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1.1 ZEOLITES, ZEOTYPES AND MESOPOROUS SOLIDS: SYNTHETIC
ASPECTS

1.1.1 INTRODUCTION

The role that porous catalytic solids play in the production of a diverse range of

everyday items, such as plastics, washing powders, fuels or pharmaceuticals, can

hardly be overestimated. However, not all manufacturing processes rely on catalytic
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technology at every step. Particularly fine chemicals and pharmaceuticals synthesis

still employ classic stoichiometric approaches to a significant extent. Therefore, the

development of new catalysts with even better characteristics in terms of activity,

selectivity and stability is an on-going challenge. Initially, we will address the

principles underlying the preparation of catalytically relevant microporous and

mesoporous oxidic materials. Subsequently several sections deal with the various

methods currently available to modify as-synthesized materials into single-site

catalysts with well-defined properties.

Porous oxide catalytic materials are commonly subdivided into microporous

(pore diameter <2 nm) and mesoporous (2–50 nm) materials. Zeolites are alumi-

nosilicates with pore sizes in the range of 0.3–1.2 nm. Their high acidic strength,

which is the consequence of the presence of aluminium atoms in the framework,

combined with a high surface area and small pore-size distribution, has made them

valuable in applications such as shape-selective catalysis and separation technology.

The introduction of redox-active heteroatoms has broadened the applicability of

crystalline microporous materials towards reactions other than acid-catalysed ones.

Since mesoporous materials contain pores from 2 nm upwards, these materials

are not restricted to the catalysis of small molecules only, as is the case for zeolites.

Therefore, mesoporous materials have great potential in catalytic/separation tech-

nology applications in the fine chemical and pharmaceutical industries. The first

mesoporous materials were pure silicates and aluminosilicates. More recently, the

addition of key metallic or molecular species into or onto the siliceous mesoporous

framework, and the synthesis of various other mesoporous transition metal oxide

materials, has extended their applications to very diverse areas of technology.

Potential uses for mesoporous ‘smart’ materials in sensors, solar cells, nanoelec-

trodes, optical devices, batteries, fuel cells and electrochromic devices, amongst

other applications, have been suggested in the literature.[1–5]

1.1.2 SYNTHETIC ASPECTS: TEMPLATE THEORY FOR ZEOLITE

SYNTHESIS

Aluminosilicate zeolites have been produced synthetically since the 1950s. In the

1960s tetraalkylammonium ions were added to zeolite synthesis gels, resulting in

the synthesis of new structures such as the ZSM-5 family of zeolites.[6] ‘Template

Theory’ evolved to explain the structure-directing effects of organic species in

zeolite synthesis gels.[7] Charge distribution, size and geometric shape of the

template species were believed to be the main causes of the structure-directing

process. Factors such as pH, concentration, SiO2/Al2O3 ratio, ageing, agitation and

temperature were considered to be the main determinants of the gel chemistry that

influence the outcome of the zeolite crystallization process. However, addition of

organic template species affected the gel chemistry of zeolite synthesis mixtures

also and it was not clear which factors dominated, template activity or gel

chemistry, in the determination as to which product formed.[8] Although at first

glance it may have appeared that there was a good correlation between template
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structure and pore architecture, the development of new synthetic procedures for

making zeolites using organic templates has been, and still is, conducted chiefly by

trial and error.[9]

Generally, zeolite synthesis mixtures contain a silicon (and aluminium) precursor,

a template species (alternatively called structure-directing agent, SDA) which can be

either an organic species or an alkali metal ion, water, and a so-called mineralizing

agent. This mineralizing agent, usually OH�, or F� in some more recent studies,[10]

leads to the partial dissolution of any silica network formed, thereby making the

zeolite formation process reversible and steering it away from very unstable

structures for any given set of synthesis conditions. This is important as less regular

phases and phase mixtures would otherwise be the result. The relation between SDA

and the framework structure formed has been thoroughly investigated. For example,

the group of Zones and Davis systematically probed the effect of rigid, bulky organo-

cationic SDAs on the final zeolite structures obtained.[11] The SDAs were designed to

destabilize the structure of commonly occurring competing phases, and three new

zeolitic phases were indeed reported from this study. Molecular modelling confirmed

the correlation between the structure of the SDA and that of the observed zeolite

phase. However, in contrast to the results from this study, it is in most cases not

possible to derive a one-to-one relationship between template and framework

structure. Despite the progress made, the question why certain templates induce

certain zeolite structures still remains largely unanswered, especially in the case of

the smaller, less rigid tetraalkylammonium templates. Zeolite crystallization appears

largely kinetically controlled, which means that instead of the thermodynamically

most stable product often the species that nucleates most easily is formed.[9]

Therefore, the term ‘template’ should be used only in those cases where a true

one-to-one relationship between organic species and inorganic framework structure

exists. Often, one might view the ‘template’ rather acting as a crystal growth

moderator (nucleation and/or retardation) than as a true template.

The development of the understanding of the underlying principles of zeolite

synthesis has been reviewed recently by Cundy and Cox.[12] The initial stages of the

organization of the silica precursor around the template molecules have been

studied by many authors. In most cases, the tetrapropylammonium hydroxide

(TPAOH)–tetraethoxy silane (TEOS)–water system has been the subject of these

fundamental studies. Burkett and Davis[13,14] described the organization of the

silicon source and the organic template species as the result of van der Waals

interactions, where hydrophobic alkyl chains of the template and hydrophobic

silicon atoms closely interact. It is proposed that an organized, hydrophobic water

layer is formed around the alkyl chains, which can be considered as an organized

hydration mantle (Figure 1.1).

A similar organized solvent mantle is proposed to be present around the silicate

species and a displacement of the hydration mantle around the SDA by the silicate

species is the origin of the SDA–silicate interaction. Long-range order is attained in

a consecutive layer-by-layer zeolite growth step. This proposed formation mechan-

ism is in agreement with results of an in situ SAXS and WAXS study by de Moor

et al.[15] of the same system. Their results show the initial formation of colloidal
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amorphous aggregates, which are not organized further in a secondary aggregation

step, but instead, redissolve and act as a source of nutrients for the growing

crystallites. It was also found that the alkalinity of the clear synthesis gel solution

plays an important role in the size of the final crystal: at higher alkalinity a smaller

number of viable nuclei are being formed, giving rise to larger crystals. In contrast

to this formation mechanism, other authors have suggested the formation of small,

highly organized silicate–SDA clusters, so-called secondary building units, a

concept already proposed by one of the founding fathers of zeolite chemistry.[16]

According to the research group in Leuven, these building blocks form during the

earliest stages of zeolite preparation, i.e. already during the mixing of the silicon

precursor, the TPAOH template and water at ambient temperature and pressure.

These precursor species, with dimensions of 1:3� 4:0� 4:0 nm (‘nanoblocks’ or

‘nanoslabs’), contain features specific for the MFI structure, as was concluded from

IR data.[17] It was also found that this species contains TPA in the channel

intersections. In a subsequent paper the same authors show, on the basis of a 29Si

NMR study, that TPA cations are present at the liquid–liquid TEOS–water interface,

with their propyl chains pointing into the TEOS layer.[18] The hydrolysis–con-

densation reactions of the TEOS molecules require close contacts with the template,

indicating that the structure direction by the template and the hydrolysis take place

simultaneously. Initially, tetracyclic undecamers are formed, and after 45 min at room

temperature trimers of this entity (i.e. 33-mers) were observed (Figure 1.2). This

species contains hydroxyl groups on its outer surface, allowing migration into the

aqueous layer.[18] Aggregation of these building blocks occurs very slowly due to

electrostatic repulsion between the negatively charged silicate entities. This charge

Figure 1.1 Scheme for the crystallization mechanism of Si-TPA-MFI. Reproduced from
Corma and Davis[28] by permission of Wiley-VCH
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Figure 1.2 Siliceous entities occurring in the TPAOH–TEOS system: (a) bicyclic
pentamer; (b) pentacyclic octamer; (c) tetracyclic undecamer; (d) ‘trimer’ in mixtures with
composition (TPAOH)0.36(TEOS)(H2O)6.0, (e) nanoslab in mixtures with composition
(TPAOH)0.36(TEOS)(H2O)17.5. Reproduced from Kirschhock et al., J. Phys. Chem. B,
1999, 103, 4972–4978 by permission of American Chemical Society
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is compensated by the TPAþ template species, which explains their structure-

directing effect upon condensation of the zeolite framework around it.

