the Diels-Alder adduct of FP3. The

POSS core is shown as a cube with only one organic 'arm 'for clarity.

o

6.4 Conclusion

A novel dimethylfurylsilyl functionalised POSS (FP1) has been synthesised and

obtained as a crystalline solid with a 22 % yield. This yield is very low but this is a

common occurrence in POSS chemistry due to their instability in chromatography

columns and because crystallisation is often not possible due to their inherent

disorder.

The Diels-Alder reaction was attempted between this molecule and maleimide using

a variety of conditions but no reaction was observed. This may have been due to too

much steric hindrance around the furyl group, which is caused by the close proximity

of the dimethylsilyl group. It was therefore attempted to synthesise furyl POSS

species with less steric hindrance around the furyl group.

O
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A second furyl POSS (FP3) that has more space around the furyl group was

synthesised from an epoxyhexane POSS but it has not yet been fully purified.

However, initial experiments suggest that it does undergo some Diels-Alder reaction

with maleimide. It is therefore believed that should an appropriate furyl

functionalised POSS be reacted with a maleimide functionalised POSS a polymeric

material will result. The reversibility of the Diels-Alder reaction may lead to it being

a highly ordered polymer.
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7. General Conclusion

7.1 Eutectic Mixtures in the Synthesis of Porous Materials

The preparation of coordination polymers and aluminium cobalt phosphates using

eutectic mixtures was moderately successful. Although no porous or novel

coordination polymers were prepared and only one porous aluminium cobalt

phosphate was formed, there was evidence that the eutectic mixture could play a

significant part in the synthesis of these materials if the correct conditions were

found.

Two layered cobalt/nickel-diphosphonate structures were formed; one with

diphosphonate pillars containing two benzyl groups and one with diphosphonate

pillars containing one benzyl group. The structures are very similar but differ in the

orientation of the organic pillars and topology of the metal oxide layers. Although

both frameworks have already been prepared before using solvotherma! methods [1]

they are of interest as they show that the metal that can be used in the formation of

metal-diphosphonate frameworks is dependent on what eutectic mixture is used.

Therefore, the eutectic mixture is playing an active role in the synthesis of the

framework, which means that by altering or tuning the eutectic mixture further

frameworks may be formed, some of which might be novel and only formed using

eutectic mixtures as solvent.
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Two copper-carboxylate frameworks with chain topologies were also formed using

eutectic mixtures as solvent. Both frameworks have components that came directly

from the eutectic mixture however neither framework is novel [2] and it appears

likely that the copper-succinate framework was not formed ionothermally but on

dissolving the eutectic mixture in water after the reaction was complete.

The copper-benzenedicarboxylate framework was formed ionothermally and

contained amine ligands that came from the break-up of the eutectic mixture.

Therefore, further reactions may result in a porous coordination polymer "templated'

by amine or ammonia. As there are other examples of eutectic mixture components

forming part of the coordination polymer framework made from carboxylic acid

containing building blocks [3] it appears that this route rather than the metal-

diphosphonate route is the most promising for the synthesis of novel materials.

It was also shown that eutectic mixtures could be used successfully in the preparation

of aluminium cobalt phosphates. Three frameworks were formed: a porous

framework with the levyne topology and novel layered and chain materials. The

layered material (CoAlPO-1) was found to consist of inorganic layers sandwiched

between layers of well-ordered choline molecules. It is believed that it is the first

zeolitic material formed ionothermally where the 'template' has not been prepared in

situ but is an actual component of the solvent.

By raising the reaction temperature it was possible to prepare another aluminium

cobalt phosphate framework. This material, termed CoAlPO-3, has the levyne
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topology and has already been prepared solvothermally [4], However, it does show

that the succinic acid/choline chloride eutectic mixture can be used to prepare porous

materials. This framework was also shown to be 'templated* by choline from the

eutectic mixture proving that the use of stable eutectic mixtures is a viable way of

template delivery in zeotype synthesis.

The incorporation of choline into the CoAlPO materials is a very significant step

forward in ionothermal synthesis. Choline is very cheap and non-toxic, and showing

that these solvent systems can provide such a template could make this a piece of

work with significant impact. This is particularly true in industrial synthesis where

there is a great need for cheap and safe synthetic methods.

Another interesting result of the cobalt aluminium phosphate syntheses is the

presence of cobalt-chlorine bonds in the CoAlPO-1 framework, a bond type that has

never been observed before in zeotype materials. It may be possible to use this

functionality in the formation of interesting materials such as catalysts. It may also

be possible to form other novel bond types by altering the eutectic mixture and

utilising it in the preparation of functional materials.

Before such projects can be undertaken it will be necessary to synthesise phase pure

cobalt aluminium phosphate frameworks. Both CoAlPO-1 and CoAlPO-3 samples

also contained a dense aluminophosphate material and CoAlPO-1 was also found to

contain an aluminium cobalt phosphate chain framework, termed CoAlPO-2. This

minor product was Templated' by the macrocycle cyclam, an additive that had to be
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added to the reaction mixture in order to prepare CoAIPO-1. This result shows that

eutectic mixtures can be used solely as the reaction solvent, which is still of interest

as their vanishingly low vapour pressure means that reactions can be performed at

lower pressure than in traditional methods, eliminating some of the safety concerns

of zeotype synthesis.

7.2 POSS Molecules in the Synthesis of Porous Materials

The preparation of porous materials using POSS molecules as building blocks proved

to be very difficult. Functionalising the POSS molecules with appropriate groups was

complicated by the nature of the core, its instability to a number of reaction

conditions, and the need to use extremely high-yielding reactions when attaching the

organic arms.

Despite the problems associated with POSS synthesis a novel ester-functionalised

POSS was prepared by use of a palladium complex catalysed methoxycarbonylation

reaction. A crystal structure was obtained for this molecule, which is often not

possible with POSS molecules due to the inherent disorder of the organic 'arms'.

Attempts were made to convert this molecule to a carboxylic acid POSS for use in

coordination polymer synthesis, but all were unsuccessful. However, even though

this POSS could not be converted to a carboxylic acid functionalised material it may

be possible to use it in the preparation of other potentially useful molecules such as

dendrimers [5],
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No other POSS molecules that could be used in the preparation of coordination

polymers were synthesised but two novel furyl functionalised POSS were prepared

that it was thought could be used in the formation a polymer. It was postulated that

by linking appropriately functionalised POSS molecules through Diels-Alder

reactions a highly ordered porous polymer would result with similar self-healing

properties to that prepared by Wudl et al [6].

At first the idea seemed to be very promising but a POSS molecule functionalised

with a furyl group attached to a dimethylsilyl group (FP1) did not undergo a Diels-

Alder reaction with maleimide. This is possibly due to there being too much steric

hindrance around the furyl group for the reaction to occur. An attempt at preparing a

similar molecule but with more space between the furyl and the dimethylsilyl group

was unsuccessful.

A second furyl POSS (FP3) prepared from an epoxyhexane POSS [7] precursor was

obtained. This POSS has less steric hindrance around the furyl group but a pure

sample was not obtained, possibly due to side reactions occurring on the POSS or

due to impurities and the solvent being too entangled between the organic "arms'.

