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ABSTRACT  

 

 The surface modification of M41S type mesoporous materials by transition 

metal complexes or reactive organic functional groups allows the preparation of 

multifunctional heterogeneous catalysts with desired catalytic properties. Taking into 

account of environmental consideration the hetrogenization of organo-catalyst of 

transition metal complex over organic-inorganic hybrid mesoporous support such as 

PMO and SBA-15 are focused. The mesoporosity and very high surface area of the 

surface-functionalized mesoporous materials can also be exploited for the 

immobilization of different catalytically reactive species. The principal aim of this 

thesis is to investigate the approach of heterogenization of various transition metals 

complex over solid mesoporous supports (SBA-15) and organic-inorganic hybrid 

mesoporous materials (PMO) for oxidation, hydrogenation and C-C coupling 

reactions, under different reaction conditions. 

          Mesoporous silica materials represent a unique class of silica and organic-

inorganic hybrid based materials viz; SBA-15 and PMO act as a support which have 

received much attention because of their uniform hexagonally ordered two 

dimensional mesoporous channels structure, high specific surface area, large pore 

volume, uniform pore size (between 2-50 nm), high hydrothermal stability and rich 

surface chemistry allowing ready diffusion of reactants to the active sites located in 

the nanopores. Their surface can be easily functionalized by organic molecules and 

these hybrid materials promise great opportunities for generation of new functional 

materials with improved and tailored properties. Immobilization of organo-catalysts 

on inorganic matrices has been a great area of research for academic and industrial 

points of view, as this method affords an ideal combination of the advantages of 

homogeneous catalysts and avoids their disadvantages related to handling and 

reusability of the catalyst. Homogeneous catalyst can be immobilized by different 

ways such as electrostatic interaction, covalent bonding and simply physical 

adsorption over support etc. Among the various types of immobilization covalent 
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interaction is superior, which involve direct bonding between organic moieties with 

heterogeneous support through linker group. The recent discovery of the Cu(I)-

catalyzed 1, 3-dipolar cycloaddition of organic azides to alkynes has provided the 

most powerful “click chemistry” tool for conjugation between appropriately 

functionalized binding partners via an 1, 2, 3-triazole linkage. Additionally, the 

surface modification of the synthesized mesoporous materials were done by using 

various organic and organo silane groups, such as 3-aminopropyltrimethoxysilane (3-

APTMS), 3-mercaptopropyltrimethoxysilane (3-MPTMS), 3-

azidopropyltrimethooxysilan (3-Az-PTMS) (click reaction) for transition metal 

complexes anchoring by post synthetic route to develop new class of mesoporous 

catalysts. In-depth characterizations of all synthesized catalyst systems are highlighted 

to understand the mode of interaction of the active sites in transition metal complex 

with the mesoporous silicate network and to evaluate the structure-catalytic activity 

relations and stability of the mesoporous solids for oxidation, hydrogenation and C-C 

coupling reactions.  

 

          The present work is comprised of six chapters. 

 

Chapter 1: Introduction and Literature Survey 

This chapter gives an idea about current scenario in the field of mesoporous molecular 

sieve materials, precisely transition metal complex based mesoporous materials, more 

particularly Pd and Mn transition metal catalysed oxidation, hydrogenation and C-C 

coupling reactions. The different characteristic properties of these materials include 

shape selectivity, formation mechanisms etc., and further more literature survey over 

synthesis aspects, characterization techniques, and different catalytic applications has 

been discussed. The scopes and objectives of the present work were outlined at the 

end of this chapter. 
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Chapter 2: Mn(III) based Binaphthyl Schiff Base Complex Heterogenized over 

organo-modified SBA-15. 

          This chapter includes detailed synthesis and characterization of Chloro (S,S)(–

)[N-3-tert-butyl-5-chloromethyl salicylidene]-N-[3,5-di tert-butyl salicylidene] 1,1-

binaphthyl-2,2-diamine manganese(III) (homogeneous system) complex on modified 

SBA-15 by using 3-aminopropyl trimethyoxy silane (3-APTMS) as a reactive surface 

modifier to give supported catalyst. The surface properties of the functionalized 

catalyst were analyzed by a series of characterization techniques such as elemental 

analysis, XRD, N2 sorption measurement isotherm, FT-IR, TGA-DTA, XPS, and 

solid state 
13

C NMR. The XRD and N2 sorption measurement, UV reflectance and CP 

MAS NMR spectroscopy (
13

C and 
29

Si) of the catalyst confirmed the structural 

integrity of the mesoporous hosts and the spectroscopic characterization technique 

proved the successful anchoring of the metal complex over the modified mesoporous 

support. The screening of the catalyst Mn(III)-L-SBA-15 and neat Mn(III)-L 

complexes was done in the oxidation reaction of thioanisole (methyl phenyl sulfide) 

by using TBHP as an oxidant. Mn(III)-L-SBA-15 catalyst shows higher activities and 

turnover number (TON) and exhibit enhanced enantiomeric excess comparable to 

homogeneous catalyst Mn(III)-L. Moreover bulkier alkene like 1,2-

dihydronaphthalene was also efficiently epoxidized with the synthesized supported 

catalyst. 

 

Chapter 3: Phosphine Free SBA-15-EDTA-Pd Highly Active Recyclable Catalyst 

for Heck, Suzuki and Sonogashira Reaction 

          This Includes phosphine obstructed highly efficient and reusable SBA-15-

EDTA-Pd catalyst synthesis by anchoring Pd-EDTA complex over the surface of 

organo-functionalized SBA-15. The physiochemical properties of the organo-

functionalized catalyst were analyzed by elemental analysis, ICP-OES, XRD, N2 

sorption measurement isotherm, TGA & DTA, solid state 
13

C, 
29

Si NMR spectra FT-

IR, XPS DRS UV-Visible, SEM and TEM. XRD and N2 sorption analyses of 
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synthesized catalyst confirm that ordered mesoporous channel structure was retained 

even after the multistep synthetic procedures. The (100), (110) and (200) reflections 

in SBA-15 provide good structural stability, existence of long range order and high 

pore wall thickness. The organic moieties anchored over the surface of SBA-15 and 

inside the pore wall were demonstrated by solid state 
13

C NMR spectra and FT-IR 

spectroscopy. Further, solid state 
29

Si NMR spectroscopy provides the information 

about degree of functionalization of surface silanol groups, of SBA-15 with organic 

moieties. The electronic environment and oxidation state of Pd metal in SBA-15-

EDTA-Pd were monitored by XPS, DRS UV-visible techniques. Moreover, the 

morphologies and topographic information of synthesized catalyst were confirmed by 

SEM and TEM analysis. The synthesized catalyst SBA-15-EDTA-Pd was screened 

for the Heck, Suzuki and Sonogashira coupling reactions and show higher catalytic 

activity with higher TON (turn over number). The anchored solid catalyst can be 

recycled efficiently without major loss in reactivity. 

 

Chapter 4: A Recyclable and Efficient Pd(II) 4-(2-Pyridyl)-1, 2, 3-Triazole 

Complex over the Solid Periodic Mesoporous Organosilica (PMO) Support by 

“Click Reactions” 

          An efficient highly reusable B-PMO-TZ-Pd(II) has been synthesized by 

anchoring 4-(2-pyridyl)-1, 2, 3-triazole ligand over the inner surface of organo-

functionalized benzene containing periodic mesoporous  organosilica (B-PMO) via 

“Click reaction”  and subsequent complexation with PdCl2. B-PMO materials with 

uniform hexagonal arrangement were prepared using C16 alkyl trimethyl ammonium 

bromide [CTAB] surfactant under basic conditions. The physiochemical properties of 

the functionalized catalyst were analyzed by elemental analysis, ICP-OES, XRD, N2 

sorption measurement isotherm, TGA & DTA, solid state 
13

C, 
29

Si NMR spectra FT-

IR, XPS, DRS UV-Vis, SEM and TEM. The (100), (110) and (200) reflections in B-

PMO provide good structural stability, existence of long range order and high pore 

wall thickness. TGA-DTA results reveal that thermal stability of synthesized catalyst 
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B-PMO-TZ-Pd(II) maintained at higher temperature. Furthermore, B-PMO-N3 shows 

sharp absorbance at 2106 cm
–1

; which is a characteristic stretching vibration of any 

organic azide (N3). The absence of this peak at 2106 cm
–1

 in B-PMO-TZ-Pd(II) show 

that the azidopropyl group successfully incorporated to the 2-ethynylpyridine via 

click reaction. The electronic environment and oxidation state of Pd metal in B-

PMO-TZ-Pd(II) were monitored by XPS, DRS UV-visible techniques. The 

synthesized catalyst was screened in the Stille and Kumada coupling reactions and 

show higher catalytic activities with high TONs. The anchored solid B-PMO-TZ-

Pd(II) catalyst can be recycled efficiently and reused several time without major loss 

in reactivity.     

 

Chapter 5: Covalently Anchored 2, 4, 6-Triallyloxy-1, 3, 5-Triazine Pd(II) 

Complex over Modified Surface of SBA-15 

           Highly efficient and reusable SBA-15-TAT-Pd(II) has been synthesized by 

anchoring 2, 4, 6-triallyloxy-1, 3, 5-triazine (TAT) complex over the surface of 

organo-functionalized SBA-15. The physiochemical properties of the organo-

functionalized catalyst were analyzed by various characterizations. XRD and N2 

sorption analyses were done to find out textural properties of synthesized catalyst and 

confirm that ordered mesoporous channel structure was retained even after the 

multistep synthetic procedures. The organic moieties anchored over the surface of 

SBA-15 and inside the pore wall were demonstrated by solid state 
13

C NMR spectra 

and FT-IR spectroscopy. The electronic environment and oxidation state of Pd metal 

in SBA-15-TAT-Pd(II) were monitored by XPS, DRS UV-visible techniques. The 

synthesized catalyst SBA-15-TAT-Pd(II) was screened for the hydrogenation 

reactions and show higher catalytic activity with high TON. The anchored solid 

catalyst can be recycled efficiently and reused several time (five times) without major 

loss in reactivity.                  
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Chapter 6:  Summary and Conclusions 

          This Chapter gives an overall summary of all the major conclusions of the 

present study with respect to the synthesis and characterization of immobilized 

catalysts and the successful attempt in using the catalytic properties of the catalyst for 

Oxidation, Hydrogenation and C-C coupling reactions.  
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1.1. GENERAL BACKGROUND 

          Jons Jakob Berzelius coined the term ‘catalysis’ (which means loosening down 

in Greek) in 1835 to refer certain chemicals that speed up reaction.
1
 In general 

catalyst is defined as “Substance that increases the rate of chemical attainment of 

chemical equilibrium without itself undergoing chemical change”. But, it follows 

from this definition that if the rate of forward reaction is speeded up in presence of 

particular catalyst, the reverse reaction will likewise be facilitated to the same degree. 

Catalyst generally react with one or more reactants to form a chemical intermediate 

that subsequently reacts to form the final reaction product while regenerating the 

catalyst. An acceleration of the rate of a process or reaction, brought about by a 

catalyst, usually present in small quantities and unaffected at the end of the reaction is 

called catalysis.  

          Catalysts can either be heterogeneous or homogeneous. Heterogeneous 

catalysts are present in different phases from the reactants (e.g. solid catalyst in liquid 

reaction mixture), whereas homogeneous catalysts are in the same phase (e.g. 

dissolved catalyst in liquid reaction mixture).
2
 Heterogeneous catalysts provide 

surface on which the reactants (or substrates) temporarily become adsorbed. Bonds in 

the substrate become weakened sufficiently for new bonds to be created. The bonds 

between the products and the catalyst are weaker, so the products formation takes 

place. Active sites on the metal allow partial weak bonding to the reactant gases, 

which are adsorbed onto the metal surface. As a result, the bond within the molecule 

of a reactant is weakened and the reactant molecules are held in close proximity to 

each other. 

          Nevertheless, the efficiency of these processes can be improved even further 

through the employment of the corresponding heterogeneous catalysts that are derived 

from their homogeneous counterparts by immobilization, since the catalyst can be 

easily separated and recycled, and contamination with metal traces minimized.
3
 The 

term heterogenization refers to a process, whereby a homogeneous transition metal 

complex (including free metal particles, biological molecules, organic species etc.) is 

either immobilized, or anchored, or incorporated or encapsulated in an inert organic 

(polymer) or inorganic support. 
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The organometallic complex can be immobilized on an organic or inorganic solid 

support through different anchored or immobilized methods. Amorphous oxides (in 

particular silica and, to a lesser extent, alumina),
4,5

 zeolites,
6
 pillared clays, LDHs

7
 

and clay minerals (in particular, smectite laminar minerals)
8
 are most routinely used. 

A wide variety of organic supports, (principally insoluble polymers), take part in the 

common procedures for immobilizing ligands/catalysts. Although organic supports 

favour reaction rates that are higher than those of inorganic supports, the random 

distribution of the ligand units along the polymeric chain and swelling effects may be 

serious limitations. We have focused on the immobilization of catalysts on inorganic 

support (SBA-15) and periodic mesoporous organosilica (PMO) material, which are 

generally inert materials based on insoluble porous structures with a highly specific 

surface area.
9
 

 

1.2. SYNTHESIS AND MECHANISM OF FORMATION OF MESOPOROUS 

MATERIAL 

          Porous materials have been extensively studied with regard to technical 

applications as catalysts and catalyst supports. According to the IUPAC definition, 

porous materials are divided into three classes depending on the pore size: 

 

Type Pore Size (Å) 

Microporous < 20 

Mesoporous 20-500 

Macroporous > 500 

 

The ‘physical chemistry of organized matter’ relies on the successful combination of 

sol-gel chemistry and self-assembly procedures, to uniquely control the texture of 

materials at the nanometer scale. The growth of soft chemistry derived inorganic or 

hybrid networks templated by organized surfactant assemblies (structure directing 

agents) allowed constructing a new kind of materials organized in the mesoscopic 

scale (2-50 nm): the best example is the ever growing family of meso-structured 

hybrids and derived mesoporous inorganic materials. Mesoporous silica (with regular 
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pore diameters between 20 and 500 Å) has recently been raised as novel class of 

materials in heterogeneous catalysis. Silica has no intrinsic catalytic property but it 

can be used as support and therefore functionalized either by framework substitution 

or by post-synthesis surface modification. Mesoporous molecular sieves have 

attracted considerable attention in recent years since the discovery of the M41S family 

of mesoporous materials by researchers of the Mobile Oil Corporation. The materials 

are synthesized by using a silica source and an organic structure-directing agent e.g., 

cationic surfactants containing long alkyl chain quaternary ammonium compounds 

containing 10-20 carbons, often followed by then addition of co-surfactants. 

Originally, this family has been classified into three subgroups: a hexagonal (MCM-

41, Mobile Composition of Matter: 2D hexagonal); a cubic (MCM-48), and a lamellar 

phases (MCM-50). More recently, the so-called SBA-15 (University of California at 

Santa Barbara; 2D-hexagonal) materials have been prepared by using neutral triblock 

co-polymers (Pluronic triblock polymer, poly (ethylene oxide)-poly (propylene 

oxide)-poly (ethylene oxide); [EOnPOmEOn]. 

 

1.2.1. Liquid Crystal Templating (LCT) Mechanism 

          The researchers of Mobil Corporation proposed a “liquid crystal templating 

(LCT) mechanism” to explain the formation of M41S type mesoporous materials.
10

 

The mesostructure formation depends on the hydrocarbon chain length of the 

surfactant tail group
11

, the effect of variation of the surfactant concentration and the 

additional organic swelling agents. The lowest concentration at which the surfactant 

molecules aggregate to form spherical isotropic micelles is called critical micelle 

concentration (CMC1). Further increase in the surfactant concentration initiates 

aggregation of spherical into cylindrical or rod-like micelles (CMC2). There are three 

main liquid crystalline phases with hexagonal, cubic and lamellar structures (Scheme 

1.1). The hexagonal phase is the result of hexagonal packing of cylindrical micelles, 

the lamellar phase corresponds to the formation of surfactant bilayers and the cubic 

phase may be regarded as a bicontinous structure. The Mobil researchers proposed 

two synthesis mechanisms
10a,b

. In first route, the CnH2n+1(CH3)3N
+
 surfactant species 

organize into lyotropic liquid crystal phase, which can serve as template for  
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Scheme 1.1 Formation of mesoporous materials by structure directing agents. 

 

the formation of hexagonal MCM-41 structure. 

          First the surfactant micelles aggregate into a hexagonal array of rods, followed 

by interaction of silicate or aluminate anions present in the reaction mixture with the 

surfactant cationic head groups. Thereafter condensation of the silicate species occurs, 

leading to the formation of an inorganic polymeric species. After combusting off the 

surfactant template by calcination, hexagonally arranged inorganic hollow cylinders 

are produced. However, the drawback of this synthesis pathway was pointed out by 

Cheng et. al,
12

 according to whom the hexagonal liquid-crystal phase does not form 

below 40 % of surfactant concentration. It is known that MCM-41 may be formed at 

low surfactant concentrations (1 wt. %) with respect to water content, and in situ 
15

N 

NMR spectra indicated that the hexagonal liquid crystalline phase was not present 

anytime during formation of MCM-41.  

          In the second route
10a,11

, the hexagonal ordering is initiated by the presence of 

silicate species in the reaction mixture. Chen et.al explained that randomly distributed 

surfactant micelles with rod-like morphology form initially, and their interaction with 

silicate oligomers generate randomly oriented surfactant micelles surrounded by two 

or three silica monolayers
13 

(Scheme 1.2). The presence of rod-like micelles in 

solution was supported by isotropic in situ 
14

N NMR.
14 

Further condensation between 

silicate species on adjacent rods occurs on heating, initiating long-range hexagonal 

ordering. 
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Scheme 1.2. Silicate rod assembly proposed for the formation of MCM-41; (1) and 

(2) random ordering of rod-like micelles and interaction with silicate species, (3) 

spontaneous packing of the rods, and (4) remaining condensation of silicate species 

on further heating. 

 

1.2.2. Charge Density Matching 

          The “charge density matching” model proposed by Stucky et al. suggested that 

condensation occurs between initially formed silicate species by the electrostatic 

interaction between the anionic silicates and the cationic surfactant head groups. This 

eventually reduces the charge density and therefore, curvature was introduced into the 

layers to maintain the charge density balance with the surfactant head groups, which  

 

 

 

 

 

 

 

 

Scheme 1.3. Transformation of surfactant-silicate systems from lamellar to hexagonal 

mesophases; (A) hexagonal mesophase obtained by charge density matching, and (B) 

folding of kanemite silicate sheets around intercalated surfactant molecules. (Ref. 15, 

16) 

 

leads to transformation of the lamellar mesostructure into the hexagonal one (Scheme 

1.3). Although this silica-initiated synthesis mechanism has been widely accepted, the 
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presence of an intermediate lamellar species has been disputed. 

 

1.2.3. Folded Sheet Mechanism 

          The “folded-sheet mechanism” postulated by Inagaki et al.
16 

indicated the 

presence of intercalated silicate phases in the synthesis medium of the reaction 

products. The flexible silicate layers of kanemite fold around the surfactant cations, 

and cross-linking of the interlayer occurs by condensation of silanol groups on 

adjacent silicate sheets. On increase of pH, the amount of occluded CnH2n+1(CH3)3N
+
 

cations in kanemite increases resulting in expansion of the kanemite interlayers to 

form another class of regular hexagonal structure called FSM 16. 

 

1.2.4. Silicatropic Liquid Crystals 

          Firouzi et al. have developed a model based on cooperative organization of 

inorganic and organic molecular species into 3D structured arrays.
17

 According to this 

model, the physicochemical properties of a particular system were not determined by 

the organic arrays having long-range pre-organized order, but by the dynamic 

interplay among ion-pair inorganic and organic species, so that different phases can 

readily be obtained through small variation of controllable synthesis parameters. The 

exchange of silicate anions with the surfactant halide counter ions formed the 

'silicatropic liquid crystal' (SLC) phase, which exhibited very similar behaviour to that 

of typical lyotropic systems and finally condensed irreversibly in to MCM-41. 

 

1.2.5. Generalized Liquid Crystal Templating Mechanism 

1.2.5.1. Ionic Route (Electrostatic Interaction) 

          Huo et al.
18

 proposed a generalized mechanism for the formation of 

mesostructures, which was based on specific types of electrostatic interaction between 

an inorganic precursor (I) and a surfactant head group (S). In this concept, four 

different approaches were proposed to synthesize transition metal oxide 

mesostructures. The first route involves the charge density matching between 

surfactant cations and inorganic anions (will be referred to as S
+
I
–
 hereafter). The 

second route deals with the charge-reversed situation, i.e., anionic surfactant and 
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cationic inorganic species (S
–
I
+
). Both the third and fourth routes are counter ion 

mediated pathways. The third one demonstrates the assembly of cationic species via 

halide ions (S
–
X

+
I
–
), while the fourth one depicts the assembly of anionic species via 

alkali metal ions (S
+
X

–
I
+
) (Scheme 1.4). These synthesis strategies are acceptable for 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.4. Cooperative organization for the formation of silicatropic liquid crystal 

phase/silicate-surfactant mesophases; (A) organic and inorganic precursor solutions, 

(B) preliminary interaction of the two precursor solutions after mixing and (C) 

multidentate interaction of the oligomeric silicate units with the surfactant molecules.  

                                   

the formation of a wide variety of lamellar, hexagonal or cubic mesophases. However, 

a general problem negotiated very often is the poor stability of the inorganic 

framework, which frequently collapses after removal of the surfactant. 
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1.2.5.2. Neutral Templating Route (Hydrogen Bonding Interaction) 

          Tanev and Pinnavaia proposed another route to synthesize hexagonal 

mesoporous silicas (HMS) having thicker pore walls, high thermal stability and 

smaller crystallite size but, having higher amounts of inter particle mesoporosity and 

lower degree of long-range ordering of pores than MCM-41 materials.
19

 This route is 

essentially based on hydrogen bonding between neutral primary amines (S
0
) and 

neutral inorganic precursors (I
0
), wherein hydrolysis of tetraethyl orthosilicate 

(TEOS) in an aqueous solution of dodecylamine yields neutral inorganic precursor. 

Using the same approach, porous lamellar silicas with vesicular particle morphology 

have been synthesized with the aid of double headed alkylamines linked by a 

hydrophobic alkyl chain (α, β-dialkylamine).  

 

1.2.5.3. Ligand-Assisted Templating Route (Covalent Interaction) 

          Antonelli and Ying have proposed a ligand-assisted templating mechanism for 

the synthesis of hexagonally packed mesoporous metal oxide completely stable to 

surfactant removal.
20

 In a typical synthesis, the surfactant was dissolved in the metal 

alkoxide precursor before addition of water to allow nitrogen-metal covalent bond 

formation between the surfactant head group and the metal alkoxide precursor. The 

existence of this covalent interaction was confirmed by 
15

N NMR spectroscopic 

studies. In this approach, the structure of the mesophases could be controlled by 

adjustment of the metal/surfactant ratio, which led to a new class of mesoporous 

transition metal oxides analogous to M41S family. 

 

1.3. BLOCK COPOLYMERS AS TEMPLATES 

          Since the pioneering work of the Mobil scientists, a permanent effort is made to 

develop meso-textured inorganic or hybrid phases, which are potential candidates for 

a variety of applications, in the fields of catalysis, optics, photonics, sensors, 

separation, drug delivery, sorption, acoustic and electrical insulation. In the case of 

mesoporous oxides, the templating relies on supramolecular arrays: micellar systems 

formed by surfactants or block copolymers (BC) are indeed interesting as supra 

molecular templates because they are capable to impart larger pores and thicker walls, 
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apart from being industrially available, hazard-free and easy to remove from the 

mineral framework (by thermal treatment or solvent extraction). The initial works 

related to meso structured oxides described the use of ionic surfactants such as the 

cationic alkyltrimethylammonium(CTAB, n=8-18), anionic alkylsulfonates (CnSO3
2-

, 

n = 12-18) or alkyl phosphates as supramolecular templates. These syntheses were 

performed in extreme (acid or alkaline) pH conditions, yielding materials with 

controlled pore size (15-100 Å). However, two main limitations exist: 

1. Typical wall thickness of 8-13 Å, which is a serious limitation regarding 

stability for catalysis; 

2. Limited pore size offered by molecular surfactants. 

 

         The only way to go beyond 50 Å pore size consisted in employing swelling 

agents (such as trimethylbenzene), involving complicated synthesis, and 

irreproducibility (linked to emulsion formation or phase separation). Thus, more 

versatile supra-molecular templates were needed. Amphiphilic BC belongs to an 

important family of surfactants, widely used in detergency, emulsifying, coating, 

thickening, etc. The self-assembly characteristics of these BC permit to control the 

superstructure, to vary the typical length scales and to add specific functions. Indeed, 

the properties of BC can be continuously tuned by adjusting solvent composition; 

molecular weight or polymer architecture. Pinnavaia and co-workers were the first to 

bring the idea of using nonionic surfactants (alkyl amines (CnNH2), oligomeric alkyl 

poly (ethyleneoxide) (Cn(PEO)mOH), or (PEO)m(PPO)n(PEO)m, EO = -CH2-CH2O-, 

and PO = -CH(CH3)CH2O- as progen species, in neutral media. Some advantages of 

using neutral non-ionic surfactants over the ionic ones were immediately noticed: (a) 

larger inorganic wall thickness (15-40 Å), enhancing the hydrothermal stability of the 

mesoporous oxides; (b) easier pore diameter tuning, by varying both the type and the 

concentration of the surfactant, (c) easier solvent removal, by solvent extraction; H 

bonding (instead of electrostatic) interactions between the template and the inorganic 

framework should be easier to dissociate. The first mesoporous materials issued 

MSU-X from the so-called neutral route (S
o
I
o
) presented low-order wormlike 

structures. In 1998, the use of neutral surfactant has been extended to ordered meso-
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structured silicas by Stucky et.al. The hexagonal SBA-15 silicas are prepared in acidic 

condition, TEOS being introduced as silica source and a triblock co-polymer 

[polyethyleneoxide-polypropyleneoxide-polyethyleneoxide (EOn-POm-EOn) 

possessing two medium length EOn hydrophilic blocks surrounding a long and less 

hydrophilic POm block] as surfactant. At low concentration in water, these 

copolymers from cylindrical aggregates, with the dehydrated POm blocks in their 

cores, surrounded by a corona formed by the hydrated EOn blocks. At the low pH 

used for synthesis (<2), the EO groups are protonated. Their interaction with 

positively charged silicate oligomers are mediated by Cl
-
 anions and the weak S

+
Cl

-
I
+
 

(S = surfactant; I = inorganic) interactions, is therefore an easy way to induce an 

increase in the wall thickness of mesoporous silicas and to stabilize them. 

 

1.4. SURFACE MODIFICATION OF MESOPOROUS MATERIALS 

          The application of pure mesoporous silicates or alumina-silicates as catalysts is 

rather limited because of the limitations in the nature of their active sites, leading to 

limited scope of the reactions they could accomplish. To utilize these mesoporous 

materials for several specific applications including catalysis and also sorption, ion 

exchange, sensing etc., the introduction of reactive organic functional groups by 

modifying the inner surfaces of these materials, to form inorganic-organic hybrid 

materials, is essential.
21

 The inorganic components of these inorganic-organic hybrid 

materials can provide mechanical, thermal or structural stability, while the organic 

components can introduce flexibility into the framework and can more readily be 

modified for specific applications.
22

 The presence of large amount of silanol groups in 

the surfaces of M41S materials could be exploited for anchoring of desired organic 

functional groups by condensation with necessary alkoxysilane precursors.
23 

These 

parent organic functional groups, with or without further modification; can facilitate 

anchoring of different types of catalytically reactive metal particles or organometallic 

complexes inside the mesoporous network.
24 

Different methods for organic 

modification of mesoporous surfaces will be briefly highlighted in this section. 
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1.4.1. Grafting Methods 

          Grafting refers to post synthesis modification of the inner surface of 

mesoporous silica, where the organic functional groups are introduced as the terminal 

groups of an organic monolayer.
25

 The large concentration of surface silanol [(-

SiO)3Si-OH] groups present in mesoporous silica can be utilized as convenient 

moieties for anchoring of organic functional groups.
26

 The surface modification with 

organic functional groups is generally carried out by silylation, as depicted in Scheme 

 

 

 

 

 

 

 

 

 

 

Scheme 1.5. Functionalization of inner walls of mesoporous silicates by grafting (Ref. 

21). 

 

1.5. The surfactant molecules from the mesopores are usually removed either by 

calcination or by extraction with appropriate solvents. At typical calcinations 

temperatures (~500 °C) several surface silanol groups are lost after condensation of 

unreacted silanol groups. However, it is necessary to maintain a large concentration of 

surface silanol groups after calcination, if a high coverage of organic functional 

groups on the surfaces is desired. This can be achieved by treatment of calcined 

mesoporous silica with boiling water
27

 or steam
28

, or by acid hydrolysis.
29

 Solvent-

extraction processes reduce the possibility of loss of surface silanol groups, although 

thermal treatments after extraction can increase the surface reactivity towards 

silylation. 
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1.4.1.1. Grafting with Passive Surface Groups 

          Organic functional groups with lower reactivity such as alkyl or phenyl groups 

could be grafted to alter the accessible pore volume of mesoporous silica, thereby 

enhancing the hydrophobicity of the surface and protecting towards hydrolysis. The 

pore diameters of ordered mesoporous materials could be adjusted by varying the 

alkyl chain length of the silylating agent or the quantity of the silylating agent.
30

 The 

most commonly used surface modifying agents containing lower reactive functional 

groups are trimethylchlorosilane (Me3SiCl)
31

, and hexamethyldisilaxane 

[(Me3Si)2NH].
32 

 

1.4.1.2. Grafting with Reactive Surface Groups 

         Grafting of the mesopore surfaces with reactive functional groups like olefin, 

cyanide, thiol, amine, halide, epoxide etc. permits further functionalization of the 

surface. Further functionalization includes hydroboration
33 

and bromination
34

 of 

olefins (vinyl groups), hydrolysis of cyanides to carboxylic acids
35

, oxidation of thiols 

to sulfonic acids
36

 alkylation and nucleophilic substitution of amines
37

 and 

nucleophilic substitution of halides.
38

 After the desired modification of the reactive 

functional groups, a rational design for anchoring of catalytically active transition 

metal complexes onto mesoporous network could be made.
39

 

 

1.4.1.3. Site-Selective Grafting 

          For grafting of organic functional groups, the external surfaces of the 

mesoporous materials are kinetically more accessible than the internal surface and are 

functionalized predominantly.
40 

To minimize the grafting on the external surface, it is 

necessary to passivate the silanol groups on the external surface before 

functionalizing those on the internal surface. Shephard et al. have carried out the 

passivation of external surface with dichlorodiphenylsilane (Ph2SiCl2) first, and 

functionalization of internal surface with 3-aminopropyltrimethoxysilane 

[(MeO)3Si(CH2)3NH2] thereafter.
41 

The existence of the amine functional groups 

almost entirely on the internal surface was confirmed by high resolution transmission 

electron microscopy (HRTEM). In a different approach, grafting of the external 
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surface by Me3SiCl was carried out on the as-prepared mesoporous material without 

the surfactant being removed from the mesopores.
42

 Grafting occurred mainly on the 

external surface due to steric constraint of the surfactant. After solvent extraction of 

the surfactant the internal surface was functionalized with the desired organic group. 

An alternate pathway by Antochshuk and Jaroniec describes simultaneous grafting of 

Me3SiCl and extraction of surfactant template, by refluxing as-synthesized MCM-41 

material with neat Me3SiCl.
43

 Since the calcination step is not required in these two 

processes, larger numbers of surface silanol groups are likely to be present inside the 

mesopores. 

 

1.4.2. Co-condensation Reactions 

          In the grafting methods, incorporation of organic groups is done by attachment 

of the organosiloxane precursor with surface Si atoms through Si-O-Si-C covalent 

bond formation. Then Si-O can be cleaved at some reaction conditions as experienced 

by Price et al.
25

 Therefore, in some cases it would be desirable to have, direct 

formation of a C-Si (surface) covalent bond. Thus, the "one-pot" co-condensation 

method, where condensation occurs between a tetra alkoxysilane and one or more 

trialkoxy organosilanes through sol-gel chemistry, seems to have distinct advantages 

over the grafting methods (Scheme 1.6).
44 

 

 

 

 

 

 

 

Scheme 1.6. Synthesis of organo-functionalized mesoporous silicates by co-

condensation (ref. 22). 

 

Several research groups have employed this method to prepare inorganic–organic 

hybrid mesoporous materials under a wide range of synthesis conditions.
45  
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1.5. CLICK CHEMISTRY 

          In 2001 Sharpless and co-workers coined the prototypical concept of click 

chemistry.
46

 Click chemistry enables a modular approach to generate novel products 

by utilizing a collection of reliable chemical reactions.
46 

Those reactions thus give 

products stereo-selectively in high yields, produce inoffensive by-products, are 

insensitive to oxygen and water, utilize readily available starting materials and have a 

thermodynamic driving force of atleast 20 kcal mol
–1

. Sharpless and co-workers 

classified following reactions under click chemistry category: 1) cycloaddition 

reactions of unsaturated species, such as 1, 3-dipolar cycloaddition reactions, and 

hetero Diels -Alder reactions; 2) nucleophilic substitution chemistry, particularly ring-

opening reactions of strained heterocyclic systems such as epoxides, aziridines, 

aziridinium ions, and episulfonium ions; 3) carbonyl chemistry of the “non-aldol” 

type; such as formation of ureas, thioureas, aromatic heterocycles, oxime ethers, 

hydrazones, and amides and 5) additions to carbon-carbon multiple bonds, especially 

oxidative reactions such as epoxidation, dihydroxylation, aziridination, and sulfenyl 

halide addition, but also Michael additions of Nu-H reactants.
46 

Recently, addition of 

thiols to alkenes (also called as thiol-ene coupling, TEC) has also been classified as 

click chemistry reaction.
47

 Of all the click reaction reported so far, the most widely 

studied and used is Huisgen [3 + 2] cycloaddition between a terminal alkyne and an 

azide to yield substituted 1,2,3-triazoles.
48

 This reaction has been termed the “cream 

of the crop” of “click reactions”
46

 and has found application in various fields of 

research as diverse as organic synthesis, polymer and material science, drug 

discovery, medicinal chemistry, bioconjugation, dendrimers, molecular biology, and 

biotechnology (Scheme 1.7).
49

 The great success of this reaction as a ligation tool 

relies on the efficiency and selectivity (regio- and chemo-), the ready occurrence of 

the process under aerobic conditions, and compatibility with a broad repertoire of 

functional groups. The formation of a robust linker such as the 1,4- disubstituted 

1,2,3-triazole ring which displays biological and pharmacological activities
49a

 of its 

own, is an added advantage of the synthetic utility of the CuAAC reaction in the 

discovery of novel covalent immobilization.  
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Scheme 1.7. CuAAC reaction between an alkyl azide and alkyne. 

 

          Although many methods have been developed for the heterogenization of 

homogeneous catalysts
50

, they mainly use inorganic materials, dendrimers
51

 and 

organic polymers as supports.
52

 Further, it has been well accepted that covalent 

immobilization of metal complexes to the solid support offers high catalytic 

efficiency and better recycling without having the inherent problems of leaching of 

complex/ligand during the reaction. The area of organic chemistry that has gained 

precedence in recent years is the “click” reaction chemistry.
47

 This broad area of 

organic synthesis incorporates any reaction that has high atom efficiency, low by-

product levels, and high yields. The ultimate “click” reaction is defined by a complete 

conversion of all starting materials, no side-product formation, and relatively mild 

reaction conditions. The most widely used reaction under the “click” heading is the 

copper- (I)-catalyzed Huisgens 1, 3-dipolar cycloaddition reaction between an alkyne 

and an azide, yielding a single isomer of a 1, 2, 3-triazole, the 1, 4-isomer.
53

 Recent 

work has shown the application of “click” chemistry for the tethering of molecules to 

both organic and inorganic polymeric supports.
54,55

 In recent years, azide-alkyne 

[3+2] cycloaddition “click reaction” owing to its simplicity in use, mild reaction 

conditions and high conversion has proven to be one of the most powerful tools for 

the covalent attachment between appropriately functionalized molecules or their 

ligation to solid supports via a 1, 2, 3-triazole linkage. 

          Furthermore, the copper catalysed “click reaction” demonstrate high 

regioselectivity to give the 1, 4-linked triazoles in excellent yields. Even though 

substituted 1, 2, 3-triazoles should be good candidates for acting as ligands in 

coordination chemistry, their use as ligands has been much less explored in 

comparison to their 1, 2, 4-counterparts. There have been some recent reports on the 

use of such ligands as “analogues of terpyridine and bipyridine”.
56

 Copper complexes 
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have been reported with potentially tetradentate 1, 2, 3-triazole ligands where the 

question of the mechanism of the click reaction was also addressed.
57

 Triazole ligands 

have been known for a long time, and their coordination has been investigated with a 

variety of transition metals.
58

 These highlighted advantages have considerably 

renewed the interest in 1, 2, 3-triazolyl derivatives. Little use has been made in 

inorganic chemistry, however, although the di-substituted 1, 2, 3-triazole ligands 

formed in this “click reaction” can also coordinate transition metals. The click 

method provides an extremely convenient route for the synthesis of (2-pyridyl)- 

substituted 1, 2, 3-triazoles which could potentially be used as “2, 2-bipyridine 

analogues”.
59

 In comparison to 2, 2-bipyridine it is relatively easy to vary the steric 

and electronic properties of such triazole ligands. 

