
CHAPTER 1

INTRODUCTION

1.1
INTRODUCTION

Enzymes are catalyzing various oxidation reactions in regio- and stereo- controlled manner. They are catalyzing various electron transfer reactions in a logical sequence by using appropriate redox centers (Velde et al, 2000). Enzymes which activate dioxygen to oxidize organic substrates into oxygenates are classified in to two groups according to the mode of oxygen incorporation. Dioxygenase incorporates two oxygen atoms whereas monooxygenase transfers only one-oxygen atoms. Iron, copper and manganese are most frequently found in the active centers of oxygenases. The active centers in the enzymes consist of metal complexes with nitrogen and oxygen containing chelating ligands (porphyrin, chlorin, corrin). The ligands found in the biological systems prefer planar or near planar arrangement around metal center. Assuming a total coordination number of 6 in an approximately octahedral arrangement, this planar arrangement leaves two axial coordination sites available at the metal center.  For controlled stoichiometric or catalytic activation of substrates there is indeed a need for two such open coordination sites: one for the actual binding of the substrate and another for the regulation of catalytic activity.  In order to mimic the biological systems, many synthetic complexes (metal porphyrins, metal phthalocyanins, and metal salen), having the same active sites as in the biological systems, are prepared. They are catalyzing various oxidation reactions as in biological systems but they lose their catalytic activity in one cycle itself due to irreversible dimerization and irreversible oxidation of the ligands (Varkey et al, 1998, Sheldon et al, 1998). Living systems have found a way to frustrate irreversible dimerization and destruction of ligands by encapsulating active sites in protein mantle (Fig 1.1).  These protein mantles impose stearic constraints around a molecule for attack by other molecules. The stearic constraints around a metal complex induce tetragonal distortion of the octahedral symmetry or distorts from square planarity. This distortion causes characteristic splitting of d orbitals of coordinated transition metal centers and leads to altered redox potentials of metal complex in various protein mantles (Clark, 1960) (Fig 1.2). In order to increase the catalytic activity and stability of synthetic complexes, these complexes are encapsulated in various porous media and polymer matrices. Among the porous media, zeolites are unique in the sense that the pore dimensions are not only uniform but also multidimensional in nature (Viswanathan 1996). The complexes are stabilized inside the zeolite due to two factors.   In the appropriate zeolite host, the molecule is free to move about within the cavities of the zeolite but prevented from leaching by restrictive pore openings (ship in a bottle) (Alvaro et al, 2003, Fan et al, 2003)

Interaction of certain functional groups of the complexes with some species on the walls of the zeolites can bind the metal complexes to the zeolites (host-guest interaction).  This will prevent irreversible dimerization and destruction of the ligands.   Metal complexes encapsulated in zeolites can mimic metallo-enzymes and can therefore be termed as zeozymes (Jacob et al, 1998, Ray et al , 2003).
1.2.  DESIGN OF INTRA-ZEOLITE COMPLEXES 

There are three possible approaches to incorporate metal complexes inside the pores or cavities of a zeolite, namely (1) flexible ligand method (II) template synthesis method and (III) zeolite synthesis method (Viswanathan, 1996).

1.2.1
Flexible Ligand Method

The Principle involved in this method is the diffusion of ligands into an already metal exchanged zeolite pores.  The ligands employed in this method should be sufficiently volatile and should not decompose during adsorption on the metal exchanged zeolites.   The details of experimental procedure are given in chart 1.1. First the respective metal salts are ion exchanged with calcined sodium or H-form of the zeolite. The degree of the metal exchange determines the amount of complexes that can be formed inside the zeolite pores. Maximum amount of metal exchange is achieved by stirring the zeolite in a metal salt solution at around 303 K for 24 hours.  The zeolites are then filtered and dried at around 390 K. The process can also be repeated 2 to 3 times to get a better metal exchanged zeolite material.  The metal exchanged zeolite is heated and evacuated to around a pressure of 10-5  Torr.    








The ligand is then mixed and heated in an inert atmosphere. Depending upon the ligand, the heating temperature will vary from 363-523 K. The excess ligand and metal complexes present on the external surface should be removed,  other wise it will pose diffussional constraints to the reactant molecules. This can be achieved by soxhlet extraction with various solvents. Zeolites Y and X are having pore opening aournd 7A(. Ligands, which are having molecular diameters less than 7A( can only diffuse inside the zeolite pore (Joseph et al,  2002, Hu et al, 2002, Bhuiyan et al, 1998, Bossmann et al, 2001).                               



