Mesoporous architecture of solids
At the dawn of the twenty-first century, the state of the art and science of constructing solids with anticipated porous structure synthesis is as healthy and vigorous as ever. The birth of this exhilarating, multifaceted, and boundless science is marked by Mobil researchers synthesis of urea in 1828. This milestone event- as trivial as it may seem by today’s standards-contributed to a “demystification of nature” and illuminated the entrance to a path which subsequently led to great heights and countless rich dividends for humankind. Being both a precise science and a fine art, this discipline of architecture of solids has been driven by the constant flow of beautiful molecular architectures from nature and serves as the engine that drives the more general field of synthesis forward. Architecturing of porous materials synthesis is considered, to a large extent, to be responsible for some of the most exciting and important discoveries of the twentieth century in chemistry, biology, and medicine, and continues to fuel the drug discovery and development process with myriad processes and compounds for new biomedical or industrial  breakthroughs and applications. In this review, we will chronicle the past, evaluate the present, and project to the future of the art and science of architecture of porous solids synthesis. The gradual sharpening of this tool is demonstrated by considering its history along the lines of pre-World War II, the Woodward and Corey eras, and the 1990s, and by accounting major accomplishments along the way. Today, architecture of pores is associated with prudent and tasteful selection of challenging and preferably biologically important target molecules synthesis; the discovery and invention of new synthetic strategies and technologies; and explorations in chemical biology through molecular design and mechanistic studies. Future strides in the field are likely to be aided by advances in the isolation and characterization of novel molecular targets from nature, the availability of new reagents and synthetic methods, and information and automation technologies. Such advances are destined to bring the power of architecturing the pores synthesis closer to, or even beyond, the boundaries defined by nature, which, at present, and despite our many advantages, still look so far away. 
Abstract:

Constructing solids with expected porous texture and architecture is one of the dreams of scientist. Catalysis by nanoporous materials nowadays covers a broad range of economically very important processes related to the upgrading of crude oil and natural gas as well as the profitable production of fine chemicals.23 All reactions and conversions are based on the acid and redox properties and shape-selective behaviour of nanoporous materials. These solids when fabricated can be used for a variety of applications-as adsorbents, as catalysts for exotic single pot reactions and as storage devices. The advent of supra-molecular chemistry has given a new thrust to this field of porous solids. There are a number of possibilities and combinations for building up supra-molecular structures over which the porous solids can be constructed. The purpose of this article is to rationalize the in numerous possibilities for the synthesis of materials in a single framework based on ordering of the surfactant molecules either caused by electrostatic interactions or by chemical bonding of the species. The fabricated porous architecture has to be characterized and methods have to be evolved to alter their pore architecture in desired geometry, dimensions and surface functionalities. The catalytic properties of these systems though normally analyzed in terms of the surface properties, the pore volumes available enable them to carry out reactions of molecules with molecular dimensions which could not be directly conserved till now. The selectivity and the pathways of the reactions that can be directed in these porous media are different from what can be achieved under normal laboratory conditions. The logistics of these pathways if understood and rationalized can be advantageously utilized for required transformations in future for a variety of organic transformations.   
Introduction:  Heterogeneous catalysis plays a dominant role in the production of fine chemicals as well as in petroleum refining. Hydro processing catalysts of the type used in the refining processes are duel function a catalyst where hydrogenation reactions takes place at the impregnated metal centres, and hydrogenolysis reaction occurs at the acid sites. The acidity function can be provided either alumina, zeolites or amorphous aluminosilicates which are the catalyst supports generally used. A proper channel geometry combined with high surface area are the prerequisites for an acidic catalyst so that the catalyst can provide appropriate sites for the desired hydrotreating activity and selectivity and imparts necessary stability. Site accessibility of a catalyst is controlled by diameter in the following way, Microporous materials (d < 20 Å), Mesoporous materials (20 < d < 500 Å) and Macroporous materials (d > 500 Å).    

Construction of porous solid not only involves chemical synthetic techniques for tailoring microscopic properties such as pore size, channel shape, pore connectivity and pore surface reactivity, but also materials processing techniques such as tailoring the meso- and macroscopic properties of bulk materials in the form of fibres, thin films, and monoliths.

Among the porous materials available, Microporous materials are exemplified by crystalline framework solids such as zeolites, whose crystal structure defines channels and cages, i.e. micropores, of strictly regular dimensions (Figure 1). They can impart shape selectivity for both the reactants and products when involved in the chemical reactions and processes. The large internal surface area and void volumes with extremely narrow pore size distribution as well as functional centres homogeneously dispersed over the surface make microporous solids highly active materials. Over the last decade, there has been a dramatic increase in synthesis, characterization and application of novel microporous materials.3 composition of crystalline microporous materials ranges from aluminosilicates to aluminophosphates and gallophosphates or recently discovered inorganic-organic hybrids. The attention has been particularly paid to zeolites, crystalline microporous aluminosilicates composed of tetrahedral units of SiO4, which are corner connected to form an open structure. Depending on the connectivity, they give rise to different structures having well defined cavities and channels. Since these channels are of molecular dimensions, zeolites is composed of finite tetrahedral units TO4 (T = Si or Al). These units are called secondary building units (SBU), the primary unit being the TO4 individual tetrahedral. At present, it is possible to explain all possible existing basis of the SBU, as small pore zeolites with 8 membered rings like MTN, NU-1; medium pore zeolites, MFI, MEL, large pore zeolites FAU, MTW and extra large pore zeolites-UDT-1.

When Al+3 substitutes Si+4 one excess negative charge per aluminium atom is introduced. This negative charge can be compensated either by a proton or extra framework cation, which is exchangeable, that makes zeolites as the ion-exchangers. If the charge compensation occurs through proton, Bronsted acidity results that make zeolites suitable for acid catalyzed reactions.