 

1.6. PERIODIC MESOPOROUS ORGANOSILICAS (PMO): ORGANIC-

INORGANIC HYBRIDS WITH ORGANIC MOIETY IN THE FRAMEWORK  

          The diverse applications of periodic mesoporous silica and organic-inorganic 

hybrid mesoporous materials have stimulated the search for materials with new 

structures and framework compositions. The combination of organic and inorganic 

fragments inside the structure of porous materials that are self-assembled into 

architectures with dimensions spanning multiple length scales can give rise to new 

materials preserving the unique characteristic of both organic and inorganic 

materials.
60 

Thus an alternative strategy in the synthesis of organic-inorganic hybrid 

mesoporous materials is to replace one or more of the siloxane links with organic 

groups.
61

 Since the organic groups integrated inside the channel walls is the carrier of 

the desired property, it finds interesting to tailor the properties of these materials by 

the replacement of the bridging oxygen group by bridging organic groups in the wall 

channels. The organic component is capable of modifying the properties of bulk 

material and using these approach new materials with interesting morphologies can be 

developed according to the nature of the organic groups in the silicate network.
62

 

           Inagaki et al. have first reported the synthesis of “periodic mesoporous 

organosilica” (PMO) with organic functional groups uniformly incorporated in the 

mesoporous walls, using 1, 2-bis(triethoxysilyl)ethane as the framework precursor 
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and octadecyl trimethylammonium chloride
61a 

as the surfactant. Asefa et al. and Melde 

et al. have also described the co-condensation of either 1, 2-bis(triethoxysilyl)ethane 

or 1,2- bis(triethoxysilyl) ethylene with silica precursors to synthesize hexagonal 

hybrid framework materials, under basic reaction conditions.
61b,c

 Melde et al. 

designated their materials as ‘unified organically functionalized mesoporous 

networks’ (UOFMN), having worm-like channel systems and lacking long-range 

ordering. Thus the co-condensation of silsesquioxane precursors of the type, (R'O)3Si-

R-Si(OR')3, where R = -(CH2)x-, -C6H4-, -CH=CH-, etc, and their self assembly over 

an organized surfactant species can create organic-inorganic hybrid materials having 

long-range ordering and organic moiety as component of the solid network (Scheme 

1.8).
63

 These materials are unique compared to the first generation periodic 

mesoporous silica materials (PMS), since unlike MCM-41, the bridging organics 

inside the channel wall of periodic mesoporous organosilicas offer a diversity of 

function and potential uses. Moreover, organic groups like ethylene, phenyl and 

biphenyl in the framework exhibits crystalline wall channels and thus the discovery of 

periodic mesoporous organosilicas is considered as a major breakthrough in the field  

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.8. Synthesis of organic-inorganic hybrid mesoporous materials having 

organic groups in the frame wall positions. Silica source: Bridged Silsesquioxanes, 

(R'O)3Si-R-Si(OR')3, where R = -(CH2)x-, -C6H4-, -CH=CH-. 
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 of materials science.
64

 The crystal-like ordering of the wall structures is thought to 

form through self-organization of the precursor molecules as a result of hydrophobic 

hydrophilic interaction of hydrolyzed (OH)3Si-R-Si(OH)3 species or π-π interactions 

of aromatic groups. Now, a wide range of synthetic routes to mesoporous 

organosilicas with different mesophases and morphologies has been reported 

including the use of cationic, neutral and non-ionic surfactants and surfactant mixtures 

under basic, acidic and neutral conditions.
65 

          
Compared to the conventional organic-functionalized heterogeneous mesoporous 

materials, where the organic groups are ‘dangling’ inside the pores of the hybrid 

mesoporous materials, the periodic mesoporous organosilica materials exhibit quite 

different pore wall structure and surface properties.
66

 Although the conventional 

grafting of organic functional groups on the inorganic framework offers the advantage 

of introducing catalysis and adsorption properties, the inactivation of catalytic sites on 

the inorganic framework through coverage with organic groups as well as the 

accompanied decrease in porosity of the material highlights the relevance of PMO 

materials. Other important advantages of the PMO materials than the conventional 

organic-inorganic hybrid mesoporous materials are due to: (i) organic moieties in 

PMO are homogeneously dispersed inside the wall channels with a maximum loading 

of 100 %, which are not achievable with the organic pendant groups grafted, (ii) 

bridging organics inside the channel walls do not block the pores, (iii) the soft organic 

groups integrated within the channel walls impart interesting physical and mechanical 

properties of the host and (iv) the organic groups integrated inside the channel walls 

can be varied to produce a wide range of materials with potentially interesting 

characteristics.
67 

          The union of the two main branches of chemistry viz., the inorganic chemistry 

and organic chemistry there by allows the preparation of a myriad of new nano-

composites in which the organic groups can be integrated into an inorganic material. 

The organosilane compound with two or more alkoxy groups can make stable 

framework because the alkoxy groups at the both sides of the silsesquioxane precursor 

will condense to form a three dimensional stable network containing organic groups 

in the framework with a better periodic arrangement under surfactant templating 
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conditions. These are the first type of mesoporous materials whose framework has a 

completely uniform distribution of organic groups integrated within the inorganic 

framework at the molecular level and having a periodic pore arrangement. Further,  

 

 

 

 

 

 

 

 

Scheme 1.9. Composition and surface characteristics of: (A) periodic mesoporous 

silica (PMS) and (B) organosilica (PMO) material having benzene bridges. 

 

this is the first type of mesoporous materials having only T type [Si(OH)R(OSi)2] 

silicons, without any Q type [Si(OSi)n(OH)4-n, n = 2-4] silicon species. However, 

similar to M41S materials, the hybrid mesoporous materials also posses residual 

silanol sites, as T
2
 type silicon species.

68
 The peak intensity ratio of the T

2
/T

3
 signals 

of the PMO is almost similar to the Q
3
/Q

4
 sites, which indicates that the hybrid 

materials posses similar silanol density as of M41S materials. Further adsorption 

isotherm of water vapour showed that the hybrid materials has more hydrophobic 

surface than siliceous MCM-41, which suggests that the organic fragments are 

exposed on the surface and thereby increase the surface hydrophobicity (Scheme 

1.9).
69 

Thus it is ideal to mention that this new approach extends the realm of 

mesoporous materials to ‘chemistry of the channel walls’ rather than limiting it to the 

‘chemistry of the void space’.
70

 

 

1.7. MESOPOROUS SILICA AS SUPPORT OR HOST FOR THE 

HETEROGENIZATION OF HOMOGENEOUS CATALYSTS 

          Materials with well-defined pores belong to the most interesting class of 

compounds, because they can be converted into organic-inorganic hybrid 
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nanocomposites by various surface modifications. The microporous and organized 

mesoporous materials obtained after the hydrothermal synthesis are in fact a 

nonporous organic-inorganic hybrid since the organic structure director (template or 

surfactant) is usually trapped in the cavities of the solid. Hence, to obtain completely 

porous solid and to introduce reactive organic functional groups inside the channels of 

ordered materials, it is necessary to remove the entrapped organic species from the as-

made samples. The commonly employed method for the removal of surfactant consist 

of calcining the materials, in a flow of air, typically >400 
o
C. However, the high-cost 

template reactant is destroyed and such treatments further cause damage to the porous 

materials, since during calcination high local temperature and water formation may 

occur, and therefore extra framework sites may be formed.
71

 An alternative method 

involves the removal of the template by mild treatments such as liquid extraction 

using acidic solutions, alcohols or a mixture of both.
72

 This method is especially 

effective for mesoporous materials where the framework-surfactant interactions are 

weak (electrostatic, vander-Waals or hydrogen bonding interactions) and because of 

the larger pore sizes. An added advantage of this method is that under acidic 

extraction conditions, exchange of sodium ions for protons is also achieved 

simultaneously with the removal of surfactants. Moreover, the mild routes for the 

removal of templates help in the reuse of the organic templates for a subsequent 

synthesis with similar textual properties.
73 

The materials obtained after the removal of 

surfactant groups contains ordered pore channels with abundant silanol sites. These 

mesoporous hosts can be utilized for the synthesis of organic-inorganic hybrid 

mesoporous materials having reactive functional groups and have stimulated 

fundamental research interests in the inclusion of metals and metal complexes inside 

the mesoporous channels.
74,75

  

          During the last few years, organic-inorganic hybrid mesoporous materials 

constitutes an emerging area in the field of materials science and had shown its impact 

in a wide range of heterogeneous catalysis reactions.
76

 However, the main problem 

encountered in heterogenized catalysts is that the bonds between metal and ligand are 

often broken and reformed during catalytic reactions, leading to leaching of the metal 

from the catalyst in the product, thus decreasing the reaction rate and activity.
77

 Hence 
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the nature of interaction between the homogenous catalysts and the support surface 

decides the overall stability and reusability of the heterogenized catalysts and in 

general, if the anchoring is covalent, it can be robust enough to withstand the harsh 

conditions of the catalytic reactions. The most common immobilization techniques 

used for this purpose include grafting or tethering, physical entrapment, ship-in-a-

bottle synthesis and supported liquid phase catalysis.
78

 Earlier, the supports used to 

tether the homogeneous catalyst are the organic polymers, which are soluble in the 

reaction media. The advantage of this support is that the active sites are distributed 

throughout the reaction solution and hence the catalyst architecture is similar to that 

of the homogeneous catalyst that it is trying to mimic.
79

 Insoluble supports are 

preferable than the homogeneous supports because of several reasons i.e., they are 

readily recovered, they have potential applications in flow process and they do not 

need extra solvents for precipitation. Insoluble organic polymers are effective 

supports, but the polymer had to be carefully chosen and tuned so as to avoid swelling 

and to ensure that the homogeneous complex catalyst is tightly bound with the 

support not merely occluded inside. In contrast to the insoluble organic polymers, 

inorganic silica materials like amorphous silica gels or mesoporous silicas did not 

swell or dissolve in organic solvents. However, because of the lack of ordered pore 

channels, amorphous silica gels are unable to provide the size/shape specificity 

properties.  

          Hence the immobilization of various homogeneous metal catalysts over solid 

organic-inorganic hybrid mesoporous supports as a mean of ‘heterogenization’ has 

particular significance. Heterogenization of useful homogenous catalysts or active 

centers will improve the overall efficiency of the catalytic process due to: (i) it is 

easier to separate the catalyst from the liquid by simple filtration, where the 

homogenous catalysts often leads to complicated and laborious extraction or 

distillation requirements, (ii) often the catalysts can be regenerated and recycled, (iii) 

confinement of the catalyst in the mesopores provides a means of introducing the 

size/shape selectivity and thus a greater specificity to a desired reaction. Moreover, if 

the functional groups or the catalytic active site was attached firmly to the solid 

support, the leaching problem greatly reduced. 
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1.8. PHYSICOCHEMICAL CHARACTERIZATION 

          Understanding the structural and electronic properties of the catalyst by 

spectroscopic techniques is one of the major goals in catalysis research. In catalytic 

research, a number of techniques will be used to characterize a sample and a 

summation of all characterization techniques will reveal the active sites in a catalyst 

and these in turn will helps in the design of a new catalyst or to improve the catalytic 

performances. The commonly used characterization techniques, their principles, 

advantages and limitations are briefly described in this section. 

 

1.8.1. X-Ray Diffraction (XRD) 

          XRD has been applied as the most important tool to determine the structure of 

the materials characterized by long-range ordering, to identify bulk phases, to monitor 

the kinetics of bulk transformations and to estimate particle sizes.
80,81

 The XRD 

method involves the interaction between the incident monochromatized X-rays (like 

Cu Kα or MoKα source) with the atoms of a periodic lattice. X-rays scattered by 

atoms in an ordered lattice interfere constructively in directions given by Bragg’s law: 

nλ = 2d sinθ, where, λ is the wavelength of the X-rays, d is the distance between two 

lattice planes, θ is the angle between the incoming X-rays and the normal to the 

reflecting lattice plane and n is an integer known as the order of reflection.
82 

Bragg 

peaks are measured by observing the intensity of the scattered radiation as a function 

of scattering angle 2θ. The angles of maximum intensity enable one to calculate the 

spacing between the lattice planes and allow phase identifications while the width of 

diffraction peaks carries information on the dimensions of the reflecting planes. The 

width of the diffraction lines can be further used to estimate the crystal size by the 

Debye-Scherrer formula: Dhkl = kλ/βcosθ, where Dhkl, λ, β and θ are the volume 

averaged particle diameter, X-ray wavelength, full width at half maximum (FWHM) 

and diffraction angle, respectively, and k is a constant, often taken as 1.
82  

          Isomorphous substitution of heteroatoms in the framework of molecular sieves 

can be calculated from the changes in the unit cell parameters and unit cell volume. 

Unit cell parameter (ao) of a hexagonal lattice can be calculated from, ao= 2d100/√3 

and a cubic lattice can be determined by the following equation: ao = d211√6. The unit 
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cell dimension determined by XRD is also used to calculate the frame wall thickness 

(FWT) of the channels of the mesoporous materials. A major limitation of XRD is 

that this technique requires samples, which possess sufficient long-range order. 

Amorphous phases and small particles give either broad or weak diffraction lines or 

no diffraction at all, which makes them virtually invisible for XRD. 

 

1.8.2. Adsorption Isotherm and BET Method 

1.8.2.1. Brunauer-Emmett-Teller (BET).  

          Despite of some theoretical limitations, the Brunauer-Emmett-Teller (BET) 

method continues to be the most widely used method for the evaluation of surface 

area, pore volumes and pore size distributions of porous solids from N2 physisorption 

isotherm data. The BET equation can be represented as follows, 

 

 

 

 

where v = volume of N2 adsorbed by the sample under pressure p, p0 = saturated vapor 

pressure at the same temperature, vm = volume of N2 adsorbed when the surface is 

covered with a uni-molecular layer, and c = constant for a given adsorbate.
83

 The 

equation suggests that the plot of p/v(p0–p) versus p/p0 should be linear, and from the 

intercept 1/VmC and slope C–1/ VmC the values of vm and C can be determined as 

follows: vm = (slope + intercept)
–1

. 

 

 

 

 

Thus the specific surface area (S) of a sample can be determined as follows, where N0 

= Avogadro number, m = amount of solid adsorbent, A = cross-section of the gas 

molecules (16.2 Å
2
 for N2), and S is expressed in cm

2
 g

–1
 unit. 

          Several computational procedures are available for the derivation of pore size 

distribution of mesoporous samples from physio-sorption isotherms. Most popular 
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among them is the Barrett-Joyner-Halenda (BJH) model, which is based on 

speculative emptying of the pores by a stepwise reduction of p/p0, and allowance 

being made for the contraction of the multilayer in those pores already emptied by the 

condensate.
84 

The mesopores size distribution is usually expressed as a plot of 

∆Vp/∆rp versus rp, where Vp = mesopore volume, and rp = pore radius. It is assumed 

that the mesopores volume is completely filled at high p/p0. N2 adsorption-desorption 

was conducted by NOVA 1200 (Quantachrome) at –196 °C. For this particular 

measurement, before analysis the samples were oven-dried at 100 °C and evacuated at 

180 °C for 3 h under vacuum and then the adsorption-desorption was conducted by 

passing nitrogen into the sample, which was kept under liquid nitrogen. 

 

1.8.2.2. The t- and β Plots 

          The t-plot analysis, a plot of the amount adsorbed versus the thickness of the 

adsorbed gas on the walls of the pores, is mostly applied to differentiate between the 

adsorption mechanisms in micropores, mesopores and macropores. Lippens and de 

Boer showed that if the multimolecular layer of adsorbed nitrogen could be formed 

freely on the surface, the statistical thickness, t (in nm) of the adsorbed layer could be 

calculated according to the equation. 

 

                           t = 0.3538(Va/Vm) =f1(p/p0) 

 

If the adsorption data are presented in the form of a t-plot, two linear regions are 

obtained. The first linear region represents both micropore filling and surface 

coverage of larger pores. The second linear region gives the layer-by layer adsorption 

taking place in meso and macropores but not in micropores. The y-axis intercept 

multiplied by the ratio of the gas and liquid densities of the adsorbate (0.00156 for 

nitrogen) will provide the micropore volume in cc per gram of the solid. The slope of 

the second linear region gives the surface area provided by pores with radii larger than 

10 Å, i.e., the mesopore area. The first linear region extrapolates to the origin and the 

slope of this line gives the value of the total surface area of the material provided by 

all pores. Usually this number agrees with the BET surface area within 10-15 %. 
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Micropore volume can also be observed from the β plot also where Three different 

regions can be seen on these plots: (i) a linear region due to multilayer adsorption in 

mesopores; (ii) a steep region due to capillary condensation within these mesopores; 

and (iii) a last linear region due to multilayer formation onto the external surface of  

 

 

 

 

the grains. Micropore and mesopore volumes can be obtained by the intercept 

between the adsorbed amount (y-axis) and the linear segments (i) and (iii). These two 

extrapolations give Vmicro and (Vmicro + Vmeso) respectively. The β plots of SBA-15 

yield non-zero Vmicro values, thus indicating the presence of micropores. 

 

1.8.2.3. Pore Volume and Pore Size Distribution 

          The total pore volume is derived from the amount of vapour adsorbed at 

relative pressure close to unity assuming that all the pores are filled with condensed 

absorptive in normal liquid state. Pore size distribution is the distribution of pore 

volume with respect to pore size. The computation of pore size distribution involves a 

number of assumptions (pore shape, mechanism of pore filling, validity of Kelvin 

equation etc). It is generally accepted that desorption isotherm is more appropriate 

than adsorption isotherm for evaluating the pore size distribution of the adsorbent. 

The mesopore size calculations are made assuming cylindrical pore geometry using 

Kelvin equation in the form: 

 

 

 

 

Where γ= surface tension of nitrogen at its boiling point, Vm = Molar volume of liquid 

nitrogen, R= gas constant, T= boiling point of liquid nitrogen, p/p0 = relative pressure 

of nitrogen, rk = the Kelvin radius of the pore. If the radius of cylindrical pore is rp and 

correction is made for the thickness of a layer already adsorbed on the pore walls, i.e. 
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the multilayer thickness, t, then, 

 

                                       rp= rk + t 

 

Several computational procedures are available for the derivation of pore size 

distribution of mesoporous samples from physiosorption isotherms. Among the 

classical macroscopic theories, most popular is the Barrett-Joyner-Halenda (BJH) 

model, which is based on speculative emptying of the pores by a stepwise reduction 

of p/p0, and allowance being made for the contraction of the multilayer in those parts 

already emptied by the condensate.
84b

 The mesopore size is usually expressed as a 

plot of ∆vp/∆rp versus rp, where vp = mesopore volume, and rp = pore radius. It is 

assumed that the mesopore volume is completely filled at high p/p0. But classical 

macroscopic, theories like DR, BJH, HK etc. do not give a realistic description of the 

filling of micropores and even narrow mesopores. This leads to an underestimation of 

pore sizes. Microscopic theories like Non Local Density Functional Theory 

(NLDFT)
85

 consider the sorption and phase behaviour of fluids in narrow pores on a 

molecular level. The NLDFT correctly describes the local fluid structure near curved 

solid walls; adsorption isotherms in the model pores are determined based on the 

intermolecular potentials of the fluid-fluid and solid-fluid interactions. The relation 

between isotherms determined by these microscopic approaches and experimental 

isotherm of a porous solid can be interpreted in terms of a Generalized Adsorption 

Isotherm (GAI) equation. The pore size distribution is then derived by solving the 

GAI equation numerically via a fast non-negative least square algorithm. 

 

1.8.3. Chemical Composition by CHN-S Analysis 

          Analysis of the organic content, carbon Nitrogen and sulphur present in the 

catalysts was estimated using a Carlo-Erba CHN analyzer (EA1108 Elemental 

Analyzer). 
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1.8.4. Fourier Transforms Infrared Spectroscopy 

          Fourier transforms infrared (FT-IR) spectroscopy deals with the vibration of 

chemical bonds in a molecule at various frequencies depending on the elements and 

types of bonds. After absorbing the electromagnetic radiation the frequency of 

vibration of a bond increases leading to transition between ground state and several 

excited states. The energy corresponding to these transitions corresponds to the 

infrared region (4000–400 cm
–1

) of the electromagnetic spectrum. The term Fourier 

transform (FT) refers to a recent development in the manner in which the data are 

collected and converted from an interference pattern to an infrared absorption 

spectrum that is like a molecular "fingerprint”.
86 

In case of SBA-15, stretching 

vibrations observed in the range of 3600–3400 cm
–1

 region are attributed to the 

hydrogen-bonded silanol groups and the band observed near 797 cm
–1

 and 1076 cm
–1

 

are due to the symmetric and asymmetric vibrations of the Si–O–Si group, 

respectively. In this study, all the synthesized catalysts FT-IR spectra were obtained in 

a range of 400 to 4000 cm
–1

 on a Shimadzu FTIR 8201PC using a Diffuse Reflectance 

scanning disc technique. 

 

1.8.5. Cross-Polarization Magic Angle Spinning NMR Spectroscopy 

          Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful 

tools to investigate structure and dynamics of a molecular system in liquid phase. 

Atomic nuclei consisting of odd number of protons and/or neutrons possessing a 

nuclear spin  I ≠ 0 and consequently a magnetic moment µ = γhI (γ = gyromagnetic 

ratio), when placed in a magnetic field of strength B0, Zeeman interaction results in 

quantized orientations of the nuclear magnetic moments. The nucleus can adopt 2I+1 

Eigen states with energies E(m) = –mγhB0, where m = (I, I–1,…., –I). Transitions 

between neighbouring energy states (∆m = ± 1) can be induced by electromagnetic 

radiation (energy E = hν) of frequency  

 

                                            ν0 = γB0/2π.  
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          The chemical shift interaction arises from secondary local magnetic fields 

induced by the interaction of the electrons surrounding the nucleus. The induced local 

field opposes B0 and hence shields the nucleus under observation. The shielding is 

spatially anisotropic due to the non-spherical electron distribution around the 

nucleus.
87 

With the advent of sophisticated solid-state NMR techniques, it has become 

possible to obtain NMR spectra of solids with spectral resolution comparable to that 

of liquids.
88 

Modern high-resolution solid-state NMR spectroscopy allows to elucidate 

the chemical and structural environment of several atoms (e.g. 
13

C, 
27

Al, 
29

Si, 
31

P, 
51

V 

etc.) in a solid matrix like that of porous materials.
89 

The most popular technique to 

get high-resolution NMR spectra with narrow line width is the magic angle spinning 

(MAS), where the solid sample is fast rotated about an axis inclined at a "magic" 

angle θ = 54°44' to the direction of B0.
90 

 

          Cross-polarization (CP) technique does not affect the line width of the spectra, 

but is applied to improve the sensitivity, i.e., the signal to noise ratio (SNR) of the 

spectra of nuclei with low natural abundance (e.g. 
13

C, 
29

Si, 
31

P etc.), and to monitor 

the spatial proximity of nuclei.
91

 CP involves indirect excitation of the less abundant 

nucleus through magnetization transfer from an abundant spin system (e.g. 
1
H). 

Bruker DRX–500 and DSX–300 NMR spectrometers were used. The resonance 

frequencies of 
29

Si and 
13

C were 59.6 and 75.5 MHz, respectively. The chemical shifts 

were determined using tetraethyl orthosilicate (δ = 82.4 ppm from TMS) and 

adamantine (δ = 28.7 ppm from TMS) as the reference compounds for 
29

Si and 
13

C, 

respectively. 

 

1.8.6. UV-Visible Spectroscopy 

          UV-Vis spectroscopy deals with the study of electronic transitions between 

orbital or bands of atoms, ions or molecules in gaseous, liquid and solid state. In the 

case of transition metal ions or atoms, any change in their coordination sphere may 

affect their optical properties and therefore can be characterized by UV-Vis.
92

 For 

solid substances like transition metal containing mesoporous materials, diffuse 

reflectance UV-Vis spectroscopy (DRUV-Vis) is applied to determine the ligand field 

symmetry and oxidation state of the metal inside the solid matrices. Thus DRUV-Vis 
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is a sensitive probe to examine the type of the sites, framework or extra-framework in 

which that metal ion or cluster exist.
93

 For a vast period of time metallic nano-

particles have fascinated researchers due to their colourful colloidal solutions.
94 

 

         Mie explained the origin of this colour theoretically by solving Maxwell's 

equation for the absorption and scattering of electromagnetic radiation by small 

metallic particles.
95

 This absorption of electromagnetic radiation by metallic 

nanoparticles originates from the coherent oscillation of the valence band electrons 

induced by an interaction with the electromagnetic field. These resonances are known 

as surface plasmons, which occur only in the case of nanoparticles and not in the case 

of bulk metallic particles.
96

 Hence, DRUV-Vis can be utilized to study the unique 

optical properties of the hybrid mesoporous materials containing occluded metallic 

nanoparticles, exploiting the size and shape dependent surface Plasmon resonance.
97

 

 

1.8.7. X-Ray Photoelectron Spectroscopy 

          XPS is based on the photoelectric effect. Routinely used X-ray sources are 

MgKα (hν = 1253.6 eV) and AlKα (hν = 1486.3 eV). In XPS one measures the 

intensity of photoelectrons N(E) as a function of their kinetic energy Ek. Because a set 

of binding energies is characteristic for an element, XPS can be used to analyze the 

composition of samples. Binding energies are not only element specific but contain 

chemical information as well; the energy levels of core electrons depend on the 

chemical state of the atom. Photoelectron peaks are labeled according to the quantum 

numbers of the level from which the electron originates. An electron coming from an 

orbital with main quantum number n, orbital quantum number l (0, 1, 2, 3,.. indicated 

as s, p, d, f,..) and spin quantum number s(+1/2 or –1/2) is indicated as nll+s. Almost 

all photoelectrons used in the laboratory XPS have kinetic energy in the range of 0.2 

to 1.5 keV, and probe the outer layer of the catalyst.  

          X-ray photoelectron spectra (XPS) were obtained using a VG Microtech 

Multilab-ESCA-3000 spectrometer equipped with a twin anode of Al and Mg. All the 

measurements are made on as received powder samples using Mg Kα X-ray at room 

temperature. Base pressure in the analysis chamber was 4 x 10
-10

 Torr. Multichannel 

detection system with nine channels is employed to collect the data. The overall 
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energy resolution of the instrument is better than 0.7 eV, determined from the full 

width at half maximum of 4f 7/2 core level of gold surface. The errors in all BE 

(binding energy) values were within ±0.1 eV. 

 

1.8.8. Atomic Absorption and Emission Spectrometry 

          The principle of atomic absorption is based on energy absorbed during 

transitions between electronic energy levels of an atom. When some sort of energy is 

provided to an atom in ground state by a source such as a flame (temperature ranging 

from 2100–2800 °C), outer-shell electrons are promoted to a higher energy excited 

state. The radiation absorbed as a result of this transition between electronic levels can 

be used for quantitative analysis of metals and metalloids present in solid matrices, 

which have to be dissolved by appropriate solvents before analysis. The basis of 

quantitative analysis depends on measurement of radiation intensity and the 

assumption that radiation absorbed is proportional to atomic concentration.
98 

Analogy 

of relative intensity values for reference standards is used to determine elemental 

concentrations. Atomic emission spectrometry (AES) is similar to atomic absorption 

spectrometry (AAS). In both the cases the sample must be atomized in order to obtain 

usable absorption spectra. However, in contrast to AAS, in AES the sample is heated 

at a very high temperature (8000–10000 °C), where the atoms in the sample are 

excited to higher energy levels. When the excited atoms are relaxed and fall back to 

the ground energy level, radiations are emitted. Measurement of the intensities of the 

emission forms the basis of quantitative determination.
99

 Here, all the synthesized 

catalysts were studied by Varian Spectra AA220. 

 

1.8.9. Scanning Electron Microscopy 

          Scanning electron microscopy (SEM) is an important tool for morphological 

characterization of mesoporous molecular sieve materials. A scanning electron 

microscope can generate an electron beam scanning back and forth over a solid 

sample. The interaction between the beam and the sample produces different types of 

signals providing detailed information about the surface structure and morphology of 

the sample. When an electron from the beam encounters a nucleus in the sample, the 
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resultant coulombic attraction leads to a deflection in the electron's path, known as 

Rutherford elastic scattering. A fraction of these electrons will be completely 

backscattered, reemerging from the incident surface of the sample. Since the 

scattering angle depends on the atomic number of the nucleus, the primary electrons 

arriving at a given detector position can be used to produce images containing 

topological and compositional information.
100

 

          The high-energy incident electrons can also interact with the loosely bound 

conduction band electrons in the sample. However, the amount of energy given to 

these secondary electrons as a result of the interactions is small, and so they have a 

very limited range in the sample. Hence, only those secondary electrons that are 

produced within a very short distance from the surface are able to escape from the 

sample. As a result, high resolution topographical images can be obtained in this 

detection mode.
101

 Here, all the synthesized catalysts were studied by JEOL-JSM-

5200 scanning microscopy. 

 

1.8.10. Transmission Electron Microscopy 

          Transmission electron microscopy (TEM) is typically used for high resolution 

imaging of thin films of a solid sample for micro-structural and compositional 

analysis. The technique involves: (i) irradiation of a very thin sample by a high-

energy electron beam, which is diffracted by the lattices of a crystalline or semi 

crystalline material and propagated along different directions, (ii) imaging and 

angular distribution analysis of the forward-scattered electrons (unlike SEM where 

backscattered electrons are detected), and (iii) energy analysis of the emitted X-

rays.
102

 The topographic information obtained by TEM in the vicinity of atomic 

resolution can be utilized for structural characterization and identification of various 

phases of mesoporous materials, viz., hexagonal, cubic or lamellar.
103

 TEM also 

provides real space image on the atomic distribution in the bulk and surface of a 

nanocrystal. A JEOL JEM-1200EX instrument with 120 kV of acceleration voltage 

was used to probe the materials. 
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1.8.11. Thermal Analyses 

          The thermo analytical techniques, viz., thermo gravimetric analysis (TGA) and 

differential thermal analysis (DTA) have been widely used to establish the thermal 

stability of ordered mesoporous silica. Both TGA and DTA provide important 

information about the following: (i) temperature programmed desorption (TPD) and 

removal of physisorbed water below 150 °C, (ii) oxidative decomposition of the 

occluded organic materials, accompanied by one or several exotherms within 150 °C 

and 600 °C, and (iii) dehydroxylation occurring from condensation of adjacent silanol 

groups to form siloxane bonds at or above 600 °C.
104

 Further, DTA can also detect 

any phase transitions if occur. Thermal analysis of all the samples were carried out by 

Mettler Toledo 851
e
 using an alumina pan under a nitrogen (80 ml/min) atmosphere 

from ambient to 1000 °C with the increasing rate of 20 K/min. 

 

1.9. ANALYSIS OF PRODUCTS 

1.9.1. Gas Chromatography 

          Gas chromatography-specifically gas-liquid chromatography involves a sample 

being vaporized and injected onto the head of the chromatographic column. The 

sample is transported through the column by the flow of inert, gaseous mobile phase. 

The column itself contains a liquid stationary phase which is adsorbed onto the 

surface of an inert solid. The carrier gas must be chemically inert. Commonly used 

gases are Nitrogen, Helium, Argon and Carbon-dioxide. For optimum column 

efficiency, the sample should not be too large and should be introduced onto the 

column as a plug of vapor. Micro syringe is used to inject sample through a rubber 

septum into a flash vaporizer port at the head of the column. Two types of column are 

present Packed and Capillary columns. For precise work, column temperature must be 

controlled within tenths of a degree. Many detectors are used in Gas chromatography. 

Different detectors give different selectivity. Flame ionization detector (FID), 

Thermal conductivity detector, Electron Capture detector, Flame photometric 

detector, Photo ionization detector, Nitrogen-Phosphorous detector, Hall electrolytic 

conductivity. Flame ionization detector is a useful general detector for the analysis of 

organic compounds, has high sensitivity, large linear response range, low noise, 
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Robust, easy to use but destroys the sample. 

 

1.9.2. Gas Chromatography/Mass Spectrometry (GC/MS) 

          GC/MS is a GC detector that is very expensive but very powerful version of the 

mass spectrometer. When coupled to a GC the detection system itself is often referred 

to as the mass selective detector or more simply the mass detector. This powerful 

analytical technique belongs to the class of hyphenated analytical instrumentation 

(since each part had a different beginning and can exist independently) and is called 

gas chromatography/mass spectrometry (GC/MS). The power of this technique lies in 

the production of mass spectra from each of the analytes detected instead of merely an 

electronic signal that varies with the amount of analyte. These data can be used to 

determine the identity as well as the quantity of unknown chromatographic 

components with an assuredness simple unavailable by other techniques. Major 

components of the GC/MS. Ionization source, Mass separator- (1) Quadrapole and (2) 

Ion trap, Ion detector. 

 

1.9.3. Liquid State NMR 

         NMR (Nuclear Magnetic Resonance) spectra arise from the spinning of nucleus. 

It is widely used as one of the instrumental techniques available for structure analysis. 

Modern NMR spectroscopy is frequently divided into several categories; 

• High resolution mode on homogenous solutions. 

• High power mode on highly relaxing nuclei which exhibit very broad lines, or 

polymers etc. 

• The study of solids using eg Magic angle spinning techniques. 

• NMR 3D imaging to resolutions of ~ 1 mm. 

 

The types of information accessible via high resolution NMR include; 

• Functional group analysis (chemical shifts) 

• Bonding connectivity and orientation (J coupling), 

• Through space connectivity (Over Hauser effect) 
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• Molecular Conformations, DNA, peptide and enzyme sequence and structure. 

• Chemical dynamics (Line shapes, relaxation phenomena). 

The number of peaks in the low-resolution spectrum depends on the number of 

different environments that the hydrogen atoms have in the molecule. There are four 

aspects of an NMR spectrum that will allow us to determine the identity of the 

molecule. 

• The number of NMR signals 

• The position of each signal relative to a reference signal 

• The relative area under each signal 

 

1.10 CATALYTIC APPLICATIONS AND PROSPECTS 

          In recent years, environmental and economic considerations have raised strong 

interest to redesign commercially important process so that the use of harmful 

substances and the generation of toxic wastes can be avoided. 

          Through the development of hybrid organic-inorganic mesoporous solids, much 

progress has been made in the last few years towards the applications of mesoporous 

solids in various areas of heterogeneous catalysis. The concept of ‘heterogenization’ 

of homogenous catalysts over organic-inorganic hybrid mesoporous materials 

possessing reactive functional sites provides the prospective for extending the benefits 

of heterogeneous catalysis to homogeneous systems. These benefits include easier 

separation of catalyst and reaction products leading to shorter work up times, 

improved process efficiency and better reuse of the supported catalysts. However, the 

prime requirement of the heterogenization approach is to maintain the stability of the 

heterogenized complex, such that it does not decompose or leach out from the solid 

support to the liquid phase during the course of reaction, and at the same time, it 

retains high activity and selectivity. Reactions that have been studied in this thesis 

using functionalized mesoporous solids include oxidations, hydrogenation and C-C 

coupling catalytic reactions that produce fine chemicals are discussed. 

          In this section, the catalytic applications and prospects of organo-modified 

mesoporous materials for various oxidation
105

, hydrogenation
106

 and C-C coupling
107 

reactions are briefly reviewed. 



Chapter 1  Introduction  

 

35 | P a g e  

 

1.10.1. Oxidation Reaction 

          The discovery of efficient method for catalytic epoxidation is an important goal 

in synthetic chemistry as there is a growing interest in using epoxides as a building 

block in organic synthesis. The first examples of liquid phase catalytic oxygen 

transfer dates back to 1936. The so-called Milas reagents were formed by reaction of 

transition metal oxides with a solution of H2O2 in tert-butanol resulting in soluble 

inorganic peracids.
108 

These catalysts were used for the vicinal dihydroxylation of 

olefins but with certain metal oxides like MoO3 or WO3, selective epoxidation was 

observed. From these basics, a great deal of effort has been put into the development 

of transition metal based catalysts, as homogeneous and heterogeneous, for various 

selective oxidation reactions.
109

 

          In a catalytic epoxidation and oxidation reaction a wide variety of organic 

molecules, organic peroxides as well as hydrogen peroxide were used as single 

oxygen donors. Even though, organic peroxides are more active oxidants than 

hydrogen peroxide, they are more expensive and the active oxygen content is rather 

low. Moreover, usage of organic peroxides generates stoichiometric amount of 

corresponding alcohols, which in most cases complicates the separation process. 

Hence the preferred oxidant in most of the oxidation or epoxidation process is 

hydrogen peroxide, with respect to the active oxygen content (47 %) and the nature of 

byproduct formed viz., water.
110

 Immobilization of transition-metal complexes on 

solid supports can provide catalysts which are easier to handle and which may 

possibly exhibit improved selectivity and activities because of the support 

environment.
 
Mn(III) Schiff-base complexes have become highly valuable catalysts in 

homogeneous alkene epoxidation reactions using readily available oxygen donors 

such as, H2O2 or TBHP.
 
Over the past few decades researchers has focused on the 

development of a variety of homogeneous catalysts. The design and synthesis of 

ligands that, upon coordination with metal ion can induce high stereoselectivity for 

organic transformations and constitute an important issue in modern coordination 

chemistry.
111 
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1.10.2. Hydrogenation Reaction 

          Liquid-phase hydrogenation of olefins using heterogeneous catalysts is an 

industrially relevant process. Along with olefin, hydrogenation of nitro compounds to 

amines has become one of the most important chemical reactions because organic 

amines are essential materials for the production of agrochemicals, dyes, 

pharmaceuticals, polymers and rubbers.
112

 For more than 100 years chemists have 

used heterogeneous catalysts based on noble metals on various supports. 

Homogeneous hydrogenation catalysis was developed in the 1960’s and is reviewed 

frequently.
113

 It is well known that Pd-catalyzed reactions are of significant 

importance in modern chemical transformations. There is a growing demand for 

organo-metallic reagents that exhibit favorable chemo selectivity and stereo 

selectivity in hydrogenation reactions. Generally reaction proceeds using N-ligand 

based palladium catalysts. However, most of these ligands are expensive, which 

significantly limited to their industrial applications.
114

 These new ligands are not 

easily available and contain tedious and expensive synthesis processes and hardly 

stable in catalytic systems. Therefore simple and easily accessible stable catalyst is 

desired for heterogeneous reactions.  

 

1.10.3. C-C Coupling Reaction 

           Cross coupling reactions are one of broadest area for the synthesis of 

symmetrical and unsymmetrical binary compounds, which are the key components of 

the several natural products as well as in the field of engineering materials, such as 

conducting polymers, molecular wires and liquid crystals.
115

 Palladium complexes 

with or without phosphine ligands can catalyze the C-C coupling reactions. The 

phosphine-assisted approach is the classical and well-established methods,
116

 which 

gives excellent results in a majority of cases; whereas phosphine ligands are 

expensive, toxic, and unrecoverable and also a major drawback of the phosphine 

ligands in a catalytic reaction is the oxidation of phosphine to a phosphine oxide as 

well as cleavage of the P-C bond, causing degradation of the catalytic cycle. In large-

scale industrial applications, the phosphines might be a more serious economical 

burden than even palladium itself, which can be recovered at any stage of production 
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or from wastes. Therefore, the development of phosphine-free catalysts for C-C bond-

forming reactions would be an important topic of interest of the current industrial 

research.
117

  

 

1.10.3.1. Heck C-C Coupling Reaction  

          Palladium catalyzed Mizoroki-Heck reaction of olefin and aryl halide is one of 

the most fundamental reactions for carbon-carbon bond formation in organic 

synthesis. Several reports have been published on Heck reaction for the synthesis of 

symmetrical and unsymmetrical binary compounds, which are the key components of 

the several natural products.
118

 Among the basic types of palladium catalyzed 

transformation the C-C coupling reactions related chemistry occupied a special place 

in organic synthesis.  

 

 1.10.3.2. Suzuki C-C Coupling Reaction 

          Among the basic types of palladium catalyzed transformations, Suzuki reaction 

related chemistry occupied a special place.
119

 The Suzuki cross-coupling reaction of 

organo-boron reagents with organic halides represents one of the most versatile and 

straightforward methods for carbon-carbon bond formation. The reaction is largely 

unaffected by water, tolerating a large range of functionality and yielding non-toxic 

by-products.  

 

1.10.3.3. Sonogashira Coupling Reaction  

          The original Sonogashira reaction often required highly dry organic solvent, 

inert atmosphere, highly strong base, prolonged reaction time and phosphine 

containing catalyst. Generally a copper co-catalyst is needed in Sonogashira coupling 

reaction. However, the addition of copper, although beneficial in terms of increasing 

the reactivity of the system, added some shortcomings. The principal being the 

necessity of avoiding the presence of oxygen in order to block the undesirable 

formation of alkyne homocoupling through a copper mediated Hay/glasier reaction. 

