
Universidade de Aveiro Departamento de Quimica 0 @ 2000 qso 5a"s 

Paula Celeste da Novel microporous silicates and mesoporous MCM 
Silva Ferreira materials derivatised with inorganic and organometallic 

complexes 

Dissertação apresentada à Universidade de Aveiro para cumprimento dos 

requisitos necessários a obtenção do grau de Doutor em Quirnica, realizada 

sob orientação científica do Doutor João Carlos Matias Celestino Gomes da 

Rocha, Professor CatedrBtico do Departamento de Quirnica da Universidade 

de Aveiro. 



o Júri 

Presidente: Doutor Casimiro Adrião Pio 

Professor Catedrático da Universidade de Aveiro 

Vogais: Doutor Carlos José Rodrigues Crispim Romão 

Professor Catedrático do Instituto de Tecnologia Química e 

Biológica da Universidade Nova de Lisboa 

Doutor João Carlos Matias Celestino Gomes da Rocha 

Professor Catedrático da Universidade de Aveiro 

Doutora Maria Filipa Gomes Ribeiro 

Professora Associada do Departamento de Engenharia 

Química do Instituto Superior Técnico, da Universidade 

Técnica de Lisboa 

Doutora Ana Maria Vieira Silva Viana Cavaleiro 

Professora Associada da Universidade de Aveiro 

Doutora Isabel Maria de Sousa Gonçalves 

Professora Auxiliar da Universidade de Aveiro 

Doutor Michael William Anderson 

Full Professor, Department of Chemistry, Institute of Science 

and Technology, University of Manchester 



acknowledgements I would like to express my sincere gratitude to my 

supervisor Prof. Dr. João Rocha for giving me the opportunity to 

work with him and for sharing with me some of his knowledge. I 

also acknowledge his continuous help, specially, in the solid state 

NMR experiments and in the correction of this thesis. 

I would like to thank Prof. Dr. Isabel Gonçalves for her 

indispensable help, advice and guidance in the derivatisation of 

mesoporous MCM rnaterials with organometallic and inorganic 

complexes. 

I would like to acknowledge the fundamental 

contributions to this thesis of Dr. Artur Ferreira in the Rietveld 

refinement; Dr. Martyn Pillinger in the derivatisation of the 

mesoporous MCM materials and for carring out the EXAFS 

experiments, Ana Santos and Dr. Fritz Kuhn for the catalytic 

results; Prof Dr. Luís Carlos for the emission spectrum; Prof. Dr. 

Michael Anderson and Dr. Jonathan Agger; Dr. Alan Thursfield 

and Anabela Valente for the adsorption measurements. 

In particular, I would like to thank Dr. Paula Brandáo, Dr. 

Zhi Lin, and José Paulo Rainho for being always so ready to help 

me. I also thank Luísa Paula Valente, Dr. Anthony Baggaley and 

Duarte Marques. 

I wish to express my appreciation to Prof. Dr. Teixeira 

Dias, Prof. Dr. Vitor Félix, Prof. Dr. Cruz Pinto for helping me to 

solve some problems of my research. 

Thanks to Maria Rosário Sousa, Maria da Conceição 

Costa, Augusto Lopes, Ana Paula Esculcas and Gilberto Vasco 

for their continuous technical support. 

I wish to thank the Chemistry Department of the 

University of Aveiro and the Inorganic Group for providing the 

experimental conditions for this work. I thank Praxis XXI 



programrne for financia1 support (Ph.D. grant Praxis 

XXI/BD/3863/96). 

I cannot finish before deeply thanking my Farnily and 

Friends for their strong encouragement, love, patience 

and ... everything!!! ... Thanks for being with me always and making 

rny life so enjoyable!!! Thank you! 

"üeep down, I donY believe it takes any speclal talent for a person to 

lifi himself ofíthe ground and hover in the air. We a11 have it h us - every man, 

woman, and child - and with enough hard work and concentration, every human 

being is capable of duplicating the feats ..." 

Paul Auster, 1994 

Mr. Verügo 



ix

resumo Os materiais microporosos e mesoporosos são

potenciais catalisadores heterogéneos.  Os zeólitos e outros

materiais microporosos do tipo zeolítico tradicionais, têm átomos

tetracoordenados no esqueleto.  Nos últimos anos,  um vasto

número de titanossilicatos contendo Ti(IV) hexacoordenado e

Si(IV) tetracoordenado, com estruturas tridimensionais, têm sido

alvo de grande interesse.  Um dos objectivos desta tese foi

preparar silicatos microporosos, contendo átomos metálicos com

número de  coordenação superior a quatro, e possuindo quer

novas estruturas quer propriedades físicas e químicas

interessantes.  Neste contexto, foi preparado um novo

ítriossilicato de sódio, AV-1, análogo do raro mineral

montregianite, Na4K2Y2Si16O38·10H2O.  Este material é o primeiro

sólido microporoso que contem quantidades estequiométricas de

sódio (e ítrio) no esqueleto.  Foi, também, sintetizado um silicato

de cério, AV-5, análogo estrutural do mineral montregianite com

potencial aplicação em optoelectrónica.  Nesta tese é, ainda,

descrita a síntese e caracterização estrutural de um silicato de

cálcio hidratado, AV-2, análogo do raro mineral rhodesite

(K2Ca4Na2Si16O38.12H2O).

Na continuação do trabalho desenvolvido em Aveiro na

síntese de novos titanossilicatos surgiu o interesse de preparar

novos zirconossilicatos microporosos por síntese hidrotérmica.

Foram preparados dois novos materiais análogos dos minerais

petarasite Na5Zr2Si3O18(Cl,OH)·2H2O (AV-3) e kostylevite,

K2Si3O9·H2O (AV-8).  Foram, também, obtidos análogos sintéticos

dos minerais parakeldyshite e wadeite, por calcinação a alta

temperatura de AV-3 e de umbite sintética.

A  heterogeneização  de  complexos  organometálicos

na superfície  de  materiais  mesoporosos do  tipo  M41S  permite



x

associar a grande actividade catalítica e a presença de sítios

activos localizados típicos dos complexos organometálicos, com

a robustez e fácil separação, características dos materiais

mesoporosos siliciosos.  Nesta dissertação relata-se a

derivatização dos materiais MCM-41 e MCM-48 através da

reacção de [SiMe2{(η5-C5H4)2}]Fe e [SiMe2{(η5-C5H4)2}]TiCl2 com

os grupos silanol das superfícies mesoporosas.  Os materiais

MCMs derivatizados com ansa-titanoceno foram testados na

epoxidação de cicloocteno a 323 K na presença de

hidrogenoperóxido de t-butilo.  Estudou-se a heterogeneização

dos sais de complexos com ligação metal-metal

[Mo2(MeCN)10][BF4]4, [Mo2(µ-O2CMe)2(MeCN)6][BF4]2 e [Mo2(µ-

O2CMe)2(dppa)2(MeCN)2][BF4]2 via imobilização nos canais do

MCM-41.  A imobilização dos catalisadores homogéneos na

superfície do MCM-41 envolve a saída dos ligandos nitrilo lábeis,

preferencialmente em posição axial, através da reacção com os

grupos Si-OH da sílica.  Verificou-se que a ligação Mo-Mo se

mantém intacta nos produtos finais.  É provável que estes

materiais sejam eficientes catalisadores heterogéneos em

reacções de polimerização.

As técnicas de caracterização utilizadas nesta tese

foram a difracção de raios-X de pós, a microscopia electrónica de

varrimento, a espectroscopia de ressonância magnética nuclear

do estado sólido (núcleos 13C, 23Na e 29Si), as espectroscopias de

Raman e infravermelho com transformadas de Fourier, as

análises termogravimétricas e as análises de adsorção de água e

azoto.
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abstract Microporous and mesoporous materials have great

potential to be used as inorganic heterogeneous catalysts.

Traditional zeolites and microporous zeolite-type materials contain

four-coordinated framework atoms.  A large number of

titanosilicates containing six-coordinated Ti(IV) atoms and four-

coordinated Si(IV) atoms, with three-dimensional structures, are

extensively described in the literature.  One of the aims of this

thesis was to prepare new microporous framework oxide

materials, containing metal atoms in different coordinations, which

may possess novel structures and display interesting physical and

chemical properties.  In this context, a sodium yttrium silicate

analogue of the rare mineral montregianite,

Na4K2Y2Si16O38·10H2O (AV-1), was prepared.  This material is the

first microporous solid containing stoichiometric amounts of

framework sodium (and yttrium) cations.  A cerium silicate (AV-5)

structural analogue of montregianite with potential for applications

in optoelectronics was also prepared.  In addition, the synthesis

and structural characterisation of a calcium silicate hydrate

analogue of the rare mineral rhodesite, K2Ca4Na2Si16O38.12H2O,

(AV-2) is reported.

As a natural extension of the work carried out on

microporous titanosilicates, microporous zirconosilicates were

prepared via hydrothermal synthesis.  Two new synthetic

analogues of the minerals petarasite (AV-3),

Na5Zr2Si3O18(Cl,OH)·2H2O, and kostylevite (AV-8), K2Si3O9·H2O,

were obtained.  The preparation of analogues of parakeldyshite

and Zr/Ti-wadeite was achieved by calcination at high

temperature of AV-3 and synthetic Zr/Ti-umbite.

The heterogenisation of homogeneous catalysts on the

surfaces  of  mesoporous  materials  of the M41S type attempts to
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bring together the advantages of high activity and

single-site active centres of homogeneous catalysts,

 and the robustness and easy separation of mesoporous

siliceous material.  The derivatisation of MCM-41 and

MCM-48 materials by covalent reaction of [SiMe 2{(η5-C5H4)2}]Fe

and [SiMe2{(η5-C5H4)2}]TiCl2 with pendant silanol groups is

reported.  Ti-modified mesoporous silicas were screened as

catalysts for the epoxidation of cyclooctene at 323 K with t-

butylhydroperoxide.  Potential polymerisation catalysts were

prepared by grafting of dimolybdenum complexes

[Mo2(MeCN)10][BF4]4, [Mo2(µ-O2CMe)2(MeCN)6][BF4]2 and [Mo2(µ-

O2CMe)2(dppa)2(MeCN)2][BF4]2 onto the surface of purely

siliceous MCM-41.  The mechanism of surface attachment

involves the displacement of labile acetonitrile ligands, most likely

in the axially coordinated position, from the complexes by reaction

with isolated nucleophilic silanol groups at the silica surface.

The characterisation techniques used in this work were

powder X-ray diffraction, scanning electron microscopy, 13C, 23Na

and 29Si solid state nuclear magnetic resonance spectroscopy,

Fourier transform infrared and Raman spectroscopies, thermal

analysis, nitrogen and water adsorption measurements.
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1.1 Microporous framework materials

Microporous framework materials, often referred to as molecular sieves or open-

framework materials, are a class of inorganic solids which possess regular pores or voids

in the size range 5 – 20 Å.  Zeolites are the most well known family of such materials.

Other families of this class of compounds are the aluminophosphates (AlPOs), the silico-

aluminophosphates (SAPOs), the metal-substituted aluminophosphates (MeAPOs) and,

recently, the transition metal silicates, in which the metal can be penta- or hexa-

coordinated.

Nowadays, the synthesis and characterisation of new microporous framework

materials is a huge field.  More than one thousand papers are published per year on the

subject, and new molecular sieves are regularly being discovered.  This continued effort to

synthesise new microporous framework materials, and to gain a better understanding of

their crystallisation mechanisms is not only driven by pure academic interest but by the

broad range of useful and unique physicochemical and catalytic properties they

possess [1].



Chapter 1

2

1.1.1 Zeolites

Zeolites were the first materials to be identified as a class of minerals with

uniform distribution of pore sizes.  Reversible dehydration without loss of structural

integrity as well as absorption of liquids and gases imply a microporous continuous

framework in zeolites.

The word zeolite derives from the Greek words zeo, meaning “to boil” and lithos,

meaning “stone” and was coined by the Swedish mineralogist Axel Fredric Cronstedt in

1756.  Cronstedt found that stilbite (the first zeolite he discovered) released large amounts

of water when heated in a blowpipe flame, giving the impression that the solid was

boiling [2].

Zeolites are hydrated, crystalline tectoaluminosilicates formed by TO4 tetrahedra,

 (where, T represents either a Si4+ or an

Al3+ ion in tetrahedral coordination) with a

framework structure enclosing cavities

occupied by large cations and water

molecules (Figure 1.1).  Each tetrahedral

vertex is surrounded by four oxygen

positions, and each oxygen is bound to

two (Si and/or Al) atoms in T sites.  The

pure silicate materials do not contain

framework charge since silicon is a

tetravalent ion.  However, aluminosilicate

materials have one negative charge per

framework Al3+ ion that requires balancing

Figure 1.1  Projection of zeolite A (LTA) down b

axis.  Brown SiO4, blue AlO4, red O.

by extra-framework cations.  Typical cations in natural zeolites include alkali metals, e.g.

Na+, K+, Rb+ and Cs+, and alkaline earth, e.g. Ca2+, Mg2+, Ba2+, ions. A representative

empirical formula for a zeolite is written as [3]:

M2/n O . [Al2O3 . xSiO2] ∙ yH2O

M represents the non-framework exchangeable cation of valence n.  y is the

number of non-framework water molecules.  As a result of the open structure, cations, like

the zeolitic water, can be mobile. However, unlike the water, the cations are not free to

leave the crystals unless they are replaced by other cations because neutralisation of the

anionic charge of the aluminosilicate framework must be maintained.  The bracketed term

a

c
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represents the framework composition.  x has to be equal or greater than 2 because of the

Loewenstein rule, which rationalises the absence of Al–O–Al linkages in

tectoaluminosilicates on the basis that negatively charged clusters are less stable than

isolated negative charges.

Most early investigations of the properties of zeolites were carried out on

specimens collected from cavities in basaltic rocks, where these had been formed by

hydrothermal transformation of volcanic rocks.  The typical environments for zeolite

formation are saline alkaline lakes, saline alkaline soils and land surface, seafloor

sediments, percolating water in an open hydrologic system, hydrothermal alteration and

burial diagenesis.

Zeolites have five characteristics, which caused particular excitement.  The first is

the reversible dehydration capacity, which makes them very useful as drying agents.

Dehydrated zeolites adsorb water to get back to the preferred high coordination condition.

The second useful aspect of zeolites is also related to their adsorption ability and to their

very open porous structure.  Dehydrated zeolites can adsorb huge amounts of substances

other than water.  The ring size of the cavities determines the size of the molecules that

can be adsorbed.  A certain zeolite has a highly specific sieving ability.  The third property

is the possibility of ion exchange cations within the pores.  These cations are not an

integral part of framework, being fairly mobile and readily replaced by other cations, which

can have different size or charge.  By changing the cationic occupation, it is possible to

control the size and type of adsorbed molecules, and also the catalytic activity.   The

fourth important characteristic is their high and tuneable acidity, i.e., the ability to donate

hydrogen ions or protons to a reactant (Brönsted acidity), or to accept pairs of electrons

from a reactant to make a new chemical bond (Lewis acidity).  This is important because

the acidic sites are catalytically active.  They are formed where an aluminium atom

replaces silicon.  One of the associated oxygen atoms loses a bonding site and therefore

a hydroxyl group is formed.  These hydroxyl groups have strong Brönsted acidity.  Lewis

acid sites are produced upon calcination at elevated temperatures or steaming and their

origin and nature is still poorly understood.  Different reactions happen according to the

different acid sites, so controlling the zeolite’s acidity allows the chemist to decide which

reaction should occur.  The fifth useful aspect of the zeolite structure is the possibility of

controling or even designing the exact size and shape of the pore.  In this way it is

possible to select the products of the catalytic reaction by: (i) reactant selectivity, (ii)

product selectivity or (iii) restricted transition state selectivity (Figure 1.2).
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Application of zeolites presents some limitations due to their low stability under

certain acid or basic conditions.  In order to get more stable materials, with the same

interesting properties as zeolites, much research has been carried out in the last three

decades.  New tetrahedral atoms were introduced into the zeolite structures as well as

other atoms with a higher coordination number.  These new zeolite-type materials are

erroneously called zeolites instead of microporous framework materials.

1.1.2 Synthesis of zeolites and microporous framework materials

There are two major reasons for studying the synthesis and chemistry of zeolite

minerals.  The first is the need to understand the geological formation.  The second

reason is the search of cheaper or better replacements for natural minerals and the

production of synthetics of better quality, having specific built-in properties.

The first natural zeolite was discovered in 1756 and the first effort to synthesise

zeolites dates back to 1862 [5].  Early attempts zeolite synthesis were based on mimicking

the geologic conditions.  At Nature, zeolites form under conditions in which the water is

present in considerable amounts, often at elevated temperature (T > 200 ºC) and high

pressure (P > 100 bar).  Since the 1940’s, systematic studies have been started,

particularly by Milton and co-workers.  They developed hydrothermal zeolite syntheses,

using reactive alkali-metal aluminosilicate gels at low temperatures (T ≅  100 ºC) and

(autogenous) pressures.  However, the first synthetic zeolite without a natural counterpart

was accomplished by Barrer only in 1948.  The next important advance in zeolite

synthesis happened in 1961, when Barrer and Denny used organic alkylammonium

cations instead of alkali-metal cations to balance the charges.  They noted that the

addition of alkylammonium cations to the gel allowed the synthesis of zeolites with a much

higher Si/Al ratio than is found in the natural zeolites.  The use of organic cations in zeolite

synthesis increased rapidly, helped by the large range of organic cations available,

allowing the preparation of high silica zeolites.

A further advance in microporous materials synthesis occurred in 1982, with the

preparation, by Wilson et al. [6], of an aluminophosphate (AlPO4) molecular sieve.  In their

pure form the aluminophosphates are termed AlPOs and consist of alternating corner-

sharing framework [AlO4]
5- and [PO4]

3- tetrahedra.  These materials were synthesised

under acidic or neutral conditions in contrast with the strongly basic conditions used in the

synthesis of zeolites.  The AlPOs’ frameworks have no net charge and consequently no

cation exchange capacity and little catalytic potential.  To improve the properties,
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framework substitutions were done, producing silico-aluminophosphates (SAPOs) and

metal-substituted aluminophosphates (MeAPOs).  The metals commonly used are

manganese, iron, cobalt, zinc and vanadium.  Some of these new materials have the

framework topologies of known zeolites, while others may possess novel structures.  Until

this point in time, all the materials were formed by tetrahedral units.  Only recently, the

synthesis of novel microporous framework structures has been extended to other

elements of the periodic table.  Transition metals became particularly important because

they often adopt coordination numbers higher than four.  Titanosilicates and

molybdenophosphates contain octahedral and tetrahedral framework atoms incorporated

in stoichiometric quantities.

1.1.2.1 Conditions of synthesis

The syntheses of microporous framework materials are usually carried out under

hydrothermal conditions at relatively low temperatures (100 ºC < T < 250 ºC), under

autogenous pressures.  Either strongly basic conditions, in the case of zeolites or

siliceous microporous materials, or weakly acidic or neutral conditions, for metal

phosphates or derivatives, are used.  The time of synthesis varies between a few hours

and several days.  Reactions are usually carried out in Teflon-lined autoclaves under

stirring or static conditions.

1.1.2.2 Factors influencing zeolite crystallisation

Typical reaction variables include time, temperature, pressure, reactant sources,

templates, ageing time of the gel, reaction cell fill volume, gross composition of the gel, pH

of the gel, stirring and order of reactants mixing.  The variation of one of these factors can

have a strong effect on the others and on the product of reaction.  So, when a factor is

changed all the others need to be optimised.  Several studies concerning the influence of

the synthesis parameters allowed to generalise certain guidelines for the effects of various

reaction variables on hydrothermal synthesis.

In general, time and temperature have a positive influence on the zeolite

formation process.  Rising temperatures will increase both nucleation and crystal growth.

Crystallinity of the samples normally increases with time.  However, as far as time is

concerned, a rule related with the successive phase transformations has to be

considered.  According to Ostwald’s Law, the thermodynamically less favourable phases

will crystallise first, and will change with time, successively, until the most stable phase is
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formed, e.g., quartz.  Das et al. studied the influence of temperature on crystallisation of

the titanosilicate ETS-10 [7].  When the temperature decreased from 200 ºC to 140 ºC, the

time required for crystallisation increased.  For the lowest temperature, full crystallisation

could not be obtained even on prolonging the synthesis time to 30 days.  Rocha et al. [8]

also observed that the crystallisation of ETS-10 improves with increase of the synthesis

temperature (230 ºC).  The higher the synthesis temperature, the lower the water content,

and the lower intercrystalline void volume in zeolites [9].

The chemical composition of a synthesis hydrogel is usually expressed in terms

of an oxide formula:

a SiO2 : Al2O3 : b MxO : c NyO : d R : e H2O.

In which, M and N stand for (alkali) metal ions and R for organic templates.  The relative

amount of each element is one of the most important factors determining the outcome of

the crystallisation.  Unfortunately, one cannot tailor the composition of the final product

simply by using the desired ratios in the starting mixture.  This is because molecular sieve

syntheses are generally inhomogeneous reactions consisting of both liquid and solid

components, and changing the quantities of any one component changes the chemical

composition of both the solution and the solid phase. Hence, the chemical composition of

the solid product does not reflect the overall composition of the starting mixture.

The pH of the alkaline synthesis solution, usually between 8 and 12, is of

extreme importance for zeolite formation since the hydroxyl anions play the role of

mineralising agents.  This role is to bring the silicon and aluminium oxides into solution at

an adequate rate.  Soluble and useful precursor species have T-atoms in tetrahedral

coordination and contain condensable ligands.  A supersaturated state is created which

makes nucleation and crystal growth possible.  The increase of pH accelerates the crystal

growth, and shortens the period of formation of nuclei by an enhanced reactant

concentration.  The pH can have influence on the Si/Al ratio of the crystalline product.  An

increasing pH increases the ability of Si species to condense with Al species.

In molecular sieve syntheses, the nature of the cation used determines the

composition and structure of the final product obtained.  In the synthesis of ZSM-5 type

molecular sieves, the presence of a mixture of Na+ and K+ ions enhances the

crystallisation process compared to the pure Na+ system [2].  Sasidharan et al. [10] reported

that the crystallisation rate of Si-NCL-1 using various inorganic cations follows a trend

(Cs+ + Na+) > K+ ≥ Na+ > (Na+ + Li+).  Inorganic as well as organic cations are frequently
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used and comprise species such as Na+, K+, Li+, Cs+, Rb+, Ca2+, Sr2+, tetra-

alkylammonium cations (TMA+, TEA+, TPA+, dihydroxyethyl-dimethylammonium), dialkyl

and trialkyl amines, etc.).  In general, the use of alkali metal cations results in the

synthesis of aluminium rich zeolites.  If organic cations are used, silicon rich zeolites are

formed.  This behaviour is due to the much larger size of the organic cations compared

with the size of the inorganic cations.  Greater size means that only a few cations can be

contained within the zeolite framework.  Thus, in order to get neutral materials, the charge

density of the host framework has to be as low as possible (with the lowest possible

number of Al3+ ions) [11].

In aqueous solutions, cations are known to influence the ordering of water

molecules.  Based on this, the cations can be divided into:

a) Structure-making agents, which are small cations like Na+ and Li+ that

interact strongly with water molecules because of their high charge density.

As a result of this interaction, the hydrogen bonds are broken and the water

molecules re-organise around the cation.

b) Structure-breaking agents are large ions like K+, NH4
+ and Rb+, which

interact also with water molecules, and “break” the hydrogen bonds.  The

interaction between these cations and the water molecules is not strong

enough to form an organised water cluster.

Not all the large cations have a structure breaking effect on the water molecules.

The alkylammonium cations are large but seem to organise water molecules due to the

hydrophobic character of the alkyl chains.  In this way the cations tend to be isolated and

surrounded by many organised water molecules.

Organic cations apparently do not have only a charge balancing function.  They

can act as structure directing agents (usually called “templates”), which means that the

use of a certain organic cation leads to a preference for the synthesis of a particular

structure via a combination of factors such as pH modification, solubility modification and

electrostatic interactions with the solubilised species in the reaction mixture [5].  A template

allows the formation of a unique structure, which reflects the geometrical and electronic

structure of itself.  A study made by Valtchev [12] showed that from a large range of

different templates used only tetramethylammonium chloride (TMA) influenced ETS-10

crystallisation.  TMA clearly had a pore-filling function in the crystallisation of ETS-10
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owing to the good correlation between the size of TMA (7.4 Å) and the diameter of the

channels of ETS-10 (8 Å).  The other templates had more “structure breaking” rather than

“structure-directing” properties.  The rate of nucleation and crystallisation were both

influenced appreciably by changes in template concentration according to studies on the

synthesis of ETS-10 by Das et al. [7].  The authors concluded that for each template it is

necessary to determine the optimum template/SiO2 ratio and the time of synthesis.  The

templates reduce the synthesis time required to obtain well-crystallised samples.  The

nature of the organic template used on the synthesis of ETS-10 has a significant effect on

the crystal morphology [7].

The water content in the starting mixture also plays an important role in the

synthesis of certain structures.  Water is supposed to interact with the cations in solution,

thus itself becoming part of the template for structure directing.  The water concentration

determines also the transport properties within the reactant gel and the gel viscosity.

Usually, the water content should be just enough to produce a good homogenisation of

the gel, avoiding a too high dilution of the components of the mixture.  Das et al. [7] studied

the influence of the gel water concentration on the crystallisation of ETS-10 at 200 ºC.

They found that dilution of the gel influences the rate of nucleation and, also, the rate of

crystallisation.  The crystallisation is enhanced when the water content is lowered.  In

another study, Das et al. [13] realised that the water content of the synthesis gel has the

highest influence on the size and crystal morphology of ETS-10.  As the dilution

increases, the size of the cuboid crystals increases.  Rocha et al. [8] reported that in the

synthesis of pure ETS-10, using anatase as titanium source, the water/silicon molar ratio

should be around 20.  When this ratio was increased, the crystallinity decreased and small

amounts of other titanosilicates formed.

A large number of silica and alumina source materials can be used to prepare

zeolites and microporous materials [14].  In many systems, the product obtained is very

dependent on the chosen sources, order of mixing and stirring during formulation.

Common sources of silicon are sodium silicate solution, fumed silica, sodium metasilicate

and tetraethylorthosilicate. The aluminium sources include aluminium hydroxide,

aluminium sulphate, aluminium nitrate and alumina itself.  Sometimes microporous

materials, zeolites or, even, aluminosilicate clay minerals can be used as sources of

silicon or aluminium in the synthesis of other zeolitic materials.  It is essential to realise

that silicon and aluminium sources may be different in terms of degree of polymerisation

of the silicon and aluminium species.  The kinetics of the hydrolysis reaction for each

reactant determines the combination of species during condensation, size and type of
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crystals formed.  For example, tetraethyorthosilicate is a four-coordinated monomeric

silicon source which would influence the solution phase more quickly, as it is an

uncharged species in true solution as opposed to fumed silica which initially forms a

colloidal dispersion in water.  Aluminium isopropoxide is an uncharged, three-coordinated

aluminium source requiring basic conditions to form tetrahedral Al(OH)4
- species

necessary to catalyse the formation of an aluminosilicate gel [15].  Sasidharan et al. [10]

found that fumed silica was an ideal source of silicon in the synthesis of Si-NCL-1

permitting the formation of the material in 60 hours.  With other sources amorphous

materials were obtained even after 4 days.  The nature of the commercially fumed silica

had also an influence: to get the desired product it was important to optimise the

concentration of the alkali hydroxide in order to obtain the same OH-/Si ratio.  The source

of reagents used in the synthesis of zeolite A affects the gel rheology, the kinetics of the

gel chemistry and the activity at the crystal surface, producing a predictable crystal

morphology [15].  Pure and highly crystalline ETS-10 can be readily prepared from the

different titanium precursors TiCl3 and crystalline TiO2 (anatase) [8].  The synthesis with

anatase is less expensive, but the crystallites are smaller and the synthesis longer than if

TiCl3 is used.

The use of neutral molecules (like amines, ethers, alcohols, di- and tri-ols) and

salts (e.g. NaCl, KCl, KBr, CaF2, BaCl2 and BaBr2), can have an effect of stabilising the

pore structure [9].  When salts are present during the zeolisation process, they may cause

the formation of a specific material, improve the crystallisation yield and even improve the

X-ray diffraction crystallinity.

To activate the crystallisation process, a small amount of crystals of the wanted

material may be added to the hydrogel.  Seeding can overcome the nucleation stage and

induce crystal growth.  Some reaction products can only be obtained if seeds are present

in the gel.  Rocha et al. [8] reported that when no seeds were used in the synthesis of

ETS-10, the product was ETS-10 with ETS-4 and AM-1 impurities.  Seeding with good

quality ETS-10 afforded pure ETS-10.  If ETS-4 seeds were used, ETS-10 with small

amounts of ETS-4 was obtained.  No ETS-10 is formed with AM-1 seeds.  Seeding seems

to be necessary to produce pure sodium ETS-10 [8].  Das et al. [13] verified that when no

seeds of ETS-4 were used the crystallinity of the ETS-10 produced was much lower.

After mixing the reagents, the hydrogel can be aged for a certain time below the

crystallisation temperature.  This time is of primordial importance for getting a given

product at a desired rate [9].
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The autoclave fill volume, the size and type of autoclave, all may have an

influence on the products obtained because these factors determine the (autogenous)

pressure of synthesis.

1.1.3 Overview of the new microporous framework materials

Since zeolites are unstable under certain conditions, a large effort was devoted to

prepare materials that do not present these limitations.  The first materials to be prepared

were porous aluminophosphates, followed by the silico-aluminophosphates and the metal-

substituted aluminophosphates.  In all these materials the framework atoms are in

tetrahedral coordination.  Recently, the mixed microporous silicate frameworks, consisting

of tetrahedral atoms (Si or Al) interlinked with atoms with a higher coordination number,

have given rise to a number of interesting materials.  Transition metals, particularly

titanium, play here an important role since they can usually be in different coordination

environments and adopt different oxidation states.

Among the already large family of titanosilicates, the most important material is

probably the one first discovered by Kuznicki in 1989 [16], denominated ETS-10 (Engelhard

Corporation Titanosilicate material number 10).  At about the same time another material

was patented by the same Corporation with the name ETS-4 [17].

The ETS-10 wide-pore nature (Figure 1.3) and thermal stability made the

understanding of its structure a very important aim for research in the beginning of the

nineties.  For structural elucidation it was necessary to prepare highly crystalline and pure

ETS-10 samples.  The ETS-10 structure was solved and briefly reported in 1994 by

Anderson et al. [18] and described in more detail, by the same authors, the following year
[19].  In ETS-10, the octahedral Ti4+ ions are linked to the tetrahedral Si4+ ions through

corner sharing of O2- ions.  The negative charges of the framework are compensated by

Na+ and K+ counterions.  ETS-10 is a large-pore hydrophilic molecular sieve formed by a

twelve-membered ring system with a highly disordered structure.  This last characteristic

made the structural resolution a difficult task.  The strategy adopted to solve the structure

was: a) understand the framework ring connectivity and local disorder by using

high-resolution electron microscopy (HREM); b) elemental analysis; c) determine silicon

environments using 29Si MAS NMR; d) refine a trial structure by using a

distance-least-squares analysis of bond angles and bond distances; e) combine the

refined structure and known disorder to simulate powder X-ray diffraction data.
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The disorder in ETS-10 is explained in terms of different stacking sequences of

the same titanosilicate unit Si40Ti8O104
16-, giving rise to several possible polymorphs.  The

most commonly described in the literature are polymorph A and B (Figure 1.3).  Both of

them involve a three-dimensional 12-ring pore system.  In polymorph A, the 12-ring pores

are arranged in a zigzag manner, forming a spiral channel and a tetragonal lattice of

symmetry P41 or P43.  The stacking in polymorph B leads to a diagonal arrangement of

the 12-ring pores with a monoclinic lattice of C2/c symmetry.  The titanium(IV) ions are

octahedrally coordinated by oxygen atoms to four silicon tetrahedra and linked to each

other in O-Ti-O-Ti-O chains.  Therefore, in the anionic structure there is a –2 charge

associated with each Ti site.  This charge is compensated by extra-framework sodium and

potassium cations [18,19].  The location of the cations on the framework is an important

requirement to model the structure and dynamic properties of the material.  Grilo and

Carrazza [20] described the use of computer simulation techniques to identify extra-

framework cation sites in ETS-10 and to predict the Na+ and K+ ions distribution within

these sites.  More recently, a combination of 3Q 23Na MAS NMR and theoretical modelling

has been used to determine the sodium cation sites in ETS-10 [21-23].  The 3Q 23Na MAS

NMR spectrum exhibits two signals.  The stronger signal comprises two sites, and the

weaker one is also likely to comprise more than one site. The 3Q 23Na MAS NMR

technique shows that upon dehydration the weaker resonance shifts to lower F2

frequency.  The sites responsible for this signal are strongly affected by the dehydration;

must be in the vicinity of water molecules; and are likely to be situated at the top of the 12-

ring pore near a titanate chain and loosely bond somewhere within the pore.  The strong

signal comprises two sites that are unaffected by the dehydration and should be tucked

away on either side of the 12-ring pore.

Recently, Wang and Jacobson [24] reported the synthesis of ETS-10 crystals up to

45 µm in size which allowed the structure refinement from single crystal data.  The refined

framework structure is consistent with the structure proposed by Anderson et al. [18] and

provides more details on the positions of both the framework atoms and extra-framework

cations.

One of the most interesting aspects of the ETS-10 structure is the presence of

infinite O-Ti-O-Ti-O chains with alternating short and long bonds [25] which are surrounded

by a silicate ring structure (Figure 1.3).
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powder X-ray diffraction, 29Si solid state NMR, scanning electronic microscopy and

adsorption techniques.  Clues to the nature of the ETS-4 structure derived mainly from the
29Si MAS NMR spectra, in which the two peaks expected for zorite in a 2:1 ratio, appeared

in a ratio between 4:1 and 6:1.  The authors suggested that the structure of ETS-4 is

related to that of zorite. ETS-4 is, however, not a synthetic counterpart of this mineral.

Poojary et al. [29] prepared a novel porous sodium titanosilicate of ideal

composition Na2Ti2O3SiO4.2H2O.  This material was synthesised hydrothermally in highly

alkaline media.  Its crystal structure was solved from powder X-ray data by ab initio

methods.  It was found that Ti atoms occur in clusters of four, grouped about the 42 axis,

and are octahedrally coordinated by oxygen atoms.  The silicate groups serve to link the

titanium clusters into groups of four arranged in a square of about 7.8 Å in length. These

squares are linked to similar squares in the c direction by sharing corners to form a

framework which encloses a tunnel.  Half of the sodium cations are situated in the

framework coordinated by silicate oxygen atoms and water molecules.  The remaining

sodiums are present in the cavity, but evidence indicates that some of them are replaced

by protons.  This new material is reported to behave as an ion-exchanger with special

affinity for the cesium cation because it fits neatly into the tunnel in an ideal coordination

site.  This structure, together with the titanium-rich titanosilicate [Cs3HTi4O4(SiO4)3.4H2O]

structure described by Harrison et al. [30], have some similarities with the structure of the

mineral pharmacosiderite, of ideal composition KFe4(OH)4(AsO4)3.6-8H2O.  In this mineral

the four iron atoms are arranged in a way similar to that of titanium atoms in the

mentioned titanosilicates.

Another titanosilicate, the synthetic analogue of the mineral nenadkevichite was

reported by Rocha et al. [31,32].  Nenadkevichite is a microporous titanium-niobium-silicate

from Lovozero (Russia), first reported by Kouzmenko and Kazakova with ideal

composition (Na,Ca)(Nb,Ti)Si2O7.2H2O.  Nenadkevichite was also found in Mont Saint-

Hilaire, Québec, Canada [33].  Its structure consists of square rings of silicon tetrahedra

Si4O12 in the (100) plane joined together by chains of (Ti,Nb)O6 octahedra in the [100]

direction.  The large cavities in the structure accommodate sodium in two partially

occupied sites, and water molecules in two fully occupied sites.  Rocha et al. prepared

analogues of nenadkevichite with Ti/ Nb ratios ranging from 0.8 to 17.1 and a purely

titaneous sample [31, 32].  The authors proposed that ETS-4 is a precursor in the synthesis

of synthetic nenadkevichite.