Bu et al. investigated the role of methyl amine as the organic template in

thesynthesis of a series of zeotype germanates. In the absence of the template a

two-dimensional layered structure was formed. In contrast, in the presence of

methylamine a three-dimensional framework evolved from these sheets.[19]

The presence of (quaternized) amines is not a prerequisite for the formation of a

zeolite. Some zeolites can be prepared by using an alkali metal ion species as the

SDA, examples being zeolites A, X, and Y (for details see International Zeolite

Association website, http://www.izasynthesis.org/). The formation mechanism of

these zeolites has not been investigated in great detail. Atomic force microscopy

(AFM) was used to study the role of defects on the growth process of zeolites Y, A,

and Silicalite-1.[20] It was found that the surface of the growing crystals in zeolite Y

is composed of terraces with a height of 15 Å, corresponding to the height of a

faujasite sheet. Similarly, a terrace height of 12 Å was observed for zeolite A, which

corresponds to the size of a sodalite cage. These observations have been explained

by assuming a layer-by-layer growth process, where template ions decorate the

surface of the negatively charged growing zeolite crystal. However, the role that alkali

metal ions play in the growth process was not elucidated in this study. This ‘terrace-

ledge-kink’ growth mechanism is in agreement with a study by Bosnar et al.[21] who

investigated the role of Naþ concentration on the growth rate of zeolite A. It was

found that the Naþ ions take part in the surface reaction by balancing the surface

charge. The growth rate was found to increase with increasing Naþ concentration.

It is clear that for a better understanding of the zeolite formation mechanism, in

situ characterization techniques are essential. The aforementioned studies involve in

situ IR, 29Si NMR and X-ray scattering techniques,[13–15,17] although only the gel

stage of the zeolite formation process was covered in these cases. The next step is

the study of the crystallization process for these microporous materials, and indeed

several research groups have reported such in situ investigations.[15,22,23] Unfortu-

nately, only one analytical technique was used in each of these studies, which

makes it difficult to obtain information on all aspects of the crystal growth process.

Very recently, Grandjean et al. reported the combination of multiple time-resolved

in situ techniques, namely SAXS–WAXS, UV–vis, Raman and XAS, for probing

the crystallization of a cobalt-modified aluminophosphate material, Co-APO-5.[24]

This study showed that the alumina and phosphoric acid precursors react instanta-

neously after mixing to form Al-O-P chains (Raman data). These largely covalent

polymeric structures are then thought to agglomerate, in a similar way to the

nanoslabs as introduced by Ravishankar et al.[17] and Kirschhock et al.[18] In the

Co-APO-5 study it was shown that the size of these primary particles increases from

7 nm in the very beginning of the heating process to 20 nm just before the start of

the crystallization. The coordination number of about half of the Co2þ ions in the

mixture changes slowly from 6 to 4 in the heating stage prior to crystallization

(EXAFS data). The crystallization abruptly begins at around 155–160 �C, which

was derived from the rapid transformation of the remaining octahedral Co2þ to

tetrahedral coordination, as observed with EXAFS and UV–vis spectroscopies.
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However, the structure-directing effect of the template on the final framework

structure was not elucidated even in this study. In situ studies into the structural

features of the template species at the gel stage and during crystallization are

needed to shed more light on this issue.

In recent years, some progress has been made in understanding zeolite templat-

ing by using computer modelling. Attempts have been made to predict the

templates required for certain zeolite syntheses by Lewis et al.[25,26] Both known

templates and a new one, which was subsequently proven experimentally to direct a

certain zeolite structure, were generated by the model. However, the interactions

between template and silicate host are often more complex than this space-filling

approach assumes and further fine-tuning is needed.[9]

The zeolite framework type that is formed during hydrothermal treatment is not

only a function of the applied SDA. The introduction of heteroatoms other than

silicon or aluminium in the framework may stabilize certain structural features,

thereby allowing the formation of zeolite structures that are not attainable other-

wise. Blasco et al. used Hartree–Fock ab initio methods to discover that the

presence of small amounts of Ge4þ in the silica framework stabilizes double four-

membered rings (D4MR), cubic subunits formed by two rings each containing four

silicon atoms.[27] D4MR are absent in most known silicate frameworks,[28] as the

strain present in this arrangement makes them highly unstable. By replacing some

of the Si��O��Si linkages by Si��O��Ge, some of the strain can be released. This

stabilizing effect has been successfully applied by the same authors to synthesize a

hitherto unknown polymorph of zeolite Beta, polymorph C, which can only be

made by introducing a germanium precursor to the synthesis gel.[29] This study

shows that in some cases computational techniques can be successfully applied to

predict the beneficial effect of this type of isomorphous substitution.

1.1.3 SYNTHETIC ASPECTS: TEMPLATE THEORY FOR MESOPOROUS

OXIDES SYNTHESIS

Mesoporous oxides are formed in the presence of surfactant-type template molecules.

These species form micelle aggregates in aqueous environments. The organization

mechanism of the monomeric silica species around these ‘micellar rods’ was coined

the ‘Liquid Crystal Templating’ (LCT) mechanism. Subsequent hydrothermal

treatment and calcination leads to condensation of the silica species and removal

of the organic template species, respectively. The concurrent discovery of M41S

materials by Mobil scientists in 1992 and the discovery of the very similar material

FSM-16 (formed by recrystallization of kanemite after ion exchange of the Naþ

ions for tetraalkyl ammonium ions) by Inagaki et al. in 1994 mark the beginning of

the new era of well-defined, periodic mesoporous oxides.[30–33] A great deal of work

has been directed towards refining the dilute regime synthetic procedure and

improving the properties of the resulting mesoporous materials since. Mesoporous

materials are generally synthesized at low temperatures (25–100 �C) so that the

condensation reactions are predominantly kinetically controlled.[34] The silica
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mesopore walls in these materials are amorphous on an atomic scale, which means

that they are thermodynamically less stable than the metastable zeolite frameworks.

Quartz is thermodynamically the most stable form of silica and prolonged high

temperature heating of either mesoporous silica or all silica zeolites would eventually

lead to its formation.

In the original papers describing the synthesis of M41S materials,[30,31] the pore

diameters of the mesoporous materials were determined by the choice of surfactant

template, and also by the use of an auxiliary organic molecule, mesitylene (1,3,5-

trimethylbenzene). Pore diameters ranging between 20 and 100 Å were obtained.

Further investigations by the same research group revealed that with the same

synthesis, different mesophases could be produced. Apart from MCM-41, which

forms around rod-like micellar surfactant aggregates, a cubic phase with a three-

dimensional pore system, MCM-48, was observed when a spherical organization of

the surfactant species, instead of a rod-like one, occurs. It was reported that the

surfactant to silica ratio was the crucial parameter in determining the shape of the

micelle aggregates.[35] More recently, n-alkanes of different chain lengths were

used as swelling agents for the mesoporous products.[36] The pore diameters of

the products increased proportionally with the length of the n-alkanes, containing

up to 15 carbon atoms. The pore diameter of mesoporous products has also been

controlled by adjusting the synthesis gel and crystallization variables. In the

presence of tetramethyl ammonium cations, mesoporous products were formed

after 24 h, and the pore size increased with longer crystallization times.[37] Similar

results were obtained by Cheng et al., where the pure silica MCM-41 channel

diameter was varied between 26.1 and 36.5 Å, and the wall thickness was varied

between 13.4 and 26.8 Å, simply by using different synthesis temperatures

(70–200 �C) and/or reaction times.[38] In general, MCM-41 with wider pores,

thicker walled channels and higher degrees of polymerization were obtained for

longer reaction times. The MCM-41 structure with the thickest walls (26.8 Å) could

withstand temperatures as high as 1000 �C without disintegration. The suggested

explanation for the pore expansion with increasing reaction time was as follows: as

reaction times are increased, the pore size of the MCM-41 product increased,

reaching an upper limit very close to the diameter of a cetyltrimethyl ammonium

bromide (CTAB) micelle. At high temperatures (165 �C in the work of Cheng

et al.), some surfactant cations decompose to neutral C16H33(CH3)2N molecules,

which locate themselves in the hydrocarbon core of the micelle. This has the effect

of increasing the micelle diameter, and therefore the MCM-41 pore size. There is,

however, an upper limit to the number of neutral amine molecules the micelles can

accommodate in their core, leading to an upper limit in the swelling effect.[38]

Particle size is of particular importance for mesoporous materials containing

unidirectional channels, such as MCM-41. If the mesopores are long, which might

be the case in large particles, diffusion limitations could occur and in these cases it

is preferable to have a very small particle size. Small particles of MCM-41 are

obtained if reaction times are kept short, i.e. the mesoporous product nucleates, but

has little time to grow into larger particles. Cutting the reaction times short can,

however, jeopardize the silica condensation process, leading to poorly polymerized
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products. Microwave heating overcomes this problem by speeding up the con-

densation step, allowing high quality products to form in times as short as 1 h at

150 �C.[39–42] The resulting MCM-41 crystallites are very small (approximately

100 nm in diameter).

