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Cooperative Catalysis Among Active Sites Integrated in Polymer Random coil 

Ashutosh Thakur 

s1440154 

 

  Transition metal-based olefin polymerization catalysts have tremendous industrial applications for the 

production of polyolefins which occupy half of the plastic industry. They are represented by two extreme 

classes: Molecular catalysts (metallocene and post-metallocene) and classical solid catalysts 

(Ziegler-Natta and Phillips). The former class exploits the advantage of precise design of active site 

structures by a variety of metal-ligand combinations for a superior activity and selectivity. In contrast, the 

latter class is advantageous for the accumulation of multiple functions over multi-length scales, while 

their inherent chemical and structural complexities lead to ill-defined characteristics and lower catalytic 

selectivity. Thus, the contrast of the characteristics has encouraged the development of a new class of 

catalysts, which would enable multifunctionality and high selectivity with well-defined features in a way 

to bridge the gap between molecular and solid catalysts. In this research, I attempt to develop a new 

catalyst system, with the aim to conceptually bridge the two extreme classes of catalysts. This involves, a 

bottom-up strategy based on the 

synthesis of well-defined 

polynorbornene (PNB) supports 

bearing different contents of aryloxide 

ligands at their side chain, and 

subsequent grafting of a half-titanocene 

precursor to confine a predefined 

number of metal centres in a nano-sized 

random coil of polymer chains 

(Scheme 1). A potential synergy or 

cooperation among multiple active sites 

integrated in a random coil is explored 

to accumulate functionality in a 

well-defined way.  

  The PNB supports were synthesized by Grubbs catalysed copolymerization between norbornene and 

2-aryloxonorbornene, at a fixed norbornene/catalyst ratio of 200 mol/mol. Approximately 90% of the 

yield and nearly quantitative comonomer incorporation were observed over a wide range of feed 

composition. The PNB supports exhibited Mw/Mn values close to one. These facts assured the 

well-defined nature of the synthesized PNB supports. Dynamic light scattering (DLS) measurements 

revealed a random coil conformation of the chains of the PNB supports in a dilute toluene solution. 

  The PNB supports with different comonomer contents were used to graft two half-titanocene 

precursors Cp*TiCl3 and Cp*TiMe3. Successful synthesis was confirmed by comparing the 1H, 13C NMR 

and UV-Vis spectra of the PNB-supported catalysts with their molecular analogues (CAT Cl and CAT Me). 

The PNB-supported catalysts were employed in ethylene polymerization using modified 

methylaluminoxane (MMAO) or TIBA/Ph3CB(C6F5)4 as an activator. Ethylene polymerization was also 

conducted using the corresponding molecular analogues for comparison. It was found that the activation 

of the supported catalysts using MMAO was sterically hindered especially in terms of alkylation, which 

was circumvented by the utilization of a less bulky TIBA/Ph3CB(C6F5)4 activator system. When 

NEt3, NH4HCO2, Pd(PPh3)2Cl2

DMF, 80  C, 16 h

Grubbs 1st generation

Norbornene

CAT Me 

CAT Cl 

Norbornadiene
2-Aryloxonorbornene

PNB supportPNB-supported catalysts

PNB-g-CAT Cl: X = Cl

PNB-g-CAT Me: X = Me

CH2Cl2, 25  C, 3 h

Scheme 1. Synthesis of PNB-supported catalysts. 
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TIBA/Ph3CB(C6F5)4 activator system was used, the activity of the supported catalysts was found to be 

greater than the corresponding molecular analogues. Furthermore, the activity improved by the increase 

of Ti centres per PNB chain, plausibly due to a synergy or cooperation among multiple active centres 

confined in a nano-sized random coil of PNB chains. Secondly, it was found that at a higher temperature, 

the highest activity in ethylene polymerization was achieved by employing a PNB-supported catalyst with 

the lowest active site density. In the absence of synergistic or cooperative effect, the enhanced activity of 

the PNB-supported catalyst with the lowest active site density indicated the stabilization of the active sites 

by site isolation. Also, the supported catalysts were superior to the molecular analogues in producing 

polyethylene with a higher molecular weight and narrower polydispersity when activated by 

TIBA/Ph3CB(C6F5)4 activator system.  

Keywords: Bridging catalyst; soluble polymer support; half-titanocene catalyst; ethylene polymerization; 

active site density. 
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Preface 

 

     The present thesis is submitted for the Degree of Doctor of Philosophy at Japan 

Advanced Institute of Science and Technology, Japan.  The thesis comprises of the 

results of the research work on the topic “Cooperative Catalysis Among Active Sites 

Integrated in Polymer Random Coil” under the supervision of Assoc. Prof. Toshiaki 

Taniike at the School of Materials Science, Japan Advanced Institute of Science and 

Technology during July 2014–March 2018.  

     First of all, Chapter 1 is a general introduction, which explains the detailed 

background and the objective of this research.  Chapter 2 introduces a novel catalyst 

system in olefin polymerization, which is based on the synthesis of aryloxide-containing 

half-titanocene catalysts grafted to soluble polynorbornene chains and their application 

in ethylene polymerization.  Chapter 3 reports the origin of cooperative catalysis 

embodied by aryloxide-containing half-titanocene catalysts confined in a single 

polynorbornene chain.  Finally, Chapter 4 describes the general summary and 

conclusions of this thesis.  To the best of my knowledge, the work is original, and no 

part of this thesis has been plagiarized.   

 

School of Materials Science                                  Ashutosh Thakur 

Japan Advanced Institute of Science and Technology 

March 2018 
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1.1 Catalysts 

Definition 

     Catalysts are chemical entities, that are responsible for the kinetic acceleration of 

a reaction without participating in the overall reaction scheme [1].  A catalyst lowers 

the free energy of activation (∆G‡) of a reaction by providing new pathways for its 

progress. As a result, lower energy input is required for a catalyzed reaction as 

compared to an uncatalyzed reaction [1,2].  Fig. 1 is an example of the influence of a 

catalyst in the progress of a reaction (A + B → C) in solution. 
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Transition state of an uncatalyzed reaction

Transition state of a catalyzed reaction
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and uncatalyzed (UC) reaction∆GC
‡

∆GUC
‡

A + B

C

∆Go 

 

Fig. 1. Energy profile of a reaction in progress (A + B → C). 

 

The rate of formation of product (C) is given by Eq. (1),  

RC = d[C]/dt = k[A][B]                                              Eq. (1). 

k is the rate constant of the reaction, which can be correlated to the free energy of 

activation by Eq. (2) based on the transition state theory [3], 
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k= κkBT/hexp(-∆G‡/RT)                                             Eq. (2). 

Where, κ is a proportionality constant known as a transmission coefficient [3], kB is the 

Boltzmann constant, h is the Planck constant and R is the molar gas constant. 

Since ∆G = ∆H─T∆S, Eq. (2) can be expressed in terms of the enthalpy of activation 

(∆H‡) and the entropy of activation (∆S‡) by Eq. (3), 

k= κkBT/hexp(∆S‡/R)exp(-∆H‡/RT)                                    Eq. (3). 

Eq. (3) is known as Eyring equation, from which the ∆H‡ and ∆S‡ of a chemical 

reaction can be calculated by plotting ln(k/T) vs. 1/T, which would give a straight line 

with the slope as -∆H‡/R and the intercept as ln(κkB/h)+∆S‡/R.  A catalyst influences 

both the ∆H‡ and ∆S‡ of a chemical reaction so as to minimize the ∆G‡ as compared to 

an uncatalyzed reaction.   

     In Fig.1, the initial and final states of the reactants and the product are same, both 

for a catalyzed and uncatalyzed reactions.  Thus, the overall free energy change (∆Go) 

is same for both the reactions.  This implies that the thermodynamically unfavourable 

reactions (∆Go > 0) cannot be made feasible by a catalyst.  Thus, the main role of a 

catalyst in a thermodynamically feasible reaction is to improve the reaction rate as well 

as the product selectivity (concentration of the desired product with respect to all the 

products).  Catalysts can improve the product selectivity because they can accelerate 

competitive reactions by different extents. 

 

Importance of catalysts in life and lifestyle 

     Catalysts are integral components of most of the modern chemical processes, as 
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they are indispensable to improve the reaction efficiency in terms of energy 

consumption and atom economy.  Catalysts have found direct applications in fuel and 

energy sectors, automobile industries to control the emission of harmful exhaust gases, 

polymer industries, pharmaceutical industries, food processing, and etc.  By and large, 

catalysts contribute to the 30% of the world economy, which is a remarkable number to 

understand their direct influences on human lifestyle [4].  Catalysts are also important 

for life, for example, enzymes are the biocatalysts essential for many important 

biochemical reactions. 

 

1.2 Classification of Catalysts 

     Based on design concepts and functions, catalysts can be broadly classified into 

three categories: i) Enzyme catalysts, ii) molecular catalysts and iii) solid catalysts. 

 

Enzyme catalysts 

     Enzymes are homogenous catalysts, which work in the biological systems [2,5].  

Enzymes are proteins or nucleic acids, bearing a precisely designed active site, which 

can transform a substrate to a specific product with almost 100% selectivity [6].  Many 

enzymes require additional organic or inorganic compounds for their activity, which are 

known as cofactors [5].  The key features, which make enzyme catalyzed reactions to 

be extremely selective with high catalytic turnovers are [6-8]: 

(i) The active site structure is specific to a reaction in terms of its shape and charge 

distribution.  For instance, functional groups in the substrate can interact with 
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functional groups in the active site by hydrogen bonding, electrostatic or Van 

der Waals interactions, which in turn increases high local substrate 

concentrations around an active site.  Also, the binding of the substrate induces 

a favourable conformational change in the active site, which restores its original 

conformation after releasing the product.  These result into high 

enzyme-substrate binding affinity. 

(ii) High enzyme-substrate binding affinity also results from the favorable binding 

of a hydrophobic substrate in the hydrophobic pocket of an enzyme in an 

aqueous environment. 

(iii)The affinity of an enzyme for a specific reaction transition state is higher than 

that for the reactants or products.  This lowers the free energy of activation of 

the entire reaction by stabilization of the transition state. 

(iv) Many metalloenzymes activate substrates by multimetallic cooperative catalysis, 

in which two or more metal centers are fixed in close proximity to activate both 

electrophilic and nucleophilic reactants by a concerted mechanism, leading to 

improved activity and selectivity as compared to nonproximate catalytic centers.  

Scheme 1, represents the proposed mechanism of metal centres mediated 

cooperative catalysis of urease enzyme in the reaction of hydrolysis of urea into 

carbon dioxide and ammonia [8]. 
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Scheme 1. Proposed mechanism of metal centres mediated cooperative catalysis of 

urease enzyme [8]. 

 

The two Ni centres of the urease urease enzyme (Scheme 1) are present at a distance of 

3.5 Å from each other and they interact with the reactants (H2O and urea) by non 

covalent bonds, which in turn helps to bring the reactants closer to each other.  With 

the help of the acidic and the basic side chains of the enzyme, the nucleophilic addition 

to the carbonyl group takes place by a concerted pathway to form the hydrolyzed 

products in a single step.  Thus, the cooperation between the two Ni centres improves 

local reagent concentrations and provide conformationally favourable active site 

-substrate interactions for improved activity and selectivity. 

     The kinetics of enzyme catalyzed reactions are described by Michaelis Menten 

mechanism [5].  According to this mechanism, an enzyme-substrate complex is formed 

in the first step.  The rate-limiting step is the transformation of the bound substrate to 

product. 

     A number of bio-transformations are carried out using enzymes on an industrial 

scale, such as high fructose corn syrup production using glucose isomerase enzyme, 
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lactose free milk production using lactase enzyme, enantioselective synthesis of 

L-aspartate using aspartase enzyme and etc [9].  The advantages of using enzyme as 

catalyst in industries are: 

(i) Supreme selectivity of enzyme catalyzed reactions for a specific product.  

Many products are isolated as a single enantiomer, which makes the process 

extremely efficient and cost effective. 

(ii) Enzymes are highly active under mild conditions of temperature, pressure and 

pH. Moreover, enzyme catayzed reactions can be performed in aqueous 

environment.  These make enzyme catalyzed reactions environmentally 

friendly. 

(iii) Enzymes can catalyze a diverse range of the reactions, which make them 

promising for a number of applications on an industrial scale.  

     In spite of the advantages, the usage of enzymes for many reactions is limited by 

the lack of stability under harsh operational conditions and high cost of synthesis [9]. 

 

Molecular catalysts 

     Molecular catalysts are small molecules, including transition metal complexes, 

which are soluble in the reaction medium [10,11].  Transition metal complexes, which 

contain less than 18 electrons in their valence shells are coordinatively unsaturated and 

can function as catalysts [12].  Molecular catalysts work in homogeneous catalysis, in 

which, all the reactants, activator/cocatalyst, and the catalyst are present in a single 

phase of a dispersant (organic solvent).  Molecular catalysts contribute to all industrial 
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catalytic processes by 10-15%.  The advantages and disadvantages associated with 

molecular catalysts are [10-12]: 

Advantages: 

(i) Molecular catalysts enable the precise bottom-up design of active site structures 

for a superior activity and selectivity. 

(ii) Molecular catalysts are well-defined.  This is because the structure as well as 

its relationship with the performance of a catalyst can be studied at a molecular 

level, using diffraction and spectroscopic techniques.  Based on these 

understanding, the performance of a molecular catalyst can be tuned by proper 

selection of the metal ion, ligand environment and operational conditions. 

(iii) In reaction medium, molecular catalysts are dissolved within the fluid.  

Hence, there is negligible diffusion limitations of reagents to reach the active 

sites, which results into high catalytic turnover frequency. 

 

Disadvantages: 

(iv) Molecular catalysts possess lower thermal stability and they can perform only 

under relatively mild operational conditions, which limit their industrial 

applicability.  Molecular catalysts generally work in a liquid phase, thus the 

boiling point of the solvent decides the highest temperature at which the 

catalysis can be performed. 

(v) Molecular catalysts are dissolved in the same phase as the reactants, and hence, 

the separation of the product from the catalysts at end of the reaction is difficult 
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and expensive. 

(vi) In the homogeneous catalytic processes, the recovery of molecular catalysts is a 

serious problem, which makes the processes very costly, especially when 

expensive metals like rhodium, palladium, gold and platinum are used. 

     Due to the disadvantages, molecular catalysts get little applications in many 

industrial processes such as cracking, reformation, steam reforming and ammonia 

synthesis, which routinely require harsh operational conditions (high temperature and 

pressure).  However, due to their advantages, molecular catalysts are very useful for 

the synthesis of tailor-made plastics, fine chemicals, pharmaceutical compounds and etc.  

The major applications of molecular catalysts were triggered by the great success of 

C‒C cross coupling reactions, olefin metathesis/polymerization reactions, asymmetric 

synthesis and so on [13-19].  These reactions are extremely useful from the prospect of 

organic chemistry and its related industries.  A few examples of industrially useful 

molecular catalysts are listed in Scheme 2.  A Rh-based complex is used for 

asymmetric hydrogenation reaction.  It is used for the manufacture of L-DOPA, which 

is a drug for Parkinson’s disease [12].  A Ni-based complex is used in the 

oligomerization of ethylene to higher molecular weight α-olefins, popularly known as 

shell higher olefin process (SHOP) [12].  Ru- and Mo-based complexes are used in 

olefin metathesis reactions and popularly known as Grubbs, Hoveyda-Grubbs and 

Schrock catalysts, respectively [13,14].  A Pd-based complex is used in C–C cross 

coupling reactions, especially Suzuki reaction [15]. 
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Asymmetric hydrogenation SHOP C-C cross coupling

Olefin metathesis Olefin metathesis Olefin metathesis
 

Scheme 2. Examples of industrially useful molecular catalysts. 

 

     There are several types of olefin metathesis reactions, such as ring closing 

metathesis (RCM), acyclic diene metathesis (ADMET), ring opening metathesis 

polymerization (ROMP), ring opening metathesis (ROM) and cross metathesis (CM), 

which are efficiently catalyzed by several generations of Ru-based (Grubbs type) and 

Mo-based (Schrock type) catalysts [13,14,20,21].  Since ROMP by the Grubbs catalyst 

has been extensively used in this dissertation, the polymerization mechanism, and the 

catalysis are discussed below. 
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Scheme 3. Types of olefin metathesis reactions [14]. 

 

Ring opening metathesis polymerization: 

     Ring opening metathesis polymerization (ROMP) is a useful process for 

controlled synthesis of functional organic polymers [22-24].  Due to the functional 

group tolerance of Ru [20,25], Grubbs catalyzed ROMP has been recognized as a 

suitable methodology to synthesize well-defined and functional polynorbornene [23,24].  

In terms of polymer chemistry, ROMP is a chain growth polymerization of cyclic 

olefins into linear polymers known as cycloolefin polymers (COC).  The cyclic olefins, 

which contain a high degree of ring strain (> 5 kcalmol–1) are the active monomers in 
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ROMP [20].  Through polymerization, the ring strain in the cyclic olefin monomer is 

released, which becomes the driving enthalpic force of the polymerization, balanced by 

the entropic loss.  The most commonly used monomers are cyclobutene, cyclopentene, 

cis-cyclooctene, norbornene and its derivatives such as tetracyclododecene and etc. 

     Scheme 4, illustrates the mechanism of ROMP [20].  The initiation step begins 

with π-coordination of monomer to a transition metal alkylidene complex followed by 

[2+2] cycloaddition reaction to make a four-membered metallacyclobutane intermediate.  

This intermediate undergoes a cycloreversion reaction to form a new metal alkylidene, 

which is the propagating site of the polymerization.  During propagation, the 

analogous steps are repeated until the polymerization stops by the consumption of all 

monomer, reaction equilibrium or chain termination.  Grubbs catalyzed ROMP is 

commonly terminated by the addition of ethyl vinyl ether.  In addition to the 

mechanism illustrated in Scheme 4, the equilibrium in the reaction medium can be 

established via other pathways, such as intermolecular chain-transfer and intramolecular 

chain-transfer (backbiting) reactions.  The chain transfer reactions would lead to the 

formation of polydisperse polymers. 
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Scheme 4. A general mechanism of ROMP [20]. 

 

     Considering the equilibrium nature of ROMP reactions, in order to perform 

efficient living ROMP, the catalyst is needed to satisfy the following requirements [20]: 

(1) High activity, (2) rapid initiation kinetics compared to the propagation kinetics, (4) 

negligible chain transfer reactions or undesired termination during the polymerization, 

(5) facile reaction with terminating agents, and (6) tolerance toward moisture, air, and 

organic functional groups. 

 

Grubbs 1st generation Grubbs 2nd generation Grubbs 3rd generation
 

Scheme 5. Three generations of Grubbs catalysts. 
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     The molecular structures of three consecutive generations of Grubbs catalysts are 

shown in Scheme 5.  All of the three catalysts show high activity in ROMP of a variety 

of monomers, especially norbornene derivatives.  However, the much higher rate of 

propagation as compared to the rate of initiation in ROMP by the Grubbs 1st and 2nd 

generation catalysts leads to the formation of polymers with polydispersity index (PDI) 

around 1.2 [26].  This fact also lowers the ability of these catalysts to control the 

molecular weight of product polymers.  Combination of N-heterocyclic carbene and 

pyridine ligands led to the Grubbs 3rd generation catalyst, by which the rate of initiation 

in ROMP can be significantly enhanced [27].  With this advantage, the Grubbs 3rd 

generation catalyst makes it possible to synthesize nearly monodisperse polymers with 

completely controlled molecular weight.  This development in Grubbs catalysts is a 

good example to demonstrate the fact that by proper choice of the ligand, the 

performance of a molecular catalyst can be tailored. 

 

Solid catalysts 

     Solid catalysts are heterogeneous catalysts [28].  They use coordinative 

unsaturation created on solid surfaces for catalysis [29].  In heterogeneous catalysis, 

the reactants are either in gas or in liquid phase, while the catalysts remain in the solid 

phase [30].  Mostly, solid catalysts are multicomponent, typically composed of 

catalytically active components, support or carrier and promoters [30].  Many 

industrial solid catalysts utilize a variety of transition metals as the active components.  

Supports are solid materials, which provide a large surface area for the accommodation of 
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the catalytically active components by chemisorption.  Some commonly employed 

materials as solid supports are alumina (Al2O3), silica (SiO2), titania (TiO2), zeolites, clay 

minerals, activated carbon, cross-linked polymers, graphene and etc.  The promoters are 

the substances that are not catalytically active but can enhance the performance of a 

catalyst [30].  The advantages and disadvantages associated with solid catalysts are: 

Advantages: 

(i) Solid catalysts are thermally robust and possess much higher stability as 

compared to molecular catalysts. 

(ii) Solid catalysts make use of support materials to anchor transition metals instead 

of expensive ligands.  Supports make solid catalysts cheap, easily separable 

from reaction medium and reusable when expensive metals are used. 

(iii)Solid catalysts are multifunctional as they offer the advantage of the integration 

of multi-components over multi-length scales for the accumulation of multiple 

functions.  For instance, the catalytically active components of solid catalysts 

decide the intrinsic activity, selectivity and stability of a catalyst. Whereas, 

supports control the morphology and provide mechanical strength to the catalysts.  

