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   1.1 
 Polyolefi ns 

 Polyolefi ns represent approximately 50% by weight of all commodity and 
commodity - plus polymers, which in turn amount to about 90% by weight of the 
global polymer production. Literally hundreds of polyolefi n grades are available 
commercially with an incredible variety of properties and applications, ranging 
from ultra - rigid thermosets (stiffer than steel, but with the premium of a much 
lower density) to high - performance elastomers via all conceivable thermoplastic 
and elastoplastic materials in between. Yet, if one looks at the chemical composi-
tion, polyolefi ns are surprisingly limited: polyethylene, polypropylene, a few copo-
lymers of ethene with propene or another alpha - olefi n, and little else. The key 
reason for this apparent contradiction is the unique and thorough molecular 
control of the polymerization process that modern transition metal - based catalysts 
are able to provide. With a proper choice of catalyst system and reaction conditions, 
it is possible to produce polyolefi n materials with precisely defi ned and tunable 
chain microstructures and molecular mass distributions; this translates into a 
correspondingly fi ne control of the way in which such chains crystallize (when 
they are able to) and fl ow. In addition, a rich  “ toolbox ”  for supramolecular material 
design provides almost unlimited possibilities of further tailoring and diversifi ca-
tion by means of intelligent processing, blending and additives formulations and 
technologies. 

 The result is an unprecedented success story, demonstrated by the exponential 
growth curve of polyolefi n world consumption from less than 100   KT per annum 
during the mid - 1950s to the current 100   Mt. It is worthy to add here that polyole-
fi ns should be considered as a metastable state of the light fractions of refi ned oil. 
Rather than fl aring them, as has happened in the past, these are temporarily solidi-
fi ed, used for all forms of smart applications at a nominal cost, and burned after-
wards to produce energy (the most logical way of recycling/disposing). If this was 
understood by politicians, environmentalists and opinion - makers, polyolefi ns 
would be recognized for what they are, namely the greenest and most environ-
mentally friendly materials ever invented. 
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 2  1 Designing Polymer Properties

 For almost three decades, the industrial production of high - density polyethylene 
(HDPE) and isotactic polypropylene (iPP) was based exclusively on heterogeneous 
catalysts (of the Ziegler – Natta or Phillips type) characterized by many different 
and ill - defi ned active species. Although massive research effort resulted in major 
improvements of catalytic performance, it is fair to admit that the approach was 
purely empirical. 

 It was only during the early 1980s that the serendipitous discovery of methyl-
alumoxane as an effective activator of metallocene precatalysts made it possible to 
develop the fi rst industrially appealing homogeneous ethene polymerization cata-
lysts. Soon after that, with the implementation of stereorigid  ansa  - metallocenes 
with chirotopic sites, it could be demonstrated that stereoregular polypropylenes 
could also be obtained in solution. This opened the era of  “ single - site ”  catalysts. 

 The strong point of a homogeneous catalyst is its well - defi ned structure, which 
translates into a single active species and a corresponding microstructural unifor-
mity of the polymerization products. Moreover, the active species can be designed    –
    at least in principle    –    in order to achieve better/different catalytic properties. The 
drawback is that, for most industrial olefi n polymerization process technologies, 
a heterogeneous catalyst is needed. Unfortunately, changing a homogeneous 
single - site catalyst into a heterogeneous (supported) one is a logical, but by no 
means simple, solution; in fact, it is the subject of this whole book.  

  1.2 
 Levels and Scales of Polymer Structure and Modifi cation 

 Thermoplastic polyolefi n polymers have reached a wide application range since 
their original introduction during the latter half of the 20th century. The adaptation 
to often quite diffi cult requirements to processability, mechanics, optics and long -
 term behavior has been achieved by a number of structural modifi cations, starting 
at the chain chemistry level and ending in the component design and processing 
step  [1] . From a dimensional point of view this can be translated into a diagram 
for different (length) scales of polymer design (Figure  1.1 ). The following section 
of this chapter will deal with these levels as seen from the chemistry, the morphol-
ogy, and the property sides of material design.   

  1.2.1 
 Chain Structure: Chemistry, Interaction, Regularity, and Disturbance 

 Polymer design starts at the level of the molecule, at the chain structure defi ning 
the basic characteristics of the material, such as being crystalline or amorphous, 
and thus determining application properties to a large extent. Polarity, ranging 
from apolar pure polyolefi ns to polycondensates with intensive hydrogen bridge 
formation between the chains, is one major factor here. While both polyamide - 6 
(PA - 6, nylon) and HDPE have similar levels of crystallinity ( ∼ 60%), their melting 
points are, at 220 and 135    ° C, quite different. At the same time the reaction to 



environmental effects such as humidity and ultraviolet (UV) radiation will already 
be predetermined here. At a given level of polarity, stereochemistry and bulkiness 
of side groups has a decisive effect, separating crystallizable from amorphous 
subspecies of the same polymer; examples are the difference between atactic and 
isotactic polystyrene (aPS/iPS) or members of the polypropylene family    –    atactic 
(aPP), syndiotactic (sPP) and isotactic (iPP)  [2]  (Figure  1.2 ). Basically, the same 
effect    –    namely a disturbance of the chain structure fi rst reducing and fi nally dis-
rupting the ability to crystallize    –    can be achieved by copolymerization. One well -
 known point here is the crystallinity and density control of polyethylene (PE) by 
incorporating higher  α  - olefi ns such as 1 - butene, 1 - hexene or 1 - octene, although 

    Figure 1.1     Structural levels and respective dimensions for the 
systematic modifi cation of polymeric materials with 
appropriate investigation tools for characterization.  

    Figure 1.2     Tacticity.  
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 4  1 Designing Polymer Properties

similar effects can also be achieved for aromatic polyesters with aliphatic diesters 
 [3] . Further consequences of this modifi cation, such as effects on melting tem-
perature (i.e., sealing properties), crystal size (i.e., transparency), modulus (i.e., 
stiffness) and free volume (i.e., gas and vapor permeability) will be discussed 
below.   

  1.2.1.1   Chain Topology:  SCB ,  LCB , and Special Structures 
 While stereostructure and chemistry suffi ce to describe the polymer chain at a 
local level of a few monomeric units, the chain topology is required to differentiate 
between purely linear and various branched polymers. The rheology and process-
ability, but ultimately also the mechanical properties, of a polymer are decisively 
affected by the branching structure, which can be roughly split into short - chain 
branched (SCB) and long - chain branched (LCB) polymers  [4] . The usual parameter 
serving as distinction here is the branch length or branch molecular weight, where 
LCB represents a branch molecular weight above the critical molecular weight 
(M C ) of the respective polymer. In detail, star - , H - , and comb structures must be 
differentiated, while the existence of  “ branches on branches ”  (also called  “ multi-
branching ” , typical for low - density polyethylene, LDPE, from a high - pressure 
process  [5] ) adds a further dimension to the system ’ s complexity (Figure  1.3 ).    

  1.2.1.1   Molecular Weight Distribution ( MWD ) 
 Technical polymers are polydisperse, showing a more or less broad MWD as result 
of a number of factors. Multi - site catalysts, kinetics and residence time distribution 
are among the main factors contributing to polydispersity, which can be related 
again to both processing and end - use properties, either directly or via the charac-
teristic parameters of averages and moments (in the most simple case the number 
average, M N , and weight average, M W , molecular weight)  [3, 6] . Two important 
distinctions must be made here: (i) the mechanical consequences of an MWD 
fraction are signifi cantly higher (and the rheological ones lower) if the fraction is 
below M C ; and (ii) all changes are much more critical for glassy polymers, where 

    Figure 1.3     Schematic representation of chain topology.  



the mechanics are defi ned by entanglements rather than by crystalline 
structures. 

 Modern polyolefi n materials mostly have a rather elaborate designed MWD, in 
which the various fractions contribute to the different target properties (or prob-
lems) of the overall system. Figure  1.4  provides a rough outline of this property 
design for the case of bimodal polyethylenes, where this development is already 
well advanced, partly resulting from the very wide MWDs and possibly even with 
conventional Ziegler or chromium catalyst systems.   

 In reality, complete control of the produced MWD is limited by the characteris-
tics of the catalyst and residence time distribution of the polymerization process. 
Chromium catalysts are unsuitable because of their inherently broad MWD, and 
even in the case of titanium - (Ziegler - ) - catalysts limits are frequently reached in 
controlling the low - molecular - weight fraction (critical below M C  because of a lack 
of integration into the crystalline structure and entanglements) and extremely 
high - molecular - weight fractions (critical in fi lm grades in which  “ gels ”  consisting 
of higher - molecular - weight or crosslinked material deteriorate the performance). 
A further limitation in broadening the MWD is the need to homogenize such 
materials, which also makes special extruder constructions necessary.  

  1.2.1.3   Blends and Other Multiphase Structures 
 As alloys are decisive for the wide application range of metals, blends and com-
posites have further expanded the accessible property range of polymers. The 
underlying idea is to combine the advantages of different components, the base 
being a thermoplastic polymer, while the second (disperse) component can be 
inorganic (fi ller, fi ber), elastomeric (and even crosslinked), or also thermoplastic 
 [7, 8] . Details for these materials, which can be produced in multi - stage copoly-
merization, melt compounding or a combination of both processes, are provided 
below.   