Virtually at the same time as M41S mesoporous silicas were first being

synthesized, Inagaki et al.[32,33] reported the synthesis of hexagonally packed

channels from layered polysilicate kanemite. The mechanism for the formation

of this material, FSM-16, is very different from the silicate anion-initiated MCM-41

synthesis and has been shown to occur via intercalation of the kanemite layers with

surfactant molecules. Kanemite consists of flexible, poorly polymerized silicate

layers which buckle around the intercalated surfactant molecules. Vartuli et al.[43]

compared M41S materials generated from the ligand charge transfer (LCT) method

with the products resulting from intercalation of layered polysilicates. Both

methods used alkyl trimethylammonium surfactants as templates, but the mechan-

isms of formation, silicate anion initiated LCT and intercalation were very distinct.

The MCM-41 synthesized using the LCT method was found to have five times the

internal pore volume of the layered silicate-derived material, and the pore-size

distribution was found to be sharper than for FSM-16.

Based on the same LCT mechanism, other mesoporous silicate materials have

been developed since. Some of these newer materials have improved characteristics

such as a higher thermal stability, which is known to be limited in the case of

MCM-41.[44] Apart from the low thermal stability, the one-dimensional pore

structure of MCM-41 poses limitations to its applications. The field of mesoporous

oxide materials was further extended by Pinnavaia and co-workers, who used

nonionic poly(ethylene oxide) template molecules.[45] The low cost and nontoxicity

of this type of surfactant was reported to be the main advantage. The silica

framework was formed around the rod- or worm-like micelles formed, where the

channels in the three-dimensional structure showed diameters between 20 and 58 Å.

More recently, in 1998, ultra-large pore hexagonal and cubic mesoporous products

were synthesized using nonionic poly(alkylene oxide) triblock copolymers as

structure directing agents and tetraalkoxysilane silica sources, in acidic media

(pH< 1).[46] This work is related to the work reported by Pinnavaia’s group, where

the larger size of the structure-directing agent species allows pore sizes of up to

300 Å in the products. The hexagonal SBA-15 product was synthesized with a wide

range of uniform pore sizes and pore wall thicknesses at low temperature

(35–80 �C) using triblock copolymers, such as poly(ethylene oxide)-poly(propylene

oxide)-poly(ethylene oxide), PEO-PPO-PEO. The method was found to be very

versatile: structured products were obtained using (TMOS, TEOS and TPOS) as

silica sources, and a whole range of acids were used to obtain the required synthesis

gel pH (HCl, HBr, HI, HNO3, H2SO4 or H3PO4). More recently, the synthesis of

SBA-15 materials has been conducted by the same authors in a confined environ-

ment, in porous alumina nanochannels. In contrast to synthesizing the material on

flat surfaces, where thin films of two-dimensional mesostructures are formed, the

confinement of the synthesis causes the sheets to roll up in the cylindrical space.

Amongst other structural motifs, the resulting structures exhibit chiral (although
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racemic) double-helical channels.[47] It was shown to be possible to modify the

exact morphology by changing the dimensions of the alumina channels.

Following similar principles of combining the aggregate-forming properties of

bifunctional molecules with low cost and low toxicity, a mesoporous silica material

with a three-dimensional worm-like pore system was reported. Triethanol amine

(TEA) was used as the SDA and TEOS as the silica source in this mesoporous

silica, TUD-1.[48] The formation mechanism is depicted in Figure 1.3(a). The

properties of the material can be easily tuned by modifications in the synthesis

procedure, for example, the pore size of the material was found to be proportional to
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Figure 1.3 (a) TUD-1 synthesis path, grey shading indicates aggregation of TEA, hatched
area indicates silica. (b) HR-TEM image of the mesoporous, foam-like structure. (c) three-
dimensional representation of TUD-1 particle, based on a series of HR-TEM images, created
under the supervision of Prof. K. P. de Jong, Utrecht University, The Netherlands
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the hydrothermal heating time, and is typically in the range of 25–500 Å.[49] BET

surface areas can be as high as 1000 m2 g�1, and the material exhibits a high

thermal and hydrothermal stability. A high resolution transition electron micro-

scopy (HR-TEM) image and a representation based on three-dimensional HR-TEM

images of the material are also shown in Figure 1.3.

The field of mesoporous materials has developed rapidly since the first reports on

these materials in 1992, as these last examples show. The trend is to utilize

inexpensive, multifunctional micelle- or aggregate-forming surfactants or templates

which may adopt many different liquid crystal-like configurations in aqueous

solution. Formation of a silicate structure with well-defined pore dimensions and

connectivity may then be accomplished by the appropriate choice of the synthetic

conditions. Additional microporous and macroporosity may be incorporated by

using macroporous host materials, as in the case of Stucky of the work by and co-

workers, who created mesophases with unprecedented architecture.[47]

1.2 DESIGN OF EXTRA-LARGE PORE ZEOLITES AND OTHER
MICROPOROUS AND MESOPOROUS CATALYSTS

1.2.1 INTRODUCTION

The utility of the currently available catalytic microporous and mesoporous oxide

materials is limited by their attainable pore sizes, pore architectures, the uniformity

of the structures and the extent to which catalytically active heteroatoms can be

introduced.[28] In the case of zeolites, the small size of the pores is the main

limitation to their use in fine chemical or pharmaceutical synthetic applications, as

most substrate and product molecules are too large to enter or leave the pore

system. Also, in applications such as hydrocracking in oil refineries, the substrate

species are often too large to make use of the internal surface of zeolite catalysts

(other than in pore-mouth catalysis). Mesoporous materials, on the other hand, have

as a main disadvantage their noncrystallinity, resulting in lower thermal and

mechanical stability and in broader pore-size distributions and, hence, lower

substrate/product selectivities compared with those found for zeolites. Moreover,

the lack of crystallinity means a high concentration of structural defects, i.e. the

presence of a high degree of surface silanol groups. For mesoporous aluminosili-

cates, an incomplete incorporation of aluminium into the framework and a less rigid

lattice environment means that their acidity is considerably lower than for zeolites,

which limits their use as acid catalyst in reactions with large substrate species. In

the following sections, approaches to close the gap between zeolites and mesopor-

ous materials as catalysts are discussed.

1.2.2 EXTRA-LARGE PORE ZEOLITES

A great demand exists for (hydro)thermally stable, crystalline structures with pore

sizes in the 10–20 Å size range that feature tetrahedral frameworks to allow
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incorporation of heteroatoms like Al to generate a framework charge imbalance

and, thus, impart the material with a high acidic strength.[50] Although some

progress has been made in recent years, the crystallization of extra-large pore

zeolites (containing 12-membered or larger rings) has been and continues to be a

great challenge. Many of the reported extra-large pore crystalline structures are

aluminophosphates, rather than silica-based materials. The first example of this

class, VPI-5, was reported in 1988 and features one-dimensional channels with

18-membered rings (pore diameter of 12 Å).[51] These aluminophosphates, how-

ever, often suffer from low thermal stability due to the presence of substantial

amounts of terminal OH groups and extra-framework octahedral T-atoms. The

extra-large pore SiO2 materials, UTD-1,[52,53] CIT-5[54] and the germanosilicate IM-

12,[55] which contains 12- and 14-membered rings with internal free diameters of

8:5� 5:5 Å and 9:5� 7:1 Å, all contain 14-membered rings in their largest

channels, but the pore diameters of these materials do not exceed 10 Å. Corma

et al. reported the crystallization of ITQ-15, containing a two-dimensional channel

system of interconnected 12- and 14-ring channels (pore dimensions 8:4� 5:8 Å

and 10� 6:7 Å, respectively),[56] and of ITQ-21, which contains a three-dimen-

sional channel system of 12-membered rings with a diameter of 7.4 Å and cavities

with a dimension of 11.8 Å.[57] These ITQ materials were tested in cracking

experiments involving large substrate species and, indeed, they were found to

exhibit higher activities than catalysts with smaller channel dimensions or lower

pore dimensionality. In all these cases, however, very costly cationic ammonium

species were used as the SDAs. The largest rings reported for silica-based materials

are those of the thermally stable gallosilicate ECR-34, which requires a mixture of

alkali ions and tetraethyl ammonium ions as the structure-directing species.

