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Abstract 

In this manuscript is presented the synthesis and application of Al- and Y-based activating support 

for metallocene catalysts for olefin polymerization. The approach used for the synthesis of the 

supported species is the Surface Organometallic Chemistry which allows a certain control on the 

structure of the grafted species. 

The activators synthesized were then tested, in presence of rac-EtInd2ZrCl2, in ethylene/1-hexene 

slurry copolymerization. Of all the species produced (differing either in the nature of the metal 

core, the nature of the functionalizing ligand or the acidity of the organometallic precursor) only 

one demonstrated a productivity sufficient to justify further studies: [(≡SiO)2Al(OC6F5)2]-

[HNEtMe2]+, AS1. The system AS1/rac-EtInd2ZrCl2 shows activities around 1100 gPE gcat
-1 h-1 at lab-

scale and around 4000 gPE gcat
-1 h-1 at pre-industrial scale. AS1 was also used for the isolation of 

formulated ‘dry’ catalysts, by reaction with EtInd2ZrMe2. The catalysts thus obtained showed high 

initial activities followed by a rapid decomposition of the active species at room temperature. 

In this thesis work, was also developed an innovative catalyst based on a silica-supported Y 

organometallic complex, which produces UHMWPE with activities up to 7500 gPE gcat
-1 h-1. 

Résumé  

Ce manuscrit décrit la synthèse et l’application de supports activateurs, basés sur Al et Y, pour des 
catalyseurs métallocènes pour la polymérisation des oléfines. La méthode utilisée pour la synthèse 

des espèces supportées est la Chimie Organométallique de surface, qui permet un contrôle certain 

sur la structure des produits greffés.  

Les activateurs synthétisés ont été testés, en présence de rac-EtInd2ZrCl2, en copolymérization 

slurry éthylène/1-héxène. Entre toutes les espèces testées (qui différaient pour soit par la nature 

du centre métallique, soit par la nature du ligand fonctionnel, soit par l’acidité du précurseur 
organométallique), seulement un a été considéré suffisamment actif pour justifier des études 

ultérieures : [(≡SiO)2Al(OC6F5)2]-[HNEtMe2]+, AS1. Le système AS1/rac-EtInd2ZrCl2 démontra des 

activités aux alentours de 1100 gPE gcat
-1 h-1 à échelle laboratoire et de 4000 gPE gcat

-1 h-1
 à échelle 

préindustrielle. AS1 a aussi été utilisé pour la formulation des catalyseurs dits ‘secs’, par réaction 
avec EtInd2ZrMe2. Ces catalyseurs ont montré des activités initiales élevées, suivies d’une rapide 
décomposition des espèces actives à température ambiante.  

Dans ce travail de thèse, on a aussi développé un catalyseur novateur basé sur un complexe 

organométallique d’yttrium greffé sur silice, qui produit l’UHMWPE avec des activités supérieures 
à 7000 gPE gcat

-1 h-1.   

 

Key words : Polyolefin; Polyethylene; Slurry Polymerization; Activating Support; Silica; SOMC; 

metallocene; zirconocene; Aluminium; Yttrium.             
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Why polyolefins? 

Plastics, and consequently polyolefins (PO), are by now an indispensable feature in our everyday 

life. In 2015 the global plastic production consisted of 265 million of tons, of which 55% were 

polyolefins, PE and PP in all their grades.1,2  

What made and still makes polyolefins the major class of polymers on the global market is their 

great versatility. In fact starting from the same two simple blocks, ethylene and propylene, more 

than 300 different polymer grades, with different mechanical and chemical properties, can and 

are produced worldwide for a wide range of applications: from food and drink containers, to tubes 

for gas and liquid transportation, to the medical and automobile sectors and many others.3  

The fact that polyethylene and isotactic polypropylene (i-PP) are still so diffused nowadays is even 

more surprising if one considers the fact that their discovery traces back to the 1930s, for LDPE, 

and to the 1950s for HDPE, LLDPE and i-PP synthesized by coordination catalysis.4 This great 

success is due to their versatility, as already hinted above, their low toxicity if compared with other 

plastic materials,5 and, importantly, to the fact that they’re one of the cheapest polymer classes 

on the global market. 

Of the two more common classes of PO, polypropylene and polyethylene, the latter is the simplest 

with general formula (-CH2CH2-)n (n = number of ethylene unit). Depending on the process used 

during the synthesis and the properties of the resins, it is possible to design three major 

polyethylene sub-categories: high density polyethylene (HDPE), low density polyethylene (LDPE) 

and linear low density polyethylene (LLDPE).  

Figure 1 – simplified structure of the polymeric chains of the three different categories of polyethylene. 
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Of these three, HDPE and LLDPE are synthesized by coordination catalysis polymerization while 

LDPE by radical polymerization. The classification is based on the polymers’ density, direct 

consequence of the chains’ microstructure, and production process. 

 HDPE resins have densities comprised between 945 and 970 Kg/m3, the chains are highly 

linear with little to no branching, and the polymerization is promoted by coordination 

catalysis; 

 LLDPE resins have densities in the order of 915 - 925 Kg/m3. The lower density is due to the 

presence along the chain of controlled Short Chain Branching (SCB), obtained by incorporation 

of longer linear α-olefins (1-butene, 1-hexene and 1-ocetene) during the polymerization. To 

achieve this controlled insertion, the polymerization is performed by coordination catalysis; 

 LDPE is characterized by densities of 910 - 940 Kg/m3. Low density polyethylene is the only 

class of PE produced by radical processes, in conditions of very high temperatures and 

pressures. The macromolecules undergo a great number of side reactions, which results in a 

poor control of the polymer microstructure; the chains are in fact characterized by the 

presence of both SCB and Long Chain Branching (LCB). 

The great difference in properties achievable starting by the same simple building block is what is 

more fascinating of polyolefins and of their great advantages.  

How it began 

The first process to be discovered and implemented for the production of polyethylene was the 

radical polymerization process for the synthesis of LDPE.4 In 1937 the synthesis at high 

temperature (200-300°C) and elevated pressures (1000-4000 bar) of low density polyethylene was 

patented by Fawcett and Gibson, and in 1939 the industrial production of LDPE started, and the 

resin has begun to be used as an insulator.6 

After the first discovery and industrial application of LDPE, great relevance was given to the 

development of a catalytic process for the production of polyethylene; and in the ‘50s two major 

discoveries consented the development of two processes for the synthesis of polyethylene in mild 

conditions. 
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In 1951 Hogan and Banks at the Phillips Petroleum company reported that chromium oxides on 

silica-alumina surface were able to polymerize ethylene for producing HDPE.7 Surprisingly after 

less than four years of fine tuning the process was already commercialized. The interesting aspects 

of Phillip’s catalysts is the fact that they don’t require any activation by any other agent than the 

monomer. Being heterogeneous catalysts, Phillip’s catalysts present all the inconvenient of this 

class of catalysts: the presence of a multitude of different active sites on the surface impedes a 

fine tuning of the product, moreover it was very difficult to identify which was the structure but 

also the Cr oxidation state of the active site.8 Due to the presence of different active site on the 

surface, the resins obtained with Phillips catalysts are characterized by a very broad molecular 

weight distribution (Ð ~ 10) and present a small amount of LCB; these microstructural features 

give rise to good mechanical properties, such that HDPE produced by Cr catalysts still occupies 40-

50% of the high density polyethylene production.7,9–12 

Around the same time as the first development of the Phillips catalyst, in Germany, Ziegler 

discovered that by associating triethylaluminium with titanium tetrachloride it was possible to 

polymerize ethylene in high yield.13 In 1954, in Italy, Natta used a Ziegler type catalyst to 

polymerize propylene in a stereoregular fashion.14 All throughout the ‘60s and the ‘70s, a great 

effort was put in fine-tuning and exploiting the capabilities of Ziegler-Natta catalysts. The real step 

forward, though, was made when the crystalline form of titanium trichloride, β-TiCl3, was 

abandoned for the δ-TiCl3, causing a major gain in polymerization activity.15 From that point 

onwards the technology behind Ziegler-Natta catalysis and process has only made steps forward 

increasing activity and product stereo- and regio-regularity, making it the catalyst of election for 

isotactic polypropylene and the second most used catalysts for HDPE. Ziegler Natta catalysts are 

nowadays currently widely used on the market for the production of various grades of LLDPE, by 

copolymerization of ethylene with linear α-olefins (e.g. 1-butene, 1-hexene, 1-octene…). 

In the 1970s another breakthrough took place in the field of olefin coordination catalysis 

polymerization. Already since the late ‘50s titanocene complexes were used in combination with 

alkylaluminums in ethylene and propylene polymerization as models for the Ziegler-Natta 

catalysts.16 These systems, though, presented very low activities. The situation completely 

changed when in 1976 Sinn and Kaminsky reported the discovery of a new activating agent, 
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methylaluminoxane, that would greatly enhance the activity of titanocene complexes.17   

Methylaluminoxane, MAO, was obtained by stoichiometric reaction of trimethylaluminium with 

water, forming cage-like structure of general formula (-Al-O-(Me)-)n with n = 5-20. Numerous 

studies have since been performed to elucidate the MAO’s structure and it’s interaction with the 

active sites,18–20 it is in fact thanks to MAO that olefin polymerization catalysis promoted by 

metallocene has acquired an important stage in the polyolefin field.21 

The development of molecular catalysts, flourished since the ‘80s thanks to the employment of 

MAO, not only consented to study the active site and mechanism involved in ethylene 

polymerization,22,23 but pushed the development of more tailored and microstructurally 

controlled resins.  

In fact, the greatest advantage presented by metallocenes and other ‘single-site’ catalysts resides 

in the possibility of precisely defining the ligand environment surrounding the active site, leading 

to a precise control of the microstructure of the produced polymer. Playing with the symmetry of 

the complexes it was possible to synthesize differently stereoregular resins:24 isotactic 

polypropylene (i-PP), with a higher control on the degree of isotacticity, with respect to the resins 

obtained with ZN catalysts,25,26 depending on the steric hindrance of the active site; syndiotactic27 

polypropylene (s-PP) or also hemi-isotactic28 polypropylene (hi-PP).  

For what concerns the ethylene polymerization catalysts, it was possible to favour or discourage 

the affinity of the active site for the comonomer by opening or closing the bite angle of the ligands 

on the metal centre. This led to the development of different complexes than the classic 

metallocenes of group 4 metals:29,30 The ansa-cyclopentadienyl-amido complexes of titanium, also 

referred to as constrained geometry catalysts (CGC) are an example of these developments.31–34 

The openness of the active site favoured greatly the insertion of longer α-olefins, favouring the 

production of LLDPEs with a higher comonomer incorporation.35 

As the development of new molecular catalysts became more and more important on the scientific 

scene, so was the push to find new molecular activators for ‘single-site’ systems. In 1990 the 

discovery made by Marks36,37 and Ewen that the tris-pentafluorophenyl borane was an efficient 

activator for metallocenes, brought up the development of a new class of activators which didn’t 
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need to be present in great excess with respect to the active species.38 Notably the great efficiency 

obtained with boranes and even more with borates systems,39,40 led to development of 

homologous systems based on different metal centres than Boron41,42 

The development of molecular catalysis consented the synthesis of tailored polymer molecules 

with increasing performance capability,43 thanks both to the possibility of controlling the ligand 

environment of the active site and to the ‘single-site’ nature of most molecular catalysts. But if 

this is true, why is the polyolefin market still dominated nowadays by Ziegler-Natta and Cr 

catalysts? 

The answer is that, although a narrower molecular weight distribution avoids the presence in the 

final product of undesirable volatiles, at the same time the processing of the resins requires a 

dispersity larger than two, to lower the shear stress to which the polymer is subjected during the 

extrusion. This issue can be solved during the polymerization process, by operating the catalysts 

in two different reactors in two different conditions, obtaining thus a controlled enlargement of 

the molecular weight and chemical composition distributions of the resins.43–47 At the same time, 

though, the synthesis of metallocene catalysts is more expensive than the classic heterogeneous 

catalysts and cannot be used in classical heterogeneous processes, gas or slurry phase, developed 

for the ZN and the Phillips systems. This makes ‘single-site’ catalysts unsuitable for the production 

of grades of low added value. 

The obligation posed by molecular catalysts to use homogeneous solution processes, although 

some are still in use today (like “Dowlex” of the Dow Chemicals), creates numerous handling 

issues, from the lack of morphology of the final product to the fouling of reactors. To put aside 

this problem and gain all the advantages of heterogeneous catalysts, the scientific development 

focused on the immobilization of the ‘single-site’ catalysts on supports such as silica or MgCl2. This 

approach would combine the advantages of both molecular and heterogeneous catalysts: on one 

side the ability of finely controlling the polymer characteristics and on the other the easier process 

handling of the catalyst and good morphology control of the polymer particles.3,48,49 

Two are the approaches viable for the heterogenization of a molecular catalyst: binding directly 

the catalyst precursor to the surface of the support and the activator is then coordinated to it; 
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supporting the cocatalyst, generating a solid activator, and then support the catalyst by 

coordination to the supported cocatalyst. While binding directly the catalyst to the supports avoids 

risks of leaching, and thus loss of control of the process, the modification of the coordination 

environment of the active site could affect the final product’s microstructure. In the case of solid 

activators, to avoid leaching of the active species, it is very important to insure a good coordination 

of the catalyst to the activator on the surface and an efficient supporting of the latter on the 

surface. But, generally, in this case the effect of the surface in the product’s microstructure is little 

to none.  

The literature on this topic is very reach and comprehend activators of very different nature the 

ones from the others. In the first chapter of this manuscript it is going to be presented a brief 

review of the most notable solid activators employed nowadays in industrial production and what 

are the factors to take into account when heterogenizing a molecular catalyst.  

The obtained results during this work is going to be focussed on the development by Surface 

Organometallic Chemistry of new activating supports based on aluminium and yttrium for 

metallocene based Zr for ethylene polymerization. The study of the activating support based on 

Yttrium allowed us to discover an innovative supported yttrium based catalyst bearing allyl ligand 

that showed high activity in ethylene slurry polymerization.  

Chapter II will discuss the synthesis and characterization of a bipodal aluminate activating support, 

AS1, of structure [(≡SiO)2Al(OC6F5)2]-[HNEtMe2]+. The activator was then tested as cocatalyst at a 

lab scale for two zirconocene precursors, rac-EtInd2ZrCl2 and (n-BuMeCp)2ZrCl2, and at pre-

industrial scale for rac-EtInd2ZrCl2 in slurry ethylene/1-hexene copolymerization. In a second 

section of the chapter is presented the isolation of formulated catalysts by reaction of rac-

EtInd2ZrMe2 and (n-BuMeCp)2ZrMe2 with AS1, their characterization and application in both slurry 

and gas phase ethylene polymerization at lab scale. The stability of the active species on the 

formulated catalysts surface was also investigated by means of solid state NMR spectroscopy, 

DRIFT spectroscopy and mass balance analysis.  

In Chapter III is presented the synthesis of five different activating supports obtained by the 

modification of the same grafted Al precursor, (≡SiO)2AlH(NEtMe2), with five different ligands. All 
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the activating supports were tested as cocatalysts for rac-EtInd2ZrCl2 in slurry ethylene/1-hexene 

copolymerization. The aim is to investigate the effect of the nature of the ligand on the efficiency 

of the activating support. 

Chapter IV is divided in two sections. In the first one is discussed the synthesis and characterization 

of Al-based activating support where the Al is bearing at least on Al-X bond, where X is an halogen 

atom, F or Cl. The obtained activating supports were tested as cocatalysts for rac-EtInd2ZrCl2 in 

ethylene/1-hexene slurry copolymerization. The aim was to increase the efficiency of the 

activating support by increasing the acidity of surface sites.3,48 In the second section of Chapter IV 

is described the synthesis and characterization of four activating supports featuring an Y as metal 

centre. It was in fact seen, by Marks et al.,41,42 that by using Y-based cocatalysts it was possible to 

reduce ligand transfer phenomena between the cocatalyst and the zirconocene active species, 

observed with Al-based cocatalysts. The Y-based activating supports obtained were tested in 

ethylene/1-hexene slurry copolymerization.  

In Chapter V is instead presented the application in ethylene slurry polymerization of four grafted 

Y precursor, (≡SiO)Y(o-NMe2toluidine)2, (≡SiO)2Y(o-NMe2toluidine), (≡SiO)Y{1,3-C3H3(SiMe3)2}2, 

(≡SiO)2Y{1,3-C3H3(SiMe3)2}. The synthesis and characterization of these species was presented in 

Chapter IV as precursors for the Y-based activating supports. It is widely diffused in literature of Y 

neutral and cationic species as catalysts for ethylene polymerization50–52, keeping this in mind the 

four obtained well-defined species were tested in slurry ethylene polymerization at lab scale and 

the monopodal (≡SiO)Y{1,3-C3H3(SiMe3)2}2 was employed in pre-industrial scale polymerization. 

Moreover, in Chapter V is presented also the synthesis and of cationic Y species by reaction of the 

neutral precursors (≡SiO)Y{1,3-C3H3(SiMe3)2}2 and (≡SiO)2Y{1,3-C3H3(SiMe3)2} with [B(C6F5)4]-

[Ph3C]+, and their application in ethylene polymerization.     
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1. Why the immobilization of the molecular catalysts? 

In the introduction it was briefly outlined how the supported metallocenes for polyethylene 

production present great interest from a commercial point of view. In fact immobilizing single-site 

molecular catalysts on a carrier would allow their utilization in slurry and gas-phase processes.1 

As anticipated in the introduction, although some solution processes still exist, they present a 

number of inconveniencies.1,2 Generally solution processes involve adiabatic reactions in 

hydrocarbon solvents at relatively high temperatures, 130-250°C, sufficient to keep the polymer 

in solution. At the end of the process the polymer separation from the solvent by vaporization and 

the recycling of the latter are high-energy-consuming stages of the overall process. One more 

inconvenience is that, since the polymer is kept in the solution phase, the viscosity of the medium 

increases rapidly with the molar mass, preventing the synthesis of high molar mass polymers.  

Way more diffused is the use of heterogeneous processes such as slurry phase or gas phase 

processes.  

In slurry processes1,2 the heterogeneous catalyst is dispersed in an aliphatic hydrocarbon diluent. 

The original slurry phase processes were conducted in CSTR reactors at low temperatures, 70-

90°C, and low ethylene pressures, 2-24 bar. One of the inconveniences of CSTR slurry processes is 

the limited range of grades achievable due to the high solvent-induced swelling that occurs with 

low density and low molar mass polyolefin grades. One of the crucial parameters in all olefin 

polymerization processes to take into account is heat removal. Olefin polymerization is in fact a 

very exothermic process, and if heat removal isn’t optimal, in a slurry process specifically, the 

formation of ‘hot spots’ could occur, leading locally to softening of the polymer and agglomerate 

formation. These reactors are generally fitted with cooling jackets, and equipped with external 

heat exchangers and condensation units for the diluent.  

Another important process for slurry-phase polymerization involves the use of slurry loop 

reactors,3–7 which could have one or multiple loops in series in vertical or horizontal configuration; 

an example is the Phillips slurry loop process (Figure 1). In these reactors the heat-exchanging is 

way more efficient since there’s a higher area-to-volume ratio for the cooling jackets surrounding 
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the pipes. In order to further ensure heat-exchange the conditions are chosen to operate in full 

liquid phase. Moreover, the solvent employed is isobutane, a light hydrocarbon, allowing to 

reduce the solubility and swelling problems encountered in the CSTR reactors, thus broadening 

the slate of grades achievable by the process. The temperatures employed vary between 85 and 

110°C with pressures in the range 35-45 bars. The polymer is extracted in continuous and 

recovered by flashing of the diluent, which will then be recycled. 

For gas-phase processes are generally used vertical fluidized bed reactors, comprising a cylindrical 

reaction zone in which a polymer particle bed is suspended over a perforated grid by a carrier gas 

flow.1,2,8–13 The carrier gas is composed by monomers and inert gases. It is clear that the velocity 

of the gas flow is a crucial parameter for the process: it has in fact has to be high enough to insure 

the suspension of the bed, but not such as to expel all of the particles out of the reactor. The 

catalysts employed are supported ones which can be fed in the reactor both in a continuous or 

semi continuous fashion. Like for the processes described previously it is fundamental to insure 

Figure 1 – Scheme of the Phillips slurry loop process. 
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the cooling of the reactor and an efficient heat-exchange, more difficult in this case given the 

absence of a diluent. In a fluidized bed process is the gas stream itself to serve as heat-exchanging 

medium. The gas exiting the reactor is recycled and fed again to the bed after having passed 

through a series of compressor and heat exchangers. If necessary it is possible to add additional 

cooling by feeding the reactor with a volatile hydrocarbon, like pentane. In the case of highly active 

catalysts, it possible to operate the reactors in “condensed” mode, where the monomers or other 

volatile hydrocarbons are injected in their condensed phase, and the heat of vaporization is used 

as added cooling agent. The typical operating temperatures in a fluidized bed process are between 

70 and 115°C with pressures in the range of 20-30 bars. In Figure 2 is reported the scheme of the 

Unipol process.  

 

Figure 2 – Scheme of the Unipol gas-phase process. 
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Since the 1970s, a plethora of molecular complexes of different families have been synthesized 

and employed in ethylene polymerization.14–18 Notably some have been employed commercially 

in renown processes, generally supported on silica/MAO. Unbridged metallocenes have been 

employed in both Mitsui Evolue gas phase process19,20 and the Borealis Borstar loop/gas 

process.21,22 Total employs bridged zirconocenes for the production of a great number of grades 

in the bimodal loop processes.23–26 Dow Chemical, on the other hand developed its technology 

around CGC catalysts on silica-supported borates,27–29 which are currently commercialized by 

INOES30 for the application in LLDPE gas phase polymerization. The latest catalysts developed and 

commercialized are the “O4”-based, bis-hyroxylarylaryloxy complexes, which have a huge 

structural flexibility, giving great marge to innovation. They have already been employed in 

different processes for the production of numerous products31–35 and supported on both 

silica/MAO and anchored borate.36,37  

All of the systems cited are currently applied in either gas-phase or slurry loop processes, which 

require the catalyst to be immobilized on a suitable support material, to prevent reactor fouling.38 

The heterogenization of the molecular catalysts for industrial application generally sees the 

chemical binding of the activator on a support and the immobilization of the active species by  

formation of an ion pair with the supported cocatalyst.1 Silica/MAO is probably one of the most 

Figure 3 – Representation of some of the most common catalyst precursors for olefin polymerization. 
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common systems currently used, in this chapter we are going to discuss the advantages and 

disadvantages of this activator, as well as some other solid activators and their application.  

Before plunging deep in the preparation of the support and the immobilization of the molecular 

catalysts, it is vital to understand what influence can have the immobilization itself on the activity 

and stability of the olefin polymerization catalysts.38 

1.1 Chemical and physical effects of immobilization  

Depending on the nature of both the catalyst precursor and the employed support for the catalyst 

preparation, it is possible to have opposite effects on the activity. It is renown that whether some 

catalysts show lower productivities after immobilizations,1,39 other achieve a higher stability 

thanks to the support, not displaying thus the deactivation to which they are subjected in 

homogeneous processes.40 

When immobilizing a catalyst, two are the possible methods involved: physical impregnation or 

chemical tethering. While physical impregnation of the catalyst or cocatalyst on a support has the 

advantage of simple synthetic procedures, it also presents great risks of leaching during the 

polymerization reaction. On the other hand, chemical binding of the catalyst or activator on the 

reactive sites of the support (SiOH groups in the case of silica, for example), highly reduces the 

risks of leaching of the active species, but at the same time it involves long and tricky synthetic 

procedures.38  

In discussing the influence of the support on the catalyst’s activity it is necessary to take into 

account two different effects: chemical and physical, which can influence both the stability of the 

catalyst and the polymer microstructure.  

Chemical effects are the principal reason for which direct binding of active complexes on the 

surface of the supports is generally avoided, and why supporting MAO could generally increase its 

efficiency when combined with metallocenes.41 During the reaction of methylaluminoxane with 

the silica surface, the silanols would preferentially react with the free TMA (trimethylaluminum) 

of MAO, which is the major responsible for the formation of bimetallic dormant species ([Cp2Zr(µ-

R)(µ-Me)AlMe2]+) blocking the coordination of the monomer. 
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Physical effects have a high impact, in case of ethylene polymerization, when the employed 

support in the synthesis of the catalysts has a low friability. The fact that the particle doesn’t 

fragment according to the rate of polymer formation inside the pores, leads to diffusion limitations 

of the monomer.42 So, it is necessary for the support to have a mechanical strength low enough 

to favour the particle’s expansion during the polymerization, but high enough to avoid its complete 

disintegration of the particle in the first minutes of the reaction. In this case the presence of pores 

with a high diameter could favour the fragmentation process.43 The monomer diffusion is highly 

influenced also by the crystalline nature of the polymer: the less crystalline the resin, the higher 

the monomer’s diffusion rates.44–46 It results evident than monomer diffusion is going to be a less 

limiting factor in LLDPE synthesis than HDPE. 

Another phenomenon which was attributed to the fragmentation process, is a build-up of the 

activity in the first minutes of the polymerization with some supported metallocene catalysts on 

SiO2/MAO.47 At the very beginning of the polymerization, in fact, only the active sites on the 

surface of the support are involved in polymerization, while with the advancement of the particle’s 

fragmentation new sites are revealed, increasing the activity until a plateau is reached when the 

catalyst’s particle has fragmented completely.48  

It is thus very important to define well the operating conditions, in order to limit the effects of 

physical limitations, which could also overshadow any chemical effects of the immobilization. 

1.2  Catalyst stability  

During the course of polymerization, metallocene catalysts are subjected to deactivation. 

Generally the order of stability is Zr > Hf > Ti and it strictly depends on the coordination sphere of 

Figure 4 – Schematic representation of the fragmentation of a  growing polymer particle.  
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the metal center.38 Immobilization of the catalyst on a support could either enhance or depress 

the catalyst stability, in dependence of the interaction that are created with the surface.  

In the previous paragraph, it was cited as example the fact that grafting MAO on silica would “trap” 

the free TMA present in the system, inhibiting the formation of dormant bimetallic species and 

increasing the activity.41 It is though necessary to take into account also the fact that the formation 

of bimetallic adduct protects the catalyst from deactivation, stabilizing the active species. 

Hindering the formation of bimetallic adducts while increasing the activity of the systems, at the 

same time causes also a rapid decay of the active centre.49 

For some other metallocene systems, the high MAO concentration necessary to obtain a good 

catalyst activation,50–53 favours bimetallic deactivation of the catalyst by formation of adducts such 

as [Zr]–CH2–Al(CH3)–O– with concomitant methane evolution.54,55 In these cases, grafting MAO on 

silica impedes the catalyst’s deactivation, stabilizing the activity throughout the polymerization.56 

Notably these systems are currently employed in the synthesis of LLDPE.57 

It results evident that the immobilization effect on catalyst’s stability and activity is strictly 

dependent on the studied complex. 

1.3 Polymer structure 

One of the main things to keep in mind when supporting a molecular catalyst is that it should 

retain its ‘single site’ nature and that the polymers produced in both homogeneous and 

heterogeneous phases have to present the same properties. Usually, in the case of solid activators 

these requirements are met, but it is not possible to define a general rule, the behavior of the 

catalyst after impregnation is strictly dependent on both the nature of the supported activator 

and of the active complex.38 

It is very difficult to foresee the effects of the catalyst’s immobilization on the polymer properties, 

because as said previously it is necessary to take into account the interaction of the active species 

with the surface of the support (the exact composition of which is sometimes very difficult to 

unveil) and the nature of the used support, but also the physical effects discussed earlier. For 

example, in an heterogeneous system, in conditions of mass transfer limitation, the monomer 
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concentration at the active site is lower than it would have been in homogeneous conditions, 

causing a drop in the molar mass of the produced resins.58,59 In addition, gradient of monomer 

concentration in the polymer particles can lead to broadening of the molar mass distribution.60 

At the same time the immobilization of the catalyst on a particle can be employed for the 

development of more complex and performing resins, in simple processes. For example, the 

immobilization of two catalysts with very different reactivities on the same support, could lead to 

the synthesis of bimodal resins with high comonomer incorporation in the high molar mass 

fraction in a one pot synthesis,61 aim which is usually achieved in ‘cascade’ reactors by modifying 

the process conditions to which the catalyst is exposed in moving from on reactor to the second.62 

However the synthesis of such a catalyst is not so straightforward, it is in fact necessary to take 

into account not only the different reactivity of the two catalysts but also their responses to 

impurities, to the immobilization on the support and to the process operation.38 

From all the considerations made up to this point it is clear that, although the immobilization of 

molecular catalysts is somewhat obliged for industrial application, it requires attention to a 

number of parameters not negligible. 

In the following paragraphs are going to be presented some examples of supported activators 

currently used, starting from silica/MAO. 

2. Activators: Silica/MAO  

Undoubtedly methylaluminoxane, MAO, is what made possible the development and application 

of molecular catalysts.63 Since its discovery MAO has been tested and studied as cocatalyst of a 

plethora of molecular catalyst precursors for both ethylene and propylene polymerization.1 In 

presence of the precatalyst the MAO has a double role: generator and counter-anion of the active 

species.64,65 However, despite its wide application, the very complex (and still partly obscure) 

structure of MAO makes it difficult to define exactly the mechanism with which this activation 

takes place.55,66–69 It is mainly agreed upon that the activation proceeds by abstraction of the 

chlorides and methylation of the metallocene precursor70 leading to the formation of a stable ionic 

couple between the [MAO-X]- anion and the active species.71 What on the other side is not agreed 
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upon is what are the MAO species responsible of the activation, as well as why, to obtain an 

efficient catalyst activation, it is necessary to use MAO in a high excess (1000-10000 Al/M).1  

Recently some studies were conducted to elucidate the structure by ESI-MS of the ions of ionic 

couple formed upon contacting MAO with a catalyst precursor in solution.72 Trefz et al. studied 

the ions formed upon contacting MAO with three different compounds, [Bu4N]Cl, OMTS 

(octamethyltrisiloxane) and Cp2ZrMe2 in perfluorobenzene. Interestingly the study revealed that 

at low reactant concentration the same anion was formed in solution, regardless of the reactant, 

characterized by a major peak at 1853 m/z, corresponding to the anion of structure 

[Al5O8(MeAlO)15(AlMe3)10]− which can also be represented as [(MeAlO)23(AlMe3)7Me]-.72 It is 

important to stress out the fact that the same ions are formed regardless of the reactant, 

moreover chlorination of the species occurs only at high concentration of salt in mixtures 

MAO/[Bu4N]Cl, with the formation of differently chlorinated ions, which in turn can easily generate 

AlMe2Cl species. In presence of the zirconocene the major cationic species present was the 

bimolecular adduct [Cp2Zr(µ-Me)2AlMe2]+ 73–76 at 307 m/z. At high reactant concentration on the 

other side it was possible to observe ion-pair aggregation with cluster formation. This 

phenomenon could be due to the fact that, while at low reactant concentration just the most 

reactive components of MAO interact with the reactant, at higher concentration of the reactant 

more solvated ions are formed, some of which could also support higher negative charges. When 

the concentration exceeds a certain value, then, it is possible to see the formation of an 

aggregated ionic phase. This study would suggest that one of the main role of MAO is as source of 

[AlMe2]+,77–79 which is the most reactive species Lewis acid in the mixture investigated, in turn the 

addition of [Bu4N]Cl causes chlorination of the species with formation of AlMe2Cl and weakly 

coordinated [Bu4N][MAO]. At high concentration of the chlorinating agent, redistribution 

reactions occur between the species.  

The formation of different ion pair adducts at varying Al:Zr ratios can explain why it is necessary 

to work at more than 500:1 Al:Zr in order to have high activities in solution olefin polymerization.80 

Another study investigated the effect on polymerization activity and polymer molar masses of 

using as catalyst precursor either Cp2ZrCl2 or Cp2ZrMe2, activated by MAO in toluene, at different 

Al:Zr ratios.81 The two complexes showed the same behavior from a productivity point of view but 
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very different molar masses and molar mass distribution. Moreover, the article evidenced how, 

although the catalyst efficiency of the system highly depends on the Al:Zr ratio in the 

polymerization medium, it is really the [Zr] which dictates the polymerization behavior. It is 

assumed that at high Zr concentration, ion quadruples and other aggregates can form by reversible 

association of unhindered ion pairs, and that at this association state, deactivation processes can 

actively take place. 

The situation gets even more tricky when MAO is supported on silica. It is in fact necessary to 

remember that the majority of the processes for the production of polyolefins relies on solid 

catalyst particle which could create discrete polymer particles, assuring the good operability of the 

plants and the absence of fouling.1,39 It follows that homogeneous ‘single-site’ catalysts require 

heterogenization, to be applied in such gas or slurry/loop phase processes.61 At the same time, as 

discussed in the previous paragraph, the retention of the ‘single-site’ nature of the catalyst is tricky 

after its immobilization on a support, and it requires lots of precautions at the moment of the 

catalyst’s synthesis. 

2.1 Immobilization of MAO on SiO2 

Given the great complexity of structures which compose MAO, it becomes challenging to have an 

insight on how it reacts with the surface of a support like silica.61 Many studies have been 

performed to clarify which are the preferential pattern of interaction between MAO and SiO2. 

Upon contacting the two reactants, the silanols present on the surface would preferentially react 

with the free TMA of MAO.82,83 Different structures are obtained depending if the 

trimethylaluminium is in its monomeric or dimeric form. In the first case the aluminium species on 

the surface would be tri-coordinated and highly reactive Lewis acids,82 apt to activate the catalyst 

precursor. On the other side, the surface structures found by Scott et al. are believed to be the 

result of the reaction between SiO2 and dimeric TMA, with 4-coordinated aluminium species.83 

Further studies proposed that the surface SiOH groups would first react with the free TMA and 

successively with the MAO cages.84 Surface studies at different loading of MAO show that for Al 

loadings in the range 0.1-6.0 wt% some silanols are free on the support, and are completely 
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consumed for higher Al contents, 8.0-24 wt%.85 Moreover it was demonstrated that for loadings 

of Al higher than 12 wt%, the MAO is only physisorbed, and thus more ‘leachable’. However, this 

study was performed on only one type of silica treated at one temperature, so the values reported 

for the Al loading have to be considered cautiously. 

2.2 Catalyst preparation 

The immobilization of a molecular catalyst (in this work it will be discussed principally of 

metallocene catalysts) can be achieved in multiple ways;1,61 of this multitude, three are the main 

approaches utilized nowadays for the preparation of industrial catalysts. As always it is necessary 

to keep in mind that the more efficient procedure for the synthesis of a determinate catalyst, 

strictly depends on the metallocene precursor selected, and that it is very difficult to foresee which 

is going to be the best approach before the actual synthesis.  

 Approach 1 is a two-step process in which the MAO is first impregnated on the silica, and then 

the metallocene precursor is immobilized on the SiO2/MAO; 

 Approach 2 sees the metallocene activation by MAO in solution prior to the immobilization 

on the silica surface; 

 In approach 3, the metallocene precursor is contacted with the support and then activated in 

a second time with the MAO. 

It is important to point out that the third approach presents many inconveniences, of which the 

predominant is the fact that the catalyst precursor can easily react in an undesired fashion with 

the silica surface, resulting in a deterioration of the active species. The second approach, although 

being the most convenient, isn’t always a valid choice. It is in fact possible that the catalyst 

precursor deactivates after a prolonged contact with MAO.61  
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The first approach was the first reported for the synthesis of this kind of catalysts,86,87 and it is still 

used nowadays for the synthesis of commercial catalysts, which are employed in slurry and gas-

phase processes.1 

For this kind of procedure it is very important for the MAO to be strongly anchored to the surface 

to avoid leaching phenomena; to this aim a heat treatment during the MAO impregnation revealed 

to be very effective.88,89 On the other side, low temperatures are preferable during the 

metallocene immobilization phase to obtain high productivities. 

Just like in the case of free MAO, SiO2/MAO is able to activate both chlorinated and alkylated 

catalyst precursors, however what is still not certain is which are the actual species on the surface 

responsible for the activation.90 Two are the possible species involved: Lewis acid sites or 

AlMe2
+;41,69,77,91–94 many studies were performed demonstrating the role of both strong Lewis acid 

sites91 and AlMe2
+ (by formation of a bimetallic adduct with zirconocene)69,77,93 in the formation 

of the active species. A recent study performed by Weckhuysen et al.90 demonstrated, by 

Figure 5 – Possible approaches for the synthesis of a catalyst on SiO2/MAO. 
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characterization studies of different Zr/MAO/SiO2 catalysts at different MAO loadings, that the 

species majorly involved in the zirconocene activation are the AlMe2
+ generated form the weak 

Lewis site on the surface of the activator, and that their number is a direct function of the MAO 

loading on the surface. 

It is clear that even though free MAO and SiO2/MAO have been around for quite a few years now, 

there is still much to understand about these activators and the intrinsic way in which they work. 

2.3 Modified SiO2/MAO supports 

It was seen that functionalizing the surface silica before or after reaction with MAO had incredibly 

positive effects on the final catalyst’s activity.18,61 The role of chemically modifying the support is 

three-fold: remove the silanols groups from the silica surface, generating a more uniform surface 

and increasing the amount of Lewis and Brønsted acid sites on the surface. 

The modifiers most commonly used were chloro- or alkoxy-silanes,95–97 as well as fluorinating 

agents such as NaF;18,61 other inorganic salts of anions such as SO4
2-,98,99 NO3

2- and SiF6
2-,100–102 

were also employed to functionalize the support prior to the addition of MAO, with incredibly 

boosting effects on the activity in polymerization. Researchers at Albemarle, additionally showed 

that also post-modifications of SiO2/MAO supports can increase the efficiency of the activator up 

to twice its initial value.103 

 

Figure 6 – Possible activation patterns in presence of supported MAO: a) by methyl abstraction b) formation of a 

bimetallic adduct by interaction with [AlMe2]+. 
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2.4 Solid MAO  

Another interesting approach towards the synthesis of immobilized molecular catalysts is the 

generation of solid MAO/catalyst precursor particles free of support.18 The first system of the kind 

to be developed was the Syrius catalyst commercialized by Borealis. In their procedure the catalyst 

precursor is pre-contacted with MAO in solution and then mixed with a perfluorinated 

surfactant.104–107 A perfluorocarbon solvent is then added to the solution, at low temperature, in 

order to obtain a dispersed emulsion which is then solidified by contacting it with an excess of 

perfluorocarbon at high temperature. The toluene is extracted in the perfluorocarbon and the 

catalyst particles are recovered by filtration at high temperature. In order to be operated, these 

catalytic systems have to be pre-polymerized.108  

The method introduced by Borealis was then modified either by the addition of an additional 

boron cocatalyst to the MAO,109,110 or by the use of clathered MAO.111–113 Moreover solidification 

of the latter in absence of perfluorocarbon generates highly compact spherical polymer particle, 

with very high activity.18,114–116 

The synthesis and application of solid methylaluminoxane was studied also by O’Hare et al.117–120 

In 2016119 they investigated the synthesis of sMAO by controlled reaction of TMA with benzoic 

acid.  

The influence on the sMAO performance of the different reaction parameters, Al:O ratio, reaction 

temperature, was studied; it was found that a maximum of performance of the support as 

activator of metallocene was reached for Al:O 1.2. Moreover, it was seen that the employed 

temperature in the second step of the synthesis influenced the final surface area  (SA) of the 

support: increasing the temperature caused an increase in the SA of the solid MAO. The support 

was tested as activator for two different zirconocenes, meso-Et(Me7Ind)2Zr(CH2Ph)2 and meso-

Et(Me7Ind)2Zr(CH2
tBu)Cl, in ethylene polymerization.117 The sMAO was efficient in the activation 

Figure 7 – Protocol followed by O’Hare et al. in the synthesis of sMAO. 
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of the chosen precursors showing activities of up to 5000 kgPE molZr
-1 h-1 bar-1 for meso-

Et(Me7Ind)2Zr(CH2Ph)2, even though the displayed activity were lower than the results obtained 

by combining the same zirconocene precursosrs with silica-supported MAO.121  

In 2020120 O’Hare et al. reported the study of sMAO systems modified with pentafluorophenol as 

activators for zirconocene precursors of structure Me2Si(Cp)(Me7Ind)ZrX2 (X = Cl, Me, CH2Ph) in 

ethylene/1-hexene copolymerization. The study showed that, although pentafluophenol 

modification would increase the sMAO performance as activator, it would affect badly polymer 

morphology, with the formation of agglomerates. 

In parallel to the development of silica/MAO and solid MAO ran that of methyaluminoxane-free 

solid supports for molecular catalysts. 

3. Solid acids supports 

In the previous paragraph it was introduced how, modifying the surface of the support prior to the 

MAO’s immobilization, it was possible to increase the efficiency of the solid activator in 

combination with a metallocene;18 similarly it is reported in the literature the development of a 

great number of solid acid supports by simply increasing the acid character of the surface by 

functionalization with different anions.122 

3.1 Activating supports based on modified solid oxide 

The presence of Lewis, or Brønsted, acids on the surface of a solid activator is fundamental for the 

activation of molecular catalysts. On the surface of solid oxides generally used as supports (silica, 

alumina, mixed silica/alumina supports), surface’s acidity can be achieved by heat treatment.122 

Interestingly, it was seen that the intrinsic acidity of the solid oxide wasn’t sufficient to efficiently 

activate metallocene precursors. It was necessary to modify the surface with strongly electron-

withdrawing anions. A study on the development of solid activators by modification of solid oxides 

with electron-withdrawing anions was extensively reported by McDaniel in 2008.122 

From the data showed in the work, silica/alumina (13 wt% of alumina) appeared to be the most 

efficient solid activator, even more so if treated with anions. Although SiO2/Al2O3 was treated with 
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a certain number of anionic species, the best results were obtained when fluoride or triflate were 

used. 

Whatever the employed fluoriding agent, the reported activities were higher than 10000                     

g gcat
-1 h-1 at 90°C and 40 bars of ethylene. The reported method previewed an initial modification 

of the surface of the solid oxide with the chosen fluoriding agent and successive calcination of the 

support.  Different loadings and calcination temperatures were tested. It was found that increasing 

the calcination temperature would increase the activity of the final catalyst until a maximum was 

reached for a given temperature, beyond which the activator would lose its efficiency. The same 

behaviour was observed for all the F- loading tested. It was though observed that higher the 

fluoride loading on the surface, lower was the calcination temperature necessary to obtain the 

maximum of the activity for the support. The reason behind this behaviour isn’t clear yet; it could 

be assumed that, if the activity was mainly due to the presence of Bronsted sites on the surface, 

the presence of fluoride would increase of acid sites, but a too high loading of anion would 

consume the OH groups. A similar consideration could be done for the heat treatment of the 

support: while treatment at  high temperatures favours the formation of Bronsted acid sites, at 

too high temperatures their number starts decreasing due to condensation.122 

Another example of fluorinated solid acid activators was reported in 2013 by Boisson et al.123 In 

this work was investigated the efficiency in activating a metallocene of aluminium fluoride species 

supported on the silica surface. Two different approaches were employed to generate the desired 

A-F groups on the surface: the partially dehydroxylated silica support was either reacted directly 

with an aluminium fluoride compound such as AlEt2F, or it was first contacted with an 

alkylaluminium compound (e.g. AlEt3) and then the grafted adducts were functionalized by 

reaction with HF. The hydrofluoric acid was generated by decomposition of (NH4)2SiF6 at 450°C. 

Scheme 1 - Thermal decomposition of (NH4)2SiF6 to HF. 
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The paper, moreover, reported that the generation of Al-F species on the surface of the support 

wasn’t sufficient to obtain an efficient activation of the metallocene precursor; it was in fact 

necessary to generate some aluminium oxide species prior to the fluorination. This was achieved 

by a combustion of the support after the grafting of the triethylaluminium. In Scheme 2 are 

reported the two methods described for the synthesis of the solid activators. 

The paper furtherly investigated the effect of fluoride loading on the efficiency of the activator. 

The F loading on the support ranged between 1.2 and 5.3 wt%. The systems were tested as 

cocatalysts for rac-EtInd2ZrCl2 in ethylene/1-hexene slurry copolymerization in heptane at 80°C 

and 4 bars of ethylene. Al(iBu)3 was employed as scavenger and alkylating agent. The study 

reported that, at the same loading of 1-hexene, the highest productivity was obtained with the 

maximum fluoride loading, 5.3 wt%, and was of 750 g gAS
-1.  

In the work of McDaniel similar trends to those observed with the fluoride anion can be seen when 

SiO2/Al2O3 is reacted with triflic acid.61 In this case the activity of the resulting catalysts is mainly 

attributed to the triflic acid on the surface., As in the case of the fluoride treatment, it is enhanced 

by heat treatment of the support at increasing temperatures up to 450°C after which triflate 

decomposition phenomena start occurring.  

One of the major inconveniences of these supports is that, given the synthesis process, it is very 

difficult to know exactly the structure of the species present on the surface of the solid activator, 

which as a consequence makes it tricky to understand how the catalyst precursor interacts with 

the support. 

Scheme 2 – Synthetic procedures for the synthesis of fluorinated solid acids. 
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3.2 Clay as activating support for molecular catalysts 

Clays are layered minerals constituted of silicates and aluminosilicates; the internal structure and 

the type of ions trapped in between the layers can differ greatly, generating a huge variety of clays, 

such as: montmorillonite, hectorite, vermiculite, hydrotalcitite, smectite, mica, or kaolin. Many, if 

not all, of these have been used as support for molecular catalysts in olefin polymerization. At 

Tosoh, clays impregnated with quaternary ammonium were used to activate different metallocene 

complexes.124–126 The use of aluminoxane-modified clays for the activation of zirconocenes was 

also reported.127,128 

Another interesting system for the activation and immobilization of homogeneous catalysts is acid-

treated montmorillonite (MMT). It was first developed as a solid activator in the 1990s by 

Mitsubishi Chemical Corporation (MCC).129,130 For these kind of activators two key factors to the 

activation have been addressed: understanding the location of the active species in the layered 

structure and what are the requirements of the clay to consent the activation. The localization of 

the active sites is still object of discussion. Weiss et al.131 propose that the metallocene is activated 

on the  alkyaluminium sites fixated to the OH groups at the end of silicate layers, formed by 

aluminum extraction. Another hypothesis is that the activation occurs in between the layers, 

because it is there that the doping of clays commonly takes place.132 A third theory proposes that 

the metallocene activation is located at the clay’s surface, since the acid treatment, necessary for 

the activation, takes place at the surface.133,134  

For what concerns the reasons behind the metallocene activation, many studies have been done 

for both the wet and dry systems. In the wet system, efficient support systems were prepared by 

reacting a clay containing water with AlMe3, generating surface MAO species.135 Further studies 

have demonstrated that acidic character of the mineral enhances the efficiency of the support.136 

On the other side, the dry system demonstrated activating abilities also in absence of 

alkylaluminum treatment.130 This is due to the presence of the support of Lewis acid sites, which 

are able to activate polymerization catalyst precursors.137 

Two recent works have studied deeply the acid activation of the clay surface and how it influences 

the metallocene activation, to try and localize the active species on the support. Murata et al.138 
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studied the morphological and acidic properties of different montmorillonites treated with H2SO4 

to generate acid sites by Al abstraction. When tested in propylene polymerization as activators of 

rac-dimethylsilylenebis[1,1-{2-methyl-4-(4-chlorophenyl)-4-hydroazulenyl}]zirconium dichloride  

(AzuZrCl2), the activities appeared to be strictly dependent on the acidic properties of the support: 

the systems showing the best activity were those presenting strong acid sites. Moreover, it was 

found that the acidity of the support was strictly correlated to the Al abstraction, it was in fact 

found that strong acid sites were immediately formed by Al elimination. On the other side a too 

drastic extraction of aluminum from the support causes a modification of the morphology of the 

clay, with a conversion of small pores to large ones. It is known that strong acid sites are 

predominantly located in small pores, while large ones host weak acid sites; it is consequent, 

though, that high Al extractions are detrimental to the activity of the system. The acid treatment 

had also a huge effect on the morphology of the clay, it was in fact possible to observe a 

broadening of the edge’s thickness and the formation of small pores, where the acid sites are 

localized. In a previous work on similar systems, Murata et al.139 also demonstrated that the 

interlayer distance of the clay wasn’t in anyway influenced by the activation treatment, forcing the 

metallocene catalysts to be located on the borders of the particles. 

4 Surface Organometallic Chemistry (SOMC), an approach 

From the examples of solid activators presented above in this chapter one concept was recurrent 

in almost all of them: once the solid activator is obtained, it is not possible to confirm with certainty 

the structure of the species on the surface, which of them are active participants in the activation 

of the catalyst and what kind of interactions take place once the active ionic couple is formed. One 

of the reasons behind this is that opening a window that could allow to put into focus the surface 

composition and structure is no easy task, moreover surfaces aren’t homogeneous, and thus react 

in multiple ways in presence of a compound, resulting in a mixture of final products. 

Surface organometallic chemistry is a relatively new approach for the development of well-defined 

heterogeneous catalysts.140,141 It is based on the controlled grafting of organometallic complexes 

on the surface of solid oxides, with the formation of a complex chemically bound to the surface. 

The final species are well-defined grafted complexes142–145 and their coordination sphere 
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comprises both the bonds formed with the surface and those still present with the coordination 

ligands.  

The key to the successful synthesis of well-defined grafted species is a precise control of the 

reactive sites on the surface of the supports, the nature of which is going to influence the number 

of bonds the organometallic complex is going to create with the surface, and the structure of the 

final product. Depending on the treatment the support underwent to, and consequently what 

reactive groups are left on the surface, the grafted species can be mono-, bi- or tri-podal, in 

relation to the number of bonds created between the metal centre and the surface (respectively 

one, two or three bonds with the support). The characterization is performed by different 

techniques, including EXAFS, IR, solid state NMR, mass balance analysis of the species on the 

surface (by elemental analysis) and those released at the moment of the grafting or by hydrolysis 

of the product (by gas chromatography). The obtained grafted species can be either used directly 

as catalysts or be furtherly modified to obtain the desired catalyst. In Figure 8 is reported a 

schematic representation of the SOMC approach. 