1.2.2
Template Synthesis Method

The ligands abbreviated in chart 1 are having molecular dimensions lesser than 7A(.   When the ligand’s molecular dimensions exceed 7A(, they cannot diffuse into the pores of  zeolites. In such cases, template synthesis method is used in which the ligand itself is constructed inside the zeolite matrix.  The experimental details are given in chart 1.2. As in the previous case first the metal salts are exchanged with zeolite matrix. The metal exchanged zeolite is evacuated to a pressure of 10-5 Torr. The molecules that constitute the ligand species  (ligand precursors) are then adsorbed into the zeolite matrix in an inert atmosphere.  The atoms from the ligands of interest complexes with the metals present in the zeolite.  The excess ligand precursors, the ligand present on the external surface and the complex present on the external surface are removed usually by soxhlet extraction (Parton et al, 1996, Sheldon et al, 1996, Thibautt-Starzyk et al, 1996).  

1.2.3
Zeolite Synthesis Method

The excess ligand and uncomplexed metal ions are major disadvantages of the first two methods.  In order to avoid uncomplexed metal ions and excess ligands, the metal complexes are encapsulated during zeolite crystallization. The experimental procedure is given in chart 1.3.  The silica source is dissolved in NaOH.  To that solution, metal complex is added and stirred for 30 minutes. Aluminium isopropoxide, which is dissolved in NaOH, is added and the resulting gel is autoclaved at 363 K for 24 hours and then soxhelt extracted. There are certain conditions to be satisfied for the complexes to be encapsulated during zeolite synthesis.  The metal complexes should have appreciable solubility in zeolite synthesis medium. The pH is maintained around 11-12 during zeolite synthesis.  The complex should not get decomposed at this pH and also at hydrothermal conditions.  The presence of complex should not alter the synthesis window.  This method allows for the encapsulation of well defined metal complexes without contamination by excess ligands or uncomplexed metal ions (Raja et al, 1997).


1.2.4
Encapsulation in Mesoporous Materials 
Mesoporous materials are having pore diameters greater than 20 A(.  There is no need to construct metal complexes as in flexible ligand or template synthesis method.    We can directly introduce metal complexes inside the mesoporous materials. But the metal complexes are leached out during preparation itself.    In order to achieve better encapsulation, these mesoporous materials are modified with various modifying agents.  The experimental details are given in chart 1.4.  First the mesoporous zeolites are suspended in a solution of modifying agent and stirred for 6-12 hours.  The materials are then filtered, washed and dried. The modified material is then suspended in the solution of metal complex and stirred for 24 hrs.   These materials are filtered and dried at room temperature (Sutra et al, 1996, Brunel et al, 1999, Lau et al, 1999, Chisem et al, 1998, 1997,  Das et al,  2000, Valkenberg et al, 2002, Zhang et al, 2002).

1.3
CHARACTERIZATION OF INTRA-ZEOLITE COMPLEXES

The points to be considered in the Characterization of intra-zeolite complexes are:

· To study the structure of zeolite after encapsulation and cation distribution in zeolite, XRD, nitrogen adsorption, TEM and SEM techniques are used.

· To Study the location of intra-zeolite complexes whether it is present in the super cages or hexagonal prisms or sodalite cages or in the channels of the zeolite, XRD and XPS techniques are used.

· To differentiate complexes present on the external surface from that of intra-zeolite complexes.  XPS, XRD, nitrogen adsorption and SEM. techniques are used.

·    Stoichiometry of the intra-zeolite complexes, the geometry of the metal complex inside the zeolite channels whether it retains original structure as in neat complexes or undergoes structural distortion,  the bonding nature of metal complexes and redox potential of the complexes when they are encapsulated inside the zeolite matrix are confirmed by IR UV-VIS, EPR, Mossbauer, and Cyclicvoltammetry.