Although this material contains a one-dimensional pore structure featuring useful

18-membered rings with a large diameter of 10.1 Å,[58] it does not contain strongly

acidic sites, limiting its application. Very recently, a mesoporous crystalline

germanium oxide material was reported, with channels composed of an unusually

large ring size of 30, with a pore size of 12 Å and 25 Å cavities.[59] Mixed organic–

inorganic framework species can adopt even more open structures, as was recently

illustrated by the chromium terephthalate species MIL-101. This porous coordina-

tion compound consists of chromate trimers which are linked by terephthalate

ligands to form ‘super-tetrahedra’, which are further organized to form two types of

mesoporous cages with internal free diameters of 29 and 34 Å, respectively, and

with windows of 12 and 14.5 by 16 Å, respectively.[60]

Synthetic approaches towards zeolites with large pore sizes may benefit from the

introduction of small rings, as an experimental correlation between framework

density and the smallest ring size within a structure has been discovered.[61] Similar

conclusions were drawn from computational studies by Zwijnenburg et al.[62] who

showed that the presence of a small amount of small rings (e.g. three-membered

rings) may aid the stabilization of structures containing large pores and that

synthetic efforts should be directed towards synthesizing building blocks containing

three-membered rings. Such three-membered rings are known to exist in minerals

such as phenakite and euclase,[63] where Be atoms are present in these small rings.
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Annen et al. discovered that it was possible to substitute this toxic heteroatom for

Zn, and the first synthetic zincosilicate containing three-membered rings, VPI-7,

was reported in 1991.[64] Rietveld refinement of this structure revealed the presence

of a three-dimensional channel system comprising eight- and nine-membered

rings.[65] The three-membered rings are formed by 2 Si and 1 Zn atom, illustrating

the need for atoms other than Si and Al to make small T-O-T angles possible.

Cheetham et al. reported the preparation of a beryllosilicate, being the only one

example of a framework containing three-membered rings combined with extra

large pores (14-membered rings).[66]

The presence of three-membered rings has also been suggested to be advanta-

geous in the quest for crystalline mesoporous materials.[50] The lack of crystallinity,

which is a general feature of this class of materials, has been ascribed to their low

framework density. For a range of crystalline framework materials a correlation

between the framework density and the size of the smallest ring size in the structure

has been established.[61] If this correlation is applied to mesoporous materials,

which have typical void fractions >0.5, then the presence of three-membered rings

becomes clearly beneficial in the quest to render these structures crystalline.

1.2.3 HIERARCHICAL PORE ARCHITECTURES: COMBINING

MICROPOROUS AND MESOPOROSITY

The inherent limitations of the use of zeolites as catalysts, i.e. their small pore sizes

and long diffusion paths, have been addressed extensively. Corma reviewed the area

of mesopore-containing microporous oxides,[67] with emphasis on extra-large pore

zeolites and pillared-layered clay-type structures. Here we present a brief overview

of different approaches to overcoming the limitations regarding the accessibility of

catalytic sites in microporous oxide catalysts. In the first part, structures with

hierarchical pore architectures, i.e. containing both microporous and mesoporous

domains, are discussed. This is followed by a section on the modification of

mesoporous host materials with nanometre-sized catalytically active metal oxide

particles.

The introduction of a certain degree of mesoporosity into zeolite crystals in order

to improve their diffusional properties is a straightforward idea with obvious

benefits that has been explored for some time. Different strategies to introduce

mesoporosity into zeolites have been reviewed in 2003,[68] and more recently by

Pérez-Pariente et al.[69] The traditional way of generating mesoporous defects in a

zeolite structure is by means of steam treatment. This treatment results in the

selective removal of Al3þ from the framework, yielding so-called hydroxyl nests.

Rearrangement of the structure often occurs, leading to healing of the structure in

some places, and to the formation of larger cavities in other places.[70] Although the

additional mesoporosity thus created may be beneficial in terms of the overall

diffusional properties of the solid, the decrease in crystallinity of the structure and

the deposition of the removed material on the outer surface of the crystals are

serious drawbacks. Acid leaching is an alternative method to remove framework
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aluminium. Mineral acids are routinely used for this purpose, which has as its main

drawback the detrimental effect on the framework acidity (Al is removed or

becomes partially extra-framework). Secondly, this technique is only applicable

for high-alumina zeolites. Alkaline treatment of zeolites has been reported to

dissolve siliceous species from the framework, thereby producing regular meso-

pores and leaving the microporous framework intact.[71,72] The mechanism of

alkaline desilication of ZSM-5 has been studied in detail and it was found that

desilication is directed by framework Al3þ, and an optimal Si/Al range of 25–50

was established. Desilication results in mesopore surface areas (as analysed by N2

physisorption) as large as 200 m2/g, coupled with a loss in micropore volume of less

than 25%.[73] Large ZSM-5 crystals, with a high Al concentration near the outer

surface of the crystals, could even be selectively desilicated in the core of the

crystals, leading to hollow ZSM-5 crystals. This illustrates the influence of Al to Si

extraction. Advanced three-dimensional TEM techniques were used to visualize the

mesoporosity distribution (Figure 1.4).[74]

A different approach towards zeolites containing mesopores involves the

incorporation of a template with mesoscopic dimensions into the zeolite synthetic

procedure. Carbon spheres and carbon nanotubes have been used for this pur-

pose,[75] the latter with a typical diameter of 12 nm and several micrometres long.

The synthesis of mesoporous silicalite-I, which is reported in this paper, simply

involves the incorporation of the carbon nanotubes into the synthesis gel also

containing TPAOH and TEOS. After combustion of the carbon template material,

the product consists of single crystals with straight channels in the mesoporous size

range penetrating the crystal (Figure 1.5).

Figure 1.4 SEM-EDX images of polished nontreated (a) and alkaline-treated (b) ZSM-5
crystals. Desilication predominantly occurs in the core, where the Al concentration is lowest.
Reproduced from Groen et al.[74] by permission of American Chemical Society
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Van de Water et al. reported that the introduction of small amounts of

germanium into the synthesis gel of ZSM-5 changes its crystallization behaviour,

resulting in increased mesoporosity.[76] A possible explanation for the increased

mesoporous and macroporous surface area is that germanium enhances the

nucleation rate, thereby generating a larger number of very small primary crystals

inside a synthesis-gel sphere. These primary crystals then aggregate immediately,

resulting in an imperfect intergrowth with a high number of interfaces, which is the

origin of the observed mesoporosity. The typical elongated prismatic crystal shape,

characteristic of ZSM-5 (Figure 1.6a), is lost upon increasing the germanium

content of the gel. Long, rectangular blocks are formed upon increasing the

germanium content, which, in turn, form spherical aggregates with the crystallites

being connected to each other in the centre of these spheres (Figure 1.6b).

Nitrogen physisorption of the Ge-ZSM-5 sample revealed a considerable

contribution of mesopores to the total pore volume, accompanied by a drop in

micropore volume of 20%. In a study of the catalytic activity of these materials it

was found that the increased mesoporosity of Ge-ZSM-5 had a beneficial effect on

the catalytic activity in a series of acid-catalysed reactions.[77] It was observed that

the presence of germanium in the framework does not change the strength of the

acid sites but, instead, decreases the extent of deactivation from coke residues

formed upon reaction. The microporous domains only have short diffusional

lengths, but the shape selectivity ascribed to the zeolitic channels is still fully

Figure 1.5 Schematic illustration of the synthesis principle for crystallization of mesoporous
zeolite single crystals. The individual zeolite crystals partially encapsulate the nanotubes during
growth. Selective removal of the nanotubes by combustion leads to formation of intracrystalline
mesopores. Reproduced from Schmidt et al.[75] by permission of American Chemical Society
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effective. This was illustrated by the product distribution of the acetylation reaction

of anisole, where it was reported that >99% para-product was formed.