    Figure 1.4     Contributions of various molecular - weight fractions 
to the property profi le of polyethylenes with monomodal 
(dashed line) and bimodal (full line) molecular weight 
distribution.  
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  1.2.2 
 Semi - crystalline Polymers: From Lattices to Superstructures 

 Focusing the discussion on semicrystalline systems from now on is justifi ed as 
this is the main area of catalytic and stereoselective polymerization. Even within 
this range of materials the variation in crystallinity, melting point and modulus is 
very wide and closely related to structural factors, as mentioned above. 

  1.2.2.1   Chain Structure and Crystallization Speed 
 The crystallization of polymers is a slow process in comparison to other materials 
such as metals. This results on the one hand from the high molecular weight and 
the related long characteristic times of the materials, and on the other hand from 
the low heat conductivity. It also limits the maximum degree of crystallinity, which 
for polyolefi ns rarely exceeds 60%. The process of solidifi cation can therefore be 
separated into nucleation and crystal growth, which have been shown to be defi ned 
by different molecular characteristics of the polymer. 

  Crystal growth rate  is defi ned mainly by the  “ smoothness ”  and regularity of the 
chain; consequently, among polyolefi ns the highest values are found for HDPE, 
which also has the most simple crystal structure based on chain folding (zig - zag 
structure in the lattice) only. Increased bulkiness will reduce the growth rate, as 
shown for a number of different polymers in Figure  1.5   [2, 9] . The maximum of 
the G C ( T ) function will normally be found approximately halfway between the 
melting point  T  M  and the glass transition point  T  G , with PE being a notable excep-
tion. Polypropylene (PP) is one of the best investigated polymers in this respect, 
with both the contributions of stereoregularity and comonomer content being well 
documented  [10] . A clear correlation to both processing speed and modulus can 
be recognized.    

    Figure 1.5     Temperature - dependence of crystal growth rate for 
polymers with different chain structure.  (Data from Ref.  [11] .)   



  1.2.2.2   Lamellar Thickness and Modulus 
 A rather important contribution to the mechanical performance of polyolefi ns is 
the correlation of modulus to not only the overall crystallinity but also the lamellar 
thickness in the system. The latter is correlated to the crystallization temperature 
according to the Gibbs – Thompson equation (demonstrated for example for ethyl-
ene – octene copolymers by Rabiej et al.  [12] ), resulting in a general correlation 
also for the case of PP, as shown in Figure  1.6 , where for three types of polymer -
 independent but parallel dependences were achieved. As shown in the report 
by Puk á nszky et al.  [13] , although nucleation contributes signifi cantly to the per-
formance via this relationship, isotacticity effects  [14]  and also the isotactic sequence 
length are highly relevant.    

  1.2.2.3   Nucleation and Polymorphism 
 For the pure polymer the MWD and especially the high - molecular - weight 
fraction    –    that is, the part of the composition having the highest relaxation time and 
therefore acting as self - nucleants  [15, 16]  have been found to be decisive for the 
nucleation density (N C ( T )), which is the second decisive factor for mechanics and 
optics, but also shrinkage and warpage of injection - molded parts. The maximum 
of the temperature dependence of N C ( T ) is, however, located always at lower tem-
peratures than G C ( T ), allowing the use of other highly effi cient external nucleating 
agents as further design instruments. These are even more important for rather 
slowly crystallizing polymers such as syndiotactic PP. However, to be effi cient, and 
especially to improve transparency, the effi ciency must be rather high. 

 Special considerations must be taken in the case of polymorphic polymers such 
as isotactic and syndiotactic PP or poly - 1 - butene (PB - 1). Normally, one of the 

    Figure 1.6     Dependence of the tensile modulus (Young ’ s 
modulus) and crystallization temperature of non - nucleated 
and differently nucleated versions of three different 
polypropylene (PP) types:  � , homopolymer;  � , impact 
copolymer;  � , random copolymer.  (Data from Ref.  [13] .)   
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possible crystal modifi cations will be the most stable, being the  α  - modifi cation for 
iPP. With selective nucleating agents the  β  - modifi cation can be promoted in pro-
cessing, resulting in materials with a signifi cantly higher impact strength and 
allowing stretching into microporous fi lms. The wide potential of these specifi cally 
nucleated iPP materials which also have a lower ductile – brittle transition tempera-
ture (see Figure  1.7 ) has been recently outlined in a review by Grein  [17] .    

  1.2.2.4   Flow - induced Structures and Processing Effects 
 Especially components and articles produced in conversion processes involving 
high deformation (shear or extension), such as injection molding, stretch - blow 
molding, mono -  or biaxially oriented fi lms or fi bers, derive their morphology and 
application properties largely from fl ow - induced crystallization phenomena. These 
are well investigated for iPP, PB - 1 and PE, and also demonstrate the strong infl u-
ence of the MWD here. Notably, the group of Kornfi eld  [18]  has demonstrated the 
consequences of very small fractions of long molecules being related to the stron-
ger orientation of these by fl ow stresses. Highly oriented skin layers with a far 
higher modulus than the less - oriented core of injection - molded specimens  [19] , 
as well as the enormous strength of highly oriented PE fi bers, result from these 
mechanisms. 

 A similarly important role is played when quenching the normally semicrystal-
line polymers by very high cooling rates into materials with limited or even no 
crystallinity. Very drastic examples of this are poly(ethylene - terephthalate) (PET) 
and poly(lactic acid) (PLA), both of which can be quenched into a fully amorphous 
state. In the case of iPP, another crystal modifi cation    –    the mesomorphic or smectic 
form    –    is achieved by quenching with cooling rates of more than 100   K   s  − 1   [20] ; this 
fi nding is of great practical relevance in the production of PP cast fi lms.   

    Figure 1.7     Evolution of the fracture energy, 
 G  tot , with the temperature,  T , for non -
 nucleated and  β  - nucleated resins with 
different fl owabilities (melt fl ow ratios, MFR). 
(a) MFR 0.3    ° C   min  − 1 ; (b) MFR 2    ° C   min  − 1 ; a 
ductile - brittle transition temperature chosen 
as the temperature corresponding to half of 

the maximum of  G  tot  in the considered MFR 
range (this refl ects the transition from a semi -
 ductile to a fully ductile behavior, without 
breaking the tested specimen). Test speed 
1.5   m   s  − 1  on injection - molded specimens. 
 (Data from ref.  [17] .)   



  1.2.3 
 Multiphase Structures 

 Blends and composites are considered whenever the highest mechanical require-
ments or seemingly confl icting property demands are confronted for a specifi c 
application. These need not be limited to mechanics, but can also involve dimen-
sional stability or processability. 

  1.2.3.1   General Concepts of Impact Modifi cation 
 Originally developed for the naturally more brittle amorphous polymers, the 
concept of elastomer - based impact modifi cation is also applicable for semicrystal-
line polymers  [21, 22] . The relevance is highest for polymers with a glass transition 
within the application temperature range, such as iPP ( T  G     ∼    0    ° C), adding mobility 
with elastomeric components having a far lower  T  G , which is the case for ethylene -
 propylene -  “ rubbers ”  (EPR) in the range from  − 60 to  − 40    ° C. Alternative concepts 
such as hard - phase impact modifi cation with inorganic micro -  or nanoparticles 
 [23]  have not yet gained widespread application, while crosslinked elastomer 
phases have a solid position for special areas.  

  1.2.3.2   Multi - stage Copolymers ( PP ) 
 While the addition of elastomeric impact modifi ers such as EPR, ethylene propyl-
ene diene monomer (EPDM), styrene elastomers or ethylene - based plastomers 
in extrusion mixing allows for maximum fl exibility in property design  [7] ; it also 
involves high cost, and the compatibility is often limited. The multi - stage copoly-
merization of propylene with ethylene (or higher  α  - olefi ns), where the elastomer 
is produced directly in the reactor, represents a much more economical way of 
producing materials with high impact strength. Products from the latter process 
are generally still called  “ block - copolymers ” , though a more correct name would 
be  “ heterophasic copolymers ” . In Figure  1.8 , it can be seen that the polymer con-
tains not only crystalline PP and essentially amorphous EPR, but also crystalline 
PE in the  “ core ”  of the EPR particles. The properties of these materials are defi ned 
by the quantity, size and internal structure of these soft particles, where the 
primary design parameter is the quantity of disperse elastomer phase. The linear 
effect on the modulus as compared to the step function in toughness is demon-
strated graphically in Figure  1.6 .   

 Further composition parameters such as molecular weight and comonomer 
distribution of the EPR phase allow reactor design  [24] , while the further addition 
of PE and other elastomer or fi ller components are used for post - polymerization 
modifi cation.  

