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PREFACE

Zeolites are competing class of micro porous materials with tunable
architecture and selectivity towards several catalytic reactions. The catalytic activity
of these materials can be enhanced by encapsulation of certain chemically active
materials with redox centers in the cavities. Metal Schiff base complexes are a
fascinating class of molecular complexes, which can fine-tune the redox center. With
this objective, we have investigated the interesting structural features of a series of
transition metal Schiff base complexes encapsulated in Y zeolite. The catalytic
properties of these complexes were studied with a view to know if there is any fine-
tuning of the redox properties of the metal ion by the ligand environment within the

supercage.

The use of chiral catalyst is a powerful strategy in modern synthetic organic
chemistry. The homogeneous catalysts can be logically improved by heterogenisation
We have attempted the heterogenisation of chiral catalysts in the pores of Y zeolite.
The interesting outcome of this study was that the encapsulated Ni(II) chiral complex
was found to be the most efficient catalyst in bringing about good enantiomeric excess

in the asymmetric epoxidation of styrene.

The thesis is divided into eight chapters with Chapter I giving an overview
about the zeolite encapsulated complexes. The material and methods employed are
presented in Chapter 1I. Chapters Il to VI describe the synthesis and characterization
of zeolite encapsulated Schiff base complexes. The screening studies of the catalytic
activity of the complexes are presented in Chapter VII. Chapter VIII gives the details
of the heterogenisation of the asymmetric catalyst and its catalysis in the asymmetric

epoxidation of styrene. Summary and conclusion of our investigation are provided at
the end of this thesis.
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CHAPTERI1

ZEOLITE ENCAPSULATED METAL COMPLEXES — AN OVERVIEW

1.1. INTRODUCTION

A thermodynamically favourable reaction may be slow at modest
temperature and so not at all valuable for synthesis. The rate can be accelerated by
increasing the temperature. But providing energy to do so may be expensive and
induce side reactions that will affect the product yield. A more attractive approach
to increase the rate of a reaction is the use of catalysts. A catalyst can accelerate a

thermodynamically allowed reaction by lowering the energy barrier.

Catalysts are classified as homogeneous if they are soluble in the reaction
medium and heterogeneous if they are insoluble. Each type has its own advantages
and disadvantages. Heterogeneous catalysts are easily separable from the reaction
products, but require high temperature and pressure and may lead to mixture of
products. So they are said to have low selectivity. But homogeneous catalysts can
not be readily separated from the products. They operate at low temperatures and

pressures and give good selectivity.

Finding a commercially viable pathway for the stereoselective organic
synthesis of biologically important chemicals may be considered as one of the
major thrust area of chemistry today. Among the many routes attempted those
mvolving the use of chiral reagents and chiral catalysts are very important in the
synthesis of effective drugs. An Inorganic Chemist’s perspective in this matter is to
develop commercially exploitable chiral catalysts involving metal ions. The earlier
attempts to develop such size and shape selective catalysts using specially designed
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ligands such as picket fence and basket type porphyrin complexes were

encouraging.

The potential for coupling the shape selectivity associated with the well-
defined channels and cages of zeolites with the reactivity of metal complexes makes
these molecular sieves particularly attractive as solid supports. Zeolites have a
distinct advantage over conventional support materials in that a metal complex can
be physically trapped in the pores and not necessarily bound to the oxide surface. A
metal complex of the appropriate dimensions might be encapsulated in a zeolite yet
be free to move within the confines of a cage or channel. This could be viewed as a

bridge between a homogeneous and heterogeneous system.

One of the goals of catalysis researchers in recent times has been the
synthesis of inorganic mimics of enzymes such as cytochrome P-450. One
approach has been the encapsulation of transition metal complexes nside the cages
and void spaces of zeolite and zeolitic materials. The porous inorganic mantle
zeolite provide the right steric requirement for the metal complexes and impose
certain restrictions based on size and shape to the access of the active site by the
substrate molecules. Though many porous materials have been used, the most
popular supports have been zeolites X and Y possessing large cages 12 A diameter
[1-3].

Recent studies on copper phthalocyanine CuPc encapsulated in zeolite Y
provide unequivocally the evidence for the encapsulation of the complex inside the
cages with a distortion of the CuPc. The catalytic study of encapsulated materials
in the epoxidation of styrene with ferr-butylhydroperoxide is also reported [4].

The synthesis of the transition metal complexes inside the zeolite super cage
has an added advantage that they create a favourable condition for reversible
addition of molecular oxygen and decreases comsiderably the oxidation of the
central metal ion. With this view, zeolite encapsulated cobalt tetramethylporphyrin
complex was prepared and studied its dioxygen binding property [5]. Several

studies have been carries out on the usage of the zeolite Y encapsulated cobalt
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complexes as successful reversible oxygen binders, a property that is very important

in mimicking biological systems {6-9].

Some copper(Il) and manganese(1l) Salen complexes confined to X and Y
zeolites showed good performance as catalysts in the decomposition of H,O, and
tert-butythydroperoxide [10]. So these encapsulated catalysts were used in the
oxidation of phenol and styrene. They are found to be well catalysing in the
oxidation reaction of p-xylene and are found to be thermally stable.

The cis-manganese(Il) bis-2,2’-bipyridyl complex encapsulated in zeolite X
or Y are reported to be very good catalysts for the selective alkene oxidation [11].
They showed moderate to high conversion and selectivity towards the oxidation of a
vaniety of olefinic substrates even at room temperature. The above-mentioned
catalysts were active in the oxidation of cyclohexene for up to 1000 cycles with

H,0,. Repeated catalyst regeneration is possible in these cases.

Zeolite Y Mn(III)Salen complexes catalyse oxidation reactions using
iodosyibenzene as the oxidant [12]. An increase of turnover numbers by 200 foid
on using a zeolite encapsulated iron phthalocyanine complex has been observed for
the oxidation of n-octane [13]. Tatsumi and et a@/. used H,O; as an efficient oxidant
for alkenes in the presence of the =zeolite Y encapsulated manganese
tetramethylporphyrin [14]. Bein and er a/. have reported the encapsulation of
methyltrioxorhenium in zeolite Y host and the activity of the resulting hybrid
catalysts for olefin metathesis [15]. Intrazeolite complex of manganese
trimethyltriazacyclononane is found to be a highly selective epoxidation catalyst for
a number of olefins with H,0, [16].

The use of chiral catalysts is now a powerful methodology in modemn
synthetic organic chemistry. In this regard, the Sharpless epoxidation of allylic
alcohols constituted an authentic breakthrough. A further logical improvement of
the catalytic method would consist of the incorporation of the catalyst in zeolite
supports to perform the reaction heterogeneously. Corma ef al. have accomplished
the first time preparation of the Jacobsen catalyst into the super cage of Y zeolite
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[17]. The encapsulated complexes show catalytic activity very similar to that of the

complex in the homogeneous phase.

Zeolite encapsulated metal complexes have applications as ecofriendly
catalysts. They are recyclable and are less poisonous. Zeolite encapsulated
transition metal complexes of Cu(Il) and Mn(II) with Salen or substituted Salens or
the tetraminooctaazamacrocyclic ligand have been utilised in the oxidation of the
green house gas methane to methanol [18]. The Osmium carbonyl clusters
entrapped in Y zeolite are known to be very stable and selective catalysts for the
carbon monoxide hydrogenation reaction [19]. The product distribution was
markedly different from all the conventional catalysts.

Syntheses and design of the metal complexes with desired properties is still a
developing field. So it is worthwhile to look at the various structural aspects of the
zeolite supports. In general, zeolites are the crystalline, hydrated aluminosilicates
of group 1 and 1l elements. The framework of aluminosilicate is formed by a three
dimensional net work of alumina and silica tetrahedra joined together through the
oxygen atoms. The framework is open with channels and cavities in which the
cations and water molecules are located. The cations being highly mobile facilitates
ion exchange. The water molecules are readily lost and regained, which accounts

for the well-known desiccant properties of zeolite.

The structural formula of the unit cell of a zeolite can be expressed as:
My {(AlLOs) (S;0:)y}.nH,O, where M = cation of valence » and n = No. of water
molecules. The ratio y/x usually has a value of 1-5 depending upon the structure.
The portion in {(ALOs) (S;02)y } represents framework composition.

For practical purposes there is considerable interest in designing and
engineering ordered porous materials possessing pore diameters in the range 5-20 A
[20].