1.4
REDOX POTENTIAL OF INTRA-ZEOLITE COMPLEXES

Cyclic Voltammetry is a technique to study the redox potential of intra-zeolite complexes.  In all the preparative methods, the complex loading achieved is around 2%. Compared with complex concentration, the concentration of supporting electrolyte and solvent are high.  It leads to adsorption of various species.  One must differentiate peaks due to complexes from that of peaks due to adsorption of various species. Electrode fabrication is an important parameter in studying the redox potential of intra-zeolite complexes. Rolison et al (Rolison et al 1996) observed loss of crystallinity of zeolite when electrode is prepared by pressing zeolite with graphite.    Among all the methods available (pressed powder, dispersion on glassy carbon and RVC(Reticulated Vitreous Carbon)) for electrode preparation, the dispersion on glassy carbon is yielding reliable results. Only the complexes, which are having close contact with electronic conductor (graphite) are electrochemically active. Of 2% total loading only 1.5-1.6% is electrochemically active.  This can be calculated from total quantity of charge passed during oxidation or reduction with that of total metal loading. Solvents may coordinate with metal complex thus leading to changes of redox potential.  One must differentiate the shift of redox potential of metal complexes whether it is due to coordination with solvent or interaction with zeolite matrix. Two possible mechanisms for electron transfer to redox species associated with zeolites are

Intra-zeolite mechanism

Em+(zeolite)+ne-+nC +(solution)= Em-n(zeolite)+nC- (zeolite)

Extra-zeolite mechanism

Em+(zeolite)+mC +(solution)= Em+(solution) +mC+ (zeolite)

Em+(solution)+ne-+ = Em-n(solution)

The intra-zeolite transfer mechanism requires that supercage entrapped complexes undergo electron transfer in the interior of the zeolite.   Since zeolite is an electronic insulator and is comprised of negatively charged lattice, the intra-zeolite mechanism is of considerable debate.   Only complexes, which are having close contact with electronic conductor, are electrochemically active in intra-zeolite mechanism.   If complex undergoes electron transfer through extra-zeolite mechanism, peak potential will decrease with respect to cycle.  Alteration of redox potential is observed when the metal complexes are encapsulated in various zeolites.   The reason for the alteration of redox potential of metal complexes is not clear in the literature. Briot et al observed different electrochemical responses on encapsulation of Co(salen) and Ru(bipy)32+ complexes in NaY zeolite matrix (Briot et al 1998). Different electrochemical responses are attributed to partially coordinated ligand to metal in zeolite matrix.  Bessel et al interpreted alteration and different electrochemical responses due to environmental difference once the Co(salen) species is released to the interphase of zeolite/carbon/electrolyte (Beseel et al, 1995).  Jiang et al observed three redox pairs on encapsulation of Fe(phen)32+ in MCM-41.  Neat complex shows only one redox peak attributed to Fe2+/Fe3+ redox process (Jiang et al, 1998). The three redox pairs are due to Fe(phen)x2+ complex with different coordination number.  Peak potential is not altered when iron phthalocyanine complexes are encapsulated in NaY zeolite (Vinod et al, 1999). 