However, it did show at least some reaction with maleimide so it may be possible to

use this molecule in the preparation of a porous polymer. If an appropriate maleimide

POSS can be synthesised, multiple Diels-Alder reactions between the two species

may result in a highly ordered porous polymer.
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8. Further Work

8.1 Eutectic Mixtures in the Synthesis of Porous Materials

Although eutectic mixtures have shown great promise for use in the preparation of

porous materials there is still a lot of progress to be made. All coordination polymers

formed using eutectic mixtures in this project can be formed just as easily (and often

more so) using conventional techniques. Therefore, a way has to be found in which

the eutectic mixture plays a significant part in the preparation of novel crystalline

porous materials.

In the synthesis of zeolitic materials using eutectic mixtures progress has to be made

in preparing phase pure products. The potential of this method has been shown in the

preparation of novel frameworks and bond types that can possibly be utilised in the

preparation of novel materials. If this can be done there may then be a chance of

materials formed in this way finding useful applications.

Not investigated in this project was the use of fluoride as a mineralising agent. It was

not necessary for the synthesis of metal aluminophosphate frameworks but may be

necessary for the formation of an aluminophosphate. Adding fluoride may facilitate

P-O-Al formation and would significantly alter the pH of the system meaning that

the addition of cyclam or other reagents could be avoided. Most importantly it would

provide a negative charge for the framework, allowing 'templation' by the positively

charged choline.
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Perhaps the most promising use of eutectic mixtures (and ionic liquids) is in the

preparation of designed zeolitic materials from molecular SBU analogues, such as

the D4R silicates, germanates and gallium phosphates [1]. Previous attempts at using

these molecular SBUs in zeolite synthesis by hydrothermal and solvothermal routes

have resulted in them breaking up or rearranging during the reaction [2], This is

because it is difficult to control what bonds will form and which will break during

the condensation process. Other difficulties include, for example, that the germanate

D4R is very susceptible to break-up in water, the best results using it coming when

an almost dry gel is used in the reaction.

Figure 8.1.1 Molecular doable-four ring units (D4Rs)
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Ionothermal synthesis is a much milder method than either hydrothermal or

solvothermal techniques. Chains, layered and partially condensed structures form
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frequently, showing that bond formation is not as facile as in hydrothermal synthesis

[3]. It is presumed that bond breaking is just as difficult so this may therefore mean

that the intermolecular bonds in the D4R analogues are less likely to break than new

bonds between the molecules are to form.

The molecules which would show most potential for this type of designed zeotype

synthesis are the gallium phosphate D4R analogue with occluded fluoride and the

germanate D4R analogue. This gallium phosphate has perhaps a better chance of

remaining intact than the analogue with occluded oxygen as fluoride is more

commonly found inside D4R units in zeolites, so it may be that fluoride templates

their formation better and would therefore be more likely to hold the D4R intact

during the reaction.

The germanate D4R analogue is also attractive as it has been shown by O'Keeffe and

Yaghi to be particularly stable because of the flexibility of the Ge-O-Ge linkages [4],

Additionally, Corma et al have shown that germanium can direct structures towards

those containing D4Rs [5]. It is also noteworthy that the germanate D4R molecule

synthesised contains an occluded fluoride, adding weight to the theory that fluoride

helps to template D4R formation.
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8.2 POSS Molecules in the Synthesis of Porous Materials

The future preparation of porous materials from octa-carboxylic acid functionalised

POSS appears to be less promising than the ionothermal method. Perhaps if a tertiary

butyl ester functionalised POSS can be synthesised and converted to a carboxylic

acid functionalised material it could be used to prepare a porous material. It may be

possible to achieve this by adapting the methoxycarbonylation reaction by using

tertiary butanol instead of methanol (t-butoxycarbonylation). However, this may

result in the reaction having a lower conversion rate due to the increased steric bulk

of the solvent. It may also be possible to use water instead of methanol

(hydroxycarbonylation) to form a carboxylic acid POSS in one step. Currently high

enough conversion rates have not been achieved with this reaction for use on POSS

systems but further advances may allow it to be tried on POSS molecules in the

future. Even if a carboxylic acid POSS is synthesised. due to their complexity and

inherent disorder the actual assembly of these molecules may prove to be just as

difficult to achieve.

If an appropriate POSS is to be synthesised and used in this way it may have to be a

nitrile, pyridine or phosphonic acid functionalised moiety. Although the product of

the first two may not be as thermally stable as one prepared from carboxylic acid

functionalised cubes, due to the octa-functionality it should still be stable. It is

possible to prepare phosphonic acid functionalised POSS but as with the majority of

reactions involving these molecules it is difficult to prepare a pure product in a high

yield.
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Using POSS molecules in polymer synthesis is perhaps more likely to achieve good

results as a high degree of order does not have to be obtained. There are also a large

variety of polymerisation reactions that can be utilised. Preparing a copolymer where

the POSS monomers are linked through Diels-Alder reactions should be possible.

For this to happen two monomers that readily undergo Diels-Alder reactions will

have to be prepared. A maleimide functionalised POSS that may be suitable for

Diels-Alder reaction could be prepared, for example, by the reaction between a

primary amine functionalised POSS and maleic acid or maleic anhydride. It may be

possible to carry out the polymerisation step using an ionic liquid or eutectic mixture

as solvent and catalyst. The efficiency of Diels-Alder reactions has already been

shown to be improved in a eutectic mixture prepared from zinc chloride and choline

chloride [6].

Figure 8.2.1 Possible mechanism for the preparation of a maleimide POSS (SisO/2

core depicted as a cube and only one organic 'arm ' shownfor clarity)
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It may be possible to form POSS networks with cavities in the mesopore range by

using techniques adapted from mesoporous silicate chemistry. Cyclic silsesquioxanes

with the chemical formula [(EtO)2Si(CH2)]3 have been shown to be useful in the

preparation of organosilicate materials with well-ordered mesopores [7]. The

177



materials are formed by the self-assembly of the silsesquioxane precursors around a

surfactant mesophase via hydrolysis of the ethoxysilyl groups to form Si-O-Si

linkages. This technique could be adapted to suit POSS molecules by conversion of

octa-chlorodimethylsilyl functionalised POSS molecules to octa-dimethylethoxysilyl

POSS molecules followed by the self-assembly reaction. Care would have to be

taken though to ensure the reaction conditions were mild enough to keep the POSS

core intact and that it was not destroyed on removal of the surfactant, although even

if some POSS core breakage did occur the resultant material may still be of interest.

Figure 8.2.2 Possible mechanism for the preparation of a mesoporous

organosilicate from POSS molecules (SisO12 core depicted as a cube and only one

organic 'arm ' shownfor clarity).
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10. Appendix

10.1 Crystal Data for CoAlPO-1

Table 1. Atomic coordinates (x 10^) and equivalent isotropic displacement

parameters (A^ x 10^) for CoAlPO-1. U(eq) is defined as one third of the trace of the

orthogonalized UU tensor.