A completely different approach to combining zeolite micropores with meso-

and even macroporosity has been published by Li and co-workers.[78] They

prepared self-supporting zeolite monoliths in a multi-step synthetic procedure. In

the final material, micropores inside the zeolite nanocrystals (30–40 nm) are

combined with a mesopore system formed by the packing of the nanoparticles,

and a macropore system on the monolith level. Yet one step further towards

improving the accessibility of the active sites of zeolites is to use two-dimensional

zeolite layers, rather than three-dimensional frameworks, which would result in the

ultimate reduction of the diffusion path length. Corma et al. reported on the

delamination of a zeolite precursor with a clay-type layered structure, resulting in

zeolite sheets with a layer thickness of around 25 Å.[79] The layers consist of a

hexagonal array of ‘cups’ with a 10-membered channel system running through the

sheets. Clearly, all (framework-related) acid sites are accessible to substrate

molecules which would be too large to fit in the channels of a corresponding

three-dimensional material. Indeed, the authors showed that the catalytic cracking

of n-decane over the delaminated material (ITQ-2) shows a similar rate constant

compared with the MWW-type zeolite reference material, which represents a three-

dimensional analogue of the layered material. Interestingly, the products isolated

from the reaction over ITQ-2 contain a smaller amount of gaseous products than

those over MWW, indicating that fewer consecutive reaction steps occurred on

ITQ-2. This is attributed to the shorter diffusion path into and out of ITQ-2. A large

activity enhancement was found for ITQ-2 in cracking experiments involving

vacuum gas oil, which was attributed to the better accessibility of the active sites

in ITQ-2, compared with MWW (Figure 1.7).

The combination of micelle-forming species used in the preparation of meso-

porous materials with silicate precursors of a variety of zeolites is a promising

strategy to obtain mesoporous materials with zeolite-like acidity.[69] Although some

progress has been made in this field, it has yet to be proven that catalytic materials

with improved performance can be obtained in this manner. Strong evidence of the

presence of crystallinity in the mesopore walls, combined with an increased acidic

Figure 1.6 SEM picture of ZSM-5 (a) and Ge-ZSM-5 with a Ge/(Ge + Si) ratio of 0.17 (b).
Reproduced from van de Water et al.[76] by permission of American Chemical Society

16 MICROPOROUS AND MESOPOROUS SOLID CATALYSTS



strength and catalytic activity and stability, has yet to be reported. In this respect,

the assembly of so-called ‘nanoslabs’, as discussed in Section 1.1.2, into higher

order structures is an exciting direction. One of the current theories regarding the

early stages of zeolite framework formation comprises the aggregation of TEOS

and TPA species into nm-sized nanoslabs (with dimensions of 1:3� 4:0� 4:0 nm),

which can be viewed as the building blocks from which the final zeolite structure is

constructed. The organization of these building blocks into structures with meso-

scopic dimensions would be a very attractive concept, indeed. However, the

thickness of the crystalline nanoslabs (1.3 nm) is larger than the amorphous walls

present in MCM-41 (1.0 nm), which would cause problems in view of the curvature

of the channel walls. Despite this, the Leuven research group has very recently

shown that it is possible to organize the nanometer-sized crystalline building blocks

into hexagonally oriented so-called zeogrids and zeotiles.[80] The assembly process

of the zeolite blocks was interrupted by adding surfactant species such as

cetyltrimethylammonium bromide, which is used as the micelle-forming species

in the synthesis of M41S materials. This results in the organization of the nanoslabs

into a mesoporous superstructure, where the walls are thought to consist of the

microporous crystalline Silicalite-1 material.

Instead of introducing a degree of mesoporosity into a microporous catalyst, the

problem can also be approached from the opposite direction. Kloetstra et al.

reported the introduction of crystalline microporous domains inside mesoporous

MCM-41 by the partial recrystallization of the pore walls.[81] The mesoporous host

can be regarded as the aluminium and silicon source for the zeolite crystallization.

OH OH OH OH OH OH OH OH OH OH

OH OH OH OH OH OH OH OH OH OH

12 MR

Hexagonal
prisms

10 MR

(a)

(b)

Figure 1.7 (a) Proposed structure for the ITQ-2 layer showing the characteristic 10-membered
ring separating arrays of ‘chalices’ perpendicular to (001), with an artist’s impression of one
of the chalices included. (b) Artist’s impression of two fused chalices, each made of two
‘cups’, connected by a nonshared six-membered ring at the bottom, and with a 12-membered
ring (12 MR) at their open top. The two fused chalices enclose a 10-membered ring (10 MR),
which forms parts of the channel running between the cups inside the sheet. Reproduced
from Corma et al.[79] by permission of Macmillan Publishers Ltd
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The starting material comprises Al-containing MCM-41, allowing for the formation

of zeolite-like microporous domains after recrystallization of some of the MCM-41

pore wall material. These sites are expected to exhibit strongly acidic properties

related to the now zeolitic framework Al sites. Secondly, the Al present in the

MCM-41 parent material allows the introduction of TPAþ cations, which is the

template for ZSM-5, via an ion exchange step. On the basis of IR (the appearance of

a band at 550 cm�1, characteristic of the five-membered rings present in the MFI

structure) and 27Al NMR (an increase in the signal related to tetrathedrally

coordinated Al), it was concluded that part of the MCM-41 silicate material was,

indeed, converted into ‘embryonic’ ZSM-5 domains. The catalytic activity was

compared with that of the parent MCM-41 and it appeared that the modified

material had a significantly higher activity in the cracking of cumene.

Zhang and co-workers reported partial conversion of a mesoporous starting

material (SBA-15) into a mesoporous aluminosilicate with zeolitic characteristics in

a so-called vapour phase transport method.[82] In this process, Al is firstly

introduced onto the mesoporous surface, followed by a filling of the mesopores

with a carbonaceous species, and finally a partial recrystallization of aluminosili-

cate in the vapour of the SDA is conducted. The advantage of this method,

compared with the hydrothermal recrystallization method of Kloetstra et al., lies

in the fact that the mesopore structure collapses to a lesser extent as the crystal-

lization is limited to the surface of the mesoporous precursor.

Nanometre-sized catalytic species may be dispersed into the pores of a

mesoporous host material in order to maximize the available surface area of that

catalytic species and to prevent sintering at elevated temperatures. In this respect,

zeolite crystallites, metal oxide species and even nanometre-sized metal particles

may be introduced into a mesoporous host. Zeolite Beta crystallites (40 nm) have

been introduced by Waller et al. into the mesoporous silica host TUD-1 by blending

preformed zeolite crystallites into the synthesis mixture of the mesoporous carrier.

As such, the zeolite crystallites were ‘frozen’ in the TUD-1 synthesis mixture

during its gelation step.[83] The Zeolite Beta present in this composite material

exhibits a higher activity in the cracking of n-hexane than does the equivalent

amount of pure zeolite. The difference is ascribed to the fact that aggregation of the

40 nm particles occurs in the case of the pure zeolite, whereas in the composite

material these particles are stabilized by the mesoporous host material. The

accessibility of the active sites is improved in this way and the mesoporous pore

system significantly reduced diffusion limitations on the reactant and product

species of the reaction. Furthermore, the intergrowth region exhibits unusual acid

sites, resulting from a twisted and strained surface, giving rise to high-energy

surface siloxane two-rings which subsequently open to yield highly reactive silanols

(as proven by in situ NH3 adsorption FTIR studies reported in the same paper). A

similar one-pot synthesis approach was applied to introduce nanometre-sized oxide

particles of metallic species, such as titanium, cobalt, iron, vanadium and molyb-

denum into the TUD-1 host.[84] It was found that the particle size of these metal

oxides was tunable by small changes in the preparation procedure, where the upper

limit of their size is defined by the TUD-1 mesopore size and the lower limit can be
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controlled by the concentration of the heteroatom species as well as the precise

synthetic sequence (either inducing or avoiding heteroatom oxide particle forma-

tion). In some cases, i.e. in the case of titanium, even perfectly isolated tetrahedral

metal atoms were present in the framework. The fate of the titanium species and its

location could be tracked by in situ FTIR throughout the synthesis, thereby

indirectly confirming the postulated formation mechanism of TUD-1.[85] The

immobilization of gold nanoparticles onto mesoporous silica and titania hosts in

a one-pot synthesis has been achieved by adding phosphine-stabilized gold particles

(with a diameter in the range of 5–10 nm) to the synthesis mixture of mesoporous

silica or titania materials.[86]

1.3 POTENTIAL OF POST-SYNTHESIS FUNCTIONALIZED
MICROPOROUS AND MESOPOROUS SOLIDS AS CATALYSTS FOR
FINE CHEMICAL SYNTHESIS

1.3.1 INTRODUCTION

Whilst microporous and mesoporous materials in themselves can be catalytically

active materials, as outlined in the previous sections, great potential lies in the

possibility of their functionalization. Both homogeneous and heterogeneous cata-

lysts have a great number of pros and cons, ranging from environmental and

resource concerns (regarding the potential to recycle these materials), to the

efficiency and effectiveness of the actual catalytic species. One area of mutual

advancement for both these fields is in their combination, i.e. in the heterogeniza-

tion of homogeneous catalysts. Microporous and mesoporous materials can provide

the perfect supports for known homogeneous catalysts to facilitate this. In the

following section the issues surrounding such composite materials are discussed.