1.5
CATALYTIC ACTIVITY

Enzymes are catalyzing various oxidation and hydroxylation of organic substrates catalyzing in regio-and stereo-controlled manner.  Same type of reactions can be carried out in intra-zeolite complexes.  The neat complexes are readily decomposing hydrogen peroxide or alkyl hydro peroxide to water/alcohol and oxygen.   No catalytic activity is observed even with a 3-fold excess of hydrogen peroxide with respect to reactant.   The metal complex undergoes irreversible dimerization during hydrogen peroxide activation (Devos et al, 2002).   On encapsulation of metal complexes in zeolites, these complexes decompose hydrogen peroxide to a limited extent and instead effect oxidation of organic substrates.    Prevention of unproductive hydrogen peroxide decomposition is also major issue for the complexes of first row transition metals.  Oxidation reaction was also carried out using amine oxide and iodosylbenzene as oxidant.   Amine has to be regenerated when amine oxide is used as an oxidant. This can be carried out using hydrogen peroxide as a co-oxidant.    Iodosyl benzene is highly expensive compared to other oxidants.    Direct oxidation with molecular oxygen in liquid phase is a formidable and unsolved challenge for liquid phase catalysis.   The element with the second highest electronegativity value of all elements, O2 is a very strong oxidizing agent.  There is a quite characteristic energy barrier for many reactions involving O2.     This is due to triplet ground state of oxygen with two unpaired electrons.   The reaction of triplet state of oxygen with singlet molecules are thus inhibited (spin-forbidden) because of the necessity for a statistically less likely flipping of spins.   Oxidation with molecular oxygen requires a co reductant.   Sacrificial aldehydes are frequently used which are autooxidized to the acid.   The nature of the support has several important effects on these reactions.   First the site isolation of reaction centers over the matrix prevents that one catalytic center is oxidatively destroyed by another one.   This increases the turn over number (TON) of the catalyst compared to homogeneous one.    Second the polarity of the matrix has an important effect on the concentration of the reagents closer  to the active sites.    In polar matrix (NaY, NaX zeolites), adsorption of a polar oxidant is more favorable compared to non-polar reactant.    This leads to lower catalytic activity.    The catalytic activity can be increased by using less polar USY zeolites.   Jacobs et al embedded zeolite entrapped iron phthalocyanine complexes in a hydrophobic, elastomeric polydimethyl siloxane matrix (Parton et al, 1994).   This design mimics the cytochrome-P-450 in actual systems (location in lipid membrane).    The membrane-entrapped catalyst displays higher activity towards oxidation of hydrocarbon and is more resistant towards poisoning by excessive adsorption of polar reagents and reaction products. The catalytic activity of metal complexes encapsulated in various zeolites is truly heterogeneous in nature.    These zeolite encapsulated complexes are used for oxidation of aromatic compounds, oxidation of aliphatic hydrocarbons, oxidation of alcohols, epoxidation of olefins and Diels-Alder reaction. 

1.6
QUANTUM CHEMICAL STUDIES ON ZEOLITES

Zeolites due to their well-defined structure and active sites are excellent model systems for understanding heterogeneous catalytic behavior.   In order to understand the property generated as a result of modification of the zeolite, at the microscopic level, examination of the property is required.    This is of paramount importance for exploiting the catalytic behavior of these materials.    Quantum chemical calculations can supplement the usual experimental methods in this regard (Zhidomirov et al, 1986, Schroder et al, 1993).

1.6.1
Quantum Chemical Models

The study of the properties of zeolites by quantum chemical methods requires the use of a model consisting of a finite number of atoms, which can describe all the characteristics of the system studied.  The cluster approach opens the way for direct application of quantum chemical methods. The active site is represented by a fragment of a crystal (cluster).    The formulation of cluster requires artificial scission of the chemical bonds between the cluster and rest of the lattice.  This generates dangling bonds,  which are generally saturated with monovalent atoms (usually with H) in zeolites.   Monovalent pseudoatoms with properties that describe the remainder of the cluster have also been reported 

The cluster approximation can be used to describe the properties that have only local characteristics.    The properties of zeolites (insulator) are local in character and can be described amply by the use of cluster model.   The TO4 and TOT fragments were the first models used in these studies. Larger models are necessary for better description of the properties of these systems. Calculations using clusters of growing sizes involving large number of tetrahedrons either as rings and/or chains have been carried out (Brand et al, 1992). The geometries of the models are chosen either based on crystallographic positions or in idealized geometries.

1.6.2
Quantum Chemical Methods

The quality of the results of quantum chemical calculations is determined by the quality of the model and the quantum chemical method used. A whole range of quantum chemical methods are employed to study the properties of zeolites.  These  methods range from the simplest semi-empirical to sophisticated variants of ab initio methods and density functional approaches (Sauer et al, 1989).  

The semi-empirical methods give only qualitatively correct conclusions, whereas the non-empirical methods give semi-quantitative to quantitative results depending on the basis set used and the degree of inclusion of correlation energy.    The transition from semi-empirical to non-empirical method is accompanied by a sharp increase in the computation time.  Most of the initial quantum chemical studies carried-out so far are primarily semi-empirical calculations.

The semi-empirical calculations can be sub-divided into two groups.  The first one covers the simple MO LCAO method.  The Extended Huckel Theory (EHT) (Hoffman, 1963) and its modification by Anderson (ASED) (Anderson, 1975) belong to this class.  The second group of semi-empirical MO-LCAO method comprises the zero differential overlap methods.  Into this class falls the CNDO/2 INDO, MINDO/3, MNDO methods.