The synthesised catalysts using this approach present multiple advantages. Being heterogeneous 

species, they possess all the perks of this class of catalysts (ease of separation from the product 

and recyclability) and, at the same time, all the advantages of the homogeneous catalysts, since 

the grafted species are well-defined (higher selectivities, possibility of studying the reaction 

mechanisms). Moreover, the fact that the species possess low mobility, avoids unwanted side-

reaction that can take place in solution, such as bimolecular reactions.146 

Figure 8 – Schematic representation of the SOMC approach. 
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The SOMC approach presents almost infinite possibilities for the development of new catalytic 

systems, given the possibility of playing on both the support (nature of the oxide, pre-treatment 

of the surface),147–150 the grafted complexes and the post-functionalization of the grafted 

complexes. This wide range of possibilities has permitted the synthesis of a huge amount of 

catalysts for a plethora of applications.141   

Of the great variety of supports accessible for SOMC, silica is one of the most widely used, and is 

the support employed for the synthesis of all the activating supports and catalysts presented in 

this work. In the next paragraph we are going to discuss its structure and the possible surface 

reactive sites and their evolution with thermal treatment. 

4.1 Silica 

The bulk of the silica particles is composed of tetrahedral units of SiO4, inaccessible to the reactant. 

The surface composition of the silica, on the other side, presents a mixture of species quite 

complex: physisorbed water, isolated, geminal and vicinal silanol groups, and siloxane bridges 

(≡SiOSi≡) forming six- or four-membered rings with the SiO4 of the bulk.151 These are the sites 

principally involved in the reaction with organometallic complexes.  

It is the type and distribution of the reactive sites on the surface of the silica which regulates the 

structure (and reactivity) of the grafted products after the reaction. In order to control the grafting 

fashion of the organometallic complexes, it is possible to tune the distribution of silanols and 

siloxane bridges (and eliminate the physisorbed water) on the surface, by treating the support at 

high temperatures under controlled atmospheres (vacuum, dry air…) for a certain period of time. 

The evolution of the species on the surface is reported in Figure 10 at different partial 

dehydroxylation temperatures.151 
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It is possible to see how, after treatment at 200°C, all three kinds of silanols are still present on the 

surface, and that the majority is composed of vicinal bridging silanols, which rapidly disappear if 

the dehydroxylation temperature is increased to 400°C. At this temperature, and higher, the 

condensation of vicinal silanols favours the formation of isolated silanols and siloxane bridges, 

which constitute the main species. The increase of the treatment temperature has a duplex effect: 

diminishing the amount of SiOH and increasing the siloxane bridges’ amount, until at 1200 °C 

practically all silanols on the surface are consumed.  

The types of silanols on the surface can be studied by means of different techniques, such as IR 

spectroscopy,152,153 solid state NMR154 and reactivity studies.155 The amount of SiOH groups 

present on the surface at room temperature is strictly dependent on the structure of the silica and 

how it was synthesized. 

Isolated Vicinal  Geminal  

Figure 9 – Evolution of silanols and siloxane bridge distribution at increasing dehydroxylation temperatures. 
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For the synthesis of the grafted species performed in this thesis work, two dehydroxylation 

temperatures were employed: 200 and 700°C. The difference in composition of the surface, after 

treatment at the two temperatures, is reflected in the structure of the grafted complexes. 

In Figure 11 is reported a representation of the DRIFT spectra of Grace silica Sylopol 2408 after 

partial dehydroxylation at 200 and 700°C. 

From the DRIFT spectra it is clear how the surface of the silica dehydroxylated at 200°C (SiO2-200) 

is more complex than that treated at 700°C (SiO2-700). In fact, where SiO2-700 presents one sharp 

peak at 3743 cm-1 for the O-H stretching of the isolated silanols, SiO2-200 shows two additional 

bands at 3680 and 3530 cm-1 for the vicinal silanols. 

4.2 Grafted borate activators 

One of the classes of supported activators having great success nowadays are supported borate 

anions, generally on silica. Perfluorinated aryl complexes of metals from Group 13 are efficient 

cocatalysts for molecular catalysts in the homogeneous phase.92,156–170 The main advantages 

presented by these activators, putting aside the great efficiency, are the fact that low 

cocatalyst/metal ratio are sufficient to reach good performances and that they’re discreet 

molecules, allowing a precise characterization of the ionic couple formed upon activation.171 it is 

exactly these properties that has pushed towards the development of solid activators presenting 

discreet borates (or other metallates of Groups 13) on the silica surface.1  

Figure 10 – DRIFT spectra of Grace silica Sylopol 2408 partially dehydroxylated at 200 °C (bottom) and at 700 °C (top). 

SiO2-700  

SiO2-200  
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4.2.1 Grafting of borane compounds 

In this kind of solid activators the metal is directly bound to the surface of the support. The first 

grafted B-based activators were obtained by reacting tris-pentafluorophenyl borane on the silica 

surface.172–174  

The structures obtained, (≡SiOH)ẟ+[B(C6F5)3]ẟ-,172,173 [(≡SiO)B(C6F5)3]-[HNR3]+,172–175 

[(≡SiO)B(C6F5)3]-[CPh3]+,174–178 proved to be efficient activators for dimethyl metallocene catalysts, 

their interaction was in fact deeply investigated and the species formed reported.  

It was found that contacting Cp2ZrMe2 with (≡SiOH)ẟ+[B(C6F5)3]ẟ- causes the cleavage of the boron-

siloxy ligand, proved by the presence in solution of MeB(C6F5)2 after the reaction, and the 

formation of a grafted zirconocene species.179  

Scheme 3 – Synthetic pathways to the synthesis of silica grafted borate activators. 

Scheme 4 – Reaction between Cp2ZrMe2 and (≡SiOH)ẟ+[B(C6F5)3]ẟ- 



Chapter I 
 

41 

 

Successively, Gulari et al. stated that when Cp2ZrCl2 was reacted with (≡SiOH)ẟ+[B(C6F5)3]ẟ- in 

presence of an excess of TiBA as alkylating agent, would not lead to the leaching of the borane but 

to the formation of the active species [(≡SiO)B(C6F5)3]-[ Cp2ZrR]+.176 

The elucidation on the structures formed by reaction of the catalyst precursors with the grafted 

borate species is due to their discreet nature and thus the possibility of fully characterize them.180–

182 Structure investigations also showed that the choice of the counter ion for the grafted borate 

is very important for the final structure of the active species. Basset et al. reported that in presence 

of [HNEt2Ph]+ as stabilizing cation for [(≡SiO)B(C6F5)3]-, two possible ionic couple are formed on the 

surface, which will interact differently with the catalyst precursor, forming two different species. 

The possible pathways are reported in Scheme 6.183 

Scheme 5 – Formation of the active species by interaction of Cp2ZrCl2 with (≡SiOH)ẟ+[B(C6F5)3]ẟ- in presence of an 

excess of TiBA. 
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4.2.2 Tethering of borate complexes 

Another successful approach to the synthesis of solid activators for molecular catalysts is the 

tethering of the co-catalyst. The difference with the activators presented in the previous 

paragraph is the presence of a spacer between the surface of the support and metal centre of the 

cocatalyst. Tethered borate cocatalysts have been deeply studied in literature and are nowadays 

used industrially as supports for molecular catalysts in different processes. 

The first tethering of a perfluorophenylborate was disclosed in 1995,184 but the first application of 

such species as solid activators of catalysts for olefin polymerization was only disclosed in 1997 by 

Fritze et al. at Basell GmbH.185 In this work the employed spacer for the tethering of the boron 

complex was either a chlorosilyl or an ethoxysilyl group (Scheme 7). The species reported in the 

patent, even though they resulted to be successful in activating the molecular catalysts, led to low 

activities. 

Scheme 6 – Possible structures formed by interaction of a grafted borate with diethylaniline, and their reaction with 

Cp2ZrMe2. 
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Higher activities were obtained when a hydroxyl-containing borate species was tethered on a 

support previously treated with an alkylaluminium (Scheme 8). The procedure was first disclosed 

in 1998 by Dow Chemical Company and W.R. Grace. The presence of the hydroxyl group on the 

borate renders the complex highly reactive towards the grafted Al species on the surface of the 

support, favouring the formation of the desired species. Such cocatalysts were and are still 

employed in the activation of metallocene and constrained geometry catalysts for industrial 

applications.186,187  

These systems have been deeply studied for their application in both slurry and gas phase 

processes, by collaboration ventures of Dow Chemical with either Asahi Chemical or British 

Petroleum (today INEOS) respectively.188–191 However it is worth noting that the exact structure of 

the tethered borates is still unresolved, mainly because it is very difficult to elucidate the exact 

structure of the grafted aluminium species on the support’s surface. This, though doesn’t impede 

their wide industrial application. 

Scheme 7 – Tethering of a borate species to the silica surface as described by Fitze et al. 

Scheme 8 – Tethering of a borate complex to an alkylaluminium treated silica. 
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4.3 Synthesis of an aluminate activating support  

Recently in our group, SOMC was successfully employed in the synthesis of an aluminate activating 

support grafted on silica particles.192 The procedure followed was a two-step synthesis where 

firstly triisobutylaluminum was grafted in Et2O on the surface of a silica partially dehydroxylated 

at 700°C, and successively the grafted aluminium species were functionalized with 

pentafluorophenol and diethylaniline.  

The synthesis of a similar activating support was previously disclosed Luo et al. at Albemarle 

Corporation.193 In their patent it is described the synthesis of an aluminate species by 

functionalization of TEA-passivated silica surface; the obtained species, although being active 

cocatalysts for zirconocene catalysts in ethylene copolymerization, weren’t structurally defined, 

due to the complex way with which TEA reacts with the silica surface.  

In the work of Sauter et al.192 it is described the synthesis of a well-defined aluminate species. TiBA 

was chosen as alkylaluminium precursor for its lower tendency to create dimers in solution. To 

further favour the monomer form was employed a coordinating solvent such as Et2O. The reaction 

of TiBA with the silica surface forces the opening of highly stained siloxane bridges on the surface, 

causing the formation of bipodal isobutylaluminum species.194  

Scheme 9 – Synthesis of [(≡SiO)2Al(OC6F5)2]-[HNEtPh]+. 
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The successive reaction of the grafted alkyl precursor with 2 equivalents of pentafluorophenol and 

diethylaniline resulted in the synthesis of a well-defined bipodal aluminate of structure 

[(≡SiO)2Al(OC6F5)2]-[HNEt2Ph]+.  

The activating support was then tested in ethylene/1-hexene slurry copolymerization as activator 

of two zirconocene complexes (n-BuCp)2ZrCl2 and rac-EtInd2ZrCl2. The polymerizations were 

conducted at 4 bars of ethylene pressure and 80°C. The obtained activities for the two systems 

were fairly high, 133 g gcat
-1 h-1 for [(≡SiO)2Al(OC6F5)2]-[HNEt2Ph]+/(n-BuCp)2ZrCl2 and 656 g gcat

-1 h-

1 for [(≡SiO)2Al(OC6F5)2]-[HNEt2Ph]+/rac-EtInd2ZrCl2. The obtained resins exhibited a good particle 

morphology, proving that the active species are tightly coordinated to the surface of the support. 

5 Summary and aim of the work  

The discovery of molecular catalysts active in the polymerization of olefins, and most importantly 

the implement of activators, such as MAO, which allowed their efficient activation was one of the 

major breakthroughs in the field of ethylene and propylene polymerization. It is though necessary 

to remind that molecular catalysts started being properly diffused in the industrial processes once 

immobilized on a support. The reason for and the difficulties behind the heterogenisation of 

molecular catalysts was amply discussed in this chapter, even though much has been inevitably 

left out.  

One of the greatest problem surrounding the immobilization of a catalyst precursor on a solid 

activator is that it is not possible to foresee the way in which the former is going to interact with 

the surface, and how this interaction will affect its productivity and the properties of the produced 

polymer resins. Most of the times it is due to the fact that the structure of the supported activator 

Scheme 10 – Grafting of TiBA on SiO2-700 in diethyl ether. 
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is not well-defined, either because of the employed precursor (e.g. MAO) or for the procedure 

used in the synthesis of the solid activators (e.g. halogenated solid acids).  

This PhD thesis work intends to face this issue proposing the synthesis of well-defined activating 

supports for metallocenes and their application in ethylene/1-hexene slurry or gas phase 

copolymerization. It is in fact our opinion that by following a controlled grafting, such as the SOMC 

school teaches, for the synthesis of the activator, we will successfully obtain well-defined 

structures apt to activate metallocene precursors. In the following chapters it is going to be 

presented the synthesis of 15 activating supports and their application in polymerization as 

cocatalysts for rac-EtInd2ZrCl2.  

More specifically in Chapter II is discussed the synthesis and characterization of a bipodal 

aluminate activating support, its application in polymerization at both laboratory and pre-

industrial scale and its employment in the isolation of formulated catalysts with rac-EtInd2ZrMe2 

and (n-BuMeCp)2ZrMe2.  

Chapter III investigates the effects of ligand structure on the efficiency of the activating supports 

as cocatalyst. Starting from the same bipodal aluminium precursor, (≡SiO)2AlH(NMe2Et), four well-

defined activators were synthesized by functionalization with diversely functionalized ligands. 

Chapter IV is divided in two sections: in the first is presented the synthesis of activators by 

functionalization of halogenated grafted aluminum precursors, mono- and bi-podal; in the second 

is presented the synthesis of four activating supports featuring as metal centre an Y atom at the 

place of the Al, with the aim of strengthening the stability of the catalyst’s ionic couple.  

Chapter V focuses on topic that differs slightly from what is presented in Chapters II to IV. The 

second section of Chapter IV describes the synthesis of four grafted Y precursors on both SiO2-700 

and SiO2-200. that are used for preparation of solid activators. However, molecular yttrium based 

catalysts are renown for a long time for their activity towards olefin and diene 

polymerization.195,196 This drove us to investigate these well-defined supported yttrium 

complexes. In Chapter V it is studied the activity of these species as catalysts in ethylene 

polymerization. Before discussing the obtained results during this thesis, Chapter V will briefly 
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review the literature existing on olefin polymerization promoted by molecular rare-earth metal 

catalysts and on the grafting of rare-earth metal complexes.  
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Introduction 

 

As discussed in the introduction, the aim of this experimental work is the development by SOMC 

of Activating Supports (AS) for molecular catalysts and their application in ethylene 

polymerization. 

Solid activators obtained by the reaction of organometallic aluminium precursors with a support 

(namely silica) treated at different temperatures, proved to be very efficient co-catalysts for 

metallocenes in ethylene polymerization. In the majority of the cases, though, none or very little 

importance was given to the study and deep characterization of the structures formed on the 

surface after the immobilization reaction of the Aluminium complexes on the surface.1,2 

It is in this aspect that the SOMC approach applied by our group shows its great advantages.  

Recently in our group was successfully synthesised a well-defined activating support, 1, following 

the pathway reported in Scheme 1.3  

This activating support, 1, showed discreet efficiency when tested as co-catalyst for rac-EtInd2ZrCl2 

in ethylene/1-hexene copolymerization in presence of an excess of TiBA , 656 gPE gcat
-1 h-1, 22500 

KgPE molZr
-1 h-1.  

The moderate activity obtained by the system 1/rac-EtInd2ZrCl2/TiBA could be ascribed to a not 

efficient separation of the ionic couple (cationic Zirconium complex and anionic aluminate).  

Recent studies in the field of olefin metathesis have shown the great influence of the treatment 

of the support on the activity of Mo or W based catalysts.4 These studies demonstrated that the 

amplitude of the (≡SiO-M-OSi≡) bite angle has a direct impact on the catalyst’s performances. 

Scheme 1 – Synthetic pathway for the synthesis of 1 well-defined activating support for molecular catalysts.3 

1 
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In order to investigate the effect of the treatment of the support also in the case of olefin 

polymerization, we devised a different synthetic pathway to obtain a bipodal aluminate activating 

support on silica dehydroxylated at 200°C.5 The pathway followed is depicted in Scheme 2. 

Using silica treated at lower temperatures will ideally generate bipodal aluminate species with a 

different (≡SiO-M-OSi≡) bite angle and a different coordinating ability than 1, which will then 

reflect on its efficiency as a cocatalyst for metallocenes in ethylene polymerization.  

  

Scheme 2 – Synthetic pathway for AS1. 
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1. Synthesis of [(≡SiO)2Al(OC6F5)2]-[HNMe2Et]+, AS1 

1.1 Silica treatment, dehydroxylation at 200°C, SiO2-200 

The silica chosen for the synthesis of the activating supports developed in this work is the Sylopol 

2408 from Grace Davidson. This silica presents a specific area of 300 m2 g-1, a Pore Volume of 1.55 

mL g-1 and particle size of 40 µm, and was selected for its good fragmentation behaviour during 

the polymerization.5  

Before the reaction the support was partially dehydroxylated for 14 hours under dynamic high 

vacuum (1 mPa) at 200°C, in order to remove all the water and partially condensate the silanols 

on the surface. 

The DRIFT spectrum (Figure 1) of the surface of the support showed a peak at 3743 cm-1 proper 

of the O-H stretching of the isolated silanols and two overlapping bands at 3680 and 3570 cm-1 

characteristic of vicinal and geminal groups.  

The amount of silanols (SiOH) on the surface, determined by titration by reaction with CH3MgBr, 

was 1.62 mmol g-1. 

 

 

 

Figure 1 – DRIFT spectrum for SiO2-200. 
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1.2 Grafting of AlH3(NEtMe2) on SiO2-200, P1 

In order to synthetize the bipodal activating support AS1, we first generated the bipodal aluminium 

precursor. 1.2 eq. of AlH3NMe2Et per 2 eq. of SiOH were put to react in benzene for two hours to 

obtain (≡SiO)2AlH(NMe2Et), P1 (Scheme 3).  

Material P1 was characterized by DRIFT spectroscopy. In Figure 2 are reported the spectra before 

and after the reaction. 

The disappearance of the signal at 3747 cm-1 and the decreasing of the intensity of the bands at 

3570 and 3680 cm-1, signifies that all the accessible SiOH groups on the surface reacted with the 

AlH3.NMe2Et.  

Between 2700 and 2900 cm-1 fall the peaks of the C-H bond stretching of the amine’s alkyl 

fragments, while at 1850 and 1800 cm-1 appear the peaks of the Al-H bond stretching of the 

Scheme 3 – Grafting AlH3(NMe2Et) on SiO2-200 in C6H6 at room temperature 

Figure 2 – DRIFT spectra of SiO2-200 before the grafting (bottom) and after the grafting of the aluminium hydride, 

(≡SiO)2AlH(NMe2Et) (top). 
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aluminium hydride (this assignment is in agreement with what is reported by Humphries et al. for 

free alane).6 The amount of H2 released by the hydrolysis of P1 was quantified, and reported in 

Table 1 with the elemental analysis quantifications for the grafted adduct. 

Table 1 – Elemental analysis and GC results for (≡SiO)2AlH(NMe2Et). 

wt% Al wt% C wt% N wt% H C/N C/Al N/Al H/Al 
Al H2/Al 

mmol g-1 Hydrolysis 

2.69 4.71 1.45 1.12 
3.8 

(th. 4) 

4.4 

(th. 4) 

1.1 

(th. 1) 

12.5 

(th. 12) 
1.0 

1.1 

(th. 1) 

 

The presence of 2.69 wt% of aluminium on the surface is coherent with 1.0 mmol g-1 of grafted Al. 

The 4.4 C/Al and 1.1  N/Al ratios are close to the theoretical values, respectively 4 and 1, confirming 

the formation of bipodal (≡SiO)2AlH(NMe2Et) species. This is furthermore corroborated by the 

quantification of the H2 released by the hydrolysis of the product: 1.1 mmol(H2) g-1 were evolved 

during the reaction, resulting in a H2/Al ratio of 1.1 very close to the theoretical value of 1 for a 

bipodal aluminium hydride. 

In Figure 3 are reported the 1H MAS and 13C CP/MAS-NMR spectra for P1, they reveal signals 

attributed to the methyl and ethyl groups bound to the nitrogen atom.  

Figure 3 – a) 1H MAS and b) 13C CP-MAS NMR spectra for P1. 

In the 1H spectrum, the chemical shift at 1.3 ppm corresponds to the resonance of the methyl 

group from the NCH2CH3 fragment, whereas the signal at 2.7 ppm is attributed to the methyl and 

methylene groups bound to the nitrogen atom (Figure 3a). The signal for the hydride directly 
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bound to the Al cannot be seen because it falls underneath the peaks of the amine, around 3.9 

ppm.7 

The 13C spectrum (Figure 3b) shows a broad peak at 6 ppm assigned to methyl group of the 

NCH2CH3 fragment, an intense signal at 42.3 ppm corresponding to the NCH3 groups, and a signal 

at 52.2 ppm proper to the methylene of the ethyl group. 

1.3 Modification of (≡SiO)2AlH(NMe2Et) with pentafluorophenol, AS1 

2.2 eq. of C6F5OH per eq. of Al were put to react with P1 in benzene. The reaction was left to 

proceed overnight to obtain the [(≡SiO)2Al(OC6F5)2]-[HNMe2Et]+ ionic couple, according to the 

reaction reported in Scheme 4. 

Scheme 4 – Synthesis of AS1 from P1. 

The powder obtained was characterized by DRIFT spectroscopy. In Figure 4 are reported the DRIFT 

spectra for P1 (below) and AS1 (above). 

Figure 4 - DRIFT spectra (≡SiO)2AlH(NMe2Et), P1 (bottom) and [(≡SiO)2Al(OC6F5)2]-[EtMe2NH]+, AS1 (top). 
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The DRFT spectrum for AS1 shows the disappearance of the peaks at 1850 and 1800 cm-1 

attributed to the Al-H bond stretching, indicating that all the hydrides on the surface reacted with 

the pentafluorophenol. The peak at 3070 cm-1, proper of the N-H stretching of the ammonium, 

indicates the formation of the desired ionic couple, while below 3000 cm-1 there are broad signals 

of the C-H stretching. 

In Table 2 are reported the elemental analysis results for AS1 and the quantification of the 

hydrogen evolved by the grafting reaction. 

Table 2 – Elemental analysis and hydrogen quantification results for AS1. 

wt% Al wt% C wt% N C/N C/Al N/Al 
Al H2/Al 

mmol g-1 Grafting 

1.4 11.4 0.9 
14.1 

(th. 16) 

18.2 

(th. 16) 

1.3 

(th. 1) 
0.55 

0.8 

(th. 1) 

 

The amounts of 11.4 wt% C, 0.9 wt% N and 1.4 wt% Al on the surface, give a ratio C/Al and N/Al 

respectively of 18.2 and 1.3, very close to the theoretical value for the [(≡SiO)2Al(OC6F5)2]-

[HNMe2Et]+ ionic couple, 16 and 1 respectively. Also, the amount of hydrogen evolved by the 

reaction is compatible with the complete reaction of P1 with protic substrate C6F5OH to give the 

desired aluminate complex on the surface. 

 

Figure 5 – Solid-state NMR spectra of AS1: a) 1H MAS; b) 13C CPMAS; c) 19F MAS (asterisks indicate spinning side bands). 

The 1H and 13C solid state NMR spectra for AS1 are very similar to those acquired for P1, in fact 

the protonation of the amine to ammonium doesn’t affect much the chemical shift of the alkyl 

fragments bound to the N.  
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The 1H spectrum shows at 1.3 ppm the resonance of the methyl fragment of the NCH2CH3 and at 

2.9 ppm the signal of the NCH3 and methylene group bound to the nitrogen atom.  

The 13C CPMAS NMR spectrum shows three signals at 7.4, 41.9 and 53.2 ppm respectively 

corresponding to the chemical shift of the methyls and the methylene of the NCH2CH3, and the 

NCH3.  

In both the 1H and 13C solid state NMR spectra the signals shifted slightly downfield, probably due 

to a shielding caused by the ionic character of AS1.  

The presence of the [(≡SiO)2Al(OC6F5)2]- anion can be further confirmed by 19F solid state NMR. 

The spectrum of AS1 shows three signals around -161, -166 and -173 ppm (Figure 5c). The 

intensities and chemical shifts of these three signals are characteristics of the ortho, meta and 

para fluorine atoms respectively, on the [(≡SiO)2Al(OC6F5)2]- anion, in agreement with literature 

data.3,8 

AS1 was furtherly characterized by 27Al MAS solid state NMR. The acquired spectrum is reported 

in Figure 6 in comparison with the 27Al spectrum of activating support 1 obtained by 

functionalization of grafted bipodal Al-isobutyl, as shown in Scheme 1, and prepared in our 

laboratory facilities.3 
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The comparison of the spectra acquired for the two activating supports 1 and AS1 reveals two 

signals of different shape and chemical shift. The signal of 1 is centered around 58 ppm and 

presents a line shape characteristic of quadrupolar coupling; the quadrupolar coupling constant 

(CQ = 7.7 MHz) and asymmetry parameter (η= 0.8) are typical of aluminum centers in tetrahedral 

configuration, with a distorted AlO4 coordination sphere. The fact that the spectrum can be 

modeled with only line broadening and no advanced distribution function (Czjzeck-type), proves 

that the species on the surface have a rather well-defined structure.9 On the other hand, the 27Al 

signal of AS1 features a chemical shift of 47.5 ppm, corresponding to a shift at the lower end of 

the AlO4 region, or upper end of AlO5 region.10 In this case a Czjzeck-type distribution is necessary 

to model the signal, given its non-symmetric nature (it is broader than 1), meaning that the Al 

centers in AS1 feature distribution of both chemical shift and quadrupolar coupling constant. Thus, 

the quadrupolar coupling constant of the AS1 signal (CQ = 4.2 MHz) is indicative of a slightly 

distorted environment. In addition, the chemical shift of this Al species present a Gaussian 

distribution of 18 ppm. These elements indicate that compared to 1, the aluminum sites in AS1 

are less uniform and feature a structure that is much less defined. This can be seen with the wide 

chemical shift distribution, which encompasses the AlO4 and AlO5 structures, that is with or 

without coordinated siloxane on the aluminate center. Thus, the difference between both NMR 

signals reveals differences in terms of the structure of both Al centers, even though their raw 

formula are similar. They both display a tetrahedral configuration but the distortion of this 

Figure 6 – 27Al MAS NMR spectra of activating supports 1 (blue plot) and AS1 (red plot). 
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geometry is not the same for both supported species. This difference in term of distortion could 

be explained by the differences in terms of synthesis (SiO2-700 vs. SiO2-200, grafting of TiBA vs. 

grafting of aluminum hydride, diethylaniline vs. dimethylethylamine for 1 and AS1, respectively). 

The different thermal treatments of silica lead to a different nature of the surface of silica which 

introduces geometrical and electronical differences in the structure of the resulting bipodal 

species. Based on these differences it would not be surprising that 1 and AS1 exhibit a different 

(≡SiO-Al-OSi≡) bite angle, or different degree of (≡Si-O-Si≡) coordination. 

From the characterizations performed on AS1 it is possible to confirm the successful synthesis of 

the ionic couple [(≡SiO)2Al(OC6F5)2]-[HNMe2Et]+, by grafting of an aluminium hydride on SiO2-200 

and successive modification of the bipodal hydride thus obtained with pentafluorophenol. 

The activating support AS1 was then tested as cocatalyst for two different metallocenes in 

ethylene/1-hexene slurry co-polymerization. 

2. Test in slurry polymerization of AS1 as cocatalyst for rac-EtInd2ZrCl2 and 

(MeCpBu)2ZrCl2 

 

AS1 was tested as activator for two different zirconocene precursors, rac-EtInd2ZrCl2, Cat1, and 

(n-BuCpMe)2ZrCl2, Cat2, (Scheme 5) in presence of alkylating agent TiBA in ethylene/1-hexene 

slurry copolymerization. 

The polymerization conditions used during the tests were the same for the two catalytic 

precursors. The polymerizations were conducted in 300 mL of heptane, at 80°C and 4 bars of 

Scheme 5 – Structure for rac-EtInd2ZrCl2 (left) and (n-BuCpMe)2ZrCl2 (right) 
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ethylene pressure for 30 minutes. The total concentration of [Zr] was 2 µM and TiBA was used as 

scavenger and alkylating agent in concentration 1 mM. The zirconocene precursor was activated 

right before the start of the polymerization by contacting it with the activating support in presence 

of TiBA, as alkylating agent. 

The polymerization results for the two different catalytic systems, AS1/Cat1 and AS1/Cat2, are 

reported in Table 3. 

Table 3 – Polymerization results obtained with the systems AS1/Cat1 and AS1/Cat2. General 

conditions: 80°C; 4 bars C2H4; 30 minutes; 300 mL heptane; [TiBA] 1 mM. 

run Catalyst 
m Zr 

Zr/Alsurface 
Zr loading C6 Yield Activity 

mg µmol Wt% mol% g g g-1
cat h-1 

1 AS1/Cat1 20.6 0.68 0.06 0.31 19.2 10.7 1111 

2 AS1/Cat2 20.3 0.64 0.06 0.29 19.3 10.0 982 

 

The polymerization tests showed high polymerization productivities for both systems, 1111               

g gcat
-1 h-1 for Cat1 and 982 g gcat

-1 h-1 for Cat2, proving AS1 to be a highly efficient activating support 

for molecular catalysts. The two systems, though, showed a very different behaviour from a kinetic 

point of view. In Figure 7 are reported the kinetic profiles during the polymerization for runs 1 and 

2. 

Figure 7 – Kinetic profiles for the polymerization tests performed with AS1/Cat1 and AS1/Cat2. 
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While AS1/Cat1 shows a very high boost in activity in the very first minutes of the polymerization 

followed by a rapid deactivation pattern, AS1/Cat2 presents a more stable activity throughout the 

polymerization time.  

The great differences in the kinetic behaviour are certainly due to the intrinsic nature of the two 

zirconocenes, but it can also be attributed to possible deactivation phenomena occurring during 

the polymerization itself, more favourably for Cat1 than for Cat2.  

In order to investigate if the activity shown by AS1/Cat2 remains stable even at longer 

polymerization times, a second polymerization test was performed with this system. The same 

polymerization conditions of run2 were used, but the polymerization lasted 60 minutes instead of 

30. The results for run 3 are reported in Table 4 and the kinetic profile in Figure 8, in comparison 

with those of run 2. 

Table 4 – Polymerization results obtained with the system AS1/Cat2. General conditions: 80°C; 4 

bars C2H4; 300 mL heptane; [TiBA] 1 mM 

run Catalyst 
m Zr 

Zr/Alsurface 
Zr loading C6 time Yield Activity 

mg µmol Wt% mol% min g g g-1
cat h-1 

2 AS/Cat2 20.3 0.64 0.06 0.29 19.3 30 10.0 982 

3 AS/Cat2 21.2 0.68 0.06 0.29 19.2 60 16.7 788 

 

Figure 8 – Kinetic profiles for the polymerization tests performed with AS1/Cat2. 
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How it is shown in Figure 8, after the first 30 minutes of polymerization, system AS1/Cat2 starts to 

undergo to a slow deactivation pattern, although keeping a good overall stability throughout the 

polymerization, furthermore confirming that the kinetic profile of the test performed with 

AS1/Cat1 is characteristic of the zirconocene complex and not induced by the activating support. 

The polymers obtained in run 1-3 were characterized by DSC and HT-SEC and IR spectroscopy. The 

amount of comonomer incorporated in the polymer chain was evaluated either by 13C NMR or IR 

spectroscopy. 

Table 5 –  DSC, HT-SEC characterization comonomer incorporation quantification results for the 

polymers obtained in runs 1-3. 

run 
time Activity X1-hexene Tf2 Crystallinity Mn Mw 

Đ 
min g g-1

cat h-1 (mol%) °C % g mol-1 g mol-1 

1 30 1111 1.8 117 41 22000 60700 2.7 

2 30 982 0.99 125 55 95000 213000 2.2 

3 60 788 0.94 125 44 89300 204300 2.3 

 

The polymers’ characterization results show that the two catalysts differ not only in the 

polymerization kinetics but also for the type of resins produced at similar reaction conditions. Cat1 

demonstrated a better incorporation ability than Cat2: at same co-monomer feed the amount of 

1-hexene incorporated in the chain produced by AS1/Cat1 is almost double that of the resins 

produced in runs 2 and 3. The higher comonomer content of resin 1 is reflected in a lower melting 

temperature, 117°C, than those of the polymers obtained in runs 2-3, 125°C.  

The products differ also in molar mass and molar mass distribution. While rac-EtInd2ZrCl2 produces 

resins with a fairly low Mw and broad dispersity (Mw 60 Kg mol-1 and Đ of 2.7), (n-BuCpMe)2ZrCl2 

produces higher molecular weight polymer chains with a narrower molar mass distribution, closer 

to that expected for single-site catalysts (Mw of around 200 Kg mol-1, Đ close to 2).  

The narrow distribution obtained with Cat2 proved the single site nature of the catalyst during the 

polymerization. The molar mass distribution found for the polymer produced by Cat2, although 

larger than that predicted for a single-site catalyst, was already reported in literature for this 
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system,2,11–13 and it could be attributed to the interaction of the zirconocene with the surface of 

the support. 

The fluffs were then furtherly characterized by SEM microscopy, to evaluate the morphology of 

the resins produced. In Figures 9 and 10 are respectively reported the images acquired for run 1 

and 2 respectively. 

In Figure 9 are depicted the SEM images acquired for the polymer obtained with the catalytic 

system AS1/Cat1 in run 1. From the general pictures it is possible to see the spherical particles 

proper of resins obtained in heterogeneous slurry polymerization processes such as the one used 

in this work. What is also possible to see from the pictures is the absence of undesirable fines. 

From the images at higher magnification is then possible to see the style of growth of the polymer. 

Figure 9 – SEM Images of the resins obtained with AS1/Cat1 at different magnifications: a) 40x; b) 150x; c) 700x; 

1.77Kx. 

a) b) 

c) d) 
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In Figure 10 are depicted the SEM images acquired for the resin obtained with the catalytic system 

AS1/Cat2 in run 2.  From the general pictures it is possible to see small agglomerates of spherical 

particles, results of the heterogeneous slurry polymerizations systems. It is not possible to say if 

these agglomerates were formed during the polymerization or, most probably, during the 

Figure 10 – SEM images acquired for the resin obtained with AS1/Cat2 at different magnifications: a)30x; b) 40x ; c) 

60x; d) 100x; e) 250x; f) 750x. 

a) b) 

c) d) 

e) f) 
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recovering and drying of the product. What is though interesting to note, like for the case of Cat1, 

is the absence of fines. From the images acquired at higher magnifications, c), d), e), f), it is possible 

to see polymer’s growth structure. 

Both the activity and polymer characterization results indicate AS1 as a highly performing 

activating support for homogeneous catalysts in slurry ethylene/1-hexene copolymerization. 

Given the promising results obtained at the laboratory scale, one of the two active systems 

investigated were tested at a pre-industrial scale in the INEOS Company’s facilities.  

3.   Scale-up of the system AS1/rac-EtInd2ZrCl2 at pre-industrial scale 

As stated in the previous paragraph, the slurry polymerization tests performed at the laboratory 

scale with [(≡SiO)2Al(OC6F5)2]-[HNMe2Et]+ in combination with (n-BuCpMe)2ZrCl2 and rac-

EtInd2ZrCl2 lead to promising results from both an activity and final product point of view. In order 

to ensure that the technology transfer from lab to pre-industrial scale for these systems was 

possible, we selected AS1/Cat1 to perform some tests in slurry polymerization in pre-industrial 

reactors at INEOS facilities in Brussels. 

The procedure followed during the testing of the catalyst was first to find the best conditions in 

which to test AS1/Cat1 (e.g. feed composition, amount of catalyst to inject…) to have a well-

behaved and controlled process, and then to study the effect of the Zr loading on the catalyst’s 

activity and on the product’s microstructure. 

The tests were performed in 5L autoclaves in 1.5L of isobutane as solvent, at 80°C, 10 bars of 

ethylene and 0.15 mol% H2/C2 ratio. The polymerizations lasted one hour.  

AS1 was pre-contacted with Cat1 right before being injected in the reactor. TiBA was used as both 

scavenger and alkylating agent for rac-EtInd2ZrCl2. The total TiBA/Zr vised for the polymerization 

was 100; 50% of the scavenger was directly injected in the reactor prior to the polymerization and 

50% was used during the catalyst pre-contact to alkylate the zirconocene bis-chloride complex. 

Based on the results obtained at the lab scale, a ratio of 0.06 Zr/Alsurf was selected for the first 

reference tests. Also, based on the activities recorded, it was decided to inject 100 mg of catalyst 
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in the reactor. AS1/Cat1 was tested at two different comonomer feed’s compositions, 25 and 60 

g of 1-hexene were used respectively in the first two polymerization tests. In Table 6 are reported 

the results for the first tests performed in Brussels. 

Table 6 – Polymerization tests with AS1 and rac-EtInd2ZrCl2. Conditions: 1.5L isobutane, 80°C, 10 

bars ethylene, 0.15 mol% H2/C2, 1 hour, 100 (TiBA/Zr)tot, 50 (TiBA/Zr)prec. 

runs 
m sup nZr Wt% 

Zr/Al(surf) 
1-hexene C6/C2 real Yield  Activity  

mg mol Zr g %mol g g gcat
-1 h-1 

4 100 3 0.27 0.06 25 0.39 442 4420 

5 100 3 0.27 0.06 60 0.91 435 4350 

 

The activity recorded for AS1/Cat1 during run 4 and 5 was close to four times higher than that 

recorded previously, moreover the initial activity was so high that it was not possible to control 

the process efficiently. In Figure 11 are reported the activity profiles for run 4 and 5. 

The plot shows clearly the difficulty encountered during run 4, but more importantly during run 5, 

in controlling the polymerization process. The high boost in activity occurring at the very beginning 

of the polymerization reaction caused the occurrence of exotherms of 30°C and 50°C degrees 

respectively for run 4 and 5. This caused a complete loss of morphology control on the final 

polymer particles.    

Figure 11 – Activity profiles for run 4 and 5 performed with AS1/Cat1 at pre-industrial scale. 
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The amount of catalyst injected in run 4-5 was definitely too much, considering the gain in activity 

observed at pre-industrial scale. It was thus decided to reduce to one-third the amount of powder 

injected in the reactor.  

Table 7 – Polymerization tests with AS1 and rac-EtInd2ZrCl2. Conditions: 1.5L isobutane, 80°C, 10 

bars ethylene, 0.15 mol% H2/C2, 1 hour, 100 (TiBA/Zr)tot, 50 (TiBA/Zr)prec. 

runs 
m sup nZr Wt% 

Zr/Al(surf) 
1-hexene C6/C2 real Yield  Activity 

mg mol Zr g %mol g g gcat
-1 h-1 

6 33 1 0.28 0.06 25 0.75 135 4091 

7 33 1 0.28 0.06 60 1.25 244 7394 

 

In Table 7 are reported the results for the tests performed using 33 mg of catalyst instead of 100. 

What it is interesting to notice is that, while at a lower comonomer loading, run 6, it was possible 

to have a good control of the polymerization process, in run 7 controlling the polymerization 

resulted to be harder than in run 5. Figure 12 depicts the kinetic profiles for both run 6 and 7 

The plot in Figure 11 shows clearly how the high boost in activity was such to make impossible a 

control of the polymerization process. Whereas run 6 showed a kinetic profile stable throughout 

the polymerization. This difference in behavior suggests that the amount of catalyst used in tests 

6 and 7 is right to obtain a good control of the polymerization process at low comonomer 

concentrations, but that rac-EtInd2ZrCl2 is too sensitive to the amount of comonomer used during 

Figure 12 – Activity profiles for run 6 and 7 done with AS1/Cat1 at pre-industrial scale. 
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the reaction, and that 60 g is probably a too high initial amount of 1-hexene to consent a control 

of the polymerization, in these operating conditions.  

It was devised to lower initial comonomer feed (40 g) with successive addition of 1-hexene aliquots 

during the polymerization in order to vise a constant C6/C2 ratio throughout the polymerization. 

The C6/C2 ratio was monitored by GC analysis of the gas phase in the reactor.  

Having established the conditions in which to operate the catalyst, it was decided to investigate 

the effect of the Zr loading on the catalyst’s activity. In Table 8 are reported the polymerization 

results obtained. 

Table 8 -  Polymerization tests with AS1 and rac-EtInd2ZrCl2, at different Zr loadings. Conditions: 

1.5L isobutane, 80°C, 10 bars ethylene, 0.15 mol% H2/C2, 1 hour, 100 (TiBA/Zr)tot, 50 (TiBA/Zr)prec. 

runs 
m sup nZr Wt% 

Zr/Al(surf) 
1-hexene C6/C2 real Yield  Activity  

mg mol Zr g %mol g g gcat
-1 h-1 

8 33 1 0.28 0.06 40+10 1.33 194 5879 

9 66 1 0.14 0.03 40+10+10 1.28 343 5197 

10 100 1 0.09 0.02 40+10+10 1.23 196 1960 

11 20 1 0.46 0.10 40 1.20 93 4650 

 

Figure 13 – Productivity in function of the Zr loading on the activating support for the system AS1/Cat1, as resulted 

from runs 8-11. 
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In Table 8 are reported the polymerization results for runs 8-11. How it is possible to see from the 

overall productivity values reported in Table 8 and from the plot depicted in Figure 13, the system 

AS1/Cat1 reaches a maximum of productivity in polymerization for 0.28wt% of Zr on the surface 

(0.06 Zr/Alsurf ratio). Either increasing or decreasing the wt% of metallocene on the support causes 

a drop in acivity. This kind of relationship between the metallocene loading and the overall activity 

has already been discussed in literature regarding different kinds of metallocenes and solid 

activators.1 The reason for this behavior could be imputed to the fact that, at a too high 

concentration of active species on the surface, possible interaction between the metal centers 

start to take place, affecting the activity. On this note, it could be interesting to remark that the 

evolution of the absolute yield in function of the Zr loading doesn’t match perfectly the activity 

one. Explaining this phenomenon is no easy task, but it is without question that form an industrial 

production point of view the parameter to take into consideration is the productivity, and that is 

why we focused on studying its evolution in relation to the zirconium concentration on the surface 

of the support.  

Figure 14 depicts the kinetic profiles for runs 8-11, in all the runs there was an initial activity boost 

followed by a rapid drop in activity after the first five minutes of polymerization, to then stabilize 

on a more or less stable value for the rest of the run (reproducing the kinetic profile already 

Figure 14 - Kinetic profiles for the polymerization runs performed with AS1/Cat1 at different Zr loading. 
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observed in run 1 at laboratory scale). In order to validate the method of subsequent comonomer 

addition as able not only to stabilize the ratio C6/C2 throughout one single polymerization reaction, 

but also to keep the C6/C2 comparable between the four different runs, in Figure 15 is reported 

the GC response for C6/C2 in runs 8-11, clearly showing that the four polymerizations proceeded 

at the same comonomer feed composition. 

The resins obtained where then characterized by GPC, DSC, IR, Melt Index, Bulk Density and MVS. 

The results are reported in Table 9 and 10. 

Table 9 – Characterization results for the resins obtained with AS1/Cat1 in run 4-11 in pre-

industrial scale. Results for the DSC, GPC and IR characterizations. 

run 
Wt% 1-hexene Activity Tf2 Crystallinity Mn Mw 

Đ 
Comonomer 

Zr g g gcat
-1h-1 °C % g mol-1 g mol-1 mol% 

4 0.27 25 4420 125 56.8 15500 84400 5.5 1.5 

5 0.27 60 4350 121 42.7 17800 84500 4.8 3.2 

6 0.28 25 4091 124 57.8 10300 69200 6.7 1.4 

7 0.28 60 7394 115 37.4 20300 85700 4.2 4.7 

8 0.28 40+10 5879 118 46.2 16200 99800 6.2 2.4 

9 0.14 40+20 5197 117 43.2 26100 149600 5.7 2.5 

10 0.09 40+20 1960 115 42.8 23100 135100 5.9 2.5 

11 0.46 40 4650 120 50.1 14600 94300 6.4 1.9 

  

Figure 15 – GC response for the C6/C2 ratio during runs 8-11. 
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From the first set of characterization results reported in Table 9 it is possible to evince a certain 

amount of information regarding the resins obtained at a pre-industrial scale.  

Firstly, if we focus on the results for run 4 and run 6, which were conducted in conditions similar 

to run 1 from the point of view of the C6/C2 ratio, we find that the products show molar masses 

and co-monomer incorporations similar to run 1. The molar mass distributions found are broad, 

as typical for the system. It is interesting though how the melting temperatures of runs 4 and 6 

are slightly higher than what expected for the level of comonomer incorporation. This may be due 

to a drift in the feed composition for the two runs, and the temperature peak observed is the one 

of the chains produced towards the end of the reaction. The results, anyhow, confirmed, also from 

the product point of view, that the scale up of the system AS1/Cat1 was successfully achieved.  

If we then focus on the characterization results of runs 8-11, we can notice that these polymers 

present lower melting temperatures due to higher comonomer incorporation, as expected given 

the higher amount of 1-hexene used during the polymerization. Moreover, it looks like that the 

loading of Zr on the catalyst has an influence on the Mw of the resins produced. It is very clear 

from the GPC-FTIR traces reported in Figure 16. 

Figure 16 – GPC-IR traces for the resins obtained in run 8-11. 
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From the plot depicted in Figure 16, results evident the bimodal behaviour of all the resins but 

also that the polymers synthesized at lower Zr/Alsurf ratio (run 9 and 10) show higher Mw. The 

reason behind the different polymers’ microstructure at different Zr loadings on the catalyst is not 

yet clear. It could be due to different type of interactions of the zirconocene with the activating 

support’s surface taking place at different Zr concentrations on the surface.  

Table 10 – Characterization results for the resins obtained with AS1/Cat1 in run 4-11 in pre-

industrial scale. Results for the Bulk density, Melt Index and Standard Volumic Mass 

characterizations. 

run 
Wt% 1-hexene Activity BD MVS MI2 HLMI 

Zr g g gcat
-1 h-1 kg/m³ kg/m3 g/10min g/10min 

4 0.27 25 4420 297 935 5.98 206 

5 0.27 60 4350 321 921 4.02 143 

6 0.28 25 4091 272 939 10.9 too fluid 

7 0.28 60 7394 428 916 3.50 90.4 

8 0.28 40+10 5879 367 926 3.32 149 

9 0.14 40+20 5197 365 921 0.13 12.6 

10 0.09 40+20 1960 330 922 0.27 21.9 

11 0.46 40 4650 293 931 2.83 138 

 

The density and Melt Index results reported in Table 10 are in agreement with the characterization 

results in Table 9. In fact, the MI values found for run 8-11 differ depending on the Zr loading in 

the catalyst, following the same trend already discussed for the molar masses. The resins obtained 

presented varying values of bulk densities across the table; this parameter is very important from 

a processing point of view, it in fact gives an idea of the packing efficiency inside the reactor during 

the polymerization process; the values obtained are overall acceptable and in the cases of runs 8 

and 9 in line with what is industrially expected.  

Finally, an analysis of the particle size distribution was performed for the resins obtained during 

well controlled polymerization processes, run 6, 8-11. The results are reported in Table 11. 
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Table 11 – Particle size distributions for the runs 6, 8-11 conducted on a pre-industrial scale with 

AS1/Cat1. 

run 
Mean Median d10 d50 d90 

Span 
m m µm µm µm 

6 259 240 52 240 486 1.8 

8 354 325 93 325 643 1.7 

9 341 300 108 300 584 1.6 

10 501 314 94 314 1304 3.9 

11 303 283 69 283 554 1.7 

 

In Figure 17 is reported as example the plot of the particle size distribution for run 8. 

The data reported in Table 11 show a consistent behaviour of the particle size distribution among 

the five different runs. It is though worth highlighting the fact that the span of the particle 

distribution profile is higher than the desired value of one, it is in fact possible to see in the plot in 

Figure 16 a shoulder around low particle diameters. This would suggest a not perfectly controlled 

fragmentation of the particles during the polymerization reactions.   

But, even considering the not ideal particle size distribution, the results obtained with AS1/Cat1 at 

pre-industrial scale are promising and encouraging. We thus decided to proceed with the isolation 

of a formulated ‘dry’ catalyst using AS1 as activator and support and rac-EtInd2ZrCl2 as catalyst 

precursor. 

Figure 17 – Particle size distribution for the polymer synthesized in run 8 with AS1/Cat1. 
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4. Formulation of an isolated ‘dry’ pre-catalyst ([(≡SiO)2Al(OC6F5)2]-[HNMe2Et]+/rac-

EtInd2ZrCl2 

4.1 Isolation of the zirconocene on the surface in presence of TiBA and polymerization tests 

The ideal aim of this thesis work is the isolation of an active catalyst by coordination of a molecular 

catalyst to the surface of an innovative activating support. As shown in the previous paragraphs 

two systems have been studied ([(≡SiO)2Al(OC6F5)2]-[HNMe2Et]+/rac-EtInd2ZrCl2 and 

[(≡SiO)2Al(OC6F5)2]-[HNMe2Et]+/(n-BuMeCp)2ZrCl2) which have revealed great application 

potential.  

In order to see if it was possible to isolate the catalyst and if the active species is stable on the 

surface, we proceeded to the formulation of an isolated catalyst.  

The first zirconocene studied under this perspective was rac-EtInd2ZrCl2. 

A ratio Zr/Alsurf of 0.06 was devised for the formulated catalyst, derived from the study shown in 

the previous paragraph. The coordination of the Zr on the surface was conducted in presence of 

TiBA as alkylating agent, in order to create a Zr-C bond. The ratio TiBA/Zr was 50, the same used 

for the test done at INEOS’s facilities.  

3 g of AS1 and 89 µmol of Cat1 were contacted in toluene in presence of TiBA and left to react for 

one hour at 50°C under stirring. At the end of the reaction the surnatant was still deeply yellow, 

indicating that the zirconocene didn’t coordinate fully to the AS surface. After washing the product 

once with toluene and twice with hexane the powder was dried. 

Scheme 6 – Structure of the two efficient catalytic systems tested. 
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Table 12 – Zr content real vs target for IsoCat. 

run 
Zr target 

wt% 
Zr/Al target 

Zr real 

wt% 

Zr/Al 

real 

IsoCat 0.28 0.06 0.06 0.007 

 

Table 12 reports the Zr content found for IsoCat by elemental analysis in comparison to the 

targeted one. It is evident that the most part of the zirconocene did not coordinate on the surface. 

This could have been the results of many reasons, most probably due to the procedure followed 

during the supporting reaction.   

Nonetheless, IsoCat was tested in the INEOS facilities in ethylene/1-hexene copolymerization. The 

polymerization was conducted in 1.5L of isobutane as diluent, at 80°C, 10 bars of ethylene and in 

presence of 0.5 mmol of TiBA as scavenger. The results of the polymerization are reported in Table 

13 and in Figure 18 is depicted the kinetic profile. 