Furthermore, supports act as macro ligands, which improve stability of the active 

sites by protecting from external impurities and dissipating the heat released 

during chemical events.  The chemical reactions with solid catalysts are diffusion 

controlled [31] and therefore, porous solid supports can also dictate the selectivity 

(e.g. shape selectivity in zeolites) of a catalyst [30].  Further, promoters can 

electronically influence the catalyst surfaces, control the growth of catalyst 
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particles in a way to influence activity and selectivity of solid catalysts [30].   

Disadvantages: 

(iv) Solid catalysts possess multiple active sites, each of them with its own activity 

and selectivity.  This make overall activity and selectivity of a catalyst low.  

Due to their ill-defined characteristics, it is very difficult to study 

structure-performance relationship (SPR) of solid catalysts.  Moreover, most of 

the solid catalysts are empirically developed in terms of performance 

optimization by conventional top-down design.  Thus, the lack of SPR makes it 

very demanding to tune the performance of solid catalysts. 

(v) In reactions with solid catalysts, the reagents which are in another phase (gas or 

liquid) must diffuse into the pores and subsequently get adsorbed on the 

catalytically active surfaces.  After reaction, the products are also required to 

diffuse out of the pores.  These pore diffusion causes mass transport problem 

[31].  Moreover, for any exothermic or endothermic reaction with solid 

catalysts, a considerable temperature gradient may exist along the particle 

diameter, which causes heat transfer problem [31].  These heat and mass 

transfer limitations can strongly affect the kinetics solid catalysts, even though 

these are useful for the stability and selectivity of a catalyst. 

     The advantages of solid catalysts make them most suitable for many industrial 

applications.  Solid catalysts contribute to 80-85% of all industrial catalytic 

processes [30].  The most notable applications include: ammonia synthesis, oil 

refineries, production of hydrocarbons from CO and H2 (Fischer Tropsch process), 



 26 

production of fine chemicals, automotive catalytic converters (three-way catalyst), 

industrial polyolefin productions (Ziegler-Natta and Phillips catalysts), conversion 

of biomass into fuels and chemicals, green and sustainable chemical transformations 

and so on [30-36]. 

 

 

1.3 Olefin Polymerization Catalysts 

Brief overview 

     Polyolefins are regarded as the most successful thermoplastic materials due to 

their broad range of applications, highly developed manufacturing technology and huge 

market share.  With a global production of approximately 152 million metric tons in 

the year of 2016 and forecasted growth of 6% per year for the next 5 years [37], it is 

easy to imagine their scientific, social, and economic impact in the modern world.  The 

remarkable consumption of polyolefins is the consequence of their excellent 

thermomechanical properties and easy processability in combination with exceptionally 

low production cost.  With the aid of composite technology, polyolefins are getting 

attentions for new applications so as to replace expensive and environmentally risky 

materials [38-45].  Because of the continuous efforts devoted over the last 60 years in 

both industry and academy to various disciplines that include catalysis, reaction 

engineering, characterization, processing and polymer properties, the field of 

polyolefins has become not only multi-disciplinary but also scientifically and 

technologically matured. 
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     The journey of catalytic olefin polymerization started in 1951 with the discovery 

of a Cr-based catalyst by Hogan and Banks at Phillips Petroleum followed by the 

discovery of a Ti-based catalyst (TiCl4/AlEt3) in 1953 by Ziegler [46,47].  These 

discoveries led to the successful production of high density polyethylene (HDPE).  In 

the next years, pioneering work of Natta on the isoselective polymerization of propylene 

with another Ziegler-type catalyst (TiCl3/AlEt2Cl) opened the new field of stereoregular 

polypropylene (PP) [48].  Due to their great contributions, Karl Ziegler and Giulio 

Natta were awarded the Nobel Prize in Chemistry in the year 1963.  The next 50 years 

of research and development brought several new generations of MgCl2-supported 

Ziegler-Natta (ZN) catalysts, which are highly active as well as highly stereospecific 

with multi-grained catalyst particles having uniform size and spherical morphology [49].  

These advancements helped the industries for the commercial production of 

thermoplastic polymers (HDPE, isotactic polypropylene (iPP), linear low-density 

polyethylene (LLDPE)) and elastomers (polybutadiene, polyisoprene, ethene-propene 

rubber, ethylene-propylene-butadiene terpolymer) with ZN catalysts.  During the same 

period, the great development of Phillips catalyst, which is composed of hexavalent Cr 

species supported on multi-grained SiO2, transformed it to an extremely versatile 

industrial catalyst, which now produces almost 40% of the world’s total HDPE in 

hundreds of specialized grades [50].  The great commercial success of ZN and Phillips 

catalysts can be attributed to the following reasons: (1) ZN and Phillips catalysts are 

multisite catalysts [49-52].  As a result, the polymers produced by them possess broad 

molecular weight distribution (MWD).  Broad MWD improves flowability of 
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polymers in the molten state at high shear rates and imparts higher zero-shear viscosities, 

which are important in extrusion processes and blow molding applications [52,53].  

Moreover, due to the multisite nature, Phillips catalyst produces HDPE bearing short 

and long chain branches with excellent mechanical and rheological properties [52], (2) 

the multi-grained particles of ZN and Phillips catalysts enable to achieve long standing 

polymerization kinetics as well as the morphology control of final polymer particles by 

“replication” phenomenon [49,50], (3) high polymerization activity of ZN and Phillips 

catalysts versus very cheap cost of catalyst synthesis makes them highly cost effective 

for industrial polyolefin production.  While the commercial success of Ziegler-Natta 

and Phillips catalysts brought revolution in polyolefin industries, their complicated 

structural and chemical characteristics were the bottlenecks to understand many 

fundamental aspects regarding the olefin polymerization mechanism.  The scarce 

concentration of the catalytically active species formed on solid supports with large 

porosity and high surface area makes it extremely challenging to investigate them using 

advanced surface science techniques.  Moreover, the polymers produced by these solid 

catalysts have broad distribution in microstructures and are heterogeneous in chemical 

compositions, mainly due to the presence of multiple active sites [49-52].  Thus, 

microstructural characterization of the product polymers is not suitable as a fingerprint 

technique to understand the active site structure and mechanism of polymerization.  

Nevertheless, classical solid catalysts have played the major catalytic role in industries 

for the large-scale production of low-cost polyolefins over the last decades and even till 

now [53]. 



 29 

     Although, the development of single-site molecular catalysts and their use in 

olefin polymerization were started way back in 1957 based on a Cp2TiCl2/alkyl 

aluminum system by Natta, the results were not satisfactory due to the inefficient 

activation of the catalyst [54].  The revolution in the explorations and design of high 

performance and single-site metallocene-based molecular catalysts for olefin 

polymerizations began after the serendipitous discovery of a methylaluminoxane 

(MAO) activator [55].  With the combination of early transition metal-based 

metallocene catalysts and MAO, it became possible to synthesize polymers with high 

stereoregularity, uniform chemical compositions and narrow molecular weight 

distribution, being ideal for studying the olefin polymerization mechanism as well as 

structure performance relationship (SPR) [18].  The knowledges of SPR have further 

enabled the fine tuning of polymer microstructures by a variety of metal-ligand 

combinations.  The search for new generations of non-metallocene molecular catalysts 

with tailored ancillary ligands led to the development of post-metallocene single-site 

catalysts, represented by early transition metal-based constrained geometry and 

phenoxyimine (FI) catalysts, as well as late transition metal based α-diimines and 

bis(imino)-pyridine catalysts [56-59].  The new functions explored by these catalysts 

have expanded the scope for the synthesis of next-generation specialty polyolefins 

having high stereo and regioregularity, controlled branched density and polar functional 

groups.  These new polyolefins afforded completely different chemical, physical and 

rheological properties, thus opening a possibility of new applications for 

polyolefin-based materials.  Furthermore, the mechanistic study of olefin enchainment 
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and chain-transfer processes by molecular catalysts became clearer with the 

development structurally well-defined cocatalysts [60].   

     The above discussions have made it very clear that although both the classical 

solid catalysts and tailored molecular catalysts produce polyolefins by transition-metal 

catalyzed coordination insertion polymerization, the obtained polymers are largely 

different in microstructures.  This is because both the classes of catalysts differ in their 

catalytic functions.  Thus, it is necessary to understand the functions of classical solid 

catalysts (e.g., ZN) and tailored molecular catalysts (metallocene and post-metallocene) 

in order to conceptually bridge these two extreme classes of catalysts in olefin 

polymerization.  

 

Ziegler-Natta catalysts 

Heterogeneous ZN catalysts are the major catalysts for the industrial polyolefin 

production, especially for more than 99% of iPP [49].  These industrial catalysts are 

primarily composed of TiCl4 cosupported on activated MgCl2 together with a Lewis 

base compound known as an internal donor (ID) [34,49,61].  The role of the ID is to 

activate MgCl2 during catalyst preparation and drastically improve the stereospecificity 

of a catalyst.  The TiCl4/ID/MgCl2 pro-catalysts are used in combination with 

alkylaluminum compounds (AlR3) and a second Lewis base compound known as an 

external donor (ED) [34,49,61].  The main role of the ED is to augment the 

stereospecifying the role of the ID [34,61].  During polymerization, a contact between 

the pro-catalyst with the Lewis acidic cocatalyst results into a loss of a large quantity of 
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the ID by complexation.  An ED effectively substitutes the lost ID to maintain the 

stereospecificity of a catalyst.  Apart from improving stereospecificity of a catalyst, 

donors significantly influence other catalytic properties such as activity, hydrogen 

response, comonomer incorporation efficiency and molecular weight distribution of 

product polymers [62].  It has been established that the performance of a ZN catalyst 

system depends more on the combination of donors rather than on the individual ID or 

ED.  However, the choice of the combination of donors is greatly empirical, similar to 

the highly empirical developments of the ZN catalysts themselves over the last 60 years 

[62]. 

     The reasons of MgCl2 as the solely successful support is attributed to the 

similarity of its crystal structure to that of TiCl3 in terms of interatomic distances and 

crystal forms [49,63].  Mechanically or chemically activated MgCl2 usually exists in 

the δ-form, of which the catalytically useful surfaces are coordinatively unsaturated 

(110) and (104) lateral planes [62-65].  TiCl4 is epitaxially adsorbed (Scheme 6) on 

these MgCl2 surfaces due to similar ionic radii between Ti4+ and Mg2+ [62].  The 

mononuclear Ti species are formed on the (110) surface and dinuclear (Ti2Cl8) Ti 

species are formed on the (104) surface [62].  Active sites for propylene 

polymerization are considered as monoalkylated Ti(III) species, which are formed after 

the extraction and alkyl substitution of terminal Cl atoms with alkylaluminum cocatalyst 

[62].  The mononuclear and dinuclear Ti species on the (110) and (104) surfaces were 

respectively assigned by Busico et al. as aspecific and isospecific active sites [63].  

Later on, an active site model of ZN catalysts was postulated by Busico et al., based on 
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statistical analyses of polymer stereosequences and is known as the three-site model 

[64], which was further modified by Terano et al [51].  According to the three-site 

model, stereospecificity of Ti species supported on MgCl2 is decided by the absence or 

presence of bulky ligands, L1,2 (Cl or donor) at the neighboring coordinatively 

unsaturated metal sites (Mg, Ti or Al), irrespective of their location ((110) or (104)) and 

nuclearity.  Since the Ti dinuclear species on the (104) surface does not have any 

coordinative unsaturation at the neighboring metal sites, therefore it is considered that 

donors coadsorb with the Ti mononuclear species on the (110) surface, interact with 

neighbouring Ti species in a non-bonded fashion to convert it into an isospecific active 

site [62]. 

 

(1
0
4
)

 

Scheme 6.  Model of mononuclear and dinuclear Ti species on MgCl2 (110) and (104) 

surfaces. 
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     Active ZN catalysts can be prepared by prolonged milling of crystalline MgCl2 

with an intern ID.  This mechanically activated MgCl2 powders are then treated with 

TiCl4 to synthesize a TiCl4/ID/MgCl2 pro-catalyst [49].  This mechanochemical route 

of catalyst preparation is no longer used for the preparation of industrial ZN catalysts 

since it cannot control the morphology of catalyst particles, while spherical particle 

morphology with uniform size distribution are essential for plant operation.  The 

state-of-the-art ZN catalysts are thus prepared by chemical routes, in which support 

precursors with spherical morphologies such as MgCl2-alcohol adducts and magnesium 

alkoxides (Mg(OR)2) are treated with excess of TiCl4 and an internal donor to 

chemically convert them to TiCl4/ID/MgCl2 pro-catalysts [49,66,67].   

     The modifications of ZN catalysts have been continued for the last 60 years in 

order to control morphology and improve the activity, stereospecificity and hydrogen 

response of the catalysts or in other words to integrate functions in one catalytic system.  

Along these modifications, the five generations of ZN catalysts that have been 

industrialized are partly listed in Table 1. 
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Table 1 

Generations of ZN catalysts and their propylene polymerization performancea [49] 

Generation Chemical composition Productivity 

(kg-PP/g-Cat) 

Isotactic 

index 

(wt.%) 

Morphology 

control 

Post-process 

requirements 

First δ-TiCl30.33AlCl3  

+ AlEt2Cl 

0.8-1.2 90-94 Not possible Deashing and 

atactic removal 

Second δ-TiCl3 + AlEt2Cl 3-5 94-97 Possible Deashing 

Third TiCl4/Ester/MgCl2  

+ AlR3/Ester 

5-10 90-95 possible Atactic removal 

Fourth TiCl4/Diester/MgCl2  

+ TEA/Alkoxysilane 

10-25 95-99 Possible Not required 

Fifth TiCl4/Diether/MgCl2  

+ AlEt3/Alkoxysilane 

25-35 95-99 Possible Not required 

aPolymerization conditions: Pressure = 0.7 MPa, t = 4 h, T = 70 °C, solvent = hexane, H2 for molecular 

weight control.  

 

     In the first-generation catalysts, the process suffered from low productivity of the 

catalysts and required the removal of catalyst residues (deashing) from obtained 

polymers.  The low activity of the first-generation catalysts was due to their small 

surface area.  The preparation methodology of the second-generation catalysts allowed 

morphology control and greatly improved the surface area of the catalysts.  As a result, 
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the activity improved by five times as compared to the first-generation catalysts.  The 

introduction of activated MgCl2 support and organic esters (e.g. ethylbenzoate and 

methyl-p-tolulate) as ID and ED further improved the activity of the third-generation 

catalysts.  The morphology of these catalysts can also be controlled by the proper 

choice of a preparation method (e.g. chemical method).  The fourth- and 

fifth-generation catalysts have different donor systems.  The fourth-generation 

catalysts were developed using an alkylphthalate as ID and an alkoxysilane as ED.  

The stereospecificity of the fourth-generation catalysts was significantly higher as 

compared to the third-generation catalysts.  The use of 1,3-diethers as ID in the 

fifth-generation ZN catalysts led to high stereospecificity and exceptionally high 

catalytic activity as compared to the previous generations.  Moreover, the use of 

1,3-diethers as ID remove the necessity of ED in the fifth-generation catalysts due to the 

persistent adsorption of diethers on MgCl2 surfaces [61].  Moreover, the iPP produced 

by the fifth-generation catalysts have a narrow molecular weight distribution, suitable 

for film grades.  Thus, the integration of functions in ZN catalysts progressed with the 

development of the catalysts interms of productivity, stereospecificity, morphology, and 

molecular weight distribution of product polymers. 

     ZN catalysts are multi-site catalysts.  ZN catalysts equip great multifunctionality 

as they integrate multi-components over multilength scales [68].  The performance of a 

ZN catalyst depends on two factors: 1) Type and nature of the active sites, which can 

dictate the activity of a catalyst as well as primary structure and polydispersity of 

produced polymer [68], and 2) hierarchical but irregular agglomeration of primary 
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building units, which results into a range of porosity from micro to macropores within a 

catalyst macroparticle [68].  The structural hierarchy influences the polymerization 

kinetics, comnomer (linear α-olefin) incorporation efficiency of a catalyst as well as the 

resultant morphology of the polymer particles through fragmentation and replication 

phenomena during polymerization [68,69].  While the former factor largely depends on 

surface chemistry, i.e., an interplay among MgCl2 surface, TiCl4, internal and external 

donors, the latter factor is mainly determined through preparation methods and 

conditions. 

 

Metallocene and post-metallocene catalysts 

     Metallocene catalysts are soluble organometallic coordination compounds [18].  

The general structure of a metallocene of the Cp2MCl2 (IV) type is shown in Scheme 7.  

Metallocenes are called sandwich compounds, in which the central metal atom is placed 

between two cyclopentadienyl or substituted cyclopentadienyl (Cp) rings.  The central 

metal is bonded through the π electron donation from the cyclopentadienyl rings.  

When activated with methylaluminoxane (MAO), metallocene catalysts of the Cp2MCl2 

(IV) type shows high activity in ethylene polymerization.  In contrast to ill-defined ZN 

or Phillips catalysts, metallocene catalysts show only one type of active sites.  Because 

of the single site nature, metallocene catalysts produce high molecular weight polymers 

with a narrow molecular weight distribution (Mw/Mn = 2) and uniform chemical 

compositions [18].  Under appropriate conditions, the activity of a metallocene catalyst 

could be 10 to 100-fold greater than that of classical ZN catalysts.  Scheme 8 
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represents the mechanism for olefin polymerization using metallocene catalyst in the 

presence of methylaluminoxane (MAO) or tri-iso-butylaluminum (TIBA)/Ph3CB(C6F5)4 

activator system [18].  The first step is the alkylation of the metallocene complex in 

the presence of an excess of alkylaluminum compounds (MAO or TIBA).  Abstraction 

of an alkyl group by Lewis acidic MAO or Ph3C
+ cation generates a metal alkyl cationic 

species, stabilized by a weakly coordinating anion.  This coordinatively unsaturated 

metal cation is the actual active site for the polymerization.  Coordination insertion of 

a monomer to the active site generates a propagating site, in which continuous monomer 

insertion takes place and thus a growing polymer chain with an active end is formed.  

In all the propagation steps, the cationic site is believed to be stabilized by a counter 

anion [18].  The growing polymer chain may terminate by a chain-transfer reaction.  

There are several possible pathways of chain-transfer reaction, such as, β-H elimination 

to the metal centre, β-H transfer to monomer, chain transfer to hydrogen and chain 

transfer to alkylaluminum [70].   

     Since the ligands ‘L’ are coordinated to the cationic site, they can strongly 

influence the catalytic performance by sterically and electronically modifying the active 

site.  Thus, the electron transfer ability of a ligand as well as its steric environment 

around the metal centre would influence the rate, orientation and mode of monomer 

insertion as well as the chain transfer rate of a growing polymer chain and the stability 

of the active site.  These in turn influences the productivity and comonomer 

incorporation efficiency of the catalyst as well as the molecular weight, stereo- and 

regioregularity of the product polymers.   
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Scheme 7. Structure of metallocene catalysts of the type Cp2MCl2. 

 

 

Scheme 8. Mechanism of olefin polymerization using metallocene catalysts in the 

presence of MAO or (TIBA)/Ph3CB(C6F5)4 activator system. 

 

     Metallocene catalysts are advantageous for fine tuning of catalytic performance 

by ligand modifications [71].  The catalysts presented in Scheme 7 are achiral because 

of the free rotation of the Cp rings and therefore cannot afford stereoregular 
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polypropylene.  The stereoregularity of polymer produced by metallocene catalysts is 

related to the molecular symmetry of the metallocene complex [71,72].  Kaminsky et 

al. obtained highly isotactic PP at a good yield using C2 symmetric chiral 

ansa-metallocene (rac-Et(Ind)2ZrCl2) [72,73] as shown in Scheme 9.  When one of the 

indenyl groups was replaced with a Cp group, the steric environment around the Zr 

centre was affected, which in turn influenced the orientation of monomer insertion in 

one side and resulted into the production of hemi isotactic PP.  On the other hand, 

Ewen et al., synthesized syndiotactic PP by using Cs symmetric ansa-metallocene 

(i-Pr(Flu)(Cp)ZrCI2) [72,74] as shown in Scheme 9. 

 

C2-symmetric catalyst Isotactic polypropylene

Cs-symmetric catalyst Syndiotactic polypropylene
 

Scheme 9. Effect of molecular symmetry of metallocene catalysts on stereoregularity of 

polypropylene [72]. 
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     The molecular structure of a metallocene complex can be accurately determined 

by X-ray crystallography coupled with NMR spectroscopy.  The molecular structure in 

combination with the microstructural information of resulting polymers (e.g. 

stereoregularity) make it possible to understand the exact correspondence between the 

active-site structure and its performance.  These knowledges further enable the 

researchers to tune the polymer structure with the aid of ligand modification around a 

central metal atom.   