Quantum chemical calculations based on density functional theory offer a good compromise between the need for rigorous calculations and the problems of computing time.

Ab initio methods are the most rigorous methods.  Most of the calculations are carried out using the STO-3G basis set (Sauer, 1989).   Increase in the quality of basis set, or size of the cluster and inclusion of heavy atoms increase the computation time sharply.

1.6.3
Zeolites Properties from Quantum Chemical Calculations

Quantum chemical calculations on zeolites are attempted with a view to get a detailed understanding of the relative stabilities of the framework, the extent of A1 incorporation, local structures that are catalytically active, Bronsted acidity in terms of framework and of surface hydroxyl groups, isomorphous substitution and its changes in electronic properties and the interaction of various molecules with zeolites.

1.6.4
Structural Stability

The structural stability of the zeolite is essential for its use as a catalyst or as a sorbent.  Quantum chemical studies on this aspect are analyzed using two approaches.    The first approach is based on calculations of changes in the overall bonding energy of the system with changes in it s composition or structure.    The second method involves evaluation of local stability of the weakest points in the structure.   The crucial factor for structure and bonding of these systems is the TOT link between two corner sharing tetrahedral –(O)3 –T-O-T (O)3- (T=Si or A1).    Narrower T-O-T angles are reported for Si-OH-A1 (139() and Si-O-A1 (137() in comparison to Si-O-Si 
(120(  to 180().  Compared to Si-O-bond in Si-O-Si the A1-O bond in Si-O-A1 and the Si-O and A1-O bonds in protonated Si-OH-A1 linkages are significantly longer (Beran et al, 1988). The determination of the strength of these individual bonds in zeolite skeleton has shown that Si-O bond is stronger than A1-O bond in agreement with experimentally observed decrease in stability with decreasing Si/A1 ratio.    CNDO/2 calculation of isomorphous substitution of A1 or Si in a cyclic cluster of the type T6O6 (OH)12 with varying Si:A1 ratio has shown that with substitution of A1 for Si in cyclic Si6O6 (OH)12 cluster leading to Si5AIO6(OH)12 or Si4 A12O6(OH)12 is accompanied by a decrease in overall bonding energies. 

1.6.5
Effect of Si/A1 ratio and Si-A1 ordering

The knowledge of location of A1 and the ordering of Si and A1 in the lattice are necessary for understanding the property of zeolite.  Several quantum chemical MO calculations have been carried out using various models and methods. The results indicate that A1-O-Al linkages are not preferred but can be stabilized by certain cations.  The Dempsey’s rule based on electrostatic considerations that A1-O-Si-O-A1 pairs are not stable is also established by these calculations, although a recent study using models representing four membered rings of H-faujasite  and other protonated framework containing double six membered rings have yielded the opposite result (Schroder et al, 1993).    Fripiat et al (Fripiat et al,  1985) have studied the preferential sitting of A1 with crystallographically distinguishable positions of NaZSM-5.  These studies are useful in identifying the preferential location of the active framework hydroxyl groups.  A priori one can estimate whether a local geometry is optimal for accommodating A1 by carrying out a quantum chemical calculation of an A1(OH)4- model adopting the observed coordinates and the corresponding Si(OH)4 in the same geometry on the basis of the differences in energies of substitution.

1.6.6
Evaluation of Acidity of Zeolite by Quantum Chemical Calculations

The protons attached to Si-O-A1 bridges of aluminosilicates constitute the Bronsted acid centers in zeolites.  These protons are termed as bridged hydroxyls.  Another type of hydroxyl groups present in zeolites is the terminal hydroxyl or surface hydroxyls.    These are present on the outer crystal surface or in defect sites. These are weakly acidic. Due to the difficulties and ambiguities involved in experimental determination of acidity,  quantum chemical MO calculations are used to predict and estimate the acid strength variations and distributions in zeolites. 

The Bronsted acidity is determined in terms of proton affinity.   This is defined as the difference of the energies of the protonated and bare clusters.  Another parameter, which is computed to quantify acidity, is the OH stretching frequency.