Zeolite as Catalyst  
Zeolites, which represent the largest group of microporous materials, are crystalline inorganic polymers based on a three-dimensional arrangement of SiO4 and AlO4 tetrahedra connected through their oxygen atoms to form large negatively-charged lattices with Brønsted and Lewis acid sites. These negative charges are balanced by extra-framework alkali and/or alkali earth cations. The most known zeolites are silicalite-1, ZSM-5, zeolite Beta and zeolites X, Y, and A. The incorporation of small amounts of transition metals into zeolitic frameworks influences their properties and generates their redox activity. Zeolites with their well–organised and regular system of pores and cavities also represent almost ideal matrices for hosting nanosized particles e.g. transition metal oxides that can also be involved in catalytic applications.5
Zeolites have been explored as industrial catalysts in petrochemical and fine chemical industries. In most of these cases, the catalytic activity is due to their acidic nature. Zeolites are used in a hast of acid catalyzed reactions such as alkylation and acylation. The active sites in zeolites are mainly Bronsted scid sites and to some extent the Lewis acid sites also. Lewis acidity is a result of trigonally co-ordinated aluminium ions in tetrahedral lattice. Among various zeolites, faujasite, mordenite and ZSM-5 type zeolites are widely used. The faujasite type zeolites namely zeolites-Y is mainly used for the fluid catalytic cracking and hydrocracking reactions. Mordenite is used in isomerisation of light alkenes for octane enhancement of gasoline. ZSM-5 is widely used for the production of fine chemicals. A large variety of organic reactions such as isomerisation, rearrangement, alkylation and acylation have been studied and in all these cases, ZSM-5 has been exploited as a potential catalyst.
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Figure 1: Structure and possible cation sites (SI, SII, etc.) in zeolite faujasite. Due to the presence of aluminium, zeolites exhibit a negatively charged framework, which is counter-balanced by positive cations resulting in a strong electrostatic field on the internal surface. These cations can be exchanged to fine-tune the pore size or the adsorption characteristics [reproduced with permission from ref. 106].
Today’s environmental concerns demand the need for alternate catalytic processes for the production of fine chemicals in an environmentally friendly manner. Catalytic oxidation processes play an important role for the conversion of hydrocarbons to a variety of industrially useful fine chemicals. Among the various catalysts employed, solid catalysts such as zeolites have an edge over other systems due to their recyclable nature, easy recovery and amenable to continuous processing compared to the homogeneous counter parts. Transition metal incorporated zeolites systems show better catalytic activity for the oxidation of various hydrocarbons. In this regard, Ti substituted zeolites with MFI structure (TS-1) shows remarkable activity for various oxidation reactions, which are given in Fig.1. The multi-functional enhanced activity is thought of on the following lines.

1. Confinement of the redox metal site in micro environment of a zeolites frame work. This may mimic enzyme catalysis.

2. Site isolation of the metal centres prevents the deactivation by di/oligomerization.

3. Incorporated metals are found to be stable and not leaching out.

4. Possibility of shape selective catalysis, because of well defined channels.

5. Hydrophobic/hydrophilic character of these cavities, which can be modified to make the catalysts suitable for a particular reaction.

6. Use H2O2 as oxidant which is relatively cheap as compared with other oxidants (except oxygen).

7. Environmentally friendly since the co p[roduct is water.
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Fig. 1. Oxidation reactions catalyzed by TS-1 with 30% H2O2.
Inspite of the enhanced activity, TS-1 suffers from certain drawbacks due to its pore opening which is ~ 5.5 Ao. However, the success of TS-1 stimulated the synthesis of other substituted molecular sieves. In this regard TS-2, catalyst having MEL topology was synthesized and its catalytic activity was examined. Incorporation of titanium into the uni-dimensional medium pore high silica zeolites, ZSM-48 was examined. In this sequence Ti-incorporated β-zeolite was found to be active for oxidation of aromatic hydrocarbons. Still there existed a need for synthesis of better catalysts, which can perform oxidation of higher aromatics. The success of Ti-substitution in various zeolites also stimulated the investigation on zeolites containing transitional metal ions other than Ti. These studies especially with respect to oxidation catalysis are summarized in Table 1.

Need for Mesoporous Zeolites

Even though, zeolites, having pore dimensions 5 to 7 Å, served the purpose for most of the industrial reactions by providing high surface area, the pore dimensions are not sufficient enough to accommodate abroad spectrum of large molecules. The performance of the zeolitic systems is limited by diffusional constraints associated with smaller pores. To a certain extent it is possible to overcome this problem with aluminophosphates (ALPOs), Microporous crystalline materials with pore dimensions up to 13 Å. The second largest known group of microporous materials is the aluminophosphate family, members of which were first synthesised in 1978 using amines as templates a.k.a. structure-directing agents. The aluminophosphate AlPO4 frameworks are formed from vertex-sharing AlO4 and PO4 tetrahedra. The Al/P ratio is usually one, making the framework electrostatically neutral with no active sites present. The isomorphous substitution of framework aluminium or phosphorus atoms with divalent transition metals, such as Mn, Co, Fe, etc. generates negative framework sites and makes these microporous materials very successful selective catalysts. An example of industrially very successful aluminophosphate catalyst is SAPO-34. Research has now progressed to form new microporous metallo-phosphates from many elements other than aluminium, such as gallophosphates and transition-metal phosphates, with differing chemistry and coordination geometry that have lead to new structures and new possible applications.6 However, these materials suffer from limited thermal stability as well as negligible catalytic activity dut to framework neutrality. Moreover, the need for present day heterogeneous catalysts in processing hydrocarbons with high molecular weights made researchers to think for better systems. These limitations led to the discovery of mesoporous materials. The advantage of the shape confinements inside the pores of microporous materials can turn into severe limitations when large, bulky reactants have to be processed. These limitations seemed to be overcome by the discovery of MS41 family of silicate amorphous mesoporous materials with large internal surface areas and narrow pore size distributions by Mobil Oil scientists in 1992.10
Table 1. Transition metal incorporated Zeolite systems
	Molecular sieve
	Reactions
	References

	Ti-β
	Oxidation of aromatic hydrocarbons
	1

	VS-1
	Oxidation of toluene
	2

	VS-2
	Oxidation of alkanes and alcohols
	3

	CrS-1
	Oxidation of benzylalcohol and theylbenzene with TBHP
	4

	Cr-β
	Oxidation of phenol, toluene, cyclohexane and benzene
	5

	Fe-ZSM-5
	Oxidation of benzene
	6

	Co-ZSM-5
	Oxidation of aromatics
	7

	MoS-1
	Oxidation of thioehters
	8

	MoS-2
	Oxidative dehydrogenation of ethanol
	9

	ZrS-1
	Oxidation of benzene and phenol
	10

	ZrS-2
	Oxidation of phenol
	11


With the first successful report on the mesoporous materials (M41S) by Mobil researchers, with well defined pore sizes of 20-500 Å, the poresize constraint (15 Å) of Microporous zeolites was broken, The high surface area (> 1000 m2/g) and precise tuning of the pores are among the desirable properties of these materials. Mainly these materials ushered in a new synthetic approach where, instead of single molecule as templating agents as in the case of zeolites, self-assembly of molecular aggregates or supramolecular assemblies are employed as templating agents. The current state of mesoporous materials from the standpoint of compositional control is considered in the subsequent sections. Fig 2. Explains the effect of the surfactant chain length for the formation of porous materials.  
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(a) MCM-41, which stands for Mobil Composition of Matter No. 41, shows a highly ordered hexagonal array of one-dimensional pores with a very narrow pore size distribution. The walls, however, very much resemble amorphous silica. (b) MCM-48 has a cubic mesostructure, i.e. arrangement of the pores.
M41S family of molecular sieves
M41S series of mesoporous materials consist of uni-dimensional hexagonal MCM-41, three dimensional cubic MCM-48 and lamellar MCM-50 [12]. MCM-41 is the most investigated member of M41S series, which has a honeycomb structure as result of hexagonal packing of uni-dimensional cylindrical pores. It has high surface area (> 1000 m2/g) and large pore dimensions, which can be tuned in the range of 20-100 Å. MCM-48 another member of this series with a cubic structure is thought to be based on the gyroid form of an infinite periodic minimal surface model (Q230). The gyroid surface means that two molecules on each side of a surface will not meet. Three-dimensional inter-twined channels that do not intersect can represent the channel system of MCM-48. MCM-50 has lamellar structure in the as synthesized form. So far most of the attention paid to MCM-41 has been due to their well-established synthetic strategies. 

