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ABSTRACT 
 

Titanium Neopentyl supported on KCC-1 and Al-modified KCC-1 and its 

Catalytic Application for Ethylene polymerization  

 
 

Lujain Alrais  
 

 

A new generation of Titanium based catalysts for ethylene polymerization has been 

developed through the Surface Organometallic Chemistry (SOMC) methodology using a 

novel type of silica support having a 3D fibrous morphology, KCC-1. The first type of Ti-

based catalyst was obtained by reacting isolated silanol surface groups, ≡SiOH of KCC-1 

(dehydroxylated at 700 ⁰C under high vacuum, 10-5 bar) with titanium (IV) tetraneopentyl, 

Ti(CH2tBu)4 to produce [(≡SiO)Ti(CH2tBu)3]. The second type of Ti-based catalyst was 

generated by using an Al-modified KCC-1. The peculiarity of this support is due to the 

presence of tetra-coordinated aluminum-bound hydroxyl group, [(≡Si-O-Si≡)(≡SiO)2Al-

OH] that can be used as a Lewis Acid anchor sites and generate new catalytic properties. 

The well-defined [(≡Si-O-Si≡)(≡SiO)2Al-OH] was obtained by reacting di-

isopropylaluminum hydride with KCC treated at 700 °C followed by a thermal treatment 

at 400 °C and oxidation with N2O. IR spectra of pyridine adsorbed on the Al sites show 

that these were strong Lewis acid sites (constituting 80% of the total Al sites). Thus, the 

highly electrophilic support surface was used to create a single well-defined surface 

organo-titanium fragment [(≡Si–O–Si≡)(≡Si–O–)2Al–O–Ti(CH2tBu)3] by the reaction of 

the surface [(≡Si–O–Si≡)(≡Si–O)2Al–OH]) groups with Ti(CH2-tBu)4 at room temperature 

for 4 h in dry pentane.  
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The performance of each Ti-supported catalyst assessed for ethylene polymerization. It 

was found that Al-modified support (highly electrophilic) provide better activity 

compared to the unmodified one. Indeed, the productivity of the catalyst [(≡Si–O–

Si≡)(≡Si–O–)2Al–O–Ti(CH2tBu)3] was found to be 67.8 g of PE/ 1mmol Ti/ 1h with 

molecular weight of 3208408 g/mol; polydispersity was found to be 2.3, and (HDPE) 

high-density polyethylene was obtained. In contrast, [(≡SiO)Ti(CH2tBu)3] (unmodified 

one) produces lower molecular weight polymer 989843 g/mol, higher polydispersity (PD) 

6.7 and low-density polyethylene (LDPE) productivity was found to be 14.670 g 

PE/1mmol Ti /1h. These results demonstrate that modification of the oxide ligands on 

silica through a generation of Al Lewis acid site opens up new catalytic properties, 

markedly enhancing the catalytic performance of supported organotitanium species. 

We also demonstrate how the silica mesostructure (2D vs 3D ) affects the catalytic 

activity in ethylene polymerization. While SBA15 (2D) could limit the accessibility of 

the active sites resulting in lower yield. In contrast, KCC-1 (3D) are more active in 

ethylene polymerization, because the active sites reside on the external surface are fully 

accessible to the substrate. 
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OBJECTIVES AND STRATEGY 
 

The main objectives of this thesis are to develop novel type of Ti-based catalysts through 

the SOMC methodology and evaluate their catalytic performance for ethylene 

polymerization. 

The strategy is two-fold: 

(i) Immobilization of Titanium tetraneopentyl, Ti[(CH2C(CH3)3]4 on novel silica 

support having a 3D fibrous structure: KCC-1 developed by Basset et al. The 

immobilization in this case will occur through the silanol surface groups, 

(≡SiOH). 

(ii) Chemical modification of KCC-1 through the incorporation of a 

tetracoordinated Aluminum Lewis acid, (≡Al-OH), used an anchor site for 

Ti[(CH2C(CH3)3]4. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
 
1.1 Heterogeneous catalysis  

 
 A catalyst is defined as a substance that increases the rate of the reaction without being 

consumed.[1] 

Catalysis is associated with rate acceleration, an essential parameter in the industry as it 

enables a cheaper and cleaner manufactures of chemical products (Figure 1). Indeed, 

more than 85 % of chemical compounds are obtained through the use of catalysts, which 

significantly contributes to the global economy.[2] Many examples being reported using 

heterogeneous catalysts in industrial processes, i.e. Ziegler-Natta catalysts one of the 

most common commercial heterogeneous catalysts which developed for olefin 

polymerization giving a high yield and a high degree of stereospecificity.[3] 

 

 

Figure 1. Effect of a catalyst in a hypothetical exothermic chemical reaction of reactant (X, Y) to give 
products (Z). The presence of the catalyst opens a different reaction pathway (shown in red) with a lower 

activation energy (Ea). 
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Catalysts are classified into two area homogeneous and heterogeneous catalysts.[4] 

homogeneous catalysts where the reactants are in the same liquid phase have better 

structure-activity relationship allowing an easier modification by changing the electronic 

and steric environment around the catalyst.[5] They also can be active at lower 

temperature compared to heterogeneous ones and have better selectivity. However, the 

thermal stability and the difficulty in separation of the products limit their industrial 

application. On the other hand, heterogeneous catalysts offer an easy catalyst separation 

from the products by simple filtration, for example easier catalyst recovery often by 

heating under air or H2 and better thermal and chemical stability.[6] But the heterogeneous 

catalysts which favored for industry remain an empirical science, for many reasons such 

as: the complexity of the surface in heterogeneous catalysis (defects and other 

irregularity), diversity (different local environments of surface site),  population and 

distribution of the active sites hinder the proper characterizations before, during and after 

the catalytic reaction.[1] 

The development of more-efficient catalytic technologies required combining selectivity, 

productivity, robustness and ease of processing at the highest possible level. For this 

purpose, new approaches to integrate elements of molecular chemistry into heterogeneous 

systems have been attempted.  

To date, two approaches have been demonstrated as very successful concepts to emerge 

the advantages of heterogeneous and molecular catalysis.  

The first approach is called supported homogeneous catalysis. It consists of the 

immobilization of homogeneous catalysts onto oxide surface ( silica, silica-alumina, 

alumina, SBA-15 . . .) through a tether.[7] 
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 The second approach consists on the direct immobilization of the organometallic 

complex to inorganic support via the formation of a covalent and sometimes an ionic bond. 

This methodology is referred to as Surface Organometallic Chemistry (SOMC).[7]        

(Figure 2) 

	

	

Figure 2. Two main strategies to build well-defined heterogenous catalysts.[7] 

 

Here we will focus on SOMC methodology to generate novel-well defined catalysts and 

study their applications in ethylene polymerization. 
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1.2 Concept of “CATALYSIS BY DESIGN” via SOMC Methodology 
 

Surface organometallic chemistry can be defined as a field of chemistry combining 

organometallic chemistry and surface science.[8] In other words it is the chemistry of 

organometallic complexes (of main-group elements, transition metals, lanthanides, and 

actinides) linked directly to a surface which can be oxide surfaces (like silica, alumina), 

metal oxides (i.e. MgO2, Fe2O3), or even nanoparticles.[9] 

This approach is aiming to shorten the gap between homogeneous and heterogeneous 

chemistry, by using the modern tools and transferring the concepts of molecular chemistry, 

especially organometallic chemistry to surface science and heterogeneous catalysis.[10] 

Early in the 1980s, Basset and co-workers introduced the concept of SOMC,[8] focusing on 

functionalizing a surface of the silica support, and developing the idea according to which 

a surface (metal oxide in particular) behave as a ligand for a supported organometallic 

complex. Their work produces single-site heterogeneous catalysts.[10] 

The term single site-heterogeneous catalyst is used to describe solid where the catalytically 

active site are well defined and structurally identical with uniform composition seemlier to 

homogeneous system but having all  the advantages of heterogeneous catalysts, these single 

sites which located on solid supports have the same energy of interaction between the site 

and the reactant, they are spatially isolated from one another, work independently and 

structurally well characterized.[9]-[11]  

SOMC approach leads to isolate the highly active intermediates, understanding of the 

nature of the active site, giving the ability to generate a surface site with known 

coordination sphere,[11] assisting structure-reactivity relationship, identify the elementary 

steps, study their stoichiometric activity and so predict the catalytic reaction mechanism.[12] 
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Therefore, SOMC is a molecular approach to heterogeneous catalysis providing a pathway 

to developed heterogeneous catalysts, by building strategy based on the knowledge of 

coordination sphere and the elementary steps involved in the catalytic reaction.   