  1.2.3.3   Polymer Blends and Reactive Modifi cation 
 Blends between polymers of different chemical nature, such as PP/PA - 6 or PE/PS, 
almost always require compatibilization, for which either graft -  or block - copolymers 
are applied  [25] . Both, the combination of polar and non - polar property aspects 
(e.g., paintability with limited water uptake) and the possibility of reaching highest 
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temperature resistance by three - dimensional (3 - D) network structures, as in glass 
fi ber - reinforced PP/PA - 6. 

 Special property combinations can be reached by reactive modifi cation, which 
in the case of polyolefi ns is practically always based on radical grafting reactions 
 [26] . The potential applications of this technology range from the production of 
long - chain branched PP with high melt strength offering advantages in foaming, 
and other processes with strong extensional fl ow, via the stabilization or partial 
crosslinking of phase structures (up to thermoplastic vulcanizates, TPVs) up to 
polar modifi ers and compatibilizers (e.g., by grafting with maleic anhydride). In 
the case of PE the process is even more fl exible because the inherent risk of deg-
radation is lower.  

  1.2.3.4   Compounds and (Nano)Composites 
 Further modifi cations are possible, for example through the addition of fi llers and 
reinforcements of mostly mineral nature. The possible mechanical profi les are 
determined by the properties of the base polymer, as well as by the quantity and 
nature of the fi ller  [27] . Especially when using glass fi bers, which open the highest 
strength level, further improvements are possible by modifying the fi ber surface 
(sizing) and using compatibilizers (adhesives). Parts of this category are also 
organic reinforcing fi bers from natural (regenerative) sources such as hemp, fl ax, 
or wood fi bers. The strength of glass - fi ber - reinforced materials is not achieved with 
such additions, and the lot - to - lot variations of natural fi bers are problematic; 
however, the full combustibility of such composites is seen as an advantage. 

 The new generation of nanofi llers promised even better opportunities for prop-
erty profi le optimization  [28] . Very small and highly anisotropic particles resulting 
from an exfoliation of organically modifi ed clay have a strong reinforcing potential 

    Figure 1.8     General structure of heterophasic EP - copolymers. 
Left: PP and PE crystalline, EPR amorphous; image from 
RuO 4  - stained transmission electron microscopy image). Right: 
infl uence of the amount of elastomer phase (EPR) on stiffness 
and impact strength of such polymer systems.  



in polycondensates such as PA - 6, whilst in polyolefi ns the problems of dispersion 
and exfoliation are much greater.  In - situ  methods are considered as a viable alter-
native here, as they avoid the problems of melt phase dispersion; however, they 
are still in the early stages of development for catalyst - based systems.   

  1.2.4 
 Property Optimization in Processing 

 One fi nal possibility for optimizing part properties is the application of special pro-
cessing (conversion) technologies. As mentioned above, the ultimate mechanical 
properties of semi - crystalline polymers depend heavily on not only the crystallinity 
but also the morphology of the formed crystalline structures. In this way, a massive 
increase in strength can be achieved through the targeted production of oriented 
structures; examples include the SCORIM (shear - controlled injection molding) 
process  [29]  or the  “ Push - Pull ”  injection - molding process. Even larger increases in 
the elastic modulus, and also in breaking strength, can be achieved in fi ber - spin-
ning processes by post - drawing in either the solid or semi - solid state. A combina-
tion of this process, with weaving and sintering of these high - strength PP - fi bers to 
plates for later thermoforming, was developed by the group of Ward in the United 
Kingdom  [30] , and is presently marketed under the product name  “ curv ” . By using 
this technique, modulus values of up to 5000   MPa can be achieved.   

  1.3 
 Polymer Design: The Catalyst ’ s Point of View 

 As illustrated above, designing polymer properties can be achieved at various 
scales. The following section concentrates on polymer design from a catalyst point 
of view. The primary role of a single - site catalyst is its ability to infl uence the 
molecular architecture of a polymer chain (molecular weight, MWD, comonomer 
incorporation and distribution, stereoselectivity, regioselectivity and block struc-
ture). Emphasis will be placed in this section on single - site  α  - olefi n polymerization 
catalysts and their prodigious ability to tailor the molecular architecture of a 
polymer, through rational design of the steric and electronic environment of the 
active site. That said, however, it should be noted that the  “ true ”  rational design 
of a catalyst system is not commonplace, and the vast majority of reports of single -
 site catalysts have been more  “ pot - luck ”  than precision. Put in a nutshell, the art 
of single - site catalyst tailoring is the ability to encourage or discourage certain 
competing reactions, by tailoring the catalyst system, polymerization conditions 
(or both) to produce a polymer resin with a desired molecular architecture. The 
success of this approach has seen this fascinating area of catalysis and polymer 
science grow, in less than three decades, to truly gargantuan proportions. It has 
greatly benefi ted from the understanding of the kinetic mechanisms at play during 
polymerization, rational tailoring of the steric and electronic properties of the cata-
lyst, activation, and the advent of powerful computational modeling. In addition, 
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the development of detailed physical measurements and rheological testing of the 
resultant polymer resins, facilitated by their narrowly dispersed nature that has 
allowed a synergistic combination of one or more of the above. 

 Due to the great volume of material, only the basic tools and concepts will be 
discussed here, along with illustrative  “ case studies ” . For a more detailed discus-
sion, the reader is directed elsewhere  [31 – 100] . 

  1.3.1 
 Mechanisms and Kinetics: A  “ Tailors Toolbox ”  

 At this point it is worth recapping on some of the basic developments in the 
understanding of metal - catalyzed polymerization processes. During a typical 
polymerization, numerous competing reactions are occurring with different rates 
and orders. Consequently, understanding the mechanisms and how their kinetic 
rates are affected by polymerization conditions    –    for example, are the rates 
monomer - dependent or independent?    –    can provide considerable help. Equally, 
an understanding of the steric and electronic requirements of a mechanism are 
important if the aim is to (potentially) raise or lower the energy of a transition 
state in order to promote or discourage a desired reaction, or to control how a 
monomer is enchained (stereo -  or regioselectivity, etc). 

  1.3.1.1   Activation, Initiation, Propagation: On your Marks, Get Set,   .  .  .   Go!! 

  Activation     The  “ activation ”  of a single - site precatalyst complex is typically achieved 
via contact with an appropriate cocatalyst species. It is crucially important to select 
the correct combination for the particular polymer process or target. It is also an 
area that is typically overlooked, with focus being paid to altering the complex 
rather than to the activation process. In terms of activity, major improvements can 
be achieved merely by altering the activation package. 

 Common procedures for generating  “ primary ”  ion - pairs start from metal chlo-
ride or alkyl precursors (Figure  1.9 ). For dichloride precatalysts (L - MCl 2 ), the gen-
eration of the species requires the initial conversion of one (L - M(R)Cl) or both of 
the chlorides (L - MR 2 ) into alkyls species. Subsequent abstraction of either the 
remaining chloride or the alkyl moiety forms a  “ primary ”  ion pair (cationic 14 e  
metal center). Typically, although MAO fulfi ls all of the above criteria, they can 
also be achieved via a combination of alkylating agent and an abstracting agent 
(Cl or R). For dialkyl precatalysts, alkyl abstraction is typically achieved via two 
routes. Abstraction via Lewis acids such as B(C 6 F 5 ) 3  or MAO is commonplace; 
however, ability of the resultant anions ([RB(C 6 F 5 ) 3 ]  −   or [R - MAO]  −  ] to coordinate to 
the cationic metal center is heavily dependent on the nature of R and the ability 
to delocalize the negative charge in the cation. Alternate alkyl abstractors are 
Br ø nsted ([HNMe 2 Ph] + ) or Lewis acidic ([CPh 3 ] + ) cations which contain a weakly 
coordinating counterion (e.g., [B(C 6 F 5 ) 4 ]  −  )  [40 – 44] .   

 It is important to highlight that formation of the  “ primary ”  ion pair is governed 
by kinetic considerations, and its chemistry is dominated by equilibria reactions, 



for example the coordination of basic metal alkyls such as trimethylaluminum or 
even a dialkyl precatalyst complex to the cationic center.  

  Initiation     The initiation of the polymerization process is believed to occur as a 
result of the displacement of the anion and coordination of the monomer in the 
 “ primary ”  complex. Whether the monomer binding is an associative or dissocia-
tive mechanism remains a matter of debate (Figure  1.10 ). Briefl y, the anion dis-
sociation mechanism generates an available coordination site on the metal center, 
which grabs a monomer for subsequent enchainment. Anion dissociation is an 
equilibrium reaction, and therefore the tendency for anion re - association would 
also arise. This begs the question of how fast the re - association reaction is, relative 
to the rate of propagation (does it interrupt the growth of a chain, or not?). The 
energetics of anion dissociation (charge separation) is also questionable in the 
non - polar environments that normally exist in industrial processes.   

 In the associative mechanism, monomer coordination and anion displacement 
is a concerted process. Therefore, how and in what direction the monomer 
approaches the metal center, and the steric infl uence of the anion may have 
important consequences for microstructure control  [40 – 48] . 

 As mentioned above, displacement of the anion and the coordination of the 
monomer are believed to result in the initiation of the active species, heralding 
the start of propagation. However, this still may not tell the whole picture, as 
interesting fi ndings from the groups of Fink  [49]  and Landis  [50]  seem to suggest 
that the catalyst initiation step (active site formation) follows the irreversible inser-
tion of the fi rst monomer.  