Their most known and studied material is MCM-41 mesoporous silicate with one-dimensional hexagonal arrangement of the pores. The cubic MCM-48 material exhibits three-dimensional pore system that is more resistant to pore blocking and allow faster diffusion of reactants than a one-dimensional array of pores (Figure 2). The long-range ordering of the pores and the potential for isomorphous substitution with transition metals, enabling formation of catalytically-active centres, have incited applications in areas such as adsorption, separation and catalysis, especially in processes where bulkier molecules are used.11 A variety of mesoporous silicates, aluminosilicates, aluminophosphates, and other transition metal oxides and phosphates have been developed and synthesised using several supermolecular assembly pathways.12

Most of the silica- and phosphate-based mesoporous materials have relatively lower catalytic activity and hydrothermal stability than their microporous analogues. This is attributed to the low acidity or low oxidation ability of catalytically active species that are strongly related to the amorphous nature of the pore walls and which severely hinder their practical applications.13 Additionally, molecular size exclusion or shape-selective processing is not as readily obtained on solids with amorphous pore walls because they usually have a broader distribution of pore sizes compared to microporous crystalline materials. Various strategies have been employed to overcome these problems. One of them is to combine major advantages of crystalline microporous and mesoporous material and prepare so-called microporous/mesoporous composites.14 Different methodologies have been described for their preparation.15 The two-step preparation of microporous/mesoporous solid, which encompasses the synthesis of nanosized microporous crystallites that are later organised in the mesoporous structure by using large surfactant molecules, has recently drawn greatest attention.

Fig. 2. The formation of microporous and mesoporous molecular sieves using small (top) and long (bottom) alkyl chain length quaternary directing agents.

Mechanism of formation of mesostuctures
There have been a number of models proposed to explain the formation of mesoporous materials and to provide rational basis for the various synthetic routes followed. All these models are proposed on the basis of surfactants or templates in solution guiding the structure. Surfactants contain hydrophilic head groups and hydrophobic tail within the same molecule and will self-organize so as to minimize the contact with incompatible ends. Among the various synthetic routes, the main difference is the way in which the surfactants interact with inorganic species. In earlier stages it was thought that the formation of these materials is as a result of electrostatic complementary between charged surfactant and inorganic species. But later on, the mesostructured materials have been prepared by exploring other possible interactions other than electrostatic pathways. The formation of these materials can be viewed alternatively as the interface chemistry between the surfactant and inorganic species. The mesoporous materials can be prepared by exploring ionic, hydrogen bonding as well as covalent bonding interactions. Based on possible interactions, various synthetic routes have been evolved and they are given in the scheme 1.   
In the case of direct pathway, surfactants are directly bonded to inorganic precursors through electrostatic interactions. So far, most of the materials have been prepared with cationic surfactants (quaternary ammonium cations) like Cetyltrimethyl ammonium bromide or chloride. However, a variety of surfactants can serve the purpose. In all these cases, control of pH is critical. Various materials that have been prepared with S+I- and S-I+ pathways are considered in the next section (Tables 2 and 3).   
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Liquid Crystal Templating (LCT) mechanism
The formation of M41S type of materials can better be explained by Liquid Crystal Templating mechanism which was proposed by Mobil researchers [12], based on the similarity between crystalline surfactant assemblies (i.e lyotropic phases) and M41S. Two mechanistic pathways were postulated to understand the formation of mesostructures. (1) The aluminosilicate precursor species occupied the space between a pre-existing hexagonal lyotropic liquid crystalline (LC) phase and deposited on the micellar rods of the LC phase. (Initiated by LC phase). (2) The inorganic species mediated, in some manner, the ordering of the surfactants into the hexagonal arrangement (Co-operative templating mechanism). In both cases the inorganic components, which are negatively charged under high pH conditions, interact strongly with cationic surfactants. Condensation followed by polymerization of silica leads to the meso-structure.
Layered intermediates
Monnier et al. [14] proposed a three-step mechanism for the formation of the surfactant-silicate composite. In the first step the oligomeric silicate polyanions act as multidentate ligands for the cationic surfactant head groups leading to a strongly interacted surfactant silica interface with the lamellar phase. In the second step, preferential polymerization of silicate occurs at the interface. Charge density matching takes place between the surfactant and inorganic species that leads to the phase transition from lamellar to hexagonal structure. This layered intermediate has also been observed by Stell et al. [18]. They proposed a “puckering layer model” where the silicate species in aqueous soloution form a layered structutre and further ordering leads to puckering which results in hexagonal structure.

Silicate Rod Assembly
Davis and co-workers [19] concluded from the is-situ 14N studies [18], that the LC phase is not present in the synthesis medium of MCM-41. They proposed that the randomly ordered rod-like micelles interact with the silicate species to yield tubular silica deposited around the external surface of the micellar rods. Then, the spontaneous ordering of these composite species resulted in the formation of hexagonal structure. 

Silicatropic Liquid Crystals
Firouzi et al [20] found through 29Si NMR studies, that at low temperatures and at high pH (~14) a true co-operative self-assembly of the silicates and the surfactants takes place. Further studies by these authors reveal that a micellar solution of CTAB is transformed into a hexagonal phase in the presence of silicate anions. This was consistent with the effect of the electrolyte on micellar phase transitions. The SLC phase behaved similar to the typical lyotropic systems, except that the surfactant concentrations were much lower and the silicate counter inos were reactive. Heating the SLC phase caused the silicates to condense irreversibly onto MCM-41. General representation of preparation of mesoporous materials has been given in Fig. 4. 
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Fig. 4. General representation of preparation of mesoporous solids. 
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Figure 1. Phase diagram of the (EO) 1o(P0)5(EO) 15—?H;0 (*water")—p-xylene (*oil’) ternary system at 25 °C. The phase boundaries
of the one-phase regions are drawn with solid lines. I, Hy, V1, Le, V2, Hy, and I, denote normal (oil-in-water) micellar cubic, normal
hexagonal, normal bicontinuous cubic, lamellar, reverse (water-in-oil) bicontinuous cubic, reverse hexagonal, and reverse micellar
cubic lyotropic liquid crystalline phases, respectively, while L; and L; denote water-rich (normal micellar) and water-lean/oil-rich
(reverse micellar) solutions. The concentrations are expressed in wt %. The samples whose compositions fall outside the one-phase
regions are dispersions of two or three (depending on the location in the phase diagram) different phases. The line along the
copolymer—oil axis indicates incomplete miscibility between the copolymer and the oil. Schematics of the different modes of self-
organization of the amphiphilic block copolymers in the presence of solvents (“water” and “oil’) are shown adjacent to the respective
phases in the phase diagram. The amphiphiles are localized at the interfaces between the water and oil domains (denoted by light
blue and red colors, respectively). The Ja3d/Gyroid minimal surface is used as a representation of the microstructure in the Vy and
V phases.




