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1Introduction and Scope 
 
 
 
1.1 Catalysis 
 
In the dictionary, catalysis is defined as the acceleration (increase in rate) of a chemical 
reaction by means of a substance, called a catalyst, that is itself not consumed by the 
overall reaction. The word is derived from the Greek noun κατάλυσις, related to the verb 
καταλύειν, meaning to annul or to untie or to pick up. In Chinese, the symbol for the 
"catalyst" used to be the same as for "marriage broker" - which is exactly how catalysts 
can be thought of: a substance that brings molecules together in a reaction without getting 
involved in the reaction, or marriage, and can be used repeatedly without affecting the 
overall reaction. 
 
Catalysis plays a key part in our life and is of vital importance to our present-day 
standard of living and quality of life because of the many products and energy related 
activities derived from its application. Catalysis is not an industry but a key technology 
used by many industries. In fact approximately 85-90% of the net product of the chemical 
industry alone is based on catalytic processes.1 
 
The basic principle of how a catalyst works for a chemical reaction is shown by the 
example in Figure 1.1. In the reaction between molecule A and molecule B to molecule 
AB, the catalyst works by providing an (alternative) reaction pathway involving a 
different transition state and lower activation energy. It shows, without catalyst, the 
reaction proceeds when A and B collide with sufficient energy to overcome the activation 
barrier. On the other hand, the catalytic reaction starts with another route: the reactants A 
and B first are bound to the catalyst. This complex favors the bond formation between A 
and B with a significantly lower activation energy than that for the uncatalyzed reaction. 
Finally, the product AB separates from the catalyst and the catalyst is ready for another 
catalytic cycle to bind new reactants. 
 
A catalyst cannot change the thermodynamics of a given reaction, which means that the 
equilibrium is unaltered. However, catalysts can perform reactions that, albeit 
thermodynamically feasible, would not run without the presence of a catalyst, or perform 
them much faster, more specific, or under milder conditions (e.g., lower temperature and 
pressure). This greatly enhances efficiency by decreasing energy and plant costs. The 
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efficiency is also increased by optimization of the selectivity of a catalyst. A catalyst can 
be tuned in such a way that only reaction pathways towards desired products are 
favorable. A decreasing chance of side reactions means that fewer reagents are needed 
and less waste is produced.   
 
 

 

Figure 1.1: Potential energy diagram of the reaction A+B→AB, showing gas phase and 
catalytic reaction pathways. 
 
 
Catalysts are usually divided in two main groups: homogeneous and heterogeneous 
catalysts. In homogeneous catalysis the reaction mixture and the catalysts are all in the 
same phase, usually the liquid phase. The catalyst can be a metal complex which is 
dissolved in a solvent together with the reagents. Homogeneous catalysts are 
characterized by a high activity and selectivity. A major drawback of this type of 
catalysts is that they are difficult to separate from the reaction mixture after the reaction is 
finished. In combination with high catalyst cost, this has made homogeneous catalysis 
less popular in industry. Homogeneous catalysts are mostly found in batch processes 
where volumes are small and the added value is high, e.g., in pharmaceuticals. Another 
type of homogeneous catalysis – although it is also considered as a class on its own – is 
biocatalysis. In biocatalysis natural catalysts, called enzymes are used in chemical 
reactions.  
 
In heterogeneous catalysis the catalyst is in a different phase than the reaction mixture. 
Usually, the catalyst is a solid substance (e.g., a metal or a metal oxide) and the reaction 
mixture can be a gas or a liquid. The success of this type of catalyst is due to the ease at 
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which it can be applied in all types of reactions, carried out in both continuous and batch 
mode. It is relatively easy to separate the catalyst from the reaction mixture and reuse it. 
Since the catalytic material is often expensive and can only work if it is brought in 
contact with the reagents, heterogeneous catalysts are usually dispersed on a high surface 
area carrier to obtain a high surface to weight ratio.1 
 
 
 
1.2 Polyethylene 
 
Polyethylene is probably the polymer you see most in your daily life.2 The annual 
production exceeds 40 million tons.3 It is the polymer used for grocery bags, shampoo 
bottles, water pipes, children's toys, and even bullet proof vests. For such a versatile 
material, it is amazing to see that polyethylene is the simplest of all commercial polymers. 
A polyethylene chain is nothing more than a long chain of carbon atoms, with 2 hydrogen 
atoms attached to each carbon atom. 
  
 
 

Figure 1.2 Structure of polyethylene. A single polyethylene chain can contain thousands 
of its repeating unit -CH2-. 
 
 
Figure 1.2 shows the structure of a simple polyethylene chain, with a single straight chain 
with many thousand carbon atoms. Nevertheless, branching can occur when a 
polyethylene chain forms. The impact of branching on polyethylene properties is 
enormous. Polyethylene can be classified into different groups according to the type and 
degree of branching. The most important types are presented in Figure 1.3. Names are 
derived from differences in density, a physical property which is strongly related to 
branching.4 
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High Density Polyethylene
(HDPE)

Low Density Polyethylene
(LDPE)

Linear Low Density Polyethylene
(LLDPE)

(a)

(b)

(c)
 

Figure 1.3 Chemical structures of the most common types of polyethylene. 
 
 
High Density Polyethylene (HDPE) consists of linear chains with no or a very low degree 
of chain branching. Since the chains are not hindered by any side groups they can 
approach each other very closely in a densely packed crystal structure. The strong 
intermolecular forces that exist in this structure result in a large tensile strength and a 
relatively high density of 0.94 g/cm3 or even higher. Applications of HDPE vary from 
drums, bins and crates to bottles and children’s toys. Low Density Polyethylene (LDPE) 
on the other hand, has a high degree of both long and short chain branching. The result is 
that the polymer is less crystalline and chains are less closely packed (density ranges 
from 0.91 to 0.94 g/cm3). The material has less hardness, stiffness and strength than 
HDPE but a higher ductility. Wrapping foil, garbage bags, packaging bags and tubes are 
LDPE applications. Linear Low Density polyethylene (LLDPE) has a linear backbone 
with short branches of usually two to six carbon atoms which are incorporated by using 
co-monomers. As in the case of LDPE the branching results in a lower density (0.915-
0.925 g/cm3) and the properties and applications are similar to LDPE. 
 
A polymer sample rarely consists of molecule chains of the same length. In fact, 
polymers are mixtures with certain distributions of chains of different molecular weights. 
Figure 1.4 shows an example of molecular weight distribution (MWD) of a polyethylene 
sample.  
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Figure 1.4 A molecular weight distribution plot of a polyethylene sample. The calculated 
average molecular weight values in this particular example are: Mn= 78×103 g/mol and 
Mw= 720×103 g/mol. 
 
Thus, values of average molecular weight are employed to describe a polymer. Number 
average molecular weight (Mn) and weight average molecular weight (Mw) are the two 
most frequently used values.4 By definition, Mn is simply the total mass of all chains in 
the sample divided by the amount of chains present: 
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Here N and M are the number of moles and molecular weight, respectively. For Mw, 
based on Mn, an extra weight factor is put in the calculation, which is presented as: 
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Comparing the two average molecular weights, one can conclude that Mn puts more 
emphasis on the low molecular weight part of the sample, while Mw considers the high 
molecular weight prominently. As a result, Mw is general of a larger value than the Mn.  
 
The ratio between Mw and Mn is called the poly dispersity index (PDI), which is used to 
characterize the range of molecular weights. The larger PDI, the broader a molecular 
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weight distribution is. Monodispersity (PDI = 1) is the property of a polymer containing 
chains with only one single molecular weight, which can only be obtained with biological 
polymers or approached with a polymerization method called living polymerization.5,6 
For most polymers, the values of PDI are in the range of 1.1 and 100.  
However, the use of average molecular weight and PDI becomes less useful when facing 
a polymer sample with a bimodal or multimodal MWD. In this case, the best way is to 
present the molecular weight distribution plot instead of merely listing the values of the 
average molecular weight and PDI. 
 
 
 
1.3 Ethylene polymerization catalysis 
 
Polyethylene was first synthesized by accident in 1898 when the German chemist Hans 
von Pechmann heated diazomethane. The resulting white, waxy substance was 
characterized to contain long -CH2- chains and was termed polymethylene. Eric Fawcett 
and Reginald Gibson at ICI chemicals in 1933, again by accident, applied extremely high 
pressure to a mixture of ethylene and benzaldehyde and obtained the same white waxy 
material.7 This accident led to the first industrial LDPE production in 1939 developed by 
another ICI chemist Michael Perrin. Till today, LDPE is still produced via this 
uncatalyzed route under very harsh conditions (e.g., pressure ≥ 1000bar, 
temperature≥ 150oC).              
 
In 1950’s, the discovery of three types of catalyst brought a major breakthrough in 
polyethylene synthesizes. In 1951 the Americans Hogan and Banks at Phillips Petroleum 
discovered that chromium oxide dispersed on a porous carrier material (e.g., silica) could 
catalyze the ethylene polymerization at a mild pressure and temperature.8 This system 
was named Phillips catalyst and nowadays is used for the production of over one third of 
all polyethylene produced worldwide.  
 
In 1953, the German chemist Ziegler discovered a catalyst based on titanium halides and 
aluminiumalkyl co-catalysts.9 In 1963, Ziegler obtained the Nobel Prize together with the 
Italian chemist Giulio Natta. The latter successfully developed Ziegler catalyst for 
propylene polymerization to produce stereoregular polyproplene. After 40 years of 
development, several generations of Ziegler catalyst have revolutionized the polyolefin 
industry. Today, more than 50% HDPE and 90% LLDPE are produced by Ziegler 
catalysts, which have been proven to be the most successful polyolefin catalysts so far.  
 



Introduction and Scope  7 
 

 
 

Very soon after the discovery of the Ziegler catalyst, metallocene complexes were found 
to be able to catalyze ethylene polymerization when activated by aluminiumalkyls.10,11 
However, the limited activity and stability of the metallocenes brought this type of 
catalyst little attention from the industry point of view. Much later, in 1976, Kaminsky 
and Sinn from Germany found a very highly active catalyst system from zirconocene and 
methyl aluminium.12,13 Later on, they noticed that traces of water were accidentally  
present and they realized that the true co-catalyst leading to the high activity is 
methylaluminoxane (MAO), a partially hydrolyzed product of methyl aluminium. In 
1986, Jordan and coworkers first demonstrated that the cationic metallocene complexes 
were the actual active species for polymerization.14 This finding resulted in the discovery 
of the use of perfluoro borates as non-coordinating anions to form active species with 
metallocenes.15,16  
 
Intensive research on homogeneous polyolefin catalysts has brought much knowledge 
about the catalytic systems, allowing the production of polymers with desired molecular 
weight, polydispersity and branching, and providing chemists with the ability to fine-tune 
material properties.  
 
 
 
1.4 Immobilization of the homogeneous polymerization catalysts  
 
After decades of domination by the classic Ziegler-Natta and Phillips catalysts in 
catalytic production of polyolefin, metallocene and other homogeneous catalysts are now 
presenting new opportunities for the polyolefin industry. However, few people believe 
that the homogeneous catalysts will replace the established catalyst systems in the near 
future. The biggest problem for the homogeneous system is that during polymerization, 
uncontrollable polymer growth takes place, which causes undesired depositions of 
polymer on the walls and other components of the reactor.  
 
To circumvent this “fouling” problem and let the reactor run continuously for weeks, 
months or even years without shutdown, one of the solutions is to run the polymerization 
in a solution medium which can dissolve the resulted polymer or apply the process above 
the melting point of the polymer. Yet another solution, which is much more universal, is 
to immobilize the homogeneous catalysts to a carrier and to apply them in the so-called 
particle-forming technology (shown in Scheme 1.1) with gas- or slurry-phase processes. 
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catalyst particle growing polymer final polymer particle  
Scheme 1.1 Polymer particle growth in a particle-forming process.17 
 
 
Gas- or slurry-phase processes have been used for Ziegler-Natta and Phillips catalysts for 
polyolefin production for more than 50 years and are extremely efficient and well-
understood technologies. The success of these processes relies on the formation of the 
polymer particle of appropriate size and shape, replicating the morphology of catalyst 
particle. 
 
Various materials, such as silica gel, MgCl2 or polymers, have been used as the carrier to 
immobilize the homogeneous polyolefin catalysts. Among them, silica gel is the one 
receiving most attention.17,18 This choice is based on several reasons: firstly, chemists 
have studied and used silica as catalyst support for Ziegler-Natta and Phillips catalysts for 
decades; secondly, the preparation of silica particles with desired physical and chemical 
properties is a well-refined art; last, but not the least, surface hydroxyl groups from silica 
surface provides various opportunities for chemists to attach catalysts via surface 
reactions. 
 
There are two major approaches to immobilize homogeneous polyolefin catalysts to the 
silica surface. One is to immobilize the catalyst precursor component to the support, 
followed by addition of the co-catalyst (an example is shown in Scheme 1.2 a); the other 
is to immobilize the co-catalyst with subsequent addition of a catalyst precursor (an 
example is shown in Scheme 1.2 b). 
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Scheme 1.2 Examples of how to immobilize catalysts for ethylene polymerization 
(adapted from reference17).  
 
 
 
1.5 The flat model approach 
 
Given the importance of catalysis in the chemical industry it is not surprising that 
research is conducted all over the world to design new and improve existing catalyst 
systems. In industry, most research is focused on exploiting a catalyst rather than 
understanding it. In most cases the use, development and optimization of catalysts is 
based on empirical knowledge about the effect of preparation methods, additives and 
different carriers on the reaction. The developed catalysts based on this research are often 
complex mixtures of different phases and wide varieties of compounds. Our knowledge 
about the nature of the catalytic system is often vague and based on indirect evidence. It 
is self-evident that understanding the catalytic system on a molecular level gives new 
ways and insight to develop and tune catalysts. Gaining better understanding in these 
fundamentals requires the application of spectroscopic and microscopic techniques on the 
(active) catalyst, coupled with catalyst testing. The catalysts as used in industry, however, 
are often not suitable for systematic fundamental studies for a few reasons. Firstly, the 
active surface of a catalyst is often hidden in the pore structure of supports and the 
surface area exposed for characterization is often too low. Secondly, as already 
mentioned, industrial catalyst systems are too complex. The active phase is only a small 
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fraction and hard to distinguish from inactive phases. This makes it hard to assign 
macroscopic properties of the catalyst to the microscopic structure. 
 
In order to partially overcome these problems model catalysts can be developed. A model 
catalyst is an idealized version of an existing catalyst systems that has been prepared to 
gain information on certain aspects of the catalyst that cannot be gained from the 
conventional system. Ideally only the phases or sites that form the core active material are 
present. In this way it is easier to prepare a well-defined catalyst and limit the amount of 
unknown parameters which complicate the investigation. In summary the design of a 
model catalyst is a compromise between achieving a simple well definable and 
controllable catalyst and resembling the original industrial catalyst to maintain relevance. 
 
For a study of the silica-supported olefin polymerization catalytic systems, a 
straightforward choice in designing a model catalyst is the use of a flat silicon disc 
covered with a thin film of SiO2. On top of this flat film the catalyst can be immobilized 
by various methods. In fundamental studies flat model catalysts based on silicon disks 
with thin silica layers offer several advantages:19 

• All catalytically active material is exposed and not hidden in pores. This makes it 
easier to achieve a correlation between catalyst activity and surface 
characterization: the surface that is probed by spectroscopy techniques is identical 
to the active surface. 

• The silica layer is sufficiently thin to conduct and minimize the effects of 
charging on applying techniques like X-ray photoelectron spectroscopy (XPS) and 
scanning electron microscopy (SEM).  

• The extremely flat surface facilitates the application of scanning probe techniques 
like atomic force microscopy (AFM) which make it possible to visualize the 
catalytic surface on a nanometer resolution. 

• When used to model and test polymerization catalysts, a flat active surface results 
in polymer growth in a direction normal to the catalyst plane to form a film. This 
well defined polymer growth can be used as a tool to obtain information of the 
active catalyst on a micrometer scale. 

 
Disadvantages inherent to the use of flat model catalysts: 

• Since the active phase is distributed on a very small area (dimensions in the order 
of centimeters) the amount of active material is extremely small. As a result the 
catalyst is very sensitive to impurities and extreme care should be taken in 
interpreting activity data. Reproducible activities similar to the conventional 
systems are indispensable in proving similarity with industrial catalysts. 
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• The small amount of active material results in small yields on an absolute base. 
This can trouble catalytic testing and analysis of reaction products. 

 
Flat models have been developed to investigate the Phillips catalyst and detailed insight 
into active chromate species and the interplay between the catalysts and polymer 
properties have been obtained.20-23 Later on, pilot experiments using flat model catalysts 
to study silica-supported single-site catalysts were carried out. Metallocene catalysts with 
MAO or borate co-catalysts were impregnated on flat silica for ethylene 
polymerization.24, 25 However, in these studies of supported homogeneous catalysts, no 
covalent supporting processes were involved. The catalysts were observed to cluster on 
the surface during the supporting procedure, which resulted in ball-shaped polyethylene 
particles. Nevertheless, in an ideal supported catalyst system, the catalysts should be 
anchored to the surface and remain strongly immobilized during polymerization.  For that 
reason, development of well-defined model systems for supported homogeneous 
polyolefin catalysts is the main scope of this thesis. 
 
 
 
1.6  Scope of the thesis 
 
The scope of this project is to develop well-defined model systems for silica-supported 
homogeneous olefin polymerization catalysts and to study the flat model catalysts by a 
combination of spectroscopy studies and systematic polymerization tests. In this project 
we aim to gain fundamental understanding of the morphology aspects of nascent 
polyethylene by combining microscopy and polymer characterization techniques. 
 
Chapter two gives a description of the reactor system which is designed for reactions on 
wafer surfaces in solution. After that, the most important spectroscopy and microscopy 
techniques used in this thesis are introduced and explained. The experimental details of 
using these techniques for the catalysts and polymer samples in this thesis are also given 
in this chapter. 
 
Chapter three explains in detail the preparation of the model surface SiO2/Si(100) wafer. 
The surface active sites on SiO2/Si(100) wafers are quantified using probe chemicals and 
XPS analysis. The chapter ends with surface chemistry tests on the SiO2/Si(100) wafers. 
These tests include silanization and condensation reactions. 
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Chapter 4 demonstrates an approach to build the flat model system using anchoring  
borate co-catalysts. This approach involves the immobilization of B(C6F5)3 first, and then 
the zirconocene catalyst.  This appeared unsuccessful. 
 
Chapter 5 deals with the preparation of SiO2/Si(100) wafer-supported bis(imino)pyridyl 
complexes and their qualitative and quantitative characterization by XPS. As precursors 
of the ethylene polymerization catalysts, these complexes are covalently immobilized to 
the surfaces of SiO2/Si(100) wafers. 
 
Chapter 6 involves the effect of conditions on the polymerization in terms of catalyst 
activity and polymer molecular weight using the SiO2/Si(100) wafer-supported 
bis(imino)pyridyl complex catalysts. Results are compared with homogeneous and silica 
gel-supported catalytic systems. Polymerization mechanisms for the flat model catalysts 
are discussed.  After that, a study of the stability of the model catalysts upon the 
treatment of co-catalyst in solution is reported. 
 
Chapter 7 deals with morphology aspects of polyethylene samples growing on flat 
SiO2/Si(100) wafers using supported catalysts. The effect of polymerization conditions on 
the PE morphology is discussed. The chapter ends with a discussion of superhydrophobic 
properties rendered by the morphology of the PE samples. 
 
Chapter 8 shows preliminary results using other characterization techniques to study the 
supported bis(imono)pyridyl complex catalysts. Challenges and outlook of using the 
model catalyst towards deeper understanding of the catalyst performance and polymer 
crystalline structures are presented. 
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2Experimental Details 
 
 
 
2.1 Autoclave reactor for polymerization  
 
Figure 2.1 (a) shows the autoclave setup used for the ethylene polymerization of 
SiO2/Si(100) wafer-supported catalysts. This setup contains two reactors, each of which 
is 100 ml in volume and equipped with a magnetic stirrer. Independently in both reactors, 
the temperature can be set between room temperature and 150oC and the pressure can be 
set up to 10 bars.  
 
A metal holder, as shown in Figure 2.1 (b), is designed to hold wafer samples in the 
reactor. 5 pieces of wafer of 2 × 2 cm2 can be located into the reactor at the same time by 
using this holder. Each piece of the wafer can be prepared with different immobilized 
catalysts of various loadings and then subjected to ethylene polymerizations 
simultaneously. This setup allows us to obtain the best comparable results from the 
catalysts performance. 
 
The reactor on the right hand side is serving as a pre-mixing reactor, in which solvent 
with co-catalyst (e.g., TIBA) is pressurized with ethylene at a desired pressure and 
temperature. The reactor on the left hand side is the actual polymerization reactor, where 
the SiO2/Si(100) wafers with supported catalysts are located. A tube connects both 
reactors. After the solvent with co-catalyst is saturated with ethylene in the pre-mixing 
reactor, it is transferred to the polymerization reactor through the tube and the 
polymerization starts immediately. This procedure yields a well-defined start point of the 
polymerization. The ethylene pressure maintains constant during the polymerization in 
the actual reactor. Releasing the ethylene pressure and removing the wafer samples out of 
the solution stops the polymerization. 
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Figure 2.1 Autoclave reactor setup 
for polymerizations and a sample 
holder with 5 pieces of SiO2/Si(100) 
wafer samples. 

 
 
 
 
2.2 X-ray photoelectron spectroscopy (XPS) 
  
2.2.1 General description 
 
X-ray photoelectron spectroscopy (XPS)1 is connected with two Nobel Prizes in Physics. 
The first was the explanation of the photoelectric effect by Albert Einstein in 1905, for 
which he was awarded the Nobel Prize in physics in 1921. Later on in 1960s Kai 
Siegbahn developed XPS based on the photoelectric effect, which brought him the Nobel 
Prize in physics in 1981. Nowadays XPS is one of the most widely applied surface 
science characterization techniques. It yields information on the elemental composition 
and the oxidation states of the elements from a sample surface. 
 
The photoelectric effect is the emission of electrons from matter upon the absorption of 
visible light, UV light or X-rays. The kinetic energy of the emitted electron depends on 
the energy of the adsorbed light according to the following equation1:  
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ϕν −−= bk EhE          2.1 

 
where 
Ek is the kinetic energy of the photoelectron 
h is Planck’s constant 
ν is the frequency of the absorbed radiation 
Eb is the binding energy of the photoelectron with respect to the Fermi level of the 

sample 
φ is the work function of the spectrometer 
 
If a material is irradiated with a source of known energy, such as Mg Kα (1253.6 eV) or 
Al Kα (1486.6 eV), the binding energy of the electron in the atom can be determined by 
measuring its kinetic energy after ejection. The binding energy of the electron is directly 
related to the atom it originates from and thus carries element specific information. In 
XPS the intensity of electrons is measured as a function of their kinetic energy, but in an 
XPS spectrum the intensity is usually plotted as a function of the binding energy. Figure 
2.2 shows an XPS spectrum of a SiO2/Si(100) wafer modified by aminosilanes. Peaks for 
silicon, oxygen and nitrogen are clearly visible. A peak for carbon is almost always 
present because of the contamination by hydrocarbons. The binding energy of the 
electrons from a specific atom is dependent on the oxidation state and the chemical 
environment of the atom. Small shifts (usually a few eV) occur which are referred to as 
chemical shift. Interpretation of chemical shifts is usually done by comparing binding 
energies with those of reference compounds.  
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Figure 2.2: XPS widescan of a SiO2/Si(100) wafer modified by aminopropyl-
triethoxylsilane.  
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Charging is a phenomenon frequently observed with XPS and other electron or ion 
spectroscopies on non-conducting samples. Because of irradiation of the sample with X-
rays, photoelectrons leave the sample, causing a potential difference. This potential 
difference results in a shift in the binding energy of all peaks. The potential of the sample, 
and hence the charge induced shift, is determined by the photoelectric current of electrons 
leaving the sample, the current through the sample holder towards the sample and the 
flow of Auger and secondary electrons from the source window onto the sample. After 
measurement, the charging shift can be removed by normalizing the spectrum on a peak 
of known binding energy (e.g., Si4+ in SiO2) 
 
 
2.2.2 Surface density quantification by XPS 
 
Besides qualitative analysis, XPS can be used to analyze the composition of sample 
surfaces. However, extracting quantitative information from peak intensities should be 
done with care, as the area of a peak does not depend on the amount of atoms present on 
the sample alone. The intensity of a photoelectron peak can be expressed as follows1: 
 

( ) ( ) ( ) ( )∫
∞

−=
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kkX

θλ λσ       2.2 

    
where 
I is the intensity of the XPS peak (area) 
FX is the X-ray flux on the sample 
S(Ek) is the spectrometer efficiency for detecting the electron at kinetic energy Ek (also 

called transmission function) 
σ(Ek) is the cross section for photo emission 
n(z) is the concentration in number of atoms per unit volume 
z is the depth below the surface 
λ(Ek,z) is the mean free path of the photoelectron at kinetic energy Ek through the 

material present at depth z 
θ is the angle between the direction in which the photoelectron is emitted and the 

surface normal (take-off angle) 
 
Cross sections are element specific and have been calculated and tabulated. The 
exponential term in Equation 2.2 corresponds to the escape probability of the emitted 
electron from the sample. This probability decreases with the depth relative to the surface 
where the emission took place. The mean free path of an electron (λ) corresponds to the 
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distance an electron can travel without loosing energy (and therefore information) to 
inelastic interactions. Mean free paths of photoelectrons in solids with energies realistic 
for XPS (15-1000 eV) are in the order of 0.4 to 2 nanometers. In order for the electrons to 
be detected by the spectrometer the technique needs to be conducted at ultra high vacuum 
conditions (UHV). An important consequence of the small inelastic mean free path is that 
the XPS intensity for atoms at the surface is considerably higher than for atoms just 
below the surface. Atoms situated more than a few nanometers below the surface hardly 
contribute to the XPS signal. Thus XPS is a surface sensitive technique: spectra carry no 
information about the bulk composition of a sample but tell a lot about the surface 
composition. This explains the importance of XPS in heterogeneous catalysis where the 
attention focuses on the exposed surface.  
 