Table 13 – Results of the polymerization test performed with IsoCat at INEOS facilities. Conditions: 

1.5L isobutane, 80°C, 10 bars ethylene, 0.15 mol% H2/C2, 1 hour. 

run 
m cat nZr 1-hexene TiBA Yield  Activity  

mg µmol g mmol g g g
cat

-1
h

-1
 

IsoCat 66 0.25 40 0.5 20 303 

Figure 18 – Kinetic profile of the polymerization test performed at INEOS with IsoCat. 
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The activity obtained, 303 gPE gcat
-1 h-1, was one order of magnitude lower than what was obtained 

previously with the pre-contact method. This isn’t very surprising given the very low amount of 

zirconocene present on the catalyst’s surface. The real issue in the low activity obtained with 

IsoCat is the fact that the targeted Zr/Al ratio on the surface was not met.  

In order to solve this problem the protocol of synthesis of the catalyst was modified at the lab 

scale: the catalyst suspension was left to react under stirring in the glovebox for one hour at room 

temperature, 25°C. In Table 14 are reported the results for the synthesis of two different 

formulated catalysts 

Given the difficulties in reaching the target amount of Zr on the catalyst surface, it was devised to 

contact Cat1 and AS1 in a higher Zr/Al ratio, 0.12, during the reaction. Moreover IsoCat02 was 

prepared in presence of 1-hexene, in the hope that a small amount of polyhexene produced during 

the catalyst’s synthesis could stabilize the active species on the surface. 

Table 14 – Reaction conditions and real surface composition for the formulated catalysts IsoCat01 

and IsoCat02. 

 

Reaction conditions Surface 

Zr/Alsurf TiBA/Zr 1-hex/Zr 
Al 

wt% 

Zr 

wt% 

n Al 

mmol g-1 

n Zr 

mmol g-1 Zr/AlAS Zr/Altot 

IsoCat01 0.12 50 - 2.76 0.11 1.02 0.012 0.022 0.012 

IsoCat02 0.12 50 12 2.31 0.12 0.86 0.013 0.023 0.018 

 

In the case of IsoCat01 and 02, the amount of zirconocene effectively immobilized on the silica 

was lower with respect to the target value. Presence of 1-hexene didn’t affect the zirconocene 

coordination in any noticeable way. The elemental analysis results also showed that a large 

amount of the TiBA used for the alkylation of the zirconocene chloride stays coordinated on the 

surface after the washings of the catalyst (the number of moles of Al found on the support rose 

from 0.55 mmolg-1 in AS1 to 1.02 mmol g-1 in IsoCat01 and to 0.86 mmol g-1 in IsoCat02). It was 

not possible, though, to establish if the TiBA was coordinated directly to the zirconocene, affecting 

the active species, or to the silica surface.  
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Both catalysts were characterized by DRIFT and solid state 1H MAS and 13C CP-MAS NMR. The 

spectra of the two catalysts look very similar. 

As a title of example Figure 19 depicts the DRIFT spectrum for IsoCat01.  The plot reveals an intense 

group of peaks below 3000 cm-1, frequency characteristic of the C-H stretching. The presence of 

peaks in this area of the spectrum is in agreement with the presence on the surface of both the 

zirconocene and a considerable amount of AliBu3. 

The NMR spectra of Figure 20 also show the presence of coordinated TiBA on the surface. 

Moreover, the amount of zirconocene coordinated to the AS is so little that it is not possible to 

Figure 19 – DRIFT spectrum of the formulated catalyst IsoCat01. 

Figure 20 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of IsoCat01. 
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see the signal of the indenyl rings at the 1H spectrum, while at the 13C it generates a large peak of 

small intensity around 130 ppm. 

At the 1H NMR spectrum is possible to see five peaks at 0.56, 1.01, 1.79, 2.10 and 2.91 ppm 

corresponding respectively to the methylene group bonded to the Al, the methyl moiety of the 

NCH2CH3, methyls and methyne groups of AliBu, and at last the resonance of the methylene of the 

NCH2CH3 and the methyl directly bound to the N of the ammonium. 

In the 13C NMR spectra are depicted at 6.0 ppm the resonance of the methyl fragment of the 

NCH2CH3, at 19.9 and 24.4 ppm the signals of the methylene and of the methyne and methyls of 

the AliBu group. At 41.2 ppm and at 51.7 ppm resonate the methyls directly bound to the N and 

the methylene groups of the NCH2CH3 respectively. 

Even though the Zr content on the two formulated catalysts was lower than the desired value, 

they were tested in ethylene/1-hexene slurry copolymerization.  

The polymerizations were run in 300 mL of heptane at 80°C and under 4 bars of ethylene, TiBA 

was used as scavenger. In Table 15 are reported the polymerization results. 

Table 15 – Polymerization results obtained with IsoCAt01 and IsoCat02 in slurry copolymerization. 

General conditions: 80°C; 4 bars C2H4; 300 mL heptane; [TiBA] 1mM. 

Run Catalyst 
M Zr Zr 

Zr/Alsurface 
Zr C6 Yield Activity 

mg mmol g-1 µmol Wt% mol% g g gcat
-1 h-1 

1 AS1/Cat1 20.6 - 0.68 0.06 0.31 19.2 10.7 1111 

12 IsoCat01 18.5 0.012 0.22 0.022 0.11 19.8 0.95 103 

13 IsoCat02 29.2 0.013 0.38 0.023 0.12 19.8 2.63 180 
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The results are reported in comparison with those obtained with the pre-contact method for the 

system AS1/Cat1, in the same conditions. The activity recorded for both formulated catalysts is 

low with respect to the reference, as clearly depicted also in Figure 21. 

As in the case of IsoCat, also for IsoCat01 and 02 the real issue consists in the low amount of Zr 

present on the surface, affecting the productivity of the catalyst. When the product was 

recovered, it was possible to see the formation of small aggregates of particles, but it was not 

possible to understand if they were formed during the polymerization or were the result of the 

polymer recovering process.  

In order to tackle the issue of the zirconocene coordination to the surface of the activating 

support, the protocol followed for the synthesis of the ‘dry’ catalyst was modified, in order to try 

and force the coordination. The amount of toluene used during the synthesis was reduced to 2 mL 

(2.6 times the pore volume of the silica) just enough to solubilize Cat1. The catalyst’s washing step 

was removed: after leaving the catalyst react for one hour, the solvent was removed by drying 

under vacuum.  

In this third batch of formulated catalysts the TiBA/Zr ratio was varied during the immobilization 

reaction, to investigate its effect on the activity. 

Figure 21 – Kinetic profiles for the polymerization runs conducted with the system AS1/Cat1, IsoCAt01 and IsoCat02. 
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Table 16 – Surface composition of IsoCAt03 and IsoCat04. 

 
Zr 

wt% 

n Zr 

mmol g-1 Zr/Alsurf TiBA/Zr 

IsoCat03 0.3 0.036 0.07 50 

IsoCat04 0.4 0.044 0.08 3 

 

Table 16 reports the surface composition of the formulated catalysts IsoCat03 and IsoCat04, 

obtained at different TiBA/Zr ratios. The impact of the TiBA/Zr ratio was immediately discernible, 

in fact, as soon as the reaction was started, the suspension of IsoCat04 turned from a yellow colour 

(characteristic of the bis-indenyl zirconocene complex) to dark green. At the end of the reaction 

the product was dried and characterized by DRIFT and solid state NMR. 

While the DRIFT spectra for IsoCat03 and 04 resemble on any account the one reported in Figure 

19, it is worthwhile to consider the 1H MAS and 13C CP-MAS solid state NMR spectra for IsoCat04.  

The 13C NMR spectrum for IsoCat04 presents itself to be very similar to the one of IsoCat01 

depicted in Figure 19, with at 7.6 ppm the resonance of the methyl fragment of the NCH2CH3, at 

19.9 and 24.5 ppm the signals of the methylene and of the methyne and methyls of the AliBu 

group. At 40.9 ppm resonate the methyls directly bound to the N and at 51.3 ppm the methylene 

groups of the ammonium. On the other side the 1H NMR shows a higher number of signals, in fact 

besides the peaks at 0.31, 0.87, 1.88, 2.54 and 2.92 ppm corresponding respectively to the 

Figure 22 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of IsoCat01. 
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methylene group bound to the Al, the methyl moiety of the NCH2CH3, the methyls and methyne 

of the AliBu, and the methylene of the NCH2CH3 and the methyl directly bound to the N of the 

ammonium, there’s two additional bands at 0.13 and 3.55 ppm that could be due to differently 

coordinated TiBA moieties. 

The formulated catalysts IsoCat03 and IsoCat04 were then tested in ethylene/1-hexene slurry 

copolymerization. The polymerizations were run in 300 mL of heptane at 80°C and under 4 bars 

of ethylene, TiBA was used as scavenger. In Table 17 are reported the polymerization results. 

Table 17 – Polymerization results obtained with IsoCat03 and IsoCat04 in slurry ethylene 

copolymerization. General conditions: 80°C; 4 bars C2H4; 300 mL heptane; [TiBA] 1mM. 

run Catalyst 
Time* m Zr Zr 

Zr/Alsurf 
Zr C6 Yield Activity 

days mg mmol g-1 µmol Wt% mol% g g gcat
-1 h-1 

14 IsoCat03 - 21.1 0.036 0.76 0.065 0.33 19.8 2.65 251.5 

15 IsoCat04 1 38.6 0.044 1.70 0.08 0.40 19.8 21.1 1090 

16 IsoCat04 4 26.0 0.044 1.15 0.08 0.40 19.8 9.41 725 

17 IsoCat04 5 21.6 0.044 0.95 0.08 0.40 20.2 5.88 545 

18 IsoCat04 21 26.1 0.044 1.15 0.08 0.40 19.8 3.25 250 

*Time elapsed since the synthesis. Runs 15-18 were conducted over a period of two-three weeks, giving to the catalyst 

time to age. 

As expected IsoCat03 resulted to be more active than IsoCat01 or IsoCat02 given the higher 

loading of Zr on the surface, but still the productivity wasn’t very high. On the other side, lowering 

the TiBA/Zr ratio during the synthesis had a very positive effect productivity-wise.  

In fact, the catalyst was so active that in run 15 it was not possible to control the temperature 

during the polymerization. The exotherm was such to bring the temperature of the system to 90°C 

from the set-point of 80°C, additionally it was necessary to stop the polymerization after 23 

minutes.  

In order to have a better control of the process, in the following tests the amount of catalyst was 

reduced. In Figure 23 are reported the kinetic profiles for run 14-18. 
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Both Table 17 and Figure 23 show a clear trend of IsoCat04 to deactivate over time during storage, 

in fact the activity drops from 725 to 250 gPE gcat
-1 h-1, meaning that, at room temperature, the 

active species are unstable on the surface and evolve over time. 

The deactivation of the active species could be due either to a transfer of a phenoxy group from 

the activator to the zirconocene,8 or to a side reaction of either the aluminate or the zirconocene 

with the TiBA coordinated to the surface. For example, it is possible for TiBA to react with one Al-

OC6F5 fragment on the surface, the alkylation would result in an anionic [(≡SiO)2AliBu(OC6F5)]- 

species and a not efficient separation of the ionic couple on the surface. This considered, given 

the great gain in activity obtained in reducing the TiBA/Zr ratio during the preparation of the 

catalyst, it could be assumed that TiBA is one of the main causes for the loss in activity. To avoid 

this problem, we decided to proceed to the synthesis of a formulated catalyst in absence of TiBA.  

The polymers obtained with IsoCat03 and IsoCat04 were characterized by DSC, HT-SEC and IR. The 

results for the characterization are reported in Table 18. 

 

 

Figure 23 – Kinetic profiles for the polymerization tests performed with IsoCat03 and isoCat04, run 14-18. 
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Table 18 – DSC, HT-SEC and comonomer content characterization results for the polymer 

synthesized by IsoCat03 and IsoCat04. 

run Catalyst 
Activity Tf2 Crystallinity Mn Mw 

Ð 
g gcat

-1 h-1 °C % g mol-1 g mol-1 

14 IsoCat03 251.5 122 38.5    

15 IsoCat04 1090 120 43.7 48100 153400 3.2 

16 IsoCat04 725 121 40.5    

17 IsoCat04 545 122 44.8 20000 226000 11.3 

18 IsoCat04 250 123 44.9 30300 130600 4.3 

 

The melting temperatures and crystallinity fractions found for runs 14-18 are comparable with 

what already observed for the system AS1/Cat1. The resins present again the same large molecular 

weights distributions typical of this catalyst, while overall higher Mw where found than those 

obtained by pre-contact activation of the catalyst. This could be one other effect of the 

modifications of the active site caused by the presence of a great amount of TiBA on the surface. 

As said previously to eliminate the use of the alkylating TiBA during the synthesis of the isolated 

catalysts, we proceeded to the methylation of the zirconocene chloride pre-catalyst, and then to 

its coordination on AS1. 

4.2 Methylation of rac-EtInd2ZrCl2 to rac-EtInd2ZrMe2, MCat1  

The synthesis of rac-EtInd2ZrMe2 was done by methylation of rac-EtInd2ZrCl2 with LiCH3 according 

to the reaction reported in Scheme 7. 

The product was characterized by 1H solution NMR in C6D6. The spectrum is reported in Figure 23. 

 

Scheme 7 – Methylation reaction of rac-EtInd2ZrCl2. 
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The 1H NMR spectrum shows that during the methylation reaction a partial racemization of the 

zirconocene occurred. From the integration of the peaks of the methyls it was possible to evince 

that the ratio meso:rac was 28:72. The assignation of the peaks for the two isomers was done 

according to the literature.14 The methyls resonate at -2.19 and 0.14 ppm for the meso isomer, 

and at -0.95 ppm for the rac. Between 2.5 and 3.2 ppm are located the multiplets of the ethyl 

bridge for both species. The two doublets of the Cp ring are located at 5.66 and 6.43 ppm for the 

rac (J=3.30 Hz) and at 5.71 and 6.46 ppm for the meso (J= 3.30 Hz). Between 6.8 and 7.4 ppm 

resonate the aromatics of both isomers. The intense peak at 0.3 ppm was due to impurities of the 

deuterated benzene. 

4.3 Isolation of a formulated catalyst from MCat1 and AS1 

MCat1 was used to synthesize two different isolated ‘dry’ catalysts by reaction with AS1, IsoCatM1 

and IsoCatP. The difference between the two catalysts resides in the solvent used for their 

synthesis; in fact IsoCatM1 was obtained in toluene while IsoCatP in pentane. In Table 19 is 

reported the surface composition for the two. 

Figure 24 – 1H NMR spectrum of MCat1 in C6D6. 
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Table 19 – Surface composition for IsoCatM1 and IsoCatP. 

 
Zr 

wt% 

n Al 

mmol g-1 

n Zr 

mmol g-1 Zr/Alsurf 

IsoCatM1 0.3 0.55 0.035 0.07 

IsoCatP 0.6 0.55 0.07 0.12 

 

The two catalysts were tested in ethylene slurry polymerization in the same conditions as the 

previous dry catalysts. 

 Test in slurry polymerization with IsoCatM1 

The polymerizations were run in 300 mL of heptane at 80°C and under 4 bars of ethylene, TiBA 

was used as scavenger. The results obtained for IsoCatM1 and IsoCatP are going to be discussed 

separately. In Table 20 are reported the polymerization results for IsoCatM1. 

Table 20 – Polymerization results obtained with IsoCatM1 in slurry ethylene copolymerization. 

General conditions: 80°C; 4 bars C2H4; 300 mL heptane; [TiBA] 1mM. 

run 
Time* m Zr Zr 

Zr/Alsurface 
Zr loading C6 Yield Activity 

days mg mmol g-1 µmol Wt% mol% g g gcat
-1 h-1 

19 1 23.2 0.034 0.79 0.07 0.31 8.16 3.83 330 

20 3 9.0 0.034 0.31 0.06 0.31 15.0 1.88 420 

21 2 22.7 0.034 0.77 0.06 0.31 20.0 21.4 1888 

22 4 12.5 0.034 0.43 0.06 0.31 20.2 8.45 1350 

23 11 12.4 0.034 0.42 0.06 0.31 20.2 5.24 850 

24 18 17.4 0.034 0.59 0.06 0.31 19.5 2.21 255 

*Time elapsed since the synthesis. Runs 19-24 were conducted over a period of two-three weeks, giving to the catalyst 

time to age. 

From the results reported in Table 20 three important information about IsoCatM1 can be evinced.  

Firstly, the hypothesis that TiBA was detrimental for the activity of the catalyst was confirmed. In 

fact, if we compare run 21 from Table 20 with run 15 in Table 17, we can see that the first is almost 

twice as active as the latter. So much so, that in run 21 it was not possible to control the 

temperature of the reaction at 80°C, but it rose to 90°C, making it impossible to run the 

polymerization past 25 minutes of reaction time.  
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It was necessary to reduce the amount of catalyst injected for the following tests. Figure 25 reports 

the kinetic profiles for run 19-24, showing even more evidently the high activities obtained. 

The second characteristic that can be evinced by looking at runs 19-21 is the great effect of the 

feed’s tenure in comonomer on the catalyst’s activity. In fact, increasing the concentration of 1-

hexene from 8 to 20 mol%, causes a huge spike in the productivity of the catalyst, as depicted in 

Figure 26. 

Figure 25 – Kinetic profiles for the slurry polymerization tests performed with IsoCatM1. 

Figure 26 – Comonomer effect on the productivity of IsoCatM1. 
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Nonetheless, runs 22-24 show that even though the presence of TiBA adsorbed on the surface of 

the catalyst had negative effect on the activity, it was not the only cause for the catalyst 

deactivation over time at room temperature. After 20 days from its synthesis in fact the 

productivity of IsoCatM1 dropped from 1350 to 255 g gcat
-1 h-1. The deactivation has then to be 

imputed to a side reaction occurring between the zirconocene and the activating support. 

The polymers obtained with IsoCatM1 were then characterized by DSC, HT-SEC and IR. In Table 21 

are reported the results. 

Table 21 – DSC, HT-SEC and comonomer content characterization results for the polymer 

synthesized by IsoCatM1. 

run 
C6 Activity Tf2 Crystallinity Mn Mw 

Ð 
Comonomer 

mol% g gcat
-1 h-1 °C % g mol-1 g mol-1 mol% 

19 8.16 330 127 46.7 63700 146500 2.3 0.8 

20 15.0 420 118 51.6 45800 151300 3.3 1.2 

21 20.0 1888 119 46.2 24500 54800 2.2 1.9 

22 20.2 1350 118 41.4 26500 100500 3.8 2.0 

23 20.2 850 117 52.2 35100 159500 4.5 1.7 

24 19.5 255 115 42.0 51000 171300 3.4 1.7 

 

All the samples produced by IsoCatM1 reveal the same large molecular weight distribution proper 

of rac-EtInd2ZrCl2, with the exception of run 21. In fact, this resin not only has a PD close to two 

but also a Mw lower than the other samples. This could be imputed to the higher polymerization 

temperature at which the sample was produced. This could have had, in fact, some effect on the 

performance of the active site. This is even clearer when observing the SEC traces for the samples 

reported in Figure 27. 

The plot of the GPC traces evidences clearly the difference between run 21 and runs 22-23. Since 

the only difference consists in the temperature reached during the reaction, it could be safe to 

assume that the shrinking in the molecular weight and molecular weight distribution witnessed at 

90°C, is in fact due to the higher temperature. 
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Table 21 also reports the comonomer content of runs 19-24. As expected the amount to α-olefin 

incorporated grows from run 19 to 21 as a consequence of the increase of the tenure in C6 of the 

reaction feed. The degree of branching found is in agreement with what previously seen with other 

resins produced with Cat1 and is well reflected in the melting temperatures reported in Table 21 

for the polymers.  

 Test in slurry polymerization with IsoCatP 

The same polymerization conditions applied for IsoCatM1 were used for IsoCatP. The 

polymerizations were run in 300 mL of heptane at 80°C and under 4 bars of ethylene pressure, 

TiBA was used as scavenger. In Table 22 are reported the polymerization results for IsoCatP. 

Table 22 – Polymerization results obtained with IsoCatP in slurry ethylene copolymerization. 

General conditions: 80°C; 4 bars C2H4; 300 mL heptane; [TiBA] 1mM.  

run 
N of 

days* 

T m Zr 
Zr/Alsurface 

Zr loading C6 Yield Activity 

°C mg µmol Wt% mol% g g gcat
-1 h-1 

25 8 80 12.6 0.82 0.12 0.59 19.5 5.03 800 

26 22 80 10.1 0.66 0.12 0.59 19.0 3.12 615 

27 1 90 19.5 1.27 0.12 0.59 19.8 21.8 3030 

28 20 90 19.0 1.23 0.12 0.59 19.8 21.9 2310 

29 23 95 11.5 0.74 0.12 0.59 21.8 19.8 3300 

*At room temperature. 

Figure 27 – SEC traces of the resins obtained with IsoCAtM1. 
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The tests performed with IsoCatP show a lower activity at 80°C with respect to IsoCatM1 as could 

have been expected after the study performed in paragraph 3 of the Chapter for a Zr/Al ratio 

higher than 0.06 on the surface of the catalyst. Moreover, the tests reported in Table 22 show 

how the catalyst’s activity is highly responsive not only to the C6/C2 ratio in the reactor, but also 

to the temperature of the polymerization. The activity plots reported in Figure 28 make this 

observation even more evident. 

The effect of the temperature on the catalyst’s performance was impressive, the productivity rose 

from 800 to 3030 g gcat
-1 h-1 in going from 80°C to 90°C. Independently of the temperature at which 

the polymerizations were run, though, also IsoCatP, like the other isolated catalysts, was subject 

to a deactivation phenomenon over time under storage at ambient temperature in the glove box: 

activity at 80°C dropped from 800 to 650 g gcat
-1 h-1, while at 90°C the productivity passed from 

3030 to 2310 g gcat
-1 h-1 in 20 days. 

In order to check if the temperature had an effect also on the structure of the polymer and not 

only the productivity, the resins obtained were analyzed by DSC, HT-SEC and IR. The results are 

reported in Table 23 

Figure 28– Kinetic profiles for the slurry polymerization tests performed with IsoCatM1. 
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Table 23 – DSC, HT-SEC and comonomer content characterization results for the polymer 

synthesized by IsoCatP. 

run 
N of 

days 

T Activity Tf2 Crystallinity Mn Mw 
Ð 

Comonomer 

°C g gcat
-1 h-1 °C % g mol-1 g mol-1 mol% 

25 8 80 800 122 37.8 19700 133800 6.8 1.5 

26 22 80 615 117 45.9 39300 158800 4.0 1.6 

27 1 90 3030 122 40.3 18300 49000 2.7 1.6 

28 20 90 2309 120 36.5 25900 63000 2.4 1.5 

29 23 95 3455 119 29.7 21100 50600 2.4 1.7 
*At room temperature. 

From the HT-SEC results it is clear that the temperature has an effect on the molecular weight and 

distribution of the resins. While the polymers synthesized at 80°C have a Ð higher than 4 and an 

Mw above 130000 g mol-1, the resins obtained at 90°C have shorter chains and narrower molar 

mass distributions, Mw around 50000 g mol-1 and Ð close to 2. The plot of the SEC traces in Figure 

29 exemplifies it very clearly. It isn’t easy to prove the exact effect of the temperature on the 

catalyst and on the polymer particles; it could either influence directly the interaction between 

the zirconocene and the activator on the surface, or merely have a more physical effect on the 

growing particle dynamics.  

This temperature effect is interesting from a product tailoring point of view. In fact, by controlling 

the temperature of polymerization it could be possible to control the properties of the final resins. 

Figure 19 – HT-SEC traces of the resins obtained with IsoCatM1. 
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It was not possible to perform a characterization of the morphology of the resins obtained with 

this catalyst due to the formation of aggregates at the time of the filtration to recover the product.  

 Ethylene polymerization tests in gas phase with IsoCatM1 

Once confirmed the well-behaviour of the formulated catalysts in slurry polymerization, IsoCatM1, 

the most performing of the isolated catalysts synthesized, was employed in gas phase ethylene 

polymerization. The aim of this test was to check the behaviour of the catalyst also in gas phase 

from both an activity and product performance point of view. 

Moreover, the performance of IsoCatM1 was compared, in similar conditions, to that of two INEOS 

industrial references. The polymerizations were conducted in a 2.5 L turbosphere reactor, under 

7 bars of ethylene pressure for one hour, 70-100 g of salt were used to disperse the catalyst and 

TiBA was employed as scavenger. In Table 24 are reported the polymerization tests’ results. 

Table 24 – Polymerization results for the gas phase polymerization tests performed with IsoCatM1 

and INEOS references. General conditions: 2.5L; 7 bars C2; 1 hour; 70-100 g salt; TiBA as scavenger. 

catalyst 
T m cat Zr Ti TiBA Yield Productivity 

°C mg wt% wt% mmol g gPE gcat
-1 h-1 

INEOS1 72 100 - 0.22 0.8 18.0 180 

INEOS2 85 100 0.48 - 1.0 51.0 510 

IsoCatM1 75 12.7 0.31 - 1.0 3.62 285 

 

From the data reported in Table 24 the productivity of IsoCatM1 is in the same order of magnitude 

as the industrial references, even higher than INEOS1. In Figure 28 are reported the kinetic profiles 

for the three catalysts. 

The plot depicts clearly that although the three catalysts present a very different behaviour and 

kinetics one from the other, the overall activity is in the same range. The fact that the activities 

recorded with IsoCatM1 are in the same range of those of industrial catalysts is once more a proof 

that the activating support AS1 has the same level of efficiency of supported activators currently 

used in industrial production.  
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It is worth noticing that the productivity recorded for IsoCatM1 in gas phase, 285 gPE gcat
-1 h-1, is 

lower than the maximum one recorded in slurry polymerization, 1350 gPE gcat
-1 h-1, but it is to be 

expected considering that the reaction in gas phase was conducted in homopolymerization 

conditions, and that it was stated before that the comonomer concentration in the feed has a 

huge effect on the catalyst’s activity.  

The polymer obtained with IsoCatM1 in gas phase was characterized by DSC and HT-SEC, the 

results are reported in Table 25. 

Table 25 – DSC and HT-SEC characterization results for the polymer synthesized by IsoCatM1 in 

gas phase homopolymerization. 

run 
Activity Tf2 Crystallinity Mn Mw 

PD 
g g-1

cat h-1 °C % g mol-1 g mol-1 

IsoCatM1 285 130.8 54.0 46300 108800 2.4 

 

As expected, considering that the run was conducted in homopolymerization conditions, the DSC 

characterization of the fluff evidenced a high melting temperature, 130°C, and a high crystallinity 

fraction, 54%, confirming the HDPE nature of the resin.  

Figure 30 – Kinetic profiles for the gas phase polymerization test performed with IsoCatM1 confronted with two 

industrial references. 
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For what concerns, on the other side, the HT-SEC characterization, the molar mass of the polymer 

resulted to be in line with what already observed for IsoCatM1 in runs 19-24. But instead of what 

we were used to observe with polymers obtained with rac-EtInd2ZrCl2, the polydispersity in this 

case is narrower, 2.4 instead of 3.0 or higher. The narrowing of the polydispersity could be simply 

due to the absence of comonomer; in fact IsoCatM1, but also AS1/Cat1, were never tested in 

homopolymerization conditions in slurry. A second reason for the narrower molar mass 

distribution could be found in a change in the process, passing from slurry to gas phase 

polymerization, could affect also the microstructure of the final polymer.  

The morphology of the powder obtained was observed by SEM microscopy. The images acquired 

are reported in Figure 31. From the general pictures (Figure 30a and 30b), we observed the 

absence of undesirable fine amongst the polymer particles, confirming once more the good 

behaviour of the catalytic system. In the the images acquired at higher magnifications, c), d), e), 

f), the polymer’s growth structure. 
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Given the good results obtained with rac-EtInd2ZrMe2 in the isolation of a formulated catalyst, we 

decided to isolate a ‘dry’ catalyst also with (n-BuMeCp)2ZrCl2. 

 

a) b) 

c) d) 

e) f) 

Figure 31 – SEM images acquired for the resin obtained with IsoCatM1 in gas phase at different magnifications: a)50x; 

b) 100x ; c) 177x; d) 177x; e) 557x; f) 1.77Kx. 
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4.4 Synthesis of (n-BuMeCp)2ZrMe2, MCat2 

For the isolation of the formulated catalyst based on (n-BuMeCp)2ZrCl2, it was decided to use the 

complex, (n-BuMeCp)2ZrMe2, MCat2, that can react directly with AS1, in order to avoid the 

problems observed with IsoCat01-04 in presence of TiBA. 

The procedure followed for the synthesis of (n-BuMeCp)2ZrMe2 was the same used for MCat1. (n-

BuMeCp)2ZrCl2 was reacted with 2 eq. of CH3Li in Et2O overnight, then the product was extracted 

in pentane and dried to give a white powder. In Scheme 8 is reported the reaction pathway. 

The product was characterized by 1H solution NMR in C6D6. The acquired spectrum is reported in 

Figure 32 and shows the successful methylation of the zirconocene. 

Scheme 8 – Synthesis of (n-BuMeCp)2ZrMe2, MCat2. 

Figure 32 – 1H NMR spectrum of (n-BuMeCp)2ZrMe2 in benzene-d6. 
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The spectrum appears clean with the signals proper of MCat2. At -0.13 ppm can be seen in fact 

the singlet of the Zr-CH3 moiety and at 0.89 ppm the triplet of the methyl of the butyl group. At 

1.3 ppm and 1.5 ppm resonate respectively the CpC2H4-CH2-Me and the CpCH2-CH2-C2H5 as 

multiplets. The singlet of the methyl group directly bonded to the Cp rings falls at 1.95 ppm and 

at 2.29 ppm there’s a multiplet assigned to Cp-CH2-C3H7. The protons of the cyclopentadienyl ring 

resonate at 5.40 and 5.66 ppm as a multiplet and triplet respectively. 

 Synthesis of IsoCatM2 

MCat2 thus obtained was reacted in hexane with AS1 for 1 hour to synthesize the ‘dry’ catalyst 

IsoCatM2. The Zr/Al ratio targeted was very close to the one used for the reference runs 2 and 3. 

In Table 26 is reported the surface composition for IsoCatM2. 

Table 26 – Surface composition of IsoCatM2. 

 
Zr 

wt% 

n Al 

mmol g-1 

n Zr 

mmol g-1 Zr/Alsurf 

IsoCatM2 0.33 0.72 0.036 0.05 

 

The product was characterized by DRIFT and 1H MAS and 13C CPMAS solid state NMR. In Figure 33 

is reported the DRIFT spectrum of the catalyst. 

 

Scheme 9 – Synthesis of the ‘dry’ catalyst IsoCatM2. 
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Upon reaction of MCat2 with the surface of AS1 the main change to the DRIFT spectrum is the 

increase in intensity of the bands relative to the CH stretching at 3000 cm-1. The peak at 3070     

cm-1 of the N-H stretching of the ammonium is still present, but this is was to be expected 

considering the low amount of zirconocene introduced with respect to the ammonium on the 

surface. 

The 1H spectrum clearly shows the signals for the zirconocene complex coordinated on the 

surface. At 5.83 ppm resonate the protons of the Cp ring, the shoulder at 1.98 ppm can be 

attributed to the methyl group directly bonded to the Cp, while at 1.25 and 0.85 ppm there’s the 

signal of the methylenes and of the methyls of the butyls moieties, respectively. Underneath the 

Figure 20 – DRIFT spectra of AS1 (bottom) and IsoCatM2 (top). 

Figure 34 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of IsoCat01. 
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same large peak resonate the methyl of the NCH2CH3 and at 2.79 ppm the NCH3 and the methylene 

bonded to the N. The peak at 0.04 ppm could be due to grease residues; given the very low Zr/Al 

ratio, it is not possible to individuate the Zr-CH3 signal.   

At the 13C NMR are present five peaks at 140.1, 133.2, 53.6, 41.8 and 8 ppm. The peaks at 140.1 

and 133.2 ppm are assigned to the Cp ring of the zirconocene, at 53.6 ppm resonate the methylene 

of the ethyl bonded to the N, at 41.8 ppm is the signal of the NCH3 group and at 8 ppm the methyl 

of the ethyl bonded to the N. Underneath these large peaks fall also the signals of the aliphatic 

groups of the zirconocene. 

 Test in slurry polymerization with IsoCatM2 

IsoCatM2 was then tested in ethylene/1-hexene slurry copolymerization. The same polymerization 

conditions applied for IsoCatM1 and IsoCatP were used also for IsoCatM2. The polymerizations 

were run in 300 mL of heptane at 80°C and under 4 bars of ethylene, TiBA was used as scavenger. 

In Table 27 are reported the polymerization results for IsoCatM2. 

Table 27 – Polymerization results obtained with IsoCatM2 in slurry ethylene copolymerization. 

General conditions: 80°C; 4 bars C2H4; 300 mL heptane; [TiBA] 1mM. 

run 
time m Zr 

Zr/Alsurface 
Zr loading C6 Yield Activity 

min mg µmol Wt% mol% g g g-1
cat h-1 

30 30 16.0 0.58 0.05 0.33 19.3 3.47 435 

31 30 33.2 1.20 0.05 0.33 20.5 9.93 600 

32 60 23.5 0.85 0.05 0.33 19.8 8.42 360 

33 30 22.0 0.79 0.05 0.33 20.2 1.10 100 

 

In Figure 35 are depicted the Kinetic profiles for runs 30-33. 
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IsoCatM2 showed lower productivities than IsoCatM1 and IsoCatP, but also lower than the ones 

during run 2 and 3. However, the same kinetic profile recorded with the pre-contact method, was 

found also in the case of IsoCatM2. 

The greater stability showed during the polymerization time could have suggested also a higher 

stability of the active species on the silica surface over time, at room temperature. Instead, run 

33, conducted one month after run30 and 31, and showed a deep drop in productivity (from 600 

gPE gcat
-1 h-1 to 100 gPE gcat

-1 h-1). 

The polymers obtained with IsoCatM2 were characterized by DSC, HT-SEC and IR. The results are 

reported in Table 28. 

Table 28 – DSC, HT-SEC and comonomer content characterization results for the polymer 

synthesized by IsoCatM2. 

run 
time Activity Tf2 Crystallinity Mn Mw 

Ð 
Comonomer 

min g g-1
cath-1 °C % g mol-1 g mol-1 mol% 

30 30 435 127.6 48.1 54900 113500 2.1 0.7 

31 30 600 123.7 44.1 46700 104100 2.2 0.9 

32 60 360 126.8 45.3 55900 114800 2.1 0.7 

33 30 100 127.0 46.4 70000 135100 1.9 0.7 

Figure 35 – Kinetic profiles for the slurry polymerization tests performed with IsoCatM1. 
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The characterization of the resins obtained in runs 30-33 show some coherence with the results 

obtained with runs 2 and 3. In fact from both the comonomer content and the melting 

temperature it is possible to see how IsoCatM2 has a lower tendency to incorporate 1-hexene 

than IsoCatM1 and IsoCatP, mirroring what was observed for the tests performed by pre-

contacting AS1 with Cat1 and Cat2.  

The results obtained by HT-SEC are on the other side more surprising. In fact, while as expected 

the molar mass distribution of all four resins reported in Table 28 are narrow (all close to 2), in line 

with what observed previously in runs 2 and 3, the molar masses are lower than expected (100 Kg 

mol-1 instead of the 200 Kg mol-1 found previously). This could be either due to the methylation of 

the catalyst or a different interaction of the same with the surface of AS1 following the isolation, 

which causes the formation of different active species on the surface. 

The instability of the active species on the surface of AS1, independently of the zirconocene 

employed for the synthesis of the catalysts, suggests an inherent tendency of the aluminate anion 

grafted on the silica to react with the active zirconocene to deactivate it. 

In order to better understand the evolution of the ionic couple on the surface, a labelled 

zirconocene, rac-EtInd2Zr(13CH3)2, was reacted with AS1, and the species evolution was observed 

over time. 

5. Active species evolution on the silica surface 

In order to better observe by NMR the evolution of the species on the surface and possible 

transfers of ligands between the surface of the activating support and the zirconocene, rac-

EtInd2ZrMe2 was enriched in 13C at the methyl positons during the methylation reaction.  

To do so a batch of CH3Li 60% enriched in 13C was prepared by reaction of 13CH3I/12CH3I in 60:40 

ratio with n-BuLi. 

Scheme 10 – Synthesis of 13CH3Li. 
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The product was characterized by solution 1H and 13C NMR in THF-d8. The spectra are reported in 

Figure 36.  

The NMR spectra confirm the 13C enrichment of the methyllithium synthesized. The 1H NMR 

spectrum displays two signals, a singlet at -2.04 ppm assigned to the methyl of 12CH3Li, and a 

doublet centred at -2.04 ppm, due to the coupling between 13C and 1H (J=97 Hz), assigned to 

13CH3Li. The integration of the two signals confirm the ratio 60:40 between 13CH3Li and 12CH3Li. 

The 13C NMR spectrum shows one intense peak at -16.4 ppm for the 13CH3Li. 

The methyllitium thus synthesized was used for the synthesis of rac-EtInd2ZrMe2 enriched in 13C 

at the methyl positions. The reaction followed was the same described in paragraph 4.2. The 

product was then analysed by 1H and 13C solution NMR in benzene-d6. The spectra are reported in 

Figure 37. 

 

 

 

 

Figure 36 – 1H and 13C solution NMR for 13CH3Li in THF-d8. 
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Like in the case of the non-labelled complex, upon methylation of rac-EtInd2ZrCl2, a partial 

isomerization of the zirconocene from the rac to the meso form occurred. The spectra also show 

the enrichment in 13C of the complex. For what concerns the rac isomer in the methyl area of the 

1H spectrum are present two signals, a singlet at 0.95 ppm, assigned to the Zr-12CH3, and a doublet 

centred at 0.95 ppm, due to the coupling between 13C and 1H  (J = 117.7 Hz), assigned to Zr-13CH3. 

A similar situation is found for the meso isomer. In this case the two methyls resonate at two 

different chemical shift, at -2.19 ppm are located the first singlet and doublet (J = 118.8 Hz), and 

at 0.14 ppm the singlet and the doublet (J = 116.6 Hz) for the second methyl of the meso isomer. 

The relative integration of the peaks shows a 60:40 ratio meso/rac-EtInd2Zr(13CH3)2: meso/rac-

EtInd2Zr(12CH3)2, and a 62:38 ratio meso:rac. 

The 13C spectrum exhibits three signals at 28.4, 36.6 and 42.7 ppm. The signal at 36.6 ppm is 

assigned to the labelled methyls of the rac isomer while the signal at 28.4 and 42.7 ppm to the 

two methyls of the meso isomer.  

The zirconocene was then supported on the surface of AS1 and the IsoCatL thus obtained was 

characterized by solid state NMR. The amount of zirconocene used in the reaction was higher than 

target set for the previous catalyst synthesises to facilitate the characterization of the surface 

species. In Table 28 is reported the surface composition of IsoCatL. 

Figure 37 – 1H and 13C NMR for labelled rac-EtInd2ZrMe2 in benzene-d6. 
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Table 28 – Surface composition of IsoCatL. 

 
Zr 

wt% 

n Al 

mmolg-1 

n Zr 

mmolg-1 Zr/Alsurf 

IsoCatL 0.6 0.55 0.065 0.12 

 

The catalyst was characterized by 1H MAS and 13C CPMAS solid state NMR a first time right after 

the synthesis and then a second time two weeks later, so as to evaluate if the spectra evolved over 

time. 

The spectra reported in Figure 38 where acquired right after the synthesis of IsoCatL. The 1H 

spectrum shows clearly the coordination of the zirconocene to the aluminate on the surface, the 

peaks at 0.63 and 1.06 ppm can be assigned to the Zr-CH3 signals respectively of the [meso-

EtInd2ZrCH3]+
 and [rac-EtInd2ZrCH3]+, underneath these two peaks fall also the methyl signal of the 

NCH2CH3 moiety of the ammonium still present on the surface, and at 2.72 ppm is the peak relative 

to the methylene of the NCH2CH3 and to the methyls directly bound to the nitrogen. At 6.95 ppm 

is also possible to see a small shoulder for the protons of the indenyl ligand. 

At the 13C NMR are present the peaks for the ammonium ion at 7.6, 42.1 and 53.3 ppm assigned, 

as previously discussed, to the methyl of the NCH2CH3, the methyls bound to the N and the 

methylene of the NCH2CH3 respectively. Between 118 and 146 ppm is visible a large band assigned 

to the indenyl ring and at 29.4 ppm the signal of the methylene carbons of the ethyl bridge. Due 

to the large nature of the peaks at the solid state NMR and the low amount of zirconocene on the 

-2-111 10 9 8 7 6 5 4 3 2 1 0 ppm 160 140 120 100 80 60 40 20 0 ppm

Figure 38 – 1H MAS (left) and 13C CPMAS (right) NMR spectra for IsoCatL soon after the synthesis. 
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surface, it is not possible to see the signals of the methyls bound to the zirconium, that should 

have fallen in the same area of the NCH2 and NCH3.  

A 2D spectrum of IsoCatL was acquired to better understand the surface. 

The HETCOR spectrum shows two signals centred at 41.8 and 53.1 ppm at the 13C and 1 ppm at 

the 1H. These two signals are clearly assignable to the methyls bound to the Zr of [rac-EtInd2ZrCH3]+
 

and [meso-EtInd2ZrCH3]+. The information derived from the NMR characterization of IsoCatL 

confirms the formation of the active species at the moment of the isolation, successively a number 

of side reaction could occur.  

In Scheme 11 are reported some of the side reaction possible on the surface. 

Figure 39 – HETCOR 2D solid state NMR spectrum of IsoCatL. 
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Upon first reaction of MCat1 on AS1 two main events could occur, the formation of the active 

species (left in Scheme 11) or a transfer of ligands between the aluminate and the zirconocene 

(right in Scheme 11), generating an aluminate with an Al-CH3 bond, a, and a zirconocene featuring 

a phenoxy group as ligand, EtInd2ZrMeOC6F5, b. This pattern would be very easy to detect because 

the methyl bound to the aluminium has a very characteristic chemical shift at the 13C NMR, around 

-10 ppm.  

If the active species is obtained on the surface, it could also be subjected to a ligand transfer 

between the zirconocene and the aluminate. This would give as product the zirconocene b and a 

neutral bipodal aluminium (SiO)2AlOC6F5, c. The same b though could react again with second 

[(SiO)Al(OC6F5)]-[HNEtMe2]+, present in great excess with respect to the zirconocene. This second 

ligand transfer would generate a second c species and EtInd2Zr(OC6F5)2, d. The detection of these 

species could be not as straightforward as the formation of a, but still achievable. 

Scheme 11 – Deactivation patterns possible for IsoCat. 

a b 

c b d c 
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After two weeks from the synthesis of IsoCatL the catalyst was characterized by solid state NMR, 

the conditions used for the spectra acquisition was the same in both cases. The 1H and 13C NMR 

spectra acquired are reported in Figure 40. 

The 1H MAS NMR spectrum shows immediately an evolution of the catalyst. In fact, the peaks at 

0.63 and 1.06 ppm that were assigned to the methyls bound to the Zr have disappeared, revealing 

the signal of the methyl of the NCH2CH3 moiety. At 2.72 ppm then there’s the peak relative to the 

methylene of the NCH2CH3 and to the methyls directly bonded to the nitrogen. At 7.14 ppm is also 

possible to see a small shoulder for the protons of the indenyl ligand. 

The 13C spectrum hasn’t really changed over time, it is still possible to see prevalently the signals 

relative to the ammonium. At 7.29 ppm resonates the methyl of the NCH2CH3, the methyls bound 

to the N resonate at 42.1 ppm while the methylene of the NCH2CH3 at 53.3 ppm. It is though clear 

the absence of any peak at -10 ppm, significant of the fact that no Al-C bond was formed over 

time, excluding the right side of Scheme 11 from the possible deactivation pathways. 

The same reasoning done for the 13C, can be done for the HETCOR spectrum acquired, and 

reported in Figure 41. 

 

160 140 120 100 80 60 40 20 0 ppm-2-119 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm

Figure 40  – 1H MAS (left) and 13C CPMAS (right) NMR spectra for IsoCatL two weeks after the synthesis. 
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The spectrum presents itself very similar to the one reported in Figure 38. The fact that the methyls 

of the two zirconocene isomers resonate at two different chemical shifts makes the interpretation 

of the HETCOR spectrum of the evolved species tricky. The signal for the methyl of a –ZrMe(OC6F5) 

species falls around 54 ppm according to the literature.15 The spectrum reported in Figure 41 

shows two peaks at 41.7 and 53.7 ppm, this together with the 1D 1H spectrum could suggest the 

presence on the surface of two zirconocene species, one neutral, EtInd2Zr(Me)OC6F5, generated 

by the reaction with the surface, and the other, the cationic active species.  

Unfortunately the low amount of Zr present on the surface doesn’t allow us to discern precisely 

the deactivation pattern taken by the active species. Nonetheless, it is possible to hypothesize, 

based on the literature, that the deactivation proceeds through the transfer of the phenoxy ligand. 

Further studies at higher Zr/Al ratios are anyway necessary to confirm this hypothesis.  

  

Figure 41 – HETCOR 2D solid state NMR spectrum of IsoCatL after two weeks from the synthesis. 
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Conclusions 

In this chapter it was presented the synthesis, characterization and application of a bipodal 

aluminate activating support, AS1. The support was tested in ethylene/1-hexene slurry 

copolymerization as cocatalysts for two different zirconocene precursors, rac-EtInd2ZrCl2 (Cat1) 

and (n-BuMeCp)2ZrCl2, (Cat 2) in presence of TiBA as activating support.  

Both systems showed good activities, 1111 gPE gcat
-1 h-1 for the system AS1/Cat1/TiBA and 980 gPE 

gcat
-1 h-1 for AS1/Cat2/TiBA. The resins obtained were well controlled from a morphology point of 

view and their microstructure was in agreement with what previously observed in the literature 

for these catalyst’s precursors. Considering the promising results, the system AS1/Cat1/TiBA was 

scaled up to pre-industrial scale.  

The scale-up of the technology was successful, higher activities than at lab-scale were found, 

between 5000 and 6000 gPE gcat
-1 h-1. The study at pre-industrial scale was also used to determine 

the optimal value of Zr/Al on the surface, to obtain a maximum in the activity. The value found, 

0.06 Zr/Al, was also vised for the isolation of a formulated ‘dry’ catalyst. 

Two different approaches were employed for the isolation of the active species on the surface: 

the first approach saw the reaction of Cat1 and AS1 in presence of TiBA as alkylating agent; the 

presence of the alkyl, though, appeared to have detrimental effects on the activity. It was so 

decided to react AS1 with methylated catalyst precursors rac-EtInd2ZrMe2 and (n-BuMeCp)2ZrMe2. 

The catalysts obtained resulted to be highly active but subjected to deactivation over a short 

period of time (20 days) at room temperature. Following a first study of the evolution of the active 

species on the surface and what is reported in literature for similar systems, it was hypothesized 

that the decay of the active species was possibly due to a transfer of a ligand from the activating 

support surface species to the zirconocene cation. Further studies are though necessary to 

confirm this theory.  
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Introduction 

In Chapter II it was presented the synthesis, characterization and application of [(≡SiO)2Al(OC6F5)2]-

[HNMe2Et]+, AS1 (Scheme 1), in ethylene slurry polymerization as a cocatalyst for the two 

zirconocenes rac-EtInd2ZrCl2 and (n-BuMeCp)2ZrCl2. The two systems showed very good potential 

from a productivity and resins’ morphology point of view. So much so that the catalyst AS1/rac-

EtInd2ZrCl2 was tested at a pre-industrial scale showing high activities up to about 6000 gPE gcat
-1 h-

1. 

Although the excellent activities obtained, a recurrent problem was found for the catalysts 

synthesized and isolated using AS1: the active species on the surface, although stable at low 

temperatures (-20 °C), at room temperature decay rapidly. In fact, for all the catalysts synthesized, 

in the span of two weeks, the activity in lab conditions dropped from over 1000 gPE gcat
-1 h-1 to 200 

gPE gcat
-1 h-1, or lower. 

It was proved that at room temperature a transfer of ligand occurs between the activator and the 

zirconocene, making the catalyst less active (Scheme 2). 

The same problem was reported by Marks et al. in 20021 for molecular activators homologous to 

AS1. They tackled the issue by increasing the steric hindrance of the ligands of the cocatalyst, 

impeding thus kinetically the occurring of the transfer (Scheme 3). 

Scheme 1 – Structure of the catalyst AS1/rac-EtInd2ZrCl2. 

Scheme 2 – Possible catalyst deactivation pattern. 
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In the same frame of mind, we decided to solve the issue by making the Al centre less accessible 

for a transfer, by either increasing the steric hindrance of the ligands employed during the 

functionalization or by increasing their chelating ability. 

In this chapter is presented the synthesis of five different activating supports with different 

chelating or sterically hindered ligands, and their test in ethylene/1-hexene slurry 

copolymerization in combination with rac-EtInd2ZrCl2. 

  

Scheme 3 – Structure of the molecular activators with differently sterically hindered ligands reported by Marks. 
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1. Synthesis of [(≡SiO)Al(OC6F5)3]-[HNMe2Et]+, AS2 

In Chapter II the effect on the activity of the heat treatment of the support, and consequently the 

amount and type of anionic activator based on Al on its surface,  was discussed.2 It was seen in 

fact how passing from grafting a bipodal aluminate, [(≡SiO)2Al(OC6F5)2]-[HNEt2Ph]+, on a silica 

dehydroxylated at 700°C to supporting it on one dehydroxylated at 200°C, increased of at least 

twice the efficiency of the activator (in combination with rac-EtInd2ZrCl2 the activity in ethylene/1-

hexene slurry copolymerization rises from 656 to 1111 gPE gcat
-1 h-1 in passing from SiO2-700 to SiO2-

200 as support). 

AS2 was synthesized by grafting AlH3.NEtMe2 on SiO2-700 and then modifying the grafted species 

with pentafluorophenol, to obtain the activating support.  

The aim behind the synthesis of AS2 was to investigate the efficiency of a monopodal activating 

support in comparison to the bipodal AS1. 

1.1 Silica’s treatment, dehydroxylation at 700°C, SiO2-700 

As in the case of AS1 the selected silica for the synthesis of AS2 was Grace silica Sylopol 2408. The 

support was treated under high vacuum for 14 hours at 700°C, in order to remove all the 

physisorbed water and favour the condensation of vicinal silanols to have just isolated silanols on 

the surface.3 

The surface was characterized by DRIFT spectroscopy after treatment. The spectrum is reported 

in Figure 1.  

