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Summary and Conclusions 
The continuing sophistication in and ever changing landscape of molecular targets for 

a myriad of applications ranging from biology to materials science requires a continuing 

evolution of synthetic methods1. Zeolites, zeotypes and mesoporous materials are the novel 

materials, which meet the challenges of industrial applications abiding by the economic and 

environmental concerns. The discovery of these materials with their enormous practical 

utility led to synthesis, characterization and practical applications of these materials playing a 

pivotal role in chemistry, more importantly in catalysis. 

Zeolites and zeotypes (molecular sieves) owing to their varied intrinsic properties 

(e.g. acidity, basicity, redox behaviour etc.), channel sizes, high surface areas, thermal and 

chemical stabilities and channel structures (shape selectivities) have been extensively used in 

oil refining, petrochemical and fine chemical industries for the past couple of decades, for 

producing bulk chemicals, fine chemicals and speciality chemicals2. However, with the 

limitation of micro-pore sizes (less than 13 Å), synthesis of complex organic molecules is 

inefficient, demanding a search for new materials with larger pore sizes. The discovery of a 

novel family of mesoporous materials called M41S has opened new opportunities in catalytic 

applications in this context. The M41S family has been generally classified into three 

different categories: MCM – 41 (hexagonal), MCM – 48 (cubic) and MCM – 50 (lamellar)3. 

These mesoporous materials have larger surface areas (> 700 m2g-1) and well-defined pore 

sizes (20 – 100 Å) and tenability to change the pore sizes have made them the most sought 

after materials of the last decade. The syntheses of these materials have expanded the 

applications of solid catalysts for developing new processes for fine and bulk chemicals. 

 Homogeneous catalysis is gaining considerable interest due to their high activity and 

selectivity at milder reaction conditions for a wide variety of reactions. However, their 

practical applications have been limited due to difficulties in achieving industrially viable 

catalyst-product separation4. In this context, encapsulation of metal complexes as a mean of 

“heterogenization” has particular significance. In this approach, the organometallic complex 

is encapsulated or anchored inside the pores of the inorganic inert matrices, e.g. zeolites, 

M41S materials, clay etc. in such a way that the complex is tightly bound inside the pores5. 

The prime requirement is stability of the encapsulated complex, so that it does not leach out 

of the catalyst pores to the liquid phase in the course of reaction, while retaining high 
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activity, selectivity and original configuration. In several reports, heterogeneous catalysis by 

encapsulated materials has been addressed for oxidation, hydrogenation, epoxidation and 

Heck reactions, but attempts to heterogenize some of the industrially relevant homogeneous 

catalysts for hydroformylation and carbonylation reactions have been very limited6. Also, a 

direct comparison of the encapsulated catalysts with their homogeneous counterparts has not 

been well investigated with meaningful quantitative data. It is envisaged that the metal 

complexes encapsulated in zeolites and mesoporous supports lead to very high metal 

dispersion and stable catalysts in addition to the possibility of tuning the selectivity. 

Similarly, the micro- and mesostructures could prevent leaching of metal complexes in 

solution, a serious problem with most of the “heterogenized” catalysts. Immobilized catalysts 

reported earlier, suffer either from lower selectivity and activity (TON), or low recyclability, 

or use expensive ligands and hence, not suitable for practical applications. Therefore, there is 

ample opportunity to explore development of new methods of heterogenization, which will 

eliminate the limitations of the state of the art methods. It is in this context that the 

encapsulation of metal complex catalysts provides an alternative approach opening up new 

vistas for the industrial applications in synthesis of speciality chemicals, fine chemicals. 

These catalysts could also have important applications in other homogeneous or organic 

reactions, wherein selectivity, catalyst-product separation and use of eco-friendly 

technologies is still a challenging task. The aim of this thesis was to investigate the approach 

of encapsulation or anchoring for heterogenization of industrially significant catalysts used in 

hydroformylation and carbonylation reactions.  

The thesis is also aimed at characterization of the heterogeneous catalysts and 

investigation of the catalytic performance in comparison to the homogeneous and previously 

known heterogeneous catalysts. The specific problems chosen are: 

 Synthesis of zeolites and mesoporous materials by employing heteropolyacids and 

metal oxoanions of group VI (molybdenum and tungsten) as novel promoters. 

 Novel heterogeneous catalysts containing encapsulated HRh(CO)(PPh3)3 in different 

porous supports for hydroformylation of olefins to aldehydes. 

 Novel heterogeneous catalysts containing encapsulated Pd-complex catalysts in 

different porous supports for hydrocarboxylation of olefins and alcohols to 

corresponding carboxylic acids. 
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 Metal complexes anchored on heteropolyacids tethered to zeolite and mesoporous 

materials for hydroformylation and hydrocarboxylation of alkenes. 

 

Chapter 1 deals with a detailed literature survey on zeolites and mesoporous materials 

(as supports for encapsulation), encapsulation of homogeneous metal complex catalysts for 

hydroformylation and hydrocarboxylation of olefins. The merits and demerits of 

encapsulation in comparison to other methods of heterogenization have been discussed 

including the potential of these catalysts in practical applications. Based on these reviews, a 

scope of work of this thesis has been outlined. 

 

Chapter 2 presents experimental results on synthesis of zeolites and mesoporous 

materials by employing heteropolyacids (HPA’s) and metal oxoanions of group VI 

(molybdenum and tungsten) as new promoters. It was previously reported that addition of 

small amount of inorganic salts enhances the rates of zeolite crystallization by many folds. 

We observed dramatic increase in crystallization rates of zeolites, zeotypes and mesoporous 

materials by using catalytic amounts of HPA’s and illustrated excellent crystallinity and high 

surface areas of the porous materials. These anions when used in catalytic amounts reduce 

the crystallization time for synthesis of these porous materials by many-folds. The observed 

trends for the crystallization rates of the synthesis of these porous materials can be explained 

on the basis of soft and hard acid base (SHAB) theory. Synthesis and characterization of 

these porous, inorganic supports by powder XRD, 29Si MAS NMR, surface area 

measurements, AAS, SEM and TEM have been discussed along with optimum recommended 

conditions. The technique will thus be very much useful in the synthesis of various types of 

porous materials or other supported materials in a short duration and still recovering their 

exact physical characteristics. 

 

Chapter 3 deals with novel heterogeneous catalyst systems containing encapsulated or 

immobilized HRh(CO)(PPh3)3 in different porous supports like NaY, MCM-41 and MCM-48 

for hydroformylation of olefins to aldehydes. The preparation methods for encapsulation and 

characterization of these heterogenized solid catalysts by UV-VIS, FT-IR, 29Si, 27Al and 31P 

(CP MAS) solid-state NMR spectroscopy, powder XRD, SEM, TEM (for analyzing the 
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porous phases and crystallinity before and after the reactions) and XPS (for retention of 

oxidation states of the metal complex after immobilization) have been discussed. ICP 

analyses of the catalysts before and after the reactions as well as the leaching of Rh under 

reaction conditions are also discussed. The encapsulated catalysts were found to be very 

stable, with excellent reusability (recycled 10 times without loosing activity) and produce 

high turn over numbers for hydroformylation of olefins to aldehydes. In case of styrene 

hydroformylation TON’s were ~ 800, 1200 and 1300 with total aldehyde selectivity > 99% 

and n/iso ratio in a range of 2:3 and 3:7 for encapsulated HRh(CO)(PPh3)3 in MCM-41, NaY 

and MCM-48 supports respectively. 

 

Chapter 4 deals with novel heterogeneous catalyst systems containing encapsulated 

Pd complex catalysts (e.g. Pd-pyca; pyca = pyridine carboxylic acid ligand) in different 

porous supports like NaY, MCM-41 and MCM-48 for hydrocarboxylation of olefins and 

alcohols to acids. It is demonstrated for the first time that the encapsulation methodology can 

be applied to palladium-catalyzed hydrocarboxylation of olefins and alcohols. Catalysts 

consisting of Pd-pyca or other Pd-complexes immobilized on MCM-41 and MCM-48 

supports were found to give excellent activities and selectivities. Characterization of the 

heterogenized solid catalysts by FT-IR, solid-state NMR spectroscopy, powder XRD, SEM, 

TEM and XPS has also been discussed. The ICP analyses of the catalysts before and after the 

reactions as well as that of the liquid phase showed no leaching of Pd during the reaction.  

These catalysts showed excellent activity and selectivity for hydrocarboxylation (e.g. in 

hydrocarboxylation of styrene the TON for encapsulated Pd-pyca in MCM-41 was 5556) 

with 98% conversion and 99% selectivity for the branched carboxylic acid products. 

          

Chapter 5 deals with unique heterogeneous catalyst systems containing metal 

complexes anchored on a zeolite Na-Y support tethered with heteropolyacids (HPA’s). Many 

of the anchored homogeneous systems have drawbacks such as drop in activity and/or 

selectivity compared to homogeneously catalyzed reactions, due to leaching of the active 

species or the metal. A new technique was developed that circumvents these problems by 

allowing homogeneous catalysts containing cationic metal ion, a neutral mono- or bidentate 

ligand and an anionic counter ion to be anchored to a support. Here we describe for the first 
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time use of HPA’s as the anchoring species between the support material (zeolite Na-Y) and 

the metal complex catalysts e.g. HRh(CO)(PPh3)3  and Pd-pyca and using the heterogeneous 

catalysts thus prepared for hydroformylation and hydrocarboxylation of linear and branched 

olefins. A major advantage of this tethering technique is that modifications on the ligand 

system are not necessary to anchor the catalyst to the support. Details on characterization of 

the catalysts as well as hydroformylation and hydrocarboxylation activity with exceptional 

stability by using tethered HRh(CO)(PPh3)3 and Pd-pyca complexes in zeolite matrix  are 

discussed.  

 

In conclusion, this thesis presents investigations on encapsulation and tethering as 

techniques of heterogenization of homogeneous catalysts. It is shown that both tethered and 

encapsulated Rh and Pd catalysts were found to be highly stable for hydroformylation and 

hydrocarboxylation reactions respectively. The activity and selectivity data on these catalysts 

indicate that desired selectivities can be tuned with appropriate choice of catalysts and 

supports. Extensive characterization studies of the catalysts before and after the reaction has 

led to confirmation of encapsulation of metal complexes in the pores or cages of the supports 

and allowed a correlation of catalyst activity and selectivity. The activity and selectivity 

observed for hydroformylation and hydrocarboxylation were found to be higher than 

conventional heterogeneous catalysts, though lower than homogeneous catalysts. This 

indicates the potential use of the encapsulation or tethered approach for practical 

applications, especially for high molecular weight complex organic compounds.  
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CHAPTER 1 
INTRODUCTION AND LITERATURE 

REVIEW  

 i 
 



 

1.1. GENERAL BACKGROUND 
The continuing sophistication in and ever changing landscape of molecular targets for 

a myriad of applications ranging from biology to materials science requires a continuing 

evolution of synthetic methods. A key goal must be synthetic efficiency in transforming 

readily available starting materials to the final target [1]. 

Early 19th century saw many important discoveries in chemistry being made and it 

was noticed that a number of chemical reactions were affected by trace amounts of the 

substances that were not consumed during the reactions. It was observed that trace amount of 

acid could bring about hydrolysis of starch and low concentration of metal ions could effect 

the decomposition of hydrogen peroxide. Michael Faraday observed that platinum sponge 

was able to sustain the oxidation of ethanol vapour; the heat released making it white-hot, 

while J. W. Dobereinger discovered that platinum could catalyze the oxidation of hydrogen. 

In 1831 Peregrine Phillips patented the role of platinum in the oxidation of sulphur dioxide 

and later this became the basis for sulphuric acid manufacture [2-4]. 

The word catalysis came from the two Greek words, the prefix, cata meaning down, 

and the verb lysein meaning to split or break. A catalyst breaks down the normal forces that 

inhibit the reactions of the molecules; a widely accepted definition of catalyst being, ‘a 

substance that increases the rate of approach to equilibrium of a chemical reaction without 

itself being substantially consumed in the reaction process’. Catalysis is the phenomenon of a 

catalyst in action, wherein lowering of the activation energy is a fundamental principle that 

applies to all forms of catalysis – homogeneous, heterogeneous or enzymatic [1]. 

Broadly catalysis can be divided into five categories [5]: 

a. Homogeneous Catalysis: Both the reactant and catalysts are present in the 

same phase (e.g. Carbonylation of methanol to acetic acid) 

b. Heterogeneous Catalysis: Reactant and catalysts are present in separate 

phase, the catalyst is solid and the reactant either liquid or gas (e.g. Synthesis 

of gasoline from CO and H2, known as Fischer-Tropsch synthesis) 

c. Bio Catalysis: Also known as enzyme-catalysis. Mainly all body related 

reactions (e.g. α−amylase present in saliva hydrolyses α−1, 4 linkage of 

starch molecules to glucose) 
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d. Electro Catalysis: Catalyst as an electrode (e.g. fuel cell reactions for H2 

storage) 

e. Photo Catalysis: Energy for reactions is from light source (hν) (e.g. TiO2 

photocatalytic purification and treatment of H2O) 

 

Scheme 1.1 A schematic presentation of Cata-Tree (source: BASF, Germany) 

 

Nature performs many difficult chemical transformations essential to life, and among 

them majorities of the biological reactions is catalytic. Enzymes are nature’s catalysts, which 

play a pivotal role for regioselective and stereoselective reactions producing almost no 

byproducts [6-a]. The ease with which nature performs these chemical syntheses has long 

been admired and envied by synthetic chemists. Ecological and environmental issues have 

forced industries all over the world to optimize their processes, so that they produce 

negligible side products. Since the discovery of catalysis phenomenon, catalysts are serving 

the purpose of selective chemical processing, which has desired commercial viability. Most 
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of the industrial reactions are catalytic and the number of chemical compounds produced 

world wide at the present time is roughly in the range of 20,000 to 30,000 [6-b]. 

 Catalysis plays a key role in production of such a wide variety of products, which are 

having applications in food, clothing, drugs, plastics, agrochemicals, detergents, fuels etc. 

[7]. In addition to these, it plays an ever-expanding role in the balance of ecology and 

environment by providing cleaner alternative routes for stoichiometric technologies [8] by 

conversion of polluting emissions to harmless streams. Thus the importance of catalysis to 

society is obviously based on its great economic impact in the production of broad range of 

commodity products that improve our standards of living and quality of life. Usually, 

catalysts are categorized as homogeneous and heterogeneous, depending on the physical 

form in which they are used.  

 

Homogeneous Catalysis 
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Scheme 1.2 A schematic presentation of important applications of homogeneous catalysis  
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1.2. HOMOGENEOUS CATALYSIS  

Homogeneous catalysis, using soluble metal complexes, provides selective synthetic 

routes under mild operating conditions for valuable chemicals from basic organic precursors 

[9]. Some of the major reactions catalyzed by transition metal complexes are hydrogenation, 

oxidation, hydroformylation, carbonylation, carbon-carbon bond formation reactions such as 

Heck reaction, telomerization, co-polymerization and ring opening metathesis. Some of the 

important commercial applications of homogeneous catalysis are: hydroformylation of 

olefins to aldehydes/alcohols, carbonylation of methanol to acetic acid, synthesis of L-dopa 

by asymmetric hydrogenation, oxidation of p-xylene to terephthalic acid, hydrocyanation of 

butadiene to adiponitrile, ethylene oligomerization etc. [10]. Though homogeneous catalysis 

plays an extremely important role in highly efficient processes, yet there are some serious 

drawbacks, mainly in terms of catalyst-product separation from the reaction mixture and re-

usability of the catalyst. These shortcomings have led to researchers investigate for new 

stable and easily separable catalyst systems. Thus, heterogeneous catalysis was born with a 

new look on the old portrait.  

 

1.3. HETEROGENEOUS CATALYSIS 
Heterogeneous catalysis has been the basis of most of the chemical processes so far, 

e.g. synthesis of ammonia, Ziegler-Natta polymerization etc. [11]. But, the approach to 

heterogenize of homogeneous catalysts was an invention that sorted out many challenging 

problems faced by the industry in recent years. Homogeneous catalysis by soluble metal 

complexes have wide ranging applications in a variety of reactions such as hydrogenation, 

oxidation, carbonylation, epoxidation, hydroformylation etc. [12]. The unique features of 

these catalysts are high selectivity and activity at milder operating conditions and better 

understanding on a molecular level. The demand for optically active drugs, agrochemicals 

and food products, for which homogeneous catalysis is the approach to develop cleaner 

catalytic routes, has further enhanced the importance of this subject [13]. Inspite of several 

attractive features and feasibility of new chemistry through homogeneous catalysis, their 

applications have been limited due to difficulties in achieving industrially viable catalyst-

product separation.  
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Since, the present study has been done in the field of heterogeneous catalysis, further 

discussions will be mainly on the aspects of heterogeneous catalysis. Development of 

heterogeneous catalyst for any process is very important as it serves several advantages over 

the homogeneous catalyst system like, easy recovery of the catalysts, handling and 

preventing loss of the catalysts [14]. Although there are few drawbacks compared to the 

homogeneous catalysts (e.g. selectivity), heterogenization of the homogeneous catalysts is a 

need for industry to club all the advantages together. 

 

1.4. HETEROGENIZATION OF HOMOGENEOUS 

CATALYSTS  
Many homogeneous catalytic systems, though have many attractive properties, viz. 

high selectivity and activity, yet cannot be commercialized because of difficulties associated 

with the catalyst-product separation from catalyst system, procurement in usual conditions , 

thermally sensitive and reusability of the catalyst [14]. Hence, the homogeneous reactions 

that have been commercialized either involve volatile substrates and products or do not 

contain thermally sensitive organic ligands. 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. These heterogeneous 

catalysts have a lot of advantages over their homogeneous analogues in: 

(i) fixed-bed and continuous flow through operations,  

(ii) complete commercial utility on a large scale owing to the economic debits of 

batch type operations and/or expense of catalyst recovery and recycle, 

(iii) maintaining high selectivities and conversions (turn over frequency) of their 

homogeneous analogues for many reactions, and 

(iv) preventing other side reactions e.g. dimerization, alkylation and aggregate 

formation of the catalyst complex, which normally occurs in solution. 

 

To solve the problems occurring in homogeneous catalyst systems, new processes and 

catalyst designing are under investigation, which can be broadly divided into two types. In 

 5 
 



 

the first case, a catalysts system is designed so that it is solubilized in a solvent that, under 

some conditions, is immiscible with the reaction products. These reactions involve two 

phases and are often referred to as Biphasic Systems [15]. The other type involves the metal 

complex catalyst or metal (in form of nanoparticles) anchored to some kind of soluble or 

insoluble support, and the separation is carried out by a filtration procedure. This type of 

process is known as Heterogenizing Homogeneous Catalysts [16]. 

 

1.4.1. Biphasic systems can be broadly classified as:  

(a) Aqueous Biphasic: An example of this process is the commercialization for 

hydroformylation of propene using a ligand (Na-salt of triphenylphosphine) to make the 

rhodium-based catalyst soluble in water [17]. As most organic compounds do not mix with 

water, the reaction can be carried out in two phases with rapid mixing to ensure maximum 

contact between the catalyst and the substrate. After the reaction is over, the mixture is 

allowed to settle and the product decanted, leaving the catalyst in the aqueous phase. 

However, very low solubility of long chain alkenes in water, lowers the reaction rates and 

hence, commercialization of this process for production of detergent range aldehydes is not 

feasible. To solve this problem, recently, another approach has been reported [18], using the 

concept of derivatizing triphenylphosphine with polyethylene glycol chain. At room 

temperature, the rhodium phosphine derivative is soluble in water but not in organic solvents, 

however, upon heating, the polyether side chains undergo a phase transition and the complex 

becomes more soluble in the organic phase than in water. Hence, at the reaction temperature 

all the required components are dissolved in the organic phase, and when cooled, the phase 

transition is reversed allowing the catalyst to return to the aqueous phase; the organic phase, 

now devoid of rhodium complex, can be easily decanted. 

 

(b) Fluorous Biphasic: Horvárth and co-workers proposed the use of fluorous 

biphasic systems to encounter the problem of different solubility experienced in the aqueous 

biphasic systems [19]. Using rhodium complexes of fluorinated phosphines in mixture of 

perfluorocyclohexane and toluene, Horvárth showed that good rates for hydroformylation of 

1-octene with high selectivity (linear: branched = 8:1) could be obtained with limited 
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leaching of rhodium (4.2% after nine runs) in the reaction-substrate. But, almost 10% of 1-

octene was lost through isomerization. 

 

(c) Supercritical Fluids: Supercritical fluids (compressed gases above their crticial 

temperature) dissolve many low- to medium-polarity organic molecules and are fully 

miscible with permanent gases. If a catalyst can be dissolved, truly homogeneous catalysis 

can occur, as all reactant-contents are fully dissolved in one phase and no phase-transfer 

problems arise. Although the supercritical solvent can very simply be removed by 

decompression to a gas, this does not overcome the main separation problem, of the catalyst 

from the product. One elegant example, where this has been achieved is a hydrogenation 

reaction based on Ir-based catalyst and scCO2 (the most commonly used supercritical fluid) 

[20]. The Ir-catalyst is soluble in scCO2 in the presence of the substrate, but precipitates once 

the substrate has been used up. In an alternative process, temperature and pressure swings are 

used to participate the catalyst selectively; the product is thus recovered by decompression. 

This process has been successfully used for hydroformylation of various alkenes [21]. 

 

(d) Ionic Liquids: Ionic liquids are salts that are liquid at room temperature, or 

atleast at the reaction temperature. They have an extremely low vapor pressure and, 

depending on the design of ionic liquid, can dissolve or reject organic compounds. They also 

dissolve ionic catalysts. Hydroformylation reactions carried out in ionic liquids using a 

rhodium fluoro-functionalized ferrocenyl phosphines cationic complex in 

hexafluorophosphine anion ionic liquid system has shown excellent activity and selectivity, 

with advantage of catalyst separation from the product with minimal leaching (~ 10 parts per 

billion) [22]. Another way of using ionic liquids that has the potential for continuous-flow 

liquid operation is to support the ionic liquid as a film on a solid support (e.g. SiO2) [23]. The 

catalyst is dissolved in the ionic liquid film, with an advantage that the surface area of the 

ionic liquid is greatly enhanced relative to its volume and the substrate can readily diffuse to 

the catalyst. One potential disadvantage of using ionic liquids containing PF6
– or BF4

– is that 

they react with traces of water to give species such as O2 PF2
– and the very highly reactive 

and corrosive HF thus produced can destroy the catalyst [24]. The environmental impact of 

these solvents (fluorous, ionic liquids) is, however, still unknown. 
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(e) Supercritical Fluid-Ionic Liquid Biphasic: An alternative way to extract the 

products from the ionic liquids with organic solvents is to coalesce the favourable properties 

of ionic liquids with those of supercritical fluids. scCO2 has shown to be miscible with 

certain ionic liquids [25, 26] and extract many organic compounds from ionic liquids, 

allowing a genuinely continuous process to be developed. And ionic catalyst is dissolved in 

the ionic liquid in a stirred tank reactor. In a typical hydroformylation reaction [24], the 

alkene, permanent gases (CO and H2) and scCO2 are then passed into the reactor either 

separately or mixed. The reaction takes place and the products flow out of the reactor 

dissolved in scCO2, which is decompressed to release the products. The CO2 containing any 

excess of CO and H2 can be recompressed for an emissionless and continuous process that 

requires no separation of the product from the solvent. 

 

1.4.2. Supported Catalysts and Filtration systems can be broadly classified as: 

 (a) Soluble supports: The supports used to tether the catalyst may be soluble in the 

reaction media (e.g. soluble polymers), having the advantage that active sites are distributed 

through out the reaction solution [27,28]. The catalysts architecture can be similar to that of 

the efficient homogeneous catalyst that it is trying to mimic. In a recent example, anions of 

[B(C6H3(CF3)2)4]– and Na-salt of water soluble phosphine anions were partially exchanged to 

obtain a polyelectrolyte that was used for hydroformylation of 1-octene [29]. The catalyst 

was separated from the product using ultra-filtration technique, good rates were obtained and 

93% of the catalyst could be recycled. Losses were attributed to ligand oxidation during the 

batch process. 

 Dendrimers are large (2 to 4 nm) tree-like molecules with a persistent globular shape, 

which makes them more suitable for ultra-filtration than the soluble polymers, which may 

pass through the filtration membranes more easily. The metal-binding groups are usually on 

the exterior of the dendrimer but also may be buried inside shape-selective pockets. As 

membranes for enzyme ultra-filtration have channels ~ 1 nm in diameter, they allow the 

solvent and product of a catalytic system to pass through but reject the dendrimer-based 

catalyst. Often, dendrimers may have the advantage of exhibiting bidentate binding (through 

two donor atoms on the same dendrimer arm) to the metal [30]. The chelate-effect (ring-

forming) will then ensure that leaching is minimized. Also, if the metal separates from its 
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dendrimer-bound ligand, it may be sequestered again rapidly by one of the many identical 

binding sites nearby. An advantage of using dendrimers is, they can show much higher 

selectivities to desired products than their small molecule analogues, as exemplified from 

hydroformylation of 1-octene giving a liner: branched selectivity ratio of 14:1 with 16 PPh2 

groups compared to 4:1 for a small molecule analogue [31]. In another recent report [32], 

dendrimers were anchored to silica beads or a polymer using a solid-phase organic approach 

and have been used for hydroformylation reactions; the catalyst was easily separated from 

the reaction products using conventional filtration. 

 

 (b) Insoluble supports: Metal complexes or ligands can be anchored onto or inside 

solid supports such as inorganic oxides (silica, alumina, microporous zeolites, mesoporous 

M41S and macroporous clay type materials), carbon, carbon nanotube, fullerene or polymers 

[33]. If the anchoring is covalent, it can be robust enough to withstand the harsh conditions of 

the catalytic reactions. As the ligand for binding the metal resides only on accessible sites of 

the solid and can be designed to protrude into the solvent, all catalytically active sites are 

available for reaction, allowing rates and selectivities comparable to those obtained with 

those obtained for the analogous homogeneous catalysts. The main problem 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. Reduced leaching has been observed when a catalyst is encapsulated inside the 

zeolite pores (ship-in-a-bottle approach) or of mesoporous MCM-41 type materials [33,34]. 

Recently, heterogenized rhodium complex catalysts anchored to mesoporous materials have 

been reported for hydroformylation of various olefins showing good activity and high 

selectivity, but recyclability was a problem due to catalyst leaching [35]. In another survey, 

van Leuwen and co-workers have prepared Xantphos family of ligands supported to 

triethoxysilyl group and used for hydroformylation [36]. Though high activity and selectivity 

was achieved for alkene hydroformylation, yet it requires free phosphine in the reaction 

system showing leached metal ions, otherwise, without free phosphine the activity is 

lowered. The same group has also applied the catalyst for hydroformylation of 1-octene in a 

gas-like continuous flow system using scCO2 [37], wherein, substrates and products were 

flowed over the catalyst. The reactant and gases (CO and H2) are all fully soluble in scCO2, 
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which can reach all active catalytic sites. Even the desired product nonanal, is also soluble in 

scCO2 once it is formed. The only separation required is that of the product from unreacted 

starting material and any by-products and the CO2 thus produced from the reactor 

depressurization, can be recompressed and recycled. 

It is in this context, immobilization of metal complexes as a mean of 

“heterogenization” has particular significance. In this approach, the organometallic complex 

is encapsulated or anchored inside, or tethered to the pores and walls of the inorganic inert 

matrices, e.g. zeolites, M41S materials, clay etc. in such a way that the complex is tightly 

bound inside the pores [33]. The prime requirement is, the stability of the encapsulated 

complex such that it does not leach out of the catalyst pores to the liquid phase in the course 

of reaction, while retaining high activity, selectivity and the original configuration.  

The tenability of these open framework structures in terms of pore size and shape, 

composition and electric fields have been exploited in a wide variety of applications. These 

microporous and mesoporous materials are being increasingly used as host materials to 

examine the adsorption properties, reactivity and dynamics of range of guest species. These 

investigations show that guest interactions with the internal surface of a zeolite host may be 

evaluated in terms of specific metal-ligand bonding interactions. The approach helps to better 

explain and exploit the reactivity and coordination properties of the zeolite internal surface 

for anchoring and self – assembly of a wide range of encapsulated guests, to name a few are 

metal cations, metal clusters, coordination compounds, metal carbonyls, organometallics, 

metal oxides and semiconductor nanoclusters [38]. The oxide framework plays a key role in 

complexing, coordinating, structure – directing, anchoring and stabilizing the guest species. 

In several reports, heterogeneous catalysis by encapsulated materials, have been 

addressed for oxidation [39], hydrogenation [40] and asymmetric epoxidation [41] reactions, 

but attempts to heterogenize some of the industrially relevant homogeneous catalysts have 

been very limited. Also direct comparison of the encapsulated catalysts with their 

homogeneous counterparts has not been well investigated with meaningful quantitative data. 

Researchers from Dupont [42] were among the early pioneers to exploit the chemistry 

of natural enzymes, adopt strategies and apply them to rational design of zeolite based 

catalysts as both mimics of natural enzymes and for processes of industrial interests.  In an 

attempt to prepare analogues of hemoglobin and myoglobin, which reversibly bind O2, cobalt 
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salen complexes were encapsulated in the supercages of zeolite-Y [42]. Such encapsulated 

complexes formed adducts with dioxygen, which were more stable than those formed by the 

same complexes in solution. 

 Romanonskii et al. first reported the synthesis of metallophthalocyanines inside the 

supercages of zeolite Na-Y in 1977 [43]. Because of the similarity in structure and chemical 

properties between metallophthalocyanine complexes, related porphyrin complexes as well 

as salen (N, N’- bis (salicylidene) ethylene diamine) complexes encapsulated in molecular 

sieves have also been performed. Parallel studies on intrazeolite organometallics and 

coordination complexes, as well as metal oxides have been reported [44]. There are two main 

approaches followed to create new redox active molecular sieves. In the first approach, the 

redox active transition metal ions have been incorporated by isomorphous substitution or ion 

exchange in the lattice of zeolites or aluminophosphate molecular sieves. In this way, 

heterogeneous Ti and V catalysts have been developed [45]. The second approach in creating 

the new redox active molecular sieves involves heterogenization of transition metal 

complexes with potential catalytic activity in zeolites or molecular sieves. Klier first 

formulated the interaction of transition metal cations and small ligands as intra-zeolite metal 

complex formation in zeolites [46] and considerable progress has been made, since then 

[47,48]. 

The encapsulation methods involved are limited by the ability of the complex to 

diffuse into the pores of the crystalline molecular sieve. But if the zeolite is synthesized 

around the metal complex, then only cage dimensions are important as far as the ligand size 

is concerned. However, the stability of the metal complex during the zeolite synthesis is a 

major requirement. The complex in this case, functions as a template. Several routes have 

been proposed to heterogenize transition metal complexes in zeolites. Apart from the above, 

another method is the anchoring on the zeolite surface of precursors of the desired complex 

through formation of new bonds [49]. 
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1.5. MICROPOROUS AND MESOPOROUS SILICATES AS 

HOSTS FOR HOMOGENEOUS CATALYSTS 
 Catalyst designing is a very challenging task ahead of every chemist. The dream of 

every catalytic scientist is to synthesize a catalyst that carries out a desired chemical reaction 

selectively and at high rates to optimize the conversion from the reactants to the products. 

The main factors, which influence the catalyst performance, are the catalyst surface, metal-

support interaction, support surface etc [3, 4]. It is in this context a prior art of heterogenizing 

homogeneous catalysts in microporous zeolites and mesoporous M41S type materials will be 

reviewed briefly. 

 

1.5.1. IMMOBILIZATION OF METALS/ METAL COMPLEXES TO  

MICROPOROUS HOSTS – PRINCIPLES 
1.5.1.1. Intrazeolite metal carbonyl cluster synthesis  

 Metal carbonyl clusters with nuclearity greater than three could potentially be 

encapsulated in faujasite (FAU) type zeolites. In this method, the reaction of CO/H2 or 

CO/H2O with metal ion exchanged Y type of zeolite has led to the encapsulation of the metal 

carbonyl cluster. The presence of H2 or H2O is necessary for the formation of the clusters by 

the reductive carboxylation of the intrazeolite metal ions. Anionic complexes could be easily 

encapsulated within the supercages of FAU type zeolites. Few examples of different types of 

carbonyl complexes encapsulated in zeolites by this method are: Rh6(CO)16, Rh4(CO)12, 

Ir6(CO)12 in Na-Y [50] etc. 

 

1.5.1.2. Ligand synthesis method 

 This approach, which has been successful only for phthalocyanines is also known as 

‘template synthesis method’. The ligands can be synthesized out of four identical or 

substituted dicyanobenzene molecules, which assemble around an intrazeolite metal ion that 

acts as a template. The synthesis involves heating zeolites X, Y, aluminophosphate VPI-5 

modified with metal ions, metallocenes (Cp2Ni, Cp2Fe, CpMn(CO)3, etc.) and metal carbonyl 

complexes (Ni(CO)4, Os3(CO)12 etc.) with excess dicyanobenzene (DCB) in a bomb reactor 

between 150 – 350 °C or 180 °C, in the presence of a solvent [51]. The condensation of the 
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four DCB molecules around a metal ion to form a phthalocyanine (Pc) requires two reducing 

equivalents of, which may probably originate from H2O or metal ions in the case of 

oraganometallic precursors. The synthesis of zeolite encapsulated phthalocyanine complexes 

of Cu, Co, Ni, Fe, Mn, Ru, Rh, Os, Ti, Li2Pc and H2Pc, perhalogenated phthalocyanines, t-

butylphthalocyanines, nitrophthalocyanines. Co-porphyrins, Fe- and Mn-tetramethyl 

porphyrins, as well as tetraphenyl porphyrin complexes by the above method have been 

reported [52-b]. One disadvantage of the above method is the formation of aggregates during 

the synthesis, which hinders or limits encapsulation. Even though there are reports on the 

encapsulation if Fe- and Mn- tetramethyl and tetraphenyl porphyrins in zeolite Y by the 

above method, no convincing data on the intrazeolite formation of the phthalocyanine 

complexes have been reported. 

 

1.5.1.3. Flexible ligand method 

 The flexible ligand method involves the diffusion of the ligands with one to five 

coordinating atoms into the zeolite pores, where, upon complexation with the metal ion, the 

resulting complex becomes too large to exit. This approach is especially well suited for the 

encapsulation of metal-Schiff-base complexes (e.g. Salen), as this ligand offers desires 

flexibility. The ligand should have a sufficiently low melting or sublimation point and should 

be small enough to enter the zeolite cavities. The void volume in the zolite is filled by 

homogeneously with the ligand molecules and these on heating form a complex with the 

cation and is sterically confined in the supercage. The ligand may bind in a bidentate or 

tetradentate fashion depending on the nature of the metal ion. The disadvantage of this 

method is the difficulty to control metal speciation; the zeolite often remains in the primary 

coordination sphere of the transition metal ion. A wide variety of Co, Fe, Rh, Ru, Mn and Pd 

complexes have been prepared according to this method within the supercages of faujasites 

[39-b,42,52-a,53]. 

 

1.5.1.4. Zeolite synthesis method 

 This method offers the advantage of encapsulating a well-defined metal complex 

without contamination by uncomplexed or partially complexed metal ions as well as free 

ligands. These problems are encountered using the template and flexible ligand approaches. 

 13 
 



 

In this approach, the well-defined metal complex is added to the silica source prior to the gel 

formation. When a homogeneous dispersion results, the aluminate solution is added and the 

gel is aged prior to crystallization. However, if the metal complex is added to the aluminate 

solution or aluminophosphate gel, a heterogeneous mixture results and there is virtually no 

encapsulation in the zeolites. Metal phthalocyanines and perfluorophthalocyanines were 

encapsulated in Na-X during zeolite crystallization. In a similar way, metal complexes were 

also incorporated in ZSM-5 and mordenite [54]. The metal complex possibly plays the role 

of a template in directing the synthesis. The aggregation of the metal complexes in the 

aqueous synthesis medium can be overcome by careful design of the zeolite synthesis 

procedure. The disadvantages involved in this method are that the complex should be stable 

during all the stages of zeolite synthesis and crystallization, the complex should withstand the 

synthesis temperature of the gel while the zeolite is formed, the complex should be water 

soluble, otherwise, organic solvents in which it is soluble might hinder the crystallization of 

the zeolite thus, resulting in amorphous structures without any encapsulation. Further in the 

case of zeolite requiring a supplementary template molecule, removal of this template may 

necessiate calcinations or extraction by tedious methods, which may also damage the 

complex during the process. 

 

1.5.1.5. Cationic exchange of the complexes 

 If the complex is cationic and if the zeolite has sufficient cationic exchange capacity, 

the complex can be directly exchanged from the aqueous solution; provided the complex is 

small enough to pass through the pores of the zeolite. This way [Cu(ethylenediamene)2]2+ 

was introduced into faujasite zeolites [55]. 

 

1.5.1.6. Ligand adsorption on metal ion exchanged zeolites 

 Adsorption of amines from aqueous solutions on transition metal containing zeolites 

is a typical example of this process [56]. The only controlling parameter in such synthesis 

procedures is the pH. A low pH results in protonation of the ligand, while a high pH may 

damage the zeolite structure. Impregnation of transition metal containing zeolites with NaCN 

solution results in entrapment of anionic [Mn+ (CN)-
m]n-m chelates in anionic zeolites e.g. 

[Con+ (CN)-
m]n-m – Na-Y. 
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1.5.1.7. Tethering homogeneous catalysts by heteropolyacids-exchanged inorganic 

supports 

Recently, a novel approach to immobilize homogeneous catalysts onto support 

materials (e.g. clay, carbon, La2O3, Al2O3, SiO2) has been reported by Augustine et al. [57] in 

which, the organometallic complex is tethered inside the cavities of the porous, inorganic 

matrices so that the complex is tightly bound inside the pores and it does not leach out of the 

catalyst pores to the liquid phase in the course of a reaction. The authors have shown that 

high activity and enantioselectivity for the desired products when methyl 2-

acetamidoacrylate was subjected to hydrogenation with a Rh(DiPamp) homogeneous catalyst 

tethered to various supports e.g. Montmorillonite K, Al2O3, carbon or Lanthana, at 25 °C and 

1 atm. Pressure. This anchoring procedure has also been applied to achiral complexes with 

similar results. For instance, hydrogenation of 1-hexene over a Wilkinson’s catalyst anchored 

to PTA treated Al2O3 proceeded 2–3 times faster than the corresponding homogeneously 

catalyzed reaction, even on the first use of the heterogenized material. A Rh(dppb) complex 

anchored to a PTA modified Al2O3 was used for several successive hydrogenations of 1-

hexene with a combined substrate: catalyst ratio of about 8000: 1. An analysis of the product 

mixtures from these reactions found no detectable rhodium present. 

One of the advantages of this approach to anchoring homogeneous catalysts is its 

apparent generality, in that this procedure can be used to anchor a variety of pre-formed 

active homogeneous catalysts onto a number of different supports. It is shown that the 

tethering technique leads to a true heterogeneous catalyst, which gives enhanced catalytic 

activity (often 2–3 faster than the corresponding homogeneously catalyzed reaction) and 

stability compared to other methods including encapsulation. 