The copper-acetylides formed in-situ could undergo oxidative dimerization to give 

diaryldiacetylenes when they are exposed to air or an oxidant (a reaction known as the 
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Glaser coupling). These by-products are generally difficult to separate from the 

desired products. Furthermore, the copper acetylide is a potential explosive reagent. 

To address such a problem, a solution was to eliminate the copper in the so-called 

‘‘copper-free’’ Sonogashira reaction.
120 

Furthermore, Sonogashira coupling of phenyl 

acetylenes and aryl halides is one example of palladium catalyzed reaction that allows 

connecting a C≡C triple bond substituent in an aromatic ring. 

 

1.10.3.4. Stille Coupling Reaction 

          Palladium catalyzed cross-coupling reactions of aryl halides or halide 

equivalents with various nucleophiles have been shown to be highly effective and 

practical methods for the formation of C-C bonds. These coupling reactions make use 

of a variety of trans metalating agents such as organoboron, organomagnesium, 

organosilicon, organostannane
 
and organozinc reagents.

121 
Stille reaction involves 

coupling of an organotin compound with a sp
2
-hybridized organic halide catalyzed by 

palladium. Stille reaction popularity is usually attributed to the stability in air and 

functional group tolerance of stannanes, as well as their chemo selectivity and broad 

scope in terms of reaction. This transformation has become a useful synthetic tool for 

carbon-carbon bond formation and can also be extended to numerous organic 

electrophiles.
122

  

 

1.10.3.5. Kumada-Corriu-Tamao Coupling Reaction  

         In the class of C-C coupling reactions the organo magnesium compounds are 

generally more readily available than any alternative organometallic nucleophile. The 

improvement of the functional group tolerance of the Kumada-Corriu-Tamao 

coupling has become a very important and practical impact on the current scenario of 

metal-catalyzed C-C coupling reactions in organic synthesis.
123
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1.11. SCOPE AND OBJECTIVES OF THE THESIS 

          The principal aim of this thesis is to investigate the approach of 

heterogenization of various transition metals complex over solid mesoporous supports 

and organic-inorganic hybrid mesoporous materials for oxidation, hydrogenation and 

C-C coupling reactions, under different reaction conditions. During the last few years, 

the catalytic transformations of bulky molecules over various organo-modified 

supported metal complex mesoporous materials constitute an interesting research area 

in the field of fine chemical synthesis. Hence, the immobilization of different metal 

complex over the pore channels of different mesoporous materials had been 

systematically studied, characterized and also used as catalysts in various industrially 

relevant organic transformations. By keeping the above objectives in mind, the 

following specific work was selected for the present thesis: 

 

The specific problems chosen are: 

• Heterogenization method of the salen binaphthyl Schiff base ligand over 

organo-modified SBA-15. Determination of extent of the increased stability of 

the synthesized catalyst with regard to the homogeneous catalyst in the 

epoxidation and sulfoxidation reactions.  

• Synthesis of Pd-EDTA complex and its immobilization over 

aminofunctionalized (-NH2) organomodified SBA-15 phases, reaction 

condition optimization and their catalytic properties in Heck, Suzuki and 

Sonogashira coupling reactions as heterogeneous catalyst. 

• Synthesis of periodic mesoporous organosilicas (PMO) having organic 

moieties like benzene (-C6H4-) in the frame wall positions. 

• Attempt to graft Pd metal complexes of 4-(2-pyridyl)-1, 2, 3 triazole, a version 

of “click reaction” product ligand, and its derivatives into B-PMO phases and 

their catalytic properties in Stille C-C coupling reaction. 

• Heterogenization of 2, 4, 6-triallyloxy-1, 3, 5-triazine (TAT) Pd(II) complex 

over organic group modified SBA-15 support, and to measure the catalytic 

properties in hydrogenation reaction. 

• To characterize the synthesized catalysts by various characterization 
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techniques. The textural characteristics of these new heterogenized catalyst 

will be determined by FT-IR, 
1
H, 

13
C, 

29
Si, MAS NMR spectroscopy, high 

resolution transmission electron spectroscopy (HRTEM), diffuse reflectance 

UV-Vis spectroscopy, X-ray diffraction (XRD), scanning electron microscopy 

(SEM), nitrogen adsorption analysis to determine surface area, pore size and 

typical N2 adsorption and desorption isotherm. Another objective is to 

compare the reactivity obtained over heterogenized complexes with the 

corresponding homogeneous analogues.  

• To study the regenerability of all the catalytic systems. 

 

1.12. ORGANIZATION OF THE THESIS 

          The present thesis is divided into six chapters; Chapter 1 gives an idea about 

current scenario in the field of mesoporous molecular sieve materials, precisely 

transition metal complex based mesoporous materials, more particularly Pd and Mn 

transition metal catalysed oxidation, hydrogenation and the C-C coupling reactions. 

The different characteristic properties of these materials including shape selectivity, 

formation mechanisms etc., and further more literature survey related to synthesis 

aspects, characterization techniques, and different catalytic applications has been 

discussed. The scopes and objectives of the present work were outlined at the end of 

this chapter. 

 

Chapter 2: This chapter includes detailed synthesis and characterization of Chloro 

(S,S)(−)[N-3-tert-butyl-5-chloromethyl salicylidene]-N-[3,5-di tert-butyl salicylidene] 

1,1-binapthyl-2,2-diamine manganese(III) (homogeneous system) complex on 

modified SBA-15 by using 3-aminopropyltrimethoxy silane as a reactive surface 

modifier to give supported catalyst. The surface properties of the functionalized 

catalyst were analyzed by a series of characterization techniques, which confirmed the 

structural integrity of the mesoporous hosts and the spectroscopic characterization 

technique proved the successful anchoring of the metal complex over the modified 

mesoporous support. The screening of the catalyst Mn(III)-L-SBA-15 and the neat 

Mn(III)-L complexes were done in the oxidation reaction of thioanisole (methyl 
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phenyl sulfide) by using TBHP as an oxidant. Mn(III)-L-SBA-15 catalyst shows 

comparable activities and turnover number (TON) and exhibit improved enantiomeric 

excess compared to homogeneous catalyst Mn(III)-L. 

 

Chapter 3: Phosphine obstructed highly efficient and reusable SBA-15-EDTA-Pd(II) 

has been synthesized by anchoring Pd-EDTA complex over the surface of organo-

functionalized SBA-15. The physiochemical properties of the organo-functionalized 

catalyst were analyzed by various characterization techniques. The synthesized 

catalyst SBA-15-EDTA-Pd(II) was screened for the Suzuki and Sonogashira coupling 

reactions show higher catalytic activity with high TON (turn over number). The 

anchored solid catalyst can be recycled efficiently and reused several times (five 

times) without major loss in reactivity. 

 

Chapter 4: An efficient and highly reusable B-PMO-TZ-Pd(II) has been synthesized 

by anchoring  4-(2-pyridyl)- 4-(2-pyridyl)-1, 2, 3-triazole ligand over the inner 

surface of organo-functionalized benzene containing periodic mesoporous  

organosilica (B-PMO) via “Click reaction”  and subsequent complexation with 

PdCl2. B-PMO materials with uniform hexagonal arrangement were prepared using 

C16 alkyl trimethyl ammonium bromide [CTAB] surfactant under basic conditions. 

The synthesized catalyst was screened in the Stille and Kumada coupling reactions 

and show higher catalytic activities with high TONs. The anchored solid B-PMO-TZ-

Pd(II) catalyst can be recycled efficiently and reused several times.  

 

Chapter 5: This chapter consist of details of highly efficient and reusable SBA-15-

TAT-Pd(II) synthesis by anchoring 2, 4, 6-triallyloxy-1, 3, 5-triazine (TAT) complex 

over the surface of organo-functionalized SBA-15. The synthesized catalyst SBA-15-

TAT-Pd(II) was screened for hydrogenation reactions and show higher catalytic 

activity with high TON. The anchored solid catalyst can be recycled efficiently and 

reused without major loss in reactivity.  
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Chapter 6: This chapter gives an overall summary of all the major conclusions of the 

present study with respect to the synthesis and characterization of immobilized 

catalysts and the successful attempt in using the catalytic properties of the catalyst for 

oxidation, hydrogenation and C-C coupling reactions.  
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2.1. INTRODUCTION 

           The discovery of efficient method for catalytic epoxidation is an important goal 

in synthetic chemistry as there is a growing interest in using epoxide as a building 

block in organic synthesis. Mn(III) schiff-base complexes have become highly 

valuable catalysts in homogeneous alkene epoxidation reactions using readily 

available oxygen donors such as, H2O2 or TBHP.
1,2

 On the other hand, immobilization 

of transition-metal complexes on solid supports can provide catalysts which are easier 

to handle and which may possibly exhibit improved selectivity and activities  because 

of the support environment.
3-10

 Over the past few decades, researchers has focused on 

the development of a variety of homogeneous catalysts that deliver high levels of 

activities and enantio or diastereoselectivities.
11 

The design and synthesis of chiral 

ligands that, upon coordination with metal ion can induce high stereoselectivity for 

organic transformations constitute an important issue in modern coordination 

chemistry.
12

 In this context, a lot of attention has been directed to C2-symmetric 

binaphthyl ligands such as BINAP and binaphthol and chiral Schiff-base ligands.
13

 

Recently, there has been increasing interest in utilizing a ‘hybridized’ form of 

binaphthyl ligands and salens, i.e. binaphthyl Schiff base ligand. 

          Since the synthesis of ordered mesoporous materials in 1992 sparked 

worldwide interest in the field of heterogeneous catalysis and separation science, 

SBA-15 has became the most popular member of the group possessed extremely high 

surface areas, easily accessible, uniform pore sizes and stability.
14 

SBA-15 porous 

structures possess with unusually large inter lattice ‘d’ spacing of 74.5–320 Å 

between the (100) planes, pore sizes from 46–300 Å, pore volume fractions up to 

0.85, and silica wall thicknesses of 31–64 Å.
15

 To extent the applicability of SBA-15 

materials, it is necessary to modify the surface by organic functional groups for 

anchoring metals and metal complexes.
16

 Grafting of functional organosilanes by 

using surface hydroxyl groups as anchor points has been widely used. Furthermore 

the leaching of active site can also be avoided as the organic moieties are covalently 

attached to the inorganic support. Along with these affordable reasons the deciding 

factor for solid support ends over the SBA-15. 

         Herein, this chapter we described the covalent bonding of the chloro (S, S)(–
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)[N-3-tert-butyl-5-chloromethyl salicylidene]-N′-[3′,5′-di tert-butyl salicylidene] 1,1′-

binaphthyl-2,2′-diamine manganese (III) (homogeneous system) complex on modified 

SBA-15 by using 3-aminopropyl trimethoxy silane as a reactive surface modifier to 

give supported catalyst and their catalytic properties in sulfide oxidation by TBHP. 

The immediate goal of our study was to evaluate the heterogenization method of the 

salen binaphthyl Schiff base ligand over SBA-15 and to determine the extent of the 

increased stability of the catalyst with regard to the homogeneous catalyst as well as 

their recycling properties. 

 

2.2. EXPERIMENTAL 

2.2.1. Materials 

          Tetraethylorthosilicate (TEOS), Pluronic 123 (P123, Average Mol. Wt = 5800), 

3-tert-butyl-2-hydroxy benzaldehyde, 3-aminopropyl trimethoxy silane (3-APTMS), 

dimethoxydimethylsilane ((MeO)2Me2Si), (S)-(–)-1, 1′-Binaphthyl-2, 2′-diamine 1, 2-

dihydronaphthalene, thioanisole (methyl phenyl sulfide) were purchased from 

Aldrich. Glacial acetic acid, paraformaldehyde, HCl (36.5 %) was purchased from 

Thomas Baker (India). 5-Chloromethyl-3-tertbutyl-2-hydroxy benzaldehyde was 

synthesized according to literature procedure with slight modification. The dry 

reagent grade solvents were obtained from Merck (India) and dried before use 

according to standard methods. 

 

2.2.2. Synthesis Procedure of Catalyst 

2.2.2.1. Synthesis of parent and organo-functionalized SBA-15 

           The synthesis of mesoporous SBA-15 was carried out hydrothermally under 

the autogeneous pressure in an autoclave. The polymer surfactant P123 was used as a 

template and hydrochloric acid served as a mineralizer. The gel composition was as 

follows;  

0.043 TEOS: 4.4 g P123 Mavg= 5800 = [EO20 - PO70 - EO20]: 8.33 H2O : 0.24 HCl. 

 

4.4 g of tri block co-polymer dispersed in 30 g of distilled water was stirred for 1.5 h. 

To the resultant solution, 120 g of 2 M HCl was added under stirring and the stirring 
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was continued for 2 h. Finally, 9 g of TEOS was added drop wise and the mixture was 

maintained at 40 ºC for 24 h with continuous stirring. The mass was submitted to a 

hydrothermal treatment (100 ºC, 48 h) under static condition. The precipitate was 

filtered, washed with distilled water, dried in an oven (90 ºC, 12 h) and then calcined 

in air (500 ºC, 6 h) to remove the template. 

          Surface modification of SBA-15 was achieved by a post synthesis grafting 

method [Scheme 2.1(D)]. One gram of SBA-15 was suspended in a 100 ml of dry 

toluene and refluxed with 2.5 mmol of 3-aminopropyltrimethoxysilane (3-APTMS) 

for 8 h under N2 atmosphere. The material was filtered after cooling to ambient 

temperature, washed with dry toluene and dichloromethane, respectively. Soxhlet 

extraction was carried out for 24 h in dichloromethane (DCM) to remove the occluded 

organosilane. The sample was dried in vacuum for 10 h. The obtained material is 

designated as NH2-SBA-15. The free –OH groups present in NH2-SBA-15 were 

protected by adding 1.5 mmol of dimethoxydimethylsilane [(MeO)2Me2Si] to a stirred 

suspension of 1 g of NH2-SBA-15 in dry toluene (50 mL), followed by stirring of 12 h 

at reflux temperature under inert atmosphere. The obtained material was filtered, 

washed, with toluene and further soxhlet extracted with DCM for 24 h. The obtained 

material was named as –OH protected NH2-SBA-15 as per scheme [Scheme 2.1(E)]. 

 

2.2.2.2. Synthesis of 5-chloromethyl-3-tert-butyl-2-hydroxybenzaldehyde 

              3-tert-butyl-2-hydroxy benzaldehyde 2 g (0.01 mol) and para-formaldehyde 

10.09 g (2.97 mol) was stirred in a round bottom flask and the resulting emulsion was 

refluxed for 48 h with 25 ml con. HCl. The reaction mixture was extracted with 

DCM.
17,18

 The organic phase was washed with saturated aqueous sodium bicarbonate 

followed by brine solution and dried over Na2SO4. Resultant residue was further 

concentrated in vacuum to give 5-chloromethyl-3-tert-butyl-2-hydroxybenzaldehyde 

as the viscous oil [Scheme 2.1(A)]. (93 % yield, 1.86 g, 8.21 mmol). 
13

C NMR 300 

MHz, CDCl3, δ (ppm) - 29.12 (s, 3C); 34.98 (s, 1C); 45.92 (s, 1C); 120.32 (s, 1C); 

128.26 (s, 1C); 131.76 (s, 1C); 134.54 (s, 1C); 139.16 (s, 1C); 161.28 (s, 1C); 196.74 

(s, 1C).  
1
H NMR (200 MHz, CDCl3, δ (ppm) - 1.43 (m, 9H); 4.5 (s, 2H); 5.34 (s, 

1H); 7.45 (s, 1H); 7.52 (s, 1H); 9.88 (s, 1H); 11.86 (s, 1H). 



Chapter 2                                        Mn(III) Schiff Base Complex immobilized SBA-15  

 

56 | P a g e  

 

 

 

Scheme 2.1. Functionalization of SBA-15 and heterogenization of ligand, 2.1.(A) 

Chloromethylation of 3-tert-butyl-2-hydroxybenzaldehyde, 2.1.(B) Schiff  Base 

ligand synthesis, 2.1.(C) Metalation of salen schiff base, 2.1.(D) Surface Modification 

of SBA-15, 2.1.(E) Capping of SBA-15, 2.1.(F) Heterogenization of salen metal 

complex. 
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2.2.2.3. [L] Synthesis of chloro (S,S)(–)[N-3-tert-butyl-5-chloromethyl salicylidene]-

N′-[3′,5′-di tert-butyl salicylidene] 1,1′- binaphthyl-2,2′-diamine manganese(III) 

          To a stirred solution of S-(–)-1,1-binaphthyl -2,2-diamine (0.704 mmol, 200 

mg) in 30 ml, 5-chloromethyl-3-tertbutyl-2-hydroxybenzaldehyde (1.05 mmol, 238.68 

mg) and 3,5 di-tert-butyl-2-hydroxybenzaldehyde (0.35 mmol, 82.41 mg) were added 

with powder molecular sieves (200 mg) and excess amount of magnesium sulphate 

[50-70 mmol]. The resulting suspension was refluxed for 24 h and the solvent was 

evaporated in vacuum [Scheme 2.1(B)].
19,20

 The crude mixture was dissolved in dry 

dichloromethane (DCM). Magnesium sulphate was removed by filtration and the pure 

deep orange ligand was obtained by evaporation to dryness. Deep orange colored 

crystals (75 % yield, 0.53 mmol, and 0.75 g) were obtained. On complexation with 

(MnCH3COO).4H2O and its aerial oxidation in the presence of LiCl, this gives the 

complex Mn(III)-L [Scheme 2.1(C)]. 
1
H NMR (200 MHz, CDCl3), δ (ppm) - 1.22 (s, 

18H); 2.1 (s, 9H); 4.32 (s, 2H); 6.9-7.3 (m, 14H); 7.5 (d, 2H); 8.65 (s, 2H); 11.55 (s, 

2H). IR (KBr) cm
–1

: 3420, 3050, 3000, 2956, 2909, 2863, 1650, 1629, 1501, 1430, 

1388, 1335, 1276, 1209, 1155, 1032, 967, 927, 867, 806, 774, 744, 693. 

 

2.2.2.4. Grafting of chloro (S,S)(–)[N-3-tert-butyl-5-chloromethyl salicylidene]-N′-

[3′,5′-di-tert-butyl salicylidene] 1,1′- binaphthyl-2,2′-diamine manganese(III) inside 

the –OH protected NH2-SBA-15 

          The surface modified SBA-15 (2 g) was added to a solution of the 

unsymmetrical Schiff base (0.79 mmol, 560.8 mg) in dry toluene (25 ml) and the 

resulting suspension was refluxed for 48 h under inert atmosphere. The supported 

catalyst was filtered, washed thoroughly with dry toluene and diethyl ether and 

extracted repeatedly on a soxhlet extractor until the washing become colourless. The 

final material is designated as Mn(III)-L-SBA-15 [Scheme 2.1(F)].  

 

2.2.3. INSTRUMENTS FOR CHARACTERIZATION  

          Powder X-ray diffractograms (XRD) of the materials were recorded using a 

PAN analytical X’pert Pro dual goniometer diffractometer. A proportional counter 

detector was used for low angle experiments. The radiation used was Cu Kα (1.5418 
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Å) with a Ni filter and the data collection was carried out using a flat holder in Bragg-

Brentano geometry (0.5–5 
°
; 0.2 

°
min

-1
). N2 adsorption–desorption isotherms, pore 

size distributions as well as the textural properties of the hybrid materials were 

determined by using a Micromeritics ASAP 2020 instrument and Autosorb 1C 

Quantachrome USA. The program consisting of both an adsorption and desorption 

branch and typically ran at –196 °C after samples were degassed at 250 °C for 2 h. 

Specific surface areas were calculated via the BET model at relative pressures of P/Po 

= 0.06–0.3. A JEOL JEM-3010 and Tecnai (Model F30) both operating at 300 KV 

were used for HRTEM samples observation. Samples were crushed and dispersed in 

isopropenol with low power sonication before putting a drop over carbon coated Cu 

grid for observation. Chemical analysis was carried out in a Lab Tam 8440 Plasma lab 

sequential mode ICP–OES Spectrometer and a Spectro Arcos ICP–OES instrument. 

Standard solution was used for calibration purpose. The scanning electron 

micrographs of the samples were obtained in dual beam scanning electron microscope 

(FEI company, model Quanta 200 3D) operating at 30 kV. The samples were loaded 

on stubs and sputtered with thin gold film to prevent surface charging and also to 

protect from thermal damage due to electron beam.  

          
1
H NMR spectra were recorded on Bruker AC–200 instruments using 

deuteriated solvent. Chemical shifts are reported in ppm. Liquid 
13

C NMR spectra 

were recorded on Bruker AC–200 instruments operating at 50 MHz. 
13

C NMR 

chemical shifts are reported in ppm relative to the central line of CDCl3 (d 77.0). 

Solid-state 
13

C CP MAS NMR and 
29

Si MAS NMR spectra were recorded on a 

Bruker MSL 300 NMR spectrometer with a resonance frequency of 75.5 MHz and 

59.6 MHz for 
13

C and 
29

Si, respectively, and the chemical shifts were referenced to 

glycine and TMS respectively. Infrared spectra were recorded using a Perkin Elmer, 

Spectrum one FTIR spectrophotometer. The liquid samples or dilute solution of the 

solid samples in THF were spread over KBr plates and their spectra were recorded. IR 

spectra were recorded in the range of 4000–400 cm
‒1

. Optical rotations were 

measured on a JASCO P–1030 Polarimeter. Thermal analyses (TGA–DTA) of the 

samples were conducted using a Pyris Diamond TGA analyzer with a heating rate of 

10 ºC min
−1

 under air atmosphere.  
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2.3. Results and Discussions 

2.3.1. Powder X-ray Diffraction (XRD) 

          The uniqueness of mesoporous structure, phase purity, degree of orderedness 

and unit cell parameters of all the siliceous and surface modified mesoporous 

materials were determined by powder X-ray diffraction (XRD). XRD pattern of the 

(a) calcined SBA-15, (b) as-synthesized SBA-15, (C) –OH protected NH2-SBA-15 

and (d) heterogenized salen Mn(III)-L-SBA-15 complex is visualized in Figure 2.1. 

The typical hexagonal phase of the SBA-15 [main (100), (200), and (210)] reflections  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. XRD pattern of (a) calcined SBA-15, (b) as-synthesized SBA-15, (C) -

OH protected NH2-SBA-15 and (d) Mn(III)-L-SBA-15. 

 

are clearly visible in calcined SBA-15.
21

 In all the samples, (110) reflection is more 

intense than the (200) reflection. As evident from the Figure 2.1. the XRD patterns of 

the samples synthesized after treatment with 3-APTMS and (MeO)2SiMe2 are almost 

similar to  the parent SBA-15 sample with small decrease in overall intensity to the 

(100), (110) and (200) reflections. From the XRD pattern it is clear that after 

anchoring of the chiral complex Chloro (S,S)(–)[N-3-tert-butyl-5-chloromethyl 

salicylidene]-N′-[3′,5′-di-tert-butyl salicylidene] 1,1′-binaphthyl-2,2′-diamine 

manganese(III) an inconsequential decrease in peak intensities to the (100), (110) and 
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(200) reflections were observed without changing the peak positions.
22

 This 

perseverance of peak positions indicates that, even the presence of a large amount of 

organic moieties by the partial filling of inside of the mesopores is less detrimental to 

the quality of the SBA-15 material. The persistence of the (100), (110) and (200) 

reflections not only proved the structural stability and existence of long range 

ordering to the mesophase but also the survival of undisturbed pore wall thickness 

even after a number of treatments with organic molecules in solvents under radical 

conditions. All the observations clearly show that the ordered mesoporosity and 

structural stability of the samples have retained after incorporation of organometallic 

complex. 

 

2.3.2. FT-IR Spectra  

          The presence of isolated surface silanols, hydrogen bonded hydroxyl groups, 

anchored complex and amorphous structures of the wall are evidenced from the IR 

spectrum of the calcined SBA-15 and its modified samples. The FTIR spectra of the 

parent host material (a) SBA-15, (b) –OH protected NH2-SBA-15, (c) immobilized 

Mn(III)-L-SBA-15 complex and (d) neat Mn(III)-L complex is shown in Figure 2.2. 

The ν –OH stretching vibrations observed in the 3600–3400 cm
−1

 region are attributed 

to the hydrogen-bonded silanol groups and the sharp band at 3740 cm
−1

 corresponds 

to the isolated surface silanol groups. Stretching vibrations of geminal silanols are 

also observed in the same region of isolated silanols; hence distinguishing these in the 

IR spectral patterns is very difficult.
23-26

 In the present analysis, after 3-APTMS 

functionalization, complete disappearance of the isolated peak at 3740 cm
−1

 or a sharp 

decrease in its intensity with a peak shift to lower value is seen, demonstrating the 

role of surface silanols in modifications. Moreover, it is also observed that the 

intensity of the hydrogen-bonded silanol groups in the 3600–3400 cm
−1 

decreases 

after 3-APTMS and later on dimethoxydimethylsilane functionalization. Generally, 

the free and geminal silanol sites are the active silanol sites participating in the 

condensation reactions with the silylating agents, whereas the hydrogen bonded 

silanol groups do not actively participate due to the efficient hydrophilic networks  
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Figure 2.2. FT-IR spectrum of (a) calcined SBA-15, (b) -OH protected NH2-SBA-15, 

(c) Mn(III)-L-SBA-15 and (d) neat Mn(III)-L complex. 

 

formed among them. However, the present results imply that the hydrogen bonded 

silanol groups are also vulnerable in the reaction with aminopropyl groups. Anchoring 

of 3-APTMS groups and capping by dimethoxydimethylsilane in the pore channels of 

mesoporous materials is identified by the ethylene stretching bands in the 2950–2850 

cm
−1

 regions from IR experiment.
27-29

 The band at 1088 cm
−1

 is assigned to the 

asymmetric νas (Si–O–Si) vibrations and the band at 798 cm
−1

 is assigned to 

symmetric vibrations of (Si–O) SBA-15, while the band at 960 cm
−1

 is attributed to ν 

(Si–OH) vibrations. Symmetric and asymmetric mode of (Si–O–Si) is clearly visible 

with the same intensity in all samples [figure 2.2. (a), (b) and (c)]. Absorption band at 

960 cm
–1 

in the case of (b), (c), and (d) are assigned to (Si–O) mode of the Si–OH 

group.  

           After Mn(III)-L complex immobilization, the band due to N–H vibration gets 

disappeared with the formation of new band at 1629 cm
–1

, which is characteristic 

stretching vibration of C=N band.
30,31

 Specially these two results clearly indicate the 

anchoring of neat Mn(III)-L complex over the amino group of modified SBA-15 

surface as shown in Scheme 2.1. In neat Mn(III)-L complex IR spectrum from ν 

1450–1600 cm
-1

 and ν at 3000 to 3050 cm
–1

 correspond to C–C stretching and C–H  
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stretching vibrations, respectively indicating to the aromatic region of 

binaphthyldiamine as well as salicyaldehyde unit of chiral Schiff base.
32

 Thus, all the 

results indicate chiral salen Mn(III)-L complex was incorporated to the modified wall 

of SBA-15 successfully. 

 

2.3.3. Thermal Analyses 

          The thermal stability of synthesized catalysts was studied by thermo 

gravimetric analysis in air atmosphere from ambient temperature to 1000 °C with a 

temperature ramp of 10 °C min
–1

. As evident from Figure 2.3A, The TGA curve of 

as-synthesized SBA-15 [Figure 2.3.A(a)] shows weight loss in one step only and DTA 

curve of  (Figure 2.3.B) as-synthesized SBA-15 shows one exothermic peak in the 

same region of temperature 170–220 °C which is attributed to the removal of 

surfactant (triblock–copolymer) from the as-synthesized SBA-15. Whereas, in the 

case of calcined SBA-15 Figure 2.3.B.(b), sharp peak in the range of 170–220 °C is 

not visible in DTA pattern; which clearly supports complete removal of surfactant 

from the SBA-15 channels.
33

 TGA results shows that only 7 % weight loss is 

observed in calcined SBA-15 whereas in case of as-synthesized SBA-15, 43.16 % 

weight loss was observed. All data are evidently supporting the fully removal of 

organic surfactant from as-synthesized SBA-15.
34,35

 In –OH protected NH2-SBA-15 

sample TGA result Figure 2.3.A(c) showing three step of weight loss. In the first step, 

weight loss between 70 and 150 °C corresponds to the loss of loosely bounded water, 

adsorbed moisture.  In the second step weight loss was observed in the region of 250–

350 °C. TGA analysis and a sharp visible exothermic peak in DTA analysis in the 

same temperature region (250-350 °C) is attributed to the decomposition of 3-APTMS 

(amino functionalized).  Third weight loss step visible in TGA analysis, in the region 

of 380–450 °C corresponds to removal of dimethoxydimethylsilane [(MeO)2SiMe2] 

which is evidently supported by DTA analysis showing one strong exothermic peak in  

the sample temperature range. TGA result of –OH protected NH2-SBA-15 

quantitatively shows ~21.27 % weight loss, which is greater than calcined SBA-15; 

strongly supports the successful anchoring of 3-APTMS and [(MeO)2SiMe2]  group 

over SBA-15. 
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Figure 2.3. TGA (A) and DTA (B) pattern of (a) as-synthesized SBA-15, (b) calcined 

SBA-15, (c) –OH protected NH2-SBA-15 and (d) Mn(III)-L-SBA-15. 

 

          In the case of heterogenized metal complex [Mn(III)-L-SBA-15] one extra peak 

was observed along with two peaks shown in capped amino functioned SBA-15, in 

the region of 400–510 °C assigned to salen [Mn(III)-L] complex. Note that 

decomposition of Mn(III)-L complex occurred at elevated temperature revealing the 

high thermal stability of complex. Direct comparison of weight loss between 

heterogenized complex Mn(III)-L-SBA-15 (35.62 % weight loss), and capped amino 

functionalized SBA-15 (21.24 % weight loss) shows 14.3 % loading of chiral salen 

complex over SBA-15. All these results show that the Mn(III)-L-SBA-15 is formed 

and principally located, inside the SBA-15 pore channels. 

 

2.3.4. Electron Microscopy 

          TEM micrograph of the SBA-15 revealed the hexagonally arranged pore 

structure when viewed along the pore direction, along with parallel lattice fringes on a 

side view analysis. The shown TEM images confirm the SBA-15 having 2D p6 mm 

hexagonal structure (Figure 2.4.).
14,15

 The ordered mesoporous structure of the 

support was unaffected by anchoring of Mn(III)-L salen complex. SEM micrograph 

revealed that SBA-15 sample consist of small agglomerate whose morphology does 
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Figure 2.4. TEM images of (A) calcined SBA

       

 

 

 

 

 

 

 

Figure 2.5. SEM images of (A) calcined SBA

 

not change in the supported catalyst Mn(III)

hexagonal structure with uniform in particle size (Figure 

particle size gets reduced after the grafting of various organic moieties on the inner 

pore wall of the SBA-

morphology of the SBA-15. 

 

2.3.5. 
13

C CP MAS NMR S

           In the solid state 
13

NH2-SBA-15 and Mn(III)

for carbon atom bonded 

methylene carbon (C2) and signal at 42.7 ppm can be att

attached to NH2 group (Figure 2.6.1.). After 

                                       Mn(III) Schiff Base Complex immobi

M images of (A) calcined SBA-15 and (B) Mn(III)-L-SBA

images of (A) calcined SBA-15 and (B) Mn(III)-L-SBA

change in the supported catalyst Mn(III)-L-SBA-15. Calcined SBA-

h uniform in particle size (Figure 2.5). The uniformity of the 

gets reduced after the grafting of various organic moieties on the inner 

-15, indicating that the various treatments can affect the 

15.  

C CP MAS NMR Study 

13
C CP MAS NMR spectra of NH2-SBA-15, –

15 and Mn(III)-L-SBA-15 the peak observed at 8.6 ppm can be accounted 

tom bonded to the silicon. The signal at 21 ppm corresponding to 

) and signal at 42.7 ppm can be attributed to the carbon atom 

group (Figure 2.6.1.). After –OH group of NH2-SBA-15 protection
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 Figure 2.6.1. Solid-state 
13

C MAS NMR spectrum NH2-SBA-15. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6.2. Solid-state 
13

C MAS NMR spectrum –OH protected NH2-SBA-15. 

 

by dimethoxydimethylsilane, along with all three peak of NH2-SBA-15, one extra 

peak is clearly visible at 2.2 ppm corresponds to methyl group from the capping 

agent, dimethoxydimethylsilane (Figure 2.6.2.). No peaks was observed for the 

methoxy group which confirms that all the methoxy groups were hydrolysed and 

attached over the support and confirm the successful anchoring of 3-APTMS. 

Grafting of binaphthyl salen ligand is confirmed by the presence of new resonance in 

the 
13

C CP/MAS NMR spectrum of Mn(III)-L-SBA-15. First in the 112–170 ppm 

region, distinct peaks are observed corresponds to aromatic region of binaphthyl 

group and salicyaldimine groups. 
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Figure 2.6.3.  Solid-state 
13

C MAS NMR spectrum of Mn(III)-L-SBA-15. 

 

          Moreover in the region of 0–50 ppm, additional two resonance peaks at 28.1 

and 34.1 ppm were observed after anchoring of metal complex (Figure 2.6.3.), which 

attributed to the methyl carbon of t-butyl and t-butyl carbon of (salicyaldimine 

groups), respectively. Whereas one shoulder peak at 49.1 ppm correspond to carbon, 

which is directly attached to linker group of NH2. All the observed data clearly 

demonstrating the successful anchoring of salen binaphthyl Schiff base complex to 

modified solid surface of SBA-15.  

 

2.3.6. 
29

Si CP MAS NMR Study 

          29
Si MAS NMR of surfactant-extracted, mesoporous organofunctionized SBA-15 

exhibit peaks at –112, –102, –67 and –60 ppm which are usually assigned to Q
4 
 

[Si(OSi)4, siloxane], Q
3
 [Si(OH)(OSi)3, single silanol], T

3 
[SiR(OSi)3] and T

2 

[Si(OH)R(OSi)2] sites, respectively (Figure 2.7.).The unmodified SBA-15 sample 

shows a broad resonance peaks from –93.89 to –102.91 ppm, indicative for a range of 

Si–O–Si bonds and it is noteworthy that the sample contains large amounts of Q
4
 sites 

showing a high framework cross-linking. Compared with calcined SBA-15, amine-

functionalized SBA-15 show decrease in Q
2
 and Q

3
 site with a corresponding increase 
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in the percentage of Q
4
 sites, demonstrating that the silylating agents effectively 

consume the geminal as well as the free silanol sites.
36-37

 In general, Q
3
 sites are 

considered to be rich with isolated Si–OH groups, which may be free or hydrogen-

bonded, whereas Q
2 

sites have the geminal silanol sites. A decrease in Q
3
 values after 

silylation over all of the support materials shows that these silanol groups are highly 

accessible to the silylating agents.  

 

 

 

 

 

 

 

 

 

 

                   

 

 

Figure 2.7. Solid-state 
29

Si MAS NMR spectrum of Mn(III)-L-SBA-15.  

 

          The 3-APTMS functionalized SBA-15 shows additional peaks at –68.48 ppm.  

and at –60.87 ppm which are assigned to T
3 

[SiR(OSi)3]  and T
2 

[Si(OH)R(OSi)2] 

sites, respectively (Figure 2.7.). The decreased T
2
/T

3
 ratio in NH2-SBA-15 shows that 

more silanes are linked to each other than in the pore channels of NH2-SBA-15. After 

protection of –OH group in NH2-SBA-15 by dimethoxydimethylsilane, it is clearly 

visible that T
2 

site [Si(OH)R(OSi)2] disappeared along with the appearance of new 

peak of dimethoxydimethylsilane at –22.36 ppm. With this two significant changes 

evidently proved the free silanol group of NH2-SBA-15, the T
2 

site
 
[Si(OH)R(OSi)2] 

get blocked by the condensation with methoxy group of dimethoxydimethylsilane 

(capping agent). Whereas after anchoring with Mn(III)-L complex one significant 
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difference was observed in the peak of dimethoxydimethyl silane at –22.36 ppm 

which splits into two peak may be due to  the methyl groups which are attached to Si 

(capping agent dimethoxydimethylsilane) experience the different electronic 

environment around it. All these Si NMR results supporting the successful formation 

of SBA-15 and its modification along with anchoring of Mn(III) salen complex.  

 

2.3.7. X-ray Photoelectron Spectra (XPS) 

          X-ray photoelectron spectroscopy (XPS) is the powerful tool to investigate the 

electronic properties of the species formed on the surface, such as the electronic 

environment, e.g. oxidation state and or /multiplicity influences the binding energy of 

the core electron of the metal. Both of the Mn(III)-L-SBA-15 and homogeneous catal- 

 

 

 

 

    

 

          

 

 

 

 

 

Figure 2.8. XPS spectra of (a) Mn2p3/2 Mn(III) and (b) Mn2p1/2 Mn(III) binding 

energy.      

 

-ysts were characterized by XPS analysis. The accuracy of the measured binding 

energy (BE) was ±0.3 eV. The spectrum was given in Figure 2.8. In heterogeneous 

catalyst Mn(III)-L-SBA-15, XPS spectra showing two clear band at 641.7 eV and at 

652.6 eV, which corresponds to Mn(III)2p3/2 and Mn(III)2p1/2 binding energy of the 

Mn metal respectively; whereas in homogeneous neat catalyst [Mn(III)-L], XPS  
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spectra showing two resolved peaks at 642 eV. and 653.1 eV.
38

 This indicates the 

oxidation state of Mn ion is +3 in both of the catalysts (Figure 2.8.). The binding 

energies of Mn(III)2p3/2 in the homogeneous Mn(III)-L catalyst and the anchored 

catalyst, Mn(III)-L-SBA-15 are 642.0 and 641 eV., respectively (Figure 2.8.). The 

difference in the binding energy between them is the result of the anchored ligand 

strongly coordinating with Mn
3+

 compared to the Mn(III)-L. The strong coordination 

ability can increase the electron density around the Mn ion, which decreases the 

binding energy of the ion.  In the N 1s region of homogeneous Mn(III)-L as well as 

heterogeneous catalyst Mn(III)-L-SBA-15, there is only one broad band observed at 

BE = 399.3 eV, typical of sp
2
 C=N bond and assigned to the nitrogen of the C=C 

aromatic ring.
39,40

 

 

2.3.8. UV-Vis Spectra 

          The UV-Vis spectra of neat chiral salen Mn(III)-L complex and heterogenized 

chiral salen Mn(III)-L-SBA-15 complex are shown in Figure 2.9. Typically, Mn(III) 

salen complexes show charge transfer transition of salen ligand at ~ 335 nm, ligand to 

metal (LMCT) charge transfer transition at ~ 430 nm and d-d transition at ~500 nm.
41

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. UV–vis spectra (a) neat Mn(III)-L complex,  (b) heterogeneous Mn(III)-

L-SBA-15 catalyst. 
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However, in the present study, all the three absorption bands of Mn(III)-L are 

overlapped and show a broad electronic transition from 300–530 nm region. Similar 

absorption bands were also noticed for the heterogenized chiral complex [Mn(III)-L- 

SBA-15]. reported by J. Hu et al.,
 42 

 . Pure siliceous mesoporous materials (MCM-41 

and SBA-15) usually show absorption in the UV region at ~220 nm. The blue shift 

absorption between 200 to 470 nm in the case of Mn(III)-L-SBA-15 compared to neat 

Mn(III)-L complex clearly shows the strong coordination of neat chiral metal 

complex over amino functionalized SBA-15. This result is supported by the XPS 

binding energy shift due to the complexation of metal with ligand.  