Scheme 4 – Synthesis of [(≡SiO)Al(OC6F5)3]-[HNMe2Et]+, AS2. 
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The spectrum exhibits one sharp peak at 3743 cm-1 characteristic of the O-H stretching of the 

isolated silanols. By titration with AliBu3 was determined that 0.58 mmol g-1 of SiOH groups were 

present on the surface. 

1.2 Grafting of AlH3(NEtMe2) on SiO2-700, P2 

In order to synthetize the activating support AS2, it was first generated on the silica surface the 

grafted aluminium hydride precursor. 1.2 eq. of AlH3NMe2Et per eq. of SiOH were put to react in 

benzene for two hours to obtain (≡SiO)AlH2(NMe2Et), P2.4 Scheme 2 shows the reaction and the 

structure for P2. 

The resulting material was characterized by DRIFT spectroscopy. Figure 2 depicts the DRIFT spectra 

of the support before and after the reaction with the alane. 

Figure 1 – DRIFT spectrum of SiO2-700. 

Scheme 5 – Grafting of AlH3.NEtMe2 on SiO2-700. 
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Upon reaction of AlH3(NEtMe2) with SiO2-700 all the silanols were consumed, as indicated by the 

disappearance of the peak at 3743 cm-1. A set of peaks appears below 3000 cm-1 assigned to the 

C-H stretching of the alkyl groups of the amine. The three peaks at 1865, 1831 and 1805 cm-1 are 

due to the Al-H stretching, the wavelength of the stretching is in agreement with what is reported 

in literature for the free alane.5 An additional peak resonates at 2234 cm-1, this wavelength is 

characteristic of Si-H stretching, indicating that during the grafting of the alane on the silica surface 

an opening of siloxane bridges occurred with consequent transfer of an hydride to the silica.4 

Figure 2 – DRIFT spectra of SiO2-700 (bottom) and P2 (top). 

Scheme 6 – Possible ways of formation of a Si-H bond. (a) transfer of hydride after protonolysis ; (b) transfer of hydride 

upon opening of a siloxane bond. 
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As shown in Scheme 6, the opening of the siloxane bridge can occur either by direct reaction of 

the free alane with the siloxane, route b in Scheme 6, or by reaction of the bridge with the 

monopodal (≡SiO)AlH2(NMe2Et), obtained from the reaction of the alane with the SiOH groups, 

route, a in Scheme 6. The opening of the siloxane bridges as described by pattern, a, has as 

consequence the formation of a fraction of bipodal species on the surface of the support.  

In order to better understand the species’ composition on the surface, the H2 evolved by the 

grafting reaction and upon hydrolysis of P2 was quantified. The quantifications’ results are 

reported in Table 1 with the results of the elemental analysis for P2. 

Table 1 – Elemental analysis and H2 quantification results for P2. 

wt% Al wt% C wt% N wt% H C/N C/Al N/Al H/Al 
Al H2/Al H2/Al 

mmol g-1 Grafting Hydrolysis 

1.89 3.03 1.19 0.83 
3.0 

(th. 4) 

3.6 

(th 4) 

1.2 

(th. 1) 

11.8 

(th. 13) 
0.7 

0.8 

(th. 1) 

1.5 

(th. 2) 

 

The quantification of the elements found 0.7 mmol g-1 of aluminium on the surface of P2. The 

amount of N and C recovered, 1.19 and 3.03 wt% respectively, is close to the theoretical value for 

the presence of one amine coordinated per aluminium, the ratios C/Al and N/Al are in fact 3.6 and 

1.2 respectively. It is worth to notice more aluminium than the amount of surface silanols (0.58 

mmol g-1) was found grafted on the surface of SiO2-700, proving that a fraction of the alane reacted 

directly with the siloxane bridges, as described by pattern b in Scheme 6. 

Concerning the hydrogen quantification, the amount of H2 evolved per Al during the grafting 

reaction, 0.8 H2/Al, is close to the theoretical value of one for a monopodal aluminium hydride on 

the surface (also considering that the reaction leading to monopodal species from direct opening 

of siloxane bridges would not release any H2). The quantification of the hydrogen evolved by the 

hydrolysis of P1, then, showed that just 1.5 H2 per Al were evolved, proving that 50% of the grafted 

species are bipodal. 



Chapter III 

 

137 

 

This requires a modification of the reaction Scheme for the synthesis of P2, to include both species 

on the surface. 

P1 was then characterized by solid state 1H MAS and 13C CPMAS solid state NMR.  

The 1H spectrum reveals two intense signals relative to the amine. At 0.9 ppm resonate the methyl 

group of the NCH2CH3 fragments and the signal around 2.1 ppm is assigned to the methylene of 

the NCH2CH3 fragments and the methyl directly bound to the N. At 4.2 ppm there is a feeble peak 

assigned to the SiH proton.4 As already stated in Chapter II for P1, it is not possible to see the signal 

relative to the proton bound to the Al, because it is hidden by the signals of the amine.6  

The 13C spectrum shows three peaks assigned to the alkyls of the amine. At 6.2 ppm resonates the 

methyl group of the NCH2CH3 fragment, at 41.1 ppm the methyls directly bound to the N, and at 

51.9 ppm the methylene group of the NCH2CH3 moiety. 

Scheme 7 – Synthesis of P2. 

Figure 3 – a) 1H and b) 13C solid state NMR spectra of P2. 
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The characterizations performed on P2 confirmed the presence on the surface of a mixture of 

mono- and bi-podal aluminum hydride species in ratio 50:50. This grafted precursor was then used 

in the synthesis of the activating support AS2. 

1.3 Synthesis of AS2 by reaction of P2 with pentafluorophenol 

In order to obtain the desired activating support AS2, P2 was reacted with 3 eq. of 

pentafluorophenol overnight in benzene. Given the composition of the surface of P2, upon 

reaction with pentafluorophenol both monopodal and bipodal aluminate species are going to be 

grafted on the silica surface, as shown in Scheme 8. 

The activating support was characterized by DRIFT, 1H and 13C solid state NMR and elemental 

analysis.  

Scheme 8 – Synthesis of AS2. 

Figure 4 – DRIFT spectra of P2 (below) and AS2 (above). 
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In Figure 4 are reported the DRIFT spectra of P2 and AS2. After the reaction with 

pentafluorophenol, the peaks around 1831 cm-1 assigned to the Al-H stretching disappear, 

confirming that all the aluminium hydrides were consumed, at 3070 cm-1 then appears an intense 

peak characteristic of the N-H stretching attributed to the ammonium ion. The presence of the 

latter peak confirms the formation of the desired ionic couple on the surface. To better prove the 

structure of the species on the surface, an elemental analysis quantification was performed on 

AS2. The results are reported in Table 2. 

Table 2 – Elemental analysis and hydrogen quantification for AS2. 

wt% Al wt% C wt% N wt% H C/N C/Al N/Al 
Al H2/Al 

mmol g-1 Grafting 

1.25 9.32 0.74 0.55 
14.7 

(th. 19) 

16.8 

(th. 19) 

1.1 

(th. 1) 
0.46 

1.4 

(th. 1.5) 

 

The amount of hydrogen released per Al is in agreement with what observed at the DRIFT, that all 

the hydrides have reacted. Moreover, the amount of C per Al present on the surface, 16.8 C/Al, is 

in agreement with the formation of the ionic couples (C/Al th. 19). 

AS2 was then characterized by 1H MAS, 13C CPMAS and 19F MAS solid state NMR. The spectra are 

reported in Figure 5. 

The functionalization of P2 with pentafluorophenol to generate AS2 didn’t cause many changes to 

the 1H MAS and 13C CPMAS NMR spectra in relation to P2. The 1H spectrum shows two intense 

Figure 5 – a) 1H MAS, b) 13C CPMAS and c) 19F MAS NMR spectra of AS2. 
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peaks at 1.3 and 2.9 ppm assigned, the first, to the methyl of the NCH2CH3 fragment and the 

second to the methyls directly bound to the N and the methylene of the NCH2CH3 fragment. It is 

still present the peak at 4.2 ppm relative to the SiH proton bound to the surface of the support. 

The 13C NMR spectrum shows at 7.1 ppm the signal relative to the methyl of the NCH2CH3 

fragment, at 42.5 ppm resonate the methyls directly bound to the N and at 53.7 ppm the 

methylene of the NCH2CH3 fragment. The 19F spectrum shows the signals of the 

pentafluorophenoxy ligands of AS2 at -162, -168 and -174 ppm respectively assigned to the 

fluorines in ortho, meta and para of the aryl group.1,7 

The characterizations performed on the solid confirmed that upon functionalization of P2 with 

pentafluorophenol activating support AS2 was obtained, the surface of which was composed in 

50:50 ratio of monopodal [(≡SiO)Al(OC6F5)3]-[HNMe2Et]+ and bipodal [(≡SiO)2Al(OC6F5)2]-

[HNMe2Et]+. The activating support was then tested in polymerization. 

1.4 Test in ethylene polymerization in combination with rac-EtInd2ZrCl2 

AS2 was tested in ethylene/1-hexene slurry copolymerization as co-catalyst for rac-EtInd2ZrCl2, 

Cat1. The system AS2/Cat1 was tested in exactly the same conditions than that used for AS1/Cat1 

in run1 (see chapter II).  

The polymerizations were conducted in 300 mL of heptane, at 80°C and 4 bars of ethylene 

pressure for 30 minutes. The total [Zr] was 2 µM and TiBA was used as scavenger in concentration 

1 mM. The zirconocene precursor was activated right before the start of the polymerization by 

contacting it with the activating support in presence of TiBA, as alkylating agent. 

Scheme 9 – Structure of the catalyst AS2/Cat1. 
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The polymerization results for AS2/Cat1 are reported in comparison with those of AS1/Cat1 in 

Table 3. 

Table 3 – Polymerization results obtained with the systems AS1/Cat1 and AS2/Cat1. General 

conditions: 80°C; 4 bars C2H4; 30 minutes; 300 mL heptane; [TiBA] 1mM. 

run Catalyst 
m Zr 

Zr/Alsurface 
Zr loading C6 Yield Activity 

mg µmol Wt% mol% g g gcat
 -1

 h-1 

1 AS1/Cat1 20.6 0.68 0.06 0.31 19.2 10.7 1111 

2 AS2/Cat1 20.0 1.01 0.11 0.45 17.5 3.7 370 

 

The productivity of AS2/Cat1 is three times lower than that exhibited by AS1/Cat1. The difference 

is even more evident when looking at the kinetic profiles reported in Figure 6. 

The plot reported in Figure 6 shows the different behaviour, activity-wise, of the two catalytic 

systems at the beginning of the polymerization. AS1/Cat1 has a way higher activity than AS2/Cat1, 

to then deactivate to reach the same value in the last 15 minutes of polymerization. 

The activity displayed by AS2/Cat1 is also lower than that reported for the bipodal activator 

[(≡SiO)Al(OC6F5)3]-[HNEt2Ph]+ on SiO2-700 in combination with Cat1, reported by Sauter et al. in 

2016.7 This suggests not only that a bipodal activator on SiO2-700 is less efficient than the 

Figure 6 – Kinetic profiles for AS1/Cat1 and AS2/Cat1 in ethylene/1-hexene slurry copolymerization. 
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homologous on SiO2-200, for surface effects,2 but also that the compresence of mono and bipodal 

surface species is negative for the activity. Most probably because the monopodal species is a less 

efficient counter-anion than the bipodal aluminate. 

The produced polymer was characterized by HT-SEC, DSC and 13C NMR, the results are reported 

in Table 4. 

Table 4 –  DSC and HT-SEC characterization results for the polymers obtained in runs 1 and 2. 

run Catalyst 
Activity X1-hexene[ Tm2 Crystallinity Mn Mw 

Đ 
g gcat

 -1
 h-1 (mol%) °C % Da Da 

1 AS1/Cat1 1111 1.8 117 41 22000 60700 2.7 

2 AS2/Cat1 370 1.4 116 39 - - - 

 

The polymers obtained with the two different catalytic systems behaved very similarly, they 

present in fact similar melting temperatures and crystalline fraction.  

The results obtained with AS2 were not as satisfying as expected, the activity obtained was lower 

than with AS1 and, even though it is difficult to see from Figure 6, AS2/Cat1 was subject to 

deactivation during the polymerization time. This phenomenon is due to the transfer of ligand 

from Al to Zr giving inactive neutral species more favourable in the case of AS2 than AS1. In order 

to avoid the ligand transfer from the surface to the active species, new activating supports were 

synthesized by using more sterically hindered or chelating ligands. 
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2. Synthesis of activating supports with ligands alternative to pentafluorophenol 

2.1 Choice of the grafted Al precursor 

For the synthesis of the activating supports described in this paragraph, the same supported 

aluminium material was used, (≡SiO)2AlH(NMe2Et), P1.  

The choice was made primarily because P1 was easy to synthesize and the species on the surface 

are well-defined, and then because, using the same grafted Al precursor employed in the synthesis 

of AS1 for other activating supports with different ligands, would facilitate a comparison of their 

efficiency in polymerization.  

The synthesis and characterization of P1 were already discussed in Chapter II and will not be 

described here. 

The nature of the chosen ligands differed a lot. In Scheme 11 are reported the selected ligands. 

The choice was done based on the ligand ability of complexating the Al to give a stable aluminate.8–

10 

 

Scheme 10 – Structure of P1. 

a c b d 

Scheme 11 – Alternative ligands employed for the synthesis of activating supports. a) binaphtol; b) sterically hindered 

benzyl alcool; c) acetyl acetonate; d) binaphthyl diyl hydrogenphosphate. 
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2.2 Synthesis of [(≡SiO)2Al(O2C20H12)]-[HNMe2Et]+, AS3 

 Synthesis and characterization 

The activating support AS3 was synthesized by functionalization of P1 with 1.2 eq. of rac-binaphtol 

per eq. of Al on the surface. The reaction was conducted in toluene for two hours, the product 

was then washed and dried under high vacuum. 

The idea behind the choice of the rac-binaphtol as ligand, is that its chelating and bulky nature 

around Al centre would avoid its transfer from the surface to the zirconocene.  

After functionalization of P1 by rac-binaphtol the resulting material, AS3, was characterized in 

order to establish the expected structure [(≡SiO)2Al(O2C20H12)]-[HNMe2Et]+. In Figure 7 is reported 

the DRIFT spectrum. 

Scheme 12 – Synthesis of [(≡SiO)2Al(O2C20H12)]-[HNMe2Et]+, AS3.  
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The DRIFT characterization of AS3 shows that upon reaction with the binaphtol, all the Al-H on the 

surface reacted: the peaks at 1850 and 1800 cm-1 in the spectrum of P1 were completely 

consumed in AS3. The peak at 3070 cm-1 characteristic of the N-H stretching of the ammonium, 

indicates the formation of the ionic couple. Between 1500 and 1600 cm-1 appear then two sharp 

signals assigned to the C=C stretching of the aromatic rings. 

Table 5 – Elemental analysis results for AS3. 

wt% Al wt% C wt% N wt% H C/N C/Al N/Al 
Al 

mmol g-1 

0.88 11.0 0.67 1.11 
19.1 

(th.24) 

28.6 

(th. 24) 

1.5 

(th. 1) 
0.33 

 

The amount of 0.88 wt% of aluminium found on the surface of AS3 counts for 0.33 mmol g-1 of Al. 

Moreover, the ratios 28.6 C/Al and 1.5 N/Al recovered from the analysis are in agreement with the 

presence of one rac-binaphtol bound per Al with an ammonium counter ion.  

From both the DRIFT and Elemental analysis’ results, it is possible to affirm confidently that upon 

reaction of P1 with the binaphtol an ionic couple was obtained on the surface. 

In Figure 8 are reported the 1H MAS and 13C CPMAS solid state NMR spectra for AS3. The 1H 

spectrum appears very broad and not resolved signals, only two main peaks at 7.38 and 2.38 ppm 

and a shoulder at 0.98 ppm are observed; the peak at 7.38 ppm is assigned to aromatic protons 

Figure 8 – 1H MAS (right) and 13C CPMAS (left) solid state NMR spectra for AS3.  



Chapter III 

 

146 

 

of the binaphtol, at 2.38 ppm resonate the methylene of the NCH2CH3 and the methyls directly 

bound to the N of the ammonium ion, the shoulder at 0.98 ppm can be attributed to the methyl 

of the NCH2CH3 fragment. The 13C spectrum shows six broad peaks, at 9.1, 41.6, 51.7, 126.4, 134.0 

and 153.2 ppm. The peaks in the aliphatic region are assigned to the alkyl fragments on the 

ammonium ion, while the peaks in the aromatic region are attributed to the rac-binaphtol ligand. 

At 9.1 ppm resonates the methyl of the NCH2CH3, the methyls directly bound to the N resonate at 

41.6 ppm, while the peak at 51.7 ppm is assigned to the methylene directly bound to the N of the 

NCH2CH3 fragment. The peak at 153.2 ppm is the signal relative to the carbons bonded to the O of 

the binaphtol ligand, the two other peaks at 134.0 and 153.2 ppm are assigned to the remaining 

aromatic carbons of the binaphtol. 

The characterizations performed on AS3, proved that upon reaction of P1 with the binaphtol it 

was possible to obtain an ionic couple featuring an aluminate with one bound binaphtol ligand 

and an ammonium as counter-ion. The activating support was tested in ethylene/1-hexene slurry 

copolymerization in combination with rac-EtInd2ZrCl2.  

 Test in ethylene polymerization in combination with rac-EtInd2ZrCl2 

AS3 was tested in ethylene/1-hexene slurry copolymerization as co-catalyst for rac-EtInd2ZrCl2, 

Cat1. The system AS3/Cat1 was tested in exactly the same conditions than that used for AS1/Cat1 

and AS2/Cat1.  

The polymerizations were conducted in 300 mL of heptane, at 80°C and 4 bars of ethylene 

pressure for 30 minutes. The total [Zr] was 2 µM and TiBA was used as scavenger in concentration 

Scheme 13  – Structure of the catalyst AS3/Cat1. 
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of 1 mM. The zirconocene precursor was activated right before the start of the polymerization by 

contacting it with the activating support in presence of TiBA, as alkylating agent. 

The polymerization results for AS3/Cat1 at different pre-contact times are reported in Table 6. 

Table 6 – Polymerization results obtained with the system AS3/Cat1. General conditions: 80°C; 4 

bars C2H4; 30 minutes; 300 mL heptane; [TiBA] 1mM. 

run Catalyst 
pre-contact m Zr 

Zr/Alsurface 
Zr loading C6 Yield Activity 

min mg µmol Wt% mol% g g gcat
 -1

 h-1 

3 AS3/Cat1 - 20.2 0.61 0.09 1.3 21.5 0.48 47 

4 AS3/Cat1 45 20.5 0.67 0.10 1.4 18.8 0.42 41 

 

The activity shown in slurry polymerization by the catalyst AS3/Cat1 was very low, with respect to 

all the systems previously tested, in fact for both the tests performed the obtained activity was 

lower than 50 gPE gcat
-1 h-1. 

Although the recorded activity is trifling confronted to the one obtained with AS1, it is interesting 

to notice, examining the kinetic profiles of run 3 and 4 in Figure 9, how, starting from 10 minutes 

of polymerization, the activity keeps stable throughout the reaction; the initial higher activity could 

in part be ascribed to ethylene solubilisation phenomena due to the pressurization of the reactor 

Figure 9 – Kinetic profiles for the slurry ethylene polymerization tests performed with AS3/Cat1. 
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at the beginning of the polymerization. A stable activity was the aim we were trying to achieve by 

modifying the ligand of the activating support. The loss in activity experienced with AS3 could be 

ascribed to a strong interaction between the new aluminate bearing binaphtol on the surface and 

the zirconocene so a bad dissociation of the ion pair. 

Moreover, it is worth to notice that the activity and kinetic profiles for the system AS3/Cat1 

remained more or less unchanged by modifying the pre-contact time between the activator and 

the catalyst precursor previous to the polymerization test, proving a certain stability of the, poorly, 

active species on the surface. 

The obtained polymers in run 3 and 4 were characterized by DSC and HT-SEC. The results are 

reported in Table 7. 

Table 7 – DSC and HT-SEC characterization results for the polymers obtained in runs 3 and 4. 

run Catalyst 
Activity Tm2 Crystallinity Mn Mw 

Đ 
g gcat

 -1
 h-1 °C % g mol -1 g mol -1 

3 AS3/Cat1 47 121 51.8 27700 86800 3.1 

4 AS3/Cat1 41 124 48.3 30600 80000 2.6 

 

The polymers obtained are LLDPE resins, compatible with the characteristics of the products 

synthesized by rac-EtInd2ZrCl2. They have a relatively broad molecular weight distribution and Mw 

around 80 KDa, similar to what observed with AS1/Cat1 in the same conditions.  

2.3 Synthesis of [(≡SiO)2Al(OC(CF3)2Ph)2]-[HNMe2Et]+, AS4 

 Synthesis and characterization 

While in the case of AS3 was investigated the chelating nature of the ligand bound to the Al, in 

AS4 the pentafluorophenol was substituted with a fluorinated alcohol more sterically hindered 

around the O atom allowing to the separation of charge between the anionic activator and the 

cationic metallocene. P1 was reacted in toluene for two hours with 2.2 eq of Ph(CF3)2COH (ligand 
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b in Scheme 11) per Al. At the end of the reaction the product was washed with toluene and 

pentane and dried under high vacuum (1 mPa). Scheme 14 depicts the synthesis reaction of AS4. 

To prove that the ionic couple was obtained, the surface of AS4 was characterized by different 

techniques. In Figure 10 is reported the DRIFT spectra of AS4 in comparison with P1. 

 

The DRIFT spectra before and after the reaction with ligand b show a decrease in the intensity of 

the bands at 1850 and 1800 cm-1 and the appearance of a small peak at 3070 cm-1. These two 

events would suggest that although some of the hydride on the surface reacted to give the desired 

ionic couple, and thus the presence of the peak at 3070 cm-1 of the N-H stretching, not all of the 
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Figure 10 – DRIFT spectra for P1 (bottom) and AS4 (top). 

Scheme 14 – Synthesis reaction of AS4. 
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species on the surface of P1 reacted with the alcohol, as indicated by the still quite intense peak 

at 1850 cm-1, assigned to the Al-H stretching.5 The hypothesis that the reaction didn’t go to 

completion was further supported by the elemental analysis characterization of AS4.  

Table 8 – Elemental analysis results for AS4. 

wt% Al wt% C wt% N wt% F wt% H C/N C/Al N/Al F/Al 
Al 

mmol g-1 

2.3 6.4 1.0 4.0 0.9 
7.5 

(th.23) 

6.3 

(th. 23) 

0.8 

(th. 1) 

2.5 

(th. 12) 
0.85 

 

Looking at the amount of C and F found by the elemental analysis on AS4, it was evident that most 

of the Al hadn’t reacted with Ph(CF3)2COH. This low reactivity could be due to a steric impediment, 

which prevents two Ph(CF3)2COH to react with (≡SiO)2AlH(NMe2Et) to obtain the ionic couple. 

To try to further understand the species formed on the surface of AS4, the support was 

characterized by 1H MAS and 13C CP MAS solid state NMR. The spectra acquired are reported in 

Figure 11. 

The NMR spectra acquired for AS4 show that a fraction of the aluminium hydride on the surface 

of P1 reacted with Ph(CF3)2COH. The 1H NMR spectrum displays a set of 4 peaks. At 7.73 and 7.58 

ppm resonate the protons of the phenyl ring; at 2.23 and 1.06 ppm resonate the alkyl fragments 

of the amine coordinated to the Al grafted on the surface. At 2.23 ppm resonate the methylene 

Figure 11  – 1H MAS (right) and 13C CPMAS (left) solid state NMR spectra for AS4. 

-8-7-6-5-4-3-2-114 13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm
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of the NCH2CH3 moiety and the methyls directly bound to the N, while at 1.06 ppm resonates the 

methyl of the NCH2CH3 fragment. The 13C NMR spectrum displays six signals. At 133.1 and 125.7 

ppm resonate the aromatic carbons of the phenyl ring; the small peak at 78.3 ppm was assigned 

to the quaternary carbon of the alkoxide ligand. The peaks at 51.5, 41.1 and 5.4 ppm are assigned 

to the amine coordinated to the Al. The methylene of the NCH2CH3 resonates at 51.5 ppm and the 

signal at 41.1 ppm is attributed to the methyls directly bound to the N, and the one at 5.4 ppm is 

assigned to the methyl of the NCH2CH3 fragment. 

The characterization of AS4 showed clearly that, by functionalization of P1 with Ph(CF3)2COH, it 

was not possible to convert the totality of (≡SiO)2AlH(NMe2Et) to [(≡SiO)2Al(OC(CF3)2Ph)2]-

[HNMe2Et]+. This clearly places Ph(CF3)2COH as an unsuitable ligand for the synthesis of activating 

supports for metallocenes. 

 Test in ethylene polymerization in combination with rac-EtInd2ZrCl2 

Although it was seen that the synthesis of AS4 hadn’t proceeded to completion, the activating 

support was tested in ethylene/1-hexene slurry copolymerization as co-catalyst for rac-

EtInd2ZrCl2, Cat 1, to see if the small fraction of aluminates generated on the surface worked as 

active cocatalyst. The system AS4/Cat1 was tested in the same conditions than that used for the 

catalytic systems investigated previously.  

The polymerizations were conducted in 300 mL of heptane, at 80°C and 4 bars of ethylene 

pressure for 30 minutes. The total [Zr] was 2 µM and TiBA was used as scavenger in concentration 

Scheme 15– Structure of the catalyst AS4/Cat1. 
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1 mM. The zirconocene precursor was activated right before the start of the polymerization by 

contacting it with the activating support in presence of TiBA, as alkylating agent. 

The polymerization result obtained for the system AS4/Cat1 are reported in Table 9. 

Table 9 – Polymerization result obtained with the systems AS4/Cat1. General conditions: 80°C; 4 

bars C2H4; 30 minutes; 300 mL heptane; [TiBA] 1mM. 

run Catalyst 
m Zr 

Zr/Alsurface 
Zr loading C6 Yield Activity 

mg µmol Wt% mol% g g gcat
 -1

 h-1 

5 AS4/Cat1 21.1 0.74 0.11 0.32 18.2 0.36 34.5 

 

As expected the activity obtained was even lower than that recorded with AS3. The low activity is 

clearly due to the negligible amount and lack of active species on the surface, sufficient to show a 

certain activity to the catalyst. 

Table 10 – DSC and HT-SEC characterization results for the polymer obtained in run 5. 

run Catalyst 
Activity Tm2 Crystallinity Mn Mw 

Đ 
g gcat 

-1h-1 °C % g mol-1 g mol-1 

5 AS4/Cat1 34.5 125 38.2 32500 83100 2.6 

 

The polymer obtained is a LLDPE resin, compatible with the characteristics of the products 

synthesized by rac-EtInd2ZrCl2. It has a slightly broad molecular weight distribution and Mw around 

80 KDa, similar to what observed with AS1/Cat1 in the same conditions. 

2.4 Synthesis of [(≡SiO)2Al(O2C5HF6)2]-[HNMe2Et]+, AS5 

 Ligand characterization 

For the synthesis of AS5 it was chosen to functionalize P1 with hexafluoroactylacetone, ligand c in 

Scheme 11. The choice fell on this ligand given its chelating and electro-deficient nature and the 

fact that it easily formed hexa-coordinated Al complexes.9,10 
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Prior to the synthesis a 1H NMR spectrum in benzene-d6 of the diketone was acquired to assess its 

purity. The spectrum is reported in Figure 12. 

Figure 12 depicts a clean spectrum in which it is possible to see two singlets at 5.6 and 12.4 ppm, 

assigned respectively to the proton of the alkenyl moiety and to the proton of the hydroxyl group. 

 Synthesis and characterization of the activating support 

Figure 12 – 1H NMR spectrum of the hexafluoroacetylacetone in benzene-d6. 

56789101112 ppm

Scheme 16 – Synthesis of AS5. 
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2.2 eq. of hexafluoroacetylacetone were reacted in toluene with P1 for two hours. At the end of 

the reaction the product was washed three times with toluene and once with pentane. The 

powder was then dried under high vacuum. AS5 was characterized by DRIFT spectroscopy after 

the synthesis. 

Upon functionalization of P1 the peaks relative to the Al-H stretching at 1850 and 1800 cm-1 were 

consumed completely, indicating that all the aluminium hydride on the surface had all reacted 

with the ligand. At 3070 cm-1 appears the peak relative to the N-H stretching of the ammonium, 

proving the presence on the surface of the desired ionic couple. After the reaction appears also a 

broad band around 3400 cm-1 due to the interaction between the surface and the ligand. 

The DRIFT characterization of AS5 proved already the formation on the silica surface of the desired 

ionic couple, [(≡SiO)2Al(O2C5HF6)2]-[HNMe2Et]+. To further confirm that the reaction went to 

completeness a mass balance analysis was performed on AS5. 

Table 11 – Elemental analysis results for AS5. 

wt% Al wt% C wt% N wt% F wt% H C/N C/Al N/Al F/Al 
Al 

mmol·g-1 

0.9 6.1 0.6 8.1 0.7 
11.5 

(th.14) 

15.3 

(th. 14) 

1.3 

(th. 1) 

12.7 

(th. 12) 
0.33 

 

Figure 13 – DRIFT spectra of P1 (bottom) and AS5 (top). 
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The mass balance characterization results highlighted the presence of 0.33 mmolg-1 of Al on the 

surface of AS5. It also confirmed the formation of the ionic couple [(≡SiO)2Al(O2C5HF6)2]-

[HNMe2Et]+, in fact the amount of carbon per Al and F/Al, respectively 15.3 (th. 14) and 12.7 (th. 

12), show that to each grafted Al on the surface are coordinated two acetylacetonate ligands. The 

amount of nitrogen found, 0.6 wt%, is also in agreement with the presence of one ammonium 

counter ion per Al. This shows how, contrarily to Ph(CF3)2COH, the use of 

hexafluoroacetylacetonate as ligand allowed the synthesis of the desired aluminate on the 

support, and the development of well-defined species.   

The surface species were furtherly characterized by 1H MAS and 13C CPMAS solid state NMR. The 

spectra acquired for AS5 are reported in Figure 14. 

The NMR characterization of AS5 clearly shows the coordination of the acetylacetonate ligands to 

the Al. The 1H spectrum displays three main peaks at 1.16, 2.80 and 6.05 ppm; the signal at 6.05 

ppm is assigned to the olefinic proton of the acetylacetonate ligand, while the other two signals 

are attributed to the ammonium ion, at 1.16 ppm resonates the methyl of the ethyl moiety, while 

at 2.80 ppm resonate both the methyls directly bound to the N and the methylene of the NCH2CH3 

fragment.   

The 13C spectrum presents six signals; at 7.5 ppm is the peak relative to the methyl of the NCH2CH3 

moiety, at 41.4 ppm resonate the methyls directly bound to the nitrogen of the ammonium ion 

and at 52.5 ppm is the signal of the methylene of the NCH2CH3 fragment. The three remaining 

Figure 14 – 1H MAS (left) and 13C (right) CPMAS solid state NMR spectra acquired for AS5. 
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signals are assigned to the acetylaceonate; the carbon of the trifluoromethyl groups resonate at 

114.8 ppm, while at 89.1 ppm is the peak of the allylic CH carbon. The intense signal at 177.1 ppm 

is finally attributed to the carbons of the CO groups. 

All the characterizations reported for AS5 prove the formation of the ionic couple 

[(≡SiO)2Al(O2C5HF6)2]-[HNMe2Et]+, by functionalization of P1 with two equivalents of 

hexafluoroacetylacetoe per Al.  

The activating support was then tested in ethylene polymerization. 

 Test in ethylene polymerization in combination with rac-EtInd2ZrCl2 

AS5 was tested in ethylene/1-hexene slurry copolymerization as co-catalyst for rac-EtInd2ZrCl2, in 

the same conditions used for the catalytic systems investigated previously.  

The polymerizations were conducted in 300 mL of heptane, at 80°C and 4 bars of ethylene 

pressure for 30 minutes. The total [Zr] was 2 µM and TiBA was used as scavenger in concentration 

1 mM. The zirconocene precursor was activated right before the start of the polymerization by 

contacting it with the activating support in presence of TiBA, as alkylating agent. 

The polymerization result obtained for the system AS5/Cat1 are reported in Table 12. 

 

Scheme 17 – Structure of the catalyst AS5/Cat1. 
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Table 12 – Polymerization result obtained with the system AS5/Cat1. General conditions: 80°C; 4 

bars C2H4; 30 minutes; 300 mL heptane; [TiBA] 1mM. 

run Catalyst 
m Zr 

Zr/Alsurface 
Zr loading C6 Yield Activity 

mg µmol Wt% mol% g gg-1
cath-1 

6 AS5/Cat1 20.1 0.65 0.10 0.29 19.8 0.10 10 

 

Even though the surface of AS5 is composed of well-defined species, also in this case like for AS4 

and AS3, the activating support wasn’t efficient as cocatalyst of Cat1. As in the case of AS3 the 

possible explanation for the absence of activity could be a bad ionic couple interaction between 

AS5 and Cat1 and possibly the transfer of ligand giving a highly stable Zirconium acetylacetonate 

complex. 

The little polymer obtained by run 6 was characterized by DSC. The results are reported in Table 

13. 

 Table 13 – DSC characterization results for the polymer obtained in run 6. 

run Catalyst 
Activity Tf2 Crystallinity 

gg-1
cath-1 °C % 

6 AS5/Cat1 10 123 38.5 

 

The polymer obtained is an LLDPE resin, compatible with the characteristics of the products 

synthesized by rac-EtInd2ZrCl2. 
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2.5 Synthesis of [(≡SiO)2Al(O2P-binaphtol)2]-[HNMe2Et]+, AS6 

 Synthesis and characterization of the activating support 

The last activating support synthesized by functionalization of (≡SiO)2AlH(NMe2Et)3 with ligands 

different than pentafluorophenol, was prepared by using a phosphoric acid-binaphtyl ester as 

ligand (the structure of the ligand is reported in Scheme 11).  

P1 was reacted with 2.2 eq. of phosphoric acid-binaphtyl ester per Al in toluene overnight; the 

product was then washed three times with toluene and once with pentane, after removing the 

volatiles AS6 was dried under high vacuum. 

The surface of the activating support was characterized by DRIFT spectroscopy. In Figure 15 are 

reported the spectra before and after the functionalization reaction of P1. 

Scheme 18 – Synthesis of AS6. 

Figure 15 – DRIFT spectra for P1 (bottom) and AS6 (top). 
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The DRIFT spectrum of AS6 shows the complete disappearance of the peaks at 1850 and 1800 cm-

1
 of the Al-H stretching, indicating that, upon functionalization with the phosphoric acid-binaphtyl 

ester, all the grafted Al hydride on the surface reacted. The peak at 3060 cm-1 is characteristic of 

the N-H stretching proving the presence of the ammonium ion on the surface, and confirming the 

formation of the ionic couple; the sharp signals between 1500 and 1600 cm-1 are attributed to the 

C=C stretching frequencies of the aromatics. 

The DRIFT spectrum of AS6 suggests that all the Al on the surface reacted with the hydrogen 

phosphate to obtain [(≡SiO)2Al((κ2-O₂P(binaphtyl-ester)2]-[HNMe2Et]+. To confirm the coordination 

of two phosphate ligands per metal centre, a mass balance analysis of the surface of AS6 was 

performed; the results are reported in Table 14. 

Table 14 – Elemental analysis results for AS6. 

wt% Al wt% C wt% P wt% H C/Al H/Al P/Al 
Al 

mmol g-1 

1.43 29.41 1.81 2.09 
46.3 

(th. 44) 

39.1 

(th. 35) 

1.1 

(th. 2) 
0.53 

 

The mass balance quantification performed on AS6 confirmed the coordination of two phosphates 

per Al. The amount of carbon found, 29.4 wt%, in fact, gives a ratio C/Al of 46.3, very close to the 

theoretical value of 44 of the target species. The same can be observed for the estimated amount 

of H on the surface. The quantity of P recovered is lower than expected for two ligands bound to 

aluminium, 1.1 P/Al instead of 2. This lower estimation could be attributed to a higher difficulty of 

the analytical method in the quantification of heteroatoms.  

The activating support thus obtained was also characterized by 1H MAS and 13C CPMAS solid state 

NMR. The spectra are reported in Figure 16. 
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The solid state NMR spectra acquired for AS6 clearly show the presence of the phosphate on the 

aluminium. The 1H spectrum is very broad but it shows the presence of one intense, sharp peak at 

6.3 ppm assigned to the protons of the binaphthyl moiety, at 2.9 ppm resonate as a broad band 

the methylene and methyls bound to the N of the ammonium and at 1.4 ppm the methyl of the 

NCH2CH3 moiety. The last small peak visible in the spectrum is an artefact of the machine.  

The 13C NMR spectrum displays a huge peak at 124.2 ppm assigned to the carbons of the binaphtyl 

moiety of the phosphate ligands. At 145.7 ppm then resonate the C-O carbons of the same. The 

signal for the carbons of the ammonium are at 49.9, 40.2 and 6.8 ppm, and are respectively 

assigned to the methylene of the NCH2CH3, the NCH3 and the methyl of the NCH2CH3 fragment. 

From the DRIFT, solid state NMR and mass balance analysis characterization of AS6, it was possible 

to synthesize on the silica surface a well-defined anionic aluminium phosphate of structure 

[(≡SiO)2Al(O2P-binaphtol)2]-[HNMe2Et]+, that can be applied as activating support of homogeneous 

catalysts in ethylene polymerization. 

 

Figure 16 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of AS6. 
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 Test in ethylene polymerization in combination with rac-EtInd2ZrCl2 

AS6 was tested in ethylene/1-hexene slurry copolymerization as co-catalyst for rac-EtInd2ZrCl2, Cat 

1, in the same conditions than that used for the catalytic systems investigated previously.  

The polymerizations were conducted in 300 mL of heptane, at 80°C and 4 bars of ethylene 

pressure for 30 minutes. The total [Zr] was 2 µM and TiBA was used as scavenger in concentration 

1 mM. The zirconocene precursor was activated right before the start of the polymerization by 

contacting it with the activating support in presence of TiBA, as alkylating agent. 

The polymerization result obtained for the system AS6/Cat1 are reported in Table 15. 

Table 15 – Polymerization result obtained with the system AS6/Cat1. General conditions: 80°C; 4 

bars C2H4; 30 minutes; 300 mL heptane; [TiBA] 1mM. 

run Catalyst 
m Zr 

Zr/Alsurface 
Zr loading C6 Yield Activity 

mg µmol Wt% mol% g g gcat
-1 h-1 

7 AS6/Cat1 20.3 0.67 0.06 0.3 19.3 0.32 31.5 

 

Even though the aluminate on the surface was easily obtained, AS6 didn’t reveal to be an efficient 

activating support for Cat1. The activity was very low, 31.5 gPE gcat
-1 h-1. Even in this case the ionic 

interaction between the aluminate on the surface and the zirconocene was not optimal for the 

polymerization reaction.  

Scheme 19 – Structure of the catalyst AS6/Cat1. 
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The little polymer obtained from run 7 was characterized by DSC and HT-SEC. the results are 

reported in Table 16. 

Table 16 – DSC characterization results for run7. 

run Catalyst 
Activity Tm2 Crystallinity 

g gcat
 -1

 h-1 °C % 

7 AS6/Cat1 31.5 123 37.5 

 

The polymer obtained is an LLDPE resin, compatible with the characteristics of the products 

produced with rac-EtInd2ZrCl2. 

Conclusions  

In this chapter was presented the synthesis of five activating supports, AS2-AS6. 

The idea was to investigate the effect of the different nature of the ligand of the AS on the activity. 

With the only exception of AS4, for all the five activating supports it was possible to successfully 

Scheme 20 – Structure of the activating supports synthesized in Chapter III. 
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obtain and characterize the ionic couple aluminate/ammonium on the surface. Once all the 

characterizations were performed, the activating supports were tested in ethylene/1-hexene 

slurry copolymerization as cocatalyst of rac-EtInd2ZrCl2.  

With the exception of AS2 which showed a discreet polymerization activity, 370 gPEgcat
-1h-1, the 

other systems exhibited a negligible efficiency as activators for polymerization catalysts. This could 

be due to the fact that, changing the ligand on the activators, the ionic interaction between the 

aluminate on the surface and the zirconocene gets too tight to favour the polymerization process. 

In the next chapter it is going to be investigated the effect on the activity of increasing the acidity 

of the activating support by preparing AS having an halogen bound to the Al.  

Moreover, four activating supports in which the Aluminium centre was substituted with a Yttrium 

element are going to be studied. The aim is to avoid the transfer of ligand to Zirconium cationic 

complex by the increase the stability of M-O bond by changing the metal centre of the anionic 

activator (Al vs Y), as reported by Marks for similar molecular systems.1 
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Introduction 

In Chapter II and III was presented the synthesis of six activating supports that featured a 

bipodal aluminate on the surface of the silica treated at different temperatures. Specifically, in 

Chapter III, it was investigated the effect of the nature of the aluminate’s ligand on the activity, 

using AS1 as reference to evaluate the efficiency in polymerization. 

All the synthesised supports were tested as cocatalysts of the zirconocene rac-EtInd2ZrCl2 in 

ethylene/1-hexene slurry copolymerization. Of the six presented, AS1 was the only one to 

exhibit high productivities (1111 gPE gcat
-1 h-1 at lab scale and over 5000 gPE gcat

-1 h-1 at pre-

industrial scale), for the other supports the activities recorded were negligible (lower than 50 

gPE gcat
-1 h-1). In fact, changing the nature of the ligand on the Al centre, modifies the interaction 

between the aluminate and the active zirconocene, resulting in very low productivities. 

In this chapter is going to be presented the development of a series of well-defined activating 

supports in which one of the pentafluorophenoxy ligand on the Al was substituted by an electro 

attracting heteroatom (F, Cl).  

Previous literature studies have demonstrated the central role of the supported activator’s 

Lewis acidity in the activation of the catalyst precursor.1–3  It is widely reported in literature the 

synthesis of halogenated solid activators by calcination of the support at high temperatures in 

presence of halogenated anions, highly efficient in the activation of metallocene precursors.2 

In 2008 McDaniels demonstrated that by reacting silica or alumina surface with different 

anions (fluoride, chloride, sulfate, triflate, etc.) it was possible to increase the Bronstead and 

Lewis acidity of the support’s surface.2  

In 2013 Boisson et al.4 reported the development of two routes for the synthesis of fluorinated 

solid activators; either, the silica was treated with an alkylaluminium fluoride compound and 

Scheme 1 – Structure of the aluminate on the surface of AS1. 
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then calcined a high temperature, or a grafted alkylaluminium precursor was functionalized by 

reaction with HF produced by decomposition of (NH4)2SiF6. Scheme 2 reports the two possible 

routes. This paper highlights the principal behaviour of previously patented fluorinated 

activating supports developed by the group in Lyon.5–7 

The obtained activities were quite good, 750 gPE gcat
-1 h-1 in combination with rac-EtInd2ZrCl2 at 

80°C under 4 bars. 

For all the halogenated supports reported in the literature, although the great polymerization 

activity results, nothing can be said about the exact structure of the species present on the 

surface of the solid activators, due to the classical preparation methods used.  

The aim of this chapter is then, not only to improve the performances of AS by increasing the 

acidity of the aluminium centre, but also the synthesis of well-defined halogenated activating 

supports bearing an aluminium-halide bond. In order to achieve this goal, the preparation of a 

well-defined grafted halogenated precursor is fundamental. In 2014 Copéret et al.8 studied the 

grafting of chlorodiethylaluminum (DEAC) on silica and investigated the structure of the 

species formed on the surface by means of theoretic calculations and solid state NMR 

experiments. The study shows that upon reaction of DEAC with the surface, a mixture of 

species is formed of which the majority are bipodal dinuclear species with a bridging ethyl or 

chloride group (Scheme 3). 

Scheme 2 – Routes for the synthesis of fluorinated solid activators reported by Boisson et al. 
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Formation of dinuclear species after the grafting of alkylaluminum complexes on silica is 

renown in literature. Numerous studies have been performed on the grafting of trimethyl-9,10 

and triethyl-11 aluminium showing the formation of dinuclear species on the surface, with 

physisorption of the trialkylaluminium complex. This phenomenon can be limited by the use of 

a dative base, such as Et2O, which interacts with the aluminium centre maintaining the Al 

tetracoordination.12,13 

 

  

Scheme 3 – Reported structure of the majority of the species formed during the grafting of DEAC on silica.8 
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1. Halogenated Al-based activating supports 

1.1 Synthesis of [(SiO)2AlCl(OC6F5)]-[HNEt2Ph]+, AS7 

The first halide tested in the synthesis of an activating support was the chloride in the synthesis 

of AS7. The synthesis proceeded in three steps, as reported in Scheme 4. 

The first step of the synthesis is the generation of an alkyl aluminium precursor, P3, on the 

silica surface by reaction of AliBu3 with SiO2-700 (Grace silica Sylopol 2408 dehydroxylated at 

700°C). The obtained bipodal alkylaluminium was then reacted with gaseous HCl to obtain the 

grafted chloride, P4. And as last step the chloride was functionalized with pentafluorophenol 

and Et2NPh to obtain the ionic couple of the activating support. 

1.1.1 Synthesis of (SiO)2AliBu(Et2O), P3 

P3 was synthesized by grafting AliBu3 in ether on SiO2-700. The silica employed in the synthesis 

was Grace silica Sylopol 2408, partially dehydroxylated at 700°C as described in Chapter III.  

Triisobutylaluminium was reacted for two hours with the silica surface in Et2O, the use of the 

coordinating solvent was found by our group to force the formation of bipodal species, of 

structure (SiO)2AliBu(Et2O).6,7 

At the end of the reaction the powder was dried and the surface characterized to confirm the 

synthesis of P3. In Figure 1 is reported the DRIFT spectra before and after the reaction. 

Scheme 4 – Synthetic pathway for AS7. 

Scheme 5 – Grafting of AliBu3 on SiO2-700, P3. 
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The acquired DRIFT spectrum for P3 after the grafting of TiBA, shows a complete consumption 

of the of the isolated silanols which are characterized by a peak at 3743 cm-1 for the OH 

stretching, proving that all the silanols present on the surface have reacted with TiBA. The 

spectrum of P3 is also characterised by the presence of an intense group of peaks in 2500-

3000 cm-1 region, for the C-H stretching of the alkyl fragments.  

The DRIFT spectroscopy characterization of P3, confirms that the reaction of TiBA with the 

surface of SiO2-700 consumed all the surface silanols and that alkyl species are grafted on the 

silica surface. In Table 1 are reported the results for the mass balance analysis of P3. 

Table 1 – Elemental analysis results for P3. 

wt% Al wt% C wt% H C/Al H/Al 
Al 

mmol g-1 

1.25 5.87 1.15 
10.5 

(th. 12) 
27.0 

(th. 28) 
0.46 

 

From the mass balance analysis 0.46 mmol g-1 of Al resulted present on the surface of the 

support. The ratio C/Al, 10.5, and H/Al, 27.0, derived from the content in mass of the two 

elements, respectively 5.87 and 1.15 wt%, are in agreement with the formation of the bipodal 

species. The values are in fact very close to the theoretical ones, as can be seen in Table 1. 
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Figure 1 – DRIFT spectra of SiO2-700 (bottom) and P3 (top). 
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P3 was characterized by 1H MAS and 13C CPMAS solid state NMR. In Figure 2 are reported the 

spectra acquired for the support. Both spectra clearly show the signals of the isobutyl 

aluminium fragment and the coordinated Et2O. The 1H spectrum exhibits at 4.05 and 1.26 ppm 

the signals of the diethyl ether; the peaks are assigned respectively to the methylene and the 

methyl of the O-ethyl fragment. There are then peaks at 1.77, 0.83 and -0.22 ppm, assigned to 

the isobutyl bound to the Al; at 1.77 ppm resonates the methyne, at 0.83 the methyl groups 

and at -0.22 the methylene. 

The 13C spectrum displays at 66.0 and 11.9 ppm the signals of the diethyl ether molecule, 

respectively for the methylene and the methyl. It is then possible to see three other peaks 

attributed to the isobutyl moieties either bound to the Al or to the Si. At 25.3 ppm resonate 

both the methyne and methyl groups of the AlCH2CH(CH3)2 moiety, at 23.4 ppm is the peak for 

the methylene and methyl of the SiCH2CH(CH3)2 and at 20.9 ppm the signal of the methylene 

of AlCH2CH(CH3)2 and the methyne of SiCH2CH(CH3)2. 

Once the surface of P3 was characterized, it was reacted with gaseous HCl, in order to release 

isobutane and to obtain an aluminium chloride on the surface. 

1.1.2 Synthesis of (SiO)2AlCl, P4 

In order to synthesize a chlorinated aluminate as activating support, it was necessary, first, to 

generate an aluminium chloride on the surface; to do so, P3 was reacted for one hour with 

gaseous HCl in a glass reactor. Scheme 5 depicts the reaction pattern. 

  

Figure 2 – 1H MAS (left) and 13C CPMAS (right) solid state NMR spectra for P3. 
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At the end of the reaction the reactor was evacuated and the powder characterized by DRIFT 

spectroscopy, to confirm that all the species on the surface had reacted with HCl. The spectrum 

acquired is reported in Figure 3. 

Upon reaction with HCl there was a big decrease in the intensity of the signals between (2500-

3000 cm-1) attributed to the C-H stretching of the alkyl moieties on the surface. This indicates 

that all the bipodal isobutylaluminium species reacted with the hydrochloric acid. The small 

peaks remaining can be assigned to the stretching of the isobutyl directly bound to the silica 

surface. It is also possible to see the regeneration of a small fraction of silanol groups on the 

surface, as indicated by the small peak at 3743 cm-1. This was probably caused by some water 

impurities present in the balloon of HCl. 

The species on the surface of P4 were characterized by mass balance analysis, the results are 

reported in Table 2. 

Scheme 6 – Functionalization of P3 with HClgas. 

Figure 3 – DRIFT spectra of P3 (bottom) and (SiO)2AlCl (top). 
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Table 2 – Elemental analysis results for P4. 

wt% Al wt% C wt% Cl wt% H C/Al Cl/Al H/Al 
Al 

mmol g-1 

1.18 2.21 1.78 0.46 
4.2 

(th. 4) 
1.1 

(th. 1) 
10.4 

(th. 9) 
0.44 

 

The amount of chloride found on the surface of P4, 1.78 wt%, confirms the presence of one 

chloride bound per aluminium, as targeted. The mass balance analysis also shows the presence 

of one isobutyl fragment per Al, it is the alkyl that got transferred to the silica surface upon 

grafting of the TiBA and that wasn’t reacted with HCl by protonolysis . It is worth mentioning 

that P4 is a unique example of well-defined bipodal aluminium chloride (SiO)2AlCl. 