When a surface reacts with organometallic complex, SOMC catalyst is formed where the 

organometallic part attached to the surface is called surface organometallic fragments 

(SOMF), understanding the (SOMF), consequently understanding the elementary steps of 

the catalytic reaction mechanism leading to develop new catalysts for desired products. 

Thus, preparation of surfaces with highly uniform distribution is one of the most challenges 

facing SOMC.[9] 

SOMF shows the four parts forming the SOMC complexes: metal center, support, 

functional ligand and the spectator ligand. It provides all the needed information of the 

metal center (typically transition metal ) coordination sphere (e.g. formulation, oxidation 

state, electronic configuration, non-bonding electrons, total electron counting, podality, 

and geometry).[9] 

(i) Transition metals are binding to a surface of oxide support via covalent 

(sometime ionic) bond, due to grafting process, giving site-isolated 

complexes, while the oxide support can be considered as a very bulky 

ligand.[7] Changing the metal will also change the character of the catalyst, 

deferent parament can determine the selected metal such as the size of the 

metal, its oxidation state and coordination sphere.   

(ii) Functional ligand and the spectator ligands: A variety of functional and 

spectator ligands have been reported and have direct control over the 

grafted metal`s reactivity.[9] A wild range of surface complexes such as 
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metal hydride (M-H), metal alkyl (M-R), metal amide (M-NR ),  have 

been used to explore a huge number of catalytic reaction ( e.g. olefin 

metathesis, alkane metathesis . . .) as shown in figure 3.  

 

	

 

Figure 3. Surface Organometallic Fragment (SOMF) by (SOMC).[9] 

	

(iii) The inorganic support is an essential component in SOMC, such as metal 

oxides (silica, alumina, silica-alumina, zeolite). The support  has steric, 

electronic porosity, hydrophobic or hydrophilic properties, thus, it plays a 

critical role in the catalytic activity.[9] 
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CHAPTER 2. MESOPOROUS SILICA AS OXIDE SUPPORT FOR 

SOMC APPLICATION 
 
 
2.1 Introduction to porous materials 

 
   Porous materials in all their forms (e.g. porous glasses, zeolite, mesoporous silica…) 

have attracted special attention in the recent years[13] for the development of efficient 

heterogeneous catalysts targeting critical industrial processes application in 

petrochemical and fine chemical synthesis.  

Because of their unique structure, properties and morphologies, porous materials such as 

microporous zeolite [13] and mesoporous silica [14] are generally used as parent supports 

for the synthesis of functionalized solid catalysts. Their neutral framework is chemically 

modified by incorporation of heteroatoms and/or organic functional groups.[15] 

Porous materials had been difficult to make naturally. Fortunately, this unsolved task was 

made possible in 1992 by Mobil Oil Corporation scientists (USA), when they first 

successfully synthesized MCM (Mobil Composition of Matters)-41/48 through 

surfactant-mediated self-assembly method. This surfactant-assisted templating pathway 

or soft templating strategy opens a new class of materials named as mesoporous 

materials. Most generalized definition of porous materials is continuous and solid 

network material filled through voids. A material can be recognized as porous if its 

internal voids can be filled with gases.[16] 

Generally, pores are classified into two types: open pores which connect to the outside of 

the material and closed pores which are isolated from the outside but for most industrial 

applications including separation, catalysis and bioreactors open pores can play a crucial 
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role. Pores can also have different shapes such as spherical or cylindrical configurations 

and be arranged in varying structures.[16] 

Porosity provides materials with lower density and higher surface area compared to dense 

materials. In fact, Meso, the Greek prefix, meaning “in between”, has been adopted by 

IUPAC to define porous materials having a dimension of pores in between micropore and 

macropore typically between 2 and 50 nm.  

The porous materials are of three types: microporous (< 2nm), mesoporous (2-50 nm) and 

macroporous (> 50 nm). Based on the framework building blocks, porous materials can be 

otherwise classified as: purely inorganic, organic–inorganic hybrid and all organic  

(Figure 4). 

 

 

 
Figure 4. Schematic representation of the classification of the porous materials according to IUPAC 

classifications, mesoporous materials can be ordered or disordered in nature[17] 
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Ordered mesoporous materials such as MCM-41/48, SBA-15, KCC-1 have a uniform and 

regular arrangements of pore (or channel) widths whereas, atomic arrangements are not 

ordered. Disordered mesoporous solids like KIT-1 have uniform channel width, but they 

are not regularly arranged neither the pore arrangements nor the atomic arrangements are 

ordered.[17] 

The mesoporous materials particularly mesoporous silica, have a wide domain of 

application in catalysis and adsorption due to the high surface area of the materials. 

In the synthesis of mesoporous material, organic surfactant molecules play a decisive role 

to generate porosity. Therefore, it is essential to know what is a template or what kind of 

interaction occurs between a template and precursor species forming the mesoporous 

framework during the synthesis. 

 

2.2 Silica mesoporous materials: The case of SBA-15  
 
The first mesoporous silica made with amphiphilic triblock copolymers were reported in 

1998.  These materials are called SBA-X where SBA stands for Santa Barbara 

Amorphous and X represents a number. For instance, SBA-15 has a 2-dimensional 

hexagonal structure, SBA-12 has a 3-dimensional hexagonal structure, and SBA-11 has a 

cubic structure.[18]-[19] 

SBA-15 is a mesoporous silica sieve based on uniform hexagonal pores with a narrow 

pore size distribution and a tunable pore diameter of between 5 and 15 nm.  

The thickness of the framework walls is about 3.1 to 6.4 nm, which gives the material 

higher hydrothermal, and mechanical stability than, for instance, MCM-41.  
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SBA-15 is synthesized by the use of amphiphilic triblock copolymers, poly (ethylene 

oxide)-b-poly (propylene oxide)-b-poly (ethylene oxide) or PEO-PPO-PEO as the 

organic structure directing agent (template). PEO blocks are hydrophilic, while PPO 

blocks are hydrophobic. Hence, direct formation of cylindrical micelles with the PEO 

blocks on the outside can be achieved in the aqueous solution. The aqueous silica cations 

locate themselves within the hydrophilic regions of the self-assembled system and 

associate preferentially with the PEO blocks.[20] 

After the removal of the polymer, we obtain a mesoporous solid thanks to the hexagonal 

arrangement of cylindrical polymer aggregates and also micro-porosity generated by PEO 

segments. [20] Figure 5 shows the hexagonally arranged SBA-15 with and without the 

template. 

 

 

 

 

 

 

Figure 5. Schematic representation of SBA-15 as synthesized (left) and after the removal of template 

(right) by calcination at 500 ⁰C. 