  Propagation     Once the active species is formed, the commonly accepted mecha-
nism for chain propagation is based on the migratory insertion mechanism of 

    Figure 1.9     Schematic representation of precatalyst 
 “ activation ”  via archetypal Lewis and Br ø nsted acidic 
cocatalyst/activators.  
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Cosse – Arlman and further refi nements  [51] . The mechanism is basically a two -
 step process in which the olefi n coordinates to the available coordination site metal 
center and is inserted via  cis  opening of the double bond, leading to chain migra-
tion (Figure  1.11 ; Site A to Site B). A regular alternation of insertions at the two 
coordination sites is expected under a kinetic quench regime; at the other limit, 
a Curtin – Hammett regime can be observed in case of fast (relative to insertion) 
relocation of the growing polymeryl between the two metal coordination sites (e.g., 
under conditions of monomer starvation). In addition, the mechanisms indicate 
that an olefi n must be face - on to the metal, with the double bond parallel to the 
metal alkyl bond. The presence of  α  - agostic interaction  “ conformationally locks ”  
the growing polymer chain and/or assists in stabilizing the transition state and 
secondary insertions, which may occur in  α  - olefi ns higher than ethylene; these 
are also illustrated in Figure  1.11   [52] .   

 In very basic terms, the whole process up to this point is akin to a Formula 1 
race. In the activation step, the driver (precatalyst) enters the car (cocatalyst) and 
switches the engine on. However, the race cannot start until the driver engages 

    Figure 1.10     Schematic representations of associative and 
dissociative mechanisms for the coordination of an olefi n.  



the gear (coordinates olefi n), drops the clutch (displaces the anion), and accelerates 
away (chain propagation).   

  1.3.1.2   Chain Transfer 
 Chain transfer is a statistical chain event in the life of a growing polymer chain. 
It is not necessarily the termination of the fi nal polymer chain, as many chain -
 transferred products are subsequently reinserted. This is exemplifi ed by the 
appearance of ethyl and methyl branches in the homo - polymerization of ethylene 
with metallocenes  [53, 54] , branch formation by the ubiquitous Brookhart systems 
 [55] , the formation of LCB polymers (vinyl released end - group macro - monomer 
re - insertion)  [56] , and reversible transmetallation ( “ chain shuttling ” )  [57] . 

 Understanding chain transfer can help in tailoring a catalyst ’ s performance to 
either promote or discourage one or more of the chain - transfer mechanisms. Typi-
cally, tailoring starts by an analysis of the end - groups in a polymer produced by a 
 “ fi rst - generation ”  system. The analysis of end - groups then provides a  “ fi nger -
 print ”  of what types of chain transfer have occurred, and which are the dominant. 
 “ Second - generation ”  systems can then be designed to address any short comings 

    Figure 1.11      α  - Agostic - assisted Cosse – Arlman mechanism  (after Refs.  [52a,b] ).   
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and to attain the desired molecular weight capabilities. Typically, two routes are 
employed to tune the molecular weight capabilities of a system: the polymerization 
conditions and the metal precatalyst. Investigations conducted by Fink and cowork-
ers on ethylene insertion rates, into differing Ti – R bonds (rate of insertion R   =   Pr n   
  >>    Et    >>    Me) may also be interesting to consider in terms of what group is left on 
the metal following chain transfer, and how quickly can that center reinitiate 
chain - propagation  [49] . 

 The apex of controlled chain transfer allows the formation of interesting block 
copolymers or polyolefi ns with extremely narrow molecular weight distributions 
(M w /M n     ≈    1.1)  [58] . The control of chain transfer can also allow the synthesis of 
resins with increased amounts of end - groups that are benefi cial for post modifi ca-
tion (e.g., crosslinking). 

   b  - Transfer     Chain transfer via  β  - hydride transfer occurs via two distinct mecha-
nisms that afford a polymer chain with the same end - group: (i)  β  - hydride transfer 
to the metal center, yielding a metal hydride; or (ii)  β  - hydride transfer to an incom-
ing (co)monomer, yielding a metal alkyl (Figure  1.12 )  [59 – 62] .  β  - Hydride transfer 
to a (co)monomer after a secondary insertion is also shown in Figure  1.12 . Such 
a chain - transfer mechanism can become important in terms of molecular weight 
for such centers where propagation after secondary insertion is slow  [59, 60, 63] . 
Whilst both mechanisms yield the same product, it is important to understand 
the difference and possible implications towards molecular weight tailoring.   

  β  - Hydride transfer to metal is a unimolecular process, and the transfer rate is 
independent of monomer concentration. For most systems, the propagation is 
dependent on monomer concentration, and therefore an increased monomer con-
centration can lead to high molecular weights. In contrast,  β  - hydride transfer to a 
(co)monomer is dependent on the monomer concentration, and therefore increases 
proportionally with the propagation rate; as a result, the molecular weight is often 

    Figure 1.12     Schematic representations of  β  - hydride chain - transfer reactions.  



independent of the monomer concentration. Generally, speaking  β  - hydride trans-
fer to a (co)comonomer is the dominant termination mechanism. 

 A variety of end - groups results from  β  - hydride transfer to a (co)comonomer, and 
these are dictated by what and how the last (co)monomer was enchained (ethylene 
or 1 - olefi n; primary or secondary insertion). For primary insertion,  β  - hydride 
transfer leads to the formation of a vinyl (ethylene; CH 2  = CH 2  - polymeryl) or vinyli-
dene (1 - olefi n; CH 2  = CH(R) - polymeryl) polymer end - group. In contrast,  trans  - vin-
ylene end - groups arise following  β  - hydride transfer following a secondary insertion 
of propylene or a higher  α  - olefi n. 

  β  - Me transfer to the metal center is an additional chain - transfer mechanism in 
propylene polymerizations. As shown in Figure  1.13 , such a termination mecha-
nism results in a vinyl end - group for propylene, forming a potential macro -
 monomer (LCB)  [64] , unlike the vinylidene product from a  β  - hydride - transferred 
chain transfer  [65] .    

  Chain - transfer Agents: Transmetallation and Hydrogenolysis     Chain transfer via 
transmetallation occurs through a metal alkyl - containing chain - transfer agent, via 
an exchange of the polymer chain and the chain transfer agent ’ s alkyl group. Such 
chain - transfer agents are typically, but necessarily, aluminum alkyl compounds 
such as Al 2 Me 3  or Al 2 Et 3 . Following termination and work - up of the resultant 
polymer resin, the reactive Al – carbon bonds are hydrolyzed to yield a saturated 
hydrocarbon (Figure  1.14 ). However, chains residing on aluminum can be 

    Figure 1.13     Schematic representations of the  β  - methyl chain - transfer reactions.  

    Figure 1.14     Schematic representations of transmetallation 
and hydrogenolysis chain - transfer reactions.  
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captured and converted into useful macromonomers  [66] . It should be noted that 
this reaction is reversible    –    that is, the secondary metal can transfer this chain back 
to an active site. Mastering this reaction has resulted in a recent major break-
through in polyolefi n catalysis, and this will be discussed in more detail in a sub-
sequent section  [57] .   

 Chain transfer via hydrogenolysis is achieved by the addition of hydrogen, which 
leads to saturated end - groups (Figure  1.14 ). As hydrogenolysis is the preferred 
means of controlling the molecular weight under industrial conditions, an under-
standing of how reactive a catalyst system is to hydrogen, and how it affects pro-
ductivity, is extremely important in any catalyst system, particularly for the 
single - site catalysts which are commonly highly reactive towards hydrogen.   

  1.3.1.3   Insertion Control 

  Copolymerization Control     Ethylene copolymers (e.g., ULDPE, VLDPE, LLDPE, 
MDPE) represent the most successful application area of single - site catalysts. The 
control of such copolymerization is primarily achieved through an understanding 
of the relative reactivity ratios of ethylene and comonomer(s) for a particular 
system (precatalyst   +   cocatalyst). 

 Ethylene is the most reactive olefi n, with alpha - olefi n reactivities decreasing as 
the length of the alkyl group increases. However, the rate of decrease in the reac-
tivity diminishes as the length of the alkyl group increases. Linear  α  - olefi ns are 
more reactive than their branched counterparts, with a drastic decrease in reactiv-
ity seen for the branched molecules at the  β  - carbon (CH 2  = CRR ′ ). This effect 
is generally attributed to steric crowding in the vicinity of the reactive double 
bond. 

 Apart from the general reactivities of  α  - olefi ns, their reactivity is highly depen-
dent on the catalyst structure  [67] . In general, single - site catalyst are more reactive 
towards  α  - olefi n comonomers than are traditional catalysts (e.g., Ziegler and Cr), 
although the reactivity of an  α  - olefi n is highly dependent on the metal and the 
ligand structure. Electronic factors at the active site, as well as steric environment 
in the vicinity of the active site, determine the reactivity and structure of the copo-
lymer (SCB, M w ). Although many general conclusions on the infl uence of ligand 
structure on polymer structure have been drawn, the details of how the combina-
tion of electronic and steric affects the relative reactivities remain unclear. Ligand 
substitution, active metal and the presence of some form of rigidity in the structure 
(e.g.,  ansa  - bridges) each have distinct effects on the polymerization behavior  [68] .  