Figure 5.  Existence of various phases of tri block Co-polymer.

 Phase diagram of the (EO)19(PO)43(EO)19-2H2O (“water”)-p-xylene (“oil”) ternary system at 25 °C. The phase boundaries of the one-phase regions are drawn with solid lines. I1, H1, V1, LR, V2, H2, and I2, denote normal (oil-in-water) micellar cubic, normal hexagonal, normal bicontinuous cubic, lamellar, reverse (water-in-oil) bicontinuous cubic, reverse hexagonal, and reverse micellar cubic lyotropic liquid crystalline phases, respectively, while L1 and L2 denote water-rich (normal micellar) and water-lean/oil-rich (reverse micellar) solutions. The concentrations are expressed in wt %. The samples whose compositions fall outside the one-phase regions are dispersions of two or three (depending on the location in the phase diagram) different phases. The line along the copolymer-oil axis indicates incomplete miscibility between the copolymer and the oil. Schematics of the different modes of selforganization of the amphiphilic block copolymers in the presence of solvents (“water” and “oil”) are shown adjacent to the respective phases in the phase diagram. The amphiphiles are localized at the interfaces between the water and oil domains (denoted by light blue and red colors, respectively). The Ia3d/Gyroid minimal surface is used as a representation of the microstructure in the V1 and V2 phases.
(Starting from left in the clockwise direction, with increase of the concentration of ingredients, the existence of polymer as simple micelles, simple cube, hexagonal, bicontinuous cube, lamellar, inverted hexagonal, inverted bicontinuous cube, inverted simple cubic and inverted simple micelles). 

However, it is observed that similar type of materials can be prepared with charge reversed situation, where surfactant is the negatively charged species (Sulphonic acid derivative, carboxylic acids and phosphate derived surfactants) and inorganic precursor is positively charged species. These materials have been prepared under acidic pH conditions. On careful observation, it is clear that this approach is not a predominant one due to certain drawbacks like cost of the surfactants as well as stability of the materials prepared. Various materials prepared by these methods are given in Tables 2 and 3.

“Generalized Liquid Crystal Templating“ mechanism
A generalized mechanism based on the specific type of electrostatic interaction between a given inorganic precursor “I” and surfactant head group “S” was proposed by Huo et al. [28]. Based on the original LCT mechanism, which involves the anionic suilicate species and the cationic quaternary ammonium surfactant, it could be categorized as the S+I- pathway. The other charge-interaction pathways are S-I+, S+X-I+ where X is a counter anion and S-M+I- where M is metal cation. By operating well below the isoelectric point of silica (pH ~2) under acidic conditions, the silicate species were cationic. In this case the halide ions can act as mediators. In the same way, by maintaining higher pH conditions it is possible to prepare mesoporous materials by S-M+I- pathway through metal ion mediation. In charge reserved situation, where the surfactants and inorganic species are negatively charged the metal ion M+ (where M can be either Na+ or K+) can act as mediators. Materials prepared by S+X-I+ and S-M+I- pathways are given in Tables 4 and 5.
Table 2. Materials prepared by hydrothermal process using S+-I- mechanism.

	Material
	Surfactant
	Inorganic precursor
	pH
	Temp (K)
	Duration (h)
	Ref

	MCM-41
	CTABr, CEPC
	TEOS
	10-11
	373*
	5-50
	12

	MCM-48
	CTABr, CEPC
	TEOS
	10-11
	423*
	5-100
	13,15

	MCM-50
	CTABr, CEPC
	TEOS
	10-11
	423*
	24
	12

	T-M41S

(T = Transition metals)
	CTABr, CEPC
	TEOS
	10-11
	363-450*
	10-100
	13

	ALPO
	CTABr
	H3PO4, Al(OH)3
	9.5
	RT
	72
	16

	SAPO
	CTABr
	H3PO4, Al(OH)3
	>8
	RT
	72
	17

	WO3-H
	CTABr, CEPC
	TEOS
	8
	RT
	72
	28

	WO3-C
	CTABr, CEPC
	WCl6
	8
	RT
	24
	18

	Sb(V)Oxide
	CTABr, CEPC
	WCl6
	6-7
	363*
	24
	28

	TiO2-H
	CTABr, CEPC
	Ti-isoporpoxide
	10-11
	373*
	20-48
	28

	ZrO2-L
	CTABr
	Zr-isoporpoxide
	8-9
	373*
	24
	23

	SnS2
	CTABr
	SnCl2
	9.0
	363*
	20-48
	22


Calcination Temperature = 823 K;
Extraction with ethanol;

*Hydrothermal treatment.
Table 3. Materials prepared by S—I+ pathway

	Material 
	Surfactant 
	Inorganic precursor
	pH
	Reaction conditions

	Fe2O3, (L)
	C16H33SO3H
	Chlorides
	1-5
	RT

	PbO, L, H
	C16H33SO3H
	Chlorides
	1-5
	RT

	Al2O3, L, H
	C16H33SO3H
	Chlorides
	1-5
	RT

	NiO, L
	C16H33SO3H
	Chlorides
	1-5
	RT

	ZnO, L
	C12H25PO4H2
	Chlorides
	1-5
	353-373 K

	Fe2O3,L
	C12H25PO4H2
	Chlorides
	1-5
	353-373 K

	PbO,L
	C12H25PO4H2
	Chlorides
	1-5
	353-373 K

	NiO, L
	C12H25PO4H2
	Chlorides
	1-5
	353-373 K

	Al2O3, L
	Dodecylbenzosulphonate
	Sulphate
	1-5
	353K

	Al2O3, L
	Dodecyl sulphate
	Sulphate
	3.5
	RT

	ZnO
	C17H35COOH
	Chloride
	3
	RT


Ref: A. Tuel & S. Gontier, Chem. Mater, 1996, 8, 114-122.

S. Bara, & P. Schoen, Chem. Mater. 1993, 5, 145.

Q. Huo, D. I. Margalose, Ulrike Clesia, Pingyun Feng, Thurman E. Gier, P. R. Leon, P. M. Petroff, F. Schuth, G. D. Stucky, Nature, 1994, 368, 317.