 
The process to obtain solid powder SBA-15 involves dissolving of template polymer in 

acidic solution, adding a silica source, which is typically either tetraethyl orthosilicate 

(TEOS), tetramethyl orthosilicate (TMOS), or sodium silicate. The mixed solution is aged 

at a temperature slightly above room temperature for 20 to 24 hours and heated up to 80 to 
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100 °C either in a conventional oven or a microwave oven for an appropriate amount of 

time. Precipitated solids are centrifuged, washed and dried. Finally, the organic polymer is 

removed by calcination.[21] 

The high internal surface area of typically 400–900 m2/g makes SBA-15 a well-suited 

material for various applications. It can be used in environmental analytics for adsorption 

and separation advanced optics, as a support material for catalysts or as a template for the 

production of nanostructured carbon or platinum replica.[21] 

SBA15 is one of the most used mesoporous silicas in the field of heterogeneous catalysis 

because of its structural parameters: 2D well-ordered hexagonal mesostructured, high 

surface area (800 m2 g-1), large uniform pore diameter (6 nm), and thermal (up to 1200 C) 

and mechanical stability.[22] However, it has been demonstrated that the accessibility of the 

active site and/or a hindered diffusion (of the substrate and products) inside the mesopores 

remains an important issue which needs to be resolved. To overcome these limitations, 3D 

well-ordered mesoporous materials appear to be the ideal candidates as these supports 

avoid diffusion issues and provide better active site accessibility. 

 In this work, KCC-1 was chosen as a 3D well-ordered mesoporous support for SOMC 

application and ethylene polymerization in order to improve diffusion issues during the 

catalytic reaction. 

 

2.3 3D well-ordered and fibrous mesoporous silica: The case of KCC-1  
 
In 2010, our group developed a new family of high-surface area silica nano-spheres, 

KCC-1, with a spectacular 3D fibrous morphology combined with a high surface area 
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(>600 m2g-1), high range of particle size (170–1120 nm),[22] and high thermal, chemical 

and mechanical stability. 

These unique structural features of KCC-1 have already been shown to render KCC-1 

potential applications in areas such as heterogeneous catalysis.[23] It was prepared with 

microwave-assisted hydrothermal technique with tetraethyl orthosilicate (TEOS) as a 

feed material. According to this preparation technique, TEOS is dissolved in a mixture of 

cyclohexane and pentanol, and cetylpyridinium bromide (CPB) and urea were added to 

the solution, reverse micelles were formed. [24] (Figure 6) 

 

 

 

Figure 6. Schematic of silica nanosphere formation. CPB=cetylpyridinium bromide, TEOS=tetraethyl 

orthosilicate.[24] 
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It has high surface area up to 800 nm2/g and pore diameter of 8 nm2, the SEM analysis 

shows that silica  Nanospheres are  thermally stable with temperature up to 950℃, and it 

can remain unaffected even after mechanical compressing up to 216 Mpa pressure 

comparing to MCM-41 which can be damaged when applying a pressure  above 86 

Mpa.[24] 

The structure of KCC-1 was confirmed by high-resolution transmission electron 

microscopy (HRTEM; Figure 7) and scanning electron microscopy (SEM; Figure 8). 

 

        

Figure 7. HRTEM image of silica nanosphere KCC-1[24] 
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Figure 8. SEM image of silica nanosphere KCC-1[24] 

 
 
 
2.4 Characterization and preparation of the silica support for SOMC applications: 

The dehydroxylation process 

 
Well-ordered mesoporous silica (SBA15, MCM41, FSM16…), as well as fibrous silica 

(KCC-1), present a similar composition as nonporous silica. They are defined as 

amorphous materials with a framework composed of siloxane bridges (≡Si-O-Si≡) and a 

surface displaying different types of silanol groups (≡Si-OH). The surfaces of that different 

silica are covered with a layer of water (H2O) through hydrogen interactions (Figure 9) 

under normal temperature and pressure (NTP).[25] 

The types and the concentrations of (≡Si-OH) surface groups (vicinal, germinal and single) 

vary with the temperature, vacuum or gas flow treatment (O2, N2 or Ar). The quantification 

of the remaining (≡Si-OH) is measured by methyl lithium (MeLi) titration under inert 
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conditions.[26] The number of (≡Si-OH) groups per unit surface, 𝛼OH (OH nm-2) is then 

determined from equation 1 : [27] 

 

𝛼%& = 	𝛿%& ∗ 𝑁, ∗ 10/01/𝑆                                            Eq. 1 

Or, 

𝛼%& = 	𝐾 ∗ 	𝛿%&/𝑆  

 

Where 𝛿OH is the concentration of (≡Si-OH) on the surface of silica per unit mass of the 

sample (mmol/g), S (m2/g) the specific surface area of the sample as determined by the 

BET method (N2 sorption), Na the Avogadro number and K = 602.314 is constant. 

 

 

 

Figure 9. a) 1H MAS NMR chemical shifts of water molecule adsorbed on silanol surface groups. b) FT-IR 
vibrations bands (OH) and 1H MAS NMR chemical shifts of different types of silanol surface groups 
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A thermal treatment under high vacuum (up to 500 °C at 10-5 bar) involves a significant 

reduction of the number of vicinal silanols, [(≡Si-OH)(≡Si-OH)] leads to the formation of 

strained and reactive siloxane bridges,[28] (≡Si-O-Si≡) with the release of one H2O 

molecule. Typically, silica with a specific surface area of 200 m2/g treated at 200, 500, 800 

and 1000 °C present 2.35, 1.2, 0.6 and 0.4 OH per nm2, respectively[29]. This process named 

dehydroxylation involves the creation of isolated or single (≡Si-OH) surface groups, a key 

element in the design of Surface OrganoMetallic Fragment (SOMF).[9]  

It is noteworthy to mention that the rate of temperature to reach the targeting 

dehydroxylation temperature should not exceed 5 °C min-1 to prevent sintering. This is 

particularly important for mesoporous supports that can undergo pore collapse.  

Once the dehydroxylation temperature is reached for an appropriate amount of time (4−12 

h), the reactor is cooled to room temperature under vacuum. At this stage, the materials are 

air and moisture sensitive, so storage in the glovebox is required. 

A combination of FT-IR analyses, solid-state NMR (1H and 29Si), MeLi titrations were 

developed to identify the type, and the concentration of surface hydroxyl groups on silica 

oxide supports. For example, titration with MeLi provided the surface SiOH concentration 

(0.26 mmol/g) via the released of methane.  After a high vacuum treatment (10-5 mbar) at 

700 ºC, the number of surface OH groups are 0.76 OH /nm2 in accordance with the 

literature.[12] 

In our case, dihydroxylation of KCC-1 was performed at 700 ℃, for 20 h, with 

temperature gradient 1℃ /min. The titration with a solution of MeLi in ether provides the 

surface ≡Si-OH concentration (1.8 mmol/g, corresponding to 1.5 OH/nm2). The methane 

released during the titration is quantified by GC analysis. 
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 FT-IR spectrum (Figure 10) of KCC-1 after dehydroxylation at 700 ℃	(10-5 bar) indicate 

the presence of the characteristic vibration band of the isolated (≡Si-OH) at 3747 cm-1 

along with the Si–O–Si combination and overtone bands (1625, 1850, 1980 cm-1, 

respectively). The N2 isotherm sorption of KCC-1700 shows a high surface area about 725 

m2/g, And pore diameter of 75.5 Å. (Figure 11) 

 

 

 

 

 

 

 

 

 

Figure 10. FT-IR spectrum of KCC-1700 
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Figure 11. Nitrogen adsorption-desorption isotherms of KCC-1700 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

0

100

200

300

400

500

600

700

800

900

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Vo
lu

m
e 

Ad
so

rp
ed

 (c
m

3 /
g K

CC
-1

)

Relative Pressure (p/p0)

 725 m²/g  

d
pore

 =  

S
BET

 =  

75.5 Å  



33 
 

CHAPTER 3. DESIGN OF WELL-DEFIED TETRACOORDINATED 

ALUNIMUN LEWIS ACID SUPPORTEED ONTO MESOPOROUS 

SILICA KCC-1700 

3.1 introduction 
 
To date, SOMC approach was mainly applied on conventional nonporous inorganic surface 

(i.e. silica, silica-alumina, alumina, zirconia…) support and few on mesoporous silica 

supports having a 2D hexagonal structure: SBA-15, MCM-41.[30] [31] This limits its 

applications in heterogeneous catalysis. So novel methodology has to be developed  

through the chemical & structural modification of the parent silica support. Herein, we 

propose to design a novel type of support for SOMC application by incorporating a 

tetracoordinated Aluminum Lewis Acid site onto a 3D mesoporous fibrous silica, KCC-1. 