1.2. Structural consideration

There are a large variety of zeolite structure types due to the flexibility of
the Al-O-Si linkage. This flexibility is dependent on the condition of their
hydrothermal syntheéis. The tetrahedral coordination around Si and Al permits a
wide variety of ring structures containing 4,5,6,10 or 12 Si of Al atoms. These
rings are joined to form prisms and more complex cages. These structures contain
pores and channels of uniform size in the range of 4 to 13 A and so the zeolites are

able to recognise, discriminate and organise molecules with high precision {21}].

The tetrahedra are arranged in such a way that two AlQOy tetrahedra are
always separated by at least one silicon tetrahedron. The secondary building unit of
A, X and Y zeolite is a sodalite unit, which is a cubo-octahedron formed from 24
tetrahedra of Si104 and AlO4 and consists of six 4-membered cube faces and eight 6-
membered octahedron faces. When the sodalite units are connected to each other at
their square faces, zeolite A is formed, and if they are joined at the hexagonal faces
X and Y structures are formed. The large cavity enclosed by the sodalite units is
called an a-cage or supercage. The sodalite cages enclose a small cavity within
itself known as B-cage. The structure of Y zeolite is shown in fig.1.1. The unit cell
formulae and other charactenstics of A, X and Y zeolites [22] are given in Table
LL

The silicon tetrahedra remain electrically neutral. But the trivalent Al atom is
bound to four oxygen atoms and so the alumina tetrahedra have a net negative
charge. Sodium ions are usually present as non-framework in zeolite structure to
balance the negative charge of the framework generated by the formal —1 charge on
alumina tetrahedra. The exchangeable extra framework cations provide the
framework with extra properties such as fine-tuning of channel and pore dimensions

and the inclusion of chemically interesting molecules.
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Table I.1 Properties of zeolite A, X and Y

Zeolite  Unit cell formula Mol ratio  a-cage  a-cage
Si0,/A1,O; diameter aperture

A Nau(AlOZ)]z(SiOz)lz D.Hzo 2:1 1 lA 4A

X Nagg(AlO,)s6(S10,2)106 sH, O 2.5:1 13A 8A

Y Nasg( AlO7)s6(Si00 136 nH,O - 5:1 13A 8A

1.3. Zeolite encapsulation methods

The channels and chambers of molecular dimension provide a rngid
aluminosilicate framework within which reaction chemistry may be performed. As
a result, the intrazeolitic chemistry is very attractive.

The zeolite framework may function as a ligand, an anion and a solvent in
forming a complex inside. Usually the zeolite plays two or three of these roles
stmultaneously. The neutral molecules are better ligands and so replace the oxide
ions of the lattice to form stable complexes. At moderate temperatures, the metal
ions may move to the large cavities to provide adequate volume for complex
formation. Furthermore, the metal ions in the zeolite are offering a way to have

complex with unusual symmetries and coordination numbers.

There are four general strategies for the encapsulation of metal complexes in

molecular sieves. These are:

1) The in situ preparation of intrazeolite metal carbonyl cluster
it) The flexible ligand method

i)  The template synthesis method

1v) The zeolite synthesis method

The first three methods find application in the case of large pore zeolites and
molecular sieves. An intrazeolite metal complex should be smaller than the super

cage and be effectively larger than the cavity openings. The diffusion of the
6



reagents through the channels limit the encapsulation of the complex inside zeolite.
Zeolite A, which has a large cavity of 11.9 A and small openings of 4.1 A, cannot
find very good application as encapsulating materials. However, if the zeolite is
synthesized around the metal complex, window size is not important. In this case,
the metal complex must meet the requirement of stability during crystallisation.
But this is not a major restricion as zeolites can be synthesized under many
conditions. The zeolite synthesis approach has been employed to encapsulate metal

complexes in a variety of molecular sieves.

1.3.1. Metal cluster Synthesis

Metal carbonyls grafted on supports such as zeolites offer a preparative
method for the tailored metal catalysts [23,24]. As there is no cluster aggregation
within the framework, zeolites find a promising role to ensure the unique activity
of these matenals.

Metal carbonyl adducts form the most widely studied group of intrazeolite
coordination complexes [25]. In the light of the catalytic potential of these systems

the encapsulation of carbonyl and subcarbonyl species is of interest.

Metal carbonyl clusters with a nuclearity greater than three could be
encapsulated in Faujasite type zeolite and form a special subclass of ship-in-a-bottle
complexes. The reaction of CO/H; or CO/H,O with a metal ion exchanged Y type
zeolite has led to the encapsulation of Rhs(CO)s [26-30], Rhy(CO);» [30] and
Irs(CO)y2 [30]. This method has also been used for the encapsulation of bimetallic
derivatives Rhg (It (CO);6 (x= 0 to 6) inside zeolite Y [31,32]. Clusters as large as
Pd,3(CO)« have been characterized in NaY zeolites [33,34]. The necessity for the
presence of H; or H,O suggests that the formation of the metal cluster occur through
the reductive carbonylation of intrazeolite metal ions. This method is an easy way

to generate anionic complexes in the supercages of X and Y type zeolites.

The 12-ring windows to the super cage are defined by oxygen that bears
partial negative charge. Passage of anions through this aperture is unfavourable so
that entry of the smaller anionic clusters may be electrostatically restricted.

7



Activation of carbon monoxide, which arises from the interaction of a metal bound
carbony] with a charge balancing cation, may stabilize the intrazeolite cluster. The
numerous possibilities of carbonyl cluster as molecular precursors dramatically

expands the potential for new and interesting intrazeolite species.
1.3.2. Flexible ligand method

In this method, a multidentate ligand is diffused into the zeolite pores where
it could coordinate to a previously exchanged metal ion. Once the complex is
formed, it may reside there due to its large and rigid structure and may not escape
the cages. This presumes that the ligand should be sufficiently flexible to twist its
way through a very restrictive passage. This method is well adopted for
encapsulating metal Salen complexes since the Salen ligand offers the desired
flexibility. Thus, a large variety of cobalt {35], iron [36], rhodium [37] and
palladium Salen [38] complexes within Y zeolite super cage were prepared through
this method. In zeolite Y, the 8 A pore dimension is sufficiently large to allow the
Salen ligand access to all metal sites within the super cage pore system. The size
encapsulation for the cobalt Salen complexes arises from the rigid square planar or
square pyramidal coordination geometry adopted by the complex. The flexible
Salen ligand has a minimum kinetic diameter of <6.5 A. It is getting locked into a
complex with a minimum kinetic diameter of 9A° that is too large to exit from the

~8A° zeolite pores.

So the flexible ligand method requires a ligand of such dimensions so that
intrazeolite complex precludes diffusion out of the zeolite. This places severe
limitations on the number and type of ligands that might be employed. The
intrazeolite complexation must occur from the outer surface to the cages. So the
pore blocking would result in a heterogeneous distribution of complexes.

Nevertheless, this approach is probably the eastest in practice.



13.3. Template Synthesis Method

The template synthesis method involves the diffusion of ligand precursors
into the zeolite pores where they assemble around an intrazeolite metal ion that acts
as a template. This method is exemplified by the preparation of intrazeolite
metallophthalocyanines [39-54].

The large pore zeolites X, Y and the aluminophosphate VPI-5 modified with
metal ions, metallocenes or metal carbonyl complexes can be reacted with
dicyanobenzene (DCB) to form intrazeolite MPc complexes. The synthesis
generally involves heating an intimate mixture of partially dehydrated zeolite with
an excess of DCB in a bomb reactor between 150 and 350°C. The synthesis can be
done at lower temperatures in the presence of solvents It has been recently reported
that solvent mediated reaction at 180°C appears to lower the reaction temperature
[55].

The condensation of four DCB molecules around a metal ion to form the
encapsulated phthalocyanine requires two electrons, the source of which is the
subject of much debate. These electrons may originate from water or the metal ions
in the case of the organometallic precursors. This is consistent with the fact that
intrazeolite metal phthalocyanine complexes are formed easily with zero valent
metal carbonyls, followed by metallocenes and metal ions. The formation of
encapsulated complexes will be easier if the metal exchanged zeolites are partially
dehydrated.