     The search for new metal-ligand combinations in order to incorporate new 

functionalities in single-site catalysts, led to the development of post-metallocene 

catalysts [56-59,75-77].  Scheme 10 represents a few examples of post-metalocene 

catalysts.  One commercially successful catalyst is a constrained geometry catalyst 

(CGC) developed by Dow and Exxon [56].  The most unique feature of this catalyst is 

the sterically open nature of the active site, which allows it to incorporate a variety of 

other monomers (e.g. 1-hexene, styrene, norbornene) into polyethylene.  Additionally, 

this catalyst can produce adequate amounts of short and long chain branches in the 

absence of comonomer.  When compared to ordinary metallocenes, the CGC catalyst 

exhibits increased stability toward MAO and high thermal stability as they can produce 

higher molecular-weight polymers with narrow dispersity at high polymerization 

temperatures.  Further progress in the post-metallocene catalytic polymerization of 

olefins was brought by the pioneering work of Brookhart on late transition metal based 

α-diimine complexes.  The α-diimine complexes with late transition metals such as Ni 

and Pd have offered a unique ability of producing branched PEs without using 
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comonomers via a “chain-walking” mechanism [75,76].  The extent of branching can 

be controlled via modification of the α-diimine ligand, the metal type, or polymerization 

conditions.  Moreover, these late transition-metal complexes are capable of 

synthesizing functionalized polyolefins by polymerization of polar monomers due to 

their high tolerance to polar functional groups [75-77].  Another important class of 

post-metallocene catalysts are bis-phenoxyimine (FI) catalysts, which are C2 symmetric 

organometallic complexes.  FI catalysts exhibit many unique characteristics based on 

the concept of ligand oriented catalyst design [57].  With the aid of ligand 

modifications (R1 and R2), FI catalysts can perform highly controlled living ethylene 

polymerizations and produce ultrahigh molecular weight polyethylene (UHMWPE) 

with narrow dispersity.  With FI catalyst, the activity of level of 6552 kg-PE/mmol-Zr 

h was achieved in ethylene polymerization, which is one of the highest activity ever 

reported for any catalytic reaction [57].  Moreover, FI catalysts can incorporate higher 

α-olefins and norbornene, as well as can perform highly syndiospecific and isospecific 

polymerizations of both propylene and styrene with very high catalyst efficiency. 

 

CGC catalyst α-diimine catalyst FI catalyst
 

Scheme 10. Selected examples of post-metallocene catalysts. 
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     The effect of ligand modifications on catalytic performance is well demonstrated 

by a series of non-bridged half-metallocene complexes [78], represented in Scheme 11.  

In these catalysts, the performance can be tailored by changing the electronic and/or 

steric environment around the metal centre (e.g. Ti) through ligand modifications (Cp' 

and L) [78].  In the elegant research by Nomura et al., a variety of non-bridge 

half-metallocene catalysts containing ancillary (e.g. aryloxide, ketimide) ligands were 

synthesized and successfully employed in ethylene (co)polymerization [78-84].  The 

catalysts exhibited notable activity and remarkable incorporation of a variety of 

comonomers (1-butene, 1-hexene, styrene, norbornene, cyclohexene, cyclopentene, 

vinylcyclohexene and etc.) to form a variety of polymers such as LLDPE, cycloolefin 

copolymer (COC) and etc. with unique microstructures, which are otherwise not 

possible to synthesize via ordinary metallocenes (e.g. Cp2TiCl2).  Furthermore, the 

polymers obtained with these catalysts usually possess high molecular weights and 

narrow molecular weight distributions. 
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Cp'TiX2(Y)

Cpʹ = Cyclopentadienyl fragments

Y = Anionic ancillary donor ligand

X   = Cl, Me

Basic Concepts: Catalyst design

1) Easy to prepare various Cpʹ 

and Y derivatives

2) High catalytic activity

3) Control of monomer 

reactivity

 

Scheme 11. Design concept and selected examples of non-bridge half-metallocene 

catalysts [78]. 

 

     From the above discussions, it can be concluded that molecular catalysts in olefin 

polymerization are advantageous in terms of tailor-made performance by a variety of 

metal-ligand combinations.  These catalysts can synthesize olefin based materials with 

new microstructures, which are inaccessible with classical solid catalysts.  Each 

structure of molecular catalysts can make each polyolefin structure special.  Moreover, 

their well-defined structures enable the understanding of many mechanistic aspects of 

olefin polymerization catalysis.  However, to incorporate a new, molecular catalysts 

require ligand modification.  Therefore, despite the advantages, molecular catalysts are 

inferior to solid catalysts interms of number of functions that can be accumulated per 

catalyst structure, which makes the molecular catalysts less functional in catalysis. 
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1.4. Bridging Catalysts in Olefin Polymerization 

     A bridging catalyst is a catalyst which can conceptually bridge the two extreme 

ends of catalysts, i.e., molecular catalysts with well-defined but less functional features 

and solid catalysts with multifunctional but ill-defined features.  In the field of olefin 

polymerization, the concept of bridging catalysts has been long regarded as an 

important subject in both academy and industry, as accounted by the industrial 

relevance of both the classical solid catalysts and the tailored molecular catalysts in the 

production of distinct grades of polyolefins.  In this regard, different approaches have 

been developed for the establishment of a “bridging” catalyst. 

 

Surface organometallic chemistry approach 

     Surface organometallic chemistry (SOMC) approach is from the side of solid 

catalysts.  In the case of solid catalysts, proper understanding of catalytic processes at a 

molecular level is obscured by the surface inhomogeneity and the co-presence of 

different kinds of active sites and their very low concentrations [85].  Thus, the 

absence of a rational structure-performance relationship (SPR) of solid catalysts has 

made their development highly empirical.  The objective of SOMC is to construct a 

well-defined active site on solid surfaces, and thereby to clarify SPR [29,85-87].  For 

example, Basset et al used nonporous partially dehydroxylated silica (SiO2) aerosils, 

partially dehydroxylated γ-alumina (Al2O3) and a mixture of partially dehydroxylated 

SiO2 aerosils and γ-Al2O3, which contained surface hydroxyl groups at known 

concentrations.  The hydroxyl groups were reacted with an organometallic complex 
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Cp*Zr(CH3)3 through precise control of each elementary reaction occurring between the 

organometallic complex and surface hydroxyls [86].  The supported complex was 

characterized by various spectroscopic techniques (solid state NMR, EXAFS, XANES, 

in situ IR etc.), which gave molecular insight of the identity of model catalytic species.  

For instance, when partially dehydroxylated SiO2 was used, only one type of neutral Zr 

species (A) was formed as represented in Scheme 12.  When the mixture of partially 

dehydroxylated SiO2 and γ-Al2O3 was used, the complex (Cp*Zr(CH3)3) can also react 

with the Lewis acidic sites of γ-Al2O3 to form partially or fully cationic Zr species (B 

and C) as minor products in addition to neutral Zr species (A) as the major product.  

Since γ-Al2O3 contains both surface hydroxyl groups and Lewis acidic sites and their 

reaction with Cp*Zr(CH3)3 resulted into the formation of several neutral and cationic Zr 

species (D to F) as represented in Scheme 12.  Ethylene polymerization was conducted 

using the supported catalysts in the absence and presence of MAO to understand the 

behavior of the model catalytic species, so as to clarify SPR of the solid catalysts.  

Thus, SOMC is considered as the transfer of the concepts of molecular catalysts to 

surface science and heterogeneous catalysts in a way to eliminate the blackbox of 

classical solid catalysts [85].  
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Scheme 12. Surface species created on silica and alumina surfaces [86]. 

 

Supported molecular catalysts approach 

     Inspite of the distinguished features provided by molecular catalysts, they are 

difficult to be used in the existing operational plants.  This is because, the molecular 

catalysts do not possess a specific morphology as a solid.  Homogeneous 

polymerization processes where a polymer is soluble in an organic solvent are limited to 

the production of lower crystallinity polymers (e.g. elastomers).  Most of the 

polyolefin plants are operated in slurry- or gas-phase processes to produce polymers of 

higher density or crystallinity (e.g. HDPE, iPP), which are insoluble in the reactor 

diluent or fluidizing gas stream [88].  For continuous operation, these processes 

require the use of morphologically uniform catalyst particles to prevent reactor fouling 

[53,88].  Thus, to transfer the novel and distinguished features of the molecular 

catalysts to existing plants, they are required to be supported on an insoluble carrier.  

For this purpose, a molecular catalyst is grafted to a solid support such as silica or 

cross-linked polystyrene by replacing one of its ligands with a similar ligand that is 
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covalently bonded to the support via a linker [53,88-91].  Also, in some cases, a 

molecular catalyst is supported by the complexation with ion-exchanged clay minerals 

as support-activators [53].  In the supported molecular catalysts approach, the solid 

support mitigates reactor fouling during polymerization and the use of a linker helps to 

retain the single-site nature of the molecular catalyst on solid surfaces.  This supported 

molecular catalysts approach is different from SOMC in a sense that here most of the 

synthetic effort is to preserve the molecular character of the supported complex.  An 

example is shown in Scheme 13 for the syntheses of a supported FI molecular catalyst. 

In this method, a FI molecular catalyst was grafted to surface modified silica 

nanoparticles (ca. 50 nm diameter) via a long spacer [91].  The supported catalyst 

afforded UMMWPE particles with uniform spherical morphology.  

 

 

Scheme 13. Synthesis of a supported FI catalyst [91]. 

 

     Mitsubishi Chemical Corporation and Japan Polychem Corporation have 

extensively studied “support-activators” to develop industrially applicable supported 

metallocene catalysts for olefin polymerization [92-95].  For this purpose, acid-treated 
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montmorillonite (MMT) clay was used to support a zirconocene catalyst as shown in 

Scheme 14 [93].  After acid treatment, MMT was treated with an alkylaluminum 

reagent to scavenge the intercalated H2O molecules.  The acid treated MMT 

possessing strong-acid sites was exploited as support-activator for the zirconocene 

catalyst (Scheme 14) and it resulted into highly active supported catalyst.  In propylene 

polymerization, the activity level of 68400 kg-PP/mol-Zr.h was achieved using the 

supported catalyst [94].  The molecular weight distribution of the resultant PP was 

fairly narrow (Mw/Mn = 2.7).  Moreover, spherical morphology of the catalyst particles 

can be obtained by spray-dry granulation of clay minerals [92-94]. 

 

A zirconocene catalyst

 

Scheme 14. Synthesis of a clay mineral-supported zirconocene catalyst [93]. 

 

     Great successes in the field of olefin polymerization was achieved by the work in 

Japan Polypropylene Corporation, in which two different types of molecular catalysts 

were immobilized on a single support for tandem catalysis [95].  In this process, a 

molecular catalyst which can form macromonomers by β-H elimination was 
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co-supported with a molecular catalyst which can perform stereoselective 

polymerization on a solid support (e.g. clay) for the in-situ production of long-chain 

branched polypropylene, which had been hardly achieved by conventional catalysts. 

 

Binuclear catalysts approach 

     The concept of multimetallic cooperative catalysis of enzymes in biological 

systems transferred to single site olefin polymerization catalysts led to the development 

of a family of binuclear molecular catalysts [8,100].  In this class of catalysts, function 

integrations have been achieved by the cooperation between two proximate metal 

centres present in a binuclear complex.  In the pioneering research of Marks et al., a 

series of constrained geometry-based homo and hetero binuclear molecular catalysts 

were synthesized, and their synergistic combination with a binuclear cocatalyst was 

explored [8,96-100].  Scheme 15 represents homo and hetero binuclear catalysts and a 

binuclear cocatalyst synthesized by Marks et al. [96,97].  This combination maximizes 

the catalyst-cocatlyst nuclearity (Scheme 15) and brings the two metal centres to a 

closest possible distance for cooperative catalysis.  The said cooperation between two 

sterically open proximate metal centres via secondary agostic interaction significantly 

influences the monomer enchainment and the chain transfer kinetics, which in turn leads 

to unique catalytic consequences such as higher activity, enhanced branching, higher 

-olefin incorporation, and molecular weight increment as compared to their 

mononuclear analogues [96-100]. 



 50 

X X
──

M M
++

Catalyst-cocatalyst nuclearityBinuclear cocatalyst

Homo binuclear catalyst
Hetero binuclear catalyst

 

Scheme 15. Examples of binuclear catalysts and their synergistic combination with a 

binuclear cocatalyst [96,97]. 

 

 

Scheme 16. Representation of short and long chain branch formation in ethylene 

polymerization with a binuclear catalyst (M+ is a cationic metal centre and X– is a 

counter anion) [8]. 
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     Scheme 16 represents the proposed mechanism of short and long chain branch 

formation in a growing PE chain by the cooperation between two proximate metal 

centres (M) in a binuclear complex.  The cooperation via secondary agostic interaction 

improves the affinity to α-olefins as compared to ethylene so as to promote their 

incorporation and subsequently branching.   

     The concept of binuclear catalyst was successfully extended to tandem catalysis 

[97,98].  In tandem catalysis, two molecular catalysts having different functions 

cooperate in a single process.  For example, the hetero binuclear catalyst represented in 

Scheme 15 was used in tandem catalysis for the production of long chain branched 

polyethylene (LCB PE) [97].  The Zr-based CGC catalyst could produce 

macromonomers via β-H elimination, which were reinserted into the proximate Ti 

centres to form LCB PE as shown in Scheme 17.  It was found that the branching 

density of PEs produced by the hetero binuclear catalyst was much higher than those 

produced by the equimolar mixture of the individual mononuclear catalysts. 
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LCB PE

Tandem action

Macromonomer
 

Scheme 17.  Tandem catalysis by hetero binuclear catalyst for the production of long 

chain branched polyethylene [97]. 

 

1.5 Purpose of the Present Research 

     In the field of catalytic olefin polymerization, the great contrast of the 

characteristics between classical solid catalysts and tailored molecular catalysts have 

long been motivating the scientists to find a way to bridge the gap between the two 

extreme classes of catalysts.  For this purpose, from the side of solid catalysts, a 

surface organometallic chemistry (SOMC) approach was developed to establish 

structure-performance relationship (SPR) using model catalyst systems.  On the other 

hand, from the side of molecular catalysts, a supported molecular catalysts approach 

was developed to exploit the distinguished features of molecular catalysts in existing 

operational plants.  Furthermore, the concept of tandem catalysis enabled to integrate 

two molecular catalysts with two different functions on a single support.  Finally, 
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successful function integrations in a single molecule was demonstrated by cooperative 

catalysis with binuclear complexes.  All of these approaches contributed greatly to 

bridge the gap between molecular and solid catalysts.  However, each one of them has 

their limitations: Although, SOMC has been successful to clarify SPR of solid catalysts, 

the catalysts suffer from low activity and the formation of multiple surface species.  

Hence, the molecular character of the supported complex is significantly lost in this 

approach.  On the other hand, in supported molecular catalysts approach, the prime 

concern is to maintain the molecular character of the supported complex on solid 

surfaces.  For this, the molecular catalyst is tethered to a solid support using a long 

spacer, in the cost of lesser active site stability as compared to classical solid catalysts.  

This is because, in the case of classical solid catalysts the active sites are formed 

directly on solid surfaces, where surface acts as a rigid ligand to protect the active sites 

by site isolation, mass transport and heat transfer phenomena.  Moreover, in most of 

the cases for supported molecular catalysts, lower activity was reported as compared to 

their molecular analogues as is usual for using solid supports [53,88,89].  In the case of 

binuclear molecular catalysts, surely the advantage is the design precession at the 

molecular level i.e., a proper placement of two metal centres at an optimum distance for 

maximum cooperation to embody catalytic multifunctionality in a single complex [100].  

But the synthetic limitation restricts the number of nuclei, i.e. the number of functions, 

integrable in a single molecule.  The integration on solid surfaces would not have such 

limitation, but combination over two molecular catalysts have not been realized to the 

best of our knowledge.  Based on above discussions, I have come to the conclusion 
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that a concept to embody catalytic multifunctionality on the basis of well-defined 

structural features is an important direction to design a bridging catalyst.  In this 

research I aimed to introduce a new option of bridging catalyst for olefin polymerization.  

For this purpose, I successfully applied a bottom-up strategy for the synthesis of 

well-defined and multifunctional catalyst.  This started from the synthesis of 

polynorbornene (PNB) with uniform chain length and bearing different contents of 

ancillary donor ligands at side chain by Grubbs ring-opening metathesis polymerization 

(ROMP).  These PNB were used as soluble support to graft a molecular catalyst and 

thus to confine multiple active centres in a nano-sized random coil of PNB chains.  

Such a supported catalyst equips well-defined characteristics in terms of active site 

design analogous to the molecular catalyst as well as controlled active site density in a 

random coil of a single polymer chain, whose size is defined by the Flory radius.  The 

basic aim of this research is to explore the cooperative catalysis among neighbouring 

active sites confined in a nano-sized random coil in order to accumulate functionality in 

olefin polymerization by a single catalyst system.  
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Chapter 2 

 

Synthesis of Aryloxide-Containing Half-Titanocene Catalysts 

Grafted to Soluble Polynorbornene Chains and Their 

Application in Ethylene Polymerization: Integration of 

Multiple Active Centres in a Random Coil 
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ABSTRACT:  

A series of monodisperse polynorbornene (PNB) chains bearing different contents of 

aryloxide ligands at their side chain were synthesized by Grubbs ring-opening 

metathesis copolymerization between norbornene and 2-aryloxonorbornene.  These 

PNB chains were employed as a soluble support for grafting half-titanocene complexes 

to afford structurally well-defined supported catalysts, where a pre-defined number of Ti 

centres was confined in a nano-sized random coil of PNB chains.  Extensive 

investigation in ethylene polymerization revealed unique catalytic features of these 

soluble polymer-supported catalysts, represented by a synergistic activity enhancement 

among multiple active centres confined in a random coil.  The well-defined nature of 

these novel polymer-supported catalysts is powerful in studying interactions between 

active centres and supports as well as among active centres themselves in catalysis.  
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2.1. Introduction 

     Catalysts, which are the integral component of most of the modern chemical 

processes, can be categorized into two primary classes: Molecular catalysts and solid 

catalysts.  The former class corresponds to small molecules, including transition metal 

complexes.  They are soluble and featured with the advantage of tailor-made 

performance by a variety of metal-ligand combinations [1,2].  Moreover, integrated 

knowledge of organic and organometallic chemistry enables the precise bottom-up 

design of active site structures for a superior activity and selectivity.  This is 

exemplified by the success story of C‒C cross coupling reactions, olefin 

metathesis/polymerization reactions, asymmetric synthesis and so on [3-9].  To the 

other extreme, solid catalysts utilize coordinative unsaturation created on solid surfaces 

[10].  In general, they are cheap, separable, reusable and thermally robust, which make 

them suitable for industrial applications.  The most notable applications include oil 

refineries, production of fine chemicals, automotive catalytic converters, industrial 

polyolefin productions, conversion of biomass into fuels and chemicals, green and 

sustainable chemical transformations and so on [11-17].  Solid catalysts offer the 

advantage of the integration of multi-components over multi-length scales for the 

accumulation of multiple functions [18].  Whereas, their inherent chemical and 

structural complexities lead to ill-defined characteristics, which are hardly controlled 

based on conventional top-down design, resulting in inferior catalytic selectivity.  

Thus, the contrast of the characteristics encourages the catalyst community to focus on 

new concepts so as to bridge the gap between molecular and solid catalysts.  An 
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illustration is the "International Symposium on Relations between Homogeneous and 

Heterogeneous Catalysis", which already has accomplished seventeen successful 

meetings [19].  

     In the field of olefin polymerization, the above-mentioned bridging concept has 

been long regarded as an important subject in both academy and industry, as accounted 

by the industrial relevance of both the classical solid catalysts and the tailored molecular 

catalysts in the production of distinct grades of polyolefins [20-23].  In this regard, 

different approaches have been developed for the establishment of a “bridging” catalyst.  

One of these approaches is from the side of solid catalysts, especially based on surface 

organometallic chemistry [24,25].  A uniform active site structure is constructed on 

solid surfaces through precise control of each reaction occurring between an 

organometallic complex and support (e.g. silica) surfaces.  Characterization of the 

supported complex gives molecular insight of the identity and behaviour of model 

catalytic species, thus being powerful to study structure-performance relationships of 

solid catalysts.  Another approach is based on supported molecular catalysts [26-28], 

which aims to transfer the distinguished features of the molecular catalysts to existing 

plants.  For this purpose, a molecular catalyst is grafted to a solid support such as silica 

or cross-linked polystyrene by replacing one of its ligands with a similar ligand that is 

covalently bonded to the support via a linker.  Here, the solid support mitigates reactor 

fouling during polymerization and the use of a linker helps to retain the single-site 

nature of the molecular catalyst on solid surfaces.  Further successes have been 

brought by immobilizing two types of molecular catalysts (tandem catalysis) on a single 



 66 

support.  Representatively, a macromonomer forming site and a stereoselective 

polymerization site are co-supported on a solid surface for the in-situ production of 

long-chain branched polypropylene, which had been hardly achieved by conventional 

catalysts [29].  Function integrations have also been achieved in a class of binuclear 

molecular catalysts by the cooperation between two proximate metal centres present in a 

binuclear complex [30].  In the pioneering research of Marks et al., a series of 

constrained geometry based homo and hetero binuclear molecular catalysts were 

synthesized, and their synergistic combination with a binuclear cocatalyst was explored 

[30-32].  In these binuclear catalysts, cooperation between two metal centres via 

secondary agostic interaction significantly influenced the monomer enchainment and 

the chain transfer kinetics, which in turn led to unique catalytic consequences such as 

higher activity, enhanced branching, higher -olefin incorporation, and molecular 

weight increment as compared to their mononuclear analogues.  Most notably, the 

binuclear catalysts have embodied catalytic multifunctionality at a molecular precision, 

even though the synthetic limitation restricts the number of nuclei, i.e. the number of 

functions, integrable in a single molecule.  The integration on solid surfaces would not 

have such limitation, but combination over two molecular catalysts have not been 

realized to the best of my knowledge.  Thus, a concept to embody catalytic 

multifunctionality on the basis of well-defined structural features is an important 

direction to design a bridging catalyst in the field of olefin polymerization.  