This current work follows a strategy developed by Werghi et al.  and applied to 2D 

mesoporous silica, SBA-15. It consists of: (i) a selective reaction of DIBAL (di-isobutyl 

aluminum hydride) with isolated silanol surface group of KCC-1700 to yield [(≡Si-O-Si≡) 

(≡Si-O)2-Al-i-Bu], (ii) a thermal treatment of the resulting material that generates [(≡Si-

O-Si≡) (≡Si-O)2-Al-H], (iii) an oxidation step leading to [(≡Si-O-Si≡) (≡Si-O)2-Al-

OH]. 

 

3.2 Reaction of DIBAL with silanol surface group of KCC-1700 : Generation of [(≡Si-

O-Si≡) (≡Si-O)2-Al-i-Bu], 1a 

 
The reaction of the silanol surface group of KCC-1, dehydroxylated at 700 ℃ (1.8 

mmol/g of ≡SiOH obtained by titration of MeLi) with DIBAL (1 eq. per ≡SiOH) occurs 

at room temperature in dry and degassed pentane for 1h (Figure 12), and DIBAL/ Si-OH 
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was found to be 1.1. During the reaction, 1.2 isobutyl per grafted Al is released and 

quantified by GC analyses. 

The results are similar to those obtained during the reaction of DIBAL with SBA-15 and, 

neither H2 nor isobutene were detected in the gas phase.[32] 

 

                                               

 
Figure 12. The Reaction of dehydroxylated KCC-1 with DIBAL 

 
The FT-IR spectrum (Figure 13) shows a significant decrease of silanols ν [ (OH) at 3747 

cm−1]. However, two new set of signals appears at 2950 and 1460 cm-1 corresponding to 

ν(C-H), δ(C-H) characteristic for isobutyl groups. It also displays an intense vibration 

band at 2181 cm-1 corresponding to 𝜈(Si-H). The formation of the ≡Si-H is due to the 

transfer of the hydride to the neighbouring siloxane bridge (≡Si-O-Si≡). These results 

were inconsistent with the previse work with SBA-15.[32]  
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Figure 13. FT-IR spectra of (i) KCC-1700, (ii) the sample in (i) after reaction with 1 eq. of i-Bu2AlH/Si−OH 
and (iii) subtraction of the spectrum of (ii) from that of (i). 
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Figure 14. FT-IR spectra of (i) SBA-15700, (ii) the sample in (i) after reaction with 1 equiv of i-
Bu2AlH/Si−OH and (iii) subtraction of the spectrum of (ii) from that of (i).[32] 

 

Previously, a combination of experimental results, including those from a broad range of 

advanced spectroscopic characterizations including solid-state NMR spectroscopy [1H, 

13C, multiple quanta (MQ) 2D 1H-1H, and 27Al], as well as DFT calculations, have 

provided an explanation of how the reaction occurs. 

Concerning the 1H MAS spectrum, it clearly shows three signals at 0.2, 0.9 and 1.85 

corresponding to three types of hydrogen in each isobutyl. [32] (Figure 15) 
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Figure 15. 1H CP-MAS SS NMR spectrum of 1, obtained after reaction of iBu2AlH (DIBAL) with 
SBA15700[32] 

 
On the other hand, the13C CP-MAS (Figure 16) spectrum displays a broad signal at 26 

ppm, corresponding to Al−CH2CH(CH3 )2 and Si CH2 CH(CH3)2, another band at 29 ppm 

assigned to Si- and Al-CH2CH(CH3)2. [32] 
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Figure 16. 13C CP-MAS SS NMR spectrum of 1, obtained after reaction of iBu2AlH with SBA15700[32] 

 
 
Finally, 27Al solid state NMR was performed, the spectrum shows a broad single at 68 

ppm confirming the Aluminum tetra-coordinated site, and a single at 114 ppm 

corresponding to the chemical shift of an Al-CH2CH(CH3)2.[32] (Figure 17) 

 

 

 

Figure 17. 27Al solid state NMR spectrum[32] 
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3.3 Thermal treatment of [Al-iBu]: Generation of well-defined tetracoordinated 

Aluminum Hydride onto KCC-1: [(≡Si-O-Si≡) (≡Si-O)2-Al-H], 2a 

 
As previously described, [(≡Si-O-Si≡) (≡Si-O)2-Al-H was generated through a thermal 

treatment (400 ℃ for 24 h, rate 18 ⁰C/h) under high vacuum (10-5 bar) of [(≡Si-O-Si≡) 

(≡Si-O)2-Al-iBu. (Figure 18)  

 

 

 

 

 

Figure 18. Thermal treatment of 1 to generate [Al-H] 

 
The mechanism involves 𝛽-H elimination on the Al-isobutyl, with the release of 

isobutene. However, a hydride transfer from Al−H to a closer siloxane could also occur at 

this temperature to form either a silicon hydride or bis-hydride. (Figure 19) 

 

 

 

 
 
 

Figure 19. Formation of aluminum hydride through a thermal treatment 

(100 °C to 400 °C) under 10-5 mbar for 20 h of  2[33] 
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It is noteworthy that heat treatment with higher rate (60 ℃/h) led to the formation of 

bridging (Al-H-Al) characterized by vibration bands at 1664 cm−1 and 1610 cm−1 , 

(Figure 20) reducing the rate to (8-20 ℃/h) produce only terminal Al-H characterized by 

vibration bands at 1940 cm-1, the slow rate allow the  thermodynamic control by the 

selective formation of terminal Al-H (thermodynamic products compared to bridged Al-

H-Al kinetic products).[32] 

 

 

 

Figure 20. (i) IR spectrum of Al-iBu. (ii) Spectrum of (Al-iBu) after thermal treatment at 225 °C at a rate 
of 60 °C/h for 20 h. (iii) Spectrum of 1 after thermal treatment at 225 °C at a rate of 8 °C/h for 20 h 

(subtraction in the region of Al−H).[32] 

 

The 27Al NMR spectrum after thermal treatment (Figure 21) display the same two signals 

at 68 ppm corresponded to tetracoordinated [(≡SiO-)2(≡Si-O-Si≡)Al-H] (2a) site, 

second signal at 114 ppm attributed to the aluminum isobutyl with significant decrease in 

its intensity, mainly due to releasing of the isobutene.[32]   
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Figure 21. 27Al solid state NMR spectrum[32] 

 
 

3.4 Oxidation reaction of [Al-H]: Generation of well-defined tetracoordinated 

Aluminum Hydroxide, [(≡Si-O-Si≡) (≡Si-O)2-Al-OH] 3a, noted Al-OH 

 
The oxidation step of [Al-H] was successfully achieved through the reaction of 0.7 bar of 

N2O at 100℃, for two days. 