  Stereo - regio Control     A prochiral  α  - olefi n molecule can insert into a M – R bond in 
four different ways, depending on the regiochemistry (1,2 or 2,1), and on the 
choice of the enantioface ( re  or  si ). In most cases, a strong preference is observed 
for one insertion regiochemistry (usually the 1,2); compared with heterogeneous 
Ziegler – Natta catalysts, however, most homogeneous single - site catalysts (and 
particularly metallocenes) are remarkably less regioselective, and occasional regio-



defects are detected in the polymer by using  13 C NMR, these typically being in the 
form of head - to - head/tail - to - tail enchainments. 

 The stereochemistry of a polymerization reaction is governed by the symmetry 
and steric environment of the metal center (ancillary ligand and anion) and the 
growing polymer chain. In the latter case, the stereogenic center formed by the 
last monomer enchainment infl uences the stereochemistry of the subsequent 
monomer addition. If this infl uence is signifi cant and overrides that of the ancil-
lary ligand, then the stereochemical regulation of the process is referred to as 
 “ chain - end - controlled ” . The archetypal examples of this are isotactic enriched 
polypropylene from low - temperature polymerization with Cp 2 TiPh 2  (primary 
insertion)  [69]  and syndiotactic polypropylene from vanadium - based Ziegler cata-
lysts (secondary insertion)  [70] . If the single - site catalyst contains a chiral ancillary 
ligand set that is able to induce a  “ chiral pocket ”  at the active site, and which over-
rides the infl uences of the polymer - chain end, then the stereochemical regulation 
of the process is referred to as  “ enantiomorphic - site - controlled ” . It is this process 
that is most amenable for the rational tailoring of a catalyst and, subsequently, the 
polymer microstructure that is formed. 

  Enantiomorphic Site Control     In the majority of cases, enantiomorphic site control 
can be predicted by the symmetry of the metal center. Ewen was the fi rst to link 
the symmetry at a metallocene center and the microstructure of the resultant 
polymer (Figure  1.15 )  [71] . Strictly speaking, the active species is asymmetric due 
to the presence of the growing polymer chain and the available coordination site; 
however, it is assumed that the polymerization rapidly equilibrates between the 

    Figure 1.15     Ewen ’ s symmetry rules.  
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two coordination sites. Based on Ewen ’ s symmetry rules, the catalysts are divided 
into fi ve main symmetry categories  [71] : 
    •       C 2v   symmetric catalysts typically produce atactic or 

moderately stereoregular polymers (chain - end - controlled).  
    •       C s   symmetric catalysts containing two distereotopic 

coordination sites typically produce atactic or moderately 
stereoregular polymers (chain - end - controlled).  

    •       C s   symmetric catalysts containing two enantiomorphic 
coordination sites frequently produce syndiotactic polymers.  

    •       C 1   symmetric catalysts are distereotopic and contain an 
enantioselective and non - selective coordination site. Ewen ’ s 
symmetry rule predict a hemi - isotactic structure where 
alternating chiral – achiral insertion takes place. In practice, 
however, balancing the  “ steric excesses ”  is very important 
and makes prediction based only on symmetry very diffi cult.  

    •       C 2   symmetric catalysts contain two homotopic sites and 
typically form isotactic polymers via enantiomorphic site 
control (both racemic and enantiomerically pure versions).      

 Although the Ewen symmetry rules are rather simplistic, they are typically the 
fi rst starting point for catalyst design. Tailoring of the catalyst then revolves around 
the ability to dictate in which direction the growing chain is orientated, and how 
the incoming monomer is presented by the application of  “ steric pressure ”  (repul-
sive non - bonded interactions). Detailed mechanistic studies concerning enan-
tiofacial selectivity,  α  - agostic - assisted olefi n insertion and their relevance to 
stereocontrol, as well as the possible role that anions play, may be found elsewhere 
 [59 – 62] .  

  Defects     The stereocontrol of a polymerization reaction, as with most things 
in life, is not perfect. Defects are enchained (stereo - error or regio - error) into a 
polymer during its lifetime, and occur, typically, via either the mis - insertion of a 
monomer or following an epimerization reaction (site or chain). As the frequency 
and distribution of defects plays a key role in dictating the polymer ’ s properties, 
an understanding of how they arise and what they are dependent on has become 
a key feature in catalyst design. 

 In isotactic polypropylene polymerization there are two main types of chain 
defect, regio - error or stereo - error (Figure  1.16 ). The mechanism shown in Figure 
 1.17  is the idealized enantiomorphic site - controlled enchainment of propylene. As 
can be seen, the growing monomer chain is orientated in such a way as to mini-
mize the non - bond interaction with the benzo - fragment of the indenyl moiety. In 
addition, the incoming ligand is enantiofacially presented in such a way as to 
minimize any interaction with the growing chain. The combination of homotopic 
sites, the controlled orientation of the growing chain, a consistent presentation of 
the correct enantioface of monomer, and an absence of chain - end epimerization, 
leads to the formation of pure isotactic polypropylene.     



 Figures  1.18  and  1.19  illustrate the various mechanisms that have been proposed 
to account for stereo - defects (Figure  1.18 ) and regio - defects (Figure  1.19 ) in iso-
tactic polypropylene catalyzed via  C  2  - symmetric systems. Stereo - errors are thought 
to result from the enchainment of a propylene monomer with the  “ wrong ”  enan-
tioface, or via a unimolecular chain - end epimerization mechanism. The latter 
mechanism is thought by some to be the dominant cause of stereo - defects due to 
the fact that such defects tend to increase with decreasing monomer concentration 
(lower propagation rates but the same chain - end epimerization rate). Regio - errors 
result from a secondary insertion of propylene; if this secondary insertion is 
propagated, then a 2,1 - regio - defect is formed. However, if propagation after a 
secondary insertion is slow relative to a chain - end epimerization reaction from a 
secondary to a primary alkyl (alleviating steric hindrance), then a 1,3 regio - defect 
is formed.     

 Defects (stereo -  or regio - errors) in the backbone of an isotactic polypropylene 
disrupt the chain in a similar way that the addition of comonomer does in poly-
ethylene or polypropylene (EPR). As discussed above, chain disruption affects the 
crystallization parameters of the polymer and, in turn, some of its physical proper-
ties. Assigning the impact of one type of defect compared to another is a matter 
for debate; it would appear from Figure  1.16  that the 2,1 and 1,3 regio - error defects 
seem to have a larger defect foot - print (more disruption of the chain) than the 
stereo - error defects. Fischer and M ü lhaupt, however, clearly proved that both 
regio -  and stereo - error units are incompatible with the crystal lattice. Moreover, 

    Figure 1.16     Stereo -  and regio - defects in isotactic polypropylene.  

    Figure 1.17     Schematic representation of chain propagation on 
a  C  2  symmetric catalyst via enantiomorphic site control.  

 1.3 Polymer Design: The Catalyst’s Point of View  21



 22  1 Designing Polymer Properties

    Figure 1.18     Stereo - defect formation.  

    Figure 1.19     Regio - defect formation.  



the key to the situation is the distribution of defects and, more importantly, the 
average pure isotactic segment length (crystallizable sequence) between defects 
( n iso  ) (Figure  1.20 )  [72a] . As might be imagined, the molecular weight of the 
polymer (M w ) and the number of defects need also to be taken into account.   

 Single - site catalysts typically distribute their defects homogeneously throughout 
the length of a polymer chain, unlike Ziegler – Natta catalysts which tend to  “ con-
centrate ”  defects in blocks with extremely long isotactic segment lengths. As a 
result, the more homogeneous a distribution, the more effective it is in segment-
ing the polymer (for the same molecular weight and defect content). Single - site 
catalysts typically have short isotactic segments ( n iso  ), and as a result they com-
monly crystallize in the  γ  - form (the  γ  - form modifi cation of iPP is often achieved 
by the incorporation of low amounts of comonomer, typically ethylene), which has 
implications for certain, notably optical, properties (the  γ  - form does not form 
spherulites). The relevance of isotactic sequence length    –    especially for highly iso-
tactic polypropylenes    –    to the achieved modulus level has been demonstrated by 
Viville et al., by utilizing a combination of analytical methods  [72b] . It should 
always be remembered, however, that a variety of factors in combination play a 
role in defi ning the properties of microstructure, molecular weight, molecular 
weight distribution, and morphology of the crystalline domains. A more homoge-
neous distribution of regio - errors also has implications for propylene copolymers 
(in particular of ethylene copolymers), as ethylene is thought to be much more 
effective at insertion following a secondary insertion of propylene. This leads to a 
more random distribution of comonomer in the case of single - site catalysts. 