     Based on the above discussions, this chapter provides another option of bridging 

catalysts for olefin polymerization: Polynorbornene (PNB) with uniform chain length 
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and bearing ancillary donor ligands at side chain was synthesized by Grubbs 

ring-opening metathesis polymerization (ROMP) [33,34], and used as a soluble support 

for a molecular catalyst.  Such a supported catalyst equips well-defined characteristics 

in terms of active site design analogous to the molecular catalyst as well as controlled 

active site density in a random coil of a single polymer chain, whose size is defined by 

the Flory radius.  Moreover, potential synergy among neighbouring active sites 

confined in a random coil would help to accumulate functionality in an unrestricted 

way.   

     There have been a few examples in literature, in which chain-end or side-chain 

functionalized linear/star shaped PNB was used as a support for molecular catalysts and 

employed in organic transformations, where performance similar to the molecular 

catalyst was obtained [35-39].  In addition, the solubility of PNB can be exploited to 

perform catalysis under homogeneous conditions in a good solvent and recycle the 

catalyst by recovering it through reprecipitaion in a poor solvent.  Nomura and 

co-workers immobilized half-titanocene complexes at the chain end of PNB through 

aryloxide ligands and employed the resultant catalysts in ethylene (co)polymerization 

[40].  These catalysts showed similar performance to the molecular analogues in terms 

of the molecular weight, molecular weight distribution and comonomer incorporation.  

These previous studies established PNB as a promising support for molecular catalysts, 

but exploration of support-mediated catalytic multifunctionality by confining multiple 

active centres in the random coil of soluble and well-defined PNB has been scarcely 

studied, especially in olefin polymerization.  
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     In the present chapter, I have synthesized a norbornene derivative containing an 

aryloxo pendant group by a Pd-catalysed reductive Heck-coupling reaction, followed by 

its copolymerization with norbornene.  A series of well-defined PNB supports were 

synthesized with different comonomer contents and utilized to graft half-titanocene 

complexes [41].  The synthetic methodologies and the potential synergy among 

multiple active centres confined in a random coil were discussed. 

 

2.2 Experimental 

2.2.1. Materials 

     All commercially available reagents were of a research grade and used without 

further purification unless specified.  Bicyclo[2.2.1]hepta-2,5-diene (norbornadiene), 

4-bromo-2,6-dimethyphenol, bis(triphenylphosphine)palladium(II) dichloride 

(Pd(PPh3)2Cl2), bicyclo[2.2.1]hept-2-ene (norbornene), 2,6-dimethylphenol, 

pentamethylcyclopentadienyltitanium (IV) trichloride (Cp*TiCl3), and trityl 

tetrakis(pentafluorophenyl)borate (Ph3CB(C6F5)4) were purchased from Tokyo 

Chemical Industry.  Ammonium formate (NH4HCO2), the Grubbs 1st generation 

catalyst, and ethyl vinyl ether, 1-octene and1,1,2,2-tetrachloroethane-d2 were purchased 

from Sigma-Aldrich. 1,2,4-trichlorobenzene and triethylamine were purchased from 

Kanto Chemical.  Triethylamine was purified by distillation under reduced pressure.  

N,N-dimethylformamide (DMF, Wako Pure Chemical Industries) was dried over 

molecular sieves 4A and N2 bubbling.  Trimethyl 

pentamethylcyclopentadienyltitanium (IV) (Cp*TiMe3) was purchased from Strem 
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Chemicals.  Modified methylaluminoxane (MMAO) and tri-iso-butylaluminum 

(TIBA) were donated by Tosoh Finechem.  Ethylene of a research grade was donated by 

Sumitomo Chemical and used as delivered.  Dichloromethane (CH2Cl2) and toluene of 

an anhydrous grade (Sigma-Aldrich and Wako Pure Chemical Industries) were used for 

the synthesis of PNB supports and catalysts. They were further dehydrated over 

molecular sieves 3A and 4A, respectively, in teflon sealed flasks and bubbled with N2 

prior to use.  Diethyl ether of an anhydrous grade was purchased from Tokyo Chemical 

Industry and degassed before use.  Toluene (Kanto Chemical) for polymerization was 

stored in a pressurized tank after being passed through a column of molecular sieves 4A 

and bubbled with N2.  Deuterated chloroform (CDCl3, Kanto Chemical) was stored 

over molecular sieves 3A in a teflon sealed schlenk tube and degassed before use.  

 

2.2.2. Measurements 

     All 1H and 13C {1H} NMR spectra were recorded on a 400 MHz Bruker Advance 

spectrometer in CDCl3 at 25 °C and all chemical shifts were given in ppm.  The 

residual peak of CHCl3 at 7.26 ppm and the peak of CDCl3 at 77.16 ppm were used as 

references in 1H and 13C NMR, respectively.  The number-average molecular weight 

(Mn), weight-average molecular weight (Mw) and the polydispersity index (Mw/Mn) of 

PNB supports were determined by gel permeation chromatography (GPC, Shimadzu 

SCL-10A) equipped with a RID-10A detector and calibrated with polystyrene standards. 

Tetrahydrofuran (THF) of a GPC grade (Wako Pure Chemical Industries, stabilizer-free) 

was used as the eluent with an isocratic flow rate of 1.0 mL/min at 35 °C.  To analyse 
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functional groups of PNB supports, attenuated total reflectance infrared spectroscopy 

(ATR-IR, Perkin Elmer Spectrum 100 FT-IR) was used in the range of 500-4000 cm‒1 

using a diamond crystal.  The size of a PNB chain, defined as a hydrodynamic 

diameter, was determined by dynamic light scattering (DLS, Zetasizer 3000) at a 

scattering angle of 173° in toluene (1.0 mg/mL).  The molecular weight distribution of 

polyethylene (PE) was determined by high-temperature GPC (Waters 150C) equipped 

with polystyrene gel columns (Showa Denko AD806M/S) and an IR detector (MIRAN 

1A) at 140 C using 1,2,4-trichlorobenzene as the eluent and calibrated with polystyrene 

standards.  The melting temperature (Tm) and crystallinity (Xc) of PE were acquired on a 

differential scanning calorimeter (DSC, Mettler Toledo DSC-822) based on the first 

heating cycle at 10 °C/min up to 180 °C under 200 mL/min of N2. The 1-octene 

incorporation amount in ethylene/1-octene copolymers was determined based on 13C 

{1H} NMR on a 400 MHz Bruker Advance spectrometer at 120 °C using 

1,2,4-trichlorobenzene as a solvent and 1,1,2,2-tetrachloroethane-d2 (4/1, v/v) as an 

internal lock and reference.  

 

2.2.3. Synthesis of 4-bicyclo[2.2.1]hept-5-en-2-yl-2,6-dimethylphenol  

     A schlenk tube was exchanged with N2 and charged with norbornadiene (46 

mmol), 4-bromo-2,6-dimethylphenol (9.0 mmol), triethylamine (28 mmol) and 

NH4HCO2 (37 mmol).  The mixture was dissolved in DMF (15 mL), to which 

Pd(PPh3)2Cl2 (0.40 mmol) was added.  The solution was heated at 80 °C for 16 h under 

N2 with constant stirring, and subsequently poured into a beaker containing acidic 
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water.  The product was extracted with CH2Cl2, washed with deionized water, 

dehydrated over anhydrous Na2SO4, and finally isolated by silica column 

chromatography (1/9 v/v ethylacetate/hexane) in 80% yield.  Figs. 1a,b represent the 

1H and 13C NMR spectra of the synthesized 2-aryloxonorbornene. The exo-isomer was 

obtained as the major product (> 95.0%).  

1H NMR (400 MHz, CDCl3, δ): 1.37-1.46 (m, 1H, H3), 1.52-1.64 (m, 2H, H7), 1.65-1.74 

(m, 1H, H3), 2.25 (s, 6H, He), 2.60 (dd, J = 9.6 Hz, 1H, H2), 2.83 (bs, 1H, H4), 2.95 (bs, 

1H, H1), 4.49 (s, 1H, OH), 6.15 (dd, J = 7.4 Hz, 1H, H6), 6.24 (dd, J = 7.4 Hz, 1H, H5), 

6.90 (s, 2H, Hb). 

13C NMR (100 MHz, CDCl3, δ): 16.2 (Ce), 33.6 (C7), 42.3 (C4), 43.0 (C1), 45.9 (C3), 

48.7 (C2), 122.8 (Cc), 127.9 (Cb), 137.3 (C5), 137.5 (C6), 137.8 (Ca), 150.1 (Cd).   

HRMS(ESI) m/z: [M‒H]+ calculated for C15H18O, 213.290; found, 213.128.   
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Fig. 1. a) 1H and b) 13C NMR spectra of 2-aryloxonorbornene. 
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2.2.4. Synthesis of PNB supports 

     In a typical experiment, e.g. run 4 in Table 1, the synthesized 

2-aryloxonorbornene (0.68 mmol) and norbornene (12.8 mmol) were dissolved in 

CH2Cl2 (12 mL) in a schlenk tube under N2.  To this, a solution of the Grubbs 1st 

generation catalyst (8.0 mmol/L) in CH2Cl2 (8.0 mL) was added at room temperature. 

After 3 h, the polymerization was quenched by adding an excess of ethyl vinyl ether.  

The polymer was precipitated from methanol, washed with methanol on a filter, again 

reprecipitated from CH2Cl2/diethyl ether, and finally collected as a white solid.  The 

peaks in the 1H and 13C NMR (Figs. 2,3) spectra were consistently assigned based on 

literature [42,43] as follows.  

1H NMR (400 MHz, CDCl3, δ): 0.90-1.13 (m, 1H, H7), 1.20-1.46 (m, 2H, H5,6), 

1.65-2.01 (m, 3H, H5,6,7), 2.20 (s, 6H, He), 2.42 (bs, 2H, H1,4, trans), 2.78 (bs, 2H, H1,4, 

cis), 4.42 (s, 1H, OH), 5.12-5.25 (m, 2H, ,H2,3, cis), 5.26-5.42 (m, 2H, H2,3, trans), 6.78 

(s, 2H, Hb). 

13C NMR (100 MHz, CDCl3, δ): 16.2 (Ce); 32.3, 32.5, 33.0, 33.2, 38.6, 38.8, 41.5, 42.2, 

43.3, 43.6, 50.5, 50.8, 52.0 (saturated carbons of PNB backbone); 122.6 (Cc), 127.7 

(Cb); 130.9, 133.0, 133.2, 133.3, 133.9, 134.1, 134.7 (olefinic carbons of PNB 

backbone); 137.2 (Ca), 150.2 (Cd). 

 

2.2.5. Synthesis of PNB-g-CAT Cl (1a) 

     A flame-dried schlenk tube was exchanged with N2 and charged with a solution of 

Cp*TiCl3 (1.8 mmol) in CH2Cl2 (20 mL).  To this, a solution of a PNB support (1/6 
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equivalent of the aryloxide ligand with respect to Cp*TiCl3) in CH2Cl2 (30 mL) was 

added dropwise under N2 with continuous stirring at room temperature.  The reaction 

was slowly warmed to the boiling temperature of the solvent and then refluxed for 36 h.  

Thereafter, the product was precipitated out by adding diethyl ether, and unreacted 

Cp*TiCl3 was washed out.  PNB-g-CAT Cl (1a) was obtained in 75-80% yield as a red 

solid after repetitive washing with diethyl ether and vacuum drying for several hours.  

 

2.2.6. Synthesis of PNB-g-CAT Me (1b) 

     To a solution of Cp*TiMe3 (0.16 mmol) in toluene (0.4 mL), a solution of a PNB 

support (1 equivalent of the aryloxide ligand with respect to Cp*TiMe3) in toluene (6.0 

mL) was added dropwise under N2 with continuous stirring at room temperature.  The 

reaction mixture was stirred for 90 min, and then the solvent was removed by vacuum 

drying to directly afford PNB-g-CAT Me (1b) as a yellow solid.  

 

2.2.7. Synthesis of Cp*Ti(O-2,6-Me2C6H3)Cl2 (CAT Cl, 2a) 

     The complex was synthesized according to the reference [44].  The structure was 

confirmed by 1H and 13C NMR spectroscopy (Figs. 9,11). 

1H NMR (400 MHz, CDCl3, δ): 2.22 (s, 15H, Cp‒CH3), 2.28 (s, 6H, He), 6.83 (t, J = 7.6 

Hz, 1H, Ha), 6.95 (d, J = 7.6 Hz, 2H, Hb). 

13C NMR (100 MHz, CDCl3, δ): 13.2 (Cp‒CH3), 17.4 (Ce), 123.0 (Cc), 128.5 (Cb), 

128.9 (Ca), 132.7 (Cp), 162.2 (Cd). 
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2.2.8. Synthesis of Cp*Ti(O-2,6-Me2C6H3)Me2 (CAT Me, 2b) 

     The complex was synthesized according to the reference [44] with slight 

modifications.  A flame-dried schlenk tube was exchanged with N2 and charged with a 

solution of Cp*TiMe3 (1.0 mmol) in toluene (5.0 mL).  To this, a solution of 

2,6-dimethylphenol (1.0 mmol) in toluene (2.0 mL) was added dropwise at room 

temperature.  The reaction was stirred for 90 min and then dried under vacuum to 

afford a yellow coloured solid.  Quantitative conversion was confirmed by 1H and 13C 

NMR spectroscopy (Figs. 13,15).  

1H NMR (400 MHz, CDCl3, δ): 0.48 (s, 6H, Ti‒CH3), 1.95 (s, 15H, Cp‒CH3), 2.19 (s, 

6H, He), 6.80 (t, J = 7.6 Hz, 1H, Ha), 7.0 (d, J = 7.8 Hz, 2H, Hb). 

13C NMR (100 MHz, CDCl3, δ): 11.8 (Cp‒CH3), 17.4 (Ce), 54.2 (Ti‒CH3), 120.5 (Cc), 

122.4 (Cp), 127.9 (Ca), 128.2 (Cb), 161.5 (Cd). 

 

2.2.9. Ethylene homopolymerization  

     Ethylene homopolymerization was performed in a 1 L autoclave equipped with a 

mechanical stirrer rotating at 350 rpm, where two types of activator systems, MMAO 

and TIBA/Ph3CB(C6F5)4 were employed.  In a typical experiment, e.g. run 12 in Table 

4, toluene (300 mL) and MMAO (Al = 30 mmol) were introduced into the reactor and 

the solution was saturated with ethylene (0.6 MPa, absolute pressure) at 30 °C for 30 

min.  Thereafter, a toluene solution (1.0 mL) of PNB-g-CAT Cl (Ti = 5.0 µmol) was 

injected into the reactor to initiate the polymerization.  The polymerization was 

conducted for 10 min with a continuous supply of ethylene at 0.6 MPa.  The resultant 
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polymer was repeatedly washed with acidic ethanol/deionized water, collected by 

filtration and dried under vacuum for several hours at 60 °C.  The same procedure was 

applied in the case of the other activator system. For example, in run 24 of Table 4, 

TIBA (2.5 mmol) was added instead of MMAO, and the polymerization was initiated by 

the addition of PNB-g-CAT Cl (Ti = 5.0 µmol) and Ph3CB(C6F5)4 (5.0 µmol) in this 

order.   

 

2.2.10. Ethylene/1-octene copolymerization  

    Ethylene copolymerization was conducted in a 1 L autoclave equipped with a 

mechanical stirrer rotating at 350 rpm.  In a typical experiment, e.g. run 41 in Table 7, 

toluene (300 mL), TIBA (Al = 2.5 mmol), and 1-octene (96 mmol) were introduced into 

the reactor and the solution was saturated with ethylene (0.4 MPa, absolute pressure) at 

30 °C for 30 min.  Thereafter, a toluene solution (1.0 mL) of PNB-g-CAT Cl (1c) (Ti = 

5.0 µmol) was injected into the reactor, followed by the injection of a toluene solution 

(1.0 mL) of Ph3CB(C6F5)4 (5.0 µmol) to initiate the polymerization.  The 

polymerization was conducted for 10 min with a continuous supply of ethylene at 0.4 

MPa.  The resultant polymer solution was poured into acidic ethanol, collected by 

filtration, washed with ethanol and dried under vacuum for several hours at 60 °C. 

 



 77 

 

Scheme 1. Synthesis of soluble PNB-supported catalysts. 

 

2.3. Results and discussion 

2.3.1. Synthesis and characterization of PNB supports 

     In order to synthesize PNB supports, copolymerization was performed between 

norbornene and 2-aryloxonorbornene containing 2,6-dimethylphenol, a less hindered 

phenol as a pendant group (Scheme 1).  For this, the Grubbs 1st generation catalyst 

was chosen, primarily due to its high efficiency to polymerize a variety of norbornene 

derivatives at room temperature and tolerance toward protic functional groups [34,45].  

In literature, the ROMP of norbornene derivatives containing 2,6-di-t-butylphenol as a 

pendant group using the Grubbs 1st generation catalyst was reported, which yielded 

PNB bearing hindered phenol with a narrow molecular weight distribution [46].  The 
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polymerization results are summarized in Table 1.  At a fixed norbornene/catalyst ratio 

of 200 mol/mol, random copolymerization was conducted at room temperature with 

increasing the 2-aryloxonorbornene fraction in the feed (runs 1 to 8).  The successful 

PNB support synthesis was confirmed by both 1H and 13C NMR spectra (Figs. 2 and 3).  

Fig. 2 represents a typical 1H NMR spectrum of a PNB support (run 4, Table 1), in 

which the peaks due to the protons of PNB backbone as well as those of the pendant 

group were quantitatively observed.  The obtained PNB supports consisted of a 

mixture of trans and cis conformations, where the trans conformation dominated over 

73% as is usual for the Grubbs 1st generation catalyst [45].  The comonomer content 

in different PNB supports was calculated based on Eq. (1), 

𝐶𝑜𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡  𝑚𝑜𝑙% =

1
6 𝐼𝐻𝑒

1
2 𝐼𝐻1,4

 × 100                                                                          

                           Eq. (1). 

Fig. 4 shows the ATR-IR spectra of three PNB supports.  The IR spectrum of a homo 

PNB sample is also shown for comparison.  The spectra were consistently assigned 

based on literatures [47,48].  Significant peaks which appeared in the spectrum are: i) 

Strong absorption at 965 cm–1, originated from hydrogen deformation at olefinic 

carbons in a trans conformation; ii) Absorption at 1446 cm–1 due to the CH2 group of the 

cyclopentane ring; iii) Absorptions at 1664 and 1740 cm–1, due to the C=C stretching 

vibrations of the olefinic double bonds (cis and trans) of the PNB backbone.  Their 

weak intensities suggested that the trans conformation dominated in all the polymers; 

iv) Strong absorption around 2850-3000 cm–1 due to C─H stretching vibrations.  Apart 

from the above common peaks for the PNB structure, the peaks which appeared due to 
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the aryloxide pendant groups are:  v) A sharp and intense peak at 1190 cm–1 due to the 

C─O stretching vibrations; vi) Absorptions at 1490 and 1620 cm–1, both due to the C=C 

stretching vibrations of the benzene ring; vii) A sharp but minor peak at 3615-3630 cm–1 

due to the O─H stretching vibrations of the phenolic group.  In Fig. 4, the intensities of 

the peaks due to the aryloxide pendant group increases with the increase in the 

2-aryloxonorbornene content in the resultant copolymers. 
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Table 1 

Results of PNB support synthesisa 

Run 

Comonomer 

in feedb 

(mol%)  

Norbornene 

/catalyst 

(mol/mol) 

Isolated 

yield 

(%) 

transc 

(%) 

Comonomer 

contentc  

(mol%) 

 

Mn
d × 10−4 Mw/Mn

d 
Pendant 

group/chaine 

1 0.7 200 97 84 0.5 5.5 1.17 3 

2 2.2 200 94 84 2.0 5.3 1.20 11 

3 3.0 200 94 84 2.7 5.7 1.24 16 

4 5.0 200 95 84 4.8 7.0 1.18 36 

4'f 5.0 200 92 84 4.7 6.9 1.19 35 

5 11 200 92 82 10 7.7 1.16 82 

6 17 200 93 79 15 6.5 1.14 103 

6'f 17 200 90 79 14 6.9 1.14 103 

7 23 200 92 76 21 8.2 1.20 183 

8 33 200 85 73 32 n.d.g n.d.g n.d.g 

9 5.0 100 96 84 5.0 4.5 1.15 24 

a Polymerization conditions: Norbornene = 12.8 mmol, catalyst = 64.0 µmol (runs 1-8) or 128 µmol (run 9), CH2Cl2 = 20 mL, T = 25 °C, 

t = 3.0 h. 

b [2-aryloxonorbornene/(norbornene + 2-aryloxonorbornene)] × 100. 

c Calculated from 1H NMR.  
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d Determined by GPC. 

e Calculated from the Mn value and the comonomer content. 

f Reproduction tests. 

g Not determined. 
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Fig. 2. 1H NMR spectra of two PNB supports (Table 1) with different 

2-aryloxonorbornene contents. 
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Fig. 3. 13C NMR spectra of three PNB supports (Table 1) with different 

2-aryloxonorbornene contents. 
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Fig. 4. ATR-IR spectra of three PNB supports with different 2-aryloxonorbornene 

contents and a homo PNB as a reference. 
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Fig. 5.  Summary of PNB support synthesis (runs 1 to 8 in Table 1). 
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In Table 1, runs 4,4' and 6,6' represent the reproducibility of support synthesis.  In all 

the entries of Table 1, approximately 90% of the yield and nearly quantitative 

comonomer incorporation were observed over a wide range of feed composition (Fig. 5), 

which in turn suggests that the bulky aryloxo substituent hardly altered the reactivity of 

the internal double bond of the 2-aryloxonorbornene. 