 

1.5.2. Immobilization of Metals/ Metal Complexes in Mesoporous Hosts – 

Principles 

 Surfactant-templated mesostructures have played a prominent role in materials 

chemistry during the last decade. The excitement began with the discovery of hexagonally 

ordered mesoporous silicate structures by Mobil Corp. (M41S materials) [58,59] and by 

Kuroda, Inagaki, and co-workers (FSM-16 materials) [60,61]. These materials initially 

appeared to be the ‘Holy Grail’ sought after by zeolite chemists of the time. They possessed 
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extremely high surface areas and easily accessible, uniformly sized pores. Most importantly, 

the pore sizes exceeded those attainable in zeolites and they could be tuned in the nanometer 

range by choosing an appropriate surfactant templating system, sometimes with a co-solvent 

or swelling agent. Thus, novel catalysts, sorbents, sensors, and host materials for large guest 

molecules were envisioned. However, the original mesoporous silicates and aluminosilicates 

exhibited a number of limitations, including lower hydrothermal stability and lower reactivity 

than zeolites with comparable compositions. They possessed relatively thin walls, which 

prevented incorporation of secondary pores within the walls, and they only formed fine 

particles. Yet, the ability to manipulate structures of porous solids on a nanometer scale in a 

controlled way proved to be so important to the research community, that many of these 

limitations have been addressed and overcome in the last few years. For example, the 

hydrothermal stability of mesoporous silicates has been improved by adding salts to the 

synthesis mixture [62] or by producing materials with thicker walls [63−73]. Structures with 

uniform pore sizes can now be formed throughout most of the mesopore size range, which 

encompasses 2–50 nm by International Union of Pure and Applied Chemistry (IUPAC) 

definition [74] One important way of modifying the physical and chemical properties of 

mesoporous silicates has been the incorporation of organic components, either on the silicate 

surface, as part of the silicate walls, or trapped within the channels [75,76]. Organic 

modification of the silicates permits precise control over the surface properties and pore sizes 

of the mesoporous sieves for specific applications, while at the same time stabilizing the 

materials towards hydrolysis. Bulk properties can also be affected by mixing inorganic and 

organic moieties in the mesostructures. The inorganic components can provide mechanical, 

thermal, or structural stability, whereas the organic features can introduce flexibility into the 

framework, or change, for example, the optical properties of the solid. Through the 

development of hybrid inorganic-organic mesoporous solids, much progress has been made 

in the last few years towards applications of mesoporous solids in a variety of fields. 

Mesoporous solids have been functionalized at specific sites, and were demonstrated to 

exhibit improved activity, selectivity, and stability in a large number of catalytic reactions 

and sorption processes. Herein, we describe grafting and co-condensation methods used to 

functionalize mesoporous silicates on the internal and external surfaces or within the walls.  

A number of designations have been used for mesoporous sieves. For mesoporous silicate 
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structures, some of those relevant to this review include MCM-41 (2D hexagonal, prepared 

under basic conditions using cationic surfactants) [59], MCM-48 (cubic, basic conditions, 

cationic surfactants) [59] FSM-16 (2D hexagonal, derived from the layered polysilicate 

kanemite) [61] HMS (acidic conditions with neutral amine templates) [63], SBA-1 (cubic, 

acidic conditions, cationic surfactants) [77,78] SBA-3 (2D hexagonal, acidic conditions, 

cationic surfactants)[77,78], SBA-15 (2D hexagonal, acidic conditions, prepared with block-

copolymer templates) [69,71]. 
 

1.5.2.1. Grafting methods 

Grafting, in this context, refers to post-synthesis modification of a pre-fabricated 

mesoporous support by attachment of functional molecules to the surface of the mesopores, 

usually after surfactant removal (Figure 1.1). Mesoporous silicates possess surface silanol 

(Si-OH) groups that can be present in high concentration and, like in amorphous silica, act as 

convenient anchoring points for organic functionalization [79-81]. Surface modification with 

organic groups is most commonly carried out by silylation, although modification of silanol 

groups is also possible by esterification, e.g., with ethanol [82,83]. Typically, silylation is 

accomplished by one of the following procedures [84]: 

 

≡Si–OH + Cl–SiR3 → ≡Si–OSiR3 + HCl  (1) 

≡Si–OH + R′O–SiR3 → ≡Si–OSiR3 + HOR′ (2) 

2 ( ≡Si–OH) + HN(SiR3)2 2 ≡Si–OSiR3 + NH3 (3) 

 

Silylation occurs on free (≡Si–OH) and geminal silanol (=Si(OH)2) groups, but 

hydrogen-bonded silanol groups are less accessible to modification because they form 

hydrophilic networks among themselves [85]. The original structure of the mesoporous 

support is generally maintained after grafting. If a high surface coverage with functional 

groups is desired, it is important to maintain a large number of surface silanol groups after 

removal of the surfactant. Surfactant removal is carried out either by calcination or by 

appropriate extraction methods. Calcination promotes condensation of unreacted silanol 

groups, and many surface groups are lost at typical calcinations temperatures (400–550 °C). 

The surface can be rehydrated by boiling calcined mesoporous silicate in water and removing 
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excess water by azeotropic distillation e.g., with toluene [86] or benzene [87]. The surface of 

calcined MCM-41 can also be rehydroxylated by acid hydrolysis [88] or by steam treatment 

[79]. Extraction processes (e.g., with acid/alcohol mixtures for cationic surfactants or with 

alcohols for neutral surfactants) minimize loss of surface silanols, although post-extraction 

thermal treatments can increase the surface reactivity for silylation and strengthen the walls 

through additional condensation. Zhao and Lu determined that, for MCM-41 samples in 

which the surfactant was removed by extraction, optimal out-gassing temperatures appeared 

to be between 400–450 °C [85]. At lower temperatures, a large number of silanols remain 

inaccessible to grafting because of hydrogen bonding between them; at much higher 

calcination temperatures, many silanol groups are lost due to condensation reactions. 

Recently, supercritical fluids have been used as a reaction medium to deliver 

siloxanes to channel surfaces [89]. This method is particularly suited for smaller pore 

materials due to the low density, viscosity, and surface tension, and the high diffusivity of 

supercritical fluids, such as CO2. When this technique was applied to mesoporous silica, a 

high degree of cross-linking was observed, resulting in an increase of the hydrolytic stability 

of the surface groups.  

 

Figure 1.1. Functionalization of mesoporous silicates by grafting [Ref. 79-81] 

 

1.5.2.1.1. Grafting with Passive Surface Groups  

Grafting of the mesopore surfaces with groups that exhibit low reactivity, such as 

alkyl chains or phenyl groups, can be used to tailor the accessible pore sizes of mesoporous 
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solids, increase the surface hydrophobicity, passivate silanol groups, and thereby protect the 

framework towards hydrolysis. In their early work, Mobil researchers demonstrated that the 

pore sizes of MCM-41 could be reduced by trimethylsilylation [59,90]. Similar pore size 

tuning was carried out with FSM type mesoporous silicas [60,61], which contain fewer 

geminal silanols than MCM-41 [91].  

 

Figure 1.2. Methods of selective grafting on the external and internal surfaces of mesoporous 

silicates [91−93] 
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The pore diameters could be progressively decreased using longer alkyl chain lengths 

of chloroalkyldimethylsilanes. Alternatively, the apparent pore size of ordered mesoporous 

materials could be adjusted by varying the amount of grafted long-chain silylating agent [91]. 

It should be noted that pore size values, which are determined by gas adsorption 

measurements (typically nitrogen adsorption), depend strongly on the adsorption model that 

is used and also on the identity of the functional group. Jaroniec and co-workers 

demonstrated that low-pressure adsorption data are influenced by the presence of organic 

groups on mesoporous silica surfaces, making it possible to detect and sometimes quantify 

the organic species by gas adsorption techniques [92,93].  

Zhao and Lu recently carried out a systematic study of the surface coverage obtained 

by silylating an MCM-41 surface with trimethylchlorosilane (TMCS) [85]. The maximum 

degree of surface coverage obtained was ca. 85 %. Silylation increased the hydrophobicity of 

the surface and strongly influenced the degree of water adsorption. Tatsumi et al. showed that 

trimethylsilylation of MCM-41 and MCM-48 improved their stability to moisture and 

mechanical compression [94]. It is remarkable that the additional siloxane groups protected 

the walls of the mesoporous solid even after removal of the methyl groups by calcination. 

Anwander et al. functionalized the surface of MCM-41 with disilazane agents of the 

type HN(SiR1R2
2)2 (R1,2 = H, Me, Ph, vinyl, nBu, nOct) [84,95]. The size of the silylating 

groups affected the degree of silylation and the concurrent surface hydroxyl consumption. 

Best surface coverage was obtained with the sterically less demanding silyl groups. 

Hexamethyldisilazane functionalization was used to quantify the number of surface silanols, 

passivate surface silanols, and depolarize the surface for selective adsorption experiments. 

Multiple functionalization was carried out by consecutive or competitive silylation. The 

competitive silylation reactions demonstrated that the grafting rate depended on the steric 

bulkiness of the silyl groups of the silylamine, with preferential grafting of smaller groups. 

 

1.5.2.1.2. Grafting with Reactive Surface Groups 
 A number of silane-coupling agents, such as those with olefins, nitriles, alkylthiols, 

alkyl amines, alkyl halides, epoxides, and some other surface groups, are reactive, permitting 

further functionalization. Olefins, such as vinyl groups, can be modified, e.g., by 

hydroboration [95] or bromination [96]. Nitriles can be hydrolyzed to form carboxylic acids, 
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and alkylthiols can be oxidized to sulfonic acids [97,98], which can be further employed as 

electrostatic anchoring points, e.g., for amino acids [99]. Surface amines may be derivatized, 

for example, by alkylation, nucleophilic aromatic substitution, or formation of amides or 

imines [100]. Functionalization of alkyl halides is possible by nucleophilic replacement of 

the halogen atom [101]. An example is given by Sutra and Brunel [102], who attached a 

Mn(III) Schiff-base complex (Mn–salen) to anMCM-41 surfacemodified with 3-

chloropropylsilane moieties. In this type of reaction, HCl is produced and quaternization of 

the amine can occur as a side reaction. A milder method that is particularly suited to 

attachment of basic surface groups involves the reaction of oxirane surface (3-

trimethoxylsilylpropoxymethyloxirane) groups with amines [103]. 

Balkus and co-workers functionalized MCM-41 with cobaltcomplexing ligands 

(ethylenediamine, diethylenetriamine, and ethylenediaminetriacetic acid (EDT)) [104]. The 

uniform, large pores of the MCM-41 support limited coordination of cobalt to adjacent 

ligands, avoiding random ligation, which may occur on amorphous silica. The EDT-

complexed metal centers were shown to be redox active on the mesoporous silicate supports. 

Anwander et al. developed a mild grafting method for chelating complexes using 

yttrium bis(dimethylsilyl) amide complexes as the anchoring groups [105]. These complexes 

were attached to the surface of MCM-41 by metal siloxide bond formation after elimination 

of the amine groups. The products acted as catalysts in a hetero Diels–Alder cyclization 

reaction. 

 

1.5.2.1.3.  Site-Selective Grafting 

Multiple grafting has also been demonstrated. For example, if uncovered areas remain 

after silylation (e.g., hydrophilic sites) they can be passivated by trimethylsilylation [85,94]. 

Such passivation changes the hydrophobicity of the surface and thereby controls adsorption 

of polar/non-polar molecules. 

In grafting reactions, the external surface is more easily accessible and is 

functionalized predominantly over the internal mesopore surface [106]. The functional 

groups on the external surface are again more accessible in subsequent reactions, leading to 

reduced selectivities in processes that benefit from pore confinement. To minimize 

involvement of the external surface in reaction processes and to optimize selectivity, it is 
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possible to passivate these surfaces first, before functionalizing the internal silanol groups. 

Controlled dual functionalization has been achieved by two different methods (Figure 1.2).  

Shephard et al. assumed that silanol groups on the external surface of a calcined 

MCM-41 sample are kinetically more accessible for functionalization [107]. Calcined MCM-

41 was modified first with Ph2SiCl2 to passivate the external surface and then with 

(MeO)3SiCH2CH2CH2NH2 as an anchor for a redox- active ruthenium cluster. This cluster 

acted as a stain in high-resolution transmission electron microscopy (HRTEM) by which the 

authors concluded that the amine tethers were present almost entirely on the internal surface 

of MCM-41. 

De Juan and Ruiz-Hitzky employed an alternate approach for selective 

functionalization of external and internal MCM-41 surfaces [108]. The first (external) 

grafting step was carried out with the as-synthesized mesoporous sieve whose pores were 

still filled with the surfactant template. Exposure of this support to a solution of trimethylsilyl 

chloride resulted in functionalization mainly of the external surface due to steric restrictions 

in the surfactant-filled mesochannels. The template was then extracted and the internal pore 

surfaces were functionalized with phenylpropyldimethylchlorosilane. 

Aronson et al. [109], as well as Antochshuk and Jaroniec [110], demonstrated that 

one needs to be cautious in assuming that silylating agents are excluded from the channels of 

as-synthesized MCM-41, in particular when high concentrations of silylation reagents are 

used. Antochshuk and Jaroniec [110] carried out simultaneous grafting and extraction of 

template molecules by modification of uncalcined MCM-41 with trialkylchlorosilanes. As-

synthesized MCM-41 was refluxed in the neat trialkylchlorosilane, first by itself, and then 

with added anhydrous pyridine, followed by multiple washing with different solvents, 

leading to surfactant-free mesoporous products. The loading of surface groups exceeded that 

on calcined supports that were otherwise treated in a similar way. Several advantages were 

noted for this procedure: more surface hydroxyl groups were present by eliminating the 

calcination step; the reduction in pore size was minimized by eliminating shrinkage during 

calcinations or during formation of smaller channels in a direct synthesis. This method was 

demonstrated for short and long alkyl groups (trimethyl- and octyl-dimethylchlorosilyl 

groups). 
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1.5.2.2. Coating Method 

In the grafting processes noted above, silylation reagents were typically added under 

dry conditions to avoid hydrolysis and condensation away from the pore walls. Under 

anhydrous conditions the hydrophilic portion of the silica surface is preserved during 

silylation [111] and surface groups are relatively isolated. However, by employing just 

enough water in the process to form a monolayer on the pore surface, more continuous coats 

of organosilanes may be obtained, leading to a high concentration of organics in the product 

(Figure 1.3). Excess water must be avoided, because it can lead to uncontrolled 

polymerization of the silylation reagents within the channels or external to the mesoporous 

sieve.Water-controlled coating has been employed with mercaptopropyl functions on MCM-

41 and HMS type structures [88, 112 ].  

 

Figure 1.3. Comparison of coating and grafting process  

 

Dai et al. recently described an interesting imprint coating method [113]. They coated 

the mesoporous surface of MCM-41 with complexes of ligands and target metal ions rather 

than just with the free ligands. When the metal ions were removed, the ligands were already 

positioned for complexation with metal ions of the same type. The selectivity to binding the 

original metal ion in competitive binding experiments was greater than in randomly 

functionalized mesoporous sieves. The material's performance remained high after repeated 

absorption and elution of metal ions. The effects of imprint coating on selectivities were 

observed only with mesoporous sieves as supports but not with amorphous silica gel. The 

different behavior was attributed to the curvature of the mesopores and the confinement of 

guest species. 
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1.5.2.3. Co-condensation Reactions 

Co-condensation of a tetraalkoxysilane and one or more organoalkoxysilanes with Si–

C bonds is an alternative method of producing inorganic–organic hybrid networks by sol–gel 

chemistry [114]. Such co-condensation reactions (also called “one-pot” syntheses) have also 

been applied to surfactant templated syntheses (Figure 1.4). Since the early work by the 

research groups of Mann [115,116], Macquarrie [117], Stucky [118] and Stein [96], co-

condensation reactions have been used to prepare hybrid mesoporous silicates under a wide 

range of reaction conditions. Some common criteria in the choice of the co-condensation 

reaction system include the need to avoid phase separation of the precursors to obtain 

uniform distributions of functional groups and the need to avoid Si–C bond cleavage during 

the sol–gel reaction and during surfactant removal. 

 

Figure 1.4. Preparation of hybrid mesoporous silicates by co-condensation 

 

1.5.2.3.1. Co-condensation by an S+I– Pathway 

The S+I– pathway is the method used to prepare the original MCM-41 and related 

structures. Here, S+ refers to cationic surfactants, such as alkylammonium surfactants, and I– 

to anionic silica precursors, which are obtained under basic reaction conditions. When 

organic groups are incorporated in the mesoporous sieve by this pathway, the surfactants are 

normally extracted with HCl/alcohol mixtures [95,119], although with phenyl surface groups 

the surfactant can be removed by calcination at 350 °C [120]. The first studies by Mann and 

co-workers involved mixtures of cetyltrimethylammonium bromide (CTAB) surfactants with 

tetraethylorthosilicate (TEOS) and organosilanes chosen from the following set: 

phenyltriethoxysilane (PTES), octyltriethoxysilane (OTES), allyltrimethoxysilane (ATMS), 

3-mercaptopropyltrimethoxysilane (MPTMS), 3-aminopropyltriethoxysilane (APTES), 3-

(2,3-epoxypropoxy) propyltrimethoxysilane, or 3-imidazolyltriethoxysilane [115,116,121]. In 

selected systems hexagonal order was obtained when up to 20 mol.-% of the 
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organoalkoxysilane was used [122]. Based on 29Si magic angle spinning nuclear magnetic 

resonance (MAS-NMR) spectra, the distribution of organic groups in the silica network 

appeared to be uniform [122]. The upper limit of organoalkoxysilane incorporation into the 

hybrid mesostructured materials has been estimated to be less than 40 %, because some fully 

linked Q4 silicate groups are necessary to form stable wall structures [115].  

At about the same time, Stucky and coworkers investigated several long-chain 

alkoxysilanes as surfactant precursors in mesostructure syntheses [118]. MCM-41 and 

MCM-48 type structures were synthesized using n-tetradecyldimethyl(3-

trimethoxysilylpropyl) ammonium chloride as a covalently bonded surfactant−silica source. 

They surmised that the surfactant was part of the inorganic framework of the product. Stein 

and co-workers prepared hybrid MCM-41 structures with reactive vinyl groups by co-

condensation of vinyltriethoxysilane (VTES) with TEOS [96]. The highest hexagonal order 

was obtained with VTES/TEOS mole ratios below 1:4. The surfactant could be extracted 

without affecting the vinyl functionalities. A difficult question in many surface modifications 

of porous materials is whether the functional groups are located on the internal pore surface, 

the external particle surface, or within the walls.  

Stein and co-workers employed a bromination reaction of vinyl- MCM-41 to probe 

the functional group location. During bromination in dichloromethane, a very slow reaction 

rate indicated that most vinyl groups were present within the mesopore channels. The 

bromination rate increased with increasing pore diameter. A strong dependence of the 

reaction rate on the presence and type of solvent molecules was observed. Gas-phase 

bromination was complete within 40 min. These results provide evidence for attachment of 

most vinyl groups to the accessible surface within the mesopore channels. This conclusion 

was corroborated by small angle neutron scattering experiments using contrast matching 

techniques [123].  

Bein and co-workers co-condensed 3-methacrylpropyltrimethoxysilane and 

tetramethoxysilane (TMOS) in an MCM-41 type structure and also found that the C=C 

double bonds could be completely brominated [124].  

Similarly, mercaptopropyl-functionalized porous silicates were synthesized by the co-

condensation of 3-mercaptopropyltriethoxysilane (MPTES) and TMOS in the presence of a 

cationic surfactant under basic conditions [97]. Ordered hexagonal arrays of channels, similar 
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to those of MCM-41 mesoporous sieves but with smaller pore diameters, were obtained with 

MPTES/TMOS ratios as high as 1:2.5 and a thiol content up to 5 mmol S/g silica. The 

extracted solids were microporous, with an average pore diameter of ca. 14 Å. The thiol 

surface groups could be oxidized to sulfonic acid functionalities, creating a solid acid ion 

exchanger with the advantages of the ordered porous support, including high surface area, 

controlled pore size, mechanical stability, as well as reduced swelling or contraction upon ion 

exchange, compared to polymeric sulfonic acids [97] Similar mercaptopropyl-MCM-41 

structures were prepared by Jacobs and co-workers [112] and Laha et al. [125]. A cubic 

phase, phenyl-MCM-48 was prepared by Mann and co-workers [126]. This phase could not 

be prepared with amino, thiol, or allyl groups.  

In co-condensation reactions involving the S+I– pathways it is commonly observed 

that, as the concentration of organoalkoxysilane increases, both the d100-spacings and the 

pore sizes of the channels are significantly reduced, even when the same surfactant is used 

[106,116]. At the same time, the apparent wall thickness increases, partly because organic 

groups extend into the channels. One possible reason for the shrinkage in cell dimensions 

may be a stronger interaction between nonpolar organic groups and the tails of the surfactant 

molecules, which draw the organic precursors further into the micelles. 

The co-condensation reaction has now also been applied to incorporate covalently 

attached organic groups within zeolite cages [127,128]. The organic groups were 

incorporated directly during the synthesis of zeolite beta and other zeolites, using 

phenethyltrimethoxysilane as one of the precursors. The intrapore phenyl rings were 

subsequently sulfonated to produce sulfonic-acid sites within the zeolite cages. Shape-

selective catalysis involving formation of a cyclic ketal was demonstrated. 

 

1.5.2.3.2. Co-condensation by an S+X–I+ Pathway 

This mechanism involves cationic silicate precursors (I+), which are obtained under 

acidic reaction conditions. The I+ species interact with cationic surfactant molecules via 

anions (X–) present. Under these conditions, Stucky and co-workers obtained a lamellar 

phase from an aqueous reaction mixture containing C16H33Si(OEt)3, TEOS, and HCl. A 

lamellar phase was also formed with this surfactant in the absence of any other silica source 

[118]. 
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Babonneau and co-workers studied co-condensation reactions of a series of hybrid 

mesoporous sieves under acidic conditions, incorporating methyl, ethyl, octyl, vinyl, and 

phenyl surface groups in the structure [129]. Hexagonally ordered structures were obtained 

only with the phenyl groups. Due to the weaker interactions between the surfactant and the 

silicate surface under acidic conditions, the surfactant could be extracted with ethanol, 

although some structural disordering was observed after this process. Calcination at 350 °C, 

on the other hand, preserved the ordered structure as well as the phenyl groups. Most other 

organic groups cleave or decompose during this heat treatment. A 2D hexagonal phase 

analogous to SBA-3 and a cubic phase analogous to SBA-1 [77,78,118] were prepared by co-

condensation of a mixture of phenyltriethoxysilane and TEOS under acidic conditions 

templated by CTAB [129,130]. The hexagonal phase was obtained when the precursors were 

pre-hydrolyzed before addition of the surfactant, while the cubic phases resulted when the 

pre-hydrolysis step was left out. It is notable that the cubic phase also retained its structure 

after removal of the surfactant by calcinations at 350 °C and even after removal of the phenyl 

groups by calcination at 600 °C. 

Compared to basic conditions, acid conditions are more amenable to the formation of 

mesostructured monoliths and films, which can be of interest, for example, in optical 

applications. Mann and co-workers prepared transparent yellow thin films and millimeter 

thick monoliths of silica mesostructures [131] by slow solvent evaporation from an aqueous 

precursor solution containing TEOS, 3-(2,4-dinitrophenylamino)-propyltriethoxysilane, and 

CTAB surfactant following the acid synthesis procedure of Brinker and co-workers 

[132,133]. In prior work carried out under basic conditions, the product was in powder form 

[134]. 

 

1.5.2.3.3. Co-condensation by an S0I0 Pathway 

Uncharged silica precursors (I0), such as TEOS, can also form mesostructures with 

neutral amine surfactant micelles (S0), e.g., octylamine or dodecylamine. Because of the 

weak interaction between the neutral surfactants and the wall, removal and recovery of the 

surfactant is possible by extraction with ethanol. This approach was first used by Macquarrie 

for hybrid materials with 3-aminopropyl and 2-cyanoethyl groups [117] and was 

subsequently extended to other functional groups, including vinyl and chloropropyl groups 
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[135], 3-imidazole [121] and mercaptopropyl groups [112,136]. As with pure silica HMS 

structures [63] the products have disordered, worm-like channels with narrow pore size 

distributions. Corriu et al. included phosphorus centers in hybrid mesoporous solids by 

cocondensing TEOS and R´Si(OEt)3 (R´ contains P atom) in the presence of n-

hexadecylamine [137]. The resulting mesopore structure was maintained even after 

subsequent sulfuration or quaternization of the phosphorus centers. 

A detailed investigation of co-condensation reactions involving the S0I0 assembly was 

carried out by Mercier and Pinnavaia who considered octyl-, butyl-, propyl-, mercaptopropyl 

and phenyl groups [138]. This study differentiated between template substitution pathways 

and direct addition pathways. Template substitution refers to partial replacement of the 

surfactant and TEOS by an equivalent amount of organoalkoxysilane whose organic 

component is comparable in length to the surfactant. With greater incorporations of the long-

chain precursors the pore volume and surface area of the mesoporous products decreased 

systematically. The direct addition pathway was applied to organoalkoxysilanes with 

relatively short organic moieties, which replaced equivalent amounts of TEOS. Very short 

ethyl groups apparently became trapped in the walls, leading to reduced order and porosity of 

the products. In these processes the pore volumes and surface areas did not vary 

systematically with loading, but as in materials prepared by the S+I– pathway, smaller pore 

sizes were observed with increased loading of the organic component. This behaviour was 

also noted by Koya and Nakajima for HMS structures containing alkyl, alkenyl, and phenyl 

groups [139]. They also noted that the absorption capacity for water was less in the hybrid 

materials than in the pure silica samples, and it decreased with increasing alkyl chain length. 

 

1.5.2.3.4. Co-condensation by an N0I0 Pathway 

Mercier and co-workers investigated an N0I0 pathway, employing a non-ionic 

surfactant (N0), such as alkylpoly(ethyleneoxide), Tergitol 15-S-12 

[CH3(CH2)14(OCH2CH2)12OH] or Triton-X100 [(CH3)3C(CH3)2CCH2C6H4(OCH2CH2)10- 

OH]), as the structure-directing agent [140,141]. This synthesis was carried out at neutral pH 

and surfactant extraction was possible with ethanol. With TEOS and organotrialkoxysilanes, 

worm-like channel structures were obtained with lattice spacings that became smaller with 
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higher loadings of organics [140]. A product from co-condensation of TEOS with MPTMS 

exhibited a high capacity for the absorption of mercury ions (2.3 mmol/g) [141]. 

 

1.5.2.3.5. Multifunctional Surfaces 

Incorporation of two or more functional groups in a one-pot synthesis is also possible, 

although the location of functional groups is not as controlled as by the grafting processes 

described earlier; the functional groups are randomly distributed in the product. Published 

examples include mixtures containing phenyl and aminopropyl, phenyl and mercaptopropyl, 

phenyl and allyl, and methyl and aminopropyl groups [126,142]. Typically an excess of 

TEOS (at least 80 mol.%) was used and loadings of the organic groups were in the range 1−     

5 mmol/g. 

 

1.5.2.3.6. Co-condensation of Hybrid Mesoporous Silicates with Inorganic Heteroatoms 

Incorporation of inorganic heteroatoms, such as titanium, is feasible during co-

condensation reactions. Corma et al. prepared an active epoxidation catalyst, methyl-

tethered-Ti-MCM-41, in an one step synthesis using mixtures of TMOS, 

methyltriethoxysilane, and titanium tetraethoxide as precursors with CTAB as the template 

(Ti/Si: 0.0075–0.0166) [143]. Bhaumik and Tatsumi synthesized a whole range of 

organically modified Ti-MCM-41 samples by co-condensation of TEOS, organo-

triethoxysilane (methyl, vinyl, allyl, 3-chloropropyl, pentyl, phenyl), and titanium 

tetrabutoxide and tested the materials as epoxidation catalysts [144]. A higher Ti content 

could be obtained than in the absence of the organic groups. Unlike for organically modified 

silica MCM-41 samples, in the Ti-doped analogs the pore sizes and d-spacings increased 

slightly upon incorporation of C1–C3 groups. With pentyl and phenyl groups the pore sizes 

and d-spacings decreased. Enhanced selectivity for epoxide in epoxidation reactions 

compared to Ti-MCM-41 without organic surface groups was attributed to the greater 

hydrophobicity of the modified surface. 

 

1.5.2.4. Hybrid Wall Components 

A recent development in the field of hybrid materials has been the study of 

mesoporous materials with wall structures that consist of covalently bonded hybrid 
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inorganic–organic networks. The surfactant-templated syntheses of these materials use a 

precursor that has two trialkoxysilyl groups connected by an organic bridge. Such precursors 

have already been used in the production of hybrid materials [145,146], specifically the 

synthesis of bridged polysilsesquioxanes [147]. Shea and co-workers prepared hybrid 

polysilsesquioxane xerogels employing bis(triethoxysilyl)alkane, alkylene, and aryl 

derivatives either alone or with TEOS [147–149]. Even without surfactant templating, 

arylene bridged polysilsesquioxanes are porous and have high surface areas [147]. Alkylene-

bridged polysilsesquioxanes with short, stiff alkylene bridges are also mesoporous; the pore 

size depending on the length of the alkylene chain [150]. 

The first report of these new materials was from Inagaki et al. who used 1,2- 

bis(trimethoxysilyl)ethane (BTME) as the framework precursor and 

octadecyltrimethylammonium chloride (ODTMA) surfactant [151]. Depending on reaction 

conditions, they obtained a highly ordered 2D hexagonal phase consisting of rod-like 

particles with hexagonal cross sections, or a 3D hexagonal mesophase consisting of spherical 

particles. The surfactant-extracted products contained accessible mesopores with pore sizes 

of 3.1 nm and 2.7 nm for the 2D and 3D materials, respectively. The bridging ethane 

components decomposed at 400–700 °C, temperatures higher than those required to 

decompose ethyl groups grafted onto a solid support. In hydrothermal stability tests, XRD 

patterns did not change significantly after boiling the materials in water for 8 h. The authors 

also describe a cubic hybrid mesophase, which forms decaoctahedral crystals [155]. 

Stein and co-workers used 1,2-bis(triethoxysilyl)ethane (BTSE) and CTAB to 

synthesize a mesoporous hybrid framework designated UOFMN-1 (unified organically 

functionalized mesoporous network) [152]. The precursor was prehydrolyzed with acid 

before the pH was raised by adding base. A material designated UOFMN-2 was made by a 

similar procedure using 1,2-bis(triethoxysilyl)ethylene (BTSEY) as the precursor. The 

products consisted of fine particles with no regular shape. They contained uniform pores 

(pore size: 2.2 nm for UOFMN-1, 2.4 nm for UOFMN-2). In contrast to Inagaki's structures, 

the channel systems of UOFMN-1 and UOFMN-2 were worm-like, lacking long-range order. 
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Figure 1.5. Preparation of mesoporous hybrid framework solids, showing an example with 
reactive ethene bridges (which can be bromine functionalized) in the walls [Ref. 
152] 

 

Ozin and co-workers also used BTSEY or mixtures of BTSEY with TEOS to 

synthesize hexagonal hybrid frameworks, which they labeled PMOs (periodic mesoporous 

organosilicas) [153,154]. The intensity of powder XRD reflections of the resulting products 

increased upon adding larger proportions of TEOS to the hybrid precursor. This effect could 

be due to greater product order as well as increased electron density in walls as the ratio of 

Si/C in the walls increased, demonstrating that organic groups were part of the framework. 

The pore diameter of the ordered product (3.94 nm) was significantly larger than those of 

UOFMN materials and of Inagaki's materials, which made use of a C18 chain surfactant. Like 

UOFMN-2, the ethene bridges in a PMO material made with BTSEY were proven to be 

reactive. The PMO sample was refluxed in CH2Cl2 with Br2 for 8 days. All alkene groups 

were consumed according to 13C cross polarization (CP) MAS-NMR. However, based on 

chemical analysis, it was estimated that only ca. 10% of the ethene groups were brominated 

and the others had reacted with solvent. 
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1.5.2.5. Catalytic Applications 

During the last few years, hybrid mesoporous solids have been considered for a wide 

range of heterogeneous catalysis reactions [33,100]. Heterogenization of active centers can 

improve the overall efficiency of the catalytic processes because: 1) it is easier to retain the 

solid catalyst in the reactor or to separate it from the liquid process stream by filtration 

(compared to extraction or distillation requirements for homogeneous processes); 2) often the 

catalyst can be regenerated and recycled; and 3) confinement of the catalyst within 

mesopores provides a means of introducing size and/or shape selectivity and thus greater 

specificity to a reaction. In contrast to organic polymers, mesoporous silicates used in 

organic solvents do not swell or dissolve. If functional groups are covalently attached to the 

surface, leaching is minimized.  

Typically, mesoporous supports are initially functionalized with relatively 

inexpensive organotrialkoxysilanes to incorporate surface amines, alkyl halides, alkenes, 

nitriles, or thiols. These moieties can be further modified by the methods mentioned earlier. 

Reactions that have been studied using functionalized mesoporous solids include acid 

catalysis  [97,98,112,136], base catalysis [103,142,156–162], oxidations [163–166], 

reductions [167,168], enantioselective catalysis [111,169–171], stereospecific 

polymerizations [172] and other catalytic reactions that produce fine chemicals 

[101,157,173–175]. It has been noted that mesoporous catalysts differ significantly in many 

respects from their post-functionalized, amorphous silica counterparts [159]. In several 

investigations, confinement of the catalyst in the mesoporous solid improved the activity 

compared to attachment to amorphous or non-porous silica, either due to enhanced selectivity 

in a sterically homogeneous environment or due to higher catalyst turnover brought about by 

stabilization of the catalyst within the channels. In other instances the performance of the 

mesoporous catalyst was worse than for a catalyst attached to a non-porous support, due to 

limited accessibility of the active sites in the mesopores. In the latter studies, the pores were 

typically smaller than 4.0 nm, and improved performance would be expected with larger 

mesoporous hosts. For example, in an enantioselective reaction (asymmetric diethylzinc 

addition to benzaldehyde), using a proline-derived ligand attached to the surface of MCM-41 

or SBA-15, the best performance was observed with SBA-15, which had larger pores (8.4 

nm) than MCM-41 (2.3 nm), although both materials exhibited significantly better 

 32 
 



 

performance than functionalized amorphous silica [170]. Other advantages exist; for 

example, mesoporous silicates with highly acidic surface groups are relatively safe to handle, 

since most of the acidic groups are confined within the channels. 

 

1.6. HYDROCARBOXYLATION OF OLEFINS USING 

HETEROGENEOUS CATALYSTS 

 Catalytic hydrocarboxylation and hydroesterification of alkenes have attracted 

considerable interest during the last 20 years. In general, Co, Pd, Pt, Ni, Rh and Ru have been 

used as catalyst metals for hydrocarboxylation or carbonylation reactions [176]. For reasons 

working at milder reaction conditions (20–80°C, 1–10 bar CO pressure) Pd and Rh catalysts 

were applied most frequently to carry out the reactions [177].  

 

Figure 1.6. Hydrocarboxylation of styrene with homogeneous Pd-catalyst systems 

 

Main synthetic interest focuses on the development of superior regioselective 

methods. A recent example employed Pd acetate immobilized on clay in presence of free 

triphenylphosphine (TPP) ligand and acid promoter for hydroesterification of aryl olefins 

[178]. The reaction is totally regiospecific for the branched isomer of aromatic olefins, while 

aliphatic olefins afforded branched chain esters with iso/ normal regioselective ratio of 3:1. 

Moreover, the regioselectivity of the hydroesterification of alkyl acrylates catalyzed by 

PdCl2L2 type complexes (L = phosphine ligand) could be largely controlled by variation and 

choosing the right ligands. TPP promotes preferential carboxylation to the branched isomer, 

whereas with bidentate phosphines (e.g. dppb; dppb = 1,4-bis(diphenylphosphino) butane) 

the linear product is produced. A classic example has been selective hydrocarboxylation to 

linear acid products with Pd acetate and dppb ligand in the presence of formic acid 
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[179,180]. A wide range of applications using the carbonylation or hydrocarboxylation 

reactions has been monumental for various processes, of which few are listed below: 

(a) Synthesis of adipic acid from butadiene by carbonylation (BASF). 

(b) Synthesis of acetic anhydride (Eastman Chemicals, 240,000 t/year in 1983). 

(c) Synthesis of fluorinated acids, silylated esters and β-amino acids. 

(d) Copolymerization of ethylene with CO to yield low-cost polyketones (Shell,AG, 

20,000 t/year in 1996). 

(e) Synthesis of cinnamic acid from styrene by oxidative addition (Montedison). 

(f) Synthesis of diphenyl carbonate and dimethyl carbonate by oxidative addition 

(Enichem, 8,800 t/year in 1988). 

(g) Synthesis of acrylic acid from alkynes (BASF, 100,000 t/year). 

(h) Synthesis of cyclopentenones by Pausand-Khand reaction. 

(i) Synthesis of Ibuprofen (Hoechst-Celanese Corp., 3,500 t/year in 1992). 

 

Carbonylation or hydrocarboxylation of aryl olefins and alcohols provides a highly 

promising and eco-friendly route for the synthesis of aryl propanoic acids having applications 

as non-steroidal, anti-inflammatory drugs [181]. This is considered as one of the best 

examples of the role of catalysis in developing cleaner, environmentally benign routes 

replacing stoichiometric organic synthesis [182] as evidenced by the commercial success of 

the Hoechst-Celanese process for the synthesis of Ibuprofen [183], which involves mainly a 

Pd catalyst with 10% HCl(aq) as a promoter [184]. High regioselectivity for Ibuprofen (>95%) 

is achieved at high pressures (16–35 MPa), while the selectivity reduces to 67% with a TOF 

of 50–70 h-1 at lower pressures (6–7 MPa). In this reaction, the turn over frequency (TOF) 

was found to be only 50–150 h–1 even at high pressures (35 MPa) and separation of the 

catalyst and products is a tedious task involving the precipitation of the complex by adding 

non polar solvents. In recent reports [185], a significant enhancement in the catalytic activity 

(TOF = 800–2600 h–1) and regioselectivity (99%) for Ibuprofen at lower pressures ha  been 

demonstrated with modified promoters, different phosphorus ligands and Pd-com

[186,187]. These homogeneous catalysts often pose a serious threat in practical utility

difficulties in catalyst-product separation and re-use. The widespread applicat

homogeneous catalysis in C–C bond formation reactions including carbonylation is att
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to their high catalytic activity as well as high selectivity, which are, in many cases, difficult 

to achieve by heterogeneous catalysis. Despite these advantages, the industrial applications 

of many of these processes were not realized due to difficulties in separation and recycle of 

the precious catalysts. Hence, it has been a target of research during the last decade to 

heterogenize the homogeneous catalysts to incorporate the advantages of the homogeneous 

catalysis as well as the efficient catalyst–product separation. 

Recently, Sheldon and co-workers [188], and Chaudhari and co-workers [189] have 

reported carbonylation of IBPE and styrene respectively using water-soluble palladium 

complexes in biphasic systems. These catalyst systems have the advantages of easy catalysts 

recovery, but the reaction rates as well as the selectivity in both the cases (TOF: ~ 40 h–1 and 

244 h–1 and selectivity: 72% and 78% in the respective studies) were found to be lower 

compared to the homogeneous analogues.  

Using supported Pd catalysts (Pd/C) for carbonylation of aryl halides [190] and p-

isobutylphenylethanol (IBPE) [191], high activity (TOF = 1675–3375 h-1) and selectivity 

(99%) for branched carboxylic acid derivatives was achieved for IBPE, however, in both the 

cases it was concluded that the catalytic activity was due to leached Pd in solution under 

reaction conditions. 

Carbonylation of IBPE was reported [192] using a heterogeneous catalyst system 

consisting of supported Pd in the presence of phosphine ligands together with aqueous HCl 

as a promoter to give Ibuprofen with 23–77% selectivity at 4 MPa pressure and 398 K. The 

selectivity was increased up to 97% when silyl ligands were used together with the Pd-

montmorillonite catalyst, but the catalytic activity was found to be very low (TOF: 3–10 h–1). 

In another report [193], Alper and co-workers have reported the carbonylation of 

olefins using a heterogeneous Pd-C catalyst in the presence of formic or oxalic acid and a 

bidentate phosphine ligand, dephenylphosphino propane (dppb) [193]. Though, total 

carboxylic acid yields achieved were in the range of 65–80%, the reaction rates were poor 

(10–17 h–1 at 423 K) with the regioselectivity towards the linear carboxylic acid in a range of 

76–100%. In another study by the same group [194], the hydroesterification of styrene and 

derivatives was carried out using Pd(OAc)2 immobilized on montmorillonite in the presence 

of PPh3 as a ligand. Here, the regioselective formation of methyl esters of 2-arylpropanoic 

acids (~ 95%) was observed at 373 K at 4 MPa (TOF = 20 h–1).  

 35 
 



 

Very recently, Jacobs and coworkers [195] have reported a heterogeneous catalyst 

using MgAl layered double hydroxides as a support for oxidative carbonylation of phenol to 

diphenyl carbonate (DPC), which is an important precursor for polycarbonates. Though TOF 

of 387 h–1 could be achieved for a certain catalysts system in this reaction, yet Pd-leaching 

from the system is very high ca. 17%, hence, the catalyst cannot be called a truly 

heterogeneous catalyst system [195]. These reports reveal that a major drawback in most of 

these cases is the significantly lower reaction rates, often followed by leaching of the Pd 

metal during re-use. Therefore, the problem of developing a true heterogeneous Pd-catalyst 

for such carbonylation reactions remained an open challenge.  