 Stereo - defects arise in syndiotactic polypropylene derived from the Ewen/Razavi 
family of  C s   symmetrical metallocene (Figure  1.21 )  [73] . As described above, an 
enantioface error and a chain - end - epimerization lead to the propagation of a 
stereo - defect. However, as the  C s   symmetric metallocene has a distereotropic site, 
a site - epimerization reaction ( “ back - skipping ” ) can result in the formation of the 
same enantiomeric site. Hence, rather than alternating between the distereotropic 
sites, two consecutive insertions occur at the same enantioface, a process which 

    Figure 1.20     Schematic representation of the average length of iPP sequences.  
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is possibly anion - assisted (Figure  1.22 )  [45] . Site epimerization does not result in 
stereo - defects in  C  2  - symmetric complexes, as their sites are homotopic and there-
fore site epimerization forms the same enantioface.        

  1.3.1.4   Summary 
 This section has hopefully illustrated the range of mechanistic tools that can be 
used to tailor the behavior of a precatalyst. One of the most important points to 
note is that migratory insertion requires the active metal center to possess at least 
two active sites. The nature of each active site is determined by the metal and the 
steric, electronic nature and symmetry that the ancillary ligand imparts to the 
metal, as well as the cocatalyst. It is also infl uenced the structure of the growing 
chain arising from various insertion (primary or secondary  re  or  si ). Therefore, a 
 “ single - site ”  catalyst can in fact possess numerous active sites with differing reac-
tivity ratios to (co)monomer or chain - transfer agents, different regioselectivity and 
enantioface stereoselectivity. However, under set conditions the above processes 
behave, statistically, in the same way from one polymer chain to the next.   

  1.3.2 
 Case Study 1: Development of Commercially Relevant Single - Site  i  PP  Catalysts 

 The development of commercially relevant single - site iPP catalysts is perhaps the 
archetypal elegant example of what the rational tailoring of a precatalyst can 
achieve, in terms of activity and the polymer resins that they produce. 

 The genesis of commercial single - site iPP catalysts and their development can 
be traced back to the stereo - rigid  C  2  - symmetric metallocenes of Brintzinger ( rac -
  Et(Ind)MCl 2 , M   =   Ti or Zr)  [74] . It was Ewen, whilst employing the titanium cata-
lyst above, who fi rst correlated the  C  2  symmetry of the metallocene to isotacticity 
 [75] . However, the titanium complex proved too thermally unstable and had a low 
isotacticity. By using the zirconium analogue, Kaminsky and Brintzinger attained 

    Figure 1.21     Schematic representation of stereo - defect formation on a  C  s  symmetric catalyst.  



    Figure 1.22     Site epimerization.  
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higher thermal stabilities and stereoselectivities  [76] . Subsequent development of 
the bridged bis - indenyl zirconocenes indicated that the nature of the bridging 
atom could increase the stereoselectivity and molecular weight of a polypropylene 
(H 2 C    <    Me 2     <    C 2 H 4     <    Me 2 Si) under industrially applicable conditions, although all 
of these systems were far from being commercially viable catalysts (Figure  1.23 ) 
 [60] .   

 Ultimately, it was the seminal studies of Spaleck and coworkers, with their 
rational tailoring of the basic  C  2  - symmetrical complex Me 2 Si(Ind)ZrCl 2  ( C  2  - 1) 
(Figure  1.24 ; Table  1.1 ) which truly illustrated the full potential  [77] . As can be 
seen from Figure  1.24  and Table  1.1 , the introduction of a methyl group in the 2 
position of the indenyl moiety increased the molecular weight and stereoregular-
ity, and was also found to reduce region - errors. The result was the production of 
polypropylenes with higher melting points, albeit with reduced activity. The intro-
duction of an aryl ring in the 4 - position of the indenyl moiety increased the poly-
mer ’ s stereoregularity, but once again a reduction in activity was observed. Finally, 

    Figure 1.23     Evolution of  C  2  - symmetric complexes for the 
isotactic polymerization of propylene.  

    Figure 1.24     Evolution of a  C  2  - symmetric catalyst.  



a combination of substituents in the 2 and 4 positions of the indenyl moiety led 
to an order of magnitude increase in activity, along with increased stereoregularity, 
molecular weight and melting point of the fi nal polymer resin.     

 Further evolutions of  “ Spaleck - type ”  polypropylene catalysis has led to catalysts 
with reportedly increased activities, molecular weights, and melting points. Such 
development has also further refi ned the structures  [78] , and highlighted the 
importance of the bridging atom and the substituents on it  [79] , as well as the 
active metal center  [80] . In addition, it has heralded the development of the 
heterocene - based systems of Ewen, Jones and Elder, which have added yet another 
dimension to the  “ tailors toolbox ”  (not only for polypropylene)  [81, 82] . Interest-
ingly, similar structure – property relationships can be seen in ethylene - 1 - octene 
polymerization with  C  2  - 1,  C  2  - 2,  C  2  - 4,  C  2  - 5. M ü lhaupt and coworkers reported that 
substitution in the 2 position of the indenyl moiety leads to increased molecular 
weights, while the addition of an aryl functionality in the 4 position increased the 
ability to incorporate comonomer  [83] . Once again, the combination of these two 
changes led to a considerable increase in molecular weight and activity for a given 
comonomer incorporation (density). 

 The effect of the steric infl uence on molecular weight capability and stereose-
lectivity is easily understood. From a stereoselectivity point of view, the introduc-
tion of aryl and methyl groups allows for a better orientation of the growing 
polymer chain. As for molecular weight, if we consider the steric requirements 
for the transition states for chain propagation and chain transfer via  β  - hydride 
transfer to monomer (see Figure  1.11 ), a rather compact, four - centered transition 
state is seen to be required for chain propagation, and this can be accommodated 
in a relatively small space. Chain transfer to the (co)monomer, on the other hand, 
requires a six - centered transition state (see Figure  1.12 ) which utilizes more space 
and is more likely to be destabilized by the steric hindrance of the ligand frame-
work. The increase in activity can be rationalized by the effective separation of the 
electrophilic active center and the counterion induced by the steric environment 
induced by the ligand, which in addition may hinder dinuclear deactivation mecha-
nisms. The substitution pattern potentially enhances the degree of unsaturation 
associated with the active cationic center, thus increasing the reactivity towards 
propylene. The culmination of these studies led to the fi rst single - site polypropyl-
ene catalysts with commercially viable performances.  

 Table 1.1     Polymerization performances of Spaleck and 
coworkers  C  2  symmetric complexes  [77] . 

   rac  - Zirconocenes     C  2  - 1     C  2  - 2     C  2  - 3     C  2  - 4     C  2  - 5  

  Activity (kg PP   mmol Zr   − 1    h  − 1 )    190    99    48    755    875  
   % mmmm     81.7    88.5    86.5    95.2    99.1  
   T  m     137    145    148    157    161  
   M  v     36   000    195   000    42   000    729   000    920   000  
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  1.3.3 
 Case Study 2: One Monomer, Many Microstructures 

  1.3.3.1   Propylene 
 The impact of what may seem like  “ subtle ”  changes in the stereochemistry and 
steric environment of the catalyst may have a considerable impact on the micro-
structure of the polymer  [73, 84 – 87] . The different polypropylene microstructures, 
ranging from syndio, isotactic to atactic, that can be obtained by slight variations 
in the ligand environment are highlighted in Figure  1.25 . The fi gures also illus-
trates how fi nely balanced some systems are; like a modern - day fi ghter aircraft, 
they are extremely agile and capable of an extraordinary range of  “ maneuvers ”  but 
more often than not this agility is based on an inherent  “ instability ” .   

 Although complex  Cs  - 2 possesses all the symmetry and structural requirements 
of a syndio - specifi c catalyst, when activated this catalyst produces perfectly atactic 
polypropylene. The dynamic interchange between pseudo - axial/equatorial C – H 
(boat/chair confi rmation on either side) geometries is presumed to disrupt the 
balance of steric forces and stereorigidity (Figure  1.26 )  [87] .   

 The delicacy required when balancing steric control is highlighted by the  C 1   -
 symmetric family of metallocenes. From Ewen ’ s symmetry rules, the predicted 
microstructure should be hemi - isotactic, but a range of polymer microstructures 
can be obtained depending on the  “ steric excess ”  of the substituent on the 3 - posi-
tion of the cyclopentadienyl moiety. Complex  C 1   - 1  [84]  is capable of producing 
hemi - isotactic polypropylene, whilst  C 1  -  2  [85]  and  C 1  -  3  [86]  have been used to 
prepare iPP or hemi - isotactic stereo - block polypropylene, respectively. 

    Figure 1.25     Symmetry is just part of the puzzle.  



 The formation of hemi - isotactic PP is best explained via typical migratory inser-
tion with distereotopic sites, one of which is enantioselective and the other aselec-
tive (Figure  1.27 ). The formation of isotactic or hemi - isotactic stereo - block 
polypropylene remains a topic for debate. At present, two limiting mechanisms 
are proposed for the formation of isotactic polypropylene. These are  “ site epimer-
ization ”  or  “ alternating ”  mechanisms (Figure  1.28 ). The prevailing literature has 
invoked the  “ site epimerization ”  mechanism to explain the formation whereby, 
following migratory insertion at the enantioselective site (Site B in Figure  1.28 ), 

    Figure 1.26     A mechanism for the formation of atactic 
polypropylene from a  C  s  symmetric catalyst.  