X y z U(eq)

Co(l) 4829(2) -3059(2) 7210(2) 39(1)
Co(2) 1014(2) -1923(2) 2802(2) 37(1)
P(l) 5146(2) -4479(3) 6036(3) 38(1)
Cl(2) 1386(3) -1464(3) 1152(4) 67(1)
Cl(l) 4348(3) -3462(3) 8859(3) 67(1)
P(4) 707(2) -502(2) 3965(3) 38(1)
P(5) 3838(2) -1343(2) 5871(3) 35(1)
P(6) -694(2) -3648(2) 4126(3) 32(1)
P(7) 6918(2) -1863(3) 5739(3) 36(1)
P(8) 83(2) -3068(3) 6999(3) 40(1)
P(9) 2327(2) -3120(3) 4253(3) 37(1)
P(ll) 6162(3) -1934(3) 2991(3) 40(1)
Al(l) 1942(3) -1744(3) 5370(3) 37(1)
A1(2) 4475(3) -3598(3) 4131(3) 35(1)
Al(3) 5809(3) -653(3) 4188(3) 37(1)
Al(4) 9006(3) -1396(3) 5841(3) 36(1)
Al(6) 380(3) -4339(3) 5799(3) 35(1)
Al(8) 7139(3) -3262(3) 4663(3) 32(1)
0(1) 2027(7) -2641(8) 3283(8) 53(3)
0(19) 6543(6) -1735(7) 1929(7) 38(2)
0(20) 4016(6) -597(6) 6310(8) 41(2)
0(21) 4946(6) -5551(6) 6364(7) 38(2)
0(22) 4984(7) -4256(6) 6917(8) 43(3)
0(23) 6603(7) -1086(7) 4906(8) 49(3)
0(24) 270(7) -5578(8) 6308(7) 50(3)
0(25) 6089(7) -2285(7) 6685(7) 45(3)
0(26) 9674(7) -991(6) 4571(8) 44(3)
0(27) 2820(6) -1216(6) 5697(7) 38(2)
0(28) -183(7) -3303(7) 8073(7) 38(2)



0(29) 2500(7) -2387(6) 4672(8) 45(3)
0(30) 9299(6) -579(6) 6347(7) 40(2)
0(31) 3854(7) -2341(7) 6566(9) 57(3)
0(32) 4486(7) -3981(7) 5378(8) 48(3)
0(33) 1057(7) -2437(7) 6498(8) 46(3)
0(34) -281(7) -2650(6) 3423(9) 50(3)
0(35) 162(7) -4018(6) 6797(9) 49(3)
0(36) 6836(7) -2555(7) 3583(8) 43(3)
0(37) 7329(7) -2656(7) 5372(8) 50(3)
0(38) 1386(7) -826(7) 4648(8) 48(3)
0(39) 3304(6) -3553(7) 4022(7) 41(2)
0(40) 8211(6) -3760(7) 4298(8) 47(3)
0(41) 5142(7) -2481(6) 3406(9) 53(3)
0(42) 1025(7) -738(7) 3053(8) 51(3)
0(43) 4599(7) -1050(8) 4868(9) 58(3)
0(44) 6220(6) -4196(6) 5360(9) 51(3)
0(45) 7755(6) -1394(6) 5950(7) 39(2)
0(46) 9301(6) -2555(6) 6519(9) 47(3)
0(47) 6083(7) -984(6) 3192(8) 47(3)
0(48) -472(8) -3915(9) 5126(9) 62(3)
0(49) 1562(7) -3927(7) 5006(8) 55(3)
0(201) -2129(13) -4025(11) 9022(11) 110(6)
0(202) 9083(9) 2831(10) 875(10) 79(4)
0(203) 8204(9) -2202(9) 868(10) 76(4)
0(204) 5792(10) -1086(12) 405(9) 90(5)
N(l) -2780(10) -5568(8) 8259(9) 43(3)
N(2) 8883(8) 548(12) 1651(9) 58(4)
N(3) 6133(10) -485(11) -1819(11) 67(5)
N(4) 7852(10) -4522(11) 1661(9) 56(4)
0(2) 8683(17) 126(14) 2794(14) 75(6)
0(3) 9936(12) 976(18) 1192(19) 96(8)
0(4) 8189(11) 1268(14) 1366(17) 71(6)
0(5) 8266(13) 2201(13) 1560(14) 68(6)
0(7) 6374(16) 118(19) -1305(19) 122(11)
0(9) 6280(16) 99(14) -2875(15) 77(6)
0(11) -2726(14) -3874(13) 8308(17) 79(7)
0(13) -2032(17) -5969(17) 8799(17) 95(8)
0(14) -3524(16) -6398(16) 8445(13) 90(8)
0(15) -2284(12) -5138(14) 7142(12) 60(5)
0(16) -3352(12) -4865(12) 8558(14) 58(5)
0(17) 6999(15) -4041(14) 1311(17) 81(6)
C(20) 6762(18) -1300(18) -1746(14) 93(8)
0(21) 7583(18) -4970(30) 2724(19) 187(19)
C(22) 8684(15) -2883(16) 1471(19) 87(7)
C(23) 8744(19) -3830(20) 1250(20) 142(13)
0(24) 8150(30) -5260(30) 1320(30) 220(20)
0(25) 8700(20) -290(17) 1310(20) 113(10)
C(26) 5070(13) -913(16) -1399(12) 67(6)



C(27) 6636(17) -381(16) -319(19) 104(8)

Table 2. Bond lengths [A] and angles [°] for CoAlPO-1.

Co(l)-0(25) 1.944(9)
Co(l)-0(31) 1.972(10)
Co(l)-0(22) 2.010(10)
Co(l)-Cl(l) 2.242(5)
Co(2)-0(l) 1.916(10)
Co(2)-0(34) 1.952(9)
Co(2)-0(42) 1.961(12)
Co(2)-Cl(2) 2.234(5)
P(l)-0(22) 1.454(11)
P(l)-0(21) 1.501(9)
P(l)-0(32) 1.524(10)
P(l)-0(44) 1.558(10)
P(4)-0(42) 1.509(12)
P(4)-O(30)#l 1.513(10)
P(4)-0(26)#2 1.529(9)
P(4)-0(38) 1.531(8)
P(5)-0(31) 1.474(10)
P(5)-0(43) 1.523(12)
P(5)-0(27) 1.528(8)
P(5)-O(20) 1.555(10)
P(6)-0(34) 1.485(9)
P(6)-O(40)#2 1.507(8)
P(6)-0(48) 1.523(11)
P(6)-0(24)#3 1.587(12)
P(7)-0(25) 1.514(10)
P(7)-0(23) 1.522(9)
P(7)-0(45) 1.542(9)
P(7)-0(37) 1.547(11)
P(8)-0(28) 1.467(10)
P(8)-0(46)#2 1.524(9)
P(8)-0(33) 1.523(9)
P(8)-0(35) 1.570(10)
P(9)-0(49) 1.510(9)
P(9)-0(29) 1.513(9)
P(9)-0(l) 1.535(10)
P(9)-0(39) 1.543(10)
P(11 )-0( 19) 1.467(10)
P(11 )-0(41) 1.523(10)
P(11)-0(36) 1.541(9)
P(ll)-0(47) 1.567(10)
Al(l)-0(38) 1.731(9)
Al(l)-0(29) 1.737(11)
Al(l)-0(27) 1.745(9)