Heterogeneous catalysis has the obvious advantage of easy catalyst separation over 

the homogeneous catalysis; consequently, supported transition metal or metal complex 

catalysts have tremendous value in the development of efficient and industrially feasible 

processes. Several attempts have been made by different research groups to explore 

heterogeneous palladium catalysts for the carbonylation of olefins. A common observation 

was that, supported Pd does not catalyze the alkene hydrocarboxylation on its own; but was 

active in the presence of ligands or co-catalysts and promoters. For example, in the presence 

of bidentate phosphine ligands such as dppb, carbonylation of olefins were reported with a 

heterogeneous Pd-C catalyst along with formic or oxalic acid as promoters [193]. With 

styrene as the substrate this catalyst system provided 76 % selectivity to 3-phenyl propionic 

acid at 423 K and 0.68 MPa. In the absence of phosphines, Cu-salts such as CuCl2 were 

found to effect carbonylation with Pd–C as the catalyst, but with very low catalytic activities 

(7–8 days of reaction for quantitative conversion). Palladium salts such Pd(OAc)2 

immobilized on solid supports such as montmorillonite is also active in the presence of 

phosphines such as PPh3 as explained by Lee and Alper for the hydroesterification of styrene 

and other vinyl aromatics. Regioselective formation of methyl esters of 2-arylpropionic acids 

(up to 95%) was observed at 398 K at 4 MPa though with lower rates (TOF = 20 h–1). In this 

case, acidic promoters were found to be necessary for significant catalytic activity and 

inorganic acids like HCl was more effective than organic acids such as p-toluenesulphonic 

acid. Bulky bidentate ligands such as dppp and dppb instead of PPh3 were inactive in this 

case, unlike the case of Pd-C catalyst. The role of PPh3 was explained as to promote the 

formation and stabilization of Pd (0) intermediate on the support. 
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Polymer supported palladium catalyst was also shown to be active for the 

alkoxycarbonylation of olefins. For example, polymer anchored palladium catalysts such as 

PdCl2(Resin-PPh3)2 (resin is 1% polyvinyl benzene-polystyrene) gave high selectivity to 

linear ester of alkoxycarbonylation of 1-pentene [196]. A bimetallic catalyst consisting of 

palladium and nickel [197] anchored on PVP (poly(N-vinyl-2-pyrrolidone) along with PPh3 

was reported to produce arylpropanoic acid esters with high selectivity (~ 99%) with 

complete conversion at 80 °C and 2.1 MPa pressure using benzene as a solvent; but the rate 

of the reaction was very poor (TOF = 0.25 – 0.5h−1). 

 

1.7. HYDROFORMYLATION OF OLEFINS USING 

HETEROGENEOUS CATALYSTS 
 

Hydroformylation or Oxo synthesis, as it is commonly known as, is one of the largest 

scale applications of homogeneous catalysis in industry with worldwide capacities of over 

6.6 × 106 tonnes per annum [198]. This process involves a reaction of an olefin, carbon 

monoxide and hydrogen to produce linear or branched next higher aldehyde products (Figure 

1.7).   

 

Figure 1.7. Hydroformylation of olefin (arene) with homogeneous HRh(CO)(PPh3)3 catalyst 

 

The process was discovered in 1938 by Otto Roelen at Ruhrchemie, where it was first 

commercialized [199]. The most important olefin starting material is propene, which is 

mainly converted to 1-butanol and 2-ethylhexanol via the initial product butyraldehyde. The 

original catalyst was [Co2(CO)8], which was modified with phosphines to increase the yield 

of the industrially more important linear aldehydes. A breakthrough was achieved in 1976 at 

Union Carbide with the introduction of rhodium catalysts such as HRh(CO)(PPh3)3. Almost 
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all the commercial processes employ homogeneous cobalt or rhodium complex catalysts, of 

which the process using the Wilkinson’s catalyst HRh(CO)(PPh3)3 has been considered as a 

major breakthrough because of its high activity and selectivity at mild operating conditions 

(at 100 °C and 10–25 bar pressure) [198]. While, HRh(CO)(PPh3)3 catalyst has been 

commercialized for hydroformylation of propylene, wherein, the product can be easily 

separated from the catalyst due to its high volatility, its application for the higher olefinic 

substrates has been limited due to difficulties in catalyst – product separation [199,200]. 

Therefore, several attempts have been made to heterogenize the homogeneous catalysts, so 

that the advantages of the homogeneous and heterogeneous catalysts can be combined. In 

previous work, polymer anchored [201], supported liquid phase (SLP) [202], supported 

aqueous phase (SAP) [203], biphasic catalysts using water-soluble metal complexes [204], 

using sulfonated [205] or fluorinated phosphines [19] as ligands, ionic liquids as new 

solvents [21-27], as well as bimetallic catalysts [206] for hydroformylation have been 

proposed. In these reports, interesting concepts have emerged; however, with the exception 

of biphasic catalysis no other approach has been found to be commercially attractive. Even 

the biphasic catalysts for hydroformylation of higher olefins suffer from the disadvantages of 

the lower rates limited by the solubility of olefins in water [205-b].  

Earlier, heterogenized catalysts were reported using Rh complex dendrimers on silica 

[207], water soluble Calix[4]arene ligands [208] for biphasic hydroformylation of water-

insoluble olefins, silica immobilized with tripodal polyphosphine rhodium catalysts [209] to 

name a few. But in majority of the cases, they suffer from lower selectivity and activity, low 

recyclability, use expensive ligands, unsuitable for commercial applications.  

Whereas the hydroformylation of alkenes preferably into n-aldehydes is one of the 

largest processes today running on Rh or Co catalysts, it still suffers from the usual 

drawbacks of homogeneous catalysis. As metal (and ligand) recovery and metal regeneration 

are energy and time consuming [210], attempts to heterogenize catalysts remain relevant. 

Literature only reports work on Rh-based catalysts. Apart from zeolites, clays have been 

frequently used as a support, both for liquid and gas-phase hydroformylation catalysis. There 

have been mixed success [211]; for instance, stable activity in a series of consecutive runs 

was claimed with a Rh(PPh3)3
+/montmorillonite catalyst in the liquid-phase 

hydroformylation of allyl alcohol [212], but in 1-hexene liquid phase hydroformylation, loss 
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of a neutral Rh-phosphine complex from the support was reported. Although the catalysts 

show acceptable activity and selectivity for aldehydes and moderate regioselectivity (normal/ 

iso-aldehydes), the available data do not allow one to evaluate whether clays are generally 

applicable as supports in Rh-catalyzed hydroformylations. 

 

1.7.1. Phosphine-Free Rh Zeolites 

It can be anticipated that using zeolites as polydentate ligands would allow one to 

stabilize specific catalytic species and induce stereochemical control of the regioselectivity 

for hydroformylation reaction. Among the procedures for preparation of Rh-zeolites, dilute 

aqueous exchange at room temperature with RhCl3 or Rh(NH3)5Cl3 is most popular [212]. In 

large-pore zeolites such as Y and mordenite, Rh can be uniformly distributed across the 

zeolites, while medium pore size zeolites (ZSM-34 and ZSM-11) show rhodium enrichment 

at the surface due to hydrolysis. In small pore zeolites (e.g., erionite, zeolite A, ZK-5) surface 

hydrolysis dominates, and most rhodium is found on the external surface [212]. Depending 

on the pretreatments of these zeolites, e.g., calcination, autoreduction, reduction at various 

temperatures, under H2 or CO, various species can be formed, e.g., lattice-coordinated Rh3+, 

RhO2, or Rh2O3 particles, metallic Rh0 clusters, or carbonyl complexes such as RhI(CO)2 or 

Rh6(CO)16 [212]. These zeolites have been applied for gas and liquid-phase reactions 

[213,214]. As an example, gas-phase hydroformylation of 1-hexene was performed with a 

zeolite CaA synthesized in the presence of Rh [213h]. Enhanced selectivity for the n-

aldehyde was observed in comparison with an exchanged zeolite, but loss of volatile Rh-

carbonyls resulted in a gradually decreasing activity.  

Liquid phase 1-hexene hydroformylation was investigated with Rh(NH3)5Cl2+ 

exchanged NaY zeolite after carbonylation treatment. This material contains Rh6(CO)16 

clusters associated with the zeolite crystals. This catalyst was characterized by a high 

hydroformylation selectivity and a lack of regioselectivity. This is very similar to the 

behavior of homogeneous rhodium carbonyls, which were found to be present in the reaction 

mixture [214a]. While for RhIII-exchanged NaY and CaA the observed activity is caused by 

eluted rhodium [213h], experiments with poisons and additives allowed the speculation that 

i.a. NaX zeolites exchanged with Rh(NH3)5(H2O)Cl3 are a source of homogeneous as well as 

heterogeneous activity [214b,c,212h]. At high reaction temperatures, leaching from the 
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zeolite decreased, possibly due to the formation of larger Rh clusters that are difficult to be 

converted into soluble species [214b]. Unfortunately, under such conditions, the 

chemoselectivity is largely in favor of substrate isomerization, probably catalyzed by residual 

zeolite acidity.  

 

1.7.2. Rhodium-Phosphine Complexes in Zeolites: The Ship-in-a-Bottle Approach 

The bulky nature of the phosphine ligands makes entrapment of their rhodium 

complexes in zeolites cages a difficult task. A computational study revealed that phosphine 

ligands with more than one aromatic substituent are not able to diffuse into the pore system 

of zeolite Y [215-a]. Only a few examples of rhodium-phosphine complexes inside zeolites 

have been reported. Intrazeolitic rhodium carbonyl clusters are able to react with small 

phosphines such as dimethylphenylphosphine. When larger molecules such as 

triphenylphosphine and tris(2-cyanoethyl)phosphine are used, a species such as RhI(CO)2 

probably migrates to the outer surface to react with the phosphine [215-b].  

Compared to Rh6(CO)16/Na-Y, zeolite Y entrapped Rh-dimethylphenylphosphine 

complexes in propene hydroformylation show a higher n/i ratio (2.00 vs 1.75). However, the 

catalyst is completely deactivated after 24 h [213c]. With other Rh-zeolite-phosphine 

complexes, similar increases of the n/i ratio have been observed [215c]. With 

triphenylphosphine ligands, selectivity to aldehydes improved, while the high regioselectivity 

was retained. However, a small loss of rhodium was detected [212c]. It is clear that only at 

the very low substrate conversions, no leaching of Rh into the reaction medium is 

encountered. Whereas the hydroformylation selectivity is acceptable, the regioselectivity is 

moderate. It further seems that activity and leaching are dependent on reaction conditions and 

nature of the phosphine ligand.  

In recent work, it seems that truly heterogeneous hydroformylation with such zeolite-

based catalysts is possible, though no specific evidence for the absence of leaching was 

offered [216a,b]. Stable hydrocarbonylation of unsaturated compounds seems possible at 

120°C and 5 MPa. Generally speaking, a higher regioselectivity for linear products (n/i) was 

obtained compared to the homogeneous counterparts, though the use of zeolite supports 

resulted in a decreased activity.  
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Sulfur ligands more stable toward oxidation and degradation than P-ligands have 

been used for comparative purposes as well. However, the stability advantage is balanced by 

activity and selectivity loss. RhI(CO)2-zeolites with faujasite and Beta topology were 

contacted with S-ligands via diffusion and via intrazeolite ligand synthesis. Although the 

regioselectivity was rather low, claims for good reusability and negative filtration tests were 

presented [216-b].  

 

1.7.3. Zeolite Pore Mouth Adsorption of Rh-Phosphine Complexes 

As Rh-phosphine complexes are sometimes too large to diffuse inside zeolites, they 

can at best interact with the external surface and the pore mouths of the crystals. An example 

of "pore mouth sorption" in the aqueous (bi)phase hydroformylation of propene, concerns a 

NaY immobilized 2.0 nm Rh55L12Cl6 cluster (L = P(tBu)3, x = 20; L = PPh3). This cluster is 

adsorbed on NaY, blocking its micropores. The catalyst could be reused 27 times without 

deactivation, while turnover frequencies in the range 400-600 mol propene mol-1 Rh min-1 

were possible with an n/i ratio of 1.0 (30.0 MPa CO/H2 = 1, 120-130 °C) [216-c]. It is not 

clear at this moment whether the catalyst stability is the result of the interaction of the cluster 

with the zeolites pore mouths rather than of the biphasic reaction conditions.  

 

1.7.4. Silica-Tethered Rh-Phosphine Complexes 

Introduction of groups amenable to covalent linking on phosphines is difficult and 

explains why only a limited range of silica-anchored phosphines has been reported. Silylation 

is often accompanied by side reactions involving transformation of part of PIII into PV, but 

this oxidation can be avoided in specific reaction conditions. The possibility of using 

rhodium on phosphinated silica as hydroformylation catalyst was already considered in the 

1970s [216-e]. Silica anchored RhH(CO)((Ph2P(CH2)2Si(C2H5O)3)3 in rhodium catalyzed 

hydroformylation of 1-hexene was claimed to show good activity and stability. Rhodium 

elution was only observed during the first hours. 

More recently anchored bidentate phosphines have been used for hydroformylation 

reactions [216-f,-g]. Such heterogeneous catalysts could be used for 14 days without loss of 

activity [216-f]. The rigid backbone with large bite-angle seems responsible for the high n/i 

ratio of 32. Whereas such systems are more difficult to prepare, their performance by far 
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supersede that of all previously described systems. With the present knowledge on structured 

mesoporous silicas, this performance might still be susceptible to further major improvement.  

But, the heterogenized catalysts suffered either from lower selectivity and activity or 

low recyclability and often followed by leaching of Rh metal in reaction conditions; hence, 

they were not considered for commercial applications. It is envisaged that the metal 

complexes encapsulated in zeolites and mesoporous supports lead to very high metal 

dispersion and stable catalysts. Similarly, the zeolite microstructure could prevent leaching of 

metal complexes in solution, a serious problem with most of the “heterogenized” catalysts. 

 

1.8. SCOPE AND OBJECTIVES 
In this context, encapsulation of metal complexes as a mean of “heterogenization” of 

homogeneous metal complex catalysts in porous insoluble supports has particular 

significance. In this approach, the organometallic complex is encapsulated or anchored inside 

the pores of the inorganic inert matrices, e.g. zeolites, M41S materials, clay etc. in such a 

way that the complex is tightly bound inside the pores [33]. The prime requirement is 

stability of the encapsulated complex, so that it does not leach out of the catalyst pores to the 

liquid phase in the course of reaction, while retaining high activity, selectivity and original 

configuration. It is envisaged that the metal complexes encapsulated in zeolites and 

mesoporous supports lead to very high metal dispersion and stable catalysts in addition to the 

possibility of tuning the selectivity. Similarly, the micro- and mesostructures could prevent 

leaching of metal complexes in solution, a serious problem with most of the “heterogenized” 

catalysts. Immobilized catalysts reported earlier, suffer either from lower selectivity and 

activity (TON, turn over number), or low recyclability, or use expensive ligands and hence, 

not suitable for practical applications. Therefore, there is ample opportunity to explore 

development of new methods of heterogenization, which will eliminate the limitations of the 

state of the art methods. Thus, from the separation and reusability point of view and 

maintaining good activity and selectivity, heterogenization of rhodium and palladium 

complex catalysts by anchoring or encapsulation techniques on porous supports may provide 

an alternative approach opening up new vistas for the industrial applications e.g. 

hydroformylation and hydrocarboxylation reactions in synthesis of speciality chemicals and 

fine chemicals. These catalysts could also have important applications in other homogeneous 
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or organic reactions, wherein selectivity, catalyst-product separation and use of eco-friendly 

technologies is still a challenging task. The aim of this thesis was to investigate the approach 

of encapsulation or anchoring for heterogenization of industrially significant catalysts used in 

hydroformylation and carbonylation reactions.  

The thesis is also aimed at characterization of the heterogeneous catalysts and 

investigation of the catalytic performance in comparison to the homogeneous and previously 

known heterogeneous catalysts. The specific problems chosen are: 

 Synthesis of zeolites and mesoporous materials by employing heteropolyacids and 

metal oxoanions of group VI (molybdenum and tungsten) as novel promoters. 

 Novel heterogeneous catalysts containing encapsulated HRh(CO)(PPh3)3 in different 

porous supports for hydroformylation of olefins to aldehydes. 

 Novel heterogeneous catalysts containing encapsulated Pd-pyca complex catalysts in 

different porous supports for hydrocarboxylation of olefins and alcohols to 

corresponding carboxylic acids. 

 Metal complexes anchored on heteropolyacids tethered to zeolite and other supports 

for hydroformylation and hydrocarboxylation of alkenes. 
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CHAPTER 2 
PROMOTER MEDIATED 

SYNTHESES OF MICROPOROUS 
AND MESOPOROUS MATERIALS 

 

  
 



 

2.1. INTRODUCTION 
The discovery of ordered porous materials and an explosive research in this area have 

opened new vistas in materials science. These materials have been used for applications in 

chemistry, catalysis, electronics, separation science, biochemistry and nanotechnology [1,2]. 

The fact that these materials can be made use of incorporating polymeric, organic, inorganic 

and organometallic ‘guests’ in the porous ‘hosts’ has served numerous important chemical 

applications [3]. Microporous (e.g. zeolites) and mesoporous materials serve as the two 

major categories of the porous inorganic matrices. Zeolites are crystalline microporous 

materials and are being used widely as industrial catalysts [4]. Of the microporous materials 

used for industrial purposes, zeolites ZSM-5 (MFI) and Na-Y (Faujasite, FAU) are the two 

most important members of the zeolite family, possessing medium and large pores in their 

respective frameworks.  

Surfactant-templated mesostructures have played a prominent role in materials 

chemistry during the last decade [5]. The excitement began with the discovery of 

hexagonally ordered mesoporous silicate structures by Mobil Corporation (M41S materials) 

[6] and by Kuroda, Inagaki and coworkers (FSM-16 materials) [7]. These materials initially 

appeared to be the Holy Grail sought after by zeolite chemists of the time. They possessed 

extremely high surface areas and easily accessible, uniform pore sizes. Most importantly the 

pore sizes exceeded those attainable in zeolites and they could be tuned in the nanometer 

range by choosing an appropriate surfactant templating system, sometimes with co-solvent or 

swelling agent. However, the original mesoporous silicates and aluminosilicates exhibited a 

number of limitations, including lower hydrothermal stability and lower reactivity than 

zeolites with comparable compositions. These mesoporous materials possessed thin walls, 

which prevented incorporation of secondary pores within the walls, and they only formed 

fine particles. Yet, the ability to manipulate structures of the porous solids on a nanometer 

scale in a controlled way proved to be so important to the research community, that many of 

these limitations have been addressed and overcome in the last few years. For example, the 

hydrothermal stability of the mesoporous silicates has been improved by adding inorganic 

salts to the synthesis mixtures [8], or by producing materials with thicker pore walls [9,10]. 

Structures with uniform pore sizes can now be formed throughout most of the mesopore size 
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range, which encompasses 2–50 nm by International Union of Pure and Applied Chemistry 

(IUPAC) nomenclature [11].  

The two most important members of the mesoporous family are MCM-41 and MCM-

48 comprising an array of hexagonal ‘honeycomb’ and cubic ‘gyroid’ structures respectively 

[5,6]. Though synthesis of MCM-41 is facile, that of MCM-48 is intricate because of the 

‘swinging’ presence of its cubic phase lying amidst hexagonal and lamellar ones; hence, not 

many reports on reliable, low template content, cost effective synthesis of MCM-48 have 

been accounted for [12-15].  

Synthesis of molecular sieve zeolites and mesoporous materials is carried out in 

concentrated aluminosilicate (or silicate) solutions that contain amorphous gel phases. 

During the growth process, an amorphous gel can serve as a reservoir for the components 

that are eventually deposited at the surface of the growing crystals. A great deal of work has 

sought a better understanding of the mechanisms for nucleation and crystal growth of zeolites 

and mesoporous materials from the gels.  Although, the nature of surface and acid catalytic 

properties of zeolites and mesoporous molecular sieves is relatively better understood, there 

are not much reports available on nucleation and growth processes for mesoporous materials 

[16]. The chemistry governing their hydrothermal syntheses at autogenous pressure 

(crystallization temperature = 353 – 473 K, time = few hours to few days) continues to be 

intriguing and challenging. Inui, has suggested various drawbacks to long crystallization 

process [17], which causes (i) extensive labor coupled with delays and expenses, (ii) poor 

reproducibility and (iii) formation of larger crystals with inhomogeneous particle size 

distribution (mainly owing to secondary crystallization), hence, lower surface area. An 

approach to reduce synthesis time of zeolites [12] and M41S type molecular sieves [13] using 

simple inorganic anions as promoter has been reported earlier.  Recently, it has been found 

that Keggin anions or heteropolyacids (HPA) can efficiently be used as a new class of 

promoters in the synthesis of such mesoporous solids [18]. This prompted to endeavor using 

these heteropolyacid promoters for the synthesis of microporous materials, e.g. Na-Y 

(Faujasite, FAU), Silicalite-1 (MFI) and Ferrierite (FER), and mesoporous MCM-41 and 

MCM-48 materials. 

 In the following section, a general and brief overview of the syntheses and nucleation/ 

formation of microporous and mesoporous materials as postulated till date has been 
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presented before the syntheses strategy and results for promoter mediated syntheses of 

microporous and mesoporous materials presented in this chapter is being discussed. 

 

2.2. SYNTHESES AND MECHANISM OF FORMATION OF 

MICROPOROUS MATERIALS 
The perspective taken in this work, based on research results from the literature, has 

been that molecular sieve zeolite crystals are formed from the species dissolved in the caustic 

solution medium, and that formation of zeolites by solid-solid transformations does not 

occur. As such, classical treatments of crystallization systems should adequately describe 

molecular sieve zeolite crystallization processes. Growth of molecular sieve zeolites in 

hydrothermal systems has been shown to occur from sub-micron sizes to macroscopic sizes 

in a continuous fashion. Assimilation of material from the solution phase has been speculated 

to involve “secondary building units”, that is myriad aluminosilicate oligomers known to 

exist in solution. It is more likely that the growth units are monomers, dimers, or other small 

aluminosilicate units, which are known to persist in the basic environments. It is quite 

common for the original mixture comprising of caustic aluminate and caustic silicate 

solutions, to become viscous shortly after mixing, due to the formation of an amorphous 

phase, i.e., amorphous aluminosilicate gel suspended in the basic medium. As the synthesis 

proceeds at elevated temperatures, zeolite crystals are formed by a nucleation step, and these 

zeolite nuclei then grow larger by assimilation of aluminosilicate materials from the solution 

phase. During the synthesis, the amorphous gel has a thermodynamic tendency to dissolve, 

while the thermodynamic driving force is toward formation of the crystalline zeolite phase. 

The first phase in this transformation usually involves the formation of the smallest entity 

having the identity of the new crystalline phase, the crystal nucleus. The event is normally 

followed by the subsequent assimilation of mass from the solution and its reorientation into 

ordered crystalline material via crystal growth. 

 

2.2.1. SYNTHESIS 
 Zeolites are crystalline, porous aluminosilicate molecular sieves composed of three 

dimensional networks formed by sharing of oxygen atoms of [SiO4]4– and [AlO4]5– tetrahedra 
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in such a way that two Al tetrahedra are never adjacent to each other. The crystallographic 

unit cell of zeolites may be represented as: 

Mx/n[(SiO2)x . (AlO2)y]. zH2O 

 where, M is a charge compensating cation with valency ‘n’, generally selected from 

metal ions of group I or II or may be an organic cation and the ratio x/y can be varied from 

one to infinity. Since, Al3+ does not occupy adjacent tetrahedral sites, the Si/Al molar ratio 

corresponds the density of the acid sites in the zeolites. The number of water molecules, 

which can be reversibly adsorbed and desorbed in the zeolite pores, is represented by ‘z’. 

Usually, the pore size diameter of zeolites is of molecular dimensions ranging from 0.5 nm to 

1.0 nm. Zeolites are synthesized essentially from a silica source and an aluminium source in 

aqueous medium, often followed with template source (organic) or seed solutions, in either 

acidic or basic medium.  

 

2.2.2. NUCLEATION 

 Crystallization is usually believed to proceed through two primary steps: (a) 

nucleation of discrete particles of the new phase, and (b) subsequent growth of those entities. 

The first, and most intriguing, process can be broken down further in the following way. 

 

Primary Nucleation: 

Primary nucleation mechanisms occur in the absence of the desired crystalline phase, 

i.e., they are solution-driven mechanisms. This can be further classified into two categories. 

Homogeneous Nucleation: In the case of homogeneous nucleation, the mechanism is 

purely solution driven. 

Heterogeneous Nucleation: In case of heterogeneous nucleation, the presence of 

extraneous surface to facilitate a solution-driven is a probable cause for the nucleation. 

 

Secondary Nucleation: 

Secondary nucleation mechanisms require the desired crystalline phase to be present 

to catalyze a nucleation step. This can be further subdivided into three categories. 
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Initial Breeding: This phenomenon stems from microcrystalline “dust” being washed 

off the surface of seed crystals into growth medium, thereby providing nuclei directly to the 

solution.  

Micro-attrition: Nuclei formation sometimes can be promoted by micro-attrition by 

agitation in the absence of seed crystals added to the solution. This causes microcrystalline 

fragments to be broken off of existing growing crystals in the medium. These fragments arise 

from crystal contacts with the stirrer, other crystals, or the walls of the container, and may 

become growing entities in a supersaturated solution. 

Fluid Shear-Induced Nucleation: It has been speculated that nuclei can be created by 

fluid passing by the surface of a growing crystal with sufficient velocity to seep away quasi-

crystalline entities (clusters or embryos) adjacent to the surface, which were about to become 

incorporated in the crystalline surface. If these clusters are swept away into a sufficiently 

supersaturated environment, they will have the thermodynamic tendency to become grow and 

become viable crystals. Thus, in the event that high shear fields in the neighborhood of 

growing crystal surfaces exist, nucleation can sometimes be promoted. 

A more detailed review of these mechanisms, and their relevance to zeolite 

crystallizations may be found elsewhere. However, it is not expected that fluid shear-induced 

nucleation will be relevant to zeolite synthesis, due to the viscosity of the solutions, and 

because it is not believed to be important except at quite high agitation rates, or quite high 

fluid velocities relative to crystals in the medium [22]. Whereas many zeolite syntheses are 

carried out with no agitation, or very mild agitation, micro-attrition breeding also may be 

viewed as not universally important in zeolite crystallizations (systems using intense 

agitation being the exception). 

 One should understand the differences between secondary nucleation and seeding, 

i.e., the common strategy of promoting the “rate of crystallization” by adding crystals of the 

desired phase to a precipitating system. Secondary nucleation is, strictly speaking, the 

promotion of crystal nucleation due to the physical presence of the crystals of the desired 

phase, while seed crystals may promote crystallization by providing additional surface area 

for dissolved material to grow onto. However, a seed crystal sample may contain sub-

micron-sized fragments, which eventually grow to macroscopic sizes, in some cases it may 
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appear that a newly formed population was created, when, in fact, it was the result of growth 

on very small seed crystal pieces. 

 Subotic and his coworkers have proposed and studied a so-called autocatalytic 

nucleation mechanism [25]. According to their concept, suggested by the proposal of 

Zhdanov somewhat earlier [26], there are three possible sources of nuclei: homogeneous 

nuclei formed by a classical mechanism, heterogeneous nuclei formed in conjunction with 

foreign particulate matter and autocatalytic nuclei formed within the amorphous gel phase. 

According to the conceptual model, the autocatalytic nuclei lie dormant in the amorphous gel 

phase until they are released into the solution by dissolution of the gel phase and become 

active growing crystals. As the cumulative zeolite crystal surface area increases due to crystal 

growth, the rate of solute consumption increases, which, in turn, increases the rate of gel 

dissolution, finally resulting in increased rate of dormant nuclei activation. Hence, it is clear 

why the mechanism was labeled autocatalytic. 

There have been few recent reports, which shed new light on the possible structure 

precursors to zeolite nucleation and crystal growth:  

Davis et al. reported 1H-29Si and 1H-13C cross-polarization MAS-NMR observations 

of a pure silica ZSM-5 synthesis mixture containing 0.5 TPA2O: 3 Na2O: 10 SiO2: 2.5 

D2SO4: 380 D2O at 383 K [27]. The results of their study revealed that TPA-silicalite 

structures form prior to the formation of observable long-range crystalline structure, and have 

short-range interactions on the order of 3.3 Å, indicative of van der Waals interactions. The 

authors argued that the observed layered intergrowth behaviour noted in several high silica 

zeolite systems (e.g., ZSM-5, ZSM-11, beta etc.) supported the hypothesized model of 

nucleation and growth by the TPA-silicalite species suggested by their results. Their findings 

strongly support the clathration hypothesis of zeolite formation, where the silicate polyanions 

(mainly the Q4 species) clathrate the organic structure directing agent (TPA in Si-ZSM-5 

system). They have proposed that these clathrated TPA-silicalite hydrophobic hydration 

spheres come nearer and overlap one another, thus forming the composite species leading to 

crystal growth. 

Another recent work by van Santen et al. used the in situ combined small-angle X-ray 

scattering/ wide-angle X-ray scattering (SAXS/ WAXS) monitoring of an all-silica ZSM-5 

crystallization. The combined technique allowed to simultaneously observing particles in the 
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system, to determine their fractal dimension, and to determine the level of crystallinity within 

the particles, and the crystalline phase(s) present. In essence, the authors suggested that 

primary silica particles formed quite early in the process, perhaps of the nature described by 

Davis et al. 

With the advent of scanning electron microscopy (SEM) and atomic force 

microscopy (AFM), a very powerful technique for imaging non-conducting solid surfaces, 

various zeolites like zeolite A, mordenite , Y (faujasite) and EMT polymorphs have revealed 

crystal growth terraces with a constant step height of the known structures, orientations, 

positions, and geometries concurrent with a layer growth mechanism [29]. For example, 

crystal growth for zeolite A has been shown to occur via a process akin to a terrace – ledge – 

kink (TLK) layer mechanism.  

Very recently, Lee et al. [29g] reported synthesis of uniformly aligned 2D and 3D 

arrays of Silicalite-1 crystals using polyurethane films as templates. The authors have 

proposed that supramolecularly organized organic-inorganic composites, which consists of 

the hydrolyzed organic products and the seed crystals to be responsible for the orientations of 

the Silicalite-1 crystals those are controlled by the nature of polymers. 

 

2.3. Syntheses and Mechanism of Formation of Mesoporous Materials 
The M41S family of mesoporous materials contains several unique structures 

[5,6,8,10,14–18]: those that can be indexed to an hexagonal unit cell, MCM-41 (2D, p6m), 

SBA-2 (3D, p63/mmc), and SBA-3 (2D, p6m similar to MCM-41 but synthesized in acidic 

media); cubic structures including MCM-48 (Ia3d) and SBA-1 (Pm3n); and lamellar 

structures including MCM-50 that is post-stabilized lamellar material. Using a silica source 

and varied organic structure directing agents e.g. cationic surfactants containing long alkyl 

chain quaternary ammonium compound containing 10 – 20 carbons, often followed with 

addition of co-surfactants, M41S family of mesoporous materials are synthesized. Vartuli et 

al. studied the effect of the surfactant/silica molar ratio in a ternary synthesis system 

containing tetraethylorthosilicate (TEOS, silica source), water and C16TMA cations 

(surfactant) at 100 °C [30]. As the surfactant/silica molar ratio was increased, the products 

obtained could be grouped into four categories: 
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Surfactant/silica < 1.0  Hexagonal phase (MCM-41) 

   = 1.0 – 1.5 Cubic phase (MCM-48) 

   = 1.2 – 2.0 Thermally unstable materials 

   = 2.0  Cubic octamer [(CTMA)SiO2.5]8   

Different synthesis mechanisms have been proposed in the literature to rationalize the 

formation of mesoporous nanostructures and to allow for the rational design of new 

surfactant-templated materials. A brief account of the postulates for the mechanism of 

formation of mesoporous materials will be discussed below. 

 

2.3.1. Molecular – Packing Model (Conventional Surfactant-Water Systems) 

Surfactants are large, organic molecules with a hydrophilic head and a long 

hydrophobic alkyl tail of variable length. The synthesis of mesoporous materials is based on 

the ability of surfactant molecules to form spherical or cylindrical micelles or even higher-

order phases in aqueous solution [31]. In aqueous solution, these species aggregate their 

hydrophobic tails together and expose their polar head to the solution in order to reach the 

minimum energy configuration. The micelles, thus formed, are in dynamic equilibrium with 

soluble surfactant molecules. The first critical micelle concentration (cmc1) is defined as the 

lowest concentration at which spherical micelle formation may be observed and the second 

critical micelle concentration (cmc2) is the concentration at which the transformation from 

spherical to rod-like micelles takes place. This transformation is strongly dependant on 

temperature, anion degree of dissociation and on the length of the surfactant alkyl chain. The 

packing of surfactant molecules is determined by the equilibrium among three forces: (1) the 

tendency of alkyl chains to minimize their contact with water and maximize their organic 

interactions, (2) the Coulombic interactions between charged head groups, and (3) the 

solvation energies. A local effective surfactant packing parameter, g, which accounts for the 

first two kinds of interaction, is used to describe amphiphilic liquid-crystal phases. It is 

defined as g = V/a0l, where V is the total volume of the surfactant chains plus any cosolvent 

organic molecules between the chains, a0 is the effective head group area at the surface of the 

micelle, and l is the kinetic surfactant tail length or the curvature elastic energy. If the value 

of g increases, phase transitions are expected to occur in the order indicated in Table 2.1. 

These transitions reflect a decrease in surface curvature with increasing g. 
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Table 2.1. Phase Transition versus Local Effectiveness Surfactant Packing Parameter, ‘g’ 

g Mesophase 

1/3 Cubic (Pm3n) 

1/2 Hexagonal (p6m) gonal (p6m) 

1/2 – 1/3 1/2 – 1/3 Cubic (Ia3d) Cubic (Ia3d) 

1 1 Lamellar Lamellar 

 
(Source: Huo, Q.; Margolese, D. I.; Stucky, G. D. Chem. Mater. 1996, 8, 1147.) 

 

2.3.2. MECHANISMS POSTULATED FOR THE SYNTHESIS 

OF M41S MESOSTRUCTURES 
 

2.3.2.1. The Mobil Hypotheses:  

Researchers at Mobil proposed two synthesis mechanisms to explain the formation of 

MCM-41 materials [6a,b]. 

Surfactant 
Micelle 

Micellar 
rod 

Hexagonal 
rod 

Silicate 

Silicate Calcination 

MCM-41 

A

B 

 
Scheme 2.1. Liquid crystal templating mechanism proposed for the formation of MCM-41: 
(A) liquid crystal phase initiated and (B) silicate anion initiated [Ref. 6, 33]. 
 

In the first route, the surfactant hexagonal liquid-crystal phase forms first and directs 

the growth of the inorganic materials. The CnH2n+1(CH3)3N+ surfactant micelles aggregate 

into hexagonal array of rods and the silicate or aluminate anions present in the reaction 

mixture interact with the surfactant cationic head groups. Condensation of the silicate species 

leads to the formation of an inorganic polymer. Upon calcinations, the organic template is 
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burnt off, leaving the inorganic hollow cylinders in a hexagonal arrangement. However, this 

synthesis pathway did not meet much support in the literature, as was pointed out by Cheng 

et al. [32]. Since MCM-41 may be formed at low surfactant concentrations (1 wt.%) with 

respect to water content, in situ 15N-NMR spectra revealed that the hexagonal liquid-

crystalline phase CTMA (H1) was not present at anytime during MCM-41 formation [33], 

thus, the synthesis scheme proposed by Beck et al. was abandoned. 

In the second approach proposed by the same group, the presence of silicate species 

in the reaction mixture initiates the hexagonal ordering [6]. This second route is widely 

accepted in the literature. Chen et al. [33], explained that randomly distributed rod-like 

surfactant micelles form initially and interact with silicate oligomers to generate randomly 

oriented surfactant micelles surrounded by two or three monolayers of silica. The isotropic 
14N-NMR resonance was found to be consistent with the presence of rod-like micelles in 

solution [33]. A base catalyzed condensation between silicate species on adjacent rods occurs 

with further heating, which initiates the long-range hexagonal ordering that corresponds to 

the minimum energy configuration for the packing of the rods, illustrated in Scheme 2.2. 
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Scheme 2.2. Silicate rod assembly proposed for the formation of MCM-41: (1) and (2) 
involve the random ordering of rod-like micelles and interaction with silicate species; (3) 
represents the spontaneous packing of the rods and (4) is the remaining condensation of 
silicate species upon final heating of the organic/inorganic composites [Ref. 33]. 
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2.3.2.2. Layered Intermediates: 

Monnier et al. [14a] observed, in addition to amorphous silica, the presence of a 

layered material with a primary d-spacing of 3.1 nm in the synthesis mixture after reaction 

times in the order of 1 min. At longer crystallization times, the lamellar intermediate 

disappeared and the diffraction pattern of the hexagonal structure was detected in the solid 

product. The transition from the lamellar to the hexagonal phase was confirmed by 2H-NMR 

spectra of the surfactant molecules deuterated at the α-carbon. In order to account for the 

presence of a layered intermediate, Stucky’s group proposed a synthesis mechanism 

supported by thermodynamic analysis [34], which basically stated that the synthesis of silica-

based mesophases may be regarded as the formation of lyotropic liquid crystals from a 

system in which inorganic species are attached to surfactants. Schematically, the formation of 

nanostructures proceeds through three steps that are not necessarily sequential; see Scheme 

2.3 (A). The three steps are as follows: 

   SiO2   Reaction Co-ordinate   

A 

CnH2n+1NMe3 

Na+ 
+ 

Kanemite Silicate-Organic 
complex 

Mesoporous 
Materials 

(1) (2) 

B 

 

Scheme 2.3. Mechanisms proposed for the transformation of surfactant-silicate systems from 
lamellar to hexagonal mesophases [Ref. 34]. (A) Hexagonal mesophase obtained by charge 
density matching and (B) folding of kanemite silicate sheets around intercalated surfactant 
molecules formed the hexagonal mesostructure [Ref. 7]. 
 

Small silica oligomers compete for the access to the cationic heads of the surfactant. 

The type of silica species present in the reaction mixture depend on the pH; at high pH (pH > 

9.5), large silicate oligomers are completely ionized and bind preferentially to charged 

surfactant molecules as envisaged by 29Si-NMR by Firouzi et al. [35]. Charged silica species 

then coordinate electrostatically with the surfactant molecules, which may originate from 

loosely structured micelles. Unlike the synthesis scheme proposed by Chen et al. [33], this 
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synthesis mechanism does not require the existence of rod-like micelles; instead the interface 

consists of tightly held silicate oligomers that act as multidentate ligands for surfactant head 

groups. This step is highly favoured thermodynamically, leading to precipitation of 

mesophase from solution; this is probably the main reason for forming silicate 

mesostructures at room temperature. 

The above-mentioned process is then followed by silicate polymerization within the 

surfactant-silicate interface. It is favoured for two reasons: (i) the concentration of silica near 

the interface is high and (ii) the negative charge is partially screened by the surfactant. The 

second step is slow and the rate limiting step. Silica polymerization leads to a strong and 

extended framework with thermal, mechanical and hydrolytic strengths and condensation 

between inorganic species proceeds according to the following schemes: 

≡Si–O– + HO–Si≡ → ≡Si–O–Si≡ + OH– 

≡Si–OR + HO–Si≡ → ≡Si–O–Si≡ + ROH 

As polymerization proceeds, the charge density within the inorganic wall decreases 

resulting in a decrease in the number of surfactant cations required for charge compensation. 

Charge density matching at the organic-inorganic interface may then drive the rearrangement 

of the organic molecules, leading to a phase transformation. 

In the early stages of the reaction, the presence of highly charged silica oligomers 

favours small surfactant head groups and a surfactant surface with a minimal curvature. This 

is readily accomplished by a lamellar structure. As polymerization proceeds, the density of 

anionic silanol groups and the number of necessary charge compensating cations decrease. 

The optimal value of the surfactant head group (A0) therefore, increases and the system finds 

it minimal energy by adopting hexagonal structure in case of MCM-41. If the silicate wall is 

poorly condensed, it is flexible enough to allow the transition from a lamellar to a hexagonal 

phase. Although the silica-initiated synthesis mechanism has been widely accepted, the 

presence of an intermediate lamellar species has been disputed. 