If we assume a certain distribution of elements on the sample surface, such as 
homogeneous distribution of A and B, or a fractional monolayer A on a flat substrate B, 
we can obtain satisfactory quantitative information on the relative concentrations of the 
elements by taking the ratio of signal intensities in the same spectrum. In the case of a 
sample with a homogeneous distribution of elements on the surface, then: 
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n

/
/

=            2.3 

 
where subscript A and B refer to two different elements; n is the number of the element 
per volume of the surface; I is the number of photoelectrons per second in a specific 
spectral peak; S is the Wagner atomic sensitivity factor for XPS,3 which is based on 
empirical data.  
 
In this project, we investigate samples with a fraction of a monolayer of molecules on a 
flat SiO2/Si(100) surface. Therefore, we use the following expression: 
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where σ is the cross section for photo emission for XPS and has been calculated and 
tabulated.4 Compared to Equation 2.3, the cross section σ is used in Equation 2.4 instead 
of the Wagner atomic sensitive factor S. In the case of fractional monolayer of molecules 
on a flat surface, all the elements of the fractional monolayer molecules are probed by 
XPS. In this case, the depth below the surface z and the mean inelastic free path of the 
photoelectron at kinetic energy λ(Ek) in Equation 2.2 can be simply neglected.  
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Absolute quantitative data in terms of so many atoms per nm2 estimated throughout this 
project are based on a method developed in our group.5 The coverage of the (less than 
one monolayer of) chromium atoms on the flat silica surface (a flat model of the Phillips 
ethylene polymerization catalyst) was quantitatively determined by means of Rutherford 
Backscattering Spectroscopy (RBS) and spin-coating techniques. The same samples were 
subsequently analyzed by XPS. In both XPS and RBS, a linear relation was observed 
between the Cr-signal intensity and chromium coverage. A corresponding factor f from 
XPS intensity to the absolute chromium density could thus be easily derived. For Cr 2p, 
the value of f is 0.717, which means that in an XPS spectrum of a SiO2/Si(100) wafer 
sample, if the intensity ratio of the peaks from Cr 2p and Si 2p is 0.717, the loading of the 
Cr is 1 nm-2. The values of f for other atoms can be determined by using the factor f of Cr 
and the cross section σ for photo emission for XPS. Thus the absolute density for atoms 
can be estimated on the basis of XPS measurements alone: 
 

Si

A
A I

I
f

D ×=
1           2.5 

 
where A refers to the element on the surface other than Si; D is the absolute elemental 
density on SiO2/Si(100) surface;  f is the quantitative factor; IA is the intensity of the XPS 
peak of element A; ISi is the intensity of the XPS Si2p peak. Table 2.1 gives the 
quantitative factor f of the XPS peak intensity to the absolute elemental density for 
selected elements.  
 
Table 2.1 The quantitative factor (f) for the quantitative estimation of the absolute 
element density on SiO2/Si(100) surfaces 

 
Element 

 
Line 

 
Quantitative 

factor 

  
Element 

 
Line 

 
Quantitative 

factor 
       

Cr 2p 0.717  Fe 2p 1.00 
Al 2p 0.033  I 3d5/2 1.22 
B 1s 0.030  N 1s 0.110 
C 1s 0.061  Sn 3d5/2 0.908 
Cl 2p 0.140  V 2p 0.590 
Co 2p 1.170  Zr 3d 0.355 
F 1s 0.272     

 
 
 



Experimental Details  21 
 

 
 

2.3  Scanning electron microscopy (SEM) 
 
Scanning electron microscopy (SEM)1 is an easy and quick method to obtain topology 
and morphology information of a sample. Electrons with an energy between a few 
hundred eV and 50 keV leave an electron gun, pass trough a series of electromagnetic 
lenses, and then form a narrow electron beam with a very fine focal spot sized 1 nm to 5 
nm. Figure 2.3 shows interactions of a primary electron beam with a sample. 
 
A part of the electrons will pass through the sample depending on the sample thickness. 
These electrons can be divided in transmitted electrons, diffracted electrons and loss 
electrons. Some electrons are scattered back due to elastic collisions with sample atoms, 
forming the backscattered electrons. Secondary electrons are formed when the primary 
electrons transfer energy to the sample due to inelastic scattering. Furthermore the 
interaction of an electron beam with a sample induces Auger electrons, X-rays and other 
photons from UV to infrared.  
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Figure 2.3: Detectable signals on the interaction of a primary electron beam with a 
sample (left panel) and a schematic setup of a SEM (right panel).1 

 
In SEM detection of backscattered and secondary electrons is used to construct the 
image. Contrast is obtained by the orientation of the surface relative to the detector. 
Surfaces facing towards the detector appear brighter than surfaces pointing away from the 
detector. Scanning the surface and correlating each position of the beam on the sample 
surface with a certain concentration of backscattered or secondary electrons yields a 
topology image. Differences in contrast are also caused by atoms with differences in the 
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ability to scatter electrons. Heavy atoms will appear brighter than light atoms since heavy 
atoms scatter electrons more effectively. Under the most optimal conditions SEM has a 
resolution of about 4 nm. When measuring polymers at low operation voltages a sub-
micrometer resolution is more realistic. 
 
 
 
2.4  Size exclusion chromatography (SEC) 
 
Size exclusion chromatography is a technique to obtain the molecular weight distribution 
curve of particles by separating molecules based on their size.  It is usually applied to 
large molecules or macromolecular complexes such as proteins and polymers. The 
technique is also known as gel permeation chromatography (GPC), a name that dates 
back to the time glass columns with gels were used to conduct the analysis. Nowadays 
high pressure liquid columns are used and SEC is the correct expression. 
 
In SEC a column is packed with different beads of a porous material (silica or cross-
linked polystyrene) with a specific pore size. A solvent (e.g., 1,2,4-trichlorobenzene or 
tetrahydrofuran) is passed through the column at around 1 ml/min and pressures of 50 to 
200 bars. The sample is dissolved in the same solvent and is injected in a solvent stream 
passing through the column. In solution each polymer chain occupies a certain volume 
(the hydrodynamic volume) which depends on the chain size. In the column the chains 
are separated, based on a different affinity to diffuse into the porous material. Larger 
molecules have a large hydrodynamic volume and will therefore have more difficulty to 
diffuse into the pores. As a result these longer chains will spend more time in the mobile 
solvent phase and will pass through the column faster. Smaller molecules have a 
preference to reside in the stationary phase since they fit in practically all pores and hence 
need more time to pass the column. At the end, a detector measures the sample 
concentration in the solvent flow. In this way a plot is generated of detector response 
versus retention time. Together with calibration data this plot is converted to a plot 
showing the amount of material as a function of molecular weight. 
 
Since SEC measures the hydrodynamic volume instead of chain size, calibration of the 
equipment is extremely important in obtaining meaningful data. Calibration is done by 
injecting samples of exactly known molecular weights. 
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2.5 Attenuated total reflection – Fourier transform infrared (ATR-IR) 
spectroscopy        
 
ATR is based on the existence of an evanescent wave in the medium of low index of 
refraction when the infrared (IR) radiation propagates in a denser medium in a total 
internal reflection mode.6,7 This evanescent wave decays exponentially according to 
Equation 2.6,7 which allows this technique to probe only the first micrometers in the rarer 
medium: 
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where  
n21=n2/n1, and n1 and n2 are the refractive index of the optically denser and rarer
 medium, respectively 
λ1 is the wavelength of the radiation in the denser medium, and λ1=λ/n1 where λ is 

the wavelength in free space 
θ is the angle of incidence with respect to the normal 
Z  is the distance from the surface as shown in Figure 2.4. 
 
 
 

 
Figure 2.4 Schematic diagram of a horizontal sampling accessory illustrating the 
parameters of significance to evanescent wave. 
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The definition of the depth of penetration dp is the value of Z=1/γ, corresponding to a 
decay of the electric field of 63%. It should be noted that the actually depth sampled ds 
(decay of the electric field of 95%) is about 3 dp. The depth of penetration dp is expressed 
as7: 
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or with ν, the wavernumber (cm-1) 
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The reflective indexes for ZnSe crystals and PE are 2.4 and 1.52, respectively. If we 
assume that no toluene will be dissolved in the polymer when the polymer grows on the 
ZnSe surface in toluene solution, Equation 2.8 will lead to a dp value of 0.7 µm at a 
wavenumber of 3000 cm-1. The actual depth sampled would be ca. 2.1 µm (ds = 3× dp). 
Hence, in PE films thicker than about 2 µm only the first 2 µm contribute to the ATR 
signal. 
 

Figure 2.5 ATR-FTIR setup for ethylene polymerization, where a ZnSe crystal with 
anchored catalysts is enclosed in the flow cell. 
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For the investigation of the flat model for immobilized olefin polymerization catalysts, an 
ATR-IR flow cell setup has been designed. This setup includes solution containers, a pre-
reactor and an ATR flow cell, all of which can be connected to gas supplies with a 
pressure up to 10 bar and a vacuum system. A solution (e.g., TIBA in anhydrous toluene) 
can be introduced to the pre-reactor, where the solution will be saturated with ethylene at 
a desired pressure. After that, the ethylene-saturated solution is introduced into the ATR 
cell under the ethylene pressure in a flow mode with the speed controlled by a flow 
meter. Both the pre-reactor and the ATR cell can be set to a desired temperature up to 
150oC. If there are olefin polymerization catalysts immobilized on the ATR crystal 
surface, PE will start to grow on the crystal surface when the ethylene-saturated solution 
containing co-catalyst is introduced into the ATR flow cell. In the meantime, infrared 
spectra are recorded online to monitor the polymerization. 
 
Besides the in-situ analysis of the polymerization via the ATR flow cell, this setup can 
also be used to study the change in PE crystallinity by thermal treatment. The temperature 
of the ATR flow cell can be increased or decreased at a rate of 1oC per min. In the mean 
time the ATR-FTIR records the spectra as a function of temperature. 
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3Silica Surface Chemistry on 

SiO2/Si(100)  Surfaces 
 
 
 
3.1 The surface nature of silica 
 
Amorphous silica gel is almost the universal choice as the carrier for the immobilization 
of homogeneous polyolefin catalysts.1 One of the major reasons is that the silanol groups 
on the silica surface offer a high degree of surface functionality, which can be taken 
advantage of to immobilize catalyst components. Therefore the surface groups on the 
silica surface deserve a close look since they control the chemical reactions of the 
surface. 
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Figure 3.1 Types of silanol groups and the siloxane bridge on the surface of amorphous 
silica. 
 

Silica surface hydroxyls, see figure 3.1, are classified as following: i) isolated silanol, ii) 
geminal silanol, and iii) vicinal silanols. On the silica surface there are also surface 
siloxane groups and adsorbed water. Furthermore, there is structurally bound water inside 
the silica skeleton and internal silanol groups. 
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Figure 3.2 Effect of calcination temperature on the surface of amorphous silica. 
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Different methods have been applied to characterize the silanol groups, such as 
infrared,2,3,4 deuterium exchange,5,3 solid-state NMR,2,6,7 and mass spectrometry 
combined with thermal analysis. 7,8 Apart from the above methods, a titration approach is 
also often used to quantify the surface hydroxyls on silica and alumina, which requires 
the surface to react with different organometallic compounds, including ethyllithium 
C2H5Li, methylmagnesium iodide CH3MgI, triethylaluminium (C2H5)3Al,9-11 tetraalkyltin 
complexes R4Sn and tributyltin hydride (n-C4H9)3SnH.12,13 By measuring the volume of 
the alkane or hydrogen generated from the titration reaction, the number of the silanol 
groups can be determined. Silanes and disilazanes, such as trimethylchlorosilane 
(CH3)3SiCl and dimethyldichlorosilane (CH3)2SiCl2, hexamethyldisilazane NH(SiMe3)2 
and tetramethyldisilazane NH(SiHMe2)2 have also been applied as silanol titrators.14,15 
Besides silanol groups, strained siloxane bridges are also reported to be reactive to some 
reagents, resulting in an opening of the bridge. Reactions of silica with 
trimethylethoxylsilane (CH3)3SiOC2H5, H2O, NH3 etc. can proceed with opening of 
siloxane groups.16-18  

 
Figure 3.3 Distribution of the silica surface species as a function of the temperature of 
pretreatment in vacuum (adapted from reference 19). curve 1, average concentration of 
the total OH groups; curve 2, average concentration of the free isolated OH groups; 
curve 3, average concentration of vicinal OH groups bound through hydrogen bonds; 
curve 4, average concentration of geminal OH groups; curve 5, average concentration of 
surface Si atoms that are part of siloxane bridges and free of OH groups; curve 6, 
average concentration of surface SiOSi bridges, which are free of OH groups. 
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A comprehensive overview on the surface groups of amorphous silica surfaces was 
recently reviewed by Zhuravlev, as illustrated in Figure 3.3.19 According to this study, all 
the physically adsorbed water is removed when silica samples are heated to 200oC in 
vacuum. Fully hydroxylated silica contains 4 to 5.5 hydroxyl groups per nm2, with an 
average value of 4.6. Upon heating silica at temperature above 200oC, the overall density 
of the hydroxyl group decreases dramatically due to the condensation of adjacent 
hydroxyl groups to form a new siloxane linkage. The density of the isolated silanol will 
increases until it reaches a maximum at 400oC. Above 400oC, the vicinal silanol groups 
are completely removed and the number of the other kinds of silanol groups keeps 
decreasing with the rise of temperature.  
 
 
 
3.2 Preparation of the flat SiO2/Si(100) surfaces 
 
The preparation of the SiO2/Si(100) flat surface starts from a silicon single crystal wafer 
with (100) surface orientation.20,21 The typical size of a wafer studied in this project is 
2×2 cm2. After calcination at 750oC for 24 hours, a thin layer of amorphous SiO2 film 
(around 20 nm) will form on top of the wafer. The resulting wafer is further treated with a 
so called base “piranha” solution, a 1/1 in volume mixture of NH4OH and H2O2. During 
this etching procedure, the piranha solution is heated to 60oC for 10 min. The peroxide 
decomposes rapidly and removes the organic layer on the silica surface, while the silica 
surface will be fully hydroxylated. After the etching, the wafer is transferred into boiling 
water for the removal of the adsorbed NH4OH. Then the wafer is let to dry in hot air, 
leading to the removal of all the physically adsorbed water and at more elevated 
temperatures to a reduction of the hydroxyl groups.  The wafer is subsequently 
transferred into and kept inside a glove box and ready to be used as a flat model to the 
amorphous silica surface. All the SiO2/Si(100) wafer samples in this thesis are prepared 
via this method unless stated otherwise. The preparation procedure is summarized in 
Scheme 3.1. 
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Scheme 3.1 Preparation of the SiO2/Si(100) model surface. 
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3.3 Estimation of the density of reactive sites on the flat SiO2/Si(100) 
surface 
 
In this thesis olefin polymerization catalysts are immobilized onto the flat silica surface 
via covalent bonds, which requires reactions of functional anchoring groups with the 
silica surface groups. We are interested in the overall population of reactive sites on the 
flat silica surface, since this population will show the scope of the chemical reactions on 
the silica surface. As mentioned in 3.1, the surface silanol and highly strained siloxane 
bridge groups are the candidates for the reactive sites. A few attempts have been made to 
quantify these reactive sites on the flat silica surface dried at 500-900oC by using 
methylmagnesium iodide CH3MgI and tributyltin hydride (n-C4H9)3SnH as probes.  
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Scheme 3.2 Proposed reactions of silica’s silanol and siloxane groups with tributyltin 
hydride and methylmagnesium iodide. 
 
As reported in literature, the reaction of silanols with CH3MgI is very fast, almost 
instantaneous, and leads to the formation of methane and (easily hydrolysable) ≡Si-O-
MgI on silica surface.9,10 In a similar way, Bu3SnH starts reacting with silanols at room 
temperature (the reaction taking several hours) by producing hydrogen and forming ≡Si-
Sn(n-C4H9)3 fragments on the silica surface.12 The volumetric measurement of the 
evolved gas (CH4 or H2) was used to determine the silanol population of silica gel 
samples. Nonetheless, in the case of flat silica wafers the volumetric measurement is 
unrealistic since mere nanomols of CH4 or H2 are produced from a wafer sample of 2×2 
cm2. We use the method described in Chapter 2 in this section to employ XPS to quantify 
the surface species of the flat wafers after reactions with these probe chemicals, which 
provides information about all reactive sites on flat silica. 
 
Flat silica wafers dried at 500, 700 and 900oC in hot air overnight are treated with 
CH3MgI or (n-C4H9)3SnH solutions. XPS is used to quantify the surface species on the 
resulting wafers. The final results are summarized in Figure 2.3 and Table 2.1, together 
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with literature data on surface densities of silanol groups and siloxane bridges of silica 
dried at the same temperatures in vacuum. 
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Figure 3.4 XPS analysis of surface species of wafers of 3B and 3C (Scheme 3.2) after 
treatments with CH3MgI or with (n-C4H9)3SnH solutions. Wafers were precalcined at 500, 
700 and 900oC. XPS quantification is based on I 3d5/2 and Sn 3d5/2. Data for silica gel  
are adapted from literature 19.  
 
Table 3.1 Summary of the densities of surface species of wafers of 3B and 3C 
determined by XPS analysis. 
Silica’s calcination temperature 500oC 700oC 900oC Reference 
Number of Sn-atoms nm-2 1.01 ± 0.27 0.97 ± 0.16 0.95 ± 0.12 This work 
Number of I-atoms nm-2 3.5 ± 0.5 2.7 ± 0.3 1.9 ± 0.6 This work 
Total SiOH-groups nm-2  1.8 1.15 0.40 (19) 
SiOSi bridges (free of OH-groups) nm-2  1.4 1.73 2.10 (19) 
Amount of OH-groups and SiOSi nm-2 3.2 2.9 2.5 (19) 
 
 
After the reaction between (n-C4H9)3SnH and the flat silica surface, the XPS peak from 
Sn of sample 3B can be used for quantitative analysis. The experimental results (Figure 
3.3 and Table 3.1) show that the amount of Sn detected by XPS on the flat silica surface 
does not vary with the calcination temperature, maintaining a loading of the Sn around 1 
atom nm-2. This loading is 2 times higher than the loading of the hydroxyl group from the 
silica gel surface dried at 900oC reported in literature. This indicates either that the flat 
silica surface maintains more hydroxyl groups at high calcination temperatures than the 
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silica-gel surface, or that the strained siloxane bridges which are formed during the 
calcination remain highly active. 
 
Apart from the density of the reactive sites on the flat silica surface, the possibility of the 
surface chemical reaction is also determined by the size of the reagent. Since the surface 
we investigate here is of a super flat nature with a roughness below 1 nm, a bulky group 
anchored on the surface will exclude the surrounding reactive sites from being reached by 
other reagent. The area of the complex (n-C4H9)3SnH is estimated to be close to 1 nm2. 
This number suggests a saturated density of ≡Si-Sn(n-C4H9)3 of around 1 site per nm2, 
which is in a good agreement with the density we obtain from XPS analysis.  
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Figure 3.5 I 3d 5/2 and Mg 2s regions of the XPS spectra of silica wafers treated with 
CH3MgI (3C). Temperature in oC is that of the silica’s drying process.  
 

After the treatment with Grignard reagent CH3MgI solution in toluene, the elements Mg 
and I can be detected by XPS on the surface of the wafer 3C, which demonstrates ≡Si-
MgI groups have been formed on the surface. I 3d5/2 is used for XPS quantification due to 
its high sensitivity in XPS. Peaks from Mg are less suitable for quantitative analysis 
because the low-XPS-sensitive Mg 2s peak overlaps with the satellite peak from Si 2p 
and the Mg 2p peaks overlap with the I 4d peak. 
 
From Figure 3.3 and Table 3.1, it is clear that the density of iodine atoms of sample 3C 
decreases with an increase in drying temperature. However, a comparison with the results 
from literature, this iodine density is considerably higher than the density of the silanol 
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groups for all three drying temperatures. On the other hand, the iodine loading agrees in 
the error range with the overall amount of silanol groups and siloxane bridges.  
 
There are two possible explanations for the results as mentioned before: one is that after 
the calcination process more silanol groups survive on the SiO2/Si(100) surface than on 
the silica-gel surface. It may be that when a flat silica wafer is dried, the relaxation of Si-
O-Si framework is limited and, therefore, dehydroxylattion does not take place as easily 
as on bulky amorphous silica with high surface areas. An alternative explanation is that 
dehydroxylation on flat silica does occur in the same way at the same drying temperature, 
but the resulting siloxane bridges are all highly strained and, as such, are highly reactive. 
If we want to quantify the reactive sites on the flat silica surface, not only the silanol 
groups but also the siloxane bridges have to be taken into account. Besides the surface 
silanol groups reacting with Me3MgI, the siloxane bridges can be opened by Me3MgI. 
Both reactions result in the surface species ≡Si-MgI, as shown in Scheme 3.2. It is the 
same situation for the silica surface reaction with (n-C4H9)3SnH, where the siloxane 
bridges have to be considered for the active sites. On the other hand for the titration 
approach to quantify the silica gel silanol groups, reactions with the oganometallic probes 
and siloxane bridges are not considered since there is no gas formed from those reactions.  
 
In summary, we have observed that flat silica wafers have more reactive sites than one 
would expect based on data reported in literature for the amount of silanol groups on 
amorphous silica. From the XPS quantitative analysis, the densities of the reactive sites 
are 3.5, 2.7 and 1.9 groups nm-2 for the surface dried at 500, 700 and 900oC, respectively. 
 
 
 
3.4 Surface chemistry tests on flat silica wafers 
 
The Immobilization of catalysts on silica surfaces, regardless the approach (grafting or 
tethering), will always involve steps of surface chemical reactions. Before building up an 
organometallic polyolefin catalyst on flat silica surfaces, several surface chemical 
reactions have been tested on such surfaces. The purpose of these tests is to evaluate the 
reactivity of the SiO2/Si(100) wafer surfaces and the use of XPS to qualify and quantify 
the modified  wafer surfaces. In this study, small organic compounds with anchoring 
groups are employed as the probe molecules. These compounds also contain certain XPS-
sensitive elements, which can be used for the quantitative analysis. For all the tests in this 
section, SiO2/Si(100) wafer surfaces are pre-dried at 250oC  before use. 
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Aminosilylation of hydroxyl groups on silica surfaces has been studied for applications in 
chromatography22 and immobilization of molecules such as enzymes,23 DNA,24,25 
antibodies,26,27 and catalysts. 22,28-30 Silylation of aminopropyl-triethoxylsilane (APTES) 
on silica surface has been characterized by XPS, 13C NMR spectroscopy, ultraviolet-
visible spectroscopy, second harmonic generation and ellipsometry.31-36 The reaction 
mechanism is well understood. Therefore we choose this well-studied compound APTES 
as the probe molecule for the surface silylation test on our flat silica surface. 
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Scheme 3.3 Anchoring aminopropyl-triethoxylsilane (APTES) solution to the 
SiO2/Si(100) surface by silanization. 
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Scheme 3.4 Imine formation between flat silica-anchored amine and 4-
fluorobenzenealdehyde (FBA). 
 
 
SiO2/Si(100) wafer substrates are allowed to react with aminopropyl-triethoxylsilane 
(APTES) solution at room temperature for 20 min. After the reaction, the wafers are 
baked at 120oC. XPS analysis shows a new N 1s peak, indicating the success of the 
silanization, see Figure 3.6. This N 1s peak can be resolved into two components: one at 
399.6 eV assigned to nitrogen from the free amine group and the one at 401.5 eV to the 
protonated amine nitrogen. For comparison, Kallury and coworkers reported the XPS 
study for the APTES-modified amorphous silica surface, with two N 1s peaks at 399.6 
and 401.7 eV for free and protonated amine nitrogen, respectively.33 
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Reactions between amines and aldehydes result in imine groups.  Imine formations 
between the amine-modified SiO2/Si(100) wafers and 4-fluorobenzenealdehyde (FBA) 
are chosen to test the surface organic chemistry in our system. After the treatment of 
amine-modified wafers with FBA solution in ethanol with the presence of acetic acid as 
catalyst, sample 3D has been investigated by XPS. As shown in Figure 3.6, a F 1s peak at 
687.5 eV appears after the condensation between amine-modified surfaces and FBA. On 
the other hand, when a blank wafer (without anchored APTES) is treated with FBA 
solution, no F atom is detected by XPS on the surface afterwards. A single nitrogen peak 
at 401.3 eV is observed after the formation of the imine group. This N 1s peak contains 
nitrogen contributions from the imine group and from the protonated amine group, from 
which the binding energies are very close. 
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Figure 3.6 XPS analysis of N 1s and F 1s for the SiO2/Si(100) surface after treatment of 
APTES, 3D (below) and then of FBA, 3E (above). 
 
Using the method described in Chapter 2, the density of the anchored groups on flat silica 
surface has been estimated using XPS. The results are summarized in Table 3.2. After a 
20 min grafting reaction, the surface density of anchored APTES of 3D is found to be 3.6 
nm-2. Some publications have dealt with the silanization of silica with APTES in organic 
solvents under various conditions, focusing on the effect of the experimental parameters 
on the surface density. In the study of Vandenberg et al., it was indicated that a short 
reaction time and room temperature favor the formation of a monolayer of anchored 
APTES, while refluxing conditions lead to multilayer depositions.31 In our study, the 
surface density of APTES also indicates that APTES formed a monolayer on the 
SiO2/Si(100) wafer. 
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Table 3.2 Quantitative analysis of the SiO2/Si(100) surfaces with anchored groups. 
Surface density estimated by XPS. 
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After the reaction with FBA and the formation of imines on the surface, there is no 
obvious change in the nitrogen loading on the resulting silica surface 3E, while the 
loading of fluorine is estimated to be 2.3 F nm-2. The lower loading of fluorine compared 
to that of nitrogen indicates that the bulky aryl groups require more space than the alkyl 
groups. Therefore, the reaction is not quantitative and less FBA can be anchored per nm2. 
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Scheme 3.5 Anchoring triethoxylsilyl aniline (TESA) to the SiO2/Si(100) surface and its 
imine formation with fluorobenzenealdehyde (FBA) 
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Many olefin polymerization catalysts are based on complexes with phenylimine groups, 
especially for the late transition metal catalysts. Therefore, the second aminosilane used 
to test the chemical reactivity of SiO2/Si(100) wafer surfaces is triethoxylsilyl aniline 
(TESA). This compound can introduce the phenylimine group to the silica surface after 
further reactions with aldehydes. The anchoring reaction of TESA, as shown in Scheme 
3.5, is also confirmed by XPS, showing a N 1s peak at 399.7eV for sample 3F. Unlike the 
APTES-modified silica surface 3D, the protonated amino nitrogen is not observed for 3F. 
The formation of imine groups after the reaction with FBA is also demonstrated by the 
F1s peak in the XPS spectrum.  
 