Al(l)-0(33) 1.772(11)
Al(2)-0(39) 1.707(9)
Al(2)-0(41) 1.735(10)
Al(2)-0(32) 1.752(12)
Al(2)-0(21)#4 1.809(11)
Al(3)-0(47) 1.712(12)
Al(3)-0(23) 1.715(9)
Al(3)-O(20)#l 1.732(10)
Al(3)-0(43) 1.732(11)
Al(4)-0(45) 1.737(9)
Al(4)-0(46) 1.766(10)
Al(4)-0(26) 1.773(11)
Al(4)-O(30) 1.774(11)
Al(6)-0(35) 1.708(12)
Al(6)-0(24) 1.716(11)
Al(6)-0(48) 1.737(10)
Al(6)-0(49) 1.747(10)
Al(8)-0(37) 1.717(10)
Al(8)-0(44) 1.726(9)
Al(8)-0(36) 1.734(10)
Al(8)-O(40) 1.745(10)
O(20)-Al(3)#l 1.732(10)
0(21)-A1(2)#4 1.809(11)
0(24)-P(6)#3 1.587(12)
0(26)-P(4)#5 1.529(9)
O(30)-P(4)#l 1.513(10)
O(40)-P(6)#5 1.507(8)
0(46)-P(8)#5 1.524(9)
O(201)-C(l 1) 1.49(2)
O(202)-C(5) 1.40(2)
O(203)-C(22) 1.39(2)
O(204)-C(27) 1.49(2)
N(l)-C(16) 1.46(2)
N(l)-C(13) 1.49(2)
N(l)-C(15) 1.527(19)
N(l)-C(14) 1.53(2)
N(2)-C(4) 1.47(2)
N(2)-C(3) 1.51(2)
N(2)-C(2) 1.54(2)
N(2)-C(25) 1.57(3)
N(3)-C(9) 1.46(2)
N(3)-C(7) 1.49(3)
N(3)-C(20) 1.50(3)
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0(24)-Al(6)-0(48) 110.9(5) P(8)#5-0(46)-Al(4) 142.1(6)
0(35)-Al(6)-0(49) 112.6(6) P(1 l)-0(47)-Al(3) 138.4(7)
0(24)-Al(6)-0(49) 108.6(5) P(6)-0(48)-Al(6) 145.8(9)
0(48)-Al(6)-0(49) 109.3(6) P(9)-0(49)-Al(6) 151.1(7)
0(37)-Al(8)-0(44) 109.7(6) C(16)-N(l)-C(13) 115.6(14)
0(37)-Al(8)-0(36) 114.9(5) C(16)-N(l)-C(15) 110.5(13)
0(44)-Al(8)-0(36) 108.3(5) C(13)-N(l)-C(15) 109.1(14)
O(37)-Al(8)-O(40) 109.1(5) C(16)-N(l)-C(14) 106.0(14)
O(44)-Al(8)-O(40) 107.9(5) C(13)-N(l)-C(14) 108.7(15)
O(36)-Al(8)-O(40) 106.7(6) C(15)-N(l)-C(14) 106.4(12)
P(9)-0(l)-Co(2) 140.2(7) C(4)-N(2)-C(3) 112.4(15)
P(5)-O(20)-Al(3)#l 132.7(7) C(4)-N(2)-C(2) 108.9(14)
P( 1 )-0(21 )-Al(2)#4 132.4(6) C(3)-N(2)-C(2) 108.6(15)
P(l)-0(22)-Co(l) 136.1(6) C(4)-N(2)-C(25) 108.5(14)
P(7)-0(23)-Al(3) 152.3(6) C(3)-N(2)-C(25) 109.6(16)
P(6)#3-0(24)-Al(6) 132.3(7) C(2)-N(2)-C(25) 108.7(15)
P(7)-0(25)-Co(l) 140.7(6) C(9)-N(3)-C(7) 110.3(15)
P(4)#5-0(26)-Al(4) 135.0(7) C(9)-N(3)-C(20) 107.0(17)
P(5)-0(27)-Al(l) 141.4(7) C(7)-N(3)-C(20) 112.7(16)
P(9)-0(29)-Al(l) 144.9(7) C(9)-N(3)-C(26) 107.2(13)
P(4)#l-O(30)-Al(4) 133.3(6) C(7)-N(3)-C(26) 111.5(16)
P(5)-0(31)-Co(l) 134.9(5) C(20)-N(3)-C(26) 107.8(16)
P(l)-0(32)-Al(2) 138.9(7) C(24)-N(4)-C(21) 106(3)
P(8)-0(33)-Al(l) 147.4(7) C(24)-N(4)-C(23) 104(3)
P(6)-0(34)-Co(2) 137.0(6) C(21)-N(4)-C(23) 113(2)
P(8)-0(35)-Al(6) 138.0(7) C(24)-N(4)-C(17) 113(2)
P(1 l)-0(36)-Al(8) 154.3(7) C(21 )-N(4)-C(l 7) 109.9(17)
P(7)-0(37)-Al(8) 141.5(7) C(23)-N(4)-C(17) 110.9(14)
P(4)-0(38)-Al(l) 149.2(7) N(2)-C(4)-C(5) 118.4(13)
P(9)-0(39)-Al(2) 145.0(7) O(202)-C(5)-C(4) 110.8(17)
P(6)#5-O(40)-Al(8) 142.6(7) N(3)-C(7)-C(27) 119(2)
P(11)-0(41)-A1(2) 144.8(6) O(201)-C(l 1 )-C(l 6) 110.1(14)
P(4)-0(42)-Co(2) 134.9(6) N(l)-C(16)-C(l 1) 114.4(15)
P(5)-0(43)-Al(3) 147.2(8) O(203)-C(22)-C(23) 111.3(17)
P(l)-0(44)-Al(8) 145.3(7) N(4)-C(23)-C(22) 118(3)
P(7)-0(45)-Al(4) 141.8(7) O(204)-C(27)-C(7) 108.5(17)

Symmetry transformations used to generate equivalent atoms:
#1 -x+l,-y,-z+l #2x-l,y,z #3 -x,-y-l,-z+l
#4 -x+l,-y-l,-z+l #5x+l,y,z
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Table 3. Anisotropic displacement parameters (A2 x 102) for CoAlPO-1. The

anisotropic displacement factor exponent takes the form: -27i2[h2a*2Ul 1 + ... +

2hka*b*U12].