Calculations based on embedded cluster model in which the cluster is embedded in electrostatic potential of the infinite solid, ab initio methods,  density functional methods and semi empirical methods with varying cluster sizes have also been employed to study the Bronsted acidity.   The computed properties were found to be slowly convergent with increasing cluster size. Calculations are carried out either with rigid clusters or with full geometry optimization.  Redondo and Hay (Redondo et al, 1994) have used MNDO method to study the effects of lattice relaxation and the deprotonation energies of 12 distinct T sites of NaZSM-5 using clusters ranging from 96-125 atoms (including hydrogens). The calculations show direct correlation between substitution energy and proton affinity of a given site and a direct relationship between experimental TOT angle and proton affinity.

The bridged hydroxyl groups are significantly more acidic than terminal hydroxyl groups.  The structural factors involve changes in geometry of the bridged hydroxyl group.    Beran  has attributed (Beran et al, 1981) the variations in acidity of NaZSM-5 as due to its structural features (large variation of Si-O-A1 angles and bond lengths).    This has been refuted by Zhidomirov and Kazansky.   According to them (Zhidomirov et al, 1986), the chemical factors are important in determining the acid strength.  The acid strength decreases with increase in A1 content in the framework.  The presence of cations also affects the acid strength.    Lower the coordination number of the neighboring cations, higher is the acid strength.  

Sites containing unoccupied orbitals, exhibiting the ability to accept electron density during interaction with molecules act as Lewis sites.  Since these sites are not well defined, it is difficult to describe them quantum chemically. The electron acceptor abilities of various possible structures formed by dehydroxylation have been probed by various semi-empirical and non-empirical STO-3G calculations (Beran et al, 1981). These studies reveal that the systems with tri-coordinated Si exhibit strong electron acceptor ability as compared to tri-coordinated A1.   The electron acceptor ability of tri-coordinated A1 is larger than that of framework A1 ion.

1.6.7
Quantum Chemical Calculations on Isomorphous Substitution in Zeolites

Isomorphously substituted zeolies show large variations in polarity and acidity.  Isomorphous substitution is therefore an important means to tailor the catalytic behaviour of zeolites. Experimental limitations in establishing convincingly the isomorphous substitution have necessitated the use of quantum chemical cluster calculations to predict the feasibility, relative stability and modification of the properties of isomorphously substituted zeolites.    Malley and Dwyer (Malley et al, 1987, 1988) have used ab initio method with STO-3G basis set to estimate Bronsted acid characteristics of isomorphously substituted zeolies.    The calculated acidity values are predicted to vary in the order, Boron containing zeolite < gallium containing zeolite < germanium containing zeolite <aluminum containing zeolite.    This trend is in agreement with the experimental observations.  The geometric characteristics and acidic propoerties of substituted zeolites have also been reported 

Vetrivel et al have used quantum chemical calculations to study the preferential siting of Fe and B in NaZSM-5 structure (Vetrivel et al, 1991).    The changes in local structure and electronic properties of these substituted zeolites have been predicted.     Since the extent of isomorphous substitution is low and the scattering factors of the substituted elements are similar, the preferred sites for isomorphous substitution cannot be ascertained unequivocally by the conventional experimental methods. These studies are therefore, of interest in rationalizing the observed catalytic behavior. The preferred siting of the isomorphous substituted ions in straight channel or sinusoidal channels in NaZSM-5 established by quantum chemical calculations is used to explain the changes in selectivity and activity behavior.    

1.6.8
Quantum Chemical Studies of Interaction of Molecules with Zeolites

Quantum chemical studies on the interaction of various molecules with the zeolite framework are important means to understand the mode of interaction of various adsorbates, the mechanism of chemical transformations and differences in the catalytic activities of zeolites.   The approach employed is to evaluate the energetics of interaction of molecule with a given site and optimizing the geometry and modes of adsorption.    Due to approximate nature of quantum chemical methods, neglect of electron correlation energy, entropy and inherent imperfections of cluster  model of zeolites,  the computed energies have only a qualitative value.  Interaction of water,  NH3 , CO and hydrocarbons with zeolites has been studied extensively (Sauer, 1989). 