Several metal phthalocyanine derivatives have been encapsulated in X and Y
type zeolites including perhalogenated phthalocyanine complexes [56], #-
butylphthalocyanines [14] and mitrophthalocynines [56] using substituted
dicyanobenzenes. But it was shown for tetranitrophthalocyanines that they are
mostly located on the external surface [44]. There have been claims of Co
porphyrin [54] Fe and Mn tetramethylporphyrin complexes [S5] as well as
tetraphenylporphyrin complexes [52] encapsulated in NaY. The porphyrin template

9



synthesis usually requires two reagents, pyrrole and either formaldehyde,
acetaldehyde or benzaldehyde. However, the possible presence of uncomplexed
metal ion and free ligand inside zeolite by this strategy might be expected to

complicate characterization and reactivity studies.
1.3.4. Zeolite Synthesis Method

This is the most recent method for encapsulating metal complexes inside
zeolites.  This involves the addition of the metal complex (especially
metaliophthalocyanine), possibly in a template role, during the crystallisation of the
zeolite host [53,54,57]. This would afford the advantage of encapsulating a well-
defined intrazeolite complex without contamination from free ligand as well as

uncomplexed and partially complexed metal ions at milder preparation conditions.

By carefully designing the zeolite synthesis procedure, the aggregation of
the complex in the aqueous medium can be avoided. There were some earlier
reports on  encapsulating simple chelate  complexes such  as
bis(ethylenediamine)cobalt(Il) using zeolite synthesis method [58]. Recently,
crown ethers have been employed as templates for zeolities. In particular, 18-
crown-6 has been shown to be a template for zeolites having the EMT topology
[59].

1.4. Characterization of Intrazeolite Complexes

The characterization of the encapsulated metal complexes is quite difficult
and generally requires a battery of techniques to locate the complex within the cage.
The first step in this procedure is, of course, the removal of the surface speices by
soxhlet extraction with a series of suitable solvents and or vacuum sublimation.
Special attention is needed for the metal complexes such as metallophthalocyanines
as they adsorb to the zeolite surface. In the case of some zeolites enéapsulated with
metal phthalocyanines, the surface adsorbed species cannot be removed by solvent

extraction and sublimation. In such cases electrochemical techniques are used.
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When a negative potential is applied to a freshly prepared zeolite
encapsulated complex/graphite composite electrodes, a small amount of reduced
metal complex is released from the surface, as evidenced by the faint blue colour in
the electrolyte solution. In the case of zeolite encapsulated M Salen complexes,
solvent extraction is sufficient to remove surface species. Even though the outer
crystal surface area of most zeolites may be several orders of magnitude less than
the internal surface area, it is clear that there is some possibility to adsorb on the
outer surface or partially occluded in mesopores. Therefore, zeolites with very low
loadings of metal complex should be used. In addition to traditional elemental
analyses, encapsulated metal complexes such as phthalocynines may be quantified
by UV-VIS spectroscopy after digesting the framework. This is preferred for the
phthalocyanine complexes prepared by the template method because the
complexation may not be quantitative and elemental analysis does not necessarily
reflect the amount of metal complex. But generally chemical analysis was used to
obtain information on the bulk composition of the chemically modified zeolites and
to quantify their degree of exchange. Complete characterization of the encapsulated
complexes is required in order to ensure the feasibility of the intrazeolite synthesis.

Several techniques must be used in conjunction to have a clear vision.

1.4.1. Vibrational Spectroscopy

Infrared spectroscopy is probably the most widely applied analytical tool for
the characterisation of zeolite ship-in-a bottle complexes. Either diffuse reflectance
or transmission IR spectra can provide idea about the zeolite lattice as well as the
nature of guest molecule. In the mid-IR spectra of the metal carbonyl clusters
encapsulated in zeolites, there is a shift for both bridging and terminal carbonyl
stretching frequencies according to the type of interaction as compared to the free
clusters [60-63].

The mid-IR spectral studies of intrazeolite MPc [43, 47, 49, 51, 56, 63]
substituted MPc [56, 64] and M Salen [24, 26, 28] complexes have been reported.
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The various T-O vibrational modes associated with the zeolite dominate most
of the region between 1150-450cm™ and may mask the bands due to the complex in
this region. But with reasonable loading inside the cage, the complex can be
detected. The bands associated with C=N and C=C stretching modes for the
phthalocyanine ligand are easily observed and may show a slight shift to lower
wave numbers inside the super cage. The complexation ot: the Salen ligand should
result in a blue shift of the strong C=N stretch at 1504 cm™

FTIR has exhibited high sensitivity and resolution for detecting the carbonyl
ligands of the metal carbonyl clusters and has provided essential information about
the cluster structure. Charactenistic C-O stretching modes are seen in the IR
spectrum at 2098 and 1760 cm™’ representing 12 linear and 4 face bridging CO in
Rhg(CO)¢/ NaY, respectively [36].

1.4.2. Electronic spectroscopy

This tool is useful in evaluating the intrazeolite complexation with regard to
any structural perturbation that might occur during encapsulation.  The
encapsulation of the MPc in FAU type zeolite cages can be confirmed by the red
shift exhibited for the Q band of Pc relative to the free or surface physisorbed
complexes. Herron [7] later suggested it to be due to the steric interactions within
the super cage. The suppression of the Q band in the electronic spectra of zeolite
encapsulated tetramethylporphyrin complexes has been interpreted as a result of
ligand distortion in the supercage [14]. The UV-VIS spectra of intrazeolite Salen
complexes are not quite very sensitive to the perturbations in structure. The light
yellow Salen ligand exhibits bands at 323 and
409 nm, which is found to shift upon coordination. The encapsulated Mn(II) and
Mn(1II) Salen complexes are well characterized by UV-VIS spectroscopy [12].

1.4.3. Electron paramagnetic resonance

EPR spectroscopy can provide information regarding the oxidation states of
iron based zeolite ship in a bottle complexes [65]. A dioxygen adduct of NaY
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encapsulated Salen have been studied by this technique [23]. A cobalt(Il)Salen
complex prepared by the flexible ligand method was shown to be EPR silent and
hence Co(II) might be in the high spin state. On exposing this to pyridine also
makes no signal. But subsequent absorption of oxygen produces EPR spectrum of
Co-O, adduct. As the complex is not totating in the cage the signal is an axial one.
Close examination of the EPR parameters showed similarity to the values obtained
for the solution spectra suggesting absence of distortion for the complexes inside

the cage.
1.4.4. Nuclear magnetic resonance

Many nuclei besides °Si, “’Al and 'H have been used as probes of zeolitic
structure (e.g. °C, "N and N, *'P, ¥Na, '"0,). Most of our knowledge derived
from solid state NMR of zeolites comes from experiments,which have used these
nuclei either alone or in concert [66]. Cross-polarisation MAS '°C NMR has been
used to study the features of Li;Pc, FePc, Fe(nitro), Pc and Ti (Pc). Of the eight
different carbons of Pc, only four were resolved for the intrazeolite species. One
might expect the carbon resonance to shift as the hybridization or aromaticity is
altered by distortion of the Pc macrocycle in the cage.

1.4.5. Electro chemistry

Electrochemical techniques such as cyclic voltammetry are used to provide
information on the oxidation state and redox chemistry of the active metal atom and
the ligand. There is an extensive effort to include zeolites in modifying the
electrodes for the electrocatalytic reactions. Some recent reviews on this aspect
appeared in the literature [67, 68].

The encapsulated Mn(I1I)Salen and Ru(III)Salen complexes exhibit the same
electrochemical behaviour in solution and upon encapsulation. The encapsulated
perhalogenated phthalocyanines of metals showed a reversible redox process that is
difficult to observe in solution [69, 70].
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The well defined redox behaviour of the inclusion compounds is a proof for
the site isolation within the zeolite matrix, and excludes the possibility of any
aggregate formation while the simple adsorption of the molecules on the electrode
surface or on any other mineral support does not prevent aggregation formation
[21]. For the zeolite ship in a bottle complexes, the electron transfer must occur
inside the zeolite depending on the complex loading. When the occupied cages may
prevent the solvent and electrolyte from reaching the redox sites the vacant sites
may prevent electron transfer. The net result is that only a few percent of the
encapsulated metal complexes are electro active. The electrochemical response can
be improved by the addition of a very large metal complex as surface mediator.
The intra zeolite redox site could be used for developing new types of

electrocatalysts as can be seen in the case of Co and Mn Salen complexes [37].