uii U22 U33 U23 U13 U12

Co(l) 21(1) 34(1) 56(2) -7(1). -17(1) 1(1)
Co(2) 25(1) 32(1) 56(2) -11(1) -23(1) 3(1)
P(l) 18(2) 34(2) 52(2) -4(2) -16(2) 0(1)
Cl(2) 69(3) 64(3) 67(3) -22(2) -25(2) 9(2)
Cl(l) 63(3) 71(3) 60(3) -18(2) -17(2) -4(2)
P(4) 18(2) 30(2) 56(2) 1(2) -21(2) 1(1)
P(5) 17(2) 36(2) 49(2) -11(2) -16(1) 2(1)
P(6) 19(2) 28(2) 50(2) -14(2) -15(1) 3(1)
P(7) 18(2) 37(2) 48(2) -6(2) -16(1) 1(1)
P(8) 19(2) 34(2) 57(2) -3(2) -19(2) 7(1)
P(9) 17(2) 37(2) 48(2) -3(2) -15(1) 4(1)
P(ll) 30(2) 33(2) 59(3) -8(2) -28(2) 3(2)
Al(l) 14(2) 44(2) 49(3) -9(2) -17(2) 3(2)
Al(2) 22(2) 27(2) 60(3) -15(2) -24(2) 4(2)
Al(3) 18(2) 34(2) 58(3) -11(2) -20(2) 6(2)
Al(4) 15(2) 36(2) 57(3) -13(2) -18(2) 7(2)
Al(6) 16(2) 31(2) 56(3) -9(2) -18(2) 0(2)
Al(8) 19(2) 38(2) 40(2) -14(2) -14(2) 8(2)
0(1) 32(5) 61(7) 75(8) -25(6) -32(5) 15(5)
0(19) 30(5) 59(6) 33(5) -25(5) -13(4) 17(4)
0(20) 26(5) 35(5) 72(7) -24(5) -28(5) 7(4)
0(21) 22(4) 21(4) 57(6) 2(4) -13(4) 2(4)
0(22) 39(5) 20(5) 71(7) -6(5) -33(5) 15(4)
0(23) 35(5) 35(5) 78(8) -8(5) -40(5) 6(4)
0(24) 28(5) 60(7) 50(6) -6(5) -16(4) 3(5)
0(25) 41(6) 49(6) 49(6) -21(5) -17(4) -11(5)
0(26) 34(5) 24(5) 62(7) -4(5) -11(5) -12(4)
0(27) 23(4) 25(5) 55(6) 2(4) -20(4) 1(4)
0(28) 35(5) 44(5) 43(6) -22(5) -14(4) 1(4)
0(29) 40(5) 37(5) 68(7) -31(5) -16(5) 2(4)
0(30) 33(5) 37(5) 43(6) 1(4) -26(4) 4(4)
0(31) 36(6) 40(6) 90(8) -6(6) -40(6) -11(4)
0(32) 29(5) 43(6) 73(8) -15(5) -25(5) 3(4)
0(33) 29(5) 45(6) 66(7) -19(5) -22(5) -3(4)
0(34) 34(5) 22(5) 88(8) -2(5) -36(5) -2(4)
0(35) 37(5) 22(5) 98(9) -21(5) -37(6) 18(4)
0(36) 30(5) 40(6) 56(6) -8(5) -23(4) 4(4)
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0(37) 48(6) 54(6) 60(7) -28(5) -29(5) -2(5)
0(38) 30(5) 38(5) 78(8) -4(5) -43(5) 9(4)
0(39) 29(5) 42(5) 49(6) -7(5) -19(4) 5(4)
0(40) 11(4) 42(6) 88(8) -24(5) -17(4) 0(4)
0(41) 36(6) 23(5) 99(9) -13(5) -34(6) 5(4)
0(42) 33(5) 53(6) 61(7) -14(6) -18(5) 5(5)
0(43) 27(5) 52(7) 83(9) -16(6) -12(5) -4(5)
0(44) 20(5) 28(5) 99(9) -12(5) -24(5) 4(4)
0(45) 27(5) 36(5) 56(6) -14(5) -19(4) 2(4)
0(46) 19(4) 31(5) 98(9) -23(5) -29(5) 17(4)
0(47) 43(6) 17(4) 85(8) -16(5) -30(5) -9(4)
0(48) 42(6) 75(8) 75(8) -22(7) -40(6) 1(6)
0(49) 22(5) 31(5) 76(8) 15(5) -9(5) -12(4)
0(201) 122(14) 111(12) 87(11) -11(9) -54(10) -23(10)
0(202) 63(8) 102(10) 76(9) -40(8) -18(7) -3(7)
0(203) 67(8) 61(8) 84(10) -9(7) -24(7) -3(7)
0(204) 77(9) 143(13) 54(8) -37(9) -25(7) 16(9)
N(l) 61(8) 32(6) 34(7) -8(5) -16(6) 17(6)
N(2) 29(6) 104(12) 27(7) -12(7) -4(5) 22(7)
N(3) 40(8) 75(10) 56(9) 14(8) -21(6) -7(7)
N(4) 60(9) 70(9) 27(7) -2(7) -21(6) 11(7)
C(2) 122(18) 67(12) 58(12) -31(10) -51(12) 35(12)
C(3) 23(8) 125(19) 150(20) -70(17) -13(10) 33(10)
0(4) 25(8) 78(13) 131(18) -46(12) -48(10) 17(8)
0(5) 50(10) 61(11) 75(13) 0(10) -27(9) -3(9)
0(7) 72(15) 140(20) 115(19) 26(16) -70(14) -39(14)
0(9) 95(15) 76(13) 66(13) -19(11) -48(11) -4(12)
0(11) 67(12) 54(11) 123(18) -15(11) -66(12) 1(9)
0(13) 99(17) 110(17) 91(16) -35(14) -62(14) 75(15)
0(14) 90(15) 107(16) 42(11) -17(11) 16(10) -60(13)
0(15) 43(9) 98(14) 40(9) -35(9) 3(7) -6(9)
0(16) 49(9) 61(11) 80(13) -40(10) -24(9) 5(8)
0(17) 59(12) 68(12) 102(17) -10(12) -35(11) 6(10)
C(20) 114(18) 118(18) 47(12) -38(12) -16(11) 70(16)
0(21) 64(15) 300(40) 77(18) 70(20) -32(13) 20(20)
C(22) 73(14) 76(14) 150(20) -65(15) -56(14) 11(11)
C(23) 90(18) 120(20) 180(30) 10(20) -100(20) -14(16)
0(24) 250(50) 250(40) 310(50) -240(40) -140(40) 180(40)
0(25) 130(20) 88(17) 120(20) -10(15) -70(18) -28(15)
C(26) 60(10) 116(16) 33(9) -52(10) 10(7) -8(11)
C(27) 77(15) 88(16) 112(19) 8(14) -40(14) -3(12)
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10.2 Crystal Data for CoAlPO-2

Table 1. Atomic coordinates (x 10^) and equivalent isotropic displacement

parameters (A^ x 10^) for CoAlPO-2. U(eq) is defined as one third of the trace of the

orthogonal ized U'J tensor.

X y z U(eq)

N(l) 2290(4) 2237(4) 4019(4) 13(1)
N(2) -563(5) 2858(4) 6026(4) 13(1)
C(l) -953(6) 1465(5) 6754(5) 17(1)
C(2) 2602(5) 2773(5) 5742(5) 16(1)
C(3) 1352(6) 3766(5) 6343(5) 17(1)
C(4) -2887(5) 504(5) 6146(5) 15(1)
C(5) 3334(5) 1082(5) 3392(5) 15(1)
P(l) 2824(1) 4819(1) 1359(1) 9(1)
P(2) 7694(1) 834(1) 1422(1) 9(1)
Al(l) 5060(2) 2493(1) -50(1) 9(1)
Co(l) 5060(2) 2493(1) -50(1) 9(1)
0(1) 6676(4) 2113(4) 1212(4) 17(1)
0(2) 3872(5) 3524(4) 1116(4) 22(1)
0(3) 3727(5) 740(4) -1298(4) 22(1)
0(4) 4069(4) 6417(4) 1293(4) 20(1)
0(5) 8799(4) 1320(4) 3023(3) 16(1)
0(6) 2356(4) 4994(4) 2957(3) 16(1)
0(7) 1239(4) 4361(5) 39(4) 24(1)
0(8) 8745(5) 594(5) 118(4) 25(1)

Table 2. Bond lengths [A] and angles [°] for CoAlPO-2.