1.7
MOLECULAR MECHANICS STUDIES OF INTERACTION OF MOLECULES WITH ZEOLITES

Quantum chemical calculations require large amount of computational time and it increases with increasing cluster size and nature of basis sets.   In order to avoid this, molecular mechanics method is widely used to study the interaction of simple molecules and metal complexes with zeolites (Sastre et al, 2000). The metal complexes are placed at the center of the zeolite cages and geometry is optimized.   Raja et al studied the encapsulation of copper phthalocyanine in FAU super cages (Raja et al, 1997).   The geometry of copper phthalocyanine is undergoing deviation from square planarity and it prefers to locate at the bottom of the super cage.     Sato et al used molecular dynamics simulation method to study the encapsulation of metal porphyrin in NaY and USY zeolite supercages (Sato et al, 1997).   Similarly molecular dynamics method is extensively used to study the diffusion and adsorption of hydrocarbons in zeolite channels.

1.8
IMMOBILIZATION OF ENZYMES IN ZEOLITES

Enzymes are catalyzing various electron transfer reactions with high selectivity and reactivity.   They undergo denaturation or inactivation by pH, temperature and organic solvents.   It is very difficult to maintain enzyme function under reaction conditions.   In order to increase the stability of enzymatic function under extreme conditions these enzymes are immobilized on inorganic supports, polymers and glycolipids.   Among inorganic supports mesoporous materials are widely used to immobilize enzymes.   The catalytic activity of enzyme increases and is stable in organic solvents and high temperature.    Neat enzymes are very difficult to recover and reuse but immobilized enzyme can be reused.   Akasaka et al (Akasaka et al, 1996 ) reported that neat cytochrome-C is inactive for oxidation of benzene but it exhibits higher activity upon immobilization in polymer matrix(poly-(-methyl-L-glutamate). 

1.9
MOTIVATION AND SCOPE OF THE  PRESENT INVESTIGATION.

Though there have been several reports on encapsulation of transition metal complexes in various zeolites, there are certain questions for which clear answers are not yet available.

Some of these questions are:

1. When metal complexes are encapsulated in various zeolites, the redox potential of the metal complex is altered.   The reason for the alteration of redox potential of the metal complexes is not clear in the literature (Briot et al 1998, Jiang et al,  2000). 

2. The natural systems are carrying out various oxidation reactions in a selective manner by adjusting the redox potential of metal complexes in various protein mantles (Clark 1960).  Similar type systems can be generated by encapsulating same metal complexes in various zeolites. By knowing the redox potential of metal complexes in various zeolites, one can choose an appropriate system for a particular reaction.   Attention has not been paid in the literature to generate such type of systems using encapsulation of metal complexes in zeolites.

3. The HOMO and LUMO of metal complex is altered when encapsulated in various zeolites.  These alterations change the properties of metal complexes in various zeolites.   In the literature attention has not been paid to calculate HOMO and LUMO level of metal complexes in various zeolites.

With this in mind, various transition metal complexes are encapsulated in various    zeolites. The scope of the present investigation thus includes:

1. Encapsulation of copper ethylenediamine  (Cu (NH2CH2CH2NH2)2)2+(Cu-en),  Copper 8-hydroxy quinoline (copper oxinate) (Cu(C9H6NO)2)) (Cu-qn), Manganese 8 hydroxy quinoline (Manganese oxinate) (Mn(C9H6NO)2) (Mn-qn), Binuclear iron 1,10 phenanthroline (Fe2O(phen)4Cl4.6H2O) (Fe-phen), complexes 
2. in various zeolites (NaY, KL, Na(, NaZSM-5, NaAlMCM-41).
2. Physico-chemical characterization of the synthesized materials by XRD, FT-IR, Thermal analysis, UV-Vis, ESR.

3. Study of redox potential of metal complexes in neat and encapsulated systems by cyclic voltammetry.

4. Theoretical calculation of HOMO and LUMO level of metal complexes by Density Functional Theory (DFT)

5. Immobilization of cytochrome-C and Vitamin B12 on NaAlMCM-41 materials.

6. Catalytic activity of encapsulated complexes towards oxidation of various substrates (cyclohexanol, benzyl alcohol, dimethyl sulfide) and comparison with the activity of biological systems.
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Chart 1.1: Flow chart for flexible ligand method
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Chart 1.2: Flow chart for template synthesis method
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Chart 1.3:  Flow chart for encapsulation during zeolite synthesis
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Chart 1.4: Flow chart for encapsulation in mesoporous materials
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