Once the surface of P4 was characterized, the support was functionalized with 

pentafluorophenol and diethylaniline, to generate the ionic couple of AS7. 

1.1.3 Functionalization of P4 with pentafluorophenol, AS7 

The synthesis of AS7 required the functionalization of P4 with both pentafluorophenol and 

diethylaniline. The addition of the aniline was necessary because, contrarily to the cases of P1 

and P2, in P4 there isn’t an amine coordinated to the aluminium that could generate the 

counter ion for the aluminate.  

P4 was reacted in benzene with 1.2 eq. of pentafluorophenol and diethylaniline overnight. 

Scheme 6 reports the reaction pattern. 

Scheme 7 – Synthesis pathway of AS7. 
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At the end of the reaction the product was washed with benzene and pentane and dried under 

vacuum. The surface was characterized to confirm the formation of the ionic couple. In Figure 

4 is reported the DRIFT spectrum for the activating support. 

Upon reaction of (SiO)2AlCl with pentafluorophenol and the aniline, a huge peak appears at 

3070 cm-1 for the N-H stretching of the anilinium, proving the formation of the anionic couple 

on the surface. Additional sharp peaks appear also between 1500 and 1600 cm-1 for the C-H 

and C=C stretching of the aromatic moiety.  

The species on the surface of AS7 were also characterized by mass balance analysis. The results 

are reported in Table 3. 

Table 3 – Elemental analysis results for AS7. 

wt% Al wt% C wt% N wt% Cl C/Al Cl/Al N/Al 
Al 

mmol g-1 

1.14 5.25 0.57 2.60 
10.4 

(th. 20) 
1.7 

(th. 1) 
1.0 

(th. 1) 
0.42 

 

The amount of nitrogen found on the surface of AS7, 0.57 wt%, is compatible with one 

ammonium per Al. It appears, though, that there was a misevaluation of the carbon and 

chloride amounts on the surface. In fact, it was measured 1.7 chlorides per Al, which is not 

coherent, not only with the theoretical value of 1 for the desired species, but also with the 

Figure 4 – DRIFT spectra for P4 (bottom) and AS7 (top). 
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ratio Cl/Al found for P4, 1.1. In the same way the amount of carbon found on the surface is 

way lower than what was expected for the product. 5.25 wt% of C on the surface would 

correspond to 10.4 C/Al, when the theoretical value would be 18. Looking just to the results of 

the elemental analysis, it could be affirmed that upon functionalization of P4, only the 

coordination of the aniline occurred, with no reaction with the pentafluorophenol. 

Although this conclusion would be very straightforward, it is in great contrast with the DRIFT 

spectrum reported in Figure 4, in which the peak of the N-H stretching is very intense and also 

from the 19F MAS NMR spectrum acquired for AS7, reported in Figure 5, which clearly displays 

the signals of the fluorines of the pentafluorophenoxy ligand. 

AS7 was characterized by 1H MAS, 13C CPMAS and 19F MAS NMR spectroscopy. While the 1H 

and 13C spectrum show just peaks assigned to the anilinium, the 19F spectrum shows three 

signals at -161.2, -167.8 and -173.8 ppm assigned respectively to the fluorines in ortho meta 

and para of the pentafluorophenoxy ligand, proving the presence of the pentafluorophenol on 

the surface, and more specifically bound to the Al. The chemical shifts are in fact in agreement 

with those reported in literature for similar structures.13,14 

Figure 5 – a) 1H MAS, b) 13C CPMAS and c) 19F MAS solid state NMR spectra for AS7. 

a) 

c) 

b) 

* * 
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The 1H spectrum displays three peaks assigned to the anilinium ion at 7.63, 4.40 and 0.95 ppm 

respectively assigned to the protons of the aromatic ring, the methylene and the methyl of the 

ethyl fragment. At 3.52 and 1.49 ppm are present two additional peaks that were assigned to 

THF impurities present on the surface (from glove-box).  

The 13C NMR spectrum shows at 11.6 ppm and 47.2 the resonances of the methyl and 

methylene groups of the ethyl moiety of the anilinium and at 141.3, 130.5 and 119.3 ppm the 

signals of the carbons of the phenyl ring. Also at the 13C spectrum it is possible to see the peaks 

due to the THF impurities at 69.9 and 23.1 ppm. 

Although the NMR characterization of the activating support confirms the presence of a 

pentafluorophenol bound to the Al on the surface, and the DRIFT spectrum bears evidence of 

the presence of the anilinium on the surface, indicating thus the formation of the ionic couple, 

the low amount of carbon found by elemental analysis calls for further studies to clarify the 

structure on the surface. 

1.2 Synthesis of [(SiO)2AlCl2]-[HNEtMe2]+, AS8 

After the synthesis of AS7, the possibility of generating a dichloride species on the silica surface 

was investigated, as well as the effect on the activity of completely substituting the 

pentafluorophenoxy ligands with heteroatoms. 

For the synthesis of AS8 the bipodal aluminium precursor functionalized is P1. The synthesis 

and characterization of (SiO)2AlH(NEtMe2) is reported in Chapter II.  

P1 was reacted with gaseous HCl in great excess for an hour in a glass reactor. At the end of 

the reaction the surface of the product was characterized. In Figure 6 are reported the DRIFT 

spectra before and after the chlorination reaction. 

Scheme 8 – Synthesis of AS8. 
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Upon reaction with HCl the signals for the Al-H stretching at 1800 cm-1 and 1850 cm-1 were 

completely consumed, meaning that all the species on the surfaces reacted. The spectrum of 

AS8 displays also a peak at 3148 cm-1 that can be attributed to the N-H stretching of the 

ammonium of the ionic couple.  

The DRIFT characterization of AS8, proved that all the species on the surface reacted with HCl 

to generate a bipodal dichloride aluminates. To further confirm the exact structure of AS8, the 

hydrogen evolved during the reaction was quantified and a mass balance analysis of the 

support was performed; the results are reported in Table 4. 

Table 4 – Elemental analysis results and H2 quantification for AS8. 

wt% Al wt% C wt% N wt% H wt% Cl 
Al 

mmol g-1 
N/Al C/Al C/N Cl/Al 

H2/Al 
evolved 

1.72 3.3 1.14 0.99 5.27 0.64 
1.3 

(th. 1) 
4.3 

(th. 4) 
3.4 

(th. 4) 
2.3 

(th. 2) 
0.93 

(th. 1) 
 

As expected for the bipodal aluminium hydride, the amount of H2 evolved per Al was 0.9, very 

close to the theoretical value of 1. The gas quantification analysis thus confirms that all the 

species on the support reacted. Moreover, the mass balance analysis reported the presence 

on the surface of 2.3 Cl/Al which is in line with the expected value of 2 for AS8. Finally, the 

amounts of carbon and nitrogen found, 3.3 and 1.14 wt% respectively, confirm the presence 

of one ammonium per aluminium chloride. 

Figure 6 – DRIFT spectra of P1 (bottom) and AS8 (top). 
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AS8 was then characterized by 1H MAS and 13C CPMAS solid state NMR. In Figure 7 are reported 

the spectra acquired. 

Both NMR spectra of AS8 displays the signals of the alkyl fragments of the ammonium ion. 

The 1H spectrum displays two peaks: the signal at 1.1 ppm is assigned to the methyl of the 

NCH2CH3, while the one at 2.8 ppm is attributed to the protons of the methylene of the 

NCH2CH3 and the methyls directly bound to the nitrogen atom. 

The 13C NMR spectrum exhibits three signals. The peak at 52.4 ppm is the resonance of the 

methylene of the NCH2CH3, at 41.8 ppm resonate the carbons of the NCH3 groups and at 6.5 

ppm there’s the peak of the NCH2CH3 fragment. 

The characterization of AS8 showed that after reaction of P1 with HCl, a dichloride aluminium 

was obtained on the surface, [(SiO)2AlCl2]-[HNEtMe2]+. AS8 was then tested in polymerization 

as cocatalyst for rac-EtInd2ZrCl2 in presence of alkylating agent TiBA. The results are reported 

in comparison with those of the other activating supports presented in this Chapter. 

After the synthesis of AS8, it was studied the effect of an Al-F bond on the efficiency of the 

activating supports. 

1.3 Synthesis of [(SiO)AlF(OC6F5)2]-[HNEtMe2]+, AS9 

The molecular aluminium fluoride precursor used in the synthesis of activating supports AS9-

11 was AliBu2F. It was synthesized according to the exchange reaction reported in Scheme 9.  

 

Figure 7 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of AS8. 
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In 1970 Krieg et. reported an IR investigation proving the trimeric form of [AliBu2F]3.15 The 

tendency of alkylaluminum complexes to dimerize or trimerize has been known in literature 

for a long time.8,16,17 The equilibrium between the two form, monomeric and polymeric, is 

dependent on the steric hindrance of the alkyl group. 

1.3.1 Synthesis of (SiO)AlF(iBu)(Et2O), P5 

The silica used as support for the first synthesis was Grace Silica Sylopol 2408 dehydroxylated 

at 700°. AliBu2F was grafted on SiO2-700 in Et2O for two hours. Scheme 10 reports the reaction 

pathway. 

The product was characterized to ascertain the structure of the species on the surface. In 

Figure 8 is reported the DRIFT spectrum acquired for the sample. 

Scheme 9 – Synthesis of AliBu2F. 

Scheme 10 – Synthesis of P5. 
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Figure 8 – DRIFT spectra for SiO2-700 (bottom) and P5 (top). 
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The DRIFT characterization of the surface of the support confirms that all the silanols groups 

reacted with the diisobutylaluminium fluoride, in fact the sharp peak at 3743 cm-1 

characteristic of the O-H stretching of the SiOH disappears completely after the grafting. The 

group of signals between 2500-3000 cm-1 is attributed to the C-H stretching of the isobutyl 

moiety of the grafted species.  

 The amount of the elements present on the surface was quantified together with the amount 

of isobutane evolved by the grafting reaction and the hydrolysis of P5. The results are reported 

in Table 5. 

Table 5 – Elemental analysis and isobutane quantification results for P5. 

wt% Al wt% C wt% H wt% F 
Al 

mmol g-1 
C/Al F/Al 

iBuH/Al 

Grafting Hydrolysis 

1.71 5.86 1.13 0.91 0.63 
7.7 

(th. 8) 
0.8 

(th. 1) 
0.55 

(th. 1) 
1.0 

(th. 1) 
  

The elemental analysis found 1.71 wt% of Al on the surface of P5, corresponding to 0.63 

mmolg-1 of aluminium centre on the surface. Combining then the results obtained from the 

quantification of the carbon and fluorine and of the isobutane evolved, it is possible to 

confidently affirm that the aluminium species grafted on the surface are monopodal. In fact 

the amounts of 5.86 wt% of C and 0.91 wt% of F, corresponding to 7.7 C/Al and 0.8 F/Al are 

very close to the theoretic values of 8 and 1 for monopodal species (SiO)Al(iBu)F(Et2O). 

Moreover, from the hydrolysis of P5 were released exactly one isobutane per aluminium. The 

quantification of the isobutane released during the grafting was highly underestimated due to 

a problem occurred at the moment of the collection of the volatiles after the reaction.  
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The surface was then characterized by 1H MAS and 13C CPMAS solid state NMR, the spectra are 

reported in Figure 9. 

The spectra acquired for P5 appear very similar to those of P3, it is principally possible to see 

the resonances of the isobutyl fragments, slightly shifted with respect to P3 due probably to 

the presence of the F on the Al. 

The 1H NMR spectrum shows at 4.10 and 1.25 ppm the peaks relative to the methylene and 

methyl groups of the Et2O respectively. The signal at 1.77 ppm was assigned to the methyne 

of the isobutyl moiety, at 0.83 ppm resonate the methyls of the same group and -0.19 ppm is 

the peak of the methylene. 

The 13C NMR displays two signals at 66.3 and 12.0 ppm for the diethylether molecule, while at 

20.8 ppm is the resonance of the methylene of the –Al(CH2CH(CH3)2) moiety, and at 25.4 ppm 

the peak of the methyne and the methyls of the –Al(CH2CH(CH3)2). In addition to the signals 

due to (SiO)A(liBu)F(Et2O), are present other three peaks of low intensity at 71.3, 30.1 and 

17.3 ppm, these were assigned to the oxidized –Al(OCH2CH(CH3)2), they are respectively 

assigned to the methylene, the methyne and methyl groups of the ligand. The fraction of 

oxidized product on the surface, although being worthy of acknowledgment, is negligible with 

respect to (SiO)Al(iBu)F. The acquisition of 29Si solid state NMR spectrum showed no sign of 

isobutyl or fluoride transfer to the surface, thus far proving the monopodal structure of P5. 

The presence of Al-F in this species will be proved by additional characterization such as 27Al, 

19F solid state NMR. But due to the high stability of Al-F bond (640 Kj/mol) compared to Si-F 

bond (540 kj/mol) the formation of bipodal species by fluorine transfer to silicon is not 

favourable. This phenomenon was observed during the grafting of R3N-AlH3 or ether-AliBu3 on 

Figure 9 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of P5.  
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silica dehydroxylated at 700°C. This is due to the stability of Si-H (291 kj/mol) and Si-C = 435 

Kj/mol) compared to Al-H (285 kj/mol) and Al-C (255 Kj/mol).18–21  

By reacting AliBu2F with SiO2-700 in Et2O it was possible to obtain the monopodal grafted species 

(SiO)Al(iBu)F. A full characterization of the surface was performed. 

P5 was then functionalized with pentafluorophenol and NEtMe2. 

1.3.2 Functionalization of P5 with pentafluorophenol, AS9 

P5 was reacted with 2.2 eq. of pentafluorophenol and 1.2 eq. of tertiary-amine per Al in 

benzene overnight. Scheme 11 reports the reaction pattern. 

The surface of the activating support was then characterized, to confirm the completion of the 

reaction. In Figure10 is reported the DRIFT spectra before and after the reaction. 

Scheme 11 – Synthesis of AS9. 

Figure 10 – DRIFT spectra of P5 (bottom) and AS9 (top). 
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Upon functionalization there is a big decrease in the intensities of the C-H stretching peaks 

between 2500-3000 cm-1 and the appearance of sharp peaks at lower wavelengths, between 

1500 and 1600 cm-1, for the C=C stretching of the aromatic rings. An additional peak appears 

at 3070 cm-1, characteristic of the N-H stretching of an ammonium, indicates the presence on 

the surface of the support of the ionic couple [(SiO)AlF(OC6F5)2]-[HNEtMe2]+. 

The species formed were furtherly characterized by mass balance analysis to confirm the 

structure. The results are reported in Table 6. 

Table 6 – Elemental analysis results for AS9. 

wt% Al wt% C wt% H wt% F 
Al 

mmol g-1 
C/Al F/Al H/Al 

1.27 8.1 0.59 8.22 0.47 
14.3 

(th. 16) 
9.2 

(th. 11) 
12.4 

(th. 12) 
The elemental analysis results confirm the formation of the ionic couple on the surface. The 

amount of carbons of 8.1 wt% found corresponds, in fact, to 14.3 C/Al very close to the 

theoretical value of 16 for the anionic couple. The same can be said to the number of 9.2 F/Al 

found. The activating support was then characterized by 1H MAS and 13C CPMAS solid state 

NMR. 

In Figure 11 are reported the spectra acquired for AS9. At the 1H NMR spectrum displays two 

peaks: at 2.62 ppm resonate the carbons of methyl groups and of the methylene of the ethyl 

group of the ammonium and at 0.52 ppm the methyl of the ethyl bound to the N.  

At the 13C NMR spectrum the peak at 52.6 ppm was assigned to the –CH2 of the ethyl group of 

[HNMe2Et]+, the one at 41.1 ppm at the –NCH3 and the one at 6.6 ppm at the –CH3 of the ethyl 

of [HNMe2Et]+. 

Figure 11 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of AS9. 
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The activating support AS9 was then tested in polymerization as cocatalyst for rac-EtInd2ZrCl2. 

The results are reported in comparison with those of the other activating supports presented 

in this Chapter. 

1.4 Synthesis of [(SiO)AlF(OC6F5)2]-[HNEtMe2]+, AS10 

An accurate choice of the solvent used during the grafting of a complex, is crucial for the 

definition of the final structure of the species bound on the support. In fact, in the specific 

cases of trialkylaluminium complexes, the use of a coordinating solvent, like diethyl ether or 

THF, can favour the monomeric form of the alkylaluminum, preventing the formation of Al-C-

Al bridges in solution (or on the silica surface).10,11 The saturation of the coordination sphere 

of the aluminium, moreover, not only could prevent undesired interactions of the complex 

with itself, but also with Si-O-Si bridges present on the support, making easier the removal of 

the reagent in excess.  

The employment of Et2O as a coordinating solvent, to favour the grafting of AliBu3 was studied 

efficiently in our group,6,7 and applied in the synthesis of P3.  

In order to investigate the effect of using differently coordinating solvents during the grafting 

of AliBu2F on SiO2-700, P6 was prepared by grafting the alkylaluminium fluoride in pentane, to 

be compared with P5. 

1.4.1 Synthesis of (SiO)AliBuF, P6 

AliBu2F was reacted with SiO2-700 (Grace Silica Sylopol 2408) for two hours in pentane. In 

Scheme 12 is depicted the reaction. 

The use of pentane as solvent for the grafting would favour the formation of intermolecular 

interactions between the species on the surface with the formation of dimers, and an increase 

in the number of grafted aluminium centres.  

Scheme 12 – Synthesis of P6. 
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To identify the species obtained the surface was characterized. In Figure 12 is reported the 

DRIFT spectrum of P6. 

The DRIFT characterization of the surface of the support confirms that all the silanol groups 

reacted with the diisobutylaluminium fluoride, in fact the sharp peak at 3743 cm-1 

characteristic of the O-H stretching of the SiOH disappears completely after the grafting. In the 

spectrum of P6 is visible a very intense group of signals between 2500-3000 cm-1, attributed 

to the C-H stretching of the isobutyl moieties of the grafted species.  

The DRIFT characterization proved that the aluminium species reacted with all the silanols 

present on the surface. To have more information on the amount of Al centres present on the 

support, a mass balance analysis of P6 was performed, and the amount of isobutene evolved 

by the grafting reaction and the hydrolysis of P6 was quantified. The results are reported in 

Table 7. 

Table 7 – Elemental analysis and isobutane quantification results for P6. 

wt% Al wt% C wt% H wt% F 
Al 

mmol g-1 
C/Al F/Al 

iBuH/Al 

Grafting Hydrolysis 

2.14 5.34 0.95 0.98 0.79 
5.6 

(th. 6) 
0.9 

(th. 1) 
0.5 

(th. 0.5) 
1 

(th. 1) 
 

Figure 12 – DRIFT spectra of SiO2-700 (bottom) and P6 (top). 
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The amount of Al found on the surface of P6, 2.14 wt%, 0.79 mmol g-1, was higher than the 

amount of silanols for SiO2-700, 0.58 mmol g-1; indicating that, as expected, the AliBu2F reacted 

with both silanols and siloxane bridges on the surface. This is confirmed by the amount of 

isobutane evolved during the grafting, 0.5 iBuH/Al. In fact, just the species reacting with the 

SiOH groups would give isobutane evolution, and the amount of iBuH found for the synthesis 

of P6 is coherent with this hypothesis.   

The monopodal and dimeric nature of the grafted species is then confirmed by carbon and 

fluoride quantification, and the quantitative evaluation of the gases evolved by the hydrolysis 

of P6. The ratios of 0.9 F/Al and 5.6 C/Al found are in fact coherent with the formation of the 

species shown in Scheme 11; also the evolution of one isobutane per aluminium matches the 

theoretical value of 1 iBuH/Al for monopodal species.  

The formation of surface dimers is in agreement with what already observed in literature for 

the grafting of metal alkyls of Group 13.8,11,24 The grafting of both AlEt3
11 and GaiBu3

24 on SiO2-

700  have been shown to result in the formation of dimeric by protonolysis reaction with 

reaction and transfer of an alkyl fragment to the surface. More recently Copéret et al. reported 

something similar for the grafting of AlClEt2 on SiO2-700
8 demonstrating the formation of a 

mixture of dimeric structures differently bound to the silica surface. 

The surface was then analysed by 1H MAS and 13C CPMAS NMR spectroscopy. The spectra are 

reported in Figure 13. 

Figure 13 – 1H MAS (left) and 13C CPMAS (right) spectra for P6. 
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The 1H spectrum shows just two signals, the peak at 0.87 ppm assigned to the methyls while 

the methylene and the methyne group resonate as shoulders respectively at 0.11 and 1.85 

ppm. Something similar is shown in the 13C spectrum; at 23.3 ppm resonate the methyne and 

methyl groups of the isobutyl as a sharp peak, whereas the broad shoulder at 17.9 ppm is 

assigned to the methylene groups. 

To confirm the isobutyl transfer on the silica surface, P6 was reacted with O2 in gas phase. This 

treatment occurs selectively on the [(≡SiO)AlF(iBu)]2 fragment generating aluminium 

isobutoxide species along with SiCH2CH(CH3)2 species.12 As shown in Scheme 13. 

The adduct thus obtained was characterized by 13C CPMAS solid state NMR. The spectrum is 

reported in Figure 14. 

The spectrum shows four peaks at 14.8, 22.8, 28.7 and 71.5 ppm. The three peaks at 14.8, 28.7 

and 71.5 ppm are assigned respectively to the methyls, the methyne and the methylene of the 

-AlOCH2CH(CH3)2 moiety.12 The remaining peak at 22.8 ppm is characteristic for the resonances 

of the carbons of the Si-iBu fragment, confirming the transfer of an isobutyl to the silica surface 

during the synthesis of P6. 

Scheme 13 – Oxidation reaction of P6. 

Figure 14 – 1H (left) and 13C (right) solid state NMR for P6 after reaction with O2. 
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Once the structure of the species on the surface of P6 was ascertained, the precursor was 

functionalized with C6F5OH and NEtMe2. 

1.4.2 Functionalization of P6 with pentafluorophenol, AS10 

P6 was reacted in benzene with 2 eq. of pentafluorophenol and 1 eq. of NEtMe2. The reaction 

proceeded overnight and is depicted in Scheme 14. 

The surface of the activating support was then characterized, to confirm the completion of the 

reaction. In Figure15 is reported the DRIFT spectra before and after the reaction. 

Upon functionalization there is a big decrease in the intensities of the C-H stretching peaks 

between 2500-3000 cm-1 and the appearance of sharp peaks at lower wavelengths (1500-1600         

cm-1) for the C=C stretching of the aromatic rings. An additional peak appears at 3070 cm-1, 

characteristic of the N-H stretching of an ammonium, indicates the presence on the surface of 

the support of the ionic couple [(SiO)AlF(OC6F5)2]-[HNEtMe2]+. 

Scheme 14 – Synthesis of AS10. 

Figure 15 – DRIFT spectra of P6 (bottom) and AS10 (top). 



Chapter IV 

191 

 

The species formed where furtherly characterized by mass balance analysis to confirm the 

structure. The results are reported in Table 8. 

Table 8 – Elemental analysis results for AS10. 

wt% Al wt% C wt% N wt% H wt% F 
Al 

mmol g-1 
C/Al F/Al N/Al H/Al 

1.41 8.56 0.85 0.6 8.66 0.5 
13.7 

(th. 16) 
8.7 

(th. 11) 
1.2 

(th. 1) 
11.9 

(th. 12) 
 

The elemental analysis results confirm the formation of the ionic couple on the surface. The 

8.6 wt% of carbons found corresponds, in fact, to 13.7 C/Al close enough to the theoretical 

value of 16 for the anionic couple. The same can be said for the ratio of 9.2 F/Al found. 

The presence of one ammonium ion is also confirmed by the quantification of nitrogen on the 

surface, 0.85 wt%, corresponding to 1.2 N per Al. The activating support was then 

characterized by 1H MAS and 13C CPMAS solid state NMR. 

In Figure 16 are reported the spectra acquired for AS10. The 1H NMR spectrum displays two 

peaks: at 2.52 ppm resonate the methyls and methylene of the ethyl group of the ammonium 

and at 1.0 ppm the methyl of the ethyl bound to the N.  

At the 13C NMR spectrum the peak at 51.3 ppm was assigned to the –CH2 of the ethyl group of 

[HNMe2Et]+, the one at 39.7 ppm at the –NCH3 and the one at 5.3 ppm at the –CH3 of the ethyl 

Figure 16 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of AS10. 
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of [HNMe2Et]+. The additional peak at 22 ppm is assigned to the methylene and methyl groups 

of the –SiiBu fragment.  

The activating support AS10 was then tested in polymerization as cocatalyst for rac-EtInd2ZrCl2. 

The results are reported in comparison with those of the other activating supports presented 

in this Chapter. 

1.5 Synthesis of [(SiO)2AlF(OC6F5)]-[HNEtMe2]+, AS11 

After the effect of the solvent on the modality of grafting of AliBu2F on SiO2-700, the complex 

was grafted on SiO2-200 to study the effect of the structure (monopodal vs bipodal) of the 

grafted Al centres. 

1.5.1 Synthesis of (SiO)AlF(iBu)2, P7 

In order to increase the concentration of Al centre on the surface, one eq. of iBu2AlF was 

reacted per SiOH on the surface of SiO2-200 (Grace silica Sylopol 2408). The reaction was 

conducted in pentane for two hours. Scheme 15 reports the reaction pattern. 

The surface of P7 was characterized after the reaction. In Figure 17 is reported the DRIFT 

spectra before and after the reaction with AliBu2F.  

The DRIFT characterization of the surface of the support confirms that all the accessible silanol 

groups reacted with the diisobutylaluminium fluoride, in fact the sharp peak at 3743 cm-1 

characteristic of the O-H stretching of the isolated SiOH disappears completely after the 

grafting. The group of signals between 2500-3000 cm-1 is attributed to the C-H stretching of 

the isobutyl moiety of the grafted species. 

Scheme 15 – Synthesis P7. 
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The DRIFT characterization proved that the aluminium species grafted on all the accessible 

sites on the surface. To have more information the amount of the elements present on the 

surface was quantified by mass balance analysis. The results are reported in Table 9. 

Table 9 – Elemental analysis and isobutane quantification results for P7. 

wt% Al wt% C wt% H wt% F 
Al 

mmol g-1 
C/Al H/Al F/Al 

3.67 6.65 1.25 2.11 1.36 
4.1 

(th. 4) 
9.1 

(th. 9) 
0.8 

(th. 1) 
 

By reacting the aluminium fluoride in ratio 1:1 it was indeed possible to increase the amount 

of Al precursors on the silica surface, 1.36 mmol g-1 of Al were found for P7. Moreover, the 

quantification of carbon and fluoride also confirmed the monopodal nature of the species; 4.1 

carbons were found per Al (th. 4), and 0.8 fluorides per metal centre (th.1).  

Figure 17 – DRIFT spectra of SiO2-700 (bottom) and P7 (top). 
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The surface was then analysed by 1H MAS and 13C CPMAS NMR spectroscopy. The spectra are 

reported in Figure 18. 

Both spectra show just the peaks of the isobutyl groups, as expected. The 1H spectrum shows 

broad signals, the peak at 0.70 ppm is assigned to the methyl and methylene fragments of 

isobutyl and the shoulder at 2.17 ppm to the methyne group. Something similar is shown in 

the 13C spectrum; at 24.4 ppm resonate the methyne and methyl groups of the isobutyl as a 

sharp peak, whereas the broad shoulder at 15.3 ppm is assigned to the methylene group. 

Once the structure of the species on the surface of P7 was ascertained, the precursor was 

functionalized with C6F5OH and NEtMe2. 

1.5.2 Functionalization of P7 with pentafluorophenol, AS11 

P7 was reacted in benzene with 2 eq. of pentafluorophenol and 1 eq. of NEtMe2. The reaction 

proceeded overnight and is depicted in Scheme 16. 

Figure 18 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of P7. 

Scheme 16 – Synthesis of AS10. 
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The surface of the activating support was then characterized, to confirm the completion of the 

reaction. In Figure 19 is reported the DRIFT spectra before and after the reaction. 

Upon functionalization there is a big decrease in the intensities of the C-H stretching peaks 

between 2500-3000 cm-1 and the appearance of sharp peaks between 1500 and 1600 cm-1 for 

the C=C stretching of the aromatic rings. An additional peak appears at 3070 cm-1, 

characteristic of the N-H stretching of an ammonium, proving the formation of the ionic couple 

[(SiO)AlF(OC6F5)2]-[HNEtMe2]+. 

The species formed were furtherly characterized by mass balance analysis to confirm the 

structure. The results are reported in Table 10. 

Table 10 – Elemental analysis results for AS11. 

wt% Al wt% C wt% N wt% H wt% F 
Al 

mmol g-1 
C/Al F/Al N/Al H/Al 

2.25 8.78 0.87 0.73 9.57 0.8 
8.8 

(th. 16) 
6 

(th. 11) 
0.7 

(th. 1) 
9.1 

(th. 12) 
 

Figure 19 – DRIFT spectra of P6 (bottom) and AS10 (top). 
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The elemental analysis results suggest that upon functionalization with pentafluorophenol and 

ethyl dimethylamine, it was forced the formation of a bipodal aluminate. In fact the ratio of 

8.8 C/Al on the surface is way closer what is found for bipodal [(SiO)2AlF(OC6F5)]-[HNEtMe2]+, 

10 C/Al, than for the monopodal [(SiO)AlF(OC6F5)2]-[HNEtMe2]+, 16 C/Al. The same thing can 

be said for what concerns the ratio F/Al; 6 fluorine where found per aluminium centre, 

matching perfectly the expected value for a bipodal aluminate. The nitrogen quantification 

confirms the presence of one ammonium per Al, and the protonation of the N was confirmed 

by DRIFT. In addition, the Al content dropped from 1.36 mmol g-1 in P7 to 0.80 mmol g-1 in 

AS11 The actual structure of AS11 is the one reported in the following Scheme 17. 

The activating support was then characterized by 1H MAS and 13C CPMAS solid state NMR. 

In Figure 20 are reported the acquired spectra for AS11. At the 1H NMR spectrum displays two 

peaks: at 2.9 ppm resonate the methyl groups and the methylene of the ethyl group of the 

ammonium and at 1.14 ppm the methyl of the ethyl bound to the N.  

Scheme 17 – Real structure of AS11. 

Figure 20 – 1H MAS (left) and 13C CPMAS (right) NMR spectra of AS11. 
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At the 13C NMR spectrum the peak at 51.4 ppm was assigned to the –CH2 of the ethyl group of 

[HNMe2Et]+, the one at 40.1 ppm at the –NCH3 and the one at 5.8 ppm at the –CH3 of the ethyl 

of [HNMe2Et]+. An additional peak is present at 22.6 ppm, probably due to some AliBu on the 

surface. 

The activating support AS11 was then tested in polymerization as cocatalyst for rac-EtInd2ZrCl2. 

The results are reported in comparison with those of the other activating supports presented 

in this Chapter. 

1.6 Test in polymerization of the halogenated Al-based support activators AS with rac-EtInd2ZrCl2 

The five activating supports presented in this chapter until now were tested as cocatalyst for 

rac-EtInd2ZrCl2 in ethylene/1-hexene slurry copolymerization. The conditions used were the 

same employed for AS1. The tests were conducted in 300 mL of heptane, at 80°C for 30 

minutes at 4 bars of ethylene pressure. 20 mg of activating support were used during the 

polymerizations. TiBA in concentration 1 mM was employed as scavenger and alkylating agent. 

In Table 11 are reported the polymerization results for the five activating supports. 

Table 11 – Polymerization results obtained with the activating supports AS7-11 in combination 

with rac-EtInd2ZrCl2. General conditions: 80°C; 4 bars C2H4; 30 minutes; 300 mL heptane; 20 

mg AS; [TiBA] 1mM. 

 

After testing the synthesized activating supports in ethylene polymerization, it resulted evident 

that substituting one or both pentafluorphenoxy ligand of the aluminate support had a hugely 

detrimental effect on the catalyst’s activity. In fact, none of the tested systems showed 

productivities higher than 40 gPE gcat
-1 h-1.  

run 
Activating 
support 

1-hexene 
Zr/Msurface 

Zirconocene Zr [Zr] Yield Activity 

mol% Wt% µmol µM g g g-1
cat h-1 

1 AS7 19.5 0.08 1.4 0.66 1.9 0.33 32 

2 AS8 17.9 0.03 1.4 0.62 1.9 - - 

3 AS9 17.4 0.08 1.6 0.81 2.3 0.40 39 

4 AS10 19.8 0.08 1.6 0.62 2.2 0.17 22 

5 AS11 20.9 0.04 1.4 0.68 2.4 0.38 37 
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The reason why these systems presents negligible activities as activating supports for 

metallocenes catalysts could be ascribed to the instauration a strong ionic interaction between 

happens during the formation of the active species it could be useful to make reference to a 

work published by Marks et al. in 2007.25,26 In this work is presented the development of a 

series of halo-perfluoroarylmetalates as activators for metallocenes in stereospecific 

polymerization of propylene.   

The structure reported by Marks and collaborators could be recognizable as homologous in 

the homogeneous phase of the activating supports reported in the previous paragraphs. What 

the study shows is that, upon activation of the zirconocene in presence of a mononuclear 

fluoroaluminate, a kinetically inert Zr-F-Al linkage is formed, having detrimental effects on the 

activity of the catalyst.25–27 At the same time, these systems could undergo to deactivation 

phenomena similar to those observed for AS1, by transfer of a phenoxy group from the 

activator to the active species.14,28,29 

It could be supposed that an interaction of the same kind is formed in the case of activating 

supports AS7-11 for the cationic zirconocene complex. We can then assume that solid 

activators obtained by an inorganic route involving fluorination by HNR3F of surface aluminium 

compounds2,4 feature a different structure than that obtained by surface organometallic 

chemistry. However, it is necessary to considerate also that the Al and F loading on the surface 

of the AS7-11 is lower than what observed in literature for the solid acid activators. 

The polymers obtained in runs 1 to 5 were characterized by DSC and HT-SEC. The results are 

reported in Table 12. 

Scheme 18 – Example of the structure of some of the activators reported by Marks et al. in 2007. M = B, Al; X = 

F, Cl, Br. 
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Table 12 – DSC and HT-SEC characterization results for the polymer obtained in run 1-5. 

run 
Activating 
support 

Activity Tf ΔH Crystallinity Mn Mw 
Đ 

g g-1
cat h-1 °C J g-1 % g mol-1 g mol-1 

1 AS7 32 125 128.4 43.8 30700 80700 2.6 

2 AS8 - - - - - - - 

3 AS9 39 120 108.0 36.8 37300 117400 3.1 

4 AS10 22 
123 

93.6 31.9 - - - 
133 

5 AS11 37 
123 

193.3 66.0 - - - 
133 

 

The polymer obtained is an LLDPE resin, compatible with the characteristics of the products 

synthesized by rac-EtInd2ZrCl2. 

The synthesis of well-defined mono-and bipodal halogenated activating supports, didn’t bring 

to the development of a highly efficient cocatalyst for Zr metallocenes in ethylene/1-hexene 

co-polymerization. This is due to the formation of Zr-X-Al (X=Cl or F) bonds, upon activation of 

the zirconocene or transfer of halogen atom to zirconium to form a neutral species. 

Having found that this approach didn’t lead to the synthesis of more efficient activators than 

AS1, we decided to investigate the effect of changing the nature of the metal centre grafted 

on the silica surface.  

In the remaining of this chapter it is going to be presented the synthesis of four different 

yttrium based activating supports. 

 

2. Y based activating supports 

In Chapter II it was discussed the synthesis and application of activating support AS1, 

[(SiO)2AlF(OC6F5)2]-[HNEtMe2]+. This activating support resulted to be very efficient as 

cocatalyst of two zirconocene complexes, rac-EtInd2ZrCl2 and (n-BuMeCp)2ZrCl2. For both 

zirconocenes it was also possible to isolate the active species on the surface of the support; 

this led to the synthesis of active ‘dry’ catalysts for ethylene/1-hexene slurry polymerization. 
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Although the very good activity shown by these systems, it was found that over the span of a 

few days at ambient temperature the catalysts would deactivate due to the transfer of a 

phenoxy group from the aluminate to the zirconocene species, killing the catalyst.  

In order to limit the occurring of this ligand transfer in Chapter III was presented the 

development of a series of activating support with chelating ligands. All the species 

synthesized, although structurally well-defined, when tested in polymerization in association 

with a metallocene complex exhibited negligible activities.  

We remind that the phenomenon of catalyst deactivation by ligand transfer between 

activators and metallocenes, had already been described by Marks et al. in 2002 for molecular 

systems homologues to the activating supports presented in this thesis.14 The solution 

proposed in the article to limit the transfer phenomenon, was to change the metal centre of 

the activator from Al to Y, in order to strengthen the M-O bond of the complex.  

Table 13 – Dissociation energies for three different M-O bonds as reported in Lange’s 
Handbook of Chemistry.30 

M-O bond 
Dissociation energy 

KJ mol-1 

Al-O 512 

Zr-O 760 

Y-O 715 

 

In Table 13 are reported the dissociation energies for Al-O, Zr-O and Y-O bonds.30 It results 

clear that the transfer of the pentafluorophenoxy group from the aluminate to the zirconocene 

is favoured thermodynamically. The Zr-O is highly more stable than the Al-O bond, and it 

doesn’t surprise so that the active species quickly evolve on the surface at room temperature 

in the case of an Al-centred activator in presence of a zirconocene. 

Different could be the case of a Y-based activating support in the presence of the same 

zirconocene. In fact, the dissociation energies for the M-O bonds involving Y and Zr are close, 

715 and 760 KJ mol-1 respectively. In theory this would render the ionic couple on the surface 

more stable, and impede at least partly, if not completely, the ligand transfer. 
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With this in mind we developed four different activating supports obtained by functionalization 

of grafted precursors with pentafluorophenol. These precursors were prepared by reacting 

two different Y complexes, Y(o-CH2PhNMe2)3 and Y{1,3-C3H3(SiMe3)2}3, on SiO2-200 and SiO2-700. 

 

2.1 Choice of the complex Y(o-CH2PhNMe2)3 

Y(o-CH2PhNMe2)3 was chosen because its synthesis had already been achieved in our group at 

the gram scale. Moreover, the amine functionality of the toluidine ligand is very useful in the 

successive synthesis of the grafted ionic couple. It won’t be in fact necessary to add an amine 

to generate the cation, because it is already present on the grafted precursor. 

Y(o-CH2PhNMe2)3 was synthesized according to the reaction reported in Scheme 19. 

The complex was characterized by 1H and 13C solution NMR in THF. The spectra are reported 

in Figure 21. 

2.02.53.03.54.04.55.05.56.06.57.0 ppm 5060708090100110120130140 ppm

Scheme 19 – Synthesis of Y(CH2PhNMe2)3. 

Figure 21 – 1H and 13C solution NMR of Y(o-CH2PhNMe2)3 in THF. 
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The 1H NMR spectrum shows five signals. At 1.65 ppm resonates the protons of the CH2 bound 

to Y, the singlet at 2.1 ppm is relative to the methyls bound to the N atom, while the triplet at 

6.67 ppm (J = 7.7 Hz), the doublet at 6.84 ppm (J = 8.4 Hz), the triplet at 6.99 ppm (J = 7.4 Hz) 

and the doublet at 7.08 ppm (J = 8.1 Hz) are assigned to the protons of the aryl ring. 

The 13C NMR spectrum shows 7 signals. At 44.03 ppm resonate the methyls bound to the N, at 

45.6 ppm there’s the doublet due to the coupling of the CH2 with the Y (1J13C-89Y = 21.3 Hz). At 

117.56, 120.36, 129.12, 135.46, 142.15 ppm resonate the carbons of the aryl fragment, the 

sixth peak is overlapped with the signal of the deuterated solvent. 

2.2 Synthesis of [(SiO)Y(OC6F5)3]-[HNMe2(PhMe)]+, AS12 

The first Y-based activating support was grafted on SiO2-700 using Y(o-CH2PhNMe2)3 as 

molecular precursor. The synthesis of AS12 was a two-step process, and it is depicted in 

Scheme 20. 

2.2.1 Synthesis of (SiO)Y(CH2PhNMe2)2, P8 

The silica used for the synthesis of the yttrium precursor was Grace silica Sylopol 2408 

dehydroxylated at 700°C. 1.2 eq. of Y(o-CH2PhNMe2)3 were reacted per SiOH on the surface in 

toluene. 

Scheme 20 – Synthetic pathway for the grafting of the trisbenzyl-yttrium with silica for preparing AS12. 
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The reaction proceeded overnight, at the end of the grafting the lightly yellow powder 

obtained was dried under high vacuum. The surface of P8 was characterized to understand 

what species were obtained on the silica surface. In Figure 22 is reported the DRIFT spectrum 

of the product. 

The reaction of the Y complex on the surface consumed all the SiOH groups, in fact the DRIFT 

spectrum of P8 shows the complete disappearance of the sharp peak at 3743 cm-1, 

characteristic of the O-H stretching of the isolated silanols. A broad band of signals also appear 

around 3000 cm-1 for the C-H stretching of the N,N-dimethyl-toluidine ligands bound to the Y. 

As usual though the DRIFT characterization gives only a qualitative indication of the degree of 

surface coverage the grafting has achieved (if the molecular complex reacted with all the 

silanols or not). However, it displays no indications on the nature of the grafted species. 

To have more exhaustive information the amount of N,N-dimethyl-toluidine released by the 

grafting and by the hydrolysis of P8 was quantified and (SiO)Y(o-CH2PhNMe2)2 was 

characterized by mass balance analysis. 

Scheme 21 – Synthesis of P8. 

Figure 22 – DRIFT spectra of SiO2-700 (bottom) and P8 (top). 
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Table 14 – Elemental analysis and N,N-dimethyl-toluidine quantification results for P8. 

wt% Y wt% C wt% N wt% H C/N C/Y N/Y 
Y NNDIMT /Y 

mmol g-1 grafting hydrolysis 

3.82 9.29 1.26 1.18 
8.6 

(th. 9) 
18.0 

(th. 18) 
2.1 

(th. 2) 
0.43 

1.1 
(th. 1) 

1.2 
(th. 2) 

 

From the elemental analysis it resulted that 0.43 mmol g-1 of yttrium were grafted on the 

surface. The quantification of the N,N-dimethyl-toluidine molecule (NNDIMT) released from 

the grafting reaction revealed 1.1 NNDIMT/Y released, almost matching the value of 1 for 

monopodal grafted Y species. In the same way the quantification of C and N present on the 

surface of P8 are in agreement with the formation of monopodal (SiO)Y(o-CH2PhNMe2)2 as 

shown in Scheme 19. In fact, 9.29 and 1.26 wt% of C and N respectively were found on the 

surface, corresponding to 18.0 C/Y (th. 18) and to 2.1 N/Y (th.2).  

The quantification of the N,N-dimethyl-toluidine released after the hydrolysis of P8, though, 

reported just 1.2 o-CH3PhNMe2 evolved per yttrium, instead of the 2 expected for monopodal 

species. This suggests the presence on the surface of a mixture of mono- and bi-podal species. 

The formation of bipodal Y complexes of structure (SiO)2Y(o-CH2PhNMe2) is due to the 

opening of a siloxane bridge with the transfer of one of the N,N-dimethyl-toluidine ligands to 

the surface.  

Based on the GC quantification after the hydrolysis, the ratio mono-/bi-podal species on the 

surface is 20/80. The degree of ligand transfer to the surface obtained with Y(o-CH2PhNMe2)3, 

is very high, but it is coherent with what is reported in literature for the grafting of benzyl-

lanthanide complexes.31 

Scheme 22 – Real surface composition of P8. 
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The surface of P8 was then characterized by 1H MAS and 13C CPMAS solid state NMR. The 

spectra are reported in Figure 23. 

 

Figure 23 – 1H MAS (left) and 13C CPMAS (right) solid state NMR spectra of VC8. 

Both spectra clearly shows the signals for the N,N-dimethyl-toluidine ligand. The 1H NMR 

spectrum shows three peaks, the one at 6.9 ppm relative to the aromatic protons of the phenyl 

ring, and those at 2.4 and 2.0 ppm assigned respectively to the methyls bound to the N and to 

the methylene bound to Y. 

At the 13C NMR we can find the resonance of the methyl and methylene of the N,N-dimethyl-

toluidine at 43.1 ppm and between 119 and 150 ppm resonate the peaks relative to the 

aromatic carbons. The last signal at 17.2 ppm is assigned to the CH2 carbon of the Si(o-

CH2C6H4N(CH3)2), due to the transfer of the ligand to the silica surface. At 24.1 and 69.9 ppm 

are the peaks of THF impurities on the silica surface. 

The characterization of P8 showed the presence on the surface of a mixture of mono and 

bipodal species of structure (SiO)Y(o-CH2PhNMe2)2 and (SiO)2Y(o-CH2PhNMe2) in ratio 

20:80.  

The grafted precursor thus obtained was used for the synthesis of the activating support AS12. 

 

 

 

 

123456789 ppm 20406080100120140160180200220 ppm
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2.2.2 Functionalization of P8 with pentafluorophenol, AS12 

P8 was reacted in benzene with 3.2 eq. of pentafluorophenol per yttrium.  The reaction 

proceeded overnight. In Scheme 23 is reported the reaction pattern. 

At the end of the reaction the resulting material was characterized to confirm the formation 

of the ionic couple. In Figure 24 is reported the DRIFT spectrum for AS12. 

The DRIFT characterization confirms the formation of the ionic couple on the surface of AS12, 

there is in fact the appearance of a peak at 3077 cm-1 characteristic of the N-H stretching. 

Between 1500 and 1600 cm-1 it is also possible to see the signals for the C=C stretching of the 

aromatics. 

The amount of N,N-dimethyl-toluidine released by the grafting was quantified. The results are 

reported in Table 15 together with the elemental analysis results. 

Scheme 23 – Synthesis of AS12. 

Figure 24 – DRIFT spectra of P8 (bottom) and AS12 (top). 
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Table 15  – Elemental analysis and N,N-dimethyl-toluidine quantification results for AS12. 

wt% Y wt% C wt% N wt% H wt% F C/N C/Y N/Y F/Y 
Y NNDIMT/Y 

grafting mmol g-1 

3.15 12.49 0.58 0.60 10.5 
 25.1 

(th. 27) 
29.3 

(th. 27) 
1.2 

(th. 1) 
15.6 

(th.15) 
0.31 

0.9 
(th. 0.2) 

 

The elemental analysis results would suggest the presence on the surface of three 

pentafluorophenoxyl groups per Y (C/Y and F/Y ratio respectively of 29.3 and 15.6 for AS12) 

Moreover, the amount of 0.58 wt% N found would suggest the presence of one toluidine 

coordinated per yttrium. These quantifications are in disagreement with the presence on the 

surface of a majority of bipodal Y species, and would suggest the formation of an ionic couple 

featuring a monopodal yttrium. After the functionalization reaction the N,N-dimethyl-toluidine 

released by the reaction and was quantified: 0.9 NNDIMT per Y were found in the washing 

solution after the reaction. According to Scheme 22, 0.2 NNDIMT/Y were expected to be 

evolved after the reaction, the higher amount observed could be explained if we consider that 

the part of the protonation of the toluidine could take place at the ligand transferred to the 

silica surface, leading to a structure similar to that reported in Scheme 24. 

In order to confirm this hypothesis further studies are necessary. 

The activating support was characterized by 1H MAS and 13C CPMAS solid state NMR 

spectroscopy. The spectra acquired are reported in Figure 24. 

Scheme 24 – Possible structure of the ionic couple present on the surface of AS12. 
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The 1H spectrum appears quite broad with respect to the one of P8, it exhibits two peaks, one 

broad signal centered at 3.2 ppm assigned to the methyls bound to the ammonium and to the 

phenyl, and one at 7.1 ppm assigned to the aromatic protons of the phenyl group. 

The 13C NMR shows seven peaks. At 117.9, 129.6 and 139.0 ppm resonate the aromatic 

carbons of the phenyl, at 45.5 ppm the carbons of the –NH(CH3)2 fragment of the ammonium, 

while at 14.6 ppm resonates the CH3 bound directly to the aromatic ring of the ammonium. At 

23.4 and 69.9 ppm are the signals of THF impurities on the surface. 

The characterization of AS12 would suggest the formation on the surface of monopodal 

species of structure [(SiO)Y(OC6F5)3]-[HNMe2(PhMe)]+. This would be in contrast with the 

obtained results from the characterization of P8, presenting a mixture of mono and bipodal 

species on the surface. In order to better understand the obtained species, further studies are 

necessary. The activating support was then tested in ethylene/1-hexene slurry 

copolymerization as cocatalyst for rac-EtInd2ZrCl2. The results reported in comparison with the 

other Y-based activating support. 

 

 

 

 

 

-6-4-220 18 16 14 12 10 8 6 4 2 0 ppm 180 160 140 120 100 80 60 40 20 0 ppm

Figure 25 – 1H MAS (left) and 13C CPMAS (right) solid state NMR spectra for AS12. 
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2.3 Synthesis of [(SiO)2Y(OC6F5)2]-[HNMe2(PhMe)]+, AS13 

The second Y-based activating support was grafted on SiO2-200 using Y(o-CH2PhNMe2)3 as 

molecular precursor. The synthesis of AS13 was a two-step process, and it is depicted in 

Scheme 25. 

2.3.1 Synthesis of (SiO)2Y(o-CH2PhNMe2), P9 

The silica used for the synthesis of the yttrium precursor was Grace silica Sylopol 2408 partially 

dehydroxylated at 200°C. 1.2 eq. of Y(o-CH2PhNMe2)3 were reacted per 2eq. of SiOH on the 

surface in toluene.  

The reaction proceeded overnight, at the end of the grafting the lightly yellow powder 

obtained was dried under high vacuum.  

P9 was then characterised by DRIFT spectroscopy, in Figure 26 is reported the spectra of the 

surface before and after the reaction. 

Scheme 25 – Synthesis of AS13. 

Scheme 26 – Synthesis of P9. 
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The DRIFT characterization of the surface confirms that Y(o-CH2PhNMe2)3 reacted with all the 

accessible silanols, the peak at 3740 cm-1 proper of the O-H stretching of isolated SiOH, is 

completely consumed in the spectrum of P9. As second consequence of the grafting a group 

of signals appears between 2750 and 3000 cm-1 for the C-H stretching of the N,N-dimethyl-

toluidine ligand. 