The IR spectra (Figure 22) show that only the surface species 2a was converted to [Al–

OH], 3a. The spectra show that [≡Si–H]x and [≡Si–CH2CH(CH3)2] were not affected in 

this process. Elemental analyses of materials 2 and 3 indicate that the aluminum content 

(3.1 wt. %, 1.14 mmol/g) and carbon content (3.9 wt. %, 3.2 mmol/g) remained the same 

after the reaction of 2 with N2O the amount of [Al-OH], 3a (measured by MeLi titration) 

is about 0.9 mmol/g.  
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Table 1. Elemental Analysis of 3 

 Elemental Analysis 

 Al (wt.%) 

(mmol/g) 

 

C (wt.%) 

(mmol/g) 

(3) 3.1 

(1.14) 

3.9 

(3.2) 

 

The spectrum of Figure 22 is assigned to [Al–H], 2. The bands at 2950 [ν(CH3)], 2869 

[ν(CH2)], 1460 [δ(CH3)], and 1365 cm−1 [δ(CH3)] are attributed to silicon isobutyl 

groups. The bands that appeared at 2251 and 2163 cm−1 are characteristic of [≡Si–H] and 

[=SiH2], respectively. These results are inconsistent with the literature.[34] (Figure 23) 

The band observed at 1945 cm-1 was assigned to the terminal [Al–H]. After the reaction 

with N2O, the IR spectrum of [Al–OH] 3, shows a strong decrease in intensity of this 

[ν(Al−H)] band, accompanied by the appearance of a weak band at 3783 cm-1. The latter 

is assigned to the vibration of the [Al–OH] species 3.  
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Figure 22. i) FT-IR spectrum of Al-H, 2. ii) FT-IR spectrum of Al-OH,3 

 
 
 

 
 
Figure 23. IR spectra of (a) [Al–H], and (b) [Al–OH],  (c) difference spectrum determined by subtraction 

of spectrum of [Al−OH], from spectrum of [Al–H]. [34] 

4000 3500 3000 2500 2000 1500

Wavelength (cm-1)

1465-1365 
𝛿(𝐻𝐶𝐻) 

1940 
𝜐(𝐴𝐼𝑉 − 𝐻) 

2251-2163 
𝜐(𝑆𝑖𝐻) − 𝜐(𝑆𝑖𝐻2) 3783 

𝜐(𝑂𝐻) 
Al-OH 

2950-2869 
𝜐(𝐻𝐶𝐻) 



44 
 

 
The acidity of the Al-modified surface groups was investigated by pyridine adsorption, 

indicating the presence of  95% Lewis acid site at 400°C (Figure 24), this can be 

explained by breaking  of the coordination bond between (≡Si-O-Si≡) and Al-OH group, 

making the Aluminum orbital accessible for the lone pair of the nitrogen atom in 

pyridine.[34]  

In agreement with earlier observation, the 15N solid-state NMR spectrum of the solid 

contacted with 15N labelled pyridine (Figure 25) and evacuated at 400 ⁰C (10-5 bar) 

shows one signal at 243 ppm, characteristic for a Lewis acid-Lewis base interaction.[34] 

 

 

Figure 24. IR spectra of a) [Al-OH], 3 only b) 3 after the introduction of pyridine followed by its 
evacuation at 110°C, c) at 200 °C, d) at 300 °C and e) at 400°C. Note; BA= Brønsted acid and LA= Lewis 

acid. [34] 
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Figure 25. 15N pyridine solid state NMR after adsorption of 15N-pyridne and desorption at 400 °C.[34] 
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CHAPTER 4. IMMOBILIZATION OF TITANIUM NEOPENTYL 

Ti(Np)4  OVER FIBROUS NANO-SILICA KCC-1 SUPPORT AND 

ALUMINUM MODEFIED KCC-1 SUPPORT 
 
4.1 Introduction 
 
Transition metals, in particular, titanium have been widely employed in polymerization, 

generating rang of heterogeneous and homogeneous catalysts.[35]-[36]-[37] These catalysts 

have versatile chemical properties such as steric and electronics of the active center; their 

properties can be controlled using molecular design principles. However, industrial 

processes favored a solid catalyst. Thus, transition metal complex catalysts have been 

immobilized on solid supports for decades.[38] 

Usually, these catalysts are combined with co-catalysts, alkyl aluminum reagents, such 

as methylaluminoxane (MAO) or triethylaluminum are largely used. 

In this study immobilization of titanium neopentyl onto 3D fibrous (KCC-1) silica and 

(KCC-1) which contain tetra-coordinated Al was done and has been investigated as 

ethylene polymerization catalysts through the SOMC methodology. 

4.2 preparation and characterization of Ti(Np)4  
 
Titanium tetra-neopentyl was prepared according to literature.[39] Liquid state NMR was 

conducted to confirm its ligands structure. The results are consentient with literature.[39]   

On one hand, the liquid-state 1H NMR spectrum (Figure 26) displays two signals at 1.18 

and 2.24 ppm assigned to CH2C(CH3)3 and CH2C(CH3)3 respectively. On the other hand, 

the 13C NMR spectrum (Figure 27) shows three peaks at 34.5, 37.6 and 119.6 that can be 

tentatively corresponding to CH2C(CH3)3, CH2C(CH3)3 and CH2C(CH3)3. 
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Figure 26. 1H-Liquid state NMR spectrum of TiNp4 

 
 
 
 
 

 
  

Figure 27. 13C Liquid state NMR spectrum of TiNp4 
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4.3 Reaction of TiNp4 with (≡Si-OH) of dehydroxylated KCC-1  
 
The reaction of Ti(Np)4 with dehydroxylated KCC-1700, were conducted at room 

temperature in dry pentane for 3h, the amount introduced was 0.5 eq. of Ti(Np)4 with 

respect to (≡Si-OH) Above this value, the grafting is not complete this might be due to 

steric hindrance induced by the immobilization of the bulky Ti complex. During the 

reaction, we can observe a colour change of the solution (from yellow to colourless), and 

the resulting materials became yellow.  

 

                                                      

 

Figure 28. The reaction of Titanium tetra-neopentyl with dehydroxylated KCC-1 

 
 
The FT-IR spectra of KCC-1(≡Si-O)-Ti(Np)3 (Figure 29) shows a significant decrease of 

the band at 3747 cm-1 corresponding to consumption of (≡Si-OH), it also was shifted a 

red shift to 3700 cm-1, the appearance of new alkyl bands in the region between 3000 and 

2800 cm-1 and their stretching bands 𝛿(HCH) at 1400 cm-1. 
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Figure 29. FT-IR spectra of i) KCC-1700 and ii)  KCC1 [≡ Si-O-Ti(CH2C(CH3))3] 

 

Elemental analysis of [≡ Si-O-Ti(CH2C(CH3))3] 4, shows the presence of 2.18 wt.%  

(0.45 mmol/g) of titanium on KCC-1, 8.8 wt.% (7.4 mmol/g) of carbon which makes 

C/Ti ratio= 16.4 vs.15 (the expected value). Thus, there are nearly three neopentyl groups 

per titanium which confirm the monopodal structure of the grafted complex.  

The 13C solid state NMR of the grafted complex (Figure 30) is consistent with the 

organometallic complex results (Figure 27). 

Three signals at 113, 36 and 32 are assigned to CH2C(CH3)3, CH2C(CH3)3 and 

CH2C(CH3)3, respectively. 
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Table 2. Elemental analysis data of catalyst 4 

 

 

 

 

 

 

Figure 30. 13C-SS-NMR of [(≡Si-O-Ti(Np)3] 

 

 

Elemental Analysis Ratio 

Ti(wt.%)        C(wt.%)              

(mmol/g)        (mmol/g) 

2.18               8.8 

(0.45 )             (7.4) 

C/Ti 

(Th.) 