1.4.6, X-ray methods

The powder XRD technique is an indispensable one for the zeolite synthesis
method where phase identification and purity are critical. It also provides valuable
information relating to crystallinity as well as any change in unit cell parameters
that might arise from the in sifu generation of intrazeolite ship in a bottle complex.
When a cationic complex is included in zeolite due to the redistribution of charge
balancing cations the peak intensities showed variation. Most of such complexes
are neutral. It is interesting to note that the intrazeolite MPc complexes, including a
perfluorinated analogue, even though they have a tight fit inside the cage, never
show an expansion of X or Y zeolite unut cell [71]. Zeolite crystallinity is largely
preserved here after template method of synthesis. The complexes prepared from
ion-exchanged zeolites are more susceptible to dealumination as the formation of
protons is likely. The preparation of RhPc complexes in Y or X zeolites results in a
loss of crystallinity [72]. The zeolite crystallinity was reported to be intact after
encapsulation of Mn Salen by the flexible ligand method.
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1.4.7. Surface area

Zeolite surface area is largely internal. The inclusion of guest molecules
should dramaticaily reduce the absorption capacity of such molecular sieves. The
BET surface area of X and Y zeolites containing metal phthalocyanine complexes
(M= Mn, Co, Cu) [73] and cobalt porphyrin are typically less than 100 m%g which
is reduced by atleast 600 m*/g. Balkus and Gabrielov [74] also suggested such a

reduction in surface area as a proof of encapsulation.
1.4.8. Thermal Studies

Differential scanning calonmetry has been used to study the energetics of
intrazeolite formation of a large number of metallophthalocyanine in zeolite [75].
Another potential advantage of using DSC is the possibility of differentiating
between the formation of the encapsulated and surface complex since there are no
steric constraints associated with the formation of the latter. For the cobalt(Il) and
copper(ll) phthalocyanine encapsulated in Y zeolite, the exotherms for the
entrapped as well as the surface adsorbed species can easily be resolved. The
exotherm for the formation of the intrazeolite complexes are at higher temperatures
[74].

Thermal analysis and thermogravimetric analysis have also find application
in monitoring the intrazeolite complex formation [75]. The amount of the
entrapped metallophthalocyanine complexes can be estimated from the weight loss
and more accurate result has been obtained when compared to the
spectrophotometric determination after complete digestion of the zeolite
framework. The presence of free ligand and organic residues can be obtained from
the number of exotherms as reported for the decomposition of iron (II)
phthalocyanine and tetranitrophthalocyanine complexes in NaY. From the TG
plots, it is evident that encapsulation bring about stability to the neat complexes.
But there are a few reports about the lesser stability of the encapsulated metal

complexes while comparing to their unencapsulated counterparts just as for some
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cobalt(Il), copper(Il) and nickel(Il) phthalocyanines. This might be due to the
distortion undergone by the phthalocyanine ligand in the supercage.

1.4.9. Surface Techniques

X-ray photoelectron spectroscopy provides information about the oxidation
states and relative concentrations of elements in the first 50 A of the zeolite. The
agreement between the surface concentration estimated from metal/Si or metal/Al
ratio and bulk elemental analyses is an evidence for the homogeneous distribution
of intrazeolite complexes. Sometimes the XPS revealed a high concentration of the
metal at the surface, which may necessarily not be the presence of extrazeolite
metal complexes. The ions and molecules may migrate close to the surface as a
consequence of the thermal treatment associated with the flexible ligand or template
synthesis. XPS has been well used for the characterisation of intrazeolite metal
phthalocyanines and M Salen. The shift in the binding energies for both the
intrazeolite metals and nitrogen in Salen or phthalocyanine indicates complexation.
Shpiro er al. reported the presence of two types of nitrogens for the Y zeolite
encapsulated nickel, cobalt, copper and ruthenium phthalocyanines using XPS
studies. Either the distortion of the ligand or strong interaction with the framework
may be responsible for the presence of two types of nitrogen {43].

Scanning and transmission electron microscopy help to detect the
decomposition of metal complexes or metal oxide on the outer surface of the
zeolite. The SEM images of the metal phthalocyanine complexes within zeolites
have been taken before and after soxhlet extraction [18]. TEM has provided

evidence of uniform dispersions of osmium carbony] clusters in Y-type zeolites.

1.S. Scope of the present investigation

Asymmetric epoxidation of unfunctionalised olefins catalysed by chiral
metal complexes has proved to be one of the most useful strategies discovered in
the last decade. Three scientists, William S. Knowels, Ryoji Noyori and K.Barry
Sharpless, shared last year’'s Nobel Prize in Chemistry for their contributions in
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developing catalytic asymmetric synthests. The achievements are of great
importance for academic research, for the development of new drugs and matenials,
and are being used in many industrial syntheses of pharmaceutical products.
Heterogenising such potential catalysts while maintaining its structural and
chemical features unaltered could be aimed with caution so that the derivative
should be efficient in catalyzing the oxidations also. In that respect, zeolite has an
added advantage over polymer supports because the zeolite encapsulated complexes
could be viewed as a homogeneously heterogenised catalyst. Zeolite encapsulated
metal complexes have already captured much attention in catalysis and biomimetic
chemistry [1-3]. These new catalytic systems are of interest partiaily due to the
shape selectivity that the zeolite framework may impose on the incoming reactant
molecules and also due to the potential advantages in practical use. The high
adsorption potential inside the channels of the zeolites raises the effective
concentration of a catalyst at the active site and enhances their efficiency as
catalytic centres. The zeolite structure can impose sieving and orienting effects
upon the substrates approaching the otherwise non-selective metal active sites. The
zeolite pore structure can provide ‘reaction vessels’ of molecular dimensions

wherein the selective catalytic reactions can better take place.

The present study has been undertaken with the following objectives:

e To synthesise some stable zeolite encapsulated transition metal complex
catalysts.

e To find out the chemical nature of such catalysts within the super cage
of the framework.

¢ To under take a qualitative study using the above complexes as catalysts
in the oxidation of ascorbic acid and 3,5-di-terz-butylcatechol.

e To study epoxidation of styrene using zeolite encapsulated chiral
catalysts.

To achieve the above mentioned objectives, we have synthesized and
characterized Y zeolite encapsulated transition metal [M= Mn(II), Co(1I), Ni(1l) and
Cu(I)] complexes of certain Schiff base ligands such as: (a) N,N -bis(salicylidene)-

17



1,2-phenlyenediamine. (b) N,N-bis(2-hydroxymethylbenzylidene)-1,2-
phenlyenediamine. (c)N,N -bis(2-pyridinemethylene)-1,2-diaminoethane, and (d)
N,N’-bis(3-pyridinemethylene)-1,2-diaminoethane.Catalytic activity of all the
synthesized complexes are screened in the following reactions:
(a) Oxidation of ascorbic acid.
(b) Oxidation of 3,5-di-fert-butylcatechol.

Asymmetric epoxidation of styrene,using the Mn(I1), Co(II), Ni(II) and Cu(Il)
complexes with the chiral Schiff base, NN -bis(salicylidene)-trans-1,2- diamino-

cyclohexane has also been carried out.
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CHAPTER II

MATERIALS AND METHODS

2.1. INTRODUCTION

The details regarding the general reagents and other materials used in the present
study, a brief account of the methods used for the synthesis of the zeolite
encapsulated metal complexes, and the various analytical and physico-chemical methods
employed for chamctexisation:‘gri'@en in this chapter. Procedural details about the synthesis

and catalytic activity studies of the complexes are given in appropriate chapters.
2.2. REAGENTS

The following metal salts were used: MnCl,.4H,0 ( E. Merck, GR); CoClL.6H,0
(E. Merck, GR); NiCl,.6H,0 ( E. Merck, GR); CuCl,.2H,0 (E. Merck, GR).

Synthetic Y-type zeolite was obtained from Sud-Chemie India Ltd., Binanipuram,

Cochin. Salicylaldehyde, 2-hydroxyacetophenone, 1,2-phenylenediamine and
vpethanediamine obtained from E-Merck and pyridine-2-carboxaldehyde and pyridine-3-
carboxaldehyde obtained from Aldrich were used as such for preparation of the
encapsulated metal complexes. The chiral amine trans-1,2-cyclohexanediamine (Aldrich)
was used for the preparation of the chiral Schiff base complexes encapsulated in zeolite-Y.
Commercially available styrene used for the epoxidation reactions was purified by known

procedures [1]. The 1,2-epoxyethylbenzene procured from Aldrich was used as the
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standard for calculating the yield. For catalytic studies, 3,5-di-tert-butyl catechol (Aldrich)
and L- ascorbic acid (SRL, LR) were used. Unless otherwise specified, all the other
reagents were of analytical reagent grade. Solvents employed were either of 99% purity or

purified by known laboratory procedures [1].