 

2.3.2.3. Crystal – growth mechanism: 

Cheng et al. [32] advanced a crystal-growth mechanism supporting the viability of the 

silica-initiated crystallization reaction, but they discounted the existence of the lamellar 

intermediate. They proposed that when all the faces of a nucleus grow at the same rate, the 
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resulting crystal has a perfect hexagonal morphology. However, the composite micellar rod is 

a large molecular group surrounded by a highly concentrated and inhomogeneous gel and 

faces at nucleus may grow at different rates if they are confined to different environments. 

Thus, both hexagonal crystals and crystals irregular in shape and size may be observed and 

formation of an intermediate layered material is unlikely to occur. 

 

2.3.2.4. Heterogeneous Nucleation mechanism: 

Liu et al. [36] studied the effect of colloidal particles on MCM-41 crystallization, 

where they used TEM micrographs to show that colloidal silica and titania promoted the 

formation of a MCM-41 phase. In contrast, no ordered structure formed when TEOS was 

used instead of Ludox as the silica source in the same hydrogel. Based on these results, the 

authors proposed the existence of a heterogeneous nucleation mechanism at their particular 

reaction conditions. 

 

2.3.2.5. Surfactant Control of Silica-based Mesophases: 

The nanostructured assembly can be regarded as a special case of a water surfactant 

system, in which surfactants are bound to inorganic species through either Coulombic, 

covalent, or hydrogen bonds. Stucky’s group has conducted systematic investigation of the 

effect (surfactant organization in liquid – crystal arrays) of the surfactant packing parameter 

‘g’ on the structure of siliceous mesophases [37]. 

Gemini surfactants, of general formula CnH2n+1N+(CH3)2(CH2)s(CH3)2N+CmH2m+1 

(designated as Cn–s–m) having two quaternary ammonium head groups separated by 

methylene chain of variable length proved especially useful in generating amphiphiles with 

tunable head groups. By tuning the head-group area of gemini surfactants through presence 

of spacer ‘s’ one can attain either MCM-50 (s = 2 or 3) or MCM-41 (s = 5 or 6). It has been 

observed that C12 –12 – 12 gives MCM-41 whereas, C16 –12 – 16 yields MCM-48 at room 

temperature. The presence of the hydroxyls decreases the hydrophobicity of the head group 

and, thereby, the effective head-group area. This, in turn, favours the formation of structures 

with low surface curvature. 

There is a two-fold role of pH, which is very influential in the synthesis of 

mesophases; it controls the type of oligomeric silicate species present in solution and it 
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controls the electrolyte concentration and, therefore, the ionic environment surrounding the 

surfactant head groups (see Table 2.1). As ‘g’ is increased, phase changes occur in a 

sequence controlled by the solution pH. In acidic hydrogels, the sequence is cubic (Pm3n, 

SBA-1) → 3d hexagonal (P63/mmc, SBA-2) → 2d hexagonal (P6m, SBA-3) → lamellar 

(MCM-50). In contrast, for basic hydrogels, the sequence was 3d hexagonal (P63/mmc, SBA-

2)  2d hexagonal (P6m, MCM-41)  cubic (Ia3d, MCM-48)  lamellar (MCM-50) [37]. 

Stucky and coworkers concluded that the molecular-packing model could be extended to 

mesoporous silicate structures. 

 

2.3.3. SYNTHESIS OF KANEMITE-DERIVED MESOSTRUCTURES 
 

2.3.3.1. Folded - Sheet Mechanism: 

Inagaki et al. [7] proposed a folded-sheet mechanism to explain the formation of 

kanemite-derived nanostructures; see Scheme 2.3 (B). Time-resolved X-ray diffraction 

results show the presence of intercalated silicate phases in the synthesis medium of the 

reaction products. The flexible silicate layers of kanemite then fold around the ion-exchanged 

surfactant cations, cross-linking of the interlayer occur by condensation of silanol groups on 

adjacent silicate sheets. This folding and cross-linking process is facilitated by the flexibility 

of the single-layered kanemite sheets. When pH is increased, the amount of occluded 

alkyltrimethylammonium cations in kanemite increases as well and as a result the interlayers 

of kanemite expand and form a regular hexagonal structure with high adsorption capacity 

called FSM-16. The undissolved portion of kanemite converts to more FSM-16, whereas the 

dissolve species yields amorphous silica. 

 

2.3.3.2. Dissolution mechanism: 

Chen et al. [38] refined the folded-sheet mechanism of Inagaki et al. [7] and proposed 

dissolution mechanism. According to Chen et al., the kanemite layers are first intercalated 

with surfactant cations, and then at high pH, silica dissolves into synthesis medium, 

decomposing the kanemite layers. The loss the kanemite structural integrity, with the ability 

of the surfactant molecules to form micellar aggregates, drives organization of the composite 

 70 
 



 

material to completion. Condensation of adjacent silanol groups around the organic micelles 

results in the formation of a periodic mesoporous silicate isomorphous to MCM-41. 

 

2.3.4. GENERALIZED LIQUID CRYSTAL TEMPLATING 

MECHANISM 
2.3.4.1. Ionic Route (Electrostatic Interaction): 

Huo and coworkers [39] postulated a generalized mechanism for the formation of 

mesostructured materials based on the specific type of electrostatic interaction between a 

given inorganic precursor (I) and surfactant head group (S) with a view that the new 

inorganic species should be capable of forming flexible polyionic species that can undergo 

extensive polymerisation and charge density matching between the surfactant and the 

inorganic species should be possible. Based on this concept, four different strategies were 

proposed to synthesize transition metal oxide mesostructures [39]. The first two routes 

involve the charge density matching between cationic surfactants and anionic inorganic 

species (S+I–) and the charge-reversed situation (S–I+). The third and fourth routes are 

counteranion-mediated pathways that allow the assembly of cationic and anionic species via 

halide (S–X+I–) or alkali metal (S+X–I+) ions respectively. These synthesis approaches 

allowed for the formation of a wide variety of lamellar, hexagonal or cubic 

surfactants/inorganics mesophases, but a common problem faced was the instability of the 

inorganic framework, which very often, collapsed upon removal of the organic template. 

 

2.3.4.2. Neutral Templating Route (Hydrogen Bonding Interaction): 

Tanev and Pinnavaia [9a,b] proposed a fifth route to synthesize hexagonal 

mesoporous silicas (HMS) that have thicker pore walls, high thermal stability and smaller 

crystallite size but, have higher amounts of interparticle mesoporosity and lower degree of 

long-range ordering of pores than MCM-41 materials.  This route is essentially based on 

hydrogen bonding between neutral primary amines (S°) and neutral inorganic precursors (I°), 

wherein hydrolysis of TEOS in an aqueous solution of dodecylamine yields neutral inorganic 

precursor. Using the same approach, lamellar silicas with vesicular particle morphology 

(MSU-V) have been synthesized [9c] with the help of bola – amphiphile surfactants having 

two polar head groups linked by a hydrophobic alkyl chain.  
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Bagshaw et al. [9d] used nonionic polyethylene oxide surfactants (PEO) to prepare 

nanostructures (MSU) with pore sizes in the range of 2 – 6 nm range, with an added 

advantage of facile recovery of the template besides using low-cost, nontoxic and 

biodegradable surfactants.  

Recently, Prouzet and Pinnavaia [9e] reported a new synthesis procedure that allows 

tuning the mesopore size by controlling the synthesis temperature (e.g. an increase in 

temperature from 25 °C to 65 °C shows and increase in d100-spacing from 4.5 to 5.8 nm), 

wherein, the mesostructure assembly was initiated by adding NaF salt to an aqueous 

suspension of TEOS in the surfactant. 

 

2.3.4.3. Ligand-Assisted Templating Route (Covalent Interactions): 

Antonelli and Ying [40] have proposed a novel ligand-assisted templating mechanism 

for the synthesis of hexagonally packed mesoporous metal oxide materials (e.g. niobium 

oxide) that are completely stable to surfactant removal. This route is novel in that 15N MAS-

NMR results suggest that the surfactant is covalently bonded to the metal atom in the Nb 

precursor. In a typical synthesis, the surfactant (tetradecylamine) was dissolved in the metal 

alkoxides precursor (niobium ethoxide) before addition of water to form metal-ligated 

surfactants by nitrogen-metal bond formation between the surfactant head group and the 

metal alkoxide precursor. Subsequent addition of ethanol and water resulted in the formation 

of white solid having a surface area between 400 – 600 m2 g-1. Highly sensitive liquid crystal 

structures formed in surfactant solutions may also interact with the silicate species directly 

which results in the ordering of the subsequent silicate-enclatherated surfactant micelles to 

form MCM-41 structure. 

 

2.4. PROMOTER MEDIATED SYNTHESIS: STRATEGY 
An approach to reduce synthesis time of porous materials using inorganic cations as 

promoters have been reported earlier [12,13], but synthesis of mesoporous materials and 

zeolites using catalytic amount of promoter and maintaining the ordered structures is a 

daunting task. It is in this context, use of HPAs as new class of promoters for the synthesis of 

microporous and mesoporous materials have been endeavored [21]. Finally, the effect of 
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HPAs on structure and growth patterns of the mesoporous and the microporous crystals will 

be looked into. 

In this chapter, a novel, convenient and rapid synthesis route for microporous 

(zeolites Na-Y, Ferrierite and Silicalite-1) and mesoporous materials (MCM-41 and MCM-

48) using catalytic amount of Keggin anions (H3PMo12O40.24H2O, H3PW12O40.24H2O and 

the their corresponding oxoanions Na2MoO4. 2H2O, Na2WO4.2H2O, NaH2PO4.2H2O) as 

promoters will be presented. This has been supported by vital characterizations based on 

NMR and powder XRD and a plausible reason for the cause of rapid synthesis has been put 

forth based on the hard and soft acid base (HSAB) theory. The main emphasis will be laid on 

the synthesis, characterization and results on mesoporous MCM-41 and MCM-48 materials 

and extended further, with additional details, to microporous materials e.g. Na-Y, Silicalite-1 

and Ferrierite. 

The main features when the oxoanions of molybdenum (MoO4
2-), tungsten (WO4

2-) 

and phosphorus (PO4
3-) together are used as catalysts here are: (i) the rapid synthesis of the 

zeolites and mesoporous materials by using catalytic amounts of these promoters, (ii) the 

formation of smaller and uniform crystal sizes of the zeolites compared to either Gr. V or Gr. 

VII oxoanions or in the absence of any promoter, (iii) the stability of zeolite Na-Y for at least 

6 hours before the formation of zeolite-P (GIS) starts (instead of conventional 1 hour), which 

is a remarkable improvement for stability of faujasite, (iv) synthesis of sub-micron sized 

crystals of Na-Y and Silicalite-1 using these promoters, (v) synthesis of high surface area and 

more ordered mesoporous MCM-41 and MCM-48, and (vi) higher stability regime of the 

MCM-48 materials  using these promoters.  

 
2.5. HPA–MEDIATED SYNTHESIS OF MESOPOROUS MATERIALS 
 HPAs (heteropolyacids) of molybdenum and tungsten, when used in catalytic 

amounts in the syntheses gels, reduce the nucleation time for microporous zeolites and 

mesoporous materials, by many folds [21]. The presence of catalytic amounts of the 

promoters (vis-à-vis in its absence) in the synthesis of these inorganic materials may be 

carried at lower temperature in all the cases. Zeolite structures containing small pore (FER, 5 

Å), medium pore (MFI, 8 Å), large pore (FAU, 13 Å) and mesoporous materials such as 

hexagonal MCM-41 and cubic MCM-48 having mesopores (~ 30 Å) have been chosen as 
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illustrative examples for novel and rapid syntheses of these porous materials using HPAs as 

promoters. Further, it is demonstrated for the first time that in the synthesis of MCM-48, 

presence of Keggin anions does not need the addition of any co-surfactant or mineral acid 

[15, 17]; and additionally, very low template concentration (Si/template ≈ 5) was required in 

the promoter-assisted synthesis of MCM-48. 

 

2.5.1. Materials  
The silica source used was fumed silica (Aldrich) in case of MCM-41 and MCM-48 

syntheses. Cetyltrimethylammonium bromide (CTMABr, Aldrich) was used as template for 

the syntheses of the mesoporous materials. The heteropolyacids (phosphotungstic acid, 

phosphomolybdic acid), sodium molybdate, sodium tungstate and sodium dihydrogen 

phosphate were obtained from s. d. Fine Chem, India. Other chemicals required for synthesis 

like sodium aluminate (NaAlO2), sodium hydroxide (NaOH), were all procured from s. d. 

Fine Chem, India. 

 

2.5.2. Synthesis of Si-MCM-41 
In a typical synthesis of MCM-41, 3 g of fumed silica (Aldrich) was added to a 

solution of 0.64 g NaOH in 25 mL H2O and stirred for 45 min. To this, a solution of 3.64 g 

CTABr in 50 mL H2O was added drop wise and stirred another 45 min. Finally a solution of 

required amount of promoter in 37 mL of H2O was added to the synthesis mixture and stirred 

for another 30 min. For the synthesis without promoter, only 37 mL of H2O was added to the 

gel. The final gel composition was SiO2: 0.32 NaOH: 0.2 CTABr: 125 H2O: 0.0033 P (P = 

promoter used). The materials were autoclaved at 100 °C, washed with copious amounts of 

water and calcined at 540 °C. 

 

2.5.3. Synthesis of Si-MCM-48 
In a typical synthesis of MCM-48, 3 g of fumed silica (Aldrich) was added to a 

solution of 0.8 g NaOH in 25 mL H2O and stirred for 1 h. A solution of 3.82 g of CTABr in 

50 mL H2O was added to the gel drop wise and stirred for another 1 h. Finally a solution of 

necessary amount of promoter in 33 mL of H2O was added to the synthesis mixture and 
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stirred for another 30 min. For the synthesis without promoter, only 33 mL of H2O was added 

finally. The final gel composition was SiO2: 0.4 NaOH: 0.21 CTABr: 120 H2O: 0.0033 P. 

The materials were autoclaved at 150 °C and calcined materials obtained by the procedure as 

mentioned earlier. The hydrothermal syntheses in both the cases were carried out for 

different time intervals by taking out in batches to study the effect of promoters. 

 

2.6. HPA-MEDIATED SYNTHESIS OF MICROPOROUS MATERIALS 

2.6.1. Materials 
The silica source was sodium silicate (Loba, India) in zeolite Y and Ferrierite 

synthesis and tetraethyl orthosilicate (TEOS, Aldrich) in case of silicalite-1 synthesis. 

Templates for Silicalite-1 synthesis, tetrapropylammonium hydroxide (TPAOH), and 

Ferrierite synthesis, pyrrolidine were obtained from Aldrich. The heteropolyacids 

(phosphotungstic acid, phosphomolybdic acid), sodium molybdate, sodium tungstate and 

sodium dihydrogen phosphate were obtained from s. d. Fine Chem, India. Sodium aluminate 

(NaAlO2), sodium hydroxide (NaOH), aluminium sulfate hexadecahydrate 

(Al2(SO4)3.16H2O) were all procured from s. d. Fine Chem, India. 

 

2.6.2. Synthesis of zeolite NaY (FAU) 
Zeolite Na-Y has been synthesised based on the procedure reported earlier [41]. In a 

typical synthesis of zeolite Na-Y (faujasite), seed crystals of zeolite NaY were prepared 

separately from an aqueous mixture of Na2SiO3 (95 mmol, 28% SiO2), NaAlO2 (9.76 mmol, 

43% Al2O3, 39% Na2O), NaOH (70 mmol) and H2O (0.55 mmol) by stirring for 1 h and 

keeping it to rest for 18 h. Before mixing the starting materials, the aqueous solution of 

NaAlO2 was filtered through a membrane filter with pore size of 0.2 µm to remove 

impurities, e.g. Fe(OH)3. The seed crystals of zeolite NaY thus prepared were then added to 

the aqueous solution of Na2SiO3 (355 mmol). Subsequent addition of NaAlO2 (34.2 mmol), 

NaOH (92.5 mmol), Al2(SO4)3.16H2O (6.02 mmol) and H2O (1.94 mmol) were followed 

under constant stirring for 2 h. Aqueous solutions of promoters (0.315 mmol), 

H3PMo12O40.24H2O, H3PW12O40.24H2O, Na2WO4.2H2O, Na2MoO4.2H2O and 

NaH2PO4.H2O with molar ratio of SiO2: promoter as 400:1 were made separately in 5 ml de-

ionised water. These solutions were finally added to the respective gel mixtures, with an 
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additional stirring of 1 h; final pH of the gel is 13.1. The final molar composition of the 

reaction mixture was 400 SiO2: 85 Al2O3: 280 Na2O: 7575 H2O: P  (P = promoter used). The 

reaction mixtures for zeolite were then sealed in polypropylene bottles and kept in an oven at 

358 K at different time intervals from 3 h to 12 h under autogenous pressure. The as-

synthesized samples were filtered and washed several times with deionised water, dried at 

353 K and then calcined at 813 K for 12 h.  

 

2.6.3. Synthesis of Ferrierite (FER) 
Ferrierite was synthesized implementing a published procedure [12c], with an aid of 

these promoters. In a typical synthesis of ferrierite, to a stirred solution of Na2SiO3 (430 

mmol), Pyrrolidine (0.12 mmol) and then Al2(SO4)3.16H2O (3.8 mmol) is added and further 

stirred for 1 h. Aqueous solutions of the above-mentioned promoters (0.3 mmol) with the 

same molar ratio were made in de-ionised H2O (2.2 mmol) and added slowly while stirring 

for another 1 h. The final pH was kept at 12. The final molar composition of the reaction 

mixture is 400 SiO2: 120 Na2O: 6 Al2O3: 222 Pyrrolidine: 7710 H2O: P  (P = promoter used). 

The reaction mixtures for ferrierite were then sealed in stainless steel autoclaves and kept in 

oven at 423 K at time intervals ranging from 15 to 60 h, and then were filtered and washed 

several times with de-ionised water, dried at 373K and then calcined at 813 K for 12 h.  

 

2.6.4. Synthesis of Silicalite-1 (Si – MFI) 
In a typical synthesis of Silicalite-1 [12b], TPAOH (166 mmol; 20% aq. solution) was 

added to a stirred solution of TEOS (100 mmol; 98%), and further stirred for 2 h. To this, 

aqueous solutions of the above-mentioned promoters (0.25 mmol) with same molar ratio 

were made in de-ionised H2O (1 mmol) and added slowly while stirring for another 3 h. The 

final pH was 10.7. The final molar composition of the reaction mixture is 4 SiO2: 1.34 

TPAOH: 100 H2O: 0.01P (P = promoter used). The reaction mixtures for silicalite-1 were 

then sealed in polypropylene bottles and kept in oven at 358 K for a period ranging from 8 to 

48 h, followed by filtration and washing several times with de-ionised water, drying at 353K 

and then calcining at 813 K for 12 h. 
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2.7. CHARACTERIZATION 

Powder X-ray diffraction (XRD) was obtained on Rigaku D MAX III VC 

diffractometer using Ni-filtered Cu Kα radiation of wavelength 1.5404 Å, a scan rate of 1° 

per minute at room temperature. The crystallinity of the samples was determined by 

integrating the area of the powder XRD patterns in the 2 θ ranges from 1.5° to 10°. Scanning 

electron microscopy (SEM) was obtained on a JEOL, JSM 5200 machine operated at 20 kV. 

Samples for investigations were prepared by suspending the crystalline materials in 

isopropanol, then casting on gold plated discs and subsequent drying under vacuum. For 

transmission electron microscopy (TEM) of the mesoporous materials, the samples were 

dispersed by isopropanol on Holey carbon grids and TEM images were scanned on a Jeol 

Model 1200 EX instrument operated at an accelerating voltage of 100 kV. 29Si solid-state 

MAS NMR spectra of the solid materials were obtained on a Bruker MSL 300 NMR 

spectrometer at 59.664 MHz using 7 mm CP-MAS probe at 7.01 Tesla. The chemical shifts 

were referred to TMS at 0 ppm and the spectra were collected at a spectral width of 20 kHz, 

with a flip angle of 45o, 6000 real data points and 5 s relaxation delay. 

 

2.8. RESULTS AND DISCUSSION 
In this work, H3PMo12O40.24H2O, H3PW12O40.24H2O and their oxoanions 

Na2MoO4.2H2O, Na2WO4.2H2O, NaH2PO4.2H2O, have been used to study the catalytic 

effect in the synthesis of MCM-41 and MCM-48. It is well known that these 

polyoxometalates break up into their respective oxoanions in alkaline medium. Hence, we 

have performed separate synthesis experiments where, the oxoanions (phosphate and 

molybdate or tungstate) have been added separately to the gel mixtures of each mesoporous 

materials, to study the effect of addition of various anions in the syntheses of these 

mesoporous materials. 

 

2.8.1. Effect of various promoters in the syntheses 
In this work, sodium molybdate (Na2MoO4.2H2O), sodium tungstate 

(Na2WO4.2H2O), sodium dihydrogen phosphate (NaH2PO4.2H2O), phosphomolybdic acid 

(H3PMo12O40.24H2O) and phosphotungstic acid (H3PW12O40.24H2O) have been used to study 
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the overall catalytic effects in the synthesis of (a) mesoporous materials such as MCM-41 

and MCM-48 and (b) microporous materials such as Faujasite (Na-Y), Silicalite-1 (Si-MFI) 

and Ferrierite (FER). It is known that these polyoxometalates dissolve and break up into their 

respective oxometalates or oxoanions in alkaline medium (pH ≥ 10). In order to understand 

the effect of promoters, a separate synthesis experiment for MCM-41 material (as a typical 

example) have been performed, where the oxoanions (phosphate, molybdate or tungstate) 

and their polyoxometalate (phosphomolybdate or phosphotungstate) anions are added 

separately in the same molar ratio (Si: P = 300:1) to gel mixtures of MCM-41.  
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Figure 2.1. Effect of addition of different promoters for crystallization of zeolites and 
mesoporous materials (Si : Promoter = 300). 
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The effect of various promoters (with equivalent promoter concentrations) in the 

synthesis of mesoporous MCM-41 has been shown in Figure 2.2 (A) with respect to the 

powder XRD patterns of the synthesized MCM-41 materials using the promoters. It is 

observed that synthesis of MCM-41 is very rapid in the presence of heteropolyacids e.g. 

phosphomolybdate or phosphotungstate anions compared to other oxoanions e.g. phosphate, 

molybdate or tungstate and ofcourse in the absence of any promoters. The degree of 

orderedness of the MCM-41 and MCM-48 materials in presence or absence of promoters has 

been adjudicated by 29Si MAS NMR of the materials, thus synthesized (see section 2.8.4.3). 

On the whole, it is distinctly observed that phosphotungstate or phosphomolybdate anions 

render rapid nucleation than compared to other oxoanions. A typical synthesis time data for 

the synthesis of these materials has been presented in Table 2.2. 
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Figure 2.2. Powder XRD patterns of (A) calcined MCM-41 samples synthesized at 100°C 
using promoters (a) H3PW12O40 (3 h), (b) H3PMo12O40 (3 h), (c) Na2WO4 (6 h), (d) Na2MoO4 
(6 h) and (e) without promoter (16 h); (B) calcined MCM-48 samples synthesized at 140°C 
using H3PW12O40 as promoter for different times, (a) 9 h, (b) 12 h, (c) 18 h, (d) 24 h, and (e) 
without promoter for 36 h. 
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The same trend has also been observed in the synthesis of microporous materials. In a 

typical experiment for synthesis of zeolite Na-Y using the above mentioned promoters, 

percentage crystallization was determined using powder XRD intensity patterns (I) at {111}, 

that corresponds to the principal Bragg’s reflection index for zeolite Y. Powder XRD of a 

standard zeolite Na-Y sample was performed and the peak intensity at {111} is termed as I0 

(see Table 2.2). The various intensities, which are obtained at different time intervals with 

different promoters were compiled and the ratio (I)111/ (I0)111 of these data presents a 

qualitative insight of the zeolite Y crystallization patterns for different promoters (see Figure 

2.3). The crystallization kinetics using this qualitative approach show how the rapidity and 

the ease of formation for zeolite Y vary by choosing the promoter anions in the respective 

order in the synthesis gel: PW12O40
3– ≈ PMo12O40

3– « WO4
2– ≈ MoO4

2– < PO4
3– « no 

promoter. 
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Figure 2.3. Crystallization kinetics of zeolite Na-Y using various promoters (see inset). 

 80 
 



 

As an illustration, in absence of promoters, the average particle size of zeolite Na-Y 

crystal is around 900 – 1000 nm. Using various promoters in the respective synthesis gels of 

zeolite Y, crystallite sizes differed markedly; 550 – 600 nm and 270 – 300 nm for WO4
2- and 

PW12O40
3- anions respectively, with enhanced surface area (Table 2.2.). Hence, using 

promoters in the synthesis of microporous or mesoporous materials not only reduced the 

synthesis time and enhanced the crystallinity, but also incurred uniform and nanosized 

crystallites of the materials that exhibited a gradual increase in the surface of the materials. 

 
2.8.2. Effect of time in the promoter aided syntheses  
 Claims regarding obtaining of hexagonal mesostructure diffraction patterns was 

reported in 1 h [14a,33], but, long-range ordering and thermal stability was poor and they 

were attained only after several hours of synthesis. The concept of using promoters has been 

basically been used for rapid synthesis (hence, lesser time) of porous materials with long-

range ordering and high thermal stability. In an experiment to examine the thermal stability 

of the materials, 1 g of Si-MCM-41 was suspended in 50 mL of double distilled water and 

allowed to reflux for 30 h. The solid powder was separated from the filtrate by filtration and 

the Si-MCM-41 thus recovered was scanned by powder XRD analysis. The powder XRD 

pattern showed that there was almost no change in the hexagonal mesostructure patterns of 

the MCM-41 sample, but there was a slight decrease in the {100} peak intensity. We 

resolved the extent of orderedness of MCM-41 or MCM-48 materials using powder XRD 

(Figure 2.2 (B)) and 29Si MAS NMR spectra (to be discussed later) of the materials to study 

the effect of time in the synthesis of well ordered MCM-41 and MCM-48 materials using 

phosphotungstate anions as promoters. 

 

2.8.3. Effect of promoter concentration in the syntheses  
 Concentration of the promoters in obtaining well-ordered porous materials, e.g. 

mesoporous MCM-41 and MCM-48, and microporous Na-Y, Silicalite-1 or Ferrierite 

materials, through rapid synthesis is an important parameter for determining the optimum Si: 

P (P = Promoter) molar ratio to be maintained. As a typical example, the effect of promoter 

concentration has been studied in the synthesis of MCM-41 employing variable Si:P molar 

ratios (SiO2:Promoter) ranging from 25 to 600 in the synthesis gel for a constant time of 4 h 
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(Figure 2.4 A). The best-ordered patterns of MCM-41, as obtained from powder XRD, is 

obtained at the lowest Si:P molar ratio of 300. This molar ratio (Si:P = 300) has been chosen 

as the standard for synthesis of mesoporous MCM-48 or other zeolitic materials (Na-Y, 

Ferrierite and Silicalite-1) through out this work. 

 

igure 2.4. (A) Powder XRD patterns of calcined MCM-41 samples synthesized at 100 °C 
 
F
for 4 h using PW12O40

3- as promoter and following Si/promoter ratios, (a) 25, (b) 50, (c) 600, 
(d) 400, (e) 300, (f) 200, and (g) 100. (B) Powder XRD patterns of calcined MCM-41 
samples synthesized at 100 °C for 4 h by simultaneous addition of PO4

3- and WO4
2- keeping 

Si: PO4
3- = 300 and following WO4

2-: PO4
3- ratios, (a) 1, (b) 3, (c) 6, (d) 12, and (e) 15. 
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2.8.4 PHYSICAL CHARACTERIZATIONS 
2.8.4.1. Powder XRD and Atomic Absorption Spectra of the materials 

Atomic Absorption Spectroscopic (AAS) analyses of the samples, dissolved in HF, 

reveal absence of P, Mo or W hence, they do not get incorporated in the mesoporous or 

microporous zeolite materials. The powder X-ray diffraction (XRD) patterns of the calcined 

Na-Y, Silicalite-1 and Ferrierite, and MCM-41 and MCM-48 samples using H3PW12O40 as 

promoter show excellent crystallinity and are presented in Figure 2.5 (A) and (B). 
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Figure 2.5. Powder XRD patterns: (A) (a) Silicalite-1, (b) Ferrierite, (c) Na-Y; and (B) (a) 
MCM-41, (b) MCM-48, synthesized using PTA as promoter. 
 

The calcined powders show excellent well-resolved XRD patterns in the 2θ region of 

1.5 to 6°, which are indexed to the {100}, {110}, {200} and {210} diffraction peaks of 

MCM-41 and the {211}, {220}, {321}, {400}, {420}, {322}, {422} and {431} diffraction 

peaks of MCM-48. Using PMo12O40
3- or PW12O40

3- ions as promoters, though the 100 peak 

of MCM-41 can clearly be observed for the sample obtained after 1 h, the best result was 

observed with the sample taken out after 3 h with its distinct peaks and a surface area of 1322 
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m2 g-1. Similarly, MCM-48 with high degree of orderedness was obtained after 12 h using 

HPAs as promoters with its distinct peaks and a surface area of 1932 m2 g-1. MCM-41 and 

MCM-48 were synthesized respectively at 6 h and 24 h when MoO4
2-/ WO4

2- ions were used 

as promoters, and at 16 h and 36 h without using promoters. In comparison to the samples 

synthesized using other oxoanions, e.g., MoO4
2- or WO4

2- or without adding promoters, the 

mesoporous samples synthesized using HPAs were far better in terms of respective 

mesostructural patterns. Similar trend of very good crystallinity (see Figure 2.5 A) has been 

observed for zeolites Na-Y, Ferrierite and Silicalite-1 microporous samples; as an example, 

an increase in surface area for zeolite Na-Y from 512 m2 g-1 to 750 m2 g-1 is observed when 

PTA-mediated synthesis is performed. 

As an additional experiment to explore the effects of different oxoanions, we added 

PO4
3- and WO4

2- anions separately in the synthesis gel of MCM-41 at various molar ratios (P: 

W varied from 1 to 15, where W = WO4
2- and P = PO4

3- anions) and taken out at after 3 h. 

From the powder XRD patterns (see Figure 2.4 B) we observe that at lower W: P molar ratio 

of 1 to 6, poor mesophases of MCM-41 are obtained. At P: W ratio of 1:12, which is exactly 

similar to that of P: W in PW12O40
3- anion added in the synthesis gel, excellent and distinct 

hexagonal mesophases are obtained, while reversing the ratios give amorphous phases. This 

proves conclusively that WO4
2- or MO4

2- anions infact are better promoters in comparison to 

PO4
3- and both the oxoanions play crucial roles in increasing the crystallization rates of the 

mesoporous materials when HPAs are used. We could not obtain crystalline materials by 

using phosphate promoter in the molar ratio of 300:1 (Si: P), hence, we had to perform 

experiments with higher molar ratio of 30:1 (Si: P), as reported earlier [12], to get a good 

comparison with the other promoters used in the MCM-41 or MCM-48 synthesis. 
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Table 2.2. Physical Characteristics of the materials synthesized (SiO2 : Promoter mole ratio = 300 : 1) 

Material Promoter(a) 
Synthesis 

time (h) 

dhkl 

(Å) 

ao
(b) 

(Å) 

Particle 

Size(c) 

(µm) 

Surface 

area 

(m2 g-1) 

PV(d) 

cm3g–1 

PD(e) 

(Å) 

FWT(f) 

(Å) 
(Q3/Q4)(g) 

none       16 42.37 (100) 48.92 10.0 × 2.00 1260 1.186 29.93 18.99 1.22 (0.32)

MA/WA   8 41.73 (100) 48.18 4.00 × 1.00 1271 n. d. n. d. n. d. n.d. MCM-41 

PMA/PTA   4 41.16 (100) 47.52 0.60 × 0.40 1322     

       

1.233 26.68 20.84 0.49 (0.16)

none 36 38.08 (211) 93.28 3.00 × 2.00 1701 1.137 22.69 18.82 0.79 (0.18)

MA/WA   

        

    

24 37.55 (211) 91.98 2.00 × 1.00 1827 n. d. n. d. n. d. n.d. MCM-48 

PMA/PTA 12 37.11 (211) 90.90 0.50 × 0.40 1932 1.399 20.40 19.20 0.47 (0.15)

none 12 14.29 (111) 24.75 1.00 × 0.90  512   

MA/WA   6 13.91 (111) 24.09 0.65 × 0.55  630 n. d. n. d. n. d. n. d. Na-Y 

PMA/PTA   4 13.60 (111) 23.56 0.30 × 0.27  750    

      

 

none 60 3.85 (051) 19.63 2.20 × 2.00  

MA/WA   

        

      

16 3.80 (051) 19.38 0.10 × 0.08 n. d. n. d. n. d. n. d. n. d. Silicalite-1 

PMA/PTA 10 3.76 (051) 19.17 0.05 × 0.04  

none 80 9.61 (200) 19.22 12.0 × 3.00  

MA/WA   

        

24 9.52 (200) 19.04 6.00 × 1.00 n. d. n. d. n. d. n. d. n. d. Ferrierite 

PMA/PTA 16 9.41 (200) 18.82 3.00 × 0.50  
aPMA (PMo12O40

3-), PTA (PW12O40
3-), MA (MoO4

2-), WA (WO4
2-); ba0 = 2d100/√3 (MCM-41); a0 = d211×√6 (MCM-48); a0 = 

d111×√3 (Na-Y); a0 = d051×√26 (Sil-1); a0 = d200×2 (Fer); cParticle size (diameter versus width), determined from SEM; d PV = Pore 
Volume; ePD = Pore Dimension; fFWT = Frame Wall Thickness, FWTMCM-41 = a0 – PD, FWTMCM-48 = a0/3.092 – PD/2 [Ref. [44]: 
Schumacher et al., Langmuir 2000, 16, 4648.]; gas-synthesized samples, values in parentheses are for calcined samples. n. d. = not 
determined. 
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2.8.4.2. TEM and SEM studies 
Transmission electron microscopic (TEM) images and the diffraction patterns of 

MCM-41 and MCM-48 were well consistent with the hexagonal and cubic mesophases 

respectively (Figures 2.6 A and B). Especially, the TEM images of MCM-48 resembled 

plate-like morphology and were completely devoid of any intra-particle defects, which 

usually account for secondary mesoporosity [17]. Scanning electron micrographs (SEM) of 

the samples revealed well distributed hexagonal (also spheroidal) and cuboidal structures 

[21] of MCM-41 and MCM-48 respectively (Figures 2.6 C and D), further supporting the 

XRD and TEM results. The average crystal-size, as observed by scanning electron 

microscopy (SEM) of the calcined Na-Y samples obtained using different promoters along 

with a standard Na-Y sample prepared in absence of promoter is shown in Figure 2.7, while 

Figure 2.8 presents SEM images of Silicalite-1 and Ferrierite. The patterns clearly indicate 

that smaller crystals are formed with more uniform particle size distribution, when promoter 

assisted synthesis of zeolites is performed (Table 2.2). 
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A B
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Figure 2.6. (A) TEM image of calcined MCM-41 sample synthesized using H3PW12O40 for 3 
h, (B) TEM image of calcined MCM-48 sample synthesized using H3PW12O40 for 12 h 
(insets show the respective electron diffraction patterns), (C) SEM image of the calcined 
MCM-41 sample synthesized using H3PW12O40 for 3 h, and (D) SEM image of calcined 
MCM-48 sample synthesized using H3PW12O40 for 12 h. 
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Figure 2.7. SEM of zeolite Na-Y crystals using: (a) PO4
3-, 6h; (b) WO4

2-, 5h; (c) PW12O40
3- 

3h; (d) no promoter, 12h (images at magnification = 5 K; 1 mm measurements denote 
average crystal diameter). 
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Figure 2.8. SEM of (a) Ferrierite using PO4

3-, 45h (magnification = 2 K); (b) Ferrierite using 
PMo12O40

3-, 16h (magnification = 5 K); (c) Silicalite-1 using PO4
3-, 24h; (d) Silicalite-1 using 

PMo12O40
3-, 10h (both images at magnification = 20 K). 

87 



 

2.8.4.3. 29Si Magic Angle Spinning (MAS) NMR studies 
In a typical experiment, 29Si MAS NMR studies of MCM-41 synthesis were carried 

out using H3PW12O40 as promoter at different time intervals of 1 h, 2 h, 2.5 h and 3 h (see 

Figure 2.9). This was performed to determine the degree of polymerization and concentration 

of silanol groups usually measured by the ratios of Q3 and Q4, the two major peaks. Q3 and 

Q4 measures the number of 29Si of the type (SiO)3≡Si–OH and (SiO)3≡Si–O–Si≡ 

respectively. Using PW12O40
3-

 ions (PTA) as promoters, hexagonal phases of MCM-41 

similar to type A and B were observed as reported earlier [16,39,42], from 0 h to 2.5 h and at 

3 h respectively. It was observed that the % Q4 species increases with time at the expense of 

Q3 and Q2, which in comparison to the spectra obtained without using promoter, concludes 

that the more condensed and ordered hexagonal array of MCM-41 and cubic arrays of MCM-

48 are obtained at 3 h and 12 h respectively, as observed by the Q3/Q4 ratio. The Q3/Q4 ratio 

for the PTA mediated synthesis of MCM-41 as well as MCM-48 is always lower then the 

samples prepared without using PTA promoter (see Figure 2.9). From the 29Si MAS NMR 

spectral patterns, a substantial condensation of Q3 to Q4 species was observed during 

calcinations of the as-synthesized MCM-41 and MCM-48 samples (see Table 2.2). A typical 

Q3/Q4 ratio for MCM-41 sample, prepared in absence of promoter shows a value of 1.22 and 

0.32 before and after calcinations, while for PTA mediated MCM-41 sample, the respective 

values are 0.49 and 0.16 before and after calcinations (Figure 2.9). The results thus imply the 

effect of PTA (or HPAs) in rapid nucleation, that with advancement of time produce a very 

high degree of silanol condensation and orderedness of the MCM-41 and MCM-48 materials. 

The Si/Al ratio of 2.35 for Na-Y, calculated from solid-state 29Si MAS NMR [43], is 

well in accordance with the ratio of 2.37 obtained by elemental analysis (by AAS). The solid-

state 29Si-MAS-NMR spectrum of zeolite Na-Y synthesized using various promoters, is in 

excellent match with that of standard Na-Y zeolite (Figure 2.10). 
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Figure 2.9. 29Si MAS NMR spectra of as-synthesized MCM-41 and MCM-48 at different 
time intervals. The NMR experiments were performed on a Bruker MSL 300 spectrometer, 
in a 7 mm zirconia rotor at 4.0 kHz and 11.7 Tesla. Chemical shifts were measured with 
respect to tetraethyl orthosilicate (TEOS) as the reference compound. The Q2: Q3: Q4 ratios 
were calculated using Jandel Scientific PeakFit deconvolution program. 
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Figure 2.10. 29Si solid-state MAS NMR of zeolite Na-Y using promoters (a) molybdate, (b) 
phosphomolybdate, (c) phosphate and (d) standard Na-Y sample, where I: Q0, Si (4Al, 0Si); 
II: Q1, Si (3Al, 1Si); III: Q2, Si (2Al, 2Si); IV: Q3, Si (1Al, 3Si); V: Q4, Si (0Al, 4Si) 
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2.8.4.4. Surface Area and Pore Size Distribution of MCM-41 and MCM-48 
The BET surface area increases when PTA promoter is added in the synthesis gels of 

the materials. Typical N2 adsorption isotherm along with the pore size distribution of the 

promoter mediated (PTA) synthesis of MCM-41 and MCM-48 materials has been presented 

in Figures 2.11 and 2.12, respectively. For PTA-mediated synthesis of MCM-41 material, the 

inflection in the N2 isotherm around P/P0 = 0.25 – 0.40 (Figure 2.11) becomes sharper 

indicating narrower and uniform pore size distribution. In general, the BET surface areas of 

the promoter mediated MCM-41 samples are higher than the MCM-41 material synthesized 

in absence of promoters. The results w.r.t surface area, pore diameter and frame wall 

thickness as have been acquired from the N2 adsorption isotherm data is also presented in 

Table 2.2. PTA-mediated MCM-41 sample shows a surface area of 1322 m2g–1, pore 

diameter of 26.68 Å and a frame wall thickness of 20.84 Å (frame wall thickness calculated 

based on Ref. 44) in comparison promoter-absent MCM-41 material having surface area of 

1260 m2g–1, pore diameter of 29.93 Å and a frame wall thickness of 18.99 Å. Similarly, for 

PTA-mediated MCM-48 sample, N2 adsorption isotherm with a sharp nitrogen condensation 

step at P/P0 = 0.25 – 0.35 (Figure 2.12) and extremely narrow pore size distribution with a 

maximum at ca. 22.46 Å clearly indicate that the material has a high order pore system. 