 

16.4 

(15) 

1 

1 
1 

2 

3 

Si
O

O
OO

Ti

O
Si

O

O
113 

36 

32 
1 

2 

3



51 
 

4.4 Reaction of TiNp4 with of dehydroxylated KCC-1 containing  

Al-modified support  

 
Taking advantage of the new structure and the new chemical properties afforded by the 

SBA-15700-supported Al centers, [Al–OH], 3, as anchoring sites for novel SOMC 

applications. The results summarized below show that [Ti-(CH2CCH3)4] in pentane 

solution at room temperature reacts with the surface of Al-modified KCC-1700, resulting 

in a covalently bonded titanium complex. The analysis of the gas-phase products that 

formed during the synthesis (1.05 molecules of neopentane per Ti atom) is consistent 

with the formation of the supported Ti species shown in Figure 31 which is further 

supported by spectroscopic data characterizing the surface species, as summarized below. 

The newly formed surface species is formulated as [(≡Si−O−Si≡)(≡Si−O-)2Al−O-Ti-

(CH2C(CH3)3], 5, and the spectroscopic evidence for its identification is as follows: The 

IR spectrum of Figure 32 shows that two groups of bands appeared, at 3000-2700 and 

1470-1330 cm-1, attributed respectively to the [𝜈CH)] and [𝛿(CH)] vibrations of the alkyl 

groups. Accompanying the formation of these new bands, the [ 𝜈(OH-AlIV)] band at 3783 

cm-1 completely disappeared, confirming the successful immobilization of via 

 [Ti-(CH2CCH3)4] bonding to Al−OH sites. 

 

                                                                      
 
 

 
Figure 31. The reaction of Titanium neopentyl with [(≡Si−O−Si≡)(≡Si−O-)2Al−OH3] 
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Figure 32. FT-IR spectra of (i) KCC-1700, (ii) [(≡Si−O−Si≡)(≡Si−O-)2Al−O-H],  (iii) 
[(≡Si−O−Si≡)(≡Si−O-)2Al−O-Ti-(CH2C(CH3)3] 

 
Elemental analysis of complex [(≡Si-O-Si≡)(SiO)2-Al-O-Ti(Np)3] 5, Aluminum was 

found to 3.1 wt.% (1.14 mmol/g), Titanium was found to be 0.92 wt.% ( about 0.2 

mmol/g) and total carbon weight percentage of 5 is 6.9 wt.% (5.7 mmol/g). 

 Since the Al-modified support (3) is also containing carbon (3.2 mmol/g), total amount 

of carbon after grafting was found to be 6.9 wt.% (5.7 mmol/g) this value involves the 

amount of carbon present on the support (Si-iBu). 

In order find the C/Ti ratio we subscribe these two values to determine the amount of 

carbon result from grafting the organometallic complex.  

C (carbon of 4) = C (total carbon|) – C (carbon from Si-isobutyl in 3) 

                               = 5.7 – 3.2 = 2.5 mmol/g  

C/Ti ratio was found to be 13.2 indicating that the grafted complex is monopodal. 

3000 2000

wavelength(cm-1)

 KCC-1-700

 KCC-Al-OH
 KCC-Al-O-Ti(Np)

 u (OH) 

3747 cm
-1
 

≡SiOH 
2251-2163 

𝜐(𝑆𝑖𝐻) − 𝜐(𝑆𝑖𝐻2) 
 

3783 
𝜐(𝑂𝐻) 
Al-OH 

1465-1365 
𝛿(𝐻𝐶𝐻) 

2950-2869 
𝜐(𝐻𝐶𝐻) 

(i) 

(ii) 

(iii) 
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Table 3. Elemental analysis of catalyst 5 

 
 GC Analysis Elemental Analysis 

 

Ratio 

 Neopentane  

(mmol/g) 

Neopentane/Ti Ti (wt.%) 

(mmol/g) 

 

C (wt. %)          

(mmol/g) 

C/Ti 

 (theo) 

(5) 0.19      1.05 0.92 

(0.19) 

   3 

(2.5) 

13.2 

15 

 

 

The 13C SS-NMR  in case of [(≡Si-O-Si≡)(SiO)2-Al-O-Ti(Np)3] 5, four peaks at 23 ppm 

corresponding to the carbon of silicon isobutyl. Three sets of signals at 31, 111 and 132 

ppm corresponding to CH3-C, C-CH2 and C-CH2. (Figure 33)  
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Figure 33. 13C- SS-NMR of [(≡Si-O-Si≡)(SiO)2-Al-O-Ti(Np)3] 
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CHAPTER 5. APPLICATION: ETHYLENE POLYMERIZATION 
 
 
5.1 Introduction to polymerization 
 
Early in the 1920`s, a German chemist named Hermann Staudinger was the first who 

formulated the polymeric structure for rubber, proposing the concept of “macromolecule” 

where a large number of small units (monomers) are linked together by covalent bond to 

form the macromolecules (polymer) during a reaction called polymerization, he was 

rewarded 1953 Nobel prize for this discovery and establishing the science of large 

molecules.[40]  

Nowadays, polymers in all their forms are found in almost every material used in our 

daily life, and the polymerization reactions are essential reactions in the industry as well 

as academic research.  

Three catalysts have been known to be very active in olefin polymerization: 

(i)  Ziegler-Natta catalysts: a mixture of solid and liquid compounds containing a 

transition metal like Ti or V, combined with alkyl aluminum compounds such 

as Al(C2H5)3.[3] Ziegler-Natta catalysts one of the most widely used catalysts 

in the industry they have been used to syntheses various polyolefins, in fact, 

half of the production of high-density polyethylene HDPE, linear low-density 

polyethylene (LLDPE) and almost all the word production of isotactic 

polypropylene came from the Ziegler-Natta polymerization.[3]  

(ii) The Phillips catalyst: it consists of a Chromium (VI) oxide supported on 

silica. This catalyst is used to produce half of the world`s production of 

polyethylene.[41] (Figure 34) 
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Figure 34. The proposed structure for Philips catalyst 

 

(iii) The highly active metallocene single-site catalyst, for the polymerization of 

olefins, diolefins, and styrene, which was discovered at the University of 

Hamburg about 25 years ago, combined it with methyl-aluminoxane (MAO) 

significantly enhanced the catalytic activity of these catalysts.[42]  

In particular, Ziegler-Natta catalysts one of the most widely used catalysts in the industry 

they have been used to syntheses various polyolefins in fact half of the production of high 

density polyethylene HDPE, linear low-density polyethylene (LLDPE) and almost all the 

word production of isotactic polypropylene came from the Ziegler-Natta 

polymerization.[3]  

In general, the catalyst is a combination of transition metal and alkyl aluminum 

compounds. A great improvement of heterogeneous Ziegler-Natta catalysts have been 

reported over the years leading to the modern version which consist of TiCl4 deposited on 

a MgCl2 support and activated by aluminum alkyl compounds, the MgCl2 support 

provide a dramatic enhancement of the catalyst activity and efficiency, consequently the 

large-scale commercial production of olefin-based polymeric materials.[43]  

Cossee’s mechanism (Figure 35) has been most generally accepted. According to the 

mechanism Ti species reacts with co-catalyst and produces a vacant site. 
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Therefore, the active center is a titanium atom having a vacant coordination site and a Ti-

C bond. Polymerization occurs via two steps. The First step is the formation of an olefin 

π-adduct by the coordination of olefin to the vacant site of the active catalyst. The 

subsequent step is the migratory insertion of the olefin monomer into the metal-carbon 

bond via four center transition state.[43] 

 

 

 

 

 

Figure 35. Generally accepted mechanism for olefin polymerization[43] 
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5.2 Ti-based Catalyst supported on KCC-1: Performance in Ethylene 

Polymerization and Comparison with Ti-Based catalysts supported on SBA-15 

 
The catalytic performance of Titanium tris-neopentyl supported on different silica 

mesoporous materials: KCC-1 and SBA15 and Al-modified KCC-1 and SBA15 were 

tested in ethylene polymerization. 