In 1997, four new titanosilicates were synthesised and characterised by

Lin et al. [34].  Two of the synthesised materials called AM-2 and AM-3 are microporous
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and do not possess the typical Ti-O-Ti-O linkages.  AM-2 is the potassium titanosilicate

analogue of the mineral umbite [35], a rare zirconosilicate found in the Khibiny alkaline

massif, Russia.  At about the same time, another group published a paper describing the

synthesis and structure of a titanosilicate isostructural with mineral umbite [36].  The

formula of umbite can be idealised as K2ZrSi3O9.H2O and the material is characterised by

a three-dimensional framework formed by a MT condensed framework (where M and T

represent ZrO6 and SiO4, respectively).  Potassium cations and water molecules are

localised in the MT spaces.  The M octahedron is coordinated to six T tetrahedra.  The T

tetrahedra, in addition to the M-O-T links, form T-O-T links with each other.  The resulting

T radical, linked in the form of an infinite chain, has an identity period of three tetrahedra

(Figure 1.4).  The refinement of the umbite structure indicated a pronounced isomorphic

substitution of the zirconium atoms by the lighter titanium atoms.  The zirconium

occupancy in the octahedral sites was found to be 0.87.  The natural existence of purely

titaneous umbite is unknown.  The AM-2 material possesses only titanium atoms in the

octahedral sites.  However, the successful synthesis with different Ti/Zr ratios has already

been reported and indicates the existence of a continuous solid solution [37].
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silicate framework, characterised by the occurrence of alternating clockwise and

counterclockwise growing spirals of corner-sharing SiO4 tetrahedra, whose periodicity

corresponds to six tetrahedral units along [010] direction.  The connection of neighbouring

layers of tetrahedra is due to Ti(IV) cations in octahedral coordination.  AM-3 is the

synthetic analogue of penkvilksite-2O. The synthesis of the synthetic analogue of the

other polytype (penkvilksite-1M) has also been reported [39,40].

The third example of a microporous material showing isolated TiO6 octahedra as

building units is designated UND-1 and was reported in 1997 by Liu et al. [41] (Figure 1.5).

The chemical composition of UND-1 is Na2.7K5.3Ti4Si12O36.4H2O. Each TiO6 octahedron is

connected, through corner-sharing, to six SiO4 tetrahedra on three six-membered rings of

SiO4 tetrahedra, thus forming three three-membered rings, while each SiO4 tetrahedron

connects to two isolated TiO6 octahedra and two other SiO4 tetrahedra of the same six-

membered ring (Figure 1.5).  By such connections, channels running parallel to [100] are

formed with eight-membered rings containing alternative -O-Si-O-Ti-O- linkages.  The

channel wall is covered by seven-membered rings (four SiO4 tetrahedra and three TiO6

octahedra) and three-membered rings.  There are two cation sites in the structure.  One is

occupied only by K+ and is located near the centre of the seven-membered ring.  The

other cation site is occupied by 33% K+ and 67% Na+ and is located in the large channel

near the wall.
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framework substitution in microporous materials is not an easy field.  It is very hard to

prove the substitution, and the use of a large number of techniques is often required.

ETS-10 is the microporous titanosilicate material in which more attempts for insertion of

heteroatoms in the framework have been reported.  Attempting to improve the acidic

properties of ETS-10, Rocha, Anderson and co-workers reported two new materials,

ETAS-10 and ETGS-10, resulting from the incorporation of aluminium [42,43] and

gallium [43,44], respectively, into tetrahedral silicon sites.  The insertion of tetra-coordinated

boron in ETS-10, replacing silicon in the framework, has also been reported [45].  Recently,

the isomorphic substitution of titanium in the ETS-10 structure by niobium was

described [46].  Titanium for zirconium substitution in the synthetic analogue of umbite has

been studied in detail by powder X-ray diffraction [37].  The pharmacosiderite-type

framework appears to be very flexible with respect to isomorphous substitution: octahedral

sites seem to be easily occupied by Fe(III), Al(III), Ti(IV), Ge(IV), Mo(III)/Mo(V) and Nb(V);

and tetrahedral positions by As(V), Ge(IV) and Si(IV) [30].  Behrens et al. [47] altered the

tetrahedral and some octahedral positions of the titaniosilicate HM3(TiO)4(SiO4)3.4H2O (M

= K, Rb, Cs), by substituting different amounts of germanium for silicon and for titanium,

respectively.  Germanium ions can occupy either tetrahedral or octahedral positions.

Other examples of new microporous framework materials are the niobiosilicates.

Recently the synthesis of a new material called AM-11 was reported [48].  The structure of

this niobiosilicate is still unknown, however it seems very interesting as a catalyst, having

a relatively large pore volume.

Stannosilicate synthesis is, presently, a very interesting field of research.  The

interest in this system is due to propensity of tin for six-fold coordination and because it is

amenable to NMR characterisation.  There is also a precedent for compatibility of

octahedral tin and silicon in mineralogical systems.  W. Corcoran et al. [49] pioneered the

hydrothermal synthesis of stannosilicates.  Lin et al. [50] reported the synthesis of a

microporous stannosilicate material, AV-7, possessing the same structure of the mineral

umbite.  Recently, a microporous stannosilicate isostructural with the titanosilicate

UND-1 [40], was described by Lin et al. [51].

There are two naturally occurring examples of microporous materials possessing

stoichiometric amounts of vanadium on the framework.  These materials are cavansite

and pentagonite, dimorphs of Ca(VO)Si4O10.4H2O, which were reported to be small-pore

materials [52].  In 1997, Rocha et al. [53] described the synthesis of a novel vanadosilicate,

denominated AM-6, with the same structure as ETS-10, where the titanium appears totally

replaced by vanadium.



Chapter 1

18

1.1.4 Zirconosilicates

The interest of studying the zirconosilicate system is due to the fact that a large

number of zirconosilicate minerals are formed in Nature under hydrothermal conditions.

Zirconium has only one stable oxidation state (tetravalent state), exhibits a pronounced

polyoxo ion chemistry in aqueous solution and usually adopts octahedral coordination.

The larger ionic radius of the zirconium ion may allow the preparation of analogues of the

titanosilicate materials with larger unit cell dimensions and void volume.

1.1.4.1 Zirconosilicate minerals

Zirconosilicates occur widely in Nature. Some of the zirconosilicate minerals

known are α-catapleiite and gaidonnayite (Na2ZrSi3O9∙2H2O), dalyite (K2ZrSi6O15), elpidite

(Na2ZrSi6O15∙3H2O), lemoynite [(Na,K)2CaZr2Si10O26∙5-6H2O], wadeite (K2ZrSi3O9),

vlasovite (Na2ZrSi4O11), eudialyte [Na4(Ca,Ce)2(Fe2+,Mn,Y)ZrSi8O22(OH,Cl)2],

georgechaoite (NaKZrSi3O9∙2H2O), petarasite [Na5Zr2Si6O18(Cl,OH) ∙2H2O], umbite

(K2ZrSi3O9∙H2O), lovozerite [Na2ZrSi6O12(OH)6], zirsinalite (Na6CaZrSi6O18), kostylevite

(K2ZrSi3O9∙H2O), parakeldyshite (Na2ZrSi2O7) 
[54].  From the more than 20 natural and

synthetic zirconosilicates known, only for one-third of them has the crystal structure been

solved [55].

Mandarino and D. Sturman [56] proposed that α-catapleiite and gaidonnayite are

the same mineral, based on the physical and crystallographic data.  Ghose et al. [57]

suggested that georgechaoite is the sodium-potassium ordered variety of gaidonnayite.

The structure of gaidonnayite is basically formed by sinusoidal single chains of [SiO4]

tetrahedra, repeating every six tetrahedra.  The chains extend alternately along [ 011] and

[ 101 ] and are cross linked by [ZrO6] octahedra and two distorted [NaO6] octahedra [58].

Mandarino and Sturman [56] found from the analysis of gaidonnayite from Narsarsuk,

Greenland, that the mineral contained a significant amount of potassium.  Those crystals

in which the amount of potassium exceeds sodium probably have the ordered structure of

georgechaoite.

The minerals petarasite [59,60] and lovozerite [61] belong to the same structural

group.  They are characterised by an open corner-sharing zirconosilicate framework with

open channels that house the sodium atoms and, as in petarasite, water molecules and

chloride ions.  In both cases, the diameter of the open channels is defined by the mixed

six-membered rings of alternating [Si2O7] groups and [ZrO6] octahedra.  Lemoynite is

another zeolite-type zirconosilicate from Mont Saint-Hilaire, with large channels parallel to
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[100], [101] and [001], where the sodium, potassium and calcium cations and water

molecules are located [62].  This framework comprises thick (7 Å) layers of hexagons of

silicate groups.  The sheets are bound together by six-coordinated zirconium atoms.  The

hexagons are tilted with respect to the layer (001) plane and the architecture of these

layers is new.

Cannillo et al. [63] proposed that the crystal structure of elpidite may be compared

with that of nenadkevichite.  The elpidite structure may be visualised as rings of four

tetrahedra formed by two Si2O7 groups and mixed six-membered rings formed by two

zirconium octahedra connecting two Si2O7 groups.  The anion framework is saturated by

sodium cations.  Two independent sodium cations are present.  Na(2) has an octahedral

coordination formed by four oxygens of the tetrahedra and two symmetrically equivalent

water molecules.  Na(1) occurs in a cavity formed by adjacent double chains of tetrahedra

and it is bounded to seven oxygens and a water molecule.  Nenadkevichite structure can

be derived from the elpidite structure by eliminating one silicon and one oxygen atoms

and by doubling the number of octahedra.

Zirsinalite belongs to the crystallographic group of lovozerite.  The structure of

zirsinalite is made up of Zr octahedra and Si tetrahedra.  The connections between

zirconium and silicon are corner sharing.  Another zirconosilicate mineral, vlasovite, was

studied by X-ray diffraction by Voronkov et al. [64] in 1962.  The vlasovite structure is

formed by an arrangement of the Si-chains and the unconnected Zr-octahedra on each of

which the four chains converge.  There are two crystallographically nonequivalent

positions for the sodium atoms, in different coordination polyhedra.

Some of the naturally occurring zirconosilicates possess large cavities and

channels, where cations are located.  This suggests that these solids may find application

as ion exchangers, making the synthesis of analogues a very interesting field of research.

1.1.4.2 Synthesis of zirconosilicates

Some of the first hydrothermal syntheses of zirconosilicates were reported by

Maurice [65] in 1949.

Baussy et al. [66] decided to study the very complex system ZrO2 – SiO2 – Na2O –

H2O to understand the conditions of formation of zirconosilicates via hydrothermal

synthesis.  The temperatures varied in the range 300 – 700 ºC, the pressure was 700 bar

and time of synthesis 2 or 3 days.  The authors concluded that catapleiite needs well

defined formation conditions such as low pressure, low temperature (340 – 450 ºC),
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presence of water, medium very alkaline with low silicon content.  Elpidite forms at low

pressure and temperature (350 – 500 ºC), in a slightly less alkaline medium than

catapleiite.  High silicon content is required.  The minerals vlasovite and keldyshite form at

high temperature (> 500 ºC), in a highly siliceous environment in the case of vlasovite and

low siliceous medium in the case of keldyshite.  Summarising: the hydrated phases were

only formed at temperature lower than 500 ºC; the degree of polymerisation of the SiO4

groups decreases when the temperature increases; the high sodium content was

necessary to a good crystallisation, the alkalinity of the medium was very important to

defined the products and concentration of zirconium did not affect the products of

synthesis.

Alyamovskaya and Chukhlantsev [67] studied the conditions of hydrothermal

synthesis of three sodium zirconosilicates of formula Na2ZrSi3O9∙2H2O, Na2ZrSi2O7 and

Na4Zr2Si5O16.  The sources of reagents for the syntheses of the two first materials were

Na2ZrSiO5 and SiO2.  The third material was prepared with Na4Zr2Si3O12 and SiO2.  The

reaction medium was very alkaline and the syntheses were carried out in nickel

autoclaves at 370 ºC, 320 ºC and 370 ºC, respectively.  Genet and Barj [68] presented the

preliminary results on hydrothermal crystallisation of Na4Zr2Si3O12.  The authors defined

that the pure phase was obtained when the ZrO2/SiO2 ratio was exactly equal to 2/3, the

Na2O was present in large excess and the NaOH solution concentration was at least

equal to 20%.  The synthesis was found to be very pressure dependent.  Single crystals

have been obtained within ten days, for 450 ºC and pressure higher than 400 bar.  The

Raman spectrum of the Na4Zr2Si3O12 crystals presented strong bands at 890, 902, 915

and 944 cm-1, and smaller bands between 130 and 410 cm-1.

Recently, Bortun et al. [55] presented preliminary data on sodium zirconosilicate

formation under relatively mild hydrothermal conditions (180 – 190 ºC), including the

influence of the type of silicon-containing reagent, the molar ratio, and concentrations of

reagents in the reaction mixture on the yield of products.  The silicon sources used were

Na2SiO3 or Na2Si3O7 and zirconium n-propoxide (70% solution in propanol).  The Si/Zr

ratio varied from 0.5 to 5 and the gel concentration in NaOH ranged from 2 to 6 M.  The

authors verified the enrichment of the sodium zirconosilicate materials in silicon upon

increasing the Si/Zr ratio in the system and the decrease of the Si/Zr ratio in the solids

with increasing alkalinity at a constant Si/ Zr ratio in solution.  The latter conclusion,

undoubtedly, results from the polymerisation of solution silicate species, in concentrated

sodium hydroxide medium.  This process favours the formation of the most

thermodynamically stable compounds, containing predominantly meta- or ortho-silicate
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units.  Bortun et al. [55] reported the synthesis of three novel layered materials and five

other compounds.  Among these layered materials, one with formula Na2ZrSi3O9∙3H2O

seems to have a very similar powder X-ray diffraction pattern, 29Si NMR spectrum and

crystal morphology to a stannosilicate (Na4SnSi5O14∙nH2O), named Sn-L, reported by

Corcoran and Vaughan [69].  Even if the stoichiometry of the two materials is very different,

the structural characterisation strongly supports the structural analogy of the materials.

Bortun et al. [55] briefly indicated the preparation of a synthetic analogue of the mineral

gaidonnayite.  This material has also been synthesised and fully characterised by

Lin et al. [37].  Another report of the preparation of an analogue of gaidonnayite was

published by Jale et al. [70].  In the same paper, the synthesis of synthetic umbite and

elpidite were described.  Elpidite was obtained for the first time at relatively a low

temperature (200 ºC).

The applications of zirconium silicates have been widely studied and the affinity

to cations such as cesium, rubidium, sodium and strontium investigated [55,71-73].

Zirconosilicates seem to have higher affinity for large cations than titanosilicate materials.

The high affinity for some transition and toxic heavy metals makes zirconosilicates

attractive for high-level purification of certain technological solutions and wastes

containing these elements.

Some examples of zeolite-type frameworks containing zirconium in tetrahedral

coordination are described in the literature.  The first effort to incorporate zirconium ions

into zeolitic materials applied to silicates of MFI structure [74].  A full structural

characterisation and study of the catalytic properties [75] proved the presence of zirconium

in the MFI structure and showed activity in the phenol hydroxylation, using hydrogen

peroxide as oxidant.  Another study reported the preparation of zirconium silicates with the

MEL structure [76].  Kornatowski et al. [77] reported in 1994 the synthesis of a zirconium

aluminophosphate with AFI structure.

1.2 Mesoporous framework materials

According to the International Union of Pure and Applied Chemistry (IUPAC)

definition, mesoporous materials are inorganic solids that contain pores with diameters in

the size range 20-500 Å [78,79].  Examples of mesoporous materials include M41S,

aerogels and pillared layered structures.

Only eight years have passed since the exciting discovery of M41S molecular

sieves by the researchers at the Mobil Research and Development Corporation [80].
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These mesoporous (alumino)silicate materials possess well-defined pore sizes that can

be tailored between 15 and 100 Å by using surfactants with variable hydrocarbon chain

length, by addition of swelling organic compounds such as trimethylbenzene or others to

the synthesis mixture [81], and by ageing a sample prepared at low temperature

(e.g. 70 ºC) in its mother liquor at higher temperature (e.g. 150 ºC) for different periods of

time.  The extremely high surface areas (> 1000 m2g-1) and precise tuning of pore sizes

are among the many desirable properties that have made such materials of great interest.

These materials are occasionally called “zeolites” and described as “crystalline” materials

in reference to their long-range ordering of the pore packing.  Such references are wrong

because the pore walls of these materials are amorphous and lack long-range order.

Synthesised in basic medium, the M41S family is made of three well-defined

mesostructures ordered in a hexagonal (MCM-41), cubic (MCM-48) or lamellar (MCM-50)

array (Figure 1.6).

 (a) (b) (c)

Figure 1.6  Mesoporous M41S materials: (a) MCM-41, (b) MCM-48 and (c) MCM-50.

MCM-41

The system with a hexagonal array of pores, known as MCM-41, is the most

important member of the family [79], has been studied much more extensively than other

mesoporous molecular sieves and its structure is relatively well-understood.  MCM-41 was

first described by Kresge et al. [80,82].  In contrast to other mesoporous materials that

generally have irregularly spaced pores, MCM-41 possesses unidirectional channels,

which are arranged in a hexagonal pattern (Figure 1.7) [83].  The siliceous matrix has no

long-range order, in the sense of a crystalline material, and can be regarded as

amorphous.  However, the powder X-ray diffraction shows a strong 100 reflection and

several low-order weak hk0 reflections, depending on the regularity of the material.  These
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reflections, which have been indexed on the basis of hexagonal symmetry, result from the

hexagonal periodic arrangement of the channels and, hence, the regular periodic variation

of the electron density [83].

d(100)

a

channel-like
pore

silicate wall

Figure 1.7  Schematic drawing of the pore structure

of MCM-41 (adapted from ref. [83]).

The hexagonal unit cell

parameter, a, is calculated from the

equation a = 32 100d  using the d-

spacing of the first reflection (d100).  Both

pore size and pore volume increase with

increasing d100 
[84].

The  important  characteristics

of  MCM-41   are   its   high  surface

area, high  porosity,  controllable  and

regularly distributed  pore   sizes.   MCM

materials  present  considerable  potential

as catalysts or catalyst supports, adsorbents and hosts for host-guest encapsulation to

develop advanced composite materials [85].  These properties are related to the density of

surface silanol groups (SiOH).

MCM-48

MCM-48 was discovered by Mobil in 1992 at the same time as MCM-41 [80,84,86,87].

The structure of MCM-48 on the 100 Å scale has been shown to be such that the mid-

plane of the wall lies on the minimal surface known as the gyroid surface [88,89].  This

implies that the surface is, simultaneously, concave and convex, except on the flat points.

Figure 1.8 (a) exemplifies the gyroid surface or the MCM-48 wall.  The two sides of the

wall are shown in red and blue.  It should be noticed that the gyroid surface defines two

completely separated volumes.  The volumes on either side of the gyroid surface display

symmetry P4132 and P4332, i.e., they are chiral.  When combined, they produce

symmetry d3Ia , which is achiral.  The long-chain surfactant used to synthesise MCM-48

(generally, C16H33(CH3)3N
+) organises itself into rods that form two independent networks

that fill the two volumes on either side of the gyroid surface and consequently form an

enantiomorphic pair [Figure 1.8(b)] [88,89].

The powder X-ray diffraction pattern of MCM-48 features distinct Bragg peaks in

the range 2θ  = 2-8 º, which can be indexed to different hkl reflections.  The strongest

reflection corresponds to hkl 211 and the related d-spacing is used to calculate the cubic
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phase unit cell parameter as a = d211 6  [86].  The absence of X-ray diffraction peaks

above 2θ  = 10º indicates that the atomic arrangement within the mesopore walls is

disordered.

The interest in the mesoporous silica sieves has been concentrated almost

exclusively on MCM-41.  However, MCM-48 is a more attractive material as adsorbent or

catalyst support, since its highly interwoven and branched structure provides many places

where reactant molecules can be allocated.

(a) (b)

Figure 1.8  (a) Representation of the gyroid surface of MCM-48 (the two sides of the wall are

shown in red and blue) and (b) surfactant organisation into two independent networks

on the gyroid surface of MCM-48 wall (adapted from ref. [89]).

MCM-50

MCM-50 is a stable lamellar structure in the uncalcined form.  It can be obtained

from the same gel mixture of MCM-41, but at a different pH.  MCM-41 is prepared at

pH = 11.5 while MCM-50 is synthesised at pH = 13.  The powder X-ray diffraction patterns

are quite similar for both materials, however the d-spacing of the 100 reflections of

MCM-50 reveals a small pore diameter.  After calcining both materials to remove the

template, MCM-41 becomes more highly ordered.  In contrast, the lamellar phase

collapses completely [90].  A mesoporous pillared layered material results when the

surfactant is removed after post-treatment with tetraethylorthosilicate (TEOS) [78].  This

feature makes MCM-50 the less interesting member of the M41S family, due to its

application limitations.
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1.2.1 Conditions of synthesis of mesoporous materials of the M41S type

The members of the M41S family of mesoporous molecular sieves are

synthesised, in general, by the combination of appropriate amounts of a silica source

(e.g. tetraethylorthosilicate, fumed silica, sodium silicate solution), an

alkyltrimethylammonium halide surfactant, a base (e.g. sodium hydroxide or

tetramethylammonium hydroxide) and water.  Aluminium-containing M41S materials are

prepared by addition of an aluminium source to the synthesis mixture.  The mixture is

aged at elevated temperature (≥ 100 ºC) for 24 to 144 hours, which results in a solid

precipitate.  The organic-inorganic mesostructured product is filtered, washed with water

and air-dried.  The product is calcined at about 540 ºC in air to burn off the surfactant and

to yield the mesoporous material.  In aluminium-containing materials, the direct calcination

at 540 ºC in air gives rise to significant amounts of extraframework aluminium, smaller

pores and lower Bronsted acid site density when compared to samples calcined first in

nitrogen and then in air, at the same temperature [91].

Surfactants

Surfactants are bifunctional molecules, which contain a hydrophilic head group

and a hydrophobic tail within the same molecule.  As a result of their nature, surfactant

molecules can associate themselves in supramolecular arrays in such a way as to

minimise contact between the incompatible ends.  Some surfactants in water form

spherical micelles, where the hydrophilic head groups form the outer surface and the

hydrophobic tails point toward the centre [92].  The stability of the micelles depends on the

balance between the repulsion of the charged head groups and the more favourable

position of the hydrophobic tails.  The extent of micellisation, the shape of the micelles

and the aggregation into liquid crystals is related to the concentration of surfactant.  At

very low concentration, the surfactant is present as free molecules dissolved in solution

and  adsorbed on interfaces.  At slightly higher concentrations, called the critical micelle

concentration, the surfactant molecules agglomerate into small spherical  micelles.   If  the

concentration of surfactant is high enough, the amount of solvent available between

micelles decreases, and spherical micelles coalesce to form cylindrical aggregates

usually called rods (Figure 1.9).  If the concentration of surfactant is even higher, a liquid

crystalline phase is formed.  Initially, the rods of micelles organise themselves to form

a hexagonal liquid crystal array.   As the concentration increases, cubic bicontinuous

liquid crystal  phases  are  formed  followed  by  lamellar  liquid  crystal  phases  at  higher
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Figure 1.9  Surfactant rod organisation.

surfactant concentration [92].

Vartuli et al. [93] found that the

surfactant/silicon molar ratio was the key

synthesis parameter that determined the

mesophase.  At a ratio less than 1 the

formed phase was the hexagonal

(MCM-41); at a ratio approaching

1 - 1.5, a cubic structure (MCM-48) was

formed; a  lamellar  structure  (MCM-50)

was obtained at a ratio between 1.2 and 2.  Klinowski et al. [86] reported the formation of

cubic MCM-48 when the amount of hydroxide in the gel mixture and surfactant/silicon ratio

were high.  The authors suggest that the silicate anion promotes the formation of a liquid-

crystal phase.

Mechanisms of formation of the M41S

There are several models available to explain the formation of M41S materials

and to provide a rational basis for the various synthesis routes [78,79].  The models are

based upon the presence of surfactants in a solution to guide the formation of the

inorganic mesostructure from the solubilised inorganic precursors.  How the inorganic

precursor interacts with the surfactant is the issue whereby the models diverge.  The type

of interaction between the surfactant and inorganic precursor can be significantly different

and determines the resulting mesoporous material [78].  Beck et al. [84] proposed the Liquid

Crystal Templating (LCT) mechanism.  They suggested that the structure was defined by

the organisation of surfactant molecules into liquid crystals which serve as templates for

the formation of the MCM-41 structure.  A surfactant exists in solution and serves as a

template.  Silicate species are deposited between surfactant tubules and then condense

to form the inorganic network (Figure 1.10, pathway 1).  Another pathway considers that

the interaction of silicates species with the surfactant mediates the hexagonal ordering

(Figure 1.10, pathway 2).  The first pathway requires a surfactant concentration of, at

least, 30% wt of the critical micelle concentration.  The second pathway was postulated as

a cooperative self-assembly of the ammonium surfactant and the silicate precursor below

the critical micelle concentration.  Several mechanisms have been advanced which share

this basic idea.  Davis et al. [94] suggest that under the conditions reported by the

researchers of Mobil, the formation of the hexagonal MCM-41 began with the deposition
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of two or three monolayers of silicate precursor onto isolated surfactant micellar rods.  The

silicate-encapsulated rods were randomly ordered and packed.  The heating and ageing

completed the condensation and contributed to a higher organisation.

Figure 1.10  Schematic representation of the LCT mechanism (adapted from ref. [84]).

Another variant of the LCT mechanism was proposed by Steel et al. [95] and

postulates that silicates are organised into layers, with rows of cylindrical rods of

surfactant intercalated between the layers.  Upon ageing the mixture, the layers fold and

collapse around the rods.  Another model proposes that the hexagonal structure derives

from the lamellar phase by “charge density matching” due to the electrostatic attraction

between the anionic silicates and the cationic surfactant head groups [78].

1.2.2 Applications of M41S materials

The discovery of mesoporous M41S materials has stimulated research in areas

that include fundamental studies of sorption and phase transitions in confined spaces, ion

exchange, the formation of intra-channel metal, metal oxide, and semiconductor clusters,

and inclusion of various metal complexes and other guests [96,97].

The unique properties of MCM-41 and MCM-48 make these materials highly

desirable for catalytic applications [98].  The high specific surface areas as well as the large

pore sizes allow the fixation of active complexes, reduce diffusional restriction of reactants

and enable reactions involving bulky molecules to take place.  MCM-41 has been the

main focus of catalytic studies due to its easy preparation [78].  The first catalytic studies

were focused on the metal-substituted MCM-41.  The active species were incorporated

during the synthesis into the silicate matrix.  These doped materials were generally

applied as catalysts in oxidation and acid catalysis.  The next stage of development of
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Array
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MCM-41 based catalyst involved the deposition of heteroatoms onto the surface of the

mesoporous framework.

A large number of metal complexes have been developed and their catalytic

applications studied.  Although they have better catalytic activity and selectivity than the

simple metal ions, these metal complex catalysts are not desirable for industrial

application.  This is due to their shortcomings as homogeneous catalysts, such as their

difficult recovery [99].  The large pore sizes of MCM materials offer many opportunities for

the inclusion of large metal complexes. More recently, research has been concerned with

the fixation of catalytically active complexes onto the wall of MCM-41 porous framework,

combining the advantages of homogeneous catalysis with a heterogeneous catalyst

support.

At least four strategies can be applied for the incorporation of complexes or other

catalysts into the pores of MCMs [100]:

a) direct synthesis of MCM in the presence of the functionalised agent, by

framework substitution;

b) direct grafting onto the surface using surface silanols;

c) grafting onto a previously functionalised surface;

d) transformation of the materials prepared under methods a) to c) by further

treatment (i.e., heating, evacuation, calcination, reduction).

An example of direct synthesis is the generation of acidic active sites in MCM-41

or MCM-48 by isomorphous substitution of trivalent cations such as aluminium [101,102,103],

galium [102,103,104], iron [103] or boron [105,106] for silicon.  The preparation of MCM-41

analogue silicates in the presence of Ti, V, Cr, Mn, Fe and Co under reflux was reported

by Carvalho et al. [107].  The obtained metallosilicates were catalytically active for the

oxidation of alkanes.  Ti-, Mn-, Fe- and Co-MCM-41 showed lower activity than TS-1 for

the oxidation of cyclohexane, using hydrogen peroxide as oxidant.  When

t-butylhydroperoxide (TBHP) was used as an oxidant, the activity increased significantly.

V- and Cr-MCM-41 revealed a very good activity.  Because some of the metals were

leached during reaction, the catalytic activity could result from homogeneous catalysis of

the extra-framework metal.  Ti-MCM-41 was almost stable, and may be used on the

oxidation of molecules too big to enter the pores of TS-1.

The MCM materials present hydroxyl-covered surfaces that can be exposed to

reactive silane coupling agents to tailor surface properties.  These silanes may include
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functional groups or may be intermediates for further attachments.  Before anchoring the

complexes it is necessary to understand the surface chemistry of siliceous MCM

materials.  Three types of surface silanols, i.e., single [(SiO)3Si-OH], hydrogen-bonded

[(SiO)3Si-OH-OH-Si(SiO)3], and geminal [(SiO)2Si(OH)2] can be observed (Figure 1.11) [85].

Only free silanol groups (single and geminal silanols) are reactive [85].
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Figure 1.11  Schematic representation of the three types of SiOH groups in siliceous

MCM-41: (a) single, (b) hydrogen-bonded, (c) geminal.

An example of direct grafting is the attachment of ferrocenyl groups to the walls

-41 as reported by O´Brien and co-workers [108,109].  The reaction occurs as a one-

cess via ring opening of (1,1'-ferrocenediyl)dimethylsilane.  The grafted complex

dily accessible as indicated by immediate oxidation of the ferrocenyl units in

e of iodine vapours.  We followed up this work to show that the

etallic complex reacts in a similar way with the surface silanols of MCM-48 to

5H4SiMe2-O linkage [110].  MacLachlan et al. [111] found that with higher loadings of

ocenediyl)dimethylsilane achieved by a vapour-phase impregnation technique,

isation of the excess monomer occurs inside the mesopores.  The ligand

diphenylphosphino)ferrocene was anchored to the inner walls of MCM-41 and

ted to PdII [112].  The obtained chiral catalyst presented a degree of regioselectivity

s an enantiomeric excess, which is far superior to the homogeneous counterpart

f a surface-bonded analogue attached to a non-porous silica.

The grafting of organometallic lanthanide silylamides onto a mesoporous

silicate MCM-41 gives an interesting catalyst precursor for stereoselective

de-based catalysis [113,114].  Anwander et al. [115] reported the immobilisation of

de heteroleptic rare earth complexes on MCM-41.  The use of a strongly

ting ancillary ligands and a heterogeneously performed silylamine elimination

 both the feasibility and monitoring of these surface reactions.  Preliminar catalytic

eveal promising activity in hetero Diels-Alder reactions.

Recently, we presented a study of the heterogenisation of the

enum complexes [Mo2(MeCN)10][BF4]4, [Mo2(µ-O2CMe)2(MeCN)6][BF4]2 and
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[Mo2(µ-O2CMe)2(dppa)2(MeCN)2][BF4]2 via grafting process on the surface of purely

siliceous MCM-41 [116].  The final materials are potential polymerisation catalysts.

The addition of an acidic species such as a heteropolyacid [117] to MCM-41 can

contribute to the acidity of the structure and improve catalytic performance.  The grafting

occurs by simple impregnation with a water solution of the heteropolyacid.  The dispersion

of the complex in the walls of MCM-41 enhances the acidity of the system.  The grafting of

trimethylaluminum onto purely siliceous MCM-41 generates materials with strong Lewis

acidic behaviour [118].

An example of secondary grafting (also called tethering [119], i.e., via a spacer

ligand) is the encapsulation of ruthenium porphyrins in previously modified MCM-41 and

was reported by Liu et al. [120].  In this work, the MCM-41 surface was treated with

3-aminopropyltriethoxylsilane to provide a two-electron donor anchor (NH2 group) to which

the ruthenium porphyrin was attached.  The final catalyst was investigated for the

oxidation of olefins showing a 20-40 times higher activity than the isolated Ru-porphyrin.

In the oxidation of cis-stilbene, the catalyst exhibits high selectivity to produce

trans-stilbene.  This is also an example of the potential of mesoporous materials in size

and shape selective catalysis.  A stereospecific polymerisation catalyst was prepared by

grafting of the rac-ethenebis(indenyl)zirconium dichloride onto the surfaces of

MCM-41 [121].  The grafting was achieved by heating a saturated solution of ligand with a

suspension of MCM-41 previously treated with methylalumoxane.  The final material has

been successfully used in the polymerisation of propene to yield highly isotactic

polypropene.  The structural integrity of the indenyl ligand framework after immobilisation

was indicated by EXAFS analysis as well as the presence of a short Zr-C bond and the

absence of the chloride ligands [122].  Anwander and co-workers [123] reported the graft of a

silylamides onto mesoporous silicate MCM-41 through terminal silanol groups.

Subsequent surface-confined ligand exchange yields [MCM-41]M(fol)x(THF)y (M = Sc, Y,

La, Al; fol = 1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionate).  The hybrid materials

obtained show promising activity in the catalytic hetero Diels-Alder cyclisation of

trans-1-methoxy-3-trimethylsilyloxy-1,3-butadiene and benzaldehyde.  The grafting of

samarium(II) complexes onto the internal surface of MCM-41 and MCM-48 was reported

by Anwander et al. [124].  Surface confined ketyl radicals are formed by one-electron

reduction in presence of flurenone/fluorenol.  Another example of tethering is the

heterogenisation of a dioxomolybdenum(VI) complex in MCM-41 and MCM-48 by using a

spacer ligand [125] with the aim of preparing an epoxidation catalyst.
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One of the first examples of transformation of grafted complex was the deposition

of active metal oxide sites on MCM-41 through the fixation of organometallic complexes

onto the MCM-41 walls reported by Thomas et al. [126] (Figure 1.12).  This work entailed

diffusing titanocene dichloride onto the interior surface of MCM-41 and subsequent

anchoring of the organometallic completely onto the walls, thereby producing a supported

half-sandwich Ti(η5-C5H5) species.  Calcination in oxygen converts the grafted moiety into

a four-coordinated site that functions as the active site for the epoxidation of alkenes.  A

similar work was reported by Shannon and co-workers [127] for the grafting of molybdenum

species onto porous silica via a molybdocene dichloride precursor.  The isolated MoVI oxo

groups at low Mo loadings were active for the oxidative dehydrogenation of methanol.

The activity of catalysts benefits from the dispersion of the active centres.  High Mo

loadings were readily leached away, leading to a quick decrease of the catalytic activity.

We reported an extension of the work by Thomas et al., which consisted of the

derivatisation of MCM-41 and MCM-48 by direct reaction with the titanocenophane

complex [SiMe2{(η5-C5H4)2}]TiCl2 
[128].

Ti

O
O

O

Ti

O
O

O

H
O

H
O

H
O H

O

Ti
Cl

Cl

Figure 1.12  Representation of diffusion and grafting of the titanocene dichloride complex

onto MCM-41 (adapted from ref. [126]).

Vanadium oxide species were attached to cubic MCM-48 [129].  The vanadium

triisopropoxide was anchored to the wall by impregnation with an anhydrous hexane

vanadium triisopropoxide solution and subsequently calcined under dry oxygen

atmosphere.  Characterisation studies of the final material revealed that the vanadium oxo
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species were mainly coordinated to the MCM wall as (Si-O)3V=O entities.  Burch and

co-workers [130] reported the direct grafting of manganese-oxo species on the wall of

MCM-41 channels.  This redox MCM-supported catalyst was prepared via the surface

immobilisation of gaseous Mn2(CO)10 followed by calcination in oxygen rich atmosphere.

The catalyst shows a high redox activity for hydrocarbon oxidation.