Quantitative analysis of XPS spectra shows that before the reaction with FBA, the 
loading of the TESA is 3.0 molecules nm-2. After the imine formation, both the nitrogen 
and fluorine loadings are estimated to be 2.3 atoms nm-2 for sample 3G. The results 
indicate that there are some TESA molecules immobilized to the silica surface by a 
weaker connection rather than a covalent bond (e.g., physisorption). The loading of the 
nitrogen decreases after the formation of imines due to the re-dissolving process of these 
weakly-immobilized TEAS. The resulting imine-modified silica surface from TESA and 
FBA (3F) shows the same loading of nitrogen and fluorine, which coincides with the 
loading of the imine-modified silica surface from APTES and FBA (3E). 
 

410 405 400 395 390
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Figure 3.6 XPS analysis of N 1s for the SiO2/Si(100) surface after treatment of 
triethoxylsilyl aniline, 3F 
 
In summary, we demonstrate that the silica surface chemistry works on the flat 
SiO2/Si(100) wafer surface as well as in the reports in literature on amorphous silica gel 
surfaces.  Molecules with anchoring groups (i.e., ethoxylsilane groups) and XPS-sensitive 
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atoms are employed to test the reactivity of the flat silica surface.  The immobilized 
molecules are quantified by XPS, indicating the formation of fractional monolayers on 
the basis of the anchored molecules.  
 
 
 
3.5 Conclusions 
  
The chemistry of the hydroxyl groups on flat SiO2/Si(100) wafer surfaces has been 
investigated as a preliminary study for building up flat model catalysts of silica gel-
supported organometallic polyolefin catalysts. The flat model surface is prepared from 
Si(100) wafer. After calcination and etching, a SiO2 layer is created on the wafer surface 
fully loaded with hydroxyl groups.  
 
Subjected to a certain temperature for drying, different surface groups (e.g., free silanols, 
siloxanes) are identified with certain loadings. CH3MgI and (C4H9)3SnH are used to 
quantify the loading of reactive surface groups of the SiO2/Si(100) wafers. XPS results 
clearly show that for all the flat silica samples dried at 500, 700 and 900 oC, there are 
more reactive groups on the surface than the expected numbers of silanol groups from 
literature reports for amorphous silica gel samples. The result indicates that after 
calcination either there are more silanol groups on the SiO2/Si(100) surface than on the 
amorphous silica gel surface, or the siloxane bridges on the SiO2/Si(100) surface are 
highly active towards organic probes which we used in this chapter. 
 
Small organic compounds with chlorosilane groups are employed to test the surface 
chemical reactions. These anchored compounds also contain XPS-sensitive atoms, which 
can be used for quantitative analysis. Surface silylation and amine formation reactions 
successfully result in immobilized molecules. Fractional monolayers of anchored 
molecules are obtained, the saturation loading of which is determined by the size of the 
molecules. These results demonstrate that the chemistry on SiO2/Si(100) can be well 
controlled and studied, which makes the SiO2/Si(100) surface suitable for serving as a the 
flat model of the silica supported homogenous catalysts.  
 
 
 
Experimental part 
 
All chemicals were purchased from Aldrich, Merck, Stream and used as received unless 
stated otherwise. All of the reactions were carried out under anhydrous and anaerobic 
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conditions in a glove box (O2 and H2O < 1 ppm). Toluene (Aldrich) was taken HPLC-
grade from an argon-flushed column packed with aluminium oxide, and stored over 4 Å 
molecular sieves before use.  
 
X-ray photoelectron spectroscopy measurements were performed with a VG Escalab 200 
using a standard aluminum anode (Al-Kα 1486.6 eV) operating at 240 W. Spectra were 
taken at normal emission at a background pressure of 2 x 10-9 mbar. Binding energies 
were referenced to Si 2p peak of SiO2 at 103.3 eV. Elemental density was determined 
from XPS analysis based on the method described in Chapter 2. 
 
Preparation of the SiO2/Si (100) surface 
 
Si(100) wafers were cut into samples of 2×2 cm2 and subjected to a calcination at 750oC 
for 24 h. After cooling down, the calcined samples were placed in a solution of 1/1 in 
volume mixture of NH4OH (25%) and H2O2 (35%) for etching. The mixture solution was 
heated to 60oC upon stirring and keep at that temperature for 10 min. Then the wafer 
samples were submerged into boiling water for 30 min. The resulting SiO2/Si(100) 
samples were ready for use as a model silica surface. 
 
Surface reaction of SiO2/Si(100) with tributyltin hydride or methylmagnesium 
iodide 
 
For reaction with tributyltin hydride, 7.4×10-8 mol was first dissolved in ~20 ml toluene, 
then the silica wafer was immersed into the solution and left there upon stirring for 24 h 
at room temperature. For a reaction with methylmagnesium iodide, 7.5×10-8 mol of this 
compound was dissolved in ~20 ml toluene, and subsequently a silica wafer immersed for 
1 minute at room temperature. Also, 3 minutes long reactions were carried out. A 
maximum amount of iodine detected on either of these two samples was taken as a final 
result.  

 
At the end of the reactions, the wafers were first rinsed on both sides with ca. 4 ml of 
toluene and then washed in a spin-coating device with another 4 ml of toluene to remove 
all unreacted compounds. 
 
Immobilization of aminopropyl-triethoxylsilane (APTES) on the SiO2/Si(100) 
surface (3D)  
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The SiO2/Si(100) wafer was pre-dried at 250oC. Then the wafer was placed in a 20 ml 1% 
toluene solution by volume of APTES at room temperature for 20 min. After thoroughly 
washing with toluene, the substrate was dried at 120oC for 1 h. 
 
Imine formation with 4-fluorobenzenealdehyde (FBA) and aminopropyl-
triethoxylsilane (APTES)-modified SiO2/Si(100) surface (3E) 
  
The aminopropyl-triethoxylsilane (APTES)-modified SiO2/Si(100) wafer was placed in a 
20 ml anhydrous ethanol solution, to which 0.2 ml 4-fluorobenzenealdehyde (FBA) and 
30 µl acetic acid were added. At the same time a blank wafer without the pre-treatment of 
APTES was also placed in the same solution as the reference sample. The solution was 
heated to 60oC for 24 h. After the reaction, the substrates were thoroughly washed by 
ethanol.  
 
Immobilization of triethoxylsilyl aniline (TESA) on on the SiO2/Si(100) surface (3F) 
 
3F was prepared using the same procedure as described for 3D, using triethoxylsilyl 
aniline (TESA) as the staring material instead of aminopropyl-triethoxylsilane (APTES). 
 
Imine formation with 4-fluorobenzenealdehyde (FBA) and triethoxylsilyl aniline 
(TESA) modified SiO2/Si(100) surface (3G) 
 
3G was prepared using the same procedure as described for 3E, using the triethoxylsilyl 
aniline (TESA)-modified SiO2/Si(100) surface (3F) as the staring material instead of 3D. 
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4Flat Model Catalysts Using Anchored 

Borane Activators for Ethylene 

Polymerization 
 
 
 
4.1 Introduction 
 
4.1.1 Tris(pentafluorophenyl)borane, B(C6F5)3

 as an activator for olefin 
polymerizations 
 
Early homogeneous polyolefin catalysts based on zirconocene complexes discovered by 
Breslow in the 1950s showed very low activity and poor stability. Following the 
discovery of Methylalumoxane (MAO) by Kaminsky and Sinn in 1970s, homogeneous 
transition metal catalysts started to yield polyolefin in high activity, showing potential 
importance for the industry.1 Due to the fact that the structure of MAO is still unknown, 
the exact nature of the catalyst-co-catalyst interaction has remained elusive. In addition, a 
drawback of using MAO as a co-catalyst is that a large excess of MAO is required in 
order to obtain a high activity (Al : catalyst ~1000 :1).  
 

Zr

CH3

CH3

B(C6F5)3
Zr

CH3

CH3B-(C6F5)3
 

 
Scheme 4.1 Activation of the metallocene catalyst by tris(pentafluorophenyl)borane. 
 
In the early 1990s, Marks and coworkers reported that tris(pentafluorophenyl)borane 
B(C6F5)3 was a very effective initiator for group 4 metallocene alkyl catalysts in 
polyolefin reactions.2 B(C6F5)3 was first reported as a derivative of  boron compounds 
with fluorinated substituents.3 Compared to boron trihalides, B(C6F5)3  is an ideal Lewis 
acid, showing high Lewis acid strength. This compound shows a remarkable thermal 
stability without decomposition at 270oC for several days. B(C6F5)3  is also stable towards 
molecular oxygen and the hydrolysis to C6F5H occurs very slowly.4 It were these features 
that led Marks to test B(C6F5)3  as a co-catalyst for group 4 metallocene catalysts in 
homogeneous polymerization systems.  
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One of the important roles played by the co-catalyst is the formation of the metallocene 
cation, where the co-catalyst serves as a Lewis acid for anion abstraction from the 
transition metal complex. As shown in Scheme 4.1, treatment of dimethyl zirconocene 
with B(C6F5)3  leads to a cationic metal complex [Cp2ZrCH3] [CH3B(C6F5)3]. 
 
4.1.2 Supported Tris(pentafluorophenyl)borane, B(C6F5)3 
 
In general, immobilization co-catalysts can be classified into three groups: grafted, 
physisorbed and tethered. Grafted tris(pentafluorophenyl)borane co-catalyst is a 
supported co-catalysts in which the boron atom is chemically linked to the surface of the 
support, as shown in Scheme 4.2. The most straightforward approach is anchoring the 
B(C6F5)3  activator directly to the silica silanol groups, forming Si-O-B(C6F5)3  anions on 
the surface.5 In presence of additional compounds such as N,N-dimethylaniline C6H5-
N(CH3)2 or chlorotriphenylmethane Cl-C(C6H5)3, a stabilizing counter-cation is formed. 
6-9 All of these grafted boron species are reported to be effective to generate catalytically 
active catalysts in conjunction with group 4 metallocene complexes.  
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Scheme  4.2 Grafting of tris(pentafluorophenyl)borane to silica’s silanol groups. 
 
The second way of the immobilization of borane co-catalysts, namely physisorption, 
involves formation of species associated to the surface support via electrostatic or van der 
Waals interactions. The physisorption of boron-active system on a silica surface, 
previously pacified by an alkylaluminium or alkylaluminoxane complex, has proven to be 
an efficient method of producing polymerization systems.10 No leaching and reactor 
fouling are observed for these systems, despite the absence of a chemical link between 
the support and the pre- or co-catalysts. 
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Figure 4.1 Examples of tethered tris(pentafluorophenyl)borane-containing co-catalysts. 
 
 
Tethering the borane co-catalyst means the co-catalyst is chemically bound to the support 
by means of a covalent bond. Different strategies have been reported, most of which 
involve a step to modify the co-catalyst with an additional functional group.11,12,13,14 This 
functional group will react with the surface of the support, resulting the tethered co-
catalyst as shown in Figure 4.1. One of the drawbacks of this tethering method is that 
competitive non-selective reactions often occur when the complex is tethered on the 
support surface. Moreover, by-products may be potential catalyst poisons and need to be 
removed. 
 
 
 
4.2 Anchoring the tris(pentafluorophenyl)borane  B(C6F5)3  to flat 
SiO2/Si(100) surface 
 
As described in Section 4.1, the most straightforward way of anchoring the 
tris(pentafluorophenyl)borane  B(C6F5)3  activator to the silica surface is by direct 
reaction with silanol groups (Scheme 4.3). Often this is done in the presence of N,N-
dimethylaniline C6H5-N(CH3)2 or chlorotriphenylmethane Cl-C(C6H5)3, which are used to 
stabilize the anchored borane.  
 
Both approaches presented in Scheme 4.3 have been applied to anchor the borane to the 
flat SiO2/Si(100) surface. The presence of the fluorine on the sample wafers after 
anchoring reactions is confirmed by XPS. Comparing these two approaches, we found 
that using dimethylaniline will lead to 25 to 30% more fluorine than in analogous 
samples of using pure borane. In reference, the use of dimethylaniline is reported to result 
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in (circa 2 times) higher loadings of the borane on silica support.6 Millot et al. claimed 
that the reaction of B(C6F5)3 with surface silanols of silica occurs only in the presence of 
a Brønsted base (such as N,N-dimethylaniline) and without such a base, B(C6F5)3 is only 
physisorbed on silica.15 In order to have a well-defined system, in the following study, we 
concentrated on the second method of borane anchoring in Scheme 4.3 in the presence of 
N,N-dimethylaniline C6H5-N(CH3)2 at room temperature. The resulting samples from this 
method will be called “BN-sample” in the following of this thesis. 
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Scheme 4.3 Approaches of anchoring of the borane activator to Si/Si(100) surface. 
 
 
The reaction of silica with the borane activator and N,N-dimethylaniline proceeds quite 
slowly (see Figure 4.2): even after 24 hours of treatment,  it does not reach the maximum 
loading (due to steric limitation) of 0.78 B nm-2 as estimated in literature.9 Silica wafer 
dried at different temperatures, i.e., 500, 700 and 900oC, were used for this 
characterization, but there was no clear correlation between drying temperature and 
fluorine contents.  
 
All loadings of the borane-treated samples are quantified on the basis of the fluorine 1s 
photoelectron peak. Boron is difficult to characterize, and sometimes even difficult to 
detect using XPS. First of all, boron has a very low sensitivity in XPS with an atomic 
sensitivity factor 6.3 times lower than that of fluorine. Besides, we deal here with a 
fractional monolayer of the substance where 15 fluorine atoms correspond to a single 
boron atom. Therefore the expected signal from boron is 90 times weaker than that from 
fluorine. Last, but not least, the samples are found decomposing while being measured in 
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XPS, so one cannot compensate for the lower sensitivity with a long measurement time. 
XPS spectra in the F 1s region for the wafer samples treated with borane/aniline for 
different duration of time are shown in Figure 4.3 (a). 
 
 

 
 

Figure 4.2. Fluorine-contents as determined from XPS measurements on flat silica 
wafers (dried at 500, 700 and 9000C) depending on time of treatment with B(C6F5)3 and 
C6H5-N(CH3)2 in toluene at R.T.  The number of boron atoms per nm2 on the right is 
calculated from the number of fluorine atoms divided by 15. 
 
 
In Figure 4.3 (b), an XPS spectrum is presented of the BN-sample with a relatively high 
loading of the anchored borane, so it was possible to detect and characterize boron. The 
F/B ratio was estimated to be 14.1, which is very close to the theoretical ratio 15 when 
taking into account that samples decompose rather quickly under exposure to X-rays.  
 
Nitrogen is moderately sensitive in XPS (merely two times less sensitive than fluorine), 
and the N 1s peak was observed on samples with a relatively high borane loading after 
scanning the appropriate region for several minutes, see Figure 4.3 (c). The value of the 
binding energy from the BN-sample was 402 eV, in line with data reported for 
ammonium salts. The amount of nitrogen (after ca. 7 min measurement) was found to be 
approximately a half of the boron contents of the same sample. After a two times longer 
measurement, the nitrogen peak area decreased by 30%, so dimethylaniline does 
decompose under exposure to X-rays. However, it is difficult to say whether a relatively 
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low (with respect to boron) amount of nitrogen is intrinsic to the system or is a mere 
artifact (due to sample decomposition). 
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Figure 4.3 XPS spectrum of BN-samples: 
(a) F 1s region. Time in hours corresponds 
to the duration of borane/aniline treatment. 
(b) B 1s region, and (c) N 1s region. 
SiO2/Si(100) wafers are pretreated at 
500oC before reactions. Reactions with 
borane/aniline are carried out in toluene at 
room temperature. Reaction time for the 
sample shown in (b) is 4 hours and for (c) 
24 hours. 
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In conclusion, the Tris(pentafluorophenyl)borane, B(C6F5)3  activator has been 
immobilized on the flat silica surface in the presence of dimethylaniline, as confirmed by 
XPS. Fluorine, boron and nitrogen have been characterized. As much as 0.7 borane nm-2 
can be anchored to a silica wafer after a 24-hour-reaction, independent of the calcination 
temperature. The amount of nitrogen detected by XPS is 50% lower than that of boron 
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but this relatively low value may be an artifact due to the sample decomposition by X-
rays. Dimethylaniline seems to stabilize the borate leading to (circa 25%) higher borate 
coverage as compared to the samples prepared without the base. Finally, it should be kept 
in mind that the anchored borane hydrolyzes easily if traces of water are present. 
 
 
 
4.3 Stability of the supported system 
 
To understand the stability and properties of the supported borane activity, we studied its 
behavior under conditions imitating those of polymerization, but then in the absence of 
ethylene. 
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Scheme 4.4  Metallocene activation with the supported borate co-catalyst. 

 
The activation of the catalyst precursor, bis(cyclopentadienyl)zirconium dichloride 
Cp2ZrCl2, is reported to proceed as shown in Scheme 4.4. First the metallocene is 
alkylated by triisobutylaluminium (TIBA), which is believed to be a fast reaction, and 
then it is added to the supported borate co-catalyst. 
 
A set of experiments has been carried out with BN-samples. All the reactions are run at 
room temperature overnight. 1) Sample 4A is treated with toluene; 2) Sample 4B is 
treated with the (pre-mixed) zirconocene and TIBA; 3) Sample 4C is treated with (pre-
mixed) zirconocene and TIBA in the presence of allylmethylsulfide CH2=CH-CH2-S-
CH3. Allylmethylsulfide is chosen as a “dummy” probe: it is a Lewis base with a C=C 



50  Chapter 4 
 

 

bond as an ethylene molecule but it cannot polymerize. Sample 4C is used to test the 
stability of the anchored BN-sample under the similar condition of polymerizations while 
no film of PE will be formed to disturb the XPS analysis on the surface.  
 
XPS spectra for sample 4B and 4C are presented in Figure 4.4 and Figure 4.5, 
respectively. 
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Figure 4.4 XPS spectrum in F 1s and Zr 3d regions of sample 4B, which is prepared 
from a BN-sample (pre-dried at 500oC and treated with borane/aniline for 1 hour) treated 
overnight with the pre-mixed zirconocene Cp2ZrCl2 and TIBA in toluene. The amount of 
fluorine detected on the BN-sample after the treatment decreased by 32%. No Zr could 
be detected. 
 
 
It turned out that in all three cases the amount of fluorine, as determined by XPS, 
decreased after the treatment by appr. 30%. Although the boron signal is weak for 
quantification, the amount of boron correlates with the amount of fluorine: the less 
fluorine the sample contains, the smaller the peak observed in the B 1s region. Therefore, 
the probability of hydrolysis can be ruled out to a certain extent: both fluorine and boron 
seem to leave the silica surface after these treatments, apparently due to the borane 
B(C6F5)3 re-dissolving into toluene. 
 
The major part of the supported co-catalyst is expected to stay on the surface of the silica 
wafer even under polymerization conditions after 16 h. However, a minor part can leach 
into toluene during polymerization. 
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Aluminium with a loading of 2.1 Al nm-2 was also detected on a BN-sample after the 
treatment with pre-mixed zirconocene and TIBA, evidently as a result of TIBA reacting 
with silica’s silanol groups. 
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Figure 4.5 F 1s and B 1s XPS spectra of sample 4C, which is prepared from a BN-
sample (pre-dried at 500oC and treated with borane/aniline for 1 hour) treated overnight 
with the pre-mixed zirconocene Cp2ZrCl2 in the presence of allylmethylsulfide CH2=CH-
CH2-S-CH3. Fluorine contents dropped by 28% after treatment. Boron is difficult to 
quantify. However, the XPS results indicates that the less fluorine the sample contains, 
the less pronounced is the hump in the B 1s region. 
 
 
Another important observation is that no zirconium could be detected by XPS on BN-
samples 4B and 4C, while the element Zr is highly sensitive in XPS. This means that 
either a) no active species are being formed on the silica surface, or b) that they cannot be 
isolated, i.e. that they are not stable enough to survive washing with toluene and transfer 
to XPS. To our best knowledge, XPS- characterization of such species (active species 
shown in Scheme 4.4) has never been reported in any of the publications describing this 
approach as successful heterogenization.  
 
It should be noted in this connection that studies of silsesquioxane-borato complexes 
(analogous to BN) reported by Duchateau et al. demonstrated that the B-O bond in these 
systems is only moderately stable towards early transition metal alkyls and the 
zirconocene catalyst precursor readily replaces the anchored borane by forming a Si-O-Zr 
covalent link (and hence, catalytic activity is lost).16 The released B(C6F5)3 can then 



52  Chapter 4 
 

 

activate the remaining unreacted catalyst precursor. The catalytic activity in the case of 
these silsesquioxane-borates was only observed in the presence of an excess of the 
catalyst precursor. The overall conclusion was that not the supported borates (such as the 
BN-sample system in Scheme 4.4) but its decomposition product B(C6F5)3 is the actual 
co-catalyst. Our observations do not provide any evidence for this scenario: if the 
zirconocene replaces the borane by forming Si-O-Zr bonding, zirconium would be 
detectable with XPS on the silica surface, and no fluorine (and no boron) would be 
expected to be there. We detected fluorine but no zirconium. 
 
 

B

F5

SiO2

O

F5
F5

NH+

_

Cp2ZrMe2

B

F5

SiO2

O

F5
F5

_

Zr
iBu

+ Active species

B

F5

SiO2

O

F5
F5 N +

H
_

O
H

Cp2ZrMe2

B

F5

SiO2

O

F5
F5

_

O

Zr +

 
Figure 4.6 Two types of silica-supported borates species reported in literature. The first 
of them (on the left) leads to formation of the active species for polymerization. 
 
 
Also, a possible formation of another type of silica-supported borate species was reported 
(based on characterization by DRIFT spectroscopy) as depicted in Figure 4.6.17 Again we 
have not found any evidence for the existence of these other species. 
 
In conclusion, the supported co-catalyst seems to be stable enough under the conditions 
imitating those of polymerization: the major part (up to 70%) stays on the silica surface 
after treatment with the zirconocene catalyst precursor co-activated by TIBA in the 
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presence of an “ethylene-like” Lewis base, such as allylmethylsulfide. No zirconium 
could be detected by XPS on BN-samples treated with zirconocene. 
 
 
 
4.4 Polymerization test 
 
We have seen that the tris(pentafluorophenyl)borane B(C6F5)3 activator can be supported 
on a flat silica surface in the presence of N,N-dimethylaniline. The major part of the 
supported borates stays on silica under conditions similar to those of ethylene 
polymerization.  Activation of a zirconocene catalyst precursor by the silica-supported 
borates is reported to proceed as presented in Scheme 4.5. When subjected to a real 
polymerization test, the system did produce polyethylene: the polymer film was observed 
on the top of the BN-sample (see Figure 4.7). However, polyethylene was also obtained 
on a blank wafer and in the toluene solution. Results of polymerization tests together with 
activity estimations are summarized in Table 4.1. SEM images of some samples are 
shown in Figure 4.7.  
 

B

F5

SiO2

O

F5
F5

NH+

_

Zr
CH3

CH3

(iBu)3Al

B

F5

SiO2

O

F5
F5

_

Zr
iBu

+

C2H4

(iBu)3Al n

 
Scheme 4.5 Ethylene polymerization catalyzed by zirconocene activated by the 
SiO2/Si(100)-supported borate co-catalyst. 
 

 
As can be seen in the Table 4.1, entry 3 shows that a 2 micron thick polyethylene film 
was formed on top of a BN-sample wafer. Unfortunately, this result was not reproducible: 
later experiments always showed lower activity. Even in the case of a 2 µm thick PE 
layer, the activity is rather low: 65 kg(PE) (molborate h bar)-1. For comparison, data reported 
in literature for exactly the same catalytic system immobilized on amorphous silica 
amount to 3×103 kg(PE) (molborate h bar)-1. Therefore, there is a decline of two orders of 
magnitude in catalytic activity when the co-catalyst supported system moving from high 
surface area amorphous silica to a flat silica wafer. 
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In entry 1, a trace of PE (less than 0.5 mg) was observed in a blank polymerization test 
where no wafer and borates co-catalyst were used at all. When trying to make sense of 
the observation, one should recall that TIBA, used here as an alkylating agent and a 
scavenger for removal of impurities, can hydrolyze in the presence of water and form 
isobutylalumoxane, which is quite the same as methylalumoxane (MAO, a product of 
hydrolysis of trimethylaluminium). MAO is a well-known and widely used activator in 
single-site olefin polymerizations. Isobutylalumoxane is reported to have a much lower 
activity than MAO, though. Zirconocene activated by isobutylalumoxane can polymerize 
ethylene in absence of a borane or borate co-catalyst. 
 
 
 
 

Table 4.1 Results of ethylene polymerization tests (all overnight, 2.5 bar ethylene 
pressure, room temperature). A BN-sample was always put together with a blank silica 
wafer. Thickness of a polyethylene (PE) film on all wafers was determined by means of 
SEM (side view as in fig. 4.3b). Activity is calculated based on the total PE-mass, i.e. all 
the produced polymer is attributed to the silica-supported borate co-catalyst. 

 Samplea PE film on BN-wafer  PE-film on 
blank wafer 

PE in 
toluene  Total production of PE 

  Thickness 
(nm) 

Mass 
 (mg) 

Thickness 
(nm) 

Mass 
(mg) 

Mass 
(mg) 

Activity, 
(kg(PE) (molborate h bar)-1) 

1 
Blank test 
 (no wafer) - - - <0.5    

2 Blank wafer  - - open film 0.4   
3 BN-4h 2000 1.6 300 0.3 2.0 65 
4 BN-4h  traces - traces traces   
5 BN-4h  traces - traces traces   
6 BN-20h 500 0.40 300 0.4 0.9 24 
7 BN-2h 200 0.16 200 0.2 0.4 28 
8 BN-refb      3×103 

a All sample wafers are pre-dried at 500oC before catalyst-immobilization procedures. Durations 
of the reaction of borane/aniline solution with wafers are indicated in the sample name (e.g., -4h 
represents a duration of 4 hours). 
b Reference activity of the supported BN/Zr catalyst system on amorphous silica surface is from 
Charoenchaidet’s work.6  
 
 
The fact that all substances in our experiment are used in very small amounts (e.g. one 
BN-sample contains less than a nanomol of the supported borate, and 0.2 µmol of 
zirconocene is taken for one polymerization) makes this system extremely vulnerable for 
impurities. Even minor (water) contaminations can have a significant impact. We have 
seen that when an old, already hydrolyzed, solution of TIBA was used for 
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polymerization, activities increase by three orders of magnitude, as compared with fresh 
TIBA solutions. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.7 SEM images of polyethylene on different wafers: the BN-wafer (500 C, 4h) 
polymerized overnight (entry 3 in table 4.1), top view (a) and side view (b); and a top 
view of the blank wafer (c) used together with this BN-sample. A light feature on top of 
the latter image is a scratch: in fact, this wafer is completely covered by a polymer film. 
The image (d) is a top view of the blank wafer polymerized in absence of any borate 
(entry 2 in Table 4.1). 
 