    Figure 1.27     Formation of hemi - isotactic polypropylene.  
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    Figure 1.28     Formation of isotactic polypropylene (iPP) from a  C 1   symmetric metallocene.  

the growing polymer chain is located on the crowded ( tert  - butyl) side of the metal-
locene. Steric repulsion forbids subsequent insertion, and so forces a site epimer-
ization to occur (Site A to B). This leads to an inversion of the stereochemistry at 
the metal center and a re - formation of the initial enantioselective site. Propagation 
then continues via this two step process (insertion –  “ back - skip ”  – insertion, etc.) to 
form isotactic polypropylene.     

 In the  “ alternating ”  mechanism, insertion occurs at the enantioselective and 
aselective sites of the metallocene. Insertion occurs at the enantioselective site (Site 
B, Figure  1.28 ), after which an available site becomes open due to a redirection of 
the growing polymer chain away from the steric bulk of the  tert -  butyl moiety and 



towards the fl uorenyl group (Site A to AA). Insertion of the next monomer occurs 
with a  trans  arrangement between the polymer chain and the methyl group of the 
propylene monomer. Isotactic enchainment of propylene then continues via an 
 alternating  enantiomorphic site - controlled and chain - end - controlled mechanism 
 [88] . 

 The formation of hemi - isotactic -  co - isotactic  stereo - block polypropylene from  C  2  - 2 
can then be rationalized in terms of the adamantly ligand  “ oscillating ”  between 
positions that exert high or low steric hindrance of the growing polymer chain, 
within the time frame of polymer growth (Figure  1.29 )  [87] .   

 The copolymerization of ethylene and propylene with bridged metallocenes 
Me 2 E(3 - RCp)(Flu)X 2 /MAO (E   =   C, X   =   Me; E   =   Si, X   =   Cl; R   =   H or alkyl) have also 
been investigated  [89] . Ethylene/propylene copolymerization with metallocenes 
having heterotopic active sites (R   =   Me,  i  - Pr) yield alternating, isotactic ethylene/
propylene copolymers. Both, the nature of the substituent R and the bridging atom 
(E) infl uenced the copolymerization behavior, including copolymerization activity, 
copolymer sequence distribution, molecular weight, and stereochemistry.  

  1.3.3.2   Ethylene 

  Iron 2,6 - bis(arylimino)pyridyl Complexes     The Brookhart – Gibson family of 2,6 -
 bis(arylimino)pyridyl iron complexes are effective catalysts for the conversion of 
ethylene either to highly - linear HDPE or to linear  α  - olefi ns with Schulz – Flory 
distribution, depending on the aryl group on the imine moiety  [90] . For linear 
HDPE, the conditions are that the aryl rings bear either alkyl/aryl groups on both 
 ortho  - positions or a large alkyl group, such as  tert  - butyl, on an  ortho  - position. The 
presence of  ortho  - substituents locks the aryl groups orthogonal to the N – N – N 
plane (Figure  1.30 ), and also on the timescale of polymerization, which induces a 

    Figure 1.29     Formation of hemi - isotactic -  co  - isotactic stereoblock copolymers.  
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retarding effect on the chain - transfer rate. Typically, the steric bulk of the aryl 
 ortho -  substituents affects the productivity and the polymer ’ s molecular weight. A 
general rule of thumb is that an increased steric bulk increases the molecular 
weight by (retarded chain transfer, as discussed above), but decreases productivity. 
The HDPEs produced by 2,6 - bis(arylimino)pyridyl Fe(II) catalysis exhibit high 
melting points (133 – 139    ° C) accompanied by remarkably high heats of fusion ( Δ  H   
 =   220 – 230   J   g  − 1 ); improved stiffness, high densities and gas permeability are also 
claimed. The absence of branches on the polymer chains indicates that the Fe(II) 
polymerization catalysts are unable to isomerize the produced alkyl via a  “ chain -
 walking ”  mechanism, nor to incorporate early - produced  α  - olefi ns into the growing 
polymer chain (SCB or LCB)  [91] .   

 Iron 2,6 - bis(arylimino)pyridyl complexes in combination with MAO and ZnEt 2  
( > 500   equiv.) have been shown by Gibson and coworkers to catalyze polyethylene 
chain growth on zinc  [92] . The catalyzed chain growth process is characterized by 
an exceptionally fast and reversible exchange of the growing polymer chains 
between the iron and zinc centers. Upon hydrolysis of the resultant ZnR 2  product, 
a Poisson distribution of linear alkanes is obtained; linear  α  - olefi ns with a Poisson 
distribution can be generated via a nickel - catalyzed displacement reaction. The 
remarkably effi cient iron - catalyzed chain growth reaction for ZnEt 2  compared to 
other metal alkyls can be rationalized on the basis of: (i) relatively low steric hin-
drance around the zinc center; (ii) their monomeric nature in solution; (iii) the 
relatively weak Zn – C bond; and (iv) a reasonably close match in Zn – C and Fe – C 
bond strengths.  

  Nickel  a  - Diimine     The physical properties of the homopolyethylenes produced by 
these catalyst systems vary widely depending on the type and extent of branching 
and polymer molecular weight. It is clear from various studies that structural 
variations of the  α  - diimine ligand coupled with the conditions of polymerization 
(temperature and ethylene pressure) can be used to control branching and molecu-

    Figure 1.30     Ligand bonding patterns and its affects on the 
molecular weight capabilities of 2,6 - bis(arylimino)pyridyl iron 
complexes.  



lar weight in a  “ predictable ”  way (Figure  1.31 ). Thus, variably branched polyethyl-
enes can be produced without the use of an additional  α  - olefi n comonomer (as is 
required for early metal catalysts) with properties that not only span the range of 
HDPE to LLDPE to LDPE but also include amorphous, elastomeric homopolymers 
 [55, 93, 94] .   

 In the chain - walking mechanism, the active center moves along the growing 
polymer chain (Figure  1.32 ). The process commences when a  β  - hydride transfer 
is followed by reinsertion, instead of a monomer addition. In this process the 
active site moves from the terminal carbon in the polymer chain to the next carbon 
in the backbone. This chain - walking step can be repeated several times before a 
monomer is added to the chain or the chain is terminated. A monomer insertion 
after a chain - walking step produces a branch. Figure  1.32  illustrates a simplifi ed 
scheme of this mechanism. Chain walking is believed to occur in both directions    –
    that is, from the terminal carbon towards the center of the backbone, and from 
any internal carbon backward to the terminal carbon. For nickel - diimine systems 
there is no evidence of branches on branches or branches separated by only one 
carbon, whilst a different behavior has been observed for palladium -  α  - diimine -
 catalyzed polyethylene, which does possess branches on branches.   

    Figure 1.31     Nickel  α  - diimine.  

    Figure 1.32     Chain - walking mechanism.  
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 Due to the kinetics of chain transfer, several generalized trends can be used for 
tailoring the polymer. Increasing the steric bulk of the  ortho  aryl substituents on 
the  α  - diimine ligand increases the molecular weights of the polyethylenes. It also 
increases the extent of branching, as well as the turnover frequency (TOF). The 
electron - withdrawing substituents, such as  o  - CF 3 , appear to increase the TOF more 
than expected, based simply on steric effects. Catalysts bearing alkyl substituents 
on the backbone carbon atoms tend to produce higher - molecular - weight polymers 
with narrower molecular weight distributions than do catalysts bearing the planar 
aromatic (acenaphthyl) backbone. Increases in ethylene pressure lead to dramatic 
reductions in the extent of branching in the polymer, presumably due to an 
increased rate of trapping and insertion relative to the rate of chain isomerization, 
which is independent of C 2 H 4 . 

 Increases in polymerization temperatures result in increased branching and 
decreased molecular weights.    

  1.3.4 
 Case Study 3:  FI  Catalysts; From Lazy to Hyperactive, and Beyond 

 The metallocene systems described above are exceptionally versatile in terms of 
ancillary ligand modifi cation. However, such modifi cation typically require numer-
ous synthetic steps with varying degrees of selectivities and yields. The phenoxy -
 imine systems, as developed by Fujita and coworkers, illustrate the tremendous 
diversity that can be achieved in tuning the electronic and steric environment via 
a combination of two base component libraries  [95] . 

 The basic ligand system can be divided into two base reagents; salicylaldehydes 
(FI - A) and primary amines (FI - B) (Figure  1.33 ). The condensation of the two typi-
cally results in high selectivity and yields (hence its versatility in high - throughput 
developments). In addition, both reagents have a rich commercial inventory or a 
straightforward synthetic route. With this basic toolbox, Fujita and coworkers ele-
gantly demonstrated the range of radically different activities, thermal stabilities, 
molecular weight capabilities and molecular weight distributions that could be 
achieved by varying combination of R 1 , R 2  and R 3  groups on the fi nal ligand.   