 

2.3.9. Nitrogen Sorption Studies 

          The nitrogen adsorption–desorption results of calcined SBA-15 and Mn(III)-L-

SBA-15 samples and their corresponding pore size distribution curves are plotted in 

Figure 2.10. N2 adsorption-desorption isotherms of both the samples show Type IV 

isotherms, According to IUPAC classification, type IV isotherms relate to capillary 

condensation steps, characteristic of the mesoporous materials (20–500 Å), with 

completely reversible nature, uniformly sized mesopores.
15

 The surface area, average 

pore diameter and the pore volume observed for the calcined SBA-15 and Mn(III)-L-

SBA-15 samples are summarized in Table 2.1. It is well known that the introduction 

of homogenous catalysts or metals on porous supports shows a decrease in its specific 

surface area and pore volume. The support, mesoporous calcined SBA-15 shows a 

high surface area of 665 m
2
/g and pore volume of 2.1 cm

3
/g (Figure 2.10.). After 

metal complex functionalization, the surface area gets reduced to 232 m
2
/g and pore 

volume reduced to 0.437 cm
3
/g for Mn(III)-L-SBA-15 samples (Table 2.1.). Thus, the 

decrease in total mesoporous pore volume (20.55 %) and surface area (34.88 %) after 

metal immobilization is indicative of the grafting of metal complex inside the 

channels of mesoporous calcined SBA-15 (Table 2.1.). It is clear from Table 1 that 

even though silylation procedures changed the textural properties of the mesoporous 

material, the decrease is more prominent after complex immobilization and due to the 

presence of bulkier organic moieties inside the pore channel of the support. In detail,  
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Figure 2.10.(A) Nitrogen adsorption–desorption isotherm and pore size distribution 

of (inset) calcined SBA-15, Figure 2.10.(B) Nitrogen adsorption-desorption isotherm 

and (BJH) pore size distribution (inset) of Mn(III)-L-SBA-15. 

 

Table 2.1.  

Textural properties of mesoporous calcined SBA-15 and Mn(III)-L-SBA-15. 

 

the mesoporous SBA-15 support shows an inflection in the P/Po ~0.6 range, while 

after complex immobilization, the P/Po value changed to a lower value of ~0.5, 

indicative of some sort of structural damage to the material after modifications and 

are consistent with the XRD results. Moreover, the BJH pore size distribution analysis 

shows that the material posses uniformly sized mesopores centered at ca. 56 Å for 

SBA-15 support and centered at 31 Å for the metal complex functionalized samples. 
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surface area      
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2
/g) 

Pore 

diameter (Å) 

 

Pore 

volume 

(cm
3
/g) 

Calcined SBA-15 665 56 0.4397 

Mn(III)-L-SBA-15 232 31 0.3043 
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2.3.10. Catalytic Activity 

2.3.10.1. Catalytic Oxidation of Sulfide 

           Oxidation reaction was carried out in 10 ml flask equipped with magnetic 

stirrer. The flask was charged with 3 mL of solution or suspension of the catalyst [15 

mg Mn(III)-L complex (neat homogeneous complex) or 50 mg Mn(III)-L-SBA-15 

(heterogeneous catalyst)] in dichloromethane (DCM). After stirring for 15 minutes, 

methyl phenyl sulfide (2 mmol) along with oxidant 3 mmol (TBHP or H2O2) were 

added with continuous stirring. Chemical yield and enantiomeric excess (ee) were 

measured by GC/MS and polerimeter. 

          The synthesized and characterized materials neat Mn(III)-L complex and 

Mn(III)-L-SBA-15 were applied for the liquid phase sulfoxidation of methyl phenyl 

sulfide with TBHP as an oxidant at room temperature (25 °C). To determine the 

performance of the synthesized catalysts, catalytic properties were compared from the 

conversion profiles of the three different systems; over Neat Mn(III)-L complex, 

Mn(III)-L-SBA-15 and the blank reaction (without any catalyst). The immobilized 

Mn(III)-L-SBA-15 shows enhanced catalytic activity with 94 % conversion of 

thioanisole along with 95 % selectivity towards sulfoxide (main product) in 5 h (Table 

2.2.). The immobilized metal complex followed the different reaction pathway, which 

lead to neat selective oxygen transfers reaction. In terms of time period, the reaction 

time increases from 1 h for homogeneous metal complex to 5 h for heterogenized 

complex. This strongly suggests that the reaction took place in the pores where the 

presence of oxidant and substrate are regulated by the pore size. Also the 

heterogeneous catalyst (Mn(III)-L-SBA-15 complex) enhances enantioselectivity (ee) 

(2 %) whereas only 0.5–1 % enatioselectivty was obtained in the case of 

homogeneous catalyst (Neat Mn(III)-L complex). To explain the poor 

enantioselectivty
12

 of thioanisole sulfoxidation reaction products, the obtained results 

agrees with the previous data of the binaphthyl based salen type complexes. 

According to “Katia bernardo, Simon Leppard et al”. The unexpected poor 

enantioselectivity of the binaphthyl based manganese complex as oxidation catalysts 

is due to its steric hindrance near the reactive site of metal which is not favourable for 

accessing the TBHP and H2O2 oxidizing agents.
43,44

 One more possible explanation 
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for the poor catalytic activity in terms of enantioselectivity is that, in spite of chiral 

manganese environment, the highly distorted geometry of the salen binaphthyl  

 

Table 2.2.  

Oxidation of thioanisole by supported Mn(III)-L-SBA-15 and Neat Mn(III)-L 

catalysts. 

S. 

No. 

Catalyst Time 

(h) 

Conversion 

(%) 

Selectivity to 

sulfoxide (%) 

TON
d
 

1. No catalyst 12 20 55 - 

2. Neat Mn(III)-L complex 1 93 61 132.8 

3. Mn(III)-L-SBA-15 5 94 95 152.3 

4. Mn(III)-L-SBA-15
a
 5 70 77 113.4 

5. Mn(III)-L-SBA-15
b
 5 40 82 64.0 

6. Mn(III)-L-SBA-15
c
 2 95 63 153.9 

Reaction condition: catalyst amount =50 mg (heterogeneous catalyst), 15 mg 

(homogeneous catalyst); thioanisole = 2 mmol; TBHP = 2.5 mmol; DCM = 2 ml; 

reaction temperature = 25 °C (room temperature). 
a
 with anhydrous TBHP. 

b
 with H2O2 oxidant. 

c
 At 35 °C temperature. 

d 
Turn over number is calculated by the expression moles of substrate converted per 

mole of metal. 

 

 

ligands, more compatible with tetrahedral rather than octahedral or square-pyramidal 

coordination. Further in order to evaluate the importance of oxidant we had probed 

the catalytic activity with different oxidant such as TBHP (70 %), anhydrous TBHP 

and H2O2 for sulfoxidation reaction by using Mn(III)-L-SBA-15 as a catalyst (Table 

2.2.). In the case of H2O2 as an oxidant sulfoxidation of thioanisole gives only 40 % 

conversion which is not appreciable results. Although H2O2 is an environmentally 

benign oxidant, the activation energy required for thioanisole oxidation is high. 

Whereas TBHP enhances the catalytic activity to many folds (94 %) in sulfoxidation 

reaction (table 2.2.). In the case of anhydrous TBHP, thioanisole oxidation product 
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observed was 70 %  in the same time period (5 h) but not remarkable changes were 

observed towards selectivity of sulfoxide (Table 2.2.). The sulfoxidation of 

thioanisole reaction is remarkably influenced by reaction temperature as examined at 

different temperature 25 °C and 35 °C (Table 2.2.). At higher temperature thioanisole 

conversion was enhanced at the cost of decreased selectivity towards sulfoxide (63 

%). In the series of catalytic activity, epoxidation of 1,2 dihydronaphthalene (1 mmol) 

was also performed over neat Mn(III)-L complex (15 mg) and Mn(III)-L-SBA-15 (50 

mg) for 30 h at 40 °C in dichloromethane (2 mL) using TBHP (3.5 g) as an oxidant 

and pyridine-N-oxide (123 mg) as an axial oxidant. The conversion of 1, 2 

dihydronaphthalene was found to be 60 %. Selectivity towards 1, 2-

dihydronaphthalene epoxide and TON over Mn(III)-L-SBA-15 were found to be 83 % 

and 48.62 %, respectively. In the absence of the catalyst, no epoxide of 1, 2- 

dihydronaphthalene was detected. In terms of enatioselectivity (ee), immobilized 

Mn(III)-L-SBA-15 complex catalyzed reaction gave 5 % (ee), where as Mn(III)-L 

gave 3 % (ee). The lower reaction rates obtained with the Mn(III)-L-SBA-15 catalysts 

compared to homogeneous counterpart could have been anticipated in the view of the 

restrictions imposed on the diffusion substrate and products through the micropores of 

the solid. 

 

2.3.11. Recycling Studies 

           In order to verify whether the observed catalytic activity arises due to 

heterogeneous catalysis; the Mn(III)-L-SBA-15 was recovered from the methyl 

phenyl sulfide reaction mixture after completion of the sulfoxidation reaction by 

simple centrifugation. The recovered catalyst was washed thoroughly with 

dichloromethane and dried in vacuum for 6 h before reuse. The stability of metal 

complex Mn(III)-L-SBA-15 was tested two times (fresh + one cycle) in the 

sulfoxidation reaction. The conversion of thioanisole decreased from 90 % to 71 % 

from fresh first cycle. The difference in the conversion (~20 %) between fresh and 1
st
 

recycle may be due to the leaching of some of the chiral metal complex in oxidizing 

condition, Further, recyclability test was done up to 4
th

 cycle and result shows almost 

similar conversion and selectivity from 2
nd

 to 4
th

 cycles (~71 % conversion at the end 



Chapter 2                                        Mn(III) Schiff Base Complex immobilized SBA-15  

 

75 | P a g e  

 

of 4
th

 cycle). The observed reactivity data supporting the heterogeneity of the 

synthesized catalyst Mn(III)-L-SBA-15.  The ICP analysis of the filtrate after the 

catalytic reaction shows the loss of Mn element from the heterogeneous catalyst 

Mn(III)-L-SBA-15 is less than 2 % compared with the total amount of the Mn(III)-L 

complex grafted over the modified surface of the SBA-15. 
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3.1. INTRODUCTION  

          There are several homogenous metal complexes widely used for organic 

transformation; however, separation and recycling of the homogeneous 

catalysts rather expensive and impart difficulties. Heterogenization of such 

homogenous catalysts on solid supports can mitigate these problems. 

Furthermore, heterogeneous catalysts have clear advantages over their 

homogeneous counterparts, which can be easily separated from the reaction 

medium. “Heterogeneous catalytic system includes polymer/dendrimer 

supported palladium catalysts, palladium on carbon, palladium supported metal 

oxides, clays and molecular sieves.
1
” Since the synthesis of ordered 

mesoporous materials in 1992 sparked worldwide interest in the field of 

heterogeneous catalysis and separation science; SBA-15 has become the most 

popular member of the group, which possessed extremely high surface areas, 

easily accessible uniform pore sizes and stability.
2
  

          To extent the applicability of SBA-15 materials, it is necessary to modify 

the surface by organic functional groups for anchoring metals and metal 

complexes. Grafting of functional organosilanes by using surface hydroxyl 

groups as anchor points has been widely used. Furthermore, the leaching of the 

active site can also be avoided as the organic moieties are covalently attached to 

the inorganic support. 

          Palladium complexes with or without phosphine ligands can catalyze the 

C-C coupling reactions. The phosphine-assisted approach is the classical and 

well-established methods,
3
 which gives excellent results in a majority of cases; 

whereas phosphine ligands are expensive, toxic, and unrecoverable and also a 

major drawback of the phosphine ligands in a catalytic reaction is the oxidation 

of phosphine to a phosphine oxide as well as cleavage of the P–C bond, causing 

degradation of the catalytic cycle. In large scale industrial applications, the 

phosphines might be a more serious economical burden than even palladium 

itself, which can be recovered at any stage of production or from wastes. 

Therefore, the development of phosphine free catalysts for C-C bond-forming 
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reactions would be an important topic of interest of the current industrial 

research.
4 

  

          The accurate selection of the ligands for the complex synthesis is the key 

factor for the synthesis of the complex. Recently a number of nitrogen base 

compounds in phosphine free condition were commonly used as a ligand such 

as C based heterocyclic carbenes, C-N based 2-aryl-2-oxazolines, aryl 

(hetroaryl) oximes, arylimines, N, N-based diazobutadienes, DMG and salen 

complexes.
5
 However, these ligands are not easily available and contain tedious 

and expensive synthesis processes and hardly stable in catalytic systems. 

Therefore, simple easily accessible stable catalyst is desired for the high 

temperature reactions. 

           Cross coupling reactions are one of the broadest area for the synthesis of 

symmetrical and unsymmetrical binary compounds, which are the key 

components of the several natural products as well as in the field of engineering 

materials, such as conducting polymers, molecular wires and liquid crystals.
6
 

Among the basic types of palladium catalyzed transformations, Suzuki, 

Sonogashira and Heck reactions related chemistry occupied a special place.
7
 

The Suzuki cross-coupling reaction of organo-boron reagents with organic 

halides represents one of the most versatile and straightforward methods for 

carbon-carbon bond formation. The reaction is largely unaffected by water, 

tolerating a large range of functionality and yielding non-toxic by-products. 

Furthermore, Sonogashira coupling of phenyl acetylenes and aryl halides is one 

example of palladium catalyzed reaction that allows connecting a C≡C triple 

bond substituent in an aromatic ring. Palladium catalyzed Mizoroki-Heck 

reaction of olefin and aryl halide is one of the most fundamental reactions for 

carbon-carbon bond formation in organic synthesis. Several reports have been 

published on the Heck reaction for the synthesis of symmetrical and 

unsymmetrical binary compounds; which are the key components of the several 

natural products as well as in the field of engineering materials, such as 

conducting polymers, molecular wires and liquid crystals.
8 
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           In 2005, Korolev et. al. described the synthesis of PdCl2–EDTA complex 

as a homogeneous catalyst for the Suzuki–Miyaura reactions in water.
9
 

However, this catalytic system was not stable enough to store for longer time 

period and unfortunately, no catalyst recovery was possible. In this context, we 

decided to immobilize the Pd-complex over the surface of organo-

functionalized SBA-15 in order to recycle the catalyst. Herein, we report 

grafting of Pd-EDTA complex, and its derivatives into SBA-15 phases and their 

catalytic properties in Heck, Suzuki and Sonogashira coupling reactions as 

heterogeneous catalyst. The immediate goals of our study were (i) to evaluate 

the heterogenization method of the Pd-ethylenediaminetetraacetic acid complex 

over organo-modified mesoporous SBA-15 support, (ii) to measure the catalytic 

properties in Heck, Suzuki and Sonogashaira C-C coupling reaction (iii) to 

optimize the reaction parameter such as temperature, solvent and base in the 

both coupling reaction, (iv) to determine the extent of stability of the catalysts 

as well as their recycling properties. 

 

3.2. EXPERIMENTAL 

3.2.1. Synthesis Procedure of Catalyst 

          SBA-15 was synthesized according to the reported procedure using tri-

block P123 as a template under acidic conditions.
9
 Pluronic 123 (2 g) was 

dissolved in a solution of HCl (60 mL of 2.0 M) and H2O (60 mL). The solution 

was stirred at 38 ºC for 1 h. After that time, tetraethylorthosilicate (TEOS) was 

added, and the resultant solution was left stirring at 38 ºC for further 4 h and 

then aged at 100 ºC for 24 h. Surface modification of SBA-15 was achieved by 

a post synthesis grafting method [scheme 3.1(A)]. One gram of SBA-15 was 

suspended in a 100 ml of dry toluene and refluxed with 2.5 mmol of 3-

aminopropyltrimethoxysilane (3-APTMS) for 8 h under N2 atmosphere. The 

material was filtered after cooling to ambient temperature, washed with dry 

toluene and dichloromethane. Soxhlet extraction was carried out for 24 h in 

dichloromethane (DCM) to remove occluded organosilane. The sample was 

dried in vacuum for 10 h. The obtained material is designated as NH2-SBA-15. 
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The free –OH groups present in NH2-SBA-15 were protected [scheme 3.1(B)] 

by adding 1.5 mmol of dimethoxydimethylsilane [(MeO)2Me2Si] to a stirred 

suspension of 1 g of NH2-SBA-15 in dry toluene (50 mL), followed by stirring 

for 12 h at reflux temperature under inert atmosphere.
9
 The obtained material 

was filtered, washed with toluene and soxhlet extracted with DCM for 24 h and 

named as –OH protected NH2-SBA-15.  

 

3.2.2. SBA-15-Pd-EDTA Synthesis 

          PdCl2 (0.5 mmol) in 5 ml distilled water was treated with 0.186 g (0.5 

mmol) of EDTA and 1 mmol of sodium carbonate (Na2CO3) and stirred to give 

yellow red solution. To the resultant solution the calculated amount (1.0 g) of 

organo-modified SBA-15 was added along with the slow addition of 25 ml of 

Millipore water.
9
 The final mixture was stirred at 75 °C for 24 h and washed 

with distilled water and soxhlet extracted to remove the unanchored materials 

from the SBA-15 surface [scheme. 3.1(D)]. The resultant material is named as 

SBA-15-EDTA-Pd(11). Similarly, 7 and 15 wt. % of Pd loading were also 

synthesized by using corresponding amount of modified SBA-15 and PdCl2 and 

obtained materials were designated as SBA-15-EDTA-Pd(7) and SBA-15-

EDTA-Pd(15), respectively. 
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Scheme 3.1. Schematic diagram of SBA-15 Functionalization and 

heterogenization of Pd-EDTA-SBA-15. 3.1(A) Amino (-NH2) 

functionalization, 3.1(B) Capping of SBA-15, 3.1(C) Pd-EDTA complex 

Formation, 3.1(D) anchoring of Pd-EDTA complex over modified surface of 

SBA-15. 
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3.2.2. Instruments for Characterization 

          Powder X-ray diffractograms (XRD) of the materials were recorded 

using a PAN analytical X’pert Pro dual goniometer diffractometer. The 

radiation used was Cu Kα (1.5418 Å) with a Ni filter and the data collection 

was carried out using a flat holder in Bragg-Brentano geometry (0.5 to 5 °; 0.2 

°/min).  

          N2 adsorption–desorption isotherms, pore size distributions as well as the 

textural properties of the hybrid materials were determined by using a 

Micromeritics ASAP 2020 instrument and Autosorb 1C Quantachrome USA. 

Pore size distribution curves were obtained via the NLDFT model assuming 

cylindrical pore geometry and the micropore volume calculated via t-plot 

analyses as a function of relative pressure using the Broekhoff de Boer model 

for thickness curve measured between 3.5–5.0 Å.  

          A JEOL JEM-3010 and Tecnai (Model F30) both operating at 300 KV 

were used for HRTEM samples observation. Chemical analysis was carried out 

in a Lab Tam 8440 Plasma lab sequential mode ICP–OES Spectrometer and a 

Spectro Arcos ICP–OES instrument. The scanning electron micrographs of the 

samples were obtained in dual beam scanning electron microscope (FEI 

company, model Quanta 200 3D) operating at 30 kV. The samples were loaded 

on stubs and sputtered with thin gold film to prevent surface charging and also 

to protect from thermal damage due to electron beam.  

           
1
H NMR spectra were recorded on Bruker AC–200 instruments using 

deuteriated solvent. Chemical shifts are reported in ppm. Liquid 
13

C NMR 

spectra were recorded on Bruker AC–200 instruments operating at 50 MHz. 
13

C 

NMR chemical shifts are reported in ppm relative to the central line of CDCl3 

(d 77.0). Solid-state 
13

C CP MAS NMR and 
29

Si MAS NMR spectra were 

recorded on a Bruker MSL 300 NMR spectrometer with a resonance frequency 

of 75.5 MHz and 59.6 MHz for 
13

C and 
29

Si, and the chemical shifts were 

referenced to glycine and TMS respectively. Infrared spectra were recorded 

using a Perkin Elmer, Spectrum one FTIR spectrophotometer. The liquid 

samples or dilute solution of the solid samples in THF were spread over KBr 
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plates, and their spectra were recorded. Thermal analysis (TG–DTA) of the 

samples was conducted using a Pyris Diamond TGA analyzer with a heating 

rate of 10 ºC min
−1

 under air atmosphere. 

 

3.3. CHARACTERIZATION 

3.3.1. Powder X-Ray Diffraction    

          XRD pattern of (a) calcined SBA-15, (b) -OH protected NH2-SBA-15 

and (c) Pd-EDTA-SBA-15(11) complexes are visualized in Figure 3.1(A) and 

(a) SBA-15-EDTA-Pd(7), (b) SBA-15-EDTA-Pd(11), (c) SBA-15-EDTA-

Pd(15) in Figure 3.1(B). The typical hexagonal phase of the SBA-15 [main 

(100), (200), and (210)] reflections are clearly visible in calcined SBA-15. In all 

the samples, (110) reflection is more intense than the (200) reflection.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. (A) XRD pattern of (a) calcined SBA-15 (b) -OH protected -NH2-

SBA-15 (c) SBA-15-EDTA-Pd(11). Figure 3.1. (B) XRD pattern of (a) SBA-

15-EDTA-Pd(7), (b) SBA-15-EDTA-Pd(11), (c) SBA-15-EDTA-Pd(15). 

 

As evident from   the figure 3.1(A) the XRD patterns of the samples 

synthesized after treatment with 3-APTMS and [(MeO)2SiMe2] are almost 
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similar to the parent SBA-15  sample with small decrease in overall intensity to 

the (100), (110) and (200) reflections. From the XRD pattern it is clear that 

after anchoring of Pd-EDTA complexes with different weight % ratio (7 %, 11 

%, 15 %) an inconsequential decrease in peak intensities to the (100), (110) and 

(200) reflections were observed without changing the peak positions (Figure 

3.1.A). This perseverance of peak positions indicates that, even the presence of 

a large amount of Pd-EDTA complex moieties by partial filling the inside of the 

mesopores is less detrimental to the quality of the SBA-15 material.
10

 The 

persistence of the (100), (110) and (200) reflections (Figure 3.1 A, B) not only 

proved the structural stability and existence of long range ordering of 

mesophase but also the survival of undisturbed pore wall thickness even after a 

number of treatments with organic molecules in solvents.  

 

3.3.2. Nitrogen Adsorption Desorption Isotherm  

          The nitrogen adsorption-desorption results of calcined SBA-15 and SBA-

15-EDTA-Pd(7), SBA-15-EDTA-Pd(11), SBA-15-EDTA-Pd(15) samples and 

their corresponding pore size distribution curves are plotted in Figure 3.2(A, B), 

respectively. The observed surface area, average pore diameter, pore volume 

and wall thickness for calcined SBA-15 and SBA-15-EDTA-Pd(7), (11) and 

(15) derivatives samples are summarized in the Table 3.1. All samples show 

type IV N2 adsorption desorption isotherms, according to the IUPAC 

classification, indicating the uniformity of the mesopores. Due to the capillary 

condensation of N2 within the uniformly sized mesopores the capillary 

condensation step where observed at P/Po = 0.3–0.4. The total surface area, 

average pore diameter and pore volume observed for calcined SBA-15, SBA-

15-EDTA-Pd(7), SBA-15-EDTA-Pd(11) and SBA-15-EDTA-Pd(15) were 

found to be 739 m
2
g

–1
, 65 Å, 1.173 cm

3
g

–1
, 665 cm

3
g

–1
, 64.3 Å, 0.439 cm

3
g

–1
, 

363 m
2
g

–1
, 56 Å, 0.478 cm

3
g

–1 
and 187 m

2
g

–1
, 48.5 Å, 0.36 cm

3
g

–1
, 

respectively. The decrease in total mesoporous surface area (10 %, 50 %, 74 

%), pore diameter (2 %, 13 %, 26 %) and pore volume (62 %, 59 %, 69 %) after  
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Figure 3.2. (A) Nitrogen adsorption-desorption isotherm  of  (a) calcined SBA-

15, (b) SBA-15-EDTA-Pd (7), (c) SBA-15-EDTA-Pd(11), (d) SBA-15-EDTA-

Pd(15), Figure 3.2(B). Pore size distribution of (a) calcined SBA-15, (b) SBA-

15-EDTA-Pd (7), (b) SBA-15-EDTA-Pd(11), (c) SBA-15-EDTA-Pd(15).  

 

 

metal Pd-EDTA (7, 11 and 15 %, respectively) complex immobilization over 

organo-modified SBA-15 is indicative of the grafting of metal complex, Pd-

EDTA inside the channels of mesoporous SBA-15. It is clear from Table 3.1 

that even though silylation procedures changed the textural properties of the 

mesoporous material, the decrease is more prominent after Pd-EDTA complex 

immobilization, since the bulkier organic moieties inside the pore channels 

occupies a large area of the void space. In addition the capillary condensation 

steps of SBA-15-EDTA-Pd(7), SBA-15-EDTA-Pd(11), and SBA-15-EDTA-

Pd(15) was also get reduced in lower P/Po value due to anchoring of Pd-EDTA 

complexes.  
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Table 3.1. Textural properties of Calcined SBA-15 and SBA-15-EDTA-Pd(7), 

(11), (15).   

S.

No 

Sample N(wt.

%)
(a)

 

Pd (wt. %)
(b)

 

Input   Output 

BET 

(m
2
/g) 

DP 

(Å) 

Vp 

(cm
3
/g) 

1. Calcined SBA-15   739 65 1.17 

2. SBA-15-EDTA-Pd(7) 2.2 7               5.7 665 64 0.43 

3. SBA-15-EDTA-Pd(11) 2.5 11             6.2 363 56 0.47 

4. SBA-15-EDTA-Pd(15) 4.3 15           10.8 187 48 0.36 

[a] Calculated based on elemental (Nitrogen) analysis value.  

[b] Input (Loading) is based on the amount of Pd during synthesis reaction; 

output is based on the ICP-AES analysis. 

(DP) : Average pore diameter, Vp : Pore volume, S.A. :  BET surface area. 

 

 

3.3.3. FT-IR Spectra   

          The presence of isolated surface silanols, hydrogen bonded hydroxyl 

groups and anchored metal complex, Pd-EDTA are evidenced from the IR 

spectrum of the calcined SBA-15 and its modified samples. Figure 3.3 shows 

FT-IR spectra of (a) EDTA, (b) calcined SBA-15, (c) –OH protected NH2-

SBA-15, (d) SBA-15-EDTA-Pd(7), (e) SBA-15-EDTA-Pd(11) and (f) SBA-15-

EDTA-Pd(15). In the visualized IR spectrum of calcined SBA-15 and –OH 

protected NH2-SBA-15 the stretching vibrations observed between 3600 and 

3400 cm
−1

 region are attributed to the hydrogen-bonded silanol groups and the 

sharp band at 3757 cm
−1

 corresponds to the isolated surface silanol groups 

(Figure 3.3.b) In the present analysis, after 3-APTMS functionalization, a sharp 

decrease in the intensity of peak at 3757 cm
−1

 with a peak shift to lower value is 

seen, demonstrating the role of surface silanols group in organo modifications 

of SBA-15 (Figure 3.3.c). In Figure 3.3 the peak observed near 797 cm
–1

 and 

1076 cm
–1

 are due to the symmetric and asymmetric vibrations of the Si–O–Si 

group, respectively.
11

 Two strong peaks were observed in the case of  SBA-15-
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EDTA-Pd(11) complexes at 1620 and 1587 cm
–1

 corresponds to the C–O 

stretching vibrations and N–H bending vibrations, respectively.
12 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. FT-IR spectrum of (a) EDTA, (b) calcined SBA-15, (c) –OH 

protected NH2-SBA-15, (d) SBA-15-EDTA-Pd(7), (e) SBA-15-EDTA-Pd(11), 

(f) SBA-15-EDTA-Pd(15).  

 

Further, the intensity of the C–O stretching vibrations and N–H bending 

vibrations increases as the loading of Pd-EDTA complex increases. Since the 

Pd-EDTA was anchored over the modified surface of the SBA-15, the peak at 

3294 cm
–1

 ascribed to the NH2 stretching vibrations disappeared, while a broad 

weak band at 3257 cm
–1

 was observed, which is attributed to the stretching 

vibration of –[NH3]+ resulted from the EDTA modification.
13

 This broad band 

shows much broader in case of SBA-15-EDTA-Pd(15) catalyst, which might be 

due to higher loading of Pd-EDTA complex. Further, new bands at 1383 and 

1627 cm
–1

 were also observed for Pd-EDTA modified SBA-15 which attribute 

to the –COO– group symmetrical and asymmetrical stretching vibrations, 

respectively. These observed results indicate that all the SBA-15-EDTA-Pd 

complexes along with different loading are systematically synthesized.  
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3.3.4. 
13

C CP MAS NMR Spectra 

          Figure 3.4 shows the solid state 
13

C CP/MAS NMR spectra of (a) NH2-

SBA-15, (b) –OH protected –NH2-SBA-15, (c) SBA-15-EDTA-Pd(11). In the 

solid state 
13

C CP/MAS NMR spectra of NH2-SBA-15, –OH protected NH2-

SBA-15 and SBA-15-EDTA-Pd(11) the peak observed at 9.3 ppm can be 

accounted for carbon (C1) atom bonded to the silicon. The signal at 21.3 ppm 

corresponding to methylene carbon (C2) and signal at 42.5 ppm can be 

attributed to the carbon atom attached to NH2 group (Figure 3.4.a) of anchored 

3-aminopropyltrimethoxy silane. No peak was observed for the methoxy group 

which confirms the successful grafting of 3-APTMS over the support (SBA-

15). After –OH group protection of NH2-SBA-15 by dimethoxydimethylsilane, 

along with all three peak of NH2-SBA-15, one extra peak is clearly visible at    

–2.2 ppm corresponds to methyl group attached to capping agent  

 

 

 

 

 

 

 

 

 

         Pd-EDTA-SBA-15  

 

 

Figure 3.4. Solid state 
13

C CP/MAS NMR spectrum of (a) NH2-SBA-15, (b) -

OH protected -NH2-SBA-15 (c) SBA-15-EDTA-Pd(11). 

 

dimethoxydimethylsilane (Figure 3.4.b). Two consecutive peaks observed at 

171 ppm and 180.6 ppm corresponds to the carbon atoms of the amide group 

formation due to the anchoring of EDTA carboxylic group to the linker 3-
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APTMS of the SBA-15. Furthermore, another peak observed in the case of 

SBA-15- EDTA-Pd(11) at 63.85 ppm corresponds to the carbon of ethylene 

group in EDTA, which is directly attached to the amide group and peak at 55.4 

ppm is due to ethylene group which is directly attached to carboxylic acid 

group (Figure 3.4.c). The reason for appearance of two type peaks for ethylene 

might be due to all carboxylic group did not get anchored over the 3-APTMS 

modified surface of the SBA-15.
   

 

3.3.5. 
29

Si CP MAS NMR Spectra 

          
The 

29
Si CP MAS NMR spectra of (a) Calcined SBA-15, (b) NH2-SBA-15, 

(c) -OH protected NH2-SBA-15 and (d) SBA-15-EDTA-Pd(11) exhibited in 

Figure 3.5. The demonstrated peaks in the spectra at –112, –102, –68 and –61 

ppm which are usually assigned to Q
4
 [Si(OSi)4, siloxane], Q

3
 [Si(OH)(OSi)3, 

single silanol], T
3 

[SiR(OSi)3], and T
2 

site respectively (Figure 3.5.a, b, c, d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.  Solid state 
29

Si CP MAS NMR spectrum of (a) Calcined SBA-15, 

(b) NH2-SBA-15, (c) -OH protected -NH2-SBA-15 (d) SBA-15-EDTA-Pd(11). 
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The calcined SBA-15 sample shows the presence of broad resonance peaks 

from -126 to -98 ppm, and it is noteworthy that the sample contains large 

amounts of Q
4
 sites showing a high framework cross-linking.

14
 In –OH 

protected-NH2-SBA-15, Si spectrum shows one extra peaks at –68.48 ppm due 

to 3-aminopropyltrimethoxysilane, which are assigned to mixture of T
3 

[SiR(OSi)3] and T
2 

[Si(OH)R(OSi)2] organosilicon, respectively. Peak at –16.87 

ppm corresponds to Si group of (dimethoxydimethylsilane) capping agent 

(Figure 3.5.c). After protection of –OH group in NH2-SBA-15 by 

dimethoxydimethylsilane, it is clearly visible that T
2
 site [Si(OH)R(OSi)2] 

disappeared along with the appearance of new peak at -16 ppm. With these two 

significant changes evidently proved the free silanol group of NH2-SBA-15 the 

T
2 

site
 
[Si(OH)R(OSi)2] get blocked by the condensation with methoxy group of 

dimethoxydimethylsilane (Figure 3.5.c). The absence of T
o 

-Si-C-(OH)3 sites 

confirms the EDTA-Pd complex is covalently anchored to the modified surface 

of the SBA-15 (Figure 3.5.d).  

 

3.3.6. Thermal Analyses 

          Thermal stability of all the synthesized materials were studied by thermo 

gravimetric analysis under air atmosphere from ambient temperature to 1000 °C 

with a temperature increment of 10 °C/min. TGA plots of all synthesized and 

modified SBA-15 samples show approximately 5 % weight loss below 120 °C 

caused by the desorption of physiosorbed water molecules (Figure 3.6 A, B). In 

TGA plot loss of ~42 weight % from as-synthesized SBA-15 was observed 

between 132 °C and 500 °C; corresponds to the removal of trapped surfactant 

within mesopore (Figure 3.6, A, B, a). Whereas nearly no weight loss in TGA 

and corresponding exothermic peak in DTA was observed in the calcined SBA-

15 between 132 °C and 500 °C indicate the complete removal of surfactant 

from SBA-15
15

 (Figure 3.6, A, B, b). TGA result of -OH protected NH2-SBA-

15 sample shows weight loss in three steps. In the first step, weight loss 

between 70 °C and 150 °C corresponds to the loss of loosely bounded water or 

adsorbed molecules., In the second step weight loss was observed in the region 
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of 245 °C–385 °C in TGA analysis and a sharp visible exothermic peak in DTA 

analysis in the same temperature region (245 °C–385 °C) are attributed to 3-

APTMS. TGA plot of –OH protected NH2-SBA-15 quantitatively shows 

∼21.27 % weight loss, which is greater than calcined SBA-15; strongly support  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. (A) TGA, (B) DTA pattern of (a) as-synthesized SBA-15, (b) 

calcined SBA-15, (c)-OH protected NH2-SBA-15 and (d) SBA-15-EDTA-

Pd(11). 

 

successful anchoring of 3-A -PTMS over SBA-15. Third weight loss was 

observed in the range of  380 °C–480 °C corresponds to removal of 

dimethoxydimethylsilane [(MeO)2SiMe2] which is evidently supported by DTA 

analysis showing one strong exothermic peak in the same temperature range 

(Figure 3.6, B, c). In the case of heterogenized metal complex SBA-15-EDTA-

Pd(11) one extra peak was observed along with the peaks shown in -OH 

protected NH2-SBA-15, in the region of 437–556 °C assigns Pd-EDTA 

complex. Note that decomposition of Pd-EDTA complex occurred at elevated 

temperature revealing the high thermal stability of complex. Direct comparison 

of weight loss in the case of heterogenized SBA-15-EDTA-Pd(11) and capped 
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3.3.7. Electron Microscopy

          TEM image of calcined SBA

structural evidence that the material organized into ordered arrays of two

dimensional hexagonal mesopores (Figure 

the TEM patterns was not ob

  

 

 

 

 

 

 

 

Figure 3.7. TEM Images of calcined (A) SBA

 

 

 

          

 

 

 

 

 

 

Figure 3.8. SEM Images of calcined (A) SBA

 

after the anchoring of the EDTA

of SBA-15 the images had shown distinct deep contrasting meso parallel 

15-EDTA-Pd active catalyst for Heck, Suzuki & Sonogashira 

amino functionalized SBA-15 shows ~7 weight % loading of metal 

15 support (Figure 3.6, A, B, d). 

. Electron Microscopy 

TEM image of calcined SBA-15 and SBA-15-EDTA-Pd(11) provide 

structural evidence that the material organized into ordered arrays of two

al hexagonal mesopores (Figure 3.7). The significant difference of 

the TEM patterns was not observed between the two Figures 3.7A, B. However,

ages of calcined (A) SBA-15, (B) SBA-15-EDTA

ages of calcined (A) SBA-15, (B) SBA-15-EDTA

the EDTA-Pd complex inside the mesoporous channels 

15 the images had shown distinct deep contrasting meso parallel 

Suzuki & Sonogashira  
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metal complex 

Pd(11) provide 

structural evidence that the material organized into ordered arrays of two-

). The significant difference of 

A, B. However, 

EDTA-Pd(11). 

EDTA-Pd(11). 

complex inside the mesoporous channels 

15 the images had shown distinct deep contrasting meso parallel 
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channels with respect to the light shaded surface. This might be interpreted as 

due to the presence of the EDTA-Pd complex inside the SBA-15, but not on the 

surface. If the EDTA-Pd complex was anchored on the surface of the 

functionalized SBA-15, then the high-contrast dark meso parallel channels 

would have appeared along the boundary of the visualized SBA-15 and not 

inside the porous body as observed previously by Shephard et al.
16

 Thus, the 

immobilization of the Pd-complex inside the pore-channels, by anchoring to the 

interior walls of these porous channels may be supported by TEM. 

Morphologies of the calcined SBA-15 and SBA-15-EDTA-Pd(11) are shown in 

Figure 3.8.A, B, respectively. Calcined SBA-15 shows uniform arrays of 

mesochannels arrangement and clear molecular-scale periodicity in the SEM 

images. Further, SBA-15-EDTA-Pd(11) demonstrates molecular-based 

materials; the large molecular system becomes denser in comparison to the 

calcined SBA-15 after Pd-EDTA complex anchoring over the mesoporous 

surface. 

 

3.3.8. X-ray Photoelectron Spectroscopy (XPS) 

          X-ray photoelectron spectroscopy (XPS) is the powerful tool to 

investigate the electronic properties of the species formed on the surface. In 

XPS electronic environment, oxidation state and or multiplicity influence the 

binding energy of the core electron of the metal. The synthesized material SBA-

15-EDTA-Pd(11) was characterized by X-ray photoelectron spectroscopy 

(XPS) to ascertain the oxidation state of Pd species. In Figure 3.9 the Pd 

binding energy of SBA-15-EDTA-Pd(11) exhibits two strong peak centered at 

336.7 eV and 341.5 eV, respectively, which are assigned to the Pd 3d5/2 and Pd 

3d3/2 signal, respectively. The observed peaks correspond to the Pd
2+

 oxidation 

state in the synthesized SBA-15-EDTA-Pd(11). According to literature pure 

PdCl2 metal salt binding energy for Pd 3d3/2 and Pd 3d5/2 orbital appears at 

342.8 and 337.6, eV, respectively.
17

 In comparison to literature value, the 

synthesized SBA-15-EDTA-Pd(11) show shift in binding energy of Pd towards 

lower value viz 341.5 Pd 3d3/2 and 336.7 eV Pd 3d5/2, respectively.
18 

The shift 
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Figure 3.9. XPS of SBA-15-EDTA-Pd(11).  