In addition to catalytic applications, the well-defined mesoporous M41S family of

materials also offers interesting potential to be used in membrane separation, adsorption

and electronic/optical applications.  The application in membrane separation implies the

organisation of the mesoporous structure into thin films, which is already a reality [78].  The

application as adsorbent is perhaps one of the most popular due to the huge pore volume,

the high surface area and compositional flexibility, which can be widely exploited for

selective adsorption of gases, liquids or binding of metals.  An example of the adsorbent

capacity of mesoporous materials is their use in the recovery of volatile organic

compounds in Mitsubishi Heavy Industry [78].  An example of the optical properties was the

inclusion of fullerene molecules onto MCM-41 followed by heat treatment resulting in a

composite with important optical properties.  The intense photoluminescence was from the

confined C60 and from the spatial confinement in MCM-41 [96].
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2.1 Powder X-ray diffraction (PXRD)

2.1.1 Generation of X-rays

The discovery of X-rays occurred in 1895 by the hands of a German physicist

Röntgen [1].  X-rays are a portion of the electromagnetic spectrum having wavelengths

from 10-10 to 10-8 m (1 to 100 Å), although only 0.3 to 2.5 Å is used for X-ray diffraction.
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As electromagnetic radiation, X-rays have wave and particle properties.  The derivation of

all angle-dependent phenomena is based on their wave characteristics.  However,

electronic detectors measure photon properties, with intensity measurements reported as

counts per second.

A high-energy (50kV) electron beam is directed onto a cooled metal target.  As

the electrons are decelerated in the target, several events produce X-ray radiation.  Most

of the electron beam energy is lost in collisions that set atoms in motion and produce heat,

which is dissipated through the cooling water.  Some electron energy is caught in the

electric fields of the target atom as the electrons decelerate and is reradiated as X-ray

radiation.  Copper and molybdenum are typically used as metal targets because the Kα

characteristic radiations have useful wavelengths, 1.54178 Å and 0.71069 Å, respectively,

and the targets are easily cooled for high efficiency.  For copper radiation, a nickel foil

absorbs most of the white radiation and other characteristic peaks, transmitting essentially

pure Kα radiation [2].  Niobium foil is used for molybdenum radiation.

2.1.2 Crystalline material

A crystalline material can be defined as a three-dimensional periodic

arrangement of atoms in space.  The periodic arrangement is called a unit cell and is the

repeating building block for the construction of the crystal.  This unit cell is always a

parallelepiped.  In the cell, the atoms arrangement is dependent on the type of atoms,

nature of bonds and their tendency to minimise the free energy by a high degree of

organisation.  The type of organisation results in some degree of geometric symmetry and

in unit cell shapes reflecting this symmetry.  The resulting crystal reflects the unit cell

symmetry.  A unit cell is defined by three vectors: a, b and c and the angles between

them: α (b^c), β (c^a) and γ(a^b).

A space lattice is the arrangement of single geometric points, which reflect

exactly the size and shape of the unit cells and their periodic arrangement in space.  The

lattice geometries are classified into seven categories known as crystal symmetry systems

(Table 2.1).  Symmetry elements when coupled with translation operations produce

additional symmetry elements at various locations in the unit cell.  When the possible

translations act on the various point-group symmetries, the result is 230 unique space

groups that describe the ways in which atoms or molecules can be organised.  The items

that characterise a crystal structure are the space group, the unit cell dimensions and a

list of the atomic coordinates.
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Table 2.1  Crystal symmetry systems.

Crystal System Cell dimensions Axial angles

Cubic a = b = c α = β = γ = 90º

Tetragonal a = b ≠  c α = β = γ = 90º

Orthorhombic a ≠  b ≠  c α = β = γ = 90º

Hexagonal a = b ≠  c α = β = 90º and γ = 120º

Rhombohedral a = b = c α = β = γ ≠  90º

Monoclinic a ≠  b ≠  c α = γ = 90º and β > 90º

Triclinic a ≠  b ≠  c α ≠  β ≠ γ ≠  90º

2.1.3 X-ray diffraction

Diffraction is the phenomenon whereby electromagnetic radiation is scattered

from a periodic arrangement of scattering centres with a spacing of the same order of

magnitude of the wavelength of the radiation.  A simplified way of describing this

phenomenon is to consider the lattice as planes of lattice points, and the reflection of

X-rays by these planes.  Constructive interference occurs only when the incidence and the

diffraction angle, θ, satisfy the conditions of the Bragg’s equation: nλ = 2d sin θ, where d is

the perpendicular spacing between the lattice planes (with Miller indices hkl) and n is the

number of the plane that reflects the X-rays (Figure 2.1).

X-ray source X-ray detector

dhkl

θ θ

Figure 2.1  Diffraction phenomenon: Bragg’s law.

The PXRD techniques are used to characterise samples in the form of loose

powders or aggregates of finely divided materials.  These techniques cover various

investigations, including qualitative and quantitative phase identification and analysis,
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determination of crystallinity, microidentifications, high- and low-temperature studies, thin

film characterisation and crystal structure analysis [3].

In PXRD, the powder sample is composed of many small crystallites.  Each

crystallite behaves as a single crystal and may diffract one beam.  Because the crystallites

are oriented randomly in the sample, the only measurable parameter is 2θ, which can be

transformed in d using the Bragg’s equation.  No direct information on the other lattice

constants, distances or angles can be directly deduced from the PXRD.  The difficulty in

the powder method lies in deciding which planes are responsible for each reflection, i.e.

assigning the correct hkl index to each reflection.  Although this is often possible for

simple compounds in high symmetry systems, it is extremely difficult to do for many larger

and/or less symmetrical systems because as the structures become more complex, the

number of lines increases so that overlap becomes a serious problem.

Identification of an unknown crystalline phase is possible by comparing the

measured d spacings with the lattice data existent for all known compounds in the PDF2

database of the International Centre for Diffraction Data (ICDD).  When the phase

identification is not possible by this technique, more elaborate methods are necessary to

determine the lattice parameters from the X-ray diffraction data.  The Rietveld method can

be used to refine a structure from powder diffraction data.

Scattering and structure factors.  Intensity of reflections

The interaction which takes place between X-rays and a crystal involves the

electrons: the more electrons an atom possesses, the more strongly it scatters the X-rays.

The effectiveness of an atom in scattering the X-rays is called scattering factor.  The

scattering factor depends not only on the atomic number, but also on the Bragg angle θ

and the wavelength of the X-rays: as the Bragg’s angle increases, the scattering power

drops off [1].  The resultant of the waves scattered by all the atoms in the unit cell, in the

direction of the hkl reflection, is called the structure factor, Fhkl, and is dependent on both

the position of each atom and its scattering factor.  It is given by the general expression

for j atoms in a unit cell:

∑ ++π=
j

lzkyhxi jjj
jhkl e )(2fF ;

Where fj is the scattering factor of the atom j and xj, yj and zj are its fractional coordinates.

Series such as this can be expressed in terms of sines and cosines, reflecting the periodic

nature of the waves.  They are known as Fourier series.  In a crystal which has a centre of
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symmetry and n unique atoms (the unique set of atoms is known as the asymmetric unit),

the Fhkl becomes:

)(2cosf2F n nnnhkl lzkyhx
n

++π= ∑ .

The electron density distribution within a crystal can be expressed in a similar way as a

three-dimensional Fourier series:

)(2F
1

),,( lzkyhxi

h k l

e
V

zyx hkl
++π−∑∑∑ ⋅=ρ ;

Where ρ(x, y, z) is the electron density at a position x, y, z in the unit cell and V is the

volume of the unit cell.  In mathematical terms the electron density is said to be the

Fourier transform of the structure density and vice versa.  This relationship means that if

the structure factors are known, it is possible to calculate the electron density distribution

in the unit cell, and the atomic positions.  The intensities of the hkl reflections are

proportional to the square of the structure factor:

2FI hklhkl ∝ .

When the square root of the intensity is taken, it is only possible to obtain the modulus of

the structure factor and, thus, its magnitude, not its sign.  The phase information is

unfortunately lost and certain methods have to be used in order to solve the phase

problem [1].  The most used are the Patterson technique and the “direct method”

approach.

2.1.4 Rietveld refinement [4]

For a Rietveld refinement, it is essential that the powder diffraction data is

collected appropriately.  Factors to consider prior to data collection are the geometry of

the diffractometer, the quality of the instrument alignment and calibration, the most

suitable radiation (e.g. conventional X-ray, synchrotron X-ray or neutron), the wavelength,

appropriate sample preparation and thickness, slit sizes, and necessary counting time.  If

the relative intensities and/or the 2θ  values (d spacings) are not correct, no amount of



Chapter 2

44

time spent on the structure refinement will yield sensible results.  An accurate description

of the shapes of the peaks in a powder pattern is critical to the success of a Rietveld

refinement.  Of the analytical peak-shape functions, the Pseudo-Voigt approximation is

probably the most widely used.  The Pseudo-Voigt function is simply a linear combination

of Lorentzian and Gaussian components in the ratio η/(1-η), where η is the Pseudo-Voigt

mixing parameter.  This appears to describe the symmetrical part of an X-ray diffraction

peak quite well.  An additional function is necessary to describe more precisely the

asymmetry due to axial divergence of the diffracted beam at low angles.  Before

refinement of structural and profile parameters can be started, the positions of observed

and calculated peaks must match well.  That is, the unit-cell parameters and the 2θ

correction need to be refined first.  Incorrect profile parameters yield characteristic

difference profiles; thus the examination of a suitably enlarged profile plot can be very

useful in determining which parameters need further refinement.

The Rietveld method involves an interpretation of not only the line position but

also of the line intensities.  Because there is so much overlap of the reflections in the

powder patterns, the Rietveld method analyses the overall line profiles.  The method

works better if a good trial structure is already known, for example if the unknown phase is

a slight modification of a known structure, with perhaps an element changed for another.

With a complete structural model and good starting values for the background

contribution, the unit-cell parameters and the profile parameters, the Rietveld refinement

of structural parameters can begin.  To monitor the progress of a refinement, the most

useful pieces of information are the profile fit and the nature of the parameters shifts

(i.e., if the shifts oscillate, diverge or converge).  The profile fit is best seen in a plot of the

observed and calculated patterns, but can also be followed numerically with a reliability

factor or R value.  It should be emphasised that profile plots are much more informative

than the R value is for guiding a refinement.  The difference plots indicate whether a high

R value is due to a profile parameter error or to a deficiency in the structural model.

The R values include the weighted-profile R value, Rwp, define as:
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− yi(obs) is the observed intensity at step i;

− yi(calc) is the calculated intensity at step i;

− wi is the weight.

The expression in the numerator is the value that is minimised during the refinement.

Ideally, the final Rwp should approach the statistically expected R value, Rexp:
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ii

exp



















⋅

−=
∑

R

where:

− N is the number of observations;

− P is the number of parameters.

Rexp reflects the quality of the data (i.e., the counting statistics).  The square of the ratio

between Rwp and Rexp gives χ2, which indicates if the data have been “over collected” (χ2

much larger than 1, i.e. errors not dominated by counting statistics) or “under collected”

(χ2 could be less than 1, i.e. Rexp will be large).

The profile-R value, Rp, is the final Rwp obtained in a structure-free refinement

and is a good indication of the best profile fit of the data that can be obtained.

The RF value describes the agreement between the observed and calculated

structural factors, Fhkl, and can be calculated by distributing the intensities of overlapping

reflections according to the structural model:

∑

∑ −
=

hkl

hkl

hkl

hklhkl

R
)obs(F

)calc(F)obs(F

F .

The RF value is dependent on the structural model and gives an indication of the reliability

of the structure.  The Bragg-intensity R value, RB, can also be used to monitor the

improvement in the structural model:
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∑

∑ −
=

hkl

hkl

hkl

hklhkl

R
)obs(I

)calc(I)obs(I

B .

where Ihkl = mF2
hkl (m=multiplicity).

R values are very useful indicators for the evaluation of a refinement, specially in

the case of small improvements to the model, but should not be overinterpreted.  The

quality of a Rietveld refinement has to be critically judged by analysing the match between

the observed and calculated patterns and the chemical sense of the results.

Experimental conditions

PXRD data were collected on a Phillips X’pert MPD diffractometer using Cu Kα

radiation with a curved graphite monochromator and proportional detector.  A flat plate

sample holder was used.  PXRD was performed for all AV samples between 3 and 40º 2θ,

using a step size of 0.02º and scan step of 0.3 º/min.  Silicon powder was used as internal

reference when the aim was to compare the diffractograms of different samples.  The

MCM sample PXRD patterns were acquired in the range 1-10º 2θ, using a step size of

0.02º and a scan step of 1 º/min.

The PXRD simulation of diffractograms was performed with the program Powder

Cell 1.8 [5].  The program TREOR 90 [6] was used to calculate the unit cell parameters

using the PXRD experimental reflections.  Rietveld refinement was performed using the

program FULLPROF [7] with the collaboration of Dr. Artur Ferreira from Escola Superior de

Tecnologia e Gestão de Águeda.

Cerius 2 program running on a Silicon Graphics computer was used to draw the

different structures using the unit cell parameters, space group and atomic coordinates.

2.2 Scanning electron microscopy/ Energy-dispersive spectrometry (SEM/EDS)

The electron beam is emitted from a heated tungsten cathode and focused by a

system of magnetic lenses  (usually two condenser lenses and one objective lens) to a

small diameter.  Acceleration voltages are 1000 to 50000 V.  The current of primary

electrons through the surface is approximately 10-8 to 10-7 Å.  This current can be

increased by using a more effective electron source, such as a lathanum hexaboride

(LaB6) cathode, or field emission cathode.  To generate the required vacuum, a diffusion
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pump or a turbomolecular pump is used.  The electrons excited by the primary electron

beam and emitted from the specimen surface are collected in an electron detector.  The

current of electrons (backscattered and secondary electrons) arriving to the detector is still

smaller than the primary beam, and must be amplified [8].  The electron beam scans the

material in the same way as in a cathode-ray tube used for image formation on a

television screen.

When the primary electron beam interacts with the sample, electrons and other

radiations are produced that can be used to form images and to analyse chemically the

sample (Figure 2.2).

surface

primary
electrons

Backscattered
electrons (BE)

Secondary
electrons (SE)

X-rays

Auger electrons
(AE)

X-rays
(0.2-2 µm)

BE
(0.1-1 µm)

AE
(1 nm) SE

(1-10 nm)

Cathodoluminescence

Figure 2.2  Radiation emitted by the sample.

The backscattered and the secondary electrons and the X-ray radiation are used in SEM.

The backscattered electrons [8] are produced by single large-angle or multiple small-angle

scattering events.  The energy distribution of the backscattered electrons depends on the

primary energy of incident electrons, the number of outer-shell electrons, the atomic

number of the material, and the surface inclination of the specimen.  As the atomic

number of the material hit by the incident beam decreases, fewer electrons are

backscattered and more energy is lost.  In materials with atoms of high atomic number,

many electrons are backscattered by atoms close to the surface, with little change in

energy.  Backscattered electrons give information on material composition, topography

and crystal orientation.
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The secondary electrons [9] are formed by interaction of the primary electrons with

loosely bound atomic electrons.  The energy of the secondary electrons is independent of

the energy of the incident electron beam and of the specimen material.  For convention,

all electrons below 50 eV are considered to be secondary electrons and those having

higher energy are called backscattered electrons.  The probability that the low energy

secondary electrons escape from the surface decreases exponentially with the depth of

their generation.  The secondary electrons yield depends on the material and the

topography of the specimen.

X-rays excited by the electron beam form two types of spectra [8]: (a) the

bremsstrahlung, which is the electromagnetic radiation emitted by electrons when they

pass through matter, forming a continuous spectrum; (b) the characteristic radiation with a

distinct line spectrum.  This line spectrum can be analysed by wavelength-dispersive

spectrometry (WDS) or by energy-dispersive spectrometry (EDS).  A lithium-drifted silicon

solid-state detector transfers the X-ray impulses to a multichannel analyser.  The

integrated information after processing in a microcomputer is displayed on the screen,

yielding rapid qualitative and semi-quantitative analysis of the composition.  For point

analysis the beam is stopped on the spot to be analysed.  The depth information is 1 to 10

µm, with approximately the same lateral resolution, increasing with increasing energy of

the electron beam and decreasing with specimen density (atomic weight) of the specimen

elements.  Quantitative analysis is usually quite accurate using computer correction of

absorption and fluorescence as well as suitable standards; relative errors are

approximately 10%.  Detectors possessing polymeric window can analyse elements

having atomic number higher than 5.

Experimental conditions

SEM was performed using a Hitachi S-4100 Field Emission Gun tungsten

filament working with a voltage of 25000 V.  EDS was carried out using a EDS Römteck

system with polymeric window attached to the scanning electron microscope.  The

samples were affixed to the aluminium holder using adhesive tape.  A conductive carbon

coating was applied to the samples to avoid charge accumulation, with consequent

deflection of the incident beam, leading to image distortion and significantly changing the

emission of secondary electrons.  Gold coating was used when no EDS analysis was

required (gold can interfere with the X-ray line of interest, e.g. zirconium), and when the

aim was to obtain better quality photos (gold is optimum with respect to electric

conductivity).  The coatings were applied by a high-vacuum evaporation method.
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2.3 13C, 23Na and 29Si Solid-State Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) is a radiofrequency (RF) spectroscopy

involving the interaction of the nuclear magnetic dipole or electric quadrupole moments

with external or internal magnetic fields or electric-field gradients.  These interactions

provide detailed information on the atomic (chemical) environment [10].

2.3.1 Basic concepts [11,12]

Many nuclei possess a spin momentum.  A nucleus with a spin quantum number

I (which is a fixed characteristic property of a nucleus and may be a half-integer or an

integer, but never negative) has:

− an angular momentum of magnitude [I(I+1)1/2! ], where !  is the reduced

Planck’s constant;

− a component of angular momentum mI∙!  on an arbitrary axis, where mI

(magnetic quantum number) = I, I - 1,...,-I;

− if I>0, the nucleus has also a magnetic moment with a constant magnitude and

an orientation that is determined by the value of mI.

According to the second property, the spin and the magnetic moment of the

nucleus may lie in 2I+1 different orientations relative to an axis (e.g., a proton has I = 1/2,

and its spin may adopt two orientations).

The component nuclear magnetic moment (µz) on an arbitrary axis (say z) is

proportional to the component of spin nuclear momentum on that axis and is given by:

µz=γ∙mI∙!

The constant γ, called magnetogyric ratio of the nucleus, has a different value for every

nucleus and is an experimentally determined quantity.  The magnetic moment is

sometimes expressed in terms of the nuclear g-factor, gI, and the nuclear magneton, µN,

by using:

Ng µ=γ I!
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In absence of a magnetic field, the energy of an isolated nucleus is independent

of the magnetic number.  However, when a uniform magnetic field of strength B0 is applied

in z-direction, under the condition of constant total energy (µz constant), the 2I+1

orientations of the nucleus will have different energies, which are given by:

ImE
"

 = −µz B0 = −! γmI 0B
"

,

The magnetic axis of the nucleus will precess in a cone with axis along 0B
"

.  This motion is

known as Larmor precession.  The Larmor frequency (ν0) is given by:

π
⋅γ

=ν
2
B

0
0 .

The stronger the magnetic field, the higher the Larmor frequency.  The energies of the

2I+1 orientations of the nucleus are usually expressed in terms of the Larmor frequency

as:

E = −mI h ν0,

When a sample is exposed to radiation of frequency ν, the energy separations between

different spin orientations come into resonance with the radiation if the frequency satisfies

the resonance condition:

ν
π

γ=
2

B0
=ν0,

There is resonance when the frequency of the radiation equals the Larmor frequency.  At

resonance there is a strong coupling between the nuclear spins and the radiation.  A

strong absorption occurs when the spins raise to a higher energy state.  With an

ensemble of such nuclei precessing with random phase around one of the axis

designating the direction of the stationary applied magnetic field 0B
"

, the macroscopic

sample has a net magnetisation, 0M
"

, along the same axis (Figure 2.3).  The ensemble

represents the little excess population over the ensemble aligned against the applied field

0B
"

, in accordance with the Boltzmann distribution.
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In NMR experiments, RF

electromagnetic energy is applied in such

a way that its magnetic field component

1B
"

 is at right angles to the main magnetic

field 0B
"

 and is rotating with the

precessing nucleus.  This is accomplished

by a coil with its axis at right angles to the

axis of the main magnetic field 0B
"

.  Such

coil will generate an oscillating magnetic

field 1B
"

 along the direction of the coil

axis.  An oscillating  magnetic  field  can

be  resolved  into two components

rotating in opposite directions.  One of

these components is rotating in the  same

Figure 2.3  Ensemble of excess precessing

nuclei.  
0M

"
 in the direction of the stationary

applied magnetic field 
0B

"
.

direction as the precessional orbit of the nuclear magnetic dipole; the oppositely rotating

component of 1B
"

 is essentially ineffective.  If 0B
"

 is held constant and the oscillator

frequency is varied, the angular velocity of the component of rotating magnetic field 1B
"

will vary until it is in resonance with the precessional angular velocity (ω0).  At this point,

the absorbed energy is at maximum, and the net magnetisation 0M
"

 is tilted away from

alignment with 0B
"

 toward the horizontal plane.  The magnetic component thus generated

in that plane can be detected.

After being excited to a higher energy state by absorption of energy, the nucleus

returns to the ground state.  One of the mechanisms whereby the nucleus in the higher

energy state loses energy to its environment and thus returns to its lower energy state is

called spin-lattice or longitudinal relaxation.  The sample in which the nuclei are held is

called the lattice.  Nuclei in the lattice are in vibrational and rotational motion, which

creates a complex magnetic field.  The magnetic field caused by motion of nuclei within

the lattice is called the lattice field.  This lattice field has many components.  Some of

these components will be equal in frequency and phase to the Larmor frequency of the

nuclei of interest.  These components of the lattice field can interact with nuclei in the

higher energy state and cause them to lose energy (returning to the lower state).  The

energy that a nucleus loses increases the amount of vibration and rotation within the

lattice, resulting in a tiny rise in the temperature of the sample.  The relaxation time T1 (the
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average lifetime of nuclei in the higher energy state) is dependant on the magnetogyric

ratio of the nucleus and on the mobility of the lattice.  As mobility increases, the vibrational

and rotational frequencies increase, making it more likely for a component of the lattice

field to be able to interact with excited nuclei.  However, at extremely high mobilities, the

probability of a component of the lattice field being able to interact with excited nuclei

decreases.

The other mechanism, called spin-spin or transverse relaxation, is characterised

by the time constant T2.  T2 is called the spin-spin relaxation time mostly because the

fluctuations in the local magnetic field are caused by the neighbouring spins with identical

precessional frequencies but different magnetic quantum states.  In this situation, the

nuclei can exchange quantum states; a nucleus in the lower energy level will be excited,

while the excited nucleus relaxes to the lower energy state.  There is no net change in the

populations of the energy states, but the average lifetime of a nucleus in the excited state

will decrease. This can result in a signal loss and line broadening.

Basically, a NMR experiment consists in the submission of a system to an

external magnetic field 0B
"

, followed by the system change by continuous or pulsed

irradiation of an alternating magnetic field 1B
"

.  The detection of the time domain response

of the system after each pulse is registered and averaged in a computer.  Fourier

transformation of the accumulated time-domain signal results in a frequency-domain NMR

spectrum with a relatively good signal/noise ratio [13].

2.3.2 Solid-state NMR interactions [11-14]

The NMR spectral lines for liquid samples are usually narrow due to the rapid

isotropic motions of the nuclei that average the local magnetic interactions.  In solids, a

broadening of the spectral lines arises from the static anisotropic interactions to which the

nuclei are subjected.  However, the NMR experiments in solids are many times

compulsory because of the degree of solubility of some solid samples, the change of

structural integrity when the samples are solubilised and also sometimes it is important to

get the structural information on a solid, for comparison with other solid-state techniques.

A general Hamiltonian for the nuclear anisotropic interactions experienced by a

nucleus of spin I (non metal) in the solid state may be written as:

CSQSCDZ HHHHHH
∧∧∧∧∧∧

++++= ;



General techniques and methods

53

where:

− ZH
∧

 represents the Zeeman interaction with the magnetic field (strength between 106

and 109 Hz);

− DH
∧

 represents the direct magnetic dipolar coupling: homonuclear and heteronuclear (0

to 105 Hz);

− SCH
∧

 is the indirect electron-coupled interaction: homonuclear and heteronuclear (0 to

104 Hz);

− QH
∧

 represents the quadrupolar interaction (for nuclei with spin I>1/2) (0 to 109 Hz);

− CSH
∧

 corresponds to the electron shielding (chemical shift) (0 to 105 Hz).

A common feature of the solid-state NMR interactions is that they are dependent

on the fixed molecular and spin orientations.  Each interaction results from bilinear

coupling between two vectors quantities (at least one is the nuclear spin vector) and is

generally described by a 3x3 matrix or second-rank tensor.  All tensors involved in the

interactions may be converted to a diagonal form by a correct choice of the coordinate

system, i.e., they have only elements along the diagonal in this coordinate system

(principal axis system), and are only characterised by those three elements:
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It is frequently convenient to define three new tensorial quantities:

− the trace of tensor (Tr σ) which is the sum of the three components of the tensor; the

quantity 1/3 Tr σ is the isotropic average of the tensor quantity (σiso);

− the anisotropy (∆σ) which is given by σzz-1/2(σxx+σyy), assuming the z axis as the

principal one;

− the asymmetry (η) given by 3(σyy-σxx)/2∆σ, and which value lies between 0 (tensor

axially symmetric) and 1.
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Zeeman interaction

In the absence of a magnetic field, the energy of an isolated nucleus is

independent of the magnetic quantum number m.  When a magnetic field of strength B0 is

applied, the (2I+1) non-degenerated energy levels are separated in energy by | !0Bγ |.

The Zeeman interaction is linear with the applied magnetic field: larger separations of the

energy levels occur at higher magnetic fields.  Consequently, there is also an increase of

the population difference between the energy levels and an improvement on the signal to

noise ratio.

Dipolar interactions

Considering the Zeeman energy levels for a system of n spins, if no spin-spin

interactions exist, the levels of energy will be equally spaced.  However, if dipole-dipole

interactions occur, each of these levels will be split into many fine levels due to the energy

of the dipole-dipole interactions.  For a solid containing a single type of spin, the

interaction of two isolated spins is (homonuclear case):

=
∧

DH ( ) ( )kik
z

i
z IIIIikI

ik

−⋅θ−⋅⋅γ
⋅π

µ
3cos31

2

2
2

r4

2
3

0 !
;

where:

− γI is magnetogyric ratio of the nucleus;

− rik is the internuclear vector.

For the heteronuclear case the secular Hamiltonian takes the form:

=
∧

DH ( ) ZZSI

IS

SI ⋅⋅θ−⋅⋅γγ⋅
⋅π

µ 2
3

cos31.
r4

0
!

where:

− γI is the magnetogyric ratio of the nucleus of spin number I;

− γS is the magnetogyric ratio of the nucleus of spin number S.

The dipolar interactions depend on the magnitude of the magnetic moments as it

reflects the magnetogyric ratios.  The dipolar interactions are more important for a spin ½
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with a large magnetic moment that is independent of the magnetic field.  The interactions

decrease with increasing internuclear distance.

Spin-spin coupling interaction

The spin-spin coupling interaction between a pair of spins I and S is independent

on the applied magnetic field and is usually quite small when compared with the other

solid-state interactions.

Quadrupolar interactions

The quadrupolar interactions occur for the nucleus with spin number I higher than

1/2 (with non-spherical-symmetric nuclear electric charge distribution), and are due to the

electrical interaction between the nuclear quadrupole moment and the electric field

gradient created by the electronic cloud at the site of the nucleus.

In absence of quadrupolar effects, the energy levels diagram consists of equally

separated energy levels (Figure 2.4).  However, if a relatively small quadrupole interaction

Quadrupolar
1st order

Zeeman

1

0

-1

Figure 2.4  Energy levels of a I=1 nucleus.

is  present,  the  energy  levels  are

shifted and, instead of a single

resonance  frequency, several resonance

frequencies are observed (Figure 2.4).

The  energy  shifts  due  to a quadrupolar

interaction  for  a  single  nucleus  may

be  obtained  by  first-order  perturbation

theory, given by an axially symmetric tensor, using the equation:

)1cos3(
h

qQe

8

3
E 2

2
Q −θ⋅










⋅=∆ ,

where:

− ∆EQ represents the energy shift;

− θ is the angle between the magnetic field 0B
"

and the principal component of the electric

field gradient tensor;

− e2qQ/h represents the quadrupole coupling constant.
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It should be noticed that the levels (m = -1 and m = 1) are equally affected and

in the same direction by the first-order quadrupolar interaction.  Thus, for a single spin 1

nucleus, the spectrum consists of a doublet with the same peak separation.

Considering a I = 3/2 nucleus

(Figure 2.5), it is possible to realise that

only the central transition (m = -1/2 ⇔

m = 1/2) is not affected by the first-order

quadrupolar interaction.  Hence, the

central line is not shifted while the satellite

lines corresponding to m ⇔ m-1 (with m ≠

1/2) appear on each side of the central

line.  The satellite transition frequencies

span e2qQ/h typically a few MHz, so large

that usually only the central transition can

be observed.  In conclusion,  quadrupolar

Zeeman

-3/2

-1/2

1/2

3/2

ν0

ν0

ν0

νa

ν0

νb

Quadrupolar
1st order

νb

νa

νc

Quadrupolar
2nd order

Figure 2.5  Energy levels of a I=3/2 nucleus.

nuclei with half-integer spins are free of first-order interaction and are only affected by the

much smaller second-order perturbation (Figure 2.6) [14].  The second-order quadrupolar

effect (SOQE) which broadens the central transition line is inversely proportional to B0

hence is desirable to use high fields.  The energy levels of a quadrupolar nucleus are

extremely  perturbed by a RF pulse when the  ωQ<<ωRF.   In this  situation the  excitation is

a) 1st order

b) 2nd order

(-1/2,1/2)

(3/2,1/2) (-1/2,-3/2)

∆2

ω0-ωQ ω0-ωQω0-ωQ/2 ω0-ωQ/2ω0

ωQ=e2qQ/h

∆2=25/9A

A=3ωQ
2/16ω0

ω0-16/9A ω0 ω0+A

Figure 2.6  Powder pattern of a I=3/2 quadrupolar

nucleus: a) 1storder interaction; b) 2nd order

interaction.

not selective and the pulse length (tp)

that maximises the line intensity (the 90º

pulse) is tpωRF=π/2.  For ωQ>>ωRF only

the neighbouring energy levels which

are irradiated on resonance are strongly

perturbed and the excitation is selective.

In this case, the line intensity

(corresponding to the central transition)

is maximum when tp(I+1/2)ωRF=π/2.  The

maximum line intensity for a selective

excitation is reduced by a factor of

[I(I+1)-3/4]-1/2 with respect to a non-

selective excitation.  If the sample is

monocrystalline  and the pulse  length is

sufficiently   small,  the  line   intensity  is
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independent of the strength of the quadrupolar interaction if the transition is excited on

resonance.

Chemical shift interaction

The chemical shift interaction arises from the ability of the applied field to

generate electron currents in molecules.  The ability depends on the molecules orientation

relatively to the applied magnetic field.  In liquids, the molecules turnover rapidly and

isotropically and only the average of the chemical shift is considered.  However, in solids,

the anisotropy is not averaged out and molecules in different orientations give resonances

at different frequencies.

The Hamiltonian that describes the chemical shift interaction is:

0CS BIH
""

! ⋅σ⋅⋅γ⋅=
∧∧

;

where:

− 
∧
σ  is the chemical shielding tensor, which describes the orientation dependence of the

interaction;

− 0B
"

 is the applied magnetic field along the z axis.

The frequency of the spectral line is determined by the σzz element of the shielding tensor,

which is equal to:

( ) iii
2

iso 1cos3
3

1 σ⋅−θ+σ=σ ∑zz

The chemical shift interaction is linear with the applied magnetic field, becoming

more important with the increase of the field strength.  This type of interaction is very

sensitive to the geometric factors and particularly to the surrounding atoms of the nucleus.

The chemical shift anisotropy varies with the angle between the applied field and the main

axis of the molecule as 3cos2θ - 1, contributing to the typical large linewidths in solids.

Often, it is not possible to observe the effects of chemical shift anisotropy on the solids

NMR spectra because the dipolar interaction has a higher contribution for the broadening

of the signals.
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2.3.3 Solid-state NMR techniques

High-Power Decoupling (HPDEC)

The HPDEC technique [13] is used to eliminate the heteronuclear dipolar

interaction and is applied when the aim is to measure a highly resolved NMR spectrum of

a rare spin nucleus coupled to an abundant spin nucleus.  A strong continuous or pulsed

RF field is used at the abundant spin nucleus frequency, so that the magnetisation of this

nucleus flip-flops very quickly.  The amplitude of the decoupler field has to be much larger

than the heteronuclear dipole-dipole coupling.  With this technique the heteronuclear

dipolar interactions are effectively eliminated as well as the heteronuclear scalar coupling

interactions.

Magic-Angle Spinning (MAS)

The chemical shift anisotropy, dipolar and first-order quadrupolar interactions are

dependent on the simple geometric factor  (3cos2θ - 1).   The “magic angle” is the angle at

which 3cos2θ - 1= 0 and corresponds to

54.74º (Figure 2.7).  In the MAS

technique the sample is spun at high

speed at the magic angle to the applied

field.

In the case of the dipolar

interaction, when the sample is spun

mechanically about the magic angle, the

time-averaged value of θ for all

internuclear vectors becomes 54.74º

and the dipolar interaction that broadens

the signals is removed.   Spinning  rates

must  be  comparable to the linewidths

of the  static  lines.   Spinning  at  a

slower rate  yields a spectrum where the

θ

B0
z

z’

Figure 2.7  Magic-angle spinning.

isotropic peak is flanked by a series of spinning side bands separated by the spinning

frequency, whose intensities reflect the static peak profile of the anisotropic interaction.

In order to remove the broadening effect of the second-order quadrupolar

interaction, a modification in the MAS technique is required.  The sample can be spun

about two axis simultaneously, one at 54.74º to B0 and the other at 30.6º or 70.1º to the
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first angle.  This technique is called double rotation (DOR).  Another technique is the

dynamic-angle spinning (DAS).  In this case the sample is rotated sequentially about two

different axes inclined to the magnetic field at angles of 37.38º and 79.19º.  Recently, the

technique of multiple-quantum (MQ) MAS NMR has provided a relatively straightforward

solution to the problem.  In this technique the sample is spun only at the magic angle

while the magnetisation evolves sequentially under the triple (or quintuple)-quantum

Hamiltonian in the first part of time t1 and under the single-quantum Hamiltonian during the

second part.

Cross-Polarisation (CP/MAS)

Cross-polarisation is a very important technique that solves a problem related

with the low natural abundance and sensitivity of certain nuclei to be analysed by NMR.

Usually those nuclei need a long delay between successive pulsed experiments imposed

by the long spin-lattice relaxation time.   This problem is overcome by a double-resonance

technique   (Figure 2.8),  in  which  the  magnetisation   of  an  abundant   nucleus  (1H)  is

transfered to a rare nucleus, e.g. 13C.

Firstly, the proton spins magnetisation is

rotated by 90º to align with the y axis in

the rotating frame.  The phase of this on

resonance pulse is then shifted by 90º so

that the 1B
"

 field and the proton

magnetisation are both aligned along the

y axis.  The proton spins will then precess

around H1B
"

 and are said to be spin-

locked.  Simultaneously with the phase-

shift of the proton pulse, an on resonance

RF pulse  C1B
"

  is  applied  to  the  carbon

1H

13C

90º x

y

contact

acquisition

1H Decoupling

Figure 2.8  CP scheme (1H-13C).

spins.  The  magnitudes  of  H1B
"

  and C1B
"

 are  chosen  so  that  the  Hartmann-Hahn

matching condition is satisfied (γHB1H = γCB1C).  During the contact time, the proton

magnetisation is transferred to the carbons.  When the contact time is finished, the carbon

pulse is turned off and its decay is observed.  The proton field acts as a decoupling field.