 An extraordinary increase in activity    –    by four to fi ve orders of magnitude    –    was 
achieved via a relatively simple ligand modifi cation (see Figure  1.34 ), whereby it 

    Figure 1.33     Modular synthesis of a phenoxy - imine precatalyst complex.  



was demonstrated that the activity correlated directly to the steric hindrance of the 
R 2  substituent on the phenoxy - imine ligand (FI - ligand).   

 Fujita ’ s group proposed that steric hindrance in this position protects the oxygen 
atom from either the coordination of Lewis acids (TMA, MAO), or the active center 
from typical di - nuclear deactivation processes. Improving ion - pair separation was 
also proposed. However, the thermal stabilities peaked at relatively low polymer-
ization temperatures (40 – 50    ° C) and declined rapidly at typical temperatures used 
in industry (above 70    ° C). Poor thermal stability and activity loss was attributed to 
a decomposition of the active species due to a loss of the ligand(s). Once again, 
the group designed the ligand framework by the addition of an electron - donating 

    Figure 1.34     Rational design of the phenoxy - imine ligand and 
it affect on activity, thermal stability and molecular weight 
capabilities.  
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group in the R 3  position, thereby imparting a large electronic infl uence on the 
zirconium and strengthening the metal – ligand interactions. The synergistic ben-
efi ts of fi ne - tuning the electronic and steric nature of the catalyst were clearly 
demonstrated in the performance of FI - 9, which is both highly active and ther-
mally stable. 

 In the process of tailoring the structure, Fujita ’ s group also clearly demonstrated 
the effect of steric hindrance in the R 1  position, which increased considerably (by 
three orders of magnitude from FI - 10 to F14) as the steric hindrance at the  ortho  
position increased. The  “  ortho ”   effect has also been used to obtain a highly con-
trolled polymerization. The crucial role of an  ortho  - fl uorine in this process is 
illustrated in Figure  1.35 . It has been postulated, based on computational calcula-
tions, that the  ortho -  fl uorine forms an attractive interaction with the  β  - hydride of 
the growing polymer chain, making it less prone to transfer to metal and or 
monomer. However, recent studies by Busico have shown that the fl uorine groups 
is not sterically benign, and that a controlled status is achieved via a  “ traditional ”  
repulsive interaction, rather than via an atypical attractive interaction  [96] . What-
ever the reason, controlled status has been achieved and subsequently been suc-
cessfully exploited by the groups of Coates and Fujita to produce mono - disperse 
 s PP (via an unusual 2,1 chain - end - controlled process) and well - defi ned di - block 
copolymers of the type  s PP -  block  - PE and  s PP -  block  - EPR  [58, 95] .    

  1.3.5 
 Case Study 4:  “ Chain - shuttling ”  

 Reversible transmetallation and the formation of  “ blocky ”  polyolefi ns are not new 
to the world of science  [97 – 99] . However, until recently most tailored block struc-
tures were generated with either one type of monomer (propylene) or via a living 
polymerization. Although the process is extremely precise, by defi nition each cata-

    Figure 1.35     Rational design of the phenoxy - imine ligand 
framework to attain highly controlled ( “ living ” ) polymerization 
of ethylene.  



lyst molecule produces only one polymer chain, and it is not therefore particularly 
economic from a  “ technical ”  polymer point of view, other than as a potential 
compatibilizer  [58, 95] . 

 Arriola and coworkers recently disclosed a breakthrough in polyolefi n catalyst 
that allows the large - scale manufacture of block copolymers  [57] . At the heart of 
the technology is a continuous solution process and a three - part catalytic system 
(Figure  1.36 ). The latter consists of a combination of two single - site catalysts 
(preferably post - metallocenes) which have substantially different monomer selec-
tivities, and a reversible chain - transfer agent (CSA). For example, a zirconium 

    Figure 1.36      “ Chain shuttling ” .  
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bis(phenoxyimine) (FI) Cat.1, which is a poor incorporator of comonomer, pro-
duces a  “ hard ”  (rigid) comonomer - lean polymer, whereas the hafnium pyridyl-
amide (Versify ™  catalyst) Cat.2 is a good incorporator of comonomer, producing 
a  “ soft ”  (elastomeric) comonomer - rich polymer. The diethyl zinc then intermit-
tently  “ shuttles ”  the growing polymer chain between Cat.1 and Cat.2. The condi-
tions and amount of chain - shuttling can be controlled so as to form block structures 
with longer or strong block lengths, whilst an absence of chain shuttling results 
in a bimodal composition. As might be imagined, a considerable amount of experi-
mentation and tailoring was needed to optimize this reaction, and it is unsur-
prising that such an innovation resulted from the application of well planned 
high - throughput techniques.   

 The impressive results of catalyst tailoring are the polymeric resins that are 
produced with alternating blocks of the two  “ hard ”  and  “ soft ”  polymers. As men-
tioned above, the rate of  “ chain - shuttling ”     –    and thus the  “ blockiness ”  of the prod-
uct    –    can be controlled by the concentration of the monomers, and diethyl zinc and 
the resultant block - copolymer on its face offer  “ new - to - the - world ”  combinations 
of property performance for olefi n - based elastomers. A clear example of this is the 
ability to  “ decouple ”  the modulus from the melting point. Compared to statistical 
ethylene – octene copolymers, the blocky architecture imparts a substantially higher 
crystallization temperature, a higher melting temperature, and a better - organized 
crystalline morphology, while maintaining a lower glass transition temperature. 
The differences between blocky and statistical copolymers become progressively 
more apparent as the total comonomer content increases. The high melting point 
versus mono - modal metallocene grade PE at the same density (120    ° C versus  m PE 
60    ° C at density 870   g   dm  − 3 ) results in an enhanced balance between fl exibility and 
heat resistance. Additional improved properties are higher abrasion resistance, a 
higher recovery after elongation, a strong compression performance, and faster 
set - up times  [100] .   

  1.4 
 Immobilizing  “ Single - site ”  Olefi n Polymerization Catalysts: The Basic Problems 

 A single - site olefi n polymerization catalyst is a well - defi ned molecular entity which 
is intolerant to virtually everything, and which has a performance that is critically 
dependent on the precise ligand environment of the transition metal center. There-
fore, immobilizing one such catalyst on a suitable solid or glassy inorganic or 
organic matrix is a formidably complicated task. Apart from the requirements for 
the support, which must be harmless to the catalyst (and also to the polymer end -
 user!) and amenable to morphology control (with the related delicate issues of 
shape replication, fragmentation and heat/mass transfer properties, etc.), the main 
diffi culty is how to introduce a strong, non - labile binding between the support and 
the active species without altering (deteriorating) the performance of the latter. 

 Although the possible strategies (e.g., physical or chemical adsorption, tether-
ing, etc.) will be introduced and discussed in detail in various chapters of this book, 
at this point it is worth mentioning a few basic problems of general relevance. 
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        Catalyst Productivity     For an effi cient catalytic action, it is mandatory that the 
monomer has an easy access to the active sites. Selective catalysts have an active 
pocket which fi ts tightly to the incoming monomer. The crucial importance of a 
poorly coordinating counter - anion for cationic catalysts was mentioned previously. 
In view of all this, it can be understood that the introduction of a strong link 
between the catalyst and support, without limiting the accessibility of the active 
sites, is extremely complicated. In fact, the productivity of most immobilized cata-
lysts is one or more orders of magnitude lower than that of the same catalysts in 
solution, though there are some exceptions. One advantage of immobilized cata-
lysts, on the other hand, is that intermolecular catalyst deactivation processes 
which may be highly detrimental in solution are usually frozen on surfaces; there-
fore, if a good productivity can be achieved it tends to be maintained for a longer 
reaction time.  

  Catalyst Selectivity     The proximity to a surface inevitably represents a perturbation 
to the catalyst active pocket, not only in terms of accessibility but also of symmetry. 
In particular, the stereoselectivity of  C  s  - symmetric and  C  1  - symmetric catalysts can 
be altered by the immobilization, because this may change the relative monomer 
insertion frequency at the two sites. One limiting case which has been reported is 
that of propene polymerization at certain  C  s  - symmetric  ansa  - zirconocene catalysts, 
which is syndiotactic - selective in solution but may be isotactic - selective on a 
surface because one side of the catalyst would be obstructed by the support.  C  2  -
 symmetric catalysts with homotopic sites are expected to be relatively insensitive 
to this problem; however, in case of a severe decrease of insertion rate, a loss in 
stereoselectivity may result due to an increased impact of growing chain epimer-
ization ( vide infra ).  

  Competing Reaction Processes     Immobilizing a single - site catalyst affects the 
kinetics of  all  reactions occurring at that catalyst, including (poly - )insertion, chain 
transfer, and isomerization processes. It is very unlikely that such an effect would 
be proportional for all such processes (some of which are intramolecular), and 
therefore it is to be expected that some microstructural features of the polymer 
produced (e.g., long and/or short branches, terminal unsaturations, average 
molecular mass and molecular mass distribution, regiodefects, etc.) will change 
upon catalyst immobilization. Of course, this also holds true for copolymerization 
statistics.     
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