 

in the binding energy towards lower values indicated that the Pd state in SBA-

15-EDTA-Pd had more electron rich state than PdCl2. The reason might be 

possibility of electron donation from EDTA to Palladium and it suggested the 

strong interaction between Pd metal species and EDTA ligand was presence in 

SBA-15-EDTA-Pd catalyst. These results are in agreement with the UV-vis 

observations. 

 

3.3.9. UV-Vis Spectra 

          Diffuse reflectance UV-Vis measurement is a useful technique to get 

information about the oxidation state of incorporated metal species. The UV-

Vis spectra of (a) Calcined SBA-15, (b) SBA-15-EDTA-Pd(7), (c) SBA-15-

EDTA-Pd(11), (d) SBA-15-EDTA-Pd(15) are shown in Figure 3.10. Calcined 

SBA-15 shows the characteristic absorption at 254 nm, which corresponds to 

the siliceous material (Fig.3.10, a). The diffuse reflectance spectra of SBA-15-

EDTA-Pd (Pd-EDTA loading 7, 11, 15 %) catalysts display nearly identical 

features in absorption bands in the UV-Vis region in the range 205-680 nm with 
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reference to BaSO4 standard. The UV visible spectra of the SBA-15-EDTA-Pd 

(Fig 3.10, a, b, c) show the characteristics bands at 205-290 nm and 325–362 

nm and broad peak at 682 nm. The weak bands in 205-290 nm regions assigned 

to the weak p–p* transitions (Figure 3.10, b, c, d). Bands in 325–362 nm region  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. UV absorbance spectra of (a) Calcined SBA-15, (b) SBA-15-

EDTA-Pd(7), (c) SBA-15-EDTA-Pd(11), (d) SBA-15-EDTA-Pd(15). 

 

assigned to the d-d transition of the metal
19

; strongly supports the Pd(II) 

oxidation state. The band appears at 682 nm might be due to n–p* transition 

after incorporation of Pd-EDTA over the modified surface of the SBA-15
19b-d

. 

 

3.4. CATALYTIC ACTIVITY 

3.4.1. Suzuki Coupling Reaction  

3.4.1.1. General Procedure for Suzuki Coupling Reactions 

           Suzuki reaction was carried out in 25 ml oven dried two neck round 

bottom flask heated over temperature controlled oil bath with high stirring of 

700+ rpm. In a typical run 1mmol of aryl halide, 1.15 mmol of aryl phenyl 
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boronic acid, 3 mmol potassium carbonate (K2CO3) and 15 mg of SBA-15-

EDTA-Pd(11) (heterogeneous catalyst) were allowed to stir at 120 °C with 

solvent DMF (3.5 ml). The reaction mixture was sampled at measured time 

intervals and analyzed by gas chromatography. The samples were centrifuged 

with high rpm before analysing by gas chromatography. 

 

3.4.1.2. Suzuki Coupling Reaction Catalytic Results  

          The catalyst SBA-15-EDTA-Pd with different wt.% loading of Pd-EDTA 

(7 %, 11 %, 15 %) were screened in the Suzuki coupling reaction using the 

following reaction conditions:  aryl boronic acid (1.5 mmol), aryl halide (1 

mmol), potassium carbonate (3 mmol), DMF (3.5 ml), SBA-15-EDTA-Pd (15 

mg) at 120 °C. The conversion of iodobenzene and TON with respect to Pd 

loading were found to be 70 %, 99 %, 99 % and 100, 130.2 and 74.2, 

respectively. The reaction proceeds at the active Pd metal centre. Further the 

TON increases from SBA-15-EDTA-Pd(7) to SBA-15-EDTA-Pd(11) thereafter 

decreases. 

          The heterogeneous Suzuki cross-coupling of phenyl boronic acid with 

aryl iodide may proceed through a catalytic cycle (mechanism Step from 1 to 

11) analogous to that proposed for homogeneous palladium catalysts.
20

 In the 

first step of reaction insight, oxidative addition of aryl halide ArX (2) to the 

SBA-15-EDTA-Pd(11) (1) complex provides SBA-15 bound aryl palladium (II) 

complex (3). The leaving anion adds to the metal center to give the intermediate 

(3). The displacement of halide ion (X) from SBA-15-L-(Ar–Pd–X) (3) to give 

the more reactive organopalladium alkoxide, SBA-15-L-(Ar–Pd–CO3K
+
) or 

organopalladium hydroxide (R–Pd–OH) depends on the base used. Further, in 

second step of reaction mechanism transmetalation between SBA-15-L-(Ar–

Pd–CO3K
+
) aryl palladium (II) complex (6) and bornonic acid (7) provides 

SBA-15-L-(Ar
l
-Pd-Ar) reaction intermediate (10) with the subsequent removal 

of byproduct B(OH)2(CO3
¯
K

+
)2 (9). In the last step of reaction mechanism; 

reductive elimination of biphenyl Ar
l
-Ar (11) from the unsymmetrical 

Intermediate (10) regenerates the SBA-15-L-Pd (1) complex.  
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          Since mechanism of Suzuki coupling reaction is multistep procedure and 

a small variation in physical and reaction parameter can change the product 

yield and rate of the reaction drastically. Hence the influences of solvent, 

reaction temperature and various bases were evaluated on the product yield 

using SBA-15-EDTA-Pd(11) as catalyst in iodobenzene and phenyl boronic 

acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Solvent Opimization for Suzuki Coupling Reaction. 

 

          In order to probe the role of solvents in Suzuki coupling reaction, series 

of solvent like DMSO, DMF, HMPA, THF, 1, 4-dioxane, and toluene were 

used in presence of base potassium carbonate (K2CO3) at 120 ºC in a model 

reaction of Suzuki coupling between iodobenzene and phenyl boronic acid. 

Among all the solvents tested DMF, DMSO and NMP were able to give a 

significant yield (85–100 %) in 5 h reaction time period (Figure 3.11). whereas 

the nonpolar or less polar solvent such as THF, toluene progress with slow rate 

of reaction comparatively; due to strong reason of intermediate stabilization via 

coordinating ability to metal centre and the polarity. From the obtained results 
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of solvent optimization for the conversion of iodobenzene the reactivity order 

emerged as follows: DMF (100 %) > DMSO (89 %) > NMP (83 %) > THF (39 

%) > Toluene (17 %) > 1, 4 dioxane (15 %) > Xylene (10 %), respectively 

(Figure 3.11). In addition, the conversion of iodobecnzene was also carried out 

using SBA-15-EDTA-Pd(11) in presence of water as solvent under the similar 

reaction conditions. The yield of the biphenyl was found to be 33 wt. % in 12 h 

reaction time. Since after oxidative addition of aryl halide charge separation 

would take place at Pd metal centre to a much greater extent. To stabilize the  

 

 

 

 

 

 

 

   

 

  

 

 

 

 

Figure 3.12. Temperature Optimization for the Suzuki Coupling Reaction. 

 

generated high charge during the oxidative step at the Pd centre more 

coordination required which is possibly by the high polar solvents. Suzuki 

coupling reaction of iodobenzene (1 mmol) and phenyl boronic acid (1.5 mmol) 

in presence of K2CO3 using solvent DMF (3.5 ml) over SBA-15-EDTA-Pd(11) 

(15 mg) catalyst was examined to see the influence of temperature in the range 

of 60 ºC to 120 ºC on the product yield (Figure 3.12). Lower temperature does 

not favour the formation of product (biphenyl); however the yield of biphenyl 
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increased sharply with the increase in reaction temperature and reached the 

value of 99 % in 6 h at 120 ºC. Generally, coupling reaction favoured at high 

temperature since high activation energy is required to dissociate the aryl halide 

bond at oxidative addition step. It is noteworthy to mention here that no 

biphenyl product was obtained below 55 °C. Hence, the optimum reaction 

temperature with respect to conversion towards biphenyl product, under present 

reaction conditions, was found to be 120 ºC (Figure 3.12).   

          Various bases such as NaOH, NaHCO3, K2CO3 and NEt3 were screened 

for the reaction. Among all used bases, organic bases like triethyl amine (NEt3)   

                         

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Base Optimization for the Suzuki Coupling Reaction. 

 

was found unreactive in comparison to inorganic bases. The order of reactivity 

of iodobenzene in presence of various bases is arranged in the decreasing order 

as: K2CO3 (100) > NaOH (60) > NaHCO3 (45) > > NEt3 (32). It is clear that the 

reactivity of K2CO3 is found to be quite high among the used inorganic bases 

(Figure 3.13). Potassium carbonate is able to give 95 % yield of coupled 

product (biphenyl) in 5 h at 120 °C. Suzuki coupling reaction is known to be 

affected by salt particles, yet their mode of action has not been completely 
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clarified. According to the one hypothesis.
21

 in the reaction, the anions at the 

surface of the solid salt particles acted as electron donors for Pd metal centre, 

which increased the electron density of Pd metal centre. This effect could 

promote the oxidative step to form intermediate Ar–Pd-X (3). Therefore, the 

reaction is accelerated because the above mentioned step is the rate determining 

step. In other words, the electron-donation effect could enhance the activity of 

the catalyst with increase in electron density of Pd. 

          The characteristics of organo-boron reagents (i.e., high selectivity in 

cross-coupling reactions, stability, nontoxic nature, and tolerance towards 

functional groups) often give the Suzuki coupling a practical advantage over 

other cross-coupling processes. After optimizing the reaction parameters of the 

Suzuki coupling reaction between iodobenzene and phenyl boronic acid; 

several substituted and non-substituted aryl halides were employed in the 

reaction and the results are summarized in Table 3.2. The desired corresponding 

products are obtained in good yields with high TONs. As shown in Table 3.2, 

the Suzuki coupling reaction of phenyl boronic acid with varieties of aryl 

halides proceeds smoothly under mild reaction conditions giving the 

corresponding coupled products in high yields (75 % - 99 %) (Table 3.2, entries 

1-10). 

          Monosubstituted Aryl halides such as chlorobenzene, bromobenzene and 

iodobenzene with phenyl boronic acid gave 71 %, 83 %, 98 % yield of biphenyl 

and corresponding TON were found to be 81.2, 94.9 and 128.9, respectively 

(Table 3.2, entries 1, 2, 3). In the step of oxidative addition in the catalytic 

cycle of halogenated (X = Cl, Br, I) substrates coupling reactions involving 

these substrates, the activity typically decrease in the order of R–I > R–Br > R–

Cl. 
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Table 3.2.  

Reactivity of SBA-15-EDTA-Pd(11) catalyst for Suzuki reaction. 

 

  

     

 

 

             Aryl halide   Phenyl boronic acid             Biphenyl                               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction conditions: (1.5 mmol) arylboronic acid, (1  mmol) Aryl halide, (3 

mmol) potassium carbonate (base), 3.5 ml DMF with (15 mg) Heterogeneous 

S.No Aryl halide Product Time 

(h) 

Yield 

(%) 

TON 

1.  2a 30 71 81 

2.  2a 8 83 94 

3.   2a 5 98 128 

4.  2b 6 98 128 

5.  2b 6 99 130 

6.  2b 3 95 125 

7.  2c 9 96 109 

8.  2c 7 94 107 

9.  2d 9 89 101 

10.  2a 1 99
#
 130 

Br

NO2

NO2

NO2
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SBA-15-EDTA-Pd(11) catalyst, temperature 120 °C. (See appendix for NMR 

detail). 

# 
carried out in homogeneous catalyst EDTA-Pd. (3 mol %). 

 

          This can be explained in terms of the R–X bond dissociation enthalpies 

(BDE). For example, the X–Ph BDE range from X = Cl 95.5 ± 1.5 kcal/mol; X 

=Br 80.4 ± 1.5 kcal/mol to X= I 65.0 ± 1 kcal/mol.  It is evident from the Table 

3.2 that the reactivity of aryl chloride and bromides with phenyl boronic acid 

were found lower than aryl iodides and require comparatively longer reaction 

times for the completion of reaction.  

          Furthermore, electron rich and electron poor aryl halides react smoothly 

with phenyl boronic acid in the similar reaction conditions. Electron poor aryl 

halides like 4-chloronitrobenzene, 4-bromonitrobenzene and 4-

iodonitrobenzene with phenyl boronic acid gave coupled product (4-nitro 

biphenyl) in 98 %, 99 %, 95 % with TON 128.9, 130.2, 125, respectively 

(Table 3.2, entries 4, 5, 6). The relative reactivity of aryl halide towards the 

metal centre decreases in the order: I > Br >> Cl. Aryl halides activated by the 

proximity of electron-withdrawing groups are more reactive to the oxidative 

addition than those with donating groups, thus allowing the use of electron 

deficient halides such as 4-chloronitrobenzene for the cross-coupling reaction. 

Further, aryl iodides are more reactive than the bromides and chlorides. The 

substituent effect in the aryl iodides appeared to be less significant than in the 

aryl chlorides and bromides. 

          Subsequently, the electron rich aryl halides also show moderate to 

excellent reactivity (89 % – 96 % yield) in the formation of corresponding 

products (4-methylbiphenyl, 4-methoxybiphenyl) in Suzuki coupling reaction 

under the similar reaction conditions. The electron rich para substituted aryl 

halides such as 4-bromotoluene, 4-iodotoluene and 4-bromoanisole with 

bornonic acid afford 96 %, 94 %, 89 % yield after 9 h, 7 h, 9 h, respectively 

(Table 3.2, entries 7, 8, 9). The coupling reaction of chloronapthalene with 

phenyl boronic acid was investigated under similar reaction condition, but no 
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desired coupled product was obtained even after 24 h of reaction time. In 

addition, the catalytic activity of SBA-15-EDTA-Pd(11) was compared with 

homogeneous counterpart. The product yield over SBA-15-EDTA-Pd(11) and 

EDTA-Pd were found  to be 98 and 99 wt. % conversion in 5 h and 1 h, 

respectively (Table 3.2, entries 3 and 10). 

 

3.4.2. Sonogashira Coupling Reaction  

3.4.2.1. General Procedure for Sonogashira Coupling Reactions 

          Catalyst screening for Sonogashira coupling reaction was carried out in 

25 ml oven dried two necked round bottom flask heated over reactor with high 

stirring 700+ rpm. In a typical run 1mmol of aryl halide, 1.5 mmol of 

phenylacetylene, 3 mmol triethylamine (base) and 15 mg of SBA-15-EDTA-

Pd(11) (heterogeneous catalyst) were allowed to run at 120 °C with DMF as 

solvent. The reaction mixture was sampled at measured time intervals and 

analyzed by gas chromatography. The samples were centrifuged with high rpm 

before injecting in to the gas chromatography. The products were analyzed by 

GCMS and 
1
H, 

13
C CP MAS NMR. 

 

3.4.2.2. Sonogashira Coupling Reactions Catalytic Results 

          The original Sonogashira reaction often required highly dry organic 

solvent, inert atmosphere, highly strong base, prolonged reaction time and 

phosphine containing catalyst. Generally a copper co-catalyst is needed in 

Sonogashira coupling reaction. However, the addition of copper, although 

beneficial in terms of increasing the reactivity of the system, added some 

shortcomings, the principal being the necessity of avoiding the presence of 

oxygen in order to block the undesirable formation of alkyne homocoupling 

through a copper mediated Hay/glasier reaction. The coppper-acetylides formed 

in-situ could undergo oxidative dimerization to give diaryldiacetylenes when 

they are exposed to air or an oxidant (a reaction known as the Glaser coupling). 

These by-products are generally difficult to separate from the desired products. 

Furthermore, the copper acetylide is a potential explosive reagent. To address 
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such a problem, a solution was to eliminate the copper in the so-called 

‘‘copper-free’’ Sonogashira reaction.
22 

 

     

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14.  Base optimization for the Sonogashira Reaction. 

 

          Here we have shown that the synthesized catalyst SBA-15-EDTA-Pd(11) 

is efficient to handle in phosphine and copper free conditions for Sonogashira 

coupling reaction. Without the involvement of copper there are even fewer 

mechanistic suggestions to be found in homogeneous catalytic system.
23

 The 

heterogeneous Sonogashira coupling of phenyl acetylene with aryl halide may 

proceed through a catalytic cycle analogous to that proposed for homogeneous 

palladium catalysts. 

          In the first step of the catalytic cycle (mechanism steps from 1 to 7) is 

initiated by oxidative addition of the aryl halide (Ar-X) to species (1), forming 

the oxidative addition adduct reaction intermediate (2) species. The second step 

is the activation of the terminal alkyne. Because no copper salt was employed, 

and the base must be strong enough to subtract a proton from the alkyne, a 

transmetalation step could be excluded.
23

 The terminal alkyne C-H bond 

activation is accomplished by the coordination of the alkyne to SBA-15-L-(ArI-
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Pd-X) (3) complex. Upon coordination, the C-H bond is weakened, and H-X is 

removed from SBA-15-L-(ArI-Pd-X) (3) in the presence of a base 

(Triethylamine) (6) to form reaction intermediate (5) with the subsequent 

byproduct of triethylaminehalide (7). In the last step of reaction mechanism; 

with reductive elimination of diphenylacetylene Ar
l
-Ar (7) from the 

unsymmetrical Intermediate (6) regenerates the SBA-15-L-(Pd) complex.
22

  

          In order to probe the role of solvent in the Sonogashira coupling reactions 

a series of various bases such as NaOH, Na2CO3, K2CO3, NEt3 and NaHCO3 

were screened for the reaction.
22

 Among all used base organic base like 

triethylamine (NEt3) was found most reactive in comparison to inorganic bases. 

The order of reactivity of Iodobenzene in presence of various bases is arranged 

in the decreasing order as: NEt3 (100 %) > K2CO3 (58 %) > Na2CO3 (45 %) > 

NaOH (35 %) > NaHCO3 (10 %). It is clear from the comparison that 

triethylamine plays a highly active role in Sonogashira coupling reaction 

(Figure 3.14). The superiority of organic base compared to inorganic base may 

be due to the partial inhomogeneity of inorganic bases with the organic 

substrate, reagent, and solvent, which lowered the conversion and increased the 

reaction times compared to organic bases (10-100 % in 2 h). After optimizing 

the reaction parameters, various substituted and non substituted aryl halide are 

also investigated in the Sonogashira coupling reaction between iodobenzene 

and phenyl acetylene in Cu free reaction conditions and results are summarized 

in Table 3.3. Various aryl halides were coupled with phenylacetylene in 

presence of SBA-15-EDTA-Pd(11), triethylamine (3 mmol) and DMF as 

solvent at 120 °C (Table 3.3). As evident from the Table 3.3 all substituted and 

non substituted aryl halides react with phenyl acetylene under mild reaction 

conditions to give their corresponding products (Table 3.3, entries 1-8). Mono 

substituted aryl halides such as chlorobenzene, bromobenzene and iodobenzene 

with phenyl acetylene gave coupled product (biphenyl) in 75 %, 85 %, 100 % 

yield with TON 85, 97, 114, respectively. As discussed earlier, chlorides show 

poor reactivity compared to bromides and iodides under similar reaction 

conditions. 
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Table 3.3.  

Reactivity of SBA-15-EDTA-Pd(11) catalyst for Sonogashira  reaction.  

 

 

 

 

 

      Phenylacetylene Aryl halide                     diphenylacetylene                           

Reaction conditions: (1.15 mmol) Phenyl acetylene, (1 mmol) aryl halide, (3 

mmol) triethylamine (base), 3.5 ml DMF with (15 mg) heterogeneous SBA-15-

EDTA-Pd(11) catalyst, temperature 120 °C (See appendix for NMR detail). 

 

As clear from the Table 3.3, Sonogashira coupling reactions coupled fast with 

the aryl iodides and bromides in comparison to chlorides (Table 3.3, entries 1, 

2, 3). 

S.No Aryl halide           Product Time 

(h) 

Yield 

(%) 

TON 

1.  3a 24 75 85 

2.  3a 8 85 97 

3.  3a 6 100 114 

4.  3b 1 99 113 

5.  3b 7 98 112 

6.  3b 1 100 114 

7.  3c 9 89 101 

8.  3c 7 99 113 
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          Electron withdrawing (deficient) nitro (-NO2) bearing aryl halide such as 

4-chloronitrobenzene, 4-bromonitrobenzene, 4-iodonitrobenene with phenyl 

acetylene gave coupled product 4-nitrobiphenyl in 99 %, 98 %, 100 % yield and 

113, 112, 114 TON, respectively. From the catalytic cycle point of view in 

Sonogashira coupling reaction, oxidative addition of aryl halide to Pd metal 

centre results into transition state (3) in the first step. The relative reactivity 

decreases in the order of I > Br >> Cl. Aryl halides activated by the proximity 

of electron-withdrawing groups are more reactive to the oxidative addition than 

those with donating groups. Electron withdrawing groups increase the reactivity 

of aryl halides in coupling reaction; which is clear from the Table 3.3 (entries 4, 

5, 6). However, the electron donating group such as Methyl bearing aryl halides 

such as 4-bromotoluene, 4-iodotoluene with phenylacetylene gave 

corresponding products in 89 %, 99 % yield with 101, 113 TON, respectively 

(Table 3.3 entries 7, 8).  

          Generally electron donating group bearing Aryl halides show less 

reactivity in coupling reaction due to increment of electron density over the Pd 

intermediate (3) results into lower feasibility for further transmetalation and 

reductive elimination step, respectively. It is clear from the Table 3.3 (entries 5-

8) that aryl halides bearing methyl, nitro groups react with phenyl acetylene to 

give excellent yields of the corresponding biaryl; also the aryl chloride 

possessed para-substituents, give good yields. Whereas electron-rich substrates 

such as 4-bromotoluene and 4-iodotoluene show lower reactivity in comparison 

to the electron withdrawing group bearing aryl halides and take longer reaction 

time period for completion of the reaction (Table 3.3, entries 7, 8). The 

coupling reaction of sterically hindered 2-chloronapthalene with phenyl 

acetylene did not proceed even after longer reaction time (24 h). 
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 3.4.3. Mizoroki-Heck Coupling Reaction  

3.4.3.1. Generanl Procedure for Heck Coupling Reactions 

          Screening of the catalyst SBA-15-EDTA-Pd(II) for Mizoroki -Heck reaction 

was carried out in 25 ml two neck round bottom flask. In a typical run (1 mmol) aryl 

halide, (1.15 mmol) olefin, (3 mmol) triethylamine, (3.5 mL) solvent N, N´-

dimethylformamide (DMF) and (15 mg) SBA-15-EDTA-Pd(II) were allowed to stir at 

120 °C. The reaction mixture was analyzed by GC at measured time intervals. The 

products were separated by column chromatography and analyzed by GCMS, 
1
H, and 

13
C NMR. 

 

3.4.3.2. Mizoroki-Heck Coupling Reactions Catalytic Results 

        The catalyst SBA-15-EDTA-Pd(11) was screened for the Heck C-C 

coupling reaction under the following reaction conditions: (1.15 mmol) styrene, 

(1 mmol) iodobenzene, (3 mmol) triethylamine (base), 3.5 mL DMF (solvent) 

and (15 mg) SBA-15-EDTA-Pd(11) catalyst. The conversion of iodobenzene 

and TON with respect to Pd was found to be 100 % and 128, respectively. The 

reaction proceeds at the active Pd metal centre. In order to optimize solvent, 

base and reaction temperature, Mizoroki-Heck reaction of iodobenzene with 

styrene using SBA-15-EDTA-Pd(11) catalyst under different reaction 

conditions was initially examined. A controlled experiment indicated that no 

cross-coupling product was observed in the absence of the catalyst SBA-15-

EDTA-Pd(11) or base. 

           The heterogeneous Heck coupling of a styrene with an aryl iodide may 

proceed through a catalytic cycle, analogous to that proposed for homogeneous 

palladium catalysts.
24

 In the first step of the reaction insight, an oxidative 

addition of the aryl halide ArX (2) to the SBA-15-EDTA-Pd (1) complex 

provides an SBA-15 bound aryl palladium (II) complex (3) intermediate. 

Further, in the next step of the reaction mechanism, olefin group reacted over 

SBA-15-L-(Ar-Pd-X)(3) intermediate resulting into aryl palladium(II) complex 

(5) followed by α, β migratory insertion step gives the SBA-15-L-[Arl-(H)-Pd–

(X)-Ar] reaction intermediate (7), with the subsequent formation of trans 
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stilbene (8) product and removal of the byproduct HX(10). In the last step of 

the reaction mechanism, the reductive elimination from the unsymmetrical 

intermediate (9) regenerates the SBA-15-L-Pd (1) complex. Since the 

mechanism of the Heck coupling reaction is a multistep procedure, a small 

variation in the physical and reaction parameters can change the product yield 

and rate of the reaction drastically. Hence, the influences of the solvent, 

reaction temperature and various bases were evaluated using SBA-15-EDTA-

Pd(11) catalyst with iodobenzene and styrene. 

       In an initial study, the screening of base for a standard Mizoroki-Heck 

reaction under the following reaction conditions was performed; iodobenzene 

(1 mmol) and styrene (1.15 mmol) in presence of solvent DMF (3.5 ml) over 

heterogeneous SBA-15-EDTA-Pd(11) (15 mg) catalyst with various organic 

and inorganic bases (Table 3.4, entries 1-5) was carried out. Tri-ethylamine 

(NEt3) was found to be the most effective base in terms of yield (100 %). The 

order of reactivity of bases follow the order NaHCO3 (29 %) < K2CO3 (37 %) < 

Na2CO3 (40 %) < NaOH (41 %) < NEt3 (100 %). It is clear from the comparison 

that the tri-ethylamine plays a highly active role in the Heck coupling reaction  

 

Table 3.4.  

Optimization of base in Mizoroki-Heck C-C coupling reaction. 

 

 

 

 

 

 

 

 

Reaction conditions: (1.15 mmol) styrene, (1 mmol) iodobenzene, (3 mmol) 

base, 3.5 ml (DMF) Solvent, with (15 mg) SBA-15-EDTA-Pd(11) catalyst.   

Isolated yields (product) were analyzed by GCMS and 
1
H, 

13
C CP MAS NMR. 

 

S. No. Base Yield (%) 

1. NEt3 100 

2. K2CO3 37 

3. Na2CO3 40 

4. NaOH 41 

5. NaHCO3 29 
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 (Table 3.4). These organic bases were superior to inorganic bases in terms of 

reactivity. This may be due to the partial in-homogeneity of the inorganic bases 

with the organic substrate, reagent and solvent, which lowered the conversion 

and increased the reaction times compared to the organic bases (20–100 % in 5 

h). Furthermore, for the effect of temperature on catalytic activity, standard 

Mizoroki-Heck reaction of iodobenzene and styrene was performed. Lower 

temperature does not favour the formation of product; however, the yield of 

trans stilbene increased sharply with the increase in reaction temperature and 

reached the value of 99 % in 6 h at 120 ºC. It is noteworthy to mention here that 

no trans stilbene product was obtained below 55 °C. Hence, the optimum 

reaction temperature with respect to conversion towards trans stilbene product, 

under present reaction conditions, was found to be 120 ºC. 

 

Table 3.5.  

Optimization of solvent in Mizoroki-Heck C-C coupling reaction. 

 

 

 

 

 

 

 

 

 

 

Reaction conditions: (1.15 mmol) styrene, (1 mmol) iodobenzene, (3 mmol) 

triethylamine base, 3.5 ml Solvent, with (15 mg) SBA-15-EDTA-Pd(11) 

catalyst. Isolated yields (product) were analyzed by GCMS and 
1
H, 

13
C CP 

MAS NMR. 

 

In order to probe the role of solvent in Mizoroki-Heck coupling reaction, series 

of solvent like DMSO, DMF, NMP, THF, 1, 4 dioxane, Xylene and Toluene 

S. No. Solvent Yield (%) 

1. Xylene 8 

2. DMSO 89 

3. 1,4 Dioxane 10 

4. THF 39 

5. Toluene 15 

6. NMP 75 

7. DMF 100 
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were used in presence of base triethylamine ((NEt3) at 120 ºC in a model 

reaction of Mizoroki-Heck coupling between iodobenzene and styrene. Among 

all the solvents used DMF and DMSO were able to give a significant yield (89-

100 %) in 5 h reaction time period (Table 3.5) whereas the nonpolar or less 

polar solvent progress less comparatively with the strong reason of intermediate 

stabilization via coordinating ability and polarity. From the obtained results of 

solvent optimization for the conversion of iodobenzene the reactivity order 

emerged as follows: DMF (100 %) > DMSO (89 %) > NMP (75 %) > THF (39 

%) > Toluene (15 %) > 1, 4 dioxane (10 %) > Xylene (8 %), respectively. 

         After optimizing the reaction parameters for the Mizoroki-Heck coupling 

reaction between iodobenzene and styrene; several substituted and non-

substituted aryl halides with various olefins were employed in the Heck 

coupling reaction and the results are summarized in Table 3.6. The desired 

corresponding products are obtained in good yields with high turnover number 

(TONs). As shown in Table 3.6, the Mizoroki-Heck coupling reaction with 

varieties of aryl halides and olefins proceeds smoothly under mild reaction 

conditions giving the corresponding coupled products in high yields (20 % – 99 

%) (Table 3.6, entries 1-28). It is noteworthy to mention here that only trans 

products were obtained selectively in all the reaction. 

         Monosubstituted Aryl halides such as chlorobenzene, bromobenzene and 

iodobenzene with styrene gave 39 %, 91 %, 98 % yield of trans stilbene and 

corresponding TON were found to be 51, 130 and 128, respectively (Table 3.6, 

entries 1, 2, 3). In the step of oxidative addition of the catalytic cycle of the 

halogenated (X = Cl, Br, I) substrates, coupling reactions involving these 

substrates typically decrease in the order R-I > R-Br > R-Cl. This can be 

explained in terms of the R-X bond dissociation enthalpies (BDE). For 

example, the X-Ph BDE ranges from X = Cl 95.5 ±1.5 kcal mol
−1

; X = Br 80.4 

± 1.5 kcal mol
−1

 to X = I 65.0 ±1 kcal mol
−1

. It is evident from Table 3.6 that 

the reactivity of the aryl chloride and bromides with styrene were found to be 

lower than aryl iodides and require comparatively longer reaction times for the 

completion of the reaction (Table 3.6, entries 1-18). 
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Table 3.6.  

SBA-15-EDTA-Pd(11) catalyst for Mizoroki-Heck reaction.  

 

 

 

           Aryl halide            Olefin                            Product                                           

X = Cl, Br, I.  R = H, NO2.  R´ = Ph, Acrylate, C≡N. 

S.No. Aryl 
halide 

Olefins Product Time 
(h) 

Yield 
(%) 

TON 

1.   6a  
12 

 
39 

 
51 

2.   6a  
10 

 
91 

 
130 

3.   6a 
 

 
6 
 

 
98 

 

 
128 

4.   6k  
24 

 
20 

 
26 

5.   6k  
12 

 
75 

 
98 

6.   6k  
10 

 
97 

 
127 

7.   6b 
 
 

 
5 

 
79 

 
103 

 

8.   6b 
 
 

 
3 

 
99 

 
130 

Br

C

O

O
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Reaction conditions: (1.15 mmol) olefin, (1 mmol) aryl halide, (3 mmol) 

triethyl amine base, 3.5 ml DMF with (15 mg) heterogeneous SBA-15-EDTA 

Pd(11) catalyst, Temperature 120 °C.  Isolated yields (product) were analyzed 

by GCMS and 
1
H, 

13
C CP MAS NMR (See appendix for NMR detail). 

 

 

          In the described Heck C-C coupling reaction non aromatic olefins react 

with aryl iodide to give respective coupled products under similar reaction 

conditions with higher rate of reaction. Non aromatic olefins viz; acrylic acid, 

acrylonitrile, methyl acrylate, ethyl acrylate, methyl metha acrylate react with  

aryl iodide to give the respective cross coupled product in 99 %(1 h), 100 % (2 

h), 99 %(2 h), 99 %(2 h), 95 %(4.5 h) yield with TON 130, 131, 130, 130, 125, 

respectively (Table 3.6, entries 9, 11, 14, 16, 18). As it is evident from the 

Table 3.6, in case of non aromatic olefins, as the steric hindrance increases (in 

terms of carbon atom) on the olefin substituents; the time of reaction 

completion increases. Furthermore, the similar mode of reactivity was also 

observed for the non aromatic olefins (acrylic acid, acrylonitrile, methyl 

acrylate, ethyl acrylate, methyl metha acrylate) with other aryl halides 

(bromobenzene) (Table 3.6, entries 3, 10, 12, 13, 15, 17). Whereas, aromatic 

olefin styrene with aryl iodide gives trans stilbene product in 6 h; which is 

longer time period than non aromatic olefins (acrylates)  for the same reaction 

condition (Table 3.6, entry 1). Furthermore, α methyl styrene gave slightly 

lower yield (Table 3.6, entry 6) compared to styrene for the same reaction. The 

reason for the longer reaction time period might be due to olefin group faces 

steric hindrance in aromatic group than in the non-aromatic acrylate reactants. 

          Furthermore, electron poor aryl halides such as 4-chloronitrobenzene and 

4-bromonitrobenzene show high rate of reaction with styrene under similar 

reaction conditions. The corresponding yield of the coupled product (4 nitro 

stilbene) were 100% and 92% with TON of 131, 121, respectively. The relative 

reactivity of aryl halide towards the metal centre decreases in the order: I > Br 

≫ Cl. Furthermore, electron poor aryl halides such as chloro nitrobenzene 

reacts, with acrylates viz:  acrylic acid, methyl acrylate, ethyl acrylate, methyl 
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metha acrylate with good yield 92 % (2.5 h), 95 % (2 h), 99 % (1.5 h), 100 % 

(1.5 h) and high TON 121, 131, 130, 131, respectively under similar reaction 

conditions with higher rate of reaction than non electron deficient halides. The 

steric hindrance in terms of carbon atom in acrylates is less significant with the 

activated electron poor aryl halides. 

 

3.4.4. Heterogeneity and Recycling studies of the Catalyst SBA-15-EDTA-

Pd(11) 

          To test if metal was leached out from the solid catalyst during reaction; 

the hot filtration test was performed. In this process the Sonogashira coupling 

reaction mixture was collected by filtration at the reaction temperature (120 °C) 

after a reaction time of 1 h which gave 58 % conversions of iodobenzene. The 

residual activity of the supernatant solution was studied. It was noticed that  

 

 

 

 

 

 

 

         

 

 

 

 

 

Figure 3.15. Recycling study of SBA-15-EDTA-Pd(11) catalyst. 
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did not proceed further. Thus results of the hot filtration test suggest that Pd 

was not being leached out from the solid catalyst during the coupling reactions. 

These results confirm that the palladium catalyst remains on the support even at 

elevated temperatures during the reaction. Further, to evaluate the reusability, 

after carrying out the reaction, the mixture was filtered using a sintered glass 

funnel, and the residue was washed with DMF (3–5 ml), dichloromethane (2–5 

ml) and acetone (2–5 ml). After being dried in an oven (overnight), the catalyst 

could be reused directly without further purification (Figure 3.15). The amounts 

of Pd leaching into solution for the Suzuki reactions were detected through ICP. 

The loss of Pd amount for reaction was less than 1.0 weight % of total Pd 

content. Even though a small amount of Pd loss could be detected, catalyst still 

showed relatively high reusability and stabilities for Sonogashira coupling 

reactions. The present study indicates that the catalyst can be recycled in a 

number of times without losing its activity to a greater extent.  
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4.1. INTRODUCTION   

          After the discovery of silica-based mesoporous materials extensive research has 

been devoted to the synthesis of siliceous and non-siliceous mesoporous materials.
1
 

Further, a new class of organic-inorganic hybrid mesoporous material with integrating 

organic groups in the wall channel is reported; in which organic molecules reside on 

the pore surfaces, this new class of materials incorporates organic groups (like ethane, 

ethene, benzene, biphenyl, etc.) into the framework as molecularly bridging ligands.
2 

These unique hybrid materials known as periodic mesoporous organosilicas (PMO); 

were obtained by the hydrolysis and condensation reactions of silsesquioxane 

precursors in presence of surfactant species. A wide variety of organo-bridged hybrid 

mesoporous materials are prepared by a suitable choice of the organo siloxane 

precursor, (R0O)3-SiR-Si(OR0)3, where R = –(CH2)x–, –C6H4–, –CH≡CH–, because 

the nature of organic groups in the hybrid materials controls properties like the ion 

exchange capacity, dielectric as well as mechanical properties, surface 

hydrophobicity, hydrothermal stability.
3 

Thus novel concept of the introduction of 

organic functionalities in the silica framework is to modify the physical and chemical 

properties of the mesoporous materials, while the inorganic features makes the 

material thermally and structurally more stable. In addition, the nature of the organic 

groups integrated inside the frame wall channels of mesoporous materials can change 

the nature of interactions of the surfactant-silicate assembly and thereby the structure 

of the finally developed materials.
4
 

          Sustained development of homogeneous catalysts for fine chemical production 

has led to the opinion for the heterogenization these catalysts. Till today several 

methods for heterogenization of homogeneous catalysts have been explored.
5 

Immobilization of metal complexes onto the surfaces of solid supports is highly 

desirable in the development of reusable catalysts. Recently, the  Cu(I)-catalyzed 

azide–alkyne reaction “click chemistry” has become emerging field, owing to its 

simplicity, mild reaction conditions, quantitative conversions and high tolerance of 

functional groups proved to be one of the best tools for covalent attachment between 

appropriately functionalized molecules and to solid supports via 1, 2, 3-triazole 

linkage.
6  

The 1, 3-dipolar cycloaddition reactions between organic azides and 
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terminal alkynes were first systematically studied by Huisgen several decades ago.
7
 

These reactions demonstrate high regioselectivity to give the 1, 4-linked triazoles 

(click triazole) in excellent yields, has high atom efficiency and low byproduct. After 

the discovery of the click reaction, is applicable in diverse areas of chemistry such as 

dendrimers and polymers, drug discovery, material science and bioconjugation.
8
 The  

triazole ligands have the potential to act as nitrogen-donor ligands and from long time 

known for their coordination with a variety of transition metals.
9
 The “click method” 

provides an extremely convenient route for the synthesis of (2-pyridyl)-substituted 1, 

2, 3-triazoles; which could be potentially used as the 2, 2´-bipyridine analogues.
10

 

          Palladium catalyzed cross-coupling reactions of aryl halides or halide 

equivalents with various nucleophiles have been shown to be highly effective and 

practical methods for the formation of C–C bonds. These coupling reactions make use 

of a variety of trans metalating agents such as organoboron, organomagnesium, 

organosilicon, organostannane
 
and organozinc reagents.