The CP technique allows a polarisation of the 13C nuclei four times higher than the

obtained by their spin-lattice relaxation.  The delay time is in CP determined by the spin-

lattice relaxation of the proton, which is typically an order of magnitude smaller than that of
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13C.  The mechanism that couples the 13C nuclei and the 1H reservoir is the dipolar

interaction.  Therefore, the signal build up for the various resonances takes place at

different rates, depending on the proton-carbon distances, the number of protons attached

to a particular carbon and on the mobility of the molecular systems.

Two Dimensional (2D) Multiple Quantum (MQ) MAS NMR

In a conventional one dimensional NMR experiment the nuclear signal is

measured during time t1, and the spectrum is produced after Fourier transformation.  The

time scheme of a 2D NMR experience is show in Figure 2.9.

First, the preparation step brings the system to a well defined initial state,

followed by an evolution time, t1.  During the evolution time, the spin system evolves under

the influence of various nuclear spin interactions.  The resonance signal is recorded

during the subsequent detection time, t2.  The experience is repeated with an incremented

evolution time, t1 = t1’+∆t1, whereby the initial state of the nuclear spin system during the

detection period at t2=0 changes.  A fixed mixing time period, tm, can be introduced

between the evolution and detection times, during which the nuclear magnetisation is

mixed between different resonances.

t1 t2tm

���������������
���������������
���������������
���������������
���������������
���������������

���������������
���������������
���������������
���������������
���������������
���������������

detectionevolution mixingpreparation

t1=t1’+∆t1

Figure 2.9  2D NMR spectroscopy timing diagram.

In 1995, a new two-dimensional multiple-quantum MAS NMR technique was

proposed by Frydman and Harwood [15] which yields highly resolved NMR spectra of

quadrupolar nuclei and allows the determination of both the isotropic chemical shift and

the quadrupole parameters.  In the MQ MAS NMR spectroscopy [16], a symmetric multiple-

quantum transition (m ⇔ -m) of a half-integer spin nucleus is considered.  The transition

frequency for a single crystallite in a fast spinning powdered sample can be written as:
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where p=∆m is in the order pQ of the multiple-quantum coherence, θ is the spinning

angle, CQ and η are the quadrupole coupling constant and asymmetry parameter,

respectively.  P2(cosθ) and P4(cosθ) are second- and fourth-order Legendre polynomials.

The orientation of the rotor axis with respect to the quadrupole tensor is given by angles α

and β.  The terms An(I,p) are the zero-, second- and fourth-rank coeficients.  Bn(η,α,β) are

orientation dependent functions, responsible for the broadening of lines.  p acts as an

independent variable.  Hence, the pQ coherence can be manipulated in a 2D experiment

in order to refocus the anisotropies during observation.  Using a two-pulse sequence, the

pQ coherence evolves during a time t1 and is subsequently transferred selectively into a

single-quantum (-1)Q coherence which is observed during the acquisition time t2.  When

spinning at the magic angle P2(θ)=0 isotropic echoes are expected at time:

t2= 11
4

4
)(

)1,(

)(
tpI,Rt

IA

pI,A =
−

where, R represents the anisotropic ratio.  After a 2D Fourier transform in t2 and t1, the

various species appear along the anisotropic axis A with a direction:

ν1=R(I,p) ν2;

where ν1 and ν2 are the frequencies in the (-1)Q and pQ multiple-quantum dimensions,

respectively.  The lines of the different species are p times more separated by their

isotropic chemical shifts in the multiple-quantum dimension than in the classical MAS

single-quantum dimension.  The multiple-quantum spectrum can be described to a first

approximation as a spectrum recorded at a virtual magnetic field p times greater than the

actual field of the spectrometer.  On the other hand, the lines do not appear at their

isotropic chemical shifts; rather they are displaced (in both dimensions) by the quadrupole

shifts.  This means that the species with similar isotropic chemical shifts can be separated

if they possess different quadrupole coupling constants (CQ).  From the centers of gravity

δ1 and δ2 (F1 and F2 dimensions, respectively) of the 2D spectrum, it is possible to

estimate the isotropic chemical shift δiso of the lines, using the equation [17,18]:
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For a 23Na nuclei (I=3/2 and p=−3), the SOQE parameter is given by [17]:
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 η+

with the quadrupole coupling constant, CQ, the asymmetry parameter, η, and the Larmor

frequency, ω0.

There are at least two types of pulse sequences that can be used in order to get

a MQ MAS NMR spectrum: a three-pulse sequence and a two-pulse sequence.  For a

spin system as 23Na the two-pulse sequence approach yields spectra with higher signal to

noise ratios than the three-pulse sequence.  The two-pulse sequence generates more

efficiently multiple-quantum coherences (Figure 2.10).

θ1

φ1

θ2

φ2

 3
 2
 1
 0
-1
-2
-3

    Preparation                   t1                Mixing                          t2

Figure 2.10  Two-pulse sequence and coherence transfer pathways used to measure a

3Q spectrum.
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2.3.4 29Si NMR chemical shifts in silicates

Silicates have long been investigated by NMR techniques.  Due to the advance

of multinuclear MAS NMR spectroscopy, it has become possible to identify the silicon-

oxygen species present in a silicate [13,19,20].  The silicon species are usually represented

by Qn, where Q represents silicon bonded tetrahedrally to four oxygens and n (= 0 – 4) is

the number of bridging oxygen atoms connected to silicon.  The 29Si chemical shift for Qn

species is generally between –70 and –115 ppm.  Figure 2.11 gives more details of the

range of 29Si chemical shifts of Qn units in solid silicates.

The use of the 1H-29Si CP/MAS NMR technique makes possible the detection of

silicon atoms to which one or more hydroxyl groups are attached [13].  The CP technique

strongly enhances the signal intensity of silicon atoms bearing OH groups or even allows

the detection of those signals too weak to be detected without CP.  The CP spectra are

usually not quantitatively reliable and can provide at best semi-quantitative information on

SiOH concentration.  However, once identified on the CP/MAS NMR spectrum the number

of hydroxyl groups attached to each silicon atom, it is possible to estimate their relative

concentration on the MAS NMR spectrum.  This information is very useful to characterise

MCMs samples and to tentatively quantify the number of immobilised molecules on the

MCMs’ walls.
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Figure 2.11  Ranges of 29Si chemical shifts of Qn units in MAS NMR of solid silicates

(adapted from ref. [13]).
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Experimental conditions
29Si, 23Na and 13C NMR spectra were recorded at 79.49, 105.85 and 100.62 MHz,

respectively, on a (9.4 T) Bruker MSL 400P spectrometer.  29Si MAS NMR spectra were

recorded with 40º pulses, spinning rates of 5.0 - 5.5 kHz, and 35 s (AV samples) or 60 s

(MCM samples) recycle delays.  29Si CP/MAS NMR spectra were recorded with 5.5 µs 1H

90º pulses, a spinning rate of 5.0 kHz and 4 s recycle delays.  Chemical shifts are quoted

in ppm from tetramethylsilane (TMS).

The single-quantum 23Na NMR spectra were measured using short and powerful

RF pulses (0.6 µs, equivalent to 15º pulse angle), a spinning rate of 15 kHz (30 kHz in the

case of AV-5), and a recycle delay of 2 s.  The 1H-23Na CP/MAS NMR spectrum of AV-3

was recorded with a 0.5 ms contact time.  Chemical shifts are quoted in ppm from 1 M

NaCl solution.  The triple-quantum (3Q) 23Na MAS NMR spectra were recorded with RF

magnetic field amplitudes of ca. 125 - 160 kHz.  210-450 data points were acquired in the

t1 dimension in increments of 7 – 9 µs.  To produce pure absorption line shapes in the 3 Q

MAS spectra, the optimum conditions for excitation and transfer of the (±3Q) coherences

using a simple two-pulse sequence were used.  The phase cycling was composed of 6

phases for the selection of the 3Q coherences.  This phase cycling was combined with a

classic overall four-phase cycle in order to minimise phase and amplitude mis-settings of

the receiver.  The ppm scale was referenced to ν0 frequency in the ν2 domain and to 3ν0 in

the ν1 domain.

13C CP/MAS NMR spectra were recorded with 4.5 µs 1H 90º pulses, a spinning

rate of 8 kHz, 4 s recycle delays and 2 ms contact time.  Chemical shifts are quoted in

ppm from TMS.

2.4 Fourier transform infrared spectroscopy (FTIR)

A certain functional group vibrates at nearly the same frequency independently of

its molecular environment.  This feature makes infrared spectroscopy a very useful

technique for materials characterisation.

For a molecule to absorb infrared light, its vibrations or rotations must cause a

net change in the dipole moment.  The alternating electrical field of the radiation interacts

with fluctuations in the dipole moment of the molecule.  If the frequency of the radiation

matches the vibrational frequency of the molecule then radiation will be absorbed, causing

a change in the amplitude of molecular vibration.  The infrared spectrum is thus the result

of the transitions between two vibrational energy levels [21].  Rotational transitions are of
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little use to the FTIR analysis of solids.  Rotational levels are quantised, and absorption of

infrared by gases yields a spectra.  However, in liquids or solids these lines broaden into a

continuum due to molecular collisions and other interactions.

The positions of atoms in a molecule are not fixed; they are subjected to a

number of different vibrations.  Vibrations fall into the two main categories of stretching

and bending.  In stretching vibrations, changes in the inter-atomic distance along bond

axis occur.  In bending vibrations, there is a change in the angle between two bonds.

There are four types of bend: rocking, scissoring, wagging and twisting.

Experimental conditions

FTIR spectra were recorded in transmittance mode on a Unican Mattson Mod

7000 FTIR spectrophotometer using KBr pellets and/or solutions in a range

400-4000 cm-1.  The pellets were prepared by sample dispersion (0.2 mg) in a KBr matrix

(150 mg) and pressed.  The spectra were typically an average of 64 scans with 4 cm-1

resolution.

2.5 Raman spectroscopy

Raman spectroscopy is a valuable tool for materials providing structural,

orientational and chemical information from the molecular vibrations of the species of

interest [21].  The Raman effect is named after C. V. Raman, who, together with K. S.

Krishnan first observed this light-scattering phenomenon in 1928.

The quantum theory of Raman scattering involves considering a radiation of

frequency ν0 as consisting of photons that have energy hν0.  Scattering of this radiation

occurs when these photons undergo two types of collisions with the molecules of the

medium.  Elastic collisions are those in which the energy of the scattered photons is the

same of the incident photons.  This is the most common scattering effect occurring in a

molecular system and is denominated Rayleigh scattering (Figure 2.12).  Much less

probable is the inelastic collision of a photon with a molecule.  In this situation, the

scattered photon possesses lower or higher energy than the incident proton.  The energy

of the scattered photon is h(ν0 ± νn) (Figure 2.12).  Two types of scattered radiation result

of the inelastic collision: Stokes and anti-Stokes radiation.  In the Stokes radiation the

scattered photon is lower in energy, by an amount that equals the necessary amount to

excite a vibration or a rotation in the molecule.  The anti-Stokes radiation possesses

higher energy, and molecules lose a vibrational or rotational quantum of energy to the
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incident photon.  The anti-Stokes scattering can only occur when the molecules are in an

excited energetic state before scattering.  Stokes radiation is more intense, being usually

used in Raman spectroscopy (Figure 2.12).  However, the total amount of inelastic

scattering is much lower than the elastically scattered Rayleigh radiation, which makes the

Stokes radiation (Raman signal) detection a very difficult task [22].

Rayleigh
scattering

hν0 hν0 hν0 h(ν0 - νn)

hν0 h(ν0 + νn)

Virtual
states

νm

νn

Ground
state

Stokes
scattering

Anti-Stokes
scattering

Figure 2.12  Molecular light-scattering processes.

Experimental conditions

The spectra were obtained at room temperature, in a microscope Raman

Renishaw 2000 with resolution of 1 cm-1, using a helium-neon laser 127 Spectra Physics

with 25 mW of power, corresponding to an excitation of 632.8 nm.  An air-cooled CCD

detector was used.  The spectra were collected in a range of wavenumber 140 and

1200 cm-1.  The powder samples were suported on a glass, by pressing with a second

glass to ensure a flat surface.

2.6 Thermal analyses

Thermogravimetric Analysis (TGA) [23] consists on weighing continuously a

sample as it is heated at a constant temperature scanning rate.  By following up the

variation of mass as a function of temperature it is possible to draw conclusions

concerning the sample’s transformations.  In microporous samples, usually it is possible to
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observe distinct ranges of mass changes, corresponding first to the quick loss of adsorbed

water within the channels (below 150 ºC), followed by the slow loss of structural water

(usually, up to 450 ºC) and ending with a flat baseline indicating no change in mass.

Usually, the mass loss of microporous materials, when heated up to 500 ºC is a reversible

process.

Differential Thermal Analysis (DTA) [23] consists of heating under identical

conditions a sample and a thermally inert reference material, while continually recording

the temperature of the furnace and the temperature difference between the sample and

the reference material.  When the temperature difference is equal to zero (or constant),

the instrument records a baseline.  If a phase change, decomposition or other reactions

take place in the sample, with heat absorption or evolution, the temperature difference

against the reference material will be modified and the temperature variation will be

recorded by the instrument as an electromotive force deviating from the initial baseline.

The sense of the deviation against the preceding baseline is determined by the

temperature difference between the sample and the reference material, showing at the

same time the nature of the thermal process taking place.  A negative deviation is

observed for an endothermal change, while a positive deviation to the baseline

corresponds to an exothermal process.

Experimental conditions

TG analyses were carried out in a Shimadzu TGA-50 instrument with a 5 ºC/min

scanning rate, between 25 and 1100 ºC.

DT analyses were carried out in a Mettler TG-50 instrument with a processor

TC10A-TA, with a 5 ºC/min scanning rate, between 25 and 1100 ºC.

2.7 Adsorption measurements

The adsorption properties of molecular sieves materials give substantial

information on the structure of these materials.  The most fundamental property is the

pore volume, which is determined by testing the ability to adsorb molecules of different

radius size.  Typical adsorbates are air, oxygen, water, nitrogen, carbon dioxide and a

number of alkanes ranging from C2–C7.  In order to obtain the total pore volume, prior to

adsorption samples are thermally dehydrated [24].

According   to   IUPAC   the  shapes  of  adsorption   isotherms  (Figure 2.13)  are
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classified into six groups.  Type I

isotherm is given by a microporous solid

(e.g. molecular sieve, zeolites or

activated carbon) having a relatively

small external surface.  In contrast, type

II isotherm represents unrestricted

monolayer-multilayer adsorption on a

non-porous or macroporous adsorbent.

The characteristic features of the type IV

isotherm are its hysteresis loop and the

limiting uptake at high P/P0: these

features are associated with capillary

condensation taking place in

mesopores.  The remaining isotherms

are less common: type VI represents

stepwise multilayer adsorption on a

uniform non-porous surface, whereas

type III and V are associated with weak

adsorbent – adsorbate interactions [25,26].
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Figure 2.13  IUPAC shapes of adsorption

isotherms.

The surface area, pore volume and pore size distribution are calculated using the

experimental isotherm (which has the volume of adsorbed gas plotted versus relative

pressure).  The BET (Brunauer, Emmett and Teller) procedure is used to calculate the

surface area [27].  In this procedure the following equation is used:
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where:

− n is the number of moles of adsorptive gas on 1 g of dehydrated adsorbent (mol g-1);

− nm is the monolayer capacity (number of moles adsorbed as a monolayer on 1 g of

adsorbent, mol g-1);

− P/P0 ratio is the relative pressure;

− P0 is the saturation vapour pressure of adsorptive gas at adsorption temperature;

− c is the experimental constant related to the net heat of adsorption of the molecules in

the monolayer.
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By plotting the 
P)(P0n

P

−×
versus 

P0

P
 it is possible to get nm from the slope and

intercept of the liner regression, and calculate the specific surface area (SBET), using the

following equation:

SBET = nm x N0 x am (m2 g-1)

− N0 is the Avogadro constant (6.022 x 1023 mol-1);

− am represents the area occupied by an adsorbate molecule in the completed monolayer

(m2).

The gas adsorption method of estimating the pore volume from the adsorption

isotherm is based upon the fact that the gases condense to liquid in the narrow pores at

pressures less than the saturation vapour pressure of the adsorbate.  Assuming that all

pores are filled with condensate at the highest relative pressure recorded, the total pore

volume (Vp) can be calculated using the Gurvitsch equation [28]:

Vp = nsat x VM (cm3 g-1)

− nsat – number of moles of adsorbate per gram of dehydrated adsorbent near saturation

(P ≈ P0);

− VM  represents the  molar volume of the adsorbate in the liquid phase (for N2, VM is

34.6 cm3mol-1).

Experimental conditions

The adsorption isotherms were recorded using a CI electronics MK2-M5

microbalance connected to a vacuum manifold line.  The equilibration of each data point

was monitored using CI electronics Labweigh software and the pressure monitored using

an Edwards Barocel pressure sensor.

The as-made samples (typically around 0.02 g) were dehydrated overnight at

723 K to an ultimate pressure of 10-4 mbar and then cooled to room temperature prior to

adsorption. Extra care was necessary when studying the functionalised MCM materials

and, hence, 423K was used to prevent the destruction of the functionalities.  Nitrogen

isotherms were then recorded at 77 K. Specific surface areas, ABET, were determined

from the linear part of the BET equation (P/Po = 0.05 - 0.3) for the MCM materials.  Water
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adsorption isotherms were recorded at room temperature, assuming a reasonable

equilibrium time for the data collection when the diffusion was slow.  Dissolved air was

removed from distilled-deionized water using freeze-pump-thaw cycles before use.

2.8 Other analyses

2.8.1 Bulk chemical analysis (ICP-AES)

Chemical analyses were done at Kingston Analytical Services in Kingston-Upon-

Thames, U.K., by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES).

Prior to analysis, the samples were fused with lithium metaborate and the melts dissolved

in nitric acid 0.8 M.

2.8.2 Fluorescence spectroscopy

The optical properties of AV-5 were measured in the Physics Department of the

University of Aveiro by Prof. Luís Carlos.  The 14 K emission spectrum of this

material was recorded for the 325 nm He-Cd laser excitation line.  The visible

spectrum was recorded in a 1 m Czerny Turner spectrometer (1704 Spex) – fitted with a

1200 grooves/mm grating blazed at 500 nm – coupled to a R928 Hamamatsu

photomultiplier.  The spectrum was corrected for the response of the detector.

2.8.3 Extended X-ray absorption fine structure (EXAFS)

Fe K-edge X-ray absorption spectra of MCM-41 and MCM-48 samples

derivatised with (1,1´-ferrocenediyl)dimethylsilane were collected at room temperature in

transmission mode on station 9.2 [double crystal Si(220) order-sorting monochromator,

50% harmonic rejection] of the Synchrotron Radiation Source at the Daresbury

Laboratory, UK (by Dr. Martyn Pillinger), operating at 2 GeV in single bunch mode with

typical currents of 13-19 mA.  Solid samples, diluted if necessary with boron nitride, were

held between layers of mylar film in 0.5 mm thick aluminium plates.  Two spectra were

recorded for each sample and summed using the program EXCALIB, available on the

Daresbury computer XRSSERV1.  The program EXBACK was used to extract the raw

EXAFS, χE(k), and curve-fitting analyses, by least-squares refinement of the non-Fourier

filtered k3-weighted EXAFS data, were carried out within EXCURVE
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(version EXCURV98 [29]
) using spherical wave methods [30].  Phase shifts were calculated

using Von Bart ground state and H. Lundqvis exchange potentials.

2.8.4 Oxidation catalysis

The Ti-modified mesoporous silicas were screened as catalysts for the

epoxidation of cyclooctene at 323 K with t-butylhydroperoxide (TBHP).  These preliminary

studies were performed in collaboration with Ms. Ana Santos and Dr. Fritz Kühn at the

Anorganisch-chemisches Institut der Technische Universität München.  800 mg

(7.3 mmol) cis-cyclooctene, 800 mg n-dibutylether (internal standard), 180 mg

Ti-MCM-41/(CH2Cl2 or THF) or Ti-MCM-48/(CH2Cl2 or THF) and 2 ml 5.5 M

t-butylhydroperoxide in decane were added to a thermostated reaction vessel and stirred

for 24h at 50 ºC.  The course of the reaction was monitored by quantitative GC-analysis.

Samples were taken every thirty minutes, diluted with dichloromethane, and chilled in an

ice-bath. For the destruction of hydroperoxide and removal of water a catalytic amount of

manganese dioxide and magnesium sulfate was added. After the gas evolution ceased

the resulting slurry was filtered over a filter equipped Pasteur pipette and the filtrate

injected in the GC column.

The conversion of cyclooctene and formation of cyclooctene oxide was

calculated from a calibration curve (r2 = 0.999) recorded prior to the reaction course.

2.9 Hydrothermal synthesis

General conditions of the synthesis of novel microporous materials

The syntheses were carried out in Teflon-lined autoclaves by mixing the different

reagents until a good homogeneity was obtained.  The pH of the alkaline solutions was

measured after 1/100 dilution.  The temperatures of synthesis varied from 180 to 230 ºC.

After 3 to 12 days, the samples were removed from the oven, cooled, filtered and washed

with distilled water.  The powders were dried overnight at room temperature.

Synthesis of MCM-41

Purely siliceous MCM-41 was synthesised according to the literature employing

[(C14H29)N(CH3)3]Br as a templating agent [31].  Sodium silicate solution was used as the

source of silicon.  40 g of distilled H2O was mixed with 1.2 g of H2SO4 (Merck, 95%).  After
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10 minutes 18 g of sodium silicate solution (27% m/m SiO2, 8% Na2O, Merck) was added,

and the solution was stirred again for 10 minutes.  A solution of 15.5 g of

[(C14H29)N(CH3)3]Br (Aldrich) in 46.5 g of H2O was added to the previous solution and

homogenised for 30 minutes.  20 g of water was added before transfer to a Teflon-lined

autoclave.  The samples were heated at 100 ºC for 6 days to achieve complete reaction.

The solid product was filtered and washed with abundant warm water for elimination of the

template residues.  Materials were dried overnight at room temperature and calcined in air

at 540 ºC for 6 hours.

Synthesis of MCM-48

MCM-48 was synthesised according to the literature employing

cetyltrimethylammonium chloride [(C16H33)N(CH3)3.Cl] as a templating agent [32,33].  An

alkaline solution was prepared by mixing 0.7 g of sodium hydroxide (Merck), 17.5 g H2O

and 7.40 g of tetraethylorthosilicate solution (Aldrich).  After mixing for 5 minutes, 27.8 g of

[(C16H33)N(CH3)3]Cl (Aldrich) was added and the mixture was stirred for 15 minutes.  The

gel was autoclaved at 100 ºC for 4 days. The solid product was filtered and washed with

abundant warm water for elimination of the template residues.  Materials were dried

overnight at room temperature and calcined in air at 540 ºC for 6 hours.

2.10 Derivatisation of MCM materials

All preparations and manipulations were performed using standard Schlenk

techniques under an oxygen-free and water-free nitrogen atmosphere.  Commercial grade

solvents were dried and deoxygenated by refluxing at least 24 h over appropriate drying

agents under nitrogen atmosphere and freshly distilled prior to use.

Calcined MCM materials (0.5 g) were activated at 180 ºC under vacuum for

3 hours and treated with excess of the derivatising solution in appropriate solvent (20 mL).

The mixtures were stirred at room temperature for appropriate time.  The solutions were

filtered off and the solids washed few times with portions of solvent, before drying under

vacuum at room temperature for several hours.
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3.1 Introduction

When attempting to prepare microporous yttrium silicates, a novel material

denominated AV-1 (Aveiro microporous solid no. 1) [1,2] was obtained with the structure of

the mineral montregianite [3,4].  Further work resulted in the preparation of both a cerium

silicate [5] with this structure (AV-5) and a calcium silicate (AV-2) [2], analogue of the

mineral rhodesite [6], with a structure closely related to that of montregianite.

3.2 Description of the montregianite and rhodesite structures

Montregianite   is  a   very   rare   hydrated   sodium   potassium   yttrium   silicate

(Na4K2Y2Si16O38∙10H2O)  from Mont

Saint  Hilaire  in  Québec, Canada, and

was first described in 1978 by Chau [3].

The name “montregianite” has it origin in

Monteregian  Hills.   Chau [3]  considered

the  symmetry  of  montregianite  to  be

orthorhombic  and  classified  it  among

the macdonaldite, delhayelite, and

rhodesite   group  of  minerals  based

on   the   similarities  of   their   chemical

Figure 3.1  An apophyllite-type single silicate

sheet of montregianite parallel to the (010).

Brown SiO4, red O.
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compositions and unit-cell dimensions.  All these minerals are characterised by double

silicate  sheets, where the single sheet is of the apophyllite type with four- and eight-

membered rings (Figure 3.1).

To clarify the structural basis of the montregianite zeolitic behaviour,

Ghose et al. [4] undertook a detailed crystal-chemical study of the mineral.  The authors

found the true symmetry of montregianite to be monoclinic, space group P21/n (Z = 2),

with unit cell dimensions a = 9.512, b = 23.956, c = 9.617 Å, β = 93.85º and unit cell

volume (V) = 2186.5 Å3.

The  crystal  structure of montregianite  consists  of  two  different  types of layers

alternating along the [010] direction

(Figure 3.2): (a) an open octahedral sheet

consisting of an yttrium octahedron and

three crystallografically distinct sodium

octahedra, and (b) a tetrahedral double

silicate sheet.  Potassium atoms and

water molecules reside within the large

channels defined by the eight-membered

rings.

In Nature, montregianite usually

occurs with framework substitution of

yttrium by cerium (up to 40% of

framework substitution).

z

y

Figure 3.2  Polyhedral representation of

montregianite structure viewed along [100].

Green YO6, brown SiO4, pink NaO4(H2O)2.

Octahedral Sheet

The  open  octahedral  sheet  parallel  to  (010)  is  formed  by   [YO6]   and  three

Na(2B)

Na(2A)

Na(1)
Y

z

x

Figure 3.3  An open mixed octahedral layer parallel

to (010) plane. Green YO6, pink NaO4(H2O)2.

different types of [NaO4(H2O)2] octahedra

sharing edges, in such a way that mixed

octahedral rings are formed, whose

centres coincide with the corners of the

base of the unit cell in the (010) plane

(Figure 3.3).  The eight-membered rings

with two yttrium and six sodium atoms are

elliptical in shape, the long axis of the

ellipse being parallel to the [101] direction
[4].   The  [YO6] octahedron is fairly regular
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with an average Y – O bond length of 2.261 Å and an average deviation of ± 2.92º from

the ideal octahedral O – Y – O angle of 90º.  The [Na(1)O4(H2O)2] octahedron with an

average Na–O bond length 2.493 is slightly larger than the [Na(2A)O4(H2O)2] and the

[Na(2B)O4(H2O)2] octahedra (average Na–O bond lengths 2.416 and 2.411 Å,

respectively) [4].  In addition Na(1) forms a weak seventh bond with the O(5B) [4] at 2.900

Å.  The Na(2A) and Na(2B) octahedra are very similar in configuration.

Double Silicate Sheet

The double silicate sheet is formed by two condensed single silicate sheets of the

apophyllite type with four- and eight-membered rings (Figure 3.1).  The single silicate

sheet consists of single chains of corner-sharing tetrahedra, forming four-membered rings

parallel to [101].  By sharing tetrahedral corners, adjacent chains give rise to the silicate

sheet with eight-membered rings.  Within each silicate chain, there are two types of

alternating four-membered rings formed by (a) Si(4) – Si(5A) – Si(6) – Si(5B) and

(b) Si(1) – Si(2B) – Si(3) – Si(2A).  Two silicate tetrahedra [Si(1) and Si(4)], one each

within the two four-membered rings belonging to a single sheet, make the connection to

the second single silicate sheet.

Within the double silicate sheet consisting of eight crystallographically different

silicons, Si(1) and Si(4) are unique because all four Si–O bonds are bridging (Si–O bond

length average 1.598 Å); within each of the other six tetrahedra, three Si–O bonds are

bridging (average length 1.628 Å) and the fourth one is non-bridging (average length

1.569 Å).  The Si(1) and Si(4) tetrahedra are not only smaller but also more regular than

the other six tetrahedra.

Ghose et al. [4] confirmed the observation made by Chau [3] that montregianite

belongs to the same family of orthorhombic and pseudo-orthorhombic alkali silicate

minerals macdonaldite, delhayelite and rhodesite.  Although all four minerals are

characterised by the same type of double silicate sheets, important differences exist in the

octahedral layers and constituents.  In view of the similarities of the chemical

compositions and crystal structures of montregianite, K2Na4Y2Si16O38.10H2O, and

rhodesite, K2Ca4Na2Si16O38.12H2O [7,8] it seemed likely that these two structures were

related by the substitution of (Na4Y2) by (Ca4Na2) in the octahedral layer.  Rhodesite was

first described by Mountain [7] in 1957 as an alkaline calcium hydrate from Bultfontein

mine, Kimberley, South Africa.  Hesse [9,10] reported the absence of sodium atoms in

rhodesite.  The structure was solved in 1992 by Hesse and Liebau [6], using rhodesite

specimens from Zeilberg (Germany), Trinity County (California, USA) and San Venanzo
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(Italy).  The mineral rhodesite (Trinity County), with ideal chemical composition

HKCa2Si8O19∙6H2O [6], is orthorhombic (Pmam) with unit cell dimensions a = 23.444(5),

b = 6.553(1), c = 7.055(1) Å and V = 1083.9(3) Å3.   The rhodesite structure (Figure 3.4) is

x

z

Figure 3.4  Schematic rhodesite structure viewed

along the direction [010].  Blue CaO6, brown

SiO4.

formed by a double tetrahedral silicate

sheet  similar to the one  reported for

montregianite, alternating in the direction

[001] with an octahedral sheet formed by

calcium atoms. Potassium atoms and

water molecules are located within the

eight-membered ring channels.  The

structure  of  rhodesite  contains  two

sets of  octahedrally coordinated calcium

ions, which form single chains parallel to

the [001] direction (Figure 3.5).  The

octahedral chains connect adjacent

silicate double layers.  While Ca(2)

is coordinated to six terminal

oxygens  belonging to six  different  [SiO4]

tetrahedra,  Ca(1)  is  coordinated  to  four  terminal  oxygens  from  four   [SiO4]   and  two

oxygens, from the water molecules.  The

extra-framework potassium ions are ten-

coordinated to six bridging oxygens and

four water molecules.  The calcium ions

have the right size (ionic radius 1.00 Å) to

form straight chains of edge-sharing

octahedra.  In the case of montregianite,

the slightly smaller yttrium ions (ionic

radius 0.90 Å), in combination with

sodium  ions  [Na(2A)  and  Na(2B)],  still

adjust   to   the   dreier   chains   of

double layers.   The  voids between these

y

x

Figure 3.5  rhodesite octahedral layer. Blue

CaO6.

octahedral chains are occupied by Na(1), leading to the formation of a layer of face-

sharing polyhedra.  Since only 50% of the interchain positions are filled by Na(1), these

layers are perforated, originating the mixed elliptical eight-membered rings

(Figure 3.3).
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3.3 Synthesis of AV-1, AV-2 and AV-5

AV-1 was made by preparing an alkaline solution with 5.07 g of sodium silicate

solution (27% m/m SiO2, 8% Na2O, Merck), 18.3 g of H2O, 0.20 g of potassium hydroxide

(Merck), 0.29 g of sodium hydroxide (Merck) and 0.22 g of sodium chloride (Aldrich).  1.73

g of yttrium sulphate octahydrated (Aldrich) was added to the solution, and the mixture

was stirred thoroughly.  The gel, with the composition 0.53 Na2O : 0.078 K2O : 1.00 SiO2 :

0.12 Y2O3 : 54.53 H2O, was autoclaved under autogenous pressure for 6 days at 230 ºC.

AV-2 was made by preparing an alkaline solution with 5.07 g of sodium silicate

solution (27% m/m SiO2, 8% Na2O, Merck), 15.2 g of H2O, 0.20 g of potassium hydroxide

(Merck), 0.28 g of sodium hydroxide (Merck) and 0.22 g of sodium chloride (Aldrich).  0.70

g of calcium nitrate tetrahydrated (Panreac) was added to the solution and stirred

thoroughly. The gel, with the composition 0.52 Na2O : 0.080 K2O : 1.00 SiO2 : 0.13 CaO :

46.70 H2O, was autoclaved under autogenous pressure for 6 days at 230 ºC.

AV-5 was made by preparing an alkaline solution with 6.05 g of sodium silicate

solution (27% m/m SiO2, 8% Na2O, Merck), 5.04 g of H2O and 0.91 g of potassium

hydroxide (Merck).  A second solution was prepared by mixing 1.04 g cerium(III) sulphate

octahydrated , 10.02 g of water and 2.00 g of hydrochloric acid solution 2 M.  The two

solutions were mixed and stirred thoroughly.  The gel, with the composition 0.29 Na2O :

0.30 K2O : 1.00 SiO2 : 0.054 Ce2O3 : 42.20 H2O, was autoclaved under autogenous

pressure for 8 days at 230 ºC.

The microcrystalline products obtained were filtered, washed with distilled water,

dried at room temperature and the powders fully characterised using the techniques

outlined in Chapter 2.

3.4 Results and discussion

The PXRD patterns of AV-1 and montregianite [3] (Figure 3.6) are very similar.

The small differences observed are mainly due to the fact that extensive framework

substitution of yttrium by cerium, calcium, magnesium and barium, and of silicon by

aluminium occurs in the mineral [3,4].  The unit cell dimensions, a = 9.595, b = 23.956, c =

9.583 Å and β = 93.85º, were calculated assuming a monoclinic unit cell (P21/n, Z = 2) [4].

Moreover, the slightly raised baseline in the range 22 to 35º 2θ  in the PXRD reveals the

existence of a small amount of amorphous impurity.
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5 10 15 20 25 30 35 40

2θ / Degree

Figure 3.6  Experimental PXRD pattern of AV-1.  For comparison, the solid lines depict

the montregianite reflections.

Figure 3.7 shows the experimental PXRD pattern of AV-5 and the montregianite

reflections.  The small differences observed are due to the presence of a small amount of

an, as-yet, unknown impurity.  The unit cell parameters have been calculated assuming a

monoclinic unit cell, space group P21/n (Z = 2) and cell dimensions a = 9.579, b = 24.053,

c = 9.695 Å, β = 93.654º and are similar to those reported for montregianite [4].

5 10 15 20 25 30 35 40
2θ / Degree

Figure 3.7  Experimental PXRD pattern of AV-5.  For comparison, the solid lines depict

the montregianite reflections.

The PXRD patterns of AV-2 and rhodesite [6] are shown in Figure 3.8.  AV-2 was

found to be orthorhombic with calculated unit cell dimensions (a = 23.797, b = 6.598,

c = 7.031 Å) very similar to those reported for the mineral [6].
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The differences in the intensities may be due to preferential orientation of the

crystals.

5 10 15 20 25 30 35 40

2θ / Degree

Figure 3.8  Experimental PXRD pattern of AV-2.  For comparison, the solid lines depict

the rhodesite reflections.

The SEM image (Figure 3.9) shows that the AV-1 crystals are aggregates of very

thin plates about 6 µm in length.

Figure 3.9  SEM image of AV-1.

The SEM image of AV-5 (Figure 3.10) shows the presence of some poorly-

defined particles of very small size, which should correspond to the impurity observed in

the PXRD pattern.  Although small (40 µm at best) some of the AV-5 crystals seemed to

be of good quality.  It was, however, not possible to solve the structure by single-crystal

methods.
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Figure 3.10  SEM image of AV-5.

The AV-2 crystals are obtained as long needles with irregular size (Figure 3.11).

The morphology of the crystals favours the occurrence of preferential orientations in the

PXRD diffractogram.

Figure 3.11  SEM image of AV-2.

Bulk chemical analyses of AV-1, AV-5 and AV-2 are summarised in Table 3.1.

The results reported were obtained by ICP-AES in the case of AV-1 and AV-5 and by EDS

for AV-2.
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Table 3.1  Elemental analysis of AV-1, AV-5 and AV-2.