Table 4. Materials prepared  by S+X-I+ mechanism

	 Material
	Surfactant
	Mediator (s)
	Inorganic precursor
	pH

	SBA-3 (H)
	CTABr, CEPC
	Cl
	TEOS, SiCl4
	1-2

	SBA-1 (C)
	CTABr
	Cl,Br
	TEOS, SiCl4
	1-2

	SiO2(L)
	CTABr
	Cl,Br
	TEOS
	1-2

	SBA-3 (C)
	CEPC
	Cl
	TEOS
	1-2

	T-SBA
(T = Ti, V, Mn, Mo, Cr, Zr)
	CTABr
	Cl,Br
	TEOS, T-source
	< 3

	ZnO (L)
	CTABr, CEPC
	Cl, Br
	ZnCl2, ZrSO4
	< 3

	ZrO2 (L)
	CTACl
	Cl, Br
	Zr-iso propoxide
	< 3 


CTABr = Cetyl trimethylammonium bromide.
calcination temperature = 773-873 K.
CEPC = Cetylethylpyridinium chloride.
Extraction with ethanol.
Ref:   A. Tuel & S. Gontier, Chem. Mater, 1996, 8, 114-122.

S. Bara, & P. Schoen, Chem. Mater. 1993, 5, 145.

Q. Huo, D. I. Margalose, Ulrike Clesia, Pingyun Feng, Thurman E. Gier, P. R. Leon, P.   M. Petroff, F. Schuth, G. D. Stucky, Nature, 1994, 368, 317.

Table 5. Materials prepared by S-M+I- mechanism.
	Material 
	Surfactant
	Mediator (s)
	Inorganic precursor
	PH

	ZnO (L)
	C17H35COOH
	Na+, K+ 
	ZnCl2
	10-14

	ZnO (L)
	C12H25OPONa2-xHx
	.................. 
	ZnCl2
	10-14

	Al2O3
	C12H25OPONa2-xHx
	Na+, K+ 
	ZnCl2
	>8


Reactions at RT.
Calcination temperature = 773 K.
Ref:  Q. Huo, D. I. Margalose, Ulrike Clesia, Pingyun Feng, Thurman E. Gier, P. R. Leon, P.   M. Petroff, F. Schuth, G. D. Stucky, Nature, 1994, 368, 317.
         S. Bara, & P. Schoen, Chem Mater, 1993, 5, 145. 

In all the above mentioned methods calcination is the suitable way to remove the surfactant, however in some cases extraction with ethanol is also possible.
Neutral Pathways.

Tanev and Pinnavaia [21] proposed an alternative route to synthesize mesoporous materials. These authors proposed a neutral templating mechanism based on hydrogen-bonding interactions between neutral primary amines (So) which acts as template and neutral inorganic precursors (1o) and hence the mechanistic pathway is So-Io. Hydrolysis of tetraethylorthosilicate in an aqueous solution of primary amines yields the neutral Si (OC2H5)4-x(OH)X species which then binds through H-bonding to the surfactant head group. This leads to the formation of rod like micelles. Further hydrolysis followed by condensation leads to short range Hexagonal Mesoporous Silica (HMS). The neutral templating route provides several advantages over materials prepared by electrostatic patways. Mainly the synthesis can be carried out at room temperature and the surfactants are higher than that of M41S materials. Various transition metals that have been incorporated in silica network of HMS materials are given in Table 6.    
Table 6. Materials prepared by So-I- (Hydrogen bonding interactions)

	Material
	Transition metal source
	Reference no:

	Si-HMS
	....
	21

	Ti-HMS
	Ti-isopropoxide
	24

	V-HMS
	V-isopropoxide
	24

	Al-HMS
	Al-isopropoxide
	26

	Ga-HMS
	Galium nitrate
	26

	Fe-HMS
	Ferric nitrate
	26

	Cri-HMS
	Chromium acetate
	24

	Mo-HMS
	Ammonium molybdate
	24


Surfactant = Dodecylamine; α ω dialkyl amine.
Silica source = Tetraethylorthosilicate.
Duration of the reaction 18-24 h at RT.
Calcination temperature 773 K.
Alkyl chain length of the amine C8-C18.
Extraction with ethanol.
Even though this process, SoIo offers the practical advantage of facile template recovery by non-corrosive solvent extraction or evaporation methods, these surfactants have some limitations. Neutral amines are costly and toxic and not ideally suitable for the industrial scale preparation of materials. So there exists a need to think of a process with low cost and environmentally compatible neutral templating route. Polymeric polyethylene oxide (PEO) surfactants have been used to prepare these materials which are relatively inexpensive and biodegradable. The main advantage of using polymeric surfactants is the requirement of the lower concentration of the surfactant. These surfactants form spherical to flexible rod- or worm-like micelles at critical concentrations approximately one hundredth of those required for ionic surfactants [25]. Later on it was observed that polymeric polyethylene oxide tri-block copolymer is a promising surfactant. In the presence of suitable solvents or combination of solvents these PEO/PPO/PEO tri-block co-polymeric surfactants will arrange into different lyotropic phases. Figure 5. Will provide a pictorial representation of the possible phases at various concentrations of ingredients. Various materials that have been prepared with these polymeric surfactants are given in Table 7. The removal of surfactants can be achieved either by calcination or by extraction. 
Ligand Assisted Interactions:
By a different synthetic approach [27], it is possible to prepare the mesoporous materials through co-valent interactions. Instead of relying on charge interaction, the surfactants were pre-treated with the metal alkoxides in the absence of water to form metal-ligand co-valent bonded complexes. The high quality materials are formed by the use of amine surfactants, due to the strong affinity for nitrogen-metal bond formation between surfactant head group and inorganic precursor. In this ligand assisted templating approach, the control of the meso-structure was found possible by adjusting the metal/surfactant ratio, and it has been established that the M41S family of mesoporous materials can be prepared through this approach. A comparison of the mesoporous materials prepared by various possible methods are given in Table 8.

The careful selection of organic ligands as building blocks in the formation of novel metal-organic (MOF) and inorganic-organic (hybrid) microporous frameworks has recently open a promising route to a variety of new advanced materials exhibiting the flexibility and functionality of organic and hydrothermal stability of inorganic components.7 The robustness of these networks depends on the strength and dimensionality of the bonds, i.e. the metal-ligand interactions. The research has focused on the metal phosphates carboxylates8 and metal carboxylates9, where carboxylate groups, like oxalates and higher dicarboxylates, have acted as a linker between inorganic moieties, usually PO4 or MeO4 and MeO6 polyhedra (Me=Zn, Fe, Co, Cd, Mn, etc.).
Table 7. Materials prepared with polymeric surfactants.