To rule out the effect of TIBA hydrolysis, an attempt has been made to apply a 
Cp2Zr(CH3)2 catalyst precursor instead of Cp2ZrCl2, the former requiring no alkylating 
agent (i.e. TIBA). However, no activity whatsoever was observed. TIBA served as a 
scavenger as well and is crucial for removal of impurities, which otherwise can de-
activate a catalyst. 
Formation of alumoxane can account (at least partially) for activity in solution. The 
possibility of borate re-dissolved into toluene cannot be excluded either. Also, TIBA can 
react directly with silica’s silanol groups, on both blank and BN-samples, by forming a 
supported isobutylalumoxane co-catalyst. Addition of a metallocene to such chemically 
attached alumoxane can result in immobilization of the active species and thus lead to 
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polymerization on the silica surface. This can account for activity on blank wafers and for 
a part of activity on BN-samples. Besides, some activity observed on (any) wafers may 
be due to the polymer that could have been formed in solution, whether co-catalyzed by 
the ‘escaped’ B(C6F5)3 borane or by isobutylalumoxane or by both, and subsequently 
precipitated onto the wafers (especially onto the blank wafer, which was located face-up 
on top of the BN-sample in all polymerization testes). 
 
Unquantifiable water contamination (introduced with reagents or coming from the 
ambient of a glove-box) responsible for the additional activation by isobutylalumoxane 
makes it difficult to assess precisely the impact of the borate co-catalyst. The difference 
between a BN-sample and a blank wafer used in the same run is minimal, besides that 
one incident with a 2 µm thick PE layer (entry 3 in Table 4.1). The amount of PE 
obtained in toluene solution is quite low (<0.5 mg) and is basically the same in all 
experiments. 
 
In conclusion, in the borate/zirconocene system small amounts of PE are observed on 
surfaces of  both a BN-sample wafer and a blank wafer, as well as in the toluene solution. 
Catalytic activities leave much to be desired and are poorly reproducible. The maximum 
activity amounts to 65 kg(PE) (molborate h bar)-1 which is 2 orders of magnitude lower than 
date reported in literature for the same catalytic system immobilized on amorphous silica. 
TIBA used here as a co-activator and scavenger hydrolyzes in the presence of water 
impurities and forms another active co-catalyst, namely isobutylalumoxane, working 
along with the borate. Unquantifiable water contamination responsible for this additional 
activation makes it difficult to figure out what actually is the role of the silica supported 
borates co-catalyst. 
 
 
 
4.5 Conclusions 
 
The aim of this chapter was to study the feasibility of a flat model catalyst for olefin 
polymerization prepared by anchoring the tris(pentafluorophenyl)borane B(C6F5)3 co-
catalyst to a flat silica surface and to use this anchored co-catalyst to activate a 
metallocene catalyst precursor, namely Cp2ZrCl2. 
 
It turned out that the tris(pentafluorophenyl)borane B(C6F5)3 co-catalyst can be 
immobilized on the flat silica surface in the presence of dimethylaniline, which was 
confirmed by XPS analysis of fluorine, boron and nitrogen atoms. As much as 0.7 borane 
nm-2 can be anchored to silica wafers dried at 500-900oC. Dimethylaniline could stabilize 
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the borate on the surface, leading to (circa 25%) higher borates coverage as compared 
with the samples prepared without addition of this compound. XPS results suggest that at 
least half of the borate species on the silica surface may be associated with the 
dimethylaniline cation. An artifact is that the samples decompose during an XPS 
measurement: both fluorine and nitrogen atoms leave the surface under exposure to X-
rays. 
 
Silica supported borate co-catalysts are found to be quite stable under conditions 
imitating those of polymerization. As confirmed by XPS, up to 70% of the borate stays 
on the silica surface after treatment with a zirconocene pre-catalyst Cp2ZrCl2 activated by 
TIBA in the presence of an “ethylene-like” Lewis base, such as allylmethylsulfide. 
However, no zirconium could be detected on the samples treated with zirconocene. Either 
no active species are being formed on silica or they cannot be isolated.  
  
After polymerization, small amounts of polyethylene are observed in all cases: on a 
borates/silica wafer, on a blank wafer and in toluene solution. Catalytic activities leave 
much to be desired and are poorly reproducible. TIBA used in this system as an activator 
and a scavenger hydrolyzes in the presence of water impurities and forms another active 
co-catalyst, namely isobutylalumoxane, working along with the borate co-catalyst. 
Unquantifiable water contamination responsible for this additional activation makes it 
difficult to figure out what is actually the role of the silica supported borate co-catalyst. 
Thus, with a view to designing a workable flat model system, the results of 
polymerization tests are unsatisfactory. 
 
In general, it is found that the silica-supported borate is hardly active in ethylene 
polymerization. The reasons for the lack of activity are not quite clear. A tentative 
explanation would be that it might be caused by a relatively high reactivity of the flat 
silica surface. The number and type of reactive sites on flat silica have an impact on the 
borane grafting. If supplementary reactive sites are vicinal silanol groups, it may result in 
the formation of inactive Si-O-Zr species (as shown in Figure 4.6). Also, it might increase 
a risk of borane degradation with C6F5H elimination (a reaction analogous to B(C6F5)3 
hydrolysis), which would have a detrimental effect on the activity of this co-catalyst. We 
have no experimental evidence for the latter, though; the borane degradation would lower 
the F/B ratio of the supported system, which is not observed. In the case that some of the 
reactive sites on the silica surface are highly strained siloxiane bridges, it might be that 
C(C6F5)3 reacts with them by forming Si-C6F5 and Si-O-B(C6F5)2. This would lower the 
activity of the catalytic system as well. 
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It should also be taken into account that silica-supported aniline borate is quite bulky with 
a maximum loading on the silica of only 0.8 nm-2. The remaining hydroxyl groups (up to 
2.5 nm-2 on a silica surface dried at 500oC) can further lead to undesirable side reactions 
(e.g. with TIBA hydrolyzed by water impurities) and/or be poisonous to a catalyst. 
 
To increase the chances of developing a feasible flat model catalyst on basis of the 
tris(pentafluorophenyl)borane activator, it is desirable to move the activator further away 
from the highly reactive silica surface: to immobilize the borane co-catalyst not by 
grafting but by tethering. An additional advantage of this approach is that it would 
eliminate the possibility of the borane re-dissolving during polymerization.  
 
However, the most promising way to develop a feasible flat model catalyst system is to 
anchor a catalyst precursor to a flat silica surface covalently, as demonstrated in Chapters 
5-7 with later transition metal catalysts. In general, it is better to avoid the experimental 
approach we applied in this chapter, wherein a homogeneous catalyst precursor and a 
scavenger are used in a large excess over a silica-supported co-catalyst, which makes it 
difficult to determine the origin of the observed activity. When a catalyst precursor 
instead of a co-catalyst component is immobilized on the flat silica surface, the impact of 
side reactions is limited and leaching of the active catalytic species into a solvent is 
unlikely to happen. 
 
 
 
Experimental part 
  
All chemicals were purchased from Aldrich, Merck, Stream and used as received unless 
stated otherwise. All of the co-catalyst preparation and all of the reaction with it were 
carried out under anhydrous and anaerobic conditions in a glove box (O2 and H2O < 1 
ppm). Toluene (Aldrich) was taken HPLC-grade from an argon-flushed column packed 
with aluminium oxide, and stored over 4 Å molecular sieves before use. 
 
X-ray photoelectron spectroscopy measurements were performed with a VG Escalab 200 
using a standard aluminum anode (Al-Kα 1486.6 eV) operating at 240 W. Spectra were 
taken at normal emission at a background pressure of 2 x 10-9 mbar. Binding energies 
were referenced to Si 2p peak of SiO2 at 103.3 eV. Elemental density was determined 
from XPS analysis based on the method described in Chapter 2. 
SEM was performed using a Philips environmental scanning electron microscope XL30 
ESEM-FEG equipped with a field emission electron source, using low voltage (1.0 kV) 
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mode and a secondary electron detector. All SEM images shown here were made without 
any addition sample pre-treatment.  
 
Preparation of the supported co-catalyst (BN-sample) 
 
Tris(pentafluorophenyl)borane B(C6F5)3 (>95% purity) and N,N-dimethylaniline C6H5-
N(CH3)2 (99.5% purity) were obtained from Aldrich and used as received. B(C6F5)3 (20 
µl of 0.01M solution in toluene, or 0.2 µmol) and C6H5-N(CH3)2 (0.2 µmol) were pre-
mixed in 20 ml of toluene, then the pre-dried silica wafer was immersed into the toluene 
solution and left there upon stirring for a desired time at room temperature. Afterwards, 
the wafer was first rinsed on both sides with ca. 4 ml of toluene and then washed in a 
spin-coating device with another 4 ml of toluene to remove all unreacted borane and 
aniline. 
 
Treatment with the pre-catalyst and allylmethylsulfide (3B) and (3C) 
 
A mixture of Bis(cyclopentadienyl)zirconium(IV) dichloride Cp2ZrCl2 (>98% pure) and 
triisobutylaluminium TIBA (0.12 mmol; Al/Zr=600) was prepared in toluene (20 ml), 
and then a BN-sample wafer immersed into it and, next, allylmethylsulfide (98%) (0.7 
µmol) added. The reaction mixture was left overnight at r.t. upon stirring. The resulting 
wafer was washed as described above. 
 
Ethylene polymerization 
 
First a (C6F5)3/PhNMe2-pretreated wafer(so-called BN-sample), together with a blank 
wafer, was put inside a Schlenk tube with a magnetic stirrer. The surface of the BN-
sample is appr. 8 cm2 and that of a blank wafer appr. 2 cm2. Then the tube was filled with 
24 ml toluene, pressurized by ethylene at 2.5 bar. The system was left for several minutes 
to saturate the toluene with ethylene. In the meantime, 0.12 mmol of TIBA (120 µl of 1M 
TIBA solution in toluene) was dissolved in 0.5 ml toluene, and subsequently 0.2 µmol of 
Cp2ZrCl2 added to it. Al/Zr ratio is thus 600. The resulting solution of Cp2ZrCl2 and 
TIBA in toluene was injected with a syringe into the pressurized Schlenk tube. For a 
polymerization test with Cp2Zr(CH3)2, 0.2 µmol of it was dissolved in 0.5 ml toluene 
(without addition of any TIBA) and injected with a syringe. 
 
At the end of polymerization, the Schlenk tube was de-pressurized. The wafers were 
taken out of the solution and rinsed with toluene. The PE in the toluene was collected via 
filtration, and then washed by toluene, acidic methanol (VHCl : Vmethanol = 1: 9), and finally 
excess of water. 
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5Flat Models of Immobilized 

Bis(imino)pyridyl Metal Catalysts: 

Preparation and Characterization 
 
 

 

5.1 Introduction: the bis(imino)pyridyl late transition metal catalysts 

and their immobilizations   
 

It has been a long time since the dimerization and oligomerization of ethylene catalyzed 

by later transition metals were discovered. Actually it was the famous “nickel effect” 

(the observation of the combination of traces of nickel compounds and aluminumalkyl 

compounds catalyzed ethylene dimerization) that led to the discovery of Ziegler 

catalysts.1 Later on in 1960s and 1970s, the Shell Higher Olefin Process (SHOP) was 

developed by Keim et al., in which linear α-olefins are obtained by nickel-catalyzed 

oligomerization of ethylene.2,3  

 

NiII R

P

O
H

n

a-olefins  
Scheme 5.1 Oligomerization of ethylene by the Shell Higher Olefin Process (SHOP). 

 

Dimerization and oligomerization of ethylene or α-olefins by later transition metals are 

based on the same type of reactions as the polymerization by Ziegler-Natta or 

metallocene catalysts, which is the chain growth by migratory insertion and chain 

transfer by various mechanisms.  However, due to the easy chain transfer by β-hydride 

elimination, later transition metals usually yield dimers or oligomers.4,5  
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Scheme 5.2 Simplified schematic representation of ethylene oligomerization and 

polymerization by late transition metal complexes. 
 

A prime challenge in the design of late transition metal catalysts for polymerization is to 

hinder the chain transfer, while to maintain the high speed of chain growth. In 1995, 

Brookhart and co-workers reported a new class of late transition metal catalyst, namely 

α-diimine nickel(II) or palladium(II), for the polymerization of ethylene and α-olefins.6-8 

A remarkable feature for these catalysts is their capability of producing highly branched 

polyethylene via a “chain running” mechanism. Subsequently in 1998, groups of 

Brookhart and Gibson independently reported cationic iron(II) and cobalt(II) catalyst 

system based on bis(imino)pyridyl complexes to produce highly linear polyethylene.9-11 

A key factor to ensure that these late transition metal catalysts do olefin polymerization 

instead of dimerization or oligomerization is the steric bulk of the o-aryl substituents, 

that retard the chain transfer through β-hydride elimination, which results in products 

with very high molecular weight. 
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Figure 5.1 Structure of the late transition metal catalysts: (left panel) α-di(imine) Ni(II) 

or Pd(II) complexes, and (right panel) bis(imino)pyridyl iron(II) or Co(II) complexes. 
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Since the discovery of the bis(imino)pyridyl metal catalysts for ethylene polymerization, 

intense research is being carried out on this system; the major interesting features of this 

system are as follows. First of all, comparing other homogeneous polyolefin catalysts 

such as metallocenes, the preparation of these catalysts from commercially available 

compounds is relatively easy. Scheme 5.3 gives an example of the synthesis of 

bis(imino)pyridyl iron catalyst precursor.    
 

N
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[H+]
Solvent

N
NN

iPr

iPr

iPr

FeCl2 N
NN

iPr

iPr

iPr

Fe

Cl Cl

iPr

iPr

5A

5B  
Scheme 5.3  Preparation of bis(imino)pyridyl iron complexes. 

 
 

Secondly, these catalysts, especially for the iron system, show a very high activity 

towards ethylene polymerization. Astonishing rates of up to 3000 turn overs per second 

have been reported for the homogeneous iron catalysts at 40 bar of ethylene pressure.  

Thirdly, highly linear crystalline high-density polyethylene with a broad or bimodal 

molecular weight distribution is obtained with the iron catalyst under certain 

polymerization conditions. A combination of two termination mechanisms (chain 

transfer to aluminium and β-hydride elimination) is proposed to result in this non-single-

site behavior.11 Fourthly, unlike other homogeneous polymerization catalysts that 

mainly rely on MAO or borates as the activator, late transition metal catalysts have 

broader choices for selecting activators from aluminum alkyls. Various aluminum alkyls 

have been reported as efficient activators, such as TIBA, TEA, Et2AlOAlEt2, (i-

Bu)2AlOAl(i-Bu)2.12  

 

Bis(imino)pyridyl catalysts have been successfully immobilized on different types of 

carriers using numerous strategies. A common way of immobilizing homogeneous 

polyolefin catalysts is to immobilize activators to the support first and then add the 
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catalyst precursor to the activator-modified surface. The first attempt to support the 

bis(imino)pyridyl iron(II) or cobalt(II) catalysts was also based on this method. MAO- 

or other aluminumalkyl compounds-modified carriers were used to support the 

bis(imino)pyridyl complexes catalysts. These carriers included amorphous silica,13-16 

zeolite,17 and magnesium chloride.18,19 Scheme 5.4 gives an example from literature,13 

where bis(imino)pyridyl iron catalysts were immobilized onto a trimethyl aluminium-

modified silica surface. 

 

OH

O

O

OH
OH

O

HO

HO
O

calcined 
silica

PHT

silica

PHT

PHT

PHT

AlMe3

H2O, toluene

catalyst presursor

PHT-

silica

PHT-PHT-

PHT-

cat+

PHT

PHT

PHT-
PHT-

cat+cat+

cat+cat+

cat+

PHT= partially hydrolyzed trimethylaluminium
cat+=catalyst active site  

Scheme 5.4 Immobilization of bis(imino)pyridyl iron(II) complexes via a ‘double shell’ 

(partially hydrolyzed trimethylaluminium /silica) method. 
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Scheme 5.5 Self-immobilization of alkenyl-functionalized bis(imino)pyridyl iron(II) 

complexes. 
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If the ligand of the catalyst has been modified with alkene functionalities, the catalyst 

itself can be incorporated into the polymer chain as a comonomer during 

polymerization. As a result, the catalyst is supported to the polymer carrier. The process 

is so-called self-immobilization. Self-immobilized bis(imino)pyridyl iron(II) catalysts 

have been claimed by two separate groups. ω-alkenyl functions were attached to the 

acetyl position of the ligand by Herrmann et al.20 and to the anilines by Jin et al.21 

However, self-immobilized catalysts suffer from the poor control of polymer growth. 

Reactor fouling was observed during polymerization in some cases. 
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Scheme 5.6 Immobilization of the alkenyl-functionalized bis(imino)pyridyl iron(II) 

complexes on a modified silica surface.20 

 

Tethered bis(imino)pyridyl complexes on amorphous silica are also reported to give 

active polyethylene catalysts after treatments with aluminium alkyls. Different synthetic 

protocols have been used to modify the bis(imino)pyridyl ligand with an anchoring 

group. Herrmann and co-workers modified the ligand with linear alkenes of various 

lengths.20 The alkene-functionalized catalyst precursors can be tethered to the silane-
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modified silica surface via hydrosilylation. Ethoxylsilyl and chlorosilyl groups were 

also used to modify the bis(imino)pyridyl ligand by Kim’s group and Li’s group, which 

allowed the ligand to further react with hydroxyl groups on the silica surface.22,23 The 

covalently attached polyolefin catalysts offer  several advantages over other methods, 

such as that different activators can be used and the catalysts are unlikely to leach from 

the support.   
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Scheme 5.7 Immobilization of the ethixylsilyl-functionalized bis(imino)pyridyl iron(II) 

complexes on a silica surface.22 

 

 
 
5.2 Synthesis and characterization of functionalized bis(imino)pyridyl 
ligands 
 
In this chapter, well-defined models of immobilized polyethylene catalyst systems are 
presented using a versatile heterogenization method to covalently immobilize 
bis(imino)pyridyl complexes onto flat SiO2/Si(100) surfaces. This immobilization 
method is on the basis of the anchoring reactions of two chlorosilyl-functionalized 
bis(imino)pyridyl ligands 5D and 5E to the silica surface. 
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Scheme 5.8 Synthesis of the bis(imino)pyridyl ligand with a ω-chlorosilane function 
attached to the acetyl position (5D). 
 

 
The synthetic route of ligand 5D is given in Scheme 5.8.  From the [2,6-
bis(diisopropylphenyl)imino)ethyl]pyridyl ligand 5A as the starting material, following 
the protocol reported by Herrmann et al., allyl-modified bis(imino)pyridyl ligand 5C is 
obtained.20 The ligand 5C can further react with dichloromethylsilane, in the presence of 
a Pt Karstedt’s catalyst, which results in the chlorosilyl-modified bis(imino)pyridyl 
ligand 5D as a brown powder. 
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Scheme 5.9 Synthesis of the bis(imino)pyridyl ligand with a γ-chlorosilane function 
attached to the anilines (5E). 
 
 
Ligand 5E is synthesized using the method described in literature with minor 
modifications,23 as shown in Scheme 5.9.  
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5.3 Preparation and characterization of the supported catalysts  
 
5.3.1 General procedure 
 
The direct reactions of Si-Cl groups from chlorosilyl-modified ligands 5D and 5E with 
surface silanols lead to the immobilization of the bis(imino)pyridyl ligands 5F and 5G, 
respectively. The only byproduct from these reactions is HCl. For these anchoring 
reactions onto silica gel surfaces described in literature, a base compound, such as 
triethylamine or pyridine, is needed in most cases to serve as a capturer of HCl. 
However, for reactions on the SiO2/Si(100) surfaces we investigated here, the 
bis(imino)pyridyl ligand reagent itself can be used as the base to successfully capture 
HCl. A piece of wafer of 2 × 2 cm2 contains about 10-9 mol of silanol groups (Chapter 
3). The wafer is placed in a THF solution (30 ml) of functionalized bis(imino)pyridy 
ligand (0.1 mg/ml) for the tethering reaction, where the population of the 
bis(imino)pyridyl ligand is 106 times larger than the generated HCl. The large excess of 
the base bis(amino)pyridyl ligand ensures that the ligand itself can effectively capture 
the generated HCl. 
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Scheme 5.10 Preparations of the supported bis(imino)pyridyl complexes from ligand 
5F as catalyst precursors for ethylene polymerization: a) iron(II) complex (5F1), b) 
cobalt(II) complex (5F2), and c) vanadium(III) complex (5F3). 
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In the molecular structure of bis(imino)pyridyl iron complexes, two phenyl planes are 
oriented essentially orthogonal to the pyridyl plane. Para-positions of the phenyl and 
pyridyl rings form a trigonal geometry.10 Therefore, both the chlorosilyl groups from 5E 
can be anchored on the flat silica surface. 
 
Flat models of silica-supported catalyst precursors are obtained via the complexation of 
the corresponding metal chloride compounds with the silica-supported bis(imino)pyridyl 
ligands, see Scheme 5.11. The complexations result in quantitatively supported catalyst 
precursors 5F1, 5F2 and 5F3 from the ligand-modified surface 5F in THF at room 
temperature. Supported catalyst precursor 5G1 is formed from the complexation of 
FeCl2•4H2O to the ligand-modified surface 5G.  
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Scheme 5.11 Preparations of the supported bis(imino)pyridyl iron(II) complex (5G1) 
from ligand 5G as catalyst precursor for ethylene polymerization.  
 
 
5.3.2 XPS analysis for supported bis(imino)pyridyl complexes 
 
The immobilized ligands and catalyst precursors are characterized by XPS qualitatively 
and quantitatively. The binding energies of metals, nitrogen and chlorine and their 
atomic ratio determined by XPS peak intensities are summarized in Table 5.1. 
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After the anchoring reaction of the ligand 5F, a N 1s peak at 399.6 eV is observed in the 
XPS spectrum. Samples after the anchoring reaction from 1 hour to 48 hours have the 
estimated surface densities of the anchored ligand, which increases with time as shown 
in Figure 5.2. These results suggest that the anchoring reaction of the ligand to the silica 
surface at room temperature is a slow reaction, which allows us to control the ligand 
loading by varying the reaction time. After 48 hours, the density of N reaches a 
saturation value of about 0.52 ligand nm-2. For the experiments in this thesis we use the 
wafer samples treated after a ligand anchoring reaction for 48 hours unless stated 
otherwise.    
 
 
Table 5.1 XPS binding energy values and atomic ratios of SiO2/Si(100) –supported 
bis(imino)pyridyl ligand (5F and 5G), catalyst precursors(5F1, 5F2, 5F3 and 5G1), 
homogeneous bis(imino)pyridyl iron catalyst precursor (5B), FeCl2 and FeCl2•4H2O. 

Sample N 1s 
(eV) 

Cl 2p3/2 
(eV) 

Metal 
(eV) 

Atomic ratio 
Metal : N : Cl 

5F 399.6 ──── ──── ──── 
5F1 399.9 198.7 710.6 (Fe 2p3/2) 1 : 2.3 : 2.8 
5G 399.8    
5G1 399.7 199.9 710.5 (Fe 2p3/2) 1 : 1.7 : 3.0 
5B 400.3 199.2 710.6 (Fe 2p3/2) 1 : 2.1 : 3.1 
FeCl2 ──── 198.8 709.3 (Fe 2p3/2) ──── 
FeCl2•4H2O ──── 198.8 709.6 (Fe 2p3/2) ──── 
5F2 400.5 199.5 781.2 (Co 2p3/2) 2.0 : 2.0 : 2.9 
5F3 400.2 200.9 ──── 1 : 1.1 (N : Cl) 
 
 
Figure 5.3 shows the XPS N 1s and Cl 2p spectra of immobilized ligand 5F and catalyst 
precursor 5F1. For 5F, the nitrogen peak at 399.6 eV can be resolved into two 
components. The one of binding energy at 398.9 eV is assigned to the N of imine, and 
the one at 400.9 eV is from the N of pyridine. The area ratio between these two peaks of 
N is 2 to 1. The area ratio between the N1s to the Si 2p is 0.182 for 5F, which 
corresponds to a N density of 1.55 nm-2 and a ligand density of 0.52 nm-2 based on the 
quantification method described in Chapter 2. On surface 5F, no Cl is detected by XPS, 
indicating that all the chlorosilane group of the supported ligand have been fully 
converted to the siloxianes Si-O-Si and no generated HCl was captured by the supported 
ligand. 
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After the complexation of 5F with FeCl2, new peaks of Cl 2p and Fe 2p are detected in 
XPS. There is no loss in ligand on surface 5F1 since the density of N remains 0.52 nm-2. 
The binding energies of N from 5F1 increase by about 0.3 eV after the Fe is coordinated 
to the ligand.   
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Figure 5.2 Ligand loading on surface 5D plotted vs. anchoring reaction time. The 
loadings are estimated by the intensity of N 1s peak in XPS analysis after 
normalization.  
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Figure 5.3 XPS analysis of N1s and Cl 2p for supported bis(imino)pyridyl ligand (below) and 
supported bis(imino)pyridyl iron(II) catalyst precursor 5F1 (above) 
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Figure 5.4 XPS analysis of (a) Fe 2p, (b) N 1s and (c) Cl 2p for homogeneous catalyst 
precursor 5B (above) and supported catalyst precursor 5F1 (below). 
 