Especially, the PTA-mediated MCM-48 material shows a pore volume of 1.399 cm2g–1, 

which is very high compared to that of other similar mesoporous systems [45]. PTA-

mediated MCM-48 sample shows a very high surface area of 1932 m2g–1, pore diameter of 

20.40 Å and a frame wall thickness of 19.20 Å [44] in comparison promoter-absent MCM-48 

material having surface area of 1701 m2g–1, pore diameter of 22.69 Å and a frame wall 

thickness of 18.82 Å. The PTA-mediated MCM-41 and MCM-48 samples when suspended 

and stirred for 30 h in boiling water, the samples still retained their respective hexagonal and 

cubic structures. On the basis of the above-mentioned data and in reference to the TEM 

images, it can be further conjectured that the wall thickness of the promoter-mediated 

samples are uniform and very dense. Infact, to our knowledge, we obtained the highest 

framework density MCM-48 material using PTA as a promoter [45]. 
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Figure 2.11. N2 adsorption-desorption (BET) isotherm (left) and BJH pore size distribution 
(right) for Si-MCM-41 (using PTA as promoter; molar ratio of SiO2 : PTA = 300). 
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Figure 2.12. N2 adsorption-desorption (BET) isotherm (left) and BJH pore size distribution 
(right) for Si-MCM-48 (using PTA as promoter; molar ratio of SiO2 : PTA = 300. 
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2.9. POSTULATE FOR RAPID NUCLEATION: HSAB THEORY 
It has been demonstrated that classical nucleation theory can predict nucleation rates 

during colloidal crystallization [22,46]. Crystal formation and growth are governed by 

particle gradient diffusivity [47]. We too consider here that the zeolite crystals are formed 

from the colloidal phase of the zeolite precursor, usually known as ‘gel’. Once the crystals 

start forming from the colloidal phase the subsequent synthesis of the zeolite is thus made 

very facile, as the formation of crystal nucleus depletes the suspension of colloidal particles 

in the immediate vicinity of the crystal surface of the zeolite formed. A concentration 

gradient from the bulk suspension to the crystal surface is therefore established. Particles 

diffuse down this concentration gradient and are incorporated onto the crystal surface during 

nucleation and growth. Furthermore, the growth of crystalline regions depends on a 

competition between a decrease in surface energy favouring growth, and an increase in 

surface energy, which favours shrinkage [48]. Growth becomes favourable when the 

crystallites reach a critical size, called the critical nuclei, wherein the primary or secondary 

nucleation plays a crucial role to further enhance the crystallization rate of the zeolites and 

form the crystals. Promoters like HPAs play a crucial role by bringing down the surface 

energy (free energy of the crystal-liquid interface) and dissipating the surrounding aqueous 

layer that hinders the formation of the critical nuclei.  
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Scheme 2.4. HSAB concept for promoter mediated nucleation of MCM type materials 
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Based on the HSAB (Hard and Soft Acid Base) theory [49], we surmise that rapid 

crystallization of mesoporous materials primarily occurs owing to hard-hard interaction of 

hydration sphere of water molecules and the HPA anions used (see Scheme 2.4). The water 

molecules thus, surrounding the crystallization region is extracted out, leaving the silicates 

and organic template (CTABr) to have a soft-soft interaction in between them for the 

formation of mesoporous matrices. It is this factor (water extraction), which plays a crucial 

role in bringing down the crystallization time of the mesoporous materials, that otherwise, 

takes a much longer time by conventional synthesis procedure without promoters. In zeolite 

Na-Y, aluminium ions are condensed onto monomer (Q0), dimer (Q1), trimer and tetramer 

species having terminal [Si(OH)3] groups [50]. Presumably, aluminium (Al 3(Si) and Al 

4(Si)) incorporation to form the aluminosilicate species is very fast owing to this 

condensation process. The uptake of Al from the gel to the solid using these promoters was 

quantitative leading to a comparable molar ratio in the solid crystalline product in Na-Y and 

FER zeolites, as present in the synthesis mixture. Hence, crystallization occurs very fast with 

these promoters, than phosphates or oxometalates for syntheses of MCM-41 and MCM-48, 

as well as microporous Na-Y, Silicalite-1 and Ferrierite.  

 

2.10. CONCLUSION 
Thus, a rapid and convenient route using low amount of template (CTABr) for the 

syntheses of highly ordered mesoporous MCM-41 and MCM-48, and zeolites (large pore 

FAU, medium pore Si-MFI and small pore FER) using heteropolyacids as promoters is 

reported here for the first time. A very interesting aspect by using these promoters was 

observed while comparing the crystal size in zeolites and mesoporous materials. The 

similarities in shape and size of the zeolite crystals obtained using WO4
2- (WA) and MoO4

2- 

(MA), PW12O40
3- (PTA) and PMo12O40

3- (PMA) is observed presumably, owing to the same 

size of these pair of promoters. Fully crystalline sub-micron sized zeolites have been 

obtained by the promoter catalyzed synthesis of microporous zeolites and mesoporous 

materials those are reflected in the high surface areas and enhanced crystallinity of the 

materials. The materials thus prepared are very stable e.g., MCM-41 and MCM-48 possess 

high frame wall thickness when promoters are used in the synthesis gels. 
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ENCAPSULATION OF 

HRh(CO)(PPh3)3 IN MICROPOROUS 
AND MESOPOROUS MATERIALS: 

NOVEL HETEROGENEOUS 
CATALYSTS FOR 

HYDROFORMYLATION 
 

 



 

3.1. INTRODUCTION  
Hydroformylation is one of the largest scale applications of homogeneous catalysis in 

industry [1–3]. This process involves a reaction of an olefin, carbon monoxide and hydrogen 

to produce linear or branched aldehyde products. The commercial processes employ 

homogeneous cobalt or rhodium complex catalysts, of which the process using the 

Wilkinson’s catalyst HRh(CO)(PPh3)3 has been considered as a major breakthrough because 

of its high activity and selectivity at mild operating conditions [4]. While, HRh(CO)(PPh3)3 

catalyst has been commercialized for hydroformylation of propylene, wherein, the product 

can be easily separated from the catalyst due to its high volatility, its application for the 

higher olefinic substrates has been limited due to difficulties in catalyst – product separation 

[5, 6]. Therefore, several attempts have been made to heterogenize the homogeneous 

catalysts, so that the advantages of the homogeneous and heterogeneous catalysts can be 

combined. In previous work, polymer anchored [7], supported liquid phase (SLP) [8], 

supported aqueous phase (SAP) [9], biphasic catalysts using water-soluble metal complexes 

[10], using sulfonated [11] or fluorinated phosphines [12] as ligands, ionic liquids as new 

solvents [13], as well as bimetallic catalysts [14] for hydroformylation have been proposed. 

In these reports, interesting concepts have emerged; however, with the exception of biphasic 

catalysis no other approach has been found to be commercially attractive. Even the biphasic 

catalysts for hydroformylation of higher olefins suffer from the disadvantages of the lower 

rates limited by the solubility of olefins in water [15].  

Earlier, heterogenized catalysts were reported using Rh complex dendrimers on silica 

[16], water soluble Calix[4]arene ligands [17] for biphasic hydroformylation of water-

insoluble olefins, silica immobilized with tripodal polyphosphine rhodium catalysts [18] to 

name a few. But in majority of the cases, they suffer from lower selectivity and activity, low 

recyclability, use expensive ligands, unsuitable for commercial applications.  

In this context, encapsulation of metal complexes as a mean of “heterogenization” in 

porous matrices like zeolites and mesoporous materials has particular significance. Zeolites 

and zeotypes (molecular sieves) owing to their varied intrinsic properties (e.g. acidity, 

basicity, redox behaviour etc.), channel sizes, high surface areas, thermal and chemical 

stabilities and channel structures (shape selectivities) have been extensively used in oil 

refining, petrochemical and fine chemical industries for the past couple of decades, for 
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producing bulk chemicals, fine chemicals and speciality chemicals [19]. However, with the 

limitation of micro-pore sizes (less than 13 Å) [20], synthesis of complex organic molecules 

is inefficient, demanding a search for new materials with larger pore sizes. The discovery of 

a novel family of M41S mesoporous materials has opened new opportunities in catalytic 

applications in this context [21, 22]. The M41S family has been generally classified into 

three different categories: MCM–41 (hexagonal), MCM–48 (cubic) and MCM–50 (lamellar). 

The properties of the mesoporous materials such as larger surface areas (> 700 m2g-1), well-

defined pore sizes (20–100 Å) and tenability to change the pore sizes have made them the 

most sought after materials of the last decade. The syntheses of these materials with the aid 

of host-guest chemistry have expanded the applications of solid catalysts for developing new 

processes for fine and bulk chemicals. In immobilization approach, the organometallic 

complex is encapsulated or anchored inside the pores of the inorganic inert matrices, e.g. 

zeolites, M41S materials, clay etc. in such a way that the complex is tightly bound inside the 

pores [23]. The prime requirement is stability of the encapsulated complex, so that it does not 

leach out of the catalyst pores to the liquid phase in the course of a reaction, while retaining 

high activity, selectivity and original configuration. In several reports, heterogeneous 

catalysis by encapsulated materials has been addressed for oxidation [24], hydrogenation 

[25], epoxidation [26] and Heck reactions [27]. But, attempts to heterogenize 

hydroformylation catalysts with true heterogeneity, high activity and selectivity, high 

reusability and easy preparative approaches for commercial utilization in industry taking care 

of catalyst product separation and leaching problems is one of the burning issues.  

In previous reports for hydroformylation of various olefins and alcohols, supported 

Rh based catalysts on clays [28], supported Rh complexes on zeolites [29], encapsulated Rh 

complexes using ‘ship-in-a-bottle’ approach [30], adsorbed Rh complexes on zeolite pore-

mouth [31], tethered Rh complexes to silica matrices [32] and anchored Rh complex in 

MCM-41 materials have been proposed [33] (details have already been discussed in Chapter 

1). But, the heterogenized catalysts suffered either from lower selectivity and activity or low 

recyclability, often followed by leaching of Rh metal under reaction conditions; hence, they 

were not considered for commercial applications.  

Herein, we report syntheses of novel and true heterogeneous catalysts consisting of 

HRh(CO)((PPh3)3 complex encapsulated in zeolite Na-Y and mesoporous M41S materials 
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(MCM-41 and MCM-48) and their performance as catalysts for hydroformylation of various 

olefins [34], as shown in Scheme 3.1. A detailed investigation of the characterization of these 

catalysts using powder-XRD, CP-MAS NMR (29Si, 31P and 27Al), TEM, XPS, FTIR, ICP 

analyses has also been reported. 
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Scheme 3.1. Hydroformylation of olefins using HRh(CO)(PPh3)3 encapsulated supports 

 

It is expected that the metal complexes encapsulated in zeolites and mesoporous 

supports lead to very high metal dispersion and stable catalysts [19]. Similarly, the zeolite 

microstructure could prevent leaching of metal complexes in solution, a serious problem with 

most of the “heterogenized” catalysts. The performance of the catalysts with respect to these 

issues has been discussed. 

 

3.2. EXPERIMENTAL SECTION 
 
3.2.1. MATERIALS 

The materials required for zeolite Na–Y preparation were: Sodium silicate (Loba, 

India) as silica source, sodium aluminate (NaAlO2), aluminium sulfate (Al2(SO4)3.16H2O) as 

aluminium sources and sodium hydroxide (all procured from S. D. Fine Chem, India). In the 

syntheses of MCM-41 and MCM-48 materials, fumed SiO2 (380 m2g−1, Aldrich) as a silica 

source, cetyl trimethyl ammonium bromide (CTABr, Aldrich), as a templates and 

dodecaphosphotungstic acid (PTA, Aldrich) as a promoter to accelerate the syntheses, were 

used. De-ionized water was used throughout the syntheses of zeolite Na-Y and mesoporous 
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materials. Rhodium Chloride (RhCl3. 3H2O, 40% Rh, Aldrich), sodium borohydride (NaBH4, 

s. d. Fine Chem), triphenyl phosphine (PPh3, Aldrich), ethanol (EtOH, 99.9%, BDH, UK) 

and formaldehyde solution (37% HCHO, S. D. Fine Chem) were used for the synthesis of 

HRh(CO)(PPh3)3 complex. Hydrogen and nitrogen gases supplied by Indian Oxygen Ltd. 

Bombay, and carbon monoxide (> 99.8% pure, Matheson Gas Co., U.S.A.) were used 

directly from cylinders.  The syngas mixture (with 1:1 ratio of H2 + CO) was prepared by 

mixing H2 and CO in a reservoir.  

 

3.2.2. SYNTHESES 
 Syntheses of zeolite Na-Y, mesoporous MCM-41 and MCM-48 materials, 

HRh(CO)(PPh3)3 complex, as well as supported, encapsulated and anchored 

HRh(CO)(PPh3)3 complex in zeolite Na-Y, MCM-41 and MCM-48 materials have been 

discussed in the following sections. 

 

3.2.2.1. Zeolite Na–Y and encapsulated Wilkinson’s complex HRh(CO)(PPh3)3 in Na–Y 

In a typical synthesis of zeolite Na-Y [34], seed crystals of zeolite Na–Y were 

prepared separately from an aqueous mixture of Na2SiO3 (95 mmol, 28% SiO2 and 8.4% 

Na2O), NaAlO2 (9.76 mmol, 43% Al2O3, 39% Na2O), NaOH (70 mmol) and 10 mL H2O by 

stirring for 1 h and keeping it to rest for 18 h. The seed crystals of zeolite Na–Y thus 

prepared were then added to aqueous solution of Na2SiO3 (355 mmol). Subsequent addition 

of NaAlO2 (34.2 mmol), NaOH (92.5 mmol), Al2(SO4)3.16H2O (6.02 mmol) and 35 mL H2O 

was followed under constant stirring for 2 h. The overall initial gel composition of the zeolite 

Na-Y was 5.05 SiO2: Al2O3: 5.46 Na2O: 111.58 H2O. HRh(CO)(PPh3)3, prepared as reported 

earlier by Evans et al.,11 (~ 0.135 mmol) was then dissolved in 30 mL EtOH and the solution 

finally added to the zeolite Na–Y gel under stirring for 1 h; pH of the final gel was 13.1. The 

choice of ethanol as the solvent was made considering the complete miscibility with water 

and hence, also with the ethanolic solution of the Rh-complex in the aqueous gel of the 

zeolite. The mixture of HRh(CO)(PPh3)3 – zeolite gel was then sealed in a polypropylene 

bottle and kept in an oven at 373 K for 12 h under autogenous pressure. The samples were 

then filtered and washed several times with de-ionised water, dried at 353 K and soxhlet 
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washed twice with dry toluene to ensure that no free complex was adhered to the 

encapsulated zeolite (labeled as Wk–Y).  

Henceforth, we have labelled all the encapsulated catalysts by the term ‘Wk’ as an 

abbreviation for the Wilkinson’s catalyst/complex, HRh(CO(PPh3)3.  

 

3.2.2.2. Supported HRh(CO)(PPh3)3 on zeolite Na–Y (by impregnation) 

Supported HRh(CO)(PPh3)3 on zeolite Na–Y was prepared by suspending 3 g of Na–

Y in ethanolic solution containing 0.135 moles of the complex and refluxing it at 363 K for 

18 h. The light yellow solid was filtered and dried at 353 K and used as such (labeled as Wk–

Y–S) for analysis by 31P CP–MAS NMR spectra and hydroformylation reactions. 

 

3.2.2.3. Synthesis of Si–MCM–41 and Si–MCM–48 

Following a procedure reported earlier [35], Si–MCM–41 and Si–MCM–48 were 

synthesized having initial gel compositions of SiO2–0.32NaOH–0.2CTABr–125H2O–

0.0033PTA and SiO2–0.4NaOH–0.21CTABr–120H2O–0.0033PTA respectively (PTA = 

phosphotungstic acid). In a typical synthesis of MCM-41, 50 mmol of fumed SiO2 was added 

to a solution of  16 mmol NaOH in 25 mL H2O and stirred for 1 h. To this mixture, 10 mmol 

of CTABr was added drop-wise followed by an addition of 0.165 mmol of PTA (as a 

promter) in 37 mL of H2O. The final gel was stirred for another 1.5 h and then autoclaved in 

polypropylene bottle at 373 K for 4 h. The as-synthesized sample was then filtered, washed 

repeatedly with de-ionizedwater and air calcined at 813 K to obatin calcined Si–MCM–41.  

In the synthesis of MCM-48, 50 mmol of fumed silica was added to a solution of 20 

mmol NaOH in 25 mL H2O and stirred for 1 h. To this mixture, 10.5 mmol of CTABr was 

added drop-wise followed by an addition of 0.165 mmol of PTA (as a promoter) in 33 mL of 

H2O. The final gel was stirred for another 1.5 h and then autoclaved in a teflon-lined stainless 

steel autoclave at 423 K for 12 h. The as-synthesized sample was then filtered, washed 

repeatedly with de-ionized water and air calcined at 813 K to obtain calcined Si–MCM–48. 

 

3.2.2.4. Synthesis of HRh(CO)((PPh3)3 complex 

 HRh(CO)((PPh3)3 complex was prepared according to the method described by 

Ahmad et. al. [36]. To a refluxing solution of triphenylphosphine (13.1 g) in 100 ml distilled 
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ethanol, was added in rapid succession a solution of rhodium trichloride trihydrate (1.15 g) in 

100 ml ethanol, 50 ml of aqueous formaldehyde (40% w/v) and then a solution of potassium 

hydroxide (3 g) in 100 ml hot ethanol. The mixture was refluxed for 15 minutes and allowed 

to cool to room temperature. The yellow crystals obtained were filtered, washed with ethanol, 

water and hexane, in succession and finally dried under vacuum. Yield was 3.8 g.  The 

product thus obtained, was characterized by FT-IR and 31P CP-MAS NMR spectra. 

 

3.2.2.5. Functionalization of Si–MCM–41, Si–MCM–48 by APTS and anchoring of 

HRh(CO)(PPh3)3 complex inside the mesopores.  

Functionalization of Si–MCM–41 and Si–MCM–48 was done by a procedure 

reported earlier by Mukhopadhyay et al. [37]. 1.0 g of Si–MCM–41 or Si–MCM–48 was 

suspended in 30 ml of dry dichloromethane (DCM) and to this 0.142 mmol of 

dichlorodiphenylsilane (Ph2SiCl2, Fluka) was added and the mixture stirred for 1 h. The 

contents were then cooled to 195 K and 5.73 mmol of 3-aminopropyltrimethoxysilane 

(APTS, Aldrich) was added drop wise to this slurry, stirred for further 24 h at 313 K. The 

contents were filtered, washed repeatedly with dry DCM and dried in vacuum to get 

functionalized MCM–41 and MCM–48 supports. 

To prepare the anchored HRh(CO)(PPh3)3 catalysts in MCM–41 and MCM–48, 1.0 g 

of the functionalized support (MCM–41 or MCM–48) was added to a solution containing the 

Rh-complex (~ 0.108 mmol) in 100 ml of dry, distilled ethanol and stirred for 16 h at room 

temperature. The light yellow solid powder was then washed several times with dry ethanol, 

soxhlet-extracted once with EtOH to remove any Rh-complex adhered to the support walls, 

then dried and stored under vacuum. The catalysts thus prepared (labeled as Wk–M41 and 

Wk–M48), were used as such for hydroformylation reactions. Some important physical 

characteristics of all the three encapsulated catalysts are presented in Table 3.1. 

In a similar fashion, we also prepared HRh(CO)(PPh3)3 tethered to the external 

surfaces of APTS grafted MCM-41 and MCM-48 without Ph2SiCl2 treatment (labeled as 

Wk–M41–S and Wk–M48–S). These materials were used for comparison of the TEM images 

and hydroformylation reaction data (especially to compare the TEM patterns for Rh-complex 

grafted on/in the supports and Rh-leaching in the reaction mixture using Wk–M48–S) with 

those of the encapsulated catalysts (Wk–M41 and Wk–M48). The comparison has been 
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discussed in detail in later section of this chapter (see Section 3.3.1.6). For the sake of 

simplicity, the word ‘encapsulated’ has been used through out the text in case of 

HRh(CO)(PPh3)3 anchored to the amine functionalized mesoporous supports.  

This unique approach of passivation of the external-surface silanol groups (Si–OH) of 

the mesoporous materials by reacting with controlled amount of Ph2SiCl2 and subsequent 

treatment with APTS for selective functionalization of the inner-surface Si–OH groups of the 

mesoporous matrices was reported earlier by Shephard et al. [38]. The silylation reaction 

between Ph2SiCl2 and the external-surface Si–OH groups deactivated the silanol groups. 

Thus, the treatment of Ph2SiCl2 with the mesoporous materials compelled anchoring of 

APTS as well as Rh-complex selectively inside the mesopore channels. 

 

3.2.3. HYDROFORMYLATION REACTION SET-UP 

 All the hydroformylation reactions were carried out in a 50 ml capacity micro-reactor, 

supplied by Parr Instrument Company, USA. The reactor was provided with arrangements 

for sampling of liquid and gaseous contents, automatic temperature control and variable 

agitation speeds. The reactor was designed for a working pressure of 3000 psi and 

temperature up to 523 K. A safety rupture disk was also fitted to the reactor. The 

consumption of CO and H2 at a constant pressure was monitored by observation of the 

pressure drop in the gas reservoir, from which (CO + H2) mixture was supplied through a 

constant pressure regulator at 1:1 ratio. The pressure in the reservoir was recorded using a 

pressure transducer to follow the consumption of (CO + H2) as a function of time. The 

schematic diagram of the experimental set up is shown in Scheme 3.2.  

 

3.2.4. HYDROFORMYLATION EXPERIMENTAL PROCEDURE 
In a typical experiment, known amount of olefin with degassed toluene (as a solvent) 

and heterogenized catalyst were charged into the reactor and the contents flushed with 

nitrogen and then with a mixture of 1:1 CO and H2. The contents of the reactor were heated 

to a desired temperature, and then a mixture of CO and H2 (1:1) was introduced slowly into 

the autoclave up to a desired pressure. A sample of the liquid phase mixture was withdrawn 

and the reaction started by switching the stirrer on. The reaction was then continued at a 

constant pressure of CO and H2 by supplying CO/H2 mixture as per consumption, from the 
105 



 

reservoir vessel using a constant pressure regulator. Hydroformylation experiments should be 

performed with utmost care and precautions as it involves use of CO and H2 at high 

pressures. 
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Scheme 3.2. A schematic of the hydroformylation reactor set-up 

 

3.2.5. CATALYST LEACHING AND RECYCLE EXPERIMENTS 
 Catalyst leaching experiments were performed by hot filtration of the reaction 

mixture at 373 K and subsequently testing the catalytic activity of the filtrates for 

hydroformylation without addition of fresh catalyst. These solutions and the catalysts thus 

recovered were also analysed for determination of Rh-content by ICP–AES (inductively 

coupled plasma with atomic emission spectra) analyses. In a typical catalyst recycle 

experiment, the heterogeneous catalyst was allowed to settle down and the clear supernatant 

liquid was decanted slowly. The residual solid catalyst was re-used with fresh charge of 
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solvent and reactants for further recycle runs maintaining the same reaction conditions. In the 

recycle studies, the rhodium content of the catalyst and subsequent hydroformylation reaction 

mixtures were analysed for metal content as well as metal leaching. 

 

3.3. RESULTS AND DISCUSSIONS 
 

3.3.1. CHARACTERIZATION OF CATALYSTS 
 The porous supports and the heterogeneous catalysts Na–Y, MCM–41, MCM–48, 

Wk–Y, Wk–Y–S, Wk–M41 and Wk–M48 thus prepared were characterized using 31P CP–

MAS NMR, Fourier Transform Infrared (FT-IR) Spectroscopy, X-ray Photoelectron 

Spectroscopy (XPS) measurements and Powder X-ray Diffraction (XRD). For Scanning 

electron microscopy (SEM), the crystalline supports were suspended in isopropanol, casted 

on gold plated discs followed by drying under vacuum and then were imaged on a Philips XL 

30 instrument. Specific surface area of the catalyst was determined by the BET method using 

N2 adsorption measured on an Omnisorb CX–100 Coulter instrument. Prior to adsorption, the 

catalyst was activated at 423 K for 6 h at 10-4 Torr pressure. Inductively coupled plasma with 

atomic emission spectra (ICP-AES) analyses of the heterogenized catalysts (before and after 

reactions) as well as reaction mixtures after hydroformylation reaction were performed in a 

Perkin Elmer 1200 instrument for determination of metal content. Gas chromatography (GC) 

of the reactants and products was performed in a HP 5890 instrument fitted with a FFAP 

capillary column. 

 

3.3.1.1. 31P CP–MAS NMR SPECTRA OF HRh(CO)(PPh3)3 COMPLEX 
31P CP–MAS (cross-polarized, magic angle spinning) NMR spectra of 

HRh(CO)(PPh3)3 complex and the Rh-complex inside the pores of Na-Y, MCM-41 and 

MCM-48 materials (shown in Figure 3.1) were obtained on a Bruker DRX 500 FT-NMR 

spectrometer at 202.64 MHz and 11.7 Tesla using 3 mm CP-MAS probe. The chemical shifts 

were referred to H3PO4 at 0 ppm and the spectra were collected at a spectral width of 20 kHz, 

with a flip angle of 45o, 6000 real data points and 5 s relaxation delay.  
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Figure 3.1. 31P CP–MAS NMR spectra of different catalysts; inset of (a): trigonal plane of 
HRh(CO)(PPh3)3 comprising three phosphorus atoms (designated as P1, P2 and P3) bonded to 
Rh atom, atoms are not to scale; * in NMR patterns denote sidebands at 8 KHz. 
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A coupled 1H–31P CP–MAS NMR spectra of the pure HRh(CO)(PPh3)3 complex 

shows two major 31P peaks (δiso= 34.4, 45.4 ppm), each split by J-coupling to other 31P and 
103Rh (n = 100%) nuclei (see Figure 3.1 (a)). Since, dipolar and anisotropic part of the J 

couplings are averaged to zero by magic angle spinning, the observed multiplet structure 

arises due to the isotropic P-P and P-Rh scalar couplings [39]. We observed that the chemical 

shift difference for the two major signals (δiso= 34.4, 45.4 ppm) is larger than the P-P scalar 

couplings and the integrated intensity for these major signals is in the ratio of 2:1. The three 

phosphorus atoms in HRh(CO)(PPh3)3 complex may be grouped into one distinct (P3) and 

two equivalent (P1 and P2) environments (see ‘inset’ of Figure 3.1 (a)). For the distinct P3-

atom, the coupling to two equivalent phosphorus (P1 and P2) nuclei by P-P coupling (JP-P = 



 

127.5 Hz) and to rhodium by P-Rh coupling (JP-Rh = 142.3 and 140.6 Hz) causes the observed 

multiplet in the intensity ratio of 1:3:3:1. Similarly, the equivalent P1- P2 atoms are split into 

a doublet by the distant P3-atom, further split by coupling to rhodium to give a doublet of a 

doublet. However, since | JP-P – JP-Rh| < ∆ν (∆ν is the MAS line width), we observe only a 

triplet. Based on the observed JP-P values, the three phosphorus atoms are expected to be in a 

plane with P-Rh-P angle ∼ 120°, which lead to a structure with least strain from the three 

bulky PPh3 groups. Due to random orientations of the nine-phenyl groups in the Rh-complex, 

all the atoms in the molecule become crystallographically non-equivalent, as also noticed by 

the X-ray crystal structure [40, 41]. 

Assignments for the three phosphorus atoms (P1, P2, P3) can be made based on the P-

Rh-CO bond angle [40, 42], which shows a larger difference compared to the P-Rh bond 

distances. Compared to the P1 and P2 atoms, the P3 atom has a larger bond angle that results 

in a better overlap of the bonding orbital hence, the electronegative effect of CO would be 

felt more on the P3 atom to cause a downfield shift, which we indeed observe. Thus, the P3 

atom can be assigned to the low-field multiplet and P1 and P2 atoms as the high-field triplets 

in our observed spectra. The 31P CP-MAS results clearly show that HRh(CO)(PPh3)3 

complex has a distorted trigonal bipyramidal (TBP) structure (local symmetry tends towards 

Cs instead of C3v) in which the three phosphorus atoms lie in the basal plane (this is in perfect 

agreement with the spectral analysis [39] and crystal structure [40, 41] reported earlier). 

 

3.3.1.2. 31P CP–MAS NMR AND FTIR SPECTRAL ANALYSIS  

To validate that HRh(CO)(PPh3)3 complex was encapsulated in zeolite Na–Y, 

mesoporous MCM-41 and MCM-48 materials, solid-state 31P CP–MAS NMR spectra of the 

encapsulated catalysts (Wk–Y, Wk–M41 and Wk–M48) were recorded and compared with 

the spectra obtained for pure HRh(CO)(PPh3)3 complex.  

The 31P CP-MAS spectra of Wk-M41 and Wk-M48 samples (see Figures 3.1-b and 

3.1-c) showed a marked difference in chemical shifts when compared with the pure Rh-

complex. The upfield shifts for Wk-M41 (δiso= 25.4 ppm) and Wk-M48 (δiso= 26.0 ppm) in 

comparison to the Rh-complex (δiso= 34.4, 45.4 ppm) suggests that there is a definite 

coordination between NAPTS and Rh-atom. APTS (anchored inside the mesopores walls of 

MCM-41 and MCM-48) when bound with the Rh-complex, donates the electron pair from 
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NAPTS to the Rh-atom (see Figure 3.7), which in turn increases the electron density on the 

PPPh3 atoms (of the complex) by a (dπ)P – (dπ)Rh bonding, a fact that we observed earlier for 

anchored Pd-phosphine complex in mesoporous systems [37]. It was indiscernible to classify 

the 31P splitting for Wk-M48 or Wk-M41 based on J-coupling since, the splitting as well as 

the line broadening were much larger than the JP–P or JP–Rh observed for the Rh-complex. This 

may be either due to: (1) the change in geometry from the distorted TBP (trigonal 

bipyramidal) of HRh(CO)(PPh3)3 molecule to an octahedral one due to coordination of the 

NAPTS and Rh atoms, or (2) loss of a PPh3 atom from the complex while anchoring in the 

mesopores walls. Possibility of having two resonances in 1:2 ratio similar to the neat Rh-

complex is unlikely even if there are three PPh3 groups attached to the Rh-atom, since, 

crystallographic non-equivalence and retention of the original structure of Rh-complex 

anchored inside the mesopores-walls is no longer viable [43]. The fact we did not observe 

any spectral line for free PPh3 ligand in the filtrate-solutions after filtration of the solid 

catalysts (δiso = −3.5 ppm by 31P-CDCl3 spectra) indicates that coordination of the Rh-

complex with the APTS tethered MCM-materials does not proceed through cleavage of a 

PPh3 ligand from the Rh-complex (a fact well known for the dissociation of the Rh-complex 

in solution during hydroformylation reactions). This further strengthens our presumption 

based on the change in the TBP geometry due to NAPTS–Rh-complex coordination. In case of 

subsequent loss of one PPh3 atom and addition of NAPTS atom to Rh, we would have obtained 

spectra similar to bis(triphenylphosphine) rhodium complex [43, 44]. In contrast, we see 

quite different spectra for the encapsulated Wk–M41 and Wk–M48 catalysts wherein, the 

broad spectral line appears at one place with a complex splitting pattern. In this context, we 

refer to a report by Lindner et al. [45] wherein, it has been shown that 31P CP-MAS spectra 

of the Rh-triphosphanyl complex bound to a polysiloxane matrix gives rise to a broad 

spectral line with complex patterns, similar to the spectral patterns observed in this work (see 

Figure 3.1). The Rh-phosphanyl complex attached inside the polymer-matrix has an 

octahedral geometry, which is similar to the Rh-complex bound to Wk–M41 and Wk–M48 

catalysts.  

Thus, on the basis of the inferences obtained herein, a plausible reason for the 

absence of the Rh-complex multiplet peak in the HRh(CO)(PPh3)3 complex anchored inside 

the mesopores of MCM-41 and MCM-48 samples, ushers a change in geometry from TBP to 
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octahedral.  

Interestingly, the 1H–31P CP–MAS NMR spectrum of catalyst Wk–Y (see Figure 3.1-

d) showed a different pattern in chemical shift  (δiso= 36.1, 47.1 ppm; signal to noise ratio 

was poor for this sample, hence weak spectral line is observed at 47.1 ppm). The changes in 

signal positions indicate a geometrical constraint in Wk–Y. To further ensure that the Rh-

complex is encapsulated inside the faujasite (Na-Y) supercage in case of Wk–Y, a 31P MAS 

experiment was performed for the Wk–Y–S sample. 31P MAS spectrum of Wk–Y–S was 

taken in the Bloch decay mode with proton decoupling, since no 1H–31P cross-polarization 

MAS spectrum for this sample was feasible, presumably due to high surface mobility of the 

physisorbed or chemisorbed species. Despite the somewhat poor spectra/noise for Wk–Y–S 

sample, a comparison of 31P CP-MAS spectra of samples HRh(CO)(PPh3)3 and Wk–Y–S 

(spectra not shown) clearly show that the two major 31P signals (δiso= 34.4, 45.8 ppm) are 

observed at nearly the same chemical shifts. A mere surface adsorption, rather than 

encapsulation, is envisaged in case of Wk–Y–S catalyst that consists of HRh(CO)(PPh3)3 

impregnated on zeolite Na–Y. Both these observations suggest that in case of Wk–Y, a 

possible encapsulation of HRh(CO)(PPh3)3 in the supercage of Na–Y zeolite has occurred 

(see Figure 3.8). 

FTIR (transmittance-mode) spectra were performed on a Bio-Rad instrument for 

detecting the Rh–CO and Rh–P bands [42] of the Rh-complex and the encapsulated catalysts 

(see Figure 3.2 and Table 3.2). FTIR spectra of the Rh-complex (1922 cm−1 for symmetric 

CO band and 1995 cm−1, 2030 cm−1 for asymmetric CO bands, 514 cm−1 for metal 

phosphorus band) and Wk–Y catalyst (1930 cm−1, 513 cm−1; spectra not shown here) 

revealed almost similar νRh–CO and νRh–P respectively. In contrast, a typical FTIR spectra of 

Wk–M41 catalyst showed distinguishable νRh–CO bands at 1965 cm−1, 1984 cm−1 and νRh–P  

band at 518 cm−1 respectively; an increase in electron density on the Rh–CO and Rh–P due to 

NAPTS–Rh coordination might be a plausible reason for these changes. Broad bands at 3430 

cm−1 were also observed in the IR spectra of the Wk–M41 catalyst, which probably is due to 

νRh–NH2 frequency, ofcourse, an overlap of this band with that of the un-tethered surface-

silanol groups (νOH) lying in the same frequency range is also not over-ruled. 
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Figure 3.2. FTIR spectra of HRh(CO)(PPh3)3, Wk-M41 and MCM-41 catalyst supports 
 

3.3.1.3. 29Si AND 27Al MAS NMR SPECTRAL ANALYSIS 
29Si and 27Al MAS NMR spectra (at 99.44 MHz and 130.42 MHz respectively at 11.7 

Tesla) of Wk–Y confirmed that the framework Si/Al ratio [46, 47] remained the same (2.37) 

as that of zeolite Na–Y used here thus, showing that the framework structure is intact after 

encapsulation (see Figure 3.3). In the 29Si MAS NMR spectra of Wk–Y, Q4 (nAl wherein n = 

0, 1, 2, 3) environments were detected in Na–Y as well as Wk–Y, further suggesting that the 

Al site distributions and population remain unaltered. The 27Al MAS NMR in case of Wk–Y 

confirms that all Al or most of the Al atoms were in the tetrahedral framework environment 

[47] and not replaced by Rh atoms (see Figure 3.3). 
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Figure 3.3. 27Al and 29Si MAS NMR spectra of zeolite Na–Y and Wk–Y supports (* in NMR 
patterns denote sidebands at 4 KHz) 

 

29Si MAS NMR spectra of Wk–M41 and Wk–M48 (spectra not shown) revealed 

almost no variations in the Q3 ((SiO)3≡Si–OH) and Q4 ((SiO)3≡Si–O–Si≡) chemical shifts 

[35] (δ = –100 ppm and –110 ppm respectively) although, there was a substantial change 

observed in the Q3/Q4 ratio (see Table 3.1). A possible reason for the lower Q3/Q4 values 

might be the decrease in population of the free silanol groups of the Q3 species due to the 

linkage arising from anchoring of APTS with the silanol groups (of the Q3 species) present in 

the mesoporous materials. This further confirmed that the meso-structures of Wk–M41 and 

Wk–M48 were intact even after encapsulation of the Rh-complex in the mesoporous 

materials.
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3.3.1.4. X–RAY PHOTOELECTRON SPECTRA (XPS) ANALYSIS 

XPS of the samples were recorded in VG Microtech-ESCA 3000 spectrometer, 

applying vacuum at 10-10 torr, pass energy of 50 eV and using un-monochromatized Mg–Kα 

as the radiation source (photon energy of 1253.6 eV). Surface analyses by XPS spectra was 

carried out quantitatively in terms of the binding energy (B. E.) values of various elements 

present in the catalyst supports after necessary C 1s correction, especially taking into 

consideration of the Rh 3d5/2 and 3d3/2 B. E. values for the catalysts Wk–Y, Wk–M41 and 

Wk–M48 (see Figure 3.4).  
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Figure 3.4. X-ray photoelectron spectra of (a) Wk–Y, (b) Wk–M41 and (c) Wk–M48 

supports 

 

XPS of these catalysts were also performed after hydroformylation reactions in order 

to record any change observed in the oxidation states or B. E. values of the elements present 

in the supports during the reaction and these were found to be in compliance with the 

114 



 

literature values [48]. The B. E. values of the supports before and after hydroformylation 

reactions were almost similar, which proves essentially that all rhodium was present as Rh (I) 

in the encapsulated materials and the oxidation state remained unaltered even after the 

reactions (Table 3.1).  

 

Table 3.1. XPS binding energy values§ for different elements present in various encapsulated 

catalysts before (B) and after (A) hydroformylation of styrene 

            Elements 

Supports 
Al Si P Rh (3d5/2, 3d3/2) N 

Wk–Y–B 74.8 102.7 126.9 310.2, 314.8 – 

Wk–Y–A 74.7 102.8 127.0 310.3, 314.8 – 

Wk–M41–B – 103.3 127.2 309.3, 313.8 400.2 

Wk–M41–A – 103.3 127.3 309.6, 314.0 400.1 

Wk–M48–B – 103.3 127.1 309.5, 314.1 400.1 

Wk–M48–A – 103.3 127.2 309.7, 314.2 400.1 
§All the values were corrected to C 1s with binding energy of 285 eV using adventitious 
carbon.  

 

The silicon, phosphorus, rhodium (I), aluminium (incase of Wk–Y, Figure 3.4 (a)) 

and nitrogen (incase of Wk–M41 and Wk–M48, Figures 3.4 (b) and (c)) present in various 

supports showed no change in their B. E. values. A slight decrease in B. E. values of rhodium 

(I) (by 1 eV) was observed for Wk–Y in contrast to Wk–M41 or Wk–M48. This might be 

due to the different immobilization procedures used for HRh(CO)(PPh3)3 encapsulation 

inside the pores of zeolite Na–Y and mesoporous MCM-41 and MCM-48 materials. During 

the synthesis of catalyst Wk–Y, the encapsulation of HRh(CO)(PPh3)3 might have caused 

removal of some of the sodium cations from the zeolitic sites to accommodate the Rh 

complex in the supercage by a ship-in-a-bottle fashion. In the case of Wk–M41 and Wk–

M48 catalysts, the Rh-complex was anchored inside the mesopore walls by tethering to 

amino group bonded to the silica matrices. In the latter case (the mesoporous systems), we 

presume that an ionic interaction rather than a covalent one accounted for the decrease in 

rhodium (I) binding energy values (B. E. values of Rh 3d5/2: 310.2, 309.3 and 309.5 for Wk–
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Y, Wk–M41 and Wk–M48 respectively). This further showed that the integrity of the 

HRh(CO)(PPh3)3 complex was retained when encapsulated in the supports and that all the 

rhodium was present as Rh(I) with no beam damage suffered by the encapsulated supports.  