N(l)-C(2) 1.493(5) C(2)-C(3) 1.520(6)
N(l)-C(5) 1.500(5) C(2)-HC2A 0.9700

N(l)-H(l A) 0.9008 C(2)-HC2B 0.9700

N(1)-H(1B) 0.9001 C(3)-HC3A 0.9700

N(2)-C(3) 1.497(5) C(3)-HC3B 0.9700

N(2)-C(l) 1.500(5) C(4)-C(5)#l 1.520(6)
N(2)-H(2A) 0.9004 C(4)-HC4A 0.9700

N(2)-H(2B) 0.8998 C(4)-HC4B 0.9700

C(l)-C(4) 1.531(6) C(5)-C(4)#l 1.520(6)
C(1)-HC1A 0.9700 C(5)-HC5A 0.9700

C(1)-HC1B 0.9700 C(5)-HC5B 0.9700

188



P(l)-0(6) 1.512(3)
P(l)-0(7) 1.523(3)
P(l)-0(2) 1.535(3)
P(0-O(4) 1.544(3)
P(2)-0(5) 1.506(3)
P(2)-0(8) 1.519(3)
P(2)-0(l) 1.541(3)
P(2)-0(3)#2 1.549(3)
Al( 1 )-0( 1) 1.726(3)
Al(l)-0(2) 1.730(3)
Al(l)-0(4)#3 1.730(3)
Al(l)-0(3) 1.732(3)
0(3)-P(2)#2 1.549(3)
0(4)-Co(l)#3 1.730(3)
0(4)-Al(l)#3 1.730(3)

C(2)-N(l)-C(5) 114.7(3)
C(2)-N(l)-H(l A) 108.6

C(5)-N(l)-H(l A) 108.6

C(2)-N(1)-H(1B) 108.6

C(5)-N(l)-H( 1B) 108.6

H(1 A)-N(l)-H(l B) 107.5

C(3)-N(2)-C(l) 115.0(3)
C(3)-N(2)-H(2A) 108.5

C(1)-N(2)-H(2A) 108.5

C(3)-N(2)-H(2B) 108.6

C(1)-N(2)-H(2B) 108.5

H(2A)-N(2)-H(2B) 107.5

N(2)-C(l)-C(4) 109.4(3)
N(2)-C(1)-HC1 A 109.8

C(4)-C(1)-HC1 A 109.8

N(2)-C(1)-HC1B 109.8

C(4)-C(1)-HC1B 109.8
HC1 A-C(1)-HC1 B 108.2

N(l)-C(2)-C(3) 113.3(3)
N(1)-C(2)-HC2A 108.9

C(3)-C(2)-HC2A 108.9

N(1)-C(2)-HC2B 108.9

C(3)-C(2)-HC2B 108.9

HC2A-C(2)-HC2B 107.7

N(2)-C(3)-C(2) 114.4(3)

N(2)-C(3)-HC3A 108.7

C(2)-C(3)-HC3A 108.7

N(2)-C(3)-HC3B 108.7

C(2)-C(3)-HC3B 108.7

HC3A-C(3)-HC3B 107.6

C(5)#l-C(4)-C(l) 113.5(3)
C(5)#1-C(4)-HC4A 108.9

C(1)-C(4)-HC4A 108.9

C(5)#1-C(4)-HC4B 108.9

C(1)-C(4)-HC4B 108.9

HC4A-C(4)-HC4B 107.7

N(l)-C(5)-C(4)#l 113.8(3)
N(1)-C(5)-HC5A 108.8

C(4)#1-C(5)-HC5A 108.8

N(1)-C(5)-HC5B 108.8

C(4)#1-C(5)-HC5B 108.8

HC5A-C(5)-HC5B 107.7

0(6)-P(l)-0(7) 115.00(19)
0(6)-P(l)-0(2) 107.83(18)
0(7)-P(l)-0(2) 108.7(2)
0(6)-P(l)-0(4) 108.82(18)
0(7)-P(l)-0(4) 108.7(2)
0(2)-P(l)-0(4) 107.54(19)
0(5)-P(2)-0(8) 114.69(19)
0(5)-P(2)-0(l) 109.55(18)
0(8)-P(2)-0(l) 108.24(19)
0(5)-P(2)-0(3)#2 107.58(18)
0(8)-P(2)-0(3)#2 109.9(2)
0(l)-P(2)-0(3)#2 106.64(19)
0(l)-Al(l)-0(2) 105.14(17)
0(l)-Al(l)-0(4)#3 113.05(17)
0(2)-Al(l)-0(4)#3 111.52(17)
0(l)-Al(l)-0(3) 111.83(17)
0(2)-Al(l)-0(3) 112.47(19)
0(4)#3-Al(l)-0(3) 103.06(17)
P(2)-0(1)-A1(1) 142.2(2)
P(l)-0(2)-Al(l) 147.9(2)
P(2)#2-0(3)-Al(l) 145.0(2)
P(l)-0(4)-Co(l)#3 143.7(2)
P(l)-0(4)-Al(l)#3 143.7(2)
Co( 1 )#3-0(4)-Al(l )#3 0.00(6)

Symmetry transformations used to generate equivalent atoms:
#1 -x,-y,-z+l #2-x+l,-y,-z #3 -x+l,-y+l,-z
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Table 3. Anisotropic displacement parameters (A2x 103) for CoAlPO-2. The

anisotropic displacement factor exponent takes the form: -27i2[h2a*2ul 1 + ... +

2hka*b*U12].

uii U22 U33 U23 U13 Xjl2

N(l) 14(1) 12(1) 12(1) 4(1) 2(1) 3(1)
N(2) 16(2) 10(1) 14(1) 3(1) 6(1) 5(1)
C(l) 20(2) 12(2) 18(2) 6(1) 2(1) 4(1)
C(2) 14(2) 19(2) 12(2) 1(1) 0(1) 4(1)
C(3) 21(2) 14(2) 14(2) 0(1) 5(1) 2(1)
C(4) 14(2) 14(2) 18(2) 5(1) 5(1) 5(1)
C(5) 15(2) 15(2) 16(2) 5(1) 6(1) 4(1)
P(D 10(1) 9(1) 11(1) 3(1) 4(1) 4(1)
P(2) 10(1) 10(1) 8(1) 2(1) 2(1) 3(1)
Al(l) 11(1) 7(1) 11(1) 3(1) 3(1) 4(1)
Co(l) 11(1) 7(1) 11(1) 3(1) 3(1) 4(1)
O(l) 19(1) 16(1) 19(1) 6(1) 2(1) 9(1)
0(2) 30(2) 22(2) 24(2) 10(1) 15(1) 20(1)
0(3) 25(2) 14(1) 22(2) 4(1) 0(1) -2(1)
0(4) 25(2) 17(1) 17(1) 7(1) 5(1) 0(1)
0(5) 15(1) 20(1) 11(1) 1(1) -2(1) 5(1)
0(6) 23(1) 16(1) 13(1) 6(1) 10(1) 10(1)
0(7) 17(1) 31(2) 19(2) 1(1) -2(1) 5(1)
0(8) 27(2) 40(2) 20(2) 13(1) 14(1) 20(2)
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10.3 Crystal Data for CoAlPO-3

Table 1. Atomic coordinates (x lO^) and equivalent isotropic displacement

parameters (A^ x 103) for CoAlPO-3. U(eq) is defined as one third of the trace of the

orthogonalized U'J tensor.