2.3. SYNTHESIS OF Y ZEOLITE ENCAPSULATED METAL -SCHIFF BASE
COMPLEXES

2.3.1. Modification of Y zeolite

Metal exchanged Y zeolite support was prepared according to the following
general procedure:

One negative charge present per aluminium on the framework is compensated by
loosely attached, ion-exchangeable cations. These cation exchange sites within the
internal void space of the crystallite allow the straightforward introduction of active metal
ions for catalysis. So at first it is exchanged with sodium ions and it can be replaced
afterwards with various ions easily. The parent-powdered zeolite (5 g) was converted to
the sodium form by ion exchanging with NaCl solution (0.1M, 500 mL} under stirring at
room temperature for 24 h. The zeolite was filtered and washed until the filtrate was free
from chloride ions. The NaY so obtained was stored for further use after drying at 120°C
for2 h.

For introducing Mn?*, Co™, Ni** and Cu®* ions, the sodium exchanged Y zeolite (5
g) was stirred in a solution of the respective metal chlorides (005M, 500 mL) at room
temperature for 24 h. At these very low concentrations it is assumed that all the metal ions
are exchanged and situated in the super cage only. It was then filtered and made free from
chloride ions. The metal exchanged zeolite samples so obtained were made active by

calcining at 450°C for 2 hours.
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2.3.2. Preparation of the Y zeolite encapsulated metal Schiff base complexes

The complexes were prepared using metal template method [2]. Here the Schiff
base complexes were synthesized from the smaller components- aldehyde and amine- by
assembling them around the transition metal ions already in the zeolite super cage. A

general procedure for the preparation is as follows:

Metal exchanged Y zeolite (5g) was refluxed with the aldehyde (2 M) in
appropriate solvent. The aldehyde chelates so obtained were purified by soxhlet extraction
with one or more suitable solvents. These chelates were then condensed with a molar
solution of the respective amines. The resulting §chiff base complexes were purified by
soxhlet extraction to colourless washings. This ensures the complete removal of surface
species. They were re-exchanged with 0.01M NaCl at room temperature for 24 h to
remove any surface adsorbed metal ions remaining after soxhlet extraction. After filtration
it was washed free of chloride ions and dried at 120°C for 2 h. before storing in vacuum

over anhydrous calcium chloride.

24. ANALYTICAL METHODS

2.4.1. Analysis of the zeolite samples for Si, Al, Na and transition metal ions by the

complete dissolution method

The chemical analysis of the zeolites and the zeolite encapsulated metal complexes

were done according to the following procedure:

The zeolite sample was dried by keeping it at 120 ° C for 2 hours. A known weight
of the dried zeolite sample (w; g) was transferred to a beaker and treated with conc.
sulphuric acid (40 mL, 98%) and heated until SO; fumes were evolved. This is to destroy
the zeolite framework. It was cooled and diluted with water (200 mL) and filtered through
an ashless filter paper in to a standard flask. The residue was dried at 1000°C in a
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platinum crucible, cooled and weighed (w, g). Hydrofluric acid (5 mL, 40%) was added
and evaporated to dryness on a sand bath. This process was done for five or six times for
each sample. All the silicon is removed in the form of H,SiF¢ [3]. The residue was then
ignited to 1000 °C (ws g). The percentage of silica (SiO,) was calculated by using the
equation,

% S10, = (w3 -w,) x 100/ w;y
Potassium peroxodisulphate was added to this residue and heated until a clear melt
was obtained. This melt was dissolved in water and was combined with the filtrate in the
standard flask. The sodium, aluminium and transition metal ions in this solution were
determined by ICP analysis. The unit celi formula of the zeolite was calculated from the
Si/Al ratio [4].

2.4.2. CHN analysis

Microanalyses for C, H and N in the zeolite samples were done on a Carto Erba
Analyzer Model 1108 at Central Drug Research Institute, Lucknow

2.5. PHYSICO - CHEMICAL METHODS
2.5.1. Magnetic susceptibility measurements

Magnetic susceptibility measurements were done at room temperature on a simple
Gouy-type magnetic balance. The Gouy tube was standardised using Co[Hg(SCN),] as the
standard [5).

2.5.2. Surface Area Analysis

Surface area of the samples was measured by multipoint BET method using a

Micromeritics Gemini 2360 surface area analyzer. Nitrogen gas was used as the adsorbate.
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2.5.3. Infrared Spectra

Infrared spectra of the ligands and encapsulated complexes in the region 4600cm”
—400 cm! were taken by the KBr pellet technique using Schimadzu 8000 Fourier
Transform Infrared Spectrophotometer.

2.5.4. Diffuse reflectance spectra

The diffuse reflectance spectra were recorded at room temperature between 200-
2000 nm against MgO as standard. In order to make these reflectance data more
meaningful and to remove the effect of scattering, a Kubelka-Munk analysis [6,7] was
performed on the reflectance data. The Kubelka-Munk equation is,

F(R) =(1-R)¥ 2R =k/s where,

R is the diffuse reflectance of the sample compared to a non-absorbing standard such as
MgO, k is the molar absorption coefficient and s is the scattering coefficient of the sample.
In the case of s remaining constant with wavelength, e.g. in weakly absorbing materials,
F(R), the emission factor or Kubelka-Munk (KM) factor, is directly proportional to the

molar absorbance coefficient.
2.5.5. EPR Spectroscopy

The X-band EPR spectra of some of the zeolite encapsulated complexes were
recorded at liquid nitrogen temperature using a Varian E-109 X/Q band
spectrophotometer. The g values were estimated relative to the tetracyanoethylene
(TCNE, g =2.0027). The density of the unpaired electrons at the central copper ion can be
calculated using the equation,

acet =(AP)+(g -2)+3/7 (g -2)+0.04,
where 1-ay’ measures the covalency associated with the binding of the metal ions to the
ligand and P=0.036 cm™.
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2.5.6. X-ray diffraction studies

The powder XRD patterns of the Y-zeolite and the zeolite encapsulated metal
complexes were recorded using ‘Rigaka D-Max C’ X-ray diffractometer. The
measurements were carried our with a stationary X-ray source of Ni filtered Cu Kq
radiation (A, = 1.5404). The detector that is movable scans the intensity of the diffracted
radiation as a function of the angle 20 between the incident and the diffracted beams. .

2.5.7. Scanning electron microscopy

Scanning electron microscopy of a representative zeolite complex after and before
soxhlet extraction was performed on a Leica Steroscan-440 micro scope. The secondary
electron probe is used for the analysis. Before exposing to the electron beam it was made
conducting by coating with gold.

2.5.8. TG Analysis

Thermogravimetric analyses were done on a Shimadzu TGA-50 at a heating rate of
10° C /min in the temperature range 30-800°C in inert atmosphere.

2.6. CATALYTIC STUDIES

The detailed procedure regarding the catalytic activity studies is presented in
Chapters VII and VIII. The following instruments were used for the screening studies.
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2.6.1. Gas Chromatography

The progress of the reaction was monitored by checking the product formation by
GLC using a Chemito 8510 GC coupled with PC using 2m long, 3mm ID, 4mm OD
stainless steel column packed with SE30, 5% mesh size 60 to 80 with FID detector. A
pure sample of the epoxide was used to determine yields by comparison of the peak height
and area. The optical purity of the product was checked with chiral capillary column
(chiratdex GTA). The analyses were done at Central Salt and Marine Chemicals Research
Institute, Bhavnagar, Gujarat.

2.6.2. Polarimeter

The optical rotation of the epoxides was measured using a polarimeter (Atago,

Japan.)
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CHAPTER 111

STUDIES ON Y ZEOLITE ENCAPSULATED TRANSITION METAL
COMPLEXES OF THE SCHIFF BASE N,N*-bis (SALICYLIDENE)-1,2-
PHENYLENEDIAMINE

31 INTRODUCTION

During the past few years, considerable interest has been evolved on the synthesis
and characterisation of transition metal complexes of Schiff bases [1-5]. The major goal of
a coordination chemist is the fabrication of specifically designed complexes, and it can be
achieved easily through the Schiff base ligands. Such complexes might help us to
understand the chemistry of biological systems, particularly, enzymes and proteins. As the
role and activity of a metal ion in a metallo-enzyme depends upon the coordination sphere
around it, there has always been a growing interest on the studies of Schiff base complexes
to obtain better knowledge of the factors that modify the coordination sphere and its
electronic properties. Furthermore, better understanding of the biological systems can be
obtained [6-9] through these studies.