 

3.3.1.5. POWDER X–RAY DIFFRACTION (XRD) ANALYSIS 

Powder XRD of the encapsulated catalysts and supports were obtained at room 

temperature on Rigaku D MAX III VC diffractometer using Ni-filtered Cu Kα radiation, λ = 

1.5404 Å. In case of MCM–41, MCM–48, Wk–M41 and Wk–M48, observable 2 θ ranges 

were from 1.5° and 10° at a scan rate of 1°/min and for zeolite Na-Y and Wk-Y, observable 2 

θ ranges were from 5° and 50° at a scan rate of 8°/min. A comparison of the bare supports 

(Na–Y, MCM–41 and MCM–48) and HRh(CO)(PPh3)3 encapsulated catalysts (Wk–Y, Wk–

 

M41 and Wk–M48) by powder XRD has been presented in Table 3.2 and  Figure 3.5.  

igure 3.5. Powder X-ray diffraction patterns of (a) Wk–M41, (b) MCM–41, (c) Wk–M48, 

his showed that the respective cubic (Ia3d) and hexagonal (p6mm) mesoporous 

phases [35] of MCM–41, Wk–M41, MCM–48 and Wk–M48 remain unaltered in peak 
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position

 the supports and the encapsulated catalysts 

Materials 
Rh  

d  (Å)a ao Surface area  
ν (cm–1)c (Q3/Q4)d 

s. The changes in respective intensities have been observed perhaps due to pore 

fillings of the HRh(CO)(PPh3)3 complex inside mesopores. Distinct Bragg reflections at 

{100}, {110}, {200} and {210} for MCM–41 and Wk–M41 (Figures 3.5 (a) and (b)) and at 

{211}, {220}, {321}, {400}, {420}, {332}, {422} and {431} for MCM-48 and Wk-M48 

(Figures 3.5 (c) and (d)), further confirmed the restoration of the respective ordered patterns 

of the bare and the Rh-complex encapsulated mesoporous matrices without any breakdown 

of the meso-structures. In case of zeolite Na–Y and its impregnated and encapsulated 

analogues (Wk–Y–S and Wk–Y respectively), retention of the microporous phase zeolite Y 

was confirmed, though differences in the peak intensities were observed in case of Wk–Y 

sample (Figures 3.5 (e), (f) and (g)). 

 

Table 3.2. Physical characteristics of

(w/w %) 
hkl

(Å)b (m2 g-1) 

Na–Y 14.29 (111) 24.75 –– 735  – 

0.567 24.99 n. d.

Wk–Y 14.48 (111) 25.08 n. d. – 

MCM–41 – 41.63 (100) 48.07 964 – 

k–M41 0.747 41.83 (100) 48.30 n. d. 1965, 517 

MCM–48 – 36.93 (211) 90.46 210 – 0.8 (0.18) 

Wk–M48 0.690 37.09 (211) 90.85 n. d. 1966, 518 0.05 

h(CO)(PPh – – – – 

der XR pectra (nλ = dsinθ; , λ = 4 Å), value  ‘()’ ar
respective principa iller in 1 ×

c 

Wk–Y–S 14.43 (111)  n. d. – 

1.130 1930, 513 

1.2 (0.32) 

W  0.05 

1

HR 3)3 11.21 1922, 514 
a calculated from pow D s 2 n = 1 1.540 s in e 

l M dices; b determined by: ao = d11  √3 (zeolite Y supports); ao = 
d  × 2/√3 (MCM-41 supports); ao = d211 × √6 (MCM-48 supports); determined by FT–IR 
s

erived relationship as a possible explanation for the encapsulation of Fe (II) and Ru (II) 

comple

100
pectra; d as-synthesized samples, values in parentheses are for calcined samples (values 

determined from 29Si MAS NMR spectra); deconvolution of Q3 and Q4 peaks were done 
using Jandel Scientific Peakfit program; n. d. = not determined 
 

Earlier, with the aid of powder XRD, Quayle et al. [49] reported an empirically 

d

xes inside zeolite Na-Y by a term I331> I311> I220 (where, ‘I’ represents intensity). In 

our case however, we have not observed any such patterns, probably due to differences in the 
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encapsulation procedures (of the complex to be entrapped inside zeolite Na-Y). In contrast, 

we observed a marked decrease in the intensity of {111} diffraction pattern of Wk–Y as 

compared to Na–Y or Wk–Y–S (Figures 3.5 (e), (f) and (g)), which showed almost no 

difference in the peak intensities owing to random distribution of cations (due to 

impregnation) within the zeolite lattice (wherein, I331 > I220 > I311). We presume that the 

noticeable decrease in the {111} intensity of the Wk–Y sample might have occurred due to 

possible incorporation of HRh(CO)(PPh3)3 complex inside the  framework of zeolite Na-Y. 

But, it was confirmed by XRD that the porous framework of encapsulated supports 

(microporous as well as mesoporous) was not affected or damaged during the Rh-complex 

entrapment.  

 

3.3.1.6. TRANSMISSION ELECTRON MICROSCOPY (TEM) ANALYSIS 

TEM has been used extensively for structural elucidation of zeolites and mesoporous 

micro- and 

mesopo

on) at the external 

surface

materials [23-25, 50]. Recently, to envisage three-dimensional structures of 

rous solids, imaging nanoparticle catalysts inside mesoporous hosts and determine 

their occluded structure-directing organic species, high-resolution TEM was used as a 

convincing tool [37, 51]. In order to direct the location of the anchored Rh-complex inside 

the pores, we imaged the mesoporous MCM-41 and MCM-48, Ph2SiCl2–untreated Wk-M41-

S and Wk-M48-S, microporous Na–Y and their encapsulated analogues (Wk–M41, Wk–M48 

and Wk–Y) by TEM (Figure 3.6). The samples were dispersed in isopropanol, placed on 

holey carbon grids and a Jeol Model 1200 EX instrument operated at an accelerating voltage 

of 100 kV was used for imaging the samples. The TEM images of bare MCM–41 and MCM–

48 were well consistent with the regular hexagonal and cubic mesophases respectively 

(Figure 3.6 (a) and (c); insets) with homogeneity in patterns throughout.  

TEM images of Wk-M41-S and Wk-M48-S (Figure 3.6 (a) and (c)) indicate the 

presence of Rh-complex tethered by APTS (by a host-guest interacti

s of MCM-41 and MCM-48. In contrast, startling differences in the TEM images were 

observed when these images were compared with the Wk–M41 and Wk–M48 samples 

(Figure 3.6 (b) and (d)), wherein the Rh-complex has been encapsulated exclusively inside 

the mesopores by treating with Ph2SiCl2. A comparison of the images of Wk–M41–S and 

Wk–M48–S (see Figures 3.6 (a) and (c)) with those of Wk–M41 and Wk–M48 (Figure 3.6 
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(b) and (d)) showed ‘clean’ exterior surfaces of the latter ones with retention of strong image 

contrasts of the grafted Rh-complex inside the mesopores. The encapsulated samples 

prepared by treating with Ph2SiCl2 and further tethered with APTS, established that the Rh-

complex is immobilized totally inside the mesopores and the distribution of the complex 

entrapped inside was very much uniform, unlike Wk–M41–S and Wk–M48–S materials 

(untreated with Ph2SiCl2, Rh-complex bound to the external mesopores-walls); a similar fact 

was observed by Shephard et al. [37] earlier. Thus, by TEM we could not only image the 

hexagonal and cubic patterns of the mesoporous materials, but also distinctly distinguish the 

internally bound Rh-complex to that of the externally grafted ones. 

 

 

Figure 3.6. TEM images of (a) Wk–M41–S (untreated with Ph2SiCl2), inset: Si-MCM-41; 
b) Wk–M41 (treated with Ph2SiCl2), inset: Si-MCM-48; (c) Wk–M48–S (untreated with 

a

bd e f

c e25 nm

50 nm 50 nmd f

25 nma

b

a

bd e f

c e25 nm

50 nm 50 nmd f

25 nma

b

(
Ph2SiCl2) (d) Wk–M48 (untreated with Ph2SiCl2); (e) diffraction patterns of Na–Y and (f) 

iffraction patterns of Wk–Y. 

d the encapsulated samples, wherein the ‘neat’ zeolite Y showed well-resolved cubic 

diffrac

d
  

In another survey, TEM was used to image the diffraction patterns of zeolite Na–Y 

and Wk–Y (Figure 3.6 (e) and (f)). We could observe another distinction between the bare 

an

119 
tion patterns, whereas Wk–Y showed a ‘foggy’ image. In Wk–Y, the encapsulated Rh-



 

complex occupying the faujasite (Na-Y) supercage obscures the zeolite pores, hence, the 

‘foggy’ diffraction pattern is observed. This might be a possible reason for obtaining 

decreased {111}-diffraction intensity in the XRD patterns of Wk–Y as we had observed 

earlier (see Figure 3.5 (g)).  

These characterizations supported the absence of the complex at the solid surface 

with no noticeable Rh-clusters and restoration of the uniformity of the catalysts. For a better 

understanding, we investigated for the clue to an obvious question: whether the Rh-complex 

with th

 

Figure 3.7. 

ree bulky PPh3 groups is able to sit inside the supercage of zeolite Y without any 

conformation change or bond breakage. An insight into the crystal structure of 

HRh(CO)(PPh3)3 [38, 39] reveals that the dimension of the complex is close to 10.8 × 10.7 × 

10.8 (Å)3. This reflects that entrapment of HRh(CO)(PPh3)3 inside the zeolite Y supercage 

(12–13 Å) is very much feasible (since, we prepare Wk–Y by a ship-in-a-bottle approach 

[23]), while there are no doubts for ∼ 30 Å–mesopores of MCM-41 and MCM-48 to 

accommodate the Rh-complex inside. 

Outer wall of MCM-41

A model of HRh(CO)(PPh3)3 complex anchored inside the inner wall of MCM–
41 channel by APTS, outer wall of the MCM-41 channel derivatized by 
dichlorodiphenylsilane 
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HRh(CO)(P(C6H5)3)3 
encapsulated in zeolite Y 
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Figure 3.8. Molecular model representation of Wk–Y (structure generated in a Indigo II 
machine using Insight II software)  
Colour code for atoms: blue (hydride), green (carbonyl carbon), red (carbonyl oxygen), 
orange (phosphorus), grey (phenyl carbon), white (phenyl hydrogen), rhodium is not seen 
here as it sits amidst green, blue and orange spheres and moss-green (faujasite structure) 

 

A molecular model representation for the encapsulated HRh(CO)(PPh3)3 inside the 

mesoporous matrices (Figure 3.7) and the supercage of zeolite Y (Figure 3.8) have been 

proposed based on the characterization reported in this work. Thus, we can conclude that 

HRh(CO)(PPh3)3 is encapsulated in the MCM-41 and MCM-48 mesopores and zeolite Na-Y 

supercage (see Figures 3.7 and 3.8) and not merely impregnated/adhered on the porous 

surface. 

 



 

3.3.2. CATALYST PERFORMANCE FOR HYDROFORMYLATION OF  

OLEFINS 
 

3.3.2.1. Activity and selectivity behaviour of the encapsulated catalysts for 

hydroformylation of olefins 

The catalysts Wk–Y, Wk–M41 and Wk–M48 were evaluated for their activity and 

selectivity behaviour for hydroformylation of 1-octene (see Table 3.3, entries 10–12) and 

styrene (see Table 3.4). Particularly, it is shown that these encapsulated rhodium complex 

catalysts are highly stable, can be recycled several times (each catalyst was recycled ten 

times) without loosing activity or selectivity and do not require presence of free PPh3 as a 

ligand [34]. These catalysts (see Table 3.3, entries 10–12) when compared to other 

previously reported heterogeneous catalysts for hydroformylation exhibit superior activity, 

recyclability and selectivity. For the Rh-SiO2 immobilized catalysts (Table 3.3, entries 7–9), 

though the n/iso ratio for n-nonaldehyde is significantly higher compared to our catalysts 

able 3.3, entries 10–12), TOF values are lower and in one case metal leaching (> 50%) was 

products was found to be comparable for styrene and 1-hexene, but lower for higher olefinic 

substra

 Å supercage and 8 Å window.  

In a typical experiment using Wk–M48–S catalyst (Rh-content 0.63 wt./ wt. %) for 

hydroformylation of styrene, we observed ∼ 6% overall Rh-leaching, compared to < 0.05% 

overall Rh-leaching using Wk–M48 catalyst (Rh-content 0.69 wt./wt. %) after 6 recycles. 

Therefore, this method (Ph2SiCl2 treatment with the mesoporous materials) coupled with 

anchoring of APTS and Rh-complex inside the mesopores provides a distinct advantage over 

the conventional anchoring method with APTS (no Ph2SiCl2 treatment) in avoiding Rh-

(T

observed (Table 3.3, entry 9), which is undesirable for a true heterogeneous catalyst. With all 

the three encapsulated catalyst systems, high conversion (> 97%) and selectivity towards 

aldehydes (> 98%) were obtained (see Table 3.4). The selectivity towards the desirable 

tes (1-octene, 1-decene, 1-dodecene) in almost all the cases. A plausible reason might 

be due to the geometric constraints of the substrates accessing the complex-site inside the 

pores. The enhanced activity for Wk-M41 and Wk-M48 is due to larger pore dimensions in 

these catalysts (~ 30 Å) that give better access for the substrates to the catalytic sites present 

inside the mesopores of MCM–48, in comparison to that of confined micropores of zeolite Y 

having 12
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leaching in the course of reaction due to prolong use. Using impregnated Rh-complex on 

zeolite showed higher activity due to appreciable leaching of Rh metal from the 

pport (∼ 27% Rh loss in a single run, see Table 3.4). Hence, true heterogeneity in case of 

to the im ed Ph2SiCl2 catalysts (Wk–M41–S and Wk–M48–S). 

Since, W

 Y (Wk–Y–S) 

su

encapsulated catalysts (Wk–Y, Wk–M41 and Wk–M48) could be established in comparison 

pregnated Wk–Y–S or untreat

k–M48 showed the best activity and selectivity for styrene hydroformylation among 

the heterogeneous catalysts used (see Table 3.4), it was selected for further work on 

comparison of its activity and selectivity with homogeneous HRh(CO)(PPh3)3 catalyst for 

hydroformylation of olefins (see Table 3.5). Though the TONs and TOFs for the 

heterogeneous catalysts were lower compared to the homogeneous HRh(CO)(PPh3)3 catalyst, 

the encapsulated catalysts could be easily separated from the reaction mixtures and recycled 

several times, an obvious advantage over the homogeneous catalyst.  
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parison activity and selectivity of few selected heteroge ti o a e  

Entry Substrate S : Rha Conv.b (%) n/iso TON TOF (h-1) R rence 

neous catalysts used in hydroformyla on f v rious ol fins

Rh-leaching, % Catalyst usedc efe

trace 29

n. d. Rh– iO  1

app ecia le R –polymer 7 (

apprecia le Rh –MCM 41 3

untraced 9

untraced Rh– alix[4]a ene 1

Rh–S CO2 32

1 Rh– iO  32

> 50 Rh– iO  32

< 0.01 Rh–Y Wk

< 0.01 Rh–MCM-41 k–

< 0.01 Rh–MCM-48 k–

sed for vari us h-complexes used as catalysts; d 

on emperature 353 K; f wit out add tion of ree
 = kmol of olefi s c nve ted o a deh des × (kmol 

1 1-hexene 100 37.0 2.3 37.0 1.7 Rh–Y  (a) 

2 1-hexene 100 88.5 0.6 88.5 29.5 S 2 8 

3 1-pentene 106 97.1 2.7 103.0 22.9 r b h  a) 

4 1-decene 200 81.0 1.5 162.0 40.5 b 2 - 3 

5d Oleyl alcohol 500 96.6 n. d. 483.0 87.8 Rh–SAPC  

6 1-octene 250 75.0 2.6 187.5 7.8 c r  7 

7e 1-octene 4255 9.4 32.0 400.0 87.0 untraced c  (b) 

8 1-octene 637 69.0 32.0 440.0 35.0 < S 2  (a) 

9f 1-octene 637 64.0 1.6 408.0 175.0 S 2  (a) 

10g 1-octene 581 97.2 1.5 565.0 141.0 –Y 

11g 1-octene 879 98.2 1.7 863.0 216.0 W M41 

12g 1-octene 951 99.4 1.7 945.0 270.0 W M48 
a S:Rh = substrate:rhodium; b conversion to aldehydes; c The term ‘Rh’ has been u  o R
supported aqueous phase catalyst; e supercritical conditions, 180 bar CO2, reacti t  h  i  f  
ligand; g Rh-leached (%) after single run,  see Table 4 for reaction conditions; TON  n o r t l y  
of Rh)–1; TOF = TON × h–1; n. d. = not determined 
 

 

 

Table 3.3. Com



 

Table 3.4. Activity and selectivity of hydroformylation of styrene using various catalysts 

Entry Catalyst 
Con

(%) 

ele  ald.

 

en

(wt./wt. %) 

TOF  

(h-1) 

  

) 

version S ctivity  
n/iso 

(%)

Rh-cont t  
% Rh-leaching a TON 

Time

(h

Wk–Y 100 98.1 0.  1.1  780 

99 ∼

Wk–M4 100 99.1 0.4  0.7  0.0  1200 

Wk–M4 100 99.1 0.4 0. 0.  1300 

5 Wk–M48  99 99.0 0.4 0.6 ∼ 1750 3.

6 h(CO)(P 98.9 0.3  11. 2675  0.9

eact ditions: catalyst: 8 kg m  for entries 1–5 and 0.96 kg m  for ent .49 
ol  for entry 6; P

mol of st
H2: 2
conv

a; ag spe 6.67 H
of Rh)

peratu
; TOF = TON × h

K; solv
; a Rh-

ne; total volum
(%) = ppm of 

 10–5 
ed × 3; 

100/ ppm Rh-c wt./ ); b ov h-leac  6 recy rwise, for sing

1  67 30 0.053 b 173 4.5 

2 Wk–Y–S 98.5 0.44 0.567  27.0 1700 567 3.0 

3 1 3 47 54 b 279 4.3 

4 8 3 690 043 b 325 4.0 

 –S  1 30  6.0 b  583 0 

 HR Ph3)3 98  3 21 –  2876 3 

R ion con –3 –3 for entry 6; substrate: 0.698 kmol m–3 ries 1–5 and 3
km m–3

CO, P .04 MP itation ed: 1 z; tem re: 373 ent: tolue e: 2.5 ×
m TON = k yrene erted to aldehydes × (kmol –1 –1 leaching Rh-leach

 of Rh-content (evaluated from ontent wt. % erall R hed after cles, othe le run. 
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Table 3.5. Comparison of activity and selectivity of hydroformylation of linear olefins using HRh(CO)(PPh3)3 and Wk–M48 catalysts 

 sts 
ate  

mol m–

C Selectivity  
/iso ON

F  
-1) 

 

 
Entry Cataly Substrate 

Substr

(k 3) 

onversion  

(%) ald. (%) 
n  T  

TO

(h

Time 

(h)

1 H (PPh3)3 -Hexene  2450 67 5 Rh(CO) 1  3.198 98.8 98.8 2.55  24 1.0

2 48 -Hexene 100.0 99.5 2.33 182 38 0 

 PPh3)3 -Octene  850 91 3 

 48 -Octene 100.0 1.67 945 70 0 

 Ph3)3 -Decene  92.2 1.36 518 61 8 

 -Decene  99.2 1.50 383 9  

1.92 

 3.70 

Wk–M 1  0.639 1  3  3.5

3 HRh(CO)( 1 2.548 98.8 98.2 2.42 1  13 1.3

4 Wk–M 1  0.509 99.4  2  3.5

5 HRh(CO)(P 1  2.113 98.2 1  9 1.5

6 Wk–M48 1  0.423 99.0  10  3.50

7 HRh(CO)(PPh3)3 1-Dodecene 1.801 97.4 89.1 0.79 1210 630 

8 Wk–M48 1-Dodecene 0.360 99.0 98.6 1.00 326 88

Reaction conditions: catalyst: 0.96 kg m–3 HRh(CO)(PPh3)3 and 8 kg m–3 Wk–M48 (0.69 wt./wt. % Rh); PCO, PH2: 2.04 MPa; 
agitation speed: 16.67 Hz; temperature: 373 K; solvent: toluene; total volume: 2.5 × 10–5 m3; TON = kmol of olefin converted to 
aldehydes × (kmol of Rh)–1; TOF = TON × h–1 
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ith the encapsulated catalysts 

y a g e nts have been e

ture at 373 K and subsequently testing the catalytic activity of the filtrate for 

ylation without addition of a catalyst. 

3) were also analyzed for determination of Rhodium content by ICP–

 e d for each catalyst in all the 

ylation reactions. For catalyst recycle experiments, the encapsulated catalysts were 

ant liquid was decanted slowly. The residual 

of solvent and reactants for the recycle run 

the same reaction conditions. In the recycle st the rhodium content of the 

ylation reaction mixtures were analyzed for Rh content. 

 (0.69 wt./wt. % Rh); styrene: 0.698 kmol m-3; PCO, 
: 2.04 MPa; agitation speed: 16.67 Hz; temperature: 373 K; solvent: toluene; total 

-5 m3. 

3.3.2.2. Leaching and recycle experiments w

mix

hydroform

(dissolved in conc. HNO

AES analyses. Leaching experim

hydroform

allowed to settle down and the clear supernat

solid catalyst was re-used with fresh charge 

mai

catalysts and subsequent hydroform

Figure 3.9.
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A typical recycle experiment with Wk–M48 catalyst for hydroformylation of styrene 

showed

3.4. CONCLUSION 
Novel heterogeneous catalysts consisting of encapsulated HRh(CO)(PPh3)3 in the 

pores of microporous Na–Y and cubic and hexagonal mesophases of MCM–48 and MCM–

41 respectively have been reported, for hydroformylation of olefins without catalyst leaching 

and use of free ligands, for the first time. The use of such air-stable catalysts showed high 

activity, recyclability and easy catalyst-product separation from the liquid phase, though the 

n/iso ratio was lower compared to the homogeneous catalyst, HRh(CO)(PPh3)3. Though, the 

reaction rates are lower compared to the homogeneous system, the cumulative turn over 

numbers for the encapsulated catalysts were significantly higher considering recycle 

experiments with complete conversion of styrene in each batch cycle. These encapsulated 

catalysts can open up new vistas for the industrial applications in synthesis of high boiling 

specialty aldehydes. This approach can also be extended to encapsulate Rh-complexes with 

other ligands to tailor the desired n/iso selectivity in specific cases. A detailed 

characterization of the catalysts specially using CP MAS NMR, TEM and XPS (before and 

after use) analyses, led to important conclusions like true encapsulation of the Rh-complex 

 that the catalyst is truly stable even after 6 recycles without loosing activity or 

selectivity (Figure 3.9). Elemental analysis for Rh in these encapsulated catalysts, as well as 

the reaction mixtures before and after the reaction by ICP showed < 0.05% overall Rh loss 

after the 6th recycle, thus, ensuring negligible leaching of rhodium from the catalyst. The 

reaction mixture, after separation of the solid catalyst, was also tested for hydroformylation 

activity (after catalyst removal from the 5th recycle), which showed no catalytic activity (Rh-

content was below detection limit of the ICP–AES instrument, 0.01 ppm), further supporting 

that the leaching of Rh from the catalyst was negligible. 

 

 

inside the support-pores. 
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4.1. INTRODUCTION 
Carbonylation or hydrocarboxylation of aryl olefins and alcohols provides a highly 

promising and eco-friendly route for the synthesis of aryl propanoic acids having applications 

as non-steroidal, anti-inflammatory drugs [1]. This is considered as one of the best examples 

of the role of catalysis in developing cleaner, environmentally benign routes replacing 

stoichiometric organic synthesis [2] as evidenced by the commercial success of the Hoechst-

Celanese process for the synthesis of Ibuprofen [3], which involves mainly a Pd catalyst with 

10% HCl(aq) as a promoter [4]. High regioselectivity for Ibuprofen (>95%) is achieved at high 

pressures (16–35 MPa), w  a TOF of 50–70 h-1 at 

lower pressures (6–7 MP (TOF) was found to be 

only 50–150 h–1 even at high pressures (35 MPa) and separation of the catalyst and products 

is a tedio nts. In 

recent reports [5], a significant enhancement in the catalytic activity (TOF = 800–2600 h–1) 

a  
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hom

catal

in

a

hete

thes

catalysts. Hence, it has been a target of research during the last decade to heterogen

homogeneous catalysts to incorporate the advantages of the homogeneous catalysis as 

the efficient catalyst–product separation. 

Recently, Sheldon and co-workers [8], and Chaudhari and co-workers [9

reported carbonylation of IBPE and styrene respectively using water-soluble pal

complexes in biphasic systems. These catalyst systems have the advantages of easy ca

recovery, but the reaction rates as well as the selectivity in both the cases (TOF: ~ 40 

244 h–1 and selectivity: 72% and 78% in the respective studies) were found to be

compared to the homogeneous analogues.  

hile the selectivity reduces to 67% (ref) with

a). In this reaction, the turn over frequency 

us task involving the precipitation of the complex by adding non polar solve

nd regioselectivity (99%) for Ibuprofen at lower pressures has been demonstrate  with

odified promoters, different phosphorus ligands and Pd-complexes [6, 7]. 

ogeneous catalysts often pose a serious threat in practical utility due to difficu

yst-product separation and reuse. The widespread application of homogeneous ca

 C–C bond formation reactions including carbonylation is attributed to their high ca

ctivity as well as high selectivity, which are, in many cases, difficult to achie

rogeneous catalysis. Despite these advantages, the industrial applications of m

e processes were not realized due to difficulties in separation and recycle of the p
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Using supported Pd catalysts (Pd/C) for carbonylation of aryl halides [10] and p-

isobuty -1

–1

–1

, the hydroesterification of styrene and 

derivat

–1

tant precursor for polycarbonates. Though TOF 

of 387 h–1 could be achieved for a certain catalysts system in this reaction, yet Pd-leaching 

lphenylethanol (IBPE) [11], high activity (TOF = 1675–3375 h ) and selectivity 

(99%) for branched carboxylic acid derivatives was achieved for IBPE, however, in both the 

cases it was concluded that the catalytic activity was due to leached Pd in solution under 

reaction conditions.  

 

Figure 4.1. Pd(pyca)(PPh3)(OTs) catalyst used for hydrocarboxylation reaction [Ref. 6, 7] 

 

Carbonylation of IBPE was reported [12] using a heterogeneous catalyst system 

consisting of supported Pd in the presence of phosphine ligands together with aqueous HCl 

as a promoter to give Ibuprofen with 23–77% selectivity at 4 MPa pressure and 398 K. The 

selectivity was increased up to 97% when silyl ligands were used together with the Pd-

montmorillonite catalyst, but the catalytic activity was found to be very low (TOF: 3–10 h ). 

In another report [13], Alper and co-workers have reported the carbonylation of 

olefins using a heterogeneous Pd-C catalyst in the presence of formic or oxalic acid and a 

bidentate phosphine ligand, dephenylphosphino propane (dppb) [13]. Though, total 

carboxylic acid yields achieved were in the range of 65–80%, the reaction rates were poor 

(10–17 h  at 423 K) with the regioselectivity towards the linear carboxylic acid in a range of 

76–100%. In another study by the same group [14]

N

O O 3

Pd

OTs

PPh

ives was carried out using Pd(OAc)2 immobilized on montmorillonite in the presence 

of PPh3 as a ligand. Here, the regioselective formation of methyl esters of 2-arylpropanoic 

acids (~ 95%) was observed at 373 K at 4 MPa (TOF = 20 h ).  

Very recently, Jacobs and coworkers [15] have reported a heterogeneous catalyst 

using MgAl layered double hydroxides as a support for oxidative carbonylation of phenol to 

diphenyl carbonate (DPC), which is an impor
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from t

n reactions remained an open challenge.  

It is in this context that Pd-complex anchored to inorganic matrices e.g. mesoporous 

supports [16] like Si-MCM-41 and Si-MCM-48 were investigated as heterogeneous catalysts 

styrene hydrocarboxylation) and regioselectivity (> 99 %) for arylpropanoic acid has been 

achieve

silica g

 

Scheme 4.1. Hydrocarboxylation of alkenes or alcohols to acids with heterogeneous catalysts 

he system is very high ca. 17%, hence, the catalyst cannot be called a truly 

heterogeneous catalyst system [15]. These reports reveal that a major drawback in most of 

these cases is the significantly lower reaction rates, often followed by leaching of the Pd 

metal during re-use. Therefore, the problem of developing a true heterogeneous Pd-catalyst 

for such carbonylatio

for hydrocarboxylation reaction [17]. Unlike silica gel support, Si-MCM-41 and Si-MCM-48 

are highly ordered mesoporous silica possessing high surface areas, well-defined porous 

structures, high porosity and controllable narrow pore-size distribution [18]. For this purpose, 

ydrocarboxylation of olefins and alcohols using Pd-(Pyca)(PPh3)(OTs)  catalyst has been 

or 

h

chosen as a reaction system, since with this catalyst, highest activity (e.g. TOF = 2600 h–1 f

d at lower pressure (5.04 MPa) so far [7]. 

In the following sections, the syntheses and characterization of these novel 

heterogeneous catalysts (Pd-pyca anchored on mesoporous supports) have been described 

along with their catalytic efficiency for hydrocarboxylation of aryl olefins and alcohols. For a 

comparison, the Pd-pyca complex has also been supported to other inorganic matrices like 

el and microporous zeolite Na-Y and the resulting activity, regioselectivity and 

stability of the catalysts for hydrocarboxylation reactions have been compared with that of 

the Pd-pyca anchored to mesoporous supports. The regioselectivity and recyclability of the 

catalysts without leaching of Pd complex/metal from these supports have also been 

discussed. The stoichiometric reactions involved in hydrocarboxylation of aryl olefins and 

alcohols are presented in Scheme 4.1.  
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4.2. EXPERIMENTAL SECTION 
4.2.1. MATERIALS 

3
2 -1

Styrene, substituted styrenes, p-toluenesulphonic acid monohydrate (TsOH), triphenyl 

phosphine (PPh ), fumed silica (380 m g ), 3-aminopropyltrimethoxysilane (APTS), 

dichlorodiphenylsilane (Ph SiCl ), cetyltrimethylammonium bromide, (CTABr) (Aldrich, 

USA), LiCl, NaOH (S.d. Fine-chem., India) and CO gas (Matheson, USA, 99.9% purity) 

were used as received. All solvents were freshly distilled using known procedures and 

degassed by argon before use.  

 

of SiO2–0.32NaOH–0.2CTABr–125H2O–

0.0033

 mmol of fumed silica was added to a solution of 20 

mmol NaOH in 25 mL H2O and stirred for 1 h. To this mixture, 10.5 mmol of CTABr was 

added drop-wise followed by an addition of 0.165 mmol of PTA (as a promoter) in 33 mL of 

H2O. The final gel was stirred for another 1.5 h and then autoclaved in a teflon-lined stainless 

steel autoclave at 423 K for 12 h. The as-synthesized sample was then filtered, washed 

repeatedly with de-ionized water and air calcined at 813 K to obtain calcined Si–MCM–48. 

 A summary of the physical characteristics of Si-MCM-41 and Si-MCM-48 materials 

as been presented in Table 4.2. 

2 2

4.2.2. SYNTHESES 
4.2.2.1. Synthesis of Si-MCM-41 

Following a procedure reported earlier [35], Si–MCM–41 and Si–MCM–48 were 

synthesized having initial molar gel ratio 

PTA and SiO2–0.4NaOH–0.21CTABr–120H2O–0.0033PTA respectively (PTA = 

phosphotungstic acid). In a typical synthesis of MCM-41, 50 mmol of fumed SiO2 was added 

to a solution of  16 mmol NaOH in 25 mL H2O and stirred for 1 h. To this mixture, 10 mmol 

of CTABr is added drop-wise followed by an addition of 0.165 mmol of PTA (as a promoter) 

in 37 mL of H2O. The final gel was stirred for another 1.5 h and then autoclaved in 

polypropylene bottle at 373 K for 4 h. The as-synthesized sample was then filtered, washed 

repeatedly with de-ionized water and air calcined at 813 K to obatin calcined Si–MCM–41.  

 

4.2.2.2. Synthesis of Si-MCM-48 

In the synthesis of MCM-48, 50

h
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4.2.2.3. Synthesis of Pd(Pyca)(PPh3)(OTs) complex 

 Pd(OAc)2 (0.89 mmol), pyridine-2-carboxylic acid (pycaH, 1 mmol), p-

OH, 1.78 mmol) and triphenylphosphine (PPh3, 1.78 mmol) in 

chloroform were vigorously stirred or shaken under room temperature for a few minutes until 

all the components were completely dissolved and the solution turned yellow. The oily 

product was washed several times with n-hexane and diethyl ether and was kept under 

vacuum forming a yellow fluffy solid [6, 7]. For elemental and spectroscopic analysis, the 

complex was purified by re-precipitation from chloroform several times. Elemental analyses 

data for the Pd-pyca complex was found to be satisfactory with the given formulation, 

C31H26NO5PPdS.H2O. Theoretical values: C – 54.76, H – 4.15, N – 2.06, P – 4.56, S – 4.71 

nd Experimental values: C – 55.21, H – 4.18, N – 1.96, P – 4.08, S – 4.45; Yield: 88 %. 

3)(OTs)  complex supported on zeolite Na-Y 

 

To ensure that the complex is accommodated inside the support mesopores and not 

-walls, MCM-41 and MCM-48 were functionalized using 

APTS 

r 

1 hour. The contents were then cooled to 195 K and 5.73 mmol of APTS was added drop 

toluenesulphonic acid (Ts

a

 

4.2.2.4. Synthesis of Pd(pyca)(PPh

Zeolite Y was synthesized according to the procedure reported in section 3.2.2.1 in 

chapter 3 of this thesis. Supported Pd(pyca)(PPh3)(OTs) on zeolite Na–Y was prepared by 

suspending 3 g of Na–Y in ethanolic solution containing 0.135 moles of the complex and 

refluxing it at 363 K for 18 h. The light yellow solid was filtered and dried at 353 K and used 

as such (labeled as Pd–Y–S) for hydrocarboxylation reactions. 

Pd-content: 0.81% w/w, average particle size of catalyst: 600 nm, surface area: 374 m2g –1. 

 

4.2.2.5. Functionalization of MCM-41, MCM-48 and anchoring of Pd(pyca)(PPh3)(OTs)   

complex by APTS inside the mesopores  

grafted externally on the mesopore

by a procedure described earlier [17, 20]. On treatment of these functionalized 

supports with Pd(pyca)(PPh3)(OTs) complex (catalyst A) [5 d], stable heterogeneous 

catalysts are obtained. Following this approach, Pd-pyca-MCM-41 (catalyst B) and Pd-pyca-

MCM-48 (catalyst C) were prepared.  

In two different syntheses, 1.0 g of Si-MCM-41 or Si-MCM-48 was suspended on 30 

mL of dry dichloromethane (DCM) and to this 0.03 ml of Ph2SiCl2 was added and stirred fo
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wise to this slurry, stirred for further 24 hours at 313 K, washed several times with dry DCM 

and dried in vacuum to get functionalized MCM-41 (M41-F) and MCM-48 (M48-F) 

.2.2.6. Preparation of 1(-4-isobutylphenyl)ethanol [IBPE] 

rocedure, 

rated from the aqueous layer. 

c 

yer was washed with saturated brine and then with saturated sodium bicarbonate. The 

and dis ylacetophenone. 

 

isobutylphenylethanol (IBPE). Yield: 92 %. 

supports. 

To prepare anchored Pd(pyca)(PPh3)(OTs) catalysts in MCM-41 and MCM-48, 1.0 g 

of the functionalized support (M41-F or M48-F) was added to a solution containing 330 mg 

of the complex in 100 ml of dry, distilled methanol and stirred for 16 hours at room 

temperature. The light yellow solid powder was then washed several times with dry 

methanol, soxhlet-extracted once with MeOH to remove any Pd-complex adhered to the 

support walls, then dried and stored under vacuum. The catalysts thus prepared (labeled as 

Pd–M41 and Pd–M48), were used as such for hydrocarboxylation reactions. Physical 

specifications of the anchored Pd-pyca complex in MCM-41 and MCM-48 supports have 

been presented in Table 4.2. 

 

4

 IBPE was prepared [7] from isobutyl benzene by a two-step synthesis p

which involved acylation of isobutylbenzene to p-isobutylacetophenone followed by 

reduction. For the acylation step, isobutylbenzene was slowly added to a solution of acetyl 

chloride and anhydrous AlCl3 in dichloromethane at 273–278 K under vigorous stirring. 

After 4–5 h of stirring at 273–278 K, the reaction was quenched by pouring the reaction 

mixture into excess of crushed ice. The organic layer was sepa

The aqueous layer was then re-extracted with dichloromethane and the combined organi

la

washed dichloromethane layer was then dried over anhydrous sodium sulfate, concentrated 

tilled under reduced pressure to get p-isobut

The reduction of p-isobutylacetophenone was carried out using sodium borohydride. 

Sodium borohydride was added to a solution of p-isobutylacetophenone in methanol under 

ice-bath. After 1 h of continuous stirring at 273–283 K, the reaction was treated with dilute 

HCl and extracted with dichloromethane. The dichloromethane layer was washed with brine 

and then with saturated NaHCO3, dried over anhydrous sodium sulfate, concentrated and 

distilled under vacuum to yield pure p-
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4.2.3. 

was charged with required amount of catalyst (prepared as per above procedures) 

in 6 mL

ls of time and were subjected to analysis to determine the 

oncentration of the reactants and products. From these data, the conversion, selectivity 

e calculated. 

HYDROCARBOXYLATION REACTION SET-UP AND PROCEDURE 
 The reactions were carried out in a 50 mL Parr Autoclave made of Hastelloy C – 276 

having facilities for gas inlet and outlet, rupture disc as a safety measure in case of excessive 

pressure build up, intermediate sampling, temperature-controlled heating and variable 

agitation speed. For a typical hydrocarboxylation reaction using a heterogeneous catalyst, the 

autoclave 

 of water after making the total volume 25 mL with substrate in methylethylketone 

(MEK) as a solvent, along with promoters (TsOH, PPh3 and LiCl). The contents were flushed 

few times with nitrogen followed by carbon monoxide and heated to the desired temperature 

(under low stirring, 10–20 rpm). After attaining the temperature, the autoclave was 

pressurized with CO to the desired level and the reaction started by starting agitation (1100 

rpm). To maintain a constant pressure in the reactor, CO was fed through a constant-pressure 

regulator from a reservoir vessel (100 mL). Pressure drop in the reservoir vessel was 

recorded by means of a pressure transducer as a function of time. Intermediate samples were 

also taken at regular interva

c

turnover frequency (TOF) and selectivity at any given time wer

After the reaction was over, the reactor was kept at rest to settle the solid catalyst and 

the organic phase was decanted slowly to get the supernatant liquid phase separated from the 

remaining solid catalyst. For recycle studies, a fresh charge of reactants was continued and 

the reaction was progressed in the same manner as described above. The organic layer thus 

obtained, was subjected to gas chromatographic and ICP-AES analysis for conversion-

selectivity and metal content respectively (to test metal leaching) in the reaction mixture. The 

hydrocarboxylation products were isolated by evaporation of the solvent and purified further 

by acid-base extraction to further confirm by NMR and FT-IR analysis. The final conversion, 

selectivity and TOF were calculated at the end of the reaction.  
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Scheme 4.2. A schematic of the hydrocarboxylation reaction set-up 

 

4.2.4. CATALYST LEACHING AND RECYCLE EXPERIMENTS 
 Catalyst leaching experiments were performed by hot filtration of the reaction 

mixture at 373 K and subsequently testing the catalytic activity of the filtrates for 

hydrocarboxylation without addition of the fresh heterogeneous catalyst. These solutions and 

the catalysts thus recovered were also analysed for Pd-content by ICP–AES (inductively 

coupled plasma with atomic emission spectra) analyses. In a typical catalyst recycle 

experiment, the heterogeneous catalyst was allowed to settle down and the clear supernatant 

liquid was decanted slowly. The residual solid catalyst was re-used with fresh charge of 

solvent and reactants for further recycle runs maintaining the same reaction conditions. In the 

recycle studies, the palladium content of the catalyst and subsequent hydrocarboxylation 

reaction mixtures were analysed for metal content as well as metal leaching. 
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4.3. RESULTS AND DISCUSSION 
 In this work, the solid-state characterization of the anchored Pd-complex catalysts 

(Pd-M41 and Pd-M48) and their catalytic performance for hydrocarboxylation of aryl olefins 

and IBPE was investigated. The results are discussed in the following sections. 