 
Figure 5.4 shows the XPS spectra of the catalyst precursor 5F1, together with the 
homogeneous catalyst precursor 5B as the reference compound. For the complex 5F1, 
N1s, Cl 2p3/2 and Fe 2p3/2 have binding energies of 399.9, 198.7 and 710.6 eV, 
respectively. The catalyst precursor 5B gives binding energies at 400.2, 198.7 and 710.6 
eV for N 1s, Cl 2p3/2 and Fe 2p3/2. The similar binding energies and features of 
complexes 5F1 and 5B in Fe 2p spectra (Figure 5.4) suggest a very close chemical 
environment for iron in both precursors. For comparison, Fe 2p3/2 for FeCl2 and 
FeCl2•4H2O are 709.3 and 709.6 eV, respectively, considerably lower than the binding 
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energies from ligand-coordinated iron.  The densities of chlorine and iron on this surface 
5F1 are estimated to be 1.4 Cl nm-2 and 0.6 Fe nm-2. The quantitative analysis from XPS 
shows that the ratio between Fe, Cl and N on SiO2/Si(100) surface is 1.0: 2.3: 2.8, which 
is close to the expected ratio 1:2:3. 
 
XPS spectra of the flat silica-supported ligand 5G and iron catalyst precursor 5G1 are 
shown in Figure 5.5. The spectra of N, Cl and Fe are similar to those from the surface 
5F and 5F1.  For 5G, the N1s peak can also be resolved into two components: the one at 
399.2 eV from the imino nitrogen and the one at 401.1 eV from the pyridine nitrogen. 
For 5G1, the binding energies of N 1s and Cl 2p and Fe 2p3/2 are obtained at 199.9, 
399.7 and 710.4 eV. The loading of the anchored catalyst is estimated to be 0.6 nm-2, 
slightly higher than the one from surface 5F. The ratio between Fe, Cl and N of 5G1 is 
estimated from intensities of XPS peaks as1.0: 1.8: 3.0, which agrees well with the 
expected ratio for the compound. 
 
The loadings of the flat model supported catalyst precursors 5F1 and 5G1 are 
comparable to those of amorphous silica-supported bis(imino)pyridyl iron chloride 
catalysts as reported in literature. The catalyst precursor reported by Herrmann’s group 
based 5F1 on SiO2 gel showed a loading of 0.70 nm-2.20 The precursor 5G1 is prepared 
on flat silica surface using the method reported by Li’s group. They support the catalyst 
on amorphous silica surface with a loading of 0.60 nm-2.23 The loadings of silica-
supported bis(imino)pyridyl iron catalysts on a flat silica surface in this work and on an 
amorphous silica surface as obtained from literature are summarized in Table 5.2. 
 
 
Table 5.2 Loading of bis(imino)pyridyl iron(II) catalysts on SiO2/Si(100) surfaces and on 
amorphous silica surfaces 

Loading Reference  BET 
(m2 g-1) Weight loading Surface density 

(nm-2) 
 

1 5F1 ──── ──── 0.52 This work
2 5G1 ──── ──── 0.61 This work
3 5F1 on silica gel 178 1.15 wt % 0.70 (20) 
4a  212 0.119 mmol/g 0.56 (22) 
5 5G1 on silica gel 480 0.48   mmol/g 0.60 (23) 
 

a Bis(imino)pyridyl iron(II) catalyst precursor on silica gel surface presented in Scheme 5.7 
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Figure 5.5 XPS analysis of N1s for supported bis(imino)pyridyl ligand 5G (above) and  Fe 
2p,Cl 2p, N 1s supported bis(imino)pyridyl iron(II) catalyst precursor 5G1 (below). 
 
 
 
XPS has also been employed to characterize the supported bis(imino)pyridyl cobalt and 
vanadium catalysts precursors 5F2 and 5F3. The results of XPS analysis are 
summarized in Table 5.1 and the spectra are shown in Figure 5.6. For the surface 5F2, 
Co 2p3/2 is located at 781.2 eV. Compared with N 1s from iron(II) catalyst precursor 
5F1, the N 1s peaks from 5F2 are slightly higher in binding energy. The imino nitrogen 
shows a binding energy at 400.0 eV and the pyridyl nitrogen at 401.8 eV. Both are 
about 0.87 eV higher than those from the supported complex 5F1. The XPS results 
suggest that the electron donation from the ligand to the cobalt via coordination bonds is 
much stronger than to iron, which might have an effect on the catalytic activity. 
Moreover, we observe a higher Co loading on the surface compared to the ligand 
loading. Therefore, there may be some uncoordinated cobalt on the silica surface. 
However, the ratio between nitrogen and chlorine is in good agreement with the 
expected value. 
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Figure 5.6 XPS analysis of Co 2p, N 1s and Cl 2p for supported catalyst precursor 5F2.  
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Figure 5.7 XPS analysis of V 2p, N 1s and Cl 2p for supported catalyst precursor 5F3. 
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As the V 2p peak overlaps with the O 1s peak and its satellites, the XPS spectra of the 
supported V catalyst precursor 5F3 are difficult to interpret quantitatively (Figure 5.7). 
The N 1s peak can be resolved into two peaks: 399.2 eV for imine nitrogens and 401.2 
for pyridyl nitrogens.  The atomic ratio between nitrogen and chlorine is estimated to be 
1:1.1, agreeing with the stoichiometry of 5F3.  
 
 
 
5.4 Conclusions 
 
Supported bis(imino)pyridyl complexes were prepared on partially dehydroxylated flat 

SiO2/Si(100) surfaces. The immobilization procedure involves the synthesis of 

bis(imino)pyridyl ligands with chlorosilane groups attached to either the acetyl position 

or the anilines. The ligands are anchored to the flat silica surface via the reaction 

between the chlorosilane functional group and surface hydroxyl groups. Further 

complexation by FeCl2·4H2O, CoCl2·6H2O or VCl3·3THF leads to the desired supported 

catalyst precursors. 

 

XPS has been used to characterize the flat silica-supported ligands and catalyst 

precursors, confirming the success of the immobilization procedures. XPS spectra of N 

1s, Cl 2p, Fe 2p, V 2p and Co 2p of these immobilized ligands and catalyst precursors 

were studied qualitatively and quantitatively. It was shown that the anchoring reaction 

of the ligand 5D is a slow reaction and after a 48-hour-reaction, the loading of the 

anchored ligand 5F is close to the saturated loading of 0.52 nm-2. The similar binding 

energies and features in XPS spectra of supported catalyst precursor 5F1 and its 

homogeneous analogue 5B indicates that the chemical environment of the iron complex 

has little change after immobilization.  For the catalyst precursor 5F1, 5F3 and 5G1, the 

nearly stoichiometric ratio between the ligand, chlorine and metals revealed by XPS 

shows that the grafting of the metal to the pre-anchored ligand is quantitative. However, 

although the chlorine to ligand ratio agrees well with the stoichiometric number for 

sample 5F2, the cobalt loading is higher than the ligand loading, indicating there are 

some cobalt contaminations on the surface. 
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Experimental part 
 
All chemicals were purchased from Aldrich, Merck, and Stream and used as received 
unless stated otherwise. All of the co-catalysts preparations and all of the reactions with 
them were carried out under anhydrous and anaerobic conditions in a glove box (O2 and 
H2O < 1 ppm) or using standard Schlenk techniques. Toluene and THF were taken 
HPLC-grade from an argon-flushed column packed with aluminium oxide, and stored 
over 4 Å molecular sieves before use. Allyl-modified bis(imino)pyridine ligand 5C was 
prepared according to the procedure described in laterature.20 
 
NMR spectra were recorded at room temperature on a Varian Mercury 400 MHz 
spectrometer. Chemical shifts are given in ppm and spectra were referenced to CDCl3 
(1H, 13C{1H}).  
 
X-ray photoelectron spectroscopy measurements were performed with a VG Escalab 
200 using a standard aluminum anode (Al-Kα 1486.6 eV) operating at 240 W. Spectra 
were taken at normal emission at a background pressure of 2 x 10-9 mbar. Binding 
energies were referenced to Si 2p peak of SiO2 at 103.3 eV. Elemental density was 
determined from XPS analysis based on the method described in Chapter 2. 
 
Synthesis of 2-[(2,6-(Diisopropylphenyl)imino)ethyl]-6-[1-(2,6-diisopropylphenyl) 
imino)-5-(dichloro-methyl-silanyl)pentyl]pyridine (5D) 
 
Compound 5C 260 mg (0.5 mmol) was dissolved in 30 mL CH2Cl2 and a catalytic 

amount (20 µl) of Karstedt’s catalyst (3-3.5 wt % Pt in xylene) was added. After that, 1 

mL (20 equiv) CH3Cl2SiH was introduced with a syringe. The solution color changed 

from yellow to dark purple within 5 min. The reaction mixture was stirred at room 

temperature overnight and the solvent and excess silane were removed in vacuum. 

Compound 5D was obtained as a brown powder.  

 
1H NMR (CDCl3): δ= 0.66 (s, 3H, SiMe), 0.97 (m, 2H, CH2CH2CH2CH2Si), 1.14-1.24 

(m, 24H, CHMe2), 1.47 (m, 2H, CH2CH2CH2CH2Si), 1.59 (m, 2H, CH2CH2CH2CH2Si), 

2.25 (s, 3H, MeC=N), 2.71-2.81 (m, 6H, CH2CH2CH2CH2Si + CHMe2), 7.08-7.13 (m, 

2H, Hp aryl), 7.16-7.19 (m, 4H, Hm aryl), 7.93 (t, 1H, Hp py, 3JHH=7.6 Hz), 8.43 (d, 1H, 

Hm py, 3JHH=7.6 Hz), 8.48 (d, 1H Hm py, 3JHH=7.6 Hz).  
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13C{1H} NMR (CDCl3): δ= 5.04, 17.18, 21.43, 22.19, 22.90, 23.23, 23.51, 28.33, 29.28, 

30.03, 122.15, 122.84, 123.03, 123.53, 123.64, 135.48, 135.76, 137.05, 146.02, 146.40, 

154.60, 155.12, 166.77, 168.97.                                                                                                                         

 

Preparations of supported catalyst precursors 

 

Preparation of the supported ligand on SiO2/Si(100) wafer (5F) 
 

The SiO2/Si(100) wafer was partially dehydroxylated at 500 °C in hot air for 16 hours 

and then introduced and kept in the glove-box. Then the wafer was placed in a 30 ml 

THF solution of ligand 5D (0.1 mg/mL). The reaction mixture was stirred at room 

temperature for the desired time. After that, the wafer was thoroughly washed with 

THF, toluene, and dried under nitrogen.  

 

Preparation of the supported catalyst precursors on SiO2/Si(100) wafers (5F1, 5F2 

and 5F3) 
 

5F1: The ligand-modified wafer was treated with a THF solution of FeCl2·4H2O (1 

mg/ml) at room temperature overnight. After the reaction, the wafer was thoroughly 

washed with THF and toluene, and then used for XPS analysis or polymerization. 

 

5F2: The same procedure was used as described for 5F1, using a THF solution of 

CoCl2·6H2O for the complexation. 

 

5F3: The same procedure was used as described for 5F1, using a THF solution of 

VCl3·3THF for the complexation. 

 

Preparation of the supported ligand on SiO2/Si(100) wafer 5G and supported 

catalyst precursor (5G1). 

 

5G was prepared using the same procedure as described for 5F from the chlorosilane-
modified ligand 5E. 5G was treated with a THF solution of FeCl2·4H2O (1 mg/ml) at 
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room temperature overnight. After the reaction, the wafer was thoroughly washed with 
THF and toluene, resulting in the supported catalyst precursor 5G1.  
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6Flat Models of Immobilized 

Bis(imino)pyridyl Metal Catalysts: 

Ethylene Polymerization 
 
 
 
6.1 Introduction 
 
In 1964, Cossee and Arlman proposed a mechanism for the polymerization of olefins 
with Ziegler-Natta catalysts.1,2 This propagation mechanism, based on the polymer chain 
growth by migratory insertion of the olefin into a Ti-C bond (Scheme 6.1), is now 
generally accepted, and has been supported convincingly by experimental studies. 
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Scheme 6.1 Cossee-Arlman mechanism for polymerization. 
 
 
After the discovery of the metallocene catalysts and other organometallic homogeneous 
catalysts for olefin polymerizations, the Cossee-Arlman mechanism was incorporated to 
explain the chain propagation. For the bis(imino)pyridyl iron(II) catalytic system for 
homogeneous polymerizations, a Cossee-Arlman propagation mechanism has also been 
assumed by Gibson and co-workers (pathway A, Scheme 6.2), involving migratory 
insertion of ethylene into a metal alkyl bond, whereby the propagation rate has a first-
order dependence on the ethylene concentration.3 In reference 3 four different chain-
transfer pathways are also proposed as shown in the Scheme 6.2: two of them are on the 
basis of β-hydride transfer to metal (pathways B and C), one on β-hydride transfer to 
monomer (D) and one on chain transfer to aluminium (E). 
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Scheme 6.2 Possible chain propagation and transfer pathways (adapted from reference 
3). 
 
β-hydride transfer to metal process B and C are kinetically distinguishable. For type B, 
the step of the associative displacement of the polymer chain by the monomer is fast and 
not the rate-determining-step. Therefore, type B is independent on the monomer 
concentration. Type B is a common chain-transfer process. On the other hand, in type C, 
insertion of the monomer is the rate-determining step, which makes the chain-transfer to 
metal process dependent on monomer concentration with a first order. Similarly as type 
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C, type D of the β- hydride to monomer is first order in the monomer. Type D has been 
postulated previously for certain metallocene catalysts.4-6 The fourth, chain transfer to 
aluminium, is less common and dependent upon the alkyl aluminium concentration. In 
general, polymer chains resulting from path B, C and D are of one unsaturated chain end 
(vinyl end groups), whereas polymers from path E are of fully saturated chains. 
 
In this Chapter, model catalysts based on SiO2/Si(100) wafer-supported  
bis(imino)pyridyl complexes are subjected to ethylene polymerization under various 
conditions in terms of catalyst, ethylene pressure, polymerization temperature and 
duration. The effect of conditions on activity and polyethylene (PE) molecular weight 
will be presented. A study of the stability of the supported catalysts in solution upon the 
treatment of co-catalyst will be correlated to the degeneration of the catalysts.  
 
 
 
6.2 Influence of polymerization conditions on catalyst activity and 
polymer molecular weight 
 
6.2.1 General results 
  
SiO2/Si(100) wafer-supported catalyst precursors 5F1, 5F2, 5F3 and 5G1 have been 
applied for ethylene polymerization in toluene in presence of co-catalyst 
triisobutylaluminium (TIBA). Herein, catalysts are named according to the sample names 
of Chapter 5. All supported catalysts are found to be active towards ethylene 
polymerization and no leaching of the catalysts is observed during the whole 
polymerization process at all polymerization conditions. 
 
It is well known that the co-catalyst concentration plays a very important role in the 
catalyst activity and polymer properties.3-9 For the homogeneous bis(imino)pyridyl 
iron(II) catalysts, when the Al to Fe ratio changes from 250 to 2000, the molecular weight 
distribution of the produced polymer changes from a broad unimodal to bimodal 
distribution. The lower molecular weight peak increases with the increase in the Al/Fe 
ratio, since the high co-catalyst concentration will enhance the rate of chain transfer to 
aluminium.  However, in the case of model catalysts, the amount of the catalyst is only 
about 10-9 mol on a wafer of 2×2 cm2 with a catalyst loading of 0.5 nm-2. When the 
polymerization is run in toluene solution with a typical volume of 80 ml, it is not 
applicable to have the co-catalyst concentration only several thousand times higher than 
the catalysts concentration while still maintaining the co-catalyst as an efficient scavenger 
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for the impurities (e.g., water) in the system. Therefore, we will keep the co-catalyst 
concentration in our system at 0.01 M for all polymerization experiments, which is 
comparable to the absolute concentrations of co-catalyst used in the literature.10 The 
actual ratio between Al and catalyst in our system is about 105. For polymerizations using 
the flat model catalysts with aluminium co-catalyst, the chain termination by transfer to 
Al is more sensitive to the absolute concentration than to the ratio of Al to catalyst.   
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Figure 6.1 Structure of the ethylene polymerization catalysts investigated in this chapter. 
Catalysts are named according to the samples in Chapter 5. 
 
Table 6.1 Polymerization data for the polymers produced by SiO2/Si(100) wafer 
supported bis(imino)pyridyl catalysts. 

polymerization condition entrya catalyst 
temperature 

(oC) 
pressure 

(bar) 
duration 
(hour) 

activity 
(×103 kg(PE)  

(molcat h bar)-1) 
      

1 5B 35 2 1 10.8 
2 5B 50 10 1 5.34 
3 5F1 r.t. 2 3 1.82 
4 5F2 r.t. 4 3 traces 
5 5F3 r.t. 8 3 0.49 
6 5G1 r.t. 8 3 0.21 

aData of entries 1 and 2 for homogenous catalyst 5B are adapted from reference 3. 
Entries 3-6 were run with TIBA as co-catalyst in toluene. 
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Typical results for ethylene polymerizations with SiO2/Si(100) wafer-supported 
bis(imino)pyridyl catalysts are summarized in Table 6.1, as well as the reference 
homogeneous samples from literature.3 All the wafer-supported catalysts are active 
towards ethylene polymerization, among which the iron catalyst 5F1 shows the highest 
activity of 1.82 ×103 kg(PE) (molcat h bar)-1 for polymerization at room temperature. This 
number is about 6 times lower compared to the reported homogeneous iron catalyst 5B. 
Cobalt catalyst 5F2 shows a very low catalytic activity, leading to traces of PE on the 
silica surface. Vanadium catalyst 5F3 and iron catalyst 5G1 demonstrate a medium 
activity of 0.49×103 and 0.21 ×103 kg(PE) (molcat h bar)-1, respectively. 
 
In Figure 6.1, we compare the molecular weight distribution (MWD) curves for PE 
samples polymerized at 50oC over catalyst 5F1 and its homogeneous analogue 5B. PE 
produced from the homogeneous polymerization displays a bimodal MWD with a big 
proportion of the low molecular weight fraction at around 4,000 and small proportion at 
50,000. In contrast the molecular weight for the PE sample produced by wafer-supported 
catalyst 5F1 shows a broad unimodal distribution with the molecular weight peak Mpk at 
about 80,000. 
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Figure 6.2 Typical molecular weight distribution of the PE obtained using SiO2/Si(100) 
wafer supported iron catalyst 5F1. A reference curve, adapted from reference 3, for PE 
produced by homogeneous bis(imino)pyridyl iron catalyst 5B is also presented. Both 
polymerizations were performed at 50OC. 
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If we consider the peak of the low molecular weight for the homogeneous sample is 
assigned to chains which are terminated by chain transfer to aluminium (pathway E in 
Scheme 6.2),3 the MWD for the polymer produced using the wafer-supported catalyst 
suggests that the chain transfer to aluminium pathway is blocked in this case. Moreover, 
the PE sample obtained from 5F1 peaks at 80,000, i.e. higher than the peak of the high 
molecular weight fraction at 50,000 for homogeneous catalyst. This result indicates that 
chain termination by β-hydride chain transfer processes is also hindered when the catalyst 
is supported. A similar observation has been reported by Li et al. for their silica gel-
supported bis(imino)pyridyl iron catalysts. They proposed that this effect is caused by a 
steric effect due to the surrounding by silica.9 They reported a catalytic activity for the 
silica gel-supported iron catalyst 5G1 of 0.09×103 kg(PE) (molcat h bar)-1, which is twice as 
low as we find. 
 
 
6.2.2 Polymerization under various conditions 
 
Polymerizations under various conditions in terms of ethylene pressure, temperature and 
duration will be discussed in detail in the following sections. Table 6.2 summarizes the 
polymerization results. Among all the SiO2/Si(100) wafer-supported bis(imino)pyridyl 
catalyst, the iron catalyst 5F1 shows the best activity. The following discussion will focus 
on the behavior of catalyst 5F1 unless stated otherwise.  
 
Effect of ethylene pressure 
 
For the iron catalyst 5F1, polymerizations were run for 3 hours with an ethylene pressure 
from 2 to 10 bar (entries 3-6 in Table 6.1). Figure 6.3 (a) illustrates that the catalyst 
productivity has a first order dependence upon the ethylene pressure, giving a catalyst 
activity of 1.82 ×103 kg(PE) (molcat h bar)-1

, independent on the ethylene pressure. It is also 
found that the ethylene pressure has little effect on the PE MWD. The MWD plot curves 
are nearly identical for PE samples polymerized between 2 to 10 bar (entries 3, 5 and 6) 
as illustrated in Figure 6.3 (b). 
 
The same effect of the ethylene pressure is also observed for the SiO2/Si(100) wafer-
supported catalyst 5G1. The yield of the PE increases linearly with increasing ethylene 
pressure while the polymer MWD remains constant. Figure 6.4 shows the MWD plot 
curves for entries 16 and 17.  
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(a) (b) 
Figure 6.3 (a) Effect of ethylene pressure on the polymer yield using SiO2/Si(100) 
wafer-supported iron catalyst 5F1. (b) Effect of ethylene pressure on the molecular 
weight distribution using SiO2/Si(100) wafer-supported iron catalyst 5F1. 
Polymerizations were performed for 3 hours at room temperature. 
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Figure 6.4 Effect of ethylene pressure on the molecular weight distribution using 
SiO2/Si(100) wafer-supported iron catalyst 5G1 (entries 16 and 17 in Table 6.2). 
Polymerizations were performed for 3 hours at room temperature. 
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Effect of polymerization temperature 
 
Polymerizations were performed with the SiO2/Si(100) wafer-supported catalyst 5F1 in 
presence of TIBA under an ethylene pressure of 4 bar for 3 hours. Temperatures of 25, 
40, 50 and 60oC (entries 3, 7, 8 and 9 in Table 6.5) were applied to determine the effect of 
the temperature on the catalytic reactions.  
 
Two effects are observed upon changing the polymerization temperature. First, the 
catalytic activity drops considerably when the temperature is increased: from 1.82 ×103 
kg(PE) (molcat h bar)-1 at room temperature (entry 2) to 0.75 ×103 kg(PE) (molcat h bar)-1 at 
60oC (entry 9).  Secondly, the molecular weight (Mpk) of the PE is reduced: from 360,000 
for PE produced at room temperature to 56,000 at 60oC, as shown in Figure 6.5. Herein, 
the MWD curve for the room temperature sample 3 is that of entry 6 in Table 6.2, since 
we lack the MWD of sample 3 and we have seen in the previous section that the pressure 
has no effect on the MWD. 
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Figure 6.5 Effect of change in polymerization temperature on the molecular weight 
distribution using SiO2/Si(100) wafer-supported iron catalyst 5F1. Polymerizations were 
performed for 3 hours under ethylene pressure of 4 bar. 
 
Effect of polymerization time 
 
Polymerizations with catalyst 5F1 were run at 2 bar ethylene pressure for different 
reaction time (entry 10 - 13 in Table 6.2). The polymerization time has a large effect on 
the catalytic average activity, as shown in Figure 6.6.  Although the yield of the polymer 
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Figure 6.6 Effect of polymerization time on the catalyst average activity and productivity 
for SiO2/Si(100) wafer-supported iron catalyst 5F1 (entries 10-13 in Table 6.2). 
Polymerizations were performed at room temperature under an ethylene pressure of 2 
bar. 
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Figure 6.7 Effect of polymerization time on the MWD using SiO2/Si(100) wafer-
supported iron catalyst 5F1 (entries 6, 14 and 15 in Table 6.2). Polymerizations were 
performed at room temperature under an ethylene pressure of 10 bar in order to obtain 
enough polymer materials for molecular weight analysis. 
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keeps increasing with time, the average activity drops dramatically: from 1.07×103 kg(PE) 

(molcat h bar)-1 for the first half hour to 0.25×103 kg(PE) (molcat h bar)-1 for polymerization 
between 3 and 24 hours. It can be seen that the drop in activity is much faster in the first 
several hours than in the later stages. The average activity between 1 and 3 hours drops 
68% compared with the average activity in the first half hour, while a decrease of only 
26% in the average activity is observed from the polymerization between 1 and 3 hours to 
the one between 3 and 24 hours. Entries 6, 14 and 15 polymerized at 10 bar ethylene 
pressure also show the same trend of a decrease in activity when the polymerization time 
is increased. In addition, the MWD curves in Figure 6.7 for entries 6, 14 and 15 show that 
the Mpk moves to high molecular weight: from 100,000 for a 30-minute-polymerization to 
500,000 for a 24-hour-polymerization. 
 
Discussion on the effect of the polymerization conditions 
 
The effects of the ethylene pressure are similar for both the SiO2/Si(100) wafer-supported 
catalysts in this thesis and the homogeneous catalyst system reported in reference 3. The 
yield of polymer has a linear relationship with the ethylene pressure, implying that the 
propagation rate has a first-order dependence on the ethylene concentration. This result 
agrees with the proposed Cossee-Arlman mechanism, shown in scheme 6.1. On the other 
hand, the molecular weight is independent on the ethylene pressure, which means that the 
overall chain termination rate is also first order in ethylene concentration. In this case, the 
chain termination by β-H transfer to metal via pathway B and by the chain transfer to 
aluminium via pathway E (shown in Scheme 6.2) are unlikely to be involved in the 
system, since these chain termination processes have a zero-order dependence on 
ethylene concentration. Thus, the chain termination for the polymerization catalyzed by 
the SiO2/Si(100) wafer-supported iron catalyst 5F1 and 5G1 is dominated by the β-H 
transfer pathways C and D in Scheme 6.2. 
 
In addition, the fact that the MWD curves remain unchanged for PE samples polymerized 
under different ethylene pressures with the same catalyst suggests that the deactivation of 
the catalyst with time is probably also independent on the ethylene pressure.   
 
The increase in temperature will result in higher propagation and chain transfer rates. 
Therefore, a higher catalyst activity and a lower molecular weight of the PE product are 
expected when the polymerization temperature is increased. However, with our model 
catalysts an increase in polymerization temperature results in a large decrease in the 
catalytic activity and the PE molecular weight. These observations are similar to the 
homogeneous iron catalyst and silica gel-supported iron catalysts. To explain the 
decrease in activity by the increase in temperature, there are two effects to be considered: 
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one is a decrease in ethylene solubility in toluene at a higher temperature. The 
concentration of ethylene in toluene will drop ca. 43% at an ethylene pressure of 1 atm 
and 32 % at 10 atm, when the temperature increases from 25oC to 60oC.11 Therefore, the 
drop in the ethylene solubility at a higher temperature may not be the only cause of the 
decrease (which is more than 50%) in the catalytic average activity.  The second effect is 
that the higher temperature will also speed up the catalyst deactivation rate. It is the 
combination of these two effects which accounts for the observed temperature behavior. 
Also the increase of temperature will result in a higher chain-transfer rate, leading to a 
drop in molecular weight for the product.  
 