     The PNB supports exhibited Mw/Mn values close to one as represented in Figs. 5 

and 6.  These facts assured the well-defined nature of the synthesized PNB supports.  

However, it should be noted that the observed Mn values were higher than those 

estimated from the initial monomer/catalyst ratio.  This deviation could be attributed to 

the much higher rate of propagation as compared to the rate of initiation in ROMP using 

the Grubbs 1st generation catalyst [49].  Nonetheless, neither Mn nor Mw/Mn was 

affected by the 2-aryloxonorbornene content, which suggested the feasibility of a 

rational investigation of the effect of the active site density on catalysis by employing 

the synthesized PNB supports.  This is a clear advantage over non-cross-linked 

polystyrene supports synthesized by a radical polymerization method, in which both Mn 

and Mw/Mn were affected by the comonomer incorporation [50].  Owing to the 

narrowest molecular weight distribution, the number of pendant groups per chain was 

reasonably calculated for each PNB support from their respective Mn and comonomer 

content, which was found to vary in the range of 3‒183 for runs 1 to 8.  Thus, the 

series of the PNB supports provided the identical chain length while bearing different 

amounts of pendant groups per chain.  As shown in run 9 (Fig. 6), the molecular 

weight of the support was easily adjusted by changing the norbornene/catalyst ratio 

without affecting the molecular weight distribution and the comonomer content.  
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Fig. 6.  Molecular weight distribution of PNB supports. 

 

     In order to confirm the status of PNB chains, DLS measurements were performed. 

Fig. 7 represents the size distribution of three PNB supports (runs 1,4,6 in Table 1) in a 

dilute toluene solution.  
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Fig. 7. Size distribution of three PNB supports (runs 1,4,6 in Table 1) in toluene at 1.0 

mg/mL, measured by DLS. 

 

Table 2 

Representative dimensions of PNB chains in a random coil state 

PNB 

support 

(< RF
2 >1/2)a 

(nm) 

(< RG
2 >1/2)b  

(nm) 

(< RD
2 >1/2)c  

(nm) 

(< RH
2 >1/2)c  

(nm) 

PDId 

Run 1  33 13 29 14 0.27 

Run 4 37 15 34 17 0.29 

Run 6 34 13 33 16 0.28 

a Calculated based on Eq. (2).  

b Calculated based on Eq. (3).  

c Measured by DLS 

d Polydispersity index that represents the width of the size distribution. 

 

The hydrodynamic diameter (< RD
2 >1/2) of a PNB chain can be measured directly using 

the DLS technique and the obtained values for three different PNB supports are shown 

in Table 2.  For a PNB support (e.g., run 4 in Table 1), the hydrodynamic diameter (< 

RD
2 >1/2) was found to be 34 nm with a polydispersity index of 0.29.  In general, a 

polymer chain dissolved in a good solvent at a sufficiently dilute concentration prefers a 

random coil state, which is the entropically most favorable conformation for a 

macromolecule.  Its end-to-end distance (< RF
2 >1/2) can be calculated based on Eq. (2) 

[51], 

< 𝑅𝐹
2 >1/2 =  𝑎𝐹𝑁

3/5                                                        Eq. (2).  

where N and aF correspond to the number of rigid segments and the segmental length, 
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respectively.  Based on molecular mechanics calculations as well as in literature [52], 

the aF value of PNB is reasonably estimated as 1.4 nm, which corresponds to 3 

repeating units.  In the case of run 4, the theoretical end-to-end distance was derived as 

37 nm.  Assuming a relationship of Eq. (3) [51], 

                                                  Eq. (3). 

the theoretical radius of gyration (< RG
2 >1/2) was derived as 15 nm, in close agreement 

with the measured hydrodynamic radius (< RH
2 >1/2, a half of < RD

2 >1/2) of 17 nm.  

These results indicated that the synthesized PNB supports possessed a well-defined 

random coil conformation in toluene.  The obtained results are consistent with the 

computer simulations carried out on the chain conformations and dynamics of PNB by 

Haselwander et al [53].  They found that isolated PNB chains exhibit a random coil 

conformation but are rigid over a wide range of temperature owing to the high rotational 

energy barriers [53].  As the result, unlike flexible chains, PNB chains do not collapse 

at a lower temperature or even in the presence of a significantly poorer solvent.  It 

must be noted that the concentration of PNB chains in polymerization medium is much 

smaller than 1.0 mg/mL, and thus it is reasonable to presume that each chain of the 

PNB-supported catalysts can adopt a random coil conformation in the polymerization 

medium. 

 

2.3.2. Synthesis and characterization of PNB-supported catalysts 

     For the synthesis of PNB-supported catalysts, two half-titanocene precursors, 

Cp*TiCl3 and Cp*TiMe3 were chosen as depicted in Scheme 1, and their grafting was 

explored mainly based on a PNB support with approximately 5 mol% of the 
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comonomer content (run 4 in Table 1).  Fig. 8 represents a typical 1H NMR spectrum 

of PNB-g-CAT Cl (1a), in which the grafting of Cp*TiCl3 to the PNB support was 

confirmed with a shift in the peak position of methyl protons of the Cp ring from 2.39 to 

2.20 ppm.  A similar peak shift was also observed in the case of the molecular 

analogue (Fig. 9).   

 

 

Fig. 8. 1H NMR spectrum of PNB-g-CAT Cl (1a). 
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Fig. 9. 1H NMR spectrum of CAT Cl (2a). 

 

Successful catalyst synthesis was further confirmed by 13C NMR (Table 3 and Fig. 10).  

For instance, the peak position of the carbon (Cd) that is bonded to the oxygen of the 

aryloxo group was found to be shifted from 150.2 to 160.7 ppm.  The other important 

peaks were also shifted (Table 3) by the grafting, and these shifts were consistent with 

those observed for the molecular analogue (Fig. 11). 
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Fig. 10. 13C NMR spectrum of PNB-g-CAT Cl (1a). 
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Fig. 11. 13C NMR spectrum of CAT Cl (2a). 
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Moreover, a sharp peak corresponding to Cp‒CH3 was observed without any splitting, 

which suggested the absences of the unreacted precursor and undesired side products 

(e.g. bis(aryloxy)cyclopentadienyltitanium (IV) chloride).  The grafting reaction of 

Cp*TiCl3 was rather sluggish owing to the difficulty in the replacement of chloride by 

the aryloxide ligand.  It was presumed that accumulation of released HCl (as a side 

product) in the reaction might cause an incomplete grafting of the precursor.  In order 

to remove HCl, the reaction was refluxed in the presence of CH2Cl2 as a low 

boiling-point solvent.  The refluxing never reduced the solubility of PNB-g-CAT Cl, 

assuring the absence of any unwanted oxidative cross-linkage.  Contrary, an attempt to 

treat a PNB support with routinely used n-BuLi as a base caused the formation of an 

insoluble yellowish gel.  Ca. 88% of grafting was derived from 1H NMR (Fig. 8) based 

on Eq. (4), which corresponded to the grafting of roughly 32 Ti centres per chain.   

𝐺𝑟𝑎𝑓𝑡 𝑦𝑖𝑒𝑙𝑑  % =  

1
15

𝐼𝐶𝑝−𝐶𝐻3

1
2 𝐼𝐻𝑏

 × 100 

                               Eq. (4). 

 

Table 3  

Representative chemical shifts (ppm) in 13C NMR 

Sample Cp‒CH3 Ce Ti‒CH3 Cp Cd 

PNB-g-CAT Cl (1a) 13.1 17.4 n.a.a 132.3 160.7 

CAT Cl (2a) 13.2 17.4 n.a.a 132.7 162.2 

PNB-g-CAT Me (1b) 11.7 17.6 53.6 122.2 159.7 

CAT Me (2b) 11.8 17.4 54.2 122.4 161.5 

PNB support (run 3) n.a.a 16.2 n.a.a n.a.a 150.2 

Cp*TiCl3 14.6 n.a.a n.a.a 138.0 n.a.a 

Cp*TiMe3 12.2 n.a.a 61.0 122.4 n.a.a 
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a Not applicable. 

 

     The reaction between the PNB support and Cp*TiMe3 was carried out in toluene 

at room temperature, as it was found to be facile owing to easier replacement of methyl 

by the aryloxide ligand.  The successful grafting was confirmed by 1H and 13C NMR in 

a similar fashion to PNB-g-CAT Cl (1a).  Representatively, the peak position of the 

protons of Ti‒CH3 was found to be shifted from 0.75 to 0.44 ppm for the PNB-g-CAT 

Me (1b, Fig. 12) with respect to 0.48 ppm for the molecular analogue (Fig. 13).  The 

peak positions of the carbons of Cd and Ti‒CH3 were shifted from 150.2 and 61.0 ppm 

to 159.7 and 53.6 ppm, respectively (Fig. 14), which were very similar to the shifts 

observed for the molecular analogue (Table 3 and Fig. 15).  The total absence of 

undesired grafted Ti species was ascertained by the sharp peak of the 15 protons of the 

Cp‒CH3 without any splitting.  Moreover, the quantitative appearance of the Ti‒CH3 

protons was observed with respect to the phenyl protons (Hb) of the aryloxide ligand.  

This fact together with the complete disappearance of the phenolic proton validated 

100% grafting, corresponding to 36 Ti centres per chain.  It is important to note that 

the synthesized catalyst was highly sensitive to moisture as compared to its chloride 

counterpart. The reaction with moisture reduced the relative amount of the Ti‒CH3 

protons in 1H NMR, and eventually formed a gel plausibly due to the oxygen-mediated 

cross-linkage among polymer chains.  To circumvent this problem, all the 

manipulations were performed in a rigorously dehydrated environment.   
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Fig. 12. 1H NMR spectrum of PNB-g-CAT Me (1b). 
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Fig. 13. 1H NMR spectrum of CAT Me (2b). 
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Fig. 14. 13C NMR spectrum of PNB-g-CAT Me (1b). 
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Fig. 15. 13C NMR spectrum of CAT Me (2b). 



 96 

2.3.3. Ethylene homopolymerization 

     The performance of the PNB-supported catalysts (1a,b) was evaluated in the 

polymerization of ethylene.  First, the polymerization was conducted using MMAO as 

an activator.  The results are summarized in Table 4, in which the results for the 

corresponding molecular analogues (2a,b) are included for comparison.   

     At 30 °C, CAT Cl (2a) exhibited a high activity (run 10), comparable to the 

previously reported activity using methyl aluminoxane (MAO) as an activator [40].  

The activity decreased at 50 °C (run 11) due to the deactivation of the catalyst at an 

elevated temperature [44].  PNB-g-CAT Cl (1a) showed a reasonable activity (run 12), 

while the grafting reduced the original activity of CAT Cl (2a) by 4‒5 times (run 10 vs. 

12).  The activity of PNB-g-CAT Cl (1a) further decreased at 50 °C (run 12 vs. 13), 

which suggested that the deactivation at an elevated temperature was hardly prevented 

by employing a polymer support as a macro-ligand.  The activity of CAT Me (2b) was 

slightly lower than that of CAT Cl (2a) under an identical condition (run 10 vs. 15), and 

it was strongly dependent on the Al/Ti ratio (runs 14-17), reaching the maximum 

activity at the Al/Ti ratio of 3000.  The activity of PNB-g-CAT Me (1b) was much 

closer to that of CAT Me (2b) (run 15 vs. 20) and 2.5 times higher than that of 

PNB-g-CAT Cl (1a) (run 12 vs. 20).  Both of the supported and molecular catalysts did 

not provide measurable activities at 0 °C (runs 18,22). 

     Compared with the corresponding molecular analogues, the activity levels of the 

supported catalysts were very different between PNB-g-CAT Cl (1a) and PNB-g-CAT 

Me (1b).  In general, immobilization on solid supports causes several consequences in 

the olefin polymerization performance of molecular catalysts.  For instance, a support 

stabilizes molecular catalysts and dissipates the heat of polymerization so as to suppress 
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undesired deactivation [26,27].  Additional steric hindrance from a support also 

interferes the complexation and/or the reaction of reagents at the active sites, which can 

lead to a higher molecular mass of polymer when the active sites are less accessible for 

free alkylaluminum [54,55], a lower activity when less accessible for an activator [24], 

and vice versa.  In Table 4, the activity of PNB-g-CAT Cl (1a) was much lower than 

CAT Cl (2a), while the extent of the deactivation at 50 °C was similar between the two 

catalysts (runs 10-13).  Hence, the lower activity of PNB-g-CAT Cl (1a) was plausibly 

ascribed by the steric hindrance for MMAO to effectively alkylate and/or ionize the 

metal centres.  The inefficiency in the activation was more or less relieved for 

PNB-g-CAT Me (1b) as it gave comparable activities to CAT Me (2b).  It was believed 

that the bulkiness of the polymer support struggled more with the alkylation than with 

the ionization when MMAO was employed as an activator. 
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Table 4 

Ethylene homopolymerization using MMAO as an activatora 

Run Catalyst 

(µmol) 

Al/Ti 

(mol/mol) 

T 

(°C) 

Activity 

(kg-PE/mol-Ti.h) 

Mw
b × 10−5 Mw/Mn

b 

 

10 2a (5.0) 6000 30 9200 ± 170 2.2 6.1 

11 2a (5.0) 6000 50 6000 n.d.c n.d.c 

12 1a (5.0) 6000 30 2110 ± 13 4.2 16.3  

13 1a (5.0) 6000 50 1370 ± 52 n.d.c n.d.c 

14 2b (5.0) 12000 30 5760 ± 220 1.8 7.2  

15 2b (5.0) 6000 30 6900 ± 230 4.6 6.8 

16 2b (5.0) 3000 30 8100 ± 180 n.d.c n.d.c 

17 2b (5.0) 1500 30 5250 n.d.c n.d.c 

18 2b (5.0) 6000 0 Trace n.d.c n.d.c 

19 1b (5.0) 12000 30 5000 ± 15 6.6 9.1 

20 1b (5.0) 6000 30 4940 ± 110 5.6 11 

21 1b (5.0) 3000 30 3000 n.d.c n.d.c 

22 1b (5.0) 6000 0 Trace n.d.c n.d.c 

a Polymerization conditions: Ethylene pressure = 0.6 MPa, toluene = 300 mL, t =10 

min. 

b Determined by high-temperature GPC. 

c Not determined. 

 

     Irrespective of the type of the catalysts, the ethylene polymerization using 

MMAO resulted in the production of PE with a Mw/Mn value much greater than 2.  

This fact indicated inevitable formation of multiple active sites in the course of the 

polymerization.  Similarly broad distributions were reported in previous literature [44], 

which was partly associated with free alkylaluminum contained in MAO [56].  In 

Table 4, the activity was found to be correlated with the molecular weight distribution 
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of the produced PE samples: A lower activity accompanied a larger fraction of low 

molecular weight polymers, thus broadening the molecular weight distribution.  

Potential isomerization of active sites by the action of the activator system or 

under-activation of the catalysts (insufficient contact with MMAO) [57,58] would 

explain the obtained correlation.  The supported catalysts afforded higher Mw values 

when compared to the corresponding molecular analogues under identical conditions 

(Table 4 and Fig. 16).  As explained above, the suppression of the chain transfer 

reaction is the most plausible reason.  It is noted that the increment in the Mw value for 

the supported catalysts resulted in an extra broadening of the distribution by expanding 

the deviation between low and high molecular weight fractions (became clearly bimodal 

in Fig. 16).  
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Fig. 16.  Molecular weight distributions of PE samples prepared using MMAO as an 

activator under identical conditions: a) 1a vs. 2a, and b) 1b vs. 2b.  The solid and 

dashed lines correspond to PE samples obtained using the polymer-supported and 

molecular catalysts, respectively.  

 

     According to the observed inefficiency of the activation using MMAO, ethylene 

polymerization was performed using a less bulky TIBA/Ph3CB(C6F5)4 activator system 

[54].  Table 5 summarizes the results of the polymerization, where a catalyst amount 

corresponding to 5.0 μmol of Ti was injected.  The activity of the molecular catalysts 

was not sensitive to the employed activators (runs 10,15 vs. 23,27), in consistent with a 

previous report [44].  Contrary, it was found that the utilization of TIBA/Ph3CB(C6F5)4 

dramatically improved the activities of both of the PNB-supported catalysts (1a,b), 

which were comparable or even higher than those of their molecular analogues under 

identical conditions (e.g. run 23 vs. 24, 27 vs. 29).  Especially, PNB-g-CAT Cl (1a) 
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significantly recovered its activity using TIBA/Ph3CB(C6F5)4.  This is consistent with 

the earlier discussion that the activation of PNB-g-CAT Cl (1a) using MMAO was 

sterically hindered.  In Table 4, the activation using MMAO never led to observable 

activities at 0 °C, while the activity levels were kept almost constant between 0 and 

30 °C when TIBA/Ph3CB(C6F5)4 was employed instead.  Obviously, the activation 

using MMAO necessitates a higher energetic barrier to be surpassed.  

     In attempts to maximize the productivity and further narrower the molecular 

weight distribution in the ethylene polymerization, the injection amount of PNB-g-CAT 

Cl (1a) or CAT Cl (2a) was halved (2.5 μmol of Ti).  The results are summarized in 

Table 6.  It was found that the activity of both PNB-g-CAT Cl (1a) and CAT Cl (2a) 

improved by the introduction of the new conditions (runs 23,24 vs. 33,37).  The best 

activity of PNB-g-CAT Cl (1a) was achieved at the Al/Ti ratio of 1000 (run 38), which 

exceeded that of CAT Cl (2a) under the identical condition (run 34 vs. 38).  To the 

best of my knowledge, the activity level of 28600 kg-PE/mol-metal·h has been hardly 

reached by any of the polymer-supported catalysts for ethylene polymerization.  
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Table 5 

Ethylene homopolymerization using TIBA/Ph3CB(C6F5)4 as an activatora 

Run 
Catalyst 

(µmol) 

Al/Ti 

(mol/mol) 

T 

(°C) 

Activity 

(kg-PE/mol-Ti.h) 
Mw

b × 10−5 Mw/Mn
b 

Tm
c 

(°C) 

Xc
c 

(%) 

23 2a (5.0) 500 30 8900 ± 240 2.4 3.3 134.0 73 

24 1a (5.0) 500 30 11200 ± 400 3.2 3.1 136.0 78 

25 1a (5.0) 250 30 8500 ± 140 n.d.d n.d.d n.d.d n.d.d 

26 1a (5.0) 125 30 7100 n.d.d n.d.d n.d.d n.d.d 

27 2b (5.0) 500 30 8600 ± 400 3.3 4.8e 134.0 73 

28 2b (5.0) 500 0 9000 ± 120 n.d.d n.d.d 137.0 79 

29 1b (5.0) 500 30 15300 ± 45 3.1 2.7 136.0 74 

30 1b (5.0) 125 30 16100 ± 780 4.1 2.3 137.0 75 

31 1b (5.0) 500 0 14000 n.d.d n.d.d 138.0 75 

a Polymerization conditions: Ethylene pressure = 0.6 MPa, toluene = 300 mL, Ti/Ph3CB(C6F5)4 = 1 mol/mol, t =10 min. 

b Determined by high-temperature GPC. 

c Determined by DSC. 

d Not determined.  

e A shoulder was observed at the high molecular weight side.
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Table 6 

Ethylene homopolymerization using TIBA/Ph3CB(C6F5)4 as an activator at a lower catalyst amounta 

Run 
Catalyst 

(µmol) 

Al/Ti 

(mol/mol) 

T (°C) Activity 

(kg-PE/mol-Ti.h) 
Mw

b × 10−5 Mw/Mn
b 

Tm
c 

(°C) 

Xc
c 

(%) 

32 2a (2.5) 1000 30 15900 ± 490 2.3 3.6 134.0 74 

33 2a (2.5) 500 30 10900 ± 150 n.d.d n.d.d 136.0 75 

34 2a (2.5) 1000 0 16400 ± 390 5.7 2.5 137.0 78 

35 2a (2.5) 500 0 20250 ± 340 7.4 2.7 138.0 80 

36 1a (2.5) 1000 30 17300 ± 650 4.0 3.7 137.5 76 

37 1a (2.5) 500 30 17900 ± 125 n.d.d n.d.d 136.5 75 

38 1a (2.5) 1000 0 28600 ± 114 4.9 2.3 137.2 77 

39 1a (2.5) 500 0 23000 ± 600 5.5 2.2 137.5 76 

a Polymerization conditions: Ethylene pressure = 0.6 MPa, T = 0 °C, toluene = 300 mL, Ti/Ph3CB(C6F5)4 = 1 mol/mol, t =10 min. The 

catalyst amount was halved from that in Table 4. 

b Determined by high-temperature GPC.  

c Determined by DSC. 

d Not determined.
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     Regarding the activity improvements by grafting (e.g. 65% for run 38 vs. 34, 75% 

for run 37 vs. 33), a potential explanation would be the stabilization of molecular 

catalysts by grafting, as has been often reported for solid supports [54].  However, this 

idea was not likely since the soluble polymer support hardly suppressed the deactivation 

at an elevated temperature (runs 11,13).  Therefore, potential synergism needs to be 

assumed among multiple active centres confined in a nano-sized random coil.  