11-15
 Among all the Stille 

reaction involves coupling of an organotin compound with a sp
2
-hybridized organic 

halide catalyzed by palladium. Stille reaction popularity is usually attributed to the 

stability in air and functional group tolerance of stannanes, as well as their chemo 

selectivity and broad scope in terms of reaction. This transformation has become a 

useful synthetic tool for carbon-carbon bond formation and can also be extended to 

numerous organic electrophiles.
16

 Similarly in the class of the C-C coupling reactions 

the organo magnesium compounds are generally more readily available than any 

alternative organometallic nucleophile. The improvement of the functional group 

tolerance of the Kumada-Corriu-Tamao coupling has become a very important and 

practical impact on the current scenario of metal-catalyzed C-C coupling reactions in 

organic synthesis.
17

   

          Accordingly, in the present chapter we report our attempt to graft Pd metal 

complexes of 4-(2-pyridyl)-1, 2, 3 triazole, a version of “click reaction” product, and 

its derivatives into B-PMO phases and their catalytic properties on Stille and Kumada 

C-C coupling reactions. The immediate goals of our study were (i) to evaluate the 

heterogenization method of the 4-(2-pyridyl)-1, 2, 3 triazole Pd(II) complex over 

organo-hybrid mesoporous B-PMO support, (ii) to characterize the heterogenized B-
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PMO-TZ-Pd(II) by various physiochemical techniques (iii) to measure the catalytic 

properties in Stille and Kumada C-C coupling reaction (iv) to optimize the reaction 

parameter such as temperature, solvent and base in the both coupling reactions, (v) to 

determine the extent of stability of the catalysts as well as their recycling properties. 

 

4.2. EXPERIMENTAL 

4.2.1. Material  

          Hybrid mesoporous materials were synthesized using C16–TMABr as 

surfactant and 1, 2-Bis (triethoxysilyl) benzene (BTEB) and Tetraethyl orthosilicate 

(TEOS) as the silica sources. 3-Chloropropyl trimethoxysilane (3-ClPTMS), 2-

Ethynylpyridine, Copper iodide, Sodium azide, Olefins and Aryl halide purchased 

from Aldrich. All solvents used in these experiments were obtained from Merck 

(India) and dried before use according to standard methods. All chemicals were 

purchased from Aldrich Chemicals and used as received. 

 

4.2.2. Synthesis Procedure of Catalyst 

4.2.2.1. Synthesis of hybrid mesoporous Benzene-PMO materials 

          In a typical synthesis procedure for BTEB- C16–TMABr system, 5 g of BTEB 

was added slowly, but with vigorous stirring to an aqueous solution mixture of C16-

TMABr surfactant (3.4 g) in sodium hydroxide (1.8 g). The gel having a molar 

composition of  

1 BTEB : 0.67 C16–TMABr : 3.20 NaOH : 450H2O. 

 

was stirred for another 20 h at ambient temperature and then allowed to reflux for an 

additional 48 h at 95 ºC. The white precipitate obtained by above method was then 

collected by vacuum filtration, washed well with deionized water, and finally dried at 

353 K for 2 h. The surfactant occluded inside the pores of the hybrid materials was 

removed by stirring the as-synthesized material in an EtOH–HCl mixture at 60 ºC for 

6 h. The solvent extraction was repeated twice to ensure a complete removal of the 

surfactant groups. The synthesized material is abbreviated as B-PMO. 
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4.2.2.2. Azide functionalization over benzene PMO (B-PMO-N3)  

          Surface modification of benzene containing periodic organosilica material (B-

PMO) with 3-azidopropyltrimethoxysilane (Az-PTMS) was achieved by a post 

grafting method.
18 

To a suspension of 1 g of B-PMO in 50 ml of toluene, 2 ml 3-

azidopropyl trimethoxysilane (Az-PTMS) was added, and the mixture was stirred for 

18 h at 90 ºC under nitrogen atmosphere. After the completion of reaction, the 

contents were cooled, filtered and washed with toluene to remove extra unreacted 3-

Az-PTMS. The sample was then dried at 80 °C for 8 h in a vacuum oven and 

preserved under argon atmosphere for further use [Scheme 4.1(B)]. The obtained 

material is abbreviated as B-PMO-N3. Yield: 1.15 g (solid). 
13

C NMR: 11.49, 24, 55, 

135. 

 

4.2.2.3. Click chemistry between 2-ethynylpyridine and B-PMO-N3  

           In a 20 ml capped vial with a magnetic stirr bar, copper iodide (1 mg) and 

vacuum distilled N, N-di-isopropylethylamine (DIPEA) (2 mg) were charged with 

anhydrous, nitrogen-purged dimethylformamide (DMF) (2.5 ml). The mixture was 

stirred until the solution turned green and transferred to an anhydrous, nitrogen-

purged tetrahydrofuran (THF) reaction mixture (7.5 ml) containing 3-

azidopropyltrimethoxysilane mesoporous organosilica material (PMO-N3) (500 mg). 

The reaction mixture was stirred for additional 20 min before the 2-ethynylpyridine 

(10 mmol) were added and stirred at 50 °C for 24 h. After cooling down to room 

temperature, the obtained sample was ultrasonicated for 10 min, rinsed with THF, and 

dried with nitrogen. The sample was kept in desiccators in the absence of light for 

further characterization and modification [Scheme 4.1(C)]. The obtained material is 

designated as B-PMO-TZ. 
13

C NMR: 11, 24, 55, 124, 135, 149, 156. 

 

4.2.2.4. Metalation over the B-PMO-TZ surface by PdCl2  

          A solution of PdCl2 (0.216 g, 1.22 mmol) in DMSO (50 ml) was added to the 

(2.01 g) of 4-(2-pyridyl)-1, 2, 3 triazole ligand benzene PMO material (B-PMO-TZ).
19

 

The reaction mixture was refluxed under argon for 24 h. The product was allowed to 

cool and filtered. The yellow solid was washed with DMSO (30 ml) and acetone (30  
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Scheme 4.1. Schematic diagram of (A) Synthesis of 3-azidopropyltrimethoxysilane, 

(B) Functionalization of azide over benzene PMO, (C) B-PMO modification via 4-(2-

pyridyl)-1, 2, 3-triazole ligand, (D) Pd metalation over B-PMO-TZ. 

 

 

mL). Further, product was Soxhlet-extracted with dichloromethane (CH2Cl2) for 24 h 

to remove physically adsorbed PdCl2 and organic moieties. The resulting product was 

dried under vacuum at 60 °C to give 1.93 g of the grey colour B-PMO-TZ-Pd(II) 

[Scheme 4.1(D)]. 
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4.2.3. Instruments for Characterization 

          Powder X-ray diffractograms (XRD) of the materials were recorded using a 

PANalytical X’pert Pro dual goniometer diffractometer. The radiation used was Cu 

Kα (1.5418 Å) with a Ni filter and the data collection was carried out using a flat 

holder in Bragg-Brentano geometry (0.5 to 5 °; 0.2 °/min).  

          N2 adsorption–desorption isotherms, pore size distributions as well as the 

textural properties of the hybrid materials were determined by using a Micromeritics 

ASAP 2020 instrument and Autosorb 1C Quantachrome USA. Pore size distribution 

curves were obtained via the NLDFT model assuming cylindrical pore geometry and 

the micropore volume calculated via t–plot analyses as a function of relative pressure 

using the Broekhoff de Boer model for thickness curve measured between 3.5–5.0 Å.  

          A JEOL JEM–3010 and Tecnai (Model F30) both operating at 300 KV were 

used for HRTEM samples observation. Chemical analysis was carried out in a Lab 

Tam 8440 Plasma lab sequential mode ICP–OES Spectrometer and a Spectro Arcos 

ICP-OES instrument. The scanning electron micrographs of the samples were 

obtained in dual beam scanning electron microscope (FEI company, model Quanta 

200 3D) operating at 30 kV. The samples were loaded on stubs and sputtered with 

thin gold film to prevent surface charging and also to protect from thermal damage 

due to electron beam.  

          
1
H NMR spectra were recorded on Bruker AC–200 instruments using 

deuteriated solvent. Chemical shifts are reported in ppm. Liquid 
13

C NMR spectra 

were recorded on Bruker AC–200 instruments operating at 50 MHz. 
13

C NMR 

chemical shifts are reported in ppm relative to the central line of CDCl3 (d 77.0). 

Solid-state 
13

C CP MAS NMR and 
29

Si MAS NMR spectra were recorded on a 

Bruker MSL 300 NMR spectrometer with a resonance frequency of 75.5 MHz and 

59.6 MHz for 
13

C and 
29

Si, and the chemical shifts were referenced to glycine and 

TMS respectively. Infrared spectra were recorded using a Perkin Elmer, Spectrum one 

FTIR spectrophotometer. The liquid samples or dilute solution of the solid samples in 

THF were spread over KBr plates, and their spectra were recorded. Thermal analysis 

(TG–DTA) of the samples was conducted using a Pyris Diamond TGA analyzer with 

a heating rate of 10 ºC min
−1

 under air atmosphere. 
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4.3. CHARACTERIZATION 

4.3.1. Powder X-Ray Diffraction    

          Small-angle X-ray diffraction (XRD) patterns of (a) As-synthesized B-PMO, 

(b) surfactant extracted B-PMO, (c) B-PMO-N3 and (d) B-PMO-TZ-Pd(II) are shown 

in the Figure 4.1. The as-synthesized B-PMO sample exhibit one intense peak at 2.1 

and broad peak at 3.4 2θ value. After solvent extraction of as-synthesized B-PMO, 

well resolved and increase in intensity of all the peaks were observed which clearly 

demonstrates the removal of surfactant molecules from the meso-channels of the B-

PMO. In all the samples three well resolved peaks at 2.1, 3.4 and 3.9 2θ value were 

observed and indexed as the (100), (110), (200), reflections of  p6mm hexagonal 

symmetry.
20

 In the case of 3-azidopropyltrimethoxysilane (3-Az-PTMS) immobilized 

B-PMO, B-PMO-N3 and B-PMO-TZ-Pd(II) (Figure 4.1.c, d), the two dimensional 

hexagonal pore structures are preserved, however we observed a continuous decrease 

in intensity after each modification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Small angle XRD (a) As-synthesized B-PMO, (b) Surfactant extracted B-

PMO, (c) B-PMO-N3 and (d) B-PMO-TZ-Pd(II). Inset shows the enlarged image of 

higher order diffraction.  
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This decrease in the peak intensity implied that the azide modification and Pd 

complex immobilization might disturb the orderedness of mesoporous structure to a 

certain degree.  

 

4.3.2. FT-IR Spectra   

           Removal of surfactant groups from the pore channels of the hybrid materials as 

well as the presence of benzene fragments in the framework and further modification 

via triazole ligand (click reaction) over the mesoporous framework were analyzed by 

FT–IR studies. Figure 4.2(a-d) shows the infrared spectra of the as-synthesized B-

PMO, surfactant-extracted B-PMO, B-PMO-N3, B-PMO-TZ-Pd(II). In the as-

synthesized B-PMO strong bands are present at 2921, 2851 and 1471; the first two 

bands correspond to C–H stretching vibration of the surfactant C16-TMABr. The 

band at 1471 cm
–1

 is due to C–H bending vibration. The absence of peaks at 2921 cm
–

1
 and 2851 cm

–1
 in surfactant extracted B-PMO [Figure 4.2.b] suggests complete re-  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. FT-IR spectrum of (a) As-synthesized B-PMO, (b) Surfactant extracted 

B-PMO, (c) B-PMO-N3 (d) B-PMO-TZ-Pd(II) and (e) 3-AZPTMS. 

 

-moval of the template during the solvent extraction process.
21
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aromatic C–H stretching vibration in all the samples as-synthesized B-PMO, 

surfactant-extracted B-PMO, B-PMO-N3, B-PMO-TZ-Pd(II) at 3000 and 3064 

suggests the retention of organic fragments (–C6H4–) unit in the framework positions 

(BTEB). The as-synthesized and solvent-extracted B-PMO, B-PMO-N3 and B-PMO-

TZ-Pd(II) show strong bands at 812, 690 (aromatic C–H bending) and at 1656 cm
–1

 

corresponds to the aromatic C=C bending of the fragments of 1, 2-bis (triethoxysilyl) 

benzene (BTEB). The asymmetric and symmetric stretching vibrations of the Si–O 

bands were observed at 1160 and at 911cm
–1 

which relate to the presence of residual 

silanol Si–OH group.
22

 In addition, the presence of intense bands at 1050 cm
–1

 and at 

690 cm
–1

, assigned to the C–Si aromatic stretching vibrations, proves well that the 

organic bridge was not cleaved during the extraction and further modifications 

[Figure 4.2. b, c, d]. Furthermore, B-PMO-N3 shows sharp absorbance at 2106 cm
–1

; 

which is a characteristic stretching vibration of any organic azide (N3).
23

 The absence 

of this peak at 2106 cm
–1

 in B-PMO-TZ-Pd(II) show that the azidopropyl group 

successfully incorporated to the 2-ethynylpyridine via click reaction. 

 

4.3.3. 
13

C CP MAS NMR Spectra 

        Figure 4.3 shows 
13

C CP MAS NMR of (a) As-synthesized B-PMO (b) 

surfactant extracted B-PMO, (c) B-PMO-N3, (d) B-PMO-TZ-Pd(II). All the samples 

show an intense peak at 135 ppm along with sidebands (denoted with stars) 

correspond to framework benzene carbon atom of the BTEB precursor. In addition, 

the appearance of intense peaks at 32 and 67 ppm in the case of as-synthesized B-

PMO (Figure 4.3.a) correspond to the carbon atom from surfactant molecules, 

Moreover; carbon NMR of surfactant extracted B-PMO shows the absence of peaks in 

the same range 32 and 67 ppm (Figure 4.3.b). This result indicates that the surfactant 

groups are removed from the pores of the hybrid sample by employing ethanol 

extraction procedures (Figure 4.3.b).
22 

In case of B-PMO-N3, three peaks at, 12, 24, 

and 56 ppm were observed correspond to the carbon (C1) attached to Si, middle 

carbon (C2) and carbon (C3) attached to the azide (N3), respectively.
23

 The 

appearance of smaller peaks at 125, 136, 149 and 166 ppm clearly demonstrate the 

functionalization of 4-(2-pyridyl)-1, 2, 3-triazole Pd(II) complex over B-PMO. All 
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these results prove the proper 4-(2-pyridyl)-1, 2, 3 traizole Pd(II) complex over the 

mesoporous B-PMO.   

 

 

 

            

 

 

 

 

           B-PMO-TZ-Pd(II) 

 

 

Figure 4.3. Solid state 
13

C CP MAS NMR spectrum (a) As-synthesized B-PMO (b) 

Surfactant extracted B-PMO, (c) B-PMO-N3 and (d) B-PMO-TZ-Pd(II). 

 

4.3.4. 
29

Si CP MAS NMR Spectra 

          Solid state 
29

Si CP MAS NMR spectra of (a) As-synthesized B-PMO, (b) 

Surfactant extracted B-PMO, (c) B-PMO-N3 and (d) B-PMO-TZ-Pd(II) are shown in 

the Figure 4.4 a-d. Silicon NMR spectra of the Surfactant extracted B-PMO sample 

shows an intense peak at –57 ppm, corresponding to T
2
 sites [R-Si-(OSi)2-OH], and at 

–68 ppm for the T
3
 sites, [R-Si-(OSi)3]. The absence of Q units [Qn Si(OSi)n(OH)4-n] 

below –100 ppm confirms that there is negligible hydrolytic Si–C bond cleavage and 

the bridge-bonded organic group is intact in the silica framework under the synthetic 

conditions. After solvent extraction and modification, all the  prepared samples show 

the presence of only T
n
 sites, indicates that the solvent extraction treatments had 

removed the organic groups of surfactant from the wall positions.
24

 Organosilica 

samples (Figure 4.4.b, c, d) also show decrease in the percentage of T
2
 sites after 

grafting with 4-(2-pyridyl)-1, 2, 3-triazole Pd(II) complex with a corresponding 

increase in the T
3
 sites which shows more intense anchoring of the 3-

azidopropyltrimethoxysilane (3-Az-PTMS) in addition a small peak of T
1
 is also 
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visible. The silicon resonances of partially condensed T
2
 [(SiO)2(OH)SiC] and compl- 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Solid state 
29

Si CP MAS NMR spectrum (a) As-synthesized B-PMO, (b) 

Surfactant extracted B-PMO, (c) B-PMO-N3 and (d) B-PMO-TZ-Pd(II). 

 

-ete condensed T
3
 [(SiO)3SiC] sites, are highly intense in comparison to T

1 
[-

(SiO)(OH)2-Si-C] site, indicating the presence of organic moieties inside the 

framework and the high degree condensation of the silanol groups.
 

 

4.3.5. Thermal Analyses 

       Thermal analyses (TGA and DTA) of (a) As-synthesized B-PMO, (b) Surfactant 

extracted B-PMO, (c) B-PMO-TZ and (d) B-PMO-TZ-Pd(II) was carried out in air 

atmospheres to investigate the thermal stability of the synthesized hybrid materials, 

and the results are shown in Figure 4.5. TGA plots of all synthesized and modified B-

PMO samples show approximately 5 % weight loss below 120 °C caused by the 

desorption of physisorbed water molecules. A loss of ~12 weight % was observed 

between 200 °C and 370 °C for the as-synthesized B-PMO corresponds to the 

removal of trapped surfactant within closed pore (Figure 4.5.A, B.a). Whereas no 

weight loss in TGA and DTA was observed in the surfactant extracted B-PMO 

between 200 °C and 370 °C (Figure 4.5.A, B.b) indicate the complete removal of 
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surfactant from B-PMO. The matrix decomposition i.e. loss of benzene [1, 2-bis 

(triethoxysilyl) benzene (BTEB)] fragments bonded in the mesopore frame wall 

channels is observed in the range of 600-650 °C in all the samples (Figure 4.5.A, B) 

attributes that the present mesoporous host materials (B-PMO) are thermally stable up 

to a temperature of 600 °C.
25

 DTA plot of B-PMO-TZ (Figure 4.5. B, c) except the 

benzene fragments exothermic peak at 611 °C; shows two distinct exothermic peaks 

between 223 °C–273°C and 318 °C–338 °C due to propyltrimethoxysilane linker 

group and 1, 2, 3 triozole ring, respectively (Figure 4.5.A,c). Exothermic peak of 1, 2,  

 

               

 

 

 

 

 

 

 

 

 

Figure 4.5. (A) TGA, (B) DTA Graph, (a) As-synthesized B-PMO, (b) Surfactant 

extracted B-PMO, (c) B-PMO-TZ and (d) B-PMO-TZ-Pd(II). 

 

3 triozole in B-PMO-TZ is visible at higher temperature (318 °C–338 °C) might be 

due to the aromatic character of the ring (Figure 4.5.A, B.c) than the peak of 

propyltrimethoxysilane linker group (223 °C–273 °C). Further B-PMO-TZ-Pd(II) 

shows two broad peaks between 250 °C and 400 °C and between 450 °C and 600 °C; 

the former weight loss may be due to the decomposition of 1, 2, 3-triaozole Pd 

complex occluded in the mesoporous benzene-PMO and latter weight loss may be 

assigned to the decomposition of matrix benzene moiety, respectively.  
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4.3.6. UV-Vis Spectra 

         The UV-Vis spectra of (a) As-synthesized B-PMO (b) Surfactant extracted B-

PMO, (c) B-PMO-N3, (d) B-PMO-TZ and (e) B-PMO-TZ-Pd(II) are shown in Figure 

4.6. All B-PMO samples in Figure 4.6 show two sharp typical absorption peaks at 220 

and at 275 nm. The absorption peaks at 220 nm and 275 nm correspond to the π-π
∗
 

interaction between the phenylene groups present in the B-PMO network. After 

surfactant extraction process, an increase in absorption intensity of 220 and 275 nm 

peaks was noticed in B-PMO which may be due to increase in π electron interaction 

in phenylene ring without surfactant molecule. In the case of B-PMO-TZ, π-π
∗ 

transit-  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. DRS-UV Visible Spectra of (a) As-synthesized B-PMO, (b) Surfactant 

extracted B-PMO, (c) B-PMO-N3, (d) B-PMO-TZ and (e) B-PMO-TZ-Pd(II). 

 

-ion between 275 and 288 nm is well matched with the reported value.
26

 At the same 

time, palladium loaded complex B-PMO-TZ-Pd(II) show a broad absorption bands 

between 275 and 288 nm (Figure 4.6.e) than the B-PMO-TZ (Figure 4.6.d). The B-

PMO-TZ-Pd(II) shows two broad band observed at around 379 nm and 424 nm 

tentatively assigned to metal to ligand charge transfer transition (MLCT). According 

to literature, these two bands can be assigned to metal to ligand charge transfer 
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transition (MLCT) and  Pd
+2

 d-d transition, respectively.
27

 The broad absorption up to 

600 nm in B-PMO-TZ-Pd(II) may be due to the strong stabilization of the PdCl2 

complex over modified B-PMO surfaces. 

 

4.3.7. Nitrogen Adsorption-Desorption 

 
         The nitrogen adsorption-desorption results of B-PMO and B-PMO-TZ-Pd(II) 

and their corresponding pore size distribution curves are plotted in Figure 4.7. The 

surface area, average pore diameter (Dp) and the pore volume (Vp) observed for the 

B-PMO and B-PMO-TZ-Pd(II) samples are summarized in Table 4.1. All samples 

show type IV adsorption isotherms, according to the IUPAC classification, indicating 

the uniformity of the mesopores due to capillary condensation of N2 within the meso- 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Nitrogen adsorption-desorption isotherm and (BJH) pore size distribution 

(A) B-PMO, (B) B-PMO-TZ-Pd(II). 

 

-pores with completely reversible nature, uniformly sized mesopores, with a capillary 

condensation step at P/Po = 0.3–0.4, according to the IUPAC classification 

mesoporous materials having uniform mesopore structure. The total surface area, 

average pore diameter and pore volume observed for the B-PMO and B-PMO-TZ-

Pd(II) were found to be 796 m
2
g

–1
, 

 
38 Å, 0.49 cm

3
g

–1 
and 412 cm

3
g

–1
, 33 Å, 0.21 

cm
3
g

–1
, respectively. The decrease in total mesoporous pore volume (58 %), surface 

area (49 %) and pore diameter (14 %) after metal complex immobilization over B-
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PMO is indicative of the grafting of complex inside the channels of mesoporous B-

PMO. It is clear from Table 4.1 that even though silylation procedures changed the 

textural properties of the mesoporous material, the decrease is more prominent after 

complex immobilization since the bulkier organic moieties inside the pore channels 

 

Table 4.1. 

Textural properties of Surfactant extracted B-PMO & B-PMO-TZ-Pd(II) samples. 

  

 [a] Calculated based on elemental (Nitrogen) analysis value.  

 [b] Input is based on the amount of Pd during synthesis reaction; output is based on 

        the ICP–OES analysis. 

  S.A : BET surface area (DP) : Average pore diameter, Vp : Pore volume.  

 

occupy a large area of the void space. The capillary condensation steps of B-PMO-

TZ-Pd(II) due to anchoring of 4-(2-pyridyl)-1, 2, 3-triazole Pd(II) complex get 

reduced to lower P/Po values. The shift to slightly lower partial pressures, showing a 

possible reduction in the pore size and a partial distortion in pore arrangement, 

consistent with the XRD results. It is known that the inflection position in N2 sorption 

isotherms depends on the diameter of the mesopores and the sharpness usually 

indicates the uniformity of the mesopores, due to capillary condensation of N2 within 

the mesopores.  

 

4.3.8. Electron Microscopy 

          The morphology and structural ordering of the hybrid catalysts were 

investigated by SEM and TEM. Morphologies of the surfactant extracted B-PMO and 

B-PMO-TZ-Pd(II) are shown in Figure 4.8 A, B, respectively. B-PMO shows uniform 

 

Sample 

N(w

t.%) 

(a)
 

Loading of Pd 

(wt. %) 
(b)

 

Input   Output 

S.A 

(m
2
/g

) 

(DP) 

(Å) 

(Vp) 

cm
3
/g 

B-PMO   796 38 0.49 

B-PMO-TZ-Pd(II) 1.5 4               2.2 412 33 0.21 
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Figure 4.8. SEM images of (A)

 

 

 

 

 

 

 

Figure 4.9. TEM images of (A)

Pd(II).  

 

-Pd(II) are shown in Figure 

provide structural evidence that the material organized into ordered  arrays of two

dimensional hexagonal mesopores [Figure 4.9.A & B]. The highly uniform mesopores 

are clearly evident from the TEM image of B

the formation of uniformly distributed 

inside the meso channels was noticed as a dispersed dark spots in the B

Pd(II) [Figure 4.9.B]. All these results 

pyridyl)-1, 2, 3 triazole Pd(II) complex over PMO by click reaction 

arrays of mesochannals arrangement and clearly shows molecular-scale periodicity in 

the SEM images. Further, B-PMO-TZ-Pd(II) demonstrates molecular-based materials, 

the large molecular system becomes more denser in comparison to the B

1, 2, 3 triazole Pd(II) complex anchoring over the mesoporous surface. 

Transmission electron microscopic image (TEM) of the B-PMO and B-PMO

SEM images of (A) Surfactant extracted B-PMO, (B) B-PMO

TEM images of (A) Surfactant extracted B-PMO and (B)

Pd(II) are shown in Figure 4.9.A, B. TEM image of B-PMO and B-PMO

structural evidence that the material organized into ordered  arrays of two

dimensional hexagonal mesopores [Figure 4.9.A & B]. The highly uniform mesopores 

are clearly evident from the TEM image of B-PMO [Figure 4.9.A]. At the same time 

niformly distributed 4-(2-pyridyl)-1, 2, 3-triazole Pd(II) complex 

inside the meso channels was noticed as a dispersed dark spots in the B

Pd(II) [Figure 4.9.B]. All these results clearly indicate the maintenance of mesopore 

1, 2, 3 triazole Pd(II) complex over PMO by click reaction  
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the large molecular system becomes more denser in comparison to the B-PMO after 

ex anchoring over the mesoporous surface. 
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PMO-TZ-Pd(II).   

(B) B-PMO-TZ-

PMO-TZ-Pd(II) 

structural evidence that the material organized into ordered  arrays of two-

dimensional hexagonal mesopores [Figure 4.9.A & B]. The highly uniform mesopores 

A]. At the same time 

triazole Pd(II) complex 

inside the meso channels was noticed as a dispersed dark spots in the B-PMO-TZ-

clearly indicate the maintenance of mesopore 



Chapter 4      4-(2-pyridyl)-1, 2, 3 triazole Pd(II) complex over PMO by click reaction  
  

137 | P a g e  
 

in B-PMO even after repeated treatment for anchoring 4-(2-pyridyl)-1, 2, 3 triazole 

Pd(II) complex over B-PMO. 

 

4.3.9. X-ray Photoelectron Spectroscopy (XPS) 

          X-ray photoelectron spectroscopy (XPS) is the powerful tool to investigate the 

electronic properties of the species formed on the surface, such as the electronic 

environment, e.g. oxidation state and or/multiplicity influences, the binding energy of 

the core electron of the metal. The synthesized heterogeneous catalyst B-PMO-TZ-

Pd(II) was characterized by XPS analysis. The accuracy of the measured binding 

energy (BE) was ±0.3 eV. The spectrum in Figure 4.10. Display the Pd binding 

energy in B-PMO-TZ-Pd(II) which exhibits two well resolved peaks centered at 342 

and 336.2 eV, which are assigned to Pd 3d3/2 and Pd 3d5/2, respectively. The observed 

peaks correspond to the Pd
2+

 oxidation state in the synthesized B-PMO-TZ-Pd(II).
28 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. XPS Spectra of B-PMO-TZ-Pd(II). 

 

          According to literature pure PdCl2 metal salt binding energy for Pd 3d3/2 and Pd 

3d5/2 orbital appears at 342.8 and 337.6, respectively.
29

 In comparison to literature 

value, the synthesized B-MO-TZ-Pd(II) show shift in binding energy of Pd towards 
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lower value viz 342 Pd 3d3/2  and 336.2 eV Pd 3d5/2 respectively. The remarkable 

decrease of Pd binding energy in B-PMO-TZ-Pd(II) implies that there is a strong 

coordination interaction between Pd metal species and 4-(2-pyridyl)-1, 2, 3 triazole 

ligand. These results are in agreement with the UV-vis observations.  

 

4.4. CATALYTIC ACTIVITY 

4.4.1. Stille Coupling Reaction   

4.4.1.1. General Procedure for Stille Coupling Reactions 

         Screening of the catalyst for reaction was carried out in 25 ml two neck round 

bottom flask. In a typical run of aryl halide (1 mmol), of phenyltributyltin (1.15 

mmol), cesium fluoride (CsF) (3 mmol), dimethylsulfoxide (DMSO) (3.5 ml) and B-

PMO-TZ-Pd(II) (30 mg) catalyst under argon were allowed to stir at 120°C 

temperature. The reaction mixture was analyzed by GC at measured time intervals. 

The products were separated by column chromatography and analyzed by GCMS, 
1
H, 

and 
13

C NMR.  

 

4.4.1.2. Stille Coupling Reaction Catalytic Results  

           Stille coupling is an important reaction for the synthesis of unsymmetrical and 

symmetrical biaryls using aryl halides. One of the reasons for the popularity of the 

Stille reaction in modern organic synthesis is the fact that triaryl organotin species are 

readily available, quite air and moisture stable, and tolerate many functional groups. 

These properties are mostly due to the low polarity of the Sn-C bond. The original 

Stille coupling reaction often requires highly dry organic solvent, inert atmosphere, 

prolonged reaction time and phosphine containing catalyst. The catalytic Screening of 

the synthesized B-PPMO-TZ-Pd(II) catalyst was carried out by reacting iodobenzene 

with phenyltributyltin in dimethylsulfoxide (DMSO) at 120 °C
 
in presence of cesium 

fluoride (CsF) to afford 95% yield of biphenyl and 239 turn over number (TON).  

           The heterogeneous Stille cross-coupling of organostannanes with aryl iodide 

may proceed through a catalytic cycle analogous to that proposed for homogeneous 

palladium catalysts.
30

 In the first step of reaction, oxidative addition of aryl halide 

ArX (2) to the B-PMO-Pd complex provides B-PMO bound aryl palladium complex 
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(3). The leaving anion adds to the metal center to give the intermediate (3).  Further in 

second step of reaction mechanism transmetalation between B-PMO aryl palladium 

complex (3) and organostannanes (4) provides B-PMO-Ar
l
-Pd-Ar reaction 

intermediate (6) with the subsequent removal of byproduct Bu3SnX (5). It is 

suggested that fluorides were used to activate the stannane and to enhance the tin 

reactivity towards transmetalation. In the last step of reaction mechanism; with 

reductive elimination of biphenyl Ar
l
-Ar (7) from the unsymmetrical Intermediate (6) 

regenerates the B-PMO-TZ-Pd(0) complex. Furthermore, 3 is a common intermediate 

for the reaction mechanism and the direct coupling of aryl halide and tributyltin gives 

biaryl (7), in large amount. Ar
l
-Ar (7) from the unsymmetrical Intermediate (6) 

regenerates the B-PMO-TZ-Pd(0) complex. Furthermore, 3 is a common intermediate 

for the reaction mechanism and the direct coupling of aryl halide and tributyltin gives 

biaryl (7), in large amount.  

                   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. Solvent optimization for the Stille Coupling Reaction. 

 

Reaction conditions: iodobenzene (1mmol), tributyltinphenyl (1.15mmol), base 

Cesium fluoride (CsF) (3mmol), solvent (3 ml), B-PMO-TZ-Pd(II) catalyst ((30 

mg),Temperature 120 ºC. 
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Since mechanism of Stille coupling reaction is multistep procedure and a small 

variation in physical and reaction parameter such as solvent, temperature and base can 

change the product yield and rate of the reaction drastically. Hence the influences of 

solvent, reaction temperature and various bases were evaluated on the product yield 

using B-PMO-TZ-Pd(II) as catalyst in the reaction of iodobenzene and 

phenyltributyltin. In order to probe the role of solvents in Stille coupling reaction, 

series of solvents like DMSO, DMF, HMPA, THF, ethanol, and CH3CN were used in 

presence of base cesium fluoride (CsF) at 120 ºC in a model reaction of Stille 

coupling between iodobenzene and phenyltributyltin. Among all the used solvents 

DMSO, DMF and HMPA were able to give significant yield (50-99 %) in 5 h reaction 

time period. Whereas the nonpolar or less polar solvents such as THF, CH3CN and 

CH3OH were not found much effective in the coupling reaction. The reactivity order 

of iodobenzene conversion in presence of various solvents follows the order: DMSO 

(99 %) > DMF (59 %) > HMPA (50 %) > THF (25 %) > CH3CN (21 %) > CH3OH 

(10 %), respectively (Figure 4.11.). Since after oxidative addition of aryl halide 

charge separation would take place at Pd metal centre to a much greater extent, 

therefore, it is suggested that the highly polar solvent helps in stabilizing the 

intermediate state (3).
30

 To stabilize the high charge during the oxidative step at the 

Pd centre more coordination is required which is possibly generates by the high polar 

solvents. Whereas, the non polar solvents are not able to stabilize the intermediate 

state (3). Hence, solvents play an important role in reaction progress with strong 

reason of intermediate stabilization via coordinating ability and the polarity. 

          Stille coupling reaction of iodobenzene (1mmol) and phenyltributyltin 

(1.5mmol) in presence of CsF using solvent DMSO (3.5 ml) over B-PMO-TZ-Pd(II) 

catalyst was examined to see the influence of temperature in the range of 60 ºC to 120 

ºC on the product yield. The obtained results are summarized in (Figure 4.12). Lower 

temperature does not favor the formation of product (biphenyl); however the yield of 

biphenyl increased sharply with the increase in reaction temperature and reached the 

value of 99 % in 6 h time reaction time period at 120 ºC. Generally coupling reaction 

favored at high temperature since high activation energy is required to dissociate the 

aryl halide bond at oxidative addition step. It is noteworthy to mention here that no 
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product was obtained below 50 °C. Hence, the optimum reaction temperature with 

respect to conversion towards biphenyl product, under present reaction conditions, 

was found to be 120 ºC. 

 

 

 

 

  

 

      

 

 

 

 

 

 

Figure 4.12. Temperature Optimization for Stille Coupling Reaction. 

 

Reaction conditions: iodobenzene (1mmol), tributyltinphenyl (1.15mmol), base 

Cesium fluoride (CsF) (3mmol), DMSO solvent (3 ml), with heterogeneous B-PMO-

TZ-Pd(II) catalyst (30 mg), Temperature 120 ºC.  

 

 

          The role of base in Stille coupling reaction is to activate the phenyltributyltin 

compound for reaction. Various bases such as NaOH, Na2CO3, K2CO3, NEt3 and CsF 

were screened for the reaction. Among all used bases organic bases like triethyl amine 

(NEt3) was found unreactive in comparison to inorganic bases. The order of reactivity 

of iodobenzene in presence of various bases are arranged in the decreasing order as: 

CsF (95 %) > K2CO3 (56 %) > Na2CO3 (45 %) > NaOH (20 %) > NEt3 (2 %). It is 

clear that the reactivity of CsF is found to be quite high among the used inorganic 

bases. Cesium fluoride is able to give 95 % yield of coupled product (biphenyl) in 5 h 

at 120 °C. The Stille reaction is known to be affected by fluoride salts, yet their mode 

of action has not been completely clarified.
31
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Table 4.2.   

Reactivity of B-PMO-TZ-Pd(II) catalyst for Stille Coupling Reaction. 

 

 

 

   

Aryl halide   Phenyltributyltin                         Biphenyl   

 X = Cl, Br, I.  R' = H, NO2, CH3, OCH3.          

Reaction conditions: iodobenzene (1mmol), phenyltributyltin (1.15mmol), base 

Cesium fluoride (CsF) (3mmol), DMSO solvent (3 ml), with heterogeneous B-PMO-

TZ-Pd(II) catalyst (30 mg),  Temperature 120 ºC. Isolated yields (product) were 

analyzed by GCMS and 
1
H, 

13
C CP MAS NMR. TON (turnover number) = moles of 

product converted per mole of Pd (See appendix for NMR detail). 

 

S.No   Aryl halide      Product Time 

(h) 

Yield 

(%) 

TON 

1.  4a 24 35 84.6 

2.  4a 10 75 181 

3.  4a 5 99 239 

4.  4b 5 95 229 

5.  4b 8 95 229 

6.  4b 4 99 239 

7.  4c 12 96 232 

8.  4c 5 99 239 

9.  4d 9 89 215 

NO2

Br
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achieve higher yield of biphenyl is that in the presence of fluoride reagents the 

formation of insoluble organotin (5) fluorides takes place, which helps in shifting the 

reaction equilibrium toward the coupled products in transmetalation step of the 

reaction mechanism.
30

 Finally, it is noteworthy that all the products are obtained free 

of organotin contamination, since the organotin fluorides (5) side product is easily 

removed. A major drawback of the use of organotins reagents in Pd catalyzed 

coupling reactions is solved. Another explanation takes into the account that the 

fluoride anion coordinates to tin to afford a pentacoordinated tin species with 

enhanced reactivity of the Sn-C bond towards transmetalation step of the reaction 

mechanism. After optimizing the reaction parameters of the Stille coupling reaction 

between iodobenzene and phenyltributyltin; several substituted and non-substituted 

aryl halides are also employed in the reaction and the results are shown in Table 4.2. 

The desired corresponding products are obtained in good yields with high TONs. To 

examine the scope of this coupling reaction, a variety of aryl halides were coupled 

with phenyltributyltin in the presence of a catalytic amount of B-PMO-TZ-Pd(II) (30 

mg) at 120 ºC in presence of CsF base and DMSO solvent (Table 4.2). As shown in 

Table 4.2, the Stille coupling reaction of phenyltributyltin with variety of aryl halide 

proceed smoothly under mild reaction conditions giving the corresponding coupled 

products in high yields (75 % - 99 %) (Table 4.2, entries 1-10). 

          Monosubstituted Aryl halides such as chlorobenzene, bromobenzene and 

iodobenzene with phenyltributyltin gave 35 %, 75 %, 99 % yield of biphenyl and 

corresponding TON were found to be 84.6, 181.4, 239.4, respectively (Table 4.2, 

entries 1, 2, 3). The low reactivity of chlorides is usually attributed to the strength of 

the C-Cl bond (bond dissociation energies for Ph–X where X=Cl: 96 kcal/mol; Br: 81 

kcal/mol; I: 65 kcal/mol).  It is evident from the Table 4.2 that the reactivity of aryl 

chloride and bromides with arylstannanes (phenyltributyltin) found lower than aryl 

iodides and requires comparatively longer reaction times for the completion of 

reaction.  