	Material designation
	Surfactant 
	Template concentration (mole/litre)
	Abbreviated formula
	d100
(nm)
	Pore diameter (nm)
	Surface area (m2/g)

	MSU-1-Silica
	T15-S-9
	0.1
	C11-15(EO)9
	5.2
	2.5
	1.030

	
	T15-S-12
	0.1
	C11-15(EO)12
	4.1
	3.1
	1.000

	
	T15-S-15
	0.1
	C11-15(EO)15
	5.4
	2.6
	640

	
	T15-S-20
	0.1
	C11-15(EO)20
	7.8
	4.8
	600

	
	T15-S-30
	0.1
	C11-15(EO)30
	7.9
	4.5
	520

	MSU-2-Silica
	TX-114
	0.023
	C8Ph(EO)8
	6.1
	2.0
	780

	
	TX-100
	0.027
	C8Ph(EO)10
	6.2
	3.5
	710

	
	RC760
	0.001
	C8Ph(EO)18
	4.3
	2.1
	800

	MSU-3-Silica
	P64L
	0.054
	(PEO)13(PPO)30(PEO)13
	6.1
	5.8
	1,196

	Ti-MSU silica
	Ti (5%) NTS
T15 –S-12
	0.08
	C11-15(EO)12
	4.9
	3.0
	950

	Zr MSU Silica
	Zr (5%) NTS
T15-S-12
	0.08
	C11-15(EO)12
	4.9
	2.8
	940

	MSU-3 alumina
	P641
	0.012
	(PEO)13(PPO)30(PEO)13
	6.3
	4.8
	420


T = Tergitol,

TX = Triton-X
PL = Pluronic

Ref: P. T. Tanav, T. J. Pinnavaia, Science, 1995, 267, 865.

Removal of template

Removal of template plays a crucial role in the preparation of molecular sieves. Depending on the preparative method, in general, template can be removed either by calcination in air or by solvent extraction. However, it has been observed that calcination is the better way than removal by extraction techniques. This is due to the strong interaction between template and inorganic species in the case of direct pathways or mediated pathways where electrostatic interactions play a key role for the formation of meso-structure. The calcination has to be done in the flow of inert gases at the initial stages followed by the flow of air. This is to maintain the crystallanity of the material. In the case of HMS materials prepared through hydrogen bonding interactions, the removal of the template can be achieved either by repeated extraction with ethanol or by calcination. The same procedure can be followed foe MSU materials, since the polymeric surfactants used are biodegradable.

Characterization of Mesoporous materials
The various characterization techniques, that have been employed in general, are given in the Table 9. These techniques have been employed in order to understand the physic-chemical properties like thermal stability, pore size and active surface area.

Table 8. Comparision of various mesoporous materials.
	Material
	Preparation method
	Observed phases
	Thermal stability (K)
	BET surface area m2/g
	Removal of surfactant
	Incorporated elements

	M41S(LCT)
	S+I-
	Hexagonal
Lamellar Cubic
	1123
1123

1123
	700-1100
700-1500

................
	Calcination
	I,II,II transition series

	SBA
	S+X-I+
	Hexagonal
Cubic

Lamellar
	1100
1100

1100
	800-1100
800-1100

................
	Calcination
	Al, Zr, Fe, V, Cr, Mn, Mo

	HMS
	SoIo
	Hexagonal
	1200
	1000-1150
	Extraction
	Al, Fe, Ga, Tl, Zr, Fe, V, Cr,Mn, Mo

	MSU
	NoIo
	Hexagonal
Cubic

Lamellar
	1000
1000

1000
	450-1200
.................

.................
	Calcination
Extraction
	Al

	TMS (NbO)
	S-L
	Hexagonal
	850 
	500
	Calcination 
	Zr, Ti, Nb


Ref: J. Y. Ying, C. P. Mehnert, M. Wong, Angew. Chem. Int. Ed., 1999, 38, 56.

A. Tuel and S. Gontier, Chem mater, 1996, 8,114. 

The foremost characterization technique required for the identification of mesophase is X-ray diffraction. However, the exact nature of the pore and identification of silicate in mesoporous network is still uncertain. The mesoporous materials are weakly crystalline or semi-crystalline.

Table 9. Various techniques used in characterization of mesoporous materials.

	Characterization technique
	Information

	X-ray diffraction
	Identification of phase

	Thermal analysis
	Stability of the material

	FT-IR
	Incorporation of the hetero atom

	N2 adsorption-desorption
	Surface area and pore size distribution

	UV-Vis DRS
	Presence of the transition metal in different environments

	Solid state NMR, ESR
	To confirm the different environment of the metal atom

	Electron Microscopy
	Morphology of the material (SEM) and pore size (TEM)

	XPS
	Confirmation of the oxidation state


The arrangement of silica in the wall structure imparts semi-crystallanity to these materials. X-ray diffraction patterns containing three or more low angel peaks (below 10o 2ϴ) are obtained that can be indexed to an hexagonal hk0 lattice. The structure is proposed to have an hexagonal stacking of uniform diameter porous tubes whose size can be varied from about 15 to more than 100 Å. An example of the characteristic X-ray diffraction pattern and proposed structure are shown in Fig. 6. MCM-48, the cubic material, exhibits an X-ray diffraction pattern, consisting of several peaks that can be indexed to Ia3d space group. The structure of MCM-48 has been proposed to consist of two infinite three-dimensional, mutually inter twined networks of spherical cages separated by a continuous silicate network. The structure can mimic an infinite periodic minimal surface of the gyroid form, Q230. MCM-50, the stabilized lamellar structure exhibits X-ray diffraction patterns consisting of several low angel peaks that can be indexed to h00 reflections. This material could be a pillared material with inorganic oxide pillars separating a two-dimensional sheet similar to that of layered silicates. The structure can be alternatively viewed as the stacking of surfactant rods such that the pores of the inorganic oxide product have been arranged in the layered form. It has been observed that mesoporous structures of MCM-41 and MCM-48 disintegrate in distilled water around 370 K, while the structure can be stable in 100% steam of 1 atmospheric pressure at higher temperatures around 820 K. Thus, the structure disintegration is thermodynamically more favourable in water than under the steaming condition which has been shown in Fig. 6. Various environments of Si in mesoporous material can be identified through 29Si-NMR spectroscopy; a typical example is given in Fig. 7. Electron Microscopy (SEM, Transmission Electron Microscopic) can be used as complementary technique. The variation in the pore sizes can be viewed through Transmission Electron Microscopy, and the morphology of the material through SEM.