The catalytic tests were performed as follow. l, in a glove box, 60 – 80 mg of each catalyst 

were introduced in glass vials in dry and degassed toluene (7 ml) equipped with a magnetic 

stirrer. After sealing the vial, the reaction was performed using ILS Premix parallel reactor 

system at a pressure of 20 bar of ethylene at 100 °C, for three h with vigorously stirring. Then 

the reaction was cooling to 25 °C to condense all the products.  

The resulting polymers were collected and analyzed by DSC, GPC and SS NMR. 

5.2.1.  Results and discussion 
 

1. Influence of the Aluminum: 

  Comparing between catalyst 4 (non-modified supported) and catalyst 5 (Al-modified 

support), catalyst 4 gave lower yields and lower molecular weight of the polymer. Results 

show that catalyst 5 is twice as active for polymer formation than the classical Ti-based 

on silica catalyst.  

The relatively high yield and high molecular weight (3208408 g/mol) achieved with 

catalysts 5 and in term of productivity it was found to be 67.8 g PE/1mmol Ti /1h much 

higher than catalyst 4 which is 14.670 g PE/1mmol Ti /1h. 

These results clearly highlight the beneficial influence of the Al center on the catalytic 

properties of the titanium. 
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We posit that this effect could be evidence of the electronic and/or steric properties of the 

catalyst. By electronic, we mean that the Al Lewis acid center affects the electron density 

of the titanium. By steric, we mean that some elementary steps may be more favored 

when Al is present between the silica surface and the active site.  

Taking a deeper look into the results, we can see that polymer 1 obtained with catalyst 5, 

have a lower polydispersity 2.3 compared to the polymer 2 obtained with catalyst 4 

which is 6.7.  

a. HT-GPC results (polydispersity) 

Molecular weights and molecular weight distributions of the resulting polymers were 

determined by high temperature gel permeation chromatography (HT-GPC) the 

molecular weight dramatically increased with Al supported catalyst 5. (Table 4) 

 

Table 4. The results of each polymer 

 

Polymer Mw(g/mol) PD 

Polymer 1 3208408 g/mol 2.332 

Polymer 2  989843 g/mol 6.7 

 

b. DSC results 

 DSC (Differential scanning calorimetry) results indicate the melting point of polymer 

characteristic propriety to identify polymer type. Polymer 2 shows a melting point of 

124.45 °C indicating that the polymer we have is low-density polyethylene[44] (LDPE, 
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Figure 36) surprisingly, polymer 1 has a melting point of  131.59 °C, characteristic for 

high-density polyethylene[45] (HDPE, Figure 37) 

 

Figure 36. DSC curve of heating run of LDPE in temperature range 25-180 °C, for polymer 2 
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Figure 37. DSC curve of heating run of HDPE in temperature range 25-180 °C, polymer 1 

 
c. SS NMR results 

NMR spectroscopy is a widely employed physical method, since it provides a powerful 

tool to investigate the structure and the dynamics of chemical systems. 13C-NMR was 

carried out to determine the type of the polymer (linear or branched), The 13C CP/MAS 

NMR spectrum of both polymers shows a major single at 32.5 ppm attributed to the 

carbon backbone (-CH2-C-) indicating that both polymers are liner. 

 

Figure 38. 13C -SS-NMR polymer resulting from KCC1-Ti(Np)3 
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Figure 39. 13C -SS-MNR of the polymer resulting from KCC1-Al-O-Ti-(Np)3 

 
 

2. Influence of the structure 2D vs. 3D. 

We demonstrate how the mesostructure of the silica (2D SBA-15 vs. 3D KCC-1 ) affects 

the catalytic activity in ethylene polymerization. 

The mesoporous material was chosen is SBA15, it is one of the most used mesoporous 

silicas in the field of heterogeneous catalysis.[1] It was chosen because of its following 

structural parameters: 2D well-ordered hexagonal mesostructure, high surface area (800 

m2 g-1), large uniform pore diameter (6 nm), and thermal (up to 1200 °C) and mechanical 

stability.[20] 

While KCC-1 is 3D  fibrous morphology combined with a high surface area (>600 m2 g-

1), high range of particle size (170–1120 nm), and high thermal, chemical and mechanical 

stability.[46] 
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It has been demonstrated that the accessibility of the active site and/or a hindered 

diffusion (of the substrate and products) inside the mesopores this issue has been solved 

by developing the KCC-1.  

a. GPC results (polydispersity) 

As expected, much higher yield was obtained with KCC-1 almost three higher than with 

SBA-15. Molecular weights and molecular weight distributions of the resulting polymers 

were determined by high temperature gel permeation chromatography (HT-GPC), results 

show very high molecular weight 18051997 molg-1 of polymer 3, SBA15 [(≡Si-O-

Si≡)(SiO)2-Al-O-Ti(Np)3], and polydispersity of 2.7. In the case of polymer 4 obtained 

by SBA-15 [≡ Si-O-Ti(CH2C(CH3)3)], the molecular weight is 119630 molg-1 and 

polydispersity of 2.0. 

 

b. DSC results: 

DSC measurement indicates a melting point of 129.08 °C, of polymer 3, characteristic of 

HDPE (Figure 40). On the other hand,  polymer 4 shows a melting point of 102.08 °C for 

LDPE. (Figure 41) 

Table 5. Polymer results 

Polymer Melting point Tm Type  

[SBA15-Al-O-Ti(Np)3],3 129.08 HDPE 

[SBA15-Ti(Np)3],4 102.63 LDPE 
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Figure 40. DSC curve of polymer 3,  heating run of HDPE in temperature range 25-180 °C 

 

 

Figure 41. DSC curve of polymer 4, heating run of LDPE in temperature range 25-180 °C 
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c. 13C SS NMR results 

The 13C CP/MAS NMR spectrum of both polymers shows a major single at 32 ppm 

attributed to the carbon backbone (-CH2-C-) indicating that both polymers are liner. 

 

 

 

Figure 42. 13C -SS-NMR spectrum of the polymer 3 
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Figure 43. 13C-SS-NMR spectrum of polymer 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 
 

CONCLUSION 
 
In this work, we illustrate how the “Catalysis by Design” concept leads to new and 

improved catalysts prepared by SOMF. Heretofore, catalysts synthesized by SOMC have 

been largely restricted to conventional silica surfaces, the following surface 

organometallic compounds KCC-1[(≡Si-O)-Ti-(CH2C(CH3)3] and [(≡Si−O−Si≡)(≡Si−O-

)2Al−O-Ti-(CH2C(CH3)3] which exhibit a high activity for ethylene polymerization, have 

been synthesized and fully characterized by elemental analysis, FT-IR and NMR 

spectroscopies. 

We found that insertion of a strong Lewis acid center (Al site) between the silica surface 

and the active catalytic site markedly alters the performance of titanium catalyst, as 

illustrated for ethylene polymerization. The Al–OH Lewis acid center acts both as an 

anchoring site for the Ti and also modifies the steric and to some degree the electronic 

properties of the Ti site, giving more active catalyst in ethylene polymerization, with this 

catalyst we obtained a higher weight polymer and much higher yield. 

We demonstrate how the mesostructure of silica support (2D vs. 3D) affects the catalytic 

activity in ethylene polymerization. While (SBA15) could limit the accessibility of the 

active sites (lower yield). In contrast, (KCC-1) are more active in ethylene 

polymerization, because the active sites reside on the external surface are fully accessible 

to the substrate. 
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EXPEREMENTAL DETAILS 
 

a) Preparation of the support  

 
 KCC-1 was obtained from KAUST Catalysis Center, other supports were synthesis 

according to literatures. 

b) Synthesis of SBA-15  

 
  To obtain the SBA-15, 8 g of the amphiphilic triblock copolymer poly (ethylene glycol)-

block-poly(propylene glycol)-block-poly(ethylene glycol) or PEG-PPG-PEG (P123) was 

dissolved in 250 ml acidic solution with 1.9 N ( in a graduate test tube 211 ml of distillate 

water and 39 ml of acid chloride 37 % wt. ).  Immersing the flask in oil path at 40 C and 

stir it at 500 rpm. After three hours 17 g of  tetraethyl orthosilicate ( TEOS ) was added 

drop by drop. 

