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ABSTRACT

Ethylene polymerization catalysts became available in an enormous variety. The challenge in this research is to find catalysts 
that are able to connect ethylene molecules in such a way that not only linear chains are produced but variations like branched 

materials that possess very interesting mechanical properties like linear low density polyethylene (LLDPE). In this contribution, 
three different types of catalysts are presented that are able to do not only one job at a time but three. These are “intelligent 
catalysts”. Catalysts of type 1 are homogeneous metallocene complexes that can be activated with methylaluminoxane (MAO). 
With ethylene they produce their own support and they become heterogeneous catalysts (self-immobilization) and they prevent 
fouling in polymerization reactors. The produced resin has evenly distributed ethyl branches (without a comonomer) with unique 
properties and the MAO that is necessary in the activation step can be recycled. Catalysts of type 2 are dinuclear complexes with 
two different active sites. One centre can oligomerize ethylene and the other one can copolymerize the in statu nascendi produced 
oligomers with ethylene to give branched LLDPE (a molecule as the smallest reactor for LLDPE)  and/or  bimodal resins.
Catalysts of type 3 are MAO activated iron di (imino) pyridine complexes that are able to oligomerize ethylene to give not only 
oligomers with even numbered carbon atoms but also odd numbered ones. In this reaction, one catalyst does three jobs at a time: 
oligomerization, isomerization and metathesis of ethylene. Polyolefins J (2015) 2: 17-25
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INTRODUCTION
One trend in modern catalyst research is the design of 
catalysts that are able to produce tailored products in 
an efficient manner. In olefin polymerization, ethylene 
is the mostly used monomer and worldwide nearly 
100 million tons of various types of polyethylenes are 
produced [1-4]. The challenge in this research is to find 
catalysts that are able to connect ethylene molecules 
in such a way that not only linear chains are produced 
but variations like different branchings or resins with 
bi- or multimodal molecular weight distributions. 
In the past 25 years my research group prepared and 

characterized more than 1600 different catalysts for 
olefin oligomerization, olefin polymerization and CH 
activation reactions. In this review from this research 
team three different types of catalysts are presented 
that can do more than one job at a time. I call them 
intelligent catalysts.

RESULTS AND DICUSSION

Catalysts for olefin oligomerization and polymerization 
should fulfill the following challenges:
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They should 
-  have high activities,
-  be able to become heterogenized,
- have the potential to oligomerize ethylene to 

give 1-butene, 1-hexene, 1-octene  α-olefins for 
copolymerization reactions,

-  be able to do more than one job at a time (i. e. 
intelligent catalysts),

- be able to produce new resins with superior  
properties to create new markets.

Metallocene complexes became very attractive 
over the past 25 years. They can be activated with 
methylaluminoxane (MAO) [5, 6] and the resulting 

cationic species is discussed as the actual catalyst for 
olefin polymerization.

We showed that bridged bis(fluorenyl)zirconium 
complexes are excellent catalysts for ethylene 
polymerization and they are record-holders  in 
activity [7]. The main reason seems to be the “ring 
slippage” behaviour [8] of these ligands providing 
very low activation energies for the various steps in 
polymerization reactions.

The catalyst properties, like molecular weights of 
the produced polymers and the activities, can be tuned 

Figure 1. Activation reaction of a metallocene dichloride 
complex with methylaluminoxane (MAO)

Figure 2. A 1,2- ethylidene bridged bis(fluorenyl) complex 
of zirconium

Figure 3. Influence of the positions of methyl substituents in 1,2- ethylidine bridged  bis(fluorenyl) complexes on the polymerization 
activities
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via structure property relationships, i.e. tiny changes in 
the catalyst molecule can have drastic consequences in 
the performance of such homogeneous catalysts. The 
following example demonstrates how the positions 
of methyl substituents on a fluorenyl ligand can 
determine the activity of a catalyst [3].

Methyl substituents in the 4- and 5- positions of this 
ligand act like spacers and keep the spacious MAO 
anion away from the active centre. In this way there 
is sufficient room for the coordinating monomer and 
even more important, enough room for the growing 
polymer chain.

Indeed, from about 800 metallocene catalysts 
prepared in my research group, the top seven in terms 
of activity are fluorenyl complexes [3].

These bridged bis(fluorenyl)zirconium complexes 
are excellent ethylene polymerization catalysts 
but they can perform only one reaction: ethylene 
polymerization.