Considering the fact that 32 Ti centres in the case of 1a are confined in a polymer chain 

of a random coil state, whose hydrodynamic volume is 2.0 x 104 nm3, the local Ti 

concentration can be estimated as 2.6 μmol/mL.  This concentration is over 102 times 

greater than that of the molecular catalyst (2a) dissolved in 300 mL of toluene (8.3 x 

10‒3 μmol/mL for 2.5 μmol of Ti added in the polymerization).  The average distance 

between two neighboring Ti centres is estimated as 11 nm for 1a, with respect to 72 nm 

for the molecular catalyst (2a).  However, it should be noted that the estimated 

distance between two neighboring Ti centres is just a thermal average, and it can be 

shorter or greater, depending on each instantaneous conformation of the polymer chain.  

Though several explanations could be assumed for explaining the synergism, a direct 

interaction is unlikely as the cationic active centres must repulse from each other.  

There have been a few mechanisms proposed for explaining the origin of synergistic or 

cooperative catalysis in the case of binuclear catalysts [30,59], in which the two active 

centres do not have direct interaction, similar to the present case.  The most likely 

explanation for the present results is that “a local high concentration of active centres 

might increase the local concentration of reagents that can interact with them (e.g. 

ethylene) around a random coil.”  A mechanistic elucidation must necessitate a 

detailed kinetic study, typically using a stopped-flow technique [60-63].   



 105 

     In relation to the significant activity enhancement, the molecular weight 

distributions obtained using the TIBA/Ph3CB(C6F5)4 activator system (Tables 5 and 6) 

became unimodal (Figs. 17a‒c) and much narrower compared to those reported in Table 

4.  This result indicated that the TIBA/Ph3CB(C6F5)4 activator system was more 

advantageous in retaining the single-site nature of aryloxide-containing half-titanocene 

catalysts.  The PNB-supported catalysts tended to produce PE with a narrower 

molecular weight distribution as compared to those produced by their molecular 

analogues under the identical conditions (e.g. run 27 vs. 29, 35 vs. 39), which in turn 

suggested a role of the PNB support to enhance the single-site nature of the catalysts.  

The Mw/Mn values became nearly 2 for runs 30, 38 and 39.  It is worth noting that the 

presence of the support clearly enlarged the molecular weight of PE at 30 C (Figs. 

16a,b and 17a,c), while such an enlargement was not observed at 0 C (Fig. 17b).  This 

temperature response was clearly different from that of the molecular analogues (the 

molecular weight increased at a lower temperature as usual), and would add up another 

unique aspect of the soluble polymer-supported catalysts in responding the surrounding 

environment.  Lastly, the observed Tm and Xc values (Tables 5 and 6, Fig. 18) of the PE 

samples dictated the formation of exclusively linear high-density PE for all the cases, 

which is reasonable for the aryloxide-containing half-titanocene catalysts [40].  
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Fig. 17.  Molecular weight distributions of PE samples prepared using 

TIBA/Ph3CB(C6F5)4 as an activator under identical conditions: a) 1a vs. 2a (30 C), b) 

1a vs. 2a (0 C), c) 1b vs. 2b (30 C).  The solid and dashed lines correspond to PE 

samples obtained using the polymer-supported and molecular catalysts, respectively. 
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Fig. 18. DSC thermogram of PE samples obtained using the PNB-g-CAT Cl (1a) and its 

molecular analogue CAT Cl (2a). 

 

2.3.4. Ethylene/1-octene copolymerization 

     Aryloxide-containing half-titanocene complexes are effective catalysts for the 

copolymerization of ethylene with linear α-olefins, cyclic olefins, styrene and a variety 

of sterically encumbered olefins, while substituents on the aryloxide ligand as well as 

modification on cyclopentadienyl ring strongly influences the comonomer incorporation 

and molecular weight of produced polymers [41,64-66].  In order to evaluate the 

performance of a PNB-supported catalyst (1a), ethylene/1-octene copolymerization was 

conducted at 30 C, using TIBA/Ph3CB(C6F5)4 as an activator system.  The results are 

summarized in Table 7, in which the results for the molecular analogue (2a) are also 

included for comparison. 
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Table 7 

Ethylene/1-octene copolymerization using TIBA/Ph3CB(C6F5)4 as an activatora 

Run Catalyst 

(µmol) 

Ethylene 

pressure (MPa) 

1-octene 

(mol/L) 

Activity 

(kg-PE/mol-Ti.h) 

1-octene 

contentb (mol%) 

40 2a (5.0) 0.4 0.32 9900 ± 490 17.7 

41 1a (5.0) 0.4 0.32 4000 ± 120 14.8 

42 1a (5.0) 0.2 0.32 1800 ± 40 26.0 

43 1a (5.0) 0.6 0.32 8160 ± 240 10.8 

44 1a (5.0) 0.6 0.53 8300 ± 60 15.8 

45 1a (5.0) 0.6 0.74 9500 ± 120 24.7 

46 1a (5.0) 0.6 1.06 12600 ± 470 36.4 

a Polymerization conditions: Toluene+1-octene = 300 mL, TIBA = 2.5 mmol, 

Ti/Ph3CB(C6F5)4 = 1 mol/mol, T = 30 °C, t =10 min. 

b Calculated from 13C NMR based on dyad distributions. 

 

     It was found that the PNB-g-CAT Cl (1a) showed reasonable activity in 

ethylene/1-octene copolymerization (run 41).  However, synergistic comonomer 

incorporation improvement was not observed in ethylene/1-octene copolymerization 

with PNB-g-CAT Cl (1a).  The observed activity as well as comonomer incorporation 

amount of PNB-g-CAT Cl (1a) was lower than those of the molecular analogue (2a), 

probably due to the additional steric interference caused by the PNB random coil, which 

lowered that rate of monomer insertion.  The lack of synergy in ethylene/1-octene 

copolymerization can be further attributed to the poorer solubility of PNB chains in 

1-octene with respect to toluene.  Therefore, in the polymerization medium, the 

multiple active centres confined in a random coil could not improve the 1-octene 
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concentration around them, as it was proposed in the case of ethylene 

homopolymerization.  Nevertheless, the activity of PNB-g-CAT Cl (1a) in the 

copolymerization increased with an increase of ethylene pressure (run 41 vs. 43), while 

the 1-octene content in the resultant copolymers increased on lowering the ethylene 

pressure (run 41 vs. 42) or with an increase of 1-octene concentration in the feed (runs 

43 to 46).  Fig. 19 represents the 13C NMR spectra of poly(ethylene-co-1-octene) 

samples synthesized by PNB-g-CAT Cl (1a) and its molecular analogue CAT C (2a).  

Table 8 summarizes the assignments of peaks in the 13C NMR spectrum of 

poly(ethylene-co-1-octene) [67].   

     It was found that the PNB-g-CAT Cl (1a) showed remarkable incorporation of 

1-octene in ethylene/1-octene copolymerization without scarifying the activity (runs 43 

to 46).  The monomer sequence distributions in the resultant 

poly(ethylene-co-1-octene) samples prepared by PNB-g-CAT Cl (1a) and CAT Cl (2a) 

are summarized in Table 9.  The copolymers obtained by PNB-g-CAT Cl (1a) and CAT 

Cl (2a) contained similar amounts of EOE and EEO + OEE sequences, while CAT Cl 

(2a) produced copolymer with higher amounts of OEO and EOO + OOE sequences 

(Table 9).  In the case of the copolymers obtained by PNB-g-CAT Cl (1a), the EEE 

triad decreased with the increase of 1-octene concentration, which was accompanied by 

the increase in the OOO triad.  The products of the monomer reactivity ratios 

represented as “rE x rO”, which reflects the chemical compositions of the copolymers, 

are reported in Table 9.  For all the poly(ethylene-co-1-octene) samples prepared by 

PNB-g-CAT Cl (1a), the obtained values of rE x rO were close to one suggesting a 

random distribution of monomers in the copolymer samples [68].  These results are 

consistent with those obtained for the group 4 transition metal catalysts [41,68].  
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Contrary, in the case of poly(ethylene-co-1-octene) synthesized by CAT Cl (2a), the 

value of rE x rO was relatively higher, indicating a greater degree of intra-chain 

heterogeneity of chemical composition as compared to the poly(ethylene-co-1-octene) 

synthesized by PNB-g-CAT Cl (1a) under the identical condition (run 40 vs. 41). 
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Fig. 19. 13C NMR spectra of poly(ethylene-co-1-octene) samples synthesized by 

PNB-g-CAT Cl (1a) and its molecular analogue CAT Cl (2a). 
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Table 8 

Assignment of carbons in 13C NMR spectrum of poly(ethylene-co-1-octene) samples 

Peak number Type of carbon Sequencea 

1 CH3 EO*E 

OO*E 

OO*O 

2 CH2 (2) EO*E 

OO*E 

OO*O 

3 CH2 (ββ) OE*O 

4 CH2 (5) OO*O 

5 CH2 (5) OO*E 

6 CH2 (5) EO*E 

7 CH2 (βδ) OE*EO 

8 CH2 (δδ) 

CH2 (4) 

CH2 (4) 

CH2 (4) 

EE*E 

EO*E 

OO*E 

OO*O 

9 CH2 (γδ)   OE*EE 

10 CH2 (γγ)   OE*EO 

11 CH2 (3)   EO*E 

OO*E 

OO*O 

12 CH OO*O 

13 CH2 (αδ) 

CH2 (6) 

EO*EE 

EO*E 

14 CH2 (αγ) EO*EO 

15 CH2 (αδ) 

CH2 (6) 

OO*EE 

OO*E 

16 CH2 (αγ) OO*EO 

17 CH2 (6) OO*OE 

18 CH  EOO*E 

19 CH EO*E 

20 CH2 (αα) EO*OE 
a The asterisk is applied on a monomer unit containing the assigned carbon. 
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Table 9 

Monomer sequence distributions in the poly(ethylene-co-1-octene) samplesa 

Runa 1-octeneb 

(mol%) 

Triad distributionb (mol%) Dyad distributionc (mol%) rE x rO
d 

EEE EEO + OEE EOE OEO EOO + OOE OOO EE EO + OE OO  

40 17.7 62.4 12.7 12.4 4.7 7.2 0.6 68.8 27 4.2 1.6 

41 14.6 67.4 11.7 12.5 3.5 4.9 0 73.3 24.3 2.4 1.2 

42 26.0 48.4 14.9 16.7 8.0 8.8 3.2 55.8 36.5 7.7 1.3 

44 15.8 64.9 13.1 13 3.7 4.8 0.5 71.4 25.6 3.0 1.3 

45 24.7 49.3 15.6 17.8 7.0 7.5 2.8 57.1 36.3 6.6 1.1 

46 36.4 33.1 14.6 23.0 10.5 11.1 7.7 40.4 46.4 13.2 1.0 

a Samples were obtained from Table 7. 

b Calculated based on 13C NMR. 

c [EE] = [EEE] + 1/2{[EEO] + [OEE]}, [OO] = [OOO] + 1/2{[EOO] + [OOE]}, [EO] + [OE] = [OEO] + [EOE] + 1/2{[EEO+ OEE] 

+ [OOE + EOO]}, [E] = [EE] + 1/2{[EO] + [OE]}, [O] = [OO] + 1/2{[EO] + [OE]}. 

d rE x rO = 4{[EE][OO]}/{[EO]+[OE]}2 (from reference 41). 
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2.4. Conclusions 

     In an attempt to conceptually bridge the two extreme ends of catalysts (molecular 

and solid catalysts), a new type of bridging catalysts for olefin polymerization was 

proposed, which integrates multiple Ti centres in a nano-sized random coil of soluble 

polymer chains.  A series of monodisperse polynorbornene (PNB) bearing different 

contents of aryloxide ligands were synthesized by means of Grubbs ring-opening 

metathesis polymerization. To these, two kinds of half-titanocene precursors (Cp*TiCl3 

and Cp*TiMe3) were effectively grafted, affording structurally well-defined and soluble 

supported catalysts with the random coil size defined by the molecular weight and the 

active site density defined by the aryloxide content.  Extensive investigation of the 

ethylene polymerization performance of these supported catalysts in full comparison 

with the molecular analogues uncovered several important catalytic aspects:  

i) The activation of the supported catalysts using modified methylaluminoxane 

was sterically hindered especially in terms of alkylation, which could be 

completely alleviated by the utilization of a less hindered 

tri-iso-butylaluminum/Ph3CB(C6F5)4 activator system. 

ii) The activity of the supported catalysts was found to be greater in ethylene 

homopolymerization using tri-iso-butylaluminum/Ph3CB(C6F5)4 activator 

system than those of the molecular analogues, for which a synergism among 

multiple active centres confined in a random coil was presumed.  

iii) The polymer-supported catalysts were superior to the molecular analogues in 

producing polyethylene with a higher molecular weight and narrower 

polydispersity when activated by tri-iso-butylaluminum/Ph3CB(C6F5)4.  

iv) The polymer-supported catalyst showed remarkable incorporation of 1-octene 
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monomer in ethylene/1-octene copolymerization to result copolymers having 

random distribution of 1-octene units.  

While all the above findings were interesting, the most important is that I have 

successfully proposed a potential advantage of “concentrated” active sites compared 

with isolated sites.  It is also important that the present success was enabled as a 

consequence of a well-defined nature of the supported catalysts, which is promising to 

exploit cooperative catalysis in a well-defined manner.  
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Chapter 3 

 

Origin of Cooperative Catalysis Embodied by 

Aryloxide-Containing Half-Titanocene Catalysts Confined in 

a Single Polynorbornene Chain 
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ABSTRACT:  

A series of monodisperse and soluble polynorbornene (PNB) supported 

aryloxide-containing half-titanocene catalysts with different active site densities were 

synthesized.  The bottom-up strategy applied for the synthesis of PNB-supported 

catalysts allowed the precise control of the number of grafted Ti centres per random coil 

of PNB chains over a wide range.  The PNB-supported catalysts were extensively 

characterized by 1H, 13C NMR and UV-Vis spectroscopy.  In ethylene polymerization 

at a lower temperature, the activity enhancement of these PNB-supported catalysts as 

compared to their molecular analogue as well as along the active site density revealed 

the existence of a synergy or cooperation among multiple active centres confined in a 

nano-sized random coil of PNB chains.  On the other hand, at a higher temperature, the 

effect of active site isolation was found to be crucial for achieving the highest activity of 

a PNB-supported catalyst.   
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3.1. Introduction 

     In catalysis “cooperative effect” is a term, used to describe an improvement in 

catalytic performance by synergy or cooperation of two or more proximate active 

centres during a chemical transformation [1].  Cooperative catalysis is a unique feature 

of many metalloenzymes, such as ureases, in which two or proximate metal centers 

cooperate to activate both electrophilic and nucleophilic reactants, leading to superior 

activity and selectivity [2-4].  In the field of abiotic homogeneous catalysis, syntheses 

of nature inspired multimetallic complexes, which can undergo cooperative catalysis 

has gained great attentions [5-10].  In recent studies, cooperation of Lewis base and 

acid centers in a single catalytic system has been exploited for a variety of reactions, 

which include, Corey-Chaykovsky epoxidations, asymmetric Strecker reactions, 

Diels-Alder reactions, metallosalen catalyzed asymmetric ring opening polymerization 

of epoxides and enantioselective cycloaddition reactions between ketene enolates and 

various electrophiles [5-10].  Improved activity and selectivity of the multinuclear 

cooperative catalysts with respect to the mononuclear catalysts arise due to proximity of 

multiple active centers, which can selectively improve the local concentration of 

reagents by conformationally favourable covalent or noncovalent interactions [11,12].  

Such utilization of cooperative catalysis in molecular catalysts motivated the 

development of binuclear or multinuclear (trinuclear, tetranuclear etc.) molecular 

catalysts in the field of olefin polymerization [12].  The importance of cooperative 

catalysis in the field of catalytic olefin polymerization is straight forward in a sense that 

if the co-presence of proximate metal centres can improve selectivity for distinctive 

enchainment pathways, then there is a possibility to obtain higher catalytic activity as 

well as unique polymer microstructures in terms of molecular weight, branching and 
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comonomer incorporation amount in a way to directly influence polymer properties and 

their end-use applications.  Thus, in the past two decades there have been serious 

efforts devoted towards the exploitation of cooperative catalysis for function 

integrations in homogeneous olefin polymerization catalysis [12].  For this, different 

strategies were developed to fix two or more metal centres in proximity using different 

ligands.  Representative examples are early transition metal based binuclear/trinuclear 

metallocene and half-metallocene catalysts [13-15], late transition metal based binuclear 

phenoxyiminato and α-diimine catalysts [16,17], late transition metal based tetranuclear 

α-diimine catalysts and etc. [18].  With these multinuclear catalysts, generally higher 

catalytic activity and improved polymer molecular weight were observed compared to 

their mononuclear analogues.  It was suggested that some trapping of monomers could 

be possible due to the high local metal concentrations in these multinuclear catalysts 

[12].  Also, electronic, steric, and ion-pairing effects present in these catalysts might 

play a role in achieving higher activities as compared to their mononuclear analogues 

[12].  Great success in this area was achieved by the pioneering research of Marks et 

al., in which, a series of constrained geometry based homo and hetero binuclear 

molecular catalysts were synthesized, and their synergistic combination with a binuclear 

cocatalyst was explored [12,19-22].  This combination helped to bring the two metal 

centres to a closest possible distance.  In these catalysts, function integrations have 

been achieved by the cooperation between two sterically open proximate metal centres 

via secondary agostic (noncovalent) interaction, which significantly influenced the 

monomer enchainment and the chain transfer kinetics.  Unique catalytic consequences 

due to the said cooperativity were apparently observed by higher catalytic activity, 

enhanced branching, higher -olefin incorporation, and molecular weight increment as 
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compared to their mononuclear analogues [12,19-22].  Systematic study on the 

structure-performance relationship of a variety of binuclear catalysts with the aid of 

DFT calculations suggested the importance of ligand architecture, ligand electronic 

characteristics and metal−metal distance in cooperative catalysis [22].  Surely, the 

advantage of a binuclear catalyst is attributed to the design precession at the molecular 

level i.e., a proper placement of two metal centres at an optimum distance for maximum 

cooperation to embody catalytic multifunctionality in a single complex.  But the 

synthetic limitations make it difficult to design ligand framework, which can integrate 

multiple number of nuclei, to incorporate more functions in a single molecule.  Thus, 

exploitation of cooperative catalysis in multinuclear catalysts having well-defined 

structural features is an important direction to design new multifunctional catalysts in 

the field of olefin polymerization. 

     In Chapter 2, I successfully provided a new bridging catalyst system for the 

integration of functions in a well-defined way by confining multiple active centres in a 

random coil of a single polynorbornene (PNB) chain.  It was established that PNB 

having uniform chain length as well as a controlled density of ancillary donor ligands at 

side chain can be efficiently synthesized by Grubbs ring-opening metathesis 

polymerization (ROMP).  Furthermore, these well-defined polymers were used as a 

soluble support for half-titanocene molecular catalysts.  Such a supported catalyst 

equips well-defined characteristics in terms of active site design analogous to the 

molecular catalyst as well as a controlled active site density in a random coil of a single 

polymer chain, whose size can be defined by the Flory radius.  Extensive investigation 

in ethylene polymerization, revealed an enhanced activity of these soluble 

polymer-supported catalysts as compared to their molecular analogues.  Based on the 
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improved local concentration of Ti in these polymer-supported catalysts with respect to 

their molecular analogues, a synergy or cooperation among multiple active centres 

confined in a random coil of PNB chains was assumed as the reason for the observed 

activity improvements.  In the present chapter, I aim to explore the origin of the said 

synergy or cooperation among neighbouring active sites confined in a nano-sized 

random coil in order to embody the concept of function accumulation in the new 

catalyst system. 