          Furthermore, electron rich and electron poor aryl halides react smoothly with 

phenyltributyltin in the similar reaction conditions. Electron poor aryl halides like 4-

chloronitrobenzene, 4-bromonitrobenzene and 4-iodonitrobenzene with 
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phenyltributyltin gave coupled product (4-nitrobiphenyl) in 95 %, 95 %, 99 % with 

TON 229.7, 229.7, 239.4, respectively (Table 4.2, entries 4, 5, 6). Since in the first 

step of Stille mechanism oxidative addition of aryl halide to Pd metal centre results 

into Pd(II) transition state (3), oxidative addition is often the rate-determining step in 

a catalytic cycle. The relative reactivity of aryl halide towards the metal centre 

decreases in the order: I > Br >> C1. Aryl halides activated by the proximity of 

electron-withdrawing groups are more reactive to the oxidative addition than those 

with donating groups, thus allowing the use of electron deficient halides such as 4-

chloronitrobenzene for the cross-coupling reaction. Further, aryl iodides are more 

reactive than the bromides and chlorides. The substituent effect in the aryl iodides 

appeared to be less significant than in the aryl chlorides and bromides. 

          Subsequently, the electron rich aryl halides also show moderate to excellent 

reactivity (89 % - 99 % yield) in the formation of corresponding products (4-

methylbiphenyl, 4-methoxybiphenyl) in Stille coupling reaction under the similar 

reaction conditions. The electron rich para substituted aryl halides such as 4-

bromotoluene, 4-iodotoluene 4-bromoanisole with phenyltributyltin afford 96 %, 99 

%, 89 % yield after 12 h, 5 h, 9 h, respectively (Table 4.2, entries 7, 8). The coupling 

reaction of chloronaphthalene with phenyltributyltin was investigated under similar 

reaction condition, but no desired coupled product was obtained even after 24 h of 

reaction time. 

 

4.4.2. Kumada Coupling Reactions 

4.4.2.1. General procedure for Kumada Coupling Reactions 

          A round bottom flask was charged with aryl halide (1.0 mmol), B-PMO-TZ-

Pd(II) (30 mg), and tetrahydrofuran (THF) (2 mL) solution (solution A), solution of 

phenyl magnesium bromide (ArMgBr) (2 mmol) was added drop wise into solution A 

at room temperature with constant stirring. The reaction mixture was stirred at 55 °C 

for the specified period of time. The reaction mixture was cooled to room temperature 

and small amount (0.5 ml) of the resulting solution was taken, filtered and analyzed 

by GC. Solvent was then removed under reduced pressure and column 

chromatography on silica gel gave the purified products; which were analyzed by 
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GCMS, 
1
H, and 

13
C NMR. 

 

4.4.2.2. Kumada coupling reactions Catalytic Results  

          Corriu-Tamao-Kumada coupling metal-catalyzed cross-coupling of carbon-

carbon bond is one of the most powerful tools in organic synthesis. In order to screen 

B-PMO-TZ-Pd(II) catalyst, the reaction between iodobenzene and phenyl magnesium 

bromide was carried out in tetrahydrofuran (THF) solvent at 50 ºC. The final product 

biphenyl was obtained in 99 % yield with TON 229. Further, influence of solvents 

was investigated to optimize the reaction conditions. The present heterogenized 

palladium-catalyzed Kumada coupling could be well understood by analogous to the 

widely accepted mechanism for homogeneous Kumada coupling reaction. Initially in 

the first step of reaction, oxidative addition of aryl halide ArX (2) to the B-PMO-

Pd(0) complex, provides B-PMO bound aryl palladium complex (3). The oxidative 

addition of C(sp3)-X to Pd(0) complex usually follows an associative bimolecular 

process (SN2 reaction), similar to the other coupling reaction mechanism.
30

 

Consequently in next step of reaction mechanism, transmetalation between B-PMO 

aryl palladium complex (3) and aryl magnesium bromide (4) provides B-PMO-Ar
l 
-

Pd-Ar reaction intermediate (6) with the subsequent removal of byproduct MgBrX (5) 

salt and the catalyst B-PMO-TZ-Pd is regenerated again. Since Grignard reagent itself 

is highly basic in nature; no organic or inorganic base is required to be added to 

initiate the reaction. In the last step of reaction mechanism, the reductive elimination 

of biphenyl Ar
l
-Ar (7) from the unsymmetrical intermediate (6) regenerates the B-

PMO-TZ-Pd complex.
32

 The influence of solvent and reaction temperature was 

evaluated on the product yield using B-PMO-TZ-Pd as a catalyst in Kumada coupling 

reaction by reacting iodobenzene and phenyl magnesium bromide. 

          To evaluate the role of solvent in Corriu-Tamao-Kumada coupling reaction 

various solvents; such as THF, DMSO, CH3OH, DMF, Toluene, acetonitrile were 

screened by reacting iodobenzene with phenyl magnesium bromide at 50 °C in 

presence of synthesized heterogeneous B-PMO-TZ-Pd(II) catalyst. The reaction 

proceeds smoothly in the order THF > acetonitrile > toluene > CH3OH > DMSO > 

DMF. From the Figure 4.13. it is clear that reaction proceed smoothly in THF and 
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acetonitrile solvents in comparison to DMSO and DMF. Grignard reagent (RMgX) is 

very polar and consequently requires a coordinating solvent to keep it in solution. 

Ethers are most suitable owing to the availability of lone-pair electrons for 

coordination to the magnesium ion and solubilization in organic media. Solvents with 

electrophilic sites such as acetonitrile, DMF, acetone, and ethyl acetate are not 

suitable owing to their great (irreversible) reactivity with Grignard reagent (RMgX). 

On the basis of above results nonpolar solvents were suggested to increase the 

reactivity of Corriu-Tamao-Kumada coupling reaction. Corriu-Tamao-Kumada 

coupling between iodobenzene and phenyl magnesium bromide was examined in the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. Solvent optimization for Corriu-Tamao-Kumada Coupling Reaction. 

 

Reaction conditions: (1 mmol) iodobenzene, (1.5 mmol) phenyl magnesium bromide, 

3.5 ml solvent, with Temperature = 50 ºC, heterogeneous B-PMO-TZ-Pd(II) catalyst 

(30 mg). 

 

temperature range between 30 °C and 50 °C. Reaction does not favor the formation of 

product at room temperature (30 °C). However, the reaction proceeds smoothly at 

temperature 50 °C with 99 % yield within 2 h of reaction time period. Since the 

phenyl magnesium bromide is highly basic in nature; the predominant characteristic 
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Table 4.3.  

B-PMO-TZ-Pd(II) catalyst for Corriu-Tamao-Kumada Coupling Reaction. 

 

 

 

 

        Aryl halide   Phenyl magnesium Bromide        Biphenyl    

X = Cl, Br, I.  R' = H, NO2, CH3, OCH3            

Reaction conditions: (1 mmol) iodobenzene, (1.5 mmol) phenyl magnesium bromide, 

3.5 ml (THF) solvent, with (30 mg), Temperature = 50 ºC, heterogeneous B-PMO-

TZ-Pd(II) catalyst. Isolated yields (product) were analyzed by GCMS and 
1
H, 

13
C CP 

MAS NMR. TON (turnover number) = moles of product converted per mole of Pd. 

(See appendix for NMR detail) 

 

 

S.No Aryl halide     Product Time 

(h) 

Yield 

(%) 

TON 

1.  4a 12 40 96 

2.  4a 7 92 222 

3.  4a 2 95 229 

4.  4b 2 99 239 

5.  4b 4 96 232 

6.  4b 3 98 237 

7.  4c 6 83 200 

8.  4c 2 95 229 

9.  4d 5 90 217 

Br

NO2

NO2
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magnesium ion of a Grignard Reagent is the anionic aspect of the carbon attached 

directly to the Grignard reagent is nucleophilic and usually quite basic in nature. Quite 

small excess of phenyl magnesium bromide (PhMgBr) (1.8 equivalents) was utilized 

to deprotonate, rather than adding a base. The efficiency of this catalytic system was 

tested with various Para substituted halides (Table 4.3 entries 1-9). After optimizing 

the reaction parameters, various substituted and non substituted aryl halide are also 

investigated in the Corriu-Tamao-Kumada coupling reaction between iodobenzene 

and phenyl magnesium bromide and results are summarized in Table 4.3. 

          Various aryl halides were coupled with phenyl magnesium bromide in presence 

of B-PMO-TZ-Pd(II) and THF as solvent at 50 °C (Table 4.3). As evident from the 

Table 4.3 all substituted and non substituted aryl halides react with phenyl magnesium 

bromide under mild reaction conditions to give their corresponding products. (Table 

4.3, entries 1-9). Mono substituted aryl halides such as chlorobenzene, bromobenzene 

and iodobenzene with phenyl magnesium bromide gave coupled product (biphenyl) in 

40 %, 92 %, 95 % yield with TON 96, 222, 229, respectively. As discussed earlier, 

chlorides show poor reactivity compared to bromides and iodides under similar 

reaction conditions. The low reactivity of chlorides is usually attributed to the strength 

of the C-Cl bond. As clear from the Table 4.3, Corriu-Tamao-Kumada coupling 

reactions coupled fast with the aryl iodides and bromides in comparison to chlorides 

(Table 4.3, entries 1, 2, 3). Electron withdrawing (deficient) nitro (-NO2) bearing aryl 

halide such as 4-chloronitrobenzene, 4-bromonitrobenzene, 4-iodonitrobenene with 

phenyl magnesium bromide gave coupled product 4-nitrobiphenyl in 99 %, 96 %, 98 

% yield and 239, 232, 237 TON, respectively. From the catalytic cycle point of view 

in Kumada coupling reaction, oxidative addition of aryl halide to Pd metal centre 

results into Ar-Pd-X transition state (3) in the first step. Similar to the other coupling 

reaction mechanism, oxidative addition is often the rate-determining step in a catalytic 

cycle. The relative reactivity decreases in the order of I > Br >> C1. Aryl halides 

activated by the proximity of electron-withdrawing groups are more reactive to the 

oxidative addition than those with donating groups. Electron withdrawing groups 

increase the reactivity of aryl halides in coupling reaction; which is clear from the 

Table 4.3 (entries 4, 5, 6). However, the electron donating group such as Methyl and 
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methoxy bearing aryl halides such as 4-bromotoluene, 4-iodotoluene, 4-bromoanisole 

with phenyl magnesium bromide gave corresponding products in 83 %, 95 %, 90 % 

yield and 207, 229, 217, TON, respectively.  

          Generally, electron donating bearing Aryl halides show less reactivity in 

coupling reaction as the electron density increases over the Pd intermediate (3) results 

in to lower feasibility for further transmetalation and reductive elimination step, 

respectively. It is clear from the Table 4.3 (entries 5-9) that aryl halides bearing 

methyl, nitro, methoxy groups react with aryl Grignard to give excellent yields of the 

corresponding biaryl; whereas the aryl chloride possessed perasubstituents, give good 

yields in the presence of slightly larger excess of the Grignard reagent (1.8 mmol). 

Electron-rich substrates such as 4-bromotoluene and 4-iodotoluene show lower 

reactivity in comparison to the electron withdrawing bearing aryl halides and take 

longer reaction time period for completion of the reaction (Table 4.3, entries 7, 8). 

The coupling reaction of sterically hindered 2-chloronapthalene with phenyl 

magnesium bromide did not proceed even after longer reaction time (4 h). 

          Furthermore, it is concluded that the nature of the support is responsible for the 

enhancement of the catalytic activity. This effect in our opinion can be assigned to the 

increased hydrophobicity of the framework walls of B-PMO due to the presence of 

phenylene bridges in defined positions. The unique hydrophobic pores facilitate the 

adsorption of organomettlic neucleophiles and aryl halides close to the active sites, 

and/or reduce the adsorption of the by-products such as Bu3SnX and MgBrX. 

Moreover, the heterogenized B-PMO-TZ-Pd(II) catalyst offers further advantages like 

the easy catalyst and product recovery as well as possible reuse of the catalyst systems 

in the reaction.     

 

4.4.3. Heterogeneity and Recycling Studies of Catalyst B-PMO-TZ-Pd(II) 

           To test if metal was leached out from the solid catalyst during reaction; the hot 

filtration test was performed. In this process the Stille coupling reaction mixture was 

collected by filtration at the reaction temperature (120 °C) after a reaction time of 1 h 

which gave 43% conversions of iodobenzene. The residual activity of the supernatant 

solution was studied. It was noticed that after filtration of the B-PMO-TZ-Pd(II) 
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catalyst from the reaction mixture at the elevated reaction temperature (120 °C) (in 

order to avoid possible recoordination or precipitation of soluble palladium upon 

cooling) coupling reactions did not proceed further. Thus results of the hot filtration 

test suggest that Pd was not being leached out from the solid catalyst during the 

coupling reactions. These results confirm that the palladium catalyst remains on the 

support even at elevated temperatures during the reaction. 

          To check the recyclability of the optimized catalyst, B-PMO-TZ-Pd(II) Kumada 

coupling between iodobenzene and phenyl magnesium bromide was carried out in 

presence of THF (3.5 ml) at 50 °C which gave 99 % yield of biphenyl within 2 h. 

Generally, it has been found that precipitate of MgBr2 are generated in the Kumada 

coupling reaction which may be deposited on the pore walls of BPMO-TZ-Pd(II), 

causing a decrease in catalytic activity. In present system, the MgBr2 salt did not slow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Recycling of catalyst B-PMO-TZ-Pd(II).  

   

Reaction conditions: (1 mmol) iodobenzene, (1.5 mmol) phenyl magnesium bromide, 

3.5 mL (THF) solvent, Temperature = 50 ºC, heterogeneous B-PMO-TZ-Pd(II) 

catalyst (30 mg) 
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mesostructures of organosilica B-PMO-TZ-Pd(II) material, which provides good 

transport of the reactants and products. After the reaction, the catalyst was recovered 

by centrifugation, washed with DMSO latter with dichloromethane and finally 

sonicated in acetone and dried under vacuum overnight. The recovered B-PMO-TZ-

Pd(II) was re-used for the same reaction for four times; the catalyst retained almost 

similar level of active indicating the stability of the catalyst (Figure 4.14). The present 

study indicates that the catalyst can be recycled a number of times without losing its 

activity to a greater extent.     
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5.1 . INTRODUCTION  

          Liquid-phase hydrogenation of olefins using heterogeneous catalysts is an 

industrially relevant process.
1-3

 Along with olefin, hydrogenation of nitro compounds 

to amines has become one of the most important chemical reactions since organic 

amines are essential materials for the production of agrochemicals, dyes, 

pharmaceuticals, polymers and rubbers.
4,5

 For more than 100 years chemists have 

used heterogeneous catalysts based on noble metals on various supports.
6,7

 

Homogeneous hydrogenation catalysis was developed in the 1960’s and is reviewed 

frequently.
8
 It is well known that Pd-catalyzed reactions are of significant importance 

in modern chemical transformations.
9-11

 There is a growing demand for organo-

metallic reagents that exhibit favorable chemoselectivity and stereoselectivity in 

hydrogenation reactions. Generally reaction proceeds using N-ligand based palladium 

catalysts. However, most of these ligands are expensive and significantly limited to 

their industrial applications.
12-14

 Also some of these new ligands are not easily 

available and contain tedious and expensive synthesis processes and hardly stable in 

catalytic systems. Therefore, simple easily accessible stable catalyst is desired for 

heterogeneous reactions. Unfortunately, the efficient separation and subsequent 

recycling of homogeneous Pd catalysts remain a scientific challenge. Therefore, 

developing a facile and expedient approach to separate and recycle homogeneous 

catalysts is highly desirable. 

          Since the discovery of ordered mesoporous silicas,
15 

these materials have 

attracted wide spread attention in both academics and industry due to their huge 

potential applications.
16,17 

Today mesoporous materials have been employed 

successfully in gas adsorption and storage,
18

 sensing,
19

 catalysis,
20

 optical device
21

 

and ion exchange.
22

 Since the synthesis of ordered mesoporous materials in 1992 

sparked worldwide interest in the field of heterogeneous catalysis and separation 

science; SBA-15 has become the most popular member of the group and possessed 

extremely high surface area, easily accessible, uniform pore sizes and stability.
 23-25

 

SBA-15 can carry suitable functional groups at their surface, which can effectively 

interact with relevant metal ion/molecules, which makes them a potential candidate 

for heterogeneous catalysts. Furthermore, the leaching of the active site can also be 
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avoided as the organic moieties are covalently attached to the inorganic support. 

Various homogenous complexes were widely used for this transformation via 

covalent attachment.
26-28

 

          Accordingly, in the present chapter we report our attempt to graft Pd metal 

complex of 2, 4, 6-triallyloxy-1, 3, 5-triazine (TAT), derivatives over SBA-15 phases 

and their catalytic properties in hydrogenation reactions. The immediate goals of our 

study were (i) to evaluate the heterogenization method of the 2, 4, 6-triallyloxy-1, 3, 

5-triazine Pd(II) complex over organic modified SBA-15 support, (ii) to characterize 

the heterogenized SBA-15-TAT-Pd(II) complexes by various physiochemical 

techniques (iii) to measure the catalytic properties in hydrogenation reaction and (iv) 

to determine the extent stability of the catalyst as well as their recycling properties.  

     

5.2. EXPERIMENTAL  

5.2.1. Materials 

          Tetraethylorthosilicate (TEOS), Pluronic 123 (P123, Average Mol. wt. = 5800), 

3-Mercaptopropyl trimethoxysilane (3-MPTMS), 2, 4, 6-triallyloxy-1, 3, 5-triazine, 

Azo-bisisobutyronitrile, Palladium acetate, Olefin, Aromatic olefins, Nitrobenzene 

were purchased from Aldrich. All solvents used in experiments were obtained from 

Merck (India) and dried before use according to standard methods. 

 

5.2.2. Synthesis Procedure of Catalyst  

5.2.2.1. Synthesis of SBA-15 and Surface Modifications 

          The synthesis of mesoporous SBA-15 was carried out hydrothermally under the 

autogeneous pressure of an autoclave. The polymer surfactant P123 was used as a 

template and hydrochloric acid served as a mineralizer. The following gel 

composition was used for the synthesis.  

 

0.043 TEOS: 4.4 g P123 Mavg= 5800 = [EO20-PO70-EO20]: 8.33 H2O: 0.24 HCl.  
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Scheme 5.1. Schematic diagram of heterogeneous SBA-15-TAT-Pd(II) synthesis. 

5.1(A) Surface Modification via 3-MPTMS (3-mercaptopropyl trimethoxysilane) of 

SBA-15, Scheme 5.1(B). Anchoring of 2, 4, 6-triallyloxy-1, 3, 5-triazine (TAT) 

complex over modified surface of SBA-15, Scheme 5.1(C). Metalation by Pd acetate. 
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Typically, 4.4 g of tri block co-polymer dispersed in 30 g of distilled water was stirred 

for 1.5 h. To the resultant solution, 120 g of 2 M HCl was added under stirring and the 

stirring was continued for 2 h. Finally, 9 g of TEOS was added drop wise and the 

mixture was maintained at 40 °C for 24 h with continuous stirring. The mass was 

submitted to a hydrothermal treatment (100 °C, 48 h) under static condition. The 

precipitate was filtered, washed with distilled water, dried in an oven (90 °C, 12 h) 

and then calcined in air (500 °C, 6 h) to remove the template. The calcined SBA-15 

was characterized by powder XRD.
29 

          
 Surface modification of SBA-15 was achieved by a post grafting method 

[Scheme 5.1(A)]. One gram of SBA-15 was suspended in a 100 mL of dry toluene 

and refluxed with 2.5 mmol of 3-Mercaptopropyl trimethoxysilane (3-MPTMS) for 

12 h under N2 atmosphere. The material was filtered after cooling to ambient 

temperature, washed with dry toluene and dichloromethane, respectively. Soxhlet 

extraction was carried out for 24 h in dichloromethane (DCM) to remove occluded 

organosilane. The sample was dried in vacuum for 10 h. The percentage loading of 

the 3-mercaptopropyl trimethoxysilane groups anchored on the SBA-15 was 

estimated from chemical analysis. The obtained material is designated as SBA-15-SH.  

 

5.2.2.2. Synthesis of 2, 4, 6 -triallyloxy-1, 3, 5-triazine anchored SBA-15 and Pd 

metalation  

          In a typical synthesis, 1 g of organofunctionalized SBA-15,  (3-Mercaptopropyl 

trimethoxysilane) was added to the solution containing 1.06 g solution of 2, 4, 6 -

triallyloxy-1, 3, 5-triazine and 0.1 g of azobisisobutyronitrile (AIBN) (initiator) in 20 

mL of DMF and refluxed at 100 °C for 24 h under nitrogen atmosphere. The solid 

was filtered and soxhlet-extracted with dichloromethane for 24 h. The resultant 

material was dried in vacuum for 2 h. Pd acetate (0.157 mmol) in 20 mL distilled 

DMSO (Dimethyl sulfoxide) was added in triazene modified SBA-15-SH solution and 

stirred at 85 °C for 12 h [Scheme 5.1(B, C)]. The resultant material was washed with 

THF and soxhlet extracted with dichloromethane (DCM) to remove the unanchored 

metal complex from the SBA-15 surface.
30
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5.2.3. Instruments for Characterization  

          Powder X-ray diffractograms (XRD) of the materials were recorded using a 

PAN analytical X’pert Pro dual goniometer diffractometer. A proportional counter 

detector was used for low angle experiments. The radiation used was Cu Kα (1.5418 

Å) with a Ni filter and the data collection was carried out using a flat holder in Bragg-

Brentano geometry (0.5–5 °; 0.2 °/min). Care was taken to avoid sample displacement 

effects. N2 adsorption–desorption isotherms, pore size distributions as well as the 

textural properties of the hybrid materials were determined by using a Micromeritics 

ASAP 2020 instrument and Autosorb 1C Quantachrome USA. The program 

consisting of both an adsorption and desorption branch and typically ran at –196 °C  

after samples were degassed at 250 °C for 2 h. Specific surface areas were calculated 

via the BET model at relative pressures of P/Po = 0.06–0.3. The total pore volume 

was estimated from the uptake of adsorbate at a relative pressure of P/Po = 0.99. A 

JEOL JEM-3010 and Tecnai (Model F30) both operating at 300 KV were used for 

HRTEM samples observation. Samples were crushed and dispersed in isopropanol 

with low power sonication before putting a drop over carbon coated Cu grid for 

observation. Chemical analysis was carried out in a Lab Tam 8440 Plasma lab 

sequential mode ICP–OES Spectrometer and a Spectro Arcos ICP-OES instrument. 

Standard solution was used for calibration purpose. The scanning electron 

micrographs of the samples were obtained in dual beam scanning electron microscope 

(FEI company, model Quanta 200 3D) operating at 30 kV. The samples were loaded 

on stubs and sputtered with thin gold film to prevent surface charging and also to 

protect from thermal damage due to electron beam. 
1
H NMR spectra were recorded on 

Bruker AC–200 instruments using deuteriated solvent. Liquid 
13

C NMR spectra were 

recorded on Bruker AC–200 instruments operating at 50 MHz. 
13

C NMR chemical 

shifts are reported in ppm relative to the central line of CDCl3 (d 77.0). Solid-state 
13

C 

CP MAS NMR and 
29

Si MAS NMR spectra were recorded on a Bruker MSL 300 

NMR spectrometer with a resonance frequency of 75.5 MHz and 59.6 MHz, 

respectively for 
13

C and 
29

Si, and the chemical shifts were referenced to glycine and 

TMS respectively. Infrared spectra were recorded using a Perkin Elmer Spectrum one 

FTIR spectrophotometer. IR spectra were recorded in the range of 4000–400 cm
–1

. 
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Thermal analysis (TG-DTA) of the samples was conducted using a Pyris Diamond 

TGA analyzer with a heating rate of 10 ºC min
−1

 under air atmosphere. Palladium 

core levels were studied using an ambient pressure photoelectron spectrometer and 

more details of the instrument are available in reference 31. 

 

5.3. RESULTS AND DISCUSSIONS 

5.3.1. Powder X-ray Diffraction  

           The uniqueness of mesoporous structure, phase purity, degree of orderdness 

and unit cell parameters of all mesoporous materials were determined by powder X-

ray diffraction (XRD). XRD pattern of as-synthesized SBA-15, calcined SBA-15, 

SBA-15-SH, SBA-15-TAT and heterogenized SBA-15-TAT-Pd(II) complexes are 

visualized in Figure 5.1. The small-angle XRD pattern in all synthesized samples 

shows three well-resolved peaks; indexable as (100), (110), (200) reflections 

associated with p6mm hexagonal symmetry. After calcination, the peak intensity of 

(100) plane increases compared to as-synthesized SBA-15 due to the removal of surf- 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. XRD pattern of (a) As-synthesized SBA-15, (b) Calcined SBA-15, (c) 

SBA-15-SH, (d) SBA-15-TAT and (e) SBA-15-TAT-Pd(II). 
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-actant molecules.  (Figure 5.1.a, b). It is evident from Figure 5.1 that XRD patterns 

of the modified SBA-15 materials are almost similar to the parent SBA-15 with small 

decrease in overall intensity of (100), (110) and (200) reflections as the organic 

moieties (-TAT & -SH) get anchored one by one over the mesoporous SBA-15 wall. 

After organic group modification over SBA-15 by post grafting method, the XRD 

pattern (Figure 5.1.b-e) shows that the p6mm morphology is preserved.
32

 This 

perseverance of peak positions indicates that partial filling of 2, 4, 6 -triallyloxy-1, 3, 

5-triazine Pd(II) complex inside the mesopores is less detrimental to the quality of the 

SBA-15. The persistence of the (100), (110) and (200) reflections (Figure 5.1.b-e) not 

only proved the structural stability of the support but also the existence of long range 

order even after a number of treatments with organic molecules in solvents. All these 

observations clearly show that the ordered mesoporosity and structural stability 

retained even after incorporation of 2, 4, 6-triallyloxy-1, 3, 5-triazine Pd(II) 

complexes. 

 

5.3.2. FT-IR Spectra   

          The presence of isolated surface silanols, hydrogen bonded hydroxyl group and 

anchored complex, 2, 4, 6 -triallyloxy-1, 3, 5-triazine Pd(II) are evident from the IR 

spectrum of calcined SBA-15, SBA-15-SH, SBA-15-TAT and SBA-15-TAT-Pd(II) in 

Figure 5.2. The bands observed in the range of 850–770 cm
–1

 account for the 

symmetric stretching vibrations of the Si-O-Si bonds, while the band at 1090 cm
–1

 is 

assigned to the asymmetric (Si–O–Si) vibrations.
33

 In the hydroxyl region (3200–

3600 cm
–1

)
34

, a broad, typical peak of Si–O–H and S–H of thiol functionalized SBA-

15 were observed at around 3436 cm
−1 

and 468 cm
−1

, respectively. Propyl thiol-

functionalized SBA-15 shows a characteristic peak at 2934 cm
–1

 corresponds to C–H 

stretching vibrations. The weak bands at 1340 cm
–1

, 1381 cm
–1

, 1468 cm
–1

 are 

assigned to bending vibrations of methylene groups. Whereas, the band at 705 cm
–1

 

relates to the C–S stretching vibrations.
35

 

          Except the calcined SBA-15, other samples show distinct C–H vibrations at 

2934 cm
–1

, corresponding to C–H bond in the modified samples (Figure 5.2. b, c, d). 

Furthermore, SBA-15 modified samples (Figure 5.2.b, c, d) exhibit strong and broad 
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absorption band at 3435 cm
–1

, due to N–H stretching vibration which overlap with the 

–OH stretching frequency. All the modified SBA-15-SH, SBA-15-SH-TAT and SBA-

15-SH-TAT-Pd(II) exhibit strong band at 1571 cm
–1

, due to ring >C-N stretching 

vibration and additional peak at 1168 cm
–1

 (C–N) gets overlap with the symmetric 

stretching vibrations of the Si–O–Si bonds (1088 cm
–1

).
36

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. FT-IR spectrum of (a) Calcined SBA-15, (b) SBA-15-SH, (c) SBA-15 

TAT and (d) SBA-15-TAT-Pd(II). 

 

The above mode of vibrations clearly indicate that 2, 4, 6-triallyloxy-1, 3, 5-triazine 

Pd(II) complex and organic modifiers were incorporated successfully over the surface 

modified SBA-15. 

 

5.3.3. Diffuse reflectance UV–Vis Spectroscopy 

           The diffuse reflectance spectra (200–800 nm) of calcined SBA-15 and SBA-

15-TAT-Pd(II) show the characteristic absorption at 254 nm, corresponds to typical 

siliceous material (Figure 5.3.a).
37

 SBA-15-TAT-Pd(II) shows characteristic 

absorption band at 260 nm corresponding to a metal-ligand charge transfer (MLCT). 
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The shift towards higher energy values result from the metallation by Pd acetate. The 

presence of high coordinating ligand like 2, 4, 6-triallyloxy-1, 3, 5-triazine (TAT), the 

Pd(II) shifts the absorbance band towards the higher frequency region resulting in a 

slight deviation from theoretical values. Another strong absorbance at 380 nm i.e. in 

the visible region may be due to a change in π→π* and at 682 nm corresponds to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. UV-vis spectra of (a) Calcined SBA-15 and (b) SBA-15-TAT–Pd(II). 

 

n→π* transitions after Pd grafting over organo-modified SBA-15-TAT complex
35

 

(Figure 5.3.b). These results are in agreement with XPS results. 

 

5.3.4.
 13

C CP MAS NMR Spectra 

          The organic moiety 2, 4, 6-triallyloxy-1, 3, 5-triazine anchored over the 

modified (–SH) surface of SBA-15 is further demonstrated by 
13

C NMR techniques. 

13
C Liquid NMR of 2, 4, 6-triallyloxy-1, 3, 5-triazine (TAT) and 

13
C solid state NMR 

spectrum of SBA-15-TAT-Pd(II) are depicted in Figure 5.4. a, b. The peaks at 8, 20 

and 34 ppm, present in SBA-15-TAT-Pd(II) catalyst are assigned to the carbon atoms 

(C1–C3) of the propyl chain in organic modifier (3-MPTMS), indicate the successful 

200 300 400 500 600 700 800

b

315

380

260

254

682

 

 

 

In
te

n
si

ty
 (

a
.u

.)

Wavenumber (nm.)

a



Chapter 5                                                 Heterogeneous SBA-15-TAT-Pd(II) catalyst    
 

163 | P a g e  
 

3-Mercaptopropyl trimethoxysilane functionalization over SBA-15 (Figure 5.4.b). 

The presence of new resonance in the 
13

C CP MAS NMR spectrum and also in 
13

C 

Liquid NMR of 2, 4, 6-triallyloxy-1, 3, 5-triazine (TAT), at 72 ppm corresponds to 

carbon attached to the oxygen atom in the allylic chain of triazene ligand (Figure 5.4. 

a, b). Furthermore, peak present in both TAT and SBA-15-TAT-Pd(II) at 169 ppm 

corresponds to the carbon present in the ring of triazene ligand (TAT). In additon, low  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Liquid 
13

C NMR of (a) 2, 4, 6-triallyloxy-1, 3, 5-triazine (TAT) and (b) 

Solid state 
13

C CP MAS NMR of SBA-15-TAT-Pd(II). 

 

intensity extra peaks in the range of 103–130 ppm corresponds   to the unmodified 

allylic group of triazene ligand (Figure 5.4, a, b), which might be due to the unreacted 

portion of the allylic group of 2, 4, 6-triallyloxy-1, 3, 5-triazine ligand. Since the 

intensity of the un-reacted carbon peak is lower, it is confirmed that the maximum 

amount of anchoring of TAT over 3-MPTMS modified SBA-15. All the resonance 

peaks of 
13

C NMR support the successful anchoring of 2, 4, 6-triallyloxy-1, 3, 5-

triazine over the 3-MPTMS modified SBA-15 surface. 

 

5.3.5.
 
Solid state 

29
Si MAS NMR Studies 

          The degree of functionalization of surface silanol groups of SBA-15 with 

organic moiety can be monitored by 
29

Si CP MAS NMR spectroscopy. 
29
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220 200 180 160 140 120 100 80 60 40 20 0 -20

9

8

7

6

4

3

12,5

a

b

  

 

In
te

n
si

ty

ppm



Chapter 5                                                 Heterogeneous SBA-15-TAT-Pd(II) catalyst    
 

164 | P a g e  
 

NMR spectra of calcined SBA-15 and SBA-15-TAT-Pd(II) are depicted in Figure 5.5. 

The spectrum shows broad resonance peaks from –90 to –120 ppm, indicative for a 

range of Si–O–Si bond and the bands are centered at –93 ppm, –102 ppm and –111 

ppm assigned to Q
2
 [germinal silanol, (SiO)2Si(OH)2], Q

3
 [single silanol, 

(SiO)3Si(OH)] and Q
4
 [siloxane, (SiO)4Si] sites of the silica framework, respectively 

(Fig.5.5. a, b). The calcined SBA-15 shows the presence of broad resonance peaks  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Solid state 
29

Si CP MAS NMR spectrum of (a) Calcined SBA-15 and (b) 

SBA-15-TAT-Pd(II).  

 

from –98 to –126 ppm, indicative for a range of Si–O–Si bond, and it is noteworthy 

that the sample contains large amounts of Q
4
 sites showing a high framework cross-

linking. In general, the Q
3
 sites are considered to be rich with isolated Si–OH groups, 

which may be free or hydrogen-bonded. Spectrum of  SBA-15-TAT-Pd(II) show two 

peaks at –67 ppm and at –60 ppm which are assigned to T
3
 [SiR(OSi)3] and T

2
 

[Si(OH)R(OSi)2], respectively. The presence of major T
3
 peak indicate that the proper 

heterogenization of 3-mercaptopropyltrimethoxy silane over SBA-15.
38

 
29

Si CP MAS 

NMR spectra provide direct evidence for the formation of a highly condensed 

siloxane network with organic group covalently bonded to the mesoporous silica.
39 
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5.3.6. Electron Microscopy

          TEM images of calcined SBA

evidence that the material 

hexagonal mesopores (Fig

patterns was not observed between the tw

anchoring of TAT-Pd(II) 

 

 

 

 

 

 

 

 

Figure  5.6. TEM Images (A) Calcined SBA

 

 

 

 

 

 

 

 

 

 

Figure 5.7. SEM images of (A) Calcined SBA

 

image had shown distinct deep contrasting meso parallel channels with respect to the 

light shaded surface. This might be interpreted as due to the presence of the TAT

Pd(II) complex inside the mesopores of the SBA

TAT-Pd(II) complex  was 

                                                Heterogeneous SBA-15-TAT-Pd(II) catalyst   

icroscopy 

of calcined SBA-15 and SBA-15-TAT-Pd(II) provide structural 

evidence that the material is organized into ordered arrays of two

(Figure 5.6.A.B). The significant difference of the TEM 

erved between the two Figures 5.6.A, B. However, after the 

 complex inside the mesoporous channels of SBA

TEM Images (A) Calcined SBA-15 and (B) SBA-15-TAT-Pd(II).

M images of (A) Calcined SBA-15 and (B) SBA-15-TAT-

image had shown distinct deep contrasting meso parallel channels with respect to the 

light shaded surface. This might be interpreted as due to the presence of the TAT

Pd(II) complex inside the mesopores of the SBA-15, but not on the surface. If the 

was anchored on the surface of the functionalized SBA
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the high-contrast dark meso parallel channels would have appeared along the 

boundary of the visualized SBA-15 and not inside the porous body as observed 

previously by Shephard et al.
40

 From this results it is very clear that the Pd-complex 

was immobilized inside the pore channels of modified SBA-15. SEM image of the 

calcined SBA-15 and SBA-15-TAT-Pd(II) are shown in Figure 5.7 A, B, respectively. 

Calcined SBA-15 shows uniform arrays of small agglomerate particle meso channals 

arrangement and clear molecular-scale periodicity in the SEM images. Furthermore, 

SBA-15-TAT-Pd(II) demonstrates molecular-based materials; the particle 

morphology in the large molecular system does not change and becomes denser after 

TAT-Pd(II) complex anchoring over the mesoporous surface in comparison to the 

calcined SBA-15. 

     

5.3.7. Thermal Analysis 

          Thermal stability of all the synthesized materials were studied by thermo 

gravimetric analysis (TGA) under air atmosphere from ambient temperature to 1000 

°C with a temperature increment of 10 °C/min. TGA and DTA of (a) As-synthesized 

SBA-15, (b) Calcined SBA-15, (c) SBA-15-SH and (d) SBA-15-TAT are shown in the 

Figure 5.8.A, B. TGA plots of calcined SBA-15 and modified SBA-15 samples show 

approximately 5 % weight loss below 120 °C caused due to the desorption of 

physiosorbed water molecules (Figure 5.8.A, a-d).
41–43

 A loss of ~56 weight % was 

observed between 132 °C and 400  °C for the as-synthesized SBA-15 corresponds to 

the removal of trapped surfactant within closed pores (Figure 5.8.A, a). Whereas, 

nearly no weight loss in TGA was observed in the calcined SBA-15 between 132 °C 

and 400 °C indicates the complete removal of surfactant from SBA-15. Moreover a 

total weight loss of ~ 7% was noticed for calcined SBA-15 and this may be due to 

removal of surface silanol groups at very high temperature (Figure 5.8, A, b). TGA 

result of SBA-15-SH samples shows weight loss in two steps. In the first step, weight 

loss was occurred between 70 °C and 150 °C corresponds to the loss of loosely 

bounded water and adsorbed moisture. In the second step, weight loss was observed 

in the region of 245 °C-385 °C in TGA analysis and a sharp exothermic peak visible 

in DTA analysis is attributed to decomposition of 3-MPTMS (Figure 5.8.A, B, c).  
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          TGA result of SBA-15-SH material shows quantitatively 14.27 % weight loss, 

which is greater than calcined SBA-15; strongly supports successful anchoring of 3-

MPTMS over SBA-15 (Figure 5.8.A, b, c). In the case of SBA-15-TAT samples, a 

total weight loss of ~35 % was noticed, is due to the complete decomposition of 

organic moieties heterogenized over SBA-15, which is supported by the exothermic 

peak in the DTA spectrum of the same sample   (Figure 5.8.B.d).   

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. (A) TGA, (B) DTA of (a) As-synthesized SBA-15, (b) Calcined SBA-15, 

(c) SBA-15-SH and (d) SBA-15-TAT. 

 

All the TGA and DTA results clearly indicate that 2, 4, 6 -triallyloxy-1, 3, 5-triazine is 

well anchored over the modified surface of calcined SBA-15.    

 

5.3.8. Nitrogen Sorption Studies 

          The nitrogen adsorption–desorption results of calcined SBA-15, SBA-15-TAT-

Pd(II) and their corresponding pore size distribution curves are plotted in Figure 5.9. 

The surface area, average pore diameter and pore volume determined for the calcined 
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Table 5.1.   

Textural properties of mesoporous calcined SBA-15 & SBA-15-TAT-Pd(II). 

a 
Calculated based on elemental (Nitrogen) analysis value. 

b 
Input is based on the amount of Pd during synthesis reaction; output is based on the 

ICP-OES analysis. 

S.A : BET surface area (DP) : Average pore diameter, (Vp) : Pore volume.  

 

SBA-15 and SBA-15-TAT-Pd(II) are summarized in the Table 5.1. All the samples 

show type IV adsorption isotherms, according to the IUPAC classification, indicating 

mesopores with completely reversible nature, uniformly sized, with a capillary 

condensation step at P/Po = 0.3–0.4. The total surface area, average pore diameter 

and pore volume observed for the calcined SBA-15 and  SBA-15-TAT-Pd(II), were 

found to be 830 m
2
/g, 65 Å, 1.13 cm

3
/g and 285 m

2
/g, 55 Å, 0.46 cm

3
/g, respectively. 