Si (mol) X (mol) K (mol) Na (mol) Si/X (Na,K)/X

AV-1 16 1.46 1.81 4.65 10.94 4.41

AV-5 16 1.86 1.23 3.05 8.60 2.30

AV-2 16 3.57 0.33 5.51 4.46 1.63

X is equal to Y, Ce and Ca in AV-1, AV-5 and AV-2, respectively.

In AV-1, the Si/Y molar ratio is higher than expected considering the

montregianite structure [4].  This observation is in good agreement with the PXRD, which

reveals the presence of amorphous material rich in silicon.  The value of the ratio (Na,K)/Y

is also high perhaps due to the impurity.

In AV-5, the Si/Ce molar ratio, 8.60, is slightly larger than expected assuming a

montregianite-type structure for which Si/Ce = 8 [4].  This should be partially due to the

presence of some impurity phase.  The (Na+K)/Ce ratio of 2.30 is between 2 and 3

expected for samples containing, respectively, only Ce(IV) or Ce(III).

AV-2 chemical composition shows that the crystals possess Si/Ca and (Na,K)/Ca

ratios of 4.46 and 1.63, respectively, slightly higher than the reported values for the

mineral rhodesite (4 and 1, respectively) [6].

The 29Si MAS NMR spectrum of AV-1 (Figure 3.12) displays two groups of

resonances in the range –96 to –102 ppm and –105 to –108 ppm.  The spectrum can be

deconvoluted into eight peaks with equal intensities, revealing the presence in AV-1 of

eight nonequivalent silicon sites.  In accord with this observation, the crystal structure of

montregianite calls for the presence of eight unique silicon sites with equal populations [4].

Si(1) and Si(4) are of the type Si(4Si), i.e., these two silicon atoms are linked to four

silicons via oxygen bridges and the resonances at –105.5 and –106.9 ppm are attributed

to them.  The assignment of the peaks at high frequencies is more difficult.  Si(6) is of the

type Si(3Si,1Y).  Si(6) – O(12) is the shortest nonbridging bond length (1.562 Å) involving

the most charge-deficient oxygen, which is bonded to an yttrium atom.  Considering the

well-known correlation between the 29Si chemical shifts and the SiO bond lengths in

silicates [11], the peak at –100.8 ppm can be tentatively assigned to Si(6).  The other five

unique silicon sites are connected to three other silicons via bridging oxygens.  However,

the fourth oxygen is a nonbridging oxygen and is also charge-deficient because it is bound

to one yttrium and two sodiums, in addition to a silicon.  The [Si(2A) and Si(2B)] and
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[Si(5A) and Si(5B)] have very similar local environments and, thus, the resonances

overlapping at ca. –98 and ca. –100.8 ppm are probably associated with these sites.  The

resonance at –97.3 ppm is assigned to the remaining Si(3).

95 -97 -99 -101 -103 -105 -107 -109

Experimental

Simulated

ppm from TMS

Figure 3.12  Experimental and simulated 29Si MAS NMR of AV-1.

Presumably due to the presence of paramagnetic Ce(III) centres, it was not

possible to record a 29Si MAS NMR spectrum of AV-5.  It is, however, possible to oxidise

Ce(III) to Ce(IV) by calcining AV-5 in air at 300 ºC for 3 hours.  In the process, the faint

pink powder becomes light yellow.  The PXRD pattern (not shown) confirms that the heat

treatment does not compromise the materials structural integrity.  The 29Si MAS NMR

spectrum of calcined AV-5 (Figure 3.13) suggests that AV-5 and montregianite have the

same structure.  Indeed, this spectrum displays eight resonances (deconvoluted

intensities in brackets) centred at -103.1 (0.9), -103.9 (1.1), -105.4 (0.9), -105.7 (1.0),

-106.3 (1.1), -107.5 (1.0), -108.2 (1.1) and -108.8 (1.0) ppm in accord with the crystal

structure of montregianite.  The two silicate tetrahedra Si(1) and Si(4) are Si(4Si)

environments and the 29Si MAS NMR resonances at -108.8 and -108.2 ppm are

tentatively assigned to them.  The Si(6) is attributed to the peak at -107.5 ppm.  The

assignment of the other resonances is difficult because the NMR database on cerium

silicates is very limited.

The AV-2 29Si MAS NMR spectrum, shown in Figure 3.14, displays two peaks at

–96.1 (with a high-frequency shoulder) and –108.0 ppm.  The spectrum can be

deconvoluted into three resonances centred at –94.5, 96.3 and 108.0 ppm with relative
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intensities 1 : 2 : 1 (spinning side bands included), revealing the presence in AV-2 of three

nonequivalent silicon sites.  In accord with this observation, the crystal structure of

rhodesite calls for the presence of three different silicon environment with 1 : 2 : 1

populations [6].  The two silicons, [Si(1) and Si(3)], are bonded to three silicon tetrahedra

and a calcium octahedron via oxygen bridges.  The Si(2) is surrounded by four silicon

tetrahedra.  The resonance at –108.0 ppm is attributed to Si(2).  Since the populations of

Si(1) and Si(3) are in 2 : 1 ratio, the former gives the resonance at –96.3 ppm, while the

latter gives the peak at –94.5 ppm.

ppm from TMS

-112-108-104-100

Figure 3.13  Experimental 29Si MAS NMR of 300 ºC air calcined AV-5.

-88 -92 -96 -100 -104 -108 -112

Experimental

Simulated

ppm from TMS

Figure 3.14  Experimental and simulated 29Si MAS NMR of AV-2.
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The 23Na 3Q MAS NMR spectrum [12] of AV-1 (Figure 3.15) displays two

resonances with intensities close to 1 : 1.  Although montregianite contains three

nonequivalent sodium sites, the [Na(2A)O4(H2O)2] and [Na(2B)O4(H2O)2] octahedra

(populations 0.47 and 0.45, respectively) are very similar in configuration, and it is unlikely

that they can be distinguished by solid-state 23Na NMR.  The [Na(1)O4(H2O)2] site

(population 0.95) forms a weak seventh bond with O(5B) and is very distorted.  The 3Q

peak S1 displays a relatively broad powder pattern and, hence, is ascribed to the distorted

Na(1) site, S2 is attributed to sites Na(2A) and Na(2B).  The single-quantum 23Na MAS

NMR spectrum (see inset in Figure 3.15) can be simulated assuming the presence of two

resonances, assigned to Na(1) and [Na(2A) and Na(2B)], with intensities ca. 1 : 0.9 and

the following parameters: isotropic chemical shifts 1.8 and 9.0; quadrupole coupling

constants 1.92 and 1.24 MHz; asymmetry parameters 0.50 and 1.0, respectively.

S1

S2

S1
S2

20 -200

ppm from NaCl (aq)

Figure 3.15  23Na 3Q MAS NMR spectrum of AV-1.  The inset depicts the experimental

and simulated single-quantum spectrum.

It was possible to record a single-quantum (“conventional”) 23Na MAS NMR

spectrum of as-prepared AV-5.  This observation immediately suggests that the solid

contains some Ce(IV).  The spectrum depicted in Figure 3.16 (MAS at 13.5 kHz) displays
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strong spinning side-bands (much more so than those observed in the spectrum of

synthetic montregianite) indicating the presence of Ce(III) centres.

100 -1000

as-prepared

calcined

  *                                                                *

ppm from NaCl (aq)

Figure 3.16  Single-quantum 23Na MAS NMR spectrum of as-prepared and 300 ºC

calcined AV-5.

When this spectrum is recorded with a MAS rate of 30 kHz (not shown) the

prominent spinning sidebands are not observed.  The two central-transition NMR

resonances observed exhibit characteristic second-order quadrupole powder patterns

centred at 12 and 0 ppm.  The AV-5 sample calcined in air at 300 ºC gives a much less

resolved single-quantum 23Na MAS NMR spectrum (Figure 3.16) and, because most

Ce(III) has been oxidised, the spinning side-bands seen with MAS at 13.5 kHz

(essentially, due to second order quadrupole effects) are very much faint.

The 23Na 3Q MAS NMR spectrum of as-prepared AV-5 (Figure 3.17 A) confirms

that only two resonances are present.  The 23Na 3Q MAS NMR spectrum of the calcined

sample (Figure 3.17 B) shows that two main resonances are still present, with somewhat

different quadrupole parameters.  Peak S1 given by as-prepared AV-5 displays a

relatively broad powder pattern and, hence, is tentatively ascribed to the distorted Na(1)

site.  S2 is assigned to sites Na(2A) and Na(2B).  The single-quantum 23Na MAS NMR

spectrum of as-prepared AV-5 (Figure 3.16) was simulated assuming the presence of two

resonances, ascribed to sites Na(1) and [Na(2A) and Na(2B)], with intensities of ca. 1 : 0.9
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(measured from the 30 kHz MAS spectrum), respectively.  The former resonance has an

isotropic chemical shift  δiso = 4.5 ppm, a quadrupole coupling constant, CQ, of 1.8 MHz

and an asymmetry parameter, η, of 0.40.  The quadrupole parameters (δiso = 4.5 ppm,

CQ = 0.6 – 0.8 MHz, η not determined) for the other resonance were estimated from the
23Na 3Q MAS NMR spectrum and used in the simulation of the single-quantum spectrum.

The 23Na 3Q MAS NMR spectrum of AV-5 calcined at 300 ºC in air (Figure 3.17 B)

exhibits, apart from the main resonances P1 and P2, a third faint peak P3.

Figure 3.17  23Na 3Q MAS NMR spectrum of (A) as-prepared and (B) 300 ºC calcined AV-5.

The 23Na 3Q MAS NMR spectrum of AV-2 (Figure 3.18) contains a single broad

peak, which is not aligned with the so-called anisotropic axis A [13] revealing a relatively

large distribution of both quadrupole constants and chemical shifts. Clearly, in AV-2 the

sodium atoms are distributed.  To rationalise this observation, it is important to briefly

discuss the sodium distribution in rhodesite.  There has been some debate as to whether

rhodesite contains sodium ions in its structure.  Hesse and Liebau [6] studied this subject

in detail and arrived to the conclusions that the four octahedral chain-linking sites per unit

cell (denoted C sites) were (a) fully occupied (such as in mineral delhayelite), (b) all empty

(rhodesite, macdonaldite and hydrodelhayelite) or (c) two of the sites were fully occupied

and the other two unoccupied (montregianite).  This suggests that partial site occupation

is possible for those C sites that are empty in ideal stoichiometric crystals.  Such is the

case of rhodesite.  In presence of high sodium concentrations the rhodesite C sites may

be partially occupied by sodium cations.  In fact, ideal stoichiometric rhodesite seems to
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be the sodium-free end member, HKCa2Si8O19∙6H2O, of the solid solution

HK1-xNax+2y[Si8O19]∙(6-z)H2O.  AV-2 was prepared in presence of sodium and probably

does not correspond to stoichiometric rhodesite but to an intermediate member of the

solid solution.  Hence, in AV-2 the local sodium environments are slightly different and it is

not unexpected that the 23Na 3Q MAS NMR spectrum reveals a distribution of spectral

parameters.

F2

F1

Figure 3.18  23Na 3Q MAS NMR spectrum of AV-2. The inset depicts the single-quantum

spectrum.

The FTIR spectra of the mineral montregianite [3] and AV-1 (Figure 3.19) are very

similar.  According to Chau [3] the strong bands in the region between 350 and 550 cm-1

are attributed to Si–O–Si bending.  The medium to weak bands in the range 550-800 cm-1

correspond to Si–Si stretching and the very strong bands between 800 and 1400 cm-1 to

Si–O stretching.  The band at 1639 cm-1 is due to H–O–H bending, confirming the

presence of water in the AV-1 structure.  The clearly resolved O–H stretching bands in the

range 3400-3700 cm-1 also suggest the existence of structural water in AV-1.  Three

distinct O–H stretching bands are observed corresponding, probably, to three groups of

structurally connected water.  The band at 3612 cm-1 is assigned to water molecules W(4),

W(5) and W(6), which are bonded to one nonframework potassium atom each.  The band

at 3522 cm-1 is given by the water molecule W(3), which is bonded to potassium and is

probably hydrogen bonded to W(4) and W(5).  The shoulder at 3460 cm-1 is assigned to

water molecules W(1) and W(2), which are part of the octahedral layer.  Both water
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molecules are bonded to two sodium atoms, and in addition, one hydrogen atom in each

one may be H-bonded to two oxygen atoms.  AV-5 gives similar FTIR spectrum

(Figure 3.19).

The FTIR spectrum of AV-2 is also shown in Figure 3.19.  As in montregianite

and AV-1, the bands at 1618 and 1638 cm-1 indicate the presence of zeolitic water.  Three

O–H stretching bands are, again, observed in the range 3400-3700 cm-1.  The detailed

assignments of the bands at 3553, 3476 and 3414 cm-1 are not entirely clear, although it is

likely that they follow the attributions discussed for montregianite.
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Figure 3.19  FTIR spectra of AV-1, AV-5 and AV-2.

The TGA data confirms again the structural analogy between the mineral

montregianite and AV-1 (Figure 3.20).  The dehydration of AV-1 is essentially complete at

ca. 450 – 500 ºC, with a total weight loss of 11.4%.  When the sample is calcined at

650 ºC and rehydrated in air, overnight at room temperature, the water lost is recovered

and calcined AV-1 gives the same PXRD pattern, with a small loss of crystallinity.  Three

stages of dehydration occur, the first happens between 20–80 ºC (and it is due to the loss

of disordered zeolitic water molecules adsorbed within the channels), the second occurs

between 80 and 220 ºC [loss of water W(4), W(5) and W(6)] and the last weight loss is

between 200 and 450 ºC [loss of water W(1) and W(2)].

The TGA curves in air of AV-5 are shown in Figure 3.21.  The dehydration of

AV-5 is complete at ca. 500 ºC, with total weight loss of 9.3%.  Almost all the water lost is



Synthesis and structural characterisation of microporous yttrium, cerium and calcium silicates

91

recovered when the sample is calcined up to 300 ºC under inert atmosphere, followed by

rehydration.  The slight raise of the curve between 270 and 500 ºC is probably due to the

oxidation of Ce(III) to Ce(IV), since the TGA curve was recorded in air.  It was found that

when the sample was heated up to 300 ºC in air and rehydrated, it lost ca. 15 wt%,

presumably due to the oxidation of Ce(III) to Ce(IV).  The oxidation of Ce(III) to Ce(IV) is

accompanied by reduction of O2 to O2-.  The K+ ions, which are not necessary to balance

the new (less negative) AV-5 framework are likely to form an (unidentified probably

amorphous) oxide phase.  Indeed, as the Ce(IV) content increases less channel cations

are required to balance the charge of the anionic framework, thus changing the adsorption

characteristics of the material.
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Figure 3.20  TGA curves of AV-1 as-prepared and after calcination at 650 ºC followed by

rehydration.
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Figure 3.21  TGA curves (in air) of AV-5 as-prepared and after calcination at 300 ºC in

an inert atmosphere followed by rehydration.
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The dehydration of AV-2 (Figure 3.22) is terminated at about 500 ºC and the total

mass loss is 11.2%.  The weight loss is reversible in air after calcination to temperatures

up to 500 ºC.  This means that the water in AV-2 is zeolitic in nature.  The dehydration

occurs in three steps: at 20 – 160 ºC, 240 – 310 ºC and 310 – 430 ºC.
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Figure 3.22  TGA curves of AV-2 as-prepared and after calcination at 500 ºC followed by

rehydration.

It is well known that Ce(III)-containing materials present potential for applications

in optoelectronics.  For example, Ce(III) in a LiYF6 matrix has been shown to lase [14].

This system may find important applications since Ce(III) lasers emit in the high-energy

region of the spectrum (blue or UV) and they exhibit tunability due to the inherently broad

emission lines.  Glass-supported cerium is used in Faraday rotators, which protect lasers

from back-reflected light [15].  As other lanthanides, cerium has been used in transducers

designed to detect or modify IR, UV, X-ray and gamma radiation [15].  The luminescence of

Ce(III)/silica systems prepared via sol-gel methods has also been studied [16].

The Ce(III)/Ce(IV) conversion in AV-5 opens up several future lines of research.

The possibility of tuning the amount of Ce(III) by framework controlled oxidation/reduction

can be very useful in the optoelectronics field because when two Ce(III) centres are too

close the luminescence is quenched.

In order to evaluate the potential of AV-5 to be used in optoelectronics,

preliminary studies have been carried out by Prof. Luis Carlos in the Physics Department

of the University of Aveiro.

The preliminary luminescence study has been carried out using the as-prepared

AV-5 sample. Figure 3.23 shows the 14 K emission spectrum of this material recorded for
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the 325 nm He-Cd excitation line,

corresponding to the main peak detected

in the excitation spectrum (not shown).

The blue emission observed clearly

shows a broad band with two overlapping

peaks centred at ca. 377 and ca. 410 nm.

This is typical of Ce3+-activated phosphors

and corresponds to transitions between

the lowest Stark component of the 5d1

excited states and the two levels of the 4f1

ground state (2F5/2 and 2F7/2) 
[17,18].  In

general, these two levels are separated

by 2000 cm-1, and this is indeed the result

obtained by fitting the spectrum with two

Gaussian lines using commercial non-

linear least-squares-fitting software.
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Figure 3.23 Emission spectrum of AV-5

recorded at 14 K.

Due to different crystal-field splitting of the 5d level the luminescence energy

range strongly depends on the structure of the host crystal, varying from the near

ultraviolet to the green region [17,18].  In the present case, the blue Ce3+ emission is strongly

dependent on the temperature (not shown).  Further work is necessary to fully

characterised and understand the optical properties of AV-5.

3.5 Conclusion

Three novel microporous silicates were prepared.  AV-1, a hydrated yttrium

silicate, and AV-2 (a calcium silicate) are synthetic analogues of the minerals

montregianite and rhodesite, respectively.  AV-5 is a hydrated cerium silicate structural

analogue of montregianite.

Interesting applications as ion-exchangers and in the field of optoelectronics may

be find for these materials, particularly for AV-5 in which the adsorption as well as the

optical properties seem to be very easily tuned by oxidation/reduction.
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4.1 Introduction

As a result of a systematic study aimed at preparing new microporous

zirconosilicates a material called AV-3 (Aveiro microporous solid no. 3) was obtained [1,2].

This material seems to be a synthetic analogue of the rare hydrated zirconosilicate

mineral petarasite [3,4].  Another material prepared during our synthesis studies is called

AV-8 and seems to be the synthetic analogue of the zirconosilicate mineral kostylevite [5].

Synthetic microporous titanosilicate UND-1 [6] and stannosilicate AV-7 [7], also possess this

type of structure.

During our systematic studies aimed of preparing new zirconosilicates different

Si/Zr ratios were tested, as well as starting reagents, concentrations and temperatures of

synthesis.  Most of the materials prepared had a Si/Zr ratio near 3, and were prepared

using sodium silicate solution (27% m/m SiO2, 8% Na2O) and zirconium (IV) tetrachloride.

Organic sources of silicon (tetraethylorthosilicate) and zirconium (70% wt solution of

zirconium n-propoxide in water) were also tested but no advantages relatively to the

former sources were found.  All the materials were prepared at high pH (ca. 12).  At pH

lower than 11 only an amorphous material was obtained.
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Many other phases were obtained at Si/Zr ratio of 3, like the synthetic analogues

of the mineral gaidonnayite (AV-4) and umbite (Zr-AM-2) [2], the layered material reported

by Bortun et al. [8] with composition Na2ZrSi3O9.3H2O, and some unknown phases.  The

analogue of umbite was obtained frequently, indicating that this is a more

thermodynamically stable phase.  Its polymorph seems to be much less stable, and was

not synthesised completely pure.

4.2 Synthesis and characterisation of AV-3

4.2.1 Structure of petarasite

The mineral petarasite is a sodium zirconosilicate from Mont Saint Hilaire,

Québec, with ideal chemical composition Na5Zr2Si6O18(Cl,OH)∙2H2O [4].

b

a

Na(3)

Figure 4.1  Projection of the petarasite structure

down the c axis. Blue ZrO6, brown SiO4,

pink Na+, red O.

The mineral is monoclinic,

belongs to the space group P21/m, with

cell dimensions a = 10.7956(8) Å,

b = 14.4928(16) Å, c = 6.6229(6) Å,

β = 113.214(5)º and V = 953 Å3; Z = 2.

The crystal structure consists of an open

three-dimensional framework with the

composition Zr2Si6O18, built of corner-

sharing  six-membered  silicate  rings

and  ZrO6  octahedra.   Elliptical  channels

(3.5 x 5.5 Å) defined  by  mixed  six-membered  rings consisting of pairs of SiO4

tetrahedra   linked   by   ZrO6   octahedra,  run  parallel  to  b  and  c  axes  (Figure 4.1 and

Figure 4.2).  Other channels limited by

silicate rings run parallel to c.  The sodium

atoms, Na(1) and Na(2), and the water

molecules, w1 and w2, are located in

channels parallel to b, whereas Na(3) and

chloride and hydroxyl ions reside within

channels parallel to c [4].

The [Si6O18] ring, of point-group

symmetry m,  deviates  considerably

from   hexagonal   symmetry.   It   can   be

c

a

Na(1)

Na(2)

Figure 4.2  Projection of the petarasite structure

along the b axis. Blue ZrO6, brown SiO4, pink

Na+, red O.
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considered as formed by [Si2O7] groups, one pointing up and the other pointing down,

bridged by two separated [SiO4] groups.  The average Si–O bond length within the three

crystallographically independent silicate tetrahedra is 1.615 Å.  Each silicate tetrahedron

shares two corners with adjacent silicate tetrahedra, and the other two corners are shared

with zirconium octahedra and sodium polyhedra.  The zirconium octahedron is nearly

regular.  The Zr–O bond length varies between 2.082 and 2.103 Å.  All three sodium

cations are hepta-coordinated.  The Na(1)O5(H2O)Cl and Na(2)O5(H2O)Cl polyhedra are

distorted monocapped octahedra, whereas the Na(3)O6Cl polyhedron is a distorted

hexagonal pyramid.  For a proper shielding of the charge of the Na(3) ion, a second

chloride ion may be considered part of the Na(3) coordination sphere.  [Na(3)–Cl bond

measures 3.520 Å]; the Na(3) polyhedron is a distorted hexagonal bipyramid [4].

4.2.2 Synthesis of AV-3

Synthesis of AV-3 was carried out as outlined in chapter 2.  An alkaline solution

was made by mixing 5.35 g of sodium silicate solution (27% m/m SiO2, 8% Na2O, Merck),

7.21 g of H2O, 1.43 g of sodium hydroxide (Merck), 2.00 g of sodium chloride (Aldrich) and

1.00 g of potassium chloride (Merck).  An amount of 0.84 g of zirconium tetrachloride

(Aldrich) was added to the solution, and the mixture was stirred thoroughly.  The gel, with

the composition 1.75 Na2O : 0.28 K2O : 1.00 SiO2 : 0.15 ZrO2 : 25 H2O, was autoclaved

under autogenous pressure for 10 days at 230 ºC.  The off-white microcrystalline powder

obtained was filtered, washed with distilled water and dried overnight at 100 ºC.

4.2.3 Results and discussion

Figure 4.3 shows the experimental and simulated PXRD patterns of AV-3.  The

patterns are very similar.  The simulated pattern was obtained with the program Powder

Cell 1.8 [9] using the published petarasite atom positions and occupation factors for each

element in the unit cell [4], and the unit cell parameters calculated with TREOR 90 [10].

The unit cell parameters have been calculated assuming a monoclinic unit cell,

space group P21/m, and cell dimensions a = 10.771, b = 14.505, c = 6.575 Å,

β = 112.664º and unit cell volume = 948 Å3, and are very similar to those reported for

petarasite.
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Figure 4.3  Experimental and simulated PXRD patterns of AV-3.

The molecular formula of AV-3 determined from the chemical analysis by ICP-

AES is Na5.24Zr2.06Si6O18(Cl, OH)∙nH2O.

The electron micrograph presented in Figure 4.4, shows that the crystals of AV-3

are thin plates ranging from 8 to 12 µm in size.  From EDS analysis it was possible to

conclude that the sample was almost pure.

Figure 4.4  Scanning electron microscopy image of AV-3.

The AV-3 29Si MAS NMR spectrum (Figure 4.5) displays three peaks at −86.6,

−91.6 and −94.3 ppm in a 1 : 0.9 : 1 intensity ratio.  In accord with this observation, the

crystal structure of petarasite calls for the presence three unique silicon sites of the type

[Si(2Si,2Zr)], with equal populations [4].
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Figure 4.5  29Si MAS NMR spectrum of AV-3.

The single-quantum 23Na MAS and 1H-23Na CP MAS NMR spectra are shown in

Figure 4.6.

CP/MAS

MAS

-60-40-20020
ppm from NaCl

Figure 4.6  Single-quantum (“conventional”) 23Na MAS NMR and 1H-23Na CP MAS NMR

spectra of AV-3.

The sheared 23Na 3Q MAS NMR spectrum [11] of AV-3 (Figure 4.7) contains two

resolved peaks at ca. 5.9 and 2.4 ppm (F1) and, due to a distribution of isotropic chemical

shifts, a relatively broad signal centred at ca. 9.6 ppm (F1).  From the centres of gravity δ1

and δ2 (F1 and F2 dimensions, respectively) of the two-dimensional spectrum it is possible

to estimate the (average) isotropic chemical shift δiso, and the second-order quadrupole

effect parameters, SOQE, of the lines: S1 (−3.9 ppm, 2.1 MHz), S2 (−1.9 ppm, 2.5 MHz)
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and S3 (−1.4 ppm, 3.1 MHz).  The peak S3, which displays the largest SOQE, is attributed

to  site  Na(3).   This  assignment  is  supported  by  1H-23Na  CP  MAS NMR spectroscopy

Figure 4.7  Sheared 23Na 3Q  MAS NMR

spectrum of AV-3.

(Figure 4.6).  The broad low-frequency tail

seen in the single-quantum 23Na MAS NMR

spectrum, which is due to peak S3, is hardly

seen in CP MAS NMR spectrum.  Such

behaviour is expected for Na(3) because

this site is not coordinated to any water

molecules.  The Cl- and OH- ions are

disordered  over  the  Na(3)  sites  and  only

those  environments  which contain  OH-

will,  in principle,  cross polarise.  In

contrast,  sites  Na(1)  and  Na(2), which

have  water  molecules in their  coordination

spheres,  cross-polarise relatively well.  The

quantification    of    multiple-quantum   MAS

NMR spectra is not a trivial problem.  Indeed, the intensity of the resonances is not

representative of the actual concentration of the species because the excitation of the

multiple-quantum coherences is strongly dependent on the NMR quadrupole frequency.

However, since the 23Na 3Q MAS NMR spectrum of AV-3 has been recorded with a

strong (160 kHz) radiofrequency, it is believed that the measured peak intensities are

approximately correct.  These have been derived by both volume integration and

deconvolution of the isotropic (F1) sum projection.  These methods yield for S1, S2 and

S3 intensity ratios of 1.0 : 1.0 : 0.8-0.9, respectively, in good agreement with the crystal

structure of petarasite.

The FTIR spectrum of AV-3 (Figure 4.8) resembles the spectrum reported for

petarasite [3].  The adsorption bands at ca. 3570, 3471 and 3417 cm-1 (O-H stretching) and

at 1637 and 1618 cm-1 (H-O-H bending) confirm the presence of structural and adsorbed

water.  In addition, the spectrum contains a ring-breathing band at ca. 775 cm-1

characteristic of ring silicates.  The bands at 1120, 1025 and 991 cm-1 are most likely the

SiO4 asymmetric and symmetric stretching vibrations.  The bands appearing on the region

400-600 cm-1 may be due to Zr-O bending mode.  The shoulder at ca. 965 cm-1 can be

attributed to Si-O-Zr asymmetric stretching vibration (υas) as reported before by

Rakshe [12].
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Figure 4.8  FTIR spectrum of AV-3.

The Raman spectrum of AV-3 (Figure 4.9) shows three strong bands at ca. 500,

920 and 960 cm-1, respectively, and weak bands in the ranges 140-340 cm-1 and

540-740 cm-1.
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Figure 4.9  Raman spectrum of AV-3 in the range 140-1200 cm-1.

The band at 960 cm-1 can be attributed to the silicate anions of the type Si3O9
6- or

Si6O18
12-

, with two terminal oxygens, which usually give bands in the region

950 – 1000 cm-1 [13].  Comparing with other zirconosilicate phases [14], the bands at

500 and 920 cm-1 are assigned to the ZrO6 octahedron.  The bands of the zirconium oxide

and zirconium tetrachloride are not detected on the spectrum.
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The TGA curve provides further evidence that the structure of AV-3 and

petarasite are very similar (Figure 4.10).  The total mass loss between 30 and 800 ºC is

5.3% and is due to the release of molecular water, structural or adsorbed.  This value

corresponds to 2.4 water molecules and is in excess of the two water molecules revealed

by the crystal-structure analysis.  Thus, as petarasite [4], AV-3 contains a considerable

amount of adsorbed water. Between ca. 800 and 1050 ºC a second stage of dehydration

occurs with a mass loss of 3.1% (3.19% in petarasite corresponding to [Cl0.67(OH)0.33]),

probably due to the loss of chloride and hydroxyl ions. The parent AV-3 and the material

calcined at 750 ºC and rehydrated in air overnight at room temperature display similar

TGA curves (Figure 4.10) and PXRD patterns.  The fact that the framework does not

collapse until the release of chloride ions indicates that this is an essential constituent of

the structure.  When the chloride ions are released and the structure collapses, petarasite

transforms into a dense phase analogue of the mineral parakeldyshite (Na2ZrSi2O7).  The

transformation of petarasite to parakeldyshite will be studied in chapter 5.
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Figure 4.10  TGA curve of AV-3 as-prepared and calcined at 750 ºC .

AV-3 displays a very small (less than 1% at P/P0 = 0.8) water uptake at room

temperature and a complex water adsorption isotherm, resembling type III more than type

I.  This behaviour fits with the low water uptake (as type III isotherms are associated with

very weak adsorbent-adsorbate interactions).  However, as the data points were not

obtained at equilibrium and the presence of sodium and chloride species within the pores

may drastically increase the equilibrium time of each data point, the observed type III - like

isotherm may be an extreme distortion of a type I isotherm.

as-prepared  AV-3

AV-3 calcined at 750 ºC and rehydrated
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4.3 Synthesis and characterisation of AV-8

4.3.1 Structure of mineral kostylevite

Kostylevite   is   a   natural   potassium   zirconosilicate  discovered  in pegmatoid

c

b

Figure 4.11  Projection of the kostylevite structure

along a. Blue ZrO6, brown SiO4, green K+,

red O.

deposits of the Khibina massif (Kola

Peninsula), with ideal composition

K2ZrSi3O9∙H2O [5].  It has a monoclinic unit

cell: a = 6.565(2), b = 13.171(4),

c = 11.727(4) Å; γ = 105.26º; V = 978 Å3.

A systematic study indicated the space

group P21/b. The coordination polyhedron

for the zirconium atom is an almost ideal

octahedron, with Zr – O distances of

2.04 – 2.09 Å with O – O edges of

2.82 – 3.11 Å and a mean OZrO angle of

89.99º.   The  silicon  atoms  are  located

in  tetrahedra   with   Si – O   distances  of

1.59 – 1.65 Å and O – O edges of

2.63 – 2.65 Å and a mean OSiO angle of

109.24º.  The large cations K(1) and K(2)

have 8 or 9 oxygen ligands as nearest

neighbours, including two water

molecules for K(1).  The distances are

K(1) – O = 2.76 – 3.21 Å and K(2) – O =

2.90 – 3.37 Å.  The silicon tetrahedra are

joined together into a Si6O18 six-

membered ring (Figure 4.11 and Figure

4.12).  For each cell there are two rings of

different orientation.  Each  ring  is  based

on six Zr octahedra, and each octahedron

is  linked  to  three  rings.   The  result is a

a

b

Figure 4.12  Projection of the kostylevite structure

along c.  Blue ZrO6, brown SiO4, green K+,

red O.

mixed framework composed of [Zr2(Si6O18)] units.  So the formulation of kostylevite is

given as K4Zr2Si6O18∙2H2O.  Kostylevite and umbite are the monoclinic and orthorhombic

polymorphs of K2ZrSi3O9∙H2O, respectively.  The minerals exhibit a clear relationship

between them, which is reflected in the same octagonal, heptagonal and hexagonal
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distorted tunnels and windows, delimited by edges from tetrahedra and octahedra

alternating in exactly the same way.  The difference between the minerals comes from the

fact that kostylevite is a cyclohexasilicate and umbite is a long-chain polysilicate [15].

4.3.2 Synthesis of AV-8

An alkaline solution was made by mixing 2.10 g of precipitated silica (SiO2,

Aldrich), 5.00 g of potassium hydroxide (KOH, Merck), 2.00 g of sodium hydroxide (NaOH,

Merck) and 16.25 g of H2O.  An amount of 1.99 g ZrCl4 (Aldrich) was added this solution,

and the mixture was stirred thoroughly.  This gel, with a molar composition 0.71 Na2O :

1.26 K2O : 1.00 SiO2 : 0.24 ZrO4 : 25.7 H2O, was transferred to a Teflon-lined autoclave

and treated at 230 ºC for 5 days under autogenous pressure.  The off-white crystalline

product was filtered, washed with distilled water, and dried overnight at room temperature.

The molecular formula of AV-8 determined by EDS analysis of different crystals is

Na0.18K1.9Zr0.93Si3O8.9∙nH2O.

4.3.3 Results and discussion

After searching in the JCPDS database, we have concluded that AV-8 was an

analogue of the mineral kostylevite.  The sample also contains a small impurity of its

orthorhombic polymorph [15] umbite.  The Rietveld refinement of the sample was done

considering it as a mixture of two polymorphs.  The relative proportions of the two phases

in the powder mixture were 97 wt% of AV-8 and 3 wt% of umbite analogue, estimated

from the refined phase scale factors by standard Rietveld quantitative analysis.  In the

AV-8 refinement, 9.0% of the sodiums were allocated to the potassium sites according to

the results of the chemical elemental analysis.  Sodium should occupy the K(2) site in

analogy with the UND-1 material [6].  A good agreement between observed and calculated

by refinement patterns was achieved as it can be noticed on the difference profile

(Figure 4.13).  The refinement of the umbite impurity was not completely successful

because of its small quantity.  The conditions of data collection as well as the refined cell

parameters and R-values for AV-8 are listed in Table 4.1.  The AV-8 refinement

successfully converged to final agreement factors Rp and Rwp of 5.77 and 8.22,

respectively.  Those values are rather good considering the presence of the impurity, and

the possible existence overlapping peaks.  The atomic coordinates, selected bond

distances and angles of AV-8 are listed in Appendix 1 (Table A1.1-3).  In AV-8, the Zr4+

coordination polyhedron is almost regular, with similar Zr-O distances (average 2.110 Å)
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and a mean OZrO angle of 90.0º, similar to that reported for the mineral [5].  The Si atoms

are located in standard tetrahedra with Si-O distances of mean for Si(1), Si(2) and Si(3) of

1.536, 1.562 and 1.625, respectively, and a mean OSiO angle 109.42º.  The cations are

bonded to 8 or 9 oxygens, as described for the mineral.

Figure 4.13  Observed (line), calculated

patterns of AV-8 considering 3% of

kostylevite and umbite.
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Table 4.1  Conditions of X-ray data collection and refinement of AV-8 (synthetic

analogue of kostylevite, K2ZrSi3O9∙H2O, with 9.0% of sodium atoms allocated to the

potassium sites).

Data collection
Diffractometer, geometry Philipps MPD, Bragg-Brentano

Radiation CuKα 

2θ range (º) 6-120º

Step scan 0.02º(2θ)

Time per step 7 sec.