     In the present chapter, a series of PNB-supported half-titanocene catalysts [23,24] 

with different active site densities were prepared and employed in ethylene 

polymerization to study a potential cooperation among confined active centres in a 

well-defined way. 

 

3.2. Experimental 

3.2.1. Materials 

     All commercially available reagents were of a research grade and used without 

further purification unless specified.  Bicyclo[2.2.1]hepta-2,5-diene (norbornadiene), 

4-bromo-2,6-dimethyphenol, bis(triphenylphosphine)palladium(II) dichloride 

(Pd(PPh3)2Cl2), bicyclo[2.2.1]hept-2-ene (norbornene), 2,6-dimethylphenol, 

pentamethylcyclopentadienyltitanium (IV) trichloride (Cp*TiCl3) and trityl 

tetrakis(pentafluorophenyl)borate (Ph3CB(C6F5)4) were purchased from Tokyo 

Chemical Industry.  Ammonium formate (NH4HCO2), the Grubbs 1st generation 

catalyst, and ethyl vinyl ether were purchased from Sigma-Aldrich.  Triethylamine was 

purchased from Kanto Chemical.  N,N-Dimethylformamide (DMF, Wako Pure 

Chemical Industries) was dried over molecular sieves 4A with N2 bubbling.  
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Tri-iso-butylTIBA (TIBA) was donated by Tosoh Finechem.  Ethylene of a 

polymerization grade was donated by Sumitomo Chemical and used as delivered.  For 

the synthesis of PNB supports and catalysts, dichloromethane (CH2Cl2) and toluene 

(Sigma-Aldrich and Wako Pure Chemical Industries) of an anhydrous grade were used.  

They were further dehydrated over molecular sieves 3A and 4A with N2 bubbling, 

respectively.  Diethyl ether of an anhydrous grade was purchased from Tokyo 

Chemical Industry and degassed before use.  Toluene (Kanto Chemical) for 

polymerization was used after being passed through a column of molecular sieves 4A 

and bubbled with N2.  Deuterated chloroform (CDCl3, Kanto Chemical) was stored in 

a teflon sealed schlenk containing molecular sieves 3A and degassed before use. 

 

3.2.2. Measurements 

     All 1H and 13C {1H} NMR spectra of the PNB supports and PNB-supported 

catalysts were recorded on a 400 MHz Bruker Advance spectrometer in CDCl3 at 25 °C 

and all chemical shifts were given in ppm.  The residual peak of CHCl3 at 7.26 ppm 

and the peak of CDCl3 at 77.16 ppm were used as references in 1H and 13C NMR, 

respectively.  The number-average molecular weight (Mn), weight-average molecular 

weight (Mw) and the polydispersity index (Mw/Mn) of PNB supports were determined by 

gel permeation chromatography (GPC, Shimadzu SCL-10A) equipped with a RID-10A 

detector and calibrated with polystyrene standards.  Tetrahydrofuran (THF) of a GPC 

grade (Wako Pure Chemical Industries, stabilizer-free) was used as the eluent with an 

isocratic flow rate of 1.0 mL/min at 35 °C.  UV-Vis spectroscopy (JASCO V670 

UV-VIS spectrometer) was utilized to characterize molecular and PNB-supported 

catalysts in a toluene solution at the concentration of 0.25-0.4 μmol/mL.  The melting 
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temperature (Tm) and crystallinity (Xc) of polyethylene (PE) were acquired on a 

differential scanning calorimeter (DSC, Mettler Toledo DSC-822) based on the first 

heating cycle at 10 °C/min up to 180 °C under 200 mL/min of N2.   

 

3.2.3. Synthesis of 4-bicyclo[2.2.1]hept-5-en-2-yl-2,6-dimethylphenol  

     The detailed synthetic procedure was given in Chapter 2 (cf. section 2.2.3).  

Briefly, the compound was synthesized by heating a reaction mixture of norbornadiene 

(46 mmol), 4-bromo-2,6-dimethylphenol (9.0 mmol), triethylamine (28 mmol) and 

NH4HCO2 (37 mmol) in DMF (15 mL), using Pd(PPh3)2Cl2 (0.40 mmol) as a catalyst at 

80 °C for 16 h under N2 with constant stirring.  The product was isolated by silica 

column chromatography (1/9 v/v ethylacetate/hexane) in 80% yield.  The synthesis 

and purification of 2-aryloxonorbornene were confirmed by 1H and 13C NMR 

spectroscopy (cf. Figs. 1a,b, in Chapter 2).  The exo-isomer was obtained as the major 

product (> 95.0%).  

 

3.2.4. Synthesis of PNB supports 

     In a typical experiment, e.g. run 3 in Table 1, 2-aryloxonorbornene (0.68 mmol) 

and norbornene (12.8 mmol) were dissolved in CH2Cl2 (12 mL) in a schlenk tube under 

N2.  To this, a solution of the Grubbs 1st generation catalyst (8.0 mmol/L) in CH2Cl2 

(8.0 mL) was added at room temperature.  After 3 h, the polymerization was quenched 

by adding an excess of ethyl vinyl ether.  The resultant polymer solution was poured 

into methanol, collected by filtration, washed with methanol and dried under vacuum 

for several hours at 30 °C.  The polymer was additionally purified by reprecipitation 

from CH2Cl2/diethyl ether, and finally collected as a white solid after vacuum drying for 
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several hours at 30 °C.  The comonomer content in the PNB supports (runs 1 to 5 in 

Table 1) was varied through the 2-aryloxonorbornene amount from 0.10 to 2.30 mmol 

to the fixed amount of norbornene (12.8 mmol).  The peaks in the 1H and 13C NMR 

spectra were consistently assigned based on literature [25,26] as follows.  

1H NMR (400 MHz, CDCl3, δ): 0.90-1.13 (m, 1H, H7), 1.20-1.46 (m, 2H, H5,6), 

1.65-2.01 (m, 3H, H5,6,7), 2.20 (s, 6H, He), 2.42 (bs, 2H, H1,4, trans), 2.78 (bs, 2H, H1,4, 

cis), 4.42 (s, 1H, OH), 5.12-5.25 (m, 2H, ,H2,3, cis), 5.26-5.42 (m, 2H, H2,3, trans), 6.78 

(s, 2H, Hb). 

13C NMR (100 MHz, CDCl3, δ): 16.2 (Ce); 32.3, 32.5, 33.0, 33.2, 38.6, 38.8, 41.5, 42.2, 

43.3, 43.6, 50.5, 50.8, 52.0 (saturated carbons of PNB backbone); 122.6 (Cc), 127.7 

(Cb); 130.9, 133.0, 133.2, 133.3, 133.9, 134.1, 134.7 (olefinic carbons of PNB 

backbone); 137.2 (Ca), 150.2 (Cd). 

 

3.2.5. Synthesis of PNB-g-CAT Cl (1a-e) 

     Five different kinds of PNB-supported catalysts were synthesized using the PNB 

supports (runs 1 to 5) of Table 1.  A flame-dried schlenk tube was exchanged with N2 

and charged with a solution of Cp*TiCl3 (1.5-2.7 mmol) in CH2Cl2 (20-25 mL).  To 

this, a solution of a PNB support (1/25-1/6 equivalent of the aryloxide ligand with 

respect to Cp*TiCl3) in CH2Cl2 (20-35 mL) was added dropwise under N2 with 

continuous stirring at room temperature.  The ratio of Cp*TiCl3 to aryloxide ligands 

became 25 in the case of the lowest aryloxide containing PNB-supported catalyst 

preparation, since the minimum concentration of Cp*TiCl3 in the reaction solution was 

fixed at 8 mg/mL.  The solution was slowly warmed to the boiling temperature of the 

solvent and then refluxed for 36-42 h.  Thereafter, the product was precipitated out by 
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adding diethyl ether, and unreacted Cp*TiCl3 was washed out.  The catalysts were 

obtained in 75-80% yield as pale to intense red solids after repetitive washing with 

diethyl ether and vacuum drying for several hours. 

 

3.2.6. Synthesis of Cp*Ti(O-2,6-Me2C6H3)Cl2 (CAT Cl, 2) 

     The complex was synthesized according to the reference [23].  The structure was 

confirmed by 1H and 13C NMR spectroscopy (cf. Figs. 9,11 in Chapter 2). 

1H NMR (400 MHz, CDCl3, δ): 2.22 (s, 15H, Cp‒CH3), 2.28 (s, 6H, He), 6.83 (t, J = 7.6 

Hz, 1H, Ha), 6.95 (d, J = 7.6 Hz, 2H, Hb). 

13C NMR (100 MHz, CDCl3, δ): 13.2 (Cp‒CH3), 17.4 (Ce), 123.0 (Cc), 128.5 (Cb), 

128.9 (Ca), 132.7 (Cp), 162.2 (Cd). 

 

3.2.7. Ethylene polymerization  

     Ethylene polymerization was performed in a 1 L autoclave equipped with a 

mechanical stirrer rotating at 350 rpm.  In a typical experiment, e.g. runs 6 in Table 3, 

toluene (300 mL) and TIBA (Al = 2.5 mmol) were introduced into the reactor and the 

solution was saturated with ethylene (0.6 MPa, absolute pressure) at 0 °C for 30 min.  

Thereafter, a toluene solution (0.5 mL) of the catalyst (Ti = 2.5 µmol) was injected into 

the reactor, followed by the injection of a solution (0.5 mL) of Ph3CB(C6F5)4 (2.5 µmol) 

to initiate the polymerization.  The polymerization was conducted for 10 min with a 

continuous supply of ethylene at 0.6 MPa.  The resultant polymer solution was poured 

into acidic ethanol, repeatedly washed with deionized water, collected by filtration and 

dried under vacuum for several hours at 60 °C. 
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3.3. Results and discussion 

3.3.1. Synthesis and characterization of PNB supports 

     Table 1 summarizes the characteristics of the PNB supports to be used in the 

catalyst synthesis. 

 

Table 1 

PNB supports employed for the catalyst synthesisa 

Run 

Comonomer 

in feedb 

(mol%)  

Isolated 

yield 

(%) 

transc  

(%) 

Comonomer 

contentc  

(mol%) 

Mn
d  

× 10−4 
Mw/Mn

d 

Pendant 

group 

/chaine 

1 0.7 97 84 0.5 5.5 1.17 3 

2 2.2 94 84 2.0 5.3 1.20 11 

3 5.0 95 84 4.8 7.0 1.18 36 

4 11 92 82 10 7.7 1.16 82 

5 17 93 79 14 6.9 1.14 103 

a Polymerization conditions: Norbornene = 12.8 mmol, catalyst = 64.0 µmol, CH2Cl2 = 

20 mL, T = 25 °C, t = 3.0 h. 

b [2-aryloxonorbornene/(norbornene + 2-aryloxonorbornene)] × 100. 

c Derived from 1H NMR.  

d Determined by GPC. 

e Calculated from the Mn value and the comonomer content. 

 

In Table 1, at a fixed norbornene/catalyst ratio of 200 mol/mol, random 

copolymerization was conducted at room temperature with increasing the 

2-aryloxonorbornene fraction (0.7 to 17 mol%) in the feed (runs 1 to 5).  The 

successful PNB support synthesis was confirmed by both 1H and 13C NMR 
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spectroscopy (cf. Figs 2,3 in Chapter 2).  For each PNB support synthesis, over 90% of 

the yield and nearly quantitative comonomer incorporation were observed.  The PNB 

supports exhibited Mw/Mn values close to one.  These facts assured the well-defined 

nature of the synthesized PNB supports.  The narrow molecular weight distribution 

allowed a reasonable estimation of the number of pendant groups per chain for each 

PNB support from their respective Mn and comonomer content, which was found to 

vary in the range of 3‒106. 

 

3.3.2. Synthesis and characterization of PNB-supported catalysts (1a-e) 

     In order to synthesize PNB-supported catalysts with different active site densities 

for cooperative catalysis, the grafting reaction of Cp*TiCl3 to PNB supports (runs 1 to 5 

in Table 1) containing different contents of aryloxide ligands was explored.  Fig. 2 

represents the 1H NMR spectra of the PNB-supported catalysts (1a-e).  The 1H NMR 

spectra of the corresponding PNB supports are also shown for comparison (Fig. 1).  In 

Fig. 2, the grafting of Cp*TiCl3 to the PNB supports was confirmed with a shift in the 

peak position of methyl protons of the Cp ring from 2.39 to 2.20 ppm.  A similar peak 

shift was also observed in the case of the molecular analogue (2).  The, grafting 

percentage of Cp*TiCl3 was derived based on Eq. (1), 

𝐺𝑟𝑎𝑓𝑡 𝑦𝑖𝑒𝑙𝑑  % =  

1
15

𝐼𝐶𝑝−𝐶𝐻3

1
2 𝐼𝐻𝑏

 × 100 

                                 Eq. (1). 
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CHCl3

H1,4 (trans)

H1,4 (cis)

H5,6H5,6

H7

H7

H2,3 (trans)

H2,3 (cis)

δ / ppm

run 1

run 2

run 4

run 5

Hb OH He

 

Fig. 1. 1H NMR spectra of PNB supports (Table 1) with different 2-aryloxonorbornene 

contents. 
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1b

1d

1e

 

Fig. 2. 1H NMR spectra of PNB-supported catalysts (1a-e). 
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     Successful catalyst synthesis was further confirmed by 13C NMR as shown in Fig. 

3 (13C NMR of 1d).  For instance, the peak position of the carbon (Cd) that is bonded 

to the oxygen of the aryloxo group was found to be shifted from 150.2 to 160.7 ppm.  

The other important peaks were also shifted by the grafting, and these shifts were 

consistent with those observed for the molecular analogue (2).  However, in the 13C 

NMR spectrum of 1e, a minor peak (assigned as Cp'─CH3) was observed at 13.6 ppm 

(Fig. 4).  Since the position of the new peak was located between the peak position of 

the five methyl carbons of Cp ring of the original PNB-supported catalyst (at 13.1 ppm) 

and Cp*TiCl3 (at 14.6 ppm), there should be an obvious formation of secondary Ti 

species for 1e (e.g. bis(aryloxy)cyclopentadienyltitanium (IV) chloride).  Formation of 

a similar Ti species was also reported previously in the case of polystyrene supported 

half-titanocene catalysts [27].  The fraction of the secondary Ti centres was estimated 

as ca. 6 mol% based on NMR peak integrations (Fig. 4), which meant that the majority 

of the Ti centres (ca. 94 mol%) still had the same structure as those of 1a-d. 
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PNB-g-CAT Cl (1d)

Cp-CH3 

Cd

Cp

CeCa,b

Cc 

*CH2Cl2

*

δ / ppm

 

 Ungrafted Ce

 

Fig. 3. 13C NMR spectrum of PNB-g-CAT Cl (1d). 

 

δ / ppm

Cp-CH3 

Cp'-CH3 

 
 

Fig. 4. Part of the 13C NMR spectrum of PNB-g-CAT Cl (1e). 

 

     For all the five PNB-supported catalysts (1a-e), the calculated grafting percentage 

of Cp*TiCl3, and thus estimated number of Ti centres per PNB chain are listed in Table 
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2.  It was found that the grafting percentage of Cp*TiCl3 remained constant for 1a-d, 

which was approximately 88%, while a significant decrease in the graft yield to 79% 

was observed for 1e. 

 

Table 2 

Summary of PNB-supported catalyst synthesisa 

Catalyst Graft yielda (%) Ti centres per chainb 

PNB-g-CAT Cl (1a) 88.0 2 

PNB-g-CAT Cl (1b) 88.5 9-10 

PNB-g-CAT Cl (1c) 88.3 31-32 

PNB-g-CAT Cl (1d) 88.6 72-73 

PNB-g-CAT Cl (1e) 79.0 82 

a Calculated based on Eq. 1.  

b Calculated from the graft yield and the of number of pendant groups per chain of the 

corresponding PNB support. 

 

     UV-Vis spectroscopy is a powerful tool to understand the electronic properties of 

metallocene catalysts through the detection of typical electronic transitions such as 

ligand-to-metal charge-transfer transitions (LMCT) [28,29].  LMCT occurs between 

the frontier molecular orbitals, in which the HOMO is localized at ligands (e.g. Cp*) 

and the LUMO is localized at the metal atom.  The spectra of Cp*TiCl3 and CAT Cl (2) 

diluted in toluene are represented in Fig. 5a.  For Cp*TiCl3 an absorption band due to 

the LMCT of Cp* to Ti was observed with the maximum of absorbance (λmax) located at 

452 nm.  By replacing an electron withdrawing chloride ligand by the electron 

donating aryloxide ligand (i.e., CAT Cl (2)), the electron density on the metal centre 
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increases, which in turn enlarges the HOMO-LUMO gap and thus higher energy is 

required for the corresponding charge transfer transition [29].  As a result, the LMCT 

peak was shifted to the higher energy side (hypsochromic shift) with the λmax value at 

416 nm.  Similar hypsochromic shifts were usually observed, when the electron 

density on the metal centre increased [29,30].  In the case of CAT Cl (2), another 

absorption peak in the UV range was observed with a λmax value at 333 nm.  This 

second peak was due to the π–π* transition of the benzene ring of the 2-aryloxide ligand.  

Similar peak was also reported for aryloxide containing chromocene (III) [31].  Fig. 5b 

represents the absorption spectra of a PNB support (run 3 in Table 1) and homo PNB 

dissolved in toluene at a concentration of 2.0 mg/mL.  Both the polymers did not have 

significant absorptions in the visible region, whereas only the PNB support showed the 

absorption in the UV region due to the π–π* transition of the benzene ring of the 

2-aryloxide pendant groups, with the λmax value at 332 nm (Fig. 5b). 

     The absorption spectra of three PNB-supported catalysts (1a,c,d) dissolved in 

toluene are represented in Figs. 5c (1a) and 5d (1c,d).  In Figs. 5c and 5d, the observed 

values of λmax of LMCT absorptions were in the range of 418-422 nm, close to the 

corresponding λmax value for CAT Cl (2).  Moreover, in the case of 1c,d, another peak 

due to the absorption corresponding to the π–π* transition of the benzene ring of the 

2-aryloxide ligand was observed (Fig. 5d) in the UV range, in which the λmax values lied 

in the range of 339-354 nm.  Contrary, the same peak was not observed in the case of 

1a (Fig. 5c), plausibly due to the very low concentration of aryloxide ligands distributed 

in a large amount of polymer.  Thus, the similar absorption patterns in the case of CAT 

Cl (2) and PNB-supported catalysts, suggested that the electronic environment around 

the Ti centres were similar with each other.  Moreover, electronic environment was not 
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affected by the active site density of the PNB-supported catalysts. 
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Fig. 5. UV-Vis spectra of: a) Precursor (Cp*TiCl3) and molecular catalyst (CAT Cl, 2), 

b) a PNB support (run 3 in Table 1) and homo PNB, c) PNB-g-CAT Cl (1a) and d) 

PNB-g-CAT Cl (1c,d). 
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3.3.3. Ethylene polymerization 

     In chapter 2, it was found that 1c (1a in chapter 2) had a very high activity of 

28600 kg-PE/mol-Ti·h at 0 °C and Al/Ti ratio of 1000.  The activity of the molecular 

catalyst (2) under the identical condition was 16400 kg-PE/mol-Ti·h.  Based on the 

activity improvement (65%) by grafting, a potential synergy or cooperation among 

multiple active centres confined in a nano-sized random coil of PNB chains was 

assumed. To validate the hypothesis, ethylene polymerization was conducted with 

PNB-supported catalysts (1a-e) having different active site densities at 0 °C.  The 

results are summarized in Table 3, and plotted in Fig. 6.  In Table 3, the polymerization 

results of the molecular analogue (2) are also included for comparison. 

 

Table 3 

Ethylene polymerization at 0 °Ca 

Run Catalyst 
Ti centres 

per chainb 

Activity 

(kg-PE/mol-Ti.h) 

Mw
c × 

10−5 
Mw/Mn

c 
Tm

d 

(°C) 

Xc
d 

(%) 

6 2 n.a.e 16400 ± 390 5.7 2.5 137.0 78 

7 1a  2 22100 ± 50 n.d.f n.d.f 138.0 80 

8 1b  9 22800 ± 100 n.d.f n.d.f n.d.f n.d.f 

9 1c  31 28600 ± 110 4.9 2.3 137.2 77 

10 1d  72 29800 ± 200 n.d.f n.d.f 137.5 81 

11 1e  82 24600 ± 200 n.d.f n.d.f n.d.f n.d.f 

a Polymerization conditions: Ethylene pressure = 0.6 MPa, toluene = 300 mL, catalyst = 

2.5 µmol, TIBA = 2.5 mmol, Ti/Ph3CB(C6F5)4 = 1 mol/mol, T = 0 °C, t =10 min. 

b Calculated from the graft yield and the of number of pendant groups per chain of the 

corresponding PNB support. 

c Determined by high-temperature GPC.  
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d Determined by DSC. 

e Not applicable 

f Not determined. 
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Fig. 6. Effect of the active site density on the ethylene polymerization activity of 

PNB-g-CAT Cl (1a-e). 