Zeolites have been used as interactive supports for metal clusters and the ionic
attachment of metal complexes [10,11]. A metal complex prepared inside zeolite can have
substantially different reactivity than its solution analogue [12]. Such encapsulated
complexes offer several advantages in catalytic reactions on account of their ruggedness,
prevention of deactivation due to dimerisation or cluster formation and ease of separation
from the reaction products. The Pd(Salen) complex encapsulated tn X or Y zeolite has

been found to be a good catalyst for the selective hydrogenation of hex-1-ene in the

31



presence of cyclohexane [13]. There are reports on the catalytic activity of Y zeolite
encapsulated Cu(Salen) complex for the selective oxidation of c¢yclohexanol to
cyclohexanone using H,O, as the oxidant {14]. A Co(Salen) complex prepared inside the
pore structure of Y zeolite shows affinity for dioxygen as the pyridine adduct [15]. These
adducts show excellent resistance to autoxidation even at elevated temperatures. VO
(Salen)-Y zeolite complex is reported to be active in the oxidation of toluene with H>O, to
give various oxidation products [16]. Recently different strategies have been developed
for the encapsulation of metal complexes [17,18]. Using the ship in a bottle method, a
complex can be prepared where all of the individual components (metal ions and various
ligands as well) may easily pass in and out of the zeolite, but the final assembled
coordination complex is too large and rigid to pass out once assembled inside [19]. But we
have employed the metal template method for encapsulating the Schiff base complexes
[20]

Studies on the preparation and characterisation of the zeolite encapsulated
complexes of the Schiff base N, N -bis(salicylidene)-1,2- phcﬂ,‘-icv« g SALOPH) are
presented in this chapter. Various techniques like elemental analysis, X-ray diffraction
studies, magnetic susceptibility measurements, FTIR, electronic and EPR spectral studies,
surface area analyses and TG measurements were used in arriving at the coordination,

composition and structure of the complexes.

CC T O
o -0

FIG 111 1. Structure of the ligand
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3.2. EXPERIMENTAL
3.2.1. Materials:

The procedure for the preparation of metal exchanged zeolite is described in
Chapter II. These metal exchanged zeolites were used for synthesizing the complex in the

super cage.

3.2.2 Synthesis of zeolite encapsulated complexes of N,/V-bis (salicylidene)-1,2-

phenylenediamine

The general method used for the preparation of the complex within the zeolite
cavity is given in Chapter II. The complexes were entrapped using metal template method.
The metal exchanged zeolites were made to react with the required quantity of the
components of the ligand, salicylaldehyde and 1,2-phenylenediamine, keeping the ligand
to metal mole ratio ~ 4. The corresponding metal exchanged zeolite (5 g) was refluxed
with salicylaldehyde (4.3 mL, 0.04 M) in dichloromethane (15 mL) for 6 h. The chelates
so formed were then soxhlet extracted with methanol to colourless washings and were
dried. The salicylaldehyde complexes were then condensed with a molar solution of 1,2-
phenylenediamine (2.2 g, 0.02 M) in methanol (15 mL) for 2 h. The complexes formed
were filtered and washed several times with hot water. They were subjected to soxhlet
extraction with methanol followed by acetone to remove the surface adsorbed ligand and
complexes. Any uncomplexed metal ions remaining after the purification procedure could
be removed by back exchange of the encapsulated complexes with NaCl (0.01 M) solution
for 12 h. Accordingly, the complex was re-exchanged with NaCl (0.01 M) solution for 12
h. followed by washings with hot water to remove chlonde ions, dned at 120°C for 2 h.
and was stored in vacuum over anhydrous calcium chloride. Scanning electron micrograph
of a representative complex before and after soxhlet extraction indicates that the extraction
1s effective in removing the surface adsorbed species. The complex so formed is confined

internally and cannot be extracted due to its larger size than the window diameter.
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3.2.3. Analytical methods

The analytical methods and other characterisation techniques used are described in
Chapter I1.

33. RESULTS AND DISCUSSION
3.3.1. METAL EXCHANGED ZEOLITE SUPPORTS
33.1.1. Chemical analysis

The analytical data of NaY and various metal exchanged zeolites are presented in
Table III.1. It is clear from the data that the Si/Al ratio of NaY is around 2, which
corresponds to a unit cell formula Nasg [(AlO2)ss (SiO2)134) [21]. Almost similar Si/Al
ratio is found in all the metal exchanged zeolites indicating that there was no
dealumination during the metal exchange to destruct the framework. It is reported that
high concentration of metal ’chloride solution may affect the framework and to avoid the
destruction of framework structure, dilute solutions have to be used [22] .In order to avoid
dealumination, very low concentration of the metal chloride solutions (0.005 M) were used
for ion- exchange and pH of the solution was adjusted to 4.0~4.5.

Table IIL1  Analytical data of metal exchanged zeolites

Sample %351 %Al %Na % Metal
NaY 21.82 8.9 6.87 -
MnY 21.67 88 334 2.96
CoY 21.43 8.62 297 3.19
NiY 21.71 8.85 275 3.56
CuY 21.36 8.59 3.03 3.34
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The degree of ion-exchange and unit cell formulae of the metal exchanged zeolites
were derived from the analytical data and are given in Table 1I1.2. The degree of ion
exchange is represented as the percentage of Na' ions replaced by metal ions from the total
amount of the Na equivalent to Al content of the zeolite. The unit cell formula is a
representation of the composition of a unit cell in the metal exchanged zeolites. The
degree of ion exchange in various metal exchanged zeolites used in the present study are

comparable to that reported earlier [23].

TABLE I1L2. Composition of metal exchanged zeolites

Degree of ion .
Sample Unit cell formula
exchange

NaY Nasg [( AlO2)sg (S102)134.0H,0

MnY 49.68 Nayg sg Mng 29 [ (AlO3)s7 (SiO2)135.n H2O
CoY 47 .94 Na47~94 Co8.95 [ (A102)57 (Si02)135.n Hzo
NiY 46.86 Nayg s Nig g6 [ (AlO2)s7 (SiO2h135.n H,O
CuY 46.82 Na.46,32 CUQ17 [ (A102)57 (Si02)135.11 H;O

33.1.2. X-ray diffraction pattern

X-ray diffraction patterns of the zeolite samples are given in Fig.IIL2. They are
very similar to that of NaY. Moreover, the XRD patterns are very similar to those reported
in the literature [24]. So it is a clear evidence that the crystalline structure was almost
preserved in the metal exchanged zeolites. There are reports about the loss of crystallinity
of Y-zeolite by metal exchange using metal salt solutions of concentration higher than 0.02
M and pH less than 4 [22].

3.3.1.3. Surface area analysis

The surface area of the zeolite samples determined by the BET method is presented
in Table 1I1.5. NaY zeolite has a surface area of 549 m?/ g. It can be seen that there is only
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a small decrease in surface area as a result of metal exchange. This can be considered as
an ample proof for the retention of the structure. There would have been a drastic decrease
in the surface area if the structure was collapsed. The surface area values obtained are in
agreement with those reported for the metal exchanged zeolites {23).

33.1.4. FTIR spectra

FTIR spectra of NaY and other metal exchanged zeoljtefj’a;/e shown in FigII1.3.
The IR bands are listed in Table I11.3. The frequencies of these vibrations are sensitive to
Si/Al ratio and framework structure. Moreover, the bands are almost in the same position
as that of the parent Y zeolite. The IR bands are in agreement with those reported for the
Y Zeolite [24]. This observation further confirms that the zeolite framework is unaffected
in the concentration range of the metal chloride solutions used. The mid infrared region of
the spectrum (1300 to 200 cm™) reflects the framework structure as it contains the
fundamental vibrations of the (5i,Al)O; tetrahedra. This region consists of two classes of
vibrations:

1) The internal vibrations due to the framework TO; tetrahedron, which is the primary
building unit in all zeolite frame work. These vibratins are, insensitive to the
framework structure.