Results of Rietveld refinement in P21/c space group by the FULLPROF program

Cell parameters a = 6.556 (2), b = 11.697(4), c = 13.187(4) Å,
α = 90.0000º, β= 105.250(1)º, γ  = 90.000º

Volume (Å3) 981.2 (7)

Independent reflections/parameters  2236/79

Peak shape function Pseudo-Voigt (NPROF=7)

Zeropoint -1.09(9)

Halfwith parameters (U, V, W, X, Y) -0.1(1), -0.044(2), -0.2(1), 0.0001(1), 0.0659(3)

Asymmetry parameters 0.037(4), 0.0443(7), 0.0000, 0.0000

Background polynomial parameters -309(3), -186(8), -321(15), 473(31), 708(19), -737(31)

Reliability factors (conventional: background excluded)

For points with Bragg contribution RP= 5.77, Rwp= 8.22, Rexp= 3.10, χ2= 7.02

Structure reliability factors RB= 4.43, RF= 3.28

The SEM images of AV-8 crystals are shown in Figure 4.14.  The sample seems

to be very homogeneous and the crystals are small parallelepiped with nearly 5 µm of

length.  The crystals exhibit growing steps.

Figure 4.14  SEM images of AV-8.



Synthesis and structural characterisation of microporous framework zirconosilicates

107

The 29Si MAS NMR spectrum (Figure 4.15) displays a peak at –85.7 ppm and two

strongly overlapping peaks at ca. –86.5 ppm in a ca. 1 : 2 intensity ratio as revealed by

deconvolution of the spectrum (Figure 4.15).  In accord with this observation, the crystal

structure of kostylevite calls for the presence of three unique Si(2Si, 2Zr) sites with equal

populations.  From the mean Si-O distance calculated by Rietveld refinement and

considering the well-known correlation between the 29Si NMR chemical shifts and the SiO

bond length in silicates [16], it is possible to tentatively ascribe the first peak to Si(3) and

the two overlaping peaks to Si(1) and Si(2) with similar Si-O distances.

-82 -84 -86 -88 -90

ppm from TMS

Experimental

Simulated

Figure 4.15  Experimental and simulated 29Si MAS NMR spectrum of AV-8.

The 23Na MAS NMR spectrum of AV-8 (Figure 4.16) shows a faint broad peak

(full-width-at-half-height of ca. 22 ppm) centred at ca. –8 ppm (11800 scans) that should

correspond to the small amount of sodium present on the sample.
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Figure 4.16  23Na MAS NMR spectrum of AV-8.

The Figure 4.17 shows the FTIR spectrum of AV-8.  The presence of structural

and adsorbed water is confirmed by the bands at ca. 3471, 3360 and 3324 cm-1,

corresponding to the O-H stretching, and at 1685 cm-1 attributed to the H-O-H bending.
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Figure 4.17  FTIR spectrum of AV-8.

The bands at 1047 and 995 cm-1 are most likely the SiO4 asymmetric and

symmetric stretching vibrations.  The ring-breathing band of the ring silicates appears at

ca. 781 cm-1.  The bands appearing on the region 400-600 cm-1 may be due to the Zr-O

1685

3324

3360

3471
1047

962995

781
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bending mode.  The small band at ca. 962 cm-1 can be attributed again to the Si-O-Zr

asymmetric stretching vibration [12].

The total AV-8 mass loss, ascertained by TGA, between 30 and 450 ºC is ca.

5.6% corresponding to the lost of approximately one water molecule.  This water loss is

reversible.  PXRD (not shown) confirmed that the framework of AV-8 is stable up to

450 ºC.
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Figure 4.18  TGA curve of AV-8 as-prepared and calcined at 450 ºC .

The water adsorption isotherm is shown in Figure 4.19.  The diffusion of water in

the pore system of AV-8 was found to be very slow, hence the first points of the isotherm

(Figure 4.19) were taken after 90 minutes and the remaining after 30 minutes. The

potassium ions present within the channels may account for the difficult diffusion due to

partial pore blockage.  The isotherm is of type I, reflecting the occurrence of micropore

filling phenomenon.  The sorption capacity estimated at P/P0 = 0.4 is ca. 0.98 mmolg-1.

0

5

10

15

20

25

0.0 0.1 0.2 0.3 0.4 0.5

P/P0

H
2O

 V
ad

s
 (c

m
3 g

-1
), 

S
T

P
)

Figure 4.19  Water adsorption isotherm of AV-8.
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4.4 Conclusions on AV-3 and AV-8

The synthesis and structural characterisation of a sodium zirconosilicate, AV-3,

possessing the structure of the rare mineral petarasite have been reported.  AV-3 is an

interesting phase possessing a very uncommon structure due to the presence of chloride

ions.  Perhaps due to the presence of chloride, AV-3 has high thermal stability, the

structure integrity being maintained until the chloride release.  The presence of chloride

may indicate a possibility of use this material simultaneously as a cation and an anion

exchanger.

AV-8, a new microporous zirconosilicate synthetic analogue of the mineral

kostylevite was also prepared.  AV-8 is the monoclinic polymorph of the Zr-AM-2

(synthetic umbite) [2], exhibiting a clear relationship with this orthorhombic form.  As

reported, Zr-AM-2 is easily synthesised in very alkaline conditions.  AV-8 is more sensitive

to the conditions of synthesis; it seems that it can only be prepared in the presence of a

small quantity of sodium.

A typical feature of zirconosilicates is the absence of Zr-O-Zr-O chains and,

consequently, the presence of isolated [ZrO6] octahedra.  The structure is formed by

corner-sharing [ZrO6] octahedra and [SiO4] tetrahedra forming a three-dimensional

microporous framework.

A general feature of all the zirconosilicates synthesised is their small pore volume

and, consequently, low potential for catalysis.  However, zirconosilicates seem to have a

future in the ion-exchange field, particularly because they have high affinity for some

transition and toxic heavy metals [8].
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5.1 Introduction

According to the literature, the mineral petarasite is stable at least up to

750 ºC [1,2].  The framework collapses when chloride is released, suggesting that this is an

essential constituent of the mineral.  Mineral petarasite transforms into parakeldyshite

upon calcination at 1100 ºC for 15 hours [1].

At elevated temperatures, mineral umbite and its synthetic analogue may be

converted into a hexagonal phase corresponding to mineral wadeite [3].  Therefore, both

materials may be considered as precursors of wadeite.

The thermal stability of AV-3 [4,5] (synthetic petarasite), Zr-AM-2 [5] (synthetic

umbite) and Ti-AM-2 [6] (titaneous analogue of umbite) materials was investigated in order

to understand the structural re-arrangements upon dehydration and in the case of AV-3

release of chloride and hydroxyl ions.  The influence of the transition metal present, Zr or

Ti, on the conversion of the analogues of umbite into synthetic wadeite was also studied.
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5.2 Phase transformation of AV-3 into parakeldyshite

5.2.1 Structure of parakeldyshite

Parakeldyshite  from  nepheline  Syenite  pegmatites  in  foyaite  in  Lågendalen,

southern Norway, has triclinic symmetry,

space group P 1  with cell parameters:

a = 5.419(1), b = 6.607(2), c = 8.806(2) Å,

α = 71.50 (2), β = 87.15(3), γ = 85.63(2)º,

V = 298.0(3) Å3, Z=2 [7].  Voronkov et al. [8]

reported the parakeldyshite cell

parameters as a = 6.629(4), b = 8.814(3),

c = 5.434(2) Å, α = 92.70(9), β = 94.23(3),

γ = 71.46(4)º, V = 300.1(1) Å3.  Bulk

chemical analysis gives a formula very

close to Na2ZrSi2O7.  Parakeldyshite is a

polymorphic form of the mineral

keldyshite,   from  the   Lovozero   alkaline

a

b

Figure 5.1  Partial projection of the parakeldyshite

structure down c axis. Blue ZrO6, brown

SiO4, pink Na+, red O.

massif,  Kola  Peninsula,  with  ideal  composition   (Na,H)2ZrSi2O7   and  possessing  also

c

a

Figure 5.2  Partial projection of the parakeldyshite

structure along b axis. Blue ZrO6, brown

SiO4, pink Na+, red O.

triclinic symmetry.  Parakeldyshite usually

appears associated to ramsayite,

Na2Ti2Si2O9, and in more  potassium-rich

environments, occurs in the form of

khibinshite, K2ZrSi2O7 
[7]. The parakedyshite

structure (Figure 5.1 and  Figure 5.2)

consists  of  layers  of  mixed six-membered

rings  formed by two double-tetrahedra

Si2O7 linked  by  two isolated ZrO6

octahedra with sodium atoms in eight-fold

coordination occupying holes in the three-

dimensional network.

An interesting relationship exists between the structures of petarasite and

parakeldyshite.  The framework of petarasite is composed of corner-sharing, six-

membered silicate rings linked by ZrO6 octahedra [2] (see Chapter 4, Figure 4.1), whereas

the structure of parakeldyshite is based on layers of mixed six-membered rings formed by

two Si2O7 groups and two ZrO6 octahedra (Figure 5.1).  The parakedyshite layers can be
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derived from the Zr2Si6O18 framework of petarasite by removing the two Si(2) tetrahedra in

the six-membered rings (Figure 5.3) [1,2].

Figure 5.3  Representation of the structural relationship between petarasite and

parakeldyshite minerals.  On the left projection of the petarasite structure down the

c axis; on the right projection of the parakeldyshite structure down the c axis. Blue

ZrO6, brown SiO4, pink Na+, red O.

5.2.2 Phase transformation conditions for AV-3

The AV-3 phase changes were highlighted by TGA and DTA analyses (not

shown).  Up to 750 ºC, AV-3 exhibits the normal behaviour of a microporous material, first

loosing the mobile water molecules and then the structural water.  DTA curve exhibits two

negative peaks at ca. 120 and 420 ºC, indicating endothermic changes.  At 500 ºC all

water has been lost.  Around 830 ºC a second weight loss occurs corresponding to the

release of chloride and hydroxyl ions (see chapter 4).  The DTA curve shows at ca. 950 ºC

a negative peak, indicating an endothermic change related with the phase transformation.

Considering the TGA-DTA information, as-prepared AV-3 was shallow-bed

calcined for 15 hours under air, at temperatures from 200 up to 1200 ºC.  The temperature

of the furnace was increased using a scanning rate of 5 ºC/min (Figure 5.4).  After

calcination, the samples were kept in a desiccator.  The phase transformation was

followed by PXRD, SEM, 29Si and 23Na MAS NMR.

Si(1)

Si(2)

Si(3)

∆∆∆∆

b

a a
b
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15 hours under air

5 ºC/min 10 ºC/min

maximum temperature

room temperature

Figure 5.4  Furnace heating program.

5.2.3 Monitoring the phase transformation

The PXRD patterns of the phase transformation of AV-3 are shown in Figure 5.5.

PXRD patterns of the heated products indicate that AV-3 is thermally stable up to at least

800 ºC as only small changes occur.  The linewidth of some peaks increases after 700 ºC.

The strong peak at 2θ  21.8º is resolved in two peaks upon dehydration.  The major

changes begin at ca. 850 ºC.  It seems that the formation of the new phase occurs

gradually.  As the temperature increases, the characteristic reflections of parakeldyshite

begin to appear, while the intensity of reflections of petarasite decreases and they

eventually disappear from the diffractogram, after calcination at 1000 ºC for 15 hours. For

temperatures higher than 1000 ºC, no important changes occur.  It should be noticed that

the baseline is slightly raised for temperatures above 900 ºC, which is probably due to the

formation of amorphous siliceous materials due to the different stoichiometry of starting

and final materials.

Different calcination times were tried, and it was found that the minimum time

necessary to get the pure analogue of parakeldyshite was 15 hours.

Figure 5.6 shows the resemblance between the PXRD pattern of the new phase

formed after calcination of AV-3 at 1100 ºC and that of parakeldyshite: all diffraction lines

compare well with the lines in JCPDS card number 29-1293 for mineral parakeldyshite.

The JCPDS card number 39-0209 for synthetic parakeldyshite does not compare so well,

presenting different line intensities and missing reflection lines.
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10 15 20 25 30 35 40

as-prepared AV-3

200 ºC

850 ºC

800 ºC

750 ºC

700 ºC

600 ºC

1000 ºC

950 ºC

900 ºC

1200 ºC

1100 ºC

1050 ºC

2θ/ Degree

Figure 5.5  PXRD patterns of as-prepared AV-3 and AV-3 calcined in air at different

temperatures for 15 hours.
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10 15 20 25 30 35

10 15 20 25 30 35

AV-3 converted to
parakeldyshite at 1100 ºC

parakeldyshite 29-1293

parakeldyshite, syn. 39-0209

2θ/ Degree

Figure 5.6  PXRD pattern of AV-3 after calcination at 1100 ºC for 15 hours compared

with naturally occurring (JCPDS card 29-1293) and synthetic parakeldyshite

(JCPDS card 39-0209).

The SEM micrographs (Figure 5.7) do not show differences, apart from some

aggregation, on the AV-3 material until calcination at 850 ºC.  After calcination at 850 ºC

for 15 hours, the SEM indicates a gradual loss of the crystal form.  The material remains a

powder until ca. 1100 ºC, and melts at ca. 1200 ºC.  Some amorphous material should be

formed due to the stoichiometric difference between petarasite and parakeldyshite.  It is

possible that this amorphous siliceous material coats the external surface of the crystals.

Spot EDS analysis of AV-3 after calcination at different temperatures showed that

the Si/Zr ratio of 3.1 for the as-synthesised AV-3 decreases to 2.2 after calcination at 1100

ºC, which is in good agreement with the Si/Zr ratio of 2 in parakeldyshite.  Some silicon

rich particles were detected in the samples calcined at temperatures above 900 ºC.
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as-prepared AV-3 750 ºC

800 ºC 850 ºC

900 ºC 950 ºC

1000 ºC 1050 ºC

1100 ºC 1200 ºC

Figure 5.7  SEM images of as-prepared AV-3 and AV-3 calcined at different temperatures.
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-110-100 -90 -80
ppm from TMS

as-prepared AV-3

200ºC

750ºC

700ºC

800ºC

850ºC

900ºC

950ºC

1000ºC

1050ºC

1100ºC

600ºC

Figure 5.8  29Si MAS NMR spectra of as-prepared AV-3 and AV-3 after calcination in air

at different temperatures for 15 hours.

29Si MAS NMR spectra of AV-3 before and after 200-1100 ºC calcination in air

are shown in Figure 5.8.  The spectrum of as-prepared AV-3 shows, as seen in chapter 4,

three resonances at −86.6, −91.6 and −94.3 ppm in a 1 : 0.9 : 1 intensity ratio,

corresponding to three unique silicon sites of the type [Si(2Si,2Zr)], with equal populations
[4,5].  When the sample is calcined at 200 ºC in air, the spectrum becomes less resolved

due to the dehydration.  At temperatures between 200 ºC and 800 ºC, the first resonance

shifts to –86.0 ppm and the two other resonances coalesce into a single overlapping peak

at –92.5 ppm.  The intensity ratio between the two resonances after calcination at 800 ºC
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for 15 hours is about 1 : 2.  Between 850 ºC and 1100 ºC, the intensity of the peak at

–92.5 ppm decreases and a third resonance appears at – 88.6 ppm (Figure 5.8).  In

addition, a very broad peak centred at ca. –98.8 ppm gradually appears in the spectra.

Deconvolution of 1100 ºC calcined AV-3 29Si MAS NMR spectrum yields relative

intensities of 0.05, 0.05 and 0.90 for the resonances at –86.0, -88.6 ppm and the broad

resonance centred at ca. –98.8 ppm, respectively.  The latter corresponds to amorphous

siliceous material resulting from the different stoichiometry of petarasite and

parakeldyshite (the ideal Si/Zr molar ratios of petarasite and parakeldyshite are 3 and 2,

respectively).  For mineral parakeldyshite two different 29Si MAS NMR resonances are

expected with equal intensities, corresponding to two silicon sites of the type

[Si(2Si,2Zr)], with equal populations.  The amount of the amorphous phase present can, in

principle, be quantified.  The total silicon content on the calcined sample can be written as

[x (ZrSi2) + y (ZrSiz)], where x is the fraction of parakeldyshite and y is the fraction of

amorphous material with formula ZrSiz (x + y = 1).  Since the total Si/Zr ratio in the starting

material is 3, then [2x + yz = 3].  Considering the area of the 29Si MAS NMR resonance

corresponding to the amorphous phase is 0.90, we have:

90.0
3

yz = .

It is possible to calculate the x, y and z values and get the total silicon content as:

0.15 (ZrSi2) + 0.85 (ZrSi3.18).

parakeldyshite        amorphous phase

85 % of the calcined material is found to be an amorphous phase with Si/Zr ratio of 3.18

and 15 % is parakeldyshite.

Single-quantum 23Na MAS NMR spectra of as-prepared AV-3 and AV-3 after

calcination at 200 up to 1100 ºC are shown in Figure 5.9.  Simulation of the spectrum of

the 1100 ºC calcined sample is shown in Figure 5.10.  23Na 3Q MAS NMR spectra were

acquired for 700 ºC, 900 ºC and 1100 ºC calcined samples (Figure 5.11).  As shown in

chapter 4, petarasite (and AV-3) contains three crystallographically independent seven-

coordinated sodium sites with equal populations [4,5].  Apparently, the changes in the 23Na

MAS NMR spectra occur early (600 ºC) possibly due to the dehydration of the Na(1) and
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Na(2) sites (see petarasite structure in chapter 4) which have water molecules in their

coordination sphere [NaO5(H2O)Cl].

-60-2020

ppm from NaCl (aq)

as-prepared AV-3

200ºC

750ºC

700ºC

800ºC

850ºC

900ºC

950ºC

1000ºC

1050ºC

1100ºC

600ºC

Figure 5.9  Single-quantum 23Na MAS NMR spectra of as-prepared AV-3 and AV-3 after

calcination in air, at the temperatures depicted, for 15 hours.

23Na 3Q MAS NMR (Figure 5.11) and the simulation of the 700 ºC spectrum (not

shown) indicate the presence of only one sodium site (S1) with an isotropic chemical shift

of –5.1 ppm, quadrupole coupling constant 2.17 MHz and asymmetry parameter 0.6.  At

850 ºC other resonances start to appear in the spectrum.  The 23Na 3Q MAS spectrum of

900 ºC calcined AV-3 shows the co-existence of three different sodium sites.  The single-

quantum 23Na MAS NMR spectrum of AV-3 calcined at 1100 ºC for 15 hours can be

simulated (Figure 5.10) assuming the presence of two resonances (S2 and S3), as
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indicated on the 23Na 3Q MAS spectrum (Figure 5.11), with intensities ca. 1 : 0.9 and the

following parameters: isotropic chemical shifts –4.1 and –2.3 ppm; quadrupole coupling

constants 2.53 and 1.34 MHz; asymmetry parameters 0.81 and 0.80, respectively.  In

accord with this observation, the crystal structure of parakeldyshite [8] calls for the

presence of two sodium sites with equal populations.  It should be noticed that the 23Na

3Q MAS NMR spectrum of AV-3 calcined at 900 ºC shows a mixture of phases because

S1, S2 and S3 are present.

-80-60-40-2002040
ppm from NaCl

Experimental

Simulated

Figure 5.10  Experimental and simulated single-quantum 23Na MAS NMR spectra of AV-

3 calcined at 1100 ºC for 15 hours.
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5.2.4 Refinement of the structure of synthetic parakeldyshite

The unit cell parameters of AV-3 calcined at 1100 ºC for 15 hours (synthetic

parakeldyshite) were calculated from the collected PXRD pattern using the program

TREOR 90 [9] and they were in perfect agreement with the values reported by Voronkov et

al. [8] for parakeldyshite.  All reflections were indexed.  Rietveld refinement was carried out

using the atomic coordinates, unit cell parameters and space group of the mineral

parakeldyshite [8] as structural model.  The observed and calculated patterns of synthetic

parakeldyshite (Figure 5.12) match very well.  No impurities were detected on the

collected pattern.
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Figure 5.12  Observed (line), calculated (crosses) and difference (bottom) PXRD

patterns of AV-3 calcined at 1100 ºC for 15 hours.  On the top, hkl indices.
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Information on data recording and Rietveld refinement of AV-3 calcined at

1100 ºC for 15 hours are presented in Table 5.1.  Atomic coordinates, isotropic thermal

parameters, selected bond distances and angles are listed in Appendix 2 (Tables A2.1-3).

Although, the refinement converged, the refinement reliability factors were relatively poor.

This is due to the amorphous content of the calcined material.  Since, the synthetic

parakeldyshite has resulted from a thermal conversion, using a starting material with

higher silicon content, a large amount of amorphous siliceous material was formed, which

has resulted in a raised baseline.  The amorphous siliceous material was simulated and

subtracted prior to refinement.  In consequence, the χ2 value is very high, which may

indicate some systematic errors in the profile possibly due to bad simulation of the area

corresponding to the amorphous material subtracted.

Table 5.1  Conditions of X-ray data collection and refinement of AV-3 calcined at 1100 ºC

for 15 hours (synthetic of parakeldyshite, Na2ZrSi2O7).

Data collection
Diffractometer, geometry Philipps MPD, Bragg-Brentano

Radiation CuKα 

2θ range (º) 8-100º

Step scan 0.02º(2θ)

Time per step 7 sec.

Results of Rietveld refinement in P-1 space group by the FULLPROF program

Cell parameters a = 6.6364(4), b = 8.8120(5), c = 5.4233(3) Å, α =
92.697(4), β = 94.204(3), γ  = 71.355(3)º

Volume (Å3) 299.61(3)

Independent reflections/parameters  618/69

Peak shape function Pseudo-Voigt (NPROF=7)

Zeropoint 0.0136

Halfwith parameters (U, V, W, X, Y) 0.06(1), 0.03(1), -0.06(1), 0.0001, 0.049(2)

Asymmetry parameters 0.024(8), 0.030(2), 0.0000, 0.0000

Background polynomial parameters -30(2), -165(6), 139(11), 342(24), -130(14), -243(24)

Reliability factors (conventional: background excluded)

For points with Bragg contribution RP= 9.66, Rwp= 15.7, Rexp= 3.98, χ2= 15.6

Structure reliability factors RB= 5.09, RF= 4.47

The bond distances (Appendix 2, Table A2.2) confirmed that sodium cations are

octahedrally-coordinated in agreement with the structure of parakeldyshite.  Si(1) forms

quite small Si-O bonds (average 1.580 Å) when compared with the Si(2)-O bonds
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(average 1.616 Å).  According to the empirical correlation between Si-O bond lengths and

the 29Si NMR chemical shift [10], for small Si-O bonds the resonances are shifted to high-

field, while for long Si-O bonds, the peaks are shifted to low-field.  Thus, the resonance at

– 86.0 ppm is assigned to Si(2), while the resonance at –88.6 ppm is attributed to Si(1).

The coordination polyhedron for the zirconium atom is almost regular with Zr-O bond

distances of 2.082-2.160 Å and a mean OZrO bond angle of 90.04º (Appendix 2, Table

A2.3).

5.3 Phase transformation of synthetic umbite into wadeite

5.3.1 Structure of wadeite

Wadeite  is  a  potassium  zirconosilicate  mineral  from the West  Kimberley area
a

b

of Western Australia.   The complete

structure of wadeite was determined by

single crystal X-ray methods in the space

group P63/m, unit cell dimensions

a = 6.893 ± 0.004 and c = 10.172 ± 0.002

Å, and may be represented ideally by the

formula Zr2K4Si6O18 
[11].   The  structure  of

a

c

Figure 5.13  Projection of the wadeite structure

viewed down: (A) the c axis; (B) the

b-axis.  Blue ZrO6, brown SiO4, green K+,

red O.

wadeite (Figure 5.13) is based on a

framework of silica tetrahedra with

potassium  and  zirconium  atoms  fitting

into the interstices.  Each unit cell is

formed by two Si3O9 rings, two zirconium

ions and four potassium to balance the

charge.  The zirconium atoms are located

on the origin of the crystal lattice and they

form layers in the ab-plane at z=0 and

1/2.  Within these metal layers, zirconium

atoms occupy the corners of equilateral

triangles.  Therefore, for a given

zirconium atom there is six surrounding

triangles of zirconium   atoms  in  the  ab-

plane.  The trisilicate rings are non-planar

(A)

(B)
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cyclic groups with a centre located near the centre of the equilateral triangle formed by the

zirconium atoms.  The potassium ions are on the centre of the zirconium triangles in the

ab-plane and are sandwiched between the two adjacent cyclic trisilicate groups along the

c axis [3].

Belov et al. [12] reported a hydrothermal synthesis at high temperature

(350-450 ºC) of the titanium analogue of the Zr mineral wadeite.  The authors concluded,

after refinement using the least-squares method, that the full replacement of zirconium by

titanium does not lead to fundamental changes in the structural type of wadeite.  The

reduction of the ionic radius (rTi = 0.64 Å, rZr = 0.87 Å) of the group IV cation affected the

cell parameters (a = 6.87 ± 0.03 and c = 9.87 ± 0.04 Å).  In the c dimension a more

noticeable reduction occurs because it is connected directly with the height of the Zr(Ti)

octahedron placed on the face.

Poojary et al. [3] discussed a possible pathway for the conversion of (hydrated)

orthorhombic umbite to (dehydrated) hexagonal wadeite through a lattice transformation

according to the matrix:
















−

001

21210

100

.

This matrix converts the unit cell of umbite to a lattice with a = 7.196, b = 7.57 and

c = 10.298 Å, and γ = 118.4º.  The γ angle value is very close to 120º and a and b

dimensions obtained using the matrix are very close to a (and b) in wadeite (6.893 Å).

The c-axis in the mineral and the matrix transformed lattice also compare well taking into

account that the transformed lattice dimensions consider the presence of water molecules

in the lattice.  Poojary and co-workers stressed that the matrix cannot be used to convert

atomic positions among umbite and wadeite phases because trisilicate groups exist in two

different forms in the hydrated and dehydrated phases.

5.3.2 Phase transformation conditions for Ti-AM-2 and Zr-AM-2

The phase changes of Ti-AM-2 and Zr-AM-2 were clearly monitored by TGA-DTA

(not shown).  The mobile water of the Ti-AM-2 material is released at 130 ºC and the

structural water at 370 ºC.  Ti-AM-2 is thermally stable up to ca. 600 ºC.  The first phase

transformation of the Ti-AM-2 sample occurs at ca. 700 ºC, and the crystallisation of
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wadeite begins at ca. 840 ºC (endothermic peak on the DTA curve).  No colour changes,

due to reduction of the Ti4+ to Ti3+ seem to occur during the calcination.

The Zr-AM-2 sample was stable until 800 ºC, remaining a powder up to 1200 ºC.

The first phase transformation occurs at ca. 900 ºC as indicated by the endothermic peak

in the DTA curve (not shown).  An endothermic peak on the DTA curve at ca. 1000 ºC

indicates the crystallisation of Zr-wadeite.  Calcination at 1100 ºC for 6 hours was found to

be the correct temperature and time for the complete transformation.  Zr-AM-2 seems to

be a more thermally stable phase than Ti-AM-2.  The transformation of Ti-AM-2 to wadeite

occurs at a temperature lower than that of the zirconium sample.  Considering the TGA-

DTA information, as-prepared Ti-AM-2 and Zr-AM-2 were shallow-bed calcined for 6

hours under air at temperatures from 600 up to 900 ºC, for Ti-AM-2, and from 800 to 1200

ºC, in the case of Zr-AM-2.  A scanning rate of 5 ºC/min was used.  6 hours were not

enough for total conversion of Ti-AM-2 to wadeite, 12 hours being necessary for the

complete transformation.

5.3.3 Monitoring the phase transformation

The PXRD patterns of as-prepared Ti-AM-2 and materials calcined in air at

600-900 ºC are shown in Figure 5.14.  Ti-AM-2 is stable under heat treatment up to ca.

600 ºC.  The most noticeable change at 650 ºC is the decrease in crystallinity.  When

Ti-AM-2 is calcined at 700 ºC for 6 hours, the pattern exhibits a strong decrease of the

reflection intensities and a raised baseline.  At 750 ºC, a large amount of amorphous

material is noticeable, as well as, the appearance of a new crystalline phase.  At 800 ºC

the amount of amorphous material decreases and an increase of an unknown

intermediate phase intensity reflections is observed.  After calcination at 850 ºC for

6 hours, the pattern shows a mixture between the intermediate and the synthetic titanium

wadeite phases.  Only after calcination for 12 hours the pure titanium analogue wadeite

phase is obtained.  Small non-identified peaks are seen in the difractogram that remain

even after calcination at 900 ºC for 6 hours.

The PXRD patterns of as-prepared Zr-AM-2 and materials calcined in air at

800-1200 ºC are shown Figure 5.15.  The synthetic analogue of umbite is quite stable,

preserving its structural integrity up to 850 ºC.  The transformation of synthetic umbite to

wadeite begins at 900 ºC with a significant decrease of the crystallinity of the initial phase

and the appearance of weak reflections, possibly related with an intermediate phase

(Figure 5.15).  After calcination at 950 and 1000 ºC the main phase is the synthetic
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analogue of wadeite, but a small amount of other materials is still present.  After

calcination at 1200 ºC, the sample becomes amorphous.

10 15 20 25 30 35 40

as-prepared AM-2

600 ºC/ 6 h

850 ºC/ 12h

850 ºC/ 6h

800 ºC/ 6h

700 ºC/ 6h

650 ºC/ 6h

900 ºC/ 6h

750 ºC/ 6h

2θ/ Degree

Figure 5.14  PXRD patterns of as-prepared Ti-AM-2 and Ti-AM-2 after calcination in air

at different temperatures.
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1100 ºC
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900 ºC

850 ºC

1200 ºC
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Figure 5.15  PXRD patterns of as-prepared Zr-AM-2 and Zr-AM-2 after calcination in air

at different temperatures for 6 hours.

SEM micrographs of Ti-AM-2 and Zr-AM-2 are shown in Figure 5.16 and

Figure 5.17, respectively.  Ti-AM-2 calcined at 850 ºC for 12 hours does not present a well

defined morphology due to the melting of the material during the heating process.

Zr-AM-2 shows a well-defined habit after calcination at 1100 ºC for 6 hours.  Despite the

heat treatment, the material remains a powder.  Spot EDS analyses of different crystals of

the calcined Ti-AM-2 and Zr-AM-2 materials shows that the Si/Ti and Si/Zr ratios are
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approximately equal to 3, as in the synthetic analogues of umbite.  This evidence is in

good agreement with the Si/Zr ratio of 3 of wadeite structure.

Ti-AM-2 Calcined Ti-AM-2 at 850 ºC/ 12 hours

Figure 5.16  SEM images of Ti-AM-2 and calcined Ti-AM-2 at 850 ºC for 12 hours.

Zr-AM-2 Calcined Zr-AM-2 at 1100 ºC/ 6 hours

Figure 5.17  SEM images of Zr-AM-2 and calcined Zr-AM-2 at 1100 ºC for 6 hours.

Figure 5.18 shows the 29Si MAS NMR spectra of as-prepared and calcined

Ti-AM-2.  In accord with the crystal structure of umbite, the 29Si MAS NMR spectrum of

the Ti-AM-2 material contains three resonances at –87.3 ppm and two overlapping peaks

at about -86.2 and –85.9 ppm in ca. 1 : 1 : 1 intensity ratio [6].  Up to 600 ºC (6 hours),

there are no important changes in the 29Si MAS NMR spectra.  After calcining the sample

a 650 ºC for 6 hours, two new resonances, at –82 and –83.8 ppm, appear on the

spectrum, and a decrease of the Ti-AM-2 resonance intensities occurs.  At 700 ºC, the

spectrum shows: (i) a very broad peak centred at ca. –94 ppm, corresponding to

amorphous siliceous material, (ii) unresolved peaks of Ti-AM-2 at –86.2 ppm and (iii) new

resonances at ca. –82.5 and –83.9 ppm.  After calcination at 750 ºC, the resonances at

ca. –83.2 and –84.4 ppm are stronger and it is possible to observe a small resonance at
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ca. –94 ppm (Figure 5.18).  At 800 ºC, the broad amorphous resonance disappeared and

the peak at ca. -94.1 ppm increases its intensity.  This last resonance has a strong

increase of intensity at 850 ºC (6 hours), with a concomitant decrease of the intermediate

phase resonances and the appearance of a very small peak at –96.2 ppm (Figure 5.18).

After calcination at 850 ºC for 12 hours or 900 ºC for 6 hours the main resonance is at

–94.1 ppm.  A 5 % impurity is present in the material.

-110-100 -90 -80
ppm from TMS

as-prepared AM-2

600 ºC/ 6h

850 ºC/ 6h

800 ºC/ 6h

850 ºC/ 12h

900 ºC/ 6h

700 ºC/ 6h

650 ºC / 6h

750 ºC/ 6h

Figure 5.18  29Si MAS NMR spectra of as-prepared Ti-AM-2 and Ti-AM-2 calcined in air

at different temperatures.

Figure 5.19 shows the 29Si MAS NMR spectra of as-prepared and calcined

Zr-AM-2.  Although the umbite struture possesses three types of Si(2Si,2Zr), the 29Si MAS

NMR spectrum of synthetic Zr-AM-2 only displays a single broad peak at –86.5 ppm [5].

The phase transformation of synthetic umbite to wadeite starts at 850 ºC with the
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broadening of the Zr-AM-2 resonance at –86.5 ppm.  At 900 ºC the spectrum shows a

very broad asymmetric line, which can be deconvoluted in, at least, three peaks

(Figure 5.19).  A faint resonance appears at ca. –91.5 ppm.  At 950 ºC, the resonance

corresponding to wadeite, at about –91.4 ppm, becomes the main peak.  Upon further

heating at 1000 and 1100 ºC the pure phase is obtained and it is totally destroyed at 1200

ºC (not shown).  In the structure of wadeite there is a unique silicon site of the type Si(3Si,

Zr/Ti) [11], which agrees with the single peak in the spectrum of the synthetic wadeite.

-94-90-86-82

ppm from TMS

as-prepared Zr-AM-2

800 ºC

1000 ºC

950 ºC

900 ºC

850 ºC

1100 ºC

Figure 5.19  29Si MAS NMR spectra of as-prepared Zr-AM-2 and Zr-AM-2 after

calcination in air at different temperatures for 6 hours.

5.3.4 Refinement of the Ti-wadeite and Zr-wadeite structures

The unit cell parameters of Ti- and Zr-wadeite were calculated from the collected

PXRD patterns using the program TREOR 90 [9] and almost all lines of the PXRD patterns

were indexed.  The unit cell parameters and full patterns of Ti- and Zr-wadeite were



Chapter 5

134

Rietveld refined using the atomic coordinates, unit cell parameters and space group of the

mineral wadeite [11] as structural model.  Figure 5.20 and Figure 5.21 show the final

Rietveld plots and the difference patterns. Apart from the impurity reflections, a good

match is obtained between the observed and the calculated pattern of Ti-AM-2 calcined in

air at 850 ºC for 12 hours.  It was not possible to identify the impurity.
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Figure 5.20  Observed (line), calculated (crosses) and difference (bottom) PXRD

patterns of Ti-AM-2 calcined in air at 850 ºC for 12 hours. On the top, hkl indices.

Asterisks depict the impurity reflections.
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Figure 5.21  Observed (line), calculated (crosses) and difference (bottom) PXRD

patterns of Zr-AM-2 calcined in air at 1100 ºC for 6 hours.  On the top, hkl indices.

In Figure 5.21, it is possible to confirm the good refinement of the structure of

synthetic Zr-wadeite.  The calculated pattern matches well the observed PXRD pattern as

showed by the difference plot.  No impurities can be detected.  Information on data

recording and Rietveld structure refinement of Ti-AM-2 after calcination at 850 ºC for

12 hours and Zr-AM-2 after calcination at 1100 ºC for 6 hours are presented in Table 5.2
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and Table 5.3, respectively.  The small unidentified impurity made the refinement of

Ti-AM-2 calcined at 850 ºC for 12 hours a difficult task, explaining why the R factors are

not as low as desirable.  The unit cell parameters are consistent with wadeite [11], although

the unit cell is slightly smaller due to the presence of titanium instead of zirconium ions.

These parameters are however, very similar to those reported by Belov et al. [12] for the

synthetic titanium analogue of wadeite.  A significant shrinkage of the unit cell volume can

be noticed. The refinement of the structure of the Zr-wadeite analogue was easier

because this phase was pure and all reflections could be indexed.  Rietveld refinement

converged to final low R factors, indicating a good agreement between the structure of

Zr-AM-2 calcined at 1100 ºC for 6 hours and the crystal structure of the mineral wadeite.