 

4.3.1. CHARACTERIZATION OF THE CATALYSTS 
31P CP–MAS NMR spectra of Pd-pyca–MCM-41 and Pd-pyca–MCM-48 were 

obtained on a Bruker DRX 500 FT-NMR spectrometer at 202.64 MHz and 11.7 Tesla using 

3 mm CP-MAS probe. The chemical shifts were referred to H PO  at 0 ppm and the spectra 

were collected at a spectral width of 20 kHz, with a flip angle of 45o, 6000 real data points 

and 5 s relaxation delay. X-ray Photoelectron Spectroscopy (XPS) measurements of the 

porous catalysts were recorded in VG Microtech ESCA 3000 instrument, pressure at 10-10 

Torr, pass energy of 50 eV and using un-monochromatized Mg–K  (photon energy – 1253.6 

3 4

α

eV) as the radiation. Powder X-ray Diffraction (XRD) of zeolite Pd-pyca–Y, Pd-pyca–

MCM-41 and Pd-pyca–MCM-41 were obtained at room temperature on Rigaku D MAX III 

VC diffractometer using Ni-filtered Cu Kα radiation, λ = 1.5404 Å, where 2 θ ranges were 

from 5° and 50° at a scan rate of 8°/min for Pd-pyca supported zeolite-Y catalyst and, 1.5° 

and 10° at a scan rate of 1°/min for Pd-pyca–MCM-41 and Pd-pyca–MCM-48 catalysts. For 

Scanning electron microscopy (SEM) of the materials, the supports were suspended in 

isopropanol, casted on gold plated discs followed by drying under vacuum and then were 

imaged on a Philips XL 30 instrument. Specific surface area of the catalyst was determined 

by the BET method using N  adsorption measured on an Omnisorb CX–100 Coulter 

instrument. Prior to adsorption, the catalysts were activated at 423 K for 6 h at 10  Torr 

pressure. Gas chromatography (GC) of the reactants and products was performed in a HP 

5890 instrument fitted with a FFAP capillary column. 

 

4.3.1.1. POWDER X-RAY DIFFRACTION (XRD) ANALYSES 
Powder-XRD patterns of the mesoporous supports (MCM-41 and MCM-48) and the 

encapsulated catalysts inside the mesoporous supports (Pd-pyca–M41 and Pd-pyca–M48) 

were obtained at room temperature on a Rigaku D MAX III VC diffractometer using Ni-

2

-4
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filtered Cu 

me

1°/m

me

mesopores and retention of the respective mesoporous structures. 

igure 4.2. Powder XRD patterns of (a) MCM-48, (b) Pd-M48, (c) MCM-41 and (d) Pd-

M41 (numbers on the patterns are the respective Bragg’s reflections) 

Kα radiation, λ = 1.5404 Å. In case of mesoporous supports and the encapsulated 

soporous catalysts, the observable 2 θ ranges were from 1.5° and 10° at a scan rate of 

in and for zeolite Na-Y and Pd-pyca–Y, observable 2 θ ranges were from 5° and 50° at a 

scan rate of 8°/min. Pd-pyca–M41 and Pd-pyca–M48 showed (Figure 4.2, a-d) the typical 

hexagonal phase (p6mm) of MCM-41 with the main {100} and other {110, 200 and 210} 

Bragg reflections and cubic phase (Ia3d) of MCM-48 with distinct {211} and {220} 

reflections along with {321, 400, 420, 332, 422 and 431} reflections indicating high degree 

of ordered mesoporosity even when the Pd-complex catalyst was encapsulated inside the 

sopores. There was, ofcourse, a slight decrease in the peak intensities of the encapsulated 

catalysts, which might be due to the binding of the Pd-complex inside the APTS-

functionalized mesoporous matrices. Pd-M41 and Pd-M48 catalysts showed no changes in 

the porous structures after functionalization and incorporation of Pd-pyca complex inside the 
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 4.3.1.2. TRANSMISSION ELECTRON MICROSCOPE (TEM) ANALYSES 

aging metal 

anoparticle catalysts inside mesoporous hosts and determine the occluded structure-

ppard et al. Ref. [21]) 

regarding imaging of metal complex catalysts specifically inside the mesoporous channels of 

MCM-41, we imaged parent MCM-41 and MCM-48 materials and Pd-anchored materials by 

TEM to direct the location of the anchored Pd-pyca complex inside the mesopores. The 

samples were dispersed in isopropanol, placed on holey carbon grids and a Jeol Model 1200 

EX instrument operated at an accelerating voltage of 100 kV was used for imaging the 

samples. The TEM images of bare MCM–41 and MCM–48 were consistent with the regular 

hexagonal and cubic mesophases respectively (Figure 4.3 A-E) with homogeneity in patterns 

throughout. We could observe a striking difference among the images of the bare, Ph2SiCl2 

treated Pd-pyca anchored and Ph2SiCl2 untreated Pd-pyca anchored mesoporous (MCM-41 

and MCM-48) materials. The exterior surface of Ph2SiCl2–treated–Pd-pyca–anchored 

mesoporous materials (Pd-M41 and Pd-M48) retains strong image contrast, probably due to 

2 2

2 2 

e of Rh-complex anchored in/on the 

esoporous MCM–41 supports (see Figure 3.5 of section 3.3.1.5), startling differences in the 

with the Pd-pyca–M41 

support

2 2

TEM has been used as an indispensable tool for structural elucidation of microporous 

as well as mesoporous supports [21,22]. Moreover, TEM has also been used extensively to 

envisage 3-D structures of the microporous and mesoporous solids, im

n

directing organic species. In compliance to a recent report (by She

Pd-pyca complex anchored inside the mesopores (treated with Ph SiCl ), in comparison to 

the complex anchored (without Ph SiCl treatment) both on the interior as well as exterior 

walls of MCM-41 (see Figure 4.3 -B and -C). In the previous chapter (section 3.3.1.5), TEM 

images have been portrayed to distinguish among bare, supported and encapsulated metal 

complex on/in porous supports.  

Herein, MCM–41, Pd-pyca–M41 and Pd-pyca–M41-S (Figure 4.3 A–C) supports 

were chosen as a typical example to indicate the distinguishing features of the Pd-complex 

tethered by APTS (by a host-guest interaction) at the external or internal surfaces of MCM-

41. In a similar fashion, as has been observed in cas

m

TEM images were observed when these images were compared 

s (Figure 2 (A–C)), wherein the Pd-complex has been encapsulated exclusively inside 

the mesopores by treating with Ph SiCl . A comparison of the images of Pd-pyca–M41–S 

with those of Pd-pyca–M41 (Figure 4.3 -B, -C) showed ‘clean’ exterior surfaces of the latter 
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case with retention of strong image contrasts of the grafted Pd-complex inside the mesopores. 

The encapsulated samples prepared treating with Ph2SiCl2 and further tethered with APTS, 

established that the Pd-complex is immobilized totally inside the mesopores and a uniform 

distribution of the complex entrapped inside has occurred, unlike Wk–M41–S materials 

(untreated with Ph2SiCl2, Rh-complex bound to the external mesopores-walls); a similar 

observation was reported earlier by Shephard et al. [20]. Similar distinguishable image 

patterns were also observed in case of the MCM–48 support. Thus, by TEM we could not 

only image the hexagonal and cubic patterns of the mesoporous materials, but also distinctly 

distinguish the internally bound Pd-complex to that of the externally grafted ones. 

 

Figure 4.3. TEM images: (A) MCM-41, (B) Pd-pyca-MCM-41 (no Ph2SiCl2 treatment), (C) 
Pd-pyca-MCM-41 (treated with Ph2SiCl2), (D) MCM-48, (E) Pd-pyca-MCM-48 (treated 
with Ph2SiCl2); Scale Bar represents 50 nm. 
 

4.3.1.3. X-RAY PHOTOELECTRON SPECTRA (XPS) ANALYSES 

XPS of the encapsulated Pd-Y, Pd-pyca–M41 and Pd-pyca–M48 were recorded in 

VG Microtech-ESCA 3000 spectrometer, applying vacuum at 10-10 torr, pass energy of 50 

eV and using un-monochromatized Mg–K  as the radiation source (photon energy of 1253.6 

eV). Surface analyses by XPS spectra were carried out quantitatively in terms of the binding 
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energy (B. E.) values of various elements present in the catalyst supports after necessa

orrect

ry C 1s 

c

 

200 300 400 500

ion, especially taking into consideration the Pd 3d5/2 and 3d3/2 B. E. values [22] for the 

catalysts Pd-pyca–M48 as a typical example (see Figure 3). Pd-pyca–M41 and Pd-pyca–M48 

catalysts showed typical Pd (II) oxidation state (Pd 3d5/2 = 337.0 eV, Pd 3d3/2 = 343.0 eV) 

and no cluster formation of Pd metal (respective B. E. values for Pd (0) species are 335.1 eV 

and 340.8 eV) in the catalyst (see Figure 4.4 and Table 4.1). Thus, Pd (II) species do not 

reduce to Pd (0) species after hydrocarboxylation reaction or even after reuse, a fact that 

posed hindrance in developing a stable Pd heterogeneous catalyst for the reaction. 
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Figure 4.4. A typical X-ray photoelectron spectra (XPS) of Pd-pyca–MCM-48 catalyst (A: 

Si 2p3/2; B: P 2p3/2; C: C 1s1/2; D: Pd 3d5/2, 3d3/2; E: N 2p3/2) 

 

XPS of these catalysts were also performed after hydrocarboxylation reactions in 

order to record any change observed in the oxidation states or B. E. values of the elements 

present in the supports during the reaction and these were found to be in compliance with the 

literature values [23(a)]. The silicon, phosphorus, palladium (II) and nitrogen present in the 

mesoporous supports showed no change in their B. E. values. This further showed that the 
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integrity of the Pd-pyca complex was retained on anchoring in the supports and that all the 

palladium was present as Pd (II) species with no beam damage suffered by the encapsulated 

supports. The B. E. values of the mesoporous supports before and after hydrocarboxylation 

reactions were almost similar, which proves essentially that all palladium was present as Pd 

(II) species in the encapsulated materials and the oxidation state remained unaltered even 

after the reactions (Table 4.1). B. E. values of Pd-pyca catalyst supported on zeolite Y (Pd–

Y–S) before and after the reaction showed some differences in Pd B. E. values, which shows 

that after the reaction oxidation state of Pd shifts slightly towards Pd (0) from Pd (II) species. 

This might occur due to after-reaction catalyst decomposition of the impregnated Pd-pyca 

catalyst supported on zeolite Y. Besides the above-mentioned elements, B. E. values of PPPh3 

(133.2 eV), O (534.1 eV) and S (169.2 eV) were also detected by XPS. 

 

Table 4.1. Binding Energy (B. E.) values§ from XPS for different elements present in the 

anchored catalysts 

            Elements 

Supports 
Al Si P Pd (3d5/2, 3d3/2) N 

Pd–Y–S–B¶ 75.0 102.8 128.9 337.1, 343.1 – 

Pd–Y–S–A¶ 74.8 102.8 129.1 335.3, 340.8 – 

Pd–M41–B – 103.8 130.2 337.1, 343.2 402.2 

Pd–M41–A – 103.7 130.0 337.3, 343.3 401.9 

Pd–M48–B – 103.6 130.1 337.0, 343.0 401.7 

Pd–M48–A – 103.7 129.9 337.1, 343.2 401.8 
¶ B: before reaction, A: after reaction; § Corrected to C 1s with binding energy of 285 eV 

ED SPECTROSCOPY (FTIR) ANALYSES 

FT-IR of Pd-pyca and Pd-pyca–M41 catalysts with the parent support, MCM-41 are 

on of the Pd-pyca 

catalys

using adventitious carbon. 
 
4.3.1.4. FOURIER TRANSFORM INFRAR

 

presented in Figure 4.5 as a typical example to elucidate the interacti

t to the MCM-41 support. The representative FT-IR spectra of the MCM-41 

framework shows characteristic bands at 962 cm–1 and 1090 cm–1, which is attributed to ν(Si-

OH) and νasym(Si-O-Si) vibrations respectively. Even after the Pd-pyca complex is 

encapsulated inside the mesopores’ channels, these characteristic FT-IR bands of the Si-
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MCM-41 are retained in Pd-M41 sample. Besides these bands, the encapsulated catalyst Pd-

M41 showed the stretching vibrations at 1329 cm-1 (νO=C−O), 1605 cm-1 (νC=C, very weak 

band) and 1669 cm-1 (νC=O), similar to those of Pd-pyca complex at 1330 cm-1, 1604 cm-1 and 

1668 cm-1 respectively [7]. 

without any bond breakage of its structure. But, there was a slight deviation obserwithout any bond breakage of its structure. But, there was a slight deviation obser

  
Figure 4.5. FTIR spectra of the homogeneous and heterogeneous Pd-catalysts 
 

This shows that the Pd-pyca complex is well retained inside the MCM-41 channels 

ved in the 

d-N stretching frequencies of the Pd-M41 catalyst at 563 cm-1 (νPd–N) from that of the Pd-

 reflects a possible coordination 

etween NAPTS and Pd-atom bound through APTS. Thus, by FT-IR spectroscopy it was 

possibl

2000 1500 1000 500

Figure 4.5. FTIR spectra of the homogeneous and heterogeneous Pd-catalysts 
 

This shows that the Pd-pyca complex is well retained inside the MCM-41 channels 

ved in the 

d-N stretching frequencies of the Pd-M41 catalyst at 563 cm-1 (νPd–N) from that of the Pd-

 reflects a possible coordination 

etween NAPTS and Pd-atom bound through APTS. Thus, by FT-IR spectroscopy it was 

possibl

2000 1500 1000 500

sm
itt

an
ce

 (a
. u

.)

 PdM41
 PdPyca
 MCM41

Tr
an

Frequency (cm -1)

PP

pyca complex (νPd–N = 569 cm-1) [7].  The shift of this band to a lower wave number in case 

of the encapsulated Pd-pyca complex in MCM-41 mesopores

pyca complex (νPd–N = 569 cm-1) [7].  The shift of this band to a lower wave number in case 

of the encapsulated Pd-pyca complex in MCM-41 mesopores

bb

e to elucidate the bonding interactions present as well as the typical spectral vibrations 

for the complex and the supports, while the complex was entrapped inside the mesopores. 

  

e to elucidate the bonding interactions present as well as the typical spectral vibrations 

for the complex and the supports, while the complex was entrapped inside the mesopores. 
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Table 4.2. Summary of selected physical characterizations of the catalysts 

hkl
Unit Cell, 

Å 

31P CP-MAS 

δiso, ppm 

Stretching 

frequency, cm-1 
Material d  

41.25 (100) 47.63 – 962, 1090a Si–MCM-41 

Pd-M41 41.79 (100) 48.26 17.968 1329, 1669, 563b 

41.80 (100) 

37.43 (211) 

48.27 

93.56 

17.966 

– 

1329, 1669, 563 

963, 1090 

Pd-M41–3 

Si–MCM-48 

Pd-M48 

Pd-pyca 

36.81 (211) 

– 

92.02 

– 

n. d. 

33.13 

1329, 1668, 563 

1330, 1668, 569 

Values in ‘()’ are the Miller indices; n. d. = not determined; Pd-pyca–M41–3: Pd-pyca–M41 
after 3rd recycle; values in respective order of (a) νSi-OH, νSi−O−Si & (b) νo=c=o, νc=o, νPd – N 

31

 

4.3.1.5. P CP MAS NMR SPECTRA 
31P CP MAS (cross-polarized, m e spinning) NMR spectra of Pd-pyca 

complex and the Pd-complex inside the pores of MCM-41 and MCM-48 materials were 

obtained on a Bruker DRX 500 FT-NMR spectrometer at 202.64 MHz and 11.7 Tesla using 

3 mm CP-MAS probe. The chemic hifts wer eferred to  and the spectra 

were collected at a spectral width of 20 kHz, with a flip angle of 45o, 6000 real data points 

and 5 s relaxation delay.  

A coupled 1H– P CP MAS NMR spectra of the pure Pd-pyca complex shows a 

single P peak (δiso= 33.13 ppm) as shown in Figure 4.6-a. In a typical P CP MAS NMR of 

Pd-pyca complex encapsulated in MCM-41 material, only one P signal (δiso = 17.968 ppm) 

as shown in Figure 4.6-b was observed. This sharp P spectrum is pertinent to the single 

PPh  group of the Pd-pyca complex that is anchored inside the MCM-41 mesopore channel.  

agic angl

al s e r  H3PO4 at 0 ppm

31

31 31

31

31

3
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Figure 4.6. 31P CP-MAS NMR of (a) Pd-pyca, (b) Pd-M41 and (c) Pd-M41-3 

 

To ensure that the Pd-pyca complex was anchored inside the mesoporous channels, 

solid-state 31P CP–MAS NMR spectra of a typical encapsulated catalyst (Pd-M41) was 

h the spectra obtained for neat Pd-pyca complex. The noticeable 

field shifts for Pd-M41 (δ = 17.968 ppm, Figure 4.6-b) in comparison to the Pd-pyca 

omplex observed (δiso= 33.13 ppm, Figure 4.6-a) suggests that there is a definite 

coordin

recorded and compared wit

up iso

c

ation between NAPTS and the Pd-atom. APTS (anchored inside the mesopores walls of 

MCM-41) when bound with the Pd-complex, donates the electron pair from NAPTS to the Pd-

atom (see Figure 4.7), which in turn increases the electron density on the PPPh3 atoms (of the 

complex) by a dπ (P) ↔ dπ (Pd) bonding, a fact that we observed earlier for anchored Rh-

phosphine complex in mesoporous systems (section 3.3.1.2). This change in the NMR shift is 

consistent with the results of FT-IR spectral analysis obtained for these heterogeneous Pd 

catalysts (Scheme 4.1), which shows coordination between the NAPTS and Pd-atom of the Pd-

pyca complex.  
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Figure 4.7. A schematic presentation of Pd-pyca–M41 catalyst 

 

 To validate that there was no leaching of Pd from the encapsulated catalyst (Pd-M41), 

P CP-MAS NMR of the recycled Pd-M41-3 (Pd-M41 catalyst after the 3rd

recorded at same spectral frequency, width and accumulating 6000 real data points as that 

applied for the Pd-M41 catalyst. The spectra as presented in Figure 4.6 (-b, -c) show that the 

P signal of Pd-M41-3 catalyst (17.966 ppm) lying in the equivalent position as that of Pd-

M41 (17.968 ppm) with almost the same intensity. This is a conclusive proof that leaching of 

etal has not occurred from the Pd-M41 catalyst system even after 3 recycles, which, 

otherwise, would have shown a completely different 31P signal due to bond breakage of the 

Pd-pyca complex residing inside the mesopores. Thus, 31P CP-MAS NMR of the 

encapsulated Pd-pyca catalyst not only determines the geometry or structure inside the 

sopores, but also gives an evidence for no Pd-leaching from the support. 
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4.3.2. PERFORMANCE OF THE ENCAPSULATED CATALYSTS 

The hydrocarboxylation experimen ca yca, Pd-

M41 and Pd-M48 in a stirred high-pressure reactor, the details of the reaction set-up and 

p already be  in  4.2.3 f this chapter. xylation 

(carbonylation) reactions are very hazardous because of handling of CO gas at high pressures 

an res hence, e uti d prop ance wh se 

re uggested. n s an products wer  by gas 

ch aphy (GC) to d on , sele  and turnov F).  

The results on hydrocarboxylation of styrene, substituted styrenes as well as p-

ity > 

98% for the desired 2-arylpropanoic acids. The TOF values for hydrocarboxylation reaction 

using the anchored catalysts were in the range of 415 h-1 to 465 h-1 for styrene and 435 h-1 to 

450 h-1 for IBPE as substrates [7]. Catalysts Pd-M41 and Pd-M48 show almost similar 

TOFs, which may be due to similar rate of interaction of the substrate molecules and the Pd 

atom residing inside the mesoporous matrices. Though, the TOF values are lower for 

anchored catalysts compared to the homogeneous Pd-pyca complex catalyst (TOF = 800 to 

2600 h ), these heterogeneous catalysts are easier to separate and reuse in practice without 

affecting the activity or selectivity of the acid products formed in the reaction. The main 

concern, while using Pd-based catalyst systems for carbonylation or hydrocarboxylation 

reactions, has either been leaching of the Pd-metal in the course of reaction, or deactivation 

 

conclusively as presented in sections 4.3.3 and 4.3.5 respectively). 

ts were carried out using talysts Pd-p

rocedure have en presented  section  o  Hydrocarbo

d temperatu xtreme preca ons an er guid ile performing the

actions are s The reactio mixture d e analyzed

romatogr etermine the c version ctivity er frequency (TO

isobutylphenylethanol (IBPE) using these catalysts are presented in Table 4.3. The results 

showed almost complete conversion (> 95%) of all the substrates with a regioselectiv

-1

of the catalyst. In all the reactions carried out in this work using Pd-M41 or Pd-M48 

catalysts, catalyst deactivation or formation of Pd (0) species in the encapsulated catalysts 

have never been observed (XPS and 31P CP-MAS of the catalysts have proved this
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Table 4.3. Comparison of activity and selectivity of various catalyst systems for 

hydrocarboxylation 

Selectivity (%) 
Catalyst Substrate Conversion (%) 

iso n 

TOF  

(h-1) 

Time 

(h) 

Pd-pyca  Styrene 97.00 99.01 0.98 2600 0.18 

Pd-M41 Styrene 98.12 99.31 0.68   463 12.0 

Pd-M48 Styrene 98.37 99.03 0.96   417 12.0 

Pd-pyca 
4-Methyl-

Styrene 
95.06 99.12 0.81 1173 0.83 

Pd-M41 
4-Methyl-

Styrene 
97.80 98.60 1.38   406 12.0 

Pd-M48 
4-Methyl-

Styrene 
98.11 99.10 0.88   367 12.0 

Pd-pyca 
4-tButyl-

Styrene 
95.00 99.00 0.98 1313 0.35 

d-M41 
4-tButyl-

93.40 99.31 0.67   286 12.0 

d-M48 
4-tButyl-

95.10 99.23 0.75   262 12.0 

P
Styrene 

P
Styrene 

Pd-pyca IBPEa 99.00 99.00 0.99   804 0.60 

Pd-M41 IBPE 95.60 97.50 2.45   450 12.0 

Pd-M48 IBPE 95.00 97.90 1.98   439 11.0 

Catalyst: 2 kg m  (0.5 kg m  Pd-Pyca); substrate: 9.6 mmol (14.04 mmol for Pd-Pyca); 

0.095 mmol (0.19 mmo

–3 –3  

LiCl: 0.5 mmol (5.6 mmol for Pd-Pyca); TsOH: 0.5 mmol (5.6 mmol for Pd-Pyca); PPh3: 

2.5×10  m ; Pd-content: 0.18 wt% in Pd-M41 and 0.20 wt% in Pd- M48; TOF = turn over 

l for Pd-Pyca); H2O: 0.01 mmol (67 mmol for Pd-Pyca); solvent: 
MEK; PCO: 5.4 MPa; agitation speed: 18.34 Hz; temperature: 388 K; total liquid volume: 

–5 3

frequency; a Isobutylphenylethanol 
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Figure 4.8. Concentration time profile for styrene hydrocarboxylation reaction using Pd-M41 

Reaction conditions: catalyst: 2 kg m–3; styrene: 9.6 mmol; LiCl: 0.5 mmol; TsOH: 0.5 
mmol; PPh3: 0.095 mmol; H2O: 0.01 mmol; solvent: methylethylketone; PCO: 5.4 MPa; 
agitation speed: 18.34 Hz; temperature: 388 K; total liquid volume: 2.5x10 –5 m3; Pd-content: 
0.18 wt% in Pd-M41 
 

The concentration-time profile (Figure 4.8) for hydrocarboxylation of styrene using 

Pd-M41/PPh3/TsOH/LiCl as a catalyst system, revealed the formation of (1-Chloroethyl) 

benzene, though in very low concentrations. The C-T (concentration-time) profile elucidates 

that the concentration of 1-(Chloroethyl) benzene passes through a maximum, which is 

indicative of its formation as well as consumption during the reaction course. The olefin or 

alo-derivative or both can be activated by Pd-catalyst for carbonylation under the present set 

tion rate as well as selectivity 

or 2-Phenylpropanoic acid suggests that the chloro-derivative is the active substrate for 

carbonylation. The chloro-derivative is formed by the acid catalyzed addition of H+ and Cl– 

across the double bond (Scheme 4.3). Hence, sufficient concentration of H+ and Cl– are 

required for the enhanced formation of 1-haloderivative.   
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Scheme 4.3. Reaction pathway for hydrocarboxylation of styrene using Pd-M41 catalyst 

 

4.3.2.1. ROLE OF PROMOTERS 

 Earlier Jayasree et al. [7, 23] reported the effect of promoters (LiCl and TsOH) in the 

hydrocarboxylation of styrene using homogeneous, biphasic as well as supported P /C 

catalysts. It was shown that catalytic activity varied significantly with the nature of counter 

ions of the acidic and halide promoters. The activity decreased in the reverse order of 

coordination ability for TsO− > CH SO − > Cl− ions, whereas, activity decreased in case of 
+ +

4
+

− − −

d

3 3

different cationic chloride promoters in the order, Li  > H  > Bu N . Chloride ions were 

found to exhibit higher activity as well as selectivity in comparison to other halide ions e.g. 

Br , F or I . Infact, bromide or iodide promoters were found to inhibit the 

hydrocarboxylation reaction when used instead of LiCl promoter. Thus, it was conclusive 

that use of optimum ratio TsOH and LiCl is a must for attaining high regioselectivity and 

activity for styrene conversion to respective iso- and normal-acids using Pd-pyca catalyst. 

Herein, the effect of TsOH and LiCl has been studied in varied proportions in the 

hydrocarboxylation of styrene (Table 4.4) and it was observed that the same trend was 

followed as in the homogeneous reaction medium. In order to understand the effect of halide 

ions in the hydrocarboxylation activity, a concentration-time profile experiment for styrene 

hydrocarboxylation using Pd-M41 catalyst was performed (see Figure 4.8). The analyses of 

the intermediate samples of the reaction using Pd-M41/TsOH/LiCl as a catalyst precursor 

system confirmed the presence of (1-Chloroethyl)benzene in lower concentrations. The 

strong effect of LiCl on the hydrocarboxylation rate as well as 2-Phenylpropanoic acid (yield 

of 2-Phenylpropanoic acid was of very low concentration and hence, could not be included in 

COOH

2

Pd-M41
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as observed earlier by Jayasree and coworkers [23]. A study on the 

effect of various promoters revealed a strong influence of the concentration of TsOH/LiCl 

ratio on the catalytic activity using Pd-M41 catalyst for styrene hydrocarboxylation to iso- 

 LiCl, the reaction yielded in very TOF (30 

e ng a rati  showed a qua mp TOF (46  

Table 4.4. moters on hydrocarboxylation of styrene with Pd-pyca and Pd-M41 

the figure 4.8) suggests that the chloro-derivative is the active substrate for 

hydrocarboxylation, 
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Reaction conditions: catalyst: 2 kg m–3; styrene: 9.6 mmol; PPh3: 0.095 mmol; H2O: 0.01 
lv ethylethylketone; PCO: 5.4 MPa; agitation speed: 18.34 Hz; temperature: 

388 K; total liquid volume: 2.5×10 –5 m3; Pd-content: 0.18 wt% in Pd-M41 

O F ADDIT F FREE PPh3 ND 

 order to have a heterogeneous Pd-catalyst for the 

carbonylation of styrene, a reaction was carried out using Pd-M41 in the presence of TsOH 

and LiCl as promoters that showed almost no carbonylation occurs (~ 3% conversion to 2-

Phenylpropanoic acid (2-PPA) after 12 h, see Figure 4.9) under these conditions. The 

reaction was then repeated in the presence of 11 – 44 equivalents of PPh3 to Pd (0.09 mg Pd 

present in 50 mg Pd-M41; PPh3 varied from 1 mg – 4 mg) with only 15% conversion of 

Entry 
TsOH/LiCl Time 

(h) 

Conversion 

) 

Selectivity 

iso : n
TOF (h−1) 

and normal-acids. In absence of either TsOH or

h−1), wher as, keepi o of 1:1 ntum ju in the 3 h–1).

 

Role of pro

mmol; so ent: m

 

4.3.2.2. R LE O ION O  LIGA

Catalyst 
ratio (%  

Pd-pyca 

Pd-M41 

3 Pd-pyca : 2.8 97 9

5 Pd-pyca : 5.6 98 9

Pd-M41 

1 5.6 : 5.6 0.468 99.00 98.42 : 1.58 2121 

2 0.5 : 0.5 12.0 98.12 99.31 : 0.68 463 

5.6 0.8 .00 8.43 : 1.57 1216 

4 Pd-M41 0.5 : 0.25 20.0 97.19 99.25 : 0.73 280 

2.3 0.417 .00 8.21 : 1.78 2359 

6 0.25 : 0.5 15.0 98.01 99.19 : 0.80 370 

 In our laboratory, reports on carbonylation of aryl olefins and alcohols using Pd (II) 

complexes [5(b), 24, 25] showed that the catalytic activity as well as desired regioselectivity 

was substantially enhanced when a combination of TsOH and LiCl was used as promoters 

under homogeneous conditions. In



 

styrene to 2-PPA. After few trials for setting up an optimum concentration of PPh3 for the 

reaction system, it was observed that above a minimum concentration of PPh3 i.e., 1.2216 × 

10–3 kmol/m3 in solution (i.e., 8 mg PPh3), the carbonylation occurred smoothly and the TOF 

increased steadily with the PPh3 concentration till 3.8175 × 10–3 kmol/m3 (25 mg PPh3, see 

Figure 4.9). Similar observations indicating strong effect of PPh3 concentration on catalytic 

activity of supported Pd-catalysts has been reported earlier for a few other reactions. Thus, a 

(463 h

Hz; temperature: 388 K; total liquid volume: 2.5×10  m ; Pd-content: 0.18 wt% in Pd-M41 

0

heterogeneous catalytic system consisting of Pd-M41/PPh3/TsOH/LiCl showed a high TOF 
–1) and regioselectivity (97.5 %) for 2-PPA at relatively lower CO pressure (5.4 MPa) 

and 388 K temperature. 

300

400

500

, h
-1

TO
F

100

200

 

Figure 4.9. Effect of PPh3 concentration on hydrocarboxylation of styrene using Pd-M41 

Reaction conditions: catalyst: 2 kg m–3; styrene: 9.6 mmol; LiCl: 0.5 mmol; TsOH: 0.5 
mmol; H2O: 0.01 mmol; solvent: methylethylketone; PCO: 5.4 MPa; agitation speed: 18.34 

–5 3

  

0 1 2 3 4 5 6 7 8 9 10

PPh  Concentration x 103 kmol/m3
3
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4.3.3. LEACHING EXPERIMENTS 

To prove the stability of these catalysts, hot reaction-mixture filtrates were analyzed 

for Pd-content by ICP-AES, which showed almost no leaching of Pd metal from catalysts 

Pd-M41 and Pd-M48 in the liquid phase during reactions (for 50mg Pd-M41 catalyst: Pd-

content: 900 ppm, total Pd leached after 3 recycles: 0.5 ppm). The filtrates showed no 

hydrocarboxylation activity, when tested without any addition of fresh catalysts. The 

catalysts were found to be very stable, restoring high activity and selectivity even after three 

recycles, as has been presented in Figure 4.10 for hydrocarboxylation of styrene with 

le 3 

ith catalyst Pd-M41) analyzed by 31P CP MAS NMR (see Figure 4.6-c), showed no change 

the Pd-pyca anchored inside the MCM-41 remains intact 
rd

with silica supports [26]. Moreover, XPS of the used d-Y-  catalyst (see Table 4.1 of this 

chapter) showed a change in binding energy values [22] from Pd (II) species (337.1 eV and 

343.1 eV) to Pd (0) species (335.3 eV and 340.8 eV). Infact, the first recycle suing Pd-Y-S 

catalyst for hydrocarboxylation of styrene showed a severe drop in conversion (as well as 

activity) from 92.3% to 37.1% with a consistent regioselectivity (> 98%), probably due to 

deactivation of the catalytic species and formation of Pd (0) metal owing to leaching from the 

zeolite support. XPS of the catalyst showed the B. E. values of Pd and Pd at 335.1 eV and 

340.9 eV respectively that is consistent with the B. E. values of Pd (0) species. 

 

catalysts Pd-M41 and Pd-M48. Comparison of catalysts Pd-M41 and Pd-M41-3 (recyc

w

in δiso values. Thus, the geometry of 

even after 3  recycle. This observation provides evidence that Pd-pyca complex is 

encapsulated inside the mesopores and does not leach out under reaction conditions. In 

contrast to this, the catalyst prepared by anchoring the Pd-pyca complex on zeolite Y as a 

support (Pd-Y-S) showed considerable amount of leaching of Pd metal (~ 19%) during 

reaction. A similar trend for leaching was observed by Fraile et al. for epoxidation reactions 

P S

5/2 3/2 
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%

0.6
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Figure 4.10. Recycle studies for styrene hydrocarboxylation using Pd-M41 catalyst (left) and  
Pd-M48 catalyst (right) 

 
Reaction conditions: catalyst: 2 kg m–3; styrene: 4.8 mmole; LiCl: 0.5 mmole; TsOH: 0.5 
mmole; PPh3: 0.095 mmole; H2O: 0.01 mmole; solvent: methylethylketone; PCO: 5.4 MPa; 
agitation speed: 18.34 Hz; temperature: 388 K; total liquid volume: 2.5×10 –5 m3; Pd-content: 
0.18 wt% in Pd-M41; 0.20 wt.% in Pd-M48. 
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Scheme 4.4.  Recycle studies for hydrocarboxylation of styrene with Pd-M41 and Pd-M48 
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4.4. CONCLUSION 
 Novel heterogeneous catalysts consisting of encapsulated Pd-pyca comlex in the 

pores of cubic and hexagonal mesophases of MCM–48 and MCM–41 respectively have been 

reported, for hydrocarboxylation of aryl olefins and alcohols without catalyst leaching. This 

is a first case for successfully heterogenizing Pd-comlex catalysts for carbonylation or 

hydrocarboxylation reactions with high activity (~ 95%) and regioselectivity (~ 99%) for aryl 

olefins and alcohols. To minimize catalyst leaching or Pd metal deactivation of the 

heterogeneous Pd-bound mesoporous catalysts, selective internal grafting technique was used 

to anchor Pd-complex only inside the mesopores. The use of such air-stable heterogeneous 

catalysts showed high activity, regoselectivity, recyclability and easy catalyst-product 

separation from the liquid phase. Though, the reaction rates are lower compared to the 

homogeneous system, the cumulative turn over numbers for the anchored Pd-complex 

catalysts were significantly higher considering recycle experiments with complete conversion 

of styrene in each batch cycle. These encapsulated catalysts can open up new vistas for the 

industrial applications in synthesis of important intermediates used for fine chemcial 

industry. A detailed characterization of the catalysts specially using 31P CP MAS NMR, 

TEM and XPS (before and after use) analyses, confirmed true heterogeneity and 

configuration of the Pd-complex inside the support-pores. 
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CHAPTER 5 
CATALYSIS BY TETHERED METAL 

COMPLEXES: 

HYDROFORMYLAT

 



 

5.1. INTRODUCTION 
Past three decades in catalysis saw various efforts to support metal complexes on 

ic matrices for ‘heterogenization’ of soluble metal complexes to 

solid catalysts active for a variety of industrially important reactions [1]. Numerous 

methods of heterogenization have been investigated [2–6] for applications to various 

react

support-pore sizes and deactivation of the catalysts have limited the actual use of 

‘heterogenized’ catalysts in industry leaving challenges to look for newer versions or 

modification of the heterogenized cataly el approach to immobilize 

homo

proposed in which, the organometallic complex was tethered to inorganic matrices [8–10] 

for a h enhanced 

catal

enantioselectivity for the desired products when methyl 2-acetamidoacrylate was 

subjected to hydrogenation with a Rh(DiPamp) homogeneous catalyst tethered to various 

Pressure. This anchoring procedure has also been applied to achiral complexes with 

similar results. For instance, hydrogenation of 1-hexene over a Wilkinson’s catalyst 

anchored to PTA treated Al O  proceeded 2–3  corresponding 

homogeneously catalyzed reaction, even on the first use of the heterogenized material. A 

Rh(dppb) complex anchored to a PTA modified Al2O3 was used for several successive 

hydrogenations of 1-hexene with a combined substrate: catalyst ratio of about 8000: 1. An 

tectable rhodium 

present. One of the advantages of this approach to anchoring homogeneous catalysts is its 

apparent generality, in that this procedure can be used to anchor a variety of pre-formed 

activ ts onto a number of different supports. It is shown that the 

tethering technique leads to a true heterogeneous catalyst, which gives enhanced catalytic 

activity and stability compared to other methods including encapsulation.  

o attempts were made previously to change the tethering metal complex 

catalysts for applications in other industrially important reactions, e.g. carbonylation, 

hydroformylation etc [11,12]. Recently, in our laboratory heterogeneous catalysts for 

hydroformylation [13] t  [14] reactions by encapsulation and 

 to supports e.g. zeolite Na-Y, 

inert, insoluble, inorgan

ions. However, lower activity-selectivity, leaching of metals, limitations of the 

sts [7]. Recently, a nov

geneous catalysts on solid supports (e.g. clay, carbon, La2O3, Al2O3, SiO2) has been 

symmetric hydrogenation of various alkenes, alkynes and aldehydes wit

ytic activity and reusability. The authors have shown that high activity and 

supports e.g. Montmorillonite K clay, Al2O3, carbon or Ln2O3, at 25 °C and 1 atm. 

2 3 times faster than the

analysis of the product mixtures from these reactions found no de

e homogeneous catalys

But, n

and hydrocarboxyla ion

anchoring (specific binding inside the pores) techniques
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MCM-41 and MCM-48 has been reported. The objective of this work was to extend and 

explore the tethering method for heterogenizing metal complex catalysts for catalytic 

Particularly, 

heterogenized Wilkinson’s HRh(CO)(PPh )  catalyst and Pd-Pyca complex catalyst 

(developed in our lab) were prepared by tethering to zeolite Na-Y and other supports (e.g. 

SiO2, Si-MCM-41, Al O and MgO) through heteropolyacid [e.g. phosphotungstic acid 

(H3P rated that these 

or 

hydroform

3 3

s the support owing to its large cavity (12 

Å supercage) accessible through four 7.4 Å windows, high surface area (~ 700 m2 g-1), 

high Al-content (Si/Al = 2.37), channel structures and thermo-chemical stabilities [16]. 

Moreover, zeolite Y particles are highly monodisperse in morphology (especially in size) 

with about 95 % monodispersity for 300 nm particle-size. This feature obviously helps in 

tethering the phosphotungstic acid (PTA) molecules on the zeolite surface in a uniform 

manner and hence, maximum loading of PTA molecules (hence, more of metal complex 

can also be anchored to the PTA surface) can be achieved on the uniform and nano-sized 

zeolite particles. A few catalysts tethered to alumina were also prepared to compare the 

catalytic activities of the Na-Y supported catalysts. A detailed characterization of the 

applications in hydroformylation [15] and hydrocarboxylation reactions. 

3 3

2 3 

W12O40. xH2O, where x = 6 – 24)] as a tethering agent. It is demonst

heterogeneous catalysts thus prepared, give higher activity and stability f

ylation and hydrocarboxylation reactions. 