X y z U(eq)

Al(l) 9952(1) 2342(1) 340(1) 40(1)
Al(2) 14241(1) 3333 833 35(1)
Co(l) 9952(1) 2342(1) 340(1) 40(1)
Co(2) 14241(1) 3333 833 35(1)
P(l) 12371(1) 2437(1) 339(1) 45(1)
P(2) 9059(1) 3333 833 32(1)
0(1) 9635(4) 3227(4) 562(1) 79(1)
0(2) 13439(4) 3224(4) 524(1) 80(1)
0(3) 11367(4) 2626(5) 424(1) 79(2)
0(4) 8855(4) 843(3) 385(1) 71(1)
0(5) 9916(3) 2722(4) -26(1) 66(1)
0(6) 14399(5) 2125(3) 870(1) 81(2)

Table 2. Bond lengths [A] and angles [°] for CoAlPO-3.

Al(l)-0(3) 1.741(3) 0(6)-P(2)#3 1.484(3)
Al( 1 )-0( 1) 1.741(4)
Al(l)-0(5) 1.747(4) 0(3)-Al(l)-0(l) 108.1(2)
Al(l)-0(4) 1.772(4) 0(3)-Al(l)-0(5) 109.1(2)
Al(2)-0(6) 1.704(3) 0(l)-Al(l)-0(5) 108.5(2)
Al(2)-0(6)#1 1.704(3) 0(3)-Al(l)-0(4) 113.5(2)
Al(2)-0(2)#1 1.723(4) 0(l)-Al(l)-0(4) 109.8(2)
Al(2)-0(2) 1.723(4) 0(5)-Al(l)-0(4) 107.7(2)
P(l)-0(5)#2 1.505(4) 0(6)-Al(2)-0(6)#l 108.3(4)
P(l)-0(3) 1.506(3) 0(6)-Al(2)-0(2)#l 108.1(3)
P(l)-0(2) 1.512(4) 0(6)# 1 -Al(2)-0(2)# 1 110.7(2)
P(l)-0(4)#3 1.520(4) 0(6)-Al(2)-0(2) 110.7(2)
P(2)-0(6)#4 1.484(3) 0(6)#l-Al(2)-0(2) 108.1(3)
P(2)-0(6)#5 1.484(3) 0(2)#l-Al(2)-0(2) 110.8(4)
P(2)-0(l)#l 1.491(4) 0(5)#2-P(l)-0(3) 110.1(2)
P(2)-0(l) 1.491(4) 0(5)#2-P(l)-0(2) 106.3(3)
0(4)-P(l)#5 1.520(4) 0(3)-P(l)-0(2) 109.3(3)
0(5)-P(l)#6 1.505(4) 0(5)#2-P( 1 )-0(4)#3 111.4(2)
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0(3)-P(l)-0(4)#3 108.6(3) 0(1)#1-P(2)-0(1) 112.8(4)
0(2)-P(l)-0(4)#3 111.1(3) P(2)-0( 1 )-Al( 1) 147.9(3)
0(6)#4-P(2)-0(6)#5 109.6(4) P(l)-0(2)-Al(2) 146.2(3)
0(6)#4-P(2)-0(l)#l 110.2(3) P(l)-0(3)-Al(l) 146.3(3)
0(6)#5-P(2)-0(l)#l 107.0(3) P(l)#5-0(4)-Al(l) 145.2(4)
0(6)#4-P(2)-0(l) 107.0(3) P(l)#6-0(5)-Al(l) 144.3(4)
0(6)#5-P(2)-0(l) 110.2(3) P(2)#3-0(6)-Al(2) 163.4(3)

Symmetry transformations used to generate equivalent atoms:
#1 x-y+l/3,-y+2/3,-z+l/6 #2 y+l,-x+y+l,-z #3 -x+y+2,-x+l,z
#4-x+7/3,-x+y+5/3,-z+l/6 #5 -y+l,x-y-l,z #6x-y,x-l,-z

Table 3. Anisotropic displacement parameters (A2 x 102) for CoAlPO-3. The

anisotropic displacement factor exponent takes the form: -27r2[h2a*2Ul' + ... +

2hka*b*U12].

u" y22 U33 U23 TJ13 U12

Al(l) 37(1) 49(1) 32(1) -3(1) 7(1) 21(1)
Al(2) 33(1) 32(1) 39(1) -6(1) -3(1) 16(1)
Co(l) 37(1) 49(1) 32(1) -3(1) 7(1) 21(1)
Co(2) 33(1) 32(1) 39(1) -6(1) -3(1) 16(1)
P(l) 54(1) 60(1) 38(1) -11(1) -17(1) 41(1)
P(2) 29(1) 27(1) 40(1) -7(1) -4(1) 14(1)
O(l) 90(3) 73(3) 66(3) -6(2) 36(2) 35(2)
0(2) 85(3) 78(3) 75(3) -18(2) -44(2) 41(2)
0(3) 87(3) 132(4) 59(3) -30(3) -21(2) 86(3)
0(4) 62(2) 51(2) 81(3) -4(2) 1(2) 14(2)
0(5) 70(3) 82(3) 47(2) 7(2) 7(2) 38(2)
0(6) 102(4) 48(2) 110(4) -17(2) -39(3) 51(3)
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10.4 Crystal Data for octakis[methy!propanoate]octasiloxane

Table 1. Atomic coordinates (x 10^) and equivalent isotropic displacement

parameters (A^ x 1 O^) for octakis[methylpropanoate]octasiloxane. U(eq) is defined

as one third of the trace of the orthogonalized U'J tensor.

X y z U(eq)

Sil 2022(3) 3644(2) 2317(3) 217(17)
Si2 2031(2) 3645(2) 0340(3) 220(17)
Ol 1536(6) 2918(6) 0147(7) 280(4)
02 1937(7) 3864(7) 1329(6) 320(4)
03 2900(5) 3480(6) 2529(7) 210(3)
04 1548(8) 5971(17) -1010(2) 4000(3)
05 342(9) 5683(10) -9030(12) 860(8)

*010 1926(16) 6427(10) 3257(15) 1170(17)
*011 1335(17) 5634(13) 4120(2) 2400(3)
CI 1752(16) 4432(11) -353(12) 710(11)
C2 1013(16) 4791(10) -306(14) 1020(13)
C3 1076(10) 5551(9) -792(12) 1700(2)
C6 164(9) 6340(16) -1425(19) 1130(13)
C7 1635(10) 4400(8) 2997(10) 320(6)
C8 1972(12) 5168(9) 2865(11) 520(8)
C9 1738(12) 5824(9) 3445(14) 980(13)

*C12 1750(2) 7018(10) 3750(2) 2200(4)

Starred Atom sites have a S.O.F less than 1.0

Table 2. Bond lengths [A] and angles [°] for octakis[methylpropanoate]octasiloxane.