The unit cell parameters are very similar to those reported for the mineral [11].

Table 5.2  Conditions of X-ray data collection and refinement of Ti-AM-2 calcined at 850

ºC for 12 hours (synthetic titaneous structural analogue of wadeite, K2TiSi3O9).

Data collection

Diffractometer, geometry Philipps MPD, Bragg-Brentano

Radiation CuKα 

2θ range (º) 6-130º

Step scan 0.02º(2θ)

Time per step 7 sec.

Results of Rietveld refinement in P63/m space group by the FULLPROF program

Cell parameters a= 6.7709 (4), b= 6.7709 (4), c= 9.9104(6) Å, γ = 120.000º

Volume (Å3) 393.47(4)

Independent reflections/parameters  301/32

Peak shape function Pseudo-Voigt (NPROF=7)

Zeropoint 0.0000

Halfwith parameters (U, V, W, X, Y) 1.06(5), -0.027(5), -1.12(5), 0.030(2), 0.063(6)

Asymmetry parameters 0.037(9), 0.037(1), 0.000, 0.000

Background polynomial parameters 166(2), -149(5), 26(9), 80(22), 87(12), 86(22)

Reliability factors (conventional: background excluded)

For points with Bragg contribution RP= 7.55, Rwp= 13.6, Rexp= 5.48, χ2= 6.11

Structure reliability factors RB= 6.99, RF= 5.88
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Atomic coordinates, isotropic thermal parameters, selected bond distances and

angles are presented in Appendix 3 (Tables A3.1-6).  According to Henshaw [11], the Si-O

distances in the crystal structure of wadeite should be around 1.60 Å, which is in accord

with the values obtained for the calcined materials (average 1.606 Å).  In the mineral

wadeite, the Zr-O bond length is 2.07 Å.  The Ti-O distances obtained are consistent with

a regular octahedron, but smaller than in the wadeite mineral due to the smaller ionic

radius of the titanium ion.  The potassium cation is surrounded by nine oxygen atoms at

three different distances, as reported for mineral wadeite [11].  The obtained angles are

consistent with the values of wadeite.

Table 5.3  Conditions of X-ray data collection and refinement of Zr-AM-2 calcined at

1100 ºC for 6 hours (synthetic wadeite, K2ZrSi3O9).

Data collection

Diffractometer, geometry Philipps MPD, Bragg-Brentano

Radiation CuKα 

2θ range (º) 6-134.5º

Step scan 0.02º(2θ)

Time per step 7 sec.

Results of Rietveld refinement in P63/m space group by the FULLPROF program

Cell parameters a= 6.9291(2), b= 6.9291(2), c= 10.1848(4)Å,  γ = 120.000º

Volume (Å3) 423.49(3)

Independent reflections/parameters  546/52

Peak shape function Pseudo-Voigt (NPROF=7)

Zeropoint -0.0021

Halfwith parameters (U, V, W, X, Y) 0.08(7), -0.049(4), -0.04(7), 0.051(8), 0.037(2)

Asymmetry parameters 0.031(4), 0.0477(8), 0.0000, 0.0000

Background polynomial parameters 152(1), -86(4), 22(7), 192(19), 80(10), -133(20)

Reliability factors (conventional: background excluded)

For points with Bragg contribution RP= 5.45, Rwp= 7.95, Rexp= 3.76, χ2= 4.47

Structure reliability factors RB= 2.79, RF= 2.39
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5.4 Conclusions

Mineral petarasite (and AV-3) can be transformed to parakeldyshite under heat

treatment.  The phase transformation of petarasite to parakeldyshite occurs gradually

without detection of only intermediate phases.  Very high temperature (at least 1000 ºC) is

necessary for a complete phase transformation, together with a relatively long period of

calcination (15 hours).  The Rietveld refinement carried out using the crystal structure

model of parakeldyshite converged to relatively low R-values, indicating the reliability of

the proposed structure.  The interatomic distances and bond angles are consistent with

the crystal structure of parakeldyshite.  All techniques used to characterise the final

material proved that synthetic parakeldyshite was prepared at high temperature using

synthetic petarasite as precursor.

Upon calcination, Ti-AM-2 and Zr-AM-2, synthetic structural analogues of umbite,

transform into a highly stable phase, structural analogue of mineral wadeite.  The phase

change occurs at lower temperature for the titaneous material, indicating that zirconium

gives a higher thermodynamic stability to the umbite structure.  An unidentified

intermediate phase is formed after calcination of Ti-AM-2 at 800 ºC for 6 hours.  The

presence of an intermediate phase was also detected for the Zr-AM-2 calcined at 900 ºC.

The Rietveld method was very effective in the refinement of the structure parameters

using the crystal structure of wadeite as a model.  29Si MAS NMR strongly supports the

structural analogy between the prepared materials and wadeite.  The natural occurrence

of purely titaneous umbite is unknown, which can probably be explained by both its lower

stability when compared with the zirconium counterpart, and easy transformation into

other phases at relatively low temperatures.
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6.1 Introduction

To date, much of the published work has been centred on MCM-41 as the

mesoporous host.  In contrast, little has been reported regarding MCM-48, which has a

very different lattice.  Recently O'Brien et al. [1,2] showed that the walls of MCM-41 may be

functionalised with ferrocenyl end groups via a ring opening reaction with the strained

metallocenophane [SiMe2{(η5-C5H4)2}]Fe.  In the first part of this chapter, structural studies

on MCM-48 functionalised with (1,1'-ferrocenediyl)dimethylsilane are described [3].  The

results are compared with those obtained with MCM-41.

Ti-substituted M41S and related materials have been prepared directly by either

treating Ti alkoxides with silicon compounds, or mixing TiO2 with silica [4-8].  One problem

with these materials as catalysts is that access by the reactants to the Ti active centres is

still somewhat limited as the latter are buried within the inner walls of the mesoporous

solid.  An alternative strategy for the incorporation of redox-active metal centres into the

internal surface of M41S materials is the covalent attachment of organometallic

complexes.  Thomas and co-workers [9,10] have prepared a heterogeneous titanium (IV)

catalyst by diffusing a solution of Cp2TiCl2 in chloroform into the mesopores of MCM-41,
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followed by treatment with Et3N to activate the Si-OH groups to form Si-O-Ti linkages.

The final catalyst is obtained by calcination to remove the organic ligands.

The introduction of an interannular bridge in titanocene dichloride, Cp2TiCl2,

alters its reactivity considerably, particularly in relation to reduction.  A comparison of the

redox behaviour of Cp2TiCl2 and the dialkylsilyl-bridged derivatives [SiR2{( η5-C5H4)2}]TiCl2

showed that the bridged compounds exhibit a single one-electron reversible reduction

whereas the unbridged compound exhibits several reduction waves [11].  The stability of

the one-electron reduced d1 Ti(III) monoanion of the bridged compounds has been

rationalised on the basis of the ability of the SiR2 ligand to restrict the mobility of the Cp

rings and to maintain their original canted arrangement. The titanocene dichloride grafted

on mesoporous MCM-41 is a precursor to an active and selective heterogeneous

epoxidation catalyst.  Detailed spectroscopic and computational studies have confirmed

that (≡Si-O)3TiCp is more likely to form than (≡Si-O)2TiCp2 
[12].  To the best of our

knowledge, no studies are available on the effect of the presence of an interannular bridge

on the anchoring process or the catalytic properties of the grafted product.  In the second

part of chapter 6, the derivatisation of MCM-41 and MCM-48 by direct reaction with the

titanocenophane complex [SiMe2{(η5-C5H4)2}]TiCl2 is reported [13].

The work reported here was carried out in collaboration with Prof. Dr. Isabel

Gonçalves and Dr. Martyn Pillinger.

6.2 MCM-48 functionalised with ferrocenophane

6.2.1 Grafting of [SiMe2{(ηηηη5555-C5H4)2}]Fe

The synthesis and some reaction chemistry of (1,1'-ferrocenediyl)dimethylsilane

and other derivatives have been reported and it was found that ferrocenophanes are

susceptible to nucleophilic attack by ROH [14].  This ring-opening reaction is responsible

for the persistent attachment of the [SiMe2{(η5-C5H4)2}]Fe unit to surfaces.  Like silica and

alumina supports, MCM-48 should be capable of surface reactions via terminal silanol

groups.  Mixing of a suspension of MCM-48 with excess of organometallic

(1,1 ferrocenediyl)dimethylsilane (prepared as described by Wrighton [15]) in pentane at

room temperature for 24 hours gives an orange solid MCM-48/[SiMe2{(η5-C5H4)2}]Fe (1)

(Figure 6.1).  The air stable powder was washed with pentane to remove some unreacted

[SiMe2{(η5-C5H4)2}]Fe and a small portion of the ferrocenophane which was converted to
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ferrocene.  The pentane was previously dried by reflux over Na/benzophenone ketyl,

distilled under argon, and kept over 4 Å molecular sieves.

Figure 6.1 Scheme of derivatisation of MCM-48 with (1,1'-ferrocenediyl)dimethylsilane.

6.2.2 Results and discussion

Bulk elemental analysis indicated that a high loading of [SiMe2{(η5-C5H4)2}]Fe in

the material had been achieved (8.18% mass Fe).

The PXRD pattern of parent MCM-48 (Figure 6.2) can be indexed on a cubic unit

cell (using the strongest reflection, d211, a = 88.616 Å).  The pattern of functionalised

MCM-48 is consistent with retention of the cubic mesoporous structure.  The strongest

peak shifts slightly (a = 86.559 Å).  In addition, the observed slight decrease in peak

intensities does not necessarily reflect a decrease in the order of the structure but could

instead be due to a decrease in the scattering contrast between the silica framework and

the pores as a result of inclusion of the ferrocenyl groups [16].

1.5 2.5 3.5 4.5 5.5 6.5 7.5

Fe-MCM-48

MCM-48

2θ/ Degree

Figure 6.2  PXRD patterns of as-synthesised and functionalised MCM-48.

The 29Si CP/MAS NMR spectrum of functionalised MCM-48 (Figure 6.3) exhibits

two broad overlapping peaks -108.8 and –101.5 ppm assigned to, respectively, Q4 and Q3

units of the silica framework.  A small amount of Q2 environments (faint peak at 

pentane, r.t., 24h

[SiMe2{(η5-C5H4)2}]Fe
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–91.2 ppm) is also present.  Both the 29Si CP/MAS and MAS NMR spectra clearly

show that upon functionalisation the intensity of the Q3 (and Q2) peak

decreases considerably.  Functionalised MCM-48 also displays two strong resonances at

-140-100-60-20 20

ppm from TMS

Fe-MCM-48
CP/MAS

MCM-48
CP/MAS

Fe-MCM-48
MAS

MCM-48
MAS

Figure 6.3  29Si CP/MAS and MAS NMR spectra of:

as-synthesised and functionalised MCM-48.

high-frequency.  The peak at 6.5 ppm

may be assigned to Si-O-SiMe2Fc

environments (Fc = ferrocenyl group) [1,2]

and the signal at -6.4 ppm has been

previously assigned to the bridging

silicon atoms in small oligomeric units of

poly(ferrocenylsilane), the first unit of

which is bound to the channel wall [17].  A

third faint peak is seen at  –2.3 ppm.  At

present, it is not possible to  attribute

this resonance.  The solid-state 13C

CP/MAS NMR spectrum of

MCM-48/[SiMe2{(η5-C5H4)2}]Fe (1) is

shown  in  Figure 6.4.  The spectrum

exhibits three resonances at 72.3, 68.6

and 0.1 ppm  attributed  to  C5H4Si, C5H5

and SiMe2, respectively.  The unusual,

high-field resonance at 33.5 ppm for the

cyclopentadienyl carbon  attached  to

silicon in the [SiMe2{(η5-C5H4)2}]Fe

shifted  to  a  more conventional value

72.3 ppm in the spectrum of the

material 1.

Upon functionalisation, one

observes a large decrease in the

intensity of the FTIR absorption band

associated with OH groups on the silica

surface [ν(OH) = 3742 cm-1] [18]; which is

consistent with the decrease of the

intensity of Q3 (and Q2) 29Si MAS NMR

peaks.

  20  60 100

ppm from TMS

Figure 6.4  13C CP/MAS spectrum of

functionalised MCM-48.
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The calcined MCM-48 sample gave a type IV N2 adsorption isotherm (Figure 6.5)

(IUPAC classification [19]
) which is typical of a mesoporous solid and is comparable to that

reported by other workers for cubic mesoporous MCM-48 [20,21].  A well-defined step and

sharp inflection between relative pressure P/Po = 0.3 and 0.4 correspond to capillary

condensation and suggest a rather narrow pore size distribution.  The calcined MCM-41

sample also gave a type IV N2 adsorption isotherm.  BET surface areas were calculated

with the average area occupied by a N2 molecule in the monolayer taken as 16.2 Å2.

Values of 770 m2g-1 and 970 m2g-1 were obtained for MCM-48 and MCM-41, respectively.

The N2 adsorption isotherms of functionalised MCMs are quite different from those of the

parent materials, exhibiting a lower uptake.  Diffusion of N2 through the pore system of the

functionalised MCM-41 material was found to be extremely slow, hence the isotherm

presented is produced from nonequilibrium points but it serves to indicate the greatly

reduced uptake.  These results show that the free pore volume of the materials has been

reduced as a result of immobilisation of ferrocenyl fragments on the internal surface of the

mesoporous hosts.  In support of this conclusion, the BET surface areas decreased to

500 m2g-1 for MCM-48 and 270 m2g-1 for MCM-41 although, of course, these values are

based on nonequilibrium data.
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Figure 6.5  77 K N2 adsorption isotherms of a) as-synthesised and b) functionalised MCM

materials.  Triangles denote adsorption and circles correspond to desorption.



Chapter 6

146

The EXAFS studies were carried out at the Daresbury Laboratory, UK, by Dr.

Martyn Pillinger.  The Fe K-edge EXAFS of MCM-41 and MCM-48 derivatised with 1 were

analysed by beginning with a model of ferrocene for the Fe centre, and therefore selecting

a single shell of ten carbon atoms (Fit A).  Refinement gave very similar theoretical fits to

both EXAFS spectra and very similar structural parameters with an average Fe-C bond

distance of 2.06-2.07 Å and a Debye-Waller factor of 0.011-0.012 Å2 (Table 6.1).  These

results are comparable to those reported by O'Brien et al. for MCM-41 modified with the

same complex (10 carbons at 2.045 Å, 2σ2 = 0.007 Å2) [1,2].  The coordination number for

this shell was subsequently refined and in both cases the best fits were obtained with a

value of about 8.5 (Fit B, Figure 6.6A).  It may be concluded, therefore, that the structural

integrity of the ferrocenyl units has remained intact in the functionalised MCMs, given that

errors in EXAFS-derived coordination numbers for well defined shells are generally

accepted to be of the order of 20 %.  Additional shells in the model for non-bonded silicon

or carbon atoms were not reliable as either the resulting structural parameters were poorly

defined (high statistical errors) or the decrease in the fit index was not statistically

significant.

Table 6.1  The Fe K-edge EXAFS-derived structural parameters for [SiMe2{(η5-C5H4)2}]Fe,

MCM-41/[SiMe2{(η5-C5H4)2}]Fe and MCM-48/[SiMe2{(η5-C5H4)2}]Fe.

Fit Ta Nb r (Å) c 2σσσσ2 (Å2)d Eº (eV) R(%)e

[SiMe2{(η5-C5H4)2}]Fe A

B

C

C

10

4.3(3)

2.019(7)

2.053(3)

0.0242(20)

0.0069(12)

-1.2

-9.1

52.7

27.6

MCM-41/[SiMe2{(η5-C5H4)2}]Fe A

B

C

C

10

8.5(7)

2.064(3)

2.068(3)

0.0115(9)

0.0089(8)

-8.7

-9.7

31.3

30.1

MCM-48/[SiMe2{(η5-C5H4)2}]Fe A

B

C

C

10

8.5(7)

2.070(4)

2.075(3)

0.0109(9)

0.0084(8)

-9.7

-10.9

29.0

26.9

a) T = Atom type.  b) N = Coordination number. Note that the errors in EXAFS-derived coordination numbers for well-

defined shells are generally accepted to be of the order of 20%.  c) r = interatomic distance (standard deviations in

parentheses). The systematic errors in bond distances arising from data collection and analysis procedures are ± 0.02 –

0.03 Å for well-defined coordination shells.  d) Debye-Waller factor; σ = root-mean-square deviation of interatomic

distance about r.  e) R-factor = (∫ | χ calc - χ exptl| k3dk / ∫  | χexptl| k3dk) × 100%.

In the fit to the Fe K-edge EXAFS of (1,1 ferrocenediyl)dimethylsilane 1 (Fit A, 10

carbons), the refined Fe-C bond distance was slightly shorter (2.02 Å) and the Debye-

Waller factor was significantly higher (0.024 Å2) than the corresponding values obtained

for the derivatised MCMs (Table 6.1).  Overall the fit was much poorer (R-factor 52.7 %).
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A B

Figure 6.6  Fe K-edge k3-weighted EXAFS spectra and Fourier transforms, phase-shift

corrected for carbon (___ experimental; ---- curved wave theory, Fit B in Table 1)

of: A) functionalised MCM-48 and B) [SiMe2{(η5-C5H4)2}]Fe, both at 298 K.

The high Debye-Waller factor is indicative of high thermal and/or static disorder in

the Fe-C bond. In this ansa-bridged ferrocene, the cyclopentadienyl rings are tilted with

respect to one another by an angle of 20.8º, the compound is appreciably strained and

there is significant departure from planarity at the ipso carbon [22].  These factors are

responsible for the compounds reactivity to ring-opening polymerisations.  The iron lies

closer to the ipso carbon and the two carbons adjacent to it than to the two opposite it.

The resulting wide and non-symmetric distribution in Fe-C bond distances (1.99 – 2.07 Å)

explains the high EXAFS-derived Debye-Waller factor and the inadequate fit to the

EXAFS.  Attempts to fit more than one shell for bonded carbons were unsuccessful.  In

contrast, the shell of ten carbon atoms in fit A for the MCM-supported materials was well-

defined and this is good evidence that the ring strain in the organometallic guest molecule

has been released, i.e., that a ring-opening reaction has occurred and the
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cyclopentadienyl ligands are parallel, resulting in a narrower and more symmetric

distribution in Fe-C bond distances.  An attempt was made to improve the model for 1 by

including a shell for non-bonded silicon, expected at 2.69 Å.  This resulted in a modest

improvement in the fit and a reasonable value for the distance but the statistical errors for

the structural parameters of this shell were very large: R-factor 45.5%, Eº -1.8 eV, r(Fe-C)

2.023(5) Å, 2σ2 0.0236(17) Å2, r(Fe…Si) 2.736(33) Å, 2σ2 0.0176(83) Å2.  A better fit to the

experimental data was obtained by starting from Fit A and refining the coordination

number (Fit B, Table 1,Figure 6.6B).  The final value was 4.3 but the error in this value

must be much higher than 20% for the reasons outlined above.



Structural studies and catalytic activity of MCM-41 and MCM-48 modified with ferrocenophane and titanocenophane

149

6.3 MCM-41 and MCM-48 functionalised with titanocenophane

6.3.1 Grafting of [SiMe2{(ηηηη5-C5H4)2}]TiCl2

The Ti-modified mesoporous materials are designated by Ti-MCM-41/(CH2Cl2 or

THF) and Ti-MCM-48/(CH2Cl2 or THF), and were prepared as depicted in Figure 6.7.
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Figure 6.7  Scheme of the preparation of the Ti-modified mesoporous materials.

MCM-41 and MCM-48 were treated with an excess of [SiMe2{(η5-C5H4)2}]TiCl2

(prepared as described previously by Bajgur [23]) in either dichloromethane (method a) or

THF (method b).  The products were isolated by filtration and washed thoroughly with the

relevant solvent to remove excess organometallic before drying in vacuum at room

temperature.  Method a gave grey/dark brown products which were air-sensitive,

transforming to light brown powders after exposure to air for several hours.  The products

from method b were pale pink/beige powders and not visibly air-sensitive.  Grafted

samples were subsequently calcined in air at 550 ºC for 10 hours to remove the organic

components.
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6.3.2 Results and discussion

Bulk elemental analysis indicated that the materials contained approximately

4.2 mass% Ti (method a) or 1.2 mass% Ti (method b).  This is consistent with a coverage

of titanium atoms of 8.8 × 10-25 mol/nm2 (0.5 Ti atoms per nm2) and 2.5 × 10-25 mol/nm2

(0.15 Ti atoms per nm2), respectively.  The former value is comparable to the

concentration of surface silanol groups in parent calcined MCM-41, reported to be in the

range 1 to 3 per nm2.  The PXRD patterns of parent calcined MCM-41 and MCM-48 can

be indexed, respectively, on a hexagonal unit cell (using the strongest reflection, d100,

a = 40 Å) and cubic unit cell (using the strongest reflection, d211, a = 88.62 Å).  The data

for the as-synthesised and calcined Ti-modified MCM materials are consistent with the

retention of the hexagonal and cubic mesoporous structures throughout the grafting and

calcination processes (Figure 6.8).

1 2 3 4 5 6 7

Ti-MCM-41/CH2Cl2

Calcined MCM-41

Ti-MCM-41/THF

1.5 2.5 3.5 4.5 5.5 6.5 7.5

Calcined MCM-48

Ti-MCM-48/CH2Cl2

Ti-MCM-48/THF

2θ/ Degree 2θ/ Degree

Figure 6.8  PXRD patterns of MCM-41 and MCM-48 materials.

Figure 6.9 shows the 29Si CP/MAS and MAS NMR spectra for Ti-MCM-41 and

Ti-MCM-48 prepared in dichloromethane and THF.  The 29Si CP/MAS NMR spectrum of

Ti-MCM-41/CH2Cl2 exhibits two broad convoluted resonances, at -108.4 and -100.3 ppm

assigned to Q4 and Q3 species, respectively, together with a shoulder at -92.8 ppm

ascribed to Q2 species.  The signal at -3.8 ppm can be assigned to asymmetric

[SiMe2{(η5-C5H4)2}]TiClO-Si, in accord with the 29Si MAS NMR spectrum for

[SiMe2{(η5-C5H4)2}]TiCl2 (-4.0 ppm).  The other poorly defined broad resonances, at 2.4

and -16.2 ppm, are attributed to symmetric [SiMe2{(η5-C5H4)2}]Ti(O-Si)2 species or to
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decomposition organic products.  A similar result is obtained for Ti-MCM-48/CH2Cl2

(Figure 6.9).  Comparison with the 29Si CP/MAS and MAS NMR spectra of the original

mesoporous silicate shows that the intensity of Q2 and Q3 species has decreased

significantly.

The 29Si CP/MAS NMR spectra of Ti-MCM-41/THF and Ti-MCM-48/THF only

exhibits two broad convoluted low-frequency resonances at ca. -109.5 ppm (Q4) and at

-101.0 ppm (Q3) together with a shoulder at -91 ppm (Q2) (Figure 6.9).
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-17.1 ppm
2.8 ppm -3.5 ppm

Figure 6.9  29Si CP/MAS and MAS spectra of MCM-41 and MCM-48 materials.

Reaction of the organometallic complex with MCM-41 and MCM-48 in

tetrahydrofuran replaces the Cp2SiMe2 group (Figure 6.7).  Alcohols are known to react

with CpTi compounds with the replacement of the cyclopentadienyl group [24].

Calcination of all these materials (Ti-MCM-41/CH2Cl2, Ti-MCM-48/CH2Cl2,

Ti-MCM-41/THF, and Ti- MCM-48/THF) removes the organic ligand (SiMe2{(η5-C5H4)2} or

THF) and these sites are probably occupied by an OH group (Figure 6.7).  After

calcination all these materials give a similar 29Si MAS NMR spectrum.  Both the 29Si

CP/MAS and MAS NMR spectra clearly show the diminished intensity of the Q2 and Q3

peaks relative to the Q4 peak, indicating the esterification of the free hydroxyl groups.

The 13C CP/MAS NMR spectra of Ti-MCM-41/CH2Cl2 and Ti-MCM-48/CH2Cl2 are

similar.  The signals of SiMe2 and Cp ligands are slightly affected by immobilisation.  Four

broad resonances are observed, all of which are broader than those of the related
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crystalline titanocenophane [SiMe2{(η5-C5H4)2}]TiCl2.  The broadening is due to the range

of chemically different environments in which the molecules are located, giving rise to an

envelope of peaks with very similar chemical shifts.  The spectrum of Ti-MCM-41/CH2Cl2

exhibits four broad resonances at 133.6, 120.6, 115.5 and -1.8 ppm attributed to (C5H4)2Si

and SiMe2, respectively.  These resonances can be compared with those given by solid

[SiMe2{(η5-C5H4)2}]TiCl2.  However, immobilisation takes place by elimination of one or

more of the original chlorides with the hydrogen atoms from the silanol groups (Si-OH) in

the MCMs and the spectrum appears more complicated.  The low value of Cl/Ti suggests

that  the  Ti-Cl  bonds  are involved in the reaction between the metallocene precursor and

MCM-41/MCM-48 (Figure 6.7).

Analogous bipodal anchoring of

the unbridged Cp2Ti fragment has also

been suggested for the recently reported

titanocene dichloride-grafted ITQ-2 [25], a

high surface area layered silica.

The 13C CP/MAS NMR spectra of

Ti-MCM-41/THF and Ti-MCM-48/THF

(Figure 6.10) only present two peaks at

67.5 and 24.6 ppm attributed to THF

coordinated to titanium (Figure 6.7).

After treatment of the

mesoporous materials with the

titanocenophane   complex   in  CH2Cl2  or

ppm from TMS

20  60 100

67.5 ppm

24.6 ppm

Figure 6.10  13C CP/MAS NMR spectrum of

Ti-MCM-48/THF.

THF the infrared band at ≈ 3742 cm-1 from OH groups was noticeably reduced in intensity.

In addition the spectra of MCM-41/CH2Cl2 or MCM-48/CH2Cl2 show bands at 2962 and

2930 cm-1, assigned to the asymmetric and symmetric CH3 stretching vibrations.  The

FTIR spectra of these anchored materials and of the starting materials show that the C=C

stretching modes in the region of 1400 cm-1 are similar.  The bands assigned to the Cp

ring, appearing at 1456 cm-1 and 1375 cm-1 for the free organometallic, are not shifted to

different frequency on anchoring, indicating a similar interaction between the titanium

centre and its Cp2SiMe2 group.  The presence of Ti-oxides species anchored on the silica

surface is revealed by a FTIR absorption at around 950 cm-1 which has been assigned to

asymmetric stretching of Ti-O-Si groups [6].

Figure 6.11 presents the N2 isotherms of the as-prepared and modified MCM-41

and MCM-48 materials recorded at 77 K.
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Figure 6.11  77 K N2 Isotherms of: (a) adsorption and desorption on MCM-41, (b)

adsorption and desorption on MCM-48, (c) adsorption and desorption on

Ti-MCM-41/CH2Cl2, (d) adsorption on Ti-MCM-48/CH2Cl2, (e) adsorption on

Ti-MCM-41/THF and (f) adsorption and desorption on Ti-MCM-48/THF. Triangles

denote adsorption and circles correspond to desorption.

The parent calcined materials both gave a type IV isotherm with a small

hysteresis.  The ABET specific surface areas were calculated to be 1035 m2g-1 for MCM-41

and 950 m2g-1 for MCM-48.  The modified samples exhibit a uptake of N2 lower than the

parent solids, as expected for successful incorporation of the organometallic within the

pore systems.  Adsorption of N2 on Ti-MCM-48/CH2Cl2 (Figure 6.11d) and

Ti-MCM-41/THF (Figure 6.11e) samples was found to be very slow resulting in

nonequilibrium isotherms.  The desorption part was not recorded for these two samples.

Inspection of the isotherms reveals that the materials produced using THF as the solvent

exhibit a higher uptake of N2 than those prepared using CH2Cl2, indicating that CH2Cl2 is



Chapter 6

154

superior in the task of promoting incorporation of the organometallic.  This is in agreement

with the elemental analysis results.  The two samples produced using CH2Cl2 also have

poorly defined capillary condensation regions as a result of the higher loadings.  The

incorporation of the organometallic species appears to depend on the solvent employed

and not on the pore system and pore diameters of the parent solids which are significantly

different.

6.3.3 MCM-41 and MCM-48 derivatives in oxidation catalysis

Ti-MCM-41 materials are active and selective catalysts in the epoxidation of

olefins using organic hydroperoxides.  Two distinct kinds of catalysts have been

described.  The first accommodates the titanium ions within the walls of the mesoporous

silica [4,6-8] and the second has the tetracoordinated TiIV ions grafted onto the inner surface

of the mesoporous host [9,10].  The second catalyst is prepared via a titanocene dichloride-

grafted precursor [9,10].  Surface-grafted Ti-MCM-41 catalysts have been shown to be more

active than lattice-embedded Ti-MCM-41 materials in terms of activity per Ti centre, due to

a large concentration of accessible, isolated and structurally well-defined active sites [26].

The Ti-modified mesoporous silicas prepared in this work were screened as catalysts for

the epoxidation of cyclooctene at 323 K with TBHP.  This work was carried out in

collaboration with Ms. Ana Santos and Dr. Fritz Kühn at the Anorganisch-chemisches

Institut der Technische Universität München.  Results are shown in

Figure 6.12:
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Figure 6.12  Conversion after 4 h and 24 h of reaction in the catalytic oxidation of

cyclooctene with TBHP over Ti-MCM materials (A, CH2Cl2); (B, THF).
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It is evident that after any given period the materials prepared in CH2Cl2 show a higher

conversion of cyclooctene than those prepared in THF.  However, the materials prepared

in THF are considerably more active in terms of conversion of cyclooctene per mol of

titanium atoms.  For example, after 4h of reaction, 55% conversion was observed for

Ti-MCM-41/ CH2Cl2 (25 mol cyclooctene per mol of titanium atoms) and 39% for

Ti-MCM-41/THF (69 mol cyclooctene per mol of titanium atoms).  Conversion was 88% for

the former material after 24h of reaction.

6.4 Conclusions

The pore walls of mesoporous siliceous MCM-48 have been successfully

derivatised with (1,1’-ferrocenediyl)dimethylsilane.  The organometallic complexes react

with the MCM-48 surface silanols (particularly of the Q3 type) to give a C5H4SiMe2–O

linkage to the silica surface.  Despite the fact that MCM-48 and MCM-41 possess very

different mesoporous surfaces, this process strongly resembles the process previously

reported for the functionalisation of the latter by strained ferrocenophanes.

Organometallic [SiMe2{(η5-C5H4)2}]TiCl2 reacts in a similar way with the internal

surface of MCM-41 and MCM-48 to give materials with similar titanium loadings,

structurally similar monomeric Ti(IV) species and similar catalytic activities on the

epoxidation of cyclooctene at 323 K with TBHP.  This is despite the fact that MCM-41 and

MCM-48 possess very different mesoporous surfaces.
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7.1 Introduction

Complexes containing the quadruply bonded dimolybdenum (II, II) [Mo-Mo]4+

core are precursors to effective catalysts for a number of different organic transformations
[1].  McCann et al. [2] showed that complexes carrying labile nitrile ligands are efficient

homogeneous and supported or unsupported heterogeneous catalysts for the ring-

opening metathesis polymerisation of norbornene, the polymerisation of cyclopentadiene

and dicyclopentadiene [3], and the polymerisation of phenylacetylene [1].  These studies

were limited to cis-[Mo2(µ-O2CMe)2(MeCN)6][BF4]2, [Mo2(MeCN)10][BF4]4, and their SiO2-

fixed derivatives.  A recent investigation shows that a broader variety of dimolybdenum

complexes exhibit excellent activity as initiators in cationic polymerisation reactions [4].

The initial anchoring of the [Mo–Mo]4+ complexes to SiO2 was thought to occur at the

surface silanol (≡Si–OH) groups on removal of labile NCMe ligands from the complexes.

However, these materials were not well characterised and there was no direct physical

evidence for the exact nature of the final molybdenum species on the surface, that is,

whether the Mo-Mo bond was retained (as observed for [Mo2(µ-O2CMe)4]–SiO2
 [5,6]

) or

broken to give mononuclear species (as reported for [Mo2(C3H5)4]–SiO2 
[7]

).  There is now

considerable interest in the application of the new generation of mesoporous siliceous and

nonsiliceous oxides as catalyst support materials [8-10].  The aim of this work was the

heterogenisation of the dimolybdenum complexes [Mo2(MeCN)10][BF4]4,

[Mo2(µ-O2CMe)2(MeCN)6][BF4]2 and [Mo2(µ-O2CMe)2(dppa)2(MeCN)2][BF4]2 on the surface
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of purely siliceous MCM-41 [11].  The work reported here was carried out in collaboration

with Prof. Dr. Isabel Gonçalves and Dr. Martyn Pillinger.

7.2 Derivatisation of MCM-41

The supported materials [Mo2(MeCN)10][BF4]4–MCM-41 (1), [Mo2(µ-

O2CMe)2(MeCN)6][BF4]2–MCM-41 (2) and [Mo2(µ-O2CMe)2(dppa)2(MeCN)2][BF4]2–MCM-

41 (3) [dppa = bis(diphenylphosphine)amine] were prepared by diffusion of an excess of

the complex salts [Mo2(MeCN)10][BF4]4 (1a) [12], [Mo2(µ-O2CMe)2(MeCN)6][BF4]2 (2a) [13-15],

and [Mo2(µ-O2CMe)2(dppa)2(MeCN)2][BF4]2 (3a) [15], into calcined and dehydrated MCM-41

in dry acetonitrile at room temperature (Figure 7.1).  The mixtures were stirred at room

temperature for 2 days.  The powders were washed repeatedly with 20 – 30 ml portions of

acetonitrile to remove unreacted 1a (deep blue), 2a (red) and 3a (red-purple).
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When isolated and dried in oil pump vacuum at ambient temperature, 1 is light

blue but the colour slowly changes to blue-violet over a period of several days to a few

weeks storage under a nitrogen atmosphere at room temperature.  Material 2 is initially

dark pink-purple and this colour is maintained with storage under a nitrogen atmosphere.

In contrast, McCann and co-workers obtained purple and brown products after reacting 1a

and 2a respectively with silica in acetonitrile for 7-10 days [2].  Both 1 and 2 are very

unstable and exposure to air results in transformation to brown-grey powders within

several minutes.  This parallels the behaviour of the precursor complexes 1a and 2a,

which decompose to brownish residues when, exposed to air [12,15].  When isolated, 3 is

pink but the colour gradually changes to pink–light brown over a period of several days to

weeks storage under nitrogen at ambient temperature.  At any stage the powder is

sensitive and when exposed to air becomes grey within a few hours.  This is in marked

contrast to the precursor complex 3a, which is relatively air and moisture insensitive.

7.3 Results and discussion

Bulk elemental analysis indicated that 1, 2 and 3 contained 2.36, 3.62 and

2.21 mass % Mo, respectively.  It follows that the surface coverage of Mo atoms in these

materials is approximately in the range 2.9 × 10-25 mol/nm2 (0.17 Mo atoms per nm2) to

 4.7 × 10-25 mol/nm2 (0.28 Mo atoms per nm2), respectively.  With the molybdenum-

molybdenum bond intact, the high end of this range corresponds to a surface coverage of

one dimolybdenum species per 700 Å2.  The surface-fixed species are therefore isolated

and well dispersed on the silica surface, a distinct advantage as far as supported catalysts

are concerned. McCann et al. did not report loadings or any structural characterisation for

their SiO2-fixed Mo-Mo complexes 1a and 2a [2,3].  It was, however, inferred from catalytic

results that substantial structural and electronic changes had occurred upon binding the

salts to the support material.  The authors proposed that the surface fixation took place at

pendant silanol groups upon removal of the labile NCMe ligands from the complexes.