The use, the development and the scope of individual microporous and

mesoporous solids has been discussed in-depth in the previous section. The

immobilization of further groups onto or into these hosts to provide the actual

catalytic sites is a further sophistication in catalyst design. Incorporating catalytic

species into the framework has disadvantages in that there are inherent structural

irregularities, i.e. the preparation of a material with identical properties throughout

in terms of the local environment of the catalytic sites cannot always be easily

repeated. In contrast, immobilizing well-defined molecular catalysts provides

identical single catalytic sites.[9,87]

There are several different approaches to fixing a molecular catalyst into a host

material, some of these methods have been reviewed recently by On et al.[88] in

2001 and by De Vos et al.[89] Reviews from the perspective of chiral catalysis

appeared in 2002 by Song and Lee,[90] and in 2004 by Li,[91] and noncovalently

bound catalytic species on solid supports have been reviewed in 2004 by Horn

et al.[92] This section is intended to complement these recent reviews and highlight

as well as define the approaches encountered and to update some of the latest

developments in this field.
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1.3.2 COVALENT FUNCTIONALIZATION

The covalent binding of a metal complex to a solid support is the most commonly

applied technique of functionalizing a microporous or mesoporous material. In

essence, this technique can be further categorized into two subsections: (1) grafting,

this is the direct attachment of a metal complex to the silica framework of the

material; and (2) tethering, whereby a spacer (‘tether’) is used between the wall of

the material and the metal complex.

Grafting of Metal Complexes

The first example of the direct grafting of truly isolated metal species onto a

periodic mesoporous silica framework was reported in 1995 by Maschmeyer

et al.[93] This involved the reaction of a titanocene-derivative with the walls of

MCM-41. After grafting the titanocene onto the surface of the mesoporous host, the

ligand was removed by calcination, thereby revealing the catalytically active Ti4þ

species (Figure 1.8). Prior to this publication, the nature of research was dominated

by attempts to incorporate isolated titanium atoms into the framework of micro-

porous and mesoporous materials. This paper reported the highest TOFs using Ti-

containing mesoporous materials in the epoxidation of alkenes openly published at

the time. Regeneration after eventual deactivation of the catalyst was achieved

without loss of activity and these first results opened the path for greater exploration

of these types of well-defined site-specific catalytic materials.

Figure 1.8 Computer-generated illustration of the accommodation (diffusion / adsorption)
of molecules of titanocene dichloride inside a pore (30 Å diameter) of siliceous MCM-41.
For simplicity, none of the pendant Si-OH (silanol) groups, that make it possible to graft
organometallic moieties inside the mesoporous host, are shown. Reproduced from
Maschmeyer et al.[93] by permission of Macmillan Publishers Ltd
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Subsequently, a range of other metal species has been introduced onto the

surfaces of mesoporous materials. These have often involved small metal com-

plexes, the ligands of which were removed by calcination after being grafted onto

the walls.[88] Some recent examples of MCM-41 based materials are the Sn(IV)

Lewis acids by Corma et al.,[94] vanadium-containing species by Singh et al.,[95,96]

and a luminescent europium complex by Fernandes et al.[97] Rhodium and

molybdenum complexes have been given attention by Pillinger et al. in analogous

procedures, whereby bimetallic acetonitrile complexes have been grafted onto

MCM-41.[98,99] These complexes have been shown to be sensitive to air, undergoing

dissociation to create a mononuclear species in the case of Rh.

Mono-[100] and bimetallic[101] nanoparticles have been deposited inside the pores

of mesoporous silicas in a two-step reaction. For example, the anionic metal

carbonyl cluster [Ru6C(CO)16]2� [in the presence of bis(triphenylphosphino)imi-

nium (PPNþ) counterions] has been immobilized by incorporation into the pores of

the host by impregnation. The carbonyl ligands are removed in a subsequent step by

gentle thermolysis, yielding nm-sized metal particles grafted onto the walls of the

MCM-41 host material. In the case of a Cu-Ru bimetallic cluster[102] the bridging

chloride ligands react with the surface silanols and covalent Si-O-Cu bonds were

formed, anchoring the particle firmly to the surface. EXAFS revealed this anchoring

process as well as the structural changes due to the removal of the carbonyl ligands

(Figure 1.9). The very high dispersion of the metallic species thus obtained results

in good activity in hydrogenation test reactions.

In comparison to the mesoporous materials, less research has been published on

the functionalization of microporous materials by direct grafting (excluding various

types of ion exchange). It has been stated that some of the newly modified

mesoporous materials suffer from the adsorption of products and by-products

onto the amorphous walls of the support structure.[103] Microporous zeolitic

Figure 1.9 Van der Waals surface interactions of two [H2Ru10(CO)25]2� and two PPN+

molecules packing along a single mesopore. Reproduced from Zhou et al.[100] by permission
of AAAS
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materials possess better defined structures and may reduce the extent of such

interactions: Sakthivel et al. reported the successful grafting of cyclopentadienyl

molybdenum complexes onto H-zeolite Beta and H-zeolite-Y.[104] However, even

though the product adsorption issues were reduced, the relatively low selectivity

combined with the poor TOF, leaching problems and deactivation of the catalytic

species due to contamination by a by-product lead to the conclusion that the small

pore size unduly affects the catalytic system in this case.

Tethering of Metal Complexes

The linking of a single-site transition metal complex catalyst to a mesoporous

material via a spacer chain has become a popular method of heterogenizing a

homogeneous complex. A schematic to describe this procedure is shown in

Figure 1.10.[105] In this manner, the induction of desired chirality can also be

introduced, using appropriate directing ligands attached to the active catalytic

species. This results in catalytic materials that may be particularly interesting for

the pharmaceutical industry and asymmetric catalysis is perhaps the biggest area of

interest in the tethering of metal complexes to solid host materials.[90,105] The tether

itself can be of varied length linked to the catalytic complex either directly via the

metal centre or via a ligand attached to that metal, or even, in particular cases,

via both the ligand and the transition metal.[106] The vast majority of

publications following this approach involve mesoporous oxide host materials. In

one of the first examples of this type of tethering, reported by Maschmeyer et al.,

MCM-41 was functionalized with glycine to provide an anchor point for a

cobalt(III) complex.[107] The Si-OH bonds were first functionalized with an alkyl

bromide before the bromide end of the linker was reacted with the amine from

glycine, allowing the carboxylic acid functional group to couple with the complex

(Figure 1.11).

directing Chiral
group

Substrate

Catalytic centre

Tether of variable length

Through space
interaction

Figure 1.10 Schematic representation of the confinement concept. Reproduced from
Thomas et al.[105] by permission of Elsevier
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The results of the catalytic experiments show that the material with this linker

performs much better, in terms of TOF, leaching of the catalytic species, catalyst

lifetime and conversion, than a similar material without the linker. Another example

of attaching a linker to provide a reactive carboxylic acid functional group upon

which to couple a metal complex is provided by the work of Hultman et al.[108,109]

In this case, chiral dirhodium catalysts were immobilized through the coordination

of the oxygen atoms of the carboxylic acid groups to the rhodium centres. The

length of the linker was varied, with the three examples being an ethyl, an n-propyl

and a (para-)phenyl group, i.e., obtaining five, six and seven atom spacers between

the host wall and the active metal species. Unfortunately, the catalyst itself is large

(13–19 Å) compared with the pore size of the MCM-41 used initially (approxi-

mately 19 Å). Therefore, fine-tuning of the mesoporous host, i.e. use of TUD-1 with

much larger pore sizes, provided a more appropriate physical environment and an

enhancement of the enantiomeric excess (ee) as compared with the homogeneous

species could be determined. The catalytic results of these series of compounds

indicate that improvements over the homogenous catalyst can result when immo-

bilizing onto a solid support. In both these procedures, the silanols present on the

external surface of the support were deactivated in order to (1) make sure that

the complexes are attached only within the channels of the mesoporous material and

(2) to avoid unwanted complex–complex interactions.

The most common type of functional group used to connect the support material

to the catalytic species can broadly be defined as nitrogen-containing tethers.