The decrease in total mesoporous surface area (65 %), pore diameter (15 %) and pore 

volume (59 %) after 2, 4, 6 -triallyloxy-1, 3, 5-triazine Pd(II) complex immobilization 

over organo-modified SBA-15 is indicative of the grafting of TAT-Pd(II) complex 

over the mesoporous SBA-15 (Table 5.1).   

          It is clear from Table 5.1 that even though silylation procedures changed the 

textural properties of the mesoporous material, the decrease is more prominent after 2, 

4, 6 -triallyloxy-1, 3, 5-triazine Pd(II) complex immobilization over SBA-15 since the 

bulkier organic moieties inside the pore channels occupy more area of the void space 

(Figure 5.9 inset a, b). The capillary condensation steps of SBA-15-TAT-Pd(II) get 

reduced to lower P/Po values compared to calcined SBA-15 (Figure 5.9.a, b). This 

shift towards slightly lower partial pressure shows a possible reduction in the pore 

size and a partial distortion in pore arrangement, consistent with the XRD results. It is 

 

S.No. 

 

Sample 

N
a
 

(wt. 

%) 

Loading of Pd 

(wt. %)
b
 

Input    Output 

S.A 

(m
2
/g) 

DP 

(Å) 

Vp 

(cm
3
/g) 

1. Calcined SBA-15   830 65 1.13 

2. SBA-15-TAT-Pd(II) 1.85 4            2.2 285 55 0.46 
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Figure 5.9. Nitrogen adsorption-desorption isotherm and inset (BJH) pore size 

distribution of (a) calcined SBA-15 and (b) SBA-15-TAT-Pd(II). 

 

also known that the inflection position in N2 sorption isotherms depends on the 

diameter of the mesopores and the sharpness usually indicates the uniformity of the 

mesopores, due to capillary condensation of nitrogen molecule. These results directly 

supporting the previous results of proper heterogenization of metal complex inside the 

mesoporous channels of the SBA-15. 

 

5.3.9. X-ray photoelectron Spectroscopy (XPS) 

          X-ray photoelectron spectroscopy (XPS) is the powerful tool to investigate the 

electronic properties of the species formed on the surface of the materials.  XPS is 

highly sensitive to electronic environment, e.g. oxidation state and or multiplicity 

influences in the binding energy of the core electron of the metal. The synthesized 

material SBA-15-TAT-Pd(II) was characterized by X-ray photoelectron spectroscopy 

(XPS) to ascertain the oxidation state of Pd species. In Figure 5.10 the Pd binding 

energy of SBA-15-TAT-Pd(II) exhibits two strong peaks centered at 337.9 eV. and 

344 eV., respectively, which are assigned to the Pd 3d5/2 and Pd 3d3/2, respectively. 

The observed peaks indicate that palladium is present in the Pd
2+

 oxidation state in the 

synthesized SBA-15-TAT-Pd(II). According to literature report pure Pd acetate metal 
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salt binding energy for Pd 3d5/2 and Pd 3d3/2 orbital appears at 338.2 eV.  and 345.3 

eV., respectively.
44

 In comparison to literature value, the synthesized SBA-15-TAT-  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. XPS spectra of SBA-15-TAT-Pd(II). 

 

Pd(II) show shift in binding energy of Pd towards lower value viz 337.9 eV.  Pd 3d5/2 

and 344 eV. Pd 3d3/2, respectively. The decrease of Pd binding energy in 2, 4, 6 -

triallyloxy-1, 3, 5-triazine complex functionalized SBA-15 implies that there is a 

strong coordination interaction between Pd metal species and 2, 4, 6 -triallyloxy- 1, 3, 

5-triazine ligand.
45

 These results are in agreement with the UV-vis observations. 

 

 

5.4. CATALYTIC REACTIVITY 

5.4.1. Procedure for Hydrogenation Reaction 

          In a typical liquid-phase hydrogenation reaction, 1.0 g of olefin, 50 mL of 

methanol and 0.025 g of SBA-15-TAT-Pd(II) catalyst were placed in a 100 mL Parr 

autoclave (Parr Inst. Co. Mod. 3911), pressurized with hydrogen (150 psi) and stirred 

at room temperature for a specific time. Samples were periodically withdrawn from 

the reaction mixture, filtered off and analyzed. Olefin conversion and selectivity were 
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determined by using gas chromatography equipped with a flame ionization detector 

(FID) and a capillary column. Before GC analysis, the samples were centrifuged for 5 

min at 4000 rpm. At the end of specified time, the contents were analyzed by GC. 

Control experiments in the absence of catalyst showed practically no (<0.1 %) 

reduction of substrate. Peak positions of various reaction products were compared and 

matched with the retention times of authentic samples. Identity of the products was 

also confirmed by GC–MS. 

 

5.4.2. Catalyst SBA-15-TAT-Pd(II) for Hydrogenation Reactions 

          Hydrogenation is one of the most basic chemical transformations of organic 

substances. Olefin and nitro compounds hydrogenation is an industrially important 

reaction. The catalytic activity of SBA-15-TAT-Pd(II) was tested in the 

hydrogenation of a variety of unsaturated olefin and aromatic nitro compounds to 

their corresponding products. The catalytic performance of the heterogenized catalyst 

SBA-15-TAT-Pd(II) in olefin hydrogenation was initially studied with styrene as the 

substrate under mild reaction conditions (Pressure H2 = 150 psi, T = 40 °C). The 

reactions were carried out in methanol solvent at room temperature and under 100 psi 

hydrogen pressure. Detailed observations of all the reactions are given in Table 5.2. It 

is evident from the Table 5.2 that the SBA-15-TAT-Pd(II) is quite active for the 

hydrogenation reaction under mild reaction conditions. In the case of styrene and α-

methyl styrene, the hydrogenated products (ethylbenzene & cumene) were obtained 

within 15 min, 45 min with 2320, 2320 TON, respectively (Table 5.2, entries 1, 5). 

The reason for longer reaction time period for α-methyl styrene might be due to the 

steric hindrance produced by the methyl group next to the olefin group. In the absence 

of SBA-15-TAT-Pd(II) catalyst, negligible styrene conversion was observed (~7  %). 

It is noteworthy to mention that no ring hydrogenated products were observed with 

styrene, and α-methyl styrene.  
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Table 5.2. SBA-15-TAT-Pd(II) catalyst for Hydrogenation Reaction. 

S. No. Reactant Product Time 

(min.) 

Yield 

(%) 

TON 

 
1. 
 

 

 

 

15 

 

100 

 

2320 

 
2. 

 

 

 

 

60 

 

100 

 

2320 

 
3. 

 

 

 

 

90 

 

80 

 

1850 

 
 

4. 

 

 

 

60 

 

95 

 

2200 

 
 

5. 

 

 

  

45 

 

100 

 

2320 

 

6. 

 

 

 

 

 

 

480 

 

--- 

 

--- 

 

7. 

 

 

  

30 

 

96 

 

2230 

 

8. 

 

 

 

 

 

15 

 

100 

 

2320 

 

Reaction conditions: of substrate (10 mmol), SBA-15-TAT-Pd(II) catalyst (0.025 g), 

H2 Pressure = 150 psi, Reaction Temperature = 40 °C, solvent = 50 mL methanol. 

 

          Non-aromatic cyclic olefin group containing substrates cyclopentene, 

cyclohexene and cyclooctene gave hydrogenated products in 30 min, 60 min, 90 min  

with 2320, 2320, 1850 TON, respectively (Table 5.2, entries 7, 2, 3). The increase in 

reaction time for non-aromatic cyclic olefin containing substrates may be due to the 

increase in size of ring in term of carbon atoms. Whereas 1-hexene affords 100 % 

conversion to the corresponding hydrogenated product hexane in 15 min with 2320 

TON. It is clear from the Table 5.2 that acyclic olefins afford higher rate of reaction in 

NO2 NH2
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comparison to the cyclic olefin in presence of SBA-15-TAT-Pd(II); the reason might 

be that the olefin group faces steric hindrance in cyclic structure of aromatic or non-

aromatic compounds. Furthermore, the SBA-15-TAT-Pd(II) catalyst affords 100  % 

conversion of the aromatic nitro (nitrobenzene) in 1 h with 2200 TON without the 

ring hydrogenation (Table 5.2, entry 4). The trans-stilbene, did not give any product 

under the specified time period. This is probably due to the relatively large steric 

hindrance (Table 5.2, entry 6) of the reactant molecule. 

 

5.4.3. Heterogeneity and Recycling Studies of Catalyst SBA-15-TAT-Pd(II)  

          In order to understand whether the observed catalytic activity arises from truly 

heterogeneous catalyst systems, a series of leaching experiments was conducted. To 

test if metal is leached out from the solid catalyst during a reaction; the hot filtration 

test and recycling study of heterogeneous catalyst SBA-15-TAT-Pd(II) under the 

reaction conditions; 10 mmol of styrene, 150 psi of H2 pressure, 0.025 g of catalyst 

SBA-15-TAT-Pd(II), 50 mL methanol, T = 40 °C was performed. Hydrogenation 

reaction mixture was collected by filtration at temperature (40 °C) after a reaction 

time of 5 min which give 58 % conversions of styrene. The residual activity of the 

supernatant solution was studied. It was observed that after filtration of SBA-15-TAT-

Pd(II) catalyst from the reaction mixture at the elevated reaction temperature (40 °C) 

(in order to avoid possible re-coordination or precipitation of soluble palladium upon 

cooling) hydrogenation reactions did not proceed further. Thus, results of the hot 

filtration test suggest that Pd was not being leached out from the solid catalyst during 

the reaction. These results confirm that the palladium catalyst remains on the support. 

This clearly demonstrate that the reaction ceased after the removal of SBA-15-TAT-

Pd(II) catalyst from the reaction mixture. 

          Reusability is an important feature to be monitored for application of 

heterogenized single-site catalysts. Reusability of heterogeneous catalyst SBA-15-

TAT-Pd(II) was performed under the reaction conditions; 10 mmol of styrene, 150 psi 

of H2 pressure, 0.025 g of catalyst SBA-15-TAT-Pd(II), 50 mL methanol solvent, T = 

40 °C. Hydrogenation reaction mixture was filtered using a sintered glass funnel, and 

the residue extensively washed with, 1, 2 dichloromethane (DCM) (2-5 mL) and 
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Figure 5.11. Recycling study of heterogeneous catalyst SBA-15-TAT-Pd(II). 

  

Reaction Conditions: 10 mmol of styrene, 150 psi of H2 pressure, 0.025 g of catalyst 

SBA-15-TAT-Pd(II), 50 mL methanol, T = 40 °C. 

 

 further with methanol. The gas chromatography analysis of the filtrate shows no 

detectable amounts of reagents and products. The catalyst was dried under vacuum 

overnight before performing the reusability test. The catalyst could be reused directly 

without further purification and was reused up to five cycles (Figure 5.11). The 

amounts of Pd leaching into solution for the hydrogenation reactions were detected 

through ICP. The loss of Pd amount for the hydrogenation reaction was less than 1.0 

weight percentage of total Pd content. Even though a small amount of Pd loss could 

be detected, catalyst still shows high reusability and stability for hydrogenation 

reactions. Nearly similar conversion was found even after five cycles by using SBA-

15-TAT-Pd(II) catalyst in the hydrogenation reaction.   
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6.1. SUMMARY 

          The present thesis gives an account of (i) the synthesis of organic-inorganic 

hybrid mesoporous materials by immobilization of several metal complexes on 

organically modified SBA-15 and periodic mesoporous organosilicas (PMO) having 

benzene groups in the frame wall positions, (ii) in-depth characterization of metal 

complex immobilized mesoporous materials and (iii) application of these materials as 

catalysts in oxidation, hydrogenation and C-C coupling reactions.  

 

The present thesis is divided into six chapters including the current one as 

follows: 

 

Chapter 1 Gives an idea about current scenario in the field of mesoporous molecular 

sieve materials, particularly transition metal complex based mesoporous materials, 

more precisely Pd and Mn transition metal catalysed oxidation, hydrogenation and C-

C coupling reactions. The different characteristic properties of these materials include 

shape selectivity, formation mechanisms etc., and further more literature survey over 

synthesis aspects, characterization techniques, and different catalytic applications has 

been discussed. The scopes and objectives of the present work were outlined at the 

end of this chapter. 

 

Chapter 2 Includes detailed synthesis and characterization of Chloro (S, S)(‒)[N-3-

tert-butyl-5-chloromethyl salicylidene]-N-[3,5-di tert-butylsalicylidene] 1,1-

binaphthyl-2, 2-diamine manganese(III) (homogeneous system) complex on modified 

SBA-15 by using 3-aminopropyl trimethoxysilane as a reactive surface modifier to 

give supported catalyst. The surface properties of the functionalized catalyst were 

analyzed by a series of characterization techniques such as elemental analysis, XRD, 

N2 sorption measurement isotherm, FT–IR, TGA–DTA, XPS, and solid state 
13

C 

NMR. The XRD and N2 sorption measurement, UV reflectance and CP MAS NMR 

spectroscopy (
13

C and 
29

Si) of the catalyst confirmed the structural integrity of the 

mesoporous hosts and the spectroscopic characterization technique proved the 

successful anchoring of the metal complex over the modified mesoporous support. 
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The screening of the catalyst Mn(III)-L-SBA-15 and neat Mn(III)- L complexes was 

done in the oxidation reaction of thioanisole (methyl phenyl sulfide) by using TBHP 

as an oxidant. Mn(III)-L-SBA-15 catalyst shows higher activities and turnover 

number (TON) and exhibit enhanced enantiomeric excess comparable to 

homogeneous catalyst Mn(III)-L. Moreover; bulkier alkene like 1, 2-

dihydronaphthalene was also efficiently epoxidized with the synthesized supported 

catalyst Mn(III)-L-SBA-15. 

 

Chapter 3 Includes synthesis of phosphine obstructed highly efficient and reusable 

SBA-15-EDTA-Pd catalyst by anchoring Pd‒EDTA complex over the surface of 

organo-functionalized SBA-15. The physiochemical properties of the organo-

functionalized catalyst were analyzed by elemental analysis, ICP‒OES, XRD, N2 

sorption measurement isotherm, TGA & DTA, solid state 
13

C, 
29

Si NMR spectra FT-

IR, XPS DRS UV‒Visible, SEM and TEM. XRD and N2 sorption analyses of 

synthesized catalyst confirm that ordered mesoporous channel structure was retained 

even after the multistep synthetic procedures. The (100), (110) and (200) reflections 

in SBA-15 provide good structural stability, existence of long range order and high 

pore wall thickness. The organic moieties anchored over the surface of SBA-15 and 

inside the pore wall were demonstrated by solid state 
13

C NMR and FT‒IR 

spectroscopy. Further, solid state 
29

Si NMR spectroscopy provides the information 

about degree of functionalization of SBA-15 surface silanol groups. The electronic 

environment and oxidation state of Pd metal in SBA-15-EDTA-Pd(11) were 

monitored by XPS, DRS UV-visible techniques. Moreover, the morphologies and 

topographic information of synthesized catalyst were confirmed by SEM and TEM 

analysis. The synthesized catalyst SBA-15-EDTA-Pd(11) was screened for the Heck, 

Suzuki and Sonogashira coupling reactions and show higher catalytic activity with 

higher TON (turn over number). The anchored solid catalyst can be recycled 

efficiently and reused several times without major loss in reactivity. 

 

Chapter 4 An efficient and highly reusable B-PMO-TZ-Pd(II) has been synthesized 

by anchoring 4-(2-pyridyl)-1, 2, 3-triazole ligand over the inner surface of organo-
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functionalized benzene containing periodic mesoporous  organosilica (B-PMO) via 

“Click reaction”  and subsequent complexation with PdCl2. B-PMO with uniform 

hexagonal arrangement were prepared using C16 alkyl trimethyl ammonium bromide 

[CTAB] surfactant under basic conditions. The physiochemical properties of the 

functionalized catalyst were analyzed by elemental analysis, ICP-OES, XRD, N2 

sorption measurement isotherm, TGA & DTA, solid state 
13

C, 
29

Si NMR spectra FT-

IR, XPS, DRS UV-Vis, SEM and TEM. The (100), (110) and (200) reflections in B-

PMO provide good structural stability, existence of long range order and high pore 

wall thickness. TGA-DTA results revealed the high thermal stability of synthesized 

catalyst, B-PMO-TZ-Pd(II). Furthermore, B-PMO-N3 shows sharp absorbance at 

2106 cm
–1

; which is a characteristic stretching vibration of any organic azide (N3). 

The absence of this peak at 2106 cm
–1

 in B-PMO-TZ-Pd(II) shows that the 

azidopropyl group successfully incorporated to the 2-ethynylpyridine via click 

reaction. The electronic environment and oxidation state of Pd metal in B-PMO-TZ-

Pd(II) were monitored by XPS, DRS UV-visible techniques. The synthesized B-

PMO-TZ-Pd(II) catalyst was screened in the Stille and Kumada coupling reactions 

and show higher catalytic activities with high TONs. The anchored solid B-PMO-TZ-

Pd(II) catalyst can be recycled efficiently and reused several time (four times) without 

major loss in reactivity.     

 

Chapter 5 Describe the synthesis of SBA-15-TAT-Pd(II) by anchoring of 2, 4, 6-

triallyloxy-1, 3, 5-triazine (TAT) complex over the surface of organo-functionalized 

SBA-15. The physiochemical properties of the organo-functionalized catalyst were 

analyzed by various characterizations techniques. XRD and N2 sorption analyses were 

done to find out textural properties of synthesized catalyst and confirm that ordered 

mesoporous channel structure was retained even after the multistep synthetic 

procedures. The organic moieties anchored over the surface of SBA-15 and inside the 

pore wall were demonstrated by solid state 
13

C NMR and FT-IR spectroscopy. The 

electronic environment and oxidation state of Pd metal in SBA-15-TAT-Pd(II) were 

monitored by XPS, DRS UV-visible techniques. The synthesized catalyst SBA-15-

TAT-Pd(II) was screened for the hydrogenation reactions and show higher catalytic 



Chapter 6   Summary and Conclusion  

 

181 | P a g e  
 

activity with high TON. The anchored solid catalyst can be recycled efficiently and 

reused several time (five times) without major loss in reactivity.  

                    

Chapter 6 This chapter gives an overall summary of major conclusions of the present 

study with respect to the synthesis and characterization of immobilized catalysts and 

the successful attempt in using the catalytic properties of the catalyst for oxidation, 

hydrogenation and C-C coupling reactions.  

 

6.2. CONCLUSIONS 

 

Chapter 2: Mn(III) based binaphthyl schiff base complex heterogenized over 

organo-modified SBA-15. 

� Highly ordered SBA-15 was synthesized by hydrothermal method.  

� The covalent functionalization of Mn(III)-L complex over modified surface of 

SBA-15 was successfully achieved by multiple step synthetic procedures. 

� The presence of (100) (110) and (200) reflection in the XRD pattern confirms 

the retention of hexagonal ordering of SBA-15 even after organo 

functionalization and metal complex [Mn(III)-L] anchoring. 

� The effect of neat Mn(III)-L complex loading on the physical properties of 

SBA-15 (surface area and pore size parameter) was explored by nitrogen 

sorption study. 

� Appearance of characteristic C=N peak at 1629 cm
‒1

 in the FT-IR spectrum of 

metal complex immobilized SBA-15 clearly indicate the anchoring of 

homogeneous complex over modified SBA-15 support. 

� TGA-DTA analysis show a total weight loss of 35.6 % and 21.2 % for 

[Mn(III)-L-SBA-15] and NH2-SBA-15, respectively, which demonstrate ~14 

% loading of chiral metal complex over modified SBA-15. 

� Methoxy carbon peak was not observed in the solid state 
13

C CP MAS NMR 

spectrum of NH2-SBA-15, which indicates the proper hydrolysis and 

anchoring of 3-aminopropyltrimethoxy silane over calcined SBA-15. The 

presence of aromatic binaphthyl and salicyaldimine groups in the case of 
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[Mn(III)-L-SBA-15] was demonstrated by the NMR band in the range of 112-

170 ppm.  

� Moreover additional peak at 28.1 and 34.1 ppm for Mn(III)-L-SBA-15 catalyst 

was noticed in the 
13

C CP MAS NMR and it corresponds to the methyl carbon 

of t-butyl and t-butyl carbon of salicyaldimine group, respectively. 

� Calcined SBA-15 showed broad resonance peaks from ‒93.8 to ‒102.9 ppm 

indicative of all Q
2
‒Q

4
 sites in 

29
Si CP MAS NMR. A decrease in Q

2
 and Q

3 

site with a corresponding increase in the percentage of Q
4
 site was noticed 

after amino functionalization, indicate that the silylating agents effectively 

consume the germinal as well as free silanol sites present in the calcined SBA-

15. All these NMR results clearly indicating the proper anchoring of amino 

group as well as metal complex inside the mesoporous SBA-15 material. 

� XPS and UV-Vis analysis demonstrate that manganese is in +3 oxidation 

states in Mn(III)-L-SBA-15 and Mn(III)-L catalyst. 

� Sulfoxidation and epoxidation reaction of thioanisole and 1, 2-

dihydronaphthalene, respectively demonstrated high catalytic activity, TON 

and selectivity with heterogeneous Mn(III)-L-SBA-15 catalyst compared to 

homogeneous counterpart Mn(III)-L.  

� During recycling, conversion of thioanisole decreases from ∼20 % after use 

from fresh to fourth recycle over Mn(III)-L-SBA-15. This might be due to 

partial leaching of metal or active site from the heterogenized metal complex.  

 

Chapter 3: Phosphine free SBA-15-EDTA-Pd highly active recyclable catalyst 

for Heck, Suzuki and Sonogashira reaction. 

� In conclusion, highly stable and recyclable SBA-15-EDTA-Pd catalyst was 

synthesized by anchoring with different wt. % loading (7 %, 11 %, and 15 %) 

of Pd-EDTA complex over the inner surface of organo-functionalized SBA-

15. 

� From the XRD pattern it is clear that after anchoring of different weigh 

percent of (7 %, 11 %, 15 %) Pd-EDTA complexes; an inconsequential 
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decrease in peak intensities to the (100), (110) and (200) reflections were 

observed without changing the peak positions. 

� XRD and N2 sorption analyses of synthesized catalyst confirm that ordered 

mesoporous channel structure was retained even after the multistep synthetic 

procedures.  

� TGA-DTA results revealed that the heterogenized metal complex catalyst, 

SAB-15-EDTA-Pd(11) is stable at elevated temperature. 

� TEM image of calcined SBA-15 and SBA-15-EDTA-Pd(11) provide structural 

evidence that the material organized into ordered arrays of two-dimensional 

hexagonal mesopores. Moreover; TEM image of SBA-15-EDTA-Pd(11) 

catalyst clearly shows that metal complex was anchored inside the meso 

channels of the SBA-15. 

� XPS, DRS UV-visible techniques revealed that electronic environment and 

oxidation state of Pd metal as Pd
+2

 in SBA-15-EDTA-Pd(11) catalyst. 

� The activity of the heterogeneous catalyst, SBA-15-EDTA-Pd(11) was 

screened in the Heck, Suzuki and Sonogashira coupling reactions, which 

shows higher catalytic activity with high TON under phosphine and copper 

free conditions. In addition, the present catalytic system tolerates a broad 

range functional group. 

� Different varieties of aryl halides (mono substituted, electron rich and electron 

poor) reacts smoothly with phenyl boronic acid and gave respective Suzuki 

coupled products. In addition, non aromatic olefins (acrylates) react under 

high rate with aryl iodide and gave respective Heck C-C coupled products.   

� The heterogenization of the EDTA-Pd complex over mesoporous SBA-15 

demonstrated the recyclable capability of the catalyst without major loss in 

activity.   
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Chapter 4: A recyclable and efficient Pd(II) 4-(2-pyridyl)-1, 2, 3-triazole complex 

over the solid periodic mesoporous organosilica (PMO) support by “click 

reactions”. 

� Benzene containing periodic mesoporous organosilica (B-PMO) materials 

with uniform hexagonal arrangements was prepared by using C16 alkyl 

trimethylammonium bromide [CTAB] surfactant under basic conditions.  

� Heterogenization of 4-(2-pyridyl)-4-(2-pyridyl)-1, 2, 3 triazole ligand over the 

inner surface of organo-functionalized B-PMO were achieved by “Click 

reaction” and subsequent complexation with PdCl2 leads to an efficient 

heterogenized catalyst, B-PMO-TZ-Pd(II). 

� The (100), (110) and (200) reflections in small angle XRD patterns of B-PMO 

and its derivative material showed the existence of long range order with 

structural stability. 

� FT–IR studies confirmed the complete removal of surfactant from the pore 

channels of the hybrid materials. In addition the presence of benzene 

fragments in the framework and further modification via triazole ligand (click 

reaction) over the mesoporous framework was also clearly evident from this 

study.  

� The absence of Q units [Qn Si(OSi)n(OH)4-n] below –100 ppm confirms the 

negligible hydrolytic Si–C bond cleavage and the bridge-bonded organic 

group is intact in the silica framework under the synthetic conditions. 

� The matrix decomposition [1,2-bis (triethoxysilyl) benzene (BTEB)] 

fragments bonded in the mesopore frame wall channels is observed in the 

range of 600-650 °C in all the samples by TG-DTA analysis which attributes 

that the present mesoporous host materials (B-PMO) are thermally stable up to 

a temperature of 600 °C. 

� The observed increment in the absorption intensity at 220 and 275 nm in UV-

Vis analysis surfactant extracted B-PMO demonstrate the increase in π 

electron interaction in phenylene ring without surfactant molecules. Also the 

shift in the binding energy value of Pd 3d3/2 and Pd 3d5/2 compared PdCl2 

explained that the metal species is coordinated with electron rich compound, 
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i.e. 4-(2-pyridyl)-1, 2, 3 triazole ligand. 

� B-PMO shows uniform arrays of mesochannals arrangement and clearly 

molecular-scale periodicity in the SEM images. 

� The present B-PMO-TZ-Pd(II) catalytic system tolerates a broad range 

functional group of aryl halide in both Stille and Kumada coupling reactions 

and shows higher catalytic activity, TON and can be recycled efficiently 

several time without major loss in activity.  

 

Chapter 5: Covalently anchored 2, 4, 6-triallyloxy-1, 3, 5-triazine Pd(II) complex 

over modified surface of SBA-15. 

� In conclusion, stable and recyclable SBA-15-TAT-Pd(II) catalyst was 

synthesized by anchoring 2, 4, 6-triallyloxy-1, 3, 5-triazine ligand over the 

surface of organo thiol modified SBA-15 and subsequent complexation with 

Pd acetate. 

� Long range order of the organo thiol and 2, 4, 6-triallyloxy-1, 3, 5-triazine 

Pd(II) complex modified SBA-15 was demonstrated by the  (100), (110) and 

(200) reflection in X-ray diffraction. 

� The proper anchoring of organo thiol and triazine complex was explained by 

the appearance of C-S, S-H and N-H stretching vibrations at 705, 468 and 

3435 cm
-1

, respectively in FT-IR spectra. This results were further confirmed 

by the appearance of respective carbon peaks in 
13

C liquid and solid state 

NMR. 

� Further, Q
2
, Q

3
 and Q

4
 sites were noticed at -93, -102 and -111 ppm, 

respectively in 
29

Si NMR of calcined SBA-15 samples. At the same time T
3
 (-

67 ppm) and T
2
 (-60 ppm) sites were observed in the TAT modified SBA-15 

supports the FT-IR and 
13

C NMR results. 

� Compared to the calcined SBA-15, 2, 4, 6-triallyloxy-1, 3, 5-triazine Pd(II) 

complex modified samples show additoinal absorption band in UV-Vis spectra 

which might be due to metal to ligand charge transfer (MLCT) and π-π* 

transition. 

� The proper heterogenization of –SH and TAT over SBA-15 were further 
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revealed by the appearance of weight loss in TGA analysis of the respective 

samples. The decomposition of thiol groups was observed in the range of 245 

to 385 °C. At the same time weight loss in the range of 470 to 500 °C was 

observed for TAT modified SBA-15 with respective exothermic peaks in 

DTA. 

� The catalytic activity of SBA-15-TAT-Pd(II) was tested in the hydrogenation 

of a variety of unsaturated olefins and aromatic nitro compounds to their 

corresponding products.  

� It is noteworthy to mention that no ring hydrogenated products were observed 

with styrene, and α-methyl styrene. Furthermore; non aromatic cyclic olefins 

cyclo-pentene, cyclohexene, cyclooctene and linear olefins are also 

hydrogenated within short reaction time period.  

� The present SBA-15-TAT-Pd(II) catalytic system tolerates a broad range of 

olefin compounds in hydrogenation reaction under the mild reaction 

conditions. The heterogenized solid catalyst SBA-15-TAT-Pd(II) can be and 

reused several time without major loss in activity. 
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APPENDIX 

Suzuki reaction, Stille coupling reaction and Corriu-Tamao-Kumada coupling 

reaction (NMR results)  

 

(2a) (4a) biphenyl 

1
H NMR (CDCl3): 7.34-7.62 (m, 10H).  

13
C NMR (CDCl3): 127.20 (s, 5C), 128.79 (s, 5C). 

 

(2b) (4b)  4-nitro 1,1’ biphenyl 

1
H NMR (CDCl3): 7.40-7.44 (m, 3H), 7.54-7.59 (m, 2H), 7.65-7.69 (m, 2H), 8.21-

8.26 (d, 2H).  

13
C NMR (CDCl

3
): 123.09 (s, 2C), 126.37 (s, 2C), 126.78 (s, 2C), 127.89 (s, 1C) 

128.13 (s, 2C), 137.77 (s, 2C), 146.62 (s, 2C).  

 

 (2c) (4c) 4-methyl -1, 1’biphenyl 

1
H NMR (CDCl3): 2.32 (s, 3H), 7.16-7.53 (m, 9H) 

13
C NMR (CDCl3): 21.14 (s, 1C), 127.02 (s, 5C), 128.75 (s, 2C), 129.52 (s, 2C), 

137.06 (s, 1C) 138.39 (s, 1C), 141.19 (s, 1C).  

 

(2d) (4d) 4-methoxy-1, 1’bibhenyl  

1
H NMR (CDCl3):  3.83 (s, 3H), 6.96-6.99 (d, 2H), 7.29-7.32 (m, 1H), 7.37-7.41 (m, 

2H), 7.50-7.57 (m, 4H).   

13
C NMR (CDCl3): 55.38 (s, 1C), 114.26 (s, 2C), 126.71 (s, 1C) 126.78 (s, 2C), 

128.20 (s, 2C), 128.77 (s, 2C), 133.83 (s, 1C), 140.88 (s, 1C), 159.21 (s, 1C). 

 

 

Sonogashira  reaction (NMR results)  

(3a) 1, 2-diphenylethyne 

1
H NMR (CDCl3): 6.93-7.79 (m, 10H) 

13
C NMR (CDCl3):  125-136 (m, 12C), 77.25 (d, 2C). 
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(3b) 1-nitro-4-(phenylethynyl) benzene 

1
H NMR (CDCl3):  7.07-8.31 (m, 9H) 

13
C NMR (CDCl3): 68.17 (s, 2C), 122.53 (s, 1C), 123.68 (s, 1C), 127.22 (s, 1C), 

128.03 (s, 2C), 120.72 (s, 1C), 129.83 (s, 2C), 130.90 (s, 1C), 131.72 (s, 1C), 132.50 

(s, 1C), 142.36 (s, 1C). 

 

(3c) 1-methyl-4-(phenylethynyl) benzene 

1
H NMR (CDCl

3
):  4.0 (3H), 7.32-8.7 (9H) 

13
C NMR (CDCl

3
): 28.24 ( s,1C),  97.95 (s,1C), 80.95( s,1C), 120.76(s, 1C), 121.10 

(s,1C), 123.47( s,1C), 124.11 (s,1C), 127.38 (s,1C), 131.14 (s,1C), 132.89 (s,1C), 

134.83 (s,1C), 139.89 (s,1C), 140.94 (s,1C), 154.20 (s,1C), 154.95 (s,1C). 

 

 

Heck Coupling Reaction (NMR Results) 

 (6a) E Stilbene
  

1
H NMR (CDCl

3
): 7.11(s, 2H), 7.22-7.40 (m, 6H), 7.50 (m, 4H).

 
 

13
C NMR (CDCl

3
): 126.55 (2C), 127.66 (2C), 128.72 (8C), 137.36 (2C). 

  

(6b) Methyl Cinnamate 

1
H NMR (CDCl

3
): 3.76 (s, 3H), 6.40-6.48 (d, 1H), 7.38-7.73 (m, 6H). 

13
C NMR (CDCl3): 51.73 (1C), 117.82 (1C), 128.11 (2C), 128.92 (2C), 130.33 (1C), 

134.40 (1C) 144.90(1C), 167.45(1C). 

 

 (6c) Ethyl Cinnamate 

1
H NMR (CDCl

3
): 1.18-1.25 (t, 3H), 4.09-4.19 (q, 2H), 6.28-6.36 (d, 1H), 7.22-7.61 

(m, 6H)s 

13
C NMR (CDCl

3
): 14.06 (s, 1C), 60.17 (s, 1C), 118 (s, 1C), 127.78 (s, 1C), 128.60 

(s,1C), 129.94 (s,1C),134.18 (s,1c),144.27 (s,1C), 166.62 (s,1C). 
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 (6d) (E)-methyl 2-methyl-3-phenylacrylate 

 
1
H NMR (CDCl

3
): 2.04-2.05 (d, 3H), 3.74 (s, 3H) 7.13-7.14 (m, 4H) 7.62 (d, 1H), 

7.86 (s, 1H). 

13
C NMR (CDCl3): 13.04 (s, 1C), 51.04 (s, 1C), 127.34 (s, 2C), 128.16 (s, 1C), 

128.61 (s, 2C), 134.83 (s, 1C), 137.93 (s, 1C), 139.95 (s, 1C), 168.13 (s, 1C). 

  

 (6e) (E)-methyl 3-(4-nitropheyl) acrylate 

1
H NMR (CDCl3):  3.84 (s, 3H), 6.51-6.63 (d, 1H), 7.66-7.77 (m, 3H), 8.23-8.28 (d, 

2H). 

13
C NMR (CDCl3):  51.99 (s, 1C), 121.97 (s, 1C), 124.08 (s, 2C), 128.58 (s, 2C), 

140.38 (s, 1C), 141.81 (s, 1C), 148.39 (s, 1C), 166.39 (s, 1C). 

 

 (6f) (E)-ethyl 3-(4-nitropheyl) acrylate 

1
H NMR (CDCl3): 1.24-1.32 (t, 3H), 4.7-4.27 (q, 2H), 6.45-6.53 (d, 1H), 7.58-7.68 

(m, 3H), 8.15-8.20 (d, 2H) 

13
C NMR (CDCl3):  14.28 (s, 1C), 61.03 (s, 1C), 122.59 (s, 2C), 128.64 (s, 2C), 

140.60 (s, 1C), 141.63 (s, 2C), 148.47 (s, 1C), 166.06 (s, 1C). 

 

 (6g) (E)-1-nitro stilbene 

1
H NMR (CDCl3): 7.17 (s, 1H) 7.23 (s, 1H), 7.30-7.44 (m, 3H), 7.53-7.65 (m, 4H), 

8.19 (s, 1H), 8.23 (s, 1H). 

13
C NMR (CDCl3): 124.19 (s, 2C), 126.30 (s, 2C), 126.89 (s, 1C), 127.06 (s, 2C), 

128.89 (s, 2C), 128.93 (s, 2C), 133.33 (s, 1C), 136.19 (s, 1C), 143.88 (s, 1C) 

 

 (6h) 4-nitro cinnamic acid 

1
H NMR (CDCl3): 6.72-6.80 (d, 1H), 7.68-7.76 (d, 1H), 7.98-8.01 (d, 2H), 8.23-8.27 

(d, 2H)  

13
C NMR (CDCl3): 14.06 (s, 1C), 60.17(s, 1C), 118 (s, 1C), 127.78 (s, 1C), 128.60 

(s, 1C), 129.94 (s, 1C), 134.18 (s, 1c), 144.27 (s, 1C), 166.62 (s, 1C). 
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 (6i) Cinnamic acid 

1
H NMR (CDCl3): 6.42-6.50 (d, 1H), 7.39-7.34 (m, 3H), 7.53-7.58 (m, 2H), 7.76 

7.84 (d, 1H). 

13
C NMR (CDCl3): 117.36 (s, 1C), 128.43 (s, 2C), 129.01 (s, 2C), 130.81 (s, 1C), 

134.05 (s, 1C), 147.17 (s, 1C), 172.68 (s, 1C). 

  

(6j) E-methyl 2-methyl-3-(4-nitrophenyl) acrylate 

1
H NMR (CDCl3): 2.04 (d, 3H), 3.77 (s, 3H), 7.43-7.47 (d, 2H), 7.62 (s, 1H), 8.15-

8.19 (d, 2H). 

13
C NMR (CDCl3): 14.23 (s, 1C), 52.41 (s, 1C), 123.66 (s, 2C), 130.21 (s, 2C), 

131.93 (s, 1C), 136.29 (s, 1C), 142.42 (s, 1C), 147.21 (s, 1C), 168.30 (s, 1C). 

 

 (6l) Cinnamonitrile 

1
H NMR (CDCl3):  5.74-5.82 (d, 1H), 7.01-7.07 (d, 1H), 7.34-7.74 (m, 5H). 

13
C NMR (CDCl3):   96.31 (s, 1C), 118.2 (s, 1C), 127.41 (s, 2C), 129.16 (s, 2C), 

131.26 (s, 1C), 133.55 (s, 1C), 150.61 (s, 1C). 

 

(6k) 4-Methyl transtilbene 

1
H NMR (CDCl3): 7.55 (d, 2H), 7.47 (d, 2H), 7.40 (t, 2H), 7.26-7.33 (m, 1H), 7.22 

(d, 2H), 7.13 (d, 2H), 2.41 (s, 3H).  

13
C NMR (CDCl3): 137.56, 134.53, 129.41, 128.66, 127.74, 127.42, 126.44, 21.27. 

 

 

 

 

 


	Cover page for thesis soft copy_FINAL 4-8-14.pdf
	DECLARATIONS
	Dedications_times new roman 31 aug 14
	Acknowledgement
	Table of contents FINAL -1st Sep-14.doc priti
	Abstract_thesis-30 th Aug 2014
	CHAPTER page 1
	chapter 1-29-08-2014 final chapter thesis aa
	CHAPTER page 2_22AUG_
	Chapter-2-29-08-14-final chapteraa
	CHAPTER page 3.pdfaaaa
	chapter-3 final _29 aug 14_ a final.pdf@12.46
	CHAPTER page 4
	Chapter 4 final 29 aug 14 aa.pdfaabb
	CHAPTER page 5
	Chapter 5-29-08-14 final oneAA
	CHAPTER page 6
	CHAPTER 6-31-08-14
	CHAPTER page 7
	PUBLICATIONS 31 AUG 14.pdfaaa
	appendix 31  aug 14