When we were looking for a way to heterogenize 
homogeneous ethylene polymerization catalysts in 
order to avoid “reactor fouling” and in order to avoid 
already existing patents for various support materials, 
we invented self-immobilizing catalysts [9-12]: these 
are not only catalysts but also olefins because they 

Figure 5. Top 9 of the most active metallocene  complexes for catalytic ethylene polymerization

Figure 6. Self-immobilization of a metallocene catalyst Figure 4. The spacer effect of methyl substituents in 
activated ansa-bis (fluorenyl) complexes
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have an olefin function in the ligand framework.
Upon activation of such catalyst precursors with 

MAO in a homogeneous solution, the catalyst 
molecule starts to polymerize ethylene as soon as this 
monomer is added to the solution. But it obviously 
also copolymerizes the catalyst molecules because of 
their olefin function. As a consequence, a multinuclear 
three-dimensional heterogeneous catalyst network is 
formed that can be considered as a prepolymerized 
catalyst and that is completely heterogeneous. It can 
be filtered, washed with toluene, dried and stored for 
years in steel drums without losing its activity. It is a 
drop-in catalyst. In other words, this catalyst produces 

its own support, it is self-immobilizing and it does 
not need other support materials that could reduce 
the activities of such catalysts because of their Lewis 
basic surfaces.

As an additional benefit, the applied MAO can be 
recycled because it consists of a dynamic equilibrium 
of various components and the active species, 
which seems to be an MAO cage with monomeric 
trimethylaluminum in the inside  is generated for other 
activation runs. When the polymer was characterized 
it turned out that the formed resin (m-Pact, from 
ChevronPhillips, USA) was not a simple linear 
polyethylene but an ethylene with evenly distributed 
ethyl branches, and this without the application of 
any comonomers. Obviously, the polymerization 
mechanism proceeds in a way that metallacycles are 
formed and undergo ß-hydrogen elimination reactions 
once they have reached a certain size and thus form 
evenly distributed ethyl branches. In addition, such 
catalysts allow copolymerization with other olefins 
like 1-butene or 1-hexene to give different brands of 
LLDPE.

The produced resin has superior properties to other 

Figure 8. Metallacycles from alkenyl substituted metallocene 
complexes (halogen free catalysts)

Figure 7. Film properties of m-LLDPE resins (0.918 g/cm3, 
~1 M1)

Figure 9. A conventional way to produce linear low density 
polyethylene (LLDPE)

Figure 10. Dissymmetric dinuclear complexes with the 
potential of intelligent catalysts
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LLDPE brands in the market as depicted in Figure 7.
Indeed, this is an intelligent catalyst because one 

and the same catalyst can polymerize ethylene. In 
addition, it produces its own support and it generates 
evenly distributed ethyl branches at the polymer main 
chain without any comonomer. 

Catalysts with very similar properties are 
metallacycles that can be prepared according to Figure 
8 [13, 14].

Upon activation with MAO the metallacycle opens 
up and a cationic catalyst containing  an olefin function 
is formed. In this way, such catalysts can also be 

copolymerized and form a three dimensional network 
as described before. The advantage of the formed 
polyethylenes is the fact that they do not contain any 
halides (from the catalyst precursors) and therefore 
they do not produce any corrosive products if they are 
thermally recycled.

Such catalysts offer a convenient approach to 
LLDPE. In order to make such a way even more 
general, a solution was found using binuclear or 
multinuclear catalysts. The conventional way to make 
LLDPE  needs the monomer, a comonomer, a catalyst 
and a support material in order to avoid fouling in the 
reactor. 

Figure 12. Combination possibilities of mononuclear 
catalyst precursors

Figure 13. An example for the “tuning” of polyethylene properties

Figure 11. Dinuclear complexes as catalysts for the 
production of bimodal resins
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The strategy was to start with a dinuclear complex 
that consists of two different active sites and an olefin 
function in the catalyst molecule.

The active site M1 in the catalyst molecule is able to 
oligomerize ethylene and to produce oligomers. The 
active site M2 is able to polymerize ethylene but also 
to copolymerize the in-situ-produced oligomers of M1. 
For this purpose, the distance between M1 and M2 is 
crucial. The olefin function in the molecule provides 
the self-immobilisation capability of the system. This 
molecular set-up reminds one to modern automobile 
assembly methods: delivery of the necessary parts just 
in time. Such intelligent catalyst molecules that can 
produce their own comonomers, their own support 
and LLDPE with special properties can be considered 
as the smallest plants for LLDPE because these plants 
are molecules. This is also an ultimate nanotechnology.

Since my research group has a pool of more 
than 1600 catalyst precursors, there are numerous 
possibilities to connect various mononuclear catalyst 
precursors to reach certain goals.

One approach is to make resins with  bimodal 
molecular weight distributions. Since many 
homogeneous catalysts produce polymers with a 
narrow molecular weight distribution, bimodal resins 
are necessary for good polymer processibility. With 
this method perfect homogeneous blends can be 
prepared on a molecular scale.

Examples for the combination possibilities are given 
in Figure 12. One has the choice between the following 
coupling candidates: metallocene complexes, half-
sandwich complexes, phenoxyimine complexes, 
bis(arylimino)pyridine complexes and diimine nickel 
complexes [15-17].