Like in the case of P8 the precursor was characterized by mass balance analysis and the 

released N,N-dimethyl-toluidine by the grafting and hydrolysis of P9 was quantified, to 

ascertain the presence of bipodal species on the support. The results are reported in Table 16. 

Table 16– Elemental analysis and N,N-dimethyl-toluidine quantification results for P9. 

wt% Y wt% C wt% N wt% H C/N C/Y N/Y 
Y NNDIMT/Y 

mmol g-1 grafting hydrolysis 

5.43 7.84 1.10 1.01 
 8.3 

(th. 9) 
10.7 

(th. 9) 
1.3 

(th. 1) 
0.61 

2.4 
(th. 2) 

0.93 
(th. 1) 

 

From the elemental analysis it resulted that 0.61 mmol g-1 of yttrium were grafted on the 

surface. The quantification of the released N,N-dimethyl-toluidine ligand from the grafting 

reaction revealed 2.4 NNDIMT/Y, close enough to the value of 2 for bipodal grafted Y species. 

In the same way the quantification of C and N present on the surface of P9 are in agreement 

with the formation of bipodal (SiO)2Y(o-CH2PhNMe2) as shown in Scheme 25. In fact, 

respectively 7.84 and 1.10 wt% of C and N were found on the surface, corresponding to 8.3 

Figure 26 – DRIFT spectra of SiO2-200 (bottom) and P9 (top). 
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C/Y (th. 9) and to 1.3 N/Y (th. 1). Also the quantification of N,N-dimethyl-toluidine released by 

the hydrolysis of the precursor is perfectly compatible with the formation of only bidpodal 

species on the silica surface, 0.9 NNMT/Y were in fact released, to be confronted with the 

theoretical value of 1 for (SiO)2Y(o-CH2PhNMe2). 

P9 was then characterized by 1H MAS and 13C CPMAS solid state NMR. The spectra are reported 

in Figure 27. 

The 1H NMR spectrum displays four signals: two broad peaks at 7.1 and 2.2 ppm relative to the 

protons of the aromatic ring and of the methyls of the amine fragment respectively, and two 

sharp peaks at 1.04 and 0.63 ppm. The peak at 1.04 ppm could be assigned to the protons of 

the methylene directly bound to the Y, the peak at 0.63 ppm is more indicative of the presence 

of a –Si-CH2- fragment, possibly indicating a transfer to the surface of the ligand. This 

hypothesis would have to be corroborated by additional characterization studies such as 29Si 

solid state NMR. 

At the 13C NMR it is possible to identify between 118 and 145 ppm the signals due to the 

aromatic carbons of the phenyl ring. The broad signal at 43.3 ppm is due to the Y-CH2 and the 

methyls bound to the N. The presence of a peak at 18.1 ppm would seem to be in line with 

what already observed at the 1H NMR spectrum: a signal attributed to a –Si-CH2- fragment, 

due to a possible ligand transfer to the surface. At 71.1 and 24.3 ppm resonate the CH2(2,5) 

and CH2(3,4) of THF impurities present on the surface of the adduct.  

The characterization of P9 showed the presence on the surface of a single bipodal species 

(SiO)2Y(o-CH2PhNMe2). The grafted precursor thus obtained was used then for the synthesis 

of the activating support AS13. 

1234567891011 ppm 20406080100120140160180 ppm

Figure 27 – 1H MAS (left) and 13C CPMAS (right) solid state NMR spectra for AS12. 
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2.3.2 Functionalization of P9 with pentafluorophenol, AS13 

P9 was reacted in benzene with 2.2 eq. of pentafluorophenol per yttrium. The reaction 

proceeded overnight. In Scheme 27 is reported the reaction pattern. 

At the end of the reaction the resulting material was characterized to confirm the formation 

of the ionic couple. In Figure 28 is reported the DRIFT spectrum for AS13. 

The DRIFT characterization confirms the formation of the ionic couple, the peak at 3078 cm-1 

is characteristic of the N-H stretching of the ammonium. Between 1500 and 1600 cm-1
 appear 

also sharp peaks for the C=C stretching of the aromatic rings of the pentafluorophenol. To 

further confirm the structure of the species on the surface, the product was characterized by 

mass balance analysis, and the solution recovered after the functionalization was analysed to 

measure N,N-dimethyl-toluidine realised during the reaction. 

Scheme 27 – Synthesis of AS13. 

Figure 28 – DRIFT spectra of P9 (bottom) and AS13 (top). 
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Table 17 – Elemental analysis and N,N-dimethyl-toluidine quantification results for AS13. 

wt% Y wt% C wt% N wt% H wt% F C/Y N/Y F/Y 
Y 

NNMT/Y 
mmol g-1 

4.57 11.90 0.44 0.66 10.6 
19.3 

(th. 21) 
0.6 

(th. 1) 
10.9 

(th. 10) 
0.51 

0.43 
(th. 0) 

 

The elemental analysis results report 0.51 mmol g-1 of Y present on the surface of AS13, and 

the amount of C and F found on the support are compatible with the formation of the ionic 

couple. The 11.9 wt% of C found on the surface corresponds to 19.3 carbons per yttrium, close 

to the theoretical value of 21 for the ionic couple [(SiO)2Y(OC6F5)2]-[HNMe2(PhMe)]+. The 

same can be said for the fluorines, 10.9 F were found per Y, almost matching the theoretical 

value of 10. Looking at these very good values it appears weird the very low amount of nitrogen 

found on the surface, only 0.6 N/Y, and the fact that there actually was a fraction of N,N-

dimethyl-toluidine released during the reaction, implying that almost half of the species on the 

surface were not involved in an ionic couple. Taking into account the C and F quantifications 

obtained by the elemental analysis, the best hypothesis we could formulate is that while 60% 

of the Y species on the surface are involved in the ionic couple as shown in Scheme 28, the 

remaining 40% presents just one pentafluorophenoxy group bound, while the second 

pentafluorophenol is just coordinated; thus explaining the N,N-dimethyl-toluidine released 

during the grafting reaction. 

 

Scheme 28 – Possible surface structures on AS13. 
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The activating support was then characterized by 1H MAS and 13C CPMAS solid state NMR 

spectroscopy. In Figure 29 are reported the spectra. 

The 1H spectrum shows quite broad signals with respect to that of P9. It exhibits two peaks, 

one broad signal centered at 3.3 ppm assigned to the methyls bound to the ammonium and to 

the phenyl, and one at 7.2 ppm assigned to the aromatic protons of the phenyl group. 

The 13C spectrum shows seven peaks. Between 118 and 140 ppm resonate the aromatic 

carbons of the phenyl, at 45.6 ppm the carbons of the –NH(CH3)2 fragment of the ammonium, 

while at 15.5 ppm resonates the CH3 bound directly to the aromatic ring of the ammonium. At 

24.8 and 71.1ppm are the signals of the THF impurities on the surface. 

The characterization of AS13 would suggest the synthesis on the surface of a bipodal species 

of structure [(SiO)2Y(OC6F5)2]-[HNMe2(PhMe)]+, even though there are some incongruences 

in the elemental analysis quantifications. The activating support was then tested in ethylene/1-

hexene slurry copolymerization as cocatalyst for rac-EtInd2ZrCl2. The results are reported in 

comparison with the other Y-based activating support. 

 

 

 

 

 

-3-2-121 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm 200 180 160 140 120 100 80 60 40 20 ppm

Figure 29 – 1H MAS (left) and 13C CPMAS (right) solid state NMR spectra for AS13. 
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2.4 Choice of the complex Y1,3-C3H3(SiMe3)23 

The molecular precursor used for the synthesis of AS14 and AS15 was Y1,3-C3H3(SiMe3)23. 

Because of the high stability of the fragment Y-alllyl, the complex was chosen to avoid the 

opening of siloxane bridges upon grafting on SiO2-700. The complex was synthesized at gram 

scale following the reaction reported in Scheme 29. 

The product was characterized by 1H and 13C solution NMR in THF. In Figure 30 are reported 

the spectra. 

The 1H spectrum displays three signals: a triplet at 7.47 ppm (J = 16.0 Hz) assigned to the allylic 

proton Me3SiCHCHCHSiMe3, a doublet at 3.59 ppm (J = 16.4 Hz) attributed to the equivalent 

protons of the methynes, Me3SiCHCHCHSiMe3, while the singlet at 0.23 ppm was assigned to 

the methyls of the trimethylsilyl groups. 

The 13C NMR displays also three peaks. The allylic carbon, Me3SiCHCHCHSiMe3, resonates at 

163.2 ppm, at 95.4 ppm resonate the two equivalent carbons Me3SiCHCHCHSiMe3, while at 

1.2 ppm is possible to find the signals of the methyls of the –SiMe3 groups. 

The complex was then grafted on both SiO2-200 and SiO2-700 to generate the organometallic 

precursors for AS14 and AS15. 

Scheme 29 – Synthesis of Y1,3-C3H3(SiMe3)23 

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm 180 160 140 120 100 80 60 40 20 0 ppm

Figure 30 – 1H (left) and 13C (right) solution NMR spectra for Y1,3-C3H3(SiMe3)23. 
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2.5 Synthesis of [(SiO)Y(OC6F5)3]-[HNMe2Et]+, AS14 

The aim in the synthesis of AS14 and AS15, is to isolate well-defined structures on the surface 

of the support and to investigate if changing the ammonium ion has any effect on the activating 

support’s efficiency. 

Scheme 30 depicts the two step synthesis of AS14. Once generated, the grafted yttrium 

precursor on the surface P10 is functionalized with pentafluorophenol and NEtMe2, to obtain 

an ionic couple. 

2.5.1 Synthesis of (SiO)Y1,3-C3H3(SiMe3)22, P10 

The chosen silica for the synthesis of P10 was Grace silica Sylopol 2408 dehydroxylated at 

700°C. The support was reacted with 1.2 eq. of Y{1,3-C3H3(SiMe3)2}3 per eq. of SiOH in hexane. 

The reaction of the complex was almost immediate, the support turned rapidly yellow upon 

the occurring of the reaction shown in Scheme 31. 

After two hours the reaction was interrupted and the product dried. The obtained bright yellow 

support was characterized to confirm the structure of the species on the surface. 

In figure 31 is reported the DRIFT spectrum of P10. 

Scheme 30 – Synthesis of AS14. 

Scheme 31 – Synthesis of P10. 

+ 
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The analysis of the DRIFT spectrum of P10 confirms that Y{1,3-C3H3(SiMe3)2}3 reacted with all 

the silanols present on the surface. After the grafting reaction the peak at 3743 cm-1 

characteristic of the O-H stretching is completely consumed. Between 2750 and 3000 cm-1 

appear a series of sharp and intense peaks for the C–H stretching of the allyl ligand on the Y 

centre.  

Once confirmed that all the active site on the surface were consumed, P10 was characterized 

by mass balance analysis to establish the structure of the species on the surface. The 

C3H4(SiMe3)2 released after the grafting and the hydrolysis of P10 was quantified. 

Table 18 – Elemental analysis results and olefin quantification after grafting and hydrolysis of 
P10. 

wt% Y wt% C wt% H C/Y H/Y 
Y 

mmol g-1 

1,3-C3H4(SiMe3)2/Y 

Grafting Hydrolysis  

3.7 8.54 1.6 
17.1 

(th.18) 
38.1 

(th.42) 
0.42 

0.9 
(th. 1) 

1.5 
(th. 2) 

 

The mass balance analysis evidenced 0.42 mmol g-1 of yttrium grafted on the support. It also 

confirms, together with the quantification of the olefin released, the formation of monopodal 

Y species with two allyl ligands bound per metal centre. The 8.54 wt% of carbon found on the 

surface corresponds to a 17.1 C/Y ratio, which is very close to the theoretical value for 

(SiO)Y1,3-C3H3(SiMe3)22, 18 C/Y. The amount of olefin C3H4(SiMe3)2 released during the 

grafting matches perfectly the generation of monopodal species on the surface, 0.9 olefin/Y 

Figure 31 – DRIFT spectra of SiO2-700 (below) and P10 (above). 
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were obtained (th. 1). For what concerns the olefin quantification after hydrolysis, the value 

obtained is lower than the expected of 2 C3H4(SiMe3)2/Y due to the fact that this di-substituted 

olefin has a high coordinating ability and tends to remain coordinated to the species on the 

surface.  

This theory is endorsed by the 1H MAS and 13C CPMAS NMR spectroscopy characterization of 

P10. 

P10 was characterized by 1H MAS, 13C CPMAS and 29Si CPMAS NMR spectroscopy, acquired the 

spectra for the sample are reported in Figure 32. The interpretation of the 29Si atom is 

straightforward, two signals are in fact present in the spectrum, one sharp peak at -8.20 ppm 

assigned to the silicons of the –SiMe3 substituents of the allyl ligands and of the coordinated 

olefins, and one broad band centred at -105.4 ppm assigned to the tetrahedral Si of the silica 

bulk. 

-5-4-3-2-111 10 9 8 7 6 5 4 3 2 1 0 ppm 200 180 160 140 120 100 80 60 40 20 0 ppm

-300-250-200-150-100-50250 200 150 100 50 0 ppm

Figure 32 – 1H MAS (top left), 13C CPMAS (top right) and 29Si CPMAS (bottom) NMR spectra acquired for P10. 
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The 1H and 13C spectra display signals for both the allyl ligand and the coordinated olefin. The 

1H NMR spectrum presents six signals. The intense peak resonating at -0.03 ppm is assigned to 

the protons of the methyl groups of the –SiMe3 fragments of both the allyl and the olefin. At 

7.28 ppm resonate the allylic proton of the central methyne of the allyl ligand while the band 

at 3.56 ppm is assigned to the protons of the methynes bound to the Si. The remaining peaks 

are assigned to the protons of the coordinated Me3Si-CH2-CH=CH2-SiMe3. At 6.03 ppm 

resonate the olefinic proton of the allyl group (–CH2-CH=), the peak at 5.42 ppm is assigned to 

the proton of the =CHSiMe3 fragment, finally the shoulder at 1.45 ppm is attributed to the 

methylene group. 

Likewise the 13C spectrum displays both the signals for the olefin and the allyl ligand. The sharp 

and intense peak at -0.97 ppm is assigned to the methyls of the –SiMe3 fragments on both 

species, while the bands at 93.6 and 161.4 ppm are assigned to the methynes of the =CHSiMe3 

groups and to the methyne of the allyl ligands respectively. The peaks at 143.2 and 127.7 ppm 

are assigned to the sp2 carbons of the olefin while at 28.1 ppm resonates the methylene group 

of C3H4(SiMe3)2. 

Two additional peaks are present at 72.5 and 25.1 ppm due to THF impurities on the surface 

(from glovebox). 

P10 (3.7 wt% Y) was studied by X-ray absorption spectroscopy, EXAFS, (Table 19 and Figure 

33), in order to furtherly prove the monopodal nature of the grafted species. 

Table 19 – EXAFS parameters for P10(a) The error intervals generated by the EXAFS fitting 

program “RoundMidnight” are indicated between parentheses. 

(a) Δk: [1.3 - 14 Å-1] - ΔR: [0.6-3.9 Å]; S0
2 = 0.66; ΔE0 = 5.5 ± 0.9 eV (the same for all shells); Fit residue: ρ = 11.9 %; 

Quality factor: (Δ)2/ν = 4.7 (ν = 16 / 28). (b) Shell constrained to a parameter above.  

 

Type of Neighbor 
Number of 
neighbors 

Distance (Å) σ2 (Å2) 

Y-OSi 1.1(2) 2.15(2) 0.0056(12) 

Y-C 5.7(b) 2.58(2) 0.0056(b) 

Y---O(Si)2 0.9(4) 2.36(2) 0.0030(27) 

W--SiO4 1.1 (b) 3.39(4) 0.0082(35) 

W--SiC4 3.8(b) 3.55(7) 0.042(16) 
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The parameters thus extracted from the fits of the EXAFS signals are in agreement with a        

≡SiO-Y(ƞ3-Me3SiCHCHCHSiMe3)2 structure on SiO2-700, with ca. one oxygen atoms at 2.15(2) Å 

and ca. six carbon atoms at 2.58(2) Å. The Y-O distance is longer but still in the range (2.07-

2.14 Å) observed by DRX for the three X-type siloxy ligands in [Y(OSi(OtBu)3)3(η2-HOSi(OtBu)3)] 

molecular complex32 and the Y-C distances are close to those observed in [Y(ƞ5:ƞ1-

C5Me4SiMe2NCMe3)(PMe3)(µ-H)]2 (2.542(6)-2.729(7) Å)33 or calculated by DFT for the average 

Y-C distance in a series of Y(ƞ3-Me3SiCHCHCHSiMe3)x complexes34 (2.574-2.614 Å). Besides, a 

contribution of second oxygen neighbors, ca. one to two oxygen atoms at 2.35-2.36(2) Å, 

would be most probably due to surface siloxane bridges. Similar distances were observed for 

such types of second oxygen neighbors by XRD in [Y(OSi(OtBu)3)3(η2-HOSi(OtBu)3)] 

(2.3538(11)-2.5158(10) Å) or by EXAFS (2.40 Å) in the surface species resulting from the 

grafting of this last complex onto SiO2-700.32 Moreover the fits could be also improved by adding 

contributions of further paths, in particular with two types of silicon back-scatters (at 3.39(4) 

and 3.55(7) Å for P10), which can be attributed to silicon atoms of X-type siloxy ligands for the 

shorter distance and to silicon atoms of the (ƞ3-Me3SiCHCHCHSiMe3) allyl ligands for the longer 

distance.   

 

 

Figure 33 - Y K-edge k3-weighted EXAFS (left) and Fourier transform (right) of solid Y(Me3SiCHCHCHSiMe3)2/SiO2-

700. Solid lines: Experimental; Dashed lines: Spherical wave theory. 
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The characterization of P10 clearly shows the formation of monopodal grafted Y species on the 

surface of structure (SiO)Y1,3-C3H3(SiMe3)22. The grafted precursor thus obtained was used 

then for the synthesis of the activating support AS14. 

2.5.2 Functionalization of P10 with pentafluorophenol, AS14 

Once obtained the grafted precursor, P10 was functionalized with 3.2 eq. of pentafluorophenol 

and 1.2 eq. of NEtMe2 to obtain the ionic couple [(SiO)Y(OC6F5)3]-[HNMe2Et]+. The reaction 

proceeded in benzene overnight. 

At the end of the reaction a DRIFT spectrum of the product was acquired to ascertain if all the 

species on the surface had reacted. 

Scheme 33 – Synthesis of AS14. 

Scheme 32 – Structure of P10 as evidenced by the EXAFS results. 
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The spectrum of AS14 sees a great decrease in the peaks around 3000 cm-1 confirming that 

the allyl groups on the Y reacted to be substituted by the pentafluorophenol. This is also proved 

by the presence of sharp peaks between 1500 and 1600 cm-1 of the C=C stretching of the 

aromatic rings. At 3045 cm-1 is present a shoulder for the N-H stretching of the ammonium. 

The activating support was further characterized by mass balance analysis. The results are 

reported in Table 20. 

Table 20 – Elemental analysis results for AS14. 

wt% Y wt% C wt% N wt% F C/N C/Y N/Y F/Y 
Y 

mmol g-1 

3.66 8.38 0.62 7.66 
 15.8 

(th. 22) 
17.0 

(th. 22) 
1.1 

(th. 1) 
9.8 

(th.15) 
0.35 

 

The results reported in Table 20 show clearly that only two pentafluorphenoxy ligands are 

present per Y on the silica surface and that the desired species wasn’t obtained. The presence 

of 1.1 N/C implies that after the reaction the amine stayed coordinated to the neural grafted 

species. Scheme 34 reports the structure of AS14, as it was evinced by the characterizations of 

the product. 
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Figure 34 – DRIFT spectra of P10 (below) and AS14 (above). 



Chapter IV 

223 

 

AS14 was then characterized by 1H MAS and 13C CPMAS solid state NMR spectroscopy. In Figure 

35 are reported the spectra. 

The 1H NMR spectrum shows at 2.57 ppm the peak relative to the carbons of the methyl of the 

–NCH3 and of the methylene of the –NCH2CH3 fragment of the amine coordinated to the 

surface, at 1.27 ppm resonate the methyls of –NCH2CH3. The signal at -0.15 ppm is attributed 

to the –SiMe3 of the olefin, while at 5.92 and 5.27 ppm resonate the two olefinic carbons. It is 

difficult to say if the olefin is just adsorbed on the silica surface (like in the case of the grafted 

Y precursor P10), or if it has been transferred to the surface during the functionalization 

reaction.  

At the 13C NMR, the peaks at 52.9, 42.0 and 7.8 ppm are respectively attributed to the 

methylene of the –NCH2CH3, the methyls of the –NCH3 and the methyl of the –NCH2CH3. At 

138.6 ppm there’s the signal due to the olefinic carbons of the olefin on the surface. At -1.4 

ppm it is possible to see the resonance of the –SiMe3 fragments of the olefin on the surface. 

The peaks at 71.1 and 25.0 ppm are assigned to the carbons of THF impurities present on the 

surface. 

Figure 35 – 1H MAS (left) and 13C CPMAS (right) solid state NMR spectra for AS12. 

Scheme 34 – Possible structure of AS14, according to the characterization results. 
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Although the conversion in ionic couple was not achieved for the totality of the species on the 

surface, the activating support was then tested in ethylene/1-hexene slurry copolymerization 

as cocatalyst for rac-EtInd2ZrCl2. The results are going to be reported in comparison with the 

other Y-based activating support. 

2.6 Synthesis of [(SiO)2Y(OC6F5)2]-[HNMe2Et]+, AS15 

Scheme 35 depicts the two step synthesis of AS15; like in the case of AS14 to obtain the ionic 

couple it was necessary to add an amine to create the counter-cation. 

2.6.1 Synthesis of (SiO)2Y1,3-C3H3(SiMe3)2, P11 

The chosen silica for the synthesis of P11 was Grace silica Sylopol 2408 partially dehydroxylated 

at 200°C. The support was reacted with 1.2 eq. of Y{1,3-C3H3(SiMe3)2}3 per 2 eq. of SiOH in 

hexane. The reaction of the complex was almost immediate, the support turned rapidly yellow 

upon the occurring of the reaction showed in Scheme 36. 

After two hours the reaction was interrupted and the product dried. The obtained light yellow 

support was characterized by DRIFT spectroscopy, in Figure 36 are reported the spectra of the 

surface before and after the reaction. 

 

 

Scheme 35 – Synthesis of AS15. 

Scheme 36 – Synthesis of P11. 
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The analysis of the DRIFT spectrum of P11, reported in Figure 36, confirms that Y{1,3-

C3H3(SiMe3)2}3 reacted with all the accessible silanols present on the surface. After the grafting 

reaction the peak at 3743 cm-1, characteristic of the O-H stretching of isolated silanols, is 

completely consumed. Between 2750 and 3000 cm-1 appear two sharp peaks for the C–H 

stretching of the allyl ligand on the Y centre. 

To confirm the bipodal nature of the grafted species, P11 was characterized by mass balance 

analysis and the amount of olefin released during the grafting and the hydrolysis of P11 was 

quantified. The results are reported in Table 21. 

Table 21 – Elemental analysis and olefin quantification results for P11. 

wt% Y wt% C wt% H C/Y H/Y 
Y 

mmol g-1 

1,3-C3H4(SiMe3)2/Y 

Grafting Hydrolysis 

4.92 5.15 1.11 
7.75 
(th.9) 

19.9 
(th.21) 

0.55 
1.7 

(th. 2) 
0.45 
(th.1) 

 

The mass balance analysis evidenced 0.55 mmol g-1 of yttrium grafted on the support. It also 

confirms, together with the quantification of the olefin released, the formation of bipodal Y 

species with one allyl ligand bound per metal centre. The 5.15 wt% of carbon found on the 

surface corresponds to a 7.75 C/Y ratio, which is very close to the theoretical value for 

(SiO)2Y1,3-C3H3(SiMe3)2, 9 C/Y. The amount of olefin C3H4(SiMe3)2 released during the 

grafting matches the generation of bipodal species on the surface, 1.7 olefin/Y were obtained 
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Figure 36 – DRIFT spectra for SiO2-200 (below) and P11 (above). 
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(th. 2). For what concerns the olefin quantification after hydrolysis, the value obtained is below 

the expected of 1 C3H4(SiMe3)2/Y, as found for the case of P10, due to the fact that this olefin 

has a high coordinating ability and tends to remain coordinated to the Y species on the surface.  

P11 was studied by X-ray absorption spectroscopy (Table 22 and Figure 37), in order to confirm 

the bipodal nature of the species. 

Table 22 – EXAFS parameters for P11.(a) The error intervals generated by the EXAFS fitting 

program “RoundMidnight” are indicated between parentheses. 

Type of Neighbour 
Number of 
neighbours 

Distance (Å) σ2 (Å2) 

Y-OSi 2.1(1) 2.15(1) 0.0044(7) 

Y-C 2.8(b) 2.56(2) 0.0044(b) 

Y---O(Si)2 1.3(4) 2.35(2) 0.0029(19) 

W--SiO4 2.1 (b) 3.43(3) 0.0106(31) 

W--SiC4 1.9(b) 3.63(5) 0.0115(41) 
(a) Δk: [1.3 - 14 Å-1] - ΔR: [0.5-4.00 Å]; S0

2 = 0.66; ΔE0 = 5.1 ± 0.9 eV (the same for all shells); Fit residue: ρ = 10.7 %; 

Quality factor: (Δ)2/ν = 3.9 (ν = 16 / 28). (b) Shell constrained to a parameter above.  

 

The parameters thus extracted from the fits of the EXAFS signals are in agreement with a        

(≡SiO)2Y(ƞ3-Me3SiCHCHCHSiMe3) structure on SiO2-200, with ca. two oxygen atoms at 2.15(1) Å 

and ca. three carbon atoms at 2.56(2) Å. The Y-O distance is longer but still in the range (2.07-

2.14 Å) observed by DRX for the three X-type siloxy ligands in [Y(OSi(OtBu)3)3(η2-HOSi(OtBu)3)] 

molecular complex32 and the Y-C distances are close to those observed in [Y(ƞ5:ƞ1-

Figure 37 – Y K-edge k3-weighted EXAFS (left) and Fourier transform (right) of solid Y(Me3SiCHCHCHSiMe3)2/SiO2-

700. Solid lines: Experimental; Dashed lines: Spherical wave theory. 
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C5Me4SiMe2NCMe3)(PMe3)(µ-H)]2 (2.542(6)-2.729(7) Å)33 or calculated by DFT for the average 

Y-C distance in a series of Y(ƞ3-Me3SiCHCHCHSiMe3)x complexes34 (2.574-2.614 Å). Besides, a 

contribution of second oxygen neighbors, ca. one to two oxygen atoms at 2.35-2.36(2) Å, 

would be most probably due to surface siloxane bridges. Similar distances were observed for 

such types of second oxygen neighbors by XRD in [Y(OSi(OtBu)3)3(η2-HOSi(OtBu)3)] 

(2.3538(11)-2.5158(10) Å) or by EXAFS (2.40 Å) in the surface species resulting from the 

grafting of this last complex onto SiO2-700.32 Moreover the fits could be also improved by adding 

contributions of further paths, in particular with two types of silicon back-scatters (at 3.43(3) 

and 3.63(5) Å for P11, which can be attributed to silicon atoms of X-type siloxy ligands for the 

shorter distance and to silicon atoms of the (ƞ3-Me3SiCHCHCHSiMe3) allyl ligands for the longer 

distance.   

The product was then furtherly characterized by 1H MAS and 13C CPMAS solid state NMR. 

Like in the case of P10, the 1H and 13C spectra display both signals for the allyl ligand and the 

coordinated olefin. The 1H NMR spectrum display five signals. At -0.04 ppm resonate the 

-4-3-2-19 8 7 6 5 4 3 2 1 0 ppm 300 250 200 150 100 50 0 ppm

Figure 38 – 1H MAS (left) and 13C CPMAS (right) solid state NMR spectra for AS12. 

Scheme 37 – Structure of P11 as evidenced from the EXAFS results. 
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proton of the –SiMe3 fragment of both allyl and olefin. At 1.74 ppm resonate the signal of the 

methyne of the –CHSiMe3 of the allyl, the signal of the proton of the allylic methyne is not 

visible because of the low intensity and broadness of the signals. At 6.26 ppm resonate the 

olefinic proton of the –CH2-CH= group, the peak at 5.58 ppm is assigned to the olefinic proton 

of the =CHSiMe3 group, and resonance at 1.34 ppm is attributed to the methylene of the –

CH2SiMe3 fragment.  

The 13C NMR spectrum exhibits two peaks for the –SiMe3; the signal at -3.39 ppm is assigned 

to the trimethylsilyl groups of the allyl while the one at 0.35 ppm to those of the olefin. Centred 

around 133 ppm is a very broad signal under which fall the resonances of the allylic carbons of 

the allyl and of the sp2 C of the olefin. Finally, the peak at 31.8 ppm is assigned to the methylene 

of the –CH2SiMe3 moiety of the coordinated olefin. The two additional peaks at 71.4 and 24.7 

ppm are attributed to THF impurities on the surface. 

2.6.2 Functionalization of P11 with pentafluorophenol, AS15 

Once obtained the grafted precursor, P11 was functionalized with 2.2 eq. of pentafluorophenol 

and 1.2 eq. of NEtMe2 to obtain the ionic couple [(SiO)2Y(OC6F5)2]-[HNMe2Et]+. The reaction 

proceeded in benzene overnight. 

At the end of the reaction a DRIFT spectrum of the product was acquired. In Figure 39 is 

reported the spectrum for AS15. 

 

 

Scheme 38 – Synthesis of AS15. 
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The DRIFT spectrum acquired after the functionalization, positively confirms the formation of 

the ionic couple. The peak at 3077 cm-1
 is in fact due to the N-H stretching of the ammonium. 

Upon functionalization with pentafluorophenol at the DRIFT spectrum also appear sharp peaks 

between 1500 and 1600 cm-1, characteristic of the C=C stretching of the aromatic ring. 

The formation of the ionic couple was further characterized by mass balance analysis of AS15. 

The results are reported in Table 23. 

Table 23 – Elemental analysis results for AS15. 

wt% Y wt% C wt% N wt% F C/Y N/Y F/Y 
Y 

mmol g-1 

3.86 4.8 1.02 11.4 
9.2 

(th. 16) 
1.7 

(th. 1) 
9.8 

(th.10) 
0.43 

 

From the elemental analysis the presence of 0.43 mmol g-1 of Y was found on the surface. The 

fluorine quantification confirms the presence of two pentafluorophenoxy ligands bound per 

metal centre. The 11.4 wt% of fluorine found on the surface corresponds in fact to 9.8 F/Y 

ratio, close to the theoretical amount of 10 wanted for the pure [(SiO)2Y(OC6F5)2]-[HNMe2Et]+. 

It appears also that more than one amine per Y stays coordinated, N/Y is in fact 1.7 instead of 

1. The amount of C found was also underestimated. 
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Figure 39 – DRIFT spectra for P11 (bottom) and AS15 (top). 
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The surface was then characterized by 1H MAS and 13C CPMAS solid state NMR. The spectra 

are reported in Figure 40. 

From the spectra reported in Figure 40, it was clear that some of the ligand remained on the 

surface after the functionalization reaction. Like in the case of AS14 it is difficult to say if is just 

physisorbed on the activating support or if the allyl ligand underwent a transfer to the surface 

during the functionalization reaction. The peak at 0.12 ppm in the 1H spectrum and the signals 

at -0.56 ppm and 139 ppm at the 13C can be assigned in fact to the –SiMe3 fragments and the 

olefinic carbons of the residual Me3Si-CH2-CH=CH2-SiMe3. At the 1H spectrum are present 

other two peaks at 1.38 and 2.88 ppm assigned, the first to the methyl of the –NCH2CH3 moiety, 

and the second to the methyls directly bound to the N and the methylene of the –NCH2CH3. 

Three additional peaks are also present in the 13C spectrum for the alkyl fragments bound to 

the N at 53.8, 42.1 and 8.1 ppm. These peaks are assigned respectively to the methylene of 

the –NCH2CH3, the methyl groups bound to the N and the methyl of the –NCH2CH3. 

The activating support was characterized and the formation of the ionic couple on the surface 

was confirmed. It was also seen that some of the olefin remained coordinated on the surface 

after the functionalization and the washing and drying of the product. AS15 was then tested in 

ethylene/1-hexene slurry copolymerization as cocatalyst for rac-EtInd2ZrCl2. The results are 

reported in comparison with the other Y-based activating support. 

2.7 Test in polymerization of the Y-based AS with rac-EtInd2ZrCl2 

The activating supports AS12-15 were tested in ethylene/1-hexene slurry copolymerization in 

combination with rac-EtInd2ZrCl2. The conditions used were the same employed for AS1. The 

tests were conducted in 300 mL heptane, at 80°C for 30 minutes at 4 bars of ethylene pressure. 

Figure 40 – 1H MAS (left) and 13C CPMAS (right) solid state NMR spectra for AS15. 
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20 mg of activating support were used during the polymerizations and TiBA in concentration 1 

mM was employed as scavenger. In Table 24 are reported the polymerization results for the 

five activating supports. 

Table 24 – Polymerization results obtained with the activating supports AS12-15 in 

combination with rac-EtInd2ZrCl2. General conditions: 80°C; 4 bars C2H4; 30 minutes; 300 mL 

heptane; [TiBA] 1mM. 

run Catalyst  
m sup 

Zr/Msurface 
Zr Zr [Zr] 1-hexene Yield Activity 

mg Wt% µmol µM mol% g g g-1
cat h-1 

6 AS12 20.2 0.10 0.30 0.67 2.0 18.1 0.05 4 

7 AS13 20.4 0.06 0.29 0.65 2.1 19.8 0.34 33 

8 AS14 20.0 0.07 0.28 0.61 2.0 19.8 0.30 30 

9 AS15 20.0 0.08 0.32 0.70 2.0 18.6 0.54 54 

 

All the yttrium based activators showed very low, in the case of AS12 negligible, activities. The 

higher productivity obtained was 54 g g-1
cat h-1 for the system AS15/rac-EtInd2ZrCl2. 

Furthermore, the same problem of deactivation observed for AS1 was seen also for these 

systems, as it is clearly depicted in the plot in Figure 41. 

To rationalize the low activity obtained it is worthy to notice a few points. The first is that for 

the four systems it was not easy to obtain a well-defined activator on the surface, while the 

grafting of the two Y complexes generated structurally defined precursors on both silicas, the 

functionalization with pentafluorophenol was not as straightforward; in addition, in the cases 

of AS12 and AS13, on the surface were still present traces of THF impurities, probably coming 

Figure 41 – Productivity profiles for the polymerization tests conducted with AS12-15. 
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from the starting molecular complex. This could have led to a not complete activation of the 

zirconocene complex.  

The polymers obtained in runs 6-9 were characterized by DSC and HT-SEC. The results are 

reported in Table 25. 

Table 25 – DSC and HT-SEC characterization results for the polymer obtained in run 6-9. 

run Catalyst  
Activity Tf Crystallinity Mn Mw 

PDI 
g g-1

cat h-1 °C % g mol-1 g mol-1 

6 AS12 4 124 30.0 -  - - 
7 AS13 33 123 27.7 - - - 

8 AS14 30 
124 

36.0 27500 66000 2.4 
126 

9 AS15 54 124 40.9 - - - 
 

The polymer obtained is an LLDPE resin, compatible with the characteristics of the products 

synthesized by rac-EtInd2ZrCl2. 

The mediocre results obtained with these systems didn’t push us to continue the investigation 

on Y based activating supports. 
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Conclusions  

In this chapter was presented the synthesis, characterization and application of nine different 

activating supports based on aluminium and yttrium.  

AS7-11 were activating supports of general structure [(SiO)nAlX(OC6F5)(3-n)]-[HNR3]+, where X = 

Cl, F and n=1, 2. The aim was to synthesize well-defined halogenated aluminates to increase 

the acidity of the activating support and study the effect on the activity. The different supported 

aluminium species were well-defined, highlighting a good control of the surface chemistry. 

These systems were then tested in ethylene/1-hexene slurry copolymerization as cocatalysts 

of rac-EtInd2ZrCl2. The activities obtained for all the catalytic systems were definitely lower than 

the reference AS1 (1111 gPE gcat
-1 h-1), the maximum productivity was obtained with AS9 in the 

order of 40 gPE gcat
-1 h-1. The reason behind the low activity could be ascribed to the formation 

of a too strong interaction of the kind Al-X-Zr between the activating supports and the active 

zirconocene. The exception in this series of activators was AS8, of structure [(SiO)2AlCl2)]-

[HNEtMe2]+ which showed no activity towards the activation of the tested metallocene. 

The second set of activators presented in this Chapter is AS12-15. These activating supports are 

homologous to AS1 and AS2 but the metal centre grafted on the surface was yttrium instead 

of Al. In this case the objective was to increase the strength of the M-O bond on the surface of 

the support to avoid the deactivation phenomena discussed in Chapter II. Both mono- and bi-

podal activating supports were synthesized starting from two different Y precursors. The four 

species obtained were then tested in ethylene/1-hexene slurry copolymerization as cocatalysts 

of rac-EtInd2ZrCl2. Also in this case the recorded activity for the catalytic systems were very low. 

The most efficient support was AS15 with 54 gPE gcat
-1 h-1 of productivity. This could be due to 

the fact that passing from Al to Y the ionic nature of the M-O bond increases, affecting the 

activation ability of AS12-15. 

Although the Y-based activating supports presented in this chapter demonstrated low 

efficiency as activators for metallocene catalysts in slurry ethylene polymerization, in the 

second section of this chapters was presented the synthesis of four neutral grafted Y species, 

well-defined structurally: P8-11.  
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Y catalysts are widely known to be active in olefin polymerization,35–37 in Chapter V we exploit 

the species shown in Figure 42 as catalysts in ethylene slurry polymerization.   

Figure 42 – Well-defined grafted Y species synthesized. 
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Introduction 

In this chapter is going to be presented the application of the grafted Y precursors, described in 

Chapter IV as catalysts for slurry ethylene homo- and copolymerization. 

Yttrium and other rare-earth metal molecular complexes have been long known in literature to be 

active catalysts toward ethylene polymerization.1 The fact that complexes of general structure 

(C5H5)2YR were isoelectronic with Ti(IV) cationic species, has rendered them particularly 

interesting as molecular models for Ziegler-Natta catalysts. In the 80s great interest was put in the 

study of this kind of complexes both as models for ZN catalysts but also for the advantage of being 

active in absence of cocatalysts.2–13 

In the following years the chemistry of rare-earth metal complexes, both neutral and cationic, has 

flourished with the development of many post-metallocene catalysts, getting further away from 

mere modeling of group 4 polymerization catalysts.6,14–17 rare-earth metal catalysts (comprising Y 

and Sc complexes) have been widely applied in polymerization of a great variety of monomers (eg. 

Ethylene, -olefins, styrene, 1,3-dienes) as well as in other organic transformations (eg. 

hydroamination, hydrosilylation, hydroarylation, etc.). 

Recently, then, SOMC of rare-earth metals has considerably advanced,18 even taking into account 

the difficulty in accessing homoleptic Ln complexes with reactive Ln-C bonds19 and their high 

reactivity to moisture.20 This had as a consequence that the development of an SOMC chemistry 

of rare-earth metals was based on pseudo-organometallic complexes such as aryloxide, alkoxide 

(Ln-OR) or (silyl)amide complexes (Ln-Nr3).21 These complexes present (as the alkyl derivatives) 

hydrolysable Ln-X groups, which can easily react with the surface silanols. 

The grafting of a neodymium alkoxide complex, Nd(tritox)3 (tritox =OCtBu3, tris-tert-

butylmethoxide) on mesoporous silica lead to the formation of bipodal species.18 It was observed 

that upon the reaction not all the silanols on the surface were consumed, due to the weak basicity 

of the alkoxo ligands.18 However, it was also proven that the bulkiness of the employed alkoxo 

ligand would avoid lanthanide cluster formation on the surface.18 
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Formation of monopodal species was observed during the grafting of an α,γ-diketonate yttrium 

complex, Y(fod)3 (fod=1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionate ), on MM-41, 

with consumption of half of the silanols surface groups.22 The limited reactivity with the silanols,18 

together with the formation of agglomerates23 and limited secondary ligand exchange, makes 

alkoxy and diketonate complexes of difficult application as precursor for the synthesis of 

supported rare-earth metal catalysts.18  

Of more successful employment are rare-earth silylamide derivatives,18,21,22,22,24–34 allowing mild 

reaction conditions, formation of stable lanthanide siloxo bonds, complete reaction with the 

surface silanols, no formation of agglomerates, release of weakly coordinating silylamine, ease of 

silylamido secondary ligand exchange and characterization.18 

The first to investigate silylamide rare-earth metal complexes as possible precursor were 

Anwander et al.18,25 who initially  investigated the reactivity of complexes Nd(NiPr2)3(THF), 

Nd[N(SiMe3)2]3 and Nd[N(SiHMe2)2]3(THF)2 on mesoporous alumosilicate Al-MCM-41, proving the 

formation of predominantly bipodal species. The same approach was then used for the grafting of 

complexes Ln[N(SiMe3)2]3 on silica, where Ln = Sc27, Y27–30, La27–30, Nd25–30, Sm27,29–31, Gd27 and 

Dy27. It was shown that the nature of the grafted species was deeply affected by the thermal 

pretreatment of the support:29 while at low or intermediate partial dihydroxylation temperatures 

there is predominantly the formation of mixtures of monopodal and bipodal species, at high 

dehydroxilation temperature monopodal species prevailed.35,36 

Scheme 1 – Grafting of alkoxy (top) and ketonate (bottom) rare-earth metal complexes on silica. 



Chapter V 

243 

 

It is renown that rare-earth metal silylamido bonds show a certain reactivity towards 

organoaluminium reagents, with the formation of tetraalkylaluminate ligands.37 It was leveraging 

this reactivity that the first grafted methyl scandium species was obtained, by silylamide 

elimination on [(≡SiO)2Sc{N(SiHMe2)2}(THF)] as shown in Scheme 3.32 

Although the great amount of works reported on molecular rare-earth metal catalysts for olefin 

and diene polymerization, very little literature is present on supported catalysts in the same field. 

In 2005 Bochmann et al. reported the use in ethylene and 1,3-butadiene polymerization of seven 

different grafted alkyl rare-earth metals (M= Sc, Gd, Sm, Nd, La, Dy, Y),27 obtained by modification 

of (≡SiO)2LnN(SiMe2)2
25,33,38  with an alkylaluminium. 

All the resulting amide species reported were active in presence of alkylaluminium in ethylene 

polymerization with Sc and Y being the most actives (67.4 and 32.9 KgPE molM-1
 h-1 bar-1 

respectively).  

 

Scheme 4 – Synthesis of grafted lanthanide catalysts for ethylene polymerization reported by Bochmann in 2005. 

Scheme 3 – Possible structure obtained after grafting of Ln[N(SiMe3)2]3 on silica. 

Scheme 2 – Synthesis of a bipodal grafted methyl scandium species. 
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Very recently Copéret et al. published a work in which SOMC was successfully employed for the 

synthesis of grafted lanthanide based catalyst, active in ethylene polymerization in absence of an 

activator.39 In the work is presented the grafting, characterization and application in ethylene 

polymerization of Cp*2Yb and Cp*2Sm on SiO2-700. The two catalysts obtained, although not 

presenting any M-C for the first ethylene insertion, revealed great ethylene polymerization 

activities, up to 12800 kgPE molLn
-1 h-1 at 50°C under 20 bars of ethylene. The hypothesis advanced 

in the paper is that the initiation takes pace through a single electron transfer, with the mechanism 

shown in Scheme 5. 

In 2017 Gauvin et al.40 reported the grafting of a lanthanum tribenzyl derivative on SiO2-700 which 

resulted with the formation of a mixture of species on the surface. It resulted in fact that upon 

grafting of the lanthanum complex it occurred a transfer of one of the benzyl ligands to the surface 

with opening of a siloxane bridge. The surface characterization showed a surface composition 

featuring 80% of bipodal species and 20% of monopodal ones.  

Given this precedent, we decided to test the grafted Y benzyl and allyl complexes presented in 

Chapter IV, P8 to P11, in slurry ethylene homo- and co-polymerization with 1-hexene. 

Scheme 5 – Initiation and propagation mechanism proposed by Copéret et al. 
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P8 P9 

P11 P10 

Scheme 6 – Structure of the grafted Y species P8-11. 



Chapter V 
 

246 

 

1. Test in ethylene polymerization of P8 and P9 

As seen in Chapter IV, catalysts P8 and P9 were synthesized by grafting Y(o-CH2PhNMe2)3 

respectively on SiO2-700 and SiO2-200. From the surface’ characterization of the two catalysts, it 

resulted that the surface of P9 was composed solely of bipodal Y species, while P8 presented a 

20:80 mixture of mono-bipodal structures. This species distribution is in agreement with what was 

reported by Gauvin et al. in 2017 for the grafting of La(CH2Ph)3(THF)3 on SiO2-700.40 The obtained 

La catalyst had very low activity 1.9 kgPE molLa
-1 h-1  in ethylene polymerization. 

The Y catalysts were tested in ethylene polymerization in a glass reactor in 300 mL of heptane at 

80°C and 4 bars of ethylene pressure for 30 min. TiBA was used as scavenger in concentration 1 

mM. The polymerization results are reported in Table 1. 

Table 1 – Polymerization results obtained with catalysts P8 and P9. 

run Catalyst  
m cat n Y 1-hexene Yield Activity Activity 

mg µmol mol% g g g cat
 -1 h-1 Kg molY-1 h-1 bar-1 

1 P8 21.4 9.2 - 1.2 117 67.8 

2 P8 20.4 8.8 20.9 0.77 76 44.3 

3 P9 20.9 12.7 18.8 0.40 38 15.5 

 

Both catalysts were active in ethylene polymerization. The activities recorded were in the same 

order of magnitude of those reported by Bochmann et al..27 Some interesting considerations can 

be evinced by the analysis of the polymerization results obtained; catalyst P8 was tested in both 

homo- and copolymerization, run 1 and 2, and what is clear is that the presence of 1-hexene is 

Scheme 7 – Structures of P8 and P9. 
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detrimental for the polymerization: the presence of comonomer causes a drop in activity from 117 

g gcat
-1 h-1 to 76 g gcat

-1 h-1, almost cutting it in half.  

Table 1 also shows very clearly that P8 is almost three times more active than P9. This suggests 

that the monopodal specie is more efficient for ethylene polymerization. 

The obtained polymers were characterized by DSC. The results are reported in Table 2. 

Table 2 – DSC results for run 1-3. 

run Catalyst 
Activity Activity Tf ΔHf Crystallinity 

g gcat
-1 h-1 Kg molY-1 h-1 bar-1 °C J g-1 % 

1 P8 117 67.8 136 136.6 46.6 

2 P8 76 44.3 135 130.8 44.6 

3 P9 38 15.5 135 138.0 47.1 

  

The DSC results show high melting temperatures, proper of highly linear HDPE resins, for the three 

obtained polymers from runs 1 to 3. While this was expected for run 1, conducted in absence of 

1-hexene, it wasn’t the cases of runs 2 and 3. The high Tm suggests that the catalysts tend not to 

incorporate the comonomer, so that also in presence of a certain amount of 1-hexene, purely 

HDPE resins were obtained. 

Grafting of a homoleptic organometallic complex of yttrium on the silica surface activated it 

towards ethylene polymerization. Recent theoretical studies reported in literature, prove in fact 

that the functional groups on silica surface take active part in the polymerization process 

stabilizing its intermediate states.41 The activities found for P8 and P9 fell in the same range of 

those reported in literature for grafted alkyl Y complexes as catalysts for ethylene 

polymerization,25,27,33,38,39 and highlighted how the grafting fashion of the molecular complex has 

a huge impact on the final activity: the results of runs 1 to 3 show clearly that monopodal species 

are more active than bipodal ones. 

After testing P8 and P9 in ethylene homo and copolymerization we tested also the allyl Y supported 

complexes described in Chapter IV, P10 and P11. 
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2. Test in ethylene polymerization of P11, (SiO)2Y1,3-C3H3(SiMe3)2 

P11 was obtained by grafting Y{1,3-C3H3(SiMe3)2}3 on silica partially dehydroxylated at 200°C. The 

synthesis and characterizations of the catalyst are reported in Chapter IV, and confirmed that after 

the reaction the surface was composed entirely of bipodal species (SiO)2Y1,3-C3H3(SiMe3)2. 

 

P11 was tested in a 70 mL autoclave, in 50 mL of heptane at 80°C and 10 bars of ethylene for 30 

minutes. The catalyst was tested in both homopolymerization and ethylene/1-hexene 

copolymerization. The effect of the presence of TiBA as scavenger for the reaction was also 

investigated. The results of performed tests with catalyst P11 are reported in Table 3.  

Table 3 – Results of the polymerization tests performed with P11. General conditions: 50 mL 

heptane, 80°C, 10 bars ethylene, 30 minutes. 

 

P11 was tested in three different conditions: in ethylene homopolymerization with and without 

scavenger and in ethylene/1-hexene copolymerization. The activity demonstrated by this catalyst 

was higher than that found for P8 and P9, and, interestingly, it showed a very different behaviour 

with respect to the comonomer effect on the activity. In fact, while the activity of P8 dropped in 

presence of the comonomer, in the case of P11 1-hexene caused great boost in activity (doubled 

activity).  

run 
msupport Ysurface [TiBA] 1-hexene Yield Activity Activity 

mg µmol mM mol% g g gcat
-1 h-1 Kg molY-1 h-1bar-1 

4 20.7 11.4 - - 1.89 183 33.3 

5 20.0 11.0 1 - 3.32 332 60.0 

6 18.7 10.3 1 21 5.91 633 115 

Scheme 8 – Structure of P11. 
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For what concerns the effect of the TiBA, it could be said that it is merely scavenging. The activity 

of the catalyst is higher in presence of TiBA merely because those impurities present in the solvent 

that could kill the catalyst are scavenged by the alkylaluminium. 

The obtained polymers were characterized by DSC. The results of the 1st and 2nd isotherm are 

reported in Table 4 for the three resins.  

Table 4 – DSC results for the polymers obtained with P11. 