The dramatic drop in the catalytic activity with time indicates that deactivation of the 
SiO2/Si(100) wafer-supported catalyst takes place fast under the polymerization 
conditions of our experiments. A longer polymerization time results in polymers with 
higher molecular weight, indicating that during the polymerization the rate of chain 
transfer drops faster than the rate of chain propagation. 
 
 
 
6.3  Catalyst deactivation: treatment of the catalysts with TIBA solution 
 
Deactivation of the catalytic activity for the bis(imino)pyridyl iron catalyst has been 
observed for the homogeneous catalysts, silica gel supported catalysts and our 
SiO2/Si(100) wafer supported catalysts. However, the mode of the deactivation is still 
unclear. On the other hand, when Gambarotta and co-workers studied the role of Al co-
catalysts in the iron catalyst system, they found formation of a paramagnetic Al complex 
and extrusion of Fe during the treatment of bis(imono)pyridyl iron with AlR3 (R= Me, Et) 
solutions, as illustrated in Scheme 6.3.12 For both Al complexes yields around 40% were 
obtained.  
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Scheme 6.3 Formation of Al complexes and extrusion of Fe during the reaction of 
bis(imino)pyridyl iron complex with AlR3 (R=Me, Et) (adapted from reference 12). 
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Both Al complexes were found to be catalytic inactive upon further treatment with 
aluminium alkyls. Therefore, the authors claimed that their formation represent catalyst 
deactivation pathways. However, the experiments shown in Scheme 6.3 were carried out 
at -35oC, which is far below the temperature for olefin polymerizations. The formation of 
the Al complexes and the extrusion of Fe have not been demonstrated under conditions of 
polymerization.  
 
Here, we report the study of the stability of the SiO2/Si(100) wafer-supported 
bis(imino)pyridyl iron catalyst precursor 5F1 in presence of TIBA in toluene solution at 
room temperature for different experiment times. We apply XPS to quantify the N and Fe 
loadings on the surface of the SiO2/Si(100) wafers before and after treatment of TIBA. 
XPS spectra are shown in Figure 6.8. 
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Figure 6.8 XPS spectra and surface loading of the SiO2/Si(100) wafer supported 
catalyts precursor 5F1 before and after treatment of TIBA in toluene. No obvious loss 
of N is observed, while a decrease of around 30% in Fe is found on the surface. 
                                                                                                                                                                               
 
It is found that the N loading on the wafer surface does not change with time of treatment 
of TIBA solution, remaining around 1.5 N nm-2 (0.5 ligand nm-2). On the other hand, a 
drop in the loading of Fe is observed: before the treatment of TIBA solution, the loading 
of Fe is 0.56 nm-2 and after treatment for half an hour, the loading of Fe decreases to 0.40 
nm-2. When the reaction time with TIBA solution increases from 1 to 24 hours, the 
loading of Fe stays constant without noticeable loss. XPS analysis clearly shows that 
although the anchored bis(imino)pyridyl ligand is stable upon treatment of TIBA in 
toluene solution, leaching of iron takes place. As much as 30% of the iron is found to be 
lost on the SiO2/Si(100) wafer surface after one hour of treatment of TIBA. However, 
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longer times of the TIBA treatment do not cause further leaching of the iron, indicating 
that the degeneration of the iron complexes is a fast reaction. 
 
For the ethylene polymerization, TIBA is applied as the co-catalyst to initiate 
polymerization and to scavenge the impurities in the solution. The 30% loss of the iron 
from the anchored ligand by the treatment of TIBA in toluene solution is partially 
responsible for the deactivation of the catalytic activity. Figure 6.6 shows that the activity 
of the catalyst drops very fast in the early hours. After a 1-hour-polymerization the 
catalyst already loses about 27% of its activity. This suggests a correlation between the 
leaching of the iron and the drop in the catalytic activity for the first hour. Nevertheless, 
since the iron loading on the surface does not decrease noticeably after 1 hour, the 
continuous deactivation of the catalyst with time (Figure 6.6) should have other reasons.  
 
We also checked the Al content on the surfaces by XPS. The loading of Al keeps 
increasing with time. After 1 hour of TIBA-treatment, the Al loading is found to be 10.8 
nm-2. When the treatment time is increased to 24 hours, the Al loading increases to 22.8 
nm-2, indicating that a multilayer of Al was deposited on the wafer surface. The large 
amount of Al on the surface makes it difficult to confirm whether the bis(imino)pyridyl 
Al complexes have formed or not. Nonetheless, the deposition of Al on the silica surface 
will change the environment of the active sites and may cause deactivation of the 
catalytic activity. 
 
 
 
6.4  Conclusions 
 
The SiO2/Si(100) wafer supported bis(imino)pyridyl complexes are active towards 
ethylene polymerizations. Polymerization conditions show great effects on the 
polymerization properties using wafer-supported catalyst systems: 
 
1) The chain propagation and chain transfer rates are first-order dependent on the 
ethylene concentration (the ethylene pressure). The ethylene pressure has little effect on 
the average catalytic activity and molecular weight distribution of the polymer. 
 
2) A higher polymerization temperature results in a decrease in both catalyst activity and 
polymer molecular weight. 
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3) The supported catalysts deactivate with time. Stability studies of the catalyst system 
shows that Fe leaches from the anchored ligand and that a large amount of Al deposits on 
the wafer surface. Both effects cause deactivation of the catalysts. 
 
Finally, unlike the situation of the homogeneous catalyst system, which is very sensitive 
to the co-catalyst (aluminium alkyl) concentration, polymerizations using the 
SiO2/Si(100) wafer-supported catalysts are hardly controlled by chain-transfer to 
aluminium. Therefore, the use of supported catalysts result in polymers with a much 
higher molecular weight compared to the use of homogenous catalysts.  
 
 
 
Experimental part 
 
General information and materials 

All manipulations of air or water sensitive compounds were performed using standard 
Schlenk or glovebox techniques. Chemicals were purchased from VWR or Aldrich and 
used as received. Solvents were taken of HPLC-grade from an argon-flushed column, 
packed with aluminium oxide and stored with 4 Å molecular sieves. 
 
Molecular weight determination 
 
Size exclusion chromatography (SEC) was used to determine the molecular weight of the 
polyethylene samples. The required sample amount (at least 1 mg) was obtained by 
removal of the polymer from the catalyst surface using a scalpel. The measurements were 
performed at DSM Resolve using a PL-GPC220 device with Viscotek 220R viscosimeter 
and TSK GMHHR-H(S) HT columns. The eluent used, was 1,2,4-trichlorobenzene and 
measurements were performed at 160ºC. Measurements without viscometry were 
performed using a PL-GPC220 device, PL Rapide H 105*7.5mm columns and 1,2,4-
trichlorobenzene at 160ºC. 
 
X-ray photoelectron spectroscopy measurements were performed with a VG Escalab 200 
using a standard aluminum anode (Al-Kα 1486.6 eV) operating at 240 W. Spectra were 
taken at normal emission at a background pressure of 2 x 10-9 mbar. Binding energies 
were referenced to Si 2p peak of SiO2 at 103.3 eV. Elemental density was determined 
from XPS analysis based on the method described in Chapter 2. 
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Polymerization Procedure 
 
1) Schlenk glass reactor 
Ethylene polymerizations were performed at room temperature in a glass reactor 
equipped with a magnetic stirrer. The catalyst-modified wafer was placed in the reactor 
with 30 mL toluene and the reactor was pressurized with 2 bar of ethylene. When no 
more absorption of ethylene into toluene was observed, 300 µL TIBA solution (1 M in 
toluene) was injected into the reactor and the polymerization was started. The 
polymerization was stopped by removing the wafer out of the solution at the desired time 
and the wafer was washed with toluene before further analysis. 
 
2) Autoclave reactor 
Ethylene polymerizations were performed with the autoclave reactor described in Chapter 
2. The catalyst-modified wafer was placed in the left reactor (polymerization reactor) 
while 80 mL co-catalyst solution (0.01 M in toluene) was pressurized with ethylene in the 
right reactor (pre-mixture reactor) at a desired temperature.  After the solution was 
saturated with ethylene, the solution is transferred to the polymerization reactor and the 
polymerization was started. The polymerization was stopped by removing the ethylene 
and then taking the wafer out of the solution at the desired time. The wafer was washed 
with toluene before further analysis.  
 
Catalysts stability 
 
The stability of the anchored catalyst upon the treatment of TIBA (0.01 M) in toluene 
solution was studied with the same procedure as the polymerization in the Schlenk glass 
reactor except that no ethylene was present. The wafer was washed with toluene before 
further analysis. 
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7Flat Models of Immobilized 

Bis(imino)pyridyl Metal Catalysts: 

Polymer Morphologic Structure study 
 
 
 
7.1 Introduction 
 
The fine structure and morphology of nascent polyolefins have been a topic of interest 
since the 1960s.1-3 It has been recognized that not only the particle morphology, but also 
the fine molecular structure (e.g., crystallinity, entanglement) of the nascent polymer play 
an important role in the physical properties and processing of the final products.4,5                              
Understandings of the growth of the particle, the development of the morphology, the 
evolution of the polymer crystal, as well as the effect of the catalyst carrier on these 
processes, are the main topics in the study of the nascent polyolefin morphology. 
 
The morphology and the fine structure of the nascent polymer are generally proposed to 
be explained with two essential events: the formation and the crystallization of the PE 
molecules. Both events happen more or less simultaneously, and are controlled by the 
polymerization conditions, such as temperature, pressure, and concentration of the active 
sites. The general scenario for the nascent polymer produced by a solution phase catalytic 
process has been proposed in the literature4,6,7 and is described as follows.  
 
When the polymerization temperature is far below the melting and/or dissolution 
temperature, macromolecules will experience little freedom form the liquid state; only a 
part of the growing chain is dissolved in its surrounding medium, resulting in few 
entanglements with neighboring chains. At this low temperature, the polymerization rate 
is lower than the rate of the crystallization. When the density of active sites is low, the 
macromolecules may crystallize as folded chain lamella without entanglements as shown 
in Figure 7.1 (a). On the other hand, when there is a high density of active sites in the 
system, extended chains with virtually “non-entangled” conformation may be formed as 
illustrated in Figure 7.1 (b).  
When the polymerization temperature is increased, while still below the melting and/or 
dissolution temperature, polymers with a morphology consisting of highly entanglement 
and disorder folded chain crystals. In this case the rate of the polymerization is faster than 
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the rate of the chain incorporation into the crystalline solid, leading to entanglements and 
disorder before crystallization, see Figure 7.1 (c). 
 
Finally, when the polymerization condition is between the two above extreme cases, the 
polymerization and crystallization rates are comparable. Nascent polymer with extended 
crystals containing certain amounts of entanglements may be obtained as shown in Figure 
7.1 (d).   
 
 

(a)

(c)

(a)

(c)

(b)

(d)
 

Figure 7.1 Proposed schematic representation of the effect of the polymerization 
temperature and active sites on the resulting crystalline polymer – a summary from 
literature4,6,7 : (a) low density of active sites and low polymerization temperature will 
result in tiny, metastable chain folded crystals; (b) under certain conditions of a high 
density of active sites and low polymerization temperature, chain-extended polymer 
crystals with few entanglements are produced; (c) high active sites density, high 
polymerization temperature close to melting and/or dissolution temperature may result in 
highly entangled molecules and folded chain crystals; (d) at intermediate temperature, 
equal rate of molecule and crystal formation may result in extended chain crystals with 
entanglements. 
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Numerous studies on nascent morphology and crystallinity of PE produced from 
supported catalysts have been reported by means of microscopy techniques,8-10 X-ray 
diffraction and scattering,11-13 solid nuclear magnetic resonance (NMR),11,14,15 and 
differential scanning calorimetry (DSC).12,15 The development of the nascent state 
morphology of PE in the reactor is understood well on the micrometer level. The catalyst 
replication is an example. On the molecular scale, however, understanding the 
development of morphology is a challenge due to the complexity of the amorphous 
structure of the support. This is mainly due to the different initial polymerization time 
between exterior and interior of the catalysts and support particle fragmentation. In this 
chapter, we use the flat model to investigate the nascent polyethylene morphology. This 
model simplifies the support system into a 2-dimensional image, limiting the number of 
unknown parameters; it facilitates the surface characterization techniques, allowing one 
to use the full potential of electron microscopy and scanning probe microscopy. The 
model can provide information about the development of the crystalline structure at 
different stages, while the early stage of polymerization from amorphous silica-supported 
catalytic system is difficult to study. 
 
In this chapter we discuss the formation and morphology of nascent PE films growing on 
flat SiO2/Si(100) surfaces. Effects of the different polymerization conditions, e.g., 
temperature, catalysts and solvent on the development of the morphology are 
investigated. Finally, the as-grown PE films show a unique feature, namely 
superhydrophobicity, as a result of their morphology with special nano/microstructure. A 
discussion of the superhydrophobic property of the PE films will be provided in the last 
part of this chapter. 
 
 
 
7.2 Morphology of the polymer films 
 
General morphology 
 
Supported bis(imino)pyridyl metal catalysts on SiO2/Si(100) wafers have been subjected 
to ethylene polymerization in solvent. Since the catalysts are covalently anchored to the 
flat surface, polymers can only grow perpendicularly to the flat surface and form films of 
almost constant height. SEM images in Figure 7.2 confirm that PE films of a uniform 
thickness form. The thickness of the polymer films varies with activity of the catalysts 
caused by changes in metals, ligands, and polymerization conditions. A summary of the 
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polymerization experiments using SiO2/Si(100) wafer-supported catalysts as well as the 
homogeneous iron catalyst  is presented in Table 7.1. 
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Figure 7.1 Structure of the ethylene polymerization catalysts investigated in this chapter. 
Catalysts are named according to the sample names in Chapter 5. 
 
 
 
Table 7.1 Summary of the PE films and their thickness produced from SiO2/Si(100) 
wafer-supported catalysts in solution phase under various of conditions. 
entry polymerization condition film thickness 

(µm) 
 catalysta temperature 

(oC) 
pressure 

(bar) 
duration 
(hour) 

solvent  

1a Fe 5F1 r.t. 2 24 toluene 32 
2a Fe 5F1 r.t. 10 3 toluene 100 
3a Fe 5F1 r.t. 4 3 toluene 28 
4b Fe 5F1 r.t. 4 3 toluene 26 
5b Fe 5F1 r.t. 4 3 PETc 23 
6a Fe 5F1 40 4 3 toluene 13 
7a Fe 5F1 60 4 3 toluene 6 
8a V 5F3 r.t. 10 3 toluene 30 

 

a Triisobutylaluminium (TIBA) was used as co-catalyst.  
b Trimethylaluminium (TEA) was used as co-catalysts. 
c PET stands for petroleum ether.  
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PE film 1   
Polymerized at r.t., 2 bar, 24 hours 

PE film 2   
Polymerized at r.t., 10 bar, 3 hours 

  

  

  
Figure 7.2 SEM images for PE films produced from the catalytic route on the flat silica 
surface: in the left panel, (a) (c) and (e) are for polymer film 1; in the right panel, (b), (d) 
and (f) are for film 2. 
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A typical morphology is shown in the SEM images in Figure 7.2 for the PE films 1 and 2 
polymerized from the SiO2/Si(100) wafer-supported bis(imino)pyridyl iron(II) 5F1 
catalyst in a toluene solution. Islands of polymer are observed on the top of the PE films. 
Between these islands, a fibre texture is found. This morphology is more apparent from 
the side view: an initial homogeneous film has broken up with crevices down to the silica 
surface.  
 
A general observation is the thicker the PE film, the larger the islands that are formed on 
the surface of the sample. For example, the average island area of film 1 with a thickness 
of 32 µm is around 50 µm2, and valleys appear between these islands with an average 
width of 5 µm. For the Film 2 of a thickness of 100 µm, the island area is 25 times larger 
than the one from film 1, and the gaps between the islands are around 25 µm. 
 
It is interesting to notice that this morphology resembles the morphology obtained of the 
well-known cobweb texture from the surface of Ziegler-Natta PE particles supported on 
MgCl2 or SiO2 particles.16,17 The cobweb texture is a result of the fact that the PE initially 
grows on the surface and then in the interior of the catalyst particle. The increase in the 
particle volume leads to the fragmentation of the catalyst particle and the break of the PE 
surface, as shown in Scheme 7.1. This mechanism, however, cannot apply to the “island-
fibre morphology” observed on the flat model surface. The reason is that in this model 
only a monolayer of catalyst is immobilized on the flat silica surface and all of the 
catalysts produce polymer simultaneously. The fragmentation of the support is 
impossible.  
 

Polymer growth Polymer growth further Catalyst fragmentation

Catalyst polymer

Polymer growth Polymer growth further Catalyst fragmentationPolymer growth Polymer growth further Catalyst fragmentation

Catalyst polymerCatalyst polymerCatalyst polymer
 

 
Scheme 7.1 The formation of the cob-web morphology due to the catalyst particle 
fragmentations. Adapted from Loos et al.17  
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Figure 7.3 In the left panel, a SEM image for the cobweb morphology from the PE 
surface produced by Ziegler-Natta catalysts (adapted from Graff16 ). In the right panel, a 
SEM image for the PE film formed on SiO2/Si(100) wafer-supported Philips catalysts 
(adapted from van Kimmenade18). 
 
 
Actually when growing polymer films in the gas phase using the CrOx/SiO2/Si(100) 
Phillips catalysts (Figure 7.3, adapted from reference 18), we obtain smooth PE films 
without cracks. Clearly the island-fibre morphology as shown in the Figure 7.2 must be 
related to the polymerization media, in this case toluene. 
 

Scheme 7.2 Schematic representation of the formation of the PE surfaces from 
polymerization in toluene, where the bis(imino)pyridyl metal catalysts are supported on 
SiO2/Si(100) wafer surfaces. An island-fibre morphology is obtained.   
 
 
Our tentative explanation for the formation of the island-fibre morphology attributes to 
the swelling of the nascent polymer in toluene. When the polymerization takes place in 
toluene solvent, the solvent is trapped inside the polymer.  After the polymerization stops 
and the wafer is taken out of the solvent, the trapped solvent evaporates eventually, 
leading to a decrease in the polymer volume. After the shrinkage, the top surface of the 
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PE film cracks into islands, while the bottom part of the PE film remains anchored to the 
silica surface, resulting in V-style crevices. Therefore, the PE islands form after the 
polymerization. In the meantime, stress fibres form between the broken islands. These 
fibres used to be entangled chains and drawn to fibers after the PE film breaks into 
islands. A proposal schematic representation is given in Scheme 7.2 to demonstrate the 
formation of the island-fibre morphology. 
 

 
PE film 4  
Polymerized at r.t., 4 bar, 3 hours in toluene 

PE film 5 
Polymerized at r.t., 4 bar, 3 hours in PET 

 

 
Figure 7.4 SEM images for PE films on the flat silica surface produced from different 
solvents: (a) and (b) for film 4 produced in toluene; (c) and (d) for film 5 produced in PET. 
 
 

Changing the polymerization solvent from toluene to petroleum ether (PET) greatly 
reduces the formation of cracks in the nascent polymer film (Figure 7.4). Compared to PE 
sample 4 which is produced in toluene, film 5 produced in PET hardly has cracks on the 
surface. Profile analysis shows that on PE film 4, 30% percent of the surface area 
appeared as cracks. On the other hand, film 5 contains a surface with less than 5 % area 
covered by cracks. The catalysts, when activated by TEA, show similar activities in PET 
and in Toluene, with a number of 1.3 and 1.6×103 kg(PE) (molcat h bar)-1, respectively. 
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These two films are also of similar height: 28 µm for film 4 and 23 µm for film 5. 
However, the morphologies of PE films produced from these two different solvents differ 
considerably. When compared to toluene, PET is a poorer solvent for PE. Therefore, the 
swelling of PE film in PET is much less than in toluene. For film 5, there is no 
considerable change in the volume of PE film in and out of the solvent, which is the 
reason why the amount of cracks on the PE surface is much less compared to film 4. 
 
Effects of temperature on polymer morphology 
 
SEM images of PE films produced at room temperature, 40 and 60oC are shown in Figure 
7.5. Although similar cracks are observed on the surfaces of PE films produced at 
different temperatures, it is clear that at a higher temperature, the surface becomes 
smooth.  
 

  

  
Figure 7.5 SEM images for PE films produced using SiO2/Si100）wafer-supported iron 
catalyst 5F1 at 4 bar ethylene pressure in toluene for 3 hours: (a)top view for film 3 
polymerized at room temperature, (b) top view for film 6 polymerized at 40oC, (c) top 
view for film 7 polymerized at 60oC, and (d) side view for film 7. The amount of cracks on 
the surface due to the solvent effect reduces when the polymerization temperature 
increases. 
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If the swelling effect discussed before were the only important factor in the formation of 
the island-fibre morphology for the PE films, one would expect that a higher 
polymerization temperature would lead to more cracks on the PE surface, because at a 
higher temperature, more solvent should be trapped inside the polymer and shrinkage 
should take place more intensely. However, opposite results are obtained when we vary 
the polymerization temperature (Figure 7.5). 
 
Besides the swelling effect, we propose that the internal structure of the PE films also has 
an effect on the film morphology. During polymerization, different crystallization 
processes occur at different temperatures. When the polymerization is run at a higher 
temperature, the chain formation rate increases and the crystallization rate decreases. 
Compared with the PE films produced at room temperature, the film produced at 60oC 
will have more entanglements and be less crystalline. Hence the film is stronger and does 
not break up so easily.  
 
Pillars and Strands 
 
SEM side view images of PE films produced at room temperature in Figure 7.6 clearly 
show that these films are anisotropic: the films appear to consist of pillars extending from 
the silica surface to the polymer surface. These pillars, parallel to the growth direction of 
the nascent polymer film, represent an internal organization of the polymer. 
 
 

  
Figure 7.6 SEM images for (a) film 2 and (b) film 9. A pillar-like structure is observed for 
the films produced at room temperature using SiO2/Si(100) wafer-supported catalysts. 
 
 
An “extrusion” mode for the growing of PE chains on flat silica surfaces is proposed to 
explain the formation of the pillar-like structure. In the beginning PE molecules grow and 
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crystallize at the same time on the flat silica surface. When polymerization continues, 
catalysts produce more PE molecules, and eventually the whole area of the silica surface 
is covered by PE and the adjacent PE will constrain the growth direction of neighbour 
areas. When new PE chains continue to form, the only moving direction for the PE is 
upright, leading to an internal-extruded growth. The growing PE molecules stack on each 
other, forming individual PE pillars.  
 
When polymerized at room temperature, crystallization of the PE molecules occurs at a 
high rate. We believe the PE molecules from neighboring pillars have less entanglements 
than those adjacent molecules from the same pillar. The internal pillar-like structure of 
the PE films will make it easy for the film to crack, since there are fewer connections 
existing in the adjunct PE pillars. Therefore, when the shrinkage of the PE film takes 
place after the removal of the solvent, the cleaving direction is along the PE pillar growth 
direction. 
 
At higher temperatures, more entanglements of chains between the neighboring pillars 
form during polymerization. Thus the pillar structure becomes vague for the sample 
produced at 60oC as shown in Figure 7.7. Without weak areas for the polymers to break, 
the PE surface shows a small amount of cracks. 
 
 

 
 

Figure 7.7 SEM images for (a) film 7 produced at 60oC. The film lacks a pillar structure 
like in Figure 7.6. 
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Particles 
 
On top of the islands of PE films, a secondary structure exists, as shown in the high 
magnification SEM images in Figure 7.8 (a) and (b). These polymer surfaces are not 
smooth and appear to be covered by small polymer particles of around 200 nm to 1 µm in 
diameter. 
 

  

 

 
 
 
Figure 7.8 SEM images (a) and (b) for the 
surface of the PE films 2 grown on the 
SiO2/Si(100) surface. A short part of a pillar 
like PE is observed on the surface in 
image (b). Image (c) is for the blank wafer, 
which was located in the reactor during the 
polymerization run for the film 2.  

 
 
One of the possible reasons for the formation of these particles is that during 
polymerization, some anchored catalysts may leach from the surface and polymerize 
ethylene in solution. The homogeneous-phase-produced polymer may later on precipitate 
on the silica surface, forming polymer particles. To exclude this possibility, we checked 
the surface of the blank sample by SEM, which has been placed in the reactor together 
with a catalyst-modified wafer sample in the same polymerization run. This blank sample 
is merely SiO2/Si(100) wafer without any catalysts. After polymerization, as shown in 
Figure 7.8 (c), no polymer particle is observed on the surface of the blank silica surface 
except some traces of materials, which might come from the TIBA residue. This result 
clearly demonstrates that the small particle on the PE films is not from the polymer 
produced in solution phase by the leached catalysts, otherwise the same particle should 
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also be found on the surface of the blank silica surface which has been in the same 
solution. 
 
Considering the pillar-like structure of the PE films, we propose that these particles are 
indeed the ends of PE crystal pillars, which grow perpendicular to the flat silica surface. 
Actually from SEM images in Figure 7.7 (b), one could see short pieces of PE thread 
lying on the surface of PE film, which are formed through the “extruding” process. 
Besides some short strands on the surface, most of the end parts of strand appear as sub-
micron PE particles.  
 
 
 
7.3  Superhydrophobic Properties 
 
The wettability of solid surfaces is a very important property, which can be described by 
contact angles shown in Figure 7.9. It is well known that some plant leaves show extreme 
water-repellent and self-cleaning effects due to their unique topographic surface 
structures. Such surfaces with a water contact angle (CA) of above 150o and a sliding 
angle (α) of less than 5o are classified as superhydrophobic surfaces, and are of great 
interest for both fundamental and applied research. Currently, superhydrophobic surfaces 
are produced via two main approaches. One is to introduce roughness to a hydrophobic 
surface employing techniques such as plasma treatment,19,20 chemical etching, 
21,22chemical vapor deposition (CVD),23,24  micropatterning with templates, 25-28 
electrospun polymer nanofibers,23,29 etc. Surfaces with dual-size (micro- and nano-
structure) or hierarchical structures have been fabricated and proven to be very effective 
in generating superhydrophobicity, particularly with small water sliding angles. 25,30-34 
The other main approach is to decrease the surface energy of a rough surface by 
chemically bonding low-surface-energy species to the surface.20,35-37 A somewhat 
different approach involves the synthesis of superhydrophobic surfaces employing 
catalysis. An example was presented by Jiang and coworkers who prepared 
superhydrophobic surfaces by growing aligned carbon nanotube films on quartz 
substrates using an iron catalyst.38 In this procedure the superhydrophobic structure self 
assembled on the surface without the need of any post treatment. 
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(b)

θCA θCA(rec)

(a) (c)

θCA(adv)

(b)

θCA θCA(rec)

(a) (c)

Figure 7.9 Schematic representation of contact angles of a small liquid drops on a 
surface: (a) when the drop is sitting on the surface, the drop shows a static contact angle 
θCA; (b) a liquid is slowly injected into a sessile drop residing on a surface. When 
injection stops, the advancing contact line comes to rest on the surface and the drop 
exhibits an advancing contact angle θCA(adv); (c) A small amount of liquid is slowly 
withdrawn from a sessile drop on a surface. After the receding contact line stops, the 
drop shows a receding contact angle θCA(rec). A hysteresis of contact angle ∆θ is 
defined as ∆θ= θCA(adv)- θCA(rec). The sliding angle of a liquid drop is determined by the 
hysteresis. In general, the smaller hysteresis the drop behaves, the smaller sliding angle 
it has. 
 