2) The vibrations due to external linkages between tetrahedra , which are sensitive to
the frame work structure.

The two most intense bands in the spectrum of the metal exchanged zeolite and the
parent NaY at 1050 cm™ and 450 cm™ come under the first class of vibration and these
bands are assigned as the intemnal tetrahedron vibrations. The strongest vibrationgat 1050
cm” might be due to the asymmetric T-O stretching mode. The band at 450 cm’’ with a
higher energy shoulder can be attributed to the T-O bending mode[23]. The symmetric
stretching of the internal tetrahedron gives rise to a band at 580 cm™”. The symmetric
stretch of the external linkage appears in the spectrum as a broad band around 750 cm’
The asymmetric stretching of these external linkages is seen as the shoulder at 1100 em’.
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The water molecules will undergo stretching and bending vibrations at 3450 cm™ and 1650

om’' respectively.

TABLE IIL3. IR spectral data of metal exchanged zeolite (CoY).

Band Tentative
Position (cm™) assignments
450
580 ¥ sym
750 Ysym  (external)
1050 Y asymmetric  (internal)
1150 ¥ asymmetric
1600 Sy.0.H
3450 YoH

The above-mentioned studies were carried out with a view to make use of the data
on the metal exchanged zeolites to understand the structural details of Y zeolite
encapsulated metal complexes.

33.2. Y ZEOLITE ENCAPSULATED SALOPH COMPLEXES

Y zeolite encapsulated Saloph complexes of Mn(II), Co(II), Ni(II) and Cu(Il),
represented by the notation, MSOPY, were synthesised using the metal template method.
The complexes were characterised using chemical analysis, SEM, XRD, surface area and
magnetic moment measurements and electronic, FTIR and EPR spectroscopy. Thermal
behaviour of the zeolite complexes in inert atmosphere was studied by TG analysis.

3.3.2.1. Chemical analysis

The analytical data of the zeolite complexes are given in Table III.4. The data
shows that the Si/Al ratio is around 2.3 for the entrapped complexes. This proves that the
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zeolite framework is unaltered even after encapsulation. The metal content of the
encapsulated complexes is less compared to the corresponding metal exchanged zeolites,
which suggests that a portion of the metal that remains uncomplexed is re-exchanged with
the Na' ions. CHN data for the complexes suggest the presence of only one ligand around

the central metal ion.

TABLE IIL4 Analytical data of encapsulated complexes

Sample %Metal % Si %Al %Na %C %H %N

MnSOPY 2.66 19.90 8.20 6.43 7.12 0.46 141

CoSOPY 2.70 18.70 7.60 571 6.60 0.39 1.22
NiSOPY 245 19.20 7.90 2.66 6.71 0.42 0.89
CuSOPY 2.82 18.31 7.40 3.21 6.94 0.36 0.92

3.3.2.2. T G Studies

To have an idea about the influence of the zeolite framework on the thermal
stability of the complexes, TG of all the samples were recorder at a heating rate of
10°C/min. in nitrogen atmosphere These curves are shown in FigIll. 4. The data is
summerised in Tablelll. 5. All the encapsulated complexes show a different pattern of TG
when compared to the metal exchanged zeolite and parent NaY. The first stage may be
due to the loss of water. The sample isolated after the first stage of decomposition exhibits
FTIR spectrum characteristic of the complex. Hence the encapsulated complexes
decompose only after the first stage of decomposition. The weight Joss during the second
stage of decomposition is much higher than that due to the decomposition of the
encapsulated complex alone. Therefore additional water loss may also be occurring at this

stage. This observation indicates encapsulation of complexes in the super cage.
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TablelILS TG/DTG data

Weight loss-Stage 1 Weight loss-Stage 11
Sample Temp. Peak % mass Temp. Peak % mass
range(°C) temp. (°C)  loss range(°C) temp.(°C)  loss
MnSOPY  50-115 58 14.0 150-230 175 58
CoSOPY  75-210 160 13.5 300-550 350 85
NiSOPY  70-115 75 11.8 195-600 350 85
CuSOPY  50-216 %0 17.0 250-650 500 7.5

3.3.2.3. SEM analysis

Scanning electron micrograph of MnSOPY before and after soxhlet extraction in
different magnifications are given in Fig. III 6. In the SEM of the impure sample the
surface boundaries of the lattice are not clear. But, after the soxhlet extraction the surface
boundaries are clearly visible which indicates that the extraction is effective in removing
the surface adsorbed species. So the same procedure was adopted for the purification of
the rest of the complexes. From the micrograph, it can be inferred that the NaY has got an
average particle size of 1pm. The same particle size has been retained in MnY and in the
encapsulated complex. So the morphology of the parent zeolite Y is not changed as a
result of encapsulation.

3.3.2.4. X-ray diffraction analysis

The XRD patterns of the encapsulated complexes are given in Figlll 7. They
appear similar to those of the corresponding metal exchanged zeolites and the parent
zeolite.  Therefore, the zeolite framework structure was not altered during the
encapsulation of the complexes within the super cage. Similar observations have been
reported n the literature [22,23].
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Fig II1.6. SE micrograph of (i) NiY (ii)) MnY
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Fig I11.6. SE micrograph of MnSoPY
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3.3.2.5. Surface area analysis

The surface area values of the Saloph complexes encapsulated in the cavity of Y-
zeolite are given in Table I11.6. The data has been represented as bar chart also (see Fig
II1.7). There is a marked decrease in surface area of the encapsulated complexes from the
rﬁetal exchanged zeolites. Such lowering of the surface area values as a result of
encapsulation has been reported by Balkus and Gabrielov [25]. The filling of the

complexes within the zeolite pores might be a reason for the lowering of surface area.

TABLE IIL6 Surface area data of the encapsulated metal complexes

Surface area (m*/g)

Sample

MY MSOPY %Loss
NaY 549 - -
MnSOPY 539 315 41.5
CoSOPY 532 399 25
NiSOPY 528 340 356
CuSOPY 528 335 36.55

EMSOPY O Loss in surface area of MY on encapsulation

Fig II1. 8.  Decrease of surface area of metal exchanged zeolites on encapsulation
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33.2.6. Magnetic moment

The magnetic moment values of zeolite complexes were measured using the Gouy
method at room temperature. The magnetic moment determination by this method cannot
be considered as very accurate, as the application of diamagnetic correction due to the
zeolite support and the paramagnetic contribution of the traces of iron impunty are not
perfect. In the present study, the magnetic susceptibility of the NaY zeolite was measured
and its value was added to the magnetic moment of the encapsulated complexes after

calculating the magnetic susceptibility per mole of the metal ion.

Room temperature magnetic moment values of the encapsulated metal complexes
are given in Table [11.7. The magnetic moment of the MnSOPY complex was found to
be 5.9 BM, which corresponds to the presence of five unpaired electrons. The high spin
Mn(Il) complexes are reported to exhibit magnetic moment close to spin only values
irrespective of their coordination 1% octahedral or tetrahedral fields or even in geometries
of lower symmetries [26]. The room temperature magnetic moment of CoSOPY is 4.7.
Usually tetrahedral Co(IT) complexes have magnetic moment values in the range 4.4-4.8
BM which is higher than the spin only value. This is due to the mixing of the excited *T
(F) term into the ground *A, term as a result of spin-orbit coupling [27,28]. So the
observed magnetic moment indicates a tetrahedral symmetry for the encapsulated complex.

TABLE HL7 Magnetic moment data

Sample = Magnetic moment

(BM)
MnSOPY 59
CoSOPY 47
NiSOPY 32
CuSOPY 1.8
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The NiSOPY has a magnetic moment value of 3.2 BM. This lies in the boarder of
a distorted tetrahedral and a tetrahedral geometry [28]. As the distortion from the
tetrahedral field increases, the magnetic moment value reduces towards the spin-only value
of 2.83 BM [27]. So the magnetic moment value suggests a tetrahedral or a slightly
distorted tetrahedral environment for the Ni(II) in NiSOPY complex.

A magnetic moment of 1.79 BM was observed for the CuSOPY complexes.
Usually the magnetic moment values of the copper(II) complexes are in the range 1.75-2.2
BM [27]. It is not possible to arrive at the geometries for Cu complexes on the basis of
room temperature magnetic moment values alone. However, square planar Cu(Il)
complexes have values closer to the lowest limit and the distortion from the planar

structure results in higher magnetic moment values.
3.3.2.7. Electronic spectra

Optical reflectance spectra were recorded and plotted as percentage reflectance
against wavelength. Kubelka-Munk analysis was done on the data using the procedure
given in Chapter 1. To have an idea, the F(R) is plotted against wavelength in the
corresponding diffuse reflectance spectrum.