Run 
1-hexene Yield Activity 

Tm   

(1st melting) 

Crystallinity  

(1st melting) 

Tm  

(2nd melting) 

Crystallinity 

(2nd melting) 

mol% g g gcat
-1 h-1 °C % °C % 

4 - 1.89 183 140.5 79 135.5 75.1 

5 - 3.32 332 142.5 58 135.2 50.2 

6 21 5.91 633 141.0 58 134.5 51.1 

 

The melting temperatures found for the resins of runs 4-6 in the second heating, 135°C, are proper 

of a highly linear HDPE-like polymer, confirming how, like in the case of P8 and P9, the yttrium 

catalyst shows no aptitude towards the incorporation of the -olefin, even though the presence 

of the hexene gives a high boost in the catalyst activity. In this case the comonomer effect could 

be due to the coordination of olefin to the active site, participating to the polymerization as an 

ancillary ligand, favouring the ethylene insertion. A similar effect, without incorporation of the 

longer -olefin in the polymer chain, is already known for Phillips catalysts.42 

The DSC characterization of resins 4-6 also revealed very high Tm in the first heating, between 

140°C-142°C for the three samples. This suggests that the polymer obtained with catalyst P11 is 

an Ultra High Molecular Weight PE resin.43 The melting temperature recorded during the first 

heating, 141°C, is due to the melting of the disentangled nascent crystals, with a higher crystallinity 

order, while during the second heating is possible to see the endotherm of melt-crystallized 

polyethylene crystals at 135°C.44 

The very high molar masses of the resins made it impossible to characterize them by HT-SEC: either 

the solubilisation process would degrade irreversibly the polymer chain, or the polymer solution 

would block the columns of the machine. 
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To conclude, P11 resulted to be fairly active in ethylene polymerization, it showed no affinity 

towards ethylene/-olefin copolymerization, although the presence of the comonomer favours a 

boost in the catalyst’s activity. The obtained resins were UHMWPE. Moreover, the morphology of 

the powder appears to be perfectly controlled, given the fact that the active species are chemically 

bound to the surface of the support. 

Successively catalyst P10 was tested in the same conditions used for P11, in order to make a 

comparison between bipodal and monopodal species bearing the same ligand. 

3. Test in ethylene polymerization of P10, (SiO)Y1,3-C3H3(SiMe3)22 

P10 was obtained by grafting Y{1,3-C3H3(SiMe3)2}3 on silica partially dehydroxylated at 700°C. The 

synthesis and characterizations of the catalyst are reported in Chapter IV, and confirmed that after 

the reaction the surface was composed entirely of the monopodal species (SiO)Y1,3-

C3H3(SiMe3)22. 

 Lab-scale polymerization 

P10 was tested in ethylene homo- and co-polymerization in a stainless steel autoclave, in 50 mL 

of heptane at 80°C under 10 bars of ethylene for 30 minutes. The catalyst was tested in both 

homopolymerization and copolymerization ethylene/1-hexene. The effect of the presence of TiBA 

as scavenger was also investigated. The results of the tests performed with catalyst P10 are 

reported in Table 5.  

P10 

Scheme 9 – Structure of P10. 
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Table 5 – Results of the polymerization tests performed with P10. General conditions: 50 mL 

heptane, 80°C, 10 bars ethylene, 30 minutes. 

 Run 
msupport Ysurface [TiBA] 1-hexene Yield Activity Activity 

mg µmol mM mol% g g gcat
-1 h-1 Kg molY-1 h-1 bar-1 

7 16.5 6.9 - - 6.19 752 180 

8 9.0 3.8 - 21 5.76 1280 305 

9 11.2 4.7 1 21 4.77 855 203 

 

P10 revealed to be the most active of the grafted Y catalysts tested. It is in fact almost four times 

as productive as P11. When run in homopolymerization conditions in absence of TiBA P10 gave 

752 gPE gcat
-1 h-1 as opposed to the 183 gPE gcat

-1 h-1 obtained with P11 in the same running 

conditions. 

Like in the case of P11, when the polymerization is run in presence of 1-hexene a big boost in 

activity is recorded, it jumps from 752 to 1280 gPE gcat
-1 h-1. Also in this case the catalyst is evidently 

very sensitive to the comonomer effect.  

Run 9 reported in Table 5 was conducted in the same conditions of run 8, but in presence of TiBA 

as scavenger, interestingly enough the presence of TiBA caused the activity to drop from 1280 to 

855 gPE gcat
-1 h-1. This is very interesting because it would mean that the TiBA added in the 

polymerization medium, not only takes on a scavenging role, but it also goes to interact with the 

active species on the surface of the support, reducing their affinity toward ethylene insertion. 

This is even better explained from the plot of the activity profiles reported in Figure 1. 
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Figure 1 shows clearly how the activity profiles change in going from run 7 to run 8, suggesting, 

like in the case of P11, an interaction of the olefin with the active site to boost the activity. In the 

same way, but with the opposite effect, the activity profile changes upon addition of TiBA in the 

polymerization system.  

It was previously seen in literature how TiBA would easily react with grafted Y species on the silica 

surface, to generate a catalyst for ethylene polymerization.27 Similarly the TiBA could react with 

(SiO)Y1,3-C3H3(SiMe3)22 modifying the active species and affecting the activity.  

The produced polymers in runs 7-8 were analysed by DSC and HT-SEC. The results are reported in 

Table 6. 

Table 6 – DSC and HT-SEC characterization of the resins obtained with P10. 

Run 
Activity Tm1 Crystallinity1 Tm2 Crystallinity2 Mn Mw 

Ð 
g gcat

-1 h-1 °C % °C % g mol-1 g mol-1 

7 752 143 84.4 135 67.4 224000 2.1E06 9 

8 1280 141 62.4 134 54.0 56300 1.5E06 27 

9 856 143 70.5 135 55.7 45200 2.1E06 46 

 

The same considerations performed for the polymers obtained with P11 can be done for the resins 

produced in runs 7-9. The DSC characterization of these polymers revealed very high melting 

Figure 1 – Activity profiles of the polymerization tests performed with P10. 
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temperatures for the first heating, 143 °C, and crystallinities over 70%. Upon second heating the 

melting temperatures found for the three sample were around 135°C with 55-60% of crystalline 

fraction. As discussed in the previous paragraph, this thermal behaviour is proper of UHMWPE 

resins.43 During the first heating of the resins the melting of nascent, highly ordered, crystals 

formed during the polymerization process occurs, while during the second isotherm is possible to 

see the endotherm of melt-crystallized polyethylene crystals.  

The DSC characterization also confirms to us that no comonomer was incorporated in the polymer 

chain during runs 8 and 9, both presenting melting temperatures of highly linear polyethylene. 

Like in the case of P11 it can be supposed that the role played by the comonomer during the 

polymerization reaction is ancillary to the active site.  

Additionally, the resins were characterized by HT-SEC, confirming the UHMWPE nature of the 

products. All the Mw recovered for the samples were higher than 1.5 E06 g mol-1 with a very wide 

molar mass distribution (Ð comprised between 9 and 46).  

In order to better study the comonomer effect on P11, an additional polymerization test was 

performed using cyclohexene instead of 1-hexene as comonomer. The aim was to investigate if, 

by using an olefin even less likely to insert than 1-hexene, the same interaction with the active site 

takes place, with enhancement of the activity. 

The results of the polymerization performed with cyclohexene are reported in Table 7 in 

comparison with those of run 8. 

Table 7 – Results of the polymerization tests performed with P10 with 1-hexene and cyclohexene. 

General conditions: 50 mL heptane, 80°C, 10 bars ethylene, 30 minutes, no TiBA. 

Run 
msupport 

Comonomer 
Ysurface 1-hexene Yield Activity Activity 

mg µmol mol% g g gcat
-1 h-1 Kg molY-1 h-1 bar-1 

8 9.0 1-hexene 3.8 21 5.76 1280 305 

10 5.5 cyclohexene 2.3 21 5.14 1887 449 

 

Not only a boost in activity was obtained also in presence of cyclohexene, but it was even more 

important than that observed with 1-hexene. For run 10 a very high activity of 1887 g gcat
-1 h-1 was 
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obtained. This phenomenon could signify that the coordination of a bulkier olefin to the active site 

has a better activation effect than the simple α-olefin. 

The produced resin during run 10 was characterized by DSC, and presents the same characteristic 

already observed for runs 7-9. The results are reported in Table 8. 

Table 8 – DSC and HT-SEC characterization of the resins obtained with P10. 

Run 
Activity 

Tm 

(1st melting) 

Crystallinity 

(1st melting) 

Tm 

(2nd melting) 

Crystallinity 

(2nd melting) 

g gcat
-1 h-1 °C % °C % 

10 1887 143 70.0 135 56.6 

 

All the fluffs obtained with P10 showed a very good particle morphology and lack of fines. This was 

confirmed through Scanning Electron Microscopy. The images acquired for run 7 are reported in 

Figure 2. 

Figure 2 - SEM images acquired for the resin obtained with P10 at different magnifications: a)40x; b) 50x ; c) 400x; 

d) 600x; e) 1200x; f) 2400x. 

a) b) c) 

d) e) f) 
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In Figure 2 are depicted the SEM images acquired for the polymer obtained with P10 in run 7, in 

ethylene homopolymerization. From the general pictures it is possible to see the spherical 

particles proper of resins obtained in heterogeneous slurry polymerization processes such as the 

one used in this work. What is also possible to see from the pictures is the absence of undesirable 

fines. From the images at higher magnification is then possible to see the style of growth of the 

polymer. 

The very good activities obtained at lab-scale, pushed towards a scale-up of the system. P10 was 

tested in pre-industrial polymerization conditions. 

 Pre-industrial scale up 

The monopodal (SiO)Y1,3-C3H3(SiMe3)22, after the very promising results obtained at lab-scale 

in Lyon, was tested at pre-industrial scale at INOES facilities in Brussels.  

The tests performed at INEOS aimed at investigating the response of the catalyst to different ratios 

H2/C2H4 and different comonomer concentrations, and the influence of the polymerization 

conditions on the polymer properties.  

The polymerization tests were conducted in 5 L autoclaves, with 1.5 L of isobutane as solvent. The 

general operating temperature and ethylene pressure were 80°C and 10 bars respectively, in these 

conditions the total equilibrium pressure of the system was of 24.4 bars; 0.5 mmol of TiBA were 

used as scavenger. P10 was injected in the reactor as a 10wt% suspension in oil. 

To first set a reference test and find the optimal operating conditions, the system was tested in 

ethylene homopolymerization in absence of hydrogen. The results of the polymerization reaction 

are reported in Table 9. 

Table 9 – Polymerization tests with P10. Conditions: 1.5L isobutane, 80°C, 10 bars ethylene, 1 hour, 

0.5 mmol TiBA. 

runs 
m cat nY H2/C2 (set) 1-hexene Yield Activity Activity 

mg µmol mol% g g g gcat
-1 h-1 Kg molY-1 h-1 bar-1 

11 175 73.5 0.00 0 656 3750 893 
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The obtained Activity during run 11 was more than three times higher than the maximum of 

activity obtained previously for the catalyst. Moreover, the activity profile, reported in Figure 3, is 

very stable throughout the polymerization, showing an activating behaviour in the first 25 minutes 

of the polymerization reaction, to then stabilize around a activity of 4000 g gcat
-1 h-1, and giving no 

sign of deactivation over the one hour of polymerization time vised for the test. This behaviour 

was not appreciated during the tests performed at a lower scale, most probably because of the 

too short polymerization times tested and operational technicalities (e.g.: the pressurization of 

the reactor would be done already in presence of the catalyst, affecting the first part of the kinetic 

plots with ethylene solubilisation phenomena). 

Once a reference was set, a DOE (Design of Experiment) was put in place to study the response of 

the catalyst at three different levels of H2/C2H4 (1.3, 2.6 and 5.2 mol%) and 1-hexene (0, 30 and 60 

g). The type of DOE used is a Composite Central Plane (CCP) DOE in two variables (hydrogen and 

hexene). Its graphic representation is shown in Figure 4.  

 

 

 

Figure 3 – Activity profile of run 11 
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The general polymerization condition applied for the DOE were the same used during run 11: 1.5L 

of isobutane, 0.5 mmol of TiBA, 10 bars of ethylene, 80°C and one hour of polymerization time. 

The results of the different polymerization tests are reported in Table 10. 

Table 10 – Results of the DOE performed with P10. Conditions: 1.5L isobutane, 80°C, 10 bars 

ethylene, 1 hour, 0.5mmol TiBA. 

runs 
m catalyst nY H2/C2 (set) 1-hexene C6/C2 gas Yield Activity Activity 

mg µmol mol% g %mol g g gcat
-1 h-1 Kg molY-1 h-1 bar-1 

12 175 73.5 1.3 0 0.0 836 4777 1140 

13 100 42.0 1.3 30 1.0 242 2420 576 

14 175 73.5 1.3 60 1.8 365 2086 497 

15 100 42.0 2.6 0 0.0 554 5540 1320 

16 100 42.0 2.6 30 1.1 241 2410 574 

17 100 42.0 2.6 30 1.0 279 2790 664 

18 100 42.0 2.6 60 1.9 222 2220 529 

19 100 42.0 5.2 0 0.0 460 4600 1100 

20 100 42.0 5.2 30 1.0 265 2650 631 

21 100 42.0 5.2 60 1.8 313 3130 745 

 

The data reported in Table 10 make the activating effect of H2 on P10 clear, and at the same time 

how this phenomenon is highly diminished whenever 1-hexene is present in the reaction system, 

Figure 4 – Plot of the CCP DOE used to investigate the catalytic behavior of P10. 
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independently of its amount. But real interesting considerations can be evinced by the 

representation of the kinetic profiles reported in Figure 5. 

From Figure 5 it is possible to see that the profiles acquired for the tests performed in presence 

of hydrogen and 1-hexene have a very different shape with respect to the one of run 11, in all the 

tests of the DOE in fact a maximum in activity is reached in the first five minutes of the 

polymerization, followed by a gradual deactivation. Additionally, from the plot of the kinetics of 

the polymerizations is very clear how the presence of hexene almost nullifies the activating effect 

of the hydrogen, independently of the amounts of both in the reactor. Figure 5 shows clearly how 

the three profiles for runs 12, 15 and 19 (no 1-hexene in the reactor) are almost superimposable, 

as well as the profiles for the remaining tests, performed in presence of both H2 and the olefin. 

All these outcomes suggest that the hydrogen introduced in the reactor reacts with the surface, 

modifying the active species, probably generating an yttrium hydride, and that this new species is 

more active than the monopodal allyl yttrium; but, differently from the latter, the new adduct 

Figure 5 – Activity profiles for the polymerization tests performed according to the DOE for P10. 
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responds negatively to the presence of 1-hexene as comonomer. This latter issue will be discussed 

further in the following pages. 

The resins obtained in runs 12-21 were characterized by DSC, GPC, IR and MVS. The results are 

reported in Table 11. 

Table 11 – Characterization results of the resins produced during the DOE testing with P10. 

runs 
H2/C2 BD Tm2 Crystallinity Mn Mw 

Mw/Mn 
SCB Comonomer MVS 

mol% kg/m³ °C % g mol-1 g mol-1 n/1000 C mol% kg/m3 

12 1.3 332 135.4 62.8 88600 616800 7.0 - - 946 

13 1.3 345 133.3 66.2 51600 400300 7.8 2.2 0.4 948 

14 1.3 348 133.3 65.3 47600 401100 8.4 2.6 0.5 947 

15 2.6 330 135.1 67.5 69700 407300 5.8 - - 951 

16 2.6 348 133.6 68.3 36100 338700 9.4 2.9 0.6 951 

17 2.6 335 133.5 69.4 43000 368500 8.6 2.3 0.5 951 

18 2.6 347 133.0 68.0 34600 302000 8.7 1.7 0.3 951 

19 5.2 343 134.3 70.2 32500 339100 10.4 - - 954 

20 5.2 341 133.6 69.2 27500 253000 9.2 2.4 0.5 955 

21 5.2 336 132.3 71.5 20900 219300 10.5 <1 - 956 

 

The characterization results reported in Table 11 give numerous information on the behaviour of 

the catalyst. The values of density and the melting temperature of the resins produced are proper 

of a highly linear, HDPE like, polyethylene resin. Like what we observed at lab scale, almost no 

comonomer was incorporated in the polymer chain, for all the comonomer feed ratios tested. On 

the other hand, the hydrogen had an evident effect on the resins’ molar masses. In Figure 6 are 

reported the GPC traces for runs 12-21. 

 

 

file://///In1bsnfap001/lara/31891/SEC%20FTIR%2031891/31891-12.xls
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The presence of hydrogen had an important effect on the molar masses of the polymers produced 

by P10. In fact, the highest Mw obtained for these resins is 617000 g mol-1, way lower than the 

2.1E06 g mol-1 previously recorded in Lyon. It is also worth noting that also the presence of the 

hexene has an impact on the final molar masses.  

As can be seen in Figure 7, there’s a linear relationship between the logarithm of the weight 

average molar mass and the logarithm of the ratio H2/C2 during the polymerization, both with and 

without hydrogen. Moreover, what the plot in Figure 7 clearly shows is that in presence of 1-

hexene the molar masses accessible to P10 are lower than in homopolymerization. 

 

Figure 6 – GPC traces of the resins produced in runs 12-21. 
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It is here worth to notice also that the detrimental effect of the 1-hexene on the activity is in 

contradiction with what was discussed in the previous paragraph, on the polymerizations 

performed at lab-scale. In order to check if, also in pre-industrial scale, was possible to see the 

activating effect of the comonomer in absence of H2, an additional test was performed and 

confronted with the results obtained in run 11, 15 and 16.  

Table 12 – Polymerization results with P10 at different loading of C6 and H2. Conditions: 1.5L 

isobutane, 80°C, 10 bars ethylene, 1 hour, 0.5mmol TiBA. 

runs 
m catalyst nY H2/C2 (set) 1-hexene C6/C2 real Yield Activity Activity 

mg µmol mol% g %mol g g gcat
-1 h-1 Kg molY-1 h-1 bar-1 

11 175 73.5 0.0 0 0.0 656 3749 839 

15 100 42.0 2.6 0 0.0 554 5540 1320 

16 100 42.0 2.6 30 1.1 241 2410 574 

22 100 42.0 0.0 30 1.0 460 4600 1100 

 

Table 12 reports four tests performed NOH, homopolymerizations with and without hydrogen (run 

15 and 11 respectively) and ethylene/1-hexene copolymerizations with and without hydrogen (run 

16 and 22 respectively). From Table 12 and Figure 7, displaying the kinetic profiles for the four 

tests, it is clear that the presence of H2 changes drastically the catalyst’ activation pathway and its 

response to the comonomer during the polymerization reaction.  

Figure 7 – Plot logMw vs log(H2/C2) with and without 1-hexene.  
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Figure 8 shows clearly how in absence of hydrogen the kinetic profiles for both run 11 and 22 

passes through an activation phase in the first 15 minutes of the polymerization to reach than a 

more or less stable activity until the end of the polymerization. In addition, in no hydrogen 

conditions, the comonomer has an activating effect, even though not as pronounced as what had 

been previously observed at laboratory scale.  

On the other side, upon introduction of H2, the activity reaches quickly a maximum in the very first 

minutes of the polymerization to then gradually decrease. Moreover, as already stated, the 

addition of a comonomer causes a sharp drop in activity, erasing the activating effect of the 

hydrogen. 

The great difference in the shape of the activity profiles between run 11, 22 and run 15, 16 would 

suggest that the H2 introduced in the reactor interacts with P10 favouring the first insertion. We 

could in fact attribute the initial activation period in run 11 and 22 to the time for a first ethylene 

molecule to insert in all the Y-allyl bonds, to reach a plateau once all the species on the surface 

Figure 8  – Activity profiles for runs 11, 15, 16 and 22 performed with  P10. 
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have reacted. When hydrogen is added to the reactor it can react with the grafted yttrium species 

probably generating an yttrium hydride on the surface. The insertion of the ethylene in an Y-H 

bond is faster, thus explaining the maximum of activity at the beginning of the reaction.  

Molecular Y hydride complexes, such as Cp2YH, are known to be fairly active in ethylene 

polymerization, but show no activity in propene polymerization.45,46 It was proved that in propene 

polymerization the chain termination reaction proceeds via hydrogen abstraction on the allylic 

methyl C-H from the propene, generating an allyl-Y which doesn’t react with a second propene 

unit. Something similar could occur in ethylene/1-hexene polymerization: in presence of hydrogen 

the 1-hexene might react with the active site to generate an allyl-Y, slowing the successive 

ethylene insertion (scheme 10).47 Further studies are though necessary to prove this hypothesis. 

The polymers obtained in run 11 and 22 were then characterized by DSC, GPC, IR and MVS. The 

results are reported in Table 13. 

Table 13 – Characterization results of the resins produced in runs 11, 15, 16 and 22. 

run 
H2/C2 (set) BD Tm2 Crystallinity Mn Mw 

Mw/Mn 
SCB Comonomer MVS 

mol% kg/m³ °C % g mol-1 g mol-1 n/1000 C mol% kg/m3 

11 0.0 326 134 56.3 - - - - - 935 

15 2.6 330 135.1 67.5 69700 407300 5.8 1.6 0.3 951 

16 2.6 348 133.6 68.3 36100 338700 9.4 2.9 0.6 951 

22 0.0 326 133 61.8 76500 1393000 18.2  - 941 

 

Scheme 10 –  Possible allyl formation after the coordination of the 1-hexene to the yttrium hydride, according to 

the mechanism proposed by Busico et al.  
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Given the ultra-high molecular weight nature of the polymers obtained with P10 in absence of 

hydrogen it was not possible to measure the molar masses of resin obtained in run 11 by SEC. In 

both runs the polymer was highly linear and for what concerns run 22 the Mw obtained was close 

to 1400 Kg mol-1. The molar mass distribution for run 22 was very broad, 18.2, wider than that of 

the resins synthesized in presence of hydrogen, as shown in Figure 9. 

Another remarkable aspect that was evidenced during the tests performed at lab-scale, was the 

detrimental influence of TiBA on the catalyst activity (comparison between run 8 and 9 in Table 5 

and Figure 1). In order to further investigate this aspect, additional tests were performed at INEOS 

facilities at different scavenger loadings. The other conditions applied to the reaction were those 

already employed during run 16: 1.5 L isobutane, 80°C, 10 bars of ethylene, 2.6 mol% H2/C2, 30g 

1-hexene,100 mg of catalysts in 10 wt% oil suspension. The polymerization lasted 1 hour. The TiBA 

amounts tested were 0.5, 0.25 and 0.05 mmol. The results of the polymerizations are reported in 

Table 14 while Figure 10 depicts the kinetic profiles for the three tests. 

Figure 9 – GPC-FTIR plot of the resin obtained in run 22. 
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Table 14 – Polymerization results for the tests performed at different TiBA loading with P10. 

Conditions: 1.5 L isobutane, 80°C, 10 bars of ethylene, 2.6 mol% H2/C2(set), 30g 1-hexene,100 mg 

catalyst, 1hour. 

runs 
m catalyst nY H2/C2 (real) C6/C2 real TiBA Yield Activity Activity 

mg mmol mol% %mol µmol g g gcat
-1 h-1 Kg molY-1 h-1 bar-1 

16 100 42 2.9 1.1 0.50 241 2410 574 

23 100 42 2.7 1.0 0.25 353 3530 840 

24 100 42 2.5 0.9 0.05 740 7400 1760 

 

The tests performed in Brussels confirm and even exceed what had already been observed in Lyon. 

Decreasing the amount of TiBA in the polymerization medium causes an enormous boost in 

activity; lowering the amount of TiBA from 0.5 to 0.05 mmol in the reactor causes the activity to 

shoot from 2410 to 7400 gPE gcat
-1 h-1. 

As shown in Figure 11 the activity of P10 decreases linearly with the increasing of the moles of 

TiBA in the reactor. This could be due to the fact that TiBA reacts in part with the active species on 

the surface of the support decreasing their efficiency towards ethylene polymerization. 

Figure 10 – Kinetic profiles of the polymerization tests performed with P10 at different TiBA loadings. 
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Also in this case the obtained polymers were characterized by DSC, GPC, IR and MVS. The results 

are reported in Table 15. 

Table 15 – Characterization results of the resins produced in runs 11 and 22. 

runs 
TiBA BD Tf2 Crystallinity Mn Mw 

Mw/Mn 
SCB Comonomer MVS 

mmol kg/m³ °C % g mol-1 g mol-1 n/1000 C mol% kg/m3 

16 0.50 348 133.6 68.3 36100 338700 9.4 2.9 0.6 951.2 

23 0.25 337 133.1 67.1 37300 364300 9.8 <1 - 952.2 

24 0.05 346 133.0 69.0 31600 262200 8.3 <1 - 953.1 

Figure 11– Plot of the activity of P10 in function of the amount of TiBA at 80°C, 10 bars of ethylene, 2.6  mol% 

H2/C2 and 30 g 1-hexene. 

file://///In1bsnfap001/lara/31891/SEC%20FTIR%2031891/31891-14.xls
file://///In1bsnfap001/lara/31891/SEC%20FTIR%2031891/31891-15.xls
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The polymers produced in runs 16, 23 and 24 have very high crystallinities, over 67 %, and melting 

temperatures, 133 °C; coupled with the high densities, above 951 kg/m3, it is possible to confirm 

the HDPE nature of these resins, like for the other products obtained with the supported-Y 

catalysts. This products, like the others obtained with P10 in presence of hydrogen present Mw 

below 400 Kg mol-1 and broad molar mass distributions. In Figure 11 are reported the SEC traces 

for the three samples. 

As a consequence of P10’s intrinsic nature (the Y species are chemically bound to the surface of 

the silica support), all the fluffs produced in runs 11-24 are well-behaved from a morphology point 

of view. And in order to confirm the absence of undesirable fines a particle size distribution 

analysis was performed on some of the samples. The results are reported in Table 16. 

 

Figure 12 – GPC-FTIR traces of the resins produced in runs 16, 23 and 24 with P10. 
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Table 16 – Particle size distribution results for the resins obtained with P10. 

runs span 
d10 d50 d90 

µm µm µm 

11 0.94 415 679 1054 

12 0.90 448 737 1138 

13 0.97 354 586 921 

21 0.93 400 656 1008 

22 0.91 459 753 1142 

23 0.97 397 658 1032 

24 0.92 483 803 1220 

 

As a title of example in Figure 12 is also reported the plot of the particle size distribution of the 

fluff produced in run 21. 

Both Table 16 and Figure 13 show that the obtained resins have a homogeneous particle size 

distribution and there are no undesired fines. All the characterization and polymerization results 

reported in this paragraph clearly show how the technology upgrade from laboratory to pre-

industrial scale was successful. In addition, the new catalyst displays unprecedented activity in 

ethylene polymerization for a supported rare-earth system. The HDPE features a broad molar mass 

distribution which could be of interest for applications.  

 

Figure 13 – plot of the particle size distribution of the fluff produced in run 21. 
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 Conclusions 

The application of catalyst P10 in ethylene homo and copolymerization showed that the well-

defined (SiO)Y1,3-C3H3(SiMe3)22 prepared by SOMC of Y1,3-C3H3(SiMe3)23 on silica 

dehydroxylated at 700°C shows one order of magnitude more active than other supported Y 

catalysts present in literature.27 P10 was tested at both lab and pre-industrial scale, given the initial 

good results obtained in slurry polymerization.  

P10 revealed to be active in both ethylene homopolymerization and ethylene/1-hexene 

copolymerization, though the catalyst showed no aptitude towards the incorporation of the 

comonomer. In fact, all the obtained resins were highly linear polyethylenes with melting 

temperatures above 133°C, crystallinity higher than 55% (depending on the molar masses of the 

resins) and densities above 950 Kg/m3.  

On the other side the presence of hydrogen during the polymerization highly affected the catalysts 

behaviour from both an activity and final molar masses point of view. When polymerizing ethylene 

in absence of H2, the catalyst P10 shows an activating kinetic profile which reaches a stable activity 

after 15 minutes of polymerization, until the end of the reaction, with final productivities of 4000 

g gcat
-1 h-1. In presence of hydrogen the activity quickly reaches a maximum in the very first minutes 

of the reaction to then slowly decreases during the rest of the polymerization, reaching an average 

activity of 5500 g gcat
-1 h-1.  

The catalyst responds very well to the hydrogen; in fact, in no hydrogen conditions, P10 produces 

UHMWPE resins, while when H2 is added to the reactor Mw can decrease down to 300 Kg mol-1. 

An additional factor that highly affects the productivity of P10 is the amount of TiBA present in the 

reactor, decreasing the alkylaluminium compound from 0.5 to 0.05 mmol causes the average 

activity of the catalyst to rocket from 2410 to 7400 gPE gcat
-1 h-1 at parity of all other conditions. 

The results obtained confirmed that the upgrade of the system was achieved with success, and 

that we developed a catalyst highly superior in activity to what previously reported in literature 

for supported Y catalysts. 
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4. Synthesis and polymerization tests of cationic Y species on silica surface  

After testing the performances of the neutral supported yttrium catalysts P10 and P11, it was 

investigated the possibility of generating stable cationic Y species on the silica surface, active 

towards ethylene polymerization.  

4.1 Synthesis of [(SiO)Y1,3-C3H3(SiMe3)2]+[B(C6F5)4]-, P12 

P10, (SiO)Y1,3-C3H3(SiMe3)22, was reacted with 1.2 eq. of trityl tetrakis-pentafluorophenyl 

borate, [C(C6H5)3]+[B(C6F5)4]-, in benzene overnight in order to obtain the catalyst [(SiO)Y1,3-

C3H3(SiMe3)2]+[B(C6F5)4]-, P12 on the surface of the support. 

As soon as the borate solution entered in contact with P10, the suspension turned dark red, 

indicating the two complexes reacted. After 16h the product was bottle green; the surface was 

characterized by DRIFT spectroscopy to investigate the outcome of the reaction. 

Scheme 11 – Synthesis of [(SiO)Y1,3-C3H3(SiMe3)2]+[B(C6F5)4]-, P12. 
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Figure 14 – DRIFT spectra of P10 (bottom), and P12 (top). 
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The DRIFT spectrum of P12 shows a decrease in the intensity of the group of peaks between 2750 

and 3000 cm-1 assigned to the C-H stretching of the allyl and the appearance of new peaks above 

3000 cm-1 and between 1500-1600 cm-1 for the stretching of the aromatic rings. 

To confirm that the reaction proceeded as expected and that Ph3C(C3H3(SiMe3)2) was obtained as 

side product, a GC-MAS analysis of the washing solution was performed. The presence of a peak 

at 428 uma confirmed the formation of the expected side product.  

After the reaction the cationic Y resulted to be unstable on the surface. After a few days,  the green 

powder recovered at the end of the reaction (stored in a storage tube in the glove box, 

H2O<0.1ppm, O2<0.1ppm at 20°C) turned deep blue, indicating a modification in the nature of the 

species present on the silica surface. Although this change in P12 was observed, the surface was 

characterized by mass balance analysis and solid state NMR. 

Table 17 reports the results of the quantification of the species present on the surface of P12. 

Table 17 – Elemental analysis results for P12. 

wt% Y wt% C wt% B wt% F 
Y 

mmol g-1 
C/Y F/B B/Y 

3.4 11.4 0.27 9.1 0.42 
24.8 

(th. 30) 

19.6 

(th. 20) 

0.7 

(th. 1) 

 

The theoretical values reported in Table 17 are calculated on the base of the coordination of 1 

borate per Y, from the amount of boron found on the surface, 0.27 wt%, it was clear that only 70% 

of the yttrium on the surface reacted to give the cationic species. Assuming the coordination of 

only 0.7 B/Y, it is possible to say that the ratio of 24.8 C/Y found on the support is in agreement 

with the theoretical value of 28.5 for a surfaces of the composition showed in Scheme 12. 
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The solid state NMR spectra reported in Figure 15 were acquired after the color change of P12, 

but can anyway help to understand the surface composition.  

The 1H NMR spectrum shows three main peaks at 7.91, 7.17 and -0.16 ppm and a shoulder at 3.77 

ppm. The peak at 7.17, -0.16 and the shoulder at 3.77 ppm were assigned to the allyl bound to the 

Y while the peak at 7.91 ppm was attributed to benzene molecules which could have remained 

coordinated to the Y adduct. 

70% 30% 

Scheme 12 – Surface composition of P12. 

-8-6-4-212 10 8 6 4 2 0 ppm 200 180 160 140 120 100 80 60 40 20 0 ppm

-300-250-200-150-100-50250 200 150 100 50 0 ppm -250-200-150-100-50100 50 0 ppm

Figure 15 – 1H MAS (top left), 13C CPMAS (top right), 29Si CPMAS (bottom left), 11B MAS (bottom right) solid state NMR 

spectra for P12. 
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The 13C NMR spectrum shows multiple peaks in the aromatic region, 148.0, 137.6, 132.2, 128.2 

ppm which can be attributed to the benzene coordinated to Y and to the carbon of the allyl 

fragment –CH=CHCH-. At -1.98 ppm resonate the methyls of the –SiMe3 fragments. It is still 

possible to see the peaks relative to the THF impurities on the surface at 73.2 and 24.7 ppm. 

The 11B NMR spectrum shows one sharp peak at -15.5 ppm which is attributed to the boron of the 

borate ion. 

The 29Si NMR spectrum shows the peak proper of the silica of the support at -105.3 ppm. The two 

peaks at -7 and 2 ppm were attributed to the –SiMe3 respectively of the neutral and cationic 

species on the surface, by comparison with the 29Si CP MAS solid state NMR spectrum acquired 

for P10. The comparison of the tw spectra is reported in Figure 16. 

The characterizations performed on P12, revealed that after the reaction, indeed the ionic couple 

[(SiO)Y1,3-C3H3(SiMe3)2]+[B(C6F5)4]- was formed, but that the species isn’t stable on the 

surface. To be able to test the catalyst in polymerization was thus decided to generate the Y cation 

in situ in the autoclave, by pre-contacting P11 and P10 with 1 eq. of [C(C6H5)3]+[B(C6F5)4]-, BARF. 

Figure 16 – 29Si CPMAS spectra for P10 (bottom) and P12 (top). 
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4.2 Test in ethylene polymerization of P10/BARF and P11/BARF 

In this paragraph is presented the application in ethylene slurry polymerization of two grafted Y 

cationic species, generated in situ in the reactor prior to the polymerization. It was decided to use 

this approach given the instability of the cationic yttrium on the silica surface.  

Both catalysts P10 and P11 were modified with [C(C6H5)3]+[B(C6F5)4]- to generate respectively 

[(SiO)Y1,3-C3H3(SiMe3)2]+[B(C6F5)4]- and [(SiO)2Y]+[B(C6F5)4]-. The polymerization reaction was 

conducted in a stainless steel autoclave in 50 mL of heptane, at 80°C and 10 bars of ethylene for 

30 minutes. The catalysts were tested in both ethylene homopolymerization and ethylene/1-

hexene copolymerization. The results obtained are reported in Table 18. 

Table 18 – Results of the slurry polymerization tests performed with P10/BARF and P11/BARF. 

General conditions: 50 mL heptane, 80°C, 10 bars ethylene, 30 minutes,  B/Y = 1. 

Runs Catalyst 
msupport Ysurface [TiBA] 1-hexene Yield Activity Activity 

mg µmol mM mol% g g gcat
-1 h-1 Kg molY-1 h-1 bar-1 

4 P11 20.7 11.4 - - 1.89 183 33.3 

7 P10 16.5 6.9 - - 6.19 752 180 

25 P10/BARF 20.4 8.5 - - 8.76 860 206 

26 P10/BARF 20.2 8.5 - 21 6.98 690 164 

27 P10/BARF 13.5 5.7 1 - 2.09 310 74 

28 P11/BARF 20.8 11.5 - - 2.88 280 50 

29 P11/BARF 20.1 11.1 - 21 0.19 20 3.3 

 

Both catalyst showed activities in ethylene polymerization, and, like for their neutral homologues, 

the bipodal species was less active than the monopodal one, 280 and 860 gPE gcat
-1 h-1 respectively. 

Runs 25 and 27 show that also for P10/BARF, like for P10, the presence of TiBA is detrimental for 

the activity of the catalyst, cutting its activity almost in half, 860 to 310 gPE gcat
-1 h-1. Finally, 

interestingly, Table 18 shows that both cationic catalyst suffer in presence of comonomer an 

important drop in activity: when 1-hexene is added to the system the activity of P10/BARF goes 

from 860 to 690 gPE gcat
-1 h-1, while for P11/BARF it dramatically plummets from 280 to 20    gPE gcat

-

1 h-1. The obtained resins were characterized by DSC, also in this case the HT-SEC analysis was 
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made difficult by the high molar masses of the produced polymers. The results are reported in 

Table 19. 

Table 19 – DSC characterization of the resins obtained with the cationic Y catalysts P10/BARF and 

P11/BARF. 

Run Catalyst 
Activity 

Tm 

(1st melting) 

Crystallinity 

(1st melting) 

Tm 

(2nd melting) 

Crystallinity 

(2nd melting) 

g gcat
-1 h-1 °C % °C % 

25 P10/BARF 860 143 76 135 58.6 

26 P10/BARF 690 141 58 134 48.4 

27 P10/BARF 310 143 69 136 56.9 

28 P11/BARF 280 140 66 135 63.2 

29 P11/BARF 20 134 52 131 55.8 

 

The DSC results reported in Table 19 show that the resins produced with the two cationic yttrium 

catalysts are highly linear and crystalline PEs, with ultra-high molar masses.  

To better understand the exact nature of the cations formed on the surface and the reason behind 

their instability on the surface, further studies would be necessary. 
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Conclusions  

In this chapter was showed the application of grafted yttrium complexes as catalysts for ethylene 

slurry polymerization. Four neutral catalysts (P8, P9, P10 and P11) and two cationic species 

(P10/BARF and P11/BARF) were tested and the activities obtained were confronted with literature 

references.27 The most active catalyst amongst those listed above was P10, of structure 

(SiO)Y1,3-C3H3(SiMe3)22; when tested at laboratory scale in slurry copolymerization 

ethylene/1-hexene, it showed an activity higher than 1100 gPE gcat
-1 h-1, exhibiting an important 

comonomer effect, even though the polymer produced was highly linear, with 135°C Tm. As other 

grafted rare-earth metal catalysts the obtained resins had molar masses higher than 1500 Kg mol-

1, which made it most of the time impossible to characterize by HT-SEC.  

Considering the results obtained at laboratory scale encouraging, P10 was scaled up to pre-

industrial scale in INEOS facilities in Brussels. During this tests was investigated the hydrogen effect 

on the polymer molar masses and the influence of TiBA on the activity. From this study it was 

evidenced that by introducing up to 5.6 mol% H2/C2 it was possible to reduce the molar masses 

of the resins to 300 Kg mol-1 and positively affect the activity of the catalysts. The TiBA, on the 

other side, had a highly detrimental effect on activity, in fact by decreasing the amount of TiBA 

present in the reactor from 0.5 to 0.05 mmol the activity of P10 increased linearly up to 7000 gPE 

gcat
-1 h-1. The obtained resins where highly linear PE with melting temperatures of 135 °C and 

crystallinities of 55-60%.  

Although the very good results obtained in polymerization further characterization studies must 

be performed on P10  to better understand what kind of interactions are formed in presence of 

hydrogen, 1-hexene and TiBA during the reaction, so to explain the effects observed during our 

studies.  
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As discussed at the very beginning of this manuscript, my thesis’s work is framed in the polyolefin 

background and, more specifically, in the field of ethylene polymerization promoted by single-site 

catalysts. Our efforts were focused on the development and application of structurally well-

defined activating supports prepared by surface organometallic chemistry for the immobilization 

of metallocene complexes. 

The current state of the art and developments in the heterogenization of molecular catalysts and 

their application in industrial processes were briefly presented in Chapter I, in order to frame the 

research work discussed in the following Chapters in the present scientific progresses in the field, 

and to clearly show its relevance for industrial application. 

Chapter II focuses on the development and application in different processes of activating support 

AS1. The surface of AS1 was composed by bipodal aluminate species of structure [(≡

SiO)2Al(OC6F5)2]-[HNMe2Et]+. The synthesis procedure and surface characterization of the support 

was exposed at the beginning of the chapter confirming the successful synthesis of the ionic 

couple on the surface. 

Once the surface composition was ascertained the efficiency of AS1 as activating support for two 

zirconocenes rac-EtInd2ZrCl2 and (n-BuCpMe)2ZrCl2 was evaluated in presence of an alkylating 

agent. The prepared systems were tested both at laboratory and pre-industrial scale. The obtained 

results were excellent both in terms of catalyst performances and controlled of polyethylene 

particle morphology. The observed productivities at lab-scale were for both catalysts above 900 

ggcat
-1h-1 in ethylene/1-hexene slurry polymerization, which would become 4000 ggcat

-1h-1 in the 

scale-up to pre-industrial application. 

Scheme 1 - Preparation of supported activating support based on Aluminum hydrides 
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The obtained polymers were typical mLLDPE resins, which generally presented between 1 and 3 

mol% of comonomer incorporation in the polymer chain and a melting temperature between 115 

and 125 °C (strictly depending on the degree of branching of the sample). Furthermore, the 

obtained fluffs presented very good morphology and particle size distribution, direct consequence 

of the fact that the activator is chemically bound to the surface of the support, reducing the risks 

of leaching.  

Once these preliminary studies on the efficiency of the activating support were conducted, the 

isolation of formulated catalysts on AS1 with both complexes rac-EtInd2ZrCl2 and (n-

BuCpMe)2ZrCl2 was presented. It resulted that, to be able to obtain an efficient formation of the 

active species and highly productive catalysts, it was necessary to methylate the zirconocene 

complexes prior to their immobilization. From this study two highly active catalysts, IsoCatM1 and 

IsoCatM2, were obtained with the two zirconocenes. The two catalysts were tested at laboratory 

scale in ethylene/1-hexene slurry copolymerization and IsoCatM1 also in ethylene gas phase 

homopolymerization. The obtained initial results were highly encouraging, in fact both catalysts 

were highly active and produced polymers with the same properties of those obtained previously 

with the zirconocene complexes. What though was quickly found out was that the active species 

were unstable at room temperature: in the span of 20 days the catalyst activity would drop from 

1888 to 255 g gcat
-1 h-1at ambient temperature. 

To understand this phenomenon, the evolution of the ionic couple on the surface was studied and 

the occurrence of a transfer of ligand from the aluminate to the zirconocene was shown. This 

phenomenon was already reported by Marks for homogeneous systems. In the following chapters 

we focused then to find a solution to avoid the ligand transfer. 

In Chapter III, in order to avoid the deactivation process it was presented the synthesis of bipodal 

aluminates activating supports in which the pentafluorophenol was substituted by either chelating 

or more sterically hindered ligands. Although most of the synthesized species were structurally 

well-defined, they all showed very poor efficiency in ethylene slurry polymerization, if confronted 

with the results observed in Chapter II. The main reason could be attributed to a variation of the 

dissociation of the formed ion couple, which is vital for a good activity in polymerization.  
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In Chapter IV we studied two different approaches to the synthesis of new activating supports. 

The first group of presented ASs were well-defined halogenated aluminates, either chlorides or 

fluorides, obtained from different alkylaluminium precursors. In literature were in fact known very 

efficient fluorinated solid activators for metallocene catalysts, but nothing was known on the 

structure of actual species that take part in the activation. All the synthesized activating supports 

were tested in ethylene polymerization, but also in this case the obtained activity was very low 

with respect to AS1. This is attributed to a too strong interaction between the Zr cation and the 

Al-X moiety.  

The second set of activating supports presented in Chapter IV were homologous of AS1 but the 

aluminium centre was substituted by an yttrium centre, in order to get a stronger M-O bond for 

the activator which would slow the ligand transfer process reported in Chapter II. Four yttrium 

based activating supports were synthesized and tested in ethylene slurry polymerization, with very 

little success. The recorded activity was very low and nowhere comparable to that of AS1. The 

same comments exposed previously for all the other activating supports can be easily applied also 

in this case.  

The development of grafted yttrium precursors for the synthesis of the activating supports, led 

though to the discovering of an incredibly performing catalyst for ethylene polymerization. In 

Chapter V of this thesis was in fact shown the application in slurry polymerization of the four 

grafted benzyl and allyl yttrium species used as synthesis precursors in Chapter IV. Although all of 

them demonstrated good activities in ethylene polymerization, one in particular highly exceeded 

in productivity what is currently reported in literature for this kind of catalysts: (SiO)Y1,3-

C3H3(SiMe3)22, P10. This well-defined supported complex was successfully prepared by Surface 

Organometallic Chemistry and characterized by elemental analysis, reactivity with water, DRIFT, 

Solid state NMR and EXAFS. 

P10 was tested both at laboratory and pre-industrial scale in ethylene homopolymerization and 

copolymerization with 1-hexene, with or without hydrogen. The obtained maximum of activity was 

of 7000 g gcat
-1 h-1. The polymerization results were of high interest for the field of PEHD. It resulted 

evident that the catalyst’s behaviour would change dramatically depending on the amount of TiBA 
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and the presence of hydrogen in the reactor. TiBA is in fact a true poison for P10, decreasing its 

amount in the reactor, more than doubled the catalyst’s productivity. Hydrogen on the other side 

changes completely the P10’s response to the comonomer. While without H2 the 1-hexene has a 

positive effect on productivity, although not being incorporated in the chain, when hydrogen is 

present the longer olefin causes a dramatic chute in the productivity. This could be explained by a 

modification, by work of H2, of the nature of the active species on the surface. To have, though, 

real insight on the interactions that take place during the process, a deeper characterization study 

is needed. 

The obtained results during this work with both AS1 and P10 are very encouraging and worth 

pursuing. On the side of AS1 by working on the catalysts’ isolation methods, that could help 

stabilize the active species on the surface. On the side of yttrium, a further characterization of the 

active species formed in presence of hydrogen, 1-hexene and TiBA is necessary, to understand 

what side reaction could take place during the polymerization reaction and optimize the use of 

the catalyst.  

Another and important consideration can be evinced from all unsuccessful but interesting results 

reported in Chapters III and IV. We clearly saw first-hand how delicate is the balance of the ionic 

couple, protagonist of olefin polymerization. All the changes that we produced on the activator, 

not only resulted in a slightly lower efficiency of the catalyst, but in an almost complete inactivity 

of the system, making us understand how little we still know about the deep nature of the main 

actors involved in olefin polymerization. 
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1. General 

All experiments were performed under a controlled atmosphere by using Schlenk and glove-box 

techniques for organometallic syntheses. For the synthesis and treatments of the surface species, 

reactions were performed by using high-vacuum lines (1 mPa) and glove boxes.  

 Solvent purification at C2P2 

All the solvents used during the synthesis of the grafted species were purified over NaK and freshly 

distilled prior to use. Concerning the solvents used during the polymerization tests, the heptane 

was collected from a MBRAUN Solvent Purification System, the toluene was distilled over NaK and 

then stored in the glove box on molecular sieves overnight. 

 Purification of the reagents used in polymerizations at C2P2 

1-hexene was dried over CaH2 and then further purified over NaK. Ethylene (purity 99.95%) was 

purchased from Air Liquide. The gas was passed through three different purification columns 

before use: a first one filled with reduced BASF R3-16 catalyst (CuO on alumina), a second one 

filled with molecular sieves (13X, 3A, Sigma–Aldrich) and a final one filled with Selexsorb COS 

(Alcoa).  

2. Characterization techniques 

 Characterizations performed at C2P2 

Elemental analyses of the supported products were performed at the Mikroanalytisches Labor 

Pascher, Remagen (Germany).  

Gas-phase analyses were performed on a Hewlett–Packard 5890 series II gas chromatograph 

equipped with a flame ionization detector and an Al2O3/KCl on fused silica column (50 m x 0.32 

mm). 

NMR Spectroscopy Solid-state 1H MAS and 13C CPMAS NMR spectra were recorded on a Bruker 

Avance 500 spectrometer with a conventional double-resonance 4 mm CPMAS probe. Solid state 

27Al MAS NMR spectra were recorded on a Bruker Avance III 800 spectrometer with a conventional 

double-resonance 3.2 mm MAS probe. Chemical shifts were given with respect to TMS as the 
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external reference for 1H and 13C NMR spectroscopy, to CFCl3 for 19F NMR spectroscopy and to 

Al(H2O)6
3+ for 27Al. 

EXAFS spectra were acquired at ESRF, using BM23 beam-line, at room temperature at the yttrium 

K-edge (17.04 keV). A pair of Si(111) crystals was used as monochromator and a  system based on 

a total reflection through a double X-ray mirror with an incidence angle variable from 2 to 5 mrad 

allowed harmonic rejection to better than the 10-5 level.1 The spectra were recorded in the 

transmission mode between 16.8 and 18.15 keV. Four scans were collected for each sample. Each 

data set was collected simultaneously with a Y metal foil reference (17038.4 eV), and was later 

aligned according to that reference (maximum of the first derivative of the first peak of the Y foil). 

The Y supported samples were packaged within an argon filled glovebox in a double air-tight 

sample holder equipped with kapton windows. The data analyses were carried out using the 

program “Athena” and the EXAFS fitting program “RoundMidnight”, from the “MAX” package, 

using spherical waves. The program FEFF8 was used to calculate theoretical files for phases and 

amplitudes based on model clusters of atoms. The refinements were carried out by fitting the 

structural parameters Ni, Ri, σi and the energy shift, ΔE0 (the same for all shells). 

Thermal characterizations were performed with a differential scanning calorimetry, Mettler Toledo 

DSC 1, equipped with an auto-sampler and a 120 thermocouple sensor. The temperature and the 

heat flow of the equipment were calibrated with an indium standard. All samples were accurately 

weighed (between 5 to 10 mg) and sealed in aluminum pans. They were heated from -20 °C to 

180 °C at 10 °C min-1 with an empty aluminum pan as reference. Two successive heating and 

cooling were performed and only the second run was considered. Dry nitrogen with a flow rate 

set at 50 mL min-1 was used as the purge gas. The melting temperature (Tm) was measured at the 

top of the endothermic peak. The STARe thermal analysis software is used to calculate the melting 

temperature and the crystallinity of the copolymers: X = ΔHf / ΔHf0 where ΔHf (J g-1) is the melting 

heat of the sample and ΔHf0 (= 293 J g-1) the melting heat of a 100 % crystalline polyethylene. 