The surface area and pore size distribution can be obtained from adsorption studies. Physisorption of gases such as N2, O2 and Ar have been used to characterize the porosity. The N2 adsorption isotherm for MCM-41 was of type-IV according the IUPAC classification. This showed a sharp capillary condensation step at a relative pressur p/po in the range 0.3-0.4. It has also been shown that the presence of the hysteresis loop and its nature depended on the nature of adsorbate and temperature. Pore size distribution of MCM-41 is determined through BJH method. The difference between pore diameter and lattice parameter (a = 2d100/√3) gives a measure of the framework wall thickness (FWT). Framework-substitution of a transition metal ion is characterized by a combination of several spectroscopic and physic-chemical methods. The oxidation state of the transition metal ions can be obtained through XPS and the environment of the metal ions in silicate framework, through resonance techniques (NME, ESR). 
Fig. 6. XRD patterns of mesoporous materials: (a) SiMCM-41A: (b) SiMCM-41B: (c) SiMCM-41C: (d) MCM-48. The XRD patterns were obtained with CuK, X-ray source using Rigaku D/MAX-III (3 kW) instrument. After the samples were heated in distilled water for 12 h. 
Numbers denote the heating temperature in Kelvin. 
Fig. 7. Magic angle spinning (MAS) 29Si NMR spectra: (a) As calcined SiMCM-41C, heated in distilled water at 373 K for 12 h. 29Si MAS NMR spectra were obtained after the samples were quickly hydrated at 296 K with a Bruker AM 300 instrument operating at 78.2 MHz. 
Ref: Ji Man Kim, Ryong Ryoo, Bull. Korean. Chem. Soc., 1996, 17, 66. 

Modification of Mesoporous materials
As synthesized mesoporous materials are catalytically inactive due to their framework charge neutrality. Modification of mesoporous materials can lead to the generation of acidic and basic properties and also leads to the alteration of redox properties.

Fig. 8. Possible modifications of mesoporous materials.

(Starting from left to right, for anchoring of well zirconocene, polymerization catalysts, host for the well defined homogeneous catalyst [heterogenization of homogeneous catalyst], for Heck catalysis, as acid catalyst by incorporation in the framework, for encapsulation of ferrocenyl type complexes and for anchoring the complexes after modification of the surface silanol groups.)

Modification of M41S

1) Generation of basic properties by ion exchange with 1A group salt solutions.

2) Alteration of acidic properties by incorporation of group +3 cation.

3) Incorporation of transition elements to generate redox properties.

4) Immobilization of metal complexes inside cavities.

5) Functionalization to generate Chiral catalyst.

Catalytic activity of acidic catalyst (H-Al-MCM-41 and H-Fe-MCM-41)   
Acid catalysts play an important role in various catalytic reactions like alkylation, acylation and isomerisation. Zeolites are acidic and they have been well exploited as potential catalysts for various catalytic processes. The catalytic activity of zeolites is mainly due to their Bronsted acid sites and to some extent, Lewis acid sites. This suggests that surface properties can be generated in mesoporous materials by suitable modification. The modification can be either to generate acidic, basic properties which are governed by isomorphous substitution or for the alteration of redox properties. The schematic representation of preparation of acidic and redox catalysts is given in Fig. 9. 

ISOMORPHOUS SUBSTITUTION
Table 10. Cations that exhibit tetrahedral coordination and their ionic radii.
	Cation
	Size (Å)
	Cation
	Size (Å)

	Si+4
	0.40
	Ti+4
	0.56

	B3+
	0.25
	Fe3+
	0.63

	Al3+
	0.53
	Cr+3
	0.75

	Ga3+
	0.61
	V+5
	0.49
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Fig. 9. Synthesis of acid catalyst M-MCM-41 [M = Al+3 and Fe+3]
CONTROLING FACTORS
Size of the new ion

Stability of the new ion in a tetrahedral state

Charge and electronegativity of the new ion and topology of the zeolites framework will govern the isomorphous substitution.

Identification of acidic sites can be carried out through Temperature Programmed Desorption of Ammonia (TPDA), FT-IR, and XPS. Various acid sites have been confirmed and assigned based on the desorption temperatures.

Alkylation of aromatics with acid catalysts has been the subject of the research since last two decades. Alkylation of aromatic hydrocarbons with acid catalysts leads to the alkylation in the ring whereas, on basic catalysts the side chain alkylation predominates. Zeolites have been established as potential catalysts for various alkylation reactions. However, due to the pore size restrictions, their applications are limited in industry where the substrate molecular dimensions exceed the pore opening of the zeolites. Mesoporous materials can act as better catalysts for the alkylation reaction.

The catalytic activity of H-Al-MCM-41, has been tested for Fridel-Craft’s alkylation of 2,4-di-tert-butyl phenol with cinnamyl alcohol and the data generated are given in Table 11. This reaction has been well studied over acid catalysts, and there is a need to increase the conversion of the substrate to dihydrobenzopyran (3), which is an important product in the preparation of various pharmaceuticals.
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Scheme 2 reaction products of 2,4-di-tert-butylphenol with cinnamyl alcohol in the presence of acid zeolites.

Due to Microporous nature, catalytic activity of HY and HYM is limited compared to MCM-41, where pores are in mesoporous range. With other catalysts like amorphous silica alumina and sulphuric acid, though the conversion is higher than the HY anfd HYM the selectivity towards product 3 is low. 

Table 11. Alkylation of 2,4-DTBP with cinnamyl alcohol over aluminosilicate MCM-41
	Catalyst
	Product yield (%)

	
	1
	3
	4
	Others

	HY

HYM

MCM-41

Si/Al

H2SO4
	89
75
20
50

73
	<1
9
35
6

12
	5
...

25

...

9

	...
12

5b
...

3b


a = Dicinnamyl ethers plus diphenylpentadienes

b = Tri-tetr-butyl phenol

2,4-di-tert-butyl phenol: Cinnamyl alcohol = 204 mg: 134 mg

Isooctane = 50 mL; Temperature = 363 K.

Ref: E. Armengol, M. L.Cano, A. Corma, H. Garcia, M. T. Navarro,

J. Chem. Soc. Chem. Commun., 1995, 519.

The following mechanism can be speculated for the reaction in which the bulky substrate 2,4-di tert butyl phenol 1 was alkylated with cinnamyl alcohol, to give a mixture of 3 and 4 together with a minor amounts of 5. The formation of dihydropyran 3 was attributed to intermolecular ring closer of the primary cinnamylphenol 2 that rose from the alkylation of 1.