Si(l)-0(2) 1.607(11) O(10)-C(9) 1.16(3)
Si(l)-0(3) 1.626(10) O(10)-C(12) 1.34(3)
Si(l)-C(7) 1.852(16) 0(11)-C(9) 1.32(4)
Si(l)-0(3 a) 1.633(10) C(l)-C(2) 1.47(4)
Si(2)-0(1) 1.596(11) C(2)-C(3) 1.56(3)
Si(2)-0(2) 1.610(11) C(7)-C(8) 1.51(2)
Si(2)-C(l) 1.84(2) C(8)-C(9) 1.54(3)
Si(2)-0(1 c) 1.641(11) C(l)-H(l A) 0.9700

0(4)-C(3) 1.18(3) C(1)-H(1B) 0.9700

0(5)-C(3) 1.34(2) C(2)-H(2A) 0.9700

0(5)-C(6) 1.46(3) C(2)-H(2B) 0.9700
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C(7)-H(7A) 0.9700

C(7)-H(7B) 0.9700

C(8)-H(8A) 0.9700

C(8)-H(8B) 0.9700

0(2)-Si(l)-0(3) 109.4(7)
0(2)-Si(l)-C(7) 110.1(7)
0(2)-Si(l)-0(3 a) 110.1(6)
0(3)-Si(l)-C(7) 111.8(7)
0(3)-Si(l)-0(3 a) 109.8(6)
0(3 a)-Si(l)-C(7) 105.6(7)
0(l)-Si(2)-0(2) 108.8(6)
0( 1 )-Si(2)-C( 1) 110.9(9)
0(1)-Si(2)-0(1 c) 109.7(6)
0(2)-Si(2)-C(l) 110.9(8)
0(1 c)-Si(2)-0(2) 109.0(6)
0(1 c)-Si(2)-C(l) 107.5(10)
Si(2)-0(1)-Si(2 a) 148.8(8)
Si(l)-0(2)-Si(2) 149.6(9)
Si( 1 )-0(3)-Si( 1 c) 146.9(8)
C(3)-0(5)-C(6) 115.1(15)
C(9)-O(10)-C(12) 121.0(3)
Si(2)-C(l )-C)(2) 123.0(17)
C(l)-C(2)-C(3) 106.9(19)
0(4)-C(3)-0(5) 123.2(19)
O(4)-0(3)-C(2) 138.0(2)

0(5)-C(3)-C(2) 98.40(17)
Si(l)-C(7)-C(8) 115.6(12)
C(7)-C(8)-C(9) 120.0(16)
O(10)-C(9)-O(l 1) 127.0(2)
O(10)-C(9)-C(8) 118.0(2)
0(11)-C(9)-C(8) 115.3(17)
Si(2)-C(l)-H(l A) 107.00

Si(2)-C(l)-H(1B) 107.00

C(2)-C(l)-H(l A) 107.00

C(2)-C(l)-H(l B) 107.00

H(1A)-C(1)-H(1B) 107.00

C(1)-C(2)-H(2A) 110.00

C(1)-C(2)-H(2B) 110.00

C(3)-C(2)-H(2A) 110.00

C(3)-C(2)-H(2B) 110.00

H(2A)-C(2)-H(2B) 109.00

Si(l )-C(7)-H(7A) 108.00

Si(l)-C(7)-H(7B) 108.00

C(8)-C(7)-H(7A) 108.00

C(8)-C(7)-H(7B) 108.00

H(7A)-C(7)-H(7B) 107.00

C(7)-C(8)-H(8A) 107.00

C(7)-C(8)-H(8B) 107.00

C(9)-C(8)-H(8A) 107.00

C(9)-C(8)-H(8B) 107.00

H(8A)-C(8)-H(8B) 107.00

Symmetry transformations used to create equivalent atoms:
#1 l/2-y,x,z #2 1/2-x,l/2-y,z #3 y, 1/2-x,z
#4 1/2-y, 1/2-x,- 1/2+z #5 l/2-x,y, 1/2+z #6 l/2-x,y,-1/2+z
#7 -1/2+y, 1/2+x, 1/2-z #8 -x, l-y,-z #9 1/2-y, 1/2-x, 1/2+z
#10 1/2-x, 3/2 -y,z
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Table 3. Anisotropic displacement parameters (A2 x 103) for

octakis[methylpropanoatejoctasiloxane. The anisotropic displacement factor

exponent takes the form: -27t2[h2a*2Ul 1 + ... + 2hka*b*LJl2].

UH U22 U33 U23 U13 U12

Sil 38(3) 14(3) 13(3) -1.1(16) 5.6(18) 10(2)
Si2 7(3) 14(3) 15(3) 0.4(17) 3.4(19) 12.1(19)
01 31(6) 25(7) 28(7) 2(5) -3(5) -2(5)
02 42(7) 35(7) 19(7) 2(5) 15(5) 7(6)
03 25(6) 20(6) 17(6) -2(5) -3(4) 3(4)
04 260(4) 550(8) 380(5) 430(6) 180(4) 310(5)
05 63(12) 75(13) 119(15) 39(11) 12(11) -6(10)
010 230(4) 0(12) 120(3) -19(12) -30(2) 12(15)
Oil 60(2) 120(3) 530(9) -220(4) 90(4) -50(2)
CI 170(3) 17(10) 27(12) 8(8) -29(13) 25(13)
C2 170(3) 90(2) 46(15) 11(13) 26(16) 90(2)
C3 260(5) 140(3) 100(2) 80(2) 130(3) 220(3)
C6 58(17) 100(2) 180(3) 120(2) 54(18) 25(15)
C7 52(12) 18(9) 27(10) 0(7) -11(8) 22(8)
C8 91(17) 26(10) 38(11) -8(9) -22(11) 22(10)
C9 63(19) 50(19) 180(3) -20(2) -30(2) 54(15)
C12 210(6) 150(5) 300(8) -220(6) -190(6) 130(4)

195



10.5 Molecular Structures

All POSS cores (SisOn) drawn as cubes for clarity.

H
H H
\

H H H

H

H

Octavinylsilsesquioxane Octahydridesilsesquioxane

OMe MeO

octakis[methylpropanoate]octasiloxane octakis[propanoate]octasiloxane

octakis[methyl-3,3-dimethylpentanoate]
octasiloxane

3,3-dimethyl-4-pentenoic acid
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3,3-dimethyl-4-pentenoic acid chloride t-butyl-3,3-dimethyl-4-pentenoate

octakis[t-butyl-3,3-dimethylpentanoate]
octasiloxane

octakis[3,3 -d imethylpentanoic
acid]octasiloxane

octakis[t-butylbutanoate]octasiloxane octakis[t-butylbutanoic acid]octasiloxane
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octakis[chlorodimethylsilylethane]
octasiloxane

FP1 Diels-Alder Adduct

Furyl Alkene (FA)

Furyl POSS 1 (FP1)

Furyl POSS 2 (FP2)

Furyl Alkene Diels-Alder Adduct



octakis[epoxyhexane]octasiloxane Furyl POSS 3 (FP3)

FP3 Diels-Alder Adduct
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