Complex 1a has a deep blue colour in the solid state, 2a is red and 3a is red-

purple. The colours get lighter when the complexes are supported on MCM-41.  This

moderate colour change shows that the structures of the compounds do not undergo

significant changes during the fixation process, as the colours of (Mo2)
4+-derivatives are

very sensitive to changes of the ligand environment [16].  The replacement of two

equatorial acetonitrile ligands by one acetamidato substituent in the case of compound 1a,

for example, changes the colour from deep blue to red-violet [17].  However, exchanges of
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axial ligands are of less importance for the colours of the complexes [18].  This implies that

the reaction of the complexes with surface OH groups of MCM-41 either involves only the

replacement of axial nitrile ligands or not more than one equatorial nitrile molecule.  This

would suggest a relatively weak coordination of the complexes to the MCM-41 surface

(Figure 7.1).

The PXRD pattern of the parent calcined MCM-41 contains the characteristic and

intense low angle peak at d = 35.74 Å which can be indexed as the d100 reflection on a

hexagonal unit cell (a = 2d100/ 3  = 41.27 Å, Figure 7.2).  The pattern also displays a

broad secondary feature at about 4.6° 2θ where (110) and (200) reflections would be

expected for a hexagonally ordered material such as MCM-41.  The absence of resolved

peaks indicates that any structural order of the material does not extend over a long

range.  A very similar result was obtained by Schmidt et al.[19] for a purely siliceous MCM-

41 sample prepared as in this work using the surfactant [(C14H29)NMe3]Br.

1 2 3 4 5 6 7 8 9 10

2θ/ Degree

Figure 7.2  PXRD of MCM-41 materials.

The (100) reflection practically disappears on derivatisation with the complex

[Mo2(MeCN)10][BF4]4 (1a) (Figure 7.2).  Identical results were obtained

with the other two complexes, [Mo2(µ-O2CMe2(MeCN6][BF4]2 (2a) and

[Mo2 (µ-O2CMe)2(dppa)2(MeCN)2][BF4]2 (3a).  It has been shown that the intensity of the

X-ray peaks in derivatised mesoporous solids decreases with decreasing “scattering

1 calcined at 540 ºC, 24h

functionalised MCM-41 with 1a

parent calcined MCM-41
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contrast” and is zero when the scattering powers of the silica wall and the pore filling

material are similar [20].  This reduction in X-ray contrast might erroneously be interpreted

as a severe loss of order.  A qualitative indication that the pore structure in the [Mo–Mo]-

derivatised materials was still intact was obtained after calcination of a sample of MCM-41

derivatised with 1a (air: 540 ºC, 24 h) resulted in restoration of the d100 peak to almost the

same position and intensity as observed for the parent calcined MCM-41 (d = 33.57 Å, a =

38.76 Å, (Figure 7.2).  The decrease in the unit cell parameter suggests a strong

interaction between the mesoporous walls and the molybdenum centers.  A similar

observation was reported when hexane solutions of (OiPr)3V=O were reacted with a

mesoporous, cubic MCM-48 support [21].  It was suggested that oxovanadium functional

groups, multiply coordinated via (Si-O-V) bridges to the walls, could tend to curve the

silica walls.  In calcined 1, a pore-size shrinkage could be caused by the generation of

isolated MoO4 and/or polymeric oxomolybdenum species on the surface.  Such species

have been structurally characterised previously on the surface of calcined molybdocene-

grafted MCM-41 [22].  The formation of these species may also have caused a slight

decrease in the long-range order of the material and therefore explain why the calcination

of compound 1 did not fully restore the intensity of the d100 reflection to that observed to

MCM-41 material.

-120 -80 -40

ppm from TMS

1
CP/MAS

MCM-41
CP/MAS

1
MAS

MCM-41
MAS

Figure 7.3  29Si MAS and CP/MAS spectra of as-

synthesised and functionalised MCM-41with 1a.

Figure 7.3 shows the 29Si MAS

and CP/MAS NMR spectra of

parent calcined MCM-41 and

[Mo2(MeCN)10][BF4]4–MCM-41 (1).  The
29Si MAS spectrum of the starting

material exhibits two  broad  overlapping

peaks  at  –101.3 and –109.8 ppm

assigned to, respectively, Q3 and Q4

units of the silica framework.  Even

given the ca. 10% error inherent in the

spectral deconvolution, the Q3/Q4

population ratio reflects the extent of

silanol condensation, indicating the large

number of OH groups present at the

surface [23].  A small amount of Q2,

giving the faint  peak at approximately

 –92 ppm, is also present.  The 29Si
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CP/MAS NMR spectrum  shows a marked increase in the relative intensity of the Q2 and

Q3 lines in comparison with the 29Si MAS NMR spectrum,  confirming that these silicons

are attached to hydroxyl groups.  The successful anchoring of the complex 1a at the

channel surface is demonstrated by Figure 7.3.  Both 29Si MAS (Q3/Q4 = 0.26) and

CP/MAS NMR spectra clearly show the diminished relative intensity of the Q2 and Q3

peaks, indicating the esterification of the free hydroxyl groups by substitution of the NCMe

ligands in the complexes.

The 29Si CP/MAS NMR spectrum of 1 shows that there are still a large number of

unreacted Q3 silicon atoms in the composite material.  Similar results were obtained with

ferrocenyl-modified MCM-41 and MCM-48, prepared via ring-opening reaction of the

strained ferrocenophane [Fe{(η5-C5H4)2SiMe2}] 
[24,25].  These silanol groups may be

contained within the walls and sequestered from electrophilic attack.  In addition, there

may be a large number of hydrogen bonded Q3 silanols present at the surface,

(SiO)3Si - OH - OH - Si(SiO)3, which are unreactive to the dimolybdenum complexes.

These types of silanols have previously been shown to be inert to silylating agents, for

example [26].  In a detailed study of the surface chemistry of MCM-41, Zhao et al. [26]

determined the number of silanol groups/ nm2 to be 2.5 for a material which was prepared

and treated in a similar way to these described here (as-synthesised sample calcined at

540 °C for 24 h in air, then dried at 110 °C for 24 h in vacuum).  In this work the sample

was calcined at the same temperature for 6 h in air, then dehydrated and outgassed at

160 °C for 3 h in vacuum prior to solvent impregnation of the complexes 1a-3a.  Zhao et

al. [26] estimated that 0.7 of these were isolated single hydroxyls and the remainders were

hydrogen-bonded silanols with a small contribution from geminal silanols.

In these derivatised materials, the surface coverage of Mo atoms is in the range

0.15 to 0.3/ nm2, somewhat lower than the above value for the concentration of free

hydroxyls on the surface of parent calcined MCM-41.  The low loading could be due to

steric crowding of the guest complexes, which may prevent reaction with a large fraction

of surface silanol sites.  In general, it has been estimated that 8–27 % of the silicon atoms

in MCM-41 have pendant OH groups and that the average separation of these groups is

in the range 5 to 10 Å.  It seems unlikely therefore, that the dimolybdenum complexes

could undergo bipodal anchoring to the silica surface, as suggested by McCann et al. [1-3]

for silica-fixed 1a and 2a.  Monopodal anchoring, as depicted in Figure 7.1, seems

more plausible as the dominant mechanism for surface attachment.  A similar conclusion

was reached for MCM-41 and MCM-48 modified with the ansa-bridged titanocene

[SiMe2{(η5-C5H4)2}]TiCl2 
[27]   (see  chapter  6).    However,  it  is  worth  noting that  tripodal
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anchoring of organometallic fragments to

the surface of MCM-41 has been

reported, for example with Cp2TiCl2-

grafted MCM-41 [28,29].

The 13C CP/MAS NMR spectrum

of [Mo2(MeCN)10][BF4]4-MCM-41 (1)

(Figure 7.4) exhibits two broad peaks at

ca. 140 and 120 ppm attributed to

NCMe and two peaks at 1.6 and -1.5 ppm

attributed to equatorial and axial NCMe,

respectively.  Material 1 is very air and

moisture sensitive and on several

occasions our sample began to

decompose during packing of the NMR

rotor and spectrum acquisition resulting in

many broad peaks in the region 3.0 to 0.5

ppm.  Compared to the 13C CP/MAS NMR

 100 200

ppm from TMS

1

1a

*

* -spinning

Figure 7.4  13C CP/MAS spectra of 

spectrum  of  the  complex   [Mo2(MeCN)10][BF4]4  (1a),   these  peaks  are  

   0  50 100 150

ppm from TMS
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2

*           *

*         *

* -spinning-side bands

Figure 7.5  13C CP/MAS spectra of 2a and 2.
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different environments in which the molecule is located.  A large number of scans (16680

transients) were required to obtain  these spectra.  In the 13C CP/MAS NMR spectrum of

the complex 2a, five peaks are observed at 187.6, 148 (doublet),121  (doublet), 22.7 and

2.1 ppm (multiplet) attributed to C-O, NCMe (equatorial and axial), O2CMe and NCMe

(equatorial and axial), respectively.

The 13C CP/MAS NMR spectrum

of 3 (Figure 7.6) exhibits a weak broad

peak at 176.2 ppm (C-O), two sharp

resonances at 130.9 and  128.7  ppm

(phenyl  groups)  and  two well- defined

singlets at 13.0 ppm (MeCOO) and -1.4

ppm (NCMe).  The 31P MAS spectrum of

3 (not shown) exhibits a broad singlet for

the coordinated dppa ligand at 87.3 ppm,

shifted downfield slightly from that

observed for the free complex [Mo2(µ-

O2CMe)2(dppa)2(MeCN)2][BF4]2 (82.6

ppm, free dppa exhibits a chemical shift of

42.0 ppm [30]).  The difference between

these shifts is small and this suggests that

the  interaction  between  the  complex 3a

 200 0 100
ppm from TMS

3a

3

*

*

* -spinning-side bands

Figure 7.6  13C CP/MAS spectra of 3a and 3.

and MCM-41 has only a minor effect on the shielding of the phosphorous nuclei.

Therefore, the binding of the complex to the silica surface occurs by substitution of a

surface silanol group for an axial acetonitrile molecule in the complex, as depicted in

Figure 7.1.  It is known that in complexes of the type Mo2(µ-O2CMe)2(dppa)2X2

(X = Cl, Br, I) the nature of the axially coordinated halo ligands has little influence on the
31P MAS chemical shifts (the Mo-X distances are comparatively long, indicating only weak

Mo-halo interactions) [30].  Similarly, in complex 3a, a long axial Mo-N distance indicates

that the acetonitrile molecules might very easily be replaced by stronger donors.  31P MAS

NMR studies of 3 also suggested that one phosphorus-containing by-product is formed

(peak at 29.3 ppm) which is attributed to a decomposition product (e.g. phosphine oxide).

The esterification of the free hydroxyl group in MCM-41 by substitution of the

NCMe ligands in the complexes was confirmed by a decrease in the intensity of the FTIR

absorption band associated with free OH groups on the silica surface [ν(OH) = 3742 cm-1]
[26].  In the OH stretching region a very broad absorption band is also observed at ca.

176.3 ppm
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3600 cm-1, assigned to water and/or hydrogen-bonded SiOH groups.  Similar results were

obtained for all three derivatised materials (Figure 7.7).

An FTIR study showed that outgassing temperatures of 200°C or higher were

required before dehydroxylation of hydrogen-bonded and geminal SiOH groups took place

significantly, to form siloxane bonds and simultaneously more free SiOH groups.

Dehydroxylation of single SiOH groups is impossible since they are too far apart (0.5 nm)

and such a process would necessarily involve the unfavourable formation of highly

strained linked structures.
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Figure 7.7  FTIR spectra in the range 4000-2500 cm-1 of calcined MCM-41 (dehydrated

at 160 °C in vacuum for 3 h) and derivatised materials (1, 2 and 3).

In the nitrile region, the FTIR spectrum of 1 contains three stretches at 2322,

2298 and 2266 cm-1 (Figure 7.8, Table 7.1).  These bands are shifted to significantly lower

wavenumbers compared to the corresponding bands for 1a (2359, 2322, 2293 cm-1),

indicating a weakening of the bond.  The FTIR spectrum of the solid 2 contains the

carboxylate νasym (OCO) and νsym (OCO) vibrations at 1489 and 1440 cm-1, respectively

(Table 7.1).  The presence of the bridging acetates is a clear indication that the

molybdenum-molybdenum bond is intact.
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Table 7.1  Selected FTIR data for the complexes 1a-3a and corresponding

MCM-41-supported derivatives.

ν(C≡N) (cm-1) νasym(CO2) νsym(CO2)

[Mo2(MeCN)10][BF4]4 1a 2359, 2322, 2293, 2276sh, 2253 — —

[Mo2(MeCN)10][BF4]4–MCM-41 1 2322, 2298, 2266 — —

[Mo2(µ-O2CMe)2(MeCN)6][BF4]2 2a 2288, 2259, 2319 1501 1444

[Mo2(µ-O2CMe)2(MeCN)6][BF4]2–MCM-41 2 2298, 2266 1489 1440

[Mo2(µ-O2CMe)2(dppa)2(MeCN)2][BF4]2 3a 2291, 2262sh, 2255, 2249sh 1482 1436

[Mo2(µ-O2CMe)2(dppa)2(MeCN)2][BF4]2–MCM-41 3 2264 1483 1440
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Figure 7.8  FTIR spectra in the range 2500-2100 cm-1 of the samples 1, 1a, 2, 2a, 3, 3a.

Weak bands attributable to the NCMe ligands are present at 2298 and 2266 cm-1.

Complex 2a exhibits two nitrile vibrations in similar positions (2288, 2259 cm-1) and a third

one at 2319 cm
-1
, not observed in the spectrum of 2 (Figure 7.8).
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For the material [Mo2(µ-O2CMe)2(dppa)2(MeCN)2][BF4]2–MCM-41 (3), the bridging

acetato complex is clearly identified by νasym (OCO) at 1483 cm-1 and the very strong

νsym (OCO) at 1440 cm-1 in the FTIR spectrum (Table 7.1).  The C-C and C-H vibrations

attributed to the dppa ligand are very similar to the initial complex.  Only one nitrile

vibration was observed in the FTIR spectrum, at 2264 cm-1.  Complex 3a has one main

band in this region (2255 cm-1) (Figure 7.8).

The 77 K N2 adsorption-desorption isotherm of calcined MCM-41 is similar to that

reported previously for MCM-41-type mesoporous solids [Figure 7.9(a)].  It is defined as a

reversible Type IV isotherm in the IUPAC classification [31] (see chapter 2), and until now

has only been encountered for MCM-41 materials [32-34].  At low relative pressures

(P/Po ≤ 0.3) the adsorbed volume increases linearly with increasing pressure, this region

corresponds to monolayer-multilayer adsorption on the pore walls.  Between P/Po = 0.3

and 0.4 there is a sharp increase in the adsorbed volume, attributed to capillary

condensation.  At higher relative pressures multilayer adsorption takes place on the

external surface, resulting in a gradual linear increase of the adsorbed volume.  The BET

specific surface area was calculated as 1035 m2g-1, with the cross-sectional area of a N2

molecule taken as 16.2 Å2.
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Figure 7.9  N2 adsorption-desorption isotherms recorded at 77K of (a) as synthesised MCM-41;

(b) 1 (c) 2 (d) 3.  Triangles denote adsorption and circles correspond to desorption.



Chapter 7

170

Reversible Type IV isotherms similar to the pure calcined MCM-41 were obtained

for the three functionalised solids, providing strong evidence that the mesoporous

structure of the silica support was retained throughout the grafting process

[Figure 7.9(b-d)].  The BET specific surface areas were calculated as 795 m2g-1, 780 m2g-1

and 880 m2g-1 for 1, 2 and 3, respectively.  The main difference between these isotherms

and that of the starting material is the limiting uptake at high P/Po.  For example, the total

volumes of adsorbed N2 at 77 K and P/Po = 0.6 are 0.74, 0.57, 0.51 and 0.53 cm3g-1 for

parent calcined MCM-41, 1, 2 and 3, respectively.  This approximate 30% decrease in the

total volume of adsorbed N2 can be attributed to the successful grafting of the

molybdenum complex fragments on the internal surfaces of the silica support.

7.4 Conclusions

The quadruply bonded dimolybdenum complex salts [Mo2(MeCN)10][BF4]4,

[Mo2(µ-O2CMe)2(MeCN)6][BF4]2 and [Mo2(µ-O2CMe)2(dppa)2(MeCN)2][BF4]2 react with

purely siliceous MCM-41 in acetonitrile to give unstable composite materials in which

solvent-stabilised cationic molybdenum fragments are isolated and well dispersed on the

silica surface.  PXRD and N2 adsorption studies confirm that the textural properties of the

high surface area mesoporous host are retained throughout the grafting process.  13C and
29Si solid-state NMR and FTIR spectroscopy indicate that the mechanism of surface

attachment involves the displacement of labile acetonitrile ligands, most likely in the

axially coordinated position, from the complexes by reaction with isolated nucleophilic

silanol groups at the silica surface.  In can be inferred from the spectral data that the

molybdenum-molybdenum bond is intact in all functionalised solids and that the

complexes interact weakly with the MCM surface.
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8 Final conclusions and further work

Much work is, at present, being carried out on developing new zeolite-type

materials.  Such interest has origin in the large number of applications of these materials

as ion-exchangers, adsorbents and catalysts.  By definition, zeolites contain only silicon

and aluminium in tetrahedral coordination.  In the last decade much effort has been

concentrated on the synthesis of microporous materials where framework atoms adopt

different coordinations.  A good proof of this is the number of publications on the synthesis

and characterisation of titanosilicates, especially around ETS-10.  One of the aims of this

thesis was, thus, to prepare novel microporous framework silicates of several elements of

the periodic table.  When attempting to prepare new yttrium silicates, a synthetic analogue

of the rare mineral montregianite was synthesised, Na4K2Y2Si16O38∙10H2O (AV-1), which

possesses an unusual structure.  Montregianite is the only known example of a zeolite-

type material where the sodium cations are an integral part of the framework.  The

structural analogy between AV-1 and montregianite is strongly supported by the observed

eight 29Si MAS NMR resonances with equal intensity.  As montregianite occurs in Nature

with a considerable degree of isomorphic substitution of Y(III) by Ce(III) (approximately

40%), the synthesis of a purely cereous form of AV-1 was attempted.  As a result, AV-5

was obtained.  Presumably due to the presence of paramagnetic Ce(III) centres, it was

necessary to oxidise Ce(III) to Ce(IV) by calcination at 300 ºC for 3 hours in order to be

able to record a 29Si MAS NMR spectrum.  Again, this spectrum displays eight resonances

in agreement with montregianite structure.  Preliminary studies indicate that AV-5

possesses optoelectronic properties.  The mineral montregianite is characterised by a

double silicate sheet formed by two apophylite-type single silicate sheets, which are

common in a family of minerals.  One of the members of this family is rhodesite and

during this work a synthetic analogue (AV-2) of this mineral, K2Ca4Na2Si16O38.12H2O, was

prepared.  AV-2 is a hydrated calcium silicate, which differs from AV-1 in the constitution

of the octahedral layer and channel species.

Two novel zirconium silicates have been successfully synthesised via

hydrothermal syntheses.  One of the materials, denominated AV-3, is an analogue of the

rare mineral petarasite with ideal formula Na5Zr2Si3O18(Cl,OH)∙2H2O.  The other, named

AV-8, has the structure of the mineral kostylevite (K2Si3O9∙H2O).  The Rietveld method

was used to refine the unit cell parameters and atomic coordinates of AV-8.  A common

structural feature of these solids is that they contain corner-sharing ZrO6 octahedra and
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SiO4 tetrahedra forming a three-dimensional framework.  The thermal stability of AV-3 was

studied in the range of temperatures between 200 and 1200 ºC.  When AV-3 is calcined at

1100 ºC for 15 hours it transforms into the synthetic analogue of the dense mineral

parakeldyshite.  Synthetic wadeite and its titaneous isostructural counterpart were

prepared by calcination of the precursor synthetic Zr/Ti-umbite at 1100 ºC (6 hours) and

850 ºC (12 hours), respectively.  The phase transformations were followed by PXRD,

SEM, 23Na and 29Si MAS NMR.  The unit cell dimensions and atomic coordinates were

adjusted by Rietveld refinement.

The second part of this thesis aimed at preparing potential mesoporous silica

catalysts by grafting of homogeneous catalysts via  their covalent reaction with pendant

silanol groups.  Ferrocenyl end-groups were attached to the surface of MCM-48 by a ring-

opening reaction of the strained ferrocenophane [SiMe2{(η5-C5H4)2}]Fe.  The derivatisation

of MCM-41 and MCM-48 by direct reaction with the titanocenophane complex

[SiMe2(η5-C5H4)2]TiCl2 was also studied. Ti-functionalised MCM materials were tested for

the oxidation of cyclooctene, showing high catalytic activity.  Isolated quadruply bonded

dimolybdenum (II,II) complexes have been grafted onto the surface of hexagonal MCM-41

mesoporous silica by diffusion of an excess of the complex salts [Mo2(MeCN)10][BF4]4,

[Mo2(µ-O2CMe)2(MeCN)6][BF4]2 and [Mo2(µ-O2CMe)2(dppa)2(MeCN)2][BF4]2 into calcined

and dehydrated MCM-41 in dry acetonitrile at room temperature.  Although, the resulting

materials are quite unstable, they may find application as catalysts for polymerisation

reactions.

The work reported here opens up different lines of investigation.  As has been

shown, it is still possible to synthesise new microporous materials containing several

elements of the Periodic Table.  The doping or even isomorphic substitution of yttrium in

AV-1 by other rare-earth elements is an interesting route to prepare materials with

possible application in optoelectronics.  Also, the doping of umbite with rare-earth

elements followed by calcination allows its transformation to dense phase doped wadeite.

The optical properties of this dense phase may be very interesting due to the strong ion-

lattice interaction.  Another research line is the study of the ion-exchange properties of the

new materials.  AV-3, in particular, contains chloride and sodium ions and may act both as

an anion- and a cation-exchanger.

The functionalisation of mesoporous materials is also a very promising field.  A

number of organometallic complexes, very active in homogeneous catalysis, can be

incorporated into the MCM materials by grafting or via tethering.  The applications of these

new heterogeneous catalysts is, thus, another field of study.
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Appendix 1  Rietveld refinement data of AV-8 (synthetic kostylevite)

Table A1.1  Atomic coordinates and isotropic thermal parameters of of AV-8

(synthetic analogue of kostylevite, K2ZrSi3O9∙H2O, with 9.0% of

sodium atoms allocated to the potassium sites).

Name x y z Biso(Å2)

K(1) -0.3171(8) 0.8831(3) 0.3869(3) 2.9(1)

Na - K(2) 0.7911(2) 0.5472(4) 0.5846(4) 2.9(1)

Zr -0.3171(8) 0.8831(3) 0.3870(3) 2.9(1)

Si(1) -0.162(1) 0.4690(5) 0.1550(4) 1.17(7)

Si(2) 0.2131(9) 0.7390(4) -0.0164(5) 1.17(7)

Si(3) -0.410(9) 0.6870(5) 0.1519(4) 1.17(7)

O(1) 0.052(2) 0.5402(9) 0.1974(8) 3.2(1)

O(2) 0.085(1) 0.7627(9) 0.0563(9) 3.2(1)

O(3) -0.192(2) 0.7480(8) 0.2035(7) 3.2(1)

O(4) 0.189(2) 0.8944(8) 0.2535(8) 3.2(1)

O(5) 0.165(2) 0.6896(9) 0.3834(8) 3.2(1)

O(6) 0.435(2) 0.6875(9) 0.2267(8) 3.2(1)

O(7) 0.149(2) 0.8946(9) 0.4470(9) 3.2(1)

O(8) 0.355(2) 1.0552(9) 0.3776(8) 3.2(1)

O(9) 0.463(2) 0.7453(8) 0.0363(9) 3.2(1)

O(10) 0.607(2) 0.5052(8) 0.3850(9) 2.6(3)
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Table A1.2  Bond distances (Å) of AV-8 (synthetic analogue of kostylevite,

K2ZrSi3O9∙H2O, with 9.0% of sodium atoms allocated to the

potassium sites).

Bond Distance (Å) Bond Distance (Å) Bond Distance (Å)

Zr-O(6) 2.044 K(1)-O(8) 3.261 Si(1)-O(4) 1.536

Zr-O(3) 2.065 K(1)-O(7) 3.392 Si(1)-O(8) 1.584

Zr-O(5) 2.116 Si(1)-O(1) 1.602

Zr-O(1) 2.128 Na-K(2)-O(10) 2.637 Si(1)-O(7) 1.625

Zr-O(4) 2.138 Na-K(2)-O(5) 2.804

Zr-O(2) 2.180 Na-K(2)-O(10) 2.811 Si(2)-O(2) 1.459

Na-K(2)-O(3) 2.849 Si(2)-O(5) 1.525

K(1)-O(8) 2.923 Na-K(2)-O(1) 2.969 Si(2)-O(9) 1.607

K(1)-O(1) 2.943 Na-K(2)-O(2) 3.028 Si(2)-O(7) 1.657

K(1)-O(7) 2.949 Na-K(2)-O(4) 3.031

K(1)-O(9) 3.114 Na-K(2)-O(9) 3.192 Si(3)-O(3) 1.580

K(1)-O(3) 3.171 Si(3)-O(6) 1.589

K(1)-O(6) 3.245 Si(3)-O(8) 1.652

K(1)-O(4) 3.253 Si(3)-O(9) 1.677
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Table A1.3  List of bond angles (º) of AV-8 (synthetic analogue of kostylevite,

K2ZrSi3O9∙H2O, with 9.0% of sodium atoms allocated to the

potassium sites).

Bond Angle (º) Bond Angle (º) Bond Angle (º)

O6 – Zr – O3 176.0 O4 – Si1 – O8 109.1 O3 – Si3 – O8 107.2

O6 – Zr – O5 94.5 O4 – Si1 – O1 106.9 O3 – Si3 – O9 112.5

O6 – Zr – O1 91.5 O4 – Si1 – O7 112.9 O6 – Si3 – O8 111.3

O6 – Zr – O4 90.9 O8 – Si1 – O1 109.1 O6 – Si3 – O9 108.6

O6 – Zr – O2 86.5 O8 – Si1 – O7 109.3 O8 – Si3 – O9 104.6

O3 – Zr – O5 89.5 O1 – Si1 – O7 109.4

O3 – Zr – O1 88.3 Si1 – O1 – Zr 134.5

O3 – Zr – O4 89.5 O2 – Si2 – O5 116.2 Zr – O2 – Si2 131.8

O3 – Zr – O2 89.6 O2 – Si2 – O9 114.0 Si3 – O3 – Zr 137.6

O5 – Zr – O1 87.7 O2 – Si2 – O7 102.9 Si1 – O4 – Zr 130.8

O5 – Zr – O4 88.7 O5 – Si2 – O9 107.7 Si2 – O5 – Zr 137.5

O5 – Zr – O2 174.6 O5 – Si2 – O7 106.6 Si3 – O6 – Zr 140.1

O1 – Zr – O4 175.9 O9 – Si2 – O7 108.8 Si1 – O7 – Si2 132.9

O1 – Zr – O2 97.5 Si1 – O8 – Si3 137.5

O4 – Zr – O2 85.9 O3 – Si3 – O6 112.5 Si2 – O9 – Si3 125.4
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Appendix 2 Rietveld refinement data of AV-3 calcined at 1100 ºC for 15 hours

Table A2.1  Atomic coordinates and isotropic thermal parameters of AV-3 calcined

at 1100 ºC for 15 hours (synthetic of parakeldyshite - Na2ZrSi2O7).

Name x y z Biso(Å2)

Na(1) 0.878(1) 0.0930(9) 0.260(1) 2.0(2)

Na(2) 0.338(1) 0.5017(8) 0.769(1) 2.0(2)

Zr(1) 0.290(4) 0.2704(2) 0.2210(4) 1.96(6)

Si(1) 0.653(1) 0.1497(8) 0.775(1) 2.0(2)

Si(2) 0.942(1) 0.3373(7) 0.678(1) 1.3(1)

O(1) 0.296(2) 0.033(1) 0.171(2) 1.7(3)

O(2) 0.877(2) 0.172(1) 0.717(2) 1.6(3)

O(3) 0.496(2) 0.206(1) 0.540(2) 2.3(3)

O(4) 0.562(2) 0.248(1) 0.010(2) 1.0(3)

O(5) 0.004(2) 0.317(1) 0.392(2) 2.0(3)

O(6) 0.118(2) 0.324(1) 0.882(2) 1.6(3)

O(7) 0.27832(2) 0.514(1) 0.285(2) 1.5(3)
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Table A2.2  List of bond distances (Å) of AV-3 calcined at 1100 ºC for 15 hours

(synthetic of parakeldyshite - Na2ZrSi2O7).

Bond Distance (Å) Bond Distance (Å) Bond Distance (Å)

Zr(1)-O(1) 2.082 NA(1)-O(1) 2.729 Si(1)-O(4) 1.552

Zr(1)-O(6) 2.084 NA(1)-O(1) 2.861 Si(1)-O(1) 1.577

Zr(1)-O(5) 2.086 NA(1)-O(3) 2.919 Si(1)-O(3) 1.582

Zr(1)-O(3) 2.105 Si(1)-O(2) 1.610

Zr(2)-O(7) 2.133 NA(2)-O(5) 2.449

Zr(2)-O(4) 2.160 NA(2)-O(7) 2.542 Si(2)-O(6) 1.525

NA(2)-O(6) 2.575 Si(2)-O(5) 1.621

NA(1)-O(2) 2.384 NA(2)-O(4) 2.603 Si(2)-O(7) 1.643

NA(1)-O(5) 2.446 NA(2)-O(7) 2.630 Si(2)-O(2) 1.677

NA(1)-O(4) 2.451 NA(2)-O(4) 2.702

NA(1)-O(2) 2.543 NA(2)-O(3) 2.753

NA(1)-O(2) 3.055 NA(2)-O(7) 2.845
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Table A2.3  List of bond angles (º) of AV-3 calcined at 1100 ºC for 15 hours

(synthetic of parakeldyshite - Na2ZrSi2O7).

Bond Angle (º) Bond Angle (º) Bond Angle (º)

O1 – Zr – O6 89.4 O3 – Zr – O4 89.3 O5 – Si2 – O7 111.2

O1 – Zr – O5 88.2 O7 – Zr – O4 85.6 O5 – Si2 – O2 102.2

O1 – Zr – O3 89.6 O7 – Si2 – O2 104.8

O1 – Zr – O7 177.9 O4 – Si1 – O1 108.1

O1 – Zr – O4 96.3 O4 – Si1 – O3 111.2 Si1 – O1 – Zr1 159.3

O6 – Zr – O5 89.4 O4 – Si1 – O2 111.4 Si1 – O2 – Si2 131.0

O6 – Zr – O3 173.2 O1 – Si1 – O3 113.2 Si1 – O3 – Zr1 177.7

O6 – Zr – O7 91.6 O1 – Si1 – O2 106.0 Si1 – O4 – Zr1 134.2

O6 – Zr – O4 84.2 O3 – Si1 – O2 107.0 Si2 – O5 – Zr1 133.8

O5 – Zr – O3 97.3 Si2 – O6 – Zr1 159.7

O5 – Zr – O7 90.0 O6 – Si2 – O5 118.8 Si2 – O7 – Zr1 123.9

O5 – Zr – O4 172.1 O6 – Si2 – O7 115.0

O3 – Zr – O7 89.6 O6 – Si2 – O2 102.4
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Appendix 3  Rietveld refinement data of synthetic Ti/Zr-wadeite

Table A3.1  Atomic coordinates and isotropic thermal parameters of Ti-AM-2

calcined at 850 ºC for 12 hours (synthetic titaneous structural

analogue of wadeite K2TiSi3O9).

Name x y z Biso(Å2)

K 0.667 0.333 0.5587(2) 2.22(6)

Ti 0.000 0.000 0.000 1.41(6)

Si 0.3780(4) 0.2457(3) 0.250 0.96(5)

O(1) 0.2448(4) 0.2254(4) 0.1136(3) 2.90(9)

O(2) 0.4935(6) 0.0888(6) 0.250 2.2(1)

Table A3.2  Atomic coordinates and isotropic thermal parameters of Zr-AM-2

calcined at 1100 ºC for 6 hours (synthetic of wadeite K2ZrSi3O9).

Name x y z Biso(Å2)

K 0.667 0.333 0.5572(1) 2.13(4)

Zr 0.000 0.000 0.000 0.97(2)

Si 0.3859(3) 0.2589(3) 0.250 0.91(4)

O(1) 0.2562(3) 0.2337(4) 0.1185(2) 1.78(6)

O(2) 0.4906(5) 0.0942(5) 0.250 1.96(9)



Appendix 3

186

Table A3..3  List of bond distances (Å) of Ti-AM-2 calcined at 850 ºC for 12 hours

(synthetic titaneous structural analogue of wadeite K2TiSi3O9).

Bond Distance (Å) Bond Distance (Å) Bond Distance (Å)

Ti-O(1) 1.953 K-O(1) 2.791 K(1)-O(2) 3.137

Ti-O(1) 1.953 K-O(1) 2.791 K(1)-O(2) 3.137

Ti-O(1) 1.953 K-O(1) 2.792

Ti-O(1) 1.953 K-O(1) 3.085 Si-O(1) 1.592

Ti-O(1) 1.953 K-O(1) 3.086 Si-O(1) 1.592

Ti-O(1) 1.953 K-O(1) 3.086 Si-O(2) 1.603

K-O(2) 3.137 Si-O(2) 1.639

Table A3.4  List of bond distances (Å) of Zr-AM-2 calcined at 1100 ºC for 6 hours

(synthetic of wadeite K2ZrSi3O9).

Bond Distance (Å) Bond Distance (Å) Bond Distance (Å)

Zr-O(1) 2.087 K-O(1) 2.841 K(1)-O(2) 3.254

Zr-O(1) 2.087 K-O(1) 2.841 K(1)-O(2) 3.255

Zr-O(1) 2.087 K-O(1) 2.841

Zr-O(1) 2.087 K-O(1) 3.131 Si-O(1) 1.573

Zr-O(1) 2.087 K-O(1) 3.131 Si-O(1) 1.573

Zr-O(1) 2.087 K-O(1) 3.131 Si-O(2) 1.630

K-O(2) 3.254 Si-O(2) 1.634
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Table A3.5  List of bond angles (º) of Ti-AM-2 calcined at 850 ºC for 12 hours

(synthetic titaneous structural analogue of wadeite K2TiSi3O9).

Bond Angle (º) Bond Angle (º) Bond Angle (º)

O1 – Ti – O1 90.1 O1 – Ti – O1 89.9 O1 – Si – O1 116.2

O1 – Ti – O1 90.1 O1 – Ti – O1 89.9 O1 – Si – O2 112.7

O1 – Ti – O1 180.0 O1 – Ti – O1 180.0 O1 – Si – O2 104.9

O1 – Ti – O1 89.9 O1 – Ti – O1 90.1 O1 – Si – O2 112.7

O1 – Ti – O1 89.9 O1 – Ti – O1 90.1 O1 – Si – O2 104.9

O1 – Ti – O1 90.1 O1 – Ti – O1 90.1 O2 – Si – O2 103.9

O1 – Ti – O1 89.9

O1 – Ti – O1 180.0 Si – O1 – Zr 141.2

O1 – Ti – O1 89.9 Si – O2 – Si 136.1

Table A3.6  List of bond angles (º) of Zr-AM-2 calcined at 1100 ºC for 6 hours

(synthetic of wadeite K2ZrSi3O9).

Bond Angle (º) Bond Angle (º) Bond Angle (º)

O1 – Zr – O1 89.9 O1 – Zr – O1 90.1 O1 – Si – O1 116.7

O1 – Zr – O1 89.9 O1 – Zr – O1 90.1 O1 – Si – O2 110.6

O1 – Zr – O1 180.0 O1 – Zr – O1 180.0 O1 – Si – O2 106.9

O1 – Zr – O1 90.1 O1 – Zr – O1 89.9 O1 – Si – O2 110.6

O1 – Zr – O1 90.1 O1 – Zr – O1 89.9 O1 – Si – O2 106.9

O1 – Zr – O1 89.9 O1 – Zr – O1 89.9 O2 – Si – O2 104.2

O1 – Zr – O1 90.1

O1 – Zr – O1 180.0 Si – O1 – Zr 142.7

O1 – Zr – O1 90.1 Si – O2 – Si 135.8



Appendix 3

188