Maintain the mixture at 40 C and stirring for 24 h. the mixture then was placed in an 

autoclave and heated at 100 C in the oven for 24 h.  

After that, a Buncher  filtration with 1 L of distillate water was performed and left in room 

temperature of 24 h.  

The white powder was collected in a fritte tube and calcined with a ramp of 60 C/h for 9 h 

and then 16 h at 550 °C. 

Dehydroxylation Process 
 
Generation of the isolated silanol groups required treatment at high temperature under 

vacuum (10-5 mbar), 2 g of KCC-1 was interduce to quartz reactor fitting a tubular 

furnace, the treatment starting with dehydration by heating up to 130℃ for 3 h, followed 

by dihydroxylation at 700℃ ,for 16 to 20 hours, heating gradient is 1 ℃ /min . 
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After thermal treatment, titration with Methyl Lithium was performed, using ether as a 

solvent, Quantification of the released Methane indicate that the amount of silanol groups 

(≡Si-OH) is 1.8 mmol/g of KCC-1.  

Silica modified support 
 
The Preparation of the modified support was performed under argon atmosphere. In the 

first compartment of the double Schlenk (0.5 g) of KCC-1700 was introduced, in the 

second part (3 ml) of dry and degasses pentane and AlH(i-C4H9)2 ( 1 equivalent per 

silanol ) were introduced and stirred at RT for 5 min. Liquid N2 was used to transfer the 

solution of DIBAL to the KCC-1700. The reaction proceeds under stirring at RT for 1 h.   

The white solid product then was thermally treated for 1h at 400 ℃ in glass reactor, with 

heating gradient of 18 ℃/hour, under dynamic vacuum, producing Aluminum Hydride, 

mono and di silicon hydride and silicon isobutyl. Releasing isobutyl during this process.          

Finally, in the glass reactor 0.7 of dinitrogen oxide (N2O) was interduced, oxidizing (Al-

H) at 100℃	with a ramp 60C/h, nitrogen gas released and tetra-coordinated single site 

Aluminum Hydroxid was generated. 
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inside the glovebox. The pellet then was placed in a sample holder which was inserted 

into an infrared cell, 16 scans were collected for each spectrum. 

 

c)  of Titanium neopentyl 

 
All preparation procedures were carried out under inert atmosphere.  Solvents were   

collected from a solvent purification system and degassed through freeze-pump-thaw 

cycles. The metallic precursors were prepared according to literature procedure. 

3 g of Lithium weirs were heated at 180 C for 30 min,  50-60 ml of dry hexane was 

adding to the lithium wires, followed by drop by drop addition of 12 ml of chloride 

neopentyl. The mixture was heated at 75 C in oil path and under distillation system for 8 

days.  

+ 

 

Isobutene 

400 ºC, 1h 

+ 

N
2
 

0.7 bar of N
2
O, 

100 ºC, 2 days 

+ 
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Neopentyl lithium was filtered and dried to remove all the of the solvent.  

Next, in the glovebox fill a glass reactor with 4 eq. of lithiumneopentyl, 50-60 ml of dried 

and degasses pentane were added, since the reaction was carried out at  -80 ℃ using 

mixture of acetone and dry ice and then 1eq. of titanium-tetra ethoxide was added drop 

by drop. The reaction was allowed to reach room temperature slowly and remained at that 

temperature for 24 h. 

 The reaction mixture was filtered and dried under dynamic vacuum. The crude product 

was purified by vacuum sublimation to obtain a pure yellow solid of  Ti(Np)4 

 

 

 

 

 

 

d) Grafting process 

 
The grafting process was carried out using stander double-Schlenk, 0.5 equivalent (with 

respect to a mount of accessible silanol) of Titanium tetra-neopentyl and excess of 

+ + LiClNpLiNpCl
hexane

Li

Ti(OEt)4 + 4NpLi + 4LiOEt(Np)4Ti
pentane

purification
+ (Np)4Ti(Np)4Ti LiOEt
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pentane are  put  to one part of the double-Schlenk, where KCC-1-700 is add to the other 

part. The solution  is transferred to the KCC-1-700 through the filter. 

After 3-4 h, the liquid phase is filtered into the other part of the double-Schlenk by 

inversing it position. Three washing, filtration cycles are performed and the remaining 

solvent is removed by high vacuum line technique.  the solid product is collected and 

stored in storage tube in the glovebox.  

Catalysts characterization Tools  
 
Structural information can be gathered by  FT-IR, liquid and solid-state NMR, gas 

quantification methods as well as elemental analysis. 

Fourier Transform Infra-Red 
 
  FT-IR (Fourier Transform Infra-Red) has allowed the identification of the surface 

silanol, the spectra was recorded on a Nicolet 6700 FT-IR spectrometer using a DRIFT 

cell equipped with CaF2 windows. The IR samples were prepared under argon within a 

glovebox. Typically, 50 mg of each samples were pressed at high pressure onto a pellet. 

 

e) Characterization: Liquid State Nuclear Magnetic Resonance Spectroscopy 

 
The spectra were recorded on Bruker Avance 400 MHz spectrometers. The chemical shifts 

were measured comparatively to 1H or 13C resonance in the deuterated solvents  C6D6 (7.16 ppm 

for 1H and 128.06 ppm for 13C). 

In the glovebox 1mg of the Titanium neopentyl were interduce in low pressure Liquid NMR 

tube along with 1ml of deuterated solvent ( C6D6) 
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f) Solid-State Nuclear Magnetic Resonance Spectroscopy 

 
13C CP/MAS solid-state NMR spectra were recorded on Bruker AVANCE III spectrometers 

operating at 400 or 600  MHz resonance frequencies, with a conventional double resonance 

4mm CP/MAS probe at 400 MHz and 3.2 mm HCN triple resonance probe at 600 MHz. 

Each sample was interduce into rotor under argon atmosphere and tightly closed.  NMR 

chemical shifts are reported with respect to the external references, TMS, and adamantane. 

 

g) Elemental analysis 

 
the analytical technique Inductively Coupled Plasma Optical Emission Spectrometry (ICP-

OES) is used to determine the metal loading percentage in each complex while the CHN 

analyzer determines the carbon fractions. 

 

h) High Temperature Gel permeation chromatography 

 
Molecular weights and molecular weight distributions of the resulting polymers were 

determined by high temperature gel permeation chromatography (HT-GPC) at 150 C 

using 1,2,4-trichlorobenzene (TCB) as solvent and using narrow molecular weight 

distribution polystyrene for calibration.  

The resulting polymer was filter off from solvent and washed with water (80 ml), then 

was solubilized in 1,2,4-trichlorobenzen at 150 C. the solution was precipitated drop by 

drop in the methanol at room temperature to recover the initial structure of polyethylene. 
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The  polyethylene obtained was dried under vacuum at room temperature.  

i) Differential scanning calorimetry 

 
DSC (Differential scanning calorimetry) analysis was carried out using Mettler TOLEDO 

DSC1 equipment with the Stare software. in the standard DSC run mode under nitrogen 

atmosphere. 

 Heating rate of 10 C/min. The polymer sample (2-3 mg), was heated from 25 to 180 C at 

a rate of 10 C/min to remove thermal history, before cooling to 25 C at 10 8C/min.  

A second heating cycle at 10 C/min was used for the determination of the peak melting 

temperature, Tm2. 
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