Generally the intensity of the absorption band is very low as the complex is well
buried inside the cavity. The ligand absorption and charge transfer transition may further
complicate the interpretation of the electronic spectra. The electronic spectral data of the

encapsulated complexes and their tentative assignments are given in Table I11.8.

Being a d’ system, the electronic transitions are both spin and orbitally forbidden
for the high spin complexes of Mn(II). In an octahedral field, Mn(II) gives spin- as well as
parity-forbidden transitions of very low intensity due to weak spin- orbit coupling. There
is an excited “spin quadruplet” state for the d® ion with two paired electrons. In such
complexes usually there is a broad band around 20,000 cm™ with shoulder indicating that
the two absorptions are very close together [29]. Generally, molecular vibrations and spin-

orbit coupling are responsible for the broadening of absorption bands. It is clear from the
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Tanabe-Sugano diagram that the degenerate *E, (G) and *A;(G) terms of the octahedral d°
ion are parallel to the ground 6A18 term. So the energy of the ground term will not be
affected either by molecular vibrations or by spin-orbit coupling. At sufficiently high
values of the crystal field splitting energy (A), a tzgs configuration gives rise to a doublet
ground state. For Mn(Il), the pairing energy is high and only a few of the strongest ligand
sets can accomplish this

It is evident from Fig. IIl. ¢ that there is considerable change in the electronic
spectra of the parent Y zeolite upon metal exchange. The exchanged metal as a result of
coordination shows more bands in the visible region that may be due to the modified
environment of the Mn(II) as a result of complexation. The absorption at 15,200 cm™ in
MnSOPY may be due the “T1(G) « ®Ay; of an octahedral Mn(Il). The “Ty(G) «°Aj,
occurs at 21,000 an-1 in this complex. The broad band around 24,000 cm™ may be the
result of *Eg(G) «-°Ajg and “‘A1(G) «-°Ay, transitions. The “T,,(D) «-°A,, occur at 28,500
cm-1 in MnSOPY. In the encapsulated complex, there is a band around 30,700 cm-1,
which, may be “Eg(D) «°A,, of an octahedral Mn(II). So spin and paﬁty-fomiddenfa'??""’“
observed in the present Mn(II) complex.

‘\_,-\‘
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Fig.IIL.9. Diffuse reflectance spectrum of NaY, MnY and MnSOPY
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A penta coordinated structure has been proposed for the Mn(II) Salen complex
encapsulated in zeolite Y by Bowers and Dutta [30]. On the contrary, some other workers
have reported octahedral coordinated Mn Salen complexes within the super cage of Y
zeolite [16]. So spin parity-forbidden transitions are observed in the present Mn(l)

complex.

Fig.I11.10 represents the diffuse reflectance spectrum of CoSOPY along with that of
CoY and NaY. It clearly indicates encapsulation of the metal complex.

The high spin state of a d’ jon in a tetrahedral field provides three spin-allowed d-d
transitions v;, v; and v; occurring from the quartet ground state to the excited quartet state.
The v; band is due to “Ti(P)«"A,(F) transition and the v, band due to the *T;(F)«"Ax(F)
transition. The v; band, *T(F)«"Ay(F) is expected in the near IR region 3000-5000 cm™.

F(R)

350 600 850 1100 1350 1600 1850 2100 230

Wavedength (nm)

Fig.111.10. Diffuse reflectance spectrum of CoSOPY,CoY and NaY
As a general observation, the visible spectrum of the d’ ion in a tetrahedral field is

dominated by the highest energy transition, v3 [31]. In the case of CoSOPY complex, the v;
band appears as multiple peaks. The visible transition of the d’ ijon in the high spin
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tetrahedral environment is with very complex envelopes as a result of a number of
transitions due to doublet excited state occurring in the same region. Further this band
acquires same intensity by means of spin-orbit coupling {30,32]. The band with absorptions
around 21,270 cm", 16,660 cm-1 and 15,380 cm-1 may be due to the transin'onl*T.(P)
<—4A2(F). the 4T1(F) «*A; and *Ty«*A; transition data present in the near IR region may
be masked by the bands due to the frame work of the zeolite. The simple Co(IT) complex
have been reported to have square planar structure [33]. The SALOPH ligand is very rigid.
So the distortion from plananity may be induced by the frame work.

In a cubic field, three spin-allowed transitions are expected for Ni(II) due to the
splitting of the free-ion, ground °F term and the presence of the °P term. The expected
bands are:

vi = "To(Fye- "Ty(F)
vy = Ay(F) *T\(F) and
v3 = T)(P) *Ty(F).

These bands may be very often split by spin-orbit coupling. For a regular or nearly
regular tetrahedral Ni(II), vs occur in the visible region around 15000 cm™ {31].
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Fig. HHL11, Diffuse reflectance spectrum of NiSOPY, NiY and NaY.
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The band around 6700 cm™ in the spectrum of NiSOPY may be the *Ax(F)<T\(F)
transition of a tetrahedral Ni(II) complex with distortion. In the present complex, the
3T(P)«-"T\(F) transition is occurring at 12,340 cm™. The *Ty(F)«—T,(F) transition in the
near IR region may be masked in the complex. The magnetic moment also suggests a
distorted tetrahedral structure for NiSOPY.

The Cu(Il) systems, due to the Jahn-Teller distortion exhibit large distortions from
octahedral symmetry and give rise to more bands. The broad or double band around
15,000 cm is normally assumed to represent one rather than two transitions [29]. The
bands are often split by spin-orbit coupling to an extent, which can make unambiguous
assignments difficult. The expected transitions are:

v1 = "To(F)"T(F)
vy = >Ay(F)— T (F) and
v3 =>Ti(P)<>T\(F)
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Fig. 1IL12. Diffuse reflectance spectrum of CuSOPY, CuY and NaY.
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TABLE I1L8 Electronic spectral data

Sample Abs. Max Tentative
(cm™) assignments
15,200 "T1g(G)e"Ayq
21,000 ‘1, . (G)<_6 Aig
MnSOPY A0 :E“ (G)J‘:"g
A (G)"Ayg
28,500 T, (D)y<5Au
30,700 B, (DY
15,380
CoSOPY 16,660 T (P)"A, (F)
21,270
NSOPY 6,700 Ay (F)<"T) (F)
12,340 T, (P)<—-3T1 (F)
CuSOPY 13,800 d-d band

47



As seen from Fig.I11.12, in the encapsulated Cu(I1) complex, the band in the visible
region has too many unsymmetrical envelops seeing to encompass several overlapping
transitions but resolution into proper number of sub bands with correct location is difficult.
This is noted as a characteristic feature of Cu’* in a field of lower symmetry that cubic
[29]. So CuSOPY complex may be assigned as having a tetragonal; geometry as the band
around 13,800 cm-1 appears as a multiple band. The electronic transitions of the above

mentioned encapsulated metal complexes are summarized in the following table:
3.3.2.8.Infrared Spectra

Infrared spectroscopy can be used for the identification of the complex formation
within the zeolite cavity. The IR spectra of the ligand and the encapsulated complexes are
given in Fig.IILi3. A comparison of the vibrational bands is given in Table IILS.

In the Saloph ligand, the azomethine group stretching vibration is occurring at 1624
em?. In all the complexes, the frequency of vc-n has undergone a shift to higher
wavenurnkens Such a shift to higher wave numbers has been reported by earlier workers
also [33]. But in the hydrated zeolite sample there is a very sharp peak around1600 ¢m™
that may be due to the dy.on So the vibrational spectra of the metal exchanged as well as
the parent zeolite Y samples were taken after dehydration and compared. This peak is
absent in the dehydrated NaY sample. The FTIR spectrum of the complex, which was
heated upto 400°C showed the presence of azomethine group vibration around 1640 cm™.
The retention of this peak even at this high temperature indicates that this band is due to

the vc-n of the ligand (which has undergone a blue shift after complexation.)
3.3.2.9.EPR spectroscopy

EPR spectroscopy is a very important tool in arriving at the coordination geometry
of the metal ion in the zeolite. In