Butylation of phenol by tertiary butyl alcohol has been studied extensively over acid catalysts due to the importance of the alkylated products for various applications like preparation of phenolic resins and anti-oxidants. Alkylation of phenol in general gives thermodynamically favourable m-isomer than kinetically favourable o-and p-isomer. However, the exclusive formation of a particular product over the other is governed by the strength of the acidsites. These reactions have been performed over various acidic zeolites and it has been established that weak acid sites provide the O-alkylation whereas, moderate to strong acid sites lead to C-alkylation. The data on comparative activity of Al-MCM-41 with Fe-MCM-41 for alkylation of phenol by t-butyl alcohol are given in Table 12. Even though H-Al-MCM-41 shows higher conversion, the selectivity of p-isomer is higher with H-Fe-MCM-41. Scheme 3 explains the effect of various acid sites on the butylation of phenol.    
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Scheme 3. Effect of acid sites on the alkylation reaction of phenol with t-butyl alcohol.
Table 12. Catalytic activity of Al-MCM-41 and Fe-MCM-41

	Phenol:t-butanol
	Al-MCM-41
	Fe-MCM-41

	
	2:1              1:2                1:4
	2:1                   1:2                    1:4

	Conversion  (%)
	31.0            35.9             47.5      
	8.4                   21.1                  21.0

	Selectivity (%)
	
	

	p-t-BP
	84.2           83.3              80.0     
	83.8                 87.0                 88.0      

	o-t-BP
	8.1               8.1               12.0
	16.2                 8.5                  8.7

	m-t-BP
	6.4               4.7               3.6     
	...                    ...                      ...

	2,2-di-t-BP
	1.3               3.9                 3.7
	...                     3.5                   3.3


Temperature = 448 K
p-t-BP = para tertiary butyl phenol

o-t-BP = ortho tertiary butyl phenol

m-t-BP = meta tertiary butyl phenol

2,4-di-t-BP = 2,4-di-teritarybutyl phenol

Ref: K. Sushanta Badamali, Ayyamperumal Sakthivel and P. Selvam, Catal Lett. 2000, 65, 153.

Generation of redox properties.
In general, redox properties can be generated in zeolites systems by incorporation of various transition metal ions in the tetrahedral network. This concept of incorporation through isomorphous substitution has been discussed previously. Among the various transition metals, Ti-substituted zeolites systems show better catalytic activity for various oxidation reactions. However, other metal ions can be substituted isomorphously and it has been shown that these catalytic systems are potential oxidation catalysts. TS-1, a Microporous catalyst revolutionized the production of fine chemicals through its multifunctional catalytic activity. With the same perspective, Ti has been incorporated into the mesoporous material and its catalytic activity for various oxidation reactions have been evaluated and the results are given in Table 13. 
In addition to M41S series materials, attention has been paid to Hexagonal Mesoporous Silica (HMS), materials prepared through the hydrogen bonding interactions due their unique advantages of high thermal stability and exceptionally high textural mesoporosity. In general, the pore sizes of the HMS materials are slightly higher than those prepared through ionic interactions. Data on catalytic activity of various titanium substituted zeolites and mesoporous materials are given in table 14 for the oxidation of 2,6-di-tert butyl phenol and   benzene with aqueous H2O2.
The higher activity of Ti-HMS for oxidation of 2,6-di-tert-butyl phenol can be attributed to the exceptional textural mesoporosity, which facilitates the larger substrates than small framework pore structure of Ti-MCM-41. Other than Titanium, like in the case of zeolites, various metal ions can be substituted in mesoporous network [26]. In this regard various metals have been substituted in MCM-41 framework and it has been observed that the corresponding systems are catalytically active for various oxidation reactions.

Surface modified and Organo-functionalized molecular sieves.
A significant development in the synthesis of porous materials is the synthesis of surface modified materials [27]. The purpose of synthesizing mesoporous materials is to overcome the diffusional constraints with zeolites. Even though mesoporous materials are advantageous in reactions with higher molecular dimensions, these materials are not as active as zeolites. The lower activity could be due to their architecture and to certain extent to its semi-crystallanity. The attention is now mainly focussed on using these materials as host materials for guest species. The well-defined homogeneous complexes can be encapsulated or anchored to the inner walls of these materials. For this purpose the inner walls of these materials have to be functionalized or in other sense modified. The main aim of functionalization is to alter hydrophobic/hydrophilic character of these materials, so that these materials can anchor these complexes.  
SUMMARY AND OUTLOOK
The field of heterogeneous catalysis has been benefited tremendously from the research in supramolecular-templated mesoporous materials. The research on these materials holds a great deal of potential for significant technological impact. With the development of new compositions and surface modifications, one can generate new materials, which can be potential catalysts for various applications. Even though it appears that the mechanism of the mesostructures formation is understood, still it is a matter of controversy. Though mesoporous materials filled the gap between the Microporous zeolites and Macroporous porous materials, better understanding of mesopores formation is required for proper utilization.
Table 13. Catalytic activity of Ti-MCM-41

	Substrate
	Oxidant
	Major product(s)
	Ref:

	2,6-di-tert-butyl phenol
	H2O2 (30% aq)
	Quinone
	1

	Methyl methacrylate
	TBHP,H2O2(30% aq) 
	Methyl pyruvate
	2

	Styrene
	TBHP,H2O2(30% aq) O2
	Benzaldehyde
	2

	Hex-1-ene
	H2O2 (30% aq)
	epoxide
	3

	Norbornene
	TBHP
	epoxide
	3

	Linalool
	TBHP
	Cyclic ethers
	4

	Benzene
	H2O2 (30% aq)
	Phenol
	5

	Toluene
	H2O2 (30% aq)
	Cresols
	5


Ref: 1. W. Zhang, T. J. Pinnavaia, Catal. Lett., 1996, 38, 261.
       2. P. T. Tanev, T. J. Pinnavaia, Nature, 1994, 368, 321.

       3. P. T. Tanav, T. J. Pinnavaia, Science, 1995, 267, 865.

      4. M. T. Corma, J. P. Pariente, J. Chem. Soc. Chem. Commun., 1994, 147.

      5. M. T. Corma, J. P. Navarro, Pariente, J. Catal., 1994, 145, 151.

Table 14. Activity of various Ti-zeolites for 2,6-ditertiary butyl phenol and benzene oxidation.

	 Catalyst
	Specific surface area (m2/g)
	2,6-DTBP oxidation
	Benzene Oxidation

	
	
	Conversion

(%)
	Quinone selectivity (%)
	Conversion

(%)
	Phenol

Selectivity (%)

	Ti-HMS
	1,031
	83
	>95
	37
	>95

	Ti-MCM-41*
	1,345
	96
	>98
	68
	>98

	MCM-41
	1400
	3
	>95
	..
	..



	HMS
	1,120
	6.8
	50
	..
	..

	TS-1
	398
	6.5
	95
	31
	>95

	TSG
	7
	12
	67
	0
	0

	TiO2
	20
	14.5
	95
	..
	..


  2,6-DTBP: H2O2 (30% aq) = 5 mmol; Temperature 335 K;
Reaction duration = 2h; 

Benzene: H2O2 (30% aq) = 10 mmol; 29 mmol; 

Temperature 335 K;

Reaction duration = 2h; 

Duration of the reaction = 18 h
Ref: P. T. Tanev, T. J. Pinnavaia, Nature 1994, 368, 321.
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