 
Polyolefins form an attractive class of materials for superhydrophobic coatings, as they 
are cheap, chemically stable and non-toxic. Superhydrophobic surfaces have been 
prepared from polyethylene and polypropylene from polymer solutions39-41 or by surface 
treatment with CF4 plasma.19 However, to our knowledge no direct catalytic route to 
superhydrophobic polyolefin coatings has been reported yet, even though polyolefins are 
largely made by catalytic polymerizations over heterogeneous catalysts.  Herein, we 
describe a simple one-step method for creating superhydrophobic PE films from a flat-
silica-supported catalyst after polymerizations in solvent. The superhydrophobic property 
of the PE films is induced by their special micro/nanostructures. Our approach 
demonstrates a new method for creating superhydrophobic PE films directly from 
ethylene gas and a very small amount of catalyst, which does not require any template, 
extensive use of expensive chemicals (fluorinated compounds, carbon nanotubes), and/or 
further complex treatments (plasma modification, chemical grafting). 
 
It is found that in general the PE films produced on the SiO2/Si(100) wafer-supported 
iron(II) catalysts in the toluene solution are superhydrophobic with a water contact angle 
above 150o. Herein we will discuss two of the samples, film 1 and 2 in Table 7.1, in 
relation to for their superhydrophobic properties.  
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The surface wettability is determined by measuring water contact angles (CAs) on the as-
grown PE films. Both films 1 and 2 demonstrate a superhydrophobic behavior. For the 
film 1, the water advancing and receding CAs are (164.2±0.7)o and (161.1±0.3)o, 
respectively, and the sliding angle α is 3o. The PE film 2 also shows an extremely water-
repellent property, with an advancing CA of (169.2±0.6)o, a receding CA of (164.2±0.4)o 
and an α of 2o. Figure 10 (a) shows the shape of a 10-µL water droplet on the investigated 
PE surface 1. As a comparison, a PE film with a smooth surface, produced from a 
polymerization at 145oC in gas phase,42  was also measured. This melt-crystallized PE 
film exhibits a normal hydrophobic behavior, as shown in Figure 10 (b), with 
advancing/receding CAs of (107.6±0.5)o and (83.9±1.7)o, respectively. 
 
The superhydrophobic PE films 1 and 2 can maintain their superhydrophobicity for a 
long term when stored in air; the water CAs remain essentially constant after 3 months. 
On the other hand, the PE films appear to temporarily lose their superhydrophobicity if 
they are submerged into water for 24 h: when the wet samples are immediately subjected 
to wetting measurements, the advancing water CAs drop to around 142o. However, after 
the soaked samples are dried, they regain the superhydrophobicity (CAs above 160o). 
 

  

Figure 7.10 Images of a 10-µL water droplet on different PE surfaces: (a) on PE film 1 
produced from solution phase polymerization using bis(imino)pyridyl iron(II) catalyst, and 
(b) on a smooth melt-crystallized PE film 10 produced from gas phase polymerization 
using a Cr/SiO2 Phillips catalyst. 
 
 
SEM images in Figure 7.2 in Chapter 7.2 clearly show three morphological features for 
the as-grown films 1 and 2, i.e. micron-sized polymer islands, sub-micron polymer 
particles on top of the islands, and polymer stress fibers between the islands. The as-
grown PE films are ruptured into islands, see Figure 7.2. As discussed before in this 
Chapter, this morphology is a result from the shrinkage of the polymer film after the 
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evaporation of the solvent, which is trapped inside the polymer during polymerization. 
Moreover, on the top of the PE islands, a secondary structure exists, as shown from the 
high magnification side view of film 2 (Figure 7.7). The polymer islands appear to be 
covered by small polymer particles around 200 nm to 1 µm in diameter.  

 
The combined effect of the described morphological features is to increase the surface 
roughness of the polyethylene films. Theoretical models have been proposed to describe 
the surperhydrophobicity of rough surfaces. Wenzel’s model describes that the roughness 
factor r of a surface will geometrically enhance both the water CA and hysteresis on a 
hydrophobic surface. Here r is defined as the ratio between the actual surface area and the 
projected surface area.43,44 The increase of the water CA hysteresis is suggested to result 
in a larger sliding angle. However, when the roughness factor r exceeds a certain level, 
the hysteresis starts to decrease due to a transition from the Wenzel regime to the Cassie 
regime,45 in which the liquid droplet sits on a composite surface made of solid and air. 
The fact that the air remains trapped beneath the droplet greatly enhances the surface 
hydrophobicity. The CA ( fθ ) on a rough surface in Cassie’s model can be expressed as 

 

vsf ff −= θθ coscos          7.1 

 
Here, θ  is the CA on the smooth surface; fs and fv are the fractional area of liquid-solid 
interface and liquid-vapor interface, respectively (i.e. fs + fv =1). Equation 7.1 
demonstrates that a large liquid-vapor interface will result in a superhydrophobic property 
of a surface.  
 
From the SEM image one can estimate the fv of the surface 1 in Figure 7.2 (b) to be about 
0.32, if merely considering the valleys on the ruptured PE are the places where the liquid-
vapor interfaces form. By applying Equation 7.1 and the fv of 0.32, the advancing CA of 
surface 1 would be calculated as 141.0o, while the observed advancing CA is much 
higher (close to 170o). This discrepancy indicates that the roughness introduced by the 
polymer islands alone is not large enough to explain the extreme water repellence of our 
PE films. Therefore, there are other factors that enhance the hydrophobicity of the PE 
films. Firstly, dual-size surface structures have been proven to be very efficient in 
generating superhydrophobic surfaces in nature and man-made materials.25,30,32-34,46,47 
Hence the secondary structure generated by the sub-micron PE particles sitting on the 
islands surface should also be taken into account. The presence of these particles would 
offer extra air pockets to exist between the liquid droplet and the island surface. The dual-
size surface structure introduced by these particles and polymer islands could efficiently 
ensure a large liquid-vapor fraction on the interface.  Secondly, during the break-up of the 
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PE films, valleys emerge and stress fibers form between the polymer islands. These 
hydrophobic fibers may prevent water droplet from penetrating into the valleys, which 
could help reduce the CA hysteresis.  
 
To confirm the importance of the secondary structure and the stress fibers for the 
superhydrophobicity of the PE films, two more samples are subjected to water contact 
angle measurement: one is the molten film 1 which only contains the island structure and 
lacks of the secondary structure and the stress fibers; another one is the PE film 5 
produced in solvent PET, which has a more or less closed film with small PE particles on 
the surface. 
 
During annealing, film 1 was heated to 160oC for 3 h and then allowed to cool to room 
temperature. After that, the PE islands morphology remains, while the surface of the PE 
films become smooth (Figure 7.11). In addition, the stress fibers that connected the 
polymer islands have disappeared. This annealed film is subjected to the wetting 
measurement and shows advancing/receding CAs of (135.6±0.4)o and (76.7±0.3)o. This 
advancing CA agrees better with the calculated CA of 141o using Equation 7.1 as 
discussed earlier. The results from the wetting measurements clearly show that the 
surface of the annealed sample, without a secondary roughness and stress fibers, lacks the 
superhydrophobic property and its wetting behavior falls into the Wenzel regime (a 
higher advancing CA and a lower receding CA). 
 

  

Figure 7.11 Side view of SEM images for the annealed PE film 1. After the annealing 
process, superhydrophobicity of the PE film disappears.  
 
PE film 5 is covered with small PE particles on the surface but has few cracks (Figure 7.4 
c and d). Wettability measurement for film 5 shows a water advancing contact angle of 
(136.0±0.5)o. Compared with the PE film with smooth surface which has the water 
advancing contact angle of 108o (Figure 7.10 b), the small PE particles on the surface of 
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film 5 increase the surface roughness and bring a higher water contact angle. However, 
these small particles only do not increase the roughness factor enough to render the film 5 
superhydrophobic. 
 
Now let us consider a PE surface which only contains the micron islands and sub-micron 
particles on the surface, but no stress fibres. Using Equation 7.1 we can estimate the 
wettability of such a PE surface with the same particles as on film 5. With a fractional 
area of the islands of 0.68 (the same as film 1), the calculated water contact angle on this 
“broken film 5” is 144o, which is too low to make the surface superhydrophobic. This 
estimation clearly supports the notion that stress fibres are important for the 
superhydrophobicity of the PE films.  
 
Figure 7.12 gives a schematic representation of the wettability of a PE surface and its 
morphology. A combination of the micron islands, sub-micron particles and nanofibres 
turns the PE film into superhydrophobic material. 

 

 
Smooth film θCA=108o 

 

 
Molten film 1 θCA=136o 

 

 
Film 5 θCA=136o 

 

 
“Broken film 5” (calculated) θCA=144o 

 

 
Film 1 θCA=169o 

 
Figure 7.12 A visualized connection between the micron islands, sub-micron particles 
and nanofibres and the wettability of PE films. A combination of these morphologic 
features renders the superhydrophobicity of the PE film. Grey area, black dot and black 
line represent the PE surface, sub-micron particle and nonofibre, respectively. 
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7.4  Conclusions 
 
Ethylene has been polymerized on the surface of flat models of silica-supported catalysts 
based on bis(imono)pyridyl complexes in solution and films of PE with uniform 
thickness were formed. Upon drying, the films polymerized in toluene are observed to 
break into islands which are connected by stress fibres. This island-fibre morphology is 
formed due to the shrinkage of the polymer film after the evaporation of the solvent 
which is trapped into the polymer film during polymerization. When we change the 
polymerization solvent from toluene to non-swelling solvent petroleum ether, breaks on 
the surface of PE films reduce dramatically, which confirms the solvent effect.  
 
Besides the island-fibre morphology, the polymer film has a pillar-like structure. The 
pillars are created from an “internal extrusion”, in which the polymer growth direction is 
constrained by the neighboring polymer molecules. Polymer grows simultaneously in a 
direction perpendicular to the flat surface, leading to the pillar-like structure. On top of 
the broken PE islands, sub-micron PE particles are observed. These small particles are 
supposed to be the end part of the polymer pillars. 
 
Polymerization temperature has great effect on the island-fibre morphology of PE films. 
A higher polymerization temperature introduces more entanglements between the 
polymer chains, which makes the film more difficult to break. Therefore it is observed 
that polymer films produced at a higher temperature are stronger and less brittle. 
 
Polymerization as described above represents in fact a facile one-step method for 
fabricating superhydrophobic PE. These films show superhydrophobicity with water 
advancing contact angles above 164o and sliding angles less than 3o. We believe that the 
combination of the dual-size surface structure and the PE stress nanofibers is responsible 
for the superhydrophobicity in these PE films. Well-defined and efficient examples of 
chemically anchored polymerization catalysts, which allow polymer films to grow on the 
surface of supports, have been reported. 48-50 A variety of materials can serve as a 
support, such as glass, silicon wafers, aluminum oxide, metals with hydroxyl groups on 
the surface and functionalized polymers. These available techniques can be adopted to 
create superhydrophobic polymer surfaces via the method described in this paper. In 
addition, an interesting application would be to create a superhydrophobic surface on an 
irregular surface, where techniques such as common coating, microlithography cannot be 
used.  
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Experimental Part 
 
Scanning Electron Microscopy was performed using a Philips environmental scanning 
electron microscope XL-30 ESEM-FEG (Philips, The Netherlands, now Fei Co.) in high-
vacuum mode at acceleration voltage of 2 or e kV. Contact angles and roll-off angles 
were measured with deionized water on a Dataphysics OCA 30 instrument at room 
temperature. All the contact angles and sliding angles were determined by averaging 
values measured at three different points on each sample surface. 
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8New Opportunities for Investigating 

Ethylene Polymerization Using 

Model Catalysts: Preliminary Results 

and Outlook 
 
      

 
8.1 Introduction 
 
In previous chapters, we have demonstrated how to use a flat model in a solution phase to 
understand the catalytic ethylene polymerizations. Catalysts are immobilized onto 
SiO2/Si(100) wafer surfaces, resulting in a realistic model for silica gel-supported 
catalysts. Techniques such as X-ray photoelectron spectroscopy, size exclusion 
chromatography and scanning electron microscopy have been employed throughout these 
studies. The combination of these techniques forms a strong tool in the characterization 
of the catalysts (Chapter 5), catalyst performance (Chapter 6) and morphologic study of 
nascent polymers (Chapter 7).  
 
Using this catalytic model system to obtain insight into olefin polymerization, new 
characterization techniques offer opportunities that hold great potential in future research.  
In this chapter, preliminary results are shown and discussed, which have been obtained 
using atomic force microscopy (AFM), differential scanning calorimetry (DSC) and 
attenuated total reflection – Fourier transform infrared (ATR-FTIR) spectroscopy. With 
the application of these characterization techniques, information on catalyst performance, 
development of the polyethylene (PE) crystallization and morphology is obtained.  
 
 
 
8.2 An AFM study on the polymer morphology at the early stages of 
polymer film growth 
 
In Chapter 7 we have discussed the island-fibre morphology with pillar-like structure for 
PE films growing on flat silica surfaces at room temperature in solutions. During the 
evaporation of the solvent stress fibres form, which no longer represent the initial nascent 
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morphology of individual crystals. Due to the large amount of polymer in the films as 
well as the deformation and distortion of the crystals, the characterization of individual 
crystals by microscopy in their original stage is not possible. 
 
In this section, by employing AFM analysis, we want to demonstrate the development of 
the nascent polyethylene crystals in their early stage by applying short time 
polymerizations on flat model catalysts in solution. The results will be discussed and 
compared with samples produced over SiO2/Si(100) wafer-supported Phillips catalysts in 
the gas phase.1  
 
Figure 8.1 and 8.2 show AFM images with thickness profiles for a PE sample, which was 
formed in toluene for a short time (3 min) under a 2 bar ethylene pressure at room 
temperature using catalyst 5F1 (Chapter 5) with a catalyst loading of 0.45 catalysts nm-2.  
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Figure 8.1 an overview AFM image of a PE sample after a short time polymerization. A 
cross-sectional height scan corresponding to the white line is shown on the right. 
 
The AFM images show dendritic or “sea weed” like PE islands. The PE islands can reach 
a size of over 200×200 nm2 with a roughness on the island remaining below 1 nm, which 
is about the same as the roughness of the flat silica surface.  Surface height profiles 
(Figure 8.1 and 8.2) show that most of the PE islands on the silica surface are of a 
uniform height of 7~9 nm. In addition, in the AFM image we sometimes observe a 
second or even a third layer of the PE crystals, with a height of about 16 and 24 nm, 
respectively. This strongly suggests that crystals are stacked on top of each other. 
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Figure 8.2 High magnification AFM image of the 
sample after short time polymerization. Cross-
sectional height scans corresponding to the white 
lines are show on the right. 
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It is worthwhile to compare the nascent morphology obtained with short time 
polymerizations from solution-phase and gas-phase systems, produced over the 
SiO2/Si(100) wafer supported Phillips catalysts.1  
 
Figure 8.3 (a) shows the AFM images for the PE sample produced over Phillips catalyst 
on wafers at room temperature.  PE grains are observed on the surface. Each of these 
grains represents a small PE single crystal that lays flat-on the substrate and has an 
average thickness of about 6 nm. For this sample, no PE island with homogeneous 
thickness is observed. If the polymerization is carried out at 70oC, large dendritic polymer 
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islands formed with dominant growth of arms and branches; however some PE grains 
disturb the homogeneous appearance of the island, as one can see in Figure 8.3 (b). The 
dendritic polymer islands are of a uniform height of about 8 nm, while the polymer grains 
are much higher and reach heights of several tens of nanometers. 
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Figure 8.3 Amplitude AFM images (above) and schematic representations for the AFM 
results (below) for samples produced in (a) gas-phase at room temperature, (b) gas-
phase at 70oC and (c) solution-phase at room temperature. AFM images in (a) and (b) 
have been adapted from van Kimmenade.1 

 
To explain the differences in nascent morphology of the samples from gas-phase 
polymerizations at different temperatures, a proposed scenario for the early stage 
polymerization is illustrated in Scheme 8.1.1  During the polymerization process, the 
active sites of chain growth are immobilized onto the silica surface. The chain growing 
point is fixed to the surface until the chain propagation terminates. However, the 
development of the polymer chains into crystals differs with varying temperature. 
 
For the gas-phase polymerization at room temperature, the polymer is concentrated into 
small islands with grainy substructures. The reason is that the polymer chains have low 
mobility on the surface. These PE grains vary strongly in size and height. The polymer 
islands increase in height rather than that they form a polymer film of constant height. 
The polymerization activity is concentrated on a small amount of isolated patches on the 
flat catalyst surface, as illustrated in Scheme 8.1 (a). The polymer chains crystallize 
immediately when they grow at room temperature. In gas-phase polymerization, these 
crystals will stay where they are formed until some newly formed crystals push them 
away from the active sites.  
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Scheme 8.1 Proposed schematic representation for the creation of chains at the active 
sites and the formation of crystals for polymerization in (a)gas-phase at 25oC, and (b) 
gas-phase at 70oC. Spheres, thin lines and rectangles represent active sites, polymer 
chains and crystals, respectively (adapted from van Kimmenade1).  
 
For polymerization/crystallization at a temperature of 70oC in the gas-phase process, the 
mobility of the nascent chains on the catalyst surface is higher. For reason of clarity, a 
nascent chain is defined as a macromolecule that is cleaved off the active site but has not 
yet found its place in a growing polymer crystal. As shown in Scheme 8.1 (b), the nascent 
chain can diffuse on the silica surface until it encounters an already formed 
nucleus/crystal and then crystallizes on the edge of the existing crystals. This process 
leads to the formation of the dendritic islands of homogeneous thickness. However, there 
are some locations where polymer hills can be observed. These hills can be assigned to 
centers of high catalytic activity, from which small crystals form beneath the already laid 
crystals.  
 
If the polymerization is performed at room temperature in solution, the resulting 
morphology of PE islands appears much like the samples polymerized in the gas-phase at 
70oC. In both cases PE islands with a uniform thickness and smooth surface are obtained.  
It is suggested that at room temperature the mobility of nascent chains in solution is much 
higher than the chains in gas phase. Like the situation for the chains in the gas phase at 
70oC, polymer chains in solution may diffuse over the silica surface and then add to an 
already fixed crystal. It is possible that the diffusing chain will attach to the already-
formed crystal on the top or on the edge. At the same time, newly born crystals can form 
beneath the already formed crystals. Therefore, places where crystals stack on each other 
are also found.  
 
Above is the proposed explanation for the morphologies observed shown in Figure 8.1 
and 8.2. To fully understand the development of the nascent PE crystals in solution, a 
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series of short-time polymerizations under different conditions should be performed to 
provide samples for a systematic AFM study. Furthermore, transmission electron 
microscopy (TEM) can also be applied to study the earlier stages of the morphology for 
PE samples, offering opportunities to obtain answers to the mechanism of the 
development of the PE crystals.   
 
 
 
8.3 A preliminary thermo-analytical study of polyethylene polymerized 
using flat model catalysts in solution  
 
The development of nascent morphology of polyolefins and related physical properties is 
an important research topic. If the polymerization temperature is below the melting or 
dissolution temperature of the polymer, chains will crystallize as they form and lead to 
the nascent polymer.  
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Figure 8.4 DSC traces of nascent (N) and melt-crystallized (M) samples of PE polymerized 
in the gas phase at various temperature using Phillips catalysts (adapted from van 
Kimmenade1). 
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Studies of thermo-analysis using differential scanning calorimetry (DSC) have shown 
that in general the nascent PE exhibits a higher melting temperature and crystallinity than 
melt-crystallized samples.2 This phenomenon is normally attributed to the formation of 
extended chain crystals during polymerization far below the melting temperature, more or 
less similar to the formation of cellulose fibrils in nature and their superheating during 
thermal investigations.3-5 This behavior has been shown for nascent PE samples produced 
using different catalysts and processes (e,g., solution, bulk and gas phase polymerization). 
The larger the difference between the polymerization temperature and the melting or 
dissolution temperature of the polymer, the more obvious these trends are. Figure 8.4 
shows typical DSC traces of nascent and melt-crystallized samples. 
 
Samples produced over SiO2/Si(100) wafer-supported bis(imino)pyridyl complex 
catalysts in toluene or petroleum ether (PET) (as discussed in Chapter 6)  are subjected to 
DSC for melting temperature and crystallinity measurements. The results are summarized 
in Table 8.1 and DSC traces of these samples are shown in Figure 8.5.  
 
 
Table 8.1 DSC analysis of polymers produced by SiO2/Si(100) wafer supported 
bis(imino)pyridyl catalystsa. 

polymerization 
condition 

melting temperature 
(oC) 

crystallinity χ 
(%) 

entry catalystb 

pressure 
(bar) 

solvent 
 

nascent melt- 
crystallized 

nascent melt-
crystallized 

        

1 5F1 4 toluene 137.2 137.0 75.4 64.4 
2 5F1 10 toluene 137.4 137.5 74.1 59.8 
3 5F3 4 toluene 133.5 133.8 65.2 47.0 
4 5F1 4 PET 137.1 134.9 73.9 60.2 

a Polymerizations were performed for 3 hours at room temperature. 
b Catalysts are named according to the samples in Chapter 5. 
 
 
High melting temperatures (above 133.8~137.5oC) are obtained for the melt-crystallized 
PE produced by iron and vanadium catalysts (5F1 and 5F3), indicating these PE samples 
are of linear structure with very few branches. In addition, higher crystallinities are 
observed for the nascent PE than for the corresponding melt-crystallized samples, which 
is in accordance with the general observation for PE in literature.2  
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Figure 8.5 DSC traces of nascent (solid line) and melt-crystallized (dot line) 
polyethylene samples listed in Table 8.1. 
 
If we compare the differences in melting points and crystallinity for samples produced in 
solution phase (Table 8.1 and Figure 8.5) and samples from gas-phase polymerizations 
(Figure 8.4), we notice that samples produced in toluene at room temperature (entries 1-3 
in Table 8.1) show a very similar behavior as the sample produced in the gas phase at 
100oC. On the other hand, the sample produced in PET at room temperature (entry 4 in 
Table 8.1) shares similar DSC results with the sample produced in gas phase at room 
temperature.  
 
We will try to explain the DSC results on the basis of mobility of polymer chains under 
different conditions (e.g., polymerization media and temperature). Different mobilities 
will lead to different crystallization processes and thus result in different crystal 
structures at the molecular level. When polymerized in PET (a poor swelling solvent for 
PE) and in gas phase at room temperature, the polymer chains have low mobility and may 
form nascent extended crystals immediately. These nascent crystals have a higher melting 
temperature and crystallinity compared to the identical but melt-crystallized crystals. 
While for the polymerizations in toluene (a good swelling solvent for PE) at room 
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temperature and in gas phase at 100oC, the highly mobile chains may form folded crystals. 
Although these nascent crystals still show a higher crystallinity compared with their 
identical but melt-crystallized crystals, there are no obvious differences in melting 
temperature for samples both in their nascent and melt-crystallized states.  
 
In Chapter 7, we have seen that when polymerizations are performed in toluene and PET, 
PE films have different morphologies as revealed by SEM. In the AFM study in the 
previous section in this Chapter, PE islands forming in toluene at room temperature 
resemble the samples produced in gas phase at 70oC. The DSC study in this section again 
highlights the profound effect of the solvent on PE crystallizations. 
 
 
 
8.4 In situ ATR-FTIR of ethylene polymerization 
 
Kinetic studies of ethylene polymerization using supported catalysts are normally 
performed using an indirect method by measuring the consumption of the ethylene gas.6,7 
It is difficult to monitor in real time the formation of the polyethylene inside the reactor 
quantitatively. In this study, we anchor the catalysts on an ATR ZnSe crystal and run 
polymerizations with the anchored catalysts in the ATR-FTIR flow cell. Using ATR-
FTIR to monitor the vibrational bands of the PE, we can study the catalyst performance 
in its working state and obtain in situ information on the reaction kinetics. 
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Figure 8.6 ATR-FTIR spectra (left panel) and intensity of the band at 2917 cm-1 (right 
panel) showing the increase in the intensity of CH2 stretching bands of PE with 
polymerization time. 
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ATR-FTIR results of a polymerization experiment using the ZnSe-supported 
bis(imino)pyridyl iron catalyst is shown in Figure 8.6. The polymerization was performed 
in benzene which has a clear window between 2800 to 2980 cm-1. Spectra collected 
during polymerization in this wavenumber region show the CH2 asymmetric stretching 
band at 2917 cm-1 and the symmetric stretching band at 2849 cm-1 of polyethylene. These 
spectra have been measured every 15 seconds. The intensity of the band of 2917 cm-1 has 
been plotted versus polymerization time in Figure 8.6, where the intensity refers to the 
integrated area of the band in the ATR-FTIR absorbance spectra. The rate of the increase 
in the band intensity decreases according to the time.  
 
However, we cannot correlate the intensity of the ATR spectra directly with the 
polymerization rate. Since the evanescent ATR wave decays with distance from the 
crystal surface (as described in Chapter 2), it preferentially samples polymer closer to the 
surface of the ATR crystal. In other words, the decay of the evanescent wave leads to 
saturated band intensity for thick polymer films. Therefore, to obtain the kinetics 
information a calibration curve of the dependence of the ATR-FTIR band intensity on the 
amount of the PE formed is needed. The amount of the PE formed on the crystal surface 
may be obtained by weight measurement, thickness determination or IR measurement in 
transmittance mode. Our preliminary result of ATR-FTIR analysis during real-time 
polymerization demonstrates the potential of the method to determine the polymerization 
kinetics in the future. 
 