Besides amines,[106,110–112] amides,[113] pyridines[114,115] and bipyridyls[116] have

been explored.[89] Chiral Mn(salen) complexes have been frequently the catalyst

of choice to be immobilized on various materials.[90] The reason for this is the

excellent reliability of this catalyst to facilitate the asymmetric epoxidation of

alkenes. The most recent development of this type of catalyst (with respect to

immobilization onto a solid mesoporous support) was the use of a phenoxy group,

which coordinates with a Mn(salen) complex by displacing a chloride moiety with

oxygen.[117] The inorganic host material is functionalized with (para-HO-

Ph)Si(OEt)3, enabling coordination of the manganese ion by the phenoxy ligand.

The active metal centre and the wall of the support are separated by six atoms.

Catalytic results suggest a general improvement in the enantiomeric excess achieved
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Figure 1.11 Functionalization of the MCM-41 surface silanols with an alkyl bromide and
its subsequent derivatization with glycine
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in the epoxidation of a-methylstyrene and cis-b-methylstyrene compared with the

‘free’ complex, however, yields were generally poorer. The first paper to illustrate

the beneficial effect of confining a chiral catalyst inside a periodic mesoporous host

regarding the regioselectivity and ee of the products was published by Johnson et al.

in 1999.[110] The system used consisted of a palladium complex containing a MCM-

41 surface-tethered, substituted ferrocene ligand. The catalytic results for the allylic

amination of cinnamyl acetate showed conversion of approximately half of the

starting material into the branched chiral product (the other 50% being converted

into the straight-chained product), with up to 99% ee. In comparison, the

homogeneous catalyst converted 79% of the starting material into only the

straight-chained product. In this paper, the advantages of a well-defined, periodic

mesoporous material (and its restrictive pores) in inducing chirality when compared

with either a purely homogeneous catalyst, or a catalyst supported on a nonporous

silica, are clearly illustrated.

A recent development of an amine tether was described by McKittrick

et al.[106,118] In these publications, the linker effectively tethers both the Zr/Ti

catalytic centre and simultaneously holds the cyclopentadienyl ligand of the metal

complex in place. This feature leaves the zirconium or titanium fully exposed to the

reactants. Depending on the method of synthesis, it is possible to tailor the

anchoring of a metal complex by either one or two amine tethers. In the first

case, the primary amine linker is allowed to react with both the ligand and metal, in

the latter case, one amine coordinates with the metal centre whilst another amine

group reacts with the ligand. It was mentioned earlier that microporous zeolite

materials make poor hosts for supporting catalytic transition metal species mainly

due to their limited pore size. Corma et al. reported, very early on in this field of

research rhodium complexes anchored onto a modified Y-zeolite via an amine tether

with outstanding results.[119] The ‘supermicropores’ (with a size range of 30–60 Å,

i.e. mesopores) that are formed upon steam treatment of the zeolite USY host allow

the introduction of such large entities, and this is, therefore, the first example of a

tethered, albeit nonchiral, metal complex inside a mesoporous host. The catalytic

test reactions showed no loss in hydrogenation activity, compared with the

corresponding homogeneous catalyst, and no appreciable leaching of the complex

after 10 cycles.

Moving onto other types of linkers, alkyl linkers have been developed by

Sakthivel et al.[120] An alkyl halide is usually the reactive species, where the halide

is displaced by either the metal centre itself or by the ligand of the complex. An

interesting example of the use of phosphine tethers is in the heterogenization of

Grubbs’ type catalysts.[121] Here, the bound ruthenium complex allows the ROMP

(ring opening metathesis polymerization) reaction to occur in aqueous conditions, a

feature not possible with the homogeneous catalyst. Unfortunately, lower activities

are observed, probably due to diffusion constraints. A notable use of a phosphine

linker was reported by Shyu et al.,[122] who immobilized Wilkinson’s catalyst

[Rh(PPh3)3Cl] onto phosphinated MCM-41. The supported catalyst showed TOFs

three times greater than the homogeneous catalyst, minimal leaching and main-

tained activity levels after 15 cycles.
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1.3.3 NONCOVALENT IMMOBILIZATION APPROACHES

Noncovalently Bound Metal Complexes

Evidence of immobilization of a metal complex via hydrogen bonding interactions

between the ligand and the silanol groups of the oxidic support has been reported by

Bianchini et al.[123] Sulfonate groups on the end of a phosphine-based ligand

formed strong non-covalent bonds with high surface area silica (Figure 1.12). These

catalysts were shown to be promising in the hydrogenation of styrene and in the

hydroformylation of 1-hexene. The activity in the hydroformylation reaction was

even higher than in the corresponding homogeneous reaction, which is ascribed to

the detrimental dimerization of the homogeneous Rh complex in solution. The high

activity of the grafted complex is, therefore, ascribed to the presence of truly

isolated Rh species. Leaching of the complex was not observed, as could be

concluded from the fact that the catalytic results of the regenerated solid were

unchanged, and that there was no evidence of catalysis in the filtrates taken from the

first reactions. This method has not (yet) been further investigated for use on

mesoporous materials. In 2000, the first example of this ion-exchange method as

applied to mesoporous support materials was published by de Rege et al.[124] A

triflate anion was used to immobilize a cationic rhodium complex onto MCM-41.

The difference with the work of Bianchini and co-workers is that in their case the

triflate moiety was part of the phosphine ligand, whereas in the MCM-41 based

catalysts by de Rege et al. the strongly bound triflate anion (hydrogen bonding) was

responsible for the anchoring of the cationic Rh complex. Other anions than triflate,

such as the more lipophilic B[C6H3(CF3)2-3,5]4, combined with the same Rh

complex, were unable to cause the same effect. The supported complex displayed

better catalytic activity (both in conversion and enantiomeric excess) than the

unsupported complex. The newly heterogenized catalyst also proved to be recycl-

able and was stable to leaching in nonpolar solvents. Using exactly the same

approach and anion, Raja et al. reported the immobilization of a range of chiral Rh

phosphine complexes onto a set of inexpensive, commercially available silicas.[125]

The ee values of the asymmetric hydrogenation of methyl benzoylformate were

found to increase upon decreasing pore size of the inorganic host, which reflects the

beneficial effect of a constrained environment on the enantioselective performance

of a chiral catalyst. This method is, in fact, a combination of two immobilization

techniques: the triflate ion is hydrogen bonded to the surface hydroxyl groups, and

the cationic metal complex is anchored onto this modified surface via an ion-

exchange step.

In this context, immobilization of metal complexes by means of ion exchange

has been reported by Augustine et al.[126] in 1999. In their study, polytungstic acid

was used as anchor to affix a metal-containing catalytic complex onto a support

material. It is thought that hydroxyl groups of the support react with the heteropoly

acid. The (cationic) metal complex is anchored to the modified support via a strong

ionic interaction, which is illustrated by the fact that no leaching of the complex

was observed. The method appeared to be applicable to a range of support materials

such as Montmorillonite K, carbon, alumina and lanthana. It was shown to be an
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effective means of anchoring a catalytic species without hampering its activity.

Hölderich et al. reported the immobilization of rhodium diphosphine catalysts via

ionic interactions with the aluminium-modified mesoporous materials Al-MCM-41

and Al-SBA-15.[127,128] The presence of aluminium in these materials generates

acidic protons on the surface, which can be readily exchanged with a cationic metal

complex. In this way, the metal complexes interact directly with the negatively

charged surface, and hence no modification of the support with an anchoring group

is required. Comparing the catalytic results of the two materials, it seems that

immobilization onto Al-MCM-41 is more beneficial in terms of activity. However,

there is a discrepancy in the respective methods of alumination of the materials.