SEM images have been observed on a FEI Quanta 250 FEG microscope, after metallization of the 

samples by a copper film evaporation on a Baltec MED020 apparatus. 
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HT-SEC High temperature Size Exclusion Chromatography analyses were performed using a 

Viscotek system (from Malvern Instruments) equipped with three columns (Polefin 300 mm x 8 

mm I. D. from Polymer Standards Service, porosity of 1000 Å, 100000 Å and 1000000 Å). 200 μL 

of sample solutions with concentration of 3 mg mL-1 were eluted in 1,2,4-trichlorobenzene using 

a flow rate of 1 mL min-1 at 150°C. The mobile phase was stabilized with 2,6-di(tert-butyl)-4-

methylphenol (200 mg L-1). The OmniSEC 5.12 software was used for data acquisition and data 

analysis. Online detection was performed with a differential refractive index detector and a dual 

light scattering detector (LALS and RALS) for absolute molar mass measurement. 

Bulk density. The fluff was dropped with the aid of a funnel in a cylinder of known volume. As much 

polymer was put in the cylinder as to fill it without any compression of the powder. Once the 

cylinder was full the polymer was levelled to the brim of the container, without any compression, 

and weighed. The density of the resin was obtained by dividing the weight of the polymer per its 

volume. 

Particle size distribution. For the analysis if the particle size distribution of the polymers was used 

a laser Granulometer Coulter LS 13320 coupled with a Dry powder system module (Tornado). The 

determination of the particle size is determined by the deviation of the laser in passing through 

the powder. 20 g of samples are used for the mesure. 

FTIR. For the IR characterization of the polymers was used a Perkin Elmer spectrum One. The 

samples are pressed in a film prior to the analysis. 

GPC. The polymers were analysed with a PL-GPC220 High temperature GPC system coupled with 

a PL-SP260 sample preparation system. 8-9 mg of sample are dissolved I 10 mL of TCM at 160°C 

for two hours under a light N2 flux. The calibration of the machine is done based on polystyrene 

samples. 

MVS. For the determination of the polymers’ densities the resin was weighed a METTLER TOLEDO 

balance RS-232 C with a precision of 0.01 mg. The volume of the sample was determined by the 

unit PRISMA, constituted by a graduated becker containing undecane conditioned at 23°C and an 

engine to move the samples. The volume of the polymer, previously pressed in a disc, is measured 

by difference between the levels of undecane before and after the immersion of the disc. 
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DSC. For the DSC measurements was employed a DSC Perkin Elmer diamond DAL 1222. Between 

1.75 and 2.25 mg of the sample (previously pressed in a film) were weighed in a 10 µL Al capsule 

which was then sealed. They were heated from -10 °C to 180 °C at 20 °C min-1 with an empty 

aluminum pan as reference. Two successive heating and cooling were performed and only the 

second run was considered. 

Melt Index. The melt index measurements were done on Goettfert MI4. For the measure 5 g of 

polymer were weighed and put inside the cylinder with the help of a funnel. The sample was 

compacted inside the cylinder and the piston was position over the sample with the desired 

weight. After a preheating test, the measure starts once the piston descends below 50 mm. The 

time of the measure varies depending on the fluidity of the sample, but it can’t exceed the 25 

minutes.   

3. Treatment of the silica support 

 Partial dehydroxylation at 200°C (SiO2-200) 

The silica used was Grace Sylopol 2408. 3.00 g of the silica were put inside a 500 ml glass reactor. 

High vacuum (1 Pa) was pulled over the silica sample, and the temperature was brought to 200°C 

with a ramp of 4°C min-1. The dehydroxylation reaction proceeded for 16 h, the sample was 

collected and stored in the glove box. The amount of silanol groups present on the surface after 

the partial dehydroxylation is of 1.62 mmol g-1. DRIFT: 3743 cm-1 SiO-H(isolated) stretching; 3680-

3570 cm-1 SiO-H(vicinal) stretching. 

 Partial dehydroxylation at 700°C (SiO2-700) 

3.18 g of silica Sylopol 2408 was put inside a 500 ml quartz reactor with the top extremity open. 

The reactor was put in an oven and the sample was calcinated at 500°C for 2 h. High vacuum (1 

Pa) was then pulled inside the reactor and the temperature brought at 700°C. The sample was left 

under these conditions for 16 h. Then it was collected and stored in the glove box. The amount of 

isolated silanol groups present on the silica surface after the partial dehydroxylation is of 0.58 

mmol g-1. DRIFT: 3743 cm-1 SiO-H(isolated) stretching. 
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Table 1 – Physical properties of the silica Sylopol 2408. 

Silica 
Silica Specific area 

(m2.g-1) 

Pore volume 

(g.mL-1) 

Particle size 

(µm) 
mmolOH g-1 OH nm-2 

SY2408 300 1.6 54 
1.62(a) 

0.58(b) 

3.3(a) 

1.14(b) 
(a) 200°C; (b) 700°C 

4. Polymerization procedures  

 Polymerization procedure at C2P2, glass reactor 

In a small round bottomed flask were introduced the activating support, 10 mL of a solution 1mM 

of TiBA in heptane and the required amount of a 2mM solution of the metallocene precursor in 

toluene. The suspension was then transferred in a 1L flask in which had already been put 300-350 

mL of heptane, 2 mL of 1-hexene, and the right amount of a 0.5 M TiBA solution in heptane to 

obtain a 1 mM final solution in TiBA. This solution was then transferred rapidly in the glass reactor 

which was already at 80°C. All these operations were conducted under Ar flux. The Ar in excess 

was removed and the system was slowly pressurized with 4 bars of ethylene to start the 

polymerization reaction. During the polymerization the ethylene consumption was monitored. 

After 30 minutes the ethylene feed was interrupted and the reactor cooled to room temperature. 

The polymer suspension was then poured in 400 mL of a mixture 50/50 of methanol/acetone and 

the polymer was filtered under vacuum and washed 3 times with acetone. The polymer was left 

to dry overnight. 

 Polymerization procedure at C2P2, autoclave 

The 70 mL stainless steel autoclave was filled in the glovebox with the heptane, the eventual 

scavenger and comonomer and the catalyst. It was then closed inside the glovebox and furtherly 

sealed outside. The system was then put to heat to 80°C for 15 minutes and in the meantime the 

ethylene line was purged twice with 10 bar pressure of C2H4. Once the temperature was reached 

the autoclave was pressurized with 10 bars of ethylene and the reaction left running for 30 

minutes. At the end of the polymerization the autoclave was cooled down and degassed. The 

polymer was filtered under vacuum and washed with acetone three times and left to dry. 
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 Polymerization procedure at NOH 

A five L autoclave was filled with the desired amount of TiBA and 1.5 L of isobutane, the system 

was brought to 80°C and then pressurised with 10 bars of ethylene and H2 at the ratio H2/C2 of 

0.15 mol%. The desired amount of 1-hexene was added manually through a graduated column, 

right before the start of the polymerization. 

2 mL of a 0.5 mM solution of the zirconocene precursor in toluene were pre-contacted with 0.5 

mL of a solution 0.1 M of TiBA in hexane. This solution was then taken in a syringe in which had 

previously been weighed the activating support. 

The suspension was injected in the cannon of the autoclave and flushed in the autoclave with 

aliquots of isobutane. The temperature inside the reactor, the ethylene consumption and the ratio 

C6/C2 and H2/C2 were monitored throughout the reaction. After one hour the system was 

degassed and cooled to room temperature. The polymer was collected and left to dry furtherly. 

5. Synthesis of the grafted species 

 Grafting of AlH3(NEtMe2) on SiO2-200, P1 

2.20 g of SiO2-200 (3.7 mmol SiOH) was put inside a double Schlenk together with 4.00 ml of 0.5 M 

solution of AlH3(NMe2Et) (2.0 mmol) in toluene. A high vacuum condition was created inside the 

double Schlenk and 10 mL of benzene were distilled onto the alane solution. Once a homogeneous 

solution was obtained, this was transferred onto the silica to start the grafting reaction. The 

reaction lasted 2 h. The volatiles were removed and collected in a 10 L balloon. The sample was 

washed three times with fresh benzene and once with pentane, and then dried under high 

vacuum. It was collected and stored in the glove box. DRIFT: 3680-3750 cm-1 SiO-H(vicinal) 

stretching; 2700-2900 cm-1 C-H stretching; 1800-1850 cm-1 Al-H stretching; Elemental analysis: 

2.69 wt% Al; 4.71 wt% C; 1.45 wt% N; 1.12 wt% H; 1H MAS NMR: δ(ppm): 1.3 N(CH3)2(CH2CH3); 

δ(ppm): 2.7 N(CH3)2(CH2CH3) 13C CPMAS NMR: δ(ppm): 6 N(CH3)2(CH2CH3); δ(ppm): 42.3 

N(CH3)2(CH2CH3); δ(ppm): 52.2 N(CH3)2(CH2CH3). 
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 Synthesis of [(≡SiO)2Al(OC6F5)2]-[HNMe2Et]+, AS1 

1.00 g of (≡SiO)2AlH(NEtMe2) (1.0 mmol SiOH) was put inside a double Schlenk with 461.8 mg (2.5 

mmol) of pentafluorophenol. After having pulled high vacuum inside the double Schlenk, 10 ml of 

benzene were distilled on the pentafluonophenol in order to obtain a homogeneous solution. This 

was then transferred on the grafted Al hydride to start the reaction. After 2 h the volatiles were 

removed and collected in a 6 L balloon. The product was washed three times with benzene and 

once with pentane, then it was dried under high vacuum. It was collected and stored in the glove 

box. DRIFT: 3680-3750 cm-1 SiO-H(vicinal) stretching; 2700-2900 cm-1 C-H stretching; 3070 cm-1 N-

H stretching; Elemental analysis: 1.4 wt% Al; 11.4 wt% C; 0.9 wt% N; 1H MAS NMR: δ(ppm): 1.3 

N(CH3)2(CH2CH3); δ(ppm): 2.9 N(CH3)2(CH2CH3) 13C CPMAS NMR: δ(ppm): 7.4 N(CH3)2(CH2CH3); 

δ(ppm): 41.9 N(CH3)2(CH2CH3); δ(ppm): 53.2 N(CH3)2(CH2CH3); 19F MAS NMR: δ(ppm): -161 ortho-

F; δ(ppm): -166 meta-F; δ(ppm): -173 para-F; 27Al MAS NMR: δ(ppm): 47.5 ppm. 

 Grafting of AlH3(NEtMe2) on SiO2-700, P2 

2.90 g of SiO2-700 (1.7 mmol SiOH) were put inside a double Schlenk together with 4.90 mL of 0.5 

M solution of AlH3(NMe2Et) (2.5mmol) in toluene. A high vacuum condition was then created 

inside the double Schlenk and 10 ml of benzene were distilled onto the alane solution. Once a 

homogeneous solution was obtained, this has been transferred onto the silica to start the grafting 

reaction. The reaction lasted 2 h. The volatiles were removed and collected in a 6 L balloon. The 

sample was washed three times with fresh benzene and once with pentane, and was then dried 

under high vacuum. It was then collected and stored in the glove box. DRIFT: 2700-2900 cm-1 C-H 

stretching; 1805-1865 cm-1 Al-H stretching; 2234 cm-1 Si-H stretching; Elemental analysis: 1.89 

wt% Al; 3.03 wt% C; 1.19 wt% N; 0.83 wt% H; 1H MAS NMR: δ(ppm): 0.9 N(CH3)2(CH2CH3); δ(ppm): 

2.1 N(CH3)2(CH2CH3); δ(ppm): 4.9 SiH; 13C CPMAS NMR: δ(ppm): 6.2 N(CH3)2(CH2CH3); δ(ppm): 41.1 

N(CH3)2(CH2CH3); δ(ppm): 51.9 N(CH3)2(CH2CH3). 

 Synthesis of [(≡SiO)Al(OC6F5)3]-[HNMe2Et]+, AS2 

1.01 g of (≡SiO)AlH2(NEtMe2) (0.5 mmol) was put inside a double Schlenk with 387.5 mg (2.1 mmol) 

of pentafluorophenol. After having pulled high vacuum inside the double Schlenk, 10 ml of 
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benzene were distilled on the pentafluonophenol in order to obtain a homogeneous solution. This 

was transferred on the grafted Al hydride to start the reaction. After 2 h the volatiles were 

removed and collected in a 6 L balloon. The product was washed three times with benzene and 

once with pentane, and then dried under high vacuum. It was collected and stored in the glove 

box. DRIFT: 2700-2900 cm-1 C-H stretching; 3070 cm-1 N-H stretching; Elemental analysis: 1.25 wt% 

Al; 9.32 wt% C; 0.74 wt% N; 0.55 wt% H; 1H MAS NMR: δ(ppm): 1.3 N(CH3)2(CH2CH3); δ(ppm): 2.9 

N(CH3)2(CH2CH3); δ(ppm): 4.2 SiH; 13C CPMAS NMR: δ(ppm): 7.1 N(CH3)2(CH2CH3); δ(ppm): 42.5 

N(CH3)2(CH2CH3); δ(ppm): 53.7 N(CH3)2(CH2CH3); 19F MAS NMR: δ(ppm): -162 ortho-F; δ(ppm): -

168 meta-F; δ(ppm): -174 para-F. 

 Synthesis of [(≡SiO)2Al(O2C20H12)]-[HNMe2Et]+, AS3 

503.2 mg (0.5 mmol) of (≡SiO)2AlH(NEtMe2) were put in a 20 mL vial with 10 mL of toluene. 174 

mg (0.6 mmol) of binaphtol were added to the suspension to start the reaction. After 2 hours the 

reaction was stopped and the product washed 3 times with fresh toluene and once with pentane. 

The powder was dried under high vacuum. DRIFT: 3680-3750 cm-1 SiO-H(vicinal) stretching; 2700-

2900 cm-1 C-H stretching; 3070 cm-1 N-H stretching; 1500-1600 cm-1 C=C stretching; Elemental 

analysis: 0.88 wt% Al; 11.0 wt% C; 0.67 wt% N; 1.11wt% H; 1H MAS NMR: δ(ppm): 0.98 

N(CH3)2(CH2CH3); δ(ppm): 2.38 N(CH3)2(CH2CH3); 7.38 Ar; 13C CPMAS NMR: δ(ppm): 9.1 

N(CH3)2(CH2CH3); δ(ppm): 41.6 N(CH3)2(CH2CH3); δ(ppm): 51.7 N(CH3)2(CH2CH3); 130-155 Ar; 153.2 

C-O. 

 Synthesis of [(≡SiO)2Al(OC(CF3)2Ph)2]-[HNMe2Et]+, AS4 

537.6 mg of (≡SiO)2AlH(NEtMe2) (0.54 mmol) were put in a 20 mL vial with 10 mL of toluene. 0.21 

mL of (C6H5)(CF3)2COH (0.74 mmol) were added to the suspension to start the reaction. After 3 

hours the reaction was stopped and the product washed 3 times with fresh toluene and once with 

pentane. The powder was dried under high vacuum. DRIFT: 3680-3750 cm-1 SiO-H(vicinal) 

stretching; 2700-2900 cm-1 C-H stretching; 3070 cm-1 N-H stretching; 1850 cm-1 Al-H stretching; 

Elemental analysis: 2.3 wt% Al; 6.4 wt% C; 1.0 wt% N; 0.9 wt% H; 4.0 wt% F; 1H MAS NMR: δ(ppm): 

1.06 N(CH3)2(CH2CH3); δ(ppm): 2.23 N(CH3)2(CH2CH3); 7.58 Ar; 7.73 Ar; 13C CPMAS NMR: δ(ppm): 

5.4 N(CH3)2(CH2CH3); δ(ppm): 41.1 N(CH3)2(CH2CH3); δ(ppm): 51.5 N(CH3)2(CH2CH3); 125-135 Ar. 
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 Synthesis of [(≡SiO)2Al(O2C5HF6)2]-[HNMe2Et]+, AS5 

998.7 mg of (≡SiO)2AlH(NEtMe2) (1.0 mmol) were put in a double Schlenk with 0.31 mL (2.4 mmol) 

of C5H2F6O2. 20 mL of benzene were distilled over the acetylacetonate and the solution was 

transferred on the silica. The reaction was left going overnight. The product was then washed 3 

times with benzene and once with pentane. The volatiles were removed and the product dried 

under high vacuum. DRIFT: 3680-3750 cm-1 SiO-H(vicinal) stretching; 2700-2900 cm-1 C-H 

stretching; 3070 cm-1 N-H stretching; Elemental analysis: 0.9 wt% Al; 6.1 wt% C; 0.6 wt% N; 0.7 

wt% H; 8.1 wt% F; 1H MAS NMR: δ(ppm): 1.16 N(CH3)2(CH2CH3); δ(ppm): 2.80 N(CH3)2(CH2CH3); 

6.05 -O2C5HF6; 13C CPMAS NMR: δ(ppm): 7.5 N(CH3)2(CH2CH3); δ(ppm): 41.4 N(CH3)2(CH2CH3); 

δ(ppm): 52.5 N(CH3)2(CH2CH3); 89.1 –CH–; 114.8 –CF3; 177.1 –C-O. 

 Synthesis of [(≡SiO)2Al(O2P-binaphtol)2]-[HNMe2Et]+, AS6 

997 mg of (≡SiO)2AlH(NEtMe2) (1.0 mmol) were put in a vial with 10 mL of toluene and 777 mg 

(2.2 mmol) of hydrogenphosphate. The reaction proceeded overnight. The product was washed 3 

times with toluene and once with pentane and then dried under high vacuum. DRIFT: 3680-3750 

cm-1 SiO-H(vicinal) stretching; 2700-2900 cm-1 C-H stretching; 3060 cm-1 N-H stretching; 1500-

1600 cm-1 C=C stretching; Elemental analysis: 1.43 wt% Al; 29.41 wt% C; 1.81 wt% P; 2.009 wt% 

H; 1H MAS NMR: δ(ppm): 1.4 N(CH3)2(CH2CH3); δ(ppm): 2.9 N(CH3)2(CH2CH3); 6.3 Ar; 13C CPMAS 

NMR: δ(ppm): 6.2 N(CH3)2(CH2CH3); δ(ppm): 40.2 N(CH3)2(CH2CH3); δ(ppm): 49.9 N(CH3)2(CH2CH3); 

110-140 Ar; 145.7 C-O. 

 Synthesis of (SiO)2AliBu(Et2O), P3 

1.50 g of SiO2-700 (0.87 mmol SiOH) were put inside a double Schlenk with 0.37 ml (1.4 mmol) of 

AliBu3. After a high vacuum condition was created inside the double Schlenk, 10 ml of Et2O were 

distilled over the triisobutyl aluminium, and a solution was obtained. The solution was then 

transferred on the silica to start the grafting reaction. After 2 h the volatiles were put in a 6 L 

balloon and the sample washed three times with fresh Et2O. The sample was dried under high 

vacuum and collected and stored in the glove box. DRIFT: 2700-2900 cm-1 C-H stretching; 

Elemental analysis: 1.25 wt% Al; 5.87 wt% C; 1.15 wt% H; 1H MAS NMR: δ(ppm): 4.05 Et2O; δ(ppm): 
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1.77 AlCH2CH(CH3)2; δ(ppm): 1.26 Et2O; δ(ppm): 0.83 AlCH2CH(CH3)2; δ(ppm): -0.22 

AlCH2CH(CH3)2; 13C CPMAS NMR: δ(ppm): 11.9 Et2O; δ(ppm): 20.9 AlCH2CH(CH3)2, SiCH2CH(CH3)2; 

δ(ppm): 23.4 SiCH2CH(CH3)2; δ(ppm): 25.3 AlCH2CH(CH3)2; δ(ppm): 66.0 Et2O. 

 Synthesis of (SiO)2AlCl, P4 

504.0 mg of (≡SiO)2AliBu(Et2O) (0.23 mmol) were put in a 500 ml glass reactor, high vacuum was 

pulled over the sample and HCl gas at its vapour pressure was transferred inside the reactor. After 

1 h the gasses were removed and the sample collected and stored in the glove box. DRIFT: 2500-

2900 cm-1 C-H stretching; Elemental analysis: 1.18 wt% Al; 2.21 wt% C; 1.78 wt% Cl; 0.46 wt% H. 

 Synthesis of [(SiO)2AlCl(OC6F5)]-[HNEt2Ph]+, AS7 

590.3 mg of (≡SiO)2AlCl (0.26 mmol) were put inside a double Schlenk with 0.31 mL of a 1 M 

solution of diethylaniline (0.31 mmol) in benzene and 10 mL of benzene. The aniline solution was 

then transferred on the supported Al chloride to start the coordination reaction. After one hour 

the volatiles were removed and 60.2 mg (0.33mmol ) of pentafluorophenol were added to the 

Schlenk. The pentafluorophenol was dissolved in other 10 mL of benzene and then transferred on 

the powder. The reaction proceeded overnight. The product was washed 3 times with benzene, 

the volatiles were removed and the sample dried under high vacuum. DRIFT: 2700-2900 cm-1 C-H 

stretching; 3070 cm-1 N-H stretching; 1500-1600 cm-1 C=C stretching; Elemental analysis: 1.14 wt% 

Al; 5.25 wt% C; 0.57 wt% N; 2.60 wt% Cl; 1H MAS NMR: δ(ppm): 0.95 N(CH2CH3)Ph; δ(ppm): 1.49 

THF; δ(ppm): 3.52 THF; δ(ppm): 4.40 N(CH2CH3)Ph; δ(ppm): 7.63 N(CH2CH3)Ph; 13C CPMAS NMR: 

δ(ppm): 11.6 N(CH2CH3)Ph; δ(ppm): 23.1 THF; δ(ppm): 47.2 N(CH2CH3)Ph; δ(ppm): 69.9 THF; 

δ(ppm): 118-142 N(CH2CH3)Ph; 19F MAS NMR: δ(ppm): -161.2 ortho-F; δ(ppm): -167.8 meta-F; 

δ(ppm): -173.8 para-F. 

 Synthesis of [(SiO)2AlCl2]-[HNEtMe2]+, AS8 

506.11 mg of (≡SiO)2AlH(NMe2Et) (0.51 mmol) were put in a 500 ml glass reactor, the high vacuum 

was pulled over the sample and HCl gas at its vapour pressure was transferred inside the reactor. 

After 1 h the gasses were removed and the sample collected and stored in the glove box. DRIFT: 

3680-3750 cm-1 SiO-H(vicinal) stretching; 2700-2900 cm-1 C-H stretching; 3148 cm-1 N-H 
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stretching; Elemental analysis: 1.72 wt% Al; 3.3 wt% C; 1.14 wt% N; 0.99 wt% H; 5.27 wt% Cl; 1H 

MAS NMR: δ(ppm): 1.1 N(CH3)2(CH2CH3); δ(ppm): 2.8 N(CH3)2(CH2CH3) 13C CPMAS NMR: δ(ppm): 

6.5 N(CH3)2(CH2CH3); δ(ppm): 41.8 N(CH3)2(CH2CH3); δ(ppm): 52.4 N(CH3)2(CH2CH3). 

 Synthesis of (SiO)AlF(iBu)(Et2O), P5 

2.07 g of SiO2-700 (1.2 mmol SiOH) were put in a double Schlenk with 0.23 g of AliBu2F (1.5 mmol). 

10 mL of Et2O were then distilled on the Al(iBu2)F and the solution was transferred on the silica to 

start the grafting reaction. After two hours all the volatiles were transferred in a 6 L balloon. The 

product was then washed four times with fresh Et2O. All the volatiles were removed by an 

intermediate trap and the product was dried under high vacuum. DRIFT: 2700-2900 cm-1 C-H 

stretching; Elemental analysis: 1.71 wt% Al; 5.86 wt% C; 1.13 wt% H; 0.91 wt% F; 1H MAS NMR: 

δ(ppm): 4.10 Et2O; δ(ppm): 1.77 AlCH2CH(CH3)2; δ(ppm): 1.25 Et2O; δ(ppm): 0.83 AlCH2CH(CH3)2; 

δ(ppm): -0.19 AlCH2CH(CH3)2; 13C CPMAS NMR: δ(ppm): 12.0 Et2O; δ(ppm): 17.3 AlOCH2CH(CH3)2; 

δ(ppm): 20.8 AlCH2CH(CH3)2; δ(ppm): 25.4 AlCH2CH(CH3)2; δ(ppm): 30.1 AlOCH2CH(CH3)2; δ(ppm): 

66.3 Et2O; δ(ppm): 71.3 AlOCH2CH(CH3)2;.  

 Synthesis of [(SiO)AlF(OC6F5)2]-[HNEtMe2]+, AS9 

753.6 mg of (≡SiO)AliBuF(Et2O) (0.45 mmol) were put in a double Schlenk with 180.6 mg (1.0 

mmol) of pentafluorophenol. 10 mL of benzene were distilled over the phenol and the obtained 

solution was transferred on the supported adduct. Then 0.7 mL of dimethylethylamine were 

distilled trap to trap in the double Schlenk. The reaction proceeded overnight. The product was 

then washed with benzene three times and with pentane once. The volatiles were removed by an 

intermediate trap and the product was dried under high vacuum. DRIFT: 2700-2900 cm-1 C-H 

stretching; 3070 cm-1 N-H stretching; 1500-1600 cm-1 C=C stretching; Elemental analysis: 1.27 wt% 

Al; 8.1 wt% C; 08.22 wt% F; 0.59 wt% H; 1H MAS NMR: δ(ppm): 0.52 N(CH3)2(CH2CH3); δ(ppm): 

2.62 N(CH3)2(CH2CH3); 13C CPMAS NMR: δ(ppm): 6.6 N(CH3)2(CH2CH3); δ(ppm): 41.1 

N(CH3)2(CH2CH3); δ(ppm): 52.6 N(CH3)2(CH2CH3). 
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 Synthesis of (SiO)AlF(iBu), P6 

1.50 g of SiO2-700 (0.87 mmol) were put in a double Schlenk with 0.24 g (1.5 mmol) of AliBu2F. 10 

mL of pentane were then distilled on the Al(iBu2)F and the solution was transferred on the silica 

to start the grafting reaction. After one hour and a half all the volatiles were transferred in a 6 L 

balloon. The product was then washed 3 times with fresh pentane. All the volatiles were removed 

by an intermediate trap and the product was dried under high vacuum. DRIFT: 2700-2900 cm-1 C-

H stretching; Elemental analysis: 2.14 wt% Al; 5.34 wt% C; 0.95 wt% H; 0.98 wt% F; 1H MAS NMR: 

δ(ppm): 1.85 AlCH2CH(CH3)2; δ(ppm): 0.87 AlCH2CH(CH3)2; δ(ppm): 0.11 AlCH2CH(CH3)2; 13C 

CPMAS NMR: δ(ppm): 17.9 AlCH2CH(CH3)2; δ(ppm): 23.3 AlCH2CH(CH3)2. 

 Synthesis of [(SiO)AlF(OC6F5)2]-[HNEtMe2]+, AS10 

1.03 g of (≡SiO)AlFiBu (1.0 mmol) were put in a double Schlenk with 300.5 mg (1.6 mmol) of 

pentafluorophenol. 10 mL of benzene were distilled on the pentafluorophenol and the solution 

was transferred on the silica. 0.15 mL (1.2 mmol) of NEtMe2 were then distilled in the double 

Schlenk. The reaction was left to proceed overnight. The product was washed 3 times with 

benzene and once with pentane. The volatiles were then removed and the product dried under 

high vacuum. DRIFT: 2700-2900 cm-1 C-H stretching; 3070 cm-1 N-H stretching; 1500-1600 cm-1 

C=C stretching; Elemental analysis: 1.41 wt% Al; 8.56 wt% C; 0.85 wt% N; 8.66 wt% F; 1H MAS 

NMR: δ(ppm): 1.0 N(CH3)2(CH2CH3); δ(ppm): 2.52 N(CH3)2(CH2CH3); 13C CPMAS NMR: δ(ppm): 5.3 

N(CH3)2(CH2CH3); δ(ppm): 39.7 N(CH3)2(CH2CH3); δ(ppm): 51.3 N(CH3)2(CH2CH3). 

 Synthesis of (SiO)AlFiBu2, P7 

2.02 g of SiO2-200 (2.0 mmol SiOH) were put in a double Schlenk with 0.45 mL (2.0 mmol) of AliBu2F. 

10 mL of pentane were then distilled on the AliBu2F and the solution was transferred on the silica 

to start the grafting reaction. After 2 hours all the volatiles were transferred in a 6 L balloon. The 

product was then washed 3 times with fresh pentane. All the volatiles were removed by an 

intermediate trap and the product was dried under high vacuum. DRIFT: 3560-3680 cm-1 SiO-

H(vicinal) stretching; 2700-2900 cm-1 C-H stretching; Elemental analysis: 3.67 wt% Al; 6.65 wt% C; 
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1.25 wt% H; 2.11 wt% F; 1H MAS NMR: δ(ppm): 2.17 AlCH2CH(CH3)2; δ(ppm): 0.70 AlCH2CH(CH3)2; 

13C CPMAS NMR: δ(ppm): 15.3 AlCH2CH(CH3)2; δ(ppm): 24.4 AlCH2CH(CH3)2. 

 Synthesis of [(SiO)2AlF(OC6F5)]-[HNEtMe2]+, AS11 

1.03 g of (≡SiO)AlFiBu2 (1.4 mmol) were put in a double Schlenk with 491 mg (2.7 mmol) of 

pentafluorophenol. 10 mL of benzene were distilled on the pentafluorophenol and the solution 

was transferred on the silica. 0.15 mL (1.2 mmol) of NEtMe2 were then distilled in the double 

Schlenk. The reaction was left to proceed for three hours. The product was washed 3 times with 

benzene and once with pentane. The volatiles were then removed and the product dried under 

high vacuum. DRIFT: 3560-3680 cm-1 SiO-H(vicinal) stretching; 2700-2900 cm-1 C-H stretching; 

3070 cm-1 N-H stretching; 1500-1600 cm-1 C=C stretching; Elemental analysis: 2.25 wt% Al; 8.78 

wt% C; 0.87 wt% N; 9.57 wt% F; 0.73 wt% H; 1H MAS NMR: δ(ppm): 1.14 N(CH3)2(CH2CH3); δ(ppm): 

2.9 N(CH3)2(CH2CH3); 13C CPMAS NMR: δ(ppm): 5.8 N(CH3)2(CH2CH3); δ(ppm): 40.1 

N(CH3)2(CH2CH3); δ(ppm): 51.4 N(CH3)2(CH2CH3). 

 Synthesis of (SiO)Y(CH2PhNMe2)2, P8 

854.7 mg of SiO2-700 (0.5 mmol SiOH) were put inside a double Schlenk with 295.5 mg (0.6 mmol) 

of Y(o-NMe2-benzyl)3. After having pulled high vacuum in the double Schlenk, 10 ml of toluene 

were distilled over the Y complex to solubilize it. The solution was then transferred over the silica 

to start the grafting reaction. The reaction proceeded overnight, the product was washed three 

times with toluene, the solution thus obtained was removed, and the sample washed once more 

with pentane. The product was dried under high vacuum and then collected and stored in the 

glove box. DRIFT: 2700-2900 cm-1 C-H stretching; Elemental analysis: 3.82 wt% Y; 9.29 wt% C; 1.18 

wt% H; 1.26 wt% N; 1H MAS NMR: δ(ppm): 6.9 o-CH2PhNMe2; δ(ppm): 2.4 o-CH2PhNMe2; δ(ppm): 

2.0 o-CH2PhNMe2; 13C CPMAS NMR: δ(ppm): 17.2 Si(o-CH2PhNMe2); δ(ppm): 24.1 THF; δ(ppm): 

43.1 o-CH2PhNMe2; δ(ppm): 69.9 THF; δ(ppm): 119-150 o-CH2PhNMe2. 

 Synthesis of [(SiO)Y(OC6F5)3]-[HNMe2(PhMe)]+, AS12 

504.9 mg of (≡SiO)Y(o-NMe2-benzyl)2 (0.21 mmol) were put inside a double Schlenk with 194.1 mg 

(1.05 mmol) of pentafluorophenol. After having pulled high vacuum in the double Schlenk 10 ml 
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of benzene were distilled over the pentafluorophenol to solubilize it. The solution was transferred 

on the (≡SiO)Y(o-NMe2-benzyl)2 to start the reaction. The reaction proceeded overnight. The 

product was washed three times with benzene, the solution was removed, and then the sample 

washed once more with pentane. The product was dried under high vacuum. It was collected and 

stored in the glove box. DRIFT: 2700-2900 cm-1 C-H stretching; 3077 cm-1 N-H stretching; 

Elemental analysis: 3.15 wt% Y; 12.49 wt% C; 0.60 wt% H; 0.58 wt% N;10.5 wt% F; 1H MAS NMR: 

δ(ppm): 7.1 [o-CH3PhNHMe2]+; δ(ppm): 3.2 [o-CH3PhNHMe2]+; 13C CPMAS NMR: δ(ppm): 14.6 [o-

CH3PhNHMe2]+; δ(ppm): 23.4 THF; δ(ppm): 45.5 [o-CH3PhNHMe2]+; δ(ppm): 69.9 THF; δ(ppm): 

117-150 [o-CH3PhNHMe2]+. 

 Synthesis of (SiO)2Y(CH2PhNMe2), P9 

603.0 mg of SiO2-200 (1.0 mmol) were put inside a double Schlenk with 288.0 mg (0.6 mmol) of Y(o-

NMe2-benzyl)3. After having pulled high vacuum in the double Schlenk, 10 ml of toluene were 

distilled over the Y complex to solubilize it. The solution was transferred over the silica to start the 

grafting reaction. The reaction proceeded overnight, the product was washed three times with 

toluene, the solution thus obtained was removed, and the sample washed once more with 

pentane. The product was dried under high vacuum. It was collected and stored in the glove box. 

DRIFT: 3560-3680 cm-1 SiO-H(vicinal) stretching; 2700-2900 cm-1 C-H stretching; Elemental 

analysis: 5.43 wt% Y; 7.84 wt% C; 1.01 wt% H; 1.10 wt% N; 1H MAS NMR: δ(ppm): 7.1 o-

CH2PhNMe2; δ(ppm): 2.2 o-CH2PhNMe2; δ(ppm): 1.04 o-CH2PhNMe2; δ(ppm): 0.63 o-CH2PhNMe2; 

13C CPMAS NMR: δ(ppm): δ(ppm): 24.3 THF; δ(ppm): 43.3 o-CH2PhNMe2; δ(ppm): 71.1 THF; 

δ(ppm): 118-150 o-CH2PhNMe2. 

 Synthesis of [(SiO)2Y(OC6F5)2]-[HNMe2(PhMe)]+, AS13 

394.80 mg of (≡SiO)2Y(o-NMe2-benzyl) (0.24 mmol) were put inside a double Schlenk with 122.0 

mg (0.66 mmol) of pentafluorophenol. After having pulled high vacuum in the double Schlenk 10 

ml of benzene were distilled over the pentafluorophenol to solubilize it. The solution was 

transferred on the (≡SiO)2Y(o-NMe2-benzyl) to start the reaction. The reaction proceeded 

overnight. The product was washed three times with benzene, the solution was removed, and 

then the sample washed once more with pentane. The product was dried under high vacuum. It 
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was collected and stored in the glove box. DRIFT: 3560-3680 cm-1 SiO-H(vicinal) stretching; 2700-

2900 cm-1 C-H stretching; 3077 cm-1 N-H stretching; Elemental analysis: 4.57 wt% Y; 11.90 wt% C; 

0.66 wt% H; 0.44 wt% N; 10.6 wt% F; 1H MAS NMR: δ(ppm): 7.3 [o-CH3PhNHMe2]+; δ(ppm): 3.3 [o-

CH3PhNHMe2]+; 13C CPMAS NMR: δ(ppm): 15.5 [o-CH3PhNHMe2]+; δ(ppm): 24.8 THF; δ(ppm): 45.6 

[o-CH3PhNHMe2]+; δ(ppm): 71.1 THF; δ(ppm): 117-150 [o-CH3PhNHMe2]+. 

 Synthesis of (SiO)Y1,3-C3H3(SiMe3)22, P10 

2.00 g of SiO2-700 (1.16 mmol) were put in a double Schlenk with 897.2 mg (1.4 mmol) of Y{1,3-

C3H3(SiMe3)2}3. 10 mL of hexane were distilled on the Y complex and the yellow solution obtained 

was transferred on the silica to start the reaction. After two hours the product obtained was 

washed with hexane three times. The volatiles were removed and the product was dried under 

high vacuum. DRIFT: 2700-2900 cm-1 C-H stretching; Elemental analysis: 3.7 wt% Y; 8.54 wt% C; 

1.6 wt% H; 1H MAS NMR: δ(ppm): -0.03 –SiMe3; δ(ppm): 1.45 Me3Si-CH2-CH=CH2-SiMe3; δ(ppm): 

3.56 –CHSiMe3; δ(ppm): 5.42 Me3Si-CH2-CH=CH2-SiMe3; δ(ppm): 6.03 Me3Si-CH2-CH=CH2-SiMe3; 

δ(ppm): 7.28 –CH-CH-CH–; 13C CPMAS NMR: δ(ppm): -0.97 –SiMe3; δ(ppm): 28.1 Me3Si-CH2-

CH=CH2-SiMe3; δ(ppm): 93.6 –CHSiMe3; δ(ppm): 161.4 –CH-CH-CH–; δ(ppm): 143.0 Me3Si-CH2-

CH=CH2-SiMe3; δ(ppm): 127.0 Me3Si-CH2-CH=CH2-SiMe3. 

 Synthesis of [(SiO)Y(OC6F5)3]-[HNMe2Et]+, AS14 

857.3 mg of P10 (0.4 mmol) were put in a double Schlenk with 149.3 mg (0.8 mmol) of 

pentafluorophenol. 10 mL of benzene were then distilled on the pentafluorophenol. 0.8 mL of 

dimethylethylamine were distilled in the double schlenk and the solution obtained was transferred 

on the powder to start the reaction. The reaction proceeded overnight, the product was washed 

with benzene five times. The volatiles were removed by an intermediate trap and the product was 

washed once more with pentane. The volatiles were once more removed and the product dried 

under high vacuum. DRIFT: 2700-2900 cm-1 C-H stretching; 3045 cm-1 N-H stretching; 1500-1600 

cm-1 C=C stretching; Elemental analysis: 3.66 wt% Y; 8.38 wt% C; 0.62 wt% N; 7.66 wt% F; 1H MAS 

NMR: δ(ppm): δ(ppm): -0.15 –SiMe3; 1.27 N(CH3)2(CH2CH3); δ(ppm): 2.57 N(CH3)2(CH2CH3); 

δ(ppm): 5.27 Me3Si-CH2-CH=CH2-SiMe3; δ(ppm): 5.92 Me3Si-CH2-CH=CH2-SiMe3;13C CPMAS NMR: 
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δ(ppm): -1.4 –SiMe3; δ(ppm): 7.8 N(CH3)2(CH2CH3); δ(ppm): 42.0 N(CH3)2(CH2CH3); δ(ppm): 52.9 

N(CH3)2(CH2CH3); δ(ppm): 25 THF; δ(ppm): 71.1 THF; δ(ppm): 138.6 Me3Si-CH2-CH=CH2-SiMe3. 

 Synthesis of (SiO)2Y{1,3-C3H3(SiMe3)2}, P11 

425.8 mg (0.66 mmol) of Y{1,3-C3H3(SiMe3)2}3 were put in a double Schlenk with 1.17 g of SiO2-200 

(2.0 mmol SiOH). 10 mL of hexane were distilled on the Y complex and the solution obtained was 

transferred on the silica. After two hours the grafting reaction was stopped and the product was 

washed three times with hexane. The volatiles were removed with an intermediate trap and the 

yellowish powder was dried under high vacuum. To the washing solution collected were added 

136.9 mg of C14 as internal standard for the GC analysis. DRIFT: 3560-3680 cm-1 SiO-H(vicinal) 

stretching; 2700-2900 cm-1 C-H stretching; Elemental analysis: 4.92 wt% Y; 5.15 wt% C; 1.11 wt% 

H; 1H MAS NMR: δ(ppm): -0.04 –SiMe3; δ(ppm): 1.34 Me3Si-CH2-CH=CH2-SiMe3; δ(ppm): 1.74 –

CHSiMe3; δ(ppm): 5.58 Me3Si-CH2-CH=CH2-SiMe3; δ(ppm): 6.26 Me3Si-CH2-CH=CH2-SiMe3; 13C CPMAS 

NMR: δ(ppm): -3.39 –SiMe3; δ(ppm): 0.35 –SiMe3; δ(ppm): 31.8 Me3Si-CH2-CH=CH2-SiMe3; δ(ppm): 

24.7 THF; δ(ppm): 71.4 THF; δ(ppm): 20-200 remaining peaks. 

 Synthesis of [(SiO)2Y(OC6F5)2]-[HNMe2Et]+, AS15 

195.1 mg (1.1 mmol) of pentafluorophenol were put in a double Schlenk with 550.5 mg (0.30 

mmol) of P11. 10 mL of benzene were distilled on the pentafluorophenol and the solution was 

transferred on P11. 0.1 mL of dimethylethylamine was distilled trap to trap on the suspension. The 

reaction proceeded overnight. The product was then washed three times with benzene. The 

volatiles were removed with an intermediate trap and the sample was washed once more with 

pentane. The volatiles were removed once more and the product dried under high vacuum. DRIFT: 

3560-3680 cm-1 SiO-H(vicinal) stretching; 2700-2900 cm-1 C-H stretching; 3045 cm-1 N-H 

stretching; 1500-1600 cm-1 C=C stretching; Elemental analysis: 3.86 wt% Y; 4.8 wt% C; 1.02 wt% 

N; 11.4 wt% F; 1H MAS NMR: δ(ppm): δ(ppm): 0.12 –SiMe3; 1.38 N(CH3)2(CH2CH3); δ(ppm): 2.88 

N(CH3)2(CH2CH3); 13C CPMAS NMR: δ(ppm): -0.56–SiMe3; δ(ppm): 8.1 N(CH3)2(CH2CH3); δ(ppm): 

42.1 N(CH3)2(CH2CH3); δ(ppm): 53.8 N(CH3)2(CH2CH3); δ(ppm): 25 THF; δ(ppm): 71.1 THF; δ(ppm): 

139 Me3Si-CH2-CH=CH2-SiMe3. 
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 Synthesis of [(SiO)Y1,3-C3H3(SiMe3)2]+[B(C6F5)4]-, P12 

247.1 mg (0.27 mmol) of [C(C6H5)3]+[B(C6F5)4]- were put in a double Schlenk with 532.6 mg (0.21 

mmol) of P10. 20 mL of benzene were distilled on the borate complex. Once an homogeneous 

yellow/orange solution was obtained, this was transferred on the P10. The suspension assumed 

immediately a deep red colour. The reaction proceeded overnight. At the end of the reaction the 

colour of the suspension was dark green. The product was washed with benzene five times. The 

solution obtained after he washings was collected and the volatiles remaining removed by 

intermediate trap. The product was washed once more with pentane and the volatiles removed 

by an intermediate trap. The dark green powder obtained was dried under high vacuum. DRIFT: 

2700-2900 cm-1 C-H stretching; Elemental analysis: 3.4 wt% Y; 11.4 wt% C; 0.27 wt% B; 9.1 wt% F; 

1H MAS NMR: δ(ppm): -0.16 –SiMe3; δ(ppm): δ(ppm): 3.77 –CHSiMe3; δ(ppm): 7.17 –CH-CH-CH–; 

δ(ppm): 7.91 benzene; 13C CPMAS NMR: δ(ppm): -1.98 –SiMe3; δ(ppm): 28.1 Me3Si-CH2-CH=CH2-

SiMe3; δ(ppm): 93.6 –CHSiMe3; δ(ppm): 125-150 –CH-CH-CH–, benzene; 11B MAS NMR: δ(ppm): -

15.5; 29Si CPMAS NMR: δ(ppm): -105.3 SiO4; δ(ppm): -7 –SiMe3; δ(ppm): 2 –SiMe3.  

6. Synthesis of the methylated zirconocenes 

 Synthesis of (n-BuMeCp)2ZrMe2 

705 mg of (n-BuMeCp)2ZrCl2 (1.63 mmol) were put in a Schlenk with 10 mL of Et2O. 2.1 mL of a 

solution 1.6 M of MeLi (3.36 mmol) in Et2O were added dropwise to the suspension at -25°C. The 

suspension was left to react overnight at room temperature. The solvent was removed and a 

brown oil was obtained. The product was extracted in hexane and filtered in the glovebox over 

celite. The hexane was evaporated and a yellow oil was obtained. 1H and 13C solution NMR spectra 

in benzene-d6 were acquired. 1H NMR C6D6: δ(ppm): -0.13 Zr-CH3 (s, 6H); 0.89 (t; J = 7.25 Hz, 6H) 

CpC3H6-Me; 1.3 (m, 4H) CpC2H4-CH2-Me; 1.5 (m, 4H) CpCH2-CH2-C2H5; 1.95 (s, 6H) Cp-Me; 2.29 (m, 

4H) Cp-CH2-C3H7; 5.40 (m, 4H) Cp; 5.66 (t, 2H, J = 2.35 Hz) Cp. 

 Synthesis of 13CH3Li 

9.5 mL of a solution of a 2.5 M solution of n-BuLi (23.7 mmol) in hexane were put in a Schlenk, to 

which 20 mL of a iodomethane solution in hexane (obtained by solubilizing 1.55 g of CH3I (11 
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mmol) and 2.28 g of 13CH3I (16 mmol)). The addition was performed in 15 minutes. The solution 

was then brought to room temperature and left to react for one hour. The white suspension was 

left to decant and the surnatant was removed. The product was dried. 1H NMR THF-d8: δ(ppm): -

2.04 (s, 3H) 12CH3Li; -2.04 (d, 3H, J = 97 Hz) 13CH3Li; 13C NMR C6D6: δ(ppm): -16.4 (s) 13CH3Li. 

 Synthesis of EtInd2ZrMe2 

696 mg (1.66 mmol) of rac-EtInd2ZrCl2 were put in a Schlenk with 10 mL of Et2O. 2.1 ml of a 1.6 M 

solution of LiMe (3.36 mmol) were added dropwise to the suspension in 10 minutes. The reaction 

proceeded overnight. The solvent was removed and the product extracted with toluene and the 

solution was recovered. After drying the toluene a yellow solid was obtained. 1H NMR C6D6: 

δ(ppm): -2.19 (s) meso-EtInd2ZrMe2; 0.14 (s) meso-EtInd2ZrMe2; -0.95 (s) rac-EtInd2ZrMe2; 2.5-3.2 

m meso/rac-EtInd2ZrMe2; 5.66 (d; J = 3.30 Hz) rac-Cp; 6.43 (d; J = 3.30 Hz) rac-Cp; 5.71 (d; J = 3.30 

Hz) meso-Cp; 6.46 (d; J = 3.30 Hz) meso-Cp; 6.8-7.4 (m) meso/rac-Ar.  

7. Synthesis of the isolated catalysts 

 Procedure with TiBA 

The desired amount of chlorinated complex was solubilized in a 20 mL vial in 2-5 mL of toluene. 

To the suspension a sufficient amount of TiBA was added in order to reach a ratio 50 Al/Zr. Once 

a solution was obtained AS1 was added and the immobilization reaction was left to proceed for 

one hour. The powder was washed with 5 mL of toluene and dried under vacuum. 

 Procedure without TiBA 

The desired amount of methylated complex was solubilized in a 20 mL vial in 2 mL of toluene for 

EtInd2ZrMe2 and hexane for (n-BuMeCp)2ZrMe2. Once a solution was obtained AS1 was added and 

the immobilization reaction was left to proceed for one hour. The powder was washed with 5 mL 

of toluene for EtInd2ZrMe2 and hexane for (n-BuMeCp)2ZrMe2 and dried under vacuum. 
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Abstract 

In this manuscript is presented the synthesis and application of Al- and Y-based activating support 

for metallocene catalysts for olefin polymerization. The approach used for the synthesis of the 

supported species is the Surface Organometallic Chemistry which allows a certain control on the 

structure of the grafted species. 

The activators synthesized were then tested, in presence of rac-EtInd2ZrCl2, in ethylene/1-hexene 

slurry copolymerization. Of all the species produced (differing either in the nature of the metal 

core, the nature of the functionalizing ligand or the acidity of the organometallic precursor) only 

one demonstrated a productivity sufficient to justify further studies: [(≡SiO)2Al(OC6F5)2]-

[HNEtMe2]+, AS1. The system AS1/rac-EtInd2ZrCl2 shows activities around 1100 gPE gcat
-1 h-1 at lab-

scale and around 4000 gPE gcat
-1 h-1 at pre-industrial scale. AS1 was also used for the isolation of 

formulated ‘dry’ catalysts, by reaction with EtInd2ZrMe2. The catalysts thus obtained showed high 

initial activities followed by a rapid decomposition of the active species at room temperature. 

In this thesis work, was also developed an innovative catalyst based on a silica-supported Y 

organometallic complex, which produces UHMWPE with activities up to 7500 gPE gcat
-1 h-1. 

Résumé  

Ce manuscrit décrit la synthèse et l’application de supports activateurs, basés sur Al et Y, pour des 
catalyseurs métallocènes pour la polymérisation des oléfines. La méthode utilisée pour la synthèse 

des espèces supportées est la Chimie Organométallique de surface, qui permet un contrôle certain 

sur la structure des produits greffés.  

Les activateurs synthétisés ont été testés, en présence de rac-EtInd2ZrCl2, en copolymérization 

slurry éthylène/1-héxène. Entre toutes les espèces testées (qui différaient pour soit par la nature 

du centre métallique, soit par la nature du ligand fonctionnel, soit par l’acidité du précurseur 
organométallique), seulement un a été considéré suffisamment actif pour justifier des études 

ultérieures : [(≡SiO)2Al(OC6F5)2]-[HNEtMe2]+, AS1. Le système AS1/rac-EtInd2ZrCl2 démontra des 

activités aux alentours de 1100 gPE gcat
-1 h-1 à échelle laboratoire et de 4000 gPE gcat

-1 h-1
 à échelle 

préindustrielle. AS1 a aussi été utilisé pour la formulation des catalyseurs dits ‘secs’, par réaction 
avec EtInd2ZrMe2. Ces catalyseurs ont montré des activités initiales élevées, suivies d’une rapide 
décomposition des espèces actives à température ambiante.  

Dans ce travail de thèse, on a aussi développé un catalyseur novateur basé sur un complexe 

organométallique d’yttrium greffé sur silice, qui produit l’UHMWPE avec des activités supérieures 
à 7000 gPE gcat

-1 h-1.   

 

Key words : Polyolefin; Polyethylene; Slurry Polymerization; Activating Support; Silica; SOMC; 

metallocene; zirconocene; Aluminium; Yttrium.             

 