 
 
8.5 ATR-FTIR study of polyethylene crystallinity and its temperature 
dependence  
 
FTIR technique has been employed to study the crystallinity of the PE.8-12 However, 
polymer films investigated in these studies have undergone severe deformation during 
casting, compression or dissolving procedures. To the best of our knowledge there are no 
previous reports about IR studies on pristine nascent PE. Using the ATR crystal as the 
catalyst support allows us to investigate the PE film formation in situ, given unique 
information of the PE in its very nascent stage. 
 
In this proof of principle experiment we investigate the CH2 bending region, which shows 
a distinct doublet at 1473 and 1463 cm-1 corresponding to crystalline PE. In an annealing 
experiment the PE sample is heated from room temperature to 145oC and then cooled 
back to room temperature at a speed of 1oC per min. In the mean time we collect the 
ATR-FTIR spectra in the region of 1500-1420 cm-1.  The as-grown PE sample is 
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subjected to the annealing experiment twice: the first cycle for the so-called nascent 
polymer (spectra shown in the Figure 8.7 a) and the second cycle for the melt-crystallized 
polymer (spectra shown in the Figure 8.7 b).  
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Figure 8.7 The ATR-FTIR spectral change in the CH2 bending modes for the nascent 
and melt-crystallized PE samples in the heating and cooling process. 
 
 
The complex bands of PE in the 1500-1420 cm-1 region due to methylene bending modes 
can be decomposed into three components.9 Two are narrow and belong to the crystalline 
fraction. They appear at 1473 and 1463 cm-1. A broad band at 1467 cm-1 is assigned to 
the amorphous state. From the images in Figure 8.6, it is clear that the two crystalline 
peaks dominate in this region at room temperature and start to disappear when the 
temperature is increased. At a temperature of 145oC, the spectra only show the broad 
amorphous band. When the sample is cooled down to around 130oC, crystalline peaks at 
1473 and 1463 cm-1 appear again and get stronger when the temperature is decreased 
further. Both the nascent and the melt-crystallized sample show the same behavior 
described above. Nonetheless, Figure 8.7 (a) shows clearly that the ratio of the peaks at 
1473 and 1463 cm-1 changes before and after the annealing experiment for the nascent PE, 
while for the melt-crystallized sample (Figure 8.7 (b)), this ratio seems invariable.  
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It is necessary to use a careful curve-fitting procedure to quantitatively determine the 
individual intensities of the crystalline and amorphous bands of semicrystalline PE 
samples. Due to the amorphous band being highly asymmetric, we use the spectrum at 
145oC as a reference, which contains only the amorphous band as shown in Figure 8.8(a). 
By assuming there is no change for this amorphous band at different temperature, we fit 
the amorphous band with the same characteristic envelope as the spectrum in Figure 8.8 
(a). In addition, two crystalline peaks are fitted for all the semi-crystalline samples. Two 
examples of the fitted spectra are illustrated in Figure 8.8 (b) and (c).  
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Figure 8.8 Examples of fitting the IR 
bands in the CH2 bending region of the PE 
sample: (a) a spectrum from the sample at 
145oC containing 100% amorphous 
polymer is used as a reference. In (b) and 
(c), spectra for semi-crystalline samples 
are fitted with two crystalline bands at 
1473 and 1463 cm-1 and the amorphous 
band. 

 
 

With the curve-fitting results of the spectra of two annealing experiments, the 
intensity of each band (crystalline band at 1473 cm-1, crystalline band at 1463 cm-1 
and the amorphous band at 1467 cm-1) is plotted as a function of temperature in 
Figure 8.9. The term intensity refers to the integrated area of a band in the ATR-FTIR 
absorbance spectra. From this quantitative analysis, we can observe a clear hysteresis 
effect upon melting and subsequent re-crystallization. In general, at a given 
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temperature in between 80 and 140oC, the sample is more crystalline and less 
amorphous during the heating up than on cooling down. This hysteresis phenomenon 
has also been observed in the DSC measurements. 
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Figure 8.9 Changes in the contributions to the total absorbance intensity from 1473 
cm-1, 1463 cm-1 and the amorphous bands during annealing procedures for nascent 
and melt-crystallized PE samples. Arrows in the lines indicate the heating/cooling 
direction. 

 
 

For the nascent PE, the contribution from the crystalline band at 1473 cm-1 changes from 
41% to 26% after the annealing cycle, while the contribution from the crystalline band at 
1463 cm-1 recovers to the initial content at around 37%. The contribution from the 
amorphous band increases from 21% to 37% after the annealing procedure. On the other 
hand, for the melt-crystallized PE the contributions of the 3 different bands don’t change 
before and after the annealing cycle: 26% for the 1473 cm-1 band, 36% for the 1463 cm-1 
band and 38% for the amorphous band. 
 
The crystallinity of the PE sample can be estimated using the IR measurement results:  

)(
)1463()1473(

totalI
IIxc

+
= ×100%       8.1 
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where cx is the crystallinity and I is the intensity of the band. This equation is based on 

the assumptions that the infrared coefficients for each band are the same and there is no 
significant change for the decay of the ATR evanescent wave in this small region of 
wavernumber.  Using Equation 8.1 we estimate the crystallinity for the nascent PE to 
be79% and for the melt-crystallized PE to be 63%. This number agrees well with the 
DSC measurement results: 75% for the nascent PE and 64% for the melt-crystallized PE. 
 
From the ATR results we have seen that the nascent PE has a higher crystallinity than the 
melt-crystallized one. However, as shown in Figure 8.9, the loss of the crystallinity for 
our sample is due to the decrease in the content of the band at 1473 cm-1: from 41% for 
the nascent PE to 26% for the melt-crystallized PE. The band at 1462 cm-1 has no obvious 
change in the contribution, retaining to a 37% content after the annealing procedure.  
 
 

a

b

 
(a) 

a

b

 
(b) 

Figure 8.10 Splitting of the CH2 bending in crystalline polyethylene: (a) CH2 bending B1u, 
(1473 cm-1), polarized along a axis; (b) CH2 bending B2u, (1463 cm-1), polarized along b 
axis. 
 
 
At this moment we do not have a complete answer for why the decrease in the 
crystallinity from nascent PE to molten PE is only reflected in the band at 1473 cm-1 and 
not in the other at 1463 cm-1. The assignment is well established for the bands at 1473 
and 1463 cm-1, which appear in the infrared spectra of the orthorhombic n-alkanes and 
(semi)crystalline PE.8 These two bands correspond to crystalline splitting of the CH2 
bending mode: the band at 1473 cm-1 is assigned to the vibration with the bending 
direction along a axis of the unit cell of crystalline PE in the orthorhombic phase and the 
one at 1463 cm-1 to the b axis, as illustrated in Figure 8.10.   
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Figure 8.11 Absorbance intensity ratio of the bands at 1473 and 1463 cm-1 as a function 
of temperature for the annealing of the nascent polymer. Spheres and stars represent 
the ratios during the heating up and cooling down processes, respectively.  
 
 
Figure 8.11 shows the intensity ratio for the bands at 1473 and 1463 cm-1 during the 
annealing procedure of the nascent PE. Before the polymer is melted, this ratio has a 
value around 1. When the polymer re-crystallizes from the molten state, this ratio is 
reduced to around 0.68. This result suggests that there is a distinct difference in the 
internal structure between the nascent and the melt-crystallized PE samples. 
 
Loos et al.13 and van Kimmenade,1 have demonstrated in their AFM studies that although 
a thickening process took place for nascent crystals on flat SiO2/Si(100) wafer surfaces 
when the  temperature was increased, these crystals stayed flat-on orientated (c axis of the 
unit cell of crystalline PE normal to the silica surface) before they melted. After the PE 
crystals were heated to melt and re-crystallized, they became edge-on orientated (c axis 
parallel to the surface). PE crystals change their orientation upon melting and re-
crystallization, which can be correlated with the observations from the ATR-FTIR study: 
for the nascent flat-on crystals, the ATR-FTIR probes both CH2 bending modes equally, 
while for the melt-crystallized edge-on crystals, the ATR-FTIR probes the band at 1463 
cm-1 more than the one at 1473 cm-1, because the orientation of the crystalline phase has 
been changed. This may lead to a change in the ratio of the absorbance intensity for these 
two bands as shown in Figures 8.7, 8.9 and 8.11.   
 
An alternative explanation is that there is another crystallization phase besides the 
orthorhombic phase present in the nascent PE sample which can bring an extra 
contribution to the band at 1473 cm-1. This phase disappears after the annealing 
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experiment, so for the melt-crystallized PE sample the ratio of the intensities of the bands 
at 1473 to 1463 cm-1 decreases compared with the nascent sample.  
 
To have a complete interpretation for the IR results, we need extra information about the 
crystalline structure of the nascent and the melt-crystallized samples. Other 
characterization techniques such as X-ray diffraction (XRD) or polarized IR may bring 
additional information. We believe the understanding of the ATR-FTIR results observed 
in this section will increase our knowledge of crystallinity in nascent polyethylene in the 
future. Furthermore the ATR technique uniquely probes polymer molecules on the 
surface where catalysts are anchored, even though these polymers are covered by a thick 
layer of polymer film, which make this technique a powerful tool to study the catalytic 
olefin polymerization system. 
 
  
 
8.6 Conclusions 
 
In this Chapter, the supported catalytic system for ethylene polymerization in solution 
phase has been studied using AFM, DSC and ATR-FTIR techniques. Preliminary results 
have demonstrated that the combination of the model catalyst and these techniques offers 
new opportunities towards understanding aspects of both catalyst performance and 
polymer crystalline structure.  
 
The flat nature of the SiO2/Si(100) wafer-supported catalytic system offers the possibility 
to apply AFM to visualize the polymer morphology in high resolution. A study by AFM 
reveals the early stages of the development of polymer morphology for the sample from a 
short time polymerization in solution. The nascent crystals are of uniform height of about 
7~9 nm. In some places, stacked crystals are found. The newly-born polymer chain can 
be mobile and move over the catalyst surface in the solution at room temperature. This 
diffusion process leads to a dendritic morphology of PE islands, which is similar to the 
observation for the sample polymerized in gas phase at 70oC. 
 
Unexpected DSC results for the PE samples produced using the flat model catalysts were 
obtained. When polymerized in PET at room temperature, the nascent sample has a 
melting point which is several degrees higher than its melt-crystallized sample, which 
agrees well with the observations for PE samples produced in gas phase at room 
temperature. However, when a PE sample is produced in toluene at room temperature, the 
nascent sample and the corresponding melt-crystallized sample give nearly the same 
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melting points, which has also been found for polymer produced in gas-phase at 100oC. 
We believe that the difference in mobility of polymer chains at different temperatures and 
in different media leads to different developments of PE crystals. This is responsible for 
the different thermo-behavior for polymers produced under different conditions. 
 
The bis(imino)pyridyl iron catalyst can be anchored onto ZnSe crystals, which allows us 
to do time-resolved polymerization analysis using  the ATR-FTIR technique. 
Furthermore, the thin film growing directly on the surface of the ZnSe crystal facilitates 
us to study the crystallinity of the PE sample at different temperatures starting from the 
sample’s very nascent stage. The changes of crystalline and amorphous bands in the CH2 
bending region (1500-1420 cm-1) are monitored with IR analysis during heating and 
cooling. The crystallinity values for the nascent PE and its identical but melt-crystallized 
sample have been estimated by curve-fitting procedures in ATR-FTIR spectra, which 
agree well with results from DSC analysis. Moreover, in annealing experiments of the 
nascent sample, the intensity ratio of the bands at 1473 and 1463 cm-1 decreases after 
melting and re-crystallization. This observation may be explained by the change from a 
flat-on orientation on the surface for the nascent PE crystals to an edge-on for the melt-
crystallized crystals. 
 
The results from AFM, DSC and ATR-FTIR shown in this chapter are preliminary and 
demonstrate proof-of-principle. New methods and experiments for this model catalyst 
system as well as new characterization techniques such as TEM and XRD are developed 
at this moment. We believe that using the flat model system together with its new 
development in characterization techniques we can obtain significant understanding of 
polymerization catalysis in the near future. 
 
 
 
Experimental part 
 
All chemicals were purchased from Aldrich, Merck, and Stream and used as received 
unless stated otherwise. All of the co-catalysts preparations and all of the reactions with 
them were carried out under anhydrous and anaerobic conditions in a glove box (O2 and 
H2O < 1 ppm). Toluene and THF were taken HPLC-grade from an argon-flushed column 
packed with aluminium oxide, and stored over 4 Å molecular sieves before use. 
 
Preparation of SiO2/Si(100) wafer-supported catalysts and their polymerizations were 
described in Chapter 5 and 6. Preparation of ZnSe-supported catalysts was using the same 



138  Chapter 8 
 

 

procedure as described for the wafer-supported catalyst 5F1 in Chapter 5, while a ZnSe 
crystal is used instead of SiO2/Si(100) wafers. 
 
A Solver P47H Atomic Force Microscopy (AFM, NT-MDT,  Moscow, Russia) operated 
in intermittent contact mode under ambient conditions and quipped with NT-MDT 
NSG01S cantilevers (force constant is typically 5.5 Nm-1) was used to monitor the early 
stage morphology of the samples from the short time polymerizations. 
 
Thermal analysis was carried out using differential scanning calorimetry (DSC) (TA 
Instruments Q1000). The required sample amount was in all cases between 0.2 and 1 mg 
and was obtained by removal of the polymer from the catalyst surface using a scalpel. 
Scans were performed from 0 to 160ºC and again back to 0ºC. The scan was repeated to 
obtain thermo-analytical data for the sample in its melt-crystallized stage. All heating and 
cooling scans were performed at a rate of 10 oC /min. 
 
Weight fraction crystallinities (χ) of the polymer samples were obtained by determining 
the heat of fusion from the DSC trace and applying the following formula: 

fH
h

∆
∆

=χ           8.2 

where fH∆  is the enthalpy of fusion for fully crystalline PE (293 J/g)14 and h∆ is the 

enthalpy of fusion as obtained from the DSC trace running from T1 to T2 (fusion 
completed). Difference in the crystallinity of nascent and melt-crystallized polymers 
(Figure 8.4) are giving by 
 
∆ crystallinity = ( ) )()()( / nascentedcrystallizmeltnascent χχχ −−      8.3 

 
The ATR-FTIR flow cell setup has been described in Chapter 2. The FTIR spectra were 
collected using a Nicolet Protege 460 Fourier transform infrared spectrometer equipped 
with a heated HATR flow cell for Spectra-Tech ARK with a ZnSe 45o crystal.   
 
The time-resolved ATR-FTIR experiment of polymerization at room temperature was 
performed as follows. First, the catalysts were anchored onto the ZnSe crystal which was 
then assembled into the flow cell. Anhydrous benzene was introduced to the flow cell and 
a FTIR spectrum was collected for reference. In the meantime, a TIBA solution in 
benzene (0.01M) had been saturated with ethylene under a 2 bar pressure in a pre-reactor. 
After that, the TIBA solution with ethylene was allowed to flow to the ATR flow cell at a 
speed of 20 g/h, which was the starting point of the reaction and collection of FTIR 



New Opportunities for Investigation Ethylene Polymerization…     139 
  

 

spectra. The data points of the collected spectra were the average of 4 scans at a spectral 
resolution of 4 cm-1 and the spectra were automatically collected every 15 seconds. 
 
The ATR-FTIR experiments for PE crystallinity were performed with the PE sample 
which grew directly on the ZnSe crystal. The increasing/decreasing rate of the 
temperature was 1 oC/min. The data points of the collected spectra were the average of 2 
scans at a spectral resolution of 0.5 cm-1 and the spectra were automatically collected 
every 1 min. 
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Summary 

 
Immobilization of homogeneous polymerization catalysts on amorphous silica gel 
surfaces is essential for application in industrial processes to avoid reactor-fouling 
problems and to obtain better control of polymer growth and morphology. In this thesis, 
we describe ethylene polymerization catalysts that are supported onto flat SiO2/Si(100) 
wafer surfaces serving as models for industrially relevant silica gel-supported catalysts. 
This flat model catalytic system greatly facilitates surface characterization and 
microscopy, and provides new understanding on silica-supported catalysts for ethylene 
polymerization.  
 
Before building up the real catalysts on flat SiO2/Si(100) wafer surfaces, we investigate 
the reactivity of flat surfaces (Chapter 3). Using probe anchored molecules and 
quantitative X-ray photoelectron spectroscopy (XPS) analysis, we evaluate the density of 
the reactive sites on SiO2/Si(100) wafer surfaces, which is higher than the silanol groups 
on surfaces of amorphous silica gel. The results indicate that either flat silica surfaces 
contain more silanol groups than amorphous silica surfaces or that siloxane bridges on 
flat silica surfaces are highly reactive. In the last part of chapter 3, surface silylation and 
imine-formation reactions are used to test the chemical reactivity of flat SiO2/Si(100) 
wafer surfaces. 
 
Two approaches to immobilize homogeneous ethylene polymerization catalysts on flat 
silica surfaces are described. One approach is to anchor borate co-catalysts on 
SiO2/Si(100) wafer surfaces first and then use the anchored co-catalysts to attach the 
catalysts via the static electrical attraction (Chapter 4). However, this supported system 
suffers from its unstable nature. The poor reproducibility of this system makes it 
unsuitable for serving as a well-defined model. 
 
 
In the second approach, tethering bis(imino)pyridyl metal complexes onto SiO2/Si(100) 
wafer surfaces produces well-behaved heterogeneous polymerization catalysts. Aspects 
of catalyst immobilization, performance and polymer morphology are described in 
Chapter 5, 6 and 7, respectively. 
 
In Chapter 5, we demonstrate the immobilization of the bis(imino)pyridyl metal  
catalysts. Bis(imino)pyridyl ligands with chlorosilane functional groups react with the 
silanol groups on flat silica surfaces, resulting in covalently anchored ligands. Fe, Co or 
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V are coordinated to the anchored ligands, forming SiO2/Si(100) wafer-supported catalyst 
precursors. XPS analysis and the derived elemental composition confirm that these 
catalysts precursors are anchored onto the flat silica surfaces. Further more, the loading of 
the catalyst precursors has been estimated. The saturation loading of anchored catalysts is 
0.5 nm-2

. 
 
A systematic investigation on the influence of the polymerization conditions on the 
catalyst performance, namely the productivity of the catalysts and the molecular weight 
of polymers, yields information on the mechanism of the catalytic reaction over the 
supported bis(imino)pyridyl iron catalysts (Chapter 6). The polymerization propagation 
and termination rates are found to be first order in ethylene pressure. The results are in 
accordance with the proposed Cossee-Arlman mechanism for polymerization and suggest 
that the chain termination process by β-hydride transfer is dominant while the chain 
transfer to aluminium co-catalysts can be neglected. The supported catalysts deactivates 
in time. This deactivation proceeds fast at a higher polymerization temperature but does 
not depend on the ethylene pressure. XPS shows that leaching of Fe from anchored 
ligands during the treatment of co-catalysts in solution is partly responsible for this 
deactivation. 
 
In Chapter 7, we investigate the morphology of polyethylene films produced in solution 
phase using SiO2/Si(100) wafer-supported catalysts. These films break into micron 
islands connected by stress nanofibres. In addition, an internal pillar structure is observed 
and ends of these pillars appear as sub-micron particles on top of the polymer island 
surfaces. These morphologic features are created due to a solvent effect and the polymer 
growth mechanism. The as-grown polymer films produced in toluene exhibit 
superhydrophobic behavior. Theoretical and experimental investigations show that it is 
the unique combination of the micron islands, sub-micron particles and stress nanofibres 
formed on catalytically polymerized films that renders the superhydrophobicity. 
 
In Chapter 8 explores the potential of additional characterization techniques, namely 
atomic force microscopy (AFM), differential scanning calorimetry (DSC) and attenuated 
total reflection – Fourier transform infrared (ATR-FTIR) spectroscopy. These results are 
of preliminary nature. Both AFM and DSC point out that the chain mobility at room 
temperature is higher when the polymer is produced in toluene than in the gas phase. In-
situ ATR-FTIR spectroscopy is employed to study the crystallinity of the polyethylene 
samples close to the catalyst surface. Preliminary ATR-FTIR results suggest that an 
irreversible change in the crystal orientation happens for nascent polymers upon melting 
and recrystallization. 
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Samenvatting 
 
 
 

Immobilisatie van homogene polymerisatiekatalysatoren op silicageloppervlakken is 
essentieel voor applicaties in industrie om verstopping van reactoren te voorkomen en 
een betere controle te hebben over polymeergroei en polymeermorfologie. In dit 
proefschrift beschrijven we etheenpolymerisatiekatalysatoren die verankerd zijn op 
vlakke SiO2/Si(100) modeloppervlakken. Deze systemen dienen als een model voor 
silicagel verankerde katalysatoren zoals die gebruikt worden in de industrie. De vlakke 
modelsystemen maken het toepassen van microscopische en oppervlakteanalytische 
technieken eenvoudiger en geven nieuwe mogelijkheden om 
etheenpolymerisatiekatalysatoren op silica dragers te bestuderen. 
 
Voordat we de katalysator opbouwen op het vlakke SiO2/Si(100) oppervlak bestuderen 
we de reactiviteit van modeloppervlakken (hoofdstuk 3). We onderzoeken de dichtheid 
van de reactieve plaatsen op het oppervlak door deze te laten reageren met bepaalde 
moleculen die goed gekwantificeerd kunnen worden met X-ray photoelectron 
spectroscopy (XPS). De hoeveelheid reactieve plaatsen blijkt groter te zijn dan het aantal 
silanolgroepen op het oppervlak van amorfe silicagels. Dit wijst erop dat de vlakke silica 
oppervlakken meer silanolgroepen bevatten dan amorfe silica’s of dat er zich zeer 
reactieve siloxaanbruggen op het modeloppervlak bevinden. 
 
Twee manieren voor de immobilisatie van homogene etheenpolymerisatiekatalysatoren 
op silica modeloppervlakken worden beschreven. Eén geval bestaat uit het verankeren 
van boraat cokatalysatoren op de SiO2/Si(100) oppervlakken, waarna de cokatalysator 
gebruikt wordt om de katalysator te binden door middel van statisch elektrische 
aantrekking (hoofdstuk 4). Dit systeem blijkt echter zeer onstabiel en de slechte 
reproduceerbaarheid maken het ongeschikt om als goed gedefinieerd model te gebruiken. 
 
Bij de tweede aanpak worden bis(imino)pyridyl-metaalcomplexen aan het SiO2/Si(100) 
oppervlak gehecht door middel van tethering. Op deze manier kunnen beter definieerbare 
heterogene polymerisatiekatalysatoren gemaakt worden. Aspecten van 
katalysatorimmobilisatie, polymerisatie-eigenschappen en polymeermorfologie worden 
beschreven in hoofdstuk 5, 6 en 7 respectievelijk. 
 
In hoofdstuk 5 beschrijven we de immobilisatie van bis(imino)pyridyl-
metaalkatalysatoren. Bis(imino)pyridyl-liganden met chlorosilaan functionele groepen 
reageren met de silanolgroepen op het silica modeloppervlak wat resulteert in covalent 
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verankerde liganden. Door coordinatie van deze liganden met Fe, Co of V ontstaan de 
SiO2/Si(100) verankerde katalysatorprecursor. XPS analyse en de hiervan afgeleide 
elementsamenstelling bevestigen de verankering. Verder is ook de belading van 
verankerde precursors bepaald. De verzadigingsbedekking is 0.5 nm-2. 
 
De invloed van de polymerisatiecondities op de polymerisatie-eigenschappen 
(productiviteit van de katalysator en molecuulgewicht van het polymeer) is systematisch 
onderzocht om inzicht te verkrijgen in het katalytische reactiemechanisme met 
verankerde bis(imino)pyridyl-ijzerkatalysatoren (hoofdstuk 6). De propagatie- en 
terminatiesnelheden blijken eerste orde te zijn in de etheendruk. De resultaten zijn in 
overeenstemming met het Cossee-Arlman polymerisatiemechanisme en suggereren dat 
ketenterminatie door β-hydride-overdracht dominant is en dat ketenoverdracht aan 
aluminium cokatalysator verwaarloosd kan worden. De verankerde katalysator 
deactiveert met de tijd. Deze deactivering verloopt sneller bij hoge temperatuur maar is 
niet afhankelijk van de etheendruk. XPS laat zien dat het verdwijnen van ijzer tijdens de 
behandeling met cokatalysatoren in oplossing gedeeltelijk verantwoordelijk is voor deze 
deactivatie. 
 
In hoofdstuk 7 onderzoeken we de morfologie van polyetheenfilms gevormd in de 
vloeistoffase met behulp van SiO2/Si(100) verankerde katalysatoren. Deze polymeerfilms 
breken open in kleine eilandjes (ordegrootte: micrometers) die verbonden zijn door 
trekspanningsfibrillen. In de eilanden zijn pilaarstructuren zichtbaar waarop zich aan het 
polymeeroppervlak submicrometerdeeltjes bevinden. Deze morfologische kenmerken 
ontstaan onder invloed van het oplosmiddel en het polymeergroeimechanisme. De in 
tolueen gegroeide polymeerfilms vertonen superhydrofobisch gedrag. Theoretisch en 
experimenteel onderzoek laat zien dat deze superhydrofobische eigenschappen het gevolg 
zijn van een unieke combinatie van morfologische eigenschappen, namelijk de 
aanwezigheid van kleine eilandjes, submicroscopische deeltjes en trekspanningsfibrillen. 
 
Hoofdstuk 8 verkent het potentieel van verdere karakteriseringstechnieken, namelijk 
atomic force microscopy (AFM), differential scanning calorimetry (DSC) en attenuated 
total reflection – Fourier transform infrared (ATR-FTIR) spectroscopie. Met deze 
technieken zijn voorlopige resultaten verkregen. Zowel AFM als DSC experimenten 
tonen aan dat de ketenmobiliteit bij kamertemperatuur hoger is voor polymeer gevormd 
in tolueen dan voor polymeer gevormd in de gasfase. Er is gebruik gemaakt van in situ 
ATR-FTIR spectroscopie om de kristalliniteit van polyetheen dicht aan het 
katalysatoroppervlak te bestuderen. Voorlopige resultaten wijzen erop dat een 
irreversibele overgang in de kristaloriëntatie plaatsvindt tijdens het smelten en 
rekristalliseren van nascent polymeer. 
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