A good example for the tuning of polyethylene 
properties is the application of a dinuclear catalyst 
precursor consisting of a metallocene unit and a 
phenoxyimine unit [13]. M1 of the mononuclear 
phenoxyimine component produces polyethylene with 
a comparatively low molecular weight of Mw = 9500 
g/mol and a narrow molecular weight distribution 
of 2.83. M2 of the mononuclear metallocene unit 
generates a much higher molecular weight of Mw = 
140000 g/mol and a similar narrow molecular weight 

Figure 14. Combination of donor/acceptor catalysts for the 
production of polyethylenes with bimodal molecular weight 
distributions

Figure 15. Trinuclear donor/acceptor catalyst for the 
production of bimodal polyethylene

Figure 16. Catalytic production of olefins with odd numbers 
of carbon atoms from ethylene 

Figure 17. Principle of catalytic CH activation
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distribution. The dinuclear catalyst consisting of these 
two components produces polyethylene with a Mw = 
125600 and a broad PD = 43.1. The dinuclear catalyst 
precursor can be synthesized as indicated in Figure 13.

Another convenient approach is the combination of 
catalyst precursors with substituents that have a Lewis 
acid character and those with a Lewis base character 
as indicated in Figure 14 [18]. 

Mononuclear metallocene complexes with donor/
acceptor properties are known in the literature and 
they are famous because of their dynamic properties 
in ethylene polymerization [19, 20].

Figure 15 presents the properties of the resulting 
polyethylene: a bimodal resin that its lower molecular 
weights are produced from the nickel containing 
catalyst and its higher molecular weights from the 
zirconium containing unit.

In this context, the question arises that it would be 
easier to mix the corresponding mononuclear catalyst 
precursors in order to obtain the same results. In 

addition, the ratio of the mixed components could be 
another helpful parameter for the design of polyolefin 
properties. Unfortunately, this method does not work in 
most cases [21]. Obviously, the various active species 
interact in a way that a  polyolefin with averaged 
properties is resulted but not with the desired ones.

In order to provide a good selection of catalysts 
that are able to oligomerize ethylene selectively, we 
prepared various iron di(imino)pyridine complexes 
[17]. The big surprise was that some of them not 
only oligomerize ethylene to give even numbered 
oligomers like 1-butene, 1-hexene, 1-octene, etc 
but also oligomerize it to give oligomers with odd 
numbers of carbon atoms such as 1-heptene, 1-nonene, 
1-undecene, etc. (see Figure 16).

How is this possible? Our explanation is that one 
and the same active site can do three jobs at a time: 
to oligomerize ethylene and generate higher 1-olefins 
with even numbers of carbon atoms. The same active 
site is able to isomerize these oligomers to form 
2-olefins and these 2-olefins undergo metathesis 
reactions with etylene at the same active site to 
produce the oligomers with the odd numbers of carbon 
atoms. This result was an “accident” because it was 
not expected and at the same time a good reason to 
remember the old wisdom to keep the eyes open when 
research results are analyzed.

The presented examples are all discussed in the 
literature but it is worth to consider intelligent 
catalysts for future demands. I consider one of 
the highest challenges in the field of catalysis the 
selective activation of alkanes and to make olefins and 
hydrogen. Olefins are the main feedstock of industrial 
organic chemistry and alkanes are the cheapest starting 
materials. The mechanism could proceed according to 
Figure 17.

Recently we could realize such a reaction with 

Figure 20. Methane (= natural gas) as an inexhaustible 
feedstock for the catalytic production of higher hydrocarbons 
and methanol

Figure 19. Activation of cyclooctane with a “metallocene 
catalyst”

Figure 18. Catalytic dehydrogenation of isopentane without 
a hydrogen acceptor
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isopentane, a low boiling hydrocarbon (b.p. 28°C) 
that is no longer allowed as gasoline component. With 
the right catalyst it can be dehydrogenated [22] and 
the resulting isopentene can be dimerized catalytically 
to give a valuable gasoline component with a high 
octane number. 

 A big surprise was the fact that metallocene catalysts 
are also able to activate alkanes in isomerization 
reactions, CC coupling reactions and CH activation 
reactions as presented in Figure 19 [23, 24].

However, the metallocene catalyst is not a usual 
metallocene catalyst: it is a “decomposed metallocene 
catalyst” that was obtained by heating it to 300°C. At 
this temperature, a new species has been formed that 
was responsible for the activation of hydrocarbons 
like cyclooctane and others.

The ultimate goal would be to invent the catalytic 
activation of methane to obtain higher hydrocarbons 
and hydrogen or the selective oxidation of methane 
to give methanol without using a Fischer-Tropsch 
process.

In both cases liquids would be the products from 
natural gas, which represents the richest resource of 
energy on this planet. 

CONCLUSIONS

It is a very attractive approach to design catalysts in a 
way that they can perform all the tasks that are necessary 
to obtain products with the desired properties. In this 
review various paths have been described how to 
achieve such challenges. Intelligent catalysts can do 
more than one job at a time when one active site is 
flexible enough to perform different reactions such as 
oligomerization, isomerization, polymerization and 
metathesis. Another solution is to combine different 
mononuclear complexes in a way that dissymmetric 
binuclear or multinuclear complexes with different 
active sites are formed. Every active site can then 
produce its own typical product on a molecular scale 
(molecular reactor, nano technology).
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