12 39

3

R

Zeolite Y

12 39

3

R

Zeolite Y

 

O

(PW O )3-
O

CO3

O

(PW O )3-
O

CO3

Rh

H

PPh3

Ph P

Ph P
Rh

H

PPh3

Ph P

Ph P

R

CHO

OH C
R +

R

CHO

OH C
R +
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Scheme 5.1. Hydroformylation using HRh(CO)(PPh )  tethered to PTA on zeolite Na-Y 

 

Zeolite Na-Y was our obvious choice a
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heterogeneous catalysts using 31P CP MAS NMR, powder X-ray diffraction and X-ray 

photoelectron spectra (XPS) is also reported to prove the catalyst heterogeneity. The 

performance of the tethered catalysts has also been compared with other heterogeneous 

catalysts reported in chapters 3 and 4.  

 

5.2. EXPERIMENTAL METHODS 
5.2.1. SYNTHESIS OF CATALYSTS AND PERFORMANCE EVALUATION 

5.2.1.1. Synthesis of zeolite Na–Y, HRh(CO)(PPh3)3 and Pd-Pyca complexes 

 Syntheses of zeolite Na–Y, HRh(CO)(PPh3)3 and Pd-Pyca complexes were carried 

out as described in chapter 3 (sections 3.2.2.1 and 3.2.2.5) and chapter 4 (section 4.2.2.3) 

respectively. 

 

5.2.1.2. Synthesis of a complexes on 

phosphotungstic acid (P pports 

The preparation of the tethered catalysts was followed according to the procedure 

HRh(CO)(PPh3)3 an hesized according to 

published procedures [17, 18] as discussed in chapters 3 and 4 respectively. 

In to a 

solution (1.5 

g of Na–Y, Si/Al = 2.37) in 45 ml ethanol was added and stirred vigorously for 6 h. The 

white solid ensure 

complete removal of phosphotungstate anion from the solid and dried at 373 K for 6 h. A 

art of this solid (0.5 g) was suspended in 20 ml ethanol to which, 30 µmol of 

HRh(CO)(PPh3)3 was added and the mixture refluxed under stirring for 18 h. The light-

grey solid product (Wk–PTA–Y) was filtered, washed with ethanol repeatedly (Soxhlet 

extracted for 18 h) to remove un-anchored Rh-complex to PTA–Y, dried at 353 K and 

used as such for hydroformylation reactions. Similarly, Wk–PTA–Al2O3, Wk-PTA-SiO2, 

Wk-PTA-M41 and Wk-PTA-MgO catalysts were also prepared by choosing Al2O3, SiO2, 

Si-MCM-41 and MgO supports following the same procedure (see Table 5.4 for Rh-

contents). 

tethered HRh(CO)(PPh3)3 and Pd-Pyc

TA) anchored to zeolite Na-Y and other su

reported previously by Augustine et al. (8, 9). Specific details to synthesize metal 

complexes tethered to PTA-bound zeolite Na-Y [15] are described below:  

d Pd-Pyca complexes were synt

 order to prepare phosphotungstic acid tethered to zeolite Na-Y support, 

of phosphotungstic acid (100 µmol) in 15 ml of ethanol, a slurry of zeolite Y 

(PTA–Y) obtained was filtered, washed thoroughly with ethanol to 

p
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The specifications of Wk–PTA–Y catalyst were: Rh content: 0.49% w/w; W 

content 2 -1

2 -1

y GC after the 

reactio

: 1.59% wt./wt.; average particle size: 0.5 x 0.7 µm; surface area:  720 m  g  for 

Na–Y and 372 m  g  for Wk–PTA–Y. 

For synthesis of tethered Pd-Pyca catalyst on phosphotungstic acid bound zeolite 

Na-Y, 0.5 g of PTA-Y was suspended in 20 ml ethanol and 30 µmol of Pd-Pyca complex 

was added and refluxed under stirring for 18 h. The light-yellow solid product (Pd–PTA–

Y) was then washed with ethanol repeatedly (Soxhlet extraction for 18 h) to remove un-

anchored Pd-complex to PTA–Y, dried at 353 K and used as such for hydrocarboxylation 

reactions. 

The specifications of Pd–PTA–Y catalyst were: Pd content: 0.60% w/w; W 

content: 1.70% wt./wt.; average particle size: 0.5 x 0.7 µm; surface area:  720 m2 g-1 for 

Na–Y and 339 m2 g-1 for Pd–PTA–Y. 

 

5.2.2. REACTOR SET-UP AND EXPERIMENTAL PROCEDURE 

All the hydroformylation and hydrocarboxylation reactions were carried out in a 

50 ml microclave reactor (Parr Instrument Company, USA) with a known quantity of 

olefin or alcohol and the tethered catalysts (Wk–PTA–Y and Pd–PTA–Y). The 

hydroformylation experiments were performed at 373 K and 4.08 MPa of 1:1 (CO + H2) 

mixture using cyclohexane as a solvent, while hydrocarboxylation experiments were 

performed at 388 K and 3.06 MPa of CO using methylethylketone as a solvent. The 

details have been reported in Chapter 3 (Section 3.2.3) and Chapter 4 (Section 4.2.3). In 

hydroformylation experiments, as the reaction progressed, CO + H2 in 1:1 ratio was 

supplied from a reservoir vessel (maintained at higher pressure than the reactor) using 

constant pressure regulating device. Since, most of our experiments showed a material 

balance, between (CO + H2) consumed and olefin conversions with the aldehyde products 

formed, to the extent of > 98% (see Table 5.3 and Figure 5.8), by this procedure, constant 

pressure as well as composition of CO and H2 was maintained during an experiment. It 

was also confirmed by analysis of the CO and H2 content in the gas phase b

n in a few cases. Similar procedure was followed to obtain a material balance 

between CO consumed and olefin/ alcohol conversions with the acid products formed, to 

the extent of > 98% (see Table 5.5) for hydrocarboxylation reactions. 

In a typical experiment, known amount of olefin with cyclohexane (AR grade, 

Thomas & Baker) as a solvent and heterogenized tethered Rh-catalyst were charged into 
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the reactor and the contents flushed with nitrogen and then with a mixture of 1:1 CO and 

H2. The contents of the reactor were heated to a desired temperature, and then a mixture 

of CO and H2 (1:1) was introduced slowly into the autoclave up to a desired pressure. A 

sample of the liquid phase mixture was withdrawn and the reaction started by switching 

the stirrer on. The reaction was then continued at a constant pressure of CO and H2 by 

supplying CO/H2 mixture as per consumption, from the reservoir vessel using a constant 

pressure regulator. 

For a typical hydrocarboxylation reaction using the tethered catalyst (Pd-PTA-Y), 

the autoclave was charged with required amount of catalyst in required amount of water 

after m king the total volume 25 mL with substrate in methylethylketone (MEK) as a 

solvent, along with required amount of promoters (TsOH, PPh3 and LiCl). The contents 

were flushed few times with nitrogen followed by carbon monoxide and heated to the 

desired temperature. After attaining the temperature, the autoclave was pressurized with 

CO to the desired level and the reaction started by starting agitation. To maintain a 

constant pressure in the reactor, CO was fed through a constant-pressure regulator from a 

reservoir vessel (100 mL). Pressure drop in the reservoir vessel was recorded by means of 

a pressure transducer as a function of time. From these data, the conversion, selectivity 

turnover frequency (TOF) and selectivity of the reactions were calculated.  

Both hydroformylation and hydrocarboxylation experiments should be performed 

with utmost care and precautions as it involves use of CO and/or H2 at high pressures. 

 

5.3. CHARACTERIZATION OF THE CATALYSTS 
 P CP–MAS NMR spectra of HRh(CO)(PPh3)3 complex (Wk), PTA and Wk–

PTA–Y were obtained on a Bruker DRX 500 FT-NMR spectrometer at 202.64 MHz and 

11.7 Tesla using 3 mm CP-MAS probe. The chemical shifts were referred to H PO  at 0 

ppm and the spectra were collected at a spectral width of 20 kHz, with a flip angle of 45 , 

6000 real data points and 5 s relaxation delay. P CP–MAS NMR spectra of Pd-Pyca 

complex, PTA and Pd-Pyca–PTA–Y (Pd-PTA-Y) were obtained on a Bruker DSX 300 

FT-NMR spectrometer at 121.58 MHz and 7.05 Tesla using 89 mm CP-MAS probe. The 

chemical shifts were referred to H PO  at 0 ppm and the spectra were collected at a 

a

31

3 4

o

31

3 4

spectral width of 50 kHz, with a flip angle of 6.2 µs for 90° pulse, 6000 real data points 

and 5 s relaxation delay.  
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X-ray Photoelectron Spectroscopy (XPS) measurements of Wk–PTA–Y and Pd–

PTA–Y was recorded in VG Microtech ESCA 3000 instrument, at 10-10 Torr pressure, a 

pass energy of 50 eV and using un-monochromatized Mg–Kα (photon energy of 1253.6 

eV) as the radiation. Powder X-ray Diffraction (XRD) of zeolite Na–Y, PTA–Y, Wk–

TA–Y and Pd–PTA–Y were obtained at room temperature on Rigaku D MAX III VC 

 1.5404 Å, where 2 θ ranges were 

spended 

 the BET method using N2 adsorption measured on an Omnisorb CX–100 

oulter instrument. Prior to adsorption, the catalyst was activated at 423 K for 6 h at 10-4 

ures after 

hydrofo

with a FFAP 

capillar

5.3.1. 

 

P

diffractometer using Ni-filtered Cu Kα radiation, λ =

from 5° and 50° at a scan rate of 8°/min.  

For Scanning electron microscopy (SEM), the crystalline supports were su

in isopropanol, casted on gold plated discs followed by drying under vacuum and then 

were imaged on a Philips XL 30 instrument. Specific surface areas of the catalysts were 

determined by

C

Torr pressure. Inductively coupled plasma with atomic emission spectra (ICP-AES) 

analyses of Wk–PTA–Y and Pd–PTA–Y as well as reaction mixt

rmylation and hydrocarboxylation reactions were performed in a Perkin Elmer 

1200 instrument for determination of metal contents. Gas chromatography (GC) of the 

reactants and products was performed in a HP 5890 instrument fitted 

y column. 

 

LEACHING AND RECYCLE EXPERIMENTS WITH THE TETHERED 

CATALYSTS, Wk–PTA–Y and Pd–PTA–Y 

Catalyst leaching experiments have been performed by hot filtration of the 

reaction mixture at 373 K and subsequently testing the catalytic activity of the filtrate for 

hydroformylation without addition of catalyst. This solution and the catalysts thus 

recovered (dissolved in conc. HNO3) were also analyzed for determination of Rhodium, 

Palladium and Tungsten content by ICP–AES analyses. For catalyst recycle experiments, 

the tethered catalyst was allowed to settle down and the clear supernatant liquid was 

decanted slowly. The residual solid catalysts were re-used with fresh charge of solvent 

and reactants for further recycle runs maintaining the same reaction conditions. In the 

recycle studies, the rhodium and palladium contents of the catalysts and subsequent 

hydroformylation and hydrocarboxylation reaction mixtures were analyzed for metal 

contents. 
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5.4. R

reactio

structu

The microporous phases of zeolite Y, PTA–Y and Wk–PTA–Y catalysts were 

llinity remained 

unalter

sample and (b) the porous framework of Wk–PTA–Y and Pd–PTA–Y catalysts were not 

ESULTS AND DISCUSSION 
 The main objective of this work was to investigate the performance of the tethered 

metal complex catalysts for hydroformylation (scheme 5.1) and hydrocarboxylation 

D, SEM, 31P CP MAS NMR and XPS for a possible elucidation of the 

NALYSIS 

ns of olefins. A detailed characterization of the tethered catalysts on zeolite 

supports, their catalytic activity, selectivity and stability has been discussed. 

 

5.4.1. CHARACTERIZATION OF Wk–PTA–Y AND Pd–PTA–Y CATALYSTS 

The ‘heterogenized’ Wk–PTA–Y and Pd–PTA–Y catalysts were characterized by 

powder XR

re, bonding and oxidation states of the complexes tethered to zeolite Y.  

 

5.4.1.1. POWDER XRD AND SEM A

characterized by powder XRD. The distinct reflections and crysta

ed from one another, as observed by the powder XRD patterns in Figure 5.1.  

 

Figure 5.1. Powder XRD Patterns of (a) Na-Y, (b) PTA–Y and (c) Wk–PTA–Y 
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This shows that: (a) there is no change in crystallinity or morphology (determined 

by peak positions) of zeolite Y embedded with PTA compared to that of neat zeolite Y 
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affected or damaged during the complex formation when HRh(CO)(PPh3)3 or Pd-Pyca 

complexes were tethered to the PTA–Y support.  

To further consolidate this fact, we also scanned Wk–PTA–Y and Pd–PTA–Y 

catalysts before and after hydroformylation and hydrocarboxylation reactions by SEM 

(Figure 5.2). The crystalline patterns of the catalysts as well as the parent material zeolite 

Na-Y remained unaffected even after 6th recycle. This conclusion further supports the 

integrity of the Rh and Pd-complexes tethered by PTA to the zeolite matrix and retaining 

the cry

gure 5.3).  

stallinity and morphology of zeolite Y even after reuse. 

A B

C D

A B

C D

 

Figure 5.2. SEM of (A) zeolite Na-Y, (B) Pd-PTA-Y catalyst after 1st reaction, (C) Wk-

PTA-Y catalyst before reaction and (D) Wk-PTA-Y catalyst after 6th recycle 

 

5.4.1.2. 31P CP MAS NMR: Wk-PTA-Y CATALYST 

In order to understand interactions of the species and to seek conclusive evidences 

of true heterogeneity of complexes PTA and HRh(CO)(PPh3)3 tethered to zeolite Y, 31P 

CP-MAS NMR spectra of PTA complex, HRh(CO)(PPh3)3 complex and Wk–PTA–Y 

catalyst were recorded (Fi
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There was only one major 31P signal (δiso −19.8 ppm) of the PTA complex 

(H3PW12O40.24H2O (PTA) acquired from s. d. Fine Chemicals), as envisaged from the 

structure, while that of the HRh(CO)(PPh3)3 complex had two major 31P signals (δiso: 

34.4, 45.4 ppm), each split by J-coupling to other 31P and 103Rh (n = 100%) nuclei; as 

reported earlier by us (22). The spectral pattern observed in Figure 5.3 for 

HRh(CO)(PPh3)3 thus, elucidated trigonal bipyramidal geometry of the complex. In 

comparison to 31P spectra of the PTA and Rh-complex, Wk–PTA–Y catalyst showed a 

totally 

        PTA-Y (‘*’ indicates side bands at 8 kHz) 

different spectrum with two distinct peaks (δiso: −12.1, 32.0 ppm). The shifts in 

NMR of Wk–PTA–Y catalyst may be due to a possible interaction of PTA and Rh-

complex tethered to the zeolite Y matrix, where a Rh-O-W-O-Si type bond formation 

may have taken place (see Scheme 5.1). Interaction of this type is feasible, as bonding of 

types Rh-O-W in the solution phase [19] and OPTA-Si [20] has been reported earlier. 

 

Figure 5.3. 31P CP - MAS NMR of catalysts (a) PTA, (b) HRh(CO)(PPh3)3 and (c) Wk- 
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T (Pd-PTA-Y) 
31

31

31 d catalyst by 

MR was therefore, performed to seek conclusive evidences of true heterogeneity and 

33.1

5.4.1.3. 31P CP MAS: Pd-Pyca-PTA-Y CATALYS

In another experiment, P CP-MAS NMR spectra of Pd-Pyca complex, PTA 

complex and Pd–PTA–Y solid catalyst (all the samples were referenced to H3PO4) were 

recorded on a 300 MHz NMR spectrometer to record changes in the P peak positions. A 

comparison of the P signals obtained by scanning these solid complexes an

N

bonding between PTA and Pd-Pyca complexes tethered to zeolite Y (Figure 5.4). 
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Figure 5.4. 31P CP-MAS NMR of H3PO4, Pd-Pyca, Pd-PTA-Y and PTA 
 

Only one major 31P signal were recorded each for Pd-Pyca (δiso: 33.1 ppm) and 

PTA (δiso: −16.2 ppm; H3PW12O40.6H2O (PTA) complexes acquired from Acros 

Chemicals) as envisaged from their respective structures (see Figure 5.4). There was a 

drastic shift in the NMR signal when the 31P CP-MAS NMR of Pd-PTA-Y was carried 

out (δiso: 9.25 ppm and a weak signal at −7.35 ppm). Though the signal to noise ratio for 

this sample is poor, yet the change in the NMR shifts in the Pd-Pyca-PTA-Y catalyst from 

33.1 ppm to 9.25 ppm and −16.2 ppm to 7.35 ppm observed for Pd-Pyca and PTA 

respe -Y 

support. The changes in the peak 31P positions observed for Pd-PTA-Y compared to that 

of Pd-P

−

ctively (see Figure 5.4), validates that Pd-Pyca complex is bound to the PTA

yca and PTA complexes is analogous to the tethered catalyst (Wk-PTA-Y) and 

Rh-complexes for hydroformylation reactions (see previous section 5.4.1.2 of this 

chapter). In a similar fashion, therefore, we can conclude that there is definitely a Pd-O-



 

W-O-Si type interaction between the Pd-Pyca complex and the PTA-Y support (similar to 

tethered HRh(CO)(PPh3)3 tethered to PTA-Y matrix), when tethered. 

fts were r
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eferred to TMS 

(tetramethylsilane).

 

Figure 5.5. 29Si MAS NMR spectra of Na-Y, PTA-Y and Wk-PTA-Y 

5.4.1.4. 29Si MAS NMR: Wk-PTA-Y, PTA-Y and Na-Y  

In order to look into the structural changes, if at all occurred while tethering metal 

complexes to the zeolite support, a typical 29Si MAS NMR experiment of Na-Y, PTA-Y 

and Wk-PTA-Y supports (see Figure 5.5) were recorded on a Bruker MSL 300 FT-NMR 

spectrometer at 99.44 MHz and 11.7 Tesla and chemical shi
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 for 

tungsten, silicon, aluminium, phosphorus, carbon, rhodium and palladium atoms for their 

respective binding energies (B. E.) and oxidation states. The B. E. values of the elements 

present in Wk–PTA–Y (Table 5.1 and Figure 5.6) and Pd–PTA–Y (Table 5.2 and Figure 

5.7) catalysts complied well with values obtained from Rh-complex and Pd-complex 

supported on zeolite, as reported earlier [21]. These illustrated that rhodium and 

palladium were present as Rh (I) and Pd (II) without suffering from any beam damage by 

the catalyst and the integrity of the HRh(CO)(PPh3)3 and Pd-pyca complexes tethered to 

PTA-Y. Moreover, there was no change in the B. E. values or oxidation states of Rh (I) 

and Pd (II) to Rh (0) or Pd (0) species (B. E. values for Rh 3d5/2 is 307.1 eV and Pd 3d5/2 

is 335.0 eV for Rh (0) and Pd (0) species respectively, see Ref. [22]), as often observed 

after the reaction or in the catalyst synthesis steps. A change in the usual B. E. values of 

tungsten (see Tables 5.1 and 5.2) was observed both in Wk–PTA–Y and Pd–PTA–Y 

catalysts, which could be possibly due to the rich electron density on tungsten atom 

arising from the Rh-O-W or Pd-O-W linkages in the respective systems. Decrease in B. 

. values for W4f species has been observed earlier [23] for reduction of W (VI) species 

 

as bee m the XPS experiments alone due 

to very minimal differences among various lower oxidation states of tungsten.  

 

The framework Si/Al ratio (2.37) in all the three samples (Na-Y, PTA-Y and Wk-

PTA-Y) remained unaltered (see Figure 5.5), which confirmed that: 

(a) the framework structure is intact after binding to PTA species to form PTA-Y, 

(b) the structure is intact when Rh-complex is tethered to form Wk-PTA-Y, and  

(c) there is no leaching of Al species from the zeolite Na-Y framework in the Wk-

PTA-Y catalyst-synthesis process.  

Thus, Al site distributions and population remain unaltered as seen from the Q4 (nAl, 

wherein n = 0, 1, 2,3) environments that were detected in the above-mentioned samples in 

Figure 5.5. 

 

5.4.1.5. X-RAY PHOTOELECTRON SPECTRA (XPS) ANALYSIS 

 Wk–PTA–Y and Pd–PTA–Y catalysts were also characterized by XPS

E

to W (V) oxidation state, although it is indiscernible to conclude whether W (VI) of PTA

h n reduced to W (V) or lower oxidation states fro
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Table 5.1. XPS values for different elements present in Wk–PTA–Y 

W Al Si P C 

15000 E

Rh Elements 

Values  3d5/2 3d3/2 

Observed (eV) 29.5 77.6 106.1 133.0 288 313.2 317.8 

Corrected (eV)§ 26.5 74.6 103.1 130.0 285 310.2 314.8 

Literature (eV)‡ 31.0 74.7 103.4 130.1 285 309.1 313.9 
§ Corrected to C 1s with binding energy of 285 eV using adventitious carbon 

 

 
 

 

C: Si 2p3/2; D: P 2p3/2; E: C 1s1/2; F: Rh 3d5/2 and Rh 3d3/2) 
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Figure 5.6. X-ray photoelectron spectra of Wk–PTA–Y catalyst (A: W 4f7/2; B: Al 2p3/2; 
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Table 5.2. XPS values for different elements present in Pd–PTA–Y 

Elements Pd 

lues  
W Al Si P C 

3d5/2 3d

290.5 342.5 348.5 

rrec

7000

8000
C

Va 3/2 

Observed (eV) 30.5 79.9 109.1 134.0 

Co ted (eV)§ 25.5 74.4 103.6 129.5 285 337.0 343.0 

Literature (eV)‡ 31.0 74.7 103.4 130.1 285 337.1 342.9 
§ Corrected to C 1s with binding energy of 285 eV using adventitious carbon 
 

 
 

 

 
Figure 5.7. X-ray photoelectron spectra of Pd–PTA–Y catalyst (A: W 4f7/2; B: Al 2p3/2; 
C: Si 2p3/2; D: P 2p3/2; E: C 1s1/2; F: Pd 3d5/2 and Pd 3d3/2; G: N 1s1/2) 
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 Crystal structures of HRh(CO)(PPh3)3 [24] and an analogous heteropolyacid 

(similar to PTA molecule), H3PW12O40.21H2O [25] showed that the dimensions of the 

com his 

refl te Y 

win

windows is not feasible. Since, the exact chemistry of the tethered moiety is not yet well 

und

Ph3)3 complex. This sort of ionic interaction fastens the Rh-complex tightly 

ith the oxygen atoms of PTA tethered to zeolite Y matrix thus, restricting the complex 

Since, we could 

plexes are close to 10.8 × 10.7 × 10.8 (Å)3 and 7.1 × 6.8 × 7 (Å)3 respectively. T

ects that there could be a possible entrapment of the PTA through the zeoli

dows (7.4 Å) inside its supercage (12 Å), but inclusion of the Rh-complex through the 

erstood, we speculate a weak coordinate-covalent interaction (similar to that observed 

by Burk et al. Ref. [10])) between oxygen atoms of PTA with the Rh-atom of the 

HRh(CO)(P

w

from leaching out in the liquid phase during reaction (see Scheme 5.1). 

not obtain crystals of Pd-Pyca complex, single crystal structural data could not be 

obtained, but similar type of interaction between the Pd-complex and the zeolite Na-Y 

support is present.  
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5.4.2. HYDROFORMYLATION OF OLEFINS USING Wk-PTA-Y CATALYST 

W  catalyst was evaluated for its activity and selectivity behaviour in 

mylation of terminal and branched alkenes, the results of which are presented in 

T

 
Table 5.3. Hydroformylation of olefins with HRh(CO)(PPh3)3 and Wk–PTA–Y catalysts 

k–PTA–Y

hydrofor

able 5.3.  

Selectivity 
Catalysts Substrate 

Conv. 
TOF, h-1 TO

% Ald % n/iso 
N 

Time, 

h 

HRh(CO)(PPh3)3 

Wk–PTA–Y 

Styrene (S) 

Styrene (S) 

98.0 

98.1 

98.9 

99.8 

0.39 

0.51 

2898 

771 

2666 

1797 

0.92 

2.33 

HRh(CO)(PPh3)3 

Wk–PTA–Y 

p-Me-S 

p-Me-S 

97.9 

99.2 

97.8 

99.7 

0.47 

0.51 

2073 

677 

2239 

1578 

1.08 

2.33 

HRh(CO)(PPh3)3 

Wk–PTA–Y 

p-Acetoxy-S 

p-Acetoxy-S 

97.9 

99.2 

98.3 

99.9 

0.43 

0.47 

1575 

680 

1890 

1360 

1.20 

2.00 

HRh(CO)(PPh3)3 

Wk–PTA–Y 

p-tBu-S 

p-tBu-S 

97.6 

99.1 

94.3 

99.2 

0.52 

0.54 

1035 

350 

1585 

1135 

1.53 

3.25 

HRh(CO)(PPh3)3 

Wk–PTA–Y 

1-Hexene 

1-Hexene 

98.8 

99.3 

98.8 

99.1 

2.57 

2.48 

2455 

670 

2455 

1675 

1.00 

2.50 

HRh(CO)(PPh3)3 1-Octene 98.8 98.2 2.44 1380 1835 1.33 

Wk–PTA–Y 

HRh(CO)(PPh3)3 

1-Octene 

1-Decene 

99.1 

98.1 

99.2 

92.2 

2.33 

1.38 

437 

984 

1312 

1506 

3.00 

1.53 

Wk–PTA–Y 1-Decene 98.6 99.3 1.50 328 1065 3.25 

HRh(CO)(PPh3)3 1-Dodecene 97.2 89.1 0.80 638 1220 1.91 

Wk–PTA–Y 1-Dodecene 98.2 98.9 1.22 277 900 3.25 

Reaction conditions: Wk–PTA–Y: 4 kg m-3 (100 mg); Rh-content in Wk–PTA–Y: 0.49% 
w/w; HRh(CO)(PPh3)3: 0.96 kg m-3 (24 mg); substrate: 0.349 kmol m-3; Pco: 2.04 MPa; 

: 2.04 MPa; speed: 16.67 Hz; temperature: 373 K; solvent: cyclohexane; volume: 

The turn over frequency (TOF), conversion of olefins and selectivity values were 

evaluated from the concentration–time profiles, a typical example of which for 

hydroformylation of styrene is shown in Figure 5.8. We have observed concentration-

time as well as, (CO + H2) consumed versus time data in most of the experiments. Since, 

the material balance of CO + H2 conversion, olefin concentration and aldehydes products 

PH2

2.5x10-5 m3; TON = kmol of substrate converted to aldehydes × (kmol of Rh)–1; TOF = 
ON × (hour) –1 T

 

177 



 

178 

 

Figure 5.8. Concentration – time profile for styrene hydroformylation with Wk–PTA–Y 

Reaction conditions: Wk-PTA-Y: 4 kg m-3 (100 mg); Rh-content in Wk–PTA–Y: 0.49% 
w/w; styrene: 0.349 kmol m-3; Pco: 2.04 MPa; PH2: 2.04 MPa; agitation speed: 16.67 Hz; 
temperature: 373 K; solvent: cyclohexane; volume: 2.5 × 10-5 m3 
 

Reaction products were analyzed by GC and 1H NMR (where required). 

ydroformylation with Wk–PTA–Y catalyst (see Table 5.3) showed excellent 

OF ranging from 275–775 h  for various olefinic substrates), stability (after 6 recycles, 

e catalyst was still very active with same TOF) and high aldehyde-selectivity (> 99%) 

even in the absence of free PPh3, often used in the homogenous or immobilized systems 

[12, 26, 34). We observed lower hydroformylation activity (TOF values) for the tethered 

catalyst in comparison to the HRh(CO)(PPh3)3 catalyst, which might possibly be due to 

the spatial restrictions of the substrate molecules to the catalytic site of Wk–PTA–Y.   

formed was found to be consistent in all the cases. The data presented in Table 5.3 is for

olefin conversion > 98% using the tethered catalyst. 
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To prove the catalyst stability and true heterogeneity, we performed leaching 

experiments, where hot reaction-mixture filtrates at 373 K were tested for 

hydroformylation activity without addition of fresh catalyst and adding the substrates. 

Since, no activity was observed for 10 h, we could conclude that metal leaching does not 

occur from the catalyst in the reaction medium. The hot filtrates were also subjected for 

ICP-AES analyses of Rh and W content (< 0.01% Rh and W loss), which exhibited 

almost no leaching of Rh or W metals from the tethered catalyst during reactions. The 

catalyst was thus found to be very stable, restoring high activity and selectivity even after 

6 recycles for hydroformylation of styrene with the same batch of the catalyst (see Figure 

5.9).  
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Figure 5.9. Recycle studies using Wk–PTA–Y catalyst for hydroformylation of styrene 

Reaction conditions: catalyst: 4 kg m-3 (100 mg); Rh-content in Wk–PTA–Y: 0.49% 
w/w; styrene: 0.349 kmol m-3; Pco: 2.04 MPa; PH2: 2.04 MPa; agitation speed: 16.67 Hz; 
temperature: 373 K; solvent: cyclohexane; volume: 2.5 × 10-5 m3 
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5.4.2.1. HYDROFORMYLATION OF OLEFINS USING OTHER SUPPORTS 

 

(all procured from Aldrich chemicals, USA) and Si-MCM-41 (synthesized as 

escribed in section 4.2.2.1 in the thesis). The tethered catalyst supports were synthesized 

 

whe r hydr n o ene

well as selectivity (for desired aldehyde products) as presented in Table 5.4. In some 

 a -m achi s o d in d y  

reaction and subsequent recycles (e.g. SiO2 and MCM-41 supports), whereas lower 

 sel or 1-H al w ser hen A a O  

used as supports (com the W -Y st  in Table 5.3). It had been 

at iO2 oor rt f eroge  m o  

catalysts [28] and degradation of hexagonal structures of MCM-41 occurs on interaction 

ossi facto to a abl hing m ro  

ca s durin rofor ion r n a subseq r  (  

 

orm 1-He using us TA te  ts

ve %)b 

Hydroformylation of 1-Hexene was carried out with tethered HRh(CO)(PPh3)3 

(abbreviated as ‘Wk’) on PTA anchored supports; the supports tested herein being Al2O3, 

SiO2, MgO 

d

using the same methodology as we had prepared Wk-PTA-Y catalyst. These catalysts

n tested fo oformylatio f 1-Hex  were found to vary in activity (TOF) as 

cases considerable mount of Rh etal le ng wa bserve the hy roform lation

activity as well as ectivity f eptan as ob ved w l2O3 nd Mg  were

pared to k-PTA cataly system

reported earlier th  amorphous S  is a p suppo or het nizing etal c mplex

with PTA [29]. P bly these rs led ppreci e leac of Rh- etal f m the

talyst support g the hyd mylat eactio nd in uent ecycles Table

5.4).  

Table 5.4. Hydrof ylation of xene  vario Wk-P thered suppor  

Con rsion (
Catalysts 

Rh-content 

(% wt./wt.) 

Rh-leached a

 7 ald 7-alc. 
, -1 Ti  

 

(%) C - . C
TOF  h  me, h

Wk-PTA-SiO2  

 

.3 

.2 

– 

– 

5

6

 

 Wk-PTA-M41 

0.47 

0.51 

3.10

5.27

97

98

81 

43 

3.00

2.50

k-PTA-Al O 0.44 0.16 92 3 7 3.25W 2 3  .1 .1c 53  

Wk-PTA-MgO 0.39 0.21 78.8 12.9 c 481 3.50 

Catalyst: 4 kg m-3 (100 mg); 1-Hexene: 0.349 kmol m-3; Pco: 2.04 MPa; PH2: 2.04 MPa; 
agitation speed: 16.67 Hz; temperature: 373 K; solvent: cyclohexane; volume: 2.5x10-5 
m3; TOF = kmol of 1-Hexene converted to 1-Heptanal × (kmol of Rh × h)–1; a Rh-leached 
fter 4 recycles = ppm of Rh-leached × 100 × (ppm of Rh-content in the catalyst);  

b C7-ald
cn-Hex

a
. = 1-Heptanal, C7-alc. = 1-Heptanol;  

ane, n-Heptane and other olefinic products (undiagnosed) were also formed. 
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 Choosing Al2O3 and MgO as supports produced undesired side products (e. g. 1-

Heptanol, n-Heptane, n-Hexane and other mixed as well as higher aldehyde-products), 

which considerably decreased the overall conve

although leaching of Rh-metal during the course of reaction or recycles was minimal. The 

yield of undesired products (1-Heptanol and alkanes) was more pronounced when MgO 

was chosen as support (Table 5.4). 

 Though, a thorough investigation is required to envisage the formation of these 

side products, a probable reason might be related to the basicity (as MgO is a basic oxide 

and possesses Frenkel defects, Al2O3 is an amphoteric oxide) and F-defects present in the 

MgO structure [30], which possibly renders reduction of the aldehyde (formed during the 

hydroformylation reaction) to alcohols and alkanes (Table 5.4). Earlier, an analogous 

report related to increased selectivity for alcohol was accounted for ethylene 

hydroformylation over [HXRu3(CO)9(CCO)]2-X/SiO2-Al2O3, SiO2 and MgO (x = 0 – 2) 

catalyst systems [31]. The study showed that various surface species of the title 

triruthenium ketenylidene cluster catalysts prepared on MgO, SiO2, and SiO2-Al2O3 

showed differing activities and selectivities for oxygenates (Propanal and Propanol) and 

C2H6 in ethylene hydroformylation. Oxygenate and alcohol selectivities were 27% and 

46% (MgO), 6% and 0% (SiO2), and 2% and 0% (SiO2-Al2O3), respectively. 

Thus, amongst the catalyst supports surveyed in our study (Tables 5.3 and 5.4), 

Wk-PTA-Y was found to be an excellent choice in comparison to choice of other 

and heterogeneity in 

articular. Recent reports using immobilized rhodium complexes anchored to MCM-41 

matrix 

rsion towards 1-Heptanal and hence TOF, 

supports, and heterogeneous catalysts reported previously [13, 27, 32–37] in terms of 

hydroformylation rates, TOF, aldehyde-selectivity, stability 

p

[32], polyelectrolyte [36] and delamellated matrix [37] for hydroformylation of 

olefins showed lower TOF of 165 h-1 for 1-hexene, as reported by Schwab et al. [36] and 

significant Rh leaching during recycles as compared to our system.  
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5.4.3. HYDROCARBOXYLATION OF ARYL OLEFINS AND ALCOHOLS 

res (5.4 MPa) as standardized for hydrocarboxylation reactions, discussed in the 

previous chapter. 

 
Table 5.5. Hydrocarboxylation of aryl olefins and alcohols with Pd-Pyca and Pd–PTA–Y  

catalysts 
Selectivity (%) 

USING Pd-PTA-Y CATALYST 

To extend the tethering concept for other reactions, we chose to develop a Pd-

based heterogeneous catalyst (using tethering methodology) using Pd-Pyca complex 

tethered to PTA supported zeolite Y for hydrocarboxylation reactions. Pd–PTA–Y 

catalyst was evaluated for its activity and selectivity behaviour in hydrocarboxylation of 

olefins and alcohols, the results of which are presented in Table 5.5. The mole ratio of the 

promoters (LiCl, TsOH) and free PPh3 ligand to the substrate concentration was kept 

constant through out the reaction course at 388 K temperature and lower reaction 

pressu

Catalysts Substrate 
Conv. 

% iso n 

TOF, h-

1 
TON Time, h 

Pd-Pyca 

Pd–PTA–Y 

Styrene (S) 

Styrene (S) 

97.0 

98.1 

99.01 

99.26 

0.98 

0.73 

2600 

279 

2666 

3346 

0.92 

12.00 

Pd-Pyca 

Pd–PTA–Y 

4-Me-S 

4-Me-S 

95.0 

96.6 

99.12 

99.11 

0.81 

0.87 

1173 

275 

2239 

3298 

1.08 

12.00 

Pd-Pyca 

Pd–PTA–Y 

4-tBu-S 

4-tBu-S 

95.0 

94.1 

99.00 

99.32 

0.98 

0.67 

1313 

247 

1890 

3211 

1.20 

13.00 

Pd-Pyca 

Pd–PTA–Y 

IBPE 

IBPE 

99.0 

95.1 

99.00 

98.12 

0.99 

1.86 

804 

250 

1585 

3246 

1.53 

13.00 

Reaction conditions: Pd–PTA–Y: 2 kg m-3 (50 mg); Pd-content in Pd–PTA–Y: 0.60 % 
w/w; Pd-Pyca: 0.4 kg m-3 (10 mg); substrate: 0.385 kmol m-3; Pco: 5.4 MPa; agitation 

eed: 18.34 Hz; temperature: 388 K; PPh3: 0.095 mmol; H2O: 0.01 mmol; LiCl: 0.5 
mmol; TsOH: 0.5 mmol; solvent: Methylethylketone; volume: 2.5 × 10-5 m3; TON = 

seen from Table 5.5 that hydrocarboxylation with Pd–PTA–Y catalyst showed almost 

complete conversions (> 95%) of all the substrates to the desired 2-arylpropionic acids 

with high TOF (TOF ranging from 245–280 h-1 for various substrates), stability (after 4 

recycles, the catalyst was still very active with same TOF) and high regioselectivity (> 

98%). We observed lower hydrocarboxylation activity for styrene (TOFstyrene = 279 h–1) 

sp

kmol of substrate converted to acids × (kmol of Pd)–1; TOF = TON × (hour) –1 
 

Reaction products were analyzed by GC and 1H NMR (where required). It can be 
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using tethered Pd-PTA-Y catalyst in comparison to the homogeneous Pd-pyca catalyst  

OFsty

 

Figure 5.10. Recycle studies using Pd-PTA-Y catalyst for hydrocarboxylation of styrene  
 

-3

ching 

xperiments, where hot reaction-mixture filtrates at 373 K were tested for 

hydrocarboxylation activity without addition of fresh catalyst and adding the substrates. 

Since, no activity was observed for 12 h, we could conclude that Pd-metal leaching does 

not occur from the catalyst in the reaction medium. The hot filtrates were also subjected 

(T rene = 2600 h–1) (see ref. 25), or anchored Pd-pyca complex in mesoporous MCM-

41 support (TOFstyrene = 463 h–1) (see ref. 23), which might possibly be due to the spatial 

restrictions of the substrate molecules to the catalytic site of Pd–PTA–Y or 

configurational changes of the Pd-Pyca catalyst attached to the PTA supported zeolite Y. 

Though the exact reason for lower activity as well catalytic mechanism is yet to be 

experimentally revealed, the tethered approach extends a new alternative for developing 

heterogeneous Pd catalyst system for carbonylation reactions.  
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Reaction conditions: Pd–PTA–Y: 2 kg m  (50 mg); Pd-content in Pd–PTA–Y: 0.60 % 
w/w; substrate: 0.385 kmol m-3; Pco: 5.4 MPa; agitation speed: 18.34 Hz; temperature: 
388 K; PPh3: 0.095 mmol; H2O: 0.01 mmol; LiCl: 0.5 mmol; TsOH: 0.5 mmol; solvent: 
Methylethylketone; volume: 2.5 × 10-5 m3. 

 

To prove the catalyst stability and true heterogeneity, we performed lea

e
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for ICP-AES analyses of Pd and W metal contents (< 0.01% Pd and < 0.01% W overall 

loss), which exhibited almost no leaching of Pd metal from the tethered Pd-PTA-Y 

catalyst during reactions or subsequent recycles. A typical recycle study (4 recycle runs) 

was performed for hydrocarboxylation of styrene with the same batch of the Pd-PTA-Y 

catalyst that was found to be very stable, retaining high activity and regioselectivity for 2-

Phenylpropanoic acid (see Figure 5.10) without leaching of Pd-metal from the catalyst.  

3 3

Y has been reported for hydroformylation and hydrocarboxylation of olefins to aldehydes, 

l

variety of olefins. By this approach, one can bind suitable homogeneous metal complex 

 

5.5. CONCLUSIONS 
Thus, the novel tethered catalyst systems, consisting of a tethered 

HRh(CO)(PPh )  and Pd-Pyca complexes bound through phosphotungstic acid on zeolite 

and olefins and alcohols to acids, respectively. The tethered catalysts were found to be 

highly stable and recyclable for hydroformy ation as well as hydrocarboxylation of a 

catalysts to other microporous supports to obtain stable and recyclable catalyst systems, 

as demonstrated by the example of hydroformylation and hydrocarboxylation of olefins. 
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