 

It was found that at 0 °C, the activity of 1a and 1b bearing 2 and 9 Ti centres per PNB 

chain decreased to 22100 and 22800 kg-PE/mol-Ti.h (runs 7,8) from the activity level of 

28600 kg-PE/mol-Ti.h of 1c (run 9).  The observed activity of 1a and 1b at 0 °C was 

closer to that of the “isolated” molecular analogue (2) (e.g. run 6 vs. 7).  Contrary, 1d 

bearing 72 Ti centres per chain showed the activity further higher than that of 1c (run 9 

vs. 10).  Thus, the improvement of the catalyst activity along with the active site 

density suggested the existence of a synergy or cooperation among the multiple active 

centres confined in a random coil of PNB chains.  Such a synergism in increasing the 
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local density of active sites has been rarely reported in literatures [32].  In the case of 

1e bearing 82 Ti centres per chain, the activity was found to be lower than those of 1c 

and 1d.  The potential reasons for this activity drop are as follows: (i) Formation of 

secondary Ti centres (e.g. bis(aryloxy)cyclopentadienyltitanium (IV) chloride) as 

observed in 13C NMR might cause some extent of intramolecular cross linkage to make 

a random coil less open and flexible.  In such a scenario, the complexation and/or the 

reaction of reagents at the active sites are sterically hindered. (ii) A very high local 

concentration of Ti centres might increase the activation energy for the ionization of the 

catalyst in a steric and/or electrostatic reason.  However, it should be noted that the 

activity of 1e was still far superior to that of the “isolated” molecular analogue (2) and 

even higher than those of the PNB-supported catalysts with lower active site densities 

(1a,b). 

     Next, ethylene polymerization was carried out at 30 °C with PNB-supported 

catalysts having different active site densities (1a,b,c).  It was found that at 30 °C and 

at the Al/Ti ratio of 1000, the molecular catalyst (2) and the PNB-supported catalyst 

(1c) showed comparable activities, although the latter produced PE with a much higher 

Mw value (run 12 vs. 17).  In contrast to the results at 0 °C, where the activity was 

enhanced with the increased active site density, in run 14, at the Al/Ti ratio of 1000, the 

activity of 1a was nearly double of the activity showed by CAT Cl (2) and 1c under the 

identical conditions (run 14 vs. 12,17).  The activity of 1b at the Al/Ti ratio of 1000, 

was found to be intermediate between 1a and 1c.  Whereas, at the Al/Ti ratio of 500, 

1c showed greatly improved activity (75% for run 18 vs. 13).  Also, the activity of 1a 

was higher than that of 1c at the Al/Ti ratio of 500 (run 15 vs. 18).   
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Table 4 

Ethylene polymerization at 30 °Ca 

a Polymerization conditions: Ethylene pressure = 0.6 MPa, toluene = 300 mL, catalyst = 

2.5 µmol, TIBA = 1.25 or 2.5 mmol, Ti/Ph3CB(C6F5)4 = 1 mol/mol, T = 30 °C, t =10 

min. 

b Calculated from the graft yield and the of number of pendant groups per chain of the 

corresponding PNB support. 

c Determined by high-temperature GPC. 

d Not applicable 

e Not determined.  

 

     The observed activity trend in Table 4 can be explained by considering the factor 

of site isolation during polymerization.  It is well-known that molecular catalysts are 

prone to deactivate by a bimolecular pathway and a support can help to prevent the said 

deactivation by site isolation [33].  However, additional steric hindrance from a 

support interferes the complexation and/or the reaction of reagents at the active site and 

in general the steric hindrance dominates the effect of site isolation.  Therefore, the 

Run Catalyst Ti centres 

per chainb 

Al/Ti 

(mol/mol) 

Activity 

(kg-PE/mol-Ti.h) 

Mw
c × 

10−5 

Mw/Mn
c 

 

12 2  n.a.d 1000 15900 ± 490 2.3 3.6 

13 2 n.a.d 500 10900 ± 150 n.d.e n.d.e 

14 1a  2 1000 29800 ± 200 n.d.e n.d.e 

15 1a  2 500 21800 ± 250 n.d.e n.d.e 

16 1b  9 1000 20000 n.d.e n.d.e 

17 1c  31 1000 17300 ± 650 4.0 3.7 

18 1c  31 500 17900 ± 120 n.d.e n.d.e 
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activity enhancement has been rarely observed for supported catalysts [34].  Contrary, 

in the case of PNB-supported catalysts, it was found that the steric hindrance from the 

support can be relieved using a less bulky TIBA/Ph3CB(C6F5)4 activator system (c.f. 

section 2.3.3 in Chapter 2).  Hence, the effect of site isolation should persist in the case 

of the PNB-supported catalysts.  Out of all the four catalysts in Table 3, 1a could 

provide the maximum site isolation and thus it provided the highest activity, since it had 

only two Ti centres per PNB chain.  This conclusion was consistent with the decreased 

activity of the three PNB-supported catalysts in the order 1a > 1b > 1c.  Moreover, the 

results of Table 4 also clarified that in the case of 1a, the observed higher activity at 

30 °C as compared to 0 °C was due to the absence of active site deactivation by the 

bimolecular pathway and the observed temperature effect for 1a was consistent with the 

Arrhenius behaviour (k=Aexp(-∆Ea/RT)), i.e., activity should increase exponentially 

with temperature in the absence of catalyst deactivation.  These discussions make it 

clear that the activity of the PNB-supported catalysts depends on the interplay between 

synergy among multiple active centres confined in a nano-sized random and the active 

site stabilization by site isolation.  At a lower temperature of 0 °C, there was negligible 

active site deactivation and therefore, the synergy effect dominated to increase the 

activity with the increase of active site density.  All of these results are interesting and 

indeed reveal the tunable catalytic performance of the PNB-supported catalysts by 

precise tuning of their active site density.  

     Olefin polymerization well follows linear Langmuir-Hinshelwood Kinetics as 

represented by Scheme 1. 
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[C*] [M] [] [C*]
 

Scheme 1. Langmuir-Hinshelwood mechanism of olefin polymerization reaction. 

 

The polymerization activity (Rp) is given by Eq. (2), 

Rp = kp[C
*][M] = kinsKad[C

*][M]                                       Eq. (2). 

where kp, [C
*] and [M] correspond to the propagation rate constant of polymerization, 

working active site concentration and global monomer concentration, respectively.  

Also, Kad (kad/kdes) and kins correspond to the equilibrium constant of monomer 

adsorption and the rate constant of monomer insertion, respectively.  Since, [M] is 

same for all the catalysts, therefore a higher activity of PNB-g-CAT Cl (1c or 1d) at 

0 °C must be originated from either a higher value of kp and [C*] or both for these two 

catalysts as compared to 1a,b or CAT Cl (2).   

     In order to understand the origin of the synergistic activity enhancement of the 

PNB-supported catalysts, the effect of TIBA amount and ethylene pressure on the 

polymerization activity was studied and the results are summarized in Table 5,6 and Fig. 

7,8.  To study the effect of TIBA amount, two PNB-supported catalysts (1a,d) and 

their molecular analogue (2) were employed.  Polymerizations were conducted by 

varying the TIBA amount in the range of 0.35–2.5 mmol and at a temperature of 0 °C. 
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Table 5 

Effect of TIBA amount on polymerization activitya 

Run 
Catalyst 

  

TIBA 

(mmol) 

Al/Ti 

(mol/mol) 

Yield  

(g) 

Activity  

(kg-PE/mol-Ti.h) 

19 2  0.35 140 9.3 22300 ± 360 

20 2 0.65 260 8.3 19900 

21 2 1.25 500 8.8 21100 

22 2 2.50 1000 6.8 16400 ± 390 

23 1a 0.35 140 6.2 14900 

24 1a 0.65 260 7.3 17500 ± 200 

25 1a 1.25 500 8.0 19200 ± 240 

26 1a 2.50 1000 9.2 22100 ± 50 

27 1d 0.35 140 8.4 20100 ± 700 

28 1d 0.65 260 9.9 23800 ± 900 

29 1d 1.25 500 12 28800 

30 1d 2.50 1000 12.4 29800 ± 200 

a Polymerization conditions: Ethylene pressure = 0.6 MPa, toluene = 300 mL, catalyst = 

2.5 µmol, Ti/Ph3CB(C6F5)4 = 1 mol/mol, T = 0 °C, t =10 min. 
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Fig. 7. Effect of the TIBA amount on the polymerization activity of PNB-g-CAT Cl 

(1a,d) and CAT Cl (2). 

 

     It was found that the activity of the molecular catalyst (2) was highest at a TIBA 

amount of 0.35 mmol, while the activity decreased with the increase of TIBA amount 

(Fig. 7).  These results suggest that the molecular catalyst is more accessible to 

reagents and therefore its activation is easier at a lower TIBA amount.  However, due 

to the easier accessibility, the molecular catalyst (2) should also have a greater 

propensity for deactivation and therefore the activity decreased at a higher TIBA 

amount.  In contrast, the activity of the PNB-supported catalysts (1a,d) increased with 

the TIBA amount.  This is because the active centres are sterically hindered and 

therefore they require higher amount of TIBA for sufficient activation.  Also, support 

can prevent potential deactivation of the active sites, due to which the activity of the 

PNB-supported catalysts was stable at a higher TIBA amount.  These results further 

suggest that hindered activation and suppression of deactivation is similar for 1a and 1d, 

so [C*] must be similar for these two catalysts under all conditions.  Therefore, the 

reason of synergistic activity enhancement of the PNB-supported catalysts (1c or 1d) is 

not due to a higher value of [C*], i.e., active site density should not contribute to a 

higher value of [C*].  

     To study the effect of ethylene pressure on the polymerization activity, two 

PNB-supported catalyst (1a,d) and their molecular analogue (2) were employed.  

Polymerizations were conducted by varying the ethylene pressure in the range of 

0.12-0.6 MPa at a temperature of 0 °C.  It was found that the activity of the 

PNB-supported catalysts (1a,d) increased linearly with the ethylene pressure (Fig. 8), 
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i.e., the activity showed a nearly first order dependence on the ethylene pressure.  

Whereas, the activity of the molecular analogue (2) did not increase linearly with the 

ethylene pressure.  The activity of molecular catalyst (2) saturated at a much lower 

ethylene pressure, suggesting the potential deactivation of the catalyst by heat of 

polymerization at a higher pressure.  Grafting of the molecular catalyst (2) to the PNB 

support stabilizes the active sites, for example, by preventing from dimerization, 

undesired reduction and by heat dissipation.   

 

Table 6 

Effect of ethylene pressure on polymerization activitya 

Run 
Catalyst 

 

Ethylene pressure 

(MPa) 

Yield (g) Activity  

(kg-PE/mol-Ti.h) 

31 2 0.12 4.1 9800 

32 2 0.2 4.9 11700 ± 100 

33 2 0.3 5.6 13400 

34 2 0.4 6.4 15400 

35 2 0.6 6.8 16400 ± 390 

36 1a 0.12 2.6 6200  

37 1a 0.2 4.0 9600 

38 1a 0.3 5.6 13400 ± 210 

39 1a 0.4 6.7 16100 

40 1a 0.6 9.2 22100 ± 50 

41 1d 0.12 2.8 6700 

42 1d 0.2 4.6 11000 

43 1d 0.3 6.3 15100 ± 100 

44 1d 0.4 7.5 18000 

45 1d 0.6 12.3 29500 

a Polymerization conditions: Toluene = 300 mL, catalyst = 2.5 µmol, TIBA = 2.5 mmol, 
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Ti/Ph3CB(C6F5)4 = 1 mol/mol, T = 0 °C, t =10 min. 
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Fig. 8. Effect of the ethylene pressure on the polymerization activity of PNB-g-CAT Cl 

(1a,d) and CAT Cl (2). 

 

In Fig. 8, the slope of a straight line is given by the product of kp and [C*] (Rp = 

kp[C
*][M]).  Since, [C*] can be assumed to be similar for 1a and 1d, the ratio of kp 

between the two PNB-supported catalysts can be determined by the ratio of the slopes of 

the two straight lines in Fig. 8, which was found to be kp,1d/kp,1a = 1.4 ([C*]1a ≈ [C*]1d).  

Thus it can be concluded that active site density contributes to a higher value of kp, 

which resulted in the higher activity of 1c or 1d as compared to 1a,b. 

      The kp of polymerization can be correlated to the entropy (‡S) and the enthalpy 

(‡H) of activation by the Eyring equation (Transition state theory), which has the form 

kp = (κkBT/h)exp(‡S/R)exp(–‡H/RT).  Thus, kp is higher if enthalpic penalty (‡H) 
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or entropic loss (‡S) during activation is lower.  ‡H can be lowered by stabilizing the 

transition state, which depends on the active site structure.  However, similar 1H, 13C 

NMR and UV-Vis spectra as well as similar molecular weight of produced PE suggest 

that all the PNB-supported catalysts and their molecular analogue (2) have an identical 

active site structure.  Thus, ‡H must be similar for the PNB-supported catalysts and 

their molecular analogue.  This in turn suggests that the improvement of kp by the 

active site density must be due to a lower entropic loss during polymerization for 1c or 

1d as compared to 1a,b or CAT Cl.  In general, in the molecular activation by solid 

catalysts, the catalyst-substrate complex is formed in two steps (Scheme 2): (i) Surface 

adsorption and diffusion of reactants, and (ii) Complexation.  Whereas in the case of 

molecular catalysts, the reactants are directly adsorbed on the active sites to form 

catalyst-substrate complex.  Therefore, the overall entropic loss in activation is lower 

in the case of solid catalysts as compared to molecular catalysts.  Similar to the solid 

catalysts, a mechanism can be proposed for the PNB-supported catalysts with higher 

active site density.  In the case of PNB-supported catalysts with higher active site 

density, “a high local concentration of active sites might improve the rate of monomer 

adsorption and lower the entropic loss during monomer catalyst complexationʼʼ as 

represented by Scheme 2. 
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Scheme 2. Proposed mechanism of cooperative catalysis by PNB-supported catalysts. 

 

 

3.4. Conclusions 

     In an attempt to study cooperative catalysis based on well-defined structural 

features, in this chapter, a series of PNB-supported aryloxide ligand containing 

half-titanocene catalysts, bearing different number of active centres confined in a 

nano-sized random coil of PNB chains were synthesized.  It was established that with 

the present strategy of catalyst preparation, the number of Ti centres per PNB chain can 

be precisely controlled over a wide range.  Detailed characterization and extensive 

investigation of the ethylene polymerization performance of these PNB-supported 

catalysts in comparison with the molecular analogue enabled to understand several 

important aspects regarding the catalyst performance. 

i) The PNB-supported catalysts uncovered two important mechanisms: Site 

isolation and cooperation. Site isolation is advantageous at a higher temperature 

and cooperation at a lower temperature. 

ii) Because of site isolation and cooperation, the activity of the PNB-supported 
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catalysts is higher than that of the molecular analogue. 

iii) Decrease of entropic loss during monomer-catalyst complexation is believed to 

be the origin of cooperation among neighbouring active sites in PNB-supported 

catalysts. 

Based on the above findings, I have successfully introduced a new catalyst system in 

which multiple active centres can be precisely integrated in a nano-sized random coil of 

PNB chains to obtain tunable catalytic performance of the PNB-supported catalysts.  

The advantage of the confinement strategy of the new catalyst system enabled to 

explore cooperative catalysis among multiple active centres in a well-defined way.  

This research is expected to provide a new direction for the exploitation of multimetallic 

cooperative catalysis in the field of catalytic olefin polymerization. 
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General Summary and Conclusions 
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     In this thesis, in Chapter 2, a novel catalyst system in olefin polymerization, 

which attempts to conceptually bridge the two extreme ends of catalysts, i.e. molecular 

catalysts with well-defined but less functional features and solid catalysts with 

multifunctional but ill-defined features, has been disclosed.  The catalyst design 

involved a bottom-up strategy, started from the synthesis of well-defined functional 

polynorbornene (PNB) by precise ring opening metathesis polymerization (ROMP) 

between norbornene and its derivative containing an aryloxide pendant group using the 

Grubbs first generation catalyst.  Detailed characterization of the functional PNB 

showed the successful synthesis of nearly monodisperse polymers with controlled 

density of aryloxide ligands at their side chain.  It was proved that the pendant groups 

in the PNB could be precisely tuned over a wide range at nearly identical polymer chain 

length.  Dynamic light scattering technique revealed a nano-sized random coil 

conformation of PNB chains in a dilute solution.  These well-defined PNB were 

subsequently employed as a soluble support for grafting half-titanocene complexes 

(Cp*TiMe3 and Cp*TiCl3) to afford structurally well-defined supported catalysts, 

confirmed by 1H and 13C NMR spectroscopy.  Ethylene polymerization by the soluble 

PNB-supported catalysts using a bulky activator system namely modified 

methylaluminoxane revealed the negative influence of steric interference from the 

polymer support on catalyst activity, and its positive influence on improving molecular 

weight of produced polyethylene.  On the contrary, extensive ethylene polymerization 

using a less bulky tri-iso-butylaluminum/Ph3CB(C6F5)4 activator system revealed 

unique catalytic features of these soluble polymer-supported catalysts, represented by a 

cooperative or synergistic activity enhancement among multiple active centres confined 

in a nano-sized random coil of polymer chains.  Moreover, the supported catalysts 
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were found to be superior to the molecular analogues in producing polyethylene with a 

higher molecular weight and narrower polydispersity when activated by 

tri-iso-butylaluminum/Ph3CB(C6F5)4.  From the study presented in Chapter 2, it can be 

concluded that the well-defined nature of the novel polymer-supported catalysts is 

powerful in studying interactions between active centres and supports as well as among 

active centres themselves in catalysis.  The beauty of the present catalyst design lies in 

the integration of multiple active centres within a single polymer chain in a well-defined 

manner, which is expected as promising in exploring cooperative catalysis. 

      In order to explore the origin of cooperative catalysis embodied by 

aryloxide-containing half-titanocene catalysts confined in a single PNB chain, in 

Chapter 3, a series of PNB-supported catalysts with different active site densities were 

successfully synthesized.  The precise Grubbs catalyzed ROMP technique for PNB 

support synthesis in combination with efficient grafting reaction of a half-titanocene 

precursor (Cp*TiCl3) allowed the precise control of the number of grafted Ti centres per 

PNB chain over a wide range.  Detailed characterization of the PNB-supported 

catalysts by 1H, 13C NMR and UV-Vis spectroscopy revealed that the structure of the Ti 

centres in all the PNB-supported catalysts is identical to that of their molecular analogue.  

Extensive investigation of the ethylene polymerization performance of these 

PNB-supported catalysts in comparison to their molecular analogue clarified two unique 

catalytic aspects.  Firstly, it was found that at a lower temperature, when there was 

negligible deactivation of the catalysts, the activity of the PNB-supported catalysts 

increased with the increase of the number of active centres per PNB chain.  The 

activity of the PNB-supported catalysts with the lowest active site density (2 Ti centres 

per PNB chain) was closer to that of the isolated molecular analogue.  These results 
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confirmed the role of cooperative catalysis among multiple active centres confined in a 

nano-sized random coil of PNB chains in improving the activity of the PNB-supported 

catalysts.  Such an improvement of catalytic activity by increasing the local density of 

active sites has been rarely reported in the field of catalytic olefin polymerization.  

Secondly, it was found that at a higher temperature, the highest activity in ethylene 

polymerization was achieved by employing a PNB-supported catalyst with the lowest 

active site density.  In the absence of synergistic or cooperative effect, the enhanced 

activity of the PNB-supported catalyst with the lowest active site density indicated the 

stabilization of the active sites by site isolation.  These results further emphasize that 

the PNB-supported catalysts are advantageous over the molecular analogue in terms 

tunable catalytic performance by precise tuning of their active site density.  This is an 

important conclusion for these novel polymer-supported catalysts, suggesting that they 

are potential candidates as new multifunctional catalysts with well-defined structures in 

the field of catalytic olefin polymerization. 

     I believe that the research work carried out in this thesis has clearly delivered the 

advantages of grafting of a molecular catalyst to a soluble polymer support based on the 

clearest molecular design.  Further, the new catalytic concept of confining multiple 

active centres of an aryloxide containing half-titanocene catalyst in a nano-sized random 

coil of polymer chains for cooperative catalysis can be extended to many other 

molecular catalysts to explore new catalytic functions in a well-defined way.  This 

research is thus expected to provide a new direction for the exploitation of multimetallic 

cooperative catalysis in the field of catalytic olefin polymerization. 
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