Al-MCM-41 was formed with aluminium as an integral part of the synthetic

process, whereas aluminium was incorporated into a SBA-15 framework in a post-

synthesis reaction step. The use of yet another mesoporous material, Al-TUD-1,

was explored in the research reported by Simons et al.[129,130] The most notable part

of these studies is the investigation into the effect of the catalyst in different

solvents. The activity, enantioselectivity and the extent of Rh leaching all depend on

the chosen solvent in asymmetric hydrogenation reactions using immobilized

bidentate {RhI(cod)[(R,R)-DuPHOS]}BF4 and {RhI(cod)[(S,S)-DiPAMP]}BF4.[130]

In terms of ‘green’ chemistry, the most interesting result was in the use of water as

the solvent in a hydrogenation reaction using Rh-MonoPhos on Al-TUD-1.[129] This

catalyst was shown to achieve 95% ee (comparable with other solvents and the

homogeneous catalyst) and 100% conversion levels, albeit with slightly longer

reaction times. Even upon recycling of the catalyst, the results remained consis-

tently good. The use of water as solvent allows the design of cascade reactions in

which this immobilized ‘chemo-catalyst’ is coupled to a ‘bio-catalyst’, i.e. an

enzymatic reaction system.[131]

Krijnen et al. reported on the noncovalent, nonionic immobilization of Ti-

silsesquioxanes onto MCM-41, as an epoxidation catalyst.[132] An intriguing aspect

Rh
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H H
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Figure 1.12 Noncovalently bound Rh(I) complex for hydroformylation, immobilized onto
the silica surface via hydrogen bonding with the triflate moiety. Reproduced from Bianchini
et al.[123] by permission of American Chemical Society
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of this particular research is the unaltered state of the original catalyst upon

immobilization onto the support. The active catalytic species seems to be adsorbed

onto the silica framework based on entropic gain (i.e. one large molecule displaces

many surface-adsorbed small solvent molecules) with evidence to show that the

cyclopentadienyl ligand of the Ti-silsesquioxane complex is unadulterated. It has

been suggested that the ancillary cyclohexyl ligands of the complex interact with

the surface of the MCM-41 pores (hydrophobic interactions), allowing the cyclo-

pentadienyl group connected to the Ti centre to sit freely in the channel. The

adsorption of the complex occurs rapidly and particularly so on Al-MCM-41 mate-

rials.[132] However, functionalized Al-MCM-41 is prone to leaching and requires

treatment with a silylating agent prior to catalysis to prevent this.[133] The

significantly quicker adsorption onto aluminium-doped MCM-41 suggests that, in

addition to entropic considerations, polarity influences adsorption characteristics of

the host material. XPS analysis suggests that this rapid adsorption prevents a

homogeneous distribution of the complex inside the host, instead higher concentra-

tions are found in the outer regions of the channels. The explanation being that the

large silsesquioxane complex already adsorbed on a surface prevents another

complex passing through the channel to deeper regions of the material. With the

slower adsorption onto the all-silica species, the complex is allowed to travel further

into the channel before adsorption takes place. This lower loading of the actual

catalyst in the Al-MCM-41 mesopores explains the difference in TOF with the

all-silica MCM-41 material. In an investigation into a ‘tethered’ approach to

immobilizing a Ti-silsesquioxane complex, Smet et al. reported on the development

of a (3-glycidyloxypropyl)trimethoxysilane linker between MCM-41 and titanium(IV)

silsesquioxane.[134] This approach however, offers no performance advantages over

the pure-silica substrates described by Krijnen et al.

Encapsulation of Metal Complexes

Encapsulation covers a wide selection of methods to activate otherwise sedate

microporous and mesoporous host materials. This heading describes the trapping of

an active catalytic species within the pores of an inorganic support system. Along

with the relatively simple notion of grafting metal oxides and clusters within the

pores, there is also a more synthetically challenging method, namely the ‘ship-in-a-

bottle’ approach (Figure 1.13). This approach has most often been associated with

microporous materials as the smaller pore dimensions in these solids render this

method most appropriate for the incorporation of a metal complex. The theory is

that various substrates are applied separately to the inorganic support and that these

assemble themselves (to create the catalyst) within the cages or pores of the

support. The first example of this type of immobilized metal complex was reported

by Herron in 1986, who formed a Co–salen complex inside the cages of zeolite Y

by adding an excess of salen ligand to a sample of zeolite Y that had been ion

exchanged with Co2þ ions.[135] Since that time many examples of this encapsulation

have been reported in the literature and the procedure is well described in a paper

by Fukuoka et al., where special attention is given to the synthesis of platinum
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carbonyl clusters within both microporous (zeolite NaY) and mesoporous (FSM-16)

materials.[136] The aim of this study was to synthesize nanometre-sized Pt particles

inside these hosts. To this end, the support was impregnated with a Pt salt, which

was in a subsequent reductive decarbonylation step converted into [Pt3(CO)6]n
2�

inside NaY, and [Pt15(CO)30]2� inside FSM-16, respectively. The metal–carbonyl

complexes were then converted to Pt nanoparticles with a size of less than 2 nm.

Intrazeolite assembly of manganese–trimethyl triazacyclononane (tmtacn) com-

plexes inside zeolite Y supercages has been shown to yield a highly selective

epoxidation catalyst.[137] Similarly, Mn–salen complexes have been formed inside

zeolite cavities and have been shown to be selective epoxidation catalysts.[138,139]

To avoid the limitations of the small apertures and cavities provided by zeolites,

mesopores have been created inside zeolites X, Y and DAY.[140] By dealumination

of the zeolite structure, mesoporous regions that are completely surrounded by

micropores were obtained, and these intrazeolitic cavities were then used as the

space in which to assemble metal complexes. The preparation of a cobalt–salen-5

complex provided a catalytic material that shows improvements in the conversion,

Figure 1.13 The ‘ship-in-a-bottle’ concept: view of Mn(III)–salen inside the cavity of zeolite
EMT. Reproduced from Ogunwumi and Bain[138] by permission of Royal Society of Chemistry
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the selectivity and the diastereomeric excess over the homogeneous catalyst in the

stereoselective epoxidation of limonene and pinene. Furthermore, the compounds

are reusable and not prone to leaching.

1.3.4 SINGLE-SITE CATALYSTS INSPIRED BY NATURAL SYSTEMS

The general objective for all functionalized porous oxide materials described in the

previous sections is that so-called ‘single-site’ catalytic species were the aim. This

should ultimately result in highly selective catalysts as the local environment

around each catalytic centre is very similar to that of neighbouring sites. In fact, this

is very similar to catalysts in biological systems, which also feature very similar

catalytic sites (protein-folding temporarily changing the precise environment at any

given instant). The high selectivity of these biocatalytic/enzymatic systems is

achieved by creating sites with well defined geometrical constraints, making

them only accessible to certain substrate species. The approach to take ideas

from nature in the design of new catalysts has been reviewed in detail.[141]

Mesoporous materials, as discussed in previous sections, contain pores of

appropriate size to accommodate a broad range of enzymes, which often have

dimensions of less than 100 Å in all three dimensions.[142] The interaction between

the inorganic host and the enzyme is ionic in most cases, where the protonated form

of the enzyme is attached to the negatively charged silica surface. In this way

minimal or even no structural reorganization of the enzyme is required, resulting in

comparable activities to the free enzyme species. Enzymes have also been grafted

onto the surface of a foam-like silica, modified with aldehyde groups. Glucose

oxidase was then coupled through its amine groups to the functional surface groups

of the silica, although it appeared hard to control the degree of functionalization of

the surface as such.[143]

The ‘bio-inspired’ molecular imprinting approach is based on the principle that

the catalytic site should be shaped around a particular substrate, or alternatively,

transition state species, in a similar manner as is the case in enzymes. When a

template, which resembles the shape of the substrate, is used for the synthesis of the

material, selectivity of the catalyst towards this particular substrate may be obtained

after removal of the template. The catalytic reaction can only take place in this

confined space, which resembles the way of action of enzymes. Most examples

utilizing this technique involve polymerization of monomeric metal complexes

containing a polymerizable group, such as styrene.[144] By copolymerizing with a

cross-linking agent, e.g. ethylene glycol dimethacrylate, the final structure is

expected to contain a high degree of cross-linking to make the structure rigid

enough to retain its shape after removal of the template. Imprinted catalysts based

on porous inorganic oxides are scarce. Corma and co-workers have reported on the

synthesis and catalytic properties of ITQ-7, which contains 12-membered pores

running in three dimensions. The template (or rather, SDA) used for its preparation

was a quaternary ammonium species, prepared by a Diels–Alder reaction. When

this catalyst, after removal of the template, was used in a Diels–Alder reaction
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involving a transition state similar in shape to that of the template used, it was found

to be more active than other zeolite species with similar morphology.[141]

Iwasawa and co-workers used a Rh–amine complex as a template to grow a

silica network.[145] Firstly, a Rh(Z3-C3H5)/SiO2 (Aerosil 200) precursor was pre-

pared, followed by a ligand exchange step where the C3H5 ligand was exchanged

for a-methylbenzylamine. The actual imprinting step was performed by reaction of

this precursor with TEOS. After removal of the a-methylbenzylamine template, a

catalyst with selectivity for a-methylstyrene, which has a similar structure to the

template, was obtained.

In the zeolitic system, a significant amount of lattice energy stabilizes this

imprinted transition state motif – a situation that reflects the situation in enzymes

where hydrogen bonding controls the protein folding. This is a significant

advantage over such imprints in amorphous supports like organic polymers and

amorphous oxide surfaces where such stabilizing forces are largely absent, and it

should lead to better overall performance.

In the following chapters the various applications, limitations and opportunities

of the catalysts described in this chapter will be discussed.
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